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Globotriaosylceramide (Gbgs) is a glycosphingolipid present in the plasma membrane that is the natural
receptor of the bacterial Shiga toxin. The unsaturation level of Gbs acyl chains has a drastic impact on
lipid bilayer properties and phase behaviour, and on many Gbs-related cellular processes. For example:
the Shiga toxin B subunit forms tubular invaginations in the presence of Gbs with an unsaturated acyl
chain (U-Gbs), while in the presence of Gbs with a saturated acyl chain (S-Gbs) such invagination does
not occur. We have used all-atom molecular dynamics simulations to investigate the effects of the Gbs
concentration and its acyl chain saturation on the phase behaviour of a mixed bilayer of
dioleoylphosphatidylcholine and Gbs. The simulation results show that: (1) the Gbsz acyl chains (longer
tails) from one leaflet interdigitate into the opposing leaflet and lead to significant bilayer rigidification
and immobilisation of the lipid tails. S-Gbz can form a highly ordered, relatively immobile phase which is

Received Sth November 2014 resistant to bending while these changes for U-Gbsz are not significant. (2) At low concentrations of Gbg,
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U-Gbsz and S-Gbs have a similar impact on the bilayer reminiscent of the effect of sphingomyelin lipids

DOI: 10.1039/c4sm024569 and (3) At higher Gbsz concentrations, U-Gbz mixes better with dioleoylphosphatidylcholine than S-Gbs.
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Introduction

Glycosphingolipids (GSLs) are a class of lipids consisting of a
ceramide linked to a carbohydrate moiety and are abundant in
the outer leaflet of the plasma membrane. They are involved in
many biological processes including macromolecular recogni-
tion, intracellular protein uptake and cell adhesion (reviewed in
ref. 1). Globotriaosylceramide (Gbjs) is an interesting GSL lipid
which is required for the binding of Shiga toxin to the host cell
membrane and the toxin's subsequent internalization into the
cell.>® Gb; is over-expressed in metastatic colon cancer and its
presence is sufficient for epithelial cells to be invasive.* The
high expression of Gbj; in invasive colon cancer cells suggests a
possible route to target and detect these cells.*® The Gb;-
binding B-subunit of Shiga toxin (STxB) has also been used to
target defined antigens to dendritic cells for the induction of a
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Our simulations also provide the first molecular level structural model of Gbs in membranes.

therapeutic immune response against cancer or intracellular
pathogens.®®

STxB binds up to 15 Gb; lipids on the surface of the host cell
membrane® and allows the intracellular transport of the toxin via
the retrograde route.” STxB can also bind to, aggregate and
form clusters on model membranes composed of dio-
leoylphosphatidylcholine (DOPC) and porcine Gbs, and if the
membrane tension is sufficiently low, it drives the model
membrane to invaginate and form tubular invaginations.>'***
The Gb; lipid is a large and chemically diverse molecule. It
contains three sugar moieties, aGal(1-4) pGal(1-4) BGlc, which
are connected to a ceramide. The acyl chain structure of this
ceramide varies in different Gb; species and the saturation level
of this acyl chain affects many Gb; involving processes. For
example binding of STxB to a bilayer composed of dio-
leoylphosphatidylcholine (DOPC) and Gb; with saturated acyl
chains does not lead to the formation of tubular invaginations,
whereas invagination occurs for unsaturated Gb;.>'**** Also, a
lipid bilayer containing DOPC, sphingomyelin, cholesterol and
Gb; phase separate into a liquid ordered (1,) and a liquid disor-
dered (l4) phase at room temperature. Phase behaviour of such a
bilayer is strongly influenced by STxB clustering as well as the
saturation levels and length of the Gb; fatty acyl chain.*****
Recently, the condensation of phospholipid-Gb; monolayers was
studied, using X-ray reflectivity and grazing incidence X-ray
diffraction. The capacity of Gb; to condense the monolayers was
strongly affected by unsaturation levels of its acyl chain.*

