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1. Abstract	
Proteins	 are	 complex	 biomacromolecules	 that	 are	 at	 the	 basis	 of	 all	 physiological	

processes,	 such	 as	 respiration,	 metabolism,	 immunity,	 and	 signaling.	 To	 better	

understand	 their	 function,	 it	 is	 essential	 to	 elucidate	 their	 structures,	 dynamics,	 and	

interactions.	 Structural	 biology	 techniques,	 such	 as	 X-ray	 crystallography,	 Nuclear	

Magnetic	Resonance	(NMR)	spectroscopy,	cryo-electron	microscopy	(cryo-EM),	Förster	

resonance	 energy	 transfer	 (FRET)	 and	 Electron	 Paramagnetic	 Resonance	 (EPR)	 are	

essential	 for	 this	 task.	 However,	 to	 effectively	 utilize	 some	 of	 these	 techniques,	

bioconjugation	with	small	external	molecules	 -	often	referred	to	as	tags	or	probes	 -	at	

specific	sites	 is	essential	 for	the	 functionality	of	the	technique	 itself.	 In	this	thesis,	we	

explored	 the	application	of	various	 tag	 topologies,	 from	 19F	moieties	 to	nitroxide	spin	

labels.	 The	 former	were	 investigated	 to	 explore	 novel	 alternatives	 for	 post-expression	

covalent	modification	of	tyrosine	residues,	providing	valuable	approaches	for	preparing	
19F	NMR	samples.	On	the	other	hand,	we	compared	four	different	nitroxide	spin	probes	

bound	 to	 cysteine	 residues	 to	 assess	 their	 different	 behaviour	while	 attached	 on	 two	

different	secondary	structural	elements	(α-helix	and	the	β-sheet).	At	the	same	time,	we	

employed	a	Cu(II)	chelate	complex,	attached	to	a	double	histidine	motif.	Retrieving	the	

distances	 between	 the	 Cu(II)-nitroxide	 orthogonal	 spin	 labels,	 using	 pulsed	 EPR	

techniques,	 while	 alternating	 both	 label	 types	 between	 the	 α-helix	 and	 the	 β-sheet	

allowed	us	to	analyze	in	depth	the	nitroxides	features.	Lastly,	one	of	the	aforementioned	

nitroxide	 spin	 labels	was	also	utilized	 for	 in-cell	 studies	on	 both	Escherichia	 coli	 and	

Pichia	 pastoris	 through	 EPR	 spectroscopy.	 We	 employed	 different	 combinations	 of	

deuterated	 protein	 and	deuterated	 cells	 to	 assess	 the	 influence	of	deuteration	on	 the	

transverse	relaxation	 time	T2	 (or	phase	memory	 time	Tm).	The	presence	of	deuterium	

causes	 an	 increase	 of	 the	 phase	 memory	 time	 (due	 to	 its	 smaller	 magnetic	 moment	

compared	to	proton),	which	gives	the	advantage	of	a	better	sensitivity	with	shorter	data	

collection	times	or	the	possibility	to	extend	the	data	time	over	which	the	echo	is	measured	

generating	the	possibility	of	measuring	longer	distances	between	the	nitroxides	labels.	
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2. Introduction	
In	recent	decades,	the	field	of	structural	biology	has	evolved	from	a	simple	reductionist	

approach	to	a	more	 integrated	one,	 thus	constituting	a	cornerstone	 for	advancing	our	

understanding	of	the	intricate	workings	of	living	organisms.	In	the	vast	majority	of	cases,	

the	direct	relation	between	the	 function	of	a	biomacromolecule	and	 its	structure,	has	

promoted	 the	 determination	 and	 analysis	 of	 the	 three-dimensional	 architectures	 of	

proteins	and	nucleic	acids	to	gain	deep	insights	into	the	molecular	aspects	that	regulate	

a	wide	array	of	biological	phenomena.	These	phenomena	involve	the	mechanisms	behind	

protein	 folding	and	 functionality,	 the	processes	of	DNA	replication	and	transcription,	

and	the	extensive	network	of	interactions	in	the	cell.	Alterations	in	structural	properties	

are	 the	 molecular	 basis	 of	 severe	 diseases,	 such	 as	 cancer	 and	 neurodegenerative	

conditions.	To	untangle	valuable	insights	on	these	aspects,	various	structural	techniques,	

including	X-ray	crystallography,	cryo-electron	microscopy	(cryo-EM),	Förster	resonance	

energy	transfer	(FRET),	Nuclear	Magnetic	Resonance	(NMR),	and	Electron	Paramagnetic	

Resonance	(EPR),	have	been	harnessed	both	in	vitro	and	in-cell.	Since	the	resolution	of	

the	3D	structure	of	myoglobin	in	the	late	1950s1,	X-ray	crystallography	has	revolutionized	

the	field	of	structural	biology	allowing	the	most	detailed	investigations	on	single	proteins	

and	also	on	biomolecular	complexes	such	as	the	ribosome.	Over	time,	it	has	become	an	

indispensable	 high-resolution	 technique	and	 nowadays	around	 90%	of	 the	 structures	

deposited	 in	 the	 Protein	 Data	 Bank	 (PDB)	 derive	 from	 X-ray	 data.	 Nevertheless,	 its	

bottleneck	lies	in	obtaining	high	quality	protein	crystals.	This	step	can	be	expensive	and	

time	consuming.	These	difficulties	can	partially	be	overcome	by	the	employment	of	the	

more	 recently	 introduced	 cryo-electron	 microscopy,	 increasingly	 used	 to	 study	

biomolecular	 assemblies	 that	 are	 non-permissive	 to	 crystallisation	 (it	 requires	 frozen	

solution	 samples),	 even	 though	 the	 optimization	 of	 the	 samples	 requires	 significant	

efforts.	FRET	is	appealing	for	elucidating	crucial	information	about	protein	dynamics	or	

interactions	by	measuring	the	distance	between	two	sufficiently	close	in	space	fluorescent	

molecules	previously	introduced	on	the	system	under	investigation.	On	the	other	hand,	

NMR	can	retrieve	both	dynamic	and	structural	information	on	biomolecules	directly	in	

liquid	 solution,	 nevertheless,	 high	 resolution	 liquid	 state	 NMR	 spectroscopy	 is	 still	

generally	 restricted	 to	 biomolecules	 below	 100	 kDa	 of	 molecular	 weight.	 EPR	 is	 a	
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methodology	exclusively	sensitive	 to	paramagnetic	centres,	 i.e.	with	unpaired	electron	

spins.	It	is	often	complementary	to	other	structural	techniques	and	is	particularly	useful	

for	studying	the	structure	and	dynamics	of	biological	molecules	in	solution	and	inside	

cells.	

In	this	PhD	research	work	both	NMR	and	EPR	spectroscopy	techniques	were	exploited	to	

interrogate	aspects	about	protein	behaviours	both	in	vitro	and	in-cell.	

2.1. Tags	in	structural	biology	
In	 the	field	of	modern	 biology,	 the	usage	of	 selectively	and	strategically	 incorporated	

small	 tags	 to	 specific	 sites	within	 biological	 molecules	 like	 proteins,	 nucleic	 acids	 or	

lipids2,3,	 is	very	common.	This	approach	 is	exploited	 by	 several	 techniques	 to	 retrieve	

valuable	insights	on	biomolecules	structure,	function,	dynamics	and	interactions,	both	

in	 vitro	and	 in	 their	native	 intracellular	environment.	The	proteins	 themselves	can	be	

modified	 with	 a	 variety	 of	 functional	 molecules,	 including	 luminescent	 dyes,	

paramagnetic	probes,	photo-responsive	molecules	or	polymers.	For	example,	among	the	

multitude	 of	 paramagnetic	 tags	 available,	 nitroxide	 spin	 labels4,	 with	 their	 unpaired	

electrons	and	well-defined	spin	states,	have	become	indispensable	in	EPR.	They	enable	

the	 precise	 measurement	 of	 distances	 between	 paramagnetic	 tags,	 conformational	

changes,	and	dynamics	within	biomolecules.	On	the	other	hand,	fluorescent	tags,	such	

as	the	CyDye5,	AlexaFluor6	and	ATTO	series7,	have	been	extensively	employed	both	in	

fluorescence	microscopy	and	FRET.	While	the	 former	 is	widely	used	 for	selective	real-

time	detection	of	the	localization,	trafficking,	and	activities	of	proteins	or	nucleic	acids	

inside	 cellular	 environment,	 the	 latter	 allows	 to	 acquire	 knowledge	 on	 molecular	

interactions,	structural	and	conformational	changes,	and	protein	dynamics.	In	general,	it	

is	imperative	that	the	labels	attach	selectively	and	with	great	accuracy	only	the	desired	

amino	acid	residue.	One	of	the	most	common	approaches	involves	the	direct	chemical	

modification	of	proteins	to	produce	novel	bioconjugates	while	preserving	the	integrity	

and	 functionality	 of	 the	 protein.	 Fulfilling	 particular	 prerequisites	 in	 these	 chemical	

reactions	is	essential	for	optimal	results.	First,	they	should	be	carried	out	in	water	or	in	

conditions	as	close	as	possible	to	the	physiological	ones:	this	includes	a	pH	close	to	7	and	

temperatures	that	can	range	from	room	temperature	to	a	maximum	of	40°C.	Moreover,	
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the	external	chemical	reagent	added	to	the	proteins	should	be	-	as	much	as	possible	-	

non-toxic,	highly	reactive	and	used	in	low	concentration	to	avoid	the	risk	of	precipitation.	

2.2. Amino	Acid	Residues	as	Anchors	for	External	Tags	
The	choice	of	 the	residue	on	which	the	external	 tag	needs	to	be	attached	 is	almost	as	

significant	as	the	choice	of	the	tag	itself.	The	nature	of	the	amino	acid	functional	groups	

is	crucial	for	developing	selective	chemical	reactions	that	can	target	specific	amino	acid	

residues.	 However,	 independently	 by	 its	 intrinsic	 chemical	 nature,	 the	 amino	 acid	

selected	for	the	labelling	should	be	placed	on	the	surface,	readily	accessible	by	the	solvent,	

rather	 than	 buried	 deep	 inside	 the	 protein	 core.	 Furthermore,	 labelling	 the	 selected	

residue	should	ensure	minimal	 interference	with	the	protein’s	native	 function	without	

disrupting	the	structural	integrity,	while	preventing	the	protein	misfolding.	Another	vital	

feature	to	meticulously	control	is	the	number	of	potential	labelling	sites.	In	some	cases,	

attaching	 the	 labelling	agent	on	multiple	 sites	can	 lead	 to	convoluted	and	difficult	 to	

interpret	 data.	 Therefore,	 limiting	 the	 number	 of	 labelling	 sites	 ensures	 that	 the	 tag	

interacts	with	a	specific	amino	acid,	providing	clear	and	accurate	insights	on	the	protein	

characteristics.	Moreover,	modifying	the	protein	on	several	sites	could	increase	the	risk	

of	interfering	with	its	natural	function.	Controlling	the	numbers	and	the	positioning	of	

the	residues	of	interest	can	be	achieved	through	site	direct	mutagenesis.	This	is	a	powerful	

molecular	 biology	 tool	 that	 introduces	specific	amino	acid	 residues	 in	predetermined	

positions,	while	removing	other	undesired	residues,	by	modifying	the	DNA	sequence	that	

encodes	for	that	specific	protein.	It	is	crucial	that	this	process	is	carried	out	considering	

that	the	protein	stability	and/or	activity	should	be	maintained	unaltered.		

In	this	thesis	the	most	common	residues	exploited	for	bioconjugation	of	small	molecules	

will	be	briefly	introduced	and	explained.	Due	to	the	peculiar	chemistry	of	its	thiol	group,	

cysteine	has	been	one	of	the	most	successful	residues	to	selectively	host	small	molecules	

modification.	Moreover,	its	low	natural	abundance	on	protein	surface	(below	2%)8,	makes	

this	residue	the	ideal	candidate	for	the	task	at	hand	for	facile	modification	at	a	single	site.	

Indeed,	the	presence	of	the	reactive	-SH	group	allows	for	precise	and	specific	modification	

of	proteins	by	undergoing	disulfide	exchange	to	form	a	protein-tag	sulfur-sulfur	bond,	

but	 also	 alkylation	 with	 suitable	 electrophiles	 such	 as	 α-halocarbonyls	 (e.g.,	
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iodoacetamide)9	 and	 Michael	 acceptors	 (e.g.,	 maleimides)10.	 Even	 though	 cysteine	

residues	 can	 be	 considered	 as	 the	 “workhorse”	 of	 chemical	 covalent	 modifications,	

valuable	 alternatives	 need	 to	 be	 analyzed.	 In	 fact,	 either	 some	 proteins	 can	 be	

characterized	 by	 essential	 cysteine	 residues	 directly	 involved	 in	 the	 protein	 native	

structure	 or	 function	 (e.g.,	 formation	 of	 disulfide	 bridges)	 and	 therefore	 cannot	 be	

labelled,	or	other	proteins	may	have	a	number	of	cysteine	residues	too	high	for	modifying	

only	a	low	number	of	sites.	Meanwhile,	despite	its	high	natural	abundance,	lysine	remains	

a	popular	choice	for	modification	due	to	the	high	number	of	existing	methods	for	the	

modification	of	primary	amines	(even	if	it	is	worth	mentioning	that	sometimes	the	N-

terminus	region	can	also	be	affected)11.	Preferential	conjugation	to	amines,	rather	than	

the	nucleophilic	thiol	of	cysteine,	can	potentially	be	accomplished	by	employing	more	

reactive	electrophiles	such	as	activated	esters12,	sulfonyl	chlorides13,	or	isothiocyanates14.	

A	 well-established	 alternative	 reaction	 is	 based	 on	 the	 reductive	 alkylation	 using	

aldehydes	 in	 the	 presence	 of	 sodium	 cyanoborohydride15.	 However,	 the	 high	 natural	

abundance	of	lysine	residues	poses	a	challenge	for	achieving	site-selective	modifications	

and,	when	the	aim	is	to	label	only	a	few	specific	protein	sites,	it	is	not	advisable	to	follow	

this	strategy.	In	contrast	to	cysteine	and	lysines,	the	other	18	amino	acids	have	been	only	

minimally	explored	as	 tools	 for	 selective	modification.	Among	 these	 two	of	 the	most	

interesting	ones	are	tyrosine	and	histidine	residues.	While	the	former	is	considered	an	

amino	acid	with	an	amphiphilic	nature	(having	both	a	hydrophobic,	the	aromatic	ring,	

and	a	hydrophilic,	the	-OH	group,	part),	the	latter	is	a	hydrophilic	residues.	Due	to	its	

intrinsic	nature,	tyrosine	tends	to	be	mostly	buried	deep	inside	the	hydrophobic	core	of	

the	protein,	while	only	a	small	percentage	of	residues	can	be	found	on	the	protein	surface,	

making	it	an	ideal	candidate	for	site	selective	covalent	modifications.	The	main	chemical	

reactions	on	this	residue	involve	the	use	of	diazonium	salts16,17,	the	ene	type	reaction	with	

the	 use	 of	 diazodicarboxyamides	 reagents18	 and	 the	 three	 component	 Mannich	 type	

reaction19.	All	three	methods	will	be	discussed	more	in	depth	in	Section	4.1.1.3	On	the	

other	hand,	the	histidine	residue	has	a	unique	hetero	aromatic	imidazole	side	chain	and	

play	 irreplaceable	 functional	 roles	 in	 peptides	 and	 proteins	 including	 metal	 ion	

coordination	 and	 hydrogen	 bond	 donor/acceptor.	 Current	 approaches	 for	 selectively	

modifying	 histidine	 primarily	 use	 N-substitution	 (alkylation	 or	 phosphorylation)20,21	

reactions	involving	the	moderately	nucleophilic	imidazole	group.	However,	this	approach	
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is	challenged	by	interference	from	lysine	and	cysteine	residues,	but	enhancing	selectivity	

for	 histidine	 labeling	 could	 be	 effectively	 achieved	 through	 the	 implementation	 of	 a	

double	histidine	motif	 (dHis)22.	As	the	name	suggests,	this	motif	 involves	placing	two	

histidine	residues	close	 to	each	other	 in	 the	protein	sequence	and	ensuring	 that	 their	

histidine	rings	align	on	the	same	side	of	the	protein	in	the	three-dimensional	structure.	

