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ABSTRACT	

The	DNA	damage	response	(DDR)	pathway	is	a	comprehensive	and	indispensable	defensive	

mechanism	present	in	all	eukaryotes.	Plants	have	evolved	unique	strategies	within	the	DDR	to	han-

dle	DNA	stress.	For	instance,	the	plant-specific	NAC	(NAM,	ATAF1/2	and	CUC2)	protein	SUPPRESSOR	

OF	GAMMA	RESPONSE	1	(SOG1)	is	suspected	to	replace	the	mammalian	tumor	suppressor	p53	in	its	

role	 as	 key	orchestrator	of	 the	DDR.	 	 Preliminary	 research	detected	 in	 vivo	 formation	of	 an	 intra-

family	NAC	heterodimer,	i.e.	SOG1-ANAC044.	In	a	first	stage	of	this	research,	biophysical	characteri-

zation	of	ANAC044	illustrates	that,	like	for	SOG1,	contact	with	DNA	is	transient	and	non-specific.	Al-

so,	a	degree	of	disorder	is	present	in	the	conserved	NAC	domain.	In	the	second	stage,	the	NAC	het-

erodimer	is	studied	using	purified	NAC	proteins	for	the	first	time.	Heterodimerization	was	confirmed	

independently	using	direct	in	vitro	pull	down	experiments	and	native	mass	spectrometry.	This	work	

contributes	 to	unravel	 the	 functionality	of	NAC	heterodimerization,	 	 in	particular	 in	 the	context	of	

the	plant	DDR	regulator	SOG1.		

INTRODUCTION	

Plant	genome	integrity	is	continuously	challenged	by	both	endogenous	metabolic	processes	

and	by	the	presence	of	stress	sources	in	the	ever-changing	environment	of	plants.	Their	sessile	life-

style	necessitated	plants	to	develop	defense	mechanisms	that	prevent	accumulation	of	possibly	le-

thal	genetic	defects	due	to	adjacent	genotoxic	sources	(Kim	et	al.,	2019).	The	DNA	damage	response	

(DDR)	pathway	fulfils	this	role	(Nisa	et	al.,	2019).	DDR	comprises	diverse	(post)transcriptional	path-

ways	resulting	in	cell	cycle	arrest,	DNA	repair,	programmed	cell	death	and	endoreduplication	(Hu	et	

al.,	2016).	Note	that	the	latter	process	is	plant-specific.	The	eukaryotic	DDR	machinery	is	composed	

of	DNA	damage	sensors,	signal	transducers,	mediators	and	effectors	(Yoshiyama	et	al.,	2013b),	many	

of	which	are	conserved,	for	example	DNA	damage	signal	transducers	Ataxia	Telangiectasia	Mutated	

(ATM)	and	ATM-	and	RAD3-related	(ATR)	kinases.		

Transcription	factor	p53	is	the	central	signal	transducer	in	the	mammalian	DDR	(Yoshiyama	

et	al.,	2014)	and	has	been	dubbed	 the	 ‘guardian	of	 the	genome’	because	of	 its	paramount	 role	 in	

DDR	 signaling.	 Surprisingly,	 no	 p53	 homologue	 can	 be	 identified	 in	 plant	 genomes.	 Instead,	 the	

plant-specific	 transcription	 factor	SUPPRESSOR	OF	GAMMA	RESPONSE	1	 (SOG1)	 is	proposed	 to	be	

the	functional	orthologue	of	p53	in	plants,	although	lacking	any	sequence	similarities	to	each	other	

(Yoshiyama,	 2015).	 Mutation	 of	 SOG1	 allows	 for	 unhampered	 cell	 cycle	 progression	 under	 DNA	

damaging	conditions	such	as	gamma	radiation	and	Al3+	 stress	 (Preuss	&	Britt,	2003;	Sjorgen	et	al.,	

2015).		
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DNA	stress	and	damage	will	activate	either	ATM	or	ATR.	These	conserved	serine/threonine	

kinases	activate	SOG1	through	phosphorylation	of	conserved	serine/glutamine	(SQ)	motifs.	The	im-

portance	of	SOG1	in	the	DDR	pathway	is	emphasized	by	recent	studies	that	identified	the	wide	array	

of	DDR	genes	under	(in)direct	transcriptional	control	of	SOG1	(Yoshiyama	et	al.,	2013;	Horvath	et	al.,	

2017;	Bourbousse	et	al.,	2018;	Ogita	et	al.,2018).	Activation	of	SOG1	will	lead	to	expression	of	gen-

eral	stress	genes,	followed	by	induction	of	DNA	metabolism	genes	(including	DNA	repair)	and	lastly	

suppression	of	cell-cycle-associated	genes	(Bourbousse	et	al.	2018).	

SOG1	 (ANAC008)	 is	 a	member	 of	 the	 large	 plant-specific	 NAC	 (NAM,	 ATAF1/2	 and	 CUC2)	

family	of	transcription	factors	that	regulate	diverse	processes	like	developmental	programs	(embry-

onic,	 floral	and	vegetative),	defense	and	stress	responses.	Turn	to	Mathew	&	Agarwal	 (2018)	for	a	

comprehensive	overview	of	the	various	NAC	proteins	described	 in	 literature.	Members	of	 the	NAC	

protein	family	are	recognized	by	a	well-characterized	N-terminal	NAC	domain	and	a	sparsely	studied	

disordered	 C-terminal	 domain	 (CTD)	 (Welner	 et	 al.,	 2016).	 Nevertheless,	 NAC	 proteins	 can	 differ	

substantially	from	this	canonical	organization.	 Indeed,	many	NAC	representatives	 lack	a	N-terminal	

extension	or	C-terminal	SQ	motifs	like	SOG1.	The	conserved	NAC	domain	encompasses	a	conserved	

DNA-binding	 and	 dimerization	 region,	while	 the	 CTD	 functions	 in	 transcriptional	 regulation	 of	 the	

NAC	target	genes	(Jensen	&	Skriver,	2014).	DNA	binding	occurs	at	specific	NAC	binding	sites	in	pro-

moter	 regions	 of	 target	 genes.	 These	 are	 defined	 by	 a	 general	 NAC	 consensus	 sequence	

(TT)XCGT(GA)	 (Welner	et	 al.,	 2012),	 however	 SOG1	 solely	binds	 a	 separate	palindromic	 consensus	

motif	[CTT(N)7AAG]	(Jensen	&	Skriver,	2014;	Ogita	et	al.	2018).	In	contrast	to	the	CTD,	the	NAC	do-

main	has	been	extensively	studied	and	ANAC019	crystal	 structures	have	been	obtained,	 in	 its	 free	

and	DNA-bound	state	(Ernst	et	al.,	2004).		

The	NAC	homodimer	forms	the	functional	unit	of	NAC	transcription	factors	(Xie	et	al.,	2000;	

Ernst	 et	 al.	 2004;	 Olsen	 et	 al.	 2004;	 Olsen	 et	 al.	 2005;	 Jeong	 et	 al.	 2009).	 NAC	 proteins	 are	 also	

known	 to	heterodimerize,	both	with	other	NACs	as	well	 as	unrelated	proteins.	Yet,	 little	 is	 known	

about	this	aspect	of	NAC	TF	function	that	likely	adds	an	additional	level	to	NAC-mediated	gene	regu-

lation	 (Mitsuda	et	al.,	2005;	Yamaguchi	et	al.,	2008;	Gladman	et	al.,	2016).	For	 instance,	 the	RING	

protein	 RH2a	 is	 a	 physiological	 regulator	 of	 the	 abscisic	 acid-responsive	NAC	 (ANAC)	 transcription	

factor	(Greve	et	al.,	2003).	SOG1	is	predicted	to	form	heterodimers	with	NAC	transcription	factors	in	

order	to	regulate	transcription	of	genes	that	do	not	contain	the	SOG1	consensus	box	 (Ogita	et	al.,	

2018).	
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In	the	context	of	an	ongoing	collaborative	research	between	our	 lab	and	Ghent	University,	

tandem	affinity	purification	experiments	coupled	to	mass	spectrometry	(TAP-MS)	discovered	a	direct	

interaction	 between	 Arabidopsis	 thaliana	 NAC	 transcription	 factors	 SOG1	 and	 ANAC044	 (L.	 De	

Veylder,	unpublished	data).		

ANAC044	 is	both	a	close	relative	and	target	gene	of	SOG1	(Ogita	et	al.,	2018	and	see	Sup-

plementary	Fig.	S1).	DNA	damage	and	adversely	high	temperatures	increase	ANAC044	transcription	

through	SOG1	(Takahashi	et	al.,	2018).	SOG1-mediated	arrest	of	the	cell	cycle	results	from	increased	

expression	of	CDK	inhibitors	on	the	one	hand	and	stabilization	of	repressive	MYB	transcription	fac-

tors	 (Rep-MYB)	on	 the	other	hand	 (Nisa	et	al.	 2019).	Rep-MYBs	bind	promoter	 regions	of	 thereby	

preventing	their	induction.	ANAC044,	in	concert	with	ANAC085,	prevents	active	degradation	of	Rep-

MYB,	thereby	preventing	induction	of	specific	G2/M	genes	and	consequential	cell	division	(Takahashi	

et	al.,	2018).		

Here	we	 over-express	 and	 purify	 a	 recombinant	 protein	 ANAC044DBD,	 characterize	 its	 bio-

physical	properties	and	we	show	that	ANAC044	and	SOG1	form	heterodimers	in	vitro.	

RESULTS	&	DISCUSSION	

Alignment	of	the	ANAC044	protein	sequence	identifies	the	conserved	NAC	domain.	

