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The	ability	to	stably	and	specifically	conjugate	recombinant	proteins	to	one	another	is	a	powerful	in	

vitro	technique	for	engineering	multifunctional	enzymes,	protein	therapeutics	and	novel	biological	

materials.	 However,	 for	 many	 applications	 spontaneous	 in	 vivo	 protein	 conjugation	 would	 be	

preferable	 to	 in	 vitro	methods.	 Exploiting	 the	 recently	 described	 SpyTag-SpyCatcher	 system,	we	

describe	 here	 how	 enzymes	 and	 structural	 proteins	 can	 be	 genetically-encoded	 to	 covalently	

conjugate	in	culture	media	following	programmable	secretion	by	Bacillus	subtilis.	Using	this	novel	

approach,	 we	 demonstrate	 how	 self-conjugation	 of	 a	 secreted	 industrial	 enzyme,	 XynA,	

dramatically	increases	its	resilience	to	boiling	and	we	show	that	cellular	consortia	can	be	engineered	

to	 self-assemble	 functional	multi-protein	 complexes	with	 tunable	 composition.	 This	 genetically-

encoded	modular	system	provides	a	new,	flexible	strategy	for	protein	conjugation	harnessing	the	

substantial	advantages	of	extracellular	self-assembly.	
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In	the	context	of	biotechnology,	proteins	can	be	seen	as	modular	components	whose	functions	can	

be	combined,	augmented	and	refined	by	bringing	them	together	to	form	complexes.	Novel	biological	

materials	 can	 be	 assembled1,2	 and	 functionalised3–5	 via	 linking	 proteins	 together	 and	 co-localizing	

enzymes	from	a	single	metabolic	pathway	can	be	used	to	enhance	metabolic	fluxes	in	biosynthesis6,7.	

In	medical	applications,	vaccine	efficacy	can	be	improved	by	conjugating	antigens	to	the	surface	of	

particles8	and	therapeutic	proteins	can	be	stabilised	or	targeted	to	specific	tissues	and	cells	by	fusing	

them	to	appropriate	protein	partners9,10.	As	a	result,	there	is	growing	interest	in	methods	to	produce	

self-assembling	protein-protein	complexes	for	various	applications.	

Genetic	fusion	is	a	simple	and	direct	method	for	conjugating	proteins	together,	but	is	limited	in	both	

the	size	and	topology	of	conjugates	that	can	be	formed11.	Conversely,	chemical	conjugation	methods	

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 14, 2016. ; https://doi.org/10.1101/087593doi: bioRxiv preprint 

https://doi.org/10.1101/087593
http://creativecommons.org/licenses/by-nc/4.0/


2	
	

enable	 multivalent	 and	 extensible	 protein-protein	 conjugation12,	 but	 typically	 require	 prior	

purification	and	treatment	of	proteins	and	so	cannot	be	implemented	in	vivo.	By	contrast,	biological	

conjugation	methods	such	as	the	SpyTag-SpyCatcher	system13,	enable	both	genetically-programmed	

in	vivo	self-assembly	and	the	formation	of	a	variety	of	topologies14,15.	

The	SpyTag-SpyCatcher	system13	directs	specific,	covalent	conjugation	of	proteins	through	two	short	

polypeptide	 tags:	 the	 SpyTag	 and	 SpyCatcher.	 The	 larger	 partner,	 the	 SpyCatcher,	 adopts	 an	

immunoglobulin-like	fold	which	specifically	binds	the	SpyTag	and	autocatalyses	the	formation	of	an	

intermolecular	isopeptide	bond	between	two	amino	acid	side	chains.	Notably,	in	the	few	years	since	

its	 initial	 description13	 the	 SpyTag-SpyCatcher	 system	 has	 been	 applied	 to	 the	 production	 of	

programmable	and	customisable	materials4,16–18,	 synthetic	vaccines8,	 thermo-tolerant	enzymes19–21,	

stably	packaged	enzymes22,23	and	more7,24,25.		

However,	thus	far,	the	SpyTag-SpyCatcher	system	has	only	ever	been	deployed	within	the	cell	or	in	

vitro,	 following	purification	of	 individual	components.	Yet	 for	a	variety	of	applications,	 it	would	be	

advantageous	for	proteins	to	be	secreted	prior	to	conjugation.	Such	extracellular	production	greatly	

simplifies	 downstream	 processing	 and	 purification	 of	 products26,	 improving	 cost-effectiveness	 at	

industrial	scale.	In	addition,	secreting	monomeric	components	of	protein	polymers	avoids	cytotoxicity	

commonly	caused	by	their	intracellular	expression,	facilitating	applications	such	as	protein	material	

production27.	Lastly,	by	engineering	microbes	to	secrete	proteins	that	complex	together	outside	the	

cell,	 it	becomes	possible	to	compartmentalise	the	production	of	different	proteins	within	different	

strains	 in	 a	 co-culture.	 Engineering	 so-called	 ‘cellular	 consortia’	 to	perform	 co-operative	biological	

tasks	in	this	way	enables	the	division	of	labor	between	co-cultured	strains,	autonomous	patterning	of	

biomaterials	and	optimisation	of	biological	processes4,28–31.	

To	provide	a	modular	platform	for	these	diverse	applications,	we	sought	to	engineer	simultaneous	

protein	 secretion	 and	 SpyTag-SpyCatcher-mediated	 protein	 conjugation	 using	 Bacillus	 subtilis,	 a	

Gram-positive	bacterium	used	extensively	in	industrial	biotechnology32	with	considerable	capacity	for	

protein	 secretion	 (up	 to	20	 grams	per	 liter33).	We	designed	and	built	 recombinant	 fusion	proteins	

consisting	 of	 separate	 protein	 modules	 specifying	 function,	 secretion	 and	 conjugation	 and	

demonstrate	here	that	these	modules	are	active	and	direct	secretion	and	extracellular	conjugation	

without	 perturbing	 enzymatic	 activity.	 Finally,	 we	 illustrate	 the	 utility	 of	 our	 system	 with	 two	

applications:	producing	secreted	thermo-tolerant	 industrial	enzymes	and	the	spontaneous,	tunable	

assembly	of	functional	multi-protein	complexes	by	cellular	consortia.	
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RESULTS	AND	DISCUSSION	

Expression,	secretion	and	conjugation	of	SpyTag-SpyCatcher	fusion	proteins	

To	assess	whether	the	SpyTag-SpyCatcher	system	could	be	coupled	to	B.	subtilis	protein	secretion,	we	

first	 fused	 together	 protein-encoding	DNA	modules	 specifying	 secretion,	 conjugation	 and	 function	

into	single	open	reading	frames	(ORFs)	within	gene	expression	cassettes.	Four	protein	modules,	each	

connected	 by	 two	 amino	 acid	 glycine-serine	 linkers,	 were	 defined:	 an	 N-terminal	 secretion	 signal	

peptide,	an	upstream	SpyPart	–	either	SpyTag	(T)	or	SpyCatcher	(C)	–	then	a	user-defined	protein	of	

interest	and	a	C-terminal	His6-tagged	SpyPart	(Figure	1A).	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	1.	Design,	secretion	and	activity	of	SpyTag-SpyCatcher	XynA	fusion	proteins.	(a)	Protein-encoding	DNA	

modules	specifying	secretion,	conjugation	and	function	were	fused	into	single	ORFs	separated	by	2-amino	acid	

glycine-serine	 linkers.	 (b)	 Four	 recombinant	proteins	based	on	XynA	were	designed:	 the	 full-length	 xylanase	

XynA,	SpyTag-XynA-SpyTag	(T-Xyn-T),	SpyTag-XynA-SpyCatcher	(T-Xyn-C)	and	SpyCatcher-XynA-SpyCatcher	(C-

Xyn-C).	All	possess	the	native	XynA	signal	peptide	at	their	N-termini	as	well	as	a	C-terminal	His6	tag.	(c)	Culture	

supernatants	from	uninduced	(-)	and	IPTG-induced	(+)	cultures	were	10x	concentrated	by	TCA	precipitation	prior	

to	 SDS-PAGE	 analysis	 with	 Coomassie	 staining.	 All	 four	 proteins	 were	 well-expressed	 and	 secreted.	

Untransformed	B.	 subtilis	WB800N	 (WT)	was	 included	 as	 a	 negative	 control.	 (d)	 Culture	 supernatants	were	

analysed	for	xylanase	activity	using	a	fluorogenic	substrate.	All	samples	exhibited	xylanase	activity,	indicating	

secretion	of	active	 fusion	proteins.	Product	 formation	 rates	were	calculated	over	10	minutes	 from	 triplicate	

samples	(data	represent	the	mean	±	1	SD).	
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Using	this	design,	we	first	generated	a	series	of	fusion	proteins	based	on	the	native,	secreted	B.	subtilis	

endo-xylanase,	XynA	(Figure	1B	and	Supplementary	Figure	1),	a	hemicellulose-degrading	enzyme	with	

uses	in	industry.	The	native	XynA	signal	peptide	was	preserved	at	the	N-terminus	and	SpyParts	were	

fused	either	 side	of	 the	XynA	enzyme	core	 to	 create	 three	proteins:	T-Xyn-T,	T-Xyn-C	and	C-Xyn-C	

(Figure	1B).	As	a	control,	a	construct	expressing	the	full-length	XynA	with	a	C-terminal	His6-tag	was	

also	created.	All	constructs	were	cloned	downstream	of	the	strong	IPTG-inducible	Pgrac	promoter	in	

pHT01,	a	B.	subtilis-E.	coli	shuttle	vector.	Each	of	these	fusion	proteins	was	successfully	expressed	and	

secreted	from	B.	subtilis	(Figure	1C	and	Supplementary	Figure	2)	and	retained	xylanase	activity	(Figure	

1D).	

To	verify	the	activity	of	the	secreted	SpyTag	and	SpyCatcher	motifs,	we	first	purified	the	His6-tagged	

T-Xyn-T	and	C-Xyn-C	proteins	from	B.	subtilis	culture	supernatant	using	immobilised	metal	ion	affinity	

chromatography	 (IMAC)	 (Supplementary	 Figure	 3).	 Purified	 proteins	 were	 mixed	 (Figure	 2A)	 and	

analysed	 by	Western	 blot	 (Figure	 2B).	 Immediately	 upon	mixing,	 covalently-conjugated	 polymeric	

species	were	formed	(Figure	2B)	indicating	that	SpyTag	and	SpyCatcher	were	functional.	After	longer	

periods	of	incubation,	the	majority	of	monomers	were	converted	to	a	polymeric	form	(Supplementary	

Figure	4).	

	

	

	

	

	

	

	

	

	

Figure	 2.	 SpyTag-SpyCatcher-mediated	 protein	 conjugation	 from	 co-cultures.	 (a)	 Schematic	 showing	 the	

possible	reaction	products	between	T-Xyn-T	and	C-Xyn-C.	(b)	His6-tagged	T-Xyn-T	and	C-Xyn-C	fusion	proteins	

were	purified	from	culture	supernatants	by	IMAC	(immobilised	metal	ion	affinity	chromatography)	and	analysed	

by	Western	 blotting	 (with	 an	 anti-His6	 antibody)	 in	 isolation	 or	 after	mixing.	 (c)	 Supernatant	 samples	 from	

monocultures	expressing	T-Xyn-T	or	C-Xyn-C	and	a	co-culture	of	T-Xyn-T	and	C-Xyn-C	were	analysed	by	Western	

blotting	with	an	anti-His6	antibody.	A	dimeric	species	was	clearly	discernible	under	co-culture	conditions,	along	

with	monomers	of	T-Xyn-T	and	C-Xyn-C.	
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To	determine	whether	SpyTag	and	SpyCatcher	were	active	under	co-culture,	strains	expressing	T-Xyn-

T	 and	 C-Xyn-C	were	 grown	 alone	 or	 together	 and	 supernatant	 samples	 analysed	 by	Western	 blot	

(Figure	2C).	A	species	with	mobility	corresponding	 to	a	dimer	was	detected	after	 two	hours	of	co-

culture	 (Figure	 2C),	 indicating	 that	 SpyTag	 and	 SpyCatcher	 are	 indeed	 functional	 under	 co-culture	

conditions.	Detection	of	polymeric	species	over	longer	periods	of	co-culture	was	visible,	but	hampered	

by	 inherent	 proteolysis	 from	 the	 two	 extracellular	 proteases	 native	 to	B.	 subtilis	WB800N	 and	 by	

smearing	of	bands	at	higher	molecular	weights	(Supplementary	Figure	5).	

To	verify	that	the	secreted	T-Xyn-T	and	C-Xyn-C	proteins	were	able	to	conjugate	under	co-culture,	we	

purified	His6-tagged	species	from	the	supernatant	of	a	co-culture	of	strains	expressing	both	T-Xyn-T	

and	 C-Xyn-C	 and	 their	 approximate	 molecular	 weights	 determined	 through	 size	 exclusion	

chromatography-multi-angle	 light	 scattering	 (SEC-MALS)	 analysis	 (Supplementary	 Figure	 6).	

Consistent	with	our	previous	observations,	the	major	species	present	exhibited	a	molecular	weight	

corresponding	to	a	T-Xyn-T	and	C-Xyn-C	dimer.	In	addition,	oligomer	species	were	also	detected.	

	

Engineering	XynA	thermo-tolerance	by	SpyRing	cyclisation	

To	 demonstrate	 the	 utility	 of	 this	 technique	 for	 protein	 engineering,	 we	 tested	 the	 ability	 of	 the	

SpyTag-SpyCatcher	 reaction	 to	 improve	the	 thermo-tolerance	of	XynA	through	SpyRing	cyclisation.	

Protein	 cyclisation	 by	 linkage	 of	 the	 N-	 and	 C-termini	 has	 been	 shown	 to	 increase	 the	 ability	 of	

enzymes	to	tolerate	exposure	to	high	temperatures	–	are	highly-desirable	 trait	 for	many	 industrial	

enzymes	 –	 and	 can	 been	 achieved	 through	 a	 number	 of	methods34–36.	 The	 SpyRing	 system	works	

through	fusion	of	the	SpyTag	and	SpyCatcher	respectively	at	the	N-	and	C-termini	of	a	protein,	leading	

to	covalent	cyclisation	that	dramatically	improves	the	ability	of	globular	proteins	to	refold	to	native	

structures	following	exposure	to	high	temperatures37.	