Specifically,	when	located	on	an	α-helix,	there	should	be	a	four-residue	gap	between	the	

histidines	(at	positions	i	and	i+4),	and	when	positioned	on	a	β-sheet,	a	two-residue	gap	is	

appropriate	(at	positions	i	and	i+2)23.	This	motif	has	been	extensively	employed	for	EPR	

applications	 since	 its	 combination	 with	 metal	 complex	 chelators	 such	 as	 CuNTA	 or	

CuIDA	 allows	 the	 detection	 of	 narrower	 distance	 distributions	 in	 respect	 to	 the	 one	

extracted	 from	 nitroxide-nitroxide	 distance	 (See	 Section	 4.2.3.2.2).	 In	 conclusion,	

developing	novel	methodologies	for	amino	acid	modification	is	crucial	to	complement	

the	already	existing	ones.	Moreover,	expanding	the	range	of	suitable	residues	for	covalent	

modifications,	could	allow	the	attachment	of	different	spin	 labels	on	the	same	protein	

(orthogonal	labelling).	
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3. Aim	of	the	project	
Despite	the	vast	progress	in	the	bioconjugation	field,	there	are	still	many	challenges	that	

need	to	be	addressed,	both	 in	conjugation	strategy	and	 in	the	optimization	of	the	tag	

selected	for	the	conjugation.	In	this	thesis	we	employed	different	types	of	small	tags,	from	
19F	probes	to	nitroxide	spin	labels	and	copper	chelators	for	the	application	in	the	field	of	

magnetic	resonance	techniques.	The	focus	was	to	characterize	the	behaviour	of	different	

tags	after	the	conjugation	on	proteins,	but	also	to	enlarge	the	scenario	of	post-expression	

covalent	 modification	 approaches.	 The	 latter	 was	 pursued	 by	 developing	 the	 first	

labelling	 strategy	 for	 attaching	 small,	 fluorinated	 probes	 to	 tyrosine	 residues.	 We	

intended	to	address	the	critical	gap	in	the	current	methodologies	for	incorporating	 19F	

nuclei	into	biomolecules,	since	the	traditional	residues	like	cysteines	or	lysines	may	not	

always	be	the	optimal	choice.	This	is	crucial	for	widening	the	methodologies	for	preparing	

fluorinated	proteins	for	 19F	NMR.	Meanwhile,	on	the	other	hand,	we	aimed	to	evaluate	

the	characteristics	and	behaviour	of	four	different	nitroxide	labels	through	pulsed	EPR	

spectroscopy.	 By	 retrieving	 the	distance	distributions	 between	 these	 nitroxides	 and	 a	

copper	 chelator	 agent	 we	 determined,	 through	 the	 width	 and	 the	 shape	 of	 every	

distribution,	their	performances	by	alternating	their	position	on	two	different	secondary	

structural	elements.	Lastly,	we	wanted	to	employ	one	of	these	nitroxides	for	in-cell	EPR	

studies	to	assess	the	effect	of	a	combination	of	protein	and/or	cell	deuteration	on	the	EPR	

spectra.	We	systematically	studied	the	deuteration	effects	on	the	electron	spin	transverse	

relaxation	time	T2.	Deuteration	successfully	increased	the	T2	values,	which	resulted	to	be	

pivotal	both	for	increasing	the	sensitivity	and	for	opening	the	possibility	of	measuring	

longer	distances.		



	

	 8	

4. Methodological	Approaches	

4.1. 19F	NMR	
19F	NMR	stands	out	as	an	incredibly	versatile	and	powerful	technique,	extremely	useful	in	

the	study	of	biomacromolecules	structure	and	dynamics.	It	has	gained	increasing	interest	
24,25	 due	 to	 the	 high	 gyromagnetic	 ratio	 of	 the	 19F	 nucleus,	 its	 high	 natural	 isotopic	

abundance	(almost	100%)	and	its	nuclear	spin	of	½26.	Moreover,	this	nucleus	is	almost	

nonexistent	 in	 biological	 contexts,	 making	 it	 an	 easily	 identifiable	 and	 unique	 NMR	

probe.	 Furthermore,	 being	 absent	 in	 natural	 biomolecules,	 its	 NMR	 spectra	 are	 not	

affected	 by	 background	 signals,	 further	 enhancing	 its	 potentialities	 in	 biological	

investigations.	This	allows	the	characterization	in	solution	of	 larger	biomolecules	with	

respect	 to	 those	 studied	 through	 1H	 NMR.	 This	 technique	 has	 been	widely	 used	 for	

detecting	protein	and	nucleic	acid	conformational	changes,	protein-protein27	or	protein-

ligand	interaction28,29,	and	protein	folding	and	unfolding30,31.	Not	to	be	overlooked	is	the	

huge	potential	that	this	technique	has	shown	in	the	field	on	in-cell	NMR32-34,	opening	the	

possibility	 to	 study	 biomolecules	 directly	 inside	 their	 intracellular	 environment	 but	

without	the	impairment	of	the	typical	severe	line-broadening.	This	phenomenon	derives	

from	the	interaction	of	soluble	globular	proteins	with	the	cellular	components32	that,	by	

causing	an	 increase	 in	the	 1H	nuclear	spin	transverse	relaxation,	can	 lead	 in	the	worst	

cases	even	to	the	loss	of	all	signals	in	1H	NMR	spectra.	

4.1.1. Methods	for	Biomolecules	Fluorination	
Due	to	its	essential	absence	in	biological	environment,	the	key	element	of	the	success	of	
19F	NMR	is	developing	successful	methods	to	selectively	incorporate	the	fluorinated	probe	

into	the	investigated	protein.	It	is	worth	mentioning	that,	due	to	the	similarity	in	the	van	

der	Waals	 radius	between	 the	hydrogen	and	 the	fluorine	atoms,	 the	 19F	 incorporation	

should	not	disrupt	the	protein	structure35,36.	There	are	two	main	methods	 for	fluorine	

probe	incorporation.	The	first	one	is	based	on	the	direct	expression	of	19F	proteins	usually	

by	adding	unnatural	fluorinated	amino	acids	into	the	protein	expression	culture	medium.	

The	second	methodology	involves	a	chemical	modification	on	a	specific	protein	site	after	



	

	 9	

the	protein	expression	and	purification.	The	sections	below	are	meant	to	briefly	introduce	

both	approaches	and	to	highlight	their	strengths	and	weaknesses.	(Figure	1)	

	
Figure	 1.	 Schematic	 representation	 of	 the	 two	 main	 approaches	 used	 for	 19F	 incorporation.	 a)	 Direct	
expression	of	 19F	proteins.	Usually	fluorinated	analogues	of	amino	acids	(like	the	ones	represented	in	this	
scheme)	are	added	to	the	culture	medium	during	the	protein	expression	and	the	result	is	a	protein	globally	
substituted	with	19F	residues.	b)	Post-expression	approach	for	attaching	small,	fluorinated	molecules	through	
covalent	bonds	site	specifically	on	the	protein.	Based	on	the	selected	tag	and	the	chemical	reaction	of	choice,	
the	labelled	residues	involved	are	usually	cysteines	and	lysines.	

4.1.1.1. Direct	Overexpression	

Direct	overexpression	of	fluorinated	proteins	is	generally	achieved	by	adding	fluorinated	

amino	 acids	 analogues	 in	 the	 growth	 medium	 during	 protein	 expression.	 The	 most	

commonly	exploited	mono-fluorinated	amino	acids	are	analogues	of	the	aromatic	amino	

acids.	These	include	the	ortho,	meta,	and	para	derivatives	of	phenylalanine	(2-,	3-,	and	4-

F-Phe),	the	meta	derivative	of	tyrosine	(3-F-Tyr),	and	tryptophan	fluorinated	at	specific	

indole	ring	positions	(4-,	5-,	and	6-F-Trp)	(Figure	2).	
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Figure	 2.	 Chemical	 structure	 of	 the	most	 employed	mono-fluorinated	 analogues	 of	 the	 aromatic	 amino	
acids:	tyrosine,	tryptophan	and	phenylalanine.	

A	successful	 incorporation	requires	the	addition	of	glyphosate	to	the	growth	medium,	

which	 inhibits	 the	 synthesis	 pathways	 of	 aromatic	 amino	 acids37	 to	 ensure	 that	 the	

fluorinated	 analogs	 replace	 the	 natural	 amino	 acids.	 In	 this	 case,	 the	 endogenous	

aminoacyl-tRNA	synthetases	are	tasked	with	charge	their	paired	tRNAs	with	19F	modified	

amino	 acids.	 However,	 when	 this	 approach	 is	 employed,	 the	 fluorinated	 residues	

consistently	replace	the	natural	amino	acids	in	all	the	locations	where	the	original	amino	

acid	was	present.	This	leads	to	a	global	labelling	of	the	protein	which	could	result	in	some	

side	effects	such	as	structure	disruption	and	possible	19F	spectral	overcrowding38.	At	the	

beginning	of	the	2000s,	a	new	technique	was	introduced,	with	the	aim	of	overcoming	the	

aforementioned	issue.	This	approach	relies	on	the	introduction	of	an	orthogonal	amber	

suppressor	 tRNA	 with	 a	 paired	 tRNA	 synthetase	 with	 the	 possibility	 to	 introduce	 a	

broader	variety,	not	only	aromatic,	of	19F-labelled	acids	at	single	site-specific	positions39	

(Figure	3).	
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Figure	3.On	the	left,	biosynthetic	amino	acid	type-specific	incorporation	of	19F	modified	amino	acids.	On	the	
right,	 site-specific	 incorporation	 of	 19F	modified	 amino	 acids	 using	 recombinantly	 expressed	 orthogonal	
amber	tRNA/tRNA	synthetase	pairs.	Figure	adapted	from	the	Gronenborn	review	on	19F40	

4.1.1.2. Post-expression	Modification	

While	biosynthetic	labeling	is	well-established	for	many	fluorinated	amino	acid	analogs,	

several	challenges	need	to	be	addressed	in	some	cases,	 including	a	reduced	expression	

yields	 due	 to	 the	 toxicity	 associated	 with	 the	 fluorinated	 precursors,	 perturbations	

deriving	from	the	incorporation	of	the	fluorinated	amino	acid	that	can	lead	to	protein	

instability	or	misfolding,	and	a	reduced	uptake	by	the	aminoacyl-tRNA	synthetase41.	For	

these	 reasons,	exploiting	an	approach	 that	 involves	 the	 formation	of	a	covalent	 bond	

between	 the	 protein	 residue	 of	 choice	 and	 a	 fluorinated	 chemical	 reagent,	 after	 the	

protein	 expression	and	purification,	 is	 an	attractive	 a	 potentially	 low-cost	 alternative.	

Meanwhile,	 it	 is	 also	 important	 to	 consider	 that	 this	 methodology	 can	 be	 more	

challenging	in	controlling	the	position	and	orientation	of	the	fluorine-labeled	probe	on	

the	 protein.	 Nevertheless,	 several	 examples	 have	 been	 reported	 of	 post-expression	

conjugation	 on	 cysteines,	 lysines	 or	 tyrosines,	 either	 native	 or	 introduced	 with	

mutagenesis.	 To	 avoid	 the	 precipitation	 of	 the	 protein	 during	 the	 labelling	 step,	 the	

conditions	need	to	be	mild:	the	reaction	should	be	carried	out	on	aqueous	solutions	or	in	

buffers	as	close	as	possible	to	physiological	conditions.	The	pH	should	be	kept	around	7	
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and	the	temperature	should	be	at	maximum	around	42°C.	Regardless	of	the	type	of	the	

reaction,	or	of	the	kind	of	amino	acid	residue	involved,	an	overall	precise	evaluation	and	

a	 thorough	 testing	 for	extensive	optimization	are	essential	 for	each	protein	and	every	

substitution	involving	a	specific	fluorinated	tag.	The	quantification	of	labeling	extent	is	

typically	done	using	mass	spectrometry,	like	we	did	extensively	in	our	research	work.	The	

sections	below	introduce	the	most	common	fluorinated	tags	that	are	currently	exploited	

for	 cysteine	 and	 lysine	 post-expression	 conjugation.	 Afterwards,	 a	 brief	 section	 on	

tyrosine	conjugation	is	also	introduced.	

4.1.1.2.1. Types	of	19F	tags	

The	strategy	that	is	usually	applied	for	site-specifically	bioconjugation	of	small	molecules	

involves	the	employment	of	different	chemical	reactions	for	each	amino	acid	residue.	As	

already	discussed,	 for	 the	unique	chemistry	of	 their	side	chains,	cysteines	and	 lysines	

usually	 play	 a	 key	 role	 in	 post-expression	 covalent	 modification.	 There	 are	 plenty	 of	

examples	 where	 solvent	 accessible	 thiol	 groups	 of	 cysteines	 easily	 react	 with	 small,	

fluorinated	molecules	 forming	 a	 new	 covalent	 bond.	 Specifically,	 reagents	 such	 as	 3-

bromo-1,1,1-trifluoroacetone	 (BTFA)	 or	 its	 analogues	 such	 as	 2-bromo-N-(4-

(trifluoromethyl)phenyl)acetamide	 (BTFMA)	 or	 N-(4-bromo-3-(trifluoromethyl)	

phenyl)acetamide	 (3-BTFMA)	 have	 been	 often	 employed42-46.	 Other	 cysteine-related	

small	tags	involve	the	2,2,2-trifluoroethanethiol	(TFET)	that	binds	the	cysteine	through	

the	 formation	 of	 a	 disulfide	 bond46-48	 and	 the	 4-(perfluoro-tert-

butyl)phenyliodoacetamide	(PFP)49.	Another	fluorinated	cysteine	tag	worth	mentioning	

is	the	1-(4-(trifluoromethyl)benzyl)-1H-pyrrole-2,5-dione	(TFBDP)	which,	by	exploiting	

the	 already	 well	 established	 maleimide-thiol	 reaction	 chemistry,	 has	 shown	 high	

labelling	 efficency46.	 Lysine	 side	 chains	 have	 been	 successfully	 labelled	 both	with	 n-

trifluoroacetylcaproxyloxy	succinimide	ester	 (TFCS),	a	common	crosslinker	 that	 reacts	

under	 mild	 reaction	 conditions	 (pH	 below	 7.5),	 and	 fluorinated	 indoles	 and	 indole-

derivatives50	(Figure	4).	
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Figure	 4.	 Chemical	 structure	 of	 the	 most	 used	 19F	 tags	 both	 for	 cysteine	 and	 lysine	 residues	 covalent	
modification.	

As	previously	discussed,	tyrosine	represents	an	attractive	alternative	to	cysteine	and	lysine	

as	a	potential	labelling	site.	Its	low	natural	abundance	and	its	amphiphilic	nature	ensures	

that	the	number	of	tyrosine	residues	on	the	surface	is	quite	low.	Therefore,	by	selecting	

the	 right	 reaction	conditions,	 it	 can	 be	 possible	 to	 covalently	 label	 the	 relatively	 rare	

surface	exposed	tyrosines	in	a	site-selective	way.	To	the	best	of	our	knowledge,	no	previous	

work	has	been	conducted	for	investigating	post-expression	bioconjugation	of	small	 19F	

tags	on	tyrosine	residues.	

4.1.1.3. Tyrosine	conjugation	

In	 this	 thesis,	we	 focused	on	developing	 a	 new	 strategy	 to	 selectively	 incorporate	 19F	

moieties	to	tyrosine	trough	post-expression	covalent	modification,	adjusting	the	already	

known	three-component	Mannich	type	reaction19.	In	this	section	we	briefly	introduce	the	
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pros	and	cons	of	the	most	famous	approaches	for	conjugating	small	molecules	or	small	

peptides	on	tyrosine	residues.		

One	 fruitful	approach	for	tyrosine	conjugation	 is	the	use	of	diazonium	reagents.	They	

have	 been	 successfully	 exploited	 for	 the	 modification	 of	 the	 capsids	 of	 both	 tobacco	

mosaic	virus	 (TMV)17	 and	 bacteriophage	MS216,	with	efficiency	above	 90%	with	 short	

reaction	times,	but	using	high	pH	values	(pH	=	9).	Even	though	in	these	cases	the	reaction	

showed	 a	 high	 chemoselectivity,	 in	 other	 examples	 clear	 manifestations	 of	 cross	

reactivity,	especially	towards	histidine,	have	been	observed51.	To	address	this	aspect,	a	new	

methodology	was	used	in	which	the	pH	is	decreased	to	4.5.	However,	these	adjustments	

caused	a	slowing	of	the	reaction	rate	and	relatively	high	reduction	of	the	bioconjugation	

yield	only	compensated	with	the	use	of	20-fold	(in	respect	to	the	protein)	of	diazonium	

salts52.	Afterwards,	the	development	of	stable	diazonium	salts,	such	as	4-formylbenzene	

diazonium	hexafluorophosphate,	removed	the	necessity	to	produce	in	situ	the	diazonium	

reagents,	allowing	a	better	control	over	the	equivalents	used,	reducing	the	potential	for	

side	reactions53.	Another	vital	approach	for	tyrosine	bioconjugation	involves	the	use	of	

cyclic	 diazodicarboxyamides,	 such	 as	 4-phenyl-3H-1,2,4-triazoline-3,5(4H)-diones	

(PTADs).	These	compounds	react	faster	than	the	diazonium	reagents,	with	reaction	times	

typically	between	15	to	30	min,	and	are	selective	for	tyrosine	residues54,55.	In	general,	the	

reaction	 can	 be	 carried	 out	 over	 a	 wide	 pH	 range	 (2–10),	 although	 higher	 yields	 are	

generally	obtained	at	higher	pH	values.	However,	unluckily,	in	water	PTAD	reagents	can	

decompose	to	isocyanate,	which	in	turn	can	cause	side	reactions	at	lysine	residues	or	at	

the	N-terminal	of	the	protein.	This	 issue	was	easily	circumvented	by	using	Tris	buffer,	

which	acts	as	a	scavenger	for	isocyanate56.	As	mentioned	before,	the	reaction	used	for	our	

investigation	is	the	three-component	Mannich	type	reaction.	This	approach	targets	the	

phenolic	side	chain	of	tyrosine	residues.	The	reaction	involves	a	first	step	where	an	in	situ	

imine	 condensation	 between	 an	 aldehyde	 and	 an	 electron-rich	 aromatic	 amine	 takes	

place.	 Afterwards,	 the	 phenol	 ring	of	 the	 tyrosine	 is	 deprotonated	 and	 undergoes	 an	

electrophilic	aromatic	substitution	with	the	iminium	ion,	resulting	in	the	formation	of	a	

novel	 carbon-carbon	 bond	 (Figure	 5).	 Theoretically,	 with	 this	 kind	 of	 reaction	 it	 is	

possible	to	add	two	different	functionalities	at	the	same	time	on	the	tyrosine	ring	through	

the	aldehyde	functional	group.	However,	it	was	demonstrated	that	formaldehyde	is	the	

most	reactive	among	all	the	aldehydes,	while	crotonaldehyde	and	2-furaldehyde	have	a	
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decreased	 reactivity	 in	 this	 reaction	 and	 others	 such	 as	 benzaldehyde	 and	

propionaldehyde	are	not	reactive	at	all19.	

