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Zusammenfassung:	
ATP-abhängige	molekulare	Motoren	hydrolysieren	ATP,	 um	Nukleinsäuren	 oder	 Proteine	

zu	bewegen.	Die	am	häufigsten	vertretene	und	vielseitigste	Familie	dieser	Enyzme	 ist	die	

der	„phosphate-binding	loop“	(P-loop)	ATPasen.	Ihre	Kennzeichen	sind	eine	dreischichtige	

Rossman-Faltung	und	konservierte	Walker	A	und	B	Motive.	Die	größte	Unterfamilie	der	P-

loop	 ATPasen	 stellt	 die	 „additional	 strand	 catalytic	 glutamate“	 (ASCE)	 Gruppe,	 die	 sich	

durch	 einen	 weiteren	 Strang	 im	 zentralen	 β-Faltblatt	 und	 einen	 zusätzlich	 hoch	

konservierten	 Glutamatrest	 auszeichnet.	 In	 dieser	 Arbeit	 untersuche	 ich	 die	 Struktur	

homohexamerer	 ASCE-ATPasen	 im	 archaealen	 DNA-End-prozessierungs-Komplex	 HerA-

NurA	 und	 der	molekularen	 Segregase	 p97	mittels	 modernste	 Instrumentation	 der	 Kryo-

Elektronenmikroskopie	(EM)	und	Einzelpartikelanalyse.	

In	Archaeen	ist	HerA-NurA	als	gekoppelter	Helikase-Nuklease-Komplex	für	die	Generierung	

einzelsträngiger	DNA-Enden	am	5´-3´-Ende	eines	DNA-Doppelstrangbruchs	verantwortlich.	

Durch	 diese	 Aktivität	 wird	 die	 Reparatur	 durch	 homologe	 Rekombination	 ermöglicht.	

Mittels	Einzelpartikelanalyse	war	es	möglich,	die	Struktur	des	Enzymkomplexes	bei	einer	

Auflösung	 von	 7.3	Å	 zu	 rekonstruieren.	 In	 das	 Volumen	der	 erhaltenen	Elektronendichte	

konnten	wir	sowohl	die	Kristallstruktur	von	NurA	als	auch	ein	auf	verwandten	Strukturen	

beruhendes	Model	 großer	 Teile	 der	 HerA-Helikase	 eindeutig	 platzieren.	 NurA	 bindet	mit	

seiner	hydrophoben	Seite	auf	die	Oberfläche	von	HerA.	Durch	den	gesamten	Komplex	zieht	

sich	ein	zentraler	Kanal,	der	im	Inneren	von	HerA	bis	zu	drei	Windungen	doppelsträngige	

(ds)DNA	 aufnehmen	 kann.	 HerA	 arbeitet	 als	 Motor,	 der	 ein	 dsDNA-Substrat	 durch	 den	

zentralen	Kanal	in	Richtung	NurA	schiebt.	In	NurA	verengt	sich	der	Kanal,	was	dazu	führt,	

dass	 die	 dsDNA	 aufgeschmolzen	 wird.	 Ein	 derartiger	 Helikase-Nuklease-Mechanismus	

wurde	bisher	noch	nicht	beschrieben	und	unterscheidet	sich	stark	von	den	Mechanismen	

vergleichbarer	Enzyme	in	den	unterschiedlichen	Domänen	des	Lebens.	

Die	ATPase	p97	vom	Typ	AAA+	spielt	eine	wichtige	Rolle	für	den	proteasomalen	Abbau	von	

Proteinen.	Zusammen	mit	dem	dimeren	Kofaktor	Npl4-Ufd1	segregiert	p97	ubiquitinierte	

Substrate	von	der	zellulären	Umgebung,	um	sie	dem	26S-Proteasom	zuzuführen.	Bisherige	

Versuche,	 die	 dafür	 notwendigen	 Zustände	 von	 p97	 mittels	 Röntgenkristallografie	 zu	



	

untersuchen,	 lieferten	 nur	 geringfügig	 unterschiedliche	 Strukturen,	 da	 die	 feste	

Kristallpackung	die	Bewegungen	der	einzelnen	Domänen	künstlich	einschränkt.	Mit	Kryo-

EM	und	Einzelpartikelanalyse	dagegen	kann	man	die	verschiedenen	Zustände	von	p97	 in	

Lösung	untersuchen.	Unter	Verwendung	verschiedener	Nukleotid-Analoga	gelang	es	mir	so,	

sechsfach	 symmetrische	 Strukturen	 zu	 bestimmen,	 die	 bis	 in	 den	 Sub-Nanometerbereich	

aufgelöst	 sind.	 In	 diesen	 Rekonstruktionen	 ist	 die	 Pore	 der	 D1-ATPase-Domäne	 von	 p97	

immer	geschlossen,	während	sich	die	Pore	der	D2-ATPase-Domäne	nach	ATP-γS-Bindung	

verengt.	Des	weiteren	zeigen	die	Strukturen	ein	Schwingen	der	N-terminalen	Domäne,	die	

damit	als	Hebel	dienen	könnte,	um	ubiquitylierte	Proteine	aus	der	zellulären	Umgebung	zu	

lösen.	 Die	 D2-Pore	 dient	 vermutlich	 anderen	 Zwecken,	 wie	 dem	 Entfalten	 bereits	

gebundener	Proteine.					

Die	 vorliegende	 Arbeit	 zeigt	 Beispielhaft	 die	 vielfältigen	 Einsatzmöglichkeiten	 der	

Einzelpartikelanalyse	mittels	 Kryo-EM.	 Im	 Falle	 von	 HerA-NurA	 ließ	 sich	 demonstrieren,	

dass	 atomare	 Modelle	 aus	 Kristallstrukturen	 in	 einen	 größeren	 molekularen	 Kontext	

eingefügt	 werden	 können.	 Zusätzlich	 zeigte	 die	 Studie	 von	 p97	 das	 große	 Potenzial	 der	

eingesetzten	Methode	zur	Untersuchung	beweglicher	Proteinkkomplexe	in	Lösung.	Deshalb	

kann	man	 davon	 ausgehen,	 dass	 für	 Struktur-Funktionsstudien	 komplexerer	molekularer	

Maschinen,	ähnlich	denen	in	der	vorliegenden	Arbeit,	die	Einzelpartikelanalyse	 in	Zukunft	

zunehmend	an	Bedeutung	gewinnen	wird.						

	 	



	

Summary:	
Motor	ATPases	use	the	energy	of	ATP	hydrolysis	to	move	nucleic	acids	or	polypeptides.	The	

phosphate-binding	 loop	 (P-loop)	 ATPase	 superfamily	 is	 by	 far	 the	 most	 abundant	 and	

diverse	nucleotide-binding	fold.	All	P-loop	ATPases	share	a	three-layered	Rossman-fold	and	

conserved	Walker	 A	 and	 B	 motifs.	 The	 largest	 subfamily	 herein	 is	 the	 additional	 strand	

catalytic	glutamate	clade	(ASCE),	characterized	by	an	additional	strand	in	the	central	sheet	

and	by	a	 conserved	catalytic	glutamate,	positioned	C-terminally	of	 the	Walker	B	motif.	 In	

this	 thesis	 I	used	state-of-the-art	cryo-EM	single	particle	analysis	 (SPA)	 to	 investigate	 the	

structure	 and	mechanism	 of	 two	 homohexameric	 ASCE	 ATPases:	 the	 archaeal	 DNA	 end-

resection	complex	HerA-NurA		and	the	molecular	segregase	p97.	

In	 archaea,	 the	 helicase-nuclease	 molecular	 machine	 HerA-NurA	 is	 responsible	 for	

processing	 the	 5'-3'	 end	 of	 double-stranded	 (ds)	 DNA	 for	 repair	 by	 homologous	

recombination.	 Using	 cryo-EM	 single	 particle	 analysis	 we	 obtained	 a	 7.3Å	 resolution	

structure	of	the	HerA-NurA	complex.	The	NurA	crystal	structure	as	well	as	a	quasi-atomic	

model	of	HerA	can	unambiguously	be	fitted	into	the	obtained	density	map.	HerA	contains	a	

central	channel	capable	of	accommodating	up	to	three	turns	of	dsDNA.	This	cavity	is	aligned	

with	the	hydrophobic	face	of	the	NurA	dimer,	forming	a	continuous	channel	traversing	the	

entire	 complex.	 Based	 on	 our	 structure,	 we	 proposed	 a	 model	 where	 the	 HerA	 motor	

threads	 a	 dsDNA	 substrate	 through	 its	 central	 channel	 towards	 the	 NurA	 nuclease	 for	

processing.	The	tight	annulus	of	 the	NurA	would	act	as	a	molecular	ploughshare,	splitting	

the	 dsDNA.	 This	 mechanism	 differs	 substantially	 from	 the	 end-resection	 mechanisms	

observed	 in	 the	 other	 kingdoms	 of	 life,	 revealing	 a	 novel	mode	 of	 translocation-coupled	

DNA-end	processing	in	archaea.				

The	AAA+	ATPase	p97	is	a	major	facilitator	of	proteasomal	degradation.	In	conjunction	with	

the	 heterodimeric	 Npl4-Ufd	 co-factor,	 p97	 extracts	 ubiquitylated	 proteins	 from	 their	

cellular	environment.	Previous	attempts	to	study	the	conformational	landscape	of	p97	by	X-

ray	crystallography	were	hampered	by	crystal	packing	forces,	with	the	N-terminal	domains	

most	strongly	affected.	Thus,	we	determined	sub-nanometer	cryo-EM	structures	of	p97	in	

the	 presence	 of	 nucleotide	 analogs,	 allowing	 the	 study	 of	 nucleotide-dependent	



	

conformational	 changes.	 The	 structures	 revealed	 that	 p97	 has	 six-fold	 symmetry	 in	

solution.	In	all	structures,	the	pore	formed	by	the	D1	domains	remains	closed	irrespective	

of	the	bound	nucleotide,	whereas	the	pore	of	the	D2	domains	shows	an	iris-like	closing	of	

its	center	upon	binding	ATP-γS.	In	addition,	we	observed	nucleotide-dependent	large-scale	

swinging	 motions	 of	 the	 N-terminal	 domains.	 This	 movement	 could	 provide	 the	 force	

necessary	 for	 the	 segregation	 activity	 of	 p97.	The	D2	 cavity	may	 contribute	 to	 additional	

enzymatic	functions	such	as	unfolding	of	bound	substrate	proteins.			

My	 work	 exemplifies	 the	 power	 of	 modern	 SPA.	 The	 HerA-NurA	 study	 shows	 that	 it	 is	

straightforward	 to	 use	 SPA	 to	 place	 individual	 crystal	 structures	 into	 their	 molecular	

context.	Furthermore,	our	analysis	of	the	p97	conformational	cycle	demonstrates	that	cryo-

EM	methods	 can	 provide	 important	 insights	 into	 the	 functional	 mechanisms	 of	 dynamic	

protein	 complexes.	 Thus,	 we	 expect	 that	 SPA	 will	 enhance	 our	 understanding	 of	 a	 wide	

variety	of	protein	assemblies.				
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Preface		

The	work	of	my	thesis	resulted	in	two	peer	reviewed	first-author	articles.	Since	these	two	

manuscripts	 represent	 the	major	 part	 of	 the	 work	 undertaken	 in	 course	 of	 my	 doctoral	

project,	this	thesis	is	written	in	cumulative	style.	The	first	chapter	features	an	introduction	

to	 the	 biological	 and	 methodological	 background	 and	 the	 current	 state	 of	 research.	 The	

second	chapter	 includes	the	original	manuscripts,	which	represents	the	classical	“Results”	

and	“Material	and	Methods”	chapters.	The	final	section	features	a	thorough	discussion	that	

integrates	the	main	aspects	from	both	manuscripts.								

First	author	articles:		

Schuller	 JM,	 Beck	 F,	 Lossl	 P,	 Heck	 AJ,	 Forster	 F	 (2016)	 Nucleotide-dependent	

conformational	changes	of	the	AAA+	ATPase	p97	revisited.	FEBS	Lett	590:	595-604	

Byrne	RT*,	Schuller	JM*,	Unverdorben	P,	Forster	F,	Hopfner	KP	(2014)	Molecular	

architecture	of	the	HerA-NurA	DNA	double-strand	break	resection	complex.	FEBS	Lett	588:	

4637-4644	

*	These	authors	contributed	equally		
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(2015)	Structural	basis	for	recognition	and	remodeling	of	the	TBP:DNA:NC2	complex	by	

Mot1.	Elife	4	

Chen	X,	Chen	Y,	Schuller	JM,	Navab	N,	Forster	F	(2014)	Automatic	particle	picking	and	

multi-class	classification	in	cryo-electron	tomograms.	IEEE	978:	838-841	

Chen	Y,	Pfeffer	S,	Hrabe	T,	Schuller	JM,	Forster	F	(2013)	Fast	and	accurate	reference-free	

alignment	of	subtomograms.	J	Struct	Biol	182:	235-245	

Review:	

Forster	F,	Schuller	JM,	Unverdorben	P,	Aufderheide	A	(2014)	Emerging	mechanistic	

insights	into	AAA	complexes	regulating	proteasomal	degradation.	Biomolecules	4:	774-794	 	
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Chapter	I:	Introduction	
1.1 The	structure	and	function	of	AAA	and	RecA-like	machines	

1.1.1	AAA	and	RecA	machines	are	evolutionary	related	

A	variety	of	 cellular	 functions	are	performed	by	ATPases,	which	 convert	 chemical	 energy	

into	mechanical	work.	 One	 general	 requirement	within	 the	 cell	 is	 the	 physical	motion	 of	

biopolymers,	 such	 as	 nucleic	 acids	 and	 polypeptides,	 relative	 to	 each	 other.	 ATPases	

undergo	 conformational	 changes	 as	 they	 hydrolyze	 nucleotides	 and	 can	 act	 as	 polymer-

dependent	 motors	 to	 generate	 tension.	 Thus,	 they	 mediate	 the	 unfolding	 or	 folding	 of	

polypeptides,	the	dissociation	of	protein-protein	or	protein-nucleotide	interactions,	as	well	

as	 the	 unidirectional	 movement	 along	 tracks	 (Vale,	 2000).	 These	 processes	 require	

powerful	 molecular	 motors,	 which	 are	 built	 from	 one	 of	 four	 basic	 families:	 the	 P-loop	

NTPase	 (phosphate-binding	 loop),	 the	 GHL	 (gyrase,	 Hsp90,	 MutL),	 actin	 and	 chaperonin	

family	(Thomsen	and	Berger,	2008).		

