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Abstract	

Anti-citrullinated	 protein	 antibodies	 (ACPA)	 are	 the	 main	 autoantibodies	 in	

rheumatoid	 arthritis	 (RA).	 	 Citrullination	 is	 the	 conversion	 of	 arginine	 to	

citrulline	by	peptidylarginine	deiminase	(PAD)	enzymes.		Periodontitis	(PD)	is	a	

risk	factor	for	RA,	and	there	is	evidence	this	may	be	due	to	citrullination	by	the	

unique	 prokaryotic	 PAD	 enzyme	 expressed	 by	 PD	 pathogen	 Porphyromonas	

gingivalis	 (PPAD).	 	 The	 aim	 of	 this	 work	 was	 to	 characterise	 PPAD,	 and	

investigate	its	potential	role	in	the	aetiology	of	RA.	

The	3D	crystal	structure	of	PPAD	was	solved,	and	functional	residues	identified.		

The	catalytic	domain	comprises	five	ββαβ	motif	repeats,	which	create	a	canonical	

binding	 groove	 into	 the	 active	 site,	 and	 the	 immunoglobulin-like	 domain	 is	 an	

anti-parallel	β-sandwich.	 	PPAD	lacks	significant	homology	to	human	PADs,	and	

forms	distinct	citrullinated	peptides	from	those	formed	by	human	PAD	isoforms	

PAD2	and	PAD4	due	to	unique	C-terminal	substrate	specificity.	

In	vivo,	immunisation	with	P.	gingivalis	proteins:	PPAD,	arginine	gingipain	(Rgp),	

and	 enolase	 (PgEnolase),	 induced	ACPA	 responses	 in	mice.	 	 In	human	 cohorts,	

antibodies	to	PPAD,	Rgp,	and	PgEnolase	were	increased	in	RA	patients	compared	

to	 osteoarthritis	 or	 healthy	 controls,	 and	 in	 RA	 patients	with	 PD	 compared	 to	

those	 without.	 	 Six	 months	 of	 PD	 treatment	 saw	 a	 significant	 reduction	 in	

antibodies	to	P.	gingivalis	in	RA	patients	with	PD,	but	no	change	in	ACPA.		

These	 results	demonstrate	P.	gingivalis	induces	ACPA	responses	comparable	 to	

those	 observed	 in	 RA,	 potentially	 through	 formation	 of	 novel	 citrullinated	

peptides	by	PPAD.		Structural	and	mechanistic	information	obtained	here	can	be	

used	in	future	studies	targeting	PPAD	as	a	potential	therapeutic	strategy	in	RA.					



	 ii	

Table	of	Contents	

Abstract	 i	
Table	of	Contents	 ii	
Acknowledgments	 v	
Declaration	of	Originality	 vi	
List	of	Table	and	Figures	 vii	
Abbreviations	 xi	
Chapter	1	 Introduction	 1	
Rheumatoid	arthritis	 1	
Anti-citrullinated	protein	antibodies	(ACPA)	 3	
Use	of	ACPA	in	the	diagnosis	of	RA	 3	
Development	of	ACPA	 4	
Pathogenicity	of	ACPA	 8	
Fine	specificity	of	ACPA	 11	

Citrullinated	proteins	in	the	joint	 14	
The	aetiology	of	rheumatoid	arthritis	 16	
Genetic	associations	with	RA	 16	
MHC-II	SE	and	citrulline	specific	T-cells	 19	
Environmental	influences	in	RA	 24	
The	lung	as	a	potential	priming	site	for	autoimmunity	in	RA	 25	
The	gingiva	as	a	potential	priming	site	for	autoimmunity	in	RA	 27	

Periodontitis	 29	
Aetiology	of	periodontal	disease	 29	
Periodontitis	and	RA	 31	
The	oral	microbiome	in	RA	 34	
Periodontitis	and	citrullination	in	the	aetiology	of	RA	 35	

Porphyromonas	gingivalis	 36	
Porphyromonas	gingivalis	peptidylarginine	deiminase	(PPAD)	 39	
P.	gingivalis	antibodies	in	rheumatoid	arthritis	 41	

Animal	models	in	rheumatoid	arthritis	research	 44	
Citrullination	and	ACPA	in	in	vivo	models	 48	
P.	gingivalis	in	murine	models	 49	

Peptidylarginine	deiminase	enzymes	(PADs)	 52	
Peptidylarginine	deiminases	in	RA	 54	
PAD	inhibitors	 57	
PAD	inhibitors	in	models	of	disease	 59	
Structure	and	activity	of	mammalian	PADs	 61	
Activity	of	bacterial	deiminases	 62	

Aims	of	the	study	 63	
Chapter	2	 Expression,	purification	and	crystallisation	of	PPAD	 64	
Background	 64	
Buffers	 66	
Materials	and	methods	 68	
Development	of	novel	PPAD	expression	system	at	the	Structural	Genomics	
Consortium	(SGC)	 69	
Site	directed	mutagenesis	 72	
PPAD	expression	 74	
PPAD	purification	 75	



	 iii	

Sodium	Dodecyl	Sulphate-PolyAcrimide	Gel	Electrophoresis	(SDS-PAGE)	 76	
Tobacco	Etch	Virus	(TEV)	protease	cleavage	 76	
Size	exclusion	chromatography	 76	
Characterisation	of	tPPADWT	and	tPPADC351A	 77	
Standardisation	of	protein	concentration	 78	
Crystallisation	of	recombinant	tPPADWT	and	tPPADC351A	 78	
Structural	determination	of	tPPADWT	and	tPPADC351A	 79	
Statistical	analysis	of	PPAD	activity	 80	

Results	 81	
Purification	of	recombinant	full-length	PPAD	(flPPAD)	 81	
Expression	and	purification	of	tPPADWT	and	tPPADC351A	 87	
Comparison	of	tPPADWT	and	flPPADWT	 89	
Crystallisation	of	tPPADWT	and	tPPADC351A	 92	
Mapping	of	enzymatic	activity	using	tPPADWT	and	tPPADC351A	 98	
Substrate	specificity	of	tPPADWT,	PAD2	and	PAD4	 101	
Structural	basis	of	substrate	specificity	of	tPPADWT	 102	

Discussion	 105	
Chapter	3	 Characterisation	of	PPAD	in	vitro	 111	
Background	 111	
Buffers	 113	
Materials	and	methods	 114	
Comparison	of	PPAD	construct	solubility	and	activity	 114	
SDS-PAGE	 115	
Immunoblotting:	western	blotting	and	Anti-Modified	Citrulline	(AMC)	assay	 115	
Investigation	of	PPAD	auto-citrullination	 116	
Functional	association	of	PPAD	and	RgpB	 117	
Cleavage	and	citrullination	of	human	fibrinogen	and	α-enolase	 118	
Liquid	Chromatography	Mass	Spectrometry	(LC-MS)	 118	
Identification	of	citrullinated	peptides	from	PgEnolase	 119	

Results	 121	
The	effect	of	PPAD	N-	and	C-terminal	truncation	on	solubility	 121	
The	effect	of	PPAD	N-	and	C-terminal	truncation	on	citrullination	activity	 122	
Characterisation	of	active	constructs	c007	and	c073	 124	
Auto-citrullination	of	PPAD	 127	
Functional	association	of	PPAD	and	Rgp	 129	
Formation	of	peptides	from	fibrinogen	and	α-enolase	by	PPAD	and	RgpB	 130	
Sequencing	of	peptides	formed	from	fibrinogen	and	α-enolase	by	LC-MS	 133	
Identification	of	homologous	citrullinated	regions	of	PgEnolase	and	α-enolase	 135	
Formation	of	citrullinated	peptides	from	fibrinogen	by	PPAD,	PAD2	and	PAD4	 138	

Discussion	 140	
Chapter	4	 PPAD,	RgpB	and	PgEnolase	in	vivo:	murine	models	 146	
Background	 146	
Buffers	 148	
Materials	and	methods	 150	
Development	of	anti-PgEnolase	antibody	 150	
Preparation	of	P.	gingivalis	fraction	lysates	 151	
Western	blotting	of	P.	gingivalis	fraction	lysates	 151	
Visualisation	of	citrullination	by	biotin-phenylglyoxal	(Biotin-Pg)	probe	 152	
Murine	immunisation	with	PPAD,	RgpB	and	PgEnolase	 153	
Enzyme	Linked	Immunosorbent	Assay	(ELISA)	with	murine	sera	 155	
Splenocyte	proliferation	assay	 157	
Cytokine	ELISA	with	splenocyte	supernatants	 158	
Statistical	analysis	 158	



	 iv	

Results	 159	
Development	of	anti-PgEnolase	antibody	 159	
Location	of	PPAD,	RgpB	and	PgEnolase	in	P.	gingivalis	fractions	 161	
Location	of	citrullination	in	P.	gingivalis	fractions	 162	
Anti-PPAD	responses	in	PPAD	immunised	mice	 164	
The	effect	of	complete	Freund’s	adjuvant	on	antibody	responses	 167	
Immunisation	with	PPAD,	RgpB	and	PgEnolase	 168	
Antibody	responses	to	PPAD	and	PgEnolase	 169	
Antibody	responses	to	citrullinated	PPAD	peptide	CPP3	 171	
Antibody	responses	to	citrullinated	PgEnolase	peptides	 172	
Antibody	responses	to	CEP-1	and	REP-1	 172	
Splenocyte	proliferation	and	cytokine	release	in	response	to	PPAD	 176	

Discussion	 177	
Chapter	5	 PPAD,	RgpB	and	PgEnolase	in	RA:	human	cohorts	 181	
Background	 181	
Buffers	 183	
Materials	and	methods	 184	
Patient	cohorts	 184	
ELISA	with	human	sera	 186	
Statistical	analysis	of	patient	demographics	 188	

Results	 189	
WOR	cohort	patient	demographics	 189	
Antibody	reactivity	with	CEP-1	and	REP-1	in	RA	and	OA	patients	 190	
Clinical	and	aetiological	associations	with	anti-CEP-1	positivity	 192	
Effect	of	periodontitis	on	antibody	positivity	in	RA	and	OA	patients	 198	
OPERA	cohort	patient	demographics	 202	
Antibody	reactivity	in	RA+PD+,	RA	and	PD	patients	 204	
Effect	of	PD	treatment	on	antibody	levels	 209	

Discussion	 212	
Chapter	6	 Conclusion	and	future	directions	 217	
References	 223	
Appendix	 255	
Vectors	 255	
Primers	 261	

Published	papers	 262	



	 v	

Acknowledgments	

Thanks	to	my	supervisors	Patrick	Venables	and	Wyatt	Yue,	and	Jan	Potempa	and	

Ewa	Cairns	for	supervising	me	during	my	visits	to	your	labs.		Patrick,	as	an	extra	

note	on	your	retirement,	I	have	been	incredibly	lucky	to	work	with	someone	as	

experienced,	well	respected,	and	knowledgeable	as	you.	 	 I	hope	you	enjoy	your	

retirement	 in	peace	without	my	pestering,	 and	 that	 I	 have	made	you	proud	 as	

your	last	student.		

Thanks	 to	 everyone	 in	 the	 lab:	 Anne-Marie,	 Elena,	 Raquel,	 Miriam,	 Tariq,	

Alasdair,	David,	for	all	the	advice	and	fun	over	the	last	few	years.	 	Extra	special	

thanks	to	Fiona,	Hayley	and	Kay.		

To	my	sister	Beth,	and	best	friends	Emma	and	Alana,	you’re	the	most	incredible	

women	I’ve	ever	met,	and	inspire	me	daily.		I	am	so	proud	to	call	you	my	friends.		

Thanks	for	keeping	me	sane	with	your	messages	over	the	last	few	months!	

Thanks	to	Mummy	and	Daddy	for	all	the	support	over	the	last	year	at	home,	and	

the	 previous	 27.	 	 Everything	 I	 have	 achieved	 is	 entirely	 down	 to	 you	 both.		

Thanks	for	always	having	faith	in	me.			

Björn,	 I	 have	 no	 idea	 how	 to	 thank	 you	 for	what	 an	 incredible	 support	 you’ve	

been	during	my	DPhil,	and	particularly	the	write	up.		I	don’t	know	what	I	would	

do	without	you.	

	

	

	

Thanks!	

		



	 vi	

Declaration	of	Originality	

I	declare	that	everything	submitted	in	this	thesis	is	entirely	my	own	work,	and	

help	from	others	has	been	appropriately	acknowledged.



	 vii	

List	of	Table	and	Figures	

Chapter	1	 Introduction	 	

	 	 	

Table	1.1	 ACR/EULAR	classification	criteria	for	rheumatoid	arthritis	 2	

Table	1.2	 Commonly	occurring	ACPA	epitopes	 6	

Table	1.3	 T-cell	reactive	citrullinated	peptides	 23	

Table	1.4	 Prevalence	and	severity	of	periodontitis	in	rheumatoid	arthritis	in	

various	studies	

32	

Table	1.5	 Characteristics	of	commonly	used	mouse	models	of	arthritis	 47	

Table	1.6	 Proteins	citrullinated	by	peptidylarginine	deiminases	in	healthy	

tissue(s)	

54	

Table	1.7	 Peptidylarginine	deiminase	enzymes	associated	with	disease	 57	

	 	 	

Figure	1.1	 The	conversion	of	arginine	to	citrulline	by	peptidylarginine	

deiminase	(PAD)	enzymes	

5	

Figure	1.2	 Hypothesis	for	development	of	rheumatoid	arthritis	 17	

Figure	1.3	 3D	crystal	structure	of	HLA-DRB1*0401	shared	epitope	allele	 18	

Figure	1.4	 Chemical	structure	of	Cl-amidine/F-amidine	 58	

Figure	1.5	 Chemical	structures	of	2-chloroacetamidine	and	benzoyl	arginine	

amide	(BAA)	

58	

Figure	1.6	 Chemical	structure	of	second	generation	PAD	inhibitor	BB	Cl-

amidine	

60	

	 	 	

Chapter	2	 Expression,	purification	and	crystallisation	of	recombinant	

PPAD	

	

	 	 	

Table	2.1	 Summary	of	all	PPAD	constructs	created	 86	

Table	2.2	 Refinement	statistics	for	tPPADWT	and	tPPADC351A	crystal	

structures	

94	

	 	 	

Figure	2.1	 Purification	of	full-length,	GST-tagged,	recombinant	PPAD	in	house	 81	

Figure	2.2	 High-throughput	SGC	pipeline	for	protein	crystallisation	 82	

Figure	2.3	 ‘Phase	1’	construct	design	for	PPAD	 83	

Figure	2.4	 Small-scale	test	expression	of	'phase	1'	PPAD	constructs	 84	



	 viii	

Figure	2.5	 ‘Phase	2'	construct	design	 87	

Figure	2.6	 Representative	purification	of	tPPADC351A	 88	

Figure	2.7	 Expression	and	His-tag	cleavage	of	tPPADWT	and	tPPADC351A	 89	

Figure	2.8	 Comparison	of	tPPAD	and	flPPAD	activity	 90	

Figure	2.9	 Characterisation	of	tPPAD	in	vitro	 91	

Figure	2.10	 Crystals	obtained	from	tPPADWT	and	tPPADC351A	 93	

Figure	2.11	 Crystal	structure	of	tPPADWT	solved	to	1.46Å	resolution	 95	

Figure	2.12	 Structural	homology	of	tPPADWT	and	tPPADC351A	 97	

Figure	2.13	 The	active	site	of	tPPAD	 98	

Figure	2.14	 Enzymatic	conversion	of	arginine	to	citrulline	by	tPPAD	modelled	

using	3D	structures	

99	

Figure	2.15	 Substrate	specificity	of	PPAD,	PAD2	and	PAD4	 101	

Figure	2.16	 The	effect	of	Arg152	and	Arg154	mutations(s)	on	tPPAD	activity	

and	specificity	

104	

Figure	2.17	 Crystal	structure	of	human	PAD2	 108	

Figure	2.18	 Crystal	structure	of	human	PAD4	 109	

	 	 	

Chapter	3	 Characterisation	of	PPAD	in	vitro	 	

	 	 	

Table	3.1	 Summary	of	PPAD	constructs	solubility	and	activity	 125	

Table	3.2	 Citrullinated	peptides	formed	from	PPAD	and	RgpB	 128	

Table	3.3	 C-terminally	citrullinated	peptides	from	PgEnolase	 136	

Table	3.4	 Citrullination	of	fibrinogen	by	human	PAD2	and	PAD4	 139	

	 	 	

Figure	3.1	 Test	expression	of	all	PPAD	constructs	 122	

Figure	3.2	 Activity	of	PPAD	constructs	 123	

Figure	3.3	 Citrullination	in	PPAD	elution	fractions	 123	

Figure	3.4	 Activity	of	full-length	and	truncated	PPAD	constructs	 124	

Figure	3.5	 N-terminal	truncation	of	PPAD	 126	

Figure	3.6	 Auto-citrullination	of	PPAD	 128	

Figure	3.7	 The	effect	of	PPAD	on	RgpB	activity	 130	

Figure	3.8	 Protein	incubation	with	PPAD	and	RgpB	 130	

Figure	3.9	 Degradation	of	human	fibrinogen	and	α-enolase	by	RgpB	 131	

Figure	3.10	 Peptides	formed	from	human	fibrinogen	by	PPAD	and	RgpB	 133	

Figure	3.11	 Citrullinated	peptides	formed	from	fibrinogen	and	α-enolase	by	

PPAD	and	RgpB	

134	



	 ix	

Figure	3.12	 PgEnolase	homology	models	 138	

	 	 	

Chapter	4	 PPAD,	RgpB	and	PgEnolase	in	vivo:	murine	models	 	

	 	 	

Table	4.1	 Schedule	for	anti-PgEnolase	antibody	development	 159	

	 	 	

Figure	4.1	 Reactivity	of	rabbit	anti-sera	with	PgEnolase	and	α-enolase	during	

PgEnolase	antibody	development	

160	

Figure	4.2	 Location	of	PPAD,	Rgp	and	PgEnolase	in	P.	gingivalis	fractions	 162	

Figure	4.3	 Location	of	citrullination	in	P.	gingivalis	fractions	 163	

Figure	4.4	 Preliminary	immunisations	with	wild-type	or	mutant	PPAD	 164	

Figure	4.5	 Antibody	responses	to	PPAD	in	PPAD	immunised	mice	 165	

Figure	4.6	 IgM	and	IgG	antibody	responses	to	CEP-1	and	REP-1	in	PPAD	

immunised	mice	

166	

Figure	4.7	 Antibody	responses	to	CEP-1	and	REP-1	in	CFA	or	IFA	immunised	

mice		

167	

Figure	4.8	 Immunisation	and	harvest	procedure	for	mice	immunised	with	

PPAD,	RgpB	and	PgEnolase	

169	

Figure	4.9	 Antibody	responses	to	PPAD	and	PgEnolase		 170	

Figure	4.10	 Antibody	responses	to	citrullinated	PPAD	peptide	CPP3	 171	

Figure	4.11	 Antibody	responses	to	citrullinated	PgEnolase	peptides	CPgE1-6		 173	

Figure	4.12	 Antibody	responses	to	CEP-1	and	REP-1		 174	

Figure	4.13	 Anti-CCP2	and	anti-cVim	antibody	responses		 175	

Figure	4.14	 Splenocyte	proliferation	and	cytokine	secretion	in	PPAD,	RgpB	and	

PgEnolase	immunised	mice	

176	

	 	 	

Chapter	5	 PPAD,	RgpB	and	PgEnolase	in	RA:	human	cohorts	 	

	 	 	

Table	5.1	 WOR	cohort	patients	demographics	 190	

Table	5.2	 Patient	demographics	and	associations	with	anti-CEP-1	 193	

Table	5.3	 Antibody	positivity	for	ACPA	in	the	WOR	cohort	 196	

Table	5.4	 OPERA	cohort	patients	demographics	 203	

Table	5.5	 Antibody	positivity	in	PD+RA+	and	RA	patients	at	baseline	 204	

Table	5.6	 OPERA	cohort	patient	demographics	for	PD+RA+	patients	 207	

Table	5.7	 Change	in	antibody	positivity	following	6	months	of	PD	treatment	 211	

	 	 	



	 x	

Figure	5.1	 Anti-CEP-1	and	anti-REP-1	in	RA	patients	 191	

Figure	5.2	 Antibody	responses	to	CPgE	and	RPgE	peptides	in	RA	patients	 195	

Figure	5.3	 Correlations	between	anti-CEP-1	and	anti-CPgE1-6	antibodies	 196	

Figure	5.4	 Anti-	RgpB	and	anti-CCP3	in	RA	patients	 197	

Figure	5.5	 Anti-CPgE1-6	in	PD+	and	PD-	individuals	 198	

Figure	5.6	 Anti-RgpB	and	anti-CPP3	in	PD+	and	PD-	individuals	 200	

Figure	5.7	 Anti-CEP-1	and	anti-REP-1	in	PD+	and	PD-	individuals	 201	

Figure	5.8	 Anti-CCP2	positivity	in	PD+	and	PD-	individuals	 202	

Figure	5.9	 Antibody	levels	in	PD+RA+	and	RA	patients	 205	

Figure	5.10	 Baseline	antibody	levels	in	PD+RA+	patients		 208	

Figure	5.11	 Effect	of	periodontal	treatment	on	antibody	levels	in	PD+RA+	

patients	after	6	months	

210	

	 	 	

	 	 	

	 	 	



	 xi	

Abbreviations	

aa	 	 amino	acid	

ACPA	 	 anti-citrullinated	protein	antibodies	

ACR	 	 American	College	of	Rheumatology	

ADI	 	 arginine	deiminase	

ADMA		 asymmetric	dimethylarginine	

AIH	 	 agmatine	iminohydrolase	

AMC	 	 anti-modified	citrulline	(assay)	

AstB	 	 N-succinylarginine	dihydrolase	

AT	 	 amidinotransferase		

BAEE	 	 benzoyl	arginine	ethyl	esther	

CAIA	 	 collagen	antibody	induced	arthritis	

CAL	 	 clinical	attachment	loss	

CCP/2		 cyclic	citrullinated	peptide/2	(assay)	

CEP-1	 	 immunodominant	citrullinated	enolase	peptide	

CFA	 	 complete	Freund's	adjuvant	

chlor	 	 chloramphenicol	

CIA	 	 collagen	induced	arthritis	

CII	 	 collagen	type	II	

CRP	 	 C-reactive	protein	

DAS28		 disease	activity	score	

DDAH	 	 dimethylarginine	dimethylaminohydrolase	

DNA	 	 deoxyribonucleic	acid	

DTT	 	 dithiothreitol	



	 xii	

ECL	 	 enhanced	chemiluminescence	

ELISA	 	 enzyme	linked	immunosorbent	assay	

ESR	 	 erythrocyte	sedimentation	rate	

EULAR	 The	European	League	Against	Rheumatism	

FDR	 	 first-degree	relative	

FT	 	 flow-through	

GCF	 	 gingival	crevicular	fluid	

GME	 	 guanidino	modifying	superfamily	of	enzymes	

GST	 	 glutathione	S-transferase	

HLA	 	 human	leukocyte	antigen	

IFA	 	 incomplete	Freund's	adjuvant	

IFN	 	 interferon	

IL	 	 interleukin	

ILD	 	 interstitial	lung	disease	

IPTG	 	 isopropyl	β-D-1-thiogalactopyranoside	

Kan	 	 kanamycin	monosulphate	

kDa	 	 kilo	Dalton	

Kgp	 	 lysine	gingipain	

LB	 	 lysogeny	broth	

LC-MS		 liquid	chromatography	mass	spectrometry	

LDS	 	 lithium	dodecyl	sulphate	

LIC	 	 ligation	independent	cloning	

LPS	 	 lipopolysaccharide	

MHC	 	 major	histocompatibility	complex	

MOPS	 	 3-(N-morpholino)	propanesulfonic	acid	



	 xiii	

MS/MS	 tandem	mass	spectrometry	

NETosis	 formation/release	of	neutrophil	extracellular	traps	

NETs	 	 neutrophil	extracellular	traps	

o/n	 	 overnight	

OA	 	 osteoarthritis	

OR	 	 odds	ratio	

OD	 	 optical	density	

PAD	 	 peptidylarginine	deiminase	

PBS	 	 phosphate	buffered	saline	

PD	 	 periodontitis	

pdb	 	 protein	data	base	(file)	

PdDp	 	 periodontal	pocket	probing	depth	

PorSS	 	 Por	secretion	system	

PPAD	 	 Porphyromonas	gingivalis	peptidylarginine	deiminase	

PTPN22	 protein	tyrosine	phosphatase,	non-receptor	type	22	

RA	 	 rheumatoid	arthritis	

REP-1	 	 non-citrullinated	immunodominant	enolase	peptide	variant	

RF	 	 rheumatoid	factor	

RgpA/RgpB	 arginine	gingipain	A/B	

RNA	 	 ribonucleic	acid	

rt	 	 room	temperature	

SCE	 	 soluble	cell	extract	

SE	 	 shared	epitope	

SNP	 	 single	nucleotide	polymorphism	

TBS	 	 tris	buffered	saline	



	 xiv	

TCE	 	 total	cell	extract	

TEV	 	 tobacco	etch	virus	

TNF-α		 tumour	necrosis	factor	α	

TTBS	 	 tris	buffered	saline	with	tween



	 1	

Chapter	1	 Introduction	

Rheumatoid	arthritis	

Rheumatoid	arthritis	(RA)	is	an	autoimmune	disease	affecting	around	1%	of	the	

worlds	population,	with	a	2-3:1	female	to	male	ratio	(Tedeschi	et	al.,	2013).		RA	

is	 characterised	 by	 joint	 pain	 and	 stiffness	 caused	 by	 inflammation	 of	 the	

synovial	tissue,	eventually	leading	to	loss	of	cartilage	and	bone	erosion.		Outside	

the	joint,	RA	has	a	number	of	extra	articular	manifestations	including:	Sjörgren’s	

syndrome,	 pericarditis,	 pleuritis,	 Felty’s	 syndrome,	 vasculitis,	 neuropathy,	

glomerulonephritis,	subcutaneous	rheumatoid	nodules,	amyloidosis,	xerostomia,	

pulmonary	 fibrosis,	 anaemia,	 bronchiolitis	 obliterans	 organising	 pneumonia	

(BOOP),	 and	 cervical	 myelopathy	 (Turesson	 et	 al.,	 2003).	 	 The	 30-year	

cumulative	 index	 for	 developing	 any	 extra	 articular	 manifestation	 is	 46%	

(Turesson	et	al.,	2003),	of	which	Sjögren's	syndrome,	anaemia	of	chronic	disease	

and	pulmonary	manifestations	are	most	frequent,	occurring	in	6–10%	of	patients	

(Young	 and	 Koduri,	 2007).	 	 RA	 also	 carries	 an	 increased	 risk	 of	 secondary	

disorders	 such	 as	 interstitial	 lung	 disease	 (ILD)	 (O'Dwyer	 et	al.,	 2013),	 and	 an	

increased	risk	of	cardiovascular	deaths	(hazard	ratio	2.03)	(Maradit-Kremers	et	

al.,	 2005).	 	 RA	 patients	 also	 have	 increased	 mortality.	 	 A	 meta-analysis	 of	 11	

longitudinal	 studies	 representing	 51,819	 patients	 over	 40	 years	 calculated	 the	

mean	 incidence	 mortality	 rate	 was	 2.7	 per	 100	 person-years	 of	 follow-up,	

compared	to	standardised	mortality	rate	of	2.01	per	100	person-years	(Dadoun	

et	al.,	2013).	

	



	 2	

RA	is	heterogeneous,	and	so	an	additive	system	of	criteria	is	used	for	diagnosis,	

either	the	‘American	College	of	Rheumatology	(ACR)	1987	classification	criteria	

for	 rheumatoid	 arthritis’	 (Arnett	 et	 al.,	 1988),	 or	 the	 updated	 ‘2010	

ACR/European	 League	 Against	 Rheumatism	 (EULAR)’	 classification	 criteria	

(Aletaha	et	al.,	2010).		Using	the	2010	ACR/EULAR	classification,	RA	is	diagnosed	

based	 on	 synovitis	 in	 ≥1	 joint,	 and	 a	 summated	 score	 of	 ≥6	 from	 the	 four	

diagnostic	categories,	which	must	include	at	least	1	positive	test	for	both	acute-

phase	reactants	and	serology	(Table	1.1).			

	

Table	1.1	 The	2010	ACR/EULAR	classification	criteria	for	rheumatoid	arthritis	

Category Score 
0 1 2 3 5 

Joint(s) 1	(medium	to)	
large	joint 

2-10	(medium	
to)	large	joints 1-3	small	joints 4-10	small	joints >10	small	joints 

Serology Negative - Low	positive	for	
RF	and/or	ACPA 

High	positive	for	
RF	and/or	ACPA - 

Acute-phase	
reactants 

Normal	CPR	and	
normal	ESR 

Abnormal	CPR	
and/or	

abnormal	ESR 
- - - 

Duration <6	weeks ≥6	weeks - - - 
	

Adapted	from	(Aletaha	et	al.,	2010).		CPR	=	C-reactive	protein;	ESP	=	erythrocyte	sedimentation	

rate;	RF	=	rheumatoid	factor;	ACPA	=	anti-citrullinated	protein	antibodies	

	

The	first	autoantibodies	characterised	in	RA	were	rheumatoid	factor	(RF),	which	

are	 antibodies	 reactive	with	 the	 Fc	 region	 of	 IgG.	 	 RF	were	 first	 described	 by	

Waaler	 in	1940,	who	 identified	a	 serum	 factor	 in	RA	patient	 sera	 that	 induced	

coagulation	 of	 IgG	 coated	 sheep	 erythrocytes	 (reproduced	 in	 (Waaler,	 2007)).		

These	findings	were	reproduced	soon	after	by	Rose	and	colleagues	(Rose	et	al.,	

1948),	 and	 named	 rheumatoid	 factor	 by	 Pike	 due	 to	 the	 association	 with	 RA	

(Pike	 et	 al.,	 1949).	 	 Although	 the	 reactivity	 of	 this	 serum	 factor	 remained	
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unknown,	 the	 erythrocyte	 agglutination	 test	 or	 the	 ‘Waaler-Rose	 test’	 became	

used	 in	RA	diagnosis	(Otten	and	Boerma,	1959).	 	Franklin,	and	colleagues	 then	

showed	 the	 agglutination	 activity	 of	 RF	 was	 due	 to	 an	 immunoglobulin	

component,	and	the	true	IgG	reactivity	of	this	serum	factor	was	later	determined	

by	Mellors	and	Ragan	(Mellors	et	al.,	1959,	Ragan,	1961).			

Although	 still	 a	 component	of	 the	 criteria	 for	diagnosis	 of	RA,	 it	 appears	more	

likely	 that	RF	production	 is	 an	artefact	of	 immune	over	activity	 rather	 than	an	

aetiological	marker	of	RA.	 	This	 is	 supported	by	 the	 fact	RF	 can	be	 induced	by	

non-specific	B-cell	activation	(Garzelli	et	al.,	1984).		The	presence	of	RF	in	other	

autoimmune	conditions	including	systemic	lupus	erythematosus	(SLE)	(Ippolito	

et	al.,	2011)	and	mixed	cryoglobulinaemia	associated	with	hepatitis	C	 infection	

(Pietrogrande	et	al.,	1995,	Sasso,	2000)	also	limits	their	specificity	to	RA.		

	

Anti-citrullinated	protein	antibodies	(ACPA)	

Use	of	ACPA	in	the	diagnosis	of	RA	

The	main	autoantibodies	in	RA	are	anti-citrullinated	protein	antibodies	(ACPA),	

which	 are	 found	 in	 ~80%	 of	 patients	 and	 are	 highly	 specific	 (97%)	 for	

RA	(Nijenhuis	et	al.,	2004).	 	ACPA	were	identified	after	the	discovery	of	two	RA	

associated	 autoantibodies,	 ‘anti-keratin	 antibodies’	 (AKA)	 and	 ‘anti-perinuclear	

factor	 (APF)’	 (Nienhuis	 and	Mandema,	1964).	 	AKA	were	 identified	by	 indirect	

immunofluorescence	(IIF)	of	RA	patient	sera	that	reacted	with	the	cornified	layer	

of	rat	oesophagus	epithelium	(Young	et	al.,	1979).		Keratin	was	thought	to	be	the	

antibody	substrate,	due	to	the	high	levels	of	cytokeratin	in	this	tissue.		Similarly,	

APF	 antibodies	 were	 also	 identified	 using	 IIF	 of	 RA	 sera,	 which	 bound	 the	
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perinuclear	 granules	 of	 human	 buccal	 mucosal	 cells	 (Nienhuis	 and	 Mandema,	

1964).	 	Following	 this,	Sebbag	and	colleagues	established	AKA	and	APF	shared	

numerous	characteristics,	and	after	detailed	analysis	established	both	antibodies	

were	 in	 fact	reactive	with	 filaggrin	(Sebbag	et	al.,	1995).	 	Simon	and	colleagues	

reported	that	AKA/APF	antibodies	reacted	exclusively	with	a	neutral/acidic	form	

of	filaggrin	(Simon	et	al.,	1993),	and	the	true	substrate	citrullinated	filaggrin	was	

identified,	 leading	 to	 the	 first	 description	of	 ‘ACPA’	 in	 1998	 (Schellekens	et	al.,	

1998,	Vincent	et	al.,	1998).	

To	 increase	 the	 sensitivity	 of	 citrullinated	 filaggrin	 for	 use	 as	 a	 diagnostic	

marker,	 a	 library	 of	 cyclic	 citrullinated	 peptides	 was	 created,	 and	 used	 in	 the	

anti-cyclic	citrullinated	peptide	(anti-CCP)	assay.	 	A	second-generation	anti-CCP	

test	 (anti-CCP2)	 was	 then	 developed	 using	 more	 highly	 reactive	 peptides,	

identified	by	screening	peptide	libraries	for	reactivity	with	RA	sera	(van	Venrooij	

et	al.,	2002).		

Development	of	ACPA	

ACPA	 are	 antibodies	 reactive	 with	 proteins	 that	 have	 undergone	 the	 post-

translational	 modification	 of	 citrullination	 -	 conversion	 of	 peptidyl-arginine	

residue(s)	to	peptidyl-citrulline	residue(s),	by	peptidylarginine	deiminase	(PAD)	

enzymes,	with	concomitant	production	of	ammonia	(Figure	1.1).					
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Figure	1.1								The	conversion	of	arginine	to	citrulline	by	peptidylarginine	deiminase	(PAD)	

enzymes.	

ACPA	develop	 years	 before	 joint	 pathology	 occurs	 (Aho	et	al.,	 2000,	Rantapaa-

Dahlqvist	et	al.,	2003,	Nielen	et	al.,	2005,	van	de	Stadt	et	al.,	2011a,	Fisher	et	al.,	

2015),	during	which	time	the	titre	(Ioan-Facsinay	et	al.,	2011),	range	of	 isotype	

(van	 der	Woude	 et	al.,	 2010b,	 Kokkonen	 et	al.,	 2011)	 and	 specificity	 increases	

(van	der	Woude	et	al.,	2010a,	Brink	et	al.,	2013,	Sokolove	et	al.,	2012),	which	is	

predictive	of	disease	development	(van	de	Stadt	et	al.,	2012,	van	de	Stadt	et	al.,	

2011b).		The	most	commonly	occurring	and	well-characterised	ACPA	react	with	

the	 immunodominant	 citrullinated	 peptides	 from	 α-enolase,	 fibrinogen,	

vimentin,	 collagen	 and	 filaggrin,	 named	 CEP-1,	 cFib,	 cVim,	 cCII	 and	 cFil	

respectively,	and	occur	 in	30-70%	of	RA	patients	(Table	1.2).	 	Anti-CEP-1,	anti-

cFib,	 anti-cVim,	 anti-cCII	 and	 anti-cFil	 antibodies	 are	 all	 increased	 in	 patients	

destined	 to	 develop	 RA	 (pre-RA),	 and	 anti-cFib	 has	 the	 strongest	 association	

with	 developing	 RA	 (odds	 ratio	 (OR)	 of	 10.4)	 (Fisher	 et	 al.,	 2015,	 Aho	 et	 al.,	

2000).	 	 In	 addition	 to	 these	 well-established	 reactivities,	 more	 recently	

antibodies	 to	 citrullinated	histones	 have	 been	 found	 in	 63-67%	of	RA	patients	

(Pratesi	 et	 al.,	 2013),	 citrullinated	myelin	 basic	 protein	 in	 34%	 of	 RA	 patients	
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(Willemze	et	al.,	2012),	and	citrullinated	tenascin	C	in	47-51%	of	RA,	and	18%	of	

pre-RA	patients	(Schwenzer	et	al.,	2015).			

	

Table	1.2	 						Commonly	occurring	ACPA	epitopes	

Antigen	
	

Sensitivity	
	

Reactive	Peptide(s)	 Reference	

	
α-enolase	
	

	
50%	
	

‘CEP-1’	
5KIHA-Cit-EIFDS-Cit-GNPTVE21	
324NPK-Cit-IAKAVNEKSCNCLL341	

(Lundberg	et	al.,	
2008)		

	
Fibrinogen/fibrin	
	
	

	
66%	
	
	

α-	chain	
36GP-Cit-VVE-Cit-HQSACKDS50	
171VDIDIKI-Cit-SC-Cit-GSCS185	
501SGIGTLDGF-Cit-H-Cit-HPD515	

621Cit-GHAKS-Cit-PV-Cit-GIHTS635	
β-	chain	

60Cit-PAPPPISGGGY-Cit-A-Cit74	

(Sebbag	et	al.,	2006)		

	
Vimentin	

	
40%	

59VYAT-Cit-SSAV-Cit-L-Cit-SSVP74	
1ST-Cit-SVSSSSY-CitCit-MFGG16	

(Snir	et	al.,	2010)	

Collagen	Type	II	 40%	 359A-Cit-GLTG-Cit-PGDA369	 (Schulte	et	al.,	1998)		
	
Filaggrin	

	
28%	

306SHQEST-Cit-G-Cit-
SRGRSGRSG324	

(Schellekens	et	al.,	
1998)	

	

Peptide	sequence	in	bold	=	immunodominant;	not	in	bold	=	reactive	

	
	 Netosis	

NETosis	 is	 the	 production	 of	 neutrophil	 extracellular	 traps	 (NETs),	 and	 has	

recently	 received	 attention	 as	 a	 potential	 mechanism	 for	 ACPA	 development.		

NETs	are	web	like	structures	composed	of	extracellular	fibres,	deoxyribonucleic	

acid	 (DNA),	 histones,	 chromatin,	 citrullinated	 proteins	 (Sur	 Chowdhury	 et	 al.,	

2014),	and	globular	protein	domains,	which	aggregate	to	form	protrusions	from	

the	 cell.	 	 Once	 released,	 anti-microbial	 substances	 such	 as	 neutrophil	 elastase,	

myeloperoxidase,	bactericidal	permeability	increasing	protein	(BPI)	(Brinkmann	

et	al.,	 2004),	histones	 (Parseghian	and	Luhrs,	2006)	and	proteases	on	 the	NET	

surface	enable	bacterial	capture	and	killing	(Kaplan	and	Radic,	2012).			



	 7	

Citrullination	 is	 required	 for	 NET	 formation	 (Li	 et	 al.,	 2010a),	 and	 NETosis	 is	

induced	by	stimulation	of	neutrophils	with	ACPA	(Khandpur	et	al.,	2013).		During	

NETosis	 citrullinated	 vimentin	 and	 α-enolase	 are	 internalised	 by	 neutrophils	

(Khandpur	 et	 al.,	 2013),	 and	 PAD	 enzymes	 PAD2	 and	 PAD4	 are	 released	

(Spengler	 et	 al.,	 2015).	 	 In	 addition,	 neutrophils	 isolated	 from	 RA	 patients	

undergo	 increased	 NETosis	 compared	 to	 those	 isolated	 from	 healthy	 controls	

(Khandpur	et	al.,	2013,	Sur	Chowdhury	et	al.,	2014),	and	NETosis	levels	correlate	

with	 levels	of	ACPA	and	systemic	 inflammation	(Khandpur	et	al.,	2013).	 	Taken	

together	 these	 findings	 suggest	 NETs	 are	 both	 induced	 by	 ACPA,	 and	 may	

contribute	 to	 the	 formation	of	ACPA	by	 increasing	PAD2	and	PAD4	expression,	

and	formation	of	citrullinated	proteins.		It	has	been	proposed	that	during	an	anti-

microbial	 response,	 citrullinated	 proteins	 may	 become	 complexed	 with	

microbial	 proteins	 within	 NETs,	 are	 internalised	 by	 host	 phagocytes,	 and	

presented	by	 antigen	presenting	 cells	 (APCs),	 thus	priming	 a	 citrulline	 specific	

ACPA	response	(Dwivedi	and	Radic,	2014).			

	 Autophagy	

Sorice	 and	 colleagues	 investigated	 the	 relationship	 between	 citrullination	 and	

autophagy	 in	 fibroblast-like	 synoviocytes	 isolated	 from	 RA	 and	 OA	 patients	

(Sorice	 et	 al.,	 2016).	 	 Synoviocytes	 from	 RA	 patients	 had	 increased	 levels	 of	

autophagy	compared	to	those	from	OA	patients	measured	by	western	blotting	of	

the	cell	 lysates	 for	autophagy	marker	LC3-II	(p<0.01).	 	RA	patient	synoviocytes	

also	 showed	 increased	 citrullination	 activity	 (p<0.01),	 and	 increased	 PAD4	

expression	 measured	 using	 an	 ELISA	 based	 assay	 and	 western	 blotting	

respectively.	 	When	 autophagy	was	 induced	 in	 the	 synoviocytes	 in	vitro,	 PAD4	

was	 induced	 in	 cells	 from	 both	 RA	 and	OA	 patients,	 and	 citrullinated	 proteins	
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vimentin	and	enolase	were	identified	in	both	RA	and	OA	cell	lysates	irrespective	

of	patient	anti-CCP2	status.		However,	in	peripheral	blood	monocytes	from	anti-

CCP2+	 RA	 patients,	 levels	 of	 LC3-II	 measured	 by	 flow	 cytometry	 correlated	

strongly	with	 anti-CCP2	 levels	 (p<0.0004).	 	 Although	 these	 findings	 have	 been	

reported	 on	 one	 study	 only,	 they	 propose	 an	 additional	 mechanism	 for	 the	

generation	of	citrullinated	proteins	in	the	synovium.		

Pathogenicity	of	ACPA	

Of	 those	 diagnosed	with	 RA,	 ACPA	 status	 effectively	 divides	 patients	 into	 two	

subsets	(ACPA+/ACPA-),	which	differ	in	clinical	outcome	(Willemze	et	al.,	2012).		

Notably,	ACPA+	RA	is	associated	with	a	more	severe	phenotype	when	measured	

by	Disease	Activity	Score	 (DAS28)	and	Visual	Analog	Scale	 (VAS)	 (Fisher	et	al.,	

2011,	van	Oosterhout	et	al.,	 2008).	 	ACPA+	RA	 is	also	more	strongly	associated	

with	secondary	disorders	of	RA	including	cardiovascular	disease	(Cambridge	et	

al.,	2013),	and	lung	disorders	(Aubart	et	al.,	2011,	Giles	et	al.,	2013).		

ACPA+	 RA	 patients	 have	 increased	 radiographic	 progression	 of	 affected	 joints	

compared	 to	ACPA-	 patients,	which	 has	 been	well	 documented	 in	 a	 number	 of	

studies.	 	 In	 a	 longitudinal	 study	 of	 125	RA	patients	 enrolled	 in	 the	Norwegian	

European	 Research	 in	 Incapacitating	 Disease	 and	 Social	 Support	 (EURIDISS)	

cohort,	 radiographs	 of	 RA	 patients’	 hands	 were	 scored	 using	 sharp	 van	 der	

Heijde	 score	 (SVDH)	at	baseline	and	10	years	 later.	 	ACPA	status	measured	by	

anti-CCP2	assay	was	a	strongly	associated	independent	predictor	of	radiographic	

progression,	with	OR	of	4	(Syversen	et	al.,	2008).		Van	der	Woude	and	colleagues	

also	 found	 a	 significant	 association	 between	 anti-CCP2	 positivity	 and	

radiographic	progression	in	the	EURIDISS	cohort	(p<0.05),	and	replicated	these	
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findings	in	171	RA	patients	from	the	Leiden	Early	Arthritis	Clinic	cohort	(Leiden	

EAC)	in	a	4	year	follow	up	study	(p<0.05)	(van	der	Woude	et	al.,	2010b).	 	Anti-

CPP2	 was	 also	 significantly	 associated	 with	 radiographic	 progression	 using	

SVDH	 score	 on	 hand	 radiographs	 in	 a	 Japanese	 cohort	 of	 865	 RA	 patients	

(p=0.00004)	 (Suzuki	 et	 al.,	 2013),	 and	 when	 measured	 by	 Larsen	 score	 in	 a	

Belgian	 cohort	 of	 180	 RA	 patients	 (p<0.001)	 (De	 Rycke	 et	 al.,	 2004).	 	 Using	

radiographic	data	from	both	the	Leiden	EAC	and	EURIDISS	cohorts	for	analysis,	

Scherer	 and	 colleagues	 did	 not	 find	 an	 association	 between	 radiographic	

progression	and	ACPA	fine	specificity	with	citrullinated	vimentin,	fibrinogen,	α-

enolase	 or	 whole	 citrullinated	 MBP	 in	 either	 cohort	 (Scherer	 et	 al.,	 2011).		

However,	 also	 using	 the	 Leiden	 EAC	 and	 EURIDISS	 cohorts,	 radiographic	

progression	was	positively	associated	with	an	increased	range	of	ACPA	isotypes	

(>5,	 p<0.05)	 and	was	 specifically	 associated	with	 IgA	 and	 IgG2	 isotypes	 in	 the	

EURIDISS	cohort	(p<0.05)	and	IgA,	IgG2,	IgG3	and	IgG4	in	the	Leiden	EAC	cohort	

(p<0.05)	 (van	 der	Woude	 et	 al.,	 2010b).	 	 Suwannalai	 and	 colleagues	 used	 the	

Leiden	 EAC	 cohort	 to	 investigate	 ACPA	 avidity	 in	 relation	 to	 radiographic	

progression.	 	 RA	 patients	 were	 grouped	 based	 on	 ACPA	 avidity	 into	

low/medium/or	high	avidity	groups.		Surprisingly,	radiographic	progression	was	

1.61	fold	higher	in	low	avidity	ACPA	RA	patients	compared	to	both	medium	and	

high	 avidity	 groups.	 	 An	 almost	 identical	 finding	 of	 a	 1.62	 fold	 increase	 in	

radiographic	 progression	was	 observed	 in	 a	 second	 cohort	 of	 132	RA	patients	

from	 the	 Reade	 Early	 Arthritis	 Clinic	 (Reade	 EAC)	 using	 SVDH	 scoring	 of	

radiographs	 from	a	6	 year	 longitudinal	 study	 (Suwannalai	et	al.,	 2013).	 	 These	

findings	 strongly	 suggest	 ACPA	 status	 influences	 radiographic	 progression	 of	
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disease	in	RA	patients,	which	appears	to	be	mediated	via	an	increased	range	of	

ACPA	isotypes	of	low	avidity.			

Although	Scherer	and	colleagues	did	not	find	associations	with	anti-cVim	ACPA	

and	 radiographic	 damage,	 studies	 from	 a	 separate	 group	 have	 proposed	 a	

possible	 explanation	 for	 increased	 bone	 erosion	 in	ACPA+	 patients	may	 be	 the	

binding	 of	 anti-cVim	 antibodies	 to	 citrullinated	 vimentin	 on	 the	 surface	 of	

osteoclasts,	 which	 results	 in	 osteoclast	 activation	 (Harre	 et	 al.,	 2012).	 	 ACPA	

specific	 for	mutated	 citrullinated	vimentin	 (MCV)	were	affinity-purified	 from	3	

RA	patients	with	very	high	ACPA	responses	(>1,000	absorbance	units	(AU))	and	

incubated	 with	 osteoclasts.	 	 The	 purified	 MCV-ACPA	 stained	 both	 the	 plasma	

membrane	and	cytoplasm	of	osteoclasts,	and	increased	osteoclast	differentiation	

when	 added	 to	MCSF	 and	 RANKL	 in	 osteoclast	 differentiation	 from	 peripheral	

blood	 mononuclear	 cells	 (PBMCs).	 	 Further,	 lymphocyte-deficient	Rag1–/–	mice	

challenged	 with	 affinity	 purified	 MCV-ACPA	 showed	 significant	 reduction	 in	

trabecular	bone	with	compared	to	mice	challenged	with	a	control	IgG,	measured	

by	micro-CT	(μCT)	4	weeks	post	challenge.	

Differences	in	ACPA+/ACPA-	pathology	also	influence	treatment	responses	in	RA	

patients.	 	 Presence	 of	 ACPA	 or	 RF	 is	 predictive	 of	 successful	 response	 to	

rituximab	(OR	3.5)	(Sellam	et	al.,	2011).		ACPA+	patients	with	early	RA	are	more	

likely	 to	 achieve	 remission	 with	 methotrexate	 at	 4	 months	 in	 comparison	 to	

ACPA-	 RA	 (p=0.001)	 (Wevers-de	 Boer	 et	 al.,	 2012),	 and	methotrexate	 therapy	

can	prevent	progression	to	RA	in	ACPA+	arthralgia	patients,	although	not	in	those	

with	high	ACPA	titre	(van	Dongen	et	al.,	2007).		
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Fine	specificity	of	ACPA	

Within	ACPA+	and	ACPA-	populations,	there	remains	heterogeneity.	 	To	identify	

further	 potential	 sub-populations,	 Wilemze	 and	 colleagues	 (Willemze	 et	 al.,	

2012)	 sub-grouped	 661	 RA	 patients	 from	 the	 Leiden	 EAC	 based	 on	 ACPA	

reactivity	 to	 citrullinated	 myelin	 basic	 protein,	 CEP-1,	 and	 cFib,	 but	 found	 no	

correlation	with	 specific	 reactivity	 and	 clinical	 characteristics	 such	 as	 swollen	

joint	 count,	 C-reactive	 protein	 (CRP)	 or	 erythrocyte	 sedimentation	 rate	 (ESR).		

However,	 it	 should	 be	 noted	 that	 patients	 in	 the	 Leiden	 EAC	 were	 treated	

differently	depending	on	date	of	 inclusion	 in	 the	 study,	which	may	have	had	 a	

confounding	effect	on	these	negative	results.	

In	 one	 study	 Harlow	 and	 colleagues	 identified	 two	 citrullinated	 antigens	 from	

heat	 shock	 protein	 90	 α	 and	 β	 (HSP-α	 /-β)	 in	 the	 lungs	 of	 RA	 patients	 by	

immunoprecipitation.	 	 The	presence	of	 these	 citrullinated	 antigens	was	mostly	

restricted	 to	 RA	 patients	 with	 interstitial	 lung	 disease	 (ILD),	 compared	 to	 RA	

non-ILD	patients	(Harlow	et	al.,	2013).		Thus,	it	may	be	more	likely	that	specific	

ACPA	reactivity	is	associated	with	extra	articular	effects,	if	the	reactive	antigen	is	

found	at	a	site	distal	to	the	joint.	

α-enolase	as	an	auto-antigen	

CEP-1,	the	immunodominant	citrullinated	peptide	from	α-enolase,	is	one	of	the	

most	commonly	occurring	ACPA	reactivities,	and	was	first	characterised	by	our	

lab	(Kinloch	et	al.,	2005).		Kinloch	and	colleagues	identified	a	protein	of	~47kDa	

in	citrullinated	monocytic	and	granulocytic	HL-60	cell	 lysates	that	reacted	with	

RA	sera	when	blotted	with	RA	and	non-RA	controls.		The	protein	target	was	then	

identified	 as	 α-enolase	 by	 tandem	 mass	 spectrometry	 (MS/MS).	 	 To	 confirm	

reactivity	 in	 a	 larger	 RA	 population,	 purified	 α-enolase	 was	 citrullinated	 and	
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blotted	with	52	RA	and	40	control	sera.		In	this	cohort	46%	of	RA	sera	and	6%	of	

controls	 were	 reactive,	 thus	 confirming	 citrullinated	 α-enolase	 as	 a	 novel	

citrullinated	antigen.		α-enolase	was	also	later	identified	in	synovial	tissues	of	the	

RA	 joint	 by	 immunohistochemistry,	 where	 it	 co-localised	 with	 citrullinated	

proteins	in	synovial	cell	lysates	and	synovial	fluid	(Kinloch	et	al.,	2008).			

In	 order	 to	 determine	 the	 immunodominant	 citrullinated	 epitope(s)	 from	 α-

enolase,	11	peptides	were	synthesised	spanning	15	of	the	17	arginine	residues	of	

the	 molecule,	 in	 either	 native	 or	 citrullinated	 form	 (Lundberg	 et	 al.,	 2008).		

Antibody	 reactivity	 to	 these	 peptides	 was	 measured	 in	 102	 RA	 sera	 and	 110	

disease	 controls.	 	 Sixty-four	 per	 cent	 of	 RA	 patients	 and	 15%	 of	 controls	 had	

serum	reactivity	with	at	least	1	of	the	11	peptides,	with	the	highest	frequency	of	

reactivity,	37%	obtained	against	the	citrullinated	peptide	spanning	amino	acids	

(aa)	 5-21,	 5C-KIHA-Cit-EIFDS-Cit-GNPTVE-C21.	 	 Further	 studies	 replacing	 either	

or	both	arginine	residues	at	positions	aa9	and	aa15	on	the	peptide	with	citrulline	

confirmed	 it	 is	 most	 reactive	 when	 both	 residues	 were	 citrullinated.	 	 This	

peptide	 was	 termed	 CEP-1,	 and	 in	 a	 second	 cohort	 of	 81	 RA	 patients	 and	 82	

controls,	 sensitivity	 and	 specificity	 for	 RA	 both	 increased,	 to	 62%	 and	 98%	

respectively.	 	Antibodies	 to	CEP-1	were	 then	 identified	 in	 the	RA	synovial	 fluid	

(Kinloch	 et	 al.,	 2008).	 	 These	 findings	 together	 confirmed	 CEP-1	 to	 be	 a	 true	

auto-antigen,	as	it	is	both	diagnostically	sensitive	and	specific,	and	present	at	the	

site	of	disease,	i.e.	the	RA	synovium.	

Since	discovery	by	our	group,	anti-CEP-1	antibodies	have	been	characterised	as	

one	of	the	most	common	ACPA	which	occur	pre-RA	(van	de	Stadt	et	al.,	2011a),	

and	 have	 a	 strong	 association	with	 carrying	major	 histocompatibility	 complex	

type	 two	 (MHC-II)	 ‘shared	epitope’	 (SE)	allele(s),	which	 is	 a	 genetic	 risk	 factor	
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for	 RA.	 	 A	 detailed	 epidemiological	 analysis	 of	 three	 cohorts,	 Swedish	

Epidemiological	Investigation	of	RA	(EIRA)	cohort	of	1,000	RA	patients	and	872	

healthy	controls,	the	UK	National	repository	(NR)	of	297	RA	patients,	and	the	UK	

Norfolk	Arthritis	Register	(NOAR)	of	218	RA	patients	measured	anti-CEP-1	and	

analysed	 the	 association	 between	 anti-CCP,	 anti-CEP-1	 and	 the	 HLA-DRB1	 SE	

alleles	(Mahdi	et	al.,	2009).	 	Forty-three	per	cent,	42%	and	27%	of	RA	patients	

were	anti-CEP-1	positive	 in	 the	3	cohorts	respectively,	and	 in	all	 three	cohorts,	

the	association	of	HLA-DRB1	was	stronger	in	anti-CCP+	anti-CEP-1+	patients	than	

anti-CCP+	 anti-CEP-1-	 patients.	 	 In	 addition,	 the	 combination	 of	 smoking	 and	

homozygous	HLA-DRB1	 had	 extremely	 high	OR	 of	 53	 for	 development	 of	 anti-

CCP+	 anti-CEP-1+	 RA,	 compared	 to	 OR	 6	 for	 the	 corresponding	 group	 without	

anti-CEP-1,	thus	demonstrating	a	strong	gene-environment	interaction	involved	

in	 anti-CEP-1+	 RA.	 	 This	 study	 established	 a	 specific	 association	 between	 anti-

CEP-1	 and	 the	 SE,	 which	 has	 been	 reproduced	 in	 a	 number	 of	 studies.	 	 The	

strongest	 association	 was	 observed	 in	 a	 cohort	 of	 513	 Korean	 RA	 patients,	

between	anti-CEP-1	positivity	and	carrying	1	or	more	SE	allele(s)	(p=0.000163),	

which	was	comparable	to	CCP	positivity	(p=0.0002)	(Fisher	et	al.,	2013).		Studies	

from	330	early	RA	patients	 from	the	Netherlands	and	521	Spanish	RA	patients	

also	observed	a	weaker,	but	still	statistically	significant	association	between	anti-

CEP-1	 and	 one	 or	more	 SE	 allele	 (p=0.02)	 (Scherer	 et	 al.,	 2011,	Montes	 et	 al.,	

2011).	 	 In	 a	 large	 cohort	 of	 1,985	 early	 RA	 patients	 in	 Sweden,	 anti-CEP-1	

antibodies	and	SE	had	OR	5.1	for	development	of	RA,	which	greatly	increased	to	

OR	 39.1	 when	 patients	 also	 had	 SE	 and	 were	 smokers.	 	 Anti-CEP-1	 was	 also	

associated	with	 smoking	 in	 the	Korean	 cohort	 analysed	by	Fisher	 (p=0.00128)	

(Fisher	et	al.,	2013).			
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Fibrinogen	as	an	auto-antigen	

Citrullinated	fibrinogen	was	first	identified	as	an	auto-antigen	in	RA	by	Masson-

Bessiere	and	 colleagues	 (Masson-Bessiere	 et	 al.,	 2001)	 when	 probing	 RA	

synovial	samples	with	anti-filaggrin	antibodies	(AFA),	which	are	now	known	to	

cross	react	with	fibrinogen.		Sequencing	identified	the	two	substrates	as	peptides	

from	 the	 α	 and	 β	 chains	 of	 fibrinogen,	 and	 the	 reactivity	 of	 AFA	 was	 then	

confirmed	with	citrullinated	α	and	β	chains	of	fibrinogen	in	vitro.	 	Two	reactive	

peptides	 from	 fibrinogen	 were	 identified,	 from	 the	 α-chain	 36GP-Cit-VVE-Cit-

HQSACKDS50,	 and	 the	 β-chain	 60Cit-PAPPPISGGGY-Cit-A-Cit74	 (Sebbag	 et	 al.,	

2006),	which	are	commonly	used	in	ELISA	to	measure	ACPA	specificity.	

Citrullinated	 fibrinogen	was	 identified	 in	RA	synovial	membranes	and	synovial	

fluid	(Takizawa	et	al.,	2006),	and	antibodies	to	citrullinated	fibrinogen	are	one	of	

the	most	commonly	occurring	ACPA,	with	comparable	sensitivity	 in	RA	to	anti-

CCP.	 	One	 study	 analysed	 serum	 reactivity	 to	 citrullinated	 fibrinogen	 and	 anti-

CCP	 in	 379	 early	 arthritis	 patients,	 91	 rheumatology	 clinic	 patients	 without	

arthritis,	 and	 91	 healthy	 controls	 (Nielen	 et	 al.,	 2005).	 	 In	 this	 cohort	 anti-

citrullinated	 fibrinogen	 and	 anti-CCP	 had	 sensitivity	 of	 55.8%	 and	 57.8%	

respectively	and	specificity	92.6%	and	94.2%	respectively.			

	

Citrullinated	proteins	in	the	joint	

A	 number	 of	 studies	 have	measured	 the	 total	 levels	 of	 citrullination	 and	 PAD	

expression	in	the	synovial	tissue	and	synovial	fluid	of	RA	patients.		De	Rycke	and	

colleagues	 (De	 Rycke	 et	 al.,	 2005),	 and	 Kinloch	 and	 colleagues	 (Kinloch	 et	 al.,	

2008)	 reported	 increased	 total	 citrullination	 in	RA	patient	 synovial	membrane	
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and	fluid	respectively,	compared	to	healthy	patient	controls	by	immunoblotting	

with	anti-citrulline	or	anti-modified	citrulline	(AMC)	antibodies.		However,	with	

the	 advancement	 of	 bioinformatics	 approaches	 and	 analysis	 of	 ‘big-data’,	 the	

next	step	for	understanding	citrullination	in	RA	is	mapping	the	‘citrullinome’	of	

sera	and	 tissues	 from	RA	patients.	 	 	One	study	by	Tutturen	and	colleagues	 laid	

the	groundwork	by	using	a	proteomics	approach	 to	analyse	 the	citrullinome	of	

synovial	fluid	from	RA	patients	(Tutturen	et	al.,	2014).		Liquid	chromatography-

tandem	mass	spectrometry	(LC-MS/MS)	before	and	after	IgG	and	human	serum	

albumin	 depletion	 in	 RA	 synovial	 fluid	 identified	 119	 and	 157	 citrullinated	

peptides	 in	 the	 native	 and	 depleted	 samples	 respectively.	 	 These	 included	

citrullinated	peptides	 from	 fibrinogen,	 vimentin	 and	α-enolase.	 	However,	 only	

one	RA	sample	and	no	healthy	controls	were	used	in	this	study.	 	More	recently	

Wang	and	colleagues	measured	citrullination	in	synovial	fluid	from	6	ACPA+	RA	

patients	and	6	OA	patients	(Wang	et	al.,	2016).	 	Synovial	fluid	from	RA	patients	

contained	200	citrullination	sites,	in	182	citrullinated	peptides,	from	83	proteins,	

compared	to	4	citrullination	sites,	in	3	citrullinated	peptides,	from	3	proteins	in	

OA	patients.	 	Citrullinated	PAD2	and	PAD4	were	detected	in	synovial	fluid	from	

both	 RA	 and	 OA	 samples,	 however	 ACPA	 antigens	 citrullinated	 α-enolase,	

fibrinogen,	 histones,	 TNC	 and	 vimentin	 were	 found	 in	 RA	 synovial	 fluid	 only.		

These	studies	show	citrullination	occurs	in	the	synovium	of	both	RA	patients	and	

OA	 patients,	 however	 the	 range	 of	 citrullinated	 peptides,	 including	 commonly	

occurring	ACPA	substrates,	may	be	increased	in	the	RA	synovium.		
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The	aetiology	of	rheumatoid	arthritis	

Although	no	definitive	cause	is	known	for	RA,	it	is	thought	to	fulfill	the	classical	

autoimmune	 paradigm,	 whereby	 an	 environmental	 factor	 initially	 triggers	

formation	of	ACPA	away	from	the	joint.		These	ACPA	increase	in	titre	and	range	

of	specificities	until	a	threshold	is	breached	and	disease	ensues	(Figure	1.3).	

