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Abstract	
	

The	 clinical	 introduction	 of	 antibiotics	 revolutionised	 medicine,	 however	 the	

emergence	of	resistant	bacteria	is	threatening	their	use.	Of	particular	worry	are	

multi-drug	resistant	Gram-negative	bacteria	that	have	evaded	the	development	

of	any	new	treatment	classes	since	the	1960’s,	making	them	particularly	difficult	

to	 treat.	 Penicillin	 and	 other	𝛽 -lactams	 have	 been	 one	 of	 the	 most	 clinically	

important	classes	of	antibiotics,	not	least	because	they	 inhibit	multiple	targets	

simultaneously,	 but	 also	 because	 of	 their	 broad-spectrum	 profile.	𝛽 -lactams	

target	 penicillin-binding	 proteins	 (PBPs),	 enzymes	 which	 synthesise	 the	

bacterial	 cell	wall.	As	 the	need	 for	novel	 antibiotics	 intensifies,	understanding	

these	validated	targets	is	invaluable.	

	

PBPs	 work	 in	 multi-protein	 complexes	 (elongasome	 and	 divisome)	 that	

coordinate	 cell	 wall	 synthesis	 and	 hydrolysis	 with	 membrane	 growth	 and	

constriction,	 to	allow	bacterial	elongation	and	division.	This	work	 investigates	

how	members	of	the	Escherichia	coli,	Pseudomonas	aeruginosa	and	Yersinia	pestis	

divisome	interact	with	PBPs	and	affect	their	activity.	Using	continuous	and	SDS-

PAGE	glycosyltransferase	assays	and	a	novel	 continuous	 transpeptidase	assay	

with	near-native	substrates,	this	work	presents	the	first	report	of	Y.	pestis	PBP1b	

in	vitro	activity,	and	has	allowed	the	investigation	of	its	substrate	specificity.	This	

work	establishes	the	essentiality	of	LpoB,	an	outer-membrane	lipoprotein,	for	Y.	

pestis	and	E.	coli	PBP1b	transpeptidase	activity	in	vitro,	and	demonstrates	how	

divisome	protein	FtsN,	but	not	CpoB,	affect	 activated	PBP1b	activity,	although	

both	were	shown	to	interact	with	PBP1b	by	analytical	ultracentrifugation.	

	

This	 work	 also	 reports	 the	 first	 observations	 of	 P.	 aeruginosa	 PBP3	 in	 vitro	

activity	 with	 native	 substrates.	 Activity	 assays	 and	 LCMS	 analysis	 confirmed	

glycan	chains	produced	by	transpeptidase	inactive	E.	coli	PBP1b	were	substrates	

for	 P.	 aeruginosa	 PBP3,	 and	 substrate	 modifications	 biased	 PBP3	 towards	 a	

particular	 activity.	 These	 findings	highlight	 essential	 interactions	 and	 present	

new	platforms	which	can	be	utilised	for	novel	inhibitor	discovery.
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Chapter	1.	Introduction	
	

1.1	Antibiotics	and	antimicrobial	resistance	
	
Antibiotics	have	saved	more	lives	than	any	other	class	of	drugs	(Blaskovich	et	al.,	

2017),	 yet	 they	 have	 been	 overused	 and	 misused,	 and	 we	 are	 now	 facing	 a	

potential	 catastrophe	 of	 untreatable	 bacterial	 infections,	 driven	 by	 the	 rise	 of	

extensively	drug-resistant	bacteria.		

	

The	discovery	of	penicillin	in	1928	by	Sir	Alexander	Fleming	initiated	the	‘golden	

age’	of	antibiotic	development,	and	between	the	clinical	introduction	of	penicillin	

in	1943	and	the	1960’s	10	new	antibiotic	classes	had	been	introduced	(Walsh	and	

Wencewicz,	2014).	Antibiotics	were	seen	as	the	‘wonder	drug’	to	treat	bacterial	

infections,	 and	 a	 ‘magic	 bullet’	 that	 selectively	 targeted	 the	 disease	 causing	

organism	and	not	host	cells	(Aminov,	2010).	The	control	of	infectious	diseases	

meant	morbidity	and	mortality	rates	plummeted,	and	infectious	diseases	were	

no	longer	the	leading	cause	of	human	death	(Aminov,	2010).	But	the	1960’s	saw	

a	decline	in	antibiotic	research	and	development,	and	were	followed	by	a	40	year	

gap	in	antibiotic	discovery,	when	no	new	structural	classes	of	antibiotics	were	

introduced.	

	

In	Fleming’s	Nobel	Prize	lecture	in	1945,	awarded	for	his	discovery	of	penicillin,	

he	warned:	

“It	 is	not	difficult	 to	make	microbes	resistant	 to	penicillin	 in	 the	laboratory	by	

exposing	them	to	concentrations	not	sufficient	to	kill	them,	and	the	same	thing	

has	occasionally	happened	in	the	body.	The	time	may	come	when	penicillin	can	

be	bought	by	anyone	in	the	shops.	Then	there	is	the	danger	that	the	ignorant	man	

may	 easily	 underdose	 himself	 and	 by	 exposing	 his	 microbes	 to	 non-lethal	

quantities	of	the	drug	make	them	resistant.”	(Fleming,	1945).	

Fleming	was	well	aware	that	the	emergence	of	resistant	bacteria	was	inevitable,	

and	as	Fleming	predicted	the	first	penicillin	resistant	clinical	strain	was	reported	

just	 3	 years	 after	 its	 introduction	 to	 the	 clinic	 (Palumbi,	 2001).	 As	 most	
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antibiotics	are	derived	from	natural	products	produced	by	organisms	to	fight	off	

bacteria,	 resistance	 to	 these	 compounds	 at	 some	 level	 often	 already	 exists	

(Aminov,	2010).	Resistance	to	antibiotics	 is	a	natural	evolutionary	mechanism	

that	all	bacteria	employ	to	survive,	and	antibiotic	resistant	genes	well	predate	

the	modern	‘antibiotic	era’.	For	example	bacteria	found	in	a	New	Mexican	cave	

that	 had	 been	 isolated	 for	 over	 4	 million	 years	 were	 reported	 to	 be	 highly	

resistant	 to	many	commercially	available	 antibiotics,	70%	of	 the	 strains	were	

resistant	to	3-4	antibiotic	classes,	with	multiple	strains	being	resistant	to	more	

than	 10	 different	 antibiotics	 (Bhullar	 et	 al.,	 2012).	 However,	 the	

commercialisation	 and	 clinical	 use	 of	 antibiotics	 has	 rapidly	 accelerated	 the	

inevitable	selection	of	resistant	strains	(Walsh	and	Wencewicz,	2014),	and	the	

clinical	use	of	any	new	antibiotic	is	shortly	followed	by	the	emergence	of	resistant	

strains	(Walsh	and	Wencewicz,	2014).	

	

So,	what	has	changed	to	make	antibiotic	resistance	such	a	threat?	We	have	been	

misusing	our	current	antibiotics:	over	half	of	the	antibiotics	consumed	are	used	

on	animals,	with	most	not	being	used	to	treat	infections	but	to	prevent	them,	or	

simply	 as	 growth	 promoters.	 This	 use	 creates	 a	 reservoir	 of	 resistance	 and	

promotes	resistance	spread,	and	there	is	a	strong	body	of	evidence	confirming	

the	 link	 between	 antibiotic	 use	 in	 animals	 and	 resistance	 in	 humans	 (O’Neill,	

2016).	 Of	 the	 remaining	 human	 use,	 the	 majority	 of	 it	 is	 inappropriately	

prescribed	for	non-bacterial	infections,	as	antibiotics	are	rarely	prescribed	based	

on	definitive	diagnostic	 tests	 (O’Neill,	 2016).	 In	a	 lot	of	 the	developing	world,	

antibiotics	are	also	widely	available	without	a	prescription,	and	self-medication	

most	 certainly	 results	 in	 inappropriate	diagnosis,	unsuitable	antibiotic	 choice,	

incorrect	usage	and	non-compliance,	 thus	contributing	to	 the	rising	resistance	

problem	(Aminov,	2010).	

	

Additionally,	the	threat	posed	by	antibiotic	resistance	has	been	exacerbated	by	

the	 lack	of	new	antibiotics	being	discovered	and	developed.	No	new	classes	of	

antibiotics	were	produced	between	1962	and	2000:	all	marketed	antibiotics	in	

this	 period	were	modification	of	 existing	molecules	 (Coates	 et	 al.,	 2002),	 and	

since	2000	only	five	new	classes	of	antibiotics	have	been	marketed	(Walsh	and	



	 19	

Wencewicz,	2014).	To	make	matters	worse	the	number	of	scientists	involved	in	

antibiotic	 research	 has	 declined	 and	 large	 pharmaceutical	 companies	 are	

unwilling	to	invest	in	antibiotics	which	make	little	profit	in	comparison	to	other	

therapies	 (Blaskovich	et	al.,	 2017).	From	an	economical	perspective,	 although	

antibiotic	resistance	increases	the	demand	for	new	antibiotics,	at	the	same	time	

it	 also	 reduces	 the	 useful	 lifespan	 of	 an	 antibiotic,	 severely	 impairing	 a	drugs	

long-term	return	in	profits.	Antibiotics	cure	bacterial	infections	in	weeks,	while	

other	 drugs	 treat	 life-long	 conditions	 like	 high-cholesterol	 or	 arthritis,	 and	 a	

novel	 antibiotic	 may	 also	 be	 held	 in	 reserve,	 and	 not	 used	 until	 absolutely	

necessary.	 All	 these	 reasons	 make	 antibiotic	 development	 extremely	

unfavourable	to	a	profit-making	company	(Leeb,	2004).	

	

Of	particular	worry,	are	the	lack	of	new	antibiotics	to	treat	drug-resistant	Gram-

negative	bacteria,	as	all	five	new	antibiotic	classes	introduced	since	2000	target	

only	 Gram-positive	 bacteria,	 so	 there	 are	 no	 new	 drugs	 to	 treat	 a	 class	 of	

organism	with	an	additional	outer	membrane	which	is	difficult	to	permeate,	and	

with	 efflux	 pumps	 that	 prevent	 antibiotics	 from	 reaching	 concentrations	

required	to	inhibit	intracellular	targets	(Blaskovich	et	al.,	2017).	

	

1.1.1	Tackling	antimicrobial	resistance	
	

Global	recognition	of	the	problem	is	finally	apparent.	In	2015	the	World	Health	

Organisation	endorsed	a	global	action	plan	 for	antimicrobial	resistance	(WHO,	

2015),	 and	 later	 devised	 a	 list	 of	 priority	 drug-resistant	 pathogens	 on	which	

research	and	development	of	novel	antibiotics	should	be	focused,	with	those	of	

the	 highest	 priority	 being	 Mycobacterium	 tuberculosis	 and	 Gram-negative	

bacteria	 Acinetobacter	 baumannii,	 Pseudomonas	 aeruginosa	 and	 the	

Enterobacteriaceae	 family	 (Tacconelli	 et	 al.,	 2018).	 The	 UK	 government	 in	

collaboration	with	the	Wellcome	Trust	also	released	a	review	on	antimicrobial	

resistance	in	2016,	analysing	the	current	global	problem	and	proposing	actions	

to	tackle	it	internationally	(O’Neill,	2016).	
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Although	solutions	are	still	a	long	way	from	being	implemented,	at	least	there	is	

agreement	that	a	multi-national,	interdisciplinary	and	coordinated	approach	is	

needed	to	continue	treating	bacterial	 infections:	with	efforts	being	 focused	on	

increasing	awareness	and	understanding	of	 antimicrobial	resistance,	 reducing	

the	 incidence	 of	 infections	 through	 better	 hygiene	 and	 improved	 sanitation,	

optimising	the	use	of	antibiotics	in	humans	and	reducing	the	unnecessary	use	in	

animals,	 and	 increasing	 incentives	 and	 investments	 in	 research	 for	 rapid	

infection	 diagnostic	 tools,	 vaccines,	 infection	 prevention	 and	 new	 antibiotics	

(WHO,	2015;	O’Neill,	2016).	

	

This	 thesis	 focuses	 on	 the	 latter	 effort	 of	 developing	 novel	 antibiotics	 by	

improving	our	understanding	of	bacterial	cell	wall	synthesis,	a	validated	target	

for	antibiotics,	in	Gram-negative	bacteria.		Our	improved	understanding	of	these	

targets	and	the	ability	to	screen	them,	will	aid	the	design	of	novel	antibiotics,	and	

along	 with	 the	 other	 interventions	 detailed	 above	 will	 help	 to	 ensure	

antimicrobial	 resistance	 remains	 a	 manageable	 health	 problem	 for	 future	

generations.	Gram-negative	pathogens	Escherichia	coli,	Pseudomonas	aeruginosa	

and	Yersinia	pestis	are	the	focus	of	the	work	in	this	thesis,	and	the	next	3	sections	

detail	their	clinical	significance	as	pathogens,	their	treatments	and	mechanisms	

of	resistance.	

	

1.2	Escherichia	coli	
	

E.	coli	is	both	a	common	commensal	of	the	human	gastrointestinal	tract	and	one	

of	the	most	frequent	pathogens	in	humans	(Vila	et	al.,	2016).	E.	coli	are	enteric	

Gram-negative	bacilli,	and	coexist	as	part	of	the	human	natural	gastrointestinal	

flora,	 creating	 mutual	 benefit	 for	 both	 bacteria	 and	 host.	 Commensal	 E.	 coli	

inhabit	 the	 mucous	 layer	 of	 the	 human	 colon,	 and	 are	 the	 most	 abundant	

facultative	 anaerobe	 of	 the	 human	 intestinal	 flora.	 They	 rarely	 cause	 disease	

except	in	immunocompromised	individuals	or	where	the	normal	gastrointestinal	

barrier	has	been	broken	(Kaper	et	al.,	2004).	However,	if	E.	coli	acquires	certain	

virulence	 attributes	 they	 can	 inhabit	 new	 niches	 and	 confer	 disease.	 Most	
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virulence	 factors	 are	 encoded	 on	 mobile	 genetic	 elements	 which	 can	 be	

transferred	 between	 strains,	 with	 only	 the	 most	 successful	 combination	 of	

virulence	factors	persisting	to	become	pathogenic	‘pathotypes’,	that	are	able	to	

cause	disease	in	healthy	individuals	(Kaper	et	al.,	2004).	

	

Pathogenic	E.	coli	strains	generally	possess	adherence	and	colonisation	factors,	

like	fimbriae	(also	called	pili)	which	allow	them	to	adhere	to	and	colonise	sites	

they	do	not	normally	inhabit,	and	fitness	factors,	like	iron-acquisition	systems,	

which	contribute	to	their	survival	in	the	urinary	tract.	They	also	have	acquired	

the	ability	to	secrete	toxins	and	effector	proteins,	to	kill	host	cells	and	evade	the	

host	immune	response,	as	well	as	forming	biofilms,	which	provides	protection	

from	antimicrobial	treatments	and	host	defence	mechanisms.	The	infections	they	

cause	can	be	split	into	three	main	categories:	enteric/diarrhoeal	disease,	urinary	

tract	 infections	 and	 sepsis/meningitis,	 with	E.	 coli	 being	 the	 leading	 cause	 of	

urinary	tract	infections,	and	the	most	frequent	cause	of	blood	stream	infections	

among	the	Gram-negatives	(Vila	et	al.,	2016).	

	

E.	 coli	 has	 consolidated	 resistance	mechanisms	 over	many	 years,	 including	𝛽-

lactamases	 and	 more	 recently	 extended-spectrum	 𝛽 − lactamases,	

carbapenemases,	 or	 plasmid	 mediated	 quinolone	 (DNA	 topoisomerase	

inhibitors)	resistance.	Resistance	in	E.	coli	develops	either	through	mutations,	as	

often	 seen	 with	 quinolone	 resistance,	 or	 by	 acquisition	 of	 mobile	 genetic	

elements,	 such	 as	 those	 encoding	𝛽 -lactam	 resistance	 (European	 Centre	 for	

Disease	Prevention	and	Control,	2017).	𝛽-lactams	were	among	those	antibiotics	

most	 frequently	 prescribed	 for	 E.	 coli	 infections,	 however	 their	 use	 is	 being	

threatened	by	the	proliferation	of	resistant	strains	(Vila	et	al.,	2016).	Extended	

spectrum	𝛽-lactamases	catalyse	the	hydrolysis	of	the	𝛽-lactam	ring,	and	confer	

resistance	 to	most	𝛽-lactams,	 including	 third-generation	 cephalosporins.	They	

are	 often	 seen	 in	 combination	 with	 other	 resistance	 mechanisms,	 such	 as	 a	

decrease	 in	 the	 production	 of	 outer	 membrane	 proteins,	 which	 reduce	 the	

translocation	of	 antibiotics	 through	 the	outer	membrane,	or	 the	expression	of	

efflux	pumps,	which	are	multi-protein	complexes	that	span	the	cell	envelope	and	

are	responsible	for	expelling	toxic	compounds,	such	as	antibiotics,	out	of	the	cell	
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(Zervosen	 et	 al.,	 2012;	 Vila	 et	 al.,	 2016).	 Carbapenems	 (𝛽 	-lactam	 antibiotics)	

usually	resist	the	effect	of	extended	spectrum	𝛽	-lactamases	and	remain	one	of	

the	 few	 treatment	 options	 for	 multi-drug	 resistance	 infections.	 However,	

carbapenem	 resistance	 is	 emerging	 mediated	 by	 carbapenemases,	 which	 are	

carbapenemase	 𝛽 	-lactamases	 with	 additional	 activity	 against	 carbapenems.	

Worryingly,	carbapenemase	genes	are	often	located	on	plasmids	which	can	be	

exchanged	 between	 Enterobacteriaceae	 (European	 Centre	 for	 Disease	

Prevention	and	Control,	2017).	Reports	of	resistance	conferred	by	mutations	to	

penicillin-binding	proteins	(PBPs)	are	extremely	rare	in	E.	coli	(Alm	et	al.,	2015;	

Zhang	 et	 al.,	 2017),	 as	 is	 resistance	 mediated	 by	 the	 upregulation	 of	 PBP	

expression	(Thulin	and	Andersson,	2019).	

	

In	 2017	 58.2%	 of	 E.	 coli	 isolates	 reported	 to	 the	 European	 Antimicrobial	

Resistance	 Surveillance	Network	were	 resistant	 to	 one	 or	more	 antimicrobial	

group	 (aminopenicillins,	 fluoroquinolones	 (DNA	 topoisomerase	 inhibitors),	

third-generation	cephalosporins,	aminoglycosides	(protein	synthesis	inhibitors)	

and	 carbapenems).	 Resistance	 to	 aminopenicillins	 was	 the	 highest	 (58.7%),	

followed	by	fluoroquinolones	(25.7%),	third-generation	cephalosporins	(14.9%)	

and	aminoglycosides	(11.4%),	while	resistance	to	carbapenems	remained	rare	in	

E.	 coli	 (European	Centre	 for	Disease	Prevention	and	Control,	2017). Owing	 to	

increasing	 resistance,	 the	 current	 recommended	 treatment	 for	 uncomplicated	

UTI’s	 in	 the	 UK	 is	 nitrofurantoin	 (inhibitor	 of	 DNA	 and	 RNA	 synthesis),	 with	

fosfomycin	 (MurA	 inhibitor)	 and	 mecillinam	 (PBP2	 inhibitor)	 as	 alternative	

treatments	(Lee	et	al.,	2018;	Hawkey	et	al.,	2018). 

	

The	 surge	 in	 antibiotic	 resistant	 bacteria,	 and	 multidrug	 resistant	 bacterial	

infections	led	The	European	Centre	for	Disease	Prevention	and	Control	and	The	

Infectious	 Diseases	 Society	 of	 America	 to	 term	 a	 set	 of	 difficult-to-treat	

pathogens,	E.	faecium,	S.	aureus,	K.	pneumoniae,	A.	baumannii,	P.	aeruginosa	and	

Enterobacter	 species	 (including	 E.	 coli),	 as	 ESKAPE	 pathogens,	 given	 their	

propensity	 to	 develop	 resistance	 and	 escape	 from	 the	 impact	 of	 current	

antibiotics,	 leading	 to	 an	 increase	 in	 nosocomial	 infections	 in	 hospitalised	

patients	(Rice,	2008).	
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1.3	Pseudomonas	aeruginosa	
	

P.	 aeruginosa	 is	 a	 non-fermenting	 bacterium	 that	 is	 ubiquitous	 in	 aquatic	

environments	 in	 nature.	 It	 is	 an	 opportunistic	 human	 pathogen	 capable	 of	

causing	 life-threatening	 acute	 and	 chronic	 infections,	 particularly	 in	

immunocompromised	patients.	It	is	a	major	cause	of	hospital	acquired	infections,	

and	can	cause	pneumonia,	blood	stream	and	urinary	tract	infections,	particularly	

in	 cystic	 fibrosis	 patients.	 Multi-drug	 resistance	 is	 a	 major	 problem	 in	 cystic	

fibrosis	patients,	with	resistance	increasing	over	time	in	the	individual	patient’s	

lung	 microflora.	 The	 prevalence	 and	 persistence	 of	 P.	 aeruginosa	 in	 clinical	

settings	is	largely	due	to	its	intrinsic	resistance	to	a	wide	range	of	antibiotics	and	

ability	 to	 adapt	 and	 thrive	 in	 unfavourable	 conditions	 (European	 Centre	 for	

Disease	Prevention	and	Control,	2017;	Moradali	et	al.,	2017).	

	

An	 intrinsic	 resistance	 mechanism	 of	 P.	 aeruginosa	 is	 the	 reduced	 uptake	 of	

antibiotics	into	the	cell.	This	is	achieved	by	replacing	non-specific	porin	proteins	

(such	as	OprD	porin)	with	specific	porins	or	more	selective	 transporters,	 that	

only	take	up	the	required	nutrients,	resulting	in	the	outer	membrane	being	less	

permeable	 to	 antibiotics.	 Resistance	 to	 carbapenems	 and	 cephalosporins	 is	

commonly	caused	by	this	adaption	(Hancock,	1998;	Moradali	et	al.,	2017).	Active	

multidrug	 efflux	 pumps	 also	 greatly	 contribute	 to	 the	 intrinsic	 resistance	

observed	 in	P.	 aeruginosa,	 where	 their	 over-expression	 can	 confer	 high	 level	

resistance,	due	to	their	ability	to	transport	a	wide	range	of	substrates	(Blair	et	al.,	

2015;	Venter	et	al.,	2015).	Another	player	of	intrinsic	resistance	in	P.	aeruginosa	

is	an	inducible	chromosomally	encoded	𝛽-lactamase	(AmpC).	AmpC	expression	

is	 induced	upon	cell	contact	with	sub-MIC	 levels	of	𝛽-lactams	and	confers	 low	

level	 resistance	 to	 aminopenicllins	 and	most	 cephalosporins	 (Hancock,	 1998;	

Moradali	et	al.,	2017).	

	

P.	 aeruginosa	 can	 also	 acquire	 resistance	 to	 antibiotics	 through	mutations	 of	

intrinsic	genes	or	acquisition	of	mobile	elements.	A	common	mutational	feature	

of	P.	aeruginosa	is	a	high	level	of	AmpC	production	in	the	absence	of	antibiotics.	

This	 is	 mainly	 caused	 by	 mutational	 inactivation	 of	 the	 AmpC	 regulatory	
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repressors.	Mutations	to	regulatory	genes	are	also	a	major	cause	of	multi-drug	

efflux	 pump	 over-expression,	 as	 well	 as	 mutations	 to	 porins,	 which	 increase	

selectivity	to	drugs.	Plasmid	encoded	antibiotic	resistance	genes	generally	confer	

resistance	 to	 𝛽 -lactams	 through	 extended-spectrum	 𝛽 -lactamases	 and	

carbapenemases	 (Hancock,	 1998;	 Moradali	 et	 al.,	 2017).	 Mutations	 to	 PBPs	

which	 confer	 resistance	 have	 also	 been	 reported,	 these	mainly	occur	 in	 PBP3	

(Bellido	et	al.,	1990;	Gotoh	et	al.,	1990;	Clark	et	al.,	2019).	

	

In	 Europe	 30.8%	 of	 P.	 aeruginosa	 isolates	 reported	 to	 the	 European	

Antimicrobial	Resistance	Surveillance	Network	in	2017	were	resistant	to	one	or	

more	 antimicrobial	 groups	 (piperacillin	 (ureidopenicillins),	 3rd	 generation	

cephalosporin,	 fluoroquinolones,	 carbapenems	 and	 aminoglycosides),	 while	

18.3%	were	 resistant	 to	 two	or	more.	Resistance	 to	 fluoroquinolones	was	the	

greatest	 (20.3%),	 followed	 by	 piperacillin	 (18.3%),	 carbapenems	 (17.4%),	

ceftazidime	 (3rd	 generation	 cephalosporin)	 (14.7%)	 and	 aminoglycosides	

(13.2%)	(European	Centre	for	Disease	Prevention	and	Control,	2017).	Owing	to	

the	resistance	mechanisms	of	P.	aeruginosa	the	current	recommended	treatment	

in	the	UK	is	a	combination	therapy	of	a	𝛽	-lactam	and	a	𝛽	-lactamase	inhibitor,	

often	 ceftazidime	with	 avibactam	 (𝛽 	-lactamase	 inhibitor),	 or	 ceftolozane	 (5th	

generation	 cephalosporin)/	 piperacillin	 	 and	 tazobactam	 ( 𝛽 	-lactamase	

inhibitor),	 and	 in	 complicated	 infections	 also	an	 additional	 aminoglycoside	 or	

fluoroquinolone	(Bassetti	et	al.,	2018;	Hawkey	et	al.,	2018).		

	

1.4	Yersinia	pestis	
	

Y.	pestis	is	a	coccobacillus	of	the	Enterobacteriaceae	family	and	is	the	etiological	

agent	of	plague	which	has	claimed	over	200	million	human	lives	in	three	great	

pandemics.	Following	the	reappearance	of	plague	in	many	parts	of	Africa,	Asia	

and	the	Americas	during	the	1990s,	plague	has	been	categorised	as	a	re-emerging	

disease	(Stenseth	et	al.,	2008).	Plague	infections	begin	with	nondescript	flu-like	

symptoms	 and	 progresses	 into	 a	 fatal	 infection	 if	 not	 treated	 rapidly.	 Plague	

manifests	 itself	 in	 three	disease	types:	most	commonly	bubonic	plague,	where	



	 25	

bacteria	 multiply	 in	 lymph	 nodes	 causing	 them	 to	 swell,	 septicaemic	 plague,	

where	 bacteria	 circulate	 in	 the	 blood,	 and	 pneumonic	 plague,	 where	 bacteria	

localise	to	the	lungs	(Butler,	2009).	

	

The	pathogenicity	of	plague	is	mostly	owed	to	acquired	plasmids	which	encode	

virulence	factors,	such	as	type	III	secretion	systems	and	toxins	that	kill	host	cells	

and	inhibit	host	immune	responses	(Pechous	et	al.,	2016;	Yang,	2018).	Y.	pestis	

also	 encodes	 chromosomal	 virulence	 factors	 including	 genes	 for	 biofilm	

formation	and	iron	acquisition,	to	colonise	unfavourable	habitats	(Yang,	2018).	

Due	 to	 its	 rapid	 pathogenicity,	 plague	 requires	 treatment	 within	 the	 first	 24	

hours,	otherwise	the	infection	is	usually	fatal.	Plague	is	most	commonly	treated	

with	 gentamycin	 or	 streptomycin	 (both	 protein	 synthesis	 inhibitors),	 or	 the	

combination	of		doxycycline,	chloramphenicol	(both	protein	synthesis	inhibitors)	

and	ciprofloxacin	(a	DNA	topoisomerase	inhibitor)	(Stenseth	et	al.,	2008;	Yang,	

2018),	 although	 in	 vitro	susceptibilities	have	 shown	 the	effectiveness	of	other	

antibiotics	 including	𝛽-lactams.	The	most	effective	𝛽-lactams	for	varied	strains	

of	Y.	pestis	were	ampicillin	and	3rd	generation	cephalosporins	(Wong	et	al.,	2000;	

Hernandez	et	al.,	2003),	and	𝛽-lactam	effectiveness	in	mice	models	has	also	been	

shown.	100%	of	mice	treated	with	ceftriaxone	24	hours	after	exposure	to	Y.	pestis	

survived,	and	85%	survived	with	ceftazidime,	ampicillin	or	aztreonam	treatment	

(Byrne	et	al.,	1998).		

 

Multi-drug	 resistant	 Y.	 pestis	 strains	 have	 also	 been	 documented.	 A	 strain	

resistant	to	eight	antimicrobials	was	first	reported	in	Madagascar	(Galimand	et	

al.,	 1997),	 and	 other	 resistant	 strains	 have	 been	 subsequently	 identified	

(Guiyoule	et	al.,	 2001).	The	strains	were	resistant	 to	many	antibiotics	used	as	

recommended	 therapies	 and	 also	 alternative	 therapies,	 through	 plasmid	

encoded	 𝛽 -lactamases,	 chloramphenicol	 acetyltransferases,	 sulphonamide	

resistant	dihydropteroate	 synthases,	 aminoglycoside	adenylyltransferases	and	

tetracycline	 efflux	 pumps	 which	 were	 mobile	 between	 Yersinia	 isolates	

(Galimand	et	al.,	2006).	
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There	 is	 concern	 that	 Y.	 pestis	 may	 be	 an	 attractive	 bioterrorism	 agent	 and	

because	of	this	it	has	been	classified	as	a	category	A	bioterrorism	agent	by	the	

CDC	(Centre	for	Disease	Control	and	Prevention,	2000).	The	use	of	Y.	pestis	as	a	

biological	weapon	has	occurred	throughout	history:	infected	corpses	have	been	

catapulted	 over	 city	 walls,	 infected	 fleas	 dropped	 from	 aircraft	 and	 refined	

modern	aerosol	 formulations	developed	 (Inglesby	et	al.,	 2000;	Koirala,	2006).	

The	Anthrax	attacks	in	2001	have	re-established	concerns	for	bioterrorism	and	

renewed	 interest	 in	developing	diagnostics	and	 treatments	against	multi-drug	

resistant	Y.	pestis	(Bush	and	Perez,	2012).	

	

1.5	Gram-negative	bacterial	cell	wall	
	

1.5.1	The	role	of	the	cell	wall	
	

The	bacterial	cell	wall	is	the	target	of	many	antibiotics	as	the	cell	depends	on	it	

for	 structure	 and	 protection.	 The	 cell	 wall	 of	 Gram-negative	 bacteria	

encompasses	a	thin	layer	of	peptidoglycan,	comprised	of	covalently	cross-linked	

glycan	polymers,	surrounded	by	an	outer	membrane	(Gram,	1884).	 	The	outer	

membrane	is	specific	to	Gram-negative	bacteria,	and	it’s	composition	is	distinct	

from	the	inner	membrane,	comprising	an	asymmetrical	bilayer	of	phospholipids	

in	the	inner	leaflet,	lipopolysaccharides	in	the	outer	leaflet	and	outer	membrane	

proteins	 (Konovalova	 et	 al.,	 2017).	 The	 outer	membrane	 acts	 as	 a	 selectively	

permeable	 barrier,	 protecting	 the	 bacterium	 from	 harmful	 chemicals,	 like	

detergents	and	antibiotics	(Konovalova	et	al.,	2017).	

	

The	peptidoglycan	layer	provides	the	bacterium	with	the	mechanical	strength	to	

resist	osmotic	pressure	challenges	and	maintain	its	unique	shape.	It	also	has	a	

non-structural	role	acting	as	a	scaffold	to	anchor	lipoproteins,	tethering	the	outer	

membrane	to	the	peptidoglycan	layer.	These	roles	make	the	peptidoglycan	layer	

essential	 for	bacterial	 survival,	 and	 inhibition	of	 its	 synthesis	 causes	bacterial	

lysis	(Vollmer,	Blanot,	et	al.,	2008).	However,	recent	evidence	indicates	that	the	

prevailing	 dogma	 of	 the	 peptidoglycan	 layer	 being	 the	 dominant	 mechanical	
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element	 within	 the	 Gram-negative	 cell	 wall	 is	 not	 true.	 Instead	 the	 outer	

membrane	 can	 be	 stiffer	 than	 the	 peptidoglycan	 layer	 and	 the	 two	 structures	

often	share	the	mechanical	load	on	the	cell	(Rojas	et	al.,	2018).		

	

1.5.2	Peptidoglycan	structure	
	

Peptidoglycan	 is	 a	 three-dimensional	 mesh-like	 structure	 consisting	 of	 linear	

glycan	chains	cross-linked	by	short	peptides,	and	it’s	basic	structure	is	conserved	

in	most	Gram-negative	bacteria	(Vollmer,	Blanot,	et	al.,	2008).	The	glycan	chains	

are	comprised	of	alternating	𝛽1	to	4	linked	N-acetylglucosamine	(GlcNAc)	and	N-

acetylmuramic	acid	(MurNAc)	residues,	and	have	a	peptide	stem	attached	to	the	

lactyl	 group	of	 each	MurNAc.	The	peptide	 stems	of	 adjacent	glycan	chains	are	

covalently	 cross-linked	 to	 create	 a	 mesh-like	 structure,	 and	 in	 nascent	

peptidoglycan	the	peptide	stem	is	most	commonly	L-alanyl-γ-D-glutamyl-meso-

diaminopimelyl-D-alanyl-D-alanine	 (Vollmer	 and	 Bertsche,	 2008),	 but	 a	 small	

amount	of	the	peptides	occasionally	contain	Gly	instead	of	D-Ala	in	position	4	and	

5	(Glauner	et	al.,	1988).	Cross-linking	of	adjacent	peptide	stems	generally	occurs	

between	the	carboxyl	group	of	D-Ala	in	position	4	and	the	amino	group	of	DAP	in	

position	3,	creating	a	3-4	cross-link.	3-3	cross-links	can	also	occur	between	the	

DAP	peptide	of	one	stem	and	the	DAP	peptide	of	another	stem	but	are	a	lot	less	

frequent	(Glauner	et	al.,	1988;	Quintela	et	al.,	1995).	In	mature	peptidoglycan	the	

peptide	stem	rarely	contains	five	peptides,	and	more	commonly	one	or	both	of	

the	 D-Ala	 or	 Gly	 peptides	 at	 position	 4	 and	 5	 are	 lost,	 due	 to	 the	 action	 of	

peptidoglycan	hydrolases	and	the	cross-linking	reaction	(Vollmer	and	Bertsche,	

2008).	Therefore,	the	traits	of	this	polymer	involve	unusual	D-amino	acids,	non-

protein	amino	acids	(DAP),	𝛾-bonded	D-Glu	and	L-D	and	D-D	bonds,	making	the	

peptidoglycan	 structure	 resistant	 to	 attack	 by	 most	 mammalian	 proteases	

(Vollmer,	Blanot,	et	al.,	2008)
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1.5.3	Peptidoglycan	biosynthesis	
	

Bacterial	cell	growth	and	division	dictates	that	the	peptidoglycan	layer	must	be	

dynamic.	It	requires	the	synthesis	of	new	peptidoglycan,	cleavage	of	the	existing	

peptidoglycan,	 and	 the	 insertion	 of	 newly	 synthesised	 material	 to	 be	

synchronised	with	the	elongation	and	division	of	the	cell	(Holtje,	1998).	To	allow	

peptidoglycan	synthesis	to	be	coordinated	in	this	way,	the	proteins	which	make	

up	 the	 peptidoglycan	 synthesis	 machinery	 are	 members	 of	 the	 divisome	 and	

elongasome	 protein	 complexes	 (Typas	 et	 al.,	 2012),	 which	 coordinate	

peptidoglycan	 synthesis	 and	 remodelling	 during	 cell	 division	 and	 elongation	

respectively.	

Figure	1.1:	Peptidoglycan	biosynthesis.	
Lipid	II,	the	peptidoglycan	precursor,	 is	synthesised	in	the	cytoplasm	by	sequential	
enzymatic	 steps,	and	 attached	 to	undecaprenyl	phosphate	 in	 the	 inner	membrane.	
Lipid	II	is	then	flipped	across	the	inner	membrane	by	a	flippase,	and	polymerised	into	
glycan	 chains	 by	 the	 glycosyltransferase	 (GT)	 action	 of	 PBPs,	 SEDS	 proteins	 or	
monofunctional	glycosyltransferases.	The	new	glycan	chain	is	attached	to	the	existing	
peptidoglycan	layer	by	the	transpeptidase	(TP)	action	of	PBPs.	
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Peptidoglycan	 is	 synthesised	 from	 the	 precursor	 Lipid	 II,	 produced	 in	 the	

cytoplasm	of	the	cell,	and	comprises	of	the	two	sugars	GlcNAc	and	MurNAc	and	a	

pentapeptide	 stem	 (5P),	 which	 is	 attached	 to	 a	 lipid	 tail	 (undecaprenyl	

pyrophosphate)	 in	 the	 cell	 membrane	 to	 allow	 it	 to	 remain	 tethered	 to	 the	

membrane	to	facilitate	incorporation	into	the	peptidoglycan	layer	(Typas	et	al.,	

2012)	(Figure	1.1).	

	

In	 the	cytoplasm	fructose-6-phospahte	 is	converted	 in	 four	successive	enzyme	

activities	 to	 uridine	 5’-diphosphate-N-acetylglucosamine	 (UDP-GlcNAc),	

catalysed	 by	 GlmS,	 GlmM	 and	 GlmU	 (bifunctional	 enzyme)	 (Barreteau	 et	 al.,	

2008).	 UDP-MurNAc	 (uridine	 5’-diphosphate-N-acetylmuramic	 acid)	 is	 then	

formed	from	UDP-GlcNAc	by	the	two	enzymes	MurA	and	MurB.	The	pentapeptide	

stem	 is	 then	 appended	 to	 the	 D-lactoyl	 carboxyl	 group	 of	 UDP-MurNAc	 by	

sequential	addition	of	peptides	by	MurC-F:	these	provide	the	addition	of	L-Ala	

(MurC),	D-glutamic	acid	(MurD),	meso-diaminopimelic	acid	(m-DAP)	(MurE)	and	

dipeptide	D-Ala-D-Ala	 (MurF),	with	D-Glu	 and	m-DAP	being	 synthesised	 from	

their	 L	 or	 L,L	 stereoisomers	 by	MurI	 and	 DapF	 respectively,	 and	 D-ala-D-Ala	

being	 produced	 from	 L-Ala	 by	 alanine	 racemases	 and	 D-Ala-D-Ala	 ligase	

(Barreteau	et	al.,	2008;	Vollmer,	Blanot,	et	al.,	2008).	Phospho-MurNAc	5P	is	then	

transferred	 from	 UDP-MurNAc	 5P	 to	 the	 lipid	 carrier	 in	 the	 membrane,	

undecaprenyl	phosphate,	yielding	undecaprenyl	diphospho	MurNAc	5P	(Lipid	I),	

in	a	reaction	catalysed	by	MraY.	Thereafter,	the	transferase	MurG	catalyses	the	

addition	 of	 the	 GlcNAc	 moiety	 from	 UDP-GlcNAc,	 to	 Lipid	 I,	 producing	

undecaprenyl	 diphospho	 MurNAc	 GlcNAc	 5P	 (Lipid	 II)	 (Bouhss	 et	 al.,	 2008),	

which	is	flipped	across	the	membrane	by	a	yet	undetermined	enzyme	(candidate	

enzymes	are	MurJ,	FtsW	and	RodA)	(Mohammadi	et	al.,	2011;	Sham	et	al.,	2014;	

Reddy	Bolla	et	al.,	2018),	and	incorporated	into	peptidoglycan	(Figure	1.1).	

	

Once	at	the	periplasmic	side	of	the	inner	membrane,	Lipid	II	is	incorporated	into	

the	 existing	 peptidoglycan	 layer	 by	 two	 successive	 enzyme	 activities.	 Firstly,	

Lipid	II	is	polymerised	into	a	glycan	chain,	creating	a	repeating	GlcNAc	MurNAc	

5P	 oligomer,	 by	 a	 glycosyltransferase	 reaction,	 which	 releases	 undecaprenyl	
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pyrophosphate.	 Undecaprenyl	 pyrophosphate	 is	 dephosphorylated	 to	

undecaprenyl	phosphate	by	BacA	and	ultimately	recycled	to	reform	Lipid	I	and	

Lipid	 II	 (Bouhss	 et	 al.,	 2008).	 Secondly,	 cross-links	 are	 formed	 between	 the	

peptide	 stems	 of	 glycan	 chains,	 by	 a	 transpeptidation	 reaction,	 releasing	 the	

terminal	 D-Ala	 of	 the	 stem	 peptide.	 The	 glycosyltransferase	 reaction	 can	 be	

carried	out	by	mono-functional	glycosyltransferase	MgtA	(Derouaux	et	al.,	2008),	

shape,	elongation,	division	and	septation	(SEDS)	proteins	RodA	(Meeske	et	al.,	

2016;	Rohs	et	al.,	2018)	and	FtsW	(Cho	et	al.,	2016;	Taguchi	et	al.,	2019),	or	by	

bifunctional	 penicillin-binding	 proteins	 (PBPs),	 which	 possess	

glycosyltransferase	activity,	 as	well	 as	 transpeptidase	activity	 (Bertsche	et	al.,	

2005;	Born	et	al.,	2006).	While	the	transpeptidation	reaction	is	only	carried	out	

by	PBPs	(Vollmer	and	Bertsche,	2008)	(Figure	1.1).	

	

1.5.4	Antibiotics	that	target	the	cell	wall	

	
The	bacterial	cell	wall	is	an	invaluable	antibacterial	target	due	to	its	essentiality	

for	bacterial	life,	and	its	high	conservation	between	species	(Vollmer,	Blanot,	et	

al.,	2008).	Penicillin	and	the	𝛽-lactam	class	of	antibiotics	target	cell	wall	synthesis	

by	 covalently	 binding	 to	 the	 transpeptidase	 active	 site	 of	 PBPs	 due	 to	 their	

structural	similarity	to	the	D-Ala-D-Ala	moiety	of	the	pentapeptide	stem	of	Lipid	

II.	 All	𝛽-lactams	 share	 the	 characteristic	 four-membered	𝛽-lactam	 ring,	 which	

acylates	the	active	site	serine	of	PBPs,	preventing	them	from	cross-linking	glycan	

chains,	weakening	the	peptidoglycan	structure	and	causing	cell	 lysis	(Waxman	

and	 Strominger,	 1983).	 Since	 their	 discovery,	𝛽-lactams	 have	 been	 one	 of	 the	

most	clinically	important	class	of	antibiotics	and	remain	the	most	commonly	used	

antibiotic	 today	(Jovetic	et	al.,	2010).	No	other	antibiotics	 that	 target	PBPs	are	

used	 clinically,	 however	 non- 𝛽 -lactam	 inhibitors	 do	 exist:	 lactivicin,	 is	 a	

transpeptidase	inhibitor	but	is	too	toxic	for	clinical	use	(Nozaki	et	al.,	1989)	and	

moenomycin	 inhibits	 glycosyltransferases	 but	 has	 poor	 pharmacokinetic	

properties	(Ostash	and	Walker,	2010).	

	

Other	 cell	 wall	 synthesis	 inhibitors	 include:	 Fosfomycin,	 which	 acts	 as	 a	

phospoenolpyruvate	 analogue	 to	 inhibit	 MurA,	 is	 mainly	 used	 to	 treat	
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uncomplicated	urinary	tract	infections	caused	by	E.	coli,	Klebsiella	pneumoniae	

and	 Enterobacter	 cloacae,	 as	 well	 as	 Gram-positive	 organisms	 Staphylococcus	

aureus,	Enterococcus	faecalis	and	Enterococcus	faecium	(Castañeda-García	et	al.,	

2013),	and	D-cycloserine,	an	inhibitor	of	D-Ala-D-Ala	ligase	and	D-Ala	racemase,	

which	functions	by	starving	the	cell	of	D-Ala	needed	for	peptidoglycan	synthesis.	

D-cycloserine	is	only	used	as	a	second-line	treatment	for	tuberculosis	due	to	its	

adverse	neurological	side	effects	when	administered	at	an	effective	dose	(Baisa	

et	al.,	2013).	

	

All	other	cell	wall	synthesis	inhibitors	are	only	effective	against	Gram-positives	

and	 include:	 Bacitracin,	 which	 inhibits	 dephosphorylation	 of	 undecaprenyl	

pyrophosphate,	thus	preventing	the	synthesis	of	the	lipid	carrier	(Pollock	et	al.,	

1994).	Glycopeptides,	such	as	vancomycin	(Álvarez	et	al.,	2016)	and	teicoplanin	

(Campoli-Richards	et	al.,	1990),	which	bind	to	the	D-Ala-D-Ala	moiety	of	Lipid	II,		

which	are	too	large	to	permeate	the	outer	membrane	(Sarkar	et	al.,	2017).	

	

1.6	Penicillin-binding	proteins	
	

Although	𝛽-lactams	have	been	studied	since	the	1930’s	(Fleming,	1929)	and	their	

targets,	PBPs,	since	the	1960’s	(Tipper	and	Strominger,	1965),	relatively	little	is	

known	about	the	enzymatic	mechanisms	of	PBPs,	their	regulation	or	interactions	

with	other	proteins.	Progress	has	been	hindered	by	complications	in	purifying	

these	membrane	proteins,	their	structurally	complex	natural	substrates,	the	lack	

of	 functional	 assays	 to	 measure	 their	 activity	 in	 vitro	 and	 the	 essential	

interactions	required	for	their	activity.	Recent	advances	in	all	these	areas	have	

significantly	enhanced	our	knowledge	of	PBP	enzymology,	and	these	advances	

are	discussed	below.	

	

1.6.1	PBP	classification	
	

Most	Gram-negative	bacteria	have	between	4	and	12	PBPs	(Sauvage	et	al.,	2008),	

and	the	PBPs	are	historically	numbered	within	organisms	by	molecular	weight,	
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based	on	their	migration	by	SDS-PAGE	(Waxman	and	Strominger,	1983).	Their	

disordered	identification	means	some	PBPs	have	an	additional	letter	(e.g.	PBP1a	

and	 PBP1b),	 and	 the	 numbering	 is	 often	 not	 comparable	 between	 organisms.	

PBPs	can	however	be	split	into	3	main	categories:	Class	A	PBPs,	bifunctional	N-

terminal	glycosyltransferases	and	C-terminal	D,D-transpeptidases,	Class	B	PBPs,	

monofunctional	 D,D-transpeptidases	 and	 Class	 C	 PBPs,	 monofunctional	

carboxypeptidases,	 endopeptidases	 and	 L,D-transpeptidases	 (Ghuysen,	 1991;	

Goffin	and	Ghuysen,	1998)	(Figure	1.2).	Class	A	and	B	PBPs	also	have	the	ability	

to	 carry	 out	 D,D-carboxypeptidation,	 which	 involves	 the	 trimming	 of	 a	

pentapeptide	stem	to	a	tetrapeptide,	releasing	D-Ala	(discussed	in	more	detail	in	

section	1.6.4.2).	

	

	

This	thesis	focuses	on	PBP1b	and	PBP3	from	Gram-negative	organisms	E.	coli,	Y.	

pestis	and	P.	aeruginosa,	and	luckily	the	PBP	nomenclature	for	these	homologues	

is	identical	in	the	three	organisms.	

