How do Cyclopropane Fatty Acids Protect the Cell
Membrane of Escherichia coli in Cold Shock?

Archita Maiti, Abhay Kumar, Snehasis Daschakraborty”
Department of Chemistry, Indian Institute of Technology Patna, Bihar 801106, India.

AUTHOR INFORMATION
Corresponding Author

“snehasis@iitp.ac.in



mailto:*snehasis@iitp.ac.in

ABSTRACT

The cyclopropanation of unsaturated lipid acyl chains of some bacterial cell membranes
IS an important survival strategy to protect the same against drastic cooling. To elucidate the
role of cyclopropane ring containing lipids, we have simulated the lipid membrane of
Escherichia coli (E. coli) and two modified membranes by replacing the cyclopropane rings
with either single or double bonds at widely different temperatures. It has been observed that
the cyclopropane rings provide more rigid kinks in the lipid acyl chain compared to the double
bonds and therefore further reduce the packing density of the membrane and subsequently
enhance the membrane fluidity at low temperatures. They also inhibit the close packing of other
lipids and deleterious phase separation by strongly interacting with them. Therefore, this study
has explained why E. coli bacterial strain, susceptible to freezing environment, relies on the

cyclopropanation of an unsaturated chain.
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1. INTRODUCTION

Microorganisms often encounter various extreme challenges of the environment, which
trigger continual adaptations of the cell membrane®. Under physiological condition, cell
membrane is fluidic, which is necessary for performing its role in different cell biological
processes. Drastic reduction of temperature is detrimental to the cell membrane since it may
cause fluid-to-gel phase transition of the lipid bilayer®® . In response to the environmental stress
factors, the microorganisms have developed some key strategies, such as lipid remodelling
homeoviscous adaptation’°, introducing small polar organic molecules (osmolytes)® 2928 | etc.
Lipids with unsaturated fatty acids (LUFAS) having kink in aliphatic chain introduces packing
defects in the bilayer of lipids with saturated fatty acids (LSFAs) and thereby retain the

membrane fluidity at lower temperature.

Another less common strategy for some specific microorganisms is cyclopropanation
of the lipid acyl chains that protect the membrane from adverse effects of freezing during
drastic cooling?®-34, Lipids with cyclopropane ring containing fatty acids (LCFA) are widely
distributed in a variety of organisms, particularly in bacteria, e.g., Escherichia coli,
Lactobacillus, Rhizobium,®? etc. They are generated in situ via methylation of the cis-
unsaturated fatty acid double bond in presence of cyclopropane fatty acid synthase and the
concentration of LCFAs rises as the cell is exposed to a hostile condition® 3127, LCFAs are
known to disrupt the ordering of the lipid acyl chains and thereby keep the membrane fluid at
lower temperatures®-31, Similar effect of LUFA is already known’® . Henceforth, the role of
cyclopropane ring is akin with that of the double bond, as evident from the earlier literature

survey.

So, what is the specific purpose of the cyclopropanation of an unsaturated lipid acyl

chain? From the chemical reactivity perspective, it is known that double bonds are more



susceptible to oxidation and ozonolysis than the cyclopropane rings and thus the LCFAs are
more stable compared to LUFA31-32  Beside the chemical stability, there might be some roles
of LCFAs to protect the cell membrane from drastic physical change, which is detrimental for
the functional behaviours of the cell membrane. The earlier work by Poger et al. compared the
role of cyclopropane ring and C=C unsaturated bond on the fluidity and ordering of the lipid
membrane®! . They proposed, the LCFAs enhance the membrane fluidity by influencing the
lipid packing and increasing the gauche defect formation. It was claimed that the effect is partly
due to steric hindrance originated by the methylene bridge. Although the above study provided
important insights about the role of the cyclopropane rings in maintaining the packing density
and fluidity of a single component lipid membrane, the actual role is far from understood in
real cell membrane of the bacteria, such as E. coli, Lactobacillus, etc., where tens of different
types of lipids are present® 2%-3%-40 and in inhospitable situation, like at low temperature when
the membrane exists in gel phase. Therefore, it is important to understand how LCFAs stabilize

a realistic cell membrane which is exposed to a drastic change of temperature.