The	 P-loop	 NTPases	 superfamily	 is	 by	 far	 the	 most	 abundant	 and	 diverse	 nucleotide-

binding	 fold.	 Its	 members	 share	 a	 three-layered	 Rossman-fold	 that	 contains	 regularly	

recurring	α-β	units	with	 the	β-strands	 forming	 a	 central	 β-sheet	 (Leipe	 et	 al.,	 2003).	The	

reaction	 catalyzed	 by	 this	 enzyme	 family	 is	 the	 hydrolysis	 of	 the	 beta-gamma	 phosphate	

bond	of	a	bound	nucleoside	triphosphate	(NTP,	either	GTP	or	ATP).	In	order	to	respond	to	

the	 hydrolysis	 event	 the	 difference	 between	 the	 bound	 nucleotide	 and	 its	 hydrolysis	

product	 must	 be	 recognized.	 Either	 the	 γ-phosphate	 is	 directly	 sensed	 by	 a	 positively	

charged	residue	or	 indirectly,	by	 sensing	 the	Mg2+	 ion	 that	binds	 to	 the	γ-phosphate.	The	

energy	of	the	hydrolysis	can	thus	be	utilized	to	 induce	conformational	changes	within	the	

molecule.	Two	conserved	sequence	motifs	are	present	in	all	P-loop	NTPases,	the	Walker	A	

and	 B	 motif	 (Walker	 et	 al.,	 1982).	 The	 Walker	 A	 or	 phosphate-binding	 loop	 (P-loop)	 is	

located	at	 the	 tip	of	 the	 first	beta	strand	(Figure	1)	and	has	a	sequence	of	G-x(4)-GK-T/S,	

where	 x	 is	 any	 residue.	 The	Walker	 B	motif	 is	more	 variable:	 the	 consensus	 sequence	 is	

R/K-x(4)-G-x(4)-LhhhhD(E),	where	h	denotes	a	hydrophobic	residue.	The	residues	in	these	

motifs	are	responsible	for	nucleotide	and	phosphate	binding.	They	also	help	to	coordinate	
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the	Mg2+	 ion	bound	 to	 the	 γ-phosphate.	Typically,	 the	Walker	B	motif	 is	 located	between	

helices	α1	and	α3	of	the	ATPase.		

	

	

	

	

	

	

	

Figure	1:	Structure	of	the	ASCE	ATPase.	(A)	Overview	of	a	typical	ASCE	protomer.	The	ASCE	domain	is	colored	

in	dark	grey	and	the	C-terminal	domain	in	light	grey		(B)	Detail	of	the	P-loop	active	site	of	ATP-DnaA	showing	

the	 position	 of	 nucleotide-interacting	motifs	 and	ATP.	 Figures	modified	 from	 (Erzberger	 and	Berger,	 2006;	

Wendler	et	al.,	2012).		

The	P-loop	ATPases	are	separated	in	two	large	groups.	The	kinase-GTPase	clade,	to	which	

kinases	and	GTPases	belong,	as	well	as	the	ASCE	group	group	(additional	strand,	catalytic	

E),	which	is	characterized	by	an	additional	strand	in	the	central	sheet,	located	between	the	

two	 Walker	 motifs	 (Leipe	 et	 al.,	 2003).	 For	 ATP	 hydrolysis	 the	 ASCE	 ATPases	 utilize	 a	

conserved	catalytic	 glutamate,	 just	C-terminal	of	 the	Walker	B	motif,	 that	primes	a	water	

molecule	 for	a	nucleophilic	attack	on	 the	γ-phosphate	group	of	ATP;	 thus	 the	name	ASCE	

clade.	

Members	of	the	ASCE	group	can	be	further	classified	based	on	additional	signature	motifs	

(Neuwald	et	al.,	1999)(Figure	2).	The	two	largest	subfamilies	thereof	are	the	AAA	and	RecA-

like	ATPases	proteins	(Iyer	et	al.,	2004a;	Lyubimov	et	al.,	2011).		The	folds	of	RecA-like	and	

AAA	ATPases	are	related,	but	differ	in	their	topology,	conserved	ATP-binding	residues	and	

quaternary	 assembly	 in	 oligomers.	 The	 RecA-fold	 always	 forms	 homo-oligomers,	 with	

dimers	(SF1/2	family)	and	hexamers	(classical	RecA)	being	most	common.	The	functional	

diversity	of	 the	RecA-fold	 is	mediated	by	 the	attachment	 to	or	 the	 insertion	of	 functional	

domains	 within	 the	 RecA-like	 fold,	 such	 as	 the	 C-terminal	 helical	 bundles	 found	 in	 F1-

ATPase	or	domains	Ib	and	IIb	found	in	SF1/SF2	helicases	(Thomsen	and	Berger,	2008).	
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Figure	 2:	 Phylogenetic	 classification	 of	 AAA	 domains	 within	 the	 P-loop	 NTPases.	 The	 criteria	 used	 for	

classification	at	each	node	are	listed	on	the	right.	Figure	adapted	from	(Lupas	and	Martin,	2002).	

All	RecA-like	proteins	contain	an	arginine	finger	(Hopfner	and	Tainer,	2003).	This	residue	

points	towards	the	γ-phosphate	of	the	bound	ATP	in	the	adjacent	subunit.	It	is	responsible	

for	 stabilization	 of	 the	 transition	 state	 during	 nucleotide	 hydrolysis.	 In	 addition	 to	

enhancing	 hydrolysis,	 this	 arginine-finger	 is	 critical	 for	 coupling	 nucleotide	 hydrolysis	 to	

large-scale	conformational	changes	in	adjacent	RecA-like	domains.			

1.1.2	Structure	and	mechanism	of	RecA-type	ATPases		

The	mechanism	of	dimeric	SF1/2	ATPases	is	best	understood	(Lee	and	Yang,	2006).	After	

The	 hydrolysis,	 the	 intra-domain	 conformational	 changes	 are	 comparably	 small,	 but	 they	

are-	 amplified	 by	 inter-domain	 interface	 rearrangements.	 In	 the	 apo	 conformation	 both	

RecA-folds	 splay	 apart,	 removing	 the	 arginine-finger	 from	 the	 adjacent	 fold.	 Upon	 ATP	

binding,	the	RecA-dimer	rotates	giving	rise	to	a	closed	conformation	and	the	arginine	finger	

is	inserted	into	the	adjacent	ATP-binding	pocket,	thereby	triggering	ATP	hydrolysis	(Figure	

3).	 This	 ATP-dependent	 rearrangement	 of	 two	 RecA	 folds	 is	 utilized	 to	 mediate	 the	

association	with	nucleic	acid	 substrate	or	move	along	nucleic	acid	 tracks	 (Velankar	et	al.,	

1999).			

The	mechanism	of	 ring-forming	RecA-like	proteins	 is	 less	 clear.	However,	 it	 is	 commonly	

accepted	 that	 a	 series	 of	 inter-subunit	 conformational	 changes	 moves	 the	 respective	
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substrate	 through	a	pore	 in	 the	center	of	 the	ring.	The	central	pore	 is	 lined	by	substrate-

engaging	loops.	The	residues	of	these	loops	mediate	the	interaction	with	the	substrate	in	a	

nucleotide	dependent	fashion.	 In	theory,	 three	distinct	mechanisms	are	possible	by	which	

ATP	 turnover	 is	 coupled	 to	 substrate	 movement:	 a	 sequential,	 concerted	 or	

stochastic	progression	 of	 nucleotide	 hydrolysis	around	 the	 ring	 have	 been	 proposed	

(Lyubimov	 et	 al.,	 2011).	 Structures	 of	 fully	 symmetrized	 particles	 in	 which	 all	 subunits	

occupy	 similar	 conformations	 can	 serve	 as	 evidence	 for	 the	 concerted	model.	 It	 predicts	

that	all	ATPase	sites	hydrolyze	the	bound	nucleotide	simultaneously	(Gai	et	al.,	2004;	Wang	

et	al.,	2001).	The	rotary	model	in	contrast	proposes	a	sequential	nucleotide	hydrolysis	from	

one	subunit	to	the	next,	as	observed	in	case	of	the	F1	ATPase.	

	

	

	

	

	

	

	

	

	

Figure	3:	Nucleotide	binding	and	conformational	changes	in	RecA-like	ATPases.	(A)	Topology	diagram	of	the	

RecA	 fold.	 (	B)	 The	 active	 site	 of	 the	 Saccharomyces	 cerevisiae	 F1-ATPase	 β-subunit	 (PDB	 entry	 2HLD)	 (C)	

Structural	 superposition	 of	 the	 conserved	 RecA	 fold	 of	 the	 ATP-bound	 (βTP)	 subunit	 (dark	 blue)	 and	 the	

empty	 (βE)	 subunit	 (light	 blue)	 of	 S.	cerevisiae	 F1-ATPase	 (PDB	 entry	 2HLD)	 (D)	 ATP-dependent	

conformational	 changes	between	 two	RecA-like	 folds	 shown	by	 the	 structure	of	E.	coli	UvrD	bound	 to	DNA	

(PDB	entry	2IS1	and	2IS4).	Figure	and	text	adapted	from	(Thomsen	and	Berger,	2008).	

Support	 for	 the	 sequential	 model	 comes	 from	 the	 structure	 of	 the	 Rho	 transcription	

termination	factor	bound	to	a	substrate	single	stranded	(ss)	DNA	(Bogden	et	al.,	1999).	This	

structure	 reveals	 a	 radially	 asymmetric	 arrangement	 of	 ATPase	 states,	 in	 a	 sequence	

around	the	ring	that	indicates	a	full	hydrolysis	cycle.		
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1.1.3	Structure	and	mechanism	of	AAA/AAA+	proteins	

The	fold	of	the	AAA	protein	 is	highly	conserved.	The	defining	feature	of	the	AAA	family	 is	

another	highly	conserved	amino	acid	sequence	within	their	ATPase	domain	that	has	been	

termed	the	second	region	of	homology	(SRH).	The	about	250	amino	acid	residue	sequence	

that	encompasses	both	Walker	motifs	and	the	SRH	is	termed	the	AAA	module.	Proteins	that	

contain	 one	or	 two	 copies	 of	 this	module	 are	part	 of	 the	AAA	protein	 family.	 The	 crystal	

structures	of	the	δ′subunit	of	Escherichia	coli	DNA	polymerase	III	(Pol	III)	and	of	the	NSF-D2	

hexamer	reveal	that	a	whole	class	of	hexameric	unfoldases	has	a	high	structural	similarity	

with	 the	 AAA	 proteins,	 although	 having	 limited	 sequence	 conservation	 in	 the	 SRH	

(Guenther	et	al.,	1997;	Lenzen	et	al.,	1998).	They	are	termed	AAA+	proteins	and	share	the	

positions	of	the	conserved	residues	of	the	P-loop	catalytic	core.	The	structural	core	of	the	

AAA+	ATPases	consists	of	two	subdomains,	the	large	N-terminal	α/β	ASCE-P-loop-fold	and	

a	smaller	C-terminal	three-helix	bundle	α-helical	subdomain,	that	forms	a	lid	on	top	of	the	

large	subunit	(Figure	4).		

	

	

	

	

	

	

	

	

	

Figure	 4:	 Nucleotide	 binding	 and	 conformational	 changes	 in	 AAA+	 ATPases.	 (A)	 Topology	 diagram	 of	 the	

typical	two-domain	AAA+	fold.	(B)	The	active	site	of	Aquifex	aeolicus	DnaA	(PDB	entry	2HCB)	(	C)	Structural	

superposition	 of	 the	 conserved	 AAA+	 fold	 of	 ATP-bound	 (dark	 blue)	 and	 empty	 (light	 blue)	 subunits	 of	

Escherichia	coli	HslU	(PDB	entry	1DO2)	(D)	ATP-dependent	conformational	changes	between	two	AAA+	folds	

exemplified	by	the	structure	of	the	human	papillomavirus	E1	helicase	bound	to	DNA	(PDB	entry	2GXA).	Figure	

and	text	adapted	from	(Thomsen	and	Berger,	2008).	



	7	

In	the	AAA+	fold	the	catalytic	active	glutamate	 is	always	 located	in	or	directly	adjacent	to	

the	Walker-B	motif.	 Two	 additional	 evolutionary	 highly	 conserved	 catalytic	 residues	 also	

characterize	the	AAA+	family,	the	sensor-I	(SI)	and	sensor-II	(SII)	motifs.	The	sensor-I	motif	

is	 a	 polar	 residue	 at	 the	C-terminus	 of	 the	 β-4	 strand,	which	 orients	 the	water	molecule,	

attacking	 the	 γ-	 phosphate	 (Figure	1).	 The	 sensor	2	motif	 is	 a	 positively	 charged	 residue	

positioned	 at	 the	N-terminus	 of	 the	 seventh	 alpha	helix,	 contacting	 the	 bound	nucleotide	

(Botos	et	al.,	2004).	This	residue	 is	responsible	 for	coupling	 the	nucleotide	sensing	 to	 the	

intra-subunit	 conformational	 changes.	 The	 arginine	 finger	 and	 the	 two	 sensor	motifs	 are	

not	conserved	in	all	AAA+	members,	but	are	very	common.	If	present,	the	arginine	finger	is	

always	 located	 at	 the	 C-terminus	 of	 the	 fourth	 α-helix.	 The	 crystal	 structure	 of	 the	 E1	

helicase	 from	 papillomavirus	 bound	 to	 ssDNA	 has	 revealed	 the	 mechanism	 of	 AAA+	

nucleotide	 translocases	 (Enemark	 and	 Joshua-Tor,	 2006).	 Despite	 being	 a	 homohexamer	

this	 structure	 adopts	 an	 asymmetric	 conformation.	 The	 position	 of	 each	 protomer	 varies	

sequentially	 around	 the	 hexamer	 and	 is	 coupled	 directly	 to	 the	 position	 of	 their	 central	

pore-loops.	This	strongly	suggests	a	sequential	hydrolysis	mechanism.			

Further	 evidence	 for	 a	 sequential	 mechanism,	 comes	 from	 biochemical	 mutant	 doping	

experiments.	In	these	experiments,	the	WT	protein	is	mixed	with	increasing	amounts	of	the	

catalytically	 inactive	 Walker	 A	 motif	 mutation.	 It	 was	 shown	 that	 the	 formation	 of	

heterologous	 rings	 renders	 most	 ring	 forming	 translocasses	 inactive,	 suggesting	 a	

coordinated	 series	 of	 ATP	 hydrolysis	 around	 the	 ring.	 Most	 RecA-type	 helicases	 are	

rendered	 inactive	 after	 introducing	 a	 single	 inactive	 protomer	 (Massey	 et	 al.,	 2006),	

whereas	 the	 AAA+	 rings	 are	 only	 inactivated	 after	 the	 insertion	 of	 several	 defective	

protomers	(Moreau	et	al.,	2007).	These	findings	suggest	a	rotary	mechanism,	which	retains	

sufficient	 flexibility	 to	 allow	 alternative	 subunits	 to	 hydrolyze	 ATP	 if	 one	 or	 more	

corresponding	protomers	are	inactivated.	Thus,	it	seems	that	the	RecA-like	helicases	act	in	

a	more	‘strictly	sequential’	fashion	than	AAA+	helicases.		

