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Abstract
Tissue	injury,	including	extracellular	matrix	(ECM)	degradation,	is	a	hallmark	of	
group	A	Streptococcus	 (GAS)	 skin	 infection	and	 is	partially	mediated	by	M	pro-
teins	which	possess	lectin-	like	properties.	Hyaluronic	acid	is	a	glycosaminoglycan	
enriched	in	the	cutaneous	ECM,	yet	an	interaction	with	M	proteins	has	yet	to	be	
explored.	This	study	revealed	that	hyaluronic	acid	binding	was	conserved	across	
phylogenetically	diverse	M	proteins,	mediated	by	RR/SR	motifs	predominantly	lo-
calized	in	the	C	repeat	region.	Keratinocyte	wound	healing	was	decreased	through	
the	recruitment	of	hyaluronic	acid	by	M	proteins	 in	an	M	type- specific	manner.	
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1 	 | 	 INTRODUCTION

Streptococcus pyogenes	 (group	A	Streptococcus;	GAS)	 is	
a	 human-	specific	 bacterial	 pathogen,	 recognized	 glob-
ally	 as	 one	 of	 the	 leading	 causes	 of	 infectious	 disease	
mortality.1	As	a	colonizer	of	both	epithelial	and	mucosal	
tissue,	GAS	is	responsible	for	causing	a	broad	spectrum	
of	 pathologies,	 ranging	 from	 self-	limiting	 infections	 to	
systemic	diseases	and	post-	streptococcal	immunological	
sequelae	 such	 as	 rheumatic	 heart	 disease.2	 The	 global	
resurgence	in	invasive	GAS	disease3	has	heightened	an	
interest	 in	 understanding	 the	 pathogenic	 mechanisms	
that	 facilitate	 the	 initial	 stages	 of	 infection.	 An	 essen-
tial	 prerequisite	 for	 establishing	 GAS	 infection	 is	 ef-
fective	 adherence	 to	 host	 cells,	 enabling	 colonization.4	
Compromised	host	physiological	barriers	facilitate	both	
the	systemic	dissemination	of	GAS	and	persistent	infec-
tion.	Fundamentally,	the	degradation	of	protective	outer	
networks	such	as	the	extracellular	matrix	(ECM)	occurs	
in	the	early	stages	of	invasive	GAS	pathogenesis	and	is	a	
hallmark	of	tissue	injury.5–7	ECM	degradation	can	occur	
directly	through	the	secretion	of	GAS	virulence	factors,	
the	recruitment	of	host	proteases,	or	via	host-	mediated	
processes	 presenting	 a	 means	 for	 opportunistic	 infec-
tion.2,8,9	 These	 processes	 can	 lead	 to	 delays	 in	 wound	
healing	and	tissue	repair,	contributing	to	the	persistence	
of	 GAS	 infections.10,11	 Current	 treatment	 failure	 rates	
reinforce	the	need	to	identify	new	host	targets	for	thera-
peutic	intervention.12,13

The	M	protein	of	GAS	is	partially	responsible	for	ECM	
degradation	 during	 infection	 through	 plasmin(ogen)	
acquisition,	 inadvertently	 delaying	 wound	 healing.2,14	
Moreover,	the	M	protein	is	recognized	as	a	major	adhesin	
of	 GAS	 with	 emerging	 evidence	 of	 lectin-	like	 proper-
ties.15,16	Glycosaminoglycans	(GAGs)	are	a	key	compo-
nent	of	 the	ECM,	and	while	 it	has	been	shown	that	M	
proteins	can	interact	with	a	variety	of	GAG	subclasses	to	
facilitate	adherence,17	interactions	with	host	hyaluronic	
acid	 have	 not	 been	 reported.	 Hyaluronic	 acid	 is	 the	
largest	 negatively	 charged	 mucopolysaccharide	 among	
GAGs	 (101–104	kDa),18	 with	 each	 disaccharide	 unit	

consisting	 of	 a	 uronic	 sugar	 (D-	glucuronic	 acid)	 cova-
lently	linked	to	an	amino	sugar	(N-	acetylglucosamine)19	
(Figure  1A).	 Endogenous	 hyaluronic	 acid	 is	 enriched	
in	the	cutaneous	ECM	and	is	found	in	high	concentra-
tions	 surrounding	 keratinocytes	 in	 the	 skin,	 where	 it	
plays	integral	roles	in	immune	surveillance	and	wound	
healing.20

Recent	evidence	suggests	that	host	hyaluronic	acid	acts	
as	a	modulator	of	GAS	virulence,	with	distinct	roles	depen-
dent	on	chain	length.	High	molecular	weight	hyaluronic	
acid	has	been	shown	to	entrap	GAS	at	the	surface	of	im-
mune	cells	reducing	internalization,	yet	an	increase	in	the	
conversion	 of	 high	 to	 low	 molecular	 weight	 hyaluronic	
acid	in vivo,	a	process	analogous	to	ECM	breakdown,	was	
shown	to	enhance	GAS	phagocytosis	by	infiltrating	mac-
rophages.21	 Whether	 this	 pro-	inflammatory	 hyaluronic	
acid	has	a	role	 in	modulating	GAS	adherence	or	wound	
healing	during	infection,	and	which	GAS	proteins	mediate	
these	interactions,	have	yet	to	be	addressed.	Therefore,	the	
aim	of	this	study	was	to	provide	a	novel	characterization	
of	M	proteins	functioning	as	receptors	for	host	hyaluronic	
acid	and	to	investigate	the	physiological	relevance	of	this	
interaction.	 Here,	 we	 demonstrate	 that	 M	 proteins	 can	
bind	exogenous	hyaluronic	acid	via	conserved	RR/SR	mo-
tifs	localized	to	the	C	repeat	region.	This	interaction	was	
shown	 to	decrease	wound	healing	 in	an	M	 type-	specific	
manner,	 while	 hyaluronic	 acid	 could	 increase	 bacterial	
adherence	independently	of	M	proteins.

2 	 | 	 MATERIALS AND METHODS

2.1	 |	 Glycosaminoglycans

Select-	HA™	hyaluronan	(a	mixture	of	25–75	kDa	chains,	
Cat#	 S0451),	 hyaluronic	 acid	 sodium	 salt	 (a	 mixture	 of	
1000–4000	kDa	 chains,	 Cat#	 H5388),	 and	 fluorescein-	
conjugated	 hyaluronic	 acid	 (a	 mixture	 of	 640–1000	kDa	
chains,	Cat#	F1177)	were	from	Sigma-	Aldrich	(St	Louis,	
MO,	 USA).	 Epimer	 configuration	 was	 not	 disclosed	 by	
suppliers.	 Hyaluronic	 acid	 sodium	 salt	 was	 utilized	 for	

GAS	strains	5448	(M1	serotype)	and	ALAB49	(M53	serotype)	also	bound	hyalu-
ronic	acid	via	M	proteins,	but	hyaluronic	acid	could	increase	bacterial	adherence	
independently	of	M	proteins.	The	identification	of	host–pathogen	mechanisms	that	
affect	ECM	composition	and	cell	repair	responses	may	facilitate	the	development	
of	nonantibiotic	therapeutics	that	arrest	GAS	disease	progression	in	the	skin.

K E Y W O R D S

adherence,	binding	motif,	glycosaminoglycan,	M	protein,	mutagenesis,	Streptococcus pyogenes,	
surface	plasmon	resonance,	wound	healing
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experiments	involving	fluorescein-	conjugated	hyaluronic	
acid	and	bacterial	aggregation	assays,	while	Select-	HA™	
hyaluronan	 was	 utilized	 for	 surface	 plasmon	 resonance	
(SPR),	wound	healing	and	adherence	assays.

2.2	 |	 Expression vectors

The	emm	genes	that	were	cloned	into	expression	vectors	
pGEX-	2T	 or	 pET-	41	 contained	 glutathione-	S-	transferase	
(GST)	tags	as	previously	described.22	M	protein	fragment	
constructs	 in	a	pET-	28b(+)	vector	were	designed	as	pre-
viously	 described,23–25	 and	 synthesized	 by	 GenScript	
Biotech.	A	6	×	His-	tag	(LEHHHHHH)	was	integrated	into	
all	sequences	at	the	C-	terminus.

2.3	 |	 Recombinant protein 
expression and purification

Top10	 and	 BL21(DE3)	 Escherichia coli	 containing	 ex-
pression	 vectors	 were	 cultured	 at	 37°C	 with	 shaking	
in	 Luria-	Bertani	 broth	 supplemented	 with	 50	μg/mL	

kanamycin	sulfate	or	100	μg/mL	ampicillin.	Recombinant	
protein	expression	and	purification	by	GST	affinity	chro-
matography	 was	 conducted	 as	 previously	 described.26	
Thrombin-	cleaved	 M	 proteins	 or	 clarified	 E. coli	 lysates	
containing	 recombinant	 M	 protein	 fragments	 were	 fur-
ther	 purified	 using	 Ni2+	−	nitrilotriacetic	 acid	 (NTA)	 af-
finity	chromatography.	Unbound	proteins	were	removed	
with	 washing	 buffer	 (50	mM	 NaH2PO4,	 300	mM	 NaCl,	
250	mM	 imidazole-	hydrochloride,	 pH	8.1)	 and	 proteins	
were	eluted	using	native	elution	buffer	[50	mM	NaH2PO4,	
300	mM	NaCl,	20	mM	imidazole-	hydrochloride,	20%	(v/v)	
glycerol,	pH	8.5].	M	protein	fragments	were	further	puri-
fied	using	anionic	Mono	Q™	5/50	GL	or	cationic	HiTrap™	
CM	 Sepharose	 FF	 exchange	 columns	 assembled	 in	 a	
Next	Generation	Chromatography	system	unit	(Bio-	Rad,	
Hercules,	 CA,	 USA).	 M	 protein	 fragments	 were	 washed	
(20	mM	 Tris–HCl,	 1	mM	 EDTA	 tetrasodium	 salt,	 0.02%	
(w/v)	NaN3;	pH	8.5	or	pH	6.5)	and	collected	using	a	0%–
25%	(v/v)	gradient	elution	buffer	[0–500	mM	final;	20	mM	
Tris–HCl,	1	mM	EDTA	tetrasodium	salt,	2	M	NaCl,	0.02%	
(w/v)	NaN3,	pH	8.5].	All	recombinant	M	proteins	and	M	
protein	fragments	were	concentrated	using	polyvinylpyr-
rolidone	and	dialysed	in	phosphate-	buffered	saline	(PBS).