Genetic	associations	with	RA	

	 The	MHC-II	shared	epitope	

Genetic	factors	contribute	50-60%	to	the	risk	of	developing	RA	(van	der	Woude	

et	al.,	2009,	MacGregor	et	al.,	2000).		A	well-characterised	genetic	risk	factor	for	

RA	is	the	group	of	MHC-II	allelic	variants	termed	the	shared	epitope	(SE).		MHC-II	

molecules	are	a	noncovalent	complex	of	an	α-	and	a	β-	chain,	each	composed	of	

two	domains	(α1,	α2,	β1,	β2),	which	is	expressed	on	the	surface	of	APCs	and	B-

cells.	 	 Interactions	 between	 the	 α-	 and	 β-chain	 form	 a	 peptide	 binding	 cleft,	

which	 binds	 processed	 antigens	 for	 presentation	 to	 T-	 cells	 to	 prime	 antigen	

specific	responses.		Polymorphisms	in	the	peptide-binding	cleft	enable	binding	of	

a	wide	range	of	peptides,	to	optimise	host	immune	responses.		The	SE	alleles	are	

HLA-DR4	 serotype	 alleles	 DRB1*0401,	 *0404,	 *0405	 and	 *0408,	 HLA-DR1	

serotype	 alleles	 DRB1*0101	 and	 *0102	 and	 HLA-DR10	 allele	 DRB1*1001	

(Holoshitz,	 2010).	 	 These	 encode	 variants	 of	 a	 five	 amino	 acid	 sequence	 (Q/R-

K/R-R-A-A)	 in	 the	 highly	 polymorphic	 3rd	 hypervariable	 region	 of	 the	 β-chain	

binding	cleft	(residues	70-74)	(Gregersen	et	al.,	1987).		The	3D	crystal	structure	

of	HLA-DRB1*0401	is	shown	in	Figure	1.3.			
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Figure	1.2	 Hypothesis	for	the	development	of	rheumatoid	arthritis.		1.	Breach	of	tolerance	

occurs	to	citrullinated	proteins.		2.	An	ACPA	response	develops.		3.		Epitope	spreading	leads	to	an	

(4.)	increase	in	ACPA	titre	and	range	of	specificities.		5.	Onset	of	clinical	arthritis.		Figure	designed	

by	myself,	and	is	adapted	from	the	original	published	in	(Montgomery	et	al.,	2013).	
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	The	SE	was	identified	by	Stastny,	who	discovered	a	commonly	occurring	HLA-D	

alloantigen	in	mixed	lymphocyte	cultures	from	RA	patients	compared	to	healthy	

or	 non-RA	 controls	 (Stastny,	 1976,	 Stastny,	 1978).	 	 Carrying	 the	 SE	 allele(s)	 is	

positively	associated	with	RA	and	is	predictive	of	a	more	severe	form	of	disease	

(Turesson	et	al.,	2005,	Gonzalez-Gay	et	al.,	2002).	 	A	popular	hypothesis	for	this	

observation	is	that	the	SE	favours	presentation	of	self	or	arthritogenic	antigens	

(Wucherpfennig	et	al.,	1995).		

The	SE	is	more	strongly	associated	with	ACPA+	RA	than	ACPA-	RA	(Klareskog	et	

al.,	 2006,	 Huizinga	 et	 al.,	 2005,	 Verpoort	 et	 al.,	 2007),	 and	 is	 specifically	

associated	with	anti-cVim	 (Verpoort	et	al.,	 2007,	 Scherer	et	al.,	 2011),	 anti-cCII	

(Snir	 et	 al.,	 2009),	 and	 anti-CEP-1	 (Scherer	 et	 al.,	 2011,	 Fisher	 et	 al.,	 2011,	

Lundberg	et	al.,	2012,	Montes	et	al.,	2011)	antibodies.		

			

	

Figure	1.3	 3D	 crystal	 structure	 of	 HLA-DRB1*0401	 shared	 epitope	 allele.	 	 Adapted	 from	

(Scally	 et	 al.,	 2013)	 using	 protein	 database	 file	 (pdb)	 4MDI.	 	 A)	 Overall	 architecture	 of	 the	

molecule	comprising	α	(blue)	and	β	(yellow)	chains.	 	B)	Peptide	binding	groove	modelled	with	

citrullinated	vimentin	peptide	cVim66-78	(SAVRA-Cit-SSVPGVR)	bound.		Citrulline	residue	is	green.	

α1#

α2# β2#

β1# α1#

β1#

A" B"
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MHC-II	SE	and	citrulline	specific	T-cells	

Dessen	 and	 colleagues	 compared	 binding	 of	 different	 peptides	 to	 recombinant	

HLA-DRB1	 alleles,	 and	 concluded	 the	 charge	 of	 residue	 71	 in	 the	 P4	 binding	

pocket	determined	disease	 susceptibility	 alleles,	 i.e.	 SE	 alleles	HLA-DRB1*0401,	

*0404,	 *0101	 contain	 positively	 charged	 residues	 lysine	 (K)	 or	 arginine	 (R),	

whereas	non-associated	allele	*0402	contains	a	negatively	charged	glutamic	acid	

(E)	(Dessen	et	al.,	1997).		By	extension	of	this	finding,	the	conversion	of	arginine	

to	 citrulline,	 which	 replaces	 the	 charged	 imino	 side-chain	 group	 with	 an	

uncharged	carbonyl,	could	positively	 influence	binding	of	citrullinated	peptides	

to	MHC-II	SE	allelic	variants.	 	To	investigate	this	hypothesis	Hill	and	colleagues	

measured	 binding	 of	 a	 citrullinated	 vimentin	 peptide	 cVim65-77	and	 the	 native	

variant	 Vim65-77	 to	 SE	 alleles	 HLA-DRB1*0101,	 *0401,	 *0404	 and	 non	 SE	

associated	 alleles	 HLA-DRB1*0301,	 *0701,	 *0802,	 *1101,	 *1302	 using	 purified	

HLA	 molecules	 from	 B-cell	 lines	 (as	 described	 by	 (Gorga	 et	 al.,	 1987))	 in	

competition	assays	(Hill	et	al.,	2003).		CVim65-77	bound	the	SE	alleles	*0101,	*0401	

and	*0404	with	100-,	90-	and	20-	fold	higher	affinity	respectively	than	Vim65-77,	

and	did	not	bind	to	any	SE	negative	alleles.		In	addition,	mice	transgenic	for	the	

HLA-DRB1*0401	 molecule	 (DR4-Tg)	 immunised	 with	 cVim65-77	 developed	 an	

HLA-DR	restricted	immune	response	in	vivo,	whereby	splenocytes	purified	from	

mice	 10	 days	 post	 immunisation	 had	 proliferative	 CD4+	 T-cell	 responses	 and	

IFN-γ	 secretion	 in	 response	 to	 cVim65-77.	 	 Hill	 and	 colleagues	 proposed	 the	

binding	 of	 cVim65-77	 was	 due	 to	 neutral	 citrulline	 binding	 in	 the	 P4	 binding	

pocket	of	the	MHC-II	molecule,	which	was	later	confirmed	in	3D	crystallography	

studies	 using	 HLA-DRB1*0401	 (Scally	 et	 al.,	 2013).	 	 James	 and	 colleagues	

advanced	upon	these	findings	by	analysing	binding	affinity	of	citrulline	residues	
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in	 the	 P1,	 P4,	 P6,	 P7	 and	 P9	 pockets	 of	 SE	 allele	 HLA-DRB*1001	 using	 two	

peptides,	tetanus	heavy	chain	peptide	TT560-571,	and	influenza	A	peptide	HA217-236	

(James	 et	 al.,	 2010).	 	 Replacing	 amino	 acid	 residues	 with	 citrulline	 enabled	

binding	in	the	P4	and	P9	pockets,	and	enhanced	binding	in	the	P7	pocket.		James	

and	 colleagues	 then	 measured	 binding	 affinities	 of	 various	 amino	 acid	

substitutions,	and	compiled	sequences	and	binding	affinities	 for	P1,	P4,	P6	and	

P9	to	develop	a	predictive	algorithm	for	DRB1*1001	binding,	which	was	verified	

in	18	of	20	test	peptides.		This	algorithm	was	used	to	predict	binding	of	peptides	

from	a	number	of	ACPA	targets	to	HLA-DRB1*1001,	which	identified	a	vimentin	

peptide	from	a	similar	region	as	used	by	Hill	and	colleagues,	cVim58-72,	and	two	

peptides	 from	 the	 fibrinogen	α-and	β-chains,	 cFibA737-751	and	 cFibB68-82.	 	 James	

then	repeated	these	experiments	to	confirm	the	preferred	binding	of	citrulline	in	

the	 P4,	 P7	 and	 P9	 pockets	 of	 the	 HLA-DRB1*0401	 molecule,	 and	 this	 time	

identified	citrullinated	peptides	 from	vimentin	cVim59-78,	 cVim418-413,	 fibrinogen	

β-chain	 cFibB69-81	 and	 α-enolase	 cEno11-25,	 cEno326-340	 predicted	 to	 bind	 HLA-

DRB1*0401	using	prediction	algorithms.		These	were	validated	in	binding	assays	

with	recombinant	molecules	(James	et	al.,	2014).	

A	 number	 of	 others	 have	 used	 similar	 experiments	 to	 measure	 binding	 of	 a	

citrullinated	 peptide	 of	 interest	 to	 HLA-DRB1	 molecules	 and	 validate	

immunogenicity	of	the	peptide	in	DR4-Tg	mice,	or	using	RA	patient	PBMCs.		Snir	

and	colleagues	also	predicted	 the	cVim59-78	peptide	used	by	 James	(James	et	al.,	

2014),	 would	 bind	 MHC-II	 using	 the	 SYFPEITHI	 database	 of	 MHC	 binding	

molecules	 (http://www.syfpeithi.de/),	 and	 confirmed	 preferred	 binding	 of	

cVim59-78	to	HLA-DRB1*0401	compared	to	the	non-citrullinated	variant	Vim59-78,	

in	 binding	 assays	 (Snir	 et	 al.,	 2011).	 	 In	 vivo,	 cVim59-78	 induced	 splenocyte	
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proliferative	responses	in	DR4-Tg	mice	immunised	with	cVim59-78,	whereas	mice	

immunised	with	Vim59-78	showed	no	recall	responses.		Further,	2	PBMC	samples	

from	6	RA	patients,	 and	2	 from	6	healthy	patients	 stained	positively	 following	

cVim59-78	HLA-DRB1*0401	 tetramer	 staining,	 and	upon	stimulation	PBMCs	 from	

RA	 patients	 had	 significantly	 increased	 IFN-γ	 and	 TNF-α	 staining.	 	 Instead	 of	

using	 epitope	 prediction,	 Feitsma	 and	 colleagues	 identified	 reactive	 peptides	

from	 vimentin	 by	 immunising	 DR4-Tg	 mice	 with	 33	 citrullinated	 peptides	

encompassing	 the	 protein,	 and	 assessing	 recall	 responses	 to	 the	 immunising	

peptides	 using	 splenocyte	 proliferation	 assays	 (Feitsma	 et	 al.,	 2010).	 	 This	

approach	 identified	 two	antigenic	citrullinated	vimentin	peptides,	cVim26-44	and	

cVim425-433.	 	 Both	 cVim26-44	and	 cVim425-433	induced	 IFN-γ	 from	HLA-DRB1*0401	

T-cells	sorted	 from	RA	PBMCs	 in	3	of	 the	10	samples	 tested,	which	was	higher	

than	responses	to	arginine	control	peptides.		In	a	separate	study,	3	citrullinated	

collagen	 II	 peptides	 were	 identified	 from	 a	 range	 of	 peptides	 covering	 the	

molecule	for	binding	to	HLA-DRB1*1001	using	binding	assays	with	recombinant	

HLA	molecules	(Chemin	et	al.,	2016).		In	15	HLA-DRB1*1001	RA	patients,	CD4+	T-

cells	 showed	 significant	 (p=0.0034)	 activation	 in	 response	 to	 one	 of	 the	 CII	

peptides,	cCII311-325	compared	to	media	alone,	measured	by	CD154	upregulation.		

In	addition,	cCII311-325	stimulation	 induced	significantly	more	TNF,	 IL-17	and	IL-

10	 from	 HLA-DRB1*1001	 PBMCs	 than	 stimulation	 with	 the	 non-citrullinated	

CII311-325	peptide	 from	both	RA	and	healthy	 controls.	 	Conversely,	 in	a	 separate	

study,	 binding	 of	 96	peptides	 spanning	 the	 fibrinogen	α-	 and	β-chains	 to	HLA-

DRB1*0401,	 *0404,	 *0101	 SE	 alleles	was	 not	 influenced	 by	 citrullination	 of	 the	

peptide	 in	 in	vitro	 binding	 assays.	 	 Further,	 using	 these	 fibrinogen	 peptides	 to	

stimulate	 PBMCs	 from	 RA	 patients	 and	 healthy	 controls,	 induced	 increased	
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proliferation	in	RA	compared	to	control	patients	in	response	to	peptides,	but	this	

was	not	influenced	by	citrullination	of	the	peptide	(Auger	et	al.,	2005).			

These	 studies	 validate	 the	 hypothesis	 that	 the	 MHC-SE	 alleles	 may	 increase	

presentation	 of	 citrullinated	 epitopes	 via	 favourable	 binding	 of	 citrullinated	

peptides.	 	 Thus,	 an	 increased	density	 of	 citrulline	 bound	MHC-II	 complexes	 on	

APCs	 is	 more	 likely	 to	 exceed	 the	 threshold	 of	 T-cell	 activation	 to	 produce	

citrulline	specific	T-cell	responses	(DiPaolo	and	Unanue,	2001,	Deeg	et	al.,	2013).		

In	 these	 studies,	 citrullinated	 peptides	 induced	 proliferation	 and	 cytokine	

secretion	 from	 MHC-II	 SE	 restricted	 T-cells	 in	 both	 RA	 patients	 and	 healthy	

controls	 (Chemin	 et	 al.,	 2016,	 Snir	 et	 al.,	 2011)	 suggesting	 the	 presence	 of	

citrulline	specific	T-cells	is	not	exclusive	to	RA.		The	difference	between	citrulline	

specific	T-cells	 from	RA	and	healthy	 individuals	may	be	 their	 frequency,	or	 the	

responses	 induced	upon	stimulation,	such	as	 increased	cytokine	response	 from	

RA	PBMCs	compared	to	healthy	controls	(Snir	et	al.,	2011).		Peptides	validated	as	

T-cell	epitopes	in	these	studies	are	shown	in	Table	1.3.				
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Table	1.3	 T-cell	reactive	citrullinated	peptides	

Protein	 Region	 MHC-II	allele	 Method	of	validation	 Reference(s)	

Vimentin	

26-44	 HLA-DRB1*0401	
Murine	studies	with	DR4-Tg	mice,	
T-cells	sorted	from	RA	PBMCs	

(Feitsma	et	al.,	
2010)	

65-77	
HLA-DRB1*0101,	
*0401,	*0404	

Binding	assays,	murine	studies	with	
DR4-Tg	mice	 (Hill	et	al.,	2003)	

58-72	 HLA-DRB1*1001	 Prediction	algorithm	
(James	et	al.,	

2010)		

59-78	 HLA-DRB1*0401	
Prediction	algorithm,	binding	
assays	

(James	et	al.,	
2014)	

	 	

Binding	assays,	DR4-Tg	murine	
studies,	RA	patients	PBMCs	

(Snir	et	al.,	
2011)	

418-413	 HLA-DRB1*0401	
Prediction	algorithm,	binding	
assays	

(James	et	al.,	
2014)	

425-433	 HLA-DRB1*0401	
Murine	studies	with	DR4-Tg	mice,	
RA	T-cells	sorted	from	PBMCs	

(Feitsma	et	al.,	
2010)	

Fibrinogen	α	 737-751	 HLA-DRB1*1001	 Prediction	algorithm	
(James	et	al.,	

2010)	

Fibrinogen	β	 69-81	 HLA-DRB1*0401	
Prediction	algorithm,	binding	
assays	

(James	et	al.,	
2014)	

68-82	 HLA-DRB1*1001	 Prediction	algorithm	
(James	et	al.,	

2010)	

α-enolase	 11-25	 HLA-DRB1*0401	
Prediction	algorithm,	binding	
assays	

(James	et	al.,	
2014)	

326-340	 HLA-DRB1*0401	
Prediction	algorithm,	binding	
assays	

	
Collagen	II	 311-325	 HLA-DRB1*1001	

Binding	assays,	RA	T-cells	from	
PBMCs	

(Chemin	et	al.,	
2016)	

	

The	PTPN22	R620W	gene	variant	

The	 PTPN22	 R620W	 gene	 variant	 is	 also	 positively	 associated	 with	 RA	

(Gregersen	and	Batliwalla,	2005).		This	variant	is	a	single	amino	acid	substitution	

from	arginine	to	tryptophan	at	position	620	of	the	PTPN22	protein.		The	R620W	

polymorphism	 in	PTPN22	 leads	 to	 decreased	 T-	 and	B-cell	 receptor	 signalling,	

which	 may	 regulate	 T	 and	 B	 cell	 tolerance.	 	 PTPN22	 R620W	 new	

emigrant/transitional	B-cells	isolated	from	healthy	donors	are	significantly	more	

polyreactive	than	those	without	the	gene	variant,	indicating	an	effect	on	central	

B-cell	tolerance	(Menard	et	al.,	2011).			

PTPN22	R620W	 is	also	more	strongly	associated	with	ACPA+	RA	(Feitsma	et	al.,	

2007)	and	RF+	RA	(Lee	et	al.,	2005,	van	Oene	et	al.,	2005),	and	the	 interactions	



	 24	

between	both	the	SE	and	PTPN22	R620W	gene	variants	in	a	number	of	different	

large	 cohorts	 has	 been	 collated	 and	 summarised	 in	 detail	 by	 Kallberg	 and	

colleagues	(Kallberg	et	al.,	2007).		In	1,977	RA	patients	and	2,405	controls	from	

Swedish,	 Dutch,	 and	 North	 American	 cohorts	 they	 found	 a	 multiplicative	

interaction	between	 the	 SE	 and	 the	PTPN22	R620W	 gene	 variant	 in	ACPA+	RA.		

Two	 SE	 alleles	 and	 PTPN22	 R620W	 has	 a	 significantly	 raised	 OR	 of	 25.7,	

compared	to	two	SE	alleles	alone	(OR	13.7)	or	PTPN22	R620W	alone	(OR	1.4).		In	

one	 cohort,	 smoking	 increased	 the	 association	 of	 two	 SE	 alleles	 and	 PTPN22	

R620W	from	OR	18.1	in	non-smokers	to	OR	23.4	in	smokers.	

Accepting	the	proposed	mechanisms	for	SE	and	PTPN22	R620W	 involvement	in	

RA,	 these	 findings	 show	 combining	 increased	 presentation	 of	 citrullinated	

autoantigens	by	MHC-II	SE	allele(s),	and	the	disordered	deletion	of	auto-reactive	

B-cells	significantly	increases	the	risk	of	ACPA+	RA.	

Environmental	influences	in	RA	

Genetic	risk	alleles	are	not	solely	responsible	for	RA,	as	indicated	by	the	low	RA	

concordance	in	monozygotic	twins	(~15%)	(Aho	et	al.,	1986,	Silman	et	al.,	1993).		

Silica	 exposure	 was	 first	 linked	 to	 RA	 in	 the	 1950’s	 following	 reports	 of	

rheumatoid	 lung	 in	 coal	 miners	 (Caplan,	 1953,	 Miall	 et	 al.,	 1953).	 	 Although	

uncommon	in	recent	years,	in	a	Swedish	cohort	of	577	male	RA	patients	and	659	

controls,	 prior	 silica	 exposure	 was	moderately	 associated	with	 ACPA+	 RA	 (OR	

1.67)	but	not	with	ACPA-	RA	(OR	0.98)	(Stolt	et	al.,	2010).			

Surprisingly,	moderate	 alcohol	 consumption	may	 be	 protective	 against	 RA.	 	 In	

two	cohorts	of	1,419	Swedish	and	515	Danish	RA	patients,	 the	patient	quartile	

with	 the	 highest	 alcohol	 consumption	was	 associated	with	protection	 from	RA	
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(p<0.001)	 (Kallberg	 et	 al.,	 2009).	 	 In	 a	 separate	 7-year	 longitudinal	 study	 of	

34,141	 women	 in	 Sweden,	 Di	 Guiseppe	 and	 colleagues	 found	 a	 significantly	

decreased	 risk	 of	RA	 (relative	 risk	 0.63)	 in	women	who	 consumed	≥4	units	 of	

alcohol	per	week,	compared	to	<1	unit	per	week	(p=0.04),	after	adjustment	for	

smoking	(Di	Giuseppe	et	al.,	2012)	

The	lung	as	a	potential	priming	site	for	autoimmunity	in	RA	

Smoking	is	a	well-characterised	environmental	risk	factor	for	RA,	which	is	more	

strongly	 associated	 with	 ACPA+	 RA	 (Klareskog	 et	 al.,	 2011).	 In	 the	 Swedish	

Epidemiological	Investigation	of	Rheumatoid	Arthritis	(EIRA)	cohort	of	1,205	RA	

patients	and	872	controls,	smoking	contributed	35%	of	the	total	contributed	risk	

of	developing	RA,	which	 increased	 to	55%	when	combined	with	 two	SE	alleles	

(HLA-DRB1*01,	*04	or	*10)	(Kallberg	et	al.,	2011).	

The	association	between	smoking	and	ACPA+	RA	has	 led	to	the	hypothesis	 that	

the	lungs	may	act	as	a	priming	site	for	ACPA	pre-RA.		The	Swedish	Lung	in	early	

RA	 (LURA)	 cohort	 study	 was	 designed	 to	 investigate	 this	 hypothesis,	 by	

investigating	changes	in	the	lungs	of	105	patients	with	early,	untreated	RA	and	

43	 healthy	 controls,	 using	 high-resolution	 computed	 tomography	 (HRCT),	 and	

analysis	 of	 bronchial	 tissues	 and	 bronchoalveolar	 lavage	 (BAL)	 fluid	 (collected	

from	23	RA	patients).		HRCT	showed	RA	patients	had	increased	parenchymal	and	

airway	changes	and	fibrosis	at	the	point	of	diagnosis,	compared	to	controls,	and	

ACPA+	 RA	 patients	 had	 increased	 ACPA	 in	 the	 BAL	 fluid	 compared	 to	 ACPA-	

(Reynisdottir	 et	 al.,	 2014).	 	 A	 second	 study	 on	 this	 cohort	 found	 increased	

lymphocyte	 infiltration	 in	 the	 bronchial	 tissue	 and	 BAL	 fluid	 of	 ACPA+	 RA	

patients	 compared	 to	 ACPA-,	 and	 formation	 of	 germinal	 centres	 in	 bronchial	
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tissue	of	ACPA+	RA	patients	only	(Reynisdottir	et	al.,	2015).	 	In	a	separate	study	

of	BAL	cells	from	14	healthy	smokers,	and	16	healthy	non-smokers,	cells	isolated	

from	 the	 lungs	 of	 smokers	 showed	 increased	 expression	 of	 PAD2	 and	

citrullinated	 proteins	 compared	 to	 non-smokers	 (Makrygiannakis	 et	al.,	 2008).	

Further	 to	 this,	 Ytterberg	 and	 colleagues	 identified	 a	 citrullinated	 vimentin	

peptide	 in	 the	 lungs	 of	 RA	 patients,	 which	 was	 reactive	 with	 RA	 sera.	 	 Two	

citrullinated	 peptides	 from	 vimentin	 were	 identified	 in	 both	 bronchial	 and	

synovial	biopsies	of	RA	patients,	cVim446-466	 (in	6/6	bronchial	samples	and	6/7	

synovial	 samples)	 and	 cVim440-445	(in	 5/6	 bronchial	 samples	 and	 6/6	 synovial	

samples),	and	a	citrullinated	vimentin	peptide	covering	citrulline	residues	from	

both	 peptides	 (cVim435-455)	 was	 reactive	 in	 15%	 of	 393	 of	 RA	 patient	 sera,	

compared	to	1.8%	of	152	healthy	controls	(Ytterberg	et	al.,	2015).			

Taken	 together,	 these	 findings	 suggest	 smoking	 can	 increase	 citrullination	 and	

PAD	expression	in	the	lung,	which	could	prime	an	ACPA	response.		Although	this	

hypothesis	is	appealing,	recent	work	in	our	lab	has	shown	no	differences	in	PAD	

expression	or	 citrullination	 in	 the	 lungs	of	 smokers	 compared	 to	non-smokers,	

independent	 of	 RA	 status.	 	 In	 addition,	 we	 identified	 the	 same	 citrullinated	

vimentin	peptide	as	Ytterberg	and	colleagues	in	a	number	of	healthy	lung	tissues	

(Lugli	et	al.,	2015).			

The	 lung	 remains	a	 viable	 candidate	 for	 loss	of	 tolerance	and	ACPA	 formation,	

although	smoking	may	not	be	the	sole	cause.	 	 In	a	study	from	our	 lab	of	50	RA	

patients	with	bronchiectasis	 (BR	RA),	50	RA	patients,	122	 individuals	with	BR,	

87	with	asthma,	and	79	healthy	controls,	levels	of	RF,	anti-CCP2,	and	antibodies	

to	CEP-1,	cVim,	cFib	and	their	arginine	control	peptides	REP-1,	Vim	and	Fib	were	

measured	(Quirke	et	al.,	2015).		BR	RA	patients	had	increased	RF	(82%	vs	52%),	
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anti-CCP2	 (88%	vs	 48%),	 anti-CEP-1	 (60%	vs	 24%),	 anti-cVim	 (56%	vs	 20%),	

and	 anti-cFib	 (74%	 vs	 40%)	 compared	 to	 RA	 patients	 with	 no	 lung	 disease.		

Antibodies	reactive	with	arginine	control	peptides	REP-1	(12%	vs	0%)	and	Vim	

(20%	 vs	 2%)	 were	 also	 increased	 in	 BR	 RA	 patients	 compared	 to	 RA	 only	

patients.		Further,	BR	patients	without	RA	had	significantly	increased	titre	of	RF,	

anti-cFib,	 anti-REP-1,	 anti-Vim	 and	 anti-Fib	 compared	 to	 healthy	 controls,	

whereas	 patients	 with	 asthma	 showed	 no	 increase	 in	 antibodies	 compared	 to	

controls.		In	addition,	BR	RA	patients	had	a	reduced	percentage	of	ever-smokers	

compared	to	RA	alone	(42%	vs	56%	 p=0.06),	 indicating	these	results	were	not	

caused	by	smoking.	 	These	findings	show	bronchiectasis	as	a	model	for	chronic	

bacterial	 infection	 inducing	 autoimmunity	 to	 antigens	 associated	with	ACPA	 in	

RA,	independently	of	smoking.			

The	gingiva	as	a	potential	priming	site	for	autoimmunity	in	RA	

The	 gingiva	 has	 been	 identified	 as	 a	 possible	 priming	 site	 in	 RA	 due	 to	 the	

historical	association	of	RA	and	dental	health.	 	 In	the	first	published	account	 in	

1818,	 Benjamin	 Rush	 cured	 ‘rheumatism’	 with	 removal	 of	 an	 infected	 tooth	

(catalogued	in	‘The	Rush	Family	Papers’	available	from	the	Library	Company	of	

Philadelphia,	http://dla.library.upenn.edu).	 	By	 the	early	1900’s,	 focal	 infection	

theory	was	becoming	a	popular	concept,	whereby	systemic	disease	was	thought	

to	originate	from	one	infected	site.		As	a	result,	tonsillectomy	and	tooth	removal	

as	 a	 cure	 for	disease	became	popularised	by	physician	Frank	Billings	 (Billings,	

1912).	 	 Shortly	 after	 in	 1914,	 Stedman	 and	 colleagues	 published	 on	 a	 case	 of	

rheumatoid	arthritis	cured	by	the	removal	of	septic	teeth	(Steadman,	1914),	and	

total	dental	 clearance	was	 still	 used	as	 a	 treatment	 for	RA	 into	 the	1950’s	 and	
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1960’s.	 	Now,	 in	 the	early	21st	century	dental	hygiene	and	RA	has	remained	an	

expanding	 field	of	research,	and	 in	2004	Rosenstein	and	colleagues	established	

the	modern	hypothesis	 for	RA	and	periodontitis	 (PD)	 (Rosenstein	et	al.,	 2004).		

They	 proposed	 PD	 may	 be	 an	 aetiological	 link	 to	 RA	 via	 four	 key	 shared	

pathogenic	 mechanisms	 between	 RA	 and	 PD,	 1)	 shared	 genetic	 and	

environmental	risk	factors,	2)	RF	formation	by	oral	pathogens	(Hara	et	al.,	1996),	

3)	 similarities	 between	 local	 immunologic	 events,	 including	 deposition	 of	

immune	complexes,	complement	and	activated	phagocytes,	and	4)	citrullination	

by	Porphyromonas	gingivalis	PAD	enzyme.	
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Periodontitis	

Periodontitis	(PD)	affects	~30%	of	the	adult	population	(Brown	and	Loe,	1993).		

It	 results	 when	 bacteria	 build	 up	 from	 plaque	 and	 tartar	 to	 cause	 mild	

inflammation	of	 the	 gum	 surface,	 known	as	 gingivitis.	 	 If	 unresolved,	 gingivitis	

increases	beyond	a	manageable	 level	 for	 the	host	 immune	 system,	 resulting	 in	

PD.		PD	is	defined	by	bleeding	of	gingival	tissue	on	probing,	and	the	formation	of	

periodontal	pockets	(when	the	space	between	teeth	and	gum	increases	≥4mm)	

caused	 by	 gum	 recession	 from	 the	 tooth	 surface.	 	 Severe	 inflammation	 causes	

breakdown	 of	 connective	 tissues	 around	 the	 teeth,	 resulting	 in	 tooth	 loss,	 and	

dissemination	of	oral	bacterial	below	the	gum	line.			

Aetiology	of	periodontal	disease	

Analysis	 of	 subgingival	 plaque	 shows	 groups	 of	 bacteria	 commonly	 occur	

together	 in	 complexes,	 e.g.	 gram	 negative	 and	motile	 bacteria	 form	 a	 complex	

adjacent	 to	 the	epithelial	 lining	of	 the	periodontal	pocket,	whilst	gram-positive	

rods	 and	 cocci	 form	 an	 adherent	 band	 around	 the	 tooth	 surface	 (Listgarten,	

1976,	Listgarten,	1994).		To	investigate	bacterial	complexes	in	PD,	Socransky	and	

colleagues	used	cluster	analysis	of	subgingival	plaque	from	165	PD	patients	and	

20	 periodontally	 healthy	 individuals	 to	 characterise	 bacterial	 complexes,	 and	

measure	 their	 associations	with	 clinical	 disease	 (Socransky	et	al.,	 1998).	 	 They	

observed	 a	 correlation	 between	 ‘the	 red	 complex’	 of	 bacteria,	 consisting	

of	Bacteroides	 forsythus,	 Porphyromonas	 gingivalis	 and	 Treponema	 denticola,	

with	severity	of	PD	when	measured	by	periodontal	pocket	depth	and	bleeding	on	

probing.	 	P.	 gingivalis	 alone,	 or	 complexed	with	T.denticola	 and/or	B.forsythus	

was	associated	with	deepest	pocket	depth.		Since	then,	the	red	complex	has	been	
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attributed	to	both	the	development	(Haffajee	et	al.,	1998,	Socransky	et	al.,	2002,	

Ximenez-Fyvie	 et	al.,	 2000),	 and	 progression	 of	 PD	 (Byrne	 et	al.,	 2009).	 	 In	 an	

early	 landmark	 study	 P.	 gingivalis	 alone	 could	 induce	 periodontitis	 in	 non-

human	 primates	 (Holt	 et	 al.,	 1988).	 	 Taken	 together,	 these	 findings	 have	

implicated	P.	gingivalis	as	one	of	the	most	pathogenic	bacteria	of	the	red	complex	

and	a	 ‘keystone	pathogen’	 in	PD	 (Hajishengallis	et	al.,	 2012).	However,	 PD	 is	 a	

highly	 polymicrobial	 disease,	 and	 it	 has	 more	 recently	 been	 proposed	 that	

pathogenesis	 may	 be	 due	 to	 dysbiosis	 of	 the	 oral	 microbiome,	 rather	 than	 a	

specific	 causative	 organism	 (Darveau,	 2010,	Hajishengallis	 and	 Lamont,	 2012).		

This	 shift	 in	 hypothesis	 may	 be	 attributable	 to	 the	 improvement	 in	 bacterial	

sequencing	 methods,	 which	 has	 increased	 understanding	 of	 complex	

polymicrobial	 ecosystems.	 	 Earlier	 targeted	 approaches	 such	 as	 DNA	

hybridisation	 and	 polymerase	 chain	 reaction	 (PCR)	 were	 sufficient	 for	

identification	 and	 quantification	 of	 specific	 bacterial	 targets,	 but	 not	 for	

exploration	or	comprehensive	overviews	of	communities	and	their	interactions.		

Conversely,	the	development	of	pyrosequencing	16S	ribosomal	ribonucleic	acid	

(16S	rRNA)	 genes	 has	 allowed	 the	 collection	 of	 thousands	 of	 sequences	 per	

sample	 and	 provides	 the	 power	 to	 study	 bacterial	 community	 composition	 in	

detail	(Keijser	et	al.,	2008).	 	16S	rRNA	is	a	component	of	prokaryotic	ribosomes	

encoded	 by	 16S	 ribosomal	 DNA	 (rDNA),	 which	 can	 be	 used	 to	 reconstruct	

bacterial	 phylogenies	 due	 to	 the	 slow	 rate	 of	 evolution	 of	 16S	 rDNA.	 	 These	

advances	in	characterising	bacterial	communities	still	support	the	pathogenicity	

of	 bacteria	 of	 the	 red	 complex,	 which	 increase	 during	 changes	 in	 the	 oral	

microbiota	in	PD	(Camelo-Castillo	et	al.,	2015,	Griffen	et	al.,	2012,	Li	et	al.,	2014).		

If	development	of	PD	is	due	to	dysbiosis	of	the	oral	microbiome,	this	may	be	due	



	 31	

to	a	deregulation	 in	host	defence	 (Hajishengallis	 and	Lamont,	2012)	 caused	by	

additional	 risk	 factors.	 	 Smoking	 is	 also	 an	 environmental	 risk	 factor	 for	 PD	

(Tonetti,	 1998,	 Calsina	 et	 al.,	 2002).	 	 Further,	 chronic	 PD	 has	 been	 associated	

with	the	HLA-DR4	SE	alleles	*0401,	*0404,	*0405	and	*0408	(Bonfil	et	al.,	1999),	

however	a	meta-analysis	of	12	studies	found	no	significant	association	between	

PD	and	SE	alleles	(Stein	et	al.,	2008).	

Periodontitis	and	RA	

There	is	a	well	documented	increased	prevalence	of	PD	in	RA	patients	(Tolo	and	

Jorkjend,	1990,	Kasser	et	al.,	1997,	Mercado	et	al.,	2001,	Pischon	et	al.,	2008,	de	

Pablo	 et	 al.,	 2008,	 Dissick	 et	 al.,	 2010,	 Abdelsalam	 et	 al.,	 2011,	 de	 Smit	 et	 al.,	

2012,	Scher	et	al.,	2012,	Chen	et	al.,	2013,	Rosamma	et	al.,	2013,	Susanto	et	al.,	

2013,	Mikuls	et	al.,	2014),	which	is	independent	of	smoking	status	(Kasser	et	al.,	

1997,	de	Pablo	et	al.,	2008,	Dissick	et	al.,	2010,	de	Smit	et	al.,	2012,	Scher	et	al.,	

2012)	 and	 additional	 cofounders	 such	 as	 age,	 gender	 or	medication	 (Tolo	 and	

Jorkjend,	1990,	Pischon	et	al.,	2008,	Abdelsalam	et	al.,	2011,	de	Pablo	et	al.,	2008,	

Dissick	et	al.,	2010).		The	results	from	these	studies	are	summarised	in	Table	1.4.		

	

	

	

	

	

	

	

Table	1.4	 Prevalence	and	severity	of	periodontitis	in	rheumatoid	arthritis	in	various	studies.		

Table	overleaf.		Table	adapted	from	(Montgomery	et	al.,	2015).		PD	=	periodontitis;	CAL	=	clinical	

attachment	 loss;	 PdDp	 =	 probing	 depth;	 pockets	 =	 gingival	 pockets;	 ICD9-CM	 =	 International	

Classification	of	Diseases,	Ninth	Revision,	Clinical	Modification.				
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Table	1.4	 Prevalence	and	severity	of	periodontitis	in	rheumatoid	arthritis.			

Periodontal	status	 Periodontal	Evaluation	 Prevalence	in	RA	
Prevalence	in	

control	 p	value	 Reference	

	 	 n=287	 n=330	(OA)	 	 	
Periodontitis	(%)	 CAL	≥	6mm		 35�	 26	 0.022�	(Mikuls	et	al.,	

2014)		 PrDp	of	≥	5mm	 	 	 	
	 	 n=75	 n=75	 	 (Susanto	et	al.,	

2013)	None/mild	(%)	 No	PD	/	CAL	≥3	mm		 29	 31	 0.547	
Severe	(%)	 CAL	≥6mm	PrDp≥5mm	21	 16	 0.547	
	 	 n=100	 n=112	 	 (Rosamma	et	

al.,	2013)	None	(%)	 CAL=0mm	 0	 18	 <0.05	
Mild	(%)	 CAL=1-2mm	 42	 75	 <0.05	
Moderate	(%)	 CAL=3-4mm	 48	 5	 <0.05	
Severe	(%)	 CAL≥5mm	 10	 2	 <0.05	
	 	 n=13,779	 n=13,7790	 	 (Chen	et	al.,	

2013)	Periodontitis	(%)	 ICD9-CM:523.3-5	 39	 35	 <0.001	
Severe	(%)	 ICD9-CM:523.3-4	 23	 20	 <0.001	
	 	 n=34	 n=18	 	 (Scher	et	al.,	

2012)	None	(%)	 No	bleeding	upon	
probing.	

6	 45	
<0.01	

Severe	(%)	 CAL	≥5mm	PrDp	≥5mm	53	 22	 <0.01	
	 	 n=95	 n=420	 	 (de	Smit	et	al.,	

2012)	None	(%)	 Pockets	≤3mm	 30	 70	 <	0.001	
Moderate	(%)	 PrDp		4–5mm	without	

gingival	recession	
43	 18	

<	0.001	
Severe	(%)	 PrDp	≥4mm	with	

gingival	recession	
27	 12	

<	0.001	
	 	 n=80	 n=80	 	 (Abdelsalam	et	

al.,	2011)	Mild	(%)	 CAL	≤	1.17	mm	 65	 88	 0.006	
Moderate/	Severe	(%)	 CAL	>	1.17mm	≤	

3.5mm/	>3.5mm	
35	 12	

	
	 	 n=69	 n=34	(OA)	 	 (Dissick	et	al.,	

2010)	None	(%)	 Healthy	peridontium	 19	 37	 <0.05	
Moderate/Severe	(%)	 <50%	bone	loss,		BOP,	

and	tooth	mobility	<2	
to	≥2	

51	 26	

0.03	
	 	 n=103	 n=4358	 	 (de	Pablo	et	al.,	

2008)	None	(%)	 Dentate	and	no	PD	 28	 56	 <0.001	
Periodontitis	(%)	 Dentate,	CAL	and	PrDp	

≥	4mm	
16	 10	

<0.0001	
Edentulism	(%)	 No	natural	teeth	 58	 34	 <0.0001	
	 	 n=57	 n=52	 	 (Pischon	et	al.,	

2008)	None	(%)	 CAL	<4.0mm	 65	 90	 0.001	
Moderate	(%)		 CAL	>4mm	to	<6mm	 23	 6	 0.001	
Severe	(%)	 CAL	>6mm	 12	 4	 0.001	
	 	 n=65	 n=65	 	 (Mercado	et	

al.,	2001)	No/mild	(%)	 PrDp	0-6mm	 55	 75	 <0.05	
Moderate/severe	(%)		 PrDp	6.2	to	>8.2mm	 45	 25	 <0.05	
	 	 n=50	 n=101	 	 (Kasser	et	al.,	

1997)	Periodontitis	 PrDp	(mm)	 2.9	±	0.8	 2.3	±	0.4	 <0.0001	
	 CAL	(mm)	 2.6	±	1.7	 0.95	±	0.7	 <0.0001	
	 	 n=37	 n=37	 	 (Tolo	and	

Jorkjend,	1990)	Periodontitis	 Mean	bone	loss	(%)	 23.8	 18.9	 <0.05	
	 Mean	tooth	loss	(n)	 17.9	 22.6	 <0.05	
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In	 addition	 to	 prevalence,	 the	 association	 between	 RA	 and	 PD	 also	 extends	 to	

disease	severity.		RA	patients	who	have	severe	PD	compared	to	moderate	or	no	

PD	 have	 increased	 DAS28	 score	 (p<0.001)	 (de	 Smit	 et	 al.,	 2012)	 and	 levels	 of	

periodontal	 bone	 loss	 correlate	 with	 swollen	 joint	 counts,	 health	 assessment	

questionnaire,	CRP,	ESR	(Mercado	et	al.,	2001),	and	ACPA	level	(Gonzalez	et	al.,	

2014).	 	 Further	 to	 this,	 periodontal	 therapy	 consisting	 of	 root	 scaling	 and	

polishing	resulted	in	a	reduction	in	DAS28	score	in	17	RA	patients	with	PD	(RA	

PD)	compared	to	12	untreated	RA	PD	patients	after	8	weeks	(p<0.05)	(Al-Katma	

et	al.,	2007),	and	in	20	treated	RA	PD	patients	compared	to	20	without	therapy	

(p<0.001)	(Ortiz	et	al.,	2009)	in	two	separate	studies.		In	addition	to	a	significant	

reduction	 in	 mean	 DAS28	 score	 (p<0.01),	 a	 third	 study	 reported	 10	 RA	 PD	

patients	also	 saw	significant	 reduction	 in	ESR	 (p<0.001)	and	serum-TNF	 levels	

(p<0.05)	1	month	following	PD	therapy	(Biyikoglu	et	al.,	2013).			

These	 studies	 can	 be	 criticised	 for	 the	 small	 population	 size	 (≤20	 samples	 per	

group),	and	short	duration	of	follow	up	study	(≤3	months).		In	addition,	in	both	

studies	 using	 RA	 control	 groups	 there	 was	 a	 non-significant	 trend	 towards	 a	

decrease	 in	DAS28	 scores	 in	 control	 groups	 (Al-Katma	 et	al.,	 2007,	Ortiz	 et	al.,	

2009),	 indicating	a	placebo	effect	 that	could	have	contributed	to	the	significant	

change	 in	 DAS28	 score	 observed	 in	 treated	 groups.	 	 The	 DAS28	 score	 as	 a	

marker	of	RA	 is	particularly	 susceptible	 to	 influence	by	patient	opinion	due	 to	

the	contribution	of	global	scores	for	pain	and	overall	health.		In	order	to	confirm	

these	 findings,	 a	 larger,	 controlled	 study	 of	 periodontal	 treatment	 in	 RA	 PD	

patients	is	required.		As	a	non-biased	measure	of	disease,	the	effect	of	PD	therapy	

on	 serology	 in	 a	 cohort	 of	 RA	 patients	 with	 PD,	 over	 a	 6-month	 period,	 is	

presented	later	in	this	thesis.		



	 34	

The	oral	microbiome	in	RA	

The	 microbiome	 is	 the	 term	 given	 to	 the	 complex	 ecosystem	 of	 bacteria	 that	

survive	symbiotically	 in	 the	human	host,	and	dysbiosis	of	 this	complex	balance	

has	been	implicated	in	disease.		In	the	gastrointestinal	tract,	Helicobacter	pylori	is	

linked	to	peptic	ulcers,	mucosal	associated	lymphoid	tissue	tumours	and	gastric	

adenocarcinoma	 (McColl,	 2010).	 	 Fusobacterium	 nucleatum	 is	 enriched	 in	

colorectal	cancers	(Castellarin	et	al.,	2012,	Kostic	et	al.,	2012),	and	both	Crohn’s	

disease	and	ulcerative	colitis	are	linked	to	a	lack	of	microbial	diversity	in	the	gut	

(Manichanh	 et	 al.,	 2006,	 Hviid	 et	 al.,	 2011,	 Lepage	 et	 al.,	 2011).	 	 However,	 it	

remains	 unknown	 to	 what	 extent	 these	 findings	 are	 cause	 or	 effect	 of	 the	

conditions.	 	 An	 example	 of	 cause	 may	 be	 the	 observation	 that	 segmented	

filamentous	 bacteria	 in	 the	 lamina	 propria	 of	 the	 gut	 can	 induce	 Th17	 cell	

production	 in	mice	 (Ivanov	 et	al.,	 2009),	 and	 so	 can	 directly	 augment	 immune	

responses	in	the	host.			

Periodontitis	as	an	environmental	risk	factor	for	RA	could	indicate	involvement	

of	the	oral	microbiome	in	RA.		To	investigate	this,	Scher	and	colleagues	measured	

bacterial	composition	of	subgingival	plaque	in	early	RA,	chronic	RA,	and	non-RA	

controls	(Scher	et	al.,	2012).	 	Although	colonization	with	P.	gingivalis	correlated	

with	the	severity	of	PD,	overall	exposure	to	P.	gingivalis	was	similar	among	the	

RA	 and	non-RA	 groups.	 	 The	 role	 of	Prevotella	 and	Leptotrichia	 species	merits	

further	study,	as	taxa	observed	in	patients	with	new-onset	RA	irrespective	of	PD	

status.		It	may	be	dissemination	of	oral	bacteria	or	bacterial	products	to	remote	

tissues,	 rather	 than	 their	 presence	 in	 the	 oral	 cavity,	 that	 is	 involved	 in	 the	

aetiology	 of	 RA.	 	 This	 is	 supported	 by	 the	 presence	 of	 oral	 bacterial	 DNA	 in	

synovial	fluid	from	RA	patients	(Moen	et	al.,	2006,	Reichert	et	al.,	2013).		
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Periodontitis	and	citrullination	in	the	aetiology	of	RA	

An	 aetiological	 link	 between	 PD	 and	 RA	 is	 supported	 by	 the	 presence	 of	 PAD	

enzymes,	 citrullinated	 proteins,	 and	 ACPA	 in	 the	 gingiva	 of	 PD	 patients.		

Immunohistochemistry	of	gingival	 tissues	showed	 levels	of	citrullination,	PAD2	

and	 PAD4	were	 significantly	 increased	 in	 affected	 tissues	 from	29	 PD	patients	

compared	 to	 non-inflamed	 tissue	 from	 11	 periodontally	 healthy	 controls	

(p<0.05)	(Harvey	et	al.,	2013).	 	Gingival	crevicular	fluid	(GCF)	from	PD	patients	

in	 this	 study	 also	 had	 increased	 anti-CCP	 antibodies,	 although	 this	 was	 not	

statistically	significant	(p=0.097).		In	addition,	immunohistochemistry	of	gingival	

tissues	from	15	PD	patients,	and	6	periodontally	healthy	controls,	using	two	anti-

citrulline	 antibodies,	 F95	 and	 Ab5612,	 identified	 citrullination	 in	 80%	 of	 PD	

tissues	 compared	 to	 33%	 of	 controls	 (Nesse	 et	 al.,	 2012).	 	 Further,	 NETs	 are	

increased	in	the	GCF	of	PD	patients	(Vitkov	et	al.,	2010)	and	are	induced	in	vitro	

from	 isolated	 human	 neutrophils	 by	 P.	 gingivalis	 (Delbosc	 et	 al.,	 2011).	 	 As	

discussed,	 NETosis	 is	 a	 potential	 mechanism	 for	 breach	 of	 tolerance	 to	

citrullinated	 proteins	 and	 so	 it	 is	 possible	 that	 enhanced	 citrullination	 and	

NETosis	 in	 the	 gingiva	 and	GCF	 of	 PD	patients	 could	 prime	 an	ACPA	 response	

pre-RA.		Findings	from	a	study	by	Lappin	and	colleagues	support	this	hypothesis,	

whereby	39	PD	patients	had	increased	serum	anti-CCP	(p<0.0001)	and	anti-CEP-

1	 (p<0.001)	 (Lappin	 et	 al.,	 2013).	 	 However,	 a	 similar	 study	 suggests	 serum	

antibody	responses	in	individuals	with	PD	are	less	citrulline	specific	than	in	RA	

patients.	 	 In	 96	 PD	 patients,	 there	 was	 no	 significant	 difference	 in	 anti-CCP	

compared	 to	 98	 non-PD	 controls,	 but	 PD	 patients	 had	 significantly	 increased	

anti-CEP-1	 (p<0.02)	 and	 antibodies	 to	 REP-1,	 and	 fib	 (p<0.001),	 the	 non-

citrullinated	variants	of	CEP-1	and	cFib	peptides	(de	Pablo	et	al.,	2014).	
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Porphyromonas	gingivalis	

P.	 gingivalis	 is	 a	 gram-negative,	 rod	 shaped	 bacterium	 of	 the	 Bacteroidetes	

phylum.		In	oral	infection,	P.	gingivalis	is	capable	of	manipulating	host	responses	

to	promote	bacterial	growth	and	survival	using	virulence	factors	outlined	below.			

Gingipains	

P.	 gingivalis	 secretes	 a	 number	 of	 serine-	 cysteine-	 and	 metallo-	 proteases,	

including	gingipains,	collagenase,	and	gelatinase	(Potempa	et	al.,	2000).		Of	these,	

the	most	 active	 are	 the	 gingipains,	which	 are	 responsible	 for	 85%	of	 the	 total	

protease	activity	of	P.	gingivalis	(Potempa	et	al.,	1997).		Gingipains	are	a	group	of	

three	cysteine	endopeptidases,	 specific	 for	either	arginine	 (RgpA	and	RgpB)	or	

lysine	(Kgp)	and	are	encoded	by	three	genes	of	the	same	name	(RgpA,	RgpB,	Kgp)	

(Guo	 et	 al.,	 2010).	 	 Gingipains	 are	 considered	 major	 virulence	 factors	 in	 P.	

gingivalis	 (Holt	et	al.,	1999),	and	have	been	thoroughly	characterised	(Potempa	

et	 al.,	 2003,	 Imamura,	 2003,	 Guo	 et	 al.,	 2010).	 	 Key	 to	 their	 virulence	 is	

degradation	of	 host	 proteins,	which	 can	promote	bacterial	 survival	 directly,	 or	

indirectly.		Direct	effects	of	gingipains	include	degradation	of	periodontal	tissues	

(Travis	et	al.,	 1997)	 and	plasma	 constituents	 (Vincents	et	al.,	 2011)	 to	provide	

nutrients	for	P.	gingivalis	asaccharolytic	growth,	and	degradation	of	components	

of	the	host	immune	response	to	enable	immune	evasion.			

Incubation	 of	 human	 sera	 with	 P.	 gingivalis	 reduces	 antibacterial	 activity	 by	

60%,	 which	 is	 largely	 attributed	 to	 gingipain	 activity	 (Popadiak	 et	 al.,	 2007).		

Cleavage	 of	 antimicrobial	 peptide	 LL-37	 by	 gingipains	 (Bachrach	 et	 al.,	 2008)	

provides	P.	gingivalis	 resistance	 to	LL-37	mediated	killing	 (Ouhara	et	al.,	 2005,	

Guo	et	al.,	 2010).	 	 Similarly	 cleavage	of	 complement	 components	by	gingipains	

enables	P.	gingivalis	 to	 evade	 complement	 killing	 by	 all	 complement	 pathways	
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(Slaney	 and	 Curtis,	 2008).	 	 Complement	 killing	 involves	 a	 cascade	 of	 events	

initiated	via	the	classical,	 lectin,	or	alternative	pathways,	resulting	 in	 formation	

of	 the	membrane	attack	complex	(MAC),	which	binds	to	pathogens,	perforating	

their	membrane.	 	The	 classical	pathway	 involves	binding	of	 the	C1	 complex	 to	

immunoglobulins	 that	 have	 already	 bound	 a	 foreign	 pathogen.	 	 This	 results	 in	

cleavage	of	complement	components	C2	and	C4	into	their	active	fragments,	C2a	

and	C4b,	which	combine	to	form	C3	convertase.	 	C3	convertase	then	cleaves	C3	

into	C3a	and	C3b,	which	 initiates	MAC	 formation	 from	C5b,	C6,	C7,	C8	and	C9.		

The	 lectin	 pathway	 begins	 when	 mannose-binding	 lectin	 (MBL)	 binds	 foreign	

polysaccharides	 on	 the	 pathogen	 surface,	 initiating	 cleavage	 of	 C2	 and	 C4	 as	

before,	 and	 alternative	 activation	 requires	 spontaneously	 formed	 C3b	 to	 bind	

microbes	 directly,	 initiating	MAC	 formation	 (Walport,	 2001a,	Walport,	 2001b).		

Gingipains	degrade	complement	components	C3	and	C4,	and	prevent	deposition	

of	 C3b,	 C4b,	 and	 C9,	 to	 halt	 the	 cascade	 at	 various	 points,	 inhibiting	 all	 3	

pathways	 (Popadiak	 et	 al.,	 2007).	 	 Gingipains	 also	 directly	 degrade	 cytokines,	

including	membrane-bound	TNF-α	 (Mezyk-Kopec	et	al.,	 2005),	 IL-8	 (Dias	et	al.,	

2008),	IL-6	(Banbula	et	al.,	1999),	and	the	IL-6	receptor	(Oleksy	et	al.,	2002),	IL-4	

(Yun	 et	 al.,	 2003)	 and	 INF-γ	 (Yun	 et	 al.,	 1999),	 which	 inhibits	 MHC-II	

presentation,	CD4	and	CD8	molecules	 from	T-cells	 (Kitamura	et	al.,	 2002),	 and	

IgG	(Vincents	et	al.,	2011).		

Further	 to	 the	 direct	 benefits	 of	 degrading	 components	 of	 the	 host	 immune	

response,	 gingipains	 mediate	 complex	 downstream	 effects	 on	 host	 pathways	

through	 modulation	 of	 one	 or	 more	 protein(s)	 upstream.	 	 Gingipains	 can	

increase	 vascular	 permeability	 through	 modulation	 of	 the	 kallikrein/kinin	

pathway.		Rgp	releases	kallikrein	from	prekallikrein	to	generate	bradykinin,	and	
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Kgp	 directly	 liberates	 kinin	 from	 its	 precursor	 (Imamura	 et	 al.,	 1995).	 	 This	

benefits	P.	gingivalis	by	increasing	the	acquisition	of	nutrients	in	the	periodontal	

pocket,	 and	 is	 thought	 to	 contribute	 to	 the	 formation	of	GCF.	 	 Rgp	 also	 induce	

blood	 coagulation	 through	 activation	 of	 factors	 IX	 and	 X	 to	 activate	 thrombin	

from	 prothrombin	 (Imamura	 et	 al.,	 1997),	 which	 in	 turn	 releases	 fibrin	 from	

fibrinogen	to	activate	platelets	and	form	a	clot.		It	is	unknown	if	this	mechanism	

has	 a	 direct	 benefit	 to	P.	gingivalis,	 however	 fibrin	 released	may	 contribute	 to	

alveolar	bone	loss	via	fibrin-mediated	inflammation.		

Fimbriae	

P.	gingivalis	is	capable	of	invading	gingival	fibroblasts	and	gingival	epithelial	cells	

where	it	can	survive	and	replicate	(Amornchat	et	al.,	2003).		Different	strains	of	

P.	gingivalis	have	different	 invasive	capability	measured	by	PCR	and	using	 flow	

cytometry	 based	 assays	 (Dorn	 et	 al.,	 2000,	 Baek	 et	 al.,	 2015),	 and	 mutation	

studies	 have	 shown	 invasion	 is	 dependent	 on	major	 fimbriae	 (Weinberg	 et	al.,	

1997),	 which	 form	 interactions	 with	 β1	 integrins	 for	 cell	 entry	 via	 integrin	

receptors	(Yilmaz	et	al.,	2002).	 	The	invasive	index	of	P.	gingivalis	strains	found	

in	 infected	 tissues	 correlates	with	 severity	 of	 PD,	measured	 by	 probing	 depth	

and	bone	loss	(Baek	et	al.,	2015),	and	the	intracellular	location	of	P.	gingivalis	is	

in	 close	 proximity	 to	 inflammatory	 infiltrates	 (Kim	 et	al.,	 2010),	 indicating	 the	

invasion	of	P.	gingivalis	into	host	cells	directly	contributes	to	pathology	in	PD.		

P.	gingivalis	Enolase	

Our	group	has	proposed	P.	gingivalis	 enolase	 (PgEnolase)	 could	be	 involved	 in	

autoimmunity	in	RA	through	cross	reactivity	with	human	α-enolase.	 	PgEnolase	

and	human	α-enolase	are	51%	homologous	across	 the	whole	protein	and	82%	

homologous	 at	 the	 immunodominant	 CEP-1	 region,	 and	 human	 anti-CEP-1	
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antibodies	 cross	 react	 with	 PgEnolase	 (Lundberg	 et	 al.,	 2008).	 	 Fujinama	 and	

colleagues	established	 the	mechanisms	of	molecular	mimicry	 in	autoimmunity,	

proposing	 cross-reactivity	 between	 epitopes	 of	 invading	 pathogens	 and	 native	

antigens	may	 stimulate	 an	 autoimmune	 response	 (Fujinami	et	al.,	 1983,	Albert	

and	Inman,	1999).	 	A	well-characterised	example	is	rheumatic	fever	induced	by	

Streptococcus	 pyogenes.	 	 Following	 evidence	 that	 antibodies	 from	 rheumatic	

fever	patients	reacted	with	antigens	from	Streptococcus,	Cunningham	defined	the	

streptococcal	 antigens	 responsible	 for	 autoantibodies	 in	 rheumatic	 heart	

disease,	 and	 reproduced	 symptoms	 of	 cardiac	 disease	 in	 rodent	 models	

(Cunningham,	 2016).	 	  The	 anti-streptococcal	 antibodies	 reacted	 with	 cardiac	

myosin	 protein	 in	 heart	 cells,	 which	 was	 later	 found	 to	 cross-react	 with	 the	

immunodominant	epitope	of	 the	 streptococcal	group	A	carbohydrate,	N-acetyl-

beta-D-glucosamine	 (GlcNAc)	 (Cunningham,	 2000).	 	 Thus,	 similar	mechanisms	

between	 PgEnolase	 and	 α-enolase	 could	 be	 responsible	 for	 formation	 of	 anti-

CEP-1	antibodies	in	RA	patients	(Lundberg	et	al.,	2008).			

Porphyromonas	gingivalis	peptidylarginine	deiminase	(PPAD)	

P.	gingivalis	expresses	 the	only	known	prokaryotic	PAD	enzyme	(PPAD),	which	

has	been	implicated	as	the	connecting	link	between	RA	and	PD	by	a	number	of	

groups	 including	ours	(Rosenstein	et	al.,	2004,	Farquharson	et	al.,	2012,	Mikuls	

et	al.,	2009,	Wegner	et	al.,	2010,	Quirke	et	al.,	2014a).		However,	few	studies	have	

suggested	 a	 specific	 mechanistic	 link	 between	 citrullination	 by	 PPAD	 and	 RA.		

Our	 group	 has	 proposed	 the	 unique	 C-terminally	 specificity	 of	 PPAD	 as	 a	

potential	mechanism	for	breach	of	tolerance	to	citrullinated	proteins,	and	shown	

formation	 of	 C-terminally	 citrullinated	 peptides	 from	 fibrinogen	 and	α-enolase	
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by	P.	gingivalis	in	vitro	(Wegner	et	al.,	2010).		Both	α-enolase	and	fibrinogen	are	

ubiquitously	expressed	and	so	would	be	available	 for	citrullination	by	PPAD	 in	

the	 gingiva.	 	 In	 fact,	 fibrinogen	 is	 upregulated	 in	 gingivitis	 (Alexander	 et	 al.,	

2011),	making	 it	a	 likely	substrate	 for	PPAD.	 	 In	addition,	a	 further	study	 from	

our	 group	 showed	 full-length	 recombinant	 PPAD	 expressed	 and	 purified	 from	

E.coli	 was	 citrullinated.	 	 Following	 this	 finding,	 a	 second	 hypothesis	 for	 PPAD	

activity	 in	ACPA	development	was	proposed,	whereby	 an	 immune	 response	 to	

‘auto-citrullinated’	 PPAD	 causes	 breach	 of	 tolerance	 to	 native	 citrullinated	

proteins	 (Quirke	 et	al.,	 2014a).	 	 This	was	 supported	 by	 an	 increased	 antibody	

response	to	the	citrullinated	form	of	PPAD	compared	to	a	non-citrullinated	form	

in	 a	 cohort	 of	 RA	 patients	 measured	 by	 ELISA.	 	 A	 separate	 study	 comparing	

recombinant	 PPAD	purified	 from	E.coli,	 and	 native	 PPAD	 in	P.	gingivalis	 found	

evidence	of	citrullination	in	the	recombinant	enzyme	only,	or	following	lysis	of	P.	

gingivalis	 cells,	 and	 concluded	 auto-citrullination	 of	 PPAD	 was	 an	 artefact	 of	

recombinant	expression,	which	would	not	occur	in	vivo	(Konig	et	al.,	2014).			

PPAD	has	few	known	directly	pathogenic	mechanisms.		Citrullination	of	proteins	

causes	 a	 net	 loss	 of	 charge,	 and	 can	 result	 in	 conformational	 changes	 to	 the	

protein	 structure	 that	may	 alter	 protein	 function.	 	 Thus,	 citrullination	may	 be	

used	to	modify	proteins	of	the	host	immune	system.		One	characterised	example	

of	 this	 is	 citrullination	 of	 the	 complement	 component	 C5a	 by	 PPAD,	 which	

inactivates	the	protein	and	inhibits	the	chemoattractant	capabilities	(Bielecka	et	

al.,	 2014).	 	 Concomitant	 production	 of	 ammonia	 during	 citrullination	 also	

benefits	P.	gingivalis	survival	by	maintaining	a	high	pH	to	survive	acid	cleansing	

cycles	 in	 the	 oral	 cavity	 (Casiano-Colon	 and	 Marquis,	 1988),	 and	 by	 directly	

inhibiting	neutrophils	(Niederman	et	al.,	1990).	
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P.	gingivalis	antibodies	in	rheumatoid	arthritis	

A	number	of	studies	have	found	an	increased	antibody	response	to	P.	gingivalis	

in	 RA	 patients.	 	 In	 one	 such	 study	 of	 78	 RA	 patients,	 39	 PD	 patients,	 and	 40	

healthy	 controls,	 67%,	 77%,	 and	 40%	 respectively	 had	 serum	 antibodies	 to	

whole	 lysed	 P.	 gingivalis,	 and	 in	 RA	 patients,	 anti-P.	 gingivalis	 antibody	 level	

correlated	with	 levels	of	 IgM,	 IgG2	and	 IgG4	anti-CCP2,	however	not	with	 total	

anti-CCP2	levels	(Mikuls	et	al.,	2009).		The	same	group	then	measured	antibody	

responses	 to	 a	 P.	 gingivalis	 outer	 membrane	 antigen	 (PgOMA),	 originally	

characterised	by	Curtis	(Curtis	et	al.,	1991),	and	P.	gingivalis	 lipopolysaccharide	

(PgLPS)	 by	ELISA,	 and	 levels	 of	P.	gingivalis	 in	 subgingival	 plaque	by	PCR	 in	 a	

larger	cohort	of	287	RA	patients,	and	330	osteoarthritis	(OA)	controls	(Mikuls	et	

al.,	 2014).	 	 In	 this	 group,	 anti-PgOMA,	 anti-PgLPS	 and	 the	 level	 of	P.	gingivalis	

DNA	 in	 subgingival	 plaque	 were	 increased	 in	 OA	 or	 RA	 patients	 with	 PD,	

compared	 to	 periodontally	 healthy	 patients.	 	 In	 RA	 patients,	 anti-PgOMA	

antibodies	correlated	with	both	anti-CCP2	and	RF,	however	neither	anti-PgOMA	

nor	 anti-PgLPS	 antibodies	 were	 significantly	 different	 between	 RA	 and	 OA	

groups.	 	 In	 a	 further	 study	 by	 Mikuls	 and	 colleagues,	 anti-PgOMA	 antibodies	

were	 increased	 in	 individuals	at	risk	of	developing	RA	(first	degree	relatives	of	

RA	 patients	 (FDRs)	 or	 SE	 positive	 individuals),	 who	 were	 anti-CCP2+	 or	 RF+	

(Mikuls	 et	 al.,	 2012).	 	 In	 a	 separate	 study	 of	 FDRs,	 Hitchon	 and	 colleagues	

measured	antibodies	to	PgLPS	in	relation	to	ACPA	status	in	82	RA	patients	and	

205	 FDRs	 (Hitchon	 et	 al.,	 2010).	 	 Antibodies	 to	 PgLPS	 were	 significantly	

increased	 in	 RA	 patients	 compared	 to	 FDRs	 (p=0.005),	 and	 were	 significantly	

increased	 in	 both	 ACPA+	 RA	 (p<0.04)	 and	 FDRs	 (p<0.001)	 compared	 to	 the	

corresponding	ACPA-	group.			
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These	 studies	 could	 be	 criticised	 for	 using	 PgOMA	 and	 whole	 P.	 gingivalis	 as	

antigen	 in	 ELISA	 assays,	 as	 both	 are	 likely	 to	 contain	 citrullinated	 proteins	

formed	by	PPAD	during	 the	purification	process,	which	may	bind	serum	ACPA.		

