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ABSTRACT	

Bacterial	infections	pose	a	significant	problem	in	the	modern	world.	An	alarming	increase	

in	multi-drug	resistant	bacteria	has	become	a	serious	source	of	concern,	with	a	steep	rise	

in	 reported	 cases	 of	 sepsis	 and	 deaths	 related	 to	 bacterial	 infection.	 New	 drugs	 are	

necessary	for	the	treatment	and	management	of	bacterial	infection,	including	new	broad	

spectrum	antibiotics	capable	of	killing	multi-drug	resistant	bacteria	as	well	as	anti-septic	

drugs	 for	 the	 management	 of	 severe	 bacterial	 infections.	 This	 thesis	 investigates	

antimicrobial	 peptides,	 that	 have	 shown	 promise	 as	 antibiotics	 due	 to	 their	 broad-

spectrum	range.	They	are	of	particular	interest	as	they	do	not	target	specific	proteins	that	

can	be	easily	altered	through	point	mutations,	but	rather	the	bacterial	membrane	itself,	

making	 the	 emergence	 of	 resistance	 rarer.	 Understanding	 the	 structure-function	

relationship	 of	 these	 peptides	 could	 help	 design	 new	 antibiotics	 capable	 of	 killing	

resistant	strains	of	bacteria.	The	other	aspect	investigated	in	this	thesis	is	the	function	of	

immune	receptors	TLR4	and	CD14,	both	part	of	the	TLR4	signalling	pathway.	In	sepsis,	it	is	

believed	that	over-activation	of	the	TLR4	pathway	contributes	to	the	over-production	of	

pro-inflammatory	 cytokines	 that	 lead	 to	 septic	 shock.	 Understanding	 the	 behavior	 of	

these	 receptors	 in	different	environments	 is	 important	as	 the	 identification	of	potential	

drug	targets	could	be	beneficial	to	the	development	of	immunomodulatory	drugs	and	the	

prevention	of	septic	shock.	Overall	this	thesis	covers	both	the	offensive	aspect	of	dealing	

with	 bacterial	 infections,	 eradicating	 bacteria,	 and	 the	 defensive	 aspect,	 understanding	

the	innate	immune	system	and	modulating	its	activity	to	prevent	sepsis	associated	death.	
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 Introduction		Chapter	1:	

1.1 Lipid	Membranes		

Bacterial	 and	mammalian	 cells	 differ	 in	many	ways,	 but	one	property	 they	 share	 is	 the	

presence	of	a	 lipid	membrane,	creating	a	separation	between	the	 inside	of	 the	cell	and	

the	 extracellular	 fluid	 [1].	 The	 lipid	 membrane	 serves	 many	 purposes	 such	 as	 the	

regulation	 of	 the	 intracellular	 environment,	 and	 acting	 as	 a	 protective	 barrier	 against	

hostile	molecules	and	microbes	 [1,	2].	Different	 types	of	cells	have	vastly	different	 lipid	

membrane	 composition;	mammalian	 cells	 differ	 greatly	 from	bacterial	 cells,	 and	within	

bacterial	 cells	 there	 is	 a	 further	 subdivision	 between	Gram-positive	 and	Gram-negative	

bacteria	[3].		
	

	
Figure	 1- 	 Image	 comparing	 structural	 differenced	 between	 Gram-positive	 and	 Gram-

negative	bacteria	

	

There	 are	 a	number	of	 properties	 that	 differ	 between	 lipid	membranes.	 The	 lipid	head	

groups	comprise	one	of	the	key	parts	of	the	lipid	that	tend	to	differ	between	membranes,	



	

	 2	

whilst	 fatty	 acid	 tail	 length,	 number	 of	 tails	 and	 extent	 of	 saturation	 can	 also	 vary	 [4].	

These	different	properties	make	 it	difficult	 to	design	“one	size	 fits	all”	drugs	capable	of	

penetrating	 all	membranes,	 but	makes	 it	 easier	 to	 selectively	 target	 them	 [5];	 this	 is	 a	

major	 reason	 for	 the	 importance	 of	 broad-spectrum	 antimicrobials	 [6].	 The	 ability	 to	

permeate	and	disrupt	 several	different	kinds	of	membranes	 is	an	essential	property	 for	

antimicrobials	and	the	study	of	how	these	antimicrobials	disrupt	membranes	is	therefore	

of	particular	relevance	as	it	can	help	in	the	design	of	novel	antibiotics	[4-7].	

	

1.1.1 Gram-negative	Bacteria	and	LPS	

The	 Gram-negative	 bacterial	 family	 includes	 several	 species	 known	 to	 cause	 severe	

diseases	such	as	Escherichia	coli,	Salmonella	typhi	(can	cause	typhoid),	Helicobacter	pylori	

(can	 cause	 stomach	 ulcers),	 Neisseria	 gonorrhoeae	 (Gonorrhea),	Neisseria	meningitides	

(meningitis)	 and	Pseudomonas	 aeruginosa	 (a	 notorious	 killer	 in	 hospitals	 due	 to	multi-

drug	resistance)	and	many	more.	Gram-negative	bacteria	have	two	membranes	(as	shown	

Figure	 1	 above).	 The	 inner	 membrane	 (IM)	 is	 comprised	 of	 simple	 phospholipids	 and	

generally	makes	up	a	 symmetric	bilayer.	 In	 contrast	 to	 this,	 the	outer	membrane	 (OM)	

includes	an	outer	leaflet	composed	of	lipopolysaccharides	(LPS)	and	an	inner	leaflet	that	

like	 the	 inner	 membrane	 is	 made	 up	 of	 simple	 phospholipids,	 making	 the	 OM	

asymmetrical.	Lipopolysaccharide	 (LPS)	 is	a	main	component	of	 the	outer	membrane	of	

Gram	negative	bacterial	cells	[3].	As	well	as	providing	a	protective	barrier	for	the	bacteria,	

it	 is	a	target	for	antimicrobial	drugs	[8-10],	and	the	LPS	molecules	are	recognized	by	the	

innate	 immune	system	of	hosts	to	trigger	a	defensive	response	[11-13].	Since	the	outer	

membrane	 of	 Gram-negative	 bacteria	 is	made	 up	 of	 a	 large	 polar	 section	 as	 well	 as	 a	

hydrophobic	barrier,	it	is	challenging	to	design	drugs	capable	of	penetrating	both	portions	

of	the	membrane.		

	

The	 LPS	 molecule	 itself	 can	 be	 divided	 into	 two	 separate	 components:	 (i)	 the	 polar	

polysaccharide	component,	composed	of	the	highly	diverse	external	O-antigen,	the	outer	

core	and	the	inner	core	(made	up	of	hexose	sugars);	(ii)	lipid	A	(Figure	2),	a	hydrophobic	

anchor	 containing	 multiple	 acyl	 tails	 and	 a	 phosphorylated	 diglucosamine	 head	 group	

[14].	It	provides	a	hydrophobic	barrier	to	complement	the	polar	outer	layer,	and	it	is	the	
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bioactive	component	of	LPS,	the	primary	region	that	activates	the	innate	immune	system	

[11].		

	

	 	
Figure	2 	–	Structure	of	lipid	A	

	

The	exact	structure	of	the	lipid	A	component	varies	between	bacterial	species	(Figure	3),	

between	bacterial	strains	due	to	mutations	(one	cause	of	the	rise	in	multi-drug	resistant	

bacteria)	 [12,	 13],	 as	 well	 as	 within	 a	 single	 bacterium	 during	 different	 life	 cycle	

stages[15].	 This	 is	 one	 of	 the	 reasons	 why	 some	 bacterial	 species	 may	 be	 more	

susceptible	 than	 others	 to	 certain	 antimicrobial	 peptides	 (AMPs).	Molecular	 changes	 in	

lipid	A	such	as	the	number	of	phosphate	groups	will	 impact	the	ability	of	AMPs	to	bind	

(due	to	the	change	in	charge)	to	the	outer	membrane,	and	hence	their	efficiency,	but	 it	

also	impacts	biological	signaling.	Structural	changes	such	as	the	number	or	length	of	acyl	

tails	 in	 the	 lipid	 portion	 of	 LPS	 has	 been	 shown	 to	 greatly	 impact	 AMP	 resistance	 and	

signaling	 in	 the	 innate	 immune	system	[13].	 Lipid	A	 is	an	agonist	of	 the	 innate	 immune	

receptor	 TLR4.	A	widely	 recognized	 lipid	A	 variant	 is	 the	E.	 coli	 lipid	A,	 a	hexa-acylated	

lipid,	 with	 two	 glucosamine	 sugars	 with	 a	 phosphate	 attached	 to	 each.	 Neisseria	

meningitides	is	known	to	be	comprised	of	a	penta-acylated	lipid	A,	still	capable	of	binding	

to	TLR4/MD-2,	though	with	lower	affinity.	Helicobacter	pylori	 is	known	to	synthesize	the	
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same	lipid	A	structure	as	seen	in	E.	coli	in	limited	amounts,	but	is	predominantly	made	up	

of	mono-phosphorylated	 lipid	A,	with	only	 four	acyl	 tails.	This	 leads	to	H.	pylori	being	a	

much	weaker	agonist	to	TLR4	than	E.	coli	 lipid	A,	and	it	also	promotes	resistance	to	the	

AMP	polymyxin.	Glycine	modifications	in	the	hydroxyl	group	of	the	secondary	acyl	chain	

of	 lipid	 A	 in	 Vibria	 cholerae	 also	 helps	 confer	 Polymyxin	 resistance	 by	 lowering	 the	

negative	charge	on	the	cell	surface.	TLR4	sensitivity	to	lipid	A	variants	has	been	found	to	

be	 species	 dependent.	 The	 lipid	 A	 precursor	 lipid	 IVa,	 also	 a	 tetra-acylated	 lipid,	 is	 an	

antagonist	 in	 humans	 but	 an	 agonist	 in	 both	 horses	 and	 mice	 [16,	 17].	 MPLA,	 a	

monophosphorylated	equivalent	of	E.coli	 lipid	A	is	a	partial	agonist	 in	most	species,	and	

has	raised	interest	therapeutically	as	a	vaccine	adjuvant,	due	to	its	ability	to	induce	only	a	

weak	immune	response.	Finally,	the	tetra-acylated	ligand	Eritoran	is	a	synthetic	molecule	

that	has	been	shown	to	be	an	antagonist	in	all	systems	[16].	
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Figure	3 	–	Structure	of	lipid	A	in	different	bacterial	species	as	well	as	synthetic	lipid	A	

mimetics. 	Red	boxes	represent	common	variations	in	the	lipid	A	structure.	
	

It	is	clear	that	variations	in	lipid	A	structure	impact	their	susceptibility	to	AMPs	as	well	as	

their	signaling	ability	[12,	13].	The	latter	may	be	partially	due	to	evolutionary	conditions;	

some	species	that	were	more	susceptible	to	infection	by	certain	types	of	bacteria	would	

evolve	 weaker	 signaling	 in	 response	 to	 those	 bacteria	 compared	 with	 a	 species	 rarely	

exposed	 to	 that	 pathogen,	 thereby	minimizing	 sepsis	 conditions	 that	 affect	 fitness.	 An	

example	of	this	is	in	horses,	which	are	more	prone	to	Gram-positive	infections,	and	have	

a	dampened	response	to	tri-acylated	lipopeptides	(capable	of	binding	TLR1/TLR2)	[18].	In	

humans,	however,	most	sepsis	cases	are	caused	by	Gram-negative	bacteria,	with	67%	of	
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cases	 showing	Gram-negative	 isolates,	with	E.	 coli,	 P.	 aeruginosa	and	Klebsiella	 species	

(can	cause	pneumonia,	meningitis,	diarrhea	etc.)	being	the	most	prevalent	[19].	

	

1.1.2 Gram-positive	Bacteria	

The	Gram-positive	 (Gram-positive)	bacterial	group	 includes	well-known	species	 such	as:	

Staphylococcus	 aureus	 (notorious	 in	 hospitals),	 Bacillus	 Anthracis	 (anthrax),	

Mycobacterium	 tuberculosis	 (tuberculosis)	 and	Mycobacterium	 leprae	 (leprosy)	 [3].	 	 As	

indicated	in	Figure	1	above,	Gram-positive	bacteria	have	a	single	membrane	that	like	the	

IM	of	the	Gram-negative	bacteria	forms	a	symmetric	bilayer	[1].	The	S.	aureus	membrane	

contains	 a	 substantial	 proportion	 of	 an	 unusual	 phospholipid	 called	 lysyl-

phosphatidylglycerol	(Lys-PG)	[1].	Unlike	well	known	lipids	that	are	either	neutral	(like	PE	

and	PC)	or	anionic	(like	PG),	Lys-PG	is	positively	charged.	This	property	gives	the	bacteria	

interesting	characteristics;	notably	it	incurs	resistance	against	antimicrobial	peptides	that	

generally	are	positive	[1].	A	notable	example	of	this	problem	is	the	Gram-positive	bacteria	

S.	 aureus,	which	may	 be	more	 familiar	 under	 the	 name	MRSA	 (methicillin	 resistant	 S.	

aureus).	This	strain	is	of	particular	concern	in	hospitals,	and	patients	with	open	wounds	or	

weakened	 immune	 systems	 are	 particularly	 susceptible	 [19].	 It	 is	 also	 often	 associated	

with	 sepsis;	 47%	 of	 sepsis	 cases	 have	 Gram-positive	 isolates	 (note	 that	 some	 cases	 of	

sepsis	shows	traces	of	more	than	one	species	of	bacteria)	and	the	most	common	isolate	is	

S.	aureus	[19].	

	

1.1.3 Mammalian	cells		

Mammalian	 cells	 are	 generally	 made	 up	 of	 phosphatidylcholine	 (PC)	 and	

phosphatidylinositol	 (PI)	 but	 the	 lipids	 found	 in	 bacterial	 membranes	 such	 as		

phosphatidylethanolamine,	 phosphatidylglycerol	 and	 cardiolipin	 (PE,	 PG	 &	 CL	

respectively)	are	also	be	found	in	mammalian	cells.	The	main	component	of	mammalian	

cells	is	1-Palmitoyl-2-oleoyl	phosphatidylcholine	(POPC)	[20],	which	has	a	large	polar	head	

group,	 giving	 it	 a	 “cylindrical	 shape”	 and	 hence	 a	 propensity	 for	membrane	 formation,	

unlike	 1-Palmitoyl-2-oleoyl	 phosphatidylethanolamine	 (POPE)	 (the	 main	 component	 of	

the	bacterial	plasma	membrane)	that	with	its	small	head	group	has	a	more	conical	shape	
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and	does	not	have	the	same	membrane-formation	propensity,	but	rather	a	tendency	to	

form	an	 inverted	hexagonal	phase	 [20].	The	membrane	composition	will	depend	on	 it’s	

function;	the	plasma	membrane	has	a	larger	number	of	sphingolipids	and	sterols	than	the	

membrane	 in	 the	 endoplasmic	 reticulum,	 as	 this	 makes	 the	 membrane	 more	 sturdy,	

which	 is	 beneficial	 to	 the	 plasma	membrane	 that	 forms	 an	 outer	 protective	 layer	 but	

would	be	detrimental	in	the	endoplasmic	reticulum	where	the	membranes	posses	higher	

levels	of	PC	and	PI	 lipids	which	make	 the	membranes	 thinner	and	more	 flexible,	easing	

insertion	of	membrane	and	secretory	proteins	[20].		

		

	 	



	

	 8	

1.2 Antimicrobial	Peptides		

Antimicrobial	peptides	(AMPs)	are	small	proteins	that	show	antimicrobial	activity	against	

bacteria,	 fungi	 and	 viruses[6,	 21].	 They	 disrupt	 bacterial	 membranes	 by	 increasing	 the	

membrane	permeability	and	forming	pores	in	the	bilayer.	AMPs	can	be	divided	into	three	

categories	 of	 selectivity:	 eukaryote	 selective,	 prokaryote	 selective	 or	 non-selective[22,	

23].	 They	 are	 also	 generally	 divided	 into	 three	 different	 categories	 depending	 on	 their	

proposed	 lytic	mechanism	 [22]	 :	 the	 carpet	mechanism,	 toroidal	mechanism	 or	 barrel-

stave	mechanism.	

	

	
Figure	4 	–	Pore	structures	adopted	by	AMPs.	A-	Barrel-stave	model. 	B-	Toroidal	pore,	and	

C-	Carpet	mechanism	

	

	

	The	 mechanism	 that	 each	 AMP	 proceeds	 by	 has	 not	 been	 definitively	 proven,	 and	 in	

some	cases	there	is	debate	over	which	mechanism	specific	AMPs	follow	(it	is	important	to	

note	 that	 the	models	 described	 are	 not	 definitive	 and	 a	 combination	 of	 the	models	 or	

entirely	 structurally	 different	 pores	 could	 be	 possible);	 the	 mechanism	 may	 also	 vary	

depending	on	the	concentration	of	the	given	AMP,	with	the	pores	formed	in	the	carpet	
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mechanism	 being	 structurally	 similar	 to	 toroidal	 pores,	 but	 being	 different	 in	 that	 the	

carpet	mechanism	is	adopted	only	at	high	AMP	concentrations	[22,	23].	

	

It	was	initially	believed	that	antimicrobial	peptides	were	species	specific,	but	it	was	later	

discovered	 that	AMPs	 isolated	 from	 insects	 could	be	 found	 in	pig	 intestines	 (cecropins)	

and	 that	antimicrobials	 isolated	 from	rabbits	 could	be	 found	 in	 insects	 (defensins).	This	

made	it	clear	that	antimicrobial	peptides	are	very	widespread	in	nature[6,	24,	25].	

	

	

Figure	5 	–	Some	different	structures	of	antimicrobial	peptides. 	A	–	Melittin, 	adopting	

generally	an	α-helical	structure	(blue). 	B	–	Protegrin,	adopting	a	largely	β-sheet	

structure	(yellow).	C	–	Polymyxin,	with	its	cyclic	portion	plus	attached	acyl	tail . 	

	

AMPs	have	proved	to	be	very	potent	antimicrobial	agents	and	they	are	known	to	quickly	

mobilize	 to	 kill	 the	 target	 microbes	 [21].	 One	 of	 the	 most	 significant	 properties	 they	

possess	 is	 that	 they	 have	 been	 proved	 to	 be	 an	 effective	 treatment	 against	multi-drug	

resistant	 microorganisms,	 and	 this	 feature	 has	 gained	 them	 a	 significant	 amount	 of	

interest[6,	26].		

	

A	problem	that	emerges	with	several	drugs	in	development	is	the	side-effects	caused	by	

the	 toxicity	 toward	 mammalian	 cells,	 in	 other	 words,	 selectivity	 issues	 [27].	 The	 AMP	

melittin	shows	some	cytotoxicity	and	the	side	effects	of	polymxyin	include	nephrotoxicity	

and	neurotoxicity.	The	“preferred”	 targets	of	AMPs	are,	however,	bacterial	membranes	

and	as	 such,	 severe	 toxicity	 caused	by	AMP	treatment	has	 so	 far	been	 limited	by	more	

rigorous	 dosage	 controls[22].	 Another	 property	 of	 some	 antimicrobials	 (Polymyxin	
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nonapeptide	 and	 other	 PMB	 derivatives,	 cecropin,	 polylysines	 and	 more)	 that	 is	 of	

importance,	and	may	be	a	 future	consideration	of	 increasing	 importance	 in	 the	 field,	 is	

their	 ability	 not	 necessarily	 to	 disrupt	 the	 membrane	 but	 to	 increase	 permeability,	

thereby	facilitating	access	into	the	microbial	cell[28-31].	This	means	AMPs	could	be	used	

in	 combination	 with	 other	 drugs	 to	 increase	 their	 potency	 [32].	 AMPs	 have	 also	 been	

shown	to	be	less	likely	to	confer	resistance	in	the	microbial	cells,	most	likely	because	of	

the	fundamental	changes	needed	in	order	for	the	cell	membrane	to	confer	resistance[29].		

	

	Another	 problem	 AMPs	 encounter	 is	 that	 they	 are	 prone	 to	 proteolytic	 degradation	

leading	to	high	production	costs	for	therapeutic	use	[33].	But	with	the	growing	need	for	

novel	therapeutic	methods	to	treat	bacterial	infections,	the	interest	in	AMPs	is	still	on	the	

rise[34,	35].	
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1.3 The	Innate	Immune	System	

The	mammalian	 body	 is	 constantly	 exposed	 to	 foreign	 pathogens.	 The	 innate	 immune	

system	is	the	defense	mechanism	that	provides	a	rapid	first	response	to	these	attacks.	It	

recognizes	evolutionarily	conserved	signatures	on	these	foreign	pathogens	referred	to	as	

pathogen-associated	molecular	 patterns	 (PAMPs)	 [36,	 37].	 PAMPs	 are	 defined	 as	 being	

uniform	within	their	pathogen	class	(i.e.	virus	vs.	bacteria	vs.	fungi),	functionally	essential,	

and	distinguishable	from	the	host.	The	presence	of	pattern	recognition	receptors	(PRRs)	

in	 the	 innate	 immune	 system	 for	 the	 recognition	 of	 PAMPs	 was	 first	 hypothesized	 by	

Janeway	in	1989	[38].	Upon	binding	PRRs,	they	would	initiate	signal	transduction,	alerting	

the	host	to	the	presence	of	foreign	pathogens,	inducing	a	pro-inflammatory	response	[36-

38]	 that	 includes	 the	 expression	 of	 a	 large	 number	 of	 molecules	 including	 cytokines,	

chemokines,	cell	adhesion	molecules	and	other	immune	receptors	[36].	Janeway	further	

identified	in	1997,	the	most	extensively	studied	family	of	PRRs	today,	called	the	Toll-like	

receptors	 (TLRs)	 [39].	 The	 importance	 of	 the	 TLR	 family	 is	 highlighted	 by	 the	 various	

infectious	and	noninfectious	disease	states	that	can	result	from	their	dysregulation,	and	

by	their	consequent	extensive	therapeutic	targeting	[40-44].	
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Table	1 	–	Structural	and	functional	properties	of	ligand-bound	TLR	dimers	

	

So	far	ten	functional	members	of	the	TLR	family	have	been	found	 in	humans	(Figure	6),	

each	member	 identifying	 distinct	 PAMPs.	 These	 TLRs	 can	 be	 discerned	 	 based	 on	 their	

location	 and	 function.	 TLRs	 localized	 at	 the	 cell	 surface	 recognize	 lipid,	 protein	 or	

lipopeptide	molecules,	whilst	TLRs	present	in	endosomes	are	activated	by	foreign	nucleic	

acids	 (Table	 1).	 Human	 TLRs	 recognize	 a	 broad	 range	 of	 ligands,	 including	 both	 small	

molecules,	and	large	polar	or	nonpolar	macromolecules	(Table	1).	TLR1,	2	and	6	generally	

respond	 to	 ligands	 of	 bacterial	 origin,	 such	 as	 lipoproteins,	 lipopeptides	 and	 Gram-

positive	peptidoglycans	[46].	TLR4	is	also	activated	primarily	by	a	bacterial	ligand,	namely	

LPS,[47].	 TLR5	 is	 stimulated	 by	 the	 large	macromolecule	 flagellin,	 a	 protein	 involved	 in	

bacterial	 motility.	 In	 contrast,	 TLR3,	 7,	 8	 and	 9	 are	 activated	 by	 pathogenic	molecules	

associated	with	viruses	 [48-51].	TLR3	 is	activated	by	double	stranded	RNA	[52],	TLR7	as	

well	as	TLR8	are	activated	by	single	stranded	RNA	associated	with	viruses	such	as	Ebola	

[49-51,	53]	and	TLR9	is	activated	by	CpG-rich	DNA,	a	form	of	DNA	prevalent	in	viral	and	

TLR	Homo-	or	
Hetero-Dimer	

Species	 PDB	code	 LRRs	per	
Ecto-

domain	

LRRs	Directly	
Involved	in	TLR-
TLR	Interface	

Bound	Ligand	 Location	 TLR	/	TLR	
Buried	Area	

(Å2)	*	
TLR1-TLR2	 Human	 2Z7X		 20	 11-14	 Tri-acylated	

lipopeptides	
Cell	surface	 ~690		

TLR2-TLR6	 Mouse	 3A79	 20	 11-14	 Di-acylated	
lipopeptides	

Cell	surface	 ~655	

TLR3-TLR3	 Mouse	 3CIY		 25	 20	 dsRNA	 Endosomal	 ~435	

TLR4-TLR4	 Human	 3FXI	
	

23	 13,	15,	17,	20	 Lipid	A	 Cell	surface	 ~465	

TLR5-TLR5	 Zebrafish	 3V47		 22	 12-13	 Flagellin	 Cell	surface	 ~735	

TLR7-TLR7	 N/A	 N/A	 27	 N/A	 ssRNA	 Endosomal	 N/A	

TLR8-TLR8	 Human	 4QBZ		 27	 5,	8,	14-20	 ssRNA	 Endosomal	 ~2000	

TLR9-TLR9	 Horse	 3WPC		 27	 2,	 5,	 8,	 11,	 18,	
20-25	

CpG	DNA	 Endosomal	 ~2250	

TLR10-TLR10	 N/A	 N/A	 20	 N/A	 Unknown	 but	 see	 Lee	
et	al	[45] 

Cell	surface	 N/A	
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bacterial	genomes	[54].	Though	no	ligand	has	been	confirmed	yet	for	TLR10,	it	is	believed	

to	play	a	role	in	the	viral	response	based	on	studies	on	Influenza	A		

	

All	 TLRs	 are	 type	 I	 transmembrane	proteins	 composed	of	 an	 external	 portion	 called	 an	

ectodomain,	 responsible	 for	 PAMP	 recognition,	 a	 helical	 transmembrane	 domain	 (TM)	

and	 a	 cytoplasmic	 Toll/Interleukin-1	 receptor	 (TIR)	 domain	 [38,	 39,	 55-58].	 All	 TLRs	

function	through	dimerization,	either	through	two	monomers	binding	to	form	a	signaling	

dimer	(TLR1-6),	or	through	the	reorganization	of	a	pre-formed	dimer,	transitioning	from	

an	inactive	to	an	active	state,	upon	binding	of	agonistic	ligands.	Either	the	ligands	directly	

facilitate	 the	 formation	 of	 a	 stable	 protein-protein	 interface	 upon	 binding	 to	 the	

ectodomain,	or	in	the	case	of	TLR4	by	binding	to	a	co-receptor	(MD-2).	The	dimerization	

initiates	 a	 signal	 once	 the	 C-terminus	 of	 the	 TLRs	 come	 together;	 this	 happens	 either	

through	heterodimerization	between	different	TLR	 family	members	 (TLR1,	2	6	&	10)	or	

through	 homodimerization	 (TLR3,	 4,	 5,	 8,	 9)	 [38,	 39,	 55-58].	 The	 ectodomain	 C-termini	

coming	 into	close	proximity	allows	the	cytoplasmic	TIR	to	dimerize.	These	then	act	as	a	

scaffold	for	the	recruitment	of	adaptor	proteins,	which	causes	downstream	signaling,	and	

initiation	of	an	immune	response	[38,	39,	46,	55-59].		

	

The	role	and	function	of	TLRs	are	generally	well	understood.	Ligands	have	been	identified	

for	most	(all	except	TLR10),	and	structural	data	on	 ligand	recognition	are	available	for	a	

number	of	 these	TLRs,	with	high-resolution	structures	derived	 from	mammalian	species	

or	 from	 species	 with	 sufficient	 sequence	 conservation	 to	 discern	 structure-function	

relationships	for	the	human	TLR	homologue	(Table	1).	

	

1.3.1 TLR	Family	

TLRs	are	members	of	a	class	of	proteins	called	Leucine	rich	repeats	(LRRs)	[60],	prominent	

in	not	only	eukaryotic	cells	but	also	bacteria	and	viruses	[61].	The	ectodomain	sequence	is	

highly	conserved	across	both,	the	TLR	family	but	also	across	species	[62]	with	a	sequence	

motif:	LxxLxLxxN	(where	L=Val/Leu/Ile,	N=	Asn/Thr/Ser/Cys,	and	x=	any	amino	acid)	(21,	

22,	25).	 Though	 the	 sequence	 is	highly	 conserved,	 the	number	of	 repetitions	may	vary,	

usually	ranging	from	~20-30	residues	(TLR1	consists	of	20	LRR	repeats	whilst	TLR8	has	27).	
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Due	 to	 the	 high	 sequence	 conservation,	 these	 proteins	 generally	 adopt	 a	 similar	

structure,	that	of	a	bent	solenoid.	β-sheets	are	found	in	the	concave	 inner	face,	where	

each	strand	corresponds	to	one	LRR,	while	the	convex	portion	of	the	TLRs	generally	adopt	

a	more	diverse	range	of	secondary	structures	including	α-helical	portions	and	loops;	the	

inner	 core	 is	 composed	of	 the	 leucine	 sidechains	 [63].	 The	highly	 conserved	asparagine	

residues	form	a	continuous	hydrogen-bonding	network,	with	the	backbone	carbonyls	of	

adjacent	 LRRs.	 The	 hydrophobic	 core	 at	 the	 amino	 and	 carboxy-termini	 are	 buried,	 to	

retain	 stability	 when	 exposed	 to	 solvent,	 and	 so	 capping	 modules	 rich	 in	 disulphide	

bridges	are	present	at	the	LRRNT	(amino-terminus)	and	the	LRRCT	(carboxy-terminus).	A	

primary	 distinguishing	 feature	 between	 TLRs	 is	 based	 on	 the	 “x”	 variable,	 which	

corresponds	 to	 residues	 generally	 exposed	 to	 solvent,	 and	 these	 can	 play	 key	 roles	 in	

ligand	 recognition.	 LRRs	 have	 a	 wide	 variety	 of	 functions	 including	 immune	 receptors,	

enzymes,	hormone	receptors	and	tyrosine	kinase	receptors	[61,	64].	Though	they	have	a	

broad	range	of	functions	it	has	been	observed	that	all	LRRs	tend	to	be	involved	in	protein-

protein	interactions	[61,	65,	66].	

	

Although	 TLRs	 share	 several	 common	 features	 with	 other	 LRRs,	 they	 also	 exhibit	

properties	 not	 generally	 associated	 with	 LRRs.	 In	 contrast	 to	 most	 LRRs,	 the	 ligand	

interaction	site	for	TLRs	is	found	on	the	convex	side	of	their	solenoidal	structure,	and	the	

LRR	 segments	 deviate	 from	 the	 standard	 motif	 resulting	 in	 surfaces	 or	 pockets	 that	

facilitate	ligand	binding	(such	as	TLR1,2	&6)	[55-58,	67].	
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There	 is	thought	to	be	 little	change	 in	the	secondary	structure	and	conformation	of	the	

individual	TLR	chains	upon	dimerization,	reflecting	the	rigidity	of	the	LRR	motifs	[63].	The	

overall	shape	of	each	ligand-bound	TLR	dimer	ectodomain	is	therefore	extremely	similar,	

forming	a	characteristic	 “m”	shape,	with	 the	C-termini	 regions	making	up	 the	center	of	

the	 complex,	 allowing	 juxtaposition	 of	 the	 intracellular	 TIR	 domains.	 A	 key	 factor	 that	

differentiates	these	TLRs,	is	the	number	of	LRR	repeats,	with	TLR1,	TLR2,	TLR6	and	TLR10	

all	being	composed	of	20	LRR	and	being	similar	in	size,	TLR3,	TLR4	and	TLR5	have	25,	23	

and	22	LRRs	respectively	and	TLR7-9	each	have	27	LRRs	making	them	bigger	still	(Figure	6)	

[68].	

	

An	 important	 aspect	 in	 the	 function	of	 these	 TLRs	 is	 the	dimerization	 interface	 formed	

between	monomers	 (or	 the	 transition	 from	 inactive	pre-formed	dimer	 to	active	dimer).	

There	 is	 no	 direct	 correlation	 between	 the	 size	 of	 the	 TLRs	 and	 the	 size	 of	 the	 dimer	

interface	or	the	LRRs	involved	(Table	1).	Whilst	this	correlation	is	seen	for	the	largest	TLRs	

8	&	9	(and	probably	TLR7	though	no	crystal	structure	 is	yet	available),	where	9-10	LRRs	

are	 involved	in	the	interface,	 in	the	smallest	TLRs,	TLR1,	TLR2	and	TLR6	(and	most	 likely	

TLR10	 but	 no	 crystal	 structure	 is	 available)	 only	 4-5	 LRRs	 are	 involved.	Moreover,	 the	

“medium”	 sized	 dimer	 complexes	 TLR3-5	 show	 no	 size-to-dimer-interface	 correlation,	

with	 four	 LRRs	 involved	 in	 the	 TLR4	 dimer	 and	 only	 1-2	 LRRs	 present	 in	 the	 dimer	

interface	for	TLR3	and	5,	despite	all	being	greater	in	size	than	TLR1,2	&	6.		

	

1.3.1.1 TLR1-TLR2	and	TLR2-TLR6	Heterodimers	

TLR2	is	unique	within	the	TLR	family	due	to	the	fact	that	it	forms	heterodimers	with	both	

TLR1	and	TLR6,	dependent	on	the	ligand	in	question.	TLR2	binds	to	TLR1	upon	exposure	

to	tri-acylated	 lipopeptides,	molecules	generally	associated	with	Gram-negative	bacteria	

[46,	 59,	 69,	 70],	 and	 TLR2	 binds	 to	 TLR6	 upon	 exposure	 to	 di-acylated	 lipopeptides,	

predominantly	 found	 in	 Gram-positive	 bacteria	 [71].	 Synthetic	 lipopeptides	 mimicking	

their	 bacterial	 counterparts	 have	 been	 developed	 (as	 di-acylated	 Pam2CSK4	 and	 tri-

acylated	Pam3CSK4)	and	have	aided	in	the	understanding	of	the	structural	basis	for	ligand	

recognition.	
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The	crystal	structure	of	human	TLR2-TLR1	heterodimers	bound	to	the	lipopeptide	mimic	

Pam3CSK4	reveals	two	acyl	chains	insert	into	an	internal	binding	pocket	on	TLR2,	present	

between	LRR11	and	LRR12,	extending	internally	to	LRR9.	The	final	acyl	chain	inserts	into	a	

binding	channel	on	TLR1	with	a	smaller	cavity	volume	able	to	accommodate	only	one	tail.	

The	ligand	creates	a	bridge	between	the	two	proteins,	allowing	the	formation	of	a	stable	

dimer	interface	[46].	The	peptide	portion	forms	hydrogen	bonds	with	the	two	TLR	chains	

to	 stabilize	 the	 dimer	 further;	 the	 dimer	 interface	 is	 stabilized	 by	 a	 hydrophobic	 core,	

supported	by	hydrophilic	residues	forming	hydrogen	bonds	and	electrostatic	interactions	

[46].	 These	 interfacial	 regions	 are	 highly	 conserved	 across	 species,	 with	 the	 sequence	

identity	between	mouse	and	human	being	73%	in	TLR1	and	68%	in	TLR2	[46].	The	minor	

differences	in	sequence	allow	specificity	to	vary	subtly	between	species;	mouse	TLR2	has	

a	more	compact	binding	pocket	than	 its	human	counterpart	 [72]	and	equine	TLR1/TLR2	

heterodimer	has	different	affinity	to		Pam3CSK4	than	the	human	dimer	[18].		

	

As	 mentioned	 above,	 sequence	 identity	 is	 high	 across	 species	 but	 can	 also	 be	 high	

between	TLR	family	members;	TLR1	and	TLR6	share	56%	sequence	identity	in	mice	[71].	

Though	 they	 still	 activate	 the	 same	 pathway,	 a	 change	 in	 sequence	 between	 LRR9	 to	

LRR12	where	the	internal	channel	 is	present	on	TLR1	leads	to	a	change	in	specificity[71,	

73].	 The	 TLR1-TLR2	 dimerization	 interface	 is	 mediated	 by	 binding	 cavities	 present	

between	 LRR9-12,	 whilst	 the	 TLR2-TLR6	 crystal	 structure	 reveals	 that	 surface	 exposed	

amino	acids	between	LRR11-14	are	responsible	for	mediating	the	dimerization	interface.	

(Figure	6	B).	TLR2	still	binds	two	acyl	tails	through	its	internal	binding	cavity,	but	in	TLR6,	a	

change	 in	 sequence	compared	 to	TLR1	causes	 structural	 rearrangements	 leading	 to	 the	

truncation	 of	 the	 binding	 channel,	 preventing	 insertion	 of	 acyl	 tails	 [71].	 The	 peptide	

portion	 of	 the	 lipopeptide	 maintains	 the	 same	 role	 in	 TLR2-TLR6	 as	 in	 TLR1-TLR2,	 by	

mediating	the	dimer	 interface	through	hydrogen	bond	formations	with	both	TLR	chains;	

the	dimer	interface	is	composed	of	a	central	hydrophobic	patch,	like	in	TLR1-TLR2,	though	

TLR2-TLR6	has	an	extended	hydrophobic	patch,	80%	larger	than	the	one	seen	in	the	TLR1-

TLR2	 complex.	 The	 hydrophobic	 region	 is	 surrounded	 by	 hydrophilic	 residues	 that	

stabilize	the	interface	through	hydrogen	bonding	and	electrostatic	interactions	as	well	as	

a	 loop	 around	 LRR11	 that	 contribute	 to	 the	 stability	 of	 the	 dimer	 [71].	 Despite	 no	

internalization	 of	 acyl	 tails	 by	 TLR6,	 stable	 heterodimers	 form	 between	 TLR2	 and	 TLR6	
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suggesting	the	additional	protein-protein	interactions	in	the	extended	hydrophobic	patch	

compensate	for	the	loss	of	a	“bridging”	ligand	[71].		

1.3.1.2 TLR10	Heterodimer	

Though	no	crystal	structure	is	yet	available	for	TLR10,	it	is	believed	to	form	heterodimers	

with	TLR2	in	a	similar	way	to	TLR1	due	to	the	high	overall	sequence	identity	(49%)	and	the	

conservation	of	key	residues	in	the	dimerization	interface,	as	well	as	the	binding	channel,	

but	no	 lipopeptide	binding	has	yet	been	shown	to	 induce	signaling	 [74,	75].	No	specific	

agonist	 has	 been	 confirmed	 for	 TLR10,	 and	 no	 crystal	 structure	 is	 available;	 it	 has	

however	 been	 shown	 that	 TLR10	 is	 likely	 involved	 in	 the	 response	 to	 viral	 infection,	

particularly	influenza	A	[45].	Based	on	homology	modeling	it	has	been	suggested	that	like	

TLR1-TLR2,	 the	 TLR2-TLR10	 dimer	 interface	 would	 likely	 be	 comprised	 of	 a	 central	

hydrophobic	 patch,	 surrounded	 by	 hydrophilic	 residues	 contributing	 further	 to	 dimer	

stability	through	hydrogen	bonding	and	electrostatic	interactions	[74].	Mutational	studies	

have	suggested	 that	 subtle	differences	 in	 the	dimer	 interface	may	be	 the	source	of	 the	

difference	in	specificity	between	TLR1	and	TLR10	[74].		

	

1.3.1.3 TLR5	Homodimer	

The	main	agonist	 for	TLR5	 is	monomeric	 flagellin,	a	protein	making	up	a	portion	of	 the	

flagellum,	 the	 tail	 portion	 of	 bacteria	 allowing	 bacterial	 motility	 [76].	 No	 mammalian	

crystal	structure	is	available	for	TLR5,	but	a	hybrid	structure	of	zebrafish	TLR5	combined	

with	variable	lymphocyte	receptor	(VLR)	has	been	solved	(Figure	6	E).	A	low	resolution	(26	

Å)	electro	microscopy	structure	was	also	solved	for	human	TLR5	[77].	These	studies	have	

shown	 that	 TLR5	 forms	 asymmetric	 homodimers	 through	 ectodomain	 interactions	 [76-

80],	with	some	conflicting	studies	suggesting	that	TLR5	may	be	capable	of	forming	dimers	

without	 the	 presence	 of	 ligand	 [78],	 and	 some	 studies	 suggesting	 that	 TLR5	 first	

heterodimerizes	with	flagellin,	prior	to	the	formation	of	the	TLR5	homodimer	[77].	TLR5	is	

distinct	 from	TLR1,	2,6	and	10	due	 to	 the	presence	of	glycosylation	sites	on	 its	 surface,	

though	 it	 retains	 a	 glycosylation	 free	 face,	 that	 has	 been	 identified	 as	 the	dimerization	

interface	 as	 well	 as	 the	 ligand	 binding	 site.	 TLR5	 has	 two	 distinct	 ligand	 binding	 sites,	

interface	 A	 located	 between	 the	 concave	 and	 ascending	 region	 in	 the	 amino-terminal	

portion	 of	 TLR5	 between	 LRRNT-LRR6	 and	 interface	 B	 being	 present	 on	 the	 ascending	
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region	 of	 the	 glycosylation	 free	 face	 between	 LRR7	 and	 LRR10.	 The	 TLR5-TLR5	

dimerization	 interface	 is	 located	 between	 LRR12-13	 and	 it	 maintained	 through	

hydrophobic	interactions	and	hydrogen	bonds.	[77].	