For understanding the role of LCFAs in maintaining the fluidity of a realistic cell
membrane under drastic cooling, we have simulated a model lipid membrane of E. coli
bacteria*® consisting of 14 different types of lipids from all-atom (AA) and coarse-grained
(CG) resolution. To elucidate specific advantages of LCFAs, we have also simulated two
additional membranes with modified lipidome by replacing all the cyclopropane rings with
either C-C single bond or C=C double bonds. The fully hydrated membranes are simulated at

6 different temperatures: 250, 270, 290, 310, 330, and 350 K.



2. SIMULATION METHODOLOGY
2.1. Composition of the membrane

The fourteen-component realistic E. coli bacterial membrane is taken from literature*
both for CG and AA-simulations. To examine the role of cyclopropane rings (CP) in the acyl
chain of lipid over single or double bonds, we have prepared additional two modified
membrane systems. The model E. coli membrane containing cyclopropane rings is denoted as
NM (Native Membrane), in another system we have replaced all the cyclopropane rings with
C-C single bonds and named it as MMS (Modified Membrane with Saturated chains), and in
the third system we have replaced all the cyclopropane rings with C=C double bond and named
it as MMU (Modified Membrane with Unsaturated chains). The naming of the lipids is done
based on acyl chains followed by headgroup (Figure S1 of the Supporting Information (SI)).
The double bonds or cyclopropane moieties are located between carbon 9 and 10 for the 16-
carbon tails and between carbon 11 and 12 for the 18-carbon tails. Only cis- geometry is
considered for the double bonds and cyclopropane rings as per the realistic E. coli membrane.
Three types of lipids are present in membrane systems depending on the headgroup: cardiolipin
(CL), phosphatidylglycerol (PG), phosphatidylethanolamine (PE). PE- and CL-lipids are
charged lipids. Each CL- and PE-lipids contribute -2 and -1 respectively. Required number of
monovalent Na ions are added for charge balance of the system. PE-lipids are present in highest
proportion in all the membrane systems (about 73%), PG-lipids exist in intermediate quantity
(22%), and, cardiolipins are present in least amount (only 5%). Based on saturation level in
acyl chains, total five types of lipids are there: cyclopropane ring containing lipids (cyp.), fully
saturated lipids (sat.), monounsaturated lipids (monounsat.), diunsaturated lipids (diunsat.), and
triunsaturated lipids (triunsat.). NM system holds cyp., monounsat., and diunsat. lipids; MMS

system contains sat., monounsat., and diunsat. lipids; MMU system comprises monounsat.,



diunsat.,, and triunsat. lipids. Lipid names, numbers, abundance, and presence of
CP/unsaturations are listed in Table S1. The structure of the lipids both in all-atom (AA) and

coarse grained (CG) resolution are shown in Table S2.
2.2 Modelling of the membrane

Coarse-grained modelling: MD-simulations of the multicomponent membrane systems in
AA-resolution is quite challenging because although it reproduces many of the structural
properties of the membrane systems, it fails to reproduce the phase behaviour*® . The major
reasons are long simulation time for the mutual diffusion of various constituents (around
microsecond ranges) and requirement of a larger system to exactly predict the phase behaviour
of a multicomponent bilayer. But due to limited computational performance it is quite
impossible to perform the above in AA-resolution. However, there are some alternative
pathways to speed up the simulations such as coarse grained (CG) MD simulations which can
predict the phase behaviour of a multicomponent bilayer successfully*6-*8 MARTINI-FF4-*0 js
a very well-known CG-model that can correctly predict the phase behaviour or phase separation
of a multicomponent membrane system. In MARTINI-FF four atoms in a lipid molecule is
considered as one bead and thus it becomes possible to build larger systems and simulate it at
longer time scales at low computational cost. However, for considering four atoms as a single
bead CG-models are unable to distinguish lipids with 16:0 and 18:0 fatty acid chains. For water
molecules we have taken the most commonly used CG-MARTINI water model®* where one
water bead is equivalent to four individual water molecules. In spite of such rough
approximation, the dynamical properties (e.g., viscosity, diffusion coefficient) of CG water are
in semiquantitative agreement® with the experiment®°3, Nonetheless, the freezing temperature
of MARTINI-CG water is at around 290 K. Freezing of water at low temperature ranges can
induce fluid-to-gel phase transition of the membrane. To prevent such undesiring freezing of

