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Branched ubiquitin (Ub) chains make up a significant proportion of Ub polymers in human cells and are formed 
when two or more sites on a single Ub molecule are modified with Ub creating bifurcated architectures. Despite 
their abundance, we have a poor understanding of the cellular functions of branched Ub signals that stems 
from a lack of facile tools and methods to study them. Here we develop a comprehensive pipeline to define 
branched Ub function, using K48-K63-branched chains as a case study. We discover branch-specific binders 
and, by developing a method that monitors cleavage of linkages within complex polyUb, we discover the 
VCP/p97-associated ATXN3, and MINDY family deubiquitinases to act as debranching enzymes. By engineering 
and utilizing a branched K48-K63-Ub chain-specific nanobody, we reveal roles for these chains in VCP/p97-
related processes. In summary, we provide a blueprint to investigate branched Ub function that can be readily 
applied to study other branched chain types. 
	
Highlights: 

• Assembly	of	defined	branched	ubiquitin	chains	enables	identification	of	specific	binding	proteins	
• Development	of	quantitative	DUB	assay	monitoring	cleavage	of	individual	Ub	linkages	within	complex	ubiquitin	

chains	identifies	debranching	enzymes	
• Engineering	specific,	high-affinity	nanobody	against	branched	K48-K63	ubiquitin	reveals	roles	in	VCP/p97	related	

processes	and	DNA	damage	responses	
• General	blueprint	of	new	methods	and	tools	for	in-depth	characterization	of	branched	ubiquitin	chains	and	their	

underlying	biology	
	

Introduction 
The	 post-translational	 modification	 of	 protein	 substrates	
with	ubiquitin	(Ub)	plays	a	critical	role	in	every	major	sig-
naling	pathway	in	humans.	A	cascade	of	E1,	E2	and	E3	en-
zymes	catalyzes	the	conjugation	of	the	C-terminal	glycine	of	
Ub	to	substrate	Lys	residues	or	to	other	Ub	molecules	via	
the	N-terminal	Met	or	one	of	seven	Lys	residues	in	Ub.	Di-
verse	Ub	architectures	are	assembled	in	this	way,	ranging	
from	single	ubiquitin	(monoUb)	to	complex	chains	(polyUb)	
of	homo-	or	heterotypic	nature,	 i.e.,	containing	a	single	or	
multiple	 linkage	 types	 in	 the	 same	Ub	 chain,	 respectively	
(Komander	and	Rape,	2012).	K48-	and	K63-linkages	are	the	
most	 abundant	 linkage	 types	 found	 in	 cells	 and	 are	 well	
studied	 individually	 (Komander	 and	 Rape,	 2012).	 Homo-
typic	K48-linked	Ub	chains	have	been	identified	to	function	
mainly	in	degradative	roles	by	marking	substrates	for	pro-
teasomal	 degradation.	 In	 contrast,	 homotypic	 K63-linked	

polyUb	play	critical	roles	during	endocytosis,	DNA	damage	
repair	and	innate	immune	responses.		

Sophisticated	 mass-spectrometric	 studies	 have	 found	
that	a	substantial	amount	of	K48-	and	K63-linkages	co-exist	
in	heterotypic,	 branched	 chains	 and	 these	branched	K48-
K63-Ub	chains	have	been	connected	to	NF-κB	signaling	and	
proteasomal	degradation	(Ohtake	et	al.,	2018,	2016).	Such	
branched	architectures	are	formed	when	two	Ub	molecules	
are	attached	to	Lys	residues	of	a	third	Ub.	Theoretically,	28	
different	branched	Ub	architectures	can	be	formed	in	this	
way	 and	 importantly	 they	 account	 for	 around	 10%	of	 all	
polyUb	 formed	 in	human	 cells	 (Swatek	et	 al.,	 2019).	Two	
other	branched	Ub	chain	types,	K11-K48	and	K29-K48,	have	
been	detected	in	cells	with	roles	for	them	attributed	to	sev-
eral	processes	including	protein	quality	control,	ERAD,	cell	
cycle	and	protein	degradation	(Haakonsen	and	Rape,	2019;	
Ohtake,	2022).	In	addition,	chemically	induced	degradation	
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of	neo-substrates	via	PROTAC	approaches	have	 identified	
the	formation	of	branched	Ub	chains	(Akizuki	et	al.,	2022).	
Hence,	branched	chains	may	have	several	 important	hith-
erto	unappreciated	roles.	A	major	limitation	to	our	under-
standing	the	function	of	branched	chains	is	the	lack	of	tools	
and	methods	to	study	them.	Huge	advances	in	elucidating	
the	 roles	of	K11-K48-branched	chains	was	made	possible	
by	the	development	of	a	bispecific	antibody	that	recognizes	
these	chains	thereby	enabling	their	detection	in	cells	(Yau	
et	al.,	2017).	However,	such	tools	for	facile	detection	do	not	
exist	for	other	branched	types	and	requires	the	use	of	so-
phisticated	 mass	 spectrometry-based	 approaches	 or	 ex-
pression	of	Ub	mutants	in	cells.	

Ubiquitin	 modifications	 are	 recognized	 by	 ubiquitin-
binding	domains	(UBDs),	which	often	bind	selectively	to	a	
specific	 linkage	 type.	 UBDs	 are	 structurally	 diverse	 and	
found	in	a	wide	range	of	proteins	throughout	the	ubiquitin	
system,	 including	 signal	 transducers,	 ligases	 and	 DUBs	
(Husnjak	and	Dikic,	2012).	While	UBDs	recognizing	polyUb	
of	certain	linkage	types	have	been	identified	(Zhang	et	al.,	
2017),	specific	binders	to	branched	Ub	have	not	been	iden-
tified	to	date.	One	receptor	of	ubiquitylated	substrates	is	the	
unfoldase	 Valosin-containing	 protein	 (VCP)/p97	 (also	
known	 as	 TERA	 or	 Cdc48	 in	 yeast)	 which	 is	 highly	 con-
served	in	eukaryotes	and	facilitates	unfolding	or	extraction	
of	its	targets.	VCP/p97	is	a	hexameric	AAA+-ATPase	that	is	
critical	in	many	ubiquitin-dependent	pathways.	It	can	func-
tion	 in	degradative	roles	 in	 the	proteasomal	or	 lysosomal	
destruction	 of	 proteins	 or	 in	 non-degradative,	 regulatory	
roles	 by	 extracting	 proteins	 from	 macromolecular	 com-
plexes	 or	membranes	 (van	 den	 Boom	 and	Meyer,	 2017).	
More	 than	30	 cofactors	 that	directly	or	 indirectly	bind	 to	
VCP/p97	have	been	identified,	many	of	which	contain	UBDs	
and	 may	 function	 as	 substrate	 adapters	 (Ahlstedt	 et	 al.,	
2022).	Some	of	the	major	VCP/p97	substrate	adapters	such	
as	UFD1-NPLOC4,	UBXD1,	and	p47	are	thought	to	function	
in	a	mutually	exclusive	manner,	but	each	to	associate	with	
additional	 cofactors	 (Buchberger	 et	 al.,	 2015;	 Meyer	 and	
Weihl,	 2014).	 However,	 mechanistic	 details	 on	 how	
VCP/p97	and	its	adapters	are	implicated	in	diverse	cellular	
signaling	 pathways,	 e.g.	 how	 specific	 ubiquitylated	 sub-
strates	are	chosen,	are	not	well	understood.	

An	array	of	~100	deubiquitinases	(DUBs)	cleave	Ub	link-
ages	thereby	fine-tuning	or	removing	Ub	signals	(Lange	et	
al.,	2022).	In	humans,	these	are	divided	into	seven	families,	
six	being	cysteine	proteases,	and	a	sole	 family	of	metallo-
proteases.	DUBs	play	important	regulatory	roles,	and	their	
deregulation	has	been	associated	with	several	diseases	in-
cluding	 cancer,	 inflammation	 and	neurodegeneration.	 Im-
portantly,	DUBs	can	discriminate	between	polyUb	of	differ-
ent	 linkage	 types	 and	 employ	 different	 mechanisms	 to	
achieve	substrate	recognition.	For	instance,	the	JAMM,	OTU,	
MINDY	and	ZUP1	family	DUBs	cleave	polyUb	in	a	linkage	se-
lective	manner	whereas	 the	USP	 family	enzymes	are	very	
linkage	promiscuous	(Abdul	Rehman	et	al.,	2021;	Faesen	et	
al.,	2011;	Kwasna	et	al.,	2018;	Ritorto	et	al.,	2014).	The	Jose-
phin	family	DUBs	show	different	substrate	preferences	with	
some	of	them	working	as	esterases	(De	Cesare	et	al.,	2021).	
Of	 the	 Josephin	 family	 DUBs,	 ATXN3	 and	 ATXN3L	 prefer	
cleaving	long	polyUb	chains	albeit	with	very	poor	efficiency	
(Winborn et al., 2008).	 Indeed,	 it	 is	 recently	 being	

increasingly	appreciated	that	Ub	chain	length	in	addition	to	
linkage	type	is	a	determinant	of	DUB	activity	(Hermanns	et	
al.,	2018;	Kwasna	et	al.,	2018;	Mevissen	et	al.,	2013).	More-
over,	the	recent	identification	of	UCHL5	as	an	enzyme	that	
debranches	 Ub	 chains	 at	 the	 proteasome	 suggests	 that	
DUBs	may	also	prefer	bifurcated	polyUb	architectures	(Deol	
et	al.,	2020;	Song	et	al.,	2021).	

In	this	study,	we	outline	a	comprehensive	strategy	to	un-
derstand	the	cellular	roles	of	K48-K63-branched	Ub	chains	
-	 identifying	 binding	 proteins	 or	 ‘reader’	 modules,	 de-
branching	DUBs	or	‘eraser/editor’	modules,	and	developing	
tools	 to	 monitor	 proteins	 modified	 with	 branched	 Ub	 in	
cells.	The	basis	of	our	work	is	the	development	of	a	method	
for	 enzymatically	 assembling	 complex	 Ub	 chain	 architec-
tures	in	vitro,	which	enables	us	to	produce	well-defined	Ub	
chains	 containing	 multiple	 linkage	 types.	 These	 custom-
made	Ub	chains	incorporate	immobilization	tags	or	Ub	moi-
eties	of	 specific	masses,	 enabling	 identification	of	 specific	
binders	in	cells	and	the	development	of	a	quantitative	DUB	
assay	 that	 can	 identify	 linkages	 cleaved	 within	 complex	
chain	architectures.	 Finally,	we	engineer	 a	nanobody	 that	
specifically	 binds	 to	 branched	 K48-K63-Ub	 chains	 with	
picomolar	 affinity	 and	 use	 it	 to	 reveal	 roles	 for	 these	
branched	chains	in	VCP/p97-related	processes.	The	meth-
ods	and	pipeline	we	describe	here	can	be	readily	applied	to	
reveal	the	molecular	players	and	functions	of	other	Ub	chain	
architectures.	

	

Results 
Standardized nomenclature for branched Ub chains 
The	minimal	branched	Ub	chain	unit	is	typically	viewed	to	
be	made	up	of	three	Ub	moieties,	with	two	distal	Ub	moie-
ties	attached	to	a	single	proximal	Ub	and	branching	poten-
tially	creates	or	disrupts	interfaces	for	protein	interactions.	
However,	one	can	envisage	branched	tetrameric	Ub	(Ub4)	
to	be	formed	when	a	single	Ub	branches	off	a	homotypic	tri-
meric	 Ub	 (Ub3)	 chain	 as	 the	 ‘trunk’	 (Figure	 1A).	 Im-
portantly,	branched	Ub4	chains	contain	additional	unique	
interfaces	missing	 in	 the	minimal	branched	Ub3	and	may	
therefore	encode	extra	information	dependent	not	only	on	
the	type	but	also	the	order	of	linkages	from	trunk	to	branch.	
Hence,	we	decided	to	study	tetrameric	branched	Ub	since	
important	information	may	be	lost	when	studying	shorter	
branched	Ub3.	

The	complexity	of	different	chain	types	and	the	common	
use	 of	 Ub	mutants	 in	 the	 in	 vitro	 generation	 of	 branched	
chains	necessitates	a	definitive	and	universal	nomenclature	
to	accurately	describe	the	architecture	of	the	Ub	chain,	as	
previously	 proposed	 terminologies	 were	 often	 limited	 to	
short,	trimeric	branched	and	mixed	chains	(Nakasone	et	al.,	
2013;	Song	et	al.,	2021).	We	therefore	devised	a	universal	
nomenclature	for	chains	made	of	Ub	and	Ubiquitin-like	pro-
teins	(UBLs)	that	is	derived	from	the	IUPAC	Nomenclature	
of	organic	chemistry:	The	proximal	Ub/UBL	is	the	origin	of	
the	chain,	and	the	longest	chain	forms	the	parent	chain	(or,	
in	the	case	of	equally	long	branches,	the	linkage	type	carry-
ing	the	highest	number	would	be	denoted	the	parent	chain,	
e.g.	K63	would	be	parent	 over	K48).	The	Ub/UBLs	of	 the	
parent	 chain	 are	numbered	 starting	 at	 the	origin	 and	 ap-
pending	Ub/UBL	chains	are	listed	in	brackets	with	a	prefix	
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of	the	substituent’s	location	on	the	parental	chain	from	low	
to	high.	The	 total	 sum	of	Ub/UBL	components	 is	 given	 in	
square	brackets	and	followed	by	a	list	of	modifications	(e.g.	
truncations	 or	 mutations)	 in	 curly	 brackets	 for	 each	
Ub/UBL	moiety	(Figure	S1A).	We	also	envision	a	simplified	
alias	to	be	given	to	each	chain	in	a	context-dependent	man-
ner	to	improve	readability.	For	example,	the	full	name	of	a	
branched	trimer	containing	K48-	and	K63-linkages	would	
be	 1-(K48-Ub)-K63-Ub2	 [Ub3]	 and	 the	 same	 assembled	
from	Ub1-72	and	UbK48R	K63R	would	be	1-(K48-Ub)-K63-Ub2	
[Ub3]	{1-72,	K48R	K63R,	K48R	K63R}	and	a	short	alias	may	
be	K48-K63-Ub31-72.	A	mixed	Ub	chain	on	 the	other	hand	
would	 be	 denoted	 for	 instance	 as	 2-(K48-Ub2)-K63-Ub2.	
Given	 the	 broad	 familiarity	 with	 basic	 organic	 chemistry	
and	IUPAC	nomenclature	among	researchers,	 this	nomen-
clature	therefore	provides	a	comprehensive	scheme	to	ac-
curately	 describe	 the	 intrinsic	 details	 of	 Ub	 chains	 while	
also	providing	intuitive	readability.	Since	investigating	het-
erotypic	ubiquitin	chains	is	a	rapidly	expanding	field,	we	be-
lieve	that	the	timely	adoption	of	standardized	nomenclature	
proposed	here	will	avoid	future	confusion.	
	
Strategies for the in vitro generation of well-defined 
branched chains 
The	in	vitro	study	of	branched	and	mixed	ubiquitin	chains	
containing	multiple	linkage	types	is	hindered	by	the	inabil-
ity	to	generate	sufficient	quantities	of	polyUb	of	defined	ar-
chitectures.	 Various	 approaches	 from	 chemical	 synthesis	
and	sortase-based	 ligation	have	been	devised	 to	generate	
Ub	chains	of	particular	design	(El	Oualid	et	al.,	2010;	Fottner	
et	al.,	2019).	However,	these	methods	often	introduce	syn-
thetic	linkages	in	place	of	the	native	isopeptide	bond,	lack	
scalability,	accessibility	and	the	economical	nature	of	enzy-
matic	 approaches.	 To	 circumvent	 this,	 we	 employed	 two	
complementary	approaches	of	enzymatic	Ub	chain	assem-
bly	strategies,	permitting	the	assembly	of	well-defined	long	
and	complex	Ub	chains.	Both	strategies	combine	the	use	of	
linkage-specific	ligation	enzymes	with	Ub	mutants	that	to-
gether	determine	which	Ub	C-terminal	carboxyl	group	is	li-
gated	to	which	Lysine’s	amine.	The	“Delta-C”	approach	uses	
a	Ub	moiety	lacking	the	C-terminal	GlyGly	motif	(UbΔC)	re-
quired	 for	 ligation	 either	 by	 C-terminal	 truncation	 or	 re-
placement	of	the	C-terminus	with	a	functionalized	tag	(Fig-
ure	S1B)	and	has	previously	been	applied	in	similar	form	to	
generate	branched	Ub3	(Deol	et	al.,	2020;	Song	et	al.,	2021;	
Yau	et	al.,	2017).	For	example,	for	the	assembly	of	branched	
K48-K63-Ub3,	 the	 UbΔC	 moiety	 is	 mixed	 with	 UbK48R	
K63R	and	added	to	a	Ub	ligation	reaction	containing	K48-	
and	K63-linkage	specific	E2	enzymes.	The	Ub3	product	 is	
subsequently	separated	from	unreacted	substrate	and	en-
zymes	using	cation	exchange	chromatography.	However,	a	
disadvantage	 of	 this	 approach	 is	 that	 the	 resulting	 chain	
lacks	the	native	C-terminus	on	the	proximal	Ub	which	may	
be	important	for	protein	interactions.	Moreover,	branched	
tetraUb	assembly	is	not	possible	as	the	lack	of	the	native	C-
terminal	residues	also	prevents	further	chain	extension.	
To	 circumvent	 this	 problem,	 we	 developed	 the	 “Ub-cap-
ping”	 strategy	which	 permits	 the	 assembly	 of	 longer	 and	
more	complex	chains	(Figure	1B,	S1C).	The	core	idea	of	this	
technique	is	the	use	of	a	“capped”	M1-linked	diUb	(M1-Ub2)	
harboring	Lys-to-Arg	mutations	and	a	truncated	C-terminus	

on	the	proximal	Ub	(the	“cap”).	Only	Lys	residues	of	the	dis-
tal	Ub	of	this	capped	Ub2	are	therefore	available	for	ligation	
with	other	Ub	C-termini.	In	the	case	of	branched	K48-K63-
Ub	chains,	we	use	UbK48R	K63R	and	site-specific	E2	enzymes	
to	attach	distal	K48-	and	K63-linked	Ubs	to	the	capped	M1-
Ub2.	Using	the	nomenclature	described	above,	the	interme-
diate	chain	formed	during	the	Ub-capping	approach	shown	
in	Fig	1	with	a	full	name	of	2-(K48-Ub)-2-(K63-Ub)-M1-Ub2	
[Ub4]	 {1-72	K48R	K63R,	wt,	K48R	K63R,	K48R	K63R}	or	
short	alias	of	(K48)-(K63)-M1-Ub4CAP	(Figure	S1A).	Subse-
quently,	 the	 proximal	 cap	 can	 be	 removed	 using	 the	M1-

Figure 1 - ‘Ub capping’ enables ligation of tetrameric branched Ub 
chains and crystal structure of branched K48-K63-Ub3. 
A) Schematic depicting differences in binding interfaces of minimal 
branched triUb (orange) chain in comparison to branched tetraUb (or-
ange and purple). B) Schematic workflow of “Ub-capping” approach for 
ligation of functionalized, branched K48-K63-Ub4 chains. C) DUB assay 
with linkage-specific enzymes Miy2/Ypl191c (K48) and AMSH (K63) as 
quality control for synthesized branched and unbranched Ub4. D) Crys-
tal structure of K48-K63-Ub3 in cartoon representation with K48-linked 
Ub in blue, K63-linked Ub in red and proximal Ub in grey. Atoms of the 
I44 interface between K48-linked Ubs and isopeptide linkages are 
shown as stick models.  
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specific	DUB	OTULIN.	Importantly,	this	“decapping”	step	ex-
poses	a	native	C-terminus	on	the	now	proximal	Ub	that	is	
then	 available	 for	 further	 ligation	 steps.	 Using	 this	 ap-
proach,	we	have	successfully	assembled	milligram	quanti-
ties	of	pure	K48-K63-branched	Ub	chains	and	 the	 linkage	
composition	of	the	assembled	chains	was	confirmed	using	
the	K48-	and	K63-linkage	specific	DUBs	Ypl191c/Miy2	and	
AMSH	(Figure	1C).	