	

1.3.1.4 TLR3	Homodimer	

The	 TLR3	 receptors	 are	 found	 in	 endosomes	 and	 form	 homodimers	 upon	 exposure	 to	

dsRNA,	 generally	 a	 PAMP	 associated	 with	 viruses.	 It	 also	 has	 glycosylation	 sites	 but	

retains	 a	 glycosylation	 free	 face	 where	 ligand	 binding	 occurs	 and	 the	 dimerization	

interface	is	present	[48,	52]	(Figure	6	C).	As	the	main	agonist	of	TLR3	is	highly	negatively	

charged	dsRNA	the	binding	surface	of	TLR3	 is	basic	 in	nature,	with	 two	basic	 “patches”	

present	 at	 LRR12	 and	 LRR3	 [52].	 LRR12	 has	 a	 distinct	 33	 residue	 extension	 in	 its	 LRR	

sequence	creating	an	insertion	following	the	β-strand	segment,	leading	to	a	protrusion	in	

the	glycosylation	 free	 face	 that	 is	believed	 to	be	of	 functional	 importance	 [48,	52].	The	

homodimerization	face	is	located	in	a	region	of	highly	conserved	surface	exposed	residues	

near	 the	 C-terminus	 around	 LRR20.	 Like	 TLR2-TLR6,	 the	 dimer	 interface	 of	 TLR3	 is	

composed	of	surface	exposed	residues	rather	than	internal	binding	cavities,	it	is	however	

distinct	 in	 that	 it	 is	 stabilized	 predominantly	 by	 hydrophilic	 residues	 rather	 than	

hydrophobic	ones	[52].		

	

1.3.1.5 TLR7,	TLR8,	and	TLR9	Homodimers	

Like	TLR3,	TLR7-9	are	also	localized	in	endosomes	and	bind	nucleic	acid	fragments.	TLR7	

and	 TLR8	 are	 activated	 by	 single	 stranded	 RNA	 associated	 with	 viruses,	 whilst	 TLR9	 is	

activated	 by	 unmethylated	 CpG	DNA	 that	 is	 generally	 only	 found	 in	 viral	 and	 bacterial	

genomes	 [50,	 54]	 (Figure	 6	 F&G).	 Crystal	 structures	 for	 TLR8	 and	 TLR9	 have	 confirmed	

that	 these	 exist	 as	 pre-formed	 dimers	 in	 the	 inactive	 state	 that	 go	 through	 a	

conformational	 change	 upon	 exposure	 to	 agonist,	 consistent	 with	 the	 dimer	 interface	

between	these	 larger	TLRs.	No	crystal	 structure	 is	available	 for	TLR7	but	due	to	 its	43%	

sequence	 identity	with	TLR8	 it	 is	 believed	 that	 the	general	 structure	of	 the	pre-formed	

dimeric	complex	would	be	retained	[51,	53].	Due	to	the	size	of	these	TLRs	(27	LRRs	and	

>800	 residues)	 and	 the	 characteristic	 bend	 giving	 it	 an	 almost	 circular	 shape,	 the	

dimerization	interface	is	extensive	in	both	unliganded	(1,290	Å2)	and	liganded	(2,150	Å2)	
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form.	Compared	to	the	smaller	TLRs	(Table	1),	whose	dimer	interfaces	do	not	exceed	800	

Å2	 in	buried	area,	 the	number	of	 LRRs	 involved	 in	 the	dimerization	of	TLR8	and	TLR9	 is	

extensive,	with	 interfaces	 spanning	 from	the	LRRCT	 to	LRR20	as	well	as	 LRR18,	11,	8,	5	

and	LRR2	 in	TLR9.	Though	single	point	mutations	are	unlikely	to	cause	the	dimers	to	be	

disrupted	 due	 to	 the	 large	 interface,	 these	 regions	 are	 highly	 conserved	 across	 species	

[54],	as	mutations	could	still	affect	signaling	[51,	53].	TLR7,	TLR8,	and	TLR9	are	also	found	

in	 acidified	 endosomes,	 and	 bind	 nucleic	 acid	 fragments.	 Unlike	 other	 TLRs,	 they	 are	

synthesized	as	pre-formed	dimers	 in	 the	absence	of	agonist.	 TLR7	and	TLR8	bind	 single	

stranded	RNA,	whilst	TLR9	recognizes	unmethylated	CpG	DNA	[50,	54]	(Figure	6	F&G).		

	

Interestingly,	upon	exposure	to	agonist	a	large-scale	conformational	change	occurs	where	

the	 TLRs	 rotate	with	 respect	 to	 each	other	 creating	 a	 new	dimer	 interface,	maintained	

through	 extensive	 van	 der	 Waals	 contacts	 and	 hydrogen	 bonding.	 In	 TLR8,	 this	

rearrangement	causes	a	 tilt	 (Figure	7	A&B)	 in	 the	ectodomains	 that	bring	 the	C-termini	

together,	allowing	the	intracellular	TIR	domains	to	dimerize	and	recruit	adaptor	proteins	

to	 initiate	 downstream	 signaling.	 Certain	 small	 molecules	 with	 immunomodulatory	

properties	also	activate	TLR7	and	TLR8.	Recent	crystal	structures	have	revealed	how	TLR8	

[49]	and	TLR9	[54]	form	homodimers	without	the	presence	of	ligands,	consistent	with	the	

large	buried	area	formed	between	chains.	Whilst	no	crystal	structure	is	available	for	TLR7,	

the	 43%	 sequence	 identity	 to	 TLR8	 suggests	 that	 the	 structure	 of	 the	 dimeric	 complex	

should	 be	 conserved	 [51,	 53].	 Due	 to	 the	 large	 size	 of	 each	 TLR8	 ectodomain	 (>800	

residues),	 and	 its	 almost	 completely	 circular	 shape,	 the	 dimerization	 interface	 is	 very	

large	(2,150	Å2	in	the	ligand	bound	form	versus	1,290	Å2	in	the	unliganded	state).	Hence,	

unlike	TLRs	1-6,	none	of	whose	dimerization	 interfaces	exceed	800	Å2	 in	buried	surface	

area	 (Table	 1),	 mutation	 of	 a	 single	 residue	 within	 the	 TLR8	 interface	 is	 unlikely	 to	

abrogate	 dimer	 formation,	 though	 it	 may	 affect	 signaling	 [51,	 53].	 Likewise,	 the	

dimerization	 interface	 in	the	TLR9	homodimer	 is	extensive	(>40	residues)	 [54].	Residues	

involved	in	the	TLR9	interface	are	found	in	the	carboxy-terminal	LRRs	(LRR20	to	LRRCT)	as	

well	as	LRR18,	LRR11,	LRR8,	LRR5	and	LRR2	and	are	highly	conserved	across	species	[54],	

whilst	 ligand	 binding	 is	mediated	 through	 surface	 exposed	 residues	 between	 LRRNT	 to	

LRR10	on	the	primary	TLR9	chain	and	the	carboxy-terminal	segment	LRR20	to	LRR22	on	

the	alternate	TLR9.		
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Local	structural	changes	occur	in	the	loop	structures	of	LRR8	and	LRR17	to	LRR20,	coupled	

with	 large-scale	 conformational	 changes	 as	 the	 TLR	 dimer	 interface,	 causing	 the	 two	

ectodomain	 chains	 to	 rotate	 with	 respect	 to	 each	 other.	 This	 results	 in	 a	 shift	 in	

dimerization	 interface	 that	 encompasses	 LRR5,	 LRR8	 and	 LRR14	 to	 LRR20.	 In	 the	

peripheral	 region	 (LRR11,	 LRR8	 and	 LRR5),	 extensive	 van	 der	 Waals	 contacts	 and	

hydrogen	 bonds	 further	 stabilize	 the	 new	 dimerization	 interface.	 Strikingly,	 the	

rearrangement	of	 the	TLR8	complex	also	causes	 the	ectodomains	 to	 tilt	 (Figure	7	A&B),	

bringing	 their	 carboxy-terminal	 ends	 into	 closer	 proximity,	 from	 ~5	 nm	 to	 ~3	 nm	

separation.	 It	 is	 speculated	 that	 this	 would	 enable	 the	 intracellular	 TIR	 domains	 to	

dimerize	 in	 the	 full-length	 protein,	 thus	 facilitating	 formation	 of	 a	 platform	 for	

recruitment	of	adaptor	proteins	to	initiate	downstream	signaling	[49-51,	53]	

Figure	7 	–	Showing	chain	separation	in	the	absence	of	agonist. 	A	–	TLR8	with	ligand	

present. 	B	–	TLR8	without	ligand	with	chains	separated.	C	–	TLR4	chains	only	from	the	

TLR4/MD-2.	D	–	Principal	component	analysis	quantitatively	showing	chain	separation	in	

the	absence	of	agonist. 	
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1.3.1.6 TLR4/MD-2	Homodimer	

The	best	studied	of	all	TLRs	is	TLR4,	due	to	its	importance	in	drug	development,	notably	

for	 vaccine	 adjuvants	 and	 anti-septic	 drugs.	 The	 main	 agonist	 of	 TLR4	 is	

lipopolysaccharide	 (LPS),	 associated	 with	 Gram-negative	 bacteria.	 TLR4	 requires	 only	

limited	 amounts	 of	 LPS	 in	 order	 to	 be	 activated	 and	 initiate	 an	 immune	 response;	 this	

means	 it	 is	 sensitive	 to	 overstimulation	 that	may	 causes	 sepsis.	Hence	 TLR4	 is	 of	 great	

importance	 in	 the	 field	of	 drug	discovery	 as	drugs	 capable	of	 inhibiting	 TLR4	activation	

may	be	able	to	prevent	septic	shock	[16,	47,	81-87].		

	

Like	the	other	TLRs,	TLR4	has	the	characteristic	bent	solenoidal	structure	as	a	monomer	

and	 adopts	 an	 “m”	 shaped	 homodimer	 [47,	 88].	 It	 is	 however	 distinct	 in	 that	 a	 co-

receptor,	MD-2	(myeloid	differentiation	factor	2),	regulates	its	dimerization	state,	forming	

heterotetrameric	(TLR4/MD-2)2	complexes	(Figure	6	D)	[47].		The	MD-2	co-receptor	takes	

the	form	of	a	β-sheet	cup,	with	a	hydrophobic	interior	capable	of	binding	lipid	molecules.	

LPS	 is	 transferred	 to	MD-2	via	a	 series	of	proteins	starting	with	 the	LPS-binding	protein	

(LBP)	 and	 cluster	 of	 differentiation	 14	 (CD14).	 The	 activation	 of	 the	 TLR4	 complex	 is	

however	reliant	on	LPS	binding	to	MD-2	as	the	LPS	bound	MD-2	mediates	the	formation	

of	an	active	tetrameric	complex	[16,	82-86,	89-91].		

	

The	 TLR4-TLR4	 dimer	 interface	 is	 located	 in	 the	 carboxy	 terminal	 region	 of	 the	

heterotetrameric	 complex	 (Table	 1).	 This	 region	 is	 mainly	 stabilized	 through	 the	

formation	 of	 hydrogen	 bonds,	 with	 only	 a	 limited	 amount	 of	 hydrophobic	 interactions	

involved	[47,	88].	TLR4	has	the	ability	to	activate	different	downstream	signals	in	a	ligand	

dependent	manner	based	on	its	location	at	the	cell	surface	versus	an	acidic	environment	

in	endosomes.	This	is	believed	to	be	due	to	a	number	of	histidine	residues	present	in	the	

dimerization	interface	region	that	are	highly	conserved	between	species[88].	Changes	in	

ionization	states	of	these	residues	may	lead	to	a	rearrangement	of	the	TLR4	chains,	so	via	

a	 pH	 dependent	 conformational	 change,	 TLR4	 may	 be	 able	 to	 initiate	 different	

downstream	signals	[81].	

	

The	interactions	between	TLR4	and	MD-2	can	be	broken	up	into	a	primary	interaction	site	

between	 MD-2	 and	 the	 concave	 surface	 of	 the	 complementary	 TLR4	 that	 may	 be	
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maintained	even	in	the	absence	of	agonist,	and	a	secondary	interaction	site	only	existing	

in	the	presence	of	an	agonist,	that	is	formed	between	MD-2	and	the	convex	surface	of	the	

alternate	 TLR4*,	 essential	 for	maintaining	 a	 stable	 heterotetrameric	 structure	 (Figure	 8	

A).	The	primary	 interaction	site	 is	maintained	through	hydrogen	bonds	and	electrostatic	

interactions	between	MD-2	and	TLR4;	in	the	presence	of	LPS,	this	site	is	further	stabilized	

through	 hydrogen	 bonding	 and	 formation	 of	 electrostatic	 interactions	 with	 the	 LPS	

phosphate	 groups	 [47,	 88].	 In	 the	 secondary	 interface	 between	 MD-2	 and	 TLR4*,	

hydrogen	bonding	and	electrostatic	interactions	help	maintain	a	stable	interface,	as	well	

as	a	ligand-dependent	hydrophobic	contacts	[88].	

	

	
Figure	8 	–	TLR4/MD-2	complex,	showing	the	MD-2	cup	and	key	residue	Phe126	with	(A)	

and	without	(B)	lipid	A	present	

	

The	source	of	the	ligand	dependent	hydrophobic	contacts	is	the	conformational	changes	

that	occur	in	what	is	known	as	the	F126	loop	on	MD-2,	where	F126	has	been	revealed	to	

be	 an	 allosteric	 switch	whose	 position	 is	 important	 for	 the	 formation	 of	 a	 stable	 TLR4	

dimer[16].	F126	is	located	near	the	secondary	interaction	site	though	it	is	orientated	into	

the	MD-2	cavity	(Figure	8A)	forming	hydrophobic	interactions	with	the	lipid	tails	as	well	as	

other	hydrophobic	residues	[88];	this	conformation	of	the	F126	loop	allows	hydrophobic	

residues	 on	 the	 outside	 of	 the	MD-2	 cup	 and	 one	 exposed	 lipid	 tail	 to	 form	 extensive	

hydrophobic	contacts	with	hydrophobic	residues	in	the	secondary	interaction,	forming	a	

stable	 hydrophobic	 patch,	 as	 seen	 in	 previous	 TLRs	 [88].	 In	 the	 agonist	 free	 state	

however,	 the	 F126	 residue	 adopts	 an	 outward	 facing	 orientation	 that	 disrupts	 this	
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hydrophobic	cluster	and	a	 loss	of	buried	surface	area	between	the	MD-2	and	the	TLR4*	

secondary	 interaction	 site	 [16,	 86].	 In	 the	 long	 term	 this	 loss	 of	 contact	 is	 believed	 to	

disrupt	dimerization	and	as	a	consequence	the	intracellular	TIR	domains	would	no	longer	

be	able	 to	 form	stable	dimers	 leading	 to	 the	 loss	of	signaling	 [88].	Principal	component	

analysis	based	on	previous	simulation	data	has	shown	that	 lateral	 fluctuations	of	 the	C-

terminus	 are	 caused	 by	 disruption	 of	 the	 secondary	 interaction	 site,	 suggesting	 early	

stages	of	chain	separation	(Figure	7	C&D).	This	process	is	similar	to	what	has	been	seen	in	

the	TLR8	dimer	when	comparing	between	the	active	and	 inactive	dimer	(Figure	7	A&B).	

Mutational	 studies	 support	 the	 idea	 that	 F126	 acts	 as	 an	 allosteric	 “molecular	 switch”	

that	 helps	 determine	 protein-protein	 interactions	 essential	 for	 maintaining	 a	 stable	

complex.	These	studies	have	shown	that	F126	and	residues	present	within	its	loop	do	not	

prevent	ligand	binding	but	do	impact	signaling	[16,	47,	86,	88].	This	was	further	confirmed	

by	NMR	studies	using	metabolically	labeled	endotoxin,	which	demonstrated	that	this	loop	

reorients	upon	ligand	binding	[86].	

	

1.3.2 CD14	

The	monocyte	differentiation	antigen	CD14	(or	cluster	of	differentiation	14)	 is	a	pattern	

recognition	receptor	and	co-receptor	to	TLR4	(Figure	9).	Human	CD14	is	375	amino	acids	

long,	composed	of	10	LRRs	(compared	to	over	20+	LRRs	for	several	of	the	TLRs).	Crystal	

structures	 available	 for	 both	mouse	 and	human	CD14	 shows	 it	 has	 the	distinctive	bent	

solenoid	shape	of	other	LRRs,	with	the	concave	inner	face	composed	of	β-strands	and	the	

outer	convex	face	composed	of	α-helices	and	loops	[92,	93].	Both	crystal	structures	show	

a	hydrophobic	pocket	at	the	N-terminal	region,	with	a	hydrophilic	rim	[92,	93].	CD14	plays	

a	key	role	in	the	rapid	activation	of	the	innate	immune	system;	it	identifies	and	binds	LPS	

through	its	pathogen	associated	molecular	patterns.	LPS	is	transferred	to	CD14	from	the	

LBP,	 and	 CD14	 in	 turn	 transfers	 it	 to	 TLR4,	 that	 dimerises	 to	 activate	 the	 immune	

response	[94,	95].		
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Figure	9 	–	The	extracellular	portion	of	the	TLR4	pathway.	Bacteria	(cyan)	get	lysed	to	

form	small	LPS	aggregates, 	these	get	detected	by	the	lipopolysaccharide	binding	protein	

(orange)	that	monomerises	lipid	A	and	transfers	it 	to	CD14	(yellow).	CD14	is	a	co-

receptor	for	TLR4	(blue/red)	and	transfers	the	LPS	to	the	MD-2	(green)	cup	in	the	

TLR4/MD-2	heterodimer	which	upon	ligand	binding	dimerises	to	form	a	(TLR4/MD-2)2. 	

This	brings	the	intracellular	TLR4	domains	together	initiating	an	immune	response.	

	

Membrane	bound	CD14	 (mCD14)	 can	be	 found	on	 the	 surface	of	 immune	cells	 such	as	

macrophages	 and	monocytes	 and	 to	 a	 lesser	 extent	 on	 neutrophils	 and	 dendritic	 cells.	

Soluble	 CD14	 (sCD14),	 identical	 to	 mCD14	 other	 than	 the	 lack	 of	 a	

glycosylphosphatidylinositol	membrane	 anchor	 (GPI-anchor)	 is	 present	 in	 the	 serum	 of	

healthy	adults,	and	it	is	present	in	elevated	levels	in	individuals	suffering	from	sepsis	[96-

99].	 Both	 forms	 of	 CD14	 signal	 through	 the	 same	 pathway;	 anchoring	 CD14	 to	 the	

membrane	 is	 suspected	 to	 facilitate	 the	 transfer	of	LPS	 to	TLR4	due	 to	 it	being	 in	close	

proximity,	allowing	for	rapid	transfer	of	LPS	to	TLR4	and	a	swift	 immune	response	[100-

102].	 Soluble	 CD14	 allows	 cells	 not	 expressing	 mCD14	 to	 help	 initiate	 an	 immune	

response,	to	complement	the	macrophage,	monocyte	and	dendritic	cell	response.	It	does	
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however	 require	 sCD14	 to	 locate	 a	 TLR4	 receptor	 first.	 CD14	 is	 able	 to	 bind	 other	

pathogen-associated	molecules	as	well,	such	as	lipoteichoic	acid,	penta-acylated	LPS,	and	

Gram-positive	associated	molecules	like	peptidoglycans	and	lipopeptides,	that	it	is	able	to	

transfer	 to	 TLR2	 [69,	 103,	 104].	 The	 N-terminal	 hydrophobic	 pocket	 identified	 in	 both	

crystal	 structures	 is	 believed	 to	 be	 the	 ligand	 binding	 site,	 as	 truncation	 studies	 have	

shown	[105]	that	the	last	152	N-terminal	residues	(last	3	LRRs)	retain	the	ability	to	bind	

LPS	and	maintain	the	same	biological	activity	as	full	sCD14,	though	no	explicit	structure	of	

CD14	with	 ligand	is	available	[105].	Furthermore	low	resolution	NMR	studies	has	shown	

that	there	is	a	dynamic	component	to	the	binding	of	LPS	to	CD14,	with	the	cavity	believed	

to	be	highly	dynamic	and	that	the	LPS	may	be	dynamic	within	the	binding	site.	
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1.4 Sepsis	

Sepsis,	or	blood	poisoning,	occurs	when	a	localized	infection	spreads	to	become	systemic,	

causing	 body	 wide	 inflammation.	 It	 remains	 the	 biggest	 killer	 in	 non-surgical	 intensive	

care	units	(Zuev	et	al),	and	up	until	~30	years	ago	the	mortality	rate	was	as	high	as	80%.	

Despite	implementation	of	a	new	intensive	care	unit	 	protocol	and	development	of	new	

drugs	 to	 fight	 sepsis,	 the	mortality	 rate	worldwide	 still	 lies	 around	 30%	 [41-43].	Unlike	

many	 other	 diseases,	 sepsis	 is	 not	 an	 affliction	 limited	 to	 the	 developing	world	 and	 an	

estimated	 1,000,000	 cases	 are	 reported	 annually	 in	 the	 US	 alone	 and	 19	 million	

worldwide	(though	the	actual	number	is	likely	to	be	even	higher	due	to	limited	reporting	

in	 some	 countries)	 [106].	 Sepsis	 is	 also	 on	 the	 rise;	 between	 2003	 and	 2007	 a	 71%	

increase	was	reported	[107,	108],	and	due	to	the	rise	of	multi-drug	resistant	bacteria,	the	

number	 of	 deaths	 is	 also	 on	 the	 rise.	 At	 the	 molecular	 level,	 sepsis	 has	 an	 extremely	

complex	pathophysiology,	with	no	one	pathogen	or	pathway	as	the	single	source.	One	of	

the	 pathways	 affected	 during	 sepsis	 is	 the	 coagulation	 pathway,	 where	 hemostasis	 is	

dysregulated	 [109,	110].	The	simplified	series	of	events	 that	 leads	 to	 this	process	 is	 the	

upregulation	of	immune	receptors	on	the	surface	of	immune	cells.	This	leads	to	an	over-

response	 of	 the	 innate	 immune	 system	 induced	 by	 the	 invading	 pathogen,	 leading	 to	

excessive	cytokine	release	that	activates	the	clotting	cascade	[19,	111,	112].	In	a	normally	

functioning	 clotting	 cascade,	 exposed	 pro-thrombin	 is	 activated,	 inducing	 thrombin	

production	that	recruits	platelets	to	the	site	of	 injury	and	converts	fibrinogen	into	fibrin	

to	 form	a	 stable	 clot	 [19,	111,	112].	Thrombomodulin	 then	acts	as	a	negative	 feedback	

mechanism	to	prevent	further	clotting.	During	sepsis,	thrombomodulin	is	down	regulated	

so	the	clotting	cascade	can	proceed	uninhibited,	and	due	to	the	infection	being	systemic,	

this	 leads	 to	 fibrin	 deposits	 in	 the	 blood	 vessels.	 These	 clots	 can	 cause	multiple	 organ	

failure	 syndrome	 and	 death.	 Whilst	 it	 is	 accepted	 that	 there	 are	 several	 factors	 that	

contribute	to	sepsis,	it	is	generally	accepted	that	the	underlying	cause	of	these	potentially	

fatal	complications	are	caused	due	to	the	dyresgulation	of	the	immune	response	[110]	
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1.5 Computer	simulation	of	biomolecular	systems	

We	are	today	able	to	gain	more	insight	into	the	functions	of	biological	systems	than	ever	

before.	 Thanks	 to	 crystallography,	 NMR	 and	 a	 wide	 range	 of	 low	 to	 medium	 range	

biophysical	 approaches,	 structural	 information	 of	 biological	 system	 can	 be	 obtained,	

fluorescence	 studies	 can	 track	 molecules	 through	 biological	 systems,	 ligand	 binding	

assays	allow	us	to	identify	receptor	target	molecules,	and	so	on.	However,	certain	aspects	

such	 as	 detailed	 atomic-level	 intermolecular	 interactions	 can	 difficult	 to	 quantify	 using	

wet	 lab	 methods,	 identification	 of	 key	 residues	 for	 protein	 function	 can	 be	 time	

consuming	 and	 expensive,	 and	 whilst	 crystallographers	 are	 able	 to	 provide	 invaluable	

insight	into	the	structural	properties	of	biological	systems,	these	structures	remain	only	a	

static	snapshot	of	complex	dynamic	biological	systems.	Computer	simulation	provides	an	

ideal	way	of	expanding	on	this	by	allowing	us	to	observe	these	atomistic	or	near	atomistic	

scale	systems	in	motion.	Presently	computational	biology	provides	significant	insight	into	

the	dynamics	of	proteins,	lipid	membranes,	viruses	and	more	[113-116].			 	
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1.6 Thesis	aims	

This	thesis	covers	two	major	aspects	of	bacterial	 infection	that	modern	medicine	has	to	

deal	 with.	 Firstly,	 I	 investigate	 the	 offensive	 aspect,	 studying	 antimicrobial	 peptides	 to	

understand	what	properties	they	possess	that	allow	them	to	kill	bacteria	by	disrupting	the	

cell	membranes.	This	topic	is	of	particular	interest	due	to	the	alarming	rise	in	multi-drug	

resistant	bacterial	 strains	 [117-121],	and	the	reemergence	of	bacterial	 strains	 that	 for	a	

long	time	were	eradicated	in	some	parts	of	the	world.		If	this	trend	is	allowed	to	continue,	

a	UK	government	report	by	Jim	O’Neill	on	antimicrobial	resistance	predicts	the	death	toll	

will	be	as	high	as	10	million	people	a	year	by	2050,	at	an	annual	cost	of	~$8	trillion	USD	

worldwide[122].	For	the	defensive	aspect,	how	immune	receptors	interact	with	bacterial	

pathogen	 is	 investigated,	 to	 get	 a	 better	 understanding	 of	 how	 they	 function,	 and	 the	

implications	 this	 has	 in	 the	 development	 of	 immune-modulating	 drugs.	 Due	 to	 the	

increase	of	multi-drug	resistant	bacteria,	associated	health	problems	like	sepsis	will	also	

rise.	With	an	in-depth	understanding	of	the	function	of	immune	receptors,	potential	drug	

targets	may	be	identified,	that	if	successful	would	be	able	to	alter	the	immune	response	

and	inhibit	sepsis.		

	

In	chapters	3	and	4,	the	offensive	aspects	are	covered.	 In	chapter	three	the	well-known	

AMP	melittin,	is	studied.	As	the	mode	of	membrane	disruption	is	not	known	in	the	Gram-

negative	 bacterial	 OM	 the	 stability	 of	 a	 barrel-stave	 pore	model	 is	 investigated,	 in	 the	

hope	 of	 better	 understanding	 the	 structural	 properties	 that	 contribute	 to	 its	 ability	 to	

disrupt	bacterial	cells.	Polymyxin	B1	is	also	studied,	investigating	the	binding	mechanisms,	

the	modes	of	insertion	in	the	membrane,	leading	to	a	hypothesis	about	the	mechanism	of	

action,	 and	 the	 role	 of	 individual	 residues	 in	 the	membrane	 killing	 process.	 Due	 to	 its	

cyclic	 peptide	 structure	 coupled	 to	 a	 lipid	 tail	 that	 is	 known	 to	 be	 key	 to	 maintaining	

maximum	potency,	the	structure	function	relationship	behind	membrane	disruption	was	

investigated.	

	

In	 chapters	 5	 and	 6,	 the	 innate	 immune	 receptors	 CD14	 and	 TLR4	 are	 studied.	 Basic	

aspects	 of	 CD14	 are	 considered,	 as	 a	 hypothesized	 binding	 cavity	 has	 yet	 to	 be	

structurally	 confirmed.	 The	 study	was	guided	by	a	 recent	publication	of	 a	human	CD14	

crystal	 structure	 [92].	 Basic	 aspects	 of	 this	 co-receptor	 were	 investigated,	 its	 ability	 to	
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bind	different	 ligands,	 the	dynamics	of	 the	protein	and	 identification	of	 key	 residues	 in	

the	protein	 that	may	 serve	as	 targets	 for	 immunomodulatory	drugs.	Work	on	 the	TLR4	

receptor	that	had	been	performed	previously	in	the	group	[16]	was	continued,	looking	at	

the	 binding	 of	 different	 ligands	 to	 the	 TLR4/MD-2.	 The	 structural	 basis	 between	

differences	in	signaling	abilities	between	species	and	mutant	TLR4	when	exposed	to	the	

same	ligands.	This	also	provides	insight	into	key	interactions	required	to	activate	the	TLR4	

pathway	across	different	species.	Finally	in	chapter	7	another	aspect	of	the	TLR4	pathway	

is	examined;	it’s	potential	role	in	metabolic	disease.	Looking	at	the	interactions	between	

TLR4	and	common	dietary	fatty	acids	as	possible	LPS	mimics,	previous	theories	suggesting	

single	chain	fatty	acids	such	as	palmitate	can	activate	TLR4	leading	to	 inflammation	and	

causing	metabolic	disease	were	investigated.		
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 Methods	Chapter	2:	

2.1 Molecular	Mechanics	Force	Fields	

Static	structures	for	proteins/ligands/membranes	etc.	can	be	obtained	using	a	variety	of	

methods	 (like	 electron	 microscopy,	 NMR,	 crystallography).	 Molecular	 mechanics	 force	

fields	define	the	potential	energy	(PE)	of	a	system	based	on	its	atomic	positions.	A	force	

field	 is	 composed	of	 the	potential	 function	equations	 that	 are	used	 to	 calculate	 the	PE	

and	the	forces	acting	on	the	atoms,	as	well	as	empirically	determined	parameters	for	the	

system	used	in	these	equations,	the	types	of	atom,	their	attributes	(like	partial	charge	and	

atomic	 mass),	 length	 and	 nature	 of	 chemical	 bonds	 (like	 single/double	 bonds),	 bond	

angles	etc.	 Force	 fields	parameters	are	divided	 into	 two	 types,	 the	bonded	 interactions	

and	the	non-bonded	interactions.	The	bonded	interactions	include:	bond	stretching,	angle	

bending,	 proper	 dihedrals	 (torsion	 potentials)	 and	 improper	 dihedrals	 (out-of-plane	

improper	torsion	potentials).	The	non-bonded	interactions	are	composed	of	electrostatic	

interactions	described	by	Coulomb’s	law	and	Van	der	Waal	forces	typically	quantified	by	

the	Lennard-Jones	equation.	
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Figure	 10 	 –	 Graphical	 representation	 demonstrating	 the	 bonded	 and	 non-bonded	

interactions	established	by	the	force	field.	(Piggot	et	al[123])	
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Equation	2.1 	–	Bonded	interactions	
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Equation	2.2 	–	Non-bonded	interactions	

	

For	the	bonded	interactions,	bond	stretching,	angle	bending	and	improper	dihedrals	are	

modeled	 using	 a	 harmonic	 potential	 and	 the	 proper	 dihedrals	 are	 described	 using	 a	

cosine	potential	(due	to	the	periodic	nature	of	the	dihedral	angles	rotations).	Non-bonded	
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interactions	 are	 typically	 described	 by	 combining	 the	 Lennard-Jones	 equation	 and	

Coulomb’s	law	into	the	equation	above.		

	

Based	on	the	values	from	Equation	2.1	above,	the	shape	of	the	bonded	harmonic	well	can	

be	 determined	 by	 𝐾! ,𝐾! 𝑎𝑛𝑑 𝐾!.	 The	 equilibrium	 values	 for	 the	 bonds,	 angles	 and	

improper	dihedrals	are	determined	by	𝑏!,Θ! 𝑎𝑛𝑑 𝜙!	respectively.	The	𝐾!	from	Equation	

2.1	determines	the	height	of	 the	energetic	barrier,	 the	n	value	refers	to	the	multiplicity	

per	3600	rotation	and	𝜎	is	the	value	of	dihedral	at	zero.	

	

In	 the	 case	 of	 the	 non-bonded	 interactions,	 the	 6th	 order	 term	 of	 the	 Lennard-Jones	

potential	describes	the	attractive	forces	and	the	12th	order	term	determines	the	repulsive	

forces	between	two	atoms.	𝜀!" 	determines	the	depth	of	the	well	as	it	is	a	measure	of	the	

strength	 of	 attraction;	 Rmin	 is	 a	 measure	 of	 the	 minimum	 distance	 between	 two	

neighboring	 atoms	when	 the	 potential	 equal	 to	 zero.	 Coulomb’s	 law	 is	 defined	 by	 the	

charges	 of	 the	 two	 atoms	 𝑞!𝑞! 	 over	 the	 distance	 𝑟!" 	 between	 them	 and	 the	 relative	

permittivity	of	the	medium	𝜀![78,83].	

	

2.1.1 Polarizable	and	non-polarizable	force	fields	

Unlike	 quantum	 mechanics	 where	 electrons	 are	 considered	 explicitly,	 in	 molecular	

mechanics,	electrons	are	not	considered,	and	hence	polarisability	is	not	explicitly	treated	

in	 standard	 molecular	 mechanics	 force	 fields.	 To	 limit	 the	 impact	 of	 these	

approximations,	 effective	 pair	 potentials	 with	 enhanced	 charges	 are	 used	 in	 standard	

force	fields.	However	in	cases	where	interactions	with	ions	play	a	large	part	of	the	study,	

these	 approximations	 become	 problematic	 [124].	 No	 universal	 model	 has	 yet	 been	

developed	to	treat	polarization	in	molecular	mechanics,	but	force	fields	with	approximate	

polarisability	have	been	developed	using	fluctuating	charges	[125-128].	Polarizable	force	

fields	 have	 been	 developed	 (e.g.	 AMOEBA),	 and	 these	 show	 good	 correlation	 with	

electronic	 structure	 data[129],	 but	 the	 lack	 of	 universality	 and	 the	 increase	 in	

computational	 costs	 limits	 the	use	of	 these	 forcefields	 to	 specific	 cases.	Therefore	non-

polarizable	force	fields	remain	most	popular	and	are	most	commonly	used	for	simulations	

of	larger	biological	systems,	as	is	the	case	for	the	systems	studied	in	this	thesis.	
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2.1.2 Distance	cut-off	

In	molecular	dynamics	the	non-bonded	 interactions	between	every	pair	of	atoms	 in	the	

system	 is	calculated.	This	 is	a	very	computationally	expensive	process,	 since	 the	 rate	of	

decay	 of	 electrostatic	 interactions	 directly	 correlates	 with	 the	 distance	 rij,	 whilst	 the	

number	of	interactions	with	a	particle	is	proportional	to	the	distance	squared	(rij2).	Thus,	

a	distance	cut-off	may	be	used	to	reduce	computational	costs.	This	is	done	by	truncating	

some	 potential	 energy	 functions,	 meaning	 the	 interactions	 outside	 the	 cut-off	 are	 not	

considered.		In	the	Lennard-Jones	potential,	the	minimum	potential	is	rapidly	approached	

after	 ~1-1.2	 nm,	 and	 calculations	 of	 electrostatic	 interactions	 beyond	 this	 point	 are	

computationally	expensive	to	calculate.	The	use	of	a	 fixed	cut-off	can	however	produce	

artifacts.	Whilst	the	individual	interactions	have	little	impact	on	the	potential	energy	of	a	

given	atoms	in	the	case	of	a	large	membrane	system	for	example,	the	interactions	beyond	

the	 cut-off	 are	 not	 negligible	 when	 all	 pairwise	 interactions	 are	 considered.	 The	

interactions	can	therefore	have	a	significant	impact	on	the	potential	energy.	

	

2.1.3 Smooth	 Particle	 Mesh	 Ewald	 (PME)	 method	 and	

dispersion	correction	

Interactions	occurring	outside	the	distance	cut-off	contribute	energy	that	causes	errors	to	

the	 PE	 and	 force.	 These	 errors	 need	 to	 be	 accounted	 for,	 so	 the	 Ewald	 summation	

method	 and	 dispersion	 correction	 may	 be	 used	 to	 account	 for	 this	 (other	 approaches	

include	 e.g.	 a	 reaction	 field	 term).	 The	 Ewald	 summation	 method	 deals	 with	 the	

electrostatic	 interactions	beyond	the	cut-off	distance.	This	 is	done	by	the	summation	of	

all	point	charges	across	an	 infinite	number	of	periodic	 images.	As	the	distance	between	

atoms	 increases,	 the	 effect	 of	 the	 individual	 point	 charges	 decreases	 and	 these	 sums	

converge.	 PME	 aims	 to	 produce	 two	more	 rapidly	 converging	 sums,	 one	 in	 real	 space	

(short	 range),	 the	 other	 in	 reciprocal	 space	 (long	 range,	 Fourier	 space)	 as	 well	 as	 a	

constant.	 The	 reciprocal	 portion	of	 the	Ewald	 summation	 is	 computationally	 expensive,	

with	the	cost	increasing	at	a	rate	of	N2		(where	N	is	the	number	of	atoms	in	the	system)	

making	 it	 incompatible	with	 large	systems.	The	Particle-mesh	Ewald	method	 (PME)	was	

developed	to	 improve	the	efficiency	of	 the	reciprocal	sum	calculations.	The	charges	are	
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interpolated	onto	a	grid;	the	spacing	of	the	grid	determines	the	accuracy	of	the	calculated	

electrostatic	forces	acting	on	the	particles.	

	

	The	dispersion	correction	deals	with	the	Van	der	Waals	interactions	beyond	the	distance	

cut-off	 [130,	 131].	 To	 account	 for	 this	 a	 dispersion	 correction	 may	 be	 applied	 to	 the	

energy	and	pressure-volume	virial	 that	considers	 the	dispersion	energy	beyond	the	cut-

off	[132].	

	

2.1.4 All-Atom	(AA)	Force	Fields	

An	AA	force	field,	as	indicated	by	its	name	represents	every	atom	in	the	system	explicitly.	

The	advantage	of	such	a	force	field	is	the	great	accuracy	of	the	results	as	the	interactions	

of	all	the	atoms	in	the	system	are	taken	into	account.	The	disadvantage	however	is	that	as	

all	the	atoms	in	the	system	are	treated	explicitly,	there	are	a	vast	number	of	calculations	

that	need	to	be	performed,	and	as	such	the	AA	force	field	 is	computationally	expensive	

[133].	

	

2.1.5 United-Atom	(UA)	Force	Fields	

UA	 force	 fields	 have	 become	 popular	 because	 studies	 have	 shown	 [134]	 that	 the	

interactions	between	the	non-polar	hydrogen	and	its	bonded	atoms	are	limited,	the	non-

polar	 hydrogens	 can	 therefore	 be	 treated	 implicitly.	 The	 reduction	 in	 the	 number	 of	

atoms	in	the	system	leads	to	a	reduced	number	of	calculations,	as	would	be	expected	this	

significantly	reduces	computational	costs.	 It	has	however	been	shown	that	the	UA	force	

field	fails	to	capture	protein	dynamics	as	accurately	as	the	AA	force	field	in	some	cases.	In	

membrane	simulations,	like	some	of	the	simulations	discussed	in	this	report,	use	of	a	UA	

force	 field	 is	 still	 very	 advantageous.	 Due	 to	 the	 substantial	 number	 of	 non-polar	

hydrogen	 atoms	 present	 in	 phospholipid	 tails;	 treating	 these	 as	 part	 of	 their	 bonded	

carbon	atoms	instead	of	treating	them	explicitly	will	have	a	great	impact	on	reducing	the	

simulations	time,	a	much	more	significant	impact	than	there	would	be	in	a	pure	protein	

simulation	[135].	
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2.1.6 CG	Simulations	

Coarse-grained	 (CG)	 force	 fields	are,	 like	UA	 force	 fields,	used	 to	 reduce	 computational	

costs	of	simulations	and	allow	one	to	simulate	for	longer	timescales.	Similarly	to	UA	force	

fields,	 CG	models	work	 by	 grouping	 atoms	 together	 in	 order	 to	 reduce	 the	 number	 of	

interactions.	A	commonly	used	CG	force	field	is	the	MARTINI	force	field,	popular	due	to	its	

speed	and	universality.	 The	MARTINI	 force	 field	groups	 four	heavy	atoms	 together	 into	

one	spherical	particle.	This	is	not	a	fixed	mapping	and	in	molecules	with	cyclic	portions	in	

particular	 the	 mapping	 may	 vary	 from	 3:1	 or	 5:1	 as	 well	 [136,	 137],	 a	 water	 is	 also	

grouped	 into	 one	 large	 particle.	 Soft	 harmonic	 potentials	 or	 elastic	 networks	 are	 often	

used	to	maintain	a	structure	approximately	in	the	shape	of	the	atomistic	molecule	from	

which	it	was	mapped	[138,	139].	

	

The	validity	of	CG	models	may	be	verified	based	on	experimental	results	(in	MARTINI	the	

partitioning	between	polar	and	non-polar	phases	was	used	to	validate	some	parameters).	

For	 instance	 the	 MARTINI	 water	 model	 was	 parameterized	 so	 that	 the	 density	 and	

compressibility	 are	 equivalent	 to	 those	 of	 normal	 water.	 Aliphatic	 carbons	 were	

parameterized	 in	 a	 similar	 fashion	 with	 the	 energy	 of	 hydration,	 vaporization	 and	

partitioning	 used	 to	 calibrate	 particle	 interaction	 potentials.	 Proteins	 are	 special	 in	 the	

MARTINI	force	field	in	that	a	separate	model	has	been	developed	to	treat	them.	MARTINI	

may	use	an	Elastic	Network	model	with	standard	MARTINI	particle	 types,	but	an	elastic	

network	 maintains	 the	 tertiary	 structure	 of	 the	 proteins	 [140].	 Harmonic	 potentials	

connecting	CG	particles	are	used	to	this	end,	essentially	acting	as	distance	restraints.	