In	addition	to	strains	secreting	the	full	length	XynA	and	T-Xyn-C	proteins,	we	engineered	a	strain	to	

secrete	 a	 protein	 bearing	 the	mutated	 SpyCatcherE77Q	 (C’)	 unable	 to	 form	 the	 covalent	 isopeptide	

linkage	with	the	SpyTag13,	T-Xyn-C’	(Figure	3A-C).	Due	to	the	close	proximity	of	the	N-	and	C-termini	

of	XynA	(within	1	nm,	Supplementary	Figure	1)	we	anticipated	that	the	SpyTag	and	SpyCatcher	of	the	

T-Xyn-C	 protein	 would	 be	 capable	 of	 reacting	 intramolecularly	 to	 cyclise	 XynA.	 While	 competing	

polymerisation	 reactions	 are	 also	 possible	 (Figure	 3C),	 we	 expected	 cyclisation	 to	 be	 the	 major	

product,	as	seen	with	other	SpyRing	cyclisations19,	particularly	since	the	concentration	of	the	T-Xyn-C	

protein	is	relatively	low	in	the	culture	medium.	
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Figure	3.	SpyRing	cyclisation	confers	XynA	thermo-tolerance.	Strains	expressing	XynA	(a),	the	mutant	SpyTag-

XynA-SpyCatcherE77Q	(T-Xyn-C’)	(b)	and	SpyTag-XynA-SpyCatcher	(T-Xyn-C)	(c)	were	created.	The	T-Xyn-C	protein	

is	able	to	cyclise	through	SpyRing	cyclisation.	(d)	Comparison	of	the	electrophoretic	mobility	of	T-Xyn-C	and	T-

Xyn-C’	proteins	by	SDS-PAGE	with	Coomassie	staining	(expected	molecular	mass	∼	35	kDa).	A	clear	difference	in	

electrophoretic	mobility	of	the	two	proteins	is	seen,	consistent	with	covalent	cyclisation	of	T-Xyn-C.	(e)	SpyRing	

cyclisation	works	by	covalently	conjugating	the	N	and	C-termini	of	a	globular	protein.	Upon	boiling,	the	folded	

protein	 begins	 to	 unfold.	 The	 SpyRing	 system	 is	 believed	 to	 prevent	 the	 irreversible	 transition	 of	 partially	

unfolded	 intermediates	 to	 denatured	 aggregates	 and	 therefore	 enable	 refolding	 when	 the	 temperature	 is	

lowered.	(f)	Culture	supernatants	from	strains	expressing	XynA,	T-Xyn-C’	and	T-Xyn-C	were	subjected	to	a	variety	

of	 high-temperature	 programs	 and	 subsequently	 assayed	 for	 xylanase	 activity.	 The	 T-Xyn-C	 protein	 shows	

dramatically	 increased	tolerance	to	a	variety	of	high	temperature	programs	compared	to	XynA	and	T-Xyn-C’.	

Samples	were	analysed	in	triplicate,	data	represent	the	mean	±	1	SD.	

	

To	confirm	cyclisation,	which	is	known	to	perturb	the	mobility	of	proteins	during	gel	electrophoresis19,	

we	compared	the	electrophoretic	mobility	of	T-Xyn-C	to	that	of	the	mutant	T-Xyn-C’.	Consistent	with	

SpyRing	 cyclisation,	 the	 T-Xyn-C	 and	 T-Xyn-C’	 proteins	 exhibited	 substantially	 different	 mobilities	

under	 gel	 electrophoresis	 (Figure	 3D	 and	 Supplementary	 Figure	 3).	 To	 next	 determine	 whether	

SpyRing	cyclisation	confers	thermo-tolerance	to	XynA	by	preventing	irreversible	aggregation	(Figure	

3E)	we	subjected	supernatant	samples	from	cultures	secreting	the	native	XynA,	T-Xyn-C’	and	T-Xyn-C	

proteins	to	a	variety	of	high-temperature	conditions.	After	cooling	to	4°C	these	samples	were	then	

assayed	for	xylanase	activity	(Figure	3F).	All	supernatants	exhibited	similar	levels	of	xylanase	activity	

following	 incubation	 at	 25°C	 (Supplementary	 Figure	 7).	 However,	 following	 exposure	 to	 high-
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temperature	conditions	only	supernatants	containing	T-Xyn-C	retained	substantial	levels	of	xylanase	

activity	(Figure	3F).	Remarkably	after	exposure	to	100°C	for	10	min,	T-Xyn-C	retained	67.9%	±0.9	of	its	

xylanase	activity	in	contrast	to	negligible	activity	(2.4%	±0.3)	for	XynA,	and	a	similar	protective	effect	

was	also	seen	across	a	variety	of	other	high-temperature	programs.	Consistent	with	previous	studies19,	

a	mild	protective	effect	was	also	observed	for	the	mutant	control	T-Xyn-C’.	This	is	 likely	due	to	the	

relatively	strong,	non-covalent	interactions	between	SpyTag	and	SpyCatcher	mutants13.	

Owing	 to	 its	ease	of	 implementation	and	 the	availability	of	guidelines	 for	 its	design40,	 the	SpyRing	

system	is	an	attractive	tool	for	improving	the	stability	of	enzymes.	The	SpyRing	cyclisation	system	has	

previously	 been	 harnessed	 to	 improve	 the	 thermo-tolerance	 of	 a	 number	 of	 other	 intracellularly	

expressed	enzymes	with	industrial	relevance20,21.	However,	since	extracellular	production	of	proteins	

for	biotechnology	vastly	improves	cost-effectiveness,	our	strategy	offers	a	novel,	attractive	approach	

to	the	production	and	stabilisation	of	industrially-relevant	enzymes.	Notably,	xylanases	with	improved	

thermal	stability	are	of	great	interest	to	industry,	offering	an	eco-friendly	alternative	to	the	chemicals	

used	in	the	paper	pulp	bleaching	process42	and	as	an	additive	to	improve	animal	feed	digestibility43.	

And	further,	B.	subtilis	naturally	secretes	a	number	of	other	enzymes	with	uses	 industry,	 including	

amylases,	proteases	and	lipases.	

	

A	modular	method	for	multi-protein	complex	assembly	from	cellular	consortia	

Having	demonstrated	secretion	and	conjugation	of	XynA	fusion	proteins,	we	next	looked	to	exploit	

this	approach	to	create	extracellular	multi-protein	complexes	from	engineered	cellular	consortia.	To	

facilitate	 assembly	 of	 plasmid	 constructs,	 we	 first	 designed	 a	 Golden	 Gate	 assembly	 system	

(Supplementary	Figure	8A).	This	strategy	allowed	simple,	one-step	assembly	of	ORFs	encoding	an	N-

terminal	signal	peptide	for	secretion,	an	upstream	SpyPart,	a	user-defined	protein	of	interest	and	a	C-

terminal	His6-tagged	SpyPart.	Parts	were	 initially	cloned	 into	entry	vectors	from	which	they	can	be	

verified,	stocked	and	re-used	for	 future	assemblies	 (Supplementary	Figure	8B).	Stocked	parts	were	

then	assembled	directly	into	the	pHT01	IPTG-inducible	expression	vector	ready	for	use	in	B.	subtilis.	

Using	this	system,	we	created	a	series	of	plasmid	constructs	 for	secretion	of	recombinant	proteins	

based	on	a	second	native	B.	subtilis	enzyme,	the	endo-cellulase,	CelA	(Supplementary	Figure	9).	Like	

xylanases,	cellulases	have	attracted	interest	in	variety	of	industrial	contexts,	notably	for	their	ability	

to	degrade	plant	biomass,	a	sustainable	potential	feedstock	for	bio-commodity	production38,39.	In	fact,	

creating	multi-enzyme	complexes	of	synergistic	plant	biomass-degrading	enzymes	such	as	CelA	and	

XynA,	has	previously	been	shown	to	enhance	the	degradation	of	complex	cellulosic	substrates40.	As	
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with	XynA,	we	found	that	SpyParts	could	be	fused	to	the	N-	and	C-termini	of	CelA	without	disrupting	

secretion	(Supplementary	Figure	9B	and	9C)	or	enzyme	activity	(Supplementary	Figure	9D).	Further,	

these	SpyParts	were	active	and	covalently	conjugated	XynA	and	CelA	fusion	proteins	under	co-culture	

to	form	multi-enzyme	complexes	(Supplementary	Figure	10).	

To	demonstrate	 the	compatibility	of	heterologous	proteins	with	our	system,	we	created	a	plasmid	

construct	for	expression	and	secretion	of	an	elastin-like	polypeptide	(ELP)	fused	to	SpyParts.	The	ELP	

used	here,	ELP20-24,	is	a	short	10	kDa	polypeptide	derived	from	human	tropoelastin,	consisting	of	one	

hydrophilic	domain	flanked	by	two	hydrophobic	domains41.	Owing	to	its	short	size,	ELP20-24,	does	not	

undergo	coacervation	under	conditions	used	here.		

A	tagged	ELP20-24	protein,	T-ELP-T,	was	generated	with	an	N-terminal	signal	peptide	from	the	B.	subtilis	

SacB	protein,	an	upstream	SpyTag,	a	downstream	SpyTag	and	a	C-terminal	His6	tag	(Supplementary	

Figure	11A	and	Figure	4A).	A	second	version	of	T-ELP-T	was	generated	in	which	the	isopeptide	bond-

forming	aspartate	residue	of	each	SpyTag	was	mutated	to	alanine	(T’-ELP-T’-H),	preventing	covalent	

conjugation	 with	 SpyCatcher13	 (Supplementary	 Figure	 11A	 and	 Figure	 4A)	 .	 In	 addition,	 plasmids	

expressing	the	C-Xyn-C	and	C-Cel-C	proteins	were	also	modified	to	remove	their	C-terminal	His6	tags.	

Strains	expressing	T-ELP-T	and	the	mutant	T’-ELP-T’	were	then	co-cultured	with	strains	expressing	the	

C-Xyn-C	and	C-Cel-C.	Supernatant	samples	from	monocultures	of	each	of	the	strains	and	from	three-

strain	 co-cultures	were	 then	 analysed	 by	Western	 blot	with	 an	 anti-His6	 antibody	 (Supplementary	

Figure	11B).	The	T-ELP-T	and	the	mutant	T’-ELP-T’	proteins	were	well-expressed	and	secreted.	When	

cultured	 together	with	 the	C-Xyn-C	and	C-Cel-C	proteins,	 the	mobility	of	 the	mutant	T’-ELP-T’	was	

unaffected,	whereas	almost	 all	 of	 the	 secreted	T-ELP-T	protein	was	 incorporated	 into	dimeric	 and	

polymeric	species	(Supplementary	Figure	11B),	verifying	conjugation	by	the	Spy	system.	

The	ability	to	co-localise	cooperative	enzymes	–	ones	that	act	in	concert	on	a	single	substrate	or	in	a	

pathway	–	has	been	 shown	 to	 improve	metabolic	 fluxes	and	 is	 consequently	 a	useful	 approach	 in	

metabolic	 engineering6,7.	 Indeed,	 this	 is	 an	 strategy	 employed	 in	 nature;	 certain	 bacteria	 able	 to	

metabolise	 plant	 biomass	 produce	 large,	 extracellular	 multi-protein	 complexes	 known	 as	

cellulosomes,	consisting	of	numerous	synergistically-acting	enzymes44.	Notably,	in	efforts	to	engineer	

recombinant	 microbes	 capable	 of	 growth	 on	 plant	 biomass,	 	 two-	 and	 three-protein	 ‘designer-

cellulosomes’	have	previously	been	assembled	in	vitro	and	by	co-culturing	protein-secreting	bacterial	

strains45,46.	Although	in	contrast	to	our	system,	these	complexes	were	assembled	through	the	cohesin-

dockerin	interaction,	a	non-covalent	protein-protein	interaction47.	
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Figure	4.	Tuning	the	composition	of	a	multi-protein	complex.	 (a)	The	four	recombinant	proteins	used	here:	

SpyCatcher-XynA-SpyCatcher	 lacking	a	C-terminal	His6	tag	(C-Xyn-C),	SpyCatcher-CelA-SpyCatcher	 lacking	a	C-

terminal	His6	tag	(C-Cel-C),	SpyTag-ELP20-24-SpyTag-His6	(T-ELP-T)	and	SpyTag
DA-ELP20-24-SpyTag

DA-His6	(T’-ELP-T’).	

Molecular	weights	of	each	species	are	also	given	(calculated	assuming	removal	of	N-terminal	signal	peptides).	

(b)	Schematic	illustrating	the	co-purification	experiment.	(c)	By	modulating	the	proportion	of	cells	expressing	

the	C-Xyn-C	(teal	dotted	line)	inoculated	compared	to	the	proportion	of	cells	expressing	the	C-Cel-C	(lilac	dotted	

line)	 inoculated,	 the	proportions	of	 cellulase	and	 xylanase	activities	 co-purified	with	T-ELP-T	 could	be	 tuned	

across	a	variety	of	different	inoculation	ratios	(samples	prepared	in	triplicate,	data	represent	the	mean	±	1	SD).	

Co-purification	of	cellulase	(d)	and	xylanase	(e)	activity	was	repeatable	and	dependent	on	the	SpyTag-SpyCatcher	

reaction,	as	co-purification	sharply	decreased	when	performed	with	an	ELP	construct	lacking	SpyTags	(ELP)	or	

with	mutated	SpyTags	(T’-ELP-T’).	Samples	prepared	in	triplicate,	data	represent	the	mean	±	1	SD.	

	

Tuning	multi-protein	complexes	using	consortia	composition	

One	of	the	great	advantages	of	engineering	cellular	consortia	to	carry	out	a	biological	process,	is	that	

the	balance	between	different	sub-processes	can	be	tuned	simply	by	tuning	the	relative	productivity	

of	different	strains	within	the	co-culture.	We	therefore	set	out	to	tune	the	relative	amounts	of	C-Xyn-

C	and	C-Cel-C	incorporated	into	multi-protein	complexes	with	T-ELP-T,	simply	by	tuning	their	relative	

inoculation	ratios	in	three-strain	co-cultures.	To	quantify	the	relative	amounts	of	C-Xyn-C	and	C-Cel-C	

in	multi-protein	complexes,	we	performed	co-purifications	using	the	C-terminal	His6	tag	fused	to	ELP	

proteins.	As	outlined	in	Figure	4B,	following	three-strain	co-culture	growth,	His6-tagged	ELP	proteins	

were	 isolated	 from	 the	 culture	 supernatant	 by	 IMAC	 purification,	 and	 any	 SpyTag-SpyCatcher	

conjugated	proteins	were	co-purified	along	with	them	while	unbound	proteins	were	washed	off.	The	
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relative	levels	of	C-Xyn-C	and	C-Cel-C	incorporated	into	multi-protein	complexes	were	then	quantified	

via	enzyme	activity	assays.	

