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The	development	of	bacterial	resistance	to	currently	available	antibiotics	is	a	major	
problem	 for	healthcare	worldwide.	The	 rational	development	of	new	 therapeutics	
relies	 upon	 a	 detailed	 knowledge	 of	 how	 drugs	 and	 potential	 drug	 molecules	
interact	 with	 the	 membranes	 that	 surround	 and	 protect	 bacteria.	 Molecular	
dynamics	is	a	computational	tool	that	can	be	utilised	to	explore	the	time-dependent	
behaviour	 of	 biological	 systems,	 from	 single	 molecules	 to	 more	 complex	 multi-
component	 systems.	 To	 this	 end,	 I	 have	 employed	 coarse-grained	 molecular	
dynamics	simulations	for	a	range	of	studies	that	are	presented	in	this	thesis.	Firstly,	
I	develop	different	models	of	 lipopolysaccharide	(LPS),	which	are	molecules	found	
in	 the	 outer	 leaflet	 of	 the	 outer	membrane	 of	 Gram-negative	 bacteria.	 Next,	 I	 use	
these	models	 to	 explore	 the	 interaction	of	pristine	 carbon	 fullerenes	 (C60)	with	E.	
coli	membranes	 at	 the	 molecular	 level.	 I	 predict	 that	 pristine	 C60	 has	 a	 limited	
tendency	 to	 penetrate	 LPS	 leaflets	 in	 the	 presence	 of	 calcium	 ions	 at	 310	 K,	 but	
more	readily	penetrates	LPS	leaflets	at	higher	temperatures	and	in	the	presence	of	
sodium	 ions,	 or	 when	 small	 patches	 of	 palmitoyloleoylphosphoethanolamine	
(POPE)	lipids	are	present	within	the	LPS	membranes.	Lastly,	I	use	these	models	for	
simulations	 that	are	designed	to	understand	more	general	principles	of	molecular	
interaction	between	native	membrane	proteins	and	lipids	in	an	E.	coli	cell	envelope.	
The	results	revealed	that	the	curvature	and	fluidity	of	membrane	lipids	are	strongly	
influenced	by	the	diffusion	of	proteins	and,	more	specifically,	that	charged	lipids	are	
sequestered	 locally	 by	 the	 AcrBZ	 component	 of	 the	 AcrABZ-TolC	 complex	 of	
proteins.	



	

	i	

Table	of	Contents	

Table	of	Contents	...............................................................................................................	i	

List	of	Tables	......................................................................................................................	v	

List	of	Figures	.................................................................................................................	vii	

DECLARATION	OF	AUTHORSHIP	.............................................................................	xix	

Acknowledgements	.......................................................................................................	xx	

Definitions	and	Abbreviations	................................................................................	xxii	

Chapter	1:	Introduction	..................................................................................................	1	

1.1	Biological	membranes	.........................................................................................	1	

1.1.1	Composition	of	the	biological	membrane	..........................................................	2	
1.1.1.1	Eukaryotic	cells	.....................................................................................................	2	

1.1.2	Bacterial	cell	structure	...............................................................................................	7	
1.1.2.1	Gram-positive	and	Gram-negative	bacteria	..............................................	8	
1.1.2.3	Lipopolysaccharide	..........................................................................................	10	

1.2	Membrane	proteins	...........................................................................................	13	

1.2.1	Outer	membrane	proteins	.....................................................................................	15	
1.2.1.1	OmpA	......................................................................................................................	17	

1.2.2	AqpZ	................................................................................................................................	18	
1.2.3	LacY	.................................................................................................................................	19	
1.2.4	RND	efflux	family	.......................................................................................................	21	
1.2.4.1	AcrABZ-TolC	efflux	pump	..............................................................................	21	
AcrA	...................................................................................................................................	21	
AcrBZ	................................................................................................................................	22	
TolC	....................................................................................................................................	22	

1.3	Carbon	nanoparticles	.......................................................................................	24	

1.4	Aims	........................................................................................................................	26	

Chapter	2:	Computational	methods	........................................................................	28	

2.1	Molecular	dynamics	..........................................................................................	28	

2.2	Periodic	boundary	conditions	.......................................................................	31	



	

	ii	

2.3	Energy	minimisation	........................................................................................	32	

2.4	Force	fields	...........................................................................................................	33	

2.4.1	Bonded	interactions	.................................................................................................	34	
2.4.2	Non-bonded	interactions	.......................................................................................	36	
2.4.2.1	Long-range	electrostatics	methods:	the	smooth	particle	mesh	
Ewald	(PME)	method	and	dispersion	correction	...............................................	38	

2.4.3	Atomistic	force	field	..................................................................................................	39	
2.4.4	Coarse-grained	force	field	......................................................................................	39	

2.5	The	integrator	.....................................................................................................	40	

2.5.1	The	Verlet	integrator	................................................................................................	41	
2.5.2	Leap-frog	integrator	.................................................................................................	42	

2.6	Time	step	..............................................................................................................	43	

2.7	Thermodynamic	ensembles	...........................................................................	43	

2.7.1	Temperature	and	pressure	coupling	.................................................................	44	
2.7.2	The	distance	cut-off	..................................................................................................	45	

2.8	Umbrella	sampling	............................................................................................	46	

2.9	Weighted	histogram	analysis	method	.........................................................	47	

2.10	Analyses	..............................................................................................................	47	

2.10.1	Order	parameter	......................................................................................................	47	
2.10.2	Membrane	area	per	lipid	and	thickness	........................................................	48	

2.11	Visualisation	software	...................................................................................	49	

Chapter	3:	Development	of	coarse-grained	rough	type	 lipopolysaccharide	

models	...............................................................................................................................	50	

3.1	Introduction	.........................................................................................................	50	

3.2	Methods	.................................................................................................................	53	

3.2.1	United	atom	simulations	and	protocols	...........................................................	53	
3.2.2	CG	mapping	and	topology	for	LPS	......................................................................	57	
3.2.3	CG	simulation	systems	and	protocols	...............................................................	68	
3.2.4	CG	LPS	model	validation	.........................................................................................	69	

3.3	Results	and	Discussion	.....................................................................................	71	

3.3.1	 Benchmarking	 the	 simulation	 settings	 with	 standard	 simulation	
parameters	...............................................................................................................................	71	
3.3.2	Performance	of	Lipid	A	............................................................................................	72	



	

	iii	

3.3.2.1	Lipid	A	in	water	..................................................................................................	73	
3.3.2.2	Lipid	A	in	a	homogeneous	membrane	.....................................................	77	

3.3.3	Evaluation	of	CG	LPS	models	................................................................................	85	
3.3.3.1	Comparison	of	conformational	behaviour	in	a	bacterial	membrane
	..................................................................................................................................................	86	
3.3.3.2	Membrane	structural	properties	................................................................	97	

3.3.4	Thermodynamic	properties	...............................................................................	107	
3.4	Conclusion	..........................................................................................................	111	

Chapter	 4:	 Interaction	 of	 C60	 fullerenes	with	 LPS-containing	membranes:	

coarse-grain	simulations	..........................................................................................	113	

4.1	Introduction	.......................................................................................................	113	

4.2	Methods	...............................................................................................................	117	

4.2.1	UA	simulations	and	protocols	...........................................................................	117	
4.2.2	CG	simulations	and	protocols	............................................................................	121	
4.2.3	Analysis	of	the	C60	fullerene	simulations	......................................................	123	

4.3	Results	and	discussion	...................................................................................	124	

4.3.1	Interaction	of	C60	fullerenes	with	pure	LPS	membranes	.......................	124	
4.3.1.1	Simulations	with	calcium	ions	..................................................................	124	
4.3.1.2	Simulations	with	sodium	ions	..................................................................	133	

4.3.2	Interaction	of	C60	fullerenes	with	mixed	LPS,	POPE	membranes	......	137	
4.4	Conclusion	..........................................................................................................	150	

Chapter	 5:	 Coarse-grained	 studies	 of	 lipid	 and	 protein	 motion	 within	

bacterial	membranes:	how	are	they	connected?	..............................................	152	

5.1	Introduction	.......................................................................................................	152	

5.2	Methods	...............................................................................................................	158	

5.2.1	Dual-membrane	system	construction	...........................................................	159	
5.2.2	Analysis	.......................................................................................................................	162	

5.3	Results	and	discussion	...................................................................................	162	

5.3.1	System	validation	....................................................................................................	166	
5.3.2	Correlation	of	protein	size	and	membrane	properties	...........................	169	
5.3.3	Movement	relationship	between	LPS	lipids	and	the	proteins	............	173	
5.3.4	Correlation	 between	 the	 reduced	mobility	 of	 annular	 phospholipids	



	

	iv	

and	protein-dependency	................................................................................................	179	
5.3.4	Correlation	between	cardiolipins	and	the	membrane	proteins	.........	184	

5.5	Future	direction	...............................................................................................	195	

Chapter	6:	Summary	...................................................................................................	197	

List	of	References	........................................................................................................	202	

Appendices	....................................................................................................................	226	

Appendix	A	....................................................................................................................	227	

Appendix	B	....................................................................................................................	232	

	 	



	

	v	

List	of	Tables	

Table	1:	Details	of	all	simulations	performed	in	the	study.	..........................................	55	
Table	2:	A	list	of	standard	coarse-grained	particle	types	and	building	blocks	used	

to	assign	the	coarse-grained	LPS	model.	.......................................................	58	
Table	3:	Martini	bead	type	classifications	for	the	CG	model	of	Re	LPS.	...................	59	
Table	4:	Martini	bead	type	classifications	for	the	CG	model	of	Ra	LPS.	...................	61	
Table	 5:	 Benchmarking	 of	 UA	 simulation	 parameters.	 Our	 UA	 simulation	

parameters	 were	 benchmarked	 against	 recommended	 simulation	
parameters	 for	 the	 GROMOS	 force	 fields.	 The	 simulation	 systems	
were	 homogeneous	 bilayers	 of	 Lipid	 A,	 Re	 LPS,	 and	 Ra	 LPS.	 The	
simulation	 temperatures	 were	 310	 K,	 and	 325	 K.	 Data	 from	 the	
simulations	with	non-standard	parameters	were	in	white	cells,	while	
the	 data	 from	 simulations	 with	 recommended	 simulation	 settings	
were	in	gray	cells.	APL	is	area	per	lipid.	........................................................	72	

Table	 6:	Area	 per	 lipid	 values	 for	 UA	 and	 CG	 membranes.	 The	 homogeneous	
membranes	 were	 built	 with	 a	 single	 lipid	 type,	 while	 the	
heterogeneous	 membranes	 contained	 one	 leaflet	 of	 LPS,	 and	 an	
opposing	leaflet	of	PE	and	PG	lipids	in	a	9:1	ratio.	Distinct	membrane	
systems	are	separated	using	grey	and	white	coloured	cells	for	clarity.	
Measurements	of	thickness	are	in	nanometers.	The	standard	error	is	
not	explicitly	shown,	but	is	less	than	0.0001	nm.	......................................	79	

Table	 7:	 Thickness	 values	 for	 UA	 and	 CG	 membranes	 in	 this	 study.	 The	
separation	between	boundary	phosphate	 groups	was	 calculated	 for	
lipids	 in	 opposing	 leaflets	 of	 homogeneous	 and	 heterogeneous	
bilayers.	The	homogeneous	membranes	were	built	with	a	single	lipid	
type,	while	 the	 heterogeneous	membranes	 contained	 one	 leaflet	 of	
LPS,	 and	an	opposing	 leaflet	of	PE	and	PG	 lipids	 in	a	9:1	 ratio.	The	
bilayers	are	referenced	according	 to	 the	LPS	molecule	 they	contain.	
The	standard	error	is	not	explicitly	shown,	but	is	less	than	0.001	nm.
	.........................................................................................................................................	80	

Table	8:	Conformational	behaviour	of	Re	and	Ra	LPS	in	comparative	UA	and	CG	
simulations.	 Equilibrium	 bond	 lengths	 (Rbond)	 and	 bond	 stretching	
force	 constants	 (Kbond)	 are	 displayed	 for	 LPS	 molecules	 in	
comparative	UA	and	CG	simulations.	..............................................................	88	

Table	9:	Conformational	behaviour	of	Re	LPS	and	Ra	LPS	in	comparative	UA	and	
CG	 simulations.	 Equilibrium	 bond	 angles	 (θ0)	 and	 bending	 force	
constants	(Kangle)	are	displayed	for	LPS	molecules	in	comparative	UA	
and	CG	simulations.	................................................................................................	92	

Table	10:	Comparison	of	acyl	tail	order	parameters	for	homogeneous	bilayers	of	



	

	vi	

Re	LPS	and	Ra	LPS	in	UA	and	CG	simulations	at	310	K.	.......................	104	
Table	 11:	Comparison	of	 acyl	 tail	 order	 parameters	 for	 Re	 LPS	 and	Ra	 LPS	 in	

multicomponent	bacterial	membranes	that	were	simulated	at	the	UA	
and	CG	 level	 of	 detail.	 The	 simulation	 temperature	was	 310	K.	 The	
bilayer	was	made	with	one	leaflet	of	LPS,	and	an	opposing	leaflet	of	
PE	 and	 PG	 lipids	 in	 a	 9:1	 ratio	 to	 match	 E.	 coli	 bacterial	 outer	
membranes	in	vivo.	..............................................................................................	105	

Table	12:	Comparison	of	acyl	tail	order	parameters	for	homogeneous	bilayers	of	
Re	LPS	and	Ra	LPS	in	UA	and	CG	simulations	at	325	K.	.......................	106	

Table	13:	Details of all simulations performed in this study.	.........................................	118	
Table	14:	Summary	of	 the	CG	C60	simulations	with	calcium	 ions.	C60	 fullerenes	

were	simulated	with	membranes	of	(A)	Re	LPS,	(B)	Re	and	POPE,	(C)	
Ra	 LPS,	 (D)	 Ra	 LPS	 and	 POPE.	 Selected	 bilayer	 properties	 are	
displayed	 to	show	how	the	 fullerenes	affect	 the	membranes;	APL	 is	
area	per	lipid.	The	order	parameters	are	an	average	taken	for	all	tails	
of	 the	specified	 lipids.	The	numbers	of	C60	 fullerenes	 that	enter	 the	
lipid	 cores	 are	 also	 shown.	 The	 grey	 cells	 show	 data	 for	 the	
simulations	performed	at	310	K,	while	the	white	cells	show	data	for	
the	 simulations	 performed	 at	 325	 K.	 The	 standard	 errors	 are	 not	
explicitly	shown,	but	they	are	less	than	0.001	nm.	................................	126	

Table	15:	Summary	of	 the	CG	C60	simulations	with	 sodium	 ions.	 C60	 fullerenes	
were	 simulated	 with	 membranes	 of	 (A)	 Re	 LPS	 and	 (B)	 Ra	 LPS.	
Selected	bilayer	properties	are	displayed	to	show	how	the	fullerenes	
affect	 the	 membranes;	 APL	 is	 area	 per	 lipid.	 The	 numbers	 of	 C60	
fullerenes	 that	 enter	 the	 lipid	 cores	 are	 displayed.	 The	 order	
parameters	 are	 an	 average	 for	 all	 of	 the	 tails	 of	 the	LPS	 lipids.	 The	
grey	 cells	 contain	 the	data	 for	 the	 simulations	performed	at	310	K,	
while	the	white	cells	contain	the	data	for	the	simulations	performed	
at	325	K.	The	standard	errors	are	not	explicitly	shown,	but	they	are	
less	than	0.001	nm.	..............................................................................................	134	

Table	16:	Summary	of	the	composition	of	simulation	systems	...............................	161	
	

	 	



	

	vii	

List	of	Figures	

Figure	1:	Examples	of	the	biochemical	and	physiological	function	of	membranes.
	............................................................................................................................................	1	

Figure	2:	Different	types	of	membranes	shown	in	animal	cells,	plant	cells,	Gram-
positive	and	Gram-negative	bacteria.	................................................................	2	

Figure	 3:	 Three	 main	 lipid	 components	 that	 can	 be	 seen	 in	 a	 eukaryotic	 cell	
membrane:	 (A)	 phosphoglyceride,	 (B)	 sphingolipid	 and	 (C)	 sterol.	
The	hydrophilic	domain	is	coloured	red	and	the	hydrophobic	domain	
is	blue.	..............................................................................................................................	3	

Figure	4:	Different	 types	of	phospholipid	head	group	structures	present	 in	 the	
cell	membrane.	PE	(A)	and	PC	(B)	head	groups	are	zwitterions,	while	
PG	 (C),	 PS	 (D)	 and	PI	 (E)	 are	 anions.	 The	 lipid	 head	 groups	 are	 all	
shown	as	glycerol	backbone	and	linked	with	hydrophobic	acyl	tails.	.	4	

Figure	 5:	 Different	 types	 of	 sphingolipid.	 The	 simplest	 sphingolipid	 is	 the	
sphingosin	 (A)	 with	 a	 hydroxyl	 head	 group.	 More	 complex	 lipids	
include	 ceramide	 (B)	 with	 an	 additional	 fatty	 acid	 residue,	 and	
sphingomylien	 (C),	 which	 includes	 a	 phosphocholine	 group	 in	 the	
head	 group,	 and	 overall	 gives	 a	 shape	 that	 is	 similar	 to	 PC	 and	 PE	
lipids.	................................................................................................................................	5	

Figure	6:	Different	structures	of	sterols	 in	different	species	 -	cholesterol	(A)	 in	
animals,	 ergosterol	 (B)	 in	 fungi	 or	 yeast,	 and	 (C)	 β-sitosterol	 in	
plants.	..............................................................................................................................	6	

Figure	 7:	 Various	 morphology	 shapes	 of	 bacteria.	 The	 cocci	 bacterium	 has	 a	
sphere	 shape	 (in	orange),	 the	bacilli	 bacterium	has	 a	 rod	shape	 (in	
blue)	and	some	other	bacteria	are	spiral	shaped	(in	red).	.......................	8	

Figure	 8:	 The	 structure	 of	 a	 Gram-positive	 bacterial	 cell	 envelope.	 The	 cell	
envelope	 is	 composed	 of	 a	 thick	 layer	 of	 peptidoglycan	 and	 a	
membrane	made	 of	 a	mix	 of	 phospholipids	 that	 is	 embedded	with	
membrane	proteins	(coloured	in	green).	.........................................................	9	

Figure	 9:	The	 structure	 of	 a	 Gram-negative	 bacteria	 cell	 envelope.	 The	 Gram-
negative	bacteria	cell	envelope	comprises	two	membranes,	the	outer	
membrane	 and	 the	 inner	 membrane,	 and	 a	 layer	 of	 peptidoglycan	
mesh	 located	 between	 the	 two.	 The	 outer	 membrane	 is	 an	
asymmetric	membrane	with	 lipopolysaccharide	 in	 the	upper	 leaflet	
and	 mixed	 phospholipids	 in	 the	 lower	 leaflet,	 while	 the	 inner	
membrane	is	a	symmetric	membrane	with	a	mix	of	phospholipids.	A	
variety	 of	 membrane	 proteins	 are	 embedded	 in	 either	 the	 outer	
membrane	 or	 inner	 membrane,	 which	 are	 attached	 with	
peptidoglycan	at	either	the	C	or	N	terminus	of	the	membrane	protein	
(coloured	 in	 grey,	 green).	 There	 are	 also	 a	 few	membrane	 proteins	



	

	viii	

that	are	located	crossing	the	two	membranes	(coloured	in	yellow).	10	
Figure	10:	The	 schematic	 structure	 of	 lipopolysaccharide	 (LPS).	 Lipid	A	 is	 the	

minimum	structure	of	LPS.	Its	structure	is	usually	conserved	among	
different	species.	Deep	rough	LPS	(named	Re	LPS)	is	composed	of	a	
disaccharide	 of	 glucosamine	 phosphate	 with	 ester	 linkage	 to	 fatty	
acids	 of	 the	 chain	 lengths	 in	 Lipid	 A.	 Rough	 LPS	 (named	 Ra	 LPS)	
includes	all	10	oligosaccharide	sugars	in	the	core	region	(inner	core	
and	outer	core)	and	Lipid	A,	except	the	O-antigen.	...................................	11	

Figure	11:	The	schematic	structure	of	Lipid	A	for	E.	coli	and	P.	aeruginosa.	.........	12	
Figure	 12:	 Three	 types	 of	 membrane	 proteins:	 integral	 proteins,	 peripheral	

proteins	and	amphitropic	proteins.	.................................................................	14	
Figure	13:	The	diversity	of	protein	 stuctures	 in	 the	outer	membrane	of	Gram-

negative	bacteria.	These	outer	membrane	proteins	share	a	common	
β-barrel	 structure	 and	 can	 be	 found	 either	 as	 a	 single	 β-channel	
protein,	OpLD	(in	blue),	a	full-length	dimer	OmpA	(in	magenta),	or	a	
trimer	OmpF	(in	green,	cyan	and	orange).	...................................................	15	

Figure	14:	An	example	of	a	membrane	protein	(OmpA)	showing	the	amphipathic	
aromatic	 ring	 residues	 (eg.	 TRP	 and	 TYR)	 near	 the	 membrane-
solvent	surface.	.........................................................................................................	16	

Figure	15:	The	full-length	OmpA	dimer	(in	red)	and	monomer	(in	blue).	These	
structures	are	taken	from	Robinson	et	al.	[10].	..........................................	18	

Figure	 16:	An	X-ray	model	 of	 an	 AqpZ	 tetramer	protein	 (PDB:	 2ABM)	 shown	
from	the	periplasmic	side	and	side	views.	....................................................	19	

Figure	17:	The	overall	structure	of	LacY	viewed	from	the	cytoplasmic	side	(left)	
and	along	the	plane	of	the	membrane	(right).	The	pseudo-symmetry	
protein	structure	 is	demonstrated	with	 two	distinct	colours,	orange	
and	green.	....................................................................................................................	20	

Figure	18:	The	atomic	model	of	the	AcrABZ-TolC	drug	efflux	pump	from	E.	coli.	A	
schematic	diagram	of	the	cell	envelope	is	shown	with	both	outer	and	
inner	 membranes.	 TolC	 is	 composed	 of	 α-helical	 and	 β-barrel	
domains;	AcrA	 is	 composed	 of	membrane-proximal,	β-barrel,	 lipoyl	
and	α-helical	 domains	 that	 are	 attached	with	 TolC	 and	 AcrB;	 AcrB	
can	 be	 divided	 into	 a	 transmembrane	 domain	 and	 an	 extensive	
periplasmic	domain,	including	docking	and	porter	domains;	and	AcrZ	
is	a	49-residue	protein	that	traverses	the	transmembrane	domain	of	
AcrB.	..............................................................................................................................	24	

Figure	19:	The	schematic	structure	of	 the	carbon	nanoparticle,	C60	 fullerene.	A	
C60	 fullerene	 is	 composed	of	 one	pentagon	 (coloured	 in	 red)	 at	 the	
centre	surrounded	by	five	hexagons	(coloured	in	blue).	........................	25	

Figure	 20:	 A	 schematic	 diagram	 presenting	 the	 general	 method	 used	 when	
performing	a	molecular	dynamics	simulation.	...........................................	30	



	

	ix	

Figure	 21:	 Example	 of	 a	 simulation	 system	 to	 which	 periodic	 boundary	
conditions	 have	 been	 applied.	 The	 box	 with	 the	 light	 blue	
background	is	the	initial	simulation	system,	while	all	the	other	boxes	
are	 the	 periodic	 images	 of	 the	 system.	The	particles	 leaving	 on	 the	
right-hand	side	of	the	box	will	reappear	on	the	left-hand	side	of	the	
box.	.................................................................................................................................	32	

Figure	 22:	 The	 diagram	 shows	 the	 purpose	 of	 energy	 minimisation.	 The	 EM	
method	drives	 the	 initial	 system	closer	 to	 the	minimum	state	 (left).	
An	 example	 of	 an	 arginine	 molecule	 is	 shown	 both	 in	 its	 initial	
structure	(in	red)	and	after	energy	minimisation	(in	blue).	.................	33	

Figure	 23:	 Bonded	 harmonic	 potential	 used	 to	 model	 bond	 stretching,	 bond	
angle,	and	improper	dihedrals.	..........................................................................	35	

Figure	24:	The	proper	dihedral	angle	used	 for	modelling	 the	rotation	between	
bonds.	............................................................................................................................	36	

Figure	 25:	The	 van	 der	Waal	 interaction	 is	 calculated	 based	 on	 the	 Lennard-
Jones	potential	between	two	atoms.	The	εij	is	described	as	the	depth	
of	 the	well	 (shape	of	 the	curve),	while	Rmin	 is	 the	distance	between	
two	atoms	at	the	minimum	of	LJ	potential.	..................................................	37	

Figure	 26:	 The	 electrostatic	 interaction	 is	 calculated	 using	 Coulomb’s	 Law	
between	two	charged	atoms.	..............................................................................	38	

Figure	27:	The	3:1	mapping	scheme	between	chemical	structure	and	the	coarse-
grained	model	for	benzene.	The	small	CG	particle,	“S”,	used	is	aim	to	
conserve	the	ring-like	geometry.	......................................................................	40	

Figure	28:	The	 leap-frog	 integration	 algorithm.	 It	 is	 called	 “leap-frog”	 because	
the	positions,	r	(shown	in	blue	line),	and	the	velocities,	v	(shown	in	
brown	 line),	 are	 calculated	 at	 different	 times	during	 the	 same	 time	
step,	which	resembles	frogs	leaping	over	each	other.	..............................	42	

Figure	 29:	A	 schematic	 of	 umbrella	 sampling	 simulation.	 Pulling	 simulation	 is	
performed	 (A)	 in	order	 to	generate	a	 series	of	 configurations	along	
the	reaction	coordinate,	while	corresponding	simulation	is	simulated	
independently	 for	 each	 sampling	 window	 (B).	 Once	 the	 sampling	
simulations	 are	 complete,	 a	 histogram	 of	 configurations	 can	 be	
generated	that	shows	as	continuous	overlapping	windows	with	each	
neighbour	sampling	(C).	.......................................................................................	46	

Figure	30:	The	chemical	structure	of	E.	coli	lipopolysaccharide.	The	names	of	the	
carbohydrates	 are	Kdo	 for	 2-keto-3-deoxyoctulosonate	 (coloured	 in	
red),	Hep	for	l-glycero-d-manno	heptose,	Glc	for	d-glucose,	Gal	for	d-
galactose,	 and	GalNAc	 for	N-acetyl-d-galactosamine	 (all	 coloured	 in	
black).	 The	 Lipid	 A	 molecule	 is	 composed	 of	 two	 d-glucosamine	
(GlcN)	residues	joined	by	a	�-(1�6)-linkage	(coloured	in	grey),	two	
phosphate	 groups	 (coloured	 in	 tan),	 and	 six	 amide	 or	 ester-linked	
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fatty	acids	(coloured	in	cyan).	............................................................................	51	
Figure	31:	Mapping	schemes	for	Re	and	Ra	LPS.	(A)	The	UA	model	for	Ra	LPS	is	

shown	 alongside	 the	 CG	 models	 for	 (B)	 Ra	 LPS,	 and	 (C)	 Re	 LPS.	
Carbon	 tails	 are	coloured	 cyan,	phosphate	 groups	are	 coloured	 tan,	
carboxylate	 groups	 are	 coloured	 orange,	 glucosamine	 and	 glycerol	
groups	 are	 coloured	 silver,	 and	 the	 remaining	 core	 saccharide	
sections	are	coloured	black.	................................................................................	52	

Figure	 32:	 Selected	 Martini	 mapping	 example	 molecules.	 (A)	 Standard	 water	
particle	 bead	 representing	 four-to-one	 atomistic	 water	 molecules.	
(B)	POPE	lipid.	(C)	20-unit	Alanine	polymer.	Martini	beads	are	shown	
in	a	transparent	representation	overlaying	the	atomistic	models.	The	
bead	 colours	 in	 POPE	 represent	 the	 ethanolamine	 group	 (in	 blue),	
phosphate	group	(in	tan),	glycerol	groups	(in	pink),	and	hydrophobic	
tails	 (in	 cyan).	 In	 the	 alanine	 polymer,	 one	 bead	 represents	 one	
alanine	amino	acid.	.................................................................................................	57	

Figure	 33:	 Bonding	 schemes	 for	 the	 CG	 models	 of	 Re	 (A)	 and	 Ra	 LPS	 (B).	
Numbers	identify	the	beads	that	are	referenced	in	Table	2	and	Table	
3.	Carbon	tails	are	coloured	cyan,	phosphate	groups	are	coloured	tan,	
carboxylate	 groups	 are	 coloured	 orange,	 glucosamine	 and	 glycerol	
groups	 are	 coloured	 silver,	 two	 inner	 core	 saccharide	 sugars	 are	
coloured	 red,	 and	 the	 remaining	 core	 saccharide	 sections	 are	
coloured	black.	..........................................................................................................	63	

Figure	 34:	Representative	 bond	 angle	 distributions	 for	 the	models	 of	 Re	 LPS.	
The	bond	angle	distributions	are	depicted	for	Re	LPS	angles	(A)	2-3-
17,	(B)	3-2-6,	(C)	4-	34-35,	(D)	3-9-10,	(E)	3-17-18,	and	(F)	7-25-26.	
The	angle	distributions	from	the	CG	simulations	are	black,	while	the	
associated	 distributions	 from	 the	 UA	 simulations	 are	 blue.	 The	
relative	positions	of	the	CG	beads	are	shown	in	Figure	31.	...................	66	

Figure	 35:	Representative	 bond	 angle	 distributions	 for	 the	models	 of	 Ra	 LPS.	
The	bond	angle	distributions	are	depicted	for	Ra	LPS	angles	(A)	38-
39-	40,	 (B)	63-65-64,	 (C)	51-50-57,	 (D)	43-44-46,	 (E)	25-7-29,	 and	
(F)	 43-45-47.	 The	 angle	 distributions	 from	 the	 CG	 simulations	 are	
black,	while	the	associated	distributions	from	the	UA	simulations	are	
blue.	The	relative	positions	of	the	CG	beads	are	shown	in	Figure	31.
	.........................................................................................................................................	67	

Figure	 36:	 Behaviour	 of	 Lipid	 A	 in	 UA	 and	 CG	 solvation	 simulations.	 The	
behaviour	of	Lipid	A	is	compared	in	terms	of	(A)	the	average	radius	
of	gyration	for	lipid	tails,	(B)	the	distance	between	phosphate	group	
centres,	and	(C)	the	RMSD.	The	black	 lines	depict	 the	data	 from	the	
CG	simulation,	and	the	violet	lines	depict	the	data	from	the	analogous	
UA	simulation.	...........................................................................................................	76	

Figure	37:	Comparative	partial	mass	density	plots	 for	 a	 homogeneous	Lipid	A	
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membrane.	Homogeneous	membranes	of	Lipid	A	were	simulated	at	
310	K	using	CG	and	UA	levels	of	detail.	Carbon	tails	are	represented	
by	 black	 lines,	 glucosamine	 and	 glycerol	 groups	 (Glc,	 Gly)	 are	
represented	 by	 green	 lines,	 phosphate	 groups	 are	 represented	 by	
turquoise	lines,	counterions	are	represented	by	pink	lines,	and	water	
is	represented	by	blue	lines.	The	partial	mass	densities	are	measured	
along	the	bilayer	normal	(z	axis).	.....................................................................	83	

Figure	38:	Order	parameters	for	the	carbon	tails	of	Lipid	A	in	a	UA	simulation.	
The	order	parameters	are	calculated	for	the	carbon	tails	of	Lipid	A	in	
a	homogeneous	membrane.	Each	order	parameter	value	is	obtained	
by	 considering	 explicit	 bonds	 between	 individual	 UA	 particles.	 The	
simulation	temperature	was	310	K.	Each	tail	is	coloured	according	to	
its	position	 shown	 in	 the	LPS	atomistic	model	 and	 colours	 are	 also	
matched	with	the	presented	order	parameter.	...........................................	85	

Figure	39:	Comparative	partial	mass	density	plots	for	E.	coli	outer	membranes.	
E.	coli	outer	membranes	were	 simulated	at	310	K	using	CG	and	UA	
levels	of	representation.	The	first	membrane	was	built	with	a	leaflet	
of	(A)	Re	LPS,	while	the	second	membrane	contained	a	leaflet	of	(B)	
Ra	 LPS	 instead.	 Carbon	 tails	 are	 represented	 by	 black	 lines,	
glucosamine,	 glycerol	 and	 ethanolamine	 groups	 (Glc,	 Gly,	 Eth)	 are	
represented	 by	 green	 lines,	 phosphate	 groups	 are	 represented	 by	
turquoise	 lines,	 calcium	 ions	 are	 represented	 by	 pink	 lines,	 inner	
core	 sugars	 are	 represented	 by	 brown	 lines,	 outer	 core	 sugars	 are	
represented	by	orange	lines,	and	water	is	represented	by	blue	lines.	
The	partial	mass	densities	are	measured	along	the	bilayer	normal	(z	
axis).	..............................................................................................................................	98	

Figure	40:	Radial	distribution	functions	(RDF)	for	UA	and	CG	water	with	respect	
to	 calcium	 ions	 (Ca2+).	 The	 black	 lines	 show	 the	 data	 for	 the	 UA	
simulations,	while	the	violet	lines	show	the	data	for	the	comparative	
CG	simulations.	The	data	were	 recorded	 for	 (A)	Re	LPS,	 and	 (B)	Ra	
LPS	 in	 complex	E.	coli	bacterial	membranes.	The	 radial	distribution	
functions	were	calculated	using	the	GROMACS	g_rdf	utility.	.............	100	

Figure	 41:	 Phase	 behaviour	 of	 E.	 coli	 outer	 membranes.	 An	 E.	 coli	 outer	
membrane	is	progressively	cooled	from	an	initial	temperature	of	(A)	
340	K	to	a	final	temperature	of	(B)	280K	over	the	course	of	a	3.5	μs	
annealing	 simulation.	 Carbon	 tails	 are	 coloured	 cyan,	 phosphate	
groups	 are	 coloured	 brown,	 carboxylate	 and	 choline	 groups	 are	
coloured	 blue,	 glucosamine	 and	 glycerol	 groups	 are	 coloured	 pink,	
water	 and	 ions	 are	 coloured	 ice	 blue,	 and	 the	 remaining	 core	
saccharide	 sections	 are	 coloured	 silver.	 The	 average	 acyl	 tail	 order	
parameter	 for	 the	 Re	 LPS	 tails	 is	 displayed	 in	 (C);	 the	 order	
parameter	profile	for	a	comparable	simulation	with	Ra	LPS	is	shown	
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in	(D).	.........................................................................................................................	110	
Figure	42:	A	carbon	fullerene	in	schematic	form.	A	fullerene	molecule	is	shaped	

like	 a	 football	 and	 has	 a	 pentagon	 in	 the	 centre	 (coloured	 in	 red)	
surrounded	by	five	hexagons	(coloured	in	blue).	...................................	113	

Figure	 43:	The	 structure	 of	 a	 carbon	 fullerene	 in	 atomistic	 (left)	 and	 coarse-
grained	(right)	resolutions.	..............................................................................	123	

Figure	 44:	 An	 example	 of	 the	 initial	 fullerene	 -	 LPS	 symmetric	 membrane	
simulation	structure.	...........................................................................................	125	

Figure	45:	Trajectories	of	C60	monomers	in	comparative	UA	and	CG	simulations.	
The	positions	of	C60	monomers	and	boundary	phosphate	groups	are	
shown	 relative	 to	 the	 LPS	 bilayer	 centre.	 The	 centre	 of	 mass	
coordinates	are	along	the	direction	of	the	bilayer	normal.	The	violet	
lines	represent	data	for	the	C60	fullerenes,	while	the	black	lines	show	
the	 positions	 of	 boundary	 phosphate	 groups.	 The	 simulation	
temperature	is	310	K	and	the	simulation	systems	are:	(A)	system	1,	
(B)	system	5,	(C)	system	2,	and	(D)	system	29	(see	Table	12).	.........	129	

Figure	46:	The	translocation	of	C60	fullerenes	in	the	pure	CG	Re	LPS	membrane.	
(A)	Trajectories	data	for	simulation	system	8	(see	Table	12)	that	was	
sampled	over	the	last	1	μs	of	simulation	time.	The	black	lines	depict	
the	 average	 position	 of	 phosphate	 groups	 for	 the	 upper	 and	 lower	
leaflets	 of	 Re	 LPS	 in	 the	 direction	 of	 the	 bilayer	 normal.	 The	 red,	
orange,	green,	blue,	and	violet	lines	depict	the	average	position	of	the	
five	 individual	 C60	 fullerenes.	 (B)	 Snapshots	 of	 initial	 simulation	
systems	at	time	0	and	matching	the	analysis	time	at	9	μs,	9.5	μs	and	
towards	the	end	of	simulation	time	at	10	μs.	...........................................	131	

Figure	 47:	 Clustering	 of	 C60	 in	 a	 representative	 CG	 simulation.	 (A)	 The	
clustering	of	C60	is	plotted	as	a	function	of	time	during	the	first	1	μs	
of	a	CG	simulation.	The	grayscale	in	each	cell	represents	the	fraction	
of	C60	involved	in	an	aggregate	of	a	given	size	(y	axis)	at	a	given	time	
(x	axis).	The	C60	concentration	was	1.13	mM.	(B)	A	snapshot	of	the	
24-unit	C60	cluster	 formed	towards	the	end	of	 this	 initial	period	of	
aggregation.	.............................................................................................................	133	

Figure	48:	The	effect	of	sodium	ions	on	Re	LPS	bilayer	permeability.	(A)	Position	
of	the	C60	monomer	along	the	bilayer	normal,	relative	to	the	Re	LPS	
bilayer	centre.	The	purple	line	depicts	the	centre	of	mass	coordinates	
for	 the	 C60	monomer	 from	 the	 bilayer	 centre,	while	 the	 black	 line	
shows	the	average	position	of	LPS	boundary	phosphate	groups	 in	a	
single	leaflet	of	the	bilayer.	The	simulation	was	performed	at	310	K	
with	 a	 single	 C60	 fullerene.	 (B)	 Two-dimensional	 voronoi	
tessellation	of	 the	Re	LPS	surface	as	the	C60	fullerene	bypasses	the	
phosphate	 barrier	 at	 7781	ns.	 Each	 cell	 represents	 a	 single	Re	 LPS	
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head	 group.	 The	 red	 cells	 correspond	 to	 the	 LPS	 head	 groups	
adjacent	to	the	C60	monomer.	The	cyan	circle	shows	the	position	of	
the	C60	monomer	during	the	head	group	tunnelling	event.	(C)	Side-
view	snapshot	of	the	C60	monomer	after	it	bypassed	the	phosphate	
interface	to	settle	in	the	lipid	core	(Reprinted	(adapted)	(Figure	46B)	
with	 permission	 from	 Hsu	 et	 al.	 [142].	 Copyright	 2016	 American	
Chemical	Society).	................................................................................................	136	

Figure	 49:	 Snapshots	 of	 the	 initial	 simulation	 of	 different	 concentrations	
(system	21	and	system	23)	of	C60	fullerenes	with	POPE-Re	LPS	mixed	
membrane.	 C60	 fullerenes	 are	 coloured	 in	 violet,	 green,	 magenta,	
orange	and	lime;	core	sugars,	and	headgroups	for	Lipid	A	and	POPE	
are	coloured	in	white;	LPS	tails	are	coloured	in	blue;	POPE	tails	are	
coloured	in	red.	Water	and	ions	are	omitted	for	clarity.	......................	138	

Figure	 50:	 Snapshots	 of	 one	 single	 fullerene	 simulated	 with	 Re	 LPS-POPE	
membrane	 (system	21)	has	 shown	 that	C60	 fullerenes	pass	 through	
the	 hydrophilic	 head	 group	 within	 20	 ns	 simulation	 time.	 The	 C60	
fullerene	 is	coloured	 in	violet;	 the	Lipid’s	hydrophilic	head	group	 is	
coloured	 in	 white;	 LPS	 tails	 are	 coloured	 in	 blue;	 POPE	 tails	 are	
coloured	in	red.	Water	and	ions	are	omitted	for	clarity.	......................	139	

Figure	 51:	 Trajectories	 of	 C60	 fullerenes	 in	 the	 multicomponent	 membranes.	
Different	 concentrations	 of	 C60	 fullerenes	 were	 simulated	 with	
membranes	of	(A,	B)	Re	LPS	and	POPE,	and	(C,	D)	Ra	LPS	and	POPE	
at	310	K.	The	simulation	systems	are:	(A)	system	21,	(B)	system	23,	
(C)	 system	 45,	 and	 (D)	 system	 47	 (see	 Table	 12).	 The	 black	 lines	
depict	the	average	position	of	the	upper	and	lower	leaflet	phosphate	
groups	 along	 the	 bilayer	 normal.	 The	 red,	 green,	 cyan,	 orange,	 and	
violet	 lines	 depict	 the	 average	 position	 of	 the	 C60	 fullerenes.	 The	
corresponding	 snapshots	 are	 for	 system	 21	 (E)	 and	 system	 47	 (F),	
where	 LPS	 core	 sugars	 are	 coloured	 in	 orange,	 Lipid	 A	 and	 POPE	
headgroups	are	coloured	in	silver,	LPS	tails	are	coloured	in	cyan	and	
POPE	tails	are	coloured	in	red.	Water	and	ions	are	omitted	for	clarity.
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Figure	52:	Migration	of	C60	fullerenes	to	the	POPE-Re	LPS	lipid	interface	(system	
26).	 (A)	 The	 C60	 cluster	migrates	 to	 the	 domain	 of	 POPE,	 and	 slips	
past	 the	 hydrophilic	 head	 groups	 to	 access	 the	 lipid	 core.	 (B)	 The	
cluster	 disaggregates,	 and	 the	 disbanded	 fullerenes	 drift	 to	 the	
interface	between	the	separate	POPE	and	LPS	domains.	The	Re	LPS	
are	coloured	as	before,	and	the	POPE	lipid	tails	are	coloured	red.	(C)	
Top-view	 snapshot	 of	 the	disbanded	 fullerenes	 at	 the	POPE-Re	LPS	
lipid	interface.	The	lipid	head	groups	are	omitted	for	clarity.	(D)	The	
number	of	contacts	between	the	C60	 fullerenes	and	the	(Re	LPS	and	
POPE)	acyl	 tails	 is	plotted	as	a	 function	of	simulation	 time.	The	red	
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line	shows	the	number	of	contacts	between	the	fullerenes	and	POPE	
lipid	tails,	while	the	blue	shows	the	number	of	contacts	between	the	
fullerenes	and	the	Re	LPS	lipid	tails.	The	relative	number	of	contacts	
was	determined	using	a	0.6	nm	cut-off	distance	(Reprinted	(adapted)	
with	 permission	 from	 Hsu	 et	 al.	 [142].	 Copyright	 2016	 American	
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Figure	 53:	 Translocation	 of	 a	 C60	 cluster	 across	 the	 water-lipid	 interface	
(system	 26).	 (A)	 Average	 centre	 of	 mass	 coordinates	 for	 C60	
fullerenes	along	the	bilayer	normal	(relative	to	the	bilayer	centre).	(B)	
Average	thickness	of	the	POPE	lipids	plotted	against	simulation	time;	
thickness	was	defined	as	the	distance	between	POPE	phosphate	head	
groups	 and	 the	 bilayer	 centre.	 (C)	 Two-dimensional	 partial	 mass	
density	 for	 C60	 fullerenes	 comprising	 the	 C60	 cluster	 during	 the	
bilayer	 insertion	event	 (1955	ns).	 (D)	Partial	mass	densities	 for	Re	
LPS	 phosphate	 and	 POPE	 choline	 head	 groups	 during	 fullerene	
cluster	 insertion	 (1955	 ns).	 The	 POPE	 head	 groups	move	 apart	 to	
create	a	transient	micropore	whose	shape	and	projected	surface	area	
match	 those	 of	 the	 C60	 cluster.	 (E)	 Side-view	 snapshot	 of	 the	 C60	
cluster	 traversing	 the	 phosphate	 interface.	 The	 Re	 LPS	 phosphate	
groups	 are	 coloured	 brown,	 the	 POPE	 phosphate	 groups	 are	
coloured	 red.	 All	 other	 membrane	 components	 are	 omitted	 for	
clarity.	(F)	Three-dimensional	projection	of	area	per	lipid	values	for	
the	 membrane	 leaflet	 that	 the	 C60	 fullerenes	 pass	 through.	 The	
tessellation	 was	 performed	 for	 the	 membrane	 surface	 at	 1955	 ns.	
Red	 colour	 represents	 high	 area	 per	 lipid	 while	 blue	 colour	
represents	low	area	per	lipid	(Reprinted	(adapted)	with	permission	
from	Hsu	 et	 al.	 [142].	 Copyright	 2016	American	 Chemical	 Society).
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Figure	 54:	 C60	 fullerenes	 promote	 lipid	 mixing	 in	 the	 multicomponent	
membrane	 (system	 26). After	 the	 C60	 fullerenes	 had	 entered	 the	
bilayer	core,	they	migrated	to	the	boundaries	between	the	coexisting	
POPE	 and	 Re	 LPS	 domains.	 The	 fullerenes	 then	 reduced	 the	 line	
tension	 between	 the	 coexisting	 lipid	 fractions	 by	 minimising	
structural	 mismatch.	 The	 figures	 depict	 the	 bilayer	 thickness	 as	 a	
two-dimensional	 landscape	 for	 the	membrane	 (A)	without	 any	C60	
fullerenes	dissolved	in	the	lipid	core,	and	(B)	with	25	C60	fullerenes	
dispersed	among	 the	 lipid	 tails.	The	 final	C60	particle	positions	are	
depicted	above	the	thickness	landscape	as	translucent	black	spheres	
(Reprinted	 (adapted)	 with	 permission	 from	 Hsu	 et	 al.	 [142].	
Copyright	2016	American	Chemical	Society).	..........................................	147	

Figure	 55:	 PMF	 profiles	 for	 C60	 fullerenes	 as	 a	 function	 of	 distance	 from	 the	
centre	 of	 homogeneous	 lipid	 bilayers	 (system	 51-56).	 The	 red	 line	
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shows	 the	 data	 for	 the	 POPE	 bilayer	 with	 Na
+
	 ions,	 the	 black	 line	

shows	the	data	for	the	POPE	bilayer	with	Ca
2+
,	the	green	line	shows	

the	data	for	the	Re	LPS	bilayer	with	Ca
2+	ions,	the	blue	line	shows	the	

data	for	the	Re	LPS	bilayer	with	Na
+
,	the	pink	line	shows	the	data	for	

the	Ra	LPS	bilayer	with	Ca
2+	ions,	and	the	orange	line	shows	the	data	

for	 the	 Ra	 LPS	 bilayer	 with	 Na+	 ions.	 Each	 umbrella	 sampling	
simulation	was	1	μs	long;	the	simulation	temperature	was	310	K;	the	
umbrella	sampling	windows	were	separated	by	distances	of	0.2	nm.	
The	free	energy	was	set	to	zero	at	the	5.2	nm	simulation	distances	of	
the	bilayer	 centre,	where	 the	position	of	 the	 fullerenes	 stayed	near	
the	bilayer	centre.	.................................................................................................	149	

Figure	56:	The	structural	models	of	the	efflux	pump	in	E.	coli.	The	AcrABZ-TolC	
pump	model	from	E.	coli	is	coloured	blue,	red,	green,	and	orange.	The	
dotted	lines	represent	the	extent	of	the	two	membranes.	..................	157	

Figure	 57:	An	 example	 of	 the	 two-membrane	 system	 simulated	 in	 this	 study.	
ReLPS	 is	 shown	 in	 silver,	 POPE	 in	 salmon,	 PVPG	 in	 blue	 and	
cardiolipin	 in	 red.	 (A)	 System	 3	 contains	 the	 AcrABZ-TolC	 complex	
spanning	 the	 outer	 and	 inner	 membranes	 (orange),	 8	 OmpA	
monomer	 N-terminal	 domain	 in	 the	 outer	 membrane	 and	 8	 AqpZ	
homotetramer	 in	 the	 inner	membrane	(cyan).	 (B)	The	same	system	
viewed	from	the	periplasmic	side	and	(C)	the	extracellular	side.	For	
clarity,	water	and	ion	beads	are	omitted.	...................................................	165	

Figure	58:	The	equilibration	state	of	each	simulation	system	before	production	
run	is	shown	in	A-D.	E	shows	the	equilibration	state	for	systems	1	to	
4	during	the	5	microsecond	production	run.	............................................	167	