	

Though	 CG	 simulations	 are	 a	 cost	 efficient	 way	 of	 observing	 long	 timescale	 biological	

processes,	 they	 have	 not	 been	 used	 extensively	 in	 this	 work,	 and	 the	 majority	 of	 the	

simulations	were	run	using	atomistic	force	fields	for	reasons	of	accuracy.		
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2.1.7 Current	simulation	force	fields	

A	 large	 number	 of	 forcefields	 for	 biomolecular	 systems	 have	 been	 developed,	

some	of	the	most	well	known	are	GROMOS	[128,	141],	CHARMM	[142,	143],	OPLS	[129]	

and	 AMBER	 [144].	 The	 parameters	 for	 the	 different	 forcefields	 have	 been	 derived	 in	

different	 ways	 and	 they	 can	 therefore	 not	 be	 applied	 to	 another	 forcefield.	 As	 the	

forcefields	are	empirical,	there	is	no	“wrong”	choice	of	force	field,	with	the	choice	for	a	

given	simulation	being	mostly	dependent	on	the	system	in	question.	A	 limiting	factor	 in	

this	is	the	availability	of	parameters	for	the	molecules	in	the	system,	and	whether	enough	

experimental	 validation	 exists	 to	 ensure	 accurate	 results	 for	 the	 given	 molecule	 type.	

AMBER	and	OPLS	are	DNA	and	protein	focused	force	fields	respectively	and	the	amount	

of	 lipid	 parameters	 freely	 available	was	 until	 recently	 limited,	whereas	 force	 fields	 like	

GROMOS	 and	 CHARMM	 historically	 have	 been	 developed	 with	 a	 larger	 amount	 of	

compatible	 lipid	 parameters	 available.	 Another	 aspect	 to	 consider	 is	 the	 desired	

resolution;	 if	 an	 atomistic	 force	 field	 is	 chosen,	 is	 the	 full	 atomistic	 resolution	 (AA	 like	

some	CHARMM	force	 fields)	 required,	or	 is	 a	UA	 force	 field	 (like	GROMOS)	enough?	 In	

large	lipid	membrane	simulations	for	example,	a		UA	force	field	that	eliminates	hydrogens	

within	 the	acyl	 tails	of	 the	membrane	 reduces	 the	amount	of	 atoms	 in	 the	 system	and	

may	 save	 computational	 time,	 but	 depending	 on	 what	 other	 aspects	 are	 being	

investigated	another	forcefield	may	be	better	because	it	represents	solvent/ions/proteins	

more	accurately.	In	this	thesis,	the	AMP	simulations,	with	a	focus	on	the	lipid	membrane,	

have	 used	 the	 GROMOS53A6	 [141]	 force	 field,	 whilst	 the	 protein	 receptor	 work	 was	

performed	 using	 the	 CHARMM22	 [142,	 143]	 protein	 force	 field	 with	 the	 dihedral	

correction	variant	CHARMM22/CMAP	[145]	to	ensure	accurate	representation	of	specific	

protein-lipid	ligand	interactions.	
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2.2 Simulations	

2.2.1 Periodic	boundary	conditions	

Periodic	boundaries	are	implemented	within	MD	simulations	in	order	to	reduce	boundary	

effects	 caused	 by	 the	 finite	 size	 of	 the	 system	 and	 to	 eliminate	 surface/volume	 ratio	

effects	 by	 simulating	 a	 bulk	 solution	 environment.	 The	 periodic	 boundary	 creates	 an	

essentially	 infinite	 system.	 The	 interactions	 in	 the	 initial	 system	 are	 mimicked	 in	 the	

neighboring	systems.	

	

		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 11 	 –	 Image	 demonstrating	 the	 “infinity”	 of	 the	 system,	 when	 a	 molecule	 moves	

across	the	periodic	boundary	it 	 is 	replaced	by	an	identical	one.	

	

As	shown	in	Figure	11	above,	the	periodic	boundary	conditions	mean	that	if	a	particle	is	

approaching	the	edge	of	the	system	in	the	initial	box,	the	same	particle	is	approaching	the	

edge	of	the	system	in	the	neighboring	box.	This	means	that	if	the	particle	crosses	the	

periodic	boundary	and	leaves	the	initial	box,	an	identical	particle	will	enter	it	at	the	same	

time.	This	has	proved	an	efficient	way	of	maintaining	the	amount	of	atoms	in	a	system	
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constant.	The	use	of	periodic	boundaries	has	led	to	another	problem;	in	order	to	avoid	

the	particles	from	interacting	with	itself	across	the	periodic	boundary,	a	distance	cut-off	

needs	to	be	employed[131]. 

2.2.2 Molecular	Dynamics	

MD	is	a	computational	method	of	modeling	the	movement	of	atoms	in	a	given	molecular	

system.	In	MD,	the	initial	structure	of	the	system	has	to	be	provided;	a	force	field	is	then	

introduced	 to	 calculate	 the	 potential	 energy	 of	 the	 whole	 system.	 The	 force	 exerted	

(𝐹!) on	each	atom	 in	 the	 system	can	 subsequently	be	 calculated	by	 taking	 the	negative	

gradient	(∇!) of	the	potential	energy	(𝐸!"!#$%).		

	

𝐹! = −∇!𝐸!"!#$%	

Equation	2.3	

	

With	 the	 force	of	 the	 system	calculated	and	 the	mass	of	 the	atoms	 (𝑚!) in	 the	 system	

given,	the	acceleration	(𝑎!)	of	each	atom	in	the	system	can	be	calculated	using	Newton’s	

second	law	of	motion.	

	 	

𝐹! = 𝑚!𝑎! 	
Equation	2.4	

	

By	 combining	 equations	 2.3	 and	 2.4	 an	 equation	 that	 demonstrates	 the	 relationship	

between	 PE	 and	 the	 position	 (𝛿𝑟!)	 of	 any	 particle	 in	 the	 system	 at	 a	 period	 in	 time	

(𝛿𝑟!) can be obtained.	 By	 integrating	 equation	 2.5	 numerically	 the	 acceleration	 of	 the	

particles	and	the	new	velocities	are	obtained.	Using	this	information	the	new	positions	of	

the	particles	in	the	system	can	be	calculated.	

	

− !!!"!#$%
!!!

= 𝑚!
!!!!
!!!

	

Equation	2.5 	
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Once	 the	 particles	 have	 moved	 during	 a	 given	 time	 step,	 the	 PE	 for	 the	 particles	 is	

recalculated	 and	 the	 cycle	 is	 repeated.	 The	 cycle	 is	 performed	 a	 set	 number	 of	 times	

determined	by	the	timescale	and	time	step	of	the	simulation.		

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 12 	 –	 Flow	 diagram	 demonstrating	 the	 general	 cycle	 used	when	 running	 a	Molecular	

Dynamics	simulation	(Reproduced	from	[123])	 	
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A	many-body	problem	occurs	as	 the	 force	exerted	on	each	particle	 is	dependent	on	 its	

position	relative	to	other	atoms	in	the	system.	A	finite	difference	method	can	be	used	to	

solve	 this	 problem	 numerically.	 Several	 integration	methods	 are	 available	 to	 solve	 the	

equations	of	motion	as	described	below[123].		

2.2.3 Integrators	

Two	 initial	 values	are	 required	 for	each	atom	to	 integrate	 the	equations	of	motion	and	

produce	a	simulation	trajectory:	the	coordinates	for	the	atoms,	and	their	initial	velocities.	

Coordinates	are	generally	obtained	from	x-ray	or	NMR	structures	and	initial	velocities	are	

normally	 assigned	 according	 to	 a	 Maxwell-Boltzmann	 distribution.	 The	 Maxwell-

Boltzmann	distribution	gives	 the	probability	 that	an	atom	with	mass	m	has	a	 velocity	v	

and	temperature	T,	with	the	Boltzmann	constant	kB:		

	

𝑝 𝑣 =
𝑚

2𝜋𝑘!𝑇
∙ exp −

𝑚𝑣!

2𝑘!𝑇
	

Equation	2.6	

	

A	second	order	differential	equation	representing	Newton’s	equation	of	motion	needs	to	

be	 solved	 with	 respect	 to	 time	 for	 every	 atom	 in	 order	 to	 generate	 a	 simulation	

trajectory.	 This	 means	 the	 displacement	 of	 an	 atom	 from	 initial	 position	 rt	 and	 initial	

velocity	vt	needs	to	be	calculated.	

	

𝛿!𝑟
𝛿𝑡! =

𝐹
𝑚                                  

𝛿𝑟
𝛿𝑡 = 𝑎𝑡 + 𝑣!                         𝑟 = 𝑣!𝑡 +

1
2𝑎𝑡

! + 𝑟!                       	

Equation	2.7	–	2.9	

	

	

All	 finite	difference	methods	assume	 that	positions,	 velocities,	 accelerations	and	higher	

order	terms	can	be	approximated	by	a	Taylor	expansion;	solving	the	equations	of	motion	

over	finite	time	intervals	Δ𝑡.	
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𝑟 𝑟 + Δ𝑡 = 𝑟 𝑡 + 𝑣 𝑡 Δ𝑡 + !
!
𝑎 𝑡 Δ𝑡! +…	

Equation	2.10	

	

The	 standard	 finite	difference	algorithm	used	 in	MD	 is	 the	Verlet	 integrator	 [146].	 This	

integrator	uses	 the	positions	and	accelerations	obtained	at	 time	 t	 and	 t-𝛥𝑡,	 to	produce	

two	Taylor	expansions	to	calculate	positions	at	t+𝛥𝑡.	

	

𝑟 𝑡 + Δ𝑡 = 𝑡 𝑡 + 𝑣 𝑡 Δ𝑡 +
1
2𝑎 𝑡 Δ𝑡! + 𝑂(Δ𝑡!)	

Equation	2.11	

𝑟 𝑡 − Δ𝑡 = 𝑡 𝑡 + 𝑣 𝑡 Δ𝑡 +
1
2𝑎 𝑡 Δ𝑡! − 𝑂(Δ𝑡!)	

Equation	2.12	

	

The	sum	of	these	two	expansions	provides	an	algorithm	that	solves	the	position	based	on	

the	current	acceleration	and	positions	at	the	current	and	previous	time	steps	as	input.	

	

𝑟 𝑡 + Δ𝑡 = 2𝑟 𝑡 − 𝑟 𝑡 − Δ𝑡 + 𝑎 𝑡 Δ𝑡! + 𝑂(Δ𝑡!)	
Equation	2.13	

	

Though	 the	Verlet	 algorithm	 is	 time-reversible	 and	 computationally	 inexpensive,	 it	may	

lose	 some	precision	 since	 truncation	 in	 the	2𝑟 𝑡 − 𝑟 𝑡 − Δ𝑡 	 term	 is	much	 larger	 than	

the	𝑎 𝑡 Δ𝑡!	term	and	the	velocities	are	not	calculated	explicitly	(they	are	calculated	from	

the	 positions	 of	 consecutive	 steps).	 Therefore	 modifications	 may	 be	made	 to	 improve	

accuracy	and	the	velocity	evaluation.	One	such	 improvement	 is	 the	 leap-frog	algorithm,	

that	 calculates	 the	 velocities	 at	 time	 𝑡 + !
!
Δ𝑡,	 and	 the	 acceleration	 at	 time	 t.	 In	 other	

words	it	uses	the	current	acceleration	and	the	previous	mid-step	velocity	to	calculate	the	

next	mid-step	velocity	that	in	combination	with	the	current	position	allows	us	to	calculate	

the	next	position:	

	

𝑟 𝑡 +
Δ𝑡
2 = 𝑣 𝑡 −

Δ𝑡
2 + 𝑎 𝑡 Δ𝑡              &            𝑟 𝑡 + Δ𝑡 = 𝑟 𝑡 + 𝑣 𝑡 +

Δ𝑡
2 Δ𝑡	

Equation	2.14	–	2.15	

	

	



	

	 43	

The	 leap-frog	algorithm	therefore	calculates	velocities	explicitly,	which	can	also	be	used	

to	 regulate	 the	 system	 temperature	 using	 a	 thermostat	 (discussed	 in	 the	 thermostat	

section	 later).	 The	 leap-frog	 algorithm	 is	 used	 throughout	 this	 thesis.	 Though	 more	

accurate	 algorithms	 exist,	 the	 increased	 accuracy	 is	 at	 the	 expense	 of	 computational	

efficiency	[131,	147].		

	

2.2.4 Time	step	

The	time	step	determines	the	frequency	with	which	the	system	recalculates	the	potential	

energy	 to	 obtain	 new	 values	 for	 the	 acceleration	 and	 velocity	 in	 order	 to	 update	 the	

position	of	all	the	particles	in	the	system.	Choosing	an	adequate	time	step	is	vital	to	the	

accuracy	 of	 the	 simulation.	 If	 too	 large	 a	 time	 step	 were	 chosen,	 the	 particles	 in	 the	

system	would	be	able	to	move	greater	distances	between	recalculations.	This	could	result	

in	 the	 particles	 moving	 into	 energetically	 unfavorable	 conformations	 resulting	 in	 high-

energy	 overlap,	 causing	 the	 system	 to	 become	 unstable.	 If	 too	 small	 a	 time	 step	were	

chosen,	then	the	computational	costs	increases	dramatically	and	the	length	of	simulation	

trajectories	would	decrease.	The	conventional	 time	step	used	 in	atomistic	biomolecular	

simulations	is	2	fs.	This	means	that	every	2	fs	the	position	of	the	particles	in	the	system	is	

updated.	In	bond	stretching	a	sample	of	10	points	along	the	bond	stretching	potential	is	

needed.	For	non-hydrogen	bond	stretching,	it	takes	approximately	20	fs,	but	for	hydrogen	

bonds	stretching	it	takes	roughly	10	fs,	so	a	1	fs	time	step	would	need	to	be	used	in	order	

to	get	accurate	results.	In	order	to	increase	simulation	time,	constraints	may	be	used	to	

fix	 the	 length	 of	 the	 intramolecular	 hydrogen	 bonds,	 thereby	 removing	 the	 degree	 of	

freedom.	This	allows	the	use	of	a	2	fs	time	step	and	thereby		longer	simulation	times	can	

be	obtained	[131].	In	CG	simulations	however,	the	time	step	may	be	extended;	e.g.	in	the	

case	of	Martini,	a	typical	timestep	on	the	order	of	10-50	fs	may	be	used.	

	

2.2.5 Energy	Minimization	(EM)	

EM	is	an	essential	part	of	setting	up	a	simulation.	Before	the	full	simulation	is	performed,	

EM	is	run	as	a	way	of	bringing	the	PE	of	the	system	to	a	local	minimum,	thereby	removing	

large	 forces	 from	 the	 system	 that	 may	 exist	 due	 to	 system	 setup	 (overlapping	
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water/solvent	with	protein);	or	crystallographic	refinement.	This	is	done	by	changing	the	

coordinates	 of	 the	 atoms	 gradually,	 allowing	 the	 system	 to	 find	 a	 more	 energetically	

favorable	 conformation;	 this	 will	 improve	 the	 system	 stability	 and	 allow	 a	 full	 MD	

simulation	to	be	performed.	No	minimization	method	exists	that	allows	us	to	determine	

the	global	minimum	of	a	complex	biomolecular	system	(within	an	affordable	timescale),	

but	one	method	of	finding	a	local	minimum	is	the	steepest	descent	method.	This	method	

moves	 the	 energy	 of	 the	 system	 in	 the	 direction	 of	 a	 point	 on	 the	 negative	 gradient	

(based	 on	 the	 force	 calculated	 from	 the	 initial	 structure	 of	 the	 system).	 This	 step	 is	

repeated	until	a	local	minimum	has	been	reached.	This	method	is	fast	if	the	system	is	far	

away	from	the	local	minimum	but	is	not	as	efficient	if	the	system	is	already	close	to	the	

local	minimum.	Another	method	that	can	be	used	is	the	conjugate	gradient	method;	this	

method	uses	information	from	previous	steps	in	the	EM.	This	method	brings	you	closer	to	

the	local	minimum,	but	if	the	system	is	far	from	the	local	minimum	this	process	is	more	

computationally	 expensive	 and	 in	 many	 cases	 this	 amount	 of	 accuracy	 is	 not	 needed	

[131].	 	
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2.3 Temperature	and	pressure	coupling	

The	temperature	and	pressure	coupling	applied	in	simulations	defines	the	ensemble.	The	

most	 commonly	 used	 ensemble	 for	 production	 runs	 is	 the	 NPT	 ensemble.	 	 In	 the	 NPT	

ensemble	 (termed	 the	 isothermal-isobaric	 ensemble),	 the	 number	 of	 particles	 (N),	 the	

temperature	 (T)	 and	 pressure	 (P)	 are	 kept	 constant.	 This	 is	 achieved	 by	 coupling	 the	

particles	 in	 the	 system	 to	 a	 thermostat	 for	 the	 temperature	 and	 a	 barostat	 for	 the	

pressure.	In	the	NVT	ensemble	(termed	the	canonical	ensemble),	the	number	of	particles	

(N),	 the	 volume	 (V)	 and	 temperature	 (T)	 are	 kept	 constant.	 The	 NVE	 ensemble	 (also	

known	as	the	microcanonical	ensemble)	keeps	a	constant	number	of	particles	(N),	energy	

(E)	 and	 volume	 (V).	 The	 NVE	 ensemble	 can	 be	 used	 to	 explore	 the	 constant-energy	

surface	 of	 the	 conformational	 space,	 due	 to	 rounding	 and	 truncation	 errors	 during	 the	

integration	 steps,	 slight	 drifts	 in	 energy	 still	 occur	 and	 can	 hence	 not	 be	 kept	 fully	

constant	 and	 it	 can	 not	 be	 used	 to	 study	 processes	 that	 are	 temperature	 or	 pressure	

dependent	 such	 as	 protein	 folding.	 The	 NVT	 and	 NPT	 ensembles	 are	 used	 to	 study	

temperature	and	temperature	and	pressure	dependent	processes	respectively.	The	NVT	

ensemble	 is	however	mainly	used	 in	equilibration	phases	and	not	 in	production	runs	as	

the	lack	of	pressure	control	prevents	it	from	accurately	mimicking	laboratory	conditions.	

There	are	different	thermostats	and	barostats	 that	can	be	used	 in	GROMACS	and	many	

other	simulation	packages	to	retain	a	constant	temperature	and	pressure.		

	

2.3.1 Thermostats	and	Barostats	

Thermostats	function	by	altering	the	velocities	of	particles	and	barostats	alter	the	volume	

of	 the	 simulation	 box.	 Thermostats	 used	 throughout	 the	 simulations	 discussed	 in	 this	

report	are	the	Berendsen	thermostat[148],		the	Nosé-Hoover	thermostat	and	the	velocity	

rescale	 thermostat.	These	thermostats	 [149]	have	different	characteristics	making	them	

useful	for	different	aspects	of	simulation.	The	Berendsen	thermostat	is	useful	during	the	

energy	minimization	 step,	 this	 is	 due	 to	 the	weak-coupling	 scheme	 that	 allows	 greater	

fluctuations	in	temperature,	making	it	efficient	at	relaxing	a	system	far	from	equilibrium	

to	 a	 target	 temperature.	 The	Nosé-Hoover	 thermostat	 has	 a	 stronger	 coupling	 scheme	

and	 once	 the	 system	 has	 reached	 equilibrium	 it	 is	more	 important	 to	 probe	 a	 correct	
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ensemble.	The	velocity	rescale	thermostat	has	a	weaker	coupling	scheme,	similar	to	the	

Berendsen	thermostat,	but	the	stochastic	term	ensures	that	a	proper	canonical	ensemble	

is	produced.	Like	the	Berendsen	thermostat,	 the	Berendsen	barostat	 is	a	weak	coupling	

scheme	 and	 as	 such	 is	 useful	 for	 the	 equilibration	 step.	 After	 the	 equilibration	 step	 a	

different	barostat	such	as	the	Parinello-Rahman	barostat	that	like	the	Nosé-Hoover	or	the	

velocity	rescale	method	is	more	adequate	for	obtaining	the	correct	ensemble	[131,	148,	

149].	
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2.4 Analytical	tools	

2.4.1 Free	energy	calculations	and	umbrella	sampling	

In	 biological	 systems	 every	 process	 that	 occurs,	 protein-protein	 binding,	 protein-ligand	

binding,	 membrane	 disruption	 by	 AMPs	 as	 well	 as	 structures	 adopted	 by	 proteins	 or	

molecules	comes	down	to	energy	[150,	151].	Over	sufficiently	long	timescales,	energetic	

difference	 between	 an	 initial	 and	 final	 state	 known	 as	 the	 free	 energy	 difference,	

determines	whether	or	not	a	process	is	favorable	and	hence	whether	it	is	likely	to	occur	

or	 not.	 	 Free	 energy	 of	 a	 biological	 process	 is	 a	 particularly	 interesting	 thermodynamic	

property	because	 it	 can	be	used	as	a	predictive	 tool	 in	 the	 field	of	drug	discovery	 (e.g.	

looking	at	 small	molecules	binding	 to	protein	 receptors)[152].	An	 increasing	 correlation	

between	 experimental	 results	 and	 those	 obtained	 computationally	 has	 been	 seen	 in	

recent	 years	 e.g.	 for	 ligand-protein	 binding,	 and	 hence	 the	 interest	 and	 the	 number	 of	

studies	reporting	on	free	energy	prediction	is	increasing	[153-157].	

	

There	 are	 a	 number	 of	methods	 used	 to	 determine	 the	 free	 energy	 using	 simulations.	

Some	 of	 the	 more	 well	 known	 methods	 include	 free	 energy	 perturbations	 (FEP)[150],	

linear	interaction	energy	(LIE)	[158],	molecular	mechanic/Poisson	Boltzmann	(MM/PBSA)	

[159,	160],	and	the	method	used	in	this	report,	umbrella	sampling	(US)[161,	162].	

	

Earlier	 in	 this	 chapter	 it	was	explained	 that	MD	provides	 the	positions	and	velocities	of	

atoms,	as	well	as	the	force	acting	upon	them.	For	systems	where	protein-ligand	binding	is	

investigated,	the	free	energy	is	particularly	interesting,	as	it	will	indicate	the	energy	levels	

between	 ligand	 bound	 and	 unbound	 states.	 The	 free	 energy	 therefore	 represents	 the	

transition	energy	from	one	state	to	another,	in	other	words,	how	easy	it	is	for	said	ligand	

to	move	from	the	unbound	to	bound	state.	To	follow	the	transition	between	bound	state	

and	unbound	state,	a	reaction	coordinate	must	be	defined.	The	reaction	coordinate	is	the	

pathway	between	the	initial	and	final	state	(e.g.	bound/unbound	ligand	state).	Depending	

on	the	process	of	interest	this	can	be	defined	by	e.g.	torsion	angles,	RMSDs,	or	distances,	

as	 may	 be	 the	 case	 for	 protein-ligand	 binding	 [163].	 The	 free	 energy	 along	 a	 given	

reaction	 coordinate	 is	 called	 the	 potential	 of	mean	 force	 (PMF)	 and	 can	 be	 calculated	
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using	 Equation	 2.16	 [163].	 In	 this	 case,	 A	 is	 the	 free	 energy,	𝛽 = !
(!!!)

	 and	𝑃!(𝜆)	 the	

unbiased	probability	distribution.	

	

𝐴 𝜆 = −1/𝛽𝑙𝑛𝑃!(𝜆)	
Equation	2.16	

	

US	 is	 a	method	 used	 to	 ensure	 adequate	 sampling	 along	 a	 given	 reaction	 pathway,	 in	

order	to	increase	the	sampling	of	the	calculations.	Harmonic	potentials	are	typically	used	

to	 introduce	 sampling	 along	 a	 series	 of	 intermediates	 along	 the	 pathway	 of	 interest.	

Biased	data	 in	a	 series	of	overlapping	windows	 is	obtained;	 the	data	are	 then	unbiased	

given	pre-defined	restraints	to	get	the	PMF	(Figure	2.4).	So	for	protein-ligand	binding,	a	

method	 such	 as	 steered	 MD	 would	 be	 utilized	 to	 pull	 the	 ligand	 along	 a	 reaction	

coordinate,	 and	 windows	 would	 be	 extracted	 along	 the	 reaction	 with	 the	 ligand	 at	

different	distances	from	the	binding	site.	Simulations	are	then	run	for	each	window	with	a	

biasing	potential	applied	in	order	to	ensure	adequate	sampling	of	different	conformations	

(usually	in	the	form	of	a	harmonic	potential)	[163].		
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Figure	13 	–	Figure	showing	how	umbrella	sampling	works.	Note	the	histogram	is	for	

illustrative	purposes	only	and	in	a	real	scenario	the	peaks	would	overlap	with	the	

windows	where	a	snapshot	of	the	ligand	was	taken. 	

	

	

The	free	energy	can	then	be	calculated	for	these	windows,	taking	into	account	the	biasing	

potential	using	Equation	2.17.	

	

𝐴𝑖 𝜆 = −
1
𝛽 𝑙𝑛𝑃!! 𝜆 − 𝑢! 𝜆 + 𝐹!!	

Equation	2.17	

	

The	 desired	 PMF	 combines	 several	 windows	 from	 the	 initial	 to	 final	 state	 to	 get	 the	

resulting	 delta	 G	 for	 binding	 (or	 other	 patterns	 of	 interest).	 The	 weighted	 histogram	

analysis	 method	 (WHAM)	 is	 a	 method	 developed	 by	 Kumar	 et	 al	 in	 1992	 [164]	 to	

efficiently	 combine	 the	 results	 from	all	 the	windows	 into	 one	 PMF	plot,	 allowing	 us	 to	

track	the	free	energy	along	the	reaction	coordinate.	

Reaction	Coordinate	
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Whilst	 free	energy	calculations	are	an	accurate	way	of	obtaining	results	such	as	binding	

affinity	 of	 ligands,	 it	 is	 reliant	 on	 a	 large	 amount	 of	 sampling	 and	 is	 therefore	 very	

computationally	expensive	[165].	 		

	

2.4.2 Principal	component	analysis	

Principal	component	analysis	is	a	mathematical	method	used	to	reduce	high	dimensional	

data	sets	into	collective	coordinates.	It	is	used	to	extract	the	largest	factors	from	data	sets	

with	high	dimensionality	that	are	otherwise	difficult	to	analyze	[166].	It	solves	the	issue	of	

high	dimensionality	by	 finding	 linear	 combinations	 that	 account	 for	 the	 variance	across	

the	 data	 set.	 In	 MD	 simulations	 of	 proteins,	 PCA	 can	 be	 used	 to	 study	 the	 collective	

motions	of	the	backbone	and	can	provide	information	on	low-amplitude	motions	of	the	

protein	 (as	 can	 be	 seen	 in	 later	 chapters	where	 PCA	 analysis	 is	 used	 to	 determine	 the	

function	of	TLR4	in	complex	with	different	ligands)	[167].	This	is	of	great	interest	because	

large-scale	collective	motions	are	often	associated	with	protein	function	[168].		

	

Mathematically	 the	 PCA	 is	 performed	 by	 first	 obtaining	 a	 covariance	 matrix.	 The	

covariance	 is	 a	way	of	 quantifying	 the	 relationship	 between	 two	dimensions,	 it	 tells	 us	

how	much	 the	dimensions	vary	 from	the	mean	with	 respect	 to	each	other.	 In	a	 system	

with	 dimensions	 a,	 b	 and	 c,	 a	 covariance	 can	 be	worked	 out	 between	 a-b,	 a-c	 and	 b-c	

Equation	2.18	is	used	to	determine	the	covariance	between	two	dimensions	[166]:	

	

𝑐𝑜𝑣 𝐴,𝐵 =
(𝐴𝑖 − 𝐴)(𝐵𝑖 − 𝐵)!

!!!

(𝑛 − 1) 	

Equation	2.18	

	

Where	𝐴	 and	𝐵	 are	 the	 dimensions,	𝐴𝑖/𝐵𝑖 specific	 points	 from	 set	𝐴/𝐵,	 and	𝐴/𝐵	 the	

mean	of	dimension	A/B	and	n	 the	number	of	data	points.	With	the	covariance	between	

each	dimension	the	covariance	matrix	can	be	formed.	In	the	system	in	this	thesis,	PCA	is	

used	 to	 investigate	 atomic	 displacements,	 and	 the	 sets	 of	 dimensions	 are	 atomic	

coordinates.	 This	matrix	 is	 used	 to	 determine	 the	 eigenvalues	 of	 the	 given	 datasets	 by	

using	Equation	2.19	and	solving	for	𝜆:	
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det 𝐶 − 𝜆𝐼𝑛 = 0	
Equation	2.19	

	

Where	C	is	the	covariance	matrix,	𝜆	an	eigenvalue	and	In	the	identity	matrix	for	the	given	

system	 (dependent	 on	 the	 number	 of	 dimensions	 of	 the	 system).	 The	 eigenvalues	 can	

then	be	plugged	 into	 the	equation	𝐶𝐸 = 0,	where	E	 is	 the	eigenvector,	 and	0	 the	 zero	

coordinate.	This	will	give	an	output	in	the	format	of	ax+by+cz=0,	where	the	numbers	a,	b	

and	c	correspond	to	the	eigenvector	(in	this	case	for	a	three	dimensional	system)	[166].	

These	calculations	are	processed	very	quickly	using	computer	 software	and	give	a	clear	

indication	of	patterns	between	dimensions,	allowing	rapid	isolation	of	important	data	and	

quick	rejection	of	data	that	is	unimportant.	

	

2.4.3 Root	mean	square	deviation	and	fluctuation	

A	commonly	used	analytical	tool	in	this	thesis	is	the	root	mean	square	deviation	(RMSD).	

It	is	used	to	measure	the	structural	drift	of	groups	of	atoms	throughout	a	simulation	with	

respect	to	a	reference	structure	(usually	an	initial	structure	based	on	a	crystal	structure)	

on	which	 the	group	of	 atoms	 is	 superimposed.	Given	 two	 sets	of	n	 points	v	 and	w	 the	

structural	RMSD	can	be	defined	as:	

	

𝑅𝑀𝑆𝐷 𝑣,𝑤 =
1
𝑛 𝑣!" − 𝑤!" ! + 𝑣!" − 𝑤!"

! + 𝑣!" − 𝑤!" !

!

!!!

	

Equation	2.20		

	

The	root	mean	square	fluctuation	(RMSF)	is	a	representation	of	the	average	deviation	of	a	

particle	throughout	a	simulation	of	time	T	with	respect	to	a	reference	position,	typically	

the	average	structure.	

	

𝑅𝑀𝑆𝐹 𝑣,𝑤 =
1
𝑇 𝑣!"(𝑡!)− 𝑣!"(𝑡!) ! + 𝑣!"(𝑡!)− 𝑣!"(𝑡!)

! + 𝑣!"(𝑡!)− 𝑣!"(𝑡!) !

!

!!!

	

Equation	2.21	
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 Melittin	Chapter	3:	

	

3.1 Introduction	

Melittin	 is	 a	 major	 component	 of	 honeybee	 venom	 and	 is	 responsible	 for	 the	

inflammatory	 response	 caused	 by	 a	 honeybee	 sting.	 It	 is	 a	 cationic	 26-residue	

amphipathic	peptide	that	displays	a	broad	spectrum	of	lytic	activity	against	bacteria,	fungi	

and	 heterocytes	 [169].	 Melittin	 has	 been	 shown	 to	 adopt	 a	 random	 coil	 formation	 in	

solution	but,	upon	interaction	with	lipid	membranes	readily	forms	an	α-helical	structure		

(Figure	14)	 [22].	 Fluorescence	 spectroscopy,	 circular	dichroism	and	electron	microscopy	

studies	 [170,	171]	have	shown	that	the	 lytic	activity	of	melittin	stems	from	its	ability	 to	

form	pores	in	the	phospholipid	membranes	of	these	microorganisms	causing	cell	content	

to	 leak	 and	 a	 collapse	 of	 the	 transmembrane	 potential	 and	 ion	 gradients	 eventually	

leading	 to	 cell	 death	 [169].	 Due	 to	 the	 broad-spectrum	 of	 lytic	 activity,	 melittin	 is	 a	

promising	lead	in	the	future	development	of	novel	antimicrobial	agents.	
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Figure	14 	–	Structure	of	melittin	with	key	residues	labeled	

	

Experimentally,	 the	 importance	 of	 electrostatic	 interactions	 for	 the	 binding	 of	 melittin	

and	all	AMPs	has	been	well	documented	[172,	173].	Hence	the	importance	of	the	charged	

residues	could	be	established.	Studies	using	mutant	melittin	peptides	demonstrated	the	

need	 for	 the	 amphipathicity	 of	 melittin	 for	 haemolytic	 activity	 [174].	 Interestingly	 it	

proved	 to	 be	 more	 important	 to	 haemolytic	 activity	 that	 the	 α-helical	 amphipathic	

structure	be	maintained	 than	 the	presence	of	 all	 the	 charged	 residues,	 though	without	
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any	charged	residues,	melittin	 loses	 it’s	 lytic	ability	 [169,	175,	176].	Studies	on	bacterial	

lipopolysaccharide	membranes	have	showed	that	the	amphipathicity	is	less	important	to	

maintain	 antimicrobial	 activity	 [176],	 and	 in	 this	 case	 the	 charged	 residues	 at	 the	 C-

terminus	play	a	more	essential	 role.	This	can	be	explained	by	 the	anionic	nature	of	 the	

outer	 bacterial	 membrane.	 The	 strong	 electrostatic	 interactions	 have	 proved	 to	 be	

detrimental	to	lytic	effect	as	the	peptide	is	 less	 likely	to	penetrate	into	the	hydrophobic	

core	 whilst	 strongly	 bound	 on	 the	 surface	 [169,	 175-177].	 Experimental	 studies	 using	

circular	 dichroism	 and	 electron	 microscopy	 have	 suggested	 that	 melittin	 follows	 the	

toroidal	model	at	low	concentrations	and	the	carpet	mechanism	at	high	concentrations	in	

simple	phospholipid	[22,	171,	178,	179].	Whilst	the	general	 lytic	mechanism	is	relatively	

well	established	the	molecular	mechanism	is	still	not	entirely	clear.	

	

Simulation	 studies	 of	 melittin-membrane	 interactions	 have	 tended	 to	 focus	 on	

phospholipids,	and	in	particular	PC	bilayers	that	mimic	the	lipid	composition	of	eukaryotic	

cell	membranes	 [179-182].	Simulations	using	model	 systems	have	allowed	us	 to	 look	at	

specific	 interactions	 between	 the	 peptide	 residues	 and	 the	 membrane.	 These	 studies	

corroborated	what	 had	 been	 established	 experimentally;	 confirming	 the	 importance	 of	

the	 electrostatic	 interaction	 for	 membrane	 binding	 and	 the	 significant	 role	 the	

amphipathicity	 of	 the	 peptide	 plays	 in	 membrane	 insertion	 [179,	 183].	 Molecular	

dynamics	simulations	have	also	supported	the	toroidal	model	[181].	MD	simulations	have	

showed	 that	 the	 C-terminus	 tends	 to	 deviate	 from	 the	 otherwise	α-helical	 structure	 of	

melittin.	 Simulations	have	also	 shown	 that	water	penetration	 in	 the	membrane	 is	most	

extensive	 in	 the	 area	 around	 the	 charged	 C-terminus	 [184].	 The	 amount	 of	 simulation	

work	performed	on	bacterial	outer	membranes	 is	very	 limited	and	as	such,	very	 little	 is	

known	about	the	mechanism	by	which	melittin	disrupts	or	crosses	the	outer	membrane,	

indeed	currently	 limitations	 in	computational	 resources	and	simulation	methodology	do	

not	permit	molecular-level	simulation	of	the	entire	process	of	cell	lysis.	

	

Relatively	 few	 studies	 have	 focused	 on	 the	 atomic	 and	 molecular-level	 interaction	 of	

AMPs	 with	 bacterial	 membranes;	 consequently	 the	 details	 of	 these	 interactions	 are	

largely	 unknown.	 Given	 that	 the	 lipid	 composition	 of	 bacterial	 membranes	 differs	

substantially	from	eukaryotic	cell	membranes	and	 indeed	the	two	membranes	of	Gram-

negative	bacteria	differ	from	each	other	too,	it	is	imperative	that	the	precise	interactions	
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between	AMPS	and	the	membranes	on	which	they	act,	are	characterized	and	understood.	

Molecular	 dynamics	 simulations	 have	 been	 successfully	 employed	 to	 study	 the	

interactions	of	membrane	proteins	and	AMPs	in	a	variety	of	environments	and	thus	have	

provided	 the	perfect	 complement	 to	 the	experimental	 biophysical	 data	 reported	 in	 the	

literature.	Given	the	practical	difficulties	of	experimental	work	with	the	outer	membrane	

of	 Gram-negative	 bacteria,	 molecular	 dynamics	 simulations	 provide	 an	 ideal	 route	 to	

exploring	their	interaction	with	AMPs.	In	previous	work	[185],	looking	at	melittin	binding	

to	the	outer	membrane	it	was	clear	that	spontaneous	 insertion	of	melittin	could	not	be	

observed	 in	 achievable	 timescales	 and	 so,	 in	 the	 following	 work,	 molecular	 dynamics	

simulations	 of	 pre-formed	 melittin	 tetramers	 in	 a	 barrel-stave	 configuration	 are	

described.	 	The	interaction	of	these	tetramers	with	models	of	the	two	membranes	of	E.	

coli	and	a	eukaryotic	membrane	mimetic	have	been	explored.	
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3.2 Simulations	Setup	

3.2.1 System	Construction	and	Protocols	

	

The	coordinates	of	a	single	melittin	monomer	were	extracted	from	the	x-ray	structure	(2	

Å	 resolution,	 PDB	 code	 2MLT)	 of	 a	 tetramer	 [186-189].	 The	 monomer	 was	 replicated	

three	times	and	manually	positioned	to	make	a	tetramer,	with	polar	residues	facing	into	

the	lumen.	Two	tetramers	were	constructed;	a	larger	tetramer	with	the	peptides	placed	7	

Å	 apart	 (diagonal	 inter-backbone	 distance)	 and	 a	 smaller	 tetramer	 with	 the	 peptides	

placed	5	Å	apart.	As	a	further	test	of	the	starting	tetramer	configurations	coarse	grained	

(CG)	 simulations	of	 four	melittin	monomers	 imbedded	separately	 in	both	a	POPE	and	a	

POPC	membrane	was	performed.	In	all	cases	formation	of	a	tetramer	was	seen	within	2.5	

μs.	CG	structures	were	subsequently	mapped	back	to	atomistic	resolution.	Encouragingly,	

the	 orientation	 of	 the	 peptides	 corresponded	 to	 the	 small	 tetramer	 structure,	 with	 an	

inter-backbone	distance	of	5	Å	and	the	hydrophilic	 faces	of	the	peptides	facing	 into	the	

centre	of	the	tetramer.	

	

	

The	behavior	of	the	melittin	tetramer	in	a	model	of	the	asymmetric	Escherichia	coli	outer	

membrane	 (EcOM)	was	 studied,	 incorporating	 Re	 lipopolysaccharide	 (LPS)	 in	 the	 outer	

leaflet	 [190]	 (lowest	 level	 of	 LPS	 necessary	 for	 bacteria	 to	 survive)	 and	 an	 inner	 leaflet	

composed	of	a	mixture	of	1-palmitoyl	2-cis-vaccenyl	phosphatidylethanolamine	(PVPE),	1-

palmitoyl	2-cis-vaccenyl-phosphatidylglycerol	(PVPG)	and	cardiolipin	(90%:5%:5%)[1].	For	

comparison,	 simulations	 of	 the	 tetramer	 were	 also	 performed	 in	 pure	 1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphoethanolmaine,	 POPE	 (mimic	 of	 the	 E.coli	 inner	 membrane)	

and	 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine;	 and	 POPC	 (simple	 mimic	 of	 a	

eukaryotic	 membrane)	 bilayers.	 The	 tetramer	 was	 inserted	 into	 the	 membrane	 using	

g_membed	[191],	giving	an	initial	barrel-stave	like	pore	configuration.	

After	insertion	of	the	tetramer	into	the	membranes,	energy	minimization	was	performed	

using	the	steepest	descent	method	for	1000	steps.	Subsequently	a	50	ns	simulation	was	

performed,	 in	 which	 the	 positions	 of	 any	 non-hydrogen	 atoms	 in	 the	 protein	 were	

restrained	 using	 a	 harmonic	 potential	 of	 1000	 kJmol-1nm-2.	 This	 was	 to	 allow	 for	 a	 re-
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equilibration	of	 the	membrane	after	 the	 insertion	of	 the	 tetramer.	 Following	 this	 short	

simulation,	the	position	restraints	were	removed	and	the	simulations	were	extended	for	a	

further	 200	 ns.	 Repeat	 simulations	 were	 performed	 using	 differently	 assigned	 starting	

velocities.	A	summary	of	all	the	simulations	performed	in	this	work	is	provided	in	Table	2.	

Due	to	the	notoriously	slow	lateral	diffusion	of	LPS	[1]	those	simulations	were	run	out	to	

500	ns,	to	compensate.	

	

Simulation	Name	 System	composition	 Timescale	(ns)	
POPC	LT	v1	 Large	tetramer:	PC	lipids	 200	
POPC	LT	v2	 Large	tetramer:	PC	lipids	 200	
POPC	ST	v1	 Small	Tetramer:	PC	

lipids	
200	

POPC	ST	v2	 Small	Tetramer:	PC	
lipids	

200	

POPE	LT	v1	 Large	tetramer:	PE	lipids	 200	
POPE	LT	v2	 Large	tetramer:	PE	lipids	 200	
POPE	ST	v1	 Small	Tetramer:	PE	lipids	 200	
POPE	ST	v2	 Small	Tetramer:	PE	lipids	 200	
LPS	LT	v1	 Large	tetramer:	LPS	

lipids	
500	

LPS	LT	v2	 Large	tetramer:	LPS	
lipids	

500	

LPS	ST	v1	 Small	Tetramer:	LPS	
lipids	

500	

LPS	ST	v2	 Small	Tetramer:	LPS	
lipids	

500	

Table	2 	–	A	summary	of	the	simulations	systems.	