We	 performed	 several	 three-strain	 co-cultures	 in	 which	 the	 inoculum	 volume	 of	 the	 T-ELP-T	

expressing	strain	was	fixed	and	the	inoculation	proportions	of	C-Xyn-C	and	C-Cel-C	expressing	strains	

varied.	 Enzyme	 activity	 was	 detected	 in	 all	 purified	 fractions,	 demonstrating	 the	 formation	 of	

functional	multi-protein	complexes.	Remarkably,	we	observed	that	the	proportions	of	CelA	and	XynA	

proteins	incorporated	into	the	extracellular	multi-protein	conjugates	could	be	finely	tuned	simply	by	

adjusting	the	proportions	of	the	strains	in	the	initial	inoculations	(Figure	4C).	Furthermore,	the	relative	

enzyme	 activities	 of	 these	 complexes	matched	 the	 relative	 inoculation	 proportions	 closely	 over	 a	

range	of	conditions.	Additional	co-purifications	with	two	negative	control	strains:	a	strain	expressing	

the	mutant	 T’-ELP-T’	 only	 capable	 of	 non-covalent	 binding	 and	 a	 strain	 expressing	 secreted	 ELP-H	

lacking	SpyTags,	verified	that	the	conjugation	between	all	three	proteins	in	the	culture	medium	was	

specifically	 SpyTag-SpyCatcher-mediated	 as	 both	 controls	 showed	 dramatically	 reduced	 cellulase	

(Figure	4D)	and	xylanase	(Figure	4E)	levels.	We	thus	verified	our	ability	to	tune	the	relative	proportions	

of	XynA	and	CelA	incorporated	into	multi-protein	complexes	simply	by	tuning	their	relative	inoculation	

ratios.		

This	system	thus	offers	a	simple	way	to	both	assemble	functional	multi-protein	complexes	and	to	fine-

tune	 their	 properties.	 This	 approach	 could	 be	 useful	 in	 any	 scenario	 in	 which	 the	 proportions	 of	

individual	components	of	multiprotein	complexes	influences	the	desired	functions.	For	instance,	when	

co-localising	 co-operative	 enzymes	 to	 improve	 flux	 through	 a	 metabolic	 pathway	 –	 as	 with	 the	

previously-mentioned	 ‘designer	 cellulosomes’	 –	 tuning	 enzyme	 proportions	may	 enable	 improved	

yields	by	 increasing	 the	 levels	of	enzymes	catalysing	 rate-limiting	 steps	or	decreasing	 the	 levels	of	

enzymes	producing	toxic	pathway	intermediates.	

	

CONCLUSION	

Here	we	have	demonstrated	the	 feasibility	and	utility	of	combining	protein	secretion	with	SpyTag-

SpyCatcher-mediated	protein	conjugation.	As	an	 initial	 illustration	of	 the	utility	of	our	method,	we	

coupled	SpyRing	cyclisation	with	protein	 secretion,	enabling	one-step	extracellular	production	and	

stabilisation	 of	 the	 endo-xylanase,	 XynA.	 Additionally,	 we	 applied	 our	 method	 to	 engineer	

extracellular	 production	 of	 self-assembling	 multi-protein	 complexes	 from	 cellular	 consortia.	 Our	

approach	allows	the	relative	proportions	of	proteins	incorporated	into	multi-protein	complexes	to	be	
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tuned	 simply	 by	 varying	 their	 relative	 inoculation	 ratios	 in	 co-cultures,	 rather	 than	 requiring	 any	

additional	genetic	engineering	such	as	promoter	swapping.	

Beyond	 the	work	 presented	 here,	 the	 productivity	 of	 different	 strains	within	 co-cultures	 could	 be	

further	controlled	by	coupling	expression	with	additional	genetic	circuits,	such	as	inducible	switches	

and	quorum	sensing	systems48.	 Indeed,	 these	tools	have	been	previously	harnessed	within	cellular	

consortia	to	program	temporal	and	spatial	control	over	monomer	patterning	within	amyloid	fibrils4.	

In	addition,	transferring	the	strategy	to	alternative	secretion	hosts	–	such	as	the	yeasts	Saccharomyces	

cerevisiae	and	Pichia	pastoris	–	would	enable	the	secretion	of	a	much	broader	range	of	heterologous	

proteins,	relieving	the	need	for	compatibility	with	B.	subtilis.	As	our	approach	 is	modular	 in	design	

there	is	also	great	scope	for	integrating	further	components	to	broaden	potential	applications,	such	

as	alternative	functional	components	or	biological	protein	conjugation	methods15,47,49,50.	Lastly,	while	

the	work	here	focuses	exclusively	on	bivalent	proteins	–	those	possessing	two	SpyParts	–	incorporating	

additional	SpyParts	into	fusion	proteins	can	enable	the	formation	of	extended,	branching	polymeric	

networks	and	hydrogels16,18.	

Programming	protein	conjugation	and	self-assembly	within	the	extracellular	environment	offers	great	

promise	 in	the	effort	to	generate	novel	 industrial	enzymes,	multi-protein	complexes	and	biological	

materials:	improving	production	cost-effectiveness,	reducing	cellular	burden	and	toxicity	and	enabling	

patterning	and	tunability	through	engineered	cellular	consortia.	The	modular	approach	described	here	

therefore	 offers	 a	 platform	 for	 the	 development	 of	 biotechnological	 products	 to	meet	 real-world	

challenges.	
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METHODS	

Strains	and	Plasmids	

Bacterial	plasmids	and	strains	used	in	this	study	are	listed	in	Supplementary	Table	1	and	Supplementary	Table	

2,	respectively.	Both	B.	subtilis	and	E.	coli	were	grown	in	LB	medium	or	2xYT	medium	at	37°C	under	aeration.	In	

all	instances	media	were	supplemented	with	appropriate	antibiotics	at	the	following	concentrations	for	E.	coli:	

ampicillin	 100	 µg.ml-1,	 chloramphenicol	 34	 µg.ml-1,	 kanamycin	 50	 µg.ml-1.	 For	 B.	 subtilis,	 media	 were	

supplemented	with	5	µg.ml-1	chloramphenicol.	

	

Plasmid	construction	

All	 plasmids	 constructed	 in	 this	 study	were	 constructed	using	 standard	 cloning	 techniques.	Oligonucleotides	

were	 obtained	 from	 IDT.	 Restriction	 endonucleases,	 Phusion-HF	 DNA	 polymerase	 and	 T7	 DNA	 ligase	 were	

obtained	from	NEB.	Unless	stated,	all	plasmids	were	transformed	into	E.	coli	turbo	(NEB)	for	amplification	and	

verification	before	 transforming	 into	B.	 subtilis	WB800N	 for	protein	expression	and	 secretion.	All	 constructs	

were	verified	by	restriction	enzyme	digestion	and	Sanger	sequencing	(Source	Bioscience).	Amino	acid	sequences	

of	protein	parts	used	in	this	study	are	given	in	Supplementary	Table	3.	

To	create	the	pHT01-xynA-His6	construct,	the	native	B.	subtilis	xynA	ORF	was	amplified	from	the	genome	of	B.	

subtilis	168	by	colony	PCR.	Oligonucleotides	were	designed	to	introduce	a	C-terminal	His6	tag	as	well	as	upstream	

BamHI	and	downstream	AatII	restriction	enzyme	sites.	The	amplified	xynA-His6	ORF	and	pHT01	backbone	were	

digested	with	BamHI	and	AatII	and	gel	purified	and	T4-ligated.	

Using	pHT01-xynA-His6	as	a	starting	point,	Golden	Gate	assembly	was	used	to	construct	pHT01-xynASP-SpyTag-

xynA-SpyTag-His6	 (T-Xyn-T),	 pHT01-xynASP-SpyTag-xynA-SpyCatcher-His6	 (T-Xyn-C)	 and	 pHT01-xynASP-

SpyCatcher-xynA-SpyCatcher-His6	(C-Xyn-C).	Two	versions	of	the	SpyCatcher	were	synthesised	by	GeneArt	(Life	

Technologies).	A	set	of	SpyCatcher-coding	sequences	codon-optimised	for	B.	subtilis	were	created	and	the	two	

most	divergent	sequences	chosen	(this	was	to	reduce	the	risk	of	recombination	within	constructs	containing	two	

copies	of	the	SpyCatcher).	Two	versions	of	the	SpyTag	were	codon-optimised	in	the	same	manner	and	created	

from	 overlapping	 oligonucleotides.	 Golden	 Gate	 assemblies	 of	 gel	 purified	 PCR	 products	 using	 BsaI	 were	

performed	 as	 described51.	 SpyTag	 and/or	 SpyCatcher	 sequences	 were	 introduced	 between	 the	 xynA	 signal	

peptide	(xynASP)	and	xynA	enzyme	and	between	the	xynA	enzyme	and	His6	tag.	In	each	instance,	4	bp	overhangs	

were	incorporated	into	glycine-serine	(GS)	linkers.	The	backbone	was	amplified	in	two	halves	to	allow	mutation	

(and	therefore	removal)	of	an	unwanted	BsaI	site	in	the	AmpR	cassette.	

The	 pHT01-xynASP-SpyTag-xynA-SpyCatcher
E77Q-His6	 (T-Xyn-C’)	 mutant	 construct	 was	 created	 using	 pHT01-

xynASP-SpyTag-xynA-SpyCatcher-His6	 (T-Xyn-C)	 as	 a	 template.	 We	 used	 BsaI	 Golden	 Gate	 assembly-based	

mutagenesis	to	mutate	the	catalytic	glutamate	of	SpyCatcher	to	glutamine.	

To	 suit	 our	 cloning	 needs	 we	 created	 a	 modular	 DNA	 assembly	 toolkit	 based	 on	 Golden	 Gate	 assembly	

(Supplementary	Figure	8A).	Four	separate	ORF	parts	were	defined:	a	signal	peptide	part,	an	upstream	SpyPart,	

a	 central	protein	of	 interest	part	and	a	downstream	SpyPart.	Each	position	was	defined	by	 the	 sequence	of	
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specific	4	bp	overhangs	generated	by	BsaI	digestion	upstream	and	downstream	of	the	part.	Where	fewer	than	

four	ORF	parts	are	desired	in	the	final	construct,	the	4	bp	overhangs	can	be	modified	accordingly.	ORF	parts	

were	cloned	into	a	Golden	Gate	assembly	part	vector,	pYTK001,	where	they	were	sequence-verified	and	stocked	

for	subsequent	assemblies.	Stocked	parts	used	in	this	study	are	summarised	in	Supplementary	Figure	8B,	their	

sequences	given	in	Supplementary	Table	4	and	are	available	from	Addgene.	

We	 also	 created	 an	 entry	 vector	 derived	 from	pHT01,	 called	 pCG004,	 itself	 assembled	by	BsaI	Golden	Gate	

assembly.	The	pHT01	backbone	was	amplified	by	PCR	–	again	in	two	halves	to	allow	removal	of	the	unwanted	

BsaI	site	–	and	a	dropout	part	introduced	downstream	of	the	Pgrac	promoter	and	upstream	of	the	terminator.	

The	dropout	part	consists	of	a	constitutive	GFP	mut3b52	expression	cassette	flanked	by	BsaI	restriction	sites.	

Successful	Golden	Gate	 assembly	will	 result	 in	 removal	 of	 the	GFP	 expression	 cassette	 and	 therefore	 visual	

(green-white)	screening	of	transformants.	The	GFP	expression	cassette	was	created	using	the	Pveg	promoter	and	

spoVG	 RBS,	 specifically	 chosen	 for	 their	 activity	 in	 both	 E.	 coli	 and	 B.	 subtilis	 –	 and	 therefore	 allowing	

transformation	of	Golden	Gate	assemblies	into	either	strain.	

We	 used	 our	 Golden	 Gate	 assembly	 system	 to	 construct	 pHT01-celA-his6	 (CelA),	 pHT01-celASP-SpyTag-celA-

SpyTag-His6	 (T-Cel-T),	 pHT01-celASP-SpyTag-celA-SpyCatcher-His6	 (T-Cel-C)	 and	 pHT01-celASP-SpyCatcher-celA-

SpyCatcher-His6	 (C-Cel-C).	 To	minimise	 the	 size	 of	 these	 constructs	 we	 used	 SpyCatcherΔN1ΔC2,	 which	 has	

superfluous	amino	acids	trimmed	from	its	N-	and	C-termini53	(mSpyCatcher).	Since	repeated	attempts	to	clone	

the	pHT01-celASP-SpyCatcher-celA-SpyCatcher-His6	(C-Cel-C)	plasmid	into	E.	coli	resulted	in	identical	mutations	

of	the	upstream	SpyCatcher,	it	was	cloned	directly	into	B.	subtilis	WB800N	and	sequence-verified.	We	also	used	

our	Golden	Gate	assembly	system	to	construct	pHT01-sacBSP-ELP20-24-His6	(ELP)	and	pHT01-sacBSP-SpyTag-ELP20-

24-SpyTag-His6	(T-ELP-T).		

BsaI	Golden	Gate	 assembly-based	mutagenesis	was	 used	 to	 construct:	 the	mutated	 pHT01-sacBSP-SpyTag
DA-

ELP20-24-SpyTag
DA-His6	 (T’-ELP-T’)	 (from	pHT01-sacBSP-SpyTag-ELP20-24-SpyTag-His6),	 the	His6	 tag-lacking	pHT01-

xynASP-SpyCatcher-xynA-SpyCatcher	 (from	 pHT01-xynASP-SpyCatcher-xynA-SpyCatcher-His6)	 and	 the	 His6	 tag-

lacking	 pHT01-celASP-SpyCatcher-celA-SpyCatcher	 (from	 pHT01-celASP-SpyCatcher-celA-SpyCatcher-His6).	