F I G U R E  1  Hyaluronic	acid	binding	is	a	conserved	function	across	phylogenetically	diverse	M	proteins.	(A)	Primary	configuration	of	
hyaluronic	acid	(HA)	is	represented	consisting	of	D-	glucuronic	acid	(black)	and	N-	acetylglucosamine	(blue).	Heterogeneity	arises	from	
chain	length	and/or	epimerization.	Created	with	BioRender.	(B)	Binding	profile	of	HA	and	HA	fragments	with	phylogenetically	clustered	M	
protein	using	a	glycan	microarray.	Orange	blocks,	indicative	of	glycan	binding,	are	presented	only	if	all	M	protein	representatives	within	a	
cluster	group	(M1,	M2,	M3,	M9,	M11,	M12,	M14,	M19,	M53,	M54,	M57,	M58,	M60,	M65,	M70,	M90,	M97,	M98,	M102,	and	M106)	were	able	
to	bind	the	respective	HA	structure	from	three	independent	experiments.
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2.4	 |	 GAS strains and culture conditions

5448	 (emm1)	 is	 a	 hypervirulent	 M1T1	 clone	 originally	
isolated	from	invasive	soft	tissue	infection.27,28	ALAB49	
(emm53)	was	originally	isolated	from	noninvasive	impe-
tigo	infection.29,30	Isogenic	M	protein-	deletion	mutants	
5448Δemm1	 and	 ALAB49Δpam	 and	 their	 respective	
reverse	 complementation	 strains	 5448Δemm1 RC	 and	
ALAB49Δpam	 RC	 have	 been	 described	 elsewhere.30,31	
All	 GAS	 strains	 were	 routinely	 cultured	 statically	 at	
37°C	 in	 3%	 (w/v)	 Todd-	Hewitt	 broth	 (BD	 Biosciences,	
Franklin	Lakes,	NJ,	USA)	supplemented	with	1%	(w/v)	
yeast	 (in	 absence	 or	 presence	 of	 5	μg/mL	 erythromy-
cin,	 200	μg/mL	 kanamycin	 sulfate	 or	 100	μg/mL	 spec-
tinomycin)	before	harvesting	at	mid-	logarithmic	phase	
[OD600	0.3	 for	all	ALAB49-	derived	strains	or	OD600	0.4	
for	 all	 5448-	derived	 strains,	 consistent	 with	 previous	
reports30,32].

2.5	 |	 Preparation of GAS cell wall 
extracts

GAS	cell	wall	extracts	were	prepared	as	described33	with	
minor	 modifications.	 Mid-	logarithmic	 GAS	 were	 har-
vested	by	centrifugation	(7500	g,	20	min,	4°C)	and	washed	
twice	 with	 ice-	cold	 sterile	 TE	 buffer	 (50	mM	 Tris,	 1	mM	
EDTA,	 pH	8.0)	 supplemented	 with	 1	mM	 phenylmethyl-
sulfonyl	fluoride	(7500	g,	20	min,	4°C).	Cell	pellets	were	re-
suspended	in	mutanolysin	mix	[10	mg/mL	lysozyme	and	
62.5	U/mL	mutanolysin	 in	20%	(w/v)	sucrose/TE	buffer]	
and	incubated	at	37°C	with	orbital	shaking	at	180	rpm	for	
2.5	h.	Supernatants	containing	the	mutanolysin	cell	wall	
extract	were	collected	(16	000g,	5	min).

2.6	 |	 Isolation of GAS supernatants

Mid-	logarithmic	 phase	 GAS	 were	 centrifuged	 (7500	g,	
20	min,	4°C)	and	supernatants	were	collected	and	syringe-	
filtered	 (0.22	μm	 filter).	 Soluble	 proteins	 were	 concen-
trated	 using	 10%	 (w/v)	 ice-	cold	 trichloroacetic	 acid	 at	 a	
ratio	 of	 1:1	 for	 30	min	 on	 ice.	 Extracts	 were	 centrifuged	
(16	000	g,	 20	min,	 4°C)	 and	 washed	 twice	 with	 ice-	cold	
acetone	(16	000	g,	20	min).	Pellets	were	air	dried	at	room	
temperature	for	30	min.

2.7	 |	 GAS growth kinetic curves

Overnight	starter	cultures	of	GAS	were	diluted	1:10	into	a	
96-	well	plate	(Frickenhausen,	Germany)	containing	culture	
media	(with	or	without	selective	antibiotics)	in	absence	or	

presence	 of	 1	μM	 hyaluronic	 acid	 and	 incubated	 at	 37°C	
for	 16	 h	 in	 a	 CLARIOstar	 plate	 reader	 (BMG	 Labtech,	
Ortenberg,	Germany).	Measurements	were	taken	every	10	
min	(orbital	averaging	after	30-	s	shake)	at	600	nm.

2.8	 |	 GAS autoaggregation assay

Vortexed	 overnight	 starter	 cultures	 of	 GAS	 were	 incu-
bated	in	absence	or	presence	of	hyaluronic	acid	(500	μg/
mL)	 at	 room	 temperature	 to	 monitor	 sedimentation.	
Measurements	 of	 the	 upper	 phase	 were	 recorded	 every	
hour	for	7	h	using	a	CLARIOstar	plate	reader.	Bacterial	ag-
gregation	was	calculated	as	described	previously34	using	
the	 following	 equation:	 Aggregation	 (%)	=	1	−	(OD7h/
OD0h).

2.9	 |	 Mammalian cell culture

HaCaT	 human	 keratinocytes	 (CLS	 Cat#	 300493/p800_
HaCaT,	 RRID:CVCL_0038)	 were	 authenticated	 by	 short	
tandem	repeat	profiling	and	routinely	tested	negative	for	
mycobacterial	contamination.35	Cells	were	maintained	in	
Dulbecco's	 modified	 Eagle's	 medium:	 Nutrient	 Mixture	
F-	12	 (DMEM/F12;	 Thermo	 Fisher	 Scientific,	 Waltham,	
MA,	 USA)	 containing	 heat-	inactivated	 10%	 (v/v)	 foetal	
bovine	 serum	 (FBS;	 Bovogen	 Biologicals,	 Melbourne,	
Australia),	 2	mM	 GlutaMAX,	 100	U/mL	 penicillin	 and	
100	μg/mL	 streptomycin	 at	 37°C/5%	 CO2	 and	 passaged	
using	0.05%	trypsin–EDTA.

2.10	 |	 Polyacrylamide gel electrophoresis 
(PAGE) and immunoblotting

Recombinant	M	proteins	(200	ng–2	μg)	were	subjected	to	
a	reducing	12%	(v/v)	sodium	dodecyl	sulfate	(SDS)-	PAGE	
and	 visualized	 using	 Coomassie	 R-	250	 Rapid	 staining.36	
Recombinant	 M	 protein	 fragments	 (200	ng–2	μg)	 were	
subjected	to	a	reducing	10%	(v/v)	Tris-	tricine	PAGE	and	
visualized	using	Colloidal	Blue	staining.37	Proteins	 from	
bacterial	 cell	 lysates	 and	 supernatants	 (15–20	μg)	 were	
loaded	and	separated	via	Tris-	tricine	PAGE	under	reduc-
ing	 conditions	 using	 pre-	cast	 Mini-	Protean	 TGX	 Stain-	
Free	 gels	 (4%–20%;	 Bio-	Rad).	 Samples	 were	 transferred	
onto	 a	 methanol-	activated	 polyvinylidene	 difluoride	
membrane	and	blocked	overnight	at	4°C	using	5%	(w/v)	
skim	milk	powder	in	PBS	supplemented	with	0.1%	(v/v)	
Tween®	 20.	 Membranes	 were	 incubated	 with	 primary	
rabbit	anti-	M	protein	sera	(1:30	000;	 in-	house26)	 for	1.5	h	
at	 room	 temperature.	 Membranes	 were	 washed	 thrice	
and	 re-	probed	 using	 horseradish	 peroxidase-	conjugated	
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goat	anti-	rabbit	IgG	(1:3000,	AB_2533967,	Cat#	65-	6120;	
Thermo	 Fisher	 Scientific)	 for	 1	h	 at	 room	 temperature	
prior	 to	 chemiluminescence	 detection.38	 For	 GAS	 su-
pernatant	 expression	 analysis,	 immunoblots	 were	 first	
probed	 using	 rabbit	 anti-	M	 protein	 sera	 (1:30	000)	 and	
prepared	for	re-	probing	with	rabbit	polyclonal	anti-	SpeB	
sera	 (1:1000;	Toxin	Technology	 Inc.,	Sarasota,	FL,	USA)	
as	 described.39	 Mature	 and	 zymogen	 SpeB	 protein	 were	
included	 as	 positive	 controls	 (Toxin	 Technologies	 Inc.)	
while	bovine	serum	albumin	was	included	as	a	negative	
control.	To	assess	purity	of	protein	samples	from	gels	or	
to	 quantify	 protein	 expression	 on	 immunoblots,	 densi-
tometry	was	performed	using	Quantity	One	1-	D	Analysis	
Software	(version	4.6.7;	Bio-	Rad).

2.11	 |	 Glycan microarray

Recombinant	 M	 protein–hyaluronic	 acid	 interactions	
were	 initially	 screened	 using	 a	 glycan	 microarray	 as	
previously	 described.15	 Briefly,	 recombinant	 M	 proteins	
(0.5–1	μg)	 were	 complexed	 with	 mouse	 anti-	histidine	
IgG,	rabbit	anti-	mouse	Alexafluor488	IgG	conjugate	and	
goat	 anti-	rabbit	 Alexafluor488	 IgG	 conjugate	 at	 a	 ratio	
of	4:2:1	and	secured	onto	pre-	blocked	glycan	microarray	
slides.	Fluorescence	was	measured	using	a	ProScanArray	
Microarray	 4-	Laser	 Scanner	 (Perkin	 Elmer,	 Waltham,	
MA,	USA).