	

3.2.2 Simulation	Parameters	

All	 simulations	 were	 performed	with	 the	 GROMOS	 53A6	 force	 field	 [141]	 and	 the	 SPC	

water	 model	 [148],	 using	 the	 GROMACS	 package	 (version	 4.5.5)[147,	 192,	 193].	 The	

parameters	for	the	Re	LPS	were	taken	from	those	described	and	validated	previously	for	

longer	 lengths	 of	 LPS[1].	 Phospholipids	 were	 modeled	 using	 the	 GROMOS-CKP	

parameters.	 Throughout	 the	 simulations	 the	 Re	 LPS,	 phospholipids	 and	 solvent	 (water	

and	 ions)	were	maintained	 at	 a	 constant	 temperature	 of	 313	 K	 using	 the	Nosé-Hoover	

thermostat	[149,	194]	with	a	coupling	constant	of	0.5	ps.	A	constant	pressure	of	1	bar	was	

maintained	using	the	Parrinello-Rhaman	barostat	[149,	194]	with	a	coupling	constant	of	5	

ps.	Pressure	coupling	was	applied	semi-isotropically,	i.e.,	the	z-dimension	(parallel	to	the	



	

	 59	

plane	of	the	bilayer)	was	allowed	to	fluctuate	 independently	of	the	x	and	y	dimensions.	

The	 short-range	 electrostatic	 interactions	 were	 truncated	 at	 0.9	 nm,	 with	 interactions	

beyond	the	cut-off	calculated	using	the	particle	mesh	Ewald	(PME)	method	[195].	Van	der	

Waals	interactions	were	treated	using	a	twin-range	cut-off	of	0.9	and	1.4	nm,	with	a	long-

range	dispersion	correction	applied.	The	neighbor	list	was	updated	every	five	steps.	The	

LINCS	algorithm	[195]	was	used	to	constrain	all-bonds	during	the	simulations,	and	a	2	fs	

timestep	was	applied.		

	

3.2.3 Analytical	Tools	

Analysis	 was	 performed	 using	 GROMACS	 [147,	 192,	 193]	 utilities	 and	 locally	 written	

scripts.	 Bilayer	 thickness	 was	 calculated	 using	 the	 GridMAT-MD	 tool	 [196].	 Molecular	

graphics	images	were	generated	using	VMD	[197].	All	electrostatic	‘contacts’	are	defined	

as	 the	 interatomic	 distance	 of	 r	 ≤3.5	 Å.	 The	 number	 of	 hydrogen	 bonds	 was	 also	

determined	 using	 a	 donor-acceptor	 atom	 distance	 of	 r	 ≤3.5	 Å	 and	 a	 donor-H-acceptor	

angle	of	≤	30°.	Melittin	secondary	structure	was	analysed	using	DSSP	[198,	199].	
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3.3 Results	

3.3.1 Secondary	structure	

	

In	 general,	 the	 helical	 conformation	 was	 retained	 throughout	 the	 simulation	 for	 the	

majority	of	 the	peptides	 in	 the	phospholipid	 simulations;	although	some	 loss	of	helicity	

was	 observed,	 with	 11	 out	 of	 the	 total	 of	 32	 proteins	 (based	 on	 four	 proteins	 per	

simulation	 in	 eight	 phospholipid	 simulations)	 becoming	 completely	 unfolded	 between	

residues	Lys21	and	Gln26.	In	addition,	a	kink	was	observed	around	the	residues	Pro14	in	

all	systems.	In	contrast,	loss	of	secondary	structure	in	the	C-terminus	was	more	prevalent	

in	 the	 OM	 simulations.	 In	 10	 out	 of	 the	 16	 peptides	 simulated	 (four	 proteins	 per	

simulation	in	four	OM	simulations),	residues	21-26	became	completely	unfolded.	Thus	in	

both	 sets	 of	 simulations,	 unfolding	 is	 observed	 in	 the	 charged	 C-terminus,	 but	 loss	 of	

secondary	structure	is	more	prevalent	in	the	OM	simulations,	with	62.5%	of	the	proteins	

losing	the	helical	structure	between	residues	Lys21	and	Gln	26	compared	to	34.4%	losing	

the	helical	structure	between	these	residues	in	the	phospholipid	simulations	(Figure	15).	
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A	

B	
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Figure	15 	–	Secondary	structure	of	individual	melittins	in	the	A	–	Outer	membrane.	B	–	

POPE	membrane.	C	–	POPC	membrane.	Monomers	are	named	A,	B,	C, 	D,	separated	by	a	red	

line	and	residues	are	numbered	sequentially	from	the	N-terminus	of	monomer	A	to	the	C-

terminus	of	monomer	D.	 	Disruption	of	the	α-helical	structure	(coloured	in	blue)	can	be	

noted	especially	in	the	LPS	system	(A).	

3.3.2 Stability	of	tetrameric	pore	configuration	

In	 order	 to	 determine	 the	 validity	 of	 the	 tetramer	 structures,	 their	 stabilities	 were	

investigated	by	 looking	at	possible	disruptions	of	 the	tetramer	structure,	defined	as	the	

disruption	of	the	core	Thr10,11-Thr10,11	or	the	Ser18-Ser18	hydrogen	bonds,	leading	to	

loss	of	the	original	symmetry	or	lipid	penetration	into	the	tetramer.	

	

3.3.2.1 Outer	membrane		

To	explore	the	possibility	of	toroidal	pore	formation	in	the	OM,	simulations	of	both	model	

pores	(initial	peptide-peptide	backbone	separation	of	5	and	7	Å	across	the	tetramer)	were	

extended,	with	positional	restraints	on	the	peptides,	to	100	ns	 in	order	to	allow	for	any	

lipid	 re-orientation.	 However	 on	 this	 timescale,	 	 lipid	 re-orientation,	 or	 indeed	 even	

beginning	 to	 re-orient	 to	 adopt	 a	 toroidal	 pore-like	 configuration	 was	 not	 observed.	

C	
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Consequently,	the	remainder	of	this	paper	focuses	on	exploring	the	possibility	of	either	a	

barrel-stave-like	melittin	pore	or	the	interfacial	activity	model	of	membrane	disruption	in	

the	 OM.	 In	 the	 latter,	 adsorbed	 peptides	 disrupt	 membrane	 functionality	 by	 inducing	

perturbation	 of	 the	 interface	 between	 hydrophobic	 and	 polar	 regions	 of	 the	 lipidic	

components	of	the	membrane.		

	

	

	

	

	

Figure	16 	–	Overview	of 	the	melttin 	pore	in	the	LPS.	A	–	Starting	pore	structure,	LPS	

sugars 	in 	yel low,	acyl	tails	in 	green.	B	–	Final	pore	structure.	C	–	Distribution	of	

phospholipids	 in	the 	inner	membrane, 	with 	POPE	lipids	in 	grey ,	POPG	in	blue	and	

cardiolipin	 in 	orange .	D	–	Sideview	of	the	melitt in	tetramer	(mauve),	LPS	sugars 	in 	yel low	

licorice,	LPS	tails 	in 	green	van	der	Waals	representation,	phospholipids	in	van	der	Waals	

representation	 in 	the	colours	mentioned	above. 	E	–	Arg	in 	blue	licorice	forming	numerous	

hydrogen	bonds	with	the	LPS	sugars	(coloured	by	type).	F	–	Mel itt in 	forming	electrostatic	

interactions	with	the 	LPS	phosphates. 	
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System	 First	5	ns	 Last	50	ns	 Results	
LPS	LT	v1	 0	 1.405	(±	

0.063)	
Disrupted	

LPS	LT	v2	 0	 0.059	(±	
0.024)	

Intact	

LPS	ST	v1	 0.364	(±	
0.15)	

0.020	(±	
0.014)	

Disrupted	

LPS	ST	v2	 0.455	(±	
0.016)	

0.040	(±	
0.020)	

Disrupted	

Average	LPS	 0.205	 0.381	 	
System	 First	5	ns	 Last	50	ns	 	

POPC	LT	v1	 0.723	(±	
0.045)	

0.003	(±	
0.002)	

Disrupted	

POPC	LT	v2	 0.446	(±	
0.050)	

0.958	(±	
0.007)	

Intact	

POPC	ST	v1	 0.059	(±	
0.024)	

0.664	(±	
0.015)	

Intact	

POPC	ST	v2	 0.010	(±	
0.007)	

0	 Disrupted	

POPE	LT	v1	 0.782	(±	
0.044)	

0.808	(±	
0.013)	

Intact	

POPE	LT	v2	 0.158	(±	
0.037)	

0.218	(±	
0.014)	

Disrupted	

POPE	ST	v1	 0.089	(±	
0.009)	

0.001	(±	
0.001)	

Disrupted	

POPE	ST	v2	 0	 0	 Disrupted	
Average	

Phospholipid	
0.283	 0.332	 	

	
Table	3 	–	Ser-Ser	hydrogen	bonds	in	the	melittin	tetramers.	Average	number	of	hydrogen	

bonds	per	frame	given	the	sampling	indicated	(first	5	ns	or	last	50	ns). 	 	

	

Upon	removal	of	positional	restraints	after	system	equilibration	(50	ns),	in	the	model	OM,	

in	 three	 out	 of	 four	 simulations	 the	 pore	 was	 disrupted;	 two	 of	 the	 peptides	 of	 the	

tetramer	were	observed	to	move	closer	together	 forming	a	dimer.	While	the	other	two	

peptides	 diffused	 further	 away,	 such	 that	 by	 the	 end	 of	 these	 simulations	 the	 four	

peptides	were	arranged	in	a	‘diamond’	configuration,	with	the	dimer	making	up	the	short	

axis	and	the	two	peptides	further	away,	were	separated	by	a	distance	of	7.5	Å	making	up	

the	 long	 axis	 (Figure	 16).	 The	 dimer	 was	 stabilized	 partially	 by	 inter	 peptide	 hydrogen	

bonding	 between	 the	 Ser18-Ser18	 (Table	 3)	 and	 Thr10-Thr11	 residues	 (Table	 4).	 These	

hydrogen	 bonds	 remained	 relatively	 stable	 and	 were	 observed	 throughout	 the	

simulations.		
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Table	4 	–	Thr-Thr	hydrogen	bonds	in	the	melittin	tetramer.	The	average	number	of	

hydrogen	bonds	per	frame	are	indicated	based	on	the	indicated	sampling	(first	100	ns	or	

last	100	ns). 	

	

. 	

	

	

	

	

	

	

	

	

	

	

Simulation First 100 ns Last 100 ns Result 

POPC LT v1 0.968 (± 0.022) 0.975 (± 0.027) Disrupted 

POPC LT v2 2.164 (± 0.045) 2.547 (± 0.049) Intact 

POPC ST v1 2.159 (± 0.054) 2.363 (± 0.040) Intact 

POPC ST v2 0.502 (± 0.040) 0.627 (± 0.037) Disrupted 

POPE LT v1 2.622 (± 0.071) 1.826 (± 0.048) Intact 

POPE LT v2 1.682 (± 0.042) 1.418 (± 0.044) Disrupted (forms 
a line) 

POPE ST v1 0.806 (± 0.054) 0.816 (± 0.058) Disrupted 

POPE ST v2 1.333 (± 0.047) 0.567 (± 0.048) Disrupted 
Average 

Phospholipids 1.644 (± 0.069) 1.392 (± 0.044)  

Simulation First 250 ns Last 250 ns Result 

LPS LT v1 0.912 (±0.030) 0.752 (± 0.028) Disrupted 

LPS LT v2 1.507 (± 0.040) 1.503 (± 0.030) Intact 

LPS ST v1 0.924 (± 0.026) 0.727 (± 0.026) Disrupted 

LPS ST v2 0.667 (± 0.032) 0.729 (± 0.033) Disrupted 

Average OM 1.003 (± 0.032) 0.928 (± 0.030)  
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Figure	17 	–	Cross-linking	of	chloride	ions	to	the	charged	C-terminal	residues	of	melittin. 	

Chloride	in	cyan	van	der	Waals	representation,	Arg	in	lime	and	licorice,	Lys	in	yellow	

licorice	and	melittin	in	mauve	

	

The	charged	residues	Lys	&	Arg	at	the	C-terminus	were	stabilized	by	cross-linking	Cl-	ions	

(Figure	17).	While	individual	basic	residue-Cl-	interactions	lasted	only		2-3	ns,	once	an	ion	

moved	 away,	 another	 quickly	 replaced	 it,	 such	 that	 the	 basic	 residues	were	 associated	

with	 Cl-	 ions	 throughout	 the	 simulations.	 The	 narrowest	 section	 of	 the	 tetrameric	

association	 of	 peptides	 was	 defined	 by	 the	 constriction	 formed	 by	 residues	 Thr10	 &	

Thr11;	 water	 molecules	 were	 not	 able	 to	 pass	 through	 this	 region	 (Figure	 18).	 Thus	

neither	the	tetramers	nor	the	dimers	formed	a	conducting	channel	or	pore	in	the	model	

outer	membrane.	
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Figure	18 	–Narrow	portion	of	the	melittin	pore.	Melittin	in	mauve,	Thr	in	yellow	van	der	

Waals	representation	and	water	in	red	and	white	van	der	Waals	representation	

	

3.3.2.2 Phospholipid	bilayers	

In	 contrast	 to	 the	 outer	 membrane,	 in	 simulations	 of	 melittin	 in	 simple	 phospholipid	

bilayers	 (POPE	 or	 POPC)	 disruption	 of	 the	 original	 tetrameric	 arrangement	 occurred	

through	 lipids	penetrating	 in	between	 the	peptides	chains.	Once	 the	neighbor-neighbor	

inter-peptide	hydrogen	bonds	were	disrupted,	the	peptides	moved	apart,	and	they	would	

form	 dimers	 with	 their	 other	 neighboring	 peptide	 chain,	 stabilized	mainly	 through	 the	

inter-chain	 hydrogen	 bonding	 between	 the	 Thr10,11	 residues	 in	 each	 chain.	 The	 four	

peptides	 would	 still	 be	 linked	 through	 a	 chain,	 creating	 a	 ‘U’	 structure,	 or	 form	 two	

distinct	 dimers	 	where	 the	 two	dimers	 are	no	 longer	 connected	due	 to	 lipid	 disruption	

(Figure	19	&	20).		
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Figure	19 	–	Overview	of	the	melittin	pore	in	the	POPE	membrane.	A	–	Starting	structure	

of	the	melittin	pore,	melittin	in	mauve,	POPE	head	groups	in	blue	and	POPE	tails	in	green.	

B	–	Final	structure	of	melittin	pore.	C	–	Sideview	of	the	melittin	pore.	D	–	Arg	forming	

hydrogen	bonds	with	multiple	POPE	residues	with	POPE	in	licorice, 	Arg	in	blue	licorice	

and	melittin	in	mauve.	
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Figure	20 	–	Overview	of	the	melittin	pore	in	the	POPC	membrane.	A	–	Starting	structure	

of	the	melittin	pore,	melittin	in	mauve,	POPC	head	groups	in	orange	and	POPC	tails	in	

green.	B	–	Final	structure	of	melittin	pore.	C	–	Sideview	of	the	melittin	pore.	D	–	Arg	

forming	hydrogen	bonds	with	multiple	POPC	residues	with	POPC	in	licorice, 	Arg	in	blue	

licorice	and	melittin	in	mauve	

	

Lipid	 penetration	 resulted	 in	 disruption	 of	 inter-peptide	 hydrogen	 bonds	 between	

residues	 Ser18-Ser18	 (Table	 3)	 and	 Thr10-Thr11	 (Table	 4)	 in	 the	 first	 couple	 of	

nanoseconds.	The	average	number	of	Thr10-Thr11	hydrogen	bonds	at	any	one	time	 for	

the	 intact	 tetramers	 	 (PE	 LT	 v1,	 PC	 LT	 v2	 and	 PC	 ST	 v1)	was	 ~2.	 In	 contrast,	when	 the	

tetramers	became	disrupted	(PE	LT	v2,	PE	ST	v1,v2,	PC	LT	and	PC	ST	v2),	this	was	reduced	

to	 only	 ~1	 hydrogen	 bonds	 in	 this	 region	 over	 the	 last	 100	 ns.	 The	 phospholipid	 head	

groups	(the	amine	group	of	the	POPE	lipids),	the	oxygen	atoms	of	the	phosphate	groups,	

the	oxygen	on	 the	 acyl	 chain	 ester	 and	both	hydrogen	and	oxygen	atoms	of	 the	water	

molecules	were	observed	to	form	competing	hydrogen	bonds	with	the	hydroxyl	group	of	

the	Ser18	residues	(Figure	21).		
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Figure	21 	–	Disruption	of	Ser-Ser	hydrogen	bonds	by	POPC	lipids	and	water.	Serine	

coloured	in	green,	POPC	by	atom	type	and	protein	in	mauve	and	water	in	red	and	white. 	

Hydrogen	bonds	in	black	dashes	

	

This	disrupted	the	existing	 inter-peptide	Ser18-Ser18	hydrogen	bonds,	and	allowed	 lipid	

head	groups	as	well	as	the	acyl	tails	to	penetrate	into	the	tetramer.	The	residues	involved	

in	hydrogen	bonding	 that	are	disrupted	by	 lipid	head	groups,	were	observed	 to	 reform	

peptide-peptide	hydrogen	bonds	albeit	with	alternate	peptide	chains	after	the	lipids	had	

disrupted	 the	 original	 tetramer	 and	 had	 penetrated	 between	 the	 peptides	 (hence	

complete	disruption	of	Thr-Thr	hydrogen	bonds	are	not	seen).	Similarly	to	that	of	the	OM,	

in	 the	 phospholipid	 system	 the	 basic	 residues	were	 stabilised	 by	 cross-linking	 Cl-	 	 ions;	

single	Cl	 ions	would	form	short	 interactions	lasting	2-3	ns	but	would	quickly	be	replaced	

ensuring	the	basic	residues	were	associated	to	Cl-	ions	throughout	the	simulations.	Curves	

in	 the	 helical	 structure	 at	 both	 termini	 (Lys7	 and	 Lys	 21,23	 &	 Arg	 22,	 24)	 produce	 an	
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overall	bent	α-helical	rod	conformation	(Figure	22).	This	is	presumably	due	to	inter-chain	

repulsive	(melittin-melittin)	electrostatic	interactions	between	the	Lys7	residues	at	the	N-

terminus,	 the	 Lys21,	 23	 and	 the	 Arg22,	 24	 at	 the	 C-terminus	 but	 also	 due	 to	 the	 kink	

around	the	Pro14	residue	that	has	been	reported	to	allow	flexibility	[200].	As	observed	in	

the	 OM,	 residues	 Thr10	 and	 Thr11	 defined	 the	 narrowest	 part	 of	 the	 tetramer	 in	 the	

phospholipids	 as	 well.	 Even	 in	 the	 three	 simulations	 where	 the	 core	 of	 the	 tetramer	

around	 the	 Thr	 10&11	 remained	 intact	 (PC	 LT	 v2,	 PC	 ST	 v1	 and	 PE	 LT	 v1),	 a	 water-

conducting	channel	or	pore	could	not	form,	as	the	tetramer	was	too	narrow	(as	seen	in	

Figure	18).	

	

Figure	22 	–	Bent	rod	structure	of	the	melittins	

C-terminus	

N-terminus	
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3.3.3 Protein-Membrane	Interactions		

3.3.3.1 Outer	Membrane	

On	average	~10	 	hydrogen	bonds	were	 formed	between	the	charged	residues	at	 the	C-

terminus	 	and	the	sugar	moieties	of	the	OM	at	any	one	time	(Table	5).	The	 interactions	

between	the	charged	residues	and	the	LPS	sugars	were	long-lived;	with	hydrogen	bonds	

to	 the	same	LPS	molecule	persisting	 throughout	 the	500	ns	simulation,	and	as	such	the	

residues	would	be	bound	to	only	one	LPS	molecule	throughout	the	simulations.	The	role	

of	electrostatic	 interactions	between	charged	residues	Arg22,	24	and	Lys21,	23	and	 the	

lipid	 head	 groups	 in	 the	 already	 embedded	 tetramer	were	 studied;	 the	OM	 formed	 ~4	

electrostatic	 interactions	at	any	one	 time	with	 the	charged	 residues.	 	 It	 could	be	noted	

that	the	Trp19	residue	would	interact	with	the	acyl	tails,	anchoring	the	melittin	proteins	

to	the	membrane	(Figure	23)	and	as	a	consequence	its	average	fluctuation	was	limited	to	

0.12	nm	(±0.01)	(Table	6).		

Table	5 	–	Average	number	of	hydrogen	bonds	per	frame	between	the	C-terminal	Arg	and	

Lys	residues	and	the	lipid	head	groups	

	

Simulation Arg & Lys - HG 
POPC LT v1 3.813 (± 0.081) 
POPC LT v2 4.661 (± 0.115) 
POPC ST v1 5.965 (± 0.082) 
POPC ST v2 4.511 (± 0.085) 
POPE LT v1 3.721 (± 0.102) 
POPE LT v2 3.727 (± 0.080) 
POPE ST v1 3.611 (± 0.084) 
POPE ST v2 4.579 (± 0.099) 

Average Phospholipid 4.324 (± 0.091) 

OM LT v1 8.442 (± 0.081) 
OM LT v2 8.562 (± 0.084) 
OMST v1 11.209 (± 0.094) 
OM ST v2 10.775 (± 0.081) 

Average OM 9.747 (± 0.085) 
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Figure	 23 	 –	 Trp	 anchored	 in	 the	 membrane.	 Trp	 in	 grey	 licorice,	 LPS	 in	 van	 der	 Waals	

representation	coloured	by	atom	types	and	melittin	in	mauve.	

	

The	 average	 root	 mean	 square	 displacement	 of	 the	 entire	 peptide	 (backbone	 and	

sidechains)	 was	 found	 to	 be	 0.35	 nm	 (±0.01),	 a	 result	 of	 the	 low	 average	 diffusion	

coefficient	 of	 the	 OM	 (0.15	 ±	 0.03)	 (Table	 7)	 and	 the	 significant	 number	 of	 hydrogen	

bonds	 formed	 between	 the	 tetramer	 and	 the	 LPS	molecules,	 locking	 the	 peptides	 into	

place.	 To	monitor	 the	movement	 restriction	 imposed	 on	 the	 peptides	 by	 the	 OM,	 the	

average	 fluctuation	 of	 the	 peptide	 backbone	 between	 the	 terminal	 residue	 Lys21	 and	

Gln26	was	monitored	and	it	was	found	that	the	fluctuation	was	limited	to	0.35	nm	(±0.02)	

across	the	entire	simulation.		
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Table	6 	–	RMSF	of	the	C-terminal	Arg	groups	in	the	melittin	systems	

	

	

	

	

Figure	24 	–	Orientation	of	polar	(A	in	blue)	and	apolar	residues	(B	in	grey). 	

	

	

	

	

Simulation Fluctuation (nm)  
POPC LT v1 0.254 (± 0.011) 
POPC LT v2 0.322 (± 0.012) 
POPC ST v1 0.302 (± 0.010) 
POPC ST v2 0.283 (± 0.010) 
POPE LT v1 0.336 (± 0.011) 
POPE LT v2 0.386 (± 0.012) 
POPE ST v1 0.302 (± 0.011) 
POPE ST v2 0.279 (± 0.008) 

Average Phospholipids 0.308 (± 0.011) 
OM LT v1 0.232 (± 0.010) 
OM LT v2 0.257 (± 0.008) 
OM ST v1 0.177 (± 0.009) 
OM ST v2 0.200 (± 0.008) 

Average OM 0.217 (± 0.009) 

membrane	
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It	 could	 be	 noted	 that	 throughout	 the	 simulations,	 the	 peptides	 would	 remain	 in	 an	

orientation	such	that	the	non-polar	residues	faced	into	the	hydrophobic	membrane	core,	

interacting	with	 the	 acyl	 tails,	 and	 the	polar	 residues	 faced	 into	 the	 tetramer	or	 in	 the	

case	of	charged	terminal	residues	Lys21,23	and	Arg22,24	(Figure	24),	these	would	bind	to	

the	 polar	 sugar	 moieties	 of	 the	 LPS	 molecules.	 The	 deuterium	 order	 parameters	 (a	

measure	of	how	disordered	the	 lipid	 tails	are)	were	 investigated	and	by	monitoring	 the	

LPS	molecules	directly	in	contact	and	surrounding	the	peptides,	it	was	found	that	the	LPS	

molecule	adjacent	 to	 the	peptides	were	more	disordered	 than	 the	 lipids	not	directly	 in	

contact	with	the	peptides,	and	a	thinning	of	the	bilayer	near	the	tetramer	could	also	be	

noted	(Figure	25).	

Table	7 	–Lipid	diffusion	coefficient	in	the	melittin	systems.	

	

 

Simulation	
Diffusion Coefficient 

(10 -8 cm2/s) 
POPC LT v1	 1.785 (± 0.263) 

POPC LT v2	 2.463 (± 0.205) 

POPC ST v1	 1.916 (± 0.807) 

POPC ST v2	 1.605 (± 0.118) 

POPE LT v1	 1.715 (± 0.392) 

POPE LT v2	 1.364 (± 0.485) 

POPE ST v1	 1.596 (± 0.855) 

POPE ST v2	 1.541 (± 0.783) 

Average Phospholipids 1.748 (± 0.489) 

OM LT v1	 0.170 (± 0.004) 

OM LT v2	 0.166 (± 0.034) 

OM ST v1	 0.122 (± 0.038) 

OM ST v2 0.135 (± 0.054) 

Average OM 0.148 (± 0.033) 
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Figure	 25 	 –	 A	 –	 Order	 parameters	 of	 the	 lipid	 tails	 near	 the	 tetramer	 and	 for	 the	

membrane	 average.	 B1	 &	 B2	 –	 Membrane	 thickness	 in	 the	 LPS	 membrane.	 C1	 &	 C2	 –	

Membrane	thickness	in	the	POPE	membrane 	
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3.3.3.2 Phospholipid	

	

In	the	phospholipid	systems,	on	average	less	than	5	hydrogen	bonds	per	frame		would	be	

formed	 between	 the	 Lys21,	 23,	 Arg22,	 24	 and	 the	 head	 group	 region	 (Table	 5).	 The	

charged	 residues	were	 found	 to	 interact	with	 several	 lipid	molecules	 simultaneously	 in	

the	 phospholipid	 systems	 (Figure	 19	 &	 20),	 and	 not	 stay	 bound	 to	 one	 lipid	 molecule	

throughout	the	simulation,	as	was	seen	in	the	OM	systems.	The	electrostatic	interactions	

between	the	charged	residues	Lys21,	23,	Arg22,	23	and	the	phospholipid	molecules	were	

quantified.	 It	 was	 found	 that	 the	 charged	 residues	 would	 form	 on	 average	 	 ~6	

electrostatic	interactions	at	any	one	time	with	the	phospholipid	head	groups,	33.3%	more	

electrostatic	interactions	than	in	the	OM	systems.	In	the	phospholipid	systems	like	in	the	

OM,	 the	 Trp	 would	 also	 embed	 itself	 in	 the	 hydrophobic	 core	 of	 the	 membrane	 and	

anchor	 the	 melittin	 peptides	 into	 the	 membrane	 and	 as	 a	 result,	 had	 an	 average	

fluctuation	of	0.17	nm	(±0.01),	0.05nm	more	than	the	Trp19	residues	in	the	OM.		

	

It	was	 found	 that	 the	average	diffusion	coefficient	of	 the	phospholipids	was	1.75	x	10-8	

cm2	s-1	(±0.49	x	10-8	cm2	s-1)	(Table	7),	with	the	POPC	lipids	having	a	diffusion	coefficient	of	

1.94	x	10-8	cm2	s-1	(±0.35	x	10-8	cm2	s-1)	and	the	POPE	lipids	having	a	diffusion	coefficient	of	

1.56	x	10-8	cm2	s-1	(±0.63	x	10-8	cm2	s-1),	both	of	these	being	over	10	times	greater	than	the	

diffusion	coefficient	of	the	OM;	as	a	consequence,	the	average	mean	square	displacement	

of	 the	entire	peptides	 (backbone	and	 sidechains)	 in	 the	phospholipids	was	 found	 to	be	

0.400	nm	(±0.003).	In	order	to	compare	the	mobility	of	the	termini	in	the	phospholipids	to	

the	OM,	after	monitoring	the	fluctuation	of	the	backbone	of	the	terminal	residues	Lys21	

to	 Gln26;	 it	 was	 found	 that	 the	 average	 fluctuation	 of	 the	 terminal	 residues	 in	 the	

phospholipid	was	0.49	nm	(±0.03)	with	an	average	fluctuation	of	0.51	nm	(±0.02)	for	the	

terminal	residues	in	the	POPE	system	and	0.46	nm	(±0.03)	for	the	terminal	residues	in	the	

POPC	systems,	both	of	these	showing	over	0.10	nm	greater	fluctuation	than	that	seen	in	

the	OM	systems.		

	

A	 similar	 pattern	 as	 witnessed	 in	 the	 OM	 with	 the	 non-polar	 residues	 facing	 the	

hydrophobic	core	of	the	membrane,	the	polar	residues	facing	into	the	tetramer	and	the	

terminal	residues	(Lys21-Gln26)	expanding	out	of	the	membrane	and	interacting	with	the	
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head	 group	 region	 of	 the	 phospholipid	 could	 be	 seen	 throughout	 the	 phospholipid	

simulations	as	well.	When	analyzing	the	order	parameters	of	the	phospholipid	tails	it	was	

found	that	the	tails	of	the	lipids	adjacent	to	the	tetramer	were	more	disordered	than	the	

tails	of	the	lipids	that	were	not	immediately	in	contact	with	the	tetramer,	as	was	seen	in	

the	 OM	 simulations,	 with	 a	 noticeable	 thinning	 of	 the	 membrane	 adjacent	 to	 the	

tetramer	 pore	 as	 well,	 more	 discernable	 than	 the	 thinning	 visible	 in	 the	 OM	 system	

(Figure	25)	.	
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3.4 Discussion		

The	tetramer	structures	constructed	in	these	simulations	resemble	the	barrel-stave	pores	

formed	 by	 the	 AMP	 Alamethicin.	 It	 is	 generally	 accepted	 that	 melittin	 forms	 toroidal	

pores	in	simple	phospholipid	membranes	[171,	178]	(though	this	remains	a	topic	of	some	

debate),	so	the	instability	of	the	tetramers	observed	in	the	phospholipid	simulations	was	

expected.	The	phospholipid	simulations	were	therefore	mainly	used	as	a	comparison	to	

the	OM	simulations,	where	the	mechanism	of	disruption	has	yet	to	be	confirmed.	

	

The	 importance	of	 the	peptide	C-terminus	 in	 the	 interactions	between	melittin	and	 the	

OM	 sugars	 has	 been	 highlighted	 by	 fluorescence	 spectroscopy	 studies	 of	 melittin	

analogues	 synthesized	 using	 solid	 phase	methods,	 to	 determine	 the	 importance	 of	 the	

key	 residues	 Lys	 and	 Arg	 [175,	 201].	 Previous	 work	 has	 suggested	 the	 strong	 binding	

affinity	of	melittin	 for	the	OM	and	the	potential	 role	the	C-terminus	plays	 in	 identifying	

the	 OM	 [2,	 202].	 The	 importance	 of	 the	 electrostatics	 in	 protein	 binding	 has	 been	

established	both	experimentally	and	through	simulation	[172,	179].	

	

Results	 indicating	 a	 large	 number	 of	 hydrogen	 bonds	 and	 a	 limited	 number	 of	

electrostatic	 interaction	 between	 the	 protein	 and	 lipids	 in	 the	OM,	 once	 the	 protein	 is	

embedded,	 suggest	 that	 although	 electrostatics	 may	 play	 a	 significant	 role	 in	 protein	

binding,	it	may	not	be	the	driving	force	of	membrane	disruption	once	the	protein	adopts	

a	 transmembrane	 orientation	 in	 the	 OM,	 and	 hydrogen	 bonding	 may	 play	 a	 more	

significant	role.	The	numerous	hydrogen	bond	interactions	between	the	peptides	and	the	

OM	combined	with	the	notoriously	low	lateral	diffusion	of	LPS	molecules	in	the	bacterial	

OM	 [1]	 are	 factors	 that	proved	 to	play	a	 significant	 role	 in	 the	 reduced	mobility	of	 the	

peptides	observed	in	this	study.	As	a	result	of	the	low	mobility	the	charged	residues	are	

not	able	to	interact	with	the	negatively	charged	phosphate	groups	due	to	the	movement	

restrictions	 discussed,	 restrictions	 that	 are	 not	 present	 to	 the	 same	 extent	 in	 the	

phospholipid	membranes,	and	as	such,	the	number	of	electrostatic	 interactions	in	these	

simple	membranes	are	higher.	Electron	spin	resonance	(ESR)	studies	have	shown	that	due	

to	 strong	 interaction	 between	 positively	 charged	 AMPs	 and	 negatively	 charged	

membranes,	 the	 peptides	 stay	 bound	 to	 the	membrane	 surface	 due	 to	 formation	 of	 a	
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stable	 conformation	 and	 do	 not	 as	 readily	 disrupt	 the	 negative	membranes	 as	 they	 do	

zwitterionic	membranes	[179,	203].		

	

The	results	from	this	study	are	consistent	with	this	as	the	protein	simulated	is	embedded	

as	opposed	to	surface	bound	proteins.	Different	range	of	interactions	(hydrogen	bonding)	

seem	to	be	principal,	but	to	the	same	effect,	as	demonstrated	through	the	reduced	RMSD	

of	 the	peptides	 in	 the	OM	systems.	The	ability	of	 the	charged	 residues	 to	 interact	with	

several	 different	 phospholipids	 and	 not	 stay	 bound	 to	 individual	 lipids	 throughout	 the	

phospholipid	 simulation	 but	 rapidly	 forming	 new	 hydrogen	 bonds	 with	 alternate	

phospholipids	if	a	bond	is	temporarily	broken,	is	one	of	the	factors	allowing	the	diffusion	

coefficient	of	the	phospholipids	to	be	up	to	10	times	higher	for	the	phospholipids	than	for	

the	OM	(Table	7).	It	is	important	to	note	however	that	the	bulky	six	acyl	tails	play	a	bigger	

role,	as	 large	differences	 in	 lateral	diffusion	are	seen	 in	peptide	free	simulations	as	well	

[1].	 This	 observation	 could	 also	 help	 explain	 the	 higher	 average	 root	 mean	 square	

displacement	 of	 proteins	 in	 the	 phospholipid	 simulations	 compared	 to	 the	 OM	 (Figure	

26).	 As	 a	 consequence	 of	 the	 higher	 mobility	 of	 the	 lipids	 in	 the	 POPE	 and	 POPC	

membranes,	a	higher	 fluctuation	 in	 the	charged	residues	with	an	average	 fluctuation	of	

above	 0.3	 nm	 for	 the	 Arg	 sidechain	 (Table	 6)	 could	 be	 seen.	 Despite	 the	 ability	 of	 the	

charged	residues	to	move	between	lipids	and	interact	in	the	phospholipid	systems,	more	

than	 twice	as	many	hydrogen	bonds	 form	at	any	one	 time	 in	 the	OM	compared	 to	 the	

phospholipid	simulations	(Table	5).	
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Figure	26 	–	RMSD	of	the	melittin	backbones	in	the	different	systems	

	

The	 secondary	 structure	analysis	 showing	extensive	 loss	of	α-helical	 structure	at	 the	C-

terminus	but	not	the	remainder	of	the	protein	in	the	OM	confirmed	what	had	been	seen	

in	 previous	 studies	 [204,	 205];	 generally,	 analysis	 demonstrated	 a	 consistent	 α-helical	

structure	 for	 the	peptides	 in	 the	phospholipid	membranes	compared	 to	 the	OM	bound	

peptides.	Studies	using	melittin	mutants	have	determined	that	the	α-helical	structure	of	

melittin	is	essential	for	disruption	of	phospholipid	membranes,	but	is	not	essential	for	the	

disruption	of	 the	bacterial	OM	 [175,	206].	 This	 correlates	well	with	 results	 that	 show	a	

more	significant	variation	in	structural	conformation	in	the	OM	simulations	compared	to	

the	phospholipid	simulations.		
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The	data	obtained	 from	this	 study	suggests	 that	 the	OM	 is	not	disrupted	by	 the	barrel-

stave	 mechanism.	 The	 contraction	 of	 the	 tetramer	 structure	 that	 stops	 flow	 of	 water	

across	 the	 membrane	 and	 the	 inconsistent	 α-helical	 structure	 that	 is	 expected	 for	 a	

barrel-stave	pore	[171]	suggests	it	is	unlikely	that	this	mechanism	would	be	able	to	cause	

disruption	of	the	OM.	The	study	points	to	the	strong	interactions	with	the	sugars	moieties	

of	 the	 OM	 limiting	 the	 movement	 of	 the	 peptides,	 which	 is	 in	 accordance	 with	 the	

experimental	data	mentioned	above,	though	with	the	perpendicularly	orientated	proteins	

the	interactions	causing	this	observation	seems	to	differ	from	surface	bound	proteins	in	a	

parallel	 orientation.	 Previous	 simulations	 run	 within	 the	 group	 also	 support	 this	

observation;	following	hundreds	of	nanoseconds	of	simulation	of	positive	AMPs	with	the	

EcOM,	no	disruption	or	significant	penetration	into	the	membrane	was	witnessed	[207],	

whereas	membrane	 insertion	was	witnessed	 in	phospholipid	membranes	with	the	same	

AMP.	

	

The	 disruption	 of	 the	 tetramer	 structure	 in	 the	 phospholipid	 membranes	 occurred	

through	 disruption	 of	 the	 hydrogen	 bonds	 between	 key	 residues	 such	 as	 the	 Thr	 at	

position	 10	 &	 11	 and	 the	 Ser	 at	 position	 18	 by	 phospholipid	 molecules.	 The	 loss	 of	

conformation	 of	 the	 symmetrical	 tetramer	 in	 the	 OM	 was	 not	 achieved	 through	

disruption	of	 these	key	hydrogen	bonds	and	were	 the	 result	of	 the	diffusion	of	 the	LPS	

molecules	causing	contraction	of	the	tetramer	resulting	in	the	loss	of	tetramer	structure	

and	symmetry,	thereby	closing	the	channel	that	would	allow	water	to	pass.	

	

Since	 this	 work	 was	 performed,	 Leveritt	 et	 al	 [208]	 published	 a	 paper	 showing	 the	

formation	of	dynamic	but	stable	toroidal	pores	in	a	DMPC	membrane.	This	lends	further	

evidence	 to	 the	 hypothesis	 that	 barrel-stave	 pores	 are	 not	 formed	 by	 melittin.	 They	

however	also	found	that	a	DMPC/DMPG	bilayer	could	not	produce	a	stable	toroidal	pore,	

supporting	the	 lower	activity	of	melittin	 in	anionic	membranes	observed	experimentally	

[209].	It	is	likely	that	a	transient	pore	model	[210]	is	adopted	in	these	cases,	though	these	

are	difficult	to	identify	through	molecular	dynamics	simulations.	In	order	to	confirm	these	

hypotheses	a	computational	model	 for	a	 toroidal	pore	 in	 the	OM	would	be	 required	 to	

verify	its	stability.		

	



	

	 83	

Simulations	 showing	 the	 transition	 of	 melittin	 from	 parallel	 conformation	 to	

transmembrane	 would	 also	 be	 required,	 though	 this	 is	 still	 beyond	 the	 scope	 of	 our	

computational	capabilities.	
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 Polymyxin	B1	Chapter	4:	

4.1 Introduction	

Polymyxin	 B1	 (PMB1)	 is	 a	 small	 antimicrobial	 lipopeptide	 first	 derived	 from	 the	

bacterial	 species	Bacilus	 Polymyxa	 in	 1947	 [26,	 30,	 211].	 Its	 structure	 is	made	 up	 of	 a	

cyclic	polypeptide	ring	and	a	fatty	acid	tail	with	sequence:	DabC-Thr-Leu-DPhe-Dab-DabC-

Dab-Thr-Dab-OC9H17	(where	DabC	are	the	residues	that	join	the	cyclic	portion	of	PMB1).	

Some	of	the	residues	forming	the	peptide	segments	are	irregular	amino	acids	such	as	D-

Phenylalanine	and	α,	γ-Diamino	Butyric	acid	(DAB).	DAB	amino	acids	carry	a	charge	of	+1,	

and	with	five	DABs	present	this	gives	the	cationic	peptide	a	total	charge	of	+5	[35].	PMB1	

is	known	to	be	highly	potent	and	 is	 selective	principally	 to	Gram-negative	bacteria,	 it	 is	

effective	against	all	but	the	Proteus	group	[212].	It	has	been	shown	to	successfully	treat	

infections	caused	by	Pseudomonas	aeruginosa,	with	only	limited	confirmation	of	resistant	

strains	developing	[26,	213-215].	It	has	been	referred	to	as	a	“last	hope”	antibiotic,	due	to	

its	potency	and	 resilience	against	 resistance	 [215].	 It	also	possesses	 the	unconventional	

trait	 (among	 AMPs)	 of	 showing	 anti-endotoxin	 activity,	 meaning	 it	 has	 potential	

therapeutic	use	in	the	treatment	of	bacterial	sepsis	[216-218].	