	
Figure	5.	General	scheme	of	reaction	of	the	three-component	Mannich	type	reaction.	The	first	step	involves	
the	reaction	between	an	aldehyde	and	an	aromatic	amine	(Ar)	with	consequent	formation	of	an	immine.	The	
phenol	ring	of	the	tyrosine	is	deprotonated	and	an	electrophilic	aromatic	substitution	between	the	tyrosine	
and	the	iminium	ion	takes	place.	The	result	is	the	formation	of	a	novel	carbon-carbon	bond	in	orto	position	
on	the	tyrosine	aromatic	ring.	

Instead,	 the	aromatic	amine	reacts	with	higher	efficiency	 if	 it	bears	electron-donating	

groups	 such	 as	 alkyl	 or	 methoxy,	 since	 aromatic	 amines	 with	 strongly	 electron	

withdrawing	substituents,	such	as	nitro	or	carboxylic,	have	been	shown	to	produce	little	

or	 no	 bioconjugation.	 This	 reaction	 has	 been	 successfully	 used	 both	 for	 grafting	

fluorophores19	and	synthetic	peptides57	to	chymotrypsinogen.	Recently,	it	has	also	been	

used	 for	 successful	 modification	 of	 tyrosine	 residues	with	 nitroxide	 radical	 4-amino-

2,2,5,5-tetramethyl-3-imidazo-line-1-yloxy	 (NOX),	 in	 the	 field	 of	 Site	 Direct	 Spin	

Labelling	(SDSL)	for	EPR	purposes58.		
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4.2. EPR	contributions	to	structural	biology	
A	 brief	 historical	 footing	 of	 Electron	 Paramagnetic	 Resonance	 (EPR)	 applications	 in	

structural	biology	is	provided	in	this	section	to	extensively	report	the	intertwined	role	of	

modern	EPR	in	structural	biology	and	investigating	structure-function	relationship.	

The	first	contributions	of	EPR	to	biomolecular	studies	may	be	tracked	back	to	the	mid	

1950s	where	continuous	wave	EPR	(CW-EPR)	was	employed	to	gain	information	on	the	

local	environment	of	free	radicals	within	proteins	generated	by	X-irradiation	of	different	

amino	acids59,60.	During	 the	 same	years,	 CW-EPR	was	 successfully	employed	 to	 study	

metal	center	proteins,	such	as	human	transferrin	(containing	FeIII)	and	avian	conalbumin	

(containing	Cu(II)),	with	the	aim	of	obtaining	insights	into	the	mode	of	binding	of	the	

metal	ions	and	the	type	of	interaction	between	the	active	sites61.	The	introduction	of	the	

first	 stable	 methanethiosulfonate	 nitroxide	 radical	 (1-Oxyl-2,2,5,5-tetramethyl-3-

pyrroline-3-methyl)methanethiosulfonate,	 shortly	 called	 MTSL)	 for	 labelling62,	 and,	

concomitantly,	the	emergence	of	complex	pulse	sequences	focused	on	the	detection	of	

dipolar	 couplings63	 to	 facilitate	 the	distance	measurements	 between	 2-10	 nm,	 greatly	

contributed	 to	 the	 development	 of	 EPR	 as	 a	 tool	 for	 structural	 investigation.	

Furthermore,	 the	 introduction	of	 the	 thiol-based	 Site	Direct	 Spin	 Labelling	approach	

pioneered	during	the	late	1980s	by	Hubbell	and	co-workers64-66	allowed	the	introduction	

of	small	spin-bearing	molecules	at	specific	and	strategically	placed	sites	within	the	native	

diamagnetic	system,	enhancing	the	scope	of	EPR	for	structural	determination67.	At	this	

point	further	development	of	pulse	sequences68-71	and	of	data	processing	methods,	such	

as	 Tikhonov	 regularization72,73,	 were	 vital	 to	 obtain	 detailed	 insights	 on	 distance	

distribution	and	consequently	provide	information	on	conformational	sub-ensembles	in	

frozen	solution74.	Both	Continuous	Wave	(CW)	and	Pulsed	EPR	have	demonstrated	to	be	

established	and	valuable	 techniques	 in	 the	 study	of	protein	 structures	and	dynamics.	

Indeed,	 CW-EPR	 is	 extremely	 useful	 in	 analyzing	 backbone	 and	 conformational	

dynamics75-77	due	to	the	sensitivity	of	the	spectral	lineshape	to	the	local	environment	of	

the	unpaired	electron.	On	the	other	hand,	pulsed	EPR	has	been	proven	especially	fruitful	

in	 providing	 valuable	 insight	 into	 structural	 and	 dynamic	 conformation	 of	

biomacromolecules	 such	 as	 proteins78-81	 and	 nucleic	 acids82-84,	 contributing	 to	

conformational	studies85,86	and	to	gain	important	insights	into	mechanisms	of	complex	
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biomolecular	machinery87,88.	Recently,	high	 interest	has	sparkled	 for	 investigating	 the	

structure	 and	 the	 dynamics	 of	 biomacromolecules	 directly	 in	 their	 intracellular	

environment,	 and	 EPR	 has	 once	 again	 showed	 astonishing	 potential	 in	 fulfilling	 this	

objective.	In	fact,	the	highly	intricate	intracellular	environment	seems	to	strongly	affect	

the	distance	distribution	when	comparing	the	in	vitro	and	in-cell	samples85,89,90.	

4.2.1. The	Spin	Hamiltonian	
The	 energy	 terms	 involving	 electron	 and	 nuclear	 spins	 can	 be	 described	 by	 the	 spin	

Hamiltonian,	𝐻"0,	which	has	the	following	terms:	

 
(1) 

 
where	H𝐸𝑍	is	the	electron	Zeeman	interaction	term,	that	reflects	the	interaction	between	

the	 electron	 and	 the	 external	 magnetic	 field.	 Similarly,	 H𝑁𝑍	 is	 the	 nuclear	 Zeeman	

interaction	term,	which	describes	 the	 interaction	of	 the	nuclear	spin	with	the	applied	

magnetic	field.	H𝑍𝐹𝑆	 is	 the	zero-field	splitting	 term	arising	 from	 interactions	between	

different	unpaired	electron	spins	(𝑆	>	½)	in	the	same	atom.	H𝐻𝐹	is	the	hyperfine	coupling	

term	which	describes	the	interaction	between	an	electron	spin	and	a	nuclear	spin	I.	H𝑁𝑄	

is	the	nuclear	quadrupolar	interaction	term,	describing	the	multiple	nuclear	spins	present	

in	the	same	nucleus,	i.e.	it	occurs	for	nuclear	spins	𝐼	≥	1.	H𝐸𝑋	is	the	Heisenberg	exchange	

coupling	 term	 and	 describes	 a	 through-bond	 interaction	 between	 unpaired	 electron	

spins.	 H𝐷𝐷	 is	 the	 dipole-dipole	 interaction	 term	 and	 describes	 a	 through-space	

interaction	between	unpaired	electron	spins.		

A	system	containing	a	single	unpaired	electron,	 (𝑆	 =	½),	coupled	to	a	nucleus,	with	a	

single	nuclear	spin	(𝐼	=	½),	is	described	by	the	electron	Zeeman	term,	by	the	nuclear	one	

and	by	the	hyperfine	interaction.	

	

4.2.2. Continuous	Wave	EPR	
CW-EPR	is	based	on	irradiating	the	sample	with	a	low-power	microwave	source	at	fixed	

frequency,	while	the	external	magnetic	field	B0	is	swept	until	the	resonance	condition	is	

fulfilled.	Different	frequencies	such	as	X-band	(9.5	GHz),	Q-band	(34	GHz)	and	W-band	
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(94	GHz)	can	be	employed	for	recording	EPR	spectra.	Generally,	the	microwave	(MW)	

bridge	is	the	place	where	MW	radiation	is	generated	and	directed	towards	the	sample,	

typically	placed	within	a	resonator	or	cavity,	using	a	waveguide.	 Ideally,	all	microwave	

power	 should	 be	 absorbed	 in	 the	 resonator.	 This	 condition	 is	 referred	 as	 “critically	

coupled”	and	is	an	essential	prerequisite	for	a	successful	cw-EPR	experiment.	However,	

the	 introduction	of	 the	 sample	causes	a	detuning	of	 the	 resonator	with	a	consequent	

reflection	of	microwave	power	that	is	transmitted	to	the	detector	(MW	diode).	Recording	

the	reflection	power	against	the	magnetic	field	generates	continuous	wave	EPR	spectra.	

The	signal-recording	channel	is	a	central	component	of	any	spectrometer	and	typically	

includes	a	 lock-in	detector	and	modulation	amplifier,	both	crucial	 for	an	accurate	and	

sensitive	 detection.	 Briefly,	 a	 modulation	 coil	 generates	 a	 magnetic	 field	 oscillation,	

typically	at	a	frequency	of	around	100	kHz,	parallel	to	the	principal	magnetic	field	(B0),	

with	a	certain	amplitude	(Bmod)	with	the	aim	of	modulating	the	EPR	signal.	At	this	point	

the	lock-in	detector	recognizes	and	processes	the	modulated	signal	with	this	reference	

frequency,	producing	an	output	that	corresponds	only	to	the	EPR	signal	isolated	from	the	

noise.	The	consequence	of	the	field	modulation	is	that	the	slope	of	the	EPR	spectra,	which	

represents	 the	 first	 derivate	 of	 the	 absorption	 spectrum,	 is	measured.	 In	 general,	 for	

samples	in	solution,	the	molecule	tumbles	really	fast	and	the	EPR	spectra	show	effects	of	

the	orientation	averaging	the	g-value	and	the	hyperfine	coupling.	On	the	other	hand,	for	

frozen	solutions	or	powder	samples,	all	the	orientations	of	the	paramagnetic	center	with	

respect	to	the	magnetic	field	are	equally	probable.	In	this	case	anisotropy	is	not	averaged	

by	molecular	motion	and	 the	detected	 signal	 is	 represented	 by	 the	 sum,	over	 all	 the	

possible	orientations,	of	 the	g	and	A	values.	 For	single	crystals	samples,	 the	molecule	

shows	high	dependence	on	the	orientation	of	the	molecule	with	respect	to	the	magnetic	

field	B0,	due	to	anisotropy	of	both	the	g-value	and	the	hyperfine	coupling.		

CW-EPR	spectra	of	nitroxide	radicals	have	been	widely	used	to	monitor	the	difference	in	

the	local	dynamics	of	free	nitroxide	spin	labels	and	the	same	labels	successfully	attached	

to	 the	desired	cysteine	 residues	after	 the	 Site	Direct	 Spin	 Labelling	 reaction	 (Section	

4.2.4).	Nitroxide	radicals	are	considered	among	the	most	exploited	paramagnetic	species	

for	EPR.	These	molecules	 (Figure	6)	are	characterized	by	 the	presence	of	a	nitrogen-

oxygen	bond	(N-O),	with	the	unpaired	electron	delocalized	between	these	atoms.	Since	

the	 14N	nucleus	possess	a	nuclear	spin	of	 I	 =	 1,	 the	hyperfine	 interaction	between	 the	
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nitrogen	nucleus	and	the	unpaired	electron,	which	gives	rise	to	three	different	transitions,	

needs	also	 to	 be	 taken	 into	account.	The	 EPR	spectra	derived	 from	 these	moieties	 in	

different	conditions	can	be	easily	analyzed	with	the	help	of	simulated	spectra91,	that	can	

assist	in	better	understanding	on	the	role	of	the	g	and	A	tensors	(Figure	6).	

	

	
Figure	 6.	 On	 the	 top	 left,	 the	 general	 chemical	 structure	 of	 a	 nitroxide	 radical	 within	 the	 Cartesian	
coordinate	system.	For	the	nitroxides	the	g-tensor	and	the	A-tensor	are	collinear.	The	rest	of	the	image	shows	
two	simulated	echo	detected	spectra	for	a	nitroxide	radical	at	two	different	bands:	X-band	(9	GHz)	and	the	
high	field	J-band	(275	GHz).	The	X-band	spectrum	is	dominated	by	the	large	hyperfine	splitting	of	Azz,	while	
Axx	and	Ayy	are	hidden	behind	the	inhomogeneous	broadening.	The	spectrum	of	the	same	nitroxide	but	at	
high	fields	 is	dominated	by	 the	anisotropy	of	 the	g-factor,	with	 the	 three	component	gxx,	 gyy	 and	gzz	well	
resolved.	

For	example,	in	solution,	the	nitroxide	EPR	spectrum	is	affected	by	the	thumbling	and	

the	rotational	correlation	time	𝜏c	(the	average	time	takes	a	molecule	to	tumble	an	angle	

of	one	radian).	To	illustrate	the	effect	of	nitroxide	thumbing	to	the	EPR	spectrum,	it	is	

possible	to	simulate	the	spectra	in	solvents	with	different	viscosity	(Figure	7).	
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Figure	7.	On	the	left,	EasySpin	simulated	cw-EPR	spectra	of	a	nitroxide	radical	with	different	correlation	
times	 (𝜏c).	 The	 isotropic	 behaviour	 represents	 the	 free	 nitroxide	 label	 in	 solution,	 while	 increasing	 the	
correlation	time	leads	to	spectral	broadening.	On	the	right,	a	schematic	representation	of	the	energy	levels	
of	a	system	with	a	single	unpaired	electron	(S	=	½)	and	a	nucleus	with	a	nuclear	spin	I	=	1	(like	for	the	nitroxide	
radical).	The	first	splitting	between	the	two	energy	levels	derives	from	the	interaction	between	the	unpaired	
electron	and	the	magnetic	field.	The	second	splitting	concerns	the	hyperfine	interaction	between	the	unpaired	
electron	and	the	14N	nucleus.	In	red	are	highlighted	the	allowed	EPR	transitions,	according	to	the	rule:	∆ms	=	
±1	and	mI	=	04.	

In	 the	 isotropic	 scenario,	 the	 EPR	spectrum	displays	 three	equally	 intense	and	evenly	

spaced	peaks.	This	pattern	is	typical	of	free	radicals,	which	exhibit	a	very	short	correlation	

time,	indicative	of	rapid	tumbling	motions.	When	the	viscosity	of	the	solvent	is	increased,	

or	 the	 motion	 slows	 because	 the	 nitroxide	 is	 no	 longer	 free	 but	 conjugated	 to	

biomolecules,	anisotropic	interactions	are	no	longer	averaged	out,	resulting	in	broader	

and	 asymmetric	 spectra	 that	 begin	 to	 resemble	 the	 rigid-limit	 spectrum	observed	 in	

powdered	samples.	Therefore,	employing	cw-EPR	with	nitroxide-based	 labels	at	 room	

temperature	 enables	 a	 detailed	 understanding	 of	 local	 dynamics	 without	 being	

constrained	by	molecular	size	limitations.	In	this	thesis	cw-EPR	has	been	extensively	used	

for	investigating	the	local	dynamics	of	nitroxide	spin	labels	both	in	vitro	and	in-cell.	

4.2.3. Pulsed	EPR	Spectroscopy	
This	section	is	intended	as	a	brief	overview	of	semi-classical	EPR	theory,	particularly	of	

electron-electron	 dipolar	 coupling	 and	 the	 PELDOR	 and	 RIDME	 experiments,	 to	
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introduce	 the	unique	 role	of	 pulsed	 EPR	 spectroscopy	 in	 the	 structural	 biology	 filed.	

