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Abstract	
	
Bacteria	use	a	wide	variety	of	mechanisms	to	establish	an	infection	in	their	host	
and	 to	 compete	 with	 other	 microorganisms	 for	 space	 and	 nutrients.	 These	
virulence	 and	 survival	 mechanisms	mainly	 rely	 on	 the	 functions	 of	 proteins,	
which	 perform	 a	 multitude	 of	 highly	 specialized	 tasks	 to	 ensure	 bacterial	
colonization	 and	 survival	 in	 the	 host,	 e.g.,	 through	 adhesion	 to	 host	 tissues,	
nutrient	import,	immune	evasion	mechanisms	and	toxin	delivery.		
	
As	the	function	of	a	protein	is	governed	by	its	structure,	determining	its	three-
dimensional	 structure	 makes	 it	 possible	 to	 gain	 knowledge	 also	 about	 its	
function.	 This	 thesis	 is	 focused	 on	 virulence	 factors	 in	Borrelia	 and	Klebsiella	
bacteria	and	I	have	used	structural	bioinformatics	methods	to	provide	a	detailed	
understanding	of	how	structural	features	govern	the	function	of	a	protein.		
	
The	 BmpA,	 BmpB,	 BmpC	 and	 BmpD	 proteins	 of	 the	 Lyme	 disease-causing	
bacteria	Borrelia	burgdorferi	 are	 an	example	of	how	bacteria	 can	 survive	and	
reproduce	successfully	in	a	host	despite	a	very	limited	biosynthetic	capacity.	By	
analysing	3D	structural	models	of	 the	Bmp	proteins,	we	showed	that	they	are	
involved	in	the	purine	salvage	pathway,	which	is	used	by	the	Borrelia	bacteria	to	
obtain	 vital	 purine	nucleotides	 even	 though	 they	 lack	 the	 enzymes	needed	 to	
synthesize	 them.	 BmpD	 was	 shown	 experimentally	 to	 bind	 to	 the	 purines	
adenosine	 and	 inosine.	 Our	 structural	 comparison	 showed	 a	 high	 similarity	
between	BmpA,	BmpB	and	BmpD,	while	BmpC	differed	 significantly	 from	 the	
others,	 indicating	 a	 preference	 for	 a	 different	 ligand.	 The	 evolutionary	
relationships	between	the	Borrelia	Bmp	proteins	were	studied	in	a	phylogenetic	
analysis,	which	 provided	 an	 improved	 classification	 of	 the	 Bmp	 proteins	 and	
revealed	 significant	 differences	 between	 the	 Lyme	 disease-causing	 and	 the	
relapsing	fever-causing	Borrelia.		
	
To	 successfully	 colonize	 a	 host,	Borrelia	bacteria	 also	 need	 to	 adhere	 to	 host	
tissues,	and	this	is	done	through	specialized	surface-located	proteins	that	bind	
to	receptors	on	host	cells	or	in	the	extracellular	matrix.	Based	on	our	mutational	
studies,	the	Borrelia	garinii	DbpA	and	DbpB	proteins	are	essential	for	adhesion	
to	 cells	 in	 the	 nervous	 system	 and	 mediate	 adherence	 by	 binding	 to	 the	
proteoglycans	 decorin	 and	 biglycan	 on	 the	 surface	 of	 HBMECs	 (human	 brain	
microvascular	endothelial	cells).	Negatively	charged	glycosaminoglycan	(GAG)	
chains	on	the	proteoglycans	interact	with	positively	charged	lysine	residues	on	
the	 surface	 of	 the	 Dbp	 proteins	 and	 these	 interactions	 were	 inhibited	 by	
mutating	 the	 lysines.	 Our	 structural	 analysis	 showed	 significant	 changes	 in	
surface	 potential	 for	 the	 mutated	 proteins,	 which	 explained	 the	 loss	 of	
electrostatic	 interactions,	 and	 highlighted	 the	 importance	 of	 individual	 lysine	
residues	for	proteoglycan	binding.		
	



	

	
	

The	highly	antibiotic	resistant	bacterium	Klebsiella	pneumoniae	uses	secretion	
systems	 to	 inject	 toxic	 effectors	 into	 host	 cells	 or	 rival	 microorganisms.	 The	
effectors	of	the	type	VI	secretion	system	(T6SS)	can	suppress	the	host	immune	
system	 and	VgrG	 proteins	 play	 a	 key	 role	 in	 the	 function	 of	 this	 system.	Our	
experimental	studies	showed	that	K.	pneumoniae	VgrG4	causes	a	ROS-mediated	
toxic	 effect	 in	 the	 host	 and	 that	 its	 C-terminal	 DUF2345-containing	 part	 is	
sufficient	for	ROS	induction.	Structural	modelling	predicted	that	this	region	has	
a	beta-helical	fold,	which	is	characteristic	for	VgrG	spikes.	The	immunity	protein	
Sel1E	prevents	the	toxic	effects	of	VgrG4	from	harming	the	bacteria	itself,	and	by	
combining	 a	 structural	 analysis	with	 a	 study	 of	 its	 evolutionary	 conservation	
patterns	we	highlighted	residues	possibly	involved	in	interactions	with	VgrG4.		
	
In	summary,	this	work	deepens	our	understanding	of	the	structure	and	function	
of	 bacterial	 proteins	 essential	 for	 virulence	 and	 survival.	 Insights	 into	 the	
detailed	 molecular	 mechanisms	 of	 a	 protein’s	 function	 can	 greatly	 aid	 the	
development	of	highly	targeted	novel	treatment	methods.		

	 	



	

	
	

Sammanfattning	
	
Bakterier	 använder	 sig	 av	 en	 mängd	 olika	 mekanismer	 för	 att	 infektera	 sin	
värdorganism	och	för	att	konkurrera	om	utrymme	och	näringsämnen	med	andra	
mikroorganismer.	 Dessa	 virulens-	 och	 överlevnadsmekanismer	 baserar	 sig	
främst	 på	 funktionen	 hos	 olika	 proteiner	 som	 utför	 en	 mängd	 mycket	
specialiserade	 uppgifter	 för	 att	 säkerställa	 kolonisering	 och	 överlevnad	 i	
värdorganismen,	t.ex.	genom	adhesion	till	värdens	vävnader,	genom	upptag	av	
näringsämnen,	 undvikande	 av	 immunförsvaret	 och	 leverans	 av	 toxiska	
substanser.		
	
Eftersom	 ett	 proteins	 funktion	 avgörs	 av	 dess	 struktur	 kan	 man	 få	 fram	
information	om	proteinets	funktion	genom	att	bestämma	dess	tredimensionella	
struktur.	Den	här	avhandlingen	är	fokuserad	på	virulensfaktorer	i	Borrelia-	och	
Klebsiella-bakterier	och	strukturbioinformatikmetoder	har	använts	för	att	ge	en	
detaljerad	förståelse	för	hur	strukturella	egenskaper	styr	ett	proteins	funktion.	
	
BmpA,	BmpB,	BmpC	och	BmpD	proteinerna	i	Borrelia	burgdorferi,	som	orsakar	
borrelios,	är	exempel	på	hur	bakterier	kan	överleva	och	föröka	sig	framgångsrikt	
i	en	värdorganism	trots	en	mycket	begränsad	biosyntetisk	kapacitet.	Genom	att	
analysera	 3D-strukturmodeller	 för	 Bmp	 proteinerna	 visade	 vi	 att	 de	 är	
involverade	i	den	så	kallade	purine	salvage-rutten,	som	bakterierna	använder	för	
att	få	tillgång	till	livsnödvändiga	purin-nukleotider,	trots	att	de	saknar	de	enzym	
som	 behövs	 för	 att	 syntetisera	 dem.	 Experimentella	 studier	 visade	 att	 BmpD	
binder	till	purinerna	adenosin	och	inosin.	Vår	strukturella	jämförelse	visade	att	
det	 finns	 en	 stor	 likhet	mellan	 BmpA,	 BmpB	 och	 BmpD	medan	 BmpC	 tydligt	
skiljer	sig	från	de	andra,	vilket	indikerar	att	den	binder	till	en	annorlunda	ligand.	
De	 evolutionära	 förhållandena	 mellan	 Borrelias	 Bmp	 proteiner	 studerades	
genom	en	fylogenetisk	analys,	som	resulterade	i	en	förbättrad	klassificering	av	
Bmp	proteinerna	och	visade	på	tydliga	skillnader	mellan	de	Borrelia-bakterier	
som	orsakar	borrelios	och	de	som	orsakar	återfallsfeber.		
	
För	 att	 framgångsrikt	 kolonisera	 en	 värdorganism	behöver	Borrelia-bakterier	
också	 fästa	 sig	 vid	 värdens	 vävnader,	 och	 detta	 görs	 genom	 specialiserade	
ytproteiner	som	binder	till	receptorer	på	värdcellens	yta	eller	i	det	extracellulära	
matrixet.	 Baserat	 på	 våra	 mutationstudier	 är	 DbpA	 och	 DbpB	 proteinerna	 i	
Borrelia	garinii	väsentliga	för	adhesion	till	celler	i	nervsystemet	och	förmedlar	
detta	 genom	 att	 binda	 till	 proteoglykanerna	 decorin	 och	 biglykan	 på	 ytan	 av	
mikrovaskulära	endotelceller	i	människans	hjärna	(human	brain	microvascular	
endothelial	 cells,	HBMECs).	Negativt	 laddade	 glykosaminoglykankedjor	 (GAG)	
på	proteoglykanerna	 interagerar	med	positivt	 laddade	 lysiner	på	ytan	av	Dbp	
proteinerna,	 och	 dessa	 interaktioner	 inhiberas	 när	 lysinerna	 muteras.	 Vår	
strukturella	 analys	 visade	 tydliga	 skillnader	 i	 ytpotential	 för	 de	 muterade	
proteinerna,	vilket	förklarar	förlusten	av	de	elektrostatiska	interaktionerna,	och	
betonar	vikten	av	individuella	lysiner	för	proteoglykanbindning.				



	

	
	

	
Den	 antibiotikaresistenta	 bakterien	 Klebsiella	 pneumoniae	 använder	 sig	 av	
speciella	 utsöndringssystem	 för	 att	 överföra	 toxiska	 effektormolekyler	 till	
värdceller	 eller	 konkurrerande	 mikroorganismer.	 Effektormolekylerna	 i	
utsöndringssystem	 VI	 (type	 six	 secretion	 system,	 T6SS)	 kan	 hämma	
värdorganismens	 immunförsvar	 och	 VgrG	 proteinerna	 utgör	 en	 viktig	 del	 i	
systemet.	 Våra	 experimentella	 studier	 visade	 att	 VgrG4	 från	 K.	 pneumoniae	
orsakar	 en	 toxisk	 effekt	 i	 värdcellen	 och	 att	 detta	 styrs	 genom	 inducering	 av	
oxidativ	 stress.	 Proteinets	 C-terminala	 DUF2345-innehållande	 del	 visade	 sig	
vara	tillräcklig	för	detta	och	genom	strukturell	modellering	visade	vi	att	denna	
region	har	 en	beta-helikal	 struktur,	 vilket	 är	 typiskt	 för	 spike-delen	hos	VgrG	
proteiner.	Immunitetsproteinet	Sel1E	förhindrar	den	toxiska	effekten	av	VgrG4	
att	skada	bakterien	själv,	och	genom	att	kombinera	strukturella	analyser	med	
studier	 av	 proteinets	 evolutionära	 konservationsmönster	 kunde	 vi	 peka	 ut	
aminosyror	som	potentiellt	interagerar	med	VgrG4.		
	
Detta	arbete	bidrar	till	en	fördjupad	kunskap	om	strukturen	och	funktionen	hos	
bakteriella	proteiner	som	är	nödvändiga	för	virulens	och	överlevnad.	Insikter	i	
de	 detaljerade	molekylära	mekanismerna	 för	 ett	 proteins	 funktion	 kan	 bidra	
med	 viktig	 information	 vid	 utvecklingen	 av	 nya	 och	 specifikt	 målinriktade	
behandlingsmetoder.			
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SLR	 	 Sel1-like	Repeats	
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1. Introduction	
	 
Bacteria	are	microscopic	organisms	that	thrive	in	all	kinds	of	environments	and	
have	an	ability	to	adapt	to	the	most	extreme	circumstances.	Some	bacteria	live	in	
our	bodies	and	are	vital	 for	 the	body’s	normal	 functions,	while	other	bacteria	
contain	 virulence	 factors	 that	 cause	 disease	 in	 their	 host.	 The	 discovery	 of	
antibiotics	 in	 the	20th	 century	 enabled	us	 to	 treat	 infections	 caused	by	 these	
pathogenic	 bacteria,	 but	 the	 rapid	 life	 cycles	 of	 bacteria	 mean	 that	 they	 are	
quickly	 developing	 resistance	 to	many	 antibiotics	 (Hutchings	 et	 al.,	 2019).	 In	
combination	with	our	overuse	of	antibiotics,	this	has	led	to	an	alarming	situation	
where	more	and	more	bacteria	are	rapidly	developing	antibiotic	resistance.	At	
the	same	time,	the	rate	of	antibiotic	development	has	steadily	decreased	in	the	
last	few	decades,	creating	a	situation	where	even	common	infections	can	become	
life-threatening. 
	 
Bacteria	use	complex	mechanisms	to	infect	their	hosts	and	to	compete	with	other	
bacteria	 for	 resources.	 The	 constant	 arms	 race	 between	 bacteria	 and	 their	
competitors	have	led	to	the	development	of	a	multitude	of	different	mechanisms	
and	most	bacteria	have	a	large	arsenal	of	weapons	for	attacking	both	host	cells	
and	rival	bacteria	(Bliven	and	Maurelli,	2016).	Several	mechanisms	can	often	be	
used	simultaneously	and	are	coordinated	to	produce	a	specific	effect	at	the	right	
place,	at	the	right	time.	It	has	also	been	suggested	that	antibiotic	resistance	could	
be	reduced	by	using	antibiotics	that	target	bacterial	virulence	mechanisms	since	
this	 would	 give	 a	 lower	 selection	 pressure	 (Ruer	 et	 al.,	 2015).	 Most	 of	 the	
virulence	mechanisms	rely	on	proteins	to	perform	different	functions	that	harm	
the	 target	 cell	 in	 some	 way,	 for	 example	 by	 rupturing	 the	 target	 cell	 or	 by	
breaking	down	its	DNA	(Webb	and	Kahler,	2008).	
	 
Proteins	are	large	macromolecules	that	can	be	considered	the	workers	of	a	cell.	
They	are	involved	in	all	major	processes	needed	to	sustain	life.	On	the	organism	
level	they	play	key	roles	in,	for	example,	the	immune	system,	the	metabolism	and	
the	 nervous	 system,	 and	 on	 the	 cellular	 level	 they	 are	 involved	 in	 e.g.,	 DNA	
replication,	 enzymatic	 reactions	 and	 transporter	 functions.	 Proteins	 are	 built	
from	20	standard	amino	acids,	combined	in	countless	numbers	of	ways,	and	with	
co-	and	posttranslational	modifications,	they	produce	a	vast	array	of	proteins	of	
different	 sizes	 and	 shapes.	 The	 sequence	 of	 amino	 acids	 specifies	 the	 three-
dimensional	structure	of	the	protein,	which	 is	essential	 for	the	function	of	the	
protein.	 
	 
Bioinformatics	is	a	multidisciplinary	field	that	combines	biology,	mathematics,	
computer	 science	 and	 statistics	 to	 study	 protein	 function,	 evolutionary	
relationships	or	predict	protein	structures	(Aamer	Mehmood,	2014).	The	field	
was	originally	initiated	by	Margaret	Dayhoff	in	the	1950s,	when	she	started	using	
computational	tools	to	study	protein	sequences	(Gauthier	et	al.,	2019).	To	fully	
understand	 the	 function	 of	 a	 protein	 however,	 it	 is	 vital	 to	 know	 its	 three-
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dimensional	 structure.	 This	 can	 be	 determined	 either	 through	 experimental	
methods,	like	X-ray	crystallography, Cryogenic	electron	microscopy	(cryo-EM), 
Nuclear	magnetic	resonance	(NMR)	or	by	use	of	computational	tools.	Structural	
bioinformatics	 is	 a	 branch	 of	 bioinformatics	 that	 uses	 various	 computational	
tools	to	predict	and	analyze	the	3D	structures	of	proteins	(Chandra	et	al.,	2010).		
From	the	structure	of	a	protein,	its	function	can	be	inferred	and	detailed	analyses	
of	how	proteins	interact	with	each	other	and	with	other	molecules	can	be	made.	
However,	when	analyzing	protein	structures,	it	is	important	to	remember	that	
proteins	 are	 highly	 dynamic	 molecules	 that	 constantly	 fluctuate	 between	
conformations,	and	in	some	cases	do	not	form	stable	structures	unless	bound	to	
another	molecule	(Dyson	and	Wright,	2005;	Henzler-Wildman	and	Kern,	2007).		
	
Since	 the	 number	 of	 sequenced	 proteins	 is	 much	 larger	 than	 the	 number	 of	
experimentally	 determined	 protein	 structures,	 the	 function	 of	many	 proteins	
remains	unknown.	As	a	result	of	this	discrepancy,	novel	ways	of	treating	diseases	
are	 left	 undiscovered	 due	 to	 the	 lack	 of	 structural	 information.	 Here,	
computational	structure	prediction	methods	can	play	an	important	role,	as	they	
can	predict	the	structure	of	a	protein	much	faster	and	more	inexpensively	than	
the	experimental	methods. 
		
In	this	thesis,	information	obtained	from	protein	sequences	and	structures	are	
combined	with	 the	 results	 of	 functional	 studies	 and	with	 analyses	 of	 protein	
interactions	 to	 study	 specific	 proteins	 that	 are	 involved	 in	 host	 infection	 and	
intermicrobial	 competition.	 This	 integrated	 approach	 provides	 detailed	
information	on	 the	proteins	and	 their	 functional	properties	and	enables	us	 to	
define	their	roles	in	the	complex	networks	of	interbacterial	and	host-pathogen	
interactions. 
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2. Review	of	the	literature		
	

 Bacterial	pathogens	
	
Bacteria	are	prokaryotic	microorganisms	that	come	 in	many	shapes	and	sizes	
and	 that	 exist	 in	 almost	 every	 conceivable	 environment	 on	 earth.	 Unlike	
eukaryotes,	prokaryotes	have	a	cell	wall,	which	is	sometimes	surrounded	by	a	
sticky	 capsule,	 they	 lack	 complex	 organelles	 and	 besides	 their	 single	
chromosome	 they	 also	 contain	 small	 rings	 of	 DNA,	 called	 plasmids.	 Hair-like	
appendages	called	fimbriae	and	pili	are	used	for	communication	and	attachment,	
and	 longer	 appendages	 called	 flagella	 are	 used	 for	 movement.	 Bacteria	 are	
traditionally	divided	into	either	Gram-negative	or	Gram-positive	bacteria	after	
Hans	Christian	Gram,	who	discovered	a	staining	method	which	can	differentiate	
bacteria	based	on	their	cell	wall	structure.	In	Gram-positive	bacteria,	the	cell	wall	
is	made	up	of	a	plasma	membrane,	a	periplasmic	space	and	a	very	thick	layer	of	
peptidoglycan,	containing	teichoic	and	lipoteichoic	acids	inside	it	(Cabeen	and	
Jacobs-Wagner,	2005).	The	Gram-negative	cell	wall	on	the	other	hand	is	a	more	
multilayered	 structure,	with	 a	 lipopolysaccharide	 (LPS)-rich	 outer	membrane	
and	 a	 periplasmic	 space	 between	 the	 inner	 and	 outer	 membranes.	 A	 thin	
peptidoglycan	 layer	 in	 the	periplasm	 is	 connected	 to	 the	outer	membrane	via	
lipoproteins	(figure	1).		
	
Many	 bacteria	 live	 in	 our	 bodies	 and	 form	 commensal	 relationships	 that	 are	
mutually	beneficial.	Our	bodies	offer	a	nutrient-rich	environment	for	the	bacteria	
and	 they	 in	 turn	provide	us	with	 essential	 vitamins,	 digest	nutrients	 that	our	
bodies	cannot	break	down,	and	help	prevent	colonization	by	pathogenic	bacteria	
(Brestoff	 and	 Artis,	 2013).	 Pathogenic	 bacteria	 contain	 virulence	 factors	 that	
enable	 them	 to	 evade	 the	 immune	 system	and	 cause	disease	 in	 the	host.	 The	
virulence	 of	 bacteria	 can	 be	 defined	 as	 the	 result	 of	 interactions	 between	 a	
microbe	 and	 a	 susceptible	 host	 (Casadevall	 and	 Pirofski,	 2019).	 Hospital-
acquired	infections	are	an	example	of	how	normally	harmless	bacteria	can	cause	
disease	when	 the	 immune	 system	of	 the	 host	 is	weakened.	 In	 relation	 to	 the	
estimated	number	of	bacterial	species,	very	few	species	actually	cause	disease	
and	 from	 an	 evolutionary	 perspective	 it	 is	 usually	 more	 beneficial	 for	 the	
bacteria	 to	 live	 in	 a	 commensal	 relationship	with	 its	 host.	 Despite	 this,	 some	
bacteria	 do	 cause	 disease	 and	 it	 has	 been	 speculated	 that	 for	 some	 bacteria	
disease	is	a	requirement	for	successful	transmission	to	a	new	host.		
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Figure	1.	Differences	in	membrane	structure	between	Gram-positive	and	Gram-negative	bacteria.	
The	figure	shows	a	simplified	bacterial	cell	where	the	main	components	are	marked.	The	close-ups	
show	 the	 specific	 cell	 wall	 features	 of	 Gram-positive	 and	 Gram-negative	 bacteria.	 The	 Gram-
positive	cell	wall	consist	of	a	plasma	membrane,	a	thin	periplasmic	space	and	a	thick	peptidoglycan	
layer	with	lipoteichoic	and	teichoic	acids.	The	Gram-negative	cell	wall	consist	of	two	membranes,	
an	inner	plasma	membrane	and	an	outer	membrane.	Between	them	is	the	periplasmic	space	which	
also	contains	a	thin	layer	of	peptidoglycan.	

	
To	gain	access	to	a	host,	bacteria	must	penetrate	its	external	barriers	and	then	
evade	its	defenses	to	ensure	survival	and	replication	(Sen	et	al.,	2016).	For	every	
defense	mechanism	 employed	 by	 the	 host,	 bacteria	 have	 developed	 effective	
mechanisms	to	counteract	them,	thus	creating	an	arms	race	between	host	and	
pathogen	(Webb	and	Kahler,	2008).	Many	of	these	mechanisms	are	also	used	in	
competition	with	other	bacterial	 species,	enabling	 the	bacteria	 to	outcompete	
their	rivals	for	access	to	host	nutrients.			
	
The	 aim	 of	 this	 literature	 review	 is	 to	 give	 a	 general	 overview	 of	 bacterial	
mechanisms	 used	 for	 host	 infection	 and	 interbacterial	 competition	 and	 to	
emphasize	 the	mechanisms	 that	 are	 relevant	 for	 the	projects	 included	 in	 this	
thesis.		
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 Host	defense	mechanisms	
	
Pathogenic	bacteria	entering	the	body	of	a	host	will	encounter	a	wide	range	of	
obstacles	produced	by	the	defense	system	of	the	host.	First,	physical	barriers	try	
to	block	pathogens	from	gaining	access	into	the	host.	When	the	pathogens	have	
penetrated	 these	 initial	 barriers,	 they	 are	met	 by	 the	 innate	 immune	 system,	
which	 produces	 the	 first	 immune	 responses	 against	 the	 intruder.	 After	 a	 few	
days,	the	highly	specific	adaptive	immune	response	is	activated,	killing	invading	
pathogens	in	a	highly	specific	manner.	In	cases	where	the	host’s	own	defenses	
are	not	enough,	pharmaceutical	antimicrobial	 compounds	 (antibiotics)	 can	be	
used	to	eradicate	the	infection.		
	

2.2.1 Innate	immunity	
	
Physical	 barriers,	 like	 the	 skin,	 the	 respiratory	 tract	 and	 the	 gastrointestinal	
tract,	prevent	pathogens	from	entering	our	bodies,	and	secretions	such	as	mucus,	
saliva	and	tears	wash	away	foreign	particles	from	the	epithelial	surfaces	of	the	
body	(Wilson	et	al.,	2002).	These	barriers	also	produce	chemical	substances	that	
are	harmful	to	the	pathogens,	e.g.,	antibacterial	peptides,	enzymes	and	stomach	
acid.	 Antibacterial	 peptides	 are	 produced	 by	 many	 cell	 types	 in	 the	 body,	
especially	by	epithelial	cells	that	come	in	direct	contact	with	pathogens	(Patel	
and	Akhtar,	2017).	They	are	a	highly	diverse	group	of	molecules	that	often	target	
the	cell	membrane	or	other	non-specific	 targets,	 thereby	making	 it	harder	 for	
bacteria	to	develop	resistance	(Nguyen	et	al.,	2011).	Commensal,	non-pathogenic	
bacteria	 normally	 inhabit	 the	 epithelial	 surfaces,	 and	 the	 invading	 pathogens	
must	compete	with	them	for	space	and	nutrients.	Once	the	pathogen	passes	these	
initial	 barriers,	 they	 encounter	 the	 cells	 of	 the	 innate	 immune	 system,	which	
produces	non-specific	reactions	against	invading	microbes.		
	
