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Who	then	can	calculate	the	path	of	the	
molecule?	How	do	we	know	that	the	
creations	 of	 worlds	 are	 not	
determined	 by	 the	 fall	 of	 grains	 of	
sand?	
	

Victor	Hugo,	“Les	Misérables”	
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Chapter	1	

Introduction
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1.1.	Protein	Structure	and	Dynamics	

Proteins	are	one	of	the	essential	classes	of	biological	macromolecules,	which	are	

responsible	for	virtually	any	activity	demonstrated	by	living	organisms	and,	at	the	

same	 time,	 serve	 as	 the	 building	 elements	 of	 cellular	 organisms	 and	 viruses.	

Though	proteins	are	composed	of	solely	20	different	types	of	natural	monomers	

(Fig.	 1.1),	 amino	 acids,	 condensed	 in	 continuous	polypeptide	 chains,	 the	broad	

spectrum	of	physicochemical	propensities	of	these	monomers	allows	proteins	to	

fold	spontaneously1	into	unique	and	complex	3D	structures,	also	called	“native”	

structures	 (1)	 (Fig.	 1.2).	 These	 structures	 determine	 specific	 interactions	 of	

proteins	 among	 themselves	 as	well	 as	with	other	molecules	 (DNA,	RNA,	 lipids,	

different	 low-molecular	 weight	 compounds,	 water	 etc.)	 and	 facilitate	 their	

numerous	functions.	

Until	recently,	it	has	been	widely	accepted	that	these	are	particular	conformations	

of	proteins	and	transitions	between	conformational	substates	(i.e.	change	of	shape	

upon	binding	of	 ligands	or	its	modification,	during	enzymatic	cycle,	etc.),	which	

account	for	their	activity.	This	concept,	called	the	induced	fit	model,	was	originally	

proposed	by	Daniel	E.	Koshland	Jr.		(2)	in	order	to	explain	enzymatic	specificity,	

and	it	was	later	extended	to	non-local	(i.e.	allosteric)	effects	in	proteins	as	well	(3).	

The	 induced	 fit	 model	 had	 gained	 large	 recognition	 in	 protein	 science	 (4),	

particularly	 evidenced	 by	 the	 prime	 method	 of	 structural	 biology	 –	 X-ray	

crystallography.	 This	 very	 powerful	 method	 let	 researchers	 reconstruct	

macromolecular	structure	with	the	atomic	details	and	over	the	past	years	it	has	

revolutionized	 our	 understanding	 of	 molecular	 basics	 of	 life	 as	 well	 as	 it	 has	

become	 a	 very	 important	 tool	 in	 drug	 development.	 At	 the	 same	 time,	 X-ray	

crystallography	 faces	 with	 a	 few	 severe	 limitations.	 The	 method	 can	 only	

determine	mean	atomic	positions,	so	the	details	about	macromolecular	flexibility	

and	dynamics	remain	obscure	and	can	only	be	derived	indirectly.	Also,	in	the	most	

cases,	 it	 is	 not	 possible	 to	 obtain	 structures	 of	 short-living	 intermediates,	 so	

researchers	 have	 to	 reconstruct	 catalytic	 reactions	 and	protein	working	 cycles	

																																																								
1	Strictly	speaking,	this	is	only	true	for	small	globular	proteins	consisting	of	one	
domain.	Huge	multi-domain	proteins	as	well	as	membrane	proteins	may	need	
additional	assistance	to	fold	correctly.	
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using	crystals	of	proteins	trapped	in	stable	conformations.	Moreover,	the	acquired	

3D	structures	might	be	subjected	 to	artifacts	due	 to	 tight	packing	of	 individual	

macromolecules	in	the	crystal	lattice.	

However,	until	~1990s	there	existed	no	precise	biophysical	methods,	which	could	

give	 an	 atomically	 resolved	 picture	 of	 protein	 dynamics.	 This	 situation	 has	

changed	when	protein	NMR,	 site-directed	 labeling	 techniques	 (EPR,	FRET)	and	

computer	molecular	dynamics	 simulations	had	become	widely	available.	These	

techniques	allowed	to	observe	protein	dynamics	with	the	very	high	spatial	and/or	

temporal	resolutions	and	made	it	clear	that	protein	dynamics	are	of	the	same	vital	

importance	 for	 its	 activity	 as	 the	 structure.	 The	 role	 of	 dynamics	was	 recently	

shown	in	such	aspects	of	protein	function	as	catalysis	(5,	6),	signaling	and	allostery	

(7),	folding	(8),	ion	channel	selectivity	(9),	and	many	more	(10,	11).	These	results,	

supported	by	 theoretical	 justifications	 (12-14),	 brought	 eventually	 to	 the	 “new	

view”	of	protein	activity	based	on	equal	consideration	of	protein	structure	and	

dynamics	(15).	
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Figure	1.1.	Standard	amino	acids,	their	codes,	chemical	structures	and	properties.	
Adapted	from	(16).	



 13 

	
Figure	1.2.	Levels	of	organization	of	the	polypeptide	chains.	Adopted	from	(17).		
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1.2.	Chemotaxis	and	Phototaxis	in	Prokaryotes	

Response	to	the	environmental	stimuli	is	one	of	the	key	characteristics	of	living	

organisms.	 Prokaryotes,	 Bacteria	 and	 Archaea,	 have	 evolved	 very	 sensitive	

regulatory	mechanisms	(18)	in	order	to	detect	and	respond	to	a	variety	of	external	

signals.	Particularly,	chemo-	and	phototaxis	systems	allow	them	to	detect	minor,	

about	 0.1%	 (19),	 changes	 in	 the	 wide	 range	 (5	 orders	 of	 magnitude)	 of	

concentrations	of	 chemical	 compounds	or	 intensity	 of	 light.	By	means	of	 these	

systems	different	changes	of	the	environment	are	conveyed	into	alteration	of	the	

motile	 behavior,	 such	 that	 microorganisms	 are	 able	 to	 move	 towards	 higher	

concentrations	of	attractants	or	avoid	higher	concentrations	of	repellents.			

The	 canonical	 chemotaxis	machinery	 (Fig.	 1.3)	 consists	 of	 the	 transmembrane	

receptors,	 the	 cognate	 histidine	 kinase	 CheA,	 which,	 along	 with	 the	 adaptor	

protein	CheW,	is	bound	to	the	cytoplasmic	tips	of	the	receptors	and	is	activated	by	

them,	and	its	response	regulator	CheY,	a	small	cytoplasmic	protein,	which,	when	

phosphorylated,	 binds	 to	 the	 flagellar	 motor	 and	 increases	 probability	 of	 the	

clock-wise	(CW)	rotation	of	the	flagellar	filaments	(20).	The	latter	results	in	their	

independent	motion	and	little	overall	displacement	of	a	cell,	called	the	“tumble”	

regime	(Fig.	1.3B).	On	the	other	hand,	when	CheY	is	not	phosphorylated	and	thus	

does	not	bind	to	the	cell	motor,	the	flagella	more	likely	rotate	counter-clock-wise	

(CCW)	and	form	a	bundle,	what	allows	a	cell	to	move	straight	–	to	“run”.	Binding	

of	the	attractants	(repellents)	suppresses	(induces)	the	kinase	CheA	activity	and,	

consequently,	 decreases	 (increases)	 the	 concentration	 of	 the	 phosphorylated	

CheY	 in	 the	 cytoplasm,	 extending	 (shortening)	 the	 duration	 of	 running.	 The	

interplay	between	these	two	motion	modes	imparts	directionality	to	a	cell	track,	

which	otherwise	represents	a	random	walk	trajectory	(21).	

Prokaryotic	microorganisms	can	not	easily	sense	gradients	of	the	environmental	

stimuli	 just	comparing	signals	detected	on	 the	spatially	distant	regions	of	 their	

cells	as	the	latter	are	too	small.	Instead,	they	remember	how	a	signal	level	changes	

over	the	time	using	the	covalent	modifications	of	the	transmembrane	receptors	

(methylation	and	demethylation)	as	what	 can	be	called	a	 “molecular	memory”.	

The	methylation	level	of	the	receptors	correlates	with	their	ability	to	activate	the	

cognate	kinase	CheA	and	it	 is	affected	by	two	enzymes,	CheR	and	CheB,	via	 the	
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adaptation	 process.	 CheR	 catalyzes	 the	 process	 of	 attachment	 of	 the	 methyl	

groups	to	glutamic	acid/glutamate	amino	acid	residues	at	the	specific	sites	in	the	

receptor	 adaptation	 subdomain,	 called	 methylation,	 while	 CheB	 catalyzes	 the	

opposite	process,	called	demethylation.	In	contract	to	CheR,	which	methylates	the	

receptors	constantly,	the	activity	of	CheB	is	regulated	by	its	phosphorylation	by	

CheA.	This	provides	a	robust	feedback	loop,	which	grounds	the	adaptation	to	the	

altering	 level	of	 a	 signal	 and	mediates	 the	ability	of	 the	 chemotaxis/phototaxis	

systems	 to	 response	 to	 the	 gradients	 of	 stimuli	 rather	 than	 to	 their	 absolute	

concentrations/intensities.	

The	 transmembrane	 chemo-	 and	 photoreceptors	 are	 homodimers,	 which	 have	

common	modular	organization.	They	comprise	the	variable	extracellular	sensory	

domain	(in	the	phototaxis	systems	of	Archaea	it	is	replaced	by	the	transmembrane	

sensory	rhodopsins	I/II	with	their	cognate	signal	transducer	proteins),	the	signal	

conversion	HAMP	domain(s)	and	the	cytoplasmic	domain,	which	contains,	in	turn,	

the	 adaptation	 subdomain	 and	 the	 kinase-activating	 tip	 subdomain	 (Fig.	 1.3E).	

The	latter	holds	the	highly	conserved	interface	for	the	histidine	kinase	CheA.	The	

receptors	 together	 with	 CheA/CheW	 proteins	 are	 organized	 into	 honeycomb-

shaped	 arrays	 (Fig.	 1.3C,	 1.3D),	which	 appear	 to	 be	 a	 conserved	 form	 of	 their	

organization	among	Bacteria	and	Archaea	(22).	These	arrays	localize	typically	at	

cell	 poles	 (23)	 and	 play	 important	 role	 in	 the	 cooperative	 response,	 which	

accounts	for	the	signal	amplification	in	the	prokaryotic	sensory	systems.	
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Figure	 1.3.	A:	 Light	 and	 chemical	 signal	 transfer	 cascades	 in	microorganisms.	
Light	 stimulation	 activates	 sensory	 rhodopsin	 (SR)	 and	 triggers	 trans-cis	
isomerization	 of	 the	 retinal	 chromophore.	 SR	 transmits	 signal	 to	 its	 cognate	
transducer	protein	(Htr),	which	conveys	 it	 to	 the	kinase	CheA.	The	 latter	binds	
together	 with	 the	 adaptor	 CheW	 to	 the	 receptor	 arrays	 and,	 when	 activated,	
phosphorylates	CheY.	Level	of	the	phosphorylated	CheY	controls	the	direction	of	
rotation	 of	 the	 flagellar	 motor.	 On	 the	 other	 hand,	 the	 cognate	 chemicals	
(attractant	and	repellent)	bind	to	the	extracellular	domain	of	the	chemoreceptors	
(MCP)	and	the	binding	induces	the	structural	changes	of	MCP.	The	signal	transfer	
pathway	of	MCP	is	similar	to	that	during	the	phototaxis.	B:	Two	modes	of	cellular	
motions	 of	 prokaryotic	 cells,	 the	 “tumbling”	 and	 “running”	 regimes.	C:	 A	 5	 nm	
tomographic	 slice	 of	 a	 pole	 region	 of	 E.	 coli	 with	 a	 patch	 of	 the	 membrane-
embedded	chemoreceptors	in	a	signaling	complex.	An	array	of	chemoreceptors,	
CheA	and	CheW	is	visible	along	part	of	the	cytoplasmic	membrane,	its	boundaries	
are	 marked	 by	 white	 arrows.	 D:	 Honeycomb	 arrays	 of	 chemoreceptors	 from	
Archaea	T.	kodakarensis.	E:	Scheme	of	modular	chemoreceptors,	Tar	and	Tsr	of	E.	
coli,	and	photoreceptor	HtrII	from	N.	pharaonis.	Adopted	from:	A	(24),	B	(25),	C	
(26),	D	(22),	E	(27).	 	
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1.3.	Scope	of	the	Thesis	

Bacterial	chemotaxis	and	evolutionary	related	to	it	phototaxis	of	Archaea	(28)	are	

prototypical	 examples	 of	 the	 prokaryotic	 two-component	 signal	 transduction	

systems,	which,	in	turn,	are	a	predominant	means,	which	microbes	utilize	in	order	

to	 sense	 and	 response	 to	 their	 environment	 (18).	 Both	 of	 them	 have	 been	

extensively	studied	during	the	past	decades	(29).	While	much	is	known	by	now	

about	their	global	architecture	and	function,	the	detailed	molecular	mechanisms	

of	 their	 work	 remain	 elusive.	 The	 latter	 are	 of	 great	 fundamental	 scientific	

interest,	 though	 they	 also	 have	 numerous	 practical	 implications,	 since	 many	

bacteria	utilizing	various	sensory	systems,	which	are	homologous	to	those	studied	

in	 the	 present	 work,	 are	 pathogens,	 which	 cause	 severe	 disorders	 of	 humans,	

animals	and	plants.	

	The	processes	of	signal	transduction	and	conversion	by	the	receptors	as	well	as	

activation	 of	 the	 cognate	 kinase	 CheA	 seem	 to	 involve	 a	 substantial	 dynamic	

component	 (30).	 This	makes	 computer	molecular	dynamics	 simulations	 a	 very	

promising	tool	to	tackle	the	persisting	problems	of	chemo-	and	phototaxis.	In	the	

present	thesis	the	molecular	simulations	have	been	used	in	order	to	investigate	

some	aspects	of	the	functional,	structural	and	dynamical	properties	of	receptors.	

	

In	Chapter	2,	the	principles	of	the	molecular	simulations	are	overviewed.	

In	 Chapter	 3,	 we	 explored	 the	 conformational	 space	 available	 for	 the	 HAMP	

domain	 of	 the	 EcTsr	 chemoreceptor.	 We	 have	 characterized	 ensembles	 of	

conformations	corresponding	to	different	functional	states	of	the	HAMP	domain	

in	terms	of	distinct	structural	and	dynamical	properties.	Also,	we	explain	the	way,	

how	the	HAMP	domains	relay	different	input	signals	into	the	common	output.	

In	Chapter	4,	we	suggest	a	feasible	mechanism	for	the	coupling	between	the	HAMP	

and	 the	cytoplasmic	domain	of	 the	EcTsr.	The	 implications	 for	a	mechanism	of	

signaling	at	the	level	of	individual	chemoreceptor	dimer	are	also	discussed.	

In	Chapter	5,	we	have	carried	out	the	molecular	dynamics	simulations	for	a	model	

of	 the	 complete	 trimer-of-dimers	 of	 photoreceptor	 complexes	 from	 archaeon	

Natronomonas	pharaonis.	The	results	of	the	performed	MD	simulations,	combined	

with	the	experimental	data,	allowed	us	to	suggest	a	signaling	mechanism	based	on	
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dynamic	 allostery	 resembling	 models	 previously	 proposed	 for	 E.	 coli	

chemoreceptors,	indicating	similar	properties	of	signal	transduction	for	archaeal	

photoreceptors	and	bacterial	chemoreceptors.	We	show,	that	both	signaling	and	

adaptation	processes	modulate	dynamics	of	the	trimer	of	the	receptors’	dimers.	

Finally,	in	Chapter	6,	we	extend	the	aforementioned	model	of	the	NpSRII:NpHtrII	

trimer-of-dimers	 to	 the	 level	 of	 transmembrane	 lattices	 formed	 by	 them.	 We	

reconstructed	 the	most	 probable	 topology	 of	 these	 lattices	 and	 demonstrated,	

how	the	signal	can	be	spread	through	such	transmembrane	arrays	by	means	of	

allosteric	interactions	of	the	individual	receptoric	complexes.	
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Chapter	2	

	

Principles	of	Molecular	Dynamics	Simulations	 	
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2.1.	An	Overview	

The	molecular	 dynamics	 approach	was	 originally	 developed	 in	 the	 pioneering	

works	of	Bernie	Alder	and	Nicholas	Metropolis	 in	1960s	(31,	32)	and	about	20	

years	latter	it	was	applied	to	modeling	of	biopolymers	by	Michael	Levitt,	Martin	

Karplus	 and	 Andrew	 McCammon	 (33,	 34).	 It	 relies	 upon	 approximation	 of	 a	

multiatomic	molecular	system	as	a	system	of	interacting	classical	particles,	which	

obey	the	Newton’s	law	of	motion:	

𝑚"
𝑑$𝑟"(𝑡)
𝑑𝑡$ = 𝐹", 𝐹" = −

𝜕𝑈 𝑟/, 𝑟$, … , 𝑟1
𝜕𝑟2

			 2.1 	

Where	𝑖	–	atom	index,	𝑛	–	total	number	of	atoms	in	the	system,	𝑚" 	–	mass	of	the	ith	

atom,	𝑟2	–	radius-vector	of	the	ith	atom,		𝐹" 	-	resultant	force	acting	on	the	ith	atom,	

𝑈	–	potential	energy	of	the	system.	

The	principal	idea	of	the	method	is	quite	simple.	It	states	that	given	the	positions	

and	velocities	of	all	particles	of	the	system	at	time	t	as	well	as	the	resultant	forces	

acting	on	them	we	can	calculate	positions	and	velocities	after	a	short	enough	time	

h,	such	that	we	can	neglect	alteration	of	the	forces	acting	on	the	particles	during	

time	h:	

𝑣" 𝑡 + ℎ ≈ 𝑣" 𝑡 + ℎ
𝐹" 𝑡
𝑚"

			(2.2)	

𝑟" 𝑡 + ℎ ≈ 𝑟" 𝑡 + ℎ𝑣" 𝑡 			(2.3)	

The	resultant	force	acting	on	a	particle	is	as	a	negative	gradient	(a	vector	of	first	

partial	derivatives)	of	the	potential	energy	of	the	system	(2.1).	

Thus,	in	order	to	simulate	evolution	of	the	classical	system	over	time	we	have	to	

estimate	its	potential	energy	describing	the	interactions	between	all	the	particles,	

which	make	up	the	system	of	interest.	

2.2.	Molecular	Mechanics	and	the	Force	Fields	

The	potential	energy	is	usually	constructed	by	virtue	of	the	molecular	mechanics	

approach.	 An	 important	 initial	 assumption,	 which	 underlies	 the	 molecular	

mechanics,	referred	to	as	the	principle	of	additivity,	says	that	the	total	potential	

energy	 can	 be	 expressed	 as	 a	 sum	 of	 simple	 elementary	 potentials	 (terms)	

describing	different	molecular	forces:	the	local	(bonded)	terms,	i.e.	strains	arising	

because	of	the	inter-atomic	bond	lengths	and	angles	deviations,	internal	rotations	
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(dihedral	terms),	and	the	non-local	(non-bonded)	terms,	i.e.	van-der-Waal’s	and	

Coulomb	potentials:	

𝑈 𝑟/, 𝑟$, … , 𝑟> = 𝑈?@1A + 𝑈1B? =

= 𝑈C?@1A(𝑟/, 𝑟$)
C

+ 𝑈C
D1EFG 𝑟/, 𝑟$, 𝑟H + 𝑈CI@JK"@1DF 𝑟/, 𝑟$, 𝑟H, 𝑟L

CC

+ 𝑈CMAN(𝑟/, 𝑟$)
C

+ 𝑈CO@PF@Q?(𝑟/, 𝑟$)
C

			(2.4)	

Here,	𝑈?@1A 	–	bonded	potential,	𝑈1B?	–	non-bonded	potential,	𝑈C?@1A 	–	bond	term,	

𝑈C
D1EFG 	–	 angle	 term,	𝑈CI@JK"@1DF 	–	 torsional	 term,	𝑈CMAN 	–	 Van	 der	 Waal's	 term,	

𝑈CO@PF@Q?	–	electrostatic	term.	

A	collection	of	particular	 functional	 forms	of	 interatomic	 interaction	 terms	and	

parametrization	(values	of	the	constants	appearing	in	these	terms)	for	different	

types	of	atoms	is	called	a	force	field.	To	date,	there	are	several	popular	force	fields,	

which	demostrate	varying	effciency	when	applied	to	different	molecular	systems.	

In	general,	MM2/3/4	force	fields	(35)	are	considered	as	a	good	choice	for	small	

molecules	 modeling	 (e.g.	 ligands);	 CHARMM27/36	 (36-38)	 –	 for	 lipids	 and	

proteins	simulations;	Amber	(39)	–	for	DNA.	Some	others	to	mention	are	OPLS-AA	

(40),	 GROMOS	 (41)	 and	 MMFF	 (42).	 Table	 1.1	 provides	 an	 overview	 of	 the	

funcional	 forms	 of	 interatomic	 interactions,	 which	 are	 commonly	 used	 in	 the	

popular	force	fields.	

Table	1.1.	Mathematical	expressions	for	some	of	the	molecular	mechanics	terms.	
Function	 MM	Term	 Expression2	 	

Harmonic	 Valent	bond	 𝑘F(𝑙"U − 𝑙"UV )$	 (2.5)	

Harmonic	 Valent	angle	 𝑘W(𝜃"UC − 𝜃"UCV )$	 (2.6)	

																																																								
2	𝑙"U ,	𝜃"UC ,	𝜉"UCF ,	𝜙"UCF ,	𝑟"U 	–	bond	length,	valent	angle	value,	improper	torsional	
angle,	dihedral	torsional	angle,	distance	between	two	atoms;	𝑙"UV ,	𝜃"UCV ,	𝜉"UCFV ,	𝜙JG[	–	
equilibrium	values	of	the	corresponding	molecular	parameters;	𝑘F ,	𝑘W ,	𝑘OP? ,	𝑘\] ,	
𝐶1,	𝑘_ ,	𝑘` ,	𝐷G ,	𝛼	–	force	constants,	specific	for	different	atomic	types;	𝜀,	𝑟Q	–	
Lennard-Jones	parameters;	𝑞" ,	𝜀V,	𝜀J 	–	partial	atomic	charge	and	dielectric	
constants	of	vacuum	and	medium,	respectively.	
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Morse	 Valent	bond	
𝐷G 1 − 𝑒Bf FghBFgh

i $
	

(2.7)	

Cubic	 Valent	bond	 𝑘F(𝑙"U − 𝑙"UV )$ + 𝑘F𝑘OP?(𝑙"U − 𝑙"UV )H	 (2.8)	

Urey-

Bradley	

Valent	angle	 𝑘W(𝜃"UC − 𝜃"UCV )$ + 𝑘\](𝑟"C − 𝑟"CV )$	 (2.9)	

Polynomial	 Valent	angle	
𝐶1(𝜃"UC − 𝜃"UCV )1

j

1kV

	
(2.10)	

Harmonic	 Improper	

torsional	

𝑘_(𝜉"UCF − 𝜉"UCFV )$	 (2.11)	

Periodic	 Torsional	 𝑘`(1 + cos 𝑛𝜙"UCF − 𝜙JG[ )	 (2.12)	

Ryckaert-

Bellemans	

Torsional	
𝐶1 cos 𝜙"UCF − 180°

1
j

1kV

	
(2.13)	

Fourier	 Torsional	
𝐶1(1 + cos 𝑛𝜙"UCF )

L

1k/

	
(2.14)	

Lennard-

Jones	

Van	der	Waals	
𝜀

𝑟Q
𝑟"U

/$

− 2
𝑟Q
𝑟"U

r

	
(2.15)	

Coulomb	 Electrostatic	 𝑞"𝑞U
4𝜋𝜀V𝜀J𝑟"U

	 (2.16)	

	
Figure	2.1.	Different	types	of	inter-atomic	interactions.	
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Figure	 2.2.	 A:	 Harmonic	 and	Morse	 potentials,	which	 are	 in	 use	 to	model	 the	
valent	bond	interactions.	B:	Lennard-Jones	potential	approximating	the	Van-der-
Waals	interactions.	Modified	from	(43).	

The	harmonic	potential	(2.5,	Fig.	2.2)	provides	the	simplest	approximation	of	the	

strains	 arising	 from	 small-scale	 deviations	 of	 interatomic	 bonds	 from	 their	

reference	values,	which	can	be	derived	ab	initio	or	from	experimental	vibrational	

spectra.	Harmonic	potentials	are	only	adequate,	when	the	bond	deformations	do	

not	exceed	～0.1	Å.	For	 larger	deviations,	however,	 the	quadratic	 form	of	bond	

potential	is	not	correct	since	the	bonded	atoms	dissociate.	The	latter	requires	a	

potential,	which	levels	off	at	some	separation	between	the	interacting	atoms,	e.g.	

the	Morse	term	(2.7,	Fig.	2.2	A).	

Intramolecular	angles	are	determined	largely	by	the	hybridization	of	the	atomic	

orbitals	around	the	atoms,	which	form	chemical	bonds.	The	valence	angle	terms	

can	also	be	fairly	well	approximated	with	the	harmonic	potential	(2.6),	however	

for	 better	 agreement	 with	 the	 experimental	 vibrational	 frequencies	 additional	

harmonic	term	between	the	non-bonded	atoms	can	be	introduced	resulting	in	the	

Urey-Bradley	potential	(2.9).	

Rotational	 barriers,	 i.e.	 barriers	 corresponding	 to	 internal	 rotations	 about	 the	

bonds,	appear	due	to	the	hyperconjugation	(44)	as	well	as	the	steric	interactions	

(45).	They	usually	have	periodic	form	and	they	can	be,	thus,	described	using	sums	

of	 the	 trigonometric	 functions	 of	 different	 periodicity	 (2.12-2.14).	 Rotational	

barrier	heights	about	single	bonds	can	be	obtained	experimentally	 just	 for	 low	

molecular	 weight	 compounds,	 while	 for	 proteins	 and	 nucleic	 acids	 they	 are	

normally	 estimated	 by	 analogy	 with	 the	 known	 ones	 or	 from	 the	 ab	 initio	

calculations.	
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The	 non-bonded	 terms	 are	most	 commonly	 represented	 by	 the	 Lennard-Jones	

potential	 (2.15,	 Fig.	 2.2	 B),	 describing	 the	 Van	 der	Waals	 interactions,	 and	 the	

inverse-square	 Coulomb	 potential	 (2.16).	 While	 the	 latter	 corresponds	 to	 the	

electrostatic	 interactions	 (both,	 repulsion	 and	 attraction)	 between	 the	

permanently	 charged	 atoms,	 the	 former	 is	 also	 of	 the	 electrostatic	 nature	 but	

physically	 corresponds	 to	 the	 dispersion	 interactions	 between	 instantaneous	

atomic	dipoles,	which	lead	to	attraction	between	any	atoms	at	the	distances	larger	

than	a	typical	atom	size.	However,	at	smaller	distances,	when	the	atomic	orbitals	

start	to	overlap,	the	attraction	is	replaced	by	the	strong	repulsion	due	to	the	Pauli-

exclusion	principle.	Parameters	of	the	Lennard-Jones	potential	are	usually	derived	

from	 the	 crystallographic	 data,	 while	 partial	 atomic	 charges	 are	 assigned	

according	to	the	quantum	chemical	calculations.	

Non-bonded	interactions	have	to	be	calculated,	in	principle,	between	all	possible	

pairs	of	particles	in	a	system.	So,	these	calculations	are	responsible	for	the	major	

part	of	the	computer	work	load	and	different	techniques	have	been	developed	in	

order	to	accelerate	them.	The	Van	der	Waals	interactions	are,	in	fact,	noticeable	

only	at	short	distances	as	they	decay	very	fast,	so	they	are	usually	neglected	for	

the	pairs	of	atoms	separated	by	more	than	10-12	Å	(the	“cut-off”	scheme).	Similar	

approach	 can	 be	 applied	 to	 the	 short-range	 Coulomb	 interactions	 as	 well;	

however,	 it	appears	 irrelevant	 for	 the	 long-range	electrostatic	 interactions.	For	

the	latter	the	Particle	mesh	Ewald	or	PME	method	is	commonly	used	(46).	

2.3.	Solving	the	Equations	of	Motion	

The	simple	method	for	numerical	integration	of	the	Newton's	motion	equations	

(2.1),	(2.3)	was	suggested	by	L.	Verlet	(47).	

Let	𝑟 𝑡 ,	𝑣 𝑡 	and	𝑎 𝑡 	are	the	coordinate,	velocity	and	acceleration	of	a	particle	as	

functions	of	time,	respectively.	Then,	one	can	expand	the	coordinate		as	a	Taylor	

series	around	the	point	𝑡V:	

𝑟 𝑡V + ℎ = 𝑟 𝑡V + 𝑣 𝑡V ℎ +
1
2𝑎 𝑡V ℎ$ +

1
6 𝑟

H 𝑡V ℎH + 𝑜 ℎL 			(2.17)	

𝑟 𝑡V − ℎ = 𝑟 𝑡V − 𝑣 𝑡V ℎ +
1
2𝑎 𝑡V ℎ$ −

1
6 𝑟

H 𝑡V ℎH + 𝑜 ℎL 			(2.18)	
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Summing-up	of	these	two	equations	gives	an	expression	for	the	coordinate	of	a	

particle	 in	 the	 next	moment	 of	 time	 via	 its	 coordinate	 and	 acceleration	 in	 the	

previous	moments	of	time:	

𝑟 𝑡V + ℎ = 2𝑟 𝑡V − 𝑟 𝑡V − ℎ + 𝑎 𝑡V ℎ$ + 𝑜 ℎL 			(2.19)	

while	 subtracting	 the	 second	equation	 from	 the	 first	one	an	expression	 for	 the	

velocity	via	the	coordinates	can	be	obtained:	

𝑣 𝑡V =
𝑟 𝑡V + ℎ − 𝑟 𝑡V − ℎ

2ℎ + 𝑜 ℎ$ 			(2.20)	

At	the	first	moment	of	time,	𝑡V,	the	coordinates	and	velocities	of	all	particles	are	

considered	 defined:	 𝑟" 𝑡V , 𝑣"(𝑡V) .	 At	 the	 next	 step,	 after	 time	 ℎ ,	 the	 new	

coordinates	 are	 computed:	𝑟" ℎ = 𝑟" 𝑡V + ℎ𝑣"(𝑡V) .	 The	 the	 calculation	 follows	

the	scheme:	

1) the	accelerations	are	calculated	by	the	coordinates	at	time	𝑡:	𝑎" 𝑡 = yg(I)
Qg

=

yg(Jg(I))
Qg

;	

2) the	 coordinates	 after	 time	 step	ℎ 	are	 calculated:	 𝑟" 𝑡V + ℎ = 2𝑟" 𝑡V −

𝑟" 𝑡V − ℎ + 𝑎" 𝑡V ℎ$.	