These	approaches	allow	to	study	the	width	of	conformational	ensembles	for	the	spatial	

organization	of	biomolecular	systems,	by	measuring	the	distance	distribution	between	at	

least	 two	paramagnetic	 labels	 attached	 to	 the	 investigated	 biomolecule.	The	distance	

distributions	are	extracted	from	the	dipole-dipole	coupling	between	the	labels,	where	the	

primary	 data	 are	 acquired	 into	 the	 time	 domain	 and	 then	 converted	 into	 a	 distance	

distribution.	The	EPR	theory	herein	described	can	be	found	in	several	textbooks92-94	and	

review	articles95-98.	

4.2.3.1. The	Dipole-Dipole	Interaction	

For	systems	with	more	than	one	paramagnetic	center,	the	effect	of	the	coupling	between	

two	 interacting	electron	spins	 (SA	and	SB)	 is	described	by	 the	HEX	and	the	HDD	 terms	

already	introduced	in	equation	(1).	For	an	isolated	spin	pairs	(S	=	½):	

	

(2) 
	

where:	H0(𝑆(𝐴)	and	H0(𝑆(𝐵)	are	the	individual	spin	Hamiltonians,	while	𝑱	and	𝑫	correspond	

to	 the	 exchange	 coupling	 and	 dipole-dipole	 tensors.	 From	 now	 on,	 the	 exchange	

couplings	will	not	be	considered	since	if	the	two	paramagnetic	centers	are	not	linked	by	

a	continuous	chain	of	conjugated	bonds,	exchange	coupling	is	rarely	resolved	at	distances	

larger	than	1.5	nm.	In	any	case,	at	such	long	distances	exchange	coupling	is	much	smaller	

than	the	dipole-dipole	coupling	between	the	two	unpaired	electrons	if	the	system	is	not	

conjugated.		

Pulsed	EPR	experiments	are	mostly	devoted	to	detect	the	effects	of	the	dipolar	coupling	

between	two	paramagnetic	labels	for	the	obtainment	of	the	distance	distribution	between	

them	(Figure	8).	
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Figure	8.	Schematic	representation	of	two	spins,	A	and	B,	coupled	through	dipole-dipole	interaction.	The	
interspin	vector	that	connects	the	two	spin	is	labelled	as	rAB.	The	angle	𝜃	describes	the	relative	orientation	of	
the	interspin	vector	with	respect	to	the	external	magnetic	field	B0	that	in	this	case	is	aligned	along	the	x	axis	
of	the	laboratory	frame.	

The	energy	of	this	interaction	can	be	described	according	to	classical	physics	as:	

	

																						(3)	

	

On	the	other	hand,	 in	quantum	mechanical	terms,	the	dipole-dipole	 interaction	term	

between	electrons	A	and	B	can	then	be	defined	as:	

	

(4)	

	

where	r	is	the	vector	that	connects	spins	A	and	B,	𝜇0	is	the	vacuum	permeability	constant,	

𝛽𝑒	is	the	Bohr	magneton,	and	𝑔𝐴	and	𝑔𝐵	are	the	corresponding	g-tensors	of	the	spins	A	

and	B.	If	the	orientation	of	the	interspin	vector	r	is	expressed	in	spherical	coordinates,	

the	above	equation	can	be	converted	into:	

	

(5)	

	

where	A,	B,	C,	D,	E	and	F	can	be	expresses	as:	
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	(6)	

	

	

	

	

	

	

	

where	Sz,	S-,	S+	are	spin	operators,	and	𝜃	is	the	angle	that	describes	the	orientation	of	the	

interspin	vector	with	 respect	 to	 the	external	magnetic	 field	 B0.	 Under	 the	 high	 field-

approximation	only	the	secular	term	(𝐴)	and	the	pseudo-secular	term	(𝐵)	contribute	to	

the	dipole-dipole	 interaction.	 If	 the	weak-coupling	approximation	 is	met	 as	well,	 the	

dipolar	term	is	described	only	by	the	secular	term	A.	The	weak	coupling	approximation	

can	be	applied	if	the	dipole-dipole	interaction	(𝜔DD)	between	the	electrons	A	and	B	is	

small	compared	to	the	resonance	difference	between	them	(∆𝜔AB	=	𝜔A– 	𝜔B	)	(Figure	9).	

	
Figure	9.	On	 the	 left,	 a	 schematic	 representation	of	 the	weak	 coupling	 approximation,	with	 the	 dipolar	
splitting	of	 the	A	and	B	 spins	around	 their	 respective	Larmor	 frequencies,	ωA	and	ωB.	On	 the	 right,	 the	
corresponding	energy	level	diagram,	with	the	corresponding	transition	energies	indicated.	

The	frequency	of	the	electron-electron	dipolar	interaction	is	then	described	as:	

	

													(7)	

	

!A !B

∆"AB	≫ "DD

!DD

1

4

2
3

2!A + !DD

2!B +
!DD

2!A − !DD2!B −
!DD

1-3 2-4 !DD
1-2 3-4



	

	 24	

As	 stated	 above,	 in	 a	 powder	 sample	 or	 in	 the	 case	 of	 a	 frozen	 solution,	 all	 random	

molecular	 orientations	 are	 present	 and	 not	 averaged.	 In	 these	 cases,	 the	 angular	

dependency	of	dipolar	frequency	generates	a	characteristic	spectrum	called	Pake	pattern	

(Figure	10),	which	represents	the	resulting	distribution	of	the	dipolar	frequency	in	the	

powder	 sample.	 This	 pattern	 arises	 because	 the	 corresponding	 intensities	 of	 the	

orientations	are	weighted	by	sin𝜃,	and	so	orientations	perpendicular	(𝜃⊥)	to	B0	dominate	

the	Pake	pattern,	with	a	splitting	corresponding	to	𝜈⊥.	Singularities	are	also	present	at	

orientations	 parallel	 (𝜃∥)	 to	 B0,	 with	 a	 splitting	 corresponding	 to	 𝜈∥,	 which	 is	 often	

referred	to	as	the	‘double	frequency	component’,	since	𝜈∥	=	2𝜈⊥.	

	
Figure	10.	On	the	left,	a	unit	sphere	indicating	the	angle	𝜃	between	the	magnetic	field	and	the	distance	vector	
(𝑟AB).	In	the	middle,	a	typical	Pake	pattern	frequency	response,	indicating	the	singularities	corresponding	to	
different	values	of	𝜃	(shown	as	dots).	On	the	right,	the	unit	sphere	with	a	heat-map	to	indicate	the	relative	
intensities	of	given	conformations,	weighted	with	sin𝜃.	There	is	greater	intensity	at	the	equator	than	at	the	
poles	of	the	sphere,	reflected	by	the	frequency	response.	

4.2.3.2. DEER	 and	 RIDME	 experiments	 for	 distance	

measurements	

The	 initial	 approach	 employed	 for	 assessing	 dipolar	 interactions	 between	 two	

paramagnetic	centers	at	close	distance	(below	2	nm)	involves	the	use	of	continuous-wave	

EPR,	which	can	provide	information	about	the	dipolar	splitting.	The	dipolar	coupling	can	

be	straightforwardly	measured	through	cw-EPR	if	it	is	sufficiently	large	to	split	an	EPR	

line	beyond	its	intrinsic	linewidth.	However,	if	the	dipolar	splitting	is	smaller	than	the	

intrinsic	 linewidth,	 deconvolution	 methods	 are	 necessary	 to	 separate	 the	 dipolar	

contribution	 from	 other	 effects.	 Although	 deconvolution	 techniques	 are	 generally	

reliable,	 they	 can	 encounter	 stability	 issues	when	 applied	 to	 spectra	with	 unresolved	

dipolar	peaks,	 requiring	 robust	signal-to-noise	 ratios	 to	avoid	artifacts.	Meeting	 these	
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conditions	can	sometimes	be	challenging.	In	contrast,	pulsed	EPR	methods	enable	the	

direct	measurement	of	dipolar	coupling	extent	and,	consequently,	the	distances	between	

two	paramagnetic	centers	at	distances	typically	between	2	and	10	nm	(but	in	some	cases	

even	 beyond99),	 using	 specific	 pulse	 sequences.	 While	 as	 mentioned	 above	 cw-EPR	

involves	continuous	microwave	irradiation	at	a	fixed	frequency,	pulsed	EPR	experiments	

employ	short,	high-power	microwave	pulses	in	the	nanosecond	range	to	excite	spins	and	

perturb	electron	spin	transitions.	One	of	the	simplest	pulse	sequences	is	the	two-pulse	

Hahn	Echo	sequence.		

At	 the	 beginning	 of	 every	 pulse	 sequence	 the	 macroscopic	 magnetization	 is	 always	

aligned	parallel	to	the	z	axis.	The	application	of	a	microwave	pulse	along	the	x	axis	creates	

an	additional	magnetic	field	B1	perpendicular	 to	 the	static	field	B0,	which	causes	spin	

transitions	and	therefore	changes	the	resulting	magnetization.	In	the	case	of	the	2-pulse	

Hahn	Echo	sequence	(Figure	11)	the	macroscopic	magnetization	is	initially	aligned	along	

the	 z-axis	 (point	 a).	 Following	 the	 application	 of	 a	 π/2-pulse	 along	 the	 x-axis	 the	

magnetization	is	tilted	and	results	aligned	along	the	-y-axis	(point	b).	During	the	first	

time	delay	𝜏1	the	spins	evolve	on	the	xy	plane	with	different	resonance	frequencies	due	to	

local	different	magnetic	fields,	resulting	 in	 their	dephasing	 (point	c).	Afterwards,	a	π-

pulse	inverts	the	spin	packets	(point	d)	and	after	another	time	delay	𝜏1,	of	the	same	length	

as	the	first	one,	the	Hahn	Echo	(HE)	is	formed	(point	e).	
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Figure	11.	On	the	top,	the	2-pulse	Hahn	Echo	pulse	sequence.	It	is	often	used	as	the	observer	subsequence	in	
many	other	pulse	EPR	experiments.	On	the	bottom,	a	schematic	representation	of	the	spin	packets	behaviour	
through	the	whole	pulse	sequence.	

Some	EPR	pulse	sequences	have	been	specifically	developed	for	the	detection	of	dipolar	

couplings:	the	four-pulse	PELDOR	(or	DEER)	and	five-pulse	RIDME	experiments.	The	

four-pulse	PELDOR	experiment70,71	(Figure	12	a)	is	a	dead-time	free	version	of	the	three-

pulse	PELDOR	experiment100	(Figure	12	b),	wherein	the	initial	π/2-pulse	is	replaced	by	

the	pulse	train	(π/2-𝜏1-π-𝜏1),	which	forms	a	Hahn	echo	at	time	2𝜏1.	Briefly,	the	three-pulse	

experiment	 is	 composed	 by	 the	 Hahn	 Echo	 sequence	 with	 a	 long	 evolution	 time	 𝜏1	

between	the	two	pulses	and	a	π	pulse	at	the	second	frequency	(𝜈B)	which	 induces	the	

transition	of	 the	 spins	of	 a	different	 paramagnetic	 center	 characterized	 by	a	different	

resonance	frequency.	The	aim	is	to	probe	the	dipolar	interaction	between	the	two-spin	

systems	A	and	B.	However,	this	sequence	suffered	from	the	presence	of	the	dead-time	due	

to	the	incapability	of	applying	the	π	pulse	at	𝜈B	frequency	at	the	zero	time	(when	the	π/2	

pulse	at	𝜈A	frequency	is	applied).	This	was	overcome	by	the	introduction	of	the	four-pulse	

PELDOR	experiment,	where	an	additional	refocusing	echo	is	introduced.	In	this	case	the	

π-pulse	at	frequency	𝜈B	can	be	applied	at	𝑡	≤	2𝜏1,	so	that	the	pulse	position	is	incremented	

through	the	maximum	of	the	PELDOR	signal,	to	accurately	determine	the	zero-time.	A	

final	π-pulse	 is	applied	at	the	detection	frequency	at	time	𝜏2,	generating	the	refocused	

echo	 at	 time	 2𝜏2.	 As	 already	 introduced,	 the	 π-pulse	 at	 the	 second	 frequency	 is	 on-

resonance	 for	 the	 spin	 packet	 B	 and	 inverts	 its	 magnetization,	 transferring	 the	

perturbation,	 through	 the	dipolar	 coupling,	 to	 the	other	 spin	 packet	A	 (which	 is	 on-

resonance	with	the	detection	pulses	at	the	first	frequency).	This	process	leads	to	a	shift	in	

the	 Larmor	 frequency	 of	 the	 A	 spins,	 which	 no	 longer	 refocus	 at	 time	 2𝜏2,	 as	 their	

precession	frequency	is	shifted	by	±𝜔𝑑𝑑.	
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Figure	 12.	a)	 4-pulse	dead-time	 free	PELDOR	pulse	 sequence.	Observer	pulses	at	 the	first	 frequency	are	
shown	in	blue,	and	the	inversion	pulse	at	the	second	frequency	is	shown	in	red.	PE	and	RE	correspond	to	
primary	echo	and	refocused	echo,	respectively.	b)	3-pulse	PELDOR	pulse	sequence.	Observer	pulses	at	the	
first	 frequency	 are	 shown	 in	 blue,	 and	 the	 inversion	 pulse	 at	 the	 second	 frequency	 is	 shown	 in	 red.	HE	
corresponds	to	a	Hahn	echo.	

Therefore,	moving	the	inversion	pulse	in	the	time	t,	the	echo	intensity	V(t)	will	oscillate	

according	to	the	dipolar	frequency	𝜔𝑑𝑑.	The	echo	intensity	can	be	expressed	as:	

	

(8)	

	

where	V0	is	the	echo	intensity	at	t=0.	

The	five-pulse	RIDME	experiment101	(Figure	13	a)	is	a	dead-time	free	version	of	the	three-

pulse	 RIDME	 experiment102,	wherein	 akin	 to	 the	 four-pulse	 PELDOR	 experiment,	 an	

initial	π/2	pulse	is	replaced	by	the	sub-sequence	(π/2-𝜏1-π-𝜏1)	again	forming	a	Hahn	echo	

at	 time	 2𝜏1.	 The	 inversion	 π-pulse	 used	 in	 PELDOR	 is	 replaced	 by	 a	 ‘mixing	 block’	

subsequence	 (π/2-𝑇𝑚𝑖𝑥-π/2),	 which	causes	 longitudinal	 relaxation	driven	 spontaneous	

spin	flips	of	non-resonant	‘pump-spins’	so	that	∆𝑚𝑠	≠	0.	During	the	mixing	block	the	A-

spin	magnetization	is	parallel	to	B0,	and	the	second	π/2-pulse	partially	restores	the	A-
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spin	magnetization	to	the	transverse	plane.	Analogously	to	PELDOR,	a	coherence	transfer	

to	resonant	(detected)	spins,	induces	a	further	contribution	to	their	precession	frequency	

by	±𝜔𝑑𝑑∆𝑚𝑠.	The	time	of	the	mixing	block	is	incremented	over	the	series	of	performed	

experiments,	still	maintaining	the	dipolar	evolution	constant,	before	a	final	π-pulse	at	

time	(𝑡2	−	𝑡)	generates	a	refocused	echo	modulated	by	cos(𝜔𝑑𝑑𝑡).	This	experimental	set-

up	can	be	also	renamed	as	“constant	time”	(ct)	RIDME,	since	the	total	period	of	dipolar	

evolution	 (tmax)	 is	 identical	 (i.e.,	 constant)	 for	 all	 time-points	 through-out	 the	

measurement.	This	can	 limit	 the	achievable	sensitivity	 in	dependence	of	 the	tmax,	and	

simultaneously	mandates	selection	of	tmax	a	priori,	optimized	for	a	particular	inter-spin	

distance.	Moreover,	an	alternative	RIDME	pulse	sequence	which	has	a	dynamic	tmax	and	

recently	has	been	introduced,	and	has	been	called	“variable	time”	(vt)	RIDME103	(Figure	

13	 b).	 In	 this	 sequence	 the	 tmax	 is	 incremented	 at	 each	 time-point	 throughout	 the	

measurement.	

