
Supplementary	methods	
Electrophoretic	mobility	shift	assays	(EMSAs)	
A	range	of	sample	protein	concentrations	(0.1-1000	µM)	were	prepared	and	incubated	with	200	nM	Cy5-
pre-miR-155	RNA	(GE	Healthcare	Dharmacon)	for	1	h	at	22	°C.	The	samples	were	loaded	to	non-denaturing	
native	gels	(8	%	acrylamide,	1	x	TBE	buffer,	0.1	%	APS,	TEMED)	and	run	in	0.5	x	TBE	buffer	at	80	V	for	90	
min	at	4	°C.	The	gels	were	visualised	after	10	min	incubation	with	SYBR®	Gold	Nucleic	Acid	Gel	Stain	
(Thermo	Fisher	Scientific).	All	EMSAs	were	repeated	at	least	twice.	
	
Chemical	shift	assignment	of	WT	PACT-D3	NMR	spectra	
To	assign	the	NMR	signals	to	the	correct	states,	triple	resonance	backbone	assignment	experiments	
(CBCANH	and	CBCA(CO)NH)	were	first	used	to	generate	fragments	of	sequentially	linked	spin	systems.	
Within	each	fragment,	the	two	states	could	be	distinguished	by	their	differing	Ca	and	Cb	chemical	shifts.	
The	boundaries	of	the	fragments	were	formed	by	prolines,	or	residues	with	similar	Ca	and	Cb	chemical	
shifts	in	the	two	states.	To	link	the	fragments,	15N-	and	13C-NOESY-HSQC	spectra	were	recorded,	and	NOEs	
between	fragments	identified.	This	allowed	internally	consistent	state	assignment	for	residues	256-288	
and	294-313	to	be	assigned.	For	the	remaining	residues,	no	unambiguous	inter-fragment	NOEs	could	be	
identified,	so	the	state	could	not	be	assigned.	Note	that	correct	state	assignments	are	not	required	for	
calculation	of	the	chemical	shift	difference	between	states.	
	
Fitting	of	EXSY	data	
(1H,	15N)	EXSY	spectra	(1)	were	recorded	with	mixing	times	between	0.1	s	and	1	s,	and	intensities	of	well	
resolved	peaks	were	fit	using	CCPN	Analysis	2.3	(2).	These	intensities	were	used	to	calculate	a	parameter X	
for	each	residue	at	each	time	point	(3):		

𝛯 𝑡 =
𝐼%& 𝑡 	𝐼&% 𝑡

𝐼%% 𝑡 𝐼&& 𝑡 − 𝐼%& 𝑡 𝐼&% 𝑡
≅ 𝑘+,- 𝑡-	

This	treatment	removes	the	effects	of	differential	relaxation	between	the	two	states	up	to	third	order	in	
time.	The	calculated X	values	were	fit	to	a	quadratic	model	using	R,	and	the	confidence	interval	calculated	
using	bootstrapping.		
	
	
Supplementary	tables	
Supplementary	table	1:	Discarded	hypotheses	for	the	cause	of	the	two-state	behaviour	of	PACT-D3	
observed	in	NMR	spectra.	
Hypothesis	 Evidence	
Monomer	and	dimer	
exchange	

SEC-MALLS	shows	PACT-D3	is	entirely	dimeric	at	concentrations	well	below	
those	used	for	NMR	spectroscopy.	NMR	intensity	and	linewidth	similar	for	
both	states.	

Folded	and	misfolded	
exchange	

TALOS-N	secondary	structure	analysis	and	amide	resonance	dispersion	
indicates	that	both	states	are	folded.	

Bound	ions	from	
purification	

The	peak	doubling	is	reproducible	between	samples,	and	remained	in	the	
presence	of	10	mM	EDTA.	

Alternate	disulphide	
bonding	

Experiments	were	carried	out	in	the	presence	of	10	mM	TCEP,	and	side	chain	
Ca	and	Cb	chemical	shifts	suggest	that	all	cysteines	are	reduced.	

Alternate	histidine	
protonation	states	

A	version	of	PACT-D3	with	an	H285A	mutation	showed	two	states	by	NMR,	so	
protonation	of	H285	cannot	be	responsible	for	the	two	states.	H300	is	solvent	
exposed	and	distant	from	the	residues	with	largest	chemical	shift	differences	
between	states,	so	is	also	unlikely	to	be	responsible.	