The	velocities	are	not	calculated	directly	in	the	classical	Verlet	scheme.	If	they	are	

needed	they	can	be	computed	using	the	coordinates.	

The	Verlet	algorithm	 is	an	efficient	method	of	 the	motion	equation	 integration,	

however,	 it	 produces	 large	 errors	 due	 to	 subtraction	 of	 two	 similarly	 sized	

numbers.	 Latter,	 the	 leap-frog	 (48)	 and	 the	 velocity	 Verlet	 (49)	 schemes	were	

proposed	to	bypass	this	limitation.	

Let	we	assume	that	𝑟" 𝑡V , 𝑣"(𝑡V)	and	𝐹"(𝑟" 𝑡V )	are	the	coordinates,	velocities	and	

the	forces	at	the	first	moment	of	time.	According	to	the	velocity	Verlet	scheme:	

1) the	velocities	are	calculated	after	the	half-time	step:	

𝑣" 𝑡V +
ℎ
2 = 𝑣" 𝑡V +

𝐹"(𝑟" 𝑡V )
𝑚"

∙
ℎ
2			(2.21)	

2) the	new	positions	are	computed	using	the	half-time	step	velocities:	

𝑟" 𝑡V + ℎ = 𝑟" 𝑡V + 𝑣" 𝑡V +
ℎ
2 ∙ ℎ			(2.22)	

3) from	the	new	coordinates	the	forces	after	the	time	step	can	be	calculated:	

𝐹"(𝑟" 𝑡V + ℎ )	
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4) the	velocities	after	the	full	time	step	are	eventually	calculated:	

𝑣" 𝑡V + ℎ = 𝑣" 𝑡V +
ℎ
2 +

𝐹"(𝑟" 𝑡V + ℎ )
𝑚"

∙
ℎ
2			 2.23 	

The	 time	 step	ℎ 	should	 be	 chosen	 according	 to	 the	 fastest	 degrees	 of	 freedom	

present	in	a	system	of	interest.	For	organic	molecules	like	lipids	and	proteins,	this	

is	the	charecteristic	time	of	the	valent	bond	oscillations	С-Н,	which	equals	10	fs.	

Thus,	for	the	all-atom	models	the	time	step	is	usually	set	to	1-2	fs.	However,	the	

bonds	 formed	 by	 the	 hydrogen	 atoms	 are	 often	 constrained	 using	 special	

algorithms,	such	as	SHAKE	(50)	and	LINKS	(51,	52),	what	allows	one	to	increase	

the	time	step	up	to	2-5	fs.	Furthermore,	in	case	of	different	coarse-grained	models,	

which	lack	the	light	atomic	weight	particles,	the	time	step	can	be	further	risen	to	

20-40	fs	(the	MARTINI	model)	and	more.	

2.4.	Ensembles:	Temperature	and	Pressure	Control	

Temperature	is	one	of	the	intensive	macroscopic	quantities	used	to	characterize	

macrostates	of	the	thermodynamic	systems	(i.e.,	systems	with	a	large	number	of	

particles).	Temperature	is	connected	with	the	kinetic	energy	of	system.	According	

to	 the	 equipartition	 theorem,	 each	 degree	 of	 freedom	 has,	 on	 average,	𝑘]𝑇/2	

energy,	so	the	total	kinetic	energy	can	be	expressed	as:	

𝑝"$

2𝑚"

H>

"k/

=
3𝑁
2 𝑘]𝑇			(2.24)	

where	𝑘] 	–	Bolzmann's	constant,	N	–	number	of	particles.	Here,	the	breckets	mean	

averaging	over	the	ensemble.	

However,	in	the	molecular	dynamics	simulations,	averaging	of	the	kinetic	energy	

is	acomplished	not	over	ensamble	of	states	but	over	the	trajectory,	which	is	of	the	

finite	size.	Thus,	this	equality	keeps	only	approximately	and	its	certainty	increases	

with	the	extention	of	the	simulation	time	according	to	the	ergodic	hypothesis.	This	

allows	us	to	write	an	expression	for	a	molecular	dynamics	analog	of	temperature,	

𝑇��:	

𝑘]𝑇�� =
2𝐾
3𝑁,			𝐾 =

1
𝑡K"Q

𝑝"$(𝑡)
2𝑚"

H>

"k/

I�g�

V

𝑑𝑡			(2.25)	

where	𝐾	–	the	time-averaged	kinetic	energy,	tsim	–	the	simulation	time,	N	–	number	

of	particles	in	the	system.	Accordingly,	the	instant	temperature	can	be	defined	as:	
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𝑘]𝑇I =
2𝐾I
3𝑁 ,			𝐾I =

𝑝"$(𝑡)
2𝑚"

H>

"k/

			(2.26)	

The	 standard	 MD	 simulations	 are	 performed	 in	 the	 microcanonical	 ensemble,	

when	 N,	 V	 and	 Etot	 are	 constant.	 However,	 the	 real	 experiments	 are	 usually	

conducted	 for	 the	 systems	 in	 thermal	 equilibrium	with	 a	 heat	 bath	 at	 certain	

temperature,	what	corresponds	to	the	canonical	ensemble,	N,V	and	T	or	N,	P	and	

T	=	const.	At	the	same	time,	using	of	the	finite	time	step	for	MD	simulations	can	

lead	to	an	accidental	rise	of	the	energy,	what	happens	when	two	atoms	appear	at	

too	close	distance	each	to	the	other	in	the	high	potential	area	of	the	phase	space.	

The	latter	imparts	them	an	excess	kinetic	energy	at	the	next	integration	step	and	

eventually	 heats	 up	 the	 system.	 For	 these	 reasons,	 the	 MD	 simulations	 in	 the	

microcanonical	 ensemble	 are	 inconvenient	 and	 special	 algorithms,	 called	

thermostats,	have	been	developed	in	order	to	allow	simulations	in	the	canonical	

ensemble	with	the	constant	temperature.	

The	 Berendsen	 thermostat	 (53)	 is	 a	 simple	 variant	 of	 thermal	 bath	 algorithm,	

which	used	to	be	widely	spread	in	the	past.	It	rescales	velocities	according	to	the	

equation:	
𝑑𝑝"
𝑑𝑡 = 𝐹" −

𝑝"
𝜏

𝑇JG[
𝑇 − 1 			(2.27)	

where	𝜏 	is	 the	 relaxation	 time	 of	 temperature	 fluctuations	 from	 the	 reference	

temperature	 𝑇JG[ .	 The	 Berendsen	 thermostat	 does	 not	 produce	 trajectories	

corresponding	to	the	canonical	ensemble	and	breaks	the	equipartition	theorem	

redistributing	energy	between	low	and	high	frequency	degrees	of	freedom	(54).	

These	 factors	 restrict	 the	 usability	 of	 this	 algorithm,	 however	 it	 remains	 an	

efficient	tool	during	relaxation	simulations,	when	fast	equilibration	of	a	system	at	

the	desired	temperature	is	required.	

Another	thermal	bath	algorithm	was	developed	by	S.	Nose	and	W.G.	Hoover	(55).	

According	to	this	scheme,	the	motion	equation	is	also	appended	by	an	additional	

term,	which	can	be	deemed	as	an	integral	part	of	a	simulated	system	representing	

the	heat	bath	and	associated	with	a	«mass»	Q.	The	rescaling	factor	is	computed	

from	the	additional	differencial	equation:	
𝑑𝑝"
𝑑𝑡 = 𝐹" − 𝜍𝑝",

𝑑𝜍
𝑑𝑡 =

1
𝑄 𝐾I −

3𝑁
2 𝑘]𝑇JG[ 			 2.28 	
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The	 Nose-Hoover	 thermostat	 guarantees	 the	 canonical	 ensemble	 and	 it	 is	

implemented	 in	 all	 modern	MD	 programs,	 such	 as	 Gromacs	 (56),	 NAMD	 (57),	

Amber	(58)	

Since	 the	 typical	 experimental	 conditions	 consider	 also	 constant	 pressure	 (i.e.	

canonical	 isothermal-isobaric	ensemble,	NPT)	similar	 techniques	are	applied	 in	

order	 to	control	pressure.	For	an	anisotropic	 system,	pressure	 is	a	3×3	matrix,	

called	the	pressure	tensor,	and	it	can	be	computed	using	the	relation	between	the	

virial	tensor	(𝜩),	the	kinetic	energy	tensor	and	the	volume	of	system:	

𝑷 =
2
𝑉 𝑲𝒕 − 𝜩 , 𝜩 = −

1
2 𝒓"U�𝑭"U
"�U

, 𝑲𝒕 =
1
2 𝑚𝒗"�𝒗"

"

			 2.29 	

Then,	in	case	of	the	Berendsen	barostat	(53),	which	is	analogous	to	the	Berendsen	

thermostat,	each	dimension	of	a	simulation	box	as	well	as	the	Cartesian	positions	

are	scaled	at	every	step	by	factor	𝜇:	

𝜇 = 1 −
𝛽∆𝑡
𝜏 (𝑃JG[ − 𝑃)

$

			 2.30 	

The	 Berendsen	 barostat	 does	 not	 produce	 trajectories	 corresponding	 to	 any	

known	thermodynamic	ensemble,	so	alternatively	the	Langevin	piston	(59)	or	the	

Parrinello-Rahman	 barostat	 (60)	 methods	 are	 used	 to	 produce	 the	 correct	

canonical	NPT	ensemble.	

2.5.	Coarse-Grained	Models	for	the	Molecular	Dynamics	

Simulations	

Despite	 a	 terrific	 growth	 of	 the	 computational	 powers	 of	 the	 last	 years,	

accompanied	by	the	development	of	very	efficient	parallel	computer	architectures	

and	 algorithms,	 the	 serious	 limitation	 of	 the	 classical	 molecular	 dynamics	

approach	remains	to	be	the	timescale,	which	is	available	for	the	simulations.	The	

majority	 of	 the	 simulations,	 performed	 currently	 on	 the	 modern	 computer	

clusters,	do	not	exceed	1-100	μs	timescale,	while	the	characteristic	times	of	many	

biologically	relevant	processes	lay	far	beyond	these	timescales,	in	the	millisecond	

range.	

The	 timescale	 problem	 can	 be	 addressed	 with	 different	 coarse-graining	 (CG)	

techniques,	 which	 unite	 groups	 of	 atoms	 into	 “pseudo-atoms”.	 Such	 “pseudo-

atoms”	can	simply	consist	of	a	heavy	atom	and	all	hydrogen	atoms	attached	to	it	
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(“united	atom”	force	fields	like	CHARMM19	(61)	or	GROMOS	(41))	or	represent	

larger	 groups	of	 atoms	with	 the	 ratio	of,	 on	 average,	 4	heavy	atoms	 to	one	CG	

particle	in	case	of	the	popular	MARTINI	model	(62-64)	(Fig.	2.3)	or	1	amino	acid	

residue	to	one	CG	particle	in	some	of	the	structure-based	CG	models	(Cafemol	(65)	

or	SMOG	(66)).	The	coarse-graining	leads	to	significant	reduction	of	particles	in	a	

system	and	also	allows	one	to	use	larger	time	step	(20-200	fs)	for	integration	of	

the	motion	equations	as	the	fastest	degrees	of	freedom	are	neglected.	

	
Figure	2.3.	Martini	mapping	examples	of	selected	molecules.	A:	Standard	water	
particle	representing	 four	water	molecules;	B:	Polarizable	water	molecule	with	
embedded	charges;	C:	DMPC	lipid;	D:	Polysaccharide	fragment;	E:	Peptide;	F:	DNA	
fragment;	G:	Polystyrene	fragment;	H:	Fullerene	molecule.	In	all	cases	Martini	CG	
beads	are	shown	as	cyan	 transparent	beads	overlaying	 the	atomistic	 structure.	
From	(67).	
	

The	interactions	between	the	CG	beads	in	the	MARTINI	model	are	described	in	a	

similar	functional	form	as	in	the	all-atom	models,	i.e.	with	the	bonded	and	non-

bonded	molecular	mechanics	terms.	However,	the	lack	of	explicit	hydrogens	does	

not	allow	direct	formation	of	the	hydrogen	bonds,	which	are	responsible	for	the	

secondary	 structure	 of	 peptide	 chains.	 Thus,	 the	 secondary	 structure	 is	

incorporated	as	an	additional	term	stabilizing	the	secondary	structure	elements	
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and/or	a	structure-based	term,	which	constrains	3D	structure	of	a	protein	to	its	

“native”	state.	

2.6.	Principal	Component	Analysis	and	Normal	Modes	

Molecular	dynamics	simulations	are	computationally	very	expensive,	especially	

those	 of	 large	 systems	 comprising	 hundreds	 of	 thousands	 of	 atoms	 at	 the	

microsecond	 timescale,	 a	 typical	 timescale	 of	 biologically	 relevant	 processes.	

However,	 such	 slow	 processes	 were	 shown	 to	 correspond	 often	 to	 the	 low	

frequency	(i.e.,	 low	energy)	vibrational	modes	of	biomacromolecular	structures	

(68-70).	 These	 modes	 can	 be	 computed	 in	 the	 harmonic	 approximation	

(expansion	of	the	potential	energy	of	a	macromolecule	as	Taylor	series	around	a	

stable	equilibrium	conformation)	via	diagonalization	of	 the	Hessian	matrix	(71,	

72),	 which	 is	 a	3𝑁×3𝑁 	matrix	 of	 the	 second-order	 partial	 derivatives	 of	 the	

potential	energy	U	by	coordinates	𝑥":	

𝑯 =

𝜕$𝑈
𝜕𝑥"$

⋯
𝜕$𝑈
𝜕𝑥"𝜕𝑥U

⋮ ⋱ ⋮
𝜕$𝑈
𝜕𝑥U𝜕𝑥"

⋯
𝜕$𝑈
𝜕𝑥U$

,			𝑨�𝑯𝑨 = 𝜆			 2.31 	

The	 obtained	 thus	 eigenvectors,	A,	 correspond	 to	 the	 collective	 low-frequency	

molecular	modes	 (i.e.,	 normal	modes),	while	 the	 corresponding	 eigenvalues,	𝜆 ,	

characterize	the	energy	cost	of	displacement	along	a	given	eigenvector.	

Calculations	of	 the	normal	modes	 for	 large	multi-atomic	systems	might	require	

enormous	amount	of	memory	for	the	matrix	diagonalization	procedure,	so	often	

coarse-graining	is	applied	to	reduce	complexity	of	the	problem.	Most	usually,	just	

protein	 𝐶f 	atoms	 are	 included	 into	 the	 coarse-grained	 topology,	 with	 the	

interactions	 between	 these	 beads	 described	 simply	 by	 Hookean	 harmonic	

potentials	(73,	74).	Though	this	approach	is	very	simple,	it	often	provides	reliable	

results	(75).	

Computationally	 related	 approach	 for	 analysis	 of	 the	 global	 dynamics	 of	

biomacromolecules	 is	 principal	 component	 analysis	 (PCA).	 This	 method	 is	

generally	 used	 in	 order	 to	 transform	 a	 set	 of	 possibly	 correlated	 and,	 thus,	

redundant	variables	(i.e.	atomic	coordinates)	 into	a	set	of	 linearly	uncorrelated	

variables	called	principal	components	(PCs).	This	is	usually	done	for	an	ensemble	
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of	structures	obtained	from	an	MD	simulation	(in	which	case	it	is	often	referred	to	

as	 essential	 dynamics)	 or	 experimentally	 (e.g.,	 using	 NMR)	 and	 the	 acquired	

principal	components	are	defined	in	such	a	way	that	the	first	one	encompasses	the	

largest	variance	(76,	77).	The	PCA	is,	most	commonly,	performed	in	the	space	of	

Cartesian	 coordinates	 and	 requires	 diagonalization	 of	 the	 symmetric	 pairwise	

covariance	matrix:	

𝑪 =
1 ⋯ (𝑥" − 𝑥" )(𝑥U − 𝑥U )
⋮ ⋱ ⋮

(𝑥U − 𝑥U )(𝑥" − 𝑥" ) ⋯ 1
,			𝑨�𝑪𝑨 = 𝜆			 2.32 	

It	was	also	shown	that	a	small	subset	of	these	PCs	encompasses	most	of	the	total	

atomic	variance	(78).	

2.7.	Markov	State	Models	and	Techniques	for	Clustering	

Molecular	Dynamics	Data	

Markov	 state	 models	 (MSMs)	 are	 kinetic	 models,	 which	 are	 usually	 built	

combining	data	from	multiple	MD	simulations	though	they	can	also	be	constructed	

using	a	single	long	MD	trajectory.	They	allow	to	extract	information	about	kinetics	

and	 thermodynamics	 of	 a	 system	 under	 scrutiny	 analyzing	 interconversion	

between	numerous	microstates	(hundreds	or	even	thousands).	One	very	powerful	

property	of	MSMs	 is	 that	 they	use	 conditional	 transition	probabilities	between	

microstates,	what	allows	one	to	use	many	short	trajectories	starting	from	different	

points	of	the	conformational	space	in	order	to	build	a	kinetic	model	describing	the	

system’s	behavior	at	longer	time	scales.	

The	microstates	are	delineated	with	the	help	of	clustering	algorithms	applied	in	a	

space	 of	 such	metrics,	which	 are	 believed	 to	 describe	 the	 biologically	 relevant	

processes	 the	 best	 (e.g.,	 principal	 components	 from	 PCA	 or	 independent	

components	from	time-lagged	independent	component	analysis	(TICA)	(79,	80),	

contacts	between	residues,	distances	between	pairs	of	protein		𝐶f 	atoms,	etc.).	

As	soon	as	dimensionality	of	a	system	of	interest	is	reduced,	i.e.	a	limited	number	

of	dimensions	comprising	most	of	a	system’s	variance	is	chosen,	the	clustering	can	

be	done	 in	order	 to	obtain	 centers	of	 the	 future	microstates.	 In	 general,	 the	k-

means	method	copes	with	this	task	fairly	well	(81).	The	microstates	themselves	

are	 defined	 employing	 the	 Voronoi	 discretization	 with	 the	 k	 cluster	 centers	

computed	on	the	previous	step.	
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The	discretization	of	 the	conformational	space	 into	a	set	of	microstates	 let	one	

build	the	transition	probability	matrix,	𝑻(𝜏),	which	contains	probabilities	to	find	

a	system	in	state	j	after	time	𝜏	(called	lag	time	of	a	model)	given	it	was	in	state	i.	

The	 transition	 matrix	 has	 to	 satisfy	 two	 additional	 conditions:	 microscopical	

reversibility	(or	detailed	balance,	i.e.	each	transition	from	state	i	to	state	j	should	

be	 compensated	 by	 a	 reverse	 transition	 from	 j	 to	 i)	 and	 ergodicity	 (i.e.,	 all	

microstates	should	be	interconnected)	(82).	

The	quality	of	MSM	can	be	evaluated	using	the	Chapman-Kolmogorov	equation,	

which	states:	

𝑻 𝑛𝜏 = 𝑻(𝜏)1			 2.33 	

This	equation	simply	implies	that	taking	𝑛	steps	with	an	MSM	with	a	lag	time	of	𝜏	

should	be	equivalent	to	an	MSM	with	a	lag	time	of	𝑛𝜏.	One	of	the	consequences	of	

the	 equation	 (2.33)	 is	 that	 the	 relaxation	 times	 calculated	 for	 a	 model,	 also	

referred	as	its	implied	timescales	(2.34),	do	not	change	as	a	function	of	the	lag	time	

as	long	as	the	model	demonstrate	Markovian	behavior.	Thus,	analysis	the	implied	

timescales	plotted	as	functions	of	a	model	lag	time	provides	a	simple	way	to	test	

model	validity.	

𝑡" = −
𝜏
𝑙𝑛𝜆"

,			𝑨�𝑻𝑨 = 𝜆			 2.34 	

Often,	for	the	sake	of	clarity,	it	appears	useful	to	coarse-grain	the	original	MSM,	

containing	 hundreds	 or	 thousands	 of	 microstates,	 which	 cannot	 be	 easily	

visualized	and	comprehended,	into	a	model,	which	consists	of	a	few	metastable	

macrostates.	 The	 method	 commonly	 used	 for	 this,	 the	 Perron	 Cluster	 Cluster	

Analysis	(PCCA),	makes	use	of	Perron	Cluster,	a	set	of	eigenvalues	clustered	near	

the	 largest	 eigenvalue	 and	 separated	 from	 the	 rest	 of	 the	 eigenspectrum	 by	 a	

reasonable	gap	(83).		

 

	

		 	



 33 

Chapter	3	

Molecular	Dynamics	Simulations	of	the	HAMP	Domain	
from	the	EcTsr	Chemoreceptor	
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3.1.	Introduction	

In	order	to	survive	in	the	variable	environment	microorganisms	use	a	number	of	

sensoric	systems,	which	allow	microbes	 to	change	the	gene	expression	 level	or	

motility	mode	in	response	to	environmental	stimuli	(28).	Many	of	them	are	based	

on	 the	 typical	 prokaryotic	 two-component	 regulatory	 cascade:	 they	 consist	 of	

sensors,	which	are	activated	by	extracellular	 signals,	 and	a	 response	 regulator,	

which	delivers	this	signal	from	a	sensor	to	an	effector	(84).	

Sensors	 are	 dimeric	 modular	 proteins	 or	 protein	 complexes,	 which	 usually	

comprise	an	N-terminal	input	domain	(typically	transmembrane	or	extracellular),	

a	C-terminal	transmitter	domain	(located	in	the	cytoplasm)	and	a	linker	region,	

which	 couples	 the	 input	 to	 the	 output.	 The	 C-terminal	 domain	 either	 bears	 a	

kinase	 activity	 itself	 (EnvZ	 and	 NarX	 sensors	 from	 E.	 coli,	 for	 instance)	 or	 it	

triggers	a	cognate	histidine	kinase	(for	example,	the	kinase	CheA	and	Tar	or	Tsr,	

two	 chemotaxis	 receptors	 in	 E.	 coli).	 The	 kinase,	 in	 turn,	 changes	 the	

phosphorylation	level	of	a	response	regulator,	such	as	CheY	(Fig.	3.1).	

	
Figure	3.1.	Scheme	of	serine	chemotaxis	system	of	E.	coli.	Dimers	of	Tsr	receptors	
are	the	basic	elements	of	the	transmembrane	sensory	complexes.	They	consist	of	
the	trimers-of-dimers	(85)	(dimers	are	shown	in	blue,	red	and	green),	which,	in	
turn,	 form	 large	 transmembrane	 arrays	 (23).	 The	 minimal	 signaling	 unit	
comprises	two	trimers-of-dimers,	as	depicted.	Polar	receptor	arrays	activate	the	
homodimeric	 histidine	 kinase	 CheA	 bound	 together	 with	 the	 adapter	 protein	
CheW	to	the	receptors.	The	phosporyl	group	from	CheA	can	be	transfer	either	to	
the	response	regulator	CheY,	which,	 in	turn,	binds	to	the	cell	motor	and	causes	
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clockwise	rotation	of	the	flagellum	(resulting	in	the	“tumble”	swimming	regime)	
or	 to	 the	methylesterase	 CheB,	which,	 along	with	 the	methyltransferase	 CheR,	
controls	 the	 adaptation	 (feedback)	 mechanism.	 Binding	 of	 attractant	 to	 the	
receptors	causes	conformational	and	dynamical	changes	in	the	receptor	which	are	
converted	by	the	HAMP	domain	and	conveyed	along	the	20	nm	long	receptor	to	
the	tip	region.	The	latter	inhibits	the	CheA	kinase	activity	with	increased	rate	of	
counterclockwise	rotation	of	the	flagellum	and	the	“running”	swimming	regime	as	
a	consequence	(86).	

In	the	linker	region	of	sensors,	there	are	usually	present	one	or	a	series	of	HAMP	

domains,	which	are	adjacent	to	the	last	transmembrane	segment	of	a	sensor.	They	

occurrence	 in	histidine	kinases,	adenylyl	cyclases,	methyl-accepting	chemotaxis	

proteins	(MCPs),	and	phosphatases	coined	the	term	HAMP	(87).	The	first	atomic-

resolution	structure	of	a	HAMP	domain	was	solved	by	NMR	spectroscopy	showing	

a	symmetric	homodimeric,	 four	helical,	parallel	coiled	coil	 (88).	Each	protomer	

consists	 of	 50	 residues	 in	 two	 α-helices,	 AS1	 and	 AS2,	 connected	 by	 a	 flexible	

linker	of	about	14	residues.	Though	HAMP	domains	do	not	show	strong	sequence	

conservation	 (88)	 they	 still	 can	 be	 interchanged	 between	 different	 receptors	

retaining	 some	activity	 (89-91),	what	 indicates	 that	 they	 can	 share	 a	universal	

mechanism	of	signal	propagation	(88,	92).	

HAMP	domains	are	believed	to	serve	as	signal	relays	converting	and	conveying	

the	 signal	 received	 from	 the	 transmembrane	 input	 domain	 downward	 to	 the	

kinase	 or	 the	 kinase-activating	 domain.	 Several	 not	 mutually	 exclusive	

mechanisms	have	been	suggested	(27).	The	gearbox	model	(88)	postulates	that	

HAMP	 domain	 has	 two	 distinct	 static	 conformations	 corresponding	 to	 the	

canonical	 coiled	 coil	 packing,	 termed	 da	 or	 knobs-into-holes	 and	 typical	 for	

structures	of	various	coiled	coils,	and	an	alternative	packing,	x-da	or	knobs-into-

knobs,	observed	in	the	structure	of	Af1503	HAMP	domain.	The	transition	between	

these	two	conformers	can	be	accomplished	by	a	concerted	rotation	of	the	HAMP	

helices	by	~26°.	

In	the	alternative	dynamical	bundle	model	(93-95),	signal	transduction	through	

HAMP	occurs	by	means	of	changes	in	stability	and	packing	of	the	HAMP	helical	

bundle	 modulated	 by	 a	 conformational	 input.	 Extensive	 mutagenesis	 studies,	

justifying	this	model,	also	suggest	that	HAMP	does	not	simply	accommodate	two	

distinct	states	(on/off)	but	rather	populates	a	wide	range	of	conformations:	some	
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intermediately	packed	ones	cause	activation	of	the	downstream	domains	and	the	

extreme	packing	situations	(very	loose	and	very	tight)	lead	to	the	opposite	effect.	

While	very	important	results	about	mechanism	of	HAMP	signaling	come	from	the	

structural	studies,	which	successfully	resolved	the	HAMP	domain	structure	in	an	

orphan	 receptor	 from	Archaeoglobus	 fulgidus	 and	 in	 a	 tandem	 of	 three	 HAMP	

domains	 from	 Pseudomonas	 aeruginosa,	 it	 remains	 unclear	 whether	 these	

structures	correspond	to	physiologically	relevant	and	distinct	states	of	the	HAMP	

domain	or	 the	HAMP	domain	output	 results	 from	a	 time-averaged	 equilibrium	

between	 two	of	more	states	 (96).	A	growing	body	of	evidence	 (93-95,	97-102)	

suggests	 that	 the	 latter	 hypothesis	 is	 likely	 feasible	 at	 least	 for	 signaling	 in	

chemoreceptors.	Obviously,	such	continuum	of	conformations	cannot	be	directly	

observed	in	static	snapshots	from	X-ray	or	NMR	experiments	frozen	in	minimum-

energy	states	but	it	can	rather	be	tackled	by	molecular	dynamics	simulations.	

To	date,	few	MD	studies	of	HAMP	domain	were	reported.	In	all	of	them	either	the	

HAMP	domain	 from	 the	 Af1503	 receptor	 (103-105)	 or	 a	model	 of	 the	HAMP1	

domain	 from	the	NpHtrII	MCP-like	 transducer	 (104,	106)	were	used.	However,	

both	 organisms	 of	 origin	 of	 these	 HAMP	 domains,	Archaeoglobus	 fulgidus	 and	

Natronomonas	pharaonis,	 live	at	extremely	high	temperature,	what	may	lead	to	

enhanced	stability	of	the	HAMP	domains	from	these	organisms	when	studied	at	

normal	 temperature	 and,	 thus,	 overrepresentation	 of	 low-energetic	

conformations	trapped	in	energy	minima.	

Here,	we	present	the	results	of	a	series	of	microsecond-scale	unbiased	molecular	

dynamics	simulations	of	a	model	of	HAMP	domain	from	E.	coli	Tsr	receptor.	The	

analysis	 of	 the	 obtained	MD	 trajectories	 demonstrates	 that	 the	 isolated	 EcTsr	

HAMP	 domain	 has	 inherently	 flexible	 structure	 undergoing	 relatively	 fast	

(hundreds	 of	 nanoseconds	 to	 microseconds	 time	 scale)	 transitions	 between	

several	metastable	 conformations,	which	 can	 be	 characterized	 by	 a	 number	 of	

properties	 including	helical	 tilts,	 inter-helical	distances	and	shifts	as	well	as	by	

their	global	dynamics	and	symmetry.	Our	results	evidence	in	favor	of	the	flexible	

bundle	 model	 of	 HAMP	 activation	 and	 give	 an	 insight	 into	 the	 structural,	

dynamical	and	kinetical	aspects	of	this	process.	
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3.2.	Materials	and	Methods	

3.2.1.	Homology	modeling	
As	an	initial	structure	we	used	the	structure	of	the	HAMP	domain	of	a	putative	

receptor	 Af1503	 from	 Archaeoglobus	 fulgidus	 (PDB	 code	 2ASW).	 The	 HAMP	

domain	 of	 the	 E.coli	 Tsr	 chemoreceptor	 was	 modeled	 by	 homology	 using	 the	

MODELLER	program	(107).	The	identity	of	the	amino	acid	sequences	of	Af1503	

and	Tsr	HAMP	domains	is	24.5%	while	the	sequence	similarity	equals	49%.	