The	 initial	 innate	 cellular	 response	 to	 pathogens	 is	 mainly	 mediated	 by	
phagocytic	cells	like	neutrophils	and	macrophages,	which	destroy	the	pathogens	
by	engulfing	them	in	the	process	of	phagocytosis	(Nicholson,	2016).	The	innate	
immune	system	cells	are	activated	when	specific	receptors	recognize	conserved	
molecular	 patterns	 on	 the	 bacteria.	 These	 so-called	 pathogen-associated	
molecular	patterns	(PAMPs)	are	an	integral	part	of	bacteria	and	are	essential	for	
their	 survival	 and	 ability	 to	 cause	 infection	 (Akira	 et	 al.,	 2006).	 PAMPs	 are	
recognized	by	pattern-recognition	receptors	(PRRs),	which	are	highly	conserved	
receptors	that	are	continually	expressed,	both	on	the	inside	and	the	outside	of	
cells	(Nicholson,	2016).	The	Toll-like	receptor	(TLR)	family	are	among	the	most	
important	 pattern	 recognition	 receptors	 and	 can	 detect	 a	 large	 variety	 of	
microbial	patterns	(Akira	and	Takeda,	2004).	The	immune	system	can	also	be	
activated	 by	 damage-associated	 molecular	 patterns	 (DAMPs),	 which	 are	
molecules	released	by	the	body	as	a	result	of	the	tissue	damage	and	cell	lysis	that	
occurs	 during	 the	 infection	 (Kaur	 and	 Secord,	 2019).	 In	 addition	 to	 these	
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molecular	patterns,	the	body	can	react	to	the	loss	of	specific	molecules	that	are	
expressed	by	healthy	and	normal	cells.		
	
Induction	of	oxidative	stress	 is	another	way	for	the	host	to	combat	pathogens	
(Pohanka,	 2013).	 Reactive	 oxygen	 species	 (ROS)	 are	 normally	 produced	 as	 a	
result	of	aerobic	respiration	and	in	the	presence	of	free	metals	but	can	also	be	
induced	 as	 a	 defense	 mechanism	 against	 pathogens.	 ROS	 damages	
macromolecules	and	disrupts	 signaling	pathways	by	 causing	 strand	breaks	 in	
DNA	or	by	oxidating	proteins,	 lipids	or	DNA	 (Auten	and	Davis,	2009).	During	
infections,	 ROS	 is	 triggered	 by	 the	 phagocytosis	 of	 bacteria	 and	 a	 so-called	
respiratory	burst	 is	activated	 inside	the	phagosome.	ROS	can	also	be	released	
into	 the	 extracellular	 space,	 targeting	 bacteria	 that	 escapes	 phagocytosis	
(Nguyen	et	al.,	2017).	
	
The	 complement	 system	 plays	 a	 major	 role	 in	 the	 initial	 immune	 response	
against	bacterial	 infections	and	consist	of	a	network	of	proteins	 that	 together	
enhances	the	ability	of	the	immune	system	to	destroy	pathogens,	by	marking	the	
pathogens	 for	 phagocytosis,	 by	 producing	 proinflammatory	 molecules	 or	 by	
inducing	 cell	 lysis	 (Dunkelberger	 and	 Song,	 2010).	 Together,	 these	 initial	
responses	of	the	innate	immune	system	activate	the	highly	specific	reactions	of	
the	adaptive	immune	system	(Iwasaki	and	Medzhitov,	2015).		
	

2.2.1.1 Nutritional	immunity	
Another	defensive	strategy	against	 invading	pathogens	 is	 the	sequestration	of	
vital	nutrients.	Many	enzymes	and	proteins	require	trace	minerals	like	iron,	zinc	
and	manganese	to	function	and	these	elements	are	consequently	vital	for	both	
host	and	pathogen.	The	methods	employed	by	the	host	for	preventing	pathogen	
access	 to	minerals	 is	 called	nutritional	 immunity.	 Sequestration	of	 iron	 is	 the	
most	 common	 form	 of	 nutritional	 immunity	 and	 most	 of	 the	 iron	 inside	
vertebrate	 bodies	 is	 stored	 intracellularly,	 either	 in	 the	 iron	 storage	 protein	
ferritin	or	in	the	heme	of	hemoglobin	or	myoglobin	(Skaar,	2010).	In	response	to	
inflammatory	signals	the	body	can	prevent	iron	transfer	into	the	circulation	by	
inhibiting	ferroportin,	an	iron	exporter,	and	by	secreting	lactoferrin,	which	binds	
to	Fe3+	with	high	affinity,	thereby	further	restricting	the	pathogen’s	access	to	iron	
(Núñez	et	al.,	2018).	Any	remaining	extracellular	free	iron	is	quickly	bound	to	
transferrin	ensuring	that	virtually	no	free	iron	is	accessible	to	pathogens	(Cassat	
and	Skaar,	2013).	However,	as	the	hosts	have	developed	systems	to	sequester	
minerals	 from	 the	 pathogens,	 the	 pathogens	 have	 consequently	 developed	
mechanisms	 for	 circumventing	 them	 (see	 more	 details	 in	 section	 2.3.3.2)	
(Hennigar	and	McClung,	2014).	
	

2.2.2 Adaptive	immunity	
	
Compared	to	the	innate	immune	system,	it	normally	takes	several	days	before	
the	adaptive	immune	system	is	activated,	but	then	it	provides	a	highly	specific	
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response	to	pathogens	and	also	creates	an	immunological	memory.	The	adaptive	
immune	response	relies	on	two	main	types	of	lymphocytes,	B	cells	and	T	cells.	
Both	 cell	 types	 have	 surface	 receptors	 that	 bind	 with	 high	 specificity	 to	
molecules	 recognized	 as	 non-self,	 antigens.	 B	 cells	 recognize	 antigens	 on	 the	
surface	 of	 pathogens	 whereas	 T	 cells	 only	 recognize	 fragments	 of	 antigens	
exposed	on	the	surface	of	antigen-presenting	cells	(Actor,	2019).	Fragments	of	
antigens	 can	 be	 presented	 on	 the	 surface	 of	many	 cell	 types,	 for	 example	 on	
phagocytic	cells	of	the	innate	immune	system,	or	on	the	surface	of	B	cells.		
	
When	B	cells	recognize	a	specific	antigen,	they	are	triggered	to	start	dividing	and	
become	antibody-producing	plasma	cells	or	memory	cells	(Bonilla	and	Oettgen,	
2010).	Binding	of	an	antibody	to	an	antigen	activates,	for	example,	the	classical	
pathway	in	the	complement	system,	resulting	in	cell	lysis,	or	the	phagocytic	cells,	
increasing	phagocytosis	(Forthal,	2014).	It	can	also	cause	cells	to	aggregate	or	be	
immobilized,	or	the	antibodies	can	physically	prevent	pathogens	from	attaching	
to	host	cells.	When	a	T	cell	has	been	activated,	it	proliferates	into	subtypes	that	
perform	different	functions:	T	killer	cells	destroy	infected	cells	whereas	T	helper	
cells	 secrete	 cytokines,	 which	 activate	 macrophages	 or	 stimulate	 B	 cells	 to	
increase	the	production	of	antibodies.		
	

2.2.3 Antibiotics	
	
Although	 not	 part	 of	 the	 natural	 defense	 systems	 of	 the	 host,	 antimicrobial	
compounds	 in	 the	 form	of	pharmaceuticals,	 i.e.,	antibiotics,	can	also	provide	a	
significant	 defense	 against	 infectious	 bacteria.	 Antibiotics	 are	 antimicrobial	
compounds	designed	to	kill	or	impede	the	growth	of	pathogenic	bacteria	in	the	
body	 (Hutchings	 et	 al.,	 2019).	 Many	 antibiotics	 originate	 from	 compounds	
produced	 naturally	 by	 plants,	 bacteria	 or	 fungi,	 who	 use	 them	 as	 chemical	
weapons	 or	 as	 defense	 mechanisms	 against	 competitors.	 Antibiotics	 mainly	
target	 essential	 functions	 or	 structures	 of	 the	 bacteria	 and	 are	 generally	
classified	 according	 to	 their	mechanism	of	 action	 (Kapoor	 et	 al.,	 2017).	 Beta-
lactams	and	glycopeptide	antibiotics	prevent	cell	wall	 synthesis	by	disrupting	
the	 formation	 of	 the	 peptidoglycan	 layer	 (Bush,	 2012).	 Macrolides	 and	
tetracyclines	 are	 examples	 of	 antibiotics	 that	 target	 the	 protein	 synthesis	
machinery.	 They	 bind	 to	 ribosomal	 subunits	 and	 inhibit	 protein	 synthesis	 by	
preventing	tRNA	binding	or	by	causing	unfinished	protein	chains	to	detach	from	
the	 ribosome	 (Mccoy	 et	 al.,	 2011).	 DNA	 synthesis	 can	 be	 disrupted	 by	
fluoroquinolones,	 which	 inhibit	 the	 DNA	 topoisomerases	 needed	 for	 DNA	
replication	(Aldred	et	al.,	2014).	Vital	metabolic	pathways	can	also	be	targeted,	
e.g.,	 the	 synthesis	 of	 folic	 acid,	 needed	 for	 DNA	 synthesis,	 is	 inhibited	 by	
sulfonamides	and	trimethoprim	(Fernández-Villa	et	al.,	2019).		
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 Bacterial	virulence	mechanisms	
	
Bacteria	 have	 developed	 a	 wide	 range	 of	 mechanisms	 to	 subvert	 the	 host	
immune	 system	 and	 to	 sustain	 an	 infection	 (Wilson	 et	 al.,	 2002).	 They	 use	
adhesion	 mechanisms	 to	 attach	 themselves	 to	 a	 host	 cell,	 produce	 toxins	 or	
effectors	 that	 destroy	 or	 damage	 host	 cells	 and	 evade	 the	 host	 defense	
mechanisms	by	masking	themselves	in	different	ways	to	prevent	recognition	by	
the	host.		
	

2.3.1 Adhesion	
	
In	order	to	colonize	a	host,	the	bacteria	first	need	to	attach	themselves	firmly	to	
the	host	surfaces.	Mechanical	forces	(coughing,	saliva,	blood	flow	etc.)	in	the	host	
constantly	 try	 to	 remove	 bacteria	 from	 its	 surfaces,	 and	 forming	 a	 stable	
adherence	is	therefore	a	crucial	first	step	in	the	infection	process	(Wilson	et	al.,	
2002).	When	bacteria	come	into	contact	with	the	host	surfaces,	they	can	sense	
changes	 in	 their	 environment,	 which	 in	 turn	 trigger	 changes	 in	 metabolism,	
respiration	 and	 expression	 of	 virulence-specific	 genes	 (Stones	 and	 Krachler,	
2016).	There	are	a	large	number	of	adhesion	molecules	(adhesins)	on	the	surface	
of	 bacteria,	 and	 these	 can	 form	 a	 wide	 variety	 of	 interactions	 with	 the	 host	
surfaces.	 Some	 interactions	 are	 transient	 and	 nonspecific	 whereas	 other	
interactions	are	stable	and	highly	specific.	The	different	kinds	of	adhesins	are	
normally		expressed	in	a	coordinated	fashion	at	different	stages	of	the	infection	
(Klemm	and	Schembri,	2000).		
	
Adhesins	are	divided	into	two	main	groups:	fimbrial	(pili)	and	afimbrial	adhesins	
(Pizarro-Cerdá	and	Cossart,	2006;	Ribet	and	Cossart,	2015;	Wilson	et	al.,	2002).	
Fimbriae	are	short	hair-like	polymeric	structures	on	the	surface	of	bacteria	with	
a	protein	at	the	tip,	which	determines	the	binding	specificity	to	molecules	on	the	
host	cell.	Afimbrial	adhesins	are	bacterial	surface	proteins	that	bind	to	a	variety	
of	 molecules	 on	 the	 host	 surface,	 like	 integrins	 and	 cadherins,	 as	 well	 as	
components	of	the	extracellular	matrix	(collagens,	laminins,	proteoglycans	etc.)	
and	 usually	 mediate	 more	 intimate,	 short-range	 contacts	 than	 the	 fimbria	
(Wilson	et	al.,	2002).	The	adhesin	OspC	(Outer	Surface	Protein	C)	is	an	example	
of	an	afimbrial	adhesin	and	plays	a	crucial	role	in	Borrelia	infections	by	binding	
to	 the	 extracellular	 matrix	 components	 dermatan	 sulfate	 and/or	 fibronectin.	
Bacteria	with	OspC	that	can	bind	to	dermatan	sulfate	are	capable	of	colonizing	
mice	 joints,	whereas	bacteria	with	OspC	 that	 can	only	bind	 to	 fibronectin	are	
unable	to	colonize	joints	(Lin	et	al.,	2020).		
	
Adhesion	is	also	an	important	first	step	in	the	formation	of	biofilms.	Bacteria	are	
capable	 of	 aggregating	 into	 multicellular	 communities	 with	 other	
microorganisms	and	together	they	secrete	a	polysaccharide-rich	matrix	that	can	
protect	 them	 against	 many	 host	 defense	 mechanisms,	 including	 antibiotics	
(Ribet	and	Cossart,	2015).			
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2.3.1.1 Bacterial	adhesion	to	proteoglycans	
Many	pathogens	adhere	to	host	tissues	by	binding	to	proteoglycans,	which	are	
widely	expressed	in	many	tissues.	Proteoglycans	are	glycosylated	proteins	found	
on	host	cell	surfaces,	intracellular	compartments	and	in	the	extracellular	matrix,	
where	 they	 mediate	 cellular	 processes	 like	 adhesion,	 signaling	 and	 motility	
(Rostand	and	Esko,	1997).	They	consist	of	a	core	protein	that	is	covalently	bound	
to	one	or	more	glycosaminoglycan	(GAG)	chains	(figure	2)	(Varki	et	al.,	1999),	
which	are	made	up	of	repeating	disaccharide	units	consisting	of	an	amino	sugar	
and	a	uronic	acid.	Each	GAG	is	made	up	of	a	specific	combination	of	disaccharide	
units	 and	 negatively	 charged	 sulfate	 groups	 are	 attached	 to	 some	 of	 them,	
creating	a	unique	sulfation	pattern.	These	sulfate	groups	mediate	electrostatic	
interactions	to	GAG-binding	proteins	(Hileman	et	al.,	1998).	Proteoglycans	are	
thus	highly	variable	molecules	and	their	distribution	and	composition	can	vary	
depending	 on	 tissue	 type	 (García	 et	 al.,	 2016).	Which	 tissues	 a	 pathogen	 can	
colonize	may	be	determined	by	its	preference	for	a	specific	GAG.	B.	burgdorferi	
has,	 for	example,	been	shown	to	bind	to	proteoglycans	 in	various	host	tissues	
(e.g.	 endothelial	 and	 neural	 tissues)	 and	 to	 bind	 to	 different	 types	 of	 GAGs	
depending	on	the	tissue	(Leong	et	al.,	1998).			
	

	
Figure	 2.	 General	 structure	 of	 proteoglycans	 and	 glycosaminoglycans	 (GAGs)	 shown	 as	
components	of	the	extracellular	matrix	(EM).	Proteoglycans	consist	of	a	core	protein	and	attached	
GAG	chains.	A	GAG	chain	is	made	up	of	repeating	disaccharide	units	consisting	of	an	amino	sugar	
and	a	uronic	acid,	which	can	vary	between	different	GAGs.	Negatively	charged	sulfate	groups	are	
attached	 to	 the	 GAG	 chains	 in	 specific	 sulfation	 patterns.	 The	 GAG	 chains	 interact	 with	 other	
molecules	by	forming	electrostatic	interactions	through	the	sulfate	groups.	
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2.3.2 Invasion	strategies	and	evasion	of	host	defenses	
	
After	adhering	to	a	host	cell,	many	bacteria	need	to	gain	further	access	into	the	
host.	 Most	 bacteria	 have	 either	 an	 extracellular	 or	 an	 intracellular	 lifestyle	
(Wilson	et	 al.,	 2002),	 but	 some	bacteria	 can	use	both	 strategies.	 Extracellular	
bacteria	produce	enzymes	that	break	down	the	tissue	barriers	and	then	establish	
a	niche	within	the	tissue,	but	without	entering	host	cells.	Intracellular	pathogens	
on	 the	 other	 hand	 penetrate	 the	 host	 cells	 and	 modify	 the	 cells	 internal	
environment	 in	 order	 to	 survive	within	 the	 host	 cell	without	 being	 degraded	
(Thakur	et	al.,	2019).		
	
Avoiding	 the	 effects	 of	 antimicrobial	 peptides	 is	 one	 vital	 strategy	 used	 by	
bacteria	to	evade	the	immune	system	(Reddick	and	Alto,	2014;	Sperandio	et	al.,	
2015).	 This	 can	 be	 done	 e.g.	 by	 changing	 the	 charge	 of	 membrane	 lipids	 to	
function	as	an	electrostatic	buffer	(Ernst	et	al.,	2009),	to	secrete	proteases	that	
break	 down	 antimicrobial	 peptides	 (McGillivray	 et	 al.,	 2009)	 or	 to	 use	
transporters	to	export	the	antimicrobial	peptides	or	import	them	for	destruction		
(Eswarappa	et	al.,	2008;	Shafer	et	al.,	1998).	Another	evasion	mechanism	is	to	
mask	 the	 bacterial	 surface	 in	 a	 capsule	 consisting	 of	 polysaccharides,	 which	
hides	the	specific	bacterial	molecules	recognized	by	the	immune	system,	while	
still	 allowing	 adhesins	 to	 penetrate	 (Finlay	 and	 McFadden,	 2006;	 Paton	 and	
Trappetti,	2019).	Lipopolysaccharide,	flagella	and	peptidoglycan	are	some	of	the	
most	 easily	 recognizable	 bacterial	 surface	 molecules	 and	 bacteria	 use	 many	
different	methods	 to	hide	 these	 from	the	 immune	system	(Hajam	et	al.,	2017;	
Kawasaki	et	al.,	2004;	Sorbara	and	Philpott,	2011).	By	making	small	alterations	
to	 these	 kinds	 of	 molecules,	 the	 bacteria	 can	 avoid	 being	 recognized	 by	 the	
immune	system.	Antigenic	variation	is	an	example	of	how	bacteria	can	modify	
the	surface	antigens	 recognized	by	 the	adaptive	 immune	system,	and	 thereby	
avoid	 immune	 activation	 (Palmer	 et	 al.,	 2016).	 As	 many	 immune	 cells	 are	
phagocytic,	bacteria	have	developed	mechanisms	for	avoiding	phagocytosis	or	
intracellular	killing	in	phagolysosomes,	e.g.	by	causing	lysis	of	the	phagocytic	cell	
or	 by	 preventing	 opsonization	 (Uribe-Querol	 and	 Rosales,	 2017).	 Molecular	
mimicry	is	a	method	used	by	bacteria	to	hide	themselves	from	the	host	immune	
system	by	mimicking	host	cell	surface	molecules	(Brown	et	al.,	2008).	Human	
cells	are	coated	in	sialic	acid	residues	and	the	bacteria	Neisseria	meningitidis	can	
escape	detection	by	decorating	 its	 surface	with	 these	residues	 (Parsons	et	al.,	
1996).	Bacteria	can	also	modify	their	PAMPs	in	such	a	way	that	the	PRRs	can	no	
longer	recognize	them	(Matsuura,	2013).		
	
The	pathogens	have	also	evolved	mechanisms	to	avoid	the	damages	caused	by	
oxidative	 stress,	 for	 example	 by	 repairing	 damaged	 DNA	 and	 proteins,	 or	 by	
producing	antioxidants	and	detoxification	enzymes	that	neutralize	ROS	(Reniere,	
2018).	Furthermore,	it	has	also	been	shown	that	some	bacteria	can	induce	ROS	
in	target	cells	and	use	it	to	their	own	advantage	(Dong	et	al.,	2015;	Hersch	et	al.,	
2020).	 Bacteria	 can	 also	 use	 other	methods	 for	 causing	 host	 damage,	 e.g.,	 by	



	

	 11	

attacking	crucial	signaling	pathways	(e.g.	MAPK	and	NF-kB)	or	protein	secretory	
pathways	(Duesbery	et	al.,	1998;	Kim	et	al.,	2007;	Sanada	et	al.,	2012).	Many	of	
the	 specific	 effectors	 used	 to	 attack	 host	 cells	 are	 also	 used	 in	 interbacterial	
competitions	and	will	be	discussed	in	more	detail	in	section	2.4.		
	

2.3.2.1 Antibiotic	resistance	
Bacteria	 are	 constantly	 exposed	 to	 antimicrobial	 compounds	 in	 their	 natural	
environments	and	develop	resistance	to	the	antibiotics	through	the	process	of	
natural	 selection.	 Resistance	 can	 be	 acquired	 through	 mutations	 or	 through	
horizontal	gene	transfer	(Holmes	et	al.,	2016).	In	horizontal	gene	transfers,	the	
bacteria	obtain	genetic	material	from	the	environment	or	by	direct	transfer	from	
other	bacteria.	This	mechanism	enables	rapid	acquisition	of	antibiotic	resistance	
genes	and	is	the	main	cause	of	the	increasing	antibiotic	resistance	found	among	
pathogenic	bacteria	today	(Munita	and	Arias,	2016).			
	
The	mechanisms	used	to	confer	antibiotic	resistance	can	be	categorized	based	
on	the	biochemical	pathways	used	(Munita	and	Arias,	2016).	A	commonly	used	
strategy	is	to	chemically	alter	or	destroy	the	antibiotic	compound.	The	antibiotic	
can	be	modified	e.g.,	by	acetylation	or	phosphorylation,	and	often	results	 in	a	
steric	hindrance	that	prevents	the	antibiotic	from	binding	to	its	target.		Bacteria	
can	also	prevent	the	antibiotic	from	reaching	its	target	by	decreasing	its	uptake	
into	the	cell	or	by	actively	pumping	the	antibiotic	out	of	the	cell	through	efflux	
pumps.	The	target	site	can	also	be	protected	in	different	ways	to	prevent	binding	
of	the	antibiotic,	e.g.,	the	tetracycline	resistance	determinant	Tet(M)	can	remove	
tetracycline	from	the	ribosome	and	then	alter	the	conformation	of	the	ribosome	
to	prevent	tetracycline	binding	(Dönhöfer	et	al.,	2012).	Modification	of	the	target	
site	is	another	way	to	prevent	antibiotic	binding.	This	can	be	done	e.g.,	through	
point	mutations	or	by	chemical	modifications	such	as	methylation.	
	

2.3.3 Nutrient	acquisition	
	
Nutrients,	 like	 carbohydrates,	nucleic	 acids,	 amino	acids,	 lipids	and	 transition	
metals	like	iron,	zinc	and	manganese,	are	needed	as	building	blocks	for	cells	and	
to	 produce	 energy	 for	 cellular	 growth	 and	 replication.	 The	 metabolic	
requirements	of	bacteria	can	vary	greatly,	and	most	bacteria	have	highly	flexible	
metabolic	 systems	 that	 can	 be	 quickly	 adapted	 to	 differing	 environments.	
Pathogenic	 strains	 generally	 have	 a	 higher	 degree	 of	 flexibility	 than	 non-
pathogenic	 strains	 (Passalacqua	 et	 al.,	 2016).	 The	 host	 environment	 contains	
plenty	 of	 nutrients	 and	 potential	 niches	 for	 bacteria.	 However,	 the	 host	
metabolism	is	also	tightly	regulated	and	in	response	to	pathogens	it	can	be	even	
further	restricted	as	a	means	to	prevent	bacterial	colonization.	In	order	to	gain	a	
foothold,	 the	 bacteria	 use	 several	 different	 strategies	 to	 overcome	 these	
defenses.	
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Inside	the	host,	many	of	the	nutrients	needed	by	bacteria	are	locked	inside	large	
macromolecules	 and	 are	 not	 easily	 accessible	 to	 the	 bacteria.	 However,	 the	
essential	carbon	and	nitrogen	compounds	found	in	the	macromolecules	can	be	
obtained	 through	 the	 action	 of	 degradative	 enzymes	 like	 proteases	 and	
phospholipases	 (Lehman	 et	 al.,	 2019).	 For	 the	 intracellular	 bacteria	
Mycobacterium	 tuberculosis,	 host	 cell	 lipids	 are	 the	 main	 carbon	 and	 energy	
source	(Rameshwaram	et	al.,	2018)	and	they	use	lipolytic	enzymes	to	hydrolyze	
host	 lipids	 into	 free	 fatty	acids	 that	can	be	used	 for	 the	bacteria’s	own	needs.	
Some	bacteria	can	hijack	host	pathways	and	use	them	for	their	own	purposes.	
The	 intracellular	 bacteria	 Legionella	 pneumophila	 ubiquitinates	 host	 cell	
proteins,	which	target	them	for	degradation,	and	thereby	produces	free	amino	
acids	for	its	own	use	(Price	et	al.,	2011).	Genes	involved	in	metabolic	pathways	
can	also	be	acquired	through	horizontal	gene	transfer,	just	like	other	virulence	
genes	(Abu	Kwaik	and	Bumann,	2015),	and	enable	the	bacteria	to	take	advantage	
of	host	nutrients	by	providing	novel	ways	of	accessing	host	nutrients.	
	
2.3.3.1 Nucleic	acid	uptake	
Nucleotides	play	essential	 roles	 as	building	blocks	 for	RNA	and	DNA,	provide	
energy	 for	 cellular	 processes	 (adenosine	 triphosphate	 (ATP)),	 function	 as	
cofactors	and	play	key	roles	in	signaling	and	regulation	(Kilstrup	et	al.,	2005).	
Most	bacteria	are	capable	of	producing	nucleotides	de	novo	(figure	3),	whereas	
others	 must	 obtain	 nucleobases	 and	 nucleosides	 from	 the	 surrounding	
environment	and	use	salvage	pathways	to	convert	them	into	nucleotides.	Among	
others,	the	lactobacilli	(Kilstrup	et	al.,	2005)	and	the	spirochetes	(Pettersson	et	
al.,	 2007)	 are	 unable	 to	 de	 novo	 synthesize	 	 nucleotides	 and	 rely	 on	 salvage	
pathways.	 The	 Lyme	 disease-causing	Borrelia	 spirochetes	 have	 a	 parasitizing	
lifestyle	 and	need	 to	 obtain	most	 of	 its	 nutrients	 from	 the	host	 (Radolf	 et	 al.,	
2012).	 Some	of	 the	key	enzymes	of	 the	 salvage	pathway	are	missing	 in	 these	
bacteria,	and	they	are	therefore,	for	example,	completely	dependent	on	access	to	
host	deoxynucleotides	(Lawrence	et	al.,	2009).	 
	