water, anti-freeze particles®® > are added (resembling the antifreezing agent). MARTINI
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forcefield was originally parameterized at room temperature. But now, the MD simulations of
realistic cell membranes are performed over a wide range of temperature® >°. The earlier study
has captured the temperature dependence of the diffusion and viscosity of MARTINI CG water
in good agreement with the TIP4P/2005 water model®*. Therefore, the MARTINI-CG water
model is well enough for the simulation of realistic cell membrane at lower temperatures. The
coarse-grained native E. coli membrane (NM) and modified E. coli membranes (MMS and
MMU) are parameterised with recently optimised MARTINI 3 forcefield (www.cgmartini.nl).
The equilibrated CG-NM membrane (193 lipids per leaflet) at 310 K is obtained from the
website: https://github.com/KristynaPluhackova/MD_models_E. coli-PLE. After that it is
multiplied four times using GROMACS. We have considered equal number of lipids in each
leaflet. Henceforth, each leaflet contains 772 lipids. We have solvated the membrane with
38600 CG-water beads which is equivalent to 100 water molecules per lipid to keep the
membrane fully hydrated. We have also added 480 Na ions (counter ions) for charge
neutralisation. This is a reasonably larger system size to study the structure and phase behaviour
of a complex multicomponent membrane system. To prevent the freezing of Martini CG-water
at lower temperatures, 10% CG-water beads are replaced with antifreeze particles®®®’. These
antifreeze -particles does not interfere with the structure, fluidity, or phase behaviour of the
lipid bilayer. The initial structure for MMS and MMU systems are taken from NM system and
the forcefield for lipids are modified accordingly for the former two membranes. The martini
bead containing cyclopropane ring is parameterised with the same bead type (C1) as for the
saturated bead consistent with the literature®® . To maintain the compatibility and universality,
the bond lengths are kept unchanged: 0.47 nm for bonds within the hydrophobic tail and 0.51
nm for the bonds connecting glycerol and tail. But the angle containing cyclopropane ring in
the middle is reparametrized to 125° with a harmonic constant of 15 kJ/mol/nm?. For the MMS

and MMU systems we have replaced the forcefield for CP containing lipids with its analogues



already available in martini website. For those which are not available, we have changed the
angle from 125° to 180° and 125° to 120° for the single bond and double bond containing lipids
in the middle respectively. In addition, the angle force constant is set to 35 kJ/mol/nm? for the
corresponding single- or double bonds in MMS and MMU systems. C4 bead type is chosen for

double bond containing beads.

All-atom modelling: Although the coarse-grained MD simulations of the solvated bio
membrane systems are highly promising in spatio-temporal scales, it leads to loss of chemical
details which are very important in quantitative study of various complex membrane systems,
eg, molecular recognition for which atomistic details must remain®-° .Classical all-atom (AA)
simulations can disclose the mechanism of several biological processes occurring in different
length and time scales. Due to the availability of highly optimised atomistic forcefields we can
explore the structure and dynamics of the biological membrane systems in realistic fashion and
predict experimental results. The equilibrated structure of the AA-NM membrane at 310 K is
obtained from the website: https://github.com/KristynaPluhackova/MD_models_E. coli-PLE.
The initial structure of the MMS and MMU systems are generated with packmol software. Both
the leaflets contain equal number of lipid molecules. We have taken 193 lipids per leaflet. The
membranes are solvated with 16364 water molecules (around 42 water molecules per lipid, a
reasonable hydration level for a fully hydrated system). We have also added 120 Na ions for
charge neutralisation. NM, MMS and MMU membranes are parameterised with
CHARMM365%1 all-atom forcefield since it provides the structure and dynamics in good
agreement with the experimental data. The forcefield for the NM membrane lipids are obtained
from literature. The MMS and MMU membrane lipid forcefields are obtained from
CHARMM-GUI input generator®?®3, For water molecules we have chosen CHARMM-
modified TIP3P water model (also known as mTIP3P/TIPS3P). In the biomolecular

simulations containing proteins or lipids the TIP3P and mTIP3P water models are more



accepted and appreciated over other models since CHARMMS36 lipid forcefield is optimised
with mTIP3P, and use of other water models may lead to inconsistencies in membrane
properties used®® . Although the TIP4P model provides excellent results for the bulk water
systems, it was not preferred for biomolecular simulations because it contains a virtual site and
the forces must be projected on the “real” atoms. The mTIP3P water model has been selected
since it reproduces the first shell hydration very well. In addition, most of the simulation time
of solvated biomolecules is spent on simulating water molecules. Hence, a less costly mTIP3P

model is favored®®.