Figure	 59:	 The	 order	 parameter	 of	 LPS	 and	 phospholipids	 of	 system	 3.	 The	
lower	leaflet	of	the	outer	membrane	(A)	and	the	inner	membrane	(B)	
are	 composed	 of	mixed	 phospholipids,	 and	 the	 outer	 leaflet	 of	 the	
outer	membrane	(C)	is	composed	of	LPS	lipid.	.......................................	168	

Figure	 60:	 The	 number	 of	 water	 molecules	 that	 crossed	 the	 (A)	 outer	
membrane,	(B)	the	inner	membrane	and	(C)	both	membranes	versus	
simulation	time.	.....................................................................................................	169	

Figure	 61:	Membrane	 curvature	 and	 deformations	 induced	 by	 proteins.	 (A)	 A	
snapshot	 along	 the	 plane	 of	 the	 membrane	 at	 the	 end	 of	 the	
simulation	 of	 system	 1.	 Phosphate	 beads	 are	 represented	 as	 grey	
spheres.	 The	 AcrBZ-TolC	 complex	 is	 shown	 in	 green,	 while	 the	
peripheral	proteins	(AqpZ	and	OmpA	monomers)	are	in	cyan.	The	z-
position	of	the	phosphate	beads	of	the	upper	leaflet	of	both	the	inner	
and	 outer	membranes	 is	 shown	 on	 the	 right.	Here,	 all	 proteins	 are	
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shown	in	grey.	The	same	analyses	were	performed	for	(B)	system	2,	
(C)	system	3,	and	(D)	system	4.	......................................................................	171	

Figure	 62:	 LPS	 in	 the	 outer	 membrane	 moves	 significantly	 slower	 than	
phospholipids.	(A)	Mean	square	displacement	(MSD)	versus	time	for	
the	 phospholipids	 in	 the	 upper	 leaflet	 of	 the	 inner	 membrane	 of	
system	3	 (left)	 and	 their	 flow	 averaged	 over	 the	 last	 100	 ns	 of	 the	
simulation	 (right).	 Arrows	 indicate	 the	 direction	 of	 movement	 of	
lipids,	whereas	the	line	thickness	and	colour	represent	the	degree	of	
displacement.	 The	 positions	 of	 AcrBZ	 and	 AqpZ	 in	 the	 system	 are	
mapped	as	purple	dots.	 (B)	The	 same	analyses	were	performed	 for	
the	 lower	 leaflet	 of	 the	 inner	membrane.	 For	 comparison,	 the	MSD	
and	lipid	flow	for	the	outer	membrane	are	shown	in	(C)	for	the	upper	
leaflet,	 and	 in	 (D)	 for	 the	 lower	 leaflet.	 Purple	 dots	 indicate	 the	
positions	of	TolC	and	OmpA	monomers.	....................................................	175	

Figure	63:	Mean	square	displacement	(MSD)	of	lipids	versus	time	for	(A)	system	
1,	(B)	system	2,	(C)	system	3,	and	(D)	system	4.	These	are	calculated	
for	each	leaflet	in	the	inner	and	the	outer	membrane.	.........................	176	

Figure	 64:	 Concerted	 movement	 of	 proteins	 and	 LPS	 in	 the	 outer	 membrane	
(System	3).	 (A)	 The	 flows	 of	 lipids	 and	 proteins	 are	 shown	 in	 blue	
and	orange,	respectively,	for	the	upper	leaflet	of	the	outer	membrane.	
The	 enlarged	 image	 highlights	 the	 unidirectional	motion	 of	 protein	
(OmpA	monomer)	and	LPS	around	 it.	 (B)	The	same	analysis	on	 the	
lower	 leaflet	of	 the	outer	membrane	 indicates	 that	such	correlation	
in	movement	does	not	persist	with	other	types	of	phospholipid.	...	178	

Figure	 65:	Lipid	 diffusion	 reduced	 around	AcrBZ	 or	 TolC	 proteins.	 (A)	 Lateral	
diffusion	 coefficients	 of	 phospholipids	 in	 the	 inner	membrane	 as	 a	
function	 of	 distance	 from	 AcrBZ	 for	 systems	 with	 an	 increasing	
number	 of	 AqpZ	 (systems	 1	 to	 3).	 Each	 point	 shows	 diffusion	 of	
phosphate	 beads	 within	 an	 annulus	 of	 10	 Å	 width,	 e.g.	 the	 first	
annulus	marked	at	5	Å	represents	phosphate	diffusion	between	0-10	
Å	from	the	surface	of	AcrBZ.	Two	lines	for	each	system	represent	the	
two	 replicate	 simulations.	 Only	 the	 last	 1	 μs	 of	 the	 simulations	 is	
used,	while	 error	 bars	 represent	 standard	deviation	 for	 20	 x	 50	ns	
sub-trajectories.	The	black	line	(System	5	or	System	6)	indicates	the	
diffusion	 constant	 of	 phospholipids	 in	 a	 system	 of	 similar	 size	
without	 any	 protein.	 (B)	 Similar	 analysis	 performed	 to	 compare	
systems	with	different	proteins,	i.e.	AqpZ	and	LacY	(systems	3	and	4).	
(C)	Diffusion	profile	of	phospholipids	in	the	lower	leaflet	of	the	outer	
membrane	 as	 a	 function	 of	 distance	 from	 TolC,	 in	 systems	 with	
increasing	 numbers	 of	 OmpA	 monomers.	 (D)	 Lipid	 diffusion	
constants	 in	 systems	 with	 OmpA	 dimers	 compared	 to	 those	 with	
OmpA	monomers.	(E)	Diffusion	constants	of	phospholipids	within	a	



	

	xvii	

10	Å	annulus	of	the	six	different	proteins	compared	to	their	radius	of	
gyrations,	averaged	over	 the	 last	1	μs	of	all	 simulations.	Proteins	 in	
the	 inner	 membrane	 are	 shown	 in	 red,	 and	 the	 ones	 in	 the	 outer	
membrane	in	blue.	...............................................................................................	180	

Figure	 66:	 Diffusion	 constants	 of	 phospholipids	 versus	 distance	 from	 the	
peripheral	 proteins	 (AqpZ/LacY	 or	 OmpA	 proteins).	 (A)	 Lateral	
diffusion	 coefficients	 of	 phospholipids	 in	 the	 inner	membrane	 as	 a	
function	 of	 distance	 from	 AqpZ	 for	 systems	 1	 to	 3,	 and	 (B)	 for	
systems	3	 and	4.	 For	 system	4,	 the	 x-axis	 represents	 distance	 from	
LacY.	(C	and	D)	The	same	analysis	performed	for	the	lower	leaflet	of	
the	outer	membrane	with	 the	OmpA	monomer	(for	systems	1	 to	3)	
and	dimer	(system	4)	as	points	of	reference.	The	black	line	(System	5	
or	 System	6)	 indicates	 the	 diffusion	 constant	 of	 phospholipids	 in	 a	
system	of	similar	size	without	any	protein.	..............................................	181	

Figure	 67:	 Cardiolipin	 enrichment	 around	 AcrBZ	 and	 AqpZ.	 (A)	 Contact	 ratio	
calculated	 as	 the	 number	 of	 cardiolipin	 found	within	 6	 Å	 from	 the	
AcrBZ	 complex	 during	 the	 entire	 5	 μs	 simulations	 divided	 by	 the	
original	number	at	 the	beginning	of	 the	simulation.	For	clarity,	only	
the	results	from	one	repeat	of	simulation	for	each	system	are	plotted.	
(B)	Average	density	of	cardiolipin	in	the	inner	membrane	of	system	4	
throughout	the	entire	5	μs	simulation.	The	white	space	in	the	middle	
of	 the	 graph	 indicates	 the	 position	 of	 AcrBZ.	 (C)	 The	 number	 of	
cardiolipin	found	within	6	Å	from	AcrBZ	(left),	within	6	Å	from	AqpZ	
(middle),	and	not	within	6	Å	from	either	protein	(right)	throughout	
one	 of	 the	 simulations	 of	 system	 3.	 Red	 arrows	 indicate	 the	 time	
point	when	several	cardiolipins	moved	away	from	AcrBZ	into	the	free	
lipids	zone,	before	making	contact	with	AqpZ.	(D)	A	similar	analysis	
performed	 for	 system	 4	 to	 show	 that	 most	 cardiolipins	 that	
interacted	with	AcrBZ	originated	as	free	lipids,	while	the	number	of	
cardiolipins	around	LacY	remained	largely	unchanged.	.....................	185	

Figure	68:	PE	and	PG	lipids	do	not	interact	with	AcrBZ.	(A)	Contact	ratio	analysis	
(performed	 as	 explained	 in	 Figure	 67)	 for	 POPE	 lipids,	 and	 (B)	 for	
PVPG	lipids.	 (C)	Average	density	of	POPE	in	the	 inner	membrane	of	
system	 4	 throughout	 the	 5	 μs	 simulation,	 normalised	 to	 the	 total	
number	of	POPE.	 (D)	The	same	analysis	performed	 for	PVPG	 lipids.	
The	white	space	in	the	middle	of	the	graph	indicates	the	position	of	
AcrBZ.	.........................................................................................................................	186	

Figure	 69:	 Residues	 in	 contact	 with	 cardiolipin.	 (A)	 AcrBZ	 in	 surface	
representation	with	 its	 residues	 coloured	 from	white,	 representing	
no	contact	with	cardiolipin,	to	red	(maximum	contact),	averaged	over	
the	5	μs	simulation	of	system	4.	The	blue	dotted	circle	highlights	the	
location	of	one	of	the	AcrZ	subunits.	The	approximate	position	of	the	



	xviii	

inner	membrane	 is	 indicated	 in	 brown.	 (B)	 Residues	 on	 AqpZ	 that	
interacted	with	 cardiolipin	 in	 the	 simulation	 of	 system	 3,	 averaged	
over	all	eight	AqpZ	proteins	in	the	system.	...............................................	189	

Figure	 70:	A	 schematic	 image	 of	 AcrBZ-CLM	 protein	 in	 the	 inner	 membrane.	
AcrBZ	 protein	 is	 coloured	 in	 white,	 lipids	 are	 only	 shown	 with	
phosphate	 groups	 (in	 tan).	 The	 enlarged	 image	 shows	 the	 CLM	
molecule	and	the	amino	acid	residues	(in	purple)	that	are	within	3	Å	
of	CLM.	.......................................................................................................................	196	

Figure	 A1:	 The	 hand	 mapping	 scheme	 of	 atomistic	 to	 coarse-grained	
lipopolysaccharide	lipid.	....................................................................................	227	

Figure	 A2:	 The	 clustering	 of	 C60	 is	 plotted	 as	 a	 function	 of	 time	 for	 the	
simulations	involving	a	homogeneous	bilayer	of	Re	LPS.	The	data	are	
shown	for	 fullerene	concentrations	of	0.21	mM	(A,	B)	and	1.13	mM	
(C,	 D),	 at	 temperatures	 of	 310	 K	 (A,	 C),	 and	 325	 K	 (B,	 D).	 The	
grayscale	 in	 each	 cell	 represents	 the	 fraction	 of	 C60	 involved	 in	 an	
aggregate	of	a	given	size	(y	axis)	at	a	given	time	(x	axis).	...................	228	

Figure	A3: The clustering of C60 is plotted as a function of time for the simulations
involving a homogeneous bilayer of Ra LPS. The data are shown for 
fullerene concentrations of 0.09 mM (A, B) and 0.47 mM (C, D), at 
temperatures of 310 K (A, C), and 325 K (B, D). The grayscale in each 
cell represents the fraction of C60 involved in an aggregate of a given size 
(y axis) at a given time (x axis).	........................................................................	229	

Figure	A4: The clustering of C60 is plotted as a function of time for the simulations
involving a bilayer of Re LPS with patches of POPE. The data are shown 
for the fullerene concentrations of 0.13 mM (A, B) and 0.66 mM (C, D), 
at temperatures of 310 K (A, C), and 325 K (B, D). The grayscale in each 
cell represents the fraction of C60 involved in an aggregate of a given size 
(y axis) at a given time (x axis).	........................................................................	230	

Figure	A5: The clustering of C60 is plotted as a function of time for the simulations
involving a bilayer of Ra LPS with patches of POPE. The data are shown 
for the fullerene concentrations of 0.07 mM. (A, B) and 0.37 mM (C, D), 
at temperatures of 310 K (A, C), and 325 K (B, D). The grayscale in each 
cell represents the fraction of C60 involved in an aggregate of a given size 
(y axis) at a given time (x axis). 	.......................................................................	231	



30 May 2017



	xx	

Acknowledgements	

First	 and	 foremost	 I	would	 like	 to	 express	my	 very	 profound	 gratitude	 to	my	
supervisor:	Prof.	 Syma	Khalid	 for	her	 endless	 support,	 invaluable	constructive	
discussion,	advice	and	immense	knowledge	whenever	I	needed	it.	With	her	full	
enthusiasm,	motivation	and	patience	that	drove	my	research	work	through	out	
my	entire	PhD	study.	I	could	not	have	imagined	having	a	better	supervisor	and	
mentor	for	my	PhD	study.	

Besides	my	supervisor,	I	would	like	to	thank	all	the	brilliant	members,	past	and	
present,	 in	 the	Khalid	group	 for	 their	 assistance.	 In	particular,	 I	wish	 to	 thank	
certain	members	who	contributions	to	my	work:	Damien	Jefferies	for	doing	the	
analysis	 and	 preparing	 the	 manuscript	 together	 of	 fullerene	 study,	 James	
Graham’s	 published	 PyCGTOOL	 programme	 for	 transferring	 LPS	 lipid	 model	
from	atomistic	to	coarse-grained	level,	Firdaus	Samsudin	for	doing	the	analysis	
and	preparing	the	manuscript	together	of	E.	coli	complex	model	study.	

I	also	thank	those	who	helped	me	live	a	fuller	and	richer	life	during	my	stay	in	
Southampton.	

Last	but	not	least,	a	special	thank	to	my	family:	my	parents	Chen-Yang	Hsu	and	
Shu-Chen	Yu	and	my	brother	Sen	Hsu.	Words	cannot	express	how	grateful	I	am	
for	all	of	the	sacrifices	that	you’ve	made	on	my	behalf.	They	have	cherished	with	
me	 every	 great	 moment	 and	 unconditionally	 supported	 me.	 This	
accomplishment	 would	 not	 have	 been	 possible	 without	 them	 and	 is	 all	
dedicated	to	them…	

Thank	you.	

Now,	I	need	to	thank	them	in	traditional	mandarin,		
  

 



	

	xxi	

 �  

	 	



	

	xxii	

Definitions	and	Abbreviations	

AA	 All-atom	

Aqp	 Aquaporin	

CG	 Coarse-grained	

CLM	 Chloramphenicol	palmitate	

CVD	 Chemical	vapour	deposition	

DMPC	 Dimyristoylphosphatidylcholine	

EM	 Energy	minimisation	

ER	 Endoplasmic	reticulum	

FENE	 Finitely	extensible	nonlinear	elastic	

LacY	 Lactose	permease	

LJ	 Lennard-Jones	

LPS	 Lipopolysaccharide	

MD	 Molecular	dynamics	

MDR	 Multidrug-resistant	

MFPs	 Membrane	fusion	proteins	

MFS	 Major	Facilitator	Superfamily	

NMR	 Nuclear	magnetic	resonance	

OMPs	 Outer	membrane	proteins	

OmpA	 Outer	membrane	protein	A	

PBC	 Periodic	boundary	condition	

PC	 Phosphatidycholine	

PE	 Phosphatidylethanolamine	



	

	xxiii	

PE	 Potential	energy	

PG	 Phosphatidylglycero	

PI	 Phosphatidylinositol		

PME	 Particle-mesh	Ewald	

PMF	 Potential	mean	force	

POPC	 Palmitoyloleoylphosphatidylcholine	

POPE	 Palmitoyloleoylphosphoethanolamine	

PS	 Phosphatydilserine		

PVPE	 Palmitoylvaccenylphosphoethanolamine	

PVPG	 Palmitoylvaccenylphosphatidylglycerol	

RND	 Resistance	nodulation	division	

SiC	 Silicon	Carbide	

UA	 United-atom	

VMD	 Visual	Molecular	Dynamics	

WHAM	 Weighted	histogram	analysis	method	

	



Chapter	1	

	

	 1	

	

Chapter	1:	Introduction	
1.1	Biological	membranes	
Membranes	 surround	 all	 biological	 cells.	The	major	 components	 of	 biological	
membranes	 are	 lipids,	 carbohydrates	 and	 proteins.	 Carbohydrates,	 which	
account	 for	 approximately	 10%	 of	 the	 weight	 of	 the	 plasma	 membrane,	 for	
example,	 are	 covalently	 bound	 to	 either	 proteins	 or	 lipids	 (e.g.	 glycolipids	 or	
glycoproteins),	 the	relative	amounts	of	which	vary	widely	depending	upon	 the	
cell	 type	and	 the	organism	 in	which	 they	are	 found	 [1].	Biological	membranes	
play	 a	 crucial	 role	 in	many	 biochemical	 and	physiological	 activities,	 including	
establishing	 and	 maintaining	 trans-membrane	 gradients,	 compartmentalising	
biochemical	 reactions	 into	 distinct	 functional	 domains,	 controlling	 transport	
into	 and	 out	 of	 cells,	 cell-cell	 recognition,	 energy	 transduction	 and,	 the	 most	
obvious	 function	 of	 any	 membrane,	 separating	 two	 aqueous	 compartments	
(Figure	1).		
	

	
Figure	1:	Examples	of	the	biochemical	and	physiological	function	of	membranes.		
	

Membranes	 have	 dynamic	 structures,	 with	 constant	molecular	movement	 at	
their	 surface	 in	 transverse	 and	 lateral	 directions.	 The	 lateral	 diffusion	 of	
molecules	enables	 interaction	between	proteins	and	 lipids,	which	 is	necessary	
for	 the	 correct	 functioning	 of	 the	 membrane.	 In	 eukaryote	 cells,	 the	 major	
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cellular	 membranes	 of	 the	 endomembrane	 system	 are	 plasma	 membranes,	
nuclear	 envelopes,	 the	 endoplasmic	 reticulum	 (ER),	 the	 Golgi	 apparatus,	
lysosomes,	peroxisomes,	mitochondria,	and	chloroplasts	in	plants.	On	the	other	
hand,	 prokaryotic	 cells	 either	 have	 one	 layer	 of	 cell	 membrane	 (e.g.	 Gram-
positive	 bacteria)	 or	 two	 layers	 of	 membranes,	 the	 outer	 and	 the	 inner	
membrane	(e.g.	Gram-negative	bacteria)	(Figure	2)	[2].		
	

	
Figure	2:	Different	types	of	membranes	shown	in	animal	cells,	plant	cells,	Gram-
positive	and	Gram-negative	bacteria.	
	

1.1.1	Composition	of	the	biological	membrane	

1.1.1.1	Eukaryotic	cells	

To	 understand	 the	 biological	 membrane	 and	 predict	 its	 behaviour	 requires	
detailed	 knowledge	 of	 its	 composition.	 Lipids	 found	 in	 biological	 membranes	
can	be	 classified	 into	 three	major	 types,	 phosphoglycerides,	 sphingolipids	 and	
sterols	 (Figure	 3).	 Their	 structure	 can	 be	 divided	 into	 two	 regions:	 the	
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hydrophobic	 acyl	 chains	 and	 the	 hydrophilic	 head	 group.	 Together,	 these	
chemically	different	regions	provide	the	molecule	with	amphipathic	properties.	
The	 hydrophilic	 domain	 readily	 forms	 either	 hydrogen	 bonds	 or	 ionic	
interaction	 with	 ions	 and	 causes	 an	 entropy-driven	 relaxation	 of	 the	 water	
structure	 by	 minimising	 the	 surface	 area	 in	 contact	 with	 water	 on	 the	
hydrophilic	and	hydrophobic	surface.	In	contrast,	the	hydrophobic	domain	does	
not	form	favourable	interactions	with	the	water	and	is	positioned	between	the	
hydrophilic	domains	so	it	remains	away	from	the	aqueous	regions.	
	

	
Figure	 3:	 Three	 main	 lipid	 components	 that	 can	 be	 seen	 in	 a	 eukaryotic	 cell	
membrane:	 (A)	 phosphoglyceride,	 (B)	 sphingolipid	 and	 (C)	 sterol.	 The	
hydrophilic	domain	is	coloured	red	and	the	hydrophobic	domain	is	blue.	
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Phosphoglycerides,	 commonly	 known	 as	 phospholipids,	 are	 typically	 found	 in	
most	 cell	 membranes.	 They	 provide	 sources	 of	 secondary	 messengers	 for	
signalling	across	the	membrane,	enhance	the	activity	of	membrane	enzymes	and	
transport	 proteins	 [3].	 Also,	 the	 degree	 of	 unsaturation	 of	 acyl	 chains	 has	 an	
impact	on	the	elasticity	of	the	membrane,	showing	an	effect	on	protein	folding	
and	 insertion	 [4].	 At	 physiological	 pH,	 phospholipids	 with	
phosphatidylethanolamine	 (PE)	 and	 phosphatidycholine	 (PC)	 head	 groups	 are	
zwitterionic,	 i.e.	 have	 no	 net	 charge,	 and	 phosphatidylglycerol	 (PG),	
phosphatydilserine	(PS)	and	phosphatidylinositol	(PI)	head	groups	are	anionic,	
i.e.	have	a	single	net	negative	charge	(Figure	4).		
	

		
Figure	4:	Different	 types	of	phospholipid	head	group	structures	present	 in	 the	
cell	membrane.	PE	(A)	and	PC	(B)	head	groups	are	zwitterions,	while	PG	(C),	PS	
(D)	 and	 PI	 (E)	 are	 anions.	 The	 lipid	 head	 groups	 are	 all	 shown	 as	 glycerol	
backbone	and	linked	with	hydrophobic	acyl	tails.		
	

A	 sphingolipid	 is	 formed	 by	 a	 combination	 of	 a	 palmitoyl	 chain	 bound	 to	 the	
sphingo	 backbone,	 which,	 in	 turn,	 is	 bound	 to	 a	 head	 group	 (Figure	 5).	
Sphingolipids	 can	 have	 a	 second	 acyl	 tail	 via	 an	 amide	 linkage	 to	 the	 sphingo	
backbone.	 The	 architecture	 of	 the	 head	 group	 results	 in	 lipids	 with	 different	
properties,	for	example,	the	most	basic	is	sphingosin,	which	has	a	hydroxyl	head 

group,	 whereas	 a	more	 complex	 lipid,	 sphingomylein,	 has	 a	 phosphocholine	
head	group	that	gives	shapes	similar	to	PC	and	PE	lipids	to	the	overall	lipid.	Due	
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to	the	presence	of	an	amide	bond	and	a	hydroxyl	group	in	the	sphingo	backbone	
in	 the	 membrane/water	 interface,	 specific	 interaction	 will	 occur	 with	 the	 PL	
head	 groups,	 the	 hydroxyl	 group	 of	 cholesterol	 or	 other	 polar	 groups.	 The	
carbohydrate	moieties,	only	present	in	the	head	group	of	specific	sphingolipids,	
are	necessary	in	cell	recognition	and	differentiation,	and	are	important	elements	
in	the	nerve	membrane.	
	

	
Figure	 5:	 Different	 types	 of	 sphingolipid.	 The	 simplest	 sphingolipid	 is	 the	
sphingosin	 (A)	 with	 a	 hydroxyl	 head	 group.	 More	 complex	 lipids	 include	
ceramide	 (B)	 with	 an	 additional	 fatty	 acid	 residue,	 and	 sphingomylien	 (C),	
which	 includes	a	phosphocholine	group	 in	 the	head	group,	and	overall	 gives	a	
shape	that	is	similar	to	PC	and	PE	lipids.	
	

The	 third	 class	 of	major	 lipids	 in	 the	 cell	membrane	 is	 sterols.	Sterols	 can	 be	
found	 in	many	 variations,	 such	 as	 animals,	 plants	 and	 fungal	membranes,	 but	
are	 absent	 in	 prokaryotes.	 In	 bacterial	 membranes,	 the	 function	 of	 sterols	 is	
replaced	by	hopanoids,	a	sterol-like	 lipid.	 In	animal	membranes,	 the	dominant	
sterol	 is	 called	 cholesterol,	while,	 in	 other	 eukaryotic	 cells,	 other	 sterols	 are	
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present,	 for	 example,	 ergosterol	 in	 fungi	 and	 yeast	 and	 sitosterol	 in	 plants	
(Figure	 6).	 The	 structures	 of	 sterols	 are	 very	 similar,	 differing	 only	 in	 slight	
modifications	to	their	tails.		
	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	6:	Different	structures	of	sterols	 in	different	species	 -	cholesterol	(A)	 in	
animals,	ergosterol	(B)	in	fungi	or	yeast,	and	(C)	β-sitosterol	in	plants.	
	

In	animal	 cells,	 cholesterol	 is	 covering	 approximately	50%	of	 total	membrane	
lipids	 in	 the	 plasma	 membrane	 and	 80%	 in	 the	 ocular	 membrane	 [5].	
Cholesterol	lipid	is	involved	in	providing	mechanical	strength,	controlling	phase	
behaviour	 and	 supporting	 membrane	 lateral	 stability	 and	 organisation.	
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Cholesterol	 is	 also	 a	molecular	 “glue”	 that	 holds	 essential	 cell	 signalling	 lipid	
rafts	 together.	Moreover,	 it	 is	 a	 precursor	 for	 steroid	 hormones,	 bile	 salts	 and	
vitamin	D.	Both	the	plasma	membrane	and	mitochondrial	inner	membrane	have	
saturated	cholesterol-rich	domains	in	an	animal	cell [6].	
	

1.1.2	Bacterial	cell	structure	

Bacteria	 are	prokaryotic	 organisms.	Due	 the	 strength	 and	 rigidity	 of	 their	 cell	
walls,	bacterial	cells	can	be	characterised	according	to	size	and	shape.	They	can	
be	divided	 into	 three	 forms.	 First,	 there	 are	 those	of	spherical	 form,	 generally	
with	 a	 diameter	 from	 0.8	 to	 1	 μm,	 such	 as	 Neisseria	 gonorrhoeae	 that	 is	
composed	of	a	pair	of	spherical	forms,	or	Staphylococcus	aureus,	a	grape-shape	
like	 cluster	 of	 spherical	 forms.	 Second,	 there	 are	 rod-shaped	 bacteria,	 whose	
rods	 are	 shaped	 differently	 according	 to	 species.	 For	 example,	 the	 rod	 can	be	
formed	 as	 diplobacilli	 with	 two	 single	 rod-shaped	 bacteria	 side	 by	 side;	
streptobacilli,	wherein	the	single	rod-shaped	bacterium	is	arranged	in	chains;	or	
coccobacillus,	 which	 forms	 like	 an	 oval	 or	 circular	 shaped	 bacterium.	 These	
different	morphologies	and	 lengths	of	bacterium	shapes	are	a	useful	means	 to	
identify	 bacterium.	 Third,	 there	 are	 bacteria	 of	 a	 curved	 rod	 or	 spiral	 shape.	
These	shapes	of	bacterium	usually	do	not	have	a	rigid	cell	wall,	 such	as	 in	 the	
case	of	members	of	the	Spirillum	genus,	Helicobacter	species,	or	Campylobacter	
species.	 Finally,	 some	 recently	 identified	 bacteria	 cannot	be	 classified	 into	 the	
previous	three	forms,	such	as	members	of	the	Angulomicrobium	genus	that	form	
a	tetrahedral	shape	(Figure	7)	[7].	Bacteria	structure	in	general	is	composed	of	a	
capsule	on	 the	 exterior,	 followed	by	 the	 cell	wall,	 cytoplasmic	membrane	 and	
flagella	on	the	surface,	which	acts	like	a	motor	driving	the	bacteria.	The	bulk	of	
the	 internal	 space	 in	 bacteria	 is	 the	 cytoplasmic	 space,	 within	 which	 the	
bacterial	nuclear,	ribosome	and	plasmids	are	able	to	communicate.		
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Figure	 7:	 Various	 morphology	 shapes	 of	 bacteria.	 The	 cocci	 bacterium	 has	 a	
sphere	 shape	 (in	 orange),	 the	bacilli	 bacterium	has	 a	 rod	 shape	 (in	 blue)	 and	
some	other	bacteria	are	spiral	shaped	(in	red).			
	

1.1.2.1	Gram-positive	and	Gram-negative	bacteria	

Another	way	of	characterising	bacteria	is	based	on	the	presence	of	either	one	or	
two	lipid	membranes	surrounding	the	cell.	These	two	groups	are	referred	to	as	
Gram-positive	and	Gram-negative	bacteria,	respectively.	The	names	are	based	on	
their	resistance	or	susceptibility	to	Gram	staining.	In	Gram-positive	bacteria,	the	
cell	 membrane	 is	 encapsulated	 by	 a	 thick	 layer	 of	 peptidoglycan,	 which	 is	 a	
network	of	 cross-linked	peptide	 and	glycan	units	 that	maintain	 the	 shape	and	
physical	strength	of	the	cell	(Figure	8).	
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Figure	 8:	 The	 structure	 of	 a	 Gram-positive	 bacterial	 cell	 envelope.	 The	 cell	
envelope	is	composed	of	a	thick	layer	of	peptidoglycan	and	a	membrane	made	of	
a	mix	of	phospholipids	that	is	embedded	with	membrane	proteins	(coloured	in	
green).		
	

Unlike	 in	 Gram-positive	 bacteria	 cell	 envelopes,	 Gram-negative	 bacteria	 have	
two	 membranes,	 the	 outer	 and	 inner	 membrane,	 and	 a	 thin	 layer	 of	
peptidoglycan	between	these	two	membranes	(Figure	9).	The	outer	membrane	
is	formed	of	two	asymmetric	leaflets,	where	the	upper	leaflet	consists	mainly	of	
lipopolysaccharides,	 and	 a	 few	 glycerophospholipids,	 while	 the	 inner	 leaflet	
consists	 of	 phospholipids,	 primarily	 phosphatidylethanolamine	 and	
phosphatidylglycerol,	 and	 membrane	 proteins,	 which	 are	 mostly	 β-barrel	
proteins.	 The	 inner	 membrane	 is	 formed	 of	 a	 symmetric	 bilayer	 with	
phospholipids	 that	have	a	similar	composition	 to	 the	 inner	 leaflet	of	 the	outer	
membrane	but	with	a	different	 lipid	 ratio,	which	changes	during	 the	bacterial	
life	cycle,	and	membrane	proteins	in	the	inner	membrane	that	are	composed	of	
multiple	α-helices	or	β-barrels.	In	E.	coli,	one	lipid	tail	is	typically	saturated,	and	
is	mostly	palmitoyl,	while	 the	other	 tail	 is	more	variable.	However,	 during	 the	
bacterial	 cell	 cycle,	 lipid	 tails	 are	 mono-unsaturated	 at	 a	 point	 evenly	 split	
between	palmitoleoyl,	 and	at	other	points,	 the	double	bond	gets	 turned	 into	a	
cyclopropane	ring.	Some	simulation	studies	have	 focussed	on	 these	 tails	using	
different	 force	 fields,	 for	example	using	CHARMM	 [8]	or	GROMOS	 [9] and have 

comparing	 results	with	 experimental	 data.	Two	membranes	 enclose	 a	 cellular	
compartment,	 which	 is	 referred	 to	 as	 the	 periplasmic	 space,	 where	
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peptidoglycan	 is	 located	 and	 connected	 with	 the	 outer	 membrane	 through	
covalent	 attachments	with	 Braun’s	 lipoprotein	 and	 non-covalent	 interactions	
with	 some	 outer	 membrane	 proteins,	 such	 as	 outer	 membrane	 protein	 A	
(OmpA)	[10].	
	

	
Figure	9:	The	 structure	 of	 a	Gram-negative	 bacteria	 cell	 envelope.	 The	 Gram-
negative	bacteria	cell	envelope	comprises	two	membranes,	the	outer	membrane	
and	 the	 inner	membrane,	 and	 a	 layer	 of	 peptidoglycan	mesh	 located	 between	
the	 two.	 The	 outer	 membrane	 is	 an	 asymmetric	 membrane	 with	
lipopolysaccharide	 in	 the	 upper	 leaflet	 and	mixed	 phospholipids	 in	 the	 lower	
leaflet,	 while	 the	 inner	 membrane	 is	 a	 symmetric	 membrane	 with	 a	 mix	 of	
phospholipids.	 A	 variety	 of	 membrane	 proteins	 are	 embedded	 in	 either	 the	
outer	membrane	or	inner	membrane,	which	are	attached	with	peptidoglycan	at	
either	 the	C	or	N	 terminus	of	 the	membrane	protein	(coloured	 in	grey,	green).	
There	 are	 also	 a	 few	 membrane	 proteins	 that	 are	 located	 crossing	 the	 two	
membranes	(coloured	in	yellow).	
	

1.1.2.3	Lipopolysaccharide	

As	 described	 in	 the	 previous	 section,	 the	 OM	 is	 a	 unique	 asymmetric	
phospholipid	 membrane	 that	 so	 far	 has	 only	 been	 found	 in	 Gram-negative	
bacteria.	 The	 inner	 leaflet	 consists	 of	 mostly	 phosphatidylethanolamine	 and	
phosphatidylglycerol,	 while	 the	 outer	 leaflet	 is	 rich	 in	 glycolipids,	 mainly	
lipopolysaccharide	(LPS)	lipids	(Figure	10).	LPS	is	a	complex	glycolipid	and	acts	
as	an	extraordinary	permeability	barrier	due	to	its	low	fluidity.	Its	fluidity	rate	
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also	 depends	on	 the	 various	 size/length	 of	 sugars.	 For	 example,	 the	 diffusion	
rate	of	LPS	with	complete	 inner	core	sugars	 is	approximately	32	 times	slower	
than	PE	phospholipids,	which	are	0.133	x	10-8	cm2/s	 for	LPS	and	3.252	x	10-8	
cm2/s	for	PE	[11].	Due	to	being	a	potent	elicitor	of	innate	immune	response	and	
playing	 a	 role	 in	pathogenesis	 infection	 in	 plant	 and	 animal	 hosts,	 LPS	 is	also	
known	as	an	endotoxin	[12,13].		
	

	
Figure	10:	The	 schematic	 structure	 of	 lipopolysaccharide	 (LPS).	 Lipid	A	 is	 the	
minimum	 structure	 of	 LPS.	 Its	 structure	 is	 usually	 conserved	 among	 different	
species.	 Deep	 rough	 LPS	 (named	 Re	 LPS)	 is	 composed	 of	 a	 disaccharide	 of	
glucosamine	phosphate	with	ester	linkage	to	fatty	acids	of	the	chain	lengths	 in	
Lipid	A.	Rough	LPS	(named	Ra	LPS)	includes	all	10	oligosaccharide	sugars	in	the	
core	region	(inner	core	and	outer	core)	and	Lipid	A,	except	the	O-antigen.	
	

In	most	bacteria,	LPS	displays	a	common	structure	that	can	be	divided	into	three	
parts,	 Lipid	 A,	 core	 oligosaccharide	 and	 O-antigen.	 Lipid	 A	 anchors	 the	 LPS	
molecules	 through	 electrostatic	 and	 hydrophobic	 interactions	 in	 the	 outer	
leaflet	of	OM,	while	the	 latter	 two	groups,	core	oligosaccharide	domain	and	O-
antigen,	are	part	of	a	hydrophilic	chain.	The	complete	LPS,	comprising	all	three	
domains,	 is	 termed	 “smooth”	 LPS,	 LPS	 lacking	 the	 O-antigen	 chain	 is	 called	
“rough”	LPS	(also	referred	to	as	Ra	LPS)	and	LPS	only	including	two	3-deoxy-D-
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manno-oct-2-ulosonic	acid	sugars	and	Lipid	A	 is	called	“deep	rough”	LPS	(also	
referred	to	as	Re	LPS).	The	difference	between	the	three	regions	lies	not	only	in	
their	 chemical	 structure,	 but	 also	 in	 their	 functional	 properties.	 The	 survival	
ability	 of	 the	 bacteria	 is	 related	 to	 the	 core	 structure,	 while	 the	 antigenic	
property	 is	 associated	 with	 the	 O-antigen	 polysaccharide	 chain,	 and	 the	
endotoxic	function	is	connected	to	Lipid	A.	
	

Lipid	A	is	a	phosphorylated	glycosamine	disaccharide	with	multiple	ester-linked	
long	fatty	acid	tails,	 the	number	of	which	varies	between	different	species.	For	
example,	Escherichia	coli	(E.	coli)	has	six	 tails,	and	Pseudomonas	aeruginosa	(P.	
aeruginosa)	 has	 five	 tails	 (Figure	 11).	 The	 Lipid	 A	 structure	 is	 the	 most	
conserved	 portion	 of	 LPS	 and	 comprises	 a	 β-(1à6)-linked	 D-glucosamine	
disaccharide	backbone.	The	hydrophobic	 fatty	acid	chains	anchor	 the	LPS	 into	
the	bacteria	membrane.	
	

	

	
Figure	11:	The	schematic	structure	of	Lipid	A	for	E.	coli	and	P.	aeruginosa.	
	

Core	 oligosaccharide	 components	 attach	 directly	 to	 Lipid	 A	 and	 are	 usually	
sugars.	 The	 core	 oligosaccharide	 domains	 can	 be	 further	 separated	 into	 two	
regions,	one	proximal	to	Lipid	A	(inner	core)	and	another	distal	to	Lipid	A,	but	
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proximal	to	O-antigen	(outer	core).	The	inner	core	oligosaccharide	contains	two	
3-deoxy-D-manno-oct-2-ulosonic	acid	(Kdo)	sugars	linked	to	three	L-glycero-D-
manno-heptose	 residues.	 Kdo	 sugars	 are	 rarely	 seen	 in	 other	 glycans	 and,	
therefore,	 can	 be	 considered	 as	 a	 marker	 for	 LPS.	 The	 outer	 core	 in	 LPS	
generally	 consists	 of	 an	oligosaccharide	of	up	 to	 six	 sugar	units	with	a	mix	 of	
glucosamine	 and	 galactose	 or	 their	 derivatives.	 The	 overall	 core	 region	 is	
negatively	 charged	 due	 to	 the	 sugar	 acids	 (e.g.	 Kdo	 sugar)	 and	 phosphoryl	
substituents.	 This	 will	 result	 in	 a	 strong	 lateral	 interaction	 between	 LPS	
molecules	as	a	consequence	of	the	bridging	action	of	divalent	ions	(e.g.	Mg2+	or	
Ca2+)	 that	 stabilise	 the	 structure	 and	 counteract	 the	negative	 repulsive	 charge	
[12].	
	

O-antigen	is	attached	to	the	core	oligosaccharide	and	comprises	the	outermost	
domain	 of	 the	 LPS	molecule.	 The	 length	 and	 composition	 of	 O-antigen	 varies	
from	species	to	species,	ranging	from	a	minimum	of	one	to	eight	units	up	to	fifty	
sugar	units.	Also,	like	any	polysaccharide	structure,	the	O-antigen	structure	can	
be	linear	or	branched	and	substituted	by	many	different	aglycones,	which	is	the	
remaining	compound	that	has	its	glycosyl	group	from	a	glycoside	replaced	by	a	
hydrogen	 atom,	 to	 increase	 the	 growing	O-antigen	 chain.	The	 uniqueness	and	
specificity	of	O-antigen	can	be	one	way	to	determine	each	bacterial	serotype	as	a	
kind	of	fingerprint	for	bacteria.	In	pathogens,	O-antigen	is	in	direct	contact	with	
the	host	and	also	protects	the	bacteria	from	the	effect	of	various	antibiotics,	thus	
acting	 like	a	“shield”,	as	shown	by	the	relative	sensitivity	of	rough	type	strains	
compared	to	smooth	type	strains	[12,14].	

	
1.2	Membrane	proteins	
Membrane	proteins	are	key	players	in	either	biological	or	biomedical	processes,	
such	as	transport,	signal	recognition,	transduction,	receptors,	energy	conversion	
and	 linkers.	They	 constitute	 approximately	 20%	 to	30%	of	 genomes	 [15]	and	
are	 the	 targets	 for	about	50%	of	available	drug	on	 the	market	 [16].	There	are	
many	 species	 of	 proteins	 that	 are	 embedded	 in	 the	 lipid	 bilayer	 or	 on	 its	
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surfaces	in	a	typical	biological	membrane.	It	has	been	estimated	that	more	than	
half	of	 these	proteins	 have	 some	 functional	 activity	 related	 to	 the	membrane.	
Membrane	 proteins	 can	 be	 classified	 into	 three	 types,	 peripheral	 proteins,	
amphitropic	proteins	and	integral	proteins	(Figure	12).	Peripheral	proteins	are	
attached	 through	weak	 charges	 or	 hydrogen	 bonds	 on	 the	 surface	 of	 integral	
proteins	 or	 the	 anionic	 head	 groups	 of	 phospholipids.	 In	 experimental	 work,	
they	 can	 be	 easily	 removed	 by	 washing	 off	 the	 membrane,	 whereas	 the	
extraction	of	integral	proteins	requires	disruption	of	the	membrane.	Many	types	
of	 peripheral	 proteins	 can	 be	 considered	 as	 amphitropic	 proteins	 because	
induced	 phosphorylation,	 acylation	 or	 ligand	 binding	 can	 cause	 a	
conformational	change	from	a	water-soluble	form	to	a	membrane-bound	form.	
Integral	 proteins,	 known	 as	 lipid-anchored	 proteins,	 are	 tightly	 bound	 to	 the	
membrane	and	it	is	estimated	that	about	20%	to	30%	of	proteins	belong	to	this	
classification.	 These	 proteins	 are	 often	 bound	 to	 more	 than	 one	 lipid	 in	 the	
membrane	because	this	gives	them	a	more	stable	attachment	to	the	bilayer	[17].		
The	membrane	proteins	simulated	in	chapter	5	will	be	described	in	detail	in	the	
following	sections.	
	

	
Figure	 12:	 Three	 types	 of	 membrane	 proteins:	 integral	 proteins,	 peripheral	
proteins	and	amphitropic	proteins.	
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1.2.1	Outer	membrane	proteins	

The	 outer	 membrane	 of	 Gram-negative	 bacteria	 acts	 as	 a	 protective	 barrier	
against	 external	entities	while	also	 controlling	 the	 efflux	 and	 influx	of	 solutes.	
Outer	membrane	proteins	(OMPs)	located	in	bacterial	outer	membranes	provide	
a	variety	of	 functions	and	 it	has	been	predicted	that	2%	to	3%	of	 the	genes	 in	
Gram-negative	bacteria	 encode	 integral	OMPs.	To	date,	 only	about	326	unique	
OMP	 structures	 have	 been	 solved	 by	 NMR	 or	 X-ray	 crystallography	 (see	
http://blanco.biomol.uci.edu/mpstruc/)	 and	 these	 OMPs	 share	 an	 overall	
common	β-barrel	architecture.	OMPs	usually	have	an	even	number	of	β–strands	
ranging	from	8	to	24	that	are	arranged	in	an	anti-parallel	direction	connected	by	
short	 turns	 on	 the	 periplasmic	 side	 of	 the	 membrane	 [18].	 Even	 though	 the	
overall	β-barrel	 scaffold	 of	 OMPs	 is	 conserved,	 the	 number	 of	 stands	 and	 the	
properties	 of	 the	 loops	 tend	 to	 differ,	 resulting	 in	 a	 diverse	 group	 of	 proteins	
with	 distinct	 functions,	 including	 solute	 transport	 and	 signal	 transduction	
(Figure	 13).	 The	 outer	 surface	 of	 barrel	 proteins	 is	 hydrophobic	 and	 the	
membrane-solvent	 interface	 is	 composed	 of	 amphipathic	 aromatic	 residues,	
such	as	tryptophan	or	tyrosine	(Figure	14).	
		
	

	
Figure	13:	The	diversity	of	protein	 stuctures	 in	 the	outer	membrane	of	Gram-
negative	 bacteria.	 These	 outer	 membrane	 proteins	 share	 a	 common	 β-barrel	
structure	and	can	be	found	either	as	a	single	β-channel	protein,	OpLD	(in	blue),	
a	 full-length	dimer	OmpA	(in	magenta),	or	a	 trimer	OmpF	 (in	green,	 cyan	and	
orange).		
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Figure	14:	An	example	of	a	membrane	protein	(OmpA)	showing	the	amphipathic	
aromatic	ring	residues	(eg.	TRP	and	TYR)	near	the	membrane-solvent	surface.	
	

Porins	are	known	as	a	class	of	pore-forming	protein	in	the	outer	membranes	of	
Gram-negative	bacteria,	 chloroplasts	 and	mitochondria.	 In	general,	most	porin	
structures	show	a	single	β-barrel	architecture	with	a	larger	pore	diameter.	Their	
substrate	selectivity	is	 less	specific	than	that	of	 ion	channel	proteins	and	some	
porins	 can	 form	as	dimers	 (eg.	Outer	membrane	phospholipase	A;	OMPLA)	or	
trimers	(eg.	Outer	membrane	protein	F;	OmpF	and	Outer	membrane	protein	C;	
OmpC).	 The	 general	 porin	 function	 is	 to	 regulate	 a	 simple	 diffusion	 of	 small	
molecules,	 typically	 less	 than	 1kDa,	 across	 the	 outer	 membrane	 of	 the	
periplasmic	space.	They	allow	most	solute	molecules	to	bypass	the	barrel	while	
excluding	the	toxins	or	proteases.	These	porins	also	provide	a	main	channel	for	
antibiotics	 transport.	 For	 example,	 OmpC	 and	 OmpF	 proteins	 in	 E.	 coli	 show	
antibiotic	 resistance	 to	 β-Lactams,	 and	 OprD	 protein	 in	 P.	 aeruginosa	 has	
displayed	 resistance	 to	 carbapenems	 [19].	 Some	 porins	 form	 a	 non-specific	
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channel,	 but	 some	 do	 display	 substrate	 specificity,	 such	 as	 in	 the	 case	 of	
maltoporin	[20],	which	shows	selectivity	for	linear	oligosaccharides.		

	

1.2.1.1	OmpA	

Outer	membrane	protein	A	(OmpA)	is	one	of	the	most	abundant	OMPs	in	E.	coli	
with	approximately	100,000	copies	found	per	cell	[21].	Its	monomeric	structure	
is	 also	 one	 of	 the	 most	 widely	 studied	 OMPs,	 both	 in	 experimental	 and	
computational	studies	(Figure	15).	The	structure	of	 this	extensively	studied	β-
barrel	protein	has	been	solved	by	both	NMR	spectroscopy	and	X-ray	techniques	
and	found	to	have	a	total	of	325	amino	acid	residues,	consisting	of	two	distinct	
domains	that	are	connected	by	15	amino	residues	in	a	proline-rich	linker	region.	
The	 overall	 crystal	 structure	 of	 the	 monomeric	 barrel	 has	 a	 cross-sectional	
diameter	length	of	around	26	Å	and	a	cylindrical	length	of	around	60	Å,	and	the	
β-strands	 are	 tilted	 at	 an	 average	 of	 45°	 relative	 to	 the	 barrel	 axis.	 The	 N-
terminal	domain	of	OmpA	comprises	eight-stranded	β-barrel	with	around	170	
amino	acids	 that	are	 located	within	 the	OM.	The	hinge	 links	 the	N-terminal	 to	
the	 soluble	 C-terminal	 domain,	which	 is	 located	 in	 the	 periplasm	with	 highly	
conserved	 residues.	 The	 C-terminal	 domain	 is	 proposed	 to	 interact	 with	 the	
peptidoglycan	 layer	 in	periplasm.	The	structure	of	 	 the	C-terminal	domain	and	
the	linker	from	E.	coli	is	yet	to	be	determined.	Nevertheless,	several	homologous	
structures	for	the	C-terminal	domains	of	other	species	have	been	resolved,	while	
the	 structure	 of	 the	 linker	 region	 still	 remains	 unknown.	 OmpA	 is	 usually	
considered	 as	 monomeric,	 but	 a	 full-length	 homodimer	 OmpA	 structure	 was	
recently	proposed	from	mass	spectrometry	data	by	Marcoux	and	his	colleagues	
[10].	A	 simulation	 study	predicted	 the	 linker	 to	 be	highly	 flexible	 and	 able	 to	
expand	and	contract	to	pull	the	C-terminal	domain	up	towards	the	membrane	or	
push	it	down	to	the	periplasm.	The	overall	strcuture	of	full-length	OmpA	is	also	
stable	in	the	outer	membrane	due	to	the	large	dimerisation	interface	[22–24].	
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Figure	15:	The	 full-length	OmpA	dimer	(in	red)	and	monomer	(in	blue).	These	
structures	are	taken	from	Robinson	et	al.	[10].	
	