	
Figure	 13.	a)	 5-pulse	 constant-time	RIDME	pulse	 sequence,	with	detection	pulses	 indicated	 in	blue,	 and	
mixing	block	interval	(Tmix)	pulses	indicated	in	green.	The	position	of	the	mixing	block	is	incremented	in	time	
by	t,	indicated	by	the	black	arrows.	The	interval	between	detection	pulses	in	the	Hahn	echo	subsequence	(𝜏1)	
and	the	total	dipolar	evolution	time	(𝜏2)	are	indicated	by	the	double-headed	blue	arrows.	The	position	of	the	
final	p-pulse	 is	 constant,	 separated	by	𝜏2-t	 from	the	mixing	block.	b)	 5-pulse	variable-time	RIDME	pulse	
sequence,	with	detection	pulses	indicated	in	red,	and	mixing	block	interval	pulses	in	green.	The	intervals	𝜏1	
and	𝜏2	are	indicated	by	the	double-headed	red	arrows.	Here,	the	position	of	the	mixing	block	and	the	final	p-
pulse	are	incremented	together	in	time	by	t	(i.e.,	the	position	of	the	final	p-pulse	is	dynamic,	separated	by	an	
arbitrarily	short	time	interval	(𝜏0)	from	the	mixing	block.	
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In	this	thesis	both	ct	and	vt	RIDME	were	employed	to	systematically	investigate	two	GB1	

constructs	 with	 copper(II)-nitroxide	 orthogonal	 spin	 labelling	 (using	 four	 different	

nitroxide	labels),	alternating	both	labels	between	the	α-helix	and	the	β-sheet	and	their	

performances	were	compared.	

RIDME	 is	 the	 ideal	method	 for	probing	distance	distributions	 between	 these	distinct	

labels.	This	choice	 is	driven	by	the	inherent	broadness	of	the	copper(II)	spectrum	as	a	

paramagnetic	metal	center,	in	contrast	to	the	narrower	spectrum	of	a	nitroxide	radical.	

Moreover,	the	two	spectra	are	completely	separated	and	do	not	overlap	at	Q-band	EPR	

frequencies.	Consequently,	employing	double-resonance	techniques	(such	as	PELODR),	

which	need	selective	excitation	of	both	spin	centers,	requires	an	extensive	bandwidth,	

which	 is	 not	 readily	 available	 in	 most	 EPR	 resonators.	 Moreover,	 single	 frequency	

techniques	 that	 aim	 to	 excite	 both	 spins	 simultaneously	 (such	 as	 Double	 Quantum	

Coherence	(DQC))	are	even	more	challenging,	given	that	they	would	need	to	cover	both	

frequencies	 simultaneously.	 However,	 RIDME	 presents	 a	 solution	 by	 statistically	

inverting	the	fast-relaxing	spin	through	longitudinal	relaxation,	thereby	introducing	the	

dipolar	interaction.	This	approach	means	that	the	microwave	pulses	only	need	to	excite	a	

sufficient	fraction	of	the	nitroxide	radical	to	detect	the	echo,	a	condition	readily	met	in	

most	experimental	setups.	The	inter-spin	distance	can	then	be	deduced	by	analyzing	the	

modulation	with	 the	dipolar	 frequency.	An	 additional	 advantage	of	 RIDME	 is	 that	 it	

circumvents	 orientation-dependent	 excitation	 of	 the	 broad	 copper(II)	 spectrum,	

simplifying	the	analysis	and	interpretation	process	as	all	orientations	contribute.	

	

4.2.3.3. RIDME	measurements	experimental	set	up	

	

All	RIDME	experiments,	for	both	the	constant	time	(ct)	and	the	variable	time	(vt),	were	

carried	out	at	30	K.	For	every	sample,	the	pulses	were	applied	on	the	maximum	of	the	

nitroxide	echo	detected	field	sweep.	ctRIDME	measurements	were	performed	using	the	

pulse	 sequence	 π/2–τ1–π–(τ1+t)–π/2–Tmix–π/2–(τ2-t)–π–τ2–echo	 with	 detection	 pulse	

lengths	π/2	and	π,	respectively	of	8	and	16	ns.	Each	trace	was	acquired	using	an	SRT	of	10	

ms,	a	τ1	of	400	ns,	and	2	shots-per-loop	and	32-steps	phase	cycling.	
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vtRIDME	measurements	were	performed	using	the	pulse	sequence	π/2–τ1–π–(τ1+t)–π/2–

Tmix–π/2–τ0–π–(τ2+t)–echo	with	detection	pulse	lengths	π/2	and	π,	respectively	of	8	and	

16	ns.	Each	trace	was	acquired	using	an	SRT	of	10	ms,	a	τ1	of	400	ns,	and	2	shots-per-loop	

and	32-steps	phase	cycling.		

Measurements	were	recorded	with	a	short	(reference)	and	a	long	mixing	time	of	5	and	

200	 μs,	 respectively,	 to	 allow	deconvolution	 (dividing	 the	 constant	 and	 variable	 time	

RIDME	traces	with	the	longer	mixing	times	by	the	corresponding	reference	traces)	of	the	

traces.	

4.2.3.4. Background	correction	

The	detected	signal	of	both	the	PELDOR	and	RIDME	experiments	(and,	in	general,	all	

pulse	 dipolar	 EPR	 methods)	 has	 contributions	 that	 derive	 from	 the	 intramolecular	

couplings	of	electron	spin	pairs,	𝑉intra,	and	an	intermolecular	component	from	couplings	

of	electron	spins	on	discrete	macromolecules,	𝑉inter	as	expressed	below:	

	

	

(9)	

	

Since	 the	 dipole-dipole	 coupling	 frequency	 information	 is	 encoded	 only	 by	𝑉intra	 the	

intermolecular	component	needs	to	be	extracted	from	the	overall	experimental	data,	so	

to	obtain	the	intramolecular	component	i.e.	that	of	interest.	In	the	PELDOR	experiment,	

this	 intermolecular	 signal	 component	 is	 approximated	 as	 a	 stretched	 exponential	

background	 function.	 On	 the	 other	 hand,	 the	 intermolecular	 decay	 in	 the	 detected	

RIDME	signal	is	dominated	by	electron-electron	and	electron-nuclear	spectral	diffusion.	

These	spectral	diffusion	processes	manifest	largely	during	the	mixing	block	interval	since	

it	 is	 often	 on	 the	 μs	 timescale,	 and	 result	 in	 RIDME	 background	 decay	 often	 being	

considerably	 steeper	 than	 PELDOR	 traces	measured	with	 the	 same	dipolar	 evolution	

period.	Since	a	full	derivation	of	the	RIDME	background	function	is	beyond	the	scope	of	

this	 thesis,	 it	 is	 sufficient	 to	 describe	 it	 as	 a	 stretched	 exponential	 with	 dimensions	

between	three	and	six.	
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4.2.3.5. Data	Analysis	of	dipolar	traces	

The	DeerAnalysis73	MATLAB	program	is	among	the	most	used	softwares	for	extracting	

distance	distributions	from	dipolar	traces.	This	software	allows	for	a	different	selection	of	

background	choices,	from	homogeneous	background	correction	(which	is	equivalent	to	

an	 exponential	 background	 signal),	 to	 different	 degrees	 of	 polynomial	 background	

correction.	At	the	same	time,	DeerAnalysis	allows	to	retrieve	distance	distributions	P(r)	

using	 a	 numerical	 algorithm	 called	 Tikhonov	 Regularization.	 Converting	 the	 dipolar	

evolution	into	a	distribution	of	distances	P(r)	is	an	ill-posed	problem,	since	small	changes	

in	input	data,	for	instance	due	to	small	errors	in	the	separation	of	the	desired	trace	and	

the	 background,	 can	 lead	 to	 large	 changes	 in	 the	 output	 distance	 distribution.	

Considering	a	known	distance	distribution	P(r)	the	corresponding	trace	can	be	computed	

by	multiplication	with	a	kernel	function	K(t,r):	

	

(10)	

	

This	 ill-posed	problem	can	be	overcome	using	 the	Tikhonov	 regularization	approach,	

which	 is	 able	 to	 fit	 the	 best	 distance	 distribution	 from	 the	 experimental	 data	 by	

minimizing	 the	 differences	 to	 achieve	 the	 optimal	 compromise	 between	 the	 artefact	

suppression	and	the	resolution	in	the	distance	distribution.	

	

(11)	

	

	

(12)	

	

While	first	term	represents	the	deviation	between	the	experimental	data	Vintra(t)	and	the	

theoretical	simulated	function	Vintra,simulated(t),	called	𝜌(𝛼),	the	second	term	stands	for	the	

product	between	the	regularization	parameter,	𝛼,	and	the	fit	smoothness	𝜂(𝛼),	which	is	

defined	as	the	norm	of	the	second	derivative	of	the	distance	distribution.	In	this	thesis	

DeerAnalysis	was	widely	employed	for	extracting	the	distance	distributions	from	several	

RIDME	dipolar	traces.	
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4.2.4. Site	Direct	Spin	Labelling	in	EPR	
Among	the	vast	number	of	existing	biomolecular	systems,	only	a	small	percentage	can	be	

directly	subjected	to	continuous	wave	and	pulsed	EPR	since	only	a	few	of	them	contain	

intrinsic	paramagnetic	moieties,	such	as	metalloenzymes	or	iron-sulfur	(Fe-S)	proteins.	

Therefore,	 a	 significant	 challenge	 arises	 when	 studying	 biomolecules	 that	 lack	 an	

inherent	 paramagnetic	 center,	 such	 as	 DNA,	 RNA,	 or	 certain	 proteins.	 The	 following	

section	aims	to	explain	how	successfully	 introduce	a	paramagnetic	spin	probe	through	

Site	Direct	Spin	Labelling	(SDSL).	

4.2.4.1. The	SDSL	reaction	

As	 already	 introduced,	 SDSL	 is	 nowadays	 considered	 the	 cornerstone	 technique	 for	

selectively	 introducing	small	paramagnetic	 labels,	mostly	nitroxides,	 into	specific	and	

strategically	placed	sites	within	otherwise	diamagnetic	proteins.	Briefly,	 this	approach	

focuses	on	introducing	a	cysteine	residue	(if	not	already	present)	on	the	desired	position,	

through	site	direct	mutagenesis,	while	mutating	all	the	other	unwanted	cysteines	with	

different	amino	acids	(e.g.:	alanine,	serine,	histidine).	The	stable	nitroxide	spin	label	is	

then	covalently	grafted	to	the	protein	surface	through	the	formation	of	a	disulfide	bond	

with	the	cysteine	residue	(Figure	14a).	
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Figure	 14.	 a)	 SDSL	 reaction	 between	 a	 1-Oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-
methyl)methanethiosulfonate	(MTSL)	nitroxide	spin	label	and	a	cysteine	residue	on	the	protein	backbone	
with	consequent	formation	of	the	disulfide	bond.	b)	Detailed	MTSL	structure	highlighting	the	five	torsion	
angles	(red,	light	blue,	green,	magenta,	and	orange).	

Once	the	label	is	successfully	attached	to	the	site	of	choice,	insights	about	its	dynamics	

can	be	directly	retrieved	from	the	cw-EPR	spectrum.	In	general,	the	spin	label	choice	is	

crucial	when	performing	EPR	experiments,	since	distance	measurements	can	be	heavily	

affected	by	 the	 intrinsic	 features	of	 the	selected	probe,	such	as	 the	rigidity,	 the	 linker	

length	and	the	sensitivity.	The	next	section	is	meant	to	introduce	the	most	exploited	spin	

label	classes	in	the	context	of	EPR.	

4.2.4.2. Spin	Label	Classes	

The	most	important	property	of	an	ideal	spin	label	is	undoubtedly	its	intrinsic	chemical	

stability.	The	label	should	be	as	small	as	possible,	to	perturb	the	protein	structure	as	little	

as	possible.	It	should	react	in	mild	conditions	and	contain	a	reactive	group	that	allows	

incorporation	into	the	protein	with	high	selectivity	towards	a	particular	amino	acids	type.	

All	spin	labels	can	be	divided	in	three	main	groups	based	on	the	spectroscopic	properties	

of	 the	 paramagnetic	 moieties.	 The	 first	 group	 is	 represented	 by	 the	 metal/bound	

complexes	with	metal	ions	ranging	from	lanthanides	ions,	such	as	gadolinium	(Gd(III))104	
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to	transition	metal	 ions	such	as	copper	(Cu(II))23,105	and	manganese	(Mn(II))106,107.	The	

second	class	is	related	to	triarylmethyl	(TAM)108	radicals,	(e.g.:	SLIM	radical109),	that	are	

often	 preferred	 to	 the	 nitroxide	 radicals	 for	 in-cell	 applications	 due	 to	 their	 higher	

stability	in	the	intracellular	reductive	environment.	The	last	class	and,	as	of	date,	the	most	

exploited	one	is	the	nitroxide	radicals.	

4.2.4.2.1. Nitroxide	Spin	Labels	

Based	 on	 the	 numbers	 of	 carbon	 atoms	 present	 in	 the	 ring	 containing	 the	 nitroxide	

moiety	we	can	distinguish	two	different	subgroups	of	spin	labels:	the	five	member	rings,	

such	as	MTSL,	and	the	six	member	rings,	like	the	2,2,6,6-tetramethyl-N-oxyl-4-amino-4-

carboxylic	acid	(TOAC)110.	The	four	tested	labels	were:	the	already	introduced	MTSL	(or	

MTSSL)62,111,	 3-Maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy	 (MPSL	 or	 malemide-

Proxyl)112-114,	 3-(2-Iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy	 (IPSL)115-117	 and	

bis-(2,2,5,5-Tetramethyl-3-imidazoline-1-oxyl-4-yl)disulfide	(IDSL)118-121	(Errore.	L'origine	

riferimento	non	è	stata	trovata.).	

	
Figure	 15.	 Chemical	 structure	 of	 the	 four	 different	 nitroxides	 investigated.	 Top	 left,	 1-Oxyl-2,2,5,5-
tetramethyl-3-pyrroline-3-methyl)methanethiosulfonate	 (MTSL);	 Bottom	 left.	 3-Maleimido-2,2,5,5-
tetramethyl-1-pyrrolidinyloxy	 (MPSL);	Top	 right,	 3-(2-Iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy	
(IPSL);	 Bottom	 right,	 bis-(2,2,5,5-Tetramethyl-3-imidazoline-1-oxyl-4-yl)disulfide	 (IDSL).	 The	 reaction	 of	
each	label	with	the	cysteine	residue	is	reports	as	well.	
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As	 already	 described,	 the	 MTSL	 is	 the	 “workhorse”	 among	 all	 nitroxide	 spin	 labels,	

however	the	disulfide	bond	between	the	cysteine	and	the	labels	itself	can	be	easily	cleaved	

in	reductive	conditions,	such	as	intracellular	environment.	Meanwhile,	the	presence	of	

the	malemide	moiety	(e.g.:	MPSL)	creates	a	carbon-sulfur	bond	between	the	label	and	

the	cysteine	that	is	less	likely	to	be	reduced,	making	it	a	better	candidate	for	in-cell	studies	

(further	details	are	discussed	in	Section	4.3.4).	The	iodoacetamido	(IPSL)	is	another	good	

option	for	potential	in-cell	studies	since	it	reacts	with	the	thiol	group	forming	a	novel	C-

S	bond.	However,	 its	reactivity	towards	the	-SH	group	seems	reduced	respect	to	MTSL	

and	MPSL,	and	during	the	labelling	reaction	a	great	excess	of	nitroxide	reagent	is	needed	

to	obtain	high	reaction	yield122.	Lastly,	the	IDSL	is	a	biradical	spin	label,	with	the	shortest	

linker	between	the	cysteine	residue	and	the	unpaired	electron.	It	is	not	easily	solubilized	

in	 aqueous	 buffer	 and	 often	 sonication	 cycles	 must	 be	 carried	 out	 to	 achieve	 full	

dissolution.	It	reacts	by	substituting	one	sulfide	of	its	disulfide	bond	with	the	one	of	the	

cysteine	thiol	groups.	In	contrast	to	substitutions	with	good	leaving	groups	(MTSL	and	

IPSL)	or	addition	reactions	(MPSL),	this	disulfide	exchange	has	an	equilibrium	constant	

closer	to	unity,	thus	incomplete	labelling	and	free	dimeric	label	are	very	likely122.	

4.2.4.2.2. Cu(II)	Spin	Labels	and	the	Double	Histidine	Motif	

Metal-ion	based	labels	are	a	valuable	alternative	to	nitroxide	radicals.	In	particular,	Cu2+	

ions	bound	directly	to	native	binding	sites	in	the	protein	have	proven	to	be	a	significant	

choice	 for	 structural	 determination	 of	 proteins123-125.	 However,	 when	 proteins	 lack	

intrinsic	Cu2+-binding	sites,	alternative	spin	labelling	techniques	have	been	developed	to	

introduce	Cu2+	site-specifically	 into	a	protein	using	chelating	tags.	 Initially,	these	tags,	

such	as	 the	 1-(2-(pyridin-2-yldisulfanyl)ethyl)-1,4,7,10-tetraazacyclododecane	 (TETAC),	

were	employed	for	cysteine	conjugation	and	they	showed	high	affinity	for	chelating	Cu2+	

ions.	However,	their	high	flexibility	provides	distributions	with	a	width	in	the	range	of	the	

one	of	the	MTSL	tag126.	An	alternative	labelling	technique	for	binding	Cu2+	involves	the	

use	of	two	strategically	placed	histidine	residues	that	create	the	double	histidine	(dHis)	

binding	 motif23	 (already	 introduced	 in	 section	 2.2)	 (Figure	 16).	 This	 motif	 involves	

placing	histidine	residues	at	positions	i,	i + 4	if	positioned	on	a	α-helix	and	i,	i + 2	for	a	β-

sheet.	Despite	the	need	to	perform	a	double	mutation	for	each	dHis-Cu2+	label,	this	motif	
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produces	distance	distributions	almost	five	times	narrower	than	the	one	obtained	from	

MTSL.	This	narrowness	derives	from	the	higher	intrinsic	rigidity	of	the	dHis-Cu2+	system.	