2.3 Simulation Details

CG-model-based simulation: GROMACS software package®® is used for all CG-MARTINI

simulations. After short energy minimization, the NM system is equilibrated for at least 2 us
followed by production run of 10 us at 310 K. With the last configuration generated after
production run, we have rapidly cooled the system to 250 K and equilibrated as a minimum for
10 us (since at lower temperatures, systems take longer time to equilibrate). For MMS system
even a longer simulation time of about 40 us is required for equilibration. We gradually
increased the temperature at 20K interval. Thus, we have simulated the NM, MMS and MMU
membrane systems at 7 representative temperatures: 350, 330, 310, 300, 290, 270, and 250 K.
The simulation lengths of different membrane systems are listed in Table S3. The v-rescale
thermostat®” is used for temperature coupling with a coupling constant of 1 ps. Pressure is
controlled semiisotropically at 1 bar. Parrinello-Rahman barostat®® is used for pressure
coupling with a coupling constant of 12 ps and compressibility of 3x10~* bar™. Position
restraint is applied on the phosphate beads of each lipid along the z-direction in order to avoid
unnecessary undulation of the larger membranes. It is observed in the earlier studies that

memrane undulations can cause phase seperation in the bilayer membarne®. The real cell



membrane consists of transmembrane proteins which significantly reduce this sort of
undulations’®. However, in the present work, we have considered only the lipid membrane of
an E. coli bacteria (without protien) and it is composed of 14 different type of lipids. Hence the
membrane undulation can stimulate an unrealistic phase seperation which will impede the
correct determination of the structural properties as well. Therfore, in the current work we have
kept the membrane flat with weak position restraining. We have done the restraining with a
harmonic force constant of 2 kJ mol™* nm™2 applied on the phosphate beads of all of the lipids
on the lower leaflet along the z-direction® ®°. Thus, both the local and global undulations of the
membrane leaflets are inhibited. We have used the Verlet cutoff scheme with a Verlet-buffer-
tolerance of 0.005 kJ/mol/ps. The van der Waals cutoff is set to 1.1nm using the potential-shift-
Verlet method and coulomb cutoff is fixed to 1.1 nm. We have removed the centre-of-mass

movement at every 100 steps.

AA-model-based simulation: AA-atom MD simulations are performed with GROMACS

package. The already equilibrated NM membrane system, obtained from literature is directly
simulated at 310K for 230 ns. After short energy minimization using the steepest-descent
algorithm, the MMS and MMU systems are equilibrated at 310 K at least for 100 ns followed
by production run of 100 ns. We gradually cooled the three membrane systems (NM, MMS,
and MMU) from 310K to 250K with the last configuration obtained after production run at 310
K. Cooling is done via annealing with 1 K/ns rate. Then we equilibrated each system not less
than 250 ns, as molecules takes longer time to diffuse at lower temperature, hence longer time
is required to reach the equilibrium. The temperature is increased gradually at 20 K interval.
All the membranes are simulated at 6 different temperatures: 350, 330, 310, 290, 270, and
250K. The simulation lengths of different membrane systems are listed in Table S3. All the
simulations are performed using NPT ensemble. Nose-Hoover thermostat’*"? with a coupling

constant of 0.5 ps is used for temperature coupling. The pressure is controlled
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semiisotropically. Berendsen barostat” is used for pressure coupling with a coupling constant
of 5 ps. Periodic boundary conditions are applied in all three directions. Verlet leapfrog
algorithm is used for solving the equations of motion at every 2 fs. Long-range electrostatic
interactions are solved with the Particle Mesh Ewald (PME) summation method. The cut-off
for the short-range Coulomb interactions and van der Waals interactions are set to 1.2 nm. The

hydrogen containing bonds are constrained with lincs algorithm.