	

PMB1	 lipopolypeptides	 are	 known	 to	 use	 self-promoted	 uptake	 to	 infiltrate	 the	 outer	

membrane,	however	 it	 is	when	disruption	of	the	 inner	membrane	occurs	that	results	 in	

cell	 death.	 The	 initial	 stage	 of	 this	 bactericidal	 activity	 is	 thought	 to	 arise	 due	 to	 the	

peptides	anchoring	themselves	to	the	bacterial	membrane	via	the	DAB	amino	acids	[219,	

220].	While	the	precise	mode	of	action	following	this	behavior	is	still	unclear,	it	has	been	

established	 that	 the	 polypeptide	 ring	 is	 responsible	 for	 creating	 an	 increase	 in	

permeability	 of	 the	 bacterial	 membrane	 [26].	 Similarly,	 the	 nonapeptide	 analogue	 of	

PMB1	 also	 has	 this	 characteristic	 [221].	 It	 has	 been	 proposed	 that	 the	 observed	

permeabilization	 is	 caused	more	 specifically	 by	membrane	 insertion	 of	 the	 polypeptide	

ring	 and	 fatty	 acid	 tail,	 causing	 disruption	 in	 the	 resulting	 in	 bilayer	 disruption	 and	 an	

outflow	of	intercellular	components,	followed	by	cell	death	[26].		
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Although	 PMB1	 is	 extremely	 potent	 against	 Gram-negative	 bacteria,	 and	 despite	 the	

potency	 of	 PMB1	 against	 Gram-negative	 bacteria,	 and	 its	 potential	 anti-endotoxin	

activity,	treatment	of	patients	with	PMB1	has	been	shown	to	have	adverse	side	effects	on	

the	 renal	 and	 nervous	 systems[29].	 As	 a	 result	 of	 its	 toxicity,	 clinical	 use	 of	 PMB1	 has	

been	restricted	to	topical	treatment	or	administered	as	a	“last	resort”	therapy	to	patients	

infected	with	multidrug-resistant	bacteria	or	 recurring	 respiratory	 infections,	 associated	

with	chronic	conditions	[28].	However,	with	the	alarming	rise	in	the	number	of	bacterial	

strains	exhibiting	multidrug-resistance,	interest	in	PMB1	has	recently	been	renewed	[2].	

	

Table	8	–	Details	of	number	of	simulations	and	their	respective	lengths. 	

	

Due	 to	 the	 experimental	 difficulties	 related	 to	 characterizing	 dynamic	 heterogeneous	

systems	such	as	membrane-bound	AMPs,	molecular	dynamics	(MD)	simulations	provide	a	

complementary	 approach	 to	 studying	 their	modes	 of	 action	 in	 exceptional	 detail	 [222,	

223].	A	series	of	MD	simulations	[Table	8]	over	microsecond	timescales	have	been	used	to	

study,	 for	the	first	 time,	the	 interaction	of	an	AMP	using	accurate	models	of	both	 inner	

and	 outer	 membrane	 components	 of	 a	 Gram-negative	 bacterial	 cell.	 In	 particular,	 the	

former	membrane	is	represented	by	a	realistic	mixture	of	phospholipids	representative	of	

the	 bacterial	 inner	 membrane,	 whilst	 the	 latter	 is	 modeled	 as	 an	 asymmetric	 bilayer	

containing	phospholipid	mixture	in	the	inner	leaflet	and	rough	lipopolysaccharide	(LPS)	in	

the	outer	 leaflet.	 	For	comparison,	the	interactions	of	the	AMP	with	a	symmetric	 lipid	A	

membrane	were	also	studied.	The	molecular-level	binding	of	PMB1	to	the	envelope	of	the	

archetypal	gram-negative	bacterial	species	E.	coli,	and	the	contributions	of	different	lipid	

compositions	 upon	 antimicrobial	 activity	 was	 investigated.	 Using	 these	 simulations	

Membrane	 System	 Simulation	Time	
	
	

Inner	Membrane	

6	PMB1	NVT	(x2)	 350	ns	
6	PMB1	NPT	(x2)	 250	ns	
12	PMB1	NVT-1	 355	ns	
12	PMB1	NVT-2	 330	ns	
12	PMB1	NVT-3	 60	ns	
7	PMB1NPT	(x2)	 2000	ns	

	
	

LPS	Membrane	

6	PMB1	NVT	(x2)	 500	ns	
6	PMB1	NPT	(x2)	 500	ns	
12	PMB1	NVT	 500	ns	

9	PMB1	NPT	(x2)	 500	ns	
Lipid	A	 8	PMB1	NPT	(x2)	 3000	ns	
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changes	in	structural	and	dynamic	properties	of	the	membrane	induced	by	antimicrobial	

interaction	were	monitored,	and	possible	modes	of	action	of	PMB1	were	deduced,	whilst	

referring	to	available	experimental	data	for	comparison.	In	this	way	mechanisms	of	PMB1	

binding	 and	 insertion,	 as	well	 as	modulation	of	membrane	 integrity	 for	 both	 inner	 and	

outer	membrane	models	of	E.	coli	were	demonstrated.	

	

Table	9	–	Details	of	number	of	simulation	system	compositions	

	

	

	 	

Membrane	 Membrane	Lipid	Composition	
Re	LPS	Outer	Membrane	Model	 Asymmetrical	

Outer	leaflet:	16	Re	LPS	molecules	
Inner	 Leaflet:	 90%	 PE,	 5%	 PG	 and	 5%	
Cardiolipin	

Lipid	A	Outer	Membrane	Model	 Symmetrical	 Lipid	A	membrane	with	 16	
monomers	in	each	leaflet	

Phospholipid	Inner	Membrane	Model	 Symmetrical	mixed	lipid	membrane	
70%	PE,	20%	PG	and	10%	Cardiolipin	
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4.2 Simulation	Setup	

4.2.1 System	Construction	and	Simulation	Protocol	

4.2.1.1 Lipid	A	Membrane	

	 A	symmetric	lipid	A	membrane	containing	16	lipid	A	molecules	in	each	leaflet	

of	 the	 bilayer,	was	 taken	 from	 a	 previously	 published	 study	 of	 the	E.	 coli	outer	

membrane	 [1].	 The	 system	 was	 constructed	 through	 initial	 placement	 of	 16	

randomly	 rotated	 lipid	 A	 molecules	 on	 a	 rectangular	 grid.	 This	 procedure	 was	

repeated	separately	for	the	other	leaflet	of	the	membrane,	and	these	two	grids	of	

16	lipid	A	molecules	were	then	combined	to	make	the	starting	bilayer	structure	of	

this	symmetric	membrane.	Two	independent	simulations	of	500	ns	in	length	were	

performed	 to	 allow	 this	 lipid	 A	 membrane	 to	 equilibrate.	 These	 resultant	

equilibrated	 structures	 were	 used	 as	 the	 structures	 in	 the	 lipid	 A	 simulations	

carried	out	in	this	work.		

	

	

4.2.1.2 Outer	Membrane	

The	E.	coli	outer	membrane	model	used	in	this	work	contained	the	minimal	Re	LPS	

(i.e.	 lipid	A	plus	 two	3-deoxy-D-manno-oct-2-ulosonic	 acid	or	KDO	 sugars)	 [224].	

While	E.	coli	mutants	containing	this	 level	of	LPS	are	far	more	susceptible	to,	for	

example	hydrophobic	compounds	[225],	this	level	of	LPS	was	deliberately	chosen	

in	order		to	maximize	the	likelihood	of	observing	membrane	disruption	during	the	

outer	 membrane	 simulations	 with	 polymyxin	 B1.	 The	 Re	 LPS	 asymmetric	 outer	

membrane	was	constructed	as	aforementioned	from	the	models	of	E.	coli	Rd1	LPS	

(i.e.	 the	 Re	 LPS	 plus	 three	 further	 heptose	 sugars	 of	 the	 inner	 core)	 and	 H.	

influenzae	I-69	Rd	-/b+	LPS	(lipid	A	plus	one	phosphorylated	KDO)	containing	outer	

membranes	 [1,	 226].	 Briefly,	 two	 KDO	molecules	were	 added	 onto	 each	 lipid	 A	

molecule	in	the	equilibrated	symmetric	lipid	A	membranes	(described	previously).	

Simulations	 were	 subsequently	 performed	 for	 a	 further	 500	 ns	 to	 allow	

equilibration	 of	 these	 symmetric	 Re	 LPS	membranes.	 An	 atomistic	 phospholipid	
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inner	 leaflet	 of	 an	 appropriate	 size,	 containing	 90%	 phosphatidylethanolamine	

(PE),	5%	phosphatidylglycerol	 (PG)	and	5%	cardiolipin	 [227]	 (with	 the	 realistic	1-

palmitoyl	 2-cis-vaccenyl	 tails	 for	 PE	 and	 PG	 and	 1-palmitoyl	 2-cis-vaccenyl	 3-

palmitoyl	4-cis-vaccenyl	for	cardiolipin	[228-230]),	was	built		from	a	coarse-grained	

simulation	 and	 used	 to	 create	 	 an	 asymmetric	 outer	 membrane.	 This	 outer	

membrane	 was	 further	 simulated	 to	 allow	 the	 properties	 of	 the	 membrane	 to	

equilibrate.	The	equilibrated	 result	was	used	as	 the	starting	structure	 for	 the	Re	

LPS	E.	coli	outer	membrane	simulations	performed	in	this	work.	

	

4.2.1.3 Inner	Membrane	

	 The	inner	membrane	was	constructed	in	a	similar	fashion	to	the	inner	leaflet	

of	 the	outer	membrane.	 Initially,	a	coarse-grained	simulation	 -	using	 the	Martini	

phospholipid	 force	 field	 [231,	 232]	 -	 was	 performed	 for	 1	 µs	 to	 equilibrate	 a	

membrane	containing	75%	PE,	20%	PG	and	5%	cardiolipin.	The	lipid	tails	were	the	

same	phospholipid	tails	that	are	highly	abundant	in	E.	coli,	as	described	earlier	for	

the	 inner	 leaflet	 of	 the	 outer	 membrane.	 This	 phospholipid	 composition	 is	

comparable	 to	 the	 actual	 composition	 of	 E.	 coli	 inner	 membrane,	 as	 has	 been	

determined	 experimentally	 [227,	 233].	 To	 obtain	 the	 atomistic	 structure	 of	 the	

inner	 membrane,	 the	 final	 structure	 from	 the	 coarse-grained	 simulation	 was	

reverse	 mapped	 to	 an	 atomistic	 resolution	 using	 the	 SUGAR-PIE	 methodology	

(extended	 to	 include	 these	 phospholipids)	 [234].	 Furthermore,	 energy	

minimization	 and	 equilibration	 simulations	 were	 completed	 to	 relax	 this	

membrane	structure.	

	

	

4.2.1.4 Polymyxin	B1	

	 The	 structure	 of	 polymyxin	 B1	 [235,	 236]	 was	 constructed	 using	 the	 Avogadro	

software	 [237].	 Polymyxin	 residues	 were	 added	 to	 equilibrated	 membrane	 systems	

through	simple	expansions	of	the	z-axis	(axis	perpendicular	to	the	membrane).	Molecules	

were	 added	 and	 positioned	 manually	 using	 the	 Visual	 Molecular	 Dynamics	 (VMD)	

software	 [238].	 The	 positions	 of	 PMB1	within	 the	 systems	were	 chosen	 as	 to	 limit	 the	
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system	bias,	with	a	variety	of	conformations	and	distances	 from	the	membrane	surface	

being	used.	 In	simulations	where	further	PMB1	were	added	to	the	initially	bound	PMB1	

molecules,	these	were	added	in	random	positions	above	the	membrane	in	a	second	step.	

	 Due	 to	 the	 asymmetric	 nature	 of	 the	 LPS	 OM	 model,	 issues	 with	 the	 PMB1	

molecules	crossing	the	periodic	boundary	and	binding	to	the	inner	leaflet	were	prevented	

by	the	addition	of	a	1	nm	thick	layer	of	water	molecules	at	the	top	of	the	simulation	box	

(on	the	side	of	the	outer	leaflet).	This	was	somewhat	limiting	in	that	the	simulations	first	

had	to	be	run	with	a	fixed	box	volume	(NVT	ensemble)	and	could	not	be	run	without	the	

volume	 restraints	 until	 the	 PMB1	molecules	 had	 bound.	 The	 LPS	OM	 simulations	were	

therefore	run	for	an	initial	500	ns	in	NVT	before	the	restrained	water	layer	was	removed	

and	the	simulation	extended	in	NPT.	

	

4.2.2 Simulation	Parameters		

	 The	 simulations	 in	 this	 work	 were	 performed	 using	 the	 GROMACS	 molecular	

dynamics	software	[147,	239],	version	4.5.1	 [240].	To	model	 the	fully	 ionized	polymyxin	

B1,	 standard	parameters	were	 taken	 from	 the	GROMOS53A6	 force	 field	 [141].	 The	 LPS	

parameters	were	taken	 from	the	work	done	by	Piggot	et	al	 [1,	241],	and	the	GROMOS-

CKP	 (Chandrasekhar[242]-Kukol[243]-Piggot[1,	 244])	 parameters	 were	 used	 for	 the	

phospholipids.	All	simulations	used	the	SPC	water	model	[245].The	LPS,	phospholipid	and	

solvent	 (including	 ions	and	counterions)	were	maintained	at	a	 constant	 temperature	of	

313K	using	the	Nosé	-Hoover	thermostat	[246,	247]	with	a	time	constant	of	0.5	ps.	Note	

one	exception	to	this	was	simulations	with	the	lipid	A	membrane	which	were	performed	

at	a	temperature	of	323	K.	Temperatures	were	chosen	as	they	are	above	the	gel	to	liquid	

crystal	phase	transition	temperatures	of	all	the	lipids	used	in	the	simulations	[248-252].	A	

pressure	of	1	bar	was	maintained	using	anisotropic	pressure	coupling	with	the	Parrinello-

Rhaman	barostat	[253,	254]	and	a	time	constant	of	5	ps.	The	smooth	particle	mesh	Ewald	

(PME)	 algorithm	 was	 used	 to	 treat	 electrostatic	 interactions	 [255]	 with	 a	 short-range	

cutoff	of	0.9	nm.	The	van	der	Waals	 interactions	were	truncated	at	1.4	nm	with	a	 long-

range	 dispersion	 correction	 applied	 to	 the	 energy	 and	 pressure.	 The	 neighbor	 list	 was	

updated	every	five	steps	during	the	simulations.	All	bonds	were	constrained	using	the	P-

LINCS	algorithm	 [256]	 allowing	a	2	 fs	 time	 step	 to	be	applied.	All	 systems	were	energy	
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minimized	for	1000	steps	using	the	steepest	descent	method	prior	to	product	simulation.	

Subsequently,	 short	 10	 ns	 simulations	 in	 which	 the	 polymyxin	 B1	 molecules	 were	

restrained	in	position	were	performed	to	allow	the	water	and	counterions	to	equilibrate	

in	 the	 system.	 A	 summary	 of	 all	 of	 the	 simulations	performed	 in	 this	work	 is	 shown	 in	

Table	8.	
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4.3 Results		

4.3.1 Re	LPS	Outer	Membrane	Model	

In	order	to	gain	insight	into	the	initial	stages	of	PMB1	interaction	with	the	Gram-negative	

bacterial	 membrane,	 simulations	 of	 PMB1	 in	 the	 presence	 of	 a	 realistic	 model	 of	 an	

asymmetric	 E.	 coli	 outer	 membrane,	 composed	 of	 Re	 LPS	 in	 the	 outer	 leaflet	 and	 a	

mixture	 of	 phospholipids	 (phosphatidylethanolamine,	 phosphatidylglycerol,	 and	

cardiolipin)	 in	 the	 inner	 leaflet	 were	 set	 up	 (The	 exact	 composition	 of	 the	 model	

membrane	is	given	in	Table	9).	

4.3.1.1 PMB1	Binding.		

	 To	establish	the	process	by	which	PMB1	binds	to	the	E.	coli	outer	membrane,	two	

independent	simulations	were	set	up.	Each	simulation	was	initially	composed	of	six	PMB1	

lipopeptides	 randomly	 placed	 above	 the	 Re	 LPS	 leaflet.	 Once	 all	 six	 lipopeptides	 had	

bound	to	the	membrane	in	the	first	1	µs	of	simulation,	an	additional	six	PMB1	molecules	

were	added	above	the	outer	membrane	and	the	simulation	was	extended	a	 further	0.5	

µs.	 Three	 of	 these	 peptides	 bound	 to	 the	membrane	 in	 this	 period	 resulting	 in	 a	 final	

system	with	nine	PMB1	bound	to	the	outer	membrane.	This	system	was	then	run	out	for	

a	further	0.5	µs.	
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The	 first	 peptides	 were	 observed	 to	 interact	 with	 the	 LPS	 sugars	 within	 a	 few	

nanoseconds	(interaction	is	define	as	atoms	being	≤	0.35	nm	apart).	This	can	be	seen	by	

the	drop	in	overall	solvent	accessible	area	of	the	lipopeptides	and	the	center	of	mass	of	

the	lipopeptides	along	the	z-axis	(Figure	27),	relative	to	the	membrane	surface	(present	in	

the	x-y	plane).	The	majority	of	the	PMB1	molecules	bound	rapidly	within	the	first	200	ns,	

with	 the	 center	 of	 mass	 analysis	 revealing	 the	 DAB	 residues	 to	 be	 essential	 for	 this	

process,	 acting	 as	 a	 “landing	 platform”,	 before	 the	 remainder	 of	 the	 PMB1	 adsorption	

process.	This	 is	 in	agreement	with	previous	fluorescence	studies,	that	have	stressed	the	

importance	 of	 the	 DAB	 residues	 in	 the	 binding	 process	 [219,	 220].	 As	 DAB	 is	 the	 only	

charged	residue	in	PMB1,	it	is	solely	responsible	for	the	electrostatic	interaction	that	are	

key	 to	 AMP	 binding,	 and	 it	 forms	 interactions	 with	 the	 negatively	 charged	 phosphate	

groups	[257,	258].	The	role	of	DAB	in	this	initial	binding	process	was	quantified	and	it	was	

found	that	the	DAB	sidechains	alone	accounts	for	~43%	of	the	total	number	of	hydrogen	

bonds	formed	between	the	peptide	as	a	whole	and	the	LPS	sugars	 in	the	first	300	ns	of	

simulation;	despite	the	fact	it	only	makes	up	25%	of	the	atoms	in	PMB1.	In	the	final	500	

ns,	the	DAB	residues	were	responsible	for	over	50%	of	the	total	hydrogen	bonds	formed	

between	PMB1	and	the	LPS	sugars	(Table	10).	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 28 -	 Aggregation	 of	 PMB1	 on	 the	 surface	 of	 the	 LPS	 leaflet. 	 The	 non-tail 	 regions	 of	

PMB1	 are	 shown	 in 	 licor ice,	whereas	 the	 tails	 are	 in	 space-fi ll ing	 representat ion, 	 both	 are	

colored	 cyan.	 LPS	 sugars 	are	 colored	 by	 name;	 carbon	 atoms	 in	 grey,	 space-fi ll ing	and	 LPS	

tails	 in	orange, 	space-fi ll ing	representation. 	
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Table	10 	–	DAB	hydrogen	bonding	with	the	membrane.	

	

4.3.1.2 PMB1	Aggregation.		

	 Following	 the	 initial	 binding	 events,	 the	 PMB1	 activity	 over	 the	 total	 2	 µs	 was	

monitored.	Spontaneous	insertion	of	PMB1	was	not	witnessed	in	the	simulations,	where	

insertion	 is	 defined	 as	 penetration	of	 PMB1	 into	 the	 acyl	 tail	 region	of	 the	bilayer;	 the	

DAB	residues	penetrated	the	furthest,	inserting	between	the	sugar	head	groups.	This	may	

be	due	to	the	 large	number	of	hydrogen	bonds	formed	between	the	PMB1	and	the	LPS	

sugar	 head	 groups,	 creating	 a	 highly	 favorable	 environment,	with	 ~73	 hydrogen	 bonds	

present	at	any	one	time	in	the	final	500	ns	of	simulation,	the	equivalent	of	~8	hydrogen	

bonds	per	PMB1	monomer	(Table	11).	Another	factor	to	consider	is	that	the	environment	

immediately	 below	 the	 sugar	 head	 groups	 is	 highly	 polar	 (due	 to	 the	 size	 of	 the	 sugar	

groups	 compared	 to	 small	 head	group	 regions	 seen	 in	phospholipids),	 preventing	 facile	

hydrophobically	 driven	 penetration.	 PMB1	 aggregation	 was	 however	 witnessed	 in	 the	

initial	200	ns	on	the	membrane	surface	(Figure	28),	once	all	six	monomers	had	bound	to	

the	surface	of	the	membrane.	This	process	was	quantified	by	 looking	at	the	 inter-PMB1	

monomer	 contacts	 (where	 contact	was	defined	 as	within	 6	Å	of	 each	other,	 to	 include	

apolar	 atoms	 that	 interact	 non-specifically).	 It	 was	 found	 that	 the	 hydrophobic	 tails	 of	

PMB1	were	prone	to	interacting	and	drove	the	aggregation	process,	with	the	probability	

of	finding	hydrophobic	contacts	between	fatty	acid	tails	over	75%	at	any	one	point.	Due	

to	the	high	charge	density	on	the	ring	portion	of	PMB1,	these	were	not	able	to	drive		

Simulation	 Initial	Peptide-
Lipid	Interaction/	

DAB-Lipid					
Interaction	

Percentage	of	
total	

interaction	
	

Final	Peptide-
Lipid	

Interaction/	
DAB-Lipid					
Interaction	

Percentage	of	
total	interaction	

	

LPS	 39.28/16.72	 42.57%	 72.97/39.66	 50.23%	

Lipid	A	 30.52/21.99	 72.03%	 52.23/33.01	 63.20%	

IM	 40.25/18.62	 46.27%	 53.12/9.05	 17.06%	
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aggregation	due	to	charge-charge	repulsion.	This	gives	the	PMB1	aggregates	a	micelle	like		

conformation	 (formed	within	 the	 first	 100	 ns),	 with	 the	 fatty	 acid	 tails	 facing	 into	 the	

center	and	the	ring	structures	lining	the	outside,	facing	away	from	each	other	[Figure	28].	

The	water	penetration	was	monitored	 relative	 to	 the	 center	of	mass	of	 the	membrane	

(Figure	 29),	 and	 an	 increased	 water	 presence	 could	 be	 noted	 within	 ~1.6	 nm	 of	 the	

membrane	 center,	 corresponding	 to	 the	 sugar	 group	 region.	 An	 average	 of	 20	 water	

molecules	 were	 present	 after	 2	 µs	 compared	 to	 12	 prior	 to	 PMB1	 binding.	 The	 DAB	

residues	 inserting	 between	 the	 sugar	 groups	may	 be	 the	 driving	 force	 for	 this	 process,	

pulling	water	into	the	sugar	group	region	as	it	inserts.		

	

Table	11 	–	Average	hydrogen	bonds	between	peptide	and	lipids	

	

	

Table	12 	–	Lipid-lipid	hydrogen	bonds	before	and	after	PMB1	binding	and	insertion	

	

	

	

	

	

Simulation	 Number	of	
peptide–lipid	

hydrogen	bonds	
at	any	one	time	

Hydrogen	bonds	
per	PMB1	
Monomer	

LPS	 72.97	(+/–	7.32)		 8.11		
Lipid	A	 52.24	(+/–	2.16)	 6.53			
IM	 69.89	(+/–	3.01)	 9.93		

Simulation	 Number	of	lipid-lipid	
hydrogen	bonds	at	any	

one	time	

Post	insertion*	

Pre-PMB1	
LPS	

87.08	(+/-	6.42)	 	
	

N/A	Pre-PMB1	
Lipid	A	

55.56	(+/-	1.81)	

Pre-PMB1	
IM	

64.52	(+/-	0.20)	

PMB1	+	LPS	 95.92	(+/-	3.30)	
PMB1	+	Lipid	

A	
56.68	(+/-	2.88)	 60.61	(+/-	0.13)	

PMB1	+	IM*	 73.14	(+/-	1.19)	 56.01	(+/-	1.12)	
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4.3.1.3 Physical	Properties	of	the	membrane.		

The	 effects	 of	 PMB1	 binding	 on	 the	 outer	 membrane	 were	 investigated	 by	

monitoring	 a	 number	 of	 physical	 properties	 in	 order	 to	 gain	 further	 insight	 into	 the	

consequences	 of	 PMB1	 binding.	 PMB1	 binding	 appeared	 to	 have	 limited	 effect	 on	 the	

lipid-lipid	inter-molecular	bonding	with	an	average	of	87	(+/-	~6)	hydrogen	bonds	present	

at	any	one	time	in	the	initial	50	ns	before	the	PMB1	molecules	had	fully	bound	to	the	LPS,	

with	an	increase	to	96	(+/-		~3)	hydrogen	bonds	after	the	membrane	had	been	exposed	to	

PMB1	 for	 2	µs	 [Table	 12]	 (Thus	 not	 increasing	 beyond	 the	 error	 values).	 The	 dynamic	

properties	of	 the	membrane	were	subsequently	considered,	and	the	 lateral	diffusion	of	

the	lipids	was	measured.	Prior	to	PMB1	binding	the	average	lateral	diffusion	within	the	Re	

LPS	 leaflet	was	0.12	(+/-	0.02)	x	10-8	cm2	s-1,	 (Table	13).	The	 lateral	diffusion	 in	the	final	

500	 ns,	 following	 PMB1	binding	 had	 decreased	 to	 0.080	 (+/-	 0.004)	 x	 10-8	 cm2	 s-1.	 This	

demonstrates	 that	 PMB1	 binding	 restricts	 lipid	 diffusion	 further.	 Finally	 the	membrane	

thickness	was	monitored,	and	the	 initial	 thickness	was	4.03	 (+/-	0.01)	nm.	After	2	µs	of	

simulation	 the	membrane	 had	 thinned	 slightly	 to	 an	 average	 3.93	 (+/-	 0.11)	 nm	 [Table	

14].	 In	 accordance	with	 this,	 the	mass	density	profile	 showed	no	 significant	membrane	

thinning,	nor	any	obvious	water	penetration	 into	 the	acyl	 tail	portion	of	 the	membrane	

[Figure	30].		It	appeared	that	the	PMB1	exerted	a	dynamic	effect	on	the	membrane	lipids	

by	cross-linking	the	sugar	groups,	but	exhibiting	no	discernable	structural	effect.		

Figure	30 	–	Mass	densities	in	the	LPS	(A)	and	lipid	A	(B)	membranes.	
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4.3.2 Lipid	A	outer	membrane	model	

	

4.3.2.1 PMB1	Binding.		

Simulations	 of	 simplified	 outer	 membrane	 systems	 were	 also	 performed.	 A	

symmetric	 lipid	A	membrane	was	used	 in	place	of	Re	LPS	and	phospholipids.	This	

allows	 peptide	 penetration	 to	 the	 acyl	 tail	 portion	 of	 the	 membrane	 within	 an	

achievable	 timescale,	 and	 eliminates	 issues	 of	 peptides	 crossing	 the	 periodic	

boundary	and	binding	the	inner	leaflet	of	an	asymmetric	membrane.	Two	separate	

simulations	were	run,	each	containing	eight	PMB1	monomers	placed	~0.5	nm	above	

one	lipid	A	leaflet;	the	systems	were	then	run	for	3	µs.	As	with	the	LPS	system,	the	

time	dependent	 PMB1	binding	 process	 to	 the	membrane	 surface	was	monitored.	

Analysis	 of	 the	 hydrogen	 bonds	 formed	 between	 the	membrane	 surface	 and	 the	

DAB,	 shows	 initial	binding	begins	within	1	ns,	 though	 the	 full	binding	of	all	 PMB1	

molecules	takes	approximately	200	ns	(Figure	31).	 	
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The	DAB	residues	were	again	noted	for	accounting	for	a	disproportionate	amount	of	

the	 total	 hydrogen	 bonds	 between	 the	 PMB1	 and	 the	 lipid	 A	 head	 group	 (the	

phosphate	 groups).	 DAB	 accounted	 for	 72%	 of	 the	 total	 hydrogen	 bonds	 formed	

between	the	whole	lipopeptides	(Figure	32)	and	the	membrane	surface	in	the	initial	

500	ns	 though	 this	 value	had	decreased	 to	an	average	of	 63%	 in	 the	 final	 500	ns	

(Table	10).	

	

Figure	32- 	PMB1	engaging	in	multiple	hydrogen	bonding	interactions	with	lipid	A.	The	

non-tail	regions	of	PMB1	are	shown	in	licorice, 	whereas	the	tails	are	in	space-filling	

representation,	both	are	cyan,	with	the	exception	of	the	DAB	residues	that	are	green.	The	

lipid	A	phosphate	groups	are	shown	in	orange	space-filling	representation	while	the	rest	

of	the	molecules	is	shown	as	yellow	lines. 	
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4.3.2.2 PMB1	Aggregation	and	insertion.		

As	 was	 seen	 in	 the	 LPS	 simulations	 hydrophobically	 driven	 PMB1	 aggregation	 was	

witnessed,	with	 hydrophobic	 contacts	 present	 80%	 of	 the	 time.	 Unlike	 the	 LPS	 system	

subsequent	 insertion	 of	 a	 fatty	 acid	 tail	 into	 the	 hydrophobic	 portion	 of	 the	 lipid	 A	

membrane	was	seen	[Figure	33],	following	aggregation.		

	

Figure	 33- 	 PMB1	 insertion	 into	 lipid	 A	 bilayer.	 (A):	 Non-tail	 PMB1	 regions	 are	 shown	 as	

cyan,	 licorice	 representation	and	 the	PMB1	 tails	are	 in	 cyan,	 space-filling	 representation.	

(B):	Non-tail	PMB1	regions	are	 shown	as	dark	blue,	 licorice	 representation	and	 the	PMB1	

tails	 are	 dark	 blue	 spacefilling	 representation.	 The	 lipid	 A	 phosphate	 groups	 are	 in	

orange,	space-filling	whereas	the	rest	of	the	molecules	are	in	yellow,	lines	representation.	

	

Monitoring	 the	 interactions	between	 the	PMB1	monomers	 and	 the	membrane	 surface,	

an	average	of	52	hydrogen	bonds	present	between	the	entire	PMB1	molecules	and	the	

membrane	head	groups	at	any	one	time	was	found	(Table	11).	As	was	witnessed	 in	the	

LPS	 system,	 an	 increased	 solvent	 penetration	 was	 also	 seen	 within	 1.6	 nm	 of	 the	

membrane	center	in	the	lipid	A	system	(Figure	29),	though	not	to	the	same	extent	as	in	

the	LPS	model.	The	modest	rise	 is	again	 likely	due	to	the	DAB	residues	forcing	water	to	

the	 membrane	 surface	 during	 the	 binding	 and	 aggregation	 process.	 Following	 this,	

spontaneous	insertion	of	a	PMB1	fatty	acid	tail	was	witnessed	after	~1	µs	for	one	PMB1	

molecule.	The	DAB	residues	of	this	PMB1	molecule	and	the	one	adjacent	was	noted	to	be	

interacting	with	the	negatively	charged	phosphate	groups,	pushing	these	apart,	 thereby	

facilitating	the	insertion	process	(Figure	33)	

.		
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4.3.2.3 Physical	Properties	of	the	Membrane.		

The	physical	 impact	of	the	PMB1	binding	and	 insertion	was	then	monitored	as	 it	was	 in	

the	LPS	systems.	The	number	of	inter-molecular	hydrogen	bonds	present	between	lipid	A	

molecules	 remained	 consistent	 throughout	 the	 simulation	 with	 an	 average	 of	 ~56	

hydrogen	bonds	forming	without	PMB1	present	and	~57	forming	after	exposure	to	PMB1	

(Table	 12).	 PMB1	 binding	 did	 once	 again	 affect	 the	 lateral	 diffusion	 of	 the	membrane	

lipids,	with	a	PMB1-free	lipid	diffusion	rate	of	0.29	(+/-	0.04)	x	10-8	cm2	s-1	compared	to	a	

diffusion	rate	of	0.065	(+/-	0.030)	x	10-8	cm2	s-1	after	exposure	to	PMB1,	demonstrating	a	

significant	decrease	 in	 lipid	movement	as	a	result	of	PMB1	cross-linking	the	 lipids	(large	

error	observed	due	to	variation	in	total	number	of	PMB1	molecules	bound	to	each	leaflet	

between	simulations	replicas,	though	the	same	trend	is	observable	in	both	repeats).	The	

membrane	thickness	appeared	to	remain	unaffected	as	in	the	LPS	systems	with	an	initial	

thickness	of	3.74	nm	(+/-	0.02	nm)	and	a	final	average	thickness	of	3.74	nm	(+/-	0.05	nm)	

in	the	PMB1	exposed	systems	[Table	14].	These	observations	were	once	again	confirmed	

by	 the	mass	 density	 profile	 that	 showed	 no	 clear	 membrane	 thinning	 and	 no	 obvious	

water	penetration	into	the	acyl	tail	portion	of	the	lipid	A	membrane		(Figure	30).		

	

4.3.3 Phospholipid	inner	membrane	model	

The	final	sets	of	simulations	performed	were	aimed	at	the	inner	bacterial	membrane,	and	

studying	the	effect	of	PMB1	binding	to	 this	symmetrical	mixed	phospholipid	membrane	

composed	of	phosphatidylethanolamine,	phosphatidylglycerol,	and	cardiolipin,	 following	

assumed	translocation	across	the	outer	membrane	[Table	9].	

	

4.3.3.1 PMB1	Binding.		

As	with	the	previous	two	systems,	two	simulation	replicas	with	six	PMB1	molecules	

placed	~0.5	nm	from	the	membrane	were	set	up.	Initially	5	PMB1	molecules	bound	

to	 the	membrane,	 the	 sixth	PMB1	 remaining	 in	 the	bulk	 solvent	was	deleted	and	

the	 system	 was	 run	 for	 600	 ns.	 Due	 to	 the	 difficulty	 in	 getting	 additional	 PMB1	
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molecules	 to	 bind	 to	 the	 membrane	 7	 PMB1	 molecules	 were	 added	 and	

intermittently	 repositioned	 over	 3	 simulations	 (over	 745	 ns).	 After	 this	 process,	

seven	 PMB1	 molecules	 had	 bound	 to	 the	 membrane	 and	 the	 simulation	 was	

extended	 for	 a	 final	 2	 µs.	 Hydrogen	 bonds	 were	 monitored	 throughout	 the	

simulations,	and	were	observed	to	rapidly	form	within	a	few	nanoseconds	between	

the	DAB	residues	and	the	phospholipid	head	groups.	The	DAB	residues	appeared	to	

retain	 it’s	 “landing	 platform”	 role	 first	 observed	 in	 the	 LPS	 systems,	 and	 they	

accounted	 for	 46%	 (Table	 10)	 of	 the	 total	 hydrogen	 bonds	 formed	 between	 the	

whole	PMB1	and	the	lipid	head	groups.	 Interestingly	following	PMB1	insertion	the	

role	 of	 DAB	 hydrogen	 bonding	was	 significantly	 reduced,	 and	 accounted	 for	 only	

17%	of	the	hydrogen	bonds	formed	between	the	whole	 lipopeptides	and	the	 lipid	

head	groups.	This	 is	 likely	due	to	the	spontaneous	insertion	of	the	PMB1	tails	 into	

the	 hydrophobic	 portion	 of	 the	 membrane	 leaving	 a	 large	 portion	 of	 the	 PMB1	

molecules	 below	 the	 lipid	 head	 group	 region,	 and	 hence	 no	 longer	 able	 to	 form	

hydrogen	bonds	(Figure	34).		

	

Figure	 34- 	 PMB1	 insertion	 into	 the	 inner	 membrane	 and	 interdigitation	 of	 l ipid	 tails. 	 The	

PMB1	 peptides	 are	 colored	 as	 in	 f igure	 32.	 The	 outer	 leaflet	 phospholipids	 are	 shown	 as	

orange	l ines	whereas	the	inner	leaflet	phospholipids	are	shown	as	l ime	l ines.	
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4.3.3.2 PMB1	Insertion.		

	 Unlike	the	lipid	A	system	where	insertion	of	only	one	PMB1	molecule	out	of	16	was	

witnessed	 (two	 simulations	 of	 8	 PMB1),	 complete	 insertion	 was	 witnessed	 in	 the	 IM	

systems,	with	all	fatty	acid	tails	inserting	into	the	hydrophobic	portion	of	the	phospholipid	

bilayer,	and	the	hydrophobic	residue	D-Phe	was	also	observed	to	embed	itself	within	the	

acyl	 tail	 region	of	 the	membrane	within	 the	 simulation	 timeframe.	 It	 seemed	 that	both	

the	 fatty	acid	 tails	and	 the	hydrophobic	D-Phe	 residue	drove	 the	 insertion	process,	and	

the	 PMB1	 molecules	 penetrated	 further	 into	 the	 membrane,	 with	 the	 fatty	 acid	 tail	

reaching	the	lower	leaflet,	and	the	DAB	residues	entering	the	hydrophobic	portion	of	the	

membrane,	 pulling	 water	 into	 the	 hydrophobic	 core	 [Figure	 34].	 This	 was	 confirmed	

through	the	center	of	mass	analysis,	showing	an	increased	hydration	within	1.6	nm	of	the	

membrane	 center,	 with	 less	 than	 one	water	molecule	 being	 present	 in	 the	 PMB1	 free	

membrane	compared	to	an	average	of	seven	water	molecules	being	present	over	the	last	

microsecond	 of	 simulation.	 Exploring	 this	 aspect	 further	 by	 monitoring	 the	 radial	

distribution	 of	 solvent	 around	 the	 DAB	 residues,	 it	 was	 found	 that	 despite	 being	 fully	

inserted	 into	 the	 hydrophobic	 portion	 of	 the	 membrane,	 an	 average	 of	 three	 water	

molecules	 were	 still	 present	 within	 0.35	 nm	 of	 the	 DAB	 nitrogen	 (Figure	 29).	 It	 was	

interesting	to	note	that	no	aggregation	was	observed	in	the	IM	systems	as	 it	was	 in	the	

LPS,	and	all	PMB1	molecules	inserted	as	monomers.	The	probability	of	finding	inter-PMB1	

fatty	acid	tail	interaction	was	only	7%	after	the	total	of	~3.3	µs	of	simulation,	compared	to	

22%	during	the	initial	350	ns,	prior	to	insertion.		

	

4.3.3.3 Physical	Properties	of	the	Membrane.		

The	 physical	 changes	 to	 the	 membrane	 following	 PMB1	 exposure	 were	 subsequently	

studied.	 An	 increase	 in	 inter-phospholipid	 hydrogen	 bonding	 (head	 group	 and	 acyl	 tail	

hydroxyls)	upon	initial	binding	could	be	noted,	with	an	increase	from	~65	hydrogen	bonds	

(Table	12)	at	any	one	time	prior	to	PMB1	exposure,	to	~73	after	binding.	Interestingly	this	

value	 subsequently	 dropped	 to	 only	 ~56	 hydrogen	 bonds	 following	 fatty	 acid	 tail	

insertion.	The	lateral	diffusion	was	also	seriously	affected	by	PMB1	binding,	like	it	was	in	

the	previous	two	systems,	with	an	initial	reduction	in	the	rate	of	diffusion,	from	6.62	(+/-	

0.72)	 x	10-8	 cm2	 s-1	 in	 the	PMB1-free	 state,	 to	1.27	 (+/-	0.80)	 x	10-8	 cm2	 s-1	 or	3.56	 (+/-	
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0.81)	 x	 10-8	 cm2	 s-1	 in	 the	 two	 replica	 simulations	 during	 the	 binding	 process,	with	 the	

differences	 resulting	 from	 a	 variable	 number	 of	 PMB1	 molecules	 being	 bound	 to	 the	

membrane	surface	in	the	two	simulations.	Following	tail	insertion	however	an	increase	in	

diffusion	rate	to	5.01	(+/-	0.02)	x	10-8	cm2	s-1	was	seen	[Table	13].		

	

Table	13 	–	Lateral	diffusion	of	the	membrane	lipids. 	

	

Clear	effects	could	also	be	noted	on	the	membrane	thickness,	with	an	average	thickness	

of	3.99	(+/-	0.03)	nm	in	the	PMB1-free	state	to	an	average	membrane	thickness	of	3.28	

(+/-	0.03)	nm	after	~3.3	µs	of	simulation,	an	average	drop	of	over	0.7	nm	(Table	14).	The	

regions	of	drastic	thinning	appeared	to	correspond	to	the	areas	of	PMB1	insertion	(Figure	

35).	

Figure	 35 	 –	 Membrane	 thickness	 (A), 	 relative	 to	 the	 position	 of	 the	 PMB1	 molecules	 in	

the	membrane.	PMB1	in	blue	and	the	IM	in	orange.	

	

	

	

	

	

System	 Starting	Lateral	Diffusion	(10-
8	cm2/s)	

Final	Lateral	Diffusion	(10-8	
cm2/s)	

IM	 2.04	(±	0.26)	 4.10	(±	0.50)	
Lipid	A	 0.61	(±	0.12)	 0.60	(±	0.03)	
LPS	 0.12	(±	0.02)	 0.082	(±	0.004)	
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Table	14 	–	Average	starting	and	final	membrane	thickness. 	

	

	In	 the	 mass	 density	 profiles	 (Figure	 30),	 an	 increased	 water	 penetration	 could	 be	

witnessed,	 with	 water	 reaching	 into	 the	 hydrophobic	 core,	 as	 mentioned	 above.	