This journal is © The Royal Society of Chemistry 2015
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Despite the important cellular roles of Gb; and its significant
impact on the physical behaviour of the lipid bilayers, it has not
been studied by simulations before. Therefore, we use all-atom
MD simulations to investigate a mixed bilayer of DOPC and Gb;
with two different acyl chain compositions, Gbz-22 : 0 (Gb; with
a saturated acyl chain with 22 carbon atoms) and Gbz-22: 1
(Gbs with an unsaturated acyl chain with 22 carbon atoms and a
trans-double bound in C,3-C;,4). We refer to the saturated and
unsaturated versions of Gb; as S-Gb; and U-Gbj;, respectively.
The simulations reveal two important features of the Gb;
structure which strongly affect lipid bilayer physical properties.
First: Gb; fatty acyl chains from one leaflet interdigitate into the
opposite monolayer leading to a reduction in chain fluctua-
tions, ordering of all fatty acyl chains in the bilayer and result in
a bilayer with higher bending resistance. Second: the degree of
the Gbj; acyl chain saturation influences the phase behaviour of
the bilayer where for fully saturated acyl chains an ordered
phase was observed. Our simulations can explain several
experimental observable processes, which we present in the
Discussion section of the report.

Methods, force field and systems
Methods

We performed all-atom MD simulations of mixtures of DOPC
and Gb; lipids using GROMACS"™ software and the
CHARMM36 force field (FF).*"**> The Gb; molecule had a Cy5
sphingosine tail and either a 22 : 0 acyl tail (S-Gb;) ora 22 : 1
acyl tail unsaturated at C;; (U-Gbj). For all systems, at least 100
water molecules (The TIP3P solvent model*) per lipid were
present (some simulations were repeated using the TIPS3P
water model,** and the differences in the results were within the
range of error bars). Na and Cl ions corresponding to a bio-
logical concentration of 150 mmol were present. Electrostatic
interactions were treated with particle-mesh Ewald (PME) with a
short range cutoff 1.2 nm, and van der Waals interactions were
switched off between 1.0 and 1.2 nm. The system temperature
was kept constant at 37 °C using Nose-Hoover temperature
coupling.*®?*® Bonds containing hydrogen atoms were con-
strained using the LINCS algorithm.”” Parrinello-Rahman
barostat pressure coupling®®*® was applied on all systems after
equilibrating the systems with Berendsen pressure coupling.*®
The leap frog integrator was used with a timestep of 2 fs.

Force field parameters for Gb;

The Gb; lipid contains three sugar moieties, aGal(1-4), BGal(1-4)
and BGlc (Blue segment of Fig. 1A), which are connected to
ceramide. The sugar moiety was described by the CHARMM?36
FF for carbohydrates.**** Point electrostatic charges needed for
HO-CH,-CH-CH-CH,-... (Green segment of Fig. 1A) are not
provided in the CHARMM36 FF. As point electrostatic charges
are unknown for the HO-CH,-CH-CH-CH,-... moiety of Gb,
we have performed electronic structure calculations for a set of
similar systems to obtain information on the electron density
distribution. All-electron Mdller-Plesset second-order pertur-
bation theory, MP2, was used. The wave function was

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (A) Molecular structure of a Gbs lipid. The acyl chain has 22
carbon atoms and it could be saturated (S-Gbsz) or with a double bond
between carbons 13 and 14 of the acyl chain (U-Gbs). (B) A serine—
serine peptide bond.

constructed using the 6-311G basis set. Polarization and diffuse
functions were added to this basis set. Additionally, polariza-
tion and diffuse functions were added to all hydrogen atoms.
A strict self-consistent field convergence criterion of 10-9 Ha
was applied. Geometries of the molecules were optimized at
the same level of theory prior to the computation of the electrostatic
potential (ESP). The ESP, derived from the electronic structure, was
reproduced using a set of point charges centered on each atom,
including hydrogen atoms. The atom spheres were defined
according to the CHELPG scheme.*® The calculations were per-
formed using the GAUSSIAN 09 program.”” We considered 4 model
compounds, (1) CH,=CH-CH,-OH, (2) CH3;-CH,-CH,-OH, (3)
CH;3;-CH=CH-CHj3; and (4) CH3;-CH=CH-CH,-OH. The inclu-
sion of enumerated compounds into consideration was neces-
sary to ensure reasonable transferability of the assigned
charges. Please refer to the ESIT for a more detailed description
of the development of the force field. The derived charges are
summarized in Table 1. The HO-CH,-CH-NH-C=O0 moiety
(Red segment of Fig. 1A and B) was described using serine-
serine peptide bond parameters in the CHARMM36 FF for
proteins. Finally, the fatty acid chains were described by the
CHARMMS36 FF for lipids.