1.1.4	Comparison	of	RecA-type	and	AAA+	ring	translocases	

The	RecA-type	and	AAA+	nucleotide	translocases	differ	in	their	quaternary	structures	in	the	

respective	 hexameric	 oligomers.	 They	 are	 oriented	 such	 that	 the	 central	 channel	 of	 the	

hexamer	runs	roughly	perpendicular	for	the	two	types	of	hexameric	rings	(Wang,	2004).	In	
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case	 of	 single-stranded	 nucleic	 acid	 translocases	 such	 different	 quaternary	 structure	 is	

known	 to	determine	 the	directionality	of	 substrate	 threading,	which	 can	be	either	5’to	3’	

(RecA-like	proteins)	or	3’	to	5’	(AAA+	machines)	oriented.		

In	 contrast	 to	 RecA-like	 proteins,	 which	 exclusively	 interact	 with	 nucleic	 acids,	 AAA+	

proteins	 also	 act	 on	 polypeptides.	 The	 respective	 AAA+	 proteins	 are	 involved	 in	 the	

unfolding	and	disassembly	of	proteins	and	protein	complexes(Nyquist	and	Martin,	2014).	

The	 best-studied	 system	 for	 the	 mechanism	 for	 such	 protein	 unfoldases	 is	 the	 protease	

system	 of	 the	 AAA+	 ring	 ClpX	 together	 with	 the	 self-compartmentalized	 ClpP	 protease	

(Nyquist	and	Martin,	2014)	as	well	as	the	26S	proteasome	(Forster	et	al.,	2014).			

1.2 DSB	repair	and	DNA	end-resection	in	the	three	kingdoms	of	life	

1.2.1	DSB	damage	and	repair	in	the	three	kingdoms	of	life		

Most	proteins	in	the	archaeal	kingdom	of	life	display	a	clear	homology	with	their	eukaryotic	

counterparts.	 This	 is	 especially	 true	 for	 proteins	 involved	 in	 fundamental	 genomic	

processes,	 such	 as	 DNA	 replication,	 transcription	 and	 recombination.	 These	 molecular	

machines	have	most	likely	a	common	evolutionary	ancestor	(Kelman	and	White,	2005).	The	

integrity	 of	 the	 genome	 is	 a	major	 feature	 of	 all	 living	 organisms.	Moreover,	 compounds	

such	 as	 reactive	 oxygen	 species,	 generated	 during	 normal	 cellular	 metabolism,	 and	

environment	 hazards,	 such	 as	 ionizing	 radiation	 or	 chemical	 mutagens,	 threaten	 the	

genomic	integrity	of	cells	(Hoeijmakers,	2001).		

The	 most	 cytotoxic	 form	 of	 DNA	 damage	 is	 the	 double-strand	 break	 (DSB),	 when	 both	

strands	 of	 the	 DNA	 duplex	 are	 simultaneously	 broken.	 Free	 DNA	 ends	 may	 lead	 to	

illegitimate	 recombination	 and	 could	 cause	 chromosomal	 rearrangements	 (Hoeijmakers,	

2001).	 The	 two	 predominant	 DSB-repair	 mechanisms	 are	 non-homologous	 end-joining	

(NHEJ)	and	homologous	recombination	(HR)	(Harper	and	Elledge,	2007).	NHEJ	is	based	on	

the	rejoining	and	ligation	of	two	broken	DNA	ends	and	is	active	throughout	the	entire	cell.	

The	HR	pathway	 is	 dependent	 on	 the	 existence	 of	 an	 intact	 sister	 chromatid	 as	 template	

(Koch	 et	 al.,	 2004),	 and	 is	 therefore	 active	 almost	 exclusively	 during	 cell	 division.	 In	

archaea,	 HR	 exclusively	 repairs	 the	 DSB,	 whereas	 no	 archaeal	 homologues	 of	 the	 NHEJ	

machinery	have	been	identified.			
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In	 the	 first	 stage	of	HR,	 the	DSBs	are	detected	by	 the	Mre11:Rad50	 (MR)	complex,	which	

senses	the	break	and	initiates	the	repair	process	(Williams	et	al.,	2010).	It	is	responsible	for	

nucleolytic	 processing	 of	 DNA	 ends.	 The	 next	 step	 during	 HR	 is	 the	 extensive	 5′–3′	 end	

resection	of	the	DSB,	which	is	mediated	by	the	HerA-NurA	complex	in	archaea.	This	process	

generates	3′	single-strand	tails.	The	free	ssDNA	is	then	coated	by	the	single-strand-binding	

protein	 (SSB),	which	 protects	 it	 from	 further	 erosion	 and	 is	 necessary	 for	 binding	 of	 the	

RadA	recombinase	(RecA	 in	bacteria	and	Rad51	 in	eukaryotes)	 to	 form	the	nucleoprotein	

filament	 that	 mediates	 HR.	 The	 DNA	 end-resection	 step	 is	 an	 evolutionary	 conserved	

process,	observed	in	all	domains	of	life,	and	is	dependent	on	specialized	RecA-like	helicases	

and	nucleases	(Blackwood	et	al.,	2013).					

	In	 the	 next	 step,	 the	 homology	 search	 and	 strand	 invasion	 between	 homologous	 DNA	

sequences	 is	 induced	 by	 the	 RadA	 recombinase.	 The	 RadA-DNA	 nucleoprotein	 filament	

invades	the	homologous	strand	with	the	help	of	accessory	proteins,	such	as	the	translocase	

Rad54,	 which	 induces	 supercoiling	 in	 dsDNA.	 The	 homologous	 sequence	 binds	 to	 the	

template	strand	by	correct	base-pairing,	 forming	the	so-called	displacement	loop	(D-loop)	

(Sung	 and	 Klein,	 2006).	 A	 DNA	 polymerase	 extends	 the	 invading	 single	 strand	 that	 the	

initial	lesion	can	be	repaired.	Next,	the	D-Loop	needs	to	be	resolved	(Sung	and	Klein,	2006).	

This	 is	 carried	 out	 in	 a	 way	 that	 the	 3	́	 overhang	 not	 involved	 in	 D-loop	 formation	 gets	

annealed	 to	 the	 extended	 D-loop,	 therefore	 forming	 a	 structure	 designated	 as	 Holliday	

junction.	Dependent	on	the	enzyme,	which	resolves	the	DSB,	a	crossover	or	non-crossover	

product	is	generated	(Heyer,	2004).		

The	 archaeal	 system	 represents	 a	 simplified	 version	 of	 the	 complex	 eukaryotic	 HR,	 but	

carries	some	unique	features.	Especially	the	end-resection	step	shares	little	similarity	with	

the	bacterial	or	eukaryotic	system.		

1.2.2	DNA	end-resection	in	the	three	kingdoms	of	life	

In	Gram-negative	bacteria,	the	tripartite	RecBCD	helicase–nuclease	complex	is	responsible	

for	DSB	 resection	 (Figure	 5A)	 (Wigley,	 2013).	 It	 has	 a	 strong	 affinity	 towards	DNA	 ends,	

which	 loads	 it	 on	 the	 DSB	 (Dillingham	 and	 Kowalczykowski,	 2008).	 RecB	 and	 RecD	 are	

helicases	that	translocate	with	different	polarity	leading	to	a	net	translocation	in	the	same	

direction	away	from	the	DSB	(Wu	et	al.,	2010).	The	entering	DNA	duplex	is	split	by	the	RecC	
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subunit	 and	 the	 resulting	 strands	 are	 passed	 through	 two	 different	 channels.	 The	

magnesium-dependent	nuclease	domain	of	RecB	then	degrades	the	emerging	3′-	strand	and	

also	 occasionally	 cleaves	 the	 5′-	 strand	 emerging	 from	 the	 RecD	motor	 (Singleton	 et	 al.,	

2004).	 The	 activity	 of	RecC	 is	modulated	by	 the	highly	 conserved	Chi	 sequences	 that	 are	

dispersed	 throughout	 the	whole	bacterial	genome	(Spies	et	al.,	2003).	The	Chi	site	 tightly	

binds	to	the	RecC	subunit	and	restrains	a	loop	that	covers	an	opening	in	the	complex.	The	

sequestration	 of	 this	 loop	 causes	 an	 opening	 of	 an	 alternative	 exit	 channel	 that	 allows	

extrusion	of	a	 loop	of	single-stranded	DNA,	to	which	the	RecA	protein	can	bind	(Churchill	

and	 Kowalczykowski,	 2000).	 In	 Gram-positive	 bacterial	 species,	 the	 AddAB	 helicase–

nuclease	complexes,	replaces	the	RecBCD	complex	and	employs	a	very	similar	mechanism,	

switching	from	a	dsDNA	digestion	mode	to	a	single-strand	resection	mode	at	Chi	sequences	

(Chedin	et	al.,	2006).					

	

	

	

	

	

	

	

	

	

	

	

	

Figure	 5:	 End-resection	 of	 DSBs	 in	 the	 three	 domains	 of	 life	 (A)	 The	 bacterial	 RecBCD	 pathway.	 (B)	 The	

eukaryotic	Dna2–Sgs1	complex	pathway.	(C)	The	archaeal	HerA–NurA	helicase–nuclease	pathway.	Either	one	

or	two	strands	of	the	duplex	can	pass	through	the	core	of	the	complex,	resulting	in	either	the	single-stranded	

resection	 (right),	 or	 wholesale	 destruction	 of	 both	 strands	 (left).	 Figure	 adapted	 from	 (Blackwood	 et	 al.,	

2013).	
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In	 the	 eukaryotic	 domain	 of	 life,	 the	 DNA	 end-resection	 process	 is	 more	 complex	 and	

involves	redundant	combinations	of	nucleases	and	helicases	(Figure	5B).	Additionally,	DNA	

end-resection	 is	 blocked	 by	 histones.	 To	 overcome	 this	 barrier	 chromatin	 remodeling	

complexes,	such	as	Fun30	(Chen	et	al.,	2012)	or	Ino80	(Gerhold	et	al.,	2015),	are	required.	

After	 the	 initial	processing	of	 the	DSB	 is	 carried	out	by	 the	 combined	action	of	MRN	and	

Sae2	endonuclease,	the	long-range	resection	is	mediated	by	the	ExoI	5′–3′	exonuclease	and	

the	 coupled	 helicase-nuclease	Dna2,	 both	 activated	 by	 the	 association	with	 Sgs1	 helicase	

complex	 (Mimitou	 and	 Symington,	 2008;	 Nimonkar	 et	 al.,	 2011;	 Zhu	 et	 al.,	 2008).	 The	

replication	 protein	 A	 (RPA)	 modulates	 the	 nuclease	 activity	 of	 Dna2.	 It	 stimulates	 the	

digestion	of	RPA-coated	5′	strands,	but	inhibits	3′	strand	digestion	(Nimonkar	et	al.,	2011).			

In	contrast	to	the	complex	machinery	of	eukaryots	and	bacteria	the	minimal	end-resection	

machinery	 of	 thermophilic	 archaea	 consists	 of	 four	 genes,	 encoded	 by	 a	 conserved	DNA-

repair-associated	 operon	 (Constantinesco	 et	 al.,	 2004)(Figure	 5C):	 (i/ii)	 the	 archaeal	

Mre11–Rad50	complex,	which	generates	short	3′	tails	by	limited	endonucleolytic	digestion	

of	 the	 5′	 strand	 (Hopkins	 and	 Paull,	 2008),	 (iii)	 a	 helicase	 of	 the	HerA/FtSK	 superfamily	

HerA,	which	is	characterized	by	the	presence	of	a	central	RecA-like	domain	containing	a	α-

helical	insert	(Iyer	et	al.,	2004b),	and	(iv)	NurA,	a	5′–3′	exonuclease	(Constantinesco	et	al.,	

2002).		

1.2.3	Initial	functional	and	structural	studies	of	the	HerA-NurA	complex	

The	crystal	structure	of	NurA	led	to	the	first	structural	and	mechanistic	 insights	into	end-

resection	 in	 archaea	 (Blackwood	 et	 al.,	 2012;	 Chae	 et	 al.,	 2012).	 NurA	 forms	 an	 obligate	

dimer	of	active	RNAse-H	like	domains	(Figure	6).	The	NurA	dimer	harbors	a	central	cavity	

with	a	diameter	not	 large	enough	 to	pass	a	dsDNA	helix.	However,	both	single	 strands	of	

unwound	dsDNA	could	reach	into	the	separate	active	sites	located	within	the	channel.	Thus,	

the	DNA	duplex	has	to	be	unwound	by	the	HerA	helicase.		HerA	and	NurA	form	a	complex	

with	6:2	stoichiometry	 (Blackwood	et	al.,	2012).	The	 flat	 surface	of	 the	NurA	dimer	most	

likely	 interacts	 with	 the	 N-terminal	 HerA-ATP	 Synthase	 barrel	 (HAS)	 domain	 of	 HerA	

(Blackwood	et	al.,	2012).	Furthermore,	the	nature	of	the	DNA	end	influences	the	outcome	of	

the	HerA-NurA	processing	(Figure	5C).	
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Figure	6:	Crystal	structure	of	NurA	(pdb).	Dimeric	arrangement	of	NurA	chains,	as	observed	in	the	crystal.	In	

the	dimer	one	protomer	 is	 colored	 red	 the	other	 is	 colored	orange.	Two	views	are	 shown,	 related	by	a	90°	

rotation.	 A	 blue	 circle	 highlights	 the	 putative	HerA	 interaction	 side.	 The	 dashed	 circles	 indicate	 a	 potential	

ssDNA	exit	site.		

The	 complex	 digests	 both	 strands	 if	 the	 type	 of	 DNA	 end	 presented	 to	 the	 HerA–NurA	

complex	is	a	blunt	end	dsDNA	or	has	only	a	short	overhang	(less	than	five	bases).	However,	

longer	overhangs	 lead	 to	degradation	of	only	one	 strand	of	 the	DNA	duplex,	 required	 for	

generation	of	the	ssDNA	for	DNA	repair	by	HR	(Blackwood	et	al.,	2012).	Possibly,	the	nature	

of	the	DNA	end	presented	to	the	HerA–NurA	complex	could	modulate	a	specific	biological	

function	of	the	complex	(Figure	5C).	The	dual-strand	degradation	mode	of	the	HerA–NurA	

complex	might	be	used	as	a	defense	mechanism	against	foreign	DNA.	Thus,	the	HerA–NurA	

complex	may	protect	the	genome	from	foreign	DNA,	as	has	been	already	observed	for	the	

RecBCD	 complex	 in	 bacteria	 (Myers	 and	 Stahl,	 1994).	 In	 archaea,	 the	 limited	

endonucleolytic	 digestion	 of	 the	DNA	 ends	 by	Mre11	 could	 be	 sufficient	 to	 generate	 a	 5′	

overhang	that	shifts	the	activity	of	the	complex	towards	single-strand	resection	(Quaiser	et	

al.,	2008).	To	date,	it	is	not	understood	how	the	enzymatic	activities	are	coordinated	within	

the	complex	in	order	to	unwind	the	dsDNA	and	trigger	the	digestion	of	the	5’	strands,	but	

inhibit	3′	strand	degradation.						
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1.3 	Structure	and	function	of	the	p97	segregase		

1.3.1	The	function	of	Cdc48/p97	in	cellular	protein	quality	control		

In	 concert	 with	 its	 cofactors,	 the	 type	 II	 AAA+	 protein	 p97/Cdc48	 (mammalian/yeast)	

participates	in	a	diverse	range	of	cellular	processes	that	involve	ubiquitylation	(Baek	et	al.,	

2013).	p97	is	highly	conserved	throughout	evolution	and	essential	for	cell	viability.	Single	

amino	 acid	 mutations	 in	 human	 p97	 (also	 called	 VCP)	 have	 been	 linked	 to	

neurodegenerative	 disorders,	 such	 as	 inclusion	 body	 myopathy	 associated	 with	 Paget	

disease	of	bone	and	frontotemporal	dementia	(IBMPFD)	(Kimonis	et	al.,	2008).								