3. RESULTS AND DISCUSSIONS

3.1. Coarse-grained (CG) Simulation

We first examine the packing density parameters — area per lipid <A.>, membrane
thickness <T.>, volume per lipid <V> — and fluidity parameters — lateral diffusion
coefficient Dyy and rotational auto-correlation function (RCF) — of three membrane systems
NM, MMS, and MMU from CG resolution. (The methods for calculating the above properties
are described in Section 2 of Sl.) Figure 1a shows that with decreasing temperature, <A.> and
<V > decrease, while <T_> increases almost linearly for both the NM and MMU membranes.
The membrane fluidity, gauged by Dyy (Figure 1a) and RCF decay (Figure S6 of Sl), constantly
decreases with decreasing temperature. These suggest an absence of fluid-to-gel phase
transition within the temperature range. Notably, the values for both NM and MMU almost
coincide with each other at all temperatures. Therefore, the CG model is unable to distinguish
between NM and MMU membranes and therefore the purpose of cyclopropanation is not clear.
However, for MMS we observe a drastic change of all the quantities below 300 K strongly
suggesting fluid-to-gel phase transition. Therefore, the adverse effect of cooling on membrane

with saturated lipids instead of cyclopropane or unsaturated lipids is clear.

To provide more insight into the spatial arrangement of the lipids in xy-plane we

present, in Figure 1b, the lateral density profiles (LDP) of lipids in the three membranes NM,
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MMU, and MMS at 250 K. It is observed that the NM and MMU membranes remain fluid,
while the MMS is gel at 250 K, consistent with the drastic changes in the packing density and
fluidity between 290 and 300 K (see Figure 1a). Closer inspection reveals that a small portion
of the MMS membrane remains fluid. As shown in Figure 1c, this fluid domain is mainly
composed of mono- and di-unsaturated lipids. The Voronoi-based spatial profiles’ of
membrane thickness at different temperatures (Figure 1d) shows that the size of the fluid
domain increases with increasing temperature such that at 300 K the membrane becomes
entirely fluid. Figure 1e presents the area per lipid and thickness values for different lipids,
grouped by the type of acyl chain (cyclopropane ring containing, unsaturated, and fully
saturated). Clearly, for NM, all lines coincide with each other suggesting a uniformity in the
cooling response of the lipids. On the other hand, for MMS, the saturated lipids respond more
strongly towards cooling than the unsaturated lipids. This is due to the closer packing of
saturated lipids than the unsaturated lipids. In MMU membrane the tri-unsaturated lipids
occupy more area although the thickness is same throughout the lipid types. In brief, Figure 1
indicates that cyclopropane rings in the lipid acyl chains maintain packing density and fluidity
of the cell membrane of E. coli very similar to what unsaturated acyl chain containing lipid
does. However, the specific purpose of cyclopropanation of the lipid acyl chain is not clear
from the CG resolution. The area and thickness of lipids with different headgroups are not

distinguishable from each other from the present CG-based simulation (see Figures S2-S3).
3.2. All-atom Simulation

Since the CG-based models are inadequate to differentiate between the membranes with
unsaturated and cyclopropane ring containing lipids, we simulate three membranes (NM,
MMS, and MMU) under all-atom (AA) resolution. The results obtained from AA-simulations
are depicted in Figure 2. Figures 2a-b display the temperature dependence of average area per
lipid <A> and average membrane thickness <T.>. Figures 2c-d show average deuterium order
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parameter <Scp> for different categories of acyl chains (cyclopropane ring-, monounsaturated
chain-, and saturated chain-containing). The above results indicate that the NM membrane
shows the least change of the packing density on cooling, while the MMS membrane exhibits
a sharp change between 310 and 330K due to the fluid-to-gel phase transition. However, all
the changes are less dramatic compared to that in CG-resolution, which indicates a partial gel
formation of the MMS membrane. More interestingly, a clear difference in the packing
densities between the NM and MMU membranes is now vivid. The MMU membrane
undergoes relatively sharp transition between 290 and 270 K. The structural parameters portray
some ordering in MMU bilayer compared to NM and the difference is more visible below 290
K. However, the dynamics of the lipid membrane is less impacted by replacing the
cyclopropane rings with C-C single bond or C=C double bond. The lateral diffusion coefficient
(Dyy) values for the NM and MMU practically merge with each other, while the MMS is twice
less diffusive. Unlike the diffusion coefficient, the short time membrane fluidity which can be
denoted by the rotational auto-correlation function (RCF) (Figures 2f-h) is bit more impacted
under the above conditions. The RCF decay slows down with cooling. While at 350 K the
correlations decay at the same rate for all three membranes, at the lower temperatures (<270

K) the order of slowing down of RCF decay is MMS > MMU > NM.