Soft Matter, 2015, 11, 1352-1361 | 1353
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Table 1 Extracted point charges using quantum calculation for
structure HO—OH-aCH'-BCH?=yCH?

Atoms Charge
OH —0.70
HO +0.40
aC +0.55
H! —0.05
BC —0.30
H? +0.10
yC —0.10
H? +0.10

Simulated systems

Details of all simulated systems are present in Table 2. Five
different Gb; concentrations in a DOPC bilayer, 0, 12, 25, 50,
and 100 percent, were simulated. Two extra simulations to
investigate the phase separation tendency of Gb; were per-
formed (Table 2). For systems 1-9, initial configurations were
built by placing all DOPC lipids on a lattice and then a sufficient
amount of the DOPC lipids was randomly replaced by Gb; lipids
to the desired concentration. The number of Gb; lipids in both
the monolayers is equal. For Gb; domain simulations (systems
10 and 11), 16 DOPC lipids were replaced by 16 Gb; lipids in the
middle of the upper mono-layer of the bilayer.

Results

The last 200 ns of the simulation outputs were used for data
analysis. We performed an initial check on our simulation
methodology by measuring the structural properties of a pure
DOPC bilayer, and found that they are in good agreement with
previous results from experiments and other simulations. In
particular, the area per lipid and bilayer thickness were 64.7 +
1.2 A% and 36.4 + 0.6 A, which are close to the literature results
of 68.0 A*> and 36.6 A (ref. 38) extracted from simulations.
Experimental values are 67.4 A? (ref. 39) for the area per lipids
and 36.1, 36.7 and 37.6 at 45, 30, and 15 °C,*>** respectively for
the membrane thickness. The area and thickness are the two
key mechanical properties that characterise a planar bilayer.
The area per lipid responds sensitively to the lipid phase, and

Table 2 List of implemented simulations

System DOPC/Gbs Na/Cl Solvent Time (ns)
0% Gb; 128/0 24/24 9088 380
12% U-Gby 176/24 37/37 13 689 320
12% S-Gbjy 176/24 36/36 13 625 330
25% U-Gby 96/32 25/25 9359 325
25% S-Gbg 96/32 23/23 8784 250
50% U-Gby 64/64 19/19 7350 380
50% S-Gbj 64/64 17/17 6354 520
100% U-Gby 0/128 45/45 17 671 200
100% S-Gbs 0/128 36/36 13 611 200
U-Gb; domain 322/16 74/74 28 612 400
S-Gb; domain 322/16 62/62 23 735 400
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the thickness influences the membrane curvature modulus that
governs its thermal fluctuations. Our results show that these
mechanical properties strongly depend on the membrane
composition and the structural details of the Gb; acyl chains.

The rest of the paper is organized as follows. First, we report
on the area and thickness using several different techniques for
accurate measurement of the area per molecule. We then
explore the influence of the Gb; on the membrane dynamical
properties, and measure the lipid tail order parameters, fatty
acid tilt distributions, lipid diffusion, rotational correlation
times and the tendency of Gb; to phase separate. All of these
properties are found to be sensitive to the Gb; concentrations
and the degree of Gb; acyl chain saturation. In the Discussion
section, we elaborate upon the main findings, and show
how the simulations explain several previously unexplained
experimental observations with regard to membrane invagina-
tion induced by Shiga toxins and the phase behaviour induced
by Gbs.

Area per lipid and membrane thickness

We used three different methods to calculate the area per lipid.

Projected area per lipid(a,), calculated from box size. For a
one-component flat bilayer, the area per lipid is equal to a, =
2L.L,/N where L, and L, are the simulation box dimensions in
the plane of the bilayer and N is the number of the lipids in the
system. Fig. 3 shows a, as a function of time for different
systems. The time average of a, is presented in Table 3,
column 2.

Projected per lipid, calculated by Voronoi
tessellation(a,). To obtain the individual area per lipid values in
a mixed bilayer, we used Voronoi tessellation. The APL@Voro
software was used.*” The data for this method are presented in
Table 3, column 3.