The	p97	complex	plays	a	central	role	as	a	facilitator	of	proteasomal	degradation	(Figure	7)	

(Richly	 et	 al.,	 2005).	 In	 conjunction	with	 the	hetero-dimeric	 substrate	 recruiting	 cofactor	

Npl4-Ufd	 (NU),	 p97	 hydrolyzes	 ATP	 to	 segregate	 ubiquitylated	 proteins	 from	 their	

environment	(Braun	et	al.,	2002).	This	environment	may	be	other	subunits	of	a	complex,	a	

tightly	associated	E3	ligase	or	an	organelle	membrane.	Prominent	examples	involving	p97	

are	the	disassembly	of	the	replisome	after	chromosome	replication	(Maric	et	al.,	2014),	the	

Ltn1	quality	control	system	in	the	Non-stop-decay	pathway	(Defenouillere	et	al.,	2013),	the	

degradation	of	stalled	RNAPII	(Verma	et	al.,	2011)	and	the	disassembly	of	centromeres	after	

cell	 division	 (Merai	 et	 al.,	 2014).The	 best-studied	 system	 for	 p97/Cdc48’s	 segregase	

function	is	the	endoplasmic	reticulum	associated	degradation	(ERAD)	pathway	in	the	yeast	

Saccharomyces	cerevisiae	(Stein	et	al.,	2014).		

	

	

	

	

	

	

	

Figure	 7:	 The	 p97/Cdc48	 centered	 escort	 function	 for	 substrates	 of	 the	 UPS.	 Adapted	 from	 (Forster	 et	 al.,	

2014).			
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The	 degradation	 of	many	ERAD	 substrates	 requires	 the	 action	 of	 the	AAA-ATPase	 Cdc48	

and	 the	 NU	 complex	 (Wolf	 and	 Stolz,	 2012).	 A	 likely	 mode	 of	 action	 is	 that	 Cdc48	

contributes	 to	 the	retrotranslocation	process,	by	segregating	 the	ERAD	substrate	 from	 its	

corresponding	E3	ligase	and	extracting	it	from	the	retro-translocon	channel.	In	addition,	the	

degradation	 of	 many	 ERAD	 substrates	 involves	 the	 polyubiquination	 factor	 Ufd2	 (E4-

enzyme)	 and	 the	 proteasome	 escort	 factor	 Rad23	 (Medicherla	 et	 al.,	 2004).	 Suggesting	 a	

coordinated	delivery	of	misfolded	ER	proteins	 to	 the	26S	proteasome	 in	order	 to	prevent	

the	exposure	of	toxic,	aggregation-prone	polypeptides	to	the	cytosol.	This	delivery	pathway	

may	be	 facilitated	by	direct	 interaction	between	 the	membrane-bound	E3	 ligase	 complex	

and	the	26S	proteasome.	Indeed,	it	has	been	shown	in	yeast	Saccharomyces	cerevisiae	that	

large	amounts	of	26S	proteasome	reside	close	to	the	ER	(Enenkel	et	al.,	1998).					

	1.3.2	Structural	studies	of	p97	

The	quaternary	structure	of	p97	has	been	studied	by	X-ray	crystallography	(Davies	et	al.,	

2008).	 It	 consists	 of	 three	 domains	 (Figure	 8A),	 a	 pseudo-symmetrical	 N-terminal	 (N)	

domain	adopting	a	double-psi-beta	barrel	fold	and	two	ring-forming	AAA+	domains,	D1	and	

D2.	 The	 AAA-rings	 are	 stacked	 in	 head-to-tail	 orientation	 and	 the	 N-domain	 tightly-

associates	in	plane	with	the	outer	surface	of	the	D1	domain	(Figure	8B).	The	pore	of	the	D1	

ring	 is	 narrow	with	 a	 diameter	 of	 7.5	 Å	 (Figure	 8C).	 Additionally,	 p97,	 in	 contrast	 to	 its	

archaeal	 homologs,	 lacks	 critical	 aromatic	 residues	 in	 the	 D1	 pore	 that	 are	 required	 for	

unfoldase	activity	in	ATP-dependent	proteases	(Rothballer	et	al.,	2007).	Thus,	it	is	unlikely	

that	 p97	 threads	 substrates	 through	 its	 central	 channel.	 Full-length	 p97	 has	 been	

crystallized	in	the	presence	of	different	nucleotides.	In	the	wild-type	protein,	ADP	is	always	

bound	to	the	D1	domain,	while	D2	was	either	bound	to	ADP,	AMP-PNP	(pre-activated	state),	

or	 ADP-AlFx	 (transition	 state)	 (Davies	 et	 al.,	 2008).	 After	 changing	 the	 crystal-lattice	

environment	by	mutating	the	crystal	contact	sites	(Figure	9A),	structures	of	p97	were	also	

solved	in	the	apo-state	with	no	nucleotide	bound	as	well	as	in	the	pre-activated	state	with	

ATP-γS	bound	to	the	D1	and	D2	domain,	respectively	(Hanzelmann	and	Schindelin,	2016b).	

ATP-γS	 binding	 to	 the	 D2	 domain	 led	 to	 a	 rigid	 body-like	 conformational	 change.	 A	

superposition	of	 the	 structures	 in	 the	apo	and	ATP-γS	bound	 state	 revealed	a	 rotation	of	

about	14°	of	the	D2	with	respect	to	the	ND1	domains,	mediated	by	the	D1-D2	linker	(Figure	

9B).	
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Figure	8:	Structural	characteristics	of	p97.	(A)	Domain	architecture	of	p97	(B)	Top	and	side	view	of	the	full-

length	p97	structure	and	side	view	of	N	domain	conformational	changes	in	the	R155H	mutant.	(C)	Molecular	

surface	 representation	of	 the	p97	 axial	 channel	 viewed	 from	 the	 side.	 Positively	 charged	 (Arg586,	Arg599)	

residues	are	highlighted	in	blue	and	hydrophobic	residues	in	yellow	(Trp551,	Phe552).	Figure	adapted	from	

(Buchberger	et	al.,	2015).	

However,	 the	 quaternary	 arrangements	 of	 these	 crystals	 structures	 are	 likely	 to	 be	 non-

physiological	 and	 probably	 induced	 by	 crystal	 packing	 forces	 (Davies	 et	 al.,	 2008).	 In	

particular,	 the	 positions	 of	 the	 N-domains	 seem	 to	 be	 strongly	 influenced	 by	 the	 crystal	

packing	(Figure	9A).	Evidence	comes	from	solution	studies	by	small-angle	X-ray	scattering	

(SAXS)	(Davies	et	al.,	2005)	and	low-resolution	cryo-EM	(Rouiller	et	al.,	2002).	

	The	radii	of	gyration	obtained	from	SAXS	exceed	those	obtained	from	the	crystal	structures	

for	the	different	nucleotide	states	and	the	cryo-EM	structures	suggest	a	dynamic	behavior	

of	 the	 central	 channel,	 as	 well	 as	 flexibility	 within	 the	 positioning	 of	 the	 N-domains.	

Furthermore,	 a	 crystal	 structure	 of	 an	N-D1	 fragment	 of	 p97	 carrying	 the	 IBMPFD	 point	

mutations	 (R155H	 or	 A232E)	 in	 the	 presence	 of	 ATP-γS	 reveals	 an	 unusual	 N-domain	

conformation,	 in	which	 the	N-domain	 resides	 significantly	 above	 the	D1-ring	 (Figure	8B)	

(Tang	et	al.,	2010).		
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Figure	 9:	 X-ray	 structures	 of	 p97	 are	 confined	 by	 crystal	 packing	 forces.	 (A)	 Ribbon	 representation	 of	 the	

crystal	 packing	 arrangement	 in	 the	 different	 p97	 constructs.	 (B)	 Ribbon	 representation	 of	 domain-wise	

superpositions	of	the	Δloop-ATPγS	structure	(N	in	gold,	D1	in	blue,	D2	in	red)	and	the	apo	α9-D4	structure	(N	

in	gray,	D1	in	cyan,	D2	in	light	orange).	Figures	adapted	from	(Hanzelmann	and	Schindelin,	2016b).		

1.3.3	Cofactor	interaction	and	specificity	of	the	p97	segregase	

The	specificity	of	p97	 is	conferred	by	 its	substrate	recruiting	cofactors	(Buchberger	et	al.,	

2015).	The	most	important	substrate-recruiting	cofactors	are	the	NU	complex	and	p47.	The	

NU	complex	 is	 involved	 in	poly-ubiquitin	binding	and	 	mediates	proteasomal	degradation	

(Braun	et	al.,	2002).	In	contrast	p47	binds	to	mono-ubiquitylated	substrates	and	is	mostly	

involved	in	homotypic	vesicle	fusion	(Meyer	et	al.,	1998).	Most	p97	cofactors	contain	more	

than	one	p97	binding	site,	enabling	them	to	interact	with	p97	in	a	bipartite	manner	(Figure	

10).		
	

	

	

	

	

	

Figure	10:	Model	for	the	binding	of	mutually	exclusive	p97	cofactor	assemblies.	Figure	adapted	from	

(Buchberger	et	al.,	2015).	
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They	often	bind	in	a	hierarchical	and	competitive	manner.	The	NU	and	p47	cofactors	even	

bind	mutually	exclusively	to	the	N-domain	(Hanzelmann	et	al.,	2011).	The	ability	to	interact	

with	a	large	number	of	cofactors	in	a	highly	regulated	manner	is	critical	for	p97	function.	It	

has	 been	 shown	 that	 co-factorbinding	 to	 the	 N-domain	 is	 regulated	 by	 the	 D1-ATPase	

nucleotide	 binding	 state	 (Chia	 et	 al.,	 2012).	 Moreover,	 it	 has	 been	 demonstrated	 that	

cofactors	 can	 affect	 the	 ATPase	 activity	 of	 p97	 (Meyer	 et	 al.,	 1998;	 Zhang	 et	 al.,	 2015).	
Further	 studies	 are	 required	 to	 determine	 how	 nucleotide	 binding	 is	 reflected	 by	

conformational	rearrangements	of	p97	and	how	its	conformational	landscape	influences	co-

factor	function.	

1.4 Single-Particle	Analysis	

1.4.1	The	principle	of	cryo-EM	single	particle	analysis	

In	single	particle	analysis	(SPA)	the	3D	reconstruction	of	a	macromolecule	is	obtained	from	

2D	projection	images	by	averaging	a	large	number	of	identical	copies	of	the	same	structure	

at	 different	 orientations.	 The	 biological	 samples	 have	 to	 be	 imaged	 in	 vacuum,	 which	

imposes	 certain	 requirements	 on	 sample	 preparation	 (Dubochet,	 2016).	 Near-to	 native	

physiological	sample	fixation	is	achieved	by	rapid	freezing,	preserving	the	macromolecules	

in	 a	 layer	 of	 amorphous,	 vitreous	 ice	 (Dubochet	 et	 al.,	 1982).	 Rapid	 cooling	 prevents	 ice	

crystal	formation,	which	would	disrupt	the	sample.	Successful	vitrification	occurs	only	with	

a	 very	 high	 cooling	 rate,	 as	 provided	 by	 liquid	 ethane	 or	 ethane-propane	mixtures.	 Once	

vitrified,	 the	 samples	 always	 have	 to	 be	 kept	 at	 liquid	 nitrogen	 temperature	 to	 avoid	

devitrification	and	ice	crystal	formation.		

	

	

	

	

	

Figure	 11:	 Generation	 of	 2D	 projections	 of	 a	 3D	molecule.	 Arrows	 symbolize	 the	 incident	 parallel	 electron	

beam.	 2D	 projections	 of	 randomly	 oriented	 copies	 of	 a	 3D	 molecule	 in	 a	 thin	 layer	 of	 vitreous	 ice	 are	

generated.	Figure	adapted	from	(Frank,	2002).	
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A	 TEM	 image	 of	 a	 macromolecule	 corresponds	 to	 its	 2D	 projection	 (Figure	 11).	 The	

generation	of	a	3D	reconstruction	from	2D	projections	roots	in	the	projection	slice	theorem:	

the	Fourier	 transform	of	 each	2D	projection	 corresponds	 to	 a	 central	 slice	 of	 the	 imaged	

object	in	3D	Fourier	space	(De	Rosier	and	Klug,	1968).	By	adding	up	the	signal	of	different	

individual	particles	the	object	can	thus	be	retrieved	in	3D.	To	obtain	a	3D	structure	of	the	

molecule,	many	images	displaying	copies	of	the	molecule	of	interest	need	to	be	analyzed	to	

(i)	obtain	all	 required	views	 for	3D	reconstruction	and	(ii)	 to	 increase	 the	signal-to-noise	

ratio	(SNR)	and	hence	resolution	by	averaging.		

	

1.4.2	Low-dose	data	acquisition	

Radiation	 damage	 is	 on	 of	 the	 key	 concerns	 to	 be	 taken	 into	 account	 while	 designing	 a	

single	 particle	 cryo-EM	experiment.	Due	 to	 the	 radiation	 sensitivity	 of	 biological	 samples	

the	 resolution	 of	 the	 image	 is	 fundamentally	 limited	 by	 the	 applicable	 electron	 dose,	

determining	 the	 signal-to-noise	 ratio	 (Baker	 and	 Rubinstein,	 2010;	 Glaeser,	 1971).	

Therefore,	 single-particle	 data	 acquisition	 requires	 strict	 low-dose	 conditions,	 which	 are	

most	easily	achieved	by	automation.	The	required	automation	consists	of	three	basic	steps:	

tracking,	autofocus	and	exposure.	Commonly,	regularly	spaced	holes	with	a	fixed	diameter,	

Quantifoil	grids,	are	used	for	high	throughput	data	collection.	Due,	to	the	identical	geometry	

of	the	imaging	areas,	the	tracking	step	is	applied	to	center	the	current	Foil	Hole,	based	on	a	

pre-defined	reference	image.	Auto	focusing	is	usually	carried	out	on	the	carbon	support	foil,	

2	micrometers	away	 from	the	exposure	center.	For	auto-focusing	 the	beam-tilt	method	 is	

applied	 ,	with	a	beam	tilt	of	4mrad	(Koster	et	al.,	1992).	 In	 the	exposure	state,	 the	 image	

itself	is	recorded	within	the	center	of	the	Foil	Hole.	For	all	the	work	presented	here	the	TOM	

acquisition	 software	 was	 employed	 for	 the	 above	 outlined	 automated	 data	 acquisition	

(Korinek	et	al.,	2011).		