	

The	PBP1b	proteins	from	E.	coli	and	Y.	pestis	share	a	high	sequence	homology,	

with	 68%	 sequence	 identity	 and	 78%	 sequence	 similarity.	 The	 sequence	 is	

conserved	around	the	two	active	site	domains	and	the	UB2H	domain,	where	the	

substrate	and	multiple	interacting	proteins	are	known	to	bind	(Figure	1.3)	

	

Figure	1.2:	Penicillin-binding	protein	classification.	
Classification	on	 the	 left,	 domain	 topology	 in	 the	middle	where	TM	 (transmembrane	
domain),	GT	(glycosyltransferase	domain)	and	TP	(transpeptidase	domain),	and	PBP	
activities	on	the	right.		
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1.6.2	Bifunctional	PBPs	
	

The	model	 Gram-negative	 organism	E.	 coli	 has	 been	 the	 subject	 of	most	 PBP	

investigation.	 E.	 coli	 has	 three	 bifunctional	 PBPs:	 PBP1a,	 PBP1b	 and	 PBP1c	

(Goffin	and	Ghuysen,	1998).	PBP1a	and	PBP1b	are	partially	redundant	enzymes,	

as	cell	lacking	both	are	lethal,	but	they	are	individually	dispensable	(Suzuki	et	al.,	

1978;	Yousif	et	al.,	1985),	while	PBP1c	is	not	essential	for	cell	viability	and	its	

role	is	not	well	understood	(Schiffer	and	Höltje,	1999).	

Fluorescence	 localisation	studies	 found	PBP1a	to	 localise	along	the	 lateral	cell	

periphery	(Banzhaf	et	al.,	2012;	Pazos	et	al.,	2018),	and	in	the	case	of	PBP1b	also	

at	the	division	site	(Bertsche	et	al.,	2006;	Pazos	et	al.,	2018).	Cells	lacking	PBP1a	

are	 thinner	 and	 initiate	 cell	 division	 later	 in	 the	 cycle	 (Banzhaf	 et	 al.,	 2012),	

supporting	a	role	of	PBP1a	in	cell	elongation.	PBP1a	also	directly	interacts	with	

the	 essential	 cell	 elongation	 specific	 transpeptidase	 PBP2	 in	 vitro	 and	 in	 vivo	

Figure	1.3:	Sequence	alignment	of	E.	coli	and	Y.	pestis	PBP1b	
Identical	amino	acids	are	in	black,	amino	acids	with	similar	properties	are	in	blue	and	
not	 similar	 amino	 acids	 are	 in	 red.	 The	 transmembrane	 and	 UB2H	 domains	 are	
highlighted	with	red	arrows	and	the	glycosyltransferase	and	transpeptidase	active	sites	
are	boxed	in	red,	
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(Spratt,	 1975;	 Banzhaf	 et	 al.,	 2012).	 PBP1b	 on	 the	 other	 hand	 appears	more	

specialised	for	cell	division,	and	directly	interacts	with	the	essential	cell	division	

specific	transpeptidase	PBP3	(Spratt,	1977;	Bottat	et	al.,	1981).	PBP1b	depends	

on	PBP3	 for	 localisation	 to	 the	division	 site	 (Bertsche	et	al.,	 2006),	 as	well	 as	

interacting	with	other	components	of	 the	divisome	such	as	FtsN	(Müller	et	al.,	

2007)	and	FtsW	(Leclercq	et	al.,	2017).	That	PBP1a	and	PBP1b	have	different	

localisation	patterns	and	interacting	partners	supports	the	hypothesis	of	distinct	

roles	in	cell	elongation	and	cell	division	respectively.	

	

Although	 one	 of	 PBP1a	 or	 PBP1b	 is	 dispensable	 under	 standard	 growth	

conditions,	there	have	been	hints	these	enzymes	are	not	interchangeable.	Cells	

defective	of	PBP1b	or	LpoB	(essential	activator	of	PBP1b)	are	hypersensitive	to	

many	𝛽-lactams,	while	mutants	of	PBP1a	are	not	(Yousif	et	al.,	1985;	Garcia	et	al.,	

1990;	 Paradis-Bleau	 et	 al.,	 2010).	 Inhibition	 of	 class	 B	 PBPs,	 PBP2	 or	 PBP3,	

normally	leads	to	the	formation	of	spherical	or	filamentous	cells,	however	similar	

treatment	of	mutants	lacking	PBP1b	induces	rapid	cell	lysis	(Schmidt	et	al.,	1981;	

Garcia	et	al.,	1990).	Inactivation	of	PBP1b	in	cells	grown	in	acidic	media	or	PBP1a	

in	alkaline	media	also	leads	to	reduced	cell	fitness	and	lysis	(Mueller	et	al.,	2019),	

suggesting	PBP1a	and	PBP1b	may	have	essential	roles	in	distinct	environmental	

niches.	

	

1.6.2.1	Bifunctional	PBP	regulation	

	

Bacterial	growth	and	division	dictates	that	peptidoglycan	synthesis	is	precisely	

regulated,	 and	 in	 Gram-negative	 bacteria	 this	 also	 involves	 the	 coordinated	

constriction	of	both	the	inner	and	outer	cell	membranes.	This	is	achieved	by	the	

elongasome	and	divisome	multi-protein	complexes.	 In	E.	coli	over	36	proteins	

have	been	identified	as	components	of	the	divisome,	and	among	these	FtsN	is	the	

last	essential	protein	recruited	to	the	division	site	(Du	and	Lutkenhaus,	2017).	

The	arrival	of	FtsN	at	the	division	site	triggers	cell	constriction	(Gerding	et	al.,	

2009;	Busiek	and	Margolin,	2014)	and	activates	septal	peptidoglycan	synthesis	

(Du	 and	 Lutkenhaus,	 2017).	 How	 exactly	 FtsN	 triggers	 cell	 constriction	 and	

peptidoglycan	 synthesis	 remains	 to	 be	 elucidated,	 however,	 it	 is	 thought	 to	
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involve	FtsA	and	FtsBLQ	(Busiek	and	Margolin,	2014;	Liu	et	al.,	2015;	Boes	et	al.,	

2019),	as	well	as	a	direct	interaction	with	peptidoglycan	synthase	PBP1b	(Figure	

1.4)	(Müller	et	al.,	2007;	Pazos	et	al.,	2018;	Boes	et	al.,	2019).	

	

FtsN	 is	 a	 membrane	 protein:	 its	 N-terminus	 comprises	 a	 short	 cytoplasmic	

domain,	followed	by	a	transmembrane	helix,	which	with	the	first	80	periplasmic	

amino	 acids	 is	 essential	 for	 its	 function.	 The	 C-terminal	 domain	 comprises	 a	

peptidoglycan	binding	domain	which	is	dispensable	(Ursinus	et	al.,	2004).	The	

ability	of	FtsN	 to	bind	peptidoglycan	 is	 thought	 to	aid	 its	 accumulation	at	 the	

division	 site	 by	 creating	 a	 positive	 feedback	 loop,	 to	 complete	 divisome	

maturation	and	trigger	cell	envelope	constriction	(Gerding	et	al.,	2009).	

	

The	presence	of	FtsN	is	essential	for	constriction	initiation	and	the	recruitment	

of	AmiC,	a	peptidoglycan	hydrolase	(Heidrich	et	al.,	2001;	Bernhardt	and	De	Boer,	

2003),	 and	 the	Tol-Pal	 complex,	 involved	 in	outer	membrane	 integrity,	 to	 the	

division	site	(Gerding	et	al.,	2007).	Tol-Pal	involvement	in	cell	division	is	thought	

to	create	a	link	between	the	outer	membrane	and	the	inner	membrane	via	the	

peptidoglycan	layer	during	cell	constriction	(Gerding	et	al.,	2007).	In	E.	coli	the	

Tol-Pal	complex	consists	of	seven	proteins:	TolAQR	are	inner	membrane	bound,	

Pal	is	outer	membrane	bound,	YbgC	is	cytoplasmic,	and	TolB	and	CpoB	(formerly	

YbgF)	 are	 periplasmic	 proteins	 (Walburger	 et	 al.,	 2002;	 Gerding	 et	 al.,	 2007;	

Krachler,	Sharma,	Cauldwell,	et	al.,	2010).	TolB	bridges	the	gap	between	the	inner	

membrane	 TolAQR	 complex	 and	 the	 outer	 membrane	 anchored	 Pal	 protein	

(Walburger	 et	 al.,	 2002;	 Gerding	 et	 al.,	 2007),	 while	 CpoB	 interacts	 with	 the	

complex	 via	 TolA	 (Walburger	 et	 al.,	 2002).	 TolA	 and	 CpoB	 also	 create	 a	 link	

between	 the	 Tol-Pal	 complex	 and	 the	 peptidoglycan	 synthesis	 machinery	 by	

interacting	with	PBP1b	(Figure	1.4)	(Gray	et	al.,	2015;	Egan	et	al.,	2018).	Mutants	

of	CpoB	and	PBP1b	both	shared	increased	sensitivity	to	𝛽-lactams,	and	deletion	

of	CpoB	from	a	strain	which	solely	relies	on	PBP1b	as	its	bifunctional	PBP	(PBP1a	

and	LpoA	deletions),	caused	severe	growth	defects	(Gray	et	al.,	2015),	suggesting	

CpoB	may	affect	PBP1b	function.	
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The	structure	of	CpoB	is	an	elongated	trimer	composed	of	a	N-terminal	trimeric	

coiled	 coil,	 followed	 by	 a	 flexible	 linker	 and	 a	 monomeric	 C-

terminal	tetratricopeptide	repeat	(TPR)	domain	(Krachler,	Sharma,	Cauldwell,	et	

al.,	2010),	which	has	been	shown	to	 interact	with	the	UB2H	domain	of	PBP1b	

Figure	1.4:	Peptidoglycan	synthesis	complex	active	during	cell	division.	
The	 peptidoglycan	 synthesis	 complex	 during	 cell	 division	 involves	 inner	 membrane	
localised	peptidoglycan	synthases	FtsW,	PBP3	and	PBP1b,	with	PBP1b	activator,	LpoB	
anchored	to	the	outer	membrane.	Peptidoglycan	synthesis	is	regulated	by	FtsN	and	the	
Tol-Pal	complex	(TolAQR,	TolB,	Pal,	CpoB	and	YbgC)	 for	constriction	of	 the	 inner	and	
outer	membrane,	and	amidase	enzymes	(AmiC)	for	peptidoglycan	cleavage.	
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(Egan	 et	 al.,	 2018),	 which	 sits	 in	 between	 the	 glycosyltransferase	 and	

transpeptidase	domains	in	the	PBP1b		structure	(Sung	et	al.,	2009).		

	

Outer	membrane	anchored	lipoproteins	were	also	found	to	control	class	A	PBPs,	

and	be	 essential	 for	 their	 activity	 in	 vivo.	The	Lpo	proteins	 reach	 through	 the	

peptidoglycan	 layer	and	bind	their	cognate	PBP	(Figure	1.4).	 In	E.	coli	LpoA	is	

specifically	required	for	PBP1a	function,	and	LpoB	for	PBP1b	function	(Paradis-

Bleau	et	al.,	2010;	Typas	et	al.,	2010)	(LpoP	for	PBP1b	function	in	Pseudomonas	

(Greene	et	al.,	2018)).	Deleting	an	Lpo	protein	mimics	the	in	vivo	phenotype	of	

deleting	the	cognate	PBP	(Paradis-Bleau	et	al.,	2010;	Typas	et	al.,	2010;	Greene	

et	al.,	2018).	E.	coli	LpoB	has	an	elongated	structure	with	two	distinct	parts,	an	

elongated	disordered	region	near	the	N-terminus	and	a	well-folded	globular	C-

terminal	 domain	 (Egan	 et	 al.,	 2014).	 The	 N-terminus	 comprises	 of	 a	 signal	

peptide	which	triggers	the	addition	of	a	diacylglycerol	moiety	and	an	acyl	group	

to	the	protein	when	it	reaches	the	outer	leaflet	of	the	inner	membrane	before	the	

signal	peptide	is	cleaved.	The	mature	triacylated	lipoprotein	is	then	translocated	

across	 the	 periplasm	 where	 it	 is	 anchored	 to	 the	 inner	 leaflet	 of	 the	 outer	

membrane	by	the	localisation	of	lipoprotein	(Lol)	machinery	(Nakayama	et	al.,	

2012).	The	C-terminal	domain	 in	 the	periplasm	 is	 then	 free	 to	bind	 to	PBP1b,	

thought	to	be	through	PBP1b’s	UB2H	domain,	causing	conformational	changes	

which	activate	both	PBP	activities	(Typas	et	al.,	2010;	Egan	et	al.,	2014).	Mutants	

of	 PBP1b	 which	 bypass	 the	 requirement	 for	 LpoB	 also	 support	 this	 model	

(Markovski	 et	 al.,	 2016).	 The	 mechanism	 of	 LpoB	 activation	 is	 still	 however	

unclear,	either	LpoB	stimulates	PBP1b	glycosyltransferase	activity,	which	in	turn	

provides	more	substrate	for	transpeptidation	(Paradis-Bleau	et	al.,	2010;	Egan	et	

al.,	2014),	or	LpoB	simultaneously	stimulates	both	activities	(Egan	et	al.,	2018).	

CpoB	 has	 also	 been	 reported	 to	 attenuate	 LpoB’s	 activation	 of	 PBP1b	 by	

inhibiting	it’s	activation	of	transpeptidation	activity	(Gray	et	al.,	2015;	Egan	et	al.,	

2018).	It	is	however	still	unclear	why	LpoB’s	essentiality	in	vivo	currently	only	

reflects	a	modest	enhancement	of	PBP1b	activity	in	vitro.	

	

1.6.3	Monofunctional	PBPs	
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E.	coli	has	two	class	B	PBPs:	PBP2	and	PBP3.	Both	are	essential	for	E.	coli	viability	

(Sauvage	 et	 al.,	 2008),	 although	 this	 is	 not	 the	 case	 in	 all	 Gram-negative	

organisms,	 for	 example	 in	P.	 aeruginosa	 PBP2	 is	 not	 essential	 (Legaree	 et	 al.,	

2007).	PBP2	is	thought	to	be	involved	in	cell	elongation,	while	PBP3	has	a	role	in	

cell	division.	In	support	of	this,	E.	coli	thermosensitive	mutants	of	PBP2	or	cells	

treated	with	a	PBP2	specific	antibiotic	grow	as	spheres,	while	mutants	of	PBP3	

or	 cells	 treated	 with	 a	 PBP3	 specific	 antibiotic	 become	 filamentous	 (Spratt,	

1975)(Spratt,	1975)(Spratt,	1975)(Spratt,	1975;	Bottat	et	al.,	1981;	Garcia	et	al.,	

1991).	PBP2	has	been	shown	to	localise	to	the	lateral	wall	of	the	cell,	but	also	at	

the	division	site.	However,	it	disperses	before	cell	septation,	suggesting	it	may	

play	a	role	in	cell	division	initiation	but	is	not	a	stable	member	of	the	divisome	

(Den	Blaauwen	et	al.,	2003).	While	PBP3	localises	specifically	to	the	division	site	

and	it’s	localisation	is	dependent	on	other	divisome	proteins	(Weiss	et	al.,	1997).	

PBP3	is	one	of	the	last	proteins	to	localise	at	the	division	site	and	it’s	localisation	

relies	on	the	presence	of	FtsW	(Pastoret	et	al.,	2004;	Piette	et	al.,	2004).	Both	

PBP3	 and	 FtsW	 have	 been	 reported	 to	 directly	 interact	 in	 vivo	 and	 in	 vitro	

(Fraipont	et	al.,	2011).	

	

PBP3	is	a	membrane	protein	comprising	a	short	N-terminal	cytoplasmic	region,	

followed	by	a	transmembrane	helix,	and	a	transpeptidase	domain	(Sauvage	et	al.,	

2014),	 and	 is	 presumed	 to	 carry	 out	 peptidoglycan	 cross-linking	 during	 cell	

division,	 although	 to	 date	 this	 has	 not	 been	 confirmed	 in	 vitro	 with	 native	

substrates.	FtsW,	a	SEDS	proteins	(Pastoret	et	al.,	2004;	Meeske	et	al.,	2016),	has	

recently	been	identified	as	a	Lipid	II	polymerase	(Taguchi	et	al.,	2019;	Welsh	et	

al.,	 2019),	 and	 due	 to	 its	 interaction	 with	 PBP3	 the	 two	 proteins	 have	 been	

proposed	to	create	a	two	component	peptidoglycan	synthase	during	cell	division	

(Figure	1.4).	This	complex	would	mirror	the	RodA-PBP2	complex	which	has	been	

reported	to	synthesis	peptidoglycan	during	cell	elongation	(Meeske	et	al.,	2016;	

Cho	et	al.,	2016;	Rohs	et	al.,	2018).	The	localisation	of	PBP3	at	the	division	site	is	

also	essential	 for	PBP1b	midcell	 localisation	(Bertsche	et	al.,	2006),	and	FtsW,	

PBP3	and	PBP1b	have	been	reported	to	form	a	trimeric	complex	in	vitro	(Leclercq	

et	 al.,	 2017).	 However,	 if	 and	 how	 these	 proteins	 function	 as	 a	 complex	 to	

synthesis	peptidoglycan	during	cell	division	is	unknown.	
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1.6.4	Mechanistic	features	of	penicillin-binding	protein	activity	
	

1.6.4.1	Glycosyltransferase	mechanism	

	

The	glycosyltransferase	reaction	carried	out	by	class	A	PBPs,	SEDS	proteins	RodA	

and	FtsW	and	mono-functional	glycosyltransferases	involves	the	polymerisation	

of	 Lipid	 II	 into	 glycan	 chains.	 A	 fundamental	 property	 of	 all	 of	 these	

glycosyltransferases	 is	 the	 direction	 of	 substrate	 polymerisation:	 Lipid	 II	

monomers	 are	 added	 to	 the	 reducing	 end	 of	 the	 growing	 glycan	 chain	

(undecaprenyl	pyrophosphate	end)	(Figure	1.5)	(Perlstein	et	al.,	2007;	Welsh	et	

al.,	 2019).	 To	 start	 the	 catalytic	 cycle	 it	 is	 thought	 Lipid	 II	 binds	 to	 the	

glycosyltransferase	 donor	 site,	which	 induces	a	 conformational	 change	 to	 the	

glycosyltransferase	active	 site	 facilitating	Lipid	 II	binding	 to	 the	acceptor	 site.	

Catalysis	occurs	forming	a	glycosidic	bond	between	the	𝛽1	of	the	MurNAc	donor	

and	𝛽 4	 of	 the	 GlcNAc	 acceptor,	 resulting	 in	 the	 departure	 of	 undecaprenyl	

pyrophosphate	and	translocation	of	the	tetrasaccharide	to	the	donor	site.	After	

initiation	 of	 glycan	 chain	 polymerisation	 the	 donor	 substrate	 becomes	 the	

growing	glycan	chain,	and	Lipid	II	the	acceptor,	and	the	cycle	continues	(Figure	

1.5)	 (Lovering	et	al.,	 2007;	Bury	et	al.,	 2015;	King	et	al.,	 2017;	Punekar	et	 al.,	

2018).	 The	 growing	 glycan	 chain	 remains	 at	 the	 donor	 site	 until	 it	 is	 fully	

polymerised	 and	 released,	 suggesting	 that	 initiation	 of	 polymerisation	 is	 rate	

limiting	and	the	subsequent	elongation	process	is	rapid	and	processive	(Wang	et	

al.,	2008;	Punekar	et	al.,	2018).	

	

Different	 glycosyltransferases	 differ	 in	 their	 processivity	 resulting	 in	 glycan	

chains	of	different	length	distributions.	Glycosyltransferases	have	been	shown	to	

produce	glycan	chains	with	a	characteristic	intrinsic	length	distribution,	which	

are	independent	of	enzyme	and	substrate	ratios	(Wang	et	al.,	2008).	In	vitro	E.	

coli	 PBP1b	 has	 been	 reported	 to	 produce	 glycan	 chains	 of	 between	 ~20-50	

disaccharides	in	length	depending	on	the	assay	conditions	(Bertsche	et	al.,	2005;	

Wang	et	al.,	2008;	Egan	et	al.,	2018),	which	are	similar	to	the	reported	lengths	of	
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~20-80	disaccharides	produced	in	vivo,	(Glauner	et	al.,	1988;	Glauner	and	Holtje,	

1990;	Harz	et	al.,	1990).	

	

	

1.6.4.2	Transpeptidase	mechanism	

	

With	class	A	PBPs,	and	presumably	with	the	SEDS	proteins-class	B	PBP	complex,	

the	growing	glycan	chain	is	thought	to	be	directed	to	the	transpeptidase	active	

site,	where	it	acts	as	the	donor	substrate	for	transpeptidation.	E.	coli	PBP1b	has	

been	shown	to	have	little	cross-linking	activity	with	glycan	chains	not	produced	

by	 itself	 (Terrak	 et	 al.,	 1999).	 Consistent	 with	 this,	 a	 PBP1b	 structure-based	

model	 suggested	 the	 growing	 glycan	 chain	 delivered	 it’s	 peptide	 stem	 to	 the	

transpeptidation	 active	 site	 for	 cross-linking	 (Sung	 et	 al.,	 2009).	 Therefore,	

although	 glycan	 chain	 polymerisation	 can	 occur	 in	 the	 absence	 of	

transpeptidation,	 transpeptidation	 requires	 the	 glycan	 chain	 produced	 by	

polymerisation.	

	

Figure	1.5:	Glycosyltransferation	mechanism.	
Glycosyltransferases	 carry	out	 the	polymerisation	of	 Lipid	 II	 into	 glycan	 chains.	The	
active	site	glutamate	of	 the	glycosyltransferase	deprotonates	 the	GlcNAc	4-OH	of	 the	
Lipid	 II	 acceptor.	 The	 activated	 nucleophile	 attacks	 the	 MurNAc	 carbon	 C1	 of	 the	
growing	 glycan	 chain	 donor,	 leading	 to	 the	 formation	 of	 a	𝛽 1-4	 glycosidic	 bond,	
elongation	of	the	growing	glycan	chain	and	departure	of	undecaprenyl	pyrophosphate.	
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The	 catalysis	 carried	 out	 by	 the	 transpeptidase	 active	 site	 is	 initiated	 by	 the	

nucleophilic	 attack	 of	 the	 active	 site	 serine	 on	 the	 carboxyl	moiety	 of	 the	 4th	

position	D-ala	of	the	donor	pentapeptide.	This	acylates	the	transpeptidase	active	

site	serine,	releasing	the	terminal	D-Ala	from	the	donor	stem	peptide.	The	acyl-

enzyme	complex	then	either	reacts	with	water	releasing	the	tetrapeptide,	which	

is	termed	carboxypeptidation,	or	with	the	𝜀-amino	group	of	the	3rd	position	DAP	

of	 the	acceptor	stem	peptide,	creating	a	peptide	bond	and	releasing	the	cross-

linked	 product,	 which	 is	 termed	 transpeptidation	 (Figure	 1.6)	 (Goffin	 and	

Ghuysen,	 2002;	 Sauvage	 et	 al.,	 2008).	 Apart	 from	 the	 native	 substrate	 of	

repeating	GlcNAc	MurNAc	pentapeptide,	 the	donor	substrate	can	be	a	peptide	

with	a	D-Ala-D-Ala	terminus	or	a	thioester,	while	the	acceptor	substrate	can	be	

anything	from	a	native	glycan	chain	with	a	stem	peptide	containing	DAP	in	the	

3rd	position,	to	a	single	D-amino	acid	(Nguyen-Disteche	et	al.,	1974;	Adam	et	al.,	

1991;	Terrak	et	al.,	1999;	Lupoli	et	al.,	2014;	Boes	et	al.,	2019).
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In	vitro	different	PBPs	carry	out	transpeptidation	to	varying	extents.	E.	coli	PBP1a	

cross-links	 ~25%	 of	 stem	 peptides	 present	 (Born	 et	 al.,	 2006),	 while	 PBP1b	

cross-links	~50%	(Bertsche	et	al.,	2005;	Egan	et	al.,	2018).	Unlike	class	A	PBPs	

there	 have	 been	 few	 reports	 of	 in	 vitro	 class	B	 PBP	 transpeptidation	 activity,	

those	that	have	been	reported	are	E.	coli	PBP3	with	thioester	substrates	(Boes	et	

al.,	2019),	E.	coli	PBP2	with	native	radioactive	substrates	(Banzhaf	et	al.,	2012),	

and	Streptococcus	 thermophilus	PBP2x	 using	 native	 substrates	 (Taguchi	 et	 al.,	

2019). 

Figure	1.6:	Transpeptidation	and	carboxypeptidation	mechanisms.	
Penicillin-binding	proteins	(PBP)	cross-link	the	peptide	stems	of	glycan	chains	to	form	
peptidoglycan.	The	PBP	active	site	serine	(Ser)	attacks	the	carboxyl	moiety	of	the	4th	
position	D-Ala	in	the	donor	stem	peptide,	releasing	the	5th	position	D-Ala	in	the	donor	
stem	peptide.	The	acyl-enzyme	complex	 then	either	reacts	with	water,	 releasing	 the	
tetrapeptide	which	is	termed	carboxypeptidation,	or	it	reacts	with	the	𝜀-amino	group	
of	 the	 3rd	 position	 DAP	 of	 the	 acceptor	 stem	 peptide,	 creating	 a	 peptide	 bond	 and	
releasing	the	cross-linked	product	which	is	termed	transpeptidation.		
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1.7	Peptidoglycan	hydrolases	
	

Peptidoglycan	hydrolases	form	a	vast	and	highly	diverse	group	of	enzymes	that	

cleave	the	covalent	bonds	in	peptidoglycan	or	peptidoglycan	fragments	(Höltje,	

1995).	A	hydrolytic	activity	has	been	identified	for	each	bond	linking	the	amino	

acids	and	sugars	in	peptidoglycan	(Figure	1.7),	and	they	have	been	shown	to	have	

roles	in	bacterial	growth,	division	and	shape	maintenance	(Vollmer,	Joris,	et	al.,	

2008).	Assigning	exact	functions	to	hydrolases	has	however	proved	difficult,	as	

they	often	have	more	than	one	function,	and	bacteria	possess	a	high	number	of	

hydrolases	that	appear	to	have	redundant	roles	(Holtje	and	Tuomanen,	1991;	van	

Heijenoort,	 2011).	 In	 E.	 coli	 at	 least	 35	 peptidoglycan	 hydrolases	 have	 been	

identified,	 including	 N-acetylglucosaminidase,	 lytic	 transglycosylases,	

carboxypeptidases,	endopeptidases,	LD-transpeptidases,	amidases	and	D-Ala-D-

Ala	 dipeptidase	 (van	 Heijenoort,	 2011).	 They	 all	 have	 different	 cleavage	 sites	

which	 are	 often	 specific	 to	 a	 certain	 peptidoglycan	 element,	 fragment	 or	

modification.	

	

There	are	two	types	of	glycan	chain	cleavage	enzymes,	 lytic	 transglycosylases,	

which	cleave	the	𝛽1-4	glycosidic	bond	between	MurNAc	and	GlcNAc	(Figure	1.7),	

creating	 a	 1,6-anhydro	 bond	 between	 the	 C1	 and	 C6	 of	 MurNAc,	 and	 N-

acetylglucosaminidase,	 which	 hydrolyses	 the	𝛽 1-4	 glycosidic	 bond	 between	

MurNAc	or	1,6-anhydro	MurNAc,	and	GlcNAc	disaccharides		(Holtje	et	al.,	1975;	

van	Heijenoort,	2011).
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E.	coli	has	at	least	20	peptidases	which	cleave	the	peptide	bonds	in	peptidoglycan,	

muropeptides	 or	 precursors.	 All	 the	 class	 C	 PBPs	 fit	 into	 this	 category	 (van	

Heijenoort,	2011).	The	peptidases	include	carboxypeptidases	which	remove	the	

terminal	amino	acid	in	the	stem	peptide,	and	endopeptidases	which	cleave	within	

peptide	 stems	 or	 the	 cross-links,	 and	 are	 either	 D,D-peptidases	which	 cleave	

between	D-amino	acids,	or	L,D-	and	D,L-peptidase	which	cleave	between	L-	and	

D-amino	acids	 (Figure	1.7)	 (Vollmer,	 Joris,	et	al.,	 2008).	D,D-carboxypeptidase	

PBP5	is	thought	to	be	the	most	active	carboxypeptidase	and	its	deletion	gives	rise	

to	cells	with	altered	diameters	and	non-uninform	surfaces	(Nelson	and	Young,	

2000).	 L,D-transpeptidases	 are	 also	 classed	 as	 hydrolases,	 and	 they	 are	

responsible	for	the	formation	of	m-DAP-m-DAP	cross-links,	which	also	cause	L,D-

carboxypeptidation	 (release	 of	 D-Ala)	 (Figure	 1.7)	 (Magnet	 et	 al.,	 2008).	

Figure	1.7:	Peptidoglycan	hydrolases.	
Hydrolysis	 of	 amide	 and	peptide	bonds	 in	peptidoglycan.	 Lytic	 glycosyltransferases	
(LGT)	 hydrolyse	 the	 glycosidic	 bond	 between	 MurNAc	 and	 GlcNAc	 creating	 1,6-
anhydroMurNAc.	Amidases	(Ami)	hydrolyse	the	amide	bonds	between	the	lactyl	group	
of	MurNAc	and	the	L-alanine	of	the	stem	peptide.	Some	amidases	(anhAmi)	specifically	
cleave	 at	 1,6-anhydroMurNAc	 residues.	 Endopeptidases	 (D,D-EPase,	 L,D-EPase,	 D,L-
EPase)	cleave	amide	bonds	in	the	peptide	stems	or	the	cross-links.	Carboxypeptidases	
(D,D-CPase,	L,D-CPase,	D,L-CPase)	hydrolyse	peptide	bonds	to	remove	C-terminal	D-or	
L-amino	acids	from	the	stem	peptide.	
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Amidases	hydrolyse	the	amide	bond	between	the	L-Ala	in	the	stem	peptide	and	

the	D-lactoyl	moiety	of	MurNAc	(Figure	1.7)	(Vollmer,	Joris,	et	al.,	2008),	and	they	

have	been	found	to	be	important	in	cell	septation,	as	double	and	triple	mutants	

of	 AmiA,	 AmiB	 and	 AmiC	 grow	 as	 filaments	 and	 were	 unable	 to	 cleave	

peptidoglycan	at	the	septum	to	permit	cell	division	(Heidrich	et	al.,	2001).	Finally	

the	 D-Ala-D-Ala	 dipeptidase	 which	 is	 responsible	 for	 the	 hydrolysis	 of	 	 the	

peptide	bonds	between	D-Ala-D-Ala	dipeptides	(Lessard	et	al.,	1998;	Lessard	and	

Walsh,	1999).	

	

1.8	Thesis	aims	
	

Antimicrobial	 resistance	 poses	 an	 already	 growing	 problem	 for	 modern	 day	

medicine.	A	world-wide	coordinated	effort	is	required	to	prolong	the	life	of	our	

current	antibiotics,	in	addition	to	the	development	of	novel	antibiotics.	A	better	

understanding	of	existing	valuable	drug	targets	is	required	and	this	thesis	aims	

to	contribute	to	this	by	extending	our	current	understanding	of	the	function	and	

enzymatic	mechanisms	of	PBPs	in	Gram-negative	bacteria	by:	

	

• Development	of	existing	glycosyltransferase	and	transpeptidase	assays	to	

measure	 Y.	 pestis	 PBP1b	 in	 vitro	 activity	 to	 investigate	 its	 substrate	

specificity.	

	

• Reconstitute	 the	 cell	wall	 synthesis	 complex	 in	 vitro	 to	 investigate	 the	

interactions	between	Y.	pestis	 and	E.	 coli	 PBP1b	and	divisome	proteins	

LpoB,	CpoB	and	FtsN.	

	

• Development	of	an	in	vitro	assay	to	measure	P.	aeruginosa	PBP3	activity	

to	investigate	its	enzymology.
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Chapter	2.	Materials	and	methods	
	

2.1	Materials	
	

2.1.1	Chemicals,	buffers	and	solutions	
	

All	 chemicals	 used	were	 of	 analytical	 grade	 and	 from	 Sigma	 Aldrich,	 Fischer	

Scientific	or	Melford,	unless	otherwise	stated.	All	buffers	were	prepared	using	

MilliQ	purified	water	and	adjusted	to	the	correct	pH	using	a	SevenEasy	pH	meter	

(Mettler	Toledo),	calibrated	at	ambient	 temperature	with	pH	4.0,	7.0	and	10.0	

buffer	standards.	For	molecular	biology	techniques	and	chromatography,	buffers	

were	filtered	using	0.22	𝜇m	MF-Millipore	membrane	filter	(Merck)	and	stored	at	

4	℃.	

	

2.1.2	E.	coli	strains	
	

E.	 coli	 NEB5- 𝛼 	was	 used	 for	 molecular	 cloning,	 and	 BL21	 (DE3),	 BL21	

(DE3)*pRosetta	 or	 C43	 (DE3)	were	 used	 for	 recombinant	 protein	 expression	

(detailed	in	table	2.2).	

	

2.1.3	Growth	media	

		

E.	coli	strains	were	grown	in	Luria-Bertani	(LB)	media,	super	optimal	broth	with	

catabolite	repression	(SOC)	media,	or	on	Luria-Bertani	agar	plates.	For	selective	

media,	kanamycin	was	used	at	100	𝜇g	mL-1	and	chloramphenicol	at	35	𝜇g	mL-1.	

	

LB	media	consisted	of	1	%	(w/v)	tryptone,	0.5	%	(w/v)	NaCl	and	0.5	%	(w/v)	

yeast	extract.	LB	agar	plates	were	made	with	LB	media	supplemented	with	1.5	

(w/v)	bacto-agar.	SOC	media	consisted	of	2	%	(v/v)	peptone,	0.5	%	(w/v)	yeast	

extract,	 10	 mM	 NaCl,	 2.5	 mM	KCl,	 10	mM	MgCl2,	 10	 mM	MgSO4	 and	 20	mM	

glucose.	
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2.1.4	Vectors	and	oligonucleotides	
	

Vectors	 and	 oligonucleotides	 were	 purchased	 from	 Integrated	 DNA	

Technologies.	Oligonucleotides	were	designed	against	 the	appropriate	gene	or	

plasmid	 of	 interest	 with	 the	 relevant	 restriction	 enzyme	 or	 mutation	 sites.	

Oligonucleotides	for	Gibson	assembly	were	designed	using	the	online	NEBuilder	

Assembly	Tool	(New	England	BioLabs).	The	oligonucleotides	used	are	detailed	in	

table	2.1.	

	

2.2	Molecular	biology	
	

2.2.1	Preparation	of	chemically	competent	E.	coli	cells	
	

An	 overnight	 culture	 was	 prepared	 by	 inoculating	 10	 mL	 of	 LB	 media,	

supplemented	 with	 the	 appropriate	 antibiotics,	 with	 an	 E.	 coli	 colony	 of	 the	

required	strain.	The	culture	was	incubated	overnight	at	37	℃	with	shaking	at	180	

rpm.	1	mL	of	the	overnight	culture	was	used	to	inoculate	100	mL	of	LB	media	

supplemented	with	the	appropriate	antibiotics	and	20	mM	MgSO4,	and	incubated	

at	37	℃	with	shaking	at	180	rpm	until	the	optical	density	(absorbance	at	600	nm,	

OD600)	was	in	the	range	of	0.5-0.6.	The	cells	were	harvested	at	3000	rpm	for	10	

minutes	at	4	℃	and	then	resuspended	in	40	mL	of	ice	cold	TBF1	buffer	(30	mM	

potassium	acetate,	100	mM	RbCl2,	50	mM	MnCl2,	10	mM	CaCl2	and	15%	(v/v)	

glycerol	pH	5.8)	and	 incubated	on	 ice	 for	5	minutes.	The	cells	were	harvested	

again	as	before,	and	resuspended	in	2	mL	of	ice	cold	TBF2	buffer	(10	mM	MOPS,	

10	mM	RbCl2,	75	mM	CaCl2	and	15%	(v/v)	glycerol	pH	6.5)	and	incubated	on	ice	

for	1	hour.	The	competent	cells	were	aliquoted	in	50	𝜇L	aliquots,	flash	frozen	in	

liquid	nitrogen	and	stored	at	-80	℃.
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(2010)

Table	2.1	Constructs	used	for	recom
binant	protein	expression	in	E.	coli.	

Kan
R :	kanam

ycin	resistant	vector,	T7:	T7	expression	system
	using	the	bacteriophage	T7	prom

oter,	H
is	tag:	hexa-histidine	tag,	DAAO:	D-am

ino	
acid	oxidase,	F:	forw

ard	oligonucleotide,	and	R:	reverse	oligonucleotide.	Oligonucleotide	restriction	sites	are	in	bold	and	m
utated	residues	in	

red.	
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2.2.2	Transformation	of	chemically	competent	E.	coli	cells	
	

Plasmid	DNA	 (1-2	𝜇L	of	50-100	ng	𝜇L-1)	was	 incubated	with	50	𝜇L	of	 thawed	

competent	cells	on	ice	 for	30	minutes.	Cells	were	heat	shocked	at	42	℃	for	30	

seconds	and	returned	to	 ice	 for	10	minutes.	Outgrowth	was	performed	by	the	

addition	of	950	𝜇L	SOC	media	and	incubation	at	37	℃	for	1	hour	with	shaking	at	

180	rpm.	100	𝜇L	of	the	culture	was	spread	on	a	LB	agar	plate,	supplemented	with	

the	 appropriate	 antibiotics,	 and	 incubated	 overnight	 at	 37	℃ 	to	 allow	 for	

selection	of	positive	transformants.	

	

2.2.3	Polymerase	chain	reaction	
	

Polymerase	 chain	 reaction	 (PCR)	 was	 carried	 out	with	 Phusion	 High-Fidelity	

DNA	 polymerase	 (New	 England	 BioLabs)	 according	 to	 the	 manufacturer’s	

instructions,	with	a	SureCycler	8800	thermocycler	(Agilent	Technologies).	E.	coli	

K12	genomic	DNA,	and	Y.	pestis	 strain	C092	genomic	DNA	kindly	gifted	by	H.	

Atkins	(DSTL),	were	used	as	templates	to	amplify	the	genes	of	interest	with	the	

oligonucleotides	detailed	 in	 table	2.1.	Oligonucleotide	annealing	 temperatures	

were	determined	using	the	online	NEB	Tm	Calculator	(New	England	BioLabs),	

and	PCR	reactions	were	run	with	annealing	temperatures	over	a	gradient	of	3	℃	

either	side	of	the	calculated	annealing	temperature.	

	

2.2.4	Agarose	gel	electrophoresis	
	

1%	(w/v)	agarose	gels	were	prepared	in	TAE	buffer	(40	mM	Tris-acetate	pH	8.3,	

20	mM	acetic	acid	and	1	mM	EDTA)	using	GelRed	Nucleic	Acid	Gel	Stain	(Biotum)	

(1	𝜇L	to	100	mL	1%	(w/v)	agarose).	5	𝜇L	of	PCR	product	was	mixed	with	6x	Gel	

loading	dye	(New	England	BioLabs)	and	loaded	onto	the	gel	submerged	in	TAE	

buffer	in	a	MultiSUB	Midi	Horizontal	Gel	System	(Cleaver	Scientific).		100	bp	or	1	

kb	DNA	ladder	(New	England	BioLabs)	were	loaded	as	a	size	reference	for	the	

sample	lanes.	Electrophoresis	was	carried	out	at	120	V,	400	mA	for	1	hour	and	

DNA	was	visualised	under	ultraviolet	light	using	an	E-box	illuminator	(Vilber).	
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2.2.5	Purification	and	gel	extraction	of	PCR	products	
	

If	the	PCR	product	was	free	of	any	contaminating	bands	of	the	incorrect	size	the	

DNA	was	 purified	 using	 a	Monarch	 PCR	 and	DNA	 clean-up	 kit	 (New	England	

BioLabs)	 according	 to	 the	 manufacturer’s	 instructions.	 If	 the	 PCR	 product	

contained	contaminating	bands,	the	entire	PCR	product	was	run	on	an	agarose	

gel	as	in	section	2.2.4,	and	the	band	of	interest	was	excised	from	the	gel.	The	DNA	

was	 then	extracted	 from	 the	gel	 slice	using	a	Monarch	DNA	Gel	Extraction	kit	

(New	England	BioLabs),	following	the	manufacturer’s	instructions.	

	

2.2.6	Restriction	enzyme	digestion	
	

For	restriction	enzyme	cloning,	restriction	digestion	of	the	purified	PCR	products	

or	 vector	 were	 performed	 with	 the	 appropriate	 restriction	 enzymes	 (New	

England	 BioLabs)	 (detailed	 in	 table	 2.1),	 according	 to	 the	 manufacturer’s	

protocol.	 Digested	 plasmid	 was	 subsequently	 treated	 with	 shrimp	 alkaline	

phosphatase	 (New	 England	 BioLabs)	 according	 to	 the	 manufacturer’s	

instructions	to	prevent	plasmid	self-ligation.	

	

For	Gibson	 cloning,	 the	 linearised	 vector	 PCR	 product	was	 treated	with	DpnI	

(New	England	BioLabs)	according	to	the	manufacturer’s	instructions,	to	cleave	

any	template	plasmid	and	prevent	false	positive	transformants.	

	

2.2.7	Restriction	enzyme	cloning	ligation	
	

Ligation	reactions	were	carried	out	using	T4	DNA	ligase	(New	England	BioLabs)	

according	to	the	manufacturer’s	instructions.	Approximately	50	ng	of	linearised	

vector	was	used	 in	a	3:1	 ratio	 (insert:vector),	with	 the	 insert	mass	 calculated	

using	the	online	NEBio	Calculator	(New	England	BioLabs).	2	𝜇L	of	 the	 ligation	

reaction	 was	 then	 transformed	 into	 chemically	 competent	 NEB5-𝛼 	cells	 as	

described	in	2.2.2.	
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2.2.8	Gibson	assembly	
	

Gibson	 assembly	 reactions	 were	 carried	 out	 using	 a	 NEBuilder	 HiFi	 DNA	

assembly	 cloning	 kit	 (New	England	BioLabs)	 according	 to	 the	manufacturer’s	

instructions	for	a	2-3	fragment	assembly.	50	ng	of	vector	DNA	was	used	in	a	2:1	

ratio	 (insert:vector),	 with	 the	 insert	 mass	 calculated	 using	 the	 online	 NEBio	

Calculator	 (New	 England	 BioLabs).	 2	𝜇 L	 of	 the	 ligated	 construct	 was	 then	

transformed	into	chemically	competent	NEB5-𝛼	cells	as	described	in	2.2.2.	

	

2.2.9	Plasmid	purification	
	

An	 overnight	 culture	 was	 prepared	 by	 inoculating	 10	 mL	 of	 LB	 media,	

supplemented	with	the	appropriate	antibiotics,	with	a	transformed	colony.	The	

culture	was	incubated	overnight	at	37	℃	with	shaking	at	180	rpm.	The	plasmid	

was	 purified	 using	 a	 Monarch	 Plasmid	 miniprep	 kit	 (New	 England	 BioLabs)	

according	to	the	manufacturer’s	instructions.	

	

2.2.10	DNA	quantification	and	sequencing	
	

DNA	was	quantified	using	a	NanoDrop	ND60	spectrophotometer	(Agilent)	and	

sequenced	 by	 GATC	 Biotech	 (Germany)	 with	 T7	 promoter	 and	 terminator	

oligonucleotides	(T7	promoter-	5’	TAATACGACTCACTATAGGG,	T7	terminator-	5’	

GCTAGTTATTGCTCAGCGG).	

	

2.2.11	Plasmid	mutagenesis	
	

Plasmid	mutagenesis	was	 carried	out	with	a	Q5	Site-Directed	Mutagenesis	kit	

(New	England	BioLabs)	according	to	the	manufacturer’s	instructions	using	the	

oligonucleotides	detailed	in	table	2.1.	2	𝜇L	of	the	multi-enzyme	treated	ligation	

mix	was	then	transformed	into	chemically	competent	NEB5-𝛼	cells,	the	plasmid	

purified,	quantified	and	sequenced	as	in	sections	2.2.2,	2.2.9	and	2.2.10.	
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2.3	Protein	expression	and	purification	
	

2.3.1	Recombinant	protein	expression	in	E.	coli	
	

An	 overnight	 culture	was	 prepared	 by	 inoculating	 10	mL	of	 LB	media	with	 a	

single	colony	of	transformed	construct	in	the	appropriate	E.	coli	expression	strain	

(detailed	in	table	2.2),	which	was	grown	over	night	at	37	℃	with	shaking	at	180	

rpm.	The	protein	of	interest	was	expressed	in	3	L	of	LB	media.	5	mL	of	the	starter	

culture	was	used	to	inoculate	1L	of	LB	media,	supplemented	with	the	appropriate	

antibiotics,	and	grown	at	37	℃	with	shaking	at	180	rpm	until	an	OD600	of	0.5-0.6	

was	achieved.	Depending	on	the	protein	being	expressed,	the	cultures	may	have	

been	cold-shocked	before	protein	expression	was	induced	by	placing	the	cultures	

at	 4	 ℃ ,	 detailed	 in	 table	 2.2.	 Protein	 expression	 was	 induced	 with	 the	

concentration	of	 IPTG	detailed	 in	 table	2.2	and	 the	 cultures	 incubated	 for	 the	

length	of	time	and	at	the	temperature	specified	in	table	2.2,	with	shaking	at	180	

rpm.	Cells	were	pelleted	at	5000	rpm	for	15	minutes	at	4	℃	in	a	Beckman	JLA	

8.1000	rotor,	and	stored	at	-20	°C	if	not	being	purified	the	same	day.	

	

2.3.2	Protein	purification	and	quantification	
	

Membrane	proteins	(detailed	in	table	2.3)	were	purified	from	cell	pellets	using	

the	method	in	section	2.3.2.1,	while	soluble	proteins	(detailed	in	table	2.3)	were	

purified	using	the	method	in	section	2.3.2.2,	with	the	exception	of	Rhodotroula	

gracilis	D-amino	acid	oxidase	(DAAO)	which	was	purified	as	in	section	2.3.2.3.	

	

E.	coli	PBP1b	(residues	in	parenthesis)	(58-804)	I202F,	E.	coli	PBP1b	(58-804)	

S510A,	E.	coli	PBP3	(60-588),	P.	aeruginosa	PBP3	(64-579),	A.	baumanni	PBP3	

(64-579)	and	B.	pseudomallei	PBP3	(63-614)	proteins	were	kindly	gifted	by	D.	

Bellini	(Warwick)	and	E.	coli	DacB	(21-477)	by	A.	Lloyd	(Warwick).
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	 Table	2.2	Conditions	for	recom
binant	protein	expression	in	E.	coli.	

Cold	shock	at	4	℃
	and	expression	conditions	also	involve	shaking	at	180	rpm

.	
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Table	2.3	Recom
binant	protein	purification	m

ethods	and	buffers.	
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2.3.2.1	Membrane	protein	purification	and	quantification	

	

Combined	cell	pellets	 from	3	L	of	 culture	was	resuspended	 in	135	mL	of	 cold	

pellet	 resuspension	 buffer	 (detailed	 in	 table	 2.3	 for	 membrane	 protein	

purifications),	supplemented	with	10	mM	MgCl2,	20	𝜇g	mL-1	deoxyribonuclease	I	

from	bovine	pancreas	(Sigma	Aldrich)	and	1	mg	mL-1	lysozyme	from	chicken	egg	

white	 (Sigma	 Aldrich)	 at	 4	℃ .	 The	 cells	 were	 lysed	 by	 passing	 through	 a	

continuous	cell	disrupter	(Constant	systems)	twice	at	30	000	psi.	The	lysed	cells	

were	 then	 incubated	 with	 3.25%	 (w/v)	 CHAPS	 to	 solubilise	 the	 membranes	

(addition	of	15	mL	32.5%	(w/v)	CHAPS)	for	4	hours	at	4	°C.	The	cell	debris	was	

then	pelleted	at	16	000	rpm	for	30	mins	at	4	°C	in	a	Beckman	JA	25.50	rotor.	The	

supernatant	 was	 loaded	 onto	 a	 5	 mL	 HisTrap	 HP	 column	 (GE	 Healthcare)	

equilibrated	 in	Buffer	A	(detailed	 in	 table	2.3)	at	4	°C.	Using	an	AKTA	10/100	

system	(GE	Healthcare)	in	a	cold	cabinet	at	4	°C,	unbound	proteins	were	washed	

off	 the	 column	with	30	mL	of	buffer	A,	 and	 then	weakly	bound	proteins	were	

washed	off	the	column	with	30	mL	of	10%	(v/v)	Buffer	B	in	Buffer	A	(detailed	in	

table	2.3).	The	target	protein	was	eluted	with	a	gradient	of	10-100%	(v/v)	Buffer	

B	 in	 Buffer	 A	 (detailed	 in	 table	 2.3)	 over	 30	mL,	where	 2	mL	 fractions	were	

collected.	