Similar	 to	 the	 construct	 from	 which	 it	 was	 derived,	 pHT01-celASP-SpyCatcher-celA-SpyCatcher	 repeatedly	

showed	mutations	when	 cloned	 into	E.	 coli	and	 so	was	 instead	 cloned	directly	 into	B.	 subtilis	WB800N	and	

sequence-verified.	

	

Protein	expression	and	co-culturing	

In	all	instances,	glycerol	stocks	of	Bacillus	subtilis	strains	were	first	spread	onto	selective	LB	plates	from	which	

single	colonies	were	used	to	inoculate	5	mL	2xYT	liquid	cultures.	After	16	h	of	growth,	strains	were	back-diluted	

1/50	 into	 5	mL	 of	 fresh	 2xYT	medium.	Where	 indicated,	 protein	 expression	was	 induced	with	 1	mM	 IPTG.	

Expression	culturing	was	performed	for	between	2	h	and	8	h,	depending	on	the	individual	experiment.	To	collect	

secreted	protein	fractions,	cultures	were	centrifuged	at	3220	x	g	for	10	min	and	supernatants	harvested.	
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SDS-PAGE	and	Western	blotting	

Since	 the	 concentration	 of	 proteins	 in	 the	 culture	 supernatant	 is	 relatively	 low,	 trichloroacetic	 acid	 (TCA)	

precipitation	was	 performed	 to	 concentrate	 samples	 (by	 a	 factor	 of	 10)	 prior	 to	 analysis	 by	 SDS-PAGE	 and	

Western	blotting.	Secreted	proteins	in	the	supernatant	were	precipitated	by	adding	100	µL	of	4°C	100%	TCA	to	

900	µL	of	culture	supernatant	and	incubating	for	16	h	at	4°C.	Precipitated	proteins	were	centrifuged	at	16900	x	

g	for	10	min	at	4°C,	washed	with	1	mL	of	ice-cold	acetone,	centrifuged	again	at	16900	x	g	for	10	min	at	4°C	and	

finally	air-dried.	Protein-containing	pellets	were	then	resuspended	in	90	µL	of	1x	SDS-PAGE	sample	buffer	(0.2	

M	Tris-HCl	pH	6.8,	2%	SDS,	10%	glycerol,	0.01%	bromophenol	blue	+	2	mM	DTT)	and	boiled	for	10	min.	

SDS-PAGE	gels	–	with	differing	separating	gel	percentages	depending	on	the	size	of	proteins	analysed	–	were	run	

as	standard	and	proteins	stained	using	SimplyBlue	SafeStain	(Thermo).	Alternatively,	proteins	were	transferred	

to	a	PVDF	membrane	for	immunodetection	using	a	mouse	anti-His6	primary	antibody	(BioLegend	clone:	J099B12)	

and	 an	 alkaline	 phosphatase-conjugated	 anti-mouse	 secondary	 antibody	 (Promega).	 Bound	 antibodies	were	

detecting	using	a	BCIP-NBT	colorimetric	kit	(Life	Technologies).	

	

Enzyme	activity	assays	

Assays	for	xylanase	and	cellulase	activities	were	performed	using	the	EnzChek	Cellulase	Substrate	(Thermo)	and	

EnzChek	 Ultra	 Xylanase	 Assay	 Kit	 (ThermoFisher).	 Substrate	 solutions	 were	 prepared	 according	 to	 the	

manufacturer’s	instructions.	In	both	assays	50	µL	supernatant	samples	were	pipetted	into	a	Costar	96-well	Cell	

Culture	 Plate	 (Corning)	 and	 50	 µL	 substrate	 solutions	 added	 simultaneously	 with	 a	 multi-channel	 pipette.	

Samples	were	immediately	analysed	on	a	Synergy	HT	plate	reader	–	both	assays	report	enzyme	activity	through	

a	 fluorogenic	substrate.	All	assays	were	performed	at	 room	temperature	with	biological	 triplicates.	Data	are	

represented	as	plots	of	showing	the	accumulation	of	fluorescent	product	over	time	or	by	calculating	the	enzyme	

reaction	rate	(gradient	of	the	linear	region	of	the	graph).	

	

Protein	purification	

Protein	purifications	were	performed	using	HisPur	Ni-NTA	Spin	Columns	(ThermoFisher),	with	0.2	mL	resin	bed	

volume,	according	to	the	manufacturer’s	instructions.	Prior	to	purification,	3	mL	samples	of	culture	supernatant	

were	first	mixed	with	a	10x	concentrated	equilibration	solution	(500	mM	NaH2PO4,	2.15	M	Sodium	Chloride,	100	

mM	imidazole,	pH	8.0)	to	enable	efficient	binding	of	His6-tagged	proteins	to	the	Ni-NTA	resin.	A	total	of	2	mL	of	

supernatant	was	passed	over	the	Ni-NTA	resin	in	three	batches	of	666	µL,	with	each	incubated	with	the	resin	for	

15	min	prior	 to	 collecting	 flow	 through.	Three	washes	were	performed	with	666	µL	of	wash	buffer	 (50	mM	

NaH2PO4,	300	mM	Sodium	Chloride,	20	mM	imidazole,	pH	8.0)	followed	by	elution	in	500	µL	of	elution	buffer	

(50	mM	NaH2PO4,	300	mM	Sodium	Chloride,	250	mM	imidazole,	pH	8.0).	
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SEC-MALS	sample	preparation	

To	prepare	more	concentrated	purified	protein	required	for	SEC-MALS	analysis,	5	mL	seed	cultures	of	strains	

expressing	T-Xyn-T	and	C-Xyn-C	were	inoculated	into	200	mL	2xYT	medium	to	a	final	OD600	=	0.1	and	incubated	

at	37	°C.	When	an	OD600	∼0.5	was	reached,	protein	expression	was	induced	by	the	addition	of	IPTG	to	a	final	

concentration	of	1	mM.	After	a	further	4	h	incubation,	the	culture	was	centrifuged	at	4000	x	g	at	4°	C	for	20	min.	

The	 supernatant	 was	 removed	 and	 again	 centrifuged	 at	 4000	 x	 g	 at	 4°	 C	 for	 20	 min.	 150	 mL	 of	 clarified	

supernatant	was	harvested.	 To	 this,	 16.7	mL	of	 10x	 equilibration	buffer	 (500	mM	NaH2PO4,	 2.15	M	Sodium	

Chloride,	100	mM	imidazole,	pH8.0)	was	added.	10	mL	of	pre-equilibrated	HisPur	Ni-NTA	resin	(Thermo)	was	

then	added	to	the	supernatant	and	incubated	on	ice	with	shaking	for	1	h.	The	resin	was	allowed	to	settle	out	on	

ice	and	∼130	mL	of	supernatant	removed	by	pipetting.	The	resin	was	then	resuspended	with	the	remaining	liquid	

and	transferred	to	a	10	mL	Pierce	Disposable	Column	(Thermo)	and	the	supernatant	eluted	off	the	column.	Three	

washes	 were	 performed	 with	 10	 mL	 of	 wash	 buffer	 (50	 mM	 NaH2PO4,	 300	 mM	 Sodium	 Chloride,	 20	 mM	

imidazole,	 pH8.0)	 followed	 by	 two	 10	 mL	 elutions	 with	 elution	 buffer	 (50	 mM	 NaH2PO4,	 300	 mM	 Sodium	

Chloride,	250	mM	 imidazole,	pH8.0).	Elution	 fractions	were	concentrated	 to	∼2	mg.ml-1	using	Pierce	Protein	

Concentrator	columns	(10K	MWCO,	Thermo).	

	

Enzyme	thermo-tolerance	assays	

To	assess	the	ability	of	different	proteins	to	withstand	boiling,	supernatants	samples	were	exposed	to	specified	

temperature	programs	using	a	ProFlex	PCR	System	(ThermoFisher)	thermal	cycler.	Following	boiling,	samples	

were	cooled	a	rate	of	3	°C/sec	to	4°C,	re-equilibrated	to	room	temperature	and	assayed	for	xylanase	activity.	

Data	were	presented	as	plots	showing	the	accumulation	of	fluorescent	product	over	time.	In	addition,	reactions	

rates	 were	 calculated	 by	 taking	 gradient	 over	 the	 linear	 (early)	 region	 of	 the	 fluorescence-time	 plots.	 The	

percentage	 of	 enzyme	 activity	 retained	 after	 boiling	 was	 calculated	 by	 comparing	 reactions	 rates	 between	

samples	subjected	to	25	°C	for	10	min	and	samples	subjected	to	100	°C	for	10	min	(or	otherwise	stated).	

	

Co-culture	conditions,	co-purifications	and	enzyme	assays	

Two-strain	co-cultures	were	performed	with	strains	expressing	SpyTag-CelA-SpyTag-His6	and	SpyCatcher-XynA-

SpyCatcher	proteins.	 Seed	cultures	 in	2xYT	medium	were	grown	 for	16	h	and	used	 to	 inoculate	 co-cultures.	

Inductions	were	performed	by	inoculating	5	mL	2xYT	medium	containing	1	mM	IPTG	with	50	µL	of	each	strain,	

or	100	µL	of	each	strain	for	monocultures.	Supernatant	samples	were	harvested	after	6	h	and	8	h	of	incubation	

at	37	°C	and	analysed	by	SDS-PAGE	and	Western	blotting.	

Three-strain	co-cultures	were	performed	with	strains	expressing	C-Xyn-C,	C-Cel-C	and	various	ELP20-24-containing	

proteins.	 In	 this	 instance	 triplicate	 seed	 cultures	 in	 2xYT	medium	were	 grown	 for	 16	 h.	 Since	 seed	 cultures	

consistently	reached	similar	optical	densities	(OD600	=	4.5	–	5.5),	 identical	 inoculation	volumes	were	used	for	

each	replicate	during	inductions.		
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To	 compare	 the	 ability	 of	 the	 T-ELP-T,	 the	mutant	 T’-ELP-T’	 and	 the	 ELP	 proteins	 to	 co-purify	 xylanase	 and	

cellulase	activities,	40	µL	of	each	of	the	three	strains	were	inoculated	into	5	mL	2xYT	medium	containing	1	mM	

IPTG.	After	8	h	of	incubation	at	37	°C	supernatants	were	harvested	and	analysed	by	Western	blotting	using	an	

anti-His6	antibody.	In	addition,	IMAC	purifications	of	His6-tagged	proteins	in	the	supernatant	were	performed	as	

described	above.	

To	test	the	ability	to	tune	the	composition	of	multi-protein	complexes,	a	number	of	different	three-strain	co-

cultures	were	prepared	in	which	the	ratio	of	strains	expressing	the	C-Xyn-C	and	C-Cel-C	proteins	was	varied.	The	

T-ELP-T-expressing	strain	inoculation	was	fixed	at	40	µL.	The	total	inoculation	volume	of	strains	expressing	the	

C-Xyn-C	and	C-Cel-C	proteins	was	 fixed	at	80	µL	and	varied:	0%:100%	 (0	µL:80µL),	 2%:98%	 (1.6	µL:78.4	µL),	

10%:90%	(8	µL:72	µL),	25%:75%	(20	µL:60	µL),	50%:50%	(40	µL:40	µL)	75%:25%	(60	µL:20	µL),	90%:10%	(72	µL:8	

µL),	98%:2%	 (78.4	µL:1.6	µL)	and	100%:0%	 (80	µL:0	µL).	After	8	h	of	 incubation	at	37	 °C	supernatants	were	

harvested	 and,	 again,	 IMAC	 purifications	 of	 His6-tagged	 proteins	 in	 the	 supernatant	 were	 performed	 as	

described	above.	

Purified	protein	samples	were	analysed	by	xylanase	and	cellulase	activity	assays	to	determine	the	relative	levels	

of	co-purified	protein.	Reaction	rates	were	calculated	by	determining	the	gradient	of	the	linear	region	of	the	

fluorescence-time	plots.	The	‘maximum	activity’	was	set	as	that	detected	from	co-cultures	inoculated	with	100%	

(80	µL)	of	the	strain	expressing	the	C-Xyn-C	or	C-Cel-C	protein	and	percentage	activities	were	calculated	based	