	

1.2.2	AqpZ	

To	 control	 and	 exchange	 substrates	 between	 the	 exterior	 and	 interior	
compartments	 and	 provide	 the	 energy	 to	 maintain	 the	 electrochemical	
gradients	 necessary	 for	 many	 physiological	 processes,	 a	 specialised	 protein	
must	 exist.	 Aquaporin	 (Aqp)	 facilitates	 water	 transport	 across	 biological	
membranes	 and	 can	 be	 found	 in	 various	 species.	 For	 example,	 Aqp1	 can	 be	
found	 in	 red	 blood	 cells,	Aqp4	 in	 the	 brains	 of	mammalian	 species,	 AqpM	 in	
archae,	SoPIP2;1	in	plants,	and	AqpZ	in	E.	coli	[25].	Here,	I	will	only	focus	on	the	
E.	coli	water	 pore,	 AqpZ,	 for	which	 simulation	will	 be	 presented	 in	 Chapter	 5.	
AqpZ	 is	 a	homotetramer,	 which	 is	 formed	 from	 two	 protomers	 (A	 and	 B)	 per	
asymmetric	unit	and	shares	a	high	amino	acid	sequence	homology	with	 the	E.	
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coli	 glycerol	 facilitator	 GlpF.	 The	 channel	 is	 formed	 by	 the	 packing	 of	 the	
canonical	 aquaporin	 fold	 of	 six	 transmembrane	 helixes,	 M1-M3	 and	 M5-M7	
(Figure	 16).	 AqpZ	 is	 a	 highly	 efficient	 water	 channel	 protein	 that	 transports	
water	molecules	at	a	rate	of	six	 times	 that	of	GlpF.	The	structure	of	AqpZ	was	
determined	at	2.5	Å	resolution	by	X-ray	crystallography	[26].	The	length	of	the	
protein	channel	is	approximately	28	Å	long	with	the	narrowing	of	the	pore	to	a	
diameter	 of	 2	Å	 that	widens	 out	 to	 a	 cytoplasmic	 and	periplasmic	 space.	 The	
AqpZ	 channel	 is	 amphipathic;	 it	 has	 a	 highly	 hydrophobic	 region	 from	 an	
abundance	 of	 valines,	 phenylalanines	and	 isoleucines	within	 the	 channel	 pore	
and	a	hydrophilic	 interface	consisting	of	 four	adjacent	carbonyls,	Gly59,	Gly60,	
His61	and	Phe62	in	N	terminal	domain,	and	Asn182,	Tyr183,	Ser184	and	Val185	
in	C	terminal	domain	[27,28].	
	

	
Figure	16:	An	X-ray	model	 of	 an	AqpZ	 tetramer	protein	 (PDB:	 2ABM)	 shown	
from	the	periplasmic	side	and	side	views.		
	

1.2.3	LacY	

Lactose	 permease	 (LacY)	 utilises	 the	 proton	 gradient	 across	 the	 inner	
membrane	to	drive	the	accumulation	of	lactose	inside	the	cell	(Figure	17).	LacY	
belongs	 to	 the	 Major	 Facilitator	 Superfamily	 (MFS),	 which	 is	 found	 in	
membranes	 of	 all	 kingdoms	 of	 life,	 from	 archaea	 to	 the	 mammalian	 nerve	
system.	LacY	 is	composed	of	417	amino	 acid	 residues	 forming	12	helices	 that	
are	 embedded	 in	 the	 hydrophobic	 region	of	 the	membrane	 and	 connected	by	
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relatively	 hydrophilic	 loops.	 The	 first	 LacY	 X-ray	 crystal	 structure	 was	
determined	 at	 3.5	Å	 resolution	 from	 the	 C154	mutant	 structure	 [29].	The	 top	
view	 of	 the	 protein	 seen	 from	 the	 cytoplasmic	 space	 is	 oval-shaped	 with	 a	
dimension	of	60	Å	by	30	Å,	while	the	side	view	from	parallel	to	the	membrane	is	
heart-shaped	with	a	largest	dimension	of	60	Å	by	60	Å.	The	interior	hydrophilic	
cavity	 towards	 the	 cytoplasmic	 side	 is	 approximately	 25	 Å	 by	 15	 Å,	 which	
represents	 the	 inward-facing	conformation.	From	the	crystal	structure,	LacY	 is	
highly	 specific	 for	 the	 galactose	 moiety	 of	 lactose	 and,	 therefore,	 can	 only	
transport	 galactose	 and	 its	 many	 derivatives,	 but	 not	 glucose	 or	 D-
glucopyanosides.	 The	 structure	 also	 provides	 information	 about	 proton	
translocation	and	coupling	of	proton	and	lactose	uptake	for	symport	[30,31].	In	
the	 last	 few	 years,	 several	 simulation	 studies	 have	 revealed	 the	 transport	
mechanism	of	the	possible	intermediate	in	LacY	through	a	narrower	periplasmic	
channel	and	a	widely	open	cytoplasmic	channel.	Also,	 the	outward	opening	or	
closing	state	of	protein	conformation	is	related	to	the	changes	in	the	protonation	
states	 of	 specific	 acidic	 residues	 in	 protein	 that	 form	 a	 transmembrane	
protonation	relay	[32,33].		
	

	
Figure	17:	The	overall	structure	of	LacY	viewed	from	the	cytoplasmic	side	(left)	
and	 along	 the	 plane	 of	 the	 membrane	 (right).	 The	 pseudo-symmetry	 protein	
structure	is	demonstrated	with	two	distinct	colours,	orange	and	green.	
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1.2.4	RND	efflux	family	

The	Resistance	Nodulation	Division	(RND)	superfamily	is	made	up	of	one	of	the	
multidrug	 efflux	 transporter	 proteins	 and	 is	 a	 major	 contributor	 to	 the	
multidrug-resistant	 (MDR)	phenotype.	The	protein’s	effectiveness	 in	rendering	
the	host	cell	resistant	is	due	to	its	structure:	a	tripartite	complex	composed	of	a	
proton	substrate	antiporter,	which	functions	as	an	engine	and	active	transporter	
of	 the	 assembly	 complex,	 together	 with	 an	 outer	 membrane	 channel	 for	 the	
efflux	of	substrate,	 and	an	 inner	membrane	protein	 coupling	 the	 two	proteins	
[34].	RND	transporters	have	a	wide	range	of	substrate	specificity	from	bacteria	
and	archaea	 to	eukaryotes.	 In	E	coli,	AcrB,	AcrD,	AcrEF,	MdtABC	and	MdtEF	 in	
the	inner	membrane	belong	to	the	RND	family	and	all	require	TolC	in	the	outer	
membrane	 to	 function.	 More	 homologous	 complexes	 are	 widely	 distributed	
across	Gram-positive	 bacteria,	 animals	and	plant	 pathogens.	The	AcrABZ-TolC	
systems	 in	 E.	 coli	 have	 been	 studied	 widely	 since	 the	 three	 structure	
components	 were	 crystallised.	 AcrBZ	 cooperates	 with	 the	 outer	 membrane	
channel,	 TolC,	 and	 a	 membrane	 fusion	 protein,	 AcrA.	 This	 protein	 complex	
exports	 antibiotics,	 anticancer	 chemotherapeutics,	 antiseptics	 and	 toxic	
compounds	 (e.g.	 cationic,	 zwitterionic	 and	neutral	 compounds)	 out	 of	 the	 cell	
[35].	
	

1.2.4.1	AcrABZ-TolC	efflux	pump	

AcrA	

AcrA	 is	an	adapter	protein	 that	belongs	 to	one	of	 the	membrane	 fusion	
proteins	(MFPs)	(Figure	18).	The	crystal	structure	of	the	28-kDa	core	of	
AcrA	consists	of	397	amino	acids,	which	can	be	divided	into	four	linearly	
arranged	domains	(membrane	proximal,	β-barrel,	 lipoyl	domain,	and	α-
helical	hairpin	domains).	The	β-barrel	domain	and	membrane	proximal	
domains	are	essentially	contacted	with	the	porter	and	docking	domain	of	
AcrB,	while	the	α-helical	hairpin	domains	are	involved	in	the	contact	with	
the	periplasmic	end	of	TolC	[36].		
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AcrBZ	

The	structure	of	AcrBZ	(Figure	18)	contains	12	transmembrane	α-helices	
and	 two	 large	 hydrophilic	 loops	 pointing	 towards	 the	 periplasmic	
surface.	 It	 is	an	asymmetric	homotrimer	with	a	 triangular-prism	shape,	
in	 which	 each	 protomer	 has	 three	 domains.	 The	 asymmetric	 structure	
suggests	that	drug	exportation	can	be	a	three-step	rotational	mechanism.	
The	 only	 structural	 difference	 between	 these	 two	 proteins	 is	 that	 the	
latter	 one	 has	 one	 extra	 hydrophobic	α-helix,	 AcrZ.	 AcrZ	 is	 a	 small	49-
residue	protein	that	has	been	identified	as	a	binding	partner	of	AcrB.	 It	
sits	in	the	transmembrane	domain	of	AcrB	angled	at	nearly	45°	from	the	
normal	 vector	 of	 the	 lipid	 membrane.	 This	 small	 helix	 starts	 in	 the	
periplasm	while	the	C	terminus	ends	in	the	cytoplasm,	where	it	interacts	
with	 the	 hydrophilic	 surface	 of	 AcrB.	 AcrB	 confers	 resistance	 to	 many	
types	of	antibiotics	and	transports	a	wide	range	of	chemical	substrates,	
but	 the	 selection	 mechanism	 of	 these	 substrates	 over	 others	 is	 still	
unknown.	 It	 is	 possible	 that	 AcrZ	 has	 a	 direct	 effect	 on	 substrate	
recognition,	such	that	binding	of	AcrZ	to	AcrB	could	result	in	trafficking	
another	range	of	drugs,	e.g.	drugs	of	lower	hydrophobicity	[36–38].	

	

TolC	

The	TolC	channel	structure	presents	a	unique	single	pore	that	contains	a	
12-stranded	 β-barrel	 and	 a	 contiguous	 100	 Å	 length	 12-stranded	 α-
helical	 tunnel	 through	 the	 periplasm	 (Figure	 18).	 TolC	 is	 a	 common	
component	that	can	be	found	in	the	three	representatives	of	the	tripartite	
multidrug	 efflux	 pump	 family,	 the	MFS-type	 efflux	 pump	 (EmrA-EmrB-
TolC),	 the	 RND-type	 acridine	 efflux	 pump	 (AcrA-AcrBZ-TolC)	 and	 the	
ABC-type	 macrolide	 pump	 (MacA-MacB-TolC).	 TolC	 provides	 an	
uninterrupted	 pathway	with	 an	 average	 accessible	 interior	 diameter	 of	
roughly	20	Å.	The	shape	of	the	tunnel	cylinder	structure	is	well	formed	as	
an	 exit	 duct,	 but	 it	 is	 tightly	 constricted	 at	 the	 cytoplasmic	 end	 to	 the	
outer	membrane,	with	an	effective	diameter	of	approximately	only	3.9	Å	
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at	 the	 resting	 state,	 and	 is	 too	 narrow	 to	 be	 a	 free	 substrate	 transport	
passage.	 When	 interacting	 with	 a	 substrate-carrying	 inner	 membrane	
transport	 (e.g.	 AcrBZ),	 the	 TolC	 tunnel	 should	 be	 opened.	 The	 more	
flexible	helical	hairpin	of	AcrA	may	be	involved	in	the	opening	of	TolC	by	
engaging	its	inner	helices.	The	crystal	structure	of	partially	opened	states	
of	 TolC	 has	 been	 produced	 from	mutational	 studies	 to	 provide	 insight	
into	 how	 the	 channel	 end	 is	 dilated.	 The	 structure	 shows	 that	 the	
opening	of	TolC	is	associated	with	a	change	in	the	coiled	coils,	as	well	as	
reveals	 the	 salt	 bridges	 responsible	 for	 stabilising	 the	 closed	 state	
[34,36].	
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Figure	18:	The	atomic	model	of	the	AcrABZ-TolC	drug	efflux	pump	from	E.	coli.	A	
schematic	 diagram	 of	 the	 cell	 envelope	 is	 shown	 with	 both	 outer	 and	 inner	
membranes.	 TolC	 is	 composed	 of	 α-helical	 and	 β-barrel	 domains;	 AcrA	 is	
composed	 of	 membrane-proximal,	 β-barrel,	 lipoyl	 and	 α-helical	 domains	 that	
are	 attached	with	 TolC	 and	 AcrB;	 AcrB	 can	 be	 divided	 into	 a	 transmembrane	
domain	 and	 an	 extensive	 periplasmic	 domain,	 including	 docking	 and	 porter	
domains;	 and	AcrZ	 is	 a	 49-residue	protein	 that	 traverses	 the	 transmembrane	
domain	of	AcrB.	
	

1.3	Carbon	nanoparticles	
Nanotechnology	has	become	one	of	most	promising	fields	in	science.	As	a	result,	
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carbon	 nanomaterials,	 and	 C60	 fullerenes	 in	 particular,	 have	 attracted	 much	
attention	 as	 powerful	 candidates	 for	 nanoscale	 studies.	The	 history	 of	 carbon	
nanoparticles	 is	 long	 and	 can	 be	 traced	 back	 to	 the	early	 1500s.	 The	 first	 C60	
fullerene	 visualisation	 structure	 was	 produced	 by	 Leonardo	 da	 Vinci	 and	
reproduced	 again	 with	 a	 highly	 symmetrical	 soccer-ball	 configuration	 in	 late	
1500	by	Albrecht	Dürer	[39].	One	single	C60	fullerene	has	an	icosahedron	shape	
that	is	composed	of	12	pentagonal	and	20	hexagonal	faces	(Figure	19).		
	

	
Figure	19:	The	schematic	structure	of	the	carbon	nanoparticle,	C60	 fullerene.	A	
C60	 fullerene	 is	 composed	 of	 one	 pentagon	 (coloured	 in	 red)	 at	 the	 centre	
surrounded	by	five	hexagons	(coloured	in	blue).	
	

The	 first	 carbon	 cluster	 studies	 were	 conducted	 by	 scientists	 using	 laser	
ablation	of	graphite	targets	in	He	gas	to	synthesise	C60	fullerenes.	Since	then,	the	
C60	fullerene	has	been	used	as	a	popular	material	in	a	variety	of	research	studies,	
including	 the	 fields	 of	 material	 science,	 energy	 production,	 biosensing,	
bioimaging,	 medicine	 and	 biology	 [40–44].	 There	 has	 been	 an	 increasing	
awareness	 of	 health	 and	 environmental	 issues	 arising	 from	 the	 use	 of	
nanomaterials,	but	knowledge	about	the	effects	of	nanomaterials	is	still	limited.	
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For	 example,	 the	 airborne	 carbonaceous	 nanoparticles	 generated	 by	 diesel	
engines	have	been	 found	 to	alter	brain	activity	by	 influencing	cell	 intracellular	
signalling	and	protein	expression	and	by	causing	cell	damage.	Also,	the	need	to	
understand	 the	 complexity	 of	 the	 biological	 effects	 caused	 by	 nanomaterials,	
particularly	 from	 the	 interplay	 of	 nanoparticles	 with	 natural	 substances,	 also	
requires	attention.	A	recent	study	has	shown	that	when	a	fullerene	is	present	in	
a	 cell	 culture	environment,	 there	 is	no	 significant	 cell	damage,	and	 that	 in	 the	
case	of	exposure	to	gallic	acid,	a	common	phenolic	acid	abundant	in	tea,	berries	
and	wine,	the	cell	also	functions	correctly.	However,	cells	exposed	to	fullerenes	
together	 with	 gallic	 acid	 in	 the	 environment	were	 found	 to	 contract	 and	 die	
within	 20	 minutes,	 leaving	 the	 physicochemical	 mechanism	 unclear	 [45].	 As	
fullerenes	are	considered	as	a	potential	drug	delivery	agent,	another	challenge	
for	 research	 into	 fullerenes	 is	 determining	 their	 interaction	 with	 lipid	
membranes.	Several	experimental	or	simulation	studies	have	shown	that	a	high	
concentration	 of	 fullerenes	 can	 be	 incorporated	 into	 lipid	 bilayer	membranes	
without	 compromising	 their	membrane	 stability,	 but	 the	 details	 of	 fullerene	
aggregation	 behaviour	 in	 membranes	 is	 not	 yet	 well	 understood	 from	
experimental	 procedures	 [46–48].	Extensive	 simulation	 studies	have	 aimed	 to	
illuminate	 strong	 fullerene	 aggregation	 or	 the	 reduction	of	 fullerene-fullerene	
attraction	in	bilayer	membranes	using	simple	lipid	models.	In	Chapter	4,	we	also	
showed	 how	 fullerene	 interacts	 with	 LPS	 lipids	 and	 their	 aggregation	 and	
disaggregation	 in	 the	outer	membrane	of	bacteria	using	a	molecular	dynamics	
simulation	approach.		
	

1.4	Aims	
Bacteria	can	be	found	everywhere	in	our	life;	some	are	a	necessity,	while	others	
are	 becoming	 a	 health	 threat	 due	 to	 ever	 increasing	 antibiotic	 resistance.	 To	
date,	it	is	still	unclear	how	these	bacteria	evolved,	the	details	of	the	mechanisms	
inside	 these	 bacteria	 and	 how	 complex	 lipid	 types	 or	 proteins	 help	 them	 to	
survive.	In	exploring	these	questions,	molecular	dynamics	simulation	provides	a	
tool	that	can	enable	us	to	understand	the	subtlety	of	a	bacterium.	
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The	principal	aim	of	this	thesis	is	to	investigate	the	mechanism	and	relationship	
of	 an	 Escherichia	 coli	 complex	membrane	model	with	 nanomaterials,	 such	 as	
carbon	nanoparticles,	and	different	membrane	proteins.	The	main	approach	 is	
to	 first	 develop	 a	 coarse-grained	 model	 of	 one	 specific	 lipid,	 the	
lipopolysaccharide	 (LPS),	which	 is	only	 found	 in	 the	outer	 leaflet	 of	 the	outer	
membrane	 in	Gram-negative	bacteria.	This	 is	 followed	by	constructing	an	LPS-
containing	bacteria	membrane	model	to	investigate	its	behaviour	with	different	
components	using	the	molecular	dynamics	simulation	technique	at	the	coarse-
grained	level.	The	aims	of	the	chapters	in	this	thesis	are	as	follows:	
	

• Chapter	2:	To	introduce	the	molecular	dynamics	theory	and	approach.	
	

• Chapter	 3:	 To	 develop	 a	 coarse-grained	 lipopolysaccharide	 model	 to	
construct	a	biologically	relevant	model	of	the	E.	coli	outer	membrane.	

	

• Chapter	 4:	 To	 perform	 both	 unbiased	 and	 biased	 simulations	 to	
investigate	the	mechanism	of	interactions	between	carbon	nanoparticles	
(fullerenes)	and	the	E.	coli	outer	membrane.	

	

• Chapter	 5:	To	 understand	how	various	molecule	 components	 influence	
the	 bacterial	 cell	 envelope	 by	 constructing	 multiple	 realistic	 E.	 coli	
models	with	different	membrane	proteins.	

	

• Chapter	6:	To	summarise	the	entire	thesis.	
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Chapter	2:	Computational	methods	
2.1	Molecular	dynamics	
With	 increasing	 computational	 power,	molecular	 dynamics	 (MD)	 simulations	
have	 become	 a	 well-developed	 tool	 used	 to	 investigate	 the	 time	 dependent	
motions	 of	 biological	 molecules,	 including	membrane	 proteins	 and	 biological	
membranes.	 It	 is	 currently	 difficult,	 if	 indeed	 possible,	 to	 study	 the	
conformational	dynamics	of	a	system	of	biological	molecules	at	the	resolution	of	
atomistic	 or	 near	 atomistic	 detail.	 Computational	 methods,	 however,	 do	 offer	
this	possibility.		
	

Classical	simulations	employ	the	principles	of	statistical	mechanics	to	make	the	
link	 between	 the	 macroscopic	 properties	 of	 billions	 of	 molecules	 in	 a	 real	
system	 and	 the	 thousands	 of	 atoms	 that	 are	 routinely	 studied	 via	 simulation	
(see	 section	2.7	 for	more	details).	 In	 a	simulation	system,	 the	 target	 structure	
needs	 to	 be	 represented	 by	 a	 suitable	 ensemble	 that	 is	 close	 to	 the	 given	
experimental	 conditions,	 such	as	 in	 terms	of	 temperature	and	pressure.	There	
are	two	common	methods	used	to	produce	a	statistically	equilibrated	ensemble:	
Monte	 Carlo	 and	 MD	 simulations.	 MD	 simulations	 have	 the	 advantage	 of	
reproducing	 the	 kinetics	 of	 non-equilibrated	 properties	 with	 more	 accuracy	
than	 Monte	 Carlo	 simulations,	 as	 the	 former	 describes	 time-dependent	
properties,	whereas	the	latter	does	not	[49].	The	research	data	presented	in	this	
thesis	is	obtained	from	MD	simulations.	
	

To	 perform	 an	 MD	 simulation,	 Newton's	 second	 law	 of	 motion	 is	 applied	 to	
calculate	the	function	of	the	position	and	momenta	of	the	atoms	in	the	system.	A	
target	sample	of	the	material	of	interest	is	prepared,	before	it	is	inserted	into	a	
selected	 model	 system	 and	 a	 suitable	 force	 field	 is	 applied.	 The	 force	 field	
provides	details	on	atom-atom	interactions,	and	these	are	then	used	to	calculate	
the	negative	gradient	(-łi)	of	the	potential	energy	of	the	system	(Esystem),	which,	
when	 calculated	 for	 every	 particle,	 results	 in	 the	 force	 exerted	 on	 the	 system	
( )	(Equation	1).		F̂i
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Equation	1	
	

When	the	force	is	calculated	and	the	mass	of	each	particle	in	the	system	(mi)	is	
known,	Newton’s	second	law	of	motion	can	be	used	to	calculate	the	acceleration	
( )	 (Equation	 2).	 The	 concept	 of	 Newton’s	 second	 law	 of	 motion	 is	 used	 to	
calculate	the	dynamic	behaviour	of	all	atoms	in	the	system.		
	

	
Equation	2	

	

The	combination	of	Equations	1	and	2	results	in	the	updated	coordinate	(ri)	of	
the	particles,	which	is	then	used	to	evaluate	the	potential	energy	of	the	system	
over	the	simulation	time	(t)	(Equation	3).	
	

	

Equation	3	
	

The	flowchart	in	Figure	20	shows	a	typical	and	basic	MD	simulation	approach	to	
generate	 a	 final	 structure	 from	 a	 natural	 ensemble	 by	 calculating	 potential	
energy	and	integrating	Newton’s	second	law	of	motion.	

F̂i = −∇Esystem

âi

F̂ =miâi

−
δEsystem

δri
=mδ

2ri
δt2
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Figure	 20:	 A	 schematic	 diagram	 presenting	 the	 general	 method	 used	 when	
performing	a	molecular	dynamics	simulation.	
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2.2	Periodic	boundary	conditions	
Periodic	 boundary	 conditions	 (PBC)	 need	 to	 be	 applied	 in	MD	 simulations	 to	
prevent	boundary	artefacts,	such	as	edge	effects,	in	a	system	of	a	finite	size.	The	
simulated	 atoms	 in	 the	 system,	 which	 are	 usually	 placed	 in	 a	 desired,	 space-
filling	 box,	 are	 surrounded	 by	 translated	 copies	 of	 themselves	 in	 every	
dimension	(Figure	21),	resulting	in	a	more	infinite-like	system	closer	to	the	real	
environment.	The	number	of	simulated	atoms	or	particles	in	the	system	remains	
constant	 under	 PBC.	 Therefore,	 when	 a	 molecule	 drifts	 outside	 the	 primary	
system,	 it	 drifts	 back	 from	 the	 opposite	 site.	 Figure	 20	 depicts	 a	 simple	 MD	
system	with	PBC	where,	when	a	green	particle	 leaves	the	central	box	from	the	
right	side,	another	 identical	particle	reappears	 from	the	 left.	There	are	several	
possible	 shapes	 of	 unit	 cells,	 including	 cubic,	 rhombic	 dodecahedron	 and	
truncated	octahedron.	Cubic	is	the	simplest	unit	cell	whilst	the	octahedron	unit	
cell	 requires	 fewer	 solvent	molecules	 to	 fill	 the	 box	 and	 it	 is	 easily	 visualised	
with	PBC.		
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Figure	 21:	 Example	 of	 a	 simulation	 system	 to	 which	 periodic	 boundary	
conditions	 have	 been	 applied.	 The	 box	 with	 the	 light	 blue	 background	 is	 the	
initial	simulation	system,	while	all	the	other	boxes	are	the	periodic	images	of	the	
system.	The	particles	leaving	on	the	right-hand	side	of	the	box	will	reappear	on	
the	left-hand	side	of	the	box.		
	
2.3	Energy	minimisation	
Energy	 minimisation	 (EM)	 is	 a	 part	 of	 simulation	 protocols.	 The	 typical	 EM	
method	used	in	GROMACS	is	the	steepest	descent	method.	Before	the	simulation	
is	performed,	the	EM	step	is	run	to	bring	the	system’s	potential	energy	closer	to	
a	local	minimum	by	gradually	changing	the	atom	coordinates	to	remove	atoms	
that	overlap	due	to	the	system	setup	or	crystallographic	refinement.	This	allows	
the	 system	 to	 find	 an	 energetically	 favourable	 state	 and	be	more	 equilibrated	
(Figure	22).	 The	method	moves	 the	 energy	 pathway	 of	 the	 system	 towards	 a	
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minimum	point	on	the	negative	gradient,	which	is	based	on	the	force	calculated	
from	the	 initial	structure	position	of	 the	system.	The	step	 is	repeated	until	 the	
local	minimum	 is	 reached	and	 is	stopped	when	either	 the	maximum	potential	
energy	 of	 the	 system	 is	 smaller	 than	 the	 tolerance	 value	 or	 the	 user-defined	
iteration	number	has	been	achieved.	The	steepest	descent	method	is	fast	if	the	
system	is	far	away	from	the	local	minimum,	but	it	is	not	efficient	if	the	system	is	
already	close	to	the	local	minimum.	For	a	system	that	is	already	close	to	the	local	
minimum,	 the	 conjugate	 gradient	method	 can	 be	 applied.	 This	method	 allows	
the	system	to	move	closer	to	the	local	minimum,	however,	 if	 the	system	is	still	
far	away,	it	will	be	very	computationally	expensive.		
	

	
Figure	 22:	 The	 diagram	 shows	 the	 purpose	 of	 energy	 minimisation.	 The	 EM	
method	drives	the	initial	system	closer	to	the	minimum	state	(left).	An	example	
of	an	arginine	molecule	 is	shown	both	 in	 its	 initial	structure	(in	red)	and	after	
energy	minimisation	(in	blue).	
	
2.4	Force	fields	
The	force	field	is	one	of	the	primary	assumptions	to	be	considered	for	all	classic	
simulation	methods.	 In	general,	 force	 fields	are	used	 to	 calculate	 the	potential	
energy	of	every	particle	in	the	system.	Potential	energy	is	determined	by	a	force	
field,	 a	 physical	 model,	 which	 defines	 each	 particle	 to	 be	 simulated	 in	 the	
system.	Currently,	there	are	four	major	force	fields	extensively	used	in	atomistic	
MD	 simulations	 	 (Amber,	 CHARMM,	 GROMOS	 and	 OPLS)	 and	 one	 in	 coarse-



Chapter	2	

	

	 34	

	

grained	MD	simulations	(the	MARTINI	force	field).	
	

2.4.1	Bonded	interactions	

The	 composition	of	 total	potential	 energy	 (PE)	 is	 the	sum	of	 two	 interactions,	
bonded	 and	 non-bonded	 interactions	 (Equation	4).	 Bonded	 interactions	 cover	
the	 stretching	 of	 bonds,	 the	 bending	 of	 valence	 angles,	 the	 torsion	 rotation	 of	
dihedrals,	and	out	of	plane	improper	torsion	potentials	(Equation	5).	Equation	5	
is	a	sum	over	all	bonded	pairs	of	atoms.	
	

	
Equation	4	

	
	

	

Equation	5	
	

There	 are	many	 types	 of	 interaction	 potential	 that	 can	 be	 applied	 to	model	 a	
covalent	 bond	 in	 a	 molecule,	 such	 as	 the	 Morse	 potential	 or	 the	 finitely	
extensible	 nonlinear	 elastic	 (FENE)	 potential.	 However,	 the	 most	 common	
potential	 used	 in	 molecular	 dynamics	 simulations	 is	 the	 harmonic	 bond	
potential.	 The	 calculation	 of	 bonded	 interactions,	 with	 the	 exception	 of	 the	
proper	dihedrals,	is	applied	with	harmonic	potentials	(Figure	23).		

V = bonded + nonbonded∑∑

Vbonded = Kr rAB − r0( )2 + Kθ θAB −θ0( )2 +
angles
∑

bonds
∑ Kφ φ −φ0( )2 + Kχ 1+ cos nχ −σ( )⎡⎣ ⎤⎦

proper
∑

impropers
∑
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Figure	 23:	 Bonded	 harmonic	 potential	 used	 to	 model	 bond	 stretching,	 bond	
angle,	and	improper	dihedrals.	
	

In	Equation	5,	r	represents	bond	length,	where	r0	is	equilibrium	bond	length.	Θ	
is	 the	 angle	 formed	 by	 the	 two	 bonds,	 θ0	 is	 the	 equilibrium	 geometry	 of	 the	
angle,	χ	is	the	value	of	the	dihedral,	Φ	is	the	value	of	the	improper	dihedral,	and	
Φ0	 is	 the	 equilibrium	 value	 of	 the	 improper	 dihedral.	 Kr,	 Kθ	 and	 KΦ	 are	
parameters	provided	in	the	force	fields	and	represent	the	shape	of	the	harmonic	
potential.	 Rotation	 (for	 the	 proper	 dihedrals)	 uses	 a	 cosine	 function	 and	 is	
necessarily	 periodic	 in	 nature	 (Figure	 24).	 The	 determination	 of	 the	 proper	
dihedral	 parameter	 Kχ	 can	 be	 specified	 as	 the	 height	 of	 the	 energetic	 barrier,	
where	n	is	the	multiplicity	or	periodicity	and	σ	is	the	phase,	with	the	value	of	the	
dihedral	at	zero.	



Chapter	2	

	

	 36	

	

	

	
Figure	24:	The	proper	dihedral	angle	used	 for	modelling	 the	rotation	between	
bonds.	
	
	

2.4.2	Non-bonded	interactions	

Non-bonded	 interactions,	 also	 described	 as	 external	 or	 intermolecular	
interactions,	are	defined	between	atoms	that	are	 in	separate	molecules	or	that	
are	 separated	 by	 three	 or	 more	 bonds	 in	 the	 same	 molecules.	 Equation	 6	 is	
composed	of	two	parts:	the	Lennard-Jones	(LJ)	potential,	commonly	referred	to	
as	van	der	Waals;	and	Coulomb’s	Law,	which	is	used	to	model	the	electrostatic	
interaction	between	non-bonded	pairs	of	atoms.	These	non-bonded	interactions	
are	 normally	 calculated	 from	 the	 neighbour	 lists	 that	 are	updated	 every	 5-10	
steps.	
	

	

Equation	6	
	

Van	der	Waals	 interactions	are	composed	of	 the	combination	of	attractive	and	
repulsive	 forces	 between	 two	 atoms	 (Figure	 25).	 The	 energy	 is	 0	 at	 infinite	
distance,	but	the	energy	decreases	as	the	separation	between	the	two	atoms	is	
reduced,	before	passing	 through	a	minimum	point	 and	 increasing	 rapidly.	The	
6th	order	term	of	LJ	potential	describes	the	induced	instantaneous	dipole-dipole	
energy,	called	attractive	 forces,	between	the	neighbouring	atoms,	based	on	the	
definition	of	London’s	dispersion.	When	the	atoms	move	progressively	closer	to	
reaching	 the	 minimum	 energy,	 the	 12th	 order	 term	 of	 LJ	 potential	 starts	 to	
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dominate	 and	 leads	 to	both	 increasing	energy	 and	 repulsion	between	 the	 two	
atoms,	which	move	closer	together	than	the	sum	of	the	van	der	Waals	radii	that	
is	 overlapped	 by	 the	 electron	 density	 of	 two	 atoms.	 This	 leaves	 the	 potential	
energy	 energetically	 unfavourable.	 The	 εij,	 the	 depth	 of	 potential	 well,	 is	 the	
parameter	 when	 the	 two	 interacting	 atoms	 i	 and	 j	 are	 at	 their	 minimum	
distance.	Rmin,	ij	 can	 be	 defined	 as	 the	 distance	 between	 two	 atoms	when	 this	
parameter	is	at	the	minimum	of	LJ	energy.	Both	εij	and	Rmin,	ij	are	defined	based	
on	the	atom	types	in	the	pair.	
	

	
Figure	 25:	The	 van	 der	Waal	 interaction	 is	 calculated	 based	 on	 the	 Lennard-
Jones	potential	between	two	atoms.	The	εij	is	described	as	the	depth	of	the	well	
(shape	 of	 the	 curve),	 while	 Rmin	 is	 the	 distance	 between	 two	 atoms	 at	 the	
minimum	of	LJ	potential.		
	

The	electrostatic	potential	energy	is	based	on	Coulomb’s	Law,	which	calculates	
the	 energy	 between	 two	 charged	 atoms,	 q1	 and	 q2	 (Figure	 26).	 The	 distance	
between	two	atoms	is	 ,		ε0	is	the	parameter	of	permittivity	of	free	space,	and	
εr	is	the	parameter	for	the	dielectric	constant.	
	

rq1q2
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Figure	 26:	 The	 electrostatic	 interaction	 is	 calculated	 using	 Coulomb’s	 Law	
between	two	charged	atoms.	
	

2.4.2.1	Long-range	electrostatics	methods:	the	smooth	particle	mesh	

Ewald	(PME)	method	and	dispersion	correction	

A	 typical	 biological	 system	 may	 include	 tens	 of	 thousands	 to	 hundreds	 of	
thousands	of	particles.	It	therefore	becomes	crucial	to	prevent	computing	of	all	
pair	 interactions	 to	 avoid	 the	computational	 cost	becoming	extremely	high.	 In	
other	words,	using	a	suitable	method	to	compute	long-range	interactions	seems	
to	 be	 essential.	 Also,	 it	 is	 convenient	 to	 use	 the	 same	 cut-off	 radius	 for	 both	
short-range	and	long-range	interactions.	At	present,	three	methods	can	be	used	
in	GROMACS:	Ewald	summation,	Particle-mesh	Ewald	(PME)	and	P3M-AD	[50–
52].	 The	 latter	 two	 methods	 are	 based	 on	 and	 developed	 from	 the	 Ewald	
summation.	The	Ewald	summation	was	a	widely	used	method	in	MD;	however,	
following	 the	 increased	 size	 of	 simulation	 systems,	 this	 approach	 became	
inefficient	 and	 expensive.	 PME	 is	 an	 alternative	 option	 that	 improves	 the	
performance	 of	 the	 calculation	 of	 the	 reciprocal	 sum	 and	 splits	 it	 into	 short-
range	and	 long-range	contributions.	The	short-range	part	 is	directly	calculated	
from	the	interactions	between	particles,	and	the	 long-range	part	 is	used	in	the	
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particle-mesh	method,	thereby	delivering	more	efficient	and	accurate	results.	
	

2.4.3	Atomistic	force	field	

In	 atomistic	 molecular	 dynamics	 simulations,	 two	 types	 of	 force	 field	 can	 be	
chosen,	 the	 all-atom	 force	 field	 (AA)	 or	 the	 united-atom	 force	 field	 (UA)	 [53].	
The	AA	force	field	represents	every	atom	in	the	system	explicitly,	while	the	UA	
force	 field	 groups	 together	 non-polar	 hydrogen	 atoms	 with	 adjacent	 heavy	
atoms.	 The	 advantage	 of	 using	 the	 AA	 force	 field	 is	 the	 accuracy	 of	 the	
simulation	 results	 as	 all	 interactions	 between	 atoms	 are	 included	 for	
calculation;	 however,	 to	 consider	 all	 the	 interactions	 between	 each	 atom	 pair	
requires	 an	 expensive	 computational	 source.	 The	 advantage	 of	 using	 the	 UA	
force	field	is	that	the	number	of	atoms	is	reduced	in	the	system,	which	leads	to	a	
reduced	number	of	calculations	as	well	as	a	decreased	computational	cost.	This	
advantage	can	be	obviously	seen	when	it	is	applied	to	simulations	of	biological	
membranes,	allowing	a	large	number	of	lipid	atoms	to	be	reduced.	For	example,	
normal	PC	 lipid	 tails	 have	130	 particles	 in	 an	 AA	 representation,	 but	 only	 50	
particles	in	a	UA	representation.	Non-polar	hydrogen	atoms	are	treated	as	a	part	
of	 bonded	 carbon	 atoms	 instead	 of	 treated	 explicitly,	which	 results	 in	 great	
efficiency	 gains	 in	 the	 simulation.	 The	 UA	 force	 field	 for	 protein	 simulation	
comes,	however,	with	a	slight	disadvantage	over	the	AA	force	field.	 It	has	been	
shown	that	the	AA	force	field	can	capture	the	protein	structure	and	dynamics	in	
simulations	more	precisely	[54].	
	

2.4.4	Coarse-grained	force	field	

The	coarse-grained	(CG)	force	field	was	developed	to	further	reduce	the	cost	of	
computational	 simulations,	 which	 allows	 for	 longer	 timescales	 and	 larger	 or	
more	 complex	 systems.	 The	main	 philosophy	 of	 CG	models	 is	 to	 group	 atoms	
together	 in	 order	 to	 reduce	 the	 number	 of	 interactions,	 as	 is	 the	 case	 for	UA	
force	fields.	There	are	a	variety	of	CG	force	fields,	MARTINI	[55],	ELBA	[56]	and	
Sirah	 [57]	 force	 fields	 being	 the	 most	 commonly	 used	 due	 to	 their	 widely	
supported	 parameters.	 Here,	 we	 will	 introduce	 the	 concept	 of	 a	 MARTINI	
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coarse-grained	model	as	it	is	used	in	this	thesis.	Four	heavy	atoms	are	normally	
grouped	into	one	single	CG	particle,	but	with	a	small	CG	particle	size,	3:1	or	2:1	
mapping	 are	 used	 (Figure	 27).	 The	 latter	 is	mainly	 used	 in	 ring	 structures	 to	
conserve	ring-like	geometry,	such	as	in	benzene,	cholesterol	and	several	amino	
acids.	 To	 assign	 different	 bead	 chemical	 properties,	 four	 main	 categories	 are	
used:	polar	(P),	non-polar	(N),	apolar(C)	and	charged	(Q).	Within	each	category,	
four	 subtypes	 are	 further	 distinguished,	 either	 by	 a	 letter	 representing	 the	
hydrogen	bonding	capability	(d	=	donor,	a	=	acceptor,	da	=	both,	or	0	=	none)	or	
by	a	number	showing	the	degree	of	polarity	(from	1	=	low	polarity	to	5	=	high	
polarity),	 giving	 a	 total	 of	 20	 bead	 types	 [58].	 For	 the	 CG	 protein	 model,	 an	
elastic	network	approach	is	chosen	to	preserve	the	protein	secondary	structure.	
An	 ElNeDyn	 network	 is	 applied	 for	 protein	 simulations	 throughout	 the	 thesis	
and	an	elastic	network	is	used	between	the	CG	backbone	beads	to	conserve	the	
protein	conformation.	The	position	of	the	CG	backbone	beads	was	implemented	
from	the	Cα	atoms	of	the	atomistic	protein	model	[59].	
	

	

	

	

	

	

	

	

	

	

Figure	27:	The	3:1	mapping	scheme	between	chemical	structure	and	the	coarse-
grained	model	 for	benzene.	The	small	CG	particle,	 “S”,	used	 is	aim	 to	conserve	
the	ring-like	geometry.	
	
2.5	The	integrator	
To	 generate	 the	 simulation	 trajectory,	 the	 initial	 atom	 coordinate	 and	 velocity	
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are	 required.	 The	 initial	 atom	 coordinate	 can	 be	 obtained	 from	X-ray	 or	NMR	
structure	while	Maxwell-Boltzmann	 distribution	 is	 used	 to	 produce	 the	 initial	
velocity.	After	 obtaining	 the	 initial	 coordinate	 and	velocity	 of	 atoms,	Newton’s	
equation	 of	 motion	 is	 integrated	 with	 respect	 to	 time	 t	 for	 every	 atom	 to	
continually	generate	 the	 trajectory.	However,	 the	 force	 acting	 on	 each	 particle	
depends	on	not	only	its	position,	but	also	relative	to	other	surrounding	particles	
which	 it	 interacts,	 resulting	 in	 intricately	 coupled	motions	 in	 the	 system.	This	
phenomenon	 gives	 rise	 to	 the	many-body	 problem,	 whereby	 the	 equation	 of	
motion	 cannot	 be	 solved	 analytically	 for	 all	 particles	 because	 of	 the	 complex	
dependency	 of	 particles	 in	 the	 system.	 This	 issue	 is	 particularly	 relevant	 in	 a	
large	 system,	 such	 as	 in	 biological	 simulations,	 which	 comprise	 tens	 of	
thousands	of	particles	in	each	system.	To	resolve	this	problem,	the	equation	of	
motion	 is	 integrated	 numerically	 using	 the	 finite	 difference	method.	All	 finite	
integration	 methods	 approximate	 the	 new	 atom	 positions,	 velocities	 and	
accelerations	based	on	 the	Taylor	 series	expansion	 that	 solves	 the	equation	of	
motion	 over	 finite	 time	 intervals	 .	 Force	 is	 kept	 constant	 in	 each	 time	 step	
and	the	position	and	velocity	of	the	atoms	are	updated	in	each	time	step.	
	

2.5.1	The	Verlet	integrator	

The	first	developed	MD	integrator	is	the	Verlet	integrator,	which	is	similar	to	the	
leap-frog	integrator,	except	for	alternating	calculations	using	the	velocity	at	half	
time	 steps.	 The	 Verlet	 integrator	 is	 time-reversible	 and	 computationally	
inexpensive,	but	it	may	lose	some	precision	as	a	result	of	the	velocities	not	being	
calculated	 explicitly	 and	 instead	 obtained	 from	 the	 consecutive	 steps	 of	 atom	
position.	 In	 the	Verlet	 integrator,	 the	atom	position	(r)	and	atom	velocities	 (v)	
are	used	to	integrate	at	time	t	(Equation	7	and	Equation	8).	
	

	

Equation	7	
	

Δt

r t +Δt( ) = r t( )+Δtv+ Δt
2

2m
F t( )
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Equation	8	
	

2.5.2	Leap-frog	integrator	

The	default	integrator	in	GROMACS	is	leap-frog	algorithm	for	the	integration	of	
the	 equation	 of	 motion	 and	 has	 been	 applied	 throughout	 this	 entire	 thesis	
(Figure	 28).	 The	 term	 “leap-frog”	 is	 derived	 from	 the	 implementation	 of	 the	

algorithm,	which	uses	the	position	(r)	at	time	t	and	velocity	(v)	at	time	 .	

The	 initial	 velocities	 (v)	 are	 calculated	 at	 the	 half	 time	 step	 	with	 the	

time	 step	 	and	 acceleration	 (a)	 at	 time	 step	 (t)	 (Equation	 9),	 and	 the	

initial	position	(r)	is	from	time	step	0	with	the	time	step ,	which	is	obtained	
from	the	velocity	calculation	using	Equation	10.	After	the	initial	calculation,	the	
positions	 are	 leaped	 over	 the	 velocity	 to	 generate	 new	 position	 values	 at	 the	
time	step ,	which	is	followed	by	the	calculation	of	velocity	again	at	the	time	

step	 .	The	calculation	cycle	continues	until	simulations	are	complete.		

	

	
Figure	28:	The	 leap-frog	 integration	 algorithm.	 It	 is	 called	 “leap-frog”	 because	
the	positions,	r	(shown	in	blue	line),	and	the	velocities,	v	(shown	in	brown	line),	
are	 calculated	 at	 different	 times	 during	 the	 same	 time	 step,	 which	 resembles	
frogs	leaping	over	each	other.	
	

v t +Δt( ) = v t( )+ Δt
2
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Equation	9	
	

	

Equation	10	
	
2.6	Time	step	
The	time	step	determines	the	frequency	of	recalculating	the	potential	energy	to	
obtain	new	values	for	acceleration	and	velocity	in	order	to	update	the	position	
of	all	atoms	in	a	simulation	system.	It	is	important	to	select	a	suitable	time	step	
for	 an	 efficient	 and	 accurate	 simulation.	 If	 the	 time	 step	 is	 too	 small,	 the	
computational	cost	will	 increase.	 If	 it	 is	 too	 large,	 the	atoms	 in	 the	system	can	
move	 the	 distance	 over	 a	 certain	 length	 or	 move	 into	 an	 energetically	
unfavourable	conformation	that	results	in	a	high	energy	overlap	between	atoms,	
causing	 an	unstable	 system	and	 ending	up	with	 system	explosion.	The	 typical	
time	step	used	in	atomistic	simulations	is	two	femtosecond	(fs),	and	10	–	20	fs	
for	 coarse-grained	 simulations.	 In	 MD	 simulations,	 a	 time	 step	 of	 10	 times	
smaller	than	the	quickest	bond	vibration,	which	is	typically	a	hydrogen	molecule	
connected	to	a	heavy	atom,	is	needed	in	the	system.	It	takes	approximately	20	fs	
for	 a	 non-hydrogen	 bond	 stretching	 and	 roughly	 10	 fs	 for	 a	 hydrogen	 bond	
stretching;	therefore,	a	1	fs	time	step	may	need	to	be	applied	in	order	to	obtain	
more	accurate	results.	The	length	of	bonds	that	are	attached	to	a	hydrogen	atom	
is	 fixed	 using	 a	 constraint,	 which	 removes	 the	 degree	 of	 freedom	 of	 the	
harmonic	oscillator	that	corresponds	to	the	bond	stretching;	therefore,	the	time	
step	can	be	increased	[60].			
	
2.7	Thermodynamic	ensembles	
The	common	ensembles	used	 in	MD	simulations	are	Microcanonical,	Canonical	
and	 Isothermal-isobaric.	 Microcanonical	 ensemble	 is	 described	 as	 an	 NVE	
ensemble	with	a	fixed	number	of	particles	(N),	volume	(V)	and	total	energy	(E).	

v t + 1
2
t

⎛

⎝
⎜

⎞

⎠
⎟= v t − 1

2
Δt

⎛

⎝
⎜

⎞

⎠
⎟+Δt a t( )⎡⎣ ⎤⎦

r t +Δt( ) = r t( )+Δt v t + 1
2
Δt

⎛

⎝
⎜

⎞

⎠
⎟

⎡

⎣
⎢

⎤

⎦
⎥



Chapter	2	

	

	 44	

	

Canonical	 can	 be	 referred	 to	 as	 Isothermal-isochoric	 or	NVT	 with	 a	 constant	
number	 of	 particles	 (N),	 volume	 (V)	 and	 temperature	 (T).	 Isothermal-isobaric	
term	can	be	seen	as	an	NPT	ensemble	with	fixed	particle	number	(N),	pressure	
(P)	 and	 temperature	 (T).	 An	 NPT	 ensemble	 is	 most	 frequently	 used	 in	
protein/membrane	simulation	because	it	is	close	to	both	laboratory	conditions	
and	the	real	environment.	 In	a	real	system,	energy	is	 freely	exchanged	with	its	
surroundings	through	heat	and	pressure-volume	work	[49].		
	

2.7.1	Temperature	and	pressure	coupling	

The	temperature	and	pressure	of	the	simulation	system	must	be	maintained	at	
predetermined	values	when	simulating	in	the	NPT	ensemble.	For	example,	in	an	
MD	 simulation,	 we	 usually	 keep	 the	 temperature	 at	 310	 K,	 according	 to	 the	
target	simulation	environment	and	the	pressure	at	1	bar.	Owing	to	the	different	
algorithm	 developments	 of	 thermostats	 (e.g.	 Berendsen	 thermostat,	 Velocity-
rescaling	 thermostat,	Andersen	 thermostat	 and	Nosé–Hoover	 thermostat)	 and	
barostats	 (e.g.	 Berendsen	 barostat,	 Parrinello-Rahman	 barostat	 and	 MTTK	
barostat),	 simulations	 at	 constant	 temperature	 and	 constant	 pressure	 in	 NPT	
ensembles	can	now	be	achieved.		
	