	
Figure	 3.	 Chemical	 structures	 of	 nucleobases,	 nucleosides	 and	 nucleotides	 (nucleoside	
monophosphates).	 The	 conventional	 numbering	 of	 nucleobase	 atoms	 is	 shown	 in	 the	 adenine	
structure.	Figure	adapted	from	Publication	II.	
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2.3.3.2 Metal	uptake	
Iron,	 zinc,	 copper	 and	 manganese	 are	 crucial	 for	 a	 wide	 range	 of	 cellular	
processes,	such	as	amino	acid	synthesis,	DNA	synthesis,	as	enzyme	cofactors,	and	
in	 electron	 transport,	 and	 are	 thus	 essential	 compounds	 for	 most	 living	
organisms.	 However,	 at	 higher	 levels	 these	metals	 are	 toxic	 to	 cells,	 and	 are	
therefore	 tightly	 regulated	 (Passalacqua	et	al.,	2016).	The	host	 iron	 levels	are	
always	kept	at	a	level	too	low	for	optimal	bacterial	growth	and	bacteria	therefore	
require	 specialized	 uptake	 systems	 to	 obtain	 the	 needed	 iron	 (Rohmer	 et	 al.,	
2011).	Many	bacteria	also	use	the	low	iron	levels	as	a	signal	that	they	are	inside	
a	vertebrate	host	and	need	to	activate	virulence	factors.	Bacteria	produce	high-
affinity	 siderophores	 that	 can	 bind	 to	 free	 iron,	 and	 the	 siderophore-iron	
complexes	are	then	taken	up	by	the	bacteria	(Hennigar	and	McClung,	2014).	The	
host	counteracts	this	by	producing	siderocalins,	which	bind	to	the	siderophores	
and	prevent	their	uptake	by	the	bacteria.	Some	bacteria,	like	Neisseria,	have	no	
siderophores	 but	 can	 hijack	 the	 siderophores	 of	 other	 bacteria	 (Cornelissen,	
2018).	Iron	can	also	be	accessed	from	hemoglobin,	using	heme-binding	proteins.	
The	Isd	(iron-responsive	surface	determinant)	system	in	Staphylococcus	aureus	
consists	 of	 an	 efficient	 chain	 of	 heme-binding	 proteins	 that	 captures	 heme	
directly	from	hemoglobin	and	transports	it	into	the	cell	(Grigg	et	al.,	2010).	Some	
bacteria	have	taken	a	different	approach	to	the	problem	and	eliminated	the	need	
for	 iron	 altogether.	 The	 genomes	 of	 Lyme	 disease	 Borrelia	 encode	 very	 few	
metal-requiring	 proteins	 and	 has	 substituted	 iron	 for	 manganese	 in	 these,	
enabling	 the	 bacteria	 to	 survive	 in	 iron-limited	 environments	 without	
specialized	iron-acquisition	systems	(Posey	and	Gherardini,	2000).		
	

2.3.3.3 ABC-transporters	in	nutrient	import	
ABC	(ATP-binding	cassette)	transporters	are	used	as	importers	for	a	wide	range	
of	molecules	 (amino	acids,	metal	 ions,	 vitamins,	 peptides	 etc.)	 and	have	been	
shown	to	be	essential	for	bacterial	survival	inside	the	host	(Tanaka	et	al.,	2018).	
ABC	transporters	are	found	in	both	prokaryotes	and	eukaryotes	and	is	one	of	the	
largest	 families	of	 transporter	 systems	 (Davidson	et	 al.,	 2008a).	They	use	 the	
hydrolysis	of	ATP	to	transport	substrates	over	cell	membranes	(Rees	et	al.,	2009)	
and	consist	of	two	transmembrane	domains	(TMD)	and	two	nucleoside-binding	
domains	(NBD)	(figure	4).	The	TMDs	form	a	translocation	channel	through	the	
membrane	and	the	NBDs	bind	to	and	hydrolyze	ATP,	powering	the	transport	of	
substrates	 through	 the	 ABC-transporter.	 In	 bacteria,	 the	 ABC-transporters	
require	 a	 substrate-binding	 protein	 (SBP)	 to	 deliver	 the	 substrate	 to	 the	
membrane-bound	transporter	complex	(Licht	and	Schneider,	2011).		
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Figure	4.	Bacterial	ABC-transporter	systems	consist	of	two	transmembrane	domains	(TMDs),	two	
nucleotide-binding	domains	(NBDs)	and	a	substrate-binding	protein	(SBP).	The	general	function	
of	ABC-transporter	systems	is	shown.	First,	the	SBP	binds	to	a	substrate	molecule	(purple)	and	
transports	it	to	the	membrane	bound	TMDs.	The	TMDs	open	in	an	ATP-dependent	manner	and	
allow	the	substrate	molecule	to	pass	through	the	membrane.	Figure	adapted	from	Publication	II.		

	

 Interbacterial	competition	inside	the	host	
	
Inside	a	host,	bacteria	also	need	to	compete	with	other	bacteria,	pathogenic	or	
commensal,	for	nutrients	and	space	(Stubbendieck	and	Straight,	2016).	Bacteria	
can	out-compete	other	species	by	depleting	all	available	nutrients	(exploitative	
competition)	or	in	a	more	direct	way	by	producing	toxins	that	inhibits	the	growth	
or	 division	 of	 other	 cells	 or	 by	 physically	 damaging	 the	 cell	 (interference	
competition)(García-Bayona	 and	 Comstock,	 2018).	 Bacteria	 employ	 a	 large	
variety	of	antibacterial	 toxins,	ranging	from	small	molecules	to	 large	proteins,	
and	some	toxins	 target	only	closely	related	strains	while	others	 target	a	wide	
variety	 of	 strains	 (Hibbing	 et	 al.,	 2010).	 Small	 molecules	 can	 normally	 pass	
through	 the	 target	 cell	 membrane	 by	 simple	 diffusion,	 whereas	 larger	
proteinaceous	 toxins	 require	 more	 advanced	 transport	 mechanisms.	 The	
methods	used	for	interbacterial	competition	can	be	broadly	divided	into	contact-
independent	and	contact-dependent	methods.	Studies	have	shown	that	bacteria	
can	respond	to	threats	in	a	distance-dependent	way,	where	contact-independent	
methods	are	used	to	respond	to	threats	that	are	further	away,	whereas	contact-
dependent	methods	are	used	for	more	immediate	threats	(Westhoff	et	al.,	2017).	
	

2.4.1 Contact-independent	methods	
	
Contact-independent	methods	do	not	require	physical	contact	between	cells	and	
are	mainly	mediated	through	secretion	of	toxic	substances.	Bacteria	have	a	large	
arsenal	 of	 toxic	molecules	 that	 are	 released	 from	 the	 cell	 through	membrane	
pores,	through	active	transport	or	by	means	of	membrane	vesicles	(Granato	et	
al.,	 2019)	 and	 some	 larger	protein	 toxins	 are	 even	 released	 through	 cell	 lysis	
(García-Bayona	and	Comstock,	2018).	These	molecules	are	highly	diverse	and	
their	 functions	 are	 still	 largely	 unknown,	 however,	 many	 of	 them	 affect	 the	
growth	 and	 development	 of	 the	 target	 bacteria	 (Stubbendieck	 and	 Straight,	
2016).		
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Many	of	the	mechanisms	used	by	bacteria	rely	on	chemical	toxins,	molecules	that	
chemically	 interfere	 with	 the	 function	 of	 another	 cell	 (Granato	 et	 al.,	 2019).	
Bacteriocins	are	a	large	and	diverse	group	of	antibacterial	peptides	or	proteins,	
which	normally	target	closely	related	bacterial	strains,	and	that	require	specific	
receptors	on	the	target	cell	(Hassan	et	al.,	2012).	Some	bacteria	use	biological	
weapons	in	the	form	of	phages,	viruses	incorporated	into	the	bacterial	genome,	
and	 these	 can	 be	 released	 to	 kill	 other	 bacterial	 cells	 by	 injecting	 their	 own	
genetic	material	into	the	cell	(Patz	et	al.,	2019).	Mechanical	weapons	can	be	used	
to	 physically	 damage	 the	 target	 cell,	 e.g.,	 tailocins,	 which	 are	 phage-like	
molecules	 that	puncture	 the	membrane	of	 a	 target	 cell	 (Granato	et	 al.,	 2019).	
Bacteria	can	also	 release	extracellular	vesicles,	both	 to	defend	against	attacks	
from	 other	 bacteria	 and	 to	 deliver	 toxic	 molecules	 to	 competing	 bacteria	
(Stubbendieck	and	Straight,	2016).	The	vesicles	bud	off	from	the	surface	of	the	
producing	bacteria	and	fuse	with	the	membrane	of	the	target	bacteria.			
	

2.4.2 Contact-dependent	methods	
	
The	contact-dependent	methods	require	close	contact	between	the	bacteria	and	
its	target	and	rely	on	a	transfer	of	proteins	directly	into	a	target	cell	or	into	the	
extracellular	environment	(Green	and	Mecsas,	2015).	The	secreted	proteins	can	
be	 used	 to	 induce	 toxic	 effects	 in	 the	 host,	 to	 facilitate	 adhesion,	 to	 obtain	
nutrients	from	the	environment	or	to	compete	with	other	bacteria	in	establishing	
a	 niche.	 There	 are	 two	 main	 types	 of	 mechanisms	 used:	 contact-dependent	
growth	inhibition	(CDI)	systems	and	secretion	systems.		
	
In	the	CDI	system,	an	outer	membrane	beta-barrel	transporter	(CdiB)	transports	
CdiA,	a	large	protein	containing	a	toxin	domain,	to	the	cell	surface	where	it	binds	
to	a	specific	receptor	on	the	target	cell	(Aoki	et	al.,	2005;	Jones	et	al.,	2017;	Willett	
et	al.,	2015).	An	immunity	protein	(CdiI)	also	belongs	to	this	system	and	its	role	
is	to	prevent	autointoxication.	The	toxin	domain	of	CdiA	can	be	highly	variable	
and	enable	the	bacteria	to	deliver	toxins	with	a	wide	range	of	activities.	However,	
most	of	the	toxins	recognized	so	far	have	enzymatic	activities	that	target	nucleic	
acids	(Allen	and	Hauser,	2019).	
	
Specialized	secretions	systems	are	used	by	bacteria	to	secrete	proteins	(effector	
molecules)	across	membranes	(Green	and	Mecsas,	2016;	Klein	et	al.,	2020)	and	
these	systems	are	also	used	by	pathogenic	bacteria	to	transport	virulence	factors	
into	host	 cells	 (figure	5).	 Some	 secreted	proteins	 are	 toxic	 to	 the	host	 cell	 or	
disrupt	vital	functions,	whereas	other	proteins	help	the	bacteria	to	attach	to	cells,	
establish	themselves	in	a	specific	niche	or	to	compete	with	other	bacteria	in	the	
environment.	 Bacteria	 can	 transfer	 a	 large	 number	 of	 different	 effector	
molecules	by	using	the	secretion	systems	and	since	some	effector	molecules	can	
have	 synergistic	 or	 conflicting	 effects	 the	 translocation	 have	 to	 be	 strictly	
coordinated	 and	 timed	 in	 order	 to	 produce	 the	 right	 effects	 at	 the	 right	 time	
(Stones	and	Krachler,	2016).		
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In	both	Gram-negative	and	Gram-positive	bacteria,	the	Sec	(general	secretion)	
and	Tat	(twin	arginine	translocation)	pathways	are	used	for	general	transport	of	
proteins	 between	 intracellular	 compartments	 and	 over	 the	 cytoplasmic	
membrane	(Frain	et	al.,	2019;	Tsirigotaki	et	al.,	2017).	These	secretion	systems	
are	highly	conserved	within	all	domains	of	life	and	proteins	transported	by	these	
systems	normally	remain	inside	the	cell	or	in	the	periplasmic	space.	However,	
they	work	in	concert	with	secretion	systems	that	span	only	the	outer	membrane	
and	deliver	effectors	to	these	systems	for	further	transport	outside	the	cell.		
	
Since	 Gram-negative	 bacteria	 consist	 of	 an	 inner	 and	 an	 outer	 membrane	
separated	by	the	periplasmic	space,	secretion	of	proteins	to	the	outside	of	the	
bacteria	requires	specialized	systems	 that	can	penetrate	 these	 layers.	To	date	
there	are	nine	known	secretion	systems,	all	of	them	secreting	different	kinds	of	
substrates	using	different	mechanisms	(Bhoite	et	al.,	2020;	Green	and	Mecsas,	
2016;	Lasica	et	al.,	2017).	T2SS	(Type	2	secretion	system),	T5SS	and	T8SS	can	
only	secrete	proteins	across	the	outer	membrane	and	relies	on	the	Sec	and	Tat	
pathways	to	first	deliver	the	proteins	into	the	periplasmic	space	(Fan	et	al.,	2016;	
Korotkov	 and	 Sandkvist,	 2019).	 The	 T8SS	 is	 dedicated	 exclusively	 to	 the	
transport	of	curli	as	part	of	the	curli	biogenesis	pathway	(Bhoite	et	al.,	2020).	
T1SS,	T3SS,	T4SS	and	T6SS	are	capable	of	transporting	proteins	across	both	the	
inner	 and	 outer	 membranes	 and,	 except	 for	 T1SS,	 these	 systems	 can	 also	
penetrate	the	host	membrane	and	transport	proteins	directly	into	the	host	cell	
(Cherrak	 et	 al.,	 2019;	 Dey	 et	 al.,	 2019;	 Sgro	 et	 al.,	 2019;	 Spitz	 et	 al.,	 2019).	
Recently	it	was	demonstrated	that	a	Yersinia	pseudotuberculosis	T6SS	system	can	
also	 release	 effectors	 directly	 into	 the	 extracellular	 space	 in	 a	 contact-
independent	manner	(Song	et	al.,	2021).	The	effectors	are	then	taken	up	by	the	
host	cell	through	specific	proteins	on	the	outer	membrane.	The	T9SS	has	been	
discovered	only	in	Bacteroidetes,	where	the	system	seems	to	be	involved	either	
in	motility	or	function	as	a	weapon	(Lasica	et	al.,	2017).	Its	major	components	
have	been	identified	but	its	mechanism	of	action	is	still	not	fully	known.		
	
	

	
Figure	5.	Simplified	overview	of	currently	known	bacterial	secretion	systems.	T2SS,	T5SS	and	T8SS	
require	 the	 help	 of	 the	 Sec	 and	 Tat	 secretion	 systems	 to	 first	 transport	 substrates	 into	 the	
periplasmic	space.	T3SS,	T4SS	and	T6SS	can	transport	their	substrates	directly	into	a	target	cell.	
TM:	target	cell	membrane,	OM:	Outer	membrane,	IM:	Inner	membrane,	MM:	mycomembrane.	
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Gram-positive	bacteria	lack	an	outer	membrane	but	have	a	very	thick	cell	wall	
consisting	of	peptidoglycan.	In	addition	to	the	Sec	and	Tat	pathways,	many	Gram-
positive	bacteria	use	an	additional	factor	(SecA2)	for	Sec	secretion	(Tsirigotaki	
et	al.,	2017).	Proteins	can	also	be	released	into	the	extracellular	space	through	
passive	 diffusion	 through	 the	 peptidoglycan	 layer.	 Certain	 Gram-positive	
bacteria,	 like	 the	Mycobacteria,	 contain	 a	 so	 called	mycomembrane,	 a	 dense,	
hydrophobic	 lipid	 layer,	 outside	 the	 cell	 wall	 and	 a	 T7SS	 system	 have	 been	
identified	in	these	bacteria	and	is	thought	to	transport	proteins	across	both	the	
inner	membrane	and	the	mycomembrane	(Houben	et	al.,	2014).		
	

2.4.2.1 T6SS	
The	 T6SS	 was	 first	 described	 in	 Vibrio	 cholerae	 as	 a	 novel	 mechanism	 for	
extracellular	protein	secretion	(Pukatzki	et	al.,	2006)	and	was	shown	to	be	active	
during	 chronic	 Pseudomonas	 aeruginosa	 infections	 (Mougous	 et	 al.,	 2006).	
Bacteria	use	the	T6SS	both	to	infect	its	host	and	to	compete	with	other	bacteria	
(Hood	 et	 al.,	 2010;	 Murdoch	 et	 al.,	 2011;	 Schwarz	 et	 al.,	 2010).	 It	 is	 a	 large	
complex	 of	 proteins	 that	 together	 form	 a	 sophisticated	 machinery	 that	 can	
transfer	 effector	 molecules	 into	 target	 cells	 (figure	 6).	 The	 complex	 is	
structurally	similar	to	the	bacteriophage	injection	systems	(Leiman	et	al.,	2009)	
and	 is	 encoded	 in	a	 gene	 cluster	with	13	 conserved	 core	genes,	which	are	all	
essential	for	the	function	of	the	system	(Cianfanelli	et	al.,	2016).	In	addition	to	
the	 core	genes,	 the	 clusters	may	encode	accessory	proteins	 and	effectors	 and	
other	 proteins	 that	 may	 be	 needed	 for	 the	 construction	 or	 regulation	 of	 the	
system	(Cianfanelli	et	al.,	2016).		
	
	

Figure	6.	The	T6SS	system.	The	protein	complex	
consists	of	a	baseplate	structure	(TssAEFGK),	a	
membrane	 complex	 (TssLMJ),	 an	 inner	 tube	
consisting	of	stacked	rings	of	Hcp,	an	outer	tube	
made	up	of	TssBC,	and	VgrG	and	PAAR	proteins	
at	 the	 tip	 of	 the	 structure.	 The	 membrane	
complex	 spans	 both	 the	 inner	 (IM)	 and	 outer	
membranes	 (OM)	 and	 the	 tip	 of	 the	 structure	
penetrates	the	target	cell	membrane	(TM).	
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The	 secretion	 machinery	 is	 anchored	 to	 the	 bacterial	 membrane	 through	 a	
membrane	 complex,	which	 consists	 of	 the	 proteins	 TssJ	 (Type	 six	 secretion),	
TssL	and	TssM.	A	baseplate	structure	is	connected	to	the	membrane	complex	and	
provides	 a	 platform	 for	 assembly	 of	 the	 tube	 and	 sheath	 structures.	 The	
baseplate	is	formed	by	five	different	proteins:	TssA,	TssE,	TssF,	TssG	and	TssK.	
An	 inner	 tube	 is	 made	 up	 of	 stacked	 rings	 of	 Hcp,	 which	 show	 a	 structural	
similarity	to	gp19	of	the	bacteriophage	T4	tail-tube	(Leiman	et	al.,	2009).	Outside	
of	the	inner	tube,	the	proteins	TssB	and	TssC	form	a	contractile	sheath,	which	
can	be	contracted	and	thereby	cause	the	inner	tube	to	be	pushed	through	the	cell	
wall	and	into	the	target	cell.	The	inner	tube	is	capped	by	a	VgrG	protein	and	a	
PAAR	repeat	protein,	which	form	a	sharp	tip	that	penetrates	the	cell	membranes	
and	are	released	into	the	target	cell	when	the	complex	pierces	the	cell	wall.	VgrG	
is	structurally	very	similar	to	the	gp27/gp5	complex	that	forms	the	spike	of	the	
bacteriophage	T4	(Leiman	et	al.,	2009).	There	can	be	more	than	one	type	of	VgrG	
protein	 in	 a	 species	 and	 these	 can	 have	 slightly	 different	 functions	 and	 be	
associated	with	different	effectors	and	PAAR	proteins	(Cianfanelli	et	al.	2016b).	
In	 Serratia	 marcescens,	 cargo	 effectors	 show	 a	 preference	 for	 a	 certain	 VgrG	
proteins	and	specific	PAAR-VgrG	combinations	are	required	for	proper	assembly	
of	the	T6SS	(Cianfanelli	et	al.	2016b).		
	

2.4.3 Effectors	and	immunity	proteins	
	
Bacteria	use	a	huge	array	of	different	toxins	and	effectors	to	attack	neighboring	
bacterial	 cells,	 and	many	of	 them	are	also	used	 to	attack	host	cells.	The	word	
effector	 refers	 to	 molecules	 that	 require	 specialized	 transporter	 systems	 for	
their	 delivery	 and	 exert	 their	 function	 in	 concert	 with	 other	 effectors	 in	 a	
coordinated	 fashion.	Toxins	and	effectors	often	perform	similar	 functions,	but	
toxins	do	not	require	any	specialized	transporter	complexes	and	they	function	
independently	of	other	toxins	(Galán,	2009).	Effectors	are	highly	diverse	in	size,	
shape	and	sequence	but	they	still	have	some	characteristics	in	common	(Ruhe	et	
al.,	 2020).	 The	N-terminal	 part	 is	 normally	 a	 conserved	 region	 that	mediates	
export	and	delivery	into	the	target	cell,	whereas	the	C-terminal	part	contains	the	
toxic	activity.	The	effectors	are	also	modular	and	carry	different	kinds	of	toxin	
domains,	 which	 can	 be	 broadly	 divided	 into	 groups	 based	 on	 the	 kind	 of	
mechanisms	they	use	(Ruhe	et	al.,	2020;	Russell	et	al.,	2014).		
	
Phospholipases	and	pore-forming	toxins	both	target	the	cell	membrane	(Russell	
et	 al.,	 2014).	 Phospholipases	 are	 primarily	 delivered	 by	 T6SSs	 and	 are	 often	
fused	 to	 Hcp,	 VgrG	 or	 PAAR	 proteins.	 They	 hydrolyze	 the	 cell	 membrane	
phospholipids	and	disrupt	the	cell	membrane.	Pore-forming	toxins	change	the	
permeability	of	the	bacterial	membranes,	causing	a	wide	range	of	effects	on	the	
target	cell,	from	activation	of	inflammasomes	and	disrupted	protein	synthesis	to	
cell	 death	 (Peraro	 and	 Van	 Der	 Goot,	 2016).	 The	 cell	 wall	 peptidoglycan	 is	
another	target	for	effectors.	Effectors	can	disrupt	it	in	two	ways:	by	preventing	
the	synthesis	of	the	peptidoglycan	or	by	enzymatically	degrading	it	(Ruhe	et	al.,	
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2020).	Both	methods	ultimately	cause	lysis	of	the	target	cell.	Several	enzymatic	
effectors,	e.g.	DNases,	deaminases	and	NADases,	are	targeted	to	the	cytoplasm	
(Jurėnas	 and	 Journet,	 2020),	 where	 they	 cause	 damage	 to	 DNA	 or	 to	 other	
essential	macromolecules	in	the	cell.	Extracellular	metallophore	effectors,	which	
scavenge	for	zinc,	copper	or	manganese	and	import	them	back	into	the	bacteria,	
have	also	been	discovered	(Han	et	al.,	2019;	Si	et	al.,	2017;	Wang	et	al.,	2015).		
	
Each	effector	 is	normally	encoded	with	an	 immunity	protein	that	protects	 the	
producing	bacteria	from	the	toxic	effects	of	its	own	effectors	and	from	those	of	
sibling	 bacteria.	 The	 immunity	 proteins	 often	 bind	 to	 the	 active	 site	 of	 the	
effector	to	physically	block	the	site	or	some	can	even	reverse	the	effects	caused	
by	the	effector	(Coulthurst,	2019;	Ting	et	al.,	2018).	Immunity	genes	have	also	
been	 found	without	 a	 cognate	 effector,	 so-called	 “orphaned”	 immunity	 genes,	
which	 provide	 the	 bacterium	with	 protection	 even	 if	 it	 lacks	 its	 own	 effector	
(Hersch	 et	 al.,	 2020).	 They	 are	 often	 genes	 acquired	 through	 horizontal	 gene	
transfer	or	immunity	genes	whose	effector	have	been	lost,	and	they	can	protect	
the	bacterium	against	effectors	from	other	strains	(Coulthurst,	2019).	Immunity	
proteins	can	either	be	expressed	continuously	or	be	induced	by	the	presence	of	
other	bacteria,	by	nutrient	availability	or	by	 the	growth	phase	of	 the	bacteria	
(Hersch	et	al.,	2020).	
	
	

 Main	virulence	mechanisms	used	by	Borrelia	and	
Klebsiella	

	
All	bacteria	have	their	own	unique	ways	of	surviving	and	reproducing	inside	a	
host,	 shaped	 by	 the	 evolutionary	 arms	 race	 that	 takes	 place	 between	 each	
pathogen	and	its	host	(Bliven	and	Maurelli,	2016).	The	pathogen	has	developed	
strategies	that	enable	it	to	survive	in	its	specific	host	environment,	and	these	are	
continuously	refined	in	response	to	new	defense	mechanisms	by	the	host.	As	the	
host	environment	changes,	bacterial	genes	that	are	no	longer	necessary	may	be	
discarded	and	new	genes	that	provide	an	advantage	might	be	acquired	through	
horizontal	gene	transfers.	The	main	virulence	mechanisms	used	by	Borrelia	and	
Klebsiella	are	discussed	below	and	illustrated	in	figure	7.		
	

2.5.1 Borrelia		
	
Bacteria	 of	 the	 genus	 Borrelia	 belong	 to	 the	 Spirochaetaceae	 family	 and	 are	
Gram-negative	bacteria	 characterized	by	 a	 helical	 structure	 and	didermic	 cell	
envelopes	(Radolf	et	al.,	2012).	They	can	cause	the	vector-transmitted	diseases	
Lyme	 borreliosis	 (LB)	 and	 relapsing	 fever	 (RF).	 LB,	 which	 is	 common	 in	 the	
northern	hemisphere,	is	transmitted	by	Ixodes	ticks	and	initially	causes	flu-like	
symptoms	that	can	later	develop	into	chronic	symptoms	affecting	the	joints,	the	
nervous	system	and	the	heart	(Schnarr	et	al.,	2006).	RF	is	commonly	found	in	
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temperate	and	tropical	regions	and	causes	recurrent	fever	episodes	(Talagrand-
Reboul	et	al.,	2018).	About	20	Borrelia	species	cause	LB	and	these	are	generally	
referred	to	as	the	B.	burgdorferi	sensu	lato	complex	(hereafter	LB	Borrelia).	B.	
burgdorferi	sensu	stricto	(hereafter	B.	burgdorferi)	refers	to	a	species	within	the	
sensu	lato-complex.		
	
