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ABSTRACT The cell envelope of Gram-negative bacteria is composed of two membranes
separated by a soluble region. Here, we report microsecond timescale coarse-grained molecular
dynamics simulations of models of the E. coli cell envelope that incorporate both membranes
and various native membrane proteins. Our results predict that both the inner and outer
membranes curve in a manner dependent on the size of the embedded proteins. The tightly cross-
linked lipopolysaccharide molecules (LPS) of the outer membrane cause a strong coupling
between the movement of proteins and lipids. Whilst the flow of phospholipids is more random,
their diffusion is nevertheless influenced by nearby proteins. Our results reveal protein-induced
lipid sorting, whereby cardiolipin is significantly enriched within the vicinity of the water
channel AgpZ and the multidrug efflux pump AcrBZ. In summary, our results provide
unprecedented details of the intricate relationship between both membranes of E. coli and the
proteins embedded within them.
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In Gram-negative bacteria, the envelope surrounding the cells is composed of an outer membrane
(OM) made largely of lipopolysaccharide (LPS) in the outer leaflet and various species of
phospholipids in the inner leaflet, an inner membrane (IM) containing only phospholipids, and a
periplasm that accommodates the peptidoglycan cell wall.)* Biological membranes are
populated by numerous proteins at a concentration reaching as high as 25% area occupancy,
resulting in crowded environments.>® Over the last few years it has become increasingly
apparent that lipids within biological membranes have an intricate relationship with membrane
proteins.” ! Proteins can affect the physical properties of membranes such as stiffness and
curvature,*>'® and impede lipid diffusion,'**6 while annular lipids found within 20 A of a given

protein diffuse together as a dynamic complex.®®

The bacterial cell envelope accommodates proteins that traverse both the IM and OM, such as
the multi-drug efflux pump AcrABZ-TolC,1"38 which potentially influence the local dynamics of
both membranes and surrounding proteins. Details of such effects are sparse due to the immense
difficulties in performing experiments at high enough resolution and computational studies of
such large systems. Here we employed coarse-grained methodologies to construct a model of the
two membranes of E. coli held together by the AcrABZ-TolC complex, and populated with
varying types and copy numbers of membrane proteins (Table 1, Table S1 and Fig S1). These
copy numbers are equivalent to around 15-30% membrane area occupancy, which represent
biologically relevant protein concentration.> We chose the aquaporin AgpZ!® and lactose
permease LacY? to include in the IM as they both are very well-studied integral IM proteins and

represent two different protein sizes. The OM porin OmpA is one of the most ubiquitous OM



proteins in E. coli;?* we therefore incorporate this protein into the OM in its two forms: i) the
monomeric N-terminal B-barrel, and ii) the full-length homodimer with periplasmic globular

domains?-24,

Table 1: Summary of the composition of simulation systems

oM IM
System Time (us)
TolC® OmpA  AcrBZ®  AqgpZ LacY
1 2x10 Outer membrane only
2 2x10 Inner membrane only
3 2x10 1 42 1 4 -
4 2x10 1 62 1 6 -
5 2x10 1 82 1 8 -
6 2x 10 1 g° 1 - 8

&N-terminal domain of OmpA monomer

PFull length OmpA homodimer

CAll systems contain the periplasmic subunit AcrA that connects the AcrBZ subunit in the IM to

the TolC subunit in the OM

To measure the degree of membrane curvature, we employed the Helfrich-Canham elastic theory
that models the membrane as a continuous elastic sheet and describes its stiffness by a bending
rigidity constant (Kc) based on the variation in the height of the membrane surface,'2%2 here
given by the positions of the phosphate beads throughout the simulations (Fig. 1). In the absence

of any protein, the IM showed a small degree of curvature as evidenced by the large value of K,



which is comparable to the POPE/POPG model membrane.*? Addition of 4 copies of AgpZ
resulted in a substantial decrease in the K¢ value, indicating that this protein can induce
membrane curvature and deformations. Further addition of AqpZ, however, increased the
stiffness of the membrane, with membrane containing 8 AqpZ showing a similar K¢ value to the
protein-free system. Interestingly, System 6 displayed the largest degree of bending in the IM
despite having the same number of proteins as System 5, which could be attributed to LacY
being significantly smaller than AqpZ. Together this suggests that integral 1M proteins results in
membrane curvature; this however is potentially dependent on the membrane surface area
occupied by the proteins, whereby higher occupancy results in a stiffer membrane, similar to

what has been observed in large-scale simulations of the plasma membrane.?’