Berendsen	 thermostat,	 also	 called	 a	 proportional	 thermostat,	 is	 used	 to	
minimise	 local	disturbances	through	a	weak	coupling	while	keeping	the	whole	
effect	 to	 the	 system	 unchanged	 [61].	 One	 of	 the	 advantages	 of	 using	 the	
Berendsen	thermostat	 is	 that	 it	does	not	 fix	 the	constant	system	volume	while	
allowing	 the	 fluctuation	 of	 temperature.	 Typically,	 the	 Berendsen	 thermostat	
can	be	used	 to	equilibrate	a	 system	 from	a	 far-from-equilibrium	configuration	
by	relaxing	the	system	and	scaling	towards	the	target	temperature	completely.	
	

Once	 the	 equilibrium	 state	 is	 reached,	 it	 might	 be	 important	 to	 consider	
switching	 to	 another	 proper	 canonical	 ensemble,	 such	 as	 the	 Nosé–Hoover	
thermostat	 [62,63],	 	 which	 was	 first	 introduced	 by	 Nosé	 and	 subsequently	
developed	by	Hoover.	The	advantage	of	this	thermostat	is	that	all	the	degrees	of	
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freedom	are	smooth,	deterministic	and	time-reversible,	however,	it	may	lead	to	
longer	energy	transfer	time	due	to	coupling	frequency	overlapped	with	natural	
frequencies	 at	 the	 beginning	 of	 the	 simulation.	 The	Nosé–Hoover	 thermostat	
generates	a	correct	temperature	fluctuation	distribution	that	is	closer	to	the	real	
system	in	MD	simulation.	
	

Similarly,	system	pressure	coupling	must	also	be	applied	to	maintain	the	desired	
system	pressure.	The	Berendsen	barostat	 is	a	weak	 coupling	 that	 is	similar	 to	
the	Berendsen	thermostat,	but	it	scales	in	the	dimension	of	simulation	box	cell	
rather	 than	 in	 velocity	 [61].	 When	 using	 the	 Berendsen	 thermostat	 and	
Berendsen	barostat	at	the	same	time,	fluctuations	in	temperature	and	pressure	
will	 be	more	 realistic.	 The	Parrinello-Rahman	barostat	 is	 similar	 to	 the	Nosé–
Hoover	thermostat	by	making	each	unit	vector	in	the	unit	cell	independent[64],	
so	 that	 the	 volume	 is	 a	 variant	 variable	 in	 simulation,	 like	 in	 the	 case	 of	 the	
Nosé–Hoover	thermostat,	and	allows	change	of	the	dynamic	shape.	In	theory,	it	
gives	 the	 true	NPT	ensemble.	Therefore,	 in	most	 cases,	 it	 is	better	 to	 combine	
the	Nosé–Hoover	thermostat	with	the	Parrinello-Rahman	barostat	for	a	realistic	
result.	
	

2.7.2	The	distance	cut-off	

All	 non-bonded	 atom	 interactions	 are	 calculated	 between	 every	 atom	 in	MD	
simulations,	which	can	be	very	computationally	expensive.	Therefore,	a	distance	
cut-off	 is	needed	 that	only	samples	 the	 interaction	between	atom	pairs	within	
the	cut-off	distance	 in	order	 to	decrease	computational	cost.	One	advantage	of	
setting	 the	 restriction	 for	 the	 cut-off	 distance	 is	 to	 avoid	 a	 single	 atom	 from	
“seeing”	itself	 in	both	sides	of	the	system.	The	length	of	the	box	should	be	two	
times	greater	than	the	length	of	the	macromolecule	radius	itself.	Moreover,	the	
calculation	in	MD	simulation	is	based	on	all	atom	pairs	of	groups	and	will	have	a	
heavy	cost	 in	computational	 resources.	The	cut-off	 radius	 is	set	up	 to	 increase	
the	simulation	speed	because	the	calculation	of	 long-range	interaction,	such	as	
van	 der	Waals	 or	 electrostatic	 interaction,	will	 be	 applied	 for	 any	 atom	 pairs	
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whose	distance	is	greater	than	the	cut-off	radius.	
	

2.8	Umbrella	sampling	
Umbrella	 sampling	 simulation	 is	 a	 method	 used	 to	 explore	 the	 free	 energy	
barriers	of	a	system	crossing	a	perturbation	 from	a	series	of	positions	along	a	
reaction	 coordinate.	 In	 an	 umbrella	 sampling	 simulation,	 the	 initial	
corresponding	configuration	 is	extracted	 from	each	reaction	coordinate	 that	 is	
separated	into	a	series	of	windows.	For	example,	if	the	reaction	coordinate	is	a	
distance	of	2	nm	between	the	target	molecule	and	reference	molecule,	the	user	
can	split	the	coordinate	into	10	windows	with	0.2	nm	as	segment	distance.	The	
target	 molecule	 is	 harmonically	 restrained	 from	 a	 reference	 molecule	 by	
applying	 an	 umbrella	 biasing	 potential,	 which	 allows	 the	 molecule	 to	 freely	
explore	 other	 degrees	 of	 freedom.	 With	 sufficient	 sampling	 simulations,	 the	
energy	 acting	 on	 the	 target	 molecule	 can	 be	 extracted	 from	 each	 simulation	
window	 and	 a	 free	 energetic	 profile	 from	 each	 coordinate	 can	 be	 generated	
(Figure	29)	[65].		
	

	
Figure	29:	A	 schematic	 of	 umbrella	 sampling	 simulation.	 Pulling	 simulation	 is	
performed	(A)	in	order	to	generate	a	series	of	configurations	along	the	reaction	
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coordinate,	while	corresponding	simulation	is	simulated	independently	for	each	
sampling	window	(B).	Once	the	sampling	simulations	are	complete,	a	histogram	
of	 configurations	 can	 be	 generated	 that	 shows	 as	 continuous	 overlapping	
windows	with	each	neighbour	sampling	(C).	
	

2.9	Weighted	histogram	analysis	method	
The	weighted	histogram	analysis	method	(WHAM)	computes	the	total	unbiased	
average	 density	 as	 a	 weighted	 average	 of	 numerous	 unbiased	 densities	 from	
different	simulations.	The	WHAM	in	GROMACS	is	implemented	through	g_wham,	
which	provides	WHAM	and	bootstrap	statistical	error	analysis	 to	 compute	 the	
potential	 of	 mean	 force	 generated	 by	 umbrella	 sampling	 simulations.	 The	
estimated	 integrated	 autocorrelation	 time	 (	 τi	 )	 is	 also	 taken	 into	 account	 for	
each	umbrella	window	(	 i	),	which	 is	 from	gi	=	1+2τi.	The	 final	potential	mean	
force	 (PMF)	 is	 calculated	 using	 Equation	 11,	 where	 	is	 the	 arbitrary	
reference	point	when	 =	0.	

	

	

	

Equation	11	
	

2.10	Analyses	

2.10.1	Order	parameter		

The	order	parameter	 is	one	of	 the	 index	analysis	methods	used	to	 identify	 the	
phase	 transition	 state	 for	 a	 bilayer	 membrane	 and	 can	 be	 used	 to	 look	 for	
interactions	 between	 lipids	 with	 a	 target	 molecule.	 The	 order	 parameter	
analysis	 in	 GROMACS	 is	 implemented	 through	 g_order,	 which	 provides	 the	
individual	 order	 parameter	 value	 between	 each	 bonded	 atom	within	 the	 lipid	
tail.	 For	 the	 coarse-grained	 model,	 order	 parameter	 calculation	 can	 be	
downloaded	 from	 the	 MARTINI	 website,	 which	 additionally	 supports	 the	
average	 order	 parameter	 for	 individual	 lipid	 tails.	 Order	 parameter	 can	 be	
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defined	by	Equation	12,	which	calculates	the	second	rank	order	parameter.	
	

!! =
1
2 3!"#! ! − 1 	

Equation	12	
	

!	is	the	angle	between	the	bilayer	normal	and	the	lipid	bond.	When	P2	=	-0.5,	it	
means	 the	 lipid	 tail	 is	 in	 anti-alignment;	P2	=	0	means	 in	 random	orientation;	
and			P2	=	1	means	the	lipid	tail	is	in	perfect	alignment	with	the	bilayer	normal.	
	

2.10.2	Membrane	area	per	lipid	and	thickness	

Membrane	 area	 per	 lipid	 and	 membrane	 thickness	 are	 two	 major	 analysis	
methods	 to	 validate	 the	 membrane	 property.	 For	 area	 per	 lipid	 analysis,	 a	
neighbour	 search	 is	 performed	 to	 identify	 the	 target	 lipids/protein	 atoms	
surrounded	 by	 the	 reference	 atoms	 and	how	widely	 the	 neighbour	 surface	 is	
determined	by	the	cut-off	distance.	Following	this,	the	corresponding	reference	
atom	 located	 in	 the	 Voronoi	 cell	 is	 calculated	 and	 its	 cell	 area	 is	 treated	 as	
approximate	 to	 a	 lipid’s	 accessible	 area.	 Last,	 all	 individual	 calculated	 area	
values	are	simply	added	together	and	seen	as	a	single	 leaflet	area.	Prior	to	the	
calculation	of	real	membrane	thickness,	the	initial	step	is	to	identify	the	accurate	
separated	 leaflet	using	 the	given	reference	atom	(e.g.	phosphate	atom	for	 lipid	
membrane	simulation)	and	the	bilayer	normal.	Once	the	leaflets	are	identified,	a	
neighbour	 search	 is	 performed	 for	 the	 target	 atom	 and	 its	 surrounding	
reference	 atoms	 that	 takes	 a	 similar	 approach	 to	 area	 per	 lipid	 analysis.	
Following	 this,	 the	 target	atoms	 in	upper	and	 lower	 leaflets	need	 to	be	almost	
parallel	 (less	 than	 10	 degree)	 to	 the	 reference	 normal	 before	 they	 are	
considered	and	calculated	for	membrane	thickness.	 If	the	degree	is	larger	than	
the	setting	value	between	target	atom	and	reference	atom,	it	is	discarded	and	a	
new	 reference	 atom	 is	 sought.	 This	 aims	 to	 avoid	 bias	 in	 the	 case	 of	 high	
curvature	 membranes.	 The	 average	 sum	 of	 distance	 between	 the	 target	 and	
reference	atoms	 is	estimated	as	 the	membrane	 thickness.	The	membrane	area	
per	lipid	and	membrane	thickness	analysis	used	in	this	thesis	are	tools	included	
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in	the	PyCGTool	program	[66].	
	

2.11	Visualisation	software	
Multiple	 forms	 of	molecular	 visualisation	 software	 are	 available	 online.	 Some	
carry	 additional	 functions,	 such	 as	 aligning	 two	 similar	 protein	 structures,	
moving	atoms,	residues	or	molecules,	performing	minimisation,	and	creating	or	
adding	atoms/molecules	to	current	structures.	The	majority	of	figures	made	in	
this	 thesis	 are	 produced	 by	 the	 Visual	 Molecular	 Dynamics	 (VMD)	 software	
package,	 which	 is	 mainly	 used	 for	 displaying,	 animating,	 and	 analysing	
biomolecule	systems	with	built-in	or	self-created	scripts	[67].		
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Chapter	3:	Development	of	coarse-grained	rough	

type	lipopolysaccharide	models	
	

3.1	Introduction	
Gram-negative	 bacteria	 are	 protected	 by	 a	 complex	 cell	 envelope;	 an	 outer	
membrane	that	is	separated	from	the	inner	membrane	by	a	region	known	as	the	
periplasmic	 space.	 The	 outer	 membrane	 is	 asymmetric	 in	 nature;	 it	 contains	
complex	lipopolysaccharide	(LPS)	molecules	in	the	outer	leaflet	and	a	mixture	of	
some	25	different	 phospholipids	 in	 the	 inner	 leaflet	 [68–72].	 The	 structure	 of	
LPS	 can	 affect	 how	 Gram-negative	 bacterial	 membranes	 respond	 to	 drug	
molecules	by	increasing	the	resistance	of	bacterial	cell	walls	to	antibiotic	attack	
[73].	 This	 has	 become	 more	 problematic	 in	 recent	 times	 as	 Gram-negative	
bacteria	 are	 progressively	 acquiring	 multiple	 drug	 resistance	 in	 a	 number	 of	
different	ways	[74].	For	example,	antibiotic	resistant	strains	of	P.	aeruginosa	are	
known	to	contain	a	modified	LPS	molecule	[75].	Other	methods	utilised	by	some	
Gram-negative	microbes	to	resist	antibiotics	include	production	of	extended	β-
lactamases	 that	 break	 down	 penicillin	 or	 modification	 of	 porin	 or	 channel	
proteins	 to	 prevent	 antimicrobials	 entering	 the	 periplasm	 [76–78].	 As	 a	
consequence,	one	key	goal	of	modern	medicine	is	to	seek	out	novel	alternatives	
that	can	be	used	to	target	the	most	resistant	Gram-negative	pathogens	[79].	But	
the	pursuit	remains	challenging	given	that	so	little	is	currently	known	about	the	
detailed	chemical	characteristics	of	the	outer	membrane.		
	

To	address	 this	 problem,	 there	 is	 an	urgent	need	 to	develop	 a	more	 complete	
understanding	 of	 the	 Gram-negative	 outer	 membrane,	 particularly	 the	 LPS	
molecules	that	comprise	the	outer	leaflet.	The	LPS	macromolecule	is	composed	
of	 three	 key	 groups:	 a	 repetitive	 glycan	 polymer	 referred	 to	 as	 the	 O-antigen	
component,	a	core	domain	that	always	contains	an	oligosaccharide	section,	and	
Lipid	 A,	 which	 is	 a	 phosphorylated	 glucosamine	 disaccharide	 decorated	 with	
multiple	fatty	acids	(Figure	30)	[12,14,80].	The	LPS,	which	includes	these	three	
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groups,	is	named	as	smooth	LPS.	The	Lipid	A	section	anchors	LPS	molecules	into	
the	 outer	 membrane	 of	 Gram-negative	 bacteria	 [81],	 while	 the	 peripherally	
attached	sugar	and	O-antigen	groups	form	an	outer-coat	that	interacts	with	the	
surrounding	 solvent.	 The	 structure	 of	 LPS	 is	 highly	 variable	 among	 different	
bacterial	 species,	with	most	of	 the	LPS	variants	being	devoid	of	 the	O-antigen	
glycan	polymer	portion,	which	is	named	as	rough	LPS,	and	many	species	of	LPS	
differing	in	the	number	of	sugars	they	contain	(Figure	30,	Figure	31A)	[82].	 
	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	30:	The	chemical	structure	of	E.	coli	lipopolysaccharide.	The	names	of	the	
carbohydrates	 are	 Kdo	 for	 2-keto-3-deoxyoctulosonate	 (coloured	 in	 red),	 Hep	
for	l-glycero-d-manno	heptose,	Glc	for	d-glucose,	Gal	for	d-galactose,	and	GalNAc	
for	 N-acetyl-d-galactosamine	 (all	 coloured	 in	 black).	 The	 Lipid	 A	 molecule	 is	
composed	 of	 two	 d-glucosamine	 (GlcN)	 residues	 joined	 by	 a	 β-(1→6)-linkage	
(coloured	 in	 grey),	 two	 phosphate	 groups	 (coloured	 in	 tan),	and	 six	 amide	 or	
ester-linked	fatty	acids	(coloured	in	cyan).		
	

For	this	reason,	developing	parameter	sets	for	rough	variants	of	LPS,	which	lack	
the	highly	variable	O-antigen	chain,	 is	needed.	Thus,	 the	rough	variants	of	LPS	
are	 typified	 by	 a	 conserved	 Lipid	 A	 anchor,	 with	 a	 partial	 or	 complete	 core	



Chapter	3	

	

	 52	

	

polysaccharide	section.	The	Ra	(Figure	31B)	and	Re	(Figure	31C)	variants	were	
selected,	 given	 that	 these	 chemotypes	 have	 the	 longest	 and	 shortest	
polysaccharide	chain	lengths,	respectively,	of	the	rough	LPS.	The	Re	chemotype	
contains	 the	 Lipid	 A	 anchor	 with	 a	 dimer	 of	 the	 rare	 α-3-deoxy-D-manno-2-
octulosonic	acid	(Kdo)	saccharide,	while	the	Ra	chemotype	contains	Lipid	A,	an	
inner	 core	 of	 a	 Kdo	 dimer	 with	 heptose	 sugars,	 and	 an	 outer	 core	 made	 of	
hexose	 sugars.	 The	 Re	 and	 Ra	 chemotypes	 differ	 markedly	 in	 their	
hydrophobicity,	dynamics,	and	in	their	basic	chemistry.	The	parameterisation	of	
both	chemotypes	allows	for	a	more	comprehensive	account	of	LPS	as	a	diverse	
molecule.		
	

	
Figure	31:	Mapping	schemes	for	Re	and	Ra	LPS.	(A)	The	UA	model	for	Ra	LPS	is	
shown	alongside	the	CG	models	for	(B)	Ra	LPS,	and	(C)	Re	LPS.	Carbon	tails	are	
coloured	 cyan,	 phosphate	 groups	 are	 coloured	 tan,	 carboxylate	 groups	 are	
coloured	orange,	 glucosamine	and	glycerol	 groups	are	 coloured	 silver,	 and	 the	
remaining	core	saccharide	sections	are	coloured	black.		
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3.2	Methods	
To	test	the	accuracy	of	the	MARTINI	parameter	for	Re	and	Ra	LPS	models,	 it	 is	
assimilated	 into	a	multicomponent	bilayer	model	 that	mimics	 the	E.	coli	outer	
membrane.	The	membrane	model	is	shown	to	replicate	a	number	of	important	
bilayer	 properties,	 including	 average	 area	 per	 lipid	 values,	 average	 acyl	 tail	
order	parameters,	and	hydrophobic	core	thickness.	
	

3.2.1	United	atom	simulations	and	protocols	

The	 atomistic	 LPS	 models	 were	 developed	 by	 Piggot	 et	 al.	 [11].	 Initially,	 for	
benchmarking	purposes,	single	molecules	of	Lipid	A,	Re	LPS,	and	Ra	LPS	were	
immersed	 in	 solution,	 and	 subjected	 to	 NPT	 simulations.	 For	 each	 solvation	
simulation,	 the	 lipids	were	 initially	placed	at	 the	 centre	of	a	periodic	box,	 and	
solvated	 with	 SPC	 water	 [83]	 and	 ions.	 After	 the	 initial	 construction	 of	 the	
solvation	 systems,	 energy	 minimisations	 were	 performed	 with	 the	 steepest	
descent	 algorithm	 [84]	 to	 relax	 any	 undesirable	 steric	 conflicts	 within	 the	
confines	 of	 the	 periodic	 box.	 From	 there	 on,	 the	 systems	 were	 simulated	 at	
constant	temperature	and	pressure	for	200	ns	each.	The	temperature	was	held	
constant	using	the	Nosé-Hoover	thermostat	[62,63]	with	a	relaxation	time	of	10	
ps.	The	pressure	was	maintained	at	1	bar	 through	 isotropic	 coupling	with	 the	
Parrinello-Rahman	 barostat	 [64],	 and	 a	 time	 constant	 of	 5	 ps.	 Electrostatic	
interactions	 were	 treated	 using	 the	 smooth	 particle	 mesh	 Ewald	 (PME)	
algorithm	 [51],	 with	 a	 short-range	 cutoff	 of	 0.9	 nm	 for	 the	 real	 space	
interactions.	 The	 van	 der	Waals	 interactions	were	 truncated	 at	 1.4	 nm	with	 a	
long-range	 dispersion	 correction	 applied	 to	 energy	 and	 pressure.	 The	
nonbonded	neighbour	list	was	updated	every	5	steps	during	the	simulations.	All	
bonds	were	constrained	with	the	LINCS	algorithm	[85],	so	that	a	2	fs	time	step	
could	be	applied	throughout.		
	

Membranes	were	 assembled	with	 the	 GROMACS	 genconf	 and	 editconf	utilities	
for	 additional	 validation	 purposes.	 For	 the	manufacture	 of	 homogeneous	 lipid	
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leaflets,	 single	 molecule	 coordinate	 files	 were	 replicated	 along	 a	 two-
dimensional	 grid.	 Heterogeneous	 phospholipid	 leaflets	were	made	 by	 initially	
replicating	 a	 single	 palmitoylvaccenylphosphoethanolamine	 (PVPE)	 lipid	
molecule	along	a	two-dimensional	plane,	and	subsequently	replacing	a	portion	
of	 the	 surface	 with	 palmitoylvaccenylphosphatidylglycerol	 (PVPG)	 lipids.	 The	
acyl	tails	of	 the	two	lipid	 leaflets	were	then	brought	 into	contact	to	make	both	
symmetric	 and	 asymmetric	 membrane	 models	 that	 were	 solvated	 with	 SPC	
water	and	counter	ions.	After	that,	the	systems	were	energy	minimised	with	the	
steepest	 descent	 algorithm,	 and	 simulated	 at	 constant	 temperature	 and	
pressure	 for	 1.5	μs	 each.	 The	 temperature	was	 held	 constant	 using	 the	Nosé-
Hoover	 thermostat	 [62,63]	with	 a	 relaxation	 time	 of	 10	 ps.	 The	 pressure	was	
maintained	 at	 1	 bar	 through	 semi-isotropic	 coupling	 of	 the	 lateral	 and	
perpendicular	box	dimensions	with	the	Parrinello-Rahman	barostat	[64],	and	a	
time	constant	of	5	ps.	Electrostatic	 interactions	were	treated	using	the	smooth	
particle	mesh	Ewald	(PME)	algorithm	[51],	with	a	short-range	cutoff	of	0.9	nm	
for	the	real	space	interactions.	The	van	der	Waals	interactions	were	truncated	at	
1.4	 nm	 with	 a	 long-range	 dispersion	 correction	 applied	 to	 the	 energy	 and	
pressure.	The	nonbonded	neighbour	 list	was	updated	every	5	steps	during	the	
simulations.	All	bonds	were	constrained	using	the	LINCS	algorithm	[85],	so	that	
a	 2	 fs	 time	 step	 could	 be	 applied	 throughout.	 The	 non-standard	 simulation	
protocol	 was	 chosen	 to	mimic	 the	work	 of	 Kukol,	 on	which	 the	 phospholipid	
parameters	 used	 in	 these	 simulations	 were	 originally	 based	 [86].	Molecular	
graphic	 images	and	 trajectories	were	visualised	and	managed	using	 the	Visual	
Molecular	 Dynamics	 (VMD)	 software	 [67].	 A	 list	 of	 all	 simulations	 used	 for	
parameterising	 the	 coarse-grained	 Re	 and	 Ra	 LPS	models	 in	 this	 chapter	 are	
presented	in	Table	1.			
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Table	1:	Details	of	all	simulations	performed	in	the	study.		

		 		 		 		 		 		 		 		 		 		
System		 Membrane	 Re	LPS	 Ra	LPS	 PE		 PG	 Ions	 Water		 Temperature	(K)	 Time	(μs)	

1	 UA	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 10333	 310	 1.5	
2	 UA	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 10333	 325	 1.5	
3	 UA	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 9322	 310	 1.5	
4	 UA	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 9322	 325	 1.5	
5	 UA	Re	LPS	 64	 -	 144	 16	 200	Ca2+	 12900	 310	 1.5	
6	 UA	Re	LPS	 64	 -	 144	 16	 200	Ca2+	 12900	 325	 1.5	
7	 UA	Ra	LPS	 -	 64	 144	 16	 328	Ca2+	 14956	 310	 1.5	
8	 UA	Ra	LPS		 -	 64	 144	 16	 328	Ca2+	 14956	 325	 1.5	
9	 CG	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 1545	 310	 10	
10	 CG	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 1545	 325	 10	
11	 CG	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 1545	PW	 310	 10	
12	 CG	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 1545	PW	 325	 10	
13	 CG	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 1545a	 310	 10	
14	 CG	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 1545b	 310	 10	
15	 CG	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 1545c	 310	 10	
16	 CG	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 1760	 310	 10	
17	 CG	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 1760	 325	 10	
18	 CG	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 1760	PW	 310	 10	
19	 CG	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 1760	PW	 325	 10	
20	 CG	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 1760a	 310	 10	
21	 CG	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 1760b	 310	 10	
22	 CG	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 1760c	 310	 10	
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23	 CG	Re	LPS		 64	 -	 144	 16	 200	Ca2+	 6831	 310	 10	
24	 CG	Re	LPS	 64	 -	 144	 16	 200	Ca2+	 6831	 325	 10	
25	 CG	Ra	LPS		 -	 64	 144	 16	 328	Ca2+	 7448	 310	 10	
26	 CG	Ra	LPS	 -	 64	 144	 16	 328	Ca2+	 7448	 325	 10	
27	 UA	Re	LPS	 50	 -	 -	 -	 150	Ca2+	 8711	 310	 0.25	
28	 UA	Ra	LPS	 -	 50	 -	 -	 250	Ca2+	 9260	 310	 0.25	

PW	is	Martini	polarisable	water	
a	Martini	CG	simulations	with	SP4	beads	in	place	of	water.	
b	Martini	CG	simulations	with	P1	beads	in	place	of	water.		
c	Martini	CG	simulations	with	P2	beads	in	place	of	water.		
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3.2.2	CG	mapping	and	topology	for	LPS	

In	most	instances,	the	LPS	models	were	parameterised	according	to	the	standard	
four-to-one	mapping	scheme	favoured	by	Martini,	in	which	four	heavy	atoms	are	
represented	 by	 a	 single	 interaction	 centre	 [55].	 For	 example,	 four	 UA	 water	
molecules	were	mapped	to	one	single	CG	Martini	particle	and	the	acyl	tails	of	LPS	
were	 mapped	 to	 a	 CG	 representation	 by	 clustering	 an	 average	 of	 four	 carbon	
atoms	 to	 a	 single	 Martini	 bead	 (Figure	 32).	 But	 the	 conventional	 four-to-one	
mapping	scheme	was	not	used	for	the	polysaccharide	section	of	LPS.	In	this	part	
of	the	molecule	(e.g.	sugar	ring),	three	heavy	atoms	were	mapped	to	a	single	CG	
bead,	allowing	us	to	better	preserve	the	geometry	of	the	saccharide	rings	(Figure	
27)	[87].	
	

	
Figure	 1:	 Selected	 Martini	 mapping	 example	 molecules.	 (A)	 Standard	 water	
particle	bead	representing	four-to-one	atomistic	water	molecules.	(B)	POPE	lipid.	
(C)	 20-unit	 Alanine	 polymer.	 Martini	 beads	 are	 shown	 in	 a	 transparent	
representation	 overlaying	 the	 atomistic	 models.	 The	 bead	 colours	 in	 POPE	
represent	 the	ethanolamine	group	 (in	blue),	 phosphate	group	 (in	 tan),	 glycerol	
groups	 (in	 pink),	 and	 hydrophobic	 tails	 (in	 cyan).	 In	 the	 alanine	 polymer,	 one	
bead	represents	one	alanine	amino	acid.		
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To	ensure	that	the	chemical	characteristics	of	LPS	were	accurately	incorporated	
into	 our	 CG	models,	 the	 strength	 of	 interaction	 to	 the	 component	 beads	 was	
assigned	by	comparing	 them	to	 the	standard	set	of	Martini	CG	building	blocks	
(Figure	A1,	Table	2)	[55].	The	beads	were	first	assigned	to	one	of	the	four	major	
Martini	bead	classes:	polar	(P),	nonpolar	(N),	apolar	(C)	and	charged	(Q)	based	
on	 the	 collective	 polarity	 of	 their	 component	 atoms.	 For	 example,	 beads	 that	
contained	 only	 hydrogen	 and	 carbon	 atoms	were	 classed	 as	 apolar	 (C),	while	
beads	 that	 contained	carboxylate	 ions	were	classed	as	 charged	 (Q).	After	 that,	
the	 beads	were	 assigned	 a	 subtype	 classification	 for	 fine-tuning.	 The	 subtype	
classifications	 of	 the	 CG	 LPS	 beads	 are	 presented	 in	 Table	 3	 and	 Table	 4,	 and	
their	respective	bonding	schemes	are	presented	in	Figure	33.	
 

Table	2:	A	list	of	standard	coarse-grained	particle	types	and	building	blocks	used	
to	assign	the	coarse-grained	LPS	model.	

  
Type	 Building	block	

Qa	 PO4-	/	CL-HO	

P4	 HOH	(	x	4)	/	HO−C2−OH	/	HO−C2=O	

P2	 C2−OH	

P1	 C3−OH	

Nda	 C4−OH	

Na	 C3=O	/	C−NO2	/	C3=N/	C−O−C=O	/	C2HC=O	

N0	 C−O−C2	

C1	 C4	
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Table	3:	Martini	bead	type	classifications	for	the	CG	model	of	Re	LPS.		
		 		

Bead	 Bead	type	classification	
1	 Qa	
2	 P2		
3	 Nda	
4	 P1		
5	 P2	
6	 P1		
7	 Nda	
8	 Qa	
9	 Na	
10	 Na	
11	 C1	
12	 C1	
13	 C1	
14	 C1	
15	 C1	
16	 C1	
17	 Na	
18	 Na	
19	 C1	
20	 C1	
21	 C1	
22	 C1	
23	 C1	
24	 C1	
25	 Na	
26	 Nda	
27	 C1	
28	 C1	
29	 Na	
30	 Nda	
31	 C1	
32	 C1	
33	 Qa	
34	 SC1	
35	 P2	
36	 SN0	
37	 P4	
38	 SC1	
39	 P2	
40	 SN0	
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41	 P4	
42	 Qa	
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Table	4:	Martini	bead	type	classifications	for	the	CG	model	of	Ra	LPS.		

		 		
Bead	 Bead	type	classification		
1	 Qa	
2	 P2	
3	 Nda	
4	 P1	
5	 P2	
6	 P1	
7	 Nda	
8	 Qa	
9	 Na	
10	 Na	
11	 C1	
12	 C1	
13	 C1	
14	 C1	
15	 C1	
16	 C1	
17	 Na	
18	 Na	
19	 C1	
20	 C1	
21	 C1	
22	 C1	
23	 C1	
24	 C1	
25	 Na	
26	 Nda	
27	 C1	
28	 C1	
29	 Na	
30	 Nda	
31	 C1	
32	 C1	
33	 Qa	
34	 SC1	
35	 SN0	
36	 P2	
37	 P4	
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38	 SC1	
39	 P2	
40	 SN0	
41	 P4	
42	 Qa	
43	 SP1	
44	 SN0	
45	 P1	
46	 P4	
47	 Qa	
48	 SP1	
49	 SN0	
50	 P2	
51	 Qa	
52	 SN0	
53	 SC1	
54	 SN0	
55	 P2	
56	 P4	
57	 SP1	
58	 P1	
59	 P4	
60	 SP1	
61	 P1	
62	 P4	
63	 SP1	
64	 P4	
65	 P1	
66	 SP1	
67	 P1	
68	 P4	
69	 SP1	
70	 P1	
71	 P4	
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Figure	33:	Bonding	schemes	for	the	CG	models	of	Re	(A)	and	Ra	LPS	(B).	Numbers	
identify	 the	 beads	 that	 are	 referenced	 in	 Table	 2	 and	 Table	 3.	 Carbon	 tails	 are	
coloured	cyan,	phosphate	groups	are	coloured	tan,	carboxylate	groups	are	coloured	
orange,	 glucosamine	 and	 glycerol	 groups	 are	 coloured	 silver,	 two	 inner	 core	
saccharide	sugars	are	coloured	red,	and	the	remaining	core	saccharide	sections	are	
coloured	black.	
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The	 topologies	 for	 the	 CG	 representations	 of	 Re	 and	 Ra	 LPS	 were	 created	 with	

locally	written	code,	PyCGTOOL	[66].	The	program	generates	parameter	sets	for	CG	

models	by	processing	an	MD	trajectory	 from	a	UA	simulation.	First,	 collections	of	

particles	at	the	UA	level	were	mapped	to	a	set	of	much	larger	pseudo-atoms,	which	

were	 representative	of	Martini	CG	beads.	After	 that,	 equilibrium	bond	 lengths	 for	

the	 CG	 topology	 were	 calculated	 as	 the	 average	 separation	 between	 bonded	

pseudo-atoms,	 while	 the	 equilibrium	 bond	 angles	 were	 calculated	 from	 the	

separations	 between	 specified	 sets	 of	 three	 pseudo-atoms.	 The	 associated	 force	

constants	were	determined	via	an	inversion	of	target	bond	length,	and	bond	angle	

distributions	 from	UA	simulations.	The	accuracy	of	 the	devised	CG	parameter	sets	

was	subsequently	assessed	through	comparison	of	LPS	behaviour	in	similar	UA	and	

CG	simulations.		

	

Given	that	the	bond	length	and	bond	angle	parameter	sets	for	the	optimised	CG	LPS	

topologies	were	almost	equivalent	 for	 the	Lipid	A	domain,	 a	 single	parameter	 set	

was	used	to	describe	this	anchoring	subsection	throughout	our	CG	simulations.	As	

such,	 the	 Re	 and	 Ra	 LPS	 topologies	 differed	 in	 the	 description	 of	 their	 core	

saccharide	sections,	but	the	presentation	of	the	Lipid	A	domain	was	kept	the	same.	
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The	core	sugars	in	Re	LPS	were	modeled	as	“stacks”	of	polar	and	charged	particles,	

while	 the	 core	 sugars	 in	 Ra	 LPS	 were	 cast	 as	 small	 triangular	 structures.	 The	

mapping	 schemes	were	 selected	 after	 extensive	 testing	 of	 different	 CG	 structures	

and	parameter	sets.	The	tests	included	a	detailed	comparison	of	the	conformational	

characteristics	 of	 LPS	 in	 UA	 and	 CG	 simulations	 (Figure	 34,	 Figure	 35),	 and	 a	

comparison	 of	 various	membrane	 properties.	So	we	have	 developed	 two	models;	

which	can	be	summarized	as:	a	total	of	41	covalent	bonds,	151	angles	for	CG	Re	LPS,	

and	 80	 covalent	bonds,	 and	 128	 angles	 for	 CG	 Ra	 LPS.	 Only	 a	 few	 selected	 bond	

angle	distributions	are	shown	in	Figure	32	and	Figure	33	to	demonstrate	that	the	

single	 bond	 angle	 distribution	 from	 the	 UA	 and	 CG	 models	 is	 aligned	 in	 good	

agreement.	However,	if	the	bond	angle	distribution	is	bimodal	in	the	UA	model,	the	

position	of	CG	distribution	is	optimised	by	the	PyCGTOOL	programme	and	crosses	

within	 the	UA	bimodal	distribution.	We	have	 tried	 to	optimise	 the	given	UA	 input	

model	 or	 force	 constant	 values	 to	 fit	 the	 distribution	 between	 the	 UA	 and	 CG	

models,	and	the	CG	model	presented	here	was	the	best	compromise	we	could	reach.	

The	CG	models	 that	 performed	most	 favourably	 are	presented	 in	 the	Results	 and	

Discussion	 section,	 and	 their	 coordinates	 and	 topology	 files	 have	 been	 made	

accessible	to	the	simulation	community	[88].  
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Figure	34:	Representative	bond	angle	distributions	 for	 the	models	of	Re	LPS.	The	
bond	angle	distributions	are	depicted	for	Re	LPS	angles	(A)	2-3-17,	(B)	3-2-6,	(C)	4-	
34-35,	 (D)	3-9-10,	 (E)	3-17-18,	and	(F)	7-25-26.	The	angle	distributions	 from	the	
CG	 simulations	 are	 black,	 while	 the	 associated	 distributions	 from	 the	 UA	
simulations	are	blue.	The	relative	positions	of	the	CG	beads	are	shown	in	Figure	31.		
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Figure	35:	Representative	bond	angle	distributions	 for	 the	models	of	Ra	LPS.	The	
bond	angle	distributions	are	depicted	for	Ra	LPS	angles	(A)	38-39-	40,	(B)	63-65-
64,	 (C)	 51-50-57,	 (D)	 43-44-46,	 (E)	 25-7-29,	 and	 (F)	 43-45-47.	 The	 angle	
distributions	from	the	CG	simulations	are	black,	while	the	associated	distributions	
from	the	UA	simulations	are	blue.	The	relative	positions	of	the	CG	beads	are	shown	
in	Figure	31.	
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3.2.3	CG	simulation	systems	and	protocols	

Solvation	simulations	were	performed	 for	Lipid	A,	Re	LPS,	and	Ra	LPS.	The	 lipids	

were	placed	 in	the	centre	of	a	periodic	box	and	 immersed	 in	standard	Martini	CG	

water	 and	 ions.	 The	 systems	were	 energy	minimised	 with	 the	 steepest	 descents	

algorithm,	and	subsequently	simulated	at	constant	temperature	and	pressure.	The	

temperature	was	held	constant	using	the	velocity-rescaling	thermostat	[89]	with	a	

relaxation	 time	 of	 4	 ps,	 while	 the	 pressure	 was	 maintained	 at	 1	 bar	 through	

isotropic	 coordinate	 scaling	with	 the	Parrinello-Rahman	barostat	 [64]	and	 a	 time	

constant	of	12	ps.	The	non-bonded	interactions	were	cut	off	at	a	distance	of	1.2	nm.	

The	Lennard-Jones	and	Coulomb	potentials	were	shifted	from	0.9	and	0.0	nm	to	the	

cutoff	distance,	respectively.	The	time	step	was	10	fs,	and	the	production	time	was	

200	ns.	

	

Single	 and	multiple	 component	membranes	were	made	 to	 validate	 the	 optimised	

parameter	sets.	The	single	component	bilayers	were	made	 through	multiplication	

of	 single	 lipid	 coordinate	 files	 with	 the	 genconf	 utility.	 The	 multiple	 component	

bilayers	were	made	in	a	similar	way,	but	the	phospholipid	leaflets	were	assembled	

with	 palmitoyloleoylphosphoethanolamine	 (POPE)	 and	 PVPG	 Martini	 CG	

phospholipids	in	a	9:1	ratio	[11].	In	Martini	CG	lipid	model,	the	PV	and	PE	lipid	tails	
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are	 likely	 to	 be	 identical	 because	 their	 unsaturated	 bonds	 (double	 bonds)	 are	

mapped	within	the	same	single	CG	bead.	The	bilayers	were	solvated	with	standard	

CG	 Martini	 water	 and	 standard	 Martini	 ions,	 and	 energy	 minimised	 with	 the	

steepest	 descent	 algorithm.	 After	 that,	 the	 systems	were	 subjected	 to	 10	μs	 NPT	

simulations	in	order	to	converge	the	bilayer	properties.	The	temperature	was	held	

constant	while	using	the	velocity-rescaling	thermostat	[89]	with	a	relaxation	time	

of	 4	 ps,	 while	 the	 pressure	 was	 maintained	 at	 1	 bar	 through	 semi-isotropic	

coordinate	scaling	with	the	Parrinello-Rahman	barostat	[64]	and	a	time	constant	of	

12	 ps.	 The	 nonbonded	 interactions	 were	 cut	 off	 at	 a	 distance	 of	 1.2	 nm.	 The	

Lennard-Jones	 and	 Coulomb	 potentials	 were	 shifted	 from	 0.9	 and	 0.0	 nm	 to	 the	

cutoff	distance,	respectively.	The	equations	of	motion	were	integrated	with	a	10	fs	

time	step.		

	

3.2.4	CG	LPS	model	validation	

To	assess	the	quality	of	the	CG	models,	we	explored	the	similarity	of	lipid	properties	

in	comparable	UA	and	CG	simulations.	Area	per	lipid,	bilayer	thickness,	average	acyl	

tail	order	parameters,	partial	mass	densities,	 conformational	states,	RMSD	values,	

radius	 of	 gyration	 values,	 and	 the	 distance	 between	 selected	 phosphate	 group	

centres	 were	 compared	 for	 validation.	 The	 area	 per	 lipid	 was	 calculated	 as	 a	
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polygon	 based	 tessellation	 of	 individual	 lipid	 phosphate	 groups,	 while	 the	

membrane	 thickness	 was	 determined	 from	 the	 separation	 between	 phosphate	

group	centres	in	opposing	leaflets	of	the	bilayers.	Voronoi	tessellation	methods	are	

known	 to	 inaccurately	describe	 the	projected	 surface	 areas	 of	 certain	 lipid	 types,	

and	 it	seemed	to	be	accurate	for	E.	coli	LPS,	and	Lipid	A	[90,91].	The	partial	mass	

densities	 were	 determined	 with	 the	 g_density	 program	 within	 the	 GROMACS	

package,	while	 the	 RMSD,	 radius	 of	 gyration	 values,	 radial	 distribution	 functions,	

and	 separations	 between	 phosphate	 group	 centres	 were	 determined	 with	 the	

g_rms,	g_gyrate,	g_rdf,	and	g_dist	functions,	respectively.	To	determine	acyl	tail	order	

parameters,	the	explicit	carbon-carbon	bonds	in	the	UA	simulations	were	ignored.	

Instead,	 the	order	parameters	between	mapped	pseudo-atoms	were	calculated	so	

that	 a	 sensible	 comparison	 could	be	made	 for	 lipid	 tail	 fluidity	 in	 the	UA	 and	CG	

simulations.	The	order	parameters	were	calculated	by	measuring	the	alignment	of	

appropriate	bonds	along	the	bilayer	normal	according	to:	SB	=	< 1.5cos2(θ)	- 0.5 >,	

where	SB	is	the	order	parameter	of	bond	vector	B,	and	θ	is	the	angle	between	B	and	

the	 membrane	 normal.	 The	 conformational	 characteristics	 of	 individual	 LPS	

molecules	were	analysed	through	the	use	of	locally	written	code.	

	

The	 thermodynamic	 behaviour	 of	 the	 CG	 membranes	 was	 investigated	 by	
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performing	a	set	of	annealing	simulations.	Equilibration	simulations	were	 initially	

performed	at	 either	 340	 or	 280	K	 to	 converge	 the	 properties	 of	 the	membranes.	

After	that,	heating	or	cooling	scans	were	performed	in	which	the	temperature	was	

gradually	 increased	or	decreased	over	a	3.5	μs	 simulation.	 For	 the	heating	cycles,	

the	 temperature	 of	 the	membrane	was	 increased	 at	 a	 steady	 rate	 from	 an	 initial	

temperature	 of	 280	 K	 to	 a	 final	 temperature	 of	 340	 K	 with	 intermediate	

temperatures	 of	 295	 K,	 310	 K	 and	 325	 K.	 In	 a	 similar	 way,	 cooling	 scans	 were	

performed	by	gradually	lowering	the	temperature	of	the	membranes	from	an	initial	

temperature	 of	 340	 K	 to	 a	 final	 temperature	 of	 280	 K,	 using	 the	 intermediate	

temperatures	 of	 325	 K,	 310	 K,	 and	 295	 K.	 	 To	 ensure	 convergence	 of	 lipid	

properties,	 500	 ns	 was	 spent	 at	 each	 control	 point	 (intermediate	 temperature),	

which	exceeds	 the	simulation	 times	needed	 to	converge	LPS	bilayer	properties	 in	

MD	simulations	[92].	
	
3.3	Results	and	Discussion	

3.3.1	Benchmarking	the	simulation	settings	with	standard	simulation	

parameters	

The	 simulation	 settings	were	benchmarked	 against	 standard	GROMOS	 simulation	

parameters	to	ensure	they	did	not	perturb	the	simulated	lipid	bilayers.	The	area	per	
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lipid	and	membrane	thickness	of	Lipid	A,	Re	LPS,	and	Ra	LPS	differed	by	less	than	

3.5%	when	 the	 recommended	 twin-range	 cutoff	 criteria	were	 used	with	 reaction	

field	 for	 long-range	 electrostatics	 and	when	updating	 the	 non-bonded	 neighbour	

list	every	integration	step	(Table	5).	

 

Table	5:	Benchmarking	of	UA	simulation	parameters.	Our	UA	simulation	parameters	
were	benchmarked	against	recommended	simulation	parameters	for	the	GROMOS	
force	fields.	The	simulation	systems	were	homogeneous	bilayers	of	Lipid	A,	Re	LPS,	
and	Ra	 LPS.	 The	 simulation	 temperatures	were	 310	K,	 and	325	K.	Data	 from	 the	
simulations	with	non-standard	parameters	were	in	white	cells,	while	the	data	from	
simulations	with	recommended	simulation	settings	were	 in	gray	cells.	APL	is	area	
per	lipid.	

	 Homogeneous	
membrane	 310	K	 325	K	

APL	(nm2)	
Lipid	A	 1.50	 1.52	 1.51	 1.53	
Re	LPS	 1.52	 1.52	 1.54	 1.50	
Ra	LPS	 1.81	 1.87	 1.83	 1.82	

Thickness	(nm)	
Lipid	A	 3.92	 3.90	 3.98	 3.88	
Re	LPS	 3.86	 3.81	 3.84	 3.84	
Ra	LPS	 3.62	 3.54	 3.57	 3.60	

	

3.3.2	Performance	of	Lipid	A	

The	inversion	of	target	UA	simulation	data	produced	CG	parameter	sets	for	the	Re	

and	 Ra	 LPS	 chemotypes	 that	 were	 almost	 equivalent	 in	 terms	 of	 their	 Lipid	 A	

domain.	 In	 many	 instances,	 the	 optimised	 equilibrium	 bond	 lengths	 and	 bond	
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angles	were	equivalent	to	within	1%,	while	the	corresponding	force	constants	were	

often	within	10%	of	each	other.		For	this	reason,	a	single	parameter	set	was	used	to	

describe	 this	 anchoring	 subsection	 throughout	 our	 CG	 simulations	 of	 Re	 and	 Ra	

LPS.	 Hereafter,	 the	 quality	 of	 the	 Lipid	 A	 segment	 parameters	was	 assessed	 by	

benchmarking	against	comparative	UA	simulations.		

	

3.3.2.1	Lipid	A	in	water	

The	radius	of	gyration	(Equation	13)	is	the	mass	weighted	(mi)	scalar	length	(ri)	of	

each	atom	(i)	from	the	centre	of	mass	of	a	given	molecule.		

 

	

Equation	13	

	

This	 value	 provides	 a	 quantitative	 measure	 for	 molecular	 shape	 and	 structure,	

while	 its	 variance	 provides	 a	 numeric	 measure	 for	 the	 stability	 of	 a	 particular	

molecular	 conformation.	 As	 depicted	 in	 Figure	 34,	 the	 six	 acyl	 tails	 of	 Lipid	 A	

display	relatively	little	variance	in	their	overall	structure;	instead	the	tails	retain	a	

compact	 parallel	 alignment	 for	 the	 majority	 of	 the	 MD	 trajectory.	 The	 radius	 of	
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gyration	 is	 0.64	 ±	 0.01	 nm	 in	 either	 UA	 or	 CG	 setup	 for	 the	 last	 100	 ns	 of	 the	

solvation	 simulations	 (Figure	 36A),	 which	 differs	 by	 0.01	 nm	 from	 the	 value	

obtained	by	Garate	and	Oostenbrink,	who	performed	similar	simulations	with	the	

CHARMM	force	field	[93].	

	

The	width	of	the	Lipid	A	head	group	is	similarly	invariant	in	the	UA	simulation,	with	

the	molecule	displaying	 limited	flexibility	of	 its	head	group	 linkages.	The	distance	

between	the	Lipid	A	phosphate	groups	maintains	a	value	of	1.18	±	0.07	nm	over	the	

final	200	ns	 of	 simulation	 time,	 compared	 to	 a	 value	 of	 1.31	±	 0.05	nm	obtained	

from	 all-atom	 simulations.	Given	 the	 preservation	 of	 the	 phosphate-to-phosphate	

distance	in	this	and	in	other	UA	simulation	studies,	 it	was	ensured	that	the	length	

separating	 the	 phosphate	 groups	 was	 likewise	 invariant	 in	 our	 CG	 simulation.	

Analysis	 shows	 the	 phosphate-to-phosphate	 distance	 is	 constant	 after	 an	 initial	

relaxation	 period	 of	 roughly	 20	 ns	 (Figure	 36B).	 The	 Lipid	 A	 phosphate	 groups	

maintain	a	constant	separation	of	0.99	±	0.09	nm	for	the	last	100	ns	of	simulation	

time,	 suggesting	 that	 the	 Lipid	 A	 head	 group	 displays	 the	 correct	 rigidity,	 but	 is	

more	 kinked	 than	 in	 the	 equivalent	 UA	 system,	which	may	 be	 as	 a	 result	 of	 the	

strong	 ionic	 interaction	 between	 the	 phosphate	 and	 calcium	 ion	 that	 makes	 the	

phosphate	 particles	 less	 flexible	 and	 unable	 to	 straighten	 out	 to	 increase	 the	
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distance	between	them.		