Proline	isomerisation	 Side	chain	Cb	and	Cg	chemical	shifts	indicate	that	P280	adopts	the	cis	isomer	
in	both	states.	

Dimer	domain	swapping	 Exchange	between	the	two	states	is	too	fast	–	previous	examples	of	domain-
swapped	homodimers	exchange	on	a	timescale	of	hours	to	days	(4,	5)	
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Supplementary	figures	

	
Figure	S1	
The	amino	acid	sequences	of	PACT,	TRBP	and	Loqs	homologues	were	retrieved	from	NCBI,	and	aligned	
using	ClustalX	with	default	settings.	The	alignment	of	domain	3	is	shown.	The	sequences	are	separated	into	
groups	on	the	left	based	on	whether	they	are	most	similar	to	human	PACT,	TRBP	or	Drosophila	Loqs.	
Branchiostoma	floridae	and	Crassostrea	gigas	have	only	a	single	PACT	homologue,	which	shares	features	
with	both	PACT	and	TRBP.	A	yellow	highlight	with	red	text	indicates	>70%	sequence	identity;	residues	with	
100%	conservation	are	highlighted	in	black.	Specific	residues	discussed	in	the	main	text	are	indicated	
above	the	alignment	in	blue	(for	PACT)	or	green	(for	TRBP).	The	secondary	structure	of	Loqs	D3	from	PDB	
accession	4X8W	is	shown	below	the	alignment.	
UniProt	accessions	(in	order	shown	in	figure):	O75569;	NP_001039335;	EDL27212;	EDL79230;	
XP_006935445;	XP_008116415;	Q7ZYA5;	XP_005172565;	NP_599150;	NP_001069146;	XP_003988820;	
NP_033345;	NP_001030113;	XP_018100523;	XP_008101858;	NP_956291;	XP_002587993;	XP_011456094;	
AAF53295;	EHJ63609;	gnl|Amel_4.5|GB47214-PA;	EFX79291.	Note	that	the	accession	given	for	Apis	
mellifera	Loqs	is	for	the	Amel_4.5_OGSv3.2_pep	database	of	predicted	protein	sequences	based	on	the	
Apis	mellifera	genome	assembly	4.5,	not	for	UniProt.	
	
	

1 Homo_sapiens_PACT 201 LL TW SLRNS GEKI L L........................IS TNVVGHSLGC H P NL KRSL ...SIPNTDYIQL S
Bos_taurus_PACT 201 LL TW SLRNS GEKI L L........................IS TNMVGHSLGC H P NL KRSL ...SIPNTDYIQL S
Mus_musculus_PACT 201 LL TW SLRNS GEKI L L........................IS TNVVGHSLGC H P NL KRSL ...SLPNTDYIQL S
Rattus_norvegicus_PACT 201 LL TW SLRNS GEKI L L........................IS TNVVGHSLGC H P NL KRSL ...SLPNTDYIQL S
Felis_catus_PACT 176 LL TW SLRNS GEKI L L........................IS TNVVGHSLGC H P NL KRSL ...SIPNTDYIQL S
Anolis_carolinensis_PACT 392 LL TW LRNS EKI L L........................IS N..LSRNLGC DT SR TL KMSP ...SIPNTDYVHL R
Xenopus_laevis_PACT 197 LL TW S RNS GEKI L L........................IP NKLIGNKMGC D M S SM KRSP ...SIPNTDYVKM K
Danio_rerio_PACT 180 LSLRNS GEK L L...........................EITWSPPSRVYVE T VSL KRTP ...SLPNTDYIQM L

2 Homo_sapiens_TRBP 247 LL TW SLRNS GEKI L L.IGVG...................SR DGLRNRGPGC D V LS RSCS GSLGALGPACCRV S
Bos_taurus_TRBP 247 LL TW SLRNS GEKI L L.IGVG...................SR DGLRNRGPGC D V LS RSCS GSLGALGPACCSV S
Felis_catus_TRBP 247 LL TW SLRNS GEKI L L.IGVG...................SR DGLRNRGPGC D V LS RSCS GALGALGPACCSV S
Mus_musculus_TRBP 246 LL TW SLRNS GEKI L.IGVS...................SR DGLRNRGPGC D V LS RSCSVGSLGALGSACCSV S
Rattus_norvegicus_TRBP 246 LL TW SLRNS GEKI L.IGVS...................SR DGLRNRGPGC D V LS RNCSVGSLGSLGSACCSI S
Xenopus_laevis_TRBP 238 LL TW SLRNS GEKI L L.V......................GK DGSRSRGTAC D S LH RSNP ...TILSSGFCSL Q
Anolis_carolinensis_TRBP 245 LTW SLRNS GEKI L L.ITAG...................NKMDGVKGRGSGC D A LH KSNP ...GVLNAGFCSL E
Danio_rerio_TRBP 227 LL TW SLRNS GEKI L L.MQIG...................GR EGGKSKGLGC D A LQ RCHP GQSDSIDSNFCSL R