3.2.2.	MD	system	setup	
The	obtained	homology	model	of	the	Tsr	HAMP	domain	was	solvated	with	TIP3	

water	molecules	and	neutralized	with	Na+/Cl—	ions.	Additional	ions	were	added	

to	 mimic	 the	 ionic	 strength	 of	 0.15	 M.	 The	 obtained	 system	 contained	 13022	

atoms.	

The	system	was	minimized	and	consequently	equilibrated	for	1	ns,	10	ns	and	25	

ns	with	all	heavy	atoms,	only	Cα	atoms	and	none	of	the	protein	atoms	restrained	

by	the	harmonic	potential	(k=1000	kJ/mol	nm2),	respectively.	

After	 the	equilibration,	 ten	production	simulations	were	run,	each	800	ns	 long,	

resulting	in	the	total	simulation	time	of	8	μs.	Initial	velocities	in	each	production	

simulation	were	randomly	set	according	to	the	Maxwell	distribution	at	303	K.	

All	 MD	 simulations	 were	 carried	 out	 in	 Gromacs	 5.0.4	 (56)	 according	 to	 the	

following	protocol:	CHARMM	2.7	forcefield	(108,	109);	NPT	ensemble	controlled	

by	means	of	Nose-Hoover	thermostat	(Tref	=	303	K,	τT	=	2)	and	Parrinello-Rahman	

barostat	(isotropic	pressure,	pref	=	1	atm,	τp	=	2,	compressibility	=	4.5･10–5	bar–1);	

time	 step	 –	 2	 fs;	 Verlet	 cut-off	 scheme	 (110)	 and	 PME	 (111)	 for	 non-bonded	

interactions.	

3.2.3.	Principle	component	analysis	clustering	of	the	obtained	
conformations	and	estimation	of	the	Markov	state	model	(MSM)	
We	reduced	the	dimensionality	of	the	system	using	principal	component	analysis	

(PCA)	 in	 the	 space	 of	 Cartesian	 coordinates	 of	 the	 all	 Cα	 atoms	 of	 the	 HAMP	

domain	 (94	 atoms,	 282	 coordinates)	 after	 rototranslational	 alignment	 to	 the	

initial	 structure.	 The	 obtained	 low-dimensional	 subspace	 (we	 included	 all	

principal	components	until	their	cumulative	kinetic	variance	exceeds	0.95,	see	Fig.	
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S3.4)	 was	 initially	 discretized	 using	 k-means	 clustering	 algorithm	 with	 300	

centers.	MSMs	were	estimated	using	Maximum	likelihood	estimator	with	different	

lag	times	up	to	100	ns	and	for	each	lag	time	the	MSM	relaxation	times	(the	implied	

timescales	(112))	were	computed.	The	obtained	“microstates”	were	grouped	into	

6	metastable	 “macrostates”	 (based	 on	 the	 gap	 found	 after	 the	 sixth	 relaxation	

timescale,	see	Fig.	S3.5)	for	comprehensible	coarse-grained	representation	of	the	

clustering	results	using	PCCA++	method	(83).	100	representative	structures	for	

each	of	the	macrostates	were	filtered	out	from	the	original	trajectories.	

The	MD	trajectories	were	projected	onto	the	first	two	principal	components	and	

the	negative	logarithm	of	the	obtained	histogram	was	plotted	as	a	simple	estimate	

of	the	free	energy	surface	(with	the	micro-	and	macrostates	shown	on	it).		

PCA,	 clustering	 and	 the	 Markov	 state	 model	 estimation	 were	 performed	 in	

PyEMMA	2	package	(81).	

3.2.4.	Analysis	of	trajectories	and	conformations	
Trajectories	were	 analyzed	with	our	own	Python	 scripts	using	 the	MDAnalysis	

package	 (113).	 The	 global	 asymmetry	 score	 was	 calculated	 according	 to	 the	

definition	given	in	(114).	Shortly,	for	a	given	residue	in	one	protomer	of	the	dimer,	

its	 Cα-Cα’	 distances	 with	 all	 other	 residues	 in	 the	 second	 protomer	 were	

calculated.	 A	 reciprocal	 calculation	 was	 done	 with	 the	 same	 residue	 from	 the	

second	protomer	with	all	 other	 residues	 in	 the	 first	protomer.	The	measure	of	

absolute	 differences	 between	 the	 two	 distances	 has	 been	 calculated	 and	

normalized	 by	 the	 number	 of	 distance	 calculations	 performed.	 The	 absolutely	

symmetric	dimer	would	possess	the	asymmetry	score	of	zero,	while	there	is	no	

upper	 limit	 for	 its	values.	However,	structures	with	 the	values	over	1	–	1.5	are	

considered	as	asymmetric	(115).	

Kernel	 density	 estimation	 (KDE)	was	 used	 to	 estimate	 the	 probability	 density	

functions	of	finite	sets	of	observables	as	implemented	in	Python	SciPy	package.	

The	Crick	angles	were	calculated	as	in	(116).	
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3.3.	Results	and	Discussion	

3.3.1.	The	Tsr	HAMP	domain	is	inherently	flexible	though	integral	
The	EcTsr	HAMP	domain	exhibits	much	higher	degree	of	plasticity	comparing	to	

the	previously	reported	MD	results	for	the	HAMP	domain	of	Af1503	(117)	and	the	

model	 of	 HAMP1	 from	 NpHtrII	 (106),	 which	 did	 not	 change	 their	 fold	 and	

remained	stable	(RMSD	<	2	Å)	during	the	whole	simulation	time.	Contrastingly,	

the	 EcTsr	 HAMP	 in	 our	 simulations	 significantly	 deviates	 from	 the	 original	

homology	model	structure	with	the	average	RMSD	of	the	backbone	atoms	equals	

4.4±1.3	Å	(Fig.	3.2).	

	
Figure	 3.2.	 Plasticity	 of	 the	 Tsr	 HAMP	 domain	 during	 ten	 production	 MD	
simulations.	A:	Overlaid	snapshots	 from	the	concatenated	8-μs	trajectory	taken	
every	20	ns	are	shown	with	AS1,	AS2	and	the	connector	colored	with	blue,	grey	
and	red,	respectively.	B:	Root-mean	square	deviation	of	the	backbone	atoms	from	
the	 original	 homology	model	 of	 the	EcTsr	 HAMP	 based	 on	 the	 Af1503	 HAMP.	
Dashed	red	lines	indicate	boundaries	between	individual	trajectories.	

Such	 increased	 flexibility	of	 the	Tsr	HAMP	 likely	 reflects	 the	natural	 structural	

plasticity	of	HAMP	domains	taking	into	account	that	unlike	the	Af1503	receptor	

and	the	NpHtrII	transducer,	which	both	belong	to	hyperthermophilic	organisms,	

the	EcTsr	receptors	are	functioning	at	normal	temperature.	Also,	this	observation	

is	consistent	with	the	extreme	difficulty	of	crystallization	of	conventional	HAMP	

domains	(95,	96).	

Regardless	of	the	observed	high	flexibility	the	Tsr	HAMP	retains	its	integrity.	The	

backbone	 motions	 are	 highly	 correlated	 as	 can	 be	 seen	 in	 Fig.	 3.3,	 which	

summarizes	the	results	of	the	Pearson	correlation	coefficients	calculated	between	

all	the	pairs	of	the	inter-monomer	Cα(i)-Cα(i')	distances	projected	onto	the	HAMP	

coiled-coil	axis	(corresponds	to	sliding	motion	of	helices	along	the	CC	axis)	or	onto	

the	 plane	 perpendicular	 to	 it	 (corresponds	 to	 the	 lateral	 expand/clump	 of	 the	

helices).	
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Remarkably,	not	only	the	residues	within	relatively	stiff	structures,	i.e.	helices	AS1	

and	AS2,	demonstrate	highly-correlated	mobility	but	also	the	flexible	connector	

loop,	which	was	shown	previously	to	play	an	important	role	in	modulation	of	the	

HAMP	activity	(94).	Moreover,	the	inter-monomer	distance	correlations	are	also	

high	between	spatially	distant	regions	of	the	HAMP,	including	the	N-terminus	of	

AS1	and	the	C-terminus	of	AS2	serving	as	the	signal	input	and	output,	respectively.	

The	 inter-monomer	distance	correlations	match	 in	general	 those	calculated	 for	

the	 local	asymmetry	(See	Fig.	S3.1)	 implying	that	the	structural	changes,	which	

occur	 during	 the	 HAMP	 dynamics,	 are	 coupled	 with	 alteration	 of	 the	 dimeric	

symmetry.	 Such	 symmetry	 breaks	 have	 been	 proposed	 before	 as	 a	 distinct	

structural	feature	of	the	coiled	coils,	which	can	be	important	for	their	functions	

(118).	

The	observed	correlation	patterns	between	the	Crick	angles	(see	Fig.	S3.2)	are	less	

pronounced.	While	the	Crick	angles	of	the	residues	within	the	AS1	and	AS2	are	

well-correlated,	the	correlations	between	the	AS1	and	AS2	are	weaker	and	their	

correlations	 with	 the	 connector	 region	 are	 even	 slighter.	 These	 observations	

dispute	 the	 gearbox	 model	 for	 the	 HAMP	 activation,	 which	 suggests	 the	

complementary	 and	 rigid-body	 helical	 rotations	 as	 a	 characteristic	 structural	

movement	corresponding	to	the	HAMP	activation.	However,	they	do	not	rule	out	

the	important	role	of	the	rotational	component	in	the	collective	motion	observed	

in	the	performed	MD	of	the	EcTsr	HAMP.		

At	the	same	time,	the	correlations	between	the	piston-like	shifts	calculated	for	the	

centers-of-mass	of	AS1	and	AS2	helices	along	the	CC	axis	and	with	respect	to	the	

original	 structure	 indicate	 that	 the	 shift	 of	 the	 AS1	 helix	 of	 one	 monomer	 is	

correlated	with	the	opposite	piston	motion	of	both	AS2	of	the	the	same	monomer	

and	AS2’	 in	 the	other	monomer	 (Fig.	 S3.3).	This	observation	 is	 consistent	with	

similar	though	less	pronounced	collective	motions	detected	in	the	dynamics	of	the	

Af1503	HAMP	domain	(103)	and	the	NpHtrII-HAMP1	(106).	
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Figure	3.3.	A-B:	Covariance	matrices	calculated	between	the	projections	of	the	
inter-monomer	Cα-Cα’	distances	onto	the	plane	perpendicular	to	the	coiled-coil	
axis	of	the	HAMP	domain	(A)	or	onto	the	coiled-coil	axis	of	the	HAMP	domain	(B).	
C:	The	direction	of	 the	coiled-coil	 (CC)	axis	and	an	example	of	 the	used	Cα-Cα’	
distance	projections	(dz	–	projection	of	an	 inter-monomer	distance	onto	the	CC	
axis	and	dxy	–	onto	a	plane	perpendicular	to	the	CC	axis).	

3.3.2.	PCA	Analysis	and	clustering	found	several	metastable	states	of	the	
Tsr	HAMP	
The	analysis	of	the	simulated	MD	trajectories	described	above	indicates	that	in	the	

performed	MD	 simulations	 the	 Tsr	 HAMP	 domain	 explores	 its	 conformational	

space	 quite	 widely	 remaining	 structurally	 intertwined.	 Further,	 we	 employed	

Principal	Component	Analysis	(PCA)	along	with	the	clustering	techniques	and	the	

Markov	 state	 modeling	 in	 order	 to	 discretize	 the	 conformational	 space	 of	 the	

HAMP	 into	 metastable	 states	 and	 to	 estimate	 their	 characteristic	 relaxation	

timescales.	

The	 subsequent	 application	 of	 the	 k-mean	 clustering	 and	 the	 PCCA++	 (83)	

methods	resulted	in	the	model,	which	included	6	metastable	states	shown	in	Fig.	

3.4A	over	the	approximate	free	energy	surface	plot	computed	as	a	projection	of	

the	joint	MD	trajectory	onto	the	two	largest	principal	components.	For	each	of	the	

defined	metastable	states	we	obtained	100	representative	sample	structures	from	

the	joint	MD	trajectory,	which	were	used	in	the	further	analysis.	

The	relaxation	times	were	plotted	versus	the	lag-time	of	the	MSM	in	order	to	verify	

that	the	model	obeys	the	Markov	assumption	(82,	119)	(Fig.	S3.5).	The	slowest	

calculated	relaxation	times	suggest	that	the	transitions	between	the	metastable	

states	of	the	MSM	occur	at	the	timescale	under	a	few	microseconds.	

According	to	the	pairwise	RMSD	values	calculated	between	the	average	structures	

representing	the	obtained	metastable	states	(Fig.	3.4B),	they	fall	into	two	groups	
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featuring	distinct	dissimilarities	(group	I	consists	of	the	“blue”,	“red”	and	“yellow”	

macrostates;	group	II	–	the	“black”,	“green”	and	“cyan”	macrostates).	

	
Figure	3.4.	A:	Approximate	free	energy	surface	(log-space	density	plot	of	the	joint	
MD	 trajectory	 projected	 onto	 the	 two	 largest	 principal	 components)	 with	 the	
microstates	(illustratively	shown	as	dots)	and	metastable	states	(groups	of	dots	of	
a	similar	color)	depicted	over	it	(Blue,	Red,	Yellow,	Green,	Black	and	Cyan).	The	
representative	sets	of	structures	corresponding	to	each	of	the	metastable	states	
are	also	shown	in	similar	colors	overlaying	the	initial	homology	model	based	on	
the	 Af1503	 HAMP	 (shown	 in	 grey).	 Two	 distinct	 groups	 of	 macrostates	 are	
encircled	and	labeled	with	Roman	numerals	I	and	II.	B:	Matrix	of	pairwise	RMSD	
values	 between	 the	 average	 structures	 corresponding	 to	 the	 six	 observed	
metastable	states.	

Two	sample	structures	of	these	groups	of	macrostates	are	shown	on	Fig.	3.5	along	

with	the	inter-monomer	distance	distributions	for	the	representative	amino	acid	

positions	chosen	at	the	N-	and	C-termini	of	both	helices	of	the	HAMP.	AS1	and	AS1’	

get	 closer	 at	 the	 N-terminus	 and	 expend	 at	 their	 C-terminus	 in	 the	 group	 I	

macrostates	relative	to	the	group	II	macrostates,	while	AS2	and	AS2’	undergo	the	

opposite	motions.	Similar	 results	 for	 the	rest	of	amino	acid	positions	along	 the	

HAMP	are	brought	together	in	Fig.	S3.6,	while	the	inter-helical	tilts	are	present	on	

Fig.	 S3.7.	 Altogether,	 they	 indicate	 global	 nature	 of	 the	 observed	 helical	

rearrangement,	 which	 is	 compatible	 with	 a	 scissors-like	 collective	 movement	
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proposed	earlier	based	on	the	cysteine	cross-linking	studies	(120,	121),	while	the	

discerned	 two	 groups	 of	 relative	 helical	 orientations	 resemble	 two	 alternative	

HAMP	structures,	HAMP1/HAMP3	(also	regarded	as	HAMP(A)	or	“tight”	bundle	

similar	 to	 the	 structure	 of	 the	 Af1503	 HAMP	 domain	 resolved	 by	 NMR)	 and	

HAMP2	(HAMP(B)	or	“loose”	bundle),	observed	in	the	X-ray	structure	of	the	three	

sequential	HAMP	domains	from	Aer2	protein	of	Pseudomonas	aeruginosa,	with	the	

inward	 splay	 of	 AS2	 helices	 and	 the	 outward	 splay	 of	 AS1	 helices	 at	 their	 C-

terminus.	
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Figure	 3.5.	 Representative	 HAMP	 domain	 structures	 of	 two	 groups	 of	
macrostates	 (grey	 structure	 represents	 group	 I	 and	 magenta	 –	 group	 II,	 the	
corresponding	macrostates	are	shown	on	Fig.	3.4).	A:	view	from	the	N-terminus	
end	(left)	and	a	cartoon	illustrating	the	corresponding	helical	motions	(right);	B:	
side	 view	 (left)	 and	 distributions	 of	 the	 inter-monomer	 Cα-Cα’	 distances	 of	
residues	V219	(N-terminus	of	AS1),	G234	(C-terminus	of	AS1),	E248	(N-terminus	
of	 AS2)	 and	 G261	 (C-terminus	 of	 AS2)	 calculated	 for	 the	 six	 found	metastable	
states	(for	the	color	code	see	Fig.	3.4);	C:	view	from	the	C-terminal	end	(left)	and	
a	cartoon	illustrating	the	corresponding	helical	motions	(right).	
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One	of	the	most	notable	consequences	of	the	helical	rearrangement	characterized	

above	is	a	slight	though	clear	overall	elongation	of	the	HAMP	domain	by	∼2-3	Å	

(Fig.	 S3.8)	 in	 the	 metastable	 states	 belonging	 to	 group	 II	 resulting	 from	 the	

opposite	piston-like	shifts	of	AS1	and	AS2	relative	to	their	positions	in	the	initial	

structure	 (see	 Fig.	 S3.9).	 Similar	 extension	 appears	 as	 an	 offset	 of	 the	 helical	

register	by	half	a	helical	turn	in	the	structure	of	the	Aer2	HAMP2	with	respect	to	

the	HAMP1/HAMP3	domains	(122)	and,	at	the	same	time,	analogous	light-induced	

helical	 shifts	 were	 revealed	 in	 the	 HAMP	 domains	 of	 the	 NpHtrII:NpSRII	

photosensor	complex	(123).	Such	helical	displacements,	leading	to	HAMP	domain	

shortening/extension	 and	 coupled	with	 its	 global	 dynamics,	 provide	 a	 reliable	

explanation	for	the	signal	inversion	carried	out	by	concatenated	HAMP	domains,	

e.g.	HAMP1	and	HAMP2	of	the	NpHtrII,	for	which	an	aberrant	attractant	phototaxis	

instead	of	 the	wild-type	repellent	one	was	shown	upon	 the	deletion	of	HAMP2	

domain	(123).	Contraction	of	the	first	HAMP	domain	in	a	sequence	should	lead	to	

the	inverse	change	in	the	adjoining	HAMP,	i.e.	extension,	taking	into	account	that	

the	lengths	of	the	receptors	remain	likely	intact	due	to	their	association	into	large	

arrays	with	the	CheA/CheW	proteins	bound	to	their	membrane-distal	tips	(102).	

3.3.3.	Alteration	of	dimeric	symmetry	in	different	states	and	a	model	for	
the	HAMP	output	signaling	
Calculation	 of	 the	 asymmetry	 score,	 computed	 according	 to	 the	 procedure	

described	in	the	Methods,	revealed	that	the	helical	rearrangements	distinguishing	

the	two	groups	of	macrostates	are	reflected	in	the	inter-monomer	symmetry	as	

well,	especially	in	that	of	AS2	helix	including	its	C-terminus.	All	macrostates	united	

in	the	group	II	feature	a	high	asymmetry	score	of	the	AS2,	i.e.	lower	symmetry	in	

that	region	(Fig.	S3.10-S3.11)	comparing	to	the	group	I	states.	We	hypothesize	that	

the	 observed	 change	 of	 symmetry	 plays	 an	 important	 role	 in	 the	 stutter	

compensation	mechanism,	which	is	thought	to	account	for	the	signal	transduction	

from	the	HAMP	to	the	cytoplasmic	domain	(124).	Stutter	is	a	common	term	for	a	

discontinuity	 in	 the	 heptad	 repeats	 (insertion	 of	 four	 or	 deletion	 of	 three	

residues),	which	leads	to	a	local	perturbation	of	the	coiled	coil	structure	(125).	A	

plausible	model	for	the	signal	conversion	in	this	region	might	be	as	follows.	The	

asymmetric	 conformation	 of	 AS2	 in	 the	 kinase-off	 state	 of	HAMP	 compensates	



 46 

otherwise	 imperfect	 coiled	 coil	 structure	 of	 the	 stutter	 and	 allows	 it	 to	 adopt	

helical	 structure,	what,	 in	 turn,	 imposes	structural	 restraints	on	 the	adaptation	

domain	 causing	 its	 asymmetry	 as	 well.	 The	 latter	 should	 also	 result	 from	 the	

reversible	demethylation	of	the	adaptation	region	during	the	adaptation	process.	

On	 the	 other	 hand,	 in	 the	 kinase-on	 state	 of	 HAMP	 the	 AS2	 helices	 are	 more	

symmetric,	 what	 would	 destabilize	 the	 stutter	 and	 lead	 to	 its	 unfolding.	 The	

flexibility	 of	 the	 stutter	 would	 thus	 increase,	 what	 would	 let	 the	 adaptation	

domain	to	adopt	more	symmetric	configuration,	which	it	can	alternatively	achieve	

upon	the	methylation.	

In	 order	 to	 validate	 this	 hypothesis,	 we	 analyzed,	 according	 to	 the	 same	

procedure,	how	the	symmetry	changes	in	the	two	available	crystal	structures	of	

the	Af1503	HAMP	domain	fused	to	the	EnvZ	histidine	kinase	catalytic	part	(pdb	

code	4CTI)	and	to	the	sole	DHp	domain	of	EnvZ	(3ZRV).	The	former	appears	to	

represent	 an	 activated	 state	 of	 the	 complex,	with	 a	helical	 break	 in	 the	 stutter	

region,	while	the	latter	corresponds	to	an	inactive	state	and	has	the	folded	stutter	

(126).	The	asymmetry	score	is	much	lower	for	AS2	of	the	active	structure	(score	

=	0.87)	compared	to	the	inactive	conformation	(score	=	2.13)	and	its	values	match	

very	well	the	average	asymmetry	score	values	calculated	for	the	Tsr	HAMP	(Fig.	

S3.11).	

Hence,	we	 argue	 that	 the	 inter-monomer	 symmetry	 alterations,	 particularly	 of	

AS2	of	the	HAMP,	should	be	considered	as	important	structural	features,	which	

can	affect	stability	of	the	stutter	and,	thus,	modulate	the	kinase-activating	ability	

of	the	downstream	domains	of	receptors.	In	line	with	this	idea,	the	local	regulated	

helical	breaks	were	earlier	proposed	as	a	general	mechanism	for	signaling	in	the	

different	modular	proteins	(127).	
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3.3.4.	Alternative	conformations	of	the	HAMP	exhibit	different	dynamics	

	
Figure	3.6.	A:	Fluctuations	of	the	inter-monomer	Cα-Cα’	distances	calculated	for	
the	 six	 found	 metastable	 states	 (for	 color	 code	 see	 Fig.	 3.4)	 and	 plotted	 as	 a	
function	 of	 residue	 number	 along	 the	 HAMP	 domain.	 B:	 Autocorrelations	
calculated	as	a	function	of	lag	time	for	short	continuous	trajectories	corresponding	
to	 group	 I	 (blue)	 and	 II	 (red)	 states.	 Four	 representative	 amino	 acid	 positions	
(same	as	in	Fig.	3.5)	are	shown.	

Remarkably,	in	addition	to	the	observed	structural	differences	the	two	groups	of	

states	 feature	different	dynamics.	Rather	unexpectedly,	 the	group	II	metastable	

states	 (with	 the	 relatively	 distorted,	 in	 comparison	 with	 the	 initial	 homology	

model,	helical	 arrangement,	which	 resembles	 the	HAMP2	structure	 from	Aer2)	

demonstrate	noticeable	immobilization	comparing	to	the	group	I	states	(Fig.	3.6).	
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This	change	of	mobility	conforms	the	experimentally	detected	narrowing	of	the	

inter-spin	distance	distributions	in	the	spin-labeled	Aer2-Tar	chimeras	with	the	

opposite	signal	output	(Aer2	HAMP1-HAMP2	and	Aer2	HAMP1	constructs	were	

fused	 to	 the	 Tar	 output	 domain	 and	 the	MTSSL	 spin	 labels	 attached	 at	 the	 C-

terminus	of	AS1/AS2	of	the	HAMP	closest	to	the	output	domain)	(128).Thus,	the	

drawn	above	structural	parallels	between	the	alternative	conformations	of	Aer2	

HAMP	domains	and	the	two	groups	of	states	attained	here	by	MD	simulations	can	

be	extended	to	the	accordingly	altered	dynamics	of	these	states.		

Earlier	experiments	revealed	a	thermodynamic	equilibrium	between	a	dynamic	

and	an	immobilized	state	for	HAMP1	of	NpHtrII.	This	equilibrium	was	shown	to	

be	shifted	by	salt	concentration	(129)	as	well	as	by	the	native	stimulus,	light	(99).	

Furthermore,	 the	 successive	 HAMP2	 undergoes	 opposite	 change	 of	 dynamics	

suggesting	 that	 the	 signal	 inversion	 occurs	 between	 the	 two	 HAMP	 domains	

(130)(L.	Li	and	M.	Engelhard,	unpublished).	This	transition	between	the	dynamic	

and	static	states	of	NpHtrII	HAMP	domains	shares	similarity	with	the	exchange	of	

states	 of	 different	mobility,	which	we	 are	 reporting	 here	 for	 the	EcTsr	 HAMP.	

Considering	 the	 mentioned	 above	 parallels	 between	 the	 HAMP	 domains	 of	

Af1503,	 NpHtrII	 and	 EcTsr	 in	 helical	 displacements	 and	 the	 overall	 HAMP	

extension/shrinkage	these	findings	imply	that	different	HAMP	domains	may	have	

a	 common	 signaling	 mechanism,	 which	 involves	 alteration	 of	 dynamics	

complementary	to	the	distinct	structural	rearrangements.	

3.3.5.	Conservative	residues	in	the	connector	loop	and	in	the	DExG	motif	
stabilize	the	alternative	state	of	the	HAMP	
Previous	extensive	mutagenesis	analysis	pointed	at	several	highly	conservative	

amino	acids	of	the	flexible	connector	loop	linking	AS1	and	AS2	helices	as	critical	

positions	 for	 HAMP	 function	 (94).	 Mutations	 of	 the	 hydrophobic	 I241	 to	

hydrophilic	or	small	hydrophobic	residues	led	to	aberrant	chemotaxis	or	even	its	

absence.	We	examined	the	orientation	of	I241	with	respect	to	the	helical	bundle	

in	different	macrostates	and	observed	a	change	of	the	distance	between	I241	and	

residues	 forming	 the	 hydrophobic	 core	 at	 the	 C-terminus	 of	 the	 bundle,	

particularly	M259.	This	distance	gradually	shortens	in	a	row	of	metastable	states	

being	 always	 shorter	 in	 the	 states	belonging	 to	 the	 group	 II.	 The	 shortening	 is	
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accompanied	by	a	rotation	of	M259	away	from	the	hydrophobic	core	as	it	can	be	

seen	in	Fig.	3.7.	Formation	of	the	new	hydrophobic	contacts	between	I241	of	the	

connector	 and	 residues	 of	 the	 hydrophobic	 core	 (M259,	 I232,	 I233)	 should	

stabilize	the	splay	of	the	AS1	helices	at	their	C-termini	and	rigidify	the	C-terminal	

end	of	AS2	serving	as	an	input	for	the	cytoplasmic	domain	of	the	receptor,	what	is	

believed	 to	 be	 a	 prerequisite	 of	 the	 receptor	 kinase-off	 state	 according	 to	 the	

dynamic	bundle	(94,	95)	and	the	related	yin-yang	(131)	models.	

On	 the	 opposite	 side	 of	 the	 HAMP	 domain,	 the	 tilt	 of	 the	 AS2	 helix	 and	 the	

concerted	 motion	 of	 the	 AS1	 helix	 of	 the	 same	 monomer,	 which	 both	 are	

characteristic	for	the	group	II	states,	bring	E248	(belonging	to	the	conservative	

DExG	motif	at	the	N-term	of	AS2	(88)),	closer	to	R224	in	the	AS1.	The	latter	residue	

is	also	highly	conserved	in	all	canonical	HAMP	domains	(132).	The	established	salt	

bridge	contributes	to	the	overall	stability	of	the	group	II	states	reflected	in	their	

reduced	mobility.	
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Figure	 3.7.	 Interactions	 of	 conservative	 residues	 with	 the	 helical	 bundle	
stabilizing	 the	 alterative	 HAMP	 state.	 A:	 Distance	 between	 the	 conservative	
residue	E248	from	the	DExG	motif	at	N-term	of	AS2	and	R224	in	AS1.	B:	Distance	
between	the	critical	for	HAMP	function	residue	I241	of	the	connector	and	M259	
comprising	the	hydrophobic	core	of	the	bundle.	C-D:	Representative	structures	of	
the	group	I	states	(C)	and	the	group	II	states	(D)	with	residues	important	for	the	
discussion	shown.	

3.4.	Conclusion	

Analysis	of	the	long	MD	simulations	carried	out	for	a	model	of	the	isolated	EcTsr	

HAMP	domain	reveals	its	inherent	flexibility,	which	allows	the	HAMP	domain	to	

adopt	multiple	conformations	via	fast	transitions	occurring	at	the	timescale	under	

several	microseconds.	Upon	these	transitions	the	HAMP	domain	undergoes	global	

rearrangement	consistent	of	the	concerted	tilts,	shifts	and	rotations	accompanied	

by	 the	 change	 of	 dynamics	 and	 symmetry.	 The	 whole	 spectrum	 of	 HAMP	

conformations	was	approximated	by	six	metastable	conformations,	which,	in	turn,	

fall	 into	 two	 groups	 of	 states.	 These	 two	 groups	match	 in	many	 respects	 two	
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alternative	conformations	 found	 in	 the	crystal	structure	of	Aer2	 tandem	HAMP	

domains,	which	are	thought	to	represent	opposite	functional	states	of	HAMP:	the	

kinase-off	 and	 the	 kinase-on.	 At	 the	 same	 time,	 the	 observed	 relative	

immobilization	 of	 the	 EcTsr	 HAMP	 domain	 resembles	 the	 experimentally	

observed	 exchange	 between	 the	 dynamic	 and	 static	 conformations	 of	NpHtrII	

HAMP	 domains.	 The	 apparent	 parallels	 between	 activation	 mechanisms	 of	

different	 HAMP	 domains	 appear	 as	 a	 strong	 evidence	 in	 favor	 of	 a	 common	

mechanism	of	these	processes.	