It is known that the occurrence of kinks in the acyl chains impede close packing of the
lipids and thereby retain the membrane fluidity at lower temperature’® 2%3! | Such kinks are
provided by the presence of cyclopropane rings or C=C double bonds in the acyl chains. The
key focus is to reveal which sort of kinks are more rigid to disrupt the packing or more precisely
the ordering of the lipid bilayer. We have considered the three types of acyl chains
(cyclopropane ring-, monounsaturated chain-, and saturated chain-containing), as taken in the
calculation of <Scp>. The kink angle is calculated using the vectors shown in Figure 3b. The

kink angle distributions, presented in Figure 3a for various temperatures, show that the kink of
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a cyclopropane containing acyl chain in NM is not perturbed by the cold shock. They also do
not allow other saturated and monounsaturated fatty acid chains to align themselves in an
ordered arrangement. On the other hand, in both MMU and MMS, the kink angle sharply
increases below a certain temperature for the saturated and monounsaturated chains. The higher
kink rigidity of the cyclopropane containing fatty acid chain introduces the packing defects
which in turn hinder the gel phase formation. The presence of cyclopropane rings not only
inhibit the phase transition of the LCFAs, but also avert the same for the LSFAs and LUFAs
in the NM system. Therefore, the cyclopropane rings are more effective than C=C double bonds

to prevent the phase transition of the lipids from fluid to gel phase at lower temperature

Apart from kink angle, dihedral angle distributions are also relevant to provide an
overall understanding about the stability of various structural conformations of the lipid acyl
chains. The highest peak of the distribution specifies the most probable conformation. Since in
realistic bacterial membranes -cis conformations are most abundant, in the present study, only
-cis geometry of the double bond or cyclopropane (CP) rings are considered. The CP rings or
double bonds are located nearly in the mid position of the acyl chains for the three membrane
systems. For each acyl chain, we have calculated the distributions of dihedral angles: ¢q, ¢10,
and ¢, at three representative temperatures: 250, 310, and 350 K (Figure 4). For both
cyclopropane and C=C containing chains a sharp peak is observed at 0° (¢,,). The -cis
geometry forces the C8 and C11 carbons to stay at 0° for both the chains. The C9 and C10
carbons are sp? hybridized for the monounsaturated chains. Hence, straightening of the chains
at lower temperature (250 K) promotes high strain on the C=C double bond. Similar effect is
observed for the cyclopropane ring system also. Here, although the C9 and C10 carbons of the
CP rings are sp® hybridized, the highly strained ring structure does not facilitate the twisting of
the C-C single bonds (C8, C9 and C10, C11), which in turn gives rise to a sharp peak at 0°. For

the monounsaturated chains we observe two minor peaks at 120° for the ¢4 and ¢, dihedrals.
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The symmetric nature of the peaks suggests the equivalency of the two dihedrals. In contrast,
the peaks for ¢4 and ¢, are not symmetrical for the cyp chains indicating that although these
two dihedrals look similar, they are non-equivalent and we find peaks near 90° and 180°. With
lowering of temperature peak height increases, confirming a more rigidity of the acyl chains
against twisting. The dihedral distribution for the sat. chains show a peak-maxima at 180° and
two symmetric minor peaks at 60°. We have observed that the anti-geometry (180°) is more
favorable than gauche (60°) and the later follows a reverse trend in peak distribution with
reducing temperature. Hence, we can infer, the bending of the sat. chains are more probable at
higher temperatures indicating the fluid phase of the membrane bilayer. Nonetheless, the
temperature dependence of the peak height is more visible for the sat. chains compare to cyp.
or monounsat. analogues. The order of increasing probability of the sat. chains at 250 K is: NM
<MMU < MMS, which indicates that the presence of CP rings unfavor the straightening of the
sat. chains more than C=C double bonds and thereby suppress the close-packing of the lipids
to form gel. However, the dihedral angles of the monounsat. chains are not much affected by

the presence of CP rings or fully saturated chains.