on	this	value.		
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Supplementary	Figure	1.	XynA	fusion	protein	schematics.	A	X-ray	crystal	structures	of	XynA	(PDB	ID:	2DCY),	
SpyCatcher	and	SpyTag	(both	base	on	PDB	ID:	4MLI)	are	shown	alongside	the	graphic	representations	used	
elsewhere	in	this	study.	The	N-	and	C-termini	of	XynA	(following	removal	of	the	N-terminal	signal	peptide)	are	
very	close	to	one	another:	3.8	Å	as	measured	between	the	N-terminal	nitrogen	and	C-terminal	Cα	atoms	(using	
Chimera,	UCSF).	B	Approximate	structures	of	XynA-SpyPart	fusion	proteins	and	graphic	representations	used	
throughout	this	study.	Note	that	the	structures	shown	were	not	experimental	determined	and	are	purely	for	
illustrative	purposes.	SpyParts	are	fused	the	N-	and	C-termini	of	XynA	through	flexible	2	amino	acid	glycine-
serine	linkers.	Due	the	close	proximity	of	the	SpyParts,	cyclisation	reactions	are	possible.		
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Supplementary	Figure	2.	XynA	fusion	protein	construct	expression	and	secretion.	A	Constructs	analysed	
below	and	their	approximate	molecular	weights.	B	Western	blot	analysis	of	secreted	XynA	fusion	proteins.	
Four	fusion	proteins	based	on	XynA	were	designed:	XynA,	SpyTag-XynA-SpyTag	(T-Xyn-T),	SpyTag-XynA-
SpyCatcher	(T-Xyn-C)	and	SpyCatcher-XynA-SpyCatcher	(C-Xyn-C).	Each	possessed	the	native	XynA	signal	
peptide	at	the	N-terminus	as	well	as	a	C-terminal	His6	tag.	Each	recombinant	protein	was	expressed	from	the	
IPTG-inducible	B.	subtilis-E.	coli	shuttle	vector	pHT01.	After	6	h	growth	culture	supernatants	were	collected	
and	analysed	by	SDS-PAGE	for	protein	expression.	Supernatants	from	uninduced	(-)	and	IPTG-induced	(+)	
cultures	were	10x	concentrated	by	TCA	precipitation	prior	to	Western	blotting	using	an	anti-His6	primary	
antibody.	The	background	strain	B.	subtilis	WB800N	possessing	no	plasmid	is	included	as	a	negative	control.	
All	constructs	are	well-expressed	and	secreted.	There	is	also	clearly	some	leaky	expression	from	the	Pgrac	
promoter	even	in	the	absence	of	IPTG	induction.	In	addition	all	constructs	are	subject	to	varying	degrees	of	
proteolysis	–	resulting	in	lower	molecular	weight	species.		
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Supplementary	Figure	3.	SDS-PAGE	analysis	of	purified	XynA	fusion	proteins.	Various	XynA	fusion	proteins	
were	purified	from	the	culture	supernatant	by	IMAC	purification:	the	full-length	xylanase	XynA,	SpyTag-XynA-
SpyTag	(T-Xyn-T),	SpyTag-XynA-SpyCatcher	(T-Xyn-C),	SpyCatcher-XynA-SpyCatcher	(C-Xyn-C)	and	SpyTag-
XynA-SpyCatcherE77Q	(T-Xyn-C’).	Samples	were	bound	to	the	Ni-NTA	resin	and	after	washing	were	eluted	in	two	
separate	250	µL	fractions,	E1	and	E2.	We	added	4	µL	of	5x	SDS-PAGE	sample	buffer	to	16	µL	of	E1	and	E2	
samples	and	then	boiled	for	10	min.	10	µL	samples	were	loaded	and	separated	by	SDS-PAGE	with	subsequent	
Coomassie	staining.	Purification	was	successful	for	each	protein,	with	little	detectable	contaminating	species	
present.	Since	roughly	equal	yields	were	obtained	in	both	the	E1	and	E2	fractions	for	each	protein,	the	
fractions	were	pooled	for	downstream	investigations.	Approximate	molecular	weights	of	each	species	were:	
XynA	∼20	kDa,	T-Xyn-T	∼	24	kDa,	T-Xyn-C	∼35	kDa,	C-Xyn-C	∼46	kDa	and	T-Xyn-C’	∼35	kDa.	The	difference	in	
mobility	of	T-Xyn-C	and	T-Xyn-C’	proteins	due	to	cyclisation	is	very	apparent	here.	
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Supplementary	Figure	4.	Western	blot	analysis	of	purified	XynA	fusion	proteins.	SpyTag-XynA-SpyTag	(T-Xyn-
T)	and	SpyCatcher-XynA-SpyCatcher	(C-Xyn-C)	were	purified	individually	from	culture	supernatant.	The	T-Xyn-T	
and	C-Xyn-C	proteins	were	mixed	1:1	in	a	total	volume	of	20	µL	and	incubated	at	25°C	for	indicated	time	
periods,	after	which	5	µL	of	5x	SDS-PAGE	sample	buffer	was	added	and	samples	boiled	for	10	min.	Western	
blotting	was	performed	on	all	samples	as	well	as	unmixed	samples	of	each	protein.		Figure	2B	is	a	cropped	
version	of	this	blot.	Clear	evidence	of	polymerisation	(high	molecular	weight	species)	is	evident	even	when	
mixed	samples	were	boiled	immediately	after	mixing.	Interestingly,	over	time,	the	presence	of	species	larger	
than	dimers	appears	to	decrease,	while	dimers	appear	to	constantly	increase	in	abundance.	The	reasons	for	
this	are	not	clear.	However,	we	speculate	that,	at	the	point	of	linkage	between	two	proteins,	there	is	a	
bifurcation	between	two	pathways:	circularisation	and	linear	polymerisation.	Since	larger,	polymerised	species	
tend	to	be	less	efficiently	transferred	to	the	PVDF	membrane	during	Western	blotting,	linear	polymer	species	
disappear	over	time	as	their	size	grows.	Circularised	dimers	in	contrast	cannot	grow	larger	over	time	and	so	
appear	to	steadily	increase	in	abundance.	Regardless,	it	is	clear	that	over	time	increasing	amounts	of	
monomer	species	become	conjugated,	with	the	reaction	reaching	near-completion	(consumption	of	all	of	the	
C-Xyn-C	monomer)	after	16	h.	Approximate	molecular	weights	of	each	species	were:	T-Xyn-T	∼	24	kDa,	C-Xyn-
C	∼46	kDa	and	T-Xyn-T	+	C-Xyn-C	dimers	∼70	kDa.	

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted November 14, 2016. ; https://doi.org/10.1101/087593doi: bioRxiv preprint 

https://doi.org/10.1101/087593
http://creativecommons.org/licenses/by-nc/4.0/


23	
	

	

	

	

	

	

	

	

Supplementary	Figure	5.	Western	blot	analysis	of	co-cultured	XynA	fusion	proteins.	Strains	expressing	
SpyTag-XynA-SpyTag	(T-Xyn-T)	and	SpyCatcher-XynA-SpyCatcher	(C-Xyn-C)	were	grown	alone	and	in	coculture.	
At	various	time	points,	supernatant	samples	were	harvested,	concentrated	10x	by	TCA	precipitation	and	
analysed	by	Western	blotting	using	an	anti-His6	antibody.	Figure	2C	is	a	cropped	version	of	this	blot.	Samples	
were	run	alongside	the	PageRuler	Prestained	Protein	Ladder	(Thermo)	which	produces	light	blue	and	red	
bands.	After	2	h	of	coculture,	clear	evidence	of	dimeric	species	can	be	seen.	However,	longer	incubations	
produce	less	clear	results	due	to	the	high	levels	of	proteolysis,	particularly	for	the	CXC	construct.	At	4	h	
dimeric	and	possibly	trimeric	species	are	apparent.	After	6	h	smearing	and	proteolysis	prevents	reliable	data	
interpretation.	However,	the	majority	of	the	monomeric	T-Xyn-T	protein	appears	to	have	been	consumed	
after	6	h,	indicating	that	the	SpyTag-SpyCatcher	conjugation	is	near-complete.	Approximate	molecular	weights	
of	each	species	were:	T-Xyn-T	∼	24	kDa,	C-Xyn-C	∼46	kDa	and	T-Xyn-T	+	C-Xyn-C	dimers	∼70	kDa.	
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Supplementary	Figure	6.	Size	exclusion	chromatography	multi-angle	light	scattering	(SEC-MALS)	analysis	of	
purified	T-Xyn-T	and	C-Xyn-C	co-culture	conjugates.	A	SDS-PAGE	analysis	with	Coomassie	staining	and	B	
Western	blotting	with	an	anti-His6	antibody	indicated	that	the	first	elution	fraction	contained	multiple	
oligomerised	forms	of	T-Xyn-T	and	C-Xyn-C.	In	both	cases	samples	were	run	alongside	the	PageRuler	
Prestained	Protein	Ladder	(Thermo)	which	produces	light	blue	and	red	bands.	Not	all	species	could	be	reliably	
identified	–	for	instance,	the	37	kDa	band	lies	between	the	sizes	expected	for	either	monomer	(T-Xyn-T	∼24	
kDa	and	C-Xyn-C	∼46	kDa).	Notably,	it	appears	that	almost	all	of	the	T-Xyn-T	protein	has	reacted.	C	To	
corroborate	these	findings,	a	sample	of	the	first	elution	fraction	was	analysed	by	SEC-MALS	instrument	
(Wyatt)	with	a	flow	rate	of	0.5	ml.min-1	and	a	1	sec	data	collection	interval.	Data	were	analysed	with	Astra	6.	
Here	the	UV-vis	absorbance	trace	is	shown	over	various	elution	volumes	annotated	with	approximate	
molecular	weights	calculated	based	on	light	scattering	data.	The	major	species	present	has	a	molecular	weight	
corresponding	to	a	T-Xyn-T	+	C-Xyn-C	dimer	(∼70kDa).	Additional	larger	forms	were	detected,	however,	
molecular	weights	could	not	be	estimated	with	sufficient	certainty	to	reliably	classify	these	as	specific	
oligomers.	
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Supplementary	Figure	7.	Representative	xylanase	assay	traces	following	high-temperature	exposure.	Here	
culture	supernatants	from	strains	expressing	D	XynA,	E	T-Xyn-C’	and	F	T-Xyn-C	were	subjected	to	25°C	or	
100°C	for	10	minutes,	cooled	to	4°C	then	equilibrated	to	room	temperature	and	finally	assayed	for	xylanase	
activity.	Product	formation	rates	were	calculated	over	the	linear	region	of	the	curves	to	produce	the	data	in	
Figure	3F.	Samples	were	analysed	in	triplicate,	data	represent	the	mean	±	1	SD.		
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Supplementary	Figure	8.	Golden	Gate	assembly	method	design	and	composition.	A	Protein	modules	were	
pre-cloned	into	the	part	vector	pYTK001,	sequence-verified	and	stocked.	Four	separate	positions	within	the	
final	ORF	were	defined	based	on	the	sequence	of	upstream	and	downstream	4	bp	overhangs	generated	by	
BsaI	digestion.	Signal	peptide	parts	were	cloned	with	an	upstream	‘A’	and	downstream	‘B’	overhang,	upstream	
SpyParts	were	cloned	with	an	upstream	‘B’	and	downstream	‘C’	overhang,	protein	of	interest	parts	were	
cloned	with	an	upstream	‘C’	and	downstream	‘D’	overhang	and	downstream	SpyParts	were	cloned	with	an	
upstream	‘D’	and	downstream	‘E’	overhang.	Internal	overhangs	were	designed	to	incorporate	two	amino	acid	
glycine-serine	linkers	between	ORF	parts.	Assembly	of	ORF	parts	into	an	entry	vector	based	on	pHT01	
(pCG004)	enabled	one-step	construction	of	protein	expression	constructs.	pCG004	possesses	a	‘dropout’	part	
downstream	of	the	Pgrac	promoter	and	spoVG	ribosome	binding	site	(RBS)	and	upstream	of	the	rrnB	
terminator.	The	dropout	part	consists	of	a	constitutive	GFP	expression	cassette	flanked	by	BsaI	restriction	sites	
producing	an	upstream	‘A’	overhang	and	downstream	‘E’	overhang.	Successful	Golden	Gate	assemblies	will	
therefore	result	in	removal	of	the	GFP	expression	cassette	enabling	visual	(green-white)	screening	of	
transformants.	B	Protein	module	parts	cloned	and	verified	during	the	course	of	this	study	–	additional	parts	
not	used	in	this	study	have	also	been	created.	Where	required,	4	bp	overhangs	can	be	modified	to	allow	
assembly	of	2	or	1	ORF	parts	into	the	entry	vector	(e.g.	the	ELP20-24-His6	part	was	cloned	with	an	upstream	‘B’	
overhang	and	downstream	‘E’	overhang).	Sequences	of	selected	parts	and	the	entry	vector	pCG004	are	
included	in	Supplementary	Table	4	and	deposited	on	Addgene.	
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Supplementary	Figure	9.	Design,	secretion	and	activity	of	SpyPart-CelA	fusion	proteins.	A	Four	recombinant	
proteins	based	on	CelA	were	designed:	the	full-length	cellulase	CelA,	SpyTag-CelA-SpyTag	(T-Cel-T),	SpyTag-
CelA-SpyCatcher	(T-Cel-C)	and	SpyCatcher-CelA-SpyCatcher	(C-Cel-C).	Cartoons	were	specifically	designed	to	
reflect	the	two-domain	architecture	of	CelA.	Each	possessed	the	native	CelA	signal	peptide	at	the	N-terminus	
as	well	as	a	C-terminal	His6	tag.	Each	recombinant	protein	was	expressed	from	the	IPTG-inducible	B.	subtilis-E.	
coli	shuttle	vector	pHT01	and	culture	supernatant	analysed	by	SDS-PAGE	for	protein	expression.	Supernatants	
from	IPTG-induced	cultures	grown	for	6	h	were	10x	concentrated	by	TCA	precipitation	prior	to	B	SDS-PAGE	
with	Coomassie	staining	and	C	western	blot	analysis.	Western	blotting	was	performed	using	an	anti-His6	
primary	antibody.	All	constructs	were	well-expressed	at	roughly	equal	yields,	although	some	proteolytic	
degradation	is	evident.	Interestingly,	the	majority	of	the	T-Cel-C	protein	appears	to	have	lower	than	expected	
mobility.	This	is	consistent	with	cyclisation	through	reaction	of	the	SpyTag	and	SpyCatcher.	D	Culture	
supernatants	were	analysed	for	cellulase	activity	using	a	fluorogenic	substrate.	Product	formation	rates	were	
calculated	over	the	first	minute	from	triplicate	samples,	data	represent	the	mean	±	1	SD.	
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Supplementary	Figure	10.	Two-strain	co-cultures	of	T-Cel-T	and	C-Xyn-C	produce	multi-protein	complexes.	A	
Schematic	showing	the	two-strain	coculture	setup	and	design	of	SpyTag-CelA-SpyTag-His6	(T-Cel-T)	and	
SpyCatcher-XynA-SpyCatcher	(C-Xyn-C).	Mono-cultures	and	a	two-strain	co-culture	of	strains	expressing	each	
protein	were	prepared.	Supernatant	samples	were	collected	after	incubation	for	6	h	and	8	h	and	concentrated	
10x	by	TCA	precipitation.	Concentrated	samples	were	analysed	by	B	SDS-PAGE	with	Coomassie	staining	and	C	
Western	blotting	with	an	anti-His6	primary	antibody.	Notably,	since	only	the	T-Cel-T	construct	possesses	a	His6	
tag,	the	C-Xyn-C	protein	is	not	detectable	by	Western	blotting.	While	SDS-PAGE	analysis	produces	relatively	
faint	bands,	clear	evidence	of	conjugation	of	T-Cel-T	and	C-Xyn-C	is	visible	by	Western	blotting.	Species	with	
apparent	molecular	weights	corresponding	to	dimers	and	trimers	are	discernible	(expected	molecular	weights:	
T-Cel-T	+	C-Xyn-C ∼103	kDa,	T-Cel-T	+	2(C-Xyn-C) ∼149	kDa	and	2(T-Cel-T)	+	C-Xyn-C ∼160kDa).	