To	 further	 establish	 the	 purity	 of	 the	 assembled	
branched	 chains	 and	 to	 get	 insights	 into	 the	 structure	 of	
K48-K63	 branched	 chains,	 we	 crystallized	 K48-K63-Ub3.	
The	 structure	 was	 determined	 using	 molecular	 replace-
ment	and	refined	to	the	statistics	shown	in	Table	S1.	In	the	
structure	 of	 K48-K63-Ub3,	 the	 K48-linked	 Ubs	 adopt	 a	
closed	 conformation	 with	 interactions	 between	 the	 I44	
patches	of	the	two	Ub	moieties	(Figure	1D),	while	the	K63-
linked	Ubs	 adopt	 an	 open,	 extended	 conformation.	 These	
closed	and	open	configurations	have	been	observed	previ-
ously	for	K48-	and	K63-linked	Ub2,	respectively	(Cook	et	al.,	
1992;	Weeks	et	al.,	2009),	and	for	branched	and	mixed	K48-
K63-Ub3	in	NMR	analyses	(Nakasone	et	al.,	2013).	
	
Identification of linkage-specific binders of homotypic and 
branched Ub chains  
How	a	posttranslational	modification	is	decoded	can	reveal	
how	it	is	utilized	in	transducing	a	signal	(Pawson,	2004).	To	
identify	cellular	proteins	that	bind	to	branched	K48-K63-Ub	
chains,	 we	 utilized	 the	 Ub-capping	 approach	 to	 generate	
branched	 and	 unbranched	 K48-	 and	 K63-linked	 tetraUb	
(Ub4)	that	 incorporated	a	SpyTag	(Keeble	et	al.,	2017)	on	
the	C-terminus	of	the	proximal	Ub	for	covalent	and	site-di-
rected	 immobilization	 of	 chains	 on	 SpyCatcher-coupled	
agarose	beads	(Figure	2A,	S2A).	Importantly,	immobiliza-
tion	via	a	defined	anchor	ensures	that	the	branched	inter-
faces	are	available	for	protein	interaction.	Next,	the	immo-
bilized	chains	were	incubated	in	quadruplicate	with	prote-
ase	inhibitor-treated	U2OS	cell	lysates,	and	bound	proteins	
subjected	to	data-independent	acquisition	mass	spectrom-
etry	(DIA	MS/MS)	(Figure	2A,	S2B).	We	analyzed	the	nor-
malized	binding	Z-scores	of	a	total	of	7999	unique	protein	
isoforms	identified	across	the	chain	pulldown	samples	and	
found	130	proteins	with	Z-scores	differing	significantly	to	
at	least	one	other	chain	type	(Figure	2B,	Supplementary	
Data).		

Sorting	the	130	significant	hits	by	spatial	Euclidean	dis-
tance	 computations	 classified	 the	 proteins	 into	 six	 main	
clusters	of	Ub	chain	interactors:	proteins	that	mainly	bind	
unbranched	K63	chains	(Clusters	1	and	2),	branched	K48-
K63	chains	(Clusters	3	and	4)	and	unbranched	K48	chains	
(Clusters	5	and	6)	(Figure	2B).	Gene	ontology	enrichment	
analysis	 reveals	 a	 strong	 association	 with	 biological	 pro-
cesses	that	have	previously	been	shown	to	be	ubiquitin-de-
pendent,	with	 the	strongest	annotation	enrichment	 found	
for	deubiquitination,	which	was	present	across	all	six	clus-
ters	(Figure	2C).		

Cluster	1	contains	30	proteins,	which	associate	prefer-
entially	with	 long	 K63-linked	 Ub	 chains	 (>2	 Ub),	 but	 not	
with	K48-linked	Ub	or	the	K63-linked	Ub	that	is	branched-
off	a	K48-linked	trunk.	In	contrast,	the	44	proteins	in	Cluster	
2	show	increasing	propensity	 to	 interact	with	 the	shorter	
K63-diUb	present	in	this	branched	chain.	Proteins	in	these	

two	K63-linkage	binding	clusters	are	strongly	linked	to	bio-
logical	processes	previously	connected	to	K63-linked	ubiq-
uitylation,	 including	 protein	 unfolding	 and	 refolding,	 au-
tophagy	and	protein	sorting,	and	endosomal	transport	(Fig-
ure	2C).	These	 include	previously	annotated	K63-binding	
proteins	such	as	 the	BRCA1-complex	subunit	ABRAXAS-1,	
K63-specific	 DUB	 BRCC36,	 ZRANB3,	 UIMC1/RAP80	
(Cooper	et	al.,	2009;	Patterson-Fortin	et	al.,	2010;	Sims	and	
Cohen,	 2009),	 trafficking-related	 proteins	 EPS15,	
ANKRD13D,	 TOM1,	 STAM,	 STAM2,	 TOM1,	 HGS,	 TOM1L2	
and	TOLLIP	(Erpapazoglou	et	al.,	2012;	Lauwers	et	al.,	2009;	
Messick	and	Greenberg,	2009;	Nathan	et	al.,	2013;	Sobhian	
et	al.,	2007).	In	addition,	we	also	identified	less	studied	pro-
teins	with	annotated	UBDs	like	CUEDC1	and	ASCC2	(CUE),	
N4BP1	 (CoCUN)	 (Gitlin	 et	 al.,	 2020;	 Nepravishta	 et	 al.,	
2019),	CCDC50	(MIU)	(Hou	et	al.,	2021)	and	RBSN	(UIM).	

A	further	18	proteins	 in	Cluster	5	mainly	bind	to	K48-
linkages	in	chains	irrespective	of	whether	they	are	within	
homotypic	 or	 branched	 architectures.	 Similarly,	 Cluster	 6	
contains	 17	 proteins	 that	 show	 strong	 binding	 to	 un-
branched	K48-chains	and	weak	association	with	2-(K63)-
K48-Ub4,	suggesting	they	prefer	longer	K48-chains	(>2	Ub)	
or	cannot	bind	to	single	K48-linked	Ub	branching	off	a	K63-
linked	trunk.	Proteins	primarily	binding	to	the	unbranched	
K48-linked	chains	include	the	proteasomal	ubiquitin-bind-
ing	component	PSDM4/Rpn10,	the	segregase	VCP/p97	and	
its	substrate	adapters	UBXN1,	UFD1,	NSFL1C	and	NPLOC4	
(Figure	2B).	Other	known	K48	binders	present	in	this	clus-
ter	 include	 the	proteasome	shuttling	 factors	RAD23A	and	
RAD23B,	the	DUBs	MINDY1,	OTUD5,	USP25	and	USP48	(Ab-
dul	Rehman	et	al.,	2021;	Beck	et	al.,	2021;	Raasi	et	al.,	2004).	
Of	note,	other	proteasomal	subunits	were	identified	across	
all	chain	pulldowns,	but	not	significantly	enriched	by	a	spe-
cific	chain,	indicating	that	these	subunits	can	associate	with	
long	polyUb	 chains	 independent	 of	 linkage	 type	 (Supple-
mentary	Data).	We	also	identify	several	proteins	with	no	
annotated	UBDs	such	as	MTMR14,	ZFAND6	and	TBC1D17	
as	binders	to	K48-	and	K63-linked	chains.	However,	it	is	un-
clear	 if	 these	proteins	bind	directly	 to	 the	Ub	chains	or	 if	
they	were	identified	as	part	of	larger	macromolecular	com-
plexes	which	contains	a	UBD.		

Strikingly,	 we	 identified	 7	 proteins	 (Cluster	 3)	 that	
strongly	 associate	with	 the	 two	 branched	 chain	 architec-
tures	used	 in	 the	pulldown,	but	not	with	 the	unbranched	
K48-	 or	K63-linked	 chains	 (Figure	2B).	 This	 cluster	 con-
tains	proteins	that	have	previously	been	implicated	in	DNA	
replication	(RFC1),	Histone	deubiquitination	(USP15),	His-
tone	 methylation	 reading	 (MORC3),	 ERAD	 (USP13,	
DNAJB2),	and	peptide	antigen	loading	(TAPBP)	(Figure	2D)	
(Chapple	and	Cheetham,	2003;	Gaidt	et	al.,	2021;	Li	et	al.,	
2000;	 Long	 et	 al.,	 2014;	 Podust	 et	 al.,	 1995;	 Zhang	 et	 al.,	
2019).	 A	 further	 8	 proteins	 in	 Cluster	 4	 display	 high	 Z-
scores	for	the	two	branched	chains	while	also	weakly	asso-
ciating	with	 unbranched	K48-chains.	 Of	 note,	 8	 of	 the	 15	
identified	proteins	in	Cluster	3	&	4	contain	annotated	ubiq-
uitin-binding	domains	and	motifs,	indicating	that	these	may	
bind	directly	to	the	branched	bait	chains.	Three	of	the	eight	
proteins	in	Cluster	4	(ATXN3,	ZFAND2B,	RHBDD1)	also	har-
bor	VCP/p97-binding	motifs	(VIM,	VBM)	in	addition	to	one	
or	more	ubiquitin	interacting	motifs	(UIMs)	(Figure	2D).		
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Figure 2 – Identification of branched K48-K63-Ub chain-specific binders. (Continued on next page) 
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This	suggests	that	they	may	bind	branched	chains	directly	
and	deliver	to	or	process	branched	K48-K63-Ub	chains	on	
VCP/p97.	 Interestingly,	 VCP/p97	 is	 ranked	 in	 between	
ATXN3,	 ZFAND2B	 and	 RHBDD1,	 and	 the	 established	
VCP/p97	substrate	adapters	NPLOC4	and	UFD1,	which	have	
been	previously	shown	to	bind	K48-linked	Ub	chains	to	ini-
tiate	unfolding	of	modified	 client	proteins	 (Johnson	et	 al.,	
1995;	Meyer	et	al.,	2000).	Aptly,	we	also	detect	additional	
p97-binding	 proteins/substrate	 adapters	 (UBXN1,	
NSFL1C/p47)	in	Cluster	5	that	contains	mainly	unbranched	
K48-linked	Ub	chain	binders	(Kondo	et	al.,	1997;	McNeill	et	
al.,	 2004).	 These	 results	 indicate	 the	 co-existence	 of	
VCP/p97	complexes	functionalied	with	different	substrate	
adapters	that	confer	a	range	of	Ub	chain	preferences	from	
unbranched	K48-Ub	to	branched	K48-K63-Ub	chains	(Fig-
ure	2E).		

We,	then	attempted	to	validate	our	MS	data	in	vitro	using	
recombinant	proteins	for	the	identified	branched	chain	spe-
cific	binders.	Unfortunately,	 for	 several	of	 the	 interactors,	
we	were	unable	to	purify	full-length	proteins.	We	therefore	
tested	if	the	specificity	towards	branched	chain	binding	was	
encoded	in	the	minimal	UBD	of	the	protein.	Of	the	minimal	
UBDs	tested,	several	of	them	either	did	not	bind	to	the	Ub	
chains	tested	or	 lacked	specificity	(Figure	S2C).	This	sug-
gests	that	additional	regions	of	the	protein	are	required	to	
impart	 branched	 Ub	 binding	 properties.	 In	 contrast,	 the	
minimal	 UIM	 motifs	 of	 RFC1	 showed	 high	 specificity	 at	
binding	 to	 branched	 K48-K63	 chains	 with	 no	 detectable	
binding	observed	for	the	unbranched	controls	(Figure	2F).	
In	summary,	these	results	reveal	for	the	first	time	the	exist-
ence	 of	 proteins	 that	 bind	 specifically	 to	 branched	 Ub	
chains.	
	
ULTIMAT DUB assay monitors cleavage of individual link-
ages in Ub chains 
Since	 we	 identified	 multiple	 DUBs	 in	 the	 pulldown	 with	
branched	and	unbranched	Ub	chains,	we	next	investigated	
whether	some	DUBs	can	preferentially	cleave	branched	Ub	
chains.	However,	conventional	DUB	assays	monitoring	the	
cleavage	of	polyUb	chains	 lose	 information	on	which	spe-
cific	 linkage	 within	 a	 Ub	 chain	 is	 cleaved	 (Pruneda	 and	
Komander,	 2019).	 Hence,	 to	 capture	 the	 information	 of	
which	Ub	is	being	cleaved	and	thereby	investigate	DUB	ac-
tivity	 towards	 branched	 chains,	 we	 developed	 a	 precise,	
quantitative	DUB	assay,	ULTIMAT	(Ubiquitin	Linkage	Tar-
get	 Identification	 by	Mass-Tagging).	 The	 principle	 of	 the	
ULTIMAT	DUB	assay	relies	on	the	use	of	substrate	polyUb	
chains	in	which	each	Ub	moiety	within	the	chain	is	of	a	spe-
cific	but	slightly	different	mass	that	can	be	distinguished	by	
matrix-assisted	 laser	 desorption/ionization	 time	 of	 flight	
mass	spectrometry	(MALDI-TOF	MS)	(Figure	3A).	Follow-
ing	incubation	with	a	DUB,	the	released	monoUb	species	are	
detected	using	MALDI-TOF	MS	which	enables	identification	

and	quantification	of	the	exact	linkage	cleaved.	Employing	
the	 Ub-capping	 approach	 for	 stepwise	 chain	 ligation,	 we	
generated	a	set	of	four	tandem	mass-tagged	Ub	chains	of	un-
branched	(K48-Ub3,	K63-Ub3)	and	branched	architectures	
(2-(K63)-K48-Ub4,	 2-(K48)-K63-Ub4)	 with	 individual	
masses	incorporated	in	each	Ub	building	block	(Figure	3A).	
The	 proximal	 Ub	 of	 each	 chain	 is	 C-terminally	 truncated	
(Ub1-72	 =	 8181	Da),	 the	 central	 Ub	 is	 unmodified	 (UbWT	=	
8656	Da),	the	distal	Ub	harbors	K48R	and	K63R	mutations	
(UbKR	=	8621	Da),	and	the	second,	K48-linked	distal	Ubs	of	
the	 two	 branched	 chains	 are	 additionally	 15N-isotope	 la-
beled	 (15NUbKR	 =	 8730	 Da).	 Following	 incubation	 with	 a	
DUB,	 the	 released	 mono-Ub	 species	 were	 analyzed	 by	
MALDI	TOF	MS	and	quantified	relative	to	an	internal	stand-
ard	of	15N-isotope	labeled	Ub	(15NUb	=	8670	Da)	(De	Cesare	
et	al.,	2020)	(Figure	S3A,	Supplementary	Data).	As	con-
trols,	we	first	analyzed	the	activity	of	the	K63-specific	DUB	
AMSH/STAMBP	and	K48-specific	DUB	MINDY1	 in	 this	as-
say,	which	showed	that	they	only	cleaved	the	K63-	or	K48-
linked	Ub	chains,	respectively	(Figure	S3B).		

Having	 established	 the	 robustness	 and	 reproducibility	
of	this	method,	we	then	analyzed	a	panel	of	53	human	DUBs	
for	their	activity	towards	homotypic	and	branched	Ub	sub-
strates	 compared	 to	 a	 positive	 control	 substrate	 (Figure	
3B).	As	expected,	no	cleavage	of	K48-	and	K63-linked	sub-
strates	were	detected	for	the	highly	M1-specific	DUB	OTU-
LIN	or	members	of	the	UCH	DUB	family,	which	prefer	short	
and	disordered	peptides	at	the	C-terminus	of	Ub	(Bett	et	al.,	
2015;	Keusekotten	et	 al.,	 2013).	Accordingly,	members	of	
the	 USP	 family,	 known	 to	 be	 less	 linkage-selective,	 dis-
played	 a	 broad	 cleavage	 activity	 against	 all	 tested	 sub-
strates,	notably,	with	a	trend	to	cleave	from	the	distal	end	of	
the	chain	(Figure	3B).	Of	note,	in	our	assay,	we	observed	no	
inhibitory	effect	of	the	branched	chain	architecture	on	CYLD	
activity,	 as	 suggested	 in	 a	 previous	 study	 (Ohtake	 et	 al.,	
2016)	(Figure	3B).	Importantly,	we	identified	some	DUBs	
such	as	the	MINDYs	and	ATXN3	that	showed	marked	pref-
erence	for	cleaving	branched	ubiquitin	chains.		
	
MINDY1 recognizes branched K63-linked Ub via a cryptic 
S1’br Ub-binding site 
In	 the	 ULTIMAT	 DUB	 assay,	 both	 MINDY1	 and	 MINDY3	
stood	out	for	their	high	activity	at	cleaving	K48-linkages	off	
branched	 chains.	 The	 K48-specific	 DUB	 MINDY1,	 which	
usually	 prefers	 long	 K48-chains,	 cleaved	 the	 distal	 K48-
linked	 Ub	 off	 the	 branched	 chains	 more	 efficiently	 com-
pared	to	the	distal	Ub	of	unbranched	K48-Ub3.	MINDY1	has	
5	 well-characterized	 Ub	 binding	 sites	 on	 its	 catalytic	 do-
main	to	interact	with	five	K48-linked	Ub	moieties	and	is	vir-
tually	 inactive	against	 short	 chains	 such	as	K48-Ub2	 (Ab-
dul	Rehman	et	al.,	2016).	However,	to	our	surprise,	MINDY1	
activity	 was	 also	 enhanced	 towards	 2-(K48)-K63-Ub4,	 a	

Figure 2 - Identification of branched K48-K63-Ub chain-specific binders. (Continued from previous page) 
A) Schematic workflow of pulldown from U2OS cell lysates using functionalized Ub4 chains and subsequent MS-MS & DIA analysis. B) Heatmap 
showing binding Z-scores of 130 proteins with statistically significant differences in binding profiles identified in quadruplicate Ub chain pulldowns. 
Schematics of chains used in pulldown are depicted on top. Spatial Euclidean distance computations were applied to rank proteins (left tree) and 
replicates (bottom tree). The six main distance clusters of proteins representing binding preferences are color-coded from red to blue. C) Sankey 
diagram connecting the six distance clusters to annotation clusters of DAVID gene ontology analysis colored by annotation enrichment score. D) 
Table of molecular functions and known binding motifs of proteins specifically associated with branched K48-K63-Ub chains (Clusters 3 and 4). E) 
Schematic of VCP/p97 sub-complexes with varying Ub chain binding preferences. F) Silver-stained SDS-PAGE analysis of HALO pulldown with 
recombinant HALO-tagged RFC1 tandem MIU [190-246] and branched/unbranched Ub4 containing K48- and K63-linkages. 
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branched	chain	where	a	single	K48-
linked	 Ub	 branches	 off	 a	 K63-
linked	Ub3	(Figure	3B).	