For	 additional	 comparison	 of	 the	 large-scale	 structural	 properties	 of	 the	 Lipid	 A	

molecules,	 the	 RMSD	 of	 atomic	 positions	 in	 the	UA	 and	 CG	 solvation	 simulations	

were	calculated	(Figure	36C).	Comparison	was	made	between	the	RMSD	values	of	

pseudo-atoms	 in	 the	 UA	 simulation	 and	 Martini	 beads	 in	 the	 comparative	 CG	

simulation.	The	RMSD	values	were	calculated	with	respect	to	the	starting	structures	

for	 both	 levels	 of	 resolution.	 In	 the	 UA	 simulation	 (mapped	 to	 pseudo-atom	

coordinates),	Lipid	A	has	an	average	RMSD	value	of	0.33	nm	over	the	last	100	ns	of	

simulation	time,	compared	to	an	average	RMSD	of	0.45	nm	in	the	comparative	CG	

setup.	 The	 standard	 deviations	 are	 0.06	 nm	 and	 0.06	 nm	 for	 the	 UA	 and	 CG	

simulations,	 respectively.	 Taken	 together,	 these	 values	 indicate	 that	 the	 Lipid	 A	

models	reach	similar	and	stable	configurations.	
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Figure	36:	Behaviour	of	Lipid	A	in	UA	and	CG	solvation	simulations.	The	behaviour	
of	Lipid	A	is	compared	in	terms	of	(A)	the	average	radius	of	gyration	for	lipid	tails,	
(B)	 the	 distance	 between	phosphate	 group	 centres,	 and	 (C)	 the	RMSD.	 The	 black	
lines	 depict	 the	 data	 from	 the	 CG	 simulation,	 and	 the	 violet	 lines	 depict	 the	 data	
from	the	analogous	UA	simulation.		
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3.3.2.2	Lipid	A	in	a	homogeneous	membrane	

Biological	membranes	have	a	set	of	physical	properties	 that	depend	on	their	 lipid	

composition.	 For	 example,	 bilayers	 that	 are	 rich	 in	 saturated	 phospholipids	

generally	have	highly	ordered	acyl	 tails	and	 thick	membrane	cores,	given	 that	 the	

component	 lipids	 can	 achieve	 tight	 packing	 in	 the	 bilayer,	while	 bilayers	 that	 are	

rich	 in	 unsaturated	 phospholipids	 have	 more	 kinked	 acyl	 tails	 and	 thinner	

hydrophobic	cores.	For	this	reason,	bilayer	properties	such	as	membrane	thickness,	

acyl	tail	order	parameter,	and	area	per	lipid	have	been	used	to	investigate	the	extent	

to	 which	 lipid	 topologies	 are	 physically	 accurate	 at	 atomistic	 and	 CG	 levels	 of	

representation	 [87,94].	A	similar	approach	was	adopted	 to	examine	 in	detail	how	

accurately	we	 parameterised	 our	 CG	model	 of	 Lipid	 A.	 The	 properties	 of	 Lipid	 A	

membranes	 were	 examined	 in	 comparative	 UA	 and	 CG	 simulations,	 allowing	

comparison	of	these	data	with	each	other	and	with	data	from	other	experiments.	

	

Starting	 with	 the	 area	 per	 lipid	 values,	 Lipid	 A	 occupies	 1.50	 ±	 0.0002	 nm2	 of	

membrane	space	in	the	UA	simulation	system	at	310	K,	and	1.45	±	0.0002	nm2	for	

the	corresponding	CG	setup	(Table	6).	The	predicted	surface	areas	are	0.06	nm2	and	

0.11	nm2	too	small	when	compared	with	the	experimentally	derived	surface	area	of	
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1.56	 nm2	for	 LPS	 [95].	This	mismatch	 can	 be	 better	 understood	 from	 the	 Lipid	A	

solvation	simulations,	which	revealed	 that	 the	Lipid	A	head	groups	are	smaller	 in	

the	CG	simulation	than	in	the	equivalent	UA	setup.		
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Table	6:	Area	per	lipid	values	for	UA	and	CG	membranes.	The	homogeneous	membranes	were	built	with	a	single	lipid	
type,	while	the	heterogeneous	membranes	contained	one	leaflet	of	LPS,	and	an	opposing	leaflet	of	PE	and	PG	lipids	in	a	
9:1	ratio.	Distinct	membrane	systems	are	separated	using	grey	and	white	coloured	cells	 for	clarity.	Measurements	of	
thickness	are	in	nanometers.	The	standard	error	is	not	explicitly	shown,	but	is	less	than	0.0001	nm.		

*PVPE	were	simulated	in	the	UA	system	and	POPE	in	the	CG	system.	

	
Membrane	system	

Homogeneous	 Heterogeneous	
Lipid	A	 Re	LPS	 Ra	LPS	 Lipid	A	 PE*	 PG	 Re	LPS	 PE*	 PG	 Ra	LPS	 PE*	 PG	

	
Temperature	(K)	

310	K	
UA	 1.50	 1.52	 1.81	 1.44	 0.58	 0.54	 1.55	 0.62	 0.62	 1.67	 0.67	 0.68	
CG	 1.45	 1.59	 1.78	 1.46	 0.58	 0.59	 1.55	 0.62	 0.61	 1.66	 0.67	 0.64	

325	K	
UA	 1.51	 1.54	 1.83	 1.46	 0.59	 0.58	 1.58	 0.63	 0.63	 1.67	 0.67	 0.65	
CG	 1.51	 1.60	 1.77	 1.48	 0.59	 0.60	 1.57	 0.63	 0.63	 1.67	 0.67	 0.65	
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Another	structural	property	 that	 is	 commonly	used	 to	evaluate	 lipid	 topologies	 is	

membrane	 thickness,	 which	 is	 most	 commonly	 calculated	 as	 the	 full	 distance	

between	 boundary	 phosphate	 groups	 in	 opposing	 leaflets	 of	 lipid	 bilayers.	

Following	 this	 procedure,	 the	 bilayer	 thickness	 for	 the	 homogeneous	 Lipid	 A	

membrane	is	3.93	±	0.0004	nm	in	the	target	UA	simulation,	and	3.60	±	0.0004	nm	in	

the	 comparable	 CG	 system	 (Table	 7).	 For	 comparison,	 the	 thickness	 of	 Lipid	 A	

leaflets	 was	 calculated	 as	 3.62	 ±	 0.01	 nm	 in	 atomistic	 simulations	 performed	 by	

Murzyn	 et	 al.	 [96].	 There	 was	 a	 much	 larger	 difference	 between	 the	 membrane	
thickness	 of	 the	 homogeneous	 membrane	 system	 in	 the	 UA	 and	 CG	 models	

compared	with	the	heterogeneous	membrane	model,	which	had	a	difference	of	less	

than	 1.5%.	 They	 were	 parametrised	 based	 on	 the	 UA	 heterogeneous	membrane,	

which	 is	 the	correct	outer	membrane	composition	 that	exists	 in	 the	real	bacteria.	

Also,	 the	 program	 (PyCGTOOL)	 is	 very	 sensitive	 to	 the	 given	 model,	 which	 was	

originally	input	with	the	atomistic	homogeneous	membrane.	

 

Table	7:	Thickness	values	 for	UA	and	CG	membranes	 in	this	study.	The	separation	
between	boundary	phosphate	groups	was	calculated	for	lipids	in	opposing	leaflets	
of	homogeneous	and	heterogeneous	bilayers.	The	homogeneous	membranes	were	
built	with	a	 single	 lipid	 type,	while	 the	heterogeneous	membranes	 contained	one	
leaflet	of	LPS,	and	an	opposing	leaflet	of	PE	and	PG	lipids	in	a	9:1	ratio.	The	bilayers	
are	referenced	according	to	the	LPS	molecule	they	contain.	The	standard	error	is	 
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not	explicitly	shown,	but	is	less	than	0.001	nm.	

	
Membrane thickness (nm) 

 
310 K 325 K 

Membrane system 
 

UA CG UA CG 

Homogeneous 
Re LPS 3.87 3.38 3.84 3.35 

Ra LPS 3.63 3.01 3.57 2.99 

Heterogeneous 
Re LPS 3.81 3.83 3.81 3.86 

Ra LPS 3.62 3.67 3.63 3.71 

	

Given	 that	 the	permeation	and	 localisation	of	molecules	 in	 fluid	bilayers	depends	

sensitively	upon	specific	lipid	organisation	and	structure,	it	is	important	to	ensure	

that	the	individual	components	of	the	Lipid	A	model	are	appropriately	distributed	

along	 the	 bilayer	 normal.	 To	 this	 end,	 the	 extent	 to	 which	 the	 one-dimensional	

partial	 mass	 densities	 are	 similar	 for	 the	 components	 of	 the	 UA	 and	 CG	 Lipid	 A	

bilayers	 can	 be	 examined.	 From	 the	 comparison	 of	 calculated	 one-dimensional	

partial	 mass	 density	 plots,	 it	 appears	 that	 most	 of	 the	 components	 of	 the	 CG	

membrane	 are	 appropriately	 arranged	 along	 the	 bilayer	 normal	 (Figure	37).	 The	

partial	 mass	 density	 peaks	 for	 the	 carbon	 tails,	 phosphate	 groups,	 glucosamine	

sugars,	 and	counter	 ions	 are	 equivalent	 to	within	0.3	nm	 for	 the comparative	UA	

and	CG	setups.	The	most	notable	difference	seems	to	be	in	the	penetration	of	water	

molecules	 in	 the	 head	 group	 section,	 and	 in	 the	 mismatch	 of	 the	 density	 peak	
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heights	 for	 the	 acyl	 tails	 of	 Lipid	A	 and	 its	 glucosamine	 and	 glycerol	 groups.	 The	

mismatch	in	peak	heights	is	likely	an	artifact	of	the	CG	mapping	scheme	employed	

to	build	CG	models	 for	 the	carbon	tails	of	Lipid	A	and	 its	glucosamine	sugars	and	

glycerol	groups.	In	keeping	with	the	mapping	schemes	employed	by	Martini	for	the	

characterisation	 of	 carbohydrates	 and	 glycolipid	 headgroups,	 the	 low	mass	 sugar	

segments	were	bundled	 into	 standard	CG	Martini	 beads,	 rather	 than	 their	 lighter	

ring	(S)	type	equivalents.	While	the	mapping	scheme	can	create	CG	structures	that	

are	too	dense,	the	use	of	standard	Martini	beads	for	small	segments	of	sugars	has	

been	 shown	 to	 give	 a	 more	 accurate	 description	 of	 the	 chemical	 and	 structural	

properties	 of	 complex	 sugars	 [87,97].	 Through	 extensive	 testing	 of	 different	

mapping	 schemes	 and	 bead	 type	 classifications,	 the	 LPS	 is	 also	more	 accurately	

mimicked	 at	 the	 CG	 level	with	 standard	Martini	 CG	 beads	 in	 place	 of	 light	 sugar	

segments.		 	
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Figure	 37:	 Comparative	 partial	 mass	 density	 plots	 for	 a	 homogeneous	 Lipid	 A	
membrane.	Homogeneous	membranes	of	Lipid	A	were	simulated	at	310	K	using	CG	
and	UA	levels	of	detail.	Carbon	tails	are	represented	by	black	lines,	glucosamine	and	
glycerol	 groups	 (Glc,	 Gly)	 are	 represented	 by	 green	 lines,	 phosphate	 groups	 are	
represented	 by	 turquoise	 lines,	 counterions	 are	 represented	 by	 pink	 lines,	 and	
water	is	represented	by	blue	lines.	The	partial	mass	densities	are	measured	along	
the	bilayer	normal	(z	axis).					

	

An	important	measure	of	fluid	membranes	is	the	order	parameter	for	the	acyl	tails	

of	 the	 lipids.	 The	 order	 parameter	 quantifies	 the	 various	movements	 of	 acyl	 tails	

that	 take	 place	 on	 different	 timescales,	 such	 as	 rotations	 around	 the	 lipid	 axis,	

lateral	 diffusion,	 and	 undulatory	 motions	 of	 the	 membrane.	 For	 this	 reason,	 the	

order	 parameters	 between	 the	 pseudo-atoms	 in	 the	 UA	 Lipid	 A	membrane	were	

calculated,	 and	were	 used	 to	 benchmark	 the	 corresponding	 CG	 simulations.	 At	 a	

	
	
					
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
Figure	3:	Comparative	partial	mass	density	plots	for	a	homogeneous	Lipid	
A	 membrane.	Homogeneous	membranes	 of	 Lipid	 A	were	 simulated	 at	 310	 K	
using	 CG	 and	 UA	 levels	 of	 detail.	 Carbon	 tails	 are	 represented	 by	 black	 lines,	
glucosamine	 and	 glycerol	 groups	 (Glc,Gly)	 are	 represented	 by	 green	 lines,	
phosphate	 groups	 are	 represented	 by	 turquoise	 lines,	 counterions	 are	
represented	 by	 pink	 lines,	 and	water	 is	 represented	 by	 blue	 lines.	 The	 partial	
mass	densities	are	measured	along	the	bilayer	normal	(z	axis).					
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temperature	of	310	K,	the	acyl	tail	order	parameters	for	each	of	the	Lipid	A	tails	are	

0.58,	 0.59,	 0.54,	 0.56,	 0.68,	 and	 0.69	 in	 the	 UA	 model,	 while	 the	 acyl	 tail	 order	

parameters	for	each	of	the	six	tails	in	the	comparative	CG	setup	are	0.48,	0.53,	0.52,	

0.54,	0.59,	and	0.61,	respectively.	The	calculated	values	are	somewhat	dissimilar	to	

the	order	parameters	calculated	for	acyl	tails	in	most	bacterial	membranes	owing	to	

the	use	of	pseudo-atoms	and	Martini	beads	 in	our	 calculations	 instead	of	 explicit	

bonds	 between	 individual	 UA	 particles.	When	 considering	 the	 individual	 carbon-

carbon	bonds	in	the	UA	simulation,	the	values	obtained	closely	resemble	the	order	

parameters	 conventionally	 calculated	 for	 LPS	 tails	 (Figure	 38)	 [11,98,99].	 The	

absence	of	a	plateau	region	and	a	slight	drop	in	the	order	parameters	is	due	to	the	

fact	 that	 tails	 B	 and	 D	 are	 branched	 off	 from	 tails	 A	 and	 C,	 respectively.	 This	

branching	of	 the	tails	 is	causing	slightly	more	disorder	 in	the	region	of	 these	tails	

than	 we	 may	 see	 from	 a	 typical	 lipid	 (a	 lower	 order	 parameter	 means	 that	 the	

carbons	are	less	in	parallel	with	the	z-axis).	However,	it	is	still	worth	noting	that	the	

order	parameters	are	still	ordered	overall,	as	expected	for	the	low	area	per	lipid	of	

Lipid	A,	when	compared	to	the	phospholipid	membrane	[98].	Tails	E	and	F,	which	

are	off	the	second	Lipid	A	sugar,	do	not	contain	branches	and	so	look	more	like	we	

would	typically	expect	for	the	plateau	regions.	
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Figure	38:	Order	parameters	for	the	carbon	tails	of	Lipid	A	in	a	UA	simulation.	The	
order	parameters	are	calculated	 for	 the	carbon	 tails	of	Lipid	A	 in	a	homogeneous	
membrane.	Each	order	parameter	value	 is	obtained	by	considering	explicit	bonds	
between	individual	UA	particles.	The	simulation	temperature	was	310	K.	Each	tail	is	
coloured	 according	 to	 its	position	 shown	 in	 the	 LPS	 atomistic	model	 and	 colours	
are	also	matched	with	the	presented	order	parameter.	

	

3.3.3	Evaluation	of	CG	LPS	models	

To	evaluate	 the	CG	models	 for	Re	and	Ra	LPS,	 complex	bilayers	 that	match	E.	coli	

outer	 membranes	 in	 structure	 and	 composition	 were	 constructed,	 thereby	

mimicking	the	UA	membrane	simulation	systems	from	which	the	CG	LPS	parameter	

sets	 were	 derived.	 Through	 comparison	 of	 conformational	 characteristics	 and	

membrane	 structural	 properties,	 we	 quantitatively	 assessed	 the	 inter	 lipid	

B

A C
D E

F
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interactions	 of	 the	 LPS	 models	 to	 evaluate	 their	 suitability	 for	 LPS	 bilayer	

simulations	with	other	components,	such	as	C60	 fullerenes,	antimicrobial	peptides	

and	membrane	proteins.	

	

3.3.3.1	Comparison	of	conformational	behaviour	in	a	bacterial	membrane	

To	 ensure	 that	 our	 CG	models	 displayed	 the	 correct	 conformational	 character	 in	

membrane	environments,	the	bond	lengths	and	bond	angle	distributions	of	mapped	

pseudo-atoms	 in	 the	UA	 bilayer	 simulations	were	 compared	with	 those	 from	 the	

Martini	 CG	 simulations.	 The	UA	 and	 CG	 distributions	were	 compared	 in	 terms	 of	

equilibrium	values	for	bonded	parameters,	and	their	associated	force	constants.	For	

the	equilibrium	bond	lengths,	there	is	a	difference	of	no	more	than	0.1	nm	between	

the	 UA	 and	 CG	 systems,	 while	 the	 associated	 force	 constants	 are	 also	 broadly	

similar	 (Table	 8).	 In	 addition,	 the	 bond	 angles	 are	 equivalent	 to	 within	 10%	 for	

most	 of	 the	 assigned	 angles,	while	 the	 corresponding	 force	 constants	match	well	

(Table	9).	The	force	constant	values	shown	in	the	CG	model	were	slightly	lower	than	

in	the	UA	model,	but	still	in	a	reasonable	range.	The	force	constant	in	the	CG	model	

higher	 than	 10,000	 automatically	 turns	 into	 bond	 constraints.	 In	 addition,	 one	

single	CG	particle	was	mapped	from	three	or	four	UA	atoms	and	is	probably	also	the	

reason	for	the	difference.	The	similarity	in	the	data	sets	demonstrates	that	the	CG	
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LPS	 models	 exhibit	 the	 desired	 conformational	 characteristics	 when	 they	 are	

incorporated	into	bacterial	bilayer	environments.		
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Table	 8:	 Conformational	 behaviour	 of	 Re	 and	 Ra	 LPS	 in	 comparative	 UA	 and	 CG	
simulations.	Equilibrium	bond	lengths	(Rbond)	and	bond	stretching	force	constants	
(Kbond)	are	displayed	for	LPS	molecules	in	comparative	UA	and	CG	simulations.			

	

Bonds	
UA	Rbond	 UA	Kbond	 CG	Rbond	 CG	Kbond	
(nm)	 (KJ	mol-1nm-2)	 (nm)	 (KJ	mol-1nm-2)	

	 	 	 	 	
	 	

Re	LPS	
	 	1-2	 0.418	 6379.27	 0.440	 3951.50	

2-3	 0.190	 51499.54	 0.206	 304722.17	
2-4	 0.213	 17710.37	 0.241	 18066.89	
2-6	 0.420	 7401.50	 0.433	 4101.35	
3-9	 0.320	 5624.04	 0.333	 4469.16	
3-17	 0.338	 5431.25	 0.349	 3801.70	
5-7	 0.196	 31087.05	 0.220	 21694.58	
5-8	 0.398	 8460.81	 0.419	 4948.95	
6-5	 0.211	 19448.37	 0.235	 14258.12	
7-25	 0.290	 5246.23	 0.319	 4494.22	
7-29	 0.298	 7007.59	 0.314	 5688.27	
9-10	 0.317	 1321.05	 0.272	 732.40	
9-14	 0.446	 1543.97	 0.450	 816.21	
10-11	 0.401	 1618.49	 0.373	 761.32	
11-12	 0.467	 1819.88	 0.450	 801.83	
12-13	 0.461	 1646.74	 0.442	 721.99	
14-15	 0.468	 1816.38	 0.449	 794.25	
15-16	 0.410	 2264.78	 0.391	 1005.61	
17-18	 0.338	 1219.39	 0.294	 562.04		
17-22	 0.439	 1600.85	 0.436	 559.87	
18-19	 0.397	 1543.13	 0.366	 747.95	
19-20	 0.352	 3134.90	 0.333	 1455.64	
20-21	 0.408	 2213.35	 0.387	 981.92	
22-23	 0.465	 1738.86	 0.442	 698.07	
23-24	 0.408	 2242.26	 0.389	 992.66	
25-26	 0.304	 4618.12	 0.284	 2283.63	
26-27	 0.464	 2184.23	 0.444	 909.41	
27-28	 0.516	 1229.21	 0.495	 500.88	
29-30	 0.294	 4033.67	 0.269	 1972.05	
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30-31	 0.464	 1836.05	 0.443	 826.20	
31-32	 0.516	 1202.10	 0.495	 497.20	
33-34	 0.224	 34725.69	 0.251	 24751.53	
34-35	 0.165	 59575.04	 0.200	 34690.94	
35-36	 0.156	 13266.05	 0.199	 13353.85	
35-37	 0.348	 2984.25	 0.404	 3096.17	
35-38	 0.398	 19324.75	 0.419	 9938.28	
38-39	 0.165	 91961.56	 0.188	 58777.19	
38-42	 0.222	 39151.20	 0.249	 30897.84	
39-40	 0.158	 22391.14	 0.194	 23575.22	
39-41	 0.356	 2369.94	 0.421	 3133.70	

	 	 	 	 	
	 	

Ra	LPS	
	 	1-2	 0.419	 6325.63	 0.439	 4047.40	

2-3	 0.190	 46127.80	 0.208	 21312.96	
2-4	 0.213	 23638.13	 0.239	 15125.17	
2-6	 0.414	 3042.30	 0.440	 2528.65	
3-9	 0.317	 5940.04	 0.332	 3952.67	
3-17	 0.346	 4720.10	 0.356	 3097.98	
5-7	 0.192	 6442.99	 0.255	 6635.03	
5-8	 0.398	 5612.22	 0.411	 3497.98	
6-5	 0.211	 24354.88	 0.220	 11956.24	
7-25	 0.288	 4413.68	 0.306	 2997.73	
7-29	 0.299	 3125.80	 0.317	 2498.54	
9-10	 0.309	 1523.21	 0.277	 825.24	
9-14	 0.454	 1647.52	 0.456	 763.73	
10-11	 0.400	 1523.21	 0.375	 718.20	
11-12	 0.465	 1677.11	 0.446	 724.25	
12-13	 0.458	 1595.37	 0.440	 706.15	
14-15	 0.464	 1709.30	 0.445	 735.95	
15-16	 0.407	 2198.71	 0.389	 988.51	
17-18	 0.337	 1261.37	 0.293	 599.63	
17-22	 0.434	 1261.08	 0.433	 576.49	
18-19	 0.402	 1750.27	 0.375	 822.25	
19-20	 0.350	 3083.32	 0.331	 1408.79	
20-21	 0.405	 2147.53	 0.385	 958.82	
22-23	 0.462	 1618.37	 0.439	 685.50	
23-24	 0.406	 2211.57	 0.387	 988.25	
25-26	 0.304	 3820.33	 0.283	 1879.17	
26-27	 0.458	 1796.66	 0.438	 789.15	
27-28	 0.514	 1201.77	 0.494	 500.20	
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29-30	 0.291	 3623.49	 0.267	 1824.61	
30-31	 0.457	 1704.62	 0.436	 761.04	
31-32	 0.513	 1139.30	 0.492	 467.01	
4-34	 0.335	 11676.83	 0.371	 7043.76	
33-34	 0.225	 39187.99	 0.248	 20387.13	
34-35	 0.210	 113914.41	 0.216	 33875.79	
34-36	 0.244	 27062.05	 0.258	 13568.51	
35-36	 0.248	 61754.08	 0.247	 22522.26	
35-37	 0.249	 6153.11	 0.272	 5566.64	
36-38	 0.337	 13592.17	 0.369	 8782.52	
36-43	 0.353	 2007.33	 0.345	 1094.83	
38-39	 0.246	 44034.55	 0.255	 19281.87	
38-40	 0.211	 122580.57	 0.217	 34924.67	
38-42	 0.222	 37315.86	 0.247	 20466.20	
39-40	 0.253	 63489.01	 0.251	 22903.81	
40-41	 0.256	 5416.23	 0.275	 4943.01	
43-44	 0.257	 6551.27	 0.262	 4032.19	
43-45	 0.258	 14004.93	 0.258	 7078.41	
44-45	 0.251	 6009.68	 0.274	 4340.17	
44-46	 0.237	 6355.84	 0.249	 4603.38	
45-47	 0.306	 6071.99	 0.319	 3753.71	
45-48	 0.310	 3083.28	 0.293	 3978.76	
48-49	 0.210	 101895.96	 0.220	 8937.46	
48-50	 0.255	 6452.58	 0.298	 3893.48	
49-50	 0.251	 4959.60	 0.273	 3689.90	
49-52	 0.260	 4398.18	 0.268	 3341.26	
50-51	 0.300	 7909.89	 0.309	 4572.57	
50-57	 0.263	 4409.26	 0.280	 3396.20	
52-53	 0.295	 16173.54	 0.264	 7714.94	
53-54	 0.211	 122329.95	 0.213	 33819.89	
53-55	 0.267	 30430.86	 0.263	 13032.79	
54-55	 0.265	 33290.88	 0.264	 14547.99	
54-56	 0.232	 7575.85	 0.258	 7111.63	
57-58	 0.312	 11214.42	 0.306	 5077.11	
57-59	 0.297	 23068.96	 0.293	 10071.01	
58-59	 0.298	 2501.48	 0.245	 1082.61	
59-60	 0.342	 1849.82	 0.341	 1461.15	
60-61	 0.350	 2928.30	 0.337	 1364.84	
60-62	 0.258	 2600.27	 0.253	 1981.13	
60-66	 0.311	 8213.24	 0.320	 4947.51	
61-62	 0.290	 2500.80	 0.236	 1287.97	
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62-63	 0.368	 3709.56	 0.354	 2021.68	
63-64	 0.280	 58790.10	 0.278	 20929.24	
63-65	 0.372	 22274.57	 0.371	 9520.61	
64-65	 0.310	 7749.31	 0.296	 3426.95	
66-67	 0.366	 3047.01	 0.359	 1632.73	
66-68	 0.258	 28924.90	 0.257	 12737.47	
66-69	 0.305	 8176.56	 0.305	 4789.71	
67-68	 0.292	 2280.68	 0.225	 955.84	
69-70	 0.369	 3782.83	 0.357	 1756.85	
69-71	 0.258	 31129.02	 0.255	 12992.50	
70-71	 0.292	 2379.00	 0.236	 908.34	
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Table	9:	Conformational	behaviour	of	Re	LPS	and	Ra	LPS	in	comparative	UA	and	CG	
simulations.	Equilibrium	bond	angles	(θ0)	and	bending	force	constants	(Kangle)	are	
displayed	for	LPS	molecules	in	comparative	UA	and	CG	simulations.			

	

Angles	
	

UA	Angles	 UA	Kangle		 CG	Angles	 CG	Kangle	
(θ0)	 (KJ	mol-1)	 (θ0)	 (KJ	mol-1)	

	 	 	 	 	
	 	

Re	LPS		
	 	1-2-3	 88.821	 11.86	 94.761	 10.98	

1-2-4	 82.597	 10.01	 90.192	 8.76	
1-2-6	 160.520	 11.15	 122.937	 11.30	
2-3-9	 126.792	 10.93	 131.802	 12.00	
2-3-17	 129.001	 6.11	 128.105	 9.05	
2-6-5	 155.190	 8.84	 121.580	 9.22	
3-2-4	 161.497	 10.62	 165.481	 10.84	
3-2-6	 94.804	 10.21	 95.939	 8.55	
3-9-10	 107.806	 11.49	 129.371	 11.64	
3-9-14	 119.404	 10.88	 118.722	 10.36	
3-17-18	 118.678	 10.62	 124.972	 9.99	
3-17-22	 142.195	 14.02	 126.763	 12.97	
4-2-6	 96.978	 9.91	 90.089	 8.54	
5-7-25	 109.425	 9.86	 125.101	 9.41	
5-7-29	 141.288	 10.37	 129.791	 8.12	
6-5-7	 142.994	 9.79	 159.716	 11.60	
6-5-8	 102.088	 8.82	 97.924	 9.99	
7-5-8	 93.939	 9.68	 98.664	 8.75	
7-25-26	 129.329	 16.64	 130.394	 10.48	
7-29-30	 136.581	 9.22	 136.496	 10.66	
9-3-17	 100.676	 9.51	 95.001	 9.55	
9-14-15	 152.113	 9.46	 143.478	 10.19	
9-10-11	 149.379	 10.25	 129.858	 9.86	
10-11-12	 150.415	 10.14	 142.505	 9.62	
10-9-14	 66.689	 9.50	 86.807	 15.19	
11-12-13	 152.543	 9.93	 138.871	 9.18	
14-15-16	 154.704	 11.43	 139.871	 9.39	
17-18-19	 145.073	 10.47	 125.884	 15.61	
17-22-23	 155.369	 9.11	 144.142	 10.09	
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18-17-22	 67.707	 9.90	 87.893	 10.24	
18-19-20	 149.536	 9.74	 148.875	 9.72	
19-20-21	 154.231	 10.64	 139.092	 9.98	
22-23-24	 153.022	 10.67	 140.413	 9.92	
25-7-29	 106.188	 10.67	 101.750	 10.54	
25-26-27	 140.812	 9.41	 133.097	 9.06	
26-27-28	 155.065	 11.53	 142.196	 8.42	
29-30-31	 125.244	 13.09	 125.383	 9.94	
30-31-32	 153.714	 13.46	 143.474	 9.46	
2-4-34	 160.656	 13.46	 135.451	 11.63	
4-34-33	 82.132	 11.03	 97.893	 8.42	
4-34-35	 108.471	 9.82	 107.149	 11.23	
33-34-35	 146.837	 9.89	 153.289	 10.04	
34-35-36	 131.568	 9.27	 154.361	 9.51	
34-35-37	 118.563	 10.24	 96.340	 11.05	
34-35-38	 106.061	 8.91	 103.777	 11.77	
35-38-42	 76.385	 10.29	 97.758	 8.14	
36-35-38	 87.632	 10.85	 88.771	 11.36	
37-35-38	 133.027	 10.70	 99.130	 11.10	
38-39-40	 130.190	 10.25	 163.417	 8.91	
38-39-41	 118.847	 10.35	 95.962	 8.58	
40-39-41	 69.304	 8.88	 96.498	 10.04	

	 	 	 	 	
	 	

Ra	LPS		
	 	1-2-3	 89.470	 9.47	 94.339	 11.83	

1-2-4	 82.833	 10.51	 91.721	 11.03	
1-2-6	 157.005	 10.09	 124.975	 9.33	
2-3-9	 125.442	 9.81	 132.892	 10.56	
2-3-17	 126.182	 9.34	 127.503	 10.62	
2-6-5	 154.574	 11.61	 119.241	 9.42	
3-2-4	 161.456	 10.38	 165.003	 8.83	
3-2-6	 96.925	 10.26	 95.125	 10.99	
3-9-10	 104.432	 13.49	 128.675	 10.55	
3-9-14	 119.139	 9.36	 121.236	 10.18	
3-17-18	 128.849	 9.36	 125.235	 10.45	
3-17-22	 139.624	 10.86	 123.674	 9.89	
4-2-6	 94.893	 11.15	 89.599	 10.14	
5-7-25	 112.370	 11.08	 125.310	 10.93	
5-7-29	 140.268	 11.14	 122.674	 11.05	
6-5-7	 138.634	 10.04	 154.192	 10.16	
6-5-8	 106.856	 10.71	 103.533	 11.92	



Chapter	3	

	

	 94	

	

7-5-8	 89.666	 9.53	 97.071	 8.26	
7-25-26	 125.583	 9.57	 133.798	 9.36	
7-29-30	 141.954	 12.38	 135.925	 10.83	
9-3-17	 103.894	 9.11	 94.577	 11.44	
9-14-15	 150.720	 10.56	 141.950	 11.54	
9-10-11	 148.877	 9.56	 128.623	 10.61	
10-11-12	 149.710	 10.14	 140.511	 11.53	
10-9-14	 66.871	 9.50	 86.599	 15.24	
11-12-13	 150.623	 8.07	 134.164	 8.86	
14-15-16	 151.896	 10.55	 136.074	 10.02	
17-18-19	 142.300	 10.63	 128.255	 10.34	
17-22-23	 153.461	 8.70	 140.658	 10.90	
18-17-22	 69.563	 9.37	 88.671	 8.81	
18-19-20	 149.756	 9.91	 138.536	 9.07	
19-20-21	 152.254	 9.06		 134.980	 9.93	
22-23-24	 150.746	 11.88	 136.756	 9.50	
25-7-29	 104.825	 11.43	 106.564	 10.90	
25-26-27	 139.810	 10.26	 130.286	 11.37	
26-27-28	 152.348	 9.49	 139.172	 10.45		
29-30-31	 128.954	 12.63	 125.752	 9.56	
30-31-32	 151.065	 10.80	 139.745	 10.62	
2-4-34	 160.917	 10.41	 137.244	 9.61	
4-34-33	 80.975	 10.85	 96.929	 10.08	
4-34-35	 87.123	 9.22	 102.458	 11.97	
4-34-36	 130.068	 4.20	 110.462	 11.04	
33-34-35	 105.066	 10.21	 145.399	 9.18	
33-34-36	 143.705	 10.61	 134.804	 10.11	
34-35-36	 63.829	 13.22	 67.407	 6.76	
34-35-38	 57.281	 10.65	 76.895	 9.99	
34-36-35	 50.419	 10.07	 50.675	 11.58	
34-36-38	 106.354	 11.40	 123.712	 9.63	
34-36-43	 128.160	 6.61	 125.135	 8.99	
35-34-36	 65.752	 13.52	 61.917	 7.73	
35-36-38	 138.053	 11.21	 134.674	 10.99	
35-36-43	 103.333	 10.76	 111.774	 9.30	
36-35-37	 106.306	 11.57	 139.423	 9.44	
36-38-39	 133.672	 11.00	 104.283	 11.35	
36-38-40	 92.206	 10.28	 104.326	 9.34	
36-38-42	 80.425	 7.97	 99.443	 9.71	
36-43-44	 68.075	 10.85	 118.93	 9.41	
36-43-45	 119.405	 9.72	 146.202	 10.43	
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38-39-40	 49.899	 6.26	 50.832	 14.29	
38-40-39	 63.454	 6.06	 65.573	 10.24	
38-40-41	 164.561	 11.12	 145.615	 11.21	
39-38-40	 66.647	 8.04	 63.593	 12.89	
39-38-42	 142.997	 10.07	 134.508	 11.06	
39-40-41	 104.802	 10.49	 139.613	 10.18	
40-38-42	 105.990	 9.82	 143.448	 9.04	
43-44-45	 60.895	 9.64	 57.456	 10.21	
43-44-46	 156.277	 9.92	 151.472	 11.96	
43-45-44	 60.884	 10.42	 58.867	 10.66	
43-45-48	 103.129	 11.50	 111.168	 7.80	
43-45-47	 131.036	 10.82	 131.440	 10.58	
44-43-45	 58.221	 10.29	 63.677	 11.35	
44-45-47	 103.539	 11.50	 113.753	 9.76	
44-45-48	 136.462	 10.27	 117.580	 9.89	
45-44-46	 105.360	 8.05	 140.698	 9.35	
45-48-49	 100.337	 11.38	 149.839	 7.86	
45-48-50	 142.013	 10.52	 134.784	 11.19	
47-45-48	 112.142	 9.89	 110.775	 10.51	
48-49-50	 66.081	 11.28	 73.523	 12.25	
48-49-52	 150.260	 11.25	 138.445	 11.93	
48-50-51	 137.511	 9.28	 124.015	 10.670	
48-50-57	 102.272	 10.38	 110.594	 10.78	
49-48-50	 64.478	 9.66	 61.552	 8.08	
49-50-51	 107.606	 10.18	 121.449	 10.73	
19-50-57	 134.102	 10.48	 115.936	 10.35	
49-52-53	 140.236	 10.38	 125.589	 10.96	
50-57-58	 114.101	 4.12	 136.969	 10.69	
50-57-59	 151.235	 9.40	 142.159	 11.85	
50-49-52	 113.775	 13.18	 135.635	 6.37	
51-50-57	 113.659	 10.46	 116.069	 11.24	
52-53-54	 85.684	 9.38	 129.692	 10.35	
52-53-55	 125.983	 11.16	 141.269	 11.01	
53-54-55	 67.006	 8.77	 65.316	 10.73	
53-54-56	 169.127	 10.79	 150.991	 9.53	
53-55-54	 46.958	 10.51	 47.400	 11.80	
54-53-55	 66.035	 10.61	 67.282	 11.23	
55-54-56	 108.656	 8.70	 137.792	 10.32	
57-58-59	 58.264	 11.70	 63.170	 6.97	
57-59-58	 63.375	 8.34	 68.598	 11.10	
57-59-60	 112.994	 9.35	 114.304	 10.55	
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58-57-59	 58.362	 9.44	 48.231	 8.30	
58-59-60	 141.296	 10.74	 137.831	 10.09	
59-60-61	 83.894	 11.23	 104.564	 10.31	
59-60-62	 121.913	 10.13	 122.979	 11.72	
59-60-66	 103.829	 9.46	 102.844	 11.95	
60-61-62	 46.256	 11.48	 48.224	 9.45	
60-62-61	 79.386	 9.17	 87.790	 8.18	
60-62-63	 88.585	 8.83	 108.461	 10.95	
60-66-67	 80.457	 9.29	 106.022	 9.78	
60-66-68	 122.716	 9.23	 124.033	 11.02	
60-66-69	 100.800	 9.47	 97.885	 10.52	
61-60-62	 54.357	 9.87	 43.984	 10.29	
61-60-66	 154.416	 9.56	 135.031	 9.27	
61-62-63	 129.483	 10.34	 138.916	 10.76	
62-60-66	 129.072	 10.06	 126.046	 9.54	
62-63-64	 124.419	 10.82	 128.283	 9.66	
62-63-65	 71.396	 11.95	 104.764	 9.29	
63-64-65	 78.252	 3.37	 80.705	 11.70	
63-65-64	 47.269	 14.92	 47.438	 6.74	
64-63-65	 54.480	 11.54	 51.856	 9.98	
66-67-68	 44.580	 9.07	 44.519	 11.19	
66-68-67	 83.179	 10.68	 97.286	 11.84	
66-69-70	 80.733	 11.70	 120.894	 11.39	
66-69-71	 125.854	 9.18	 140.615	 9.39	
67-66-68	 52.241	 9.97	 38.193	 13.29	
67-66-69	 157.536	 10.97	 136.681	 10.28	
68-66-69	 133.161	 10.74	 130.984	 10.19	
69-70-71	 44.258	 9.44	 44.438	 9.18	
69-71-70	 83.951	 9.58	 94.666	 9.55	
70-69-71	 51.791	 8.17	 40.894	 8.50	

	

Notably,	 there	 are	 a	 small	 number	 of	 bond	 angles	 that	 differ	 quite	 markedly	

between	 the	UA	 and	CG	data	 sets.	 In	a	 large	 part,	 these	 outliers	 are	 due	 to	 bond	

angles	 in	 the	UA	simulations	that	 incorporate	 flexible	dihedral	contributions	 from	

the	 atomic	 scale.	 	 These	multimodal	 distributions	 are	 not	 captured	by	 the	 single	
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equilibrium	 bond	 angles	 that	 are	 regularly	 used	 in	 Martini	 CG	 parameter	 sets,	

giving	 rise	 to	 the	 observed	 discrepancies	 (Figure	 34,	 Figure	 35).	 The	 mismatch	

seems	 to	 be	 an	 unavoidable	 consequence	 of	 averaging	 out	 so	 many	 important	

atomistic	details	when	constructing	CG	models.	Indeed,	comparable	problems	have	

been	 noted	 for	 various	 CG	Martini	 models,	 and	 for	 different	 organic	 compounds	

that	 were	 parameterised	 for	 CG	 force	 fields	 that	 use	 alternative	 bead	 types	 and	

interaction	parameters	[100,101].	

	

3.3.3.2	Membrane	structural	properties	

The	 lipid	 organisation	 in	 the	 comparable	 UA	 and	 CG	 bacterial	 membranes	 were	

analysed	by	computing	one-dimensional	partial	mass	densities	of	lipid	components	

along	 the	 bilayer	 normal	 (Figure	 39).	 The	 peaks	 of	 the	 carbon	 tails,	 inner	 core	

sugars,	 and	 glucosamine	 and	 glycerol	 groups	 are	 equivalent	 to	within	 0.3	 nm	 for	

both	Re	and	Ra	LPS,	but	the	outer	core	sugar	peaks	differ	by	0.4	nm.	The	densities	

of	 the	 LPS	 lipid	 components	 are	 systematically	 higher	 owing	 to	 the	 choice	 of	 CG	

mapping	scheme.	The	constituent	core	sugar	segments	were	bundled	into	CG	beads	

whose	 mass	 is	 too	 high,	 given	 that	 lighter	 Martini	 S	 type	 beads	 described	 the	

properties	of	LPS	molecules	less	well.			 	
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Figure	39:	Comparative	partial	mass	density	plots	 for	E.	coli	outer	membranes.	E.	
coli	 outer	 membranes	 were	 simulated	 at	 310	 K	 using	 CG	 and	 UA	 levels	 of	
representation.	The	first	membrane	was	built	with	a	leaflet	of	(A)	Re	LPS,	while	the	
second	 membrane	 contained	 a	 leaflet	 of	 (B)	 Ra	 LPS	 instead.	 Carbon	 tails	 are	
represented	 by	 black	 lines,	 glucosamine,	 glycerol	 and	 ethanolamine	 groups	 (Glc,	
Gly,	 Eth)	 are	 represented	 by	 green	 lines,	 phosphate	 groups	 are	 represented	 by	
turquoise	 lines,	 calcium	 ions	are	 represented	by	pink	 lines,	 inner	 core	 sugars	 are	
represented	by	brown	lines,	outer	core	sugars	are	represented	by	orange	lines,	and	
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water	is	represented	by	blue	lines.	The	partial	mass	densities	are	measured	along	
the	bilayer	normal	(z	axis).			

	

The	most	significant	discrepancy	between	the	UA	and	CG	partial	mass	density	plots	

is	 the	 mismatch	 of	 water	 penetration	 into	 the	 core	 saccharide	 section.	 We	

attempted	 to	 rectify	 this	 mismatch	 in	 water	 permeation	 by	 using	 different	

topologies	and	CG	mapping	schemes	for	LPS,	but	the	problem	persisted	for	each	of	

our	alternative	attempts.	The	outer	core	sugars	are	no	more	accessible	to	different	

water	models,	such	as	the	polarisable	Martini	water	model,	which	uses	a	three-bead	

based	model	to	account	for	the	orientational	polarisability	of	real	water	[102].	The	

polarisable	water	particles	are	unable	to	bypass	the	outer	core	sugar	section	of	Ra	

LPS,	 leading	 to	 a	 shortage	 of	 water	 in	 the	 lower	 head	 group	 section.	 Similarly,	

solvents	comprised	of	smaller	Martini	beads,	such	as	SP4	type	Martini	particles,	or	

solvents	with	different	interaction	strengths,	such	as	P1	and	P2	type	Martini	beads,	

were	unable	to	adequately	hydrate	the	lower	reaches	of	the	LPS	head	group	region.	

Given	that	the	hydration	problems	persisted	for	smaller	and	less	polar	bead	types,	

the	mismatch	in	membrane	permeability	should	not	be	ascribed	to	the	size	of	the	

Martini	 water	 particles	 or	 their	 interaction	 strengths	 alone.	 The	 mismatch	 in	

membrane	 permeability	 appears	 to	 principally	 stem	 from	 the	 inaccurate	

presentation	 of	 ions	 within	 the	Martini	 CG	 force	 field,	 which	 are	 represented	 by	
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charged	 (Q)	 type	 particles,	 where	 the	 first	 hydration	 shell	 is	 considered	 to	 be	

included	 in	 the	CG	bead.	This	 implicit	presentation	of	a	 solvation	shell	 for	 the	CG	

ions	 coupled	 with	 their	 inability	 to	 interact	 with	 molecules	 over	 long	 distances,	

makes	 the	 Martini	 CG	 calcium	 ions	 pull	 fewer	 water	 molecules	 into	 the	 lower	

reaches	of	the	LPS	head	group	section	when	they	migrate	to	the	negatively	charged	

carboxylate	and	phosphate	groups	of	LPS	and	Lipid	A	(Figure	40).	

		

	

	

	

	

	

	

	

	

	

	

	

Figure	40:	Radial	distribution	functions	(RDF)	for	UA	and	CG	water	with	respect	to	
calcium	ions	(Ca2+).	The	black	lines	show	the	data	for	the	UA	simulations,	while	the	
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violet	 lines	 show	 the	 data	 for	 the	 comparative	 CG	 simulations.	 The	 data	 were	
recorded	 for	 (A)	Re	 LPS,	 and	 (B)	Ra	 LPS	 in	 complex	E.	coli	bacterial	membranes.	
The	radial	distribution	functions	were	calculated	using	the	GROMACS	g_rdf	utility.						

	

The	 absence	 of	 water	 molecules	 in	 the	 LPS	 head	 group	 region	 provides	 some	

rationale	 for	 the	 differences	 in	 the	 density	 distributions	 of	 the	 outer	 core	

saccharide	 sections	between	 the	UA	and	CG	simulations.	The	 interaction	of	water	

molecules	 with	 calcium	 ions	 and	 core	 sugars	 is	 known	 to	 establish	 a	 hydrogen-

bonded	network	that	affects	the	integrity	of	LPS	leaflet	structure	in	UA	simulations	

[98].	The	absence	of	this	hydrogen-bonded	network	in	the	CG	system	may	explain	

the	collapse	of	the	outermost	core	saccharide	sections	of	LPS.	The	compressed	core	

polysaccharide	 structure	 is	 likely	 to	 not	 only	 making	 the	 LPS	 headgroups	 less	

permeable	to	C60	than	comparable	UA	systems	but	will	affect	the	permeation	more	

generally.	Energy	barriers	for	the	insertion	of	small	hydrophobic	molecules	into	the	

LPS	lipid	core	are	likely	to	be	qualitatively	correct,	but	quantitatively	inaccurate.	

	

To	 conduct	 a	 comparison	 of	 lipid	 packing,	 the	 area	 per	 lipid	 values	both	 for	 LPS	

molecules	in	the	outer	leaflets	of	the	membranes	and	for	the	PE	and	PG	lipids	in	the	

inner	phospholipid	 leaflets	were	determined.	The	area	per	 lipid	values	 for	PE	are	

similar	to	within	1%	for	the	comparative	UA	and	CG	setups,	while	the	area	per	lipid	
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values	for	the	PG	lipids	differ	by	no	more	than	7%.	The	LPS	area	per	lipid	values	are	

equivalent	 to	 within	 1%,	 and	 closely	 mimic	 the	 values	 obtained	 from	 UA	 MD	

simulations	[91,103].		

	

Bilayer	thickness	values	were	calculated	from	the	distances	between	LPS	boundary	

phosphate	groups	in	the	endotoxin	leaflet	of	the	multicomponent	bilayers	and	the	

phosphates	in	the	phospholipid	leaflet.	The	Re	LPS	membrane	thickness	mismatch	

is	0.02	nm	for	the	comparative	UA	and	CG	simulations	at	310	K,	while	the	Ra	LPS	

leaflets	differ	by	0.05	nm.				