	

The	 protein-containing	 fractions	 were	 pooled,	 and	 their	 concentration	 was	

measured	 by	 a	 NanoDrop	 ND60	 spectrophotometer	 (Agilent)	 using	 the	

extinction	coefficient	calculated	by	the	online	ExPASy	ProtParam	tool	at	280	nm.	

The	His-tag	was	cleaved	with	human	rhinovirus	3C	protease	(1:30,	3C:Protein)	

overnight	at	4	°C,	while	dialysing	(dialysis	tubing:	15.9	mm	diameter,	12-14	kDa	

MWCO	(Medicell	International))	into	storage	buffer	(detailed	in	table	2.3).	

	

The	untagged	protein	was	separated	from	the	His-tag	by	reverse	IMAC	using	a	5	

mL	HisTrap	HP	column	(GE	Healthcare)	equilibrated	in	the	dialysis	buffer	on	an	

AKTA	10/100	system	(GE	Healthcare)	in	a	cold	cabinet	at	4	°C.	The	flow	through	

containing	 the	 untagged	 protein	 of	 interest	 was	 then	 concentrated	 to	 the	

required	concentration	using	a	vivaspin	(GE	Healthcare)	and	stored	at	-20	°C.	
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2.3.2.2	Soluble	protein	purification	and	quantification	

	

Combined	cell	pellets	 from	3	L	of	 culture	was	resuspended	 in	150	mL	of	 cold	

pellet	resuspension	buffer	(detailed	in	table	2.3	for	soluble	protein	purifications),	

supplemented	with	10	mM	MgCl2,	20	𝜇g	mL-1	deoxyribonuclease	I	from	bovine	

pancreas	(Sigma	Aldrich)	and	1	mg	mL-1	lysozyme	from	chicken	egg	white	(Sigma	

Aldrich)	at	4	℃.	The	cells	were	lysed	by	sonication	on	ice	10	times	for	20	seconds,	

interspaced	with	40	seconds	of	cooling	on	ice,	at	70%	power	(Bandelin	Sonoplus)	

and	 the	 cell	 debris	was	 then	 pelleted	 at	 16	000	 rpm	 for	 30	mins	 at	 4	 °C	 in	 a	

Beckman	JA	25.50	rotor.	The	supernatant	was	loaded	onto	a	5	mL	HisTrap	HP	

column	(GE	Healthcare)	equilibrated	in	Buffer	A	(detailed	in	table	2.3)	at	4	°C.	

Using	an	AKTA	10/100	system	(GE	Healthcare)	in	a	cold	cabinet	at	4	°C,	unbound	

proteins	were	washed	off	the	column	with	30	mL	of	buffer	A,	and	then	weakly	

bound	proteins	were	washed	off	the	column	with	30	mL	of	10%	(v/v)	Buffer	B	in	

Buffer	A	(detailed	in	table	2.3).	The	target	protein	was	eluted	with	a	gradient	of	

10-100%	(v/v)	Buffer	B	in	Buffer	A	(detailed	in	table	2.3)	over	30	mL,	where	2	

mL	fractions	were	collected.	

	

The	 protein-containing	 fractions	 were	 pooled,	 and	 their	 concentration	 was	

measured	 by	 a	 NanoDrop	 ND60	 spectrophotometer	 (Agilent)	 using	 the	

extinction	coefficient	calculated	by	the	online	ExPASy	ProtParam	tool	at	280	nm.	

Excluding	purifications	for	human	rhinovirus	3C	protease	and	E.	coli	MepA,	the	

His-tag	was	cleaved	from	the	protein	with	human	rhinovirus	3C	protease	(1:30,	

3C:Protein)	overnight	at	4	°C,	while	dialysing	(dialysis	tubing:	15.9	mm	diameter,	

12-14	kDa	MWCO	(Medicell	International),	or	for	LpoB:	32	mm	benzoylated	2000	

MWCO	(Sigma	Aldrich))	into	storage	buffer	(detailed	in	table	2.3).	

	

The	untagged	protein	was	separated	from	the	His-tag	by	reverse	IMAC	using	a	5	

mL	HisTrap	HP	column	(GE	Healthcare)	equilibrated	in	the	dialysis	buffer	on	an	

AKTA	10/100	system	(GE	Healthcare)	in	a	cold	cabinet	at	4	°C.	The	flow	through	

containing	 the	 untagged	 protein	 of	 interest	 was	 then	 concentrated	 to	 the	

required	concentration	using	a	vivaspin	(GE	Healthcare)	and	stored	at	-20	°C.	
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For	 human	 rhinovirus	 3C	 protease	 and	E.	 coli	MepA	purifications,	 the	 pooled	

fractions	were	dialysed	(dialysis	 tubing:	15.9	mm	diameter,	12-14	kDa	MWCO	

(Medicell	International)	overnight	at	4	°C	into	storage	buffer	(detailed	in	table	

2.3).	The	dialysed	protein	was	then	concentrated	to	the	required	concentration	

using	a	vivaspin	(GE	Healthcare)	and	stored	at	-20	°C.	

	

2.3.2.3	 Rhodotroula	 gracilis	 D-amino	 acid	 oxidase	 purification,	

quantification	and	activity	determination	

	

R.	gracilis	DAAO	was	purified,	quantified	and	assayed	for	activity	as	previously	

described	by	Catherwood	et	al.	(2019).	In	brief,	combined	cell	pellets	from	3	L	of	

culture	was	resuspended	in	100	mL	of	cold	pellet	resuspension	buffer	(detailed	

in	table	2.3)	with	20	𝜇g	mL-1	deoxyribonuclease	I	from	bovine	pancreas	(Sigma	

Aldrich),	2.5	mg	mL-1	lysozyme	from	chicken	egg	white	(Sigma	Aldrich)	and	3	mM	

flavin	adenine	dinucleotide	(FAD)	at	4	℃.	The	cells	were	lysed	by	sonication	on	

ice	10	times	for	15	seconds,	interspaced	with	45	seconds	of	cooling	on	ice,	at	70%	

power	(Bandelin	Sonoplus)	and	the	cell	debris	was	then	pelleted	at	50	000	x	g	for	

45	mins	at	4	°C	in	a	Beckman	JA	25.50	rotor.	The	supernatant	was	loaded	onto	a	

5	 mL	 HisTrap	 HP	 column	 (GE	 Healthcare)	 at	 4	 °C,	 equilibrated	 in	 Buffer	 A	

(detailed	in	table	2.3).	Using	an	AKTA	10/100	system	(GE	Healthcare)	in	a	cold	

cabinet	at	4	°C,	unbound	proteins	were	washed	off	 the	column	with	30	mL	of	

Buffer	 A,	 and	 the	 target	 protein	was	 eluted	with	 a	 gradient	 of	 0-100%	 (v/v)	

Buffer	B	in	Buffer	A	(detailed	in	table	2.3)	over	50	mL,	where	2	mL	fractions	were	

collected.	

	

The	 protein	 containing	 fractions	 were	 pooled,	 and	 subjected	 to	 cycles	 of	

concentration	and	dilution	with	50	mM	Tris,	300	mM	NaCl,	0.25	mM	FAD	and	5%	

(v/v)	glycerol	pH	8.0	in	a	vivaspin	(GE	Healthcare)	at	4000	rpm	at	4	°C	until	the	

estimated	imidazole	concentration	was	~37.5	𝜇M.			The	protein	was	diluted	into	

storage	buffer	(table	2.3)	and	concentrated	to	a	protein	concentration	of	>60	mg	

mL-1,	determined	using	a	Bradford	protein	assay	at	A595	(Bio-Rad	protein	assay	

dye	 reagent	 concentrate,	 Bio-Rad).	 The	 FAD	 concentration	 of	 the	 sample	was	

estimated	 in	 50	 mM	 sodium	 phosphate	 pH	 7.0	 at	 A450	 (molar	 extinction	



	 58	

coefficient	of	FAD	at	A450	=	11	300	M-1cm-1	(Dawson	et	al.,	1986)),	and	the	FAD	

concentration	was	 then	 corrected	 to	 be	 1.1	 times	 the	molar	 concentration	 of	

DAAO	in	the	sample.	

	

The	activity	of	R.	gracilis	DAAO	was	then	determined	by	diluting	DAAO	1	in	10000	

in	storage	buffer	(table	2.3).		Activity	assays	contained	50	mM	Bis-Tris	propane	

pH	8.5,	20	mM	MgCl2,	0.1%	(v/v)	Triton	X-100,	22.5-35	U	ml-1	rabbit	muscle	L-

lactate	dehydrogenase,	0.3	mM	NADH	and	~1.25	nM	DAAO.		Auto-oxidation	of	

NADH	was	followed	for	5	minutes	at	A340,	after	which	time,	DAAO	activity	was	

initiated	by	the	addition	of	1	mM	D-alanine.		The	unit	concentration	of	DAAO	was	

derived	 from	 its	 initial	 rate	 calculated	 by	 the	 difference	 between	 rates	 in	 the	

presence	and	absence	of	1	mM	D-alanine	(molar	extinction	coefficient	of	NADH	

at	A340=	6220	M-1	cm-1	(Dawson	et	al.,	1986)).	DAAO	activity	was	adjusted	to	2891	

𝜇mol-1	min-1	mL	-1	in	storage	buffer	and	stored	at	-80	℃.	

	

2.3.2.4	Protein	visualisation	by	SDS-PAGE	gel	electrophoresis	

	

Protein	samples	were	visualised	under	denaturing	conditions	by	SDS-PAGE	gel	

electrophoresis	 in	a	discontinuous	Tris-glycine	buffer	 system.	5	𝜇g	of	purified	

protein	was	mixed	with	loading	dye	(5x	stock:	312	mM	Tris,	10%	(w/v)	SDS,	50%	

(v/v)	glycerol,	0.05%	(w/v)	bromophenol	blue,	50	mM	DTT	pH	6.8).	12	%	(v/v)	

acrylamide:bis-acrylamide	 (29:1)	 gels	 were	 cast	 using	 a	 Mini-	 Protean	 Tetra	

System	gel	kit	(Bio-Rad).	5	mL	resolving	gel	consisting	of	375	mM	Tris	pH	8.8,	

12%	 (v/v)	 acrylamide:bis-acrylamide	 (29:1)	 and	 0.1	 %	 (w/v)	 SDS,	 was	

polymerised	with	37.5	μL	of	10	%	(w/v)	ammonium	persulfate	(APS),	and	7.5	μL	

tetramethylethanediamine	(TEMED).	1.5	mL	stacking	gel	consisted	of	125	mM	

Tris	pH	6.8,	5	%	(v/v)	acrylamide:bis-acrylamide	(29:1)	and	0.1	%	(w/v)	SDS,	

was	polymerised	with	7.5	μL	of	10	%	(w/v)	APS	and	1.5	μL	TEMED.	The	samples	

were	loaded	onto	the	gel	along	with	a	protein	molecular	weight	marker	(colour	

prestained	protein	standard,	New	England	BioLabs)	 for	size	reference	and	gel	

electrophoresis	was	carried	out	in	25	mM	Tris,	190	mM	glycine	and	0.1%	(w/v)	

SDS	 pH	8.3	 at	 200	V	 and	 400	mA	 for	~50	minutes.	 The	 gel	was	 stained	with	

InstantBlue	(Exedeon)	and	imaged	with	an	E-box	illuminator	(Vilber).	
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2.4	PBP	substrate	synthesis	
	

2.4.1	UDP-MurNAc	pentapeptide	synthesis	and	quantification	
	

All	PBP	substrates	were	prepared	via	enzymatic	synthesis	of	their	UDP-MurNAc	

5P	(DAP)	precursor	as	described	by	Lloyd	et	al.	(2008).	Briefly	a	2	mL	reaction	

contained	50	mM	HEPES	pH	7.6,	10	mM	MgCl2,	200	mM	phosphoenolpyruvate,	1	

mM	dithiothreitol	(DTT),	50	mM	KCl,	8.22	mM	UDP-GlcNAc,	1.2	μM	MurA,	57.3	

μM	MurB,	0.2	mM	NADP,	1.48	U	mL-1	isocitrate	dehydrogenase	(Sigma-Aldrich),	

26	mM	D,L-	isocitrate,	6	mM	ATP,	5.53	U	mL-1	pyruvate	kinase	(Sigma-Aldrich),	

4.3	μM	MurC,	35	mM	L-Ala,	1.1	μM	MurD,	105	mM	D-isoGln,	4.0	μM	MurE,	80	mM	

D,L-DAP,	8.5	μM	MurF	and	35	mM	D-alanyl-D-alanine.	All	Mur	ligases	were	from	

P.	 aeruginosa	 and	 kindly	 supplied	 by	 A.	 Catherwood	 and	 J.	 Tod	 (Warwick).	

Syntheses	 were	 incubated	 at	 37	℃ 	overnight,	 and	 then	 diluted	with	 5	 mL	 of	

sterile	water	prior	to	filtration	using	a	10	000	MWCO	vivaspin	(GE	Healthcare)	at	

4000	 rpm	 and	 4	 °C,	 to	 separate	 the	 reaction	products	 from	 the	 proteins.	The	

filtered	sample	was	further	diluted	into	100	mL	sterile	water.	

	

UDP-MurNAc	5P	was	purified	by	anion	exchange	on	an	AKTA	Pure	system	(GE	

Healthcare).	The	filtrate	was	loaded	onto	a	75	mL	Source30Q	resin	column	(GE	

Healthcare)	equilibrated	in	10	mM	ammonium	acetate	pH	7.6,	and	the	products	

were	eluted	at	10	mL	min-1	using	a	gradient	of	10	mM	to	1	M	ammonium	acetate	

pH	 7.6	 over	 90	 minutes,	 where	 5	 mL	 fractions	 were	 collected.	 The	 product	

containing	 fractions	were	 pooled	 and	 lyophilised	 5-10	 times	 from	water	 in	 a	

round-bottom	flask	to	remove	ammonium	acetate.	The	product	was	resuspended	

in	1	mL	of	sterile	water,	quantified	and	stored	at	 -20	℃.	UDP-MurNAc	5P	was	

quantified	by	A260	(molar	extinction	coefficient	of	uracil	at	A260=	10	000	M-1	cm-

1(Dawson	et	al.,	1986))
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2.4.2	Acetylation	of	UDP-MurNAc	pentapeptide	
	

The	DAP	moiety	of	UDP-MurNAc	5P	was	acetylated	as	described	by	Catherwood	

et	 al.	 (2019).	 UDP-MurNAc	 5P	was	 buffer	 exchanged	 by	 diluting	 it	 in	 100	mL	

sterile	 water	 and	 loading	 it	 onto	 a	 30	 mL	 Q	 Sepharose	 resin	 column	 (GE	

Healthcare)	equilibrated	in	10	mM	NaHCO3	pH	9.0.	UDP-MurNAc	5P	was	eluted	

at	4	mL	min-1	in	250	mM	NaHCO3	pH	9.0	over	100	mL,	collecting	5	mL	fractions,	

and	 the	 product	 containing	 fractions	 were	 pooled.	 UDP-MurNAc	 5P	 was	

confirmed	 free	 of	 residual	 ammonium	 acetate	 with	 Nessler’s	 Reagent	 (Sigma	

Aldrich)	at	A425	and	quantified	at	A260	as	in	section	2.4.1.	

	

A	fifty-fold	molar	excess	of	acetic	anhydride	was	added	to	UDP-MurNAc	5P	which	

was	stirred	overnight	at	room	temperature	in	the	dark.	The	reaction	was	diluted	

to	100	mL	in	sterile	water	and	purified	using	a	75	mL	Source30Q	resin	column	

(GE	Healthcare)	as	in	section	2.4.1.	The	product	containing	fractions	were	pooled	

and	 lyophilised	 5-10	 times	 with	 water	 in	 a	 round-bottom	 flask	 to	 remove	

ammonium	 acetate.	 The	 product	 was	 resuspended	 in	 1	 mL	 sterile	 water,	

quantified	by	A260	as	 in	 section	2.4.1	and	 stored	at	 -20	℃.	 Confirmation	of	 the	

synthesis	 of	UDP-MurNAc	 5P	 (acetylated	DAP)	was	 established	 by	 nanospray	

mass	 spectroscopy	 using	 a	 Waters	 Synapt	 G2Si	 Q-Tof	 mass	 spectrometer	 as	

detailed	in	section	2.4.5.	

	

2.4.3	Acid	hydrolysis	of	UDP-MurNAc	pentapeptide	
	

For	 the	 synthesis	 of	 MurNAc	 5P,	 10	 mg	 of	 UDP-MurNAc	 5P	 (DAP)	 was	

resuspended	in	HCl	to	a	final	concentration	of	0.1	M	and	pH	1.0,	and	heated	at	99	

°C	 for	 30	 minutes.	 	 The	 solution	 was	 then	 neutralised	 to	 pH	 7.5	 with	 NaOH,	

diluted	to	100	mL	in	water	and	purified	using	a	75	mL	Source30Q	resin	column	

(GE	Healthcare)	as	in	section	2.4.1.	Eluate	was	monitored	at	218,	254	and	280	

nm.	 	Fractions	with	high	218	nm	absorbance	but	negligible	absorbance	at	 the	

higher	 wavelengths	 due	 to	 the	 removal	 of	 the	 uracil	 ring,	 contained	 the	

muropeptides	 of	 interest.	 The	 product	 containing	 fractions	 were	 pooled	 and	

lyophilised	5-10	times	with	water	in	a	round-bottom	flask	to	remove	ammonium	
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acetate.	The	product	was	finally	resuspended	in	1	mL	sterile	water,	quantified	

and	stored	at	-80	℃.	

	

MurNAc	5P	was	quantified	using	the	D-Ala	release	assay	(described	 in	section	

2.7.4)	 coupled	 to	E.	 coli	DacB/PBP4	 (21-477),	 a	D,D-carboxypeptidase.,	 kindly	

gifted	by	A.	Catherwood	(Warwick).	A	200	𝜇L	assay	consisted	of	50	mM	HEPES	

pH	7.6,	10	mM	MgCl2,	2.72	𝜇M	E.	coli	DacB,	50	𝜇M	amplex	red,	14.3	U	mL-1	HRP	

and	36.1	U	mL-1	DAAO.	D-Ala	release	was	followed	at	A555	on	a	Varian	Cary	100	

spectrophotometer	 at	 30	℃ 	.	 2-5	𝜇 L	 MurNAc	 5P	 was	 added	 to	 initiate	 the	

reaction	and	D-Ala	release	was	followed	to	completion.	The	concentration	of	D-

Ala	was	derived	from	the	difference	in	A555	between	the	presence	and	absence	of	

MurNAc	 5P	 (molar	 extinction	 coefficient	 of	 resorufin	 at	 A555=	 54	 000	M-1	 cm-

1(Zhou	et	al.,	1997)).	

	

Confirmation	of	the	synthesis	of	MurNAc	5P	(DAP)	was	established	by	nanospray	

mass	spectroscopy	(Waters	Synapt	G2Si	Q-Tof	mass	spectrometer)	detailed	 in	

section	2.4.5.	

	

2.4.4	 Lipid	 II	 synthesis	 from	 UDP-MurNAc	 pentapeptides	 and	

quantification	
	

Lipid	 II	 was	 synthesised	 from	 its	 UDP-MurNAc	 5P	 precursor	 as	 described	 by	

Lloyd	et	al.	(2008).		A	3.5	mL	Lipid	II	synthesis	reaction	(for	Lipid	II	(acetylated	

DAP)	or	Lipid	II	(dansylated	DAP))	contained	0.1	M	Tris	pH	8.0,	5	mM	MgCl2,	1	%	

(w/v)	Triton	X-100,	6	mM	UDP-GlcNAc,	2	mM	UDP-MurNAc	5P	(acetylated	DAP)	

or	 UDP-MurNAc	 5P	 (dansylated	 DAP),	 1.35	 mM	 undecaprenyl	 phosphate	

(Larodan	AB,	Sweden)	and	15	𝜇M	E.	coli	MurG,	with	the	remaining	volume	being	

made	up	with	Micrococcus	flavus	 cell	membranes	(~20	mg).	 	The	mixture	was	

incubated	overnight	at	37	℃.	UDP-MurNAc	5P	(dansylated	DAP	(dansylated	by	

click	chemistry))	was	kindly	gifted	by	R.	Cain	(Warwick),	and	E.	coli	MurG	and	M.	

flavus	cell	membranes	by	A.	Catherwood	and	J.	Tod	(Warwick).	The	sample	was	

then	partially	purified	by	the	addition	of	1	volume	of	6	M	pyridium	acetate	pH	4.5	

and	2	volumes	of	n-butanol,	and	centrifuged	for	10	minutes	at	3000	rpm.	The	
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lipid	upper	phase	was	extracted	 and	diluted	 in	1	volume	of	 sterile	water	and	

centrifuged	 again	 at	 3000	 rpm	 for	 10	 minutes.	 The	 lipid	 upper	 phase	 was	

extracted,	 the	 solvents	 removed	 from	 it	 by	 rotary	 evaporation	 (Buchi	 R-210	

Rotavapor),	 and	 the	 dried	 mixture	 resuspended	 in	 6	 mL	 of	 solvent	 A	 (2:3:1,	

chloroform:methanol:water).	

	

Lipid	II	was	purified	using	a	4	mL	diethylaminoethyl	sephacel	resin	column	(GE	

Healthcare),	 which	 had	 been	 washed	 in	 1	M	 ammonium	 acetate	 followed	 by	

water	and	then	equilibrated	in	solvent	A.	The	sample	was	loaded	onto	the	column	

and	weakly	bound	molecules	were	washed	off	with	12	mL	of	solvent	A.	Bound	

molecules	were	washed	off	the	column	with	stepwise	12	mL	washes	of	increasing	

ammonium	bicarbonate	concentrations	in	solvent	A	(8,	16,	25,	33,	42,	50,	83,	167	

mM	 ammonium	 bicarbonate).	 400	 𝜇 L	 of	 each	 wash	 was	 desiccated	 and	

resuspended	 in	 25	𝜇L	 of	 solvent	 A.	 The	 samples	were	 analysed	 by	 thin-layer	

chromatography	 (TLC)	 using	 silica	 60-coated	 ALUGRAM	 Xtra	 SIL	 G	 plates	

(Macherey-Nagel)	 run	 in	 88:48:10:1	 chloroform:methanol:water:ammonia	

mobile	phase.	The	TLC	plate	was	stained	 in	 iodine	vapour	and	 imaged	using	a	

scanner.	Washes	containing	the	desired	Lipid	II	product	were	pooled	and	dried	

by	 rotary	 evaporation	 (Buchi	 R-210	 Rotavapor),	 followed	 by	 5-10	 rounds	 of	

lyophilisation	with	water	 to	 remove	 the	 ammonium	bicarbonate.	 Lipid	 II	was	

then	resuspended	in	1.5	mL	of	solvent	A,	quantified	and	stored	at	-80	℃.		

	

Lipid	 II	 was	 quantified	 using	 a	 phosphate	 release	 assay.	 Two	 50	𝜇L	 Lipid	 II	

samples	and	a	solvent	A	sample	as	a	control	were	dried	down	under	nitrogen	gas	

and	resuspended	in	50	𝜇L	50	mM	HEPES,	10	mM	MgCl2,	30	mM	KCl	and	1.5	%	

(w/v)	CHAPS	pH	7.6.	To	one	Lipid	II	sample	and	the	solvent	A	sample	50	𝜇L	1M	

HCl	was	added	and	the	samples	were	boiled	at	100	℃	for	30	minutes.	1M	NaOH	

was	then	used	to	adjust	the	samples	to	pH	7.6.	The	phosphate	released	from	the	

undecaprenyl	 pyrophosphate	 moiety	 of	 Lipid	 II	 by	 acid	 hydrolysis	 was	 then	

quantified.	A	200	𝜇L	activity	assay	contained	50	mM	HEPES,	10	mM	MgCl2,	5	U	

mL-1	purine	nucleoside	phosphorylase,	5	U	mL-1	inorganic	pyrophosphatase	and	

200	 𝜇 M	 7-methyl-6-thioguanosine	 (Berry	 and	 Associates).	 Any	 residual	

phosphate	was	followed	for	5	minutes	at	A360,	after	which	time	10	𝜇L	of	the	Lipid	
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II/solvent	 A	 sample	 was	 added	 and	 phosphate	 release	 was	 followed	 to	

completion.	The	unit	concentration	of	phosphate	was	derived	from	the	difference	

in	 A360	 between	 the	 presence	 and	 absence	 of	 the	 Lipid	 II/solvent	 A	 samples	

(molar	extinction	coefficient	of	7-methyl-6-thioguanine	at	A360=	10	000	M-1	cm-1	

(Lloyd	et	al.,	1995)).	

	

Confirmation	of	the	synthesis	of	Lipid	II	substrates	was	established	by	nanospray	

mass	 spectroscopy	 using	 a	 Waters	 Synapt	 G2Si	 Q-Tof	 mass	 spectrometer	 as	

detailed	in	section	2.4.5.	

 

2.4.5	Mass	spectroscopy	of	PBP	substrates	
	

All	PBP	substrates	and	intermediates	were	analysed	by	negative	ion	nano-spray	

time	 of	 flight	 mass	 spectrometry	 using	 a	 Waters	 Synapt	 G2Si	 Q-Tof	 mass	

spectrometer.	1-5	𝜇M	of	sample	was	diluted	in	50	%	(v/v)	acetonitrile	for	UDP-

MurNAc	5P	and	MurNAc	5P	intermediates,	and	30	%	(v/v)	25	mM	ammonium	

acetate	 in	 70	%	 (v/v)	methanol	 for	 lipid-linked	 substrates	 and	 injected	 via	 a	

Waters	thin	wall	nanoflow	capillary	at	a	capillary	voltage	of	2.0	kV,	cone	voltage	

of	100	V	and	a	source	offset	of	41	V.	Data	was	collected	by	A.	Lloyd,	J.	Tod	or	A.	

Catherwood	(Warwick)	and	analysed	using	Waters	Mass	Lynx	software.	

	

2.5	Analytical	ultracentrifugation	
	

All	proteins	for	analytical	ultracentrifugation	(AUC)	analysis	were	purified	fresh	

for	the	experiment	and	stored	at	4	℃	until	needed.	The	proteins	were	expressed	

and	purified	as	in	sections	2.3,	with	the	storage	buffer	being	changed	to	10	mM	

Tris,	500	mM	NaCl,	0.6%	(w/v)	CHAPS	pH	8.0	for	all	proteins,	including	soluble	

proteins.	The	proteins	were	concentrated	to	25	times	the	desired	concentration	

for	AUC	with	a	vivaspin	(GE	Healthcare)	and	diluted	into	10	mM	Tris,	500	mM	

NaCl	and	0.35%	(v/v)	C8E5	pH	8.0.
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Analytical	 ultracentrifugation	 experiments	 were	 carried	 out	 at	 	 Research	

Complex	 at	 Harwell.	 E.	 coli	 and	 Y.	 pestis	 PBP1b,	 LpoB,	 CpoB	 and	 FtsN	 were	

analysed	separately	and	in	complexes	of	PBP1b	with	either	LpoB,	CpoB	or	FtsN.		

Samples	were	loaded	into	the	sample	sector	of	two-channel	Ti	centrepiece	cells	

(400	𝜇L),	 and	 control	 buffer	 (10	 mM	 Tris,	 500	 mM	 NaCl,	 0.35%	 (v/v)	 C8E5,	

0.025%	 (w/v)	 CHAPS	 pH	 8.0)	 into	 the	 refence	 sector.	 Sedimentation	 velocity	

experiments	were	performed	using	an	Optima	AUC	and	An-50	Ti	analytical	rotor	

(both	Beckman	Coulter)	at	50	000	rpm	and	20	℃	with	absorbance	monitoring	at	

280	nm.		

	

Buffer	density	and	viscosity	was	measured	using	a	Density	meter	DMA	5000	M	

equipped	 with	 a	 Lovis	 200	 M	 viscometer	 module	 (Anton	 Paar).	 The	 partial	

specific	volumes	were	calculated	from	the	amino	acid	sequences	using	Sednterp.	

Data	 was	 processed	 with	 SEDFIT	 (Schuck,	 2000)	 using	 the	 continuous	 size	

distribution	c(s)	method	to	determine	values	of	 the	sedimentation	coefficients	

with	help	from	G.	Harris	(RCaH,	Harwell).	

	

2.6	Protein	LCMS	
	

10	𝜇g	 of	 protein	was	 resuspended	 in	50	mM	ammonium	bicarbonate,	 10	mM	

Tris(2-carboxyethyl)phosphine	hydrochloride	(TCEP),	40	mM	chloroacetamide	

(CAA)	and	0.1	𝜇g	trypsin	(from	porcine	pancreas,	Sigma	Aldrich)	and	incubated	

overnight	at	37	℃.	Trifluoroacetic	acid	(TFA)	was	added	to	a	concentration	of	1%	

(v/v)	to	yield	a	pH	of	3.0-4.0.	The	sample	was	purified	from	detergents	using	a	

C18	membrane	equilibrated	with	sequential	steps	of	50	𝜇L	methanol,	acetonitrile	

and	0.1%	(v/v)	TFA	in	2%	(v/v)	acetonitrile.	The	peptides	were	loaded	onto	the	

equilibrated	membrane	and	washed	with	50	𝜇L	1%	(v/v)	TFA	in	ethyl	acetate	

and	then	0.1%	(v/v)	TFA	in	2%	(v/v)	acetonitrile.	The	peptides	were	eluted	using	

20	𝜇L	of	0.1%	(v/v)	TFA	in	80%	(v/v)	acetonitrile,	the	solvent	was	removed	by	a	

speed	 vacuum	 concentrator	 and	 resuspended	 in	 0.1%	 (v/v)	 TFA	 in	 2%	 (v/v)	

acetonitrile.	
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The	 samples	 were	 run	 by	 the	 Proteomics	 Research	 Technology	 Platform,	

University	of	Warwick,	by	nanoLC-ESI-MS/MS	using	an	Ultimate	3000/Orbitrap	

Fusion	instrumentation	(Thermo	Scientific)	with	a	60	min	LC	separation	on	a	50	

cm	 column.	 Results	 were	 compared	 to	 the	 Uniprot	 E.	 coli	 database	 and	 the	

common	contaminant	database	using	the	MaxQuant	software.	Scaffold	software	

was	then	used	to	analyse	and	visualise	the	results.	

		

2.7	 PBP	 activity	 assays	 and	 LCMS	 of	 PBP	 reaction	

products	
	

2.7.1	Continuous	glycosyltransferase	assay	
	

Continuous	 glycosyltransferase	 activity	 was	 monitored	 using	 a	 fluorescence	

based	assay	adapted	from	Schwartz	et	al.	(2002)	and	Walkowiak	(2017).	Assay	

components	varied	between	experiments	and	are	described	in	the	figure	legends.	

Generally,	20	𝜇L	reactions	consisted	of	50	mM	HEPES	pH	7.5,	115	mM	NaCl,	10	

mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	0.1	

mg	mL-1	lysozyme	from	chicken	egg	white	(Sigma	Aldrich),	50	nM	PBP1b	and	2	

𝜇M	LpoB.	Moenomycin	(Santa	Cruz	Biotechnology)	was	used	as	a	control	at	5	𝜇M	

and	additional	PBP	regulators	were	added	at	3	or	10	𝜇M.	If	Lipid	II	or	protein	was	

omitted	 from	a	 reaction	 it	was	 replaced	with	 its	buffer,	0.1%	Triton	X-100	or	

protein	 storage	 buffer,	 respectively.	 Reactions	 were	 assembled	 into	 384	 well	

black	F-bottom	microplates	(Greiner	bio-one)	and	the	reaction	was	initiated	with	

5	 𝜇M	 Lipid	 II	 (dansylated	 DAP).	 Dansyl	 group	 fluorescence	 was	 followed	 at	

excitation	340	nm	and	emission	521	nm	using	a	CLARIOstar	plate	reader	(BMG	

Labtech)	at	30	℃.	The	initial	rate	was	calculated	by	the	difference	in	rate	between	

the	presence	and	absence	of	PBP1b	in	the	reaction.	

	

2.7.2	SDS-PAGE	glycosyltransferase	assay	
	

The	length	of	glycan	chains	produced	by	PBP1b	was	measured	by	a	SDS-PAGE	

glycosyltransferase	assay	adapted	from	Helassa	et	al.	(2012).	Assay	components	
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and	reaction	length	varied	between	experiments	and	are	described	in	the	figures	

but	generally	a	15	𝜇L	reaction	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	15	

mM	NaCl,	varied	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	

X-100,	 50	 nM	 PBP1b	 and	 2	 𝜇	 M	 LpoB.	 5	 𝜇M	 moenomycin	 (Santa	 Cruz	

Biotechnology)	was	used	as	a	control	and	additional	PBP	regulators	were	added	

at	3	or	10	𝜇M.	If	protein	was	omitted	 from	a	reaction	 it	was	replaced	with	 its	

buffer.	10	𝜇M	Lipid	II	(dansylated	DAP)	was	used	to	initiate	the	reaction	which	

was	incubated	at	30	℃.	

	

The	reaction	was	stopped	by	the	addition	of	loading	dye	(6x	stock:	100	mM	Tris,	

4	%	(w/v)	SDS,	40%	(v/v)	glycerol	and	0.05%	(w/v)	bromophenol	blue	pH	8.8),	

and	the	samples	were	loaded	onto	a	16.5%	Criterion	Tris-Tricine	gel	(Bio-Rad).	

Gel	electrophoresis	was	carried	out	with	100	mM	Tris	pH	8.8	anode	buffer	and	

100	mM	Tris,	100	mM	Tricine	and	0.1%	(w/v)	SDS	pH	8.25	cathode	buffer	at	100	

V	and	100	mA	for	3	hours.	The	gel	was	imaged	using	an	ImageQuant	LAS	4000	

instrument	 (GE	 Healthcare)	 using	 the	 Ethidium	 bromide	 fluorescence	 setting	

(transmitted	light	at	312	nm,	and	the	605DF40	emission	filter)	to	allow	imaging	

of	glycan	strands	based	on	dansyl	group	fluorescence.	

	

2.7.3	LCMS	of	glycan	chain	products	
	

Glycan	chains	for	LCMS	analysis	were	polymerised	in	15	𝜇L	reaction	consisting	

of	50	mM	Bis-Tris	propane	pH	8.5,	15	mM	NaCl,	1%	(v/v)	glycerol,	0.0468%	(v/v)	

E6C12,	 50	 nM	 PBP1b	 and	 2	 𝜇	 M	 LpoB.	 	 5	 𝜇 M	 moenomycin	 (Santa	 Cruz	

Biotechnology)	or	30	mM	EDTA	were	used	as	controls.	Reaction	were	initiated	

with	10	𝜇M	Lipid	II	 (DAP/	dansylated	DAP)	(specified	 in	 figures)	and	reaction	

lengths	 varied	 (specified	 in	 figures).	 The	 polymerised	 glycan	 chains	 were	

prepared	for	LCMS	analysis	by	dilution	to	150	𝜇L	in	50	mM	Bis-Tris	propane	pH	

8.5.	The	sample	was	loaded	onto	a	Bond	Elut-CN-E	1	mL/100	mg	reverse	phase	

column	(Chrom	Tech)	equilibrated	with	5	mL	2:1	isopropanol:methanol	followed	

by	water.	The	glycan	chains	were	eluted	with	a	0.5	mL	water	wash	and	followed	

by	a	1	mL	wash	of	6.6%	(v/v)	isopropanol	in	3.3%	(v/v)	methanol.	The	washes	

were	dried	down	in	a	desiccator	and	resuspended	in	0.1%	(v/v)	formic	acid.	
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Positive	mode	LCMS	analysis	was	performed	where	samples	were	delivered	from	

a	Waters	M-class	sample	manager	through	a	Waters	Acuity	UPLC	BEH	300	Å	1.7	

𝜇m	C18	column	(2.1	x	50	mm)	that	had	been	equilibrated	in	0.1%	(v/v)	formic	

acid	at	a	flow	rate	of	50	𝜇L	min-1	through	an	electrospray	source	into	a	Waters	

Synapt	G2Si	quadrupole-time	of	flight	instrument.		The	column	was	developed	at	

the	same	flow	rate	at	20	°C	with	a	0-63%	gradient	into	0.1%	(v/v)	formic	acid	in	

acetonitrile	 over	 30	 minutes.	 Total	 ion	 chromatographs	 were	 collected	 at	 a	

capillary	voltage	of	2.0	kV,	sampling	cone	voltage	of	99	V,	source	offset	of	0	V.	

Scans	were	converted	to	centred	mass	spectra	and	analysed	by	Waters	Mass	Lynx	

software.	 m/z	 and	 peak	 intensity	 values	 were	 determined	 by	 summing	 the	

spectrums	of	the	region	containing	the	product	of	interest.	

	

2.7.4	Continuous	transpeptidase	assay	
	

Transpeptidase	and	carboxypeptidase	activity	was	monitored	by	the	release	of	

D-Ala,	which	was	converted	into	a	measurable	product	that	has	an	absorbance	at	

A555	as	detailed	by	Catherwood	et	al.	(2019).	Briefly	D-Ala	was	oxidised	by	DAAO	

producing	H2O2,	which	was	consumed	by	horse	radish	peroxidase	(HRP),	which	

with	 the	 chromogen	 amplex	 red	 forms	 the	 dye	 resorufin.	 Assay	 components	

varied	between	experiments	and	are	described	in	the	figures,	but	a	200	𝜇L	assay	

generally	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	20	mM	MgCl2,	

1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	50	𝜇M	amplex	red,	14.3	U	mL-1	

HRP,	36.1	U	mL-1	DAAO,	20	𝜇M	Lipid	II	(DAP/	acetylated	DAP)	and	2	𝜇M	LpoB.	

Amplex	red,	HRP	and	Lipid	II	(DAP)	was	kindly	gifted	by	A.	Lloyd	(Warwick).	5	

𝜇M	Moenomycin	(Santa	Cruz	Biotechnology)	and	3	mM	Ampicillin	(Formedium)	

were	used	as	controls	and	additional	PBP	interactors	were	added	at	3	or	10	𝜇M.	

If	Lipid	II	or	protein	was	omitted	from	a	reaction	it	was	replaced	with	its	buffer,	

0.1%	Triton	 X-100	 or	 protein	 storage	 buffer,	 respectively.	 	 D-Ala	 release	was	

followed	at	555	nm	on	a	Varian	Cary	100	spectrophotometer	at	30	℃.	 50	nM	

PBP1b	 was	 added	 to	 initiate	 the	 reaction,	 and	 the	 D-Ala	 release	 from	

carboxypeptidation	was	monitored	 before	 the	 addition	 of	 20	𝜇M	MurNAc	 5P	

(DAP)	acceptor	to	initiate	transpeptidation.	The	rate	of	D-Ala	release	was	derived	
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from	its	 initial	rate	calculated	by	the	difference	between	rates	 in	 the	presence	

and	absence	of	the	donor	substrate	(molar	extinction	coefficient	of	resorufin	at	

A555=	54	000	M-1	cm-1(Zhou	et	al.,	1997)).	

	

2.7.5	LCMS	of	transpeptidase	and	carboxypeptidase	products	
	

LCMS	was	 used	 to	 analyse	 the	 transpeptidase	 and	 carboxypeptidase	 reaction	

products	produced	in	the	D-Ala	release	assay	as	described	by	Catherwood	et	al.	

(2019).	 The	 assay	 components	 followed	 those	 detailed	 in	 section	 2.7.4	 with	

0.130%	and	0.100%	(v/v)	Triton	X-100	being	swapped	to	0.0468%	and	0.0360%	

(v/v)	E6C12,	respectively.	The	200	𝜇L	assay	products	were	treated	with	20	𝜇L	2.2	

M	 Bis-Tris	 propane	 pH	 6.2	 and	 20	𝜇L	 10	 mg	mL-1	 Streptomyces	 globisporus	

mutanolysin	(Sigma	Aldrich,	prepared	in	10	mM	HEPES	and	2.5	mM	MgCl2	pH	

7.6).	The	sample	was	incubated	for	2	hours	at	37	℃,	supplemented	with	a	further	

20	𝜇L	10	mg	mL-1	S.	globisporus	mutanolysin	and	incubated	for	a	further	2	hours	

at	 37	℃ .	 The	 sample	 was	 boiled	 at	 100	℃ 	for	 10	 minutes	 and	 the	 proteins	

pelleted	 at	 13	 000	 rpm	 for	 10	 minutes.	 The	 supernatant	 containing	 the	

muropeptides	was	treated	with	150	𝜇L	10	mg	mL-1	NaBH4	and	incubated	at	room	

temperature	 for	 30	minutes,	 followed	 by	 the	 addition	 of	 17.5	𝜇L	 20	%	 (v/v)	

phosphoric	acid.	

	

Positive	mode	LCMS	analysis	was	performed	where	samples	were	delivered	from	

a	Waters	M-class	sample	manager	through	a	Waters	Acuity	UPLC	BEH	300	Å	1.7	

𝜇m	C18	column	(2.1	x	50	mm)	that	had	been	equilibrated	in	0.1%	(v/v)	formic	

acid	in	1%	(v/v)	acetonitrile	at	a	flow	rate	of	50	𝜇L	min-1	through	an	electrospray	

source	 into	 a	Waters	 Synapt	 G2Si	 quadrupole-time	 of	 flight	 instrument.	 	 The	

column	was	developed	at	the	same	flow	rate	at	20	°C	with	a	0-37%	gradient	into	

0.1%	(v/v)	formic	acid	in	acetonitrile	over	30	minutes.	Total	ion	chromatographs	

were	collected	at	a	capillary	voltage	of	2.5-3.0	kV,	sampling	cone	voltage	of	25	V,	

source	offset	of	80	V.	Scans	were	converted	to	centred	mass	spectra	and	analysed	

by	Waters	Mass	 Lynx	 software.	 The	 spectra	 in	 the	 figures	were	 generated	 by	

summing	the	spectrums	of	the	region	containing	the	muropeptide	of	interest.
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Chapter	3.	E.	coli	and	Y.	pestis	PBP1b	assay	development	
	

3.1	Introduction	
	

The	bacterial	cell	wall	is	composed	of	a	layer	of	peptidoglycan	that	surrounds	the	

cell	membrane,	allowing	bacteria	to	resist	osmotic	stresses	and	maintain	their	

unique	 shape	 (Weidel	 and	 Pelzer,	 1964).	 Peptidoglycan	 is	made	 up	 of	 glycan	

chains,	cross-linked	to	one	another	by	peptide	side	chains	and	is	synthesised	by	

PBPs.	Bacterial	growth	and	division	dictates	 that	peptidoglycan	synthesis	be	a	

dynamic	process,	requiring	the	hydrolysis	of	existing	peptidoglycan	to	allow	the	

insertion	 of	 newly	 synthesised	 peptidoglycan	 (Höltje	 and	 Holtje,	 1998).	 The	

essentiality	 and	 uniqueness	 of	 the	 bacterial	 peptidoglycan	 layer	 makes	 it	 an	

important	 therapeutic	 target,	 with	 many	 of	 the	 currently	 most	 clinically	

important	antibiotics	targeting	peptidoglycan	synthesis.	As	their	name	suggests	

PBPs	 are	 the	 target	 of	 penicillin	 and	 other	𝛽 -lactam	 antibiotics	 (Typas	 et	 al.,	

2012).	 PBPs	 fall	 into	 three	 main	 categories	 on	 the	 basis	 of	 their	 enzymatic	

activity:	Bifunctional	PBPs	(class	A	PBPs)	that	possess	both	glycosyltransferase	

activity	to	polymerise	Lipid	II	into	glycan	chains	and	transpeptidase	activity	to	

generate	the	cross-links	between	them,	monofunctional	transpeptidases	(class	B	

PBPs)	 (Ghuysen,	 1991;	 Goffin	 and	 Ghuysen,	 1998)	 and	 monofunctional	

carboxypeptidases	and	endopeptidases	(Class	C)	(Sauvage	et	al.,	2008).	

	

3.1.1	E.	coli	PBP1b	
	

E.	 coli	 has	 three	 bifunctional	 PBPs	 (PBP1a,	 PBP1b	 and	 PBP1c)	 (Goffin	 and	

Ghuysen,	 1998):	 PBP1a	 and	 PBP1b	 are	 partially	 redundant	 enzymes,	 as	

mutations	depriving	E.	coli	of	both	their	activities	are	lethal.	However	the	activity	

of	either	PBP1a	or	PBP1b	is	individually	dispensable	(Suzuki	et	al.,	1978;	Yousif	

et	al.,	1985),	suggesting	they	have	similar	and	essential	functions	that	cannot	be	

replicated	by	another	PBP.	In	E.	coli,	localisation	and	protein-protein	interaction	

studies	suggest	PBP1a	primarily	participates	in	cell	elongation	and	PBP1b	in	cell	

division	(Bertsche	et	al.,	2006;	Müller	et	al.,	2007;	Banzhaf	et	al.,	2012).	Whereas	



	 70	

PBP1c	 is	 non-essential	 and	 is	 thought	 to	 be	 involved	 in	 peptidoglycan	 repair	

(Budd	et	al.,	2004).	

	

The	 glycosyltransferase	 and	 transpeptidase	 activities	 of	 PBPs	 have	 been	

reconstituted	in	vitro	with	the	availability	of	their	Lipid	II	substrates	(Lupoli	et	

al.,	2014;	Egan	et	al.,	2015;	King	et	al.,	2017).	Lipid	 II	can	be	accumulated	and	

extracted	 from	 bacteria	 after	 treatment	 with	 antibiotics	 or	 protein	 blocking	

agents	(Qiao	et	al.,	2017),	however,	producing	adequate	quantities	of	pure	Lipid	

II	 substrate	by	 this	 approach	 is	difficult.	 Instead	Lipid	 II	 can	be	biochemically	

synthesised,	by	purifying	the	enzymes	that	carry	out	Lipid	II	synthesis	in	vivo	and	

reconstituting	the	reactions	in	vitro	(Lloyd	et	al.,	2008).	This	method	also	allows	

modifications	of	the	pentapeptide	stem	to	be	carried	out	before	it’s	conversion	to	

Lipid	II,	which	produces	higher	yields.	

	

Genetic	studies	have	revealed	that	E.	coli	PBP1a	and	PBP1b	require	activation	

from	a	lipoprotein	 for	 function	in	vivo	(Paradis-Bleau	et	al.,	2010;	Typas	et	al.,	

2010).	 LpoA	 is	 specifically	 required	 for	 PBP1a	 function,	 and	 LpoB	 for	 PBP1b	

function.	LpoA	and	LpoB	are	outer	membrane	anchored	proteins	that	span	the	

periplasm	to	interact	directly	with	their	cognate	PBP,	and	when	added	to	in	vitro	

assays	increase	the	activity	of	their	target	PBP	(Paradis-Bleau	et	al.,	2010;	Typas	

et	al.,	 2010).	E.	 coli	 PBP1b	alone	has	been	 shown	 to	produce	glycan	chains	of	

varied	 length,	 and	 cross-link	 ~50%	 of	 their	 peptide	 stems,	 however	 in	 the	

presence	of	LpoB	shorter	glycan	chains	are	produced	and	cross-linking	increases	

to	~70%	(Paradis-Bleau	et	al.,	2010;	Typas	et	al.,	2010;	Egan	et	al.,	2018).		