Unlike	many	bacteria,	the	Borrelia	genome	is	not	known	to	encode	any	toxins	or	
secretion	systems	(Fraser	et	al.,	1997).	This	means	that	Borrelia	relies	on	other	
virulence	mechanisms	 to	sustain	 infections,	 such	as	adhesion	 to	host	surfaces	
and	 immune	 evasion.	 By	mainly	 trying	 to	 evade	 the	 host	 immune	 responses,	
rather	than	actively	damaging	the	host	cells,	the	symptoms	of	infection	are	thus	
caused	only	by	the	inflammatory	responses	produced	by	the	host	(Kerstholt	et	
al.,	 2020).	Borrelia	 enters	 the	mammalian	host	 through	 the	 tick	bite,	 and	 tick	
saliva	also	contains	proteins	that	help	the	bacteria	evade	the	initial	detection	by	
the	 immune	 system,	 e.g.	 by	 inhibiting	 ROS	 production	 and	 by	 preventing	
complement,	antibody-mediated	killing	and	the	release	of	antimicrobial	peptides	
(Radolf	et	al.,	2012).	
	
Borrelia	spreads	in	the	host	through	the	blood	circulation	and	interacts	with	and	
adheres	 to	 host	 surfaces	 through	 adhesins	 located	 on	 the	 bacterial	 outer	
membrane.	Borrelia	 encode	many	 different	 adhesins	 and	 some	 of	 them	 have	
been	shown	to	be	essential	for	host	infection	while	the	function	of	others	are	still	
unknown	(Brissette	and	Gaultney,	2014).	The	specific	role	of	an	adhesin	during	
host	infections	is	difficult	to	study	since	adhesins	can	have	redundant	functions	
or	 be	 expressed	 only	 in	 certain	 tissues,	 or	 at	 different	 stages	 of	 the	 infection	
(Petzke	and	Schwartz,	2015).	Like	other	extracellular	pathogens,	Borrelia	often	
attach	to	host	cell	surfaces	or	to	the	extracellular	matrix,	a	network	of	proteins	
and	carbohydrates	 that	 surrounds	 the	 cells.	The	adhesins	on	 the	bacteria	 can	
bind	 to	 different	 components	 e.g.,	 collagen,	 fibronectin,	 glycosaminoglycans	
(GAGs),	integrins	and	decorin	(Brissette	and	Gaultney,	2014).		
	
The	 outer	 surface	 of	 the	 Borrrelia	 contains	 an	 unusually	 large	 number	 of	
lipoproteins,	 but	 no	 lipopolysaccharides,	 like	 other	 Gram-negative	 bacteria	
(Petzke	and	Schwartz,	2015).	The	lipoproteins	play	vital	roles	in	adhesion,	and	
in	 immune	 evasion	 mechanisms	 like	 antigenic	 variation	 and	 complement	
evasion.	The	vls	antigenic	variation	system	is	found	in	all	LB-causing	Borrelia	and	
is	an	essential	immune	evasion	mechanism	needed	for	the	long-term	survival	of	
LB	Borrelia	 in	mammalian	hosts.	 It	 consists	of	 the	vlsE	gene	and	a	number	of	
silent	cassettes	that	contain	variants	of	the	central	cassette	found	in	vlsE	(Norris,	
2015).	During	mammalian	infections,	recombination	events	take	place	between	
these	 regions,	 ensuring	 that	 the	 antigenic	 surface	 of	 the	protein	 is	 constantly	
changing	 and	 thereby	 prevents	 recognition	 by	 the	 host	 immune	 system.	 The	
complement	system	provides	the	first	rapid	defense	against	pathogens	and	can	
kill	 Gram-negative	 bacteria	 within	 minutes	 by	 forming	 a	 membrane	 attack	
complex	 that	 causes	 cell	 lysis	 (Heesterbeek	 et	 al.,	 2018).	Borrelia	 use	 several	
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different	mechanisms	to	evade	detection	by	the	complement,	e.g.,	outer	surface	
proteins	called	CRASPs	(complement	regulator-acquiring	surface	proteins),	that	
bind	to	complement	regulator	proteins	of	the	factor	H	family,	which	inhibits	the	
complement	pathway	(De	Taeye	et	al.,	2013).	
	
Borrelia	are	highly	motile	bacteria	and	can	move	very	fast	in	the	tissues,	which	
enables	them	to	avoid	engulfment	by	phagocytes	(Radolf	et	al.,	2012).	The	LB	
Borrelia	also	have	a	rather	small	genome	that	is	missing	several	vital	metabolic	
pathways	(Fraser	et	al.,	1997).	They	are	e.g.	unable	to	synthesize	amino	acids,	
nucleotides	and	fatty	acids,	and	rely	solely	on	glycolysis	for	energy	production	
(Kerstholt	et	al.,	2020).	The	parasitic	lifestyle	of	Borrelia	enables	them	to	obtain	
all	necessary	nutrients	from	their	host.	Although	the	Borrelia	genome	encodes	
fewer	 transporter	 proteins	 than	 other	 bacteria,	 many	 of	 them	 have	 a	 broad	
substrate-specificity	and	can	 import	a	wide	range	of	 substrates	 (Saier		 Jr.	 and	
Paulsen,	2000).		
	

	
Figure	 7.	 Main	 virulence	mechanisms	 used	 by	Borrelia	 and	Klebsiella	 bacteria.	 Obtaining	 vital	
nutrients	from	the	host	can	be	achieved	through	specialized	importers	or	by	secreting	proteins	
that	capture	specific	nutrient,	e.g.,	iron.	For	Klebsiella,	a	thick	capsule	plays	a	vital	part	in	protecting	
the	 bacteria	 against	 recognition	 by	 the	 immune	 system.	 Antigenic	 variation	 is	 another	way	 to	
escape	detection	by	host	immunity.	Adhesins	enable	tissue	colonization	by	adhering	the	bacteria	
to	host	 cells	or	 to	 the	extracellular	matrix.	 In	Borrelia,	 flagella	enable	bacteria	 to	move	quickly	
through	 the	 host	 tissues	 and	help	 them	evade	 phagocytosis.	 Lipopolysaccharides	 and	 secreted	
toxins	 and	 effectors	 cause	 harmful	 effects	 in	 the	 host.	 See	 text	 for	 more	 details	 about	 which	
mechanisms	are	found	in	Borrelia	and	Klebsiella	respectively.		

	

2.5.2 Klebsiella	
	
K.	 pneumoniae	 is	 considered	 an	 urgent	 threat	 to	 human	 health	 due	 to	 its	
increasing	resistance	to	antibiotics	(Paczosa	and	Mecsas,	2016).	It	is	responsible	
for	 over	 70	%	 of	 human	Klebsiella-infections	 (Pitout	 et	 al.	 2015)	 and	 causes	
infections	of	the	respiratory	and	urinary	tracts,	as	well	as	sepsis	and	abscesses	
of	the	liver	(Broberg	et	al.	2014).	Virulence	genes	and	antimicrobial	resistance	
genes	 are	 easily	 shared	 between	 Klebsiella	 bacteria,	 causing	 hypervirulent,	
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multi-resistant	 strains	 (Bengoechea	 and	 Sa	 Pessoa,	 2019).	 The	World	 Health	
Organization	lists	K.	pneumoniae	as	one	of	the	species	that	should	be	prioritized	
when	developing	new	antibiotics	(WHO,	2017).		
	
K.	 pneumoniae	 is	 known	 as	 a	 stealth	 pathogen	 due	 to	 its	 skills	 in	 avoiding	
detection	by	the	innate	immune	system	(Bengoechea	and	Sa	Pessoa,	2019).	It	can	
shield	 its	PAMPs	 from	being	 recognized	by	 the	 immune	 system	(Llobet	 et	 al.,	
2015),	 avoid	 phagocytosis	 (March	 et	 al.,	 2013)	 and	prevent	 the	 effects	 of	 the	
complement	system	(Álvarez	et	al.,	2000).	Another	characteristic	 feature	of	K.	
pneumoniae	 infections	 seems	 to	 be	 a	 reduction	 of	 the	 early	 inflammatory	
responses.	If	the	body	cannot	properly	initiate	this	early	response,	it	results	in	a	
more	 severe	 infection.	 It	 has	 been	 shown	 that	 K.	 pneumoniae	 inhibits	 this	
response	by	blocking	the	activation	of	the	NF-kB	and	MAPK	pathways	(Regueiro	
et	al.,	2011).		
	
The	 best	 characterized	 virulence	 factors	 in	 K.	 pneumoniae	 are	 capsule,	
lipopolysaccharide,	fimbriae	and	siderophores	(Paczosa	and	Mecsas,	2016).	The	
capsule	 is	 essential	 for	 K.	 pneumoniae,	 as	 strains	 lacking	 a	 capsule	 show	 a	
significant	reduction	in	virulence	(Cortés	et	al.,	2002;	Lawlor	et	al.,	2006).	The	
capsule	protects	the	bacteria	from	the	actions	of	the	innate	immune	system,	such	
as	complement,	phagocytosis	and	antimicrobial	peptides	(Paczosa	and	Mecsas,	
2016).	 The	 thickness	 of	 the	 capsule	 seems	 to	 be	 more	 important	 than	 its	
composition	when	it	comes	to	providing	protection	and	this	is	evidenced	by	the	
thicker	 hypercapsule	 seen	 in	 hypervirulent	K.	 pneumoniae	 strains	 (Patro	 and	
Rathinavelan,	 2019).	 LPS	 are	 found	 in	 the	 outer	membrane	 of	Gram-negative	
bacteria	and	consist	of	an	O	antigen,	a	core	oligosaccharide	and	lipid	A.	It	is	the	
major	 factor	 that	 protects	 K.	 pneumoniae	 against	 complement	 (Paczosa	 and	
Mecsas,	 2016).	 Strains	 lacking	 a	 full-length	 O	 antigen	 are	 sensitive	 to	
complement	 killing,	 even	 if	 the	 bacteria	 is	 protected	 by	 a	 capsule,	 whereas	
strains	 containing	 an	 intact	 O	 antigen	 are	 resistant	 (Merino	 et	 al.,	 1992).	
Fimbriae	mediate	attachment	to	host	cells	and	play	an	important	part	in	biofilm	
formation,	 while	 siderophores	 are	 used	 to	 scavenge	 iron	 from	 the	 host	
environment	(Paczosa	and	Mecsas,	2016).		
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3. Aims	
	
The	 aim	 of	 this	 thesis	 was	 to	 make	 a	 detailed	 structure-function	 analysis	 of	
specific	 proteins	 involved	 in	 interbacterial	 competition	 and	 host-pathogen	
interactions	in	Borrelia	and	Klebsiella	bacteria.	The	individual	aims	were:	
	
Aim	I	–	To	elucidate	the	function,	ligand-binding	properties	and	structure	
of	the	B.	burgdorferi	Bmp	proteins	
	
The	 aim	 of	 this	 project	 was	 to	 determine	 the	 exact	 function	 of	 the	 Borrelia	
burgdorferi	basic	membrane	proteins	BmpA,	BmpB,	BmpC	and	BmpD	and	define	
their	role	in	Borrelia	infections.	Although	the	Bmp	proteins	in	the	Lyme	disease	
causing	 B.	 burgdorferi	 are	 known	 to	 play	 an	 important	 part	 during	 human	
infections,	their	function	has	remained	unknown.	The	objective	of	publication	I	
was	to	create	3D	structural	models	of	the	Bmp	proteins	and	to	study	structural	
differences	between	the	proteins	as	well	as	their	ligand-binding	properties	and	
evolutionary	relationships.	In	publication	II,	the	objective	was	to	experimentally	
analyze	the	ligand-binding	of	BmpD	and	to	determine	its	X-ray	structure	to	give	
a	structural	explanation	for	its	ligand-binding	capacity.		
	
Aim	 II	 –	 To	 reveal	 key	 residues	 involved	 in	 host	 cell	 adhesion	 in	 the	B.	
garinii	Dbp	proteins	
	
In	this	project,	the	aim	was	to	determine	the	role	of	the	Borrelia	garinii	DbpA	and	
DbpB	 proteins	 in	 mediating	 attachment	 to	 host	 cells	 in	 the	 nervous	 system.		
Borrelia	 garinii	 is	 the	 main	 cause	 of	 Lyme	 disease	 in	 Europe	 and	 is	 often	
associated	with	neuroborreliosis.	The	adhesins	DbpA	and	DbpB	are	vital	for	B.	
garinii	 virulence	 in	mammalian	 hosts.	 The	 objective	 of	 publication	 III	was	 to	
create	3D	structural	models	of	the	Dbp	proteins	and	to	make	a	detailed	analysis	
of	 how	mutations	 in	 potential	 binding-site	 residues	 affect	 the	 function	 of	 the	
proteins.				
	
Aim	III	–	To	predict	the	structures	for	K.	pneumoniae	VgrG4	and	Sel1E	and	
analyze	their	possible	interaction	sites		
	
The	 aim	 of	 this	 project	 was	 to	 determine	 the	 structure	 and	 function	 of	 the	
Klebsiella	pneumoniae	VgrG4	protein	and	to	study	its	role	in	host	infection	and	
intermicrobial	competition.	The	highly	antibiotic	resistant	K.	pneumoniae	causes	
a	wide	range	of	infections	in	the	respiratory	system,	including	life-threatening	
hospital-acquired	 infections.	 VgrG	 proteins	 are	 an	 integral	 part	 of	 the	 T6SS,	
which	 is	 used	 for	 secreting	 toxic	 effectors	 into	 host	 cells	 or	 competitors.	 In	
publication	IV,	the	objective	was	to	create	3D	structural	models	for	VgrG4	and	its	
immunity	protein,	Sel1E,	and	to	predict	possible	interaction	sites	between	them.	
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4. Methods	
	
Each	section	begins	with	a	brief	introduction	to	the	methods	used	in	this	thesis	
and	 is	 followed	by	 short	 descriptions	 of	 how	 the	methods	were	used	 in	 each	
project.	The	main	methods	used	are	also	summarized	in	figure	8.			
		

 Sequence	analysis	
	
The	analysis	of	protein	sequences	 is	a	fundamental	part	of	bioinformatics	and	
there	 are	 several	 widely	 used	 databases	 and	 tools	 for	 exploring	 protein	
sequences	(Chen	et	al.,	2017).	From	the	amino	acid	sequence	of	a	protein,	it	is	
possible	 to	 find	 information	about	 its	molecular	mass,	pI,	stability	etc.,	 to	 find	
functional	 domains	 and	 motifs	 as	 well	 as	 to	 predict	 cell	 location,	 secondary	
structure	and	even	possible	interaction	partners.		
	
Amino	 acid	 sequences	 can	 be	 obtained	 from	 the	 UniProtKB	
(https://www.uniprot.org/)	 and	 from	 the	 NCBI	 protein	 database	
(https://www.ncbi.nlm.nih.gov/).	 The	 UniProtKB	 (Bateman	 et	 al.,	 2017)	 is	 a	
large	repository	of	protein	sequences	containing	detailed	annotations	about	the	
sequences	and	links	to	other	sequence	analysis	resources,	e.g.		InterPro	(Finn	et	
al.,	 2017),	which	 classifies	proteins	 into	 families	and	provides	 information	on	
functionally	important	domains	(Mitchell	et	al.,	2019).	The	Basic	Local	Alignment	
Search	Tool	(BLAST)	is	an	invaluable	tool	in	bioinformatics	(Altschul	et	al.,	1990).	
The	BLAST	algorithm	uses	sequence	databases	to	find	local	similarities	between	
sequences	and	then	calculates	the	statistical	significance	of	the	matches.	A	BLAST	
search	 with	 an	 unknown	 sequence	 can	 give	 information	 about	 the	 proteins	
function,	 evolutionary	 relationships,	 protein	 family	 and	 can	 also	 provide	
information	about	homologous	proteins	with	a	known	3D	structure.	The	protein	
structures	identified	by	BLAST	searches	can	be	retrieved	from	the	Protein	Data	
Bank	 (rcsb.org,	 Berman	 et	 al.,	 2000),	 which	 contains	 the	 3D	 structures	 of	
biological	macromolecules	solved	by	X-ray	crystallography,	NMR	or	Cryo-EM.	 
	
All	sequences	used	in	this	work	have	been	retrieved	from	the	UniProtKB	or	from	
the	NCBI	databases.	The	InterPro	(Finn	et	al.,	2017)	sequence	analysis	tool	was	
used	to	identify	protein	families	and	domains.	Secondary	structure	predictions	
were	made	with	 PSIPred	 (Jones,	 1999),	 and	 LipoP	 (Juncker	 and	Willenbrock,	
2003),	and	SignalP	(Almagro	Armenteros	et	al.,	2019)	was	used	to	predict	signal	
peptides.	 Localization	 predictions	 were	 made	 for	 the	 K.	 pneumoniae	 Sel1	
proteins	 using	 CELLO	 (Yu	 et	 al.,	 2004),	 Psortdb	 (Peabody	 et	 al.,	 2016)	 and	
Phobius		(Käll	et	al.,	2007).	The	evolutionary	conservation	patterns	of	the	Sel1	
proteins	were	analyzed	with	ConSurf	(Ashkenazy	et	al.,	2016).		
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 Sequence	alignment	
	
Sequence	 alignments	 are	 used	 to	 identify	 regions	 of	 similarity	 (conservation)	
between	 sequences	 and	 can	 give	 information	 about	 structural,	 functional	 or	
evolutionary	 relationships.	Multiple	 sequence	 alignments	 align	 three	 or	more	
sequences	and	is	the	starting	point	for	a	wide	range	of	bioinformatics	analyses	
(Chowdhury	 and	 Garai,	 2017).	 Scoring	 methods	 are	 used	 to	 determine	 how	
similar	 the	 residues	 in	 a	 specific	 position	 in	 the	 alignment	 are.	 Two	 types	 of	
scoring	are	used	for	amino	acid	sequence	alignments:	an	identity	score,	which	
indicates	if	identical	residues	are	found	in	both	positions	and	a	similarity	score,	
which	also	takes	the	physicochemical	properties	of	amino	acids	into	account.	A	
substitution	for	a	residue	with	similar	properties	will	therefore	score	higher.	
	
The	sequence	alignments	have	been	made	in	the	BODIL	modelling	environment	
(Lehtonen	 et	 al.,	 2004)	using	MALIGN,	 for	multiple	 sequence	 alignments,	 and	
VERTAA	 for	 structure-based	 alignments.	 In	 publication	 I	 and	 III	 the	multiple	
sequence	 alignments	 were	 aligned	 to	 the	 pre-aligned	 structure-based	
alignments	using	MALIGN.	In	publication	IV	the	same	method	was	used	to	make	
an	alignment	of	the	N-terminal	part	of	VgrG4.	
	

 Modelling	protein	3D	structures	
 
Protein	 function	 is	 closely	 linked	 to	protein	 structure	and	changes	 in	a	 single	
amino	acid	can	completely	alter	or	abolish	the	function	of	a	protein	if	it	is	located	
in	a	structurally	important	region	(Sadowski	and	Jones,	2009).	Knowing	the	3D	
structure	of	a	protein	is	therefore	often	a	necessary	step	towards	elucidating	its	
function.	Protein	3D	structures	can	be	determined	experimentally	using	X-ray	
crystallography,	 NMR	 and	 Cryo-EM,	 or	 predicted	 computationally	 using	
homology	modeling,	threading	or	ab	initio	modeling	(Chandra	et	al.,	2010).	The	
experimental	 methods	 are	 considered	 highly	 reliable	 and	 produce	 high	
resolution	structures,	however,	they	are	also	time-consuming	and	expensive	(Kc,	
2017).	 The	 computational	 methods,	 on	 the	 other	 hand,	 are	 faster	 and	
inexpensive	 in	 comparison	 and	 function	 as	 an	 important	 complement	 to	 the	
experimental	methods.		
	
Related	 proteins,	 i.e.,	 proteins	 that	 are	 homologous,	 often	 share	 a	 similar	
structure.	In	homology	modeling	this	premise	is	used	to	model	proteins	based	
on	 an	 experimentally	 solved	 structure	 of	 a	 related	 protein	 (França,	 2015).	 A	
sequence	 alignment	 between	 the	 structural	 template	 and	 the	 sequence	 of	
interest	is	the	first,	and	also	the	most	essential,	step	in	the	homology	modeling	
process.	 A	 correct	 sequence	 alignment	 is	 a	 prerequisite	 for	 creating	 a	 good	
quality	model	(Haddad	et	al.,	2020).	The	higher	the	sequence	identity	between	
the	proteins	the	more	likely	that	the	model	will	be	correct.	However,	as	protein	
structures	are	more	conserved	than	sequences	(sequences	may	change	without	
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resulting	 in	 structural	 changes)	 it	 is	 possible	 to	 create	 reliable	 models	 even	
though	the	sequence	identity	is	low	(>30%)	(Illergård	et	al.,	2009).	 
	
Modeller	is	one	of	the	most	commonly	used	homology	modeling	programs	and	it	
tries	 to	 find	 the	most	 probable	 structure	 for	 a	 sequence	 by	 satisfying	 spatial	
restraints	in	the	form	of	probability	density	functions	(Šali	and	Blundell,	1993).	
C-alpha-C-alpha	distances,	main-chain	N-O	distances,	main-chain	and	side-chain	
dihedral	angles	are	restrained,	and	the	program	produces	a	model	which	fulfils	
these	restraints	as	well	as	possible.		
	
Protein	threading	is	another	frequently	used	template-based	modeling	method	
and	it	is	used	e.g.	by	I-TASSER	(Yang	et	al.,	2015),	an	online	modeling	server	that	
has	consistently	ranked	high	in	the	CASP	experiments	where	protein	structure	
modeling	 methods	 are	 evaluated	 (Kryshtafovych	 et	 al.,	 2019).	 Threading	
methods	align	a	protein	sequence	to	proteins	in	the	PDB	and	try	to	find	matches	
that	it	can	use	as	templates	to	produce	a	model.	The	final	model	is	constructed	
by	reassembling	structural	fragments	based	on	the	threading	templates	(Roy	et	
al.,	2011).	Threading	is	normally	used	when	there	are	no	homologous	proteins	
available	 in	 the	 PDB	 but	 the	 protein	 still	 shares	 part	 of	 the	 structure	 with	
proteins	 in	 the	 PDB	 (Xu	 et	 al.,	 2007).	 Threading	 does	 not	 require	 as	 high	 a	
sequence	identity	as	homology	modeling	and	can	produce	good	alignments	even	
with	a	sequence	identity	below	25	%.	
	
If	no	structural	template	is	available	for	a	protein,	ab	initio	modeling	can	also	be	
used	 to	 predict	 its	 structure.	 This	 method	 predicts	 the	 native	 structure	 of	 a	
protein	using	only	 its	 amino	acid	 sequence	 to	 find	 the	 conformation	with	 the	
global	energy	minimum	(Dorn	et	al.,	2014).	Until	very	recently	this	method	has	
not	been	able	to	produce	very	accurate	models.	In	the	latest	CASP	experiments	
(https://predictioncenter.org/casp14/index.cgi,	 22.1.2021)	 however,	 protein	
structures	were	for	the	first	time	predicted	with	an	exceptionally	high	accuracy	
by	the	artificial	intelligence	method	AlphaFold,	developed	by	DeepMind	(Jumper	
et	al.,	2020).	
	
If	 structural	 templates	 are	 available,	 the	 first	 step	 in	 the	 homology	modeling	
process	is	to	create	a	structure-based	alignment	where	the	structural	templates	
are	 superimposed	 and	 provide	 a	 structural	 framework	 on	 which	 to	 build	 a	
correct	alignment	for	modeling.	The	sequence	of	interest	is	then	aligned	to	the	
structure-based	alignment	and	the	structural	features	can	be	used	to	provide	a	
more	reliable	alignment	for	modeling.		
	
Homology	models	of	the	Bmp	proteins,	the	Dbp	proteins	and	the	VgrG4	protein	
were	made	with	Modeller	(Šali	and	Blundell,	1993).	10	models	were	created	for	
each	 protein	 and	 the	 model	 with	 the	 lowest	 energy	 according	 to	 Modeller	
objective	function	was	chosen	for	further	analyses.	The	modeling	of	VgrG4	was	
done	 in	 four	 separate	parts.	The	N-terminal	part	 (residues	1-563),	 the	 repeat	



	

	 27	

part	(637-677)	and	the	C-term	part	(678-739)	where	modeled	with	Modeller,	
while	the	helix-part	(residues	564-636)	was	modeled	using	the	modelling	server	
I-TASSER	(Yang	et	al.,	2015).	A	structure-based	alignment	was	made	using	the	
crystal	 structures	 of	Pseudomonas	 aeruginosa	 VgrG1	 (PDB	 ID:	 4uhv	 (Spínola-
Amilibia	et	al.,	2016),	4mtk	(Sycheva	et	al.	to	be	published))	and	the	Escherichia	
coli	v3393	protein	(PDB	ID:2p5z	(Leiman	et	al.,	2009))	and	VgrG	sequences	of	
similar	 length	 to	 PaVgrG1	 and	 to	 K.	 pneumoniae	 VgrG4	 were	 aligned	 to	 the	
prealigned	structure-based	alignment,	creating	the	alignment	used	for	modeling.		
Due	to	the	repetitive	patterns	found	in	the	VgrG	spike,	we	could	use	a	repeated	
part	of	PaVgrG1	(residues	551-589)	to	model	the	repeat	part	of	VgrG4.	The	C-
terminal	part	was	modeled	based	on	P.	aeruginosa	VgrG1	residues	550-611.		