Interdigitation	of	the	inner	and	outer	leaflets	as	has	been	reported	to	occur	as	a	result	of	

PMB1	exposure	in	spin-label	and	x-ray	diffraction	studies	was	also	witnessed	(noticeable	

in	 Figure	 34)	 [259,	 260].	 In	 the	 IM	 system	 the	 PMB1	 binding	 also	 impacted	 the	 order	

parameters	 (an	 indication	of	 the	order	of	 the	C-H	bond	with	 respect	 to	 the	membrane	

normal)	 of	 the	 phospholipid	 acyl	 tails	 (not	 seen	 in	 the	OM	and	 lipid	A	 systems)	with	 a	

significant	 increase	 in	 the	 acyl	 tails	 being	 witnessed	 (Figure	 36)	 from	 0.18	 (+/-	 0.02)	

initially	to	0.11	(+/-	0.02)	following	PMB1	exposure.		

	

	
Figure	 36- 	 Order	 parameters	 of	 the	 l ipid	 tails	 in	 the	 inner	 membrane.	 Comparison	 of	 the	

PMB1-free	system	(red)	and	the	system	after	being	exposed	to	PMB1	for	3345	ns	(black). 	

System	 Starting	Average	Thickness	
(nm)	

Final	Average	Thickness	
(nm)	

IM	 3.99	(±	0.03)	 3.28	(±	0.02)	
Lipid	A	 3.74	(±	0.01)	 3.74	(±	0.01)	
LPS	 4.03	(±	0.01)	 3.93	(±	0.01)	
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4.4 Discussion	

These	results	indicate	differential	behavior	of	PMB1	in	the	presence	of	different	bacterial	

membrane	models.	Data	from	the	LPS	simulations	support	previous	fluorescence	studies	

that	 suggest	 the	 importance	 of	 the	 DAB	 residues	 in	 the	 initial	 binding	 process,	 and	

antimicrobial	function	[219,	220].	Interestingly,	aggregation	was	observed	on	the	surface	

of	the	outer	membrane	models	(Figure	28),	with	a	micellar	conformation	adopted	by	the	

PMB1	molecules,	 to	allow	the	creation	of	a	hydrophobic	environment	 for	 the	 fatty	acid	

tails,	 away	 from	 the	 polar	 sugars.	 The	 aggregation	 process	 combined	 with	 the	 cross	

linking	effect	of	PMB1	binding	to	the	sugar	hydroxyls	was	found	to	result	in	the	formation	

of	highly	immobile	“protein-membrane	clusters”.	This	aggregate	conformation	may	be	a	

pre-requisite	for	pore	formation,	as	a	way	of	reducing	the	energetic	cost	of	translocation	

of	 the	 PMB1	 micelle	 across	 the	 polar	 sugar	 groups,	 into	 the	 hydrophobic	 core.	 This	

process	 is	however	 likely	to	be	 lengthy	and	due	to	the	slow	diffusion	rate	of	LPS	that	 is	

exacerbated	 by	 PMB1	 binding,	 it	 is	 not	 currently	 achievable	 to	 witness	 this	 transition	

despite	considerable	computational	resources.	

	

The	 slow	 dynamics	 discussed	 is	 one	 of	 the	 reasons	 for	 the	 study	 of	 a	 simplified	

symmetrical	 lipid	A	OM	model.	The	 importance	of	DAB	for	binding	was	confirmed	once	

again	 and	 aggregation	was	witnessed	 in	 the	 same	way	 as	 in	 the	 LPS	 system.	 The	 DAB	

residues	 appeared	 to	 interact	 with	 the	 lipid	 A	 phosphate	 group,	 pushing	 them	 apart,	

leading	 to	 a	 local	 deformation	where	 the	membrane	 surface	 charge	 density	 no	 longer	

inhibited	 fatty	 acid	 tail	 insertion.	 The	 important	 issues	 of	 counter	 ions	 could	 also	 be	

studied	 in	 this	 work	 and	 Mg2+	 ions	 were	 intermittently	 displaced	 and	 rebound	 to	

phosphate	 groups,	 but	 no	 long-term	 ion	 displacement	 was	 observed.	 As	 complete	

insertion	was	only	witnessed	for	a	single	PMB1	molecule	in	the	lipid	A	model,	the	larger	

scale	physical	properties	associated	with	the	disruption	of	counter	ions	is	not	within	the	

scope	of	this	work.	The	necessity	of	divalent	cations	for	the	maintenance	of	OM	stability	

has	however	been	widely	documented	and	PMB1	has	also	been	shown	to	cause	counter	

ion	displacement.	[35,	261,	262].		

	

The	 results	 from	 the	 IM	 simulations	 were	 in	 agreement	 with	 experimental	 work	

highlighting	 the	 importance	 of	 the	 DAB	 residue	 in	 protein	 binding,	 confirming	 the	
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electrostatic	 interaction	between	DAB	and	the	lipid	head	groups	to	be	the	initial	driving	

force	for	PMB1	adsorption	[219,	220,	263,	264].	In	contrast	to	the	OM	systems	no	PMB1	

aggregation	 was	 observed	 on	 the	 membrane	 surface	 in	 the	 IM	 systems,	 where	

spontaneous	 insertion	 of	 the	 fatty	 acid	 tails	 was	 seen	 for	 all	 PMB1	 monomers,	 all	

penetrating	into	the	hydrophobic	core	of	the	bilayer,	some	as	far	as	the	lower	leaflet.	The	

insertion	process	was	hydrophobically	driven,	through	not	only	the	fatty	acid	tails	but	also	

the	D-Phe	sidechains.	The	 inserted	PMB1	conformation	 in	 the	 IM	closely	 resembles	 the	

NMR	structure	documented	by	Mares	et	al	[263],	in	their	study	of	PMB1	interacting	with	

LPS.	 Both	 conformation	 show	 a	 heavily	 buried	 ring	 structure,	 with	 the	 hydrophobic	

portion	of	the	ring	(featuring	D-Phe	and	Leu)	buried	underneath	the	lipid	head	group	line,	

and	a	polar	portion,	not	entirely	buried	(Figure	37).	A	 large	increase	in	acyl	tail	disorder	

was	also	seen	in	the	IM	bilayer	upon	PMB1	exposure.		

	

Figure	37 	–	Figure	of	PMB1	bound	in	the	inner	membrane,	illustrating	the	resemblance	

to	reported	NMR	structure	[263]. 	

	

An	 additional	 role	 of	 the	 DAB	 in	 membrane	 disruption	 could	 also	 be	 noted	 in	 the	 IM	

simulations,	as	it	was	noted	that	following	binding	and	insertion,	the	DAB	residues	would	
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draw	 water	 into	 the	 membrane	 core,	 causing	 destabilization.	 Following	 the	 transition	

from	membrane	bound	to	inserted	PMB1,	the	lipid	diffusion	in	the	IM	increased,	beyond	

the	PMB1-free	rate,	in	correlation	with	the	loss	of	lipopeptide-lipid	hydrogen	bonds,	and	

an	 increase	 in	 water	 penetration,	 something	 that	 could	 not	 be	 witnessed	 in	 the	 OM	

systems.	The	most	dramatic	physical	effect	that	could	be	noted	in	this	study	is	the	drastic	

thinning	of	the	phospholipid	bilayer	following	exposure	to	PMB1,	with	a	thinning	of	over	

0.7	nm.	As	the	membrane	thinned	after	insertion,	it	lead	to	an	increase	in	area	per	lipid	

(Table	 15)	 which	 may	 be	 an	 explanation	 for	 the	 increased	 lipid	 diffusion	 following	

insertion,	and	also	to	the	interdigitation	that	has	previously	been	reported	by	Boggs	et	al	

[259]	 and	 Theretz	 et	 al	 [260].	 As	 aggregation	 was	 not	 observed	 in	 the	 IM	 it	 may	 be	

hypothesized	 that	 PMB1	 disrupts	 the	 IM	 not	 through	 the	 generally	 accepted	 pore	

formation,	but	 through	membrane	 insertion,	bilayer	 thinning	and	bilayer	destabilization	

driven	 by	 water	 penetration,	 these	 effects,	 all	 indicative	 of	 the	 early	 stages	 of	 AMP	

permeation	and	membrane	disruption	[265].	

	

System	 Starting	Area	per	Acyl	Tail	
(tails/nm2)	

Final	Area	per	Acyl	Tail	
(tails/nm2)	

IM	 3.32	(NVT)	 2.61	(±	0.02)	
Lipid	A	 3.94	(NVT)	 3.99	(±	0.03)	
LPS	 3.94	(NVT)	 3.74	(±	0.02)	

Table	15 	–	Average	starting	and	final	area	per	acyl	tail . 	

	

To	 conclude,	 this	 study	 provides	 new	 information	 on	 potential	 mechanisms	 for	 the	

disruption	 of	 bacterial	 membrane	 by	 PMB1,	 as	 well	 as	 a	 clear	 documentation	 of	 the	

physical	 and	 dynamic	 effect	 PMB1	 binding	 has	 on	 both	 the	 inner	 and	 outer	 bacterial	

membrane.	

	

PMB1	aggregation	witnessed	 in	both	OM	models,	combined	with	the	aggregation-aided	

insertion	of	a	 fatty	acid	 tail	 in	 the	 lipid	A	model,	 suggests	early	 stages	of	 self-regulated	

translocation	 or	 pore	 formation.	 It	 also	 shows	 the	 necessity	 of	 creating	 a	 charge-free	

region	 large	enough	 to	allow	PMB1	to	penetrate	 into	 the	membrane.	 It	 is	 important	 to	

note	that	simulating	this	process	would	be	time	consuming	in	an	LPS	model	with	sugars	

present,	 and	 it	 is	 unlikely	 that	 this	 same	 process	 can	 be	 witnessed	 with	 currently	

achievable	 timescales.	 The	hypothesis	 could	be	made	 for	a	 “ladder”	 like	mechanism,	 in	

the	 full	 LPS,	 where	 initial	 aggregation	 of	 PMB1	 on	 the	 membrane	 surface	 allows	
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penetration	into	the	sugar	group,	by	maintaining	a	hydrophobic	environment	using	fatty	

acid	 tails	and	parting	 the	polar	head	groups	using	 the	DAB	 residues,	 thereby	disrupting	

the	 high	 surface	 charge	 density	 caused	 by	 the	 counter-ion	 cross-linked	 lipid	 A	 and	

reducing	the	polar	environment,	until	the	hydrophobic	core	could	be	reached.	A	stepwise	

process	 for	disruption	of	 the	bacterial	 IM	by	PMB1	can	be	described,	starting	with	DAB	

lead	 adsorption,	 hydrophobically	 driven	membrane	penetration	 by	D-Phe	 and	 the	 fatty	

acid	tail.	Increased	penetration	of	monomeric	PMB1,	allowing	water	penetration	through	

the	DAB	residues	pulling	water	into	the	membrane	leading	to	membrane	destabilization.	

It	is	important	to	note	that	a	concentration	dependent	pore	forming	mechanism	like	the	

carpet	model	could	apply	and	that	a	larger	system,	with	higher	PMB1	concentrations	and	

longer	simulation	may	be	required	to	solve	this	question.	Further	studies	into	alternative	

concentrations	and	pHs	as	well	as	 longer	timescale	simulations	are	therefore	underway,	

to	further	test	these	hypotheses,	of	the	disruption	of	the	bacterial	envelope.	
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 CD14		Chapter	5:	

5.1 Introduction		

As	mentioned	before,	CD14	is	part	of	the	TLR4	pathway,	acting	as	a	co-receptor	for	TLR4,	

CD14	can	transfer	LPS	to	the	MD-2	cup	to	allow	formation	of	the	(TLR4/MD-2)2	

heterotetramer,	it	is	also	able	to	bind	other	ligands	such	as	lipoteichoic	acid,	lipoproteins	

and	acylated	microbial	products	[92].	It	is	an	essential	part	of	the	signaling	pathway,	and	

the	dysregulation	of	CD14	leads	to	a	significantly	weakened	immune	response	upon	

exposure	to	Gram-negative	bacteria	[266,	267].	Because	of	this	CD14	is	of	great	interest	

in	the	field	of	drug	development,	specifically	as	a	target	for	immunomodulatory	drug,	as	

effective	inhibition	of	CD14	could	prevent	sepsis.	

	

CD14	has	two	resolved	crystal	structures,	one	for	mouse	CD14	and	for	human	[92,	93].		

The	N-terminal	site	has	been	identified	as	the	likely	binding	site	of	LPS	based	on	mutation	

studies	identifying	crucial	areas	required	for	ligand	binding	and	truncation	studies	in	

which	the	protein	could	be	reduced	to	the	functionally	essential	portion	of	CD14	to	the	

terminal	152	amino	acids	at	the	N-terminus,	corresponding	to	only	three	out	of	the	total	

of	ten	LRRs	(Figure	38)	[105].	The	cavity	volume	differs	between	mouse	and	human	CD14	

(970	Å3	in	the	mouse	crystal	structure	compared	to	1050	Å3	in	humans)	though	it	is	not	

known	if	this	is	species	specific,	or	a	dynamic/mechanistic	effect,	or	e.g.	a	consequence	of	

crystallographic	conditions.	The	CD14	receptor	may	have	evolved	to	be	more	or	less	

sensitive	to	different	ligands	depending	on	what	pathogens	the	particular	species	of	

interest	is	exposed	to,	as	has	been	seen	in	TLR4	[18].		
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Figure	38 	–	CD14	with	the	functionally	important	section	for	ligand	binding	-	the	152	N-

terminal	residues	- 	in	yellow.	

	

Mutational	studies	have	been	used	to	suggest	that	charged	surfaces	at	the	N-terminus	

may	be	used	to	“capture”	LPS	[268],	and	the	hydrophilic	“rim”	in	particular	has	been	

found	to	be	important	for	binding,	though	the	N-terminal	~150	residues	are	very	sensitive	

to	changes	and	single	point	mutations	alone	in	this	region	can	significantly	impact	binding	

[269,	270].	Mutations	inside	the	cavity	have	also	been	shown	to	be	essential,	with	a	highly	

hydrophobic	environment	being	required	for	stable	binding	of	LPS	[271].	NMR	studies	

have	been	used	to	suggest	that	LPS	is	dynamic	within	the	binding	site	and	that	non-

specific	van	der	Waals	contacts	occur	between	the	internalized	hydrophobic	portion	of	

LPS	and	e.g.	the	Leu,	Val	or	Ile	side-chains	[100,	272].		

	

With	the	available	structural	information,	a	series	of	molecular	dynamics	experiments	

were	designed	to	investigate	the	physiochemical	and	dynamic	nature	of	the	binding	site,	

to	determine	a	possible	binding	mode	(and	possibly	mechanism)	for	LPS	molecules	in	

isolation	or	in	the	form	of	aggregates,	to	identify	key	residues	involved	in	binding,	and	

provide	information	on	the	likely	determinants	of	specificity	and	thermodynamics	of	

ligand	interaction	in	CD14.		To	this	end,	simulations	of	CD14	in	the	apo	state	were	first	set	

up	to	investigate	the	behavior	of	ligand-free	CD14.	To	investigate	the	specificity	and	

plasticity	of	the	binding	pocket,	simulations	of	CD14	with	a	range	of	myristate	molecules	

Helix-1 
Functional N-terminus 
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(two,	four	and	six)	as	mimics	of	the	lipid	A	acyl	tails	were	also	set	up.	Simulations	of	CD14	

with	lipid	A	were	then	set	up	based	on	the	initial	findings	in	order	to	determine	the	

possible	binding	mode	and	mechanism	of	adsorption	of	lipid	A,	using	lipid	A	in	both	its	

monomeric	and	aggregate	forms	to	verify	if	CD14	is	able	to	monomerise	lipid	A.	Finally,	

free	energy	calculations	based	on	umbrella	sampling	simulations	were	performed	to	a	

assess	the	thermodynamics	of	ligand	binding	and	to	estimate	the	potential	of	mean	force	

(PMF)	for	lipid	A	binding	to	the	hypothesized	N-terminal	binding	cavity.		

	

Results	demonstrated	a	highly	dynamic	cavity	capable	of	opening	and	closing,	and	the	

dynamic	nature	of	the	cavity	also	allows	it	to	adjust	its	volume	to	varying	ligands,	helping	

to	explain	previous	biochemical	and	NMR	studies.	Spontaneous	and	rapid	binding	of	lipid	

A	to	CD14	was	also	seen,	as	well	as	early	indications	of	lipid	A	extraction	from	the	lipid	A	

aggregate.	Furthermore	an	estimate	of	high	binding	affinity	for	lipid	A	could	be	

determined,	suggesting	that	mechanistically,	lipid	A	may	be	able	to	be	extracted	from	

aggregates.	In	accordance	with	its	function	as	a	co-receptor	to	TLR4/MD-2	the	binding	

affinity	was	still	lower	than	that	previously	estimated	for	lipid	A	binding	to	MD-2,	the	

terminal	receptor	in	the	TLR4	pathway,	explaining	how	it	is	able	to	transfer	LPS	to	MD-2.	

These	results	support	previous	information	from	low	resolution	NMR	studies	[100,	272]	

and	allows	the	first	ever	atomic	resolution	description	of	the	endotoxin	bound	CD14	

state,	providing	invaluable	insights	for	future	experiments	and	drug	design.		

	

	

	

	

	

	

	

	

	

Table 	16 	–	All 	CD14	simulations	

	

	

	 	

System	Contents	and	
Name	

Timescale	and	Repeats	

CD14	Apo	(CA)	 4	x	100	ns	
CD14	+	2	Myristate	(C2M)	 2	x	100	ns	
CD14	+	4	Myristate	(C4M)	 2	x	100	ns	
CD14	+	6	Myristate	(C6M)	 2	x	100	ns	

CD14	+	Lipid	A	(CLA)	 1000	ns/483	ns		
CD14	+	Lipid	A	Aggregate	

(CAG)	
1600	ns/564	ns	

CD14	+	Lipid	A,	Umbrella	
Sampling	

40	windows	x	50	ns	
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5.2 Simulation	Setup	

5.2.1 System	Construction	

The	crystal	structure	for	human	CD14	was	obtained	from	the	RCSB	protein	data	bank	

(PDB	code:	4GLP)	[92]	and	hydrogens	were	added	using	the	MolProbity	software	[273].	

The	lipid	A	structure	was	based	on	the	E.		coli	LPS	structure	from	the	ligand	bound	crystal	

structure	of	TLR4	(PDB	code:	3FXI).	This	structure	was	then	modified	in	PyMOL	[274];	

sugars	were	removed	to	leave	only	the	lipid	A	portion.	Myristate	was	further	modified	

from	this	structure	to	make	the	single	chain	fatty	acid	using	PyMOL.	Hydrogens	were	

added	with	PyMOL.	

	

An	aggregate	structure	of	lipid	A	was	made	by	manually	positioning	45	lipid	A	molecules	

in	solution	using	the	VMD	software	[197]	and	allowing	them	to	self	assemble	over	a	

timescale	of	100	ns.	A	smaller	aggregate	of	10	lipid	A	molecules	formed	in	this	simulation	

was	isolated	and	run	out	for	a	further	100	ns.	

	

For	both	the	CD14-lipid	A	(CLA)	and	CD14-aggregate	(CAG)	simulations	(Table	16),	CD14	

and	lipid	A	were	placed	in	a	rectangular	box,	the	system	was	solvated	with	water	and	

neutralized	using	sodium	ions.	The	ligands	were	placed	near	the	cavity	mouth	~1	nm	from	

the	centre	of	mass	of	the	cavity	(defined	in	this	study	as	residues	14-67)	by	hand.	In	the	

myristate	experiments,	several	sets	of	simulations	were	run.	Simulations	with	two,	four	

and	six	myristates	were	set	up,	ligands	were	partially	inserted	(hydrophobic	tail	inserted)	

into	the	binding	cavity	manually	in	VMD	and	the	systems	were	solvated	and	neutralized	

as	stated	above.		

	

For	free-energy	calculations,	the	lipid	A	bound	CD14	structure	was	extracted	after	1	

microsecond	of	simulation,	the	protein	and	ligand	were	manually	positioned	so	that	

pulling	the	lipid	A	molecule	along	the	unit	cell	z-axis	would	correspond	to	the	axis	of	the	

cavity	mouth.	The	system	was	then	re-solvated	and	minimized	before	a	4	ns	steered	MD	

simulation	was	performed,	pulling	the	lipid	A	molecule	4	nm	from	the	protein	using	a	

pulling	force	of	1000	kJ	mol-1	nm-2	.	40	windows	were	extracted	at	0.1	nm	intervals	for	

umbrella	sampling,	each	window	was	sampled	for	50	ns.	The	lipid	A	sugar	backbone	and	
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phosphate	groups	was	the	reference	point	of	the	ligand	and	the	backbone	atoms	of	

residues	8	to	12	and	31	to	35	were	used	as	a	reference	for	the	CD14,	corresponding	to	the	

first	two	LRRs	at	the	cavity	entrance.		

	

5.2.2 Simulation	parameters	

All	simulations	were	performed	using	the	GROMACS	molecular	dynamics	software	[147,	

192,	275],	version	4.6.5	[193].	The	CHARMM22/CMAP	forcefield	was	used	for	all	

simulations,	parameters	for	lipid	A	were	previously	developed	based	on	related	

parameters	from	this	forcefield,	with	a	total	charge	of	-4.	Temperatures	of	the	systems	

were	set	at	298K	and	coupled	to	the	protein,	ligand	and	water	separately,	using	the	

velocity	rescale	thermostat	and	a	1	ps	time	constant.	The	TIP3P	water	model	was	used	

across	all	simulations	[276].	The	pressure	was	maintained	at	1	bar	with	isotropic	pressure	

coupling	using	the	Parrinello-Rhaman	barostat	and	a	time	constant	of	5ps.	Electrostatic	

interactions	were	treated	using	smooth	particle	mesh	Ewald	(PME),	with	a	short-range	

cutoff	of	1.4	nm.	The	van	der	Waals	interactions	were	truncated	at	1.2	nm	and	long-range	

dispersion	correction	was	applied	to	energy	and	pressure.	The	neighbor	list	was	updated	

every	five	steps	throughout	the	simulations	and	all	bonds	were	constrained	using	the	P-

LINCS	algorithm,	and	a	2	fs	time	step	being	used.	All	systems	were	energy	minimized	for	

at	least	1000	steps	using	the	steepest	descent	method	before	production	runs.	
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5.3 Results	

5.3.1 Dynamic	cavity	adapts	to	ligand	size	

In	the	simulations	of	the	ligand	free	state,	rapid	cavity	collapse	was	observed	within	10	ns	

across	all	three	simulation	replicas	(Figure	39),	from	an	initial	value	of	~1050	Å3	to	a	final	

value	of	~830	Å3.	The	initial	collapse	is	hydrophobically	driven	with	Trp20	present	on	

Helix-1	dropping	into	the	cavity	within	the	first	~3	ns	of	simulation,	leading	to	the	burial	of	

the	hydrophobic	cavity	from	solvent.	This	subsequently	exposes	Glu17	and	Glu21	also	on	

Helix-1	to	the	charged	hydrophilic	rim	where	Lys46	and	Arg47	are	present,	causing	the	

hydrophilic	rim	to	also	cover	the	cavity	(Figure	40).		

Figure	39 	–	Volume	evolution	in	the	apo	state	systems,	calculated	using	trj_cavity. 	

	

Furthermore	simulations	of	CD14	with	myristate	revealed	that	the	binding	cavity	is	able	

to	dynamically	adapt	its	volume	to	the	size/number	of	ligands.	In	these	simulations	the	

myristate	molecules	were	partially	pre-inserted	into	the	binding	cavity.	Whilst	cavity	

collapse	is	seen	in	the	apo	systems,	this	process	is	inhibited	(to	a	certain	degree)	when	

ligands	are	added	to	the	simulation	(Figure	41	below).	The	internal	binding	cavity	volume	
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was	monitored	for	the	simulations;	over	the	same	timescale	90-100	ns,	the	volume	in	the	

C2M	simulations	is	1.03	±	0.1	nm3,	comparable	to	the	CA	following	cavity	collapse	(0.97	±	

0.20	nm3);	in	the	C4M	simulations	the	cavity	expanded	and	has	a	cavity	volume	of	1.97	±	

0.20		nm3	and	in	the	C6M	systems	further	cavity	expansion	was	seen	with	a	volume	of	

~2.02	±	0.30	nm3,	comparable	to	1.99	±	0.20	nm3	for	CLA	at	the	same	timescale	(discussed	

below),	likely	due	to	the	identical	number	of	tails.	In	the	CAG	simulation,	the	cavity	

volume	was	similar	to	the	CA	state,	1.14	±	0.30	nm3	which	was	not	unexpected	as	only	

one	acyl	chain	fully	enters	the	cavity	on	the	timescale	of	this	simulation	(discussed	

below).	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	40 	–	The	starting	structure	(A)	and	the	final	structure	(B)	of	the	apo	state	

simulation.	Lys46	in	blue,	Trp20	in	green,	Asp19	and	Glu22	in	red.	

A	

B	
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It	is	interesting	to	note	that	the	volume	of	the	CLA	cavity	expanded	over	the	1	µs	

simulation,	with	the	average	volume	between	600-700	ns	peaking	at	2.75	±	0.03	nm3	but	

decreasing	again	to	an	average	of	2.03	±	0.02	nm3	over	the	last	100	ns	(Figure	42),	

suggesting	that	the	lipid	A	bound	state	is	dynamic	and	ill	defined,	as	indicated	by	previous	

NMR	studies.		

		

Figure	41 	–	A	–	D	–	Volume	occupation	within	the	cavity	in	surface	representation	

calculated	by	trj_cavity	[277]. 	E	–	Volume	variations	across	CD14	systems. 	
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This	dynamic	accommodation	of	ligands	is	a	trend	that	has	previously	been	observed	in	

simulation	studies	of	immune	receptors	MD-2	&	MD-1	[16],	and	may	help	to	explain	how	

ligands	are	able	to	remain	dynamic	within	the	binding	site	and	hence	be	transferred	to	

another	receptor.		

	

Figure	42	–	Volume	evolution	throughout	the	1	μs	lipid	A	simulation.	

	

5.3.2 Lipid	A	can	be	stably	bound	in	the	cavity	

It	should	be	noted	that	given	the	presumption	that	the	N-terminal	pocket	is	the	ligand	

binding	site,	the	simulations	described	below	are	partially	biased	by	the	fact	that	ligands	

were	placed	near	the	binding	cavity	in	an	effort	to	reduce	computational	costs	and	

increase	the	likelihood	of	observing	binding.		
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Figure	43 	–	The	starting	conformation	of	the	lipid	A	simulation	(A)	and	the	bound	lipid	A	

state	(B).	CD14	in	yellow,	lipid	A	coloured	by	atom	type,	Lys46	in	blue,	Pro43,	Phe13	and	

Trp20	in	green,	Asp19	and	Glu22	in	red.	

	

B	

A	
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Lipid	A	could	be	internalized	by	the	cavity	as	rapid	spontaneous	adsorption	and	insertion	

of	lipid	A	into	the	N-terminal	binding	cavity	was	observed	(within	10	ns)	(Figure	43).		One	

of	the	CLA	simulations	was	run	out	for	over	1000	ns	and	the	lipid	A	remained	stably	

bound	in	the	N-terminal	pocket	(Figure	44).	It	was	found	that	there	was	a	propensity	for	

formation	of	electrostatic	contacts	(where	a	contact	is	defined	as	the	distance	≤0.35	nm)	

between	the	phosphate	groups	of	the	lipid	A	molecule	and	Lys46/Arg47	present	on	the	

hydrophilic	rim	(defined	as	residues	39	to	65),	with	mean	contacts	over	the	simulation	of	

59.8%	and	55.3%	respectively.	This	suggests	that	the	hydrophilic	rim	may	be	key	for	

ligand	capture	[268],	but	also	for	the	stabilization	of	the	binding	cavity.	Internally,	the	

ligand	tail	region	was	stabilized	through	hydrophobic	contacts	in	the	binding	pocket;	

utilizing	the	same	cut-off,	Trp20	and	Phe24	on	Helix-1	in	particular	had	a	60.5%	and	36.9%	

probability	of	interacting	with	the	lipid	tails,	respectively,	and	the	hydrophobic	residues	

on	the	first	LRR	in	the	cavity,	Val32	and	Ile34,	had	a	59.3%	and	60.5%	probability	of	

making	contacts	with	the	acyl	tails.	Other	hydrophobic	residues	also	interacted	with	acyl	

tails	in	this	region	but	with	less	long-lived	interactions.	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	44 	–	Distance	between	the	centre	of	mass	between	the	cavity	and	the	lipid	A	

molecule	
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	In	the	CAG	simulation,	the	entire	aggregate	“lands”	on	the	N-terminus	in	one	simulation	

and	gradual	insertion	of	a	lipid	A	tail	from	the	aggregate	into	the	binding	cavity	was	

observed	over	50	ns	(Figure	45).	In	the	other,	the	aggregate	also	descends	onto	the	

binding	pocket	though	it	was	shifted,	landing	only	partially	on	the	cavity	(data	not	

shown),	and	hence	the	focus	in	this	work	is	on	the	fully	bound	aggregate	system.	The	

Trp20	and	Phe24	residues	present	on	Helix-1	stabilize	the	bound	lipid	tails,	with	contacts	

(defined	as	above)	present	for	87.6%	and	31.4%	between	Phe24,	Trp20	and	lipid	A.	The	

lipid	A	monomer	that	inserted	into	the	cavity	was	responsible	for		61.5	%	of	all	

hydrophobic	interactions	between	protein	and	aggregate.	The	hydrophilic	rim	stabilizes	

the	head	group	region	through	formation	of	salt	bridges	between	the	charged	residues		

Lys46,	Arg55	and	Arg65	and	the	phosphates	on	lipid	A,	confirming	epitope	mapping	

studies	supporting	its	key	role	in	the	binding	process	[268].	Interestingly,	Arg47	that	was	

responsible	for	stabilization	of	the	lipid	A	head	groups	in	the	simulations	of	the	lipid	A	

monomer	had	only	a	4.6%	probability	of	forming	electrostatic	contacts	with	the	aggregate	

lipid	A.	Arg55	and	Arg65	both	forming	no	salt	bridges	with	the	monomeric	lipid	A	had	a	

40.7%	and	55.8%	probability	of	forming	electrostatic	contacts	respectively	in	the	CAG	

system,	and	the	value	for	Lys46	was	42.3%	in	the	CAG	system	[268].	Throughout	the	1.6	

us	simulation	the	aggregate	remained	stably	bound	to	the	N-terminal	region	(Figure	46).	
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Figure	45 	–	Starting	structure	of	the	aggregate	simulations	(A)	and	the	bound	structure	

of	the	aggregate	(B). 	

	

A	

B	
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Figure	46 	–	Distance	between	the	centre	of	mass	of	the	aggregate	and	the	binding	cavity. 	

	

In	the	CAG	simulation	the	residues	on	the	alternate	side	of	Helix-1	induce	a	“pinch”	in	the	

aggregate,	associated	with	solvent	exposed	tails	(Figure	47).	Reports	have	suggested	that	

LBP	is	responsible	for	monomerising	lipid	A	before	transfer	to	CD14	[278,	279],	though	it	

has	been	shown	that	LBP	is	not	essential	for	the	function	of	the	TLR4	pathway	[280],	

suggesting	another	receptor	may	be	capable	of	monomerising	lipid	A,	as	TLR4/MD-2	

alone	is	unable	to	bind	aggregate	LPS	[278].	Observations	from	the	aggregate	simulations	

suggest	that	CD14	may	responsible	for	at	least	the	early	steps	in	this	process.		
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Figure	47 	–	Pinch	induced	in	the	aggregate	by	residues	on	Helix-1.	Phe24	and	Trp20	in	

green,	Asp19	and	Glu22	in	red,	Lys46	and	Arg47	in	blue	and	Cys26	and	Val27	in	white. 	

	

5.3.3 Binding	cavity	stabilized	by	ligand	binding	

In	the	CA	simulations,	large	fluctuations	in	the	binding	cavity	volume	and	structure	

throughout	the	100	ns	simulation	(here	defined	as	residues	14-67)	were	seen.	The	

average	RMSD	with	respect	to	the	crystallographic	state	over	the	last	10	ns	was	0.54	±	

0.03	nm.	Ligand	binding,	however,	seemed	to	stabilize	the	cavity.	

	

In	the	CLA	simulations,	the	average	RMSD	between	90-100	ns	(the	timescale	considered	

for	the	apo	state)	was	0.38	±	0.01	nm.	In	the	CAG	simulation	(where	the	aggregate	lands	

entirely	on	the	binding	cavity)	the	average	RMSD	between	90-100	ns	was	0.43	±	0.04	nm	

(compared	to	0.55	nm	for	the	other	CAG	simulation	where	the	aggregate	binds	on	the	

side	of	the	cavity).		

	

Similar	patterns	were	seen	in	the	myristate	calculations	with	the	exception	of	the	C4M.	In	

the	C2M	system	an	average	RMSD	of	0.50	±	0.01	nm	could	be	observed,	and	in	the	C6M	

system	an	average	RMSD	of	0.40	±	0.01	nm	was	seen.	In	the	C4M	system	however	the	

average	RMSD	was	0.55	±	0.01	nm.	Overall	however	the	trend	is	a	stabilization	of	the	

Groove	
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binding	cavity	upon	the	exposure	to	ligands,	through	the	interactions	discussed	in	the	

section	above	(Figure	48).	Lowest	RMSD	was	observed	for	the	CAG,	CLA,	and	C6M	

systems	suggesting	six	tails	are	required	for	highest	level	of	stabilization	(for	internalized	

ligands).	

	

Figure	48 	–	RMSD	of	the	binding	cavity	in	different	systems. 	

	

5.3.4 Binding	energetics	

In	order	to	establish	the	binding	affinity	of	lipid	A	for	CD14,	and	its	implication	for	the	

TLR4	pathway,	umbrella	sampling	calculations	were	performed	to	obtain	an	estimate	of	

the	PMF.	For	these	calculations	a	number	of	MD	simulations	were	performed	(with	a	total	

of	2	μs	of	sampling)	whose	configuration	corresponded	to	the	lipid	A	monomer	reversibly	

binding	to	the	CD14	N-terminal	pocket.	Steered	MD	was	first	performed,	pulling	the	lipid	

A	from	the	binding	pocket	with	windows	being	extracted	at	0.1	nm	intervals	for	a	total	of	

40	windows.	A	biased	MD	simulation	of	50	ns	was	then	run	for	each	window,	with	a	

harmonic	restraint	applied	to	the	distance	between	a	stable	part	of	the	binding	cavity	and	
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the	lipid	headgroups.	Block	analysis	was	used	to	follow	changes	in	the	PMF	curves,	over	

time,	and	showed	that	convergence	was	reached	beyond	~30-40	ns		(Figure	49)	

	

	

Figure	49 	–	PMF	curves	calculated	from	successive	time	windows	in	the	free	energy	

calculations,	used	to	assess	convergence.	Initial	5	ns	and	the	final	15	ns	of	sampling	

illustrated	in	full 	 l ines	whilst	block	sampling	for	intermediary	sampling	in	dashed	line.	

	

A	broad	region	along	the	reaction	coordinate	from	~18	Å	to	~24	Å	was	observed	where	

the	lipid	A	remains	tightly	bound,	despite	apparently	being	dynamic	in	the	binding	site,	in	

accordance	with	NMR	studies	[100,	272].	The	dynamic	nature	of	the	hydrophilic	rim	could	

be	noted	as	several	different	structural	conformations	were	adopted	as	the	lipid	A	is	

pulled	from	the	binding	cavity	(Figure	50),	explaining	the	broad	region	where	lipid	A	

remains	bound	with	maximum	free	energy.	Following	this	region,	a	sharp	rise	in	free	

energy	was	observed	that	corresponds	to	an	increase	in	the	solvent	accessible	surface	

area	from	~8	nm2		to	10	nm2,	prior	to	exiting	the	cavity	completely	leading	to	total	of	~17	

nm2		after	45	Å	(Figure	51).	As	the	ligand	becomes	fully	solvated	and	the	acyl	tails	are	fully	

exposed,	the	free	energy	plateaus	off,	yielding	a	final	free-energy	of	binding	of	216	±	5	kJ	
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mol-1.	It	is	important	to	note	that	following	ligand	extraction	from	the	binding	site,	cavity	

collapse	was	observed,	as	seen	in	the	individual	apo	state	simulations	(Figure	52).	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	50 	–	Different	conformations	adopted	by	the	hydrophilic	rim,	based	on	the	final	

snapshots	of	the	umbrella	sampling	simulations	after	lipid	A	had	exited	the	pockets. 	

	

The	free	energy	value	correlates	with	work	by	Paramo	et	al	(submitted)	that	found	the	

binding	affinity	of	lipid	A	for	MD-2	was	~250	kJ	mol-1.	These	results	are	consistent	with	

the	function	of	CD14	in	lipid	exchange	with	multiple	different	bound	states	and	a	lower	

binding	affinity	for	lipid	A	in	CD14	than	in	the	terminal	receptor	in	the	TLR4	pathway,	MD-

2.	
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Figure	51 	–	Mean	solvent	accessible	surface	area	along	the	reaction	coordinate. 	

	

	

	

	

	

	

	

	

	

	

Figure	52 	–	Mean	cavity	volume	along	the	reaction	coordinate.	 	
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5.4 Discussion	

In	this	work,	structural	insight	into	the	function	of	the	CD14	co-receptor	was	gained.	

Molecular	dynamics	simulations	were	used	to	study	aspects	such	as	ligand	specificity,	

binding	energetics	and	general	protein	dynamics,	as	well	as	providing	hints	into	the	

possible	early	stages	of	binding/extraction.		

	

The	suggested	dynamic	nature	of	the	CD14	cavity	[100,	272]	could	be	verified,	with	

results	showing	a	correlation	between	the	number	of	acyl	tails	and	the	internal	cavity	

volume,	with	evidence	for	hydrophobically	driven	cavity	collapse	in	the	absence	of	

ligands.	This	result	helps	explain	the	promiscuous	nature	of	the	binding	cavity	as	the	

cavity	adapts	its	internal	volume	to	the	given	ligands.	This	lack	of	selectivity	is	of	interest	

as	it	shows	that	CD14	may	be	less	selective	than	MD-2.	This	allows	the	targeting	of	CD14	

with	ligands	that	may	not	be	able	to	activate	TLR4,	preventing	TLR4	induced	activation,	

unless	a	CD14-independent	pathway	is	used.	

	

It	could	be	confirmed	that	the	N-terminal	binding	cavity	is	the	binding	site	for	lipid	A,		

andthis	is	the	first	ever	atomic	resolution	depiction	of	lipid	A	bound	CD14.	Rapid	and	

spontaneous	internalization	of	lipid	A	could	be	witnessed	within	the	timescale	of	10	ns.	

Results	suggested	that	bound	lipid	A	was	stable	with	the	bound	state	being	maintained	

for	over	1	μs.	In	this	bound	state,	key	residues	involved	in	stabilization	could	be	identified.	

Trp20	and	Phe24	on	Helix-1	helped	stabilize	the	acyl	tails	along	with	the	hydrophobic	

residues	inside	the	cavity.	Lys46	and	Arg47	proved	to	be	involved	in	stabilizing	the	head	

group	region	of	lipid	A	through	electrostatic	interactions.	This	correlated	well	with	reports	

of	the	functional	importance	of	the	hydrophilic	rim[268].	Binding	of	ligands	to	CD14	also	

proved	to	stabilize	the	binding	cavity,	with	a	decline	in	RMSDs	following	ligand	exposure.	

	

In	simulations	of	aggregate	lipid	A,	spontaneous	binding	to	the	N-terminal	cavity	was	

seen,	followed	by	spontaneous	acyl	tail	insertion.			Interestingly	a	“pinch”	in	the	lipid	

aggregate	between	the	inserted	acyl	tail	and	the	rest	of	the	aggregate	was	induced	by	

hydrophobic	residues	on	Helix-1,	suggesting	that	CD14	may	be	capable	of	extracting	lipid	

A	from	its	aggregate	form.	This	would	be	in	agreement	with	electrophoresis	studies	[280]	

that	have	showed	LBP,	believed	to	monomerise	endotoxin	aggregates,	is	a	catalyst	for	LPS	
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induced	TLR4	activation	but	is	not	essential,	and	that	another	method	for	

monomerisation	of	endotoxin	may	exist.	Furthermore	it	is	interesting	to	note	that	the	

basic	residues	on	the	hydrophilic	rim	played	an	important	role	in	the	stabilization	of	the	

CD14	bound	aggregate,	as	it	did	in	the	monomeric	lipid	A,	but	that	different	residues	

appeared	to	be	key.	This	provides	further	evidence	for	the	importance	of	hydrophilic	

patches	around	the	cavity	mouth	being	essential	for	ligand	binding,	and	it	allows	the	

formation	of	a	hypothesis	for	the	mechanism	by	which	aggregate	lipid	A	may	activate	

TLR4	in	the	absence	of	LBP.	Initial	ligand	“capture”	by	charged	hydrophilic	patches	around	

the	N-terminal	cavity	mouth,	insertion	of	acyl	tail	into	cavity	followed	by	full	extraction	of	

a	lipid	A	monomer,	transfer	of	lipid	A	from	CD14	to	MD-2	(though	this	process	remains	to	

be	studied).	