Sequence	 alignment	 of	 three	 full-length	 NAC	 proteins,	 namely	 ANAC044	 (AT3G01600),	

ANAC019	 (AT1G52890)	 and	 ANAC008	 (SOG1;	 AT1G25580)	 	 highlights	 conservation	 of	 residues	 in-

herent	to	the	NAC	domain	(see	Supplementary	Fig.	S2).	Outside	this	domain,	the	N-	and	C-terminal	

regions	 are	highly	 variable	 and	 show	 little	 conservation.	 Strikingly,	 the	ANAC044	 and	ANAC019	C-

terminal	region	responsible	for	transcriptional	regulation	is	shorter	than	that	of	SOG1	and	lacks	the	

characteristic	SQ	phosphorylation	motifs.	Therefore	the	role	of	ANAC044	and	ANAC019	in	the	DNA	

damage	response	is	likely	distinct	from	that	of	SOG1	(Takahashi	et	al.	2018).	

Cloning	and	expression	of	recombinant	ANAC044.		

Gateway	cloning	using	 the	pDONR™221	entry	vector	and	 the	pDest™17	destination	vector	

allowed	the	construction	of	an	ANAC044DBD	expression	plasmid.	Besides	the	obvious	ANAC044	NAC	

domain,	the	open	reading	frame	also	encompasses	an	N-terminal	poly-Histidine	tag	(6x	His)	and	an	

C-terminal	 Strep®-tag	 (WSHPQFEK)	 (Fig.	 1a).	 Transformation	 of	 the	 pDest™17	 expression	 plasmid	

into	E.	coli	Rosetta	Gami	cells	enables	IPTG-inducible	heterologous	expression	of	ANAC044DBD.		
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Recombinant	protein	was	purified	from	bacterial	pellets	using	a	diptych	approach	compris-

ing	an	initial	immobilized	metal	ion	affinity	chromatography	(IMAC)	step	and	subsequent	size	exclu-

sion	chromatography	(SEC).	E.	coli	 	cell	 lysate	 	 is	 loaded	onto	a	HisTrapTM	Ni-Sepharose	HP	column	

(GE	Healthcare).	Then,	an	imidazole	step	gradient	is	applied,	resulting	in	the	detection	of	five	distinct	

elution	peaks,	as	can	be	seen	in	the	chromatogram	in	Fig.	1b.	ANAC044DBD	elutes	in	500	mM	imidaz-

ole,	 hence	 relevant	 fractions	 were	 pooled,	 concentrated	 and	 injected	 into	 a	 Hiload	 Superdex	 75	

16/60	column	 (GE	Healthcare).	The	gel	 filtration	elution	profile	displays	a	 single	peak.	Subsequent	

SDS-PAGE	analysis	of	eluent	fractions	making	up	that	peak	shows	protein	bands	slightly	smaller	than	

25.0	kDa	(Fig.	1c),	thereby	confirming	the	presence	of	pure	ANAC044DBD	(23.7	kDa).	Additional	bands	

are	 observed	 around	 the	 55.0	 kDa	mark	 and	 right	 below	 the	ANAC044DBD	 bands.	 The	 first	 are	 as-

sumed	to	be	ANAC044DBD	oligomers.	The	latter	were	identified	as	a	reduced	and	a	non-reduced	form	

of	ANAC044DBD	(data	not	shown).	In	conclusion,	abovementioned	two-step	protocol	allows	obtaining	

pure	ANAC044DBD	protein	with	an	average	yield	of	2.5	mg	protein	per	litre	of	bacterial	cell	culture.	

Expression	of	an	the	full-length	ANAC044	protein	expression	plasmid	was	unsuccessful,	de-

spite	attempting	both	Gibson	and	Gateway	cloning	methods.	A	Genscript	expression	vector	(pFast-

Bac1)	 containing	 the	 full-length	 ANAC044	 coding	 sequence	 fused	 to	 a	 C-terminal	 10x	His	 tag	was	

used	to	obtain	a	recombinant	baculovirus	that	functions	as	an	expression	vector	 in	cultured	 insect	

cells.	Nonetheless,	time	constraints	precluded	this	part	of	the	thesis	to	be	finalized.	

	
	

	

	 	
	
Figure	 1:	 Construction	 and	 acquiring	 of	 pure	 ANAC044DBD	 protein.	 (a)	 Schematic	 representation	 of	 the	 re-
combinant	 ANAC044DBD	 construct	 employed	 in	 experimental	 characterization	 of	 the	 ANAC044	 DNA	 binding	
NAC	domain.	(b,c)	Diptych	ANAC044DBD	purification	process	including	IMAC	(b)	and	SEC	(c).		Fractions	eluted	at	
500	mM	imidazole	(orange)	making	up	the	fifth	peak	 in	the	 IMAC	chromatogram	(blue)	served	as	SEC	 input.	
Fractions	eluted	in	the	SEC	peak	(el),	along	with	flow-through	(FT)	and	wash	(W)	samples	were	analysed	in	an	
SDS-PAGE	(6%).	ANAC044DBD	is	indicated	by	a	blue	arrow.	

(a)	

(b)	 (c)	
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Biophysical	analysis	of	ANAC044DBD	

Oligomeric	state	of	ANAC044DBD	was	determined	in	two	distinct	experimental	set-ups.	Ana-

lytical	 gel	 filtration	 allowed	 to	 estimate	 the	molecular	weight	 (MW)	 of	 ANAC044DBD	 in	 solution	 at		

19.71	kDa	(Fig.	2b).	Thus	ANAC044DBD	seems	to	elute	as	a	monomer	from	the	gel	filtration	column.		

Native	mass	 spectrometry	 on	 the	 other	 hand,	 shows	 that	 ANAC044DBD	 exhibits	 a	monomer-dimer	

equilibrium	in	solution	(Fig.	2a).	The	fact	that	no	dimer	species	was	identified	in	analytical	gel	filtra-

tion	 might	 be	 due	 to	 ANAC044DBD	 interacting	 with	 the	 column	 resin,	 the	 protein	 having	 a	 non-

globular	 shape	or	due	 to	a	concentration	effect.	As	a	 result	 the	MW	calculated	 from	SEC	may	not	

represent	the	actual	MW	of	the	species	eluting	from	the	column.		

	

The	 shape	of	ANAC044DBD	was	 further	analyzed.	Dynamic	Light	Scattering	 (DLS)	data	 show	

the	protein’s	hydrodynamic	radius	(RH)	to	be	2.8	nm	(data	not	shown).	No	radius	of	gyration	(RG)	is	

known	for	ANAC044DBD	but	it	can	be	approximated	by	the	RG	of	SOG1DBD,	which	was	obtained	from	

Small	Angle	X-ray	Scattering	(SAXS)	experiments	(M.	Demulder,	unpublished	data).	Indeed,	the	two	

proteins	have	a	similar	molecular	weight	(SOG1DBD:	20.2	kDa	and	ANAC044DBD:	23.7	kDa)	and	elute	at	

the	exact	same	column	volume	on	analytical	gel	filtration	(data	not	shown).	Comparison	of	the	RG	of	

SOG1DBD	 (3.3	 nm)	 and	 the	 hydrodynamic	 radius	 (RH)	 of	 ANAC044DBD	 (2.8	 nm)	 indicates	 that	

ANAC044DBD	is	not	globular	as	the	RH	/	RG	ratio	(1.17)	exceeds	the	ratio	characteristic	for	globular	pro-

teins,	i.e.	0.775	(Moller	et	al.,	1990).	

	
	

Figure	2:	ANAC044DBD	size	and	shape	approximations.	(a)		Native	mass	spectrometry	of	ANAC044DBD	(bleu	
circle).	The	estimated	molecular	weight	and	the	corresponding	peaks	are	indicated	with	letters.	All	spectra	
were	recorded	in	300	mM	ammonium	acetate	(pH	6.8)	and	with	a	total	protein	concentration	of	10	μM	pro-
tein.		

(a)	
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Figure	 2	 (continued):	 ANAC044DBD	 size	 and	 shape	 approximations.	 (b)	 ANAC044DBD	 elution	 profile	 during	
analytical	gel	filtration.	Elution	volumes	of	the	molecular	weight	calibration	proteins	(black	marks)	ovalbumin	
(44	kDa),	myoglobin	(17	kDa)	and	vitamin	B12	(1.4	kDa)	were	used	to	calculate	a	regressive	calibration	curve.	
Inserting	the	12.8	ml	elution	volume	of	ANAC044DBD		(orange	orange)	allows	calculation	of	MW	19.71	kDa.			

	

Phyre2	 and	 protein-protein	 BLAST	 searches	 identified	 three	 major	 NAC	 family	 members	

best-suited	for	the	prediction	of	the	ANAC044	NAC	domain	secondary	structure:	the	conserved	NAC	

domains	of	 the	Oryza	 sativa	 stress-responsive	 SNAC1	protein	 (Chen	et	 al.,	 2011;	PDB	 code	3ULX),	

Arabidopsis	 thaliana	 abscisic-acid-responsive	 NAC	 (ANAC)	 protein	 (Ernst	 et	 al.,	 2004;	 PDB	 codes	

1UT4	and	1UT7)	and	A.	thaliana	ANAC019	(Welner	et	al.,	2012;	PDB	code	4DUL).	The	structures	of	

these	three	proteins	have	been	determined	by	X-ray	crystallography	to	2.6	Å,	1.9	Å	and	3.1	Å	resolu-

tion,	respectively	and	belong	to	the	NAC	domain	superfamily.	Consequently,	the	ANAC044DBD	is	pre-

dicted	to	comprise	a	similar	protein	 fold	encompassing	a	core	consisting	of	a	twisted	β-sheet	 (half	

barrel)	bordered	by	helical	structures	(Fig.	3).		