3 Branchiostomata_floridae_PACT/TRBP 207 LTW LRNS GEKI L L........................TGVKPMHAARIGI AT A TR KSTS ...STPNSNYCQL Q
Crassostrea_gigas_PACT/TRBP 197 LN LLNAS....EIRASYTALKEGKVKLPIPSPQQNKEIQQFYQKIK N.....HKIKNSK ...TAPATNYCQM Q

4 Drosophila_melanogaster_Loqs 340 LL L N G K L LSSE........NYYGELKDI..SVPT TTQHSNKVSQFHKT K AT K LLK QKTC ...KNNKIDYIKL G
Danaus_plexippus_Loqs 277 LL L S G L LAR...........YADLKDS..KITT TTSHSHKVSQFHKH KQ V PNLVK QVTP ...NNKDFNFVQF Q
Apis_mellifera_Loqs 259 LL SL S G K L LAR...........YADLK..GSKIST TTIHSLKVSQFHK KS T V LFE QNTC N...DGDVNLVQF Q
Daphnia_pulex_Loqs 167 LL.....LED...........................................EDEEVA ...KDPCLDYFQL R

PACT

TRBP

Loqs

PACT/TRBP

1 Homo_sapiens_PACT 247 F Y DI E QCL P V G A AA AL YE EQ L S G ELST T CH S N Q LKIIAK G NIT D L AN QY A S I GISCGN QSD H IAERK
Bos_taurus_PACT 247 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T CH S N Q LKIIAK G NIT L AN QY A S I GISCSS QSD H IAERK
Mus_musculus_PACT 247 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T CH S N Q LKIIAS G NIT L AN QY A S I GISCGN QSD H IAERK
Rattus_norvegicus_PACT 247 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T CH S N Q LKIIAK G SIT L AN QY A S I GISCGN QSD H IAERK
Felis_catus_PACT 222 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T CH S N Q LKIIAK G NIT L AN QY A S I GISCGN QSD H IAERK
Anolis_carolinensis_PACT 436 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T CH N Q LKIMIAQ G HAT L VN QF A H I TGISWGN HND H AGRK
Xenopus_laevis_PACT 243 F Y DI E QCL P V G A AA AL YE L S G ELST T CH N Q LKIMDVAE LD NLT D L VN QY A N I TGISCGN HND H CIKK
Danio_rerio_PACT 223 F Y DI E QCL P V G A AA AL YE E G ELST T CH S N Q KISL LG QVT I D LTVN QY V R V GVTSSN HNA H I MVASKH

2 Homo_sapiens_TRBP 300 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T CH S Q LKIMLSE A HVS L LS LC V Q A ATTREA RGE RR AGSK
Bos_taurus_TRBP 300 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T CH S Q LKIMLSE A HVS L LS LC V Q A AATREA RGE RR AGSK
Felis_catus_TRBP 300 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T CH S Q LKIMLSE A HVS L LS LC V Q A AATREA RGE CR AGSK
Mus_musculus_TRBP 299 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T C S Q L IMLSE A HVS L LS LC V Q A Y ATTREA RGD HR R AGSK
Rattus_norvegicus_TRBP 299 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T C S Q L IMLSA A HVS L LS LC V Q A Y ATTREA RGD RR R AGSK
Xenopus_laevis_TRBP 285 F Y DI E QCL P V G A AA AL YEQ L S G ELST T CH S N Q LKIMDLSE S QIS D R LS LC V Q T ATTRDA RAN H AGGK
Anolis_carolinensis_TRBP 295 F Y DI E QCL P V G A AA AL YE EQ L S G ELST T CH S N Q LKIMLSE S DIS D M LS LY V Q T ATSRHA RVD R AGGK
Danio_rerio_TRBP 280 F Y DI E QCL P V G A AA AL YE EQ L E S G ELST T CH N Q LKIMLSE R GVS R LS LY V Q I FASSLDA RAS H AGGK