We have seen that on cooling the LCFASs neither undergoes phase transition themselves
nor do they allow other lipids to have phase transition. Even the fully saturated LSFAs, present
in NM, also behave very similar to the LCFAs. This is intriguing and needs further
investigation. Separation of phases is a prevalent phenomenon, highly being observed in the
multicomponent membrane systems. It arises due to the sufficiently large structural differences
of the lipids, inducing unfavorable interactions among them. Therefore, one can expect the
LCFAs, with highly kinked fatty acid chains, to phase separate from the remaining lipids. We
have analyzed the distribution of different kinds of lipid inside the membrane at the lowest
temperature (250 K) and how their phase behavior is impacted. We have shown the lateral

density profile (LDP) of the bilayer for different membrane systems at 250 K averaged over
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two time frames (Figure 5a). We have also picturized the distribution of different sorts of lipids
based on saturation level and presence of cyclopropane rings in acyl chains at the same
temperature (Figure 5b). We observe that for the NM membrane, the distinct types of lipids are
homogeneously distributed in the membrane systems. Some transient domain formation is
observed but complete phase separation of the lipids is still absent. Therefore, the LCFAs are
fully mixed with other lipids and thereby inhibits phase transition of the latter. Side-by-side
comparison between the 2D-densmap (Figure 5a) and a simulation snapshot (Figure 5b) reveals
that in NM the LCFA-rich regions are more fluidic compared to the regions having the
monounsaturated lipids. The LSFA-rich regions in MMS undergoes gel phase, while some
fluidity is observed near the LUFA-rich regions. Interestingly, the monounsaturated lipids in
MMU undergoes fluid-to-gel phase transition, while the di- and tri-unsaturated lipids are fluidic
and a fluid-gel phase separation is clearly observed. Similar phase separation is not observed

in NM.

The Voronoi-based analysis of the area per lipid (Figure S9 of SI) and membrane
thickness (Figure 5c¢) for different types of lipids, depending on saturation level and presence
of CP rings show that for the MMS and MMU systems sharp changes in thickness at the phase
transition temperatures (310 K for MMS and 270K for MMU) are observed. There are clear
differences between the saturated, mono-, di, and tri-unsaturated lipids near the phase transition
point for the above modified membranes. The saturated lipids show the sharpest change at the
phase transition point followed by monounsaturated and di-unsaturated lipids. On the other
hand, absolutely no changes are observed between cyclopropane ring-containing, mono-, and
di-unsaturated lipids and the values practically merges with each other in the NM system.

Therefore, the LCFAs homogenize the membrane composition.

The above homogenization by the LCFAs and mutual interactions between the different

kinds of lipids are shown via cluster size analysis and radial distribution functions g(r). We
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have performed lipid cluster size analysis of the membranes from both CG (Figure S4 and S5
of SlI) and AA resolutions (Figure S7 of SlI). Evidently, the lipids do not tend to form bigger
clusters and the cluster size increases slightly with decreasing temperature. Further to
understand the specific interactions between lipids we have calculated g(r) between the same
and different kinds of lipids (Figure S8 of Sl) in the same membrane leaflet from AA resolution.
It manifests, how different types of lipids interact among each other and predicts the possibility
of phase separation assisted phase transition®. The most abundant lipids of a particular
membrane system are only considered. For the NM and MMS systems, we notice, with
decrease in temperature, peak height of g(r) increases for all types of lipids (Figure 5d) which
suggests the same and different kinds of lipids equally interact with each other, giving rise to
a homogenous distribution of lipids inside the membrane. On the other hand, in MMU system,
same type of lipids interact more strongly among each other in comparison to the different
types of lipids. This indicates a partial phase separation between the monounsaturated and di-
unsaturated lipids in the MMU membrane, which induces fluid-to-gel phase transition. Hence,
the cyclopropane rings not only inhibit the cooling induced phase transition of the cyclopropane

containing lipids, but also protects other lipids from the deleterious effect of cold shock.
5. CONCLUSION