	

To	compare	 the	 fluidity	of	 the	 lipid	chains,	acyl	 tail	order	parameters	 for	pseudo-

atoms	in	the	UA	simulation	and	Martini	beads	in	the	corresponding	CG	simulation	

were	 calculated.	 For	Re	LPS	 in	 the	 complex	E.	coli	bacterial	membrane,	 the	order	

parameters	for	each	of	the	six	acyl	tails	are	0.50,	0.55,	0.47,	0.58,	0.61	and	0.58	in	

the	 UA	membrane	 at	 310	 K,	 while	 the	 order	 parameters	 for	 the	 comparable	 CG	

simulation	are	0.51,	0.53,	0.49,	0.53,	0.54,	and	0.54,	respectively	(Table	10,).	For	Ra	

LPS	 in	 the	 complex	bacterial	membrane,	 the	order	parameters	 for	 each	of	 the	Ra	

LPS	 tails	 are	0.46,	0.48,	0.45,	0.48,	0.53,	 and	0.54	 in	 the	CG	system	at	310	K,	 and	

0.49,	 0.51,	 0.43,	 0.49,	 0.53,	 and	 0.55	 in	 the	 comparative	 UA	 setup,	 respectively	
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(Table	 11).	 Interestingly,	 the	 range	 of	 values	 are	 similar	 in	 size	 to	 the	 order	

parameters	 calculated	 for	Pseudomonas	aeruginosa	LPS	 in	Martini	CG	 simulations	

[104],	despite	 the	different	number	of	acyl	chains	of	 the	LPS	molecules,	and	 their	

different	polysaccharide	sections.	For	the	homogeneous	membranes	of	Re	LPS	and	

Ra	LPS,	there	was	a	difference	of	no	more	than	0.15	between	the	UA	LPS	acyl	tails	

and	their	CG	mimics	at	either	310	K	or	325	K	(Table	12).			
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Table	10:	Comparison	 of	 acyl	 tail	 order	 parameters	 for	 homogeneous	 bilayers	 of	 Re	 LPS	 and	Ra	 LPS	 in	UA	 and	 CG	
simulations	at	310	K.		

	

		 		 		 		 		
		 UA	Re	LPS	 CG	Re	LPS	 UA	Ra	LPS	 CG	Ra	LPS	

Chain	1	 0.54	 0.51	 0.39	 0.38	
Chain	2		 0.68	 0.54	 0.31	 0.43	
Chain	3		 0.55	 0.52	 0.29	 0.38	
Chain	4		 0.63	 0.55	 0.43	 0.43	
Chain	5		 0.67	 0.59	 0.42	 0.49	
Chain	6		 0.67	 0.61	 0.41	 0.49	
Average		 0.64	 0.56	 0.38	 0.44	

*The	relative	LPS	chain	positions	are	shown	in	the	figure.		
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Table	11:	Comparison	of	acyl	 tail	order	parameters	 for	Re	LPS	and	Ra	LPS	 in	multicomponent	bacterial	membranes	
that	were	simulated	at	the	UA	and	CG	level	of	detail.	The	simulation	temperature	was	310	K.	The	bilayer	was	made	with	
one	leaflet	of	LPS,	and	an	opposing	leaflet	of	PE	and	PG	lipids	in	a	9:1	ratio	to	match	E.	coli	bacterial	outer	membranes	
in	vivo.		

	

		 		 		 		 		
		 UA	Re	LPS	 CG	Re	LPS	 UA	Ra	LPS	 CG	Ra	LPS		

Chain	1	 0.50	 0.51	 0.49	 0.46	
Chain	2	 0.55	 0.53	 0.51	 0.48	
Chain	3		 0.47	 0.49	 0.43	 0.45	
Chain	4		 0.58	 0.53	 0.49	 0.48	
Chain	5		 0.61	 0.54	 0.53	 0.53	
Chain	6		 0.58	 0.54	 0.55	 0.54	
Average		 0.55	 0.52	 0.50	 0.49	

*The	relative	LPS	chain	positions	are	shown	in	the	figure.		
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Table	12:	Comparison	 of	 acyl	 tail	 order	 parameters	 for	 homogeneous	 bilayers	 of	 Re	 LPS	 and	Ra	 LPS	 in	UA	 and	 CG	
simulations	at	325	K.		

	

		 		 		 		 		
		 UA	Re	LPS	 CG	Re	LPS	 UA	Ra	LPS	 CG	Ra	LPS	

Chain	1	 0.59	 0.58	 0.49	 0.45	
Chain	2		 0.60	 0.60	 0.43	 0.45	
Chain	3		 0.53	 0.54	 0.43	 0.44	
Chain	4		 0.61	 0.59	 0.45	 0.45	
Chain	5		 0.68	 0.63	 0.54	 0.51	
Chain	6		 0.65	 0.61	 0.49	 0.50	
Average		 0.61	 0.59	 0.47	 0.47	

*The	relative	LPS	chain	positions	are	shown	in	the	figure.		
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3.3.4	Thermodynamic	properties	

Broadly	 speaking,	 membranes	 can	 exist	 in	 either	 a	 solid	 “gel”	 phase,	 or	 a	 liquid	

“fluid”	phase	depending	on	the	ambient	temperature.	When	the	temperature	is	low,	

the	membranes	 enter	 their	 gel	 phase,	 as	 the	 component	molecules	 become	more	

straight	and	rigid,	which	allows	for	tight	packing.	But	when	the	temperature	is	high,	

the	 bilayers	 enter	 their	 fluid	 phase,	 as	 the	 component	 molecules	 become	 more	

kinked,	 giving	 rise	 to	 loose	packing	 and	 smaller	 acyl	 tail	 order	parameters	 [105–

107].	The	transition	between	the	separate	gel	and	fluid	phases	is	precisely	defined	

for	 many	 phospholipids	 membranes,	 but	 the	 phase	 behaviour	 of	 LPS	 is	 more	

complex.	 The	 phase	 transition	 occurs	 gradually	 for	 many	 LPS	 chemotypes	 as	

membranes	 transition	 from	 the	 gel	 to	 fluid	 phase	 over	 a	 broad	 range	 of	

temperatures.	 We	 subjected	 the	 CG	 bacterial	 membrane	 mimics	 to	 annealing	

simulations	 to	 investigate	 their	 phase	 behaviour,	 and	 to	 compare	 them	 with	

experiment	results.			

	

While	the	full	details	of	our	heating	and	cooling	cycles	are	provided	in	the	Methods	

section	 of	 this	 chapter,	 the	 approach	 to	 investigating	 the	 phase	 transition	

temperature	 of	 the	 CG	models	 of	 LPS	will	 be	 briefly	mentioned	here.	 In	 short,	 a	

series	 of	 annealing	 simulations	were	 performed	 for	 the	E.	 coli	outer	membranes.	
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Both	 heating	 and	 cooling	 scans	 were	 performed	 by	 gradually	 changing	 the	

temperature	of	the	membrane	in	small	increments.	To	ensure	convergence	of	lipid	

properties,	500	ns	was	spent	at	each	intermediate	temperature	(295	K,	310	K,	and	

325	 K),	 which	 typically	 exceeds	 the	 timescales	 needed	 to	 converge	 LPS	 bilayer	

properties	[11].	The	pressure,	system	composition,	and	hydration	levels	were	held	

constant	during	the	cooling	and	heating	cycles,	given	that	the	parameters	can	affect	

lipid	phase	behaviour.	After	the	simulations	had	reached	their	end-point,	in-house	

script	was	 used	 to	monitor	 how	 the	 acyl	 tail	 order	 parameters	 changed	 over	 the	

course	of	the	3.5	μs	simulations.		

	

The	different	phases	are	more	easily	 identified	for	the	cooling	scans,	 in	which	the	

temperature	was	gradually	reduced	from	a	starting	temperature	of	340	K,	to	a	final	

temperature	of	280	K.	There	is	a	more	apparent	sigmoidal	distribution	of	acyl	tail	

order	 parameters	 in	 the	 cooling	 cycle	 data,	 while	 the	 acyl	 tail	 order	 parameter	

profiles	are	continuous	for	the	heating	cycles.	

	

For	 Re	 LPS,	 the	 order	 parameters	 for	 the	 acyl	 tails	 are	 initially	 quite	 low	 in	 the	

cooling	cycle	as	the	tails	kink	and	rotate	quite	freely	(Figure	41A).	Slowly,	the	acyl	

tails	 become	 more	 rigid	 as	 the	 temperature	 of	 the	 system	 is	 reduced	 from	 its	
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starting	value	of	340	K	to	a	temperature	of	approximately	300	K.	At	this	point,	the	

order	parameter	remains	constant	at	approximately	0.57,	which	suggests	 that	 the	

bilayer	 has	 entered	 its	 solid	 gel	 phase	 (Figure	 41B).	 This	 gradual	 reduction	 of	

bilayer	fluidity	mimics	the	phase	behaviour	of	Re	LPS	as	noted	in	several	electron	

paramagnetic	resonance	[108],	Fourier-transform	infrared	spectroscopy	[109],	and	
calorimetry	[110]	studies.	In	all	instances,	the	experimental	investigations	reveal	a	

progressive	reduction	of	acyl	tail	vibrations,	which	is	ascribable	to	a	gradual	liquid-

to-gel	phase	transition	(Figure	41C).		

	

However,	the	acyl	tail	order	parameters	lie	within	a	range	of	0.47	and	0.49	for	the	

cooling	 cycles	 of	 the	 Ra	 LPS	 bacterial	 membrane	 (Figure	 41D),	 indicating	 that	 a	

phase	transition	has	not	been	observed	for	this	bilayer.	The	long	simulation	scales	

suggest	that	inaccuracy	cannot	be	ascribed	to	short	simulation	times,	and	that	it	is	

more	probably	the	case	that	the	Ra	LPS	parameter	sets	are	not	transferable	to	such	

a	large	range	of	temperatures.			
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Figure	41:	Phase	behaviour	of	E.	coli	outer	membranes.	An	E.	coli	outer	membrane	
is	 progressively	 cooled	 from	 an	 initial	 temperature	 of	 (A)	 340	 K	 to	 a	 final	
temperature	of	(B)	280K	over	the	course	of	a	3.5	μs	annealing	simulation.	Carbon	
tails	 are	 coloured	 cyan,	 phosphate	 groups	 are	 coloured	 brown,	 carboxylate	 and	
choline	 groups	 are	 coloured	 blue,	 glucosamine	 and	 glycerol	 groups	 are	 coloured	
pink,	 water	 and	 ions	 are	 coloured	 ice	 blue,	 and	 the	 remaining	 core	 saccharide	
sections	are	 coloured	silver.	The	average	acyl	 tail	order	parameter	 for	 the	Re	LPS	
tails	 is	displayed	 in	 (C);	 the	 order	parameter	profile	 for	 a	 comparable	 simulation	
with	Ra	LPS	is	shown	in	(D).		
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3.4	Conclusion	

In	 this	study,	parameter	sets	 for	bacterial	 lipids,	specifically	E.	coli	LPS	molecules,	

were	developed	that	are	compatible	with	the	MARTINI	CG	force	field.	In	particular,	

the	CG	models	for	the	Re	and	Ra	chemotypes,	which	have	the	longest	and	shortest	

polysaccharide	chain	 lengths	of	rough	type	LPS,	respectively,	were	parameterised.	

The	bonded	parameters	were	optimised	by	comparison	to	conformations	sampled	

with	a	UA	force	field,	and	validated	by	benchmarking	against	experimental	and	UA	

simulation	data.	Overall,	 the	CG	models	mimic	many	 important	properties	 of	 LPS	

derived	 from	UA	 simulations	 and	 from	experiments.	Re	LPS	 is	 greater	 in	 keeping	

with	the	UA	simulation	and	experiments	and	Ra	LPS	is	less	well	parametrised.	We	

have	 tried	 to	maintain	 the	 integrity	of	 the	 longest	polysaccharide	 length	with	 the	

UA	model,	but	 there	 is	 still	 a	need	 to	 find	a	solution	 to	straighten	out	 the	 longest	

polysaccharide	 chain	 length	 of	 Ra	 LPS.	The	 CG	models	 generally	mimic	 area	 per	

lipid	values	to	within	5%	and	likewise	mimic	acyl	tail	order	parameters	and	bilayer	

thickness	 values	 by	 a	 similar	 amount.	 The	 greatest	 mismatch	 between	 the	

comparative	 UA	 and	 CG	 simulations	 is	 in	 the	 permeability	 of	 the	 outermost	 core	

saccharide	sections,	with	the	CG	LPS	being	much	less	permeable	to	water	than	the	

UA	 counterparts.	 The	 reduced	 penetration	 of	 water	 into	 the	 CG	 membranes	 is	

problematic	given	that	inner	core	hydration	affects	the	integrity	of	the	LPS	bilayer	
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structure.	The	 low	 hydration	 levels	 lead	 to	 a	 compression	 of	 the	 outermost	 core	

saccharide	sections,	making	the	interaction	of	the	LPS	lipids	with		

other compounds	less	accurate.	



Chapter	4	

	

	 113	

	

Chapter	4:	Interaction	of	C60	fullerenes	with	LPS-

containing	membranes:	coarse-grain	simulations	

	

4.1	Introduction	

C60	 carbon	 fullerenes	 are	 molecules	 shaped	 like	 a	 football.	 They	 were	 first	

discovered	by	Kroto	et	 al.	 in	1985,	 and	are	also	known	as	buckminsterfullerenes,	

after	Buckminster	Fuller	 [111].	Kroto,	Curl,	 and	Smalley	were	awarded	 the	Nobel	

Prize	in	Chemistry	in	1996	for	their	discovery	of	the	fullerene	molecule	C60	[112].	

The	 architecture	 of	 fullerenes	 is	 constituted	 by	 five	 rings	 of	 six	 members	 each	

surrounding	 a	 five-membered	 ring;	 each	 ring	 comprises	 sp2–hybridised	 carbon	

atoms,	and	each	fullerene	contains	a	total	of	60	carbon	atoms	(Figure	42).		

	

	

	

	

	

	

Figure	42:	A	carbon	fullerene	in	schematic	form.	A	fullerene	molecule	is	shaped	like	
a	 football	 and	has	 a	 pentagon	 in	 the	 centre	 (coloured	 in	 red)	 surrounded	by	 five	
hexagons	(coloured	in	blue).		
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Since	 its	 initial	 discovery	 in	 1985	 [113],	 carbon	 fullerenes	 have	 been	 a	 popular	

research	 subject	 because	 of	 their	 remarkable	 chemical,	 physical,	 and	 material	

properties	 and	 their	potential	 in	 technological	 applications,	which	have	 included:	

precursors	for	chemical	vapour	deposition	(CVD)	diamond	films	and	silicon	carbide	

(SiC);	optical	limiters;	catalysts;	solar	cells;	lubricants;	polymers;	diamond	or	super	

solid	materials;	 and	medicines	 [40,42,44].	 There	 is	 also	 evidence	 from	solid-state	

experiments	 that	a	carbon	 fullerene	 is	 a	 first-class	electron	acceptor	 [114]	and	 is	

therefore	 a	 suitable	 material	 for	 the	 development	 of	 novel	 photovoltaic	 devices	

[115].	 More	 recent	 research	 has	 shown	 a	 bactericidal	 property	 in	 chemically	

modified	 fullerenes,	 making	 them	 effective	 against	 Gram-positive	 and	 Gram-

negative	bacteria,	yeast	and	fungi	[116–120].	This	raises	the	likelihood	of	fullerenes	

having	biomedical	application	in	the	control	or	elimination	of	microbial	pathogens.	

There	have	been	 a	number	of	 bionanotechnological	 investigations	 into	 the	use	of	

fullerenes	 in	 antimicrobial	 drugs	 and	 therapy	 using	 a	 variety	 of	 techniques,	

including	photodynamic	therapy	and	transmission	electron	microscopy	[118,121–

124].	

	

Due	to	the	unique	properties	and	capabilities	of	C60	fullerenes,	attention	has	been	
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given	to	the	interaction	between	C60	fullerene	molecules	and	biological	or	bacterial	

membranes	 both	 in	 experimental	 approaches	 and	 computational	 simulation	

studies.	 Several	 experimental	 studies	 have	 shown	 that	 the	 incorporation	 of	 C60	

fullerenes	into	the	lipid	bilayer	results	in	structural	changes	to	phospholipid	layers	

(eg.	large	unilamellar	vesicle,	DMPC	vesicle,	or	synthetic	POPC/Cholesterol	vesicle)	

[47,125,126]	 and	 that	 different	 bacterial	 strains	 show	 different	 responses.	 For	

example,	in	the	case	of	Pseudomonas	putida,	a	type	of	Gram-negative	bacteria,	phase	

transition	 temperatures	 and	 membrane	 fluidity	 are	 increased	 slightly	 with	 the	

presence	 of	 a	 high	 concentration	 (0.5	mg	 L-1)	 of	 C60	 fullerenes.	 In	 contrast,	 the	

response	of	Bacillus	subtilis,	a	type	of	Gram-positive	bacteria,	is	characterised	by	a	

decrease	of	phase	transition	temperature	and	increase	of	membrane	fluidity	[127].	

However,	the	C60	fullerene	mechanisms	of	permeation	and	absorption	into	bacterial	

membranes	are	still	unclear.	

	

A	 convenient	 way	 of	 studying	 how	 fullerenes	 interact	 dynamically	 with	 cell	

membranes	at	the	molecular	level	is	through	MD	simulations.	In	order	to	be	able	to	

observe	penetration	into	bacterial	membranes,	simulations	at	the	atomic	level	have	

shown	 that	 the	 limited	 nanosecond	 timescales	 involved	make	 the	 use	 of	 CG	 MD	

necessary	[128,129].	Relevant	 literatures	have	reported	CG	MD	simulations	of	 the	
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translocation	 of	 pristine	 C60	 fullerenes	 through	 model	 phospholipid	 bilayers,	

thereby	 clarifying	 the	 interaction	 of	 fullerenes	with	 plasma	membranes	 [48,130–

132].	 These	 simulations	 have	 shown	 that	 C60	 fullerene	 molecules	 with	 complete	

hydrophobicity	 tend	 to	 aggregate	 in	water	before	moving	 towards	 the	membrane	

surface,	and	are	thermodynamically	favoured	to	penetrate	into	the	membrane.	Once	

the	aggregated	fullerene	penetrates	the	membrane,	it	will	disaggregate	into	a	single	

molecule	in	the	bilayer	core.	If	C60	fullerene	molecules	are	carried	with	hydrophobic	

property,	 the	 molecules	 are	 energetically	 favoured	 to	 stay	 on	 the	 interface	 of	

lipid/water.	 As	 described	 in	 Chapter	 3	 of	 this	 thesis,	 the	 greater	 complexity	 of	

bacterial	 membranes	 over	 eukaryotic	 plasma	 membranes	 in	 terms	 of	 lipid	

composition	 required	 the	 development	 of	 parameter	 sets	 compatible	 with	 the	

Martini	CG	force	field	for	E.	coli	LPS	molecules,	in	order	to	make	it	possible	to	study	

their	 interactions	 with	 fullerenes.	 In	 this	 chapter,	 the	 CG	 models	 of	 complex	

bacterial	 lipids	 developed	 in	Chapter	 3	 are	 incorporated	 into	 bilayers	 containing	

either	pure	LPS	or	mixed	LPS	with	a	smaller	amount	of	POPE	lipid	with	the	aim	of	

studying	 the	 interactions	 of	 C60	 nanoparticles	 with	 model	 bacterial	 membranes.	

POPE	 has	 been	 found	most	 abundant	 phospholipid	 in	 bacterial	 outer	membrane	

and	also	been	found	as	a	stress	response	from	a	complete	core	saccharide	section	

LPS	mutants.		
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4.2	Methods	

4.2.1	UA	simulations	and	protocols	

In	order	 to	 study	 the	 interaction	of	LPS	with	a	single	C60	 fullerene,	 the	GROMACS	

genconf	utility	was	 used	 to	 build	 homogeneous	 bilayers	 of	 Re	 and	 Ra	 LPS	which	

were	then	subjected	to	energy	minimisations	and	equilibration	simulations.	Single	

C60	 fullerenes	 [133]	were	 then	placed	at	a	distance	of	at	 least	3	nm	 from	the	LPS	

phosphate	 boundary,	 and	 immersed	 in	water	 and	 ions.	 The	 C60	nanoparticle	was	

modelled	using	 the	LINCS	algorithm	as	a	 rigid,	 truncated	 icosahedron	with	0.146	

nm	carbon-carbon	bond	lengths	[85];	the	carbon	atoms	were	modelled	as	neutral.	

The	 C60	 Lennard-Jones	 parameters	 set	 matched	 those	 used	 in	 previous	 carbon	

fullerene	and	nanotube	simulations	[134].	Production	simulations	lasted	for	250	ns.	

Table	13	sets	out	details	of	all	simulations	performed	in	this	chapter.	
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			Table	13:	Details of all simulations performed in this study. 	

System	 C60	 Membrane	 Re	LPS	 Ra	LPS	 PE	 Ions	 Water	 Temperature	(K)	 Time	(μs)	
1	 1	 UA	Re	LPS	 50	 -	 -	 150	Ca2+	 8711	 310	 0.25	
2	 1	 UA	Ra	LPS	 -	 50	 -	 250	Ca2+	 9260	 310	 0.25	
3	 -	 CG	Re	LPS	 200	 -	 -	 600	Ca2+	 6180	 310	 5	
4	 -	 CG	Re	LPS	 200	 -	 -	 600	Ca2+	 6180	 325	 5	
5	 1	 CG	Re	LPS	 200	 -	 -	 600	Ca2+	 6149	 310	 10	
6	 1	 CG	Re	LPS	 200	 -	 -	 600	Ca2+	 6149	 325	 10	
7	 5	 CG	Re	LPS	 200	 -	 -	 600	Ca2+	 6043	 310	 10	
8	 5	 CG	Re	LPS	 200	 -	 -	 600	Ca2+	 6043	 325	 10	
9	 25	 CG	Re	LPS	 200	 -	 -	 600	Ca2+	 5525	 310	 10	
10	 25	 CG	Re	LPS	 200	 -	 -	 600	Ca2+	 5525	 325	 10	
11	 -	 CG	Re	LPS	 200	 -	 -	 1200	Na+	 4980	 310	 5	
12	 -	 CG	Re	LPS	 200	 -	 -	 1200	Na+	 4980	 325	 5	
13	 1	 CG	Re	LPS	 200	 -	 -	 1200	Na+	 9888	 310	 10	
14	 1	 CG	Re	LPS	 200	 -	 -	 1200	Na+	 9888	 325	 10	
15	 5	 CG	Re	LPS	 200	 -	 -	 1200	Na+	 14033	 310	 10	
16	 5	 CG	Re	LPS	 200	 -	 -	 1200	Na+	 14033	 325	 10	
17	 25	 CG	Re	LPS	 200	 -	 -	 1200	Na+	 13839	 310	 10	
18	 25	 CG	Re	LPS	 200	 -	 -	 1200	Na+	 13839	 325	 10	
19	 -	 CG	Re	LPS	 150	 -	 128	 450	Ca2+	 9847	 310	 5	
20	 -	 CG	Re	LPS	 150	 -	 128	 450	Ca2+	 9847	 325	 5	
21	 1	 CG	Re	LPS	 150	 -	 128	 450	Ca2+	 9842	 310	 10	
22	 1	 CG	Re	LPS	 150	 -	 128	 450	Ca2+	 9842	 325	 10	
23	 5	 CG	Re	LPS	 150	 -	 128	 450	Ca2+	 9814	 310	 10	
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24	 5	 CG	Re	LPS	 150	 -	 128	 450	Ca2+	 9814	 325	 10	
25	 25	 CG	Re	LPS	 150	 -	 128	 450	Ca2+	 9532	 310	 10	
26	 25	 CG	Re	LPS	 150	 -	 128	 450	Ca2+	 9532	 325	 10	
27	 -	 CG	Ra	LPS	 -	 200	 -	 1000	Ca2+	 10579	 310	 5	
28	 -	 CG	Ra	LPS	 -	 200	 -	 1000	Ca2+	 10579	 325	 5	
29	 1	 CG	Ra	LPS	 -	 200	 -	 1000	Ca2+	 13381	 310	 10	
30	 1	 CG	Ra	LPS	 -	 200	 -	 1000	Ca2+	 13381	 325	 10	
31	 5	 CG	Ra	LPS	 -	 200	 -	 1000	Ca2+	 13376	 310	 10	
32	 5	 CG	Ra	LPS	 -	 200	 -	 1000	Ca2+	 13376	 325	 10	
33	 25	 CG	Ra	LPS	 -	 200	 -	 1000	Ca2+	 13293	 310	 10	
34	 25	 CG	Ra	LPS	 -	 200	 -	 1000	Ca2+	 13293	 325	 10	
35	 -	 CG	Ra	LPS	 -	 200	 -	 2000	Na+	 8579	 310	 5	
36	 -	 CG	Ra	LPS	 -	 200	 -	 2000	Na+	 8579	 325	 5	
37	 1	 CG	Ra	LPS	 -	 200	 -	 2000	Na+	 17930	 310	 10	
38	 1	 CG	Ra	LPS	 -	 200	 -	 2000	Na+	 17930	 325	 10	
39	 5	 CG	Ra	LPS	 -	 200	 -	 2000	Na+	 17860	 310	 10	
40	 5	 CG	Ra	LPS	 -	 200	 -	 2000	Na+	 17860	 325	 10	
41	 25	 CG	Ra	LPS	 -	 200	 -	 2000	Na+	 17612	 310	 10	
42	 25	 CG	Ra	LPS	 -	 200	 -	 2000	Na+	 17612	 325	 10	
43	 -	 CG	Ra	LPS	 -	 150	 128	 750	Ca2+	 16886	 310	 5	
44	 -	 CG	Ra	LPS	 -	 150	 128	 750	Ca2+	 16886	 325	 5	
45	 1	 CG	Ra	LPS	 -	 150	 128	 750	Ca2+	 16878	 310	 10	
46	 1	 CG	Ra	LPS	 -	 150	 128	 750	Ca2+	 16878	 325	 10	
47	 5	 CG	Ra	LPS	 -	 150	 128	 750	Ca2+	 16844	 310	 10	
48	 5	 CG	Ra	LPS	 -	 150	 128	 750	Ca2+	 16844	 325	 10	
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49	 25	 CG	Ra	LPS	 -	 150	 128	 750	Ca2+	 16689	 310	 10	
50	 25	 CG	Ra	LPS	 -	 150	 128	 750	Ca2+	 16689	 325	 10	
51*	 1	 CG	Re	LPS	 200	 -	 -	 600	Ca2+	 18805	 310	 1	
52*	 1	 CG	Re	LPS	 200	 -	 -	 1200	Na+	 18205	 310	 1	
53*	 1	 CG	Ra	LPS	 -	 200	 -	 1000	Ca2+	 19212	 310	 1	
54*	 1	 CG	Ra	LPS	 -	 200	 -	 2000	Na+	 18018	 310	 1	
55*	 1	 CG	POPE	 -	 -	 200	 243	Ca2+	486	Cl-	 7607	 310	 1	
56*	 1	 CG	POPE	 -	 -	 200	 486	Na+	486	Cl-	 7121	 310	 1	

*	25	umbrella	sampling	windows	per	numbered	system	(51-56).	
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4.2.2	CG	simulations	and	protocols	

After	 the	 CG	 LPS	 parameter	 sets	 described	 in	 Chapter	 3	 had	 been	 validated,	 we	

designed	 a	 number	 of	 simulations	 to	 provide	 an	 understanding	 of	 the	 ways	 in	

which	fullerenes	interact	with	bilayers	in	which	LPS	is	incorporated.	This	included	

building	membranes	containing	only	LPS	and	building	membranes	containing	LPS	

together	with	small	POPE	domains	because	POPE	is	the	phospholipid	that	has	been	

found	most	abundant	in	Gram-negative	membranes;	in	small	concentrations,	it	has	

also	been	 found	 in	 outermost	 LPS	 leaflets	 as	 a	 stress	 response	 for	 complete	 core	

saccharide	 section	LPS	mutants.	 In	 addition,	under	 standard	 conditions,	 it	 is	 also	

present	 in	 incomplete	 core	 LPS	 mutants.	 Standard	 CG	 water,	 sodium	 ions	 and	

calcium	ions	were	used	to	solvate	the	bilayers,	which	were	then	simulated	for	5	μs	

in	order	to	converge	the	lipid	properties.	Using	a	symmetric	bilayer	as	opposed	to	

an	 asymmetric	 model	 of	 the	 outer	 membrane	 was	 simply	 for	 pragmatic	

computational	 reasons;	 we	 wanted	 to	 avoid	 having	 the	 C60	 cross	 the	 periodic	

boundaries	 to	 enter	 through	 the	more	 penetrable	 inner	 leaflet,	 because	what	we	

wanted	 to	 study	was	 primarily	 interaction	with	 the	 LPS-containing	 leaflet.	When	

this	was	complete,	the	bilayers	were	exposed	to	contact	with	CG	C60	fullerenes	in	a	

variety	of	concentrations	so	that	we	could	derive	a	full	understanding	of	the	way	in	

which	 monomeric	 and	 clustered	 C60	 fullerenes	 interact	 with	 model	 bacterial	
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membranes.	The	parameter	set	used	to	describe	the	CG	C60	fullerenes	was	originally	

developed	to	reproduce	partitioning	free	energies	for	fullerenes	between	different	

organic	 solvents	 [48]	 (Figure	 43).	 The	 velocity-rescaling	 thermostat	 with	 a	

relaxation	 time	of	4	ps	was	used	 to	hold	 the	 temperature	 at	 either	310	or	325	K	

[89],	 and	 semi-isotropic	 coordinate	 scaling	 with	 the	 Parrinello-Rahman	 barostat	

with	 a	 time	 constant	 of	 12	 ps	 kept	 the	 pressure	 at	 1	 bar	 throughout	 [64].	 The	

reason	for	using	the	higher	325K	temperature	was	to	provide	greater	phase	space	

coverage	 and	not	 for	 any	 biological	 reasons.	 The	 cut-off	 distance	 for	 non-bonded	

interactions	was	1.2	nm,	and	there	was	a	shift	 in	 the	Coulomb	and	Lennard-Jones	

potentials	 from	 0.00	 and	 0.9	 nm,	 respectively,	 to	 the	 cut-off	 distance.	 Motion	

equations	were	integrated	with	a	10	fs	time	step.	The	GROMACS	simulation	package	

(version	 4.5.5)	 and	 Martini	 force	 field	 (version	 2.2)	 were	 used	 to	 perform	 the	

simulations.	 VMD	 software	 provided	 the	 means	 to	 visualise	 and	 manage	 the	

molecular	graphic	images	and	trajectories	[67]. 
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Figure	43:	The	structure	of	a	carbon	fullerene	in	atomistic	(left)	and	coarse-grained	
(right)	resolutions.	

	

4.2.3	Analysis	of	the	C60	fullerene	simulations	

The	 g_mindist	 utility	 with	 cut-off	 distance	 set	 to	 0.6	 nm	 was	 used	 for	 contact	

analysis,	 and	 the	 g_traj	 function	 determined	 the	position	 of	 molecules	 along	 the	

bilayer.	 A	 modified	 version	 of	 the	 g_density	 tool	 was	 used	 to	 calculate	 two-

dimensional	partial	mass	density	landscapes	[135].	Umbrella	sampling	simulations	

were	 applied	 for	 the	 energy	 calculation.	 An	 harmonic	 potential	 with	 a	 force	

constant	 of	 1000	KJ	mol-1	nm-2	was	 used	 to	 keep	 C60	monomers	 at	 the	distances	

from	the	centre	of	homogeneous	membranes	as	well	as	for	biasing	potential	in	the	

direction	 of	 the	 bilayer	 normal.	 Distance	 from	 the	 fullerene	 to	 the	 centre	 of	 the	

bilayer	was	reduced	in	increments	of	0.2	nm	from	5.2	nm	to	0	nm.	The	duration	of	



Chapter	4	

	

	 124	

	

each	 umbrella	 sampling	 simulation	 was	 1	 μs,	 and	 temperature	 was	 310	 K	

throughout	the	simulation;	all	other	parameters	 for	the	simulation	matched	those	

in	unbiased	MD	simulations.		

	

4.3	Results	and	discussion	

4.3.1	Interaction	of	C60	fullerenes	with	pure	LPS	membranes	

4.3.1.1	Simulations	with	calcium	ions	

In	order	to	provide	an	understanding	of	 the	way	 in	which	Gram-negative	bacteria	

are	 affected	 by	 fullerenes,	 we	 carried	 out	 a	 number	 of	 simulations	 to	 examine	

interaction	 of	 pristine	 C60	nanoparticles	with	 homogeneous	 LPS	membranes,	 and	

with	LPS	membranes	that	also	contained	small	POPE	domains.	The	membranes	in	

each	 simulation	 had	 an	 equal	 distribution	 of	 lipids	 in	 either	 leaflet,	 so	 that	 the	

initial	C60-membrane	interaction	did	not	change	in	the	event	that	fullerenes	crossed	

a	 periodic	 box	 boundary	whilst	 the	 fullerene	 concentration	 is	 determined	 by	 the	

volume	of	the	simulation	box	(Figure	44).	
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Figure	 44:	 An	 example	 of	 the	 initial	 fullerene	 -	 LPS	 symmetric	 membrane	
simulation	structure.	

	

In	 order	 to	 give	 a	 complete	picture	 of	 interactions	between	both	monomeric	 and	

clustered	 fullerenes	 with	 bacterial	 LPS,	 the	 simulations	 covered	 fullerene	

concentrations	 from	 a	 low	 of	 0.01	 mM	 to	 a	 high	 of	 1.13	 mM.	 Suggestions	 from	

experimental	studies	have	been	that	there	is	an	antibacterial	effect	towards	E.	coli	

in	C60	fullerene	concentrations	down	to	0.06	mM	[119].	The	simulations	carried	out	

in	this	part	of	the	study	are	given	in	Table	14,	where	information	includes:	numbers	

of	 C60	 fullerenes	 per	 periodic	 box;	 lipid	 bilayers’	 structural	 properties;	 and	 the	

number	 of	 C60	 fullerenes	 that	 bypass	 the	 phosphate	 boundary	 during	 MD	

simulations.	
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Table	14:	Summary	of	the	CG	C60	simulations	with	calcium	ions.	C60	fullerenes	were	simulated	with	membranes	of	(A)	Re	LPS,	(B)	Re	and	
POPE,	(C)	Ra	LPS,	(D)	Ra	LPS	and	POPE.	Selected	bilayer	properties	are	displayed	to	show	how	the	fullerenes	affect	the	membranes;	APL	
is	area	per	lipid.	The	order	parameters	are	an	average	taken	for	all	tails	of	the	specified	lipids.	The	numbers	of	C60	fullerenes	that	enter	
the	lipid	cores	are	also	shown.	The	grey	cells	show	data	for	the	simulations	performed	at	310	K,	while	the	white	cells	show	data	for	the	
simulations	performed	at	325	K.	The	standard	errors	are	not	explicitly	shown,	but	they	are	less	than	0.001	nm.		
	

A.	Re	LPS	membrane	
C60	concentration	 0	 0	 1	 1	 5	 5	 25	 25	

APL	(nm2)	 1.58	 1.60	 1.59	 1.62	 1.60	 1.60	 1.59	 1.61	
Thickness	(nm)	 3.39	 3.38	 3.38	 3.38	 3.37	 3.36	 3.38	 3.37	
Order	parameter	 0.54	 0.52	 0.53	 0.52	 0.54	 0.52	 0.53	 0.51	
Penetrating	C60	 0	 0	 0	 0	 0	 5	 0	 1	

	
B.	Re	LPS	and	POPE	membrane	

C60	concentration	 0	 0	 1	 1	 5	 5	 25	 25	

APL	(nm2)	
LPS	 1.44	 1.49	 1.49	 1.47	 1.46	 1.46	 1.46	 1.46	
PE	 0.76	 0.80	 0.69	 0.75	 0.75	 0.79	 0.75	 0.80	

Thickness	(nm)	
LPS	 3.57	 3.50	 3.61	 3.57	 3.59	 3.48	 3.51	 3.57	
PE	 3.84	 3.94	 3.89	 3.89	 3.85	 3.94	 4.09	 3.84	

Order	parameter	(LPS)	 0.51	 0.50	 0.52	 0.50	 0.50	 0.48	 0.51	 0.48	
Order	parameter	(PE)	 0.43	 0.4	 0.46	 0.41	 0.42	 0.41	 0.42	 0.41	

Penetrating	C60	 0	 0	 1	 1	 1	 5	 7	 25	
	



Chapter	4	

	

127	

	

	

	
C.	Ra	LPS	membrane	

C60	concentration	 0	 0	 1	 1	 5	 5	 25	 25	
APL	(nm2)	 1.83	 1.85	 1.86	 1.83	 1.84	 1.84	 1.85	 1.86	

Thickness	(nm)	 2.56	 2.59	 2.63	 2.67	 2.66	 2.75	 2.7	 2.62	
Order	parameter	 0.39	 0.39	 0.40	 0.40	 0.40	 0.40	 0.39	 0.4	
Penetrating	C60	 0	 0	 0	 0	 0	 0	 0	 0	

	

D.	Ra	LPS	and	POPE	membrane	
C60	concentration	 0	 0	 1	 1	 5	 5	 25	 25	

APL	(nm2)	
LPS	 1.60	 1.59	 1.57	 1.56	 1.61	 1.59	 1.59	 1.50	
PE	 0.83	 0.89	 0.82	 0.86	 0.81	 0.92	 0.85	 0.74	

Thickness	(nm)	
LPS	 2.42	 2.38	 2.34	 2.36	 2.39	 2.40	 2.46	 2.52	
PE	 2.26	 2.42	 2.24	 2.49	 2.11	 2.50	 2.35	 1.76	

Order	parameter	(LPS)	 0.42	 0.42	 0.42	 0.41	 0.42	 0.44	 0.43	 0.43	
Order	parameter	(PE)	 0.36	 0.34	 0.35	 0.35	 0.34	 0.36	 0.35	 0.36	

Penetrating	C60	 0	 0	 1	 1	 2	 1	 0	 6	
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The	 first	 set	of	 simulations	explored	how	 individual	 fullerenes	 interact	with	pure	

membranes	 of	 Re	 and	 Ra	 LPS.	 The	 simulations	 were	 performed	 at	 both	 coarse-

grained	and	united	atom	detail	 levels,	 so	 that	 the	different	resolution	 levels	could	

be	compared.	The	tendency	in	the	earlier	part	of	the	C60	monomer	simulations	was	

for	the	fullerenes	to	drift	in	the	solvent	that	surrounded	them,	and	then	to	latch	on	

to	the	outermost	saccharide	sections	of	LPS.	From	that	point,	the	fullerenes	showed	

little	 movement,	 either	 lateral	 or	 vertical,	 and	 remained	 at	 the	 water-core	 sugar	

interface.	In	the	case	of	the	Re	LPS	bilayers,	the	fullerenes	took	up	position	0.92	±	

0.11	 nm	 above	 the	 phosphate	 interface	 in	 the	 united	 atom	 simulation;	 the	

corresponding	position	in	the	coarse-grained	simulation	was	1.00	±	0.06	nm,	while	

the	position	was	at	3.32	±	0.16	nm	in	the	UA	simulation	system	with	Ra	LPS,	and	at	

2.19	±	0.04	nm	for	the	corresponding	CG	setup.	These	were	sampling	the	last	100	

ns	 of	 simulation	 time	 (Figure	 45).	 The	 mismatch	 in	 data	 for	 the	 Ra	 LPS	 system	

illustrates	 the	 biggest	 shortcoming	 of	 our	 CG	 LPS	parameterisation,	which	 is	 the	

permeability	of	outermost	core	saccharide	sections	that	appear	 less	permeable	to	

water	and	leading	to	a	low	hydration	level	around	head	group	region.	The	problem	

is	 that	 there	 is	 a	 noticeable	 difference	 between	 the	 height	 of	 the	 outer	 core	

saccharide	 sections	 of	 UA	 and	 CG	 membranes,	 so	 that	 the	 first	 C60	 and	 Ra	 LPS	

interactions	 are	 different	 when	 viewed	 at	 the	 two	 different	 resolution	 levels,	 so	
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some	care	should	be	taken	when	interpreting	results.	

	

	
Figure	45:	Trajectories	of	C60	monomers	in	comparative	UA	and	CG	simulations.	The	
positions	of	C60	monomers	and	boundary	phosphate	groups	are	shown	relative	 to	
the	LPS	bilayer	centre.	The	centre	of	mass	coordinates	are	along	the	direction	of	the	
bilayer	normal.	The	violet	lines	represent	data	for	the	C60	fullerenes,	while	the	black	
lines	 show	 the	 positions	 of	 boundary	 phosphate	 groups.	 The	 simulation	
temperature	 is	310	K	and	the	simulation	systems	are:	(A)	system	1,	(B)	system	5,	
(C)	system	2,	and	(D)	system	29	(see	Table	12).		

	

The	majority	 of	 phospholipid	membranes	 solubilise	 hydrophobic	molecules	with	
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great	 efficiency,	 and	 are	 capable	 of	 dissolving	 C60	 and	 C70	 fullerenes	 in	 large	

quantities	–	very	 different	 from	 the	 LPS	 bilayers	 in	monomeric	 fullerenes,	which	

have	low	permeability	[136–138].	A	lack	of	permeability	is	probably	due	to	the	fact	

that	 the	 LPS	 head	 group	 region	 contains	 large	 numbers	 of	 densely	 packed	 core	

sugars	which	present	a	major	barrier	to	compounds	that	are	hydrophobic	[139].	In	

an	attempt	to	 find	out	whether	raising	the	ambient	temperature	could	reduce	the	

strength	of	this	barrier,	we	simulated	interaction	of	monomeric	fullerenes	and	LPS	

membranes	 at	 325	 K.	 The	 Re	 LPS	 leaflet	 did	 prove	 more	 permeable	 at	 this	

temperature,	as	separation	of	 the	 lipid	head	groups	created	small	openings	 in	the	

core	 sugar	 envelope.	 Fullerenes	 meeting	 these	 tiny	 gaps	 are	 able	 to	 pass	 the	

hydrophilic	 head	 barrier	 and	 reach	 the	 lipid	 core.	 In	 this	 insertion	 event,	 the	

fullerenes	move	through	the	core	sugar	barrier	at	a	speed	of	~	0.1	m	s-1,	after	which	

the	 fullerenes	show	gradual	dispersion	among	the	 lipid	 tails,	 ideally	staying	1	nm	

either	side	of	the	bilayer	centre	(Figure	46).	This	position	is	similar	to	that	occupied	

by	 fullerenes	 in	 palmitoyloleoylphosphatidylcholine	 (POPC)	 and	

dimyristoylphosphatidylcholine	(DMPC)	 lipid	membranes	[133,140],	because	 lipid	

tail	densities	in	this	region	of	the	bilayer	are	a	little	higher.	Permeability	of	the	Ra	

LPS	 membrane,	 however,	 showed	 no	 sign	 of	 changing	 and	 system	 temperature	

appeared	to	be	irrelevant	to	the	failure	of	C60	fullerenes	to	access	the	hydrophobic	
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core	by	penetrating	the	core	sugar	envelope.	

	

	
Figure	46:	The	translocation	of	C60	fullerenes	in	the	pure	CG	Re	LPS	membrane.	(A)	
Trajectories	data	for	simulation	system	8	(see	Table	12)	that	was	sampled	over	the	
last	 1	 μs	 of	 simulation	 time.	 The	 black	 lines	 depict	 the	 average	 position	 of	
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phosphate	groups	for	the	upper	and	lower	leaflets	of	Re	LPS	in	the	direction	of	the	
bilayer	 normal.	 The	 red,	 orange,	 green,	 blue,	 and	 violet	 lines	 depict	 the	 average	
position	 of	 the	 five	 individual	 C60	 fullerenes.	 (B)	 Snapshots	 of	 initial	 simulation	
systems	at	 time	0	and	matching	 the	analysis	 time	at	9	μs,	9.5	μs	and	 towards	 the	
end	of	simulation	time	at	10	μs.	

	
Simulations	 at	 the	 higher	 concentrations	 of	 0.47	 and	 1.13	mM	 C60	 showed	 rapid	
aggregation	in	the	solvent	of	nanoparticles	resulting	in	globular	clusters	similar	to	
the	 nanosized	 C60	 crystals	 that	 have	 been	 observed	 in	 transmission	 electron	
microscopy	 studies.	 We	 then	 examined	 this	 nanoparticle	 clustering	 further	 with	
particular	attention	to	the	size	of	the	C60	aggregates	and	their	lifetime.	This	analysis	
was	 carried	 out	 by	measurement	 of	 the	 distance	 between	 centres	 of	mass	 of	 C60	
fullerenes	during	coarse-grained	simulations.	A	cluster	was	defined	as	any	instance	
in	which	this	distance	was	 less	 than	1.3	nm.	That	distance	 is	similar	 to	maximum	
distances	 in	 energy	 profiles	 for	 CG	 C60	models	 in	 a	 variety	 of	 polar	 and	 apolar	
solvents	where	 there	 is	no	dimerisation	[141]	and	 is	greater	by	0.58	nm	than	the	
0.72	nm	spherical	surface	that	serves	as	a	scaffold	for	the	C60	CG	model	[48].	What	
our	results	show	is	that	the	clusters	formed	by	fullerenes	inside	the	first	400	ns	of	
simulation	 are	 up	 to	 5	 nm	 wide	 (Figure	 47,	 Figure	 A2,	 Figure	 A3).	 Once	 the	
fullerenes	 have	 clustered,	 they	 remain	 in	 that	 condition	 as	 they	 latch	 onto	 the	
outermost	saccharide	sections	of	Re	and	Ra	LPS.	This	large	clustered	size	does	not	
cause	 the	binding	of	C60	aggregates	 to	affect	 the	membrane’s	dynamic	properties.	
Area	 stretching	was,	 in	 general,	 below	0.02	nm2,	 changes	 in	membrane	 thickness	
amounted	 to	 less	 than	0.2	nm,	and	 lipid	order	was	modified	scarcely	at	all	 (Table	
13).	The	apparently	small	perturbation	of	the	membrane	structure	in	a	number	of	
fullerene	simulations	suggests	that	the	antibacterial	properties	of	C60	fullerenes	do	
not	 result	 from	 such	 direct	 mechanical	 damage	 as	 rupture	 of	 the	 bilayer,	
micellisation,	or	pore	formation.	
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Figure	47:	Clustering	of	C60	in	a	representative	CG	simulation.	(A)	The	clustering	of	
C60	is	 plotted	 as	 a	 function	 of	 time	 during	 the	 first	 1	 μs	 of	 a	 CG	 simulation.	 The	

grayscale	 in	 each	 cell	 represents	 the	 fraction	 of	 C60	involved	 in	 an	 aggregate	 of	 a	

given	size	(y	axis)	at	a	given	time	(x	axis).	The	C60	concentration	was	1.13	mM.	(B)	A	

snapshot	of	the	24-unit	C60	cluster	formed	towards	the	end	of	this	initial	period	of	

aggregation.	

	

4.3.1.2	Simulations	with	sodium	ions	

Since	LPS	leaflets	have	been	shown	to	have	very	different	properties	when	different	

cations	 are	 present	 [104,142],	 we	 examined	 the	 interactions	 of	 fullerenes	 with	

homogenous	LPS	membranes	that,	in	place	of	the	normal	CG	Martini	calcium	ions,	

were	 loaded	with	 standard	CG	Martini	 sodium	 ions.	 The	 simulations	 that	 formed	

this	part	of	the	study	are	set	out	in	Table	15.		
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Table	15:	Summary	of	the	CG	C60	simulations	with	sodium	ions.	C60	fullerenes	were	simulated	with	membranes	of	(A)	Re	LPS	and	(B)	Ra	
LPS.	Selected	bilayer	properties	are	displayed	to	show	how	the	fullerenes	affect	the	membranes;	APL	is	area	per	lipid.	The	numbers	of	
C60	fullerenes	that	enter	the	lipid	cores	are	displayed.	The	order	parameters	are	an	average	for	all	of	the	tails	of	the	LPS	lipids.	The	grey	
cells	contain	the	data	for	the	simulations	performed	at	310	K,	while	the	white	cells	contain	the	data	for	the	simulations	performed	at	325	
K.	The	standard	errors	are	not	explicitly	shown,	but	they	are	less	than	0.001	nm.		
	