However,	at	the	beginning,	a	big	limitation	on	the	use	of	these	kind	of	systems	derived	

from	 the	 poor	 selectivity	 of	 the	 Cu2+	 towards	 the	 dHis	 motif,	 which	 may	 coordinate	

nonspecifically	 to	other	 residues	on	 the	protein.	To	address	 this	 issue,	Cu2+	 ions	were	

chelated	by	ligands	such	as	iminodiacetic	acid	(IDA)23,127	or	nitrilotriacetic	acid	(NTA)128,	

before	the	actual	reaction	with	the	dHis	motif	(Figure	16).	

	
Figure	 16.	 on	 the	 left,	 schematic	 representation	 of	 the	 double	 histidine	motif	 (dHis)	 and	 the	 chemical	
structure	of	the	copper	nitrilotriacetic	acid	(CuNTA)	and	copper	iminodiacetic	acid	(CuIDA).	On	the	right,	
the	structure	of	the	double	histidine	motif	after	binding	the	two	Cu2+	chelator	agents,	resulting	respectively	
in	the	dHis-CuNTA	and	the	dHis-CuIDA.	

Alternative	 residues	 to	cysteine,	as	 selected	sites	 for	paramagnetic	 labelling,	are	often	

required	for	spin	labelling.	They	can	be	tyrosines58,	but	above	all	histidine	residues.	Using	

CuNTA	or	CuIDA	increases	the	binding	specificity	of	the	complex	towards	the	dHis,	while	

unspecific	binding	to	the	other	protein	sites	is	reduced.	As	discussed,	the	double	histidine	

motif,	 being	 highly	 rigid,	 provides	 narrower	 distance	 distribution,	 in	 respect	 to	 the	

nitroxide-nitroxide	case.	This	 feature	 is	particularly	appealing	because	spin	 labels	side	

chains	with	a	considerable	degree	of	flexibility	do	not	provide	clear	insights	on	whether	

the	width	of	the	distance	distribution	depends	on	the	intrinsic	motions	of	the	spin	labels	

or	on	the	actual	protein	backbone	fluctuations129.	
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4.2.5. In	silico	approaches	
The	possibility	to	simulate	distance	distributions	between	paramagnetic	moieties	can	be	

fundamental	for	gathering	valuable	insights	into	the	investigated	system	before	relying	

on	experimental	approaches.	By	modeling	 the	spin	 label	conformers	 through	 in	 silico	

approaches	 it	 is	possible	to	 identify	suitable	 labelling	sites	by	performing	a	systematic	

scanning	of	 the	protein	 residues.	The	 two	main	 in	 silico	modelling	 tools	used	 in	 this	

project	were	MtsslWizard130	and	Multiscale	Modeling	of	Macromolecules	(MMM)131:	both	

provide	 rotamers	 assemblies	 of	 spin	 labels	 that	 are	 then	 used	 to	 derive	 distance	

distribution,	but	are	based	on	different	theoretical	backgrounds.	The	following	sections	

give	a	brief	explanation	on	their	functioning.	

4.2.5.1. Multiscale	Modeling	of	Macromolecules	

MMM	 is	 an	 open-source	 toolbox	 implemented	 in	 MATLAB,	 with	 a	 graphical	 user	

interface,	which	allows	to	simulate	spin	label	rotamers	conformation	and	the	dipolar	trace	

and	distance	 distributions.	 It	works	 by	 exploiting	 a	 library	 of	 rotamers	 based	 on	 the	

conformational	space	of	the	spin	label.	The	set	of	sterically	unrestricted	rotamers	of	the	

spin	label	is	precomputed	in	advance,	with	an	estimate	of	their	relative	free	energy	(f0,i).	

Afterwards,	 all	 rotamers	 i	 are	 sequentially	 simulated	 and	 attached	 in	 silico.	 Their	

interaction	energy	(∆ui)	with	the	macromolecule	is	calculated,	considering	only	repulsion	

and	van	der	Waals	interactions	via	a	Lennard-Jones	potential.	Lastly,	populations	(pi)	for	

each	 rotamer	 are	 then	 calculated	 using	 a	 Boltzmann	 distribution	with	 f0,i−∆ui	 as	 an	

estimate	for	their	free	energies.	The	electron	spin	spatial	distribution	is	represented	by	a	

cloud	 of	 spin	 density	 centers	 from	 all	 rotamers,	 considering	 the	 populations	 (pi)131.	

Beyond	the	possibility	to	simulate	several	nitroxide	radicals,	recently,	a	new	development	

allows	to	model	Cu(II)	chelator	agents	as	spin	labels	for	the	dHis	motif132.	In	this	thesis	

this	new	feature	was	exploited	to	model	distance	distribution	between	the	nitroxide	and	

CuNTA	spin	labels.	Modelling	was	performed	both	under	ambient	(298	K)	and	cryogenic	

(175	K)	temperatures	(Figure	17).	
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Figure	17.	Representation	of	all	MTSL	modelled	rotamers	for	the	two	in	silico	labelling	approaches,	MMM	
with	cryogenic	(green	rotamers)	and	ambient	(orange	rotamers)	conditions,	and	MtsslWizard	with	Tight	
(red	rotamers)	and	Loose	(blue	rotamers)	settings.	

4.2.5.2. MtsslWizard	

Introduced	in	2012	as	a	Pymol	plugin-in130,	MtsslWizard	follows	the	“tether-in-a-cone”	

approach	toward	the	location	of	the	unpaired	electron	on	the	spin	label.	This	approach	

assumes	that	the	label	must	be	situated	somewhere	within	the	conical	area	surrounding	

the	attachment	site	and	predicts	where	on	the	cone	the	label	will	most	likely	be	situated,	

screening	only	 for	rotamers	that	do	not	clash	with	the	protein	structure.	The	software	

allows	to	select	the	number	of	hypothetical	clashes	between	the	protein	and	the	modelled	

rotamers.	Even	 in	this	case,	recent	development	allowed	us	to	simulate	both	rotamers	

conformers	and	distance	distributions	between	nitroxides	and	CuNTA	spin	labels133.	In	

this	thesis	we	worked	with	two	different	settings.	The	first	one	named	as	 “Tight”,	with	

vdW-restraint	0	clashes	and	3.4	Å	cutoff	(where	a	clash	is	defined	as	a	violation	of	a	“vdW	

cutoff”	between	label	and	protein),	while	the	second	one,	“Loose”	with	vdW-restraint	15	

clashes	and	2.0	Å	cutoff	(Figure	17).	The	Loose	setting	allows	closer	contact	between	the	

label	and	the	protein,	while	Tight	settings	reduces	the	proximity	between	the	label	and	

the	protein,	imposing	a	more	conservative	distance	threshold.	

4.2.6. Structure	Predictor	Tools	
In	late	2021,	DeepMind	made	a	major	breakthrough	in	the	decades-long	quest	to	find	a	

way	 to	 accurately	 predict	 protein	 structures	 without	 the	 need	 for	 experimental	

techniques134,	 such	 as	 X-ray	 crystallography,	 NMR,	 and	 cryo-EM.	 Indeed,	 these	

experimental	methodologies	can	be	very	time-consuming	and	not	always	applicable	to	

every	 system	 under	 investigation.	 Instead,	 they	 successfully	 managed	 to	 create	 a	
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revolutionary	 approach,	 AlphaFold2,	 which	 computationally	 predicts	 reliable	 protein	

structures.	This	neural-network-based	model	was	trained	on	more	than	170000	proteins	

structures	taken	directly	from	the	worldwide	Protein	Data	Bank	(wwPDB),	becoming	the	

first	 of	 its	 kind	 to	 predict	with	 great	 accuracy	 three-dimensional	 multimeric	 protein	

structures.	 This	 revolutionary	 approach	 greatly	 broadened	 the	 applicability	 of	

computational	methodologies	in	predicting	protein	structures	in	a	reliable	way.	Onwards,	

the	 introduction	 of	 AlphaFold2	 has	 inspired	 the	 development	 of	 other	 structural	

predictors	 tools	such	as	OmegaFold135,	ESMFold136	and	RoseTTaFold137.	 In	 the	sections	

below	AlphaFold2,	OmegaFold	and	ESMFold	will	be	discussed	more	in	details	since	all	

three	methods	were	employed	for	the	prediction	of	GB1	structures	exploited	in	the	paper	

reported	at	the	end	of	the	chapter.	

4.2.6.1. AlphaFold2	

AlphaFold2	is	an	attention-based	neural	network	used	in	protein	structure	prediction.	It	

is	based	on	using	large	datasets	of	protein	sequences	with	known	structures	to	construct	

multiple	 sequence	 alignments	 (MSAs)	within	 the	 network.	 This	 allows	 the	 model	 to	

identify	 similarities	 between	 the	 protein	 sequence	 and	 those	 in	 the	 known	database.	

Afterwards,	 the	 system	 forms	 an	 initial	 representation	 of	 the	 structure	 (the	 ‘pair	

representation’),	giving	an	early	estimate	of	which	amino	acids	are	likely	to	be	in	contact	

with	 one	 another.	 Information	 is	 then	 exchanged	 between	 the	 MSAs	 and	 the	 pair	

representations,	following	48	repeated	iterations	before	finally	both	the	MSAs	and	the	

pair	 representations	 converge	 into	 a	 stable	 3D	 structure	 prediction	 of	 the	 protein134	

(Figure	18).	
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Figure	 18.	 Schematic	workflow	of	neural-network	 system	AlphaFOld2	 taken	 from	DeepMind	blogpost	 in	
November	2020.	

4.2.6.2. OmegaFold	

OmegaFold	 uses	 a	 deep-learning	model	 to	 predict	 high-resolution	 protein	 structures	

from	a	single	primary	sequence	without	relying	on	MSAs,	unlike	AlphaFold2.	The	process	

begins	 with	 a	 large	 pretrained	 language	 model	 for	 sequence	 modeling,	 called	

OmegaPLM.	This	model	is	meticulously	trained	on	an	extensive	dataset	of	unaligned	and	

unlabeled	protein	sequences,	enabling	it	to	learn	single	and	pairwise	residue	embeddings,	

capturing	crucial	 structural	and	 functional	 information	embedded	within	amino	acid	

sequences.	 These	 embeddings	 are	 then	 passed	 to	 Geoformer,	 a	 geometry-based	

transformer	neural	network,	whose	primary	role	is	to	ensure	the	geometrical	consistency	

of	the	embeddings	by	ensuring	that	amino	acid	node	and	pairwise	embeddings	generate	

coherent	coordinates	and	distance	predictions	when	projected	into	3D	space.	Lastly,	the	

information	 from	OmegaPLM	and	Geoformer	 is	 harnessed	 by	a	 structural	module	 to	

predict	the	three-dimensional	coordinates	of	all	heavy	atoms	into	the	protein135	(Figure	

19).	
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Figure	19.	OmegaFold	schematic	workflow,	image	taken	form	the	2022	introductory	paper	on	Omegafold135.	

4.2.6.3. Evolutionary	Scale	Modeling	Fold	

Like	 Omegafold,	 ESMFold	 works	 by	 using	 a	 language	 model	 to	 generate	 a	 three-

dimensional	structure	of	a	protein	directly	from	its	primary	amino	acid	sequence,	without	

relying	on	MSA.	ESMFold	works	by	passing	the	protein	sequence	through	a	pretrained	

language	model	(ESM-2),	which	generates	representations	of	the	sequence	that	capture	

the	evolutionary	patterns	linked	to	structure.	These	representations	are	then	passed	to	a	

folding	head,	which	predicts	the	3D	structure	of	the	protein.	The	folding	head	is	a	neural	

network	 that	 consists	 in	 a	 series	of	 folding	 blocks,	 and	each	 folding	 block	 alternates	

between	updating	a	sequence	representation	and	a	pairwise	representation.	The	output	

of	the	 folding	blocks	 is	passed	to	an	equivariant	transformer	structure	module,	which	

predicts	the	3D	structure	of	the	protein136	(Figure	20).	

	
Figure	20.	ESMFold	schematic	workflow,	image	taken	form	the	2023	introductory	paper	on	ESMFold136.	
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4.3. In-cell	applications	
This	 section	 briefly	 introduces	 the	 in-cell	 EPR	 spectroscopy	 approach	 explaining	 its	

advantages	 over	 the	 in	 vitro	 approach	 in	 investigating	 proteins	 directly	 inside	 their	

intracellular	environment.	The	basic	idea	behind	employing	in-cell	based	experiment	is	

to	investigate	proteins	affected	by	their	physiological	environment,	which	could	influence	

their	structure	and	dynamics	resulting	different	with	what	they	have	in	vitro.	In	this	thesis	

the	heat	shock	delivery	method	was	exploited	to	introduce	protein	both	in	prokaryotic	

(Escherichia	Coli)	and	eukaryotic	(Pichia	Pastoris)	cells.	The	most	popular	techniques	for	

obtaining	in-cell	samples	are	briefly	described	as	well.	

4.3.1. The	in-cell	approach	
In-cell	 structural	 biology	 aims	 to	 uncover	 the	 structural,	 functional,	 and	 dynamic	

information	of	biomacromolecules,	such	as	proteins	and	nucleic	acids,	within	the	context	

of	 living	 systems.	 Key	players	 in	 this	pursuit	are	 Electron	 Paramagnetic	 Spectroscopy	

(EPR)	and	Nuclear	Magnetic	Resonance	(NMR),	which	provide	invaluable	insights	into	

molecular	structures	and	behaviours.	Traditionally,	structural	biology	has	always	related	

on	the	robust	in	vitro	approach,	which	aims	to	investigate	the	systems	in	an	environment	

as	close	as	possible	to	the	biological	one,	carrying	out	all	experiments	 in	stable	water-

based	buffer	solution.	However,	 this	method	does	not	 fully	capture	all	 the	 features	of	

biological	 systems	 within	 their	 natural	 intracellular	 milieu,	 which	 encompasses	 the	

cytoplasm	and	various	 intracellular	organelles.	As	a	result,	there	 is	a	growing	desire	to	

obtain	a	more	precise	depiction	of	proteins	within	their	native	environment,	which	is	now	

becoming	achievable	thanks	to	recent	advancements138,139.	In	the	early	2000s,	for	the	first	

time,	in-cell	magnetic	resonance	experiments	were	performed	allowing	to	characterize	

how	 intracellular	 crowding,	 local	 pH	 changes,	 non-specific	 and	 specific	 interactions	

occurring	 inside	 the	 cellular	 compartments,	 affect	 the	 investigated	

biomacromolecules140-143.	

4.3.2. Spectroscopical	methods	for	in-cell	
Both	 in-cell	 NMR	 and	 EPR	 have	 been	 employed	 for	 a	wide	 range	 of	 applications	 on	

insect144,	bacterial145-147,	yeast148	and	human	cells32,149-151.	In-cell	EPR/pulsed	EPR	spectra	
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have	 minimal	 interference	 from	 background	 signals	 and	 therefore	 can	 be	 essentially	

considered	as	background-free.	CW-EPR	is	extremely	useful	in	reporting	the	information	

about	the	intracellular	local	dynamics	of	the	paramagnetic	tags,	mostly	nitroxide	radicals,	

attached	to	the	biomolecules	systems.	In	fact,	as	already	discussed	at	the	beginning	of	the	

thesis,	 the	spectral	 line	shapes	are	highly	affected	by	 intracellular	environment	which	

significantly	affects	the	overall	correlation	time	of	the	paramagnetic	spin	probe4,152.	On	

the	 other	 hand,	 pulse	 dipolar	 EPR	 techniques	 are	 able	 to	 detect	 the	 changes	 on	 the	

distance	 distributions	 of	 several	 proteins	 between	 the	 in	 vitro	 and	 the	 in-cell	

samples85,89,90.	Therefore,	EPR	is	a	powerful	and	attractive	tool	for	in-cell	investigations,	

although	 careful	 considerations,	 especially	 regarding	 the	 selection	 of	 the	 appropriate	

label	for	in-cell	experiments	(see	Section	4.3.4),	are	necessary	to	optimize	its	applications.	

4.3.3. Methods	for	sample	preparations	

Few	steps	need	to	be	carried	out	to	correctly	prepare	a	sample	for	 in-cell	EPR	or	NMR	

investigation.	 Regarding	 EPR,	 the	 investigated	 biomacromolecules	 should	 contain	 a	

suitable	paramagnetic	label	into	the	appropriate	position	exploiting	the	SDSL	approach.	