Sel1D	 and	 Sel1E	were	modeled	 using	 the	 I-TASSER	 server	 and	 based	 on	 the	
homologs	found	in	the	BLAST	search	we	specified	that	the	program	should	use	
the	P.	aeruginosa	Pa5087	protein	(PDB	ID:	5jkp)	as	the	template.			

 Model	analysis	
	
The	quality	of	protein	models	needs	to	be	carefully	evaluated	before	any	further	
analyzes	 are	 done.	 A	 visual	 inspection	 of	 the	 model	 superimposed	 on	 the	
template	 is	 usually	 the	 first	 step.	 The	 RMSD	 (root	 mean	 square	 deviation)	
calculates	an	average	distance	between	atoms	in	the	two	structures	and	gives	an	
indication	of	the	overall	similarity	(Kufareva	and	Abagyan,	2012).	There	are	also	
several	 online	 protein	 quality	 evaluation	 servers	 that	 assess	 protein	 models	
based	on	e.g.,	stereochemical	or	electrostatic	properties	or	similarities	to	known	
structures.	All	models	were	visually	inspected	and	evaluated	by	superimposition	
with	the	template	structures	using	the	program	VERTAA	in	the	BODIL	modeling	
environment	 (Lehtonen	 et	 al.,	 2004)	 and	 in	 PyMOL	 (The	 PyMOL	 Molecular	
Graphics	System,	Version	2.0	Schrödinger,	LLC).	The	models	were	also	evaluated	
by	 the	 online	model	 quality	 evaluation	 servers	Qmean	 (Benkert	 et	 al.,	 2009),	
PROSAweb	(Wiederstein	and	Sippl,	2007),	ProQ	(Wallner	and	Elofsson,	2003)	
and	MODFOLD	(Maghrabi	and	Mcguffin,	2017).	The	ABPS	plugin	in	PyMOL	was	
used	to	calculate	the	electrostatic	potential	of	the	Dbp	(publication	III)	and	Sel1	
protein	surfaces	(publication	IV).	
	

 Phylogenetic	analysis	
	
Phylogenetic	analyses	using	DNA	or	protein	sequences	can	be	used	to	determine	
the	 evolutionary	 relationships	 between	 species	 or	 strains	 (Ajawatanawong,	
2017).	The	evolutionary	relationships	are	depicted	in	the	form	of	a	tree,	which	is	
calculated	 based	 on	 a	multiple	 sequence	 alignment	 consisting	 of	 homologous	
sequences.	The	accuracy	of	the	tree	is	entirely	dependent	on	the	quality	of	the	
sequence	alignment.	The	methods	used	 to	calculate	phylogenetic	 trees	can	be	
divided	 into	 two	main	groups:	distance-based	and	character-based	 (Yang	and	
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Rannala,	2012).	In	distance-based	methods,	a	distance	value	is	calculated	based	
on	the	sequence	similarities	in	the	multiple	sequence	alignment	and	a	distance	
matrix	is	then	used	to	infer	the	phylogenetic	tree.	Neighbor	joining	is	one	of	the	
most	 commonly	 used	 distance-based	 methods	 and	 is	 generally	 a	 very	 fast	
method	but	is	not	considered	to	be	reliable	for	highly	variable	sequences.	Among	
the	 character-based	methods,	maximum	parsimony,	maximum	 likelihood	 and	
Bayesian	 inference	 are	 the	 most	 frequently	 used	 methods	 (Ajawatanawong,	
2017).	These	methods	are	considerably	more	time	consuming	than	the	distance-
based	methods	because	they	calculate	the	phylogenetic	 tree	directly	based	on	
sequence	 information.	All	possible	 trees	 that	can	be	constructed	based	on	the	
multiple	sequence	alignment	are	scored,	and	the	best	tree	is	determined	based	
on	the	highest	score.	However,	as	it	is	not	computationally	practical	to	calculate	
all	possible	trees	for	larger	sequence	alignments,	most	methods	use	some	form	
of	heuristic	approach	to	speed	up	the	process	(Yang	and	Rannala,	2012).		
	
The	 phylogenetic	 tree	 (publication	 I)	 was	 generated	 using	 the	 Maximum	
Likelihood	 (ML)	method	 in	MEGA7	 (Kumar	 et	 al.,	 2016).	 The	 Le	 and	 Gascuel	
(2008)	 substitution	 matrix	 (LG)(Le	 and	 Gascuel,	 2008)	 with	 gamma	
distributions	 and	 invariant	 sites	 (G	 +	 I)	 was	 determined	 to	 be	 the	 most	
appropriate	 evolutionary	 model	 for	 the	 data	 set	 using	 the	 “Find	 Best	
DNA/Protein	 Models”	 function	 in	 MEGA	 and	 was	 used	 for	 the	 ML	 analysis.	
Complete	deletion	of	gaps	and	missing	data	was	carried	out	 to	exclude	highly	
variable	regions	from	analysis	and	bootstrapping	(500	replications)	was	used	to	
evaluate	 branch	 support.	 Bootstrapping	 is	 commonly	 used	 for	 evaluating	 the	
confidence	of	phylogenetic	trees	(Felsenstein,	1985;	Hillis	and	Bull,	2010)	and	
500	replicates	is	the	default	setting	in	MEGA7	(Kumar	et	al.,	2016).	
	

 Molecular	dynamics	simulations	
	
Molecular	dynamics	(MD)	simulations	aim	to	imitate	the	motions	of	atoms	in	a	
molecular	structure	set	in	an	environment	that	mimics	the	normal	setting	of	that	
molecule	(Patodia,	2014).	For	proteins,	this	means	that	the	motions	of	a	protein	
structure	are	simulated	 in	a	water-filled	environment	 that	 imitates	 its	normal	
cellular	environment.	The	system	is	held	at	a	defined	temperature	and	pressure	
and	ions	can	be	added	to	neutralize	the	charge	on	the	protein.	A	force	field	is	used	
to	calculate	the	potential	energy	of	the	system.	MD-simulations	can	be	used	for	a	
wide	range	of	purposes,	e.g.	to	study	protein	stability	or	folding,	to	analyze	the	
effects	 of	 mutations	 or	 to	 observe	 conformational	 changes	 or	 ligand-binding	
(Hollingsworth	and	Dror,	2018).	
	
The	 MD	 simulations	 of	 the	 Dbp	 models	 (publication	 III)	 were	 done	 with	
Desmond	Molecular	Dynamics	System	(2019-4)	in	Maestro	(Bowers	et	al	2006).	
The	proteins	were	solvated	in	an	octahedral	box,	with	20	Å	distance	between	the	
solute	 surface	 atoms	 and	 the	 edge	 of	 the	 box,	 using	 a	 TIP3P	 water	 model	
(Jorgensen	1983).	Cl-	atoms	were	added	to	neutralize	 the	systems.	A	constant	
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temperature	of	300	K	(maintained	by	the	Nosé-Hoover	chain	thermostat)	and	a	
constant	 pressure	 of	 1.01325	 bar	 (maintained	 by	 the	 Martyna-Tobias-Klein	
barostat)	was	upheld	using	the	OPLS3e	force	field	(Harder	2016).	The	default	
equilibration	 protocol	 in	 Desmond	 was	 used	 to	 relax	 the	 systems	 and	 the	
simulations	were	 run	 for	 200	 ns.	 All	 simulations	were	 done	 in	 triplicates	 by	
randomizing	 the	 initial	velocities	and	 the	resulting	 trajectories	were	analyzed	
with	the	Simulation	Interactions	Diagram	program	in	Desmond.		
	

 Visualization	and	structural	analysis		
	
Manual	 visualization	 and	 analysis	 of	 proteins	 structures	 and	 their	 potential	
interactions	 are	 one	 of	 the	 most	 important	 ways	 of	 evaluating	 models,	
simulations	or	dockings.	By	superimposing	models	on	their	structural	templates,	
it	 is	possible	 to	easily	observe	 similarities	 and	 identify	differences.	 Individual	
frames	of	an	MD-simulation	and	the	different	poses	of	docked	molecules	can	be	
analyzed	 in	 great	 detail.	 Visualization	 software	 allows	 the	 user	 to	 show	
individual	amino	acid	residues	in	different	formats,	to	visualize	potential	bonds	
and	to	measure	atomic	distances.			
	
Pymol	(The	PyMOL	Molecular	Graphics	System,	Version	2.0	Schrödinger,	LLC.)	
was	used	 for	 visual	 inspection	of	 the	models	 and	 for	 creating	high	 resolution	
pictures.	 Labels	were	 added	 in	Microsoft®	 PowerPoint	 or	 in	 the	 GNU	 Image	
Manipulation	 Program.	 ESPript	 3.0	 (Robert	 and	 Gouet,	 2014)	 was	 used	 to	
prepare	the	alignment	figures.	Graphical	figures	were	created	in	PowerPoint.	
	

 Experimental	work	
	
Except	for	the	BmpD	crystallization	described	below,	all	experimental	work	in	
this	 thesis	 was	 performed	 by	 our	 collaborators	 in	 their	 laboratories.	 The	
experiments	are	explained	in	detail	in	the	Material	and	Methods	sections	of	the	
publications.	
	

4.8.1 BmpD	crystallization		
	
The	sitting-drop	vapor	diffusion	method	was	used	to	obtain	crystals	of	rBmpD.	
9.6	mg/ml	 protein	 in	 50	mM	Tris/HCl	 pH	 8.0	 buffer	was	mixed	 2:1	with	 the	
reservoir	 solution	 of	 0.2	 M	 sodium	 chloride,	 0.1	 M	 Tris,	 20%	 (wt/vol)	
polyethylene	 glycol	 6000	 (pH	 8.0),	 supplemented	 with	 15%	 2-methyl-2,4-
pentanediol	(MPD)	as	cryoprotectant.	The	crystals	were	observed	after	5	days.	
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Figure	8.	Summary	of	the	structural	bioinformatics	methods	used	in	this	thesis.	
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5. Results	and	Discussion	
	

 Borrelia	burgdorferi	–	BmpA,	BmpB,	BmpC	and	BmpD	
	

5.1.1 Introduction		
	
The	B.	burgdorferi	Bmp	proteins	were	first	characterized	in	the	beginning	of	the	
1990s	when	antibodies	against	BmpA	(then	called	P39)	were	detected	in	serum	
samples	from	human	LB	patients	(Simpson	et	al.,	1990).	The	gene	was	located	in	
the	single	chromosome	found	in	B.	burgdorferi	and	soon	three	additional	genes	
(bmpB,	bmpC	and	bmpD)	were	discovered	in	the	same	location,	all	homologous	
to	bmpA	 (Aron	 et	 al.,	 1994;	Ramamoorthy	 et	 al.,	 1996;	 Simpson	 et	 al.,	 1994).	
Antibodies	against	BmpA	are	specific	and	can	be	used	for	diagnosing	LB	patients	
(Verma	et	al.,	2009).	Antibodies	against	BmpB	and	BmpD	have	also	been	found	
in	 LB	 patients,	whereas	BmpC	 is	 shown	 to	 be	 continuously	 expressed	 during	
infection	in	mice	(Ting	Liang	et	al.,	2002).	Thus,	the	Bmp	proteins	are	expressed	
during	infections	in	humans,	but	their	exact	function	is	unknown.	The	aim	of	this	
work	was	to	determine	the	structure	and	function	of	the	Bmp	proteins	and	to	
define	their	role	in	LB	infections.		
	

5.1.2 The	B.	burgdorferi	Bmp	proteins	are	substrate-binding	proteins		
	
The	four	Bmp	proteins	of	B.	burgdorferi	B31	have	a	length	of	339	(BmpA),	341	
(BmpB,	BmpD)	and	353	(BmpC)	amino	acids	and	share	sequence	identities	in	the	
range	of	37-50	%.	Their	expression	during	Borrelia	infections	indicate	that	the	
Bmp	proteins	play	an	essential	part	in	the	infection	process.	However,	as	there	
has	 been	 conflicting	 reports	 about	 their	 location	 and	 function,	 their	 exact	
function	has	 remained	unknown.	Verma	et	 al.	 (2009)	predicted	 that	 the	Bmp	
proteins	are	adhesion	proteins	binding	to	laminin.	However,	since	BmpB,	BmpC	
and	BmpD	are	predicted	to	be	located	on	the	inner	membrane	of	the	periplasmic	
space,	this	would	preclude	a	role	in	adhesion	(Dowdell	et	al.,	2017).	Others	have	
predicted	that	the	Bmp	proteins	are	ABC-transporter	proteins	(Gherardini	et	al.,	
2010;	Kanehisa	and	Goto,	2000).	Our	own	sequence	analyses	with	InterPro	also	
predicted	that	the	Bmp	proteins	contain	an”	ABC	transporter	substrate-binding	
protein	PnrA-like”	(IPR003760)	domain	and	a	“Periplasmic	binding	protein-like	
I”	(IPR028082)	domain.	The	Bmp	proteins	were	also	predicted	by	LipoP	(Juncker	
and	Willenbrock,	2003)	to	have	a	lipoprotein	signal	sequence	at	the	N-terminal	
part.	Lipoprotein	signal	sequences	are	used	by	bacteria	to	ensure	that	proteins	
are	 positioned	 in	 their	 correct	 location	 in	 a	 membrane	 (Zückert,	 2014).	 The	
signal	sequence	consists	of	a	region	of	approximately	20	amino	acids,	from	the	
first	amino	acid	(Met)	to	the	first	cysteine	residue	(Zückert,	2014).	The	proteins	
are	attached	to	the	membrane	via	a	diacyl	glyceryl	group,	which	is	bound	to	the	
sulfhydryl	group	of	the	cysteine,	and	an	acyl	group	attached	to	the	amino	group	
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(Buddelmeijer,	 2015).	 The	 signal	 sequence	 is	 then	 cleaved	 from	 the	 protein	
before	it	is	attached	to	the	membrane.	
	

5.1.2.1 Analyses	of	the	Bmp	structure	and	models	
A	BLAST	search	 (Altschul	et	al.,	1990)	was	done	 to	 find	homologous	proteins	
with	 a	 known	3D	 structure.	 The	 related	protein	PnrA	 in	Treponema	pallidum	
(hereafter	Tp)	has	a	sequence	identity	of	27.5-31.3	%	to	the	Bmp	proteins	and	
has	been	shown	to	be	an	ABC-transporter	substrate-binding	protein	that	binds	
to	purine	nucleosides	(Deka	et	al.,	2006).	This	protein	was	subsequently	used	as	
a	structural	template	for	modeling	the	Bmp	proteins.		
	
Homology	 modeling,	 the	 methods	 used	 for	 modeling	 the	 Bmp	 proteins,	 is	 a	
frequently	 used	 protein	 structure	 prediction	 method,	 which	 is	 based	 on	 the	
assumption	 that	 proteins	with	 similar	 sequences	 also	 have	 similar	 structures	
(França,	2015;	Rost	and	Sander,	1996).	The	function	of	a	protein	is	dependent	on	
its	structure	and	protein	structures	are	thus	more	conserved	than	sequences	in	
order	to	preserve	protein	functions.	It	is	therefore	possible	to	model	a	protein	
based	 on	 a	 related	 3D	 structure	 even	 though	 the	 sequence	 identity	 is	 low	
(Illergård	et	al.,	2009).	Quality	assessments,	performed	by	visual	inspection	and	
by	assessment	servers,	showed	that	the	models	of	the	Bmp	proteins	were	of	high	
quality.	The	root	mean	square	deviations	(RMSD)	between	the	Bmp	proteins	and	
PnrA	were	in	the	range	of	0.42-0.5	Å,	 indicating	highly	similar	structures.	The	
quality	 assessment	 servers	 also	 gave	 high	 scores	 to	 the	 models,	 further	
supporting	their	quality.		
	
In	 parallel	 with	 the	 modeling,	 the	 crystal	 structure	 of	 BmpD	 was	 solved	
(Publication	 II,	 Table	 1).	 The	 crystal	 structure	 superimposes	 on	 the	 Tp	 PnrA	
structure	with	an	RMSD	of	1	Å,	indicating	a	very	high	structural	similarity	despite	
the	 low	sequence	 identity	of	27.8	%.	 In	 the	crystal	 structure,	BmpD	was	also,	
surprisingly,	bound	to	a	purine	nucleoside,	which	had	not	been	added	during	the	
crystallization	setup.	As	Tp	PnrA	is	also	known	to	bind	to	purine	nucleoside,	this	
further	 supports	 the	 notion	 that	 PnrA	 and	 the	 Bmp	 proteins	 have	 a	 similar	
function	as	well	as	a	similar	structure.		
	
The	Bmp	proteins	 share	 the	 typical	 fold	of	 substrate-binding	proteins	 (SBPs),	
which	 consist	 of	 two	 alpha/beta	 domains	 linked	 by	 three	 connecting	 loops	
(figure	9)	(Scheepers	et	al.,	2016).	A	substrate-binding	site	is	formed	in	the	cleft	
between	the	two	domains	and	residues	from	both	domains	bind	to	the	substrate.	
SBPs	can	have	many	different	functions	and	bind	to	several	different	substrates,	
but	 they	 all	 have	 a	 highly	 conserved	 fold,	 despite	 having	 low	 sequence	
similarities.	According	to	the	classification	system,	which	divides	the	SBPs	into	
seven	structural	clusters	(Scheepers	et	al.,	2016),	the	Bmp	proteins	belong	to	the	
B-I	cluster.	This	group	consists	mainly	of	proteins	binding	to	sugars,	alcohols	and	
autoinducer	2.	When	a	substrate	binds	to	the	SBP	it	 induces	a	conformational	
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change	 to	 a	 closed	 formation,	 which	 is	 recognized	 by	 the	 TMDs	 and	 triggers	
hydrolysis	of	ATP	and	opening	of	the	translocation	channel	(see	figure	4).		
	
The	BmpD	model	was	shown	to	be	highly	similar	to	the	BmpD	crystal	structure	
and	differences	were	found	mainly	on	the	surface	of	the	proteins.	The	structures	
superimpose	with	an	RMSD	of	1	Å.	Helices	I	and	J	are	shorter	in	the	model	than	
in	the	crystal	structure	and	there	are	some	small	differences	in	the	position	of	
surface	loops.	Especially	the	region	surrounding	the	ligand	binding	site	is	very	
similar	 in	 both	 of	 them,	 except	 for	 some	 differences	 in	 water	 molecules	
surrounding	the	ligand,	reflecting	the	slightly	different	binding	modes	for	inosine	
and	adenosine	(see	more	details	below).		
	
	

	

Figure	9.	Crystal	structure	of	B.	burgdorferi	BmpD	bound	to	adenosine.	The	central	beta	strands	in	
the	center	of	each	domain	are	shown	in	purple	and	numbered	1-12.	The	surrounding	alpha	helices	
are	in	light	pink	and	marked	A-I.	The	ligand,	adenosine,	is	shown	as	white	sticks	in	the	binding	site	
formed	in	the	cleft	between	the	domains.	The	three	loops	(I-III)	shown	above	the	ligand	connect	
the	two	domains.	Figure	adapted	from	Publication	II.		

	

5.1.3 Structural	characterization	of	the	Bmp	ligand-binding	site	
	
Nitrogenous	 compounds	 like	 nucleobases	 and	 nucleosides	 are	 needed	 by	 all	
organisms	to	form	the	nucleotides	needed	as	building	blocks	for	DNA,	RNA	and	
ATP.	Nucleosides	 consist	 of	 a	 ribose	 part	 connected	 to	 a	 base	 part.	 In	 purine	
nucleosides,	the	base	part	is	made	up	of	a	fused	imidazole	and	pyrimidine	ring	
(see	 figure	 3),	 compared	 to	 the	 single	 pyrimidine	 ring	 found	 in	 pyrimidine	
nucleosides.	Using	LC-MS	analysis,	the	purine	nucleoside	in	BmpD	was	shown	to	
be	 adenosine.	 However,	 ligand-binding	 assays	 demonstrated	 that	 BmpD	 also	
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binds	to	inosine,	and	therefore,	it	seems	likely	that	the	Bmp	proteins	are	capable	
of	binding	to	several	similar	nucleosides.	In	fact,	Tp	PnrA	was	also	crystallized	
with	 several	 different	 purine	 nucleosides	 (Deka	 et	 al.,	 2006)	 and	many	 other	
SBPs	are	known	to	bind	to	several	structurally	similar	ligands	(Davidson	et	al.,	
2008b).	 Our	 structural	 analyses	 indicate	 that	 conformational	 changes	 and	
additional	 water	molecules	 can	 compensate	 for	 differences	 in	 the	 nucleoside	
structures	 and	 ensure	 that	 corresponding	 interactions	 are	 formed	 between	
BmpD	and	the	ligand	(see	more	details	in	section	5.1.3.2).			
	
The	 inosine	 molecule	 bound	 to	 Tp	 PnrA	 was	 included	 in	 modeling	 the	 Bmp	
proteins,	and	this	enabled	us	to	make	a	detailed	study	of	the	substrate-binding	
properties	of	the	ligand-binding	sites	of	the	Bmp	models.	The	crystal	structure	
of	the	A.	pernix	K1	solute-binding	protein	(PDB	ID:	4pev,	to	be	published),	bound	
to	adenosine,	was	also	included	in	the	analysis.		
	
5.1.3.1 Inosine	binding-site	comparison	
The	ribose	part	of	inosine	in	Tp	PnrA	forms	hydrogen	bonds	with	the	side	chains	
of	D108,	D238,	K260	and	with	the	main	chain	nitrogen	of	G212	(figure	10A),	and	
these	interactions	are	conserved	also	in	the	A.	pernix	K1	solute-binding	protein	
and	 in	 the	Bmp	proteins,	with	a	 few	exceptions.	D238	 is	 replaced	by	N241	 in	
BmpC	(figure	10E)	but	can	still	form	the	hydrogen	bonds	to	O3’	and	O5’	like	the	
aspartate	in	PnrA.	D108	is	E98	in	BmpD	(figure	10F),	which	can	form	the	same	
interactions	as	aspartate	despite	the	longer	side	chain.		 	
	
The	residues	binding	to	the	base	part	of	the	purine	nucleoside	are	conserved	in	
BmpA,	BmpB	and	BmpD,	but	not	in	BmpC.	F36	and	F186	in	PnrA	form	aromatic	
stacking	interactions	with	the	imidazole	and	pyrimidine	rings	on	the	purine	base.	
D27	forms	hydrogen	bonds	with	N1	and	O6	and	is	considered	a	crucial	residue	
for	purine	binding	in	Tp	PnrA	(Deka	et	al.,	2006).	The	substrate-binding	site	in	
the	BmpC	model	differs	significantly	from	the	other	Bmps	with	regards	to	the	
residues	 interacting	 with	 the	 purine	 base	 part.	 F36	 and	 F186	 in	 PnrA	 are	
replaced	by	Y29	and	L191	in	BmpC	(figure	10E).	While	the	stacking	interaction	
with	 Y29	 is	 maintained,	 L191	 is	 not	 capable	 of	 forming	 aromatic	 stacking	
interactions.	BmpC	also	has	a	positively	charged	histidine	(H21)	instead	of	the	
negatively	 charged	 aspartate	 at	D27	 in	PnrA,	 and	 this	 residue	 is	 furthermore	
turned	 away	 from	 the	 binding	 site,	 making	 hydrogen	 bonding	 to	 N1	 and	 O6	
unlikely.			
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Figure	10.		The	ligand-binding	site	in	the	crystal	structures	of	the	T.	pallidum	PnrA-inosine	complex	
(PDB	ID:	2fqw,	(Deka	et	al.,	2006))(A),	the	A.	pernix	K1	solute-binding	protein	(SBP)	in	complex	
with	 adenosine	 (PDB	 ID:	 4pev,	 to	 be	 published)	 (B)	 and	 the	Bmp	models	 in	 complex	with	 the	
potential	ligand	inosine,	BmpA	(C),	BmpB	(D),	BmpC	(E)	and	BmpD	(F).	The	atom	names	for	the	
oxygens	in	the	ribose	part	are	marked	in	grey	in	A	(O2’-O5’).	The	name	of	the	completely	conserved	
lysine	is	underlined	and	residues	that	bind	to	the	ribose	part	are	in	italics.	Figure	adapted	from	
Publication	I.		
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BmpA	and	BmpB	share	50.7	%	sequence	identity	and	the	residues	in	their	ligand-
binding	site	are	completely	conserved	with	those	of	PnrA.	BmpD	is	highly	similar	
to	BmpA	and	BmpB	(47.2	and	44.0%	sequence	identities,	respectively)	whereas	
BmpC	share	only	35.5-37.8	%	sequence	identity	with	the	other	Bmps,	and	the	
residues	that	bind	to	the	base	part	of	the	nucleoside	differ	notably	from	the	other	
Bmps	and	PnrA.	Thus,	the	residues	binding	to	the	ribose	part	of	the	nucleoside	
are	 highly	 conserved	 in	 all	 the	 proteins	 or	 conservatively	 substituted	 (BmpC,	
BmpD)	so	that	the	interactions	are	maintained	despite	the	change	in	residue.	In	
BmpC	 the	 residues	 binding	 to	 the	 purine	 base	 part	 are	 considerably	 less	
conserved,	which	suggests	that	BmpC	could	prefer	other	nucleosides	than	PnrA	
and	the	other	Bmps	and	therefore	might	have	a	different	function.		
	

5.1.3.2 Comparison	of	adenosine	and	inosine	binding	
The	purine	nucleosides	adenosine	and	inosine	are	identical	except	for	position	6	
on	the	base	part,	which	has	an	amino	group	in	adenosine	and	a	carbonyl	group	
in	inosine	(see	figure	3).	A	structural	model	for	inosine-bound	BmpD	was	created	
using	the	PnrA-inosine	complex	structure	(PDB	ID:	2fqw	(Deka	et	al.,	2006))	in	
order	to	make	a	detailed	comparison	of	the	structural	differences	of	adenosine	
and	inosine	binding	in	BmpD	and	PnrA.		
	