	

3.1.2	Y.	pestis	PBP1b	
	

Y.	pestis	possesses	PBP1b	and	LpoB	homologues,	and	similar	to	E.	coli	it’s	PBP1b	

is	predicted	 to	be	a	bifunctional	PBP	 and	LpoB	an	outer	membrane	anchored	

protein	(Parkhill	et	al.,	2001).	The	E.	coli	and	Y.	pestis	PBP1b	protein	sequences	

are	69%	identical,	while	LpoB	is	only	45%	identical	between	the	two	species.	Y.	

pestis	PBPs	have	not	been	extensively	investigated,	with	the	last	published	data	
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being	 a	 study	 on	 Y.	 pestis	 PBPs	 affinity	 and	 sensitivity	 to	𝛽 -lactams	 using	

radiolabelled	penicillin	(Ferreira	et	al.,	1994;	Ferreira	et	al.,	1995).		

	

Due	to	the	similarities	between	Y.	pestis	and	E.	coli	PBPs,	this	study	aimed	to	use	

the	current	knowledge	and	understanding	of	how	E.	coli	PBP1b	functions	in	vitro	

to	 establish	 Y.	 pestis	 PBP1b	 activity	 in	 vitro.	 This	 approach	 allowed	 us	 to	

demonstrate	the	first	example	of	in	vitro	Y.	pestis	PBP1b	activity.	Preliminary	data	

from	our	laboratory	gained	prior	to	the	commencement	of	the	work	reported	in	

this	 thesis	 had	 shown	 that	 Y.	 pestis	 PBP1b	 transpeptidase	 and/or	

carboxypeptidase	activity		was	specific	for	DAP	containing	substrates	(Table	3.1)	

(Smart	K.	and	Lloyd	A.,	unpublished),	suggesting	Y.	pestis	PBP1b,	unlike	E.	coli	

PBP1b	(Catherwood	et	al.,	2019),	 is	only	able	 to	utilise	 its	native	DAP	peptide	

containing	substrate	(Khomenko	et	al.,	1980)	for	crosslinking.	

	

3.1.3	Glycosyltransferase	assays	
	

Two	complementary	glycosyltransferase	assays	were	 selected	 for	 this	project.	

The	first	was	a	continuous	fluorescence	based	assay	using	a	dansylated	Lipid	II	

substrate	(Schwartz	et	al.,	2002;	Offant	et	al.,	2010).	In	this	assay	glycan	chains	

polymerised	from	Lipid	II	(dansylated-DAP)	are	digested	by	lysozyme	as	they	are	

formed,	resulting	in	the	formation	of	dansylated	muropeptides	that	have	a	lower	

fluorescence	intensity	than	the	original	Lipid	II	substrate,	due	to	the	removal	of	

Table	3.1.	Initial	observations	of	Y.	pestis	PBP1b	substrate	utilisation	in	vitro.	
D-Ala	release	was	assayed	using	the	amplex	red	assay	for	D-Ala	release	by	Y.	pestis	
PBP1b	in	vitro.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	20	
mM	 MgCl2,	 1%	 (v/v)	 glycerol,	 0.130%	 (v/v)	 Triton	 X-100,	 amplex	 red	 coupling	
reagents,	20	𝜇M	donor	and	acceptor	substrates,	50	nM	Y.	pestis	PBP1b,	and	2	𝜇M	LpoB.	
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the	lipid	tail	(Figure	3.1).	The	advantage	of	this	continuous	assay	is	that	it	allows	

the	 measurement	 of	 initial	 glycosyltransferase	 rates	 in	 isolation	 from	

transpeptidation,	 as	 the	 location	 of	 the	 dansyl	 fluorescent	 group,	 on	 the	 3rd	

position	 DAP	 on	 the	 stem	 peptide,	 prevents	 transpeptidation	 from	 occurring.	

Previous	studies	have	confirmed	that	E.	coli	PBP1b	glycosyltransferase	kinetics	

are	similar	for	fluorescently	labelled	and	unlabelled	substrates	(Schwartz	et	al.,	

2002).	However,	the	disadvantage	to	this	assay	system	is	no	direct	measurement	

of	substrate	loss	or	product	formation	is	made.	

	
The	second	complementary	glycosyltransferase	assay	allows	the	visualisation	of	

fluorescently	 labelled	 glycosyltransferase	 reaction	 products,	 providing	

qualitative	data	on	the	length	of	glycan	chains	produced,	and	is	discussed	in	detail	

in	chapter	4.	

	

3.1.4	Transpeptidase	assay	
	

Most	existing	assays	to	measure	transpeptidation	use	radiolabelled		substrates	

and	do	not	distinguish	between	transpeptidation	and	carboxypeptidation,	and	of	

those	 that	do,	none	are	 continuous	assays	 (Bertsche	et	al.,	 2005;	Lupoli	et	al.,	

2014).	Chromogenic	assays	are	available	to	follow	the	release	of	D-Ala	(Clarke	et	

Figure	3.1.	In	vitro	continuous	glycosyltransferase	assay	principle.	
Lipid	II	(dansylated	DAP)	is	polymerised	into	glycan	chains	by	PBP1b,	followed	by	their	
digestion	by	lysozyme,	resulting	in	a	reduction	in	fluorescence	due	to	the	formation	of	
muropeptides.	
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al.,	2009)	and	Catherwood	et	al.	has	recently	developed	an	assay	to	continuously	

monitor	 and	 distinguish	 between	 E.	 coli	 PBP1b	 transpeptidase	 and	

carboxypeptidase	D-Ala	release	(2019).	 In	 this	project	 the	spectrophotometric	

D-Ala	 release	 assay	 was	 used	 to	 continuously	 measure	 D-Ala	 release	 from	

carboxypeptidation	 and	 transpeptidation	 with	 non-labelled	 substrates,	 that	

could	act	exclusively	as	transpeptidation	donor	and	acceptors	(Figure	3.2).	

	

3.2	Experimental	Aims	
	

• To	synthesise	Lipid	II	(acetylated	DAP),	MurNAc	pentapeptide	(DAP)	and	Lipid	

II	(dansylated	DAP).	

• To	clone,	express	and	purify	Y.	pestis	PBP1b,	PBP3,	LpoB,	CpoB	and	FtsN	and	E.	

coli	PBP1b,	LpoB,	CpoB	and	FtsN.	

• To	test	substrate	usage	of	Y.	pestis	PBP1b.	

Figure	3.2.	In	vitro	continuous	D-Ala	release	assay	principle.	
Lipid	II	(acetylated	DAP)	(rendered	donor	only	substrate	by	acetylating	 the	𝜀-amino	
group	of	the	third	DAP	residue	in	the	stem	peptide)	is	polymerised	into	glycan	chains	
(GT)	and	acylated	 to	 the	 transpeptidase	active	site	serine	of	PBP1b	releasing	D-Ala.	
Upon	addition	of	MurNAc	5P	(DAP)	(an	exclusive	acceptor	substrate)	transpeptidation	
(TP)	 occurs	 releasing	 the	 transpeptidation	product.	 If	water	 is	 used	 in	 the	 place	 of	
acceptor	 substrate	 carboxypeptidation	 (CP)	 occurs	 releasing	 the	 stem	 tetrapeptide.	
The	release	of	D-Ala	is	monitored	via	a	coupled	enzyme	detection	system.	
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• To	 optimise	 conditions	 for	Y.	 pestis	 PBP1b	activity	 in	 the	 in	 vitro	 continuous	

glycosyltransferase	and	transpeptidase	assays.	

• To	establish	kinetic	parameters	for	Y.	pestis	PBP1b	activity.	

• To	validate	assays	for	inhibitor	testing.	

	

3.3	Results	
	

3.3.1	Enzymatic	biosynthesis	of	Lipid	II	(acetylated	DAP)	
	

3.3.1.1	Substrate	choice	rationale	

	

Preliminary	in	vitro	studies	on	Y.	pestis	PBP1b	activity	suggested	it	was	able	to	

utilise	Lipid	II	substrates	with	stem	peptides	containing	DAP	but	not	Lys	at	the	

third	 position	 for	 transpeptidation	 or	 carboxypeptidation	 (Section	 3.1.2).	 The	

substrate	used	for	these	preliminary	studies	was	Lipid	II	(DAP),	which	could	act	

as	both	a	transpeptidase	donor	and	acceptor	substrate,	hence	the	D-Ala	release	

measured	in	the	assay	could	be	either	carboxypeptidase	and/or	transpeptidase	

activity	(Section	3.1.4).	To	distinguish	between	the	two	activities,	modifications	

were	 made	 to	 the	 substrates	 to	 create	 donor	 and	 acceptor	 only	 substrates,	

allowing	carboxypeptidase	activity	to	be	measured	independently	in	the	assay.	

Acetylating	the	𝜀-amino	group	of	 the	third	position	DAP	residue	(addition	of	a	

CH3CO	 group,	 Figure	 3.3)	 would	 create	 a	 donor	 only	 substrate,	 and	 this	

modification	 was	 hypothesised	 to	 have	 little	 effect	 on	 PBP1b	 activity.	 E.	 coli	

PBP1b	has	previously	been	shown	to	be	able	to	utilise	Lipid	II	(acetylated	DAP)	

as	a	substrate	(Zhang	et	al.,	2007;	Catherwood	et	al.,	2019).	Use	of	this	substrate	

would	allow	a	carboxypeptidase	only	rate	to	be	measured,	before	the	addition	of	

a	transpeptidase	acceptor	only	substrate	that	initiated	transpeptidation.
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3.3.1.2	Enzymatic	biosynthesis	of	UDP-MurNAc	pentapeptide	(DAP)	

	

Lipid	 II	 is	 synthesised	 by	 the	 production	 of	UDP-MurNAc	 5P,	 followed	 by	 any	

necessary	modification	to	the	pentapeptide	stem,	before	conversion	to	Lipid	II.	

UDP-MurNAc	5P	(DAP)	can	be	synthesised	in	vitro	as	in	vivo	by	enzymes	MurA-

MurF	which	construct	the	stem	peptide	as	part	of	a	UDP-nucleotide.	UDP-MurNAc	

5P	(DAP)	was	synthesised	in	one-step,	by	purified	enzymes	MurA-MurF	and	their	

substrates,	and	the	product	purified	according	to	Lloyd	et	al.	(2008).	The	product	

was	quantified	by	uracil	A260.	

	

3.3.1.3	Acetylation	of	UDP-MurNAc	pentapeptide	(DAP)	

	

UDP-MurNAc	 5P	 (DAP)	 was	 buffer	 exchanged	 into	 250	 mM	 NaHCO3	 and	

acetylated	 by	 the	 addition	 of	 50x	 excess	 acetic	 anhydride	 and	 purified	 as	

Figure	3.3.	Lipid	II		(DAP)	and	Lipid	II	(acetylated	DAP)	structures.	
(A)	Lipid	II	(DAP)	and	(B)	Lipid	II	(acetylated	DAP).	Red	box	highlights	the	differences	
between	the	structures.	
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previously	described	(Catherwood	et	al.,	2019).	The	product	was	quantified	by	

uracil	A260	and	confirmed	by	negative	ion	mass	spectroscopy.	

	

3.3.1.4	 Conversion	 of	 UDP-MurNAc	 pentapeptide	 (acetylated	 DAP)	 into	

Lipid	II	

	

UDP-MurNAc	5P	(acetylated	DAP)	was	converted	into	Lipid	II	in	vitro	as	in	vivo	

by	enzymes	MraY	and	MurG,	which	append	phosphoMurNAc	5P	(acetylated	DAP)	

(from	UDP-MurNAc	5P	 (acetylated	DAP))	 to	 undecaprenyl	 phosphate	 to	 form	

Lipid	 I,	 which	 is	 then	 glycosaminylated	 with	 UDP-GlcNAc	 to	 form	 Lipid	 II	

(acetylated	DAP).	This	one-step	reaction	was	carried	out	with	purified	enzyme	

MurG	and	bacterial	cell	membranes	(to	supply	MraY)	and	the	Lipid	 II	product	

purified	according	to	Breukink	et	al.	and	Lloyd	et	al.	(2003;	2008).	Washes	from	

the	 purification	 of	 Lipid	 II	 (acetylated	 DAP)	 were	 analysed	 by	 thin-layer	

chromatography	and	are	shown	in	Figure	3.4.	
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The	 washes	 containing	 the	 product	 was	 quantified	 by	 inorganic	 phosphate	

detection	at	A360,	and	confirmed	by	negative	ion	mass	spectroscopy	(Figure	3.5).	

	

Figure	3.4	Thin-layer	chromatography	of	washes	collected	from	anion	exchange	
purification	of	Lipid	II	(acetylated	DAP).	
Washes	 from	 anion	 exchange	 chromatography	 run	 by	 TLC	 on	 silica	 with	
Chloroform:methanol:water:ammonia	(88:48:10:1)	mobile	phase.	FT:	Flow	through	
from	anion	exchange	column	loading,	Solv	A:	Solvent	A,	chloroform:methanol:water	
(2:3:1),	 8-167	 mM:	 concentration	 of	 ammonium	 bicarbonate	 in	 solvent	 A	 column	
washes.	TLC	plate	stained	with	iodine	vapour.	
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3.3.2	Enzymatic	biosynthesis	of	MurNAc	pentapeptide	(DAP)	
	

3.3.2.1	Substrate	choice	rationale	

	

Previous	 studies	 have	 shown	 that	 bifunctional	 PBP’s	 and	 mono-functional	

transpeptidases	 require	 a	 polymeric	 transpeptidase	 donor	 substrate	 for	

transpeptidation	 and	 carboxypeptidation	 (Lupoli	 et	 al.,	 2011;	 Taguchi	 et	 al.,	

2019),	 whereas	 the	 transpeptidase	 acceptor	 substrate	 can	 be	 monomeric,	 as	

small	as	a	single	amino	acid	(Adam	et	al.,	1991;	Lupoli	et	al.,	2011;	Catherwood	

et	 al.,	 2019).	 A	 monomeric	 transpeptidase	 acceptor	 substrate	 would	 be	

favourable	for	D-Ala	release	as	it	is	non	polymerisable	by	PBP1b,	therefore	would	

not	fulfil	the	role	of	a	transpeptidase	donor	substrate,	and	consequently	would	

not	be	able	to	be	carboxypeptidated.	Hence,	its	addition	to	the	assay	would	only	

affect	the	rate	of	D-Ala	release	from	transpeptidation.	

	

MurNAc-5P	DAP	is	a	known	monomeric	transpeptidase	acceptor	substrate	of	E.	

coli	 PBP1b	 (Catherwood	 et	 al.,	 2019),	 and	 using	 the	 D-Ala	 release	 assay	 we	

determined	that	it	was	also	a	suitable	substrate	for	Y.	pestis	PBP1b	(MurNAc	5P	

(DAP)	was	 kindly	 supplied	 by	 J.	 Todd	 and	 A.	 Catherwood	 (Warwick)).	 It	 was	

decided	to	use	MurNAc	5P	(DAP)	as	the	transpeptidase	acceptor	only	substrate	

Figure	3.5	Negative	ion	mass	spectrum	of	Lipid	II	(acetylated	DAP).	
Negative	ion	mass	spectra	of	Lipid	II	(acetylated	DAP)	with	observed	charged	states	for	
singly,	doubly	and	triply	ionised	molecules	as	expected.	Major	peaks	are	annotated	as	
m/z	and	ion	count.	
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due	to	it	being	a	substrate	for	both	Y.	pestis	and	E.	coli	PBP1b	(Catherwood	et	al.,	

2019),	as	well	as	the	advantages	discussed	above.	

	

3.3.2.2	Biochemical	synthesis	of	MurNAc	pentapeptide	(DAP)	

	

UDP-MurNAc	5P	(DAP)	was	synthesised	and	subjected	to	hydrolysis	with	HCl	to	

hydrolyse	 off	 UDP,	 according	 to	 Catherwood	 et	 al.	 (2019).	 The	 product	 was	

purified	 by	 anion	 exchange	 chromatography,	 quantified	 by	 the	 DacB	 D-Ala	

release	 assay	 and	 confirmed	 by	 negative	 ion	 mass	 spectroscopy.	 Mass	

spectroscopy	determined	the	sample	to	contain	the	masses	of	MurNAc	5P	(DAP),	

as	well	as	Lactyl	5P	(DAP)	(Figure	3.6).	However,	work	done	previously	by	Lloyd	

A.	(unpublished)	has	found	that	the	presence	of	a	mass	corresponding	to	Lactyl	

5P	 (DAP)	 is	 unlikely	 due	 to	 sample	 contamination,	 but	 due	 to	 in	 source	

fragmentation	of	MurNAc	5P	(DAP),	as	LC-MS	experiments	found	Lactyl	5P	(DAP)	

to	elute	identically	with	MurNac-5P	DAP.	

	

Figure	3.6	Negative	ion	mass	of	MurNAc	5P	(DAP).	
Negative	ion	mass	spectra	of	MurNAc	5P	(DAP)	with	observed	charged	states	for	singly	
and	 doubly	 ionised	molecules	 as	 expected.	MurNAc	 5P	 (DAP)	 experienced	 in	 source	
fragmentation	 yielding	 the	 associated	 mass	 of	 Lactyl	 5P	 (DAP),	 (m-1)/1	 expected:	
603.262	and	observed:	603.263,	(m-2)/2	expected:	301.127,	observed:	301.131.	Major	
peaks	are	annotated	as	m/z	and	ion	count.	
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3.3.3	Enzymatic	biosynthesis	of	Lipid	II	(dansylated	DAP)	
	

UDP-MurNAc	5P	(dansylated	DAP	(dansylated	by	click	chemistry))	was	kindly	

supplied	by	R.	Cain	 (Warwick),	 synthesised	 into	Lipid	 II	 and	purified.	Washes	

from	the	purification	of	Lipid	 II	 (dansylated	DAP)	were	analysed	by	thin-layer	

chromatography	and	are	shown	in	Figure	3.7.	

	

The	 washes	 containing	 the	 product	 was	 quantified	 by	 inorganic	 phosphate	

detection	at	A360,	and	confirmed	by	negative	ion	mass	spectroscopy	(Figure	3.8).	

	

Figure	3.7	Thin-layer	chromatography	of	washes	collected	from	anion	exchange	
purification	of	Lipid	II	(dansylated	DAP).	
Washes	 from	 anion	 exchange	 chromatography	 run	 by	 TLC	 on	 silica	 with	
Chloroform:methanol:water:ammonia	(88:48:10:1)	mobile	phase.	FT:	Flow	through	
from	anion	exchange	column	 loading,	Sol	A:	Solvent	A,	chloroform:methanol:water	
(2:3:1),	 6-167	mM:	 concentration	 of	 ammonium	 bicarbonate	 in	 solvent	 A	 column	
washes.	TLC	plate	stained	with	iodine	vapour.	
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3.3.4	Recombinant	protein	cloning,	expression	and	purification	
	

Restriction	enzyme	or	Gibson	assembly	cloning	was	used	to	construct	the	gene	

of	 interest	 into	 the	 vector,	 and	 the	 construct	 was	 expressed,	 purified	 by	

immobilised	metal	affinity	chromatography,	the	His-tag	cleaved	and	the	protein	

separated	from	the	tag	by	reverse	immobilised	metal	affinity	chromatography.	

Final	protein	purity	for	Y.	pestis	PBP1b	(61-803),	Y.	pestis	PBP1b	(61-803)	I205F,	

Y.	pestis	PBP3	(59-587),	Y.	pestis	LpoB	(57-191),	Y.	pestis	CpoB	(24-269),	Y.	pestis	

FtsN	(1-281),	E.	coli	PBP1b	(58-804),	E.	coli	LpoB	(78-213),	E.	coli	CpoB	(27-263),	

E.	coli	FtsN	(1-319)	are	shown	in	Figure	3.9.	

Figure	3.8	Negative	ion	mass	spectrum	of	Lipid	II	(dansylated	DAP).	
Negative	ion	mass	spectra	of	Lipid	II	(dansylated	DAP)	with	observed	charged	states	
for	singly,	doubly	and	triply	ionised	molecules	as	expected.	Major	peaks	are	annotated	
as	m/z	and	ion	count.	
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3.3.5	 Development	 of	 assay	 conditions	 for	E.	 coli	 and	Y.	 pestis	

PBP1b	glycosyltransferase	activity	
	

3.3.5.1	Initial	observations	of	E.	coli	and	Y.	pestis	PBP1b	glycosyltransferase	

activity	

	

E.	 coli	 PBP1b	 glycosyltransferase	 activity	 is	 well	 documented,	 	 and	 it	 is	

understood	 that	 it’s	 activity	 is	 greatly	 enhanced	 by	 the	 binding	 of	 outer	

membrane	 lipoprotein	LpoB	(Schwartz	et	al.,	2002;	Paradis-Bleau	et	al.,	2010;	

Figure	3.9	Final	purity	of	purified	recombinant	proteins.	
12%	SDS-PAGE	coomassie	stained	gels	loaded	with	2-10	𝜇g	of	purified	proteins.	Molecular	
weight	marker	(Mr)	in	kDa	(NEB	colour	prestained	protein	standard).	(A)	Y.	pestis	PBP1b	
(61-803)	82.7	kDa,	(B)	Y.	pestis	PBP1b	I205F	(61-803)	82.7	kDa,	(C)	Y.	pestis	PBP3	(59-
587)	57.6	kDa,	(D)	Y.	pestis	LpoB	(57-191)	14.9	kDa,	(E)	Y.	pestis	CpoB	(24-269)	26.8	kDa,	
(F)	Y.	pestis	FtsN	(1-281)	30.9	kDa,	(G)	E.	coli	PBP1b	(58-804)	83.7	kDa,	(H)	E.	coli	LpoB	
(78-213)	14.4	kDa,	(I)	E.	coli	CpoB	(27-263)	25.7	kDa,	(J)	E.	coli	FtsN	(1-319)	36.2	kDa.	
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Egan	et	al.,	2014;	Lupoli	et	al.,	2014).	These	findings	were	replicated	using	the	in	

vitro	continuous	glycosyltransferase	assay	(Figure	3.10A).	However,	no	previous	

Y.	pestis	PBP1b	in	vitro	activity	has	been	published.	To	establish	if	Y.	pestis	PBP1b	

glycosyltransferase	 can	 utilise	 Lipid	 II	 (dansylated	 DAP)	 as	 a	 substrate,	 its	

activity	was	investigated	in	the	in	vitro	continuous	glycosyltransferase	assay	in	

the	 absence	 and	 presence	 of	 LpoB.	 Y.	 pestis	 PBP1b	 activity	 was	 seen	 in	 the	

absence	of	LpoB,	but	greatly	enhanced	in	the	presence	of	LpoB,	confirming	that	

Y.	 pestis	 PBP1b	 could	 utilise	 Lipid	 II	 (dansylated	DAP)	 as	 a	 substrate,	 and	 its	

activity	was	also	increased	by	the	presence	of	LpoB	(Figure	3.10B).	As	expected	

the	 addition	 of	 moenomycin,	 a	 potent	 PBP	 glycosyltransferase	 inhibitor,	

completely	abolished	E.	coli	and	Y.	pestis	PBP1b	activity	(Figure	3.10).	

	

3.3.5.2	 Optimisation	 of	 assay	 conditions	 for	 Y.	 pestis	 PBP1b	

glycosyltransferase	activity	

	

In	vitro	glycosyltransferase	activity	has	been	shown	to	be	severely	affected	by	

buffer	 conditions	 including	 pH,	 divalent	 cations,	 detergent	 and	 DMSO	

concentration	 (Schwartz	et	al.,	 2002;	Offant	et	al.,	 2010;	Helassa	et	 al.,	 2012).	

Buffer	 conditions	 had	 previously	 been	 optimised	 for	 E.	 coli	 PBP1b	

glycosyltransferase	activity	(Schwartz	et	al.,	2002;	Walkowiak,	2017)	and	these	

were	 used	 as	 a	 starting	 point	 for	Y.	 pestis	 PBP1b	 glycosyltransferase	 activity	

optimisation.	

Figure	 3.10	 Initial	 observations	 of	 E.	 coli	 and	 Y.	 pestis	 PBP1b	
glycosyltransferase	activity.	
Glycosyltransferase	rate	was	assayed	by	the	consumption	of	fluorescently	labelled	
Lipid	II	by	(A)	E.	coli	PBP1b	(Ec	1b)	and	(B)	Y.	pestis	PBP1b	(Yp	1b)	in	vitro.	Reactions	
consisted	of	50	mM	HEPES	pH	7.5,	115	mM	NaCl,	10	mM	MgCl2,	10%	(v/v)	DMSO,	1%	
(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	0.1	mg	ml-1	lysozyme,	5	𝜇M	Lipid	II	(dansyl	
DAP),	50	nM	PBP1b	±	2	𝜇M	LpoB	and	5	𝜇M	Moenomycin	(Moen).	Data	is	shown	as	
mean	±	SD	(n=3).	
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Previous	studies	have	identified	buffer	pH	and	divalent	cation	concentration	to	

significantly	affect	the	catalysis	of	transglycosylation:	pH	aiding	deprotonation	of	

the	hydroxyl	nucleophile	of	the	Lipid	II	acceptor	and	a	divalent	metal	stabilising	

and	assisting	departure	of	the	leaving	undecaprenyl	pyrophosphate	(Schwartz	et	

al.,	 2002).	The	effect	of	pH	on	Y.	pestis	 PBP1b	glycosyltransferase	activity	was	

investigated	using	the	in	vitro	continuous	glycosyltransferase	assay,	and	as	seen	

with	E.	coli	PBP1b	(Schwartz	et	al.,	2002)	there	was	no	significant	difference	in	

glycosyltransferase	activity	between	pH	7.5-8.5	(Figure	3.11A).	The	fluorescence	

of	Lipid	II	(dansylated	DAP)	was	not	found	to	change	with	pH.	

	

The	presence	of	detergent,	Triton	X-100	in	this	case,	is	important	for	solubility	of	

the	Lipid	II	substrate	and	PBP1b	due	to	its	possession	of	a	transmembrane	helix.	

Previous	 studies	 have	 shown	 that	 high	 detergent	 concentrations	 can	 have	 an	

inhibitory	effect	on	PBP	glycosyltransferase	activity,	however	these	effects	can	

be	 counteracted	 by	 the	addition	of	DMSO	 (Schwartz	et	al.,	 2002;	Offant	et	 al.,	

2010;	 Helassa	 et	 al.,	 2012;	 Egan	 and	 Vollmer,	 2016).	 This	 effect	 has	 been	

hypothesised	to	be	due	to	DMSO	increasing	the	solubility	of	Lipid	II,	and	aiding	

more	rapid	exchange	between	micelles		(Schwartz	et	al.,	2002).	However,	DMSO	

has	also	previously	been	shown	to	 impair	 the	 interaction	between	PBP1b	and	

Figure	3.11	Effect	of	pH,	detergent	and	DMSO	concentration	on	Y.	pestis	PBP1b	
glycosyltransferase	activity.	
Glycosyltransferase	 rate	was	assayed	by	 the	 consumption	of	 fluorescently	 labelled	
Lipid	II	by	Y.	pestis	PBP1b	in	vitro,	(A)	at	different	pH’s,	(B)	detergent	concentrations	
and	(C)	DMSO	concentrations,	shown	as	initial	rates.	Reactions	consisted	of	50	mM	
HEPES	 pH	 7.5,	 115	mM	NaCl,	 10	mM	MgCl2,	20%	 (v/v)	 DMSO,	 1%	 (v/v)	 glycerol,	
0.03%	(v/v)	Triton	X-100,	0.1	mg	ml-1	lysozyme,	5	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	
PBP1b	and	2	𝜇M	LpoB,	unless	otherwise	stated.	Buffers	used	were	HEPES	pH	8.0	and	
8.5.	Data	is	shown	as	mean	±	SD	(n=3).	
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LpoB,	 reducing	 its	 glycosyltransferase	 activity	 (Egan	 and	Vollmer,	 2016).	 The	

effect	 of	 Triton	 X-100	 and	 DMSO	 concentration	 on	 Y.	 pestis	 PBP1b	

glycosyltransferase	activity	was	investigated	(Figure	3.11B	&	C).	Y.	pestis	PBP1b	

exhibited	greater	activity	at	0.155%	than	0.03%	(v/v)	Triton	X-100	(10x	and	2x	

CMC	respectively),	when	20%	(v/v)	DMSO	was	present.	At	the	lower	detergent	

concentrations	(0.030%	(v/v),	2x	cmc)	Y.	pestis	PBP1b	had	the	greatest	activity	

at	a	DMSO	concentration	of	10%	(v/v)	compared	to	0%	or	20%	(v/v)	(Figure	

3.11).	Final	reaction	buffers	used	for	all	in	vitro	continuous	glycosyltransferase	

assays	 from	now	on	were	HEPES	pH	7.5,	0.155%	(v/v)	Triton	X-100	and	10%	

(v/v)	DMSO.	

	

3.3.6	 Development	 of	 assay	 conditions	 for	E.	 coli	 and	Y.	 pestis	

PBP1b	transpeptidase	activity	
	

3.3.6.1	 Initial	 observation	 of	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 transpeptidase	

activity	

	

Like	E.	coli	PBP1b	glycosyltransferase	activity,	the	transpeptidase	activity	is	well	

documented	(Bertsche	et	al.,	2005;	Catherwood	et	al.,	2019),	and	it	is	known	that	

it	can	utilise	Lipid	II	(acetylated	DAP)	and	MurNAc	5P	(DAP).	To	establish	if	Y.	

pestis	 PBP1b	 could	 utilise	 the	 same	 substrates,	 the	 carboxypeptidase	 and	

transpeptidase	activity	of	Y.	pestis	PBP1b	was	measured	in	the	continuous	in	vitro	

D-Ala	release	assay	(details	 in	3.1.4).	The	D-Ala	release	assay	was	 initiated	(at	

~3mins)	with	the	addition	of	Y.	pestis	PBP1b,	which	was	able	to	transglycosylate	

and	 subsequently	 carboxypeptidate	 the	 donor	 only	 substrate	 present	 in	 the	

reaction	 (Lipid	 II	 (acetylated	 DAP)).	 Once	 a	 carboxypeptidase	 rate	 was	

determined,	the	transpeptidase	acceptor	only	substrate	(MurNAc	5P	(DAP))	was	

added	(at	~8	mins)	to	initiate	transpeptidation.	As	hoped	Y.	pestis	PBP1b,	like	E.	

coli,	 could	 utilise	 Lipid	 II	 (acetylated	 DAP)	 and	 MurNAc	 5P	 (DAP)	 as	

transpeptidation	 substrates	 (Figure	 3.12),	 and	 as	 expected	 their	 activity	 was	

inhibited	 by	 moenomycin	 and	 ampicillin	 (PBP	 glycosyltransferase	 and	

transpeptidase	 inhibitors	 respectively)	 (Figure	 3.12).	 The	 concentration	 of	
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control	 inhibitors	 used	 is	 known	 not	 to	 affect	 the	 assay	 converting	 enzyme	

system	(Lloyd	A.,	unpublished).	

	

3.3.6.2	Optimisation	of	buffer	conditions	for	Y.	pestis	PBP1b	transpeptidase	

activity	

	

The	 initial	Y.	pestis	PBP1b	D-Ala	release	assay	experiments	highlighted	that	Y.	

pestis	had	a	higher	carboxypeptidation	rate	(3-8	mins	in	Figure	3.12B),	and	lower	

transpeptidation	 rate	 (8-20	mins	 in	Figure	 3.12B)	 than	E.	 coli	 (Figure	3.12A),	

reducing	the	transpeptidation:carboxypeptidation	activity	ratios.	In	an	attempt	

to	increase	the	transpeptidation:carboxypeptidation	activity	ratios	the	pH	of	the	

assay	buffer	was	varied,	along	with	the	temperature.	 It	was	hypothesised	that	

increasing	 the	 pH	 would	 improve	 deprotonation	 of	 the	 acceptor	 nucleophile	

promoting	 transpeptidation	 catalysis	 (Lloyd	A.,	personal	 communication),	 and	

varying	the	temperature	would	replicate	different	stages	in	the	Y.	pestis	life	cycle	

(Easterday	 et	 al.,	 2012;	 Pechous	 et	 al.,	 2016)	 which	 may	 affect	 rates	 of	

transpeptidation	and	carboxypeptidation.	

	

In	order	to	confirm	that	any	changes	in	D-Ala	release	seen	were	due	to	changes	

in	PBP1b	activity,	the	effect	of	varying	the	pH	and	temperature	on	the	converting	

enzyme	system	was	first	investigated.	The	extinction	coefficients	of	resorufin,	the	

product	 of	 the	 enzyme	 converting	 system,	 was	 determined	 for	 pH’s	 7.5-11.0	

Figure	 3.12	 Initial	 observations	 of	 E.	 coli	 and	Y.	 pestis	 PBP1b	 transpeptidase	
activity.	
Transpeptidase	rate	was	assayed	using	the	amplex	red	assay	for	D-Ala	release	by	(A)	
E.	coli	PBP1b	(Ec	1b)	and	(B)	Y.	pestis	PBP1b	(Yp	1b)	in	vitro.	Reactions	consisted	of	50	
mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	20	mM	MgCl2,	1%	(v/v)	glycerol,	0.130%	(v/v)	
Triton	X-100,	amplex	red	coupling	reagents,	20	𝜇M	Lipid	II	(acetylated	DAP),	50	nM	
PBP1b,	 20	𝜇M	MurNac	5P	(DAP),	 2	𝜇M	LpoB,	5	𝜇M	Moenomycin	 (Moen)	 and	3	mM	
Ampicillin	 (Amp)	as	 controls.	Data	 is	 shown	as	mean	±	SD	 (n=3),	 or	minimum	and	
maximum	values	(n=2).	
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(Appendix	 	 9.1),	 and	 were	 used	 in	 future	 analysis.	 This	 allowed	 the	 specific	

activity	 of	DAAO,	which	 coverts	D-Ala	 to	 hydrogen	 peroxide	 in	 the	 co	 verting	

enzyme	system,	to	be	calculated.	The	specific	activity	of	DAAO	was	optimum	at	

pH	8.5-9.0	and	30	°C	(Figure	3.13A),	but	was	sufficiently	active	pH	8.0-10.5	and	

20-37	 °C	 (Figure	 3.13B).	 Consequently,	 PBP1b	 transpeptidase	 activity	 was	

measured	 between	 pH	 8.5-10.5	 and	 20-37	 °C,	 as	 at	 these	 conditions	 the	

converting	enzyme	system	was	sufficiently	active	to	monitor	D-Ala	release	in	the	

assay.	

	

The	 results	 of	 this	 optimisation	 revealed	 that	 Y.	 pestis	 PBP1b	 transpeptidase	

activity	 decreased	 with	 increasing	 pH	 (Figure	 3.14A),	 and	 generally	 the	

carboxypeptidase	 rate	 mirrored	 this	 decrease,	 shown	 by	 no	 change	 in	 the	

transpeptidation:carboxypeptidation	 activity	 ratio	 (Figure	 3.14C),	 suggesting	

both	 activities	 are	 similarly	 affected	 by	 pH.	 The	 exception	was	 pH	9.5,	which	

exhibited	 a	 rise	 in	 transpeptidation:carboxypeptidation	 activity	 ratio	 (Figure	

3.14C),	however	it	was	decided	not	to	carry	out	the	assay	at	pH	9.5	due	to	it	not	

being	 a	 physiologically	 relevant	 pH.	 Temperature	 also	 affected	 the	

transpeptidase	 activity	 of	 Y.	 pestis	 PBP1b,	 increasing	 with	 increasing	

temperature	 (Figure	3.14B),	but	again	 this	 rise	 in	 transpeptidase	activity	was	

mirrored	by	a	rise	in	carboxypeptidation	activity	(Figure	3.14D).	Although	37	°C	

showed	 the	 highest	 transpeptidase	 activity,	 the	

transpeptidation:carboxypeptidation	activity	ratio	was	lower	than	that	of	30	°C	

(Figure	3.14D).	Therefore,	it	was	decided	to	maintain	the	assay	conditions	at	pH	

8.5	 and	 30	 °C	 as	 these	 gave	 the	 optimal,	 as	 well	 as	 the	 most	 repeatable	

transpeptidase	rate	and	transpeptidation:carboxypeptidation	activity	ratio,	and	

importantly,	were	also	the	optimal	conditions	for	E.	coli	PBP1b	transpeptidase	

activity	(Catherwood	et	al.,	2019).		
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Figure	3.14	Effect	of	pH	and	temperature	on	Y.	pestis	PBP1b	transpeptidase	and	
carboxypeptidase	activity.	
Initial	transpeptidase	(TP)	and	carboxypeptidase	(CP)	rates	were	assayed	using	the	
amplex	red	assay	for	D-Ala	release	by	Y.	pestis	PBP1b	in	vitro,	at	various	(A	and	C)	pH’s	
and	(B	and	D)	temperatures,	shown	as	initial	rates	and	TP:CP	activity	ratio.	Reactions	
consisted	of	 50	mM	Bis-Tris	propane	pH	8.5,	 6	mM	NaCl,	 20	mM	MgCl2,	 1%	 (v/v)	
glycerol,	 0.130%	(v/v)	Triton	X-100,	amplex	 red	 coupling	 reagents,	20	𝜇M	Lipid	 II	
(acetylated	DAP),	50	nM	PBP1b,	2	𝜇M	LpoB	and	20	𝜇M	MurNac	5P.	Buffers	used	were	
Bis-Tris	propane	pH	8.5,	CHES	pH	9.0-9.5,	CAPS	pH	10.0-10.5.	Data	is	shown	as	mean,	
maximum	and	minimum	values	(n=2).	
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3.3.6.3	 Optimisation	 of	 protein	 concentration	 for	 Y.	 pestis	 PBP1b	

transpeptidase	activity	

	

To	 confirm	 the	 activity	 observed	 was	 dependent	 on	 Y.	 pestis	 PBP1b	

concentration,	the	effect	of	Y.	pestis	PBP1b	concentration	on	the	transpeptidation	

and	carboxypeptidation	rate	was	 investigated.	As	predicted	there	was	a	 linear	

relationship	 between	 enzyme	 concentration	 and	 initial	 transpeptidase	 and	

carboxypeptidase	 rates	 (Figure	 3.15A).	 Also	 showing	 that	 the	

transpeptidation:carboxypeptidation	activity	ratio		is	not	dependent	on	enzyme	

concentration.	

	

E.	 coli	 PBP1b	 glycosyltransferase	 and	 transpeptidase	 activity	 is	 known	 to	 be	

enhanced	 by	 outer	 membrane	 lipoprotein	 LpoB	 (Paradis-Bleau	 et	 al.,	 2010;	

Typas	 et	 al.,	 2010).	 Initial	 observations	 of	Y.	 pestis	 PBP1b	 glycosyltransferase	

activity	 suggest	LpoB	has	a	 similar	effect	on	Y.	pestis	PBP1b	 (Figure	3.10).	To	

investigate	the	response	of	Y.	pestis	PBP1b	to	LpoB,	the	relationship	between	Y.	

pestis	 PBP1b	 activity	 and	 LpoB	 concentration	 was	 measured	 (Figure	 3.15B).	

LpoB	 had	 a	 positive	 concentration-dependent	 effect	 on	 Y.	 pestis	 PBP1b	

transpeptidase	and	carboxypeptidase	activity	until	a	concentration	of	~1.5	𝜇M	

LpoB,	 after	 which	 its	 enhancement	 effect	 plateaued,	 where	 the	 LpoB	

Figure	3.15	Effect	of	protein	concentration	on	Y.	pestis	PBP1b	activity.	
Transpeptidase	(TP)	and	carboxypeptidase	(CP)	rate	was	assayed	using	the	amplex	red	
assay	for	D-Ala	release	by	Y.	pestis	PBP1b	 in	vitro,	shown	as	initial	rates.	(A)	Varied	
PBP1b	concentration	data	was	fitted	to	a	straight-line	model,	while	(B)	varied	LpoB	
concentration	 data	was	 fitted	 to	 a	 three-parameter	 dose-response	 curve.	 Reactions	
consisted	 of	 50	mM	Bis-Tris	 propane	 pH	 8.5,	 6	mM	NaCl,	 20	mM	MgCl2,	 1%	 (v/v)	
glycerol,	 0.130%	 (v/v)	 Triton	 X-100,	 amplex	 red	 coupling	 reagents,	 20	𝜇M	Lipid	 II	
(acetylated	DAP),	50	nM	PBP1b,	2	𝜇M	LpoB	and	20	𝜇M	MurNac	5P,	unless	otherwise	
stated	(n=1).	
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concentration	 eliciting	 a	 half-maximal	 response	 was	 0.112	± 	0.014	𝜇M	when	

fitted	 to	 a	 three-parameter	 dose	 response	 model	 based	 on	 equation	

Y=Bottom+X*(Top-Bottom)/(EC50+X)	 (Figure	3.15B).	This	data	 confirmed	 that	

the	concentration	of	LpoB	currently	used	in	the	D-Ala	release	assay,	2	𝜇M,	also	

used	by	Catherwood	et	al.	(2019),	is	sufficient	to	allow	maximum	enhancement	

of	Y.	pestis	PBP1b	activity	at	50	nM.	

	

3.3.6.4	Inhibition	of	Y.	pestis	PBP1b	transpeptidase	activity	by	ampicillin	

	

To	 validate	 the	 Y.	 pestis	 PBP1b	 transpeptidase	 assay	 for	 the	 detection	 of	

inhibitors,	 the	 specific	 PBP	 transpeptidase	 inhibitor	 ampicillin	 was	 used	 a	

control.	Initial	rates	were	used	to	compute	the	percentage	activity	in	relation	to	

the	 no	 inhibitor	 control	 and	 fitted	 to	 a	 four-parameter	 dose-response	 curve	

model	based	on	equation	Y=	100/1+[S]hs/IC50hs.	The	IC50	of	ampicillin	for	Y.	pestis	

PBP1b	transpeptidase	activity	was	determined	to	be	25.8	±	3.6	𝜇M	and	77.8	±	

7.6	𝜇M	for	carboxypeptidase	activity	at	50	nM	enzyme	(Figure	3.16).	

	

Figure	3.16	Inhibition	of	Y.	pestis	PBP1b	transpeptidase	and	carboxypeptidase	
activity	by	ampicillin.	
Transpeptidase	(TP)	and	carboxypeptidase	(CP)	initial	rates	were	assayed	using	the	
amplex	red	assay	for	D-Ala	release	by	Y.	pestis	PBP1b	in	vitro,	shown	as	percentage	
activity	 in	relation	 to	 the	no	 inhibitor	control	and	fitted	 to	a	 four-parameter	dose-
response	curve	model.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	
NaCl,	 20	 mM	 MgCl2,	 1%	 (v/v)	 glycerol,	 0.130%	 (v/v)	 Triton	 X-100,	 amplex	 red	
coupling	reagents,	20	𝜇M	Lipid	II	(acetylated	DAP),	50	nM	PBP1b,	2	𝜇M	LpoB,	20	𝜇M	
MurNac	5P	and	varied	ampicillin	concentration	(n=1).	
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3.3.7	 Establishing	 kinetic	 parameters	 for	 E.	 coli	 and	 Y.	 pestis	

PBP1b	activity	with	varied	substrates	
	

To	 establish	 kinetic	 parameters	 for	 Y.	 pestis	 PBP1b,	 the	 impact	 of	 substrate	

concentration	 on	 glycosyltransferase	 and	 transpeptidase	 activity	 was	

investigated.	The	dependence	of	E.	coli	PBP1b	glycosyltransferase	rate	on	Lipid	

II	 (dansylated	 DAP)	 was	 sigmoidal	 (Figure	 13.7A),	 suggesting	 positive	

cooperative	 binding;	 binding	 of	 one	 substrate	 affects	 the	 affinity	 of	 a	 second	

binding	 site	 for	 its	 substrate.	 Therefore,	 the	 data	 was	 fitted	 to	 the	 Michaelis	

Menten	 equation	 (Equation	 1),	 as	 well	 a	 variation	 of	 the	 Michaelis	 Menten	

equation	considering	cooperativity	in	activity	(Equation	2).	Using	the	R2	value	to	

determine	the	best	fit,	E.	coli	and	Y.	pestis	PBP1b	utilisation	of	Lipid	II	(dansylated	

DAP)	best	 fitted	equation	2,	producing	Km	of	6.96	±	0.48	𝜇M	and	11.19	±	3.01	

𝜇M	for	E.	coli	and	Y.	pestis	respectively	(Figure	3.17C).	Unfortunately,	Kcat	values	

could	 not	 be	 calculated	 for	 Lipid	 II	 (dansylated	 DAP)	 as	 the	 continuous	

glycosyltransferase	 assay	 does	 not	 permit	 the	 change	 in	 fluorescence	 to	 be	

equated	to	a	quantifiable	change	in	substrate	or	product.	

	

Equation	1:	𝑉𝑜 = ./01[3]
5/6[3]

	

	

Equation	2:	𝑉𝑜 = ./01[3]7

58.:76[3]7
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To	 explore	 the	 dependence	 of	 Y.	 pestis	 PBP1b	 transpeptidase	 rate	 on	 its	

substrate,	 exclusive	 donor	 and	 acceptor	 only	 substrates	 were	 utilised.	 Using	

Lipid	II	(acetylated	DAP)	as	a	donor,	with	20	𝜇M	MurNAc	5P	(DAP)	as	acceptor,	

Y.	 pestis	 PBP1b	 was	 hyperbolically	 dependent	 on	 Lipid	 II	 (acetylated	 DAP)	

(Figure	3.18A)	and	fitted	the	Michaelis	Menten	equation	(Equation	1).	This	now	

suggested	 one	 donor	 substrate:	 PBP	 interaction	 was	 required	 for	

transpeptidation	as	expected,	and	produced	a	Km	of	3.44	±	0.71	𝜇M	and	Kcat	of	

0.231	± 	0.009	 s-1	 (Figure	 13.8C).	 Using	 20 	𝜇M	 Lipid	 II	 (acetylated	 DAP)	 as	 a	

donor,	with	MurNAc	5P	(DAP)	as	acceptor,	Y.	pestis	PBP1b	transpeptidation	was	

dependent	on	MurNAc	5P	(DAP)	(Figure	3.18B)	and	fitted	the	Michaelis	Menten	

equation	(Equation	1).	Although	a	full	data	set	could	not	be	attained	for	MurNAc	

5P	(DAP),	as	insufficient	substrate	concentrations	were	available	to	see	a	plateau	

Figure	 3.17	 Effect	 of	 substrate	 concentration	 on	 E.	 coli	 and	 Y.	 pestis	 PBP1b	
glycosyltransferase	activity.	
(A)	 E.	 coli	 PBP1b	 (B)	 and	 Y.	 pestis	 PBP1b	 in	 vitro	 activity,	 shown	 as	 initial	
glycosyltransferase	 rates	 (GT)	 fitted	 to	 two	Michaelis-Menten	models.	 (C)	 Table	 of	
resulting	kinetic	parameters.	Glycosyltransferase	rate	was	assayed	by	the	consumption	
of	fluorescently	labelled	Lipid	II.	Reactions	consisted	of	50	mM	HEPES	pH	7.5,	115	mM	
NaCl,	10	mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	
0.1	mg	ml-1	lysozyme,	varied	concentrations	of	Lipid	II	(dansyl	DAP),	50	nM	PBP1b	and	
2	𝜇M	LpoB.	Data	is	shown	as	mean	±	SD	(n=3).	
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in	Y.	pestis	PBP1b	transpeptidation,	the	data	yielded	a	Km	of	166.80	±	32.53	𝜇M	

and	Kcat	of	1.703	±	0.238	s-1	(Figure	13.8C).	