We	therefore	proceeded	to	sys-
tematically	 analyze	 processing	 of	
branched	 chains	by	 all	 four	 active	
members	of	the	MINDY	DUB	family	
(MINDY1-4).	MINDY-1	and	-2	have	
a	similar	domain	architecture	with	
a	 disordered	N-terminus,	 catalytic	
domain,	 followed	by	tandem	MIUs	
(motif	 interacting	 with	 ubiquitin)	
and	 a	 C-terminal	 CAAX	 box	 for	
membrane	 anchoring.	 MINDY3	
consists	of	a	catalytic	domain	with	
an	inserted	EF-hand	feature,	while	
MINDY4	has	a	large,	disordered	N-
terminus	 with	 a	 C-terminal	 cata-
lytic	domain	(Figure	4A).	Compar-
ing	 the	 activities	 of	 catalytic	 and	
full-length	MINDYs	in	an	ULTIMAT	
DUB	assay	with	branched	and	un-
branched	K48-	and	K63-linked	sub-
strates	(Figure	4B)	shows	that	the	
processing	 of	 branched	 chains	 by	
full-length	 MINDY1	 is	 accelerated	
5.4-fold	compared	to	the	distal	Ub	
of	 unbranched	 K48-Ub3,	 but	 only	
2.8-fold	in	case	of	the	catalytic	do-
main,	 suggesting	 a	 role	 of	 for	 the	
tandem	MIUs	in	efficient	branched	
chain	processing.	In	contrast,	both	
MINDY2	 full-length	 and	 catalytic	
domain	 process	 the	 distal	 K48-
linked	Ub	of	K48-Ub3	and	the	two	
branched	 Ub4	 chains	with	 similar	
efficiency.	 MINDY3	 shows	 compa-
rable	activity	against	the	distal	Ub	
of	 unbranched	 K48-Ub3	 and	
branched	 (K63)-K48-Ub4,	 but	
strikingly	is	4.4-fold	more	active	at	
cleaving	the	K48-linked	distal	Ub	of	
(K48)-K63-Ub4.	 These	 data	

Figure 3 - Profiling debranching activity 
of 53 human DUBs in ULTIMAT DUB as-
say. 
A) Principle and schematic workflow of the 
ULTIMAT DUB assay. B) Screen of 53 hu-
man DUBs in duplicate using ULTIMAT 
DUB assay with K48- and K63-linked 
chains. Heatmap shows individual data-
points of duplicate measurements of re-
leased Ub moieties normalized to internal 
15N-Ub standard and relative to cleaved 
control substrate. Schematic of substrates 
and location of Ub moieties are depicted 
above heatmap. Control substrates are ei-
ther homotypic Ub chains of specific link-
age type and length (e.g. 632 = K63-linked 
diUb), Ub with C-terminal Trp residue (-
Trp), Ub modified with isopeptide-linked 
Lys residue (-Lys), or Ub with ester-linked 
Thr-residue (-Thr).  
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suggest	a	specific	role	of	MINDY3	to	remove	K48-Ub	chain	
linkages	branching	off	K63-Ub	chains.	In	contrast,	MINDY4	
cleaves	 distal	 K48-linkages	 in	 both	 unbranched	 K48-Ub3	
and	 branched	 (K63)-K48-Ub4	 with	 similar	 efficiency	 but	
displays	 reduced	 processing	 of	 (K48)-K63-Ub4	 (0.5-fold).	
Unlike	the	other	MINDY	DUBs	that	are	K48-linkage	specific,	
MINDY4	also	displays	weak	activity	towards	K63-linkages	
(Armstrong	et	al.,	in	preparation).	In	summary,	we	find	that	
each	MINDY	family	member	has	a	unique	cleavage	profile	
for	branched	K48-K63-Ub	chains	with	MINDY1	and	-3	pre-
ferring	branched	over	unbranched	substrates.		

Detailed	structural	and	biochemical	characterization	of	
MINDY-1	and	-2	have	identified	five	Ub	binding	pockets	for	

K48-linked	Ub	on	the	catalytic	domains,	as	demonstrated	by	
the	 co-crystal	 structure	of	MINDY2	 in	 complex	with	K48-
linked	Ub5	(PDB	7NPI)	(Abdul	Rehman	et	al.,	2021).	How-
ever,	 these	previously	 identified	Ub	binding	sites	(S1,	S1’-
S4’)	would	be	unable	to	accommodate	a	K63-linked	Ub	of	a	
branched	K48-K63-Ub	chain,	as	the	K63	residue	of	the	prox-
imal	 Ub	 in	 the	 S1’-pocket	 is	 positioned	 opposite	 to	 these	
known	K48-binding	sites	(Figure	4C).	Strikingly,	analyzing	
the	protein	binding	probability	of	MINDY1	surface	residues	
using	 the	 ScanNet	 webserver	 (Tubiana,	 Schneidman-
Duhovny	and	Wolfson,	2022)	predicted	a	novel	high-confi-
dence	binding	patch	adjacent	to	the	S1’-pocket	of	MINDY1	
near	the	K63-residue	of	the	proximal	Ub	(Figure	4C).	We	

Figure 4 - Unwinding the debranching activity of MINDYs and ATXN3. 
A) Schematic domain overview of active MINDY family members with highlighted catalytic Cys residues. B) ULTIMAT DUB assay in duplicate of 
catalytic domains and full-length constructs of MINDY family members against branched and unbranched K48- and K63-linked substrate chains. 
Heatmap depicts individual datapoints of duplicate measurements of released Ub moieties normalized to the internal 15N-Ub standard and to the 
intensity of the distal Ub of K48-Ub3. C) Crystal structure of the catalytic domain of MINDY1 in complex with K48-Ub2 (PDB 6TUV) with MINDY1 
residues colored by ScanNet-binding probability score (blue, white, red) and Ub molecules in grey. Zoomed-in view of potential K63-Ub binding site 
with residues shown as stick models. D) Silver-stained SDS-PAGE analysis of DUB assays with wild-type catalytic domain of MINDY1 or point 
mutants in potential K63-Ub binding site (L281A or V277R) screened against a panel of branched and unbranched K48- and K63-linked Ub chains. 
E) Schematic of six Ub binding sites located in MINDY1’s catalytic domain colored by Ub-linkage binding preference in blue (K48) or red (K63). F) 
Schematic domain overview of ATXN3 with highlighted catalytic Cys residue. G) ULTIMAT DUB assay in duplicate with full-length and C-terminally 
truncated ATXN3 against branched and unbranched K48- and K63-linked substrate chains. Heatmap shows individual datapoints of duplicate meas-
urements normalized to internal 15N-Ub standard as absolute percentage of substrate linkage cleaved. H) Silver-stained SDS-PAGE analysis of DUB 
assays with full-length ATXN3 (top) and ATXN3 [1-260] (bottom) against a panel of branched and unbranched K48- and K63-linked Ub chains. I) 
Silver-stained SDS-PAGE analysis of DUB assays with full-length ATXN3 against Ub4 chains of K63-linked Ub2 (K63-x Ub4, left) and branched 
(K63)-K48-Ub4. 
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theorized	that	mutation	of	this	potential	K63-binding	site	in	
MINDY1,	which	is	not	one	of	the	five	Ub	binding	sites	previ-
ously	 identified,	 should	 affect	 cleavage	 of	 branched	 K48-
K63-Ub	chains	but	not	that	of	unbranched	chains.	 Indeed,	
the	 introduction	 of	 either	 V277R	 or	 L281A	 into	MINDY1	
abolished	cleavage	of	K48-K63-Ub3,	while	processing	of	un-
branched	K48-Ub3	was	unaffected	(Figure	4D).	Similarly,	
processing	of	the	tetrameric	branched	chains	was	severely	
impeded	 by	 mutations	 at	 this	 site,	 demonstrating	 that	
MINDY1’s	catalytic	domain	has	a	sixth	Ub	binding	site	that	
can	 bind	 branched	 K63-linked	 Ub,	 which	 we	 refer	 to	 as	
S1’br-site	(Figure	4E).	

	
ATXN3 is a debranching enzyme 
In	the	ULTIMAT	DUB	assay,	we	also	identified	K63-specifc	
DUBs	 that	were	activated	when	presented	with	branched	
chain	 architectures.	 Notably,	 the	 p97-associated	 DUB	
ATXN3,	which	was	previously	thought	to	cleave	long	K63-
linked	chains,	showed	~10-fold	higher	cleavage	activity	for	
the	distal	K63-linked	Ub	in	both	branched	Ub4	substrates	
compared	to	the	control	Ub-Thr	substrate	(De	Cesare	et	al.,	
2021),	while	no	cleavage	of	the	proximal	K63-linkage	or	un-
branched	 K63-Ub3	was	 detected	 (Figure	 3B).	 As	 ATXN3	
demonstrates	markedly	higher	 activity	 towards	branched	
chains,	we	dissected	 this	activity	 in	 further	detail.	ATXN3	
belongs	to	the	Josephin	family	of	DUBs	and	harbors	an	N-
terminal	catalytic	domain	(Cat:	aa	1-195)	followed	by	a	hel-
ical	 extension	 (aa	 195-217),	 tandem	UIM	 (UIM1:	 aa	 224-
243,	UIM2:	aa	243-260),	a	p97-interacting	motif	and	poly-
Gln	repeat	(VBM-polyQ:	aa	279-304),	and	a	C-terminal	third	
UIM	(UIM3:	336-361)	(Figure	4F).		

We	 generated	 truncated	 versions	 of	ATXN3	 to	 further	
dissect	the	contribution	of	p97	interaction	and	the	different	
UBDs	 to	 its	debranching	activity.	An	ULTIMAT	DUB	assay	
comparing	 the	 different	ATXN3	 truncations	 revealed	 that	
ATXN3	with	the	tandem	UIM	(aa	1-260)	is	the	minimal	re-
gion	required	to	efficiently	cleave	the	branched	chain	archi-
tectures,	 while	 the	 control	 substrate	 Ub-Thr	 was	 not	 af-
fected	by	any	of	the	truncations	(Figure	4G).	We	next	per-
formed	a	time	course	experiment	to	compare	the	activity	of	
full-length	ATXN3	and	ATXN3	1-260	(Figure	4H).	Both	pro-
teins	 showed	 weak	 activity	 at	 cleaving	 unbranched	 K48-
Ub4	and	were	unable	to	cleave	K63-Ub4	or	branched	K48-
K63-Ub3.	Strikingly,	about	50%	of	the	tetrameric	branched	
chains	 containing	 an	 additional	 proximal	 Ub	 prior	 to	 the	
branchpoint	were	cleaved	within	5	minutes	by	both	ATXN3	
constructs	(Figure	4H,	S4A).		

As	ATXN3	 interacts	with	VCP/p97	via	a	VBM	motif	 lo-
cated	between	UIM2	and	UIM3,	we	next	tested	if	addition	of	
VCP/p97	affects	the	DUB	activity	of	ATXN3,	especially	since	
it	has	been	suggested	that	VCP/p97	can	activate	ATXN3	ac-
tivity	(Laço	et	al.,	2012)	(Figure	S4B-C).	Interestingly,	addi-
tion	of	p97	hindered	cleavage	of	branched	Ub4	substrates	
by	both	full-length	ATXN3	and	ATXN31-260,	which	lacks	the	
C-terminal	VBM	and	UIM3	motifs.	As	both	ATXN3	proteins	
are	affected	by	VCP/p97	addition	independent	of	the	VBM	
motif,	 these	 results	 indicate	 that	 VCP/p97	 competes	 for	
ubiquitylated	 substrates	 in	 vitro	 and	 thereby	 slows	down	
chain	cleavage	by	ATXN3.	

It	was	previously	reported	that	ATXN3	prefers	cleaving	
long	 K63-linked	 Ub	 chains	 and	 K63-linkages	 in	 mixed	

(unbranched)	Ub	chains	containing	K48-	and	K63-linkages	
(Winborn	et	al.,	2008).	In	particular,	this	‘mixed’	chain	was	
assembled	by	ligating	wild-type	K48-linked	Ub2	using	K63-
specific	E2s	UBE2N/UBE2V1	(R&D	Systems,	personal	com-
munication,	2022),	which	should	in	theory	result	in	a	mix-
ture	 of	 branched	 and	mixed	Ub4	 chains,	 as	 one	K48-Ub2	
molecule	could	be	ligated	to	the	proximal	or	distal	Ub	moi-
ety	of	the	other	K48-Ub2	to	create	branched	Ub4,	1-(K48-
Ub)-2-(K48-Ub)-K63-Ub2	{Ub4},	or	mixed	Ub4,	2-(1-(K48-
Ub)-K63-Ub)-K48-Ub2	 {Ub4})	 (Figure	 4I).	 To	 compare	
ATXN3	activity	against	mixed	and	branched	chains	directly,	
we	 ligated	wild-type	K48-Ub2	using	UBE2N/UBE2V1	and	
purified	the	resulting	tetra-Ub	chains.	A	direct	comparison	
of	 the	 cleavage	 of	 this	 mixed	 K63-linked	 K48-Ub2	 and	
branched	(K63)-K48-Ub4	by	ATXN3	shows	that	only	a	small	
fraction	of	the	mixed	K63-linked	K48-Ub2	is	cleaved	to	Ub2	
after	2	h,	while	the	majority	of	(K63)-K48-Ub4	is	trimmed	
to	K48-Ub3	within	10	minutes	(Figure	4I).	Our	results	sug-
gest	that	the	previously	observed	partial	cleavage	of	K63-
linked	K48-Ub2	may	be	attributed	to	a	small	fraction	of	con-
taminating	 branched	 chains	 in	 the	 K63-linked	 K48-Ub2	
chain	mixture.	 In	summary,	 the	ULTIMAT	DUB	assay	pre-
sented	here	is	a	superior	method	for	monitoring	DUB	activ-
ity,	which	 reports	 on	 the	 precise	 linkages	 cleaved	within	
complex	polyUb	and	will	be	an	invaluable	approach	to	un-
derstand	chain	length,	architecture	and	cleavage	properties	
of	 DUBs.	 Importantly,	 this	 approach	 led	 us	 to	 identify	
ATXN3	as	 a	debranching	 enzyme	 that	 efficiently	 removes	
K63-linkages	from	branched	K48-K63-Ub	chains.	
	
Development of a high-affinity nanobody against branched 
K48-K63-Ub chains 
The	 absence	 of	 tools	 such	 as	 antibodies	 that	 specifically	
bind	and	detect	branched	Ub	chains	formed	in	cells	is	a	ma-
jor	 barrier	 to	 their	 facile	 analysis	 and	 characterization.	
Nanobodies	are	versatile	tools	that	have	been	used	widely	
in	both	structural	biology	and	cell	biology	studies	(Manglik	
et	 al.,	 2017).	 We	 therefore	 devised	 a	 screening	 strategy	
based	on	a	synthetic	yeast	surface	display	nanobody	library	
(McMahon	et	al.,	2018)	to	obtain	nanobodies	that	bind	se-
lectively	to	branched	K48-K63-Ub	chains	(Figure	5A).	First,	
we	performed	a	negative	selection	step	to	remove	yeast	ex-
pressing	 undesired	 binders	 to	 unbranched	 K48-	 or	 K63-
linked	Ub	chains.	This	was	followed	by	positive	selection	to	
enrich	for	binders	to	branched	K48-K63-Ub3	(1-(K48)-K63-
Ub2	[Ub3]	{1-72-AVI*biotin,	K48R	K63R,	K48R	K63R}	(Fig-
ure	5A,	Figure	S5A).	Following	four	rounds	of	magnetic	cell	
sorting	(MACS)	selection,	we	identified	a	promising	candi-
date	nanobody,	NbSL3,	which	bound	branched	K48-K63-Ub	
with	sub-micromolar	affinity	(KD	=	740	±	140	nM)	and	dis-
played	 good	 solubility	 in	 bacterial	 and	 mammalian	 cells	
(Figure	5B,	S5B).		

Next,	we	 used	 site-directed	 saturation	mutagenesis	 to	
randomize	 individual	amino	acid	positions	 in	 the	comple-
mentarity	determining	regions	(CDRs)	of	NbSL3	and	gener-
ated	 a	 diverse	 NbSL3-based	 yeast	 library	 with	 ~2x108	
unique	nanobody	sequences	for	maturation	of	NbSL3.	Fol-
lowing	four	rounds	of	negative	and	positive	MACS	selection,	
the	 top	 four	 nanobodies	 identified	 (NbSL3.1-4)	 displayed	
improved	binding	to	branched	K48-K63-Ub	chains	with	af-
finities	 in	 the	 low-nanomolar	range	(~1-100	nM)	(Figure	
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S5C-D).	Rational	analysis	of	mutations	in	the	matured	nano-
bodies	led	us	to	combine	the	mutations	of	the	top	two	rank-
ing	nanobodies,	adding	the	F47Q	mutation	of	NbSL3.1	to	the	
three	mutations	of	NbSL3.3	(R33V,	N56V,	V101E),	thereby	
generating	a	third	generation	nanobody,	NbSL3.3Q	(Figure	
S5C).	 Excitingly,	 NbSL3.3Q	 bound	 to	 branched	 K48-K63	
chains	with	pico-molar	affinity	(Figure	5B).	We	next	ana-
lyzed	 the	 specificity	 by	 performing	 pulldowns	 using	
NbSL3.3Q-cross-linked	to	agarose	resin	and	assayed	bind-
ing	 to	 unbranched	 chains	 (K48-Ub3,	 K63-Ub3)	 and	
branched	 chains	 (K48-K63-Ub3,	 M1-K63-Ub3,	 K29-K48-
Ub3)	(Figure	5C).	This	revealed	that	NbSL3.3Q	bound	with	

high	specificity	only	to	branched	K48-K63-linked	Ub	chains	
while	no	binding	was	detected	for	unbranched	K48-	or	K63-
linked	 chains.	 Additionally,	 NbSL3.3Q	 did	 not	 bind	 to	 the	
two	unrelated	branched	 chain	 types	 tested,	K29-K48	 and	
M1-K63,	firmly	establishing	the	specificity	of	this	nanobody.	