	
		
	
Figure	 3:	 ANAC019	NAC	 domain	 secondary	 structure.	 (a)	 The	 ANAC019	NAC	 domain	 amino	 acid	 sequence	
(PDB	code	4DUL)	 is	 superposed	on	 its	DSSP-assigned	secondary	structure.	No	particular	 secondary	structure	
was	assigned	to	residues	represented	by	a	solid	black	line.	A	green	straight	or	arched	line	portrays	a	bend	or	
turn,	respectively.	A	yellow	arrow	equates	a	β-strand,	while	the	ochre	triangle	designates	a	β-bridge.	Pink	and	
red	waves	portray	3/10-helices		and	α-helices.	(b)	ANAC019	homodimeric	structure	derived	resulting	from	pro-
tein	crystals	(PDB	code	4DUL).	One	of	the	polypeptide	chains	is	darkened,	while	the	colours	in	the	second	pol-
ypeptide	chains	correspond	to	those	of	figure	5a.				

	

	

(a)	 (b)	

(b)	
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Crystallization	conditions	for	the	purified	ANAC044DBD	were	screened	using	the	hanging	drop	

method.	No	NAC	domain	crystal	was	obtained	 so	 far	 (see	Supplementary	Table	S1).	This	might	be	

due	 to	 the	high	propensity	 of	 disorder	 and	 the	presence	of	 a	 non-cleavable	His-tag.	 CD	 spectrum	

analysis	of	ANAC044DBD	was	 limited	to	a	wavelength	of	200	nm,	herewith	excluding	any	additional	

significant	trends	at	lower	wavelengths.	For	instance	positive	minima	(191-193	nm)	indicative	of	α-

helices	and	the	positive	maximum	(190-200	nm)		characteristic	for	β-sheets	cannot	be	detected.	The	

CD	spectrum	was	recorded	in	sodium	phosphate	buffer.		A	single	minimum	around	204	nm	indicates	

a	large	degree	of	intrinsic	disorder,	although	the	shoulder	in	this	broad	minimum	(±	220	nm)	insinu-

ates	the	presence	of	folded	secondary	structure	as	well	(Fig.	4a).	Analysis	of	the	CD	data	predicts	the	

secondary	structure	content	 to	be	composed	of	 turns,	antiparallel	β-sheets	and	α-helices	 for	13.3,	

35.6%	and	5.4%	 respectively.	Other	 secondary	 structure	 components	make	up	45.7%	 	of	 the	 con-

tent.	 Pondr	 and	 Iupred	 computational	 predictions	 confirm	 the	presence	of	 intrinsically	 disordered	

regions	(IDRs)	within	the	ANAC044DBD	(Fig.	4b).	This	degree	of	disorder	might	explain	the	 large	dif-

ferences	in	percent	identity	(Edgar,	2004)	between	the	NAC	domains	of	ANAC044	with	ANAC019	and	

SOG1,	that	is	29.29%	and	64.94%	respectively.		

							 	
	
Figure	 4:	 CD	 spectra	 and	 computational	 predictive	 tools	 illustrate	 the	 presence	 of	 intrinsically	 disordered	
regions	in	ANAC044DBD.	 	(a)	Analysing	the	CD	output	with	the	BesStSel	 	(Micsonai	et	al.,	2015)	results	in	two	
types	of	data:	experimental	data	 (solid	blue	curve)	and	 fitted	data	 (dashed	black	curve).	 (b)	Both	 the	Pondr	
(blue)	and	Iupred	(orange)	tools	assign	a	disorder	score	exceeding	0.5	to	residues	that	are	likely	to	be	located	
in	intrinsically	disordered	region	(IDR)	within	the	NAC	domain.		

	

ANAC044DBD	binds	DNA	non-specifically	in	dimeric	form.		

As	 stated	before,	 the	 functional	 form	of	NAC	proteins	 is	 a	dimer	 (Olsen	et	al.,	 2004).	NAC	

proteins	have	been	shown	to	form	both	homo-	and	heterodimers	but	the	functional	role	of	the	lat-

ter	and	whether	they	regulate	a	distinct	subset	of	genes	is	yet	unknown	(Jeong	et	al.,	2009).	Native	

mass	spectrometry	experiments	with	ANAC044DBD	in	solution	show	the	presence	of	both	monomeric	

(a)	 (b)	
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(MW:	 23.7	 kDa)	 and	 homodimeric	 species	 (MW:	 47.5	 kDa)	 as	 illustrated	 by	 Fig.	 3a.	 However,	 no	

complementary	crystallographic	data	is	available	for	ANAC044	or	its	interaction	with	DNA.	

For	ANAC019,	the	conserved	DNA	recognition	motif	[WKATG(T)DK]		on	the	loop	connecting	

β-strands	 4	 and	 5	 protrudes	 from	 the	 dimer	 surface	 and	 interacts	with	 the	major	 groove	 of	 DNA	

(Ernst	et	al.,	2004).	It	 is	not	yet	known	whether	other	NAC	proteins	bind	DNA	similarly.	However	it	

has	been	reported	 that	different	NAC	proteins	show	preferences	 for	distinct	DNA	consensus	sites.	

The	most	canonical	NAC	binding	site	is	CGT[GA].	This	motif	was	detected	in	promoter	regions	of	tar-

get	 genes	 bound	 by	 ANAC019,	 ANAC092,	 NAC2/OREI,	 ATF1,	 VND3,	 VND7,	 NTL6,	 NTL8	 and	 VOZ2	

(Tran	et	al.,	2004;	Olsen	et	al.,	2005;	Xue	et	al.,	2006;	Jensen	et	al.,	2010).	 	Other	reoccurring	con-

sensus	 NAC	 binding	 sites	 are	 CGTG	 (Tran	 et	 al.,	 2004),	 (TT)XCGT(GA)	 (Olsen	 et	 al.,	 2005)	 and	

TT(ACG)CTT	 (Lindemose	et	 al.,	 2014).	 SOG1	 is	 an	exception	and	binds	only	 to	 the	particular	 SOG1	

consensus	box	CTT(N)8AAG	(Ogita	et	al.,	2018).		

Non-	and	radio-active	electromobility	shift	assays	(EMSA)	were	performed	to	study	the	se-

quence-specific	DNA	binding	of	ANAC044DBD.	DNA	fragments	under	investigation	include	PCR	ampli-

fied	Arabidopsis	thaliana	gDNA	sequences	and	annealed	oligonucleotides	that	contain	one	or	multi-

ple	of	the	aforementioned	consensus	NAC	binding	sites.	As	negative	control,	DNA	probe	DNA	probes	

with	 a	 random	sequences	 (no	 consensus)	 or	 incomplete	 consensus	 sequences	were	used.	 Supple-

mentary	Table	S2	gives	an	overview	of	all	tested	fragments.	Remarkably,	EMSA	results	infer	a	mobili-

ty	shift	of	the	DNA-protein	complex	for	all	tested	fragments,	regardless	of	the	presence	of	a	consen-

sus	sequences	(Fig.	5a)	Non-specific	binding	of	ANAC044DBD	was	confirmed	by	Protein	Induced	Fluo-

rescence	Enhancement	(PIFE)	experiments.	Here	protein	binding	to	either	an	immobilized	consensus	

sequence	 (mCy3-Rad51)	 or	 a	 random	 sequence	 (mCy3-Random)	 is	 detected	 in	 fluorescent	meas-

urements	at	wavelength	580	nm.	Similar	binding	efficiencies	were	observed	for	ANAC044DBD	binding	

on	either	DNA	fragment	(Fig.	5b).		

The	next	step	in	elucidating	the	ANAC004DBD	DNA	binding	specificity	is	localizing	the	protein-

binding	site	within	the	large	DNA	fragments.	A	first	attempt	was	made	using	in	gel	DNAseI	footprint-

ing,	yet	no	protected	regions	were	detected	on	the	film.	It	was	hypothesized	that	ANAC044DBD	might	

only	transiently	bind	the	DNA	and	therefore	only	a	fraction	of	the	analysed	sample	would	be	bound	

to	DNA.	With	this	in	mind,	a	chemical	in	gel	footprinting	assay	was	performed	in	a	second	attempt.	

Here	an	initial	radioactive	EMSA	showed	two	individual	shifts,	that	were	isolated	and	analysed	using	

1,10-phenatroline-copper	[(OP)2Cu].	Again,	no	clear	protection	zone	was	detected	(see	Supplemen-

tary	Fig.	S3).	Note	that	discrepancies	in	fragment	intensity	as	seen	on	the	denaturing	footprinting	gel	



9 
 

insinuates	an	overall	higher	resistance	towards	fragmentation.		This	indicates	that	the	DNA	might	be		

uniformly	covered	with	ANAC044DBD	and	thus	that	no	clear	protection	zone	can	be	detected.			