2.12	 |	 Surface plasmon resonance

M	protein–hyaluronic	acid-	binding	interactions	were	de-
tected	in	real	time	using	Biacore	T200	Control	Software	
(version	 3.2;	 Cytiva,	 Marlborough,	 MA,	 USA)	 using	
single-	cycle	kinetics	at	25°C.	All	flow	channels	of	a	Series	
S	 NTA	 Sensor	 Chip	 (Cytiva,	 Marlborough,	 MA,	 USA)	
were	 activated	 using	 0.5	mM	 NiCl2	 in	 running	 buffer	
[10	mM	HEPES,	0.15	M	NaCl,	50	μM	EDTA,	0.05%	(v/v)	
Tween®	 20,	 pH	7.4]	 with	 excess	 ions	 removed	 using	
3	mM	EDTA.	GAG	binding	has	been	shown	to	decrease	
in	 PBS	 solutions	 due	 to	 charged	 ions,40	 hence	 HEPES	
buffer	 was	 selected	 as	 it	 is	 zwitterionic,	 does	 not	 bind	
Ni2+,	and	has	improved	reproducibility.41,42	Purified	His-	
tagged	M	proteins	(200	nM)	were	immobilized	(~350	re-
sponse	units)	 to	designated	flow	channels2,	3,	4	at	10	μL/
min.	For	each	cycle,	flow	channel	1	was	absent	of	bound	
protein	 and	 served	 as	 a	 blank	 control	 for	 internal	 sub-
traction.	 Reference	 subtraction	 within	 each	 designated	
flow	cell	immobilized	with	M	protein	was	also	included	
to	account	for	bulk	refractive	index	differences	between	
system	 flow	 buffer	 and	 analyte	 buffer.	 Hyaluronic	 acid	
(0–200	nM)	was	flowed	across	all	channels	as	a	series	of	

five	injections	at	10	μL/min	with	a	180-	s	association	time	
and	a	30-	s	dissociation	time.	For	each	run,	streptokinase	
(in-	house)	 was	 included	 as	 a	 universal	 negative	 con-
trol	as	 it	did	not	bind	any	of	 the	M	proteins	 tested.	For	
each	cycle,	human	serum	albumin	(Cat#	A3782;	Sigma-	
Aldrich),	 fibrinogen	 (Cat#	 F4883l;	 Sigma-	Aldrich),	 glu-	
plasminogen	(Cat#	HCPG-	0130;	Prolytix,	Essex	Junction,	
VT)	and	C4b-	binding	protein	(Cat#	600672;	Agilent	tech-
nologies,	Santa	Clara,	CA,	USA)	were	 included	as	posi-
tive	controls	for	specific	M	proteins.22	Interactions	were	
evaluated	using	steady-	state	affinity	analysis	on	Biacore	
T200	evaluation	software	(version	3.2;	Cytiva),	which	fol-
lowed	a	1:1	Langmuir	binding	model.43

2.13	 |	 Fluorescence plate- based 
binding assay

Recombinant	 wild-	type	 and	 mutant	 M53	 protein	 and	
bovine	 serum	 albumin	 (20	μg/mL	 in	 0.1	M	 NaHCO3,	
pH	9.6)	 were	 coated	 in	 a	 96-	well	 black-	walled	 μClear®	
bottom	 medium	 binding	 plate	 (Greiner	 Bio-	One,	
Frickenhausen,	Germany)	at	4°C	overnight	and	washed	
twice	with	PBS.	Proteins	were	incubated	in	the	absence	
or	presence	of	unlabelled	hyaluronic	acid	in	30-	fold	ex-
cess	(3	mg/mL)	for	2	h	at	room	temperature	with	gentle	
agitation.	Fluorescence	 in	 the	presence	of	excess	unla-
belled	hyaluronic	acid	was	used	as	a	proxy	for	nonspe-
cific	 binding;	 nonspecific	 interactions	 were	 subtracted	
from	total	M	protein–hyaluronic	acid	interactions	to	de-
termine	specific	interactions.	Plates	were	washed	thrice	
and	incubated	with	fluorescein-	labeled	hyaluronic	acid	
(100	μg/mL)	for	2	h	at	room	temperature	with	gentle	agi-
tation.	Plates	were	washed	five	times	before	fluorescence	
measurements	were	recorded	using	a	CLARIOstar	(4	×	4	
matrix	 well	 scanning;	 excitation,	 483/14	nm;	 emission,	
530/30	nm).

2.14	 |	 In vitro scratch wound assay

An	 in  vitro	 scratch	 wound	 model	 was	 established	 as	
previously	 described.35	 Briefly,	 HaCaT	 keratinocyte	
monolayers	 were	 uniformly	 scratched	 using	 a	 96-	pin	
WoundMaker	 (Essen	 Bioscience,	 Ann	 Arbor,	 MI)	 and	
incubated	in	absence	(Nil,	medium	alone)	or	presence	of	
50	μg/mL	M53	 proteins	 or	 M1	 proteins,	 and/or	 10	μg/mL	
hyaluronic	 acid	 in	 DMEM/F12	 containing	 0.2%	 (v/v)	
FBS,	2	mM	GlutaMAX,	100	U/mL	penicillin	and	100	μg/
mL	 streptomycin.	 Images	 were	 captured	 and	 ana-
lyzed	 over	 time	 using	 phase-	contrast	 microscopy	 with	
IncuCyte	 ZOOM	 live	 cell	 imaging	 software	 (Essen	
Bioscience).	To	determine	the	percent	of	relative	wound	
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6 of 20 |   McEWAN et al.

closure	over	24	h	(%),	the	area	under	the	curve	for	each	
sample	 was	 calculated	 and	 normalized	 to	 the	 response	
of	the	nil	control.

2.15	 |	 Flow cytometry

Mid-	logarithmic	 GAS	 strains	 (1	×	106	 cells)	 were	 washed	
with	 PBS	 and	 pre-	incubated	 in	 the	 absence	 or	 presence	
of	unlabelled	hyaluronic	acid	in	5-	fold	excess	(1.25	mg/mL)	
on	 ice	 for	 1	 h.	 Fluorescence	 in	 the	 presence	 of	 excess	
	unlabelled	hyaluronic	acid	was	used	as	a	proxy	for	non-
specific	binding;	nonspecific	interactions	were	subtracted	
from	total	GAS–hyaluronic	acid	interactions	to	determine	
specific	 interactions.	 Cells	 were	 washed	 and	 incubated	
with	200	μg/mL	fluorescein-	labeled	hyaluronic	acid,	and	
10	μg/mL	 cell	 viability	 dye	 7-	Aminoactinomycin	 D	 for	 1	
h	on	ice	protected	from	light.	Labeled	cells	were	washed	
and	 collected	 using	 a	 BD	 LSR	 Fortessa	 X-	20	 flow	 cy-
tometer	 (BD	Biosciences).	Data	were	acquired	using	 the	
following	 settings:	 Standard	 cell	 architecture	 and	 fluo-
rescein	 (excitation,	 488	nm;	 emission,	 525/50	nm)	 and	
7-	Aminoactinomycin	 D	 (excitation,	 561	nm;	 emission,	
670/30	nm).

2.16	 |	 Quantitative PCR

Mid-	logarithmic	 GAS	 (1–2	×	107)	 were	 resuspended	 in	
enzymatic	lysis	buffer	[20	mg/mL	lysozyme,	20	mM	Tris–
HCl,	 2	mM	 EDTA	 disodium	 salt,	 1.2%	 (v/v)	 Triton®	 X-	
100,	pH	8.0]	and	incubated	statically	for	30	min	at	37°C.	
RNA	 was	 isolated	 using	 an	 Aurum™	 Total	 RNA	 Fatty	
And	 Fibrous	 Tissue	 Module	 DNA-	Free	 RNA	 Isolation	
Kit	(Bio-	Rad)	with	DNase	I	treatment,	as	per	the	manu-
facturer's	 instructions.	Residual	genomic	DNA	was	 re-
moved	 using	 a	 Turbo	 DNA-	free™	 Kit	 (Thermo	 Fisher	
Scientific)	 as	 per	 the	 manufacturer's	 instructions	 and	
cDNA	 was	 synthesized	 using	 a	 High-	Capacity	 cDNA	
Reverse	 Transcription	 Kit	 (Thermo	 Fisher	 Scientific).	
Bacterial	 gene	 expression	 was	 assessed	 using	 a	 SYBR	
GreenER™	 SuperMix	 Universal	 Kit	 (Thermo	 Fisher	
Scientific)	according	to	the	manufacturer's	instructions.	
Primer	sets	emmY1	and	emmY2	were	utilized	 to	quan-
tify	 M	 protein	 gene	 expression	 in	 5448	 and	 ALAB49	
respectively,	 with	 recA	 as	 the	 housekeeping	 gene	 as	
previously	 described.44	 Gene	 expression	 analyses	 and	
melt	curves	were	conducted	using	a	Quant	Studio	5	real	
time	PCR	System	(Thermo	Fisher	Scientific).	Reactions	
were	analyzed	using	QuantStudio	Design	and	Analysis	
Software	 (version	 1.5.1;	 Thermo	 Fisher	 Scientific).	
Relative	 fold	 gene	 expression	 was	 quantified	 using	
the	 ΔCt	 method45,46	 where	 the	 genes	 of	 interest	 were	

normalized	to	the	GAS	housekeeping	gene.	Serial	dilu-
tions	of	cDNA	were	used	to	determine	the	primer	effi-
ciencies	of	emmY1	and	emmY2	primer	sets.

2.17	 |	 GAS adherence assay

A	keratinocyte	cell	adherence	assay	by	GAS	was	adapted	
from	 a	 previous	 study.15	 Mid-	logarithmic	 GAS	 (2.5	×	105	
cells)	 were	 pre-	incubated	 with	 1	μM	 hyaluronic	 acid	
(or	 corresponding	 vehicle)	 statically	 for	 30	 min	 at	 room	
temperature.	 Cells	 were	 equilibrated	 in	 antibiotic-	free	
DMEM/F12	supplemented	with	10%	(v/v)	FBS	and	2	mM	
GlutaMAX	and	added	to	HaCaT	keratinocyte	monolayers	
at	a	MOI	of	5:1.	Plates	were	centrifuged	(300	g,	5	min)	and	
incubated	for	1	h	at	37°C.	Nonadherent	bacteria	were	re-
moved	by	washing	twice	with	sterile	PBS.	To	assess	total	
bacterial	cell	association	(adherence	and	invasion),	GAS-	
bound	HaCaT	keratinocytes	were	detached	using	500	U/
mL	accutase	with	a	10	min	 incubation	at	37°C	followed	
by	 0.025%	 (v/v)	 Triton®	 X-	100	 for	 cell	 lysis.	 Well	 selec-
tion	for	medium	extraction	was	randomized	to	minimize	
count	bias.	A	10-	fold	serial	dilution	was	performed,	and	
spot	 plated	 for	 bacterial	 enumeration.	 To	 measure	 GAS	
invasion	only,	GAS-	bound	HaCaT	keratinocytes	were	pre-	
treated	 with	 100	μg/mL	 gentamicin	 sulfate	 as	 described	
previously.15	Bacterial	counts	(CFU)	were	normalized	to	
the	 original	 inoculum.	 The	 level	 of	 GAS	 cell	 adherence	
was	determined	by	subtracting	the	percentage	(%)	of	 in-
ternalized	GAS	from	the	percentage	(%)	of	total	associated	
GAS.