In conclusion, the present work manifests the role of cyclopropane rings towards the
survival of E. coli bacteria during cold shock. We have simulated a realistic lipid bilayer of an
E. coli bacteria along with the modified membranes, replacing the cyclopropane rings either
with single or double bonds in both CG and AA resolutions. The simulations are performed at
various temperatures between 250 and 350 K. There is hardly any difference between the
impact of cyclopropane ring and double bond over the structural and dynamical properties of
the membrane in CG resolution, which indicates the insufficiency of the CG model of

cyclopropane containing lipids to explain the membrane properties. Nevertheless, in all-atom
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resolution, we have obtained visible difference in membrane properties due to the presence of
cyclopropane ring and unsaturation specifically at lower temperatures. Notably, the
cyclopropane rings are more effective to restrict the closer packing of the membrane lipids
compared to double bonds by providing a rigid kink along the acyl chain. In addition,
cyclopropane rings not only prevent the fluid-to-gel phase transformation of the corresponding
lipids, but also inhibits the phase transition of the unsaturated lipids as well by interacting with
all different lipids present in the membrane. Therefore, this study provides an explanation on
why the E. coli bacterial strain, susceptible to freezing environment, relies on the
cyclopropanation of the acyl chain-double bond. Similar explanation may also be equally

applicable for other bacteria, adopting cyclopropanation as cell-survival strategy.

6. ASSOCIATED CONTENT

Supporting Information

The Supporting Information (SI) is available free of charge at___. The SI contains four
sections. S1. consists of composition of the membrane; S2. contains method of analysis; S3.
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Figure 1. (a) Area per lipid <A_>, membrane thickness <T_>, volume per lipid <V_>, and lateral
diffusion coefficient Dyy as a function of temperature for the NM (black), MMS (red), and
MMU (blue) systems. (b) 2D-densmap of the NM, MMS, and MMU membranes at 250 K. (c)
Fluid domain lipid composition of the MMS membrane at 250 K; (d) Voronoi thickness of the
MMS membrane at lower temperature ranges; (e) area per lipid <A.> and membrane thickness
<T.> of different types of lipids (cyclopropane ring containing lipid, fully saturated lipid,
monounsaturated lipid, di-unsaturated lipid, and tri-unsaturated lipid) for the three membrane
systems at different temperatures. Error bars are calculated over five different trajectory
segments of the production run.



_A_ NM (C}’P~) d + NM (sat.)

—O— NM (unsat.) () —— MMS (sat.)
—O— MMS (unsat.) 0.4 —— MMU (sat.)
—O— MMU (unsat.)

¢ 0.15 0.3
0.10 63
260 280 300 320 340 260 280 300 320 340
T (K)
- L [ T=250K
"g 1p &
1) F
o =~
= -\ O
\\/0.1 —A— MMS
—€— MMU
[ 0.1}F
0.01 L— . . : : PRI R WETH! RRRET
260 280 300 320 340 10 100 1000 10000
T (K) 1 (ps)
1 K@) T=310K 1 f(h) T=350K
2 D
S S
0.1 F 0.1F
" N 1 oy | PEEPEEES 1 NN | [ ERETT | RN |
10 100 1000 10000 10 100 1000 10000
t (ps) 1 (ps)

Figure 2: (a) area per lipid, (b) membrane thickness of the entire membrane; (c) and (d) average
order parameter <Scp> for different type of acyl chains (based on saturation, unsaturation, and
presence of cyclopropane ring); (e) Lateral diffusion coefficient (Dxy) of the full membrane as
a function of temperature (for NM, MMS, and MMU membrane systems); Rotational decay of
the NM, MMS, and MMU membranes at three representative temperatures: (f) 250K, (g) 310K,
and (h) 350K. Error bars are calculated over three different trajectory segments of the
production run.
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Figure 3: (a) Kink angle distribution of different type of acyl chains (based on saturation,
unsaturation and presence of cyclopropane ring) at various temperatures for different
membrane systems (NM, MMS, and MMU); (b) schematic diagram of kink angle for different
acyl chains.
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Figure 4: (a) Dihedral angle distribution of the NM membrane system at three representative

temperatures: 350, 310, and 250 K. (b) Schematic diagram for distinct type of dihedral angles
for different acyl chains.
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Figure 5. (a) 2D-densmap of the entire membrane at 250 K with respect to two timescales: 20
ns (upper panel) and 1 ns (lower panel); (b) Distribution of different kind of lipids (regarding
saturation, unsaturation, and presence of cyclopropane ring) at 250 K; (c) Voronoi analysis-
based membrane thickness, (d) peak height of g(r) as a function of temperature for different
lipids based on acyl chains (cyclopropane ring containing (cyp.), mono- (monounsat.), di-
(diunsat.), tri-unsaturated (triunsat.), and fully saturated (sat.)) of the three membrane systems
(NM, MMS, and MMU). Error bars are calculated over three different trajectory segments of
the production run.
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