Polynomial fitting. For a curved bilayer, neither of the
previous methods can give an accurate value of the area per
lipid. Instead, a polynomial fit to the membrane surface gives a
better estimate of the area. Additionally, this method can be
used to calculate the curvature and membrane thickness
profile. A functional form for the bilayer surface can be obtained
by fitting a polynomial of degree s to the coordinates of specific

area

Table 3 Area per lipid and bilayer thickness: (1) a is the projected area
per lipid calculated from box dimensions, (2) a real area estimated from
polynomial fitting, (3) a, projected area calculated using Voroni
tessellation and (4) bilayer thickness (L)

System ap (A?) a (A% a, (DOPC/Gbs) Ly, (A)

0 Gb; 64.7 £ 1.2 65.3 £ 0.9 64.7/— 36.4 £ 0.6
12 S-Gbs 61.6 = 0.8 61.9 + 0.7 62.9/54.8 38.9 £ 0.5
12 U-Gb, 62.2 + 0.8 62.9 + 0.8 63.0/53.8 38.6 + 0.5
25 S-Gby 59.2 £ 1.0 60.4 + 0.7 61.1/53.7 38.2+ 0.6
25 U-Gby 60.0 £ 1.0 61.7 £ 1.1 62.0/55.7 374 £ 0.5
50 S-Gbs 47.2 £ 0.4 50.8 = 1.2 49.3/45.6 43.1 £ 0.3
50 U-Gb, 54.1 £ 1.0 55.0 £ 1.0 55.7/50.5 39.0 £ 0.5
100 U-Gby 53.2 £ 0.5 58.0 = 1.0 — —

100 S-Gby 52.6 £ 0.5 60.0 + 1.0 — —

This journal is © The Royal Society of Chemistry 2015
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atoms, such as the phosphorus atom in DOPC lipids in one
monolayer (eqn (1)).
m+n=s

Z(x7 y) = a(m,n)xmyn

n,m=0

(1)

where m and n are integer numbers and taking all values in the
interval zero to m + n = s. 4y, are polynomial coefficients that
are extracted from fitting. The area is evaluated as:

Ly (L,
=]
o Jo

where (A(x, y)). is a time average of the function A(x,y) in a
specific time period, 7, (we have used t = 20 ns) that minimizes
the effects of membrane protrusions and shape fluctuations
due to thermal fluctuations. z(x,y), and z(x,y), are partial
derivatives of the function z(x,y) with respect to x and y,
respectively. For most of the systems (except for pure U-Gb; or S-
Gb;) the polynomial method gives similar values for area per
lipid as the previous methods (Table 3). However, for the pure
systems, the polynomial method extracts a higher value for the
area per lipid, indicating that the pure Gb; bilayers are not
planar (Fig. 2C and D). In general, the increase in Gb; concen-
tration results in decreases in area per lipid and tighter bilayer
packing (a similar result was observed experimentally’®). The
decrease in the area per lipid comes from two sources: increase
in the amount of Gb; which has a smaller area per lipid or a
change in the membrane phase behaviour, from a disordered to
an ordered phase. At low Gb; concentration, the first effect plays
a major role, because the area per lipid (a,) for Gb; remains
constant while the a, for DOPC changed because the number of

2

(1 + <z(x,y)x>f + <z(x,y)y> >§dx dy 2)

T

(A)
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the DOPC lipids in contact with Gb; increased. However, at high
S-Gb; concentrations, the Gb; a, is lowered significantly which
indicates a change in the phase state of the bilayer. We will
elaborate on this in the subsequent sections.

Bilayer thickness. We calculated membrane thickness as the
distance between phosphorus atoms in the two monolayers (L)
(Table 3, column 5). L,, does not change much for low Gbjs
concentrations, but for high S-Gb; concentrations, this value
increases significantly (a similar conclusion was made using X-
ray diffraction’®). We did not report any value for 100% Gb;
since it is not a planar bilayer.

Chain order parameter

The orientational order of lipid chains is described by a
deuterium order parameter which is given as:

Scp = %(3 cos’0 —1) (3)
where @ is the angle between the C-H vector and the bilayer
normal.**** The reported order parameters in Fig. 4 show that
Gb; fatty acid chains are always more ordered compared to
DOPC. Also, the Gb; sphingosine chain is more ordered than
the Gb; acyl chain, which was also observed for sphingomyelin
lipids in previous simulations.*> DOPC chains became more
ordered with increasing Gb; concentrations, because of unfav-
ourable contacts of DOPC lipids with the Gb; lipids, which
results in the decrease of the molecular volume of both DOPC
and Gb;. This effect is much stronger for S-Gb; because lipids
with unsaturated acyl chains dissolve more easily into each
other.