2.18	 |	 Bioinformatic analyses

Annotated	nucleotide	sequences	 (emm)	 for	M	proteins	
were	 retrieved	 from	 the	 GenBank	 (National	 Center	
for	 Biotechnology	 Information)	 database	 for	 structural	
domain	 mapping	 using	 the	 following	 accession	 num-
bers:	 M1	 [WP_011285743.1	 or	 CP008776.1	 (5448)	 and	
JX028599.1],	 M2	 (JX028602.1),	 M3	 (JX028602.1),	 M9	
(KC978828.1	 or	 JX028608.1),	 M12	 (WP_002991230.1),	
M14	 (JX028612.1),	 M19	 (JX028616.1),	 M53	 (P49054.1),	
M54	 (JX028645.1),	 M57	 (A44643),	 M60	 (JX028651.1)	
and	 M65	 (JX028651.1).	 Mature	 M	 protein	 sequences	
were	 trimmed	 to	 the	 last	 amino	 acid	 residue	 prior	 to	
D	repeat	domains	as	the	omitted	region	is	homologous	
between	 M	 proteins	 and	 cell	 wall-	associated,47,48	 and	
alignments	 were	 performed	 using	 Clustal	 Omega	 soft-
ware.49	Primary	sequences	of	M	proteins	(including	site-	
directed	 mutant)	 were	 arranged	 into	 heptad	 registers	
using	Waggawagga,50	a	coiled-	coil	prediction	tool	paired	
with	 a	 Marcoil	 algorithm.51	 Established	 hyaluronic	
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acid-	binding	motifs	on	protein	sequences	were	accumu-
lated	from	published	literature.52–54

2.19	 |	 Statistical analyses

Data	are	presented	as	mean	±	standard	error	of	the	mean	
(SEM)	 of	 at	 least	 three	 independent	 experiments.	 All	
independent	 experiments	 were	 conducted	 using	 three	
technical	 replicates	 and	 where	 applicable,	 plate	 struc-
ture	 was	 routinely	 altered	 to	 mitigate	 positioning	 bias	
within	 data	 sets.	 Curve	 fitting	 and	 statistical	 analyses	
were	conducted	using	GraphPad	Prism	8.4.2	(GraphPad	
Software,	La	Jolla,	CA).	Rate	constants	(k)	for	bacterial	
growth	were	generated	by	a	nonlinear	regression	model	
using	the	logistic	growth	equation	with	least	squares	fit.	
All	data	presented	were	normally	distributed	(Shapiro–
Wilk)	or	Log-	transformed	to	conform	to	normality.	For	
single	comparisons,	a	Student's	t-	test,	with	Welch's	cor-
rection	 where	 appropriate,	 was	 performed.	 For	 multi-
ple	 comparisons,	 a	 one-	way	 analysis	 of	 variance	 with	
Sidak's	post-	hoc	 test	was	used	to	determine	significant	
differences.	 Nonsignificant	 p	 values	 are	 not	 shown.	
Statistical	 analysis	 of	 glycan	 microarray	 data	 has	 been	
described	previously.15

3 	 | 	 RESULTS

3.1	 |	 Phylogenetically diverse M proteins 
can bind hyaluronic acid with high affinity

To	investigate	whether	phylogenetically	diverse	M	proteins	
can	interact	with	hyaluronic	acid,	a	comprehensive	screen	
was	 conducted	 using	 glycan	 microarray	 technology.55	
Recombinant	M	proteins,	 representative	of	different	emm	
types	 from	 11	 major	 cluster	 groups	 and	 nonclustered	 M	
protein	(Clade	Y,	A-	C;	M57,	M14,	M19),22	were	selected	for	
initial	characterization	(Table S1).	All	emm	cluster	groups	
bound	hyaluronic	acid	(Glycan	index	271)	or	various	hya-
luronan	 fragments	 (Glycan	 indexes	 293–297;	 302–313)	
(Figure 1B),	whereby	the	number	of	repeating	hyaluronan	
core	 units	 D-	GlcA-	β(1	→	3)-	D-	GlcNAc-	β(1	→	4)	 (Table  S2)	
was	observed	to	be	a	key	factor	 in	M	protein	recognition.	
To	validate	the	specificity	of	this	interaction,	binding	to	sul-
fated	 GAG	 fragments	 (Glycan	 indexes	 286–292)	 was	 also	
assessed	(Table S2).	None	of	the	nonhyaluronic	acid	struc-
tures	bound	E2	clustered	M	proteins.	Furthermore,	nonhy-
aluronic	 acid	 structures	 demonstrated	 a	 reduced	 capacity	
to	bind	different	emm	protein	clusters	and	nonclustered	M	
protein	compared	to	hyaluronic	acid	structures	(Table S3).

To	establish	the	affinity	of	M	protein–hyaluronic	acid	
interactions,	SPR	was	utilized.	His-	tagged	M	proteins	(12	

from	the	glycan	microarray)	were	designed	to	be	nonco-
valently	captured	on	activated	NTA	sensor	chips	by	their	
C-	terminus	to	mimic	the	attachment	of	M	proteins	to	the	
GAS	 surface	 (Figure  2A).	 SDS-	PAGE	 analysis	 of	 recom-
binant	 M	 proteins	 revealed	 bands	 ranging	 between	 36	
and	61	kDa	(Figures 2B	and	S1)	corresponding	to	the	ex-
pected	monomeric	size	of	recombinant	M	proteins.22	The	
appearance	 of	 doublet	 bands	 is	 typical	 of	 recombinant	
M	proteins	in	E. coli	expression	systems.57	Densitometric	
analysis	 indicated	 the	 relative	 yield	 of	 M	 protein	 mono-
mers	ranged	between	95%	and	100%	(Table S4),	a	measure	
of	purity	 that	was	optimal	 for	downstream	SPR	applica-
tions.	 M	 protein	 immobilization	 per	 cycle	 was	 validated	
by	specific	positive	and	negative	controls	(Figure S2).	The	
binding	 of	 hyaluronic	 acid	 (25–75	kDa)	 to	 recombinant	
M	 proteins	 was	 assessed	 using	 single-	cycle	 kinetics	 and	
steady-	state	affinity	analysis	was	conducted	to	determine	
equilibrium	 dissociation	 constants	 for	 each	 interaction	
(KD).	 SPR	 binding	 analysis	 revealed	 that	 all	 M	 proteins	
tested	in	this	study	could	interact	with	increasing	concen-
trations	 of	 low	 molecular	 weight	 hyaluronic	 acid	 in	 the	
designated	 nanomolar	 range	 (Figure  2C),	 with	 maximal	
output	responses	consistent	with	previous	reports	on	gly-
can/GAG–protein	interactions	using	SPR.58,59	For	some	M	
proteins,	affinity	constants	were	determined	for	each	in-
teraction	with	hyaluronic	acid	ranging	between	66.4	and	
195.6	nM	(Figures 2D	and	S3).	M	proteins	for	which	affin-
ity	constants	could	not	be	determined	(>200	nM)	were	not	
further	investigated.	Collectively,	these	data	indicate	that	
hyaluronic	acid	may	be	a	conserved	ligand	for	M	protein	
receptors.

3.2	 |	 Binding of hyaluronic acid is 
predominately localized to the C repeats of 
M proteins

To	 investigate	 the	 M	 protein	 domains	 responsible	 for	
the	 interaction	 with	 hyaluronic	 acid,	 phylogenetically	
diverse	 M53	 and	 M1	 proteins	 were	 selected	 for	 trun-
cation	 mutagenesis.	 Truncated	 fragments	 of	 M53	 and	
M1	proteins	with	overlapping	repeat	domains	were	de-
signed	 to	 localize	 specific	 regions	 responsible	 for	 hya-
luronic	 acid	 recognition,	 as	 previously	 described23,60	
(Figure  3A).	 Tris-	tricine	 PAGE	 analysis	 of	 M53	 and	
M1	protein	 fragments	revealed	bands	ranging	between	
12–18	 and	 20–21	kDa,	 respectively	 (Figure  3B),	 which	
corresponded	 to	 the	 expected	 sizes	 of	 all	 fragments	
using	 the	 equation	 for	 small	 acidic	 peptides	 described	
previously.61	Densitometric	analysis	indicated	the	rela-
tive	yield	of	M	protein	fragments	ranged	between	96.3%	
and	100%	(Table S4),	a	measure	of	purity	that	was	opti-
mal	for	downstream	SPR	applications.
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8 of 20 |   McEWAN et al.

SPR,	 using	 single-	cycle	 kinetics,	 was	 undertaken	 to	
evaluate	the	binding	capabilities	of	hyaluronic	acid	to	im-
mobilized	 His-	tagged	 M	 protein	 fragments.	 Hyaluronic	
acid	was	demonstrated	to	bind	all	M53	protein	fragments	

with	 varying	 affinities	 (46.2–143.8	nM;	 or	 >200	nM)	
(Figures 3C	and	S4).	Similarly,	hyaluronic	acid	bound	the	
M1	(HVR-	B2)	fragment	with	lower	affinity	(>200	nM)	and	
the	 M1	 (B1–C1)	 fragment	 with	 high	 affinity	 (89.9	nM)	
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(Figures  3C	 and	 S4).	 Considering	 the	 affinity	 constants	
of	both	M	protein	fragments	and	full-	length	M	proteins,	
these	data	suggest	that	multiple	M	protein	domains	may	
facilitate	 hyaluronic	 acid	 binding.	 Among	 these	 binding	
domains,	a	shared	hyaluronic	acid	binding	motif	may	be	
localized	to	the	conserved	C	repeat	region	of	M	proteins.