		

	

3.4	Discussion	and	future	work	
	

3.4.1	Substrate	synthesis	
	

Lipid	II	(dansylated	DAP),	Lipid	II	(acetylated	DAP)	and	MurNAc	5P	(DAP)	were	

successfully	synthesised	enzymatically,	purified,	and	identified	by	negative	ion	

mass	 spectroscopy.	 TLC	 purity	 analysis	 coupled	 with	 negative	 ion	 mass	

spectroscopy	confirmed	the	substrates	were	of	high	purity	due	to	the	absence	of	

any	other	significant	bands	or	peaks,	and	the	purifications	produced	high	yields	

of	 substrates.	 The	 enzymatic	 biosynthesis	 method	 used	 to	 synthesise	 these	

substrates	 was	 successful	 in	 producing	 high	 yields	 of	 pure	 substrates,	 which	

Figure	3.18	Effect	of	substrate	concentration	on	Y.	pestis	PBP1b	transpeptidase	
activity.	
Y.	pestis	PBP1b	in	vitro	activity,	shown	as	initial	transpeptidase	rates	(TP)	utilising	(A)	
Lipid	 II	 (acetylated	 DAP)	 and	 (B)	 MurNAc	 5P	 (DAP),	 fitted	 to	 a	 Michaelis-Menten	
model	(equation	1).	(C)	Table	of	resulting	kinetic	parameters.	Transpeptidase	rate	was	
assayed	using	the	amplex	red	assay	for	D-Ala	release.	Reactions	consisted	of	50	mM	
Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	20	mM	MgCl2,	1%	(v/v)	glycerol,	0.130%	(v/v)	
Triton	X-100,	amplex	red	coupling	reagents,	20	𝜇M	Lipid	II-	5P	(acetylated	DAP),	50	
nM	PBP1b,	2	𝜇M	LpoB,	20	𝜇M	MurNac-	5P,	unless	otherwise	stated.	Data	is	shown	as	
mean	±	SD	(n=3).	
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would	have	been	difficult	to	produce	in	such	quantities	and	purity	by	extraction	

from	bacteria	and	post	extraction	modification	(Van	Heijenoort	et	al.,	1992).	

	

3.4.2	 Limitations	 of	 the	 continuous	 glycosyltransferase	 and	D-

Ala	release	assays	
	

Before	 the	 results	 of	 the	 assay	 optimisations	 are	 discussed	 it	 is	 important	 to	

consider	the	limitations	of	using	non-native	Lipid	II	as	substrates	for	PBP1b.	It	

has	previously	been	established	that	the	use	of	substrates	with	modifications	to	

the	 third	 position	 stem	 peptide	 does	 not	 significantly	 affect	 the	

glycosyltransferase	kinetics	of	E.	coli	PBP1b,	in	the	case	of	dansylation	(Schwartz	

et	al.,	2002)	and	acetylation	(Zhang	et	al.,	2007),	however	no	such	studies	have	

tested	 their	 effect	 on	 Y.	 pestis	 PBP1b,	 hence	 their	 comparability	 to	 native	

substrate	is	unknown.	To	minimise	any	effect	substrate	modifications	may	have	

on	 the	 kinetics,	 modifications	 which	 were	 thought	 to	 cause	 the	 least	 steric	

hindrance	were	chosen.	

	

3.4.2.1	Limitations	of	the	continuous	glycosyltransferase	assay	

	

The	continuous	glycosyltransferase	assay	follows	the	decrease	in	fluorescence	of	

the	dansyl	group	(attached	to	the	third	position	DAP	of	Lipid	II),	due	to	a	change	

in	its	micelle	environment.	As	Lipid	II	is	polymerised	into	glycan	chains	by	PBP1b	

the	dansyl	group	is	in	a	hydrophobic	micellar	environment,	subsequent	digestion	

of	the	glycan	chains	by	lysozyme	then	transfers	the	dansyl	group	into	an	aqueous	

environment	due	to	the	muropeptide	produced	being	soluble	(Pompliano	et	al.,	

1992;	 Schwartz	 et	 al.,	 2002).	 It	 is	 known	 that	 lysozyme	 recognises	

heptasaccharide	 units	 as	 it’s	 preferential	 substrate	 and	 cleaves	 off	

tetrasaccharides	from	heptasaccharides	(Vocadlo	et	al.,	2001),	however	it	is	not	

known	how	lysozyme	interacts	with	a	growing	glycan	chain.	The	major	limitation	

to	 this	 assay	 is	 that	 it	 is	 not	 quantifiable	 in	 terms	of	 the	 fluorescence	 change	

directly	measuring	 substrate	 loss	 or	 product	production.	 Schwartz	 et	 al.	 have	

shown	that	Lipid	II	was	fully	converted	into	muropeptides	by	E.	coli	PBP1b	and	
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lysozyme,	 by	 accompanying	 this	 assay	 with	 a	 parallel	 HPLC	 analysis	 (2002),	

however	this	should	not	be	assumed	for	different	enzymes	or	buffer	conditions.	

No	parallel	analysis	to	confirm	full	conversion	of	Lipid	II	to	muropeptides	was	

performed	in	this	project,	hence	full	conversion	was	not	assumed	and	therefore	

Kcat	measurements	could	not	be	extracted	from	the	data.	

	

To	overcome	this	limitation	another	method	for	measuring	glycosyltransferase	

activity	 was	 tested.	 This	 method	 quantitatively	 measures	 the	 production	 of	

pyrophosphate	 with	 an	 antibody	 sensor,	 and	 has	 previously	 been	 used	 to	

continuously	follow	E.	coli	PBP1b	glycosyltransferase	activity	(King	et	al.,	2017).	

However,	when	tested	the	pyrophosphate	antibody	sensor	was	found	not	to	be	

specific	 for	 free	 pyrophosphate,	 but	 also	 bound	 the	 pyrophosphate	moiety	 of	

Lipid	II,	rending	the	assay	ineffective,	as	the	sensor	could	bind	both	the	substrate	

and	product	causing	no	overall	fluorescence	change.	

	

Due	 to	 the	 failure	of	 the	pyrophosphate	assay	 to	measure	glycosyltransferase	

activity	 quantitatively,	 the	 continuous	 fluorescence	 glycosyltransferase	 assay	

should	 be	made	 quantitative.	 This	 could	 be	 achieved	 by	 separating	 the	 assay	

products	by	anion-exchange	HPLC	to	investigate	if	all	Lipid	II	was	converted	into	

muropeptides	(Schwartz	et	al.,	2002),	or	extracting	the	undecaprenyl	phosphate	

produced	 by	 TLC	 and	 quantifying	 it	 by	 the	 phosphate	 release	 assay	 or	 mass	

spectroscopy	 (Mesleh	et	al.,	 2016).	 If	 this	 is	 the	 case,	 the	 fluorescence	 change	

could	be	converted	to	a	known	concentration	of	substrate	lost.		

	

3.4.2.2	Limitations	of	the	continuous	D-Ala	release	assay	

	

The	continuous	D-Ala	release	assay	follows	the	release	of	D-Ala,	firstly	with	the	

transpeptidase	donor	only	substrate	present,	allowing	the	rate	of	D-Ala	release	

from	carboxypeptidation	to	be	monitored,	then	with	the	addition	of	an	acceptor	

only	transpeptidase	substrate	the	rate	of	D-Ala	release	due	to	transpeptidation	

and	 carboxypeptidation	 can	 be	 monitored.	 In	 order	 to	 calculate	 the	 rate	 of	

transpeptidase	activity	only,	the	rate	of	D-ala	release	from	carboxypeptidation	is	

subtracted	 from	 the	 rate	 of	 D-ala	 release	 from	 carboxypeptidation	 and	
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transpeptidation	 combined	 (TP	 rate=	 (TP+CP	 rate)-	 CP	 rate).	 However,	 this	

assumes	 that	 the	 rate	 of	 carboxypeptidation	 stays	 constant	 even	 though	

transpeptidation	 is	 now	 also	 occurring.	 Although	 this	 is	 an	 assumption,	 the	

assumed	carboxypeptidation	rate	in	the	presence	of	a	transpeptidase	acceptor	

only	substrate	is	likely	accurate	or	an	overestimation,	as	the	carboxypeptidation	

rate	 is	 unlikely	 to	 increase	 in	 the	 presence	 of	 a	 transpeptidase	 acceptor	 only	

substrate,	 as	 there	 is	 now	 competition	 for	 the	 donor	 peptide.	 Therefore,	 the	

calculated	transpeptidation	only	rate	is	most	likely	an	underestimation.	

	

To	investigate	if	this	assumption	is	correct	LCMS	could	be	carried	out	to	quantify	

the	 amount	 of	 carboxypeptidation	 product	 in	 the	 absence	 and	 presence	 of	

MurNAc	5P	(DAP).	Alternatively,	the	assay	products	could	be	separated	and	the	

carboxypeptidation	 product	 quantified	 by	 reverse-phase	HPLC	 in	 the	 absence	

and	presence	of	MurNAc	5P	(DAP)	(Glauner	and	Entwi,	1988;	Ropy	et	al.,	2015;	

Peters	et	al.,	2018).	

	

3.4.3	 Lipid	 II	 (dansylated	 DAP),	 Lipid	 II	 (acetylated	 DAP)	 and	

MurNAc	5P	(DAP)	as	substrates	for	Y.	pestis	PBP1b	
	

Y.	 pestis	 PBP1b	was	 successfully	 able	 to	 utilise	 Lipid	 II	 (dansylated	DAP)	 and	

Lipid	II	(acetylated	DAP)	as	glycosyltransferase	substrates,	and	MurNAc	5P	DAP	

as	a	transpeptidase	acceptor	only	substrate.		

The	K0.5	values	of	6.96	±	0.48	𝜇M	calculated	for	E.	coli	PBP1b	transglycosylation	

and	11.19	±	3.01	𝜇M	for	Y.	pestis	PBP1b	transglycosylation	using	fluorescently	

labelled	(dansylated)	Lipid	II	are	consistent	with	previous	studies	determining	E.	

coli	PBP1b	to	have	a	Km	of	2.5	𝜇M	(Schwartz	et	al.,	2002)	and	18.3	±	4.05	𝜇M	(Sung	

et	al.,	2009)	with	 fluorescently	labelled	substrate,	which	 indicate	that	Y.	pestis	

PBP1b	has	comparable	affinity	 for	 the	substrate	as	E.	coli.	The	Km	for	Y.	pestis	

PBP1b	donor	 transpeptidation	using	unlabelled	Lipid	 II	 (acetylated	DAP)	was	

3.44	 ±	 0.71	𝜇M,	 and	 the	 Kcat	 0.239	 ±	 0.009	 s-1,	 which	 is	 also	 consistent	with	

previous	findings	determining	the	Km	of	E.	coli	PBP1b	with	unlabelled	or	radio-

labelled	Lipid	II	to	be	between	2.0	and	14.42	𝜇M,	and	Kcat	to	be		between	0.07	and	
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0.238	s-1	(Terrak	et	al.,	1999;	Chen	et	al.,	2003;	King	et	al.,	2017;	Catherwood	et	

al.,	2019).	

The	data	obtained	for	the	response	to	varied	MurNAc	5P	(DAP)	concentrations	

should	not	be	assumed	as	accurate,	as	inadequate	substrate	concentrations	were	

tested	to	reach	a	plateau	in	activity.	However,	the	data	collected	accurately	fitted	

a	Michaelis-menten	model	 and	produced	a	Km	of	166.80	±	32.53	𝜇M	which	 is	

significantly	higher	than	any	other	substrate	tested,	suggesting	Y.	pestis	PBP1b	

has	the	lowest	affinity	for	this	substrate.	This	agrees	with	Catherwood	et	al.	who	

also	found	E.	coli	PBP1b	to	have	the	lowest	affinity	for	MurNAc	5P	(DAP)	(Km=	

42.97	±	8.19	𝜇M)	out	of	all	the	acceptor	only	substrates	tested	(2019).	The	Kcat	

value	 extracted	 for	MurNAc	 5P	 (DAP)	was	 1.703	 ±	 0.238	 s-1	 which	 is	 also	 in	

agreement	with	Catherwood	et	al.	who	found	E.	coli	PBP1b	to	have	a	Kcat	of	1.863	

±	0.210	s-1	(2019),	suggesting	Y.	pestis	is	able	to	turnover	this	substrate	as	quickly	

as	E.	coli.	In	order	to	confirm	these	results	are	accurate	further	concentrations	of	

MurNAc	5P	(DAP)	should	be	tested	until	a	plateau	in	activity	is	seen.	

	

Previous	studies	have	compared	the	calculated	in	vitro	affinity	of	PBPs	to	their	

substrate	 and	 compared	 them	 to	 in	 vivo	 concentrations	 of	 substrates.	 Van	

Heijenoort	et	al.	calculated	the	number	of	Lipid	II	molecules	per	E.	coli	cell	to	be	

1000-2000	(1992),	which	equate	to	a	cellular	concentration	significantly	lower	

than	the	calculated	Km	for	E.	coli	or	Y.	pestis	PBP1b.	It	is	however	important	to	

consider	that	Lipid	II	is	likely	to	be	sequestered	to	specific	membrane	locations,	

therefore	the	local	concentration	seen	by	PBP1b	is	likely	very	high.	There	is	also	

a	large	discrepancy	between	the	Kcat	values	extracted	from	in	vitro	experiments	

compared	 to	 calculated	number	of	reactions/second/PBP	required	 to	support	

the	 growth	 and	 division	 of	 E.	 coli.	 For	 example	 it	 is	 estimated	 that	 5	

glycosyltransferase	and	2	transpeptidase	reactions	must	occur	per	second	per	

PBP1b	(Galley	et	al.,	2014),	whereas	the	Kcat	values	calculated	for	Y.	pestis	PBP1b	

and	previous	work	are	significantly	less.	This	is	unsurprising	given	the	removal	

of	 the	enzyme	 from	 its	native	environment	and	 interacting	partners,	however	

more	biologically	relevant	assay	systems	are	not	currently	available.	
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3.4.4	Effect	of	buffer	conditions	on	Y.	pestis	PBP1b	activity	
	

Y.	 pestis	 PBP1b	 was	 most	 active	 between	 pH	 7.5-9.5,	 with	 activity	 rapidly	

decreasing	 after	 this,	 agreeing	 with	 previous	 data	 of	 E.	 coli	 PBP1b	 activity	

(Schwartz	et	al.,	2002).	The	E.	coli	periplasm	has	been	shown	to	have	a	native	pH	

of	7.5-7.6,	however	the	pH	was	shown	to	have	a	slow	recovery	when	the	external	

environmental	pH	changed	(Wilks	and	Slonczewski,	2007).	Y.	pestis	over	its	life	

cycle	will	 encounter	a	wide	 range	of	 external	pH	values,	 including	 the	human	

intestinal	 tract	 pH	4.5-9.0	 (Jonge	 et	 al.,	 2003),	 human	macrophage	 pH	5.0-7.5	

(Canton	et	al.,	2014)	and	decaying	corpse	~pH	4.0	(Easterday	et	al.,	2012),	hence	

it	would	be	advantageous	for	Y.		pestis	PBP1b	to	be	active	over	a	wide	pH	range	

as	seen.	

	

Previous	 studies	 have	 published	 contradictory	 results	 regarding	 the	 effect	 of	

detergent	and	DMSO	concentration	on	E.	coli	PBP1b	activity.	The	most	consistent	

findings	 suggest	 DMSO	 aids	 rapid	 exchange	 of	 Lipid	 II	 between	 micelles	 at	

otherwise	inhibitory	high	detergent	concentrations	(Schwartz	et	al.,	2002;	Offant	

et	al.,	2010;	Helassa	et	al.,	2012;	Egan	and	Vollmer,	2016),	however	DMSO	has	a	

negative	 impact	 on	 the	 ability	 of	 LpoB	 to	 activate	 PBP1b	 (Egan	 and	 Vollmer,	

2016).	 Optimum	 Y.	 pestis	 PBP1b	 activity	 conditions	 clarify	 these	 findings	 by	

indicating	 that	 high	 DMSO	 concentrations,	 weakening	 the	 LpoB-PBP1b	

interaction,	 has	 a	 greater	 inhibitory	 effect	 on	 PBP1b	 activity	 than	 the	 high	

detergent	concentration	needed	in	the	absence	of	DMSO.	Unfortunately,	DMSO	

could	 not	 be	 fully	 excluded	 from	 the	 continuous	 glycosyltransferase	 assay	 as	

previous	work	(Galley	N	&	Rowland	C,	personal	communication),	along	with	this	

study,	found	DMSO	was	needed	to	visualise	the	dansyl	group	fluorescence,	hence	

a	 low	 DMSO	 concentration	 (10%)	 was	 used	 to	 aid	 fluorescence	 visualisation	

while	minimising	its	inhibitory	effect	on	PBP1b	transglycosylase	activity.	

	

This	study	highlighted	the	detrimental	effect	of	NaCl	on	PBP1b	transpeptidase	

activity	(detailed	in	5.3.5.1),	and	it	is	still	unknown	whether	NaCl	effects	PBP1b	

activity	directly	or	it’s	activation	by	LpoB.	To	investigate	this	a	mutation	to	the	

UB2H	domain	of	PBP1b	could	be	made	to	simulate	LpoB	activation	(detailed	in	
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5.3.2.1)	and	its	activity	measured	in	low	and	high	salt	concentrations,	in	order	to	

establish	if	the	inhibitory	effect	of	NaCl	is	on	the	PBP1b-LpoB	interaction.	

	

3.4.5	 Effect	 of	 protein	 and	 inhibitor	 concentration	on	Y.	 pestis	

PBP1b	activity	
	

Once	optimal	buffer	conditions	for	Y.	pestis	PBP1b	activity	were	established,	the	

assays	were	validated.	As	expected	there	was	a	linear	relation	between	PBP1b	

concentration	 and	 activity	 and	 the	 concentration	 of	 LpoB	 needed	 to	 gain	

maximum	PBP1b	activity	was	also	determined	to	be	1.5	𝜇M,	30x	greater	than	the	

PBP1b	 concentration.	 Data	 suggests	 E.	 coli	 PBP1b-LpoB	 bind	 in	 a	 1:1	

stoichiometry	in	vitro,	and	there	in	vivo	copy	numbers	have	also	been	found	to	be	

very	similar,	PBP1b	1000	and	LpoB	2300	molecules	per	cell	(Typas	et	al.,	2010).	

To	ensure	full	PBP1b	activation	by	LpoB	in	vivo	the	proximity	of	the	two	proteins	

at	the	surface	of	the	extracellular	face	of	the	membrane	will	be	key.	 Indeed,	in	

vivo	it	is	known	that	peptidoglycan	synthesis	occurs	in	“hotspots”	where	all	the	

necessary	 proteins	 localise	 to	 create	 a	 multi-protein	 complex,	 hence	 the	

proximity	of	the	two	proteins	is	likely	a	lot	closer	than	in	vitro.	

	

To	 validate	 the	 assay	 setup	 for	 inhibitors,	 ampicillin	 was	 tested	 as	 a	

transpeptidase	inhibitor.	An	IC50	value	of	25.77	±	3.64	𝜇M	was	established	for	Y.	

pestis	PBP1b	which	is	comparable	to	that	obtained	for	E.	coli	PBP1b	inhibition,	

22.0	±	1.8	𝜇M	(King	et	al.,	2017),	suggesting	Y.	pestis	PBP1b	is	just	as	susceptible	

to	ampicillin	as	E.	coli.
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3.4.6	Future	work	
	

In	addition	to	the	further	work	that	has	been	generated	from	the	results	in	this	

chapter	 discussed	 above,	 the	 development	 of	 a	 functional	 assay	 for	 Y.	 pestis	

PBP1b	 enables	 further	 investigation	 into	 its	 function	 and	 protein-protein	

interactions.	

	

The	 evidence	 from	 this	 chapter	 suggests	Y.	 pestis	 PBP1b	 is	more	 sensitive	 to	

substrate	variations	than	E.	coli	PBP1b,	even	though	most	other	aspects	of	their	

enzymology	are	very	similar.	Modelling	the	structure	of	Y.	pestis	PBP1b	on	the	

crystal	 structure	 of	 E.	 coli	 PBP1b	 may	 reveal	 structural	 differences	 which	

rationalise	these	substrate	and	kinetic	differences,	as	their	sequences	differ	by	

only	30%.	Although	the	exact	residues	which	interact	with	the	two	substrates	are	

unknown,	the	binding	of		𝛽-lactams	to	PBPs	have	identified	three	motifs	thought	

to	be	important	in	binding.	The	first	motif	containing	the	active	site	serine,	SXXK	

is	conserved	in	E.	coli	and	Y.	pestis	PBP1b,	along	with	the	second	and	third	motifs,	

SXN	 (S572	 in	E.	 coli)	 and	KTGT	 (K698	 in	E.	 coli)	 respectively	 (Sauvage	 et	 al.,	

2008),	suggesting	other	non-conserved	residues	are	involved	in	the	differential	

substrate	recognition.	Investigating	the	affinity	of	Y.	pestis	PBP1b	for	other	donor	

and	acceptor	only	substrates	using	the	assays	developed	in	this	chapter	will	also	

increase	our	understanding	on	why	Y.	pestis	PBP1b	is	more	sensitive	to	substrate	

modifications.	Crystallography	of	Y.	pestis	PBP1b	protein	was	attempted	with	no	

success.	

	

It	 is	 also	 unknown	 for	 all	 bifunctional	 PBP’s	 if	 the	 rate	 of	 glycosyltransferase	

activity	governs	the	rate	of	transpeptidase	activity,	as	it	is	hypothesised	that	the	

growing	glycan	chain	may	be	directed	from	the	glycosyltransferase	site	into	the	

transpeptidation	active	site.	This	question	highlights	the	need	for	a	continuous	

glycosyltransferase	assay	which	utilises	native	Lipid	II	substrates.	However,	in	

the	 absence	 of	 such	 assay	 the	 glycosyltransferase	 rate	 could	 be	 measured	 in	

continuous	 fluorescence	 assay	 in	 the	 presence	 of	 MurNAc	 5P.	 If	 the	 growing	

glycan	 chain	 does	 get	 directed	 from	 the	 glycosyltransferase	 site	 to	 the	
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transpeptidase	site	the	presence	of	MurNAc	5P	in	the	transpeptidase	active	site	

would	likely	slow	glycosyltransferase	activity.	

	

PBPs	are	known	to	interact	with	other	PBPs,	as	well	as	regulatory	proteins	in	the	

elongasome	 and	 divisome	 complexes	 formed	 during	 peptidoglycan	 synthesis	

(Typas	 et	 al.,	 2012).	 The	 ultimate	 aim	of	 the	assay	 systems	developed	 in	 this	

chapter	is	to	reconstitute	the	cell	wall	synthesis	complex	in	vitro.	Hence,	these	

assays	are	an	excellent	tool	to	enable	the	effect	of	interacting	proteins	on	PBP1b	

function	 to	 be	 defined,	 ultimately	 increasing	 our	 understanding	 of	 how	

peptidoglycan	synthesis	is	controlled	and	coordinated	(discussed	in	chapter	4).	

	

Most	importantly	the	assays	developed	in	this	chapter	are	an	excellent	platform	

to	test	and	screen	novel	inhibitors,	with	the	assays	already	being	validated	for	

high-throughput	use.	The	 continuous	glycosyltransferase	assay	was	optimised	

for	a	384-well	 format	 in	 this	study	and	the	D-Ala	release	assay	has	previously	

been	optimised	for	a	1536-well	format	(Walkowiak,	2017).	

	

3.5	Conclusions	
	

This	 study	 has	 seen	 the	 first	 observations	 of	Y.	 pestis	 PBP1b	 activity	 in	 vitro,	

enabled	by	the	successful	biosynthesis	of	Y.	pestis	PBP1b	substrates,	as	well	as	

the	 cloning,	 expression	 and	 purification	 of	 all	 the	 necessary	 proteins.	 This	

allowed	 the	optimal	 conditions	 for	Y.	pestis	 PBP1b	activity	 to	be	developed	 in	

continuous	 glycosyltransferase	 and	 transpeptidase	 assays.	 The	 kinetic	

parameters	of	Y.	pestis	PBP1b	were	determined	and	the	assays	were	validated	

for	inhibitor	testing.	The	results	in	this	chapter	confirm	Y.	pestis	PBP1b	is	more	

sensitive	to	substrate	modifications	than	E.	coli	PBP1b,	although	other	aspects	of	

its	 enzymology,	 including	optimal	buffer	 conditions	 for	activity,	 are	extremely	

similar.
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Chapter	4.	Investigation	of	glycan	chain	cleavage	
	

4.1	Introduction	
	

4.1.1	Glycosyltransferase	activity	
	

In	 vitro	 glycosyltransferase	 activity	 is	 well	 reported	 in	 the	 literature	 for	

bifunctional	 PBPs	 (Barrett	 et	 al.,	 2005;	 Born	 et	 al.,	 2006;	 Offant	 et	 al.,	 2010;	

Helassa	 et	 al.,	 2012;	 Egan	 et	 al.,	 2018),	 mono-functional	 glycosyltransferases	

(Terrak	and	Nguyen-Distèche,	2006)	and	SEDS	proteins	 (Taguchi	et	al.,	 2019;	

Welsh	et	al.,	2019)	from	multiple	Gram-positive	and	-negative	bacteria.	The	most	

commonly	used	 in	vitro	methods	to	measure	glycosyltransferase	activity	are	a	

continuous	fluorescence	assay,	using	dansylated	Lipid	II	(Schwartz	et	al.,	2002)	

(discussed	 in	 chapter	 3),	 the	 separation	 of	 dansylated	 or	 radioactive	 glycan	

chains	by	Tris-tricine	SDS-PAGE	analysis	(Schägger	and	von	Jagow,	1987;	Barrett	

et	al.,	2007;	Helassa	et	al.,	2012)	(discussed	in	this	chapter),	and	two	quantitative	

undecaprenyl	 pyrophosphate	 detection	 assays,	 one	 using	 high-throughput	

“rapid	fire”	MSMS	(Mesleh	et	al.,	2016)	and	the	other	an	antibody	sensor	(King	et	

al.,	2017).	These	methods	have	established	that	the	general	catalytic	mechanism	

of	peptidoglycan	synthesising		glycosyltransferases	is	to	add	Lipid	II	monomers	

to	the	reducing	end	of	the	growing	glycan	chain	(Perlstein	et	al.,	2007;	Welsh	et	

al.,	 2019),	 and	 each	 glycosyltransferase	 polymerises	 a	 characteristic	 intrinsic	

length	of	glycan	chain,	which	is	independent	of	enzyme:substrate	ratios	(Wang	

et	al.,	2008).	The	requirement	of	metal	ions	for	functionality	is	also	a	feature	of	

many	glycosyltransferases	(Schwartz	et	al.,	2002;	Terrak	and	Nguyen-Distèche,	

2006).	

	

4.1.2	SDS-PAGE	glycosyltransferase	assay		
	

To	complement	the	continuous	fluorescent	glycosyltransferase	assay	optimised	

in	 chapter	 3,	 this	project	 also	used	 an	 SDS-PAGE	 analysis	method	 to	 visualise	

fluorescently	 labelled	 glycosyltransferase	 reaction	 products,	 providing	
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qualitative	 data	 on	 the	 length	 of	 glycan	 chains	 produced.	 Like	 the	 continuous	

fluorescence-based	assay,	the	SDS-PAGE	assay	uses	dansylated	Lipid	II	which	is	

polymerised	into	glycan	chains	by	PBP1b.	These	glycan	chains	have	a	net	negative	

charge	and	can	be	separated	by	size	via	SDS-PAGE	before	visualisation	(Schägger	

and	 von	 Jagow,	 1987;	 Helassa	 et	 al.,	 2012)	 (Figure	 4.1).	 However,	 the	

disadvantage	of	this	technique	is	the	lack	of	suitable	standards	of	glycan	chain	

length	for	comparison.	

	

4.2	Experimental	aims	
	

• To	characterise	E.	coli	PBP1b	glycan	chain	polymerisation.	

• To	analyse	the	stability	of	glycan	chains.	

• To	determine	the	impact	of	environmental	factors,	such	as	metal	ions,	on	

glycan	chain	stability.	

• To	determine	 the	 impact	 of	 cross-linking	 on	 glycan	 chain	 stability	 and	

structure.

Figure	4.1.	In	vitro	SDS-PAGE	glycosyltransferase	assay	principle.	
Lipid	II	(dansylated	DAP)	is	polymerised	into	glycan	chains	by	PBP1b.	The	glycan	chains	
are	then	separated	by	SDS-PAGE.	
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4.3	Results	
	

4.3.1	 Initial	 observations	 of	 glycan	 chain	polymerisation	by	E.	

coli	PBP1b	
	

In	 chapter	 3,	 optimal	 PBP1b	 glycosyltransferase	 conditions	 in	 terms	 of	 pH,	

detergent	and	DMSO	concentration,	were	established,	 and	 these	were	used	 to	

visualise	 glycan	 chains	 polymerised	 by	 E.	 coli	 PBP1b	 in	 this	 chapter.	 A	

transpeptidase	inactive	mutant	of	E.	coli	PBP1b	S510A	was	used	for	some	of	this	

work	 (kindly	 gifted	 by	 D.	 Bellini	 (Warwick)),	 made	 by	 mutating	 the	

transpeptidase	active	site	serine	to	an	alanine.	

	

As	expected	from	the	initial	results	of	the	continuous	glycosyltransferase	assay	

(section	 3.3.5),	 glycan	 chains	 accumulated	over	 time	when	 visualised	 by	 SDS-

PAGE	analysis,	seen	by	the	disappearance	of	the	Lipid	II	band	(Figure	4.2).	PBP1b	

glycosyltransferase	 rate	 is	 known	 to	 be	 affected	 by	 metal	 ion	 concentration	

(Schwartz	et	al.,	2002;	Barrett	et	al.,	2004),	and	we	also	found	this	observation	to	

be	 true.	 Not	 only	 did	 the	 MgCl2	 concentration	 affect	 the	 rate	 of	 Lipid	 II	

polymerisation,	 it	also	affected	the	 length	of	glycan	chains	produced	by	E.	coli	

PBP1b,	seen	by	the	longer	glycan	chains	being	polymerised	with	increasing	MgCl2	
concentration	 (Figure	4.2).	This	 increase	 in	glycan	chain	 length	was	also	 seen	

with	MnCl2	and	NiCl2,	while	increasing	CuCl2	and	ZnCl2	concentration	inhibited	

PBP1b	activity	(Appendix	9.2).	
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Interestingly,	the	length	of	polymerised	glycan	chains	decreased	with	time.	This	

observation	was	more	evident	in	the	lower	MgCl2	conditions,	due	to	the	enhanced	

separation	 of	 the	 shorter	 glycan	 chains.	 This	 observation	was	 surprising	 and	

prompted	the	work	carried	out	in	this	chapter.	

	

4.3.2	 Establishing	 if	 the	 decrease	 in	 glycan	 chain	 length	 is	

enzymatic	
	

4.3.2.1	 Establishing	 if	 the	 length	 of	 glycan	 chains	 polymerised	by	E.	 coli	

PBP1b	decrease	with	Lipid	II	abundance	

	

It	was	possible	that	E.	coli	PBP1b	may	polymerise	shorter	glycan	chains	as	the	

availability	of	Lipid	II	decreases.	To	investigate	this	a	longer	time	course	of	glycan	

Figure	4.2	E.	coli	PBP1b	glycan	chain	accumulation	over	2	hours.	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	the	fluorescence	of	the	dansyl	group	labelling	the	
stem	peptide.	Reactions	 consisted	of	 50	mM	Bis-Tris	propane	pH	8.5,	 15	mM	NaCl,	
varied	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	10	𝜇M	
Lipid	II	(dansyl	DAP),	50	nM	E.	coli	PBP1b	S510A,	2	𝜇M	LpoB	and	5	𝜇M	moenomycin	
(Moen)	as	a	control.	Representative	gel	of	two	independent	experiments.	
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chain	polymerisation	was	carried	out,	to	observe	if	the	length	of	glycan	chains	

continued	to	decrease	after	all	the	Lipid	II	had	been	polymerised.	Indeed,	this	was	

the	case	(Figure	4.3),	suggesting	the	decrease	in	glycan	chain	length	is	not	due	to	

a	 reduction	 in	 the	 transglycosylase	 processivity	 of	 E.	 coli	 PBP1b	 S510A,	 and	

therefore	glycan	chain	length	diminution	was	due	to	glycan	chain	cleavage.	

	

Moenomycin	 was	 also	 observed	 to	 distort	 the	 Lipid	 II	 band.	 On	 further	

investigation	 this	 effect	was	 found	 to	 be	 protein	 independent	 (Appendix	 9.3),	

suggesting	moenomycin	may	be	able	to	bind	Lipid	II	and	affect	its	migration	by	

SDS-PAGE	analysis.	As	moenomycin	was	only	being	used	as	a	control	to	inhibit	

polymerisation	of	Lipid	II	the	band	distortion	was	ignored.	

	

	

Figure	4.3	E.	coli	PBP1b	glycan	chain	accumulation	over	120	hours.	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	the	fluorescence	of	the	dansyl	group	labelling	the	
stem	peptide.	Reactions	 consisted	of	 50	mM	Bis-Tris	propane	pH	8.5,	 15	mM	NaCl,	
varied	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	10	𝜇M	
Lipid	II	(dansyl	DAP),	50	nM	E.	coli	PBP1b	S510A,	2	𝜇M	LpoB	and	5	𝜇M	moenomycin	
(Moen)	as	a	control.	Representative	gel	of	two	independent	experiments.	
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4.3.2.2	Establishing	if	glycan	chain	cleavage	occurs	with	wild	type	PBP1b	

	

Next,	we	investigated	if	the	glycan	chain	cleavage	also	occurred	with	wild	type	

PBP1b.	Wild	type	E.	coli	PBP1b	(46-844)	(a	longer	version	than	the	E.	coli	PBP1b	

S510A	(58-804)	mutant	used	in	this	work	so	far)	was	kindly	gifted	by	A.	Lloyd	

(Warwick),	 to	 eliminate	 any	 effects	 the	 transpeptidase	 inactive	mutation	may	

have,	but	also	the	truncation	to	the	protein	 length.	Glycan	chains	produced	by	

both	wild	type	E.	coli	PBP1b	(46-844)	(Figure	4.4)	and	Y.	pestis	PBP1b	(61-803)	

(data	not	shown)	were	cleaved,	confirming	that	 the	cleavage	 is	not	due	to	the	

transpeptidation	inactivating	mutation	or	specific	to	E.	coli	PBP1b.	

	

Figure	4.4	E.	coli	PBP1b	glycan	chain	cleavage	occurs	with	wild	type	E.	coli	PBP1b.	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	the	fluorescence	of	the	dansyl	group	labelling	the	
stem	peptide.	Reactions	 consisted	of	 50	mM	Bis-Tris	propane	pH	8.5,	15	mM	NaCl,	
varied	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	10	𝜇M	
Lipid	II	(dansyl	DAP),	50	nM	E.	coli	PBP1b	(46-844),	2	𝜇M	LpoB	and	5	𝜇M	moenomycin	
(Moen)	as	a	control.	Representative	gel	of	two	independent	experiments.	
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4.3.2.3	 Establishing	 if	 glycan	 chain	 cleavage	 is	 inhibited	 by	 protein	

denaturation	

	

Our	next	hypothesis	was	that	the	protein	samples	could	be	contaminated	with	a	

muramidase,	potentially	lysozyme	(which	was	used	in	the	first	step	of	the	protein	

purification	protocol)	or	another	peptidoglycan	cleaving	enzyme,	such	as	a	lytic	

transglycosylase.	To	test	this	hypothesis	polymerisation	was	allowed	to	proceed	

for	 2	 hours,	 the	 reaction	 was	 then	 heated	 at	 95	 °C	 for	 10	 or	 30	 minutes,	

denaturing	any	proteins	which	may	be	causing	the	glycan	chain	cleavage,	and	left	

for	a	further	2	hours	to	see	if	cleavage	occurred.	Intriguingly,	we	found	the	glycan	

chains	were	still	subject	to	cleavage	after	heat	treatment,	and	the	further	addition	

of	more	PBP1b	or	LpoB	to	the	reaction	had	no	effect	(Figure	4.5B).	To	confirm	

the	denaturation	of	proteins	at	95	°C,	polymerisation	did	not	occur	in	the	samples	

heated	at	95	°C	before	polymerisation	was	initiated	with	Lipid	II.	These	results		

suggest	that	the	cleavage	is	independent	of	active	proteins	in	the	reaction	and	

therefore	it	is	unlikely	to	be	enzymatic	cleavage	of	the	glycan	chains.
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4.3.2.4	 Establishing	 if	 glycan	 chain	 cleavage	 is	 inhibited	 by	 protein	

digestion	

	

To	support	the	finding	that	the	glycan	chain	cleavage	observed	was	not	due	to	

protein	sample	contamination	with	a	muramidase,	the	polymerisation	reaction	

was	 also	 treated	with	 Pronase	 E,	 a	mixture	 of	 proteases	 that	 hydrolyse	 glyco	

protein	peptide	linkages,	30	minutes	before	polymerisation	initiation,	or	an	hour	

after	 initiation,	 and	 left	 for	a	 further	24	hours	 to	allow	cleavage	 to	occur.	The	

Pronase	 E	 treated	 glycan	 chains	were	 cleaved	 to	 the	 same	 extent	 as	 the	 non-

treated	glycan	chains,	whereas	the	sample	treated	with	Pronase	E	30	minutes	

prior	to	polymerisation	initiation	failed	to	exhibit	any	transglycosylase	activity	

Figure	4.5	Glycan	chain	cleavage	after	thermal	denaturation	of	the	polymerisation	
reaction.	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	the	fluorescence	of	the	dansyl	group	labelling	the	stem	
peptide.	(A)	Reaction	was	heated	before	polymerisation	was	initiated	with	Lipid	II	for	2	
hours,	(B)	Reaction	was	heated	after	2	hours	of	polymerisation.	Reactions	consisted	of	
50	mM	Bis-Tris	propane	pH	8.5,	15	mM	NaCl,	2	mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	
glycerol,	0.130%	(v/v)	Triton	X-100,	10	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	E.	coli	PBP1b	
S510A	and	2	𝜇M	LpoB.	With	the	addition	of	250	nM	E.	coli	PBP1b	S510A	and	2	𝜇M	LpoB	
where	stated.	Heated	at	95	°C.	Representative	gel	of	two	independent	experiments.	
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(Figure	4.6),	confirming	that	Pronase	E	successfully	cleaved	the	proteins	in	the	

reaction	and	that	cleavage	is	not	dependent	on	intact	proteins.	

	

4.3.2.5	 LCMS	 of	 E.	 coli	 PBP1b	 and	 LpoB	 samples	 for	 the	 presence	 of	

contaminating	hydrolases 

	

To	 discount	 the	 possibility	 that	 the	 observed	 glycan	 chain	 cleavage	 was	 a	

consequence	of	a	yet	unidentified	lytic	hydrolase	enzyme,	 the	protein	samples	

used	 in	 the	 assays	were	 analysed	 by	mass	 spectroscopy.	 The	most	 abundant	

protein	 in	 the	 samples	were	E.	 coli	 PBP1b	and	LpoB,	 and	no	muramidases	or	

other	peptidoglycan	cleaving	enzymes	were	 identified	(Appendix	9.4	and	9.5),	

suggesting	that	the	glycan	chain	cleavage	observed	was	most	likely	chemical,	and	

not	enzymatic	cleavage.	

Figure	4.6	E.	coli	PBP1b	glycan	chain	cleavage	after	proteolytic	cleavage.	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	the	fluorescence	of	the	dansyl	group	labelling	the	
stem	peptide.	24	hour	reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	15	mM	
NaCl,	2	mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	10	
𝜇M	Lipid	II	(dansyl	DAP),	50	nM	E.	coli	PBP1b	S510A,	2	𝜇M	LpoB	and	1	mg/mL	Pronase	
E	(Sigma)	where	stated	(n=1).	
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4.3.3	Establishing	 if	 glycan	chain	cleavage	 is	due	 to	 the	dansyl	

group	

	

4.3.3.1	Establishing	if	glycan	chain	cleavage	is	due	to	the	clickable	dansyl	

group	

	

We	 considered	 the	 possibility	 that	 the	 dansyl	 fluorescent	 group	 could	 have	

caused	 the	 glycan	 chains	 to	 undergo	 cleavage.	 We	 first	 assessed	 if	 the	 click	

chemistry	dansylation	method	used	to	synthesise	the	Lipid	II	(dansylated	DAP)	

used	in	this	work,	had	an	effect	on	the	cleavage,	where	Lipid	II	synthesised	via	

the	 normal	 dansylation	 method	 would	 not	 be	 subject	 to	 such	 instability	

(Schwartz	 et	 al.,	 2002).	 However,	 glycan	 chains	 produced	 from	 Lipid	 II	

(dansylated	 Lys)	 (kindly	 gifted	 by	 R.	 Cain	 (Warwick),	 dansylated	 in	 the	

traditional	method)	were	also	cleaved	(Figure	4.7).	



	 112	

	

4.3.3.2	LCMS	of	dansylated	and	non-dansylated	cleaved	glycan	chains	

	

To	investigate	if	the	glycan	chains	produced	from	non-dansylated	Lipid	II	(DAP)	

were	also	sensitive	to	cleavage	we	employed	LCMS	analysis,	as	in	the	absence	of	

the	 fluorescent	 group	 the	 glycan	 chains	 could	 not	 be	 visualised	 by	 SDS-PAGE	

analysis.	

	

To	confirm	the	cleaved	glycan	chains	could	be	seen	by	LCMS,	we	first	analysed	

dansylated	cleaved	glycan	chains.	LCMS	detected	m/z	values	for	GlcNAc	MurNAc	

5P	(dansylated	DAP),	GlcNAc	1,6-anhydro	MurNAc	5P	(dansylated	DAP),	and	the	

glycan	chain	products	(GlcNAc	MurNAc	5P	(dansylated	DAP))2,	GlcNAc	MurNAc	

5P	 (dansylated	 DAP),	 GlcNAc	 1,6-anhydro	 MurNAc	 5P	 (dansylated	 DAP)	 and	

Figure	4.7	E.	coli	PBP1b	glycan	chain	cleavage	is	not	due	to	the	clickable	dansyl	
group.	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	 the	 fluorescence	of	 the	dansyl	group	 labelling	 the	
stem	peptide.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	15	mM	NaCl,	2	
mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	10	𝜇M	Lipid	
II	(dansyl	Lys),	50	nM	E.	coli	PBP1b	and	2	𝜇M	LpoB	(n=1).	
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(GlcNAc	MurNAc	5P	(dansylated	DAP))3		(Table	4.1),	which	are	consistent	with	

the	cleaved	glycan	chains	lengths	seen	by	SDS-PAGE	analysis	(Figure	4.3).	

	

As	LCMS	successfully	identified	the	cleaved	dansylated	glycan	chains,	the	same	

experiment	was	carried	out	with	non-dansylated	glycan	chains.	LCMS	detected	

glycan	chains	from	native	Lipid	II,	with	m/z	values	for	GlcNAc	MurNAc	5P	(DAP),		

GlcNAc	 1,6-anhydro	 MurNAc	 5P	 (DAP),	 (GlcNAc	 MurNAc	 5P	 (DAP))2,	 GlcNAc	

MurNAc	5P	(DAP)	GlcNAc	1,6-anhydro	MurNAc	5P	(DAP),	 (GlcNAc	MurNAc	5P	

(DAP))3,	 (GlcNAc	MurNAc	 5P	 (DAP))2	 GlcNAc	 1,6-anhydro	MurNAc	 5P	 (DAP),	

(GlcNAc	MurNAc	5P	(DAP))4	and	(GlcNAc	MurNAc	5P	(DAP))5.	The	abundance	of	

the	products	also	increased	as	cleavage	was	allowed	to	proceed	for	longer,	seen	

by	 the	 increase	 in	 peak	 intensity	 (Table	 4.2).	 No	 m/z	 values	 for	 the	 cleaved	

products	were	seen	when	PBP1b	or	Lipid	 II	was	omitted	 from	the	reaction,	or	

when	 glycan	 chain	 polymerisation	was	 inhibited	 by	moenomycin	 (Table	 4.2).	

This	 data	 is	 consistent	 with	 the	 hypothesis	 that	 native	 glycan	 chains	 are	

vulnerable	 to	 spontaneous	 cleavage	 in	 vitro,	 and	 cleave	 via	 hydrolysis	 of	 the	

glycosidic	bond	between	the	sugars.	This	data	raised	the	possibility	that	cross-

linking	may	protect	the	glycan	chains	from	cleavage.	

Table	4.1	LCMS	analysis	of	cleaved	dansylated	glycan	chains.	
Positive	 ion	LCMS	analysis	 of	 cleaved	glycan	 chain	products,	 produced	 from	glycan	
chains	polymerised	from	Lipid	II	(dansylated	DAP)	by	E.	coli	PBP1b	S510A.	120	hour	
reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	15	mM	NaCl,	0	mM	MgCl2,	1%	
(v/v)	glycerol,	0.0468%	(v/v)	E6C12,	10	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	E.	coli	PBP1b	
S510A	and	2	𝜇M	LpoB.	Prepared	for	LCMS	by	silica	solid	phase	purification.	m/z	and	
peak	intensity	values	determined	by	combining	the	spectrums	of	the	peak	relating	to	
the	ion	of	interest.		
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4.3.4	Establishing	if	cross-linking	affects	glycan	chains	cleavage	
	

In	peptidoglycan	the	glycan	chains	are	cross-linked	together	to	create	a	mesh-like	

structure.	 This	 suggests	 that	 these	 cross-links	 may	 be	 present	 to	 prevent	

peptidoglycan	 from	 falling	 apart.	 This	 was	 investigated	 by	 visualising	

peptidoglycan	produced	by	E.	coli	PBP1b,	from	Lipid	II	(DAP)	mixed	with	Lipid	II	

(dansylated	 DAP),	 over	 increasing	 incubation	 times,	 to	 establish	 if	 the	 cross-

linked	structure	also	undergoes	cleavage.	

	

The	presence	of	peptidoglycan	was	detected	as	the	appearance	of	dark	bands	at	

the	top	of	the	gel,	only	when	Lipid	II	DAP	was	present	(Figure	4.8).	After	24	or	96	

hours	in	conditions	where	cross-linking	could	have	occurred,	some	cleavage	of	

the	cross-linked	products	was	apparent,	however	the	reaction	products	appeared	

as	a	smear,	rather	than	resolved	bands	on	the	gel.	A	possible	interpretation	of	this	

observation	was	 that	 cross-links	were	still	present	between	 the	glycan	chains,	

Table	4.2	LCMS	analysis	of	cleaved	native	glycan	chains.	
Positive	 ion	 LCMS	 analysis	 of	 cleaved	 glycan	 chain	 products,	 produced	 from	 glycan	
chains	polymerised	from	Lipid	II	(DAP)	by	E.	coli	PBP1b	S510A.	Reactions	consisted	of	
50	mM	Bis-Tris	propane	pH	8.5,	15	mM	NaCl,	0	mM	MgCl2,	1%	(v/v)	glycerol,	0.0468%	
(v/v)	 E6C12,	 10	𝜇M	 Lipid	 II	 (DAP),	 50	 nM	 E.	 coli	 PBP1b	 S510A	 and	 2	𝜇M	 LpoB.	
Moenomycin	(Moen)	at	5	𝜇M	and	EDTA	at	30	mM.	Prepared	for	LCMS	by	silica	solid	
phase	 purification.	 m/z	 and	 peak	 intensity	 values	 determined	 by	 combining	 the	
spectrums	of	the	peak	relating	to	the	ion	of	interest.	
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disrupting	the	regularity	of	migration	of	distinct	lengths	of	glycan	chains	(Figure	

4.8).	This	could	suggest	that	the	cross-links	themselves	are	resistant	to	cleavage,	

and	 that	 they	 may	 be	 able	 to	 slow	 glycan	 chain	 cleavage,	 suggesting	 an	

evolutionary	reason	why	peptidoglycan	may	be	cross-linked.	

