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Abstract

The cell envelope in Gram-negative bacteria comprises two distinct membranes

with a cell wall between them. There has been a growing interest in the mechanical

adaptation of this cell envelope to the osmotic pressure (or turgor pressure), which

is generated by the difference in the concentration of solutes between the cytoplasm

and the external environment. However, it remains unexplored how the cell wall, the

inner membrane (IM), and the outer membrane (OM) effectively protect the cell from

this pressure by bearing the resulting surface tension, thus preventing the formation

of inner membrane bulges, abnormal cell morphology, spheroplasts and cell lysis. In

this study, we have used molecular dynamics (MD) simulations combined with experi-

ments to resolve how and to what extent models of the IM, OM, and cell wall respond

to changes in surface tension. We calculated the area compressibility modulus of all

three components in simulations from tension-area isotherms. Experiments on mono-

layers mimicking individual leaflets of the IM and OM were also used to characterize

their compressibility. While the membranes become softer as they expand, the cell

wall exhibits significant strain stiffening at moderate to high tensions. We integrate

these results into a model of the cell envelope in which the OM and cell wall share the

tension at low turgor pressure (0.3 atm) but the tension in the cell wall dominates at

high values (> 1 atm).
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Introduction

The Gram-negative bacterial cell envelope consists of two distinct membranes, inner and

outer, along with a thin cell wall between them. The makeup of the inner, cytoplasmic

membrane (IM) is broadly similar to the canonical picture of a membrane, being composed

primarily of phospholipids. Unlike the IM, however, the outer membrane (OM) is highly

asymmetric and has a completely different chemical composition [1]. The outer leaflet

is composed primarily of lipopolysaccharide (LPS) contrasting with the inner leaflet of

phospholipids. Whereas phospholipids have two aliphatic tails, these LPS molecules are

large amphiphilic molecules with around six aliphatic tails, a core oligosaccharide head

group, and in many variants, a repeating polysaccharide chain termed “O-antigen” that

extends into the extracellular space [2]. Divalent cations promote ionic bridging between

phosphate groups on the LPS core oligosaccharides, which creates a barrier to both

hydrophobic and hydrophilic molecules [3].

Despite its name, the cell wall in Gram-negative bacteria is a single-layered (∼4-nm

thick [4, 5]) porous mesh-like network that surrounds the cell. Although similar in com-

position, the cell wall in Gram-positive bacteria, which lack an OM, is roughly an order

of magnitude thicker and is likely composed of multiple layers [6, 7]. The cell wall is

composed of peptidoglycan, a contiguous network of strands of repeating units of the

disaccharide N-acetyl glucosamine (GlcNAc)–N-acetyl muramic acid (MurNAc) that are

cross-linked by short (5-10 residue) peptide side chains, all running roughly parallel to the

cell surface between the IM and OM [8]. Disruption of the cell wall, e.g., by β-lactam antibi-

otics, causes inner membrane bulges, abnormal cell morphology, spheroplast formation,

or cell lysis [9, 10].

The three components of the cell envelope (IM, OM and the cell wall) contribute to

the mechanical stability of the cell and serve as barriers that permit selective diffusion

and transport of small molecules. There has been a growing interest in the mechanical

adaptation of the Gram-negative cell envelope to turgor pressure [11–16], which is gen-

erated by the difference in the concentration of solutes between the cytoplasm and the

external environment. The turgor pressure under physiological conditions has been esti-
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mated using several techniques, including chemical and mechanical measurements, with

values varying by more than an order of magnitude, from 0.3 atm to 5 atm under normal

conditions [17–20]. However, it has yet to be addressed how the surface tension, which

protects against the expansion generated by the turgor pressure, is distributed between

the cell wall and both membranes. Given the separation between the cell wall and both

membranes observed in cryo-electron tomograms [4, 21, 22], stress transfer is unlikely

to involve direct membrane-to-wall contact except, perhaps, in extreme conditions. How-

ever, the OM is often covalently connected to the cell wall in Escherichia coli by Braun’s

lipoprotein (Lpp), the most abundant protein in this species with at least 500,000 copies

per cell (Fig. 1) [1, 22–24], and non-covalently connected through interactions with outer-

membrane proteins such as OmpA [25] and Pal [26]. While elimination of Lpp does not

inhibit cell growth and division [27], elimination of both Lpp and OmpA causes E. coli cells

to lyse unless electrolytes are added [28].

Here, we focus on resolving how the macroscopic properties of the bacterial cell en-

velope arise from the underlying features of its constituents. To correlate the structural

characteristics of the membranes and cell wall with the mechanical resistance of the cell

against the turgor pressure, it is necessary to understand the mechanical properties, e.g.,

elasticity, of each component. There have been a number of computational investigations

into the mechanical properties of membranes. For example, pioneering simulation work

by Tieleman et al. demonstrated that the application of a large mechanical pressure of

-200 bar led to pore formation, i.e., a water channel, and irreversible rupture of a DPPC

bilayer [30]. In another study, simulations were used to quantify the effect of membrane

tension on a number of properties, such as area per lipid molecule, molecular volume,

layer thickness, hydration thickness, lateral diffusion coefficient, and others, for a DOPC

bilayer [31]. Many experiments probing various mechanical properties of phospholipid

bilayers have also been carried out [32–35], including area compressibility [36, 37]. Re-

cent simulations using the CHARMM36 force field [38], which is also used here, found

good agreement with experiments for many of these mechanical properties, although not

all; this is due in part to considerable uncertainty in the experimentally measured quanti-

ties [39].
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Figure 1: Model of the E. coli cell envelope. The two membranes, inner (IM) and outer (OM), along with

the cell wall are labeled. The periplasm (between the membranes) is 240 Å thick. Proteins are shown to

indicate scale but are of too low density [29]. Glycan strands of the cell wall are blue and peptide cross-links

are green; Braun’s lipoproteins (Lpp, tan) form triple-helices connecting the cell wall to the OM. From left to

right, the OM proteins shown are BtuB, LptD/E, BamA, and pertactin.