1.4.3	Direct	detector	cameras	and	counting		

In	 modern	 electron	 microscope	 systems	 the	 image	 is	 recorded	 on	 a	 radiation-hardened	

CMOS-based	 direct	 electron	 detection	 camera.	 These	 direct	 detectors	 enable	 direct	

recording	 of	 electrons	 on	 the	 chip,	 significantly	 increasing	 the	 SNR	 compared	 to	 CCDs,	

which	detect	electrons	only	indirectly	via	various	statistical	conversion	events	(McMullan	et	
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al.,	2014).	The	fast	readout	of	CMOS	chips	allows	saving	the	individual	exposure	images	as	a	

stack	 of	 frames,	 allowing	 for	 computational	 correction	 of	 image	 blurring	 and	 thus	

preserving	detailed	structural	features	(Li	et	al.,	2013).	Image	blurring	is	caused	by	either	

instability	 of	 the	 sample	 stage	 or	 motion	 induced	 by	 the	 illuminating	 electron	 beam.	

Alignment	 of	 subframes	 allows	 for	 the	 majority	 of	 motion	 to	 be	 corrected	 (Brilot	 et	 al.,	

2012).		

	

Figure	12:	DQE	of	direct	electron	detectors.	Left	panel:	DQE	of	detectors	at	200	kV.	Middel	panel:		Response	of	

DEDs	to	increasing	dose	rate.	The	K2	Summit	(counting	mode)	DQE	decreases	with	dose	rate.	Right	panel:	The	

Falcon	II	DQE	does	not	change	with	dose	rate.	Figure	modified	from	(Ruskin	et	al.,	2013).	

The	two	most	popular	camera	systems	are	the	K2	Summit	camera	(Gatan)	and	the	Falcon	

direct	electron	camera	(FEI).	The	internal	readout	of	the	K2	Summit	camera	is	much	faster	

than	the	frame-writing	speed	(max.	40	Hz).	This	internal	readout	of	400	frames	per	second	

is	 essential	 for	 operation	 in	 counting	 mode:	 individual	 electron	 events	 are	 spatially	

localized	 when	 they	 reach	 the	 detector,	 which	 allows	 binary	 dose	 counting	 and	

consequently	 circumvents	 various	 sources	 of	 noise	 CCD	 cameras	 suffer	 from.	 To	 count	

efficiently,	the	camera	must	operate	at	a	low-dose	rate	such	that	individual	electron	events	

can	be	separated	(Ruskin	et	al.,	2013).	The	benefit	of	counting	is	that	it	suppresses	readout	

noise	 and	 as	 a	 consequence	 the	 detector's	 quantum	 efficiency	 (ratio	 of	 input	 and	 output	

SNR,	DQE)	increases	across	all	spatial	frequencies.		

In	 counting	 mode,	 the	 DQE	 is	 greatly	 affected	 by	 the	 dose	 rate	 because	 temporally	 and	

spatially	adjacent	electron	impacts	cannot	be	distinguished.	Thus,	it	is	important	to	use	the	

camera	with	a	sufficiently	low	dose	rate	to	benefit	from	its	full	potential	(Figure	12).	The	K2	
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Summit	 camera	 requires	 a	 dose-rate	 lower	 than	 5	 electrons/pixel/s	 for	 optimal	

performance	 (Ruskin	et	 al.,	 2013)	 (Figure	12B).	The	DQE	at	 a	 target	 resolution	 (typically	

measured	in	1/Å)	is	dependent	on	the	magnification.	Increasing	the	magnification	for	data	

acquisition	 is	 a	 means	 to	 increase	 the	 DQE	 for	 a	 certain	 physical	 frequency.	 Thus,	 high	

magnifications	are	favorable	when	signal	transfer	is	limiting	despite	the	less	efficient	data	

acquisition.	This	holds	in	particular	for	small	complexes	that	exhibit	little	signal	for	particle	

alignment	(Bartesaghi	et	al.,	2015).		

1.4.4	CTF	correction	

The	contrast	transfer	function	(CTF)	is	a	Fourier-based	description	on	how	the	image	of	an	

electron	microscope	is	affected	by	the	lens	systems	of	the	electron	microscope	as	well	as	by	

the	imaging	parameters.	The	CTF	is	determined	by	adjustable	parameters,	such	as	defocus,	

astigmatism	 and	 the	 acceleration	 voltage,	 as	 well	 as	 fixed	 properties	 of	 the	 electron	

microscope,	 such	as	 lens	aberrations	and	beam	coherence	 (David	B.	Williams,	2009).	The	

CTF	oscillates	around	zero	contrast,	modulating	the	amplitude	and	also	reversing	the	phase	

for	 some	 frequency	 intervals.	 Moreover,	 the	 CTF	 has	 an	 envelope,	 which	 leads	 to	 an	

attenuation	 of	 signal	 transfer	 with	 increasing	 spatial	 frequency	 (Zhu	 et	 al.,	 1997).	 To	

determine	a	high-resolution	cryo-EM	structure	 the	 image	modulation	by	 the	CTF	must	be	

corrected	for.	

Prior	to	CTF	correction	its	parameters	must	be	approximated	accurately.	In	this	work,	the	

applied	 defocus	 and	 beam	 astigmatism	 were	 determined	 by	 using	 the	 ctffind4	 program	

(Rohou	 and	 Grigorieff,	 2015).	 The	 CTF	 parameters	 are	 determined	 by	 computing	 the	

maximum	cross	correlation	between	the	averaged	power	spectrum	of	the	respective	image	

and	of	a	set	of	theoretical	CTF	spectra.	

Currently,	 CTF	 correction	 is	 most	 commonly	 done	 as	 an	 integral	 part	 of	 the	 3D	

reconstruction.	This	is	also	true	for	the	RELION	workflow	used	in	this	work	(section	1.4.5).	

In	this	approach	the	images	are	subjected	to	a	Wiener	Filter	prior	to	merging	the	2D	images	

in	 the	 3D	 volume,	 which	 is	 a	 common	 means	 to	 avoid	 enhancing	 noise	 near	 CTF	 zeros	

(Penczek,	 2010).	 The	 filter	 depends	 on	 the	 SNR	 of	 the	 data.	 In	 RELION,	 optimal	 image	

restoration	is	achieved	by	determination	of	the	frequency-dependent	SNR	using	a	Bayesian	

approach	(Scheres,	2012).	
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1.4.5	Single	particle	analysis	processing	workflow		

In	 this	 work	 image	 processing	 is	 typically	 carried	 out	 using	 the	 RELION	 software	 suite	

(Scheres,	 2012)	 using	 the	 processing	workflow	depicted	 in	 Figure	 13.	 After	 selecting	 the	

individual	 particles,	 they	 are	 subsequently	 classified	 in	 2D	 according	 to	 their	 shape	 and	

structural	 features	 (van	 Heel	 and	 Stoffler-Meilicke,	 1985).	 The	 defining	 feature	 of	 2D	

classification	 is	 that	 no	 efforts	 are	 made	 to	 explain	 the	 2D	 classes	 by	 3D	model(s).	 The	

underlying	 assumption	 of	 this	 approach	 is	 that	 noise	 has	 a	 random	 distribution	 and	 the	

features	of	 the	particles	have	 identical	signal.	The	classification	starts	with	random	seeds,	

so	 the	 entire	 data	 set	 is	 divided	 into	 a	 number	 of	 classes,	which	 are	 randomly	 averaged.	

Next,	 all	 particles	 are	 classified	 to	 the	 generated	 classes	 and	 subsequently	 aligned.	 Thus,	

individual	particles	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

Figure	13:	Single	particle	analysis	processing	workflow.	It	is	recommended	to	repeat	the	3D	Classification	and	

Refinement	steps	after	the	Particle	Polishing	routine.		
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showing	the	same	orientation	and	conformation	can	be	aligned	to	increase	the	SNR	of	the	

individual	 classes	 (Yang	et	al.,	2012).	This	procedure	operates	 in	an	 iterative	 fashion:	 the	

generated	output	of	the	previous	iteration	is	used	as	a	model	for	the	current	iteration.	The	

2D	 classification	 is	 useful	 to	 clean	 the	 data	 set	 from	 non-particle	 candidates,	 e.g.	 ice	

contamination	or	broken	particles.	 It	 is	also	useful	 to	remove	particles,	which	depict	only	

low-resolution	 information	 due	 to	 blurring	 arising	 from	 drift	 or	 beam-induced	 charging.	

The	 accordingly	 cleaned	 particle	 data	 set	 is	 subsequently	 used	 for	 3D	 alignment	 and	

reconstruction	(see	also	section	1.4.1).			

The	 relative	 orientations	 of	 the	 particles	 in	 the	 projections	 are	 unknown	 and	 need	 to	 be	

determined.	 In	 the	 projection-matching	 technique	 the	 particles	 are	 compared	 with	

computationally-generated	projections	of	a	3D	structure	in	order	to	assign	3D	orientations	

to	them	(Penczek	et	al.,	1994).	This	is	done	in	an	iterative	fashion,	by	increasing	the	local	

sampling	 rate	 in	 order	 to	 obtain	 more	 accurate	 angular	 assignments	 and	 thus	 higher-

resolution	reconstructions.	

Macromolecules	often	co-exist	 in	distinct	conformations	in	solution.	 In	order	to	obtain	3D	

reconstructions	of	the	different	conformations,	the	3D	Classification	step	generates,	similar	

to	the	2D	one,	a	defined	number	of	random	seeds,	based	on	the	initial	model	(Scheres	et	al.,	

2007).	 Additionally,	 prior	 to	 the	 alignment	 step	 every	 particle	 is	 compared	 to	 every	

individual	 reconstruction	 and	 assigned	 to	 a	 class.	 The	 RELION	 software	 package	

implements	 classification	 of	 single-particle	 cryo-EM	 data	 in	 3D	 based	 on	 Maximum	

Likelihood	(Scheres,	2010).		

The	individual	3D	classes	are	subsequently	refined	to	a	higher	resolution	by	the	auto-refine	

procedure.	In	RELION	 this	procedure	employs	the	so-called	gold-standard	Fourier	Shell	

Correlation	 (FSC)	 calculations	 for	 resolution	 estimation	 to	 avoid	 over-fitting	 (Scheres	

and	Chen,	 2012).	 The	 FSC	 is	 a	 function	 of	 consistency.	 It	measures	 over	 shells	 of	 equal	

spatial	 frequencies	in	Fourier	space	the	normalized	cross-correlation	coefficients	between	

the	Fourier	transform	of	two	3D	volumes	(van	Heel	and	Schatz,	2005).	The	two	3D	volumes	

that	are	compared	are	obtained	from	splitting	the	dataset	into	two	halves	and	refining	them	

completely	separately	(‘gold	standard’).		



	23	

The	final	refined	density	is	further	filtered	at	the	correct	resolution	with	a	map	that	masks	

away	 the	 solvent	 in	 the	 post-processing	 procedure	 of	 RELION	 (Chen	 et	 al.,	 2013).	

Additionally,	 the	 density	 is	 sharpened	 according	 to	 an	 automatically	 estimated	 B-factor	

(Rosenthal	 and	 Henderson,	 2003).	 The	 B-factor	 or	 temperature	 factor	 describes	 the	

attenuation	of	structure	factors	by	thermal	mobility	of	the	molecule	atoms.		

1.4.6	Particle	polishing	

Although	 large	movements	 on	 the	 level	 of	 the	 entire	micrograph	 are	 corrected	 by	 drift-

correction	(see	also	section	1.4.3),	the	individual	particles	often	still	show	some	individual	

motions.	In	the	Particle	Polishing	algorithm	of	RELION	the	tracks	of	the	individual	particle	

motion	 trajectories	 are	 estimated	 and	 fitted	 to	 a	 linear	 trajectory	 (Scheres,	 2014).	

Moreover,	 to	account	 for	accumulating	radiation	damage	during	acquisition,	per-frame	B-

factors	and	linear	intensity	factors	are	estimated	by	comparing	the	reconstructed	half-maps	

from	individual	frames	to	the	full-frame	half	maps	(Bai	et	al.,	2013).	In	this	way	a	new	set	of	

“shiny”	particles	are	reconstructed	with	the	spatial	frequency	contribution	from	each	frame	

weighted	according	to	their	radiation	damage	(Figure	13).	The	shiny	particles	have	a	higher	

signal	 to	noise	ratio,	which	 improves	the	alignment	accuracy	and	typically	yields	a	higher	

final	resolution.						
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1.5 Scope	of	the	thesis			

The	 aim	 of	 this	 doctoral	 project	was	 to	 use	 cryo-EM	 single	 particle	 analysis	 to	 study	 the	

structure	and	function	of	two	ring-forming	ASCE	ATPases.		

The	 study	 of	 the	 archaeal	 DNA	 end-resection	 complex	 HerA-NurA	 was	 carried	 out	 in	

cooperation	 with	 Robert	 Thomas	 Byrne	 from	 the	 Hopfner	 group	 (Ludwig	 Maximilians	

University	 Munich).	 The	 aim	 was	 to	 understand	 how	 the	 enzymatic	 activities	 are	

coordinated	within	the	complex	in	order	to	unwind	the	dsDNA	and	stimulate	the	digestion	

of	the	5’	strands,	but	inhibit	3′	strand	degradation.	The	major	question	was	how	the	HerA-

NurA	complex	 is	organized	and	if	 the	diameter	of	 the	central	HerA	channel	allows	for	the	

translocation	of	ssDNA	or	dsDNA.	

The	work	 on	 the	AAA+	 protein	 p97	 encompassed	 the	major	 part	 of	my	 doctoral	 project.	

Although	intensely	studied,	the	molecular	mechanism	underlying	the	segregase	activity	of	

p97	 is	 poorly	 understood.	 It	 is	 generally	 accepted	 that	 AAA+	 proteins	 undergo	 major	

conformational	changes	during	their	nucleotide	cycle.	The	conformational	landscape	of	p97	

has	 been	 probed	 by	 various	 biochemical	 and	 biophysical	 methods,	 but	 the	 segregase	

activity	of	p97	remains	poorly	understood	due	to	the	technical	limitations	of	the	respective	

approaches	 used.	 To	 determine	 the	 conformational	 changes	 underlying	 the	 force-

generation	 in	 the	 segregase	 activity	 of	 p97	 in	 solution	 I	 obtained	 an	 ensemble	 of	 high-

resolution	cryo-EM	single	particle	structures	of	p97	in	presence	of	different	nucleotides.					
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Chapter	II:	Results	
2.1 	Part	I:	Molecular	architecture	of	the	HerA-NurA	DNA	double-

strand	break	resection	complex	

This	article	was	published	in	2014	in	FEBS	Letters	(Volume	588,	Issue	24,	Pages	4637–

4644).	The	supplemental	material	is	attached	at	the	end	of	the	article.		