In	 order	 to	 determine	 the	 antibody	 response	 to	 P.	 gingivalis	 more	 accurately	

studies	in	our	lab	have	used	purified	recombinant	proteins,	PPAD	and	RgpB.		In	a	

cohort	of	80	RA	patients,	44	individuals	with	PD	and	82	healthy	controls,	25%,	

11%	 and	 5%	 respectively	 were	 positive	 for	 anti-PPAD	 antibodies	 using	 a	

recombinant	 full-length	 PPAD	 in	 ELISA	 (Quirke	 et	 al.,	 2014a).	 	 Antibodies	 to	

RgpB	in	PD	patients	were	significantly	increased	compared	to	controls	(p<0.001)	

but	no	difference	was	observed	between	RA	and	controls.	 	 In	a	larger	cohort	of	

1,975	RA	patients,	377	non-RA	controls,	65	PD	patients	and	59	non-PD	controls,	

anti-RgpB	antibodies	were	also	significantly	increased	in	PD	patients	compared	

to	 non-PD	 controls	 (p<0.0001).	 	 In	 addition,	 anti-RgpB	 antibodies	 were	

significantly	increased	in	RA	patients	compared	to	non-RA	controls	(p<0.0001),	

and	in	ACPA+	RA	compared	to	ACPA-	RA	patients	(p<0.003).		When	analysed	by	

smoking	 status,	 anti-RgpB	 antibodies	 were	 more	 strongly	 associated	 with	 RA	

than	 smoking	 (OR	 2.96	 and	 OR	 1.37	 respectively)	 (Kharlamova	 et	 al.,	 2016).	

However,	 in	a	 study	of	 serology	 in	103	patients	pre-RA,	neither	anti-PPAD	nor	

anti-RgpB	antibodies	were	associated	with	risk	of	RA,	or	presence	of	additional	

RA	autoantibodies	(Fisher	et	al.,	2015).			

To	 date,	 antibodies	 to	 PgEnolase	 have	 been	 measured	 in	 two	 studies.	 	 When	

characterising	 the	 CEP-1	 peptide	 of	 α-enolase,	 Lundberg	 and	 colleagues	 also	

measured	 the	 antibody	 response	 to	 the	 same	 region	 of	 PgEnolase	 (PgCEP-1	

5CKIIG-Cit-EILDS-Cit-GNPTVEC21)	in	102	RA	sera	and	130	disease	controls.		34%	

of	RA	patients	had	anti-PgCEP-1	antibodies	compared	to	1%	of	disease	controls	
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(Lundberg	et	al.,	2008).	 	 In	a	separate	study,	Li	and	colleagues	isolated	CD19low	

CD27high	 plasmablasts	 from	 anti-CCP2+	 RA	 patients,	 and	 tested	 their	 reactivity	

with	anti-CCP2	and	citrullinated	peptides	cFib,	CEP-1	and	cVim	using	ELISA	(Li	

et	 al.,	 2016).	 	 They	 found	 19.5%	 of	 plasmablasts	 had	 anti-CCP	 reactivity,	 or	

reactivity	with	 one	 or	more	 citrullinated	 peptide(s),	 and	 of	 these,	 39.5%	were	

reactive	 with	 PgOMA	 and	 52.6%	 were	 reactive	 with	 PgCEP-1.	 	 Anti-PgCEP-1	

antibodies	also	correlated	with	anti-CEP-1.	 	Taken	together,	these	studies	of	RA	

serology	 show	 that	 antibodies	 to	 P.	 gingivalis	 are	 associated	 with	 PD	 and	 RA,	

although	were	not	increased	in	RA	patients	compared	to	controls	in	all	studies,	

or	 in	 pre-RA	 sera.	 	 Further,	 antibodies	 to	 PgEnolase	 and	 cross	 reactivity	 with	

human	α-enolase	may	be	involved	in	development	of	anti-CEP-1	antibodies.		
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Animal	models	in	rheumatoid	arthritis	research	

The	first	animal	model	of	arthritis	was	the	adjuvant-induced	model	(AIA)	in	rats	

(Pearson,	1956),	following	the	discovery	of	complete	Freund’s	adjuvant	(CFA)	by	

Jules	Freund	(Freund,	1956).	 	This	was	 first	described	by	Stoerk	who	reported	

arthritis	 in	 rats	 immunised	with	 splenic	 proteins	 emulsified	 in	 CFA,	whilst	 his	

contemporaries	 Lipton	 &	 Freund	 demonstrated	 a	 breach	 of	 tolerance	 to	 the	

central	 nervous	 system	 (CNS)	 in	 rats	 following	 a	 similar	 immunisation	 with	

spinal	 chord	 tissue	 in	CFA	 (Stoerk	et	al.,	 1954,	 Freund	and	Lipton,	1955).	 	AIA	

can	 be	 transferred	 to	 healthy	 irradiated	 recipients	 through	 passive	 transfer	 of	

CD4+	T-cells	 (Taurog	et	al.,	 1983,	Pelegri	et	al.,	 1996),	 and	 so	an	evolutionarily	

conserved	protein	found	in	the	mycobacterium	of	CFA	and	the	joint,	such	as	heat	

shock	protein	(HSP)	or	muramyl	dipeptide	(MDP),	may	act	as	 the	T-cell	 target.		

This	 led	 to	 the	 molecular	 mimicry	 hypothesis	 in	 RA	 (Oldstone,	 1989),	 which	

remains	 a	 concept	 in	 current	 RA	 research,	 including	 the	 proposed	mechanism	

between	 PgEnolase	 and	 α-enolase,	 which	 will	 be	 investigated	 further	 in	 this	

thesis.		AIA	is	a	severe,	rapid	and	self-limiting	form	of	disease,	and	is	therefore	no	

longer	used	in	the	same	form	today.		However,	these	experiments	highlighted	the	

potential	to	develop	in	vivo	models	of	autoimmune	diseases.		There	are	a	number	

of	 murine	 models	 in	 use	 today	 which	 display	 comparable	 pathology	 to	 RA	

including	 joint	 swelling,	pannus	 formation,	 synovitis,	 cartilage	degradation	and	

bone	erosion.		These	are	outlined	below	and	summarised	in	Table	1.5.	

Collagen	induced	arthritis	(CIA)	

Collagen	 induced	 arthritis	 (CIA)	 is	 induced	 by	 intradermal	 injection	 of	 foreign	

type-two	collagen	(CII)	(normally	of	bovine	or	chicken	origin)	emulsified	in	CFA.		
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This	activates	B-cells	to	produce	anti-CII	antibodies,	which	then	react	with	native	

collagen	 in	 the	 joint.	 	 Resulting	 pathology	 involves	 infiltration	 of	 cells	 into	

synovial	tissues,	swelling	of	joints,	and	erosion	of	bone	and	cartilage	(Holmdahl	

et	al.,	 1989).	 	 Development	 of	 CIA	 is	 dependent	 on	mouse	 strain,	 e.g.	 C57Bl/6	

have	 a	 more	 chronic	 and	 prolonged	 disease	 than	 DBA	 mice,	 driven	 by	 T-cell	

proliferative	responses	(Inglis	et	al.,	2007).	 	CIA	also	has	MHC-II	 linked	genetic	

associations,	whereby	mice	expressing	MHC-II	SE	transgenes,	HLA-DRB1*0101	or	

HLA-DRB1*0401	 have	 increased	 susceptibility	 to	 CIA	 (Nabozny	 et	 al.,	 1994,	

Brand	 et	al.,	 2003).	 	 Criticism	 of	 the	 CIA	model	 is	 that	 the	 rate	 of	 incidence	 is	

highly	variable,	and	can	be	susceptible	to	external	factors	such	as	animals	living	

conditions	(Holmdahl	et	al.,	1992).	

Collagen	antibody	induced	arthritis	(CAIA)	

The	collagen	antibody	induced	arthritis	model	(CAIA)	uses	immunisation	with	a	

commercially	 available	 cocktail	 of	 anti-collagen	 antibodies	 (Khachigian,	 2006).			

Disease	 is	 comparable	 to	 CIA,	 but	with	more	 rapid	 onset,	 increased	 incidence,	

homogeneity	 of	 disease,	 and	 the	 capacity	 to	 use	 a	 broader	 spectrum	 of	 mice	

strains,	including	those	with	genetic	modifications.	

K/BxN	Model	

This	model	uses	passive	transfer	of	serum	from	K/BxN	mice	that	spontaneously	

develop	 severe	 inflammatory	 arthritis	 (Kyburz	 and	 Corr,	 2003).	 	 K/BxN	 mice	

were	 originally	 generated	 by	 crossing	 KRN-C57Bl/6	 mice	 that	 express	 a	

transgenic	 T-cell	 receptor	 specific	 for	 bovine	 ribonuclease	 peptide	 RNase42-56,	

with	non-obese	diabetic	(NOD)	mice	(Kouskoff	et	al.,	1996).	 	Transfer	of	serum	

results	 in	 transfer	 of	 autoantibodies	 reactive	 with	 glucose-6-phosphate	

isomerase	 (G6PI),	 a	 protein	 found	 in	 synovial	 fluid	 (Monach	 et	 al.,	 2008),	 and	
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symptoms	are	mediated	by	anti-G6PI	antibodies,	innate	immune	cells,	and	CD4+	

T-cells	(Kouskoff	et	al.,	1996).	 	K/BxN	mice	also	develop	endocarditis	(Binstadt	

et	 al.,	 2009).	 	 After	 establishing	 the	 K/BxN	 model,	 anti-G6PI	 antibodies	 were	

detected	 in	 64%	 of	 sera	 from	 69	 RA	 patients,	 compared	 to	 only	 3%	 of	 107	

healthy	 controls,	 and	were	 identified	 complexed	with	 G6PI	 in	 the	 RA	 synovial	

fluid	(Schaller	et	al.,	2001).	

Tg-huTNF	mice	

Tg-huTNF	 mice	 were	 fist	 described	 by	 Kollias	 and	 colleagues,	 who	 used	 a	

targeting	vector	encoding	the	human	TNF-α	gene	to	replace	 the	regulatory	AU-

rich	element	(ARE)	of	the	mouse	TNF-α	gene,	resulting	in	chronic	overexpression	

of	TNF-α	and	aggressive	arthritis	(Keffer	et	al.,	1991).		Penetrance	in	this	model	

is	100%,	and	disease	is	highly	destructive	and	erosive	to	bone	and	cartilage,	with	

homogeneous	 progression.	 	 However,	 disease	 is	 mediated	 by	 cytokines	 and	

innate	cells,	without	the	specific	 immune	components	characteristic	of	RA	such	

as	ACPA	or	RF.	

DR4-Tg	mice	

DR4-Tg	 are	 transgenic	 mouse	 strains	 expressing	 human	 HLA-DR4	 SE	 alleles,	

most	 commonly	 HLA-DRB1	 *0401	 (Woods	 et	 al.,	 1994),	 usually	 with	 co-

expression	of	human	CD4	or	chimeric	mouse	and	human	MHC	II	molecules	due	

to	 the	 poor	 cohesion	 between	 human	 MHC	 II	 and	 mouse	 CD4	 (Vignali	 et	 al.,	

1992).	 	 DR4-Tg	mice	 enable	 investigation	 of	 the	 effect	 of	 MHC-II	 SE	 alleles	 in	

susceptibility	to	or	progression	of	murine	models	of	arthritis,	such	as	increased	

susceptibility	to	CIA	(Brand	et	al.,	2003).	 	The	susceptibility	to	arthritis	in	DR4-

Tg	mice	is	particularly	striking	in	models	of	RA	using	citrullinated	antigen.	 	Hill	

and	colleagues	administered	citrullinated	and	native	fibrinogen	to	both	C57Bl/6	
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wild-type	mice	and	DR4-Tg	mice,	which	resulted	in	paw	swelling	and	increased	

antibody	 production	 in	 35%	 of	 DR4-Tg	 mice	 that	 received	 citrullinated	

fibrinogen.	 	 No	 pathology	 occurred	 in	wild-type	mice,	 or	 any	mice	 immunised	

with	 native	 fibrinogen	 (Hill	 et	 al.,	 2008).	 	 This	 study	 elegantly	 models	 the	

hypothesis	 for	 SE	 involvement	 in	 RA,	 in	 confirming	 increased	 antigenicity	 of	

citrullinated	peptides	when	presented	by	SE	expressing	MHC-II	molecules.		

	

Table	1.5	 Characteristics	of	commonly	used	mouse	models	of	arthritis.			

Model	 Pathology	
seen	in	RA	

B-/T-cell	
involvement	

Disease	
progression	

Genetic	
associations	 Reference(s)	

Collagen	
induced	
arthritis	
(CIA)	

Yes	 Antibody	production	 Acute,	remitting	
in	late	disease	

Yes	 (Trentham	et	
al.,	1977)	

(Courtenay	et	
al.,	1980)	

(Holmdahl	et	
al.,	1986)	
(Inglis	et	al.,	
2007)	

	 Anti-collagen	
antibodies	

	 C57Bl/6	less	
susceptible	

	 ACPA	(contentious)	 	 	
	 RF	(contentious)	 	 	
	 T-cell	involvement	 	 	

Collagen	
antibody	
induced	
arthritis	
(CAIA)	

Yes	 Anti-collagen	
antibodies	(passive	
transfer)	

100%	onset	 No	 (Stuart	and	
Dixon,	1983)	
(Holmdahl	et	
al.,	1986)	

(Khachigian,	
2006)	

	 	 Homogeneous	 	
	 	 	 	

KBxN	 Yes	 Requirement	for	CD4	
T-cells	

Self	limiting	 Transgenic	
mouse	develops	
spontaneous	
disease	

(Kouskoff	et	al.,	
1996)	

(Matsumoto	et	
al.,	1999)	

(Korganow	et	
al.,	1999)	

(Mangialaio	et	
al.,	1999)	

	 Antibody	production	
(not	to	autoantigens	
seen	in	RA)	

Homogeneous	 No	requirement	
for	passive	
transfer	

	

	 	 	 	
Tg-HuTNF-α	 Yes	 No	autoantibodies	 Chronic	 Transgenic	

mouse	develops	
spontaneous	
disease	

(Keffer	et	al.,	
1991)		

(Probert	et	al.,	
1996)	

	 No	known	T-cell	role	 Aggressive		 	
	

‘Pathology	 seen	 in	 RA’	 is	 considered	 presence	 of	 joint	 swelling,	 pannus	 formation,	 synovitis,	

cartilage	degradation	and	bone	erosion.	
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Citrullination	and	ACPA	in	in	vivo	models	

It	could	be	argued	that	a	major	component	lacking	in	murine	models	of	arthritis	

is	a	robust	model	of	ACPA	development.		In	the	most	frequently	used	CIA	model,	

anti-CII	 antibodies	 and	 pathology	 of	 the	 joints	 are	 commonly	 used	markers	 of	

disease,	and	 few	studies	have	attempted	 to	measure	ACPA	using	anti-CCP2.	 	 In	

addition,	 those	 that	 have	 are	 conflicting.	 	 Vosenaar	 and	 colleagues	 observed	

citrullination	 of	 synovial	 proteins	 but	 no	 ACPA	 production	 in	 DBA	 mice	

(Vossenaar	 et	 al.,	 2003),	 whereas	 Kuhn	 and	 colleagues	 did	 report	 increased	

ACPA	 in	DBA	mice	with	CIA	 (Kuhn	et	al.,	 2006).	 	However,	 variation	 in	 results	

may	 be	 due	methods	 used	 to	measure	ACPA.	 	 Studies	 by	 Vossenaar	 and	Kuhn	

used	anti-CCP	assays	from	different	manufacturers,	which	may	contain	different	

antigenic	peptides,	and	also	used	different	dilution	factors.		Kuhn	and	colleagues	

used	 a	 1:10	 serum	 dilution,	 compared	 to	 the	 1:100	 used	 by	 Vosenaar,	 which	

would	be	more	likely	to	detect	low	levels	of	serum	ACPA.			

Two	 studies	 to	 date	 have	 reported	 arthritis	 induction	 via	 immunisation	 with	

citrullinated	 CII	 (cit-CII)	 without	 adjuvant.	 	 DBA	 mice	 immunised	 with	 cit-CII	

developed	 significantly	 increased	 ankle	 swelling	 compared	 to	mice	 immunised	

with	 native	 CII	 (p<0.001),	 which	 was	 comparable	 to	 ankle	 swelling	 in	 mice	

immunised	with	CII	in	CFA	as	for	CIA	(Thiele	et	al.,	2012).		Mice	immunised	with	

cit-CII	or	CFA	also	had	significantly	reduced	bone	surface	(p=0.033	and	p=0.027	

respectively)	and	bone	volume	(p=0.006	and	p=0.001	respectively)	measured	by	

μCT	compared	to	mice	immunised	with	CII.		Although	immunisation	with	cit-CII	

did	not	induce	significantly	increased	antibody	responses	to	CII	or	cit-CII,	these	

mice	did	have	significantly	 increased	anti-CCP	(p=0.022)	compared	to	CII	mice,	

which	was	also	measured	using	a	1:10	serum	dilution.		In	a	further	study	of	this	
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model,	 mice	 immunised	 with	 cit-CII	 showed	 increased	 cartilage	 damage	

(p=0.007)	measured	by	toluidine	blue	staining	compared	to	CII	immunised	mice,	

and	cartilage	collagen	loss	(p=0.008)	measured	by	Masson’s	trichrome	(Dusad	et	

al.,	2013).	 	 In	addition,	ACPA	in	immunised	mice	correlated	with	parameters	of	

bone	erosion.	 	These	findings	support	the	increased	antigenicity	of	citrullinated	

proteins	 as	 antigens,	 and	 display	 the	 increased	 bone	 erosion	 characteristic	 of	

ACPA+	RA.	

The	role	of	citrullination	in	in	vivo	models	of	arthritis	has	also	been	investigated	

using	PAD4	knock-out	mice	(PAD4-/-).		Rohrbach,	Seri	and	Suzuki	and	colleagues,	

investigated	the	onset	and	severity	of	K/BxN	serum	transfer	arthritis,	glucose-6-

phosphate	 isomerase	 induced	 arthritis	 (GIA)	 and	 CIA	 respectively	 in	 PAD4-/-	

mice	compared	to	wild-type	controls	on	the	same	genetic	background.		Arthritis	

in	 K/BxN	mice	 had	 comparable	 onset	 and	 severity,	 measured	 by	 histology,	 in	

both	PAD4-/-	and	wild-type	mice	(Rohrbach	et	al.,	2012),	whereas	both	GIA	and	

CIA	induced	reduced	clinical	score	and	antibody	titre	in	PAD4-/-	mice	compared	

to	 wild-type	 controls	 (Seri	 et	 al.,	 2015,	 Suzuki	 et	 al.,	 2016).	 	 These	 findings	

suggest	citrullinated	by	PAD4	is	not	required	for	the	effector	phase	of	passively	

induced	 arthritis,	 but	 is	 involved	 in	 onset	 and	 development	 of	 inflammatory	

arthritis	in	these	in	vivo	models.	

P.	gingivalis	in	murine	models	

To	 investigate	 the	 association	 between	 P.	 gingivalis,	 PD	 and	 RA	 in	 vivo,	 two	

studies	by	Marcheson,	Gully	and	colleagues	treated	mice	orally	with	P.	gingivalis	

to	induce	PD	(for	15	and	14	days	respectively)	as	per	the	model	of	PD	previously	

described	 by	 Polak	 (Polak	 et	 al.,	 2009),	 before	 induction	 of	 CIA	 or	 CAIA	
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(Marchesan	et	al.,	2013,	Gully	et	al.,	2014).		Marcheson	and	colleagues	observed	

an	 increased	 incidence	 and	 severity	 of	 CIA	 in	 mice	 that	 had	 been	 previously	

infected	 with	 P.	 gingivalis	 compared	 to	 those	 with	 CIA	 alone.	 	 Further,	 mice	

administered	both	P.	gingivalis	and	CIA	had	significantly	increased	paw	swelling	

(p=0.006,	p=0.004	medial	lateral	and	dorsal	ventral	measurements	respectively),	

and	 increased	 osteoclasts	 in	 the	 paws	 (p<0.005)	 compared	 to	 CIA	 only	 mice	

(Marchesan	 et	al.,	 2013).	 	 In	 addition	 to	 pre-treatment	with	P.	gingivalis,	 Gully	

and	 colleagues	 administered	 a	PPAD	deficient	P.	gingivalis	strain	 and	 a	 vehicle	

only	 as	 negative	 controls.	 	 In	 mice	 previously	 inoculated	 with	 wild-type	 P.	

gingivalis,	CAIA	had	increased	speed	of	onset,	paw	swelling	(p=0.0001),	and	bone	

erosion	 (p<0.04)	 measured	 by	 μCT,	 compared	 to	 CIA	 mice	 administered	 the	

vehicle	only	control	(Gully	et	al.,	2014).		No	significant	differences	were	observed	

between	mice	 immunised	with	vehicle	control	and	PPAD	deficient	P.	gingivalis.		

In	 addition,	 mice	 treated	 with	 wild-type	 P.	 gingivalis	 had	 increased	 anti-P.	

gingivalis	antibody	formation	compared	to	the	PPAD	deficient	strain	(p=0.02).	

Maresz	 and	 colleagues	 also	 examined	 the	 effect	 of	 prior	 infection	 with	 P.	

gingivalis	on	CIA	using	the	chamber	coil	model,	which	uses	implantation	of	a	P.	

gingivalis	 filled	 chamber	 subcutaneously	 in	 mice,	 to	 distribute	 bacteria	

continuously	 (described	 by	 (Genco	 et	 al.,	 1991))	 (Maresz	 et	 al.,	 2013).	 	 In	

addition	 to	 live	 P.	 gingivalis:	 heat	 killed	 P.	 gingivalis,	 periodontal	 pathogen	

Prevotella	 intermedia,	 a	 citrullinated	 P.	 gingivalis	 capsule	 protein,	 and	 a	 PPAD	

null	strain	of	P.	gingivalis	were	implanted	into	the	chambers	as	controls.		In	this	

study	 active	P.	gingivalis	 only	 enhanced	 incidence	 (p<0.001)	 and	 clinical	 score	

(p<0.001)	of	CIA	compared	to	CIA	alone,	thus	confirming	specific	effects	of	live	P.	

gingivalis	and	PPAD.	 	 In	addition,	mice	with	 live	P.	gingivalis	 chamber	 implants	
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had	 increased	anti-CCP	compared	to	CIA	alone	(p<0.05).	 	This	small	number	of	

studies	 shows	P.	gingivalis	 increases	 severity	 of	 disease	 in	 both	 CIA	 and	 CAIA,	

which	 is	 dependent	 on	 PPAD	 expression,	 and	 therefore	 may	 be	 due	 to	

citrullination.		
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Peptidylarginine	deiminase	enzymes	(PADs)	

There	 are	 five	 known	 human	 PAD	 isoforms,	 PAD1-4	 (previously	 PAD5)	 and	

PAD6	encoded	by	the	PADI1-4	and	PADI6	genes	located	on	a	single	gene	cluster	

on	 chromosome	 1	 (1p36)	 (Iida	 and	 Nakamura,	 2004).	 	 Human	 PADs	 are	

constitutively	expressed	and	citrullination	of	specific	protein	targets	is	required	

for	 a	 number	 of	 functions.	 	 PAD	 substrates	 with	 known	 functions	 are	 briefly	

outlined	in	Table	1.6.	

PAD1	 is	 found	 in	 the	 epidermis	 and	 uterus.	 	 Its	main	 substrate	 is	 keratin	 K1,	

which	 is	 citrullinated	 in	 the	 cornification	 of	 epidermal	 tissues	 into	 keratinised	

materials	(Nachat	et	al.,	2005).		In	humans,	this	process	is	essential	in	formation	

of	hair	and	nails.	

PAD2	is	expressed	in	secretory	glands,	brain,	uterus,	spleen,	and	skeletal	muscle.		

It	 is	 also	 found	 in	 neutrophils	 and	macrophages.	 	 PAD2	 substrates	 are	myelin	

basic	protein	(MBP)	in	tissues	of	the	central	nervous	system,	vimentin	in	skeletal	

muscle	and	macrophages,	and	β-/γ-	actin	in	neutrophils	(Darrah	et	al.,	2012).		In	

multiple	 sclerosis,	 a	 neurodegenerative	 disease	 defined	 by	 destruction	 of	 the	

protective	 myelin	 sheaths	 around	 nerve	 axons,	 citrullination	 of	 MBP	 in	 brain	

tissues	is	increased.		This	is	thought	to	alter	the	myelin	sufficiently	to	increase	its	

susceptibility	to	degradation	by	proteases,	causing	direct	loss	of	nerve	protection	

and	 exposing	 neoepitopes	 for	 T-cells	 to	 potentiate	 disease	 (Moscarello	 et	 al.,	

2013).	 	 In	 addition,	 the	 conversion	 of	 arginine	 to	 citrulline	 results	 in	 a	 loss	 of	

charge,	which	may	also	inhibit	nerve	axon	signal	conductivity	(Cao	et	al.,	1999).		

In	breast	cancer,	PAD2	expression	correlates	with	HER2	protein	levels	in	HER2+	

breast	tumours	(McElwee	et	al.,	2012).	
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PAD3	 is	 expressed	 in	 the	 epidermis	 where	 it	 co-localises	 with	

profilaggrin/filaggrin	and	regulates	epidermal	homeostasis	(Nachat	et	al.,	2005).		

In	 hair	 follicles,	 it	 is	 co-localised	with	 trichohyalin,	 a	 structural	 protein	 in	 the	

follicle	 inner	 root	 sheath	 and	 medulla,	 which	 provides	 mechanical	 strength.		

PAD3	is	also	an	auto-antigen	in	RA	(Seaman	et	al.,	2016,	Darrah	et	al.,	2013).			

PAD4	 is	 expressed	 in	 granulocytes,	 monocytes,	 macrophages,	 and	 neutrophils	

(Zhang	 et	 al.,	 2004)	 and	 is	 required	 for	 formation	 of	 NETs,	 indicated	 by	 the	

inhibitory	effect	of	PAD4	inhibitors	on	NET	formation	(Lewis	et	al.,	2015).	 	 It	 is	

the	 only	 PAD	 isoform	 to	 possess	 a	 nuclear	 localisation	 factor	 found	 at	 the	 N-

terminus	of	the	protein	and	thus	is	found	in	the	cell	nucleus,	where	it	regulates	

gene	expression	through	citrullination	of	histones	H2A,	H3	and	H4	(Nakashima	

et	al.,	1999).		

PAD6	is	expressed	 in	cells	and	tissues	of	 the	urinary	and	reproductive	systems	

including	ovary,	testis,	embryonic	stem	cells	and	oocytes.		Citrullination	by	PAD6	

regulates	oocyte	skeletal	sheet	formation,	and	is	essential	in	regulation	of	female	

fertility	and	early	embryonic	development	(Esposito	et	al.,	2007).	
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Table	1.6	 Proteins	citrullinated	by	PADs	in	healthy	tissue.	

Protein	 Location	 Function	of	citrullination	 Reference(s)	

Fibrinogen	 Peripheral	blood	 Homeostasis	of	the	coagulation	
cascade	

(Nakayama-
Hamada	et	al.,	

2008)	
(Okumura	et	al.,	

2009)	
Filaggrin	 Epidermis	 Skin	moisturisation	 (Rawlings	and	

Harding,	2004)	
	 	 Cornification	of	epidermis	 (Senshu	et	al.,	

1996)	
Histones	 Various	cells	 Regulation	of	gene	expression	 (Wang	et	al.,	2009)	

(Christophorou	et	
al.,	2014)	

(Li	et	al.,	2010b)	

	 	 NET	formation	 (Wang	et	al.,	2009)	

Keratin	 Epidermis	 Cornification	of	epidermis	 (Senshu	et	al.,	1996)	

Myelin	basic	
protein	(MBP)	

Central	nervous	
system	

Modulation	of	myelin	basic	protein	
methylation	for	correct	myelin	

sheath	formation	

(Pritzker	et	al.,	
2000)	

Nuclear	lamin	C	 Various	cells	 Apoptosis	pathway	 (Tanikawa	et	al.,	
2012)	

Nucleophosmin	 Various	cells	 Apoptosis	pathway	 (Hagiwara	et	al.,	
2002)	

Oocyte	cytoplasmic	
protein	(unknown)	

Ovary	 Embryonic	development/fertility	 (Esposito	et	al.,	
2007)	

Trichohyalin	 Hair	follicles	 Mechanical	strength	 (Steinert	et	al.,	
2003)	

Vimentin	 Monocytes,	
macrophages	

Cell	death	 (Majumder	et	al.,	
2011)	

	 	 Apoptosis	pathway	 (Asaga	et	al.,	1998)	

	

Peptidylarginine	deiminases	in	RA	

Genome	wide	 linkage	 studies	 have	 identified	 single	 nucleotide	 polymorphisms	

(SNPs)	on	the	PADI	gene	associated	with	RA.		Two	separate	studies	identified	the	

D1S228	and	D1S214	 regions	 in	 genome	 scans	of	 114	RA	 sibling	pairs	 from	97	

European	Caucasian	nuclear	families	(Cornelis	et	al.,	1998),	and	41	sibling	pairs	

from	 Japanese	 families	 (Shiozawa	 et	 al.,	 1998)	 respectively.	 	 Suzuki	 and	

colleagues	 then	 summated	 the	 gene	 region	 in	 close	 proximity	 to	 both	marker	



	 55	

regions	was	1p36,	which	contains	 the	PADI	 genes	encoding	PAD1-4	and	PAD6.		

In	 830	 RA	 patients	 and	 736	 unaffected	 Japanese	 individuals	 Suzuki	 and	

colleagues	found	PADI4,	not	neighbouring	PADIs	was	a	susceptibility	locus	for	RA	

(p=000008).	 	 Identifying	8	 single	nucleotide	polymorphisms	 (SNPs)	within	 the	

PADI4	gene	associated	with	RA,	which	equated	to	4	possible	haplotypes	(Suzuki	

et	al.,	2003).		Since	this	study,	these	four	haplotypes	have	been	investigated	in	a	

number	 of	 other	 studies	 and	 have	 shown	 a	 positive	 association	 with	 RA	 in	

Korean	 (Kang	 et	 al.,	 2006)	 and	 Indian	 (Panati	 et	 al.,	 2012)	 cohorts	 but	 not	 in	

Chinese	(Chen	et	al.,	2011),	Spanish	(Martinez	et	al.,	2005),	French	(Caponi	et	al.,	

2005),	 or	 British	 (Barton	 et	 al.,	 2004,	 Burr	 et	 al.,	 2010)	 cohorts.	 	 A	 similar	

investigation	 into	SNPs	 in	 the	PADI2	 gene	 identified	3	RA	associated	SNPs	 in	a	

cohort	 of	 267	 RA,	 51	 ankylosing	 spondylitis	 (AS)	 and	 160	 healthy	 control	

patients	from	northern	China.	 	An	association	with	RA	was	then	confirmed	in	a	

second	cohort	of	307	RA,	324	AS	and	509	control	patients	for	2	SNPs	(p<0.0008	

and	p<0.0033)	(Chang	et	al.,	2013).	

In	RA	patients,	both	PAD2	and	PAD4	are	 found	in	the	RA	synovium	(Kinloch	et	

al.,	 2008),	 where	 PAD2	 expression	 level	 correlates	 with	 DAS28	 (p<0.005)	

(Damgaard	 et	 al.,	 2016).	 	 PAD2	 isolated	 from	 the	 synovium	 is	 active,	 and	 can	

citrullinate	 synovial	 fluid	 mast	 cells	 (Arandjelovic	 et	 al.,	 2012)	 and	 fibrinogen	

(Damgaard	 et	al.,	 2014).	 	 PAD4	 is	 also	 an	 established	 auto-antigen	 in	RA,	with	

anti-PAD4	 antibodies	 found	 in	 23-40%	 of	 RA	 patients	 in	 a	 number	 of	 studies	

from	Japan,	Norway,	China,	and	the	USA	(Takizawa	et	al.,	2005,	Halvorsen	et	al.,	

2009,	Zhao	et	al.,	2008,	Harris	et	al.,	2008).		PAD4	is	auto-citrullinated	and	anti-

PAD4	antibodies	bind	both	native	and	citrullinated	forms	(Andrade	et	al.,	2010).		

In	 addition,	 a	 subset	 of	 anti-PAD4	 antibodies	 increases	 activity	 of	 the	 enzyme	
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when	 bound	 by	 lowering	 the	 Ca2+	 activation	 threshold	 (Darrah	 et	 al.,	 2013).		

Therefore	 formation	 of	 anti-PAD4	 antibodies	 in	 RA	 could	 increase	 levels	 of	

citrullination,	 and	 increase	 ACPA	 formation	 in	 a	 self-propagating	 mechanism.		

This	 hypothesis	 is	 supported	 by	 observations	 that	 anti-PAD4	 antibodies	 are	

found	 in	 more	 severe	 disease,	 measured	 by	 DAS28	 (Zhao	 et	 al.,	 2008)	 and	

radiographic	progression	(Halvorsen	et	al.,	2009,	Harris	et	al.,	2008).		A	subset	of	

anti-PAD4	antibodies	that	are	cross-reactive	with	PAD3	have	been	found	in	12-

18%	of	RA	patients	in	one	study,	and	are	also	associated	with	a	more	destructive	

disease	phenotype	(Darrah	et	al.,	2013).			

In	 addition	 to	 RA,	 increased	 or	 disordered	 citrullination	 by	 PADs	 has	 been	

implicated	in	a	number	of	diseases	summarised	in	Table	1.7.			
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Table	1.7	 Peptidylarginine	deiminase	enzymes	associated	with	disease.	

Disease	 Associated	
PAD(s)	 Mechanisms	 Reference(s)	

Alzheimers	
disease	

PAD2	&	PAD4	 Abnormal	accumulation	of	citrullinated	
proteins	in	CNS	

(Ishigami	et	al.,	
2005)	

Prion	disease	 PAD2	 Clustering	of	abnormal	citrullinated	
proteins	in	CNS,	may	be	due	to	increase	Ca2+	

(Jang	et	al.,	2013)	

Multiple	
Sclerosis	(MS)	

PAD2	&	PAD4	 Citrullination	of	myelin	basic	protein,	
increases	degradation	of	MBP	

(Moscarello	et	al.,	
2013)	

	 	 Loss	of	charge	on	citrullinated	proteins	
inhibits	nerve	axon	signal	transduction	

(Cao	et	al.,	1999)	

Psoriasis	 PAD1	 Loss	of	citrullination	of	keratin	leads	to	
excessive	cornification	

(Ishida-Yamamoto	
et	al.,	2000)	

Rheumatoid	
arthritis	

PAD2,	PAD3	&	
PAD4	

Increased	PAD4	translation	 (Suzuki	et	al.,	2003)	

	 Expression	of	PAD2	and	PAD4	in	RA	joint	 (Vossenaar	et	al.,	
2004)	

(Kinloch	et	al.,	
2008)	

(Damgaard	et	al.,	
2016)	

	 Production	of	anti-PAD3	and	anti-PAD4	
antibodies	associated	with	severe	disease	

(Kolfenbach	et	al.,	
2010)	

	 Production	of	pathogenic	ACPA		 (Darrah	et	al.,	
2013)	

Ulcerative	
colitis	

PAD4	 Associated	with	PAD4	haplotype	composed	
of	three	SNPs	PADI4_92_G,	PADI4_96_C,	and	
PADI4_102_C	
	

(Chen	et	al.,	2008)	

	 	 ACPA	formation	(pathology	unknown)	 (Chumanevich	et	
al.,	2011)	

Cancer	 PAD4	 Increased	PAD4	in	blood	and	tissues	of	
malignant	cancer	patients	

(Chang	et	al.,	2009)	

	 	 Repression	of	p53	tumour	suppressor	 (Jones	et	al.,	2009)	
Glaucoma	 PAD2	 Citrullination	of	myelin	basic	protein	

disrupts	optic	nerve	myelination	
(Bhattacharya	et	al.,	

2006)	
	

PAD	inhibitors	

The	 first	 described	 inhibition	 of	 PAD	was	using	paclitaxel,	 a	 chemotherapeutic	

agent	 that	 targets	 microtubule	 formation	 to	 inhibit	 mitosis.	 	 Using	 paclitaxel,	

Pritzker	 found	 a	 weak	 inhibition	 of	 PAD	 isolated	 from	 the	 bovine	 brain	 (IC50	

~5mM)	 (Pritzker	 and	 Moscarello,	 1998),	 which	 may	 be	 due	 to	 the	 similarity	

between	the	paclitaxel	side	chain	and	Nα-Benzoyl-L-arginine	ethyl	ester	(BAEE),	

which	 is	 an	 efficient	 PAD	 substrate.	 	 Benzoyl-arginine	 derivative	 Benzyl-Nγ-
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monomethyl-Arg	(Bz-	ADMA)	has	also	been	shown	to	inhibit	PAD4	with	an	IC50	

of	400	μM	(Hidaka	et	al.,	2005).		However	the	most	potent	PAD	inhibitors	to	date	

have	 been	 developed	 in	 the	 lab	 of	 Thompson	 and	 colleagues.	 	 These	 are	 F-

amidine	 [N-α-benzoyl-N5-(2-fluoro-1-iminoethyl)-1-ornithine	 amide]	 and	 Cl-

amidine	 [N-α-benzoyl-N5-(2-chloro-1-iminoethyl)-1-ornithene	 amide],	 which	

inhibit	PAD4	with	IC50	of	21.6μM	and	5.9μM	respectively	(Luo	et	al.,	2006a,	Luo	

et	al.,	2006b)	(Figure	1.4).		Both	F-amidine	and	Cl-amidine	preferentially	inhibit	

the	active	calcium	bound	form	of	PAD4,	which	may	help	limit	toxicity	in	vivo	and	

increase	PAD4	inhibition	at	sites	of	inflammation	where	Ca2+	is	increased.				

	

	
Cl/F-amidine	

Figure	1.4	 Chemical	structure	of	PAD	inhibitors	Cl-amidine/F-amidine.	

	
						2-chloroacetamidine																									Benzoyl	arginine	amide	(BAA)	

Figure	1.5	 Chemical	structures	of	2-chloroacetamidine	and	bonzoyl	arginine	amide	(BAA).	

NH#

HN#

NH2
+#

NH2#

Cl/F#

O#

O#

NH#

NH#

HN#

NH2#
O#

O#

NH2#

Cl#

H2N#

NH#



	 59	

Both	 F-amidine	 and	 Cl-amidine	 are	 analogues	 of	 benzoylarginine	 amide	 (BAA)	

(Figure	1.5),	a	small	molecule	substrate	for	PAD4	(Kearney	et	al.,	2005),	with	the	

substrate	 guanidinium	 group	 exchanged	 for	 a	 haloacetamidine	 warhead.	 	 The	

warhead	alone,	2-chloroacetamidine	(Figure	1.5)	was	shown	to	inhibit	PAD4	by	

Stone	 and	 colleagues	who	 concluded	 it	may	 act	 as	 a	 suitable	 chemical	 scaffold	

from	which	to	develop	more	highly	selective	and	high	affinity	inhibitors	(Stone	et	

al.,	 2005).	 	 2-chloroactetamidine	 is	 also	 the	 most	 effective	 inhibitor	 of	 PPAD	

tested	in	our	lab	(unpublished	findings).		Both	F-amidine	and	Cl-amidine	inhibit	

PAD4	by	alkylation	of	active	site	residue	Cys645,	although	mechanisms	have	not	

been	elucidated	in	detail	(Jones	et	al.,	2009).			

PAD	inhibitors	in	models	of	disease	

Use	 of	 F-amidine	 and	 Cl-amidine	 in	 vivo	 has	 confirmed	 PAD4	 involvement	 in:	

NET	 formation	 (Wang	et	al.,	2009),	 regulation	of	 tumour	suppressor	p53	(Li	et	

al.,	 2008),	 and	 apoptosis	 (Yao	 et	 al.,	 2008).	 	 In	 addition,	 F-amidine	 and	 Cl-

amidine	 have	 been	 successful	 in	 reducing	 severity	 of	 disease	 in	 a	 number	 of	

mouse	models.		In	the	dextran	sulphate	sodium	(DSS)	mouse	model	of	colitis	Cl-

amidine	 given	 either	 prophylactically	 or	 as	 a	 treatment	 regimen	 reduced	

symptoms	 of	 colitis	 by	 driving	 apoptosis	 of	 immune	 cells	 in	 the	 associated	

tissues	(Chumanevich	et	al.,	2011).	 	Lupus	prone	MRL/lpr	mice	treated	with	Cl-

amidine	 daily	 for	 8-14	 weeks	 showed	 reduced	 NET	 formation	 compared	 to	

controls,	 improved	vascular	 function	via	endothelium	mediated	vasorelaxation,	

reduced	 immune	 complex	 deposition	 in	 the	 kidneys	 and	 reduced	 skin	

involvement	 (Knight	et	al.,	 2013,	Knight	et	al.,	 2015).	 	 In	Apoe-/-	mice	prone	 to	

atherosclerosis,	mice	treated	daily	with	Cl-amidine	had	reduced	atherosclerotic	
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lesion	size,	with	reduced	recruitment	of	neutrophils	and	macrophages	(Knight	et	

al.,	 2014).	 	 In	 the	CIA	mouse	model	of	RA,	 treatment	of	mice	 following	disease	

onset	 reduced	 severity	 by	 ~50%	 and	 reduced	 synovial	 citrullination,	

complement	deposition	and	antibody	formation	(Willis	et	al.,	2011).		

BB	Cl-amidine	(figure	1.6)	is	a	second-generation	form	of	Cl-amidine,	which	has	

the	 C-terminal	 replaced	with	 a	 benzimidazole	 ring	 to	 prevent	 proteolysis,	 and	

the	N-terminal	replaced	with	a	biphenyl	moiety	to	increase	hydrophobicity	and	

enhance	 cellular	 uptake	 of	 the	 molecule.	 	 In	 a	 recent	 study	 from	 our	 lab,	

treatment	of	CIA	with	BB	Cl-amidine	post	onset	reduced	clinical	score	(p<0.0001	

after	5	days),	paw	swelling	(p<0.0001),	and	citrullination	in	the	lymph	nodes	of	

treated	mice	 compared	 to	 vehicle	 treated	 controls	 (Kawalkowska	 et	al.,	 2016).		

Lymph	nodes	from	mice	treated	with	BB	Cl-amidine	had	reduced	Th1	cells	and	

increased	Th2	cells	compared	to	naïve	mice,	and	BB	Cl-amidine	treatment	ex	vivo	

suppressed	 Th17	 cells.	 	 These	 results	 show	 potential	 for	 PAD	 inhibition	 as	 a	

treatment	strategy	for	RA.		However,	the	high	sequence	homology	between	PADs	

may	pose	a	risk	of	toxicity,	or	immunosuppression.		

	

	

BB	Cl-amidine	
Figure	1.6	 Chemical	structure	of	second-generation	PAD	inhibitor	BB	Cl-amidine.	
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Structure	and	activity	of	mammalian	PADs	

Of	 the	 5	 PAD	 isoforms,	 PAD2	 and	 PAD4	 are	 most	 relevant	 to	 RA.	 	 PAD2	 is	 a	

75kDa	 protein	 of	 665	 amino	 acids,	 and	 PAD4	 is	 64kDa	 and	 663	 amino	 acids.		

However,	PAD4	exists	as	a	dimer,	which	increases	enzymatic	activity	(Liu	et	al.,	

2011),	and	so	may	not	exist	in	vivo	at	64kDa.		The	3D	crystal	structures	of	PAD2	

and	 PAD4	 have	 been	 solved,	 in	 active	 Ca2+	 bound	 conformation	 (Slade	 et	 al.,	

2015,	 Arita	 et	 al.,	 2004),	 enabling	 structural	 and	 functional	 characterisation.		

Both	PAD2	and	PAD4	are	composed	of	three	domains,	two	immunoglobulin-like	

fold	(IgLF)	domains	comprised	of	aa1-295	in	the	PAD2	molecule,	and	aa1-300	in	

the	PAD4	molecule,	and	a	catalytic	domain	(CD)	from	aa262-665	and	aa301-663	

in	 PAD2	 and	 PAD4	 molecules	 respectively.	 	 IgLF	 domains	 are	 made	 up	 of	 β-

sheets,	 turns,	 and	 some	 short	 α-helices,	 whereas	 the	 CD	 is	 an	 α-/β-	 propeller	

structure	 of	 ββαβ	 repeats.	 	 The	 CD	 houses	 the	 active	 site,	 composed	 of	 a	

nucleophilic	cysteine,	a	histidine	which	acts	as	a	general	acid	and	base	for	proton	

transfer	 and	 two	 aspartic	 acid	 residues	 involved	 in	 substrate	 stabilising.	 	 Both	

the	 active	 site	 of	 PAD2	 and	 the	 active	 site	 of	 PAD4	 are	 surrounded	 by	 Ca2+	

binding	sites,	which	are	required	for	enzymatic	turnover.		Five	Ca2+	binding	sites	

are	conserved	between	all	PADs,	and	PAD2	has	one	additional,	i.e.	6	in	total.		The	

nomenclatures	 used	 in	 publications	 by	 Slade,	 Arita,	 and	 their	 colleagues	 differ	

slightly,	but	it	can	be	surmised	from	both	studies	that	initial	binding	of	two	(for	

PAD2)	or	three	(for	PAD4)	Ca2+	ions	stabilises	the	enzyme,	but	does	not	enable	it	

catalytically.	 	 Binding	of	 the	 remaining	 four	 or	 two	Ca2+	 ions	 (PAD2	and	PAD4	

respectively)	then	induces	a	confirmation	change	to	enable	enzymatic	turnover.			
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Activity	of	bacterial	deiminases	

PPAD	belongs	to	the	guanidino	modifying	superfamily	of	enzymes	(GMEs)	with	

arginine	 deiminase	 (ADI),	 L-arginine:glycine	 amidinotransferase	 (AT),	 Nω,	 Nω-	

dimethylarginine	dimethylamino	hydrolase	 (DDAH),	 agmatine	deiminase	 (AIH)	

and	 arginine	 succinyltransferase	 (AstB).	 	 Like	 the	 mammalian	 PAD,	 GMEs	 are	

characterised	by	a	key	nucleophilic	cysteine	(Rodriguez	et	al.,	2010),	required	to	

modify	 the	 arginine	 or	 arginine	 analogue	 substrate	 (Linsky	 and	 Fast,	 2010).		

However,	PPAD	is	distinct	 from	human	PADs	 in	a	number	of	ways:	1)	a	 lack	of	

requirement	for	Ca2+	ions	for	enzymatic	activity,	2)	an	ability	to	citrullinate	both	

free	 L-arginine	 and	 peptidyl-arginine	 residues,	 3)	 C-terminal	 substrate	

specificity,	and	4)	lack	of	sequence	homology	with	mammalian	PADs.				
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Aims	of	the	study	

The	aim	of	 this	project	was	 to	elucidate	 the	 link	between	P.	gingivalis	 infection	

and	RA	by	characterising	PPAD	in	vitro	and	determining	the	immune	response	to	

PPAD,	RgpB,	and	PgEnolase	in	vivo	using	patient	cohorts	and	murine	models.		

Chapter	2:	Expression,	purification	and	crystallisation	of	recombinant	PPAD	

1. Develop	a	productive	recombinant	expression	system	for	PPAD.	

2. Solve	the	3D	crystal	structure	of	PPAD	and	use	structural	information	to	

investigate	mechanisms	of	action.	

Chapter	3:	Characterisation	of	PPAD	in	vitro	

3. Characterise	 PPAD	 activity	 in	 vitro.	 	 Using	 truncated	 PPAD	 isoforms,	

investigate	the	domains	required	for	enzymatic	function.		

4. Compare	the	activity	of	PPAD	to	PAD2	and	PAD4.	

Chapter	4:	PPAD,	RgpB	and	PgEnolase	in	vivo:	murine	models	

5. Measure	 antibody	 production	 and	 splenocyte	 responses	 in	 mice	

immunised	with	PPAD,	RgpB,	and	PgEnolase.	

6. 	Investigate	antibody	responses	to	PgEnolase	as	a	mechanism	for	breach	

of	tolerance	to	α-enolase.	

Chapter	5:	PPAD,	RgpB	and	PgEnolase	in	RA:	human	cohorts	

7. Measure	 antibody	 reactivity	 to	P.	gingivalis	 proteins	 in	 RA	 patient	 sera,	

and	compare	antibody	responses	to	PgEnolase	and	human	α-enolase.	

8. Determine	 the	 effect	 of	 non-surgical	 PD	 therapy	 on	 anti-P.	 gingivalis	

antibody	and	ACPA	levels	in	RA	and	PD	patients.	
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Chapter	2	 Expression,	purification	and	crystallisation	of	PPAD	

Background	

Citrullination	by	PPAD	during	P.	gingivalis	 infection	has	been	 implicated	 in	 the	

aetiology	 of	 RA.	 	 Because	 of	 this,	 a	 small	 number	 of	 studies	 have	 aimed	 to	

investigate	 PPAD	 activity	 and	 function	 using	 enzymes	 isolated	 from	 the	 P.	

gingivalis	bacterium,	or	purified	from	recombinant	systems	(McGraw	et	al.,	1999,	

Rodriguez	 et	 al.,	 2009,	 Abdullah	 et	 al.,	 2013).	 	 PPAD	 is	 a	 four-domain	 protein	

comprising	the	N-terminal	signal	peptide	(NtSP);	the	catalytic	domain	(CD);	the	

immunoglobulin-like	 fold	(IgLF);	and	the	C-terminal	domain	(CTD).	 	 It	contains	

556	amino	acids,	with	an	expected	molecular	weight	of	62kDa.			

McGraw	and	colleagues	purified	PPAD	from	the	culture	supernatant	of	a	mutant	

P.	gingivalis	strain,	and	were	the	first	to	demonstrate	that	PPAD	is	secreted	from	

P.	gingivalis	 in	 a	 truncated	 form	 of	~46kDa	 (McGraw	 et	al.,	 1999).	 	 They	 then	

characterised	the	optimal	temperature	of	enzymatic	activity	of	PPAD	(55°C),	the	

effects	of	freezing	the	enzyme	(not	detrimental),	and	efficacy	of	inhibitors:	Nα-L-

arginine	 methyl	 ester	 (L-NAME),	 thiocitrulline,	 thiourea,	 Tosyl-L-lysyl-

chloromethane	 hydrochloride	 (TLCK),	 leupeptin,	 antipain	 and	 cysteine.		

Leupeptin	was	most	effective,	completely	ablating	activity	at	5mM,	thiocitrulline,	

cysteine	and	thiourea	also	 fully	 inhibited	activity	at	12.5mM,	25mM	and	50mM	

respectively.	 	 TLCK	 reduced	 activity	 by	 98%	 at	 12.5mM,	 and	 antipain	 and	 L-

NAME	were	 only	 50%	effective	 at	 the	highest	 concentrations	used.	 	 Rodriguez	

and	 colleagues	 cloned	 and	 expressed	 both	 full-length	 PPAD,	 and	 a	 truncated	

recombinant	form	missing	43aa	from	the	N-terminus,	comparable	to	the	46kDa	
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secreted	form.	 	They	reported	the	truncated	form	was	significantly	more	active	

and	stable	than	the	full-length	(Rodriguez	et	al.,	2009).	

Although	 these	studies	have	been	successful	 in	characterising	aspects	of	PPAD,	

they	did	not	provide	mechanisms	 for	 the	properties	observed.	 	 In	 comparison,	

structural	determination	of	mammalian	PAD2	and	PAD4	(Slade	et	al.,	2015,	Arita	

et	 al.,	 2004)	 has	 been	 invaluable	 in	 the	 development	 of	 PAD	 inhibitors,	which	

have	 been	 used	 as	 successful	 prophylaxis	 or	 treatment	 in	 a	 number	 of	 in	 vivo	

disease	models,	including	colitis,	lupus,	atherosclerosis	and	RA	(Chumanevich	et	

al.,	2011,	Knight	et	al.,	2013,	Knight	et	al.,	2014,	Willis	et	al.,	2011,	Kawalkowska	

et	al.,	2016).				

Essential	 to	 the	 hypothesis	 that	 citrullination	 by	 PPAD	 could	 be	 involved	 in	

development	of	ACPA	are	the	multiple	properties	of	PPAD	that	are	distinct	from	

human	 PADs,	 such	 as	 specificity	 for	 C-terminal	 arginine	 substrates.	 	 However,	

the	lack	of	structural	information	from	PPAD	has	made	the	mechanisms	involved	

in	 these	 functional	 differences	 entirely	 speculative,	 as	 direct	 comparison	 to	

mammalian	PADs	cannot	be	made.		

To	this	end,	the	main	aims	of	this	chapter	are:	

• To	develop	an	efficient	expression	system	for	recombinant	PPAD	and	an	

inactive	PPAD	mutant	in	E.coli.	

• To	solve	the	3D	crystal	structure	of	PPAD.	

• To	 use	 3D	 structural	 information	 to	 propose	 mechanisms	 of	 action	 for	

PPAD,	and	contrast	differences	to	mammalian	PADs.	
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Buffers	 	

	
Purification	of	full-length	GST-tagged	PPAD	(flPPAD)		

Glutathione	elution	buffer	
	

50mM	Tris	HCl	pH7.6	

10mM	reduced	glutathione	

Lysis	buffer	
	

90%	BugBuster	Mastermix	

10%	glycerol	

20μl	DNAse/	3L	LB	culture	volume	

Purification	of	truncated	PPAD	(tPPAD)	constructs		

Binding Buffer (BB) 
 
	

500mM NaCl  

5% glycerol 

50mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic	acid (HEPES) (pH7.5) 

20mM imidazole 

Wash Buffer (WB) 
 
	

500mM NaCl  

5% glycerol 

50mM HEPES (pH7.5) 

40mM imidazole 

Elution Buffer (EB) 
 
	

500mM NaCl 

5% glycerol 

50mM HEPES (pH7.5) 

250mM imidazole 

Gel Filtration Buffer (GF) 
	

500 mM NaCl 

5% glycerol 

10mM HEPES (pH 7.5) 
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Measurement	of	PPAD/PAD	activity	

PPAD	buffer	
	
	

50mM	N-cyclohexyl-2-aminoethanesulfonic	acid	

(CHES)	(pH	9.5)		

10mM	dithiothreitol	(DTT)	

PAD	buffer	
	

200mM Tris-HCl (pH 7.4)  

20mM CaCl2  

10mM	DTT	

Colourimetric	detection	reagents	(CDR)	

CDR	A		
	

80mM	2,3-Butanedione	oxime	(DAMO)	

2mM	thiosemicarbazide	(TSC)	

CDR	B	
	

3M	85%	H3PO4		

6M	96-98%	H2SO4	

2mM	NH4Fe(SO4)2·12H2O	(ammonium	ferric	

sulphate	dodecahydrate)	

Western	blotting	

Loading	buffer	
	

1x	NuPAGE®	LDS	sample	buffer	

(LifeTechnologies)	

100mM	DTT	
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Materials	and	methods	

Expression	and	purification	of	recombinant	full-length	GST-tagged	PPAD	(flPPAD)		

A	 recombinant	 expression	 system	 for	 wild	 type	 and	 inactive	 mutant	 GST-His-

tagged	 full-length	 PPAD	 (flPPADWT,	 flPPADC351A)	 was	 previously	 established	 in	

the	Venables	 lab	(Quirke	et	al.,	2014a).	 	Briefly,	an	overnight	(o/n)	culture	was	

prepared	 by	 inoculating	 a	 scraping	 from	 glycerol	 stocks	 into	 sterile	 lysogeny	

broth	 (LB)	 (ThermoFischer)	 with	 30μg/ml	 kanamycin	 monosulphate	 (Kan)	

(Sigma),	and	incubated	at	37°C,	shaking	at	180	rotations	per	minute	(rpm)	o/n.		

Desired	 volumes	 of	 LB	 (30μg/ml	 Kan)	 were	 inoculated	 with	 10ml/L	 of	 o/n	

culture	and	 incubated	at	37°C	shaking	at	180	rotations	per	minute	 (rpm)	until	

the	desired	optical	density	at	600nm	(OD600)	of	0.6-0.8	was	reached,	indicating	

bacterial	 growth	 was	 in	 logarithmic	 phase.	 	 Protein	 expression	 was	 induced	

using	 a	 final	 concentration	 (final	 conc.)	 of	 0.1mM	 isopropyl	 β-D-1-

thiogalactopyranoside	 (IPTG)	 (Calbiochem)	 o/n	 at	 18°C.	 	 Cells	were	 harvested	

from	LB	by	centrifugation	at	3500rpm	for	15min	at	room	temperature	(rt).		Cell	

pellets	were	snap	frozen	at	-80°C	and	thawed	to	disrupt	cells	before	lysis	using	a	

5:1	ratio	of	lysis	buffer:pellet	(v/w).		Soluble	cell	extract	(SCE)	was	isolated	from	

total	 cell	 extract	 (TCE)	 by	 untracentrifugation	 at	 16,000g	 for	 40min	 at	 4°C,	

collected	and	filter	sterilised.			

Stock	glutathione	sepharose	4B	resin	slurry	(80%)	(GE	Healthcare)	was	washed	

x3	 in	 1x	 phosphate	 buffered	 saline	 (PBS)	 before	 resuspension	 to	 a	 working	

concentration	 of	 50%	 slurry	 in	 1x	 PBS.	 	 1ml	 50%	 slurry	 was	 used	 per	 6L	 of	

starting	culture.		Resin	was	added	to	SCE	and	incubated	rotating	for	1hour	rt	to	

bind	 GST-tagged-proteins.	 	 Resin	 was	 filtered	 from	 flow	 through	 (FT)	 on	
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disposable	columns	(Pierce).		Resin	was	washed	x3	with	column	volumes	of	PBS.		

Protein	was	eluted	from	the	column	in	5	steps	using	1ml	of	reduced	glutathione	

elution	buffer	(see	 ‘Buffers’)	and	collected.	 	Protein	concentration	was	assessed	

by	Bradford	assay	using	PierceTM	Coomassie	Plus	(Bradford)	assay	kit	(Thermo	

Scientific).	

Development	of	novel	PPAD	expression	system	at	the	Structural	Genomics	

Consortium	(SGC)	

Development	 of	 PPAD	 constructs,	 expression,	 purification	 and	 crystallisation	

was	done	in	collaboration	with	the	SGC,	and	carried	out	in	their	laboratory	at	the	

University	of	Oxford.		Researchers	involved	are	credited	where	applicable.	

Construct	design	

PPAD	 regions	 for	 cloning	 were	 designed	 by	 Dr	 W.	 W.	 Yue	 (SGC)	 using	 the	

mGenTHREADER	structural	prediction	program,	and	structural	information	from	

the	 enzyme	 agmatine	 iminohydrolase,	 as	 the	 nearest	 comparable	 protein	 to	

PPAD	available.		Truncations	at	the	N-	and	C-terminals	were	designed	to	produce	

ordered	domains,	without	affecting	protein	confirmation	or	function.	

Cloning	

Cloning	and	mutagenesis	were	carried	out	with/by	Dr	N.	Burgess-Brown	and	Ms.	

L.	Shrestha.	

The	 desired	 PPAD	 sequence	 was	 amplified	 from	 the	 full-length	 PPAD	 coding	

sequence	 of	 P.	 gingivalis	 strain	 W83	 using	 forward	 and	 reverse	 primers	 with	

upstream	(5’TACTTCCAATCCATG)	and	downstream	(5’TATCCACCTTTACTGTCA)	

5’	extensions	to	enable	ligation	independent	cloning	(LIC).		A	full	list	of	primers	

used	is	available	in	appendix.		Forward	and	reverse	primers	were	diluted	to	5μM	
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(in	 20-50μl)	 and	 templates	 to	 2.5ng/μl.	 	 A	 PCR	 ‘MasterMix’	 was	 prepared	 as	

below	 and	 21μl	 added	 to	 each	 well	 of	 a	 96	 well	 plate.	 	 Primers	 (1.5μl)	 and	

templates	(2.5μl)	were	then	added	to	corresponding	wells.			

PCR	MasterMix	1	
	 x1	 x100	
Pfx	buffer	(10x	stock)	 2.5μl	 250μl	
50mM	MgSO4	 0.5μl	 50μl	
10mM	dNTP	mix	 0.75μl	 75μl	
Platinum	Pfx	 0.2μl	 20μl	
Water	 17.05μl	 1.705ml	
Primers	(5uM)	 1.5μl	 	
Template	DNA	(2.5ng/μl)	 2.5μl	 	

	
Standard	PCR	conditions	were	used:	

94°C,	5	min	
(94°C,	30	sec;	52°C,	30	sec;	68°C,	1-3	min)	x30	cycles	
72°C,	10	min	
15°C	hold	

	
3μl	of	each	reaction	was	removed	and	diluted	 in	12μl	of	double	distilled	water	

(ddH2O)	for	analysis	on	a	1.5%	ethidium	bromide	gel,	with	20μl	of	E-gel	marker	

(Invitrogen)	 (diluted	 1:1	 with	 ddH2O).	 	 Correct	 PCR	 products	 were	 identified	

based	on	correct	size,	and	any	necessary	repeats	carried	out	until	all	successful	

products	were	 obtained.	 	 PCR	products	were	purified	using	 a	 PCR	purification	

plate	(Millipore)	and	eluted	in	50μl	Tris-	ethylenediaminetetraacetic	acid	(EDTA)	

(TE).	

Plasmid	ligation	

DpnI	Treatment:	 	To	degrade	the	remaining	DNA	template,	1μl	of	DpnI	(diluted	

1:20	 in	 NEBuffer	 2	 (New	 England	 Biolabs)	 was	 added	 to	 each	 product	 and	

incubated	for	1	h	at	37°C.	The	enzyme	was	then	inactivated	at	80°C	for	20min.		