In this paper, we carried out MD simulations of the individual components of the cell

envelope (IM, OM, and the cell wall) with a variety of structural compositions, focusing on

the effect of mechanical stress on each. As done in other MD simulation studies [31, 40–

43], our simulations utilize an applied surface tension to mimic the effect of osmotic pres-

sure. We determined area compressibilities of the simulated membranes and compared

them with those from experiments on monolayers of identical compositions. To address

how proteins may alter the stiffness of the membranes, we repeated the simulations with

embedded, mechanically inert (i.e., not mechanosensitive) proteins. Lastly, we character-

ized the non-linear response of the cell wall to extreme stress in simulations, leading to
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the observation of stress stiffening.

Methods

Systems construction

All-atom systems were generated for all membranes and cell wall models. All membranes

were periodic, thus avoiding any edge effects that would otherwise arise due to exposed

hydrophobic lipid tails. Similarly, the cell-wall system was also periodic with both peptides

and glycan strands covalently linked across the periodic boundaries.

Inner membrane. Two models of the inner membrane (IM) were generated. One of the

IMs was modeled as a mixed 75% POPE/25% POPG bilayer [44] (Fig. 2A). This model

contained 270 lipids in each leaflet; the full system was 140K atoms in total, including

water and 150 mM NaCl (177 Na+ and 42 Cl− ions). The second IM model consisted

of a mixture of six different kinds of saturated, unsaturated, and cyclic-moiety-containing

lipids [45]. This complex membrane, referred to as Top6 (Fig. 2B), accurately reflects the

diverse population of lipids within the E. coli cytoplasmic membrane. The model contained

296 PMPE, 80 POPE, 80 QMPE, 64 PMPG, 56 PSPG, and 48 OSPE lipids evenly dis-

tributed between the two leaflets; it was generated using the CHARMM-GUI membrane

builder [46]. After the addition of water and 150 mM NaCl (189 Na+ and 69 Cl− ions) to

neutralize the system, the final system size was 150K atoms.

Outer membrane. An asymmetric outer membrane (OM) model was constructed with

75% POPE/25% POPG lipids for the inner leaflet and 100% LPS for the outer leaflet

(Fig. 3A). This LPS is the rough form from E. coli K-12 (i.e., no O-antigen), also known

as the RaLPS chemotype. The outer leaflet contained 108 LPS molecules and the inner

leaflet had 261 POPE and 87 POPG lipids (phospholipid:LPS ratio of 3.22). After the

addition of water and 530 Mg2+, 92 Ca2+, 168 Na+, and 168 Cl− ions, the asymmetric

OM system had a total of 300K atoms. This LPS model was validated in our previous

6



simulations of the OM protein BtuB [47].

Addition of proteins. Biological membranes contain a substantial number of mem-

brane proteins that are heterogeneously distributed [48–50]. A rough estimate from red

blood cells is that ∼25% of the membrane area is occupied by proteins [51], while compu-

tational modeling has been used to predict that the maximum growth rate is achieved at

25% and 42% area occupancy for OM and IM, respectively [49]. Therefore, we have also

created membranes containing E. coli aquaporin Z (PDB ID: 1RC2; Fig. S2) in the IM and

E. coli OmpF (PDB ID: 4GCP; Fig. S5) in the OM. For simplicity, the protein occupancy

was set at 25% of the lateral area for all membranes.

Cell wall. The cell walls of Gram-negative bacteria consist of a thin layer of peptidogly-

can. The glycan strands consist of alternating residues of β-1,4-linked N-acetylglucosamine

(GlcNAc) and N-acetylmuramic acid (MurNAc), which is a uniform composition across all

bacteria. In E. coli, a five-residue peptide chain is attached to the MurNAc, with the se-

quence L-Ala (1), γ-D-Glu (2), meso-A2pm (3), D-Ala (4), and D-Ala (5). In the mature

molecule, the last D-Ala residue is lost when the peptide chain is cross-linked to the meso-

A2pm residue of another peptide [8]. The system used in this study, which had an average

glycan-strand length of 17 disaccharides and a cross-linking fraction of 50%, was taken

from a previous study [5]. This cell wall model was fully solvated in explicit water with K+

ions added to the solution to neutralize its high negative charge. The initial system size

with water was 19 nm × 33nm in area and contained 545K atoms. Once the cell wall

patch was stretched to over 50% of its initial area, extra water was added, resulting in a

system size of 829K atoms.

MD simulation

Molecular dynamics simulations were carried out with NAMD 2.12 [52] for the cell wall

simulations and GROMACS 5.0.2 [53] for the membrane simulations, both using the

CHARMM36 force field [38, 54]. All models were solvated with TIP3P water, and ions were
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added to neutralize the system at a concentration of 150 mM NaCl. A constant tempera-

ture of 310K = 37◦C was maintained using Langevin dynamics (NAMD) or a Nosé-Hoover

thermostat (GROMACS) [55, 56]; The pressure was coupled semi-isotropically with the

Langevin piston (NAMD) [57] or the Parrinello-Rahman barostat (GROMACS) [58] at 1

atm and a coupling constant of 1.0 ps−1. The x- and y- directions were coupled inde-

pendently from the z-direction. A 2-fs time step was used, and bonded and short-range

nonbonded interactions were calculated every time step. Long-range electrostatic interac-

tions were treated with the particle-mesh Ewald (PME) method [59], using a short-range

cutoff of 1.2 nm; Lennard-Jones 6-12 (i.e., van der Waals) interactions were switched off

between 1.0 to 1.2 nm using a force-based switching function. Buffered neighbor lists in

GROMACS were maintained using the Verlet cutoff scheme. System setup, visualization,

and analysis were performed with Visual Molecular Dynamics (VMD) [60].