The	adenosine-binding	sites	 in	BmpD	and	PnrA	differ	mainly	in	the	two	loops	
that	flank	the	binding	site	(figure	11A).	In	loop	1,	S86	and	F87	are	replaced	by	
F76	and	R77	 in	BmpD	(Figure	11B-C).	D27	 in	 loop	2	of	PnrA	 forms	hydrogen	
bonds	with	 the	backbone	nitrogen	of	F87	(figure	11C),	while	D19	 in	BmpD	 is	
turned	away	from	the	binding	site	and	forms	ionic	interactions	with	R77	(figure	
11B).	Loop	2	in	PnrA	is	one	residue	longer	than	in	BmpD	and	thus	extends	more	
deeply	into	the	binding	site	(figure	11A).	BmpD	on	the	other	hand	has	a	more	
extensive	water-mediated	 hydrogen-bonding	 network	 that	 connects	 the	 base	
part	of	the	nucleoside	with	residues	in	loop	2.		
	
Inosine	 binding	 to	 PnrA	 results	 in	 a	 conformational	 change	 in	 loop	 2,	 which	
forces	S28	to	turn	away	from	the	binding	site	and	its	position	is	taken	by	water	
molecule	 6	 (figure	 11E).	 Furthermore,	 water	 molecule	 4	 is	 excluded,	 which	
allows	 a	 direct	 interaction	 between	 the	 carbonyl	 oxygen	 of	 inosine	 and	 D27	
(figure	11E).	Loop	2	remains	unchanged	in	the	BmpD-inosine	model	as	S28	is	
replaced	by	G20	in	BmpD	and	the	carbonyl	oxygen	of	 inosine	forms	hydrogen	
bonds	with	water	molecule	6	and	the	main-chain	oxygen	of	D19	(Figure	11D).	
Thus,	the	slight	changes	in	residues	and	their	positions	are	compensated	for	by	
alternative,	but	equally	 functional,	 interactions	and	 is	an	excellent	example	of	
how	protein	structure	and	function	can	be	maintained	despite	changes	in	vital	
residues.		
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Figure	 11.	 A.	 Crystal	 structure	 of	 BmpD	bound	 to	 adenosine.	 The	 close-up	 shows	 the	 electron	
density	map	for	the	ligand	and	the	position	of	the	two	loops	whose	residues	bind	to	the	base	part	
of	the	purine	nucleoside.	B-E.	Comparison	of	the	ligand-binding	site	of	BmpD	(B),	PnrA	bound	to	
adenosine	(PDB	ID:	2fqy)	(C),	 the	model	of	 the	BmpD-inosine	complex	(D),	and	PnrA	bound	to	
inosine	 (PDB	 ID:	 2fqw)	 (E).	 All	 the	 potential	 hydrogen	 bonds	 are	 shown	 as	 dashed	 lines.	 The	
interactions	of	 the	base	part	are	highlighted	to	display	the	differences,	whereas	the	ribose	part	
forms	identical	interactions	in	all	the	structures.	Adenosine	is	shown	as	white	sticks	and	inosine	
as	 wheat	 sticks,	 water	 molecules	 are	 shown	 as	 spheres	 (1-7);	 lighter	 colored	 spheres	 are	
completely	conserved,	and	darker	spheres	differ	between	the	structures.	F176	(BmpD)	and	F186	
have	been	omitted	for	clarity.	Figure	adapted	from	Publication	II.		
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5.1.4 The	Bmp	proteins	are	conserved	in	Borrelia	species	
	
The	majority	 of	 protein	 sequences	 are	 given	 a	 putative	 functional	 annotation	
based	purely	on	sequence	similarity	searches,	where	the	function	of	the	top	hit	
is	automatically	transferred	to	the	new	sequence	(Brown	and	Sjölander,	2006).	
This	 frequently	 leads	 to	annotation	errors	and	 to	generalized	and	unspecified	
annotations.	This	was	the	case	for	the	Bmp	proteins,	as	a	search	of	the	UniProtKB	
database	 (Bateman	 et	 al.,	 2017)	 revealed	 that	 many	 Bmp	 sequences	 were	
annotated	 as	 “basic	 membrane	 protein”,	 “ABC	 transporter	 substrate-binding	
protein”	 or	 “nucleoside-binding	 protein”.	 Another	 group	 of	 proteins	 were	
annotated	as	“exported	protein”.	By	inferring	a	phylogenetic	tree	of	the	Borrelia	
Bmp	sequences	we	aimed	to	improve	the	classification	of	the	Bmp	proteins	and	
to	 identify	 functional	 differences	 between	 them.	 Furthermore,	 we	 wanted	 to	
determine	if	there	would	be	a	clear	distinction	between	the	Bmp	proteins	of	LB	
and	RF	Borrelia.		
	
The	Maximum	 Likelihood	 (ML)	method	 is	 frequently	 used	 to	 study	 sequence	
evolution	(Yang	and	Rannala,	2012)	and	was	therefore	chosen	for	our	analysis.	
ML	gives	a	phylogenetic	tree	with	the	highest	likelihood	of	producing	the	original	
multiple	 sequence	 alignment.	 The	 multiple	 sequence	 alignment	 in	 our	 case	
consisted	of	Bmp	and	exported	protein	(ExP)	sequences	from	known	LB	and	RF	
Borrelia	strains,	selected	from	the	UniProtKB	(Publication	I,	figure	S1).	The	ExP	
sequences	were	included	in	the	analysis	in	order	to	clarify	their	relationship	to	
the	Bmp	proteins	and,	if	possible,	determine	their	function.		
	
The	 ML-tree	 forms	 four	 main	 branches	 which	 further	 diverge	 into	 separate	
branches	for	the	different	Bmp	proteins	and,	with	some	exceptions,	the	LB	and	
RF	Borrelia	proteins	then	form	distinct	sub	branches	(figure	12).	The	first	branch	
contains	the	ExP/BmpC	proteins,	the	second	branch	the	BmpD/BmpA2	proteins,	
the	 third	 branch	 the	 BmpB	 proteins	 and	 the	 last	 branch	 contains	 the	 BmpA	
proteins.		The	main	branches	are	supported	by	high	bootstrap	values,	except	for	
the	 branch	 that	 divides	 into	 the	 ExP/BmpC	 and	 the	 BmpD/BmpA2	 branches	
(bootstrap	value	44).	Low	bootstrap	values	usually	suggest	that	sequences	have	
diverged	 during	 a	 relatively	 short	 evolutionary	 time	 frame	 (Soltis	 and	 Soltis,	
2014,	2003).		
	
The	first	main	branch	is	split	into	separate	branches	for	the	ExP	and	the	BmpC	
proteins	and	 these	are	 further	 split	 into	 sub	branches	 for	LB	and	RF	Borrelia	
sequences.	The	ExP	proteins	are	found	within	the	same	branch	as	the	T.	pallidum	
RfuA	protein	 (Deka	et	al.,	2013),	which	 is	also	an	ABC	 type	substrate-binding	
protein	and	shares	their	typical	structure,	but	which	binds	to	riboflavin	instead	
of	 purine	 nucleosides.	 It	 is	 thus	 involved	 in	 a	 completely	 different	metabolic	
pathway	than	the	nucleoside-binding	proteins.	The	binding	site	in	RfuA	is	located	
in	the	cleft	between	the	two	domains,	as	in	other	substrate-binding	proteins,	but	
requires	a	very	different	binding	site	to	accommodate	the	riboflavin	molecule,	
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which	consist	of	a	 three-ringed	 isoalloxazine	attached	 to	a	ribityl	chain.	Thus,	
since	the	ExP	proteins	are	more	closely	related	to	RfuA	than	to	the	Bmp	proteins	
they	could	likewise	function	as	riboflavin-binding	proteins.		
	
	

	
Figure	12.	Maximum	likelihood	tree	of	the	Borrelia	Bmp	and	ExP	proteins.	Each	main	branch	is	
individually	colored	and	LB	Borrelia	species	are	marked	with	circles	and	RF	Borrelia	with	triangles.	
Bootstrap	values	show	branch	support.	Strain	names	are	included	if	there	is	more	than	one	strain	
per	species.	Proteins	have	been	named	BmpX-like	if	their	names	are	not	specified	in	the	UniProtKB	
database,	and	if	the	UniProtKB	names	differ	from	how	the	tree	classifies	the	protein,	the	UniProt	
name	is	found	in	parenthesis.	Figure	from	Publication	I.		

	
The	BmpC	proteins	are	located	in	the	same	main	branch	as	the	ExP	proteins	and	
share	a	more	recent	common	ancestor	with	them	than	with	the	rest	of	the	Bmp	
proteins.	However,	 the	binding	 site	 of	BmpC,	 though	different	 from	 the	other	
Bmp	proteins,	is	even	more	different	than	the	RfuA	binding	site,	which	indicates	
that	the	BmpC	proteins	are	not	riboflavin-binding	proteins.	Sequence	analysis	of	
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the	BmpC	proteins,	 as	well	 as	 the	 structural	 analysis,	 show	 that	 the	 residues	
binding	to	the	ribose	part	of	the	nucleoside	are	conserved	whereas	the	residues	
surrounding	the	purine	base	part	show	considerable	variation.	In	the	position	
corresponding	to	H21	(figure	10E),	BmpC	proteins	from	other	LB	Borrelia	have	
either	 histidine	 or	 asparagine,	 whereas	 in	 the	 RF	 Borrelia	 this	 position	 has	
proline	or	serine.	In	all	other	Bmps	this	position	has	a	highly	conserved	aspartate	
that	forms	interactions	with	the	base	part	of	the	ligand.	Histidine,	asparagine	or	
serine	could	possibly	form	similar	interactions	with	the	ligand,	but	proline	could	
not.	L191	is	a	leucine	or	an	arginine	in	LB	Borrelia	and	glutamate	or	aspartate	in	
RF	Borrelia.	These	residues	cannot	form	the	stacking	interaction	with	the	base	
part	 of	 the	 ligand,	 as	 phenylalanine	 does	 in	 the	 other	 Bmp	proteins.	 And	 the	
charged	glutamate	or	aspartate	in	this	position	of	RF	Borrelia	suggests	that	they	
could	form	ionic	interactions	or	hydrogen	bonds	to	the	ligand	molecule.	N30	is	
conserved	 in	 all	 LB	Borrelia	 but	 in	 RF	Borrelia	 the	 corresponding	 residue	 is	
phenylalanine	or	leucine.	Taken	together,	it	is	not	clear	how	these	variations	in	
the	 ligand-binding	 site	 affect	 the	 function	 of	 the	BmpC	proteins,	 but	 it	 seems	
likely	that	the	substrate	they	bind	to	could	contain	a	ribose	ring,	or	a	ribose-like	
structure,	 as	 the	 residues	 surrounding	 that	 part	 are	 highly	 conserved.	 The	
variations	between	 the	LB	and	RF	Borrelia	 also	 indicate	 a	possible	 functional	
difference	 between	 these	 two	 groups,	 which	 could	 reflect	 the	 metabolic	
distinctions	between	the	LB	and	RF	Borrelia.	RF	Borrelia	has	a	complete	purine	
salvage	pathway	while	the	pathway	in	LB	Borrelia	is	missing	some	key	enzymes	
(Pettersson	et	al.,	2007).			
	
The	RF	Borrelia	contains	an	additional	Bmp	protein,	which	is	not	found	in	the	LB	
Borrelia.	This	protein	has	been	named	BmpA2	by	Lescot	et	al.	(2008)	but	in	our	
phylogenetic	 tree	 the	 BmpA2	 proteins	 are	 located	 in	 the	 same	 branch	 as	 the	
BmpD	proteins.	However,	 the	 ligand-binding	 residues	 of	 the	BmpA2	proteins	
differ	from	the	BmpD	proteins	by	having	a	glycine	instead	of	N28	(Publication	I,	
figure	S2).	The	asparagine	residue	in	this	position	is	conserved	within	all	other	
Bmp	proteins	included	in	this	study	(with	the	exception	of	the	BmpC	proteins	of	
RF	Borrelia,	which	have	a	phenylalanine	or	a	 leucine	 instead).	The	asparagine	
side	 chain	 interacts	 with	 the	 purine	 nucleoside	 in	 the	 hydrogen-bonding	
network	 formed	between	the	base	part	of	 the	 ligand	and	 loop2	of	 the	protein	
(figure	11),	and	as	glycine	lacks	a	side	chain	it	cannot	form	the	same	interactions.	
Thus,	these	results	indicate	that	BmpA2,	like	BmpC,	could	interact	with	a	slightly	
different	ligand	than	the	other	Bmp	proteins.		
	
No	RF	Borrelia	sequences	are	found	in	the	BmpB	branch,	which	is	in	agreement	
with	 the	 analyses	 done	 by	 Lescot	 et	 al.	 2008,	where	 no	BmpB	proteins	were	
identified	in	the	RF	Borrelia	(Lescot	et	al.,	2008).	For	the	BmpA	proteins	the	sub	
branches	 are	 completely	 separate	 and	 do	 not	 form	 a	 common	 branch	 before	
diverging	into	individual	branches	for	LB	and	RF	Borrelia.		
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5.1.4.1 Genomic	comparison	and	gene	expression	
The	B.	 burgdorferi	 Bmp	proteins	 are	 expressed	 simultaneously	 in	 vitro	 but	 to	
varying	degrees	(Dobrikova	et	al.,	2001).	BmpA	is	expressed	at	a	considerably	
higher	level	than	the	other	Bmp	proteins,	and	especially	BmpC	is	expressed	in	
very	low	amounts.	BmpB	is	transcribed	together	with	BmpA	whereas	the	other	
proteins	have	their	own	transcriptional	start	sites	(Ramamoorthy	et	al.,	2005).	
This	suggests	that	the	BmpA	protein	might	have	a	more	 important	role	 in	the	
purine	salvage	pathway	or	that	it	is	involved	in	transporting	a	substrate	that	is	
in	high	demand	by	the	bacterium.		
	
The	 differences	 between	 the	 Bmp	 proteins	 of	 LB	 and	 RF	 Borrelia	 are	 also	
noticeable	at	the	genome	level.	In	both	groups,	there	are	four	different	bmp	genes	
but	 their	 order	 in	 the	 genome	 differs	 (figure	 13).	 In	 B.	 afzelii	 and	 B.	 garinii	
additional	 bmp	 genes	 are	 found,	 which	 are	 most	 likely	 the	 result	 of	 gene	
duplication	events.	In	both	B.	afzelii	and	B.	garinii	there	is	an	additional	BmpA	
gene,	which	clusters	together	with	the	other	BmpA	proteins	in	the	phylogenetic	
tree	and	has	a	high	sequence	identity	(>	94	%)	to	the	canonical	BmpA	protein	in	
each	species.	To	distinguish	them	from	the	BmpA2	proteins,	which	forms	a	group	
of	its	own,	we	labeled	them	BmpA	a	and	BmpA	b.	The	BmpA	b	protein	of	B.	afzelii	
contains	 a	 serine	 instead	 of	 G202	 and	 the	B.	 garinii	 BmpA	 b	 protein	 has	 an	
asparagine	 instead	 of	 D19,	 however,	 neither	 change	 will	 likely	 impact	 the	
binding	site	properties.	Since	G202	 forms	a	hydrogen	bond	 to	 the	ribose	part	
through	its	backbone	nitrogen,	a	change	to	serine	would	not	affect	this.	However,	
the	larger	side	chain	of	serine	could	impact	the	binding	pocket	if	the	side	chain	
protrudes	into	it.	The	side	chain	nitrogen	and	oxygen	of	the	asparagine	would	
still	be	able	to	form	the	same	hydrogen	bonds	as	the	aspartate.		
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Figure	13.	Gene	order	of	the	Borrelia	bmp	genes,	based	on	the	phylogenetic	analysis.	X	indicates	
fragments	 or	missing	 sequences	 in	 the	 NCBI	 database	 (Agarwala	 et	 al.,	 2017).	 The	 red	 arrow	
indicates	 that	 the	order	of	 the	 genes	 is	 reversed	 compared	 to	 the	others.	 Figure	 adapted	 from	
Publication	I.		

	

5.1.5 The	Bmp	proteins	play	a	role	in	the	purine	salvage	pathway	
	
Having	 determined	 the	 structures	 and	 ligand-binding	 properties	 of	 the	 Bmp	
proteins,	we	also	studied	their	role	in	a	wider	cellular	context.	B.	burgdorferi	is	
an	auxotrophic	bacterium	and	cannot	synthesize	amino	acids,	fatty	acid,	vitamin	
cofactors	or	nucleotides	de	novo	 (Fraser	 et	 al.,	 1997;	Gherardini	 et	 al.,	 2010).	
Bacteria	that	lack	the	capacity	to	synthesize	important	nutrients	de	novo	have	to	
rely	 on	 salvage	 pathways	 to	 obtain	 the	 necessary	 substances	 from	 the	 host	
environment.		

Purine	 salvage	 pathways	 are	 used	 to	 re-form	 purine	 nucleotides	 from	
nucleobases	and	nucleosides	obtained	from	the	host	(Warner	et	al.,	2014).	The	
purine	 salvage	 pathway	 in	 B.	 burgdorferi,	 however,	 is	 missing	 some	 of	 the	
essential	 enzymes	 needed	 (Pettersson	 et	 al.,	 2007).	 In	 particular,	 the	 vital	
enzyme	 ribonucleotide	 reductase	 (RNR)	 is	 missing	 in	 B.	 burgdorferi.	 This	
enzyme,	 which	 catalyzes	 the	 reduction	 of	 ribonucleotides	 into	 their	
corresponding	deoxyribonucleotides,	is	considered	essential	for	DNA	synthesis	
in	all	organisms	(Gherardini	et	al.,	2010).	B.	burgdorferi	compensates	for	the	lack	
of	this	enzyme	by	relying	on	access	to	host	deoxyribonucleotides	but	can	also	
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make	 use	 of	 2′-deoxyribosyltransferase,	 an	 enzyme	 that	 can	 transfer	
deoxyribose	moieties	from	host-derived	nucleosides	to	a	nucleobase	(Lawrence	
et	al.,	2009).		

Borrelia	 obtain	 the	 required	 nucleobases	 and	 nucleosides	 from	 the	 host	
environment	and	convert	 these	 into	nucleotides.	Our	results	show	that	BmpD	
play	a	part	in	the	uptake	of	nucleosides	in	B.	burgdorferi,	by	transporting	purine	
nucleosides	in	the	periplasmic	space	to	ABC-transporters	at	the	inner	membrane	
(figure	14).	Purine	nucleoside	monophosphates	from	the	host	are	first	converted	
to	 nucleosides	 by	 a	 nucleotidase	 enzyme	 on	 the	 outside	 of	 the	 bacterial	 cell	
(Lawrence	et	al.,	2009)	before	they	pass	through	into	the	periplasmic	space	via	
outer	 membrane	 porins,	 such	 as	 p66,	 which	 allows	 the	 diffusion	 of	 small	
hydrophilic	molecules	(Barcena-Uribarri	et	al.,	2010).	BmpD	is	anchored	to	the	
inner	membrane	by	a	 fatty	acid	chain	(Dowdell	et	al.,	2017)	and	binds	to	 free	
purine	 nucleosides	 and	 transports	 them	 to	 ABC	 transporters	 (BB0677	 to	
BB0679).	The	nucleoside	 is	 imported	 into	 the	bacterial	cytoplasm	by	 the	ABC	
transporter,	and	there	deoxynucleotide	kinase	(BB0239)	converts	 it	back	 to	a	
nucleoside	monophosphate	(Gherardini	et	al.,	2010).	Adenylate	kinase	(BB0417)	
and	nucleoside	diphosphate	kinase	 (BB0463)	 then	add	additional	phosphates	
and	forms	nucleoside	diphosphates,	and	finally	nucleoside	triphosphates,	which	
can	subsequently	be	used	as	building	blocks	for	RNA	(Jewett	et	al.,	2009).	

	

Figure	14.	Schematic	view	of	the	purine	salvage	pathway	in	B.	burgdorferi.	Step	1,	nucleotides	((i.e.,	
GMP,	 IMP,	 and	 AMP)	 are	 converted	 into	 nucleosides	 (guanosine,	 inosine,	 and	 adenosine)	 by	 a	
nucleotidase	 enzyme	 by	 removing	 the	 phosphate	 group.	 Steps	 2-3,	 The	 nucleosides	 are	
transported	into	the	periplasmic	space	through	the	outer	membrane	and	bind	to	SBPs,	like	BmpD.	
Step	4,	the	SBP	protein	transports	the	nucleoside	to	a	membrane-bound	ABC	transporter	system	
(BB0677	to	BB0679),	where	they	are	transported	through	the	inner	membrane	into	the	cytoplasm.	
Step	5,	deoxynucleotide	kinase	(BB0239)	adds	a	phosphate	group	to	the	nucleoside,	reforming	a	
nucleoside	 monophosphate.	 Adenylate	 kinase	 (BB0417)	 and	 nucleoside	 diphosphate	 kinase	
(BB0463)	 then	 add	 additional	 phosphates	 and	 first	 form	 nucleoside	 diphosphates	 and	 finally	
nucleoside	 triphosphates	 (ATP	and	GTP),	which	 can	be	 incorporated	 into	RNA.	Figure	adapted	
from	Publication	II.		
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 Borrelia	garinii	–	DbpA	and	DbpB	
	

5.2.1 Introduction		
	
B.	garinii	(Bg),	belonging	to	the	B.	burgdorferi	sensu	lato	complex,	is	one	of	the	
main	 species	 that	 cause	 LB	 in	 Europe	 and	 is	 often	 associated	 with	
neuroborreliosis	 (Stanek	 and	 Strle,	 2018).	 The	 B.	 garinii	 decorin-binding	
proteins	 A	 and	 B	 (DbpA,	 DbpB)	 are	 adhesins	 expressed	 during	 mammalian	
infections	 and	mediate	 attachment	 to	 the	proteoglycans	decorin	 and	biglycan	
(Brissette	and	Gaultney,	2014;	Lin	et	al.,	2017).	Different	Borrelia	genospecies	
bind	to	the	proteoglycan	GAG	chains	with	different	affinities	and	this	affects	the	
tissue	tropism	of	the	spirochetes	(Benoit	et	al.,	2011;	Lin	et	al.,	2014;	Salo	et	al.,	
2011).	Dbp	proteins	form	electrostatic	interactions	with	the	negatively	charged	
GAG	 chains	 on	 the	 proteoglycans	 (Gandhi	 and	 Mancera,	 2008).	 Brown	 et	 al.	
(1999)	have	shown	that	three	lysine	residues	are	critical	for	GAG-binding	in	B.	
burgdorferi	 and	 form	 the	 so	 called	 canonical	 GAG-binding	 site	 (Brown	 et	 al.,	
1999).	
	
The	 Dbp	 proteins	 were	 first	 discovered	 in	B.	 burgdorferi	 as	 surface	 proteins	
involved	 in	 bacterial	 adherence	 to	 decorin	 (Guo	 et	 al.,	 1995).	 They	 were	
characterized	as	surface-exposed	proteins	of	the	MSCRAMM	(microbial	surface	
component-recognizing	adhesive	matrix	molecule)	family	(Guo	et	al.,	1998)	and	
shown	to	be	expressed	in	vivo	during	infections	(Hanson	et	al.,	1998).	Antibodies	
against	DbpA	can	inhibit	the	growth	of	B.	burgdorferi	both	in	vivo	and	in	vitro	and	
immunization	 with	 DbpA	 gives	 complete	 protection.	 DbpA	 and	 DbpB	 were	
shown	to	mediate	attachment	to	the	extracellular	matrix	(Guo	et	al.,	1998)	and	
to	be	able	to	attach	to	mammalian	cells	(Fischer	et	al.,	2003).		The	Dbp	proteins	
seem	to	be	important	for	the	early	 	stages	of	bacterial	dissemination,	which	is	
partly	mediated	through	the	lymphatic	system	(Imai	et	al.,	2013),	and	have	also	
been	shown	to	be	required	for	arthritis	development	(Salo	et	al.,	2015).		
	
Since	Bg	is	known	to	cause	neurological	symptoms	in	LB	patients	(Stanek	and	
Strle,	2018)	and	decorin	is	expressed	in	the	nervous	system	(Hanemann	et	al.,	
1993;	 Kallmann	 et	 al.,	 2002),	 the	 aim	 was	 to	 study	 if	 the	 Dbp	 proteins	 are	
involved	 in	 colonization	 of	 the	 central	 nervous	 system.	 Our	 collaborators	
mutated	specific	lysines	on	the	surface	of	the	Bg	SBK40	DbpA	(K78/80/82A)	and	
DbpB	(K79A)	proteins	and	performed	binding	experiments	to	study	the	effects	
on	Bg	decorin-	and	biglycan	binding	to	human	brain	microvascular	endothelial	
cells	(HBMECs).	To	analyze	the	structural	effects	of	the	mutations,	I	created	3D	
structural	 models	 of	 the	 Bg	 SBK40	 DbpA	 and	 DbpB	 proteins	 and	 used	 MD-
simulations	to	study	the	stability	of	the	proteins.	
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5.2.2 Structural	overview	of	the	Dbp	proteins	
	
Our	experiments	showed	that	the	Dbp	mutant	proteins	(DbpA	K78/80/82A	and	
DbpB	K79A)	were	unable	to	bind	to	biglycan	or	decorin,	and	that	Borrelia	strains	
expressing	 the	 mutant	 proteins	 showed	 significantly	 reduced	 binding	 to	
HBMECs.	To	provide	a	structural	explanation	for	this,	I	created	homology	models	
for	the	wt	(wild	type)	and	mutant	DbpA	and	DbpB	proteins.	For	DbpA,	the	Bg	PBr	
DbpA	structure	(PDB	ID:	2mtd	(Morgan	and	Wang,	2015)),	which	has	a	sequence	
identity	of	89.6%	to	DbpA,	was	used	as	a	structural	template	for	modeling	(figure	
15).	For	DbpB	the	B.	burgdorferi	sensu	stricto	(Bbss	B31)	DbpB	structure	(PDB	
ID:	2mvg,	 (Feng	and	Wang,	2015)),	which	has	a	 sequence	 identity	of	61	%	to	
DbpB,	was	used.	Visual	inspection	of	the	superimposed	structures	showed	that	
the	models	were	 highly	 similar	 to	 the	 template	 structures,	 and	 this	was	 also	
confirmed	by	the	RMSD	values	between	the	template	structures	and	the	models	
which	 were	 0.49	 Å	 for	 DbpA	 and	 0.51	 Å	 for	 DbpB,	 indicating	 very	 similar	
structures.	Furthermore,	both	models	received	very	high	scores	in	the	ModFOLD	
(Maghrabi	and	Mcguffin,	2017)	and	ProQ	(Wallner	and	Elofsson,	2003)	quality	
evaluation.	 The	ModFOLD	 global	model	 quality	 score	was	 above	 0.5	 for	 both	
DbpA	and	DbpB	(score	>	0.4	indicates	complete	and	confident	models)	and	the	
ProQ	LG	scores	were	4.988	and	4.724	for	DbpA	and	DbpB	respectively	(values	
>4	indicates	extremely	good	models).	
	