ANAC044DBD	 is	 not	 the	 first	NAC	protein	 reported	 to	 bind	DNA	non-specifically.	 SOG1	was	

shown	 to	be	a	non-specific	DNA-binding	protein	as	well	 (M.	Demulder,	unpublished	data).	On	 the	

one	hand,	this	offers	a	possible	explanation	why	merely	half	of	the	SOG1	target	gene	promoters	en-

compass		the	SOG1	consensus	box	(Ogita	et	al.,	2018).	On	the	other	hand,	before	mentioned	publi-

cation	based	 their	 conclusion	on	 in	 vivo	 experiments	while	 the	 current	work	 involves	only	 in	 vitro	

experiments.	 Perhaps	 post-translational	 modifications	 or	 the	 presence	 of	 (yet)	 unknown	 binding	

partners	alters	the	specificity	of	the	transcription	factor	 in	vivo.	 	Alternatively,	NAC	protein	regions	

outside	the	conserved	NAC	domain	might	also	assist	in	DNA	binding.		

As	ANAC044	and	SOG1	are	hypothesized	to	form	heterodimers,		the	next	experiment	inves-

tigates	their	DNA	binding	pattern	in	presence	of	each	other.	The	ANAC044DBD	Strep®-tag	was	cleaved	

off	beforehand	 thus	 resulting	 in	a	new	ANAC044	variant,	namely	ANAC044DBD-strep	 (length:	196	AA,	

MW:	22.5	kDa,	pI:	9.04).	TEV	protease	and	ANAC044DBD-strep	were	subsequently	separated	by	gel	fil-

tration	using	the	HiLoad	Superdex	75	16/60	column	(GE	Healthcare).	Protein	purity,	as	well	as	proper	

removal	of	the	Strep®-tag	was	assessed	by	SDS-PAGE	and	WB	analysis	(data	not	shown).		EMSA	ex-

periments	show	a	clear	shift	between	the	free	(SMR5	MB	cons1)	and	bound	DNA	fragment	(SMR5	

MB	cons1).		Western	blotting	identifies	both	protein	species	to	be	present	in	the	retained	complex	

(Fig.	5c).	Thereby	we	can	conclude	that	SOG1DBD	and	ANAC044DBD	can	bind	the	same	sequences	 in	

presence	of	each	other.	However,	note	that	no	conclusion	can	be	made	about	the	oligomerization	

status	of	the	protein	on	the	DNA	(hetero/homo-dimers).		

	

Figure	 5:	 NAC	 domains	 bind	 the	 target	 DNA	 non-specifically	 in	 homodimeric	 form.	 (a)	 EMSA	 experiments	
show	mobility	shifts	irrespective	of	the	presence	of	consensus	boxes	in	the	DNA	probe.	Reaction	mixtures	con-
tained	respectively	0,	1	or	3	µM	ANAC044DBD.	

(a)	
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Figure	5	(continued):	NAC	domains	bind	the	target	DNA	non-specifically	in	homodimeric	form.	(b)	Two	series	
of	identical	PIFE	experimental	set-up	(organge	and	blue	set	of	bars)	were	performed.	The	results	show	no	sub-
stantial	differences	in	fluorescent	signal	between	the	both	Cy3-labelled	DNA	fragments,	thus	ANAC044DBD	con-
firming	non-specific	DNA-binding.	(c)	DNA	probe	SMR5	MB	cons1	contains	both	NAC	and	SOG1-specific	bind-
ing	sites.		Equimolar	amounts	(0,	1,	2	or	3	µM)	of	both	SOG1	(orange)	and	ANAC044DBD-strep	(blue)	were	added	
to	the	EMSA	reaction	volume	EMSA.	Western	blotting	shows	that	both	proteins	bind	the	DNA	in	presence	of	
each	other.	
	

Confirmation	of	ANAC044-SOG	heterodimerization.		

As	mentioned	 in	 the	 introduction,	a	SOG1-ANAC044	complex	was	 identified	 in	TAP	experi-

ments	 (L.	 De	 Veylder,	 unpublished	 data).	 In	 order	 to	 confirm	 the	 preliminary	 discovered	 hetero-

dimerization,	 in	 vitro	His-trap	pull	 down	experiments	were	performed	using	heterologous	purified	

ANAC044DBD	and	SOG1.	First,	SOG1	was	loaded	on	a	pre-equilibrated	His	Trap	™	(HP)		column.	Then	

non-bound	compounds	were	washed	away.	Next,	an	equimolar	amount	of	ANAC044DBD	was	loaded	

onto	 the	 same	 column	 to	 allow	 complex	 formation	 between	 both	 NAC	 domains.	 After	 a	 second	

(b)	

(c)	
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washing	step,	column-bound	compounds	were	eluted	in	an	Tris	buffer	containing	1M	imidazole	(no	

elution	 	 gradient).	 Proteins	 present	 in	 the	 collected	 fractions	 were	 separated	 on	 a	 SDS-PAGE	 gel	

(12%)	and	were	identified	through	using	His-specific	antibodies	in	an	Western	Blot.	Samples	collect-

ed	 during	 the	 flow-through	 and	washing	 steps	 did	 not	 contain	 SOG1,	 thereby	 suggesting	 the	 for-

mation	of	a	stable	SOG1-ANAC044DBD	complex	bound	to	the	column.	Note	that	a	similar	set-up	was	

used	for	Strep®-tag	pull	down	experiments	using	SOG1DBD	and	ANAC044DBD	proteins,	but	low	affinity	

between	 the	 single-Strep®-tag	 of	 ANAC044DBD	 and	 the	 resin	 caused	 the	 heterologous	 complex	 to	

wash	out	prematurely.		In	addition,	heterodimerization	was	confirmed	independently	through	native	

MS	 (Fig.6c).	 Note	 that,	 in	 contrast	 to	 previous	 experiment	 SOG1DBD	 was	 used	 instead	 of	 the	 full-

length	SOG1	protein.		A	relatively	small	population	of	SOG1DBD	and	ANAC044DBD	was	observed	when	

mixing	in	a	ratio	of	3:1.	Adding	an	excess	of	one	of	both	NAC	domains	might	be	required	to	shift	the	

homodimer	equilibrium	towards	heterodimerization.		

	

	
	
	

	
	

	
Figure	6:	Formation	of	 the	SOG1-ANAC044	complex.	 (a)	Schematic	 representation	of	 the	NAC	proteins	 that	
were	used	to	confirm	ANAC044-SOG1	heterodimerization	 in	vitro.	(b)	 In	vitro	His-trap	pull	down	experiment.	
Equimolar	amounts	of	 	 	 SOG1	 (orange	marks)	and	ANAC044DBD	 (blue	marks)	were	 loaded	onto	a	His	Trap	™	
(HP)		column	and	later	eluted	as	an	heterocomplex.	Eluted	fractions	were	tested	for	the	presence	of	single	and	
complexed	NAC	proteins	during	a	Anti-Strep®	WB	analysis.			

(a)	

(b)	
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Figure	 6	 (continued):	 Formation	 of	 the	 SOG1-ANAC044	 complex.	 (c) Native	 mass	 spectrometry	 of	
ANAC044DBD	 (bleu	 circle)	 in	 presence	 of	 SOG1DBD	 (orange	 circle)	 (MS	 and	 MSMS	 spectra).	 The	 estimated	
molecular	weight	and	the	corresponding	peaks	are	indicated	with	letters.	All	spectra	were	recorded	in	300	mM	
Ammonium	Acetate	pH	6.8	and	with	a	total	protein	concentration	of	10	μM.		

CONCLUSION	

Preliminary	in	vivo	protein	affinity	purification	experiments	in	Arabidopsis	thaliana	seedlings	

uncovered	a	new	intra-family	 interaction	between	NAC	transcription	factors,	SOG1	(ANAC008)	and	

ANAC044.	 	The	first	binding	partner,	SOG1	plays	a	key	role	 in	plant	stress	response	regulation	and	

has	been	a	topic	topic	of	research	within	this	research	group	for	several	years.	In	contrast,	ANAC044		

is	 less	 studied,	 especially	 in	 the	 field	 of	 structural	 biology.	Hence,	 the	 first	 stage	of	 this	 discussed	

ANAC044DBD	expression	and	purification	in	light	of	forthcoming	protein	characterization.	In	a	second	

stage,	formation	of	the	SOG1-ANAC044	heterodimer	was	validated	in	vitro.	

Sequence	alignment	and	online	 structure	prediction	 tools	allowed	us	 to	 conclude	 that	 the	

ANAC044	NAC	domain	comprises	the	conserved	NAC	fold.	This	domain	was	cloned	for	subsequent	

heterologuous	expression	in	E.	coli.	Pure	protein	was	successfully	obtained	for	in	vitro	characteriza-

tion.	Dynamic	Light	Scattering	(DLS)	and	Circular	Dichroism	(CD)	experiments	showed	that	intrinsical-

(c)	
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ly	disordered	regions	are	present	in	the	NAC	domain	of	ANAC044.	ANAC044DBD	elutes	as	a	monomer-

ic	 species	 in	 analytical	 gel	 filtration,	 while	 native	mass	 spectrometry	 (MS)	 detected	 an	 additional	

homodimeric	form	of	ANAC044DBD.	The	latter	state	is	the	functional	form	of	NAC	proteins.	Combing	

complementary	 techniques	 such	 as	 radio-active	 and	 non-radio-active	 electromobility	 shift	 assays	

(EMSA),	 Protein	 Induced	 Fluorescence	 Enhancement	 (PIFE)	 experiments	 and	 chemical	 footprinting	

allowed	us	to	gain	insight	into	the	transient	and	non-specific	DNA	binding	mechanism	of	ANAC044.	

Transient	and	non-specific	DNA	binding		the	question	how	binding	specificity	is	achieved	in	vivo.	One	

possibility	proposes	a	role	for	the	C	terminal	NAC	domain	in	contacting	the	DNA.	Alternatively,	DNA	

specificity	 might	 be	 dependent	 on	 specific	 post	 translational	 modifications	 (PTM),	 including	 the	

presence	of	protein	partners.	