©

(D)

Fig. 2 Last snapshot of the system for (A) 50% S-Gbs (B) 50% U-Gbsz (C) 100% S-Gbsz and (D) 100% U-Gbs. Yellow spheres are the first carbon
atoms of the lipids hydrophobic moiety. Gbs long chains (cyan color) interdigitate into the opposite monolayer. Also, the S-Gbs tails are highly

ordered and tilted. These bilayers are not planar.

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 Projected area per lipid (a, = 2L,L,/N) (A) mixture contains
different concentrations of S-Gbs in a DOPC lipid bilayer. (B) Mixture
contains different concentrations of U-Gbs in a DOPC lipid bilayer.
Data for 100% Gbz systems, were not shown, because a, does not
represent the correct area per lipid for these systems (see polynomial
fitting subsection).

The very high order parameter for 50% S-Gb; indicates that
this system is in an ordered phase state. The transition of this
system from an initially disordered state to an ordered state can
be observed from the distinct differences in the Voronoi
diagrams at the beginning (Fig. 9A in the ESI}) and the end of
the simulation (Fig. 9B in the ESIf). In the ordered state, many
lipids acquire a very low area per lipid, depicted by dark blue
colors. It is important to note that S-Gb; orders the nearby
DOPC acyl chains, whereas increasing the concentration of U-
Gbj; only has a small effect on the DOPC lipids, even up to 50%
U-Gbj;. The behaviour of the order parameter for the sphingo-
sine chain of Gb; in the low concentration regime is in good
agreement with previous simulations of sphingomyelin lipids.**

Lipid tilt
Tilt of the hydrophobic chains of lipid with respect to the bilayer
normal is a characteristic parameter of the internal structure of
the membrane in ordered phases. In the 14 phase, the average
tilt is zero in the absence of constraints which is imposed by
external objects (for example proteins). Changes in the lipid tilt
are associated with energy cost and coupled to the membrane
bending energy.*®

The average orientation of the lipid chains is determined by
the lipid tail director vector, n (Fig. 5A). Deviation of n from the
bilayer normal (N) is quantified by the tilt vector (m) which is
given as:

m:ﬁ—N (4)

1356 | Soft Matter, 2015, 11, 1352-1361
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Fig. 4 Deuterium order parameter for Gbz chains and DOPC snl
chains: left panels are for the mixture of DOPC with S-Gbs (A-C) and
right pan are for the mixture of DOPC with U-Gbs (D—F).

here we define the lipid director as a unit vector pointing from
the lipid interface point to its corresponding tail point where
the interface point is the carbon atom which connects both tails
and the tail point is the midpoint between the last carbon atoms
of the two chains of each lipid.

The probability of finding a lipid with a tilt angle between 6,
and 6, (in the 14 phase, the tilt is independent of ¢ because of
the rotational symmetry) is given by:

)
Pltr.0)= | 50,0150 0 00 09 (5)
0,

where 6 is the angle between n and N, ¢ is the azimuthal angle
and p(f, ¢) is the density of the tilt probability. In the liquid
phase, the membrane energy term corresponding to the lipid
tilt is (for more details see ref. 46).

1 1
Fay = 3 JdAKgm2 =5 JdAKg tan®(6) (6)

where «, is the tilt modulus. p(6) is expected to have a form like:

1 tan?(h) )

P(ﬁ)“exp(— 2T )

This journal is © The Royal Society of Chemistry 2015
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(A) Director (n) is a unit vector along chains of a lipid and its deviation form N is given by tilt vector (m). The size of the tilt vector is equal to

— and is in the same direction as b. (B) Probability of lipid tilt. (Top) p(6) for DOPC. (Bottom) p(#) for Gbs. The cyan curve for 50% S-Gbsz does not

la|

peak at 0, indicating a net lipid tilt. The corresponding curve for DOPC (cyan curve, top panel) also has a non-zero maximum. (C) 2D tilt
distribution map. (Left top) 50% S-Gbs. (Right top) 25% S-Gbs. (Left bottom) 50% U-Gbs. (Right bottom) pure DOPC.

where aj, is the projected area per lipid. Eqn (7) shows that for
small 6, p(#) has a Gaussian form with a maximum value at § =
0. A deviation of the maximum from 0 indicates tilted lipids,
and therefore an ordered phase.