Such	 complex	 and	 cooperative	 nature	 of	HAMP	domain	 activation	 implies	 that	

allosteric	 effects	 can	 play	 a	 significant	 role	 in	 modulation	 of	 the	 equilibrium	

between	 different	 conformations	 of	 HAMP	 domains	 explaining	 how	 the	 input	

signals	of	various	nature,	present	in	different	HAMP-containing	receptors,	lead	to	

the	seemingly	identical	output.	
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3.5.	Supporting	Materials	

	
Figure	 S3.1.	 Covariance	 matrix	 calculated	 between	 local	 dimeric	 asymmetry	
scores	along	the	HAMP	domain.	For	a	given	residue	i	the	asymmetry	score	was	
computed	for	a	segment	of	5	residues,	(i-2,	i-1,	i,	i+1,	i+2),	as	described	in	Section	
3.2.	

	
Figure	S3.2.	Covariance	matrix	calculated	between	the	Crick	angles	averaged	for	
each	residue	over	the	two	protomers.	Crick	angles	were	calculated	as	described	in	
Section	3.2.	
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Figure	S3.3.	Piston-like	shifts	of	AS1	and	AS2	of	the	two	HAMP	domain	monomers	
respective	to	the	initial	structure	along	the	coiled-coil	axis.	The	negative	log	of	the	
probability	distributions	is	plotted	for	the	pairs	of	helices.	Apostrophe	designates	
helices	of	the	second	monomer.	Values	of	the	Pearson	correlation	coefficient,	r,	are	
shown	for	each	case.	

	
Figure	S3.4.	Cumulative	variance	captured	by	PCA	as	a	function	of	the	principal	
components	number.	
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Figure	S3.5.	10	slowest	implied	timescales,	ti,	of	the	MSM	plotted	as	a	function	of	
the	MSM	lag	time,	τ.	The	model	satisfies	the	Markov	assumption	at	the	lag	time	>	
40	ns,	when	the	implied	timescales	level-off.	The	grey	area	marks	the	values	ti	<	τ,	
where	 the	 lag	 time	 exceeds	 the	 time	 scale	 in	 order	 to	 highlight	 regions	where	
timescale	estimates	would	be	unreliable	as	the	estimated	processes	would	already	
have	decayed	there.	

	
Figure	S3.6.	Difference	between	the	inter-monomer	distances	averaged	over	the	
two	groups	of	the	metastable	states	(color-coded	as	shown	in	the	right	panel	and	
in	Fig.	 3.4)	 as	 a	 function	of	 residue	number.	Blue	 areas	 correspond	 to	positive	
values,	i.e.	these	residues	are	more	expanded	in	the	group	I	states	comparing	to	
the	group	II	states	(see	the	right	panel);	red	areas	–	to	negative	values,	i.e.	these	
residues	get	closer	in	the	group	I	states	comparing	to	the	group	II	states.	
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Figure	S3.7.	Angles	between	AS1	(AS2)	helices	of	the	two	monomers	calculated	
for	the	six	found	metastable	states	(the	colors	are	the	same	as	those	in	Fig.	3.4).	

	
Figure	S3.8.	 Elongation	of	 the	HAMP	domain	measured	as	 a	distance	between	
centers-of-mass	of	the	N-term	residues	of	AS1	and	the	C-term	residues	of	AS2.	
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Figure	S3.9.	Piston-like	shifts	of	AS1	and	AS2	of	the	two	HAMP	domain	monomers	
respective	to	the	initial	structure	along	the	coiled-coil	axis	(AS1	and	AS1	designate	
helices	of	the	first	monomer,	AS1’	and	AS2’	–	of	the	second	monomer)	calculated	
for	the	six	found	metastable	states	(the	colors	match	those	on	Fig.	3.4).	A:	Piston-
like	shift	of	AS1	of	one	monomer	vs.	AS2	of	the	opposite	monomer.	B:	Piston-like	
shift	of	AS1	of	one	monomer	vs.	AS2	of	the	same	monomer.	

	
Figure	S3.10.	Local	dimeric	asymmetry	scores	along	the	HAMP	domain	calculated	
for	the	six	found	metastable	states	(the	color-code	matches	that	in	Fig.	3.4).	For	a	
given	residue	i	the	asymmetry	score	was	computed	for	a	segment	of	5	successive	
residues,	(i-2,	i-1,	i,	i+1,	i+2),	as	described	in	Section	3.2.	



 57 

	
Figure	S3.11.	Asymmetry	score	calculated	for	AS1	(220-232)	and	AS2	(252-261)	
of	the	EcTsr	HAMP	domain	(the	color-code	for	different	states	matches	that	in	Fig.	
3.4	of	the	main	text).	

	
Figure	S3.12.	Ramachandran	map	of	the	critical	for	the	Tsr	function	residue	G245.	 	
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Chapter	4	

Coupling	between	the	HAMP	Domain	and	the	Adaptation	
Domain	of	the	EcTsr	Chemoreceptor	as	Revealed	by	

Molecular	Dynamics	Simulations	
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4.1.	Introduction	

Motile	prokaryotes	are	able	to	sense	gradients	of	environmental	stimuli	(chemical	

compounds,	 light	 of	 a	 particular	 wavelength)	 and	 change	 their	 swimming	

behavior	accordingly	in	the	process	known	as	photo-	or	chemotaxis.		

Key	 elements	 of	 the	molecular	machinery	 responsible	 for	 this	 phenomena	 are	

conserved	among	Bacteria	and	Archaea	and	represent	a	specialized	case	of	 the	

two-component	signal	pathway;	these	include	transmembrane	receptors	with	the	

histidine	 kinase	 CheA	 bound	 to	 their	 cytoplasmic	 tips,	 the	 response	 regulator	

CheY,	 which	 undergoes	 phosphorylation	 by	 the	 CheA	 and	 delivers	 the	 signal	

further	to	the	flagellum,	and	few	additional	proteins,	which	facilitate	adaptation	

of	the	chemotaxis	system	to	the	current	signal	level	and	ultimately	allow	microbes	

to	detect	gradients	of	the	input	signals.	

E.	coli	serves	as	a	model	organism	for	the	chemotaxis	research	so	its	chemotaxis	

system	 is	 assumed	 as	 a	 prototypical	 one	 (see	 Fig.	 1.3	 and	 Fig.	 3.1).	 Numerous	

studies	 conducted	 over	 the	 last	 years	 have	 revealed	 details	 of	 the	 molecular	

architecture	 and	 signaling	 mechanism	 of	 the	 two	 most	 abundant	 E.	 coli	

chemoreceptors:	 Tar	 (for	 aspartate	 and	 maltose)	 and	 Tsr	 (for	 serine).	 Both	

receptors	are	homodimers	consisting	mostly	of	the	elongated	coiled-coils.	Their	

N-terminal	part	 forms	a	variable	periplasmic	 ligand-binding	domain	 flanked	by	

two	transmembrane	helices,	TM1	and	TM2.	The	latter	is	followed	by	a	cytoplasmic	

HAMP	 domain,	 which	 contains	 two	 parallel	 amphiphilic	 helices,	 AS1	 and	 AS2,	

connected	by	a	non-helical	flexible	connector	and	folded	into	a	homodimeric	four-

helical	bundle	(29).	The	C-terminal	part	of	the	receptor,	the	cytoplasmic	domain,	

represents	 a	 20	 nm-long	 four-helical	 anti-parallel	 coiled-coil	 with	 two	 helices	

provided	 by	 each	 subunit	 and	 comprises	 three	 functional	 subdomains:	 the	

adaptation	subdomain,	the	flexible	bundle	and	the	kinase-activating	subdomain	

(133).	

The	 adaptation	 subdomain	 bears	 specific	 Glu/Gln	 residues,	 which	 can	 be	

reversibly	methylated/demethylated.	Methylation	is	catalyzed	by	the	constantly	

active	protein	CheR	and	increases	the	kinase-activating	ability	of	the	receptors.	

Demethylation	has	opposite	effect	on	the	kinase	activity	and	is	carried	out	by	the	

CheB	 protein,	 which	 is	 activated	 by	 the	 CheA-mediated	 phosphorylation.	 The	
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latter	provides	a	feedback	loop,	which	allows	fine	tuning	of	the	chemotaxis	system	

in	a	broad	range	of	the	input	signal	intensities.	

Receptor	 dimers	 form	 so	 called	 trimers-of-dimers	 (85)	 via	 contacts	 in	 their	

membrane-distal	region,	the	kinase-activating	subdomain,	owing	to	the	enhanced	

flexibility	of	the	flexible	bundle	subdomain,	which	encompasses	the	glycine	hinge	

(134).	 	 These	 trimers-of-dimers	 further	 assemble	 into	 large	 hexagonal	 arrays	

together	with	the	histidine-kinase	CheA	and	the	coupling	protein	CheW,	which	act	

in	 a	 highly	 cooperative	 manner	 affording	 signal	 integration	 and	 amplification	

(135).	

Activation	 of	 chemoreceptors	 is	well	 understood	 at	 the	 level	 of	 ligand-binding	

domain	and	transmembrane	signaling,	where	negatively	cooperative	binding	of	

attractant	 leads	 to	 rotational	 and	 piston-like	 motions	 of	 the	 α4-helix	 of	 the	

periplasmic	domain	(136)	and	the	subtle	inward	piston-like	motion	of	one	of	the	

TM2	 of	 the	 dimeric	 receptor	 by	∼1-2	Å.	 This	motion	 likely	 destabilizes	 a	 five-

residues	linker	region	between	the	TM2	and	AS1	of	the	HAMP	domain,	the	control	

cable	(137).	A	kink	or	a	swivel	of	the	control	cable,	in	turn,	alters	conformation	of	

the	 HAMP	 domain,	 so	 the	 signal	 propagates	 down	 to	 the	 kinase-activating	

subdomain	of	the	receptor.	

The	exact	mechanism	of	signal	propagation	through	the	HAMP	domain	and	the	

cytoplasmic	domain	as	well	as	the	way	the	receptors	modulate	the	kinase	activity	

remain	unclear	(138).	

Different	 though	not	mutually	exclusive	models	have	been	proposed	 for	HAMP	

domain	activation.	The	gearbox	and	the	scissors	models	imply	transition	between	

two	 structurally	 discrete	 conformations	 corresponding	 to	 the	 kinase-on	 and	

kinase-off	 states.	 At	 the	 same	 time,	 the	 dynamic-bundle	 model	 proposes	 that	

HAMP	domain	exists	 in	 the	continuous	conformational	 spectrum	depending	on	

the	 extent	 of	 packing	 of	 HAMP’s	 AS1	 and	 AS2.	 The	 two	 extreme	 ends	 of	 this	

spectrum	 produce	 the	 kinase-off	 output	 while	 intermediate	 conformations	

correspond	 to	 the	 kinase-on	 state.	 Whatever	 are	 the	 physiologically	 relevant	

kinase-on	 and	 kinase-off	 states	 of	 HAMP	 domain,	 structural	 (124,	 139),	

spectroscopical	 (128)	 and	 molecular	 dynamics	 studies	 (see	 Chapter	 3	 of	 the	

present	thesis)	indicate	that	alterations	of	its	packing	are	coupled	with	its	mobility	

and	distinct	structural	rearrangements.	
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Further	 spread	 of	 the	 signal	 through	 the	 cytoplasmic	 domain	 of	 the	 receptor	

seemingly	proceeds	according	to	the	yin-yang	model	(140),	which	states	that	the	

stability	 of	 the	 adjacent	 domains	 of	 the	 receptor	 is	 coupled	 in	 antiphase:	 tight	

packing	of	the	HAMP	domain	helices	leads	to	looser	packing	of	the	methylation	

helices	in	the	adaptation	subdomain,	what,	in	turn,	results	in	destabilization	of	the	

kinase-interacting	 subdomain.	 The	 aforementioned	 conversion	 of	 the	 signal	

between	the	HAMP	and	the	adaptation	subdomain	becomes	possible	due	to	a	four-

residue	mismatch	between	their	hydrophobic	heptad	packing	registers,	called	the	

phase	 stutter	 (141).	 Successively,	 the	 adaptation	 and	 the	 kinase-activating	

subdomains	are	coupled	by	the	flexible	bundle	subdomain,	but	the	mechanism	of	

this	coupling	remains	unknown	(29,	30).	Neither	the	details	of	the	receptor	output	

states	 have	 been	 well-characterized,	 though	 there	 exist	 evidences	 that	 the	

alternative	signaling	states	of	the	kinase-interacting	subdomain	can	have	different	

dynamics	 (142,	 143)	 and	 slight	 conformational	 differences	 (144)	 while	 large	

rearrangements	of	this	region	upon	activation	seem	improbable	(102,	145).	

Here,	we	report	the	results	of	molecular	dynamics	simulations	performed	for	the	

whole	 dimeric	 cytoplasmic	 domain	 of	 the	 E.	 coli	 Tsr	 chemoreceptor	 in	 two	

alternative	 adaptation	 states,	 the	 fully-methylated	 (QQQQ)	 and	 the	 fully-

demethylated	(EEEE),	which	mimic	two	opposite	signaling	states,	kinase-on	and	

kinase-off	 (146).	 We	 show	 that	 methylation	 increases	 symmetry	 and	 reduces	

flexibility	in	the	cytoplasmic	domain,	what,	in	turn,	destabilizes	the	stutter	and,	as	

a	result,	leads	to	unfolding	of	its	α-helical	structure.	These	events	effect	coiled-coil	

flexibility	 along	 the	 cytoplasmic	 domain	 but	 does	 not	 cause	 any	 significant	

changes	 in	 the	 kinase-activating	 domain,	 at	 least,	 at	 the	 level	 of	 an	 individual	

dimer	and	at	the	simulated	timescale.	Our	results	provide	a	mechanistical	insight	

into	the	process	of	the	inter-domain	coupling	between	HAMP	and	the	adaptation	

domain.	They	also	imply	that	the	signal	propagation	in	the	prokaryotic	receptors	

involves	change	of	their	dynamics.	
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4.2.	Materials	and	Methods	

4.2.1.	Preparation	of	the	models	for	MD	simulations	
As	an	initial	structure	we	used	the	recently	resolved	crystal	structure	of	a	chimeric	

protein	consisting	of	the	HAMP	domain	of	Archaeoglobus	fulgidus	Af1503	(A291V	

mutant)	and	the	cytoplasmic	domain	of	Escherichia	coli	Tsr	receptor	(147)	(PDB	

code	3ZX6).	The	HAMP	domain	of	this	chimera	was	replaced	by	the	structure	of	

the	native	one	modeled	by	homology	using	the	MODELLER	program	(107).	The	

identity	of	the	amino	acid	sequences	of	Af1503	and	Tsr	HAMP	domains	is	24.5%	

while	the	sequence	similarity	reaches	49%.	

In	the	obtained	structure	of	the	native	cytoplasmic	domain	we	mutated	glutamic	

acid	residues	at	positions	E304	and	E493	corresponding	to	the	methylation	sites	

by	glutamate	residues	in	order	to	simulate	the	fully-methylated	state	(QQQQ).	It	

was	shown	before	that	Gln	residues	can	effectively	mimic	methylation	(148).	

4.2.2.	MD	simulations	
The	QQQQ	model	was	solvated	(TIP3P	water	model)	and	neutralized	with	Na+/Cl—	

at	 the	 ionic	 strength	 of	 0.15	M	 (total	 number	 of	 atoms	 –	 63839,	 periodic	 box	

dimesions	–	55	Å	×	48	Å	×	241	Å).	

The	QQQQ	model	was	minimized;	water	molecules	 and	 ions	were	 equilibrated	

during	 5	 ns	 while	 all	 heavy	 atoms	 of	 the	 protein	 were	 restrained	 with	 the	

harmonic	 potential	 (k=1000	 kJ/mol ･ nm2).	 Then,	 we	 run	 an	 additional	

equilibration	simulation	for	100	ns	with	all	atoms	of	the	HAMP	domain	released	

(residues	217-260).	

The	 glutamine	 residues	 at	 the	 four	 canonical	methylation	 sites	 (positions	 297,	

304,	311	and	493)	in	the	acquired	QQQQ	model	were	replaced	by	glutamic	acid	

residues	and	an	additional	round	of	equilibration	was	run	(5	ns	with	the	all	heavy	

atoms	of	the	protein	restrained)	resulting	in	the	fully-demethylated	state	model	

(EEEE,	total	number	of	atoms	–	63813).	Afterwards,	the	two	models,	QQQQ	and	

EEEE,	were	equilibrated	without	any	restraints	for	200	ns	each.	The	equilibration	

simulations	were	succeeded	by	the	production	runs	of	200	ns	each,	which	were	

used	for	further	analysis.	The	total	simulation	time	reached	900	ns.	
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All	MD	simulations	were	carried	out	in	Gromacs	5.0.4	(56)	according	to	the	same	

protocol:	CHARMM	2.7	force	field	(37,	38,	149)	with	the	CMAP	corrections	(36);	

NPT	ensemble	controlled	by	means	of	Nose-Hoover	thermostat	(Tref	=	303	K,	τT	=	

2)	 and	 Parrinello-Rahman	 barostat	 (isotropic	 pressure,	 pref	 =	 1	 atm,	 τp	 =	 2,	

compressibility	=	4.5･10–5	bar–1);	time	step	–	2	fs;	Verlet	cut-off	scheme	and	PME	

for	non-bonded	interactions.	

4.2.3.	Trajectory	analysis	
Trajectories	were	 analyzed	 using	 our	 own	 python	 scripts	 and	 the	MDAnalysis	

package	(113).	The	flexibility	per	residue	was	calculated	using	the	conformational	

mobility	measure	 introduced	 in	 (150).	 Firstly,	 the	 distance	 fluctuations	matrix	

was	 calculated	 for	 all	 pairs	 of	 Cα	 positions	 of	 the	 simulated	 systems	 as	𝐴"U =

𝑑"U − 𝑑"U
$ ,	 where	 averaging	 is	 done	 over	 an	 MD	 trajectory.	 Then,	 the	

conformational	 mobility	 per	 residue,	𝑚(𝑖) ,	 was	 calculated	 by	 summing	 up	

distance	 fluctuations	of	a	given	residue	with	all	other	residues	within	a	cut-off,	

𝑑OPIB@[[ ,	specified	by	an	S-function:	

𝑚 𝑖 = 𝐴"U𝑓 𝑑"U ,				𝑓 𝑥 =
1 − tanh	(𝑥 − 𝑑OPIB@[[)

2
U

			(4.1)	

The	cut-off	value	was	set	to	10	Å.	

Local	 coiled	 coil	 axes	were	 calculated	 using	 the	 CCBENDS	 program	 (118).	 The	

asymmetry	score	was	calculated	according	to	the	definition	given	in	(114).	The	

side	chain	Crick	angles	were	calculated	as	in	(104).	

Differences	 between	 intra-dimer	 Cα-Cα’	 distance	 distributions	were	 calculated	

using	 the	 Hellinger	 distance,	 which	 quantifies	 the	 similarity	 between	 two	

probability	 distributions	 and	 varies	 between	 0	 (no	 overlap)	 and	 1	 (complete	

overlap).	

4.2.4.	Structure-based	coarse	grained	simulations	
Multiple-basin	variant	of	the	structure-based	coarse-grained	molecular	dynamics	

as	 implemented	 in	 the	 Cafemol	 2.1	 program	 (65)	 was	 used.	 The	 two-basin	

potential	based	on	the	equilibrated	structures	of	the	QQQQ	and	EEEE	states	was	

built	using	the	local	Gō	potential	for	bond,	bond	angle,	dihedral	angle	terms	and	

non-local	12-10	Gō	potential	along	with	a	non-native	contacts	repulsion	term	and	
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an	 electrostatic	 interactions	 term.	 The	 coupling	 constant	 for	 the	 two-basin	

potential	was	set	to	150	and	the	empirically	chosen	energy	gap	=	–3	kcal/mol	was	

assigned	to	the	EEEE	state.	All	simulations	were	run	for	2.5･107	steps	(Cafemol	

CG	 time	 step	was	 set	 to	 0.2	 Cafe-time	 (1	 cafe-time	 ≈	 200	 fs)	 according	 to	 the	

Cafemol	2	manual).	

4.2.5.	Bioinformatics	
The	sequence	conservation	was	calculated	using	an	empirical	Baysian	inference	

method	 (151)	 as	 implemented	 in	 the	 ConSurf	 web	 server	 (152)	 for	 the	

cytoplasmic	domain	of	the	EcTsr.	A	structure-based	multiple	sequence	alignment	

(MSA)	 was	 obtained	 with	 Expresso	 (3DCoffee)	 (153)	 using	 set	 of	 sequences	

acquired	 from	 the	 non-redundant	NCBI	 database	 (154).	 The	 E-value	 threshold	

was	set	to	0.0001	and	sequences	with	identity	>90%	or	<30%	were	excluded.	The	

obtained	 MSA	 contained	 150	 sequences	 and	 was	 a	 subject	 for	 the	 mutual	

information	 (MI)	 calculation	 using	 ProDy	 package	 (155).	Normalization	 by	 the	

joint	entropy	and	average	product	correction	(156)	were	applied	to	the	MI	matrix	

and	 the	 betweenness	 centrality	 measure	 for	 each	 amino	 acid	 position	 in	 the	

original	structure	calculated	using	the	Networkx	package	(157).	
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4.3.	Results	and	Discussion	

4.3.1.	Methylation	favors	a	symmetric	conformation	of	the	adaptation	
subdomain	and	destabilizes	the	stutter	
The	 most	 remarkable	 difference,	 observed	 between	 the	 methylated	 and	

demethylated	 systems,	 was	 the	 unfolding	 of	 the	 stutter	 region	 in	 case	 of	 the	

methylated	system.	The	unfolding	happened	very	 fast	over	 the	 first	4	ns	of	 the	

unrestrained	QQQQ	simulation	and	encompassed	residues	 from	Glu	262	to	Thr	

266	of	chain	B	(see	Fig.	4.1).	

	

	
Figure	4.1.	A:	Asymmetry	score	calculated	over	the	first	4	ns	of	the	equilibration	
simulations	 in	 the	QQQQ	(blue)	and	EEEE	(red)	states	 for	 the	stutter	 (residues	
260-270)	 and	 the	 adaptation	 region	 (residues	 270	 to	 320	 and	 460	 to	 510).	B:	
Representative	 conformations	 of	 the	 stutter	 region	 in	 the	 EEEE	 (folded)	 and	
QQQQ	(unfolded)	states.	C:	Structures	of	the	adaptation	region	in	the	EEEE	and	
QQQQ	 states	 (methylation	 sites	 are	 shown	 as	 the	 red	 spheres)	 aligned	 by	 one	
monomer	(chain	A)	in	order	to	make	the	helical	displacement	of	about	half-helical	
turn	in	the	opposite	monomer	(chain	B)	clear.	

The	stability	of	the	stutter	region	is	coupled	in	opposition	with	the	symmetry	of	

the	adjacent	adaptation	domain:	neutralization	of	the	methylation	sites	maintains	

its	symmetry	but	destabilizes	the	stutter.	The	unfolded	stutter,	however,	favors	a	

symmetric	conformation	of	the	AS2	helix	of	the	HAMP	as	can	be	discerned	from	

the	asymmetry	score	averaged	over	the	QQQQ	and	EEEE	production	simulations	

and	plotted	along	the	cytoplasmic	domain	(Fig.	4.3A).	The	demethylation	breaks	

symmetry	 of	 the	 adaptation	 domain	 (Fig.	 4.1A,	 C)	 what	 apparently	 allows	 the	

stutter	to	adopt	helical	conformation.	The	helicity	of	the	stutter,	in	turn,	seems	to	

exert	a	structural	constraint	onto	the	AS2	helix	of	the	HAMP,	which	becomes	less	
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symmetric	 in	 the	 EEEE	 state	 in	 comparison	with	 the	 QQQQ	 simulation.	 These	

observations	are	in	a	good	agreement	with	the	symmetry	features	of	the	putative	

kinase-on	and	kinase-off	HAMP	conformers	discussed	in	Chapter	3	of	this	thesis.	

	
Figure	4.2.	Distributions	 of	 the	 stutter	RMSD	values	 (from	 its	 folded	 state,	 i.e.	
lower	RMSD	means	closer	to	the	folded	conformation)	in	the	methylated	system	
(“QQQQ”,	blue	curve),	upon	addition	of	charges	to	the	methylation	sites	(“EEEE”,	
red	curve)	and	upon	application	of	the	inter-monomer	distance	constraint	at	the	
amino	 acid	 position	 V270	 (see	 the	 inset)	 mimicking	 the	 demethylated	 state	
(“Disre”,	red	dashed	curve).	

The	detected	symmetry	alteration	is	accompanied	by	a	characteristic	change	of	

the	inter-monomer	backbone	distances	in	the	adaptation	domain	(Fig.	S4.1).	Its	

region	adjacent	to	the	stutter	features	a	separation	of	the	C-terminal	helices	and	

an	approach	of	the	N-terminal	helices	in	the	methylated	system	with	respect	to	

the	demethylated	one.	Such	structural	rearrangement	in	the	vicinity	of	the	stutter	

likely	accounts	for	the	observed	symmetry	break	and	modulates	conformation	of	

the	 stutter.	 In	 agreement	 with	 this	 observation,	 the	 EcTar	 receptors	 with	 a	

mutation	homologous	to	the	N487	to	cysteine	substitution	in	EcTsr,	which	moves	

N-terminal	helices	closer	to	each	other,	feature	the	kinase-on	locked	phenotype	

(158).	

In	order	to	examine	whether	the	observed	unfolding	is	indeed	coupled	with	the	

methylation/distance	 alteration	 in	 the	 adaptation	 region	 we	 have	 built	 a	

structure-based	coarse-grained	model	with	the	two-basin	potential	constructed	

based	on	the	two	equilibrated	states	in	the	alternative	adaptation	conformations	

of	the	EcTsr	cytoplasmic	domain,	QQQQ	and	EEEE,	as	described	in	the	Materials	

and	Methods	 section.	 This	 approximate	method	 allowed	 us	 to	 sample	multiple	

“structured-unstructured	stutter”	transitions	and,	thus,	to	reveal	how	particular	
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changes	 in	 the	 adaptation	 domain	 effect	 the	 helicity	 of	 the	 stutter.	 The	 CG	

simulations	clearly	indicate	that	both,	the	demethylation	(modeled	simply	as	an	

addition	of	the	negative	charges	at	the	particular	sites	of	the	adaptation	domain)	

and	 the	 distance	 restraint	mimicking	 the	 observed	 approach	 of	 the	 C-terminal	

helices	 of	 the	 adaptation	 region	 near	 its	 interface	 with	 the	 HAMP	 domain,	

destabilize	the	stutter	and	increases	probability	of	the	folded	α-helical	conformer	

(see	Fig.	4.2).	

Such	regulated	unfolding	was	previously	proposed	as	a	universal	mechanism	for	

the	 intra-molecular	 signaling	 in	modular	proteins	 including	bacterial	 receptors	

(159).	This	signaling	machinery,	based	on	a	number	of	loosely	coupled	domains,	

does	not	require	any	hard	connections	throughout	the	receptor	molecule	and	at	

the	 same	 time	 it	 allows	 for	 strong	 switching	 behavior	 without	 utilizing	 large	

energy	 barriers	 between	 the	 active	 and	 inactive	 states	 (160).	 The	 latter	 is	

extremely	important	for	the	characteristic	high	sensitivity	of	the	chemoreceptors.	

However,	 so	 far	 only	 unwinding	 in	 the	 control	 cable	 connecting	 the	

transmembrane	 region	with	 the	HAMP	domain	 in	 the	Tar/Tsr	 chemoreceptors	

was	elucidated	experimentally	(161).	Our	results	indicate	that	similar	unfolding	

event	 can	 constitute	 the	 signal	 transduction	 between	 the	 HAMP	 and	 the	

adaptation	domain	as	well.		

4.3.2.	Demethylation	induces	bending	in	the	cytoplasmic	domain	
We	 examined	 flexible	 properties	 of	 the	 cytoplasmic	 domain	 calculating	 local	

mobility	 per	 residue	 by	 averaging	 the	 geometric	 strain	 over	 the	 trajectory	 as	

described	 in	 the	 Materials	 and	 Methods	 (Fig.	 4.3B,	 C).	 The	 most	 pronounced	

difference	 in	 local	 mobility	 was	 found	 in	 the	 flexible	 bundle	 region,	 which	

comprises	highly	conserved	glycine	residues	(G340,	G341,	G439)	within	the	so-

called	glycine	hinge.	These	conserved	glycine	residues	were	shown	before	to	play	

essential	role	in	the	receptor	activation	(162).	The	flexible	bundle	domain	itself	

has	 higher	 temperature	 factor	 in	 the	 available	 structures	 of	 the	 cytoplasmic	

domains	of	the	Tsr	and	TM1143	(85,	163).	However,	here	we	demonstrate	that	

mobility	of	this	region	is	significantly	enhanced	upon	demethylation.	This	mobility	

change	is	associated	with	alterations	of	the	local	symmetry,	which	becomes	lower	

in	the	corresponding	regions	of	the	EEEE	state	(Fig.	4.3A).	
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An	increase	of	mobility	in	the	adaptation	subdomain	was	also	found,	but	it	appears	

to	 be	 smaller	 than	 in	 the	 flexible	 bundle	 (Fig.	 4.3B,	 C).	 At	 the	 same	 time,	 the	

changes	of	mobility,	as	well	as	its	absolute	values,	in	the	kinase-activating	region	

(the	 tip)	are	 little.	However,	 the	hairpin,	which	connects	 the	N-	and	C-terminal	

helices	of	the	cytoplasmic	domain,	demonstrates	expectedly	high	mobility.	

	
	
Figure	 4.3.	 A:	 Local	 symmetry	 in	 the	 methylated	 and	 demethylated	 systems.	
Asymmetry	 score	 was	 calculated	 in	 a	 sliding	 window	 of	 7	 residues	 along	 the	
cytoplasmic	domain	and	averaged	over	the	production	MD	simulations	(see	the	
Methods	 section	 for	 the	 details).	 Higher	 values	 of	 the	 score	 correspond	 to	 less	
symmetric	 structures.	 Structural/functional	 regions	 of	 the	 cytoplasmic	 domain	
are	 shown	as	a	 color	bar	 in	 the	bottom	of	 the	plot.	B:	 Local	mobility	along	 the	
cytoplasmic	domain	calculated	for	the	methylated	and	demethylated	systems	as	
described	in	the	Materials	and	Methods.	C:	Average	local	mobility	per	the	heptad	
positions	 in	 three	 subdomains	 of	 the	 cytoplasmic	 subdomain:	 the	 adaptation	
domain	(residues	267-322,	463-517),	the	flexible	bundle	(residues	323-364,	421-
462)	and	the	kinase-activating	tip	(residues	365-389,	393-420).	