	

Finally	a	thermodynamic	pathway	for	lipid	A	binding	could	be	determined	through	

umbrella	sampling	calculations.	These	results	demonstrated	favorable	binding	energies	

for	lipid	A	and	proportionally	appropriate	for	its	function	in	lipid	exchange	with	a	binding	

affinity	of	~216	kJ	mol-1	for	CD14	compared	to	250	kJ	mol-1	in	MD-2,	the	terminal	receptor	

in	the	TLR4	pathway.		The	dynamic	nature	of	the	cavity	was	further	highlighted	in	this	

study	as	numerous	different	conformations	of	the	lipid	A	bound	state	could	be	sampled,	

and	results	indicated	that	because	of	the	plasticity	of	the	cavity,	CD14	can	accommodate	

the	lipid	A	in	a	large	number	of	confirmations.	Furthermore	cavity	collapse	following	lipid	

A	extraction	from	the	binding	pocket	was	observed,	suggesting	the	process	is	reversible.	

	

The	results	from	this	study	are	of	potential	importance	in	the	field	of	drug	discovery,	

particularly	in	the	field	of	immunomodulation	as	inhibition	of	the	CD14	receptor	could	

prevent	septic	shock	[266,	267].	The	structural	information	provided	in	this	work	helps	

identify	potential	targets	for	these	drugs,	both	in	terms	of	individual	residues	e.g.	key	

charged	residues	on	the	hydrophobic	rim	like	Lys46,	but	also	structurally	significant	

portions	of	the	protein	e.g.	Helix-1.	Work	on	this	project	is	still	ongoing;	thermodynamic	

process	for	the	extraction	of	a	lipid	A	monomer	from	the	aggregate	is	being	investigated,	

binding	of	additional	ligands	(MPLA/lipid	IVa/eritoran	etc.)	are	being	examined,	large	

scale	simulations	of	ligand	bound	CD14	with	TLR4/MD-2	to	investigate	the	transfer	

process	are	being	set	up.	Work	with	collaborators	(Artur	Schmidtchen	–	NTU)	

investigating	the	interactions	between	CD14	and	immunomodulatory	peptides	have	
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commenced	and	additional	experiments	studying	the	involvement	of	CD14	in	the	

activation	of	TLR2	are	also	being	designed	as	well	as	mutation	studies	to	determine	the	

importance	of	key	residues	identified	in	this	work	such	as	Trp20,	Phe24,	Lys46,	Arg47.	
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 TLR4	and	species	specificity	Chapter	6:	

6.1 Introduction	

Different	 host	 species	 may	 be	 more	 susceptible	 to	 some	 pathogens	 than	 others;	 this	

means	 that	 certain	 immune	 receptors	 have	 different	 specificities	 for	 PAMPs	 between	

pathogenic	 species.	 This	 is	 likely	 due	 to	 evolutionary	 factors,	 e.g.	 a	 species	 living	 in	 an	

environment	 where	 it	 is	 frequently	 exposed	 to	 a	 Gram-negative	 bacterium	 is	 likely	 to	

have	differences	in	its	immune	receptors	from	one	less	susceptible	to	this	bacterium	[18].	

If	a	particular	host	is	frequently	exposed	to	a	certain	pathogen,	the	immune	system	needs	

an	 appropriate	 response,	 and	 cannot	 be	 overly	 sensitized	 to	 the	 pathogen	 such	 that	 it	

develops	conditions	 like	sepsis,	as	 the	risk	of	 infection	 is	so	high.	Therefore	this	species	

may	have	less	sensitive	immune	receptors	for	this	particular	pathogen	[281].	On	the	other	

hand,	a	 species	 less	 likely	 to	be	exposed	 to	 said	pathogen	would	 likely	have	a	 stronger	

immune	response,	in	the	eventuality	of	an	infection	[18,	281].	

	

Experimental	 studies	 looking	 at	 stimulation	 of	 horse	 TLRs	 vs.	 human	 TLRs	 have	 shown	

that	horses	are	more	sensitive	to	Gram-negative	LPS	through	the	TLR4	pathway.	A	Gram-

negative	PAMP,	tri-acylated	lipopeptides,	also	stimulates	TLR2	in	combination	with	TLR1.	

Due	to	horse	TLR4	being	highly	sensitized	to	LPS,	the	TLR2-TLR1	complex	has	a	dampened	

response	 to	 Gram-negative	 lipoproteins	 as	 a	 means	 of	 preventing	 a	 fatally	 strong	

cumulative	 immune	 response	 to	 Gram-negative	 pathogens	 [18].	 This	 variation	 in	

specificity	can	be	seen	 for	molecules	 like	MPLA,	 that	 is	a	partial	agonist	 in	humans	 [16,	

282],	where	 it	 can	be	employed	as	a	 vaccine	adjuvant	 [16,	282],	but	 is	 a	 full	 agonist	 in	

horse	and	mouse	models[16,	282].		

	

Work	done	by	 collaborators	 (Clare	Bryant	 –	Cambridge)	 on	 lipid	A	mimetic	 compounds	

and	 TLR4	 is	 discussed	 below;	 the	 experimental	 results	 form	 the	 motivation	 for	 the	

subsequent	simulation	work:	

	

Corixa	 (CRX),	 another	 class	 of	 lipid	 A	 mimetic	 compounds	 have	 shown	 promise	 in	

immunomodulation	[283].	Several	different	corixa	compounds	are	available	[283]	(Figure	
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53),	with	different	degrees	of	agonism	and	antagonism.	CRX-526	has	been	shown	to	be	a	

strong	 antagonist	 in	 humans	 and	 competes	 with	 LPS	 to	 bind	 TLR4	 and	 therefore	 has	

promise	as	an	antiseptic	agent,	whilst	CRX-527	is	an	agonist	in	humans	and	can	be	used	to	

elicit	 an	 immune	 response	 [283].	 Both	 of	 these	 molecules	 have	 the	 same	 response	

mediated	 by	 horse	 TLR4	 as	 well.	 CRX-555	 however,	 does	 not	 cause	 a	 measureable	

immune	 response	 through	 human	 TLR4	 (no	 TNF-alpha	 production	 induced,	 though	

microarray	data	has	shown	it	does	cause	some	gene	induction),	but	does	activate	horse	

TLR4	[283].	 In	mutant	TLR4	hS441P,	where	human	TLR4	has	a	mutation	from	a	Ser	to	a	

Pro	in	position	441	(i.e.	to	the	equivalent	equine	residue),	however,	signaling	for	all	three	

of	 these	 Corixa	 compounds	 is	 observed	 when	 complexed	 with	 equine	 MD-2.	 To	

understand	 the	 structural	 events	 that	 lead	 to	 signaling	 or	 lack	 thereof	 in	 these	

compounds	 simulations	 of	 the	 following	 systems	were	 setup:	 a)	 hh	 (human	 TLR4	with	

human	MD-2)	in	combination	with	ai)	CRX-526	(526),	aii)	CRX-527	(527),	and	aiii)	CRX-555	

(555);	b)	he	(human	TLR4	with	horse	MD-2)	with	bi)	CRX-526,	bii)	CRX-527,	and	biii)	CRX-

555;	and	c)	me	 (human	TLR4	mutant	with	equine	MD-2)	with	ci)	CRX-526,	 cii)	CRX-527,	

and	ciii)	CRX-555.	

	

Figure	53 	–	Structure	of	the	Corixa	compounds	used	in	this	study.	

	

MPLA,	 as	 discussed,	 is	 a	 partial	 agonist	 in	 humans	 but	 a	 full	 agonist	 in	 mouse	 TLR4.	

Though	 this	 is	 well	 known,	 the	 structural	 reason	 for	 this	 disparity	 is	 not.	 In	 human	

systems	MPLA	activates	only	the	TRIF	pathway	without	simulating	the	MyD88	pathway.	In	

mice	 however,	 both	 pathways	 are	 stimulated	 (though	MyD88	 is	 weakly	 stimulated	 by	
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MPLA	compared	to	 lipid	A)	 [282].	Understanding	the	subtleties	between	partial	and	full	

agonism	are	 important	 to	 gain	 further	 insight	 into	 to	 the	mechanism	of	 TLR4	 signaling,	

and	to	guide	future	design	of	other	vaccine	adjuvants.	To	study	the	basis	of	recognition,	

an	unpublished	 crystal	 structure	by	 Jie-Oh	 Lee	 (KAIST)	 of	 a	mouse	 TLR4/MD-2	 complex	

bound	 to	 MPLA	 was	 obtained.	 Using	 this	 crystal	 structure	 simulations	 were	 setup	 of	

mouse	 TLR4/MD-2	 in	 complex	 with	 MPLA,	 to	 gain	 insight	 into	 the	 dynamic/structural	

patterns	 that	 lead	 to	 the	 difference	 in	 affinity	 and	 activation	 behavior	 between	mouse	

and	human	TLR4.			

	

After	 simulations	 were	 run,	 known	 determinants	 of	 TLR4	 activation	 were	 studied,	

including	 the	 C-terminal	 separation,	 buried	 surface	 area	 in	 the	 primary	 and	 secondary	

interaction	 sites,	 RMSD	of	 certain	 components	 in	 the	 complex,	 and	 the	 position	 of	 the	

ligands	within	the	MD-2	binding	pocket.	

	

Major	 results	 include	 the	 demonstration	 that	 the	 active	 complex	 in	 the	me526	 system	

was	 structurally	 distinct	 from	 the	 “standard”	 active	 complex	 adopted	 by	 the	 CRX-527	

complexes.	They	also	showed	that	the	difference	in	MPLA	potency	between	human	and	

mouse	 TLR4	 is	 in	 large	 part	 due	 to	 a	 difference	 in	 ligand	 position	 in	 the	 binding	 site	

leading	to	stabilization	of	the	active	state	in	mouse	compared	to	human.	
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6.2 Simulation	setup	

6.2.1 System	Construction	

For	the	MPLA	simulations	two	systems	were	set	up,	a	human	system	and	a	mouse	system.	

The	mouse	system	was	set	up	based	on	an	unpublished	x-ray	structure	from	Jie-Oh	Lee	

(KAIST)	of	mouse	TLR4	with	bound	MPLA,	and	the	human	TLR4	system	was	based	on	the	

human	crystal	 structure	available	 (PDB	code:	3FXI),	where	 the	bound	LPS	structure	was	

modified	using	PyMOL	[274]	to	make	MPLA	(these	simulations	had	previously	been	run	by	

Peter	 Bond).	 The	 system	 was	 solvated	 and	 net	 charges	 neutralized	 using	 Sodium	 and	

Chloride	ions,	with	a	total	concentration	of	0.1	M.	Following	a	minimization	step	to	relax	

any	steric	clashes,	an	equilibration	phase	was	then	performed	where	protein	and	ligand	

position	were	gradually	released	from	their	 initial	configuration	over	1.5	ns	to	allow	the	

solvent	to	relax	before	a	production	run	of	at	least	100	ns.		

	

The	Corixa	compounds	were	built	using	the	human	crystal	structure	(PDB	code:	3FXI)	as	a	

template,	with	lipid	A	then	appropriately	modified	using	PyMOL.	TLR4	chains	were	taken	

from	 this	 crystal	 structure	 as	 well	 as	 the	 human	 MD-2	 chains.	 No	 crystal	 structure	 is	

available	 for	 horse	 TLR4/MD-2;	 the	 horse	 MD-2	 homology	 model	 was	 therefore	 built	

using	Modeler.	Due	to	a	67%	sequence	identity	with	equine	MD-2,	the	human	MD-2	was	

used	as	a	template;	three	sets	of	1000	preliminary	equine	MD-2	models	were	generated,	

and	 these	were	 then	 ranked	according	 to	 their	 internal	 energy	 score,	with	 the	 top	100	

from	 each	 set	 selected	 for	 further	 investigation.	 Clustering	 analysis	 was	 used	 to	 select	

residues	within	 4	Å	of	 ligand	or	 TLR4	 interaction	 site,	 and	 their	 structural	 conservation	

was	monitored.	No	obvious	 “outliers”	were	 found	 and	 a	model	was	 therefore	 selected	

arbitrarily.	The	mutant	TLR4	chains	hS441P	was	made	by	modifying	residue	441,	a	serine	

in	 normal	 human	 TLR4	 to	 a	 proline	 residue	 via	 superposition	 of	 the	 coordinates	 of	 a	

proline	 model	 to	 the	 backbone	 of	 the	 serine	 residue,	 followed	 by	 extensive	 energy	

minimization	of	this	region.	
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6.2.2 Simulation	Parameters	

All	simulations	were	performed	using	the	GROMACS	molecular	dynamics	software	[147,	

192,	 275],	 version	 4.6.5	 [193].	 The	 CHARMM22/CMAP	 forcefield	 was	 used	 for	 all	

simulations,	parameters	for	lipid	A	were	created	based	on	this	forcefield	with	a	charge	of	

-4.	Temperatures	of	the	systems	were	set	at	298K	and	coupled	to	the	protein,	ligand	and	

water	 separately,	 using	 the	 velocity	 rescale	 thermostat	 and	 a	 1	 ps	 time	 constant.	 The	

TIP3P	water	model	was	used	across	all	simulations	[276].	The	pressure	was	maintained	at	

1	bar	by	anisotropic	pressure	coupling	using	the	Parrinello-Rhaman	barostat	and	a	time	

constant	of	5ps.	Electrostatic	interactions	were	treated	using	smooth	particle	mesh	Ewald	

(PME),	 with	 a	 short-range	 cutoff	 of	 1.4	 nm.	 The	 van	 der	 Waals	 interactions	 were	

truncated	 at	 1.2	 nm	 and	 long-range	 dispersion	 correction	 was	 applied	 to	 energy	 and	

pressure.	The	neighbor	list	was	updated	every	five	steps	throughout	the	simulations	and	

all	bonds	were	constrained	using	the	P-LINCS	algorithm,	and	a	2	fs	time	step	being	used.	

All	 systems	 were	 energy	 minimized	 for	 up	 to	 1000	 steps	 using	 the	 steepest	 descent	

method	before	equilibration	and	production	runs.	

	

Table	17 	–	All 	simulations	with	ligand	and	length	indicated. 	

	

	

	

	

	

	

	

System	 Ligand	 Timescale	
hh	
	

CRX-526	 100	ns	
CRX-527	 100	ns	
CRX-555	 100	ns	

he	
	

CRX-526	 100	ns	
CRX-527	 100	ns	
CRX-555	 100	ns	

me	
	

CRX-526	 100	ns	
CRX-527	 100	ns	
CRX-555	 100	ns	

hTLR4-hMD-2	 MPLA	 100	ns	
mTLR4-mMD-2	 MPLA	 100	ns	
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6.3 Results	

6.3.1 MPLA	

6.3.1.1 Allosteric	switch	“criteria”	satisfied	in	mouse	but	not	human	MD-

2	

The	gating	loop	and	Phe126	have	previously	been	identified	as	the	allosteric	switch	that	

may	help	determine	activation	of	the	TLR4/MD-2	receptor	[16].	As	such	the	gating	 loop	

was	monitored	in	the	mouse	and	human	TLR4	complexes	to	determine	the	likely	activity	

in	 the	 two	complexes.	 In	 the	mouse	model	 the	 conformation	of	 the	gating	 loop	 is	well	

maintained	 and	 the	 Phe126	 residue	 remains	 buried	within	 the	 hydrophobic	 portion	 of	

MD-2,	 interacting	with	 the	MPLA	 tails,	 hence	maintaining	 the	 hydrophobic	 interactions	

between	MD-2	and	 the	TLR4*	chain	 (Figure	54).	 In	contrast,	 in	 the	human	complex	 the	

gating	loop	adopts	a	different	conformation,	leading	to	a	more	outward	facing	orientation	

of	 the	 Phe126	 residue	 (though	 still	 not	 as	 open	 as	 is	 seen	 in	 the	 apo	 state	 or	 in	 the	

presence	of	antagonists	[16]).	Furthermore,	analysis	 looking	at	the	buried	area	between	

Phe126	 and	 the	 ligand	 and	 MD-2	 chain	 over	 the	 last	 10	 ns	 shows	 a	 reasonably	 well	

maintained	buried	area	at	3.5	±	0.2	nm2	and	3.6	±	0.2	nm2	in	the	two	MD-2	cup	sites	for	

the	 mouse	 model	 (compared	 to	 initial	 buried	 areas	 of	 3.65	 nm2	 and	 3.86	 nm2	

respectively).	Meanwhile	in	the	human	model,	the	buried	area	was	slightly	reduced	2.9	±	

0.3	 nm2	 and	 3.2	 ±	 0.2	 nm2	 (compared	 to	 initial	 buried	 areas	 of	 3.11	 nm2	 and	 3.33	 nm2	

respectively)	suggesting	that	the	human	complex	was	less	stable.	This	correlates	well	with	

experimental	studies	suggesting	MPLA	is	a	partial	agonist	 in	human	and	a	full	agonist	 in	

mouse	[16,	282].	
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Figure	54	–	Position	of	the	Phe126	(pink)	and	ligands	(purple)	in	the	M
D
-2		cup	(green)	in	the	m

ouse	and	hum
an	system

s	

com
pared	to	the	crystal	structure.	
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6.3.1.2 Shift	in	ligand	position	in	human	but	not	mouse	MD-2	

Another	 aspect	 of	 stability	 is	 how	 dynamic	 the	 ligand	 is	 in	 the	 binding	 site.	 In	 lipid	 A	

simulations	with	TLR4	the	ligand	movements	are	limited.	In	the	mouse	model	the	same	is	

seen;	the	MPLA	molecule	does	not	shift	and	retains	a	central	position	in	the	cavity	(Figure	

55),	 with	 a	 ligand	 RMSD	 of	 0.27	 ±	 0.02	 nm	 over	 the	 last	 10	 ns	 compared	 to	 its	 initial	

position.	 In	 the	 human	 system	however	 the	MPLA	 is	more	 dynamic	 in	 the	 binding	 site	

with	an	average	RMSD	of	0.31	±	0.01	nm	over	the	last	10	ns.	Furthermore,	in	the	human	

system	 the	 4’-PO4	 side	moves	 out	 of	 its	 initial	 position	 in	 the	 center	 of	 the	 cavity	 and	

toward	the	edge	of	the	cavity	facing	the	secondary	interaction	site.		

Figure	55 	–	Position	of	the	lipid	A	in	the	MD-2	cup	(human	system	in	blue	and	mouse	

system	in	red)	

	

This	reorientation	appears	to	lead	to	a	reduction	in	contacts	between	the	outer	acyl	tail	of	

MPLA	 and	 the	 secondary	 interaction	 site	 of	 TLR4	 (Figure	 56),	with	 an	 average	 of	 ~307	

contacts	 (distance	 ≤	 0.6	 nm)	 in	 the	 final	 10	 ns	 of	 simulation	 in	 the	 human	 system,	

compared	to	~438	in	the	initial	10	ns	and	compared	to	~371	contacts	in	the	final	10	ns	of	

the	mouse	system	(Table	18).	
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Figure	56 	–	Number	of	hydrophobic	contacts	between	the	MPLA	tails	and	the	secondary	

interaction	site	in	the	human	and	mouse	systems.	

	

System	 Contacts	in	the	first	10	ns	 Contacts	in	the	final	10	ns	
hTLR4-hMD-2	 438	±	59	 307	±	41	
mTLR4-mMD-2	 308	±	39	 371	±	44	

Table	18 	–	Number	of	hydrophobic	contacts	in	the	secondary	interaction	site	in	the	early	

and	late	stages	of	simulation	

	

	

6.3.1.3 C-termini	 separation	 suggests	 differential	 activation	of	 the	 TLR4	

pathway	

The	signaling	behavior	of	the	active	complex	in	TLR4	is	likely	to	be	dependent	upon	the	C-

termini	separation.	The	C-terminus	of	the	intracellular	portion	of	the	protein	links	to	the	

internal	 TIR	 domains;	 upon	 dimerization	 these	 TIR	 domains	 initiate	 the	 recruitment	 of	

adaptor	 proteins,	 starting	 a	 downstream	 signal.	 In	 the	mouse	model	 it	 retained	 a	 very	

similar	 structure	 to	 the	 initial	 crystal	 structure	 (Figure	 57),	 with	 the	 C-termini	 not	
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separating	significantly	(from	an	initial	separation	of	3.41	nm	to	an	average	of	3.69	±	0.13	

nm	over	the	 last	10	ns),	 indicating	that	 in	a	full	complex	the	TIR	domains	could	be	kept	

together	to	initiate	a	full	 immune	response.	In	the	human	model	however	separation	of	

the	C-termini	(from	an	initial	distance	of	3.17	nm	to	an	average	separation	of	4.03	±	0.14	

nm	over	 the	 last	10	ns)	was	observed	 indicating	 the	 full	 signaling	effect	may	be	 lost,	 in	

agreement	with	previous	work	[11,	16].	

	

Figure	57 	–	C-terminus	displacement	in	the	human	and	mouse	systems	

	

6.3.2 Corixa	

6.3.2.1 Structure	of	entire	gating	loop	as	a	determinant	of	activity.	

As	mentioned	 above,	 the	orientation	of	 the	 gating	 loop	 and	 specifically	 the	position	of	

Phe126	may	help	determine	if	a	system	is	likely	to	signal	or	not.		Across	the	complexes	it	

was	 found	 that,	 based	upon	 the	position	of	 the	Phe126	 residues	alone,	 it	 is	 difficult	 to	

distinguish	between	the	active	and	inactive	complexes,	particularly	due	to	the	difficulty	in	

distinguishing	 between	 partial	 agonism	 and	 full	 agonism/antagonism.	 It	 was	 however	

observed	that	 in	some	of	the	inactive	complexes	(hh	526	&	555)	there	was	a	noticeable	

displacement	 of	 the	 gating	 loop	 (Figure	 58),	 so	 the	 position	 of	 the	 entire	 gating	 loop	

(defined	as	 residue	122-129)	as	opposed	 to	 just	 the	allosteric	 switch	at	Phe126	may	be	

another	 way	 of	 determining	 the	 active	 versus	 inactive	 state	 of	 a	 complex.	 Due	 to	 the	

complexity	of	partial	agonism,	further	studies	and/or	experimental	confirmation	would	be	

needed	to	confirm	this	proposal.		



	

	 147	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	58	–	O
verview

	of	the	ligands	in	the	M
D
-2	cup	across	all	system

s	



	

	 148	

6.3.2.2 Large	RMSDs	seen	across	both	active	and	inactive	complexes		

Based	on	the	RMSD	results	alone,	 it	 is	difficult	to	discern	which	complexes	are	signaling	

complexes	 or	 not.	 This	 is	 partly	 due	 to	 the	 possibility	 of	 “partial”	 signaling	 in	 TLR4	

complexes.	I	looked	at	the	overall	RMSDs	(Figure	59)	of	TLR4	chains	and	the	MD-2	chains;	

I	also	looked	at	the	RMSD	of	primary	complexes	(chain	A	and	chain	C/chain	B	and	chain	

D),	of	secondary	complexes	(chain	A	and	chain	D/chain	B	and	chain	C)	and	the	RMSD	of	

the	F126	 loop.	Overall,	 the	clearest	 conclusion	 that	 could	be	drawn	 is	 that	none	of	 the	

complexes	achieve	the	same	stability	as	the	lipid	A	complex.	In	active	complexes	like	me	

555	 large	 fluctuations	 were	 seen	 in	 the	 gating	 loop	 with	 an	 RMSD	 of	 over	 0.35	 nm	

compared	 to	 less	 than	 0.25	 nm	 for	 lipid	 A,	 but	 in	 inactive	 complexes	 like	 he526,	

hh526/555	the	average	RMSD	was	~0.32	nm,	0.27	nm	and	0.31	nm	respectively,	making	it	

difficult	not	only	to	discern	a	pattern	based	on	the	position	of	the	gating	loop,	but	also	its	

mobility.	 The	 other	 RMSD	 values	 measured	 provided	 similar	 results,	 with	 no	 clear	

discernable	patterns	between	proposed	signaling	and	non-signaling	complexes.	

Figure	59 	–	RMSD	of	various	portions	of	the	TLR4/MD-2	complex.	Signaling	complexes	

indicated	with	a	red	tick	and	inactive	complexes	with	a	red	cross. 	
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	Based	on	RMSD	results	the	Corixa	complex	that	has	a	stability	most	comparable	to	lipid	A	

is	hTLR4/h	–	CRX-527,	also	an	active	complex	where	the	structures	are	based	entirely	on	a	

crystal	 structure.	 The	 partial	 signaling	 issue	 discussed	 above,	 may	 be	 the	 reason	 it	 is	

difficult	to	obtain	clear-cut	results,	though	it	is	also	an	indication	that	RMSD	may	not	be	a	

good	indication	of	activation.	

6.3.2.3 Principal	 component	 analysis	 provides	 evidence	 for	 partial	

signalling	in	some	complexes	

Another	factor	to	observe	when	looking	at	stability/activity	of	the	TLR4/MD-2	complex	is	

the	stability	of	the	C-termini.	As	the	two	C-termini	need	to	be	in	close	proximity	to	each	

other	 to	 allow	 for	 full	 signaling	 [11],	 PCA	 to	 study	 the	movement	 of	 the	C-termini	was	

performed	to	try	and	identify	a	pattern	between	C-terminus	movement	and	agonism.	As	

with	 the	 gating	 loop	 positions	 and	 the	 RMSD,	 discernable	 patterns	 for	 prediction	 of	

whether	a	complex	 is	signaling	or	non-signaling	were	not	obvious.	 	The	complex	me526	

showed	 the	 most	 significant	 motions	 detected	 (Figure	 60),	 whilst	 the	 non-signaling	

complex	 he526	 has	 one	 of	 the	 lowest.	 Though	 as	 seen	 in	 some	 results	 above,	 the	

signaling	 hh527	 complex	 behaves	 as	 would	 be	 expected	 with	 an	 active	 complex	 with	

motions	 comparable	 to	 the	 control	 lipid	 A.	 And	 whilst	 results	 from	 the	 earlier	 RMSD	

analysis	 for	 the	 he555	 complex	 does	 not	 suggest	 it	 forms	 an	 active	 complex,	 the	 PCA	

analysis	shows	that,	 like	hh527,	the	he555	complex	has	 limited	motion	in	the	C-termini,	

allowing	at	least	partial	signaling.			
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Figure	60 	–	Principal	component	analysis	of	the	C-terminus	across	the	Coixa	systems.	

	

6.3.2.4 Buried	 area	 suggests	 alternative	 binding	 mode	 of	 CRX-526	 in	

mutant	TLR4	

Another	method	of	discerning	the	stability	of	a	complex	is	by	looking	at	the	buried	area	

between	 the	 ligand+MD-2	 cup	 and	 the	 TLR4	 chains	 in	 the	 primary	 and	 secondary	

interaction	sites.	Two	aspects	of	the	buried	area	are	of	interest,	a)	if	there	is	a	significant	

decrease	 in	 buried	 area	 between	 the	 starting	 structure	 and	 final	 structure,	 as	 well	 as	

compared	 to	a	 reference	 lipid	A	complex,	and	b)	 if	 the	buried	areas	 in	 the	 two	binding	

sites	are	asymmetric	(with	one	half	of	the	complex	losing	a	significant	amount	of	buried	

area	whilst	 the	other	half	 stays	 the	 same	or	 increases).	The	 results	 from	the	 secondary	

interaction	sites	correlate	well	with	those	of	our	experimental	collaborators	(Figure	61).	

Though	a	sharp	average	reduction	 in	buried	area	 in	many	complexes	was	not	observed,	

four	of	the	systems	(hh	526	&	555,	he	526	and	me	526)	revealed	asymmetric	buried	areas	

suggesting	that	one	side	of	the	complex	disconnected	from	the	other.	hh526,555	&	he526	

all	have	one	interaction	site	where	loss	of	contact	is	obvious.	The	only	anomaly	in	these	

results	is	that	me526	also	shows	to	be	asymmetric	despite	having	been	confirmed	to	be	a	

signaling	complex	experimentally.	This	can	however	be	explained	by	how	it	interacts	with	
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the	 TLR4	 chain,	 the	 ligand	 remarkably	 sticks	 out	 of	 the	MD-2	 cup	 to	 interact	with	 the	

hydrophobic	 patch	 but	 by	 “reaching”	 out	 of	 the	 pocket	 (Figure	 63	 below)	 it	 does	 not	

restrict	 the	MD-2	 cup	 into	 a	 position	 close	 to	 the	 TLR4	 chain.	 Since	 the	 buried	 area	 is	

measured	as	the	area	between	ligand+MD-2	and	TLR4	in	this	case,	when	the	ligand	alone	

is	present	in	such	close	proximity	the	buried	area	will	not	be	as	high.	This	behavior	is	not	

seen	in	any	of	the	antagonist	complexes	in	this	study.	

	

Figure	61 	–	Buried	area	in	the	primary	(top)	and	secondary	(bottom)	interaction	sites	in	

each	system.	
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6.3.2.5 Ligand	 rearrangement	 transfers	 signalling	 abilities	 to	 mutant	

TLR4	

As	with	the	MPLA	signaling	and	non-signaling	complexes	could	be	distinguished	based	on	

the	position	of	the	ligand	in	the	binding	pocket.	How	activity	 is	conferred	in	the	mutant	

TLR4	simulation	for	CRX-526	could	also	be	explained.		

	

	

Figure	62 	–	Starting	(green)	and	final	(blue/red)	position	of	the	ligands	in	the	he526	(A)	

and	hh555	(B)	systems.	

	

The	non-signaling	complexes	follow	a	pattern	previously	mentioned	in	Paramo	et	al	[16],	

the	 idea	 of	 asymmetrical	 binding	 in	 non-active	 complexes,	 where	 on	 one	 side	 of	 the	

complex,	 the	 interactions	with	 the	 TLR4	 in	 the	 secondary	 interaction	 are	 lost,	 so	 other	

binds	tightly	to	compensate.	In	the	side	where	interactions	are	lost	it	can	be	seen	that	the	

ligands	 are	 positioned	 further	 away	 from	 the	 secondary	 interaction	 site	 (Figure	 62),	

explaining	the	lack	of	signaling.	Out	of	the	non-signaling	complexes	(hh526,555	&	he526)	

the	position	of	the	ligand	in	hh555	resembles	what	was	seen	in	the	signaling	complexes	

(Figure	 63).	 This	 is	 likely	 due	 to	 the	 fact	 that	 though	 hh555	 does	 not	 induce	 the	

production	of	TNF-alpha,	microarray	studies	have	shown	that	certain	genes	are	 induced	

by	CRX-555	in	humans,	though	far	fewer	than	by	CRX-527	(8	for	CRX-555	compared	to	68	

by	CRX-527)	[283].		

A	 B	
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Figure	63 	–	Starting	(grey)	and	final	(mauve)	position	of	ligands	in	the	MD-2	cup	in	the	

me526	(A)	and	hh527	(B)	systems.	

A	

B	
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One	of	the	key	questions	to	answer	was	how	a	stable	mutant	TLR4	complex	hS441P	could	

be	formed	with	CRX-526,		an	antagonist	in	both	human	and	equine	but	also	how	CRX-555	

stabilizes	the	complex,	as	 it	 is	an	antagonist	 in	human	but	not	horse	TLR4.	 It	was	found	

that	 a	 rearrangement	 of	 the	 outer	 tails	 facing	 the	 secondary	 interaction	 site	 and	 not	

attached	 to	 the	Corixa	 sugar	groups	occurs	 in	 the	mutant	TLR4	 simulations	 (Figure	62).	

For	CRX-555,	it	could	be	noted	that	the	initial	conformation	of	the	acyl	tails	being	present	

near	the	cavity	edge,	facing	the	secondary	interaction	site	is	maintained,	allowing	the	acyl	

tails	to	form	hydrophobic	contacts	with	the	secondary	interaction	site,	and	consequently	

to	maintain	a	 stable	 signaling	 complex.	 In	hh555	however,	 the	CRX-555	head	group	 tilt	

toward	the	secondary	interaction	site	and	the	acyl	tail	does	not	protrude	far	enough	out	

of	 the	 binding	 cavity	 to	maintain	 hydrophobic	 contacts,	 explaining	 the	 loss	 of	 signaling	

ability	 reported	experimentally.	 In	 the	me526	complex,	 the	outer	 tails	 leave	 the	pocket	

entirely	to	interact	with	the	Phe440	and	Pro441,	allowing	the	contacts	with	the	secondary	

interaction	 site	 to	 be	 maintained.	 Again	 this	 was	 not	 seen	 in	 the	 hh526	 or	 he526	

complexes,	with	 the	acyl	 tails	 remaining	 inside	the	binding	cavity,	explaining	the	 loss	of	

signaling.	These	effects	are	 likely	due	 to	 the	 increased	hydrophobic	environment	 in	 the	

secondary	interaction	site	between	MD-2	and	TLR4*	created	by	the	presence	of	the	Pro	

residue	instead	of	the	Ser	in	the	mutant	TLR4,	suggesting	that	this	difference	in	sequence	

between	human	and	horse	TLR4	may	be	a	source	of	differential	signaling	between	these	

species.		
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6.4 Discussion	

Understanding	 how	 subtle	 variations	 in	 protein	 sequence	 can	 affect	 binding	 is	 of	 great	

importance	 for	 understanding	 the	 consequence	of	mutations	 for	 protein	 complexes,	 to	

identify	 targets	 for	 drug	 design	 and	 to	 help	 make	 predictions	 for	 the	 role	 of	 specific	

residues	in	proteins.		

	

In	 the	MPLA	 simulations	 the	 observations	 can	 be	 explained	 in	 a	 number	 of	 ways.	 The	

position	 of	 MPLA	 is	 maintained	 in	 the	 mouse	 model	 because	 the	 more	 favorable	

electrostatic	interactions	are	formed	between	the	4’-PO4	and	the	primary	interaction	site	

in	 the	mouse	model	 than	 in	 human.	 In	 the	mouse	model,	 Asn339	 from	human	TLR4	 is	

replaced	with	an	additional	Arginine	(Arg337)	(Figure	55);	this	allows	the	MPLA	molecule	

to	be	anchored	more	effectively.	This	keeps	the	MPLA	in	position	and	actually	causes	an	

increase	 in	 the	buried	area	 in	 the	primary	 interaction	 site	 from	8.7	nm2	 	 in	 the	 starting	

structure	 to	 an	 average	 of	 9.3	 ±	 0.3	 nm2	 over	 the	 last	 10	 ns	 in	 mouse.	 Meanwhile	 a	

decrease	is	seen	in	the	human	system	from	an	initial	buried	area	of	8.7	nm2	to	an	average	

of	7.9	±	0.3	nm2	over	the	final	10	ns.	The	buried	area	in	the	MD-2	cup	between	Phe126	

and	 ligand	 is	better	maintained	 in	mouse	due	partly	 to	 the	more	 stable	position	of	 the	

MPLA	in	the	binding	site,	but	also	due	to	a	few	substitutions	in	the	secondary	interface:	

N468	 in	TLR4*	and	K125	 in	MD-2	 in	human	are	 replaced	by	 L466	 in	TLR4*	and	L125	 in	

MD-2	in	the	mouse	model.	S127	present	in	the	MD-2	gating	loop	in	humans	is	replaced	by	

P127	 in	 mouse,	 increasing	 the	 hydrophobic	 surface	 and	 stabilizing	 the	 interactions	

between	 MD-2	 and	 TLR4	 by	 rigidifying	 the	 gating	 loop,	 hence	 inhibiting	 the	 “open”	

orientation	 seen	 in	 the	 human	 system	 (Figure	 55).	 Interestingly	 it	 could	 be	 noted	 that	

while	the	mouse	complex	retains	its	arrangement	of	the	C-termini	compared	to	it’s	crystal	

structure,	the	human	C-termini	separate	upon	replacement	of	lipid	A	with	MPLA	(Figure	

57).		

	

Overall	 the	 amino	 acid	 substitutions	 in	mouse	 TLR4	 and	MD-2	 versus	 human	 TLR4	 and	

MD-2,	 make	 it	 more	 adept	 at	 stabilizing	 the	 MPLA	 bound	 state,	 and	 maintaining	 the	

“active”	gating	loop	conformation	than	in	the	human	complex.	This	likely	increases	MPLA	

affinity	 for	 the	 pre-dimerized	 TLR4/MD-2	 complex,	 increases	 the	 stability	 of	 the	
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dimerization	 interface	and	hence	the	complex	as	a	whole,	and	this	 is	manifested	by	the	

lack	of	C-termini	separation,	the	key	aspect	of	TLR4	activation.		

	

The	Corixa	simulations	illustrate	well	the	difficulty	in	providing	quantitative	analysis	over	

short	 simulation	 timescales	 that	 can	 differentiate	 between	 partial	 agonists	 and	 full	

antagonists/agonists,	but	also	that	partial	agonism	is	still	badly	defined	structurally	and	is	

therefore	difficult	to	identify	in	simulations.	Whilst	the	Phe126	can	give	some	indication	

to	whether	or	not	a	complex	is	active,	 it	 is	not	the	defining	aspect.	The	gating	loop	as	a	

whole	(here	defined	as	residues	122-129	of	the	MD-2	cups)	plays	a	significant	part	with	

the	 inactive	 complexes	hh526	&	555	 showing	a	pronounced	displacement	compared	 to	

the	 fully	 active	 complex	hh527.	 It	was	 found	 that	 based	on	 the	 standard	 analysis	 tools	

used,	the	most	reliable	way	of	quantitatively	determining	if	a	complex	is	active	or	inactive	

is	 by	 monitoring	 the	 buried	 area	 between	 the	 liganded	 MD-2	 and	 the	 secondary	

interaction	site.		

	

The	 main	 aim	 of	 this	 project	 was	 to	 determine	 the	 source	 of	 differential	 signaling	

between	 predominantly,	 CRX-526	 in	 human,	 horse	 and	 mutant	 TLR4	 complex.	 It	 was	

found	 that	 the	 CRX-526	 ligands	 are	 able	 to	 extend	 further	 out	 of	 the	 MD-2	 cavity	 to	

interact	with	 increased	hydrophobic	 surface	 in	 the	mutated	TLR4	 secondary	 interaction	

site	that	confers	activity	to	the	complex.	A	similar	though	less	dramatic	situation	could	be	

seen	with	 the	CRX-555	 ligand,	with	 the	 tail	protruding	out	of	 the	MD-2	cup	 though	not	

fully	exiting	it	as	seen	in	the	CRX-526	simulation	(Figure	62).	CRX-555	and	CRX-527	have	8	

and	 10	 carbons	 long	 secondary	 acyl	 tails	 compared	 to	 6	 for	 CRX-526.	 This	 causes	 the	

ligands	with	shorter	secondary	tail	to	lean	further	toward	the	secondary	interaction	site	in	

order	 to	gain	 stability	 as	 it	 can	not	occupy	 the	 full	 volume	capacity	of	 the	MD-2	 in	 the	

same	position	as	is	adopted	by	the	CRX-527.		

	

	Results	from	both	the	MPLA	and	Corixa	projects	reveal	that	partial	agonism	is	a	concept	

that	 exists	 in	 a	 spectrum	 between	 agonism	 and	 antagonism	 and	 is	 difficult	 to	 define	

structurally	over	 short	 timescales.	As	partial	 agonism	and	activation	may	be	a	 transient	

process	where	an	active	TLR4	complex	is	formed	and	lost	over	long	timescales,	far	more	

sampling	 may	 be	 required	 to	 distinguish	 quantitatively	 between	 these	 states.	

Interestingly	it	was	found	that	a	few	or	even	a	single	point	mutation	in	TLR4	could	alter	
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the	 binding	 mode	 and	 activity	 of	 ligands	 dramatically	 .	 The	 most	 important	 aspect	 in	

these	studies	was	that	a	structural	explanation	could	be	provided	for	experimental	results	

suggesting	 different	 ligand	 potency	 between	 species.	 Increased	 hydrophobicity	 in	 the	

secondary	 interaction	 site	 between	MD-2	 and	 TLR4	 leads	 to	 significant	 changes	 in	 the	

bound	ligand	structure	resulting	in	improved	signaling.	
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 Metabolic	Disease	and	TLR4	 linked	Chapter	7:	

inflammation	

7.1 Introduction		

Type	2	diabetes	has	widely	been	linked	to	obesity	[284],	the	theory	being	that	as	a	result	

of	 poor	 dietary	 habits,	 the	 body	 has	 become	 “resistant”	 to	 insulin.	 The	 physiological	

mechanisms	behind	this	have	been	studied	extensively	and	proposed	mechanisms	include	

altered	production	of	 adipocyte-derived	molecules,	 pro-inflammatory	 cytokines	 such	 as	

TNF-alpha	 and	 IL-6	 and	 one	 of	 the	 widely	 reported	 mechanisms	 is	 insulin	 resistance	

induced	 by	 fatty	 acids	 [285].	 It	 is	 generally	 accepted	 that	 obesity	 leads	 to	 chronic	

activation	 of	 inflammatory	 pathways,	 and	 that	 these	 inflammatory	 pathways	 are	

therefore	 linked	 to	diabetes	 [284-286].	One	pathway	currently	 linked	 to	diabetes	 is	 the	

TLR4	signaling	pathway	[285].	Studies	over	many	years	[286-290]	have	proposed	that	 in	

obese	people,	excess	fatty	acid	is	released	from	extended	adipose	tissue;	these	then	bind	

to	 the	 TLR4/MD2	 and	 have	 agonistic	 properties	 causing	 activation	 of	 the	 inflammatory	

pathway,	leading	to	chronic	inflammation,	which	as	mentioned	above	is	believed	to	be	a	

cause	of	diabetes.		