The	second	stage	of	this	research	confirmed	SOG1-ANAC044	heterodimerization.	Moreover,	

for	 the	 first	 time	a	NAC	heterodimer	was	directly	 in	 vitro	 detected	using	 isolated	protein	by	mass	

spectrometry	and	protein	pull	down	experiments.	So	far,	the	existence	NAC	heterodimers	had	only	

been	confirmed	by	Yeast-Two-Hybrid	and	 in	vivo	TAP	experiments.	 In	addition,	EMSA	experiments	

assessed	DNA	binding	 in	 the	presence	of	both	protein	proteins,	 though	their	oligomerization	state	

remains	to	be	elucidated	here.		

Overall,	 this	 thesis	 research	 is	 first	 to	 characterize	 the	ANAC044	NAC	domain	 structurally	 and	

confirm	 SOG1	 	 heterodimerization.	 	 Aforementioned	 conclusions	 offer	 perspectives	 for	 future	 re-

search	as	they	prompt	several	questions,	especially	 	regarding	NAC	heterodimerisation.	 	 Is	DNA	af-

finity	of	the	full-length	ANAC044	distinct	from	that	of	ANAC044DBD?		Does	homo-	or	heterodimeriza-

tion	 alter	 target	 specificity?	 If	 bound	 in	heterodimeric	 form,	what	partner	binds	where?	And	how	

does	the	heterodimer	interface	look	like?	Do	post	translational	modifications	play	a	role	in	hetero-

dimer	functioning?	And	what	role	plays	the	ANAC044-SOG1	heterodimer	in	the	context	of	the	SOG1	

DNA	damage	response?	 	Moreover	 insights	 into	NAC	heterodimerization,	may	provide	new	oppor-

tunities	for	plant	stress	management	and	potential	for	crop	engineering	in	the	long	run	in	the	con-

text	of	DNA	stress	in	agriculture.		
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METHODS	

Consult	the	Supplementary	Methods	and	Materials	in	regards	to	bacterial	growth	conditions,	anti-

bodies,	primer	sequences,	experimental	kits,	DNA	probe	sequences	and	gel	compositions.			

	

Bioinformatics.	Protein	 and	DNA	 sequences	were	 retrieved	 from	 the	National	 Center	 for	 Biotech-

nology	 Information	 (NCBI):	 	 Arabidopsis	 thaliana	 ANAC044	 (NP_001319443.1),	 ANAC019	

(EFH70668.1)	and	SOG1	(OAP18333.1).	Primary	sequence	analysis	was	performed	using	the	software	

package	ProtParam,	available	on	the	Expert	Protein	Analysis	System	(ExPASy)	server	(Gasteiger	et	al.,	

2005).	 Secondary	 structure	 predictions	 were	 generated	 with	 Phyre	 (Kelley	 et	 al.,	 2015).	 PONDR®	

employing	the	VL-XT	algorithm	(http://www.pondr.com/)	and	 Iupred2A	(Meszaros	et	al.,	2018)	as-

sessed	 disorder	 propensities.	 Multiple	 alignment	 and	 phylogenetic	 analysis	 was	 generated	 using,	

respectively,	 	Clustal	by	Muscle	version	3.8	 (Edgar,	2004)	and	the	Molecular	Evolutionary	Genetics	

Analysis	(MEGA)	software	version	7	(Kumar	et	al.,	2016).		

Cloning	 -	 Construction	 recombinant	 ANAC044	 protein.	 Gateway	 Gene®	 cloning	 (Invitrogen)	 was	

used	 to	 obtain	 ANAC044DBD	 constructs	 for	 expression.	 The	 coding	 sequence	 of	 the	 ANAC044	NAC	

domain	 	 was	 amplified	 from	 a	 synthetic	 Strep®-tagged	 template	 of	 the	 ANAC044	 full-length	 CDS	

(DNAsyn,	 VIB)	with	 primers	 containing	 attB	 attachment	 site	 extensions.	 E.coli	 	 DH5α	 ANAC044DBD	

entry-	 and	expression	 clones	were	obtained	 in	 consecutive	BP	and	 LR	 reactions	 into,	 respectively,	

pDONR221	and	pDEST17	vector	(N-terminal	6x	His	tag).	Finally,	an	expression	clone	was	transformed	

into	Rosetta-gami	E.coli	 	 cells	 for	heterologuous	protein	expression.	All	 transformations	were	per-

formed	using	the	CaCl2	method.	After	each	cloning	step,	plasmids	were	sequenced	to	select	for	posi-

tive	clones.				

ANAC044DBD	 expression	 and	 purification.	Bacterial	 cell	 cultures	were	 grown	 to	 a	 suitable	 density	

(OD600=0.6)	 at	 37°C	 in	 selective	 Luria-Bertani	 (LB)	broth	medium.	Then,	 the	 temperature	was	 low-

ered	to	15°C	and	expression	was	induced	by	adding	0.5	mM	isopropyl	β-D-1-thiogalactopyranoside	

(IPTG).	The	cells	were	harvested	after	overnight	expression	in	50	mM	Tris	pH	7.5	500	mM	NaCl	10%	

glycerol.	Bacterial	pellets	were	sonicated	and	protein	was	purified	using	a	two-step	protocol	includ-

ing	 immobilized	metal	 ion	affinity	chromatography	(IMAC)	followed	by	a	size	exclusion	chromatog-

raphy	(SEC).	During	IMAC,	the	ANAC044DBD	His-tag	adheres	to	a	HisTrapTM	Ni-Sepharose	HP	column	

(GE	Healthcare),	allowing	 its	 isolation	 from	the	bacterial	cell	 lysate.	Subsequent	gel	 filtration	using	

the	HiLoad	 Superdex	 75	 16/60	 column	 (GE	Healthcare)	 removes	 any	 final	 impurities	 and	 result	 in	

pure	protein.	When	necessary,	purified	ANAC044DBD	was	 incubated	with	TEV	protease	(1/50)	over-

night	at	4°C	to	remove	the	Strep-tag.	 	Tev	protease	and	ANAC044DBD	were	subsequently	separated	
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by		a	similar	gel	filtration	procedure	as	mentioned	above.	Pure	protein,	as	well	as	proper	removal	of	

the	Strep-tag	was	assessed	by	SDS-Page	and	WB	analysis.		

Sodium	 dodecyl	 sulphate-polyacrylamide	 gel	 electrophoresis	 (SDS-PAGE).	 Protein	 samples	 were	

stained	with	4x	NuPAGE®	LDS	Sample	Buffer	(Invitrogen),	heated	for	2	min	at	99°C	and	loaded	onto	

a	polyacrylamide	gel	(12%).	The	gel	was	put	under	constant	voltage	of	180V	for	60	min	while	being	

immersed	in	1x	Laemmli	running	buffer	(25	mM	Tris	192	mM	glycine	0.1%	SDS	pH	8.3).	Afterwards,	

protein	migration	 was	 visualized	 by	 gel	 staining	 with	 InstantBlue	 Protein	 Stain	 (Sigma-Aldrich)	 or	

Coomassie	Blue	(0.25g	Coomassie	Brilliant	Blue	R250,	10	ml	glacial	acetic	acid,	90	ml	1:1	(v/v)	Me-

tOH:H2O).		

Western	 Blotting.	 Subsequent	 to	 electrophoresis,	 the	 acrylamide	 gel	 was	 stacked	 between	 wet	

Wattman	papers	(Transfer	Buffer	0.3	mM	Tris	1.4	mM	glycine	0.001	mM	10%	SDS	0.02	mM	metha-

nol	pH	8.5)	and	a	methanol-activated	polyvinylidene	difluoride	(PVDF)	Transfer	Membrane	(Thermo	

Fischer	Scientific).		Proteins	were	transferred	onto	the	PVDF	membrane		through	electroblotting	(14	

min	at	14V),	then	blocked	for	30	min	in	a	1.5%	bovine	serum	albumin	(BSA)-phosphate	buffered	sa-

line	(PBS:	3	mM	sodiumphosphate	0.15	M	sodium	chloride	1.05	mM	potassium	phosphate)	solution	

and	incubated	for	at	least	one	hour	in	appropriate	antibodies	in	PBS.	The	blot	was	developed	in	the	

dark	by	addition	50µl	of	NBT/BCIP	substrate	(Sigma-Aldrich)	and	10	ml	developing	buffer	(100	mM	

Tris	pH	9.5	50	mM	MgCl2	100	mM	NaCl).	

Electrophoretic	mobility	shift	assay	(EMSA).	DNA	fragments	were	designed	to	encompass/lack	NAC	

and/	or	SOG1	consensus	 target	 sequences.	They	were	obtained	 through	PCR	amplification	with	A.	

thaliana	genomic	DNA	(gDNA)	as	a	template	either	with	cold	ATP	or	32P-ATP.	Alternatively,	oligonu-

cleotides	(Sigma-Aldrich)	were	first	annealed	by	heating	for	5	min	at	95°C	and	slowly	cooled	down	to	

room	temperature.	Reaction	mixtures	were	incubated	for	30	min	at	20°C,	retardation	dye	(5%	ficol,	

0.02%	xylenecyanol	and	0.02%	bromophenol	blue)	was	added	and	samples	were	 loaded	on	a	pre-

run	4%	native	PAGE	(30	min,	100V)	in	a	sodium	citrate	buffer	(10	mM	NaCi	pH	5.5).	The	gel	was	run	

for	10	min	at	180	V	and	then	for	50	min	at	120	V.	DNA	binding	was	visualized	by	addition	of	ethidium	

bromide	(EtBr)	or	autoradiography	for	non-radioactive	EMSA’s	and	radioactive	EMSA’s,	respectively.		