A.	Re	LPS	membrane	

C60	concentration	 0	 0	 1	 1	 5	 5	 25	 25	
APL	(nm2)	 1.70	 1.69	 1.67	 1.69	 1.66	 1.69	 1.66	 1.67	

Thickness	(nm)	 3.25	 3.24	 3.26	 3.23	 3.29	 3.24	 3.25	 3.24	
Order	parameter	 0.50	 0.51	 0.52	 0.50	 0.52	 0.50	 0.50	 0.49	
Penetrating	C60	 0	 0	 1	 1	 1	 5	 6	 7	

		
B.	Ra	LPS	membrane	

C60	concentration	 0	 0	 1	 1	 5	 5	 25	 25	
APL	(nm2)	 1.95	 1.98	 1.96	 1.98	 1.93	 1.95	 1.96	 1.95	

Thickness	(nm)	 2.58	 2.64	 2.66	 2.77	 2.64	 2.76	 2.70	 2.76	
Order	parameter	 0.37	 0.37	 0.37	 0.37	 0.39	 0.38	 0.39	 0.38	
Penetrating	C60	 0	 0	 0	 0	 0	 0	 0	 0	
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Our	 results,	 which	 concurred	with	 other	 results	 from	 experiments	 and	 atomistic	

simulations,	 showed	 that	 loading	 an	 LPS	 leaflet	 with	 monovalent	 sodium	 ions	

increased	 its	 permeability	 [95,104].	Monovalent	 cations	 have	 a	 lower	 ability	 to	

screen	 out	 repelling	 electrostatic	 interactions	 between	 neighbouring	 LPS	

molecules,	and	lateral	expansion	in	the	bilayer	plane	increases	correspondingly.	At	

310	K,	Re	LPS	area	per	 lipid	 increases	 from	1.58	±	0.00005	nm2	 to	1.70	±	0.0001	

nm2	at	the	same	time	as	the	thickness	of	the	membrane	reduces	from	3.39	±	0.0001	

nm	 to	 3.25	 ±	 0.0002	 nm	 after	 exchange	 of	 ions.	 It	 would	 seem	 that	 the	 barrier	

quality	 of	Re	 LPS	 bilayers	 loaded	with	monovalent	 cations	 is	 reduced	 so	 that	 C60	

fullerenes	 penetrate	 the	 Re	 LPS	 head	 group	 barrier	 more	 easily.	 Table	 14	

demonstrates	 this	 with	 clarity	 for	 simulations	 at	 310	 K,	 in	 which	 the	 LPS	 head	

group	barrier	 is	passed	by	 the	C60	 fullerenes,	which	go	on	 to	reach	 the	 lipid	core.	

This	translocation	occurs	when	the	C60	fullerenes	reach	the	LPS	phosphate	interface	

and	 then	 pass	 through	 short	 lived	 micropores.	 Two-dimensional	 Voronoi	

membrane	surface	tessellations	reveal	that	these	micropores	result	from	the	Re	LPS	

bilayer’s	local	lateral	expansion	and	are	formed	by	the	expansion	within	the	bilayer	

plane	of	three	LPS	lipids,	thereby	increasing	area	per	lipid	from	1.70	±	0.0001	nm2	

to	2.02	nm2,	 an	 expansion	 that	 causes	 a	 cavity	 to	 exist	 temporarily	 in	 the	bilayer	

surface	(Figure	48).	
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Figure	48:	The	effect	of	sodium	ions	on	Re	LPS	bilayer	permeability.	(A)	Position	of	
the	 C60	monomer	 along	 the	 bilayer	 normal,	 relative	 to	 the	 Re	 LPS	 bilayer	 centre.	

The	purple	 line	depicts	 the	centre	of	mass	coordinates	 for	 the	C60	monomer	 from	

the	bilayer	centre,	while	the	black	line	shows	the	average	position	of	LPS	boundary	

phosphate	groups	in	a	single	leaflet	of	the	bilayer.	The	simulation	was	performed	at	

310	K	with	a	single	C60	fullerene.	 (B)	Two-dimensional	voronoi	 tessellation	of	 the	

Re	LPS	surface	as	the	C60	fullerene	bypasses	the	phosphate	barrier	at	7781	ns.	Each	

cell	 represents	 a	 single	 Re	 LPS	 head	 group.	 The	 red	 cells	 correspond	 to	 the	 LPS	

head	groups	adjacent	to	the	C60	monomer.	The	cyan	circle	shows	the	position	of	the	

C60	monomer	during	the	head	group	tunnelling	event.	(C)	Side-view	snapshot	of	the	

C60	monomer	 after	 it	 bypassed	 the	 phosphate	 interface	 to	 settle	 in	 the	 lipid	 core	

(Reprinted	 (adapted)	 (Figure	 46B)	 with	 permission	 from	 Hsu	 et	 al.	 [142].	

Copyright	2016	American	Chemical	Society).	

	

This	 formation	 of	 short	 lived	 micropores	 through	 local	 lateral	 lipid	 expansion	

makes	 it	 possible	 for	monomeric	 C60	 fullerenes	 to	 gain	 insertion	 into	 the	 Re	 LPS	

bilayer	 core.	 Larger	multimeric	 clusters,	 however,	 failed	 to	 bypass	 the	 phosphate	

boundary,	with	the	result	that	C60	fullerenes	were	integrated	only	partially	into	the	
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Re	LPS	lipid	core	when	fullerene	concentration	rose	from	0.02	mM,	to	0.35	mM.	At	

this	 level	of	C60	concentration,	monomeric	 fullerenes	pass	 through	 the	 temporary	

hydrophobic	 pores	 and	 settled	 in	 the	 lipid	 core,	 while	 larger	 globular	 clusters	

remain	bound	to	the	outermost	saccharide	section.	

	

In	 the	Ra	LPS	bilayer	at	310	K,	 the	bilayer	expands	 from	1.83	±	0.00004	nm2	per	

lipid	to	1.95	±	0.00004	nm2	per	lipid	as	CG	Martini	sodium	ions	replace	more	polar	

calcium	 ions.	 Notwithstanding	 the	 bilayer’s	 increased	 permeability,	 the	 C60	

fullerenes	still	cannot	bypass	the	LPS	head	group	barrier	at	either	310	K	or	325	K	to	

reach	the	phosphate	interface.		

	

4.3.2	Interaction	of	C60	fullerenes	with	mixed	LPS,	POPE	membranes	

Since	phospholipids	in	small	amounts	are	often	incorporated	in	the	endotoxin	(LPS)	

leaflet	of	bacterial	outer	membranes	 [143–146],	we	examined	 the	possibility	 that	

there	may	be	preferential	 interaction	between	 these	 lipids	and	C60,	 as	opposed	 to	

interactions	 with	 LPS.	 We	 began	 by	 replacing	 about	 one	 quarter	 of	 the	

homogeneous	LPS	membrane	surfaces	with	 small	domains	of	POPE	by	area	basis	

[78,147,148].	The	size	of	the	lipid	domains	ranged	from	small	dimers	and	trimers	

to	larger	bundles	containing	up	to	25	POPE	lipids.	In	a	result	very	much	like	those	
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from	experimental	studies,	the	LPS	molecules	showed	a	tendency	to	separate	from	

surrounding	phospholipids	[148],	 instead	forming	 isolated	clusters	of	 lipids.	After	

separation	 of	 dual	 component	 membranes	 into	 distinct	 phospholipid	 and	 LPS	

fractions,	 they	were	 subjected	 to	 contact	with	 fullerenes	 in	 a	number	of	different	

concentrations	(Figure	49).		

	

	
Figure	49:	Snapshots	of	the	initial	simulation	of	different	concentrations	(system	21	
and	system	23)	of	C60	fullerenes	with	POPE-Re	LPS	mixed	membrane.	C60	fullerenes	
are	 coloured	 in	 violet,	 green,	 magenta,	 orange	 and	 lime;	 core	 sugars,	 and	
headgroups	 for	Lipid	A	and	POPE	are	coloured	 in	white;	LPS	tails	are	coloured	 in	
blue;	POPE	tails	are	coloured	in	red.	Water	and	ions	are	omitted	for	clarity.	

	

Incorporating	POPE	domains	made	 the	membranes	markedly	more	permeable	 to	

C60	nanoparticles.	Monomeric	fullerenes	find	it	easier	to	reach	the	membrane	cores	

at	 small	 concentrations	 because	 the	nanoparticles	 are	more	 able	 to	 pass	 through	
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small	POPE	patches.	As	the	insertion	occurs,	the	time	taken	by	the	C60	monomers	to	

pass	through	the	temporary	micropores	in	the	hydrophilic	head	group	barrier	does	

not	 exceed	 20	 ns	 (Figure	50).	 The	monomers	 then	migrate	 through	 the	 acyl	 tail	

section	with	 a	 preferential	 residence	 point	 not	 less	 than	0.5	 nm	 from	 the	 bilayer	

centre	(Figure	51).	

	

	
Figure	 50:	 Snapshots	 of	 one	 single	 fullerene	 simulated	 with	 Re	 LPS-POPE	
membrane	(system	21)	has	shown	that	C60	fullerenes	pass	through	the	hydrophilic	
head	group	within	20	ns	simulation	time.	The	C60	fullerene	is	coloured	in	violet;	the	
Lipid’s	hydrophilic	head	group	is	coloured	in	white;	LPS	tails	are	coloured	in	blue;	
POPE	tails	are	coloured	in	red.	Water	and	ions	are	omitted	for	clarity.	
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Figure	 51:	 Trajectories	 of	 C60	 fullerenes	 in	 the	 multicomponent	 membranes.	
Different	concentrations	of	C60	fullerenes	were	simulated	with	membranes	of	(A,	B)	
Re	LPS	and	POPE,	and	(C,	D)	Ra	LPS	and	POPE	at	310	K.	The	simulation	systems	are:	
(A)	system	21,	(B)	system	23,	(C)	system	45,	and	(D)	system	47	(see	Table	12).	The	
black	 lines	 depict	 the	 average	 position	 of	 the	 upper	 and	 lower	 leaflet	 phosphate	
groups	 along	 the	 bilayer	 normal.	 The	 red,	 green,	 cyan,	 orange,	 and	 violet	 lines	
depict	the	average	position	of	the	C60	fullerenes.	The	corresponding	snapshots	are	
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for	system	21	(E)	and	system	47	(F),	where	LPS	core	sugars	are	coloured	in	orange,	
Lipid	A	and	POPE	headgroups	are	coloured	in	silver,	LPS	tails	are	coloured	in	cyan	
and	POPE	tails	are	coloured	in	red.	Water	and	ions	are	omitted	for	clarity.	

	

Simulations	 at	 higher	 concentration	 levels	 of	 0.37	 mM	 and	 0.66	 mM	 showed	 a	

similar	 capability	 on	 the	 part	 of	 nanosized	 C60	 clusters	 to	 penetrate	

multicomponent	membranes.	The	nanoparticles	first	aggregate	in	a	way	similar	to	

that	 seen	 outside	 homogeneous	 LPS	 membranes,	 with	 monomeric	 fullerenes	

diffusing	through	the	solvent	that	surrounds	them	and	aggregating	to	form	globular	

clusters	inside	the	first	300	ns	of	the	simulation	time	(Figure	A4,	Figure	A5).	Some	

of	 the	 aggregates	 then	 attach	 to	 the	 outermost	 saccharide	 section	 of	 LPS,	 with	

others	breaking	through	the	lipid	head	group	barrier	by	diffusion	to	the	patches	of	

POPE	(Figure	52A,	B).		
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Figure	52:	Migration	 of	 C60	 fullerenes	 to	 the	POPE-Re	LPS	 lipid	 interface	 (system	
26).	 (A)	 The	 C60	 cluster	 migrates	 to	 the	 domain	 of	 POPE,	 and	 slips	 past	 the	
hydrophilic	head	groups	to	access	the	lipid	core.	(B)	The	cluster	disaggregates,	and	
the	disbanded	fullerenes	drift	to	the	interface	between	the	separate	POPE	and	LPS	
domains.	The	Re	LPS	are	coloured	as	before,	and	the	POPE	lipid	tails	are	coloured	
red.	 (C)	 Top-view	 snapshot	 of	 the	 disbanded	 fullerenes	 at	 the	 POPE-Re	 LPS	 lipid	
interface.	The	lipid	head	groups	are	omitted	for	clarity.	(D)	The	number	of	contacts	
between	 the	 C60	 fullerenes	 and	 the	 (Re	 LPS	 and	 POPE)	 acyl	 tails	 is	 plotted	 as	 a	
function	of	simulation	time.	The	red	line	shows	the	number	of	contacts	between	the	
fullerenes	 and	 POPE	 lipid	 tails,	 while	 the	 blue	 shows	 the	 number	 of	 contacts	
between	the	fullerenes	and	the	Re	LPS	lipid	tails.	The	relative	number	of	contacts	
was	 determined	 using	 a	 0.6	 nm	 cut-off	 distance	 (Reprinted	 (adapted)	 with	
permission	from	Hsu	et	al.	[142].	Copyright	2016	American	Chemical	Society).	 	
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We	have	examined	how	 insertion	occurs	using	distance	calculations	and	by	using	

voronoi	 tessellations	 of	 LPS	 and	 phospholipid	 head	 groups,	 as	 well	 as	 two-

dimensional	 projections	 of	 phosphate	 and	 choline	 partial	 mass	 densities.	

Separating	the	surface	of	the	membrane	into	distinct	domains	on	the	basis	of	local	

area	per	lipid	and	local	particle	densities	allows	us	to	infer	how	it	is	that	such	large	

aggregates	are	able	to	get	through	tightly	packed	POPE	lipid	headgroups.	Analysis	

of	our	simulations	makes	 it	 clear	 that	 there	 is	 significant	deformation	 in	 the	 lipid	

head	 groups	 in	 order	 to	 accommodate	 large	 C60	 aggregates.	 At	 the	 instant	 of	

insertion,	some	ten	POPE	headgroups	separate	to	allow	a	micropore	to	form	with	a	

shape	 and	 a	 surface	 area	matching	 the	 C60	 cluster	 (Figure	53).	 Expansion	 of	 the	

POPE	lipids	in	the	bilayer	plane	causes	their	average	area	per	lipid	to	approach	2.0	

nm2	(Figure	53F),	and	their	width	to	increase	by	about	10%.	Local	deformations	of	

this	sort	gradually	subside	with	disaggregation	of	the	cluster,	and	disconnected	C60	

monomers	are	dispersed	among	the	surrounding	lipid	tails.	Nevertheless,	the	POPE	

lipids	do	not	entirely	return	to	their	original	width.	Similar	disaggregation	has	been	

seen	in	phospholipid	bilayers,	and	has	been	thought	to	be	due	to	high	carbon	atom	

densities	and	the	tendency	of	the	fullerene	clusters	to	perturb	chain	packing	[149].	
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Figure	53:	Translocation	 of	 a	 C60	cluster	 across	 the	water-lipid	 interface	 (system	
26).	 (A)	 Average	 centre	 of	 mass	 coordinates	 for	 C60	 fullerenes	 along	 the	 bilayer	
normal	 (relative	 to	 the	 bilayer	 centre).	 (B)	 Average	 thickness	 of	 the	 POPE	 lipids	

plotted	 against	 simulation	 time;	 thickness	 was	 defined	 as	 the	 distance	 between	

POPE	phosphate	head	groups	and	the	bilayer	centre.	(C)	Two-dimensional	partial	

mass	 density	 for	 C60	 fullerenes	 comprising	 the	 C60	 cluster	 during	 the	 bilayer	

insertion	 event	 (1955	 ns).	 (D)	 Partial	 mass	 densities	 for	 Re	 LPS	 phosphate	 and	

POPE	choline	head	groups	during	fullerene	cluster	 insertion	(1955	ns).	The	POPE	

head	 groups	 move	 apart	 to	 create	 a	 transient	 micropore	 whose	 shape	 and	

projected	surface	area	match	those	of	the	C60	cluster.	(E)	Side-view	snapshot	of	the	

C60	cluster	 traversing	 the	 phosphate	 interface.	 The	 Re	 LPS	 phosphate	 groups	 are	

coloured	brown,	the	POPE	phosphate	groups	are	coloured	red.	All	other	membrane	

components	 are	omitted	 for	 clarity.	 (F)	Three-dimensional	projection	of	 area	per	
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lipid	 values	 for	 the	 membrane	 leaflet	 that	 the	 C60	 fullerenes	 pass	 through.	 The	

tessellation	 was	 performed	 for	 the	 membrane	 surface	 at	 1955	 ns.	 Red	 colour	

represents	 high	 area	 per	 lipid	 while	 blue	 colour	 represents	 low	 area	 per	 lipid	

(Reprinted	 (adapted)	 with	 permission	 from	 Hsu	 et	 al.	 [142].	 Copyright	 2016	

American	Chemical	Society).	

	

In	 the	 final	 stages	 of	 the	 coarse-grained	 simulations,	 an	 accumulation	 of	

disconnected	monomers	was	seen	at	the	interfacial	regions	between	LPS	and	POPE	

patches.	The	simplest	way	to	see	this	is	by	analysing	contacts	between	the	lipid	tails	

of	 the	 multicomponent	 membranes	 and	 the	 C60	 fullerenes.	 Calculation	 of	 the	

number	 of	 contacts	 between	 the	multicomponent	 bilayer’s	 acyl	 tails	 and	 the	 C60	

fullerenes	with	0.6	nm	 cut	 off	 distance	 showed	 that,	 once	 the	nanoparticles	 have	

entered	 the	 lipid	 core,	 the	 number	 of	 contacts	 between	 POPE	 lipid	 tails	 and	 C60	

fullerenes	fluctuates	about	an	average	value,	while	the	number	of	contacts	between	

LPS	 tails	 and	 fullerenes	 first	 increases	 and	 then	 converges	 as	 the	 end	 of	 the	

simulation	approaches.	Results	show	an	increasing	migration	of	the	C60	 fullerenes	

towards	the	multicomponent	membranes’	interfacial	regions	during	the	simulation,	

a	behaviour	similar	 to	the	tendency	of	 line-active	molecules	(linactants)	 to	collect	

where	 liquid-ordered	 and	 liquid-disordered	 domains	 meet,	 as	 well	 as	 similar	 to	

their	 tendency	to	promote	 lipid	mixing	by	destabilising	 the	phase	boundary[150–

153].	 In	 order	 to	 examine	 the	 possibility	 that	 the	 boundaries	 between	 separate	
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domains	 of	 LPS	 and	 POPE	 were	 affected	 by	 embedded	 fullerenes,	 we	 looked	 at	

changes	in	the	properties	of	lipids	when	fullerenes	are	present.	In	order	to	exclude	

the	 confusing	 influence	 of	 following	 clusters	 that	were	 bound	 to	 the	 saccharide	

section	of	LPS,	we	paid	special	attention	to	those	simulations	where	all	available	C60	

fullerenes	 were	 completely	 immersed	 in	 the	 bilayer	 core.	 Dispersion	 of	 C60	

fullerenes	 in	the	 lipid	core	 leads	to	greater	homogeneity	 in	the	 lipid	properties	of	

the	separate	LPS	and	POPE	domains.	Mismatched	bilayer	thickness,	lipid	order,	and	

area	per	 lipid	are	all	 reduced	and	 this	 in	 turn	reduces	 the	 line	 intention	between	

coexisting	lipid	fractions.	As	an	example:	introducing	25	fullerenes	into	the	core	of	

the	 Re	 LPS	 and	 POPE	membrane	 reduces	 thickness	mismatch	 by	 0.2	 nm	 (Figure	

54).	 It	would	seem	from	changes	 in	 lipid	properties	that	 lipid	mixing	 is	promoted	

by	the	fullerenes,	which	also	encourage	formation	of	a	more	uniform	membrane.	
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Figure	54:	C60	fullerenes	 promote	 lipid	mixing	 in	 the	multicomponent	membrane	
(system	26). After	the	C60	fullerenes	had	entered	the	bilayer	core,	they	migrated	to	
the	boundaries	between	the	coexisting	POPE	and	Re	LPS	domains.	The	 fullerenes	

then	reduced	the	line	tension	between	the	coexisting	lipid	fractions	by	minimising	

structural	mismatch.	The	figures	depict	the	bilayer	thickness	as	a	two-dimensional	

landscape	 for	 the	membrane	 (A)	without	 any	C60	fullerenes	dissolved	 in	 the	 lipid	

core,	 and	 (B)	with	25	C60	fullerenes	dispersed	 among	 the	 lipid	 tails.	 The	 final	 C60	

particle	positions	are	depicted	above	the	thickness	landscape	as	translucent	black	

spheres	 (Reprinted	 (adapted)	 with	 permission	 from	 Hsu	 et	 al.	 [142].	 Copyright	

2016	American	Chemical	Society). 
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4.3.3	Free	energy	of	permeation	

The	 diversity	 of	 interactions	 between	 C60	 fullerenes	 and	 LPS	 bilayers	 seen	 in	 the	

unrestrained	MD	 simulations	 allowed	 us	 to	 calculate	 potential	mean	 force	 (PMF)	

profiles	 to	gain	a	better	understanding	of	 the	permeability	of	different	bilayers.	A	

number	of	distances	 from	 the	homogenous	bilayers	of	Re	LPS,	Ra	LPS,	 and	POPE	

were	used	 to	 restrain	 single	C60	 fullerenes	 in	 the	presence	of	monovalent	 sodium	

ions	(Na+),	or	of	divalent	calcium	ions	(Ca2+).	We	then	used	the	weighted	histogram	

analysis	 method	 to	 produce	 the	 collection	 of	 PMF	 profiles	 seen	 in	 Figure	 55.	

Analysis	 shows	 that	 there	 is	 a	 thermodynamic	preference	 in	C60	 translocation	 for	

POPE	 and	 Re	 LPS	 bilayers	 whatever	 ambient	 ion	 type	 may	 be	 present,	 but	 an	

energetic	 anti-preference	 for	 translocation	 of	 C60	 fullerenes	 into	 Ra	 LPS	 bilayers.	

Increasing	 the	LPS	core	sugar	 section’s	 length	can	have	a	 significant	effect	on	 the	

thermodynamics	 of	 C60	 translocation,	 and	 phospholipid	 defect	 domains	 can	

generate	permeability	by	C60	fullerenes	in	bilayers	containing	LPS.	The	less	accurate	

Ra	 LPS	 parameter,	which	was	 shown	 to	 exhibit	 a	 low	hydration	 level	 around	 the	

lipid	 core	 saccharide	 region,	 may	 also	 be	 the	 reason	 for	 the	 unfavourable	

translocation	 of	 C60.	 It	 is	 also	 clear	 that	 PMF	 profiles	 can	 assist	 in	 clarifying	 the	

trajectories	of	fullerenes	in	the	Re	LPS	and	POPE	lipid	core.	PMF	profiles	have	free	

energy	 minimums	 at	 distances	 of	 approximately	 0.5	 to	 1	 and	 1.5	 nm	 from	 the	
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bilayer	 centre	 for	 the	 Re	 LPS	 and	 POPE	 bilayers,	 respectively,	 showing	 that	

settlement	by	C60	nanoparticles	among	high	density	Re	LPS	lipid	tails	is	preferred	to	

settlement	in	the	bilayer	centre,	which	would	explain	why	C60	fullerenes	tended	to	

avoid	the	bilayer	centre	in	the	unrestrained	MD	simulations.	

	

	

Figure	55:	PMF	profiles	for	C60	fullerenes	as	a	function	of	distance	from	the	centre	
of	homogeneous	lipid	bilayers	(system	51-56).	The	red	line	shows	the	data	for	the	

POPE	bilayer	with	Na
+
	ions,	the	black	line	shows	the	data	for	the	POPE	bilayer	with	

Ca
2+
,	 the	green	line	shows	the	data	for	the	Re	LPS	bilayer	with	Ca

2+	 ions,	the	blue	

line	shows	the	data	for	the	Re	LPS	bilayer	with	Na
+
,	the	pink	line	shows	the	data	for	

the	Ra	LPS	bilayer	with	Ca
2+	ions,	and	the	orange	line	shows	the	data	for	the	Ra	LPS	
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bilayer	 with	 Na+	 ions.	 Each	 umbrella	 sampling	 simulation	 was	 1	 μs	 long;	 the	
simulation	 temperature	 was	 310	 K;	 the	 umbrella	 sampling	 windows	 were	
separated	 by	 distances	 of	 0.2	 nm.	 The	 free	 energy	was	 set	 to	 zero	 at	 the	 5.2	 nm	
simulation	 distances	 of	 the	 bilayer	 centre,	 where	 the	 position	 of	 the	 fullerenes	
stayed	near	the	bilayer	centre.	

	

4.4	Conclusion	

Coarse-grained	 Re	 and	 Ra	 LPS	 models	 were	 assimilated	 into	 single	 and	 dual	

component	 membranes	 and	 simulated	 with	 C60	 fullerenes	 to	 provide	 a	 clearer	

understanding	 of	 interactions	 between	 carbon	 nanoparticles	 and	 the	 outer	

membrane	 of	 E.	 coli.	 Carrying	 out	 a	 series	 of	 CG	 simulations	 showed	 that	 this	

interaction	is	sensitively	dependent	on:	ambient	temperature;	the	nature	of	the	ions	

interlinking	 LPS	 neighbours;	 and	 the	 outermost	 leaflet’s	 lipid	 composition.	

Incorporating	 phospholipids,	 even	 in	 small	 concentrations,	 can	 have	 a	 significant	

effect	on	the	way	that	fullerenes	interact	with	bilayers	containing	LPS	and	on	where	

in	 the	 membrane	 system	 they	 settle.	 This	 is	 also	 true	 of	 changes	 in	 stabilising	

counterions’	 charge	 density	 and	 of	 minor	 ambient	 temperature	 changes.	 These	

results	 can	 be	 of	 value	 in	 explaining	 why	 C60	 and	 its	 derivatives	 have	 yielded	

toxicological	evaluations	that	seem	contradictory;	differences	may	be	due	to	small	

differences	 in	 temperature,	 to	 ambient	 ion	 concentrations,	 or	 to	 specific	 lipid	

compositions.	Any	of	 these	can	cause	markedly	different	 interactions	between	C60	
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fullerenes	and	Gram-negative	outer	membranes.	We	have	given	a	detailed	account	

of	 the	way	 fullerenes	bind	to	and	 interact	with	LPS	 lipids	when	 incorporated	 into	

membranes.	Although	the	CG	Ra	LPS	parameter	was	less	accurate	in	terms	of	inner	

core	hydration	effects	and	less	permeable	to	water,	which	may	lead	to	less	accurate	

permeation	 of	 C60	 molecules	 quantitatively,	 our	 simulations	 have	 nevertheless	

provided	 insights	 at	 a	 molecular	 level	 that	 offer	 a	 rational	 starting	 point	 for	

modifying	fullerenes	to	increase	their	antibacterial	effectiveness	on	Gram-negative	

bacterial	types.	
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Chapter	 5:	 Coarse-grained	 studies	 of	 lipid	 and	

protein	 motion	 within	 bacterial	 membranes:	 how	

are	they	connected?	
	

5.1	Introduction	

A	biological	membrane	is	populated	by	a	number	of	proteins	where	concentration	

may	be	as	high	as	an	area	occupancy	of	25%,	meaning	the	environment	is	crowded	

[154,155].	 Proteins	 in	 the	 outer	 membrane	 are	 almost	 entirely	 β-barrels,	 and	

proteins	 in	 the	 inner	membrane	 usually	 comprise	 transmembrane	α-helices.	 The	

peptidoglycan	cell	wall	is	housed	in	the	periplasmic	space	and	consists	of	a	network	

of	 long	 glycan	 chains	 cross-linked	 covalently	 by	 short	 peptides	 [156,157].	

Connection	 to	 this	 cell	 wall	 by	 outer	 and	 inner	membranes	may	 be	 covalent	 via	

Braun’s	 lipoprotein	 [158],	 or	 through	 non-covalent	 interactions	 with	 integral	

membrane	proteins,	of	which	OmpA	and	MotB	are	examples	[159–161].	

	

In	order	to	understand	the	functioning	of	the	bacterial	cell	envelope	as	a	whole,	it	is	

first	 necessary	 to	 understand	 in	 detail	 how	 the	 molecular	 components	 work	

together.	 Recent	 research	 has	 shown	 that	 the	 relationship	 between	 biological	

membranes	and	membrane	proteins	is	complex	[162–166].	Lipids,	for	example,	as	
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well	 as	 regulating	 the	 functions	 of	 membrane	 proteins	 can	 make	 them	 more	

structurally	 stable	 [28,167–169].	 There	 is	 also	 a	 reverse	 process	 by	 which	 the	

proteins	 get	 in	 the	 way	 of	 diffusion	 of	 lipids	 and	 have	 an	 impact	 on	 curvature	

[170,171],	 stiffness	 [172,173],	 and	 other	 physical	 properties	 of	membranes.	 Joint	

diffusion	 is	 a	 dynamic	 complex	 that	 takes	 place	 when	 membrane	 proteins	 and	

annular	 lipids	 are	 20	 Å	 around	 them	 [173];	 high-protein	 concentrations	 in	 cell	

membranes	 make	 it	 likely	 that	 no	 lipids,	 or	 at	 most	 only	 a	 few	 lipids,	 become	

uncoupled	 from	proteins	 at	 any	 particular	 point	 in	 time.	 Gram-negative	 bacterial	

membranes	 have	 unique	 lipid	 and	 protein	 compositions,	 which	 adds	 further	

complexity.	 Studies,	 both	 computational	 and	 experimental,	 have	 shown	 that	 the	

diffusion	 of	 LPS	 is	 slower	 than	 the	 diffusion	 of	 phospholipids	 by	 a	 huge	margin	

[11,174].	The	ability	of	native	outer	membrane	proteins	to	diffuse	is	thereby	made	

even	 more	 complicated.	 We	 do	 not	 know	 as	 yet	 whether	 the	 slowness	 of	 LPS	

diffusion	 in	 the	 outer	 membrane’s	 upper	 leaflet	 has	 any	 impact	 on	 the	 lower	

leaflet’s	 fluidity.	 In	addition	 to	everything	we	have	said	so	 far,	proteins	capable	of	

crossing	 both	 the	 inner	 and	 the	 outer	 membrane	 are	 also	 housed	 in	 the	 cell	

envelope.	Examples	that	have	the	potential	to	influence	the	local	dynamics	both	of	

the	membranes	and	of	 the	proteins	 that	 surround	 them	are	 the	multi-drug	efflux	

pump	AcrABZ-TolC	[34,35]	and	the	flagellar	motor	complex	[175].	Because	carrying	
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out	computational	and	experimental	studies	on	systems	of	this	great	size	presents	

difficulties,	 not	 enough	 is	 yet	 known	 about	 how	 these	 complexes	 affect	 the	

curvature	and	cause	deformation	 in	 the	Gram-negative	bacterial	membranes;	 this	

information	 is	 critical	 in	 gaining	 an	 understanding	 of	 the	 ways	 in	which	 Gram-

negative	bacteria	 are	protected	by	 the	 cell	 envelope	against	 foreign	elements	and	

against	such	dangerous	matters	as	high	osmotic	pressure.	

	

It	 has	 been	 demonstrated	 that	 the	 level	 of	 coarse-grained	 simulation	 can	 give	 an	

accurate	 reproduction	 of	 a	 membrane’s	 physical	 properties,	 right	 down	 to	 the	

atomic	detail	 level	 [170].	 Such	simulations	can	also	access	events	over	 timescales	

and	 length	 scales	 [171]	 that	 are	 biologically	 relevant.	Up	 until	 now,	 a	 number	 of	

limitations	 has	meant	 that	 inner	 and	 outer	 membrane	 simulations	 have	 usually	

been	 carried	 out	 separately.	 These	 limitations	 include	 a	 lack	 of	 clarity	 on	 the	

distance	between	the	cell	envelope’s	two	membranes,	and	the	necessity	of	keeping	

both	 membranes	 apart	 through	 positional	 restraints.	 X-ray	 crystallography	 and	

cryo-electron	 microscopy	 helped	 build	 a	 pseudo-atomic	 model	 of	 a	 complete	

AcrABZ-TolC	 complex	 from	 E.	 coli	 which	 provided	 some	 information	 on	 where	

inner	 and	 outer	 membranes	 are	 positioned	 in	 relation	 to	 each	 other	 [36].	 This	

protein	 complex	 allowed	 the	 two	 membranes	 to	 be	 kept	 apart	 in	 silico	 during	
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simulations.		

	

Efflux	pumps	are	transporter	proteins	that	can	be	found	in	both	clinically	important	

Gram-negative	and	Gram-positive	bacteria,	as	well	as	in	eukaryotic	organisms,	such	

as	AcrABZ-TolC	from	E.	coli	and	MexAB-OprM	from	P.	aeruginosa	(Figure	56).	These	

efflux	 pumps	 proteins	 are	 involved	 in	 pumping	 out	 a	 broad	 range	 of	 toxic	

substrates,	which	are	mainly	antibiotics,	from	the	interior	of	the	cell	to	the	external	

environment.	 It	 has	 been	 demonstrated	 that	 the	 inhibition	 of	 these	 efflux	 pump	

proteins	 may	 result	 in	 an	 increase	 in	 antibiotic	 susceptibility	 and	 reduce	 the	

probability	 of	 the	emergence	 of	 antibiotic	 resistant	mutants,	which	make	 them	 a	

promising	 target	 for	 drug	 design	 [176].	 Other	 independent	 data	 has	 also	 shown	

that	the	physiological	functions	of	efflux	pumps	are	associated	with	tight	regulation	

in	 response	 to	 several	 environmental	 or	 physiological	 signals	 in	 bacteria	 [177].	

Several	MD	simulations	have	been	undertaken	with	 the	 individual	 components	of	

the	efflux	pump	model	 from	E.	coli.	For	example,	with	 the	AcrB	component	 in	 the	

inner	 membrane,	 the	 simulation	 is	 focused	 on	 finding	 out	 how	 proton	 and	

substrates	 are	 transported	 through	 AcrB.	 The	 access	 of	 water	 molecules	 is	

regulated	by	four	groups	of	gating	residues	at	the	bottom	of	AcrB,	and	the	several	

different	orientations	of	side	chains	enable	or	disable	the	opening/closing	of	gating	
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residues	 by	 the	 intermediate-specific	 shifts	 of	α-helices	 [37,178,179].	 TolC	 in	 the	

outer	 membrane	 has	 been	 simulated	 to	 understand	 the	 opening/closing	

mechanism	 of	 the	 channel	 by	 comparing	 the	 wild	 type	 and	 mutants.	 The	 gate	

opening/closing	is	highly	related	to	potassium	binding	in	the	periplasmic	mouth	of	

TolC	 structures.	 Only	 when	 the	 potassium	 binding	 site	 is	 emptied	 is	 the	 gate	

opening	observed	[180,181].	Regarding	the	AcrA	component,	this	has	been	subject	

to	fewer	experimental	or	computational	works	than	the	previous	two	components,	

leaving	 many	 aspects	 unclear.	 One	 MD	 simulation	 of	 AcrA	 in	 an	 aqueous	

environment	with	different	pH	 conditions	has	 shown	 that	 the	 flexibility	 of	 the	α-

hairpin	 region	 in	AcrA	 is	 free	 compared	 to	 the	 relatively	 rigid	 lipoyl	 and	β-barrel	

module	 domains	 [182].	 To	 date,	 there	 are	 no	 MD	 simulation	 studies	 on	 the	

complete	 AcrABZ-TolC	 efflux	 pump.	 The	 pseudo-atomic	 structure	 of	 the	AcrABZ-

TolC	pump	that	we	used	in	this	chapter	is	built	using	the	cryo-electron	microscopy	

method,	and	the	resolution	is	at	6	Å	[36].			
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Figure	 56:	The	 structural	 models	 of	 the	 efflux	 pump	 in	 E.	 coli.	 The	 AcrABZ-TolC	
pump	model	from	E.	coli	is	coloured	blue,	red,	green,	and	orange.	The	dotted	lines	
represent	the	extent	of	the	two	membranes.	

	

We	constructed	four	coarse-grained	simulation	systems	in	which	the	AcrABZ-TolC	
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complex	was	used	to	keep	inner	and	outer	membranes	apart.	In	each	membrane,	a	

variety	of	crowded	environments	was	simulated	by	varying	protein	types	and	copy	

numbers.	 These	 membrane	 proteins	 were	 chosen	 according	 to	 their	 different	

shapes	and	sizes	that	can	provide	extensively	bacterial	membrane	systems.	In	these	

simulations,	 all	 systems	 showed	membrane	deformations	 and	 curvature,	 for	 each	

the	extent	of	which	depended	on	the	size	of	the	embedded	proteins.	Examining	the	

LPS	flow	showed	that	there	was	a	very	tight	coupling,	both	in	speed	and	in	direction	

of	 movement,	 between	 proteins	 in	 the	 outer	 membrane	 and	 the	 lipids	 of	 this	

membrane.	Other	phospholipids	showed	a	more	random	flow	in	both	membranes,	

with	 a	 decrease	 in	 the	 diffusion	 rate	 as	 they	 came	 closer	 to	 proteins	 in	 the	

membranes.	 It	was	 also	 clear	 that	 the	 reduction	 in	 annual	phospholipid	diffusion	

was	 greater	 for	 large	 than	 for	 small	 membrane	 proteins.	 Although	 the	

concentration	of	cardiolipin	in	the	membrane	models	was	low,	the	data	indicated	a	

preference	 for	 it	 by	AcrBZ	 and	AqpZ	proteins.	Results	 from	 this	 simulation	 study	

clarified	to	some	extent	the	relationship	between	the	 inner	and	outer	membranes	

of	Gram-negative	bacteria	and	the	proteins	integral	to	them.	

	

5.2	Methods	



Chapter	5	

	

	 159	

	

5.2.1	Dual-membrane	system	construction	

Ben	 Luisi	 from	 the	 University	 of	 Cambridge	 provided	 the	 structure	 of	 the	 drug	

efflux	 pump	 AcrABZ-TolC	 complex	 [36];	 Carol	 Robinson	 from	 the	 University	 of	

Oxford	 provided	 the	 full-length	 OmpA	 dimer	model	 [10];	 and	 Ortiz-Suarez	 et	 al.	

conducted	 simulation	 studies	 to	 validate	 the	 full-length	 OmpA	 dimer’s	 structural	

stability	 in	 a	model	 outer	membrane	 [23].	 The	monomeric	N-terminal	 domain	 of	

OmpA	 is	 composed	 of	 residues	 1	 to	 137.	 I	 obtained	 the	 water	 channel	 AqpZ	

tetramer	 and	 lactose	 permease	 LacY	 structures	 from	 the	 PDB	 database	 (PDB	 ID:	

2ABM	and	1PV6,	 respectively)	 [27,183].	The	MARTINI	2.2	 force	 field	was	used	 to	

convert	 these	 atomistic	 structures	 to	 a	 coarse-grained	 representation,	 and	 their	

secondary	 structure	 was	 preserved	 by	 applying	 the	 ELNEDYN	 elastic	 network	

model	[59,184,185].		

	

A	 single	 lipid	 molecule	 was	 multiplied	 using	 the	 GROMACS	 genconf	 tool	 to	 fit	 a	

simulation	box	of	size	400	Å	x	400	Å	 in	order	 to	make	(separately)	 the	 inner	and	

outer	membranes.	My	 previous	work	was	 the	 source	 of	 coarse-grained	MARTINI	

parameters	for	the	LPS	[142],	and	the	standard	Martini	water	molecules	were	then	

used	to	solvate	the	systems	which	were	subsequently	neutralised	by	the	addition	of,	

respectively,	 70	 mM	 Ca2+	 ions	 and	 150	 mM	 NaCl.	 Energy	 minimisation	 was	
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performed	 with	 steepest	 descents	 and	 conjugate	 gradient	 algorithms,	 and	 then	

simulated	5	µs	 for	 the	bilayer	properties	of	each	membrane	 to	be	converged.	The	

velocity-rescaling	 thermostat,	 set	 to	 4	 ps	 relaxation	 time,	 was	 used	 to	 hold	 the	

temperature	 at	 310	 K	 [89],	 while	 the	 pressure	 was	 kept	 at	 1	 bar	 using	 the	

Parrinello-Rahman	 barostat	 with	 semi-isotropic	 coordinate	 scaling	 with	 a	 12	 ps	

time	 constant	 [64].	 Non-bonded	 interactions	 were	 cut	 off	 at	 a	 1.2	 nm	 distance,	

while	 long-range	 interactions	were	 shifted	 from	0.9	 and	0.0	nm	 to	 the	 respective	

cutoff	 distances	 for	 the	 Lennard-Jones	 and	 Coulomb	 potentials.	 Both	 simulation	

systems	were	simulated	with	a	10	fs	time	step.	

	

To	assemble	both	membranes	jointly,	the	equilibrated	outer	and	inner	membranes	

set	 up	 the	 z-coordinates	with	 reference	 to	 Cryo-EM	 images	 and	 a	 pseudo-atomic	

model	of	AcrABZ-TolC	[36].	Proteins	were	then	embedded	in	each	membrane	(see	

Table	16).	The	structures	of	 these	proteins	were	 located	roughly	equidistant	 from	

each	 other	 and	 were	 combined	 with	 the	 coordinates	 of	 both	 membranes.	

Overlapping	lipid	molecules	were	removed,	after	which	the	system	was	re-solvated	

with	 standard	MARTINI	 water	molecules	 and	 then	 neutralised	 with	 70	mM	 Ca2+	

ions	and	150	mM	NaCl.	Next,	 the	systems	were	energy	minimised	by	the	steepest	

descent	method.	A	1	µs	 equilibration	 simulation	was	performed	with	 all	 proteins	
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subject	to	position	restraints.	A	velocity-rescaling	thermostat	and	relaxation	time	of	

4	 ps,	 was	 used	 to	 hold	 the	 temperature	 at	 310	 K	 [89];	 at	 the	 same	 time,	 the	

Berendsen	barostat	and	time	constant	of	4	ps,	was	used	to	keep	the	pressure	at	1	

bar	 [61].	 A	 5	 µs	 simulation	 was	 then	 carried	 out	 twice	 on	 the	 systems	 with	 no	

position	 restraints.	 Apart	 from	 the	 pressure	 coupling,	 altered	 to	 the	 Parrinello-

Rahman	 barostat	 (time	 constant	 12	 ps),	 simulation	 protocols	 were	 maintained	

simulations	were	carried	out	with	GROMACS	4.6.7	[84].	

	

Table	16:	Summary	of	the	composition	of	simulation	systems	

System Time (ns) 

Outer membrane Inner membrane 

TolC OmpA AcrBZ3 AqpZ LacY 

1 2 x 5000 1 41 1 4 - 

2 2 x 5000 1 6 1 1 6 - 

3 2 x 5000 1 81 1 8 - 

4 2 x 5000 1 82 1 - 8 

5 1 x 5000 Outer membrane only 

6 1 x 5000 Inner membrane only 

1N-terminal	domain	of	OmpA	monomer	
2Full	length	OmpA	homodimer	
3All	systems	contain	the	periplasmic	subunit	AcrA	
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5.2.2	Analysis	

Characterisation	of	 the	 formations	and	curvature	of	 the	membranes	was	achieved	

by	 visualisation	 of	 the	 z-coordinates	 of	 the	 phosphates	 in	 all	 leaflets	of	both	 the	

inner	and	outer	membranes	by	the	use	of	VMD	[67]	and	an	in-house	script	based	on	

MDAnalysis	 [186].	 The	 GROMACS	 g_msd	 tool	 was	 used	 to	 generate	mean	 square	

displacement	of	lipids,	using	the	phosphate	bead	as	a	reference	point	for	each	lipid.	

The	 GROMACS	 g_density	 tool	 with	 modifications	 was	 used	 to	 generate	 the	 lipid	

partial	mass	 density	 profile,	and	 the	g_order	 tool	with	modifications	was	used	 to	

generate	 the	 lipid	 order	 parameter	 density	 plot.	 [135].	 Chavent	 et	 al.	 from	 the	

University	of	Oxford	provided	the	scripts	that	enabled	analysis	of	two-dimensional	

protein	and	lipid	flow	[187].	The	work	of	Goose	et	al.	gave	us	a	means	of	calculating	

the	distance-dependent	diffusion	constant	of	lipids,	with	an	observation	time,	Δt,	of	

50	ns	 [172].	 For	 analysis	of	protein-lipid	 contact,	we	used	VMD	with	an	 in-house	

script	loaded	[67].	

	

5.3	Results	and	discussion	

We	constructed	 four	 large	CG	 systems	 (ca.	 400	X	400	Å)	 of	 both	 inner	 and	outer	

membranes	with	proteins	of	varying	concentrations	and	topologies	(Figure	57	and	

Table	15).	The	outer	membrane	was	asymmetric	with	Re	LPS	 in	 the	upper	 leaflet	
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and	 90%	 POPE,	 5%	 PVPG	 and	 5%	 cardiolipin	 in	 the	 lower	 leaflet.	 The	 inner	

membrane	was	 symmetric	 with	 75%	 POPE,	 20%	 PVPG	 and	 5%	 cardiolipin	 [11].	

Cardiolipin	 is	 an	 anionic	 phospholipid,	 for	which	 the	 structure	 is	 essentially	 the	

combination	of	two	PG	lipids.	It	has	been	revealed	by	dynamic	light	scattering	and	

steady-state	fluorescence	anisotropy	that	the	cardiolipin	plays	an	important	role	in	

maintaining	 the	dynamic	organisation	of	 the	bacterial	membrane,	even	 if	 it	 is	 the	

least	 abundant	 lipid	 [188].	 Both	 membranes	 were	 spanned	 by	 the	 AcrABZ-TolC	

efflux	 pump	 located	 at	 the	 centre	 of	 the	 simulation	 box.	 Around	 this	 protein	

complex,	a	number	of	peripheral	proteins	were	embedded	 in	 the	 inner	and	outer	

membranes.	Systems	1,	2	and	3	used	 identical	peripheral	proteins	(the	aquaporin	

AqpZ	homotetramer	in	the	inner	membrane	and	the	N-terminal	β-barrel	of	OmpA	

in	 monomeric	 form	 in	 the	 outer	 membrane),	 but	 the	 number	 of	 copies	 were,	

respectively,	 four,	six,	and	eight.	This	equates	 to	occupancy	of	 the	membrane	area	

between	15%	and	30%,	which	 is	a	protein	occupancy	 that	 is	biologically	relevant	

for	 the	 protein	 concentration	 found	 in	 the	 “real”	 biological	 environment.	 [154].	

System	4	used	proteins	of	different	sizes	and	morphologies:	 the	 lactose	permease	

LacY	 in	 the	 inner	membrane,	which	 is	 smaller	 than	 the	AqpZ,	 and	 the	 full-length	

OmpA	 dimer	 in	 the	 outer	membrane	which,	 as	well	 as	 the	β-barrel	 domain,	 also	

contains	a	globular	periplasmic	subunit.	System	4	had	the	same	number	of	copies	of	
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peripheral	 proteins	 as	 system	 3.	 Using	 these	 four	 simulation	 systems	 made	 a	

simultaneous	study	of	Gram-negative	bacteria	in	both	inner	and	outer	membranes	

possible,	taking	particular	notice	of	the	consequences	of	increased	levels	of	protein	

crowding	and	different	protein	sizes	upon	the	membrane’s	physical	properties.	As	a	

control,	 we	 have	 also	 performed	 membrane	 only	 simulations	 of	 the	 outer	

membrane	(System	5)	and	the	inner	membrane	(System	6).	
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Figure	57:	An	example	of	the	two-membrane	system	simulated	in	this	study.	ReLPS	
is	shown	in	silver,	POPE	in	salmon,	PVPG	in	blue	and	cardiolipin	in	red.	(A)	System	3	
contains	 the	 AcrABZ-TolC	 complex	 spanning	 the	 outer	 and	 inner	 membranes	
(orange),	8	OmpA	monomer	N-terminal	domain	in	the	outer	membrane	and	8	AqpZ	
homotetramer	 in	 the	 inner	membrane	 (cyan).	 (B)	 The	 same	 system	 viewed	 from	
the	periplasmic	side	and	(C)	the	extracellular	side.	For	clarity,	water	and	ion	beads	
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are	omitted.	

	

5.3.1	System	validation	

To	 ensure	 the	 systems	 were	well	 equilibrated	 before	 the	 production	 run,	 a	 1	 μs	

equilibration	 simulation	 was	 performed	 and	 several	 equilibrium	 physical	

properties	 of	 both	membranes	were	 analysed.	 First,	we	 examined	 the	 simulation	

box	volume	to	make	sure	the	size	of	the	simulation	system	was	maintained	during	

the	 simulation	 to	 reach	 a	 steady	 state	 (Figure	 58).	 After	 that,	 to	 ensure	 the	

simulation	systems	were	set	up	properly,	we	examined	the	individual	leaflet	using	

order	 parameter	 analysis	 to	 ensure	 the	 lipid	was	 at	 the	 liquid	phase	 not	 the	 gel	

phase	(Figure	59).	The	average	order	parameter	of	lipid	tails	for	the	LPS	molecules	

was	around	0.5,	which	is	similar	to	the	atomistic	model	[142]	and	within	the	range	

of	 order	 parameters	 estimated	 for	 rough	 LPS	 type	 by	 Fourier-transform	 infrared	

spectroscopy	 [189].	 On	 the	 other	 hand,	 the	 inner	 membrane	 has	 shown	 slightly	

lower	 order	 parameter,	which	 is	 in	 a	 good	 agreement	with	 data	 obtained	 from	 a	

nuclear	 magnetic	 resonance	 (NMR)	 study	 [190].	 The	 compartment	 space	 was	

separated	 by	 two	 membranes	 and	 to	 ensure	 water	 could	 be	 freely	 exchanged	

outside	and	inside	the	compartment	space,	we	used	water	flux	analysis	to	show	the	

water	 could	 move	 freely	 either	 crossing	 through	 one	 single	 membrane	 or	 two	
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membranes	during	the	simulation	(Figure	60).	