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	64 	–	Differential	inflammation	pathways	proposed	for	LPS	and	Palmitate. 	
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Recent	work	 by	 a	 collaborator,	 Graeme	 Lancaster	 (Baker	 IDI),	 has	 however	 highlighted	

some	 problems	 with	 this	 widely	 accepted	 theory.	 Firstly,	 only	 certain	 fatty	 acids	 are	

believed	to	 induce	 inflammation,	namely	palmitate	and	to	a	 lesser	extend	stearate.	But	

the	MD-2	 pocket	 is	 unable	 to	 discriminate	 between	 fatty	 acids	 as	 it	 can	 bind	multiple	

different	 types	 as	 determined	by	 gel-shift	 assay	 investigating	 activation	 of	 downstream	

phosphorylation.	 Unlike	 LPS	 that	 activates	 TLR4	 and	 causes	 release	 of	 JNK	 cytokines	

within	 minutes,	 JNK	 release	 is	 apparently	 much	 slower	 in	 the	 presence	 of	 fatty	 acids,	

taking	several	hours	to	reach	the	same	level	of	cytokine	release.	Palmitate	is	also	unable	

to	 activate	 the	 “full”	 TLR4	 pathway,	 activating	 only	 the	 JNK	 pathway,	 not	 the	

NFkB	pathway	 (Figure	64)	 (though	partial	 agonists	 such	as	MPLA	also	 fail	 to	activate	all	

pathways).	It	was	also	shown	that	whilst	antagonistic	lipid	A	mimic	LPS-R	(Figure	65),		the	

lipid	A	component	of	Rhodiobacter	sphaeroides,	prevented	LPS	induced	JNK	activation,	it	

did	not	inhibit	palmitate	induced	JNK	activation.	This	was	combined	with	further	evidence	

that	showed	that	in	binding	assays	performed	on	TLR4,	palmitate	does	not	competitively	

inhibit	binding	of	LPS.	 It	was	therefore	concluded	that	fatty	acids	are	unable	to	activate	

the	 TLR4	 inflammation	 pathway	 and	 that	 a	 different	 pathway	 must	 be	 the	 cause	 of	

cytokine	release.	The	evidence	against	this	hypothesis	has	been	that	TLR4	knockout	mice	

(KO)	have	been	shown	to	be	unable	to	induce	JNK	activation,	suggesting	TLR4	is	involved	

in	 the	 process.	 However	 further	 investigation	 into	 this	 at	 Baker	 IDI	 showed	 that	 upon	

exposing	 KO	 mice	 to	 TLR1/TLR2	 activating	 ligand	 Pam3CSK,	 the	 KO	 mice	 were	 re-

sensitized	 to	 palmitate	 and	 hence	 TLR4	 only	 indirectly	 modulates	 palmitate-induced	

activation,	presumably	via	as-yet	unidentified	inflammatory	pathway	related	genes.	
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Figure	65 	–	Structure	of	LPS-R.	

	

	To	 test	 the	 hypothesis	 that	 TLR4	 is	 not	 involved	 in	 palmitate	 induced	 inflammation,	 a	

number	 of	 simulations	were	 setup	with	 the	 TLR4/MD2	 complex	 bound	 to	 six	 different	

kinds	of	 fatty	acids	varying	 in	 length	and	degree	of	saturation	(Figure	66),	 to	determine	

whether	or	not	single	chain	fatty	acids	are	able	to	maintain	a	structurally	stable	TLR4/MD-

2	complex	and	hence	activate	the	TLR4	pathway	(Table	19).	Firstly,	the	maximum	number	

of	monomers	 for	 each	 fatty	 acid	 type	able	 to	be	 accommodated	by	 the	MD-2	 cup	was	

determined	via	simulation	with	isolated	MD-2	(i.e.	in	the	absence	of	TLR4).	It	was	found	

that	 for	 fatty	 acids	 with	 a	 tail	 length	 above	 14	 carbons	 (stearate,	 oleate,	 palmitol	 and	

palmitate)	 five	 fatty	 acid	molecules	 could	be	 stably	 accommodated,	whilst	 six	 could	be	

accommodated	 in	 the	 case	 of	 14	 carbon	 fatty	 acids	 (myristate	 and	 myristol).	 The	
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appropriate	number	of	fatty	molecules	were	subsequently	added	to	the	MD-2	cup	at	each	

of	two	sites	within	the	entire	TLR4/MD-2	complex	as	described	below,	and	a	simulation	

was	 run	out	 for	 a	minimum	of	 100	ns.	 Some	of	 the	 aspects	monitored	 throughout	 the	

simulations	 were	 the	 C-terminal	 separations,	 the	 buried	 area	 in	 the	 primary	 and	

secondary	 interactions	 sites,	 RMSD	 of	 various	 components	 in	 the	 complex	 and	 the	

position	of	the	ligands	within	the	binding	pocket.	Combined,	these	results	suggested	that	

single	chain	fatty	acids	are	unlikely	to	activate	the	TLR4	signaling	pathway.	

	

	
Figure	66 	–	Structure	of	the	six	fatty	acids	utilized	in	this	chapter	
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Table	19 	–	Overview	of	fatty	acid	simulations	

	

	

	

	

	

	 	

System	 Ligand	 Timescale	

Isolated	MD-2	

3	Myristate	(i3Ma)	 100	ns	
3	Myristol	(i3Mo)	 100	ns	
3	Palmitate	(i3Pa)	 100	ns	
3	Palmitol	(i3Po)	 100	ns	
3	Stearate	(i3Sa)	 100	ns	
3	Oleate	(i3Ol)	 100	ns	

6	Myristate	(i6Ma)	 100	ns	
6	Myristol	(i6Mo)	 100	ns	
6	Palmitate	(i6Pa)	 100	ns	
6	Palmitol	(i6Pa)	 100	ns	
6	Stearate	(i6Sa)	 100	ns	
6	Oleate	(i6Ol)	 100	ns	

TLR4/MD-2	
3	Fatty	Acids	(3FA)	
5	Fatty	Acids	(5FA)	
6	Fatty	acids	(6FA)	

3	Myristate	(3Ma)	 100	ns	
3	Myristol	(3Mo)	 100	ns	
3	Palmitate	(3Pa)	 100	ns	
3	Palmitol	(3Po)	 100	ns	
3	Stearate	(3Sa)	 100	ns	
3	Oleate	(3Ol)	 100	ns	

6	Myristate	(6Ma)	 100	ns	
6	Myristol	(6Mo)	 100	ns	
5	Palmitate	(5Pa)	 100	ns	
5	Palmitol	(5Pa)	 100	ns	
5	Stearate	(5Sa)	 100	ns	
5	Oleate	(5Ol)	 100	ns	
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7.2 Simulation	setup	

7.2.1 System	Construction	

The	 TLR4/MD2	 system	was	 based	 on	 the	 human	 crystal	 structure	 available	 (PDB	 code:	

3FXI),	where	 the	bound	 fatty	 acids	 replaced	 the	 LPS.	 The	number	of	 fatty	 acids	 varied,	

with	simulations	run	with	3,	5	or	6	fatty	acids	present	for	a	total	of	12	100	ns	simulations	

(Table	 19).	 As	 stated	 above,	 the	 maximum	 capacity	 of	 MD-2	 for	 each	 fatty	 acid	 was	

determined	separately	in	preliminary	simulations	with	isolated	MD-2	in	solvent.	Two	sets	

of	 simulations	 using	 isolated	MD-2	were	 performed.	 The	 i3FA	 systems	were	 set	 up	 by	

initially	 simulating	 isolated	MD-2	 with	 three	 fatty	 acids.	 A	 single	MD-2	 chain	 from	 the	

crystal	 structure	of	human	TLR4/MD-2	 (PDB	code	3FXI)	was	 superimposed	onto	 that	of	

the	isolated	MD-2	protein	bound	to	three	myristate	molecules	(PDB	code	2E56)	to	obtain	

the	 initial	 bound	 fatty	 acid	 positions.	 The	 myristate	 molecules	 were	 modified	 within	

PyMOL	to	build	the	other	fatty	acids	in	the	i3FA	systems.	The	i6FA	systems	with	isolated	

MD-2	were	set	up	by	using	3FXI	as	template,	removing	the	TLR4	chains,	and	editing	the	

lipid	A	structure	in	PyMOL	to	make	six	fatty	acid	chains.	Each	system	was	minimized	using	

the	steepest	descent	method	for	at	least	1000	steps	and	then	equilibrated	for	1.5	ns	with	

ligand	and	protein	positions	being	gradually	released	from	the	initial	confirmation	before	

a	production	run	of	at	least	100	ns	was	performed.		

	

It	was	 found	 that	 only	 five	molecules	 of	 the	 fatty	 acids	 stearate,	 oleate,	 palmitate	 and	

palmitol	 could	 be	 accommodated	 by	 MD-2,	 with	 one	 of	 the	 fatty	 acid	 molecules	

spontaneously	 exiting	 the	 binding	 cavity	 in	 each.	 In	 comparison,	 six	 molecules	 of	

myristate	 and	myristol	 could	 be	 accommodated	 (Figure	 67).	 In	 the	 case	 of	 the	 16/18-

carbon	 length	 fatty	 acid	 molecules,	 the	 Phe126	 attained	 an	 outward-facing	 (i.e.	 non-

active)	 conformation.	When	a	 fatty	acid	exited	 the	MD-2	cup	 for	 the	16	and	18	carbon	

fatty	acids,	 the	Phe126	residue	subsequently	 readopted	 its	 inward	 facing	conformation.	

Simulations	 of	 these	 fatty	 acids	 in	 the	 TLR4/MD-2	 complex	 were	 subsequently	 set	 up	

(Table	19),	by	superimposing	the	MD-2	cup	and	fatty	acids	from	the	final	snapshots	of	the	

isolated	MD-2	 simulations	 onto	 the	 3FXI	MD-2	 structure	 (whilst	 deleting	 any	 fatty	 acid	

chains	 that	 could	 not	 be	 accommodated	 within	 the	 MD-2).	 A	 periodic,	 truncated	

octahedral	box	was	used	for	all	systems	with	at	least	1.5	nm	between	box	edges	and	the	
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protein.	 Neutral	 pH	was	 assumed	 and	 default	 ionization	 states	 were	 assigned.	 Sodium	

and	 Chloride	 ions	 were	 used	 to	 neutralize	 any	 net	 charges	 in	 the	 system,	 and	 a	 salt	

concentration	 of	 ~0.1	 M	 was	 used	 to	 mimic	 physiological	 salt	 conditions.	 Energy	

minimization	was	run	using	the	steepest	descent	method	to	remove	any	steric	clashes.	To	

equilibrate	 the	 solvent,	a	1.5	ns	 simulation	was	 run	where	positions	of	 the	protein	and	

ligand	heavy	atoms	were	gradually	released	from	the	initial	configuration.	The	production	

runs	were	then	carried	out	for	a	minimum	of	100	ns.	

	
Figure	67 	–	Final	(orange)	and	starting	(iceblue)	MD-2	structures	in	the	isolated	MD-2	

systems	with	starting	fatty	acid	structure	in	grey,	final	fatty	acid	structures	in	cyan	and	

fatty	acid	molecules	that	exited	the	cavity	within	100	ns	shown	in	red	spacefill 	format. 	
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7.2.2 Simulation	Parameters	

All	simulations	were	performed	using	the	GROMACS	molecular	dynamics	software	[147,	

192,	 275],	 version	 4.6.5	 [193].	 The	 CHARMM22/CMAP	 forcefield	 was	 used	 for	 all	

simulations,	parameters	for	 lipid	A	were	created	with	a	charge	of	-4	(based	on	standard	

parameters	 in	 the	CHARMM	forcefield).	Temperatures	of	 the	 systems	were	 set	at	298K	

and	 coupled	 separately	 to	 the	 protein,	 ligand	 and	 water,	 using	 the	 velocity	 rescale	

thermostat	 and	 a	 1	 ps	 time	 constant.	 The	 TIP3P	 water	 model	 was	 used	 across	 all	

simulations	[276].	The	pressure	was	maintained	at	1	bar	by	anisotropic	pressure	coupling	

using	 the	 Parrinello-Rhaman	 barostat	 and	 a	 time	 constant	 of	 5ps.	 Electrostatic	

interactions	were	 treated	 using	 smooth	 particle	mesh	 Ewald	 (PME),	with	 a	 short-range	

cutoff	of	1.4	nm.	The	van	der	Waals	interactions	were	truncated	at	1.2	nm	and	long-range	

dispersion	correction	was	applied	to	energy	and	pressure.	The	neighbor	list	was	updated	

every	five	steps	throughout	the	simulations	and	all	bonds	were	constrained	using	the	P-

LINCS	algorithm,	with	a	2	fs	time	step	being	used.	All	systems	were	energy	minimized	for	

up	to	1000	steps	using	the	steepest	descent	method	before	MD	production	run	to	allow	

relaxation	of	steric	clashes.	
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7.3 Results	

7.3.1 Fatty	acid	complexes	are	less	stable	than	for	lipid	A	

The	RMSD	was	monitored	for	both	TLR4	chains	(chains	A	&	B)	(Figure	68-A);the	“primary	

complexes”,	 in	other	words	 the	TLR4	chains	with	 the	MD-2	cup	bound	 to	 their	primary	

interaction	 site	 (chain	 A	 +	 chain	 C	 &	 chain	 B	 +	 chain	 D)	 (Figure	 68-B);	 the	 secondary	

complexes,	which	 is	 the	 TLR4	 chain	 and	 the	MD-2	 cup	 interacting	with	 their	 secondary	

interaction	site	(chain	A	+	chain	D	&	chain	B	+	chain	C)	(Figure	68-C)	and	for	each	of	the	

two	MD2	 gating	 loops	 (defined	 as	 residues	 122-129)	 (Figure	 68-D).	 Each	of	 these	were	

fitted	onto	their	starting	conformation	and	monitored	throughout	the	simulation,	with	an	

average	 over	 the	 last	 10	 ns	 indicated	 in	 the	 plots.	 Based	 on	 these	 results,	 several	

conclusions	were	drawn.	Firstly,	visual	inspection	of	the	6Mo	complex	suggested	that	it	is	

the	most	 stable	 of	 the	 complexes.	 Both	 the	 secondary	 complexes	 and	 the	 gating	 loop	

were	most	stable	in	6Mo	out	of	all	the	systems,	other	than	the	lipid	A	control.	The	RMSDs	

observed	for	6Mo	were	similar	to	those	obtained	for	the	lipid	A	system,	with	0.20	(±	0.02)	

nm	 in	 the	secondary	complex	compared	 to	0.19	 (±	0.01)	nm	for	 lipid	A	 (or	0.33	nm	for	

3Mo)	and	0.24	(±	0.03)	nm	in	the	gating	loop	compared	to	0.24	(±	0.03)	nm	for	lipid	A	or	

0.44	nm	for	3Mo	.		

	

Another	observable	trend	was	that	the	unsaturated	fatty	acids	seemed	to	be	more	stable	

than	their	saturated	counterparts,	with	the	exception	of	stearate	that	generally	was	more	

stable	than	oleate.	 In	 the	case	of	palmitate	compared	to	palmitol,	 the	5FA	systems	had	

similar	RMSDs	except	for	the	secondary	complex	where	5Pa	was	significantly	less	stable,	

with	an	RMSD	of	0.48	(±	0.05)	nm	compared	to	0.23	(±	0.02)	nm	for	5Po.	A	trend	seen	in	

the	saturated	 fatty	acids	but	not	 the	unsaturated	 fatty	acids	 is	 the	correlation	between	

length	and	stability.	The	 longer	the	acyl	 tail	 length	the	more	stable	the	complex	for	the	

saturated	ligands	(with	the	exception	of	5Pa);	however	no	such	trend	could	be	seen	in	the	

unsaturated	ligands,	where	as	mentioned,	6Mo	seemed	to	be	most	stable.	Overall,	none	

of	the	fatty	acid	complexes	had	the	same	level	of	stability	as	lipid	A;	in	fact,	in	the	primary	

complexes,	all	but	 the	5Sa,	5Ol,	6Mo	and	3Po	had	a	 final	RMSD	closer	 to	 the	apo	state	

(0.30	 ±	 0.02	 nm)	 than	 the	 lipid	 A	 bound	 state	 (0.18	 ±	 0.01	 nm)	 	 and	 in	 the	 secondary	

complex	all	fatty	acid	complexes	but	the	5Sa,	5Ol	and	6Mo	had	an	RMSD	more	similar	to	
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the	apo	state	(0.24	±	0.01)	than	the	lipid	A	bound	state	(0.19	±	0.01).	This	provides	further	

evidence	that	single	chain	fatty	acids	are	unable	to	stimulate	the	TLR4	complex.	

	

	

	

	
	

A	

B	
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Figure	68 	–	RMSDs	of	various	portions	of	the	TLR4/MD-2	complexes. 	

	

7.3.2 Gating	 loop	position	suggests	 fatty	acids	can	not	activate	

TLR4	

As	 in	 previous	 experiments,	 the	 positions	 of	 Phe126	 and	 the	 gating	 loop	 (defined	 as	

residues	122-129)	were	monitored	to	help	determine	if	a	system	is	likely	to	signal	or	not.	

Using	TLR4/MD2	bound	 to	 lipid	A	 as	 the	active	 control	 the	position	of	 Phe126	and	 the	

gating	loop	for	each	of	the	complexes	was	compared.	For	the	3Sa	&	5Sa,	3Ol	&	5Ol,	5Po,	

C

D	
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5Pa	and	3Ma,	the	position	of	the	Phe126	alone	suggests	these	are	not	active	complexes,	

whilst	in	the	case	of	6Ma,	3Pa,	3Mo	and	3Po	the	position	of	Phe126	appeared	to	be	in	a	

“closed”	 position,	 associated	 with	 an	 active	 complex.	 In	 the	 latter	 cases,	 however,	

significant	 displacement	 of	 the	 gating	 loop	 as	 a	 whole	 could	 be	 seen,	 with	 the	 loop	

generally	moving	away	from	the	secondary	interaction	site	(Figure	69)	and	Phe440	on	the	

TLR4	“flipping”	outwards	(Figure	70)	in	all	three	fatty	acid	simulations.	This	was	with	the	

exception	 of	 5Ol	 and	 6Ma,	 6Mo	 and	 5Po,	 all	 of	 which	 retained	 the	 original	 F440	

orientation.	Based	on	visual	analysis	of	 the	gating	 loop	region,	 the	complex	 that	 looked	

most	 stable	 was	 the	 6Mo	 system;	 the	 F440	 was	 not	 “flipped”,	 whilst	 there	 was	 some	

displacement	of	the	gating	loop	but	the	Phe126	residue	remained	in	a	closed	orientation,	

and	the	MD-2	cup	did	not	appear	to	move	away	from	the	secondary	interaction	site	as	is	

seen	in	other	complexes	(3Mo	&	5Pa).	

	

Figure	70 	–	The	Phe440	flip. 	Phe440	circled	and	in	cyan	and	ligands	in	mauve.	
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Figure	69	–	Position	of	the	fatty	acids	(m
auve)	and	structure	of	the	M

D
-2	cup	(green)	w

ith	key	residues	explicitly	show
n	in	cyan	



	

	 172	

7.3.3 Disruption	of	contacts	with	the	secondary	interaction	sites	

in	fatty	acid	complexes	

Another	 aspect	 analyzed	was	 the	 buried	 area	 between	 the	MD-2	 cup	 +	 ligand	 and	 the	

primary	and	secondary	interaction	sites	on	TLR4	(Figure	71).	The	final	buried	area	of	the	

primary	 interaction	 site	was	 similar	across	all	 the	complexes.	 In	 the	 secondary	complex	

however,	 significant	variations	 could	be	observed	 (buried	area	measured	as	an	average	

over	the	last	10ns	of	simulation).	No	other	complex	had	a	buried	larger	than	lipid	A	(5.48	

±	0.30	nm2).	5Sa	had	a	high	final	buried	area	in	the	secondary	interaction	site	(5.05	±	0.02	

nm2),	 though	 slightly	more	asymmetric	 than	what	 is	 seen	 in	 lipid	A	 (5.46	nm2	 and	4.65	

nm2	in	5Sa	compared	to	5.73	nm2	and	5.23	nm2	in	lipid	A).	The	only	3FA	systems	with	an	

average	buried	area	above	4.5	nm2	were,	the	3Ol	complex,	with	an	average	area	of	~	4.57	

nm2	 (4.70	±	0.27	and	4.44	±	0.34	nm2)	and	the	3Ma	complex	with	an	average	of	~	4.61	

nm2	(4.09	±	0.30	n	2	and	5.14	±	0.45	nm2).	All	other	3FA	complexes	had	lower	final	buried	

areas,	with	3Mo	and	3Sa	exhibiting	the	previously	discussed	asymmetric	 loss	of	contact	

with	the	secondary	 interaction	site.	 In	 the	6	&	5FA	systems	a	dramatically	 lower	buried	

area	at	the	secondary	interaction	site	was	observed	for	5Pa,	with	an	average	of	~2.05	nm2	

(1.80	±	0.34	nm2	and	2.29	±	0.30	nm2)	over	the	last	10	ns.	6Ma		and	5Po	both	exhibited	an	

asymmetric	loss	of	interaction.	These	results	suggest	that	no	fatty	acids	(other	than	5Sa)	

can	attain	a	buried	area	as	large	or	near	as	large	as	what	was	seen	in	the	lipid	A	complex.	

	

	
Figure	71 	–	Buried	area	in	the	secondary	interaction	site	of	the	fatty	acid	system.	
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7.3.4 Key	salt	bridges	in	lipid	A	complexes	disrupted	in	the	fatty	

acid	systems	

	

An	important	aspect	of	maintaining	a	stable	TLR4	complex	is	preserving	electrostatic	

interactions	between	the	ligand	and	residues	in	the	primary	and	in	particular	secondary	

interaction	sites.	The	average	minimum	distance	between	previously	identified	key	

residues	(K362,	R264	and	K388*)	[16]	and	the	ligand	head	groups	was	monitored	over	the	

last	10	ns	(Figure-72).	These	results	revealed	that	though	interactions	in	the	primary	

interaction	site	are	generally	well	maintained	for	the	5FA	and	6FA	systems,	an	increase	

was	seen	in	the	minimum	distance	between	residue	K362	and	the	ligands	across	all	3FA	

system,	with	only	3Ma	having	a	minimum	distance	of	less	than	0.6	nm	(0.53	±	0.09	nm),	

compared	to	less	than	0.4	nm	(0.36	±	0.07	nm)	for	lipid	A.	Furthermore,	all	three	fatty	

acid	systems	but	3Ma	and	3Mo	had	an	average	minimum	distance	of	over	0.4	nm	

between	ligand	and	R264,	compared	to	less	than	0.2	nm	(0.17	±	0.02	nm)	for	lipid	A.	This	

suggests	that	all	3FA	systems	have	a	weakened	interaction	with	the	primary	interface	

compared	to	lipid	A,	whilst	the	5FA	and	6FA	systems	retained	strong	interactions.	

However,	no	fatty	acid	complex	was	able	to	retain	contact	with	the	K388*	residue	at	the	

secondary	interface,	and	the	mean	minimum	distance	exceeded	0.6	nm	for	all	systems,	

compared	to	a	distance	of	less	than	0.4	nm	in	the	case	of	lipid	A	(0.37	±	0.01	nm).	This	

may	be	a	contributing	factor	in	the	loss	of	buried	area	in	the	secondary	interaction	site,	as	

discussed	above,	hence	providing	an	explanation	for	the	loss	of	signaling	ability.	

	

	

	

	

	

	

	

	

	

	

	



	

	 174	

Figure	72 	–	Salt	bridge	distances	in	fatty	acid	systems.	

	

7.3.5 Principal	 component	 analysis	 shows	 high	 C-termini	

fluctuations	in	fatty	acid	complexes	but	not	lipid	A	

The	final	analysis	performed	on	these	systems	was	principal	component	analysis,	in	order	

to	 identify	 significant	 collective	 fluctuations	 in	 the	 TLR4	 C-termini	 that	 could	 provide	

information	 on	 system	 dynamics.	 This	 analysis	 reaffirmed	 what	 was	 seen	 in	 previous	

analysis,	 suggesting	 a	 lack	 of	 active	 signaling	 ability	 associated	 with	 each	 fatty	 acid.	

Comparing	the	fluctuations	of	the	TLR4	C-termini	for	the	fatty	acids	and	the	lipid	A,	a	clear	

difference	 in	 stability	 was	 observed	 with	 all	 fatty	 acid	 complexes	 displaying	 larger	

fluctuations	 than	 those	 for	 lipid	 A	 (Figure	 73).	 Fluctuations	 of	 C-alpha	 atoms	 in	 the	 C-

terminal	regions	 in	the	 lipid	A	complex	never	exceeded	~20	Å,	with	the	vast	majority	of	

backbone	atoms	 in	 the	 first	 eigenvector	 showing	 fluctuations	of	 less	 than	~10	Å	 (Table	

20).	 In	 the	 fatty	 acid	 complexes,	 the	majority	of	 the	C-termini	 exhibited	 fluctuations	of	

over	~10	Å	with	the	extremities	reaching	as	high	as	~30	Å.	Once	again	the	exception	to	

this	was	the	6Mo	complex	where	limited	fluctuations	were	observed	as	was	seen	in	lipid	

A.	The	amount	of	fluctuation	and	C-termini	separation	seen	in	the	5Pa	complex	provides	

very	 clear	 evidence	 that	 the	 complex	 is	 not	 stable.	 Furthermore	 the	motion	 in	 the	5Pa	

systems	 showed	 not	 only	 C-termini	 separation	 but	 also	 rotation	 of	 TLR4	 chains	 with	

respect	to	each	other,	resembling	the	transition	from	active	to	inactive	states	discussed	in	
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chapter	 1	 for	 the	 pre-formed	 TLR8	 dimer.	 Interestingly,	 it	 may	 be	 noted	 that	 the	

unsaturated	complexes	are	in	general	more	stable	than	the	saturated	complex,	exhibiting	

less	 fluctuation	 in	 the	C-termini	 in	particular	 (with	the	exception	of	3Mo).	These	results	

indicate	 that	 the	 fatty	 acids	 are	 unable	 to	maintain	 an	 active	 signaling	 complex	 as	 the	

separation	of	the	C-termini	would	lead	to	the	separation	of	the	intracellular	TIR	domains	

and	hence	disruption	of	the	downstream	TLR4	signaling	pathway.	

	

System	 Proportion	of	first	
eigenvector	(%)	

Proportion	of	second	
eigenvector	(%)	

3	Myristate	 43	 19	
3	Myristol	 58	 10	
3	Palmitate	 30	 25	
3	Palmitol	 32	 12	
3	Steareate	 36	 15	
3	Oleate	 22	 29	

6	Myristate	 38	 17	
6	Myristol	 26	 11	
5	Palmitate	 76	 7	
5	Palmitol	 32	 14	
5	Steareate	 53	 8	
5	Oleate	 28	 12	
Lipid	A	 25	 15	

Table	20 	–	Proportion	of	eigenvectors	in	fatty	acid	systems	
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Figure	73 	–	Principal	component	analysis	of	TLR4	chains	in	the	fatty	acid	systems.	
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7.4 Discussion	

The	 group	 of	 Graeme	 Lancaster	 focused	 primarily	 on	 the	 common	 dietary	 fatty	 acid	

palmitate,	 and	demonstrated	 that	 it	 could	not	 induce	 full	 TLR4	 activation,	 as	 it	 did	 not	

lead	 to	 activation	 of	NFkβ, only	 JNK.	Moreover,	 he	 has	 shown	 that	 antagonistic	 lipid	 A	

mimics	did	not	competitively	 inhibit	palmitate-induced	 JNK	activation	and	 that	KO	mice	

without	 TLR4	 receptors	 could	 be	 re-sensitized	 to	 palmitate	 through	 activation	 of	

alternative	 TLR	 receptors	 leading	 to	 gene	 transcription.	 This	 study	has	 a	 broader	 scope	

and	evidence	was	 found	suggesting	 that	none	of	 the	 fatty	acids	are	 likely	 to	be	able	 to	

activate	the	TLR4/MD-2	complex.	

	

Evidence	 from	the	simulations	presented	here	suggested	 that	 the	6Mo	systems	are	 the	

only	 one	 that	 showed	 signs	 of	 potentially	 having	 agonistic	 potential,	 though	 only	 if	 a	

sufficient	 number	 of	 chains	 are	 present	 in	 the	 binding	 site,	 as	 the	 3Mo	 system	 is	

unquestionably	inactive,	leading	to	the	conclusion	that	myristol	would	in	vivo	be	unlikely	

to	activate	TLR4,	given	its	reliance	on	specific	numbers	of	fatty	acid	chains.	Interestingly,	

similar	 activity	was	 not	 observed	 between	myristol	 and	myristate	 systems,	 despite	 the	

only	difference	being	a	double	bond.	In	fact,	this	is	a	trend	seen	across	all	complexes,	i.e.	

large	 differences	 were	 seen	 between	 ligands	 with	 the	 same	 number	 of	 carbons	 but	

different	 levels	 of	 saturation,	 suggesting	 that	 the	 degree	 of	 tail	 saturation	 may	 be	 an	

important	 factor	 in	maintaining	 a	 stable	 complex.	 Nevertheless,	 no	 fatty	 acid	 complex	

reached	the	same	level	of	stability	as	the	 lipid	A	complex,	and	it	 is	 important	to	bare	 in	

mind	that	this	may	be	a	sampling	effect	since	unsaturated	fatty	acids	are	more	rigid	and	

hence	less	dynamic.	However,	the	simulation	results	were	especially	interesting	for	6Ma,	

since	the	tails	have	the	same	length	and	composition	as	seen	in	lipid	A.		

	

Another	 interesting	observation	was	that	some	complexes	were	more	stable	with	three	

fatty	acids	(half	the	number	of	acyl	tails	present	in	lipid	A),	than	with	five	or	six	(such	as	

3Mo	and	3Pa).	5Pa	was	 the	 least	 stable	 complex,	with	 large	 fluctuations	 seen	 in	 the	C-

termini,	a	total	 loss	of	 interaction	between	the	MD-2	and	the	secondary	interaction	site	

and	 hence	 the	 loss	 of	 the	 Phe126	 “closed”	 (i.e.	 active)	 orientation,	 as	 a	 result	 of	 the	

displacement	of	the	gating	loop.	In	the	3Pa	simulation,	however,	this	huge	drop	(from	~4	

nm2	 to	~2	nm2	 in	5Pa)	 in	buried	area	was	not	 seen	 (final	buried	area	of	~3.5	nm2).	The	
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MD-2	cup	was	still	 close	enough	to	 interact	with	the	secondary	 interaction	site	and	the	

displacement	of	the	gating	loop	was	only	slight.	The	complex	still	did	not	fulfill	the	criteria	

for	an	active	complex,	 though	 it	 is	 inarguably	more	stable	 than	the	5Pa	complex,	and	a	

similar	 situation	 could	 be	 observed	 in	 the	 3Ol	 &	 5Ol	 complexes,	 with	 the	 3Ol	 system	

arguably	 forming	 an	equally	 or	more	 stable	 complex	 than	5Ol.	A	 theory	 for	 this	 is	 that	

with	 the	MD-2	 pocket	 “saturated”,	 as	 seen	 in	 the	 5FA	 complexes,	 the	 ligands	may	 be	

unable	 to	 compensate	 for	 the	high	negative	 charge	density	of	 the	head	groups	 in	each	

molecule,	 leading	 to	 them	 moving	 away	 from	 each	 other	 and	 forcing	 them	 into	

“unfavorable”	positions/orientations.	

	

In	the	analysis	there	are	several	aspects	to	consider	when	assessing	the	activity	of	ligands	

within	TLR4.	Thus,	 the	gating	 loop,	 secondary	 interaction	 site,	C-termini	 separation	and	

position	 of	 Phe126	 are	 all	 separate	 determinants	 for	 indication	 of	 potential	 activity.	

Strong	 evidence	 suggesting	 single	 chain	 fatty	 acids	 are	 unable	 to	 maintain	 a	 stable	

complex	was	found	when	the	motions	of	the	C-termini	were	observed	and	evident	chain	

separation	appeared	to	occur	in	most	complexes,	as	well	as	the	loss	of	buried	area	in	the	

secondary	interaction	site,	possibly	due	to	the	loss	of	electrostatic	 interactions	between	

ligand	and	the	alternate	TLR4	chain.	Together,	these	results	all	suggest	that	a	loss	of	key	

interactions	leads	to	decreased	stability	exhibited	through	the	TLR4	chains;	separation	of	

these	 regions	would	 in	 turn	 lead	 to	a	 separation	of	 the	 intercellular	TIR	domains	and	a	

disruption	of	the	signaling	pathway.	The	only	complex	that	could	be	argued	to	be	able	to	

activate	 TLR4	 on	 the	 basis	 of	 the	 simulations	 here	 is	 reliant	 upon	 having	 the	 correct	

number	 of	 monomers	 present	 in	 the	 MD-2	 pocket	 (6Mo).	 Thus,	 overall,	 these	 results	

suggest	 that	 single	 chain	 fatty	 acids	 cannot	 activate	 the	 TLR4	 pathway,	 and	 that	 the	

hypothesis	suggested	by	Graeme	Lancaster	regarding	the	role	palmitate	may	play	in	TLR4	

activation	and	insulin	resistance	is	correct,	and	a	different	pathway	must	be	the	cause	of	

the	chronic	inflammation	observed	in	obesity.	

	

For	the	collaborative	aspect	of	this	project,	structural	information	was	provided	about	the	

process	by	which	the	signaling	(TLR4/MD2)2	complex	is	lost	in	the	presence	of	palmitate,	

in	 both	 3Pa	 and	 5Pa	 systems,	 lack	 of	 key	 interactions	 in	 the	 secondary	 interaction	 site	

leads	to	chain	separation,	suggesting	an	 inability	to	 induce	TLR4	signaling.	This	supports	
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the	 findings	 of	 our	 collaborators	 suggesting	 TLR4	 is	 not	 linked	 to	 obesity-induced	

inflammation	and	hence	diabetes.	Further	work	on	this	project	is	still	ongoing.		
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 	Conclusions	Chapter	8:	

In	 this	 thesis,	 bacterial	 infections	 were	 considered	 from	 both	 an	 offensive	 and	

defensive	perspective.	AMPs	with	potential	to	kill	bacteria	and	which	hence	have	

therapeutic	 promise	were	 investigated	 in	 chapters	 three	 and	 four.	 The	 immune	

system	and	its	interaction	with	bacterial	ligands	or	molecules	mimicking	bacterial	

ligands	 were	 investigated	 in	 chapters	 five	 and	 six,	 as	 structural	 information	

regarding	 these	 may	 be	 important	 for	 drug	 design.	 In	 the	 final	 chapter,	 the	

immune	 system’s	 involvement	 in	 metabolic	 disease	 was	 investigated,	 gaining	

further	 information	 on	 the	 specificity	 of	 immune	 receptors.	 This	 work	 gives	 a	

broad	view	of	the	fight	against	bacteria,	and	provides	information	that	may	be	of	

interest	for	design	of	bactericidal	drugs	as	well	as	drugs	targeting	the	host	immune	

system.	 These	 are,	 of	 course,	 two	 very	 different	 approaches	 to	 dealing	 with	

infection.	

	

In	 this	 thesis,	 the	 barrel-stave	 model	 was	 ruled	 out	 as	 a	 potential	 membrane-

disrupting	 model	 for	 melittin	 in	 the	 OM.	 Pore	 collapse,	 combined	 with	 narrow	

pores	suggested	that	no	water-conducting	pore	could	be	formed	in	the	OM.	This	

work	represents	only	a	small	portion	of	work	that	would	be	required	to	confirm	a	

model	of	disruption	in	the	OM	for	melittin.	Toroidal	pores	need	to	be	considered,	

but	 also	 repeat	 experiments	 of	 the	 barrel-stave	 pore	 with	 varying	 number	 of	

monomers.	Work	being	performed	 in	Southampton	currently	 investigating	 these	

aspects	using	CG	simulations	would	enhance	sampling.		

	

Polymyxin	 B1	 that	 has	 been	 called	 both	 a	 “last	 hope”	 antibiotic	 [215]	 and	 the	

“gold	 standard”	 [263]	 for	 antimicrobials	 was	 investigated,	 and	 the	 structure	

function	relationship	could	be	clarified.	This	project	utilized	over	16	μs	of	sampling	

and	considered	 the	 interactions	of	PMB1	with	 the	OM,	 represented	by	ReLPS,	a	

simplified	 OM	 model	 composed	 only	 of	 lipid	 A	 and	 a	 realistic	 model	 of	 the	

bacterial	 IM.	 The	 binding	 mode	 was	 studied	 in	 all	 three	 systems,	 allowing	 the	

confirmation	of	the	DAB	residue	as	essential	for	PMB1	binding.	Aggregation	on	the	

membrane	 surface	 in	 both	OM	models	 could	be	 shown,	 supporting	 a	 pore	 type	

disruptive	mechanism;	this	was	further	supported	by	the	insertion	of	a	fatty	acid	
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tail	into	the	lipid	A	membrane,	where	the	DAB	residues	were	utilized	to	spread	the	

phosphates	 head	 groups	 of	 lipid	 A	 apart,	 reducing	 the	 surface	 charge	 of	 the	

membrane	allowing	lipid	penetration.	In	the	IM	simulations	extensive	membrane	

destabilization	 was	 witnessed	 through	 insertion	 of	 individual	 PMB1	 molecules,	

suggesting	 permeabilisation	 of	 the	membrane	 being	 the	mode	 of	 action	 for	 IM	

disruption.	 This	 work	 will	 be	 of	 interest	 in	 the	 field	 of	 drug	 design	 as	 PMB1	 is	

known	for	it’s	activity	on	multi-drug	resistant	bacteria	and	PMB1	mimicking	drugs	

could	prove	useful	in	their	treatment.	Further	multiscale	work	is	being	performed	

in	Southampton	on	this	project,	with	an	aim	at	witnessing	disruption	of	a	complex	

OM.	

	

The	first	molecular	dynamics	study	of	human	CD14	was	performed	generating	an	

atomic	 resolution	 structure	 of	 lipid	 A	 bound	 to	 CD14.	 The	 source	 of	 ligand	

promiscuity	 could	 be	 determined	 as	 the	 binding	 cavity	 proved	 to	 be	 highly	

dynamic	 and	 able	 to	 adapt	 its	 internal	 volume	 depending	 on	 ligand	 size.	 A	

mechanism	 for	 lipid	 A	 extraction	 and	 binding	 from	 an	 aggregate	 could	 be	

proposed.	 The	 binding	 affinity	 of	 lipid	 A	 for	 CD14	 could	 be	 determined	with	 its	

value	in	agreement	with	its	function	in	lipid	exchange.	This	information	will	also	be	

important	 in	 the	 field	 of	 drug	 design	 as	 CD14	 presents	 a	 good	 target	 for	

immunomodulatory	 drugs	 that	 can	 be	 used	 to	 treat	 septic	 shock	 that	 claims	

millions	 of	 lives	 a	 year	 world	 wide,	 in	 both	 the	 developing	 world	 and	 the	

developed.	

	

The	 species	 specific	 interaction	 of	 lipid	 A	 mimicking	 compounds	 in	 TLR4	 was	

investigated	and	it	could	be	determined	that	subtle	changes	in	structure	of	ligands	

and	amino	acid	 residues	may	have	a	 large	 impact	on	 the	binding	mode	of	 these	

ligands.	 Widely	 different	 behavior	 was	 seen	 in	 CRX-526	 when	 the	 hydrophobic	

patch	in	the	secondary	interaction	site	was	expanded.	The	shorter	lipid	tails	were	

able	to	exit	the	MD-2	binding	cavity	to	interact	with	the	secondary	interaction	site	

and	hence	maintain	a	stable	complex.	In	the	MPLA	study,	mutations	in	the	primary	

interaction	site	allowed	the	ligand	position	in	the	MD-2	cavity	to	be	altered	which	

in	 turn	 allowed	 the	 lipid	 tails	 to	 more	 efficiently	 interact	 with	 the	 secondary	

interaction	site	and	maintain	a	stable	signaling	complex.	
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Finally	 the	 role	 of	 TLR4	 in	 metabolic	 disease	 was	 investigated	 and	 the	 widely	

accepted	hypothesis	that	chronic	TLR4	activation	by	dietary	fatty	acids	is	a	source	

of	 diabetes	 was	 not	 supported.	 It	 was	 demonstrated	 that	 no	 single	 chain	 fatty	

acids	 were	 able	 to	 maintain	 a	 stable	 signaling	 complex	 and	 that	 TLR4	 is	 only	

indirectly	involved	in	fatty	acid	induced	inflammation.	This	work	opens	up	the	field	

for	future	research	into	alternative	targets	for	the	treatment	of	metabolic	disease.		

	

The	 first	 part	 of	 the	 thesis	 covered	 the	 offensive	 aspects	 of	 pathogen/lipid	 A	

interactions	 associated	 with	 bactericidal	 peptides,	 in	 which	 the	 bacterial	

pathogens	 could	 be	 considered	 the	 target.	 In	 the	 second	part	 of	 the	 thesis,	 the	

focus	 was	 on	 the	 defensive	 aspects	 of	 pathogen/lipid	 A	 recognition,	 and	 the	

molecular	 mechanisms	 by	 which	 host	 immune	 cells	 may	 neutralize	 invading	

pathogens.	 Both	 of	 these	 aspects	 are	 important	 to	 consider	 in	 order	 to	 better	

understand	 and	 treat	 bacterial	 infections,	 and	 in	 the	 future	 should	 help	 in	 the	

development	of	drugs	that	target	pathogens	as	well	as	modulate	the	inflammatory	

response	to	their	invasion.		
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