Summary:	

In	this	study	we	applied	cryo-EM	single	particle	analysis	to	clarify	the	quaternary	structure	

of	Sulfolobus	solfataricus	HerA-NurA	complex.	In	the	archaeal	kingdom	of	life,	this	helicase-

nuclease	is	responsible	for	5'-3'	resection	of	double-stranded	DNA	(dsDNA)	ends	required	

for	 repair	 by	 homologous	 recombination.	We	 obtained	 a	 7.3	 Å	 resolution	 density	 of	 the	

macromolecule	after	applying	the	appropriate	C6	symmetry.	This	EM	density	clearly	shows	

how	the	HerA	helicase,	a	RecA-like	ATPase,	is	capped	by	the	NurA	nuclease	dimer.	We	could	

unambiguously	fit	the	NurA	crystal	structure	and	a	comparative	model	comprising	the	HerA	

RecA-like	 and	 helical-insert	 domains	 into	 the	 EM	 map,	 whereas	 positioning	 of	 the	 N-

terminal	HAS	domain	is	only	approximate	due	its	low	sequence	identity	to	available	atomic	

structures.	 Based	 on	 the	 HerA-NurA	 structure	 we	 propose	 a	 model,	 in	 which	 dsDNA	 is	

translocated	through	a	large	tunnel	formed	in	the	HurA	hexamer,	feeding	the	DNA	ends	to	

NurA	 for	 processing.	 This	 mechanism	 differs	 substantially	 from	 the	 end-resection	

mechanisms	 observed	 in	 the	 other	 kingdom	 of	 lives,	 revealing	 a	 novel	 mode	 of	

translocation-coupled	DNA-end	processing	in	archaea.			

Contribution:	

For	this	article,	 I	carried	out	specimen	preparation	for	electron	microscopy,	acquisition	of	

cryo-EM	data	and	the	complete	workflow	of	single	particle	analysis	and	map	interpretation.	

With	 the	 help	 of	 Pia	 Unverdorben,	 I	 generated	 the	 HerA	 homology	 model	 and	 applied	

flexible	fitting	using	VMD.	I	wrote	major	parts	of	the	manuscript	and	I	prepared	all	Figures	

(Figure	2	and	3)	and	Supplement	Figures	that	dealt	with	the	structural	analysis	of	the	HerA-

NurA	 complex.	 I	was	 also	 involved	 in	 conceptualising	 the	mechanistic	model	 depicted	 in	

Figure	4.	 	
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Supplementary	Fig.	1.	HerA–NurA	has	6:2	stoichiometry.	(a)	Size-exclusion	chromatogram	

of	 the	 HerA–NurA	 complex	 and	 (b)	 right-angle	 light	 scattering	 (RALS)	 data	 for	 the	 peak	

shown	in	(a)	indicates	that	the	species	has	a	molecular	weight	of	419kDa.	(c)	Densitometry	

of	 peak	 fractions	 reveals	 that	 the	 peak	 fractions	 have	 average	 HerA:NurA	 ratios	 of	 3.8:1	

(Coomassie	Blue)	and	2.9:1	(SYPRO	Orange).	The	data	are	therefore	most	consistent	with	a	

HerA–NurA	complex	with	6:2	stoichiometry	(calculated	molecular	weight	of	416kDa).	
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Supplementary	Fig.	2.	Influence	of	initial	model	on	refined	density.	(a)	Gallery	of	initial	

densities	and	results	of	respective	refinement	in	RELION.	The	initial	models	are	the	density	

of	the	TrwB	hexamer	(PDB	code	1gki)	filtered	to	60	Å	resolution	(left,	gray),	a	cylinder	with	

the	approximate	dimensions	of	the	HerA–NurA	complex	(center,	blue),	and	a	reference-free	

reconstruction	from	negative	stain	data	obtained	by	SIMPLE	(right,	red).	(b)	Fourier	Shell	

Correlation	(FSC)	between	either	the	cylinder-based	refined	structure	(blue	curve)	or	the	

final	SIMPLE-based	structure	(red	curve)	and	the	TrwB-based	structure	interpreted	within	

this	manuscript	and	deposited	in	the	EMDB.	The	vertical	line	indicates	the	resolution	(7.35	

Å)	reported	in	the	manuscript,	indicating	that	all	densities	are	essentially	identical	to	this	

frequency.	 	
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2.2 	Part	II:	Nucleotide-dependent	conformational	changes	of	the	

AAA+	ATPase	p97	revisited			

This	article	was	published	in	2016	in	FEBS	Letters	(Volume	590,	Issue	5,	Pages	595-604.	

The	supplemental	material	is	attached	at	the	end	of	the	article.			

Summary:	

In	 this	 article,	 we	 use	 single-particle	 cryo-EM	 analysis	 to	 investigate	 nucleotide-binding	

induced	 conformational	 changes	 of	 the	 AAA+	 protein	 p97.	 It	 is	 a	 major	 facilitator	 of	

proteasomal	 degradation,	 by	 extracting	 polyubiquitylated	 proteins	 from	 their	 cellular	

environment.	 Previous	 attempts	 to	 study	 p97	 by	 X-ray	 crystallography	 revealed	 a	

homohexameric,	 six-fold	 symmetrical	 arrangement,	 and	only	minor	 structural	differences	

between	 the	 various	 nucleotide-binding	 states.	 Crystallographic	 analyses	 are	 in	 conflict	

with	 lower	 resolution	 cryo-EM	 experiments	 of	 p97	 and	 related	 AAA+	 enzymes,	 which	

suggest	 large	 conformational	 changes.	 In	 the	 crystal	 packing	 forces	 likely	 bias	 the	

positioning	of	the	N-terminal	domains.	We	determined	the	solution	structure	of	p97	in	the	

presence	of	ADP,	AMP-PNP	and	ATP-γS	at	resolutions	of	6.9,	7.5	Å	and	6.1	Å	respectively.	In	

all	structures,	p97	 is	essentially	six-fold	symmetrical	and	the	pore	of	 the	D1	ring	remains	

closed	 irrespective	 of	 the	 bound	 nucleotide.	 In	 contrast,	 the	 D2	 ring	 shows	 an	 iris-like	

closing	of	its	center	upon	binding	of	ATP-γS.	The	largest	conformational	changes	within	the	

p97	 molecule	 are	 large-scale	 swinging	 motions	 of	 the	 N-domains.	 We	 suggest	 that	 the	

nucleotide	 hydrolysis	 induced	 N-domain	 motion	 together	 with	 substrate-recruiting	

cofactors	 may	 enable	 segregation	 of	 ubiquitinated	 substrates	 from	 their	 environment,	

whereas	the	D2-cavity	may	contribute	to	further	processing.		

Contribution:		

For	this	article,	I	carried	out	grid	preparation	for	electron	microscopy,	acquisition	of	cryo-

EM	data	 and	 the	 complete	workflow	 of	 single	 particle	 analysis	 and	map	 interpretation.	 I	

wrote	major	parts	of	the	manuscript	and	prepared	all	figures.							
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Figure S1. MS analysis of p97 after recombinant expression and purification in nucleotide-free buffer. (A) 

Mass spectrum of denatured p97. The charge states of the p97 monomer ions are shown above the peaks. Inset: mass 

spectrum after deconvolution to charge state 0. The molecular weights of the detected species and the weighted mass 

average deduced from these weights are listed. Based on this weighted mass average, the molecular weight of the 

apo-p97 hexamer was calculated to be 548490.8 Da. (B) Native mass spectrum of p97. The theoretical masses (Mtheo) 

were calculated using the mass of apo -97 and then compared to the experimentally determined masses (Mexp). The 

charge states of the detected species are indicated. 
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Figure S2. Hierarchical classification focused on the N-domains of protomers. (A) Processing scheme for N-

domain classification. (B) Separation of the hierarchical tree into three bins reveals no up state protomer in p97-

ADP. (C) Separation of the p97-AMP-PNP the hierarchical tree into three bins reveals the up (blue) and down (red) 

states and a more flexible state (green). (D) Separation of the p97 ATP-γS hierarchical tree into three bins reveals a 

sparsely populated up-state class and two more flexible states without a defined N-domain. 
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Figure S3. Non-symmetrized ADP, AMP-PNP and ATP-γS densities. The densities are filtered to their local 

resolutions.    
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Figure S4. Rotational symmetry analysis of the reconstructions. For the analysis, the N-domains were masked 

out. The rotational autocorrelation functions (red) and corresponding resolutions (blue, criterion: FSC=0.143) were 

computed for the different densities of p97 and NSF (bottom-right). The NSF density of the ATP‐state (electron 

microscopy database code 6204) was assessed using the same protocol.  
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Figure S5. Resolution assessment of reconstructions. For each of the structures the Fourier Shell Correlations 

(FSCs) of two densities, each independently refined from 50% of the data (‘gold standard FSC’), were determined 

(left-panel) as well as the Fourier Cross Resolutions (FCRs) of the densities with the corresponding atomic models 

(right panel). 
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Figure S6. Domain specific FCR analysis of fitted atomic models, related to Figure 3. Left: The FCR of the ADP 

crystal structure (3CF3/purple) and the IBMPFD mutant structure (4KO8/orange) and the ATP- γS bound Δ709-728 

p97 (5C18/red)  was computed for each D1-N segment of the structures. Right: The FCR of the ADP crystal 

structure (3CF3/purple) and the AMP-PNP full-length structure (3CF2/orange) and the ATP- γS bound Δ709-728 

p97 (5C18/red) was computed for each D2 segment of the structures. (A) ADP structure. (B) AMP-PNP structure. 

(C) ATP- γS structure. 	 	
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Chapter	III:	Discussion		

3.1	Common	themes	in	the	ASCE	ATPase	superfamily		

The	 ASCE	 superfamily	 of	 proteins	 represents	 the	 largest	 and	most	 diverse	 clade	 of	 ring-

shaped	 P-loop	 NTPases	 (Lyubimov	 et	 al.,	 2011).	 The	 AAA+	 proteins	 and	 RecA-type	

translocases	have	a	general,	common	architecture.	They	are	characterized	by	an	N-terminal	

domain,	 one	 or	 two	 copies	 of	 the	 P-loop	 ATPase,	 with	 or	 without	 an	 insertion	 domain	

between	the	central	beta-strands,	and	a	small,	α-helical	subdomain,	which	folds	back	on	the	

P-loops	 ATPase	 and	 is	 important	 for	 its	 chemo-mechanical	 force-transduction.	 The	 N-

terminal	domains	are	more	diverse.		

For	 p97	 we	 showed	 that	 the	 up-and-down	 swinging	motion	 of	 the	 N-domain,	 driven	 by	

nucleotide	 hydrolysis	 in	 the	 D1	 domain,	 could	 provide	 the	 necessary	 force	 to	 segregate	

proteins	from	their	environment.	The	N-domains	act	together	with	substrate	recruiting	co-

factors,	for	which	the	N-terminal	domain	forms	the	binding	platform	(Forster	et	al.,	2014).	

For	 the	 HerA-NurA	 complex	 the	 N-terminal	 HAS-domain	 of	 HerA	 forms	 the	 binding	

platform	for	NurA.	This	binding	pattern	has	also	been	observed	for	the	SNAP	protein	in	case	

of	the	NSF	AAA+	ATPase	(Zhao	et	al.,	2015),	the	Pex5	protein	in	case	of	the	Pex1/6	complex	

(Blok	et	al.,	2015)	and	degron-containing	peptides	in	case	of	the	ClpXP	machinery	(Olivares	

et	 al.,	 2016).	 Thus,	 the	 binding	 of	 adaptors	 or	 substrates	 to	 the	N-terminal	 domains	 is	 a	

common	 theme	 for	 all	 ring	 forming	 ATPases	 as	 exemplified	 by	 the	 two	 structures	

determined	in	this	thesis.			

3.2	HerA-NurA	–	a	RecA-like	DNA	motor		

The	molecular	 architecture	 of	 the	 HerA-NurA	 complex	 solved	 by	 cryo-EM	 single	 particle	

analysis	allowed	us	to	propose	a	 functional	model	of	how	the	translocation-coupled	DNA-

end	 processing	 of	 this	 integrated	 helicase-nuclease	 complex	 works	 (Byrne	 et	 al.,	 2014).	

After	 the	 acceptance	 of	 the	 manuscript	 the	 crystal-structure	 of	 the	 full-length	 HerA	

helicases	bound	to	AMP-PNP	was	solved	(Rzechorzek	et	al.,	2014).	This	structure	allows	us	

to	 critically	 assess	 the	 quality	 of	 our	 atomic	model.	 Also	 by	 using	 information	 from	both	
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sources,	we	 can	now	generate	 a	 pseudo-atomic	model	 of	 the	 entire	HerA-NurA	 resection	

complex,	permitting	a	more	in	depth	analysis	of	the	biological	mechanisms.	

3.2.1	The	HerA	structure	–	comparison	between	atomic	model	based	on	

related	structures	and	medium	resolution	EM	map	

The	HerA	helicase	 from	 the	 thermophilic	 archaeon	Sulfolobus	solfataricus	was	 crystalized	

using	 a	 total	 of	 10	 surface	 entropy	 reducing	mutants	 at	 a	 resolution	 of	 2.85	Ǻ,	with	 two	

protomers	 per	 asymmetric	 unit	 bound	 to	 the	 non-hydrolyzable	 ATP	 analogue,	 AMP-PNP	

(Rzechorzek	 et	 al.,	 2014).	 The	 structure	 of	 the	 hexameric	 complex	 has	 a	 compact	

architecture	with	a	central	channel	of	approximately	25	Å	 in	diameter.	All	 three	domains,	

the	 N-terminal	 β-barrel	 domain,	 the	 central	 RecA-like	 catalytic	 core	 and	 the	 helical	

insertion	domain	are	resolved.	A	C-terminal	extension	was	found	to	act	as	a	brace	between	

adjacent	protomers.	The	C-terminal	residue	D471	was	also	found	to	directly	 interact	with	

the	nucleotide-binding	pocket	and	the	arginine-finger	(R142)	of	the	neighboring	protomer	

(Rzechorzek	 et	 al.,	 2014).	 Mutation	 of	 this	 residue	 shows	 a	 decoupling	 of	 the	 ATPase	

activity	 from	 the	 nucleotide	 binding	 and	 thus	 the	 c-terminal	 brace	 seems	 to	 be	 of	

importance	for	directional	DNA	translocation.	

	

	

	

	

	

	

	

	

	

Figure	14:	Comparison	of	different	 structural	models.	 (A)	Superposition	of	 the	different	models.	Light	blue:	

HerA-crystal	 structure	 (PDB:	 4d2i),	 purple	 our	 homology	 model	 from	 Chapter	 2.1.	 (B)	 close-up	 on	 the	 C-

terminal	brace,	highlighted	by	a	red	circle.	(C)	Overlay	of	the	AMP-PNP	X-ray	model	and	the	density	envelope.	