B	 C	
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Supplementary	Figure	11.	Multi-protein	complex	formation	from	three-strain	co-cultures.	A	The	four	
recombinant	proteins	used	here:	SpyCatcher-XynA-SpyCatcher	lacking	a	C-terminal	His6	tag	(C-Xyn-C),	
SpyCatcher-CelA-SpyCatcher	lacking	a	C-terminal	His6	tag	(C-Cel-C),	SpyTag-ELP20-24-SpyTag-His6	(T-ELP-T)	and	
SpyTagDA-ELP20-24-SpyTagDA-His6	(T’-ELP-T’).	Molecular	weights	of	each	species	are	also	given	(calculated	
assuming	removal	of	N-terminal	signal	peptides).	B	Culture	supernatants	from	strains	expressing	each	of	the	
four	recombinant	proteins	were	analysed	by	Western	blotting	with	an	anti-His6	antibody.	Since	only	the	ELP20-
24-containing	constructs	possess	C-terminal	His6	tags,	only	these	are	detected.	Both	T-ELP-T	and	T’-ELP-T’	well	
expressed	and	secreted	at	similar	levels.	Under	three-strain	co-cultures,	almost	the	entirety	of	T-ELP-T	is	
incorporated	into	multi-protein	complexes	with	C-Cel-C	and	C-Xyn-C,	an	interaction	dependent	on	the	SpyTag-
SpyCatcher	reaction.	Proteolysis	hampers	precise	classification	of	the	oligomeric	species	present.	
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Supplementary	Table	1.	Plasmids	used	in	this	study	

Name	 Description	 Source	

pHT01	 B.	subtilis-E.coli	shuttle	vector	possessing	the	lacI	gene	and	Pgrac	promoter	for	
IPTG-inducible	protein	expression	

MoBiTec	

pHT01-xynA-His6	
IPTG-inducible	expression	of	the	full	length	XynA	xylanase	with	a	C-terminal	His6	
tag	

This	work	

pHT01-xynASP-SpyTag-xynA-
SpyTag-His6	
(T-Xyn-T)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	XynA	
signal	peptide,	an	upstream	SpyTag,	the	XynA	catalytic	core	region,	a	
downstream	SpyTag	and	a	C-terminal	His6	tag	

This	work	

pHT01-xynASP-SpyTag-xynA-
SpyCatcher-His6	
(T-Xyn-C)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	XynA	
signal	peptide,	an	upstream	SpyTag,	the	XynA	catalytic	core	region,	a	
downstream	SpyCatcher	and	a	C-terminal	His6	tag		

This	work	

pHT01-xynASP-SpyCatcher-
xynA-SpyCatcher-His6	
(C-Xyn-C)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	XynA	
signal	peptide,	an	upstream	SpyCatcher,	the	XynA	catalytic	core	region,	a	
downstream	SpyCatcher	and	a	C-terminal	His6	tag	

This	work	

pHT01-xynASP-SpyTag-xynA-
SpyCatcherE77Q-His6	
(T-Xyn-C’)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	XynA	
signal	peptide,	an	upstream	SpyTag,	the	XynA	catalytic	core	region,	a	
downstream	mutated	SpyCatcher	(E77Q)	and	a	C-terminal	His6	tag	

This	work	

pHT01-celA-His6	
IPTG-inducible	expression	of	the	full	length	CelA	xylanase	with	a	C-terminal	His6	
tag	

This	work	

pHT01-celASP-SpyTag-celA-
SpyTag-His6	
(T-Cel-T)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	CelA	
signal	peptide,	an	upstream	SpyTag,	the	CelA	catalytic	core	and	carbohydrate-
binding	module,	a	downstream	SpyTag	and	a	C-terminal	His6	tag	

This	work	

pHT01-celASP-SpyTag-celA-
SpyCatcher-His6	
(T-Cel-C)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	CelA	
signal	peptide,	an	upstream	SpyTag,	the	CelA	catalytic	core	and	carbohydrate-
binding	module,	a	downstream	SpyCatcher	and	a	C-terminal	His6	tag	

This	work	

pHT01-celASP-SpyCatcher-
celA-SpyCatcher-His6	
(C-Cel-C)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	CelA	
signal	peptide,	an	upstream	SpyCatcher,	the	CelA	catalytic	core	and	
carbohydrate-binding	module,	a	downstream	SpyCatcher	and	a	C-terminal	His6	
tag	

This	work	

pHT01-xynASP-SpyCatcher-
xynA-SpyCatcher	
(C-Xyn-C)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	XynA	
signal	peptide,	an	upstream	SpyCatcher,	the	XynA	catalytic	core	region	and	a	
downstream	SpyCatcher	but	lacking	a	C-terminal	His6	tag.	

This	work	

pHT01-celASP-SpyCatcher-
celA-SpyCatcher	
(C-Cel-C)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	CelA	
signal	peptide,	an	upstream	SpyCatcher,	the	CelA	catalytic	core	and	
carbohydrate-binding	module	and	a	downstream	SpyCatcher	but	lacking	a	C-
terminal	His6	tag.	

This	work	

pHT01-sacBSP-ELP20-24-His6	
(ELP)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	SacB	
signal	peptide,	the	ELP20-24	sequence	and	a	C-terminal	His6	tag.	

This	work	

pHT01-sacBSP-SpyTag-	ELP20-
24-SpyTag-His6	
(T-ELP-T)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	SacB	
signal	peptide,	an	upstream	SpyTag,	the	ELP20-24	sequence,	a	downstream	SpyTag	
and	a	C-terminal	His6	tag.	

This	work	

pHT01-sacBSP-SpyTag(DA)-	
ELP20-24-SpyTag(DA)-His6	
(T’-ELP-T’)	

IPTG-inducible	expression	of	a	fusion	protein	consisting	of	an	N-terminal	SacB	
signal	peptide,	a	mutated	upstream	SpyTagDA,	the	ELP20-24	sequence,	a	mutated	
downstream	SpyTagDA	and	a	C-terminal	His6	tag.	

This	work	

pYTK001	

An	entry	vector	taken	from	the	yeast	tool	kit1.	New	ORF	parts	were	amplified	
with	oligonucleotides	introducing	BsaI	sites	that	dictated	the	position	within	ORF	
assembly	and	BsmBI	sites	that	allow	insertion	into	pYTK001.	Once	cloned	into	
pYTK001,	all	ORF	parts	were	verified,	sequence	and	stocked	at	identical	
concentrations	for	subsequent	use	in	BsaI	Golden	Gate	assemblies.	

Lee	et	al.1	

pCG-A-sacBSP-B	
An	ORF	part-containing	vector	harbouring	the	signal	peptide	from	SacB	with	4	bp	
overhangs	specific	for	the	‘signal	peptide’	position	within	an	ORF	assembly	

This	work	

pCG-A-celASP-B	
An	ORF	part-containing	vector	harbouring	the	signal	peptide	from	CelA	with	4	bp	
overhangs	specific	for	the	‘signal	peptide’	position	within	an	ORF	assembly	

This	work	

pCG-B-SpyTag-C	 An	ORF	part-containing	vector	harbouring	the	SpyTag	sequence	with	4	bp	
overhangs	specific	for	the	‘upstream	SpyPart’	position	within	an	ORF	assembly	

This	work	

pCG-B-mSpyCatcher-C	
An	ORF	part-containing	vector	harbouring	the	minimal	SpyCatcher	(ΔN1ΔC22)	
sequence	with	4	bp	overhangs	specific	for	the	‘upstream	SpyPart’	position	within	
an	ORF	assembly	

This	work	
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pCG-C-celA-D	
An	ORF	part-containing	vector	harbouring	the	CelA	catalytic	core	and	
carbohydrate-binding	module	sequence	with	4	bp	overhangs	specific	for	the	
‘protein	of	interest’	position	within	an	ORF	assembly	

This	work	

pCG-C-ELP20-24-D	
An	ORF	part-containing	vector	harbouring	the	ELP20-24	sequence	with	4	bp	
overhangs	specific	for	the	‘protein	of	interest’	position	within	an	ORF	assembly	

This	work	

pCG-D-SpyTag-His6-E	
An	ORF	part-containing	vector	harbouring	the	SpyTag	sequence	with	a	His6	tag	at	
its	C-terminus	and	4	bp	overhangs	specific	for	the	‘downstream	SpyPart’	position	
within	an	ORF	assembly	

This	work	

pCG-D-mSpyCatcher-His6-E	
An	ORF	part-containing	vector	harbouring	the	minimal	SpyCatcher	(ΔN1ΔC22)	
sequence	with	a	His6	tag	at	its	C-terminus	and	4	bp	overhangs	specific	for	the	
‘downstream	SpyPart’	position	within	an	ORF	assembly	

This	work	

pCG-A-celAFULL-His6-E	
An	ORF	part-containing	vector	harbouring	the	full-length	CelA	sequence	with	a	
C-terminal	His6	tag.	Here	special	4	bp	overhangs	were	introduced	skip	all	sub-
parts	of	ORF	assembly	and	allowing	1-part	insertion	into	the	entry	vector	

This	work	

pCG004	

ORF	part	assembly	entry	vector	derived	from	pHT01.	pCG004	is	identical	to	
pHT01	except	for	two	changes.	Firstly	an	unwanted	backbone	BsaI	site	with	the	
AmpR	cassette	was	removed.	Secondly,	the	multiple-cloning	site	of	pHT01	was	
replaces	with	a	BsaI	dropout	part.	This	part	consists	of	a	constitutive	GFP	mut3b-
expression	cassette	(using	the	Pveg	promoter,	spoVG	RBS	and	rrnB	terminator)	
flanked	by	BsaI	restriction	sites.	During	assembly	of	ORF	parts	into	pCG004,	the	
GFP-expression	cassette	is	removed	and	the	full-length	ORF	inserted	
downstream	of	the	RBS	and	upstream	of	the	terminator	

This	work	
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Supplementary	Table	2.	Strains	used	in	this	study	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Name	 Description	 Source	
Bacillus	subtilis	WB800N	 trpC2	nprE	aprE	epr	bpr	mpr::ble	nprB::bsrΔvpr	wprA::hyg	cm::neo;	NeoR	 MoBiTec	

Escherichia	coli	Turbo	 F'	proA+B+	lacIq	∆lacZM15	/	fhuA2		∆(lac-proAB)		glnV	galK16	galE15		R(zgb-
210::Tn10)TetS		endA1	thi-1	∆(hsdS-mcrB)5	

NEB	
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Supplementary	Table	3.	Amino	acid	sequences	of	protein	parts	used	in	this	study	

Name	 Part	Description	 Amino	acid	sequence	

XynA	 Full	length	endo-1,	4-β-
xylanase	from	B.	subtilis	

MFKFKKNFLVGLSAALMSISLFSATASAASTDYWQNWTDGGGIVNAVNGSGGNYSVNWSN 
TGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTG 
TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSKRPTGSNATITFSNHVNA 
WKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVW 

CelA	 Full	length	endo-cellulase	
from	B.	subtilis	

MKRSISIFITCLLITLLTMGGMIASPASAAGTKTPVAKNGQLSIKGTQLVNRDGKAVQLK 
GISSHGLQWYGEYVNKDSLKWLRDDWGITVFRAAMYTADGGYIDNPSVKNKVKEAVEAAK 
ELGIYVIIDWHILNDGNPNQNKEKAKEFFKEMSSLYGNTPNVIYEIANEPNGDVNWKRDI 
KPYAEEVISVIRKNDPDNIIIVGTGTWSQDVNDAADDQLKDANVMYALHFYAGTHGQFLR 
DKANYALSKGAPIFVTEWGTSDASGNGGVFLDQSREWLKYLDSKTISWVNWNLSDKQESS 
SALKPGASKTGGWRLSDLSASGTFVRENILGTKDSTKDIPETPSKDKPTQENGISVQYRA 
GDGSMNSNQIRPQLQIKNNGNTTVDLKDVTARYWYKAKNKGQNFDCDYAQIGCGNVTHKF 
VTLHKPKQGADTYLELGFKNGTLAPGASTGNIQLRLHNDDWSNYAQSGDYSFFKSNTFKT 
TKKITLYDQGKLIWGTEPN 

XynASP	 Signal	peptide	from	XynA		 MFKFKKNFLVGLSAALMSISLFSATASA 

CelASP	 Signal	peptide	from	CelA		 MKRSISIFITCLLITLLTMGGMIASPASA 

SacBSP	
Signal	peptide	from	B.	
subtilis	levansucrase	SacB	

MNIKKFAKQATVLTFTTALLAGGATQAFA	

SpyTag	 Zakeri	et	al.3		 AHIVMVDAYKPTK	

SpyTagDA	 Zakeri	et	al.3	 AHIVMVAAYKPTK 

SpyCatcher	 Zakeri	et	al.3	 GAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTW 
ISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHI 

SpyCatcherEQ	 Zakeri	et	al.3	 GAMVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTW 
ISDGQVKDFYLYPGKYTFVQTAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHI	

Minimal	
SpyCatcher	
(ΔN1ΔC2)	

Li	et	al.2	 DSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAP 
DGYEVATAITFTVNEQGQVTVNG 

ELP20-24	 Bellingham	et	al.4	 FPGFGVGVGGIPGVAGVPGVGGVPGVGGVPGVGIPEAQAAAAAKAAKYGVGTPAAAAAKA 
AAKAAQFGLVPGVGVAPGVGVAPGVGVAPGVGLAPGVGVAPGVGVAPGVGVAPAIGP	

XynASP-SpyTag-
XynA-SpyTag-His6	

XynA-SpyPart	fusion	
protein	

MFKFKKNFLVGLSAALMSISLFSATASAGSAHIVMVDAYKPTKGSASTDYWQNWTDGGGI 
VNAVNGSGGNYSVNWSNTGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSP 
LIEYYVVDSWGTYRPTGTYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSK 
RPTGSNATITFSNHVNAWKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVWGSAHIVMVDA 
YKPTKGSGHHHHHH	

XynASP-SpyTag-
XynA-SpyCatcher-
His6	

XynA-SpyPart	fusion	
protein	

MFKFKKNFLVGLSAALMSISLFSATASAGSAHIVMVDAYKPTKGSASTDYWQNWTDGGGI 
VNAVNGSGGNYSVNWSNTGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSP 
LIEYYVVDSWGTYRPTGTYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSK 
RPTGSNATITFSNHVNAWKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVWGSGAMVDTLS 
GLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKD 
FYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHIGSGSGHHHHHH	

XynASP-SpyTag-
XynA-SpyCatcherEQ-
His6	

XynA-SpyPart	fusion	
protein	

MFKFKKNFLVGLSAALMSISLFSATASAGSAHIVMVDAYKPTKGSASTDYWQNWTDGGGI 
VNAVNGSGGNYSVNWSNTGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSP 
LIEYYVVDSWGTYRPTGTYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSK 
RPTGSNATITFSNHVNAWKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVWGSGAMVDTLS 
GLSSEQGQSGDMTIEEDSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKD 
FYLYPGKYTFVQTAAPDGYEVATAITFTVNEQGQVTVNGKATKGDAHIGSGSGHHHHHH	

XynASP-SpyCatcher-
XynA-SpyCatcher-
His6	

XynA-SpyPart	fusion	
protein	

MFKFKKNFLVGLSAALMSISLFSATASAGSGAMVDTLSGLSSEQGQSGDMTIEEDSATHI 
KFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 
TAITFTVNEQGQVTVNGKATKGDAHIGSASTDYWQNWTDGGGIVNAVNGSGGNYSVNWSN 
TGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTG 
TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSKRPTGSNATITFSNHVNA 
WKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVWGSGAMVDTLSGLSSEQGQSGDMTIEED 
SATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPD 
GYEVATAITFTVNEQGQVTVNGKATKGDAHIGSGSGHHHHHH 

XynASP-SpyCatcher-
XynA-SpyCatcher	

XynA-SpyPart	fusion	
protein	

MFKFKKNFLVGLSAALMSISLFSATASAGSGAMVDTLSGLSSEQGQSGDMTIEEDSATHI 
KFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVA 
TAITFTVNEQGQVTVNGKATKGDAHIGSASTDYWQNWTDGGGIVNAVNGSGGNYSVNWSN 
TGNFVVGKGWTTGSPFRTINYNAGVWAPNGNGYLTLYGWTRSPLIEYYVVDSWGTYRPTG 
TYKGTVKSDGGTYDIYTTTRYNAPSIDGDRTTFTQYWSVRQSKRPTGSNATITFSNHVNA 
WKSHGMNLGSNWAYQVMATEGYQSSGSSNVTVWGSGAMVDTLSGLSSEQGQSGDMTIEED 
SATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPD 
GYEVATAITFTVNEQGQVTVNGKATKGDAHI 

CelASP-SpyTag-CelA-
SpyTag-His6	

CelA-SpyPart	fusion	
protein	

MKRSISIFITCLLITLLTMGGMIASPASAGSAHIVMVDAYKPTKGSAGTKTPVAKNGQLS 
IKGTQLVNRDGKAVQLKGISSHGLQWYGEYVNKDSLKWLRDDWGITVFRAAMYTADGGYI 
DNPSVKNKVKEAVEAAKELGIYVIIDWHILNDGNPNQNKEKAKEFFKEMSSLYGNTPNVI 
YEIANEPNGDVNWKRDIKPYAEEVISVIRKNDPDNIIIVGTGTWSQDVNDAADDQLKDAN 
VMYALHFYAGTHGQFLRDKANYALSKGAPIFVTEWGTSDASGNGGVFLDQSREWLKYLDS 
KTISWVNWNLSDKQESSSALKPGASKTGGWRLSDLSASGTFVRENILGTKDSTKDIPETP 
SKDKPTQENGISVQYRAGDGSMNSNQIRPQLQIKNNGNTTVDLKDVTARYWYKAKNKGQN 
FDCDYAQIGCGNVTHKFVTLHKPKQGADTYLELGFKNGTLAPGASTGNIQLRLHNDDWSN 
YAQSGDYSFFKSNTFKTTKKITLYDQGKLIWGTEPNGSAHIVMVDAYKPTKGSHHHHHHG 
S	

CelASP-SpyTag-CelA-
SpyCatcher-His6	

CelA-SpyPart	fusion	
protein	

MKRSISIFITCLLITLLTMGGMIASPASAGSAHIVMVDAYKPTKGSAGTKTPVAKNGQLS 
IKGTQLVNRDGKAVQLKGISSHGLQWYGEYVNKDSLKWLRDDWGITVFRAAMYTADGGYI 
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DNPSVKNKVKEAVEAAKELGIYVIIDWHILNDGNPNQNKEKAKEFFKEMSSLYGNTPNVI 
YEIANEPNGDVNWKRDIKPYAEEVISVIRKNDPDNIIIVGTGTWSQDVNDAADDQLKDAN 
VMYALHFYAGTHGQFLRDKANYALSKGAPIFVTEWGTSDASGNGGVFLDQSREWLKYLDS 
KTISWVNWNLSDKQESSSALKPGASKTGGWRLSDLSASGTFVRENILGTKDSTKDIPETP 
SKDKPTQENGISVQYRAGDGSMNSNQIRPQLQIKNNGNTTVDLKDVTARYWYKAKNKGQN 
FDCDYAQIGCGNVTHKFVTLHKPKQGADTYLELGFKNGTLAPGASTGNIQLRLHNDDWSN 
YAQSGDYSFFKSNTFKTTKKITLYDQGKLIWGTEPNGSDSATHIKFSKRDEDGKELAGAT 
MELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVN 
GGSHHHHHHGS 

CelASP-SpyCatcher-
CelA-SpyCatcher-
His6	

CelA-SpyPart	fusion	
protein	

MKRSISIFITCLLITLLTMGGMIASPASAGSDSATHIKFSKRDEDGKELAGATMELRDSS 
GKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGGSAGTK 
TPVAKNGQLSIKGTQLVNRDGKAVQLKGISSHGLQWYGEYVNKDSLKWLRDDWGITVFRA 
AMYTADGGYIDNPSVKNKVKEAVEAAKELGIYVIIDWHILNDGNPNQNKEKAKEFFKEMS 
SLYGNTPNVIYEIANEPNGDVNWKRDIKPYAEEVISVIRKNDPDNIIIVGTGTWSQDVND 
AADDQLKDANVMYALHFYAGTHGQFLRDKANYALSKGAPIFVTEWGTSDASGNGGVFLDQ 
SREWLKYLDSKTISWVNWNLSDKQESSSALKPGASKTGGWRLSDLSASGTFVRENILGTK 
DSTKDIPETPSKDKPTQENGISVQYRAGDGSMNSNQIRPQLQIKNNGNTTVDLKDVTARY 
WYKAKNKGQNFDCDYAQIGCGNVTHKFVTLHKPKQGADTYLELGFKNGTLAPGASTGNIQ 
LRLHNDDWSNYAQSGDYSFFKSNTFKTTKKITLYDQGKLIWGTEPNGSDSATHIKFSKRD 
EDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFT 
VNEQGQVTVNGGSHHHHHHGS	

CelASP-SpyCatcher-
CelA-SpyCatcher	

CelA-SpyPart	fusion	
protein	

MKRSISIFITCLLITLLTMGGMIASPASAGSDSATHIKFSKRDEDGKELAGATMELRDSS 
GKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFTVNEQGQVTVNGGSAGTK 
TPVAKNGQLSIKGTQLVNRDGKAVQLKGISSHGLQWYGEYVNKDSLKWLRDDWGITVFRA 
AMYTADGGYIDNPSVKNKVKEAVEAAKELGIYVIIDWHILNDGNPNQNKEKAKEFFKEMS 
SLYGNTPNVIYEIANEPNGDVNWKRDIKPYAEEVISVIRKNDPDNIIIVGTGTWSQDVND 
AADDQLKDANVMYALHFYAGTHGQFLRDKANYALSKGAPIFVTEWGTSDASGNGGVFLDQ 
SREWLKYLDSKTISWVNWNLSDKQESSSALKPGASKTGGWRLSDLSASGTFVRENILGTK 
DSTKDIPETPSKDKPTQENGISVQYRAGDGSMNSNQIRPQLQIKNNGNTTVDLKDVTARY 
WYKAKNKGQNFDCDYAQIGCGNVTHKFVTLHKPKQGADTYLELGFKNGTLAPGASTGNIQ 
LRLHNDDWSNYAQSGDYSFFKSNTFKTTKKITLYDQGKLIWGTEPNGSDSATHIKFSKRD 
EDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVATAITFT 
VNEQGQVTVNG	

SacBSP-ELP20-24-His6	 ELP20-24	secretion	construct	
MNIKKFAKQATVLTFTTALLAGGATQAFAGSFPGFGVGVGGIPGVAGVPGVGGVPGVGGV 
PGVGIPEAQAAAAAKAAKYGVGTPAAAAAKAAAKAAQFGLVPGVGVAPGVGVAPGVGVAP 
GVGLAPGVGVAPGVGVAPGVGVAPAIGPGSHHHHHHGS 

SacBSP-SpyTag-
ELP20-24-SpyTag-His6	

ELP20-24-SpyPart	fusion	
protein	

MNIKKFAKQATVLTFTTALLAGGATQAFAGSAHIVMVDAYKPTKGSFPGFGVGVGGIPGV 
AGVPGVGGVPGVGGVPGVGIPEAQAAAAAKAAKYGVGTPAAAAAKAAAKAAQFGLVPGVG 
VAPGVGVAPGVGVAPGVGLAPGVGVAPGVGVAPGVGVAPAIGPGSAHIVMVDAYKPTKGS 
HHHHHHGS	

SacBSP-SpyTag
DA-

ELP20-24-SpyTag
DA-

His6	

ELP20-24-SpyPart	fusion	
protein	

MNIKKFAKQATVLTFTTALLAGGATQAFAGSAHIVMVAAYKPTKGSFPGFGVGVGGIPGV 
AGVPGVGGVPGVGGVPGVGIPEAQAAAAAKAAKYGVGTPAAAAAKAAAKAAQFGLVPGVG 
VAPGVGVAPGVGVAPGVGLAPGVGVAPGVGVAPGVGVAPAIGPGSAHIVMVAAYKPTKGS 
HHHHHHGS	
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Supplementary	Table	4.	Golden	gate	assembly	parts	used	in	this	study	and	available	from	Addgene.	BsaI	restriction	
enzyme	recognition	sites	are	shown	in	bold	and	overhangs	are	highlighted.	

Name	 Description	 Addgene	#	

A-sacBSP-B	
Signal	peptide	part	sequence	encoding	the	B.	subtilis	sacB	gene	signal	
peptide	 tbd	

 
GGTCTCAGGATATGAACATCAAAAAGTTTGCAAAACAAGCAACAGTATTAACCTTTACTACCGCACTGCTGGCAGGAGGCGCAACTCAAGCGTTTGCGGGAAGCCGA
GACC 
 
 

A-celASP-B	 Signal	peptide	part	sequence	encoding	the	B.	subtilis	celA	gene	signal	peptide	 tbd	
 
GGTCTCAGGATATGAAACGGTCAATCTCTATTTTTATTACGTGTTTATTGATTACGTTATTGACAATGGGCGGCATGATAGCTTCGCCGGCATCAGCAGGAAGCTGA
GACC 
 
 

A-xynASP-B	
Signal	peptide	part	sequence	encoding	the	B.	subtilis	xynA	gene	signal	
peptide	 tbd	

 
GGTCTCAGGATATGTTTAAGTTTAAAAAGAATTTCTTAGTTGGATTATCGGCAGCTTTAATGAGTATTAGCTTGTTTTCGGCAACCGCCTCTGCAGGAAGCCGAGAC
C 
 
 

B-SpyTag-C	 Upstream	SpyPart	sequence	encoding	the	SpyTag	 tbd	
 
GGTCTCAAAGCGCTCATATTGTAATGGTTGATGCTTATAAACCGACGAAGGGCTCATGAGACC 
 
 

B-mSpyCatcher-C	 Upstream	SpyPart	sequence	encoding	the	minimal	SpyCatcher	 tbd	
 
GGTCTCAAAGCGATTCAGCTACGCATATAAAATTTTCTAAACGGGACGAAGACGGCAAGGAACTGGCGGGTGCTACTATGGAACTCCGGGACTCATCGGGAAAAACT
ATAAGCACGTGGATCAGCGATGGACAAGTCAAGGACTTTTACCTTTACCCTGGCAAGTACACATTCGTCGAAACGGCTGCTCCGGATGGATATGAAGTGGCAACAGC
TATTACATTCACGGTTAACGAACAGGGGCAGGTCACCGTGAACGGGGGCTCATGAGACC 
 
 

D-SpyTag-His6-E	
Downstream	SpyPart	sequence	encoding	the	SpyTag	with	a	C-terminal	His6-
tag	 tbd	

 
GGTCTCAGGCAGCGCCCACATCGTTATGGTAGACGCGTACAAACCTACAAAGGGAAGCCATCATCATCATCATCACGGCAGCTAAGTTCTGAGACC 
 
 

D-mSpyCatcher-His6-E	
Downstream	SpyPart	sequence	encoding	the	minimal	SpyCatcher	with	a	C-
terminal	His6-tag	

tbd	

 
GGTCTCAGGCAGCGACTCCGCGACACACATCAAATTTAGCAAGCGTGATGAGGATGGGAAAGAATTAGCCGGCGCAACGATGGAACTTCGGGATTCGAGCGGAAAGA
CGATTTCGACGTGGATTTCAGATGGCCAAGTCAAAGATTTTTACCTGTATCCGGGAAAATATACATTTGTCGAAACGGCAGCACCAGATGGATATGAGGTCGCAACA
GCTATTACATTTACGGTGAATGAGCAAGGACAAGTCACGGTTAATGGCGGAAGCCATCATCATCATCATCACGGCAGCTAAGTTCTGAGACC 
 