Protein	 induced	 fluorescence	 enhancement	 (PIFE).	PIFE	 assays	were	 performed	 following	 the	 ex-

ample	of	Valuchova	et	al.	(2016).	This	experiment	took	place	at	room	temperature	in	96	well	plates	

coated	with	Neutravidin	(Thermofisher).	The	wells	were	washed	three	times	with	buffer,	either	20	

mM	Hepes	150	mM	KCl	1mM	MgCl2	1	mM	EDTA	or	25	mM	Tris	pH	7.5	150	mM	NaCl	1	mM	TCEP.	

Cy3-labelled	biotinylated	oligonucleotides	(0.05	mM;	Sigma-Aldrich)	were	added	and	immobilized	on	
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the	wells	during	an	two	hour	incubation	period.	After	washing	the	wells	three	times	with	buffer	and	

adding	50µl	of	 that	 same	buffer,	a	 “blank”	 scan	was	measured.	Next,	25	µl	of	buffer	 solution	was	

replaced	by	protein	solution	at	varying	end	concentrations	and	incubated	for	30	min.	A	second	scan	

was	performed	to	assess	protein	binding.	Emission	at	580	nm	after	excitation	at	540	nm	was	meas-

ured	on	a	Biotek	Synergy	platereader	with	a	grid	of	11x11	squares	within	a	diameter	of	6	mm.		

Analytical	gel	filtration.	Approximately	500	mg	protein	was	injected	into	Hiload	Superdex	75	16/60	

column	(GE	Healthcare)	pre-equilibrated	with	25	mM	Tris	150	mM	NaCl	1	mM	TCEP	pH	7.5.	The	mo-

lecular	weight	of	ANAC044DBD	was	calculated	based	on	a	calibration	curve	that	was	assembled	from	

elution	volumes	of	molecular	weight	marker	proteins	(Bio-Rad).		

Native	mass	spectrometry	(MS).	MS	experiments	were	executed	in	the	group	of	Andre	Sinz	 in	the	

Martin-Luther	University	Halle-Wittenberg	 	 in	the	context	of	 	an	existing	collaboration.	Seeing	that	

this	partner	possesses	all	the	required	instruments	and	know-how,	MS-experiments	were	executed	

by	ir.	M.	Demulder	and	Dr.	C.	Arlt	in	Germany.	Proteins	were	buffer	exchanged	to	300	mM	ammoni-

um	acetate	pH	6.8	using	Amicon	Ultra	centrifugal	filter	units	(0.5	mL;	10	kDa	cutoff).		Individual	pro-

teins	and	pre-incubated	 (30	min	on	 ice)	protein	mixtures	were	measured	on	a	high-mass	Q	ToF	 II	

instrument	(Waters	Micromass/MSVision).The	source	voltage	was	set	to	1300–1400	V,	cone	voltage	

160	V,	and	extraction	cone	voltage	0	V;	collision	energies	were	varied	between	30	and	50	V.		

In	vitro	pull	down	experiments.		Equimolar	amounts	(15	µM)	of	heterologous	purified	ANAC044DBD	

and	SOG1	were	ran	along	the	His	Trap	™	(HP)	column	(GE	Healthcare)	consecutively,	each	time	fol-

lowed	with	an	column	washing	step	using	buffer	50mM	Tris	ph7.5	500mM	NaCl	10%	glycerol.	Then,	

column-bound	proteins	were	eluted	in	buffer	50	mM	Tris	ph	7.5	500mM	NaCl	10%	glycerol	1M	imid-

azole	(no	elution	gradient).	The	protein	content	of	all	fractions,	including	those	of	the	flow	through	

and	washing	steps	were	checked	using	SDS-PAGE	and	WB.		

Dynamic	light	scattering	(DLS).	DLS	was	performed	at	room	temperature	on	a	DynaPro	®	NanoStar	®	

instrument	(Wyatt	Technology).		The	ANAC044DBD	sample	(32.91	µM)	in	20	mM	hepes	150	mM	NaCl	

pH	7.5	1mM	TCEP	buffer	was	 filtered	 (Spin-X	®	Centrifuge	Tube	Filter	 [0.22µm	cut-off]	by	Costar),	

spun	down	(15	min	at	16,200	g),	degassed	(15	min)	and	transferred	into	a	plastic	microcuvette.		Per	

measurement,	 10	 acquisitions	were	 collected.	 Resulting	 DLS	 data	ware	 analysed	 using	 the	 instru-

ment-included	DYNAMICS	V7	software	package	 (Wyatt	 technology)	 in	order	 to	determine	 	 the	hy-

drodynamic	radius	(RH)	of	ANAC044DBD	.		
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ANAC044DBD	CD	spectral	analysis.	Circular	dichroism	spectra	were	recorded	in	the	far-UV	region	be-

tween	200	and	250	nm	by	a	Jasco	J-715	spectropolarimeter	equipped	with	a	quartz	cell	 	with	path	

length	1cm.	Per	analysis,	the	output	averaged	10	scans	with	a	scan	rate	of	50	nm/min,	bandwidth	of	

1.0	nm,	and	a	 resolution	of	0.5	nm	at	 	18°C.	Preparation	of	 the	ANAC044DBD	 sample	 (8.65	µM)	 in-

cluded	a	buffer	exchange	(10	mM	sodiumphosphate		150mM	NaCl	pH	7,5)	using	dialysis	casetta	G2	

SlideALyzer	3.5K	(Thermo	Scientific),	spinning	down	(15	min	at	16,200	g)	and	sample	degassing	(15	

min).	Baseline	substraction	and	data	smoothing	(Savitzky-Solay	filter)	were	performed	by	the	Jasco	

software,	while	secondary	structure	predictions	were	performed	using	the	Beta	Structure	Selection	

(BeStSel;	Micsonai	et	al.,	2018).	

	

In	gel	 footprinting	assay	using	1,10-phenatroline-copper	 [(OP)2Cu].	Note	beforehand	that	 this	ex-

periment	was	performed	with	aid	of	Prof.	Dr.	D.	Charlier,	who	also	executed	DNA	radiolabelling	and	

provided	the	protocols.	A	preliminary	radioactive	EMSA	separates	DNA-bound	protein	in	a	native	6%	

polyacrylamide	gel	 .	Once	the	run	 finishes,	 the	gel	 is	 immersed	 in	a	10	mM	Tris	pH	8.0	buffer	and	

chemicals	 are	 added	 to	 carry	out	 the	 actual	 footprinting	 reaction.	 Substrates	 include	40mM	1,10-

phenatroline-copper	[(OP)2Cu]	,	9mM	copper	sulfate	(CuSO4	),	3-mercaptopropionic	acid	(3-MPA)	and	

neocuproine	monohydrate.	 	Next,	the	gel	 is	exposed	to	an	X-ray	sensitive	film	(3	hours)	and	devel-

oped	for	visualization	of	band-shifts.		Bands	of	interest	are	excised	and	incubated	overnight	at	45°C	

in	elution	buffer	(0.5	M	ammonium	acetate	0.01M	magnesium	acetate	0.1%	SDS	0.1mM	EDTA).	The	

DNA	is	precipitated	by	addition	of	yeast-tRNA	(5mg/ml),	ethanol	(100%)	and	a	subsequent	two	hour	

long	incubation	phase	at	-20°C.	Once	precipitated,	the	DNA	is	pelleted	and	ethanol	is	evaporated.	In	

the	final	step,	the	DNA	fragments	are	separated	during	a	6%	denaturing	acrylamide	gel	electropho-

resis.	 After	 heating	 (3	min	 at	 92°C)	 and	 addition	 of	 formamide	 dye	 (100	ml	 deionized	 formamide	

0.03g	xylene	cyanol	0.03g	bromophenol	blue	20mM	EDTA),	equal	counts	(in	cpm)	of	free	and	bound	

DNA	samples	are	loaded	onto	the	gel	alongside	nucleotide	reference.	The	gel	is	run	constantly	at		60	

W.	Final	steps	include	an	incubation	period	(10	min)	in	10%	acetic	acid	,	air-drying	and	exposure	to	

an	X-ray	sensitive	film	for	5	days.	The	film	is	developed	for	detection	of	nuclease-protected	DNA	re-

gions.		

Biosafety	precautions.	All	research	was	performed	according	to	VUB/VIB	prescriptions.		
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Supplementary	 Figure	 S1:	 Phylogenetic	 analysis	 within	 the	 NAC	 superfamily.	 Representatives	 of	
distinct	NAC	 subfamilies	were	 selected	 to	 shed	 light	on	 the	evolutionary	history	of	ANAC044.	 The	
close	 relationship	 to	 ANAC008/	 SOG1	 allows	 ANAC044	 classification	 within	 the	 SOG1-like	 NAC	
subfamily.	 Nonetheless,	 distinct	 differences	 are	 detected	 between	 the	 two	 NAC	 proteins,	 for	
instance	 the	 lack	of	SQ	motifs	ANAC044.	The	phylogenetic	 tree	underneath	 results	 from	a	MEGA7	
analysis	 that	 employs	 the	 Maximum	 Likelihood	 method.	 (Kumar	 et	 al.	 2016)	 Note	 that	 the	 NAC	
phylogeny	is	seldom	barely	mentioned	in	literature	and	willfor	that	reason	not	be	elaborated	on	in	
this	research.		