	

	

4.3.5	Establishing	if	glycan	chain	cleavage	can	be	inhibited	
	

Figure	4.8	Cross-linking	reduces	glycan	chain	cleavage.	
E.	coli	PBP1b	activity	was	assayed	by	the	polymerisation	and	transpeptidation	of	Lipid	
II	 in	vitro,	where	the	reaction	products	were	separated	by	SDS-PAGE	and	visualised	
using	 the	 fluorescence	 of	 the	 dansyl	 group	 labelling	 the	 stem	 peptide.	 Reactions	
consisted	of	 50	mM	Bis-Tris	propane	pH	8.5,	 15	mM	NaCl,	 2	mM	MgCl2,	10%	 (v/v)	
DMSO,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	10	𝜇M	Lipid	II	in	varied	ratios	of	
(DAP)	 and	 (dansylated	DAP),	 50	 nM	E.	 coli	 PBP1b,	 2	𝜇M	LpoB,	 5	𝜇M	moenomycin	
(Moen)	and	3	mM	ampicillin	(Amp)	as	controls.	Representative	gel	of	two	independent	
experiments.	
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While	 investigating	 the	 effect	 divalent	metal	 ions	had	 on	 the	 length	of	 glycan	

chains	polymerised	by	E.	coli	PBP1b	(section	4.3.1),	we	also	tested	the	effect	of	

EDTA	and	observed	EDTA	to	have	an	inhibitory	effect	on	glycan	chain	cleavage	

(Figure	 4.9A).	 When	 this	 was	 investigated	 in	 more	 detail,	 we	 found	 reduced	

glycan	chain	cleavage	with	increasing	EDTA	concentration	(Figure	4.9B).	

	

To	investigate	if	EDTA	inhibited	glycan	chain	cleavage	completely,	glycan	chains	

were	polymerised	for	varying	lengths	of	time,	half	the	glycan	chain	sample	was	

run	on	a	gel,	while	 the	other	half	was	treated	with	30	mM	EDTA	and	left	 for	a	

reaction	 length	 total	 of	 24	 hours	 for	 cleavage	 to	 take	 place.	 Interestingly,	 the	

glycan	chains	treated	with	30	mM	EDTA,	did	not	change	in	length,	indicating	30	

mM	EDTA	protected	the	chains	from	cleavage	(Figure	4.10).	This	observation	was	

Figure	4.9	E.	coli	PBP1b	glycan	chain	cleavage	is	reduced	by	EDTA.	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	the	fluorescence	of	the	dansyl	group	labelling	the	
stem	peptide.	 (A)	 Time	 course	of	 glycan	 chain	 cleavage	 in	 varied	MgCl2	 and	EDTA	
concentrations.	(B)	Effect	of	varied	EDTA	concentrations	on	glycan	chains	cleavage	in	
4	hours.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	15	mM	NaCl,	varied	
MgCl2	and	EDTA	concentrations,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.130%	(v/v)	
Triton	X-100,	10	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	E.	coli	PBP1b	S510A	and	2	𝜇M	LpoB.	
Representative	gel	of	two	independent	experiments.	
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confirmed	by	LCMS	of	native	glycan	chains	in	the	presence	of	30	mM	EDTA,	as	no	

m/z	values	were	present	for	cleaved	glycan	chains	(Table	4.2).	

	

Due	to	this	cleavage	phenomenon	all	future	SDS-PAGE	analysis	of	glycan	chains	

were	 carried	 out	 over	 various	 time	 points,	 so	 cleavage	 could	 be	 taken	 into	

consideration	when	conclusions	were	being	made	on	glycan	chain	length.	

Figure	4.10	E.	coli	PBP1b	glycan	chain	cleavage	is	inhibited	by	30	mM	EDTA.	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	the	fluorescence	of	the	dansyl	group	labelling	the	
stem	peptide.	Effect	of	30	mM	EDTA	on	glycan	chain	cleavage.	Reactions	consisting	of	
50	mM	Bis-Tris	propane	pH	8.5,	 15	mM	NaCl,	10%	 (v/v)	DMSO,	1%	(v/v)	 glycerol,	
0.130%	(v/v)	Triton	X-100,	10	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	E.	coli	PBP1b	or	E.	coli	
PBP1b	S510A	and	2	𝜇M	LpoB	were	allowed	to	polymerise	for	varying	length	of	time.	
Reactions	were	 split	 in	 two	and	half	was	heat	 treated	at	95	°C	 for	10	mins	 to	 stop	
polymerisation,	and	30	mM	EDTA	was	added,	before	being	left	for	a	total	reaction	time	
of	24	hours.	Representative	gel	of	two	independent	experiments.	
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4.4	Discussion	and	future	work	
	

4.4.1	 Effect	 of	 metal	 ions	 on	 E.	 coli	 PBP1b	 glycan	 chain	

polymerisation	
	

E.	 coli	 PBP1b	 glycosyltransferase	 activity	 has	 previously	 been	 reported	 to	 be	

affected	by	the	concentration	of	divalent	cation	(Schwartz	et	al.,	2002;	Barrett	et	

al.,	2004;	Walkowiak,	2017).	In	our	hands	E.	coli	PBP1b	behaved	similarly,	with	

its	activity	being	enhanced	by	cations	such	as	Mg+.	As	with	Barret	et	al.	we	also	

found	E.	 coli	 PBP1b	 to	 be	 active	 in	 the	 absence	 of	metal	 ions	 (2004),	 but	 its	

activity	 extremely	 diminished.	We	 also	 found	divalent	 cations	 to	 increase	 the	

length	of	glycan	chains	polymerised	by	E.	coli	PBP1b,	which	to	our	knowledge	has	

not	been	reported	previously.	We	observed	an	increase	in	the	length	of	glycan	

chains	polymerised	with	 increasing	MgCl2,	MnCl2	and	NiCl2	concentration,	 and	

hypothesise	 that	 this	 might	 be	 a	 consequence	 of	 the	 enhanced	

glycosyltransferase	rate.	

	

4.4.2	Glycan	chain	cleavage	
	

This	work	also	led	to	 the	observation	of	non-enzymatic	glycan	chain	cleavage,	

involving	 hydrolysis	 of	 the	 glycosidic	 bond	 between	 the	 sugars,	which	 to	 our	

knowledge	has	not	been	reported	previously.	This	phenomenon	has	likely	not	

been	observed	previously	as	most	gel-based	analysis	of	glycan	chains	reported	

to	date	have	used	≥10	mM	metal	 ion	concentrations	and	visualised	the	glycan	

chains	after	an	hour	or	less	of	polymerisation	(Barrett	et	al.,	2007;	Wang	et	al.,	

2008;	Paradis-Bleau	et	al.,	2010;	Egan	et	al.,	2018;	Pazos	et	al.,	2018),	conditions	

which	do	not	favour	observation	of	glycan	chain	cleavage.	

	

4.4.2.1	Effect	of	cross-links	on	glycan	chain	cleavage	

	

As	one	of	 the	many	 roles	performed	by	peptidoglycan	 involves	protecting	 the	

bacterial	 cell,	 it	 was	 disconcerting	 that	 native	 glycan	 chains	 could	 be	 so	
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susceptible	to	cleavage.	We	found	that	cross-linked	glycan	chains	also	underwent	

cleavage,	but	to	a	lesser	extent	than	un-cross-linked	glycan	chains.	To	gain	a	more	

conclusive	answer	to	whether	cross-linking	protects	glycan	chains	from	cleavage,	

the	cross-links	between	the	glycan	chains	would	have	to	be	broken	to	determine	

the	 length	 of	 the	 glycan	 chains	 within	 the	 cross-linked	 structure.	 However,	

finding	 an	 enzyme	which	 only	 hydrolyses	 cross-links	was	 problematic.	E.	 coli	

PBP4	 (DacB)	 (gifted	 by	 A.	 Lloyd	 (Warwick)),	 supposedly	 an	 D,D-

carboxypeptidase	and	a	D,D-endopeptidase	(Korat	et	al.,	1991),	was	tested	but	

appeared	 to	 only	 have	 carboxypeptidase	 activity,	 and	 E.	 coli	 MepA	 (1-274),	

supposedly	an	D,D-endopeptidase	(Keck	et	al.,	1990),	was	purified	and	tested	but	

it’s	cross-link	hydrolysing	efficiency	was	debatable,	even	after	optimisation,	so	

no	conclusive	result	could	be	drawn.	

	

Although	 the	 observation	 of	 cross-linked	 glycan	 chains	 cleavage	 was	 initially	

puzzling,	 the	 literature	 reports	 that	 newly	 synthesised	 glycan	 chains	 isolated	

from	E.	coli	are	longer	than	those	from	peptidoglycan	of	stationary	phase	E.	coli,	

consistent	with	 our	 results	 and	 time	 scales.	 Newly	 synthesised	 glycan	 chains	

from	E.	coli	have	been	found	to	have	a	mean	length	of	50-60	disaccharide	units,	

whereas	in	stationary	phase	bacteria	they	have	a	mean	length	of	17	disaccharide	

units	(Glauner	et	al.,	1988;	Glauner	and	Holtje,	1990).		During	exponential	growth	

25-30%	of	E.	coli	glycan	chains	are	in	the	range	of	30-80	disaccharides	in	length,	

with	the	remaining	70-75%	of	glycan	chains	being	1-30	disaccharides	in	length	

(Harz	et	al.,	1990).	This	shortening	of	newly	synthesised	glycan	chains	during	E.	

coli	 growth	 has	 previously	 been	 reported	 to	 be	 a	 result	 of	 harsh	 sample	

preparation	or	 in	 vivo	 processing	 by	 hydrolases,	 however	 it	may	 be	 a	 natural	

cleavage	process,	as	identified	in	this	work.	

	

4.4.2.2	Elucidating	the	mechanism	of	glycan	chain	cleavage	

	

EDTA	 at	 a	 concentration	 of	≥30	 mM	 was	 able	 to	 fully	 inhibit	 glycan	 chain	

cleavage,	 with	 lower	 concentrations	 having	 a	 decreasing	 inhibitory	 effect,	

indicating	 that	 metal	 ions	 must	 be	 involved	 in	 the	 catalysis	 of	 the	 cleavage	

reaction.	It	is	well	reported	that	E.	coli	peptidoglycan	binds	metal	ions	(Beveridge	
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and	 Koval,	 1981;	 Hoyle	 and	 Beveridge,	 1984),	 owing	 to	 the	 anionic	 carboxyl	

groups	of	the	glutamic	acid	residues,	DAP	and	D-ala,	and	to	a	lesser	extent	the	

hydroxyl	groups	of	the	sugars	and	amide	groups	of	the	peptide	stem	(Beveridge	

and	Murray,	1976).	The	pyrophosphate	moiety,	nestling	on	the	cell	membrane	in	

vivo	and	on	the	micelle	in	this	in	vitro	situation,	will	also	bind	strongly	to	metal	

ions.	We	hypothesise	a	mechanism	whereby	a	hydroxyl	of	GlcNAc	comes	 into	

close	 proximity	with	 a	metal	 ion,	 likely	 bound	 to	 a	 pyrophosphate	moiety	 or	

adjacent	 glycan	 chains,	which	 coordinates	 and	 activates	 a	water	molecule	 for	

nucleophilic	 attack	 of	 the	 adjacent	 glycosidic	 bond,	 causing	 the	 bond	 to	

hydrolyse.	This	mechanism	is	not	dissimilar	to	that	of	ribozymes,	which	have	the	

ability	to	self-cleave	their	ribose	backbones,	catalysed	by	a	metal	ion	(Doherty	

and	Doudna,	2000;	Wilson	et	al.,	2016).	

	

4.4.3	Future	work	
	

Along	 with	 the	 future	 work	 already	 discussed,	 establishing	 if	 glycan	 chains	

produced	 by	 other	 bacterial	 PBPs	 also	 undergo	 cleavage,	 and	 investigating	 if	

glycan	 chain	 cleavage	 occurs	 in	 peptidoglycan	 produced	 in	 vivo	 would	 be	

invaluable.	This	could	be	 investigated	by	extracting	14C-labelled	peptidoglycan	

from	E.	coli,	 treating	 it	with	amidases	to	cleave	off	 the	peptide	stem	and		 then	

measuring	 the	 length	 of	 the	 glycan	 chains	 over	 time	 by	 size	 exclusion	

chromatography	 (Turner	 et	 al.,	 2018).	 These	 experiments	 could	 also	 be	

expanded	to	study	the	impact	of	metal	ions	on	peptidoglycan	stability.	If	glycan	

chain	 self-cleavage	 were	 to	 occur	 with	 peptidoglycan	 synthesised	 in	 vivo,	

deciphering	 the	 exact	 chemical	 mechanism	 would	 allow	 compounds	 to	 be	

developed	that	accelerate	the	natural	process	and	act	as	antimicrobial	agents.	
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4.5	Conclusions	
	

To	our	knowledge	this	is	the	first	study	that	has	reported	glycan	chain	cleavage	

in	vitro.	Glycan	chains	polymerised	from	Lipid	II	(dansylated	and	non-dansylated	

DAP)	 by	E.	 coli	 PBP1b	were	 observed	 to	 undergo	 cleavage	 by	 SDS-PAGE	 and	

LCMS	 analysis.	 We	 established	 that	 glycan	 chain	 cleavage	 was	 not	 due	 to	

enzymatic	cleavage,	occurred	to	a	lesser	extent	when	cross-links	were	present	

between	the	glycan	chains,	and	required	metal	ions	for	catalysis.	We	propose	a	

mechanism	whereby	 a	 hydroxyl	 of	 GlcNAc	 comes	 into	 close	 proximity	with	 a	

metal	 ion,	 likely	 bound	 to	 a	 pyrophosphate	 moiety	 or	 adjacent	 glycan	 chain,	

which	coordinates	and	activates	a	water	molecule	for	nucleophilic	attack	of	the	

adjacent	glycosidic	bond,	causing	the	bond	to	hydrolyse.
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Chapter	5.	Characterising	the	interaction	between	E.	coli	

and	Y.	pestis	PBP1b	and	LpoB,	CpoB	and	FtsN	
	

5.1	Introduction	
	

Recent	work	has	made	advances	in	the	knowledge	of	PBP1b-associated	proteins	

and	how	 these	proteins	 interact	with,	 and	affect	PBP1b	activity	 in	 vivo	 and	 in	

vitro.	 This	 chapter	 characterises	 the	 interactions	 of	 known	 E.	 coli	 PBP1b	

associated	proteins	LpoB,	CpoB	and	FtsN.	

	

5.1.1	LpoB	
	

Work	has	shown	that	E.	coli,	P.	aeruginosa	and	presumably	other	Gram-negative	

bacterial	 peptidoglycan	 synthases	 are	 regulated	 from	outside	 the	 sacculus	 by	

outer	 membrane-anchored	 lipoproteins.	 Lpo	 proteins	 reach	 through	 the	

peptidoglycan	layer	and	are	essential	for	the	activity	of	their	cognate	bifunctional	

PBP	in	vivo	(Paradis-Bleau	et	al.,	2010;	Typas	et	al.,	2010).	Indeed,	deleting	the	

lipoprotein,	LpoA	or	LpoB/P,	mimics	the	in	vivo	phenotype	of	deleting	PBP1a	or	

PBP1b	respectively	(Paradis-Bleau	et	al.,	2010;	Typas	et	al.,	2010;	Greene	et	al.,	

2018).	 E.	 coli	 LpoB	 stimulates	 the	 glycosyltransferase	 and	 transpeptidase	

activities	of	PBP1b	in	vitro	(Egan	et	al.,	2014;	Egan	et	al.,	2018),	however	there	

are	 contradictory	 findings	 on	 the	 extent	 of	 stimulation	 in	 vitro	 and	 the	

consequences	 in	 vivo	 (Egan	 et	 al.,	 2014;	 Egan	 et	 al.,	 2018;	 Catherwood	 et	 al.,	

2019).	

	

5.1.2	CpoB	
	

An	additional	elaboration	of	the	regulation	of	PBP1b	by	LpoB	was	subsequently	

discovered	 in	 E.	 coli.	 The	 Tol-Pal	 complex	 is	 required	 for	 maintaining	 outer	

membrane	 integrity	and	ensuring	proper	 invagination	of	 the	outer	membrane	

during	cell	division	(Gerding	et	al.,	2007).	The	Tol-Pal	complex	protein	CpoB	had	
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no	defined	functional	role	until	recently	(Gerding	et	al.,	2007),	when	it	was	shown	

to	 interact	with	PBP1b	 in	 vivo,	 and	deletion	of	CpoB	 from	E.	 coli	which	solely	

relies	on	PBP1b	as	its	bifunctional	PBP	(PBP1a	and	LpoA	deletion	strain),	caused	

severe	growth	defects,	suggesting	CpoB	must	modulate	PBP1b	function	in	vivo	

(Gray	et	al.,	2015).	This	interaction	has	also	been	confirmed	in	vitro,	 	with	SPR	

producing	a	KD	of	90-120	nM,	and	activity	assay	 results	 suggesting	 that	CpoB	

attenuates	 LpoB’s	 activation	 of	 PBP1b	 by	 reducing	 transpeptidation	 activity	

(Gray	et	al.,	2015;	Egan	et	al.,	2018).	

	

5.1.3	FtsN	
	

FtsN	is	an	essential	membrane	protein	which	was	thought	to	be	the	last	essential	

protein	 recruited	 to	 the	 division	 site,	 but	 recent	 studies	 have	 shown	 that	 a	

portion	of	FtsN	is	also	recruited	at	earlier	stages	through	a	cytosolic	interaction	

with	FtsA	(Busiek	and	Margolin,	2014).	FtsN	is		required	for	the	recruitment	of	

proteins	 to	 the	 cell	 division	 site:	 AmiC,	 a	 murein	 hydrolase	 that	 cleaves	 the	

septum	(Heidrich	et	al.,	 2001;	Bernhardt	and	De	Boer,	2003),	 and	 the	Tol-Pal	

complex	 required	 for	 outer	 membrane	 invagination	 during	 cell	 constriction	

(Gerding	et	al.,	2007).	

	

The	C-terminal	domain	of	FtsN	has	been	shown	to	bind	peptidoglycan,	but	this	

function	is	not	essential	(Ursinus	et	al.,	2004),	instead	the	transmembrane	helix	

plus	the	first	~80	periplasmic	amino	acids	appear	to	make	up	the	essential	part	

of	FtsN	(Ursinus	et	al.,	2004).	FtsN	has	also	been	found	to	interact	with	PBP1b	in	

vitro	and	stimulate	its	activity	in	the	absence	of	LpoB	(Müller	et	al.,	2007;	Pazos	

et	al.,	2018;	Boes	et	al.,	2019).	

	

5.1.4	Analytical	ultracentrifugation	
	

Analytical	ultracentrifugation	(AUC)	was	selected	to	biophysically	characterise	E.	

coli	and	Y.	pestis	PBP1b,	LpoB,	CpoB	and	FtsN	and	their	 interactions.	AUC	 is	a	

well-established	 technique	 for	 characterising	 macromolecules	 and	 studying	
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protein-protein	interactions,	allowing	determination	of	their	molecular	mass	and	

size	in	solution.	Proteins	are	subjected	to	a	centrifugal	force	and	their	migration	

and	hydrodynamic	separation	allows	 identification	of	different	species	by	size	

(Schuck,	2013).	Absorbance	and/	or	interference	measurements	taken	along	the	

length	of	the	sample	cell	over	time	produce	sedimentation	profiles	showing	the	

evolution	of	a	protein	concentration	gradient	as	it	sediments	(Ebel	et	al.,	2008).	

One	 of	 the	 useful	 properties	 of	 AUC	 is	 the	 measurement	 takes	 place	 with	

molecules	free	in	solution,	no	immobilisation	or	chromatographic	separation	is	

required	which	may	interfere	with	an	interaction	and	the	technique	can	measure	

homo-	and	hetero-interactions	and	their	stoichiometry	(Ebel	et	al.,	2008).		

	

Membrane	proteins	require	detergents	to	transfer	them	from	their	membranous	

environment	 to	 a	 micellar	 phase,	 and	 the	 effect	 detergent	 binding	 has	 on	 a	

protein	 size	 needs	 to	 be	 considered	 for	 AUC.	 Another	 problem	 can	 be	 that	

detergents	like	Triton	X-100	have	high	absorbances	at	the	wavelengths	proteins	

are	 measured	 at	 for	 AUC	 (usually	 280	 nm).	 An	 attractive	 solution	 to	 these	

problems	is	to	carry	out	sedimentation	experiments	under	conditions	where	the	

detergent	 has	 minimal	 contributions	 to	 the	 buoyant	 molecular	weight	 of	 the	

protein.	 	This	 can	be	achieved	by	using	a	detergent	 that	 is	neutrally	buoyant,	

meaning	it	has	a	similar	density	to	water	(e.g.	C8E5	which	has	a	density	of	0.993	

g	mL-1	compared	to	water	0.998	g	mL-1	at	20°C).	Due	to	the	bound	detergent	now	

not	contributing	to	the	buoyant	molecular	weight	of	the	protein,	it’s	contribution	

can	be	ignored	and	data	collection	and	analysis	can	be	carried	out	in	a	manner	

identical	 to	 that	 for	soluble	proteins.	Using	a	neutrally	buoyant	detergent	also	

ensures	that	unbound	detergent	will	undergo	minimal	sedimentation	as	it	will	

float,	making	it	unlikely	to	impact	protein	sedimentation	(Fleming,	2016).	

	

5.2	Experimental	aims	
	

• To	biophysically	 characterise	 the	 size	 and	 interactions	of	E.	 coli	 and	Y.	

pestis	PBP1b,	LpoB,	CpoB	and	FtsN	by	AUC.		



	 125	

• To	determine	 the	effect	of	LpoB,	CpoB	and	FtsN	on	E.	coli	 and	Y.	pestis	

PBP1b	activity.	

• To	determine	any	differences	in	E.	coli	and	Y.	pestis	cross-linking	activity.	

	

5.3	Results	
	

5.3.1	Oligomerisation	and	stoichiometry	of	E.	coli	and	Y.	pestis	

PBP1b,	LpoB,	CpoB	and	FtsN	using	analytical	ultracentrifugation	
	
AUC	 was	 carried	 out	 on	 E.	 coli	 and	 Y.	 pestis	 PBP1b,	 LpoB,	 CpoB	 and	 FtsN	 to	

determine	 their	 molecular	 weight,	 oligomeric	 state	 and	 confirm	 their	

interactions.	AUC	required	all	proteins	to	be	in	a	specific	detergent,	C8E5	in	this	

case:	 purifying	 the	 proteins	 in	 this	 detergent	would	 be	 expensive,	 hence	 the	

membrane	 proteins	were	 purified	 in	 CHAPS,	 concentrated	 to	 at	 least	 25x	 the	

protein	concentration	needed	for	AUC	and	then	diluted	into	the	C8E5	AUC	buffer.	

Although	some	CHAPS	would	still	be	present	in	the	buffer,	it	would	have	been	at	

0.05x	the	CMC	(Final	CHAPS	<0.025%	(w/v),	CHAPS	CMC	0.48%	(w/v)),	hence	

no	CHAPS	micelles	would	have	been	able	to	form.	

	

AUC	experiments	were	performed	with	the	proteins	alone,	as	well	as	 in	pairs,	

with	 complex	 formation	 being	 determined	 by	 testing	 protein	 partners	 at	

different	 ratios	 and	 searching	 for	 a	 shift	 in	 the	 AUC	 peak	 sedimentation	

coefficient	(S).	All	protein	samples	were	found	to	be	of	a	high	purity,	with	little	

contamination	or	aggregates	(Figure	5.1	and	5.2).		E.	coli	and	Y.	pestis	PBP1b	and	

FtsN	 behaved	 predominantly	 as	 a	 single	 monomeric	 species,	 with	 a	 small	

proportion	of	the	protein	forming	dimers	(Figure	5.1A	and	F,	5.2A	and	F),	with	

observed	 molecular	 weights	 close	 to	 their	 theoretical	 calculated	 molecular	

weight	(Table	5.1).	When	E.	coli	or	Y.	pestis	PBP1b	and	FtsN	were	run	as	a	pair,	

the	PBP1b	peak	broadened,	which	was	consistent	over	different	protein	ratios.	

This	 feature	 is	 indicative	 of	 a	 PBP1b	 monomer,	 PBP1b-FtsN	 heterodimer	

equilibrium	(Figure	5.1G	and	5.2G).	
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E.	coli	and	Y.	pestis	LpoB	and	CpoB	behaved	as	a	single	species	(Figure	5.1B	and	

D,	5.2B	and	D)	corresponding	to	molecular	mass	of	a	monomer	for	LpoB,	and	a	

trimer	 for	 CpoB	 (Table	 5.1).	E.	 coli	or	Y.	 pestis	 PBP1b	 and	 LpoB	 ran	 as	 a	 pair	

behaved	as	a	stable	heterodimer,	observed	by	the	shift	in	the	PBP1b	peak	to	a	

higher	sedimentation	coefficient	(Figure	5.1C,	 and	5.2C),	corresponding	to	the	

molecular	mass	of	heterodimer	(Table	5.1).	Interestingly,	when	E.	coli	or	Y.	pestis	

PBP1b	and	CpoB	were	mixed,	PBP1b	was	able	to	disrupt	the	stable	CpoB	trimer	

to	 form	 heterodimers,	 however	 the	 complex	 was	 not	 stable,	 seen	 by	 the	

broadening	 of	 the	 PBP1b	 peak,	 suggesting	 a	 PBP1b	 monomer	 CpoB	 trimer-

PBP1b	CpoB	heterodimer	equilibrium	(Figure	5.1E	and	5.2E).	

	

The	 sedimentation	 process	 is	 dependent	 on	 the	 hydrodynamic	 friction	 and	

buoyancy	of	 the	protein,	 as	well	 as	 the	gravitational	 force.	The	 frictional	 ratio	

(f/f0)	extracted	from	the	sedimentation	data	allows	low	resolution	protein	shape	

measurements	to	be	made.	An	 f/f0=1	would	 suggest	 the	 shape	of	 the	protein,	

with	a	particular	mass	and	density,	to	be	a	smooth	sphere,	with	increasing	f/f0	

values	indicating	greater	asymmetry	in	the	proteins	shape,	with	many	globular	

proteins	have	an	f/f0=	1.05-1.35.	E.	coli	and	Y.	pestis	PBP1b	have	expected	f/f0	

values	 for	membrane	proteins	 in	detergent	micelles.	While	CpoB	and	FtsN	are	

known	 to	 be	 more	 elongated	 proteins	 (Yang	 et	 al.,	 2004;	 Krachler,	 Sharma,	

Cauldwell,	et	al.,	2010;	Egan	et	al.,	2014)	and	this	was	reflected	 in	their	larger	

frictional	ratio’s	(Table	5.1)
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Table	5.1	Characterisation	of	E.	coli	and	Y.	pestis	PBP1b,	LpoB,	CpoB	and	FtsN	by	
analytical	ultracentrifugation.		
Sedimentation	velocity	analysis	of	E.	coli	and	Y.	pestis	PBP1b,	LpoB,	CpoB	and	FtsN	at	
varying	concentrations.	Absorption	profiles	were	measured	at	280	nm,	at	a	rotor	speed	
of	50	000	rpm	at	20°C.	Buffer	conditions	were	10	mM	Tris,	500	mM	NaCl,	0.35%	(v/v)	
C8E5	and	0.025%	(w/v)	CHAPS	pH	8.0,	with	a	density	of	1.0195	g/cm3	and	a	viscosity	of	
1.0660	mPa.	Molecular	weight	(MW),	Sedimentation	coefficient	(Sed.	Co)	and	frictional	
ratio	(f/f0).	
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Figure	5.1	Characterisation	of	E.	coli	PBP1b,	LpoB,	CpoB	and	FtsN	by	analytical	
ultracentrifugation.		
Sedimentation	coefficient	distribution	of	E.	coli	(Ec)	PBP1b,	LpoB,	CpoB	and	FtsN	at	
varying	concentrations.	Absorption	profiles	were	measured	at	280	nm,	at	a	rotor	speed	
of	50	000	rpm	at	20°C.	Buffer	conditions	were	10	mM	Tris,	500	mM	NaCl,	0.35%	(v/v)	
C8E5	and	0.025%	(w/v)	CHAPS	pH	8.0,	with	a	density	of	1.0195	g/cm3	and	a	viscosity	
of	1.0660	mPa.	
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Figure	5.2	Characterisation	of	Y.	pestis	PBP1b,	LpoB,	CpoB	and	FtsN	by	analytical	
ultracentrifugation.		
Sedimentation	coefficient	distribution	of	Y.	pestis	(Yp)	PBP1b,	LpoB,	CpoB	and	FtsN	at	
varying	 concentrations.	 Absorption	 profiles	 were	measured	 at	 280	 nm,	 at	 a	 rotor	
speed	of	50	000	rpm	at	20°C.	Buffer	conditions	were	10	mM	Tris,	500	mM	NaCl,	0.35%	
(v/v)	C8E5	and	0.025%	(w/v)	CHAPS	pH	8.0,	with	a	density	of	1.0195	g/cm3	and	a	
viscosity	of	1.0660	mPa.	
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5.3.2	Effect	of	LpoB	on	E.	coli	and	Y.	pestis	PBP1b	activity	
	
5.3.2.1	Effect	of	LpoB	on	E.	coli	and	Y.	pestis	PBP1b	initial	rates	

	

Chapter	3	established	suitable	substrates	and	assay	conditions	to	measure	E.	coli	

and	Y.	 pestis	 PBP1b	 activity	 using	 in	 vitro	 continuous	 glycosyltransferase	 and	

transpeptidase	 assays.	 Initial	 observations	 showed	 that	 LpoB	 significantly	

increased	 the	 activity	 of	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 activity	 (sections	 3.3.5.1,	

3.3.6.1	and	3.3.6.3),	and	the	effect	of	LpoB	on	PBP1b	activity	was	characterised	

in	more	detail	in	this	chapter.	Comparison	of	the	initial	rates	of	E.	coli	and	Y.	pestis	

PBP1b	 activity	 determined	 that	 although	 PBP1b	 could	 carry	 out	 some	 glycan	

chain	 polymerisation	 in	 the	 absence	 of	 LpoB,	 there	 was	 little	 detectable	

transpeptidation	 activity	 (Figure	 5.3),	 suggesting	 E.	 coli	 and	 Y.	 pestis	 PBP1b	

cannot	carry	out	transpeptidation	alone.	

	

Figure	5.3	Dependency	of	E.	coli	and	Y.	pestis	PBP1b	on	LpoB	for	activity.	
(A)	 E.	 coli	 and	 (B)	 Y.	 pestis	 PBP1b	 in	 vitro	 activity,	 shown	 as	 initial	 rates.	
Glycosyltransferase	 rate	was	 assayed	 by	 the	 consumption	 of	 fluorescently	 labelled	
Lipid	II.	Reactions	consisted	of	50	mM	HEPES	pH	7.5,	115	mM	NaCl,	10	mM	MgCl2,	10%	
(v/v)	DMSO,	1%	(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	0.1	mg	ml-1	lysozyme,	5	
𝜇M	Lipid	 II	 (dansyl	 DAP),	 50	nM	PBP1b	and	2	𝜇M	LpoB.	 Transpeptidase	 rate	was	
assayed	using	the	amplex	red	assay	for	D-Ala	release.	Reactions	consisted	of	50	mM	
Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	20	mM	MgCl2,	1%	(v/v)	glycerol,	0.130%	(v/v)	
Triton	X-100,	amplex	red	coupling	reagents,	20	𝜇M	Lipid	II-	5P	(acetylated	DAP),	50	
nM	PBP1b,	2	𝜇M	LpoB	and	20	𝜇M	MurNac-	5P.	Data	is	shown	as	mean	±	SD	(n=3).	
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LpoB	was	found	to	have	similar	stimulatory	effects	on	E.	coli	and	Y.	pestis	PBP1b	

glycosyltransferase	activity,	stimulating	the	glycosyltransferase	rate	14.5	±	1.2	

and	 8.8	 ± 	1.9-fold	 respectively	 compared	 to	 PBP1b	 alone	 (Figure	 5.4).	

Interestingly,	the	effect	of	LpoB	on	the	transpeptidation	rate	was	more	profound,	

stimulating	the	initial	rate	by	86.9	±	8.9-fold	for	E.	coli	and	47.4	±	4.7-fold	for	Y.	

pestis	 compared	 to	 PBP1b	 alone	 (figure	 5.4),	 suggesting	 LpoB	 has	 a	 greater	

stimulatory	effect	on	transpeptidase	activity	than	glycosyltransferase	activity.	

	

Studies	by	Bernhardt	et	al.	have	identified	four	residues	on	E.	coli	PBP1b	which	

are	 involved	 in	 LpoB	 stimulation,	 the	 mutation	 I202F	 mimicking	 LpoB	

stimulation	most	successfully	(Markovski	et	al.,	2016;	Egan	et	al.,	2018).	Due	to	

the	 homology	 between	 Y.	 pestis	 and	 E.	 coli	 PBP1b	 this	 mutation	 was	 easily	

mapped	onto	Y.	pestis	PBP1b	(I205F)	and	its	effect	on	PBP1b	activity	determined.	

Both	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 mutants	 alone	 exhibited	 similar	 or	 greater	

glycosyltransferase	and	transpeptidase	activity	than	wildtype	with	LpoB	at	the	

Figure	5.4	Effect	of	LpoB	on	E.	coli	and	Y.	pestis	PBP1b	initial	rates	of	activity.	
(A)		E.	coli	and	(B)	Y.	pestis	PBP1b	and	variants	in	vitro	activity,	shown	as	initial	rates	
relative	to	PBP1b	alone,	in	the	presence	and	absence	of	LpoB.	Glycosyltransferase	rate	
was	assayed	by	the	consumption	of	fluorescently	labelled	Lipid	II.	Reactions	consisted	
of	 50	mM	HEPES	pH	7.5,	 115	mM	NaCl,	10	mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	
glycerol,	0.155%	(v/v)	Triton	X-100,	0.1	mg	ml-1	lysozyme,	5	𝜇M	Lipid	II	(dansyl	DAP),	
50	nM	PBP1b	and	2	𝜇M	LpoB.	Transpeptidase	rate	was	assayed	using	the	amplex	red	
assay	for	D-Ala	release.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	
NaCl,	 20	 mM	 MgCl2,	 1%	 (v/v)	 glycerol,	 0.130%	 (v/v)	 Triton	 X-100,	 amplex	 red	
coupling	reagents,	20	𝜇M	Lipid	II-	5P	(acetylated	DAP),	50	nM	PBP1b,	2	𝜇M	LpoB	and	
20	𝜇M	MurNac-	5P.	Data	is	shown	as	mean	±	SD	(n=3).	
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same	protein	concentration	(Figure	5.4).	This	indicates	that	the	mutation	does	

indeed	mimic	LpoB	binding	and	that	the	intended	function	of	E.	coli	and	Y.	pestis	

LpoB	 in	 vivo	 is	 to	 activate	 glycan	 chain	 polymerisation	 and	 transpeptidation.	

However,	for	E.	coli	PBP1b	I202F	the	mutation	did	not	fully	mimic	the	absence	of	

LpoB,	 as	 the	 presence	 of	 LpoB	 further	 increased	 the	 glycosyltransferase	 and	

transpeptidase	activity	of	E.	coli	PBP1b	I202F	(Figure	5.4A),	confirming	that	in	E.	

coli	LpoB	induction	of	PBP1b	activity	is	mechanistically	different	from	Y.	pestis.	

This	data	indicates	that	the	difference	in	response	of	the	mutants	to	LpoB	is	likely	

due	to	the	affect	LpoB	has	on	their	glycosyltransferase	rates.	

	

5.3.2.2	 Effect	 of	 LpoB	 on	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 glycan	 chain	

polymerisation	

	

To	 investigate	 the	 effect	 of	 LpoB	 on	 the	 length	 of	 glycan	 chains	 produced	 by	

PBP1b,	 fluorescently	 labelled	 Lipid	 II	 was	 polymerised	 into	 glycan	 chains	 by	

PBP1b	and	separated	by	SDS-PAGE.	The	gel	analysis	showed	that	both	E.	coli	and	

Y.	 pestis	 PBP1b	 produce	 very	 long	 glycan	 chains,	 shown	 by	 the	 unresolvable	

smear	at	the	top	of	the	gel,	estimated	to	be	longer	than	14	disaccharides	in	length.	

The	 gel	 results	 also	 confirm	 the	 continuous	 assay	 results,	 showing	 that	 LpoB	

stimulates	the	glycosyltransferase	rate	of	both	E.	coli	and	Y.	pestis	PBP1b,	shown	

by	the	faster	consumption	of	Lipid	II	over	time	in	its	presence	(Figure	5.5).	The	

presence	of	LpoB	also	increased	the	quantity	of	shorter	glycan	chains,	which	can	

be	seen	by	the	presence	of	bands	lower	down	the	gel.	This	was	confirmed	by	the	

PBP1b	mutants	also	producing	shorter	glycan	chains	(Figure	5.5)
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Figure	 5.5	 Effect	 of	 LpoB	 on	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 glycan	 chain	
polymerisation.	
(A)	E.	coli	and	(B)	Y.	pestis	PBP1b	and	mutants	in	vitro	glycosyltransferase	activity	was	
assayed	 by	 the	 consumption	 of	 fluorescently	 labelled	 Lipid	 II,	 in	 the	 presence	 and	
absence	of	LpoB,	and	visualised	by	SDS-PAGE	analysis.	Reactions	consisted	of	50	mM	
HEPES	 pH	 7.5,	 115	 mM	 NaCl,	 10	 mM	MgCl2,	 10%	 (v/v)	 DMSO,	 1%	 (v/v)	 glycerol,	
0.155%	(v/v)	Triton	X-100,	10	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	PBP1b,	2	𝜇M	LpoB	and	
5	𝜇M	moenomycin	(Moen)	as	a	control	(n=2).		
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5.3.3	Interchangeability	of	E.	coli	and	Y.	pestis	LpoB	
	

The	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 and	 LpoB	 proteins	 used	 in	 this	 study	 have	 a	

sequence	 identity	 of	 72%	and	57%	 respectively,	 and	 a	 sequence	 similarity	 of	

82%	and	70%	respectively,	indicating	the	proteins	are	relatively	similar,	so	the	

specificity	of	LpoB	 for	 its	 cognate	PBP1b	was	assessed.	 Interestingly,	Y.	pestis	

PBP1b	was	able	to	be	stimulated	just	as	effectively	by	E.	coli	LpoB	as	its	cognate	

LpoB,	however	Y.	pestis	LpoB	did	little	to	stimulate	E.	coli	PBP1b	(Figure	5.6).	

	

	

5.3.4	Frequency	of	E.	coli	and	Y.	pestis	PBP1b	cross-linking		
	

While	carrying	out	the	above	experiments	on	E.	coli	and	Y.	pestis	PBP1b	it	was	

noticeable	 from	 the	 end	 points	 of	 the	 transpeptidase	 assays	 that	 the	

Figure	5.6	Interchangeability	of	E.	coli	and	Y.	pestis	LpoB	on	PBP1b	initial	rates	of	
activity.	
(A)	E.	coli	PBP1b	and	(B)	Y.	pestis	PBP1b	in	vitro	activity,	shown	as	initial	rates	relative	
to	PBP1b	alone,	 in	 the	presence	 and	absence	of	 LpoB.	 Glycosyltransferase	 rate	was	
assayed	by	the	consumption	of	fluorescently	labelled	Lipid	II.	Reactions	consisted	of	50	
mM	HEPES	pH	7.5,	115	mM	NaCl,	10	mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	
0.155%	(v/v)	Triton	X-100,	0.1	mg	ml-1	lysozyme,	5	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	
PBP1b	and	2	𝜇M	LpoB.	Transpeptidase	rate	was	assayed	using	the	amplex	red	assay	for	
D-Ala	release.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	20	
mM	 MgCl2,	 1%	 (v/v)	 glycerol,	 0.130%	 (v/v)	 Triton	 X-100,	 amplex	 red	 coupling	
reagents,	20	𝜇M	Lipid	 II-	5P	(acetylated	DAP),	50	nM	PBP1b,	2	𝜇M	LpoB	and	20	𝜇M	
MurNac-	5P.	Data	is	shown	as	mean	±	SD	(n=3).	
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concentration	of	substrate	consumed	was	different	between	the	two	organisms.	

This	can	be	easily	seen	 in	Figure	3.13,	where	100%	substrate	turnover	would	

give	an	A555	of	~1.1,	whereas	the	endpoint	gave	an	A555	of		~0.15	for	E.	coli	PBP1b	

and	~0.25	for	Y.	pestis	PBP1b.	When	analysed	the	substrate	consumption	of	E.	

coli	 PBP1b	was	only	9.7	±	1.5%	at	 its	 end	point	and	25.2	±	2.8%	 for	Y.	pestis	

PBP1b	(Figure	5.7).	Y.	pestis	PBP1b	had	a	higher	consumption	of	substrate	due	to	

carboxypeptidation	than	E.	coli	PBP1b,	where	Y.	pestis	consumed	9.67	±	1.94%	

of	 the	donor	substrate	through	carboxypeptidation	compared	to	1.53	±	1.08%	

for	E.	coli.	Interestingly	this	data	suggests	that	E.	coli	and	Y.	pestis	only	cross-link	

~9.5%	and	~22.5%	of	their	substrate	respectively.	

	

5.3.5	Effect	of	CpoB	on	E.	coli	and	Y.	pestis	PBP1b	activity	

	

5.3.5.1	Effect	of	CpoB	on	E.	coli	and	Y.	pestis	PBP1b	initial	rates	

	

CpoB	has	 previously	 been	 reported	 to	 interact	with	E.	 coli	 PBP1b	 through	 its	

UB2H	domain,	and	modulate	the	extent	of	PBP1b	cross-linking,	by	affecting	LpoB	

Figure	5.7	Percentage	substrate	utilisation	of	E.	coli	and	Y.	pestis	PBP1b.	
E.	coli	PBP1b	(Ec	1b)	and	Y.	pestis	PBP1b	(Yp	1b)	in	vitro	activity,	shown	as	percentage	
of	substrate	consumed	at	the	end	point	of	the	assay	by	carboxypeptidation	(CP)	and	
transpeptidation	 (TP).	 Rates	 were	 assayed	 using	 the	 amplex	 red	 assay	 for	 D-Ala	
release.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	20	mM	
MgCl2,	1%	(v/v)		glycerol,	0.130%	(v/v)	Triton	X-100,	amplex	red	coupling	reagents,	
20	𝜇M	Lipid	II-	5P	(acetylated	DAP),	50	nM	PBP1b,	2	𝜇M	LpoB	and	20	𝜇M	MurNac-	5P.	
Data	is	shown	as	mean	±	SD	(n=3).	
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stimulation	of	transpeptidation	(Gray	et	al.,	2015;	Egan	et	al.,	2018).	However,	

when	 tested	 in	 the	 continuous	 glycosyltransferase	 and	 transpeptidase	 assay	

CpoB	 was	 found	 to	 have	 no	 effect	 on	 the	 initial	 glycosyltransferase	 or	

transpeptidase	rates	of	E.	coli	or	Y.	pestis	PBP1b	(Figure	5.8A	and	B).	Gray	et	al.	

reported	the	 inhibitory	effect	of	CpoB	on	LpoB	induced	PBP1b	transpeptidase	

activity	to	be	greater	at	a	higher	salt	concentration	(Gray	et	al.,	2015).	However,	

when	 tested	 at	 150	 mM	 NaCl,	 CpoB	 still	 had	 no	 effect	 on	 the	 initial	

transpeptidation	 rates	 of	E.	 coli	 and	Y.	 pestis	 PBP1b	 in	 the	 presence	 of	 LpoB	

(Figure	5.8C	and	D).	These	experiments	highlighted	the	sensitivity	of	E.	coli	and	

Y.	 pestis	 PBP1b	 transpeptidase	 activity	 to	 NaCl,	 with	 their	 rates	 decreasing	

dramatically	with	increasing	concentration	of	NaCl.	The	concentrations	of	NaCl	

tested	were	shown	to	have	no	effect	on	the	assay	enzyme	converting	system.
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Figure	5.8	Effect	of	CpoB	on	E.	coli	and	Y.	pestis	PBP1b	initial	rates	of	activity.	
(A	and	C)	E.	coli	PBP1b	and	(B	and	D)	Y.	pestis	PBP1b	in	vitro	activity,	shown	as	initial	
glycosyltransferase	 and	 transpeptidase	 rates	 relative	 to	PBP1b	alone	 (A	 and	B)	 and	
initial	 transpeptidase	 rates	 (C	 and	 D),	 in	 the	 presence	 and	 absence	 of	 LpoB.	
Glycosyltransferase	rate	was	assayed	by	the	consumption	of	fluorescently	labelled	Lipid	
II	at	varying	NaCl	concentrations.	Reactions	consisted	of	50	mM	HEPES	pH	7.5,	115	mM	
NaCl,	10	mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	0.1	
mg	ml-1	lysozyme,	5	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	PBP1b,	2		𝜇M	LpoB	and	3	or	10	𝜇M	
CpoB.	Data	is	shown	as	mean	±	SD	(n=3).	Transpeptidase	rate	was	assayed	using	the	
amplex	red	assay	for	D-Ala	release.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	
8.5,	6	mM	NaCl	unless	otherwise	stated,	20	mM	MgCl2,	1%	(v/v)	glycerol,	0.130%	(v/v)	
Triton	X-100,	amplex	red	coupling	reagents,	20	𝜇M	Lipid	II-	5P	(acetylated	DAP),	50	nM	
PBP1b,	2	𝜇M	LpoB,	3	or	10	𝜇M	CpoB	and	20	𝜇M	MurNac-	5P.	For	6	mM	NaCl	data	is	
shown	as	mean	±	SD	(n=3),	for	100	mM	NaCl	data	is	shown	as	a	single	value	(n=1)	and	
for	150	mM	NaCl	data	 is	 shown	as	mean	and	difference	between	 the	minimum	and	
maximum	values	(n=2).	



	 138	

5.3.5.2	 Effect	 of	 CpoB	 on	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 glycan	 chain	

polymerisation	

	

Due	 to	LpoB	affecting	 the	 length	of	glycan	polymer	produced	and	CpoB	being	

thought	 to	 interfere	with	LpoB	binding	to	PBP1b,	 the	effect	of	CpoB	on	glycan	

chain	length	was	investigated.	However,	CpoB	was	found	to	have	no	effect	on	the	

glycan	chains	produced	by	E.	coli	or	Y.	pestis	PBP1b	in	the	presence	or	absence	of	

LpoB,	 nor	 the	 ability	 of	 LpoB	 to	 stimulate	 PBP1b	 transglycosylation	 activity	

(Figure	5.9).	

	

Figure	 5.9	 Effect	 of	 CpoB	 on	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 glycan	 chain	
polymerisation.	
(A)	E.	 coli	PBP1b	 and	 (B)	Y.	 pestis	PBP1b	 in	 vitro	 glycosyltransferase	 activity	was	
assayed	by	the	consumption	of	fluorescently	labelled	Lipid	II,	and	visualised	by	SDS-
PAGE	analysis.	Reactions	consisted	of	50	mM	HEPES	pH	7.5,	115	mM	NaCl,	10	mM	
MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	10	𝜇M	Lipid	II	
(dansyl	DAP),	50	nM	PBP1b,	2	𝜇M	LpoB,	10	𝜇M	CpoB	and	5	𝜇M	moenomycin	(Moen)	
as	a	control	(n=2).	
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5.3.6	Effect	of	FtsN	on	E.	coli	and	Y.	pestis	PBP1b	activity	
	

5.3.6.1	Effect	of	FtsN	on	E.	coli	and	Y.	pestis	PBP1b	initial	rates	

	

E.	 coli	 FtsN	 is	 a	 membrane	 protein	 that	 is	 essential	 for	 triggering	 active	 cell	

constriction	 (Liu	 et	 al.,	 2015),	 and	 has	 been	 reported	 to	 interact	 with	 E.	 coli	

PBP1b	in	vitro	(Müller	et	al.,	2007;	Boes	et	al.,	2019).	10	𝜇M	FtsN	was	found	to	

decrease	the	E.	coli	glycosyltransferase	rate	by	33.7%	and	transpeptidation	rate	

by	 67.3%.	 Y.	 pestis	 was	 similarly	 affected,	 with	 10	 𝜇M	 FtsN	 reducing	 the	

glycosyltransferase	 rate	by	75.3%	and	 transpeptidation	 rate	by	65.5%.	While,	

FtsN	 had	 no	 significant	 effect	 on	 the	 glycosyltransferase	 or	 transpeptidase	

activity	of	E.	coli	or	Y.	pestis	PBP1b	alone,	it	did	have	a	concentration	dependent	

inhibitory	effect	on	the	initial	rates	of	glycosyltransferation	and	transpeptidation	

in	the	presence	in	LpoB	(Figure	5.10).	This	inhibitory	effect	was	independent	of	

the	buffer	FtsN	was	supplied	in.	