Vector	 Digestion:	 	 5μg	 of	 each	 plasmid	 (pNIC28-Bsa4	 and	 pGTVL2)	 was	

linearised	with	 3μl	 BsaI,	 10μl	NEBuffer	 3	 (New	England	Biolabs),	 and	1μl	 BSA	
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(New	 England	 Biolabs)	 in	 a	 final	 volume	 of	 100μl	 ddH2O,	 and	 incubated	 for	 2	

hours	at	50°C.	

T4	 Treatment:	 	 PCR	 products	 and	 digested	 vectors	 were	 treated	 with	 T4	

polymerase	 to	 enable	 LIC.	 	 Products	 and	 vectors	 were	 mixed	 as	 below	 and	

incubated	for	30	min	at	22°C	then	20	min	at	75°C	in	a	thermocycler.	

PCR	products	 Vectors	
5μl	DNA	 50μl	BsaI-digested	plasmid	
1μl	NEBuffer	2	 10μl	NEBuffer	2	
0.25μl	Novagen	T4	DNA	polymerase		 2.5μl	Novagen	T4	DNA	polymerase	
1μl	dCTP	25mM	 10μl	dGTP	(25mM)	
0.5μl	100mM	DTT	 0.5μl	1M	DTT	
0.2μl	BSA	(NEB)	 1μl	BSA	(NEB)	
2.05μl	water	 21.5μl	water	
Total:	10μl	 Total:	100μl	

	
Ligation:	 1μl	 of	 vector	 was	 ligated	 with	 2μl	 of	 insert	 for	 30	 min	 at	 rt,	 then	

transferred	to	ice.			

Transformation	

40μl	 of	 competent	 MACH-1	 cells	 were	 added	 to	 the	 ligated	 vector/insert	 and	

incubated	 on	 ice	 for	 30min,	 heat	 shocked	 at	 42°C	 for	 45	 seconds	 and	 chilled	

briefly	 before	 adding	 100μl	 of	 super	 optimal	 broth	 with	 catabolite	 repression	

(SOC)	medium	 (in	 house).	 	 Cells	 were	 covered	with	 porous	 adhesive	 film	 and	

incubated	for	60min	at	37°C.	

100μl	 of	 transformed	 cells	 were	 plated	 onto	 LB	 agar	 with	 50μg/ml	 Kan,	

containing	5%	sucrose	for	SacB	gene	selection,	and	incubated	o/n	at	37°C.	

One	 colony	 was	 picked	 from	 each	 plate	 for	 colony	 PCR	 screening	 using	 the	

following	primers:	pLICF	and	pLICR	for	pNIC28-Bsa4,	and	pGEX5’	and	pLICR	for	

pGTVL2.	
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Colony	screen	

Forward	and	reverse	primers	were	mixed	to	10uM	and	MasterMix	prepared	as	

below.	

PCR	MasterMix	2	 x1	 x100	
Bioline	10x	buffer	 2μl	 200μl	
Bioline	MgCl2	 0.6μl	 60μl	
DMSO		(100%)	 0.6μl	 60μl	
dNTPs	(2mM)	 2μl	 200μl	
Primer	mix	(10uM	each)	 2μl	 200μl	
Bioline	Tag	Red	Polymerase		 0.4μl	 40μl	
Water	 12.4μl	 1.24ml	
Total	 20μl	 2ml	

	
Individual	colonies	were	inoculated	into	20μl	of	reaction	mix	in	wells	of	a	96	well	

plate	 for	 PCR,	 and	 the	 inoculating	 loop	 was	 immediately	 transferred	 to	

corresponding	positions	in	a	96	well	block	with	1ml	LB	with	50μg/ml	Kan.		Plate	

was	covered	with	ABgene	adhesive	film	and	the	block	with	porous	film.		Cultures	

in	block	were	incubated	o/n	at	37°C	700rpm	and	330μl	glycerol	was	added	for	

long-term	storage	at	-80°C.	

DNA	was	amplified	from	colonies	by	thermocycling	as	below:	

94°C,	10	min	
(94°C,	30	sec;	50°C	30	sec;	72°C,	1-3	min)	x25	
72°C	5	min	
15°	hold	

10μl	 of	 PCR	 products	 were	 analyzed	 on	 an	 ethidium	 bromide	 agarose	 gel	 to	

confirm	correct	product	size.	

A	DNA	mini-prep	kit	(Qiagen)	was	used	to	extract	DNA	from	the	MACH-1	cloning	

strain,	 which	 was	 transformed	 into	 in	 house	 Escherichia	 coli	 Rosetta	 cells	

BL21(DE3)-R3-pRARE2	cells	using	the	transformation	protocol	as	before.	

Site	directed	mutagenesis 

To	generate	tPPADC351A,	cysteine	residue	351	was	replaced	with	alanine	(A),	 to	

generate	mutants	 tPPADR152/4A	and	 tPPADR152/4Q,	 arginine	 residues	Arg152	and	
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Arg154	 were	 replaced	 with	 alanine	 (A)	 or	 glutamine	 (G),	 and	 to	 create	

tPPADR152A	 and	 tPPADR154A	the	 two	 arginine	 residues	were	mutated	 to	 alanine	

(A)	 separately.	 	 Site	 directed	 mutagenesis	 using	 the	 megaprimer	 method	 was	

carried	out	as	described	(Sarker	&	Sommer,	1990)	to	create	these	mutants.	

Mutagenic	 primers	 were	 designed	 by	 Ms.	 L.	 Shrestha	 using	 vector	 NTI	 and	

ExPASy	 programs	 (http://www.expasy.org/).	 	 A	 20-30mer	 primer	 sequence	

around	 the	 mutation	 was	 used	 as	 the	 forward	 primer,	 and	 a	 reverse	 created	

using	 sequence	 massager	 program	

(http://www.attotron.com/cybertory/analysis/seqMassager.htm).	 	 These	 were	

then	 synthesised	 for	use	 in	PCR.	 	 For	 the	 first	 round	of	PCR,	 separate	 reaction	

mixtures	 were	 prepared	 with	 5'	 primer	 &	 mutagenic	 reverse	 or	 3'	 primer	 &	

mutagenic	forward	as	below:	

HercII	buffer	(5x	stock)	 5μl	
dNTPs	(10mM)	 0.75μl	
HercII	polymerase	 0.25μl	
Water	 15μl	
Primers	(5μM)	(LIC	&	Mut)	 1.5μl	
Template	(2.5ng/μl)	 2.5μl	
Total	 25μl	

Thermocycler	conditions	were	used	as	below:	 	 	 	

	 94°C,	10	min		
	 (95°C,	30	sec;	50°C,	30	sec;	68°C,	1	min*)	x20		
	 68°C,	5	min		
	 15°C	hold	
	
50μl	 of	 reaction	 volume	 was	 analysed	 on	 ethidium	 bromide	 agarose	 gel	 to	

confirm	 correct	 product	 size.	 	 PCR	 products	 from	 round	 1	 of	 PCR	 create	

‘Megaprimers’	for	the	second	round	of	PCR,	ie	Mut	forward	and	LIC	reverse	act	

as	‘MegaR’,	LIC	forward	and	Mut	reverse	act	as	‘MegaF’.		The	most	successful	PCR	

reaction	 determined	 by	 agarose	 gel	 was	 used	 for	 PCR	 2.	 PCR	 products	 were	

purified	 using	 the	 InVitrogen	 (Life	 Technologies)	 PureLink	 quick	 PCR	
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purification	kit	as	per	manufacturers	instructions.		For	the	second	round	of	PCR	

the	reaction	was	prepared	with	MegaF	primer	&	3'	primer	or	5'	primer	&	MegaR	

primer	as	below:	

HercII	buffer	(5x	stock)	 5μl	
dNTPs	(10mM)	 0.75μl	
HercII	polymerase	 0.25μl	
Water	 15μl	
Primers	(LIC	&	Megaprimer)	 1.5μl	 (2.5μl	 of	 each	 diluted	 in	 45μl	 of	

water)	
Template	DNA	(2.5ng/μl)	 2.5μl	
Total	 25μl	

Thermocycler	conditions	were	used	as	below:	 	

 94°C,	10	min		
	 (95°C,	30	sec;	50°C,	30	sec;	68°C,	1.5	min*)	x20	cycles	
	 68°C,	5	min		
	 15°C	hold	
Correct	product	size	was	confirmed	on	ethidium	bromide	agarose	gel	as	before.		

PCR	products	were	purified,	 and	 further	 cloning	and	purification	 strategies	 for	

all	constructs	and	mutants	remained	the	same.		 

PPAD	expression	

Following	 cloning,	 test	 expression	 was	 carried	 out	 on	 a	 small	 scale	 (50ml)	 to	

assess	 protein	 expression	 and	 solubility	 levels,	 before	 large	 scale	 (6-12L)	

expression	and	purification	of	viable	constructs.	 	Both	follow	the	same	protocol	

unless	stated	otherwise.		

An	 o/n	 culture	 was	made	 by	 inoculating	 2ml/250ml	 terrific	 broth	 (TB)	 (with	

1:1000	 kan	&	 chloramphenicol	 (chlor))	with	 an	 ice	 scraping	 from	 the	 glycerol	

stock	of	desired	expression	construct	and	incubated	o/n	at	37°C.	

The	o/n	culture	was	checked	for	dense	growth	and	inoculated	1:100	in	TB	(with	

1:1000	kan/chlor),	which	was	incubated	at	37°C	shaking	at	180rpm	until	OD600	

of	0.6-0.8	was	reached	(2-3hours	(h)),	at	which	point	temperature	was	reduced.	

When	cultures	reached	18°C	protein	expression	was	induced	with	a	final	conc.	of	
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0.1mM	IPTG	and	incubated	o/n	at	18°C.		Cells	were	harvested	by	centrifugation	

at	3000rpm	for	15min.		Pellets	were	resuspended	in	2:1	(v:v)	binding	buffer	(BB)	

with	1:1000	(v:v)	EDTA	free	protease	 inhibitors	(Merck-Millipore).	 	Cell	pellets	

from	 small-scale	 cultures	 were	 lysed	 by	 sonication	 for	 10min	 at	 35%	 power	

(10sec	pulse,	10sec	off).	 	To	 lyse	 large-scale	pellets,	 liquefied	pellet	was	passed	

through	a	mechanical	cell	breaker	at	15KPa	(Mark	30)	5-6	times	until	lysis	was	

confirmed	by	colour	and	texture	change.			A	TCE	sample	was	kept	for	SDS-PAGE	

before	 the	 SCE	 was	 isolated	 by	 centrifugation	 at	 4,500rpm	 for	 10min	 (small	

scale)	or	35,000g	for	60min	(large	scale).	 	SCE	was	collected	and	a	sample	kept	

for	 Sodium	 Dodecyl	 Sulphate-PolyAcrimide	 Gel	 Electrophoresis	 (SDS-PAGE)	

before	purification.	

PPAD	purification	

Talon Co2+	resin	(Clontech)	was	used	for	affinity	purification.		Required	volumes	

were	prepared	as	detailed	below.		

Talon	resin	preparation:	 	Talon	resin	binds	10mg	protein/ml	resin	on	average.			

The	required	bed	volume	was	estimated	based	on	similar	previous	experiments	

and	 prepared.	 	 Storage	 ethanol	 was	 removed	 and	 resin	 washed	 x3	 by	

centrifugation	(3,000rpm	for	1min)	before	final	resuspension	1:1	in	BB.		 	

Small	scale:	Resin	was	added	to	 the	column	and	allowed	to	settle	before	 lysate	

was	 added	 and	 run	 though.	 	 Column	was	washed	with	 2x	 500μl	 BB,	 2x	 500μl	

wash	buffer	(WB).		Protein	was	eluted	with	250μl	elution	buffer	(EB)	and	stored.	

Large	scale:		Resin	was	added	to	SCE	and	rotated	for	1-2h	at	4°C	to	‘batch	bind’.		

SCE	 incubated	with	 resin	was	 added	 to	 a	 column	and	 allowed	 to	 flow	 through	

while	 the	 resin	 settled.	 	 Flow	 through	was	 collected	 as	 ‘FT’.	 	 Two	 10x	 column	
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volume	washes	with	BB	were	applied	to	the	column	and	collected	as	‘BB1’,	‘BB2’,	

two	10x	column	volume	washes	with	WB	were	applied	and	collected	as	 ‘WB1’,	

‘WB2’,	and	five	2x	column	volume	wash	of	EB	washes	were	applied	and	collected	

as	‘E1-E5’.		

Sodium	Dodecyl	Sulphate-PolyAcrimide	Gel	Electrophoresis	(SDS-PAGE)	

TCE,	 SCE,	 and	 FT	were	 diluted	 1:20	 in	 BB.	 	 All	 other	 fractions	 were	 analysed	

without	dilution.		5μl	of	loading	buffer	(see	‘Buffers’)	was	added	to	15μl	of	each	

sample.	 	 Samples,	were	 heated	 to	 95°C	 for	 5min	 before	 being	 resolved	 on	 12-

14%	 Novex®	 NuPAGE®	 Bis-Tris	 gels	 (LifeTechnologies)	 in	 3-(N-

morpholino)propanesulfonic	 acid	 (MOPS)	 buffer	 (ThermoFisher),	 with	 5μl	

BioRad	 protein	marker,	 at	 175V	 for	 40min.	 	 SDS-PAGE	 gels	were	 stained	with	

Coomassie	blue	(ThermoFisher)	to	identify	proteins.	

Tobacco	Etch	Virus	(TEV)	protease	cleavage	

A	20μl	sample	of	eluted	protein	was	incubated	o/n	at	4°C	with	2μl	tobacco	etch	

virus	 (TEV)	 protease	 (in	 house)	 to	 test	 cleavage	 of	 the	 His-tag.	 	 A	 sample	 of	

protein	with	 and	without	 protease	was	 resolved	 by	 SDS-PAGE	 to	 determine	 if	

cleavage	was	successful.			

To	 cleave	 His-tag	 from	 the	 whole	 protein	 sample,	 1mg	 protease	 per	 20mg	

protein	was	added	and	incubated	o/n	before	Co2+-NTA	affinity	chromatography	

was	repeated	to	remove	the	cleaved	fusion	tag	and	TEV	protease.			

Size	exclusion	chromatography	

For	 further	 purification	 by	 size	 exclusion	 chromatography	 proteins	 were	

concentrated	until	 a	volume	≤3ml	was	reached.	 	A	Superdex	s200	column	was	

used	in	an	ÄktaExpress	system	which	had	been	calibrated	with	gel	filtration	(GF)	
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buffer	according	to	manufacturers	protocol.	 	Protein	samples	were	fractionated	

through	 the	 column,	 and	 the	 resulting	 chromatogram	 was	 analysed	 for	 peaks	

representing	 proteins	 of	 the	 target	 proteins	 molecular	 weight.	 	 Fractions	

corresponding	 to	 these	 peaks	 were	 resolved	 by	 SDS-PAGE	 and	 stained	 with	

Coomassie	 (ThermoFisher)	 to	 identify	 protein	 content.	 	 Fractions	 containing	

PPAD	protein	with	no	major	contaminants	were	pooled	and	stored.	

Characterisation	of	tPPADWT	and	tPPADC351A	

Differential	scanning	fluorimetry	(DSF)	

Stability	 of	 PPAD	 in	 varying	 buffer	 conditions	 (pH,	 NaCl	 concentration)	 and	

temperatures	was	measured	by	differential	 scanning	 fluorimetry	 (DSF).	 	 1μl	of	

tPPAD	(5mg/ml)	was	combined	with	1μl	of	100x	SYPRO®	Orange	protein	stain	

(Sigma),	and	added	to	18μl	of	buffer	of	the	desired	composition.		A	buffer	system	

described	by	Newman	(Newman,	2004)	was	used,	which	comprises	seven	broad-

range	 buffer	 systems,	which	 have	 stable	 pH	with	 varying	 chemistry.	 	 The	DSF	

method	 is	 detailed	 in	 the	 SGC	 protocol	 (Niesen	 et	 al.,	 2007).	 	 Briefly,	 melting	

temperature	 (Tm°C)	 is	 measured	 as	 midpoint	 of	 protein	 denaturation.		

Measurement	 of	 Tm°C	 uses	 a	 fluorescent	 dye	 that	 is	 quenched	 in	 aqueous	

solution,	but	becomes	highly	fluorescent	in	non-polar	environments,	such	as	the	

hydrophobic	sites	on	unfolded	proteins.			

PPAD	activity	assay-	colourimetric	detection	of	citrulline	

The	 colourimetric	 assay	 for	 citrullination	 activity	 was	 used	 as	 previously	

described	 (Rodriguez	 et	 al.,	 2009).	 	 Briefly,	 specified	 concentrations	 of	 PPAD	

constructs	or	human	PAD2	or	PAD4	were	incubated	in	duplicate	in	96	well	Co-

star	plates	with	20mM	Nα-	benzoyl-L-arginine	ethyl	esther	hydrochloride	(BAEE)	
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(Sigma)	 or	 5mM	 concentration	 of	 fibrinogen	 peptides	 FibA-R	

(CESSSHHPGIAEFPS-R),	or	FibA-R-XX	(CESSSHHPGIAEFPS-R-GK)	(Pepceuticals),	

or	short	synthetic	peptides	(Arg-Ala,	Gly-Arg,	Arg-Gly-Gly,	Met-Arg-Phe)	in	PPAD	

or	PAD	buffer	(see	‘Buffers)	for	1h	at	37	°C.		Substrate	only	wells	were	used	for	

blank	 measurements	 and	 a	 standard	 curve	 of	 0-500μM	 of	 L-citrulline	 was	

included	 for	 calculations.	 	 Citrulline	 produced	 was	 measured	 by	 addition	 of	

200μl/well	 of	 developing	 reagent,	 prepared	 using	 a	 1:3	 ratio	 of	 developing	

reagent	A	to	reagent	B,	(see	‘Buffers’)	and	incubated	at	95°C	for	15	min.		The	plate	

was	cooled	briefly	on	ice	before	absorbance	was	measured	at	540nm.		Citrulline	

produced	was	 calculated	using	 absorbance	 reading	of	 the	L-citrulline	 standard	

curve	in	Microsoft	Office	Excel.	

Standardisation	of	protein	concentration	

For	all	assays	protein	concentration	was	standardised	using	the	NanoDrop	A280	

module	and/or	Bradford	assay.	

Crystallisation	of	recombinant	tPPADWT	and	tPPADC351A	

Prior	 to	 crystallisation,	 recombinant	 proteins	 were	 concentrated	 by	

centrifugation	 at	 3,500rpm	 at	 4°C	 using	 10kDa	molecular	weight	 (mw)	 cut	 off	

spin	 concentrator	 columns	 until	 concentration	 >10mg/ml	 was	 achieved.			

Crystallisation	 plates	 of	 PPAD	 constructs	 were	 set	 up	 using	 Mosquito	

crystallisation	 robot	 (TPP	Labtech)	 and	 incubated	at	 room	 temperature	 (20°C)	

and	4°C.	 	 The	 vapour	diffusion	method	was	used	with	 sitting	drops	 in	2:1,	 1:1	

and	1:2	protein:	precipitant	ratios,	incubated	over	a	20μl	reservoir	of	precipitant.		

A	 range	 of	 commercially	 available	 precipitant	 screens	 with	 different	 chemical	

compositions	 was	 used	 to	 identify	 crystallisation	 conditions.	 	 Crystals	 of	
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tPPADWT	 and	 tPPADC351A	 were	 obtained	 by	 mixing	 150nL	 of	 protein	 solution	

(12mg/ml	 and	 15mg/ml	 respectively)	 with	 300nL	 precipitant	 solution	 (30%	

PEG5000MME,	200	mM	ammonium	sulfate	and	100	mM	MES	pH	6.5)	and	(22%	

PEG3350,	100	mM	lithium	sulfate	and	100	mM	bis—tris	pH	5.5)	for	tPPADWT	and	

tPPADC351A	 respectively.	 	 All	 crystals	 were	 cryoprotected	 with	 25%	 ethylene	

glycol	solution	mixed	with	reservoir	buffer	and	cryocooled	in	liquid	nitrogen.		

Structural	determination	of	tPPADWT	and	tPPADC351A	

Structural	determination	was	carried	out	by	Dr	J.	Kopec	at	the	SGC.		All	images	of	

structures,	analyses	made,	or	conclusions	drawn	in	this	work	were	made	by	me.	

The	diffraction	data	were	 collected	 at	Diamond	Light	 Source	 (Didcot,	UK).	 The	

diffraction	data	were	processed	using	XIA2	(Evans,	2006,	Kabsch,	2010,	Sauter	et	

al.,	 2004,	Winter	et	al.,	 2013),	 and	scaled	with	Aimless	 (Evans	and	Murshudov,	

2013)	 in	 the	 CCP4	 suite	 (Collaborative	 Computational	 Project,	 1994).	 The	

structure	was	solved	by	molecular	replacement	using	sequence	alignments	with	

>100	 proteins,	 identified	 using	 a	 homology	 detection	 program	

(https://toolkit.tuebingen.mpg.de/hhpred),	 and	 fragments	 identified	 using	 the	

robetta	 server	 (https://www.phenix-

online.org/documentation/reference/mr_rosetta.html#setting-up-for-a-run-of-

mr-rosetta-a-fragment-files-from-the-robetta-server),	 using	 phenix.mr_rosetta	

software.	 	 Coot	 (Emsley	 and	 Cowtan,	 2004,	 Emsley	 et	 al.,	 2010)	 and	 refmac5	

(Murshudov	 et	 al.,	 2011)	 were	 used	 for	 further	 building	 and	 refinement,	

respectively.		



	 80	

The	tPPADWT	structure	shows	a	covalent	bond	between	C351	and	Cζ	of	arginine,	

confirmed	by	mass	 spectrometry.	 	The	 refinement	 restraints	 for	 this	 link	were	

calculated	using	JLigand	and	used	in	the	late	stage	of	refinement	in	refmac.	

Structural	modeling	of	tPPAD,	PAD2	and	PAD4	

3D	 images	 were	 created	 and	 edited	 using	 MacPyMol.	 	 For	 tPPADWT	 and	

tPPADC351A	 coordinates,	 Protein	 Data	 Base	 (pdb)	 entries	 deposited	 by	 our	 lab,	

5AK7	 and	 5AK8	 respectively	 were	 used.	 	 For	 PAD2	 and	 PAD4	 models	 were	

created	based	on	the	pdb	entries	4N20	(Slade	et	al.,	2015)	and	IWD9	(Arita	et	al.,	

2004)	 respectively.	 	 For	 superimposition	 of	 PPAD	 domains	 with	 agmatine	

deiminase,	 dimethylarginine	 dimethylaminohydrolase	 and	 fibronectin	 type	 III	

protein	pdb	entries	3HVM,	2CI3	and	4WTX	were	used	respectively.	

Sequence	alignment	

Sequence	 alignments	 were	 carried	 out	 using	 the	 Kalign	 algorithm	 at	

http://www.ebi.ac.uk/Tools/msa/	 or	 ClustalW	 at	

http://www.ebi.ac.uk/Tools/msa/clustalw2.		

Statistical	analysis	of	PPAD	activity	

Statistical	differences	between	activities	of	various	PPAD	clones	were	calculated	

using	an	unpaired	t-test	in	Microsoft	Excel.		Differences	were	considered	

statistically	significant	if	p	≤	0.05.	

	



	 81	

Results	

Purification	of	recombinant	full-length	PPAD	(flPPAD)	

An	 E.coli	 based	 expression	 system	 for	 a	 full-length,	 GST-tagged	 recombinant	

form	of	both	wild-type	(flPPADWT),	and	inactive	mutant	(flPPADC351A)	PPAD	was	

previously	established	in	the	Venables	group.		Initial	expression	and	purification	

using	these	flPPADWT/C351A	constructs	yielded	low	quantities	of	protein	with	high	

levels	 of	 contaminants	 (Figure	 2.1A).	 	 One	 major	 contaminant	 was	 an	 excess	

production	of	free	GST	fusion	protein,	which	suggests	a	mutation	in	the	plasmid,	

and	resulted	in	significant	difficulties	in	purifying	the	protein	and	removing	the	

fusion	 tag.	 	 	 flPPADWT	 purified	 using	 this	 system	 was	 active	 in	 citrullinating	

arginine	analogue	BAEE,	producing	~250μM	citrulline/μg	enzyme	(Figure	2.1B).	

	

Figure	2.1	 Purification	 of	 full-length,	 GST-tagged,	 recombinant	 PPAD.	 	 A)	 flPPADWT	 and	

flPPADC351A	were	purified	 from	 lysed	E.coli	 using	glutathione	 sepharose	 resin,	 and	eluted	 in	8x	

1ml	 washes	 with	 reduced	 glutathione	 elution	 buffer	 (Elution1-8).	 	 Protein	 was	 analysed	 on	

Coomassie	stained	SDS-PAGE	gel.		flPPADWT	and	flPPADC351A	migrated	~100kDa	(arrows	1	and	2)	

with	 free	 GST	 fusion	 protein	which	migrated	~25kDa	 (arrow	 3).	 	 B)	 Activity	 of	 flPPADWT	 and	

flPPADC351A	was	measured	by	colourimetric	detection	of	citrulline	assay.	 	 flPPAD	was	incubated	

with	20mM	BAEE	for	1h	at	37°C	and	citrulline	produced	measured.		Values	are	n≥2±SD	**p≤0.01.				
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Development	of	novel	PPAD	expression	systems	for	structural	determination	

The	 flPPADWT/C351A	 protein	 obtained	 from	GST-tagged	 expression	 systems	was	

not	 suitable	 for	 use	 in	 crystallisation	 due	 to	 poor	 expression	 levels	 and	 low	

purity.	 	 At	 this	 point	 collaboration	 was	 formed	 with	 the	 Structural	 Genomics	

Consortium,	University	of	Oxford	(SGC),	to	use	their	high	throughput	structural	

biology	platform.	 	The	SGC	pipeline	 comprises	7	main	 component	 steps,	which	

create	a	highly	efficient	path	to	protein	crystallisation	(Figure	2.2).		

	
Figure	2.2	 High-throughput	 Structural	 Genomics	 Consortium	 pipeline	 for	 protein	

crystallisation.	
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PPAD	construct	design	

Structural	information	from	agmatine	iminohydrolase	(AIH)	was	used	to	design	

PCR	 fragments	 around	 the	 4	 main	 domains	 of	 PPAD,	 namely	 the	 N-terminal	

signal	 peptide	 (NtSP)	 (aa1-49),	 catalytic	 domain	 (CD)	 (aa50-360),	

immunoglobulin-like	 fold	 (IgLF)	 (aa361-463),	 and	 C-terminal	 domain	 (CTD)	

(aa464-556)	 (Figure	 2.3).	 	 Four	 forward	 (blue	 arrows	 on	 Figure	 2.3)	 and	 3	

reverse	 (red	 arrows	 on	 Figure	 2.3)	 primers	 were	 synthesised	 to	 create	 7	

different	N-	 and	 C-terminal	 boundaries.	 	 In	 the	 first	 phase	 of	 construct	 design	

these	were	 used	 in	 a	 number	 of	 combinations	 to	 create	 12	 protein	 constructs	

(c001-c012),	which	were	either:	full-length,	NtSP	and	CD,	or	the	CD	only.		These	

constructs	were	 designed	with	 the	 aim	 to	maintain	 protein	 activity	 but	 create	

ordered	domains	 that	would	 crystallise	 readily.	 	 For	each	of	 the	12	 constructs,	

corresponding	 sequences	 containing	 the	 C351A	mutation	 known	 to	 inactivate	

the	enzyme	were	also	designed.	

	

Figure	2.3	 ‘Phase	1’	construct	design	for	PPAD.		Full-length	PPAD	was	used	as	a	template	

to	 design	 a	 library	 of	 novel	 constructs	 with	 varying	 N-	 and	 C-terminal	 truncations.		

Combinations	of	 four	 forward	and	 three	 reverse	primers	 (marked	with	blue	and	red	arrows	

respectively)	created	twelve	PPAD	domains.	
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Cloning,	transformation	and	test	expression	of	PPAD	constructs	

Following	 construct	 design,	 flPPADWT	 was	 used	 as	 a	 template	 from	 which	 to	

amplify	 PCR	 fragments.	 	 To	 maximise	 chances	 of	 expression,	 DNA	 sequences	

were	 ligated	 into	 two	 pET-based	 expression	 vectors:	 pGTVL2,	 which	

incorporates	a	His6	 and	GST	 tag	at	 the	N-terminus	 followed	by	a	TEV	cleavage	

site,	 sites	 for	LIC,	and	 the	SacB	gene	 for	negative	selection	on	5%	sucrose,	and			

pNIC28-Bsa4,	which	 has	 a	His6	 tag	 in	 a	 22aa	N-terminal	 fusion	 peptide	with	 a	

TEV	 cleavage	 site.	 	 The	 vector	 also	 includes	 sites	 for	 LIC	 and	 a	 SacB	 gene.		

Plasmids	 were	 then	 transformed	 into	 competent	 MACH-1	 cells	 to	 confirm	

ligation	 by	 colony	 PCR,	 and	 verified	 clones	 transformed	 into	 Rosetta	 cells	 for	

expression.	 	 All	 constructs	 were	 expressed	 and	 purified	 in	 parallel	 on	 a	 small	

scale	 to	 identify	 constructs	 with	 high	 expression	 and	 solubility,	 for	 use	 in	 the	

large-scale	purification	stages	(Figure	2.4).			

	

Figure	2.4	 Small-scale	 test	 expression	 of	 ‘phase	 1’	 constructs.	 	 Proteins	 were	 expressed	 in	

1ml	E.coli,	purified	using	Ni2+	resin	and	eluted	in	one	step	with	elution	buffer.		Protein	expression	

in	elutions	was	determined	by	SDS-PAGE	and	Coomassie	staining.		Figure	is	a	representative	gel	

depicting	 a	 select	 number	 of	 PPAD	 constructs	 (c007-c012).	 	 *	 Represents	 unrelated	 proteins	

tested	on	 the	same	gel.	 	Two	constructs	 that	purified	successfully	are	 indicated	with	arrows	as	

construct	7	and	10	(c007	and	c010).	
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PPAD	construct	design	‘Phase	2’	

From	small-scale	expression	two	near	full-length	constructs,	construct	c007	and	

construct	 c010,	 expressed	 medium/high	 levels	 of	 soluble	 protein	 (Figure	 2.4)	

suitable	 for	 large-scale	 purification.	 	 Both	 c007	 and	 c010	 and	 their	

corresponding	 C351A	 mutant	 constructs	 were	 purified	 readily	 but	 did	 not	

crystallise.	 	 Therefore	 a	 second	 phase	 of	 construct	 design	 was	 undertaken	

(‘Phase	2’)	with	 the	aim	to	maintain	 the	high	expression	and	solubility	of	c007	

and	c010	but	promote	successful	crystallisation.			

Based	on	the	results	from	the	first	phase	of	purification	trials,	the	pNIC28-Bsa4	

vector	 only	was	 used.	 	 Similarly,	 the	 N-terminal	 truncations	were	 not	 altered,	

although	additional	C-terminal	boundaries	were	designed	to	crop	the	CTD.		This	

created	 an	 additional	 8	 constructs	 (c073-c080)	 (Figure	 2.5).	 	 In	 total,	 57	wild	

type	 and	mutant	 PPAD	 constructs	were	 cloned,	 expressed	 and	 purified	 (Table	

2.1).		In	phase	2,	construct	c073	was	found	to	yield	high	levels	of	soluble	protein,	

which	 was	 purified	 easily,	 and	 was	 used	 in	 further	 studies.	 	 Following	

identification	as	a	candidate	for	crystallisation,	the	C351A	mutant	form	of	c073	

was	 also	 synthesised.	 	 For	 clarity,	 from	 here	 throughout	 this	 work	 these	

constructs	are	named	truncated	PPAD	wild-type	(tPPADWT)	and	truncated	PPAD	

C351A	mutant	(tPPADC351A).			

	

	

Table	2.1	 Summary	 of	 PPAD	 constructs	 created.	 	 Table	 overleaf.	 	 Protein	 sequences	

identified	 during	 construct	 design	were	 cloned	 into	 two	 vectors	 and	 transformed	 into	 Rosetta	

expression	cells.		Expression	of	all	clones	was	tested	in	small-scale	purification	and	protein	yield	

from	 all	 clones	 were	 compared	 to	 identify	 possible	 candidates	 for	 crystallisation.	 	 Clones	

discussed	in	this	chapter	are	highlighted	in	yellow.	
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Table	2.1	 Summary	of	PPAD	constructs	created.		Full	legend	on	previous	page.			

		

Amino	Acid	

Sequence	

pNIC28-Bsa4	Vector	 pGTVL2	Vector	

		

Construct	ID	

Fusion	

Tagged	

mass	

(Da)	

Protein	

mass	

(Da)	

Test	

Yield	

Construct	

ID	

Fusion	

tagged	

mass	

(Da)	

Protein	

mass	

(Da)	

Test	

Yield	

W
ild
	T
yp
e	
Ph
as
e	
I	

Met1-Lys556	 c001	 64283	 61817	 0:	None	 c025	 90025	 61817	 0:	None	

Met1-His366	 c002	 43647	 41182	 0:	None	 c026	 69389	 41182	 0:	None	

Met1-Gly360	 c003	 42829	 40364	 0:	None	 c027	 68571	 40364	 0:	None	

Met41-Lys556	 c004	 59899	 57433	 N/A	 c028	 85641	 57433	 0:	None	

Met41-His366	 c005	 39263	 36798	 0:	None	 c029	 65005	 36798	 0:	None	

Met41-Gly360	 c006	 38445	 35980	 0:	None	 c030	 64187	 35980	 0:	None	

Asn49-Lys556	 c007	 59038	 56572	 3:	Med	 c031	 84780	 56572	 0:	None	

Asn49-His366	 c008	 38402	 35937	 0:	None	 c032	 64144	 35937	 0:	None	

Asn49-Gly360	 c009	 37584	 35119	 0:	None	 c033	 63326	 35119	 0:	None	

Ile58-Lys556	 c010	 58178	 55712	 3:	Med	 c034	 83920	 55712	 5:	High	

Ile58-His366	 c011	 37542	 35077	 0:	None	 c035	 63284	 35077	 0:	None	

Ile58-Gly360	 c012	 36724	 34259	 0:	None	 c036	 62466	 34259	 0:	None	

Cy
s3
51
-A
la
35
1	
M
ut
an
t	

Met1-Lys556	 c013	 64251	 61785	 5:	High	 c037	 89993	 61785	 3:	Med	

Met1-His366	 c014	 43615	 41150	 0:	None	 c038	 69357	 41150	 0:	None	

Met1-Gly360	 c015	 42797	 40332	 0:	None	 c039	 68539	 40332	 0:	None	

Met41-Lys556	 c016	 59867	 57401	 5:	High	 c040	 85609	 57401	 5:	High	

Met41-His366	 c017	 39231	 36766	 0:	None	 c041	 64973	 36766	 0:	None	

Met41-Gly360	 c018	 38413	 35948	 0:	None	 c042	 64155	 35948	 0:	None	

Asn49-Lys556	 c019	 59006	 56540	 5:	High	 c043	 84748	 56540	 5:	High	

Asn49-His366	 c020	 38370	 35905	 0:	None	 c044	 64112	 35905	 0:	None	

Asn49-Gly360	 c021	 37552	 35087	 0:	None	 c045	 63294	 35087	 0:	None	

Ile58-Lys556	 c022	 58146	 55680	 3:	Med	 c046	 83888	 55680	 5:	High	

Ile58-His366	 c023	 37510	 35045	 0:	None	 c047	 63252	 35045	 0:	None	

Ile58-Gly360	 c024	 36692	 34227	 0:	None	 c048	 62434	 34227	 0:	None	

Asn49-Ala484	 c081/tPPADc351a	 51324	 48858	 5:	High	 		 		 		 		

W
ild
	T
yp
e	
Ph
as
e	
II
	

Asn49-Ala484	 c073/tPPADWT	 51356	 48890	 5:	High	
		

		

		

		

		

		

		

		

Asn49-Thr470	 c074	 49898	 47432	 3:	Med	

Asn49-His354	 c075	 36985	 34519	 0:	None	

Asn49-Thr341	 c076	 35496	 33030	 0:	None	

IIe58-Ala484	 c077	 50496	 48030	 1:	Low	

Ile58-Thr470	 c078	 49038	 46572	 1:	Low	

Ile58-His354	 c079	 36125	 33659	 0:	None	

Ile58-Thr341	 c080	 34636	 32170	 0:	None	
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Figure	2.5	 Phase	2	construct	design.	 	 Following	 test	 purification	 of	 constructs	 from	phase	

one,	 a	 number	 of	 additional	 C-terminal	 truncations	 were	 created	 to	 produce	 ordered	 protein	

domains	lacking	the	CTD.		Eight	additional	protein	constructs	were	created.	

	

Expression	and	purification	of	tPPADWT	and	tPPADC351A	

To	 obtain	 protein	 of	 optimal	 purity,	 tPPAD	was	 purified	 from	 E.coli	 cells	 in	 a	

multi-step	process	involving	different	chromatography	procedures	(Figure	2.6).		

Briefly,	 tPPAD	was	purified	 from	the	soluble	cell	extract	of	 lysed	bacterial	cells	

using	Co2+	affinity	resin	which	was	washed	with	binding	buffer	(BB),	wash	buffer	

(WB)	and	elution	buffer	(EB)	which	have	increasing	concentrations	of	imidazole.		

tPPAD	was	eluted	from	Co2+	resin	in	the	moderate	levels	of	imidazole	(40mM)	in	

WB	 and	 high	 imidazole	 (250mM)	 of	 EB.	 	 The	 low	 imidazole	 in	WB	 is	 used	 to	

remove	 any	 non-specific	 endogenous	 proteins	 that	 may	 be	 bound	 due	 to	

naturally	 occurring	 histidine	 clusters,	 but	 may	 also	 elute	 some	 of	 the	 target	

protein.	 	The	WB	and	EB	fractions	containing	most	protein	with	acceptably	low	

levels	of	contaminants	were	purified	 further	by	size	exclusion	chromatography	

(Figure	 2.6B).	 	 Peaks	 identified	 on	 the	 chromatogram	 were	 analysed	 by	 SDS-

PAGE	(Figure	2.6C).		Peak	2	corresponded	to	a	protein	of	~50kDa	and	contained	

the	 target	protein,	whereas	peak	1	 corresponded	 to	a	protein	~100kDa,	which	
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would	suggest	a	high	molecular	weight	protein,	so	was	discarded	(Figure	2.6C).		

Fractions	containing	protein	were	treated	with	TEV	protease	to	remove	the	His-

tag,	 which	 was	 separated	 from	 the	 protein	 preparation	 by	 reverse	 affinity	

column.		FT,	BB,	WB	and	elution	fractions	were	analysed	by	SDS-PAGE,	and	pure	

untagged	protein	collected	for	crystallisation	(figure	2.6D	blue	box).	 	Protein	of	

low	concentration	or	containing	remaining	His-tagged	molecules	was	discarded	

(figure	2.6D	yellow	box).		

	

Figure	2.6	 Representative	 purification	 of	 tPPADC351A.	 	 A)	 Metal	 affinity	 chromatography	

using	 Co2+	 resin.	 	 Bacterial	 cells	were	 lysed	 and	 the	 soluble	 fraction	was	 applied	 to	 Co2+	 resin	

loaded	column	and	allowed	to	flow	through.		Flow	through	(FT),	wash	steps	with	binding	buffer	

(BB1,	 BB2),	 and	 wash	 buffer	 (WB1,	 WB2),	 and	 elution	 fractions	 (E1-5)	 were	 collected	 and	

proteins	 resolved	 by	 SDS-PAGE.	 	 Coomassie	 stained	 SDS-PAGE	 gel	 identified	 concentrated	

tPPADC351A	of	 acceptable	 purity	 in	 fractions	WB1-E2,	 which	were	 pooled	 and	 concentrated	 for	

size	 exclusion	 chromatography	 (indicated	 with	 red	 box).	 	 B)	 Size	 exclusion	 chromatography	

resolved	two	main	peaks.		SDS-PAGE	of	corresponding	fractions	identified	protein	in	peak	2	only	

(C).	 	D)	Fractions	 from	peak	2	were	pooled	and	 incubated	with	TEV	o/n	 to	 cleave	His-tag	 and	

remove	 by	 reverse	 affinity	 chromatography.	 	 Fractions	 with	 highest	 concentration	 of	 pure	

protein	were	pooled	for	crystallisation	trials	(blue	box).	 	Fractions	of	lower	concentration	were	

pooled	separately	for	non-crystallisation	based	assays	(yellow	box).	
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Comparison	of	tPPADWT	and	flPPADWT	

tPPAD	 comprises	 amino	 acid	 sequence	 aa49-484,	 which	 includes	 the	 CD	 and	

IgLF,	whereas	 flPPAD	 comprises	 all	 four	 domains	 (Figure	 2.7A).	 	 Compared	 to	

flPPAD,	 both	 tPPADWT	and	 tPPADC351A	were	 readily	 purified	 and	 yielded	 large	

amounts	of	soluble	protein,	with	more	mutant	protein	expressed	(Figure	2.7B).	

tPPADWT	and	tPPADC351A	expression	yielded	an	average	2mg	and	2.5mg	per	litre	

of	culture	compared	to	0.03mg/L	and	0.13mg/L	for	flPPAD	wild	type	and	mutant	

respectively	(Figure	2.8).	 	 In	addition,	 the	His-tag	was	easily	cleaved	from	both	

tPPAD	constructs,	providing	protein	of	higher	purity	than	flPPAD	(Figure	2.7C).						

	
Figure	2.7	 Expression	and	His-tag	cleavage	of	tPPADWT	and	tPPADC351A	A)	tPPADWT	construct	

from	 aa49-484	 comprises	 catalytic	 domain	 and	 Ig-Like	 fold.	 	 A	 mutant	 form	 tPPADC351A	 has	

identical	 sequence	with	C351A	mutation	 (indicated	by	red	star).	 	B)	Representative	Coomassie	

stained	SDS-PAGE	gel	of	tPPADWT	and	tPPADC351A	expression	in	eluted	fractions	(elution	1-5).		C)	

Cleavage	of	His-tag	from	tPPADWT	and	tPPADC351A	with	TEV.		tPPAD	was	incubated	o/n	with	TEV	

before	 protein	 resolution	 by	 SDS-PAGE	 and	 Coomassie	 gel	 staining.	 	 Successful	 cleavage	 was	

confirmed	by	mass	shift.	
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Figure	2.8	 Comparison	of	tPPAD	and	flPPAD	activity.	 	 Image	shows	expression	of	 tPPADWT	

and	 flPPADWT.	 	 PPAD	 proteins	 were	 expressed	 and	 purified	 from	 E.coli.	 	 Eluted	 fractions	

containing	 expressed	 proteins	 were	 resolved	 by	 SDS-PAGE	 and	 resulting	 gels	 stained	 with	

Coomassie.	 	 tPPADWT	 and	 flPPADWT	 in	 elutions	 are	 indicated	 by	 arrows	 labeled	 1	 and	 2	

respectively.	 	 Table	 shows	 average	 yield	 of	 tPPAD	of	 flPPAD,	 calculated	 based	 on	 a	 number	 of	

purifications	(n>5).			

	

Stability	of	tPPADWT	

Differential	 scanning	 fluorimetry	 (DSF)	was	 used	 to	 measure	 stability	 of	

tPPADWT	by	determining	the	temperature	of	the	denaturation	midpoint	(Tm°C)	in	

a	 range	of	buffers:	BB,	WB,	EB	and	GF	buffers	used	 in	purification	procedures,	

and	buffers	of	increasing	NaCl	concentration	(50mM	-	500mM),	and	pH	(pH4.5	-	

10)	 (Figure	 2.9A).	 	 tPPADWT	 had	 a	 similar	 Tm°C	 in	 all	 NaCl	 concentration	 and	

purification	 buffers	 tested.	 	 pH	 appeared	 to	 have	 the	 greatest	 influence	 on	

stability,	 with	 the	 highest	 Tm°C	 value	 obtained	 with	 pH7,	 although	 tPPADWT	

remained	 stable	 in	 a	 relatively	 broad	 range	 of	 pH	~pH6	 -	 8.5.	 	 Stability	 in	 GF	

buffer	(used	for	size	exclusion	chromatography)	allowed	safe	storage	of	protein	

at	 -80°C	 following	 purification,	 and	 concentration	 of	 protein	 to	 the	 required	

≥10mg/ml	for	crystallisation	without	buffer	exchange.	
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Figure	2.9	 Characterisation	 of	 tPPAD	 in	 vitro.	 	 A)	 Differential	 scanning	 fluorimetry	 (DSF)	

was	carried	out	on	tPPADWT	incubated	at	pH4	-	10,	 in	increasing	NaCl	(50mM	-	500mM)	and	in	

purification	 buffers	 (binding	 buffer	 (BB),	 wash	 buffer	 (WB),	 elution	 buffer	 (BB))	 and	 size	

exclusion	chromatography	(gel	filtration	buffer	(GFB)).		Midpoint	of	denaturation	was	measured	

by	Tm	°C.		B)	Activity	of	tPPADWT	and	tPPADC351A	was	measured	on	synthetic	arginine	BAEE	using	

a	colourimetric	assay	for	detection	of	citrulline.		0.1-1μg	protein	was	incubated	with	20mM	BAEE	

at	37°C	for	1	hour	before	measurement	of	citrulline.		Values	are	n≥2±SD.		*p≤0.05,	**p≤0.01.	

	

	

Activity	of	tPPADWT	and	tPPADC351A	

Activity	 of	 tPPADWT	and	 tPPADC351A	was	measured	 to	 confirm	 the	 enzyme	was	

correctly	folded	and	functional.		tPPADWT,	tPPADC351A	and	flPPAD	were	incubated	

with	 BAEE	 as	 before,	 and	 citrulline	 production	 was	 measured	 using	 the	

colourimetric	assay	for	detection	of	citrulline.		Using	0.5μg/1μg	of	PPAD	enzyme,	

tPPADWT	 was	 significantly	 more	 active	 than	 flPPADWT,	 producing	 ~2x	 more	

citrulline	(Figure	2.9B).	 	 tPPADC351A	displayed	no	activity,	confirming	successful	

mutation	of	the	catalytic	residue.		
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Crystallisation	of	tPPADWT	and	tPPADC351A	

tPPADWT	 and	 tPPADC351A	 were	 concentrated	 in	 centrifugal	 filter	 columns	 to	

12mg/ml	and	15mg/ml	respectively.	 	Crystallisation	trials	were	prepared	using	

a	 number	 of	 commercially	 available	 screens	 that	 contain	 various	 precipitant	

conditions	 conducive	 to	 crystallisation	 for	 a	 diverse	 set	 of	 proteins.		

Crystallisation	 plates	 were	 dispensed	 with	 precipitant	 condition	 and	 protein	

solution	(tPPADWT	or	tPPADC351A)	mixed	in	a	specific	volume	ratio	(2:1,	1:1,	1:2),	

and	 incubated	at	either	20°C	or	4°C.	 	Crystals	of	 tPPADWT	and	tPPADC351A	were	

obtained	 at	 20°C	 by	 vapour	 diffusion	 method	 when	 mixing	 150nL	 of	 protein	

solution	 with	 300nL	 precipitant	 (30%	 PEG5000MME,	 200	 mM	 ammonium	

sulfate	 and	100	mM	MES	pH	6.5)	 and	 (22%	PEG3350,	 100	mM	 lithium	 sulfate	

and	100	mM	bis—tris	pH	5.5)	respectively	(Figure	2.10).			

Crystals	 obtained	 from	 tPPADWT	 and	 tPPADC351A	 were	 mounted	 with	

cryoprotection,	 and	 diffraction	 data	 were	 collected	 at	 Diamond	 Light	 Source1.		

Using	 the	 molecular	 replacement	 method,	 3D	 structures	 were	 determined	 for	

both	 tPPADWT	 and	 tPPADC351A	 to	 1.46Å	 and	 1.48Å	 resolution	 respectively	

(refinement	 statistics	 summarised	 in	 Table	 2.2).	 	 Data	 collection,	 processing,	

model	 building	 and	 refinement	 were	 performed	 by	 Dr.	 J.	 Kopec	 at	 the	 SGC.		

Coordinates	and	structure	factors	were	deposited	at	the	Protein	Data	Bank	with	

pdb	accession	codes	5AK7	(tPPADWT)	and	5AK8	(tPPADC351A).				

	

	

	

1	 Acknowledgements:	 We	 thank	 Diamond	 Light	 Source	 for	 access	 to	 beamline	 I03	 (proposal	
number	mx8421)	that	contributed	to	the	results	presented	here	
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Figure	2.10	 Crystals	obtained	from	tPPADWT	and	tPPADC351A.		Crystals	used	for	data	collection	

are	indicated	with	arrows.	

	

	

The	tPPAD	CD	and	IgLF	form	a	tightly	packed	structure	

The	full	tPPAD	sequence	comprises	aa49-484,	however	visible	regions	revealed	

by	 electron	 density	 maps	 of	 both	 tPPADWT	 and	 tPPADC351A	 depict	 aa49-463,	

suggesting	that	the	aa464-484	region	of	the	protein	is	disordered.	

The	two-domain	structure	of	PPAD	has	the	dimensions	55Å	x	57Å	x	50Å	(h	x	w	x	

d)	(Figure	2.11).		The	structure	comprises	the	CD,	which	adopts	a	canonical	fold	

of	 five	ββαβ	repeat	motifs,	 and	 the	 IgLF.	 	From	 the	 top	 face	of	 the	CD,	 the	 five	

repeats	 form	 five	 ‘blades’	 of	 a	 disfigured	 propeller,	 with	 the	 entrance	 to	 the	

narrow	 binding	 groove	 in	 the	 centre.	 	 On	 the	 other	 face,	 the	 CD	 mediates	

extensive	inter-domain	contacts	with	the	IgLF,	a	4-	and	5-	antiparallel	strand	β-

sandwich.	
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Table	2.2	 Refinement	statistics	for	tPPADWT	and	tPPADC351A	crystal	structures.		

Table	prepared	by	Dr	J.	Kopec.	

	
tPPADWT	 tPPADC351A	

Dataset	 PG1424PGA-d001	 PG1424PGA-d002	

Mutation	 wild-type	 C351A	

Active	site	ligand	 Arg	peptide	 Arg	peptide	

Data	collection	and	processing	

Beamline	 Diamond	I03	 Diamond	I03	

Wavelength	 0.97625	 0.97625	

Unit	cell	parameters	(Å)	 101.860		84.660		55.660	 101.79		84.09		55.460	

(°)	 90.0	92.5	90.0	 90.0	92.64	90.0	

Space	group	 C2	 C2	

Resolution	range	(Å)	 65.08-1.46	(1.50-1.46)	 64.8-1.48	(1.52-1.48)	

Observed/Unique	reflections	 272195/79913	(18093/5724)	253844/73831	(18948/5330)	

Rsym(%)	 0.041	(0.497)	 0.055	(0.535)	

CC	1/2	 0.998	(0.744)	 0.997	(0.812)	

I/sig(I)	 14.3	(2.2)	 10.4	(2.1)	

Completeness	 97.9	(95.0)	 95.3	(93.9)	

Multiplicity	 3.4	(3.2)	 3.4	(3.6)	

Refinement	

Rcryst	(%)	 12.71	 12.72	

Rfree	(%)	 15.32	 16.69	

Wilson	B	factor	(Å2)	 13.92	 15.199	

Average	total	B	factor	for	protein(Å2)	18.13	 19.03	

Average	ligand	B	factor	(Å2)	 27.9	 24.68	

Ligand	occupancy	 1	 1	

R.m.s.d.	bond	length	(Å2)	 0.0061	 0.0127	

R.m.s.d.	bond	angle	(°)	 1.2697	 1.5588	

Molprobity	analysis	

Clashscore	 0.3	(100th	percentile)	 1.5	(99th	percentile)	

Ramachandran	favoured	(%)	 97.64	 97.64%	

Ramachandran	outliers	(%)	 0	 0	

Rotamer	outliers	(%)	 0	 0	
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Figure	2.11	 Crystal	 structure	 of	 tPPADWT	 solved	 to	 1.46Å	 resolution.	 	 A)	 Surface	

representation	 of	 tPPADWT.	 	 Structure	 comprises	 the	 catalytic	 domain	 (CD),	 with	 five	 repeat	

motifs	shown	in	blue,	green,	yellow,	orange,	and	red,	and	the	immunoglobulin-like	fold	(IgLF)	in	

grey.		Structure	was	modelled	with	an	arginine	containing	peptide	bound,	which	is	visible	at	the	

top	face	of	the	CD,	highlighted	with	arrows.	 	B)	Detailed	ribbon	structure	of	tPPADWT	front	face	

and	 rotated	 180°.	 	 CD	 comprises	 five	 ααβα	 repeats	 to	 form	 canonical	 binding	 groove	 for	 the	

arginine	ligand	(modelled	in	grey	sticks	at	the	top	face	of	the	CD).			
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Homology	of	tPPADWT	and	tPPADC351A	domains	
	
The	structures	obtained	for	tPPADWT	and	tPPADC351A	are	superimposable,	with	a	

root	mean	 square	deviation	 (RMSD)	of	~0.09Å	 (Figure	2.12A).	 	 	 This	 indicates	

the	C351A	mutation	 results	 in	 loss	of	 function	 through	mutation	of	 an	 integral	

active	site	residue,	rather	than	perturbation	of	protein	integrity.	

The	 CD	 adopts	 a	 5-blade	 propeller	 structure	 (Figure	 2.12B)	 that	 is	 well	

conserved	between	GMEs	 (Figure	2.12C),	 as	 are	key	 residues	of	 the	 active	 site	

(Figure	 2.12D).	 	 Conversely,	 the	 IgLF	 lacks	 homology	 to	 any	 other	 GME	 and	

shares	 only	 limited	 sequence	 and	 structural	 homology	 with	 a	 variety	 of	

unrelated	fibronectin	type	III	proteins	(e.g.	fibronectin	type	III	from	integrin	β4)	

as	 revealed	 by	 DALI	 structural	 neighbour	 search	 Z-score	 7.4,	 RMSD	 3.2Å,	

sequence	identity	13%	(Figure	2.12E,	F).					

	

The	PPAD	active	site	

The	 base	 of	 the	 CD	 contains	 the	 enzymatic	 active	 site,	 comprising	 conserved	

residues	Asp130,	His236,	Asp238,	Asn297	and	Cys351	(Figure	2.13).	

In	 both	 tPPADWT	and	 tPPADC351A	structures,	 difference	 Fourier	 electron	density	

maps	clearly	 reveal	an	active	site	bound	 ligand.	 	Both	 tPPADWT	and	 tPPADC351A	

were	 crystallised	 ‘as-purified’,	 without	 ligand	 supplementation,	 and	 evidently	

captured	arginine	ligands	from	culture	media	or	during	cell	lysis	of	E.coli.		In	the	

tPPADC351A	structure,	this	is	modelled	as	an	arginine	containing	dipeptide	(Figure	

2.13B),	and	in	the	tPPADWT	structure	as	an	amidino	adduct	of	arginine,	where	its	

Cζ	atom	is	covalently	 linked	to	the	Cys351	sulphur	atom	of	the	enzyme	(Figure	

2.13A).				

	



	 97	

	

Figure	2.12	 Structural	homology	of	 tPPADWT	and	 tPPADC351A.	 	 A)	 Ribbon	 representations	 of	

tPPADWT	(yellow)	and	tPPADC351A	(blue)	show	the	structures	are	superimposable.		B)	The	tPPAD	

catalytic	 domain	 (CD)	 forms	 a	 five-blade	 propeller	 structure.	 	 C)	 Structure	 of	 the	 PPAD	 CD	

(yellow)	 is	 conserved	 amongst	 members	 of	 the	 guanidino	 modifying	 superfamily	 of	 enzymes	

(GMEs)	 including	 agmatine	 deiminase	 (AgDI)	 (purple)	 and	 Nω,	 Nω-dimethylarginine	

dimethylamino	 hydrolase	 (DDAH)	 (blue).	 	 Structures	 of	 AgDI	 and	 DDAH	were	modelled	 using	

pdb	files	3HVM	and	1RXX	respectively.		D)	Active	site	residues	of	PPAD	Asp130,	His236,	Asp238,	

Asn297	 and	 Cys351	 are	 conserved	 amongst	 GME	 family	 members	 DDAH,	 AgDI	 and	 arginine	

deiminase	(ADI).	 	E)	The	PPAD	immunoglobulin	 like	 fold	(IgLF)	(red	strands	and	purple	 loops)	

viewed	 from	 the	 bottom	 face	 of	 the	 PPAD	molecule	 (CD	 shown	 in	 grey).	 	 F)	 The	 IgLF	 shares	

structural	homology	with	fibronectin	type	III	protein	modelled	using	pdb	file	4WTX.	
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Figure	2.13	 The	active	site	of	tPPAD.	 	The	active	 site	 is	harbored	at	 the	base	of	 the	narrow	

binding	groove	within	the	CD.		Arginine	ligand	enters	at	the	top	face	of	the	CD	and	is	stabilised	for	

enzymatic	 turnover	 through	 ionic	 interactions	with	 nitrogens	 (Nη1	 and	Nη2)	 of	 the	 guanidino	

group.		The	active	site	comprises	key	residues	Asp130,	His236,	Asp238,	Asn297,	and	Cys351	(A)	

or	 mutated	 to	 Ala	 (B).	 	 In	 the	 tPPADWT	 structure	 a	 covalent	 bond	 is	 formed	 between	 the	

guanidino	carbon	Cζ	and	sulphur	group	of	the	Cys	residue.		

	

Mapping	of	enzymatic	activity	using	tPPADWT	and	tPPADC351A	

At	the	entrance	to	the	active	site,	ionic	interactions	between	Arg152	and	Arg154	

with	the	arginine	carboxyl	group	secure	the	peptide	in	the	binding	groove,	with	

additional	support	from	Tyr233	(Figure	2.14Ai).		The	peptide	backbone	uses	its	

hydrocarbon	 moiety	 to	 pack	 against	 the	 cavity	 wall,	 positioning	 the	 arginine	

guanidino	 group	 within	 the	 active	 site,	 comprising	 Asp130,	 His236,	 Asp238,	

Asn297	 and	 Cys351	 (Figure	 2.14Aii).	 	 Ionic	 interactions	 between	 the	 two	

terminal	 guanidino	nitrogens	 (Nη1	and	Nη2)	and	Asp238,	Asp130	 (Fig	2.14Ai)	

positions	 the	 substrate	 guanidino	 group	 between	 His236	 and	 Cys351,	 the	 key	

residues	in	catalysis.					
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Figure	2.14	 Enzymatic	 conversion	 of	 arginine	 to	 citrulline	 by	 tPPAD	 modelled	 using	 3D	

structures.	 	Ai)	 Interactions	between	 tPPAD	 residues	Arg152,	Arg154	and	Tyr233	and	arginine	

substrates	 at	 the	 active	 site	 entrance	 Aii)	 Interactions	 between	 arginine	 substrate	 and	 key	

residues	in	the	active	site	of	tPPADWT.		B)	Citrullination	of	peptidyl-arginine	to	peptidyl-citrulline	

involves	4	reaction	steps	with	the	formation	of	a	tetrahedral	intermediate	and	production	of	an	

amidino	adduct.	 	Binding	of	an	arginine	 ligand	without	enzymatic	 turnover	modelled	using	 the	

tPPADC351A	 structure	 (stage	 1).	 	 Binding	 of	 an	 arginine	 ligand	 covalently	 linked	 between	 its	

guanidino	carbon	atom	and	Cys351	(electron	density	map	in	blue	meshing)	and	the	formation	of	

an	amidino	adduct	(electron	density	map	in	green	meshing	with	red	arrow)	modelled	using	the	

tPPADWT	structure	(stage	3).	
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Citrullination	involves	four	main	steps,	of	which	steps	1	and	3	can	be	modelled	

using	the	tPPADC351A	and	tPPADWT	structures	respectively	(Figure	2.14B).			When	

the	arginine	guanidino	is	secured	at	the	active	site	(stage	1),	Cys351	performs	a	

nucleophilic	attack	on	the	Cζ	atom	by	donating	an	electron,	to	form	a	tetrahedral	

reaction	 intermediate	 (stage	 2).	 	 This	 electron	 is	 then	 shifted	 to	 the	 leaving	

group,	H2N.	 	His236	acts	as	a	general	acid/base	 for	proton	transfer	 throughout	

the	process,	and	first	abstracts	a	proton	from	guanidino	Nη1,	which	in	turn	takes	

a	proton	from	the	catalytic	 thiol	group.	 	The	tetrahedral	 intermediate	collapses	

to	 a	 covalent	 thiol	 intermediate	with	 production	 of	 ammonia	 from	 the	 leaving	

group,	which	 receives	 a	 proton	 from	His236	 and	 leaves	 the	 active	 site	 (Figure	

2.14B	 stage	3).	 	 A	 free	water	molecule	 then	 enters	 the	 space	 left	 by	 ammonia.		

His236	 again	 abstracts	 a	 proton	 from	 the	 water	 molecule,	 which	 in	 turn	

performs	 nucleophilic	 attack	 on	 the	 thiol	 intermediate,	 and	 then	 collapses	 to	

form	a	citrullinated	product.	
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Substrate	specificity	of	tPPADWT,	PAD2	and	PAD4	

To	 compare	PPAD	 activity	 to	mammalian	PADs,	 the	 activity	 of	 tPPADWT,	 PAD2	

and	 PAD4	 was	 measured	 in	 vitro	 using	 the	 colourimetric	 detection	 assay	 for	

citrulline.	 	 Human	 PAD2	 and	 PAD4	 were	 used	 as	 the	 two	 PAD	 isoforms	

commonly	 associated	 with	 RA.	 	 Recombinant	 human	 PAD2	 and	 PAD4	 were	

expressed	and	purified	from	E.coli	expression	systems,	and	the	concentration	of	

each	enzyme	was	standardised.	 	To	 investigate	the	substrate	specificity	of	each	

enzyme,	 citrulline	 production	was	measured	 from	 a	 number	 of	 short	 peptides	

with	the	reactive	arginine	residue	at	 the	N-	 terminus	(Arg-Gly-Glu),	C-terminus	

(Gly-Arg),	or	internally	positioned	(Met-Arg-Phe)	(Figure	2.15A).			

	

	

Figure	2.15	 Substrate	specificity	of	tPPAD,	PAD2	and	PAD4.	 	A)	Production	of	citrulline	from	

arginine	containing	peptide	substrates	using	a	colourimetric	detection	assay	 for	citrulline.	 	1μg	

tPPADWT,	 tPPADC351A,	 PAD2	 or	 PAD4	 was	 incubated	 with	 5mM	 peptide	 for	 1h	 at	 37°C	 and	

citrulline	 produced	 measured.	 	 B)	 1μg	 of	 tPPADWT	 or	 tPPADC351A	was	 incubated	 with	 5mM	 of	

fibrinogen	 peptide	 and	 citrulline	 produced	 measured.	 	 Values	 are	 mean	 n≥2±SD.	 	 *p≤0.05,	

**p≤0.01,	***p≤0.005,	ns=not	statistically	significant.			
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tPPADWT	only	produced	citrulline	from	the	C-terminally	located	arginine	peptide	

Gly-Arg,	whereas	 PAD4	 showed	 significantly	 increased	 activity	 on	 the	 internal	

arginine	(Met-Arg-Phe)	compared	to	the	C-terminal	(Gly-Arg)	(p<0.005),	and	N-

terminal	 arginines	 (Arg-Gly-Glu)	 (p<0.05).	 	 PAD2	 displayed	 similar	 trends	 to	

PAD4	 although	 this	 did	 not	 reach	 statistical	 significance,	 due	 to	 lower	 activity	

overall.		As	control,	tPPADC351A	did	not	display	measureable	activity	on	any	of	the	

substrates.	 	To	confirm	the	C-terminal	specificity	of	tPPADWT	on	physiologically	

relevant	substrates,	 two	peptides	 from	the	 fibrinogen	α-chain	were	used	 in	the	

assay.		These	include	FibA-R	(CESSSHHPGIAEFPS-R)	with	a	C-terminal	arginine,	

and	 FibA-R-XX,	 the	 same	 sequence	 with	 an	 additional	 two	 residues	 after	 the	

arginine	(CESSSHHPGIAEFPS-R-GK).	 	As	before,	tPPADWT	produced	significantly	

more	 citrulline	 from	FibA-R	 than	FibA-R-XX	 (p<0.01)	 (Figure	 2.15B).	 	 The	 low	

reading	 obtained	 from	 tPPADWT	 on	 FibA-R-XX	 was	 comparable	 to	 tPPADC351A	

where	 no	 activity	 is	 expected,	 indicating	 a	 high	 background	 reading,	 or	

spontaneous	hydrolysis	of	the	substrate.			