To	 understand	 how	 the	 nanobody	 specifically	 recog-
nizes	 only	 branched	 K48-K63-Ub	 chains,	 we	 determined	
crystal	 structures	 of	 branched	 K48-K63-Ub3	 in	 complex	
with	the	original	NbSL3	or	the	matured	NbSL3.3Q	(Figure	
5D,	 S5E,	 Table	 S1).	 In	 both	 structures,	 the	 branched	 Ub	
chain	wraps	around	the	nanobody	and	adopts	a	completely	
different	 conformation	 compared	 to	 the	 free	K48-K63-Ub	

Figure 5 - Engineering of the branched K48-K63-Ub specific, high-affinity nanobody NbSL3.3Q. 
A) Schematic workflow of nanobody selection and maturation using yeast-surface display screening. B) ITC analysis of first-generation nanobody 
NbSL3 and matured third-generation nanobody NbSL3.3Q binding to branched K48-K63-Ub3. C) Silver-stained SDS-PAGE analysis of in vitro pull-
down with NbSL3.3Q-immoblized agarose beads against a panel of branched and unbranched Ub3 chains. D) Superimposed crystal structures of 
NbSL3 (green) and NbSL3.3Q (yellow) each in complex with branched K48-K63-Ub3 in cartoon representation. K48-linked Ub in blue, K63-linked 
Ub in red and proximal Ub in grey. Isopeptide linkages are shown as stick models.  
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chain	 crystal	 structure	 (Figure	
1D).	 Superimposition	 of	 the	 two	
structures	 revealed	 a	 near	 identi-
cal	 global	 binding	 mode	 with	 a	
slight	rotation	of	the	three	Ub	moi-
eties	relative	to	the	Nb	in	the	ma-
tured	 nanobody	 structure	 (Ca-
RMSD(Nb)	 =	 0.71	 Å,	 Ca-
RMSD(Ub3)	 =	 1.19	 Å).	 In	 both	
structures,	the	C-terminal	residues	
V70,	L71	and	L73	of	the	two	distal	
Ub	moieties	engage	in	hydrophobic	
interactions	 with	 the	 nanobody’s	
complementarity-determining	 re-
gions	(CDRs)	and	the	proximal	Ub.	
CDR1	 interacts	 with	 the	 C-termi-
nus	 of	 the	K48-linked	Ub	 and	 the	
proximal	Ub,	CDR2	makes	contacts	
with	 both	 K48-	 and	 K63-linkages	
on	 the	proximal	Ub,	and	 the	 large	
CDR3	 loop	 inserts	 itself	 deeply	 in	
between	all	three	Ub	moieties	and	
directly	 contacts	 the	 K63-linkage	
(Figure	 5D).	 A	 PISA	 analysis	
(Krissinel,	 2015)	 of	 the	NbSL3.3Q	
complex	revealed	a	buried	surface	
area	 of	 ~5430	 Å2,	 which	 corre-
sponds	to	26%	of	the	total	surface	
area,	 indicating	 a	 compact	 com-
plex.	We	performed	a	comparative	
analysis	of	the	original	NbSL3	and	
matured	 NbSL3.3Q	 structures	 to	
establish	the	roles	of	the	four	mu-
tations	 of	NbSL3.3Q	 (R33V,	 F47Q,	
N56V,	 V101E)	 in	 improving	 the	
binding	affinity	by	almost	three	or-
ders	of	magnitude.	To	our	surprise,	
only	 V101E	 contributed	 to	 a	 de	
novo	 interaction,	 while	 the	 other	
three	mutations	 instead	 appeared	
to	reduce	steric	hinderance	and	re-
lieved	unfavorable	 contacts	of	 the	
non-matured	 nanobody,	 thereby	
promoting	tighter	binding	(Figure	
S5E).	 Overall,	 the	 extensive	 inter-
actions	 with	 Ub	 and	 the	 direct	
recognition	 of	 the	 K48-	 and	 K63-
linkages	provides	a	structural	basis	
for	the	high	affinity	and	specificity	
observed	towards	branched	K48-K63-Ub	chains.	This	direct	
mode	of	branched	chain	recognition	differs	from	that	of	the	
branched	K11-K48-Ub	chain	antibody	which	works	as	a	co-
incidence	detector	 to	 recognize	 the	presence	of	both	K11	
and	K48-linked	Ub	(Yau	et	al.,	2017).	
	
Application of nanobodies to investigate cellular functions 
of branched chains 
Having	 developed	 a	 selective	 high	 affinity	 nanobody,	 we	
performed	a	pulldown	to	analyze	cellular	proteins	that	are	
modified	with	branched	K48-K63-Ub	chains.	As	a	positive	
control,	 we	 treated	 U2OS	 cells	 with	 the	 proteasome	

inhibitor	 MG-132,	 as	 branched	 K48-K63-Ub	 chains	 were	
previously	linked	to	proteasomal	degradation	(Ohtake	et	al.,	
2018).	As	expected,	we	observed	an	accumulation	of	high	
molecular	weight	ubiquitylated	species	(HMW-Ub)	in	U2OS	
cell	 extracts	 following	 proteasome	 inhibition,	 but,	 to	 our	
surprise,	we	detected	no	enrichment	of	branched	K48-K63-
Ub	chains	in	subsequent	pulldowns	with	NbSL3.3Q	(Figure	
6A).	As	we	identified	multiple	VCP/p97-binding	proteins	to	
be	 associated	with	 branched	 K48-K63-Ub	 chains	 and	 the	
p97-associated	DUB	ATXN3	to	be	highly	active	at	cleaving	
branched	 chains,	 we	 wondered	 if	 branched	 K48-K63-Ub	
chains	serve	as	signals	for	VCP/p97-mediated	processes.	To	

Figure 6 - Branched K48-K63-Ub chains are made in response to VCP/p97 inhibition and at sites 
of DNA damage. 
A-C) Pulldowns using NbSL3.3Q-immobilized agarose from U2OS cells A) treated with indicated inhib-
itors (NMS-873 – 5 µM, MG-132 – 10 µM, VER-155008 – 5 µM, tunicamycin – 5 µg/ml). Western blot 
analysis of total ubiquitin in input lysate and eluted proteins. B) treated with VCP/p97-inhibitors NMS-
873 (5 µ), CB-5083 (5 µM) and proteasomal inhibitor MG132 (10 µM). Western blot analysis of total Ub, 
VCP/p97 and ATXN3. C) treated with VCP/p97-inhibitors NMS-873 (5 µM), CB-5083 (5 µM) and pro-
teasomal inhibitor MG132 (10 µM) and non-specific siRNA or siRNA targeting p97 or ATXN or both in 
combination. Input and eluted proteins analyzed by Western blot against total Ub, p97, ATXN3 and 
GAPDH. D) Silver-stained SDS-PAGE of DUB assay with full-length ATXN3 and (K63)-K48-Ub4 incu-
bated at 30 °C for 2 h following addition of branched K48-K63-Ub specific nanobody NbSL3.3Q. E) Live 
cell images of UV-micro irradiation assay with U2OS cells expressing either NbSL3.3Q-GFP, NbSL18-
GFP, GFP or GFP-DDB2. Cells were imaged pre-damage and over a time course of 10 min following 
insult by UV laser striping. 
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test	 this	 hypothesis,	we	 treated	U2OS	 cells	with	 the	 allo-
steric,	small	molecule	VCP/p97	inhibitor	NMS-873,	the	pro-
teasomal	 inhibitor	 MG-132,	 the	 HSP70	 inhibitor	 VER-
155008	and	 the	N-glycosylation	 inhibitor	Tunicamycin	 to	
induce	unfolded	protein	response	(Azim	and	Surani,	1979;	
Ito	 et	 al.,	 1975;	 Lee	 and	Goldberg,	 1998;	Magnaghi	 et	 al.,	
2013;	Williamson	et	al.,	2009).	Excitingly,	while	both	p97	
and	proteasomal	inhibition	led	to	a	significant	accumulation	
of	HMW-Ub	conjugates,	only	the	ubiquitylated	proteins	sta-
bilized	upon	p97	inhibition	were	captured	by	the	branched	
K48-K63-Ub	specific	nanobody	NbSL3.3Q	(Figure	6A).	Sim-
ilarly,	inhibition	of	p97	with	the	ATP-competitive	inhibitor	
CB-5083	 also	 led	 to	 significant	 accumulation	 of	 branched	
K48-K63-Ub	chains	(Figure	6B).	These	results	suggest	that	
proteins	modified	 with	 branched	 K48-K63-Ub	 chains	 are	
clients	for	processing	by	VCP/p97.		

Intriguingly,	pulldowns	of	the	branched	K48-K63	ubiq-
uitylated	proteins	that	accumulate	upon	p97	inhibition	also	
co-precipitate	p97	and	ATXN3	(Figure	6B).	To	further	in-
vestigate	 the	 interplay	between	p97	and	 the	debranching	
DUB	ATXN3	in	processing	branched	K48-K63-Ub	chains,	we	
performed	transient	siRNA	knockdowns	of	p97,	ATXN3	or	
co-depletion	 of	 both	 in	 U2OS	 cells	 and	 analyzed	 the	 for-
mation	 of	 branched	Ub	 (Fig	6C).	While	 individual	 knock-
down	of	p97	and	ATXN3	did	not	result	in	an	accumulation	
of	high-MW	Ub	species,	the	combined	depletion	of	p97	and	
ATNX3	led	to	a	significant	accumulation	of	proteins	modi-
fied	with	branched	K48-K63-Ub.	Taken	together,	these	re-
sults	 strongly	 suggest	branched	K48-K63-Ub	chains	 to	be	
signals	for	p97	that	are	regulated	by	ATXN3.		

To	further	cement	these	observations,	we	monitored	if	
branched	 K48-K63-Ub	 chains	 are	 formed	 on	 Ub(G76V)-
GFP,	 a	 ubiquitin	 fusion	 degradation	 (UFD)	 reporter	 sub-
strate	that	requires	p97	activity	for	its	unfolding	and	subse-
quent	 degradation	 (Beskow	 et	 al.,	 2009).	 Treatment	 of	
HEK293	 cell	 lines	 expressing	Ub(G76V)-GFP	with	p97	 in-
hibitors	leads	to	marked	stabilization	of	the	reporter	(Fig-
ure	 S6A).	 Strikingly,	 a	 pulldown	with	NbSL3.3Q	 revealed	
that	 this	p97	 substrate	 is	 indeed	modified	with	branched	
K48-K63-Ub	chains.	

The	observation	that	p97	inhibition	is	required	to	stabi-
lize	branched	K48-K63-Ub	chains	in	cells	suggests	that	K48-
K63-Ub	signals	are	transient	and	modified	proteins	are	rap-
idly	processed.	We	imagined	that	one	potential	strategy	to	
stabilize	the	short-lived	branched	Ub	chains	in	cells	would	
be	 to	 use	 the	 branched	 K48-K63-Ub	 specific	 nanobody	
NbSL3.3Q	 to	 inhibit	 recognition	 and	 cleavage	 of	 these	
chains	by	DUBs.	To	test	this	possibility,	we	monitored	the	
debranching	 activity	 of	 ATXN3	 following	 addition	 of	
NbSL3.3Q	to	an	in	vitro	DUB	cleavage	assay	with	(K63)-K48-
Ub4.	 Indeed,	 the	 addition	 of	 equimolar	 amounts	 of	
NbSL3.3Q	had	a	strong	inhibitory	effect,	resulting	in	mark-
edly	reduced	cleavage	of	the	branched	chain	by	ATXN3	in	
the	presence	of	 the	nanobody	 (Figure	6D).	This	 suggests	
that	expression	of	NbSL3.3Q	in	cells	would	indeed	stabilize	
and	enrich	cellular	proteins	modified	with	branched	chains.	
We	therefore	generated	cell	 lines	for	inducible	expression	
of	C-terminally	GFP-tagged	NbSL3.3Q	(NbSL3.3Q-GFP)	and	
performed	GFP	pulldowns.	Indeed,	immunoprecipitation	of	
NbSL3.3Q-GFP	showed	enrichment	of	branched	chains	both	
in	untreated	and	p97-inhibitor	treated	cells	(Figure	S6B).	

We	 then	 treated	 the	 captured	 HMW-Ub	 chains	 with	 the	
K48-specific	 DUB	 Miy2/Ypl191c,	 the	 K63-specific	 DUB	
AMSH,	the	non-specific	DUB	USP2,	and	the	K63-specific	de-
branching	 enzyme	ATXN3.	 Removal	 of	 K48-linkages	with	
Miy2	 treatment	 led	 to	 a	 reduction	 in	 the	 intensity	 of	 the	
polyUb	smear	and	a	shift	towards	lower	MW	ubiquitylated	
bands,	 and	 to	 complete	 removal	 of	 K48	 linkages	 (Figure	
S6C).	On	the	other	hand,	treatment	with	AMSH	led	to	a	re-
duction	in	total	Ub	signal	intensity,	but	not	to	a	lower	MW	
shift	 and,	 as	 expected,	 K48-linkages	 were	 unaffected	 by	
AMSH	treatment.	Similarly,	treatment	with	ATXN3,	which	is	
highly	 active	 against	 K63-linkages	 in	 branched	 K48-K63-
Ub,	 led	to	a	substantial	decrease	of	 total	Ub	 intensity,	but	
not	to	a	shift	 in	MW	of	the	total	HMW-Ub	signal	nor	K48-
linkage	intensity.	As	a	positive	control,	incubation	with	the	
non-specific	DUB	USP2	abolished	all	ubiquitin	chain	signals	
(Figure	S6C).	Together	these	findings	suggest	that	the	ar-
chitecture	 of	 branched	 K48-K63-Ub	 chains	 formed	 in	 re-
sponse	 to	 p97	 inhibition	 consists	 predominantly	 of	 K63-
linked	Ub	branches	decorating	K48-linked	Ub	chain	trunks.		

As	NbSL3.3Q-GFP	 is	 expressed	uniformly	 in	 cells	with	
distribution	 in	 both	 cytoplasmic	 and	 nuclear	 compart-
ments,	 we	 wanted	 to	 use	 it	 to	 track	 branched	 chain	 for-
mation	 and	 localization	 in	 live	 cells.	 A	 critical	 function	 of	
VCP/p97	is	the	extraction	of	stalled	transcription	machin-
eries	from	sites	of	DNA	damage	(Davis	et	al.,	2012;	Meerang	
et	al.,	2011).	To	test	whether	the	branched	K48-K63-Ub	is	
induced	by	DNA	damage	and	formed	at	sites	of	damage,	we	
used	NbSL3.3Q-GFP	expressing	U2OS	cells	in	a	micro-irra-
diation	assay	 to	 induce	 localized	DNA	damage	by	striping	
with	a	UV	laser.	Live	cell	imaging	of	the	irradiated	cells	re-
vealed	NbSL3.3Q-GFP	to	be	rapidly	recruited	to	sites	of	DNA	
damage	within	1-2	min	and	was	sustained	over	a	period	of	
at	least	10	min	(Figure	6E,	S6D).	The	positive	control	GFP-
DDB2	(DNA	damage-binding	protein	2)	is	also	recruited	to	
sites	of	DNA	damage	whereas	GFP	on	its	own	or	the	unre-
lated	GFP-tagged	nanobody	NbSL18	did	not	show	recruit-
ment	to	UV-laser	stripes.	In	summary,	these	results	reveal	
formation	 of	 branched	 Ub	 chains	 following	 DNA	 damage	
and	in	p97-related	processes.	

Discussion 
Branched	Ub	chains	are	 increasingly	being	appreciated	as	
unique	signals	used	for	information	transfer	in	cells.	They	
have	been	implicated	in	NF-kB	signaling,	cell	cycle	control,	
ERAD	 and	 protein	 quality	 control	 pathways.	 However,	 a	
better	understanding	of	 the	 roles	of	branched	 chains	 and	
how	they	function	as	unique	signals	is	hampered	by	a	lack	
of	tools	and	innovative	methods	to	systematically	decipher	
these	complex	chains.	A	primary	task	is	to	identify	molecu-
lar	 players	 that	 assemble,	 decode	 and	 erase	 branched	
chains.	Barring	the	bispecific	antibody	that	was	developed	
to	detect	branched	K11-K48-Ub	chains,	 the	 field	relies	on	
the	overexpression	of	ubiquitin	variants	in	cells	or	sophisti-
cated	 mass-spectrometry	 based	 approaches	 that	 are	 low	
throughput	and	not	widely	tractable	(French	et	al.,	2021).	
As	demonstrated	here,	we	have	circumvented	these	issues	
by	developing	a	comprehensive	approach	to	assemble	com-
plex	Ub	chain	architectures	in	vitro	for	the	development	of	
specific	 detection	 tools	 and	 identification	 of	 cellular	
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interactors,	to	ultimately	reveal	how	a	particular	branched	
chain	transmits	information	in	the	cell.		
	
Decoding K48-K63 branched Ub signals 
Compared	 to	 homotypic	 (unbranched)	 chains,	 branching	
creates	unique	interfaces	that	can	be	exploited	by	UBDs	and	
DUBs	to	achieve	selective	recognition.	We	here	suggest	that	
it	will	be	important	to	consider	branched	tetraUb	chains	as	
this	 creates	 an	 additional	 unique	 interface	 compared	 to	
commonly	used	branched	triUb.	Indeed,	our	results	suggest	
that	binding	proteins	and	DUBs	can	discriminate	between	
the	 type	of	branch	 formed	on	 tetraUb,	 i.e.,	K48-linked	Ub	
branching	off	a	K63-linked	Ub	chain,	or	vice	versa.	Addition-
ally,	 DUBs	 can	 also	 differentiate	 between	 branched	 triUb	
and	 tetraUb.	Hence,	 for	 each	branched	 type	 it	will	 be	 im-
portant	to	consider	the	linkage	composition	of	the	‘trunk’	of	
the	chain	as	they	encode	distinct	information.	While	this	in-
creases	 the	 complexity	 of	 branched	 chains,	 the	 methods	
outlined	here	make	their	analysis	straightforward.		

A	long-standing	question	in	the	field	is	whether	cellular	
proteins	capable	of	specifically	binding	branched	Ub	chains	
and	discriminating	these	from	unbranched	chains	exist.	By	
developing	an	approach	to	generate	and	immobilize	polyUb	
chains	of	defined	architectures	such	that	the	branched	in-
terfaces	are	available	for	protein	interactions,	we	here	pro-
vide	 the	 first	 instance	of	 branched	 chain-specific	 binders.	
Importantly,	 our	 findings	 provide	 a	 handle	 to	 investigate	
branched	 Ub	 function.	 Interestingly,	 not	 much	 is	 known	
about	several	of	the	branched	chain-specific	binders	identi-
fied	here,	thus	opening	new	research	avenues	to	study	cel-
lular	processes	regulated	by	branched	chains.	The	identifi-
cation	of	RFC1	and	MORC3	suggest	roles	in	regulating	chro-
mosome	replication,	replication	stress,	antiviral	responses	
and	interferon	signaling.	It	is	intriguing	that	several	kinases	
such	 as	 PRKCZ,	 ROCK2	 and	 RIOK3	 are	 also	 identified	 as	
branched	K48-K63-Ub	chain-associated	proteins.	Whether	
these	kinases	are	activated	upon	polyUb	binding	analogous	
to	the	TAK1	kinase	(Wang	et	al.,	2001)	will	be	an	interesting	
question	to	address.	The	identification	of	p97-related	pro-
teins,	the	HSP70	co-chaperone	DNAJB2	and	the	ER-associ-
ated	degradation	(ERAD)	associated	protein	RHBDD1	(Fleig	
et	al.,	2012)	also	suggest	roles	for	branched	K48-K63	chains	
in	protein	quality	control.	Importantly,	we	identify	the	p97-
associated	proteins	ZFAND2B,	RHBDD1	and	ATXN3	to	bind	
selectively	 to	K48-K63-branched	chains	(Figure	2D),	 that	
suggest	 roles	 for	 branched	K48-K63	 chains	 as	 signals	 for	
VCP/p97.	 Investigating	 how	 branched	 Ub	 recognition	 is	
achieved	by	these	proteins	is	likely	to	reveal	novel	mecha-
nisms	employed	for	polyUb	recognition.	The	very	existence	
of	 specific	 readers	 to	branched	chains	highlights	not	only	
distinct	roles	but	also	the	high	precision	of	the	ubiquitin	sys-
tem.	
	