An	apparent	consequence	of	the	enhanced	mobility	upon	demethylation,	which	is	

mainly	present	in	the	flexible	bundle	of	the	cytoplasmic	domain	(Fig.	4.3	C),	is	the	
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increase	of	its	bending.	This	bending	results	in	the	significant	displacement	of	the	

kinase-activating	 tip	 region	 with	 respect	 to	 its	 position	 in	 the	 initial	 linear	

conformation	of	the	cytoplasmic	domain,	which	equals	on	average	~17	Å	versus	

~7	Å	average	displacement	in	the	methylated	state	(Fig.	4.4).	Provided	that	the	

trimer-of-dimers	 contacts	 at	 the	 kinase-activating	 extremity	 of	 the	 complex	

remain	intact	due	to	extremely	stable	interactions	with	the	baseplate	(164)	and	in	

accordance	with	our	CG	MD	simulations	(see	Chapter	5),	such	motion	would	lead	

to	different	strains	exerted	onto	the	kinase-activating	tip	by	the	adjacent	regions	

of	 the	 cytoplasmic	 domain.	 Arguably,	more	 flexible	 and	 on	 average	more	 bent	

conformation	 of	 the	 cytoplasmic	 domain	 corresponding	 to	 the	 EEEE	 state,	 as	

observed	by	us,	would	allow	the	kinase-activating	tips	to	adopt	a	relaxed	and	a	

more	 static	 conformation	 within	 the	 trimer-of-dimers,	 whereas	 the	 relative	

rigidifying	of	the	flexible	bundle	region	and	the	adjoining	areas	would	make	the	

whole	cytoplasmic	domain	more	straight	and	consequently	dynamize	the	kinase-

activating	tips.	Since	dynamics	is	believed	to	play	an	essential	role	in	activation	of	

the	 CheA	 kinase	 by	 the	 cytoplasmic	 domains	 of	 receptors	 (102,	 165),	 this	

hypothesis	 represents	 a	 plausible	 model	 of	 signal	 transduction	 through	 the	

cytoplasmic	domain.		

	
Figure	4.4.	A:	Tip	displacement	calculated	with	respect	to	the	tip	position	in	the	
initial	straight	structure	of	the	EcTsr	cytoplasmic	domain.	B:	The	coiled	coil	axes	
of	 the	 EcTsr	 cytoplasmic	 domain	 in	 the	 methylated	 and	 demethylated	 states	
visualized	 for	 multiple	 frames	 from	 the	 production	 MD	 trajectories	 and	
superposed	onto	the	CC	axis	of	the	initial	domain	conformation	(which	is	close	to	
the	straight	line).	

Remarkably,	we	did	not	observe	any	pronounced	conformational	changes	directly	

in	 the	 kinase-activating	 region	 of	 the	 cytoplasmic	 domain.	 Its	 RMSD	 values	

remained	at	~1	Å	and	did	not	feature	any	differences	between	the	two	alternative	



 71 

adaptation	states	during	the	whole	simulation	time	(Fig.	S4.2).	However,	since	the	

present	model	of	 the	EcTsr	cytoplasmic	domain	consisted	only	of	an	 individual	

dimer,	it	is	still	unclear	whether	the	changes	of	its	flexibility	and	bending	extent,	

discussed	 above,	 lead	 to	 any	 significant	 conformational	 rearrangements	 of	 the	

trimeric	tip	region	upon	its	switch	to	the	kinase-activating	state	or	whether	the	

latter	involves	dynamical	changes,	slight	rigid-body	movements	or	a	combination	

of	any	of	the	mentioned	alterations.	

4.3.3.	The	core	packing	mode	in	the	cytoplasmic	domain	is	preserved	
The	 transition	 between	 alternative	 hydrophobic	 core	 packing	 states	 was	

previously	 suggested	as	 a	hypothetical	 signaling	mechanism	 in	HAMP	domains	

(88)	as	well	as	in	the	cytoplasmic	domains	of	chemoreceptors	(166).	In	this	model,	

concerted	axial	helical	rotations	of	the	helices	comprising	a	four-helical	bundle	of	

the	HAMP	domain	 or	 the	 cytoplasmic	 domain	 result	 in	 transition	 between	 the	

canonical	arrangement	of	the	hydrophobic	residues	(when	the	heptad	positions	a	

and	 d	 form	 a	 ring)	 and	 a	 complementary	 packing	 mode,	 termed	 x-da	 (one	

hydrophobic	position,	termed	x,	points	to	the	center	of	the	core	while	two	other	

positions,	g	and	a(d),	 flank	 it,	 see	Fig.	S4.3B).	The	 interconversion	of	 these	 two	

packing	types	between	the	adaptation	subdomain	(x-da),	the	flexible	bundle	(da)	

and	 the	 kinase-activating	 region	 (again	 x-da)	 was	 previously	 reported	 for	 the	

crystal	structures	of	the	EcTsr	cytoplasmic	domain	(166)	and	T.	maritima	TM14	

(167).	However,	it	remains	unknown	whether	the	signaling	reverses	this	packing	

pattern	in	the	whole	cytoplasmic	domain	or	in	any	part	of	it.	

We	 examined	 the	 Crick	 angles	 for	 all	 a	 and	 d	 heptad	 positions	 along	 the	

cytoplasmic	domain	and	found	no	meaningful	difference	between	their	average	

values	in	the	QQQQ	and	EEEE	states	(Fig.	S4.3).	While	lack	of	any	difference	in	the	

kinase-activating	 domain	 can	 arise	 due	 to	 insufficient	 simulation	 time,	 this	

reasoning	cannot	explain	similar	Crick	angle	values	at	the	hydrophobic	positions	

in	 the	 adaptation	 subdomain	 and	 the	 flexible	 bundle,	 where	 the	 pronounced	

alterations	of	symmetry,	flexibility	and	the	Cα-Cα	distances	were	detected	(vide	

supra).	It	seems	the	most	probable,	that	these	structural	and	dynamical	features	

do	not	involve	a	global	perturbation	of	the	coiled	coil	packing	mode.	
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4.3.4.	Analysis	of	conservativity	and	coevolution	implies	different	
hydrophobic	core	packing	modes	in	the	subdomains	of	the	cytoplasmic	
domain	
Also,	 we	 deployed	 bioinformatics	 analysis	 in	 order	 to	 determine	which	 of	 the	

amino	acid	positions	in	the	cytoplasmic	domain	of	the	receptor	are	important	for	

its	function	(Fig.	4.5).	

The	 methylation	 sites	 do	 not	 show	 significant	 level	 of	 conservativity,	 what	

indicates	that	the	adaptation	mechanism	is	likely	of	a	simple	electrostatic	nature	

rather	 than	 it	 involves	an	 intricate	 local	 reshaping.	The	average	conservativity,	

calculated	 for	 each	 coiled	 coil	 heptad	 position,	 implies	 high	 importance	 of	 the	

hydrophobic	 positions,	 which	 participate	 in	 formation	 of	 the	 coiled	 coil	

hydrophobic	core	in	case	of	the	x-da	packing	(a,	d	and	g),	in	all	three	subdomains	

of	 the	 cytoplasmic	 domain.	 However,	 the	 g	 position	 appears	 relatively	 less	

conserved	in	the	flexible	bundle,	when	compared	to	the	a	and	d	positions,	what	

correlates	with	the	observed	da	packing	in	that	region.	Moreover,	not	solely	the	

hydrophobic	 core	 heptad	 positions	 but	 also	 the	 hydrophilic	 ones	 within	 the	

kinase-activating	 tip	 region	 are	 highly	 conserved,	 apparently	 as	 they	 bear	 the	

interface	to	CheA.		

Meanwhile,	 the	 analysis	 of	 co-evolution	 of	 amino	 acid	 positions	 in	 terms	 of	

centrality	of	the	mutual	information	matrix	shown	in	Fig.	S4.4		(a	measure,	which	

assigns	an	 “importance”	 to	a	given	node	 in	 the	graph	 theory,	what	 in	 case	of	a	

graph	representing	the	network	of	co-evolved	amino	acid	positions	corresponds	

to	 significance	 of	 a	 particular	 position	 for	 the	 signal	 propagation,	 structural	

stability	 etc.)	 revealed	 that	 the	 average	 centrality	 value	 for	 the	 g	 position	

(participates	 in	 the	 hydrophobic	 core	 only	 in	 case	 of	 the	 complimentary	 x-da	

packing	 but	 departs	 from	 it	 in	 the	 canonical	 da	 one)	 in	 the	 flexible	 bundle	 is	

notably	lower	than	for	the	same	position	in	the	adaptation	domain	and	the	kinase-

activating	 region.	 If	 the	 interconversion	of	 the	 two	packing	modes	would	have	

taken	place	during	the	signal	propagation	via	the	cytoplasmic	domain,	the	equal	

importance	 of	 the	 g	 position	 in	 all	 of	 the	 three	 subdomains	 would	 have	 been	

expected.		
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Figure	4.5.	A:	Conservativity	(calculated	as	Shannon	entropy	per	position	in	the	
multiple	 sequence	 alignment)	 of	 the	 amino	 acid	 positions	 mapped	 onto	 the	
structure	 of	 the	EcTsr	 cytoplasmic	 domain.	 Lower	 values	 correspond	 to	more	
conserved	 residues.	 B:	 Centrality	 per	 residue,	 calculated	 from	 the	 mutual	
information	 matrix	 (Fig.	 S4.4),	 projected	 onto	 the	 structure	 of	 the	 EcTsr	
cytoplasmic	 domain.	 Higher	 values	 indicate	 greater	 potential	 importance	 of	 a	
residue.	C-D:	Average	centrality	and	average	conservatively	calculated	along	the	
cytoplasmic	 domain	 for	 each	 heptad	 position.	 Separate	 profiles	 for	 three	
subdomains	of	the	cytoplasmic	domain	are	shown.		
	
4.4.	Conclusion	

We	have	built	a	model	of	the	EcTsr	chemoreceptor,	comprising	the	HAMP	and	the	

cytoplasmic	 domain,	 in	 the	 alternative	 adaptation	 states:	 the	 fully	 methylated	

(QQQQ)	and	the	fully	demethylated	one	(EEEE),	which	have	the	opposite	kinase-

activating	propensity.	We	were	able	to	demonstrate	that	the	alterations	caused	by	
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methylation	 (which	 in	 vivo	 gives	 rise	 to	 the	 kinase-on	 phenotype)	 include	

increased	symmetry	and	reduced	mobility	in	the	adaptation	subdomain	and	the	

flexible	 bundle	 region	 of	 the	 cytoplasmic	 domain	 as	 well	 as	 the	 characteristic	

opposite	 movements	 of	 the	 C-	 and	 N-terminal	 helices	 in	 the	 adaptation	

subdomain.	 Altogether	 these	 changes	 destabilize	 the	 stutter	 (a	 linker	 region	

connecting	 the	 HAMP	 and	 the	 adaptation	 subdomain,	 which	 corresponds	 to	 a	

discontinuity	of	the	heptad	pattern	of	hydrophobic	and	hydrophilic	residues	along	

the	coiled	coil),	what	results	in	its	unfolding.	While	these	events	affect	coiled	coil	

flexibility,	 mainly	 in	 the	 flexible	 bundle	 subdomain,	 they	 do	 not	 cause	 any	

significant	conformational	changes	in	the	kinase-activating	domain	at	the	level	of	

the	 individual	 dimer.	Neither	 they	 seem	 to	 alter	 the	 coiled	 coil	 packing	 in	 any	

segment	 of	 the	 cytoplasmic	 domain.	 Our	 results	 suggest	 that	 the	 local	 helical	

unwinding	of	the	stutter	serves	as	a	basis	for	the	inter-domain	coupling	between	

the	 HAMP	 and	 the	 adaptation	 domain	 and	 they	 also	 provide	 a	 mechanistical	

insight	 into	 the	process	of	 signal	 transduction	 through	 the	cytoplasmic	domain	

upon	its	reversible	methylation/demethylation.	
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4.5.	Supporting	Materials	

	
Figure	 S4.1.	A:	 Differences	 between	 intra-dimer	 Cα-Cα	 distance	 distributions	
between	the	methylated	(blue	curve)	and	demethylated	(red	curve)	systems.	The	
Hellinger	distance,	which	quantifies	the	similarity	between	two	intra-dimer	Cα-Cα	
distance	 probability	 distributions	 and	 varies	 between	 0	 (no	 overlap)	 and	 1	
(complete	overlap),	is	mapped	onto	the	initial	structure	of	the	EcTsr	cytoplasmic	
domain	(residues	with	the	distance	value	higher	than	0.3	are	represented	with	the	
balls;	 the	 methylation	 sites	 and	 the	 glycine	 hinge	 are	 marked	 with	 the	 large	
transparent	spheres).	Distance	distributions	for	the	residues	belonging	to	the	C-
terminus	 (in	 the	 left)	 and	 N-terminus	 (in	 the	 right)	 chain	 of	 the	 cytoplasmic	
domain	are	shown	along.	B:	Cartoon	showing	motions	of	the	N-	and	C-terminal	
helices	of	the	adaptation	domain	in	the	vicinity	of	the	stutter.	Blue	corresponds	to	
the	 methylated	 system,	 red	 –	 to	 the	 demethylated	 one.	 Arrows	 show	 helical	
motions	corresponding	to	the	demethylation.	

	
Figure	 S4.2.	 RMSD	 of	 the	 kinase-activating	 tip	 region	 (top)	 and	 the	 hairpin	
between	two	helices	of	 the	cytoplasmic	domain	(bottom)	of	 the	EcTsr	receptor	
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calculated	over	the	production	simulations	in	the	QQQQ	(blue	curves)	and	EEEE	
(red	curves)	adaptation	states	after	the	removal	of	the	roto-translational	motions.	

	
Figure	S4.3.	A:	Side	chain	Crick	angles	computed	for	the	a	(top)	and	d	(bottom)	
heptad	 positions	 along	 the	 EcTsr	 cytoplasmic	 domain,	 averaged	 over	 the	
production	simulations.	B:	Standard	deviations	of	the	Crick	angle	values	shown	in	
panel	A.	C:	Cartoon	illustrating	the	alternative	hydrophobic	core	packing	modes	
of	the	coiled	coils,	adopted	from	(166).	

	
Figure	S4.4.	Matrix	of	the	normalized	mutual	information	(MI).		 	
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Chapter	5	

Signaling	and	Adaptation	Modulate	the	Dynamics	of	the	
Photosensoric	Complex	of	Natronomonas	pharaonis	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
This	chapter	has	already	been	published:	
Orekhov,	Philipp	S.,	et	al.	"Signaling	and	Adaptation	Modulate	the	Dynamics	of	
the	Photosensoric	Complex	of	Natronomonas	pharaonis."	PLoS	Comput	Biol	
11.10	(2015):	e1004561.	
	 	



 78 

5.1.	Introduction	

Phototaxis	 in	 archaea	 is	 mediated	 by	 integral	 membrane	 protein	 complexes	

consisting	 of	 bacteriorhodopsin-like	 receptors,	 sensory	 rhodopsins,	 and	 tightly	

bound	transmembrane	signal	transducers,	Htrs.	The	latter	are	highly	homologous	

to	methyl-accepting	chemotaxis	proteins	(MCPs)	in	bacteria	(28).	Moreover,	the	

archaeal	genomes	comprise	homologs	of	the	principal	elements	of	bacterial	two-

component	systems:	the	histidine	kinase	CheA,	the	response	regulators	CheY	and	

CheB,	 and	 the	methyltransferase	 CheR	 (168).	 This	 homology	 suggests	 that	 the	

core	 properties	 of	 signal	 propagation	 are	 conserved	 and	 similar	 in	 archaeal	

phototaxis	and	bacterial	chemotaxis	(169).	This	has	been	supported	by	studies	of	

active	 fusion	 chimeras	 of	 archaeal	 transducers	 with	 bacterial	 receptors	 (170,	

171).	

The	phototaxis	system	of	Natronomonas	pharaonis,	which	is	composed	of	sensory	

rhodopsin	II,	NpSRII,	in	a	2:2	complex	with	its	cognate	transducer,	NpHtrII,	and	

the	Che	proteins	mentioned	above,	allows	these	archaea	to	avoid	harmful	blue-

green	light.	It	represents	one	of	the	best-studied	archaeal	sensor	systems	(172)	

that	 modulates	 the	 cell’s	 swimming	 behavior	 by	 means	 of	 a	 typical	 two-

component	cascade	(Fig.	5.1).	Light	absorption	by	NpSRII	leads	to	activation	of	the	

cognate	kinase	CheA	and,	ultimately,	to	alteration	of	the	flagellum	rotation	mode	

affecting	cell	mobility.	Light	induced	conformational	changes	have	been	observed	

for	NpSRII	 and	NpHtrII.	 Upon	 photo	 activation	NpSRII	 undergoes	 an	 outward	

motion	of	helix	F	(173-176),	which	induces	a	clockwise	rotation	of	helix	TM2	of	

NpHtrII	 along	with	 a	 displacement	 (174,	 177,	 178),	 presumably	 similar	 to	 the	

piston-like	motion	in	chemoreceptors	(179-181).		These	transient	changes	in	the	

transmembrane	part	of	NpHtrII	lead	to	switching	between	conformational	states	

of	the	membrane	adjacent	HAMP	domain	(182).	At	the	tip	of	NpHtrII	in	the	vicinity	

of	the	CheA	interaction	site	a	thermodynamic	equilibrium	between	conformations	

of	different	dynamics	has	been	reported	(142).	However,	the	mechanism	of	signal	

transfer	from	the	HAMP	domains	to	the	tip	and	the	transfer	of	this	signal	to	the	

kinase	CheA	remain	to	be	uncovered.			

In	 bacterial	 receptors	 HAMP	 domains	 are	 ubiquitously	 present	 separating	 the	

transmembrane	 domain	 from	 the	 cytoplasmic	 domain.	 Different	 models	 were	
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suggested	for	HAMP	activation	and	signaling	(183,	184).	The	gearbox	model	(88),	

postulates	either	a	relative	rotation	of	helices	in	the	HAMP	domain	or	a	combined	

rotation	and	tilting	motion	accounting	for	signal	passage	(124).	Alternatively,	in	

the	dynamic	bundle	model	(94,	95)	alteration	of	HAMP	domain	dynamics	due	to	a	

destabilizing	 effect	 of	 the	 transmembrane	 region	 is	 responsible	 for	 signaling.	

Signal	propagation	according	to	the	latter	model	could	be	related	to	phase	clashes	

in	 the	 heptad	 repeat	 pattern	 of	 the	 coiled-coil	 structure	 of	 receptor	 dimers.	 A	

mismatch	between	characteristic	coiled-coil	heptad	repeats	(185)	of	two	domains	

results	 in	the	oppositional	dynamic	coupling	between	them:	stabilization	of	the	

first	 domain	 destabilizes	 the	 following	 one	 downstream	 (95).	 Finally,	 the	

possibility	 of	 allosteric	 mechanisms,	 including	 signal	 propagation	 along	 coiled	

coils,	 driven	 by	 dynamics	 rather	 than	 by	 conformational	 changes,	 has	 been	

previously	discussed	(186-188).	Despite	the	recent	progress	in	the	understanding	

of	signaling	by	HAMP	domains,	the	mechanisms	of	signal	propagation	along	the	

cytoplasmic	domain	as	well	as	kinase	activation	remain	unclear	(29).	The	former	

implies	changes	in	the	helical	packing	of	the	cytoplasmic	domain	and	hereby	of	its	

dynamics	(140,	189,	190).	The	latter	has	been	shown	to	require	an	organization	

of	 the	 receptors	 into	 trimers-of-dimers	 (191)	 or	 even	 larger	 assemblies	 with	

CheW/CheA	(192,	193)	and	might	involve	local	conformational	changes	in	the	tip	

region	 (144).	 Larger	 arrays	 of	 receptors	with	 an	 extended	 baseplate	 of	 bound	

CheA	 and	 CheW	 interconnect	 the	 trimers	 and	 are	 known	 to	 provide	 signal	

amplification	by	means	of	cooperative	activation	(193-195).	However,	the	actual	

mechanism	of	kinase	control	by	receptor	trimers	is	still	unknown,	though	a	recent	

comparison	of	receptor/CheA/CheW	complexes	in	different	methylation	states	by	

cryo-EM	tomography	indicates	that	activation	of	CheA	may	involve	changes	in	the	

dynamics	of	two	of	the	five	CheA	domains	(165).	

A	 reversible	 methylation/demethylation	 process	 of	 specific	 Glu/Gln	 residues	

located	in	the	cytoplasmic	adaptation	domain	of	the	receptors	(196-198)	provides	

tuning	 to	 different	 levels	 of	 input	 signal	 intensity	 at	 a	 constantly	 high	 level	 of	

sensitivity.	 Two	 enzymes	 carry	 out	 the	modifications,	 CheR,	methylating	 these	

sites,	 and	 CheB,	 which	 catalyzes	 the	 competing	 process	 of	 demethylation.	 The	

adaptation	to	the	altering	signal	level	is	achieved	by	two	mechanisms:	activation	

of	CheB	by	CheA-mediated	phosphorylation	and	opposite	propensities	for	the	two	
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modifications	 in	 the	 different	 methylation	 states	 (196).	 The	 major	 effect	 of	

methylation	is	of	electrostatic	nature	and	comprises	stabilization/destabilization	

of	 the	 adaptation	 domain	 (189).	While	 particular	 adaptation	 systems	 in	 other	

organisms	can	be	more	intricate	with	additional	proteins	and	non-linear	effects	of	

intermediate	methylation	levels	on	the	apparent	kinase	activity	(197,	199),	it	is	

generally	 accepted	 that	 the	 two	 extreme	 methylation	 states	 correspond	 to	

different	activating	states	of	E.	coli	(29)	and	B.	subtilis	(197)	chemoreceptors	as	

well	 as	 of	H.	 salinarum	 phototransducers	 (198),	 and	 consequently	 to	 different	

kinase	 activity	 levels,	 though	 not	 necessarily	 to	 fully	 activated	 or	 deactivated	

states.	

These	parallels	between	signaling	and	adaptation	processes	have	been	used	for	

investigating	different	activating	states	of	bacterial	chemoreceptors	via	a	change	

of	 their	 methylation	 level	 (190,	 200,	 201).	 The	 relation	 between	 these	 two	

processes	 has	 also	 been	 shown	 for	 archaeal	 photorececeptor/phototransducer	

complexes	 (198).	 Exploiting	 the	 analogy	 between	 chemo-	 and	 photoreceptors	

discussed	 above	 we	 have	 performed	 coarse-grained	 molecular	 dynamic	

simulations	(62,	63)	to	study	the	effects	of	methylation/demethylation	in	trimers	

of	receptor/transducer	dimers,	NpSRII/NpHtrII,	(referred	to	as	trimers-of-dimers	

further	on).	In	the	present	study	we	have	modeled	differential	activating	states	of	

trimers-of-dimers	 as	 the	 putatively	 fully	 methylated	 and	 demethylated	 states	

mimicked	 by	 charge	 addition	 and	 depletion.	 The	 simulations	 reveal	 that	 the	

removal	 of	 negative	 charges	 at	 the	 putative	 methylation	 sites,	 mimicking	

methylation	 (202),	 causes	 the	 adaptation	 region	 to	 adopt	 a	 compact	 and	 static	

conformation.	The	neighboring	domains,	 the	kinase-interacting	tip	and	HAMP2,	

become	more	 dynamic,	whereas	HAMP1	 is	 again	 characterized	 by	 a	 static	 and	

compact	 conformation.	 These	 alternating	 dynamics	 are	 reversed	 by	

demethylation.	 Our	 results	 provide	 a	 model	 for	 the	 signaling	 of	 archaeal	

phototactic	receptor/transducer	complexes	at	the	level	of	single	trimer-of-dimers,	

that	shows	striking	similarities	to	those	proposed	for	the	E.	coli	chemoreceptors	

(93,	95,	140,	184,	189,	190,	203,	204).	The	results	presented	here	indicate	that	

archaeal	 phototransducers	 and	 bacterial	 chemoreceptors	 share	 a	 general	

activation	mechanism.	
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Figure	5.1.	Two	component	phototaxis	system	of	N.	pharaonis.	NpSRII/NpHtrII	
dimers	are	the	basic	elements	of	photoreceptor	complexes	in	N.	pharaonis.	They	
consist	of	two	sensory	rhodopsins,	NpSRII,	and	two	transducer	proteins,	NpHtrII,	
mostly	 of	 α-helical	 secondary	 structure,	 with	 a	 characteristic	 domain	
organization.	Light	activation	of	NpSRII	induces	conformational	and/or	dynamical	
changes	 in	 the	 transducer	 which	 are	 converted	 by	 two	 HAMP	 domains	 and	
conveyed	along	the	20	nm	long	transducer	to	the	tip	region,	where	it	activates	the	
homodimeric	 histidine	 kinase	 CheA	 bound	 together	 with	 the	 adapter	 protein	
CheW.	The	kinase	CheA	undergoes	auto-phosphorylation	and	further	transfers	the	
phosphate	 group	 to	 the	 response	 regulators	 CheY	 or	 CheB.	 CheY	 affects	 the	
rotational	bias	of	the	flagellar	motor,	while	the	methylesterase	CheB	along	with	
the	methyltransferase	CheR	controls	the	adaptation	(feedback)	mechanism.	The	
related	 chemoreceptor	 and	 most	 likely	 also	 the	 photoreceptor	 dimers	 further	
organize	into	trimers,	which,	together	with	CheA	and	CheW,	lead	to	the	formation	
of	large	sensor	arrays.	

5.2.	Materials	and	Methods	

5.2.1.	Preparation	of	the	models	of	the	dimer	and	the	trimer-of-dimers	

An	all-atom	(AA)	model	of	the	NpsRII/NpHtrII	dimer	was	prepared	based	on	the	

available	structures	of	different	domains	of	the	complex.	The	X-ray	structure	from	

1H2S	was	used	as	a	starting	point	for	the	transmembrane	region	of	the	complex	

(consisting	of	the	NpsRII	dimer	and	the	part	of	transducer	from	Gly	23	to	Leu	82),	

while	models	generated	by	homology	(the	modeling	scores	are	provided	in	Table	

5.1)	with	 the	available	structures	were	utilized	 to	build	 the	cytoplasmic	region	

consisting	 of	 the	 two	 HAMP	 domains	 (template:	 NMR	 structure	 2ASX	 from	

Archeoglobus	 fulgidus)	 and	 the	 cytoplasmic	 domain	 (template:	 X-ray	 structure	

2CH7	from	Thermotoga	maritima)	using	Modeller	(205).	The	connecting	region	
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between	the	first	and	the	second	HAMP	domains	was	predicted	as	a	coiled	coil	α-

helix,	and	it	was	modeled	as	an	ideal	α-helix	(206,	207).	All	the	structures	were	

aligned	using	the	helical	overlap	between	the	adjacent	domains.	

Table	5.1.	Summary	of	the	quality	of	the	homology	models	used	to	build	the	all-
atom	structure	of	the	dimer	of	NpHtrII.	

Model	 Template	 Sequence	
identity	
in	%	

Sequence	
similarity	
in	%	

Template	
DOPE	score	

Model	DOPE	
score	

Cytoplasmic	
domain		

2CH7	 24.7	 64.7	 -69482	 -58921	

HAMP1	 2ASW	 25.9	 75.9	 -11712	 -3817	

HAMP2	 2ASW	 7.3	 58.2	 -11712	 -3737	

	

The	model	was	 embedded	 into	 a	 lipid	 bilayer	 containing	 75%	POPC	 and	 25%	

POPG,	which	resembles	a	typical	prokaryotic	lipid	composition	using	CHARMM-

GUI	service	(208).	After	solvation	and	addition	of	Na+	and	Cl−	(to	neutralize	the	

system	at	a	salt	concentration	of	0.15	M)	the	system	contained	323,096	atoms	in	

total.		

This	 all-atom	model	 of	 the	 dimer	 in	 a	 prokaryotic	model	 lipid	membrane	was	

subjected	to	an	extensive	equilibration	simulation	(see	Fig.	S5.12	for	RMSD	plots).	

To	construct	a	model	of	the	trimer-of-dimers	we	took	a	snapshot	from	the	dimer	

equilibration	 trajectory	 with	 the	 shift	 of	 the	 cytoplasmic	 domain	 securing	 an	

adequate	mutual	orientation	(i.e.,	no	overlaps)	of	 the	dimers	within	 the	 trimer.	

The	model	 of	 the	 trimer	 itself	was	 assembled	 using	 the	 X-ray	 structure	 of	 the	

bacteriorhodopsin	trimer	(PDB	code	2NTU)	(209)	as	a	template	for	the	structural	

alignment.	 	We	 haven	 chosen	 this	 relative	 orientation	 of	 the	 transmembrane	

domains	 of	 the	 dimers	 within	 the	 trimer-of-dimers	 based	 on	 the	 oligomer	

conformations	predicted	with	the	help	of	the	protein-protein	docking	software	M-

ZDOCK	(210,	211).	Two	oligomer	conformations	for	the	transmembrane	part	of	

the	 trimer-of-dimers	 were	 obtained	 (Fig.	 S5.13),	 with	 the	 top-ranked	 one	

(“triangle”-like)	 featuring	 the	 inter-rhodopsin	 contacts	 similar	 to	 those	 in	 the	
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bacteriorhodopsin	 trimer.	The	second	ranked	alternative	 conformation	 (“ring”-

like)	 (Fig.	 S5.13)	 significantly	 differs	 within	 the	 transmembrane	 region	 of	 the	

complex	 but	 not	 in	 the	 cytoplasmic	 domain.	 According	 to	 these	 results	 we	

preferred	 to	 study	 the	 “triangle”-like	 conformation	 because	 its	 conformation	

corresponds	to	established	inter-protein	contacts.	One	NpSRII	monomer	of	each	

NpSRII:NpHtrII	dimer	was	aligned	with	the	one	of	the	three	monomers	within	the	

bacteriorhodopsin	trimer	using	the	Chimera	(212)	Match	&	Align	tool	(combining	

sequence	and	3D	structures	alignment).	