3.3	 |	 The RR motif in M proteins 
facilitates binding to hyaluronic acid

It	is	conceivable	that	linear	hyaluronic	acid	binding	mo-
tifs	 may	 be	 conserved	 between	 different	 M	 proteins.	

A  previous	 investigation	 identified	 a	 motif	 through	 the	
generation	 of	 a	 random	 peptide	 display	 library,	 where	
sequences	 containing	 an	 arginine–arginine	 (RR)	 motif	
could	bind	hyaluronic	acid.53	This	motif	was	shown	to	be	
present	in	human	hyaluronic	acid-	binding	glycoproteins	
such	as	CD44.53	Therefore,	the	presence	of	this	RR	motif	
in	M	proteins	was	examined	and	found	to	be	enriched	in	
the	highly	conserved	C	repeat	regions	of	M	proteins,	cor-
responding	to	the	SPR	findings	of	full	length	and	M	pro-
tein	fragments	described	above.

Alignment	 of	 the	 hyaluronic	 acid-	binding	 domain	
of	 CD44	 (KNGRYSISR)	 with	 full	 length	 M	 protein	 se-
quences	 revealed	 that	 the	 region	 with	 the	 highest	

F I G U R E  2  M	proteins	bind	to	hyaluronic	acid	with	high	affinity.	(A)	Schematic	of	the	structural	characteristics	of	M	proteins.	M	
proteins	are	organized	by	four	repeat	regions	(repeat	domains	A,	B,	C,	and	D)	arranged	in	tandem	where	the	number,	size,	and	amino	
acid	composition	of	these	regions	give	rise	to	heterogeneity.	Linker	(L)	regions	supporting	the	C	repeat	regions	may	be	present.	The	M1	
protein	possesses	a	unique	S-	region.56	The	hypervariable	region	(HVR)	lies	at	the	N-	terminus	exposed	to	the	extracellular	environment	
followed	by	the	variable	region	in	the	central	region	of	the	M	protein	which	in	turn,	flanks	the	highly	conserved	C-	terminus	anchored	to	
the	peptidoglycan	GAS	cell	wall.	Downstream	to	the	D	repeats	lies	the	proline/glycine	(P/G)	rich	region	with	the	M	protein	structures	
shown	above	terminating	at	the	LPxTG	motif.	Visualization	was	achieved	using	Illustrator	for	Biological	Sequences	and	BioRender,	where	
the	size	of	each	M	protein	and	the	respective	domains	are	to	scale,	made	relative	to	the	number	of	amino	acids	present	in	each	sequence.	
(B)	Expression	of	purified	recombinant	M	proteins	(2	μg	or	200	ng)	was	assessed	with	Rapid	Stain	(top	panel)	and	immunoblotting	using	
polyclonal	anti-	M	protein	sera	(1:30	000)	(bottom	panel).	Bovine	serum	albumin	(BSA)	was	included	as	a	negative	control	for	sera	specificity.	
(C)	Representative	sensorgram	of	hyaluronic	acid	(HA;	25–200	nM)	binding	to	M	proteins	using	SPR.	(D)	Affinity	constants	(nM)	for	M	
protein–HA	interactions.	(C,	D)	Data	shown	are	mean	±	SEM	(or	shaded)	from	three	independent	experiments.

F I G U R E  3  Hyaluronic	acid	binding	is	localized	predominately	to	the	C	repeat	domain	of	M	proteins.	(A)	Fragments	of	M53	and	M1	
proteins	were	designed	with	overlapping	repeat	domains;	see	Figure 2	for	structural	overview.	(B)	Expression	of	purified	recombinant	M	
protein	fragments	(2	μg	or	200	ng)	was	assessed	with	Colloidal	blue	stain	(top	panel)	and	immunoblotting	using	polyclonal	anti-	M	protein	
sera	(1:30	000)	(bottom	panel).	(C)	Affinity	constants	(nM)	for	M	protein	fragment–hyaluronic	acid	(HA)	interactions	using	SPR.	(B,	C)	Data	
shown	are	representative	or	mean	±	SEM	from	three	independent	experiments.
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10 of 20 |   McEWAN et al.

homology	 was	 localized	 to	 the	 C1	 or	 C2	 repeats	 of	 M	
proteins	 (Figure  4A).	 Moreover,	 the	 aligned	 sequence	
of	M	proteins	contained	the	RR	motif	at	 its	C-	terminal	
(Figure 4A).	In	some	M	proteins,	the	RR	motif	was	sub-
stituted	with	serine–arginine	(SR),	which	is	identical	to	
the	C-	terminal	of	the	CD44	hyaluronic	acid-	binding	do-
main.	 Since	 some	 M	 proteins,	 like	 M2,	 do	 not	 contain	
C1	repeats,	the	KNGRYSISR	sequence	was	then	aligned	
separately	 with	 each	 C	 repeat	 from	 M	 proteins.	 The	
KNGRYSISR	sequence	shared	a	higher	percent	identity	
with	C2	repeats	(22.2%–55.6%)	(Figure 4B),	represented	
as	 a	 sequence	 logo	 (Figure  4C).	 Since	 the	 presence	 of	

acidic	 residues	 in	 the	 first	 amino	 acid	 position	 of	 the	
sequence	 logo	 would	 likely	 repel	 electrostatic	 interac-
tions	 with	 the	 negatively-	charged	 GAG,62,63	 a	 refined	
hyaluronic	acid-	binding	sequence	containing	the	RR/SR	
motif	for	M	proteins	of	GAS	is	proposed	(Figure 4C).

M	proteins	are	characterized	by	their	α-	helical	coiled-	
coil	conformation,	facilitated	by	the	arrangement	of	amino	
acid	 residues	 into	 heptad	 registers.23,24,60	To	 confirm	 the	
RR/SR	 motif	 of	 the	 predicted	 hyaluronic	 acid-	binding	
sequence	 is	 surface-	exposed,	 and	 therefore	 available	 to	
facilitate	 GAG	 interactions,	 M	 protein	 sequences	 were	
arranged	into	heptad	registers	using	a	Marcoil	algorithm.	

F I G U R E  4  Hyaluronic	acid	binds	to	M	proteins	via	an	RR/SR	binding	motif.	(A)	Mature	M	protein	sequences	and	(B)	isolated	C2	repeat	
regions	of	M	proteins	were	used	for	alignment	with	the	hyaluronic	acid	(HA)-	binding	domain	of	CD44.	(A,	B)	Asterisk	(*)	denotes	conserved	
residues;	period	(.)	and	colon	(:)	denote	residues	that	share	properties	that	are	weakly	or	strongly	similar,	respectively.	For	the	selected	
regions	shown,	amino	acid	positions	are	indicated	on	the	right.	(C)	Aligned	amino	acid	residues	from	the	C2	repeat	region	are	represented	
as	a	sequence	logo	leading	to	a	proposed	HA	binding	sequence	with	the	(R/S)R	motif	in	bold.	(D)	Design	of	the	M53	site-	directed	protein	
mutant	(M53R148,149,190,191,232,233A;	M53RR→AA).	Residues	of	the	proposed	binding	motif	were	substituted	with	alanine	indicated	in	orange.	
(E)	Expression	of	purified	recombinant	M53RR→AA	was	assessed	with	Rapid	stain	(top	panel)	and	immunoblotting	using	polyclonal	anti-	M	
protein	sera	(1:30	000)	(bottom	panel).	Wild-	type	M53	protein	was	included	as	a	positive	control.	(F)	Binding	of	fluorescein-	labeled	HA	
(100	μg/mL)	to	immobilized	M53RR→AA	was	measured	and	normalized	to	wild-	type	M53	protein.	(E,	F)	Data	shown	are	representative	or	
mean	±	SEM	from	three	independent	experiments.	**p	<	.01	compared	to	corresponding	control	(Student's	t-	test).
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   | 11 of 20McEWAN et al.

The	RR/SR	motifs	found	in	all	C	repeats	of	M	proteins	are	
surface-	exposed	and	not	buried	 in	 the	hydrophobic	core	
(Figure S5).

To	 validate	 this	 proposed	 binding	 motif	 in	 M	 pro-
teins,	site-	directed	mutagenesis	using	alanine	substitu-
tion	 was	 implemented	 based	 on	 previous	 studies.64–68	
The	RR	hyaluronic	acid-	binding	motif	occurs	 thrice	 in	
the	 C	 repeat	 region	 of	 the	 M53	 protein;	 hence,	 all	 six	
arginine	 residues	 were	 substituted	 with	 alanine,	 with	
the		resulting	mutations	predicted	to	not	alter	the	coiled-	
coil	 heptad	 register	 (Figure  4D).	 SDS-	PAGE	 analysis	
	revealed	a	band	at	48	kDa,	consistent	with	the	expected	
monomeric	 size	 of	 recombinant	 M53	 protein,22	 which	
was	 validated	 using	 polyclonal	 anti-	M	 protein	 sera26	
(Figure 4E).

To	assess	the	contribution	of	RR	motifs	 in	M53	pro-
tein	recognition	of	hyaluronic	acid,	a	fluorescent	plate-	
based	 binding	 assay	 was	 implemented	 whereby	 20	μg/
mL	immobilized	wild-	type	M53	protein	and	site-	directed	
mutant	M53R148,	149,	190,	191,	232,	233A	were	 incubated	with	
100	μg/mL	fluorescein-	labeled	hyaluronic	acid.	Binding	
of	hyaluronic	acid	to	M53R148,	149,	190,	191,	232,	233A	was	sig-
nificantly	 reduced	 by	 2.5-	fold	 compared	 to	 wild-	type	
M53	protein	(p	=	.0255)	(Figure 4F).	These	data	indicate	
a	role	for	the	RR	motif	in	the	recognition	of	hyaluronic	
acid	by	M53	protein.