Branched ubiquitin signals for VCP/p97 
In	 addition	 to	 identifying	 p97-associated	 proteins	 as	
branched	K48-K63	binders,	we	find	the	p97-associated	DUB	
ATXN3	to	debranch	K48-K63-Ub	chains.	Further,	we	found	
p97	 inhibition	with	small	molecules	and	depletion	of	p97	
and	ATXN3	via	RNA	interference	to	lead	to	an	accumulation	
of	branched	K48-K63	chains	in	cells,	and	a	model	substrate	
that	relies	on	p97	for	unfolding	and	degradation	is	modified	

with	 branched	K48-K63-Ub	 chains.	 Taken	 together,	 these	
findings	strongly	 imply	 that	branched	K48-K63-Ub	chains	
are	a	signal	for	VCP/p97-related	processes.	The	wide	distri-
bution	 of	 VCP/p97	 and	 VCP/p97-associated	 adapters	
across	pulldowns	with	branched	K48-K63	and	unbranched	
K48-linked	Ub	chains	suggests	that	these	adapters	can	pro-
vide	specialization	to	a	variety	of	p97-complexes	to	recog-
nize	and	process	substrates	modified	with	distinct	Ub	sig-
nals	(Alexandru	et	al.,	2008;	Raman	et	al.,	2015).	We	specu-
late	that	these	VCP/p97-complexes	might	carry	additional	
factors	for	quality	control	or	fate	determination	post	p97-
processing	and	might	help	the	cell	to	enable	prioritization	
of	processing	based	on	the	detailed	architecture	of	Ub	sig-
nals.	In	fact,	how	p97	recognizes	different	polyUb	architec-
tures	 is	 poorly	 understood	 and	 very	 little	 is	 also	 known	
about	 the	 role	 of	 the	 polyUb	 binding	 preferences	 of	 p97	
adapters	in	substrate	recognition	and	processing	(Ahlstedt	
et	al.,	2022).	 Interestingly,	a	 recent	study	demonstrated	a	
role	for	p97	adapters	in	modulating	the	efficiency	of	ubiqui-
tin-dependent	substrate	unfolding	by	p97	(Fujisawa	et	al.,	
2022).	 It	 is	 a	 distinct	 possibility	 that	 other	 p97	 adapters	
specifically	 bind	 different	 branched	 chain	 types,	 such	 as	
branched	K11-K48-Ub	(Yau	et	al.,	2017),	a	prospect	that	will	
be	important	to	explore	systematically.		
Branched	K11-K48-Ub	chains	have	been	shown	to	be	effi-
cient	 signals	 to	 trigger	 degradation	 by	 the	 proteasome	
partly	due	to	their	increased	affinity	for	the	proteasome	re-
ceptor	 RPN1	 over	 unbranched	 chains	 (Boughton	 et	 al.,	
2020;	 Meyer	 and	 Rape,	 2014).	 While	 branched	 K11-K48	
chains	 were	 associated	 with	 VCP/p97	 via	 the	 adapters	
FAF1,	p47	and	UBXD7	(Yau	et	al.,	2017),	we	find	a	different	
set	of	VCP/p97	adapters	to	bind	branched	K48-K63	chains.	
Moreover,	we	find	the	abundance	of	K48-K63	chains	to	not	
increase	following	proteasome	inhibition	and	only	follow-
ing	 p97	 inhibition.	 These	 observations	 suggest	 that	
branched	 chains	 of	 specific	 architectures	may	 be	 formed	
under	 specific	 conditions	 to	 trigger	 recruitment	 of	
VCP/p97.		
	
Degradative vs non-degradative functions 
A	significant	proportion	of	K63-linked	chains	in	cells	have	
been	found	to	be	branched	with	K48	linkages	making	them	
an	 abundant	 modification	 in	 cells	 (Ohtake	 et	 al.,	 2016;	
Swatek	 et	 al.,	 2019).	 Such	 branching	 could	 influence	 out-
come	in	two	ways.	In	the	first	scenario,	branching	of	K48-
linked	Ub	off	K63-linked	Ub	chains	could	protect	the	chain	
from	 cleavage	 by	 DUBs	while	 retaining	 the	 ability	 of	 the	
K63-linked	portion	of	the	chain	to	signal.	Such	a	mechanism	
has	 been	 shown	 for	 NF-kB	 where	 the	 ligase	 HUWE1	
branches	the	K63	chains	by	binding	via	its	UBA	domain	to	
catalyze	addition	of	K48	linkages	(Ohtake et al., 2016).	Our	
identification	of	proteins	such	as	kinases,	RFC1	and	MORC3	
as	branched	K48-K63-Ub	chain	binders	would	further	sup-
port	 non-degradative	 signaling	 functions	 for	 these	
branched	chains.	Alternatively,	branching	of	K63-Ub	chains	
by	 the	addition	of	K48	 linkages	could	 rapidly	 convert	 the	
modification	 to	 a	 degradative	 signal,	 thereby	 terminating	
K63	 signaling	 by	 degrading	 the	 branched	 K48-K63	 ubiq-
uitylated	signaling	node.	Previous	work	has	identified	K48-
K63-	branched	chains	to	be	abundantly	present	at	the	pro-
teasome	 (Ohtake	 et	 al.,	 2018).	 We	 here	 have	 identified	
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VCP/p97	and	protein	quality	control-associated	proteins	to	
bind	to	branched	K48-K63-Ub	chains	which	may	support	a	
degradative	role	for	these	branched	architectures.	The	en-
forced	degradation	of	proteins	using	PROTAC	methods	is	an	
emerging	technology	with	widespread	interest	and	recent	
work	 has	 identified	 PROTAC	 targets	 to	 be	modified	with	
branched	 chains	 of	 different	 architectures	 (Akizuki	 et	 al.,	
2022).	It	is	imaginable	that	the	formation	of	branched	struc-
tures	enables	degradation	of	these	otherwise	stable	and	dif-
ficult	to	degrade	proteins	by	targeting	them	to	VCP/p97	to	
unfold	 them	 first.	 Hence,	 the	 outcome	 of	 branched	 K48-
K63-Ub	modification	 could	 either	 be	 degradative	 or	 non-
degradative	and	would	be	context	dependent.	Our	findings	
and	the	tools	presented	here	will	enable	further	research	to	
explore	these	possibilities.	
	
Debranching enzymes 
Our	discovery	of	the	VCP/p97-associated	DUB	ATXN3	as	a	
debranching	 enzyme	 was	 made	 possible	 using	 the	 ULTI-
MAT	DUB	assay	we	pioneered	here.	Interestingly,	the	only	
other	 debranching	 enzyme	 known	 to	 date	 is	 the	 pro-
teasome-associated	 DUB	 UCHL5	 (also	 referred	 to	 as	
UCH37)	 (Deol	 et	 al.,	 2020).	 The	 debranching	 activity	 of	
UCHL5	 requires	 association	 of	 the	 DUB	 with	 the	 pro-
teasome	 subunit	 RPN13	 and	 the	 hydrophobic	 patches	 on	
both	distal	Ub	moieties	of	a	branched	Ub3	chain	(Du	et	al.,	
2022;	Song	et	al.,	2021).	In	contrast	to	UCHL5	that	can	de-
branch	 Ub3	 chains,	 ATXN3	 activity	 requires	 longer	
branched	 Ub4	 substrates.	 Importantly,	 previous	 studies	
that	claim	ATXN3	to	cleave	long	polyUb	chains,	only	observe	
moderate	activity	after	several	hours.	In	contrast,	the	rapid	
processing	of	branched	chains	in	under	5	minutes	demon-
strates	a	preference	for	branched	Ub	chains	by	ATXN3.	Fur-
ther	 structural	 studies	 are	 required	 to	 establish	 how	 the	
branched	architecture	is	recognized	by	ATXN3	and	how	the	
branch	 point	 is	 positioned	 across	 the	 catalytic	 site.	 Also,	
whether	ATXN3	is	specific	for	K48-K63-branched	Ub4	or	if	
it	 could	 also	 debranch	 branched	 chains	 containing	 other	
linkages	remains	to	be	explored	in	future	research.		

The	fact	that	the	two	main	molecular	machines	respon-
sible	for	unfolding	and	degradation,	VCP/p97	and	the	pro-
teasome,	 are	 associated	with	 a	 debranching	 enzyme	 sug-
gests	that	debranching	is	an	essential	prerequisite	for	fur-
ther	 substrate	 processing.	 Indeed,	 the	 importance	 of	
VCP/p97-ATXN3	interaction	is	highlighted	by	VCP/p97	mu-
tations	in	the	proteinopathy	disorder	inclusion	body	myo-
pathy	with	Paget	disease	of	bone	and	 frontotemporal	de-
mentia	(IBMPFD).	Intriguingly,	degenerative	disease-caus-
ing	mutations	in	VCP/p97	stabilize	and	greatly	enhance	its	
interaction	with	ATXN3,	suggesting	an	inhibitory	role	(Cus-
ter	et	al.,	2010;	Fernández-Sáiz	and	Buchberger,	2010;	Rao	
et	al.,	2017).	In	contrast,	loss	of	ATXN3	also	impairs	ERAD	
and	protein	degradation	(Zhong	and	Pittman,	2006).	Taken	
together	with	our	findings,	we	propose	that	while	branched	
chains	 are	 effective	 signals	 for	 substrate	 recognition	 by	
VCP/p97,	ATXN3	serves	an	essential	role	at	VCP/p97	to	de-
branch	the	bifurcated	architectures	for	unfolding	and	deg-
radation.	

A	previous	 study	 identified	 a	 significant	proportion	of	
the	 K63-Ub	 chains	 made	 during	 NF-kB	 signaling	 to	 be	
branched	 with	 K48-linkages	 and	 such	 branching	 was	

attributed	 to	enhanced	NF-kB	signaling	as	 the	K63-linked	
portion	of	the	chains	are	now	protected	from	the	DUB	CYLD	
that	is	unable	to	cleave	these	chains	(Ohtake	et	al.,	2016).	
However,	 we	 do	 not	 find	 CYLD	 activity	 to	 be	 affected	 by	
chain	branching	in	vitro,	but	instead	observe	CYLD	to	have	
a	slight	preference	to	cleave	distal	Ub	and	K63-linked	over	
K48-linked	Ub.	

An	intriguing	finding	from	the	screen	of	53	human	DUBs	
using	the	ULTIMAT	assay	and	branched	substrates	 is	 that	
branched	chains	were	preferentially	cleaved	by	DUBs	that	
were	previously	 thought	 to	prefer	 long,	homotypic	chains	
(Abdul	Rehman	et	al.,	2016;	Kwasna	et	al.,	2018;	Winborn	
et	al.,	2008).	This	observation	demonstrates	that	DUB	cleav-
age	specificity	and	activity	data	generated	from	homotypic	
Ub	chains	may	need	to	be	reevaluated	with	a	panel	of	heter-
otypic	 chains.	 It	 also	 raises	 the	question	 if	 any	DUBs	 that	
were	thought	to	be	inactive,	based	on	activity	assays	with	
homotypic	chains,	may	have	evolved	to	specifically	and	effi-
ciently	cleave	branched	architectures.	

A	 frequently	 encountered	 difficulty	 hindering	 our	 un-
derstanding	of	the	biological	functions	of	DUBs	is	a	high	de-
gree	of	redundancy	within	the	ubiquitin	system,	limiting	the	
effectiveness	 of	 classical	 knock-out	 or	 knock-down	 ap-
proaches.	The	combination	of	the	methods	presented	here	
that	 permit	 connecting	 Ub	 chain	 architectures	 to	 cellular	
function	and	identifying	the	enzymes	involved	in	processing	
these	chains	with	the	UTLIMAT	DUB	assay,	may	therefore	
offer	an	 invaluable	accompanying	 strategy.	The	UTLIMAT	
DUB	assay	reveals	that	each	of	the	four	active	MINDY	family	
members,	whose	biological	role	remains	elusive	to	date,	dis-
plays	a	unique	activity	profile	when	encountering	branched	
K48-K63-Ub	chains.	Two	members,	MINDY-1	and	-3,	show	
~5-fold	 increased	 activity	 against	 branched	K48-Ub	 com-
pared	to	homotypic	chains	and	MINDY-3	also	appears	to	be	
specifically	activated	by	K48-Ub	branching	off	a	K63-linked	
trunk.	With	the	establishment	of	a	link	between	branched	
K48-K63-Ub	chains	and	VCP/p97,	 this	may	now	spark	 fu-
ture	 research	 into	 the	 function	 of	 MINDYs	 in	 these	 pro-
cesses.	

Several	 studies	 have	 found	 concomitant	 increases	 of	
K48-	and	K63-linked	polyUb	in	processes	including	DNA	re-
pair,	NF-kB	signaling,	proteotoxic	stress	(Baranes-Bachar	et	
al.,	2018;	Emmerich	et	al.,	2013;	Ohtake	et	al.,	2016).	For	in-
stance,	 the	 findings	 that	both	K48-	and	K63-linked	chains	
are	formed	following	DNA	damage	(Baranes-Bachar	et	al.,	
2018;	 Meerang	 et	 al.,	 2011;	 Panier	 and	 Durocher,	 2009;	
Singh	et	al.,	2019)	prompted	us	 to	explore	whether	 these	
are	present	within	branched	chains	and	 led	us	 to	 identify	
branched	K48-K63	chains	at	sites	of	DNA	damage	(Figure	
6E).	We	therefore	suggest	that	reexamining	previous	find-
ings	 using	 the	 new	 tools	 and	methods	 presented	 here	 is	
likely	to	uncover	hitherto	unappreciated	roles	for	branched	
K48-K63	chains	in	regulating	cellular	homeostasis.	

We	envision	that	the	methods	presented	here	for	gener-
ating	complex	and	 functionalized	ubiquitin	chains	 in	vitro	
will	be	applied	to	study	other	branched	chain	architectures	
in	the	future.	Similarly,	the	ULTIMAT	DUB	assay	provides	a	
quantitative,	high-throughput	method	to	monitor	cleavage	
of	complex	Ub	substrates,	which	is	an	important	improve-
ment	 compared	 to	 existing	 methods	 that	 either	 provide	
only	qualitative	information	or	utilize	fluorescent	tags	that	
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occupy	a	 large	 surface	area	of	Ub	and	may	 thereby	affect	
cleavage	activity.	

Limitations of Study 
A	key	feature	of	branched	Ub	chains	is	the	unique	three-di-
mensional	 architecture	 produced,	 and	 it	 is	 important	 to	
note	that	the	nanobody	we	have	developed	here	recognizes	
this	architecture.	Hence,	one	limitation	of	this	nanobody	is	
that	it	cannot	be	used	as	a	detection	tool	in	immunoblotting	
presumably	because	the	unique	three-dimensional	epitope	
recognized	by	the	nanobody	isn’t	preserved.	On	the	other	
hand,	the	nanobody	confers	the	advantage	of	being	able	to	
detect	branched	chain	formation	in	living	cells	as	it	can	be	
expressed	in	human	cells.	Further,	the	ability	of	the	Nb	to	
bind	 to	 and	protect	branched	Ub	 chains	 from	cleavage	 in	
cells	could	be	leveraged	to	study	branched	chain	function.	
Importantly,	 the	 Nb	 can	 be	 used	 to	 investigate	 branched	
chain	 formation	under	native	conditions	 that	does	not	 in-
volve	expression	of	Ub	variants.		

Despite	having	identified	DUBs	with	debranching	activ-
ity,	one	limitation	of	the	ULTIMAT	DUB	assay	is	that	it	uses	
Ubs	 with	 Lys-to-Arg	 mutations	 which	 may	 in	 some	 in-
stances	affect	DUB	activity.	We	attempted	to	minimize	the	
effect	 of	 these	mutations	 on	 our	 results	 by	 including	 the	
same	 Lys-to-Arg	mutations	 in	 the	 unbranched	 substrates	
used.	This	is	exemplified	by	USP5,	which	does	not	show	ac-
tivity	 against	K63-linked	 chains	bearing	Lys-to-Arg	muta-
tions	in	the	ULTIMAT	DUB	assay	but	is	active	against	K63-
linked	 chains	 assembled	 from	 wild-type	 Ub	 (Figure	 3B,	
S3C).	Indeed,	in	an	existing	USP5~Ub	structure	(PDB	3HIP),	
both	K48	and	K63	residues	of	the	distal	Ub	are	tightly	en-
gaged	in	the	S1	pocket	of	USP5,	explaining	the	inhibitory	ef-
fect	of	the	Lys	to	Arg	mutations	(Figure	S3D).	Similarly,	we	
cannot	 rule	out	 if	 the	Lys-to-Arg	mutations	present	 in	Ub	
chains	 used	 in	 pulldowns	 from	 cell	 lysate	may	 have	 pre-
vented	binding	to	certain	proteins	and	thereby	their	identi-
fication.	

The	comprehensive	approach	we	employed	resulted	in	
identifying	 K48-K63	 branched	 chains	 as	 a	 signal	 in	
VCP/p97-related	 processes.	 Future	 work	 will	 establish	 if	
dedicated	adapter-VCP/p97	complexes	recognize	K48-K63	
branched	chains,	what	cellular	stress	conditions	trigger	the	
modification	of	 substrates	with	K48-K63	branched	chains	
and	how	these	substrates	are	processed	by	VCP/p97.	While	
our	work	identifies	ATXN3	as	a	debranching	enzyme,	 it	 is	
not	known	how	debranching	by	ATXN3	fine	tunes	substrate	
recognition	and	processing	by	VCP/p97.	Further,	 the	pre-
sent	study	has	only	examined	ATXN3	activity	towards	K48-
K63	 branched	 chains	 and	whether	 it	 can	 debranch	 other	
branched	 architectures	 needs	 to	 be	 examined.	 Structural	
studies	are	also	needed	to	determine	how	branched	chains	
are	recognized	by	ATXN3.	
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Experimental Procedures 
	
Materials availability 
All	cDNA	constructs	in	this	study	were	generated	by	S.M.L,	
M.R.M.	 and	 the	 cloning	 team	at	 the	MRC	PPU	Reagents	&	
Services.	All	 plasmids	have	been	deposited	with	 the	MRC	
PPU	 Reagents	 and	 Services	 and	 are	 available	 at	
https://mrcppureagents.dundee.ac.uk/.		
	