Applied tension

When a periodic system consists of several phases that are separated by surfaces parallel

to the xy-plane, the surface tension and the z-component of the pressure can be coupled

to a pressure bath. Pressure was kept constant for all simulation runs using the semi-

isotropic Parrinello-Rahman pressure coupling algorithm, with the pressure set to 5-100

mN/m (note that 1mN/m = 1dyn/cm). A pressure of 1 bar was always applied in the

normal direction. The average surface tension γ(t) can be calculated from the difference

between the normal and the lateral pressure, resulting from the external pressure applied

to the system as

γ(t) =
1
n

∫ Lz

0

{
Pzz(z, t)−

Pxx(z, t) + Pyy(z, t)
2

}
dz

=
Lz
n

{
Pzz(t)−

Pxx(t) + Pyy(t)
2

} (1)

where Lz is the length of the simulation box in the z-direction, Pzz is the pressure along

the z axis, Pxx and Pyy are the lateral pressure in the x and y plane respectively, and n is

the number of surfaces, which in this work is two.

To compute KA for our systems, we ran a series of simulations in which increasingly
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large negative lateral pressures were imposed to stretch the membrane. Starting from

an equilibrated system, a tension of 5mN/m was targeted, simulated, and then increased

by 5-10mN/m in each subsequent simulation. Performing the simulations in this manner

allowed the bilayer to respond to the applied stress, maintaining quasi-equilibrium and,

thus, minimizing the disruption to the system during each incremental increase.

Experiments

Pressure-area isotherms. Pressure-area isotherms were recorded on a Langmuir trough

(NIMA, Coventry, UK) with a total surface area of 280 cm2 and the surface tension mea-

sured using a paper Wilhelmy plate connected to a film balance. The trough was enclosed

in a custom-built case saturated with water vapor to minimize evaporation of the subphase

and the temperature controlled with a water bath connected to the trough. Phospholipids

and E. coli polar lipid extract were dissolved in chloroform while RaLPS was dissolved

in a mixture of phenol, chloroform and petroleum ether (2:5:8); all the solutions were at

a concentration of 1 mg/ml. The aqueous subphase was buffered at pH 7.4 with 10 mM

HEPES and contained 150 mMNaCl. The calcium concentration was controlled by adding

calcium chloride to the subphase while 1 mM EDTA was used to remove any residual cal-

cium in the Ca-free subphase. Lipids were spread on the buffered water surface using

a Hamilton syringe and the solvent allowed to evaporate for 15 minutes before starting

the experiments. Each isotherm was repeated three times by depositing monolayers on

a freshly made subphase. The compression rate was 10 cm2/min.

Results

The mechanical properties of biological membranes determine their thickness, their abil-

ity to compress, expand, and bend. The elastic modulus, or area compressibility (KA),

characterizes the resistance of membrane to areal expansion or compression. KA is cal-

culated in MD simulations as the proportionality constant relating surface tension and
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surface area according to the equation

KA = A0

(
∂γ

∂A

)
T
=

(
∆γ

∆A/A0

)
T

(2)

where A is the system area, A0 is the equilibrium area, T is the temperature (held constant

at 37 ◦C), and γ is the surface tension. Because all of our simulations used periodic

boundary conditions, the lateral dimensions of the box provide the surface area. Focusing

on the linear regime of expansion, KA was taken to be the slope of γ with respect to the

fractional increase in area (∆A/A0).

In experiments, the surface pressure of a monolayer is measured as a function of the

area per molecule in a Langmuir trough. From this relationship, KA is calculated as

KA = −A0

(
∂P

∂AM

)
T

(3)

where AM is the area per molecule (Å2), P is the surface pressure (mN/m), and T is

the (constant) temperature (◦C). We take A0 to be the value at P = 35mN/m, which is

assumed to be the surface pressure of a tension-less membrane [61].

Determination of KA of the IM from simulations

Two models of the inner membrane (IM) were constructed as described in the Methods

(Fig. 2). Briefly, one is a two-component mixture of a 3:1 ratio of POPE:POPG, as has

been used in other studies [44, 45, 62]. The other is a mixture of six types of lipids

meant to be an accurate representation of the E. coli IM, first developed by Pandit and

Klauda [45], and referred to as Top6. Each targeted surface tension was simulated for

50 ns for both IM models. The area over time for the first tension simulated for each of the

inner membrane models is given in Fig. S1, demonstrating that they reach an equilibrated

state roughly halfway (25 ns) into the simulation period; similar behavior was observed at

other tensions.

Averages of both the surface tension and the new area of the bilayer were calculated

over the last 25 ns of each 50-ns simulation. Tension-area isotherms at 37 ◦C are plot-

ted for both IMs in Fig. 2C, and KA was determined according to Eq. 2. We note that

each data point represents an individual simulation. The initial linear regime (∆A/A0
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Figure 2: Simulation models of the inner membranes. (A) 3:1 POPE (pink tails/purple head groups):POPG

(blue tails/blue head groups) bilayer. (B) Top6 bilayer (see Methods for composition). (C) Tension-area

isotherms for inner-membrane models from simulation. The 3:1 POPE:POPG membrane is in black, and

the Top6 membrane is in red. R2 values from the linear regression over the initial range (∆A/A0 between 0

and 0.35, shaded in blue) were 0.95 or higher for all IM models.

between 0 and 0.35) displays an elastic response of both membranes to tension. The

calculated KA values are 182 ± 21 and 195 ± 23mN/m for the POPE/POPG and Top6

membranes, respectively. Previous simulations of the same membranes produced much

larger values of KA, specifically 250 ± 40mN/m for POPE/POPG and 340 ± 40mN/m
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for Top6 [45]. The difference may be due to the method used; while we determined KA

from tension-area isotherms, Pandit and Klauda calculated it from the area fluctuations of

a zero-tension simulation [45]. The latter approach has been demonstrated to depend on

the length of the simulation, with very short ones (< 1ns) drastically overestimating KA

by nearly an order of magnitude due to poor sampling of large fluctuations [63]. However,

although the simulations of Pandit and Klauda were only 50 ns long (compared to ours,

which were 50 ns per data point), more recent simulations of pure bilayers over 400 ns

long produced KA values greater than 200mN/m for a variety of pure membranes [39].