	

Structural	basis	of	substrate	specificity	of	tPPADWT	

In	 the	3D	structure,	 the	terminal	carboxylate	group	of	 the	arginine	substrate	 is	

fixed	 by	 ionic	 interactions	 with	 Arg152	 and	 Arg154	 (Figure	 2.14Aii).	 	 This	

indicates	 a	 role	 for	 these	 basic	 residues	 in	 determining	 the	 reactivity	 of	 PPAD	

towards	C-terminal	 arginine	peptide	 substrates.	 	 I.e.	 if	 the	 arginine	 is	at	 the	C-

terminus,	 the	 carboxyl	 groups	 are	 free	 to	 interact,	 whereas	 if	 the	 arginine	 is	

internal,	 there	 are	 no	 free	 carboxylates	 for	 interactions.	 	 To	 investigate	 the	

importance	 of	 these	 residues,	 both	 residues	 were	 mutated	 to	 either	 alanine	
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(tPPADR152/4A)	 or	 glutamine	 (tPPADR152/4Q),	 and	 the	 mutant	 proteins	 were	

expressed	and	purified	as	before.		Using	the	same	colourimetric	detection	assay	

from	 BAEE,	 tPPADR152/4A	 had	 significantly	 reduced	 activity	 compared	 to	 both	

tPPADWT	and	tPPADR152/4Q	(p<0.005)	(Figure	2.16A).		The	activity	of	tPPADR152/4Q	

was	not	measurably	affected.			

To	 investigate	these	residues	 further,	 two	additional	mutants	were	synthesised	

replacing	 Arg152	 and	 Arg154	 with	 Ala	 individually,	 creating	 tPPADR152A	 and	

tPPADR154A.		Using	the	same	BAEE	substrate	and	colourimetric	assay,	the	activity	

of	 tPPADR152A	was	 significantly	 reduced	compared	 to	 tPPADR154A	 (p<0.001)	and	

tPPADWT	 (p<0.005).	 	There	was	no	significant	difference	between	 tPPADWT	and	

tPPADR154A	 (Figure	 2.16B).	 	 However,	 when	 the	 arginine	 containing	 short	

peptides	 were	 used	 as	 substrates	 (Arg-Gly-Glu,	 Gly-Arg,	 Met-Arg-Phe),	 the	

activity	of	both	tPPADR152A	and	tPPADR154A	was	significantly	lower	than	tPPADWT	

(p=0.001	and	p=0.005	respectively).		As	before,	all	enzymes	displayed	activity	on	

C-terminal	arginine	peptide	Gly-Arg	only	(figure	2.16C).		The	same	activity	trend	

and	 C-terminal	 specificity	 were	 observed	 using	 FibA-R	 and	 FibA-R-XX	 as	

substrates,	 with	 activity	 of	 tPPADWT,	 tPPADR152A,	 and	 tPPADR154A	 producing	

significantly	 more	 citrulline	 from	 FibA-R	 than	 FibA-R-XX	 (p<0.01)	 	 (Figure	

2.16D).	 	 These	 results	 confirm	 that	 Arg152	 and	 Arg154	 are	 involved	 in	

enzymatic	 activity	 by	 stabilising	 peptide	 substrate.	 	Mutation	 of	 Arg152	 had	 a	

greater	 affect	 on	 enzymatic	 activity;	 suggesting	 interactions	 between	 arginine	

carboxyl	 group	 and	 Arg152	 are	 more	 essential	 than	 those	 with	 Arg154.	 	 In	

addition,	 these	results	 confirm	PPAD	C-terminal	 substrate	specificity	and	show	

mutation	of	Arg152	or	Arg154	does	not	enable	binding	of	internal	arginines.	
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Figure	2.16	 The	effect	of	R152	and	R154	mutation(s)	on	tPPADWT	activity	and	specificity.	 	A)	

Residues	 R152	 and	 R154	were	mutated	 to	 alanine	 (tPPADR152/4A)	 or	 glutamine	 (tPPADR152/4Q),	

expressed	 and	 purified	 as	 per	 tPPAD.	 	 1μg	 tPPADR152/4A	 or	 tPPADR152/4Q	 was	 incubated	 with	

20mM	BAEE	for	1	h	at	37°C.		Citrulline	produced	was	measured	by	colourimetric	detection	assay.		

B/C/D)	 R152	 and	 R154	 were	 mutated	 individually	 to	 alanine	 (tPPADR152A,	 tPPADR154A)	 and	

expressed	 and	purified	 as	 per	 tPPAD.	 1μg	 tPPADR152A	 or	 tPPADR154A	was	 incubated	with	20mM	

BAEE	(B)	or	5mM	peptide	(C/D)	for	1	hour	at	37°C.		Citrulline	produced	was	measured	as	before.		

All	graphs	are	mean	n≥2±SD.		*p≤0.05,	**p≤0.01,	***p≤0.005.	
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Discussion	

The	 recently	 characterised	 structures	 for	 both	 PAD2	 (Slade	 et	 al.,	 2015),	 and	

PAD4	(Arita	et	al.,	2004)	have	increased	understanding	of	PAD	mechanisms	and	

led	to	development	of	novel	inhibitors	which	have	shown	early	success	in	animal	

models	of	RA	 (Kawalkowska	et	al.,	 2016).	 	To	 that	end,	 the	aim	of	 this	 chapter	

was	 to	 solve	 the	 3D	 crystal	 structure	 of	 PPAD,	 and	 elucidate	 the	 distinct	

enzymatic	mechanisms	that	may	make	PPAD	a	suitable	target	for	inhibition.		

In	order	to	solve	the	3D	crystal	structure	of	PPAD,	20	constructs	with	varying	N-	

and	 C-terminal	 boundaries	 were	 synthesised,	 expressed	 and	 purified,	 with	

construct	 c073	 (tPPAD,	 aa49-484)	 identified	 as	 suitable	 for	 crystallisation.		

During	 purification	 it	 was	 observed	 that	 full-length	 protein	 and	 constructs	

comprising	 the	 CD	 only	 were	 predominantly	 insoluble.	 	 The	 full-length	 result	

was	surprising,	given	the	prior	work	in	our	lab	using	flPPAD	constructs	(Quirke	

et	al.,	2014a),	although	other	studies	with	PPAD	have	also	found	the	full-length	

protein	to	be	insoluble	or	unstable	(Rodriguez	et	al.,	2009).		These	findings	may	

be	explained	by	the	 in	situ	role	of	the	NtSP,	IgLF	and	CTD	domains	flanking	the	

CD.		A	number	of	enzymes	expressed	by	P.	gingivalis,	 including	PPAD,	belong	to	

the	 type	 IX	 or	 Por	 secretion	 system	 (PorSS),	 which	 involves	 truncation	 of	 the	

NtSP	 and	 CTD	 for	 secretion	 from	 the	 bacterium	 (Shoji	 et	al.,	 2011,	 Zhou	 et	al.,	

2013).	 	 This	 processing	 may	 also	 explain	 the	 increased	 activity	 of	 tPPAD	

compared	to	flPPAD.		These	hypotheses	will	be	investigated	more	thoroughly	in	

Chapter	3.	

Our	 structures	 reveals	 the	 active	 site	 comprises	 residues	 Asp130,	 His236,	

Asp238,	 Asn297	 and	 Cys351,	 which	 confirmed	 conclusions	 from	 previous	
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mutation	 studies	 (Rodriguez	 et	 al.,	 2010).	 	 The	 structural	 data	 showed	 both	

tPPADWT	 and	 tPPADC351A	 had	 serendipitously	 trapped	 arginine	 ligands	 during	

crystallisation	of	the	 ‘as-purified’	protein	sample.	 	Due	to	the	high	resolution	of	

diffraction	 data	 obtained,	 the	 substrate	 arginine	 residue	 could	 be	 accurately	

modelled,	 however,	 the	 second	 residue	 of	 the	 tPPADWT	 bound	 dipeptide	 is	

unknown.	 	 By	 modelling	 the	 arginine	 in	 the	 tPPADC351A	 as	 a	 bound	 substrate	

before	 catalysis,	 and	 the	arginine	 in	 the	 tPPADWT	as	a	 covalent	adduct	 trapped	

mid	 process,	 the	 citrullination	 process	 was	 mapped	 with	 corresponding	

structural	data	to	propose	full	enzymatic	mechanisms.	

In	a	separate	study,	Goulas	and	colleagues	also	solved	the	3D	crystal	structure	of	

a	truncated	form	of	PPAD	(aa44-465),	with	identical	architecture	and	topology	to	

the	findings	of	this	study,	and	using	mutation	studies	in	vitro,	proposed	the	same	

mechanisms	of	 action	 (Goulas	et	al.,	 2015).	 	 In	 addition,	Goulas	 and	 colleagues	

identified	a	 further	aspect	of	enzymatic	mechanisms	involving	one	of	 the	many	

loops	at	the	top	face	of	the	CD.	 	They	proposed	a	specific	surface	loop	(Val226-

Val237)	 may	 act	 as	 a	 gate	 to	 the	 entrance	 of	 the	 active	 site,	 and	 appears	 to	

change	enzyme	confirmation	 to	 ‘open’	or	 ‘closed’	upon	substrate	binding.	 	This	

hypothesis	 is	 supported	by	 the	 findings	of	 this	 study,	 in	which	 residue	Tyr233	

(contained	within	this	loop)	stabilises	the	substrate	at	the	active	site	entrance.		

The	 α-β-propeller	 structure	 of	 the	 PPAD	 CD	 is	 conserved	 with	 other	 GMEs	

(figure	 2.13C),	 and	 has	 limited	 homology	 the	 propeller	 structures	 of	 human	

PAD2	 and	 PAD4,	 which	 have	 less	 defined	 rotational	 symmetry	 (figures	 2.17,	

2.18).	 	 However,	 PPAD,	 PAD2	 and	 PAD4	 CDs	 cannot	 be	 superimposed	

structurally,	 and	 there	 is	 a	 lack	 of	 sequence	 homology	 between	 the	 three	

enzymes	 (15-17%).	 	 Crucially,	 the	binding	grooves	of	 the	PAD2	and	PAD4	CDs	
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must	have	specific	 features	to	enable	binding	and	turnover	of	 internal	arginine	

residues,	 which	 is	 not	 possible	 in	 PPAD.	 	 In	 the	 tPPAD	 structure	 Arg152	 and	

Arg154	 at	 the	 entrance	 to	 the	 binding	 groove	 are	 involved	 in	 stabilising	 C-

terminal	 arginine	 residues	 through	 ionic	 interactions	 with	 the	 free	 carboxyl	

group.	 	 This	 enables	 binding	 of	 C-terminal	 peptidyl-arginines	 for	 PPAD,	which	

supports	the	in	vitro	observations	made	here	and	by	others,	that	PPAD	displays	

C-terminal	substrate	specificity	(Wegner	et	al.,	2010,	Bielecka	et	al.,	2014,	Pyrc	et	

al.,	2013).		Similarly,	in	the	PAD2	and	PAD4	structures,	arginine	residues	are	also	

used	 to	 stabilise	 the	 main	 body	 of	 the	 peptide,	 but	 instead	 interact	 with	 the	

upstream	peptide	carbonyl	groups.			

Within	 the	 CDs,	 key	 residues	 of	 the	 PPAD	 active	 site	 are	 conserved	with	 both	

GMEs	and	PAD2	and	PAD4.		The	active	site	of	GMEs	comprise	a	conserved	triad	

consisting	of	Cys,	His	and	either	Asp/Glu	(Shirai	et	al.,	2006).	 	The	PPAD	active	

site	comprises	 five	residues,	Asp130,	His236,	Asp238,	Asn297	and	Cys351,	and	

so	 shares	 Cys	 and	 His	with	 the	 GME	 triad	 but	 replaces	 Asp/Glu	with	 Asn297,	

which	may	provide	 a	 similar	 function.	 	However,	 PPAD	 shares	more	 similarity	

with	the	PAD2	and	PAD4	active	sites,	which	also	contain	a	pair	of	Asp	residues	to	

stabilise	the	arginine	guanidino	group	for	turnover,	a	key	nucleophilic	Cys,	and	a	

His	to	act	as	a	general	acid	or	base	for	proton	transfer.		The	active	site	residues	of	

PAD2	 	 (Asp351,	 His471,	 Asp473	 and	 Cys647)	 and	 PAD4	 (Asp350,	 His471,	

Asp473	and	Cys645)	are	shown	in	Figures	2.17	and	2.18	respectively.			
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Figure	2.17	 Crystal	structure	of	human	PAD2.		Figures	were	made	using	protein	database	file	

(pdb)	4n20	of	 a	C647A	mutant	deposited	by	 (Slade	et	al.,	 2015).	 	A)	Calcium	unbound	PAD2	 in	

inactive	 conformation	 comprising	CD	 (coloured	 ribbons)	 and	 two	 IgLF	domains	 (grey	 ribbons),	

forward	facing	and	rotated	180°.		B)	Overall	surface	architecture	of	PAD2.		C)	CD	viewed	from	the	

top	face.	 	D)	Catalytic	domain	with	active	site	highlighted.	Zoom	in	on	active	site	shows	four	key	

sites	for	catalysis	Asp351,	His471,	Asp473	and	location	of	Cys647	mutated	to	Ala	in	this	structure.	
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Figure	2.18	 Crystal	 structure	 of	 human	 PAD4.	 	 These	 figures	 were	 drafted	 using	 protein	

database	file	(pdb)	 iwd9	of	a	C645A	mutant	deposited	by	(Arita	et	al.,	2004)	A)	Calcium	bound	

PAD4	 in	 active	 conformation	 comprising	 CD	 (coloured	 ribbons)	 and	 two	 IgLF	 domains	 (grey	

ribbons).	 	 B)	 Overall	 surface	 architecture	 of	 PAD4.	 	 C)	 CD	 of	 PAD4	 viewed	 from	 the	 top	 face.		

Zoom	in	on	active	site	shows	four	key	sites	for	catalysis	Asp350,	His471,	Asp473	and	location	of	

Cys645	mutated	to	Ala	in	this	structure.	
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Away	 from	 the	 CD	 and	 active	 site,	 PPAD	 shares	 little	 homology	 to	 the	 GMEs,	

PAD2	or	PAD4.		Notably,	the	IgLF	is	completely	absent	from	other	GMEs,	and	the	

IgLF	domains	of	PAD2	and	PAD4	are	unrelated	to	that	of	PPAD.		In	addition,	the	

CD	 and	 IgLF	 domains	 of	 PAD2	 and	 PAD4	 are	 interspersed	 with	 5	 and	 6	 Ca2+	

binding	 sites	 respectively,	 2	 in	 the	 CD	 and	 3	 or	 4	 in	 the	 adjoining	 IgLF,	which	

require	 ligation	 to	 enable	 enzymatic	 competency.	 	 PAD4	also	 exists	 as	 a	dimer	

which	increases	enzymatic	activity	(Liu	et	al.,	2011).		By	comparison,	PPAD	is	not	

known	to	require	metal	binding	or	dimerisation	for	activity.			

Although	 citrullination	 by	 PPAD	 is	 comparable	 to	 that	 of	 PAD2	 and	 PAD4,	

specific	 structural	 features	 of	 PPAD	 may	 confer	 evolutionary	 benefits	 to	 P.	

gingivalis.		In	support	of	this	are	the	comparable	protein	structures	of	PPAD	and	

the	 P.	 gingivalis	 protease,	 arginine	 gingipain	 B	 (RgpB)	 (Eichinger	 et	 al.,	 1999,	

Potempa	 and	 Nguyen,	 2007).	 	 RgpB	 structure	 and	 function	 has	 been	 well	

characterised,	 and	 some	 notable	 features,	 such	 as	 the	 IgLF	 domain,	 which	 is	

required	 for	 membrane	 expression	 of	 RgpB	 may	 also	 be	 relevant	 to	 PPAD	

(Slakeski	et	al.,	 2011).	 	RgpB	may	also	provide	an	evolutionary	explanation	 for	

the	 C-terminal	 substrate	 specificity	 of	 PPAD,	 by	 providing	 ideal	 substrates	 for	

citrullination	through	protein	cleavage.			

The	key	findings	of	this	chapter	were:	

• Solving	the	3D	crystal	structure	of	tPPADWT	and	tPPADC351A.	

• Mapping	 enzymatic	 turnover	 with	 corresponding	 structural	 data,	 and	

confirming	 residues	 of	 the	 active	 site	 Asp130,	 His236,	 Asp238,	 Asn297	

and	Cys351.	

• Identifying	 residues	 Arg152	 and	 Arg154	 that	 determine	 C-terminal	

substrate	specificity.		
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Chapter	3	 Characterisation	of	PPAD	in	vitro	

Background	 	

In	 Chapter	 2,	 the	 3D	 crystal	 structures	 of	 tPPADWT	 and	 the	 inactive	 mutant	

tPPADC351A	 were	 solved,	 providing	 insight	 into	 enzyme	 mechanisms	 and	

specificity.	 	With	 that	 in	 place,	 the	 aim	 of	 this	 chapter	was	 to	 characterise	 the	

function	 of	 tPPADWT	 in	 vitro,	 and	 investigate	 potential	 ways	 citrullination	 by	

PPAD	could	be	involved	in	ACPA	formation.			

During	 the	 screening	 of	 PPAD	 constructs	 cloned	 for	 crystallisation,	 it	 became	

evident	that	truncation	of	N-	and/or	C-	terminal	boundaries	affects	solubility	and	

activity	of	PPAD,	and	 the	 truncated	clone	 tPPADWT	used	 for	 crystallisation	was	

significantly	 more	 active	 than	 full-length	 flPPADWT.	 	 PPAD	 is	 secreted	 in	 a	

truncated	form	from	P.	gingivalis	(McGraw	et	al.,	1999),	and	so	may	be	activated	

during	 secretion.	 	 However	 the	 specific	 domain	 truncation	 mediating	 this	

increase	in	enzymatic	activity	is	not	identified.			

In	 addition,	 the	 activity	 of	 PPAD	 requires	 Rgp	 to	 provide	 C-terminally	 located	

arginine	substrates.		Previous	work	from	our	lab	has	implicated	the	formation	of	

C-terminally	 citrullinated	peptides	by	PPAD	and	Rgp	as	a	potential	mechanism	

for	breach	of	tolerance	to	citrullinated	proteins	 in	RA	(Wegner	et	al.,	2010).	 	 In	

the	 structural	 study	 described	 in	 the	 previous	 chapter,	 the	 mechanisms	 for	

enzymatic	 activity	 were	 elucidated,	 and	 residues	 involved	 in	 determining	 C-

terminal	 substrate	 specificity	 were	 identified.	 	 However	 this	 was	 not	

demonstrated	using	protein	substrates	in	vitro.			

In	addition,	previous	work	from	our	lab	studying	a	recombinant	full-length	PPAD	

(flPPADWT)	proposed	PPAD	is	capable	of	self,	or	auto-citrullination	and	therefore	
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anti-P.	 gingivalis	 responses	 in	 the	 host	 could	 give	 rise	 to	 a	 citrulline	 specific	

response.		This	was	supported	by	an	increased	antibody	response	to	citrullinated	

flPPADWT	compared	to	non-citrullinated	flPPADC351A	in	RA	patients	(Quirke	et	al.,	

2014a).	 	 However,	 a	 subsequent	 study	 comparing	 purified	 and	 recombinant	

forms	 of	 PPAD	 found	 no	 citrulline	 residues	 in	 native	 purified	 PPAD,	 and	

concluded	 that	auto-citrullination	 is	an	artefact	of	 recombinant	expression	and	

cell	lysis	(Konig	et	al.,	2014).			

In	addition	to	expression	of	PPAD,	P.	gingivalis	may	induce	autoimmunity	in	RA	

through	 cross	 reactivity	 between	 PgEnolase	 and	 human	 α-enolase,	 which	 is	 a	

commonly	 occurring	 ACPA	 substrate	 in	 human	 RA	 (Lundberg	 et	 al.,	 2008).		

Therefore,	the	main	aims	of	this	chapter	are:	

• Determine	the	domains	required	for	PPAD	activity.	

• Investigate	the	functional	relationship	of	Rgp	and	PPAD.	

• Measure	auto-citrullination	of	PPAD	using	a	selection	of	recombinant	and	

purified	forms	of	the	enzyme.	

• Using	 fibrinogen	 and	 α-enolase	 as	 model	 ACPA	 substrates,	 measure	

citrullination	by	PPAD,	PAD2	and	PAD4	to	compare	citrullinated	peptides	

formed.	

• Compare	 citrullinated	 peptides	 formed	 by	 PPAD	 from	 α-enolase	 and	

PgEnolase	as	a	mechanism	for	cross	reactivity	in	RA.	
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Buffers	 	

Western	blotting	

Loading	buffer	

	

	

1x	NuPAGE®	LDS	sample	buffer	/	1x	NuPAGE®	

tricine	sample	buffer	(LifeTechnologies)	

100mM	DTT	

Transfer	buffer	

	

1x	transfer	buffer	(LifeTechnologies)		

10%	methanol	

Anti-modified	citrulline	(AMC)	assay	reagents	

Reagent	A	

	

25%	H2SO4	

20%	H3PO4	

0.025%	FeCl3	

Reagent	B	

	

0.5%	2,3-butanedione	monoxime	

0.25%	antipyrine	

0.5M	acetic	acid	

PPAD/PAD	activity	assays	

As	in	Chapter	2	 	

Colourimetric	Detection	Reagents	(CDR)	

As	in	Chapter	2	
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Materials	and	methods	

Comparison	of	PPAD	construct	solubility	and	activity	

PPAD	 constructs	 were	 expressed	 and	 purified	 as	 in	 Chapter	 2.	 	 For	 initial	

comparative	 studies	of	 all	 constructs,	 they	were	purified	 in	parallel	 from	1L	of	

starting	 cultures	 using	 one-stage	 purification	 of	 Co2+	 resin	 only,	 as	 per	 ‘small	

scale’	purification.	 	For	detailed	comparative	and	quantitative	studies	of	two	or	

more	selected	constructs,	these	were	expressed	and	purified	separately	from	6L	

of	 starting	 culture	 as	 per	 the	 ‘large-scale’	 purification	method.	 	 For	 analysis	 of	

protein	expression	and	solubility	of	constructs,	15μl	of	each	elution	fraction	was	

resolved	 by	 SDS-PAGE	 as	 below	 and	 stained	 with	 InstantBlue	 protein	 stain	

Coomassie	(Expedion)	to	identify	proteins.	

To	compare	activity	of	PPAD	constructs,	the	colourimetric	assay	for	citrullination	

activity	 was	 used	 as	 previously	 described	 in	 Chapter	 2.	 	 For	 preliminary	

measurement	 of	 PPAD	 activity	 in	 elution	 fractions,	 estimation	 of	 protein	

concentration	 was	made	 based	 on	 Coomassie	 stained	 SDS-PAGE	 gel.	 	 Elutions	

were	divided	into	‘high’,	 ‘medium’,	and	‘low’	expression	levels,	and	the	volumes	

used	in	subsequent	incubation	varied	accordingly	(5μl,	10μl,	15μl	respectively).		

For	quantification	of	PPAD	activity	 in	specific	constructs,	protein	concentration	

was	calculated	by	Bradford	assay	using	Pierce™	Coomassie	Plus	(Bradford)	assay	

kit	(ThermoFisher)	and	the	NanoDrop	A280	modules.		Desired	concentration	of	

PPAD	elutions	were	 incubated	with	20mM	BAEE	 (Sigma)	 in	PPAD	buffer	 for	1	

hour	 at	 37	 °C.	 	 Citrulline	 produced	was	 calculated	 as	 before	 using	 absorbance	

reading	of	the	L-citrulline	standard	curve	in	Microsoft	Office	Excel.	
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SDS-PAGE	

Samples	were	 prepared	 for	 electrophoresis	with	 loading	 buffer	 (see	 ‘Buffers’).		

Proteins	were	denatured	by	heating	at	95°C	 for	5min	before	 resolution	on	12-

14%	 Novex®	 NuPAGE®	 Bis-Tris	 gels	 (LifeTechnologies)	 with	 full-range	

molecular	weight	protein	marker	(LifeTechnologies)	in	1x	MOPS	running	buffer	

(LifeTechnologies)	 at	 125V	 for	 45min.	 	 For	 visualisation	 of	 small	 molecular	

weight	 peptides,	 samples	 were	 prepared	 with	 tricine	 loading	 buffer	 (see	

‘Buffers’)	 before	 heating	 as	 before	 and	 resolution	 on	 Novex®	 10-20%	 Tricine	

gels	with	low-range	molecular	weight	protein	marker	in	1x	Tricine	SDS	running	

buffer	(all	LifeTechnologies)	at	125V	for	90min.	

Following	 electrophoresis,	 proteins	 were	 visualised	 by	 gel	 staining	 with	

InstantBlue	protein	stain	Coomassie	(Expedion)	or	Colloidal	blue,	or	transferred	

to	nitrocellulose	membranes	for	immunoblotting.	

Immunoblotting:	western	blotting	and	Anti-Modified	Citrulline	(AMC)	assay	

Nitrocellulose	membranes	and	blotting	paper	(GE	Healthcare)	were	equilibrated	

in	 transfer	 buffer	 (see	 ‘Buffers’).	 	 SDS-PAGE	 gels	 were	 sandwiched	 with	

nitrocellulose	 membranes	 and	 blotting	 paper	 within	 transfer	 cassettes,	 and	

proteins	transferred	by	electrophoresis	at	72V	for	3	hours	at	4°C.		For	detection	

of	citrullinated	peptides	the	anti-modified	citrulline	(AMC)	kit	was	used	(Upstate,	

Milipore).	 	 Briefly,	 following	 protein	 transfer	 the	membrane	was	washed	with	

ddH2O,	 treated	with	 0.1%	 ovalbumin	 for	 15min	 rt	 and	 incubated	 o/n	 at	 37°C	

with	equal	quantities	of	modification	reagents	A	and	B	(see	‘Buffers).		Following	

modification,	 the	 membrane	 was	 washed	 with	 ddH2O	 and	 blocked	 with	 3%	

powdered	milk	in	tris	buffered	saline	(TBS)	(milk-TBS)	for	30min	at	rt,	before	a	
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1:660	 dilution	 of	 primary	 antibody	 (rabbit	 anti-modified	 citrulline,	

Upstate/Milipore)	 was	 added	 in	 3%	milk-TBS	 and	 incubated	 rt	 for	 6h.	 	 From	

here	 a	 standard	western	 blot	 protocol	 is	 observed,	 using	 a	 1:5000	 dilution	 of	

goat	 anti-rabbit	 horseradish	 peroxidase	 conjugated	 (HRP)	 secondary	 antibody	

(Dako	lot:00062104)	 in	3%	milk-TBS.	 	All	membrane	washes	were	with	ddH2O	

until	the	final	wash	in	TBS	with	0.05%	tween	before	development	with	enhanced	

chemiluminescence	(ECL)	plus	detection	reagent	(ThermoFisher).	

For	 all	 other	 immunoblotting,	 a	 standard	western	 blot	 protocol	 was	 observed	

using	 the	 following	 antibodies:	 rabbit	 anti-fibrinogen	 (Calbiochem,	 1:5000),	

rabbit	 anti-enolase	 H300	 (Santa-Cruz,	 1:5000),	 rabbit	 anti-PPAD	 (In	 house,	

1:1000),	 and	 goat	 anti-rabbit	 HRP	 secondary	 antibody	 (Dako	 lot:00062104,	

1:5000).		Antibodies	were	prepared	in	3%	milk	in	TBS	with	0.1%	tween	(TTBS)	

(milk-TTBS).	 	Membranes	were	blocked	for	1h	in	3%	milk-TTBS	at	rt,	or	o/n	at	

4°C	 before	 incubation	 of	 primary	 antibodies	 for	 1h	 rt	 in	 dilutions	 described	

above.	 	 Membranes	 were	 washed	 in	 TTBS	 for	 1x	 15min,	 3x	 5min	 before	

incubation	 with	 secondary	 antibody	 for	 1h	 rt,	 and	 after.	 	 	 Proteins	 were	

visualised	 on	 X-ray	 film	 (Fuji)	 following	 membrane	 stimulation	 with	 1ml	 ECL	

Plus	reagent	(ThermoFisher)	per	membrane.	

Investigation	of	PPAD	auto-citrullination	

PPAD	or	P.	gingivalis	lysates	were	resolved	by	SDS-PAGE,	and	PPAD	identified	by	

Coomassie	 stained	 SDS-PAGE	 gel	 and	 western	 blotting	 with	 an	 anti-PPAD	

antibody	 (in	 house)	 as	 above.	 	 Protein	 samples	 used	were:	 recombinant	 PPAD	

expressed	 and	 purified	 from	 E.coli	 (truncated	 tPPADWT,	 and	 full	 length	

flPPADWT),	 recombinant	 PPAD	 expressed	 and	 purified	 from	 P.	 gingivalis	
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(truncated	and	 full	 length)	and	whole	 lysed	P.	gingivalis.	 	 For	western	blotting,	

0.2μg	of	recombinant	protein	or	3μl	of	lysates	was	loaded	per	well,	resolved	by	

SDS-PAGE	 and	 transferred	 to	 nitrocellulose.	 For	 analysis	 of	 PPAD	 by	 liquid	

chromatography	mass	spectrometry	(LC-MS),	2μg	of	recombinant	PPAD	or	10μl	

of	 lysed	P.	gingivalis	was	loaded	per	gel,	resolved	by	SDS-PAGE	and	the	gel	was	

stained	with	Colloidal	blue.	 	Fixing	and	staining	solutions	were	prepared	as	per	

the	Colloidal	blue	staining	kit	instructions	(IfeTechnologies).	 	Briefly,	SDS-PAGE	

gel	was	 added	 to	 10ml	 of	 fixing	 solution	 and	 incubated	 shaking	 for	 10	min	 rt.		

Fixed	gel	was	then	added	to	10ml	staining	solution	and	incubated	shaking	for	10	

min	at	rt	as	before.		Finally,	0.5ml	Solution	B	was	added	to	the	staining	solution	

and	 gel	 left	 to	 stain	 for	 3-12h.	 	 Bands	 were	 excised	 and	 stored	 in	 ddH2O	 for	

analysis.	

Functional	association	of	PPAD	and	RgpB	

tPPADWT	 or	 tPPADC351A	 	was	 added	 to	 fibrinogen	 at	 1:10	 enzyme:protein	 ratio	

and	incubated	briefly	before	the	addition	of	arginine	gingipain	B	(RgpB)	also	at	

1:10	enzyme:protein	ratio.	 	Recombinant	P.	gingivalis	RgpB	was	kindly	donated	

by	 Prof	 J.	 Potempa,	 following	 purification	 as	 described	 (Potempa	 &	 Nguyen,	

2007).	 	 	 Proteins	 and	 enzymes	were	 incubated	 at	 37°C	and	 a	 sample	 removed	

after	0,	5,	30	and	120min.		TLCK	protease	inhibitor	(Sigma)	was	added	to	10mM	

final	 conc.	 to	 stop	 the	 reaction.	 	 Samples	 were	 then	 heated	 at	 95°C	 for	 5min,	

tricine	 loading	 buffer	 (see	 ‘Buffers’)	 added,	 and	 heated	 again	 95°C	 for	 5min.		

Proteins	 were	 resolved	 by	 SDS-PAGE	 on	 Novex®	 10-20%	 tricine	 gels,	 and	

visualised	with	InstantBlue	protein	stain	Coomassie	(Expedion).	
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Cleavage	and	citrullination	of	human	fibrinogen	and	α-enolase	

Recombinant	 human	 fibrinogen	 and	 α-enolase	were	 purchased	 (Sigma	Aldrich	

Cat	 no:	 F3879,	 MyBioSource	 Cat	 no:	 MBS203689)	 and	 prepared	 to	 a	 working	

concentration	of	1mg/ml	as	per	the	manufactures	instructions.	Fibrinogen	or	α-

enolase	 was	 incubated	 with	 PPAD,	 RgpB	 or	 both	 PPAD	 and	 RgpB	 using	 1:10	

enzyme:protein	 ratios	 in	 PPAD	buffer	 (see	 ‘Buffers’)	 o/n	 at	 37°C.	 	 To	 compare	

citrullination	 by	 human	 PAD2	 and	 PAD4,	 fibrinogen	was	 incubated	with	 RgpB	

and	PAD2	or	PAD4	as	 for	PPAD,	 using	PAD	buffer	 (see	 ‘Buffers’).	 	 To	measure	

citrullination	 of	 internal	 arginine	 residues,	 the	 same	 experimental	 design	 was	

used	replacing	RgpB	with	proteinase	K.		Protein	cleavage	and	citrullination	was	

determined	by	SDS-PAGE,	immunoblotting	and	LC-MS.	

Liquid	Chromatography	Mass	Spectrometry	(LC-MS)	

Ms	 M-L.	 Thezenas	 and	 Dr.	 R.	 Fisher	 at	 the	 Target	 Discovery	 Institute	 (TDI),	

University	 of	 Oxford	 carried	 out	 preparation	 of	 samples	 and	 data	 analysis,	

analysis	of	results	was	carried	out	by	myself.		Citrullination	in	PPAD	samples,	or	

protein	samples	incubated	with	PPAD,	PAD2	or	PAD4	was	determined	by	liquid	

chromatography	tandem	mass	spectrometry	(LC-MS).		Peptides	were	suspended	

in	 2%	 acetonitrile/0.1%	 trifluoroacetic	 acid	 before	 LC-MS	 analysis	 on	 a	 Q	

Exactive	mass	 spectrometer	 coupled	with	 a	Dionex	Ultimate	 3000	UPLC	 (both	

Thermo	Fisher	Scientific).		Peptides	were	desalted	online	(PepMAP	C18,	300µm	x	

5mm,	5	µm	particle,	Thermo)	for	1min	at	a	flow	rate	of	20µl/min	and	separated	

on	a	nEASY	column	(PepMAP	C18,	75µm	x	500mm,	2µm	particle,	Thermo)	over	

60min	using	a	gradient	of	2%-35%	acetonitrile	in	5%	DMSO/0.1%	formic	acid	at	

250nl/min.		Survey	scans	were	acquired	at	a	resolution	of	70,000	at	200m/z	and	
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the	 15	 most	 abundant	 precursors	 were	 selected	 for	 higher-energy	 collision	

dissociation	fragmentation	with	an	automatic	exclusion	time	of	27	seconds.		Data	

was	analysed	in	Peaks	(Bioinformatics	Solutions,	V.6)	using	the	PeaksDB	search	

option	at	mass	tolerances	of	10ppm	for	MS1	and	0.05Da	for	MS2	at	1%	FDR	and	

without	proteolytic	restriction.		Citrullination	(Arg),	deamidation	(Asn,	Gln)	and	

Oxidation	(Met)	were	used	as	variable	modifications.		Protein	regions	covered	in	

the	 result	 spectra	 were	 analysed	 for	 citrulline	 and	 their	 rate	 of	 occurrence	

calculated	as	a	percentage.	

Identification	of	citrullinated	peptides	from	PgEnolase	

Recombinant	 PgEnolase	 was	 purified	 from	 E.coli	 as	 per	 flPPAD	 detailed	 in	

materials	 and	 methods	 of	 Chapter	 2.	 	 Human	 α-enolase	 was	 purchased	 from	

MyBioSource	(Cat	no:	MBS203689).		Both	forms	of	enolase	were	incubated	with	

RgpB	and	PPAD	at	1:10	enzyme:protein	ratio	of	both	o/n	at	37°C	in	PPAD	buffer	

(see	 ‘Buffers’).	 	 Citrullinated	 peptides	 formed	 were	 sequenced	 by	 LC-MS	 as	

detailed	 above.	 	Whole	 sequences	 of	 PgEnolase	 and	 α-enolase	were	 compared	

using	a	ClustalW	sequence	alignment,	and	citrullinated	peptides	formed	from	the	

most	highly	homologous	regions	were	identified.	 	Six	homologous	regions	were	

identified	 with	 a	 C-terminal	 arginine,	 and	 peptides	 synthesised	 in	 native	

conformation,	 or	with	 a	 citrulline	 at	 the	 C-terminus	 (Pepceuticals).	 	 To	 ensure	

synthesised	peptides	were	in	native	conformation,	acidifications	were	added	to	

all	peptides	at	 the	C-terminus.	 	Peptides	were	named	CPgE1-6	 for	 citrullinated	

peptides	and	RpgE1-6	for	arginine	controls.	 	In	peptides	containing	≥2	arginine	

residues,	 synthetic	 peptides	 were	 designed	 with	 both	 residues	 in	 native	 or	

citrullinated	conformation.	
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Modeling	of	PgEnolase	

Homology	 models	 of	 PgEnolase	 were	 made	 by	 Dr	W.	W.	 Yue	 using	 the	 Swiss	

Model	Server	(http://swissmodel.expasy.org/)	using	either	human	α-enolase	or	

streptococcal	enolase	as	templates,	with	pdb	codes	3ZLG	and	2PSN	respectively.		

Visual	representations	were	made	by	me	using	Mac	PyMol.		
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Results	

The	effect	of	PPAD	N-	and	C-terminal	truncation	on	solubility	

To	compare	the	expression	level	of	soluble	protein	from	all	20	constructs,	(c001-

c012,	 c073-c080)	 (Figures	 2.3,	 2.5),	 proteins	 were	 expressed	 and	 purified	 in	

parallel	 from	 1L	 culture,	 and	 PPAD	 in	 the	 elutions	 resulting	 from	 one-step	

affinity	chromatography	was	quantified	by	Coomassie	staining	of	SDS-PAGE	gel	

(Figure	3.1).		Protein	expression	was	confirmed	by	gel	bands	corresponding	with	

the	expected	mass	of	the	protein,	and	by	MS.		Expression	level	was	rated	from	0-

5,	where	 no	 expression	was	 rated	 0,	 the	 lowest	 observed	 protein	 rated	 1,	 and	

highest	observed	protein	rated	5.					

Constructs	 c007	 and	 c010	 that	 contain	 the	 CD,	 IgLF	 and	 CTD,	 and	 constructs	

c073	 and	 c074	 that	 contain	 the	 CD	 and	 IgLF	 expressed	 the	 highest	 amount	 of	

soluble	 protein,	 rated	 5.	 	 The	 lowest	 level	 of	 protein	 was	 expressed	 by	 c078,	

which	 comprise	 CD	 and	 IgLF	 with	 minor	 truncations	 into	 both	 domains,	 and	

c080,	which	comprises	the	CD	only,	also	with	minor	truncations	at	both	N-	and	C-	

terminals.	 	Measurable	protein	was	not	 identified	 for	constructs	c001,	c011,	or	

c075.		Constructs	c004,	and	c079	were	not	cloned,	and	construct	c012	expressed	

protein	 of	 incorrect	 size,	 probably	 due	 to	 amplification	 of	 the	 wrong	 PCR	

product.	
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Figure	3.1	 Test	expression	of	all	PPAD	constructs.		All	PPAD	constructs	that	had	been	cloned	

successfully	were	expressed	and	purified	from	1L	of	E.coli	culture.	 	PPAD	was	purified	from	the	

soluble	cell	extract	of	lysed	E.coli	cells	by	Co2+	ion	affinity	chromatography	and	eluted	from	Co2+	

resin	in	one	elution	buffer	fraction.		Equal	volumes	of	elution	fraction	from	each	construct	were	

resolved	by	SDS-PAGE	gel	and	stained	with	Coomassie	to	identify	proteins.		Expression	of	soluble	

PPAD	construct	was	judged	by	presence	of	protein	bands	at	expected	molecular	weight	and	rated	

from	0-5.	 	 Black	 arrows	 are	 PPAD	 of	 correct	molecular	weight	 confirmed	 by	MS.	 	 Red	 arrows	

represent	where	PPAD	should	be	present.			

	

The	effect	of	PPAD	N-	and	C-terminal	truncation	on	citrullination	activity	

Using	 the	 above	 elution	 fractions,	 activity	 was	 compared	 using	 BAEE	 in	 the	

colourimetric	 citrulline	 detection	 assay,	 alongside	 previously	 described	

flPPADWT	to	provide	a	standard.		Of	the	18	elution	fractions,	measurable	activity	

was	observed	in	elutions	containing	c007	and	c073	only	(Figure	3.2)	which	was	

confirmed	by	the	presence	of	citrulline	using	the	anti-modified	citrulline	(AMC)	

antibody	in	western	blotting	(Figure	3.3).			
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Figure	3.2	 Activity	of	PPAD	constructs.		Elution	fractions	of	PPAD	constructs	were	incubated	

with	 20mM	 BAEE	 in	 PPAD	 buffer	 for	 1h	 at	 37°C	 and	 citrulline	 production	 measured	 using	

colourimetric	detection	assay.		Values	are	blank	corrected	mean	n=2.			

	

	

Figure	3.3	 Citrullination	 in	 PPAD	 elution	 fractions.	 	 Elution	 fractions	 of	 PPAD	 constructs	

were	resolved	by	SDS-PAGE	and	transferred	to	nitrocellulose.	 	Citrullination	 in	elution	fractions	

was	detected	by	western	blotting	with	the	anti-modified	citrulline	antibody	(AMC).		flPPADWT	was	

used	as	a	positive	control.		Dashed	line	represents	different	individual	membranes.	
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Characterisation	of	active	constructs	c007	and	c073	

Protein	concentration	of	c007	and	c073	was	standardised,	and	 the	BAEE	assay	

repeated	 using	 0.1-1μg	 of	 enzyme,	 incubated	 with	 substrate	 for	 30	 or	 60min.		

Construct	c073	was	the	most	active,	followed	by	c007	and	flPPADWT	(Figure	3.4).		

Mean	production	of	citrulline	following	60min	incubation	with	1μg	enzyme	was	

584μM,	369.17μM,	and	202.64μM	respectively	(Figure	3.4).	

	

Figure	3.4	 Activity	of	full-length	and	truncated	PPAD	constructs.	 	Full-length	(FL,	aa1-556),	

N-terminally	 truncated	 (c007,	 aa49-556)	 or	 both	 N-	 and	 C-	 terminally	 truncated	 (c073,	 aa49-

484)	proteins	were	expressed	and	purified	from	E.coli.		Protein	concentration	was	standardised,	

and	increasing	concentrations	of	PPAD	were	incubated	with	20mM	BAEE	in	PPAD	buffer	for	30	

or	60min	at	37°C.	 	Citrulline	production	was	measured	using	the	colourimetric	detection	assay.		

Values	are	blank	corrected,	mean	n=2,	±SD.	

	

Relationship	between	PPAD	solubility	and	activity		

The	relationship	between	solubility	of	PPAD	and	activity	was	compared	across	

all	constructs	(Table	3.1),	which	identified	a	number	of	constructs	that	expressed	

highly	but	did	not	display	measurable	activity.	 	The	most	striking	of	these	were	

c010	(Ile58-Lys556)	and	c077	(Ile58-Ala484),	which	both	expressed	soluble	protein	

but	 did	not	 demonstrate	 any	measurable	 activity.	 	 Intriguingly,	 c010	 and	 c077	
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comprise	similar	sequences	to	highly	active	c007	(Asn49-Lys556)	and	c073	(Asn49-

Ala484)	respectively,	but	have	a	further	9aa	truncation	at	the	N-terminus	into	the	

CD.	 	 Thus,	 truncating	 a	 small	 region	 between	NtSP	 and	 the	 CD	does	 not	 affect	

solubility,	but	has	a	significant	impact	on	PPAD	activity.			

	

Table	3.1	 Summary	of	PPAD	constructs	solubility	and	activity.	

Construct	Number	 Sequence	 Solubility	 Activity	

c001	 Met1-Lys556	 No	expression	 N/A	
c002	 Met1-His366	 ++	 +	
c003	 Met1-Gly360	 ++	 +	
c004	 Gln42-Lys556	 Not	cloned	 N/A	
c005	 Gln42-His366	 ++	 +	
c006	 Gln42-Gly360	 ++	 +	
c007	 Asn49-Lys556	 +++++	 +++	
c008	 Asn49-His366	 +++	 +	
c009	 Asn49-Gly360	 +++	 +	
c010	 Ile58-Lys556	 +++++	 +	
c011	 Ile58-His366	 No	expression	 N/A	
c012	 Ile58-Gly360	 Cloning	error	 N/A	

c073	 Asn49-Ala484	 +++++	 +++++	
c074	 Asn49-Thr470	 +++++	 +	
c075	 Asn49-His354	 No	expression	 N/A	
c076	 Asn49-Thr341	 ++	 +	
c077	 Ile58-Ala484	 +++	 +	
c078	 Ile58-Thr470	 +	 +	
c079	 Ile58-His354	 Not	cloned	 N/A	
c080	 Ile58-Thr341	 +	 +	

	

All	 constructs	 were	 expressed	 and	 purified	 from	 E.coli.	 	 Elution	 fractions	 were	 analysed	 for	

protein	expression	by	resolution	by	SDS-PAGE	and	Coomassie	staining.		Expression	of	the	correct	

PPAD	 product	 was	 confirmed	 by	molecular	 weight	 of	 the	 protein	 band	 and	MS.	 	 Solubility	 of	

PPAD	products	was	scored	on	a	scale	of	+	 -	+++++.	 	Activity	 in	elution	 fractions	was	measured	

using	 the	 colourimetric	detection	assay	 for	 citrulline	as	described,	 and	scored	on	a	 scale	of	+	 -	

+++++.		N/A=	not	applicable/not	measured.		Constructs	relevant	to	the	text	are	shown	in	bold.		
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The	effect	of	N-	and	C-	terminal	truncations	on	activity	and	solubility	

The	9aa	region	from	Asn49-Ile58	forms	a	loop	in	the	PPAD	structure	at	the	base	of	

the	CD,	distant	from	the	active	site	(Figure	3.5).	 	Therefore	this	region	does	not	

appear	to	directly	 impact	catalysis	or	substrate	binding,	but	may	have	a	role	 in	

protein	 function,	e.g.	by	maintaining	overall	protein	architecture.	 	Similarly,	 for	

constructs	with	identical	N-terminals,	truncating	the	C-terminus	domains	results	

in	reduced	expression	e.g.	c073	Asn49-Ala484,	c074	Asn49-Thr470,	and	c076	Asn49-

Thr341	 had	 expression	 level	 high,	 medium,	 and	 none	 respectively	 which	

corresponds	to	increased	C-terminal	truncation.		There	appears	to	be	a	trend	for	

increased	 solubility	 when	 the	 CTD	 is	 removed,	 but	 decreased	 solubility	 when	

both	 IgLF	 and	 CTD	 are	 removed.	 	 Taken	 together,	 these	 data	 suggest	 a	 PPAD	

construct	comprising	CD	and	IgLF	only	is	the	most	highly	active	and	soluble.		One	

such	 construct	 (tPPADWT)	was	 used	 for	 crystallisation,	 and	 is	 used	 throughout	

this	thesis	as	PPAD	standard	unless	stated	otherwise.	

	

Figure	3.5	 N-terminal	 truncation	 of	 PPAD.	 	 A)	 Protein	 c007,	 c010,	 c073	 and	 c074,	 which	

have	identical	C-terminal	domains	but	truncated	N-terminals	from	aa49-58.	 	B)	Aa49-58	on	the	

3D	structure	of	PPAD	(pink),	with	an	arginine	ligand	(green)	bound	in	the	active	site	(orange).	
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Auto-citrullination	of	PPAD	

To	investigate	the	ability	for	PPAD	to	auto-citrullinate,	LC-MS	was	used	to	detect	

citrulline	residues	in	a	number	of	PPAD	samples	purified	from	different	systems.		

These	 were:	 flPPADWT	 and	 tPPADWT	 expressed	 and	 purified	 from	 E.coli,	 full-

length	and	truncated	His6	tagged	PPAD	expressed	and	purified	from	P.	gingivalis,	

and	lysed	native	P.	gingivalis	cells.	 	PPAD	exists	 in	a	number	of	 isoforms	 in	vivo	

(Rodriguez	et	al.,	 2009,	McGraw	et	al.,	 1999),	 so	 to	 identify	PPAD	 in	 respective	

samples,	proteins	were	resolved	by	SDS-PAGE,	transferred	to	nitrocellulose	and	

probed	with	an	anti-PPAD	antibody	(Figure	3.6	Ai).		This	confirmed	the	presence	

of	PPAD	in	all	samples,	and	revealed	the	molecular	weights	of	the	recombinant	

truncated	 (~50kDa)	 (Figure	 3.6	 Ai,	 lanes	 1	 and	 3),	 and	 full-length	 forms	

(~62kDa)	 (Figure	 3.6	 Ai,	 lanes	 2,	 4	 and	 5)	 expressed	 from	 both	 E.coli	 and	 P.	

gingivalis.		The	full-length	E.coli	expressed	PPAD	(flPPADWT,	lane	5)	also	migrates	

as	an	additional	band	at	~100kDa.	 	PPAD	in	whole	P.	gingivalis	 lysate	migrated	

as	a	diffuse	band	~65kDa	(Figure	3.6	Ai,	lane	2),	which	is	characteristic	of	native	

P.	 gingivalis	 proteins	 due	 to	 heavy	 glycosylation	 in	 the	 bacterium.	 	 Bands	

corresponding	 to	 the	 molecular	 weight	 of	 PPAD	 by	 western	 blotting	 were	

excised	for	analysis	by	LC-MS	(Figure	3.6	Aii).		LC-MS	did	not	identify	citrulline	in	

any	of	 the	 samples	 (Figure	3.8B).	 	 The	C-terminal	 specificity	 of	 PPAD	 suggests	

auto-citrullination	of	 internal	PPAD	arginine	residues	would	be	 impossible.	 	To	

investigate	if	PPAD	could	auto-citrullinate	following	cleavage	of	peptides	to	yield	

C-terminal	 arginines,	 tPPADWT	was	 incubated	with	 RgpB	 and	 peptides	 formed	

were	 analysed	 by	 LC-MS.	 	 In	 this	 instance,	 a	 number	 of	 citrullinated	 peptides	

were	identified	from	both	PPAD	and	RgpB	(Table	3.2).	
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Figure	3.6	 Auto-citrullination	of	PPAD.		A	number	of	recombinant	and	native	forms	of	PPAD	

were	resolved	by	SDS-PAGE	and	Ai)	transferred	to	nitrocellulose	membrane	for	western	blotting	

with	 anti-PPAD	 or	 Aii)	 stained	 with	 colloidal	 blue	 to	 identify	 PPAD	 protein	 bands	 for	 LC-MS.		

Eight	bands	(A-H)	were	excised	containing	different	PPAD	isoforms	from	five	samples.		B)	LC-MS	

results	of	PPAD	bands	excised	from	SDS-PAGE	gel.	

	

Table	3.2	 Citrullinated	peptides	formed	from	PPAD	and	RgpB.			

aa	region	 	tPPADWT	

130-152	 DYTGWFAMYDTNKVGLVDFIYN-Cit		
243-252	 YLAPNKILI-Cit	
277-286	 AWGTKYEVY-Cit	
287-304	 ALATNEQPYTNSLILNN-Cit	
421-445	 TYSFTGLNKNDKVEYYISAADNSG-Cit	

	
RgpB	

241-263	 MIVIVPKKYEEDIEDFVDWKNQ-Cit	
492-518	 AQKDGKPTGTVAIIASTINQSWASPM-Cit	
556-576	 KDGEKMLDTWTVFGDPSLLV-Cit	

	

	
Equal	 quantities	 of	 PPAD	 and	 RgpB	 were	 incubated	 together	 in	 PPAD	 buffer	 at	 37°C	 o/n.		

Peptides	formed	were	sequenced	by	LC-MS.	
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Functional	association	of	PPAD	and	Rgp	

PPAD	requires	Rgp	activity	to	provide	C-terminal	arginine	substrates.		However,	

it	is	not	clear	if	PPAD	activity	also	has	a	beneficial	effect	on	Rgp.		To	investigate	

this,	RgpB	was	incubated	with	whole	human	fibrinogen	with	either	tPPADWT	or	

inactive	 tPPADC351A	 (Figure	 3.7).	 	 Enzymes	 were	 treated	 with	 TLCK	 protease	

inhibitor	to	stop	reaction	instantly	or	after	5,	30,	or	120min	(T0,	T5,	T30,	T120).		

Degradation	 of	 fibrinogen	 by	 RgpB	 was	 determined	 by	 comparing	 banding	

patterns	 on	 Coomassie	 stained	 gel	 following	 SDS-PAGE.	 	 At	 T0,	 differences	 in	

banding	 patterns	 between	 fibrinogen	 incubated	 with	 tPPADWT	 and	 tPPADC351A	

were	observed,	with	a	clear	band	identified	at	~30kDa	in	the	tPPADC351A	sample	

(Figure	3.7,	T0,	blue	arrow).	 	At	T5,	bands	 in	both	samples	were	similar	(black	

and	 blue	 arrows),	 however	 by	 T30	 and	 T120	 more	 bands	 in	 the	 tPPADWT	

samples	 compared	 to	 the	 tPPADC351A	 samples	 suggested	 increased	 protein	

cleavage	by	RgpB	in	the	presence	of	functional	PPAD	(Figure	3.7	T30,	T120	black	

vs	 blue	 arrows).	 	 This	 may	 be	 through	 augmentation	 of	 protein	 structure	 or	

charge	by	citrullination,	providing	more	cleavage	sites	for	RgpB.		
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Figure	3.7	 The	effect	of	PPAD	on	RgpB	activity.	 	 Fibrinogen	was	 incubated	with	RgpB	and	

tPPADWT	(WT)	or	tPPADC351A	(C351A)	o/n	at	37°C.		RgpB	was	inhibited	by	adding	TLCK	to	10mM	

final	 concentration	 instantly	 (T0)	 or	 after	 5	 (T5),	 30	 (T30)	 or	 120	 (T120)	min.	 	 Samples	were	

resolved	by	 SDS-PAGE	and	proteins	 identified	by	Coomassie	 staining.	 	 Peptides	 formed	by	WT	

(black	arrows)	and	C351A	(blue	arrows)	were	compared.	

	

Formation	of	peptides	from	fibrinogen	and	α-enolase	by	PPAD	and	RgpB	

Our	lab	has	previously	shown	formation	of	citrullinated	peptides	from	fibrinogen	

and	α-enolase	 following	 incubation	with	P.	gingivalis	 (Wegner	et	al.,	2010).	 	To	

advance	 upon	 these	 findings	 using	 recombinant	 proteins,	 fibrinogen	 and	 α-

enolase	were	incubated	with	RgpB,	with	or	without	tPPADWT	(Figure	3.8).			

	
Figure	3.8	 Analysis	of	peptides	formed	from	human	fibrinogen	and	α-enolase.		Fibrinogen	or	

α-enolase	 substrate	was	 incubated	with	PPAD	and	RgpB	 (1)	o/n	at	37°C	 (2).	 	Peptides	 formed	

were	identified	by	SDS-PAGE	and	Coomassie	staining	(3),	and	western	blotting	(4).	
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When	 incubated	 with	 RgpB,	 the	 degradation	 of	 fibrinogen	 and	 α-enolase	 was	

confirmed	 by	 formation	 of	 lower	 molecular	 weight	 bands,	 identified	 by	

Coomassie	 staining	 of	 SDS-PAGE	 gels	 (Figure	 3.9).	 	 Due	 to	 the	 large	molecular	

weight	 of	 fibrinogen	 (360kDa),	 fibrinogen	 samples	were	 resolved	 on	 both	 12-

14%	bis-tris	gels	and	10-20%	tricine	gels	to	visualise	peptides	formed	in	a	larger	

molecular	weight	range.		As	before,	a	difference	in	binding	pattern	was	observed	

when	 fibrinogen	 or	 α-enolase	 substrates	 were	 incubated	 with	 both	 RgpB	 and	

tPPADWT,	as	compared	to	RgpB	alone	(Figure	3.9,	A,	B,	C,	lanes	i,	vs	ii).		

	

Figure	3.9	 Degradation	of	human	fibrinogen	and	α-enolase	by	RgpB.		Fibrinogen	(Fib)	and	α-

enolase	 (α-Eno)	were	 incubated	with	 RgpB	 or	 both	 RgpB	 and	 PPAD	 at	 37°C	 o/n.	 	 Fibrinogen,	

RgpB	and	PPAD	were	incubated	individually	as	controls.	 	Fibrinogen	samples	were	resolved	by	

SDS-PAGE	on	both	12-14%	bis-tris	 (A)	and	10-20%	tricine	gels	 (B)	and	α-enolase	 (α-Eno)	was	

resolved	by	SDS-PAGE	on	10-20%	tricine	gels	(C).		Gels	were	stained	with	Coomassie.	

	

	

	

	

76#

52#

38#

24#

Fib
#

Rg
pB
#

PP
AD

#
Fib

#&
#R
gp
B#

Fib
,R
gp
B,
PP
AD

#

38#

31#

24#
17#

12#

8.5#

3.5#

Rg
pB
#

PP
AD

#
Fib

#&
#R
gp
B#

Fib
,R
gp
B,
PP
AD

#

α8
En
o#

α8
En
o#
&#
Rg
pB
#

α8
En
o,
#R
gp
B,
PP
AD

#

38#

31#

24#
17#

12#

8.5#

3.5#

A# B# C#i" ii" i" ii"i" ii"



	 132	

Fibrinogen	 incubations	 were	 repeated	 and	 transferred	 to	 nitrocellulose	 for	

western	blotting.		Blotting	with	anti-fibrinogen	antibodies	identified	formation	of	

lower	molecular	 weight	 fibrinogen	 fragments	 following	 incubation	with	 RgpB,	

which	are	still	detected	with	the	anti-fibrinogen	antibody	(Figure	3.10,	A,	lane	4	

arrow).	 	 Interestingly,	 no	 fibrinogen	 fragments	 were	 identified	 following	

incubation	with	RgpB	and	tPPADWT	(Figure	3.10,	A,	lane	5).		This	may	be	due	to	

increased	efficiency	of	RgpB	when	incubated	with	tPPADWT,	rendering	peptides	

too	small	for	detection,	or	by	citrullination	inhibiting	antibody-binding	sites.			

When	probed	with	an	anti-PPAD	antibody,	larger	molecular	weight	bands	in	the	

tPPADWT	 control	 were	 not	 seen	 in	 the	 fibrinogen,	 RgpB	 and	 tPPADWT	 sample	

(Figure	3.10	B,	arrows	lane	3	and	5),	indicating	tPPADWT	was	cleaved	by	RgpB.			

Finally,	 the	AMC	antibody	was	used	 to	determine	 citrullination	 in	 the	 samples.		

Citrullination	was	found	in	the	tPPADWT	control	sample	(Figure	3.10	C,	arrow	on	

lane	3),	and	in	the	sample	containing	fibrinogen,	RgpB	and	tPPADWT	(Figure	3.10,	

C,	lane	5	arrow).	 	Bands	identified	in	the	fibrinogen,	RgpB	and	tPPADWT	sample	

appeared	to	correspond	to	 the	bands	 identified	with	anti-fibrinogen	blotting	of	

fibrinogen	and	RgpB	(Figure	3.10	A,	lane	4,	and	C	lane	5).	
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Figure	3.10	 Identification	 of	 peptides	 formed	 from	 human	 fibrinogen	 by	 RgpB	 and	 PPAD.		

Fibrinogen	 (Fib)	was	 incubated	with	RgpB	or	with	RgpB	and	PPAD	at	37°C.	 	 Fibrinogen,	RgpB	

and	PPAD	were	incubated	individually	in	the	same	way	as	controls.		All	samples	were	resolved	by	

SDS-PAGE	 on	 12-14%	 bis-tris	 gels,	 and	 transferred	 to	 nitrocellulose	 membranes	 for	 western	

blotting.	 	 Membranes	 were	 probed	 with	 anti-fibrinogen	 (A)	 or	 anti-PPAD	 (B)	 antibody,	 or	

modified	and	probed	with	anti-modified	citrulline	antibody	(C).	

	

Sequencing	of	peptides	formed	from	fibrinogen	and	α-enolase	by	LC-MS	

To	confirm	citrullination	and	sequence	the	peptides	formed	from	fibrinogen	and	

α-enolase,	the	same	incubations	were	prepared	as	before	and	citrullination	was	

measured	 by	 LC-MS.	 	 Good	 protein	 coverage	 was	 obtained	 for	 all	 samples,	

encompassing	25	of	38	arginine	residues	 in	 the	 fibrinogen	α-chain,	15	of	26	 in	

the	 β-chain,	 8	 of	 12	 in	 the	 γ-chain	 and	 11	 of	 16	 from	 α-enolase.	 	 The	 level	 of	

citrullination	 for	 each	 arginine	 residue	 in	 the	 LC-MS	 covered	 region	 was	

quantified	 (Figure	 3.11).	 	 In	 total,	 41	 C-terminally	 citrullinated	 peptides	 were	

formed	 from	 fibrinogen	 (19	 α-chain,	 14	 β-chain,	 8	 γ-chain)	 and	 11	 from	 α-
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enolase.	 	Of	 the	19	 citrullinated	peptides	 from	 the	 fibrinogen	α-chain,	16	were	

citrullinated	 in	 the	 majority	 of	 instances	 (≥50%),	 whilst	 3	 towards	 the	 C-

terminus	of	the	protein	were	citrullinated	less	frequently	(14-25%),	which	could	

be	due	to	intrinsic	secondary	structure	that	restricts	availability	of	the	residues	

to	 PPAD.	 	 Of	 the	 11	 citrullinated	 peptides	 formed	 from	 α-enolase,	 10	 were	

citrullinated	in	the	majority	of	instances	(≥50%).		All	peptides	were	citrullinated	

at	the	C-terminus.			

		

	

Figure	3.11	 Citrullinated	 peptides	 formed	 from	 fibrinogen	 and	 α-enolase	 by	 RgpB	 and	 PPAD.		