3 Branchiostomata_floridae_PACT/TRBP 253 F Y DI E QCL P V G A AA AL YE EQ L E S L T T CH N Q LK MLAE N EVE L ASSLH VQ T Q V QGHTRDE HAH H L VRRA
Crassostrea_gigas_PACT/TRBP 258 F Y DI E QCL P V G A AA AL YE Q S G LST CH N Q LK MISEV R EVS M A I TK QR VQ L VA TGQTVDE HAH H L TKT.

4 Drosophila_melanogaster_Loqs 400 F Y DI E QCL P V G A AA AL YE E E G LST CH S N LKIMIAT NQ EVT V KTFS QF VQ L VG GPTAAD QRH Q E TKK.
Danaus_plexippus_Loqs 334 F Y DI E QCL P V G A AA AL YE EQ E G LST C S N LKIMIAS S EVT V KTMT RS VQ L VA Y GLTSKD QSS Q E TKK.
Apis_mellifera_Loqs 316 F Y DI E QCL P V G A AA AL YE EQ E S G LST C N LKIMIAS Q EVT V K IS KC VQ L VA Y CGVTSKD QAS Q E TKK.
Daphnia_pulex_Loqs 189 F Y DI E QCL P V G A AA AL YE EQ E G S S LK MISA K DAT V KTHS RY LTM LT IA VC GSSYEE QKE FS H L TKK.
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Figure	S2	
SEC-MALLS	of	A)	FL	PACT	and	FL	PACT	L273R;	and	B)	FL	PACT,	PACT-D12	and	PACT-D3.	In	these	cases,	the	
column	was	pre-equilibrated	with	20	mM	phosphate	pH	6.5,	500	mM	NaCl,	5	mM	DTT	and	5	%	glycerol,	



and	data	was	processed	using	a	dn/dc	value	of	0.165.	C)	Electrophoretic	mobility	shift	assays	testing	for	
binding	between	PACT	constructs	and	pre-miR-155.	 	



	

	
Figure	S3	
A)	Assigned	(1H,	15N)	SOFAST-HMQC	spectrum	of	WT	PACT-D3.	The	observed	and	predicted	numbers	of	
peaks	are	shown	in	the	top	left.	B)	Assigned	(1H,	15N)	HSQC	spectrum	of	PACT-D3	L273R.	C)	TALOS-N	
secondary	structure	predictions	for	PACT-D3	wt/L273R.	The	coloured	bars	show	the	confidence	in	the	
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secondary	structure	prediction,	and	the	black	line	shows	the	predicted	S2	order	parameter	(lower	values	
indicate	greater	flexibility).	D)	Histograms	of	the	relative	population	of	state	A	(IA/(IA	+	IB))	for	well	
resolved	residues	under	different	conditions.	Regardless	of	temperature,	pressure,	or	low	concentration	of	
denaturants,	the	distribution	of	populations	remains	centred	around	0.5,	showing	that	the	populations	of	
states	A	and	B	remain	equal.	Deviations	from	0.5	are	likely	due	to	differential	relaxation	between	the	two	
states.	Except	for	the	condition	being	varied,	all	spectra	were	recorded	at	25˚C	at	atmospheric	pressure.	
	
	
	 	