3.4	 |	 Recruitment of hyaluronic acid by 
M proteins decreases wound healing in an 
M type- specific manner

Since	 GAS	 skin	 infections	 are	 typically	 associated	 with	
keratinocyte	 injury69,70	 and	 hyaluronic	 acid	 plays	 inte-
gral	 roles	 in	 wound	 healing,71	 a	 scratch	 wound	 model35	
was	 utilized	 to	 investigate	 the	 physiological	 relevance	
of	 M	 protein–hyaluronic	 acid	 interactions.	 First,	 wound	
closure	 was	 assessed	 in	 scratched	 human	 HaCaT	 ke-
ratinocytes	 incubated	 with	 50	μg/mL	M53	 protein	 and/
or	 10	μg/mL	 hyaluronic	 acid	 over	 24	 h.	 Incubation	 with	
M53	 protein	 or	 hyaluronic	 acid	 alone	 had	 minimal	 ef-
fect	on	wound	closure	kinetics	over	time	compared	to	the	
nil	control	(Figures 5A	and	S6A).	The	lack	of	effect	from	
hyaluronic	acid	alone	was	not	unexpected	as	the	mecha-
nism	of	wound	healing	in	this	model	is	already	maximal	
post-	scratching.35	In	contrast,	co-	incubation	of	M53	pro-
tein	 and	 hyaluronic	 acid	 delayed	 wound	 closure	 over	
time	compared	 to	 the	nil	 control	 (Figures 5A	and	S6A).	
This	delay	over	24	h	was	significantly	different	compared	
to	 M53	 protein	 (p	=	.0358)	 and	 hyaluronic	 acid	 alone	
(p	=	.0403)	(Figure 5B).	Next,	wound	closure	was	assessed	
in	scratched	HaCaT	keratinocytes	 incubated	with	50	μg/
mL	M1	protein	and/or	10	μg/mL	hyaluronic	acid	over	24	h.	
M1	protein	and	hyaluronic	acid	alone	or	co-	incubated	had	

F I G U R E  5  M53	proteins	but	not	
M1	proteins	recruit	hyaluronic	acid	to	
decrease	HaCaT	keratinocyte	wound	
healing.	(A–D)	Scratched	HaCaT	
keratinocytes	were	incubated	in	absence	
(Nil)	or	presence	of	(A)	M53	proteins	
or	(C)	M1	proteins	(50	μg/mL)	and/
or	hyaluronic	acid	(HA;	10	μg/mL)	and	
imaged	over	24	h.	(A,	C)	Relative	wound	
density	was	quantified	over	time	and	
(B,	D)	the	cumulative	responses	were	
normalized	to	nil.	(A–D)	Data	shown	
are	mean	±	SEM	from	three	independent	
experiments.	(B,	D)	*p	<	.05	compared	to	
corresponding	samples	(one-	way	analysis	
of	variance).
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12 of 20 |   McEWAN et al.

minimal	 effect	 on	 wound	 closure	 over	 time	 (Figures  5C	
and	S6B)	resulting	in	no	significant	differences	over	24	h	
(p	=	.9327)	 (Figure  5D).	 Collectively,	 these	 data	 indicate	
that	the	recruitment	of	hyaluronic	acid	to	decrease	wound	
healing	is	an	M	type-	specific	function.

3.5	 |	 5448 and ALAB49 GAS bind 
hyaluronic acid via M proteins

Next,	GAS	strains	5448	 (A–C	pattern,	M1)	and	ALAB49	
(D	 pattern,	 M53),	 which	 produce	 similar	 amounts	 of	
capsule,30,72	 were	 selected	 to	 ascertain	 whether	 native	
M	 proteins	 function	 as	 lectins	 for	 hyaluronic	 acid	 on	 a	
whole	cell	level.	GAS	cells	were	incubated	in	the	absence	
or	 presence	 of	 200	μg/mL	 fluorescein-	labeled	 hyaluronic	
acid	 and	 interactions	 were	 assessed	 by	 flow	 cytometry	
(Figure 6A).	Flow	cytometric	analysis	revealed	wild-	type	
GAS	 isolates	 5448	 and	 ALAB49	 could	 bind	 hyaluronic	
acid-	fluorescein	(Figure 6B,C).	The	fluorescence	intensity	
was	 greater	 with	 wild-	type	 ALAB49	 compared	 to	 wild-	
type	5448	(Figure 6B,C),	potentially	attributable	to	differ-
ences	 in	 proteins,	 glycans	 or	 other	 constituents	 present	
on	the	GAS	cell	surface	between	the	two	strains.	Deletion	
of	 the	 emm	 gene	 encoding	 M	 protein,	 5448Δemm1	 and	
ALAB49Δpam,	significantly	reduced	fluorescence	follow-
ing	incubation	with	hyaluronic	acid-	fluorescein	compared	
to	wild-	type	5448	(p	=	.0183)	and	ALAB49	(p	=	.0012),	re-
spectively	(Figure 6B,C).	Restoration	of	M	protein	expres-
sion	following	reverse	complementation,	5448Δemm1	RC	
and	 ALAB49Δpam	 RC,	 restored	 fluorescence	 levels	 to	

that	of	 the	corresponding	wild-	type	5448	 (p	=	.9881)	and	
ALAB49	(p	=	.9658)	following	incubation	with	hyaluronic	
acid-	fluorescein	(Figure 6B,C).	Together,	the	data	suggest	
that	GAS	can	recruit	hyaluronic	acid	to	the	cell	surface	in	
an	M	protein-	dependent	manner.

3.6	 |	 Differences in hyaluronic acid 
recruitment between 5448 and ALAB49 
GAS M protein is not caused by differences 
in M protein expression

To	better	understand	the	differences	underlying	M	protein-	
mediated	 hyaluronic	 acid	 binding	 between	 5448	 and	
ALAB49	 GAS,	 native	 M	 protein	 expression	 was	 investi-
gated.	First,	emm1	and	emm53	transcripts	at	early	mid-	log	
growth	 phase	 were	 examined	 by	 quantitative	 PCR.	 When	
compared	 to	 the	 GAS	 housekeeper	 gene	 recA,44	 emm1	
mRNA	was	increased	10-	fold	while	emm53	mRNA	was	de-
creased	 10-	fold	 resulting	 in	 a	 100-	fold	 difference	 between	
the	two	emm	genes	(p	=	.0007)	(Figure 7A).	To	 investigate	
whether	 this	 difference	 correlated	 to	 a	 measurable	 differ-
ence	in	the	amount	of	M	protein,	immunoblotting	of	wild-	
type	 5448	 and	 ALAB49	 cell	 lysates	 using	 anti-	M	 protein	
sera	was	performed	followed	by	densitometry.	Major	bands	
at	53	kDa	and	48	kDa	were	detected	for	wild-	type	5448	and	
ALAB49,	respectively	(Figure 7B),	corresponding	to	the	ex-
pected	monomeric	size	of	native	M1	and	M53	proteins.22,73	
While	the	M1	protein	expression	was	increased	compared	to	
M53	protein,	this	difference	was	not	statistically	significant	
relative	to	total	protein	(p	=	.0517)	(Figure 7C).	Isogenic	M	

F I G U R E  6  5448	and	ALAB49	GAS	
bind	hyaluronic	acid	via	M	proteins.	
(A) Flow	cytometry	gating	strategy	for	
the	analysis	of	GAS–hyaluronic	acid	
(HA)	interactions.	(A–C)	Wild-	type	and	
mutant	(B)	5448-	derived	and	(C)	ALAB49-	
derived	GAS	strains	were	pre-	treated	in	
the	absence	or	presence	of	unlabelled	HA	
in	5-	fold	excess	followed	by	the	absence	
or	presence	of	HA-	fluorescein	(200	μg/
mL)	and	analyzed	via	geometric	mean	
fluorescence	intensity.	Specific	GAS–HA	
interactions	are	shown,	representative	
or	mean	±	SEM	from	three	independent	
experiments.	*p	<	.05	and	**p	<	.01	
compared	to	corresponding	samples	(one-	
way	analysis	of	variance).

 15306860, 2024, 20, D
ow

nloaded from
 https://faseb.onlinelibrary.w

iley.com
/doi/10.1096/fj.202401301R

, W
iley O

nline L
ibrary on [14/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



   | 13 of 20McEWAN et al.

protein-	deletion	mutants	of	5448	and	ALAB49	were	also	in-
cluded	to	confirm	the	absence	of	M	protein.	As	expected,	no	
bands	corresponding	to	the	monomeric	size	of	M1	or	M53	
protein	were	detected	in	cell	lysates	from	5448Δemm1	and	
ALAB49Δpam	strains,	respectively	(Figure 7B).

M	 proteins	 and	 other	 membrane-	bound	 proteins	 can	
be	 released	 from	 the	 GAS	 surface	 by	 proteolytic	 cleav-
age,74	 which	 may	 affect	 GAS–GAG	 binding.	 Since	 this	
process	can	be	regulated	by	SpeB	activity,74	the	presence	
of	 this	 virulence	 factor	 in	 GAS	 supernatants	 was	 exam-
ined	by	immunoblotting	using	anti-	SpeB	sera	followed	by	

densitometry.	Bands	at	40	kDa	and	27	kDa	were	detected	in	
wild-	type	5448	and	ALAB49	supernatants,	corresponding	
to	expected	sizes	of	precursor	and	active	SpeB	respectively	
as	indicated	(Figure 7D).73	There	was	no	significant	differ-
ence	in	total	secreted	SpeB	protein	expression	between	the	
two	GAS	strains	(p	=	.2971)	(Figure 7E).	Next,	amounts	of	
soluble	 M	 proteins	 between	 GAS	 strains	 were	 assessed.	
Immunoblotting	of	5448	and	ALAB49	supernatants	with	
anti-	M	protein	sera	revealed	major	fragments	close	in	size	
to	 respective	 membrane-	bound	 M	 protein	 (Figure  7F),	
corresponding	 to	 previous	 observations.75	 Densitometric	

F I G U R E  7  mRNA	and	soluble	M	protein	is	significantly	increased	in	5448	GAS	than	ALAB49	GAS.	(A)	M	protein	gene	expression	from	
early	mid-	log	5448	(emm1)	and	ALAB49	(emm53)	GAS	was	assessed	by	quantitative	PCR.	(B-	C)	Expression	of	cell-	associated	M	proteins	
(20	μg)	from	early	mid-	log	wild-	type	5448	and	ALAB49	GAS	and	the	respective	isogenic	M	protein-	deletion	mutants	was	assessed	by	(B)	
immunoblotting	using	polyclonal	anti-	M	protein	sera	(1:30	000)	and	(C)	quantified	using	densitometry.	(D,	E)	The	presence	of	SpeB	protease	
(15	μg)	from	early	mid-	log	GAS	supernatants	was	assessed	by	(D)	immunoblotting	and	(E)	quantified	using	densitometry.	(D)	Bovine	
serum	albumin	(BSA;	200	ng)	was	included	as	a	negative	control	to	confirm	specificity	of	polyclonal	anti-	SpeB	sera	(1:1000)	while	purified	
SpeB	proteins	(mature	and	zymogen;	200	ng)	were	utilized	as	positive	controls.	(F,	G)	Soluble	M	proteins	(15	μg)	from	early	mid-	log	GAS	
supernatants	were	assessed	by	(F)	immunoblotting	and	(G)	quantified	using	densitometry.	(A–G)	Data	shown	are	mean	±	SEM	from	three	
independent	experiments.	(A,	C,	E,	G)	*p	<	.05,	**p	<	.01,	***p	<	.001	and	****p	<	.0001	compared	between	corresponding	samples	using	(A,	E,	
G)	Student's	t-	tests	or	(C)	a	one-	way	analysis	of	variance.
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14 of 20 |   McEWAN et al.

analysis	revealed	that	soluble	M1	protein	was	significantly	
increased	 compared	 to	 soluble	 M53	 protein,	 relative	 to	
total	 protein	 (p	=	.0432)	 (Figure  7G).	 Collectively,	 these	
data	suggest	that	the	higher	level	of	M	protein-	dependent	
hyaluronic	acid	recruitment	reported	earlier	for	ALAB49	
GAS	compared	to	5448	GAS	was	not	due	to	increased	M	
protein	surface	expression.