Figure	5.10	Effect	of	FtsN	on	E.	coli	and	Y.	pestis	PBP1b	initial	rates	of	activity.	
(A)	E.	coli	PBP1b	and	(B)	Y.	pestis	PBP1b	in	vitro	activity,	shown	as	initial	rates	relative	
to	PBP1b	alone,	 in	 the	presence	 and	absence	of	 LpoB.	 Glycosyltransferase	 rate	was	
assayed	by	the	consumption	of	fluorescently	labelled	Lipid	II.	Reactions	consisted	of	50	
mM	HEPES	pH	7.5,	115	mM	NaCl,	10	mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	
0.155%	(v/v)	Triton	X-100,	0.1	mg	ml-1	lysozyme,	5	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	
PBP1b,	2		𝜇M	LpoB	and	3	or	10	𝜇M	FtsN.	Transpeptidase	rate	was	assayed	using	the	
amplex	red	assay	for	D-Ala	release.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	
8.5,	6	mM	NaCl,	20	mM	MgCl2,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	amplex	
red	coupling	reagents,	20	𝜇M	Lipid	II-	5P	(acetylated	DAP),	50	nM	PBP1b,	2	𝜇M	LpoB,	
3	or	10	𝜇M	FtsN	and	20	𝜇M	MurNac-	5P.	Data	is	shown	as	mean	±	SD	(n=3).	
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5.3.6.2	 Effect	 of	 FtsN	 on	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 glycan	 chain	

polymerisation	

	

Next	the	effect	of	FtsN	on	the	glycan	chains	produced	by	PBP1b	was	assessed.	

Shorter	glycan	chains	 could	be	detected	 in	 its	presence,	with	 this	observation	

being	 independent	 of	 LpoB.	 Although	 LpoB	 increased	 the	 quantity	 of	 shorter	

glycan	chains,	the	presence	of	FtsN	created	an	additive	shortening	affect	(Figure	

5.11).	Interestingly,	in	the	case	of	Y.	pestis	PBP1b	the	presence	of	FtsN	appeared	

to	increase	the	rate	of	transglycosylation,	seen	by	the	increased	consumption	of	

Lipid	 II	 compared	 to	 Y.	 pestis	 PBP1b	 alone	 (Figure	 5.11B),	 even	 though	 the	

increase	 in	 initial	 glycosyltransferase	 rate	was	 not	 significant	 (Figure	 5.10B).	

Distortion	of	the	Lipid	II	bands	(Figure	5.11)	was	also	likely	due	to	the	presence	

of	 CHAPS	 detergent,	 which	 the	 FtsN	was	 supplied	 in.	 Although	 at	 a	 low	 final	

concentration	 in	the	assay	(0.086%,	0.176x	CMC),	CHAPS	has	previously	been	

observed	to	affect	the	migration	of	Lipid	II	in	this	manner	(C.	Rowland,	personal	

communication.).
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5.4	Discussion	and	future	work	
	

5.4.1	AUC	of	E.	coli	and	Y.	pestis	PBP1b,	LpoB,	CpoB	and	FtsN	
	

AUC	determined	E.	coli	and	Y.	pestis	PBP1b	to	be	predominantly	monomeric	in	

solution.	This	agrees	with	seven	crystal	structures	(Sung	et	al.,	2009;	King	et	al.,	

2017)	but	is	contradictory	to	previous	reports	of	E.	coli	PBP1b	dimerising	with	a	

KD	 of	 127	±96	 nM	 	 (Bertsche	 et	 al.,	 2005).	 This	 discrepancy	 may	 be	 due	 to	

differences	in	experimental	conditions,	e.g.	buffer	conditions	(i.e.	Triton	X-100	vs	

C8E5	 detergent)	 or	 construct	 length	 (this	 study:	 E.	 coli	 PBP1b	 58-804,	 SPR	

dimerisation	study:	E.	coli	PBP1b	46-844	(Bertsche	et	al.,	2005)).	

	

E.	coli	and	Y.	pestis	LpoB	were	found	to	be	monomeric	by	AUC,	which	also	agrees	

with	previous	reports	that	found	E.	coli	LpoB	to	be	monomeric	by	size-exclusion	

Figure	 5.11	 Effect	 of	 FtsN	 on	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 glycan	 chain	
polymerisation.	
(A)	E.	coli	PBP1b	and	(B)	Y.	pestis	PBP1b	in	vitro	glycosyltransferase	activity	was	assayed	
by	 the	 consumption	 of	 fluorescently	 labelled	 Lipid	 II,	 and	 visualised	 by	 SDS-PAGE	
analysis.	Reactions	consisted	of	50	mM	HEPES	pH	7.5,	115	mM	NaCl,	10	mM	MgCl2,	10%	
(v/v)	DMSO,	1%	(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	10	𝜇M	Lipid	II	(dansyl	DAP),	
100	nM	PBP1b,	4	𝜇M	LpoB,	6	𝜇M	FtsN	and	5	𝜇M	moenomycin	(Moen)	as	a	control	(n=2).	
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chromatography	and	AUC	(Egan	et	al.,	2014).	AUC	was	also	able	to	determine	that	

E.	 coli	 and	 Y.	 pestis	 PBP1b-LpoB	 interact	 as	 a	 stable	 heterodimer,	 which	 is	

consistent	 with	 previous	 pull-down	 assays,	 suggesting	 E.	 coli	 PBP1b-LpoB	

stoichiometry	 is	 close	 to	1:1	 (Paradis-Bleau	et	al.,	 2010).	 Indicating	 that	LpoB	

may	not	stabilise	the	dimeric	form	of	PBP1b,	which	is	thought	to	be	more	active,	

as	previously	suggested	(Bertsche	et	al.,	2005).	

	

AUC	 determined	 E.	 coli	 and	 Y.	 pestis	 FtsN	 to	 be	 largely	 monomeric	 with	 an	

elongated	 shape,	 which	 is	 consistent	 with	 the	 NMR	 structure	 of	 E.	 coli	 FtsN,	

however	no	previous	data	has	been	published	on	its	oligomeric	state.	The	NMR	

structure	determined	E.	coli	FtsN	to	have	a	long	flexible	region	with	no	detectable	

secondary	stricture,	connecting	the	transmembrane	helix	and	the	peptidoglycan-

binding	 domain	 (Yang	 et	 al.,	 2004).	 Yang	 et	 al.	 found	 the	 length	 of	 this	

unstructured	 region	 to	 be	 ~180	 residues,	 contributing	 to	more	 than	 half	 the	

proteins	 length	 (full	 length	 protein	319	 residues)	 (2004),	which	 clarifies	why	

FtsN	was	found	to	have	such	an	elongated	shape.	FtsN	has	previously	been	shown	

to	interact	with	E.	coli	PBP1b	in	vivo	by	bacterial	two-hybrid	analysis	(Müller	et	

al.,	 2007),	 however	 the	 interaction	 is	 not	 essential,	 as	 ponB	 (PBP1b)	 deletion	

from	E.	coli	are	still	viable	(Liu	et	al.,	2015).	In	vitro	pull-down	assays	have	also	

shown	E.	coli	PBP1b	to	interact	with	FtsN,	including	truncated	versions	(58-319,	

58-125	and	166-319).	The	interaction	between	E.	coli	PBP1b	and	full	length	FtsN	

(1-319)	was	also	confirmed	by	SPR,	however	no	interaction	was	seen	with	the	

truncated	versions		(Müller	et	al.,	2007),	suggesting	the	interaction	may	be	weak.	

AUC	 found	 both	E.	 coli	 and	Y.	 pestis	 PBP1b	 and	 FtsN	 to	 be	 in	 an	 equilibrium	

between	bound	complex	and	unbound	monomers,	suggesting	a	weak	or	transient	

interaction.	

	

E.	 coli	 CpoB	has	previously	 been	 reported	 to	 form	stable	 trimers	 in	 solutions	

(Krachler,	Sharma,	and	Kleanthous,	2010),	which	is	in	agreement	with	the	AUC	

findings	in	this	study.	AUC	found	E.	coli	and	Y.	pestis	PBP1b	able	to	disrupt	the	

stable	CpoB	trimer	to	form	heterodimers,	seen	previously	with	TolA,	which	was	

also	able	to	disrupt	the	CpoB	trimer	to	form	a	heterodimer	(Krachler,	Sharma,	

Cauldwell,	et	al.,	2010).	
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The	 differences	 between	 the	 observed	 molecular	 weights	 produced	 by	 AUC	

compared	 to	 the	 theoretical	 weights	 was	 more	 evident	 for	 the	 membrane	

proteins,	and	is	likely	due	to	the	detergent	micelles.	Although	C8E5	is	neutrally	

buoyant	 and	 would	 not	 have	 affected	 the	 sedimentation	 of	 the	 membrane	

protein,	 the	 added	 size	 of	 the	 micelle	 would	 have	 affected	 its	 overall	 shape,	

therefore	affecting	the	 frictional	ratio,	which	 is	used	to	compute	the	observed	

molecular	mass.	Only	one	frictional	ratio	is	computed	for	a	sample,	so	when	the	

sample	contains	protein	pairs	an	average	frictional	ratio	is	calculated,	increasing	

the	inaccuracy.	

	

5.4.2	Effect	of	LpoB	on	E.	coli	and	Y.	pestis	PBP1b	initial	rates	
	

The	results	from	section	5.3.2.1	indicate	that	LpoB	is	almost	essential	for	E.	coli	

and	 Y.	 pestis	 PBP1b	 transpeptidase	 activity	 in	 vitro,	 with	 it	 having	 less	 of	 a	

stimulatory	 effect	 on	 glycosyltransferase	 activity.	 It	 is	 well	 documented	 that	

LpoB	is	essential	for		E.	coli	PBP1b	functionality	in	vivo,	as	cells	lacking	PBP1a	

(making	PBP1b	essential),	require	an	active	LpoB	for	viability	(Paradis-Bleau	et	

al.,	2010).	However,	this	essentiality	has	not	be	replicated	in	vitro.	

	

Previous	findings	found	E.	coli	PBP1b	to	be	active	in	vitro	in	the	absence	of	LpoB,	

with	LpoB	having	a	greater	stimulatory	effect	on	PBP1b	glycosyltransferase	than	

transpeptidase	activity.		Studies	using	the	same	fluorescence	based	assay	as	used	

in	this	study	found	LpoB	to	stimulate	E.	coli	PBP1b	glycosyltransferase	activity	8	

to	11-fold	(Egan	et	al.,	2014;	Egan	et	al.,	2018),	while	assays	using	radioactive	

Lipid	II	found	LpoB	to	only	increase	glycosyltransferase	activity	1.5	to	3.6-fold	

(Paradis-Bleau	et	al.,	2010;	Lupoli	et	al.,	2014).	This	discrepancy	is	likely	due	to	

the	 discontinuous	 radio-active	 assay	 missing	 the	 initial	 enhancement	 in	 rate	

LpoB	 causes.	 This	 study	 replicates	 the	 previous	 continuous	 assay	 findings	

showing	 that	E.	 coli	 PBP1b	can	carry	out	 transglycosylation	 in	 the	absence	of	

LpoB,	but	its	presence	increases	the	initial	rate	of	transglycosylation	by	15-	fold,	

greater	than	previously	seen.	This	study	also	found	Y.	pestis	PBP1b	to	behave	in	

a	 similar	 manner,	 with	 it	 being	 active	 alone,	 but	 LpoB	 stimulating	 its	

glycosyltransferase	activity	9-	fold.	
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The	 results	 from	 this	 study	 show	 E.	 coli	 PBP1b	 transpeptidase	 activity	 is	

negligible	 in	 the	 absence	 of	 LpoB,	 and	 LpoB	 stimulates	 the	 initial	

transpeptidation	rate	by	~90-fold.	Y.	pestis	PBP1b	was	also	found	to	act	similarly,	

showing	very	little	transpeptidase	activity	in	the	absence	of	LpoB,	where	LpoB	

stimulated	its	initial	transpeptidase	rate	~50-fold.	Recently	Catherwood	et	al.	has	

also	shown	E.	coli	PBP1b	transpeptidase	activity	to	be	almost	dependent	on	the	

presence	of	LpoB,	with	LpoB	increasing	the	initial	transpeptidation	rate	by	>100-

fold,	 at	 PBP1b	 concentrations	 less	 than	 1/10	 of	 its	 dimerization	 KD	 (2019).	

However,	 previous	 to	 this,	 others	 have	 found	E.	 coli	 PBP1b	 able	 to	 carry	 out	

transpeptidation	in	vitro	in	the	absence	of	LpoB,	with	PBP1b	activity	significantly	

increasing	at	 concentrations	above	 its	dimerization	KD	(Bertsche	et	al.,	 2005).	

While	the	presence	of	LpoB	only	increased	the	rate	of	transpeptidation	1.5-fold	

(Lupoli	 et	 al.,	 2014),	 and	 substrate	 cross-linking	 from	 50-70%,	 even	 at	

concentrations	of	PBP1b	that	promote	dimerization	(Egan	et	al.,	2014;	Egan	et	

al.,	2018).	

	

It	 is	 difficult	 to	 directly	 compare	 the	 findings	 in	 this	 study	 and	 those	 from	

Catherwood	et	al.	(2019),	to	other	previous	findings	due	to	major	difference	in	

the	assaying	methods.	Catherwood	et	al.	(2019)	and	this	study	use	a	continuous	

method	to	measure	the	transpeptidation	rate	directly,	whereas	other	previous	

studies	have	measured	 the	percentage	of	 cross-linking	at	 the	end	point	of	 the	

assay.	 Therefore,	 negligible	 changes	 to	 the	 endpoint	 of	 the	 reaction	 may	 be	

preceded	by	large	changes	in	the	initial	rate.	

	

The	 results	 from	 this	 study	 shed	 light	 on	 the	 activation	method	of	 LpoB,	 and	

suggest	 that	 LpoB	 stimulates	 PBP1b	 glycosyltransferase	 and	 transpeptidase	

activity	simultaneously,	but	to	different	extents,	as	suggested	by	recent	structural	

and	activity	 studies	by	Egan	et	 al.	 (2018).	The	essentiality	of	LpoB	 for	PBP1b	

transpeptidase	 activity	 in	 vitro	 also	 explains	why	 LpoB	 is	 essential	 for	 PBP1b	

function	in	vivo.	

	

Previous	studies	have	found,	residue	202	of	E.	coli	PBP1b	to	be	involved	in	the	

activation	by	LpoB’s	 (Markovski	et	al.,	 2016).	 In	 this	 study	we	confirmed	 this	
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observation	by	showing	E.	coli	PBP1b	I202F	alone	was	significantly	more	active	

than	 wild	 type	 PBP1b	 in	 the	 presence	 of	 LpoB	 at	 the	 same	 concentration,	

however	 the	 presence	 of	 LpoB	 was	 still	 able	 to	 increase	 its	 activity	 further	

indicating	a	 single	mutation	does	not	 fully	mimic	LpoB	binding.	However,	 the	

same	mutation	in	Y.	pestis	PBP1b	I205F	mimicked	LpoB	stimulation	entirely,	as	

the	 addition	 of	 LpoB	 did	 not	 increase	 the	 rate	 of	 transglycosylation	 or	

transpeptidation	 further.	These	differences	may	be	explained	by	the	sequence	

(Figure	1.3)	and	consequently	structural	differences	in	the	UB2H	domain	of	the	

proteins,	changing	how	LpoB	binds	to	PBP1b.	In	conclusion,	although	E.	coli	and	

Y.	pestis	PBP1b	function	very	similarly,	they	do	have	some	kinetic	differences.	

	

5.4.3	Effect	of	LpoB	on	E.	coli	and	Y.	pestis	PBP1b	glycan	chain	

polymerisation	
	

This	 study	 found	E.	 coli	 and	Y.	 pestis	 PBP1b	 to	 produce	 glycan	 chains	 of	 >14	

disaccharide	units	in	length	which	is	consistent	with	previous	reports	of	E.	coli	

PBP1b	polymerisation	(Bertsche	et	al.,	2005;	Barrett	et	al.,	2007;	Paradis-Bleau	

et	 al.,	 2010;	 Egan	 et	 al.,	 2018).	 Although	 most	 chains	 are	 longer	 than	 this	

(estimated	 >50	 disaccharides),	 their	 exact	 lengths	 are	 unknown	 due	 to	

insufficient	separation	of	high	molecular	weight	products	by	SDS-PAGE	and	the	

lack	of	high	molecular	weight	glycan	chain	standards.	The	absence	of	any	short	

glycan	 chains	 suggests	E.	 coli	 and	Y.	 pestis	 PBP1b	produce	 glycan	 chains	 of	 a	

characteristic	 intrinsic	 length	 distribution,	 which	 is	 consistent	 with	 previous	

reports	from	E.	coli	PBP1b	(Wang	et	al.,	2008).	

	

The	presence	of	LpoB	was	found	to	stimulate	the	production	of	shorter	glycan	

chains,	 increasing	 the	 quantity	 of	 shorter	 glycan	 chains.	 These	 findings	 are	

consistent	with	previous	studies	that	have	investigated	E.	coli	PBP1b	glycan	chain	

production	in	vitro	(Wang	et	al.,	2008;	Paradis-Bleau	et	al.,	2010;	Markovski	et	

al.,	2016).	In	comparison	with	in	vivo	 findings,	glycan	chains	extracted	from	E.	

coli	are	found	to	be	greater	than	200	nm	in	length	(Turner	et	al.,	2018).	As	one	

GlcNAc-MurNAc	 5P	 disaccharide	 has	 been	 estimated	 by	 solution	 NMR	 and	

computational	modelling	to	have	a	 length	of	~1-1.5	nm	(Meroueh	et	al.,	2006;	
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Kim	et	al.,	2018),	a	200	nm	glycan	chain	would	be	made	up	of	>130	disaccharide	

units	in	vivo.	Other	studies	have	extracted	glycan	chains	from	E.	coli	which	are	

~20-80	disaccharides	in	length	(Glauner	et	al.,	1988;	Glauner	and	Holtje,	1990;	

Harz	et	al.,	1990),	which	are	consistent	with	the	in	vitro	findings	from	this	study.	

	

Egan	 et	 al.	 have	 suggested	 LpoB	 shortening	 of	 glycan	 chains	 is	 an	 artefact	 of	

DMSO,	and	show	in	the	absence	of	DMSO	LpoB	induces	E.	coli	PBP1b	to	produce	

longer	 glycan	 chains	 (2018).	 However,	 these	 findings	 are	 contradictory	 to	

previous	studies	which	have	also	carried	out	the	in	vitro	reactions	in	the	absence	

of	DMSO	and	have	still	found	glycan	chain	shortening	(Markovski	et	al.,	2016).	

Unfortunately,	the	effect	of	DMSO	on	glycan	chain	length	could	not	be	tested	in	

this	study,	as	DMSO	was	needed	for	visualisation	of	the	fluorescent	Lipid	II	and	

glycan	chains	(discussed	in	section	3.4.5).	Although	DMSO	could	not	be	removed	

completely,	 the	concentration	was	kept	 low	at	10%	(v/v).	The	 findings	 in	 this	

study	also	support	the	glycan	chain	shortening	effect	of	LpoB,	as	the	LpoB	bypass	

mutants	also	produced	shorter	glycan	chains	 than	wildtype	PBP1b,	 indicating	

that	LpoB	induced	glycan	polymer	shortening	maybe	a	relevant	function	of	LpoB	

in	vivo.	

	

5.4.4	Frequency	of	E.	coli	and	Y.	pestis	PBP1b	cross-linking		
	

The	findings	reported	here	indicate	that	E.	coli	PBP1b	only	cross-links	~9.5%	of	

its	 substrate	 in	 the	 presence	 of	 LpoB.	 Previous	 findings	 on	 the	 cross-linking	

frequency	of	E.	coli	PBP1b	are	contradictory.	In	vitro	studies	using	radio-labelled	

Lipid	 II	 found	E.	coli	PBP1b	 in	the	presence	of	LpoB	to	cross-link	~70%	of	 its	

substrates	(Bertsche	et	al.,	2005;	Egan	et	al.,	2014;	Egan	et	al.,	2018;	Pazos	et	al.,	

2018),	 studies	 measuring	 the	 incorporation	 of	 D-ala	 showed	 PBP1b-LpoB	 to	

cross-link	 ~19%	of	 its	 substrate,	 (Lupoli	 et	 al.,	 2014),	 whereas	 studies	 using	

unlabelled	Lipid	II	found	E.	coli	PBP1b	in	the	presence	of	LpoB	to	cross-link	15%	

of	its	substrate	(Catherwood	et	al.,	2019).	The	findings	from	this	study	agree	with	

the	latter	two	in	vitro	studies,	which	are	most	similar	to	E.	coli	cross-linking	in	

vivo,	found	to	be	33-40%	(Glauner	et	al.,	1988;	Quintela	et	al.,	1995).	Interestingly	

the	data	from	this	study	suggests	that	Y.	pestis	PBP1b	has	a	higher	percentage	of	
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cross-linking	~25%,	which	is	similar	to	in	vivo	data	showing	34%	of	Y.	pestis’s	

peptidoglycan	 is	 cross-linked	 (Quintela	 et	 al.,	 1995).	 The	 lower	 cross-linking	

activity	in	vitro	may	be	due	to	the	use	of	non-native	or	modified	substrates,	or	the	

use	of	other	types	of	cross-linking	in	peptidoglycan	e.g.	3-3	cross-links.	

	

5.4.5	Effect	of	CpoB	on	E.	coli	and	Y.	pestis	PBP1b	activity	
	

This	study	 found	the	rate	of	E.	coli	and	Y.	pestis	PBP1b	transglycosylation	and	

transpeptidation	to	be	unaffected	by	CpoB	in	the	absence	or	presence	of	LpoB,	

and	found	CpoB	to	have	no	effect	on	the	glycan	chains	produced	by	E.	coli	or	Y.	

pestis	PBP1b.	Although	these	 findings	differ	 from	previous	studies	which	have	

shown	CpoB	to	 inhibit	LpoB	stimulation	of	E.	coli	PBP1b	transpeptidation,	 the	

discrepancies	in	the	results	may	be	due	to	different	assaying	methods.	Previous	

studies	have	quantified	the	percentage	of	peptides	cross-linked	at	the	end	point	

of	a	reaction,	whereas	this	study	measured	the	initial	rate	of	transpeptidation.	

CpoB	may	alter	the	extent	of	PBP1b	cross-linking	by	sensitising	PBP1b	to	product	

inhibition,	therefore	the	transpeptidation	rate	would	not	change	until	sufficient	

product	had	accumulated.	

	

Previous	experiments	have	determimed	a	CpoB	copy	number	of	4550	±	540	in	

growing	E.	coli	 cells	(Gray	et	al.,	2015),	 in	comparison	to	1000	for	PBP1b	and	

2300	for	LpoB	(Typas	et	al.,	2010).	Considering	we	found	LpoB	needed	to	be	at	

40x	excess	to	PBP1b	to	gain	maximum	stimulation,	this	study	used	CpoB	in	200x	

excess	to	PBP1b	(and	a	5-fold	excess	over	LpoB)	to	account	for	the	abundance	of	

CpoB	to	PBP1b	in	the	cell,	however	it	was	still	found	to	have	no	effect.	

	

5.4.6	Effect	of	FtsN	on	E.	coli	and	Y.	pestis	PBP1b	activity	
	
This	 study	 found	 FtsN	 to	 have	 an	 inhibitory	 effect	 on	 E.	 coli	 and	 Y.	 pestis	

glycosyltransferase	and	transpeptidase	rates,	only	in	the	presence	of	LpoB.	Most	

studies	have	measured	the	affect	FtsN	had	on	E.	coli	PBP1b	activity	alone,	with	

FtsN	 increasing	 the	 basal	 rate	 of	 PBP1b	 glycosyltransferase	 rate	 by	~2.5-fold	

(Müller	 et	 al.,	 2007;	 Egan	 et	 al.,	 2015;	 Pazos	 et	 al.,	 2018)	 and	 increasing	
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transpeptidation	5-fold,	with	the	effect	on	transpeptidation	only	being	seen	at	

PBP1b	concentrations	below	its	dimerization	KD	(Müller	et	al.,	2007;	Pazos	et	al.,	

2018).	

	

Egan	et	al.	 have	 compared	 the	 stimulatory	effects	of	FtsN	and	LpoB	on	E.	 coli	

PBP1b	 glycosyltransferase	 activity	 (at	 a	 PBP1b	 concentration	 above	 its	

dimerization	KD),	and	found	LpoB	was	able	to	stimulate	PBP1b	by	twice	as	much	

as	FtsN,	and	the	presence	of	both	proteins	had	an	additive	stimulatory	effect	on	

(2015).	Yet	at	lower	PBP1b	concentrations	(38	nM,	compared	with	500	nM	(Egan	

et	al.,	2015))	Pazos	et	al.	 found	FtsN	to	have	a	greater	stimulatory	effect	 than	

LpoB	(2018),	hence	there	are	many	contradictory	findings	among	the	results	of	

previous	studies.	The	finding	of	FtsN	reducing	PBP1b	cross-linking	activity	align	

with	its	in	vivo	function	of	recruiting	amidases	to	the	division	site	to	cleave	the	

peptidoglycan	layer.	

	

The	protein	ratios	used	in	this	study	were	based	on	the	copy	numbers	found	in	

E.	coli	cells.	PBP1b	is	found	at	1000	copies	per	cell,	LpoB	2300	(Typas	et	al.,	2010)	

and	FtsN	3000-6000	(Ursinus	et	al.,	2004),	and	considering	LpoB	was	needed	in	

40x	 excess	 to	 PBP1b	 to	 gain	 full	 stimulation,	FtsN	was	used	 at	 60x	 and	 200x	

excess	of	PBP1b,	due	to	it	being	expressed	in	higher	quantities	in	the	cell	than	

LpoB.	

	

We	also	found	FtsN	to	have	an	effect	on	the	length	of	glycan	chains	produced	by	

E.	coli	and	Y.	pestis	PBP1b.	We	found	FtsN	to	decrease	the	length	of	glycan	chains	

produced	by	PBP1b	in	the	absence	and	presence	of	LpoB.	Although	a	previous	

study	 has	 found	 the	 presence	 of	 FtsN	 to	 increase	 the	 length	 of	 glycan	 chains	

produced	by	E.	coli	PBP1b	further	than	those	produced	in	the	presence	of	LpoB		

(Pazos	et	al.,	2018),	the	results	are	tenuous	due	to	the	reactions	being	at	differing	

stages	of	completion.
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5.4.7	Future	work	
	

In	addition	to	the	further	work	that	has	been	generated	from	the	results	in	this	

chapter	discussed	above,	recent	advances	in	periplasmic	FRET	would	allow	the	

Y.	pestis	protein-protein	interaction	to	be	tested	in	situ	 in	E.	coli,	by	expressing	

the	 proteins	 fused	 to	 FRET	 capable	 fluorescent	 proteins	 (Meiresonne	 et	 al.,	

2019).	Meiresonne	et	al.	developed	fluorescent	proteins	capable	of	FRET	in	the	

periplasm,	which	has	long	been	difficult	due	to	issues	with	fluorescent	protein	

folding	in	the	periplasm	and	non-fluorescent	protein	dimer	formation.	

	

One	of	the	major	drawbacks	to	using	detergents	in	in	vitro	assays	is	poor	mimicry	

of	 a	 single	 lipid	bilayer	 comprising	all	 the	proteins	and	 substrates	needed	 for	

peptidoglycan	 synthesis,	 as	 in	 vivo.	 In	order	 to	 better	 recreate	 the	membrane	

environment	 in	 vitro,	 the	 interacting	 proteins	 could	 be	 reconstituted	 into	

nanodiscs	 or	 nanobodies,	 or	 extracted	 by	 SMALP.	 SMALP	 allows	 membrane	

proteins	 in	 their	 protein	 complexes	 to	 be	 extracted	 directly	 from	 native	

membranes.	 In	 contrast	 to	 detergents,	 SMALP	 extracts	 proteins	 within	 the	

portion	of	 the	membrane	 that	 surrounds	 them,	 thereby	 preserving	 the	 native	

lipid	 environment	 and	 removing	 the	 need	 for	 detergents,	 while	 maintaining	

protein	in	complexes	(Teo	et	al.,	2019).	Although	the	Lipid	II	substrates	could	not	

be	delivered	in	SMALP	at	this	stage,	delivering	the	protein	complexes	in	SMALP	

would	 bring	 the	 in	 vitro	 assays	 one	 step	 closer	 to	 reconstituting	 the	 in	 vivo	

complex.	This	would	also	allow	the	effect	of	 the	phospholipid	environment	on	

PBP1b	to	be	investigated.	
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5.5	Conclusions	
	

In	this	work	we	have	demonstrated	E.	coli	and	Y.	pestis	PBP1b,	LpoB	and	FtsN	

proteins	 to	 all	 be	monomeric	 in	 solution	 and	E.	 coli	 and	Y.	 pestis	 CpoB	 to	 be	

trimeric	in	solution.	AUC	also	confirmed	the	direct	interaction	between	E.	coli	and	

Y.	pestis	PBP1b	and	LpoB,	CpoB	and	FtsN.	This	study	shows	the	first	observations	

of	the	effect	interacting	partners	LpoB,	CpoB	and	FtsN	have	on	Y.	pestis	PBP1b	

glycosyltransferase	and	transpeptidase	rates	in	vitro.	LpoB	stimulated	the	in	vitro	

initial	 glycosyltransferation	 and	 transpeptidation	 rates	 of	E.	 coli	 and	Y.	 pestis	

PBP1b,	while	CpoB	was	shown	to	have	no	effect	on	either	activities.	However,	

FtsN	inhibited	the	initial	glycosyltransferase	and	transpeptidase	rates	of	both	E.	

coli	and	Y.	pestis	PBP1b	in	vitro.
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Chapter	6.	Development	of	a	functional	in	vitro	assay	to	

measure	P.	aeruginosa	PBP3	activity	
	

6.1	Introduction	
	

6.1.1	PBP3	
	

E.	coli	PBP3	is	the	only	essential	class	B	PBP	(mono-transpeptidase)	involved	in	

cell	division,	catalysing	the	peptide	cross-links	between	glycan	chains.	PBP3	is	a	

membrane	 protein,	 comprising	 of	 a	 short	 cytoplasmic	 peptide,	 followed	 by	 a	

single	 transmembrane	 helix	 and	 a	 periplasmic	 domain,	 containing	 the	

transpeptidase	active	site	(Sauvage	et	al.,	2014).	

	

PBP3	 is	 involved	 in	many	 interactions	within	the	divisome	complex,	 including	

with	 FtsW.	 The	 localisation	 of	 PBP3	 to	 the	 division	 site	 is	 reported	 to	 be	

dependent	on	the	presence	of	FtsW	(Pastoret	et	al.,	2004;	Piette	et	al.,	2004),	and	

they	have	been	reported	to	directly	interact	in	vivo	and	in	vitro	(Fraipont	et	al.,	

2011).	FtsW	was	one	of	the	candidates	for	the	Lipid	II	flippase	(Mohammadi	et	

al.,	2011),	but	has	recently	been	shown	to	have	Lipid	II	polymerisation	activity	in	

vitro	(Taguchi	et	al.,	2019).	Interestingly,	FtsW	was	shown	to	only	polymerase	

Lipid	II	in	the	presence	of	its	cognate	class	B	PBP,	PBP3	(Taguchi	et	al.,	2019).	

This	led	to	the	proposal	that	FtsW-PBP3	forms	a	two-component	peptidoglycan	

synthase,	with	FtsW	carrying	out	the	glycosyltransferase	activity	and	PBP3	the	

transpeptidase	 activity	 (Taguchi	 et	 al.,	 2019).	This	 complex	would	mirror	 the	

RodA-PBP2	 complex	 which	 has	 been	 reported	 to	 synthesise	 peptidoglycan	

during	cell	elongation	(Meeske	et	al.,	2016;	Cho	et	al.,	2016;	Rohs	et	al.,	2018).	

PBP3	is	also	necessary	for	midcell	localisation	of	PBP1b	(Bertsche	et	al.,	2006),	

and	they	have	been	shown	to	interact	directly	in	vivo	and	in	vitro	(Bertsche	et	al.,	

2006).	 FtsW,	 PBP3	 and	 PBP1b	 have	 subsequently	 been	 reported	 to	 form	 a	

trimeric	complex	in	vitro	(Leclercq	et	al.,	2017).	
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6.1.2	Class	B	PBP	in	vitro	activity	
	

In	 vitro	 class	 A	 PBP	 transpeptidase	 activity	 is	 well	 documented,	 however	 the	

same	is	not	true	for	Class	B	PBPs.	Although	the	cognate	polymerases	have	been	

identified	for	PBP2	and	PBP3	there	have	been	very	few	reports	of	Gram-positive	

or	 -negative	 class	 B	 PBP	 in	 vitro	 transpeptidase	 activity	 in	 the	 literature.	

Streptococcus	thermophilus	PBP2x	has	been	shown	to	cross-link	glycan	polymers	

produced	by	its	cognate	polymerase	FtsW	in	vitro,	as	well	polymers	produced	by	

Staphylococcus	 aureus	 monofunctional	 glycosyltransferase	 SgtB	 and	

transpeptidase	inactive	Streptococcus	pneumoniae	PBP1a	(Taguchi	et	al.,	2019).	

These	reports	suggest	that	class	B	PBPs	do	not	need	to	interact	with	their	cognate	

polymerase	 for	 activity,	 and	 can	 use	 substrates	 produced	 by	 a	 non-cognate	

polymerase.	E.	coli	PBP2	has	also	been	reported	to	attach	Lipid	 II	 to	sacculi	 in	

vitro	(Banzhaf	et	al.,	2012).	Whereas	in	vitro	PBP3	transpeptidase	activity	with	

natural	 substrate	has	never	been	 reported,	 even	 though	 it	has	been	 shown	 to	

bind	𝛽-lactams	and	to	catalyse	the	hydrolysis	of	simple	thioester	substrates	 in	

vitro	(Adam	et	al.,	1991;	Papp-Wallace	et	al.,	2012;	Boes	et	al.,	2019).	

	

6.2	Experimental	aims	
	

• To	investigate	 if	P.	aeruginosa	PBP3	 is	active	 in	 the	D-Ala	release	assay	

and	validate	the	assay	with	appropriate	controls.	

• To	confirm	P.	aeruginosa	PBP3	carboxypeptidation	and	transpeptidation	

by	LCMS.	

• To	investigate	P.	aeruginosa	PBP3	inhibition	by	ampicillin.	

• To	determine	the	substrate	specificity	of	P.	aeruginosa	PBP3.	

• To	test	other	Gram	negative	PBP3’s	for	activity	in	the	D-Ala	release	assay.	
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6.3	Results	

	
6.3.1	P.	aeruginosa	PBP3	assay	rationale	
	

Preliminary	data	from	our	laboratory	concluded	that	P.	aeruginosa	PBP3	had	a	

greater	bocillin	acylation	(Shapiro	et	al.,	2013)	and	nitrocefin	deacylation	rate	

than	 PBP3	 homologues	 from	 	 E.	 coli,	 Y.	 pestis,	 Burkholderia	 pseudomallei,	

Haemophilus	influenza	and	Acinetobacter	baumannii	(Newman	H	and	Bellini	D,	

unpublished).	 Both	 bocillin	 and	 nitrocefin	 are	 fluorescent	 and	 chromogenic	

mimics	of	𝛽-lactams	 respectively,	 that	 can	acylate	 to	 the	PBP3	 transpeptidase	

active	site,	and	in	the	case	of	nitrocefin,	release	of	the	hydrolysed	product	as	a	

chromophore	 (Lloyd	A.	 and	Bellini	D.,	 unpublished).	As	bocillin	and	nitrocefin	

structurally	mimic	the	terminal	D-Ala-D-Ala	peptides	of	the	natural	substrate	of	

PBP3	and	given	the	above	data,	it	was	hypothesised	that	P.	aeruginosa	PBP3	was	

the	most	likely	out	of	all	the	PBP3	homologues	tested	to	acylate	and	cross-link	

native	substrates.	

	

A	 transpeptidase	 inactive	mutant	 of	E.	 coli	 PBP1b	 (kindly	 gifted	 by	 D.	 Bellini	

(Warwick))	was	used	to	produce	the	polymeric	donor	substrate	for	P.	aeruginosa	

PBP3	(Matsuhashi	et	al.,	1990),	as	previous	reports	have	suggested	class	B	PBPs	

can	utilise	glycan	chains	produced	by	a	non-cognate	polymerase	(Taguchi	et	al.,	

2019;	Boes	et	al.,	2019).	The	transpeptidase	 inactive	mutant	was	produced	by	

mutating	 the	 transpeptidase	 active	 site	 serine	 to	 an	 alanine	 (E.	 coli	 PBP1b	

S510A).	The	continuous	D-Ala	release	assay	(detailed	in	3.1.4)	was	then	used	to	

measure	PBP3	carboxypeptidase	and	transpeptidase	activity	(Figure	6.1).	
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6.3.2	 Initial	 observations	 of	 P.	 aeruginosa	 PBP3	 activity	 and	

assay	controls	
	
To	establish	if	P.	aeruginosa	PBP3	could	utilise	glycan	chains	produced	by	E.	coli	

PBP1b	 S510A,	 PBP3	 carboxypeptidase	 and	 transpeptidase	 activity	 was	

measured	in	the	continuous	D-Ala	release	assay	with	various	substrates.	Firstly,	

it	was	confirmed	that	E.	coli	PBP1b	S510A	was	indeed	transpeptidase	inactive,	

which	 was	 established	 by	 the	 lack	 of	 D-ala	 release	 after	 its	 addition	 in	 the	

presence	of	Lipid	II	(acetylated	DAP)	(Figure	6.2A,	B	and	D).	Only	on	the	addition	

of	 P.	 aeruginosa	 PBP3	 was	 D-ala	 release	 detected	 (Figure	 6.2A,	 B	 and	 D),	

suggesting	P.	aeruginosa	PBP3	was	active.	To	confirm	P.	aeruginosa	PBP3	was	

using	the	glycan	polymers	rather	than	the	Lipid	II	substrate	E.	coli	PBP1b	S510A	

was	 omitted	 from	 the	 reaction	 and	 no	 D-ala	 release	 was	 seen	 (Figure	 6.2A),	

suggesting	P.	aeruginosa	PBP3	was	only	able	to	utilise	the	polymeric	substrate	

produced	from	Lipid	II	(acetylated	DAP).	As	expected	P.	aeruginosa	PBP3	D-ala	

release	 was	 also	 inhibited	 by	 ampicillin	 (transpeptidase	 inhibitor),	 and	

moenomycin	 (glycosyltransferase	 inhibitor)	 due	 to	 the	 lack	 of	 polymeric	

Figure	6.1.	In	vitro	continuous	PBP3	D-Ala	release	assay	principle.	
Lipid	 II	 (acetylated	DAP)	(rendered	donor	only	substrate	by	acetylating	 the	𝜀-amino	
group	of	the	third	DAP	residue	in	the	stem	peptide)	is	polymerised	into	glycan	chains	
(GT)	 by	 transpeptidase	 inactive	E.	 coli	 PBP1b	 S510A	 (PBP1b*).	 The	 glycan	 polymer	
acylates	to	the	active	site	serine	of	PBP3	releasing	D-Ala.	Upon	addition	of	MurNAc	5P	
(DAP)	 (an	 exclusive	 acceptor	 substrate)	 transpeptidation	 (TP)	 occurs	 releasing	 the	
transpeptidation	 product.	 If	 water	 is	 used	 in	 the	 place	 of	 acceptor	 substrate	
carboxypeptidation	(CP)	occurs	releasing	the	stem	tetrapeptide.	The	release	of	D-Ala	is	
monitored	via	a	coupled	enzyme	detection	system.	
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substrate	being	produced	(Figure	6.2B).	P.	aeruginosa	PBP3	D-ala	release	initial	

rate	was	also	linearly	dependent	on	PBP3	concentration	(Figure	2.6C).	

	

P.	aeruginosa	PBP3	was	able	to	utilise	glycan	polymers	produced	from	Lipid	II	

(DAP)	 and	 (acetylated	 DAP),	 but	 interestingly	 not	 from	 Lipid	 II	 (Lys)	 (Figure	

6.2D),	suggesting	that	P.	aeruginosa	PBP3	could	only	utilise	glycan	polymers	with	

its	native	DAP	in	the	3rd	position	of	the	peptide	stem.	As	Lipid	II	(acetylated	DAP)	

can	only	be	a	transpeptidase	donor	substrate,	the	D-Ala	release	observed	using	

this	 substrate	 can	 only	 be	 attributed	 to	 carboxypeptidation.	 On	 addition	 of	

acceptor	 only	 substrate	 MurNAc	 5P	 (DAP)	 transpeptidation	 can	 be	 initiated,	

however	no	detectable	change	in	D-Ala	release	rate	was	observed	(Figure	6.2D),	

suggesting	 there	 was	 either	 no	 switch	 from	 carboxypeptidation	 to	

transpeptidation,	or	the	D-Ala	release	rate	from	transpeptidation	was	far	slower	

than	that	of	carboxypeptidation.	To	determine	this	the	reaction	products	were	

analysed	by	LCMS	(detailed	in	6.3.3).	

	

Interestingly,	 the	 D-Ala	 release	 rate	 observed	 using	 native	 glycan	 polymers	

produced	from	Lipid	II	(DAP)	was	less	than	that	with	Lipid	II	(acetylated	DAP)	

(Figure	6.2D).	This	may	simply	be	a	substrate	preference,	or	may	be	due	to	the	

D-Ala	production	being	from	transpeptidation	rather	than	carboxypeptidation,	

as	 the	 glycan	 polymers	 produced	 from	Lipid	 II	 (DAP)	 can	 be	 both	 donor	 and	

acceptor	transpeptidase	substrates	(investigated	in	6.3.3).		

	

Catherwood	et	al.	have	shown	that	the	stereochemical	orientation	of	the	DAP	𝜀-

amino	 group	 with	 the	 pentapeptide	 stem	 biased	 E.	 coli	 PBP1b	 towards	

transpeptidation	 or	 carboxypeptidation	 (2019).	 Therefore,	 we	 determined	 if	

Lipid	II	(L,L-acetylated	DAP),	the	stereoisomer	of	Lipid	II	(acetylated	DAP),	was	

also	 a	 donor	 substrate	 for	 P.	 aeruginosa	 PBP3.	 	 Lipid	 II	 (L,L-acetylated	 DAP)	

supported	D-Ala	release,	however,	it	was	not	as	well	utilised	as	meso-acetylated	

DAP.	E.	coli	sacculi	also	mainly	contain	tetrapeptides	(Glauner	and	Entwi,	1988),	

which	can	act	as	acceptor	but	not	donors	substrates	for	transpeptidation.	When	

we	 tested	 polymeric	 tetrapeptide	 substrates	 containing	 meso-	 or	 L,L-DAP	 as	
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transpeptidase	 acceptors	 they	 caused	 no	 change	 in	 the	 D-Ala	 release	 rate,	

however	this	should	be	investigated	by	LCMS.	

	

6.3.3	LCMS	of	P.	aeruginosa	PBP3	assay	products	
	

To	 determine	 if	 P.	 aeruginosa	 PBP3-catalysed	 D-ala	 release	 from	 Lipid	 II	

(acetylated	 DAP)	 and	 MurNAc	 5P	 (DAP)	 was	 transpeptidation,	 the	 reaction	

products	were	digested	with	mutanolysin	and	analysed	by	LCMS	(Figure	6.5A).	

LCMS	 detected	 m/z	 values	 for	 the	 Lipid	 II	 substrate	 or	 it’s	 polymer,	 GlcNAc	

MurNAc	 5P	 (acetylated	 DAP)	 (expected	 (m+1)/1:	 1053.447,	 observed:	

1053.448)	(Figure	6.3A	and	Bi),	the	carboxypeptidase	product	GlcNAc	MurNAc	

(acetylated	 DAP	 4P)	 (expected	 (m+1)/1:	 982.410,	 observed	 982.412)	 (Figure	

6.3Bi),	the	transpeptidase	product	GlcNAc	MurNAc	(acetylated	DAP	4P)	bonded	

via	the	carbonyl	of	its	D-ala	to	the	DAP	𝜀-amino	group	within	MurNAc	5P	(DAP)	

(expected	(m+2)/2:	886.378,	observed:	886.378)	(Figure	6.3Bii).	Consistent	with	

Figure	6.2	Initial	observations	of	P.	aeruginosa	PBP3	activity	and	controls.	
P.	aeruginosa	PBP3	activity	was	assayed	using	the	amplex	red	assay	for	D-Ala	release	in	
vitro.	 (A)	 dependency	 on	 glycan	 polymer	 substrate,	 (B)	 inhibition,	 (C)	 linear	
dependency	 of	 initial	 rate	 on	 PBP3	 concentration,	 and	 (D)	 substrate	 utilisation.	
Reactions	consisted	of		50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	2	mM	MgCl2,	1%	
(v/v)	 glycerol,	 0.130%	 (v/v)	 Triton	 X-100	 (0.0468%	 (v/v)	 E6C12	 for	 Lipid	 II	 (DAP)	
reaction),	amplex	red	coupling	reagents,	20	𝜇M	Lipid	II	(acetylated	DAP)	if	not	stated,	
50	nM	E.	coli	PBP1b	S510A	(PBP1b*),	20	𝜇M	MurNac	5P	(DAP)	only	where	stated,	2	𝜇M	
LpoB,	325	nM	P.	aeruginosa	PBP3	unless	otherwise	stated,	5	𝜇M	Moenomycin	(Moen)	
and	3	mM	Ampicillin	(Amp)	as	controls.	A,	C	and	D:	data	is	shown	as	n=1,	and	B:	mean,	
maximum	and	minimum	(n=2).	
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these	observations,	 there	were	no	m/z	values	for	any	of	 these	products	 in	 the	

absence	of	Lipid	II,	no	m/z	values	for	the	transpeptidase	product	in	the	absence	

of	MurNAc	5P	(DAP)	(Appendix	9.6),	and	no	carboxypeptidase	products	in	the	

absence	of	P.	aeruginosa	PBP3	(Figure	6.3A).	

	

For	P.	aeruginosa	PBP3-catalysed	reaction	products	 from	Lipid	 II	 (DAP)	LCMS	

detected	m/z	values	for	the	Lipid	II	substrate	or	it’s	polymer	GlcNAc	MurNAc	5P	

(DAP)	 (expected	 (m+1)/1:	 1011.436,	 observed:	 1011.436)	 (Figure	 6.4A),	 the	

carboxypeptidase	 product	 GlcNAc	 MurNAc	 (DAP	 4P)	 (expected	 (m+1)/1:	

940.399,	 observed:	 940.398)	 (Figure	 6.4B),	 and	 the	 transpeptidase	 product	

GlcNAc	MurNAc	(DAP	4P)	bonded	via	the	carbonyl	of	the	donor	D-ala	to	the	DAP	

𝜀-amino	group	within	the	GlcNAc	MurNAc	5P	acceptor	(DAP)	(expected	(m+2)/2:	

966.913,	observed:	966.912)	(Figure	6.4C).	These	products	were	absent	in	the	

absence	of	Lipid	II.	