The	nucleotide	is	depicted	in	yellow	–	indicating	no	density	visible	for	a	bound	nucleotide	in	our	map.		
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In	my	work	I	built	an	atomic	model	for	HerA	based	on	the	7.4-Å	cryo-EM	map,	which	does	

not	allow	de	novo	chain	tracing,	and	crystal	structures	of	structurally	related	proteins.	The	

model	of	 the	RecA-like	and	 the	all-helical	 insertion	domain	was	obtained	by	 comparative	

modeling	based	on	the	VirB4	Type	IV	secretion	DNA	pump	((Wallden	et	al.,	2012),	4AG5)	

and	subsequent	refinement	in	the	context	of	the	EM	map	by	MDFF	(Trabuco	et	al.,	2008).	A	

comparison	 of	 our	 HerA	MDFF	model	 and	 the	 crystal	 structure	 reveals	 a	 high	 similarity	

between	 the	 two	 models	 with	 an	 overall	 root-mean	 square	 deviation	 (rmsd)	 of	 1.1	 Å	

(Figure	 14A).	 The	major	 difference	 between	 our	model	 and	 the	 crystal	 structure	 is	 that,	

based	on	 secondary	 structure	prediction,	 the	C-terminal	 extension	was	modeled	 as	 an	α-

helix,	while	it	forms	a	coil	in	the	crystal	structure	(Figure	14B).	The	coil	is	clearly	a	better	fit	

to	 the	 EM	map	 indicating	 that,	 albeit	 the	 C-terminus	was	 positioned	 correctly	 in	 the	 EM	

map,	 the	 resolution	 was	 not	 sufficient	 to	 unambiguously	 detect	 the	 correct	 secondary	

structure.			

Our	EM	map	does	not	show	density	that	could	account	for	bound	nucleotides	(Figure	14C),	

whereas	the	crystal	structure	had	AMPPNP	bound.	Thus,	the	negligible	differences	between	

the	 two	states	are	somewhat	unexpected.	Most	 likely,	 similar	 to	 the	case	of	p97	(see	also	

section	2.2),	the	conformational	freedom	of	HerA	seemed	to	be	strongly	influenced	by	the	

crystal	packing.	Thus,	it	would	be	required	to	generate	single	particle	reconstructions	of	the	

HerA-NurA	 complex	 in	 presence	 of	 different	 nucleotides	 in	 order	 to	 understand	 the	

nucleotide	dependent	conformational	changes	of	HerA	(analogous	to	p97	in	the	second	part	

of	this	thesis).		

3.2.2	The	HerA-NurA	Interface	–	a	detailed	description	of	the	molecular	

basis	for	the	rigid	body	rotation	

Our	model	lacked	the	N-terminal	HAS	domain	of	HerA	because	the	sequence	identity	(10%)	

to	any	other	known	atomic	structure	was	not	high	enough	to	build	an	accurate	model.		We	

could	 however	 conclude	 that	 it	 forms	 a	 rigid	 structural	 scaffold,	 similar	 to	 the	

oligosaccharide	binding	domain	(OB)	ring	of	the	Rpt-ATPase	of	the	26S	proteasome	(Beck	

et	al.,	2012).		

Three	adjacent	HAS	domain	regions	form	a	binding	interface	for	one	subunit	of	the	NurA-

dimer.	The	HerA	crystal	structure	fitted	into	our	EM	density	envelope	now	enables	a	more	
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detailed	 description	 of	 the	 HerA-NurA	 interface	 (Figure	 15).	 It	 is	mostly	 hydrophobic	 in	

nature,	which	 forms	 the	 basis	 for	 the	 rigid	 body	 rotation	 of	 the	NurA	 dimer	 by	 23°.	 The	

helical	extension	between	the	fourth	and	fifth	beta-strand	of	the	six-stranded	HAS-domain	

contributes	 a	 series	 of	 hydrophobic	 residues	 that	 form	 the	majority	 of	 the	NurA	 binding	

site.	In	NurA	the	hydrophobic	binding	patch	is	centered	on	residue	F300	(Blackwood	et	al.,	

2012).	 However,	 these	 residues	 are	 only	 close	 enough	 for	 binding	 after	 the	 rigid	 body	

rotation	of	the	NurA	dimer	(Byrne	et	al.,	2014).					

	

	

	

	

	

	

	

	

Figure	15:	A	detailed	description	of	the	structural	interface	of	the	HerA-NurA	complex.	(A)	Structural	model	of	

the	entire	HerA-NurA	complex.	(B)	Hydrophobic	nature	of	the	NurA	surface,	plotted	red	(most	hydrophobic)	

to	white	(least	hydrophobic)	on	the	solvent-accessible	surface	of	the	protein.	A	hydrophobic	patch	is	shown	in	

close-up	 view	 (C)	 In	 the	 NurA-homodimer	 the	 relative	 orientations	 of	 the	 monomers	 differ	 by	 23°	 with	

respect	to	the	X-ray	crystal	structure	(white).	(D)	Key	residues	forming	the	hydrophobic	binding	interface	of	

the	complex.	Panel	(B)	is	adapted	from	(Blackwood	et	al.,	2012).	

3.2.3	The	HerA-NurA	molecular	machine	–	an	integrated	functional	model	

The	 apo	 structure	 of	 the	 complex	 allows	 us	 to	 postulate	 a	 mechanism	 for	 single	 strand	

resection	 by	 HerA-NurA.	 The	 HerA-helicase	 and	 the	 NurA-nuclease	 form	 an	 integrated	

coaxial	 structure	 that	 threads	 dsDNA	 substrates	 towards	 the	 NurA	 nuclease.	 The	 HerA-

NurA	complex	preferably	acts	on	 substrates	with	a	5’	 single-strand	overhang,	 a	 structure	

that	 is	 commonly	 generated	 by	 the	 processive	 nuclease	 activity	 of	 the	 Mre11-Rad50	

complex	after	double-strand	break	recognition	(Blackwood	et	al.,	2013).	The	central	cavity	

inside	the	HerA–helicase	is	wide	enough	to	accommodate	up	to	three	turns	of	dsDNA.	After	
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the	 rigid-body	 rotation	 of	 the	NurA-dimer	 one	 central	 channel	 remains	 that	 is	 only	wide	

enough	 to	 accommodate	 the	5’	 single-strand	overhang,	but	not	 the	dsDNA.	The	dsDNA	 is	

now	translocated	towards	the	NurA	dimer,	which	would	act	as	a	molecular	 ‘ploughshare’,	

melting	 the	dsDNA.	The	5’-free	 end	passes	 through	 the	 annulus	 and	 the	unwound	3’	 end	

meets	the	NurA	active	sites	where	it	is	digested.	To	elucidate	the	exact	mechanism	of	how	

the	HerA-NurA	complex	threads	DNA	towards	the	NurA	channel	a	cryo-EM	structure	of	the	

substrate	bound	complex	would	be	required.					

3.3	p97–an	ATP	dependent	molecular	segregase		

We	 were	 able	 to	 determine	 the	 structure	 of	 p97	 bound	 to	 different	 nucleotides	 at	

resolutions	between	6.1-7.4	Å,	after	applying	the	appropriate	C6-symmetry.	By	comparing	

our	reconstructions	with	available	crystal	structures	we	could	build	pseudo-atomic	models	

for	 all	 nucleotide	 states.	 In	 the	 following,	 I	 will	 critically	 re-evaluate	 the	 applied-six	 fold	

symmetry	 and	 compare	 our	 structures	 with	 a	 higher	 resolution	 cryo-EM	 study	 of	 p97	

published	after	submission	of	our	manuscript	(Banerjee	et	al.,	2016)	and	discuss	potential	

functional	models.	

3.3.1	p97	six-fold	symmetric	structure,	but	asymmetric	functionality	

In	 our	 study	 we	 probed	 the	 nucleotide	 binding	 of	 p97	 after	 incubation	 with	 different	

nucleotides	 by	 native	 mass-spectroscopy.	 We	 showed	 that	 without	 incubation	 with	

additional	nucleotide	p97	carried	pre-bound	ADP	and	that	after	incubation	with	ATP-γS,	all	

pre-bound	ADP	was	exchanged	with	ATP-γS.	In	all	cases,	the	major	mode	of	p97	was	loaded	

with	 approximately	 10±1	 nucleotides,	 indicating	 a	 mechanism	 of	 cooperative	 nucleotide	

binding	and	exchange,	in	which	1-2	nucleotide	binding	sites	are	not	occupied	per	hexamer.	

These	numbers	would	exclude	a	strict	six-fold	symmetry	in	the	presence	of	ATP	or	an	ATP	

analogue.			

It	 was	 thus	 unexpected	 to	 find	 obvious	 six-fold	 symmetry	 in	 our	 p97	 reconstructions.	

However,	 the	 nucleotide	 binding	 studies	 and	 our	 symmetric	 sub-nanometer	

reconstructions	are	only	at	the	first	sight	contradictory.	First,	the	native-mass	spectrometry	

data	has	a	non-negligible	error	margin.	Solely	based	on	this	method	it	would	therefore	not	

be	possible	 to	 exculde	 a	 fully	 loaded	hexamer	with	 real	 six-fold	 symmetry.	However,	 not	

fully	 saturated	 binding	 was	 also	 observed	 in	 a	 variety	 of	 independent	 studies,	 using	



	60	

different	techniques,	such	as	 isothermal	titration	calorimetry	(ITC)	measurements	(Briggs	

et	 al.,	 2008),	 heat-denaturation	 experiments	 (Davies	 et	 al.,	 2005)	 and	 kinetic	

measurements,	 probing	 the	 cooperativity	 of	 the	 two	 ATPase	 rings	 (Chou	 et	 al.,	 2014).	

Secondly,	we	used	a	hierarchical	clustering	procedure	to	classify	p97	particles	based	on	the	

conformation	of	their	N-domain	in	order	to	get	a	conformational	homogenous	dataset.	Only	

in	the	AMP-PNP	dataset,	we	were	able	to	obtain	a	distribution	of	different	conformation	of	

N-domains,	 providing	 evidence	 for	 conformational	 heterogeneity	 of	 N-domains	 in	 p97	

(Figure	 16A).	 This	 can	most	 likely	 be	 explained	 by	 the	 low	 affinity	 of	 AMP-PNP	 for	 p97,	

compared	with	ATP-γS	(Briggs	et	al.,	2008).	In	case	of	the	ADP	dataset,	no	up-conformation	

was	detected	and	in	the	ATP-γS	dataset	no	down-conformer	could	be	visualized.	Thus,	these	

data	sets	seem	to	be	structurally	more	homogenous.	Third,	we	are	limited	by	the	resolution	

of	our	reconstructions.	All	our	reconstructions	reached	sub-nanometer	resolution	without	

applying	any	symmetry,	thus	we	were	able	to	resolve	secondary	structures	at	the	AAA	core	

of	the	molecule,	but	we	cannot	distinguish	the	bound	nucleotide.	In	consequence	we	cannot	

determine	 the	 nucleotide	 occupancy	 in	 the	 non-symmetrized	maps.	On	 the	 other	 hand,	 a	

local	resolution	map	of	the	ADP	and	AMP-PNP	reconstructions	indicate	that	one	of	the	six	

N-domains	 is	 lower	 resolved	 than	 the	 other	 five,	 thus	 hinting	 at	 structural	 asymmetry	

(Figure	16B).				

	

Figure	16:	Structural	asymmetry	in	the	N-D1	Interface.	(A)	Frequencies	of	up-	to	down-	ratios	in	the	hexamers	

in	case	of	the	AMP-PNP	dataset.	A	cartoon	representation	illustrates	the	possible	corresponding	asymmetric	

N-domain	arrangements.	(B)	p97	nucleotide	states	colored	according	to	their	local	resolution.	(C)	alignment	of	

three	p97	N-D1	structures	(wild	type	with	ADP	bound	(magenta,	PDB	code	1E32),	R155H	mutant	with	ADP	

bound	(cyan),	and	R155H	mutant	with	ATPγS	bound	(blue)),	based	on	the	superposition	of	bound	nucleotides.	

The	position	of	the	residue	F360	is	responsible	for	the	functional	asymmetry	of	p97	IBMPFD	mutants.	Panel	

(C)	is	adapted	from	(Tang	and	Xia,	2013).		
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An	asymmetric	feature	that	may	lead	to	a	more	loosely	bound	N-domain	is	the	nucleotide	

binding	and	in	direct	consequence	the	side	chain	positioning,	which	can	only	be	observed	at	

higher	 resolution.	 Especially,	 in	 the	 D1	 domain	 of	 p97	 the	 positioning	 of	 the	 side-chains	

seems	to	be	of	greatest	 importance	for	 its	 function.	This	 is	exemplified	by	high-resolution	

crystal	 structures	 of	 the	 IBMPFD	 mutants,	 which	 show	 that	 an	 altered	 conformation	 of	

residue	 F360	 probes	 the	 adjacent	 nucleotide-binding	 pocket	 and	 thus	 leads	 to	 a	 lower	

affinity	for	ADP	compared	to	wild-type	proteins	(Figure	16C)	(Tang	et	al.,	2010;	Tang	and	

Xia,	2013).	Another	study	published	after	the	acceptance	of	our	manuscript	showed	that	the	

N-terminal	half	 of	 the	D1-D2	 linker	 is	 evolutionary	 conserved	and	 capable	of	 introducing	

asymmetry	 in	 the	 association	 of	 subunits	 (Tang	 and	 Xia,	 2016).	 The	 activation	 of	 the	D1	

ATPase	 by	 this	 linker	 is	mainly	 based	 on	 the	 side-chain	 conformation	 of	 the	 trans-acting	

arginine	 finger	R359.	Thus,	 implying	 that	breaking	 the	perfect	six-fold	symmetry	by	side-

chain	conformations	is	at	least	required	for	D1	AAA	activity.		

3.3.2	Comparison	of	our	p97	structure	with	an	external	cryo-EM	structure	

The	 Subramanian	 group	 solved	 the	 structures	 of	 p97	 bound	 to	 ADP,	 ATP-γS	 and	 of	 ADP	

bound	 to	 an	 allosteric	 inhibitor	 to	 near	 atomic	 resolutions	 of	 2.3-3.4	 Å	 (Banerjee	 et	 al.,	

2016).	All	 these	 reconstructions	 imposed	C6-symmetry;	 asymmetric	 reconstructions	were	

not	provided.	

The	 Banerjee	 ADP-reconstruction	 is	 essentially	 identical	 to	 published	 crystal	 structures	

(Davies	et	al.,	2008)	and	to	our	map,	albeit	at	higher	resolution.	They	classified	the	ATP-γS	

dataset	 into	 three	classes,	 from	which	 two	had	 the	N-domains	 in	 the	down	conformation.	