 

pCG004	 Entire	plasmid	sequence	of	the	entry	vector	pCG004	 tbd	
 
TATCTAAAACAAACACTTTAACATCTGAGTCAATGTAAGCATAAGATGTTTTTCCAGTCATAATTTCAATCCCAAATCTTTTAGACAGAAATTCTGGACGTAAATCT
TTTGGTGAAAGAATTTTTTTATGTAGCAATATATCCGATACAGCACCTTCTAAAAGCGTTGGTGAATAGGGCATTTTACCTATCTCCTCTCATTTTGTGGAATAAAA
ATAGTCATATTCGTCCATCTACCTATCCTATTATCGAACAGTTGAACTTTTTAATCAAGGATCAGTCCTTTTTTTCATTATTCTTAAACTGTGCTCTTAACTTTAAC
AACTCGATTTGTTTTTCCAGATCTCGAGGGTAACTAGCCTCGCCGATCCCGCAAGAGGCCCGGCAGTCAGGTGGCACTTTTCGGGGAAATGTGCGCGGAACCCCTAT
TTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCTTCAATAATATTGAAAAAGGAAGAGTATGAGTATTCAACATT
TCCGTGTCGCCCTTATTCCCTTTTTTGCGGCATTTTGCCTTCCTGTTTTTGCTCACCCAGAAACGCTGGTGAAAGTAAAAGATGCTGAAGATCAGTTGGGTGCACGA
GTGGGTTACATCGAACTGGATCTCAACAGCGGTAAGATCCTTGAGAGTTTTCGCCCCGAAGAACGTTTTCCAATGATGAGCACTTTTAAAGTTCTGCTATGTGGCGC
GGTATTATCCCGTATTGACGCCGGGCAAGAGCAACTCGGTCGCCGCATACACTATTCTCAGAATGACTTGGTTGAGTACTCACCAGTCACAGAAAAGCATCTTACGG
ATGGCATGACAGTAAGAGAATTATGCAGTGCTGCCATAACCATGAGTGATAACACTGCGGCCAACTTACTTCTGACAACGATCGGAGGACCGAAGGAGCTAACCGCT
TTTTTGCACAACATGGGGGATCATGTAACTCGCCTTGATCGTTGGGAACCGGAGCTGAATGAAGCCATACCAAACGACGAGCGTGACACCACGATGCCTGTAGCAAT
GGCAACAACGTTGCGCAAACTATTAACTGGCGAACTACTTACTCTAGCTTCCCGGCAACAATTAATAGACTGGATGGAGGCGGATAAAGTTGCAGGACCACTTCTGC
GCTCGGCCCTTCCGGCTGGCTGGTTTATTGCTGATAAATCTGGAGCCGGTGAGCGTGGTTCTCGCGGTATCATTGCAGCACTGGGGCCAGATGGTAAGCCCTCCCGT
ATCGTAGTTATCTACACGACGGGGAGTCAGGCAACTATGGATGAACGAAATAGACAGATCGCTGAGATAGGTGCCTCACTGATTAAGCATTGGTAACTGTCAGACCA
AGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATAATCTCATGACCAAAATCCCTTAACGTG
AGTTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCG
CTACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGCC
GTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTACCG
GGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGAACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAACTGAGA
TACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAGAAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCACGAGGGAGCT
TCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGCCTATGGAAAA
ACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTGGCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCGTATTACCGCC
TTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCCAATACGCATGCTTAAGTTATTGGTATG
ACTGGTTTTAAGCGCAAAAAAAGTTGCTTTTTCGTACCTATTAATGTATCGTTTTAGAAAACCGACTGTAAAAAGTACAGTCGGCATTATCTCATATTATAAAAGCC
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AGTCATTAGGCCTATCTGACAATTCCTGAATAGAGTTCATAAACAATCCTGCATGATAACCATCACAAACAGAATGATGTACCTGTAAAGATAGCGGTAAATATATT
GAATTACCTTTATTAATGAATTTTCCTGCTGTAATAATGGGTAGAAGGTAATTACTATTATTATTGATATTTAAGTTAAACCCAGTAAATGAAGTCCATGGAATAAT
AGAAAGAGAAAAAGCATTTTCAGGTATAGGTGTTTTGGGAAACAATTTCCCCGAACCATTATATTTCTCTACATCAGAAAGGTATAAATCATAAAACTCTTTGAAGT
CATTCTTTACAGGAGTCCAAATACCAGAGAATGTTTTAGATACACCATCAAAAATTGTATAAAGTGGCTCTAACTTATCCCAATAACCTAACTCTCCGTCGCTATTG
TAACCAGTTCTAAAAGCTGTATTTGAGTTTATCACCCTTGTCACTAAGAAAATAAATGCAGGGTAAAATTTATATCCTTCTTGTTTTATGTTTCGGTATAAAACACT
AATATCAATTTCTGTGGTTATACTAAAAGTCGTTTGTTGGTTCAAATAATGATTAAATATCTCTTTTCTCTTCCAATTGTCTAAATCAATTTTATTAAAGTTCATTT
GATATGCCTCCTAAATTTTTATCTAAAGTGAATTTAGGAGGCTTACTTGTCTGCTTTCTTCATTAGAATCAATCCTTTTTTAAAAGTCAATATTACTGTAACATAAA
TATATATTTTAAAAATATCCCACTTTATCCAATTTTCGTTTGTTGAACTAATGGGTGCTTTAGTTGAAGAATAAAAGACCACATTAAAAAATGTGGTCTTTTGTGTT
TTTTTAAAGGATTTGAGCGTAGCGAAAAATCCTTTTCTTTCTTATCTTGATAATAAGGGTAACTATTGCCGATCGTCCATTCCGACAGCATCGCCAGTCACTATGGC
GTGCTGCTAGCGCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAA
GGCGATTAAGTTGGGTAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGAATTCGAGCTCAGGCCTTAACTCACATTAATTGCGTTGCGCTCA
CTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTT
TCACCAGTGAGACGGGCAACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTTGCCCCAGCAGGCGAAAATCCTGTTTG
ATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTCGGTATCGTCGTATCCCACTACCGAGATATCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCGCGCAT
TGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCATTCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGC
CTTCCCGTTCCGCTATCGGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACAGAACTTAATGGGCCCGCTAACAGCGCG
ATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGCCCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATCAAGAAA
TAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAGCGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCA
CCGCCGTTTTACAGGCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGAGATTTAATCGCCGCGACAATTTGCGACGGC
GCGTGCAGGGCCAGACTGGAGGTGGCAACGCCAATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCGCCATCGCCGC
TTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCGGGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTA
CTGGTTTCATCAAAATCGTCTCCCTCCGTTTGAATATTTGATTGATCGTAACCAGATGAAGCACTCTTTCCACTATCCCTACAGTGTTATGGCTTGAACAATCACGA
AACAATAATTGGTACGTACGATCTTTCAGCCGACTCAAACATCAAATCTTACAAATGTAGTCTTTGAAAGTATTACATATGTAAGATTTAAATGCAACCGTTTTTTC
GGAAGGAAATGATGACCTCGTTTCCACCGGAATTAGCTTGGTACCAGCTATTGTAACATAATCGGTACGGGGGTGAAAAAGCTAACGGAAAAGGGAGCGGAAAAGAA
TGATGTAAGCGTGAAAAATTTTTTATCTTATCACTTGAAATTGGAAGGGAGATTCTTTATTATAAGAATTGTGGAATTGTGAGCGGATAACAATTCCCAATTAAAGG
AGGAAGGGGATAGAGACCGGGCCTTTCTGCGTTTATATACTAGAGAATTTTGTCAAAATAATTTTATTGACAACGTCTTATTAACGTTGATATAATTTAAATTTTAT
TTGACAAAAATGGGCTCGTGTTGTACAATAAATGTTACTAGAGAAAGGTGGTGAATACTAGATGCGTAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTG
TTGAATTAGATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACATACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGA
AAACTACCTGTTCCATGGCCAACACTTGTCACTACTTTCGGTTATGGTGTTCAATGCTTTGCGAGATACCCAGATCATATGAAACAGCATGACTTTTTCAAGAGTGC
CATGCCCGAAGGTTATGTACAGGAAAGAACTATATTTTTCAAAGATGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAAGGTGATACCCTTGTTAATAGAA
TCGAGTTAAAAGGTATTGATTTTAAAGAAGATGGAAACATTCTTGGACACAAATTGGAATACAACTATAACTCACACAATGTATACATCATGGCAGACAAACAAAAG
AATGGAATCAAAGTTAACTTCAAAATTAGACACAACATTGAAGATGGAAGCGTTCAACTAGCAGACCATTATCAACAAAATACTCCAATTGGCGATGGCCCTGTCCT
TTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACGAAAAGAGAGATCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTA
CACATGGCATGGATGAACTATACAAATAATAATACTAGAGCCAGGCATCAAATAAAACGAAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTATCTGTTGTTTGTC
GGTGAACGCTCTCTACTAGAGTCACACTGGCTCACCTTCGGGTGGGCCTTTCTGCGTTTATATACTAGAGATCCGTTTAGGCTGGGCGGTGATAGCTTCTCGTTCAG
GCAGTAGGTCTCAGTTCTAAGACGTCCCCGGGGCAGCCCGCCTAATGAGCGGGCTTTTTTCACGTCACGCGTCCATGGAGATCTTTGTCTGCAACTGAAAAGTTTAT
ACCTTACCTGGAACAAATGGTTGAAACATACGAGGCTAATATCGGCTTATTAGGAATAGTCCCTGTACTAATAAAATCAGGTGGATCAGTTGATCAGTATATTTTGG
ACGAAGCTCGGAAAGAATTTGGAGATGACTTGCTTAATTCCACAATTAAATTAAGGGAAAGAATAAAGCGATTTGATGTTCAAGGAATCACGGAAGAAGATACTCAT
GATAAAGAAGCTCTAAAACTATTCAATAACCTTACAATGGAATTGATCGAAAGGGTGGAAGGTTAATGGTACGAAAATTAGGGGATCTACCTAGAAAGCCACAAGGC
GATAGGTCAAGCTTAAAGAACCCTTACATGGATCTTACAGATTCTGAAAGTAAAGAAACAACAGAGGTTAAACAAACAGAACCAAAAAGAAAAAAAGCATTGTTGAA
AACAATGAAAGTTGATGTTTCAATCCATAATAAGATTAAATCGCTGCACGAAATTCTGGCAGCATCCGAAGGGAATTCATATTACTTAGAGGATACTATTGAGAGAG
CTATTGATAAGATGGTTGAGACATTACCTGAGAGCCAAAAAACTTTTTATGAATATGAATTAAAAAAAAGAACCAACAAAGGCTGAGACAGACTCCAAACGAGTCTG
TTTTTTTAAAAAAAATATTAGGAGCATTGAATATATATTAGAGAATTAAGAAAGACATGGGAATAAAAATATTTTAAATCCAGTAAAAATATGATAAGATTATTTCA
GAATATGAAGAACTCTGTTTGTTTTTGATGAAAAAACAAACAAAAAAAATCCACCTAACGGAATCTCAATTTAACTAACAGCGGCCAAACTGAGAAGTTAAATTTGA
GAAGGGGAAAAGGCGGATTTATACTTGTATTTAACTATCTCCATTTTAACATTTTATTAAACCCCATACAAGTGAAAATCCTCTTTTACACTGTTCCTTTAGGTGAT
CGCGGAGGGACATTATGAGTGAAGTAAACCTAAAAGGAAATACAGATGAATTAGTGTATTATCGACAGCAAACCACTGGAAATAAAATCGCCAGGAAGAGAATCAAA
AAAGGGAAAGAAGAAGTTTATTATGTTGCTGAAACGGAAGAGAAGATATGGACAGAAGAGCAAATAAAAAACTTTTCTTTAGACAAATTTGGTACGCATATACCTTA
CATAGAAGGTCATTATACAATCTTAAATAATTACTTCTTTGATTTTTGGGGCTATTTTTTAGGTGCTGAAGGAATTGCGCTCTATGCTCACCTAACTCGTTATGCAT
ACGGCAGCAAAGACTTTTGCTTTCCTAGTCTACAAACAATCGCTAAAAAAATGGACAAGACTCCTGTTACAGTTAGAGGCTACTTGAAACTGCTTGAAAGGTACGGT
TTTATTTGGAAGGTAAACGTCCGTAATAAAACCAAGGATAACACAGAGGAATCCCCGATTTTTAAGATTAGACGTAAGGTTCCTTTGCTTTCAGAAGAACTTTTAAA
TGGAAACCCTAATATTGAAATTCCAGATGACGAGGAAGCACATGTAAAGAAGGCTTTAAAAAAGGAAAAAGAGGGTCTTCCAAAGGTTTTGAAAAAAGAGCACGATG
AATTTGTTAAAAAAATGATGGATGAGTCAGAAACAATTAATATTCCAGAGGCCTTACAATATGACACAATGTATGAAGATATACTCAGTAAAGGAGAAATTCGAAAA
GAAATCAAAAAACAAATACCTAATCCTACAACATCTTTTGAGAGTATATCAATGACAACTGAAGAGGAAAAAGTCGACAGTACTTTAAAAAGCGAAATGCAAAATCG
TGTCTCTAAGCCTTCTTTTGATACCTGGTTTAAAAACACTAAGATCAAAATTGAAAATAAAAATTGTTTATTACTTGTACCGAGTGAATTTGCATTTGAATGGATTA
AGAAAAGATATTTAGAAACAATTAAAACAGTCCTTGAAGAAGCTGGATATGTTTTCGAAAAAATCGAACTAAGAAAAGTGCAATAAACTGCTGAAGTATTTCAGCAG
TTTTTTTTATTTAGAAATAGTGAAAAAAATATAATCAGGGAGGTATCAATATTTAATGAGTACTGATTTAAATTTATTTAGACTGGAATTAATAATTAACACGTAGA
CTAATTAAAATTTAATGAGGGATAAAGAGGATACAAAAATATTAATTTCAATCCCTATTAAATTTTAACAAGGGGGGGATTAAAATTTAATTAGAGGTTTATCCACA
AGAAAAGACCCTAATAAAATTTTTACTAGGGTTATAACACTGATTAATTTCTTAATGGGGGAGGGATTAAAATTTAATGACAAAGAAAACAATCTTTTAAGAAAAGC
TTTTAAAAGATAATAATAAAAAGAGCTTTGCGATTAAGCAAAACTCTTTACTTTTTCATTGACATTATCAAATTCATCGATTTCAAATTGTTGTTGTATCATAAAGT
TAATTCTGTTTTGCACAACCTTTTCAGGAATATAAAACACATCTGAGGCTTGTTTTATAAACTCAGGGTCGCTAAAGTCAATGTAACGTAGCATATGATATGGTATA
GCTTCCACCCAAGTTAGCCTTTCTGCTTCTTCTGAATGTTTTTCATATACTTCCATGGGTATCTCTAAATGATTTTCCTCATGTAGCAAGGTATGAGCAAAAAGTTT
ATGGAATTGATAGTTCCTCTCTTTTTCTTCAACTTTTT 
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