We also considered finite-size effects, as our membranes are 4× larger in area than those

in Pandit and Klauda (312 lipids per leaflet vs. 78) [45]; however, Venable et al. concluded

that there was no consistent dependence of KA on size [39]. Nonetheless, contributions

from membrane undulations may be missed, particularly for small systems and/or those

under applied tension [64].

To identify any effects of embedded proteins on mechanical properties of the mem-

branes, we also simulated each IM model with an embedded aquaporin Z tetramer, which

occupied 25% of the area (Fig. S2). Using the same protocol as for the pure membranes,

KA was determined to be 199 ± 25mN/m for POPE/POPG and 218 ± 26 mN/m for

Top6, i.e., roughly 10% larger than the pure membranes (Fig. S3). This increase can

be explained by the relative incompressibility of the protein compared to the membrane,

which focuses all of the expansion on fewer lipids than in the pure membrane system.

Bilayer rupture by incremental tension and stress-softening

After an initial linear portion lasting up to about 35% of the ultimate load for both IMs,

the stress-strain relationship enters a new regime in which large strains are observed

for small increments of stress. Unlike a bulk material where the resistance to expansion

comes from intermolecular bonds, the resistance to expansion in a bilayer is a result

of non-polar interactions between the hydrophobic tails of each individual leaflet. The

membrane displays an initial linear response at relatively low strain since the lipids in

a fluid bilayer rearrange easily under the corresponding tension. However, once it gets
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stretched further, the interactions between hydrophobic tails becomes weaker and the

membrane undergoes a phase change (Fig. 2C).

We continued to apply incremental stretching to each membrane until it ruptured. Rup-

ture occurs when a membrane reaches its critical lateral tension, which was found to be

79mN/m and 78mN/m for POPE/POPG and Top6 membranes, respectively (Fig. 2C).

These values are in good agreement with other simulation results [30, 40, 65]. For ex-

ample, a dipalmitoylphosphatidylcholine (DPPC) membrane withstood a surface tension

of ∼90mN/m prior to rupture [65]. Another study also showed that an applied lateral

pressure of -200 bar (∼89mN/m for their membrane) led to the formation and expansion

of a water pore [40]. At the critical tension, water pores begin to form and destabilize

the membrane, which causes the pores to grow further, resulting in bilayer rupture. Both

membranes ruptured at approximately double their initial, relaxed area.

When proteins were embedded in the membranes, rupture occurred at slightly lower

tensions compared to the pure membranes. This finding is consistent with the increase in

KA described in the previous section, which we attributed to the relative incompressibility

of the protein. The location of the incipient water pore preceding rupture was in the middle

of the membrane for both models, rather than between the protein and lipids, suggesting

that the protein-lipid interactions are stronger than lipid-lipid interactions in these systems.

See Figs. 2C and S4 for details of the rupture events.

We also found that both membranes exhibit a strong inelastic response, or stress-

softening effect, at high tension. As a membrane is stretched further, the slope of the

isotherm, which gives KA, decreases (Fig. 2C). This strain-induced softening has been

observed in viscoelastic materials with very weak intermolecular forces, and it results in

a lower Young’s modulus and higher failure strain compared to other materials [66, 67].

Using the last five data points before a water pore formed in the membranes, the KA value

was as low as 15mN/m and 26mN/m for POPE/POPG and Top6 membrane simulations,

respectively.
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Figure 3: OM properties. (A) Single RaLPS molecule (left) and a POPE molecule (right). (B) Model

of the OM. The hydrophobic region is shown as space-filling spheres with POPE in grey, POPG in blue,

and lipid A of LPS in yellow. Phosphate groups of LPS are shown as large, light-green spheres, while

phosphorus and nitrogen atoms of the inner leaflet lipids are colored grey or blue according to their type.

The core oligosaccharides are shown as dark green sticks. (B) Tension-area isotherm for the OM model

from simulations. The R2 value is 0.97. See Fig. S5 for the protein-containing OM.

Determination of KA of the OM from simulations

Similar to the calculations done for the IM models, we determined the area compressibility

moduli for a pure outer membrane and for one with embedded proteins (Figs. 3B and S5,

respectively). While the properties of the IM models stabilized relatively quickly (within

50 ns), the OM models were much slower to equilibrate. This finding was not unexpected,

as the diffusion constant for LPS in the OM is two orders of magnitude lower than for

phospholipids, due in part to the larger size of LPS as well as the numerous divalent

ions bridging them [47]. To address this slow equilibration, simulations of the OM at each

target surface tension were extended to 100 ns and their properties were measured over

the last 50 ns.