The	second	step	concerns	the	actual	introduction	of	the	investigated	protein	inside	the	

intracellular	environment.	Similarly,	to	what	already	discussed	for	the	 19F	labelling,	two	

main	 categories	 of	 approaches	 -	 overexpression	 and	 delivery-based	 methods	 -	 are	

exploited	 for	 in-cell	 sample	 preparation.	 In	 the	 next	 section	 the	 delivery-based	

approaches	will	be	briefly	introduced	since	one	of	this	methodology	has	been	exploited	

in	the	context	of	this	thesis.	

4.3.3.1. Delivery-based	methods	

This	category	of	techniques	is	based	on	the	delivery	of	the	already	expressed,	purified,	

and	modified	proteins	into	the	intracellular	environment	of	different	living	systems.	A	

schematic	 representation	 of	 the	 methods	 that	 will	 be	 discussed	 in	 this	 chapter	 are	

reported	in		

Figure	21.	
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Figure	21.	Schematic	representation	of	protein	(in	red)	delivery-based	methods	for	the	preparation	of	in-cell	
samples.	 a)	 Mechanical	 delivery	 based	 on	 microinjection	 of	 the	 protein	 frog/fish	 oocytes.	 b)	 Delivery	
exploiting	Cell	Penetrating	Peptides	(CPP)	covalently	linked	to	the	proteins	(in	green)	to	help	the	proteins	
through	the	cell	membrane.	c)	Pore	Forming	Toxin	delivery	approach	which	through	oligomerization	of	PFTs	
creates	pores	(in	orange)	that	allow	the	delivery	of	protein.	d)	Electroporation	delivery	where	a	voltage	is	
applied	 to	a	 suspension	of	 cells	and	protein.	The	electric	pulses	 stimulate	 the	 formation	of	 the	pores	 (in	
orange),	which	are	used	 from	the	protein	 to	enter	 the	 intracellular	environment.	e)	Thermal	 stimulation	
delivery	method,	where	a	solution	of	cells	and	proteins	are	heated	and	then	incubated	in	ice.	The	methods	b,	
c,	d	and	e	have	been	successfully	employed	both	with	bacterial	and	yeast	cells,	but	also	with	human	cells.	

	

The	mechanical	microinjection	approach	was	one	of	the	first	delivery	approaches	to	be	

exploited	and	it	is	still	greatly	used	nowadays153-155.	It	requires	the	use	of	big	enough	cells,	

such	 as	Xenopus	 Laevis	oocytes,	 to	manually	 introduce,	 through	 a	microinjector,	 the	

desired	biomolecules.	Another	delivery-based	approach	is	the	Cell	Penetrating	Peptides	

(CPP)	method.	It	was	first	introduced	in	the	context	of	in-cell	NMR	where	short	peptides,	

around	 10-30	amino	acids,	with	 the	ability	 to	cross	 the	cell	membrane,	are	covalently	

linked	 to	 the	 protein141.	 Once	 inside	 the	 intracellular	 environment	 the	 CPP	 flags	 are	

released	from	the	proteins	by	endogenous	enzymatic	activity	or	by	autonomous	reductive	

cleavage,	allowing	the	protein	to	freely	 interact	with	endogenous	biomolecules.	So	far,	

this	method	has	yet	to	be	employed	in	combination	with	in-cell	pulsed	EPR;	however,	a	

recent	work	successfully	tracked	the	delivery	of	a	nitroxide	radical	directly	inside	human	

cell	with	cw-EPR	by	exploiting	the	recombinant	analogue	of	human	k-casein	fragment	to	

the	 nitroxide156.	The	 Pore	 Forming	Toxins	 (PFTs)	 is	another	delivery	approach	mostly	

applied	for	 in-cell	NMR	studies157,	but	with	some	applications	even	in	the	EPR	field158.	

Pore	Forming	Toxins	are	a	class	of	proteins	located	on	membranes	that	can	form,	through	

an	 oligomerization	 process,	 20-50	 nm	 wide	 pores,	 which	 allows	 the	 delivery	 of	

biomolecules	form	the	external	buffer	to	the	intracellular	environment159.	After	the	pores	

are	 assembled	 and	 the	 protein	 is	 delivered,	 their	 resealing	 is	 achieved	 upon	 the	

supplementation	of	Calcium	ions	(Ca2+)	in	the	cytosol160,	limiting	this	approach	only	to	

the	 cells	 that	 are	 able	 to	 properly	 reseal.	 Among	 all	 the	 delivery	 methods,	

electroporation161	was	initially	developed	for	delivering	heterologous	DNA	into	different	

living	 systems	 and	 only	 subsequently	 expanded	 to	 protein	 delivery162.	 This	 method	

involves	the	application	of	electric	pulses	of	1kV/cm	in	hundreds	of	microseconds	with	

the	aim	of	achieving	permeabilization	of	the	cell	membrane	by	forming	pores	up	to	50	

nm.	This	approach	has	been	successfully	applied	for	delivering	different	kind	of	proteins,	



	

	 46	

from	globular	to	intrinsically	disordered	(IDPs)	ones,	with	applications	for	both	in-cell	

NMR163,164	and	EPR85,162,165,166.	

The	 delivery	 method	 that	 I	 have	 employed	 in	 my	 work	 is	 based	 on	 the	 heat	 shock	

approach,	which	was	already	shown	to	be	successful	for	both	bacterial	and	yeast	cell147,	

and	has	been	implemented	for	human	cells	usage151.	As	electroporation,	this	simple,	fast	

and	 efficient	 method	 has	 been	 originally	 developed	 for	 delivering	 nucleic	 acids	 into	

bacterial	cells167.	In	this	approach	vesiculation	is	induced	by	a	heat-shock	cycle	at	(42	°C)	

for	a	defined	period	of	time	(usually	45	to	60	s).	The	temperature	is	close	to	physiological	

conditions	to	avoid	underside	folding	issues.	

4.3.4. Spin	labels	for	in-cell	
As	 already	 mentioned	 in	 Section	 4.2.4.1.1,	 not	 every	 spin	 label	 is	 suitable	 for	 in-cell	

studies.	In	cellular	context,	the	ideal	spin-label	should	not	only	preserve	the	activity	and	

folding	of	the	biomolecule	on	which	it	is	conjugated	but	should	also	be	stable	towards	

bond	 cleavage	 (between	 the	 label	 and	 the	 protein)	 or	 quenching	 (of	 the	 unpaired	

electron)	 by	 the	 cellular	 environment.	 Therefore,	 the	 natural	 reducing	 intracellular	

environment,	 crucial	 for	 the	cell	metabolism,	does	 not	allow	 the	use	 spin	 labels	 that	

attach	cysteine	residues	through	the	formation	of	sulfur-sulfur	bonds	(such	as	MTSL),	

because	 they	are	 rapidly	 released	as	 free	 labels.	Hence,	 for	 in-cell	 investigations,	 spin	

labels	forming	a	more	stable	carbon-sulfur	(C-S)	bond109,154,168,169,	like	MPSL,	are	preferred.	

Moreover,	nitroxide	radicals	can	participate	also	to	intracellular	redox	processed,	leading	

to	a	conjugated	diamagnetic	EPR	silent	hydroxylamine	analogue,	with	a	consequent	loss	

of	EPR	signal	(Figure	22).	

	

	
Figure	22.	Oxidation	and	reduction	reaction	of	a	nitroxide	radical.	

	

N

OH

N

O

+ H+

+ e-



	

	 47	

While	these	labels	have	found	minor	applications	in	tracking	cellular	metabolism,	their	

utility	for	structural	studies	within	the	cell	at	room	temperature	(cw-EPR)	is	impaired	by	

the	loss	of	the	EPR	signal	over	time	due	to	reduction170.	Consequently,	reduction	resistant	

spin	labels,	such	as	metal-based	labels,	or	trityl	radicals	have	been	favored	as	the	choice	

of	spin	labels	for	in-cell	applications85,109,168.	However,	extensive	efforts	have	been	carried	

out	to	enhance	the	stability	of	nitroxide	based	spin	labels	in	reducing	environments.	Their	

stability	can	be	easily	assessed	in	vitro	by	monitoring	the	disappearance	of	the	EPR	signal	

in	the	presence	of	reducing	agents	such	as	ascorbic	acid,	DTT	(dithiothreitol)	or	TCEP	

(tris(2-carboxyethyl)phosphinehydrochloride).	In	general,	it	results	that	five-membered	

ring	 nitroxides	 tend	 to	 be	more	 stable	 towards	 reduction	compared	 to	 six-membered	

ones,	with	bulky	substitutions	in	the	α-position	further	enhancing	stability169.	Notably,	

replacing	the	four	methyl	groups	in	gem-dimethyl	nitroxide	with	ethyl	groups	has	shown	

to	be	the	most	effective	substitution.	Moreover,	recently,	increased	stability	of	nitroxide	

radicals	 in	 reductive	 environments	 has	 been	 also	 obtained	 by	 the	 addition	 of	 the	

maleimide	 reagent	 in-cell	 lysate,	 which,	 by	 consuming	 NADPH/NADH	 (essential	

cofactors	for	the	enzymes	involved	in	nitroxide	reduction),	can	stabilize	nitroxide	spin	

labels171.	

Among	 the	 metal-based	 EPR	 spin	 labels,	 gadolinium	 (Gd3+)	 probes	 offer	 complete	

stability	against	reduction	events90,166,172.	Nevertheless,	their	application	is	challenged	by	

their	size	and,	notably,	the	length	of	their	linker,	which	can	affect	the	extracted	distance	

distribution.	Ongoing	research,	particularly	 led	by	Goldfarb	group,	continues	to	refine	

Gd3+	based	labels	to	mitigate	these	challenges89,166,172.	However,	in	general,	the	stability	of	

the	 nitroxide	 labels	 is	 closely	 linked	 to	 the	 overall	 time	 required	 for	 in-cell	 sample	

preparation.	For	instance,	in	the	case	of	the	MPSL	radical	exploited	in	this	thesis,	a	fast	

protein	delivery	protocol	allowed	for	efficient	cw-EPR	data	acquisition.	

4.3.5. Deuteration	in	EPR	
As	already	discussed,	distance	measurements	 by	pulse	 EPR	 techniques,	are	extremely	

useful	in	the	range	between	2	and	10	nm,	and	sometimes	even	beyond99,173.	At	the	long	

distance	extreme	of	the	measurable	distances,	the	frequency	becomes	so	small	that	it	is	

challenging	 to	 capture	 enough	 time	 data	 to	 measure	 unambiguously	 the	 dipolar	

frequency.	 To	measure	 increasingly	 longer	 distances,	 the	 major	 limiting	 factor	 is	 the	
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relaxation	time	T2	of	the	signal,	also	addressed	as	Tm	(phase	memory	time),	since	distance	

measurements	 are	 carried	 in	 frozen	 solution,	 which	 describes	 the	 nonrecoverable	

dephasing	of	 the	electron	 spin	echo	 (ESE)	 in	 the	xy	 plane.	 It	 is	widely	 accepted	 that	

interactions	with	 the	 protons	of	 the	 solvent,	 typically	water,	 highly	 contribute	 to	 the	

dephasing	seen	in	spin-labeled	protein	solutions.	Due	to	the	deuteron	smaller	magnetic	

moment,	(dipolar	coupling	is	proportional	to	the	magnetic	moment),	replacing	the	water	

with	deuterated	water	(D2O)	caused	a	relatively	high	reduction	in	the	rate	of	electron	xy	

dephasing.	Moreover,	exploiting	a	deuterated	cryoprotectant,	such	as	glycerol	or	ethylene	

glycol,	is	another	widely	adopted	strategy	to	decrease	the	dephasing	rate174.	A	further	step	

it	the	full	deuteration	of	the	protein	under	investigation,	which	can	dramatically	extend	

the	Tm,	and	consequently	the	maximum	detectable	distance	between	two	spin	labels99.	

Deuteration	of	the	nitroxide	spin	label	has	been	utilized	in	the	past	to	mitigate	intense	

hyperfine	coupling	between	the	electron	and	the	spin-label	methyl	groups;	however,	the	

observed	 impact	on	relaxation	times	seems	marginal	 in	respect	to	protein	and	solvent	

deuteration.		
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5. Results	

5.1. Enlarging	the	scenario	of	site	directed	 19F	labeling	for	NMR	

spectroscopy	of	biomolecules	
In	 this	work,	we	 focused	on	developing	a	 novel	 strategy	 to	 selectively	 incorporate	 19F	

moieties	in	tyrosine	through	post-expression	covalent	modification,	adjusting	the	already	

known	three-component	Mannich	type	reaction.	We	present	a	successful	incorporation	

on	two	distinct	proteins	of	the	commercially	available	parafluoroaniline	tag	(p-FA).	The	

proteins	 that	were	 taken	 under	 consideration	 are	 the	 commercially	 available	 hen	 egg	

white	 lysozyme	 (HEWL)	 and	 the	 immunoglobulin-binding	 B1	 domain	 of	 group	 G	

streptococcal	protein	G	 (GB1),	which	was	expressed	and	purified	according	 to	already	

existing	protocols.	The	findings	are	supported	both	by	19F	NMR	spectroscopy	and	ESI-MS	

spectrometry.	Briefly,	both	proteins	were	reacted	with	formaldehyde	and	the	free	19F	label	

at	pH	6.5	in	phosphate	buffer.	Through	the	1D	19F	NMR	and	the	ESI-MS	spectra	of	GB1	it	

was	possible	to	identify	that	only	a	single	residue	was	involved	in	the	conjugation	reaction	

with	a	relative	labelling	efficiency	of	around	50%.	This	high	efficiency	represents	a	partial	

surprise	 since	 the	 Mannich	 reaction	 usually	 employs	 electron-rich	 anilines	 to	 better	

attach	 the	carbonyl	group	of	 the	 formaldehyde	 through	a	nucleophilic	attack.	On	 the	

other	hand,	the	HEWL	showed	a	1D	 19F	NMR	spectrum	featuring	two	broad	and	weak	

peaks	close	to	each	other	at	around	-49	ppm	and	another	peak	with	higher	intensity	at	

around	-50	ppm.	The	sharp	19F	NMR	signal	peak	with	higher	intensity	was	detected	even	

for	a	mixture	of	the	protein	and	the	correct	amount	of	p-FA	tag	but	without	addition	of	

formaldehyde	 (the	needed	 linker	 between	 the	protein	and	 the	fluorinated	 label)	 thus	

indicating	that	this	signal	is	due	to	a	non-covalent	interaction	between	the	fluorinated	

tag	and	the	protein.	Meanwhile,	the	broad	peaks	arose	from	the	tag	bound	to	the	protein	

as	confirmed	 from	 the	ESI-MS	spectra	with	a	 relative	 labelling	efficiency	of	 20%	on	a	

single	tyrosine	residue.	To	increase	the	reaction	efficiency	the	lysozyme	was	pretreated,	

before	adding	 the	conjugation	 reaction	 reagents,	with	 30%	of	DMSO	 to	allow	partial	

unfolding	of	the	protein	(confirmed	by	1H	NMR	spectra)	and	favor	the	tyrosine	residue’s	

exposure	to	the	solvent.	The	19F	NMR	spectrum	showed	significative	difference	form	the	
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one	 obtained	 without	 DMSO	 treatment:	 the	 peaks	 around	 -49	 ppm,	 where	 greatly	

enhanced	and	a	further	peak	appeared,	hinting	to	the	presence	of	a	second	labelling	site.	

The	ESI	mass	data	corroborated	 the	existence	of	 the	protein	 labelled	on	 two	different	

tyrosine	residues	with	efficiency	of	nearly	50	%	for	the	first	adduct,	while	for	the	second	

adduct	(HEWL	labelled	on	two	different	resides)	we	had	a	lower	efficiency.	
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Enlarging the scenario of site 
directed 19F labeling for NMR 
spectroscopy of biomolecules
Valentina Vitali 1,2, Francesco Torricella 1, Lara Massai 2, Luigi Messori 2 & Lucia Banci 1,2,3*

The possibility of using selectively incorporated 19F nuclei for NMR spectroscopic studies has retrieved 
increasing interest in recent years. The high gyromagnetic ratio of 19F and its absence in native 
biomolecular systems make this nucleus an interesting alternative to standard 1H NMR spectroscopy. 
Here we show how we can attach a label, carrying a 19F atom, to protein tyrosines, through the use of 
a specific three component Mannich-type reaction. To validate the efficacy and the specificity of the 
approach, we tested it on two selected systems with the aid of ESI MS measurements.