The OM remained almost perfectly flat throughout the entire 10 us simulations without any
protein, as indicated by the higher K¢ value compared to the IM. The strong cross-links between
adjacent LPS molecules in the outer leaflet potentially maintain the integrity of the membrane,
preventing it from any structural deformations. Congruently increasing the number of OmpA
monomers from System 3 to System 5 resulted in a gradual increase in the degree of membrane
curvature, suggesting that these porins weakened the network of LPS-LPS interactions to allow
the membrane to bend. The OM, however, became stiffer with the inclusion of the full-length
OmpA dimer, perhaps due to the C-terminal periplasmic domain interacting with the inner
leaflet>>?* and therefore stabilizing the membrane. Overall, it is evident the degree of membrane
curvature and deformation is dependent on the number and type of proteins present in the IM and

OM.



Fig 1. Membrane curvature and deformations in the IM and OM. (A) The power spectra of
height fluctuations of the phosphate beads during the last 5 us of one of the two simulations of
System 3 plotted in a log-log plot. The blue squares represent the OM and the red squares the
IM. The bending rigidity moduli, K¢, are fitted to the plot using values for the seven smallest
wavenumbers, g, as illustrated by the straight lines. A snapshot of phosphates (grey) along the
plane of the membrane at the end of the simulation is shown on the right. AcrABZ-TolC
complex is shown in green, while the peripheral proteins in cyan. Similar analysis performed on
System 4 (B), System 5 (C), and System 6 (D). (E) K¢ values for all the systems simulated in this
study. Each value is averaged over two independent simulations and error bars represent the

standard deviations.

The reduced lateral diffusion of lipids around membrane proteins is discussed in detail



elsewhere,***° here we focus our attention on the direction of lipid diffusion using measurements
of mean square displacement (MSD) and flow analysis of the phosphate beads in each leaflet.?
The LPS-containing leaflet of the OM displayed significantly smaller lipid motions, by around
three orders of magnitude, compared to phospholipids-containing leaflets as indicated by the low
MSD values (Figs 2 and S5). Similarly, our lipid flow analysis showed that all LPS moved less

than 0.6 A in the last 10 ns of the simulation compared to 1.0 to 6.0 A for other phospholipids.
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Fig 2. LPS in the OM moves significantly slower than phospholipids. (A) MSD versus time
for the phospholipids in the upper leaflet of the IM of System 5 (left) and their flow averaged
over the last 10 ns of the simulation (right). Arrows indicate the direction of movement of lipids,
whereas the line thickness and color represent the degree of displacement. The positions of
proteins in the system are mapped as purple dots. The same analyses performed for the lower

leaflet of the IM (B), the upper leaflet of the OM (C), and the lower leaflet of the OM (D).



All LPS molecules in the upper leaflet of the OM diffused in the same direction in a given time
frame of the flow analysis (shown by the uniform arrows in Fig 2C). This is unique to LPS as
phospholipids moved randomly with no correlation between adjacent lipids. The sugar moieties
in the head group of neighboring LPS molecules are cross-linked with each other via Ca®* ions.
The upper leaflet of the OM therefore is a strongly interconnected network of LPS molecules,
which could explain why they all flow in unison. The diffusion of LPS also occurred in the same
direction as OmpA and TolC, whereas in the lower leaflet of the OM phospholipids moved in
random directions (Fig 3). Such correlation between protein and LPS motion is preserved even in
simpler systems with smaller membranes and single proteins (Fig S6). Ca?* ions are essential in
maintaining the correlated motion between all LPS molecules, and in turn, between LPS and
proteins. We performed some additional simulations in which we reduced the charge on the
divalent cations from +2 to +1.5 e and found that the concerted movement was reduced, resulting
in random flow similar to that observed for phospholipids in the lower leaflet (Fig. S7), thereby

highlighting the important role of the divalent ions.
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Fig 3. Concerted movement of protein and LPS in the OM. (A) The flows of lipids and

proteins shown respectively in blue and orange, for the upper leaflet of the OM. Enlarged image



highlights the unidirectional motion of protein and LPS around it. (B) Same analysis on the
lower leaflet of the OM. (C) Correlation between the direction of motion of lipids and proteins
versus distance from the protein surface averaged over two simulations of System 5. Error bars

indicate standard deviations.