Fibrinogen	and	α-enolase	were	incubated	o/n	at	37°C	and	resulting	peptides	were	identified	by	

LC-MS.	 	 A)	 Peptides	 from	 fibrinogen	 α-,	 β-	 and	 γ-chains	 (panels	 i,	 ii,	 and	 iii	 respectively).	 	 B)	

Peptides	 from	 α-enolase.	 	 C)	 Key:	 Sequence	 in	 black	 denotes	 region	 covered	 in	 LC-MS,	 grey	

depicts	 non-covered	 regions.	 	 Underlined	 sequences	 denote	 known	 immunodominant	 B-cell	

epitopes.		Arginine	residues	occurring	frequently	citrullinated	are	represented	by	a	red/orange	R,	

occasionally	citrullinated	by	a	yellow/green	R,	and	those	never	detected	citrullinated	by	a	blue	R.	
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SGIGTLDGFR HRHPDEAAFF DTASTGKTFP GFFSPMLGEF VSETESRGSE 
SGIFTNTKES SSHHPGIAEF PSRGKSSSYS KQFTSSTSYN RGDSTFESKS      
YKMADEAGSE ADHEGTHSTK R
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QGFGNVATNT DGKNYCGLPG EYWLGNDKIS QLTRMGPTEL LIEMEDWKGD 
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Identification	of	homologous	citrullinated	regions	of	PgEnolase	and	α-enolase	

Cross	 reactivity	between	PgEnolase	and	α-enolase	 is	 a	possible	mechanism	 for	

development	 of	 autoimmunity	 in	 RA.	 	 To	 identify	 potentially	 cross-reactive	

peptides,	PgEnolase	was	incubated	with	PPAD	and	RgpB	as	for	fibrinogen	and	α-

enolase,	 and	 peptides	 formed	 sequenced	 by	 LC-MS.	 	 C-terminally	 citrullinated	

peptides	 formed	 from	 PgEnolase	 were	 then	 compared	 to	 peptides	 from	 α-

enolase	 using	 ClustalW	 sequence	 blast.	 	 Six	 peptides	were	 identified	 from	 the	

most	 highly	 homologous	 regions,	 and	were	 synthesised	with	 either	 C-terminal	

arginine	 or	 citrulline	 residues.	 	 These	 were	 named	 RPgE1-6	 and	 CPgE1-6	

respectively	(Table	3.3).		
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Table	3.3	 C-terminally	citrullinated	peptides	from	PgEnolase.			

1	

Peptide	formed	by	
PPAD	&	RgpB	

PgEnolase	 aa1-9	 MEIAKIIGR	

α-enolase	 aa1-9	 MAILKIHAR	

Synthetic	peptides	
CPgE1	 MEIAKIIG-Cit-acid	

RPgE1	 MEIAKIIGR-acid	

2	

Peptide	formed	by	
PPAD	&	RgpB	

PgEnolase	 aa10-15	 EILDSR	

α-enolase	 aa10-15	 EIFDSR	

Synthetic	peptides	
CPgE2	 IIG-Cit-EILDS-Cit-acid	

RPgE2	 IIGREILDSR-acid	

3	

Peptide	formed	by	
PPAD	&	RgpB	

PgEnolase	 aa34-51	 AAVPSGASTGENEAIELR	

α-enolase	 aa33-50	 AAVPSGASTGIYEALELR	

Synthetic	peptides	
CPgE3	 TGENEAIEL-Cit-acid	

RPgE3	 TGENEAIELR-acid	

4	

Peptide	formed	by	
PPAD	&	RgpB	

PgEnolase	 aa168-175	 PVGACCFR	

α-enolase	 aa	172-179	 PVGAANFR	

Synthetic	peptides	
CPgE4	 PVGACCF-Cit-acid	

RPgE4	 PVGACCFR-acid	

5	

Peptide	formed	by	
PPAD	&	RgpB	

PgEnolase	 aa311-326	 QLVGDDLFVTNVEFLR	

α-enolase	 aa314-327	 QVVGDDLTVTNPKR	

Synthetic	peptides	
CPgE5	 LFVTNVEFL-Cit-acid	

RPgE5	 LFVTNVEFLR-acid	

6	

Peptide	formed	by	
PPAD	&	RgpB	

PgEnolase	 aa401-409	 MAKYNQLLR	

α-enolase	 aa404-412	 LAKYNQLLR	

Synthetic	peptides	
CPgE6	 MAKYNQLL-Cit-acid	

RPgE6	 MAKYNQLLR-acid	
	

PgEnolase	and	human	α-enolase	were	incubated	with	PPAD	and	RgpB	o/n	at	37°C.		C-terminally	

citrullinated	 peptides	 formed	 were	 sequenced	 by	 LC-MS	 and	 compared.	 	 Peptides	 from	 six	

PgEnolase	regions	highly	homologous	to	human	α-enolase	were	synthesised	in	citrullinated	and	

native	 arginine	 containing	 forms	 with	 C-terminal	 acidifications.	 	 Peptides	 were	 named	

citrullinated	PgEnolase	1-6	(CPgE1-6)	and	arginine	PgEnolase	1-6	(RPgE1-6).	
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Structural	modelling	of	PgEnolase	

Next,	 the	 RPgE1-6	 peptides	were	mapped	 onto	 the	 3D	 structure	 of	 PgEnolase.		

Because	 the	 3D	 crystal	 structure	 of	 PgEnolase	 has	 not	 been	 solved,	 two	

homology	models	were	 created	using	 either	 human	α-enolase	 or	 streptococcal	

enolase	 as	 structural	 templates	 (Figure	 3.12).	 	 When	 created	 using	 human	 α-

enolase,	the	PgEnolase	structure	is	modelled	as	a	dimer,	with	the	N-terminus	of	

one	molecule	 forming	 an	 interface	with	 the	C-terminal	 of	 the	 second	molecule	

(Figure	3.12A).		When	the	RPgE1-6	peptides	are	highlighted	in	this	structure	the	

RPgE1,	RPgE2	and	RPgE6	regions	become	partially	or	completely	embedded	 in	

the	interface	of	the	dimer.		Of	note	is	the	RPgE2/CPgE2	peptide	6IIG-R/Cit-EILDS-

R/Cit15,	which	comprises	a	similar	region	covering	the	same	2	citrulline	residues,	

and	 shares	 high	 sequence	 homology	 with	 the	 α-enolase	 immunodominant	

citrullinated	 peptide	 CEP-1	 5KIIG-Cit-EILDS-Cit-GNPTVEC21.	 	 CEP-1	 is	 also	

embedded	 in	 the	 centre	 of	 the	 human	 α-enolase	 dimer	 and	 so	 may	 act	 as	 a	

cryptic	 epitope.	 	 When	 homology	 modeling	 was	 performed	 based	 on	

streptococcal	enolase,	PgEnolase	exists	as	a	monomer,	forming	a	rough	canonical	

configuration	 of	 perpendicular	 pairs	 of	 α-helices	 (Figure	 3.12B).	 	 In	 this	

structure	all	RPgE1-6	peptides	are	accessible.	
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Figure	3.12	 PgEnolase	homology	models	with	mapped	RPgE1-6	positions.	 	Homology	models	

for	 PgEnolase	 were	 created	 by	W.	 W.	 Yue	 based	 on	 human	 α-enolase	 (pdb	 3ZLG)	 (A,	 C)	 and	

streptococcal	enolase	(pdb	2PSN)	(B,	D).		RPgE1-6	are	highlighted	in	colour:	RPgE1/2	red,	RPgE3	

green,	RPgE4	blue,	RPgE5	yellow,	RPgE6	purple.	

	

Formation	of	citrullinated	peptides	from	fibrinogen	by	PPAD,	PAD2	and	PAD4	

Fibrinogen	 was	 incubated	 with	 RgpB	 or	 proteinase	 K	 to	 create	 C-terminal,	 or	

internal	arginine	peptides	respectively,	before	PAD2	or	PAD4	were	added.		Of	the	

19	citrullinated	peptides	formed	from	the	fibrinogen	α-chain	by	PPAD	and	RgpB,	

17	were	 also	 identified	 in	 the	PAD2	 and	PAD4	MS	 result	 spectra,	 and	 so	were	

used	to	compare	the	levels	of	citrullination	(Table	3.4A).		The	17	peptides	were	

citrullinated	by	PPAD	in	14-100%	of	occurrences	in	the	MS	data,	compared	to	0-

60%	by	PAD2	and	0-20%	by	PAD4.	 	Overall,	PAD2	and	PAD4	citrullinated	25%	

and	 4%	 of	 C-terminal	 arginines	 from	 all	 three	 fibrinogen	 chains	 respectively	

(Table	 3.4B).	 	 Both	 PAD2	 and	 PAD4	 citrullinated	 more	 internal	 arginine	

containing	peptides	formed	by	incubation	with	proteinase	K,	with	80%	and	60%	

of	internal	arginines	from	fibrinogen	citrullinated.		

A" B"

C" D"180°" 180°"
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Table	3.4	 Citrullination	of	fibrinogen	by	human	PAD2	and	PAD4.			

aa	 C-terminal	arginine	peptides	from	
fibrinogen	α-chain	

Occurrence	of	Citrulline	
tPPADWT	 PAD2	 PAD4	

20-35	 ADSGEGDFLAEGGGVR	 100%	 0/9	 44%	 0/6	 0%	
70-84	 MKGLIDEVNQDFTNR	 100%	 -	 -	 0/1	 0%	
84-114	 INKLKNSLFEYQKNNKDSHSLTTNIMEILR	 100%	 1/6	 17%	 0/4	 0%	
114-123	 GDFSSANNR	 100%	 0/2	 0%	 0/1	 0%	
144-160	 KVIEKVQHIQLLQKNVR	 100%	 -	 -	 0/1	 0%	
161-168	 AQLVDMKR	 100%	 -	 -	 -	 -	
168-178	 LEVDIDIKIR	 100%	 -	 -	 -	 -	
191-216	 EVDLKDYEDQQQKQLEQVIAKDLLPSR	 100%	 0/1	 0%	 0/2	 0%	
237-258	 FKSQLQKVPPEWKALTDMPQMR	 100%	 8/19	 42%	 1/16	 6%	
259-271	 MELERPGGNEITR	 100%	 0/4	 0%	 0/2	 0%	
271-287	 GGSTSYGTGSETESPR	 100%	 0/6	 0%	 0/3	 0%	
288-308	 NPSSAGSWNSGSSGPGSTGNR	 100%	 2/12	 17%	 0/9	 0%	

309-343	 …SGPGSTGSWNSGSSGTGSTGNQNPGSPR	 100%	 -	 -	 0/2	 0%	
354-367	 PGSTGTWNPGSSER	 100%	 1/2	 50%	 0/2	 0%	
367-394	 GSAGHWTSESSVSGSTGQWHSESGSFR	 100%	 3/5	 60%	 1/5	 20%	
405-425	 PNNPDWGTFEEVSGNVSPGTR	 17%	 2/8	 25%	 0/1	 0%	
427-443	 EYHTEKLVTSKGDKELR	 14%	 1/4	 25%	 1/10	 10%	
444-458	 TGKEKVTSGSTTTTR	 25%	 -	 -	 0/1	 0%	
548-573	 GSESGIFTNTKESSSHHPGIAEFPSR	 15%	 3/7	 43%	 0/4	 0%	
574-591	 GKSSSYSKQFTSSTSYNR	 N/A	 3/9	 33%	 0/2	 0%	

		

	 Occurrence	of	citrulline	

PAD2	 C-terminal	 Internal	

Fib	α-chain	 4/31	 10/10	

Fib	β-chain	 0/3	 -	

Fib	Υ-chain	 28/94	 33/41	

Total	 32/128	(25%)	 43/51	(84%)	

PAD4	 C-terminal	 Internal	

Fib	α-chain	 3/101	 3/5	

Fib	β-chain	 2/29	 -	

Fib	Υ-chain	 0/4	 0/2	

Total	 5/134	(4%)	 3/5	(60%)	

Fibrinogen	was	 incubated	with	 RgpB	 or	 proteinase	 K	 and	 PAD2	 or	 PAD4	 o/n	 at	 37°C	 in	 PAD	

buffer.	 	 Peptides	 formed	were	 sequenced	by	LC-MS.	 	Top)	Citrullination	of	C-terminal	 arginine	

residues	 from	 the	 fibrinogen	 α-chain	 by	 PPAD,	 PAD2	 and	 PAD4.	 	 Bottom)	 Citrullination	 of	 C-

terminal	or	internal	arginine	residues	from	fibrinogen	α,	β,	and	γ-chains	by	PAD2	and	PAD4.	
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Discussion	

The	aim	of	this	chapter	was	to	characterise	the	activity	of	PPAD	in	vitro,	in	order	

to	evaluate	potential	mechanisms	linking	PPAD	to	autoimmunity	 in	RA,	namely	

formation	 of	 novel	 citrullinated	 peptides	 or	 cross	 reactivity	 between	

citrullinated	bacterial	and	human	proteins.			

First,	 the	 effects	 of	 truncating	 the	 NtSP,	 CTD	 and	 IgLF	 around	 the	 CD	 were	

evaluated.	 	 These	 findings	 showed	 a	 PPAD	 construct	 comprising	 CD	 and	 IgLF	

only	was	 the	most	soluble	and	active,	and	minor	 truncations	 to	 the	CD	or	 IgLF	

could	significantly	affect	activity	or	solubility.		This	construct	tPPADWT	was	used	

to	elucidate	the	3D	structure	of	PPAD,	and	as	a	PPAD	standard	in	further	findings	

presented	in	this	thesis.		The	observed	effects	of	PPAD	truncation	may	be	due	to	

native	processing	of	PPAD	in	P.	gingivalis.		Both	PPAD	and	Rgp	are	processed	and	

secreted	through	the	PorSS,	which	has	been	well	characterised	for	RgpB	(Zhou	et	

al.,	2013).		Due	to	similarities	with	RgpB	in	subdomain	architecture,	namely	the	

presence	of	a	CTD	domain,	which	characterises	PorSS	proteins,	PPAD	is	thought	

to	undergo	the	same	process.		Briefly,	the	full-length	62kDa	immature	precursor	

enzyme	 is	 targeted	 for	 translocation	 across	 the	 inner	membrane	 via	 the	NtSP,	

which	is	then	removed	to	activate	the	latent	enzyme	(Veillard	et	al.,	2013).		The	

CTD	 then	 targets	 the	 active	 protein	 to	 the	 PorSS	 for	 translocation	 through	 the	

outer	membrane	 (Sato	et	al.,	 2010,	 Shoji	et	al.,	 2011),	during	which	 the	CTD	 is	

removed	by	the	P.	gingivalis	enzyme	PG0026,	or	PorU	(Glew	et	al.,	2012,	Gorasia	

et	al.,	2015).		Removal	of	the	CTD	forms	the	mature	enzyme	of	46kDa	(McGraw	et	

al.,	 1999),	 which	 is	 anchored	 to	 the	 bacterial	 membrane	 through	 putative	

binding	of	the	remaining	linker	region	following	the	IgLF	(Zhou	et	al.,	2013),	to	

anionic-LPS	 on	 the	 bacterial	 surface	 (Gorasia	 et	 al.,	 2015).	 	 Once	 secreted,	 P.	
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gingivalis	 proteins,	 including	PPAD	and	RgpB,	 form	 large	multi-unit	 complexes	

on	the	bacterial	surface	(Glew	et	al.,	2014).				

Understanding	 the	mechanisms	 of	 PorSS	 processing	 provides	 explanations	 for	

the	observed	solubility	and	activity	variations	in	our	PPAD	constructs.		tPPADWT	

was	the	most	soluble	and	active	construct,	and	has	the	most	comparable	domain	

boundaries	to	the	mature,	virulent	form	of	PPAD	secreted	from	P.	gingivalis,	 i.e.	

the	 CD	 and	 IgLF	 domains,	 lacking	 the	NtSP	 and	CTD.	 	 Similarly,	 the	 full-length	

precursor	enzyme	comprising	NtSP	and	CTD	is	not	secreted,	and	so	is	unlikely	to	

remain	soluble	in	our	recombinant	system.		In	addition,	one	study	using	another	

ProSS	protein	in	P.	gingivalis	(hemin	binding	protein	35)	identified	a	specific	22	

amino	acid	portion	of	 the	CTD	 that	was	 required	 for	 secretion	and	subsequent	

membrane	 attachment	 (Shoji	 et	 al.,	 2011).	 	 Of	 these	 22	 amino	 acids,	 20	 are	

conserved	amongst	other	PorSS	proteins	(Seers	et	al.,	2006),	and	so	are	thought	

to	be	required	 for	CTD	function.	 	This	 is	supported	 in	 the	current	study,	which	

shows	that	only	partial	truncation	of	the	CTD	from	lys556	to	ala484	results	in	a	

significant	increase	in	activity	(c073	compared	to	c007).		

In	 vivo,	 naturally	 occurring	 substrates	 for	 PPAD	 with	 C-terminal	 arginine	

residues	 are	 rare,	 and	 so	 citrullination	 alone	 as	 a	 defence	 mechanism	 for	 P.	

gingivalis	would	be	 inefficient.	 	However,	 as	a	 functional	partner	and	an	active	

arginine	 protease,	 Rgp	 supplies	 C-terminally	 located	 arginine	 substrates	 for	

PPAD.		It	is	possible	that	citrullination	of	host	proteins	following	cleavage	by	Rgp	

provides	 extra	 bacterial	 defence	 to	 ensure	 anti-microbial	 products	 are	

completely	 inactive.	 	 In	 support	 of	 this	 mechanism	 is	 the	 inactivation	 of	

complement	 component	 C5a	 following	 citrullination	 by	 PPAD	 (Bielecka	 et	 al.,	

2014).	 	 In	 addition,	 in	 the	 study	 presented	 in	 this	 chapter,	 co-incubation	 of	
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fibrinogen	with	active	tPPADWT	and	Rgp	appeared	to	increase	the	degradation	of	

fibrinogen	 by	 Rgp,	 possibly	 by	 augmenting	 protein	 architecture	 to	 expose	

cleavage	 sites	 for	 Rgp.	 	 This	 supports	 the	 hypothesis	 that	 PPAD	 and	 RgpB	

function	together	in	vivo,	and	have	mutually	complementary	action.			

Fibrinogen	 and	 α-enolase	 are	 two	 of	 the	 most	 commonly	 occurring	 ACPA	

reactivities	 and	 occur	 before	 disease	 onset	 (Rantapaa-Dahlqvist	 et	 al.,	 2003,	

Nielen	 et	 al.,	 2005,	 van	 de	 Stadt	 et	 al.,	 2011a).	 	 In	 this	 study,	 PPAD	 and	 RgpB	

formed	 41	 C-terminally	 citrullinated	 peptides	 from	 fibrinogen,	 and	 11	 from	α-

enolase.	 	 In	addition,	citrullination	of	 the	same	C-terminal	arginine	residues	by	

PAD2	and	PAD4	was	compared,	and	was	significantly	 lower	than	that	of	PPAD.		

However,	both	PAD2	and	PAD4	were	efficient	in	citrullinating	internal	arginines,	

which	had	been	shown	previously	for	both	fibrinogen	and	α-enolase	(Wegner	et	

al.,	 2010,	 van	Beers	et	al.,	 2010).	 	 These	 findings	 confirm,	 and	 advance	upon	a	

previous	 study	 in	 our	 lab,	whereby	 the	 formation	 of	 C-terminally	 citrullinated	

peptides	 from	 fibrinogen	 and	 α-enolase	 by	 P.	 gingivalis	 was	 dependent	 on	

expression	of	both	PPAD	and	Rgp	(Wegner	et	al.,	2010).	

These	 findings	 demonstrate	 that	 citrullinated	 peptides	 created	 during	 P.	

gingivalis	 infection	would	differ	from	native	citrullinated	peptides,	and	so	could	

be	recognised	as	foreign	by	the	immune	system	to	drive	an	ACPA	response.	 	B-

cells	may	directly	 bind	blood	borne	 antigens	 to	 produce	 an	 antibody	 response	

independently	 of	 T-cells	 (Obukhanych	 and	 Nussenzweig,	 2006),	 however	 the	

increasing	titre	and	avidity	of	ACPA	pre-RA	(Suwannalai	et	al.,	2012)	indicates	T-

cell	help	is	required	in	their	development,	which	is	also	supported	by	the	strong	

association	of	 the	HLA-DRB1	 SE	alleles	with	ACPA+	RA.	 	To	 this	end,	numerous	

studies	 have	 examined	 the	 binding	 of	 citrullinated	 peptides	 to	MHC	 SE	 alleles,	
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and	shown	the	preferential	binding	of	citrullinated	peptides	compared	to	native	

arginine	 ligands	 (Hill	 et	 al.,	 2004,	 James	 et	 al.,	 2010,	 James	 et	 al.,	 2014).		

However,	in	these	studies	peptides	with	internal	citrulline	residues	(as	would	be	

generated	by	PAD2	and	PAD4)	were	used,	 and	 to	date	no	 comparative	 studies	

with	 C-terminally	 citrullinated	 peptides	 have	 been	 documented.	 	 Perhaps	 the	

most	compelling	evidence	to	support	antigenicity	of	citrullines	located	at	or	near	

the	C-terminus	is	the	murine	model	of	autoimmunity	in	mice	transgenic	for	hen	

egg	lysozyme	(HEL).		In	these	studies,	mice	generated	to	present	HEL	by	murine	

MHC-II	I-Ak	were	immunised	with	HEL	in	CFA,	and	T-cell	hybridomas	generated	

using	 cells	 isolated	 from	 the	draining	 lymph	nodes.	 	 The	 resulting	hybridomas	

were	 screened	 for	 reactivity	 with	 HEL	 peptides,	 which	 identified	 the	

immunodominant	 T	 cell	 epitope	HEL48-62,	which	 has	 a	 C-subterminal	 citrulline	

(48DGSTDYGILQINS-Cit-W62)	(Ireland	et	al.,	2006).		In	addition,	crystallisation	of	

the	native	HEL48-62	peptide	bound	 to	murine	MHC-II	 I-AK	showed	 that	 residues	

Arg61	and	Trp62	of	the	peptide	at	positions	P10	and	P11	of	the	MHC-II	molecule	

were	 solvent	 exposed,	 and	 thus	 binding	was	 unaffected	 by	 changing	 Arg61	 to	

Cit61	 (Fremont	 et	 al.,	 1998).	 	 These	 findings	 propose	 an	 additional	 binding	

conformation	 for	 C-terminally	 citrullinated	 peptides,	 distinct	 from	 the	

established	 model	 of	 internal	 citrulline	 residues	 favourably	 binding	 in	 the	 P4	

pocket	of	MHC-II	SE	alleles.	 	 In	this	conformation,	 the	non-citrullinated	peptide	

region	is	secured	within	the	MHC-II	binding	groove,	resulting	in	solvent	exposed	

citrulline	 residue(s)	 at	 the	 C-terminus.	 	 This	 may	 be	 more	 likely	 to	 induce	 a	

citrulline	 specific	 T-cell	 response,	 as	 the	 citrulline	 residue(s)	 are	 positioned	 to	

bind	the	T-cell	receptor	(TCR).	 	In	a	later	study	by	Ireland	and	colleagues	using	

the	same	model,	dendritic	cells	and	macrophages	isolated	from	HEL	expressing	
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transgenic	mice	presented	the	citrullinated	HEL48-62	peptide,	however	splenic	B-

cells	 presented	 the	 non-citrullinated	 form	 (Ireland	 and	 Unanue,	 2011).	 	 This	

could	explain	the	observation	that	PD	patients	often	have	an	elevated	frequency	

of	ACPA,	which	also	react	with	the	non-citrullinated	epitope	variant	(de	Pablo	et	

al.,	2013,	Lappin	et	al.,	2013).		

Another	 potential	 mechanism	 for	 PPAD	 in	 RA	 involves	 cross-reactivity	 with	

auto-citrullinated	 PPAD	 to	 drive	 an	 ACPA	 response.	 	 This	 is	 supported	 by	

findings	that	full-length	recombinant	PPAD	is	auto-citrullinated,	and	RA	patients	

have	 an	 increased	 antibody	 response	 to	 citrullinated	 compared	 to	 non-

citrullinated	PPAD	(Quirke	et	al.,	2014a),	however	it	has	also	been	suggested	that	

auto-citrullination	of	PPAD	is	an	artefact	of	recombinant	E.coli	expression	which	

would	 not	 occur	 in	 vivo	 (Konig	 et	 al.,	 2014).	 	 PPAD	 auto-citrullination	 also	

contradicts	 the	 observation	 that	 PPAD	 is	 exclusively	 reactive	 with	 C-terminal	

arginine	substrates.		In	this	study,	no	arginine	residues	were	found	citrullinated	

in	 full-length	 or	 truncated	 PPAD	 from	 either	 recombinant	 sources	 or	 isolated	

from	 native	P.	gingivalis	 when	 analysed	 by	 LC-MS.	 	 However,	when	 PPAD	 and	

RgpB	 were	 incubated	 together,	 a	 number	 of	 citrullinated	 peptides	 were	

identified	 from	 both	 enzymes,	 which	 could	 be	 antigenic	 when	 formed	 in	 vivo.		

Studies	by	our	 group	have	 found	 significantly	 increased	antibody	 responses	 to	

citrullinated	peptides	spanning	the	PPAD	molecule	in	RA	patients,	which	ranged	

from	 15%,	 to	 40%	 reactivity	 with	 citrullinated	 PPAD	 peptide	 CPP3	

(71CAKTDSYWT-Cit-DYTGWFAMYDC89)	 (Quirke	 et	 al.,	 2014a,	 Quirke	 et	 al.,	

2014b).		Although	these	peptides	have	internal	citrullines,	they	demonstrate	the	

capability	for	PPAD	to	act	as	a	citrullinated	antigen,	and	support	the	hypothesis	

that	antibodies	to	PPAD	in	P.	gingivalis	infection	could	prime	an	ACPA	response.	



	 145	

In	 addition	 to	PPAD,	 cross	 reactivity	between	PgEnolase	 and	human	α-enolase	

has	also	been	implicated	as	a	mechanism	for	autoimmunity	 in	RA	(Lundberg	et	

al.,	2008).	 	Here,	C-terminally	citrullinated	peptides	 formed	by	PPAD	and	RgpB	

from	PgEnolase	were	highly	homologous	to	peptides	formed	from	α-enolase	and	

so	could	result	in	a	cross-reactive	antibody	response.		This	will	be	investigated	in	

further	chapters	of	this	thesis.	

The	main	findings	from	the	studies	in	this	chapter	were:	

• Truncation	 of	 NtSP	 and	 CTD	 domains	 of	 PPAD	 increases	 recombinant	

PPAD	solubility	and	activity,	possibly	by	replicating	PorSS	processing	in	P.	

gingivalis.	

• PPAD	 protein	 purified	 from	 E.coli	 or	 P.	 gingivalis	 was	 not	 auto-

citrullinated	by	MS	analysis,	however	citrullinated	PPAD	peptides	formed	

by	RgpB	and	PPAD	may	still	be	antigenic	in	vivo.	

• PPAD	and	RgpB	effectively	form	C-terminally	citrullinated	peptides	from	

RA	 autoantigens	 fibrinogen	 and	 α-enolase	 in	 vitro,	 distinct	 from	 those	

formed	by	PAD2	and	PAD4.	

• C-terminally	 citrullinated	 peptides	 from	 PgEnolase	 homologous	 to	 α-

enolase	were	identified	as	potential	mediators	of	cross-reactivity	between	

bacterial	and	human	enolase.		
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Chapter	4	 PPAD,	RgpB	and	PgEnolase	in	vivo:	murine	models	

Background	

Animal	 models	 of	 disease	 are	 integral	 to	 biomedical	 research,	 and	 have	 been	

particularly	valuable	in	the	study	of	RA,	notably	in	the	development	of	anti-TNF	

biologic	 therapy	 (Williams	 et	 al.,	 1992).	 	 A	 number	 of	 in	 vivo	 systems	 are	

regularly	 used	 to	 model	 RA	 pathogenesis,	 either	 by	 inducing	 auto-immunity	

targeting	 the	 joint,	 e.g.	 collagen-induced	 arthritis	 (CIA)	 (Inglis	 et	al.,	 2007),	 by	

passive	 transfer	 of	 joint	 specific	 antibodies,	 e.g.	 collagen	 antibody	 induced	

arthritis	 (CAIA)	 (Holmdahl	 et	 al.,	 1986),	 or	 by	 exploiting	 spontaneous	

inflammatory	symptoms	in	mutant	mouse	strains,	e.g.	KxB/N	mice	(Kouskoff	et	

al.,	 1996).	 	 However,	 none	 have	 described	 an	 aetiological	 pathway	 to	 RA	

development	in	vivo.		

The	proposed	aetiological	association	between	PD	and	RA	has	resulted	in	a	small	

number	of	studies	investigating	the	effect	of	P.	gingivalis	on	pathology	in	murine	

models	 of	 arthritis.	 	Marchesan,	 Gully,	 and	 their	 colleagues	 reported	 increased	

incidence	and	severity	of	CIA	and	CAIA	respectively	in	mice	pre-treated	with	P.	

gingivalis	 using	 the	P.	 gingivalis	 induced	model	 of	 PD	 (Marchesan	 et	 al.,	 2013,	

Gully	et	al.,	2014).		Similarly,	administration	of	P.	gingivalis	via	the	chamber	coil	

model	also	increased	incidence	and	severity	of	CIA	(Maresz	et	al.,	2013).		In	these	

studies,	increased	severity	of	disease	was	dependent	on	pre-treatment	with	live	

P.	gingivalis	expressing	PPAD,	indicating	PPAD	may	be	the	cause	of	this	effect.		

Further	to	this,	previous	studies	from	our	group	reported	immunisation	of	DR4-

Tg	mice	with	PgEnolase	induced	inflammatory	arthritis,	and	anti-CEP-1	and	anti-
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REP-1	 antibody	 responses	 (Kinloch	 et	 al.,	 2008).	 	 These	 findings	 suggest	

PgEnolase	 is	 antigenic	 in	 vivo,	 and	 may	 induce	 anti-CEP-1	 antibodies	 through	

cross	reactivity	with	PgEnolase.	 	 In	RA	patient	sera,	affinity	purified	anti-CEP-1	

antibodies	 cross-react	 with	 citrullinated	 recombinant	 PgEnolase	 (Lundberg	 et	

al.,	2008).		

To	 that	end,	 the	aim	of	 this	 chapter	was	 to	 investigate	 the	effects	of	PPAD,	 co-

immunised	with	RgpB	to	maximise	function,	and	PgEnolase	in	mice	to	replicate	

P.	gingivalis	infection	in	the	aetiology	of	RA.	

The	main	aims	were:	

• To	develop	a	specific	anti-PgEnolase	antibody	for	use	with	anti-PPAD	and	

anti-Rgp	 antibodies	 in	 identifying	 the	 location	 of	 PPAD,	 Rgp	 and	

PgEnolase	in	the	P.	gingivalis	bacterium.	

• Measure	antibody	responses	to	PPAD,	RgpB	and	PgEnolase	in	immunised	

mice.	

• Investigate	antibody	responses	to	citrullinated	peptides	 from	PgEnolase,	

as	a	mechanism	for	breach	of	tolerance	to	human	α-enolase.	

• Investigate	formation	of	ACPA	in	immunised	mice.			
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Buffers	

Western	blotting	

As	in	Chapter	2	 	

Biotin-phenylglyoxal	Probe	

Biotin-Pg	Probe	Buffer	

	

1% SDS 

7% beta mercaptoethanol  

20mM HEPES 

100mM arginine 

100mM NaCl	

Enzyme	Linked	Immunosorbent	Assay	(ELISA)	with	murine	sera	

Carbonate	coating	buffer		 50mM	carbonate	buffer	pH	9.5	

15mM	Na2CO3	

35mM	NaHCO3	

0.02%	NaN3	

Blocking	buffer	

	

1x	PBS	

5%	bovine	serum	albumin	(BSA)	

Wash	buffer	

	

1x	PBS	

0.05%	tween	

Sample	buffer	

	

1x	PBS	

0.05%	tween	

0.1%	BSA	

Stop	solution	 2M	H2SO4	
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Splenocyte	proliferation	assay	

Ammonium-Chloride-

potassium	(ACK)	lysis	buffer		

	

	

10mM	KHCO3	

150mM	NH4Cl	

0.1mM	EDTA	

pH	7.2-7.4	

Trypan	blue	

	

0.2%	trypan	blue	

1x	PBS	

Complete	RPMI	

	

10%	heat-inactivated	foetal	bovine	serum	(FBS)		

1%	penicillin	streptomycin	

1%	HEPES		

1%	non-essential	amino	acids		

1%	GlutaMAX		

1%	sodium	pyruvate		

Roswell	Park	Memorial	Institute	(RPMI)	media	
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Materials	and	methods	

Development	of	anti-PgEnolase	antibody	

Cambridge	 Biosciences	 were	 commissioned	 for	 development	 of	 an	 anti-

PgEnolase	antibody.		Two	peptide	regions	from	PgEnolase	were	predicted	to	be	

immunogenic	 for	 antibody	 production	 in	 rabbits	 using	 epitope	 prediction	

software	 (not	 disclosed	 by	 Cambridge	 Biosciences).	 	 Two	 rabbits	 were	

immunised	 with	 peptide	 1	 (417CAVYGYKKV425-acid)	 (rabbits	 1.1	 and	 1.2)	 or	

peptide	 2	 (251[C]-GIYDYTKFEGEK262-amide)	 (rabbits	 2.1	 and	 2.2)	 in	 CFA,	 and	

boosted	 x4	 with	 the	 corresponding	 peptide	 in	 incomplete	 Freund’s	 adjuvant	

(IFA).		A	pre-immune	and	four	sequential	bleeds	were	taken	from	each	rabbit	(as	

outlined	 in	the	schedule	 in	 ‘Results’)	providing	20	anti-sera	samples.	 	Anti-sera	

were	tested	for	reactivity	to	PgEnolase	and	cross-reactivity	to	human	α-enolase	

by	 standard	 western	 blotting	 protocol,	 using	 a	 1:500	 dilution	 of	 anti-sera	 as	

primary	 antibody	 to	 probe	 10μg	 each	 per	 lane	 of	 recombinant	 PgEnolase	

(purified	 in	 house)	 and	 α-enolase	 (MyBioSource	 (Cat	 no:	MBS203689)).	 	 Anti-

sera	 from	 rabbit	 1.1	was	 the	most	 highly	 reactive	with	PgEnolase,	 and	had	no	

cross	reactivity	to	α-enolase.		Antibody	was	purified	by	affinity	purification	from	

rabbit	1.1	sera,	and	stored	in	glycine.		This	antibody	is	used	as	‘anti-PgEnolase’	in	

western	blotting	throughout	this	thesis.		Anti-human	α-enolase	antibodies,	anti-

CEP-1	 (in	 house),	 and	 anti-Enolase	 H300	 raised	 against	 the	 N-terminal	 300aa	

protein	fragment	(Santa	Cruz),	were	blotted	against	PgEnolase	and	α-enolase	as	

controls.	 	 Anti-CEP-1	was	 diluted	 1:10000	 in	 3%	milk-TTBS,	 and	 anti-Enolase	

H300	 was	 diluted	 1:3000	 in	 3%	 milk-TTBS	 and	 a	 standard	 western	 blotting	

protocol	followed.	
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Preparation	of	P.	gingivalis	fraction	lysates	

P.	gingivalis	was	cultured	and	fractionated	as	previously	described	(Potempa	and	

Nguyen,	2007)	by	Dr.	K.	Gawron,	and	D.	Staniec	and	kindly	gifted	from	the	lab	of	

Prof.	 J.	 Potempa.	 	 Two	 sets	 of	 fractions:	 whole	 cell	 extract	 (WCH);	 inner	

membrane	 (IM);	 periplasmic	 fraction	 (PF);	 outer	 membrane	 (OM);	 and	

cytoplasmic	fraction	(CF)	were	prepared	in	parallel,	and	one	set	made	to	10mM	

final	 conc.	 of	 TLCK	 protease	 inhibitor,	 with	 the	 exception	 of	 PF	 which	 was	

prepared	without	 inhibitors	 only.	 	 Fractions	were	 stored	 at	 -20°C	until	 use.	 	A	

Bradford	 assay	 was	 carried	 out	 to	 calculate	 concentration.	 	 Briefly,	 fractions	

were	 thawed,	 vortexed	 thoroughly,	 and	 serial	dilutions	 in	duplicate	made	on	a	

96-well	plate	(Costar)	with	a	range	of	BSA	protein	standards.		PBS	was	added	in	

duplicate	 as	 a	 blank	 control.	 	 Pierce	 Coomassie	 Plus	 (Bradford)	 Assay	 kit	

(ThermoFisher)	was	 added	 as	per	manufacturer’s	 instructions	 and	 absorbance	

read	 at	 595nm.	 	 Protein	 concentration	was	 calculated	 in	Microsoft	 office	 excel	

using	the	equation	of	the	standard	curve.		Values	were	mean	n=2	minus	blank.	

Western	blotting	of	P.	gingivalis	fraction	lysates	

Fractions	were	thawed	on	ice	and	0.5μg	prepared	in	10μl	of	ddH2O	with	loading	

buffer	 (see	 ‘Buffers’).	 	An	equal	concentration	of	relevant	positive	controls	was	

also	prepared.				Proteins	were	resolved	by	SDS-PAGE	as	before	and	transferred	

to	nitrocellulose	for	western	blotting	as	before.	 	Membrane	was	blocked	o/n	at	

4°C	 in	 3%	 milk-TTBS	 and	 a	 standard	 western	 blotting	 protocol	 observed	 as	

described.		Primary	and	secondary	antibodies	were	diluted	in	3%	milk-TTBS	and	

incubated	 for	 1h	 at	 rt.	 	 Antibodies	 were	 used	 at	 the	 following	 dilutions:	 anti-

PPAD	1:1000	 (Rabbit,	 in	 house),	 anti-gingipain	 1:15000	 (rabbit,	 kind	 gift	 from	
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Prof.	 J.	Potempa)	and	anti-PgEnolase	1:1000	(rabbit,	 in	house),	anti-rabbit	HRP	

secondary	antibody	1:5000	(goat,	Dako).		

Visualisation	of	citrullination	by	biotin-phenylglyoxal	(Biotin-Pg)	probe	

Labeling	citrullinated	proteins	with	Biotin-Pg	probe	

Biotin-Pg	probe	was	kindly	gifted	from	the	lab	of	Prof.	P.	Thompson.		Full	details	

of	use	for	Biotin-Pg	probe	can	be	found	in	(Hensen	et	al.,	2015).		Briefly,	5μg	of	P.	

gingivalis	 lysates	 and	 1μg	 of	 citrullinated	 α-enolase	 as	 a	 positive	 control	were	

diluted	 in	 20μl	 ddH2O	 then	 20%	 final	 conc.	 of	 trichloroacetic	 acid	 (TCA)	 was	

added,	before	0.1mM	(final	conc.)	of	biotin-PG	probe.		Samples	were	incubated	at	

37°C	for	30min.		The	reaction	was	quenched	with	100mM	citrulline	(final	conc.)	

in	50mM	HEPES,	pH7.6.	 	After	quenching,	samples	were	incubated	for	a	further	

30min	 at	 37°C	 then	 30min	 on	 ice	 to	 complete	 precipitation.	 	 Proteins	 were	

isolated	by	centrifugation	at	16,000g	for	1min	at	4°C	and	supernatant	discarded.		

50μl	4°C	acetone	was	added	to	each	pellet	and	centrifuged	again	at	16,000g	for	

15min	 at	 4°C.	 	 Supernatant	 was	 discarded	 and	 tubes	 left	 open	 for	 residual	

acetone	to	evaporate	for	10min	at	rt.			

Eluting	citrullinated	proteins	

Pellets	were	resuspended	in	10μl	of	Biotin-Pg	probe	buffer	(see	‘Buffers’),	heated	

to	 100°C	 for	 10min	 and	 sonicated	 for	 10min.	 	 Steps	 were	 repeated	 until	 the	

pellet	was	completely	resuspended.	 	200μl	0.2%	SDS	in	PBS	was	added	to	each	

sample.	 	 High	 capacity	 streptavidin-agarose	 50%	 slurry	 (ThermoFisher)	 was	

prepared	 in	PBS.	 	50μl	slurry	was	added	per	sample	and	 incubated	o/n	at	4°C.		

Resin	was	 isolated	 by	 centrifugation	 at	 500g	 for	 2min	 at	 4°C	 and	 supernatant	

collected	 as	 flow	 through	 for	 analysis.	 	 Resin	was	washed	 x3	with	 300μl	 0.2%	
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SDS	in	PBS	for	10min	at	rt,	and	washed	x3	with	ddH2O	for	10min	at	rt.		Proteins	

were	 eluted	with	 50μl	 2x	 LDS	 sample	 buffer	 (LifeTechnologies)	 and	 heated	 at	

100°C	for	5min.		Unbound	resin	was	removed	by	centrifugation	at	500g	for	2min,	

and	 the	 supernatant	 collected	 for	 analysis.	 	 20μl	 of	 supernatant(s)	 were	

prepared	for	SDS-PAGE	and	protein	transfer	as	previously	described.		Following	

transfer,	membrane	was	 incubated	with	1:5000	dilution	of	streptavidin	HRP	 in	

5%	BSA	for	1h	at	rt	before	washing	and	protein	visualisation	as	before.					

Murine	immunisation	with	PPAD,	RgpB	and	PgEnolase	

Primary	immunisations	with	PPAD	

Primary	 immunisations	 with	 flPPAD	 were	 carried	 out	 in	 house,	 the	 Kennedy	

Institute	 of	 Rheumatology,	 London.	 	 Dr	 K.	 McNamee	 and	 Mr.	 D.	 Perachau	

provided	 technical	 guidance	 during	 procedures.	 	 All	 experimental	 procedures	

were	approved	by	the	local	ethical	review	process	committee	and	the	UK	Home	

Office	in	accordance	with	the	Animals	(Scientific	Procedures)	Act	1986.			

CFA	 was	 prepared	 by	 mixing	 heat-treated	 Mycobacterium	 tuberculosis	 (BD	

Biosciences)	 in	 IFA	 (BD	 Biosciences)	 in	 a	 mortar	 and	 pestle	 to	 3.3mg/ml.		

Treatment	 enzymes	 (flPPADWT	or	 flPPADC351A)	were	 expressed	 and	 purified	 as	

described	in	Chapter	2,	and	emulsified	in	CFA	to	give	a	treatment	dose	of	50μg	

enzyme	in	final	volume	of	150μl	(0.33mg/ml).		Control	groups	were	immunised	

with	150μl	emulsified	CFA	or	IFA	alone.	 	Emulsified	preparations	were	kept	on	

ice	until	immunisation.	

Male	 10-week-old	DBA/1	 (DBA)	mice	 (Harlan)	were	 used	 due	 to	 the	 previous	

experience	using	this	strain	in	house,	and	their	susceptibility	to	CIA.		flPPAD	was	

used	 as	 immunising	 agent	 before	 the	 development	 of	 more	 efficient	 tPPAD	
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expression	 system.	 	 Mice	 were	 immunised	 with	 150μl	 of	 flPPAD	 antigen	

preparation	 at	 two	 sites	 intra-dermally	 at	 the	 base	 of	 the	 tail	 whilst	

anaesthetised.	 	 Mice	 were	 monitored	 daily	 for	 signs	 of	 adverse	 or	 severe	

reactions,	and	scored	for	symptoms	of	arthritis	for	the	14	or	30-day	duration	of	

the	experiment.		Treatment	groups	were	caged	separately	to	prevent	caging	bias.		

Mice	 were	 housed	 in	 groups	 of	 5	 in	 ventilated	 cages,	 maintained	 at	 a	 mean	

temperature	of	21°C	(±2°C)	in	a	12-hour	light/12-hour	dark	cycle,	with	food	and	

water	available	ad	libitum.		

Mice	 were	 sacrificed	 by	 CO2	 and	 cervical	 dislocation.	 	 Blood	 was	 collected	 by	

cardiac	 puncture	 postmortem	 and	 allowed	 to	 clot	 on	 ice	 for	 30min	 before	

centrifugation	at	2000g	for	10min.		

Immunisations	with	PPAD,	RgpB	&	PgEnolase	

Immunisations	with	tPPADWT,	PgEnolase	&	RgpB	were	carried	out	 in	 the	 lab	of	

Prof.	 E.	 Cairns,	Western	University,	 London,	Ontario,	 Canada.	 	Mr.	A.	 Patel	 and	

Ms.	 S.	 Saunders	 assisted	 on	 various	 aspects	 of	 experiments.	 	 All	 animal	

experiments	 in	 London,	 Canada	 (Cairns	 laboratory)	 were	 performed	 in	

accordance	with	the	Canadian	Council	on	Animal	Care	Guide	to	the	Care	and	Use	

of	Experimental	Animals.	 	The	animal	protocol	 (#	2009-101)	was	approved	by	

the	Animal	Use	Subcommittee	at	Western	University.	

tPPADWT	 was	 expressed	 and	 purified	 as	 described	 previously	 in	 Chapter	 2.		

PgEnolase	 was	 expressed	 and	 purified	 using	 the	 flPPAD	 purification	 protocol	

described	previously	in	Chapter	2.		RgpB	was	kindly	donated	by	Prof.	J.	Potempa.		

Proteins	were	prepared	to	desired	concentration	in	final	volume	200μl	of	sterile	

PBS.		Ten-week-old	female	C57BL/6	(B6)	mice	were	purchased	from	The	Jackson	

Laboratory	 (Maine,	USA).	 	B6	mice	were	used	due	 to	previous	experience	with	
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this	 strain	 in	 house	 and	 to	 enable	 future	 experiments	 in	 DR4-Tg	 mice,	 which	

have	a	B6	genetic	background.		Mice	were	immunised	with	either:	PPAD	100μg,	

PgEnolase	 100μg,	 and	 RgpB	 10μg;	 PPAD	 100μg,	 and	 RgpB	 10μg;	 PPAD	 100μg	

alone;	PgEnolase	100μg	alone	by	intra-peritoneal	injection	(IP).		One	mouse	from	

each	 treatment	group	was	sacrificed	day	3	post	 immunisation	and	a	dissection	

was	 carried	 out	 to	 detect	 internal	 signs	 of	 severe	 adverse	 reactions	 to	

immunisations,	of	which	there	were	none.		Mice	were	monitored	daily	for	signs	

of	 distress	 and	 symptoms	 of	 arthritis	 for	 the	 10	 or	 28	 day	 duration	 of	 the	

experiments.	 	 Mice	 were	 housed	 in	 the	 Animal	 Care	 and	 Veterinary	 Services	

Barrier	Facility	at	Western	University	under	specific	pathogen	free	conditions,	in	

groups	of	4	in	ventilated	cages,	maintained	at	a	mean	temperature	of	21°C	(±2°C)	

and	a	12-hour	light/12-hour	dark	cycle,	with	food	and	water	available	ad	libitum.		

Mice	were	sacrificed	on	day	10	post-immunisation	or	boosted	(as	on	day	0)	on	

day	21	and	sacrificed	7	days	later	on	day	28.		Mice	were	sacrificed	by	overdose	of	

anaesthetic.		Post-mortem	blood	was	collected	by	cardiac	puncture	and	allowed	

to	clot	for	30min	on	ice	before	centrifugation	at	2000g	for	10min.		Spleens	were	

removed	aseptically	and	stored	in	RPMI	(Gibco,	Life	Tech.)	until	use.		Data	shown	

is	from	two	repeat	experiments	as	indicated	in	results	figures.		

Enzyme	Linked	Immunosorbent	Assay	(ELISA)	with	murine	sera	

Antigens	 were	 diluted	 to	 10mg/ml	 or	 5mg/ml	 for	 peptides	 and	 proteins	

respectively	in	carbonate	coating	buffer	(see	‘Buffers’).	 	Whole	protein	antigens	

used	were	recombinant	tPPADWT,	and	recombinant	PgEnolase.		Peptide	antigens	

used	 were	 CPgE1-6	 (1MEIAKIIG-Cit9,	 6IIG-Cit-EILDS-Cit15,	 41TGENEAIEL-Cit51,	

168PVGACCF-Cit175,	 317LFVTNVEFL-Cit326,	 401MAKYNQLL-Cit409),	 CEP-1	 (5CKIHA-
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Cit-EIFDS-Cit-GNPTVEC21),	 CPP3	 (71CAKTDSYWT-Cit-DYTGWFAMYDC89),	 and	

cVim	 (59VYAT-Cit-SSAV-Cit-L-Cit-SSVP74)	 with	 their	 corresponding	 arginine	

controls.	 	 96	well	 plates	 (Costar)	were	 coated	with	 100μl/well	 of	 antigen	 and	

incubated	o/n	at	4°C.		Coating	antigen	was	washed	out	x3	with	wash	buffer	(see	

‘Buffers’)	(Sigma)	and	tapped	dry.		Plates	were	incubated	for	2h	at	rt	with	200μl	

of	 blocking	 buffer	 (see	 ‘Buffers’),	 and	 blocking	 buffer	 tapped	 out	 without	

washing.	 	Sera	were	diluted	1:20	in	sample	buffer	(see	 ‘Buffers’)	and	100μl	per	

well	applied	in	duplicate.		Pooled	sera	from	naïve	B6	mice	was	used	as	a	control,	

and	 two	 wells	 with	 sample	 buffer	 only	 were	 used	 as	 a	 blank.	 	 Plates	 were	

incubated	 for	 1.5h	 at	 rt	 then	 washed	 as	 before.	 	 100μl	 anti-mouse	 secondary	

antibody	 (Goat	 anti-mouse	 IgM,	 Jackson,	 Rabbit	 anti-mouse	 IgG,	 Dako)	 diluted	

1:5000	in	sample	buffer	was	added	and	incubated	for	1.5h	at	rt.		Where	possible,	

antigens	were	tested	for	both	IgM	and	IgG	reactivity.		When	sera	sample	volume	

was	limited,	reactivity	was	tested	with	IgG	only.	 	Plates	were	washed	as	before.		

100μl	3,3′,5,5′-Tetramethylbenzidine	(TMB)	substrate	(BioLegend)	per	well	was	

added	 as	 per	 manufacturer’s	 instructions,	 incubated	 for	 5min	 at	 rt	 and	 50μl	

ELISA	stop	acid	added	(see	‘Buffers’).		Absorbance	was	read	at	OD450nm.			

To	 measure	 ACPA	 a	 modified	 anti-CCP2	 kit	 (Eurodiagnostica)	 was	 used.		

Manufacturers	methods	and	reagents	were	used	with	two	adjustments.		Murine	

sera	 was	 diluted	 1:100	 in	 sample	 diluent	 (supplied)	 and	 incubated	 as	 per	

manufacturers	 instructions,	 and	 secondary	antibody	was	 replaced	with	1:5000	

Rabbit	anti-mouse	IgG	(Dako)	diluted	in	sample	diluent	(supplied).		Absorbance	

was	 read	 at	OD520nm	and	 values	 converted	 to	 absorbance	 units	 (AU)	 using	 a	

standard	 curve.	 	 Due	 to	 the	 commercially	 designed	 peptides	 used	 in	 the	 anti-

CCP2	assay,	no	arginine	containing	control	peptides	were	available.	
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Splenocyte	proliferation	assay	

Spleens	were	collected	post-mortem	and	stored	separately	 in	5ml	RPMI	on	 ice.		

Each	spleen	was	homogenised	using	a	sterile	glass	homogeniser,	washed	with	3x	

5ml	PBS	between	each	homogenisation.		Homogenates	were	centrifuged	at	450g	

for	 5min,	 supernatant	 discarded,	 and	 pellet	 resuspended	 in	 remaining	 buffer.		

4ml	Ammonium-Chloride-Potassium	(ACK)	lysis	buffer	(see	‘Buffers’)	was	added	

to	each	tube	and	incubated	for	4min	with	inversion	every	minute.		11ml	PBS	was	

added	per	 tube	 and	 inverted	 to	 neutralise.	 	 Cells	were	 centrifuged	 at	 450g	 for	

5min,	 supernatant	 discarded	 and	 pellet	 resuspended	 as	 before.	 	 Cells	 were	

resuspended	 in	 10ml	 PBS	 and	 any	 traces	 of	 fat	 or	 debris	 removed	 before	

centrifugation	 again	 at	 450g	 for	 5min.	 	 Supernatant	 was	 discarded,	 pellet	

resuspended	 in	 2-5ml	 complete	 RPMI	 (depending	 on	 original	 pellet	 size),	 and	

any	 remaining	 debris	 was	 removed.	 	 80μl	 of	 trypan	 blue	 (see	 ‘Buffers’)	 was	

added	 to	 20μl	 of	 final	 cell	 suspension	 and	 the	 cell	 number	 quantified	 using	 a	

haemocytometer.	 	 Cells	 were	 diluted	 to	 4x106/ml	 in	 complete	 RPMI	 (see	

‘Buffers’)	and	100μl	added	to	each	well	in	triplicate/antigen.		Test	antigen	tPPAD	

was	 diluted	 to	 100μg/ml,	 and	 positive	 control	 concanavalin	 A	 (ConA)	 (Sigma	

Diagnostics)	 to	 20μg/ml	 in	 RPMI.	 	 100μl	 of	 each	was	 added	 to	 corresponding	

wells.	 	Triplicate	wells	without	antigens	were	used	as	a	negative	control.	 	 	Cells	

were	incubated	at	37°C	in	5%	CO2	for	54h.		100μl	of	supernatant	was	removed,	

aliquoted	 into	 corresponding	 positions	 in	 a	 96-well	 plate	 and	 stored	 -20°C	 for	

cytokine	 analysis.	 	 1μCi	 of	 [3H]-thymidine	 (PerkinElmer)	 in	 100μl	 sterile	

complete	RPMI	was	added	to	splenocytes	in	each	well.		Cells	were	incubated	for	

18h	before	being	harvested,	soaked	in	 ‘ReadySafe’	scintillation	liquid	(Beckman	

Coulter)	 and	 read	 on	 a	 150	 Microbeta	 liquid	 scintillation	 counter	 (Wallac).		
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Means	 of	 n=3	 were	 calculated	 in	 Microsoft	 Excel	 and	 values	 expressed	 as	

stimulation	index	(SI):	ratio	of	mean	counts	per	minute	of	triplicate	cultures	with	

antigen	to	triplicate	cultures	without	antigen.		

Cytokine	ELISA	with	splenocyte	supernatants	

Cell	supernatants	were	harvested	from	stimulated	splenocytes	as	described,	and	

pooled	by	treatment	group.	 	To	measure	cytokine	production	from	splenocytes,	

BD	OptEIATM	ELISA	kits	for	IL-6,	TNF-α	and	IFN-γ	(BD	Biosciences)	were	used	as	

per	 manufacturer’s	 instructions.	 	 Briefly,	 a	 standard	 curve	 was	 prepared	 by	

serial	dilution	of	 standard	provided	 in	sample	diluent.	 	50μl	ELISA	diluent	was	

pipetted	 into	 each	 well,	 and	 100μl	 of	 supernatant	 pool	 or	 standard	 added	 in	

duplicate.		Plates	were	sealed	and	incubated	for	2h	at	rt.		Plates	were	washed	x5	

in	ELISA	wash	buffer	(supplied)	and	tapped	dry.		Working	detector	was	prepared	

by	 adding	 enzyme	 concentrate	 to	 detection	 antibody	 provided,	 and	 100μl	was	

added	to	each	well.		Plates	were	sealed	and	incubated	for	1h	at	rt	before	washing	

x7	 as	 before.	 	 100μl	TMB	One-Step	 reagent	was	 added	 and	 incubated	 at	 rt	 for	

30min.	 	50μl	stop	reagent	was	added	per	well	and	plates	read	at	450nm.	 	Data	

was	analysed	as	per	serum	ELISA.	

Statistical	analysis	

For	 all	 ELISAs	 and	 the	 anti-CCP2	 assay,	 data	 calibration	 was	 carried	 out	 in	

Microsoft	Excel.		Means	are	n=2	minus	blank	and	expressed	as	OD450nm	values	

or	 Absorbance	 Units	 (AU)	 or	 Pg/ml	 where	 a	 standard	 curve	 was	 available.		

Statistical	significance	was	determined	using	Mann-Whitney	testing	in	GraphPad	

Prism	 6.	 	 Values	 for	 experimental	 repeats	 are	 indicated	with	 different	 symbol	

colouring	in	graphs	as	indicated	in	figure	legends.	
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Results	

Development	of	anti-PgEnolase	antibody	

Two	rabbits	each	were	immunised	with	PgEnolase	peptides	1)	CAVYGYKKV-acid	

and	 2)	 C]-GIYDYTKFEGEK-amide.	 	 Rabbits	 were	 bled	 before	 and	 sequentially	

after	immunisations,	providing	5	serum	samples	each	(Table	4.1).	 	Reactivity	to	

PgEnolase	in	the	antiserum	was	determined	by	western	blotting	in	parallel	with	

human	α-enolase	to	determine	levels	of	cross-reactivity	(Figure	4.1).		All	antisera	

reacted	 exclusively	 with	 PgEnolase,	 and	 no	 cross-reactivity	 with	 human	 α-

enolase	was	observed.		In	all	samples	protein	bands	were	identified	at	~50kDa,	

above	 the	 expected	molecular	weight	 of	 PgEnolase	 of	 46kDa,	 and	 at	~100kDa,	

which	could	 indicate	dimerisation	of	 the	protein.	 	Antisera	 from	rabbit	1.1	was	

most	 reactive,	 indicated	 by	 strongest	 protein	 bands,	 and	 so	 was	 harvested,	

affinity	purified	and	stored	for	further	use	as	‘anti-PgEnolase’.	

	

Table	4.1	 Schedule	of	anti-PgEnolase	antibody	development.			

Date	 Operation	 Method	 Sera	collected	
01-May-15	 Pre-immune	bleed	#1	 Intravenous	 5ml	
01-May-15	 Immunisation	#1		 Subcutaneous	nodal	in	CFA	

	15-May-15	 Immunisation	#2		 Subcutaneous	dorsal	in	IFA	
	22-May-15	 Bleed	#2	 Intravenous	 5ml	

29-May-15	 Immunisation	#3		 Subcutaneous	dorsal	in	IFA	
	05-Jun-15	 Bleed	#3	 Intravenous	 5ml	

12-Jun-15	 Immunisation	#4		 Subcutaneous	dorsal	in	IFA	
	19-Jun-15	 Bleed	#4	 Intravenous	 20ml	

26-Jun-15	 Immunisation	#5	 Subcutaneous	dorsal	in	IFA	
	03-Jul-15	 Bleed	#5	 Intravenous	 20ml	

10-Jul-15	 Immunisation	#6		 Subcutaneous	dorsal	in	IFA	
	17-Jul-15	 Harvest	Bleed	 Intravenous	 50-80ml	
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Figure	4.1	 Reactivity	 of	 rabbit	 antisera	 with	 PgEnolase	 and	 α-enolase.	 	 10μg	 per	 lane	 of	

PgEnolase	and	human	α-enolase	were	resolved	by	SDS-PAGE	 in	pairs	 labelled	as	 ‘Pg’	and	 ‘α’	on	

blots.	 	 Proteins	 were	 transferred	 to	 nitrocellulose	 membrane,	 and	 membranes	 cut	 into	 strips.		

Each	membrane	strip	with	PgEnolase	and	human	α-enolase	was	 incubated	with	 test	bleed	sera	

(1:500)	or	anti-human	α-enolase	antibodies	anti-CEP1	(1:10000)	and	anti-H300	(1:3000).	 	Pre-

immune	sera	and	four	test	bleeds	labelled	(1-5)	were	obtained	from	two	rabbits	immunised	with	

peptide	1	 (1.1	 and	1.2)	 and	 two	 rabbits	 immunised	with	peptide	2	 (2.1	 and	2.2).	 	 PgEnolase	 is	

indicated	with	arrow	1,	a	possible	PgEnolase	dimer	is	indicated	with	arrow	2.				
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Location	of	PPAD,	RgpB	and	PgEnolase	in	P.	gingivalis	fractions	

P.	 gingivalis	 fractions:	 whole	 cell	 extract	 (WCH),	 inner	 membrane	 (IM),	

periplasmic	fraction	(PF),	outer	membrane	(OM),	and	cytoplasmic	fraction	(CF),	

were	 resolved	 by	 SDS-PAGE	 alongside	 PPAD,	 RgpB	 and	 PgEnolase	 as	 positive	

controls,	 transferred	 to	 nitrocellulose,	 and	 probed	 using	 anti-PPAD,	 anti-RgpB	

and	anti-PgEnolase	antibodies	(Figure	4.2).	 	PPAD,	Rgp	and	PgEnolase	were	all	

found	 in	 the	WCH	 (with	 inhibitor),	 confirming	 their	presence	 in	 the	bacterium	

(Figure	4.2).		PPAD	migrated	in	two	bands,	a	diffuse	upper	band	at	~70kDa	and	a	

clear	 lower	 band	 at	 50kDa,	 alongside	 the	 positive	 control	 tPPADWT.	 	 This	 is	

consistent	 with	 previous	 findings	 in	 this	 thesis	 that	 may	 be	 due	 to	 PorSS	

processing	 (Figure	 4.1	 arrows	 1	 and	 2).	 	 However,	 only	 one	 Rgp	 band	 was	

identified	when	probed,	 at	~70kDa	above	 the	control	RgpB	at	~55kDa	 (Figure	

4.2	arrow	3),	which	may	suggest	 the	anti-Rgp	antibody	used	reacts	exclusively	

with	the	full-length	form	of	the	enzyme,	and	not	the	truncated	form.		PgEnolase	

migrated	 slightly	 above	 the	 expected	 molecular	 weight	 of	 46kDa,	 at	 ~52kDa	

(Figure	 4.2	 arrow	 4),	 which	 may	 also	 indicate	 some	 modifications	 in	 the	

bacterium.		The	GST-tagged	positive	control	migrated	at	75kDa,	due	to	the	added	

molecular	weight	of	GST	fusion	protein.	

PPAD	 and	RgpB	were	 found	 in	 both	 the	 IM	 and	 in	 higher	 amounts	 in	 the	OM.		

Neither	 showed	 difference	 in	 expression	 with	 or	 without	 protease	 inhibitor.		

PgEnolase	was	present	in	high	levels	in	the	CF	and	PF,	but	was	identified	in	the	

OM	fraction	with	inhibitor	only,	indicating	PgEnolase	may	be	degraded	in	the	OM	

fraction,	which	contains	high	levels	of	RgpB,	without	protease	inhibitors.	
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Figure	4.2	 Location	of	PPAD,	Rgp	and	PgEnolase	in	P.	gingivalis	fractions.	 	P.	gingivalis	was	

fractionated	 into	WCH,	 IM,	 PF,	 OM	 and	 CF	 with	 or	 without	 TLCK.	 	 Fractions	 were	 lysed,	 and	

protein	 concentration	 measured.	 	 0.5μg	 of	 lysed	 P.	 gingivalis	 fraction	 protein	 and	 relevant	

positive	 controls	 (PPAD,	 RgpB	 or	 PgEnolase)	 were	 resolved	 by	 SDS-PAGE	 and	 transferred	 to	

nitrocellulose.	 	 Nitrocellulose	 membranes	 were	 incubated	 with	 1:15000	 dilution	 of	 anti-Rgp,	

1:1000	dilution	anti-PgEnolase	or	1:1000	dilution	anti-PPAD.	 	 	Proteins	were	visualised	using	a	

streptavidin-HRP	secondary	antibody	and	ECL.	

	

Location	of	citrullination	in	P.	gingivalis	fractions	

Citrullinated	proteins	 from	P.	gingivalis	WCH,	 IM,	PF,	OM,	and	CF	were	 isolated	

using	a	citrulline	specific	biotin-Pg	probe	and	resolved	by	SDS-PAGE	(Figure	4.3).		