	

 
Table 1 – List of plasmids 

DU	number	 Protein	 Vector	type	
20027	 Ubiquitin	 Bacterial	
67512	 M1-Ub2	[K48R	K63R,	wt]	(=Ub-cap)	 Bacterial	
66462	 Ubiquitin	1-74	-AVI	 Bacterial	
77082	 Ubiquitin	–SpyTag003[1-12]	 Bacterial	
77080	 SpyCatcher003	 Bacterial	
23835	 Ubiquitin	K48R	K63R	 Bacterial	
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59815	 Ubiquitin	1-72	 Bacterial	
77118	 M1-Ub2	[K63R,	wt]	 Bacterial	
67609	 Ub	K29R	K48R	 Bacterial	
20029	 Ub	K63R	 Bacterial	
43411	 BirA	 Bacterial	
32888	 UBE1	 Bacterial	
15705	 UBE2N	 Bacterial	
20496	 6His-UBE2V1	 Bacterial	
4317	 UBE2R1	 Bacterial	
67620	 NbSL3-6His	 Bacterial	
77066	 pelB-	NbSL3.1	-6His	 Bacterial	
77067	 pelB-	NbSL3.2	-6His	 Bacterial	
77068	 pelB-	NbSL3.3	-6His	 Bacterial	
77069	 pelB-	NbSL3.4	-6His	 Bacterial	
77104	 pelB-	NbSL3.3Q	-6His	 Bacterial	
77107	 pelB-	NbSL3.3Q-EGFP	 Bacterial	
69826	 GST-ATXN3	FL	 Bacterial	
77099	 GST-ATXN3	1-195	 Bacterial	
77100	 GST-ATXN3	1-217	 Bacterial	
77103	 GST-ATXN3	1-243	 Bacterial	
77101	 GST-ATXN3	1-260	 Bacterial	
49563	 GST-MINDY1	FL	 Bacterial	
59594	 GST-MINDY1	110-384	 Bacterial	
77108	 GST-MINDY1	110-384	L281A	 Bacterial	
77110	 GST-MINDY1	110-384	V277R	 Bacterial	
46765	 GST-MINDY2	FL	 Bacterial	
53390	 GST-MINDY2	Cat	(241-504)	 Bacterial	
68513	 GST-MINDY3	 Bacterial	
47893	 GST-MINDY4	FL	 Bacterial	
59306	 GST-MINDY4	Cat	 Bacterial	
77107	 NbSL3.3Q-EGFP	 Mammalian	
66489	 NbSL18-EGFP	 Mammalian	
63697	 GFP-DDB2	 Mammalian	
66473	 NbSL3-GFP	 Mammalian	

	
Protein expression 
Recombinant	proteins	were	expressed	in	E.	coli	BL21(DE3)	
in	Autoinduction	medium	containing	100	µg/ml	Ampicillin	
or	50	µg/ml	Kanamycin,	as	appropriate,	at	18-25°C	for	24	h	
at	180	rpm	shaking	speed.	Cells	were	harvested	by	centrif-
ugation	at	4000	g	for	20	min	at	4°C.	To	prepare	isotope-la-
belled	15N-ubiquitin,	E.	coli	were	grown	in	15N-minimal	me-
dium	(8	g/L	glucose,	2	g/L	 15NH4Cl2,	1	x	M9	salts,	2	mM	
MgSO4,	0.2x	Studier	trace	metals,	1x	MEM	vitamins)	supple-
mented	with	50	µg/ml	Kanamycin	to	OD600	1.5	at	37	°C	and	
expression	was	induced	with	1	mM	IPTG	for	20	h	at	20	°C.	
For	wild-type	and	mutant	ubiquitin,	cells	were	resuspended	
in	20	ml	Ub	lysis	buffer	(1	mM	EDTA,	1	mM	AEBSF,	1	mM	
Benzamidine)	and	lysed	by	sonication.	The	pH	of	the	lysate	
was	adjusted	by	addition	of	100	mM	sodium	acetate	pH	4.5	
and	incubated	for	3-16	h	at	20	°C.	The	lysate	was	adjusted	
to	50	mM	sodium	acetate	through	addition	of	water	prior	to	
clarification	by	centrifugation	at	30k	g	and	4	°C	for	20	min.	
Ubiquitin	was	purified	by	ion	exchange	chromatography	on	
a	Resource	S	column	(6	ml)	in	50	mM	sodium	acetate	pH	4.5	
using	a	NaCl	salt	gradient.	The	pH	of	elution	fractions	was	
adjusted	 by	 addition	 of	 100	mM	Tris-HCl	 pH	8.5	 prior	 to	
concentration	 in	 3	 kDa	 MWCO	 centrifugal	 filter	 units	
(Amicon)	and	finally	buffer	exchanged	into	50	mM	Tris-HCl	
pH	7.5.	

For	purification	of	cytoplasmic	proteins,	pellets	from	1	liter	
of	expression	culture	were	resuspended	in	20	ml	bacterial	
lysis	buffer	(50	mM	Tris-HCl	pH	7.5,	300	mM	NaCl,	0.5	mM	
TCEP,	1	mM	Benzamidine,	1	mM	AEBSF)	and	lysed	by	soni-
cation.	Lysates	were	clarified	by	centrifugation	at	30k	g	and	
4	°C	for	30	min	and	applied	to	affinity	resin	for	subsequent	
purification.	GST-tags	were	removed	by	overnight	incuba-
tion	with	 3C-protease	 at	 4	 °C.	 For	 crystallization,	 protein	
complexes	were	purified	by	gel	filtration	(Superdex	200	pg	
16/600)	 equilibrated	 in	 20	 mM	 HEPES	 pH	 7.5,	 150	 mM	
NaCl.	
For	periplasmic	proteins,	cells	from	1	liter	expression	cul-
ture	were	resuspended	 in	20	ml	high-osmotic	 lysis	buffer	
(50	mM	Tris-HCl	pH	7.5,	150	mM	NaCl,	20%	sucrose,	1	mM	
EDTA,	1	mM	Benzamidine,	1	mM	AEBSF	and	5	mg	hen	egg	
lysozyme)	and	incubated	for	20	min	at	20	°Ç.	The	cell	sus-
pension	was	centrifuged	at	15k	g	and	4	°C	for	10	min	and	
pellet	and	supernatant	were	separated.	The	pellet	was	re-
suspended	in	low-osmotic	lysis	buffer	(50	mM	Tris-HCl	pH	
7.5,	1	mM	EDTA,	1	mM	Benzamidine,	1	mM	AEBSF)	and	in-
cubated	on	a	roller	at	4	°C	for	40	min.	The	high-osmotic	su-
pernatant	and	5	mM	MgCl2	were	added	to	the	low-osmotic	
cell	suspension	and	the	mixture	was	centrifuged	at	30k	g	at	
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4	 °C	 for	 20	 min.	 The	 supernatant	 containing	 released	
periplasmic	proteins	was	subjected	to	affinity	purification.	
	
Ubiquitin chain ligation, purification, and modification 
Ubiquitin	chains	were	assembled	from	1.5	mM	ubiquitin	in	
40	mM	Tris-HCl	pH	7.5,	10	mM	MgCl,	10	mM	ATP	at	30	°C	
for	2-16	h.	Formation	of	K48-linkages	was	catalyzed	by	1	
µM	UBE1	 and	 25	 µM	UBE2R1	 and	K63-linkages	 by	 1	 µM	
UBE1,	20	µM	UBE2N,	20	µM	UBE2V1.	Ub	chains	were	sepa-
rated	by	 length	using	 ion	 exchange	 chromatography	on	 a	
Resource	S	column	(6	ml)	in	50	mM	sodium	acetate	pH	4.5	
using	a	NaCl	salt	gradient.	The	pH	of	elution	fractions	was	
adjusted	 by	 addition	 of	 100	mM	Tris-HCl	 pH	8.5	 prior	 to	
concentration	 in	 10	 kDa	 MWCO	 centrifugal	 filter	 units	
(Amicon)	and	chains	buffer	exchanged	into	50	mM	Tris-HCl	
pH	7.5.	Biotinylation	of	200	µM	AVI-tagged	ubiquitin	chains	
was	catalyzed	by	addition	of	1	µM	BirA	in	50	mM	Tris-HCl	
pH	7.5,	5	mM	MgCl2,	2	mM	ATP	and	600	µM	biotin	for	2	h	at	
25	°C.	Subsequently,	the	protein	was	buffer	exchanged	into	
50	mM	Tris-HCl	pH	7.5	to	remove	free	biotin.	Successful	bi-
otinylation	was	assessed	through	a	Streptavidin-shift	assay	
by	incubating	biotinylated	protein	with	5-fold	excess	strep-
tavidin	for	5	min	at	20	°C,	addition	of	1x	LDS	sample	buffer	
and	subsequent	SDS-PAGE	analysis.,	where	the	stable	strep-
tavidin-biotin	complex	induces	a	~60	kDa	MW-shift.	
	
Immobilization of proteins on agarose beads 
Proteins	 were	 coupled	 to	 amine-reactive	 NHS-activated	
agarose	 resin	 (Abcam,	 ab270546)	 based	on	 the	manufac-
turer’s	protocol.	Briefly,	the	protein	was	buffer	exchanged	
into	Coupling	buffer	(50	mM	HEPES	pH	7.5,	500	mM	NaCl).	
Per	1	mg	of	protein,	1	ml	of	NHS-activated	resin	was	acti-
vated	 by	washing	with	 50	ml	 ice-cold	Acid	 buffer	 (1	mM	
HCl),	then	quickly	equilibrated	by	washing	with	50	ml	ice-
cold	Coupling	buffer	and	mixed	with	the	protein.	The	cou-
pling	reaction	was	allowed	to	proceed	on	an	end-over-end	
roller	at	4	°C	for	16	h.	After	coupling,	the	resin	was	washed	
six	 times	 total,	 alternating	between	50	ml	High	pH	buffer	
(0.1	M	Tris-HCl	pH	8.5)	and	50	ml	Low	pH	buffer	(0.1	M	so-
dium	acetate	pH	4.5,	0.5	M	NaCl),	to	remove	any	non-cova-
lently	 bound	 protein.	 Finally,	 the	 resin	 was	 equilibrated	
with	Storage	buffer	(50	mM	Tris-HCl	pH	7.5,	150	mM	NaCl,	
0.02%	sodium	azide)	as	a	50%	slurry	and	stored	at	4	°C.	
SpyTag-ubiquitin	chains	were	incubated	with	SpyCatcher-
coupled	agarose	beads	for	16	h	at	20	°C	on	an	end-over-end	
roller,	washed	six	times	with	High	pH	and	Low	pH	buffer	as	
described	 above,	 and	 stored	 as	 a	 50%	 slurry	 in	 Storage	
buffer.	
	
Nanobody selection & maturation 
Specific	 nanobodies	 against	 K48-K63-Ub3	 were	 selected	
from	a	naïve	yeast	display	library,	generously	shared	by	the	
Kruse	 lab	 (McMahon	 et	 al.,	 2018)	 and	 yeast	 culture	 and	
magnetic	cell	sorting	(MACS)	was	performed	as	previously	
described	(Armstrong	et	al.,	2021).	Briefly,	yeast	were	cul-
tivated	in	YGLC-glu	medium	(80	mM	sodium	citrate	pH	4.5	
(Sigma),	6.7	g/l	yeast	nitrogen	base	w/o	amino	acids	(BD	
Biosciences),	2%	glucose,	3.8	g/l	Do	mix-trp)	at	30	°C	and	
200	rpm	shaking	speed	for	16	h.	Nanobody	expression	was	
induced	by	growth	in	YGLC-gal	(same	as	YGLC-glu,	but	glu-
cose	replaced	with	galactose)	at	20	°C	and	200	rpm	for	48-

72	h.	Nanobodies	were	selected	in	four	round	of	MACS	by	
negative	selection	against	400	nM	biotinylated,	homotypic	
K48-	and	K63-linked	polyUb	and	positive	selection	with	de-
creasing	concentrations	(2000	nM	to	400	nM)	of	biotinyl-
ated,	 branched	 K48-K63-Ub3.	 Following	 MACS,	 the	 total	
DNA	of	yeast	colonies	grown	on	YGLC-glu	agar	plates	was	
isolated	by	resuspending	single	colonies	in	100	µl	200	mM	
lithium	acetate	and	1%	SDS,	followed	by	incubation	at	70	°C	
for	5	min	and	brief	vortexing	after	adding	300	µl	ethanol.	
The	mixture	was	centrifuged	at	15k	g	for	3	min	and	the	pel-
let	washed	once	with	70%	ethanol	before	resuspension	in	
100	µl	H2O.	Following	additional	centrifugation	at	15k	g	for	
1	 min	 to	 remove	 cell	 debris,	 the	 supernatant	 was	 trans-
ferred	to	a	fresh	microtube	and	1	µl	was	used	as	template	
DNA	for	a	25	µl	PCR	reaction	(KOD	HotStart,	Millipore)	to	
amplify	 the	 Nanobody	 insert	 using	 primers	 NbLib-fwd-i	
(CAGCTGCAGGAAAGCGGCGG)	 and	 NbLib-rev-i	
(GCTGCTCACGGTCACCTGG).	 Nanobodies	 were	 subcloned	
into	pET28a	vectors	for	periplasmic	expression	in	bacteria	
with	 an	 N-terminal	 pelB	 signal	 sequence	 and	 C-terminal	
6His-tag.	
	
NbSL3	was	matured	through	directed	evolution	of	the	nano-
body	binding	properties	by	construction	of	a	NbSL3-based	
maturation	library	using	saturation	mutagenesis.	Two-step	
multiple	overlap	extension	PCR	(MOE-PCR)	was	performed	
based	on	the	procedure	described	by	McMahon	et	al.	(2018)	
to	 generate	 a	DNA	 library	 encoding	~1.97	 *	 10^8	NbSL3	
variants	each	harboring	up	to	4	mutations	in	either	of	the	
variable	positions	of	CDR1,	CDR2,	CDR3	loops	or	additional	
two	residues	of	NbSL3,	Thr75	and	Tyr77,	 in	a	fourth	loop	
located	 between	 beta-sheets	 β7	 and	 β8,	 we	 refer	 to	 as	
CDR2.5.	The	codons	of	the	variable	amino	acid	positions	in	
these	four	regions	were	replaced	with	degenerate	NNK	co-
dons,	which	encode	all	20	natural	amino	acids	and	only	a	
single	 stop	 codon	 (see	 Table	 2).	 For	MOE-PCR	with	 KOD	
HotStart	 polymerase,	 equimolar	 primer	 pools	 encoding	
each	CDR	region	(NbSL3_P3,	-P5,	-P7	and	P9)	were	used	to	
prepare	 a	 10	 µM	 NbSL3	 primer	 mix	 combining	 all	 ten	
NbSL3-encoding	primers	(NbSL3_P1	–	P10).	A	5-fold	dilu-
tion	series	of	2	µl	primer	mix	was	used	in	25	µl	MOE-PCR	
assembly	 reactions	 in	15	 cycles	of	denaturation	 (20	 s,	95	
°C),	annealing	(20	s,	60	°C)	and	elongation	(10	s,	70	°C),	fol-
lowed	by	15	cycles	of	amplification	after	addition	of	0.3	µM	
flanking	primers	pYDS_fwd_1	and	pYDS_rev_1	with	an	 in-
creased	annealing	temperature	of	68	°C.	The	Nb	insert	DNA	
band	of	462	bp	size	was	purified	from	a	2%	agarose	gel	and	
served	as	a	template	for	two	subsequent	PCR	amplifications	
rounds	 using	 the	 primer	 pairs	 pYDS_fwd_2	 +	 pYDS_rev_2	
and	pYDS_fwd_3	+	pYDS_rev_2	to	generate	matching	over-
hangs	for	homologous	recombination	with	the	yeast	surface	
display	vector	pYDS649.	Electroporation	of	yeast	with	the	
NbSL3	DNA	library	was	performed	following	the	protocol	
developed	 by	 Benatuil	 and	 coworkers	 (Benatuil	 et	 al.,	
2010),	Briefly,	a	100	ml	culture	of	the	yeast	strain	BJ5465	
was	grown	to	OD600	of	0.4	and	co-transformed	by	electro-
poration	with	24	µg	the	amplified	NbSL3	DNA	library	and	8	
µg	linearized	pYDS	digested	with	BamHI	and	NheI.	Highly	
efficient	electroporation	was	achieved	on	a	BTX	630	Expo-
nential	Decay	Wave	Electroporation	System	(Harvard	Bio-
science,	Inc.)	set	at	2500	V,	200	Ω	and	25	µF	resulting	in	time	
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constants	between	3-4	ms.	A	dilution	series	of	transformed	
yeast	was	streaked	out	on	YGLC-glu	agarose	plates	to	esti-
mate	a	transformation	efficiency	of	>95%.	The	transformed	
yeast	 library	was	recovered	 in	500	ml	YGLC-glu	selection	
medium	and	used	in	4	rounds	of	MACS	as	described	above,	

but	with	K48-K63-Ub3	concentrations	decreasing	from	400	
nM	to	100	nM.	Following	maturation,	Nb	sequences	in	indi-
vidual	 yeast	 colonies	were	 sequenced	and	 subcloned	 into	
pET28a	 vector	 for	 bacterial	 expression	 and	 subsequent	
characterization.	

	
Table 2 - List of primers used for NbSL3 maturation 
Primer		 Sequence	
NbSL3_P1_for		 caggtgcagctgcaggaaagcggcggcggcctggtgcaggcgggcggcag	
NbSL3_P2_rev		 gccgctcgccgcgcagctcaggcgcaggctgccgcccgcctgc	
NbSL3_P3_fwd		 cgcggcgagcggcTCTattTTTGACCTGGGTCGTatgggctggtatcgccagg	
NbSL3_P3_fwd_1		 cgcggcgagcggcNNKattTTTGACCTGGGTCGTatgggctggtatcgccagg	
NbSL3_P3_fwd_2		 cgcggcgagcggcTCTattNNKGACCTGGGTCGTatgggctggtatcgccagg	
NbSL3_P3_fwd_3		 cgcggcgagcggcTCTattTTTNNKCTGGGTCGTatgggctggtatcgccagg	
NbSL3_P3_fwd_4		 cgcggcgagcggcTCTattTTTGACNNKGGTCGTatgggctggtatcgccagg	
NbSL3_P3_fwd_5		 cgcggcgagcggcTCTattTTTGACCTGNNKCGTatgggctggtatcgccagg	
NbSL3_P3_fwd_6		 cgcggcgagcggcTCTattTTTGACCTGGGTNNKatgggctggtatcgccagg	
NbSL3_P4_rev		 ttcgcgttctttgcccggcgcctggcgataccagcccat	
NbSL3_P5_fwd		 ccgggcaaagaacgcgaaTTTGTTGCCGGTATTGATTACGGTGGTAATACCAATtatgcggatagcgtgaaaggcc	
NbSL3_P5_fwd_1		 ccgggcaaagaacgcgaaNNKGTTGCCGGTATTGATTACGGTGGTAATACCAATtatgcggatagcgtgaaaggcc	
NbSL3_P5_fwd_2		 ccgggcaaagaacgcgaaTTTGTTGCCNNKATTGATTACGGTGGTAATACCAATtatgcggatagcgtgaaaggcc	
NbSL3_P5_fwd_3		 ccgggcaaagaacgcgaaTTTGTTGCCGGTATTNNKTACGGTGGTAATACCAATtatgcggatagcgtgaaaggcc	
NbSL3_P5_fwd_4		 ccgggcaaagaacgcgaaTTTGTTGCCGGTATTGATNNKGGTGGTAATACCAATtatgcggatagcgtgaaaggcc	
NbSL3_P5_fwd_5		 ccgggcaaagaacgcgaaTTTGTTGCCGGTATTGATTACGGTNNKAATACCAATtatgcggatagcgtgaaaggcc	
NbSL3_P5_fwd_6		 ccgggcaaagaacgcgaaTTTGTTGCCGGTATTGATTACGGTGGTNNKACCAATtatgcggatagcgtgaaaggcc	
NbSL3_P5_fwd_7		 ccgggcaaagaacgcgaaTTTGTTGCCGGTATTGATTACGGTGGTAATACCNNKtatgcggatagcgtgaaaggcc	
NbSL3_P6_rev		 gtcgttatcgcggctaatggtaaagcggcctttcacgctatccgcata	
NbSL3_P7_fwd		 ctttaccattagccgcgataacgacACCgtgtatctgcagatgaacagcctgaaacc	
NbSL3_P7_fwd_1		 ctttaccattagccgcgataacgacNNKgtgtatctgcagatgaacagcctgaaacc	
NbSL3_P7_fwd_2		 ctttaccattagccgcgataacgacaccgtgNNKctgcagatgaacagcctgaaacc	
NbSL3_P8_rev		 cgcgcaataatacaccgcggtatcttccggtttcaggctgttcatctgcag	
NbSL3_P9_fwd		 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTGACGTTGTTGGTTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_1		 ccgcggtgtattattgcgcgNNKGGTATCGTTGGTGACGTTGTTGGTTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_2		 ccgcggtgtattattgcgcgGCTNNKATCGTTGGTGACGTTGTTGGTTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_3		 ccgcggtgtattattgcgcgGCTGGTNNKGTTGGTGACGTTGTTGGTTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_4		 ccgcggtgtattattgcgcgGCTGGTATCNNKGGTGACGTTGTTGGTTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_5		 ccgcggtgtattattgcgcgGCTGGTATCGTTNNKGACGTTGTTGGTTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_6		 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTNNKGTTGTTGGTTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_7		 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTGACNNKGTTGGTTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_8		 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTGACGTTNNKGGTTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_9		 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTGACGTTGTTNNKTGGATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_10	 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTGACGTTGTTGGTNNKATCTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_11	 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTGACGTTGTTGGTTGGNNKTACTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_12	 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTGACGTTGTTGGTTGGATCNNKTATCTGtattggggccagggcacc	
NbSL3_P9_fwd_13	 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTGACGTTGTTGGTTGGATCTACNNKCTGtattggggccagggcacc	
NbSL3_P9_fwd_14	 ccgcggtgtattattgcgcgGCTGGTATCGTTGGTGACGTTGTTGGTTGGATCTACTATNNKtattggggccagggcacc	
NbSL3_P10_rev		 gctgctcacggtcacctgggtgccctggccccaata	
pYDS_fwd_1		 GAAGGTGTTCAATTGGACAAGAGAGAAGCTAGCGCAcaggtgcagctgcaggaaagcggc	
pYDS_fwd_2		 ACCACCATCGCTTCTATCGCTGCTAAGGAAGAAGGTGTTCAATTGGACAAGAGAGAAGC	
pYDS_fwd_3		 ACCACCATCGCTTCTATCGCTGCTAAG	
pYDS_rev_1		 TACTGATGCTTCTGTAGAGGGTGAGGATGTTTGAGCGTAATCTGGAACATCGTATGGGTAGGATCCgctgctcacggtcacctgggtgcc	
pYDS_rev_2		 TACTGATGCTTCTGTAGAGGGTGAGG	