	
Figure	15.	Multiple	sequence	alignment	used	for	creating	homology	models	for	the	Bg	SBK40	DbpA	
and	DbpB	proteins.	The	structural	templates	Bg	PBr	DbpA	(PDB	ID:	2mtd,	Morgan	&	Wang	2015)	
and	Bbss	B31	DbpB	(PDB	ID:	2mvg,	(Feng	&	Wang	2015)	are	aligned	with	the	Bg	SBK40	DbpA	and	
DbpB	 and	 with	 the	 extensively	 studied	 DbpA	 protein	 of	 Bbss	 297.	 The	 secondary	 structure	
information	for	the	templates	is	shown	above	(2mtd)	and	below	(2mvg)	the	alignment.	Black	boxes	
and	blue	asterisks	indicate	the	position	of	the	mutated	residues.	Completely	conserved	residues	
are	shown	with	a	red	background	whereas	similar	residues	are	shown	in	red	and	boxed.	Figure	
from	Publication	III.		
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The	overall	fold	of	the	DbpA	and	DbpB	models	are	similar	to	other	known	Dbp	
structures	and	consist	of	five	alpha	helices	and	a	linker	region	connecting	helices	
1	and	2		(Feng	and	Wang,	2015;	Fortune	et	al.,	2014;	Morgan	and	Wang,	2015;	
Wang,	2012).		The	linker	forms	an	unstructured	loop	in	DbpB	and	in	most	other	
Dbp	structures,	whereas	in	DbpA	it	has	a	well-structured	helical	shape.	Helix	5	is	
significantly	 shorter	 in	 DbpB	 than	 in	 DbpA	 and	 the	 C-terminal	 end	 is	
consequently	longer	and	more	unstructured.		
	

5.2.3 Sequence	analysis	of	the	B.	garinii	Dbp	proteins	
	
K80	in	DbpA	and	K79	in	DbpB	correspond	to	K82	in	B.	burgdorferi,	which	is	one	
of	the	three	lysine	residues	(K82,	K163	and	K170)	shown	to	be	crucial	for	GAG-
binding	 (Brown	 et	 al.,	 1999).	 From	 a	 multiple	 sequence	 alignment	 with	 all	
currently	available	Bg	Dbp	sequences	(publication	III,	figure	S1)	it	could	be	seen	
that	this	residue	is	completely	conserved	among	all	the	included	Bg	sequences,	
highlighting	its	importance	as	a	GAG-binding	residue.	The	two	additional	lysines	
(K78,	K82),	found	in	close	proximity	to	DbpA	K80,	correspond	to	K77	and	K81	in	
Bg	 Pbr	 DbpA,	 where	 they	 have	 been	 shown	 to	 form	 a	 second	 binding	 site,	
independent	from	the	canonical	binding	site	(Morgan	and	Wang,	2015).	Unlike	
K80,	 K78	 and	 K82	 are	 not	 conserved	 in	 all	 Bg	 sequences.	 K78	 is	 mainly	
substituted	for	aspartate	or	glutamate	whereas	K82	is	substituted	for	arginine	
or	glutamine.	In	DbpB,	the	corresponding	positions	contain	an	aspartate	(D77)	
and	a	glutamine	(Q81),	and	thus	 these	residues	are	unlikely	 to	 form	a	second	
binding	 site	 in	 the	 DbpB	 proteins.	 The	 substituted	 residues	 in	 the	 DbpA	
sequences	are	all	large,	polar	or	charged	residues	and	the	potential	interactions	
formed	with	the	GAG	chains	can	possibly	be	maintained	to	some	degree	despite	
the	 differences.	 Arginine	 is	 positively	 charged	 just	 like	 lysine,	 and	 has	 been	
reported	 to	 form	 even	 stronger	 ionic	 interactions	 than	 lysine	 (Gandhi	 and	
Mancera,	 2008).	 Glutamate,	 aspartate	 and	 glutamine	 are	 negatively	 charged	
residues;	however,	they	could	possibly	form	hydrogen	bonds	to	the	GAG	chains.	
An	alternative	possibility	is	that	the	second	binding	site	formed	by	these	residues	
are	 only	 found	 in	 some	 of	 the	 Dbps,	 and	 in	 others	 are	 compensated	 for	 by	
residues	 in	 other	 positions.	 It	 has,	 in	 fact,	 been	 shown	 that	 some	 Dbps	 have	
several	 binding	 sites	 and	 that	 these	 can	 be	 uniquely	 adapted	 to	 each	 protein	
(Feng	and	Wang,	2015;	Morgan	et	al.,	2015;	Morgan	and	Wang,	2015).	
	

5.2.4 GAG-binding	sites	in	DbpA	and	DbpB	
	
The	canonical	GAG-binding	site	in	DbpA	is	made	up	of	residues	K80,	K161	and	
K168	(figure	16A).	K78	and	K82	are	located	on	the	opposite	side	of	the	protein	
where	 they	 form	 a	 second	binding	 site,	 similar	 to	Bg	 Pbr	DbpA	 (Morgan	 and	
Wang,	2015).	The	second	binding	site	in	Bg	Pbr	DbpA	consist	of	four	residues	
(K77,	K81,	 K173	 and	K176),	 is	 located	 on	 the	 opposite	 side	 of	 the	 protein	 in	
relation	to	the	canonical	binding	site,	and	has	been	shown	to	act	independently	
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(Morgan	and	Wang,	2015).	 In	Bg	SBK40	DbpA,	K174	and	E177	correspond	to	
K173	and	K176	in	Bg	Pbr	DbpA,	and	K174	could	participate	in	a	second	binding	
site	while	the	negatively	charged	E177	is	unable	to	form	the	ionic	interactions	
normally	found	with	GAG	chains.	The	second	binding	site	have	the	same	affinity	
for	GAGs	as	the	canonical	binding	site	(Morgan	and	Wang,	2015)	and	thus,	by	
mutating	residues	from	both	binding	sites	we	ensured	that	we	obtained	a	non-
functional	protein	 that	could	be	used	 to	study	 the	role	of	 the	decorin-binding	
proteins	in	adherence	to	HBMECs.	In	Bg	Pbr	DbpA,	K173	and	K176	were	shown	
to	have	a	greater	 impact	on	GAG-binding	 than	K77	and	K81.	However,	 in	our	
experiments	the	mutated	DbpA	(K87/80/82A),	which	still	contains	K174,	did	not	
bind	to	proteoglycans	and	the	strain	expressing	the	triple	mutant	only	showed	
weak	binding	to	HBMECs.	This	suggests	that	K174	does	not	play	a	significant	role	
in	GAG-binding	in	Bg	SBK40	DbpA.		
	
The	canonical	binding	site	in	Bg	SBK40	DbpB	is	made	up	of	residues	K79,	K160	
and	R167	 (figure	16B).	Bbss	B31	DbpB	has	been	 shown	 to	 contain	 two	GAG-
binding	 sites,	 and	 the	 second	 binding	 site	 is	 formed	 by	 the	 unstructured	 C-
terminal	tail	which,	interestingly,	seems	to	be	the	primary	GAG-binding	site	in	
Bbss	 B31	 DbpB	 (Feng	 and	Wang,	 2015).	 In	 DbpB	 of	 Bg	 SBK40	 however,	 the	
canonical	 binding	 site	 still	 plays	 an	 important	 role,	 as	 shown	 by	 the	 lack	 of	
proteoglycan	binding	seen	in	the	DbpB	K79A	mutant.	The	C-terminal	tail	in	Bbss	
B31	DbpB	consists	of	four	lysines	whereas	in	Bg	SBK40	DbpB	it	contains	three	
lysines	and	an	asparagine.	Asparagine	cannot	 form	ionic	 interactions	with	the	
GAGs	and	this	difference	might	explain	the	greater	importance	of	the	canonical	
binding	 site	 in	Bg	SBK40	DbpB.	Furthermore,	 as	 the	 canonical	binding	 site	 in	
Bbss	B31	DbpB	is	made	up	of	two	lysines	and	a	glutamine	this	suggests	that	the	
lysine-rich	C-terminal	 tail	compensates	 for	 the	missing	 lysine	 in	 the	canonical	
binding	site.	In	contrast,	the	canonical	GAG-binding	residues	in	Bg	SBK40	are	two	
lysines	and	an	arginine	(K79,	K160,	R167)	and	as	arginine	have	been	shown	to	
bind	even	more	strongly	than	lysines,	this	further	highlights	the	importance	of	
the	canonical	GAG-binding	site	in	Bg	SBK40	DbpB.	Further	studies	are	needed	to	
elucidate	the	role	of	the	potential	C-terminal	binding	site	in	Bg	SBK40.	
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Figure	16.	The	GAG-binding	sites	in	the	3D	structures	of	Bg	SBK40	DbpA	and	DbpB.	A.	Bg	SBK40	
DbpA	(pink)	superimposed	on	the	structural	template	(light	blue)	Bg	PBr	DbpA	(PDB	ID:	2mtd,	
(Morgan	&	Wang,	2015)).	The	GAG-binding	sites	are	shown	in	the	close-ups.	The	canonical	binding	
site	consist	of	residues	K80,	K161	and	K168.	The	second	binding	site	is	located	on	the	opposite	side	
of	the	protein	and	consist	of	residues	K78	and	K82	and	residues	K174	and	E177.	K174	and	K177	
corresponds	 to	K173	and	K176	 in	Bg	PBr	DbpA	(see	 text	 for	more	details).	B.	Bg	SBK40	DbpB	
(green)	superimposed	on	the	structural	template	(light	blue)	Bbss	B31	DbpB	(PDB	ID:	2mvg,	(Feng	
&	Wang,	2015)).	The	canonical	binding	site	of	DbpB	consist	of	residues	K79,	K160	and	R167.	The	
potential	 second	binding	 site	 is	 located	 in	 the	C-terminal	 tail	 (residues	K181,	K182,	N183	 and	
K184).	The	linker	in	DbpA	forms	a	helical	structure	which	is	missing	in	DbpB.	Helix	5	is	shorter	in	
DbpB	than	in	DbpA	and	its	C-terminal	end	therefore	forms	a	longer	flexible	loop.	Mutated	residues	
are	marked	in	italics	and	residues	on	the	opposite	side	of	the	protein	are	in	grey.	Figure	adapted	
from	Publication	III.		
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Since	GAGs	are	known	to	interact	with	Dbps	through	electrostatic	interactions,	
the	effects	of	the	mutations	were	further	analyzed	by	studying	the	electrostatic	
surface	 potentials	 of	 the	 proteins.	 The	 mutations	 in	 the	 Dbp	 proteins	 cause	
significant	changes	in	surface	potential	and	since	the	Dbp	proteins	are	known	to	
bind	to	GAGs	through	ionic	interactions,	these	changes	can	result	in	eliminated	
or	reduced	binding	(figure	17).	Electrostatic	interactions	are	also	important	for	
long-range	recognition	of	binding	partners	(Vascon	et	al.,	2020),	which	means	
that	changes	in	surface	potential	could	make	it	less	likely	for	the	binding	partners	
to	form	the	initial	contact	needed	for	the	interaction.		
	

	
	

Figure	 17.	 Electrostatic	 surface	 potential	 maps	 for	 the	 Bg	 SBK40	 DbpA	 and	 DbpB	 models,	
calculated	with	the	APBS	tool	(Adaptive	Poisson–Boltzmann	Solver)	in	PyMOL.	The	colors	are	in	
the	 range	 of	 -2	 (red)	 to	 +2	 (blue).	 Positively	 charged	 areas	 on	 the	 surface,	 created	 by	 lysine	
residues,	are	involved	in	ionic	interactions	with	GAGs.	The	DbpA	K78A/K80A/K82A	mutations	and	
the	DbpB	K79A	mutation	cause	significant	changes	in	the	surface	potential	of	the	proteins,	which	
prevents	GAG-binding.	Figure	from	Publication	III.		
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5.2.5 Protein	stability	analysis		
	
MD	 simulations	were	 done	 to	 study	whether	 the	mutations	would	 affect	 the	
stability	 of	 the	 protein.	 Experiments	 had	 shown	 that	 the	mutant	DbpA	 had	 a	
lower	melting	temperature	than	the	wt	protein,	which	could	be	the	result	of	an	
unstable	 protein	 fold.	 However,	 the	 3D	 fold	 of	 both	 the	 wt	 and	 the	 mutant	
proteins	 remained	 intact	 throughout	 the	 simulations	 and	 an	 increase	 in	
flexibility	was	only	seen	in	the	terminal	regions	and	in	the	linker.	Interestingly,	
the	linker	in	wt	DbpB	was	more	flexible	than	in	the	mutant	DbpB	(Publication	III,	
figure	S3C)	whereas	no	such	difference	could	be	observed	for	DbpA.	This	can	be	
explained	by	the	smaller	size	and	hydrophobic	nature	of	A79	compared	to	K79,	
which	allows	the	linker	to	reach	further	down	towards	the	canonical	binding	site.	
It	has	been	shown	that	the	shape	of	the	linker	has	an	impact	on	the	GAG-binding	
affinity	 of	DbpAs	 (Morgan	et	 al.,	 2015),	where	 a	more	 compact	 shape	 gives	 a	
more	exposed	binding	site	and	thus	increases	the	binding	affinity.	As	the	linker	
in	 the	 mutant	 DbpB	 can	 extend	 further	 down	 towards	 the	 binding	 site	 it	 is	
possible	 that	 it	would	 partly	 cover	 the	 binding	 site,	 preventing	 access	 to	 the	
canonical	 binding	 residues.	 The	 backbone	 residues	 near	 K79/A79	 are	 also	
slightly	more	flexible	in	the	mutant	DbpB	which	can	be	explained	by	the	different	
properties	of	 lysine	and	alanine.	K79	 forms	electrostatic	 interactions	with	 the	
surrounding	residues,	which	makes	its	positions	more	fixed,	whereas	A70	cannot	
form	similar	interactions	and,	thus,	confers	flexibility.		
	
	

 Klebsiella	pneumoniae	–	VgrG4	and	Sel1E	
	

5.3.1 	Introduction		
	
The	type	VI	secretion	system	(T6SS)	is	one	of	the	many	virulence	factors	used	by	
bacteria	to	invade	host	cells.	In	K.	pneumoniae,	it	has	been	shown	to	play	a	role	
in	interbacterial	competition,	host	invasion	and	colonization,	as	well	as	in	type-
1	fimbriae	expression	(Hsieh	et	al.,	2019).	The	VgrG	proteins	are	an	essential	part	
of	the	T6SS	and	bind	to	effector	proteins,	which	they	transport	into	the	target	
cell,	 or	 carry	 internal	 effector	domains	 (evolved	VgrGs)	 (Hachani	 et	 al.,	 2014;	
Pukatzki	 et	 al.,	 2007).	 The	 VgrG	 proteins	 were	 first	 characterized	 in	 Rhs	
(recombination	hotspot)	elements	 in	E.	coli	as	proteins	containing	a	recurring	
valine-glycine	dipeptide	 repeat	 (Wang	 et	 al.,	 1998)	 and	 similar	 proteins	 have	
been	found	in	a	wide	range	of	Gram-negative	bacteria	(Pukatzki	et	al.,	2007).	Our	
collaborators	in	Professor	José	A.	Bengoechea’s	research	group	has	shown	that	
the	VgrG4	protein	in	K.	pneumoniae	strain	52.145	(Kp	52.145)	is	toxic	to	other	
bacteria	and	to	 fungi,	and	that	 this	effect	 is	mediated	through	ROS	generation	
(Storey	et	al.,	2020).	 In	contrast,	VgrG1	and	VgrG2	in	the	same	K.	pneumoniae	
strain	did	not	have	a	cytotoxic	effect.		
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VgrG	 proteins	 are	 often	 encoded	 in	 close	 proximity	 to	 an	 immunity	 protein	
within	the	same	locus.	The	VgrG4	locus	contains	five	genes,	which	code	for	sel-1	
repeat	proteins	(Sel1A-E),	a	motif	often	involved	in	protein-protein	interactions	
(D’Andrea	 and	 Regan,	 2003).	 Two	 proteins	 with	 sel-1	 repeats	 have	 been	
discovered	 also	 in	 P.	 aeruginosa	 (Yang	 et	 al.,	 2016)	 and	 these	 function	 as	
immunity	 proteins	 for	 the	 effector	 protein	 PldB,	 suggesting	 that	 the	 sel-1	
proteins	 in	 the	 VgrG4	 locus	 could	 have	 a	 similar	 function.	 Experiments	
performed	by	our	collaborators	subsequently	demonstrated	that	Sel1E	functions	
as	the	immunity	protein	for	VgrG4	(Storey	et	al.,	2020).		
	

In	 this	 project,	 the	 functional	 differences	 between	 the	 three	 Kp	 52.145	 VgrG	
proteins	were	 studied	 and	 the	 region	 of	 VgrG4	 responsible	 for	 the	 observed	
cytotoxic	effect	was	determined.	A	3D	structural	model	of	VgrG4	was	created	to	
study	 the	 structural	 basis	 for	 its	 cytotoxic	 effect.	 The	 structure	 of	 the	 VgrG4	
immunity	protein	Sel1E	was	also	modeled,	and	compared	to	Sel1D,	which	does	
not	 inhibit	 the	 function	 of	 VgrG4,	 to	 identify	 residues	 potentially	 involved	 in	
binding	to	VgrG4.		
	

5.3.2 K.	pneumoniae	VgrGs	
	
The	 genome	 of	 Kp	 52.145	 comprises	 three	 T6SS	 loci,	 each	 coding	 for	 a	 VgrG	
protein:	VgrG1	(W9BN84),	VgrG2	(W9BP38/	W9BGC5)	and	VgrG4	(W9BAA4).	
VgrG	proteins	are	trimeric	proteins	consisting	of	an	N-terminal	head	part,	where	
the	three	monomers	reside	side-by-side,	and	an	elongated	spike	part,	where	the	
monomers	 are	 intertwined	 into	 a	 triangular-shaped	 beta	 helix	 	 (figure	 18)	
(Cianfanelli	et	al.,	2016).	Many	VgrGs	also	contain	an	extended	C-terminal	part	
(Records,	2011),	which	is	often	highly	variable	and	plays	a	role	in	determining	
effector	specificity	(Bondage	et	al.,	2016;	Wettstadt	et	al.,	2019).	It	also	binds	to	
PAAR	proteins,	which	are	shown	to	be	vital	for	secretion	of	VgrG	proteins	(Wood	
et	al.,	2019b).	A	VgrG	protein	can	require	binding	by	a	specific	PAAR	to	function	
(Wood	 et	 al.,	 2019b)	 and	 PAAR	proteins	 have	 also	 been	 shown	 to	 be	 able	 to	
deliver	 effectors	 to	 the	 VgrG	 protein	 by	 interacting	 with	 the	 effectors,	 and	
sometimes	with	 chaperones,	 before	mediating	 binding	 to	 the	 tip	 of	 the	 VgrG	
spike	(Burkinshaw	et	al.,	2018).		
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Figure	18.	Generic	structure	of	a	VgrG	protein,	 illustrated	by	the	P.	aeruginosa	VgrG1	structure	
(PDB	ID:	4uhv,	(Spínola-Amilibia	et	al.,	2016)).	A.	Trimeric	structure	of	VgrG	with	each	monomer	
colored	in	a	separate	color	and	the	head,	neck	and	spike	regions	depicted.	The	monomers	in	the	
spike	part	are	 intertwined	to	 form	the	characteristic	beta-helical	 fold.	B.	Top-down	view	of	 the	
head-part,	 showing	 the	side-by-side	arrangement	of	 the	 three	monomers	 in	 the	head	part.	C.	A	
single	monomer	of	VgrG.	

	
The	 Kp	 52.145	 VgrG	 proteins	 are	 evolved	 VgrGs	 and	 contain	 a	 conserved	
DUF2345	 domain	 and	 an	 extended	 C-terminal	 part	 of	 varying	 length.	 VgrG1	
consists	of	851	amino	acids,	VgrG2	of	823	amino	acids	and	VgrG4	of	899	amino	
acids,	 and	 they	share	about	40	%	sequence	 identity.	The	differences	between	
them	are	located	in	the	C-terminal	end	of	the	proteins.	As	the	experiments	done	
by	our	collaborators	showed	that	only	VgrG4	causes	a	cytotoxic	effect	in	target	
cells,	 this	 indicates	 that	 there	 is	 a	 clear	 functional	 difference	 between	 the	Kp	
52.145	VgrG	proteins.		
	

5.3.3 Structural	characterization	of	VgrG4	
	
The	3D	model	of	VgrG4	was	created	in	Modeller	(Šali	and	Blundell,	1993)	using	
the	Pseudomonas	aeruginosa	VgrG1	(PaVgrG1)	structure	(PDB	ID:	4uhv	(Spínola-
Amilibia	 et	 al.,	 2016)	 as	 the	 structural	 template.	 However,	modeling	was	 not	
straightforward	as	VgrG4	is	about	250	amino	acids	longer	than	PaVgrG1	and	has	
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a	 longer	C-terminal	part.	PaVgrG1	has	 the	 typical	 trimeric	 structure	of	VgrGs,	
with	 an	 N-terminal	 head	 part	 and	 a	 C-terminal	 spike	 part,	 connected	 by	 a	
disorganized	neck	region	(Spínola-Amilibia	et	al.,	2016).	Residues	1-563	(head,	
neck,	N-terminal	part	of	the	spike)	of	VgrG4	could	be	confidently	modeled	based	
on	the	PaVgrG1	crystal	structure	(figure	19).	The	head	part	consists	of	24	beta	
strands	and	4	alpha	helices	from	each	monomer.	The	spike	part	of	PaVgrG1	is	
made	up	of	16	beta	strands	that	form	the	beta	helical	fold.	In	VgrG4	on	the	other	
hand,	this	repetitive	beta	strand	fold	is	disrupted	by	an	alpha	helical	part,	which	
lacks	 a	 corresponding	 part	 in	 PaVgrG1.	 This	 part	 (residues	 564-636)	 was	
modeled	separately	by	I-TASSER	as	two	long,	almost	parallel	alpha	helices	that	
protrude	from	the	spike	fold.		After	the	helices,	the	beta	strand	fold	continues	for	
12	strands	per	monomer,	as	VgrG4	has	5	beta	strands	more	than	PaVgrG1.	The	
VgrG	spike	structures	are	examples	of	beta	helical	 folds	which	are	based	on	a	
regular	repeat	pattern	formed	by	eight	residues:	5-6	residues	make	up	the	beta	
strand	and	2-3	residues	form	a	loop	between	two	beta	strands	(Spínola-Amilibia	
et	al.,	2016).	In	each	beta	strand,	every	other	residue	point	towards	the	interior	
of	the	spike,	and	these	are	predominantly	hydrophobic,	while	the	residues	on	the	
outside	of	the	spike	are	mainly	polar	or	charged	residues.		
	