The	built	all-atom	model	was	embedded	into	a	lipid	bilayer	containing	POPC	using	

VMD	(213)	Membrane	plugin	and	subsequently	converted	into	the	Martini	coarse	

grain	(CG)	representation	(63).	This	CG	model	of	the	trimer-of-dimers	was	placed	

into	a	simulation	box	filled	with	CG	water	particles	and	ions	(each	resembling	4	

water	molecules,	the	system	was	neutralized	at	a	salt	concentration	of	0.15	M,	the	

total	number	of	particles	equaled	155,747)	and	equilibrated	for	2	μs	with	the	tip	

region	 first	 steered	 toward	 the	 known	 X-ray	 interface	 (PDB	 code	 1QU7	 from	

Escherichia	coli)	(85)	and	then	constrained	with	the	interface	contacts	preserved.	

This	 constrained	 MD	 simulation	 was	 followed	 by	 a	 further	 unconstrained	

equilibration	 of	 6	 μs.	 A	 number	 of	 production	 simulations	were	 performed	 as	

listed	 in	 the	 Table	 5.2	 after	 the	 equilibration	 simulations.	 The	 equilibration	

simulation	of	the	demethylated	system	was	started	from	the	resulting	structure	of	

the	unconstrained	equilibration	run	of	the	methylated	system.	

We	 performed	 an	 additional	 simulation	 starting	 from	 the	 equilibrated	

demethylated	system,	 in	which	 the	methylation	state	was	swapped	 to	 the	 fully	

methylated	 one.	 Over	 the	 course	 of	 this	 simulation	 we	 observed	 structural	

changes	similar	to	the	previously	found	differences	between	the	methylated	and	

the	demethylated	systems.	In	Fig.	S5.14	the	time	evolution	of	these	changes	during	

the	 demethylated-to-methylated	 transition	 is	 shown.	 These	 additional	 results	

proof	statistical	significance	of	our	observations	and	indicate	that	the	simulated	

systems	are	not	trapped	in	local	potential	minima	but	explore	the	available	phase	

space.	
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Trajectories	were	produced	with	a	total	of	19	μs	of	CG	time,	in	which	sampling	is	

3-6	times	faster	compared	to	all-atom	simulations	due	to	the	relative	smoothening	

of	interactions	(214).	

Table	5.2.		List	of	the	performed	simulations.	

System	 Model	 Duration,	
repetitions	

Equilibration	of	the	dimer	 AA	 0.5	μs	

Equilibration	of	the	methylated	trimer	(constrained)	 CG	 2	μs	

Equilibration	 of	 the	 methylated	 trimer	
(unconstrained)	

CG	 6	μs	

Production	run	of	the	methylated	trimer	 CG	 2	μs	x	2	

Equilibration	of	the	demethylated	trimer	 CG	 2	μs	

Production	run	of	the	demethylated	trimer	 CG	 2	μs	x	2	

Demethylated-to-methylated	transition	run	 CG	 1	μs	

5.2.2.	Molecular	dynamics	simulations	
Classical	molecular	dynamics	simulations	were	performed	in	the	Gromacs	4.5.3	

software	 package	 using	 the	 CHARMM36	 force	 field	 (108,	 149)	 with	 CMAP	

corrections	 and	 the	 water	 model	 TIP3P	 (215)	 at	 ~150	 mM	 Na+/Cl−	 ions	 to	

neutralize	 the	 system.	 Control	 simulations	 with	 3M	 NaCl	 resulted	 in	 an	 equal	

NpHtrII	 conformation	 in	 terms	 of	 its	 RMSD	 and	 RMSF	 values.	 For	 the	 retinal	

chromophore	the	set	of	parameters	from	(216)	was	used.	The	NPT	ensemble	was	

maintained	 with	 a	 Parrinello-Rahman	 barostat	 (semi-isotropically	 with	

compressibility	equals	4.5∙10-5	bar-1)	and	Nose-Hoover	thermostat	(323	K,	τt	=	2	

ps).	The	cut-off	 for	electrostatic	 interactions	was	set	 to	1.2	nm,	while	 the	 long-

range	electrostatics	was	treated	with	PME.	The	time	step	of	2	fs	was	used	for	the	

all-atom	simulations.	

Since	large	secondary	structure	alterations	are	expected	not	to	occur	during	the	

signal	 propagation	 through	 NpHtrII	 (140,	 142,	 182,	 217),	 we	 employed	 the	

MARTINI	 CG	 model,	 which	 is	 adjusted	 for	 a	 description	 of	 protein-protein	

interactions	rather	than	for	secondary	structure	formation	or	changes	(218).	The	

standard	MARTINI	protocol	was	used	for	CG	simulations	in	Gromacs	as	introduced	

in	(63,	219,	220).	The	retinal	in	NpSRII	has	been	omitted	without	loss	in	stability	
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of	the	receptor	(see	Fig.	S5.15	for	RMSD	plot),	and	the	common	MARTINI	approach	

for	 atoms-to-particles	 mapping	 was	 used	 with	 an	 average	 ratio	 of	 4:1.	 Inter-

particle	Lennard-Jones	 interactions	are	described	 in	MARTINI	 in	a	 form	of	 four	

basic	types	of	interacting	particles	(polar	(P),	charged	(Q),	mixed	polar/apolar	(N)	

and	hydrophobic	apolar	(C),	depending	on	their	polarity	or	capability	for	H-bond	

formation)	 subdivided	 further	 into	18	 additional	 subtypes	 all	 interacting	 at	 10	

different	 levels	 (from	 supra	 attractive	 0	 –	 through	 intermediate	 IV	 –	 to	 super	

repulsive	 IX).	 Electrostatics	 is	 treated	 in	MARTINI	 according	 to	 Coulomb’s	 law	

based	 on	 the	 partial	 charges	 assigned	 in	 the	 force	 field.	 Protein	 secondary	

structure	 is	 preserved	 with	 constraints	 imposed	 to	 the	 regions	 with	 α-helical	

secondary	 structure,	 while	 coil	 regions	 are	 treated	 unconstrained	 allowing	

flexible	 regions	 of	 the	 complex	 to	 adjust	 their	 tertiary	 conformation.	 Though	

constraining	of	the	structure	by	means	of	elastic	network	restraints	could	be	used,	

we	did	not	apply	any	additional	restraints	in	the	production	simulations.	

In	 the	 course	 of	 the	 trimer-of-dimers	 assembling	 additional	 constraints	 were	

imposed	 to	 steer	 the	 tip	 regions	 of	 the	 three	 dimers	 towards	 the	 contacts	

established	experimentally	(85).	As	a	target	for	the	steered	and	constrained	MD	

simulations	a	homology	model	of	the	highly	conserved	tip	region	of	the	trimer-of-

dimers	was	derived	from	the	X-ray	structure	of	the	trimer-of-dimers	(PDB	code	

1QU7	 (85)).	 Steered	MD	module	of	The	PLUMED	1.3	plugin	 (221)	was	used	 to	

carry	out	these	steered	simulations	using	a	harmonic	potential	with	force	constant	

of	1000	kJ/(mol	nm2).	

To	identify	possible	methylation	sites	we	built	a	sequence	alignment	(Table	5.3)	

for	NpHtrII	and	two	chemoreceptors	for	which	the	methylation	sites	were	found	

experimentally,	 the	 Tsr	 receptor	 of	E.	 coli	 (85)	 and	 TM1143	 from	Thermotoga	

maritima	 (222).	According	 to	 their	 homology	or	 location	with	 respect	 to	 these	

sites	 seven	 amino	 acid	 positions	 were	 admitted	 as	 putative	methylation	 sites,	

namely	Q259,	Q260,	E264,	E273,	E274,	E469	and	Q470.	In	addition,	the	sequences	

containing	the	residue	pairs	E273,	E274	and	E469,	Q470	are	identical	or	similar	

to	the	transferase	recognition	consensus	sequence,	respectively	(Table	5.3).	Q259,	

Q260	correspond	to	Tsr	positions	E274,	E275.	E264	is	located	close	to	identified	

positions	E281(Tsr)	or	Q297(TM1143).	As	it	was	observed	that	it	is	the	charge	of	
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the	methylation	sites	side	chains,	rather	than	their	size	or	shape,	that	modulates	

kinase	 activity	 (140,	 189),	 the	 effect	 of	 methylation	 and	 demethylation	 was	

mimicked	 by	 modeling	 the	 side	 chains	 of	 residues	 corresponding	 to	 possible	

methylation	 sites	 with	 Qa	 beads	 (charged	 particle,	 hydrogen	 acceptor)	 in	 the	

demethylated	system	and	with	P1	beads	(uncharged	polar	particle,	low	polarity)	

in	the	methylated	system.	

Table	5.3.	Sequence	alignment.	The	two	regions	of	the	EcTsr	cytoplasmic	domain	
shown	 contain	 the	 experimentally	 found	methylation	 sites	 (red)	 (85)	 and	 are	
related	to	the	corresponding	regions	of	NpHtrII	and	TM1143,	the	latter	was	used	
as	a	structural	template	for	homology	model	of	the	cytoplasmic	domain	of	NpHtrII.	
Experimentally	found	methylation	regions	in	TM1143	are	highlighted	(red)	with	
the	underlined	residue	indicating	methylation	at	Gln-to-Glu	substitution	in	mutant	
receptors	(222).	Putative	methylation	sites	used	in	the	present	study	are	colored	
in	 blue.	 At	 the	 bottom	 of	 the	 Table	 the	 consensus	 sequence	 for	 the	
methyltransferase	CheR	reported	for	enteric	bacteria	is	shown	(223).	

	

5.3.	Results	

5.3.1.	Models	of	the	NpSRII/NpHtrII	dimer	and	the	trimer	of	dimers	
To	reveal	structural	and	dynamical	effects	of	methylation/demethylation	of	the	

NpSRII/NpHtrII	 complex	 we	 have	 built	 a	 coarse-grained	 model	 of	 trimer-of-

dimers	 based	 on	 a	 pre-equilibrated	 all-atom	model	 of	 the	 2:2	NpSRII/NpHtrII	

complex.	The	latter	has	been	assembled	by	combining	the	crystal	structure	of	the	

transmembrane	 part	 of	 NpSRII/NpHtrII	 with	 structures	 based	 on	 homology	

modeling	as	described	in	section	5.2	(see	Fig.	S5.1).	The	model	dimer	embedded	

in	a	model	E.	coli	lipid	membrane	was	equilibrated	for	in	total	500	ns	of	all-atom	

MD	until	the	root	mean	square	deviation	(RMSD)	of	the	whole	structure	became	

stable.	The	equilibration	led	to	two	changes	in	the	dimer	structure	(see	Fig.	S5.1).	

First,	the	inter-HAMP	region	rapidly	formed	an	asymmetric	coiled	coil	with	one	

helix	shifted	with	respect	to	the	other	by	approx.	1.4	Å	(Fig.	S5.2).	This	shift	caused	
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a	tilt	of	the	whole	dimer	and	corresponds	to	the	minimum	of	the	free	energy	for	

the	 isolated	 inter-HAMP	 region	 (207).	 Second,	 both	 sensory	 rhodopsins	

underwent	 a	 motion	 in	 the	 transmembrane	 region	 resembling	 the	 U-V	 shape	

transition	 observed	 in	 recent	 X-ray	 structures	 (178).	 This	 rearrangement	

preserves	most	contacts	between	NpSRII	and	NpHtrII	and	could	provide	a	route	

for	 receptor	 cross-talk	 in	 the	 dense	 membrane	 lattice	 which	 might	 be	

physiologically	 relevant.	 Subsequently,	 we	 have	 constructed	 a	 model	 of	 the	

trimer-of-dimers	as	documented	in	detail	in	Methods.	Briefly,	using	an	appropriate	

snapshot	from	the	dimer	equilibration,	we	assembled	a	trimer-of-dimers	based	on	

the	X-ray	structure	of	the	bacteriorhodopsin	trimer	(pdb	code	2NTU	(209)).	Due	

to	the	large	system	size	of	the	complex	of	~323,000	atoms,	the	all-atom	model	was	

subsequently	 converted	 into	 a	 coarse	 grain	 (CG)	 representation	 (63)	 and	

embedded	 into	 a	 CG-POPC	 bilayer	 (Fig.	 S5.1).	 The	 solvated	 CG	 model	 of	 the	

methylated	 trimer-of-dimers	was	 equilibrated	 for	 2	 μs	with	 constraints	 on	 the	

inter-dimer	 interface	 in	 the	 highly	 conserved	 tip	 region	 (positions	 340	 –	 380)	

known	from	both	X-ray	crystallography	(pdb	code	1QU7)		(85)	and	NMR	studies	

(224).	In	a	subsequent	6	μs	equilibration	step	without	any	constraints	the	inter-

dimer	 interface	 contacts	 remained	 stable.	 The	 equilibration	 simulation	 was	

followed	by	repeated	production	simulations	of	2	μs	each	for	the	methylated	and	

the	demethylated	systems	(the	latter	had	been	first	equilibrated	starting	from	the	

final	 structure	of	 the	unconstrained	equilibration	 simulation	of	 the	methylated	

system	until	convergence	of	the	measured	observables	was	achieved	in	2	μs,	see	

the	5.2	 section).	During	 the	 equilibration	 the	NpSRII/NpHtrII	 trimer	 induced	 a	

pronounced	membrane	curvature,	which	we	quantified	for	both	the	methylated	

and	 the	 demethylated	 systems	 along	 two	 perpendicular	 directions	 within	 the	

membrane	plane.	As	shown	in	Fig	5.2,	the	membrane	was	highly	and	equally	bent	

with	average	radii	of	curvature	of	99.4±0.2	Å	and	99.3±0.2	Å	for	the	methylated	

and	the	demethylated	systems,	respectively.	As	indicated	by	the	small	standard	

deviations,	 the	 curvature	 radii	 in	 both	 systems	 do	 not	 change	 remarkably	

throughout	the	trajectories	(Fig.	S5.3).		
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Figure	5.2.	Conformations	of	the	trimeric	photoreceptor-transducer	complexes.	
Cartoon	 with	 the	 resulting	 structures	 of	 the	 demethylated	 (left)	 and	 the	
methylated	 (right)	 trimer	 systems	 combined	 in	 the	 bent	 membrane	 with	 a	
schematic	representation	of	the	adaptation	process.	Methylation	sites	are	shown	
as	red	and	black	spheres	in	the	demethylated	and	methylated	state,	respectively.	

5.3.2.	Conformational	rearrangements	upon	adaptation	
Possible	 structural	 rearrangements	 within	 the	 NpHtrII	 dimers	 upon	

demethylation/methylation	 mimicked	 via	 charge	 reshaping	 in	 the	 adaptation	

region	are	analyzed	in	terms	of	the	inter-backbone	distances	(Fig.	5.3).	Distance	

changes	are	most	prominent	in	the	membrane	embedded	part,	in	the	two	HAMP	

domains	and	in	the	CheA/CheW	interaction	region.	We	also	compare	the	effects	of	

methylation	 and	 demethylation	with	 those	 induced	 by	 light	 activation.	 Fig.	 5.4	
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summarizes	this	comparison	for	the	membrane	embedded	part	of	the	phototaxis	

receptor/transducer	 complex	 demonstrating	 that	 methylation	 causes	 similar	

effects	 as	 observed	 experimentally	 upon	 illumination:	 The	 outward	motion	 of	

helix	 F	 of	 NpSRII	 observed	 in	 the	 simulation	 is	 in	 agreement	 with	 the	

experimentally	 observed	 tilt	 triggered	 by	 the	 photoinduced	 cis-trans	

isomerization	of	the	NpSRII	retinal	chromophore	(173,	174,	176)	(for	details	of	

the	 trajectories	 see	 Fig.	 S5.4).	 The	 coupled	 transducer	 helix	 TM2	 rotates	 by	

approx.	10-15°	as	shown	experimentally	by	EPR	spectroscopy	(174)	and	by	X-ray	

crystallography	(177),	accompanied	by	a	piston-like	motion	of	the	TM2	helix	by	

approx.	0.5	–	1	Å	as	also	seen	 in	 the	crystal	 structure	 (177).	Most	 intriguing,	a	

recent	study	revealed	an	influence	of	the	NpHtrII	signaling	domain	on	the	NpSRII	

photocycle	 kinetics	 (142),	 providing	 additional	 experimental	 evidence	 for	 the	

conformational	 coupling	 of	 receptor	 and	 transducer	 in	 these	 complexes.	 The	

agreement	between	light	induced	conformational	changes	for	the	transmembrane	

domain	observed	in	the	experiments	and	our	simulations	corroborate	the	present	

approach	 and	 calculations	 and	 gives	 confidence	 to	 the	 results	 obtained	 for	

alterations	in	the	cytoplasmic	domain.	

The	opposite	differences	 in	 the	 intra-dimer	helix	distances	obvious	 for	 the	 two	

HAMP	domains	suggest	that	their	packing	is	coupled	in	structural	opposition	(Fig.	

5.3).	In	the	methylated	state	packing	of	HAMP1	is	tighter	whereas	for	HAMP2	it	is	

significantly	looser.	This	is	in	agreement	with	the	dynamic-bundle	model	(95,	183)	

according	 to	 which	 a	 phase	 stutter	 connection	 	 between	 the	 HAMP	 and	 the	

downstream	 bundles	 couples	 their	 packing	 stabilities	 oppositely	 in	 structural	

adjacent	 segments.	 These	 phase	 stutters	 coincide	 with	 discontinuities	 in	 the	

coiled-coil	heptad	repeats	(95)	between	HAMP1	and	HAMP2	and	between	HAMP2	

and	the	methylation	sites	(see	Fig.	S5.5).	Tight	packing	of	the	HAMP1	helices	 is	

thus	 coupled	 to	 a	 loose	 packing	 of	 HAMP2	 and	 to	 a	 tight	 packing	 of	 the	

downstream	 bundle	 helices,	 and	 vice	 versa.	 	 Strikingly,	 the	 transition	 between	

methylation	and	demethylation	does	not	 lead	to	gross	changes	of	the	backbone	

packing	 density	 in	 the	 adaptation	 region	 (labeled	m.s.	 in	 Fig.	 5.3).	 In	 contrast,	

larger	differences	in	the	intra-dimer	backbone	distances	are	again	revealed	in	the	

regions	which	 include	 the	 sites	 responsible	 for	 the	 interaction	with	 the	 kinase	

CheA	 (224).	Here	most	prominent	 inter-backbone	distance	 changes	 span	more	
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than	40	residues	along	the	N-terminal	(positions	310-350)	and	nearly	20	residues	

along	 the	 C-terminal	 part	 of	 the	 tip	 (positions	 367-390).	 This	 conformational	

rearrangement	must	result	in	a	reorganization	of	the	respective	side	chains	which	

is	beyond	the	resolution	of	the	present	method	but	may	be	the	signal	propagated	

to	 the	 bound	 kinase	 CheA.	 The	 inter-backbone	 distance	 change	 in	 the	 very	 tip	

region	of	 the	 transducer	 including	 the	helix	 turn	 (positions	352-365)	oscillates	

with	negative	as	well	as	positive	values	which	is	evidence	that	the	tip	structure	as	

a	whole	remains	intact.	A	calculation	of	the	relative	inter-helical	shifts	in	the	tip	

region	did	not	show	any	sliding	upon	demethylation;	neither	between	the	helices	

within	one	monomer	nor	between	the	two	monomers	in	a	dimer	(see	Fig.	S5.6),	in	

accordance	with	the	previous	experimental	study	(225).	This	is	strong	evidence	

that	 the	 tip	 presents	 stable	 interaction	 sites	 for	 association	 with	 the	 kinase	

proteins	as	previously	suggested	(166).			

	

Figure	 5.3.	 Intra-dimer	 distance	 changes	 between	 related	 residues	 of	 the	
transducer	 upon	 demethylation	 A:	 Structure	 of	 the	 NpSRII/NpHtrII	 trimeric	
complex	with	distance	 changes	 color	 coded	 (calculated	 as	 an	 average	 over	 the	
three	dimers).	Positive	values	of	the	distance	difference	(blue)	indicate	a	looser	
packing	 of	 the	 corresponding	 residues	 in	 the	 demethylated	 system,	 negative	
values	 (red)	 indicate	 a	 more	 compact	 packing.	 B:	 The	 intra-dimer	 distance	
difference	 as	 function	 of	 residue	 number	 shows	 distinct	 changes	 in	 the	
transmembrane	region	of	the	complex,	an	inversion	of	the	packing	densities	for	
the	 two	 HAMP	 domains,	 minor	 changes	 at	 the	 methylation	 sites	 (m.s.),	 and	 a	
decrease	 of	 the	 packing	 density	 in	 the	 CheA/CheW	binding	 site	 region	 labeled	
A/W.	



 91 

	

Figure	 5.4.	Comparison	 of	 the	 conformational	 changes	 of	 the	 transmembrane	
region	upon	demethylation	and	illumination.	Cytoplasmic	view	of	a	monomer	of	
the	 NpSRII/NpHtrII	 complex	 with	 experimental	 effects	 observed	 upon	
illumination	shown	as	arrows	and	corresponding	numerical	values	from	the	CG	
MD	simulations.	An	outward	tilt	of	helix	F	at	the	cytoplasmic	side	of	the	membrane	
embedded	part	of	the	transducer	by	0.6±0.3	Å	(blue	arrow)	is	accompanied	by	a	
rotation	of	helix	TM2	of	12±8°	(dark	green	arrow)	with	respect	to	the	equilibrated	
methylated	structure.	In	addition	TM2	shifts	with	respect	to	the	helix	TM1	of	the	
transducer	by	0.7±0.5	Å	(light	green	arrow).	
Methylated	 and	 demethylated	 trimer	 structures	 differ	 substantially	 in	 their	

conformations	 (Fig.	 5.5).	 The	 average	 distances	 between	 each	 dimer	 and	 the	

trimer	central	axis	are	primarily	affected	 in	 the	adaptation	region	as	well	as	 in	

both	HAMP	domains.	In	the	adaptation	region	the	additional	charges	generated	by	

demethylation	lead	to	strong	electrostatic	repulsion	between	the	dimers	causing	

deviations	in	the	inter-dimer	distances	of	up	to	10	Å	(Fig.	5.5,	Fig.	S5.7).	The	first	

and	 second	 HAMP	 domains	 show	 an	 inverse	 response	 in	 their	 inter-dimer	

distances	(Fig.	5.5,	Fig.	S5.7).	In	contrast,	inter-dimeric	distances	in	the	tip	region	

do	not	significantly	change	(Fig.	S5.7).	In	spite	of	the	observed	detachment	of	the	

dimers	in	the	adaptation	regions,	the	total	length	of	the	complex	did	not	change	

upon	demethylation	(Fig.	S5.8).	Thus,	the	conformational	rearrangements	of	the	

trimer	observed	upon	methylation	do	not	appear	to	cause	a	major	change	of	the	

trimer	conformation	at	the	tip,	which	again	corroborates	the	notion	that	the	tip	is	

a	stable	structural	unit	for	interaction	with	the	CheA/CheW	kinase	platform.	

In	conclusion,	intra-	and	inter-dimer	conformational	rearrangements	are	obvious	

upon	 demethylation.	 These	 conformational	 rearrangements	 are	 found	 to	 be	 in	
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agreement	with	experimental	data	characterizing	conformational	changes	of	the	

transmembrane	domains	upon	 light	activation	 (174,	177,	217).	The	 results	are	

further	 in	 line	 with	 the	 prediction	 of	 the	 dynamic-bundle	 model	 and	 reveal	

conformational	changes	in	the	region	of	the	CheA	binding	sites.	The	propagation	

of	the	signal	along	the	cytoplasmic	bundle	to	the	tip,	which	is	not	obvious	from	the	

structural	characterization,	will	be	uncovered	in	the	next	section.		

	

Figure	 5.5.	 Inter-dimeric	 distances	 for	 related	 residues	 of	 the	 transducer.	
Distances	were	calculated	as	an	average	over	the	three	dimers	for	the	methylated	
(black)	and	demethylated	 (red)	 states,	 shaded	areas	 representing	 the	 standard	
deviation.	The	distance	 is	measured	between	 the	 center	of	mass	 (COM)	of	 two	
related	residues	in	one	dimer	and	the	COM	of	the	six	respective	residues	in	the	
trimer-of-dimers	 (see	 inset	on	 the	 lower	 left).	The	domains	of	 the	complex	are	
depicted	in	colored	bars;	m.s	and	A/W	indicate	methylation	sites	and	binding	sites	
for	CheA	/CheW,	respectively.	Representative	distance	trajectories	are	depicted	
in	Fig.	S5.7.	

5.3.3.	Signal	transduction	between	the	transmembrane	domain	of	the	
transducer	and	the	cytoplasmic	domain	
The	 picture	 of	 the	 structural	 rearrangements	 in	 the	NpHtrII/NpSRII	 trimer-of-

dimers	is	incomplete	without	the	description	of	the	structural	changes	conveying	

the	signal	between	the	adaptation	region	and	the	transmembrane	domain	of	the	

complex,	 where	 the	 conformational	 changes	were	 found	 to	 resemble	 the	 light	

induced	 changes.	 The	 analysis	 of	 the	 CG	MD	 trajectories	 points	 to	 an	 opposite	

relative	longitudinal	shift	of	the	two	helices	in	the	inter-HAMP	region	as	a	putative	
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structural	 factor	of	 the	observed	dynamics	 conversion	between	 the	 two	HAMP	

domains	 (Fig.	 S5.9	and	Fig.	 S5.10).	The	plausible	 role	 in	 signaling	of	 this	 inter-

HAMP	region	was	previously	highlighted	by	Gushchin	and	coworkers	(207).	On	

the	other	hand,	the	large	difference	in	the	inter-dimer	helix	distances	within	the	

region	connecting	the	transmembrane	domain	of	the	transducer	and	the	HAMP1	

(Fig.	 5.3)	 implies	 the	 presence	 of	 decisive	 structural	 alterations	 in	 this	 region	

between	the	methylated	and	the	demethylated	systems.	This	may	have	parallels	

with	the	proposed	change	of	the	control	cable	helicity	in	chemoreceptors	upon	the	

kinase-off	to	kinase-on	transition	(161).	

	

5.3.4.	The	adaptation	process	alters	the	dynamics	of	the	complex	
Adaptation	clearly	affects	the	dynamical	characteristics	of	the	complex.	Analyses	

of	the	difference	in	the	root	mean	square	fluctuations	(RMSF)	per	residue	between	

the	 demethylated	 and	 the	 methylated	 complexes	 reveals	 regions	 with	 an	

alternating	 sign	 of	 ΔRMSF	 (Fig.	 5.6).	 In	 the	 demethylated	 state	 zones	

corresponding	to	the	first	HAMP	domain	and	the	adaptation	region	show	higher	

mobility	than	in	the	methylated	system,	while	zones	of	the	transmembrane	region	

of	 the	 complex,	 the	 second	 HAMP	 domain	 and	 the	 tip	 region	 exhibit	 lower	

mobility.		

Experiments	have	shown	that	the	first	HAMP	domain	of	NpHtrII	is	engaged	in	a	

thermodynamic	equilibrium	of	two	conformations,	a	dynamic	and	a	more	compact	

state	(129).	Light	activation	of	NpSRII	and	the	propagation	of	the	corresponding	

signal	via	rotation	of	helix	TM2	shift	this	conformational	equilibrium	towards	a	

more	compact	conformation	(217).	This	shift	was	found	to	be	of	opposite	sign	in	

HAMP2	(123)	(L.	Li	and	M.	Engelhard;	C.	Rickert	et	al.;	unpublished),	making	this	

domain	more	dynamic	upon	 light	activation.	These	observations	are	consistent	

with	the	sign	inversion	of	the	fluctuation	differences	observed	here	for	the	HAMP1	

and	HAMP2	domains	(Fig.	5.6).		

Again,	 the	 boundaries	 between	 two	 zones	with	 different	 ΔRMSF	 coincide	with	

discontinuities	 in	 the	 coiled-coil	 heptad	 repeats,	 termed	 phase	 stutters	 (95),	

between	HAMP1	and	HAMP2	and	between	HAMP2	and	the	methylation	sites	(Fig.	

5.6	 and	 Fig.	 S5.5).	 The	 change	 of	 the	 dynamic	 pattern	 observed	 between	 the	
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methylation	sites	and	the	tip	is	located	close	to	the	glycine	hinge	region	(positions	

293,	 296)	 previously	 recognized	 as	 a	 structural	 element	 important	 for	 signal	

propagation	(162).	This	dynamics	change	is	correlated	to	changes	in	the	geometry	

of	helix	interaction:	In	the	methylated	state	the	helix	conformation	switches	from	

a	 knobs-into-holes	 (“da”)	 residue	 packing	 to	 a	 complementary	 “x-da”	 packing	

close	to	position	240,	where	ΔRMSF	changes	from	negative	to	positive	values,	and	

back	to	“da”	packing	in	the	glycine	hinge	region	(293,	296),	where	again	ΔRMSF	

changes	 sign	 (see	 also	 Fig.	 S5.11).	 These	 two	 packing	 states,	 related	 by	 axial	

rotation	of	 the	helices,	were	proposed	 to	be	associated	with	different	signaling	

states	of	HAMP	(88)	and	adaptation	domains	(166)	in	chemoreceptors.	

This	observed	pattern	of	dynamics	is	distinctly	different	from	a	globally	altered	

flexibility,	 which	 would	merely	 lead	 to	 a	 different	 extent	 of	 Brownian	motion	

around	the	membrane	anchor	of	the	trimer.	The	observed	domain-specific	altered	

flexibilities	reveal	a	tight	control	of	the	local	dynamics	in	the	coiled-coil	transducer	

structure.	 In	between	 the	second	HAMP	domain	and	 the	CheA	 interaction	sites	

close	to	the	tip	region,	the	small	inter-helical	distance	changes	(Fig.	5.3)	indicate	

close	 structural	 similarities	 on	 the	 backbone	 level	 in	 the	 two	 states,	while	 the	

dynamics	 (Fig.	 5.6)	 clearly	 depend	 on	 the	methylation	 state.	 Therefore,	 signal	

propagation	via	different	dynamical	states	seems	to	provide	the	link	between	the	

CheA-activating	region	and	the	membrane	proximal	HAMP	domains.	