	
Figure	S4	
(1H,	15N)	HSQC	spectra	of	A)	WT	PACT-Ext-D3,	B)	PACT-Ext-D3	L273R,	C)	WT	Loqs-D3,	and	D)	Loqs-D3	
L426R.	The	observed	and	predicted	number	of	peaks	is	shown	in	the	top	left	of	each	spectrum.	
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Figure	S5	
A)	Overlay	of	a	(1H,	15N)	EXSY	spectrum	with	a	mixing	time	of	0.5	s	(blue),	and	a	(1H,	15N)	SOFAST-HMQC	
(black)	of	wild	type	PACT-D3.	Red	boxes	link	auto	and	exchange	peaks	originating	from	a	single	residue.	B)	
Plot	of	parameter X	against	EXSY	mixing	time	for	each	residue	of	wild-type	PACT-D3	(see	supplementary	
methods).	The	quadratic	fit	is	shown	as	a	black	line,	and	the	95%	confidence	interval	is	displayed	as	a	grey	
area.	The	fitted	exchange	rate	was	0.71	s-1,	with	a	95%	confidence	interval	of	0.65	s-1	to	0.86	s-1.	
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Figure	S6	
A)	NOESY	experiments	detect	magnetisation	transfer	between	protons	separated	by	less	than	about	5	Å.	
13C-filtered	NOESY-HSQC	experiments	filter	out	some	of	these	signals,	leaving	only	cases	where	
magnetisation	was	transferred	from	a	proton	attached	to	12C,	to	a	proton	attached	to	13C.	In	some	cases,	
signals	arising	from	protons	attached	13C	are	not	fully	suppressed.	However,	these	cases	can	be	recognised	
because	no	decoupling	is	applied	during	evolution	of	this	proton,	resulting	in	the	signal	appearing	as	a	
doublet.	B)	In	a	50:50	mixture	of	13C-labelled	and	unlabelled	PACT-D3,	a	mixture	of	13C/	13C-,	13C/12C-	and	
12C/12C-labelled	homodimers	will	be	present.	The	dimer	interface	of	the	13C	/12C-labelled	homodimers	is	
the	only	region	in	which	13C	and	12C	are	in	close	proximity.	Therefore,	only	intermolecular	NOEs	from	the	
dimer	interface	are	observed	in	13C-filtered	NOESY-HSQC	experiments.	C)	(1H,	13C)		and	(1H,1H)	planes	from	
the	13C-filtered	NOESY	of	PACT-D3,	showing	an	intermolecular	NOE	between	one	of	the	g	methyl	groups	
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from	V283	in	state	A	and	the	g2	methyl	group	of	T282	in	state	B.	The	assigned	(1H,	13C)-HSQC	is	shown	in	
grey.	The	(1H,	13C)	planes	are	shown	to	demonstrate	that	these	NOEs	can	be	assigned	despite	the	large	
peak	width	in	the	13C	dimension	of	the	13C	-filtered	NOESY.	D)	Strips	from	a	13C-filtered	NOESY-HSQC	of	
PACT-D3	showing	intermolecular	contacts	between	L273	Hd2	in	state	A,	and	Q304	Hb2	and	Y305	Ha	and	Hb2	
in	state	B.	
	 	



	

	
Figure	S7:		
Structural	comparison	of	the	two	subunits	of	the	Loqs-D3	dimer	(chains	A	and	D/F	from	PDB	accession	
4X8W).	A)	Superposition	of	the	two	subunits	of	the	homodimer	reveals	only	minor	differences	in	structure	
between	the	two	protomers,	with	a	Ca	RMSD	of	approximately	1	Å.	B)	However,	if	the	entire	homodimer	is	
rotated	and	superposed	so	that	two	protomers	(orange,	red)	are	optimally	aligned,	the	other	subunits	
(blue,	green)	are	displaced	from	one	another	by	approximately	8	Å.	
	 	



Figure	S8:		
	A-C)	(1H,15N)-HSQC	spectra	of	A)	wild-type	TRBP-Ext-D3,	B)	TRBP-Ext-D3	R353H	R354N,	and	C)	TRBP-Ext-D3	
L326R.	The	observed	and	predicted	numbers	of	peaks	are	shown	in	the	top	left	of	each	spectrum.	The	
HSQC	of	TRBP-Ext-D3	shows	fewer	peaks	than	predicted,	likely	due	to	intermediate	exchange	between	
monomeric	and	asymmetric	dimer	states	on	the	millisecond	timescale.	
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Figure	S9:		
A)	Sequence	alignment	of	PACT,	TRBP	and	Loqs	domain	3.	The	secondary	structure	of	Loqs	domain	3	(from	
4X8W)	is	shown	above,	while	circles	below	indicate	residues	at	the	Loqs	homodimer	interface	(green)	and	
the	interface	between	TRBP	and	Dicer	(purple).	Open	circles	show	residues	that	are	only	buried	in	one	half	
of	the	Loqs-D3	homodimer.	Surface	residues	were	determined	using	PISA	v1.51	(6).	B)	Comparison	of	Loqs-
D3	dimer	and	TRBP-D3/Dicer-Ins	structures.	
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