The	modeled	part	of	VgrG4	ends	with	the	putative	PAAR	interaction	site,	as	the	
fold	of	the	remaining	part	of	the	protein	could	not	be	modeled	based	on	PaVgrG1	
as	the	structural	template.	The	VgrG4	sequence	contains	a	region	rich	in	prolines	
after	the	putative	PAAR	interaction	site	and	as	prolines	are	unfavored	residues	
in	 beta	 strands,	 this	 indicates	 that	 the	 beta	 helical	 structure	 is	 most	 likely	
disrupted	at	this	point	and	the	remaining	part	of	the	protein	forms	a	different	
kind	of	fold.	In	PaVgrG	the	C-terminal	end	turns	upwards	along	the	length	of	the	
spike	where	 it	 forms	alpha	helices.	As	 this	 leaves	 the	end	of	 the	 spike	 free	 to	
interact	 with	 PAAR	 proteins	 it	 is	 possible	 that	 the	 longer	 C-terminal	 part	 of	
VgrG4	could	 form	even	 larger	additional	domains	on	 the	outside	of	 the	spike.	
This	has	indeed	been	seen	in	other	VgrGs.	The	C-terminal	ends	of	VgrG2b	in	E.	
coli	(EAEC)	Sci-1	and	VgrG4b	and	VgrG5	in	P.	aeruginosa	PAO1,	contain	TTR-like	
domains	that	can	function	as	an	adaptor	for	effector	binding	(Flaugnatti	et	al.,	
2016;	Wettstadt	et	al.,	2019).	In	addition	to	the	TTR-like	domain,	VgrG2b	in	P.	
aeruginosa	PAO1	also	contains	a	metallopeptidase	domain	which	causes	 toxic	
effects	in	target	cells	(Wood	et	al.,	2019a).	Likewise,	the	V.	cholerae	VgrG3	protein	
contains	a	peptidoglycan	degrading	domain	at	its	C-terminal	end	(Brooks	et	al.,	
2013).	This	indicates	that	the	large	differences	in	length	between	VgrGs,	and	the	
variability	of	 the	C-terminal	parts	 can	 correspond	 to	very	different	 functional	
domains.	 It	 also	 suggests	 that	 outside	 of	 the	 conserved	 head-spike	 structure	
common	to	all	VgrGs,	domains	of	varying	size	and	function	can	exist.		
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Figure	 19.	 3D	 model	 for	 K.	 pneumoniae	 VgrG4.	 A.	 The	 bar	 depicts	 the	 VgrG4	 sequence	 and	
illustrates	the	different	parts	that	were	modeled:	N-term:	residues	1-563,	Helix:	residues	564-636,	
Repeat:	residues	637-677,	C-term:	residues	678-739.	The	VgrG4	region	(570-899)	containing	the	
DUF2345	domain	(residues	612-759)	can	induce	toxic	effects	in	bacteria	and	yeast,	while	the	838-
899	 region	 cannot.	 B.	 Trimeric	 homology	model	 of	 VgrG4.	 The	 teal-colored	 region	 depicts	 the	
functional	 part	 of	 VgrG4	 (residues	 570-899)	 and	 starts	 with	 the	 unique	 helical	 domains	 and	
continues	with	the	beta	helical	spike,	which	is	made	up	of	12	beta	strands	in	each	monomer.	The	
independently	 modeled	 Helix	 part	 is	 inserted	 in	 the	 estimated	 location,	 however,	 its	 exact	
orientation	in	relation	to	the	rest	of	the	protein	is	not	known.	The	3D	structure	of	Vibrio	cholerae	
PAAR	(PDB	ID:	4jiv)	is	shown	to	indicate	the	location	of	the	likely	interaction	site	with	the	PAAR	
protein	found	in	the	same	locus	as	VgrG4.	Figure	adapted	from	Publication	IV.		
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Our	 collaborators	 performed	 experiments	 with	 truncated	 variants	 of	 VgrG4,	
which	 showed	 that	 residues	 612-759	 are	 sufficient	 for	 triggering	 the	 ROS-
mediated	toxic	effect	unique	to	VgrG4.	These	residues	comprise	a	small	part	of	
the	alpha	helical	part,	as	well	as	the	remaining	C-terminal	beta	strands	(figure	
19)	and	correspond	to	the	predicted	location	of	the	DUF2345	domain.	However,	
as	 the	 DUF2345	 domain	 is	 also	 found	 in	 VgrG1	 and	 VgrG2,	 the	 functional	
differences	between	the	proteins	are	most	 likely	explained	by	specific	residue	
differences	within	this	region,	rather	than	any	difference	in	their	3D	fold.	
	
After	the	publication	of	this	work,	a	new	structure	of	the	spike	part	of	an	E.	coli	
VgrG	 protein	 was	 published	 (Flaugnatti	 et	 al.,	 2020).	 This	 structure	 is	
significantly	 longer	 than	 the	 PaVgrG1	 structure	 (figure	 20)	 and	 contains	 two	
alpha	 helices	 located	 on	 the	 outside	 of	 the	 spike,	 just	 as	 predicted	 for	 K.	
pneumoniae	VgrG4.	The	helices	are	of	different	lengths	and	are	located	parallel	
to	 the	 spike.	 Furthermore,	 the	 E.	 coli	 structure	 also	 contains	 a	 TTR	
(transthyretin-like)	 domain,	which	 is	 located	 on	 the	 outside	 of	 the	 spike	 and	
connected	to	it	by	a	short	stretch	of	amino	acids.	However,	the	structure	of	this	
connecting	region	was	not	solved.	The	PaVgrG1	and	the	E.	coli	structures	share	
the	 typical	 intertwined	beta-helical	repeat	 fold	but	differ	slightly	 in	 the	upper	
part	of	the	spike,	where	the	E.	coli	structure	has	a	five-stranded	antiparallel	beta	
sheet,	compared	to	the	three-stranded	antiparallel	part	in	PaVgrG1.	At	the	end	of	
the	beta-helical	spike,	the	PaVgrG1	structure	forms	a	 loop	that	turns	upwards	
along	 the	 length	of	 the	spike	and	ends	 in	a	short	alpha	helix,	while	 the	E.	coli	
structure	fold	into	the	TTR	domain.	The	E.	coli	VgrG	protein	is	more	similar	in	
both	 sequence	 and	 length	 to	VgrG4,	 compared	 to	 PaVgrG1,	 and	 the	 structure	
could	 therefore	 be	 used	 to	 refine	 the	 modeling	 of	 the	 VgrG4	 spike	 part	
(unpublished).	 The	 residues	 involved	 in	 the	 helices	 are	 the	 same	 as	 was	
predicted	by	secondary	structure	predictions	and	overall,	 the	 fold	of	VgrG4	 is	
highly	similar	to	the	E.	coli	structure.		
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Figure	20.	Comparison	of	the	spike	parts	of	the	PaVgrG1,	E.	coli	VgrG	(EcVgrG),	and	the	structural	
models	 for	K.	 pneumoniae	 VgrG4.	A-B:	 PaVgrG1	 trimer	 and	monomer.	 C:	K.	 pneumoniae	 VgrG4	
model	 based	 on	 PaVgrG1	 as	 structural	 template	 (VgrGPa).	 D-E:	E.	 coli	 VgrG1	 trimer	 (with	 TTR	
domain)	and	monomer.	F:	K.	pneumoniae	VgrG4	model	based	on	E.	coli	VgrG	as	structural	template	
(VgrG4Ec).	The	antiparallel	beta	sheets	are	shown	in	dashed	boxes.	The	approximate	location	of	the	
separately	modeled	helices	is	shown	in	grey	background	in	C,	and	the	parts	of	the	model	that	were	
incorrect,	in	light	of	the	refined	model	based	on	the	E.	coli	structure,	are	shown	in	grey.	
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5.3.4 Sequence	analysis	and	modelling	of	the	immunity	protein	Sel1E	
	
The	 Sel1	 proteins	 are	 located	 in	 the	 same	 locus	 as	 VgrG4	 and,	 according	 to	
experiments	done	by	our	collaborators,	Sel1E	is	able	to	protect	against	VgrG4	
toxicity,	whereas	Sel1D	is	not.	To	elucidate	the	structural	basis	for	this	functional	
difference,	the	structures	of	Sel1E	and	Sel1D	were	modeled	and	compared,	and	
the	evolutionary	conservation	of	the	sequences	was	studied.		
	
The	 Sel1	 proteins	 contain	 Sel1-like	 repeats	 (IPR006597)	 and	 belong	 to	 the	
Tetratricopeptide-like	 helical	 domain	 superfamily	 (IPR011990).	 The	
tetratricopeptide	 repeat	 (TPR)	 is	 an	 alpha/alpha	 repeat	motif	 consisting	 of	 a	
consensus	sequence	of	34	amino	acids	that	form	two	antiparallel	alpha	helices	
which	 are	 connected	 by	 a	 turn	 (Mittl	 and	 Schneider-Brachert,	 2007).	
Alpha/alpha	repeat	proteins	can	contain	a	varying	number	of	repeats	and	thus	
form	 proteins	 of	 different	 sizes.	 TPR	 motifs	 are	 mostly	 involved	 in	 protein-
protein	 interactions	 and	 can	 be	 found	 in	 functionally	 very	 different	 proteins	
(D’Andrea	and	Regan,	2003).	The	Sel1	repeat	(SLR)	sequence	is	highly	similar	to	
the	 TPR	 motif	 but	 is	 longer	 (36-44	 residues)	 (Mittl	 and	 Schneider-Brachert,	
2007).		
	
Sel1D	and	Sel1E	share	69	%	sequence	identity	and	differences	between	them	are	
mainly	 found	 in	 the	terminal	regions	(figure	21).	Sel1E	has	about	70	residues	
more	than	Sel1D	and	secondary	structure	predictions	indicate	that	its	C-terminal	
end	 contains	 a	 long	 loop	 region	with	 very	 few	predicted	 secondary	 structure	
elements.	 Sequence	 analyses	 did	 not	 find	 any	 information	 about	 potential	
domains	 or	 functions	 for	 this	 C-terminal	 region.	 Signal	 sequence	 predictions	
performed	by	SignalP	(Almagro	Armenteros	et	al.,	2019)	and	LipoP	(Juncker	and	
Willenbrock,	 2003)	 predicted	 an	 N-terminal	 lipoprotein	 signal	 sequence	 in	
Sel1D,	but	not	in	Sel1E.	The	N-terminus	of	Sel1D	is	slightly	longer	than	in	Sel1E	
and	 the	 first	 18	 residues	 are	 predominantly	 hydrophobic	 and	 ends	 with	 a	
cysteine,	 which	 is	 characteristic	 for	 all	 lipoprotein	 signal	 peptides	 in	 Gram-
negative	 bacteria	 (Zückert,	 2014).	 In	 Sel1E,	 the	 N-terminal	 is	 shorter	 and	
contains	more	polar	or	 charged	 residues.	 Lipoprotein	 signal	 sequences	 target	
proteins	for	transport	outside	the	cytoplasmic	membrane,	and	the	lack	of	signal	
sequence	 in	 Sel1E	 suggests	 that	 Sel1D	 and	 Sel1E	 can	 be	 located	 in	 different	
cellular	 compartments.	 However,	 ScanProsite	 (de	 Castro	 et	 al.,	 2006)	 and	
location	predictions	done	by	Psortdb	(Peabody	et	al.,	2016),	CELLO	(Yu	et	al.,	
2004)	and	Phobius	 (Käll	et	al.,	2007)	did	not	give	any	conclusive	 information	
about	the	cellular	location	of	the	proteins.		
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Figure	 21.	 Sequence	 alignment	 of	 Sel1D	 and	 Sel1E.	 The	 parts	 of	 the	 proteins	 that	 could	 be	
confidently	modeled	(Sel1D:	residues	42-303,	Sel1E:	28-289)	are	shown	with	pink	background.	
The	predicted	signal	sequence	of	Sel1D	is	shown	with	green	background.	Positions	in	Sel1D	and	
Sel1E	predicted	by	ConSurf	to	be	both	variable	and	exposed	are	marked	with	black	dots.	Residues	
conserved	in	both	Sel1D	and	Sel1E	are	in	bold.	

	
For	modeling	of	 the	Sel1	proteins,	 the	 threading-based	method	 I-TASSER	was	
used	 (Yang	 et	 al.,	 2015).	We	 specified	 as	 a	 restraint	 for	 I-TASSER	 to	 use	 the	
crystal	structure	of	P.	aeruginosa	Pa5087	(PDB	ID:	5jkp,	(Yang	et	al.,	2016))	as	
structural	template	for	modeling.	Pa5087	shares	27	and	28	%	sequence	identity	
with	 Sel1D	 and	 Sel1E,	 respectively.	 However,	 since	 there	 was	 no	 suitable	
template	available	for	the	C-terminal	parts	of	the	proteins,	these	were	modeled	
independently	by	I-TASSER.	Residues	42-303	(Sel1D)	and	28-289	(Sel1E)	were	
modeled	 with	 high	 confidence	 based	 on	 Pa5087.	 The	 remaining	 C-terminal	
residues	were	modeled	quite	differently	 in	Sel1D	and	Sel1E	due	to	the	 lack	of	
suitable	template	structures.	The	confidently	modeled	parts	of	Sel1D	and	Sel1E	
are	highly	similar	to	each	other	and	to	Pa5087,	as	shown	by	an	RMSD	value	of	
0.3	Å	between	both	Sel1-proteins	and	Pa5087.	The	proteins	consist	of	six	SLR	
repeats,	 each	 made	 up	 of	 two	 antiparallel	 alpha	 helices	 (figure	 22).	 In	 the	
MODFOLD	 (Maghrabi	 and	 Mcguffin,	 2017)	 residue	 accuracy	 predictions	 the	
region	 between	 residues	 42-303	 (Sel1D)	 and	 28-289	 (Sel1E)	 shows	 a	 high	
accuracy,	whereas	the	c-terminal	parts	show	lower	accuracy.	Taken	together,	the	
I-TASSER	models	suggest	that	the	N-terminal	end	of	the	Sel1D	and	Sel1E	proteins	
share	 the	 typical	 fold	 of	 SLR-proteins	 while	 the	 structure	 of	 the	 C-terminal	
regions	 could	 not	 be	 accurately	 determined	 due	 to	 a	 lack	 of	 homologous	
structures.	
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Figure	22.	3D	structural	model	of	K.	pneumoniae	Sel1E	(residues	28-289).	The	six	SLR-motifs	are	
shown	in	different	colors.	

5.3.5 Prediction	of	potential	binding	interface	between	Sel1E	and	VgrG4	
	
The	 structures	 of	 TPR-	 and	 SLR	 proteins	 are	 characterized	 by	 similar	 repeat	
motifs,	but	their	overall	structures	can	differ	greatly	due	to	a	varying	number	of	
repeats,	different	angles	between	repeats,	as	well	as	the	overall	curvature	of	the	
protein	(Mittl	and	Schneider-Brachert,	2007).	Together,	this	gives	the	proteins	a	
highly	 versatile	 structure,	 which	 can	 bind	 a	 wide	 range	 of	 molecules	 using	
several	different	binding	modes	(Perez-Riba	and	Itzhaki,	2019).	The	concave	and	
convex	surfaces	created	by	the	curved	shape	of	most	TPR-	and	SLR	proteins	give	
the	proteins	many	potential	binding	sites.		
	
The	 versatile	 SLR-structure,	 with	 its	 many	 possible	 binding	 sites,	 makes	
predicting	 the	 interaction	 site	 between	 VgrG4	 and	 Sel1E	 a	 complex	 task.	
However,	 as	 there	 is	 a	 clear	 functional	difference	between	Sel1D	and	Sel1E	a	
detailed	 comparison	 of	 the	 structures	 and	 their	 surface	 properties	 made	 it	
possible	 to	pinpoint	residues	that	might	play	a	role	 in	 interactions	with	other	
proteins.	 The	 ConSurf	 server	 (Ashkenazy	 et	 al.,	 2016)	 was	 used	 to	 depict	
evolutionary	conservation	based	on	multiple	sequence	alignments	for	the	Sel1	
proteins.	 ConSurf	 scores	 each	 residue	 based	 on	 a	 conservation	 scale,	 ranging	
from	highly	 conserved	 to	 highly	 variable.	 The	 server	 also	 predicts	whether	 a	
residue	is	buried	or	exposed,	i.e.,	if	the	residue	is	located	on	the	surface	of	the	
protein,	and	thus	capable	of	interacting	with	other	molecules,	or	if	 it	 is	buried	
within	the	protein	and	more	likely	to	have	a	structural	role.	When	comparing	the	
conservation	patterns	for	Sel1D	and	Sel1E,	virtually	the	same	positions	in	both	
proteins	are	predicted	as	conserved	and	variable.		Aside	from	the	varying	lengths	
of	the	C-terminal	parts,	there	are	only	a	few	residue	differences	between	Sel1D	
and	Sel1E	and	most	of	these	residues	are	also	predicted	by	ConSurf	to	be	exposed	
and	highly	variable	(figure	23).		
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Figure	 23.	 Comparison	 of	 electrostatic	 surface	 potentials	 for	 Sel1D	 and	 Sel1E.	 Due	 to	 the	 low	
confidence	of	the	C-terminal	parts	of	the	models,	only	the	high	confidence	regions	of	the	models	
were	used	for	the	comparison.	The	close-ups	show	residues	which	contribute	to	the	electrostatic	
potential	differences,	see	text	for	more	details.	The	electrostatic	surfaces	were	calculated	with	the	
APBS	 tool	 (Adaptive	Poisson–Boltzmann	Solver)	 in	PyMOL	and	 the	colour	 ranges	 from	-2	 to	2.	
Figure	adapted	from	Publication	IV.			

In	many	TPR-	and	SLR	structures,	charged	surface	areas	have	been	shown	to	play	
a	role	 in	 ligand	binding	 (Han	et	al.,	2007;	Zeytuni	et	al.,	2011).	The	 immunity	
proteins	 Pa5086,	 Pa5087	 and	 Pa5088	 in	 P.	 aeruginosa	 have	 significant	
differences	in	the	electrostatic	surface	potentials	(Wen	et	al.,	2020;	Yang	et	al.,	
2016).	 A	 similar	 pattern	 was	 found	 also	 in	 the	 Sel1	 proteins	 when	 the	
electrostatic	 surface	 potential	 of	 the	 Sel1D	 and	 Sel1E	 structures	was	 studied	
using	 the	 APBS	 plugin	 in	 PyMol.	 There	 were	 two	 regions	 with	 significant	
differences	between	SelD	and	Sel1E	(figure	23),	both	located	in	the	C-terminal	
half	of	 the	structures.	 In	 the	 first	 region,	Sel1D	has	a	more	positively	charged	
patch	compared	to	Sel1E,	which	is	explained	mainly	by	the	two	arginines	(figure	
23A)	 found	 in	 this	area	 (glutamate	and	 leucine	 in	Sel1E).	 In	 the	other	 region,	
however,	Sel1D	has	a	glutamate	and	an	aspartate	which	gives	it	a	more	negative	
charge	than	Sel1E,	which	has	a	glycine	and	a	tyrosine	(figure	23B).	The	residues	
in	these	two	regions	are	among	the	residues	that	are	predicted	by	ConSurf	to	be	
variable	and	surface	exposed.	Taken	together	this	indicates	that	these	residues	
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could	 be	 important	 for	 the	 function	 of	 the	 proteins	 and	 that	 their	 differing	
properties	might	enable	 them	to	bind	 to	different	partners.	As	 the	C-terminal	
part	 of	 VgrG4,	 which	 is	 responsible	 for	 its	 cytotoxic	 effect,	 consist	 of	 many	
charged	 surface	 residues,	 it	 is	 possible	 that	 Sel1E	 could	 form	 electrostatic	
interactions	with	specific	residues	on	the	surface	of	VgrG4	and	thereby	prevents	
its	proper	function.			

	 	



	

	 62	

6. Conclusion	
	
In	this	thesis,	virulence	factors	from	Borrelia	and	Klebsiella	have	been	studied	
and	 structure-function	 analyses	 have	 provided	 insights	 into	 their	 role	 in	 the	
virulence	and	survival	mechanisms	used	by	these	pathogenic	bacteria.			
	
In	publication	I,	3D	structural	models	were	created	for	the	B.	burgdorferi	Bmp	
proteins	and	their	potential	ligand-binding	interactions	were	analyzed	in	detail.	
Furthermore,	 the	 evolutionary	 relationships	 between	 the	 Borrelia	 Bmp	
sequences	were	studied	through	a	phylogenetic	analysis.	The	structural	analyses	
demonstrated	 that	 the	 Bmp	 proteins	 are	 substrate-binding	 proteins	 that	
transport	purine	nucleosides	 to	ABC	transporters	 for	 import	 into	 the	bacteria	
and	thus	play	a	vital	role	 in	the	purine	salvage	pathway.	However,	 the	 ligand-
binding	 site	 of	 BmpC	 differed	 from	 the	 other	 Bmp	 proteins	 to	 a	 significant	
degree,	suggesting	that	it	most	likely	has	a	different	ligand	preference	than	the	
other	 Bmp	 proteins.	 The	 phylogenetic	 analysis	 provided	 an	 improved	
classification	of	the	Bmp	proteins,	showed	that	the	previously	identified	BmpA2	
proteins	are	more	closely	related	to	BmpD	and	that	the	ExP	proteins	most	likely	
function	as	riboflavin-binding	proteins.	In	publication	II,	the	crystal	structure	of	
BmpD	confirmed	the	structural	fold	seen	in	the	models	and	showed	that	BmpD	
was	bound	to	adenosine.	Experimental	results	further	demonstrated	that	BmpD	
can	also	bind	to	inosine,	indicating	that	the	Bmp	proteins	can	possibly	transport	
several	different	purine	nucleosides.	Further	studies	would	be	needed	to	fully	
determine	 the	 substrate	 scope	 of	 the	 Bmp	 proteins,	 and	 in	 particular	 that	 of	
BmpC.	
	
In	publication	III,	homology	models	were	created	for	the	B.	garinii	Dbp	proteins	
and	a	detailed	analysis	of	their	potential	GAG-binding	sites	were	performed	to	
explain	 the	 structural	 basis	 for	 the	 reduced	 GAG-binding	 seen	 in	 the	 lysine	
mutants.	The	analysis	showed	that	the	mutations	cause	a	significant	change	in	
the	 electrostatic	 surface	 potential,	 thus	 reducing	 GAG-binding,	 which	 mainly	
occurs	 through	 ionic	 interactions.	 DbpA	 contains	 two	 GAG-binding	 sites,	 on	
opposite	 sides	 of	 the	 protein,	 whereas	 DbpB	 relies	 mainly	 on	 the	 canonical	
binding	site,	but	potentially	has	a	second	binding	site	located	at	the	C-terminal	
tail.	MD-simulations	were	done	to	study	the	stability	of	the	protein	fold	in	the	
mutants,	but	this	was	not	affected	by	the	mutations	and	the	proteins	remained	
stable	 throughout	 the	 simulations.	 The	 Dbp	 proteins	 were	 shown	 to	 be	
important	 for	B.	 garinii	 binding	 to	HBMECs	 in	 the	 brain	 of	mice,	 and	 further	
studies	could	be	made	to	determine	the	exact	binding	mode	of	the	Dbp	proteins.		
	
In	 publication	 IV,	 the	 3D	 structures	 for	 the	 K.	 pneumoniae	 VgrG4	 and	 Sel1E	
proteins	 were	 predicted,	 and	 their	 role	 in	 T6SS-mediated	 intermicrobial	
competitions	and	host	interactions	were	studied.	VgrG4	causes	a	ROS-mediated	
toxic	effect	 in	host	cells	and	the	effector	function	was	located	to	the	DUF2345	
domain-containing	region	in	the	C-terminal	of	the	protein.	Sel1E	was	shown	to	
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be	 the	 immunity	 protein	 of	 VgrG4	 and	 was	 able	 to	 abolish	 the	 toxic	 effects	
induced	by	VgrG4.	Structural	analysis	of	Sel1E	highlighted	residues	potentially	
involved	in	interactions	with	VgrG4.	Future	studies	should	focus	on	determining	
the	 full-length	 structure	 of	 VgrG4	 and	 the	 exact	 binding	mode	 of	 VgrG4	 and	
Sel1E.		
	
The	 proteins	 studied	 in	 this	 work	 illustrate	 two	 very	 different	 virulence	
strategies.	The	Borrelia	Bmp	proteins	are	used	to	obtain	vital	nutrients	that	the	
bacteria	cannot	synthesize	themselves	and	the	Dbp	proteins	ensure	the	tissue	
colonization	required	for	a	successful	infection.	While	these	methods	can	be	seen	
as	necessary	for	the	survival	of	the	bacteria,	the	VgrG4	protein	of	K.	pneumoniae,	
on	the	other	hand,	is	an	example	of	a	direct	assault	on	a	target	cell,	with	the	aim	
of	 causing	 damage.	 These	 examples	 demonstrate	 that	 interactions	 between	 a	
pathogen	and	its	host,	and	between	competing	microbes,	occur	on	many	levels,	
from	 the	 direct	 attacks	 with	 harmful	 effectors	 to	 the	 more	 subtle	 evasion	
mechanism	that	keep	the	pathogen	undetected	by	the	immune	system.	Bacteria	
use	several	mechanisms	simultaneously,	usually	in	a	highly	coordinated	manner,	
and	in	combination	with	the	functional	redundancy	often	seen	among	virulence	
factors,	this	makes	studying	these	mechanisms	far	from	trivial.					
	
Gaining	more	knowledge	of	 the	 complex	network	of	 interactions	 taking	place	
between	 bacteria	 and	 its	 surroundings	 will	 aid	 our	 understanding	 of	 how	
bacteria	avoid	 the	 immune	system,	how	they	are	able	 to	obtain	nutrients	and	
how	 they	 compete	 with	 other	 microorganisms	 to	 gain	 advantages.	 This	 is	
essential	information	needed	when	developing	new	treatment	methods	that	are	
specifically	 targeted	 to	 cause	 maximum	 damage	 to	 vital	 bacterial	 pathways.	
Structural	 bioinformatics	 methods	 are	 a	 valuable	 tool	 for	 studying	 these	
bacterial	 virulence	 and	 survival	mechanisms.	 The	 combined	use	 of	 sequence-
based	studies	with	detailed	structure	analyses	provides	an	in-depth	knowledge	
of	the	molecular	interactions	behind	these	mechanisms,	which	is	a	requirement	
when	developing	drug	molecules	that	can	target	specific	proteins.			
	
The	result	of	this	thesis	contributes	to	our	understanding	of	bacterial	virulence	
and	survival	mechanisms	in	several	ways.	(i)	By	predicting	the	function	of	the	
Bmp	proteins	 and	 improving	 the	 classification	of	 the	proteins	 (publication	 I),	
which	 greatly	 aids	 the	 study	 of	 functional	 differences	 between	 highly	 similar	
proteins.	 (ii)	 By	 providing	 a	 detailed	 structural	 explanation	 of	 ligand-binding	
properties	 (publication	 II	 and	 III),	 giving	 information	 on	 potential	 targets	 for	
inhibitory	treatments.	 (iii)	By	predicting	the	possible	 interaction	site	between	
two	 proteins	 (publication	 IV),	 which	 provides	 valuable	 information	 for	
mutational	studies	into	functionally	important	residues.		
	
Despite	the	many	kinds	of	antibiotics	available	today,	bacterial	infections	are	still	
a	major	cause	of	illness	and	death	in	the	world.	Only	by	understanding	the	details	
of	the	intricate	mechanisms	used	by	bacteria	can	we	hope	to	develop	efficient	
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treatments	 targeting	 the	 most	 vulnerable	 parts	 of	 the	 systems.	 Targeting	
bacterial	virulence	mechanisms	could	be	an	effective	strategy,	which	would	also	
potentially	 reduce	 the	 development	 of	 antibiotic	 resistance	 due	 to	 lowered	
selection	pressures.		 	
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