Such a deviation, and thus an ordered phase is observed at high
concentrations of S-Gb; (Fig. 5B). Also, the higher peaks of the
profiles containing high percentages of S-Gb; correspond to a
larger value for x, and a more rigid bilayer. Thus, the increase in
Gb; concentration rigidifies the bilayer, particularly for S-Gb;. To
further visualise the tilt in the systems, a 2D tilt distribution map
of the director vector density (p(T%, T,)) was made. p(Ty, T,) was
measured as the time average of the number of lipids whose
director vector projection on the membrane plane is equal to Tyi +
Tyj. Fig. 5C shows the 2D tilt distribution map for different
systems. For 50% S-Gbjs, the maximum peak is a bit shifted from
the center, implying an overall non-zero average tilt for the system.

Diffusion coefficient

Lipid diffusion constants for different systems were measured by
evaluating the root mean-square deviation and using the Einstein

This journal is © The Royal Society of Chemistry 2015

Table 4 Diffusion constant for different systems

System DOPC pm? s™! Gb; pm?*s™!
0 Gb, 5.5+ 0.8 —

12 U-Gb; 3.7+ 0.4 3.3+ 0.7

12 S-Gb; 3.2 £ 0.5 3.0 £ 0.7

25 U-Gbjy 2.4 + 0.1 2.3 £0.2

25 S-Gb, 1.2 £ 0.2 2.0 £ 0.2

50 U-Gb; 1.8 £ 0.1 1.3 £ 0.2

50 S-Gb; 0.3 £ 0.1 0.4 + 0.1
100 U-Gb;, — 0.3 + 0.2
100 S-Gb; — 0.4 £ 0.3

relationship. The values are given in Table 4. High concentra-
tions of Gb; resulted in lower lateral diffusion coefficients of the
lipid in the bilayer plane. At low concentrations, the values are
close to the expected values for fluid lipid bilayers (around 8 um?*
s~' for DOPCY). Beyond 12.5% Gbs, the diffusion of DOPC is
significantly lowered by S-Gb; and to a lesser degree by U-Gb;.
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Effects of Gb; fatty acid chain length disparity

The Gb; lipid has a big length mismatch in its two hydrocarbon
tails. The sphingosine chain has 18 carbon atoms while the acyl
chain contains 22 carbon atoms. Three different states for such
a chain mismatch have been suggested, which under some
conditions could lead to interdigitation between the hydrocar-
bons of the two opposite monolayers and drive the system in a
new phase state.*® In the mixed systems, the shorter Gb; chain
(sphingosine chain) is packed end to end with DOPC chains,
while the Gb; acyl chain from both the leaflets penetrate the
hydrocarbon region of the opposite monolayer, more so for S-
Gb; (Fig. 2). The peak in the Gb; acyl chain density profile
(Fig. 6) shows interdigitation between the acyl chains of the two
opposing monolayers. The higher peak of S-Gb; compared to
that of U-Gb; shows that it is more favourable for S-Gb; to
interdigitate into the other monolayer. Similar results are
observed for lower Gb; concentrations (data not shown).

Lipid rotation

Lipid rotation around the bilayer normal is one of the slower
degrees of freedom of the lipids in a lipid bilayer. The two-time
correlation function for lipid rotation is defined as

(A) 50%S-Gbg
400 T : ‘
DOPC sn1
350 DOPC sn2 g
A Gb; (C22) ——
£ 300 - Gbs (C18) —— A
(o]
x
5 250 r B
2 200 + ]
3
c 150 1
8
5 100 [ 8
O
50 - 8
0 e .
0 2 4 6 8 10 12
Z(nm)
(B) 50%U-Gby
350 T : ‘
DOPC sn1
L DOPC sn2 — i
o 300 Gbs (C22) ——
Gb, (C18) ——
;O) 250 F 3( ) i
2 200 8
172
c
3 150 - 1
5
2 100 B
3
50 - 8
0

Z(nm)