	

Figure	 5.6.	 Dynamics	 of	 the	 methylated	 and	 the	 demethylated	 systems.	 A:	
Structure	of	 the	NpSRII/NpHtrII	 trimeric	complex	with	colors	 that	code	 for	 the	
difference	 between	 the	 RMSF	 value	 per	 residue	 of	 the	 demethylated	 and	 the	
methylated	transducer.	Positive	values	(in	Å)	correspond	to	a	higher	fluctuation	
and	therefore	higher	mobility	of	the	corresponding	residues	in	the	demethylated	
system,	negative	values	indicate	a	lower	mobility.	B:	The	differences	in	mobility	
as	function	of	residue	number	show	distinct	changes	in	the	transmembrane	region	
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of	 the	 complex,	 an	 inversion	 between	 the	 two	 HAMP	 domains	 and	 in	 the	
adaptation	 and	 close	 to	 the	 glycine	 rich	 (293,	 296)	 regions.	 This	 change	 in	
dynamics	upon	adaption	 includes	 the	 tip	region	and	 the	binding	sites	 for	CheA	
(A/W).	Colored	bars	have	the	same	meaning	as	in	Fig.	5.3.			

5.4.	Discussion	

To	 investigate	 signal	 transduction	 in	 archaeal	 phototaxis	 complexes	 we	 have	

studied	a	trimer-of-dimers	model	of	the	NpHtrII/NpSRII	photosensoric	complex	

exploiting	 the	 analogy	 (see	 section	 5.1)	 between	 bacterial	 chemoreceptors	 and	

archaeal	phototaxis	signal	transducers	as	well	as	the	relation	between	activation	

by	native	stimuli	and	adaptation	established	experimentally	for	chemoreceptors	

(148,	169-171,	190,	198,	200-202).	

As	it	was	observed	that	it	is	the	charge	of	the	amino	acid	side	chains	undergoing	

methylation,	rather	than	their	size	or	shape,	that	modulates	kinase	activity	(189)	

(140),	the	effect	of	methylation	and	demethylation	was	mimicked	by	varying	the	

charges	of	these	amino	acid	positions.	In	the	transmembrane	region	activation	by	

light	is	known	to	result	in	a	characteristic	tilt	of	helix	F	of	NpSRII	(173,	175)	and	a	

rotation	of	helix	TM2	of	the	transducer	NpHtrII	(174,	177)	possibly	accompanied	

by	a	piston-like	motion	(123,	177).	Intriguingly,	in	our	simulations	the	structural	

differences	 observed	 in	 the	 transmembrane	 part	 for	 the	 methylated	 and	

demethylated	 trimer	 resemble	 the	 experimentally	 determined	 behavior	 in	

response	to	light	activation:	methylation	rotates	TM2	by	10-15°	and	shifts	it	by	0.5	

–	 1	 Å	 (Fig.	 5.4).	 In	 addition,	 an	 outward	movement	 of	 helix	 F	 of	 the	NpSRII	 is	

revealed	(Fig.	5.4).	In	the	HAMP	domain	region,	activation	by	light	leads	to	a	more	

compact	 conformation	 of	 HAMP1	 and	 equivocally	 to	 a	 more	 dynamic	 HAMP2	

domain	(129,	217)	similar	to	the	changes	observed	in	the	present	simulations	(Fig.	

5.4).	 These	 observations	 support	 the	 conclusion	 that,	 at	 least	 for	 the	

transmembrane	 part	 of	 the	 NpSRII/NpHtrII	 complex	 and	 its	 HAMP	 domain	

regions,	the	mechanism	for	the	signal	propagation	upon	light	activation	strongly	

parallels	 the	 simulated	 changes	 by	 adaptation	 exerted	 through	 the	

methylation/demethylation	of	the	transducer.	

Our	results	indicate	that	the	cytoplasmic	tip	of	the	trimer	does	not	undergo	a	gross	

structural	rearrangement	when	methylation	or	demethylation	occurs,	in	spite	of	

the	observed	large	scale	opening	of	the	adaptation	domains	of	the	dimers	caused	
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by	electrostatic	repulsion.	Interestingly,	the	total	length	of	the	complex	does	not	

change	 significantly.	 Thus,	 the	 interface	 between	 the	 tip	 and	 the	 baseplate	 of	

CheA/CheW	proteins	remains	largely	intact,	which	might	be	an	important	factor	

for	the	integrity	of	signaling	arrays.	However,	we	are	aware	of	the	fundamental	

limitation	of	 the	present	model	of	 the	 trimer-of-dimers,	 i.e.	 the	omission	of	 the	

baseplate	proteins.	Further	computational	and	experimental	studies	are	required	

to	 elucidate	 the	 role	 of	 the	 receptor-baseplate	 contacts	 and	 their	 dynamics	 in	

signaling.	

In	 contrast	 to	 the	 lack	 of	 conformational	 rearrangements	 in	 the	 tip	 discussed	

above	 the	 dynamics	 show	 distinct	 differences	 between	 the	 methylated	 and	

demethylated	states	all	over	the	transducer	trimer.	Demethylation	induces	a	more	

dynamic	behavior	of	the	adaptation	domain	but	leads	to	less	dynamics	of	the	tip	

(Fig.	5.6).	The	two	HAMP	domains	also	respond	in	opposite	ways,	with	HAMP1	

adapting	a	looser	dynamic	state	while	HAMP2	adapts	a	more	compact	and	static	

conformation.	In	the	methylated	trimer	this	pattern	is	inversed:	static	HAMP1	-	

dynamic	 HAMP2	 -	 static	 adaptation	 domain	 -	 and	 dynamic	 tip.	 Notably,	 the	

glycine-rich	hinge	region	seems	to	constitute	the	interface	between	methylation	

sites	and	tip	and	separates	the	two	zones	with	different	mobility	(Fig.	5.6,	5.7).	

This	 dynamic	 pattern	 is	 coupled	 to	 structural	 rearrangements.	 Generally,	 the	

intra-dimeric	distances	 (Fig.	5.3)	 increase	 in	 those	 regions	of	 the	 trimer	which	

experience	a	more	dynamic	behavior	(Fig.	5.6),	and	the	changes	in	packing	density	

are	accompanied	by	changes	in	the	axial	rotation	states	(Fig.	S5.11)	as	observed	

for	different	crystal	structures	of	methyl-accepting	domains	(166).		
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Figure	5.7.	Model	for	the	NpSRII/NpHtrII	complex	activation.	The	regions	with	
higher	mobility	are	shown	in	diffuse	representation;	the	arrows	correspond	to	the	
domain	motions	(compacting/expanding	within	the	trimer).		
A	relation	between	signaling	or	adaptation	and	receptor	dynamics	as	observed	

here	 for	 the	 phototaxis	 receptor	 complex	 has	 already	 been	 reported	 for	

chemoreceptors.	 	B-factor	analysis	of	X-ray	 structures	of	E.	 coli	Tsr	 shows	 that	

methylation	exerts	a	stabilizing	structural	influence	by	driving	the	HAMP	domain	

towards	a	more	compact	and	less	dynamic	state	(200).	Also	mobility	changes	of	

residues	were	observed	upon	 signaling	 in	 chemoreceptors	 (139,	200,	226).	 	 In	

particular,	a	yin-yang	model	has	been	proposed	as	a	conceptual	basis	for	signal	

transduction	in	chemoreceptors	(140).	In	this	model	a	coupling	region	transmits	

each	 change	 in	 helix	 packing	 from	 the	 adaptation	 region	 to	 the	 tip,	 where	 it	

triggers	a	change	in	helix	packing	that	is	concerted	but	opposite	in	sign.	Based	on	

experiments	(140)	local	transitions	between	a	tightly	packed,	less	mobile,	“frozen”	

conformation	and	a	more	loosely	packed,	dynamic	conformation	of	the	adaptation	

domain	 were	 found	 rather	 than	 a	 global	 dynamical	 transition	 for	 the	 whole	

receptor	 as	 was	 suggested	 in	 (204).	 Our	 findings	 are	 in	 agreement	 with	 and	

provide	 further	 evidence	 for	 this	 yin-yang	model	 and	 show	 that	 the	 tip	 region	

undergoes	 a	 dynamic	 –	 “frozen”	 transition	 rather	 than	 a	 local	 conformational	
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change	 between	 two	 relatively	 stable	 states.	 This	model	 does	 not	 exclude	 the	

important	role	of	the	previously	found	conformational	switches	in	the	tip	region	

(144)	 and	 of	 the	 HAMP1	 domain	 (106)	 in	 the	 modulation	 of	 such	 dynamical	

behavior.	

In	conclusion,	the	results	from	our	CG	calculations	demonstrate	that	the	dynamics	

of	the	archaeal	transducer	NpHtrII	are	modulated	by	methylation/demethylation	

and,	likely,	photostimulation	in	a	cassette	like	manner.	The	alternating	differences	

in	dynamics,	which	are	characteristically	coupled	to	structural	rearrangements,	

are	 propagated	 to	 the	 kinase	 interactions	 sites.	 Thus,	 the	 coin	 of	 signal	

transmission	 along	 the	 rod-shaped	 cytoplasmic	 domain	 is	 represented	 by	

consecutive	subdomains	finely	tuned	by	a	cascade	of	alternating	dynamics.	

The	question	remains	how	the	signal	is	transferred	from	the	transducer	trimer	to	

the	 kinase	 CheA,	 as	 we	 omitted	 the	 baseplate	 proteins	 in	 the	 current	 study.	

However,	we	can	speculate	here	that	a	gross	alteration	of	the	interaction	between	

the	transducer	tip	and	the	CheA/CheW	baseplate	seems	to	be	unlikely	(166).	The	

observed	changes	of	the	local	coiled-coil	backbone	packing	of	the	transducer	in	

the	CheA-interaction	region	may	alter	the	transducer	surface	epitope,	which	could	

propagate	a	local	conformational	change	via	the	transducer	-	CheA	interface	and	

thereby	modulate	 kinase	 activity.	 However,	 complete	 dissociation	 of	 the	 high-

affinity	binding	 interface	has	been	excluded	 (227).	The	other	possible	 scenario	

might	comprise	a	change	in	CheA	dynamics	that	can	be	propagated	within	the	five	

domains	and	consequently	affect	the	internal	dynamics	of	CheA.	Evidence	for	this	

hypothesis	stems	from	the	importance	of	the	hairpin	residue	flexibility	situated	

on	 the	 tip	 of	 Tsr	 receptors	 (228).	 A	 signaling	mechanism	 based	 on	 an	 altered	

dynamics	 may	 also	 explain	 recent	 findings	 from	 cryo	 EM	 and	 proteolysis	

susceptibility	experiments	(165)	which	show	that	activation	of	CheA	by	Tsr	leads	

to	 higher	 mobility	 of	 P1	 and	 P2	 domains	 of	 CheA.	 P1	 and	 P2	 carry	 the	

phosphorylation	site	and	are	responsible	for	CheY	and	CheB	binding,	respectively.	

Such	scenario	of	a	dynamical	modulation	of	the	CheA	activity	may	also	account	for	

the	 signal	 spread	 across	 neighboring	 core	 complexes	 (29).	 Similar	 models	 of	

dynamical	allostery	have	been	reported	before	for	different	systems	(12,	188).	
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CG	molecular	dynamics	were	essential	to	build	and	equilibrate	this	large	system	

as	well	as	to	study	the	general	mechanism	of	methylation	and	signal	propagation.	

For	a	more	detailed	view	of	changes	in	side	chain	interactions	within	and	between	

the	 involved	proteins	 that	give	rise	 to	 the	dynamical	signaling,	a	more	detailed	

investigation	by	all-atom	molecular	dynamics	is	required.	Additionally,	dissecting	

the	role	of	dynamical	and	conformational	changes	of	the	transducer	and	CheA	in	

a	 methylation-state	 dependent	 fashion	 will	 allow	 to	 distinguish	 different	

mechanisms	 of	 CheA	 activation.	 To	 this	 end,	 EPR	 spectroscopy	 on	 spin	 labels	

engineered	into	the	transducer	tip	or	the	linkers	between	the	five	CheA	domains	

could	 probe	 for	 effects	 of	 signal	 propagation.	 Alternatively,	 aiming	 for	 a	 fully	

detailed	 view,	 NMR	 spectroscopy	 combined	 with	 relaxation	 dispersion	

experiments	can	provide	structural	and	dynamical	information	on	the	micro-	to	

millisecond	timescale,	and	show	how	the	linker	of	the	isolated	CheA-P4	domain	

influences	the	phosphorylation	activity	of	CheA	(229).	

The	results	reported	here	for	the	two	extreme	methylation	states	of	the	trimer-of-

dimers	suggest	a	mechanism	 for	 signal	propagation	 in	archaeal	photoreceptor-

transducer	 complexes	 similar	 to	 that	 in	bacterial	 chemoreceptors.	Accordingly,	

upon	light	activation	of	NpSRII	the	signal	is	transferred	to	NpHtrII	via	a	movement	

of	helix	F	and	a	concomitant	screw	like	motion	of	TM2.	The	latter	conformational	

change	leads	to	alternating	dynamics	of	HAMP1,	HAMP2,	the	adaptation	domain,	

and	the	CheA	binding	sites	of	the	transducer.	This	mechanism	is	substantiated	by	

experimental	evidence	such	as	rotary	movement	of	TM2	(174)	and	observations	

concerning	 the	 dynamic	 pattern	 of	 the	 cytoplasmic	 domain	 (142,	 182).	 The	

proposed	mechanism	provides	 an	 explanation	 how	 the	 seemingly	 subtle	 input	

stimulus	actuated	 in	 the	 transmembrane	part	of	 the	 receptor	 can	pass	over	 its	

whole	length	and	eventually	affect	the	activity	of	the	kinase	bound	on	the	opposite	

extremity	 of	 the	 receptor	 complex,	 which	 is	 260	 Å	 apart.	 The	 observation	 of	

subdomains	along	coiled-coil	structural	elements	which	can	alter	their	structural	

and	dynamical	properties	might	be	the	basis	for	a	universal	mechanism	in	these	

structural	elements	not	only	found	in	chemo-	and	phototaxis.		
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5.5.	Supporting	Information		

	
Figure	S5.1.	The	successive	steps	of	the	trimer-of-dimers	model	preparation.	A:	
Initial	model	of	the	assembled	dimer;	B:	The	dimer	in	the	simulation	water	box	
after	500	ns	equilibration;	C:	Initial	CG	model	of	the	trimer-of-dimers.	

	
Figure	S5.2.	Relative	longitudinal	shift	of	the	two	helices	in	the	inter-HAMP	region	
during	the	equilibration	simulation	of	the	all-atom	model	of	the	NpHtrII	dimer.	

	
Figure	S5.3.	Membrane	curvature	trajectories	calculated	for	the	methylated	and	
the	demethylated	systems.	
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Figure	 S5.4.	 Conformational	 effects	 of	 methylation/demethylation	 on	 the	
transmembrane	region.	Cytoplasmic	view	of	a	monomer	of	 the	NpSRII/NpHtrII	
complex	(left).	Right	top:	The	shift	of	helix	F	at	the	cytoplasmic	side	with	respect	
to	 the	NpSRII	 protein	 (positive	 values	 correspond	 to	 an	 outward	motion,	 blue	
arrow).	Right	middle:	The	average	rotation	angle	of	the	TM2	helix	with	respect	to	
the	equilibrated	methylated	structure	(positive	values	correspond	to	a	clockwise	
rotation	from	the	cytoplasmic	side	view,	beige	arrow).	Right	bottom:	The	average	
shift	of	the	TM2	helix	with	respect	to	the	TM1	helix	of	the	transducer	(positive	
values	correspond	to	a	shift	towards	the	cytoplasm,	green	arrow).	
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Figure	S5.5.	Phase	stutters	in	the	HAMP	domains.	First	(A)	and	second	HAMP	(B)	
domain	of	NpHtrII	in	comparison	to	the	EcTsr	HAMP	domain.	C:	Location	of	the	
glycine-rich	region	in	NpHtrII.	
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Figure	S5.6.	 Inter-helical	 shifts	 in	 the	 tip	 region	of	NpHtrII.	A:	 Inter-monomer	
shift	averaged	over	the	three	dimers	of	the	complex.	B:	Inter-helical	shift	between	
the	two	helices	in	the	monomer	averaged	for	the	six	monomers	of	the	complex.	
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Figure	S5.7.	Inter-dimeric	distances	for	the	residues	of	the	transducer.	A:	Inter-
dimeric	 distances	were	 calculated	 as	 an	 average	 over	 the	 three	dimers	 for	 the	
methylated	 (black)	 and	 demethylated	 (red)	 states.	 The	 distance	 is	 measured	
between	the	center	of	mass	(COM)	of	two	related	residues	in	one	dimer	and	the	
COM	of	the	six	respective	residues	in	the	trimer-of-dimers	(see	B).	The	domains	
of	the	complex	are	depicted	in	colored	bars;	m.s	and	A/W	indicate	methylation	
sites	and	binding	sites	for	CheA/CheW,	respectively.	Selected	distance	trajectories	
averaged	 over	 the	 regions	 of	 the	 transducer	 indicated	 by	 labeled	 rectangular	
boxes	in	A	are	depicted	in	figures	C	to	G.	
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Figure	 S5.8.	 Length	 of	 the	 trimer	 of	 dimers	 in	 the	 methylated	 and	 the	
demethylated	 states.	The	 length	was	measured	 between	 the	 center	 of	mass	 of	
residues	23-83	and	that	if	residues	352-372	of	the	transducer.	

	
Figure	 S5.9.	 Relative	 shift	 of	 the	 two	 helices	 in	 the	 inter-HAMP	 region.	 	 The	
relative	 longitudinal	 shift	 is	 plotted	 for	 the	 three	 dimers	 (broken,	 dotted,	 and	
continuous	lines)	of	the	trimer-of-dimers	for	two	independent	CG	MD	simulations	
for	the	methylated	(blue)	and	the	demethylated	(red)	system.	
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Figure	S5.10.	Relative	shift	of	the	two	helices	in	the	inter-HAMP	region	during	the	
demethylated-to-methylated	transition.	The	relative	longitudinal	shift	is	plotted	
for	three	dimers	(broken,	dotted,	and	continuous	lines)	of	the	trimer-of-dimers.	
The	depicted	trajectory	corresponds	to	the	1	μs-long	simulation	starting	from	the	
equilibrated	demethylated	system,	in	which	the	methylation	state	was	swapped	
to	the	fully	methylated	one.	

	
Figure	S5.11.	Coiled-coil	packing	transitions	in	the	methylation	site	region	of	the	
NpHtrII	 transducer	 dimer.	 Side-chain	 crick	 angles	 (as	 defined	 in	 (117))	 are	
provided	for	the	amphipathic	sequence	2	of	the	second	HAMP	domain	and	for	the	
N-terminal	helix	of	the	cytoplasmic	domain.	The	angles	were	calculated	from	the	
equilibrium	 all-atom	 MD	 trajectory	 of	 the	 dimer	 and	 averaged	 over	 two	
monomers	of	the	dimer.	Values	of	0	degrees	correspond	to	complementary	“x-da”	
packing,	whereas	deviating	values	(20-30	degrees)	correspond	to	canonical	“da”	
(knobs-into-holes)	 packing.	 The	 gray	 line	 depicts	 the	 behavior	 of	 RMSF	 as	
calculated	from	the	CG	MD	trajectories	of	the	methylated	and	the	demethylated	
trimer	according	to	the	data	given	in	Fig.	5.6.	Zero	crossings	of	RMSF	(red	dotted	
lines)	coincide	with	the	change	in	packing	mode.	
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Figure	S5.12.	RMSD	plots	calculated	over	the	equilibration	trajectory	of	the	all-
atom	model.	RMSD	values	 for	 the	 transmembrane	part	 (A),	 for	 the	 first	HAMP	
domain	(B),	for	the	inter-HAMP	region	(C),	for	the	second	HAMP	domain	(D),	and	
for	the	cytoplasmic	domain	(E)	of	the	NpSRII/NpHtrII	dimer.	
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Figure	S5.13.	Two	alternative	oligomeric	conformations	for	the	NpHtrII:NpSRII	
trimer-of-dimers.	A:	Two	equilibrated	CG	conformations	of	the	trimer	of	dimers,	
the	“triangle”-like	conformation	and	the	“ring”-like	conformation	based	on	results	
of	 docking	 shown	 in	 B	 and	 homology	modeling	 of	 the	 inter	 receptor	 contacts	
according	 to	 the	 bacteriorhodopsin	 trimer.	 B:	 All	 atom	 representation	 of	 the	
“triangle”-like	and	“ring”-like	conformations	according	 to	 first-	and	the	second-
ranked	predictions	by	the	M-ZDOCK	server	(210,	211).	C:	RMSD	between	the	two	
models	 shown	 in	 A.	 The	 RMSD	was	 calculated	 for	 the	 transducer	 only	 (all	 six	
chains	are	averaged).	For	the	transmembrane	part	of	the	complex	RMSD	values	
are	 obviously	 very	 large,	 however	 for	 the	 cytoplasmic	 domain	 the	 RMSD	 is	
generally	less	than	10	Å	indicating	close	similarity	between	the	two	models	in	this	
key	signal	transduction	region.	

	
Figure	S5.14.	Time	evolution	of	the	conformation	in	the	transmembrane	region	
of	the	NpSRII/NpHtrII	complex	during	the	CG	MD	simulation	of	the	demethylated-
to-methylated	 transition.	 A:	 The	 shift	 of	 helix	 F	 at	 the	 cytoplasmic	 side	 with	
respect	to	the	NpSRII	protein.	B:	The	rotation	angle	of	helix	TM2	with	respect	to	
the	equilibrated	methylated	structure.	C:	The	shift	of	helix	TM2	with	respect	to	
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helix	TM1	of	the	transducer.	D:	Inter-dimeric	distances	for	the	adaptation	region	
of	the	transducer.	

	
Figure	S5.15.	RMSD	plot	for	one	of	the	NpSRII	receptors	in	the	CG	model	of	the	
methylated	trimer.	The	trajectory	shows	the	data	from	the	constrained	relaxation	
CG	MD	(2	μs)	and	the	following	unconstrained	CG	MD	(6	μs).	

	
Figure	S5.16.	Projections	of	the	equilibrium	trajectories	onto	the	first	three	PCA	
eigenvectors	 for	 the	 methylated	 and	 the	 demethylated	 systems.	 The	 cosine	
content	is	given	in	the	figure.	 	
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Chapter	6	

Modeling	of	the	NpSRII:NpHtrII	Transmembrane	Arrays	
Suggests	a	Mechanism	for	their	Cooperativity	

	 	



 112 

6.1.	Introduction	

Sensory	 rhodopsin	 II	 (SRII)	 is	 a	 seven	 α-helical	 retinal-containing	 membrane	

protein,	 which	 forms	 2:2	 membrane-embedded	 complexes	 with	 its	 cognate	

transducer	 of	 rhodopsin	 HtrII	 mediating	 negative	 phototaxis	 in	 archaeal	

halobacteria	 (see	 Fig.	 5.1).	 These	 photosensoric	 complexes	 represent	 a	

prototypical	prokaryotic	two-component	phototaxis	system	and	serve	as	a	model	

for	studying	signal	transfer	across	membranes	by	means	of	various	techniques,	

including	 EPR	 spectroscopy	 (173,	 174,	 176),	 solid	 state	 NMR	 (230,	 231),	

molecular	dynamics	simulations	(102,	207,	232)	and	FRET	spectroscopy	(233).	

The	initial	steps	of	activation	were	defined	using	EPR	(173,	174)	as	well	as	from	

comparison	of	the	crystal	structures	of	the	SRII:HtrII	dimer	in	its	ground	and	M	

state	 (177).	The	adsorption	of	a	photon	by	 the	SRII	 chromophore,	 the	all-trans	

retinal,	 induces	 its	 isomerization	 to	 the	 13-cis	 form.	 The	 rearrangement	 of	 the	

retinal	binding	site	caused	by	this	process	eventually	leads	to	the	outward	motion	

of	helix	F	and,	 in	turn,	 induces	rotation	of	the	TM2	helix	of	the	transducer.	The	

signal	travels	along	the	dimeric	transducer,	featuring	a	largely	α-helical	coiled	coil	

structure,	 via	 the	HAMP	 domains,	 responsible	 for	 signal	 conversion	 (183)	 and	

inversion	 (234),	 to	 the	 adaptation	 domain,	 which	 can	 undergo	 reversible	

methylation/demethylation	 in	 order	 to	 facilitate	 adaptation	 to	 varying	 signal	

level,	and	further	down	to	the	highly	conservative	(133)	kinase-activating	domain.	

The	kinase-activating	domains	form	very	stable	(227)	supramolecular	complexes	

with	 the	kinase	CheA	and	the	adapter	protein	CheW.	Their	architecture	closely	

resembles	(22)	that	of	the	lattices	formed	by	the	bacterial	chemotaxis	receptors	

(235,	236),	which	comprise	hexagonally	packed	trimers-of-dimers	of	the	receptor	

tips	united	by	rings	of	CheA/CheW	proteins.	Such	organization	of	the	transducers	

tightly	bound	to	the	highly	ordered	cytoplasmic	baseplate	gives	rise	to	the	notable	

level	of	cooperativity	observed	for	the	receptor	clusters	(194,	195).	

Using	a	protein-protein	docking	approach	we	have	reconstructed	two	alternative	

conformations	 of	 the	 transmembrane	 lattices	 formed	 by	 the	 NpSRII:NpHtrII	

dimers	compatible	with	the	hexagonal	assemblies	of	the	trimers-of-dimers.	Both	

models	 suggest	 that	 the	 NpSRII:NpHtrII	 have	 to	 be	 organized	 into	 dense	

transmembrane	arrays	in	order	to	allow	formation	of	the	cytoplasmic	CheA:CheW	
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baseplate	 with	 the	 hexagonal	 symmetry.	 The	 MD	 simulations	 of	 an	 isolated	

NpSRII:NpHtrII	dimer	let	us	to	identify	one	of	these	models	as	the	more	probable	

one.	

Furthermore,	 the	 analysis	 of	 collective	 motions	 of	 the	 NpSRII:NpHtrII	 dimer	

suggests	a	model	for	cooperativity,	which	can	be	achieved	already	at	the	level	of	

the	transmembrane	arrays.	

6.2.	Materials	and	Methods	

6.2.1.	Protein-protein	docking	
The	crystal	structure	of	the	NpSRII:NpHtrII	dimer	in	the	ground	state	(PDB	access	

code	1H2S)	was	taken	as	an	initial	structure	for	the	lattice	building.	We	employed	

the	protein-protein	docking	program	M-ZDOCK	(210)	in	order	to	predict	cyclically	

symmetric	multimeric	conformations	of	the	trimers	of	NpSRII:NpHtrII	dimers	and,	

then,	of	the	hexamers	of	the	obtained	trimers-of-dimers.	The	M-ZDOCK	algorithm	

uses	 a	 grid-based	 Fast	 Fourier	 Transform	 approach	 for	 searching	 for	 the	 best	

conformation	in	a	space	of	symmetric	(Cn)	multimers	consisting	of	a	given	number	

n	of	protomers.	The	obtained	conformations	are	ranked	according	to	the	ZDOCK	

2.3.2	scoring	function	(237),	which	incudes	atomic	contact	energy	(ACE)	potential,	

shape	complementarity	and	electrostatics	terms.	

6.2.2.	Coarse-grained	(CG)	molecular	dynamics	simulations	and	free	energy	
calculation	
The	 structures	 of	 the	 two	 obtained	 alternative	 conformations	 of	 the	

NpSRII:NpHtrII	 	 trimer-of-dimers	 were	 converted	 into	 the	 MARTINI	 CG	

representation	 (62-64),	 placed	 into	 POPE:POPG	 (3:1)	 model	 prokaryotic	 lipid	

bilayer	and	solvated	with	the	CG	water	model	using	the	Insane	utility	(238).	The	

models	prepared	in	this	way	contained	67156	(“Y”	model)	and	55553	(“O”	model)	

CG	particles.	In	the	MARTINI	coarse-grained	force	field,	a	notable	acceleration	of	

MD	simulations	is	gained	due	to	the	significant	reduction	of	the	number	of	degrees	

of	freedom	of	molecular	systems	by	mapping	several	atoms	to	a	single	CG	particle	

(with	an	average	ratio	4:1),	what,	in	turn,	allows	to	increase	the	integration	time	

step	up	to	20-40	fs.	The	CG	MD	simulations	were	performed	in	Gromacs	5.0.5	(56)	

using	a	time	step	of	20	fs	and	a	simulation	temperature	of	323	K.	First,	the	models	

were	 equilibrated	 for	 100	 ns	 with	 the	 protein	 restrained	 by	 the	 harmonic	
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potential	applied	to	the	backbone	particles	(k=1000	kJ･mol–1･nm–2)	and	then	for	

another	 100	 ns	with	 the	 restraints	 removed.	 Consequently,	 we	 estimated	 free	

energy	 profiles	 of	 the	 process	 of	 dimer	 dissociation	 from	 the	 trimer-of-dimers	

using	 the	 constant	 velocity	 pulling	 method.	 The	 center-of-mass	 (COM)	 of	 one	

dimer	was	constrained	with	a	spring	(k=1000	kJ･mol–1･nm–2),	while	the	rest	of	

the	trimer-of-dimers	was	fixed.	The	spring	was	moved	with	a	constant	slow	speed	

(4･10–5	nm/ns)	along	the	vector	connecting	the	COM	of	the	trimer	with	the	COM	

of	the	pulled	dimer	and	perpendicular	to	the	membrane	normal.	Considering	the	

pulling	speed	slow	enough	we	estimated	the	free	energy	profile	as:	∆𝐹 ≤ 𝑊(𝑑) =

𝐹 𝑧 𝑑𝑧A
Ai

,	where	W	is	an	average	work	done	on	the	system,	F(z)	is	a	force	applied	

to	 the	 pulled	 dimer	 at	 a	 separation	 z,	 and	 d0	 and	 d	 are	 the	 initial	 and	 final	

separation	between	the	pulled	dimer	and	the	trimer-of-dimers,	correspondingly.	