Unlike the IM models, which showed a linear response to tension up to a 45% increase

in area, the OM was very rigid. It was only 10% stretched at a tension of∼75 mN/m, which

is the tension that caused rupture in the IM models. The calculated area compressibility

modulus, KA = 524 ± 25mN/m, is much higher than that found for the IM; this difference

in KA agrees with another simulation study in which it was found that the outer membrane

is more resistant than a phospholipid bilayer to rupturing via electroporation [68]. The

rigidity and low mobility of the outer leaflet of the OM, composed purely of LPS molecules,
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are mainly attributed to the divalent (Ca2+, Mg2+) ion-mediated cross-links, which form an

electrostatic interaction network with the negatively charged PO4
2- and COO- groups of

lipid A and the core sugars that make up LPS.

We also calculated the area compressibility modulus of the OM with embedded pro-

teins, namely an OmpF trimer occupying 25% of the area. For this protein-membrane

system, we obtained KA = 528 ± 25mN/m, which is practically identical to that found for

the pure OM (Fig. S6).

Experimental determination of KA of the IM

To compare with the values of KA from simulations, we also carried out experiments on

monolayers representative of the simulated systems, namely a 3:1 POPE/POPG mixture

and E. coli polar lipids, the latter being roughly equivalent to the Top6 membrane simu-

lated. Pressure-area isotherms at 37 ◦C were determined in triplicate using a Langmuir

trough with areas ranging from ∼60-120 Å2/lipid (Fig. 4A). In both cases, the monolayers

remained in the liquid-expanded (LE) phase and no plateau indicating a transition to the

liquid-condensed (LC) phase was observed. A surface pressure of 35mN/m has been de-

termined to be equivalent to the internal pressure of a bilayer in a tension-free state and

also the pressure at which various monolayer properties agree best with those measured

in bilayers [61]. Thus, we compared the values of AM and KA at a pressure of 35mN/m to

the simulation results. At this pressure, AM for the POPE/POPG mixture is 69.4 ± 1.0 Å2

and for Top6 is 63.0 ± 1.9 Å2. Although the latter value is in good agreement with our sim-

ulated AM of 62 Å2 for Top6, the former is quite different from the simulated value of 59 Å2

for POPE/POPG. A similar discrepancy between experimental and simulated AM of 3:1

POPE/POPG monolayers emerges from a comparison between independent published

results. Although an MD study found an AM of 57.7 Å2 [69], a separate investigation re-

ported an experimental value of 65 Å2 for the same lipid mixture under the conditions used

here [70], suggesting a potential underestimation of the simulated result for this particular

system.

Based on the surface pressure-area isotherms, KA of IM was calculated according to
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Figure 4: Surface pressure-area isotherms at 37 ◦C for monolayers from experiment. The inset in each

panel shows KA as a function of AM. (A) IM models. The 3:1 POPE:POPG membrane is in black, and the

Top6 membrane is in red. (B) OM model. Data for LPS with (black) and without (red) Ca2+ are shown.

Eq. 3. For both IM models, a range of KA = 0 to 125mN/m was observed. At a surface

pressure of 35mN/m, KA = 123 ± 3mN/m for POPE/POPG and 120 ± 8mN/m for Top6.

As KA for a bilayer is just twice that of a monolayer [71], we conclude from experiments

that KA is 246 ± 6mN/m for POPE/POPG and 240 ± 16mN/m for Top6 membranes

under zero tension.

Experimental determination of KA of the OM

For the outer membrane, pressure-area isotherms were determined for the longest form

of rough LPS (RaLPS), which was used to model the outer leaflet in the simulations

(Fig. 3A), at Ca2+ concentrations of 0 (Ca2+-free) and 50mM (Ca2+-loaded). The latter

16



concentration, well above the physiological concentration, was employed in several pre-

vious studies to investigate the effects of Ca2+ on LPS monolayers and is expected to

saturate all Ca2+ binding sites on LPS [72]. Unsurprisingly, AM was much higher when no

Ca2+ was present, due to the repulsion of the negatively charged groups on LPS, which

are normally bridged by divalent cations, allowing for much tighter packing [73]. At a sur-

face pressure of 35mN/m, AM was 207.8 ± 4.9 Å2 for the Ca2+-free state and 168.6 ±

1.4 Å2 for the Ca2+-loaded state (Fig. 4B).

To our knowledge, these are the first RaLPS monolayers to be characterized at 37 ◦C.

Thus, we also collected isotherms at 21◦C (Fig. S7) to enable comparison with the pub-

lished values for these systems. At this temperature and 35mN/m, we obtained an AM of

187.9 ± 1.3 Å2 in the absence of Ca2+ which decreased to 156.2 ± 3.2 Å2 in the presence

of 50 mM Ca2+. These values are in good agreement with those reported by previous

studies, both differing by less than 10% [72].

The area compressibility varied from KA = 0 to 120mN/m (Fig. 4B). Surprisingly, this

compressibility of RaLPS is similar to the IM models, despite its apparent stiffness in the

simulations. At a surface pressure of 35mN/m, KA for Ca2+-loaded RaLPS was 120 ±

8mN/m and for Ca2+-free RaLPS, it was 117 ± 3mN/m. The resistance to expansion in

a bilayer is a result of the extra hydrophobic area exposed to water upon pulling the lipids

apart. Therefore, KA for a bilayer is taken to be twice that for a monolayer, as done in

previous studies [61, 71]. In this work, because the OM is asymmetric, we combined KA

for the outer leaflet of LPS with KA for the Top6 monolayer, which is representative of the

inner leaflet of the OM, giving KA = 237mN/m for the Ca2+-loaded OM at zero tension.