Fig. 6 Lipid fatty acid chain carbon density profile along the bilayer
normal for the 50% Gbs systems (A) S-Gbsz and (B) U-Gbs. Gbs chain
mismatch leads to interdigitation between the hydrocarbons of the
two opposing monolayers. The higher peak for S-Gbz shows that it is
more favourable for S-Gbs to interdigitate into the other monolayer.
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Co(tg) = (Ro(D)Ry(t + 1y)) (8)

where Ry(t) is the projection of a vector on the membrane plane,
which points from the first carbon of the first chain to the first
carbon of the second chain of each lipid. (x) is the ensemble
average of the x. C, for Gb; decays very slowly compared to
DOPC lipids (Fig. 7), because the Gb; lipid has a significant
difference in its chain lengths that results in interdigitation. In
this situation, the Gb3 lipid can rotate in two ways (1) around its
principal axis: such a rotation is strongly restricted because one
of the tails is interdigitated into the opposite leaflet. (2) Around
its longer chain: such a rotation is also slowed down, because
the axis of rotation is not along the principal axis, and the
moment of inertia of the lipid increases. At high concentration
of Gb;, DOPC lipids are in contact with many Gb; lipids not only
in the same leaflet, but also from the interdigitated C22 Gb;
tails from the opposing leaflet, and this can cause DOPC to
freeze. Also similar to other effects, the impact of S-Gb; is
stronger than the one of U-Gbs.

Phase separation and mixing of Gb; in a DOPC lipid bilayer

The time and length scales accessible to atomistic MD simula-
tions are in the order of us and 10 s of nm using present soft/

(A) DOPC Rotational Correlation
14 T T T T T T
0%Gb3
12 L 12%S-Gb3 —— |
: 12%U-Gb3 ——
25%S-Gb3 ——
1r 25%U-Gb3 —— 4
\ 50%S-Gb3
0.8 N 50%U-Gb3 4
S
06
04 r
02 r
0 1 L Il Il L Il
0 10 20 30 40 50 60 70
t(ns)
(B) Gb; Rotational Correlation
14 T T T T T T
12%S-Gb3 ——
12 L 12%U-Gb3 —— |
: 25%S-Gb3 ——
25%U-Gb3 ——
1E 50%S-Gb3 A

50%U-Gb3
0.8

cw

0.6

04 - 3

0 1 L L L L 1
0 10 20 30 40 50 60 70

t(ns)

Fig. 7 Rotational correlation function: (A) C, for DOPC (B) Cy for Gbs.
Gbs lipids rotate much more slowly than DOPC lipids, owing to the
large mismatch in the two chain lengths of Gbs. The longer chains thus
interdigitate into the opposing leaflet (see text).
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hardware. It is difficult to study the complete spontaneous
phase separation of lipid mixtures without resorting to coarse-
grained techniques. To deal with this, instead of waiting for the
system to phase separate, a phase separated system was created
and the number of mixed lipids was considered. The initial
configuration contains 16 Gbjs lipids (for both S-Gb; and U-Gbj)
in a patch embedded into one monolayer of a DOPC bilayer. The
simulation was then run for 400 ns.

Two U-Gb; lipids mixed in the DOPC bilayer after 400 ns
(Fig. 8B), while no mixing was observed for S-Gbs for the same
simulation time (Fig. 8A). Thus, we can hypothesize from the
data that U-Gb; has a higher affinity to mix with DOPC,
compared to S-Gb;. This effect could be because of the height
mismatch between DOPC and S-Gb; (Fig. 8C and D) and/or
because of unfavourable contacts between the saturated acyl
chain of the S-Gb; and the unsaturated DOPC chains.

The method above does not quantify phase behaviour
accurately, but does provide a comparison between the mixing
rates of S-Gb; and U-Gb;.

Discussion

The Gb; carbohydrate moiety, which is identical in all Gb; types,
is essential for Shiga toxin binding to a cell membrane and its
subsequent internalization into the host cell.® However,
different types of Gb; behave differently in the Gb; involving
processes. The most notable example is the inability of STxB to

Fig. 8 Last snapshot of the phase separated systems (16 Gbs in a
DOPC lipid bilayer). After 400 ns, (A) no S-Gbs lipid is separated from
the S-Gbs patch while (B) two U-Gbs lipids diffused away from the U-
Gbsz patch. (C) and (D) are the lateral view of (A) and (B), respectively. A
height mismatch between S-Gbs and DOPC can be seen while such an
effect is not present for U-Gbs. The height mismatch is one of the
factors leading to a lower tendency of S-Gbz to mix in the bilayer.