3.7	 |	 Exogenous hyaluronic acid 
increases 5448 GAS adherence to HaCaT 
keratinocytes independently of M1 
proteins

GAS	is	known	to	adhere	to	skin	keratinocytes76	via	M	pro-
teins.77	Since	host	hyaluronic	acid	is	enriched	in	the	skin,	
an	 in  vitro	 infection	 model	 using	 HaCaT	 keratinocytes	
was	employed	to	examine	the	effect	of	exogenous	hyalu-
ronic	acid	on	GAS	adhesion	to	host	cells.	Following	pre-	
incubation	of	wild-	type	5448	with	1	μM	hyaluronic	acid,	a	
significant	 increase	in	bacterial	adherence	to	HaCaT	ke-
ratinocytes	was	observed	compared	to	wild-	type	5448	pre-	
incubated	 with	 vehicle	 (p	=	.0499)	 (Figure  8A).	 Analysis	
of	5448Δemm1	following	incubation	with	hyaluronic	acid	
also	 revealed	 a	 significant	 increase	 in	 bacterial	 adher-
ence	 to	 HaCaT	 keratinocytes	 compared	 to	 5448Δemm1	
pre-	incubated	 with	 vehicle	 (p	=	.0414)	 (Figure  8B).	

5448Δemm1	RC	displayed	a	similar	phenotype	to	wild-	type	
5448	 where	 bacterial	 adherence	 to	 HaCaT	 keratinocytes	
was	significantly	increased	in	the	presence	of	hyaluronic	
acid	compared	to	5448Δemm1	RC	pre-	incubated	with	ve-
hicle	 (p	=	.0443)	 (Figure 8C).	 In	contrast,	pre-	incubation	
of	 wild-	type	 ALAB49	 with	 hyaluronic	 acid	 revealed	 no	
significant	difference	in	bacterial	adherence	to	HaCaT	ke-
ratinocytes	compared	to	wild-	type	ALAB49	pre-	incubated	
with	vehicle	(p	=	.4429)	(Figure 8D).

To	confirm	that	hyaluronic	acid	was	not	affecting	bac-
terial	growth	over	the	course	of	HaCaT	keratinocyte	infec-
tion,	growth	kinetics	of	wild-	type	5448	and	ALAB49	were	
assessed	 in	 the	presence	of	1	μM	hyaluronic	acid.	 In	 the	
presence	of	hyaluronic	acid,	wild-	type	5448	and	ALAB49	
revealed	similar	growth	profiles	to	corresponding	GAS	in-
cubated	with	vehicle	(Figure S7A,C),	with	no	significant	
differences	 in	 growth	 rate	 (p	=	.1482	 and	 p	=	.4948,	 re-
spectively;	Figure S7B,D).	This	suggests	that	the	observed	
increase	in	5448	GAS	adherence	mediated	by	hyaluronic	
acid	was	not	due	to	increased	bacterial	growth	in	the	pres-
ence	of	this	GAG.	To	confirm	that	exogenous	hyaluronic	
acid	was	not	affecting	bacterial	autoaggregation	over	the	
course	 of	 HaCaT	 keratinocyte	 infection,	 the	 sedimenta-
tion	of	wild-	type	5448	and	ALAB49	was	monitored	over	
time	in	the	presence	of	500	μg/mL	hyaluronic	acid.	Wild-	
type	5448	and	ALAB49	GAS	showed	similar	aggregation	
profiles	over	time	which	was	not	modified	in	the	presence	

F I G U R E  8  Hyaluronic	acid	increases	5448	GAS	adherence	to	HaCaT	keratinocytes	independently	of	M1	proteins.	(A–C)	Wild-	type	
and	mutant	5448-	derived	GAS	strains	or	(D)	wild-	type	ALAB49	GAS	were	pre-	incubated	with	hyaluronic	acid	(HA;	1	μM)	or	corresponding	
vehicle	prior	to	infection	with	HaCaT	keratinocytes	at	a	MOI	of	5:1	GAS:HaCaT.	Bacterial	adherence	(%)	was	determined	by	enumeration	
of	recovered	bacteria	relative	to	the	original	inoculum.	(A–D)	Data	shown	are	mean	±	SEM	from	(C)	three	or	(A,	B,	D)	four	independent	
experiments.	*p	<	.05	compared	to	corresponding	control	(Student's	t-	test).
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of	 hyaluronic	 acid	 compared	 to	 corresponding	 vehicle	
(p	=	.5664)	 (Figure  S7E).	 Collectively,	 these	 data	 suggest	
hyaluronic	acid	can	increase	5448,	but	not	ALAB49,	GAS	
adherence	 to	 HaCaT	 keratinocytes	 independently	 of	 M	
protein	interactions.

4 	 | 	 DISCUSSION

While	 GAS	 has	 been	 previously	 demonstrated	 to	 bind	 a	
subset	of	GAGs,	evidence	for	the	participation	of	M	pro-
teins	functioning	as	a	surface-	expressed	lectin	of	GAS	to	
mediate	host	GAG	interactions	is	limited.	The	purpose	of	
this	 study	 was	 to	 identify	 and	 functionally	 characterize	
the	interaction	between	host	hyaluronic	acid	and	M	pro-
teins.	High	affinity	 interaction	with	hyaluronic	acid	was	
shown	to	be	conserved	across	phylogenetically	diverse	M	
proteins,	mediated	by	RR/SR	motifs	localized	in	the	C	re-
peat	region.	The	recruitment	of	hyaluronic	acid	by	M	pro-
teins	to	decrease	host	wound	healing	was	M	type-	specific,	
and	whole	cell	GAS	were	also	shown	to	bind	hyaluronic	
acid	via	M	proteins.

Hyaluronic	acid	was	found	to	bind	all	M	proteins	uti-
lized	in	this	study.	A	major	reservoir	for	this	GAG	is	the	
skin.78–80	 Healthy	 skin	 surfaces	 typically	 maintain	 a	 pH	
range	of	4.2–5.6,	with	a	gradient	down	 the	epidermis	 to	
a	 neutral	 pH.81	 Previous	 work	 investigating	 hyaluronic	
acid	binding	interactions	using	SPR	demonstrated	a	pH-	
dependent	 relationship	 with	 an	 inflammatory	 human	
host	 protein	 where	 binding	 was	 observed	 under	 acidic	
conditions,82	 contrasting	 to	 the	 neutral	 pH	 (7.4)	 utilized	
in	the	current	study.	Skin	trauma,	which	is	characteristic	
of	GAS	infection,9	can	shift	the	environmental	pH	to	neu-
tral—alkaline	(average	7.4)	conditions,83	and	it	is	known	
that	bacterial	colonization	 increases	 in	alkaline	environ-
ments.84	 Since	 hyaluronic	 acid	 associates	 noncovalently	
with	proteoglycans,85	hyaluronic	acid	chains	may	detach	
from	host	proteoglycans	under	these	environmental	con-
ditions,	 enabling	 M	 proteins	 to	 bind	 to	 hyaluronic	 acid	
during	infection.	Moreover,	host	wound	beds	are	enriched	
with	 GAGs,78	 and	 hyaluronic	 acid	 can	 regulate	 wound	
healing.20	Therefore,	it	is	conceivable	that	the	recruitment	
of	GAGs	to	the	GAS	surface	by	M	protein-	mediated	inter-
actions	may	dampen	the	immune	response.	This	is	further	
supported	 by	 our	 observations	 where	 M53	 proteins	 of	 a	
skin-	tropic	strain,	but	not	M1	proteins	of	a	 throat-	tropic	
strain,	could	recruit	exogenous	hyaluronic	acid	to	decrease	
keratinocyte	 wound	 healing;	 a	 divergence	 in	 function	
which	may	stem	from	differences	in	molecular	pathogen-
esis	 underlying	 tissue	 tropism.	 While	 M1	 and	 M53	 pro-
teins	can	readily	bind	hyaluronic	acid	with	similar	affinity,	
the	capacity	to	form	complexes	in	solution	compared	to	a	
stable	attachment	at	the	SPR	chip	surface,86	or	with	other	

ECM	constituents	in	a	wound-	healing	environment	due	to	
the	structural	variation	at	 the	N-	terminus,	may	underlie	
the	observed	differences	in	the	effect	of	these	proteins	on	
the	wound	healing	response.	It	remains	to	be	determined	
if	the	differences	reported	here	also	occur	on	a	whole	cell	
level	using	a	more	physiologically-	relevant	model	of	GAS	
skin	infection.