	

	

	

	

	

	

	

	 	



 

 

Supplementary	 Figure	 S2:	 Sequence	 alignment	 of	 ANAC008	 (SOG1),	 ANAC019	 and	 ANAC044	
identifies	a	conserved	NAC	domain.	An	asterisk	(*)	represents	fully	conserved	residues.	A	colon	(:)	
indicates	the	conservation	of	residues	belonging	to	the	same	colour-coded	physicochemical	group	of	
amino	 acids.	 A	 period	 (.)	 designates	 the	 conservation	 of	 residues	 sharing	 weakly	 similar	
characteristics	and	a	blank	annotates	dissimilar	residues.	Residues	inherent	to	the	NAC	domain	are	
conserved.	 	The	beginning	and	ending	of	the	conserved	NAC	domain	 is	 	 indicated	by	black	arrows.	
Serine-glutamine	 (SQ)	 motifs	 are	 underlined	 in	 black.	 	 Alignment	 was	 performed	 using	 Clustal	
(Muscle	version	3.8).	

	

	
	
	

	

	

	

	 	



 

 

Supplementary	Table	S1:	ANAC044DBD	crystallization	conditions.	No	NAC	domain	crystal	was	
obtained	so	far.	

	

Test	kit	 Start	date	 Reservoir	buffer 
volume	(µl)	

[ANAC044_DBD]	
(mg/ml)	

JCSG	Plus	MD1-37	(1)	 29/1/19	 200	 7.0	

JCSG	Plus	MD1-37	(2)	 29/1/19	 200	 7.0	

MD	1-29	(1)	Pact	Premier	 29/1/19	 200	 7.0	

MD	1-29	(1)	Pact	Premier	 18/1/19	 100	 4.4	

MD	1-29	(2)	Pact	Premier	 29/1/19	 200	 7.0	

MD	1-29	(2)	Pact	Premier	 18/1/19	 100	 4.4	

HR2-110	Crystal	Screen		 18/1/19	 100	 4.4	

HR2-110	Crystal	Screen	 29/1/19	 200	 7.0	

HR2-112	Crystal	Screen	 29/1/19	 200	 7.0	

HR2-112	Crystal	Screen	 18/1/19	 100	 4.4	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	



 

 

Supplementarty	 Table	 S2:	 Overview	 of	 DNA	 probes	 that	 were	 tested	 all	 for	 NAC	 protein	 DNA	
binding	 specificity.	 Probes	 include	 PCR	 amplified	 Arabidopsis	 thaliana	 gDNA	 sequences	 and	
annealed	 oligonucleotides	 that	 contain	 one	 or	 multiple	 of	 the	 consensus	 NAC	 binding	 sites.	 As	
negative	 control,	DNA	probe	DNA	probes	with	a	 random	sequences	 (no	consensus)	or	 incomplete	
consensus	sequences	were	used.	Radiolabeled	fragmetns	are	indicated	by	an	asterisk.	If	an	asterisk	
is	displayed	in	between	brackets,	both	non-labeled	and	radio-labeled	DNA	binding	experiments	were	
performed.	Double	asterisk	indicate	a	radiolabel	present	at	the	5’	end	instead	of	the	more	commen	
3’	end.	

Name	 Sequence	(5’	à 	3’)	 Consensus	

Minus	100_Smr7	 CACCTACTTTACACTTATCCCTTCTTCCTTCTTTGTTTTTCTTTTTCTTGTTTCCT
CATCTTCAAAACATTGTACTAGTCTCAATCTCCAACTGTTTTAA	(100	bp)	

(NAC)	à	Neg.	control.	

Smr5	MB	cons1	 GGTTTTTGAGGCGGCACTTTGCTTCTTTTGCTGCTCGAAAGGGACTAGAAGC
CGGTGATTTAAGCCGTGCTTTCGCTAACCCTAGATTGCGTCGGTTCTT	(100	
bp)	

NAC		+	SOG1	

Rad51	(umeda)	 ATGGCAGGCTTCATTGTTTTAAGGTTGTTGGTCTCAAATCCATTTGTATCTTT
GCCCATTTTGGGCTTTAAATGAAAAGTTGTTCGACGAAAAAAAAAG	(99bp)	

NAC	+	SOG1	

Smr5_OneMiddle	 CTACGGTCACTTCCAAAACTAGTGTAATAAAGAAGCAATCTAATTAAGAACC
TTATTAGGAAAGTGCGAGAGAGCGGACAAAAATGGAGGAGAAAAACTACG
ACGACGGAGATACGGTGACGGTTGATGATGATTATCAGATGGGATGCACGA
CGCCTAC	(160	bp)	

NAC	+	SOG1	

EMSA	
PaaR_Neg2_Fwd	

GCACGCATATGTCTTCGTATATTACGAGTTATCATATGTACTATACTAATTAA
AGCTAGAGTGCTTTTATTGACTCGTATTTTTTTCTGTGTAT	(97	bp)	

NAC	

EMSA	
PaaR_Neg3_Fwd	

CTCTGCTTACCAAAAGAAAGATAAAACGACTGGGACTACCTTAATAAAAGAT
GGGTGAGGGAAGTCCAACAATATAAACGTCCATTAAACATTCCCT	(97	bp)	

NAC	+	SOG1	

Rad51	neg	 GCACAGACAATGGTAAATAGAGTTTGAAATTCTCCTACTGATCAAATTAGAG
ACACAGAGAATAGAAACTAACAAGTATTCATTAGTCTCACCAGGAGT	(100	
bp)	

(NAC)	à	Neg.	control.	

Smr5-biotin**	 CTCGAGTCCAAAACTAGTGTAATAAAGAAGCAATCTAATTAAGAACCTTATT
AGGAAAGTGCGAGAGAGCGGACAAAAATGGAGGAGAAAAACTCTCGAG	
(100	bp)	

SOG1	

EMSAPaar_Fl	 ACCTTCCTCGGTTTAGTGTTTTTTTGCGAGTTTAGTGTTTAATAAACCATTAA
GTCAAGTATTTGCTTGTTTAGTGATTACTAAAGATAATTACCAC	(97	bp)	

NAC 
	

Smr5_ext_OneMidd
leCon	(*)	

CTACGGTCACTTCCAAAACTAGTGTAATAAAGAAGCAATCTAATTAAGAACC
TTATTAGGAAAGTGCGAGAGAGAGCGGACAAAAATGGAGGAGAAAAACTA
CGACGACGGAGATACGGTGACGGTTGATGATGATTATCAGATGGGATGCAC
GACGCCTAC	(160	BP)	

NAC	+	SOG1	

Umeda	(*)	 GCAACTTCCAGAACAAGCTACGGTCACTTCCAAAACTAGTGTAATAAAGAAG
CAATCTAATTAAGAACCTTATTAGGAAAGTGCGAGAGAGCGGACAAAA	
(100	bp)	

NAC	+	SOG1	

Random		 TTGTGTTCCAATAGGCTAGGATATAATGCT	(30	bp)	 No	à	Neg.	control.	

Rad51	Cons3_PIFE	 AACGTAATCGATTGACTTGTTGAAGAAGCC	(30	bp)	 NAC	+	SOG1	



 

 

Supplementary	Figure	S3:	Chemical	in	gel	footprinting	assay.		First,	an	EMSA	was	performed	using	
formed	 in	 a	 second	 attempt.	 Here	 an	 initial	 radioactive	 EMSA	 showed	 two	 individual	 shifts,	 that	
were	 isolated	 and	 analysed	 using	 1,10-phenatroline-copper	 [(OP)2Cu].	 Again,	 no	 clear	 protection	
zone	 was	 detected.	 Note	 that	 discrepancies	 in	 fragment	 intensity	 as	 seen	 on	 the	 denaturing	
footprinting	gel	 insinuates	an	overall	higher	 resistance	 towards	 fragmentation.	 	This	 indicates	 that	
the	DNA	might	be		uniformly	covered	with	ANAC044DBD	and	thus	that	no	clear	protection	zone	can	
be	detected.			

			 	

	

	

	



 

 

Supplementary	Methods	and	Materials	

- Bacteria	

	

Bacterial	strain	 Description	 Use	

E.coli	DH5α 
Genotype:		

Commonly	used	high	efficiency	
transformation	strain		

Sub-cloning	of	the	pDONR™221	
and	pDest™17		Gateway®	
vectors.	

E.coli	Rosetta-gami	
Genotype:		

Commonly	used	strain	for	
expression	of	high	amounts	of	
eukaryotic	proteins.		

Expression	of	N-terminally	
6xHis-tagged	and	C-terminally	
Strep®-tagged	ANAC044DBD.	

	

- Vectors	

Name	vector	 Antibiotic	resistance	 Use	

pDONR™221	 Kan	&	Cm		 Gateway®	donor	vector	
employed	in	the	BP	reaction.	
Contains	attP-flanked	ccdB	and	
Cm	resistance	gene.	

pDest™17			 Amp	&	Cm.		 Gateway®	destination	vector	
used	in	the	LR	reaction.	
Contains	attR-flanked	ccdB	and	
Cm	resistance	gene.	

Bacterial	growth	
- Lysogeny broth (LB) medium (1L):	10g	of	tryptone	(Duchefa	Biochemie,	Haarlem,	The	

Netherlands),	5g	of	yeast	extract	(Duchefa	Biochemie,	Haarlem,	The	Netherlands)	and	10g	of	
10g	of	NaCl.		

- LB medium for LB agar plates:	20g	of	LB	Broth	High	Salt	(Duchefa	Biochemie,	Haarlem,	The	
Netherlands)	and	12g	of	micro	agar	(DuchefaBiochemie,	Haarlem,	The	Netherlands).		