	
Isothermal titration calorimetry (ITC) 
ITC	measurements	were	 executed	 at	 25	 °C	on	 a	MicroCal	
PEAQ-ITC	instrument	(Malvern).	Immediately	prior	to	anal-
ysis,	 proteins	were	dialyzed	 into	degassed	 ITC	buffer	 (20	
mM	HEPES	pH	7.5,	150	mM	NaCl)	at	4	°C	for	16	h.	The	data	
was	 analyzed	with	MicroCal	 Analysis	 Software	 (Malvern)	
and	 fitted	 using	 a	 one-sided	 binding	 model	 to	 calculate	
binding	constants.	
	
Protein crystallization, data collection and structure deter-
mination 
All	protein	crystals	were	obtained	by	sitting	drop	vapor	dif-
fusion	method.	K48-K63-Ub3	crystals	were	obtained	at	22	

mg/ml	in	0.2	M	Ammonium	acetate,	20	mM	Tris	pH	7.5,	50	
mM	NaCl,	0.1	M	Sodium	citrate	 tribasic	dihydrate	pH	5.6,	
30%	w/v	PEG	4000	at	20	°C.	Crystals	harvested	and	cryo-
protected	with	Mother	liquor	supplemented	with	30%	glyc-
erol.	The	complex	of	NbSL3	and	K48-K63-Ub3	was	crystal-
lized	at	12	mg/ml	in	0.1	M	Bis-Tris	pH	7.2,	0.28	M	MgCl2,	
21%	PEG3350,	0.15	M	NaCl,	0.05	M	Tris/HCl	pH	7.5	at	4	°C.	
Crystals	harvested	and	cryo-protected	with	Mother	 liquor	
supplemented	with	30%	glycerol.	The	complex	of	the	ma-
tured	 NbSL3.3Q	 and	 K48-K63-Ub3	 was	 concentrated	 to	
14.5	mg/ml	in	20	mM	HEPES	pH	7.5,	150	mM	NaCl.	Mixed	
200	nl	protein	with	100	nl	mother	liquor	(0.1	M	HEPES	pH	
7.5,	 10%	 2-propanol,	 20%	 PEG4000).	 Crystals	 harvested	
and	cryo-protected	with	Mother	liquor	supplemented	with	

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

The copyright holder for thisthis version posted January 10, 2023. ; https://doi.org/10.1101/2023.01.10.523363doi: bioRxiv preprint 

https://doi.org/10.1101/2023.01.10.523363
http://creativecommons.org/licenses/by-nc-nd/4.0/


Deciphering	cellular	roles	of	branched	ubiquitin	chains	

19	
Lange	et	al.	2022	(Preprint)	

30%	glycerol.	All	datasets	were	collected	at	the	ESRF	beam-
line	ID23-2	and	solved	by	molecular	replacement	with	ubiq-
uitin	(PDB	ID	1UBQ)	or	the	nanobody	scaffold	of	Nb.b201	
(PDB	 ID	 5VNW).	 Detailed	 data	 collection	 and	 refinement	
statistics	 are	 documented	 in	 the	 Supplementary	 infor-
mation.	
	
Gel-based deubiquitination assays 
DUBs	were	 incubated	 in	DUB	buffer	 (50	mM	Tris-HCl	pH	
7.5,	50	mM	NaCl,	10	mM	DTT)	at	20	°C	for	10	min	to	fully	
reduce	the	catalytic	Cys.	Deubiquitination	assays	were	typ-
ically	performed	with	1	µM	DUB	and	2.5	µM	substrate	Ub	
chain	in	DUB	buffer	at	30	°C,	unless	stated	otherwise.	Reac-
tions	were	stopped	by	addition	of	1x	LDS	sample	buffer	and	
cleavage	 of	 Ub	 chains	 analyzed	 by	 SDS-PAGE	 and	 silver	
staining	using	the	Pierce	Silver	stain	kit	(Thermo	Fisher)	ac-
cording	to	the	manufacturer’s	instructions	but	skipping	the	
initial	wash	step	in	water	to	avoid	wash-out	of	monoUb.	
	
ULTIMAT DUB assay 
Sample	preparation,	spotting	on	MALDI	target	and	MALDI-
TOF	MS	analysis	were	performed	as	previously	described	
[De	Cesare	2020,	2021].	Briefly,	DUBs	and	substrates	were	
diluted	in	the	reaction	buffer	(40	mM	Tris-HCl	pH	7.5,	1	mM	
TCEP	 and	 0.01%	 BSA).	 3	 µl	 of	 recombinantly	 expressed	
DUBs	 were	 aliquoted	 in	 384	 Eppendorf	 Lowbind	 well	
plates.	Control	ubiquitin	chains	(M1,	K11,	K48,	K63	dimers,	
Ub-Threonine,	Ub-Lysine,	Ub-Tryptophan,	K63	trimer	and	
K48	 tetramer),	 ULTIMAT	ubiquitin	 trimers	 and	 branched	
chains	were	separately	added	to	each	reaction	at	the	final	
concentration	of	1.2	µM.	Reaction	buffer	was	used	to	bring	
the	total	volume	reaction	to	10	µl.	Samples	were	incubated	
at	30°	for	30	minutes.	The	reaction	was	stopped	with	2.5	µl	
of	 6%	TFA	 supplemented	with	 4	 µM	 15N	ubiquitin	 (to	 be	
used	as	internal	standard).	384	plates	were	centrifuged	at	
4000	 rpm	 for	 3	 minutes.	 Spotting	 on	 1536	 AnchorChip	
MALDI-TOF	target	was	performed	in	technical	duplicate	us-
ing	a	5	decks	Mosquito	nanoliter	pipetting	system.	Samples	
were	 analyzed	 using	 a	 Rapiflex	 MALDI-TOF	 instrument	
equipped	with	Compass	for	FlexSeries	2.0	and	flexControl	
version	4.0	Build	48	software	version	in	Reflectron	Positive	
mode.	Detection	window	was	set	between	7820	and	9200	
m/z.	Movement	on	 sample	 spot	was	 set	on	Smart	–	 com-
plete	sample,	allowing	4000	shots	at	raster	spot	within	an	
800	µm	diameter.	Acquired	spectra	were	automatically	in-
tegrated	 using	 FAMS	 FlexAnalysis	 method	 (version	 4.0	 –	
Build	 14),	 SNAP	 Peak	 detection	 algorithm,	 SNAP	 average	
composition	 Averagine,	 Signal	 to	 Noise	 Threshold	 of	 5,	
Baseline	Subtraction	TopHat.	SavitzkyGolay	algorithm	was	
used	 for	 smoothing	 processing.	 15N	 ubiquitin	 signal	
(“heavy”	ubiquitin,	8669.5	m/z)	was	used	to	internally	cali-
brate	each	data	point.	Spectra	were	further	manually	veri-
fied	 to	 ensure	 mass	 accuracy	 throughout	 the	 automated	
run.	Peak	areas	of	interest	were	exported	into	csv	file	and	
manually	analyzed	using	Microsoft	Excel.	Average	peak	ar-
eas	 of	 released	 monoUb	 resulting	 from	 the	 cleavage	 of	

substrates,	i.e.,	ubiquitin	control	chains	(8565.7	m/z)	or	UL-
TIMAT	 branched	 chains	 (8181.3;	 8622.2;	 8729.9	 and	
8565.7	m/z),	were	independently	normalized	to	the	inter-
nal	15N-Ub	standard	(8669.5	m/z)	and	quantified	using	the	
following	equation:	

	!"#$	&'"#
!"#"$%	'(%)*+,*-

!"#$	&'"# ._$%	'*,#0,+012 	𝑥	 ( )_+,	-.#/0#'012 1
[-3,4.'#."]

	𝑥	100.		

Datasets	 were	 normalized	 to	 the	 individual	 control	 sub-
strates	of	each	DUB	(DUB	panel,	Figure	3B)	or	to	the	inten-
sity	of	the	distal	K48-Ub	of	the	K48-Ub3	substrate	(MINDY	
panel,	Figure	4B).	Data	were	visualized	in	python	using	the	
Plotly	graphing	library	(Plotly	Technologies	Inc.,	2015).	
	
Cell culture 
U2OS,	U2OS	Flp-In	Trex,	and	HEK293	Flp-In	Trex	cell	lines	
were	maintained	in	DMEM	(Gibco)	supplemented	with	10%	
FBS	(Gibco),	2	mM	L-glutamine	(Gibco),	and	100	U/ml	Pen-
icillin/Streptomycin	(Gibco),	and	incubated	at	37˚C	with	5%	
CO2	unless	otherwise	stated.	Trypsin(0.05%)-EDTA	(Gibco)	
was	used	to	dissociate	cells	for	passage.	All	cell	lines	were	
routinely	tested	for	mycoplasma.	
	
Stable cell line generation 
For	generation	of	cell	 lines	stably	expressing	tetracycline-
inducible	GFP-tagged	constructs,	Flp-In	Trex	cells	were	co-
transfected	with	a	1:9	ratio	(w/w)	of	GFP	vector:pOG44	Flp	
recombinase	vector	using	PEI	Max	40k	(Polysciences).	To	
select	for	integrant	cells,	24	hours	post-transfection,	media	
was	switched	out	for	fresh	DMEM	supplemented	with	200	
µg/ml	hygromycin	B.	Selection	media	was	periodically	re-
freshed,	and	cultures	monitored	until	all	mock	transfected	
control	cells	were	dead.	Tet-inducible	expression	of	the	pro-
teins	of	interest	were	subsequently	confirmed	via	Western	
blotting	with	an	anti-GFP	antibody,	following	overnight	in-
cubation	with	1	µg/ml	tetracycline	(Figure	S6B).	In	experi-
mental	use,	the	NbSL3.3Q-GFP	construct	was	induced	with	
0.1	µg/ml	tetracycline,	with	1	µg/ml	tetracycline	used	for	all	
others.	
	
Chemicals and compounds 
Cell	culture	treatments	were	carried	out	using	the	following	
chemicals	at	 the	 indicated	concentrations:	DMSO	(Sigma),	
MG-132	 (Sigma)	 -	 10	 µM,	NMS-873	 (Sigma)	 -	 5	 µM,	 tuni-
camycin	(abcam)	-	5	µg/ml,	VER-155008	(Sigma)	-	10	µM,	
CB-5083	 (Generon)	 -	 5	 µM,	 tetracycline	 hydrochloride	
(Sigma)	-	0.1-1	µg/ml,	BrdU	(Sigma)-	10	µM.	
	
RNA interference 
RNAi	 was	 carried	 out	 using	 Lipofectamine	 RNAiMAX	
(Thermo	Scientific)	according	to	the	manufacturer’s	proto-
col.	Briefly,	cells	were	seeded	into	6-well	plates	at	1-2x105	
cells/well.	The	following	day,	cells	were	transfected	with	25	
pmol	 of	 siRNA	 duplexes	 prepared	 in	 RNAiMAX	 reagent.	
Cells	were	then	incubated	at	37	°C	for	48	hours	prior	to	har-
vest	and	subsequent	analysis.	RNA	sequences	used	are	pre-
sented	in	table	3.	
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Table 3: siRNA sequences used in this study 
siRNA	 Sequence	 Supplier	 Catalog	#	

ATXN3	5	 ACAGGAAGGUUAUUCUAUA	 Dharmacon	 J-012013-05-0002	

ATXN3	6	 GGACAGAGUUCACAUCCAU	 Dharmacon	 J-012013-06-0002	

Non-targeting	control	pool	 4	x	siRNA	pool	 Dharmacon	 D-001810-10-05	

VCP	6	 AAGATGGATCTCATTGACCTA	 QIAGEN	 SI03019681	

VCP	7	 AACAGCCATTCTCAAACAGAA	 QIAGEN	 SI03019730	

	
Pulldown with HALO-tagged UBDs and recombinant Ub 
chains 
HALO-tag	 fusion	 constructs	 of	 UBDs	 were	 used	 for	 pull-
down	with	recombinant	Ub	chains	as	previously	described	
(Kristariyanto	et	al.,	2017).	Briefly,	10	nmol	of	HALO-tagged	
UBDs	 were	 immobilized	 on	 100	 µl	 HALOLink	 resin	
(Promega)	in	500	µl	HALO-coupling	buffer	(50	mM	Tris	pH	
7.5,	150	mM	NaCl,	0.05%	NP-40	substitute,	0.5	mM	TCEP)	
rolling	at	4	°C	for	2	h.	Beads	were	spun	at	800	g	for	2	min	to	
remove	 supernatant,	 washed	 3	 times	 with	 HALO-wash	
buffer	(50	mM	Tris	pH	7.5,	250	mM	NaCl,	0.2%	NP-40,	0.5	
mM	TCEP)	and	resuspended	in	100	µl	ice-cold	HALO-pull-
down	buffer	(50	mM	Tris	pH	7.5,	150	mM	NaCl,	0.1%	NP-
40,	0.5	mM	TCEP,	0.5	mg/ml	BSA).	Per	pulldown,	20	µl	of	
coupled	HALO-resin	(50%	slurry)	were	added	to	30	pmol	
chains	in	480	µl	HALO-pulldown	buffer	and	incubated	at	4	
°C	turning	end-over-end	for	1	h.	Beads	were	spun	at	800	g	
and	4	 °C	 for	2	min	 and	washed	 twice	with	500	µl	HALO-
wash	buffer	and	transferred	to	a	fresh	1.5	ml	microtube	for	
the	final	wash	with	500	µl	HALO-coupling	buffer.	Each	pull-
down	was	 resuspended	 in	20	µl	1.33x	LDS	 sample	buffer	
and	analyzed	by	SDS-PAGE	and	silver	stain.	
	
Pulldown with NbSL3.3Q-coupled agarose beads and re-
combinant Ub chains 
Recombinant	Ub	chains	were	diluted	to	1	µM	in	NbSL3.3Q-
pulldown	buffer	(20	mM	HEPES	pH7.5,	150	mM	NaCl,	0.5	
mM	EDTA,	0.5%	NP-40)	and	2.5	µg	of	each	chain	was	used	
per	pulldown.	20	µl	of	agarose	beads	coupled	with	1	mg/ml	
NbSL3.3Q	 and	 pre-equilibrated	 in	 NbSL3.3Q-pulldown	
buffer	was	incubated	with	Ub	chains	on	a	roller	at	4	°C	for	1	
h.	Beads	were	pelleted	by	spin	at	500	g	and	4	°C	for	2	min	
and	 washed	 5	 times	 with	 ice-cold	 NbSL3.3Q-pulldown	
buffer.	Washed	beads	were	 resuspended	 in	 20	µl	 2X	 LDS	
sample	buffer	and	analyzed	by	SDS-PAGE	and	silver	stain.	
	
Pulldown with NbSL3.3Q-coupled agarose beads and cell 
lysate 
Cells	were	lysed	in	Co-IP	(50	mM	Tris-HCl	pH	7.5,	150	mM	
NaCl,	0.5	mM	EDTA,	0.5%	NP-40)	or	RIPA	(Thermo	Scien-
tific)	lysis	buffers	supplemented	with	1X	cOmplete	Protease	
Inhibitor	 (Roche),	 1	mM	AEBSF	 (Apollo	 Scientific),	 5	mM	
chloroacetamide	 (Sigma),	 and	 0.02%	 Benzonase	 (Sigma).	
Following	 clarification,	 protein	 content	 of	 lysates	was	 as-
sessed	via	Bradford	assay	(Thermo	Scientific),	and	samples	
diluted	to	0.5-2	mg/ml	in	Co-IP	lysis	buffer.	Samples	were	
mixed	with	10	µl	of	NbSL3.3Q-coupled	agarose	beads	per	
500	µg	of	cell	lysate	and	incubated	on	a	roller	at	4	°C	for	1	
hour.	Beads	were	washed	4	 times	with	Co-IP	 lysis	buffer,	
and	 proteins	 eluted	 in	 2X	 LDS	 sample	 buffer.	 Elution	

fractions	were	separated	from	beads	by	applying	to	SpinX	
filter	columns	and	spun	at	2,500	x	g	for	2	minutes.	Input	and	
elution	fractions	were	subsequently	analyzed	by	SDS-PAGE	
followed	by	immunoblotting.	
	
GFP-pulldown 
For	GFP	pulldown,	lysates	were	prepared	using	Co-IP	lysis	
buffer	as	above,	then	mixed	with	10	µl	of	GFP	binder-aga-
rose	beads	(MRC	PPU	Reagents	and	Services)	per	500	µg	of	
cell	lysate	and	incubated	at	4°C	on	a	roller	for	1	hour.	Beads	
were	washed,	 and	proteins	 eluted	 and	 subsequently	 ana-
lyzed	as	described	above.	
	