Discrete	 M	 protein	 domains	 were	 shown	 to	 facilitate	
hyaluronic	acid	interactions	which	led	to	the	proposal	of	a	
linear	RR/SR	sequence	motif	in	the	C	repeat	region,	con-
sistent	 with	 other	 M	 protein-	mediated	 interactions	 with	
GAGs.17	This	study	represents	the	first	examination	of	the	
contribution	of	the	RR	motif	in	full	length	M	proteins	to	
hyaluronic	acid	binding	interactions.	Although	all	GAGs	
are	negatively	charged	and	predominately	bind	to	proteins	
via	ionic	interactions	with	basic	residues,87	the	specificity	
of	the	RR	motif	has	been	previously	investigated,	reveal-
ing	 that	 other	 GAG	 subclasses,	 such	 as	 chondroitin	 sul-
fate	and	heparan	sulfate,	do	not	interact	with	this	motif.53	
Hyaluronic	 acid	 is	 the	 only	 GAG	 that	 is	 nonsulfated,88	
increasing	 the	 number	 of	 hydrogen	 bonds	 within	 the	
GAG	structure	(Figure 1A).	Recent	evidence	suggests	the	
strength	of	the	hydrogen	bond	at	the	glycosidic	linker	re-
gions	contributes	to	the	structural	flexibility	of	hyaluronic	
acid	at	longer	disaccharide	chain	lengths,89	including	the	
low	molecular	weight	hyaluronic	acid	used	for	SPR	bind-
ing	interactions.	Hence,	hyaluronic	acid	may	adopt	a	more	
favorable	conformation	that	enables	two	adjacent	carboxyl	
groups	to	align	with	the	RR	sequence	compared	to	other	
GAGs,	 as	 previously	 suggested.53	 Although	 a	 primary	
linear	 motif	 was	 proposed	 in	 this	 study,	 it	 is	 likely	 that	
accessory	 interactions	 with	 polar	 or	 uncharged	 residues	
spanning	the	protein	backbone	would	further	cement	hy-
aluronic	acid	interactions.	This	is	supported	by	the	finding	
that	hyaluronic	acid	binding	was	not	completely	abolished	
by	mutagenesis	of	the	RR	motifs	present	in	M53	protein,	
as	well	as	affinity	constants	determined	for	M53	protein	
fragments	lacking	the	C	repeat	region.

Having	demonstrated	that	M	proteins	can	bind	host	hy-
aluronic	acid,	it	also	raises	the	possibility	that	M	proteins	
can	also	recognize	GAS	capsular	hyaluronic	acid,	poten-
tially	impacting	bacterial	aggregation,	biofilm	formation,	
and	host	immune	evasion	mechanisms.	The	endogenous	
hyaluronic	 acid	 bacterial	 capsule	 is	 a	 known	 modulator	
of	GAS	adherence	and	colonization32,90–92	with	antiphago-
cytic93–96	 and	 antioxidant97	 functions.	 To	 date,	 little	 is	
known	about	how	the	capsule	is	biochemically	anchored	
to	the	GAS	surface;	the	RR	sequences	on	M	proteins	may	
underlie	 this	 mechanism,	 and	 this	 warrants	 further	 in-
vestigation.	 Recent	 findings	 suggest	 the	 upregulation	 of	
hyaluronic	acid	capsule	also	plays	a	role	in	mediating	bac-
terial	aggregation	as	a	noncanonical	mechanism	for	bio-
film	formation	on	abiotic	surfaces.98	Whether	M	proteins	
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function	synergistically	with	the	capsule	in	this	process	is	
the	focus	of	ongoing	investigations.

Building	 on	 the	 work	 of	 Frick	 et  al.17,	 the	 data	 pre-
sented	 in	 this	 study	 indicate	 that	 GAS	 can	 recruit	 hyal-
uronic	acid	in	an	M	protein-	dependent	manner.	Notably,	
ALAB49	GAS	demonstrated	a	greater	capacity	to	bind	hy-
aluronic	acid	than	5448	GAS,	a	difference	that	appeared	
to	correlate	with	the	presence	of	 their	respective	M	pro-
teins	 despite	 no	 difference	 in	 native	 M	 protein	 surface	
expression.	Whole	cell	binding	analysis	was	conducted	at	
a	 temperature	 supporting	 M	 protein	 dimer	 formation,24	
a	 conformation	 known	 to	 stabilize	 ligand	 interactions	
and	promote	higher	affinity	 interactions	with	 secondary	
protein	ligands.99,100	If	more	binding	sites	for	hyaluronic	
acid	exist	within	M53	protein	than	M1	protein,	M	protein	
dimerization	 may	 facilitate	 enhanced	 binding	 of	 hyal-
uronic	acid	 for	ALAB49	compared	 to	5448	GAS.	Hence,	
the	stoichiometry	of	binding,	or	the	ability	to	form	com-
plexes	between	M	proteins	and	GAGs,	may	explain	differ-
ences	 in	hyaluronic	acid	binding	observed	 for	 these	 two	
strains.	Different	GAS	strains	express	a	diverse	set	of	ad-
hesins,101	 and	 strain-	dependent	 or	 emm	 pattern-	specific	
interactions	with	host	proteins	have	been	extensively	rec-
ognized.22	 ALAB49	 GAS,	 derived	 from	 a	 skin	 impetigo	
infection,29,30	 and	 5448	 GAS,	 isolated	 from	 an	 invasive	
soft	 tissue	 infection,27,102	exhibit	distinct	 tissue	tropisms.	
Given	 host	 hyaluronic	 acid	 is	 abundant	 in	 the	 skin,78–80	
the	enhanced	binding	propensity	of	ALAB49	to	this	GAG	
compared	to	5448	GAS	may	be	associated	with	tissue	tro-
pism.	Moreover,	invasive	clinical	strains	of	GAS	have	been	
previously	profiled	to	have	decreased	adherence	capabil-
ities,	 partially	 attributable	 to	 decreased	 adhesin	 expres-
sion.103,104	It	is	conceivable	that	ALAB49	GAS	may	express	
an	increased	number	of	potential	hyaluronic	acid-	binding	
receptors	on	the	bacterial	surface.

While	 no	 difference	 in	 surface-	expressed	 M	 protein	
levels	 was	 observed	 between	 ALAB49	 and	 5448	 GAS,	
the	 amount	 of	 soluble	 M	 protein	 in	 GAS	 supernatants	
was	higher	for	5448	than	ALAB49.	GAS	secrete	proteases	
such	 as	 SpeB	 that	 can	 liberate	 M	 proteins	 from	 the	 sur-
face,74,105	and	soluble	M	proteins	can	 function	as	potent	
T-	cell	 activators	 that	 exacerbate	 host	 cell	 inflammation,	
a	 key	 characteristic	 of	 invasive	 GAS	 infections.106	While	
SpeB	is	highly	conserved107	and	is	reported	to	be	function-
ally	active	in	both	5448108	and	ALAB49	GAS,109	a	number	
of	 genes	 are	 implicated	 in	 altered	 SpeB	 protease	 activ-
ity	 and	 disruptions	 to	 these	 components	 directly	 affect	
SpeB	 production.110	 Here,	 comparable	 amounts	 of	 SpeB	
between	5448	and	ALAB49	GAS	were	detected,	and	it	 is	
therefore	unlikely	increased	soluble	M	protein	was	due	to	
increased	protease	activity.	The	increased	removal	of	M1	
protein	from	the	5448	GAS	cell	surface	may	explain	the	in-
creased	level	of	emm1	transcripts,	driving	a	compensatory	

mechanism	to	restore	surface-	bound	M	protein.	Since	na-
tive	surface	M	protein	expression	was	consistent	between	
5448	and	ALAB49	GAS,	it	reinforces	that	the	differences	
in	 hyaluronic	 acid	 recruitment	 between	 the	 two	 strains	
may	be	due	to	differences	in	avidity	or	multivalent	inter-
actions	between	M	proteins	and	hyaluronic	acid.

Unlike	 ALAB49	 GAS,	 the	 adherence	 of	 5448	 GAS	 to	
HaCaT	 keratinocytes	 was	 increased	 in	 the	 presence	 of	
hyaluronic	acid.	 It	 is	known	that	emm	pattern-	predicted	
tissue	tropism	does	not	correlate	with	a	preferential	abil-
ity	to	adhere	to	specific	immortalized	cell	lines	in vitro.111	
The	observed	increase	in	adherence	in	this	study	suggests	
a	mode	of	adherence	known	as	bridging,101	where	hyal-
uronic	acid	may	act	as	a	linker	module	between	GAS	and	
HaCaT	keratinocytes.	Hyaluronic	acid	increased	5448	GAS	
adherence	independently	of	M1	protein	expression,	indi-
cating	the	contribution	of	additional	surface-	expressed	re-
ceptors	involved	in	the	recognition	of	hyaluronic	acid	by	
5448	GAS.	It	is	known	that	the	hyaluronic	acid	capsule	of	
GAS	can	facilitate	bacterial	adherence	to	keratinocytes	via	
CD44	 receptor-	mediated	 signaling.91	 Since	 homologous	
glycan–glycan	interactions	have	been	reported	in	eukary-
otes	 with	 functions	 in	 adhesion	 events,112–115	 it	 is	 possi-
ble	that	GAS	capsular	hyaluronic	acid	may	also	engage	in	
homologous	 binding	 interactions	 with	 exogenous	 hyal-
uronic	acid	to	serve	as	a	linker	module	to	host	cell	surface	
components.	Alternatively,	it	is	well	known	that	capsular	
hyaluronic	acid	can	physically	block	M	protein-	mediated	
interactions	in	a	cell-		and	strain-	specific	manner.77,116–118	
Since	M	proteins	can	bind	to	host	hyaluronic	acid	via	the	
C	repeat	region	close	to	the	GAS	surface,	it	is	also	possi-
ble	that	endogenous	expression	of	hyaluronic	acid	by	GAS	
may	negate	any	M	protein-	mediated	effects	of	exogenous	
hyaluronic	acid	or	mask	M	protein	interactions	with	kera-
tinocytes.	In vivo,	homologous	interactions	of	hyaluronic	
acid	may	directly	facilitate	bacterial	adherence	for	initial	
GAS	colonization,	while	M	protein-	mediated	interactions	
with	host	hyaluronic	acid	may	occur	under	selective	envi-
ronmental	 pressures	 that	 decrease	 GAS	 capsule	 produc-
tion119	or	by	soluble	M	proteins	to	trap	pro-	inflammatory	
low	molecular	weight	hyaluronic	acid	to	prevent	bacterial	
clearance.21

Collectively,	this	study	presents	an	alternative	mecha-
nism	for	GAS	colonization	and	adherence	to	human	host	
cells	 through	 the	 acquisition	 of	 hyaluronic	 acid.	 An	 en-
hanced	 understanding	 of	 M	 protein-	mediated	 delays	 in	
host	 wound	 healing	 may	 contribute	 to	 the	 development	
of	novel	therapeutics	that	arrest	disease	progression,	and	
warrants	further	investigation.
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