The	 first	 of	 the	 Banerjee	 ATP-γS	 classes	 had	 ADP	 bound	 to	 both	 rings.	 This	 class	 was	

essentially	 identical	 to	 the	ADP	 structure.	 The	 second	 class	 had	ATP-γS	 bound	 to	 the	D2	

domain	 and	 ADP	 bound	 to	 the	 D1	 domain.	 The	 N-domains	 where	 thus	 in	 the	 down-

conformer	and	the	D2	ring	showed	the	same	nucleotide-dependent	conformational	changes	

as	 observed	 in	 the	 D2	 domain	 of	 the	 p97-crystal	 structure	 in	 presence	 of	 ATP-γS	

(Hanzelmann	 and	 Schindelin,	 2016b).	 The	 third	 class	 had	 ATP-γS	 bound	 to	 both	 ATPase	

rings.	This	structure	showed	the	same	nucleotide	dependent	conformational	changes	as	our	

structure.	 From	 these	 final	 refined	 structures,	 a	 step-wise	 evolution	 of	 nucleotide-driven	

structural	changes	in	p97	is	proposed.	They	conclude	that	the	effect	of	ATP-γS	binding	is	a	
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two-step,	sequential	and	cooperative	conformational	change	in	the	D2	and	D1	ATPase	rings	

(Banerjee	 et	 al.,	 2016).	 However,	 our	 ATP-γS	 data	 indicates	 no	 down-conformer	 after	

incubation	 with	 ATP-γS.	 Our	 results	 do	 therefore	 not	 fully	 corroborate	 their	 model.	 In	

addition,	 our	 AMP-PNP	 structure	 showed	 the	 ATP	 dependent	 up-conformer	 of	 the	 N-

domain,	while	the	D2	ring	showed	the	same	conformation	as	observed	in	the	ADP	structure.	

Thus,	suggesting	a	model,	 in	which	ATP	is	first	exchanged	in	the	D1	domain,	while	the	D2	

domain	is	still	occupied	by	ADP.			

3.3.3	Structural	studies	of	p97	and	the	NU-complex	

For	a	final	model	on	p97	function	it	is	important	to	note	that	p97	in	the	cell	always	works	in	

concert	with	its	co-factors	(Forster	et	al.,	2014).	We	suggest	that	the	repositioning	of	the	N-

domain	as	a	result	of	nucleotide	hydrolysis	may	provide	the	necessary	force	to	disassemble	

targeted	 complexes	 by	 their	 interaction	 with	 the	 cofactors.	 The	 substrate	 recruiting	

cofactors	all	bind	 to	 two	neighboring	N-domains	 in	p97	using	bipartite	 interaction	motifs	

(Figure	17A,	B)	(Hanzelmann	and	Schindelin,	2016a).	The	binding	of	the	heterodimer	NU	to	

p97	 shows	 a	 fixed	1	 to	 6	 ratio.	Why	 the	NU:p97	 stoichiometry	 is	 1:6	 and	how	 co-factors	

influence	the	ATPase	activity	of	p97	cannot	be	explained	without	further	structural	data.								

In	 addition	 to	 the	 above	 outlined	 published	 results	 I	 also	 attempted	 to	 elucidate	 the	

molecular	architecture	of	the	p97-NU	complex	as	part	of	this	thesis.	To	this	end	we	used	an	

E305Q	walker	B	mutation	of	the	p97	D1	domain	(p97-WB)	to	abolish	the	hydrolysis	of	ATP	

in	the	D1	domain.	 In	analogy	to	our	structures	of	p97	 in	presence	of	ATP-γS,	p97-WB	in	

presence	of	ATP	should	adopt	the	“up”	conformation.	Binding	of	ATP	in	the	D1	domain	

has	been	shown	to	 increase	 the	affinity	of	p97	 to	NU	(Chia	et	al.,	2012).	The	NU	complex	

could	 be	 successfully	 purified	 after	 co-expression	 in	 Escherichia	 Coli	 (Figure	 17C).	 After	

addition	of	purified	p97,	 the	octameric	complex	was	 further	separated	 from	the	excess	of	

NU	by	 gel	 filtration	 yielding	 a	 complex	with	 the	 expected	6:1	 stoichiometry.	However	no	

additional	 density	 corresponding	 to	 NU	 could	 be	 observed	 in	 cryo-EM	 analysis	 and	 3D	

reconstruction	 of	 this	 p97-cofactor	 complex.	 To	 stabilize	 the	 complex	 the	 sample	 was	

subjected	 to	 chemical	 cross-linking	prior	 to	 cryo-EM	using	 the	 soluble	BS3	 lysine-specific	

cross-linking	reagent.	Successful	cross-linking	was	visualized	using	SDS-PAGE	(Figure	17C).	

However,	the	resulting	reference-free	2D	classes	did	not	indicate	the	binding	of	extra-		
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Figure	17:		NU	binding	to	the	p97	N-domain.	(A)	Domain	architecture	of	NU	and	representation	of	the	possible	

bipartite	 interactions	 binding	 modes	 (B)	 p97N	 in	 complex	 with	 the	 VIM	 of	 gp78	 (PDB:	 3TIW,	 colored	 in	

green),	FAF1-UBX	(PDB:	3QQ8,	colored	in	gold)	and	NPL4-UBXL	(PDB:	2PJH,	colored	in	blue).	The	UFD1-SHP1	

peptide	(colored	according	to	atom	type	with	C-atoms	in	purple).	(C)	Purification	of	the	p97-NU	complex	and	

stabilization	of	 the	complex	by	cross-linking.	 (D)	Reference-free	2D	class-averages	 indicate	no	extra-density	

bound	to	the	cross-linked	complex.	The	N-domains	are	locked	in	the	down-conformation	as	seen	for	the	ADP	

bound	state.	Panel	(A)	and	(B)	are	adapted	from	(Hanzelmann	and	Schindelin,	2016a).	

density	to	the	p97	N-domains.	Moreover,	the	classes	showed	the	N-domains	exclusively	in	

the	down-conformation,	which	is	likely,	a	consequence	of	the	cross-linking	(Figure	17D).		

In	 summary,	 the	 NU-p97	 structure	 could	 not	 be	 determined	 by	 cryo-EM.	 One	 possible	

reason	 is	 that	 cross-linking	 forced	 p97-WB	 into	 an	 ADP-like	 state,	 leading	 to	 complex	

disassembly.	Another	possibility	is	that	NU	was	actually	bound	and	cross-linked	to	p97-WB,	

but	could	not	be	visualized	due	to	conformational	flexibility.	Future	attempts	could	include	

reconstitution	of	the	p97-NU	complex	in	presence	of	a	poly-ubiquitylated	model	substrate.	

Presence	of	such	a	substrate	could	increase	the	affinity	of	NU	for	p97	and	limit	the	flexibility	

of	the	NU	heterodimer,	which	would	both	make	structure	determination	by	cryo-EM	easier.	 	
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Chapter	IV:	Conclusion	and	Future	

Challenges	

This	 work	 makes	 use	 of	 recent	 developments	 in	 cryo-EM	 single	 particle	 analysis	 to	

determine	 the	high-resolution	 structures	of	 two	 ring	 forming	ASCE	ATPases.	Until	direct-

detector	 technologies	 and	 improvements	 in	 computational	 analysis	 became	 recently	

available	 even	 quaternary	 structure	 determinations	 for	 such	molecules	were	 ambiguous.	

One	of	the	most	prominent	examples	of	an	erroneous	single	particle	reconstruction	was	the	

study	of	the	Hsp104	AAA+	protein	disaggregase	(Wendler	et	al.,	2007).		

In	 this	 thesis	 I	 solved	 the	 structure	 of	 the	 DNA-end	 resection	 complex	 HerA-NurA	 and	

thereby	 demonstrate	 that	 single	 particle	 analysis	 can	 be	 used	 to	 place	 individual	 crystal	

structures	in	a	molecular	context.	Furthermore,	by	studying	the	conformational	cycle	of	p97	

I	 showed	 that	 cryo-EM	 methods	 could	 provide	 useful	 insights	 into	 the	 functional	

mechanisms	 for	 dynamic	 protein	 complexes	 in	 solution,	 avoiding	 artifacts	 from	 crystal-

packing	 forces.	 (chapter	 2.2,	 (Schuller	 et	 al.,	 2016)).	 Other	 recent	 examples	 include,	 the	

studies	 on	 NSF	 (Zhao	 et	 al.,	 2015)	 and	 the	 26S	 proteasome	 (Unverdorben	 et	 al.,	 2014).	

Taken	 together	 this	 demonstrates	 that	 cryo-EM	 single	 particle	 analysis	 is	 the	method	 of	

choice	 to	 study	 nucleotide-dependent	 conformational	 changes	 of	 ring-forming	 ASCE	

ATPases.	

The	 technology	of	 single-particle	cryo-EM	 is,	however,	 still	 far	 from	perfection	and	meets	

several	challenges.	Most	of	them	I	encountered	during	the	p97	project	(see	section	2.2).	(i)	

A	major	issue	was	the	sample	preparation,	especially	the	reproducibility	of	continuous,	thin	

ice	areas	on	a	specimen	grid.	Furthermore,	the	water-air	interface,	which	is	extremely	large	

for	 thin	 ice,	 seems	 to	cause	 the	disassembly	of	protein	complexes	 in	a	poorly	understood	

manner	(Glaeser	et	al.,	2016).	This	might	also	have	affected	the	stability	of	the	HerA-NurA	

complex	in	thin	ice	areas	(Chapter	2.1).	As	exemplified	in	case	of	the	NU-p97	complex,	the	

successful	vitrification	of	large,	transient	and	potentially	flexible	protein	assemblies	is	still	

challenging.	 They	 often	 disassemble	 during	 the	 vitrification	 process	 and	 need	 to	 be	

stabilized	by	cross-linking	(Chang	et	al.,	2015;	Plaschka	et	al.,	2015).	As	cross-linkers,	either	
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glutaraldehyde	 or	 bi-functional	 lysine	 cross-linkers	 are	 employed	 (Kastner	 et	 al.,	 2008;	

Plaschka	 et	 al.,	 2015).	 It	 is	 often	 beneficial	 to	 further	 separate	 cross-linked	 transient	

complexes	by	size	separation	techniques	(Chang	et	al.,	2015).	For	this	type	of	samples	the	

biochemical	 sample	 preparation	 and	 the	 computational	 analysis	 will	 become	 the	 main	

bottleneck	 and	mandates	 further	 developments	 in	 the	 future.	 (ii)	 Furthermore,	 particles	

rarely	show	a	uniform	orientation	distribution	in	the	vitreous	ice,	again	due	to	the	air-water	

interface.	 Instead,	 particular	 views,	 which	 are	 required	 for	 3D	 reconstruction,	 are	 often	

largely	 absent.	 This	 preferred	 orientation	 bias	 leads	 to	 distortions	 in	 the	 3D	

reconstructions,	similar	 to	the	missing-wedge	effect	 in	 tomography	(Lucic	et	al.,	2005).	 In	

severe	cases,	the	computational	algorithms	for	single-particle	analysis	fail	entirely	because	

they	 inherently	 assume	 that	 all	 required	 views	 are	 sampled	 (Wendler	 et	 al.,	 2007).	 This	

turned	out	to	be	 largest	problem	in	the	case	of	p97.	Thus,	 the	addition	of	surfactants	was	

tested,	as	in	some	cases	the	addition	of	detergents	has	triggered	a	more	uniform	orientation	

distribution	(Chowdhury	et	al.,	2015;	Lander	et	al.,	2013;	Zhao	et	al.,	2015).	However,	the	

use	of	detergents	requires	large	concentration	of	the	protein	sample,	making	it	not	suitable	

for	many	studies.	In	other	studies,	the	data	acquisition	at	areas	of	thick	ice	was	reported	to	

make	 the	 orientation	 distribution	 of	 the	 particles	 more	 uniform,	 but	 in	 turn	 limits	 the	

achievable	resolution	(Blok	et	al.,	2015).			

The	rapid	advances	in	cryo-EM	promise	an	exciting	future	for	this	technique.	It	is	not	only	

expected	that	high-resolution	structures	will	propel	our	understanding	of	macro-molecular	

machines,	 but	 also	 a	 resolution	 range	 that	 rivals	 X-ray	 crystallography	 could	 be	 used	 to	

study	the	binding	of	small-molecule	compounds,	such	as	co-factors	or	inhibitors.	The	wide	

range	of	potentially	applicable	targets	 is	exemplified	by	the	studies	of	 inhibitors	bound	to	

ribosomes	(Wilson	et	al.,	2015;	Wong	et	al.,	2014),	 to	 the	20S	proteasome	of	Plasmodium	

falciparum	(Li	et	al.,	2016),	 to	p97	(Banerjee	et	al.,	2016)	as	well	as	to	ion	channels	(Yang	et	
al.,	2015;	Zhu	et	al.,	2016).	This	kind	of	structures,	initially	used	to	lock	a	macromolecule	in	

a	 specific	 functional	 state,	 shows	 also	 big	 potential	 for	 pharmacological	 studies	 of	 drug-

target	interactions.	Thus,	cryo-EM	studies	are	likely	to	contribute	in	the	future	to	the	drug-

design	field	when	the	targets	are	not	amendable	to	X-ray	crystallography.			
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Abbreviations	

3D		 	 three-dimensional	

AAA	 	 ATPases	Associated	with	diverse	cellular	Activities	

ADP	 	 Adenosine	diphosphate	

AMP-PNP	 Adenylyl-imidodiphosphate	

ASCE	 	 additional	strand	catalytic	glutamate	

ATP	 	 adenosine	triphosphate	

ATP-	γ	S  Adenosine	5′-[γ-thio]triphosphate	

CCD		 	 charge	coupled	device	

CCF		 	 cross	correlation	function	

CET		 	 cryo	electron	tomography	

CMOS	 	 Complementary	metal-oxide-semiconductor	

CTF		 	 contrast	transfer	function	

D-loop		 displacement	loop	

DQE		 	 detective	quantum	efficiency	

DSB	 	 doubel-strand	break	

dsDNA		 double	stranded	DNA	

EM		 	 electron	microscopy	

EMDB			 electron	microscopy	data	bank	

ERAD	 	 endoplasmic	reticulum	associated	degadation	

FCR		 	 Fourier	cross	resolution	

FSC		 	 Fourier	shell	correlation	

GTP		 	 guanosine	triphosphate	

HAS	 	 HerA-ATP	Synthase	barrel	
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HR	 	 homogous	recombination	

MS		 	 mass	spectrometry	

NHEJ	 	 non-homolgous	end-joining	

NU	 	 Npl4-Ufd1		

PDB		 	 protein	data	bank	

P-loop		 phophate-binding-loop		

RNA		 	 ribonucleic	acid	

ssDNA		 single-stranded	DNA	

SAXS   Small-	angle	X-ray	scattering	

SNR   signal-to-noise	ratio	

SPA		 	 single	particle	analysis	

SRH		 	 second	region	of	homology	

TEM		 	 transmission	electron	microscopy	

WA	 	 Walker	A	motif	

WB	 	 Walker	B	motif	

WT	 	 wild	type	

XL		 	 cross-linking	
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