There is an increasing evidence that the presence of proteins within a membrane can result in
lipid sorting due to the propensity of proteins to interact with certain species of lipid.?>*° To
explore this, the ratio of contacts made by each lipid species with AcrBZ throughout the entire
10 ps simulations was compared to their initial configurations. In System 6 (eight copies of
LacY), there was a remarkable enrichment of cardiolipin around AcrBZ, whereby at the end of
the simulations there were around four to six times more cardiolipins than the initial
configuration (Fig 4A). A density plot showed a significantly higher density of cardiolipin
around AcrBZ compared to the area further away from the protein (Fig 4B). However similar
enrichment was not observed for PE and PG lipids (Fig S8), the ratio of which remained the
same around the proteins throughout the simulations, despite the membrane containing a higher

number of these lipid types.
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Fig 4. Cardiolipin enrichment around AcrBZ and AgpZ. (A) Contact ratio calculated as the
number of cardiolipin found within 6 A from AcrBZ complex during the entire 10 us simulations
divided by the original number at the beginning of the simulation. (B) Average density of
cardiolipin in the IM of System 6. The white space in the middle of the graph indicates the
position of AcrBZ. (C) The number of cardiolipin found within 10 A from AcrBZ (left), within
10 A from AgpZ (middle), and not within 10 A from either protein (right) in System 5. Red
arrows indicate the time point when several cardiolipins moved away from AcrBZ into the free
lipids zone, before making contacts with AgpZ. (D) Similar analysis performed for System 6 to
show that most cardiolipins that interacted with AcrBZ originated as free lipids, while the

number of cardiolipins around LacY remained largely unchanged.

Intriguingly there was a slight decrease in the number of cardiolipins around AcrBZ during the
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simulations of System 5 with eight AgpZ. A mass spectrometry study showed that AqpZ is
stabilized by cardiolipin and the functioning of the protein is modulated by this lipid.% It
therefore seems likely that the vast majority of cardiolipins in this system might preferentially
interact with AgpZ during the simulations, leaving fewer cardiolipins to interact with AcrBZ. To
quantify cardiolipin movement from one protein to another, we measured the number of lipids
within 10 A to both AcrBZ and AgpZ, and those that are not within 10 A to either protein, the
latter are essentially free lipids (Fig 4C). We found that after 1.0 ps the number of cardiolipin
bound to AcrBZ decreased, followed by a concomitant increase in the number of free
cardiolipins, and afterwards an increase the AqpZ-bound cardiolipin. At 4.0 ps the number of
cardiolipins interacting with AqpZ decreased, leading to an increase in free cardiolipins in the
system. This analysis suggests that cardiolipins in the system were constantly exchanged
between AcrBZ and AgpZ as they were both prone to binding to this lipid. A similar analysis to
LacY in System 6 revealed no change in the number of cardiolipin bound to this protein, along
with a dramatic decrease in free cardiolipins and increase in the AcrBZ-bound ones (Fig 4D).
This result indicates that in the presence of proteins, which bind lipids non-selectively such as
LacY, cardiolipins will aggregate around other proteins that show preference towards them,

further corroborating the concept of protein-induced lipid sorting.

A limitation of the current study is the omission of the peptidoglycan cell wall, which is present
in the periplasmic space of the E. coli cell envelope. This is due to the lack of available coarse-
grained models for peptidoglycan. While simulations of peptidoglycan alone or with the outer
membrane has been performed at atomistic resolution,?*** MARTINI parameters are not
currently available. For the purposes of studying the behavior of the two membranes, using an

aqueous space between the two membranes, which are separated by the efflux pump is an
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appropriate model.

In summary, we uncover details of the dynamical behavior of both the IM and OM as well as
several crucial bacterial proteins including the multi-drug efflux pump AcrABZ-TolC complex.
Our results clearly demonstrate that the movement of bacterial membranes and the flow of
individual lipids within them are influenced by various different factors, most notably the
surrounding integral membrane proteins. We show that some bacterial membrane proteins induce
lipid sorting while others do not. Combining our results with recent experimental studies, it is
abundantly clear that bacterial membrane proteins and lipids are complex, have their own
individual characteristics, and still require structural, dynamic, experimental and computational

study to understand how they contribute to the functioning of the cell envelope as a whole.

Computational Methods

The IM and OM were initially constructed and equilibrated separately based on the lipid
composition of E. coli K12.23%3* Both membranes were assembled into the same simulation box
by aligning their hydrophobic cores to the transmembrane regions of AcrABZ-TolC complex.*®
The outer membrane was embedded with either the full length OmpA dimer?? or its monomeric
N-terminal B-barrel, whilst the inner membrane was inserted with either the aquaporin AqpZ*® or
the lactose permease LacY? (Table 1). These systems were equilibrated for 1 ps before two
independent 10 ps production runs were performed. Detailed parameters for the simulations are

available in the supplementary information.

Membrane curvature was characterized by bending rigidity constants (K¢) based on the
Helfrich-Canham theory?® as described in Fowler et al.*2 Mean square displacement of lipids was

calculated using the GROMACS g_msd®® tool using the phosphate bead as a reference point for

13



each lipid. Two-dimensional protein and lipid flow analysis was performed using scripts
provided by Chavent et al.?® Protein-lipid contact analysis was performed in VMD using an in-
house script.3” The lipid partial mass density profile was generated using a modified version of

the GROMACS g_density tool.*®
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