Determination of KA for the cell wall from simulations

The cell wall, a cross-linked polymer mesh of peptidoglycan (PG), is located in the periplasm

between the IM and OM and is assumed to bear the majority of the turgor-pressure-

induced stress [74]. The tensile elasticity, or Young’s modulus, has been calculated previ-

ously from simulations for a specific arrangement of PG and was found to be anisotropic

with Ecircum. = 66.3MPa and Elateral = 17.5MPa [5], in agreement with AFM experi-
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ments [75]. The stiffer direction corresponds to the glycan strands encircling the cell

circumferentially, and the more flexible direction corresponds to the peptide crosslinks

that bridge the strands laterally [4, 76]. While previous simulations have focused on the

elastic regime, we have performed additional simulations here to quantify the degree of

strain stiffening, which has been observed for other biopolymer networks [66, 67, 77],

including the cell wall [20].

Figure 5: Representative states of the cell wall. Glycan chains are shown in blue and peptide cross-links

in green; the cross-linked fraction of peptides is 50% [5]. The scale bar below each image is 10 nm. (A)

Relaxed cell wall. (B) Cell wall stretched to 1.5× its original area. (C) Cell wall stretched to 2× its original

area. Although covalent bonds cound not be broken in the simulations, we saw no change in average bond

lengths in any simulations (Fig. S8B).

Rather than treating the two axes of the cell wall individually as done previously [5],

multiple surface tensions were applied sequentially to a representative model patch of

peptidoglycan and the resulting area change was monitored over a 10-ns simulation (see

Methods). This patch, taken from a previous study [5], was first allowed to relax for

20 ns under zero applied tension, resulting in the configuration shown in Fig. 5A. Even

with a very small applied surface tension of 6mN/m, the area of the cell wall expanded

to over 40% of its initial value (Fig. 6). Most of this expansion was due to the softer

peptides, which expanded by ∼30%, compared to the glycans, which expanded by only

10% (Fig. S8A). While extraordinarily soft at low tension, greater tensions applied to
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the cell wall quickly revealed strain stiffening behavior as expected. For example, at the

highest tension applied, more than 11× the lowest tension (∼68 vs. 6mN/m), the cell

wall expanded by just over 100%, i.e., doubling its original area (Fig. 5C). This expansion

arose from a 68% increase in the peptide direction and a 23% increase in the glycan

direction. Although the peptidoglycan is apparently highly stretched at this expansion, it

has not reached its elastic limit; average bond lengths in the glycan and peptide directions

varied by 0.5% at most across all simulations (Fig. S8B).

Figure 6: Tension-area isotherms for the cell wall model from simulation. The inset shows KA as a function

of the change in area due to applied tension. Standard deviation of the tension was ∼3mN/m, contributing

to an error in KA of at most 2%.

To compare with the values of KA from IM and OM simulations, KA of the cell wall,

KCW
A , was calculated according to Eq. 2, and the full isotherm is plotted in Fig. 6 (inset).

While at low expansions, the compressibility is negligible, it quickly rises to over 200mN/m

at 100% expansion, i.e., comparable to those for the IM models from both simulations and

experiments. In a living bacterial cell, the cell wall is strained, as upon cell lysis it shrinks

by as much as 45% in area [78]. The cell wall shrinks mainly along the long (peptide)

axis, forming wrinkles, with no change observed in the circumference in electron cryo-

tomography (ECT) images [4]. Experiments in which E. coli are subjected to hyperosmotic

shock show an ability to shrink 33% in area, i.e., the cell wall ∆A/A0 = 0.5 where A0 is the

relaxed area [16, 79], and, in extreme cases, over 50% in area (∆A/A0 = 1.25) [16]. This

range of ∆A/A0 for our model of the cell wall predicts KCW
A ranges from 29 to 500mN/m
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(Fig. 6). We also note that the spacing in our relaxed model between strands is 2-4 nm

(Fig. 5A), in agreement with findings from AFM for cell wall fragments [76]; however,

neither account for the ability of the continuous, intact cell wall to form wrinkles, which

would shrink its area even further.

Discussion

Bacterial cells are very crowded due to the presence of metabolites and macromolecules,

which can occupy a significant fraction of the total cellular volume (up to 30%) [80, 81].

When compared to the external environment, the cell interior usually possesses a higher

concentration of solutes, resulting in turgor pressure. This results in a net water influx

and cytoplasmic expansion which, when limited by the cell envelope comprising the IM,

OM, and cell wall, results in turgor pressure. The turgor pressure in turn induces surface

tension in the cell envelope. In this work, we have performed MD simulations of atomistic

lipid bilayers and a model of the cell wall to gain insight into the distribution of surface

tension between these three components of the cell envelope. KA of each cell envelope

component was determined from simulations and, for the IM and OM, compared to that

derived from experimentally determined pressure-area isotherms.

The agreement between simulated and experimental values of KA was mixed. For both

IM models, simulations underpredicted the experiments by 15-25%: KA for POPE/POPG

was 182mN/m in simulations and 238mN/m in experiments, whereas for Top6, it was

195mN/m in simulation and 226mN/m in experiment. For the OM, simulations dramati-

cally overpredicted the experimental result: KA was 524mN/m in the simulation and only

233mN/m in the experiments. It is surprising that our experimental compressibilities for

phospholipid (113-119mN/m) and LPS (110-120mN/m) monolayers are nearly identical

given their significantly different structures (Fig. 3A). Similar experiments on monolay-

ers of other LPS variants have found a range of KA values, e.g., from 130mN/m for

Salmonella enterica ReLPS (an LPS variant shorter than RaLPS) [82] to 225mN/m for

Pseudomonas aeruginosa LPS [83]. X-ray studies of LPS at the air-water interface re-

vealed the coexistence of crystalline domains and compressible disordered regions in the
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monolayer, with the former prevailing at higher surface pressures [84]. The low compress-

ibility obtained in the simulations might indicate that the in silico model of an LPS leaflet

displays properties similar to the crystalline regions observed in the X-ray studies, possi-

bly due the slow diffusion of LPS and the limited timescale of the simulation [47]. On the

other hand, the presence of the more compressible disordered regions in the monolayer

at the air-water interface would explain the lower KA measured experimentally.