Western blotting 
Protein	samples	were	mixed	with	4X	LDS	Sample	buffer	and	
10X	Reducing	Agent	(both	Thermo	Scientific)	and	incubated	
at	70	°C	 for	10	minutes.	Following	SDS-PAGE	and	protein	
transfer,	membranes	were	stained	with	Ponceau	S	(Sigma)	
to	 assess	 loading	 and	 transfer	 efficiency.	 If	 intended	 for	
ubiquitin	blotting,	membranes	were	boiled	in	milliQ	water	
for	10	minutes	prior	to	blocking	to	ensure	denaturation	of	
ubiquitin	 chains.	 Chemiluminescent	 blots	 were	 subse-
quently	visualized	via	a	ChemiDoc	MP	(BioRad)	using	Clar-
ity	 or	ClarityMAX	ECL	 reagents	 (BioRad),	 and	 fluorescent	
blots	with	an	Odyssey	Clx	(LiCor	Biosciences).	
	
Antibodies 
Antibodies	were	sourced	from	the	indicated	manufacturers	
and	used	at	1:2000	dilution	unless	otherwise	stated:	anti-
GFP	(abcam,	ab290),	anti-VCP/p97	(Proteintech,	10736-1-
AP,	 1:4000),	 anti-ATXN3	 (Proteintech,	 13505-1-AP),	 anti-
Ubiquitin	 (Biolegend,	 P4D1),	 anti-GAPDH	 (Proteintech,	
10494-1-AP,	1:5000).	Secondary	detection	was	carried	out	
using	 anti-rabbit	 or	 anti-mouse	 HRP-conjugated	 (CST,	
7074,	 7076,	 both	 1:5000)	 or	 IRDye800CW/680RD-conju-
gated	 (LiCor	 Biosciences,	 926-32211,	 926-32210,	 926-
68073,	926-68070,	all	1:15000)	antibodies.	
	
MS Pulldown with SpyTag-Ub chains immobilized on Spy-
Catcher-agarose beads 
For	each	pulldown,	25	µg	of	SpyTag-Ub	chain	were	immobi-
lized	on	50	µl	SpyCatcher	agarose	beads	(1	mg	SpyCatcher	
cross-linked	per	1	ml	of	NHS-activated	agarose)	by	incuba-
tion	in	a	total	volume	of	150	µl	50	mM	HEPES	pH	7.0	at	22	
°C	for	16	h	while	gently	rotating	end-over-end.	The	beads	
were	spun	down	at	500	g	for	2	min	and	washed	three	times	
with	 SpyTtag-Wash	 buffer	 (10	mM	 Tris	 pH	 7.5,	 150	mM	
NaCl,	 0.1	 mM	 EDTA,	 1x	 complete	 protease	 inhibitor	
(Roche))	and	resuspended	as	a	50%	slurry	in	wash	buffer.	
Sixteen	15	cm	dishes	of	U2OS	cells	were	grown	 to	~90%	
confluency	 in	 DMEM	 +	 2	 mM	 L-glutamine	 +	 100	 U/ml	
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PenStrep	+	1	mM	Na	pyruvate	+	10%	FBS	at	37°C	in	5%	CO2	
atmosphere	and	each	washed	with	5	ml	PBS	before	harvest-
ing	by	scraping	cells	into	1	ml	ice-cold	lysis	buffer	(10	mM	
Tris	pH	7.5,	150	mM	NaCl,	0.5	mM	EDTA,	50	mM	NaF,	1	mM	
NaVO4,	0.5%	NP-40,	1x	complete	protease	inhibitor,	0.02%	
benzonase,	1	mM	AEBSF,	1	mM	NEM)	per	dish.	Lysates	were	
flash	frozen	in	liquid	nitrogen	and	stored	at	-80	until	further	
use.	Per	pulldown,	1	mg	of	lysate	was	incubated	with	25	µg	
of	immobilized	Ub	chains	for	2	h	at	4	°C	gently	rotating	end-
over-end.	Resin	was	pelleted	at	500	g	and	4	°C	for	2	min	and	
washed	4	times	with	SpyTag-Wash	buffer.	Bound	proteins	
were	eluted	by	addition	of	50	µl	10%	SDS	in	100	mM	TEAB	
and	incubation	for	10	min	on	ice	followed	by	centrifugation	
in	Spin-X	centrifuge	tube	filters	at	8k	g	for	1	min.	Samples	
were	reduced	by	addition	10	mM	TCEP	pH	7.0	and	incuba-
tion	at	60	°C	for	30	min	shaking	at	1000	rpm.	Samples	were	
cooled	to	23	°C	before	alkylation	with	40	mM	iodacetamide	
for	30	min	shaking	at	1000	rpm	in	the	dark.	Samples	were	
acidified	with	1.2%	phosphoric	acid	and	diluted	with	7	vol-
umes	of	S-trap	buffer	(90%	MeOH,	100	mM	TEAB).	Samples	
were	 loaded	 on	 S-trap	 mini	 columns	 and	 centrifuged	 at	
1000	g	and	23	°C	 for	1	min.	The	columns	were	washed	4	
times	with	400	µl	S-trap	buffer	and	transferred	to	a	clean	2	
ml	tube.	Per	column,	10	µg	trypsin	(Pierce	Trypsin	Protease,	
MS	Grade	-	Thermo	Fisher)	freshly	dissolved	in	100	µl	100	
mM	 TEAB	was	 added	 and	 columns	 briefly	 centrifuged	 at	
200	g	and	23	°C	for	1	min.	The	flow-through	was	reapplied	
to	the	column,	columns	capped	and	incubated	at	37	°C	for	
16	h	without	shaking.	Peptides	were	eluted	from	columns	
in	three	steps:	80	µl	50	mM	TEAB	and	centrifuge	at	1000	g	
for	1	min,	80	µl	0.15%	formic	acid	and	centrifuge	at	1000	g	
for	1	min,	80	µl	50%	Acetonitrile	+	0.2	%	formic	acid	and	
centrifuge	at	1000	g	for	1	min.	Combined	elutions	were	fro-
zen	at	-80	°C	and	freeze	dried	in	a	SpeedVac	centrifuge.	
	
LC-MS/MS data collection 
The	peptides	were	resuspended	in	0.1%	formic	acid	in	wa-
ter	and	2	µg	loaded	onto	a	UltiMate	3000	RSLCnano	System	
attached	to	an	Orbitrap	Exploris	480	(Thermo	Fisher	Scien-
tific).	 Peptides	were	 injected	 on	 an	Acclaim	Pepmap	 trap	
column	 (Thermo	 Fisher	 Scientific	 #164564-CMD)	 before	
analysis	on	a	PepMap	RSLC	C18	analytical	column	(Thermo	
Fisher	 Scientific	 #ES903)	 and	 eluted	 using	 a	 125	 min	
stepped	gradient	 from	3	 to	37%	Buffer	B	(Buffer	A:	0.1%	
formic	acid	in	water,	Buffer	B:	0.08%	formic	acid	in	80:20	
acetonitrile:water	 (v:v)).	 Eluted	 peptides	 analyzed	 by	 the	
mass	spectrometer	operating	in	data	independent	acquisi-
tion	(DIA)	mode.	
	
MS data analysis 
Peptide	were	searched	against	a	human	database	contain-
ing	 isoforms	 (Uniprot	 Swissprot	 version	 release	
05/10/2021)	using	DiaNN	(v1.8.0)	(Demichev	et	al.,	2020)	
using	library	free	mode.	Statistical	analysis	was	done	in	Per-
seus	(v1.16.15.0)	(Tyanova	et	al.,	2016).	Identified	proteins	
with	less	than	2	unique	peptides	were	excluded.	Imputation	
of	missing	 values	was	 done	 using	 a	 gaussian	 distribution	
centered	on	the	median	with	a	downshift	of	1.8	and	width	
of	0.3,	relative	to	the	standard	deviation,	and	intensities	of	
proteins	were	median	normalized.	Significant	changes	be-
tween	 quadruplicate	 pulldowns	 of	 each	 chain	 type	 were	

assessed	 using	 ANOVA	 and	 P-values	were	 adjusted	 using	
Benjamini	Hochberg	multiple	hypothesis	correction	using	a	
corrected	P-value	cutoff	of	<0.05.	The	list	of	130	chain	type	
specific	 binders	 was	 clustered	 using	 Spatial	 Hierarchical	
Euclidean	 clustering	 using	 the	 SciPy	 python	 library	
scipy.spatial.distance.pdist	function	(Virtanen	et	al.,	2020)	
and	visualized	using	the	Plotly	python	library	(Plotly	Tech-
nologies	Inc.,	2015).		
	
Gene Ontology enrichment analysis 
The	DAVID	web	server	(Sherman	et	al.,	2022)	was	used	for	
functional	 annotation	 and	 enrichment	 analyses. Enrich-
ment	of	significant	hits	from	the	ANOVA	of	DIA	MS	pulldown	
with	ubiquitin	chains	was	analyzed	against	a	background	of	
all	identified	proteins.	Annotation	clusters	linked	to	the	six	
chain	pulldown	clusters	were	visualized	using	the	Plotly	py-
thon	graphing	library	(Plotly	Technologies	Inc.,	2015)	and	
colored	by	DAVID	enrichment	score.	
	
UV-laser striping 
U2OS	 cells	 stably	 expressing	 GFP-tagged	 fusions	 of	
NbSL3.3Q,	NbSL18,	DDB2	or	GFP	only	 under	 control	 of	 a	
Tetracycline	promoter	were	 seeded	 at	 approximately	 105	
cells	in	3.5	cm	glass	bottom	dishes	containing	DMEM	with-
out	phenol	red	supplemented	with	10%	FBS,	10	µM	bromo-
deoxyuridine	 (BrdU,	 Sigma)	 and	 1	 µg/ml	 tetracycline	
(Sigma).	UV	laser	micro-irradiation	assays	were	performed	
at	37	°C	and	5%	CO2	atmosphere	on	a	Leica	TCS	SP8X	mi-
croscope	system	using	a	355	nm	coherent	laser.	Irradiation	
was	 applied	 in	 a	 bi-directional	 stripe	pattern	with	 an	 ap-
proximate	 1.4–2.8 J/m2	 energy	 output.	 Images	 were	 ac-
quired	with	a	Leica	HC	PL	APO	CS2	63×/1.20	water	objec-
tive	operated	by	Leica	LASX	software	in	Live	Data	Mode.	Im-
ages	were	acquired	in	autofocus	mode	starting	with	pre-ir-
radiation	state	image	and	followed	by	a	10	min	post-irradi-
ation	 time-lapse.	 Images	 were	 stitched	 using	 an	 ImageJ	
macro	and	visualized	using	the	Open	Microscopy	Environ-
ment	Remote	Objects	(OMERO)	server	(Allan	et	al.,	2012).	
	
Bioinformatics 
Protein	sequence	alignments	were	generated	using	the	EBI	
MAFFT	 server	 (https://www.ebi.ac.uk/Tools/msa/mafft/,	
Madeira et al., 2019)	and	secondary	structures	mapped	with	
ENDscript	 2	 (http://endscript.ibcp.fr,	 Robert	 and	 Gouet,	
2014).	Binding	site	probabilities	were	predicted	using	the	
ScanNet	 web-server	 (http://bioinfo3d.cs.tau.ac.il/Scan-
Net/,	Tubiana,	Schneidman-Duhovny	and	Wolfson,	2022).	
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Supplemental information 
	
Table S1. Crystallographic data collection and refinement statistics. 	

K48-K63-Ub3	 NbSL3:K48-K63-Ub3	 NbSL3.3Q:K48-K63-Ub3	

Data	Collection		
	 	 	

							Beamline		 ID23-2,	ESRF		 ID23-2,	ESRF		 ID23-2,	ESRF		

							Wavelength	(Å)		 0.8731	 0.8731	 0.8731	

							Space	group		 C2	 P1	21	1	 P1	

							Total	reflections	 19628	(1910)	 153451	(2434)	 176160	(12743)	

							Unique	reflections	 9868	(976)	 79154	(1380)	 56422	(100)	

							a,	b,	c	(Å)		 59.63	77.57	50.61	 54.389	97.615	74.967	 57.081	58.243	61.662	

							α,	β,	γ	(°)		 90.000	123.975	90.000	 	90	109.959	90	 78.879	67.944	80.161	

							Resolution	(Å)		 24.73-2.19	(2.27-2.19)	 35.30-1.55	(1.61-1.55)	 40.86-1.86	(1.93-1.86)	

							Rmerge		 0.03991	(0.3488)	 0.06807	(0.5728)	 0.18	(1.447)	

							I/σ(I)		 8.80	(2.20)	 8.03	(1.60)	 4.96	(0.74)	

							Completeness	(%)		 99.8	(98.68)	 74.33	(13.04)	 60.75	(1.66)	

							Multiplicity		 2.0	(2.0)	 1.9	(1.8)	 3.1	(3.1)	

							CC1/2		 0.997	(0.843)	 0.992	(0.409)	 0.988	(0.285)	

Refinement		
	 	 	

							R-work	 0.2239	(0.3573)	 0.1742	(0.2956)	 0.1866	(0.2481)	

							R-free	 0.2839	(0.4254)	 0.2123	(0.3477)	 0.2453	(0.2836)	

No.	of	Atoms		
	 	 	

							Protein		 1774	 5384	 5445	

							Ligand		 6	 28	 25	

							Water		 25	 722	 523	

							Wilson	B-factor	 45.92	 18.58	 13.75	

RMSDs		
	 	 	

							Bond	length	(Å)		 0.003	 0.007	 0.002	

							Bond	angles	(º)		 0.57	 0.92	 0.51	

Ramachandran	Plot	(%)		
	 	 	

							Favored	region		 97.71	 99.4	 99.12	

							Allowed	region			 2.29	 0.6	 0.59	

							Outlier	region		 0	 0	 0.29	

							PDB	ID		 7NPO	 7NBB		 8A67	
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Supplementary Figure 1 - Nomenclature and detailed ligation of branched Ub chains. 
A) Rules of proposed Ub chain nomenclature to describe complex Ub chains and examples with chain schematics. 
Dotted circles indicate parent chain. B) ‘Delta-C’ ligation approach for generation of branched K48-K63-Ub3 chains. 
C) Detailed ‘Ub-capping’ workflow as shown in Figure 1B including full chain descriptions and ligation enzymes. 
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Supplementary Figure 2 - Quality control of chain pulldown and detailed HALO-pulldown with UBDs. 
A) Quality control DUB assay with linkage-specific enzymes Miy2/Ypl191c (K48) and AMSH (K63) of Spy-tagged 
branched and unbranched Ub4 chains. B) Silver-stained SDS-PAGE analysis of Ub chain pulldown samples. C) 
Silver-stained SDS-PAGE analysis of HALO pulldown with recombinant HALO-tagged UBDs and branched/un-
branched Ub4 containing K48- and K63-linkages. 
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Supplementary Figure 3 - Establishing ULTIMAT DUB assay. 
A) Mass spectrum of fully cleaved Ub chain with indicated masses of the four released Ub moieties and added 15N-Ub internal 
standard. B) Initial quality control of ULTIMAT DUB assay with linkage-specific DUBs AMSH (K63) and MINDY1 (K48). Integrated 
mass peaks of released Ub moieties were normalized by 15N-Ub internal standard. C) Silver-stained SDS-PAGE analysis of DUB 
assay with USP5 and K63-specific DUB AMSH against K63-Ub2 and K63-Ub3 chains assembled from wild-type Ub. D) Crystal 
structure of catalytic domain of USP5 (blue) in complex with Ub (yellow) in cartoon representation (PDB 3IHP). Zoomed-in views 
of K48 and K63 residues of Ub and interacting USP5 residues as stick models with atomic distances indicated by dotted lines. 
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Supplementary Figure 4 - ATXN3 debranching activity is unaffected by recombinant p97 in vitro.  
A) Full gel of silver-stained SDS-PAGE analyses of DUB assays shown in Figure 4H. B) Schematic of VBM-mediated binding of 
full-length ATXN3 to VCP/p97 and truncated ATXN3 [1-260] lacking VMB. C) Silver-stained SDS-PAGE analyses of DUB assays 
of full-length ATXN3 and truncated ATXN3 [1-260] in the presence and absence of recombinant p97 against panel of branched 
and unbranched K48- and K63-linked Ub chains. 
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Supplementary Figure 5 - Selection and maturation of NbSL3.3Q.  
A) Silver-stained SDS-PAGE of DUB assay with AVI-tagged Ub chains used for nanobody selection and linkage-specific DUBs 
Miy2/Ypl191c (K48) and AMSH (K63). B) Live cell imaging of U2OS Flp-In cells transiently expressing NbSL3-GFP recorded 
using green channel of ZOE fluorescent cell imager. C) Sequence alignment, CDRs and secondary structure elements of NbSL3 
and matured variants. The four mutations of the maturation from NbSL3 to NbSL3.3Q are indicated by red triangles. D) ITC 
analysis of second-generation NbSL3.1-4 binding to branched K48-K63-Ub3. E) Comparison of the residues affected by matu-
ration mutations in the crystal structures of NbSL3 (green) and NbSL3.3Q (yellow) each in complex with branched K48-K63-Ub3 
(K48-linked Ub in blue, K63-linked Ub in red, proximal Ub in grey). Distance measurements in Å indicated by black dotted lines. 
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Supplementary Figure 6 - VCP/p97-substrate UbG76V-GFP is modified with branched K48-K63-Ub and inhibition of VCP/p97 induces branching of K63-linked Ub off K48-chains.  
A) HEK293 Flp-In Trex cells were treated with tetracycline to induce expression of UbG76V-GFP followed by VCP/p97-inhibition using NMS-873 (5 µM) for 4 hours. Subsequent pulldowns with NbSL3.3Q-
immoblised agarose were analyzed by Western blotting for total Ub and GFP. Note: The anti-GFP antibody used here produces a non-specific band at approximately the same size as GFP. B) Anti-GFP 
pulldown from U2OS cells expressing either NbSL3.3Q-GFP or NbSL18-GFP following VCP/p97-inhibition with NMS-873 analyzed by Western blotting for total Ub and GFP. Note: The anti-GFP antibody 
used here produces a non-specific band at approximately the same size as GFP. C) DUB assay using linkage-specific DUBs Miy2/Ypl191c (K48) or AMSH (K63), non-specific DUB USP2 and debranching 
DUB ATXN3 (K63) incubated for 1 hour at 37°C with ubiquitin chains captured by anti-GFP pulldown from NbSL3.3Q-GFP expressing U2OS Flp-In Trex cells (lanes 1-12) following DMSO treatment (lanes 
1-6) or VCP/p97-inhibition with NMS-873 (lanes 7-12), or recombinant branched K48-K63-Ub3 chains (lanes 13-18). Samples analyzed by Western blotting for total Ub and K48-linked Ub. D) Western blot 
analysis of anti-GFP pulldowns from U2OS Flp-In Trex used in UV micro-irradiation assay (Figure 6E) following tetracycline-induced expression of GFP, NbSL3.3Q-GFP, NbSL18-GFP or GFP-DDB2 
visualized with anti-GFP antibody. 
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