The	highest	level	of	citrullination	was	found	in	WCH	and	OM,	irrespective	of	the	

presence	 of	 TLCK	 protease	 inhibitor	 in	 the	 sample.	 	 The	 CF	 fraction	 with	

protease	 inhibitor	 also	 has	 moderate	 levels	 of	 citrullination.	 	 No	 citrullinated	

proteins	were	detected	 in	 IM	or	PF.	 	Taken	 together	with	 the	western	blotting	

findings,	these	data	indicate	highest	levels	of	citrullination	occur	in	the	presence	

of	PPAD,	RgpB	and	PgEnolase.		
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In	 addition,	 three	 clear	 bands	 were	 identified	 consistently	 between	WCH	 and	

OM,	 suggesting	 the	OM	 is	 the	main	 source	 of	 citrullinated	proteins	 (Figure	4.3	

arrows	1,	2	and	3).		These	were	diffuse	bands	migrating	at	~46kDa,	~55kDa	and	

~70kDa,	 consistent	 with	 previous	 western	 blots	 of	 P.	 gingivalis	 fractions	 that	

show	diffuse,	heavily	glycosylated	protein	bands.	 	One	of	 these	bands	was	also	

visible	 in	 CF	 in	 the	 presence	 of	 TLCK.	 	 This	 could	 be	 due	 to	 contamination	 or	

citrullinated	 proteins	 getting	 degraded	 beyond	 recognition	 by	 the	 Biotin-Pg	

probe	in	the	CF	of	the	bacterium	with	active	proteases.	

	

Figure	4.3	 Location	 of	 citrullination	 in	 P.	 gingivalis	 bacterial	 fractions.	 	 P.	 gingivalis	 was	

fractionated	 into	WCH,	 IM,	 PF,	 OM,	 and	 CF	 with	 or	 without	 TLCK.	 	 Fractions	 were	 lysed,	 and	

protein	concentration	measured.	 	5μg	of	protein	was	 incubated	with	a	Biotin-Pg	probe	 to	 label	

citrullinated	 proteins.	 	 Proteins	 were	 precipitated	 from	 the	 sample	 and	 citrullinated	 proteins	

isolated	using	streptavidin	resin.		Citrullinated	proteins	were	eluted	from	resin,	resolved	by	SDS-

PAGE	with	1μg	of	citrullinated	α-enolase	as	a	positive	control,	and	transferred	to	nitrocellulose	

membrane.		Nitrocellulose	membrane	was	incubated	with	1:5000	dilution	of	streptavidin-HRP	to	

label	citrullinated	proteins,	which	were	visualised	using	ECL.	 	Main	protein	bands	are	indicated	

with	arrows	1,	2	and	3.	
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Anti-PPAD	responses	in	PPAD	immunised	mice	

DBA	mice	were	immunised	with	flPPADWT	or	inactive	flPPADC£51A	in	CFA	(Figure	

4.4),	 sera	 collected	 and	 antibody	 responses	 to	 PPAD	 measured	 (Figure	 4.5).		

Measured	on	day	30,	 anti-PPAD	 IgM	and	 IgG	 responses	were	observed	 in	both	

groups,	with	no	 significant	difference	between	mice	 immunised	with	 flPPADWT	

or	mice	 immunised	with	 flPPADC351A.	 	 This	 indicates	 PPAD	 itself	 can	 act	 as	 an	

antigen	in	vivo,	independently	of	citrullinating	activity.	

	

	

	

	
Figure	4.4	 Preliminary	 immunisations	 with	 wild-type	 or	 mutant	 PPAD.	 	 Fifteen	 DBA	 mice	

were	 immunised	with	 50μg	wild-type	 PPAD	 (flPPADWT)	 or	 inactive	mutant	 PPAD	 (flPPADC351A)	

emulsified	in	CFA	intra-dermally	at	the	base	of	the	tail,	and	monitored	for	14	(7	mice)	or	30	days	

(8	mice).	
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Figure	4.5	 Antibody	responses	to	PPAD	in	PPAD	immunised	mice.	Serum	was	collected	from	

DBA	mice	immunised	with	flPPADWT	or	flPPADC351A	in	CFA,	30	days	post-immunisation.		IgG	and	

IgM	 antibody	 reactivity	 was	 measured	 to	 whole	 PPAD	 using	 a	 standard	 ELISA	 protocol.		

Absorbance	was	read	at	450nm.		Values	are	blank	corrected	mean	n=2	±SE.		Each	dot	represents	

reactivity	 from	 one	 mouse.	 	 Statistical	 differences	 between	 groups	 were	 calculated	 by	 Mann-

Whitney	test	in	Graphpad	Prism.		n.s	=	not	statistically	significant.			

		

Antibody	responses	to	human	enolase	in	PPAD	immunised	mice	

Levels	of	IgM	and	IgG	anti-CEP-1	and	anti-REP-1	were	measured	on	day	14	and	

day	 30-post	 immunisation	 (Figure	 4.6).	 	 Both	 flPPADWT	 and	 flPPADC351A	

immunised	mice	had	significantly	 increased	 IgM	and	 IgG	anti-REP-1	antibodies	

on	 day	 14	 compared	 to	 CEP-1,	 and	 a	 trend	 towards	 an	 increased	 anti-REP-1	

response	 on	 day	 30,	 which	 was	 statistically	 significant	 for	 IgG	 isotype.	 	 No	

significant	differences	were	observed	between	antibody	production	in	flPPADWT	

or	flPPADC351A	immunised	mice	in	any	group.		These	findings	could	suggest	PPAD	

immunisation	 induces	 an	 antibody	 response	 to	 human	 α-enolase,	 but	 the	

possibility	 that	 this	 response	 could	 be	 due	 to	 the	 presence	 of	Mycobacterium	

enolase	in	the	CFA	adjuvant	was	investigated.	
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Figure	4.6	 IgM	 and	 IgG	 antibody	 responses	 to	 CEP-1	 and	 REP-1	 in	 PPAD	 immunised	mice.		

Serum	was	collected	 from	DBA	mice	 immunised	with	 flPPADWT	or	 flPPADC351A	 in	CFA	14	or	30	

days	 post-immunisation.	 	 IgG	 and	 IgM	 antibody	 reactivity	 was	measured	 to	 CEP-1	 and	 REP-1	

using	a	 standard	ELISA	protocol.	 	Absorbance	was	 read	at	450nm.	 	Values	are	blank	corrected	

mean	 n=2	 ±SE.	 	 Each	 dot	 represents	 one	mouse.	 	 Statistical	 differences	 between	 groups	were	

calculated	by	Mann-Whitney	test	in	Graphpad	Prism.		*=P<0.05,	**=P<0.01,	n.s	=	not	statistically	

significant.	
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The	effect	of	complete	Freund’s	adjuvant	on	antibody	responses	

To	investigate	if	CFA	could	induce	anti-enolase	responses	due	to	the	presence	of	

mycobacterial	 enolase,	 two	 groups	 of	 mice	 were	 immunised	 with	 CFA	 or	 IFA	

alone,	 sacrificed	 and	 had	 serum	 harvested	 on	 day	 30	 for	 antibody	 analysis	

(Figure	4.7).		Overall	IgG	levels	of	anti-CEP-1	and	anti-REP-1	were	low,	however	

a	 significantly	 increased	 anti-CEP-1	 response	was	 observed	 in	 CFA	 immunised	

mice	compared	to	IFA	immunised	mice	without	mycobacterium.	 	Thus	to	avoid	

development	 of	 anti-enolase	 responses	 to	 mycobacterial	 enolase	 in	 CFA,	 the	

experimental	 design	 was	 reevaluated,	 and	 following	 experiments	 carried	 out	

without	adjuvant.			

	

	

	

Figure	4.7		 Antibody	 responses	 to	 CEP-1	 and	 REP-1	 in	 CFA	 or	 IFA	 immunised	mice.	 	Serum	

was	 collected	 from	 DBA	 mice	 immunised	 with	 CFA	 or	 IFA	 30	 days	 post-immunisation.	 	 IgG	

antibody	reactivity	was	measured	to	CEP-1	and	REP-1	peptides	using	a	standard	ELISA	protocol.		

Absorbance	was	read	at	450nm.		Values	are	blank	corrected	mean	n=2	±SE.		Each	dot	represents	

reactivity	 from	 one	 mouse.	 	 Statistical	 differences	 between	 groups	 were	 calculated	 by	 Mann-

Whitney	test	in	Graphpad	Prism.		**=P<0.01,	n.s	=	not	statistically	significant.	

	

CFA IFA
0.0

0.1

0.2

0.3

O
D

45
0n

m

CFA/IFA CEP-1/REP-1 IgM

CEP-1
REP-1 

ns

**

flP
PAD

WT  

flP
PAD

C35
1A

0.0

0.2

0.4

0.6

0.8

O
D

45
0n

m

CEP-1 
REP-1 

*** **

An#$CEP$1)IgG)



	 168	

Immunisation	with	PPAD,	RgpB	and	PgEnolase	

The	hypothesis	of	this	thesis	was	that	PPAD	may	be	involved	in	ACPA	responses	

in	 RA,	 through	 a	 number	 of	 mechanisms.	 	 In	 addition,	 the	 homology	 of	

citrullinated	peptides	formed	by	PPAD	and	RgpB	from	PgEnolase	and	α-enolase	

proposes	 a	 mechanism	 for	 cross-reactivity	 to	 produce	 auto-reactive	 ACPA.		

Finally,	by	confirming	the	presence	of	PPAD,	Rgp,	and	PgEnolase	on	the	bacterial	

OM,	all	 three	enzymes	were	 found	 to	be	potential	 targets	 for	 the	host	 immune	

system	 during	 P.	 gingivalis	 infection.	 	 Thus,	 an	 experimental	 protocol	 was	

designed	to	investigate	the	effects	of	PPAD,	RgpB	and	PgEnolase	in	vivo.		In	order	

to	 avoid	 potentially	 confounding	 effects	 of	Mycobacterium	 enolase,	 mice	 were	

immunised	 without	 adjuvant,	 by	 IP	 route.	 	 In	 addition,	 tPPADWT	 replaced	

flPPADWT	in	immunisations	for	maximum	efficacy.	

Four	 groups	 of	 female	 B6	 mice	 were	 immunised	 with	 PPAD,	 RgpB	 and	

PgEnolase,	PPAD	and	RgpB,	PPAD	alone	or	PgEnolase	alone	and	either	sacrificed	

for	 serum	 and	 tissue	 harvest	 on	 day	 10,	 or	 boosted	 with	 the	 original	

immunisation	 cocktail	 on	 day	 21	 and	 sacrificed	 on	 day	 28	 (Figure	 4.8).		

Immunisations	were	prepared	in	PBS	and	delivered	by	IP.		Due	to	the	potency	of	

these	bacterial	enzymes	a	test	group	of	4	mice	were	immunised	with	each	of	the	

different	cocktails	and	sacrificed	after	3	days	to	check	for	signs	of	peritonitis,	or	

other	internal	adverse	reactions,	of	which	there	were	none.	
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Figure	4.8	 Immunisation	procedures	for	B6	mice		with	PPAD,	RgpB	and	PgEnolase.	

	

Antibody	responses	to	PPAD	and	PgEnolase		

First	 IgM	and	 IgG	antibody	 reactivity	with	PPAD	and	PgEnolase	was	measured	

(Figure	4.9).	 	Anti-PPAD	IgG	was	significantly	 increased	in	all	PPAD	immunised	

groups	 compared	 to	 PgEnolase	 alone,	 whereas	 no	 significant	 differences	were	

observed	between	anti-PPAD	 IgM	 in	any	group	 (figure	4.9A,	B).	 	This	 indicates	

the	 IgG	 response	may	 be	more	 specifically	 antigen	 driven,	 and	 IgM	 responses	

may	 be	 broader	 and	 more	 cross-reactive.	 	 When	 measuring	 anti-PgEnolase	

reactivity,	 responses	 were	 highest	 in	 the	 PPAD,	 RgpB,	 and	 PgEnolase	 group,	

compared	 to	 all	 others,	 and	were	 significantly	 higher	 than	 the	 PgEnolase	 only	

group	 (Figure	 4.9C,	 D).	 	 This	 suggests	 addition	 of	 PPAD	 and	 RgpB	 has	 an	

adjuvant	affect	on	antibody	production.		For	both	anti-PPAD	and	anti-PgEnolase,	

there	was	a	trend	towards	increased	antibodies	from	day	10	-28.	
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Figure	4.9	 Antibody	responses	to	PPAD	and	PgEnolase.		Serum	was	collected	 from	B6	mice	

immunised	with	PPAD,	RgpB	and	PgEno,	PPAD	&	RgpB,	PPAD	alone	or	PgEno	alone,	10	days	after	

immunisation,	or	28	days	post-immunisation	following	a	booster	 immunisation	on	day	21.	 	 IgG	

and	IgM	antibody	reactivity	was	measured	to	whole	PPAD	(A,	B)	and	PgEnolase	(PgEno)	(C,	D)	

using	a	 standard	ELISA	protocol.	 	Absorbance	was	 read	at	450nm.	 	Values	are	blank	corrected	

mean	n=2	±SE.	 	 Each	dot	 represents	 reactivity	 from	one	mouse.	 	 Results	 are	 pooled	 from	 two	

separate	experiments	using	identical	protocols,	represented	in	figures	by	black	(experiment	one)	

or	grey	(experiment	two)	icons.		Statistical	significance	between	groups	was	measured	by	Mann-

Whitney	 test	 in	 GraphPad	 Prism	 6,	 n.s	 =	 not	 statistically	 significant,	 *=	 P<0.05,	 **=P<0.01,	

***=P<0.005.	
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Antibody	responses	to	citrullinated	PPAD	peptide	CPP3	

To	 investigate	 if	 immunisation	 with	 PPAD,	 RgpB	 and	 PgEnolase	 induced	

antibodies	 to	 citrullinated	 peptides,	 IgG	 reactivity	 with	 citrullinated	 PPAD	

peptide	 CPP3,	 which	 is	 reactive	 with	 40%	 of	 RA	 patient	 sera	 (Quirke	 et	 al.,	

2014a),	and	arginine	control	peptide	RPP3,	was	measured	in	sera	from	mice	28	

days	post-immunisation	(Figure	4.10).		Antibody	response	to	CPP3	and	RPP3	in	

PPAD,	 RgpB	 and	 PgEnolase	 immunised	 mice	 were	 significantly	 increased	

compared	to	all	other	groups.		No	differences	were	observed	between	anti-CPP3	

and	anti-RPP3	IgG	antibodies.	

	

Figure	4.10	 Antibody	 responses	 to	 citrullinated	 PPAD	 peptide	 CPP3.	 	 Serum	 was	 collected	

from	B6	mice	immunised	with	PPAD,	RgpB	and	PgEno,	PPAD	&	RgpB,	PPAD	alone	or	PgEno	alone	

28	days	post-immunisation.		IgG	antibody	reactivity	was	measured	to	citrullinated	PPAD	peptide	

CPP3	and	the	arginine	control	peptide	RPP3	using	a	standard	ELISA	protocol.	 	Absorbance	was	

read	at	450nm.		Values	are	blank	corrected	mean	n=2	±SE.		Each	dot	represents	reactivity	from	

one	mouse.	 	Results	are	pooled	from	two	separate	experiments,	represented	in	figures	by	black	

(experiment	one)	or	 grey	 (experiment	 two)	 icons.	 	 Statistical	 significance	between	groups	was	

measured	by	Mann-Whitney	test,	*=	P<0.05,	**=P<0.01,	***=P<0.005.	
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Antibody	responses	to	citrullinated	PgEnolase	peptides	

It	has	been	proposed	that	cross	reactivity	between	PgEnolase	and	α-enolase	may	

induce	 anti-CEP-1	 responses	 in	 RA.	 	 To	 investigate	 this,	 IgG	 reactivity	 to	 the	

CPgE1-6	 peptides	 described	 in	 Chapter	 3,	 and	 their	 arginine	 control	 peptides	

RPgE1-6	 was	 measured	 in	 sera	 28	 days	 post-immunisation	 (Figure	 4.11).		

Reactivity	 to	CPgE1-6	was	similar,	with	antibody	 levels	 in	 the	PPAD,	RgpB	and	

PgEnolase	group	significantly	higher	than	all	other	groups,	with	the	exception	of	

CPgE3	where	this	difference	did	not	reach	statistical	significance.		No	differences	

were	observed	between	anti-CPgE1-6	and	anti-RPgE1-6	antibody	responses.	

	

Antibody	responses	to	CEP-1	and	REP-1	

By	day	10,	levels	of	anti-CEP-1	and	anti-REP-1	IgG	were	raised	in	the	PPAD,	RgpB	

and	 PgEnolase	 group,	 although	 this	 increase	 was	 only	 statistically	 significant	

compared	to	the	PPAD	and	RgpB	group	(Figure	4.12).		Due	to	a	lack	of	available	

sera,	 only	one	 sample	was	measured	 for	 anti-CEP-1,	 and	 two	 for	 anti-REP-1	 in	

the	PgEnolase	only	group,	and	so	the	anti-CEP-1	response	cannot	be	accurately	

characterised.	 On	 day	 28,	 anti-CEP-1	 and	 anti-REP-1	 levels	 were	 significantly	

higher	 in	 the	 PPAD,	 RgpB	 and	 PgEnolase	mice	 compared	 to	 PPAD	 &	 RgpB	 or	

PPAD	alone,	whereas	levels	in	PgEnolase	mice	were	not	significantly	lower,	but	

exhibited	 a	 trend	 towards	 a	decreased	 response.	 	 In	 all	 groups	 anti-CEP-1	 and	

anti-REP-1	were	not	significantly	different,	which	varies	from	our	earlier	results	

that	 showed	 immunisation	with	 flPPAD	 induced	 a	 higher	 anti-REP-1	 response	

(Figure	 4.6).	 	 This	 suggests	 that	 the	 changes	made	 to	 the	 experimental	 design	

have	increased	the	citrulline	specific	response.	
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Figure	4.11	 Antibody	 responses	 to	 citrullinated	 PgEnolase	 peptides	 CPgE1-6.	 Serum	 was	

collected	 from	B6	mice	 immunised	with	PPAD,	RgpB	and	PgEno,	PPAD	&	RgpB,	PPAD	alone	or	

PgEno	alone,	28	days	post-immunisation.		IgG	antibody	reactivity	was	measured	to	CPgE1-6	and	

arginine	 control	 peptides	 RPgE1-6	 using	 a	 standard	 ELISA	 protocol.	 	 Absorbance	was	 read	 at	

450nm.	 	 Values	 are	 blank	 corrected	mean	 n=2	 ±SE.	 	 Each	 dot	 represents	 reactivity	 from	 one	

mouse.	 	 Results	 are	 pooled	 from	 two	 separate	 experiments,	 represented	 in	 figures	 by	 black	

(experiment	one)	or	grey	(experiment	two)	icons.		Difference	between	groups	was	measured	by	

Mann-Whitney	test,	n.s	=	not	statistically	significant,	*=	P<0.05,	**=P<0.01,	***=P<0.005.	
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Antibody	responses	to	ACPA	epitopes	

To	investigate	if	anti-CEP-1	responses	are	indicative	of	a	general	ACPA	response	

in	immunised	mice,	IgG	ACPA	were	measured	using	a	modified	anti-CCP2	kit,	and	

a	known	human	ACPA	epitope	cVim	alongside	the	arginine	control	peptide	rVim	

(Figure	 4.13).	 	 As	 for	 previously	 tested	 antigens,	 PPAD,	 RgpB	 and	 PgEnolase	

immunised	 mice	 had	 significantly	 increased	 levels	 of	 anti-CCP2	 compared	 to	

PPAD	&	RgpB	or	PPAD	 immunised	mice.	 	 PgEnolase	 immunised	mice	 also	had	

raised	 anti-CCP2	 levels,	 although	 with	 a	 larger	 variation	 between	 individual	

samples.		ACPA	responses	in	all	mice	increased	from	day	10	to	day	28.				

	

Figure	4.12	 Antibody	 responses	 to	 CEP-1	 and	 REP-1.	 Serum	 was	 collected	 from	 B6	 mice	

immunised	with	PPAD,	RgpB	and	PgEno,	PPAD	&	RgpB,	PPAD	alone	or	PgEno	alone	10	days	after	

immunisation,	or	28	days	post-immunisation	following	a	booster	 immunisation	on	day	21.	 	 IgG	

antibody	 reactivity	was	measured	 to	whole	PPAD	and	PgEno	using	 a	 standard	ELISA	protocol.		

Absorbance	was	read	at	450nm.		Values	are	blank	corrected	mean	n=2	±SE.		Each	dot	represents	

reactivity	 from	one	mouse.	 	 Results	 are	pooled	 from	 two	 separate	 experiments	 using	 identical	

protocols,	 represented	 in	 figures	 by	 black	 (experiment	 one)	 or	 grey	 (experiment	 two)	 icons.	

Statistical	 significance	 between	 groups	 was	 measured	 by	 Mann-Whitney	 test,	 n.s	 =	 not	

statistically	significant,	*=	P<0.05,	**=P<0.01,	***=P<0.005.	
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Mice	immunised	with	PPAD,	RgpB	and	PgEnolase	had	higher	anti-cVim	and	anti-

rVim	 antibodies	 on	 day	 28	 compared	 to	 all	 other	 groups.	 	 Anti-cVim	 IgG	 was	

significantly	 higher	 than	 in	 PPAD	&	RgpB	 immunised	mice,	 and	 anti-rVim	was	

significantly	 higher	 than	PPAD	 immunised	mice.	 	No	 significant	 difference	was	

observed	in	PPAD,	RgpB	and	PgEnolase	immunised	mice	compared	to	PgEnolase	

immunised	mice,	although	there	was	a	trend	towards	an	increase	in	the	former.		

These	 findings	 suggest	 immunisation	 with	 PgEnolase	 breaks	 tolerance	 and	

initiates	an	antibody	response,	which	is	increased	with	the	addition	of	PPAD	and	

RgpB.		This	may	be	via	a	bacterial	adjuvant	affect,	or	through	citrullination.				

	

Figure	4.13	 Anti-CPP2	and	anti-cVim	antibody	responses.		Serum	was	collected	from	B6	mice	

immunised	with	PPAD,	RgpB	and	PgEno,	PPAD	&	RgpB,	PPAD	alone	or	PgEno	alone,	on	day	28	

post-immunisation.		A)	Anti-CCP2	IgG	antibody	reactivity	was	measured	using	an	adapted	human	

anti-CCP2	kit.	 	 	Absorbance	was	read	at	540nm	and	converted	to	AU	in	Microsoft	Excel	using	a	

standard	 curve.	 	 B)	 Anti-cVim	 and	 anti-rVim	 was	 measured	 using	 a	 standard	 ELISA	 protocol.		

Absorbance	was	read	at	450nm.		Values	are	blank	corrected	mean	n=2	±SE.		Each	dot	represents	

reactivity	 from	one	mouse.	 	Results	are	pooled	 from	two	separate	experiments,	 represented	 in	

figures	 by	 black	 (experiment	 one)	 or	 grey	 (experiment	 two)	 icons.	 	 Statistical	 significance	

between	groups	was	measured	by	Mann-Whitney	test,	*=	P<0.05,		***=P<0.005	
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Splenocyte	proliferation	and	cytokine	release	in	response	to	PPAD	

Splenocytes	 were	 isolated	 and	 stimulated	 with	 PPAD,	 and	 proliferation	 and	

cytokine	release	in	response	to	stimulation	was	measured	(Figure	4.14).	 	When	

probed	 with	 PPAD,	 a	 moderate	 proliferative	 response	 was	 observed	 from	 all	

splenocytes	 (SI	 ~4-12),	 with	 no	 significant	 differences	 between	 immunised	

groups	(Figure	4.14	A).		Similarly,	PPAD	induced	production	of	interleukin-6	(IL-

6),	tumour	necrosis	factor-α	(TNF-α),	and	interferon-γ	(IFN-γ)	from	splenocytes	

harvested	 from	 all	 treatment	 groups,	 with	 no	 significant	 differences	 observed	

(Figure	4.14	B).	 	 The	 lack	of	 significant	differences	 in	proliferative	 or	 cytokine	

responses	following	PPAD	stimulation	suggests	PPAD	does	not	stimulate	specific	

antigen	recall	 responses	 from	splenocytes,	or	 these	have	been	masked	by	non-

specific	stimulation	from	LPS	contamination	in	the	samples.			

	

Figure	4.14							Splenocyte	proliferation	and	cytokine	secretion	in	response	to	PPAD.		B6	mice	were	

immunised	with	PPAD,	RgpB	&	PgEno,	PPAD	&	RgpB,	PPAD	alone	or	PgEno	alone.	 	Mice	were	

sacrificed	28	days	post-immunisation	and	splenocytes	 isolated	from	spleens.	 	Splenocytes	were	

stimulated	with	PPAD,	and	splenocyte	proliferation	measured	by	uptake	of	 tritiated	 thymidine.		

A)	 Values	 are	 shown	 as	 stimulation	 index	 (SI),	mean	 of	 n=3	 ±SE.	 	 B)	 Culture	 supernatant	was	

collected	 from	 stimulated	 cells	 and	 IL-6,	 TNF-α,	 and	 IFN-γ.	 	 Levels	 were	 determined	 using	 a	

commercial	ELISA	based	kit.		Values	are	blank	corrected	mean	of	n=3.			
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Discussion	

The	aim	of	 this	 chapter	was	 to	 investigate	 immunisation	with	PPAD,	RgpB	and	

PgEnolase	in	mice,	to	replicate	P.	gingivalis	infection	in	vivo.			

The	hypothesis	of	this	study	was	that	the	during	P.	gingivalis	infection	in	PD,	the	

host	 immune	 response	may	 result	 in	 formation	of	ACPA	 through	 the	 following	

mechanisms.	 	 During	 PD,	 P.	 gingivalis	 and	 additional	 periodontal	 pathogens	

accumulate	 around	 the	 tooth	 surface,	 causing	 inflammation	 of	 the	 gingiva.	 	 In	

this	 inflammatory	 environment,	 bacterial	 proteins	 become	 degraded	 by	 both	

host	 proteases	 and	 bacterial	 gingipains,	 and	 the	 resulting	 peptides	 become	

citrullinated.		Increasing	damage	to	host	tissues	by	P.	gingivalis	virulence	factors	

and	 localised	 inflammatory	 cells	 creates	 a	 positive	 feedback	 loop,	 increasing	

protein	degradation	 and	 citrullination.	 	 This	 increased	 citrullination,	 combined	

with	 an	 influx	 of	 APCs,	 increases	 the	 rate	 of	 processing	 and	 presentation	 of	

citrullinated	antigens,	which	may	be	of	bacterial	origin,	 or	unique	C-terminally	

citrullinated	peptides	 formed	by	PPAD.	 	Together,	 these	mechanisms	prime	an	

antibody	 response	 to	 citrullinated	 antigens,	 which	 may	 include	 citrullinated	

PgEnolase.	 	 The	 findings	 from	 the	 in	 vivo	 system	 described	 in	 this	 chapter	

support	this	hypothesis.			

First,	anti-PPAD	responses	were	observed	in	all	groups	of	mice	immunised	with	

PPAD,	confirming	PPAD	itself	 is	 immunogenic.	 	Anti-PgEnolase	antibodies	were	

also	increased	in	PgEnolase	immunised	mice.		Interestingly,	the	addition	of	PPAD	

and	RgpB	also	significantly	increased	the	anti-PgEnolase	response	to	both	whole	

PgEnolase,	 and	 peptides	 CPgE/RPgE1-6,	 compared	 to	 mice	 immunised	 with	

PgEnolase	 alone,	 suggesting	 local	 citrullination	 by	 PPAD	 may	 have	 increased	

antibody	 formation,	 potentially	 through	 presentation	 of	 more	 immunogenic	
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citrullinated	 PgEnolase	 peptides.	 	 Mice	 immunised	 with	 PPAD,	 RgpB	 and	

PgEnolase	 also	 developed	 significantly	 increased	 anti-CEP-1	 and	 anti-REP-1	

responses	 compared	 to	 other	 groups,	 providing	direct	 evidence	of	P.	gingivalis	

enzymes	inducing	antibody	responses	to	RA	ACPA	epitopes,	and	supporting	the	

hypothesis	that	PgEnolase	could	break	tolerance	to	α-enolase.		When	measuring	

antibody	responses	 to	CEP-1	and	CPgE1-6,	and	 their	arginine	control	peptides,	

no	significant	differences	were	observed	between	reactivity	 to	 the	citrullinated	

peptide	compared	to	the	arginine	control	peptide.		This	confirms	the	results	from	

a	 previous	 study	 from	 our	 lab	 by	 Kinloch	 and	 colleagues,	 who	 found	 DR4-Tg	

mice	 immunised	with	 PgEnolase	 had	 increased	 anti-CEP-1	 and	 anti-REP-1	 IgG	

compared	to	naïve	mice,	however	in	their	study,	anti-REP-1	antibody	levels	were	

significantly	higher	than	anti-CEP-1	(Kinloch	et	al.,	2011).		

Notable	 in	 this	 study	 was	 the	 ACPA	 response	 in	 PPAD,	 RgpB	 and	 PgEnolase	

immunised	mice,	although	antibodies	did	not	exclusively	react	with	citrullinated	

peptide	 variants.	 	 In	 addition	 to	 anti-CEP-1	 antibodies,	 mice	 immunised	 with	

PPAD,	 RgpB	 and	 PgEnolase	 had	 increased	 anti-cVim	 and	 anti-rVim	 antibodies,	

and	 increased	ACPA	measured	with	 a	modified	 anti-CCP2	assay.	 	 Interestingly,	

this	 antibody	 response	 to	 both	 citrullinated	 and	 to	 non-citrullinated	 peptide	

variants	is	characteristic	of	PD,	rather	than	RA.		In	a	study	of	39	PD	patients	and	

30	healthy	controls,	anti-CCP2,	anti-CEP-1	and	anti-REP-1	were	all	significantly	

increased	in	PD	patients	(p<0.001)	(Lappin	et	al.,	2013),	and	in	a	separate	study	

of	96	PD	patients	and	98	non-PD	controls,	 anti-CEP-1	 (p=0.02)	and	anti-REP-1	

(p<0.001),	 and	 antibodies	 reactive	 with	 a	 non-citrullinated	 fibrinogen	 peptide	

(p<0.001)	were	significantly	increased	in	PD	compared	to	controls.		In	addition,	

both	 anti-REP-1	 and	 anti-fibrinogen	 antibody	 positivity	 in	 PD	 patients	 was	
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higher	 than	 antibodies	 to	 citrullinated	 variants	 CEP-1	 (16%	 vs	 12%)	 and	 cFib	

(26%	vs	5%)	(de	Pablo	et	al.,	2014).	

In	addition	to	antibody	responses,	splenocyte	proliferation	and	cytokine	release	

was	measured.	 	Proliferative	 responses	and	secretion	of	TNF-α,	 IFN-γ	and	 IL-6	

were	observed	in	all	 immunised	groups	when	stimulated	with	PPAD.	 	However	

the	 lack	of	 significant	differences	 in	 response	 from	different	 treatment	 groups,	

i.e.	 those	 immunised	 with	 PPAD	 compared	 to	 those	 without,	 indicates	 the	

observed	responses	may	be	non-specific	stimulation	from	LPS	contamination	in	

the	PPAD	sample,	 following	purification	from	E.coli.	 	LPS	can	induce	innate	and	

specific	 immune	 activation	 through	 ligation	 of	 toll-like	 receptors	 (TLRs),	most	

commonly	TLR4.	 	Although	historically	 considered	 a	 stimulator	 of	 innate	 cells,	

LPS	contamination	can	also	induce	proliferative	responses	in	T-cell	(McAleer	and	

Vella,	2008),	and	B-cell	(Xu	et	al.,	2008)	populations.		Marginal	zone	B-cells	of	the	

spleen	 are	 particularly	 susceptible	 to	 development	 of	 T-cell	 independent	

proliferative,	 polyclonal	 responses	 following	 stimulus	 (Martin	 and	 Kearney,	

2002,	 Batista	 and	 Harwood,	 2009),	 in	 order	 to	 quickly	 eliminate	 blood	 borne	

antigens	 that	 enter	 the	 spleen.	 	 Therefore	 it	 is	 possible	 a	 proportion	 of	 the	

proliferative	 and	 secretory	 responses	 observed	 from	 splenocytes	 in	 this	 study	

were	due	to	LPS	stimulation,	which	may	have	masked	any	specific	antigen	recall	

responses.	 	 In	 future	experiments,	LPS	should	be	removed	 from	recall	antigens	

by	 treatment	 with	 polymyxin	 B.	 	 Sorting	 of	 splenocytes	 into	 lymphocyte	

populations	 before	 stimulation	 would	 provide	 more	 understanding	 of	 the	

responding	cell	phenotype(s),	and	 the	use	of	 splenocytes	harvested	 from	naïve	

mice	 as	 a	 negative	 control	 may	 provide	 more	 information	 on	 the	 antigen	

specificity	of	the	response.		
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In	 addition,	 stimulation	 of	 B-cells	 by	 LPS	 may	 also	 have	 affected	 antibody	

responses	 reported	 here.	 	 LPS	 contamination	 is	 known	 to	 confound	murine	 in	

vivo	studies	due	to	the	high	expression	of	TLRs	on	murine	cells,	including	B-cells	

(Applequist	et	al.,	2002).		Under	inflammatory	conditions	in	the	presence	of	IL-2	

and	IL-4,	human	B-cells	 increase	expression	of	TLRs	and	can	therefore	become	

activated	 by	 LPS	 (Mita	 et	 al.,	 2002),	 and	 differentiate	 into	 antibody	 secreting	

plasma	cells	through	an	LPS	induced	increase	of	IL-6	(Dumont	et	al.,	2009).		This	

may	 be	 a	 mechanism	 to	 sustain	 an	 efficient	 immune	 response	 to	 bacteria	 for	

clearance,	however	may	also	result	in	a	pathogenic	immune	response.		Thus,	it	is	

possible	 that	 the	additional	 stimulus	 from	P.	gingivalis	 LPS	during	PD	could	be	

involved	 in	 the	 development	 of	 antibodies,	 including	 ACPA,	 by	 increasing	

proliferation	and	differentiation	of	B-cells.	

The	main	findings	from	this	chapter	were:	

• PPAD	and	PgEnolase	induce	robust	antibody	responses	in	vivo.	

• Co-administration	 of	 PPAD	 and	 RgpB	 has	 an	 adjuvant	 affect	 in	 vivo,	

increasing	antibody	formation	to	citrullinated	and	native	peptides.	

• Immunisation	 with	 PgEnolase	 induces	 antibodies	 to	 peptides	 from	

PgEnolase	and	human	α-enolase,	CEP-1	and	REP-1.	

• Immunisation	 with	 PPAD,	 RgpB	 and	 PgEnolase	 induces	 anti-CCP2	 and	

antibodies	to	ACPA	epitopes,	however	the	lack	of	citrulline	specificity	may	

be	more	comparable	to	antibody	responses	in	PD	than	RA.				
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Chapter	5	 PPAD,	RgpB	and	PgEnolase	in	RA:	human	cohorts	

Background	

The	 detection	 of	 ACPA	 years	 before	 onset	 of	 joint	 pathology	 in	 RA	 patients	

suggests	that	priming	of	the	ACPA	response	occurs	outside	the	joint	(Rantapaa-

Dahlqvist	 et	 al.,	 2003,	 van	 de	 Stadt	 et	 al.,	 2011a,	 Nielen	 et	 al.,	 2005),	 and	 the	

positive	association	between	PD	and	periodontal	pathogen	P.	gingivalis	with	RA	

has	proposed	the	gingiva	as	one	such	potential	priming	site.			

In	 support	 of	 this,	 citrullination,	 PAD2	 and	 PAD4	 are	 increased	 in	 inflamed	

gingival	 tissues	 from	 PD	 patients	 compared	 to	 healthy	 tissues	 from	 controls	

(Nesse	et	al.,	2012,	Harvey	et	al.,	2013).		Individuals	with	PD	also	have	increased	

serum	ACPA,	however	these	are	less	citrulline	specific	than	antibody	responses	

in	 RA	 (Lappin	 et	 al.,	 2013,	 de	 Pablo	 et	 al.,	 2014).	 	 Further,	 RA	 patients	 have	

significantly	increased	antibodies	reactive	with	P.	gingivalis	compared	to	non-RA	

controls	 (Mikuls	 et	 al.,	 2009),	 which	 are	 positively	 associated	 with	 ACPA	

(Hitchon	 et	 al.,	 2010,	 Mikuls	 et	 al.,	 2014).	 	 Antibodies	 to	 P.	 gingivalis	 are	 also	

found	 in	 seropositive	 (ACPA+	 and/or	 RF+)	 individuals	 considered	 at	 risk	 of	

developing	RA,	FDRs	of	RA	patients	or	HLA-DR4	SE	positive	individuals	(Mikuls	

et	al.,	2012,	Hitchon	et	al.,	2010).		However	in	these	studies	whole	lysed	bacteria,	

PgLPS	and	PgOMA	were	used	as	antigen	in	ELISA	assays,	which	may	have	non-

specifically	 bound	 serum	 ACPA	 due	 to	 the	 high	 levels	 of	 citrullination	 in	 both	

whole	P.	gingivalis	and	the	outer	membrane	((Wegner	et	al.,	2010),	and	findings	

from	Chapter	4).		Using	recombinant	antigens	and	peptides,	studies	from	our	lab	

and	others	have	found	anti-PPAD,	anti-CPP3,	anti-Rgp,	and	anti-PgCEP-1,	in	25%,	



	 182	

40%,	 32%	 and	 34%	 of	 RA	 patients	 respectively	 (Quirke	 et	 al.,	 2014a,	

Kharlamova	et	al.,	2016,	Lundberg	et	al.,	2008).		However	these	findings	are	yet	

to	be	confirmed	in	independent	studies	to	establish	PPAD,	RgpB	or	PgEnolase	as	

consistent	antibody	substrates	in	RA.	

In	 Chapter	 4	 of	 this	 thesis	 mice	 immunised	 with	 PPAD,	 RgpB	 and	 PgEnolase	

developed	 antibodies	 reactive	 with	 CPP3	 and	 PgEnolase	 peptides	 CPgE1-6,	 in	

addition	 to	 human	 ACPA	 epitopes	 CEP-1	 and	 cVim,	 thus	 demonstrating	 that	

immunisation	with	P.	gingivalis	proteins	can	induce	antibody	responses	seen	in	

RA.	 	 However	 the	 lack	 of	 citrulline	 specific	 responses	 in	 immunised	 mice	

indicated	this	model	is	more	representative	of	antibody	responses	in	PD.		In	this	

chapter,	 antibodies	 to	 PPAD,	 RgpB	 and	 PgEnolase	 will	 be	 measured	 in	 serum	

from	two	cohorts	of	RA	patients	with	or	without	PD,	 including	a	 subset	of	PD+	

RA+	patients	who	received	periodontal	therapy.		

The	aims	of	this	chapter	are:	

• Determine	 anti-P.	 gingivalis	 reactivity	 in	 RA	 patients	 using	 PPAD,	 RgpB	

and	PgEnolase	as	antigens.		

• Measure	 anti-CEP-1	 and	 anti-PgEnolase	 reactivity	 in	 RA	 patients	 as	 a	

mechanism	of	cross-reactivity.			

• Investigate	 the	 effect	 of	 PD	 treatment	 on	 the	 levels	 of	 anti-P.	 gingivalis	

antibodies	in	RA	patients	with	PD.	
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Buffers	

ELISA	with	human	sera	

Carbonate	coating	buffer		 50mM	carbonate	buffer	pH	9.5	

15mM	Na2CO3	

35mM	NaHCO3	

0.02%	NaN3	

Blocking	buffer	 1x	PBS	

5%	BSA	

Wash	buffer	 1x	PBS	

0.05%	tween	

RIA	buffer	

	

1%	BSA	

350mM	NaCl	

10mM	tris-HCl	(pH	7.6)	

1%	triton-X-100	

0.5%	Na-deoxycholate	

0.1%	SDS	

Stop	solution	 2M	H2SO4	
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Materials	and	methods	

Patient	cohorts	

The	Within	Our	Reach	(WOR)	cohort	

Access	 to	 serum	 samples	 from	 the	WOR	 cohort	was	 provided	 in	 collaboration	

with	Prof.	T.	Mikuls,	University	of	Nebraska	Medical	Centre	(UNMC).	 	The	work	

was	funded	by	the	Rheumatology	Research	Foundation	(formerly	the	American	

College	of	Rheumatology	Research	and	Education	Foundation)	(no	specific	grant	

number	issued).	

Serum	 samples	 were	 collected	 from	 287	 patients	 with	 RA	 and	 330	 control	

patients	with	 OA	 recruited	 from	 the	 coordinating	 centre	 for	 the	 study,	 UNMC,	

and	 from	 Veterans	 Affairs	 Medical	 Centres	 from	 four	 locations:	 Omaha,	

Nebraska;	Dallas,	Texas;	Salt	Lake	City,	Utah;	and	Washington,	DC.	 	RA	patients	

were	 recruited	 from	 rheumatology	 clinics	 and	 satisfied	 the	 1987	 ACR	

classification	 criteria	 for	 RA.	 	 OA	 patients	 were	 recruited	 from	 rheumatology,	

general	 medicine,	 and	 orthopaedic	 clinics.		 The	 study	 was	 approved	 by	

Institutional	 Review	 Boards	 (IRB’s)	 at	 each	 participating	 site.	 	 The	 UNMC	 IRB	

number	 assigned	 to	 the	 study	 is	 #342-10-FB,	 with	 study	 name	 ‘Periodontal	

Disease	and	P.	gingivalis	in	Rheumatoid	Arthritis’.		Enrolment	was	done	over	an	

18-20	month	period,	 from	October	of	2010	 to	 June	2012.		Blood	 samples	were	

collected	using	a	standard	blood	draw	procedure,	 centrifuged	 to	 isolate	serum,	

and	sent	to	coordinating	centre	for	banking.	

PD	 status	 was	 determined	 after	 enrolment	 by	 a	 dentist	 or	 periodontist.	 	 RA	

disease	markers	 RF,	 and	 CRP	were	 determined	 by	 nephelometry.	 	 Tender	 and	

swollen	 joint	 counts	 (0-28),	 and	patient	global	well-being	 (0	 to	100	mm	visual	
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analogue	scales)	were	taken	and	a	DAS-28-CRP	was	calculated.		Medical	history	

including	smoking	status	was	also	recorded	(full	details	in	(Mikuls	et	al.,	2014)).					

All	 patients	were	over	18	years	of	 age	 and	 females	were	 excluded	 if	 pregnant.		

Patients	were	also	excluded	if	they	had	taken	tetracycline	medication	in	the	last	

6	 months,	 had	 ever	 taken	 Dilantin	 anti-convulsant,	 Cylcosporine,	 or	 required	

antibiotic	 premedication	 before	 dental	 visits,	 if	 they	 had	 history	 of	 congenital	

heart	disease	or	 any	prior	 cardiac	 infections	or	 surgery,	 or	 complete	dentures.		

RA	patients	were	excluded	following	prior	total	joint	replacement	surgery.			

The	Outcomes	of	Periodontal	therapy	in	Rheumatoid	Arthritis	(OPERA)	cohort		

Access	to	samples	from	the	OPERA	cohort	was	provided	in	collaboration	with	Dr	

T.	 Dietrich	 and	Dr	M.	 Grant	 at	 the	 University	 of	 Birmingham.	 The	 project	was	

funded	by	 the	National	 Institute	 for	Health	Research	 (NIHR)	 (no	 specific	 grant	

number	available).	 	Serum	samples	were	collected	from	42	PD+	RA+	patients,	48	

RA	 patients,	 and	 17	 healthy	 individuals.	 	 PD+	RA+	 patients	were	 split	 into	 two	

groups	 to	 receive	PD	 treatment	 (n=20),	 or	not	 (n=22)	 and	had	 serum	samples	

taken	 again	 after	 6	months.	 	 All	 RA	 cases	 fulfilled	 the	 1987	 ACR	 classification	

criteria,	and	had	DAS28	≥3.2.		PD	status	was	assessed	by	an	experienced	dentist.		

Patients	were	considered	PD+	if	clinical	attachment	loss	(CAL)	was	≥4mm	on	≥2	

non-adjacent	teeth,	and	they	had	a	cumulative	probing	depth	of	≥40mm.		In	this	

study	and	all	others	compared,	periodontal	treatment	is	defined	as	non-surgical	

scaling	 and	 root	 surface	 planning	 (Heitz-Mayfield	 and	 Lang,	 2013).	 	 This	 was	

completed	 in	 2-3	 sessions	 within	 2	 weeks	 of	 enrolment,	 with	 additional	 root	

planing,	supragingival	scaling	and	prophylaxis	performed	at	all	sites	with	≥4	mm	

probing	depth	and	bleeding	on	probing,	or	 sites	with	≥5	mm	probing	depth,	at	

three	 and	 six	 months.	 	 Non-treatment	 group	 received	 standard	 oral	 hygiene	
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instructions	only.		All	patients	were	over	18	years	old.		Patients	were	excluded	if	

they	 had	 any	 rheumatic	 autoimmune	 disease	 other	 than	 RA	 (vasculitis,	

pulmonary	 fibrosis	 or	 Felty’s	 syndrome),	 history	 of	 inflammatory	 joint	 disease	

other	 than	RA	(gout,	 reactive	arthritis,	 seronegative	spondyloarthropathy),	any	

other	 systemic	 autoimmune	 disorder	 (systemic	 lupus	 erythematosus,	

inflammatory	 bowel	 disease,	 scleroderma,	 inflammatory	 myopathy,	 mixed	

connective	 tissue	 disease	 or	 any	 overlap	 syndrome),	 or	 prior	 diagnosis	 of	

juvenile	 idiopathic	 arthritis,	 or	 juvenile	 rheumatoid	 arthritis	 and/or	RA	before	

age	 16.	 	 Patients	 were	 also	 excluded	 if	 intra-articular	 or	 parenteral	

glucocorticoids	were	taken	within	4	weeks	prior	to	study	baseline,	or	if	they	had	

any	 surgical	 procedure,	 including	 bone/joint	 surgery/synovectomy	 (including	

joint	fusion	or	replacement)	or	periodontal	treatment	(surgical	or	non-surgical,	

excluding	 supragingival	 cleanings)	 within	 12	 weeks	 prior	 to	 study	 baseline.		

Patients	 may	 also	 have	 been	 excluded	 at	 the	 investigators	 discretion	 due	 to	

significant	 concomitant	 disease	 or	 dental	 condition	 that	 may	 preclude	

participation	in	the	trial.	

ELISA	with	human	sera	

In	the	WOR	cohort,	ELISA	assays	with	CEP-1,	CPgE	peptides,	and	their	relevant	

controls	were	carried	out	by	me.	 	ELISA	assays	with	cFibβ,	cVim,	cTNC5,	RgpB,	

and	CPP3	were	carried	out	by	Dr	A.	Schwenzer	and	Dr	A.	Quirke	in	the	Venables	

lab	as	part	of	separate	studies.		Anti-CCP2	ELISA	assay	was	carried	out	in	the	lab	

of	 Prof.	 T.	 Mikuls.	 	 All	 results	 were	 donated	 with	 permissions	 for	 use	 in	 this	

thesis,	 and	 all	 analysis	 of	 results,	 and	 graphical	 representations	were	made	by	

me.			



	 187	

ELISAs	were	carried	out	on	all	617	patients	and	grouped	either	by	RA	(n=287)	or	

OA	status	(n=330),	PD	status	(PD+	n=287,	PD-	n=430)	or	both	(RA	PD+	n=100,	RA	

PD-	n=187,	OA	PD+	n=87,	OA	PD-	n=243).			

In	 the	 OPERA	 cohort,	 all	 ELISA	 assays,	 analysis	 of	 results,	 and	 graphical	

representations	were	carried	out	or	made	by	me.		ELISAs	were	carried	out	on	all	

groups	as	described.		PD+	RA+	patients	were	tested	together	(n=42)	or	split	into	

treatment	(n=20)	and	non	treatment	(n=22)	groups.		

Citrullinated	 peptide	 antigens	 from	 α-enolase	 (CEP-1)	 5CKIHA-Cit-EIFDS-Cit-

GNPTVEC21,	 fibrinogen	β-chain	 (cFibβ)	 36NEEGFFSA-Cit-GHRPLDKK52,	 vimentin	

(cVim)	 59VYAT-Cit-SSAV-Cit-L-Cit-SSVP74,	 tenascin-C	 (cTNC5)	

2183EHSIQFAEMKL-Cit-PSNF-Cit-NLEG-Cit-Cit-KR2200,	 PgEnolase	 (CPgE1-6)	

1MEIAKIIG-Cit9,	 6IIG-Cit-EILDS-Cit15,	 41TGENEAIEL-Cit51,	 168PVGACCF-Cit175,	

317LFVTNVEFL-Cit326,	401MAKYNQLL-Cit409,	and	PPAD	(CPP3)	71CAKTDSYWT-Cit-

DYTGWFAMYDC89,	 and	 their	 corresponding	 arginine	 controls	 were	 diluted	 to	

10mg/ml,	 and	 whole	 proteins	 PPAD,	 RgpB	 and	 PgEnolase	 were	 diluted	 to	

5mg/ml	 in	carbonate	coating	buffer.	 	100μl	of	antigen	was	added	per	well	 to	a	

96-well	plate	(Costar)	and	plates	 incubated	o/n	at	4°C.	 	Plates	were	washed	x3	

with	 wash	 buffer	 (see	 ‘Buffers’)	 and	 tapped	 dry.	 	 Plates	 were	 blocked	 with	

200μl/well	blocking	buffer	(see	‘Buffers’)	for	2h	at	rt.		Human	sera	were	diluted	

1:100	 in	 RIA	 buffer	 (see	 ’Buffers’)	 and	 100μl/well	 added	 in	 duplicate	 with	 a	

standard	 curve	 (if	 available).	 	 Two	wells	with	 buffer	 only	were	 used	 as	 blank	

controls.		Plates	were	incubated	for	1.5h	at	rt	and	washed	as	before.		200μl/well	

secondary	 antibody	 (Human	 IgGFc	 Monoclonal	 antibody	 (HRP),	 Stratech),	

diluted	1:3000	in	RIA	buffer	was	added	and	incubated	for	1h	at	rt.	 	Plates	were	

washed	as	before	and	100μl/well	of	TMB	(BioLegend)	added.		The	reaction	was	
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stopped	 with	 50μl/well	 stopping	 solution	 (see	 ‘Buffers’)	 after	 5min,	 and	

absorbance	 read	 at	 450nm.	 	Data	was	 analysed	 in	Microsoft	 Excel.	 	 Values	 are	

mean	n=2	–blank.	 	Statistical	differences	between	groups	were	calculated	using	

Mann-Whitney	test	in	GraphPad	Prism	6.		

Antibody	positivity	was	determined	using	a	98%	cut-off	set	by	the	control	group	

(OA	 patients	 in	 the	 WOR	 cohort,	 healthy	 individuals	 in	 the	 OPERA	 cohort).		

Difference	 between	 groups	was	 determined	 significant	 if	 p≤0.05,	 calculated	 by	

Mann-Whitney	testing	in	GraphPad	Prism.	

Statistical	analysis	of	patient	demographics	

Statistical	analysis	of	anti-	CEP-1	positivity	was	carried	out	by	Dr	H.	Sayles,	using	

data	 from	 the	 ELISA	 assays	 carried	 out	 by	 me.	 	 Data	 was	 donated	 with	 full	

permission	 for	 use	 in	 this	 thesis.	 	 Statistical	 analysis	 of	 differences	 between	

patient	 demographics	 in	 the	 OPERA	 cohort	 was	 carried	 out	 by	 me.	 	 In	 both	

cohorts	 Chi-square	 tests	 were	 used	 to	 compare	 frequency	 distributions	 of	

categorical	 variables,	 while	 t-tests	 and	Wilcoxon	 rank-sum	 tests	 were	 used	 to	

compare	 all	 continuous	 variables.	 	 Correlations	 between	 antibody	 levels	 were	

calculated	by	Spearman’s	rank	coefficient	in	GraphPad	Prism	6.	

All	statistical	differences	were	considered	significant	if	p	≤	0.05.			
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Results	

WOR	cohort	patient	demographics	

The	demographics	of	individuals	in	the	RA	and	OA	groups	of	the	WOR	cohort	are	

shown	in	Table	5.1.	 	The	mean	age	of	participants	was	59	years	in	both	groups	

and	63%	and	60%	of	RA	and	OA	groups	respectively	were	male.		This	is	a	higher	

proportion	of	males	 than	commonly	seen	 in	RA	cohorts,	which	could	be	due	to	

their	recruitment	from	Veterans	Affairs	Medical	Centres.		Seventy-seven	per	cent	

of	RA	patients	and	73%	of	OA	controls	were	Caucasian,	17%	and	23%	African-

American	and	6%	or	5%	were	other	ethnicities	respectively.		The	RA	group	had	a	

reduced	percentage	of	never	smokers	compared	to	the	OA	group	(38%	and	54%)	

and	had	 increased	percentages	of	 former	 and	 current	 smokers	 (43%	and	19%	

compared	to	35%	and	11%),	which	may	be	because	smoking	is	a	risk	factor	for	

RA.	 	 Frequency	 of	HLA-DRB1	 SE	 alleles	 was	 significantly	 increased	 in	 the	 RA	

group	(76%	compared	to	45%,	p<0.001),	which	is	as	expected	as	an	associated	

genetic	risk	factor	for	RA.		BMI	was	significantly	lower	in	RA	patients	(30)	than	

OA	controls	(32)	(p=0.001).	 	This	may	be	as	obesity	is	an	associated	risk	factor	

for	 OA	 (Finckh	 and	 Turesson,	 2014),	 and	 only	 confers	 significant	 risk	 to	

developing	RA	in	young	women	(Heidari,	2011).	
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Table	 5.1	 	 	 	 	 	 	WOR	cohort	patient	demographics	adapted	 from	 (Mikuls	 et	al.,	

2014).	

	
Total	 RA	 Controls	

	

	
N=617	 N=287	 N=330	

	

	 	 	 	 	Age	 59	 59	 59	
	Male	gender	 62%	 63%	 60%	
	Race	

	 	 	 				Caucasian	 75%	 77%	 73%	
				African	American	 20%	 17%	 23%	
				Other	 5%	 6%	 5%	
	BMI,	kg/m22	 31	 30	 32	 p=0.001	

Smoking	status	
	 	 	 				Never	 46%	 38%	 54%	 p<0.001	

			Former	 39%	 43%	 35%	
				Current	 15%	 19%	 11%	
	HLA-DRB1	SE	positive	 59%	 76%	 45%	 p<0.001	

	

	

Antibody	reactivity	with	CEP-1	and	REP-1	in	RA	and	OA	patients	

Using	a	98%	cut-off	for	positivity	set	by	the	OA	group,	33%	of	RA	patients	were	

positive	for	anti-CEP-1	antibodies	(98%	cut-off	124	AU),	and	<1%	were	positive	

for	anti-REP-1	 (98%	cut	off	142	AU)	 (Figure	5.1).	 	The	 level	of	 anti-CEP-1	was	

significantly	 increased	 in	 RA	 patients	 compared	 to	 OA	 (p<0.0001),	 but	 no	

significant	 different	 was	 observed	 for	 anti-REP-1	 levels.	 	 In	 RA	 patients,	 no	

correlation	 was	 observed	 between	 anti-CEP-1	 and	 anti-REP-1	 antibodies	

(r=0.092,	p=0.120),	with	 levels	of	anti-CEP-1	antibodies	higher	than	anti-REP-1	

antibodies,	 indicating	increased	production	of	citrulline	specific	response	in	RA	

patients.		Conversely,	in	OA	patients,	a	strong	correlation	was	observed	between	

anti-CEP-1	 and	 anti-REP-1	 antibodies	 (r	 =	 0.5195,	 p<0.0001),	 which	 may	 be	

representative	of	a	less	citrulline	specific	anti-enolase	response.	
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Figure	5.1	 Antibody	responses	 to	CEP-1	and	REP-1	 in	RA	and	OA	 individuals.	 	 IgG	 antibody	

responses	 to	 CEP-1	 (A)	 and	 REP-1	 (B)	 in	 the	WOR	 cohort	 of	 287	 RA	 and	 330	 OA	 sera	 were	

measured	 by	 ELISA.	 	 Absorbance	 was	 measured	 at	 OD450nm	 and	 converted	 to	 AU	 using	 a	

standard	 curve	 in	 Microsoft	 Excel.	 	 Values	 are	 blank	 corrected	 mean	 n=2	 ±SE.	 	 Each	 dot	

represents	 one	 sample.	 	 Antibody	 positivity	 was	 determined	 using	 a	 98%	 cut-off	 in	 the	 OA	

control	group	shown	with	a	dashed	line.		Statistical	difference	between	groups	was	calculated	by	

Mann-Whitney	 testing	 in	 GraphPad	 prism,	 n.s.	 =	 not	 statistically	 significant,	 ****	 =	 P<	 0.0001.		

Correlation	between	anti-CEP-1	and	anti-REP-1	antibodies	were	calculated	in	RA	(C)	and	OA	(D)	

patients	using	Spearman’s	rank	coefficient	in	GraphPad	Prism	6.	
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Clinical	and	aetiological	associations	with	anti-CEP-1	positivity	

Anti-CEP-1	 positivity	 was	 analysed	 in	 relation	 to	 patient	 demographics,	 and	

measures	of	RA	and	PD	disease	(Table	5.2).		Positivity	for	anti-CEP-1	correlated	

positively	with	male	gender,	smoking,	and	expression	of	the	HLA-DRB1	SE	allele,	

which	could	be	due	 to	 the	higher	occurrence	of	 these	 factors	 in	 the	RA	cohort.		

Anti-CEP-1	 was	 also	 associated	 with	 hypertension,	 which	 could	 be	 due	 to	 the	

increased	prevalence	of	smokers,	and	males,	who	are	more	susceptible	(Halperin	

et	 al.,	 2008)	 in	 this	 group.	 	 Anti-CEP-1	 did	 not	 correlate	 with	 clinical	 or	

radiological	measures	of	RA	disease,	but	was	significantly	associated	with	bone	

turnover	markers	cathepsin	K	(CTPK)	and	Bone	Alkaline	Phosphatase	(BAP),	and	

with	 having	 >20%	alveolar	 bone	 loss	 in	 PD,	which	 is	 consistent	with	 previous	

findings	 that	ACPA+	RA	 is	 associated	with	 increased	bone	erosion	 (Syversen	et	

al.,	2008).	

	

	

	

	

	

	

	

	

Table	 5.2	 	 	 	 	 	 	 Patient	 demographics	 and	 associations	 with	 CEP-1	 positivity.	 	 Table	 overleaf.		

Statistical	 correlations	 between	 CEP-1	 positivity,	 patient	 demographics,	 and	 disease	 markers	

were	calculated	by	H.	Sayles.	 	Chi-square	 tests	were	used	 to	 compare	categorical	variables.	 	T-

tests	 and	Wilcoxon	 rank-sum	 tests	 (marked	with	 an	 “a”)	were	used	 to	 compare	 all	 continuous	

variables.		Associations	were	considered	statistically	significant	if	p≤0.05.	
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Table	5.2	 Patient	 demographics	 and	 associations	with	 CEP-1	 positivity.	 	 Full	

legend	on	previous	page.	

Characteristic	 CEP-1+	
(N=95)	

CEP-1-	
(N=192)	

P-
value	

Sociodemographics	
Age,	years	 60	(12)	 58	(12)	 0.362	
Male	gender	 79	 56	 <0.001	

Race	 	 	
0.413						Caucasian	 81	 76	

					African-					American	 13	 19	
					Other	 6	 5	
Comorbidities	
Body	mass	index,	kg/m2	 30	(6)	 30	(7)	 0.516	

Smoking	status‡	 	 	
0.034						Never	 27	 43	

					Former	 48	 41	
					Current	 24	 17	
Diabetes	mellitus	 22	 16	 0.217	
Hypertension	 57	 40	 0.006	
Cardiovascular	disease	 15	 12	 0.512	
Osteoporosis		 7	 13	 0.188	
Genetic	Risk	
HLA-DRB1	SE	status	 88	 69	 0.001	
Rheumatoid	Arthritis	Characteristics	
Disease	duration	(years)	 14	(10)	 12	(10)	 0.246	
Swollen	joints	 3.6	(4.9)	 3.6	(4.0)	 0.235a	
Tender	joints	 3.4	(4.7)	 3.0	(4.6)	 0.341a	
Hs-CRP	(mg/l)	 9	(16)	 8	(23)	 0.116a	
Patient	global	(0-10)	 4.4	(2.9)	 4.1	(2.5)	 0.51	
DAS-28-CRP	 4.1	(1.5)	 3.9	(1.3)	 0.32	
Sharp	score	 17	(19)	 20	(25)	 0.898a	
Joint	space	narrowing	 14	(14)	 15	(18)	 0.822a	
Erosion	score	 3	(6)	 5	(9)	 0.590a	
Anti-CCP	pos.	 99	 77	 <0.001	
Anti-CCP	(U/ml)	 247	(106)	 95	(106)	 <0.001	
RF	positivity	 92	 69	 <0.001	
RF	(U/ml)	 274	(291)	 247	(566)	 <0.001a	
Periodontitis	Characteristics	
PD	(Eke	criteria)	 	 	

0.184	
					None/mild	 13	 21	
					Moderate	 51	 49	
					Severe	 37	 30	
Anti-PgOMV	 122	(98)	 98	(84)	 0.022a	
P.	gingivalis	PCR	positive	 67	 59	 0.21	
Mean	sites/patient	with	PD	>	
5mm	 3.7	(6.1)	 2.0	(3.7)	 0.160a	

Missing	teeth	 3.2	(3.0)	 3.1	(3.2)	 0.624a	
Mean	alveolar	bone	loss	 9.7	(8.3)	 7.8	(6.7)	 0.083a	
Sites	>	20%	bone	loss	(mean	%)	 13.1	(19.7)	 9.3	(18.9)	 0.029a	

Bone	Turnover	Markers	 	
TRAP5b	 1.7	(1.1)	 1.9	(1.1)	 0.056a	
BAP	 23.6	(8.4)	 22.5	(6.4)	 0.499a	
CTPK	 7.0	(12.1)	 12.3	(52.3)	 0.011a	
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Antibody	reactivity	to	CPgE1-6	in	WOR	cohort	

Antibody	reactivity	to	CPgE1-6	and	arginine	controls	RPgE1-6	was	measured	in	

25	OA	and	54	RA	 serum	 samples	 from	 the	WOR	 cohort	 by	ELISA	 (Figure	5.2).		

Using	 a	 98%	 cut-off	 for	 positivity	 from	 the	 OA	 controls,	 positivity	 for	 CPgE	

peptides	 in	RA	 sera	 ranged	 from	9%	 for	CPgE4	and	CPgE6,	 to	41%	 for	CPgE2.		

Similarly,	reactivity	with	the	arginine	control	peptides	ranged	from	9%	to	39%.		

Interestingly,	 level	 of	 positivity	 with	 the	 arginine	 control	 peptides	 was	 not	

always	proportionate	 to	positivity	 for	 the	 citrullinated	peptide.	 	 RPgE3,	RPgE4	

and	 RPgE6	 all	 showed	 higher	 levels	 of	 reactivity	 than	 their	 citrullinated	

counterparts,	 suggesting	 citrullination	 may	 have	 rendered	 these	 peptides	 less	

immunogenic.	 	 CPgE2	 had	 the	 highest	 level	 of	 positivity,	 and	 lowest	 reactivity	

with	arginine	control	RPgE2,	suggesting	a	level	of	citrulline	specificity.		

	

Positivity	for	ACPA	in	the	WOR	cohort	

To	establish	the	reactivity	with	other	ACPA	epitopes	in	this	cohort,	ELISA	assays	

were	 carried	 out	 using	 the	 anti-CCP2	 assay	 and	 citrullinated	 peptides	 cFibβ,	

cVim,	 cTNC-5	 (Table	 5.3).	 	 Using	 a	 98%	 cut-off	 as	 before,	 66.2%,	 32.1%,	 and	

50.5%	 of	 RA	 patients	 were	 positive	 for	 cFibβ,	 cVim	 and	 cTNC5	 respectively.		