Additional simulations were performed with transmembrane proteins to determine whether

their presence alters the stiffness of membranes. In both the IM and OM models, inclu-

sion of proteins at a physiological protein density of 25% had at most a minor effect on

KA. Membrane proteins (AqpZ) in the IM made both POPE/POPG and Top6 membranes

stiffer by ∼10% (199mN/m and 218mN/m, respectively). This finding is consistent with

coarse-grained simulations, which showed that the bending rigidity increased when aqua-

porin was in the membrane at a similar density [85]. In contrast, membrane proteins

(OmpF) in the OM had practically no effect on KA. The effect on KA may be protein-

dependent, as demonstrated previously for BtuB and OmpF, which have similar shapes

but different effects on the rigidity of the membrane [85]. However, those simulations were

performed in a phospholipid membrane that did not contain LPS, which clearly plays a role

in the mechanical properties of simulated membranes, and also forms specific LPS-OmpF

complexes [86].

If we assume that all three components of the cell envelope share the tension re-

sulting from turgor pressure, we can calculate the fraction of tension each component

bears based on their mechanical properties (see Supplemental Materials). From just a

few inputs, including a turgor pressure of 1 atm and our measured KA values for the IM

and OM, we find that KCW
A = 1386mN/m and 1161mN/m when using KOM

A of 233mN/m

(experiment) and 524mN/m (MD simulation), respectively. Both calculated KCW
A values

are nearly an order of magnitude higher than the value calculated from our simulations;

furthermore, these values imply a tensile elasticity of 336MPa and 281MPa, which are

also both an order of magnitude greater than practically all experimental estimates (see

Ref. [87] and references therein). This discrepancy cannot easily be resolved by assum-

ing a different Poisson’s ratio for the membranes, and it only grows for larger values of the
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Figure 7: Strain-dependent area compressibility of the cell wall (CW) from simulations and the outer

membrane (OM) from experiments. The cell wall is shown for three different assumed values of A0. Due

to strain stiffening, for a pre-strained cell wall, KA rises drastically over a small range of ∆A. See Fig. 5 for

images of the cell wall at the same pre-strained values, i.e., 1×, 1.5×, and 2× the fully relaxed area.

turgor pressure. Under these assumptions, the IM and OM each bear 10% of the tension

and the cell wall bears 80%.

If, however, the turgor pressure is more modest, e.g., 0.3 atm as measured in some

experiments in growth media [19, 20], we find KCW
A = 167mN/m using the experimental

KOM
A = 233mN/m. This value is slightly less than that found in our simulations of the cell

wall at 2× its relaxed area (Fig. 6). In this case, each of the three components, IM, OM,

and cell wall, has the same amount of tension (one third of the total). If the IM does not

participate directly in bearing the turgor pressure, then KCW
A = 342mN/m, again using

KOM
A from experiment. This KCW

A occurs at only 6% area expansion beyond the assumed

2× starting point (Fig. 7). In this case, the cell wall bears two-thirds of the tension and

the OM bears the remaining one-third. Other possible distributions are presented in Table

S1.

As O-antigen, which is usually present in pathogenic E. coli strains, is attached to the

core oligosaccharide, one might assume that it will have an effect on the elasticity of the

OM. Although the K-12 strain, which lacks O-antigens, was modeled here, a recent study

found that the stiffness of E. coli cells increased when the O8 antigen, an electrically

neutral linear poly-mannose, is present [16]. Thus, we expect that the OM in O-antigen-

presenting bacteria would bear an even higher tension than that calculated above.
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Recent work from Huang and colleagues also investigated the mechanical properties

of the Gram-negative cell envelope [16]. Based on experiments in which the E. coli OM,

cell wall, or both was compromised and then subjected to hyperosmotic shock, they con-

cluded that the OM is an essential load-bearing element in addition to the cell wall, in

agreement with our conclusions here, especially at low (0.3 atm) turgor pressure (Table

S1). They also found that the cell wall length was between 25% and 50% expanded from

its most relaxed state [16]. Using a simple model of E. coli as a cylinder of radius r,

length 2r, and capped by hemispheres of radius r [88], this change in length translates to

an area expansion of ∼1.5-2.25× the relaxed cell-wall area in the living cell. This area

expansion is precisely the regime where we see overlap of the KA values of the cell wall

and OM. In particular, when the cell wall is twice its relaxed area, KCW
A is identical to

KOM
A (Fig. 7), further supporting the conclusion of Rojas et al. that the OM and cell wall

share the mechanical load due to the turgor pressure.

In conclusion, the high predicted KCW
A values suggest that a turgor pressure of 1 atm

is not feasible for the E. coli K-12 strain regardless of whether or not the IM plays a role

in bearing it. At a turgor pressure of 0.3 atm, the cell wall can bear 0% – 65% of the

pressure, depending on KOM
A and whether or not the IM contributes. Assuming that the

true KA of the OM is between our experimental and simulated values, it bears 35% – 78%

of the 0.3-atm turgor pressure. Lastly, we demonstrated the inelastic behavior of the cell

wall. When the turgor pressure rises due to an osmotic downshock, which is caused by a

sudden decrease in the solute concentration outside of a cell, the distribution of surface

tension will shift toward the cell wall bearing an increasingly large fraction of the tension,

due to its ability to undergo strain stiffening, effectively increasing its KA, in agreement

with previous measurements [20].