6.2.3.	Analysis	of	orientation	of	the	transmembrane	region	of	a	dimer	with	
respect	to	the	axis	of	the	trimer-of-dimers		
We	 also	 analyzed	 an	 MD	 trajectory	 of	 the	 full-length	 NpSRII:NpHtrII	 dimer	

complex	obtained	before	in	the	course	of	the	trimer-of-dimers	model	preparation	

and	modeling	(102).	This	trajectory	corresponds	to	an	MD	simulation	(total	run	

time	0.5	μs),	which	was	carried	out	for	an	all-atom	model	of	the	NpSRII/NpHtrII	

dimer	 embedded	 in	 a	 model	 lipid	 bilayer,	 which	 was	 prepared	 based	 on	 the	

available	structures	of	different	domains	of	the	complex.	The	X-ray	structure	(PDB	

access	code	1H2S)	was	used	as	a	starting	point	for	the	transmembrane	region	of	

the	complex	(consisting	of	the	NpSRII	dimer	and	the	part	of	transducer	from	Gly	

23	to	Leu	82),	while	models	generated	by	homology	modeling	using	the	available	

structures	 were	 utilized	 to	 build	 the	 cytoplasmic	 region	 consisting	 of	 the	 two	

HAMP	domains	(based	on	the	NMR	structure	2ASX	from	Archeoglobus	fulgidus)	

and	the	cytoplasmic	domain	(based	on	the	X-ray	structure	2XH7	from	Thermotoga	

maritima).	The	details	about	the	simulation	protocol	are	provided	in	(102).	The	

obtained	 trajectory	 was	 used	 to	 assess	 possible	 orientations	 of	 the	

transmembrane	region	of	a	dimer	when	the	cytoplasmic	tips	of	individual	dimers	

form	 a	 trimeric	 contact.	 For	 this	 purpose,	we	 aligned	 the	 kinase-activating	 tip	

regions	of	the	NpSRII:NpHtrII	dimers	with	the	homologous	region	of	the	available	

structure	of	the	trimer-of-dimers	formed	by	the	cytoplasmic	domains	of	E.coli	Tar	
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chemoreceptors	(239)	using	the	Chimera	Match	&	Align	tool	(212).	Subsequently,	

the	orientation	of	 the	 transmembrane	region	of	 the	dimers	with	 respect	 to	 the	

trimeric	 axis	 was	 evaluated	 in	 terms	 of	 the	 dimer	 torsion	 angle	 and	 its	

displacement.	

6.2.4.	Molecular	dynamics	simulations	
All-atom	molecular	dynamics	simulations	were	carried	out	in	Gromacs	5.0.5	using	

the	CHARMM36	force	 field	with	CMAP	corrections	and	TIP3P	water.	The	 initial	

structure	of	the	transmembrane	part	of	the	NpSRII:NpHtrII	dimer	(the	full	NpSRII	

and	residues	23	to	82	of	the	NpHtrII)	was	placed	into	a	POPE:POPG	(3:1)	model	

membrane	 and	 solvated	 using	 the	 CHARMM-GUI	 web-server	 (240).	 The	

appropriate	numbers	of	Na+	and	Cl−	ions	were	placed	into	the	simulation	box	in	

order	to	neutralize	the	system	and	set	the	ionic	strength	to	0.15	M.	Simulations	

were	done	in	the	NPT	ensemble	controlled	by	means	of	a	Nose-Hoover	thermostat	

(Tref	=	303	K,	τT	=	2)	and	a	Parrinello-Rahman	barostat	(isotropic	pressure,	pref	=	

1	atm,	τp	=	2,	 compressibility	=	4.5･10–5	bar–1);	 the	 time	step	equaled	2	 fs;	 the	

Verlet	 cut-off	 scheme	 (110)	 and	 PME	 (111)	 were	 used	 for	 non-bonded	

interactions.	The	initial	equilibration	(5	ns	with	the	heavy	atoms	of	the	lipids	and	

the	protein	restrained	by	the	harmonic	potential	with	k=1000	kJ･mol–1･nm–2)	was	

followed	 by	 the	 lipids	 relaxation	 simulation	 (200	 ns,	 the	 protein	 backbone	

restrained	with	 the	harmonic	potential	of	 the	 same	strength)	and,	 then,	by	 the	

production	simulation	(1	μs).	

6.2.5.	Calculations	of	the	global	modes	of	motion	
Principal	components	analysis	(PCA)	is	a	technique,	which	is	commonly	used	to	

extract	information	about	global	modes	of	macromolecular	mobility	from	sets	of	

coordinates,	e.g.	MD	trajectories	(75).	A	limited	number	of	principal	components	

obtained	from	PCA	explains	the	most	of	the	variation	present	in	a	system.	Here,	

PCA	was	performed	using	the	ProDy	toolkit	(155).	For	the	analysis	we	used	the	

coordinates	of	all	Cα-atoms	of	the	protein.	

The	principal	 components	were	 compared	with	 the	 collective	modes	predicted	

from	 normal	 mode	 analysis	 (NMA)	 (241)	 used	 in	 its	 simplified	 form,	 the	

anisotropic	network	model	(ANM)	(73).	The	collective	modes	obtained	from	the	
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ANM	are	independent	on	force	field	selection	and	tiny	structural	details.	They	are	

derived	from	the	overall	topology	of	a	macromolecule	and	describe	global,	low-

frequency	modes	of	motions	potentially	accessible	for	a	system.	

6.3.	Results	and	Discussion	

6.3.1.	Reconstruction	of	the	transmembrane	arrays	
We	started	with	the	prediction	of	the	trimer-of-dimers	conformations	using	rigid-

body	 protein-protein	 docking	 as	 described	 in	 the	 Methods	 section.	 The	 two	

highest-ranked	 conformations	 we	 termed	 the	 “Y”-shaped	 and	 the	 “O”-shaped	

trimers	(Z-DOCK	score	=	44.27	and	39.48,	respectively,	with	higher	score	value	

meaning	better	match)	since	their	general	topologies	resemble	these	symbols.	In	

the	 “Y”-shaped	 conformation,	 only	 one	 monomer	 per	 NpSRII:NpHtrII	 dimer	

interacts	with	the	other	two	dimers	within	the	trimer	via	the	interface	consisting	

of	helices	A	and	B	of	one	monomer	and	helix	D	of	a	partner.	Contrarily,	in	the	“O”-

shaped	 trimer,	 both	 monomers	 of	 each	 dimer	 contact	 to	 the	 adjacent	 dimers	

leading	to	a	ring-like	topology	with	helices	A	and	B	of	one	monomer	interacting	

with	helix	E	of	another	one	(Fig.	6.1B,	6.1D).	

These	 two	 alternative	 conformations	 of	 trimer-of-dimers	 were	 subjected	 to	

another	round	of	symmetrically	restrained	protein-protein	docking	calculations	

with	C6	symmetry.	The	condition	of	hexameric	symmetry	was	imposed	in	order	to	

obtain	 lattice	 conformations,	 which	 are	 congruent	 with	 the	 hexagonal	

arrangement	 of	 the	 cytoplasmic	 domains	 of	 the	 chemoreceptor	 clusters.	 The	

resulting	 lattice	 models	 are	 shown	 in	 Fig.	 6.1	 along	 with	 the	 intra-hexagonal	

contacts.	The	latter	are	represented	in	the	lattice	based	on	the	“Y”-shaped	trimer	

by	the	interface	between	helices	A	and	B	and	helix	D,	while	in	the	alternative	lattice	

model	the	trimers-of-dimers	interact	via	helices	B,	C	and	D.	
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Figure	 6.1.	 Reconstruction	 of	 the	 transmembrane	 lattice	 formed	 by	 the	
NpSRII:NpHtrII	 photosensoric	 complexes.	 Two	 alternative	 hexameric	 lattice	
arrangements	are	shown:	based	on	the	“Y”-shaped	trimer-of-dimers	conformation	
(A-B)	 and	 on	 the	 “O”-shaped	 trimer-of-dimers	 conformation	 (C-D).	 Individual	
dimers	assembled	into	one	trimer-of-dimers	are	colored	in	three	different	colors.	
White	circles	designate	centers-of-mass	of	dimers	(small)	and	trimers-of-dimers	
(large).	The	details	about	the	inter-protein	interfaces	are	shown	in	panels	B	and	
D	with	the	helices	of	SRII	labeled	with	the	letters	from	A	to	G.	

The	distance	between	the	two	neighboring	trimers-of-dimers	within	a	hexameric	

lattice	cell	equals	9.2	and	9.5	nm	for	the	“Y”	and	“O”	lattice	models,	respectively.	

These	values	are	slightly	bigger	comparing	to	similar	distances	measured	between	

the	neighboring	cytoplasmic	tips	of	receptors	in	the	honeycomb	lattices	formed	

by	 chemoreceptors	 with	 the	 CheA/CheW	 baseplate	 (which	 vary	 between	 6.9	

(239)	 and	 8.0	 nm	 (22)).	 However,	 this	 difference	 can	 represent	 an	 intrinsic	

property	 of	 the	 receptors,	which	 assemble	 in	 concave	 transmembrane	 lattices.	
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The	concavity	of	receptor	arrays	may	facilitate	their	localization	preferably	at	the	

cell	poles	(23,	242).	A	rough	estimation	of	the	curvature	of	the	membrane-inserted	

arrays	is	given	in	Fig.	6.2.	The	calculated	inverse	membrane	curvature	equals	150-

300	nm,	what	is	close	to	the	experimentally	determined	curvature	values	(~400	

nm)	in	the	polar	regions	of	the	cylinder-shaped	bacterial	cells	(243).	

	

	
Figure	 6.2.	 Reconstruction	 of	 the	 transmembrane	 lattice	 formed	 by	 the	
NpSRII:NpHtrII	 photosensoric	 complexes.	 Difference	 between	 the	 inter-trimer	
distances	at	the	transmembrane	level	and	at	the	level	of	the	CheA/CheW	baseplate	
implies	intrinsically	concave	shape	of	the	receptor	arrays.	The	dimensions	of	the	
receptor	lattice	are	shown	along	with	the	inverse	curvature	calculated	using	them.	

6.3.2.	Discrimination	of	the	alternative	lattice	conformations	
We	have	used	several	computational	approaches	in	order	to	test,	which	of	the	two	

alternative	conformations	of	the	transmembrane	NpSRII:NpHtrII	lattice	appears	

as	the	more	probable	one.	

At	first,	we	assessed	the	degree	of	torsional	and	bending	plasticity	of	the	individual	

full-length	dimer	of	NpSRII:NpHtrII.	For	this	purpose,	we	analyzed	orientation	of	

the	transmembrane	region	of	the	dimer	with	respect	to	the	trimer-of-dimers	axis	

during	the	unrestrained	MD	simulation	of	0.5	μs	length.	The	results,	shown	in	Fig.	

6.3,	indicate	that	the	most	probable	distance	of	the	dimer	center-of-mass	(COM)	

from	the	trimeric	axis	is	about	3.3	nm	(values	for	the	“Y”	and	“O”	trimer	models	

are	3.0	and	3.6	nm,	respectively),	while	the	distribution	of	the	angle	between	the	

vector	 connecting	 COMs	 of	 the	 two	NpSRII	monomers	 and	 the	 vector	 pointing	
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from	 the	 COM	 of	 dimer	 to	 the	 COM	 of	 trimer-of-dimers	 has	 a	 pronounced	

maximum	at	170°	 (values	 for	 the	 “Y”	and	 “O”	 trimer	models	are	170°	and	55°,	

respectively).	Thus,	the	intrinsic	flexibility	of	the	NpSRII:NpHtrII	dimer	favors	the	

formation	of	the	“Y”-shaped	trimer-of-dimers.	

Furthermore,	the	“Y”-shaped	trimer-of-dimers	demonstrated	higher	stability	as	it	

can	be	judged	from	the	estimates	of	dissociation	free	energy	of	one	dimer	from	the	

trimer-of-dimers	 (see	 Fig.	 6.4).	 The	 free	 energy	 profiles	were	 calculated	 using	

MARTINI	coarse-grained	molecular	models	of	the	two	alternative	conformations	

of	the	trimer-of-dimers	as	described	in	the	Methods	section	and	indicate	that	the	

dissociation	 free	 energy	 of	 a	 single	 dimer-dimer	 contact	 in	 the	 “Y”-shaped	

conformation	is		~50	kJ/mol	higher	than	in	the	“O”-shaped	conformation.	

Additional	 evidence	 in	 favor	 of	 the	 “Y”	 conformation	 of	 the	 trimer-of-dimers	

comes	from	the	distribution	of	lipid	molecules,	which	are	bound	to	the	protein	in	

the	available	crystal	structures	of	NpSRII	(Fig.	6.5).	We	assumed	that	the	regions	

of	 the	 protein	 surface,	 which	 are	 important	 for	 protein-protein	 interactions,	

should	 have	 lower	 affinity	 to	 lipids,	 and	 vice	 versa.	 In	 accordance	 with	 this	

assumption,	 in	 the	 crystal	 structure	 of	 NpSRII	 obtained	 without	 the	 cognate	

transducer	 (PDB	 access	 code	 3QAP,	 (244))	 there	 are	 no	 resolved	 lipids	 in	 the	

vicinity	of	helices	F	and	G,	which	form	the	interface	for	the	NpHtrII	transducer.	

Another	region	lacking	bound	lipids	is	an	area	comprising	helices	D	and	E.	These	

helices	 are	 involved	 in	 formation	 of	 both	 the	 inter-dimer	 and	 the	 inter-trimer	

contacts	in	the	“Y”	model,	as	well	as	the	inter-dimer	contacts	in	the	“O”	model.	At	

the	same	time,	the	inter-trimer	contacts	in	the	latter	model	are	established	by	the	

interface	 consisting	 of	 helices	 B,	 C	 and	 D.	 This	 interface,	 however,	 bears	 a	

significant	number	of	bound	lipids,	what	disputes	its	potential	role	in	the	lattice	

formation.		
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Figure	 6.3.	Orientation	 of	 the	 transmembrane	 region	 of	NpSRII:NpHtrII	 dimer	
with	respect	to	the	trimeric	axis	computed	from	the	0.5	μs	MD	simulation	of	the	
full-length	dimer.	The	position	of	the	dimer	was	evaluated	in	terms	of	the	dimer	
displacement	(A)	and	its	torsion	angle	(B).	Panel	C	illustrates	the	centers-of-mass	
of	 trimer	 (T),	 dimer	 (D)	 and	 individual	 monomers	 (M1,	 M2)	 used	 for	 the	
displacement	and	torsion	angle	calculation.	

	
Figure	 6.4.	 Free	 energy	 profiles	 for	 a	 process	 of	 dissociation	 of	 one	
NpSRII:NpHtrII	dimer	from	the	trimer-of-dimers	(the	blue	curve	corresponds	to	
the	“Y”-shaped	initial	structure	of	the	trimer-of-dimers,	the	red	curve	–	the	“O”-
shaped	one)	estimated	using	the	constant	velocity	pulling	method.	

	
Figure	6.5.	Cartoons	depicting	the	distribution	of	the	co-crystallized	lipids	around	
NpSRII	molecule	colored	according	to	their	temperature	factor.	A:	Structure	of	the	
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NpSRII(D75N	mutant)/NpHtrII	 complex	 (PDB	 code	 4GYC);	B:	 Structure	 of	 the	
NpSRII	in	the	ground	state	(PDB	code	3QAP).	

6.3.3.	Global	motions	of	the	NpSRII:NpHtrII	dimer	suggest		a	model	of	
receptor	cooperativity	
Above,	we	have	shown	that	organization	of	the	cytoplasmic	tips	of	the	transducers	

in	hexagonal	arrays,	which	form	a	platform	for	binding	the	histidine-kinase	CheA	

and	the	adapter	protein	CheW,	necessitates	formation	of	similarly	highly-ordered	

lattices	of	the	NpSRII/NpHtrII	at	the	membrane	domain.	Such	densely	packed	two	

dimensional	clusters	consisting	of	identical	subunits	potentially	can	function	in	a	

highly	 cooperative	manner	 	 and	can	be	 the	basis	 for	 signal	 amplification	 (245-

247).	 If	 activation	 of	 a	 single	 receptor	 causes	 significant	 changes	 of	 its	 overall	

structure	 and/or	 dynamics,	 these	 global	 motions	 can	 allosterically	 spread	

throughout	the	lattice,	leading	to	a	cooperative	answer	(248),	and	might	account	

for	the	cooperativity	in	the	cytoplasmic	baseplate	(194).	However,	the	existence	

of	equally	dense	lattices	of	the	transmembrane	domains	suggests	that	they	can	act	

in	a	similar	way,	thus	providing	an	additional	layer	for	the	signal	amplification.	

In	order	to	study	plausible	cooperativity	at	the	transmembrane	level,	we	applied	

principal	component	analysis	(PCA)	to	the	1	μs	long	unbiased	MD	trajectory	of	a	

model	of	 the	transmembrane	part	of	 the	NpSRII:NpHtrII	dimer	(truncated	after	

position	82	of	the	transducer)	in	lipid	bilayer	to	reveal	possible	global	motional	

modes	 of	 the	 NpSII:NpHtrII	 dimer.	 The	 collective	 motions	 detected	 by	 PCA	

(principal	components,	PCs)	were	compared	with	the	global	modes	predicted	by	

normal	 mode	 analysis	 (NMA)	 (shown	 in	 Fig.	 6.6).	 Both	 methods	 indicate	 the	

presence	 of	 similar	 global	 motions	 as	 confirmed	 by	 the	 high	 overlap	 values	

between	 the	 PCA	 and	 NMA	 modes	 (Table	 6.1).	 The	 first	 two	 normal	 modes	

correspond	to	global	twisting	and	wagging	of	the	SRII	molecules.	The	third	normal	

mode	 (also	 largely	 present	 in	 the	 PC1)	 is	 of	 the	 special	 interest	 as	 it	 closely	

resembles	the	transition	between	the	“U”-	and	“V”-shaped	conformations	of	the	

NpSRII:NpHtrII	complex,	which	was	previously	argued	to	represent	a	functionally	

relevant	 global	 conformational	 change	 accompanying	 the	 activation	 process	

(249).	Interestingly,	the	membrane	insertion	energies,	calculated	for	the	“U”-	and	

“V”-shaped	dimers	with	the	help	of	the	PPM	web-server	(250),	differ	by	only	~5kT	

(−503.3	and	−516.3	kJ/mol,	respectively)	suggesting,	that	the	two	conformations	



 122 

can	easily	intercovert	(e.g.,	upon	absorption	of	a	photon,	which	energy	is	about	20	

times	 higher).	 However,	 the	 strength	 and	 the	 mode	 of	 interaction	 of	 the	

transmembrane	region	with	the	HAMP	domain	seems	to	be	different	in	the	“U”-	

and	“V”-shaped	conformations	(251).	The	latter	implies	feasible	coupling	between	

conformation	 of	 the	 HAMP	 and	 orientation	 of	 the	 SRII,	 which	may	 facilitate	 a	

global	 cooperative	 respond	 of	 the	 receptor:transducer	 clusters	 upon	 their	

activation.	

	
Figure	6.6.	Conformational	changes	associated	with	the	first	three	normal	modes.	
Two	extreme	projections	are	shown	for	each	mode	(colored	blue	and	red).	

Table	6.1.	Overlap	(in	%)	between	the	global	modes	detected	by	PCA	and	ANM.	

	 ANM	modes	

ANM1	 ANM2	 ANM3	

PCA	modes	

(contribution	to	

the	total	

variance,	%)	

PC1	(37)	 43	 2	 40	

PC2	(16)	 23	 89	 8	

PC3	(9)	 69	 25	 25	
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6.4.	Conclusion	

In	the	present	study	we	have	constructed	a	plausible	model	of	the	transmembrane	

lattice	formed	by	the	NpSRII:NpHtrII	phototaxis	complexes	based	on	the	recently	

justified	idea	of	structural	conservation	of	the	receptor	arrays	among	Bacteria	and	

Archaea.	 The	 hexameric	 arrangement	 of	 the	 cytoplasmic	 domains	 of	 the	

receptors/transducers	 implies	 a	 similar	 dense	 organization	 of	 the	

transmembrane	 regions	 of	 the	 photosensory	 complexes.	 We	 analyzed	 two	

alternative	models	of	the	transmembrane	lattice	and	identified,	which	of	the	two	

represents	 the	 energetically	more	 favorable	 conformation.	 Analysis	 of	 the	MD	

simulation	 of	 the	 truncated	 (at	 the	 position	 82	 of	 the	NpHtrII)	NpSRII:NpHtrII	

dimer	 revealed	 the	 presence	 of	 global	 motions	 involving	 reorientation	 of	 the	

NpSRII	 molecules.	 One	 of	 these	 global	 modes	 resembles	 the	 conformational	

change	(a	relative	orientation	of	NpSRII	molecules	within	a	dimer	reminiscent	of	

the	 “U”-“V”	 shape	 change),	 which	 was	 previously	 attributed	 to	 the	 activation	

process	based	on	the	alternative	symmetries	of	the	receptor	complex	revealed	by	

X-ray	 crystallography.	 Such	 large	 amplitude	global	motions,	which	 at	 the	 same	

time	 are	 associated	with	 a	 subtle	 free	 energy	 change,	 can	 allosterically	 spread	

across	 the	 two-dimensional	 transmembrane	 lattice	 triggering	 a	 cooperative	

activation	of	multiple	copies	of	the	receptors,	what	can	provide	an	additional	level	

for	the	signal	amplification.	
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7.	Summary	

Dynamics	 are	 essential	 for	 many	 protein	 functions,	 including	 allostery	 and	

signaling.	While	 direct	 experimental	 investigation	of	molecular	details	 of	 these	

processes	 is	 notoriously	 difficult,	 computational	 techniques	 provide	 a	 feasible	

alternative.	In	this	thesis,	we	have	made	use	of	various	computational	biophysics	

approaches	–	largely,	but	not	limited	to,	molecular	dynamics	(MD)	simulations	–	

in	order	to	unravel	molecular	mechanisms	of	action	of	the	bacterial	and	archaeal	

transmembrane	chemo-	and	photoreceptors,	which	are	the	key	elements	 in	the	

prokaryotic	chemo-	and	phototaxis	machinery.	The	latter	represent	prototypical	

examples	 of	 the	 widely	 spread	 two-component	 signal	 transduction	 cascades,	

which	allow	microbes	to	sense	and	respond	to	changes	of	various	environmental	

conditions.	

Several	molecular	models	of	chemo-	and	photoreceptors	have	been	prepared	and	

studied	 in	 the	 present	 work	 spanning	 different	 levels	 of	 their	 structural	

organization:	 from	 individual	 domains	 to	 transmembrane	 arrays	 comprising	

multiple	copies	of	the	receptors.	

	

In	 Chapter	 3,	 we	 have	 performed	 long	 MD	 simulations	 of	 the	 isolated	 linker	

domain	(HAMP	domain)	from	the	serine	chemoreceptor	of	E.	coli	(EcTsr),	which	

conveys	 the	 extracellular	 input	 signal	 to	 the	 cytoplasmic	 domain	 of	 the	

chemoreceptor,	where	the	histidine	kinase	CheA	is	bound.	The	reported	results	

represent	the	first	attempt	to	characterize	the	conformational	space	of	the	native	

HAMP	domain	from	the	bacterial	Tsr	chemoreceptor	by	means	of	extensive	MD	

simulations.	

The	HAMP	domain	is	a	homodimer,	which	consists	of	four	parallel	helices,	forming	

coiled-coil	 bundle	 and	 connected	 by	 a	 flexible	 loop	 (the	 connector).	 The	 MD	

simulations	 revealed	highly	dynamical	 nature	of	 this	 domain,	which	 allows	 for	

interconversion	 between	 several	 metastable	 states	 via	 the	 concerted	 helical	

motions	 accompanied	 by	 the	 specific	 interactions	 with	 the	 connector.	 These	

helical	 motions	 are	 coupled	 with	 alterations	 of	 the	 domain’s	 dynamics	 and	

symmetry.	The	identified	states	share	substantial	structural	similarity	with	two	

conformations,	which	were	previously	proposed	as	the	two	functionally	opposite	
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states	 of	 HAMP.	 At	 the	 same	 time,	 the	 observed	 change	 of	 the	 HAMP	 domain	

dynamics	 resembles	 the	 experimentally	 found	 exchange	between	dynamic	 and	

static	conformations	of	 the	NpHtrII	HAMP	domains,	which	can	be	shifted	by	 its	

activation	as	well	as	by	the	ionic	strength	and	temperature.	

Altogether,	 the	results	 imply	 that	allosteric	effects	can	play	a	significant	role	 in	

modulation	 of	 the	 equilibrium	 between	 different	 conformations	 of	 the	 HAMP	

domain	 explaining	 how	 input	 signals	 of	 various	 nature	 lead	 to	 the	 seemingly	

identical	output.	

	

In	Chapter	4,	we	have	carried	out	MD	simulations	of	a	model	of	the	cytoplasmic	

segment	 of	 the	 E.	 coli	 serine	 chemoreceptor	 dimer,	 EcTsr,	 in	 order	 to	 study	

mechanism	 of	 the	 inter-domain	 coupling	 between	 the	 HAMP	 domain	 and	 the	

adaptation	 subdomain.	 We	 made	 use	 of	 the	 parallels	 between	 signaling	 and	

adaptation	processes,	which	allowed	us	to	model	the	kinase-on	and	the	kinase-off	

states	 of	 the	 receptor	 as	 the	 extreme	 adaptation	 states,	 with	 the	 four	 specific	

amino	 acid	 residues	 in	 the	 cytoplasmic	 domain	 modeled	 either	 as	 glutamate	

residues	(mimicking	the	fully	methylated	cytoplasmic	domain)	or	as	glutamic	acid	

residues	(mimicking	the	fully	demethylated	one).	

The	 simulations	 showed	 that	 methylation	 increases	 symmetry	 and	 reduces	

mobility	in	two	of	the	three	subdomains	of	the	cytoplasmic	domain:	the	adaptation	

subdomain	and	the	flexible	bundle,	while	demethylation	has	the	opposite	effects.	

Moreover,	in	the	adaptation	subdomain,	methylation/demethylation	gives	rise	to	

the	characteristic	movements	of	the	C-	and	N-terminal	helices,	opposite	in	their	

sign.	Altogether,	in	the	methylated	state,	these	changes	destabilize	the	stutter	(a	

region	 connecting	 the	 HAMP	 domain	 and	 the	 adaptation	 subdomain,	 which	

corresponds	to	a	discontinuity	of	 the	coiled	coil	heptad	pattern	of	hydrophobic	

and	hydrophilic	residues),	which	eventually	loses	its	α-helical	structure.	Despite	

of	 the	 pronounced	 differences	 between	 the	 methylated	 and	 the	 demethylated	

systems	 in	 the	 HAMP	 domain,	 the	 stutter,	 the	 adaptation	 subdomain	 and	 the	

flexible	bundle	of	the	cytoplasmic	domain,	we	observed	little	to	no	changes	in	the	

kinase-activating	 subdomain	 at	 the	 level	 of	 the	 simulated	 individual	 dimer.	

Neither	the	adaptation	seems	to	alter	the	coiled	coil	packing	in	any	region	of	the	
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cytoplasmic	domain.	Thus,	activation	of	the	kinase	CheA	may	need	the	assembling	

of	receptor	dimers	into	higher	order	complexes,	e.g.	the	trimers-of-dimers.		

Our	results	suggest	that	the	local	helical	unwinding	serves	as	a	structural	basis	for	

the	 inter-domain	 coupling	between	 the	HAMP	and	 the	adaptation	domain.	The	

results	 also	 provide	 a	 mechanistical	 insight	 into	 the	 process	 of	 the	 signal	

transduction	 through	 the	 cytoplasmic	 domain	 caused	 by	 its	 reversible	

methylation/demethylation	invoking	dynamics	as	a	key	player	of	this	process.	

	

In	Chapter	5,	we	have	performed	coarse-grained	(CG)	MD	simulations	of	a	trimer	

of	 receptor/transducer	 dimers,	 namely	 NpSRII/NpHtrII	 from	 Natronomonas	

pharaonis,	 in	 order	 to	 unravel	 the	 molecular	 mechanism	 of	 signaling	 in	 this	

archaeal	phototaxis	complex.	

Signaling	is	regulated	by	a	reversible	methylation	mechanism	called	adaptation,	

which	 also	 influences	 the	 level	 of	 basal	 receptor	 activation.	 Mimicking	 two	

extreme	methylation	states	in	our	simulations	we	found	conformational	changes	

for	the	transmembrane	region	of	NpSRII/NpHtrII,	which	resemble	experimentally	

observed	light-induced	changes.	Further	downstream	in	the	cytoplasmic	domain	

of	 the	 transducer	 the	signal	propagates	via	distinct	changes	 in	 the	dynamics	of	

HAMP1,	HAMP2,	 the	 adaptation	 domain	 and	 the	 binding	 region	 for	 the	 kinase	

CheA,	 where	 conformational	 rearrangements	 were	 found	 to	 be	 subtle.	 Overall	

these	 observations	 suggest	 a	 signaling	mechanism	 based	 on	 dynamic	 allostery	

resembling	 models	 previously	 proposed	 for	 E.	 coli	 chemoreceptors,	 indicating	

similar	 properties	 of	 signal	 transduction	 for	 archaeal	 photoreceptors	 and	

bacterial	chemoreceptors.	

	

Finally,	in	Chapter	6,	we	built	a	model	of	the	transmembrane	lattice	formed	by	the	

NpSRII:NpHtrII	phototaxis	receptor	complexes	using	protein-protein	docking,	all-

atom	and	CG	MD	simulations.	Additionally,	we	revealed	global	motional	modes	of	

the	 NpSII:NpHtrII	 dimer	 by	 means	 of	 normal	 mode	 and	 essential	 dynamics	

analyses.	 These	 low-energy	 collective	motions	 lead	 to	 relative	 reorientation	 of	

two	NpSRII	molecules	within	the	dimer,	which	resembles	alternative	symmetries	

of	 the	 NpSRII:NpHtrII	 receptor	 complex	 found	 previously	 by	 X-ray	

crystallography.	 Our	 results	 suggest	 that	 these	 large	 amplitude	 global	
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conformational	 rearrangements,	 which	 presumably	 develop	 in	 the	

transmembrane	 region	 of	 the	 NpSRII:NpHtrII	 dimer	 upon	 its	 activation,	 can	

spread	 across	 the	 receptor	 array	 by	 means	 of	 allosteric	 communication	 and,	

therefore,	allow	for	the	signal	amplification.	 	
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