	

LCMS	detected	the	carboxypeptidase	product	from	Lipid	II	(DAP)	as	two	anomer	

peaks	(Figure	6.5C)	of	~10%	of	the	abundance	of	the	carboxypeptidase	product	

formed	in	the	presence	of	Lipid	II	(acetylated	DAP)	and	MurNAc	5P	(DAP)	(Figure	

6.5B	and	C),	also	detected	as	two	anomer	peaks	(Figure	6.5B).	Concurrently	Lipid	

II	 (acetylated	 DAP)	 produced	 a	 transpeptidase	 product	 peak	 (Figure	 6.5B)	 of	

~30%	of	the	abundance	of	the	transpeptidase	product	peak	formed	from	Lipid	II	

(DAP)	(Figure	6.5B	and	C).	If	acetylating	the	DAP	on	the	donor	substrate	biases	

P.	 aeruginosa	 PBP3	 towards	 carboxypeptidation,	 this	 may	 suggest	 that	 PBP3	

preferentially	carboxypeptidates	substrates	 that	have	previously	been	used	as	

transpeptidase	 acceptors	 and	 are	 therefore	 acylated,	 mimicked	 by	 the	

acetylation.	
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Figure	 6.3	 LCMS	 analysis	 of	 P.	 aeruginosa	 PBP3	 reaction	 products	 from	
pentapeptide	(acetylated	DAP)	glycan	polymers	and	MurNAc	5P	(DAP).	
Positive	ion	LCMS	analysis	of	(A)	E.	coli	PBP1b	S510A	reaction	products	from	Lipid	II	
(acetylated	 DAP),	 and	 (B)	 E.	 coli	 PBP1b	 S510A	 and	 P.	 aeruginosa	 PBP3	 reaction	
products	from	Lipid	II	(acetylated	DAP)	and	MurNAc	5P	(DAP).	Reactions	consisted	of	
50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	2	mM	MgCl2,	1%	(v/v)	glycerol,	0.0468%	
(v/v)	E6C12,	amplex	red	coupling	reagents,	20	𝜇M	Lipid	II	(acetylated	DAP),	50	nM	E.	
coli	 PBP1b	S510A,	20	𝜇M	MurNAc	5P	 (DAP),	 2	𝜇M	LpoB	and	430	nM	P.	 aeruginosa	
PBP3.	Prepared	 for	LCMS	by	mutanolysin	digestion,	 and	 the	 addition	of	NaBH4	and	
phosphoric	 acid.	 Major	 peaks	 are	 annotated	 as	m/z	 and	 ion	 count,	 determined	 by	
combining	the	spectrums	of	the	peak	relating	to	the	ion	of	interest.	
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Figure	 6.4	 LCMS	 analysis	 of	 P.	 aeruginosa	 PBP3	 reaction	 products	 from	
pentapeptide	(DAP)	glycan	polymers.	
Positive	ion	LCMS	analysis	of	E.	coli	PBP1b	S510A	and	P.	aeruginosa	PBP3	reaction	
products	from	Lipid	II	(DAP).	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	
6	mM	NaCl,	2	mM	MgCl2,	1%	(v/v)	glycerol,	0.0468%	(v/v)	E6C12,	amplex	red	coupling	
reagents,	20	𝜇M	Lipid	II	(DAP),	50	nM	E.	coli	PBP1b	S510A,	2	𝜇M	LpoB	and	430	nM	P.	
aeruginosa	PBP3.	Prepared	for	LCMS	by	mutanolysin	digestion,	and	the	addition	of	
NaBH4	 and	 phosphoric	 acid.	 Major	 peaks	 are	 annotated	 as	 m/z	 and	 ion	 count,	
determined	by	combining	the	spectrums	of	the	peak	relating	to	the	ion	of	interest.	
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6.3.4	Inhibition	of	P.	aeruginosa	PBP3	carboxypeptidase	activity	

by	ampicillin	
	

The	sensitivity	of	P.	aeruginosa	PBP3	activity	to	ampicillin	was	investigated	using	

the	 D-Ala	 release	 assay.	 Incubation	 of	 PBP3	 with	 various	 ampicillin	

concentrations	 gave	 an	 estimation	 of	 the	 IC50	 to	 be	 near	 half	 the	 PBP3	

concentration,	suggesting	P.	aeruginosa	PBP3	is	very	sensitive	to	ampicillin.	To	

gain	 an	 accurate	 IC50,	 experiments	were	 carried	 out	without	 PBP3	 incubation	

with	 ampicillin	 and	 gave	 an	 IC50	 of	 1.496	± 	0.083	𝜇M	 with	 20	𝜇M	 Lipid	 II	

Figure	6.5	Extracted	ion	chromatograms	of	LCMS	analysis	of	P.	aeruginosa	PBP3	
reaction	products.	
(A)	Schematic	showing	the	detection	of	PBP3	reaction	products	by	LC-MS.	Positive	ion	
LCMS	analysis	of	(B)	E.	coli	PBP1b	S510A	and	P.	aeruginosa	PBP3	reaction	products	from	
Lipid	 II	 (acetylated	DAP)	 and	MurNAc	5P	 (DAP)	and	(C)	E.	 coli	 PBP1b	S510A	and	P.	
aeruginosa	PBP3	reaction	products	from	Lipid	II	(DAP).	Blue	and	black	traces	follow	the	
elution	of	carboxypeptidase	products	with	m/z	values	of	982.41	and	940.40,	and	green	
and	grey	traces	follow	the	elution	of	transpeptidase	products	with	m/z	values	of	886.38	
and	966.91.	Reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	2	mM	
MgCl2,	1%	(v/v)	glycerol,	0.0468%	(v/v)	E6C12,	amplex	red	coupling	reagents,	20	𝜇M	
Lipid	II	(acetylated	DAP),	50	nM	E.	coli	PBP1b	S510A,	20	𝜇M	MurNAc	5P	(DAP),	2	𝜇M	
LpoB	and	430	nM	P.	aeruginosa	PBP3.	Prepared	for	LCMS	by	mutanolysin	digestion,	and	
the	addition	of	NaBH4	and	phosphoric	acid.	
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(acetylated	DAP),	and	when	the	substrate	concentration	was	reduced	to	8	𝜇M	the	

IC50	reduced	to	0.803	±	0.083	𝜇M	(Figure	6.6).	This	indicated	P.	aeruginosa	PBP3	

is	 very	 sensitive	 to	 ampicillin	 and	 glycan	 5P	 (acetylated	 DAP)	 polymers	 can	

compete	with	ampicillin	for	transpeptidase	active	site	binding.	

	

6.3.5	Effect	of	divalent	cations	and	EDTA	on	P.	aeruginosa	PBP3	

activity	
	

During	 the	 initial	 experiments	 to	 establish	P.	aeruginosa	 PBP3	 activity	 it	was	

observed	that	D-Ala	release	was	severely	affected	by	the	MgCl2	concentration.	To	

investigate	this	further,	the	sensitivity	of	P.	aeruginosa	PBP3	D-Ala	release	was	

measured	in	the	presence	of	various	concentrations	of	divalent	metal	ions,	MgCl2,	

MgSO4	and	CaCl2.	P.	aeruginosa	PBP3	was	found	to	be	active	from	0-10	mM	MgCl2,	

with	optimum	activity	found	around	2	mM	MgCl2,	however	it	was	inactive	at	20	

mM	MgCl2	(Figure	6.7A).	Similar	trends	were	also	observed	for	MgSO4	and	CaCl2	
(Figure	6.7A).

Figure	6.6	Inhibition	of	P.	aeruginosa	PBP3	activity	by	ampicillin.	
P.	aeruginosa	PBP3	activity	was	assayed	using	the	amplex	red	assay	for	D-Ala	release	
in	vitro,	shown	as	percentage	activity	relative	to	the	no	inhibitor	control	and	fitted	to	
a	four-parameter	dose-response	curve	model.	Reactions	consisting	of	50	mM	Bis-Tris	
propane	pH	8.5,	6	mM	NaCl,	2	mM	MgCl2,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-
100,	amplex	red	coupling	reagents,	8	or	20	𝜇M	Lipid	II	(acetylated	DAP),	50	nM	E.	coli	
PBP1b	S510A	(PBP1b*)	and	2	𝜇M	LpoB.	Glycan	chain	accumulation	was	stopped	after	
10	mins	with	5	𝜇M	moenomycin,	and	varied	ampicillin	concentrations	and	325	nM	P.	
aeruginosa	PBP3	were	added	(n=1).	
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To	determine	if	this	sensitivity	to	divalent	metal	ions	was	a	direct	effect	on	PBP3	

or	an	effect	on	PBP1b,	and	therefore,	substrate	availability	for	PBP3,	the	effect	of	

divalent	 metal	 ions	 on	 E.	 coli	 PBP1b	 S510A	 glycosyltransferase	 activity	 was	

investigated.	 Using	 the	 continuous	 fluorescent	 glycosyltransferase	 assay	 the	

glycosyltransferase	 rate	 of	 E.	 coli	 PBP1b	 S510A	 was	 found	 to	 increase	

hyperbolically	from	0	to	20	mM	MgCl2	(Figure	6.7C),	and	this	increase	in	rate	was	

combined	with	an	 increase	 in	 the	 length	of	glycan	chains	 (Figure	6.7B).	These	

results	indicate	that	the	increase	in	PBP3’s	activity	from	0	to	2	mM	MgCl2	is	likely	

due	 to	 the	 increased	 rate	of	 glycan	chain	polymerisation	by	PBP1b,	but	as	 the	

Figure	 6.7	 Effect	 of	 divalent	 cations	 on	P.	 aeruginosa	PBP3	 and	 E.	 coli	 PBP1b	
S510A	activity.	
(A)	Effect	of	divalent	cation	concentration	on	P.	aeruginosa	PBP3	activity,	assayed	using	
the	 amplex	 red	 assay	 for	 D-Ala	 release	 in	 vitro,	 shown	 as	 initial	 rates.	 (B)	 Effect	 of	
divalent	cation	concentration	on	E.	coli	PBP1b	S510A	glycan	chain	length,	assayed	by	
the	 polymerisation	 of	 fluorescently	 labelled	 Lipid	 II	 and	 visualised	 by	 SDS-PAGE	
analysis.	 (C)	 Effect	 of	 divalent	 cation	 concentration	 on	 E.	 coli	 PBP1b	 S510A	
glycosyltransferase	activity,	assayed	by	the	consumption	of	fluorescently	labelled	Lipid	
II	 in	vitro,	shown	as	initial	rates.	PBP3	activity	reactions	consisted	of	50	mM	Bis-Tris	
propane	pH	8.5,	6	mM	NaCl,	varied	MgCl2,	MgSO4	and	CaCl2	concentrations,	1%	(v/v)	
glycerol,	 0.130%	 (v/v)	 Triton	 X-100,	 amplex	 red	 coupling	 reagents,	 20	𝜇M	 Lipid	 II	
(acetylated	DAP),	 50	 nM	E.	 coli	 PBP1b	 S510A	 (PBP1b*),	 2	𝜇M	LpoB	 and	325	 nM	P.	
aeruginosa	PBP3.	1	hour	glycan	chain	analysis	reactions	consisted	of	50	mM	HEPES	pH	
7.5,	115	mM	NaCl,	varied	MgCl2,	MgSO4	and	CaCl2	concentration,	10%	(v/v)	DMSO,	1%	
(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	10	𝜇M	lipid	II-	5P	(dansyl	DAP),	100	nM	E.	
coli	PBP1b	S510A	and	4	𝜇M	LpoB.	Continuous	glycosyltransferase	(GT)	assay	reactions	
consisted	of	50	mM	HEPES	pH	7.5,	115	mM	NaCl,	varied	MgCl2,	10%	(v/v)	DMSO,	1%	
(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	0.1	mg	ml-1	 lysozyme,	5	or	20	𝜇M	Lipid	II	
(dansyl	DAP),	50	nM	E.	coli	PBP1b	S510A	and	2	𝜇M	LpoB.	A	and	B	n=1,	and	C:	data	is	
shown	as	mean	±	SD	(n=3).	
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PBP1b	 polymerisation	 rate	 continues	 to	 increase	 up	 to	 20	 mM	 MgCl2,	 the	

decrease	in	P.	aeruginosa	PBP3	activity	after	2	mM	MgCl2	cannot	be	explained	by	

a	decrease	in	abundance	of	substrate,	and	therefore	suggests	divalent	metal	ion	

concentrations	>2	mM	negatively	affects	PBP3	activity.	

	

Interestingly,	EDTA,	a	metal	ion	chelator,	also	had	an	adverse	negative	effect	on	

P.	aeruginosa	PBP3	D-ala	release,	as	P.	aeruginosa	PBP3	activity	declined	with	

increasing	 EDTA	 concentration,	 until	 it	 was	 inactive	 at	 12	mM	 EDTA	 (Figure	

6.8A).	It	was	confirmed	that	12	mM	EDTA	did	not	affect	the	D-Ala	release	assay	

converting	 enzyme	 system.	 EDTA	 also	 had	 no	 adverse	 effect	 on	 the	

glycosyltransferase	rate	of	E.	coli	PBP1b	S510A,	and	PBP1b	was	found	to	still	be	

active	at	12	mM	EDTA	(Figure	6.8C),	as	well	as	EDTA	not	affecting	the	length	of	

glycan	chains	produced	by	PBP1b	(Figure	6.8B).	This	indicates	that	EDTA	also	

negatively	affects	P.	aeruginosa	PBP3	activity.
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6.3.6	 Effect	 of	 the	 glycan	 polymer	 substrate	 and	E.	 coli	 PBP1b	

interaction	on	P.	aeruginosa	PBP3	activity	
	

We	next	assessed	if	P.	aeruginosa	PBP3	had	a	preference	of	length	of	glycan	chain	

substrate.	Glycan	chains	of	 varying	 lengths	were	produced	by	allowing	glycan	

chain	 polymerisation	 to	 occur	 for	 varying	 lengths	 of	 time,	 as	 well	 as	 in	 the	

Figure	6.8	Effect	of	EDTA	on	P.	aeruginosa	PBP3	and	E.	coli	PBP1b	S510A	activity.	
(A)	 Effect	 of	 EDTA	 concentration	 on	 P.	 aeruginosa	 PBP3	 activity,	 assayed	 using	 the	
amplex	red	assay	for	D-Ala	release	 in	vitro,	shown	as	initial	rates.	(B)	Effect	of	EDTA	
concentration	 on	 E.	 coli	 PBP1b	 S510A	 glycan	 chain	 length,	 assayed	 by	 the	
polymerisation	of	fluorescently	labelled	Lipid	II	and	visualised	by	SDS-PAGE	analysis.	
(C)	Effect	of	EDTA	concentration	on	E.	coli	PBP1b	S510A	glycosyltransferase	activity,	
assayed	by	the	consumption	of	fluorescently	labelled	Lipid	II	in	vitro,	shown	as	initial	
rates.	PBP3	activity	reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	
varied	EDTA	concentration,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	amplex	red	
coupling	 reagents,	 20	 𝜇M	 Lipid	 II	 (acetylated	 DAP),	 50	 nM	 E.	 coli	 PBP1b	 S510A	
(PBP1b*),	2	𝜇M	LpoB	and	325	nM	P.	aeruginosa	PBP3	added	after	an	hour	of	glycan	
chain	accumulation.	1	hour	glycan	chain	analysis	reactions	consisted	of	50	mM	HEPES	
pH	7.5,	115	mM	NaCl,	varied	EDTA	concentration,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	
0.155%	(v/v)	Triton	X-100,	10	𝜇M	lipid	II-	5P	(dansyl	DAP),	100	nM	E.	coli	PBP1b	S510A	
and	4	𝜇M	LpoB.	Continuous	 glycosyltransferase	 (GT)	 assay	 reactions	 consisted	of	 50	
mM	HEPES	pH	7.5,	115	mM	NaCl,	varied	EDTA	concentration,	10%	(v/v)	DMSO,	1%	
(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	0.1	mg	ml-1	lysozyme,	20	𝜇M	Lipid	II	(dansyl	
DAP),	50	nM	E.	coli	PBP1b	S510A	and	2	𝜇M	LpoB.	A	n=1,	B	n=2,	and	C:	data	is	shown	as	
mean	±	SD	(n=3).	
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presence	of	various	MgCl2	concentrations.	The	accumulated	glycan	chains	were	

run	on	an	SDS-PAGE	gel	to	determine	their	length	(Figure	6.9B),	and	were	used	

as	 substrates	 for	 P.	 aeruginosa	 PBP3	 (Figure	 6.9A).	 Although	 this	 method	

produced	 varying	 quantities	 of	 glycan	 chains,	 their	 abundance	 could	 be	

qualitatively	estimated	by	the	SDS-PAGE	analysis.	

	

	

From	the	glycan	chains	produced	in	the	presence	of	2	mM	MgCl2,	P.	aeruginosa	

PBP3	activity	declined	as	 the	abundance	of	glycan	chains	 increased	with	time,	

seen	by	the	disappearance	of	the	Lipid	II	band	(Figure	6.9B).	This	is	likely	due	to	

the	 increase	 in	 abundance	 of	 cleaved	 glycan	 chains	 over	 time,	 suggesting	 P.	

aeruginosa	PBP3	cannot	use	the	cleaved	glycan	chains	as	a	substrate.	While	using	

the	glycan	chains	accumulated	in	the	presence	of	no	MgCl2,	P.	aeruginosa	PBP3	

activity	increased	as	the	abundance	of	glycan	chains	accumulated	(Figure	6.9).	

Figure	6.9	Effect	of	glycan	chain	accumulation	on	P.	aeruginosa	PBP3	activity.	
(A)	Effect	of	glycan	chain	accumulation	on	P.	aeruginosa	PBP3	activity,	assayed	using	
the	amplex	red	assay	for	D-Ala	release	in	vitro,	shown	as	initial	rates.	(B)	Glycan	chain	
length	analysis	of	polymers	produced	by	E.	coli	PBP1b	S510A,	used	as	P.	aeruginosa	
PBP3	substrates,	assayed	by	the	polymerisation	of	fluorescently	labelled	Lipid	II	and	
visualised	by	SDS-PAGE	analysis.	PBP3	activity	reactions	consisted	of	50	mM	Bis-Tris	
propane	pH	8.5,	6	mM	NaCl,	varied	MgCl2,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-
100,	 amplex	 red	 coupling	 reagents,	 20	𝜇M	Lipid	 II	 (acetylated	DAP),	 50	 nM	E.	 coli	
PBP1b	S510A	 (PBP1b*),	 2	𝜇M	LpoB	and	325	nM	P.	 aeruginosa	 PBP3.	Glycan	 chain	
analysis	reactions	consisted	of	50	mM	Bis-Tris-propane	pH	8.5,	15	mM	NaCl,	varied	
MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	10	𝜇M	lipid	II-	
5P	(dansyl	DAP),	50	nM	E.	coli	PBP1b	S510A	and	2	𝜇M	LpoB.	A	n=1,	B	n=2	
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However,	the	results	suggested	that	PBP3	could	utilise	glycan	chains	of	varying	

length	as	substrates.	

	

As	 it	was	not	clear	 from	the	previous	experiment	whether	P.	aeruginosa	PBP3	

required	actively	polymerising	glycan	chains	as	a	substrate,	PBP3	activity	was	

tested	 using	 glycan	 chains	 of	 different	 lengths	 (as	 produced	 earlier	 in	 this	

section)	 (Figure	 6.10E),	 however	 active	 polymerisation	was	 stopped	with	 the	

addition	of	moenomycin.	Glycan	chains	that	had	been	treated	with	moenomycin	

were	found	to	be	similarly	active	as	polymerising	glycan	chains	(Figure	6.10A-

D),	indicating	P.	aeruginosa	PBP3	does	not	require	actively	polymerising	chains	

as	a	substrate.	

	

The	possibility	of	P.	aeruginosa	 PBP3	 requiring	an	 interaction	with	PBP1b	 for	

activity	 was	 also	 investigated.	 Again,	 varying	 lengths	 of	 glycan	 chains	 were	

produced,	but	before	being	used	as	a	substrate	for	PBP3	the	glycan	chains	were	

boiled	 for	 10	 minutes	 to	 denature	 the	 E.	 coli	 PBP1b	 S510A	 and	 prevent	 an	

interaction	with	PBP3.	P.	aeruginosa	 PBP3	was	 found	 to	be	active	with	boiled	

chains,	however	its	activity	was	less	than	with	untreated	chains	(Figure	6.10A-

D),	 suggesting	 that	 either	an	 interaction	with	PBP1b	 is	not	essential	but	does	

increase	 PBP3	 activity,	 or	 boiling	 the	 glycan	 chains	 affects	 their	 specificity	 as	

substrates	for	PBP3.	Although	boiling	the	glycan	chains	has	no	detectable	effect	

by	SDS-PAGE	analysis,	it	may	hydrolyse	off	the	undecaprenyl	pyrophosphate	at	

the	 end	 of	 the	 glycan	 chain	 or	 promote	 the	 formation	 of	 glycan	 chain	

conformations	which	are	unfavourable	substrates	for	PBP3.
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Figure	6.10	Effect	of	glycan	chain	treatment	on	P.	aeruginosa	PBP3	activity.	
Effect	of	glycan	chains	treated	with	5	𝜇M	moenomycin	(moen)	or	boiling	for	10	minutes,	
on	 P.	 aeruginosa	 PBP3	 activity	 at	 varying	 MgCl2	 concentrations,	 assayed	 using	 the	
amplex	red	assay	for	D-Ala	release	in	vitro,	(A	and	B)	shown	as	initial	rates	and	(C	and	
D)	shown	as	total	D-Ala	released.	(E)	glycan	chain	length	analysis	of	polymers	produced	
by	 E.	 coli	 PBP1b	 S510A,	 used	 as	 P.	 aeruginosa	 PBP3	 substrates,	 assayed	 by	 the	
polymerisation	of	fluorescently	labelled	Lipid	II	and	visualised	by	SDS-PAGE	analysis.	
PBP3	activity	reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	varied	
MgCl2,	1%	(v/v)	glycerol,	0.130%	(v/v)	Triton	X-100,	amplex	red	coupling	reagents,	10	
𝜇M	Lipid	II	(acetylated	DAP),	50	nM	E.	coli	PBP1b	S510A	(PBP1b*),	2	𝜇M	LpoB	and	325	
nM	P.	aeruginosa	PBP3.	Glycan	chain	analysis	reactions	consisted	of	50	mM	Bis-Tris-
propane	pH	8.5,	15	mM	NaCl,	varied	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.130%	
(v/v)	Triton	X-100,	10	𝜇M	lipid	II-	5P	(dansyl	DAP),	50	nM	E.	coli	PBP1b	S510A	and	2	
𝜇M	LpoB.	A-D	data	is	shown	as	mean,	maximum	and	minimum	(n=1-2),	and	E	n=2.	
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6.3.7	Other	Gram-negative	bacterial	PBP3	in	vitro	activity		
	

As	 P.	 aeruginosa	 PBP3	 was	 found	 to	 be	 active,	 other	 Gram-negative	 PBP3	

homologues	which	shared	a	high	sequence	homology	with	P.	aeruginosa	PBP3	

were	also	tested	for	activity	(Figure	6.11).		

	

Figure	6.11	Gram-negative	PBP3	sequence	alignment.	
Sequence	 alignment	 between	 PBP3	 homologues	 in	 P.	 aeruginosa,	 A	 baumannii,	 B.	
pseudomallei,	 E.	 coli	 and	 Y.	 pestis.	 Identical	 residues	 between	 the	 homologues	 are	
highlighted	in	yellow	and	the	transpeptidase	active	site	is	boxed	in	red.	
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Only	Acinetobacter	baumannii	was	found	to	have	any	PBP3	activity	in	the	D-Ala	

release	assay,	 although	 it	was	 considerably	 less	active	 in	 the	 same	conditions	

than	P.	aeruginosa	 PBP3.	Burkholderia	pseudomallei,	E.	 coli	and	 Y.	Pestis	PBP3	

homologues	were	all	found	to	be	inactive	in	the	conditions	tested	(Figure	6.12).	

	

6.4	Discussion	and	future	work	
	

6.4.1	P.	aeruginosa	PBP3	substrate	utilisation	
	

P.	aeruginosa	PBP3	was	successfully	able	to	utilise	glycan	polymers	produced	by	

E.	 coli	 PBP1b	 S510A,	 a	 non-cognate	 polymerase	 from	 another	 Gram-negative	

organism.	 Other	 class	 B	 PBPs	 have	 similarly	 been	 reported	 to	 utilise	 glycan	

polymers	 produced	 by	 non-cognate	 polymerases:	 S.	 thermophilus	 PBP2x	 has	

been	 reported	 to	 utilise	 glycan	 polymers	 produced	 by	 S.	 aureus	 SgtB	 and	 S.	

pneumoniae	PBP1a	(Taguchi	et	al.,	2019),	and	E.	coli	PBP2	has	been	shown	to	use	

polymers	produced	by	E.	coli	PBP1a	(Banzhaf	et	al.,	2012).	From	these	reports	

Figure	6.12	Gram-negative	PBP3	activity.	
PBP3	activity	was	assayed	using	the	amplex	red	assay	for	D-Ala	release	in	vitro,	shown	
as	 initial	 rates.	Reactions	consisting	of	50	mM	Bis-Tris	propane	pH	8.5,	6	mM	NaCl,	
varied	MgCl2,	 1%	 (v/v)	 glycerol,	 0.130%	 (v/v)	 Triton	 X-100,	 amplex	 red	 coupling	
reagents,	20	𝜇M	Lipid	II	(acetylated	DAP),	50	nM	E.	coli	PBP1b	S510A	(PBP1b*)	and	2	
𝜇M	LpoB.	Glycan	chain	accumulation	was	allowed	to	proceed	 for	5	mins	before	 the	
addition	of	325	nM	PBP3	homologue	(n=1,	apart	from	P.	aeruginosa	where	n=3).	
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and	 the	data	here,	 it	 is	 likely	 that	 class	B	PBP	activity	 is	not	dependent	on	 its	

cognate	polymerase	partner,	but	dependent	on	substrate	recognition.	

	 	

P.	aeruginosa	PBP3	activity	was	only	detected	in	the	presence	of	glycan	polymers	

produced	by	E.	coli	PBP1b	S510A,	and	not	in	its	absence,	confirming	P.	aeruginosa	

PBP3	 is	 indeed	 a	 monofunctional	 enzyme	 that	 requires	 a	 polymeric	 donor	

substrate.	P.	aeruginosa	PBP3	was	able	to	utilise	glycan	polymers	containing	DAP	

as	well	as	acetylated	DAP,	but	not	Lys	in	the	third	position	of	the	pentapeptide	

stem.	 In	 the	 presence	 of	 a	 substrate	 with	 DAP	 in	 the	 third	 position	 of	 the	

pentapeptide	 stem	P.	aeruginosa	 PBP3	primarily	 carried	out	 transpeptidation,	

but	interestingly	acetylating	the	DAP	peptide	biased	P.	aeruginosa	PBP3	towards	

carboxypeptidation.	This	suggested	PBP3	may	preferentially	carboxypeptidate	

over	transpeptidate	substrates	that	have	previously	been	used	as	transpeptidase	

acceptors	and	are	therefore	acylated,	a	situation	mimicked	by	the	acetylation	of	

the	Lipid	II	donor.	

	

Further	 work	 could	 be	 done	 on	 investigating	 if	 other	 substrates	 also	 bias	 P.	

aeruginosa	PBP3	for	a	particular	activity.	We	found	Lipid	II	(L,L-acetylated	DAP)	

was	also	a	donor	substrate	utilised	by	P.	aeruginosa	PBP3,	however	it	was	not	as	

well	 utilised	 as	meso-acetylated	 DAP.	 It	 would	 be	 invaluable	 to	 assess	 if	 L,L-

acetylated	DAP	donors	biased	PBP3	back	towards	transpeptidation,	as	seen	by	

Catherwood	et	al.	with	E.	coli	PBP1b,	who	has	proposed	the	orientation	of	 the	

amine	 group	 and/or	 water	 might	 control	 the	 PBP1b	

transpeptidation:carboxypeptidation	ratio	(2019).	Catherwood	et	al.	also	found	

E.	 coli	 PBP1b	 to	 discriminate	 against	 L,L-DAP	 containing	 acceptors	 (2019).	

Although	we	found	glycan	chains	containing	meso	or	L,L-DAP	tetrapeptides	used	

as	acceptors	caused	no	change	to	the	D-Ala	release	rate,	the	reaction	products	

should	be	investigated	by	LCMS	to	explore	if	a	switch	from	carboxypeptidation	

to	transpeptidation	was	made.	
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6.4.2	Ampicillin	inhibition	of	P.	aeruginosa	PBP3	
	

Peptidoglycan	synthesis	is	targeted	by	𝛽-lactam	acylation	of	PBPs	(Sauvage	and	

Terrak,	 2016).	 Here,	 pentapeptide	 (acylated	 DAP)	 glycan	 chains	 protected	 P.	

aeruginosa	 PBP3	 from	 ampicillin,	 suggesting	 they	 competed	 for	 the	

transpeptidation	 site.	 Exposure	 of	 P.	 aeruginosa	 PBP3	 to	 ampicillin	 inhibited	

carboxypeptidation	with	an	IC50	of	1.496	±	0.083	𝜇M,	similar	to	previous	reports	

from	 other	 PBP3s	 (Papp-Wallace	 et	 al.,	 2012),	 but	 ~20-fold	 lower	 than	 the	

ampicillin	IC50	for	E.	coli	and	Y.	pestis	PBP1b	(this	work,	and	Lloyd	A.,	personal	

communication).	

	

6.4.3	Effect	of	divalent	cations	and	EDTA	on	P.	aeruginosa	PBP3	

activity		
	

P.	aeruginosa	PBP3	D-Ala	release	was	found	to	be	adversely	affected	by	divalent	

metal	ion	concentrations	above	2	mM	and	EDTA.	This	was	found	not	to	be	due	to	

substrate	 availability	 by	 E.	 coli	 PBP1b	 S510A,	 as	 PBP1b	 was	 not	 negatively	

affected	by	increasing	divalent	metal	ion	concentrations	up	to	20	mM	and	still	

polymerising	glycan	chains	at	12	mM	EDTA.	This	 indicated	 that	P.	aeruginosa	

PBP3	activity	is	directly	sensitive	to	divalent	metal	ions	or	their	absence.	Divalent	

metal	ions	may	affect	PBP3	catalysis	directly	or	affect	the	specificity	of	PBP3	for	

its	substrate.	Given	transpeptidation	has	not	been	found	to	require	the	presence	

of	 a	 metal	 ion	 (Nagarajan	 and	 Pratt,	 2004;	 Kumar	 and	 Pratt,	 2005),	 and	

peptidoglycan	is	known	to	bind	metal	ions	like	Mg+	(Beveridge	and	Koval,	1981;	

Hoyle	and	Beveridge,	1984;	Kern	et	al.,	2010),	it	is	likely	that	metal	ions	alter	the	

availability	of	the	glycan	polymer	substrate	to	PBP3,	by	altering	the	structure	of	

the	substrate.	

	

Although	unlikely	to	contribute,	the	effect	of	the	anion	should	be	ruled	out,	for	

example	by	determining	the	effect	of	NaCl	of	P.	aeruginosa	PBP3	activity.	
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6.4.4	 Effect	 of	 the	 glycan	polymer	 substrate	 and	E.	 coli	 PBP1b	

interaction	on	P.	aeruginosa	PBP3	activity	
	

P.	aeruginosa	PBP3	had	no	clear	preference	for	a	particular	length	of	glycan	chain	

substrate,	however	it	appeared	unable	to	use	very	short	cleaved	glycan	chains.	

Glycan	chains	also	did	not	have	to	be	actively	polymerising	to	be	a	substrate	for	

PBP3,	suggesting	it	does	not	have	to	function	in	concert	with	a	polymerase.	This	

was	also	confirmed	by	PBP3	activity	not	being	dependent	on	an	interaction	with	

a	polymerase.	Reports	of	other	monofunctional	transpeptidase	in	vitro	activity	

have	 also	 found	 them	 to	 be	 active	with	 glycan	 chain	 substrates	 produced	 by	

multiple	polymerases	(Banzhaf	et	al.,	2012;	Taguchi	et	al.,	2019),	supporting	the	

case	that	PBP3	does	not	require	an	interaction	with	a	polymerase	for	activity.		

	

6.4.5	Other	Gram-negative	bacterial	PBP3	in	vitro	activity		
	

A.	baumannii,	B.	pseudomallei,	E.	coli	and	Y.	Pestis	PBP3	homologues	were	also	

tested	for	their	in	vitro	activity,	as	all	have	been	shown	to	acylate	nitrocefin	and	

bocillin	(Newman	H.	and	Bellini	D.,	unpublished)(Shapiro	et	al.,	2013)	and	share	

sequence	 homology	 with	 P.	 aeruginosa	 PBP3	 (Figure	 6.11).	 However	 only	 A.	

baumannii	PBP3	was	shown	to	have	any	activity	in	the	D-ala	release	assay.	This	

indicates	that	although	the	PBP3	proteins	share	a	high	sequence	homology,	they	

must	differ	in	substrate	specificity	or	buffer	conditions	for	activity.	Investigating	

A.	baumannii	PBP3	activity	 further	would	elucidate	 if	 the	metal	 ion	sensitivity	

and	substrate	specificity	of	P.	aeruginosa	PBP3	was	specific	to	P.	aeruginosa	or	a	

more	generalised	phenomenon.	

	

6.4.6	Future	work	
	

As	well	 as	 the	 future	work	 already	 described	 from	 the	 results	 in	 this	 chapter	

confirming	if	P.	aeruginosa	PBP3	activity	is	affected	by	the	polymerase	producing	

its	 substrate	would	be	valuable.	Purifying	P.	aeruginosa	 PBP1b	 and	LpoP	was	

attempted:	 LpoP	 (123-259	 (equivalent	 length	 of	 E.	 coli	 LpoB	 (78-213))	 was	
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successfully	purified,	however	P.	aeruginosa	PBP1b	(16-740	equivalent	length	of	

E.	coli	PBP1b	(58-804))	was	more	difficult,	and	found	to	be	insoluble.	However,	

with	optimisation	P.	aeruginosa	PBP1b	and	LpoP	could	be	purified,	as	previously	

reported	 (Greene	 et	 al.,	 2018),	 and	 its	 effects	 on	P.	 aeruginosa	 PBP3	 activity	

established.	This	could	be	compared	to	the	effect	it’s	cognate	polymerase,	FtsW	

(Taguchi	et	al.,	2019),	has	on	its	activity	in	vitro.	

	

6.5	Conclusions	
	

To	 our	 knowledge	 this	 study	 reports	 the	 first	 observation	 of	 PBP3	

carboxypeptidase	and	transpeptidase	activity	in	vitro	using	native	substrates.	P.	

aeruginosa	 PBP3	 was	 shown	 to	 cross-link	 glycan	 polymers	 produced	 by	 a	

transpeptidase	 inactive	E.	 coli	 PBP1b	 S510A.	P.	 aeruginosa	 PBP3	 activity	was	

detected	provided	PBP1b	had	polymerised	the	glycan	chain	substrates,	however	

neither	 active	 polymerisation,	 or	 an	 interaction	with	 PBP1b	was	 required	 for	

PBP3	 activity.	 With	 glycan	 chains	 containing	 DAP	 in	 the	 3rd	 position	 of	 the	

pentapeptide	stem	P.	aeruginosa	PBP3	was	primarily	a	transpeptidase,	however	

upon	 acetylating	 the	 DAP,	 PBP3	 activity	 switched	 to	 primarily	

carboxypeptidation.	
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7.	General	conclusions	
	

The	discovery	of	penicillin	and	its	ability	to	inhibit	PBPs	and	cause	bacterial	lysis	

commenced	the	golden	age	of	antibiotic	discovery.	Since	then,	PBPs	have	proven	

to	 be	 one	 of	 the	 most	 important	 antibiotic	 targets	 identified.	 Drug	 resistant	

bacteria	threaten	the	effectiveness	of	our	current	antibiotics	and	could	reverse	

the	 advances	 medicine	 has	 achieved.	 Therefore,	 in	 addition	 to	 a	 coordinated	

effort	to	increase	awareness	of	antibiotic	resistance,	reduce	inappropriate	use	of	

current	antibiotics	and	improve	infection	diagnosis,	it	is	vital	new	antibiotics	are	

developed.	 A	 better	 understanding	 of	 the	 function	 and	 regulation	 of	 PBPs	 in	

different	organisms	 is	required	to	reveal	novel	ways	to	 inhibit	 these	validated	

targets.	This	study	elucidates	the	enzymology	and	regulation	of	PBP1b	and	PBP3	

from	Gram-negative	organisms	E.	coli,	Y.	pestis	and	P.	aeruginosa.	

	

Proteins	 of	 the	 divisome	 complex	 are	 thought	 to	 interact	 with	 PBP1b	 to	

coordinate	its	peptidoglycan	synthesising	activity	(Müller	et	al.,	2007;	Paradis-

Bleau	 et	 al.,	 2010;	 Gray	 et	 al.,	 2015).	 The	 direct	 protein-protein	 interactions	

between	E.	coli	and	Y.	pestis	PBP1b	and	divisome	proteins	LpoB,	CpoB	and	FtsN	

were	 confirmed	 by	 AUC	 in	 this	 study	 (Figure	 7.1).	 Using	 a	 novel	 in	 vitro	

continuous	 transpeptidase	 assay	 developed	 by	 Catherwood	 et	 al.	 (2019),	 the	

essentiality	 of	 LpoB	 for	 PBP1b	 transpeptidase	 activity	 was	 demonstrated,	

replicating	findings	by	Catherwood	et	al.	(2019)	with	E.	coli	PBP1b,	and	showing	

this	 level	 of	 regulation	 also	 applies	 to	 Y.	 pestis	 PBP1b	 (Figure	 7.1).	 The	

essentiality	of	LpoB	for	PBP1b	activity	has	previously	only	been	demonstrated	in	

vivo	(Paradis-Bleau	et	al.,	2010;	Typas	et	al.,	2010)	and	was	inconsistent	with	its	

modest	impact	in	vitro	(Egan	et	al.,	2014;	Lupoli	et	al.,	2014;	Egan	et	al.,	2018).	

These	 findings	 highlight	 the	 importance	 of	 continuous	 in	 vitro	 assays	 for	

assessing	the	effect	of	regulators	on	PBP	activity,	and	reveals	novel	ways	to	block	

PBP	function	for	therapeutic	purposes.	The	demonstration	of	Y.	pestis	PBP1b	in	

vitro	 activity	 also	 enables	 the	 development	 of	 inhibitor	 screening	 platforms	

against	this	bacterial	target.		
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This	study	also	found	the	E.	coli	and	Y.	pestis	FtsN-PBP1b	interaction	to	inhibit	

activated	PBP1b	activity	(Figure	7.1).	Where	exactly	a	reduction	in	peptidoglycan	

synthesis	 fits	 into	 the	 cell	division	process	 is	 yet	 to	be	determined.	 It	may	be	

implemented	 during	 hydrolase	 cleavage	 of	 the	 septum.	 	 This	 study	 also	

demonstrates	 that	 not	 all	 proteins	 found	 to	 interact	 with	 PBP1b	 have	 a	 role	

affecting	its	activity,	as	we	found	with	E.	coli	and	Y.	pestis	CpoB	(Figure	7.1).	The	

function	 of	 a	 link	 between	 PBP1b	 and	 the	 outer	 membrane	 through	 CpoB	 is	

therefore	yet	to	be	fully	understood,	but	it	reveals	an	important	additional	layer	

in	 the	 intricate	 network	 of	 interactions	 in	 the	 divisome.	 Further	 study	 of	 the	

mechanisms	by	which	accessory	factors	influence	PBP	activity	is	likely	to	reveal	

novel	ways	to	target	PBP	activity.	Importantly,	PBP	regulation	appears	to	have	a	

high	 degree	 of	 homology	 among	 different	 Gram-negative	 organisms,	 which	

would	allow	for	the	development	of	broad-spectrum	inhibitors.	

	

Figure	 7.1	 Regulation	 of	 E.	 coli	 and	 Y.	 pestis	 PBP1b	 through	 protein-protein	
interactions.	
Scheme	of	the	direct	interactions	of	the	peptidoglycan	synthetase	PBP1b	in	E.	coli	and	
Y.	pestis	and	their	effects	on	PBP1b	activity.	Green	lines:	stimulation	of	LpoB	on	PBP1b	
activity	and	red	lines:	negative	modulation	of	FtsN	on	PBP1b	enzyme	activity.	
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The	work	in	this	study	also	led	to	the	observation	of	non-enzymatic	glycan	chain	

cleavage,	 involving	 hydrolysis	 of	 the	 glycosidic	 bond	 between	 MurNAc	 and	

GlcNAc,	 catalysed	 by	 metal	 ions.	 This	 phenomenon	 highlights	 the	 stabilising	

influence	cross-linking	has	on	the	peptidoglycan	structure.	

	

The	 recent	 discovery	 of	 SEDS	protein	RodA	 and	 FtsW	 as	 glycosyltransferases	

(Meeske	et	al.,	2016;	Taguchi	et	al.,	2019)	has	elucidated	the	importance	of	the	

FtsW-PBP3	interaction,	suggesting	they	act	as	a	peptidoglycan	synthase	complex,	

mirroring	the	RodA-PBP2	complex.	However,	even	with	this	knowledge	in	vitro	

PBP3	 activity	 with	 native	 substrates	 is	 elusive.	 We	 demonstrate	 the	 first	

observations	of	P.	aeruginosa	PBP3	in	vitro	activity,	and	show	it	can	utilise	native	

glycan	 chains	 produced	 by	 PBP1b,	with	 substrate	modifications	 biasing	 PBP3	

towards	 transpeptidation	 or	 carboxypeptidation.	 Continued	 dissection	 of	 the	

dynamic,	multi-enzyme	complex	that	is	the	divisome,	including	investigation	of	

which	interactions	occur	simultaneously	and	their	impact	on	the	enzymology	of	

the	complex,	will	provide	greater	understanding	of	 the	molecular	mechanisms	

that	 govern	 divisome	 functions,	 underpinning	 bacterial	 proliferation	 and	

pathogenesis.
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9.	Appendix	
	

9.1	Extinction	coefficient	of	resorufin	over	pH	7.5-11.0	
	

	

Appendix	9.1	Extinction	coefficient	of	resorufin	over	pH	7.5-11.0.	
D-Ala	release	rate	was	assayed	using	the	amplex	red	assay	for	D-Ala	release.	Reactions	
consisted	of	50	mM	buffer,	6	mM	NaCl,	20	mM	MgCl2,	1%	(v/v)	glycerol,	0.130%	(v/v)	
Triton	X-100,	amplex	red	coupling	reagents	and	8	or	34	𝜇M	H2O2.	Buffers	used	were	
Bis-Tris	propane	pH	7.5-8.5,	 CHES	pH	9.0-9.5,	 CAPS	pH	10.0-11.0.	Data	 is	shown	as	
mean	±	SD	(n=3).	
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9.2	 E.	 coli	 PBP1b	 glycan	 chain	 polymerisation	 in	 the	

presence	of	varied	metal	ions	

	

	

Appendix	9.2	E.	coli	PBP1b	glycan	chain	polymerisation	in	the	presence	of	varied	
metal	ions.	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	the	fluorescence	of	the	dansyl	group	labelling	the	
stem	peptide.	1	hour	reactions	consisted	of	50	mM	Bis-Tris	propane	pH	8.5,	15	mM	
NaCl,	 varied	divalent	metal	 ion	 concentration,	10%	 (v/v)	DMSO,	1%	 (v/v)	 glycerol,	
0.130%	(v/v)	Triton	X-100,	10	𝜇M	Lipid	II	(dansyl	DAP),	50	nM	E.	coli	PBP1b	S510A	
and	2	𝜇M	LpoB	(n=1).	
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9.3	Effect	of	moenomycin	on	the	migration	of	Lipid	II	by	

SDS-PAGE	

	

Appendix	9.3	Effect	of	moenomycin	on	the	migration	of	Lipid	II	by	SDS-PAGE	
E.	 coli	 PBP1b	 glycosyltransferase	 activity	 was	 assayed	 by	 the	 polymerisation	 of	
fluorescently	labelled	Lipid	II	in	vitro,	where	the	glycan	chain	products	were	separated	
by	SDS-PAGE	and	visualised	using	the	fluorescence	of	the	dansyl	group	labelling	the	
stem	peptide.	2	hour	reactions	consisted	of	50	mM	HEPES	pH	7.5,	115	mM	NaCl,	10	
mM	MgCl2,	10%	(v/v)	DMSO,	1%	(v/v)	glycerol,	0.155%	(v/v)	Triton	X-100,	10	𝜇M	
Lipid	II	(dansyl	DAP),	100	nM	E.	coli	PBP1b,	4	𝜇M	LpoB	and	5	𝜇M	moenomycin	(Moen)	
(n=1).		
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9.4	LCMSMS	of	E.	coli	PBP1b	S510A	recombinant	protein	

	

Appendix	9.4	LCMSMS	of	E.	coli	PBP1b	S510A.	
LCMSMS	analysis	identifying	all	the	proteins	in	the	E.	coli	PBP1b	S510A	purified	protein	
sample.	The	 identified	peptides	were	 searched	against	 the	Escherichia	 coli	 database	
(www.uniprot.org/proteomes)	 and	 the	 common	 contaminant	 database	 from	
MaxQuant.	Protein	sample	was	prepared	for	LCMSMS	by	reduction	with	TCEP,	trypsin	
digestion	and	C18	membrane	clean-up.	
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9.5	LCMSMS	of	E.	coli	LpoB	recombinant	protein	

	

Appendix	9.5	LCMSMS	of	E.	coli	LpoB.	
LCMSMS	 analysis	 identifying	 all	 the	 proteins	 in	 the	 E.	 coli	 LpoB	 purified	 protein	
sample.	The	identified	peptides	were	searched	against	the	Escherichia	coli	database	
(www.uniprot.org/proteomes)	 and	 the	 common	 contaminant	 database	 from	
MaxQuant.	Protein	sample	was	prepared	for	LCMSMS	by	reduction	with	TCEP,	trypsin	
digestion	and	C18	membrane	clean-up.	
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9.6	 LCMS	 analysis	 of	 P.	 aeruginosa	 PBP3	 reaction	

products	 from	 pentapeptide	 (acetylated	 DAP)	 glycan	

polymers	
	

	

Appendix	 9.6	 LCMS	 analysis	 of	 P.	 aeruginosa	 PBP3	 reaction	 products	 from	
pentapeptide	(acetylated	DAP)	glycan	polymers.	
Positive	ion	LCMS	analysis	of	E.	coli	PBP1b	S510A	and	P.	aeruginosa	PBP3	reaction	
products	 from	 Lipid	 II	 (acetylated	 DAP).	 Reactions	 consisted	 of	 50	 mM	 Bis-Tris	
propane	pH	8.5,	6	mM	NaCl,	2	mM	MgCl2,	1%	(v/v)	glycerol,	0.0468%	(v/v)	E6C12,	
amplex	red	coupling	reagents,	20	𝜇M	Lipid	II	(acetylated	DAP),	50	nM	E.	coli	PBP1b	
S510A,	 2	 𝜇 M	 LpoB	 and	 430	 nM	 P.	 aeruginosa	 PBP3.	 Prepared	 for	 LCMS	 by	
mutanolysin	digestion,	and	the	addition	of	NaBH4	and	phosphoric	acid.	Major	peaks	
are	annotated	as	m/z	and	ion	count,	determined	by	combining	the	spectrums	of	the	
peak	relating	to	the	ion	of	interest.	
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