- 	12g	agar	(forplates)		
- Antibioitcs:	

o Ampicillin	(Amp):	final	concentration	100ug/ml	
o Chloramphenicol	(Cm):	final	concentration		30ug/ml	
o Kanamycin	(Kan):	final	concentration		50ug/ml	
o Tetracyclin	(Tet):	final	concentration	10	ug/ml	
o Gentamycin	(Gen):	final	concetraton	7ug/ml	

- Isopropyl βADA1Athiogalactopyran (IPTG)	(ThermoScientific,Waltham,	USA),	3	mg/10ml.	
Non		ydrolysable	synthetic	compound	that	mimic	sthe	induction	of	the lacG	operon	by	
allolactose.	

- 	

- Kits:		
o Wizard	®	SV	Gel	and	PCR	Clean-UpSystem:	Promega,	Madison,	WI,	USA.	



 

 

▪ QIAprep®	Spin	Miniprep	Kit:	QIAGEN,	Helden,	Germany.	

- 	QIAquick	Gel	Extraction	Kit:	check	271119	

	

Antibodies	and	substrates:	
	

(Strep-Tactin®	alkaline	phosphatase	(AP)	conjugate	or	Mouse	Anti-His	followed	by	AP-	conjugated	
anti-mouse)	

Product	 Producer	 Use	

Anti-Mouse	IgG	(1000x)	
antibody		

Sigma-Aldrich,	Saint-Louis,	MO,	
USA	

Antibody	for	recognition	of	His-
tagged	proteins	during	Western	
Blotting.	

Mouse	anti-Histidine	tag	
antibody	(1000x)	

Bio-Rad	Laboratories,	Hercules,	
CA,	USA	

Antibody	for	recognition	of	His	
tagged	proteins	during	Western	
Blotting.	

Strep-Tactin®	AP	conjugate	
(4000x)	

Iba	Lifesciences,	Göttingen,	
Germany	

Antibody	for	recognition	of	
Strep®-tagged	proteins	during	
Western	Blotting.	

	

	

	

	

	

	

	

	

	

	

	

	

	



 

 

Primers		
Name	 Sequence	(5’	à 	3’)	 Use	

F	ANAC	DBD	
Gateway	

GGGGACAAGTTTGTACAAAAAAGCAGGCTTAA
TGCTTCCTAAAGGTGTCAAGTTTGAG	

Gateway	cloning:	attachment	attB	
sites	prior	to	BP	reaction.	

R	ANAC	DBD	
Gateway		

GGGGACCACTTTGTACAAGAAAGCTGGGTTTC
ACTTCTGAACTGGGGGT	

Gateway	cloning:	attachment	attB	
sites	prior	to	BP	reaction.	

ANAC044	kPCR	
F	

GGACATTATCGAATTTTTGGAAGC	 Sequencing	ANAC044DBD	insert	in	
pDONR™221	in	E.coli	DH5α	cells.	

ANAC044	kPCR	
R	

GAAACAACATAGTCTCCTATCTCC	 Sequencing	ANAC044DBD	insert	in	
pDONR™221	in	E.coli	DH5α	cells.	

M13	F	 GTTTTCCCAGTCACGAC	 Sequencing	ANAC044DBD	insert	in	
pDest™17	in	E.coli	DH5α	cells.	

M13	R	 CCCAGTCACGACGTTGTAAAACG	 Sequencing	ANAC044DBD	insert	in	
pDest™17	in	E.coli	DH5α	cells.	

Tn7	1	 ACGZCTCACTATAGGGAGACC	 Sequencing	ANAC044DBD	insert	in	
pDest™17	in	E.coli	Rosetta-gami	
cells.	

Tn7	2	 GCTAGTTATTGCTCAGCGGT	 Sequencing	ANAC044DBD	insert	in	
pDest™17	in	E.coli	Rosetta-gami	
cells.	

Rad51	F	 ATGGCAGGCTTCATTGTTTT	 PCR	amplification	EMSA	fragment.	

Rad51	R	 TTTTTTTTTCGTCGAACAAC	 PCR	amplification	EMSA	fragment.	

Minus	100	F	 CACCTACTTTACACTTATCCC	 PCR	amplification	EMSA	fragment.	

Minus	100	R	 TTAAAACAGTTGGAGATTGAGA	 PCR	amplification	EMSA	fragment.	

Rad51_umeda	F	 ATGGCAGGCTTCATTGTTTT	 PCR	amplification	EMSA	fragment.	

Rad51_umeda	
R	

CTTTTTTTTTCGTCGAACAAC	 PCR	amplification	EMSA	fragment.	

Cons1_Smr5	F	 GGTTTTTGAGGCGGCACTTT	 PCR	amplification	EMSA	fragment.	

Cons1_Smr5	R	 AAGAACCGACGCAATCTAGGG	 PCR	amplification	EMSA	fragment.	

Middlebox	
smr5	F	

CTACGGTCACTTCCAAAACTAG	 PCR	amplification	EMSA	fragment.	

Middlebox	
smr5	R	

GTAGGCGTCGTGCAT	 PCR	amplification	EMSA	fragment.	

RAD51_negcont
rol	F	

GCACAGACAATGGTAAATAGAG	 PCR	amplification	EMSA	fragment.	



 

 

RAD51_negcont
rol	R	

ACTCCTGGTGAGACTAATGA	 PCR	amplification	EMSA	fragment.	

	

	

DNA	fragments	
• (**)	=	5’	radiolabelled,	normally	3’	(*)	

Name	 Sequence	(5’	à 	3’)	 Consensus	

Minus	100_Smr7	 CACCTACTTTACACTTATCCCTTCTTCCTTCTTTGTTTTTCTTTTTCTTGTTTC
CTCATCTTCAAAACATTGTACTAGTCTCAATCTCCAACTGTTTTAA	(100	
bp)	

(NAC)	à	Neg.	control.	

Smr5	MB	cons1	 GGTTTTTGAGGCGGCACTTTGCTTCTTTTGCTGCTCGAAAGGGACTAGAA
GCCGGTGATTTAAGCCGTGCTTTCGCTAACCCTAGATTGCGTCGGTTCTT	
(100	bp)	

NAC		+	SOG1	

Rad51	(umeda)	 ATGGCAGGCTTCATTGTTTTAAGGTTGTTGGTCTCAAATCCATTTGTATCT
TTGCCCATTTTGGGCTTTAAATGAAAAGTTGTTCGACGAAAAAAAAAG	
(99bp)	

NAC	+	SOG1	

Smr5_OneMiddle	 CTACGGTCACTTCCAAAACTAGTGTAATAAAGAAGCAATCTAATTAAGAA
CCTTATTAGGAAAGTGCGAGAGAGCGGACAAAAATGGAGGAGAAAAAC
TACGACGACGGAGATACGGTGACGGTTGATGATGATTATCAGATGGGAT
GCACGACGCCTAC	(160	bp)	

NAC	+	SOG1	

EMSA	
PaaR_Neg2_Fwd	

GCACGCATATGTCTTCGTATATTACGAGTTATCATATGTACTATACTAATT
AAAGCTAGAGTGCTTTTATTGACTCGTATTTTTTTCTGTGTAT	(97	bp)	

NAC	

EMSA	
PaaR_Neg3_Fwd	

CTCTGCTTACCAAAAGAAAGATAAAACGACTGGGACTACCTTAATAAAA
GATGGGTGAGGGAAGTCCAACAATATAAACGTCCATTAAACATTCCCT	
(97	bp)	

NAC	+	SOG1	

Rad51	neg	 GCACAGACAATGGTAAATAGAGTTTGAAATTCTCCTACTGATCAAATTAG
AGACACAGAGAATAGAAACTAACAAGTATTCATTAGTCTCACCAGGAGT	
(100	bp)	

(NAC)	à	Neg.	control.	

Smr5-biotin**	 CTCGAGTCCAAAACTAGTGTAATAAAGAAGCAATCTAATTAAGAACCTTA
TTAGGAAAGTGCGAGAGAGCGGACAAAAATGGAGGAGAAAAACTCTCG
AG	(100	bp)	

SOG1	

EMSAPaar_Fl	 ACCTTCCTCGGTTTAGTGTTTTTTTGCGAGTTTAGTGTTTAATAAACCATT
AAGTCAAGTATTTGCTTGTTTAGTGATTACTAAAGATAATTACCAC	(97	
bp)	

NAC 
	

Smr5_ext_OneMid
dleCon	(*)	

CTACGGTCACTTCCAAAACTAGTGTAATAAAGAAGCAATCTAATTAAGAA
CCTTATTAGGAAAGTGCGAGAGAGAGCGGACAAAAATGGAGGAGAAAA
ACTACGACGACGGAGATACGGTGACGGTTGATGATGATTATCAGATGG
GATGCACGACGCCTAC	(160	BP)	

NAC	+	SOG1	

Umeda	(*)	 GCAACTTCCAGAACAAGCTACGGTCACTTCCAAAACTAGTGTAATAAAG NAC	+	SOG1	



 

 

AAGCAATCTAATTAAGAACCTTATTAGGAAAGTGCGAGAGAGCGGACAA
AA	(100	bp)	

Random		
(mCy3	Random)	

TTGTGTTCCAATAGGCTAGGATATAATGCT	(30	bp)	 No	à	Neg.	control.	

Rad51	Cons3_PIFE	
(mCy3	RAD51)	

AACGTAATCGATTGACTTGTTGAAGAAGCC	(30	bp)	 NAC	+	SOG1	

	