This journal is © The Royal Society of Chemistry 2015
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induce tubular membrane invagination upon binding to S-Gb;
on the surface of a DOPC model membrane. On the other hand,
STxB bound to U-Gb; on the surface of a DOPC model
membrane induces tubular invaginations.>'> Thus, STxB
binding to the membrane is insufficient for the formation of
membrane tubular invagination and the presence of a specific
Gb; species is required.

We have used all-atom MD simulations to investigate the
effects of varying the Gb; concentration as well as the degree of
unsaturation of its acyl chains on the physical properties of
DOPC lipid bilayers. Our results reveal two important features
of the Gb3 structure that strongly affect the structure and
dynamics of the lipid bilayers when it is present at high
concentrations. (1) The Gb; chain length mismatch results in
interdigitation of the longer chain into the opposite monolayer
and in subsequent reduction in lipid fatty acid chain fluctua-
tions, and ordering of all bilayer chains. The effect is stronger
for S-Gbs compared to U-Gbs. (2) The degree of Gb; acyl chain
saturation influences the affinity of Gb; lipids to mix or demix
in DOPC lipid bilayers.

The Gb; concentration is low in the experiments (up to
10%).>"* However, considering that each STxB molecule can
bind up to 15 Gb; lipids, it is reasonable to think that the Gb;
concentration is high (up to 40%) under the protein.
Combining this assumption with the fact that STxB proteins
cluster on the surface of a membrane,> a high concentration
of Gb; is expected in the domains enriched by STxB that
modifies the local bilayer structure. This argument and the
simulation results provide the following insights into several
experimental observations:

(a). Binding of STxB to a bilayer containing S-Gb; and DOPC
does not drive the membrane to invaginate:> we hypothesise
that invagination will not occur when STxB is bound to an
ordered phase. A high energetic cost must be borne to bend
such a rigid bilayer which cannot be compensated by the
system. Such an ordered and rigid bilayer is observed at a high
concentration of S-Gb; in our simulations, as shown in Fig. 5. A
similar 1, phase is present in a phase-separated lipid bilayer
composed of DOPC, sphingomyelin, cholesterol and porcine
Gb;. Binding of STxB to the 1, phase of this membrane does not
induce tubular invagination." On the other hand, U-Gb; does
not form a rigid bilayer, and thus membrane invagination can
occur without incurring the high bending energy penalty.
Experiments also show that tubular invagination is observed
upon STxB binding to a membrane containing only DOPC and
U-Gbjs, which does not exhibit the 1, phase.™

(b). For lipid bilayers containing DOPC, sphingomyelin,
cholesterol and Gbs-C24 : 0, which are phase separated at room
temperature, no change in the area percentage of the 1, phase
was observed upon STxB binding experimentally:*
shown that S-Gb; tends to remain phase separated in such a
DOPC bilayer. Thus, SGb; is probably already in a phase sepa-
rated state in the mixed bilayer even before STxB binds. Thus,
STxB binds to the 1, phase, and no further changes occur in the
system.

(¢)- Increase in membrane height due to protein clustering:**
Table 3 shows that the membrane thickness increases with

we have
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increasing Gb; concentration. The change is particularly
significant at high S-Gb; concentrations.

(d). The condensation of phospholipid-Gb3 monolayers at
high Gb3 concentrations:* increasing the Gb; concentration
induces a progressively lower area per lipid and a dramatic
reduction was observed at high S-Gb; concentrations (Table 3).
In the experiments a similar impact for S-Gb; was observed.*®

Our results suggest that the STxB binding to a lipid bilayer
indirectly influences the properties of the lipid bilayer by clus-
tering and accumulating Gb; underneath the protein aggregate.
Invagination is not induced when Gbj is saturated, because S-
Gb; forms a rigid immobile phase resistant to bending whilst
the unsaturated version does not. Our results provide several
hypotheses which can resolve some of the unexplained experi-
mental observations with regard to the phenomenon of
membrane invagination induced by Shiga toxins. Further
investigation is needed to validate these hypotheses.
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