Acknowledgements

This work was supported by a National Science Foundation Award (No. MCB-1452464)

to J.C.G. and a US Department of Energy SCGSR fellowship to H.H. The SCGSR pro-

gram is administered by the Oak Ridge Institute for Science and Education for the DOE

23



under contract number DE-SC0014664. J.M.P. was supported by National Institutes of

Health grant R01-AI052293. N.P. was supported by a studentship jointly funded by the UK

Science and Technology Facilities Council, Newcastle University and OJ-Bio Ltd. Com-

putational resources were provided via the Extreme Science and Engineering Discovery

Environment (XSEDE), which is supported by NSF Grant No. OCI-1053575. H.H. and

J.C.G also thank James Sturgis for helpful discussions.

24



References

[1] T. J. Silhavy, D. Kahne, S. Walker, The bacterial cell envelope, Cold Spring Harb.

Perspect. Biol. 2 (2010) a000414.

[2] C. R. Raetz, C. Whitfield, Lipopolysaccharide endotoxins, Annu. Rev. Biochem. 71

(2002) 635–700.

[3] H. Nikaido, Molecular basis of bacterial outer membrane permeability revisited, Mi-

crobiol. Mol. Biol. Rev. 67 (2003) 593–656.

[4] L. Gan, S. Chen, G. J. Jensen, Molecular organization of Gram-negative peptidogly-

can, Proc. Natl. Acad. Sci. USA 105 (2008) 18953–18957.

[5] J. C. Gumbart, M. Beeby, G. J. Jensen, B. Roux, Escherichia coli peptidoglycan

structure and mechanics as predicted by atomic-scale simulations, PLoS Comput.

Biol. 10 (2014) e1003475.

[6] M. Beeby, J. C. Gumbart, B. Roux, G. J. Jensen, Architecture and assembly of the

Gram-positive cell wall, Mol. Microbiol. 88 (2013) 664–672.

[7] E. I. Tocheva, J. Lopez-Garrido, H. V. Hughes, J. Fredlund, E. Kuru, M. S. Van-

nieuwenhze, Y. V. Brun, K. Pogliano, G. J. Jensen, Peptidoglycan transformations

during Bacillus subtilis sporulation, Mol. Microbiol. 88 (2013) 673–686.

[8] W. Vollmer, D. Blanot, M. A. de Pedro, Peptidoglycan structure and architecture,

FEMS Microbiol. Rev. 32 (2008) 149–167.

[9] Z. Gitai, N. A. Dye, A. Reisenauer, M. Wachi, L. Shapiro, MreB actin-mediated seg-

regation of a specific region of a bacterial chromosome, Cell 120 (2005) 329–341.

[10] K. E. Daly, K. C. Huang, N. S. Wingreen, R. Mukhopadhyay, Mechanics of membrane

bulging during cell-wall disruption in Gram-negative bacteria, Phys. Rev. E 83 (2011)

041922.

25



[11] A. L. Koch, The biophysics of the Gram-negative periplasmic space, Crit. Rev. Mi-

crobiol. 24 (1998) 23–59.

[12] W. Vollmer, S. J. Seligman, Architecture of peptidoglycan: more data and more mod-

els, Trends Microbiol. 18 (2010) 59–66.

[13] H. Y. Jiang, S. X. Sun, Morphology, growth, and size limit of bacterial cells, Phys.

Rev. Lett. 105 (2010) 028101.

[14] L. Furchtgott, N. S. Wingreen, K. C. Huang, Mechanisms for maintaining cell shape

in rod-shaped Gram-negative bacteria, Mol. Microbiol. 80 (2011) 340–353.

[15] E. Rojas, J. A. Theriot, K. C. Huang, Response of Escherichia coli growth rate to

osmotic shock, Proc. Natl. Acad. Sci. USA 111 (2014) 7807–7812.

[16] E. R. Rojas, G. Billings, P. D. Odermatt, G. K. Auer, L. Zhu, A. Miguel, F. Chang, D. B.

Weibel, J. A. Theriot, K. C. Huang, The outer membrane is an essential load-bearing

element in Gram-negative bacteria, Nature (2018), in press.

[17] D. S. Cayley, H. J. Guttman, M. T. Record Jr., Biophysical characterization of changes

in amounts and activity of Escherichia coli cell and compartment water and turgor

pressure in response to osmotic stress, Biophysics 78 (2000) 1748–1764.

[18] M. Arnoldi, M. Fritz, E. BŁuerlein, M. Radmacher, E. Sackmann, A. Boulbitch, Bac-

terial turgor pressure can be measured by atomic force microscopy, Phys. Rev. E 62

(2000) 1034–1044.

[19] X. Yao, J. Walter, S. Burke, S. Stewart, M. H. Jericho, D. Pink, R. Hunter, T. J. Bev-

eridge, Atomic force microscopy and theoretical considerations of surface properties

and turgor pressures of bacteria, Colloids Surfaces B: Biointerfaces 23 (2002) 213–

230.

[20] Y. Deng, M. Sun, J. W. Shaevitz, Direct measurement of cell wall stress stiffening

and turgor pressure in live bacterial cells, Phys. Rev. Lett. 107 (2011) 158101.

26



[21] V. R. F. Matias, A. Al-Amoudi, J. Dubocher, T. J. Beveridge, Cryo-transmission elec-

tron microscopy of frozen-hydrated sections of Escherichia coli and Pseudomonas

aeruginosa, J. Bacteriol. 185 (2003) 6112–6118.

[22] A. T. Asmar, J. L. Ferreira, E. J. Cohen, S. H. Cho, M. Beeby, K. T. Hughes, J. F.

Collet, Communication across the bacterial cell envelope depends on the size of the

periplasm, PLoS Biol. 15 (2017) e2004303.

[23] V. Braun, Covalent lipoprotein from the outer membrane of Escherichia coli, Biochim.

Biophys. Acta 415 (1975) 335–377.

[24] W. Shu, J. Liu, H. Ji, M. Lu, Core structure of the outer membrane lipoprotein from
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