	

	
Figure	58:	The	equilibration	state	of	each	simulation	system	before	production	run	
is	 shown	 in	A-D.	E	 shows	 the	 equilibration	 state	 for	 systems	1	 to	 4	 during	 the	 5	
microsecond	production	run.		
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Figure	59:	The	order	parameter	of	LPS	and	phospholipids	of	system	3.	The	 lower	
leaflet	 of	 the	outer	membrane	 (A)	 and	 the	 inner	membrane	 (B)	 are	 composed	of	
mixed	phospholipids,	and	the	outer	leaflet	of	the	outer	membrane	(C)	is	composed	
of	LPS	lipid.	
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Figure	60:	The	number	of	water	molecules	 that	crossed	 the	(A)	outer	membrane,	
(B)	the	inner	membrane	and	(C)	both	membranes	versus	simulation	time.		

	

5.3.2	Correlation	of	protein	size	and	membrane	properties	

We	began	by	examining	the	macroscopic	properties	of	inner	and	outer	membranes	

following	 the	5	μs	 simulations.	Both	membranes	were	shown	with	some	 levels	of	

curvature	(Figure	61).	The	extent	to	which	membranes	curve	and	deform	appears	

to	depend	on	the	size	of	proteins	present	in	the	system.	In	systems	1,	2,	and	3	there	

is	greater	curvature	in	the	outer	than	in	the	inner	membrane,	and	the	difference	in	

the	 z-position	 of	 phosphates	 rise	 to	 40	 Å	 in	 the	 large	 part	 of	 the	 membrane,	
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particularly	 in	system	3.	Deformation	 is	 less	pronounced	 in	 the	 inner	membrane,	

with	a	difference	of	about	20	Å	in	the	z-position	for	the	majority	of	the	membrane.	

In	the	systems	under	study,	the	outer	membrane	was	populated	by	a	small	β-barrel	

protein;	 the	 inner	membrane	was	 populated	 by	 the	much	 bigger	 AqpZ	 tetramer,	

AcrB	 porter	 domain	 and	 AcrZ.	 The	 greater	 proportion	 of	 the	 surface	 area	 of	 the	

inner	membrane	was	 occupied	 by	 large	 perimeter	 proteins	 (high	 protein	 mass),	

suggesting	a	correlation	between	deformations	of	the	membrane	in	Gram-negative	

bacteria	 with	 protein	 occupancy	 percentages,	 as	 has	 been	 seen	 in	 large	 scale	

plasma	membrane	simulations	[171].	
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Figure	 61:	 Membrane	 curvature	 and	 deformations	 induced	 by	 proteins.	 (A)	 A	
snapshot	along	the	plane	of	the	membrane	at	the	end	of	the	simulation	of	system	1.	
Phosphate	 beads	 are	 represented	 as	 grey	 spheres.	 The	 AcrBZ-TolC	 complex	 is	
shown	in	green,	while	the	peripheral	proteins	(AqpZ	and	OmpA	monomers)	are	in	
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cyan.	The	z-position	of	 the	phosphate	beads	of	 the	upper	 leaflet	of	both	the	 inner	
and	outer	membranes	 is	shown	on	the	right.	Here,	all	proteins	are	shown	in	grey.	
The	same	analyses	were	performed	for	(B)	system	2,	(C)	system	3,	and	(D)	system	
4.	

	

This	 theory	 is	 supported	by	 the	 results	 from	 system	4,	 in	which	 curvature	of	 the	

membranes	 was	 markedly	 less	 obvious	 in	 the	 outer	 membrane	 embedded	 with	

OmpA	homodimer.	This	is	perhaps	due	to	the	OmpA	C-terminal	domain	interacting	

partly	with	 the	 inner	 leaflet	 and	 therefore	 stabilizing	 the	membrane	and	also	 the	

strong	cross-links	between	adjacent	LPS	molecules	 in	 the	outer	 leaflet	potentially	

maintain	 the	 integrity	 of	 the	 membrane.	 The	 percentage	 of	 deformations	 was	

higher	in	the	inner	membrane	than	was	the	case	in	other	systems,	and	this	would	

accord	with	LacY	being	smaller	than	AqpZ.	It	should	also	be	noted	that	the	AcrABZ-

TolC	 complex,	 which	 started	 out	 in	 a	 vertical	 position,	 moved	 to	 adapt	 itself	 to	

curvatures	 in	 both	membranes.	 System	3	 showed	 the	most	obvious	 signs	 of	 this,	

with	 the	 most	 significant	 deformations	 of	 the	 outer	 membrane,	 wherein	 the	

AcrABZ-TolC	complex	was	tilted	around	6	degrees	from	the	normal.	Suggesting	that	

protein	 complexes	 spanning	 inner	 and	 outer	 membranes	 in	 the	 Gram-negative	

bacteria	must	be	able	to	adapt	to	local	deformations	in	the	membrane.		
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5.3.3	Movement	relationship	between	LPS	lipids	and	the	proteins	

Next,	we	 examined	microscopic	 behaviour	 in	 each	membrane	 of	 the	 lipids	 in	 the	

simulated	systems,	with	particular	attention	given	 to	 their	 speed	and	direction	of	

flow.	When	mean	 square	 displacement	 of	 the	 phosphate	 beads	 from	 each	 leaflet	

was	measured,	 it	 was	 seen	 that	 lipid	motions	 in	 the	 leaflet	 containing	 LPS	were	

smaller	 by	 some	 three	 orders	 of	 magnitude	 than	 in	 the	 leaflets	 containing	

phospholipids	(Figure	62	and	Figure	63).	The	same	result	was	shown	by	analysis	of	

lipid	flow,	which	demonstrated	that	all	LPS	moved	less	than	0.6	Å	in	the	last	10	ns	

of	the	simulation	(Figure	62).	Displacement	of	other	phospholipids	over	the	same	

time	period	ranged	between	1.0	and	6.0	Å.		
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Figure	62:	LPS	in	the	outer	membrane	moves	significantly	slower	than	phospholipids.	(A)	
Mean	square	displacement	(MSD)	versus	time	for	the	phospholipids	in	the	upper	leaflet	of	
the	inner	membrane	of	system	3	(left)	and	their	flow	averaged	over	the	last	100	ns	of	the	
simulation	(right).	Arrows	 indicate	the	direction	of	movement	of	 lipids,	whereas	the	 line	
thickness	 and	 colour	 represent	 the	 degree	 of	 displacement.	 The	 positions	 of	 AcrBZ	 and	
AqpZ	in	the	system	are	mapped	as	purple	dots.	(B)	The	same	analyses	were	performed	for	
the	lower	leaflet	of	the	inner	membrane.	For	comparison,	the	MSD	and	lipid	flow	for	the	
outer	membrane	are	 shown	 in	 (C)	 for	 the	upper	 leaflet,	 and	 in	 (D)	 for	 the	 lower	 leaflet.	
Purple	 dots	 indicate	 the	 positions	 of	 TolC	 and	 OmpA	 monomers.
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Figure	63:	Mean	square	displacement	(MSD)	of	lipids	versus	time	for	(A)	system	1,	
(B)	system	2,	(C)	system	3,	and	(D)	system	4.	These	are	calculated	for	each	leaflet	in	
the	inner	and	the	outer	membrane.	
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There	 is	 also	 a	 high	 correlation	 between	 LPS	motion	 and	 direction.	 In	 the	 outer	

membrane’s	 upper	 leaflet,	 diffusion	 of	 all	 LPS	 in	 any	 given	 timeframe	 of	 flow	

analysis	was	in	the	same	direction	–	see	the	uniform	arrows	in	Figure	62C.	Only	LPS	

has	this	characteristic,	with	other	phospholipids	moving	 in	all	directions	 in	a	way	

that	 is	 entirely	 uncorrelated	 between	 adjacent	 lipids.	 Sugar	moieties	 in	 the	 head	

group	of	neighbouring	LPS	molecules	cross-link	with	each	other	via	Ca2+	ions.	The	

outer	membrane’s	upper	leaflet	is,	therefore,	a	strongly	interconnected	network	of	

LPS	molecules,	and	this	could	be	the	reason	for	the	close	similarity	of	flow.	

	

Next,	we	compared	direction	of	flow	for	LPS	and	other	lipids	to	that	shown	by	outer	

membrane	proteins	(Figure	64).	Direction	of	LPS	diffusion	was	identical	to	that	of	

OmpA	 and	 TolC,	 while	 other	 phospholipids	 in	 the	 lower	 leaflet	 showed	 random	

direction.	As	LPS	molecules	 lock	strongly	 to	each	other	 in	 the	whole	of	 the	upper	

leaflet,	 it	may	be	 that	 it	 is	 these	membrane	proteins	 that	determine	 the	direction	

and	 speed	 of	 LPS	 movement.	 In	 turn,	 protein	 flow	 is	 contained	 by	 the	 proteins’	

ability	 to	 break	 the	 LPS	 network,	 and	 this	 is	 shown	 by	 the	 fact	 that,	 in	 all	 four	

systems,	 there	 was	 relatively	 little	 change	 in	 protein	 arrangement	 in	 the	 outer	

membrane	by	the	end	of	the	simulations,	while	 inner	membrane	proteins	showed	

more	movement	 and,	 after	 the	 5	 µs	 simulations,	were	 arranged	 in	 a	 significantly	
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different	manner.		

	

	
Figure	 64:	 Concerted	 movement	 of	 proteins	 and	 LPS	 in	 the	 outer	 membrane	
(System	 3).	 (A)	 The	 flows	 of	 lipids	 and	 proteins	 are	 shown	 in	 blue	 and	 orange,	
respectively,	 for	 the	 upper	 leaflet	 of	 the	 outer	 membrane.	 The	 enlarged	 image	
highlights	the	unidirectional	motion	of	protein	(OmpA	monomer)	and	LPS	around	
it.	(B)	The	same	analysis	on	the	lower	leaflet	of	the	outer	membrane	indicates	that	
such	correlation	in	movement	does	not	persist	with	other	types	of	phospholipid.	
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5.3.4	Correlation	between	the	reduced	mobility	of	annular	phospholipids	and	

protein-dependency	

Lipid	 flow	 analysis	 also	 shows	 that	 leaflets	 that	 do	 not	 contain	 LPS	 do	 contain	

patches	 of	 lipids	 with	 large	 displacement,	 and	 this	 is	 especially	 so	 in	 areas	 not	

occupied	by	proteins;	for	the	most	part,	lipids	close	to	proteins	have	much	smaller	

displacements	 (see	Figure	62).	Past	 simulations	have	also	shown	a	gradual	 fall	 in	

phospholipids’	diffusion	coefficients	where	those	phospholipids	are	located	close	to	

proteins	in	a	crowded	membrane	[172].	Systematic	quantification	of	the	influence	

of	proteins	on	the	lateral	mobility	of	lipids	near	them	was	carried	out	by	measuring	

lipid	 diffusion	 constants	 in	 annuli	 at	 increasing	 distances	 from	proteins,	 both	 for	

the	 inner	membrane	 and	 for	 the	 lower	 leaflet	 of	 the	 outer	membrane	 (Figure	65	

and	Figure	66).	We	did	not	carry	out	this	analysis	for	the	outer	membrane’s	upper	

leaflet	containing	LPS	because	flow	analysis	showed	that	the	motion	of	 lipids	was	

uniform,	whatever	the	distance	from	OmpA	and	TolC	(Figure	62).	
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Figure	 65:	 Lipid	 diffusion	 reduced	 around	 AcrBZ	 or	 TolC	 proteins.	 (A)	 Lateral	
diffusion	 coefficients	 of	 phospholipids	 in	 the	 inner	 membrane	 as	 a	 function	 of	
distance	from	AcrBZ	for	systems	with	an	increasing	number	of	AqpZ	(systems	1	to	
3).	Each	point	shows	diffusion	of	phosphate	beads	within	an	annulus	of	10	Å	width,	
e.g.	the	first	annulus	marked	at	5	Å	represents	phosphate	diffusion	between	0-10	Å	
from	 the	 surface	of	AcrBZ.	Two	 lines	 for	 each	 system	represent	 the	 two	 replicate	
simulations.	Only	the	last	1	μs	of	the	simulations	is	used,	while	error	bars	represent	
standard	 deviation	 for	 20	 x	 50	 ns	 sub-trajectories.	 The	 black	 line	 (System	 5	 or	
System	6)	 indicates	 the	diffusion	constant	of	phospholipids	 in	a	system	of	similar	
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size	without	any	protein.	(B)	Similar	analysis	performed	to	compare	systems	with	
different	 proteins,	 i.e.	 AqpZ	 and	 LacY	 (systems	 3	 and	 4).	 (C)	 Diffusion	 profile	 of	
phospholipids	in	the	lower	leaflet	of	the	outer	membrane	as	a	function	of	distance	
from	 TolC,	 in	 systems	 with	 increasing	 numbers	 of	 OmpA	 monomers.	 (D)	 Lipid	
diffusion	 constants	 in	 systems	with	OmpA	dimers	 compared	 to	 those	with	OmpA	
monomers.	 (E)	Diffusion	constants	of	phospholipids	within	a	10	Å	annulus	of	 the	
six	different	proteins	compared	to	their	radius	of	gyrations,	averaged	over	the	last	1	
μs	 of	 all	 simulations.	 Proteins	 in	 the	 inner	membrane	 are	 shown	 in	 red,	 and	 the	
ones	in	the	outer	membrane	in	blue.	

	

	
Figure	66:	Diffusion	constants	of	phospholipids	versus	distance	from	the	peripheral	
proteins	 (AqpZ/LacY	 or	 OmpA	 proteins).	 (A)	 Lateral	 diffusion	 coefficients	 of	
phospholipids	 in	 the	 inner	 membrane	 as	 a	 function	 of	 distance	 from	 AqpZ	 for	
systems	1	 to	 3,	 and	 (B)	 for	 systems	3	 and	 4.	 For	 system	4,	 the	 x-axis	 represents	
distance	from	LacY.	(C	and	D)	The	same	analysis	performed	for	the	lower	leaflet	of	
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the	 outer	 membrane	 with	 the	 OmpA	 monomer	 (for	 systems	 1	 to	 3)	 and	 dimer	
(system	4)	as	points	of	reference.	The	black	 line	(System	5	or	System	6)	 indicates	
the	 diffusion	 constant	 of	 phospholipids	 in	 a	 system	 of	 similar	 size	 without	 any	
protein.	

	

The	more	complex	model	set	up	 in	 this	study	agreed	with	 the	simple	POPE:POPG	

membrane	model	 in	showing	diffusion	coefficients	 to	be	dependent	on	distance	–	

that	 is,	 phospholipids	 moved	 more	 slowly	 when	 closer	 to	 proteins	 (diffusion	

constants	 of	 1.0	 to	 2.0	 X	 10-7	 cm2	 s-1)	 compared	 to	 the	 ones	 around	 100	Å	 away	

(around	4.0	X	10-7	cm2	s-1)	 [172].	 A	 simulation	of	 inner	 and	outer	membranes	of	

similar	size	containing	no	proteins	showed	higher	diffusion	coefficients	for	lipids	in	

both	membranes,	which	suggested	that	lipid	fluidity	can	be	reduced	by	adding	any	

protein	 to	 the	membrane.	 Increasing	 the	number	of	AqpZ	 in	 the	 inner	membrane	

(systems	1	 to	 3)	 led	 to	modest	 reductions	 in	 diffusion	 coefficients,	whatever	 the	

distance	 (Figure	65A),	 and	 no	 difference	 could	 be	 detected	when	 the	 number	 of	

OmpA	monomers	in	the	outer	membrane	rose	(Figure	65C).	On	the	other	hand,	in	

system	 4,	 the	 outer	 membrane	 with	 OmpA	 homodimers	 showed	 diffusion	

coefficients	 significantly	 lower	 than	 those	 in	 a	 system	with	 the	 same	 number	 of	

OmpA	monomers	(Figure	65D).	The	larger	size	of	the	dimers	might	be	responsible	

for	this.	In	comparison	to	a	much	larger	AqpZ	tetramer,	a	smaller	LacY	seemed	less	



Chapter	5	

	

	 183	

	

able	 to	 reduce	 lipid	 mobility	 in	 the	 inner	 membrane	 (Figure	 65B),	 which	 was	 a	

further	 indication	 that	 mobility	 of	 phospholipids	 in	 the	 membranes	 of	 Gram-

negative	bacteria	is,	like	membrane	curvature	and	deformations,	dependent	on	the	

size	of	the	embedded	proteins.	

	

Next,	we	measured	the	gyration	radii	of	all	proteins	used	in	the	present	simulations,	

which	we	 then	 compared	 to	 the	 diffusion	 coefficients	 of	 lipids	within	 10	 Å	 from	

these	 proteins	 (Figure	 65E).	 The	 correlation	 between	 these	 two	 properties	 was	

inverse,	which	is	to	say	that	movement	was	slower	in	lipids	around	larger	proteins	

than	in	those	around	smaller	proteins.	Proteins	with	a	larger	gyration	radius	have	a	

higher	mass	and	are	therefore	slower	to	diffuse,	with	the	result	that	the	lipids	that	

immediately	 surround	 them	 have	 slower	 movement.	 These	 results	 suggest	 that,	

while	motion	direction	is	not	connected	with	the	protein’s	direction	of	movement	in	

these	 leaflets	 (as	 opposed	 to	 what	 happens	 in	 the	 outer	 membrane	 leaflet	

containing	LPS),	there	remains	a	correlation	between	proteins	and	speed	of	motion.	

An	 exception	 is	 the	movement	 of	 lipids	 around	 TolC;	 the	 size	 of	 TolC	β-barrel	 is	

similar	to	that	of	the	OmpA	dimer.	 	The	movement	of	lipids	around	TolC	proved	to	

be	relatively	 slower	because	TolC	attaches	 to	 the	 rest	of	 the	AcrABZ	complex	and	

this	 generally	 shows	 slower	 diffusion.	Where	 protein	 complexes	 span	 both	 inner	
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and	outer	membranes,	 therefore,	 the	diffusion	of	 lipids	around	them	will	be	at	 its	

slowest,	partly	due	 to	 the	 larger	overall	 size	of	 the	proteins	and	partly	due	 to	 the	

size	of	membrane-embedded	subunits.	

	

5.3.4	Correlation	between	cardiolipins	and	the	membrane	proteins	

Notwithstanding	 the	 generally	 heterogeneous	 nature	 of	 the	 inner	 membrane,	

evidence	 is	 increasing	 that	 lipid	 sorting	 can	 come	 about	 in	 a	 membrane	 where	

proteins	 are	 present	 as	 a	 result	 of	 proteins’	 propensity	 to	 interact	 with	 lipids	 of	

certain	species	[28,191].	We	carried	out	analysis	 for	all	 four	simulated	systems	of	

specific	 interactions	 between	 proteins	 and	 lipids	 in	 the	 inner	membrane	 (Figure	

67).	We	calculated	the	ratio	of	contacts	made	throughout	all	the	5	μs	simulations	by	

each	 lipid	 species	 with	 AcrBZ	 in	 comparison	 with	 their	 initial	 configurations.	 In	

system	4	(which	had	eight	LacY	as	peripheral	proteins),	cardiolipin	around	AcrBZ	

was	 considerably	 enriched,	 to	 the	 point	 where	 the	 number	 of	 cardiolipins	 was	

about	 six	 times	what	 it	 had	originally	been	when	 the	 simulations	were	 complete	

(Figure	 67A).	 Density	 plotting	 showed	 the	 partial	 mass	 density	 of	 cardiolipin	

around	AcrBZ	to	be	markedly	higher	than	in	the	area	more	distant	from	the	protein	

(Figure	67B).	A	similar	enrichment,	however,	was	not	observed	for	POPE	and	PVPG,	

for	 which	 the	 ratio	 around	 the	 proteins	 remained	 constant	 throughout	 the	
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simulations,	despite	there	being	in	the	membrane	a	higher	number	of	these	types	of	

lipids	(Figure	68).		

	

	
Figure	 67:	 Cardiolipin	 enrichment	 around	 AcrBZ	 and	 AqpZ.	 (A)	 Contact	 ratio	
calculated	as	the	number	of	cardiolipin	found	within	6	Å	from	the	AcrBZ	complex	
during	the	entire	5	μs	simulations	divided	by	the	original	number	at	the	beginning	
of	the	simulation.	For	clarity,	only	the	results	from	one	repeat	of	simulation	for	each	
system	 are	 plotted.	 (B)	 Average	 density	 of	 cardiolipin	 in	 the	 inner	membrane	 of	
system	4	 throughout	 the	entire	5	μs	simulation.	The	white	space	 in	 the	middle	of	
the	 graph	 indicates	 the	 position	 of	 AcrBZ.	 (C)	 The	 number	 of	 cardiolipin	 found	
within	6	Å	 from	AcrBZ	 (left),	within	6	Å	 from	AqpZ	 (middle),	 and	not	within	6	Å	
from	 either	 protein	 (right)	 throughout	 one	 of	 the	 simulations	 of	 system	 3.	 Red	
arrows	indicate	the	time	point	when	several	cardiolipins	moved	away	from	AcrBZ	
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into	 the	 free	 lipids	zone,	before	making	contact	with	AqpZ.	 (D)	A	similar	analysis	
performed	for	system	4	to	show	that	most	cardiolipins	that	interacted	with	AcrBZ	
originated	 as	 free	 lipids,	while	 the	number	of	 cardiolipins	 around	LacY	 remained	
largely	unchanged.	

	

	
Figure	68:	PE	and	PG	 lipids	do	not	 interact	with	AcrBZ.	 (A)	Contact	ratio	analysis	
(performed	as	explained	in	Figure	67)	for	POPE	lipids,	and	(B)	for	PVPG	lipids.	(C)	
Average	density	of	POPE	 in	 the	 inner	membrane	of	system	4	 throughout	 the	5	μs	
simulation,	 normalised	 to	 the	 total	 number	 of	 POPE.	 (D)	 The	 same	 analysis	
performed	for	PVPG	lipids.	The	white	space	in	the	middle	of	the	graph	indicates	the	
position	of	AcrBZ.	
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The	 number	 of	 cardiolipins	 around	 AcrBZ	 showed	 a	 slight	 reduction	 during	 the	

simulation	 of	 system	 3,	 which	 had	 eight	 AqpZ	 as	 peripheral	 proteins.	 Mass	

spectrometry	 revealed	 that	 cardiolipin	 has	 a	 stabilising	 effect	 on	 AqpZ	 [28],	 and	

that	 this	 lipid	modulates	 the	 protein’s	 functioning,	 raising	 the	 likelihood	 that	 the	

great	majority	of	cardiolipins	in	this	system	may	interact	preferentially	with	AqpZ	

during	 the	 simulations,	with	 a	 smaller	 number	 of	 cardiolipins	 being	 available	 for	

interaction	with	AcrBZ.	To	quantify	the	movement	of	cardiolipins	from	one	protein	

to	 another,	 we	measured	 how	many	 lipids	 were	 within	 10	 Å	 of	 both	 AcrBZ	 and	

AqpZ,	and	how	many	were	not	within	10	Å	of	either	protein	(these	would	be	free	

lipids)	(Figure	67C).	The	results	showed	that	there	is	a	reduction	in	the	number	of	

cardiolipins	 	bound	to	AcrBZ	after	1.0	μs	(reduced	from	8	to	around	5	lipids),	and	

an	increase	in	the	number	of	free	cardiolipins,	which	is	followed	by	an	increase	in	

the	 AqpZ-bound	 cardiolipin,	 at	 around	 1.5	 μs	 (increasing	 from	 7	 to	 13	 lipids	

bound).	The	number	of	 cardiolipins	 interacting	with	AqpZ	decreases	at	4.0	μs,	 so	

that	the	number	of	 free	cardiolipins	 in	the	system	increases.	The	conclusion	to	be	

drawn	from	this	analysis	is	that	there	is	a	continual	exchange	of	cardiolipins	in	the	

system	 between	 AcrBZ	 and	 AqpZ,	 since	 both	 are	 prone	 to	 bind	 to	 this	 lipid.	

Executing	 the	 same	 analysis	 for	 LacY	 in	 system	 4	 indicated	 that	 the	 number	 of	

cardiolipins	bound	to	this	protein	did	not	change,	but	there	was	a	marked	reduction	
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in	the	number	of	free	cardiolipins,	and	an	increase	in	the	number	of	AcrBZ-bound	

cardiolipins	 (Figure	 67D).	 The	 conclusion	 to	 be	 drawn	 from	 this	 is	 that,	 where	

proteins	such	as	LacY	are	present	that	non-selectively	bind	lipids,	there	will	be	an	

aggregation	 of	 cardiolipins	 around	 other	 proteins	 that	 show	 a	 cardiolipin	

preference;	 this	 is	 further	 evidence	 in	 support	 of	 the	 concept	 of	 protein-induced	

lipid	sorting.	

	

In	 order	 to	 track	 specific	 residues	 involved	 in	 interactions	 between	 AcrBZ	 and	

cardiolipins,	we	mapped	all	contacts	made	on	the	protein	surface	from	simulations	

of	 system	 4	 (Figure	 69).	 It	 was	 not	 possible,	 however,	 to	 find	 a	 single	 explicit	

binding	 site	 on	 any	 of	 the	 three	 subunits	 of	AcrBZ	 trimer.	 It	 seemed	 instead	 that	

cardiolipins	 interacted	 with	 a	 group	 of	 polar	 and	 charged	 residues	 around	 the	

protein,	including	Q4191	and	K4154,	and	some	hydrophobic	residues	on	one	of	the	

AcrZ	subunits,	such	as	F6499.	 It	 is	possible	 that	 the	 lower	resolution	of	MARTINI	

coarse-grained	simulations	could	have	prevented	us	 from	mapping	out	a	possible	

binding	 site;	 it	 is	 also	 possible	 that	 binding	 of	 the	 cardiolipins	 takes	 place	 on	 a	

number	 of	 different	 sites	 on	 each	 subunit.	 Similar	 analysis	 on	 AqpZ	 produced	 a	

cardiolipin	 binding	 that	was	more	 symmetrical;	 there	was	 cardiolipin	 interaction	

with	 hydrophobic	 residues	 like	 F2,	 V82	 and	 V94	 on	 all	 four	 subunits	 of	 the	
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homotetramer,	 which	 suggests	 the	 possibility	 of	 a	 distinct	 binding	 site	 for	

cardiolipins	in	AqpZ.	

	

	
Figure	69:	Residues	in	contact	with	cardiolipin.	(A)	AcrBZ	in	surface	representation	
with	its	residues	coloured	from	white,	representing	no	contact	with	cardiolipin,	to	
red	 (maximum	contact),	 averaged	over	 the	5	μs	 simulation	of	system	4.	The	blue	
dotted	circle	highlights	 the	 location	of	one	of	 the	AcrZ	subunits.	The	approximate	
position	of	 the	 inner	membrane	 is	 indicated	 in	brown.	(B)	Residues	on	AqpZ	that	
interacted	with	 cardiolipin	 in	 the	 simulation	 of	 system	 3,	 averaged	 over	 all	 eight	
AqpZ	proteins	in	the	system.	

	

To	 the	 best	 of	 our	 knowledge,	 the	 simulations	 here	 are	 the	 first	 reported	

simultaneous	investigations	of	the	behaviour	of	the	inner	and	outer	membranes	of	

Gram-negative	 bacteria.	 The	 AcrABZ-TolC	 complex	 spanning	 both	 membranes	 as	

the	 effect	 of	 a	 flexible	 clamp,	 enabling	 lateral	 movements	 by	 both	 membranes	
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without	 loss	 of	 position	 in	 respect	 of	 the	 z-axis.	 Each	 membrane’s	 intricate	

heterogeneity	 allows	 prediction	 of	 patterns	 of	 diffusion	 for	 protein-dependent	

lipids,	 as	 well	 as	 predictions	 of	 interactions	 between	 proteins	 and	 lipids.	 One	

limitation	of	 this	study	 is	 that	 it	omits	 the	peptidoglycan	cell	wall,	which	exists	 in	

the	periplasmic	 space	 of	 the	E.	coli	 cell	 envelope.	 The	 reason	 for	 this	 omission	 is	

that	 there	 are	 no	 coarse-grained	 models	 for	 peptidoglycan.	 Simulations	 of	

peptidoglycan	 on	 its	 own	 or	 with	 the	 outer	membrane	 have	 been	 carried	 out	 at	

atomistic	resolutions	[24,192],	but	no	MARTINI	parameters	are	currently	available.	

When	 these	 parameters	 have	 been	 developed,	 it	 will	 be	 possible	 to	 incorporate	

molecular	details	of	interactions	between	the	periplasmic	protein	subunit	AcrA	and	

the	 peptidoglycan	 mesh	 into	 current	 simulation	 models.	 Notwithstanding	 this	

limitation,	 a	 number	 of	 important	 advances	 have	been	made	 in	 this	 study,	which	

were	not	possible	from	simulations	of	smaller	and/or	simpler	membrane	models.	It	

is	 also	 worth	 noting	 that	 in	 general,	 all	 backbone	 of	membrane	 proteins	 were	

applied	with	 elastic	 network	 to	maintain	 the	 secondary	 and	 tertiary	 structure	 in	

order	 to	 avoid	 any	 large	 conformational	 change.	This	 is	 not	 an	 issue;	however,	 it	

causes	very	limited	conformational	changes	for	the	outer	membrane	proteins	in	the	

outer	membrane	that	retain	their	beta	barrel	shape	during	the	simulations.	
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There	 has	 been	 extensive	 experimental	 [193,194]	 and	 computational	 study	 of	

membrane	curvature	dependent	on	proteins.	Earlier	simulations	have	shown	that	

integral	membrane	 proteins	 have	 the	 ability	 to	 alter	 their	 stiffness	 [170].	 Large-

scale	 simulations	 of	mammalian	plasma	membrane	 showed	membrane	 curvature	

and	deformations	to	be	dependent	on	the	type	of	membrane	protein	present	[171].	

The	 simulations	 in	 this	 study	 concur	 with	 the	 findings	 of	 previous	 studies	 by	

showing	 that	 the	 amplitude	 of	 curvatures	 of	 inner	 and	 outer	 membranes	 is	

dependent	 on	 the	 size	 of	 embedded	 proteins.	Membranes	 containing	 such	 larger	

proteins	as	AqpZ	and	OmpA	dimers	were	better	able	to	resist	deformations	and	to	

maintain	 a	 flat	 surface;	 those	 with	 such	 small	 proteins	 as	 LacY	 and	 OmpA	

monomers	 produced	 curvatures	 up	 to	 40	 Å.	 Large	 curvatures	 were	 also	 seen	 in	

outer	membranes	that	contained	a	highly	cross-linked	LPS	leaflet,	though	it	should	

be	noted	that	the	simulations	in	this	study	used	Re	LPS	comprising	only	two	inner	

core	 sugars.	 Full	 length	 LPS	 contains	 ten	 core	 sugars	 as	well	 as	 additional	 sugar	

moieties	that	form	O-antigens.	Having	more	sugar	groups	in	the	upper	leaflet	would	

permit	 even	 stronger	 cross-linking	 between	 adjacent	 LPS	 molecules	 and	 could	

possibly	reduce	the	degree	of	outer	membrane	deformations.	

	

The	outer	membrane	presented	tight	LPS/protein	coupling	in	these	simulations	to	
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an	 extent	 not	 previously	 identified	 in	 other	 biological	 membranes.	 In	 the	 upper	

leaflet,	all	LPS	molecules	move	at	the	same	speed	and	in	the	same	direction	as	the	

proteins.	 The	movement	 of	 proteins	 is	 limited	 to	 their	 ability	 to	 break	 the	 cross-

links	 between	 LPS	molecules.	 As	 a	 result,	 LPS	 diffusion	was	 a	 great	 deal	 smaller	

than	 for	 other	 phospholipids,	while	 the	 final	 coordinates	 of	 proteins	 in	 the	 outer	

membrane	were	very	similar	 to	 the	 initial	 setup.	Longer	 simulations	would	allow	

better	sampling	of	protein	diffusion	in	the	outer	membrane.	Slow	movement	of	LPS	

in	the	upper	leaflet	did	not,	however,	hamper	the	flow	of	other	lipids	in	the	lower	

leaflet	of	the	outer	membrane,	which	showed	a	similar	diffusion	profile	to	those	in	

the	inner	membrane.	The	coupling	of	other	phospholipids	to	proteins	was	weaker	

and	 more	 dependent	 on	 distance,	 as	 has	 previously	 been	 reported	 by	

computational	 studies	 [172,173].	 LPS	 is	not	 the	 sole	 species	of	 lipid	 in	 the	upper	

leaflet,	 because	 experiments	 have	 shown	 that	 other	 phospholipids	 are	 present	

[78,147].	This	could	have	the	potential	to	ease	protein	movement	and	increase	the	

whole	membrane’s	fluidity.	

	

Selective	 bindings	 of	 proteins	 to	 lipids	 have	 been	 documented	 in	 a	 number	 of	

experimental	 studies	 that	 have	 involved	 eukaryotic	 and	 bacterial	 proteins	

[28,163,167,195].	 Computational	 simulations	 have	 reproduced	 these	 effects,	 both	
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at	coarse-grained	and	atomic	levels	[168,191,196].	 In	this	study,	we	demonstrated	

that	there	were	preferential	interactions	between	AcrBZ	and	cardiolipins,	in	which	

this	 lipid’s	 density	 increased	by	up	 to	 six	 times	 during	 simulations.	 Although	 the	

crystal	structure	of	AcrBZ	was	resolved	without	any	bound	lipid	being	present	[36],	

mass	 spectrometry	 of	 monomeric	 AcrB	 in	 an	 earlier	 study	 identified	 a	 low-

molecular	 weight	 ligand	 with	 a	 migration	 pattern	 that	 corresponded	 to	 that	 of	

cardiolipin	 [197].	However,	because	of	 the	 lower	 resolution	of	 the	 coarse-grained	

systems,	it	was	not	possible	to	identify	any	possible	cardiolipin	binding	site.	Since	

x-ray	crystallography	did	not	reveal	cardiolipin	binding,	and	no	definite	binding	site	

was	indicated	from	the	simulations	in	this	study,	it	may	be	assumed	that	a	binding	

mechanism,	 if	 it	 exists,	 is	 weak	 to	 showing	 favourable	 binding	 energy	 and	 non-

specific	 interaction	with	phospholipids.	 In	 the	presence	of	 high	 concentrations	of	

AqpZ,	we	noted	cardiolipin	migration	 from	AcrBZ	to	AqpZ,	which	would	 imply	an	

interaction	of	higher	affinity	with	AqpZ.	Functional	AqpZ	assays	have	indeed	shown	

the	necessity	of	cardiolipin	for	the	permeation	of	water	across	this	protein	[28].	
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5.4	Conclusion	

This	 study	 is	 a	 notable	 advancement	 towards	 the	 construction	of	 a	 virtual	Gram-

negative	bacterial	cell	envelope	that	would	include	the	key	biochemical	details	of	its	

components.	 We	 analysed	 the	 dynamic	 behaviour	 of	 both	 the	 inner	 and	 outer	

membranes	 in	 detail,	 and	 also	 studied	 a	 number	 of	 crucial	 bacterial	 proteins	

including	 the	 multi-drug	 efflux	 pump	 AcrABZ-TolC	 complex.	 It	 is	 clear	 from	 the	

results	 of	 the	 present	 study	 that	 a	 number	 of	 different	 factors	 influence	 the	

movement	 of	 bacterial	membranes	 and	 the	 flow	of	 individual	 lipids	within	 them,	

most	 notable	 of	 these	 being	 the	 integral	 membrane	 proteins	 that	 surround	 the	

lipids.	 Our	 results	 demonstrate	 that	 lipid	 sorting	 is	 induced	 by	 some	 bacterial	

membrane	proteins	and	not	by	others.	To	maintain	a	flat	membrane	surface,	large	

proteins	 are	 needed,	 as	 small	 proteins	 and	 tightly-bound	 LPS	 lipids	 are	 likely	 to	

cause	membrane	 curvature	 and	 stiffness.	 The	movement	 of	 proteins	 in	 the	 outer	

membrane	 is	 driven	 by	 the	 cross-linked	 LPS	 lipids,	 while	 proteins	 in	 the	 inner	

membrane	 can	 move	 freely	 since	 there	 is	 no	 cross-linking	 between	 the	

phospholipids.	 The	 combination	 of	 present	 simulation	 results	 with	 recent	

experimental	 studies	 demonstrates	 the	 great	 complexity	 of	 bacterial	 membrane	

proteins	and	lipids,	each	of	which	have	their	own	individual	characteristics.	Further	

experimental	and	computational	study	of	structural	and	dynamic	characteristics	is	
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needed	 to	 understand	 their	 contribution	 to	 the	 overall	 functioning	 of	 the	 cell	

envelope.		

	

5.5	Future	direction	

While	this	chapter	was	being	written,	Ben	Luisi	 from	the	University	of	Cambridge	

resolved	 the	 cryoEM	 structure	 of	 AcrBZ	 bound	 to	 an	 antibiotic,	 chloramphenicol	

palmitate	 (CLM),	 to	 a	 3	 Å	 resolution	 (Figure	70).	 CLM	 is	 very	 effective	 against	 a	

broad	range	of	microorganisms,	but	causes	serious	side	effects	in	humans,	such	as	

damage	 to	 bone	marrow.	CLM	 can	 be	 bacteriostatic	 or	 bactericidal	when	used	 in	

high	concentration.	CLM	functions	by	 inhibiting	 the	synthesis	of	bacterial	protein.	

Certain	 lipids	 have	 been	 shown	 to	 be	 required	 for	 the	 activation	 of	 membrane	

protein.	The	details	of	this	mechanism	are	still	unclear.	Therefore,	it	is	important	to	

understand	how	 lipid	distributes	around	the	AcrBZ	subunits.	For	example,	 if	CLM	

exists	 in	 the	 protein	 environment	 or	 if	 the	 AcrZ	 helices	 unit	 is	 deleted	 from	 the	

AcrBZ	subunit	(AcrB	only),	will	a	different	lipid	distribution	from	the	AcrBZ	protein	

be	revealed	and	will	we	observe	the	specific	lipid	binding?	How	does	AcrZ	regulate	

the	AcrBZ	subunit?	
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Figure	70:	A	schematic	image	of	AcrBZ-CLM	protein	in	the	inner	membrane.	AcrBZ	
protein	is	coloured	in	white,	lipids	are	only	shown	with	phosphate	groups	(in	tan).	
The	 enlarged	 image	 shows	 the	 CLM	 molecule	 and	 the	 amino	 acid	 residues	 (in	
purple)	 that	 are	 within	 3	 Å	 of	 CLM.
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Chapter	6:	Summary	

Increasing	 levels	 of	 bacterial	 resistance	 to	 antibiotics	 is	 a	major	 threat	 to	 human	

healthcare	and	demands	 the	urgent	development	of	novel	 therapeutics	 to	combat	

pathogenic	bacteria.	Bacteria	are	simple	organisms	protected	by	a	rather	complex	

envelope	arrangement.	For	example,	the	cell	envelope	of	Gram-negative	bacteria	is	

composed	of	two	membranes;	the	outer	and	inner	membrane.	The	two	membranes	

are	 separated	 by	 a	 thin	 layer	 of	 peptidoglycan	 located	 in	 the	 periplasmic	 space	

between	the	two	membranes.	The	outer	membrane	of	bacteria	is	asymmetric	with	

mostly	 lipopolysaccharide	 (LPS)	 molecules	 in	 the	 outer	 leaflet	 and	 a	 mixture	 of	

phospholipids	 in	 the	 inner	 leaflet.	By	contrast,	 the	 inner	membrane	 is	symmetric,	

containing	 a	mixture	 of	 phospholipids	 in	 both	 leaflets.	Moreover,	 there	 are	many	

membrane	proteins	of	different	shapes,	sizes	and	functions	embedded	within	both	

the	 outer	 and	 inner	 membranes.	 Given	 that	 drug	 development	 involves	

modifications	 to	 small	 molecules	 to	 improve	 their	 properties,	 including	 their	

penetration	across	membranes	or	 the	disruption	of	membranes,	 it	 is	a	priority	 to	

understand	 at	 the	 molecular	 level	 how	 these	 small	 molecules	 interact	 with	 the	

bacterial	membrane,	as	well	as	the	roles	played	by	native	membrane	proteins	and	

lipids,	before	we	can	move	towards	rational	drug	development.	Molecular	dynamics	

is	a	 computational	method	 that	 can	help	us	 to	understand	molecular	 interactions	
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over	time	from	a	simple	single	molecule	system	to	more	complex	multi-component	

systems.	To	address	the	issues	described	above,	I	have	performed	a	range	of	coarse-

grained	molecular	dynamics	simulations,	which	are	presented	in	this	thesis.		

	

In	Chapter	3,	to	allow	us	to	construct	a	biologically	relevant	E.	coli	outer	membrane	

and	simulate	with	a	large-scale	bacterial	membrane	on	longer	timescales,	I	develop	

two	different	 coarse-grained	LPS	models,	Re	and	Ra	LPS.	Re	LPS	has	 the	 shortest	

polysaccharide	chain	length	of	rough	type	LPS,	and	Ra	LPS	has	the	longest	one.	The	

CG	 LPS	models	 were	 initially	 parametrised	 and	 optimised	 from	 a	 heterogeneous	

membrane	 model	 and	 mimicked	 many	 properties	 obtained	 from	 UA	 simulations	

and	 experiments.	 For	 example,	 the	 area	per	 lipid,	 acyl	 tail	 order	 parameters,	 and	

bilayer	thickness	values	of	heterogeneous	membranes	were	all	in	good	agreement.	

Mismatch	in	the	CG	LPS	models	was	seen	in	the	permeability	of	the	outermost	core	

saccharide	regions,	with	the	CG	water	being	less	permeable	than	in	the	UA	models.	

The	 integrity	 of	 the	 LPS	 membrane	 structure	 was	 influenced	 by	 the	 reduced	

penetration	 of	water.	 In	 other	words,	 the	membrane	 thickness	 in	 CG	Ra	 LPS	was	

generally	 thinner	 than	 in	 the	 UA	model.	 The	 compression	 of	 the	 core	 saccharide	

region	 was	 caused	 by	 low	 hydration	 levels,	 leading	 to	 less	 accurate	 interaction	

between	LPS	lipids	and	other	molecules.	Although	CG	models	are	lower	resolution	
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compared	 to	 AA	 or	 UA	 simulations,	 they	 do	 open	 up	 the	 possibility	 of	 studying	

large-scale	 systems	 on	 longer	 timescale	 simulations,	 both	 of	 which	 are	 crucial	

factors	for	such	complex	biological	systems	as	bacterial	membranes.	

	

In	 Chapter	 4,	 I	 investigate	 the	 interaction	 between	 the	 carbon	 nanoparticle	 (C60)	

and	the	LPS	lipid	membrane	at	the	molecular	level.	A	series	of	CG	simulations	were	

performed	 under	 different	 environmental	 conditions	 and	 showed	 that	 this	 lipid-

nanoparticle	 interaction	 is	 sensitively	 dependent	 on:	 ambient	 temperature;	 the	

nature	of	the	ions	that	interlink	LPS	neighbours;	and	the	composition	of	the	outer	

leaflet	 lipid.	For	example,	 even	a	 small	 concentration	of	POPE	 lipids	 incorporated	

within	 the	 LPS	 membrane	 resulted	 in	 C60	 readily	 penetrating	 the	 membrane,	

whereas	it	was	unable	to	do	so	without	the	presence	of	the	phospholipids.	Higher	

temperatures	and	 the	presence	of	monovalent	 ions	also	 facilitated	penetration.	 In	

the	 free	 energy	 calculation,	 C60	 showed	 favourable	 energetics	 in	 the	 context	 of	

penetration	into	either	the	Re	LPS	or	POPE	bilayer,	but	unfavourable	energetics	for	

penetration	 into	the	Ra	LPS	bilayer.	This	work	provides	an	 insight	 into	how	these	

simple	 fullerenes	 interact	with	different	LPS	types	within	Gram-negative	bacterial	

membranes,	and	provides	an	initial	point	for	modifying	the	properties	of	fullerenes	

to	increase	their	effectiveness	as	potential	future	antibacterial	agents.	
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In	Chapter	5,	my	CG	LPS	model	allows	us	 to	study	 the	E.	coli	cell	envelope	and	to	

understand	 the	general	molecular	 interaction	between	native	membrane	proteins	

with	 a	 range	 of	 different	 shapes	 and	 sizes,	 and	 the	 lipids	 of	 the	 surrounding	

membranes.	 Large	 proteins	 were	 shown	 to	 be	 necessary	 to	 maintain	 a	 flat	

membrane	 surface,	 as	 small	 proteins	 and	 LPS	 lipids	 were	 shown	 to	 cause	

membrane	stiffness	and	curvature.	The	diffusion	of	membrane	proteins	in	the	outer	

leaflet	of	the	outer	membrane	was	driven	by	LPS	lipids,	while	proteins	either	in	the	

inner	leaflet	of	the	outer	membrane	or	inner	membrane	could	move	freely	without	

any	 cross-linking	 restraints.	 Membrane	 proteins,	 such	 as	 AcrBZ	 and	 AqpZ,	 were	

shown	 to	 have	 preferential	 interactions	 with	 cardiolipins.	 However,	 no	 single	

definite	cardiolipin	binding	site	was	 found	 from	the	simulations	 in	 this	 study	and	

this	is	also	true	of	the	X-ray	structure.	This	suggests	that	if	cardiolipins	do	bind,	it	is	

through	a	non-specific	interaction	with	phospholipids.		

	

In	 summary,	 the	work	presented	 in	 this	 thesis	 provides	 tools	 and	models	 for	 the	

computational	 study	 of	 complex	 bacterial	membranes.	 Application	 of	 the	models	

developed	in	the	earlier	chapters	reveals	unprecedented	insights	into	the	behaviour	

of	 bacterial	 membrane	 proteins,	 lipids	 and	 also	 nanoparticles	 that	 interact	 with	
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bacterial	membranes.	 	Despite	the	advances	reported	here,	 it	 is	 important	to	note	

that	the	study	is	by	no	means	complete.	There	are	still	aspects	to	be	addressed	in	

the	 future.	For	example,	once	CG	peptidoglycan	models	become	available,	 in	silico	

construction	 of	 the	 full	 cell	 envelope	 will	 become	 feasible.
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Appendix	A	

 

Figure	 A1:	 The	 hand	 mapping	 scheme	 of	 atomistic	 to	 coarse-grained	
lipopolysaccharide	lipid. 
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Figure	A2:	The	clustering	of	C60	is	plotted	as	a	function	of	time	for	the	simulations	
involving	 a	 homogeneous	 bilayer	 of	 Re	 LPS.	 The	 data	 are	 shown	 for	 fullerene	
concentrations	of	0.21	mM	(A,	B)	and	1.13	mM	(C,	D),	at	temperatures	of	310	K	(A,	
C),	 and	 325	 K	 (B,	 D).	 The	 grayscale	 in	 each	 cell	 represents	 the	 fraction	 of	 C60	
involved	in	an	aggregate	of	a	given	size	(y	axis)	at	a	given	time	(x	axis).	 	
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Figure	 A3: The clustering of C60 is plotted as a function of time for the simulations 

involving a homogeneous bilayer of Ra LPS. The data are shown for fullerene 

concentrations of 0.09 mM (A, B) and 0.47 mM (C, D), at temperatures of 310 K (A, C), 

and 325 K (B, D). The grayscale in each cell represents the fraction of C60 involved in an 

aggregate of a given size (y axis) at a given time (x axis).  
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Figure	 A4: The clustering of C60 is plotted as a function of time for the simulations 

involving a bilayer of Re LPS with patches of POPE. The data are shown for the 

fullerene concentrations of 0.13 mM (A, B) and 0.66 mM (C, D), at temperatures of 310 

K (A, C), and 325 K (B, D). The grayscale in each cell represents the fraction of C60 

involved in an aggregate of a given size (y axis) at a given time (x axis).  
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Figure	 A5: The clustering of C60 is plotted as a function of time for the simulations 

involving a bilayer of Ra LPS with patches of POPE. The data are shown for the 

fullerene concentrations of 0.07 mM. (A, B) and 0.37 mM (C, D), at temperatures of 310 

K (A, C), and 325 K (B, D). The grayscale in each cell represents the fraction of C60 

involved in an aggregate of a given size (y axis) at a given time (x axis).  
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