Using	 the	positive	 limits	defined	by	 the	 anti-CCP2	kit	manufacturers,	 84.5%	of	

RA	patients	were	positive.				
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Figure	5.2	 Antibody	responses	to	CPgE1-6	and	RPgE1-6	peptides	in	RA	and	OA	patients.		IgG	

antibody	 reactivity	 to	 CPgE1-6	 and	 RPgE1-6	 was	 measured	 in	 a	 sample	 of	 25	 OA	 and	 54	 RA	

patients	randomly	selected	from	the	WOR	cohort	using	a	standard	ELISA	protocol.	 	Absorbance	

was	measured	at	OD450nm.		Values	are	blank	corrected	mean	n=2	±SE.		Each	dot	represents	one	

sample.	 	Antibody	positivity	was	determined	by	98%	cut-off	 in	 the	OA	 control	 group,	which	 is	

shown	with	 a	 dashed	 line	 on	 CPgE1-6	 graphs.	 	 Antibody	 positivity	 is	 shown	 as	 percentage	 in	

individual	panes.	
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Table	5.3	 Antibody	positivity	for	ACPA	in	RA	patients	in	WOR	cohort.			

Peptide	 Sequence	 %	positivity	

CCP2	 Unknown	 84.5	

cFib	β36-52	 NEEGFFSA-Cit-GHRPLDKK	 66.2	

cVim59-74	 VYAT-Cit-SSAV-Cit-L-Cit-SSVP	 32.1	

cTNC52183-2200	 EHSIQFAEMKL-Cit-PSNF-Cit-NLEG-Cit-Cit-KR	 50.5	
	

IgG	 antibody	 positivity	 for	 citrullinated	 peptides	 from	 fibrinogen	 β-chain	 (cFibβ),	 vimentin	

(cVim),	and	tenascin-C	(cTNC5)	were	measured	by	ELISA	in	the	WOR	cohort	of	287	RA	and	330	

OA	patients	by	Dr	A.	Quirke	and	Dr	A.	Schwenzer.		Anti-CCP2	was	calculated	using	the	anti-CCP2	

assay,	and	positivity	determined	using	manufacturers	recommended	cut-off.	

	

Relationship	between	antibodies	to	CEP-1	and	CPgE1-6	peptides	

Positive	linear	correlations	were	observed	between	anti-CEP-1	and	antibodies	to	

all	 CPgE	 peptides,	 with	 r-values	 ranging	 from	 0.443-0.587	 (Figure	 5.3).	 	 All	

correlations	were	statistically	significant	(p<0.0001).			

	

Figure	5.3	 Correlations	 between	 CEP-1	 and	 CPgE1-6.	 	 IgG	 antibody	 reactivity	 to	 CPgE1-6	

and	 CEP-1	 was	 measured	 in	 25	 OA	 and	 54	 RA	 patients	 using	 a	 standard	 ELISA	 protocol.		

Absorbance	was	measured	at	OD450nm.		Values	are	blank	corrected	mean	n=2	±SE.	Correlation	

‘r’	was	calculated	using	Spearman’s	rank	coefficient	in	GraphPad	Prism.				
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Anti-PPAD	and	anti-RgpB	in	WOR	cohort	

Antibody	reactivity	to	the	citrullinated	PPAD	peptide	CPP3,	and	whole	RgpB	was	

measured	in	RA	and	OA	patients	(Figure	5.4).	 	Using	the	98%	cut-off	(252	AU),	

5%	of	RA	patients	were	positive	for	anti-CPP3	antibodies,	and	1%	of	RA	patients	

were	positive	 for	anti-RgpB	antibodies	 (98%	cut-off	OD	1.77).	 	These	antibody	

levels	are	lower	than	previous	findings	of	40%	positivity	for	anti-CPP3	(Quirke	et	

al.,	 2014a),	 and	 23%	 positivity	 for	 anti-Rgp	 in	 RA	 patients	 (Kharlamova	 et	al.,	

2016).			

	

Figure	5.4	 Antibody	positivity	to	CPP3	and	RgpB.		IgG	antibody	reactivity	to	A)	RgpB	and	B)	

CPP3	was	measured	in	the	WOR	cohort	of	287	RA	and	330	OA	patients	using	a	standard	ELISA	

protocol.	 	 In	 all	 ELISAs,	 absorbance	 was	 measured	 at	 OD450nm	 and	 converted	 to	 AU	 where	

available	using	a	standard	curve	 in	Microsoft	Excel.	 	Values	are	blank	corrected	mean	n=2	±SE.		

Each	dot	 represents	one	sample.	 	Antibody	positivity	 in	RA	patients	was	calculated	based	on	a	

98%	 cut-off	 determined	 in	 the	 OA	 group	 and	 is	 represented	 with	 a	 dashed	 line.	 	 Statistical	

difference	between	groups	was	calculated	by	Mann-Whitney	 testing	 in	GraphPad	prism,	 *	=	P<	

0.05,	****	=	P<	0.001.	
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Effect	of	periodontitis	on	antibody	positivity	in	RA	and	OA	patients	

Given	the	association	of	P.	gingivalis	and	PD,	we	investigated	the	influence	of	PD	

status	on	antibody	positivity.	 	First,	 the	CPgE1-6	ELISA	results	 from	79	(25	OA	

and	 54	 RA)	 individuals	 were	 recombined,	 and	 split	 into	 groups	 based	 on	

presence	 (57	 PD+)	 or	 absence	 (23	 PD-)	 of	 PD	 (Figure	 5.5).	 	 A	 slight	 trend	was	

observed	towards	increased	antibody	reactivity	in	the	PD+	group,	which	this	was	

statistically	significant	in	the	CPgE2	group	(p<0.05).		However	prevalence	of	RA	

was	significantly	higher	in	PD+	compared	to	non	PD-	patients	(p=0.0221),	which	

may	have	had	a	confounding	affect	on	results.			

	

Figure	5.5	 Anti-CPgE1-6	in	PD+	and	PD-	individuals.		IgG	antibody	reactivity	to	CPgE1-6	was	

measured	in	57	PD	negative	(PD-)	and	23	PD	positive	(PD+)	patients	from	the	WOR	cohort	using	a	

standard	ELISA	protocol.	 	Absorbance	was	read	at	OD450nm.	 	Values	are	blank	corrected	mean	

n=2	±SE.		Each	dot	represents	one	sample.		Statistical	differences	between	groups	was	calculated	

by	Mann-Whitney	test	in	GraphPad	Prism,	n.s	=	no	statistically	significant	difference,	*	=	P<	0.05.	

	

	

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

O
D
45
0n
m

*

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

0.8

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

O
D
45
0n
m

n.s

An#$CPgE1*IgG* An#$CPgE2*IgG* An#$CPgE3*IgG*

An#$CPgE4*IgG* An#$CPgE5*IgG* An#$CPgE6*IgG*

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

O
D
45
0n
m

*

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

0.8

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

O
D
45
0n
m

*

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

0.8

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

O
D
45
0n
m

*

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

0.8

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

O
D
45
0n
m

*

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

0.8

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.1

0.2

0.3

O
D
45
0n
m

*

PD+ PD-
0.0

0.1

0.2

0.3

0.4

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

0.8

O
D
45
0n
m

n.s

PD+ PD-
0.0

0.2

0.4

0.6

O
D
45
0n
m

n.s



	 199	

Anti-RgpB,	 anti-CPP3	 and	 anti-CEP-1	 antibody	 responses	 in	 the	 whole	 WOR	

cohort	 were	 then	 investigated	 in	 relation	 to	 PD	 status.	 	 Anti-RgpB	 was	

significantly	 increased	 in	187	PD+	compared	to	430	PD-	patient	sera	(p<0.001),	

whereas	anti-CPP3	was	not	statistically	significant	(p=0.06)	(Figure	4.6	A,	B).		To	

determine	the	effect	of	RA	status	on	these	findings,	the	WOR	cohort	was	further	

divided	 based	 on	 both	 RA	 or	OA,	 and	 PD	 status	 to	 create	 four	 groups,	 OA	 PD-	

(n=243),	 RA	 PD-	 (n=187),	 OA	 PD+	 (n=87)	 and	 RA	 PD+	 (n=87).	 	 Within	 these	

groups,	 9%	of	RA	PD+,	 and	8%	of	OA	PD+	 individuals	were	 anti-RgpB	positive,	

which	were	both	significantly	increased	compared	to	the	corresponding	non-PD	

groups	RA	PD-	and	OA	PD-	(p=0.0061	and	p=0.0004	respectively)	(Figure	5.6	C).			

Conversely,	anti-CPP3	antibodies	were	significantly	increased	in	both	RA	groups	

compared	 to	 OA	 groups,	 with	 or	 without	 PD	 (Figure	 5.6	 D).	 	 RA	 PD+	had	 the	

highest	 level	of	positivity	(8.2%)	and	was	significantly	higher	 than	OA	PD+	and	

OA	PD-	groups	(p=0.0001,	p=<0.0001	respectively).		RA	PD-	antibody	levels	were	

also	significantly	raised	compared	to	OA	PD-	(p<0.0001).		

Anti-CEP-1	 was	 significantly	 increased	 in	 PD+	 compared	 to	 PD-	 (p<0.05),	

whereas	no	significant	difference	was	 found	between	anti-REP-1	 levels	 (Figure	

5.7).	 	When	 further	divided	as	before,	anti-CEP-1	antibody	 level	was	highest	 in	

the	RA	PD+	group	(55.7%	positive),	which	was	significantly	higher	than	both	RA	

PD-	(p<0.05)	and	OA	PD+	(p<0.0001)	groups.	 	In	addition,	antibody	levels	in	the	

RA	PD-	group	were	significantly	higher	 than	 the	OA	PD-	group	(p<0.0001).	 	No	

significant	differences	were	observed	between	levels	of	anti-REP-1	in	any	group.			
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Figure	5.6	 Anti-RgpB	and	anti-CPP3	 in	PD+	and	PD-	 individuals.	 	 IgG	 antibody	 reactivity	 to	

RgpB	 (A)	 and	 CPP3	 (B)	 was	 measured	 in	 the	 WOR	 cohort	 using	 a	 standard	 ELISA	 protocol.		

Cohort	was	divided	based	on	PD	status:	PD+	(187)	or	PD-	(430),	or	both	RA	and	PD	status:	OA	PD-	

(194),	 RA	 PD-	 (143),	 OA	 PD+	 (73)	 and	 RA	 PD+	 (70).	 	 Absorbance	 was	 read	 at	 OD450nm	 and	

converted	to	AU	in	Microsoft	Excel	using	a	standard	curve.		Values	are	blank	corrected	mean	n=2	

±SE.		Each	dot	represents	one	sample.	 	Statistical	differences	between	groups	was	calculated	by	

Mann-Whitney	test	in	Microsoft	Excel,	n.s	=	not	statistically	significant,	*	=	P<	0.05,	**	=	P<0.005,	

***	=	P<0.001	****=P<0.0001.	
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Figure	5.7	 Anti-CEP-1	and	anti-REP-1	in	PD+	PD-	individuals.		IgG	antibody	reactivity	to	CEP-

1	(A)	and	REP-1	(B)	was	measured	in	the	WOR	cohort	of	617	individuals	using	a	standard	ELISA	

protocol	 and	 grouped	 into	 PD+	 (187)	 or	 PD-	(430).	 	 Cohort	was	 further	 divided	 by	RA	 and	 PD	

status	into	OA	PD-	(194),	RA	PD-	(143),	OA	PD+	(73)	and	RA	PD+	(70)	and	reactivity	to	CEP-1	(C)	

and	REP-1	(D)	analysed.		In	all	ELISAs,	absorbance	was	measured	at	OD450nm	and	converted	to	

AU	in	Microsoft	Excel	using	a	standard	curve.	 	Values	are	blank	corrected	mean	n=2	±SE.	 	Each	

dot	 represents	 one	 sample.	 	 Statistical	 differences	 between	 groups	 was	 calculated	 by	 Mann-

Whitney	test	in	Microsoft	Excel,	n.s	=	not	statistically	significant,	*	=	P<	0.05,	****=P<0.0001.	
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Finally,	anti-CCP2	positivity	in	RA	patients	was	significantly	increased	in	patients	

with	 PD	 compared	 to	 those	 without	 (p<0.05)	 (Figure	 5.8).	 	 Anti-CCP2	 was	

measured	 in	 RA	 patient	 sera	 only,	 and	 so	 further	 subdivisions	 could	 not	 be	

carried	out.	

	

Figure	5.8	 Anti-CCP2	 positivity	 in	 PD+	 PD-	 individuals.	 	 Anti-CCP2	 antibody	 levels	 were	

measured	in	the	WOR	cohort	of	617	individuals	using	an	anti-CCP-2	test	kit	as	per	manufacturers	

instructions	and	grouped	into	PD+	(187)	or	PD-	(430).				Absorbance	was	measured	at	OD550nm	

and	converted	to	AU	using	a	standard	curve	in	Microsoft	Excel.		Values	are	blank	corrected	mean	

n=2	±SE.		Each	dot	represents	one	sample.		Statistical	difference	between	PD+	and	PD-	groups	was	

calculated	by	Mann-Whitney	testing	in	Microsoft	Excel,	*	=	P<	0.05.	

	

OPERA	cohort	patient	demographics	

The	OPERA	study	was	designed	to	investigate	the	effect	of	periodontal	treatment	

on	 RA,	 measured	 by	 changes	 in	 antibody	 levels	 and	 clinical	 measures	 (not	

reported	here).		A	total	of	108	patients	were	enrolled	in	the	study	(Table	5.4).		

The	 youngest	 average	 participants	 were	 in	 the	 healthy	 control	 group	 (36.7	

years)	and	oldest	in	the	RA	group	(58.6	years).		The	RA	group	had	an	increased	

proportion	 of	 females	 (83.3%),	 probably	 due	 to	 the	 female	 gender	 bias	 of	 RA.	
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and	 healthy	 respectively	 (p=0.050,	 p<0.0005),	 however	 this	 should	 not	 affect	

treatment	outcomes.		The	percentage	of	ever	smokers	was	higher	in	RA	PD+	and	

RA	 groups	 (58.4%,	 92.9%)	 than	healthy	 controls,	most	 likely	 as	 smoking	 is	 an	

environmental	 risk	 factor	 for	 both	 RA	 and	 PD.	 	 CAL	 was	 measured	 for	 all	

participants,	and	was	significantly	higher	in	RA	PD+	(3.82)	compared	to	RA	(2.86)	

(p<0.001)	 and	 in	 RA	 compared	 to	 healthy	 controls	 (2.86,	 1.76)	 (p<0.001).		

DAS28	was	measured	 for	 all	 RA	 patients	 and	 was	 increased	 in	 RA	 PD+	 group	

compared	to	RA	alone	(mean	4.09	compared	to	3.48)	(p<0.0001).			

	

Table	5.4	 OPERA	cohort	patient	demographics.	

	
Healthy	 RA	 RA	PD+	

	 	
	

N=18	 N=48	 N=42	 P	value	
Age	(years)	 36.7	 58.6	 57.7	 Healthy	vs	RA	 p<0.0001	

	 	 	 	
RA	vs	RA	PD+	 p=0.696	

Female	gender	 61.2%	 83.3%	 76.2%	 Healthy	vs	RA	 p=0.053	

	 	 	 	
RA	vs	RA	PD+	 p=0.274	

Race	
	 	 	 	 						Caucasian	 88.9%	 92.9%	 58.4%	 Healthy	vs	RA	 p=0.050	

	 	
6	NR	 18NR	 RA	vs	RA	PD+	 p<0.0005	

	 	 	 	 	 	BMI,	kg/m22	 26.23	 28.69	 26.6	 Healthy	vs	RA	 p=0.164	

	 	
1	NR	 2NR	 RA	vs	RA	PD+	 p=0.917	

Smoking	status	
	 	 	 	 						Ever	Smoker	 16.7%	 44.7%	 47.6%	 Healthy	vs	RA	 p=0.030	

	 	 	 	
RA	vs	RA	PD+	 p=0.322	

CAL	 1.76	 2.86	 3.82	 Healthy	vs	RA	 p<0.0001	

	 	 	 	
RA	vs	RA	PD+	 p<0.0001	

DAS28	 NA	 3.48	 4.09	 RA	vs	RA	PD+	 p<0.0001	

	 	
14	NR	

	 	 	
	

	

Values	 are	 expressed	 as	means,	 excluding	 non	 recorded	 (NR)	 values.	 	 P	 values	 for	 continuous	

data	 were	 calculated	 by	 unpaired	 T-test	 in	 Microsoft	 Excel,	 p	 values	 for	 discrete	 data	 were	

calculated	using	Chi-square	test	in	Microsoft	excel.		Statistically	significant	differences	are	shown	

in	bold.	
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Antibody	reactivity	in	RA+PD+,	RA	and	PD	patients	

Antibody	 positivity	 was	 calculated	 using	 a	 98%	 cut-off	 determined	 by	 the	

healthy	 group.	 	 IgG	 antibody	 reactivity	 was	 measured	 towards	 P.	 gingivalis	

antigens,	 recombinant	 PPAD	 and	 PgEnolase,	 CPP3,	 RPP3,	 and	 RgpB,	 and	 RA	

antigens,	 CEP-1	 and	 arginine	 control	 peptide	 REP-1,	 and	 using	 the	 anti-CCP2	

ELISA	 kit	 (Figure	 5.9).	 	 For	 all	P.	gingivalis	antigens,	 antibody	 positivity	 in	 the	

PD+	RA+	group	was	higher	than	the	RA	group,	although	a	significant	difference	in	

level	was	observed	for	anti-RgpB	only	(p<0.05).		Anti-CEP-1	antibodies	were	also	

higher	 in	 the	PD+	RA+	group	compared	 to	RA,	whilst	 anti-CCP2	and	anti-REP-1	

antibodies	 were	 lower	 in	 PD+	 RA+,	 although	 none	 of	 these	 trends	 reached	

statistical	significance.		Percentage	of	antibody	positivity	is	shown	in	Table	5.5.		

	

Table	5.5	 Antibody	positivity	in	RA+	PD+	and	RA	patients	at	baseline.			

Antigen	 Peptide	Sequence	 Samples	positive	(%)	
RA	 PD+	RA+	

P.	gingivalis		

PgEnolase	 (recombinant		protein)	 31.9	 42.9	

RgpB	 (purified	protein)	 89.4	 92.9	

PPAD	 (recombinant	protein)	 38.3	 54.8	

CPP3		 71CAKTDSYWT-Cit-DYTGWFAMYDC89	 46.8	 61.9	

RPP3	 71CAKTDSYWTRDYTGWFAMYDC89	 100	 100	

ACPA	
CEP-1	 5CKIHA-Cit-EIFDS-Cit-GNPTVEC21		 51.1	 59.5	

REP-1	 5CKIHAREIFDSRGNPTVEC21		 17	 9.5	

CCP2	 (unknown)	 93.6	 83.3	
	

Antibody	 levels	 in	 all	 PD+RA+	 (42),	 RA	 (48),	 and	 healthy	 (18)	 individuals	 were	 measured	 at	

baseline	after	study	enrollment.		IgG	antibody	levels	to	PgEnolase,	RgpB,	PPAD,	CPP3,	RPP3,	CEP-

1	and	REP-1	were	measured	using	a	standard	ELISA	protocol.	 	Absorbance	was	read	at	450nm.	

Anti-CCP2	 IgG	 was	 measured	 using	 an	 anti-CCP2	 kit	 as	 per	 manufacturers	 instructions.		

Absorbance	 was	 read	 at	 550nm	 and	 OD	 values	 converted	 into	 AU	 in	 Microsoft	 Excel	 using	 a	

standard	curve.		Antibody	positivity	was	determined	by	98%	cut-off	in	the	healthy	group.		
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Figure	5.9	 Antibody	 levels	 in	 PD+	RA+,	 RA,	 and	 healthy	 individuals.	 	 Antibody	 levels	 in	 all	

PD+RA+	 (42),	 RA	 (48),	 and	 healthy	 (18)	 individuals	 were	 measured	 at	 baseline	 after	 study	

enrollment.	 	 IgG	 antibody	 levels	 to	 PgEnolase	 (A),	 CEP-1	 (B),	 REP-1	 (C),	 PPAD	 (D),	 CPP3	 (E),	

RPP3	(F),	and	RgpB	(G)	were	measured	using	a	standard	ELISA	protocol.	 	Absorbance	was	read	

at	 450nm.	 Anti-CCP2	 IgG	 (H)	 was	 measured	 using	 an	 anti-CCP2	 kit	 as	 per	 manufacturers	

instructions.		Absorbance	was	read	at	550nm	and	OD	values	converted	into	AU	in	Microsoft	Excel	

using	a	standard	curve.	 	For	all	graphs	values	are	mean	n=2	±SE.	 	Each	symbol	represents	one	

sample.		Antibody	positivity	was	determined	by	98%	cut-off	in	the	healthy	group	and	is	indicated	

with	a	dashed	line.		 	Statistical	difference	between	PD+	and	PD-	groups	was	calculated	by	Mann-

Whitney	testing	in	Microsoft	Excel.		*	=	P<	0.05.		
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Antibody	positivity	in	OPERA	compared	to	WOR	cohort	

From	 these	 results,	 it	 was	 observed	 that	 reactivity	 in	 the	 OPERA	 cohort	 was	

higher	 than	 that	 of	 the	WOR	 cohort	 for	 all	 antigens	 tested,	 in	 the	majority	 of	

patient	groups.	 	However	 it	should	be	recognised	that	the	numbers	were	much	

smaller	 in	 OPERA	 and	 the	 controls	 less	 well	 matched.	 	 In	 the	 OPERA	 cohort	

59.5%	of	PD+	RA+	patients	and	51.1%	of	RA	patients	were	positive	for	anti-CEP-

1,	compared	 to	55.7%	and	39%	respectively	 in	 the	WOR	cohort.	 	Most	striking	

was	the	increased	levels	of	anti-CPP3	and	anti-RgpB	in	the	OPERA	cohort.		61.9%	

of	 PD+	 RA+	 and	 46.8%	 of	 RA	 patients	 in	 OPERA	 were	 anti-CPP3	 positive,	

compared	to	8.6%	and	4.2%	respectively,	 in	the	WOR	cohort.	 	Similarly,	92.9%	

and	 89.4%	 of	 PD+	 RA+	 and	 RA	 patients	 respectively	 were	 anti-RgpB	 positive,	

compared	to	4.3%	and	2.1%	in	the	WOR	cohort.			However,	in	both	cohorts,	these	

findings	 consistently	 indicate	 that	 PD	 has	 an	 additive	 effect	 on	 antibody	

production	in	RA.		

	

Comparing	treatment	and	non-treatment	PD+	RA+	groups	at	baseline	

The	 PD+	RA+	participants	 in	 the	 OPERA	 cohort	 were	 split	 into	 two	 groups	 to	

receive	periodontal	treatment	(n=20),	or	no	periodontal	treatment	(n=22)	for	6	

months	to	measure	the	effect	of	periodontal	therapy	on	antibody	titre	(Table	5.6)	

and	measures	of	RA	disease	(not	recorded	here).		Patients	were	matched	for	age	

and	gender	in	treatment	and	non	treatment	groups,	however	the	percentage	of	

ever-smokers,	 and	 proportion	 of	 Caucasian	 participants	 in	 the	 PD+	RA+	 group	

receiving	treatment	were	significantly	higher	than	those	not	receiving	treatment,	

(p=0.027	 and	 p<0.0001	 respectively),	 which	 should	 be	 considered	 during	

analysis.	
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Table	5.6	 OPERA	cohort	patient	demographics	for	RA	PD+	treatment	groups.			

	
RA	PD+	

	
	

Treatment	 No	Treatment	
	

	
N=20	 N=22	 P	value	

Age	(years)	 58.9	 56.6	 p=0.457	

Female	gender	 65%	 86.4%	 p=0.106	
Race	

	 	 						Caucasian	 80.0%	 42.9%	 p<0.0001	

	
10	NR	 8	NR	

	
BMI,	kg/m22	 23.40	 29.21	 p=0.712	

	
2	NR	

	 	Smoking	status	
	 	 	

					Ever	Smoker	 65%	 31.8%	 p=0.027	
CAL	 4.08	 3.59	 p=0.104	
DAS28	 4.72	 5.32	 p=0.089	

	 	 	 	
	

Values	are	expressed	as	means,	(excluding	non	recorded	(NR)	values).	 	P	values	for	continuous	

data	 were	 calculated	 by	 unpaired	 T-test	 in	 Microsoft	 Excel,	 p	 values	 for	 discrete	 data	 were	

calculated	using	Chi-square	test	in	Microsoft	excel.	

	

Baseline	antibody	levels	 in	serum	were	measured	to	ensure	no	differences	that	

could	influence	analysis	(Figure	5.10).		No	significant	differences	were	observed	

in	antibodies	to	PgEnolase,	CEP-1,	REP-1,	whole	PPAD,	CPP3,	RPP3,	and	RgpB,	or	

anti-CCP2	between	groups.			
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Figure	5.10	 Baseline	 antibody	 levels	 in	 PD+	 RA+	 individuals.	 	 Antibody	 levels	 in	 PD+RA+	

individuals	 in	 PD	 treatment	 (20)	 and	 non-treatment	 (22)	 groups.	 	 IgG	 antibody	 levels	 to	

PgEnolase	(A),	CEP-1	(B),	REP-1	(C),	PPAD	(D),	CPP3	(E),	RPP3	(F)	and	RgpB	(G)	were	measured	

using	 a	 standard	 ELISA	 protocol.	 	 Absorbance	 was	 read	 at	 450nm.	 	 Anti-CCP2	 IgG	 (H)	 was	

measured	 using	 an	 anti-CCP2	 kit	 as	 per	manufacturers	 instructions.	 	 Absorbance	was	 read	 at	

550nm	and	OD	values	converted	into	AU	in	Microsoft	Excel	using	a	standard	curve.		Minimum	to	

maximum	values	are	shown	as	box	whiskers,	box	shows	25th-75th	percentile	and	median.	
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Effect	of	PD	treatment	on	antibody	levels	

Six	months	following	treatment,	or	without	PD	treatment,	serum	reactivity	was	

measured	again	and	no	significant	differences	were	observed	between	antibody	

levels	 in	 patient	 groups	 (Figure	 5.11).	 	 However,	 it	 should	 be	 noted	 that	 data	

relating	 to	 the	 outcome	 of	 PD	 treatment	 was	 not	 available,	 thus	 differences	

between	successful	and	non-successful	treatment	of	PD	were	not	analysed.	

However,	 when	 comparing	 the	 percentage	 of	 seropositivity	 for	 antibodies	 in	

groups	 who	 did	 or	 did	 not	 receive	 PD	 treatment,	 significant	 differences	 were	

observed	 for	 anti-P.	 gingivalis	 antibodies	 (Table	 5.7).	 	 Without	 PD	 treatment,	

positivity	 for	 anti-PgEnolase	 and	 anti-PPAD	 increased	 by	 9.1%	 and	 4.5%	

respectively,	and	anti-CPP3	saw	a	decrease	of	12.7%	in	6	months.	 	However,	 in	

patients	 receiving	 treatment,	 positivity	 of	 anti-PgEnolase	 and	 anti-PPAD	

decreased	 by	 15%	 and	 5%	 respectively,	 which	 was	 a	 statistically	 significant	

difference	 compared	 to	 the	 non-treated	 group	 for	 both	 antigens	 (p<0.001	 and	

p=0.002	respectively).		In	addition,	anti-CCP3	decreased	significantly	more	in	the	

treatment	group	than	the	non-treatment	group	(20%	vs	12.7%)	(p=0.012).			

The	high	occurrence	of	anti-RPP3	antibodies	(100%	positivity)	was	maintained	

in	 both	 groups.	 	 Positivity	 for	 anti-RgpB	 saw	 a	 slight	 decrease	 (-4.7%)	 in	 the	

group	without	treatment,	whereas	the	group	receiving	treatment	saw	no	change.		

No	differences	were	observed	in	antibody	positivity	for	anti-CCP2,	anti-CEP-1	or	

anti-REP-1.	 	 These	 findings	 suggest	 PD	 treatment	 reduced	 anti-P.	 gingivalis	

antibodies,	but	not	ACPA	overall.		Clinical	status	assessment	of	PD+	RA+	patients	

receiving	 PD	 treatment	 will	 also	 be	 assessed,	 and	 results	 are	 awaited	 with	

interest.		
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Figure	5.11	 Effect	of	periodontal	treatment	on	IgG	titre	in	PD+	RA+	individuals	after	6months.		

Antibody	levels	in	PD+	RA+	individuals	were	measured	after	6	months	of	PD	treatment	(20)	or	no-

treatment	(22).		IgG	antibody	levels	to	PgEnolase	(A),	CEP-1	(B),	REP-1	(C),	PPAD	(D),	CPP3	(E),	

RPP3	(F),	and	RgpB	(G)	were	measured	using	a	standard	ELISA	protocol.	 	Absorbance	was	read	

at	 450nm.	 	 Anti-CCP2	 IgG	 (H)	 was	 measured	 using	 an	 anti-CCP2	 kit	 as	 per	 manufacturers	

instructions.		Absorbance	was	read	at	550nm	and	OD	values	converted	into	AU	in	Microsoft	Excel	

using	a	standard	curve.	 	For	all	graphs	values	are	mean	n=2	±SE.	 	Each	symbol	represents	one	

sample.		Antibody	positivity	was	determined	by	98%	cut-off	in	the	healthy	group	at	baseline	and	

is	indicated	with	a	dashed	line.	 	Statistical	differences	between	groups	was	calculated	by	Mann-

Whitney	testing	in	Microsoft	Excel,	n.s	=	not	statistically	significant.	
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Table	5.7	 Change	in	antibody	positivity	following	6	months	of	PD	treatment	or	

no	treatment.			

Antigen	

Samples	positive	(%)	
	

RA	 No	Treatment	 Treatment	
	

Baseline	 Baseline	 6	Months	 %	change	 Baseline	 6	Months	 %	change	
	

PgEno	 31.9	 40.9	 50.0	 +9.1	 45.0	 30.0	 -15	 p<0.001	

RgpB	 89.4	 95.2	 90.5	 -4.7	 90.5	 90.5	 ±0	 p=0.621	

PPAD	 38.3	 59.1	 63.6	 +4.5	 50.0	 45.0	 -5	 p=0.002	

CPP3	 46.8	 68.2	 45.5	 -12.7	 55.0	 35.0	 -20	 p=0.012	

RPP3	 100	 100.0	 100.0	 ±0	 100.0	 100.0	 ±0	 p=1.000	

CEP-1	 51.1	 54.5	 65.0	 +10.5	 65.0	 65.0	 ±0	 p=0.193	

REP-1	 17	 9.1	 13.6	 +4.5	 10.0	 20.0	 +10	 p=0.145	

CCP2	 93.6	 86.4	 81.8	 -4.6	 80.0	 80.0	 ±0	 p=0.457	
	

Antibody	 levels	 in	 PD+	RA+	 individuals	 were	 measured	 at	 baseline	 and	 after	 6	 months	 of	 PD	

treatment	 (20)	 or	 no-treatment	 (22).	 	 IgG	 antibody	 levels	 to	 PgEnolase,	 CEP-1,	 REP-1,	 PPAD,	

CPP3,	RPP3,	and	RgpB	were	measured	using	a	standard	ELISA	protocol.		Absorbance	was	read	at	

450nm.		Anti-CCP2	IgG	was	measured	using	an	anti-CCP2	kit	as	per	manufacturers	instructions.		

Absorbance	 was	 read	 at	 550nm	 and	 OD	 values	 converted	 into	 AU	 in	 Microsoft	 Excel	 using	 a	

standard	 curve.	 	 Antibody	 positivity	 was	 determined	 by	 98%	 cut-off	 in	 the	 healthy	 group	 at	

baseline	 and	 change	 in	 antibody	 positivity	 calculated	 after	 6	 months.	 	 Statistical	 differences	

between	groups	was	calculated	by	Chi	square	testing	in	Microsoft	Excel,	values	were	considered	

significant	if	p≤0.05,	and	are	shown	in	bold.	
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Discussion	

The	aim	of	this	chapter	was	to	investigate	the	antibody	response	to	P.	gingivalis	

enzymes	 PPAD,	 RgpB	 and	 PgEnolase	 in	 RA,	 compare	 the	 relationship	 between	

anti-CEP-1	 and	 anti-PgEnolase	 antibodies	 as	 a	 possible	 mechanism	 for	 cross-

reactivity,	and	investigate	the	effect	of	PD	therapy	on	antibody	levels.			

Initially,	 the	 WOR	 cohort	 of	 OA	 and	 RA	 patients	 was	 used,	 which	 has	 been	

extensively	 characterised	 already	 (Mikuls	 et	 al.,	 2014,	 Gonzalez	 et	 al.,	 2014,	

Schwenzer	 et	 al.,	 2015).	 	 In	 this	 cohort	 33%	 of	 RA	 patients	 were	 anti-CEP-1	

positive,	 which	 is	 lower	 than	 previously	 reported	 (Lundberg	 et	 al.,	 2008),	

although	 reactivity	 was	 highly	 citrulline	 specific	 with	 <1%	 positivity	 for	 anti-

REP-1.		This	confirms	CEP-1	to	be	a	true	citrullinated	auto-antigen	in	RA.		In	this	

cohort	 CEP-1	was	 associated	with	 SE	 and	 smoking,	which	has	 been	previously	

reported	in	Swedish	and	South	Korean	cohorts	(Mahdi	et	al.,	2009,	Fisher	et	al.,	

2013),	but	not	previously	in	a	cohort	from	the	USA.		In	addition,	anti-CEP-1	was	

positively	associated	with	markers	of	bone	loss	in	RA,	and	periodontal	bone	loss	

in	 PD,	 which	 supports	 previous	 findings	 that	 ACPA+	 RA	 is	 associated	 with	

increased	bone	erosions	(Syversen	et	al.,	2008).		When	further	divided	based	on	

both	RA	and	PD	status,	anti-CEP-1	positivity	was	increased	in	patients	with	PD,	

which	 supports	 the	 hypothesis	 that	 cross-reactivity	with	PgEnolase	 in	 PD	may	

contribute	to	anti-CEP-1	antibody	production.		This	was	further	supported	by	the	

strong	positive	correlations	between	anti-CEP-1	and	anti-CPgE	antibodies.			

In	 vivo,	 mice	 immunised	 with	 PPAD,	 RgpB,	 and	 PgEnolase	 had	 increased	

antibodies	reactive	with	all	CPgE1-6	peptides,	however	in	the	WOR	cohort	CPgE2	

(6IIG-Cit-EILDS-Cit15)	was	the	most	highly	reactive,	with	41%	of	RA	patients	anti-
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CPgE2	 positive.	 	 The	 CPgE2	 peptide	 (6IIG-Cit-EILDS-Cit15)	 contains	 the	 same	

citrulline	 residues	 as	 PgCEP-1	 (5CKIIG-Cit-EILDS-Cit-GNPTVEC21),	 which	

corresponds	 to	 the	 CEP-1	 region	 of	 α-enolase	 (5CKIHA-Cit-EIFDS-Cit-

GNPTVEC21),	 and	 so	 is	 an	 ideal	 candidate	 for	 cross	 reactivity.	 	 In	 addition,	

structural	 modelling	 suggested	 CPgE2/PgCEP-1	 is	 buried	 in	 the	 PgEnolase	

dimer,	similarly	to	CEP-1	in	α-enolase	(Chapter	3),	and	so	both	are	likely	to	act	as	

cryptic	 epitopes	 (Warnock	 and	 Goodacre,	 1997).	 	 The	 level	 of	 anti-CPgE2	

positivity	reported	here	also	corresponds	with	anti-PgCEP-1	positivity	of	34%	in	

an	 earlier	 study	 of	 104	 RA	 patients	 in	 our	 lab	 (Lundberg	 et	 al.,	 2008).	 	 In	

addition,	 in	a	study	with	ACPA	reactive	plasmablasts	isolated	from	RA	patients,	

52.6%	reacted	with	PgCEP-1,	which	correlated	with	reactivity	to	CEP-1	(Li	et	al.,	

2016).	 	 Intriguingly,	 when	 the	 plasmablasts	 were	 reverted	 to	 germ-line	

reactivity,	ACPA	reactivity	was	lost	(measured	by	anti-CCP2	and	reactivity	with	

cFib,	CEP-1	and	cVim),	whilst	reactivity	with	PgCEP-1	remained	in	two	germ	line	

plasmablasts.		This	suggests	reactivity	with	P.	gingivalis	exists	at	a	germline	level,	

perhaps	 through	 evolutionarily	 conserved	 anti-bacterial	 responses.	 	 Following	

somatic	mutations	 induced	by	presentation	of	 citrullinated	epitopes	by	T-cells,	

this	reactivity	could	spread	to	α-enolase	and	broader	ACPA	reactivity.	

In	the	WOR	cohort,	antibodies	to	CPP3	and	RgpB	were	raised	in	5.2%	and	2.1%	

of	RA	patients	without	PD,	which	was	 lower	than	seen	previously	 in	studies	by	

our	 group	 and	 others.	 	 In	 a	 previous	 study,	 40%	of	RA	patients	 had	 increased	

anti-CCP3	antibodies	in	a	cohort	of	80	RA	patients	(Quirke	et	al.,	2014a),	which	

was	also	consistent	with	positivity	of	46.8%	in	the	OPERA	cohort.		In	a	study	of	

1,974	RA	patients,	23%	had	raised	anti-Rgp	antibodies	(Kharlamova	et	al.,	2016).		

These	data	suggest	antibody	reactivity	to	CPP3	and	RgpB	in	the	WOR	cohort	may	
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have	 been	 low	 due	 to	 external	 factors	 in	 the	 cohort,	 such	 as	 geographical	

location-	 the	 WOR	 cohort	 was	 recruited	 from	 the	 USA,	 compared	 to	 UK	 and	

Swedish	cohorts	in	the	other	studies,	or	gender	bias-	the	WOR	cohort	had	a	male	

majority,	 compared	 to	 a	 female	 bias	 in	 the	 OPERA	 study	 reported	 here,	 and	

studies	 by	 Quirke,	 Kharlamova	 and	 their	 colleagues	 (Quirke	 et	 al.,	 2014a,	

Kharlamova	et	al.,	2016).		Further	to	this,	some	unexpected	results	in	the	OPERA	

cohort	 could	 indicate	 the	 control	 group	 was	 underpowered.	 	 I.e.	 anti-RPP3	

positivity	in	the	RA,	and	PD+	RA+	groups	was	higher	than	anti-CPP3,	contrary	to	

previous	 studies	 showing	 antibody	 responses	 to	 citrullinated	 PPAD	 in	 RA	 are	

higher	than	to	the	uncitrullinated	form	(Quirke	et	al.,	2014a).		In	future	studies,	a	

larger,	 matched	 control	 group	 should	 be	 used	 to	 ensure	 results	 are	 valid	

representations	of	populations.	

In	the	OPERA	cohort,	we	investigated	the	effect	of	PD	treatment	on	antibody	titre	

in	PD+RA+	patients.		First,	we	noted	PD+	RA+	patients	had	a	significantly	increased	

DAS28	 score	 compared	 to	 RA	 patients	 (p=0.000001),	 indicating	 PD	 increases	

severity	 of	 RA,	 which	 was	 previously	 observed	 by	 de	 Smit	 and	 colleagues	

(p<0.001)	(de	Smit	et	al.,	2012).		

Prior	 to	 the	 findings	 reported	 here,	 a	 number	 of	 small	 studies	 reported	 a	

beneficial	effect	of	PD	 treatment	on	RA.	 	Al-Katma	and	colleagues	 (Al-Katma	et	

al.,	 2007)	 showed	 58.8%	 of	 RA	 patients	 had	 improvement	 in	 DAS28	 and	 ESR	

after	 PD	 treatment,	 compared	 to	 16.7%	 who	 saw	 improvement	 without	 PD	

treatment,	 while	 in	 a	 separate	 study	 improvement	 in	 DAS28,	 ESR	 and	 TNF-α	

levels	 was	 seen	 exclusively	 in	 the	 group	 receiving	 PD	 treatment	 (Ortiz	 et	 al.,	

2009).		In	determining	the	effect	of	PD	on	RA,	more	research	has	investigated	the	

benefit	of	antimicrobials	 in	RA	patients,	 and	 it	has	been	well	 reported	 that	 the	
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addition	 of	 doxyclycline,	 a	 common	 antimicrobial	 used	 in	 the	 treatment	 of	 PD	

(Prakasam	et	al.,	2012)	 improves	the	effect	of	methotrexate	 in	RA	(O'Dell	et	al.,	

2006,	 Smith	 et	al.,	 2011).	 	 	 To	 date,	 only	 one	 previous	 study	 has	 reported	 the	

effect	 of	 PD	 treatment	 on	 serology	 in	 RA	 patients.	 	 Lappin	 and	 colleagues	

measured	anti-CCP2,	antibodies	to	CEP-1,	REP-1	and	whole	P.	gingivalis	in	39	PD	

patients	 and	 36	 or	 30	 healthy	 controls	 (for	 anti-CCP2	 and	 peptide	 ELISA	

respectively)	in	addition	to	PCR	detection	of	P.	gingivalis	DNA	in	plaque	(Lappin	

et	al.,	2013).	 	Six	months	post-treatment	anti-P.	gingivalis	titre	was	significantly	

decreased	(p=0.002)	irrespective	of	PCR	positivity	for	P.	gingivalis	DNA.		Further,	

anti-CCP	 significantly	 decreased	 in	 non-smokers	 following	 PD	 treatment	

(p<0.05),	but	not	current	smokers,	suggesting	smoking	was	a	confounder	in	this	

study.		These	findings	support	the	results	presented	in	this	thesis,	which	showed	

a	 reduction	 in	anti-P.	gingivalis	 antibodies:	anti-PgEnolase,	anti-PPAD	and	anti-

CPP3	 following	PD	 treatment.	 	Although	no	change	was	observed	 in	anti-CCP2,	

anti-CEP-1	 or	 anti-REP-1	 positivity,	 it	 should	 be	 noted	 that	 there	 were	

significantly	 more	 ever	 smokers	 in	 the	 treatment	 arm	 of	 the	 OPERA	 PD+	 RA+	

group,	which	may	have	had	a	confounding	effect	on	the	results.			

Taken	 together,	 the	 findings	 from	 both	 cohorts	 support	 the	 hypothesis	 that	P.	

gingivalis	 infection	 in	 PD	 could	 provide	 a	 source	 for	 antibodies	 in	 RA,	 as	

individuals	with	both	RA	and	PD	had	higher	anti-P.	gingivalis	and	ACPA	antibody	

levels	than	patients	with	RA	only,	and	anti-P.	gingivalis	antibodies	were	reduced	

following	PD	treatment.		
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The	main	findings	were:	

• Antibodies	to	PPAD,	RgpB	and	PgEnolase	are	increased	in	RA	patients	and	

further	 increased	 in	 PD+	 RA+	 patients	 compared	 to	 controls,	 however	

reactivity	to	PPAD	and	RgpB	was	low	in	the	WOR	cohort.			

• Antibodies	 to	 CPgE	 peptides	 correlate	 positively	 with	 anti-CEP-1	

antibodies,	indicating	antibody	formation	in	PD	may	induce	antibodies	to	

α-enolase	through	epitope	spreading.	

• PD	 treatment	 significantly	 reduced	antibody	 levels	 to	P.	gingivalis	 in	RA	

patients	with	PD.			
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Chapter	6	 Conclusion	and	future	directions	

The	aim	of	this	thesis	was	to	investigate	PPAD	in	the	aetiology	of	RA.		The	key	

findings	were:	

• Crystal	 structure	 of	 PPAD	provides	 rationale	 for	 activity	 and	C-terminal	

substrate	specificity.	

• Mice	 immunised	 with	 P.	 gingivalis	 proteins	 developed	 ACPA	 and	

antibodies	reactive	with	the	non-citrullinated	peptide	variants,	and	anti-P.	

gingivalis	antibodies.			

• RA	patients	had	increased	antibodies	to	P.	gingivalis	proteins,	which	were	

further	 increased	 in	 RA	 patients	 with	 PD.	 	 Periodontal	 therapy	

significantly	reduced	anti-P.	gingivalis	antibodies	in	RA	patients	with	PD.	

	

Structural	 determination	 of	 PPAD	 established	 the	 architecture	 of	 the	 protein,	

which	 is	 comprised	 of	 the	 CD	 and	 IgLF.	 	 The	 CD	 is	 an	 α/β	 propeller	 domain	

forming	 a	 canonical	 binding	 groove	 to	 the	 active	 site,	which	 contains	 residues	

Asp130,	His236,	Asp238,	Asn297,	and	Cys351,	and	the	IgLF	is	an	anti-parallel	β-

sandwich.	 	 In	 addition,	 residues	 Arg152	 and	 Arg154	 at	 the	 entrance	 to	 the	

binding	groove	were	 identified	 from	the	structure	as	key	residues	determining	

the	 C-terminal	 substrate	 specificity	 of	 PPAD.	 	 In	 a	 separate	 study,	 Goulas	 and	

colleagues	 also	 determined	 the	 3D	 structure	 of	 a	 similar	 PPAD	 construct	

composed	of	 the	CD	and	 IgLF	 (Goulas	et	al.,	 2015).	 	They	modelled	a	 structure	

identical	 to	 ours,	 confirmed	 the	 same	 residues	 in	 the	 active	 site,	 and	 residues	

involved	in	determining	C-terminal	substrate	specificity.	 	Goulas	and	colleagues	

also	 assessed	 the	 function	 of	 these	 residues	 in	 vitro	 by	 mutagenesis	 and	
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enzymatic	 studies,	 and	published	 results	 comparable	 to	 the	 findings	presented	

here	 (Chapter	 2).	 	 Further,	 Goulas	 and	 colleagues	 were	 also	 unsuccessful	 in	

crystallisation	 of	 the	 full-length	 PPAD	 protein,	 supporting	 the	 hypothesis	 that	

full-length	PPAD	 is	 insoluble	due	 to	 a	 requirement	 for	PorSS	processing	 in	 the	

bacterium,	which	truncates	PPAD	for	activation	and	secretion	from	P.	gingivalis	

in	vivo	(Chapter	3).	

In	 vitro,	 the	 combined	 activity	 of	 PPAD	 and	 RgpB	 created	 C-terminally	

citrullinated	peptides	from	human	fibrinogen	and	α-enolase,	which	were	distinct	

from	those	formed	by	PAD2	and	PAD4.		This	supports	the	hypothesis	that	PPAD	

may	 break	 tolerance	 to	 native	 citrullinated	 proteins	 through	 formation	 of	

citrullinated	 neoepitopes.	 	 In	 addition,	 citrullinated	 peptides	 formed	 from	

PgEnolase	had	high	sequence	homology	to	citrullinated	peptides	from	α-enolase,	

and	had	reactivity	with	RA	sera	measured	by	ELISA	(Chapter	5).	 	Forty-one	per	

cent	 of	 RA	 patients	 tested	 were	 positive	 for	 antibodies	 to	 PgEnolase	 peptide	

CPgE2,	which	encompasses	 the	same	citrulline	residues	as	CEP-1,	and	so	could	

induce	 cross-reactive	 antibody	 responses.	 	 This	 was	 supported	 by	 strong	

correlations	 between	 anti-CEP-1	 and	 anti-CPgE	 antibodies	 in	 RA	 patients	

(Chapter	5),	 and	 the	development	of	 anti-CEP-1	 antibodies	 in	mice	 immunised	

with	 PgEnolase,	 which	 was	 significantly	 increased	 when	 mice	 also	 received	

PPAD	and	RgpB	(Chapter	4).			

Murine	 studies	 in	 this	 thesis	 showed	 immunisation	 with	 PPAD,	 RgpB,	 and	

PgEnolase	created	a	model	system	for	ACPA	formation	in	vivo.		Immunised	mice	

developed	 anti-CCP2,	 anti-CEP-1	 and	 anti-cVim,	 in	 addition	 to	 antibodies	

reactive	 with	 the	 arginine	 control	 peptides	 REP-1	 and	 vim.	 	 These	 findings	

support	 and	 advance	upon	 a	 previous	 study	 from	our	 group,	 in	which	Kinloch	
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and	 colleagues	 immunised	DR4-Tg	mice	with	 PgEnolase	 (Kinloch	 et	al.,	 2011).			

Mice	 immunised	 with	 either	 native	 or	 citrullinated	 PgEnolase	 developed	

inflammatory	arthritis,	and	antibodies	to	both	CEP-1	and	REP-1.	 	Immunisation	

with	 citrullinated	 or	 native	 α-enolase	 also	 induced	 anti-CEP-1	 and	 anti-REP-1	

antibodies,	 however	 arthritis	 occurred	 in	 DR4-Tg	 mice	 only,	 not	 wild	 type.			

Similarly,	in	a	separate	study	using	the	same	immunisation	protocol	as	Kinloch,	

with	 citrullinated	 fibrinogen,	 both	 wild	 type	 and	 DR4-Tg	 mice	 developed	

antibodies	to	citrullinated	fibrinogen,	but	only	DR4-Tg	mice	developed	arthritis	

(Hill	et	al.,	2003).			

Taken	 together,	 results	 in	 this	 thesis	and	previous	work	 from	Kinloch,	Hill	and	

colleagues	 indicate	 wild-type	 mice	 can	 produce	 ACPA,	 but	 development	 of	

arthritis	 requires	 presentation	 of	 citrullinated	 antigens	 by	 MHC-II	 SE	 alleles.			

This	 supports	 the	 strong	 association	 of	 SE	 expression	 with	 ACPA+	 RA,	 and	

recapitulates	the	hypothesis	that	favoured	presentation	of	citrullinated	peptides	

by	SE	alleles	could	induce	a	pathogenic	response.		

Data	obtained	from	crystallisation	of	PPAD	shows	a	lack	of	structural	homology	

with	 PAD2	 or	 PAD4,	 making	 PPAD	 an	 ideal	 therapeutic	 target	 for	 inhibition.		

Chemical	inhibitors	known	to	be	effective	against	PPAD	include	alkylating	agents	

such	as	iodacetic	acid,	iodoacetamide	and	2-chloroacetamidine	((Rodriguez	et	al.,	

2010)	 and	unpublished	 findings	 in	 our	 lab).	 	 Alkylating	 agents	 covalently	 bind	

the	thiol	group	of	cysteine	residues,	and	so	 inhibit	PPAD	through	reaction	with	

nucleophilic	 Cys351	 to	 prevent	 formation	 of	 the	 covalent	 intermediate.		

However,	 human	 PADs	 also	 function	 using	 a	 nucleophilic	 cysteine,	 and	 are	

inhibited	 by	 alkylating	 agents.	 	 Therefore,	 to	 prevent	 cross-reactivity,	 a	 novel	

PPAD	 inhibitor	 could	 be	 developed	 using	 high	 throughput	 screening	 (HTS)	
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techniques	 with	 small	 molecule	 libraries,	 or	 by	 in	 silico	 design	 using	 3D	

structural	data.			

Effective	 HTS	 compound	 screening	 requires	 a	 functional	 bioassay	 to	 detect	

activity	of	 the	enzyme	target,	and	a	 library	of	compounds	to	be	screened	using	

the	 assay.	 	 Compounds	 identified	with	 the	desired	 effect	 on	 the	 enzyme	 target	

are	 first	 validated	 for	binding	and	 target	 engagement,	 and	 further	 investigated	

for	mode	of	action,	bioavailability,	and	potential	toxicity.		These	lead	compounds	

can	either	be	used	directly	for	drug	development,	or	as	a	chemical	starting	point	

from	which	to	optimise.			

The	 content	 in	 this	 thesis	 identified	 PPAD	 as	 a	 promising	 target	 for	 a	 HTS	

campaign.	 	 One	 avenue	 to	 pursue	 this	may	 be	 via	 the	 European	 Lead	 Factory	

(ELF),	a	public-private	collaboration	which	aims	to	identify	unique	drug	starting	

points	 using	 a	 library	 of	 >500,000	 compounds2.	 	 Currently,	 the	 colourimetric	

detection	 of	 citrulline	 assay	 used	 to	measure	 PPAD	 activity	 is	 not	 suitable	 for	

HTS	due	 to	 the	 requirement	 for	 low	pH,	 high	 concentration	 of	 reducing	 agent,	

and	 high	 temperature.	 	 To	 circumvent	 this,	 a	 novel	 activity	 assay	 is	 in	

development,	 using	 fluorescent	 probes	 to	 measure	 concomitant	 ammonia	

production	 during	 citrullination.	 	 However,	 if	 a	 suitable	 bioassay	 for	 PPAD	

activity	 cannot	 be	 developed,	 an	 alternative,	 binding-based	 approach	 by	

fragment	screening	may	be	pursued.		Fragment	screening	uses	small	100-300Da	

compounds	 in	 a	 medium	 or	 high-throughput	 screening	 system	 to	 identify	

fragment(s)	 capable	 of	 binding	 to	 the	 enzyme	 active	 site.	 	 The	 relatively	 small	

size	of	fragments,	compared	to	drug-like	molecules	in	conventional	HTS,	renders	

it	easier	to	effectively	survey	the	diverse	chemical	space	using	significantly	fewer		

2	https://www.europeanleadfactory.eu	
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compounds.	 	However,	 fragments	 usually	 bind	with	 low	 affinity,	 and	 therefore	

require	sensitive	biophysical	detection	such	as	surface	plasmon	resonance	(SPR),	

or	 structural	 techniques	 such	 as	 co-crystallisation	 or	 nuclear	 magnetic	

resonance	spectroscopy	 (NMR).	 	To	 further	 the	work	here	using	 this	approach,	

the	 crystallography-based	 fragment-screening	 platform	 at	 the	 SGC	 could	 be	

utilised.	 	 This	 group	 uses	 a	 bespoke	 fragment	 library	 to	 soak	 fragments	 into	

crystals	prior	 to	 structural	determination.	 	This	 identifies	bound	 fragments	 for	

in-house	optimisation3.	

Finally,	 the	 high	 resolution	 PPAD	 structural	 data	 may	 make	 it	 possible	 for	

structure-guide	 inhibitor	 design	 in	 silico	 (Verlinde	 and	 Hol,	 1994),	 which	

requires	 structural	 data	 for	 the	 target,	 ideally	 with	 a	 bound	 lead	 compound.		

Using	this	information,	algorithms	are	designed	to	predict	substrate	binding	and	

molecular	 interactions	 by	 virtual	 screening	 of	 chemical	 structures,	 from	which	

novel	inhibitors	can	be	designed.		

In	 addition	 to	 drug	 treatment,	 PPAD	 vaccination	 could	 be	 considered	 as	 a	

preventative	strategy	for	PD	and	RA.		Vaccination	with	heat	or	formalin	killed	P.	

gingivalis	 in	murine	models	 of	PD	 significantly	 reduced	alveolar	bone	 loss,	 but	

did	not	entirely	prevent	PD	(Polak	et	al.,	2010,	Wang	et	al.,	2015).	 	This	may	be	

ineffective	 as	 a	 preventative	 strategy	 due	 to	 P.	 gingivalis	 strain	 diversity.	 	 7	

clinically	relevant	strains	of	P.	gingivalis	have	been	 identified	to	date	(Igboin	et	

al.,	2009),	and	so	it	is	unlikely	protection	could	be	conferred	against	all	of	them	

by	vaccination	with	a	single	strain.		Thus,	vaccination	with	a	conserved	domain		

from	 P.	 gingivalis	 such	 as	 PPAD	 (Gabarrini	 et	 al.,	 2015)	 or	 PgEnolase	 may	

provide	more	effective	protection.		

3	http://www.thesgc.org/science/screening		
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Reduction	 in	 alveolar	 bone	 loss	 in	 the	 P.	 gingivalis	 model	 of	 PD	 has	 been	

observed	 in	mice	and	rats	vaccinated	prior	with	gingipains	(Gibson	and	Genco,	

2001,	Rajapakse	et	al.,	2002,	Wilensky	et	al.,	2016),	haemagluttinin	B	(Katz	et	al.,	

1999)	 and	 a	P.	gingivalis	 capsular	 protein	 (Gonzalez	 et	al.,	 2003).	 	 In	 addition,	

PgEnolase	is	highly	immunogenic	in	vivo,	and	previous	studies	have	shown	prior	

vaccination	with	enolase	from	infectious	pathogens	confers	effective	protection	

in	 mouse	 models.	 	 Vaccination	 with	 enolase	 from	 Candida	 albicans,	 and	

Leishmania	donovani	protected	against	candiasis	(Li	et	al.,	2011,	Shibasaki	et	al.,	

2014),	and	visceral	leishmaniasis	respectively	(Joshi	et	al.,	2014).		In	the	murine	

in	vivo	experiments	featured	in	this	thesis,	PPAD	and	PgEnolase	had	an	additive	

effect	 on	 antibody	 production	 when	 immunised	 together.	 	 Thus,	 a	 combined	

approach	 using	 PPAD	 and	 PgEnolase,	 or	 antigenic	 peptides	 such	 as	 CPP3	 and	

CPgE2,	may	be	a	promising	vaccine	strategy.			

The	 association	 between	 PD	 and	 RA	 is	 well	 documented,	 although	 the	

mechanisms	 involved	 remain	 unknown.	 	 In	 this	 thesis,	 citrullination	 by	 PPAD	

was	investigated,	in	addition	to	the	role	of	RgpB	as	a	co-functional	enzyme,	and	

PgEnolase,	which	is	antigenic	in	vivo,	and	may	be	cross-reactive	with	α-enolase.		

The	 findings	 presented	 here	 support	 the	 role	 of	 P.	 gingivalis	 in	 ACPA	

development,	 and	propose	 specific	mechanisms	 through	which	 this	may	occur.		

Further,	the	detailed	structural	and	enzymatic	characterisation	of	PPAD	provide	

essential	information	for	development	of	a	therapeutic	inhibitor.		
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Appendix	

Vectors	

	
Name	 pNIC28-Bsa4	
Source	 Opher	Gileadi	(SGC)	
Sequence	
accession/link	

Genebank	EF198106	

Description	 pET	expression	vector	with	his6	tag	in	22-aa	N-terminal	
fusion	peptide,	with	TEV	protease	cleavage	site.		
Includes	sites	for	LIC	and	a	‘stuffer’	fragment	that	
includes	the	SacB	gene	for	negative	selection	on	5%	
sucrose	

Antibiotic	resistance	 Kanamycin,	50μg/ml	
Promoter	 T7-	LacO	
Cloning	 LIC	
Initiation	Codon	 Supplied	in	PCR	primer	
N-terminal	fusion	
sequence	

MHHHHHHSSGVDLGTENLFQ*SM	
*	=	TEV	cleavage	site	

N-terminal	fusion	
MW	

2684.1	Da	including	Met	(2465.8	Da	removed	by	TEV)	

Termination	codons	 supplied	in	PCR	primer	
Protease	cleavage	 TEV	
Preferred	host	 DE3	hosts:	BL21,	Rosetta,	etc.		Must	express	T7	RNA	

polymerase	
5’	sequencing	primer	 pLIC-	for.	TGTGAGCGGATAACAATTCC	
3’	sequencing	primer	 pLIC-	rev.	AGCAGCCAACTCAGCTTCC	
Upstream	LIC	primer	 add	TACTTCCAATCCATG	to	the	5’	end	(ATG	in-frame	

with	the	desired	coding	sequence)	
Downstream	LIC	
primer	

add	TATCCACCTTTACTG	to	the	5’	end	of	downstream	
primer	(add	termination	codon	if	necessary)	
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Name	 pGTVL2	
Source	 Pavel	Savitsky	(SGC)	
Sequence	accession/link	 N/A	
Description	 pET	expression	vector	with	His6	and	GST	tag	at	

the	N-terminal	fusion,	followed	by	TEC	protease	
cleavage	site	

Antibiotic	resistance	 Kanamycin	50μg/ml	
Promoter	 T7	LacO	
Cloning	 LIC	
Initiation	Codon	 Supplied	in	PCR	primer	
N-terminal	fusion	sequence	 MHHHHHHSSMSPILGYWKIKGLVQPTRLLEYLEEK

YEEHLYERDEGDKWRNKKFELGLEFPNLPYYIDGD
VKLTQSMAIIRYIADKHNMLGGCPKERAEISMLEGA
VLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFE
DRLCHKTYLNGDHVTHPDFMLYDALDVVLYMDP
MCLDAFPKLVCFKKRIEAIPQIDKYLKSSKYIAWPL
QGWQATFGGGDHPPKSSSGVDLGTENLYFQ*SM	
*=	TEV	cleavage	site	

N-terminal	fusion	MW	 28441	Da	including	Met	
Termination	codons	 Supplied	in	PCR	primer	
Protease	cleavage	 TEV	
Preferred	host	 DE3:	BL21,	Rosetta	etc.		Must	express	T7	RNA	

polymerase	
5’	sequencing	primer	 pGEX	for	ATAGCATGGCCTTGCAGG	
3’	sequencing	primer	 pLIC	rev	AGCAGCCAACTCAGCTTCC	or	T7R	
Upstream	LIC	primer	 add	TACTTCCAATCCATG	to	the	5’	end	(ATG	in-

frame	with	the	desired	coding	sequence)	
Downstream	LIC	primer	 add	TATCCACCTTTACTG	to	the	5’	end	of	

downstream	primer	(add	termination	codon	if	
necessary)	
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Primers	

Wild-type	
constructs	 LIC	primers	

Forward	 1	 TACTTCCAATCCATGAAAAAGCTTTTACAGGCTAAAGCCTTG	
2	 TACTTCCAATCCATGCAACGAGCATTCCAGGAAAC	
3	 TACTTCCAATCCATGAATCCCCCTGCAGGTCCTG	
4	 TACTTCCAATCCATGATCGCTGAGTACGAACGCTC	

Reverse	 1	 TATCCACCTTTACTGTCATTTGAGAATTTTCATTGTCTCACGGA	
2	 TATCCACCTTTACTGTCAGTGCTTGATATAGAGATAGCCCTTATC	
3	 TATCCACCTTTACTGTCAGCCCTTATCCGCTACCTC	
4	 TATCCACCTTTACTGTCAGGCGTTGAACCATGCACGAA	
5	 TATCCACCTTTACTGTCAAGTACATGTATTGGTTTCGT	
6	 TATCCACCTTTACTGTCAGTGAGTACGACAATGCAGGG	
7	 	TATCCACCTTTACTGTCATGTTCCTGAAGCCCCTTTGA	

	
Double	
mutation	 Mega-primers	

PPADR152/4Q	 F	 TGGACTTTATTTATAACcagCCTcagCCTAACGATGATGAATTCCC	
	 R	 GGGAATTCATCATCGTTAGGCTGAGGCTGGTTATAAATAAAGTCCA	
PPADR152/4A	 F	 CTTTATTTATAACgccCCTgccCCTAACGATGATGAATTCCC	
	 R	 GGGAATTCATCATCGTTAGGGGCAGGGGCGTTATAAATAAAG	
Single	

mutation	 Mega-primers	

PPADR152A	 F	 CTTTATTTATAACGCCCCTCGACCTAACGATGATGAATTCCC	
	 R	 GGGAATTCATCATCGTTAGGGGCAGGGGCGTTATAAATAAAG	
PPADR154A	 F	 CTTTATTTATAACCGACCTGCCCCTAACGATGATGAATTCCC	
	 R	 GGGAATTCATCATCGTTAGGGGCAGGGGCGTTATAAATAAAG	
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