NMR spectroscopy provides atomic-level information on magnetic active nuclei. In recent years several works 
showed that the use of the magnetically active !uorine isotope 19F represents an important alternative to the 
standard proton 1H biomolecular NMR  spectroscopy1,2. "e 100% natural abundance, the ½ nuclear magnetic 
spin, and the high gyromagnetic ratio of 19F represent the main features that characterize this  nucleus3. Further-
more, the large chemical shi$ range of the !uorine nucleus (30 times larger than the 1H nucleus) makes it a very 
sensitive tool for monitoring changes in its  surroundings4. "is nucleus can be easily incorporated in speci%c 
labelling sites resulting in a sensitive and powerful, yet not perturbing, probe for large and complex biological 
systems. Consequently, this allows the characterization in solution of biomolecules of larger molecular size than 
those studied through 1H NMR. In recent times several applications of 19F NMR for biomolecular studies such as 
protein–ligand  interaction5,6, protein  relaxation7,  aggregation8,9, structural and conformational  changes2, protein 
folding and  unfolding10,11 have been reported. Moreover, 19F NMR spectroscopy is receiving increased interest 
even within the in-cell NMR approach, as its less crowded spectra allow to retrieve dynamical and structural 
information in a reliable  way8,12,13. On this respect, Pielack et al. recently used 19F NMR to describe how the 
intracellular environment can in!uence the protein dimerization  equilibrium14. "e possibility of using di'er-
ent 19F-labelled amino acids or tags gives the chance to extend the detection of NMR signals even to crowded 
 environments4, as well as to exploit 19F for other spectroscopic techniques, such as MAS  NMR15,16 or  ENDOR17,18. 
Mainly, two kinds of approaches are used for 19F nuclei incorporation in biomolecular systems: the direct expres-
sion of 19F labelled  proteins19–21, or the chemical incorporation of speci%c molecules/labels containing !uorine 
 nuclei22,23. Several works showed how the incorporation of speci%c !uorinated amino acids (e.g.: F-Phenylalanine, 
F-Tryptophan, F-Tyrosine) or unnatural amino  acids24 can be relatively easy achieved in E.coli cells using modi-
%ed minimal media supplemented with !uorinated amino acids  analogues19. Recently, Gotting et.  al25 presented 
a novel strategy to synthesize 13C/19F/2H indoles to be used as tryptophan precursors in protein expression. On 
the other hand, site directed labelling (SDL) represents an attractive and potentially low-cost alternative to the 
direct labelling during expression, especially because the biosynthetic labelling approach, although well estab-
lished, presents challenges to be overcome. In addition, the yield of the expressed protein could be signi%cantly 
reduced due to the intrinsic toxicity of the !uorinated  precursors26. Post-expression labelling can be achieved 
on di'erent kinds of residues such as cysteines, lysines or tyrosines, both native or introduced with mutagenesis. 
Cysteine labelling is one of the most exploited approaches for the post-expression protein labelling and the use of 
maleimide-based tags opened up a wide variety of experimental approaches for in-cell NMR  experiments27. A few 
!uorinated molecules are known to be suitable for site selective cysteine modi%cation. Usually, these molecules 
are characterized by one or more tri!uoromethyl groups covalently attached to a group prone to nucleophilic sub-
stitution. 3-bromo-1,1,1-tri!uoroacetone (BTFA)28–30 and analogues, 2,2,2-tri!uoroethanethiol (TFET)22,23,31,32 
or 4-(per!uoro-tert-butyl)phenyliodoacetamide (PFP)33 are among the most used molecules. Other recent and 
interesting developed !uorine tags were exploited to observe globular proteins directly inside human  cells34 
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and to increase the 19F chemical shi!  dispersion35. However, cysteine modi"cation can have some drawbacks, 
including the fact that in a number of proteins cysteines are in the active site and/or coordinate metal cofactors.

A valuable alternative for protein labelling is tyrosine. One of the features that makes tyrosine an interesting 
labelling site is its average low natural abundance (just above 3%)36, making it one of the rarest amino acids in 
protein sequences. Moreover, being tyrosine a partially hydrophobic residue, its location can range from being 
deeply buried inside the protein hydrophobic core to being surface exposed. Since the buried ones are far higher 
in number than the exposed ones, selecting the right reaction conditions, it could be possible to covalently label 
the relatively rare surface exposed tyrosines in a site-selective  way37. Several approaches have been proposed, 
and recently reviewed, for the modi"cation of tyrosine  residues37. #e most relevant ones involve the use of 
diazonium coupling  reactions38,39, of  diazodicarboxyamides40,41, of sulfur/$uoride exchange (SuFEx)  chemistry42 
and of the Mannich-type  reaction43. #is latter reaction targets the phenolic side chain of tyrosine residues on 
proteins and is one of the oldest methods developed for tyrosine bioconjugation; it has been successfully used 
both for gra!ing  $uorophores43 and synthetic  peptides44 to chymotrypsinogen.

#e three component Mannich-type reaction (Fig. 1) is characterized by a "rst step in which an imine con-
densation between an aldehyde and an electron-rich aromatic amine takes place. A!erwards, the phenol ring of 
tyrosine is deprotonated and undergoes an electrophilic aromatic substitution with the iminium ion, resulting 
in the formation of a novel carbon–carbon bond. #is reaction was used by Francis et al. to chemically modify 
proteins using either small peptides or small  molecules43. Moreover, an interesting application was reported by 
Belle et al. in which this reaction was used to selectively incorporate a novel spin label for EPR spectroscopy 
 experiments45.

In this work we report the protocol for tyrosine protein labelling using para$uoroaniline (p-FA) whose e&cacy 
has been tested, through ESI mass spectrometry and 19F NMR measurements, on two proteins of di'erent size.

Results and discussion
p-FA tyrosine conjugation
#e immunoglobulin binding domain of Streptococcal protein G (GB1) and Hen Egg White Lysozyme (HEWL) 
were selected as test proteins (Fig. 2), both proteins having three tyrosine residues, located in di'erent positions 
of the protein structure.

Both proteins were reacted, exploiting proper reagents ratio, with formaldehyde and the free 19F label. #e 
pH at which the reaction is carried out plays a crucial role in the formation of the desired $uorinated tyrosine 
adducts. Indeed, operating at pH 6.5 is crucial for minimising possible side reactions on unwanted amino acid 
residues like tryptophans. Moreover, at this pH value the equilibrium that characterizes the reaction, could be 
driven mostly towards the formation of the open ring Mannich adduct. #e reacted samples were then analysed 

Figure 1.  Reaction scheme. General representation of three component Mannich type reaction on tyrosine 
residue.

Figure 2.  Protein structures. Immunoglobulin binding domain of Streptococcal protein G (GB1) (PDB: 1GB1) 
and Hen Egg White Lysozyme (HEWL) (PDB: 2VB1). Highlighted in blue their tyrosines.
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by 19F NMR to assess the presence of the !uorinated tag conjugated to the protein tyrosines, and to estimate the 
overall amount of !uorine nuclei conjugated onto the proteins and the number of tyrosines e"ectively involved 
in the conjugation reaction. #e attachment of the !uorinated tag was further investigated by ESI–MS spectra of 
the intact protein before and a$er the coupling reaction. Mass spectrometry data were used to verify the e%ciency 
of the conjugation reaction and the number of residues to which the tag is attached.

GB1
#e 1D 19F NMR spectrum of GB1 shows the presence of one well de&ned main peak and two smaller peaks 
(Fig. 3b), exhibiting di"erent features, both in terms of shape and chemical shi$, than the free !uorinated tag 
signal (Fig. 3a). However, it is impossible to establish the exact number of residues involved in the conjugation 
reaction by relying just on these NMR spectra.

It is feasible that the high intensity signals arise from one labelled tyrosine, but only the ESI–MS spectra 
clearly indicated (Fig. 4) that a single residue has been successfully labelled. #e up&eld smaller peaks observed 
in the 19F NMR spectra can be associated with the non-covalent interactions between the protein and a small 
fraction of p-FA that cannot e%ciently be removed during the puri&cation steps of the reaction probably due to 
π-π stacking interactions between the aromatic ring of the tag and the aromatic rings of other residues.

#e mass spectra data (Fig. 4b) indicate that the native unlabelled protein is still the predominant species; yet, 
a new peak is observed with a mass increase of 123 Dalton (50% intensity of the main peak). #is peak originates 
from GB1 (native unlabelled protein Fig. 4a) with the p-FA tag attached to one residue which, according to the 
molecular weight increase, is forming the open ring adduct. By assuming an equal ionization e%ciency for both 
species, we can directly assess the ratio of labelled to unlabelled protein which resulted to be 50:100. #is high 
e%ciency represents a partial surprise since the Mannich reaction usually employs electron-rich anilines to 
better attach the carbonyl group of the formaldehyde through a nucleophilic attack. #e adduct was obtained 
through several optimization steps of the reaction conditions, such as the time of the reaction, the temperature, 
and the ratio of the reagents.

To identify the speci&c tyrosine modi&ed by the bioconjugation reaction, we performed 1H-13C HSQC 
NMR spectra on both the native, unlabelled protein and the !uorinated protein. #e comparison of the spectra 
(Supporting Information S3), suggests that the tag is attached to tyrosine 3.

Figure 3.  GB1 19F NMR spectrum. (a) Comparison between 19F NMR spectra of p-FA (black) and GB1 a$er 
the conjugation reaction with p-FA (blue). (b) 4-!uoroaniline spectrum processed with a line broadening of 
1Hz, showing distinct heteronuclear coupling between 19F and 1H nuclei.
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HEWL
A tagged HEWL sample showed a 1D 19F NMR spectrum featuring two broad, very weak peaks close to each 
other at around -49 ppm, and another peak with higher intensity (Fig. 5a) at around -50 ppm. At "rst glance, this 
spectrum might suggest that the latter peak originates from an e#ectively 19F-tagged protein tyrosine and that 
the weaker and broader peaks are due to the low level tagging of the two other tyrosines. However, the intense 
and sharp 19F NMR signal at -50 ppm is detected even for a mixture of the protein and the correct amount of 
p-FA tag but without addition of formaldehyde (the needed linker between the protein and the $uorinated label) 
thus indicating that this signal is due to a non-covalent interaction between the $uorinated tag and the protein, 
while the broad peaks could arise from the tag bound to the protein. Mass spectrometry data (Fig. 6b) con"rmed 
that a single tyrosine among the three of lysozyme (native unlabelled protein Fig. 6a) was modi"ed and that 
the two distinct broad peaks of the NMR spectrum could originate from a coexistence between the open and 
closed ring Mannich adduct. %e existence of this equilibrium was con"rmed through the comparison between 
simulated and experimental isotopic patterns of the sample under investigation, with peaks at + 123 Dalton for 
the open ring adduct and at + 137 Dalton for the closed one. Nevertheless, in this case, the reaction e&ciency 
was signi"cantly lower than for the GB1 protein, probably due to the reduced exposure of the tyrosine residues 
on the protein surface.

To further corroborate this hypothesis, HEWL was treated with 30% DMSO before adding the conjugation 
reaction reagents. Addition of DMSO induces a partial unfolding of the protein thus increasing the solvent 
exposition of the residues, including tyrosine, and leading to an increase in the reaction e&ciency. %e 1D 1H 
NMR spectrum was exploited to con"rm the partial unfolding of HEWL a'er the addition of DMSO (Support-
ing Information S1). Partially unfolded HEWL was then subjected to the p-$uoroaniline labelling procedure 
through the Mannich reaction, following the same protocol and time scheme used for the completely folded 

Figure 4.  ESI–MS spectra of GB1. Deconvoluted ESI mass spectra of (a) GB1,  10–6 M in ammonium acetate 
and (b) GB1,  10–6 M, a'er the reaction with $uorinated tag. %e peak at 6347 Da represents the GB1 open ring 
adduct. %e bound fragment is red in the drawn structure.

Figure 5.  19F NMR spectra of lysozyme. (a) 19F NMR spectra of p-FA (blue), lysozyme a'er the three 
component Mannich reaction (black). (b) Lysozyme a'er the three component Mannich reaction without (red) 
DMSO. %e green spectrum represents the non-covalent interactions between the protein and the p-FA.
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protein. Its 19F NMR spectrum (Fig. 5b) showed signi"cative di#erences with respect to that of native HEWL. 
$e peaks between − 48.7 and − 49 ppm, already present in the sample without DMSO, are greatly enhanced; a 
further peak appears at − 49.3 ppm and another broader one with smaller intensity arises between − 49.4 and 
− 49.5 ppm. $ese two new peaks hint either at the possibility of labelling a second tyrosine residue or even of a 
third one, or to have a second tyrosine labelled both with the open and closed ring conformation. $e ESI mass 
data corroborated the existence of the protein labelled just on two di#erent tyrosine residues and for both of 
them the presence of the open and closed ring adduct, was con"rmed. $e ESI mass spectrum (Fig. 6c) shows 
a set of signals similar to those observed a&er tag binding to the folded protein, but with an overall increase of 
the labelling e'ciency, with a ratio of tagged: untagged of 40:100. Moreover, the existence of a second set of 
signals, with a lower intensity and a higher molecular weight, con"rms the presence of a second tyrosine residue 
labelled with the (uorinated tag.

$erefore, the use of DMSO allows gaining a larger amount of (uorinated tag attached on the tyrosine residue 
that is only partially labelled in the absence of DMSO.

$ese data con"rm that only the accessible tyrosine residues can be e#ectively tagged and that, based on 
residue exposure, some selectivity in the tagging can be obtained.

Figure 6.  ESI–MS spectra of lysozyme. (a) Deconvoluted ESI mass spectrum of free HEWL, (b) deconvoluted 
ESI mass spectrum of HEWL a&er the conjugation reaction, (c) deconvoluted ESI mass spectrum of HEWL a&er 
the conjugation reaction with the presence of DMSO. $e bound fragments are red in the drawn structures.
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Conclusions
!is work presents a di"erent application of an established mild bioconjugation reaction for NMR spectroscopy 
achieving the labelling of tyrosine residues with a small molecule containing the 19F atom. !e incorporation of a 
speci#c tag containing the 19F atom o"ers the chance to investigate biomolecular systems in less crowded spectra 
compared to the 1H spectroscopy. Moreover, the opportunity to insert 19F atoms through a di"erent approach 
than the direct overexpression of proteins with $uorinated amino acids, provides a di"erent helpful way for 
situations where the direct overexpression is not applicable. We demonstrated that, using the three component 
Mannich-type reaction, it is possible to achieve valuable site selectivity among tyrosine residues depending on 
surface exposure of the tyrosine. !e amphiphilicity of the phenolic side chain plays a crucial role in obtaining 
labelling selectivity, since most of the tyrosines are buried deep in the hydrophobic core and are not available for 
external modi#cation. !erefore, both the chemical environment and the surface exposure of these residues play 
an important role in determining whether the residue can be labelled or not. Here, we have demonstrated that, 
upon adding a given amount of DMSO, HEWL can go from being labelled on one tyrosine to being labelled on 
two. !e denaturating action of dimethyl sulfoxide exposes the residues previously inaccessible and buried inside 
the protein core, to the solvent and allows the conjugation reaction between the tyrosine and the $uorinated 
molecule. !e use of a commercially available $uorinated tag such as the herein used p-$uoroaniline suggests the 
possible application of a wide variety of relatively cheap molecules. Moreover, the reaction yield obtained for both 
GB1 and HEWL with the addition of DMSO should be considered remarkable. In fact, the #rst step of the three 
component Mannich-type reaction is an imine condensation between the formaldehyde and the p-$uoroaniline. 
Since the imine formation starts with a nucleophilic addition of the amine to the carbonyl group, the reaction has 
a higher e%ciency if the amine is electron rich. !e $uorine atom is considered an electron withdrawing group 
(EWG) that decreases the electron density from the nitrogen atom and reduces the e%ciency of the nucleophilic 
attack on the carbonyl group. In conclusion, we have demonstrated how under optimized conditions, a low-cost 
reaction can be exploited to perform post-expression conjugation of small $uorinated molecules to tyrosine 
residues. In addition, we established how the protein folding properties play a crucial role in the number of 
tyrosine residues than can be labelled and even in the e%ciency of the reaction towards speci#c amino acids.

Materials and methods
GB1 T53C expression and purification
GB1 was expressed and puri#ed according to already existing  protocols46. Brie$y, a pET-21a vector encoding for 
the immunoglobulin binding domain of streptococcal protein G (containing the mutation T53C) was used to 
transform BL21 (DE3) gold cell strain. E. coli cells were grown to mid-log phase at 37°C in LB medium, and then 
induced with 0.6 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG). A'er induction the cells were grown 
for other 5 h at 20° C. !e cell pellet was collected by centrifugation at 6000 rpm for 20 min and resuspend in 
phosphate bu"er (100 mM sodium phosphate, 150 mM NaCl, pH 6.5). !e suspension was heated to 80 °C, for 5 
min, using a thermal bath, then cooled down on ice for 15 min and #nally centrifuged at 40,000 rpm for 40 min. 
A'er #ltering the supernatant, 5 mM DTT were added to the solution that was loaded onto a 16/600 Superdex 
30 Increase (Cytiva) exchanging the bu"er with 100 mM sodium phosphate, 150 mM NaCl, 1 mM TCEP, pH 6.5.

Hen egg white lysozyme
Hen egg white lysozyme was purchased from Sigma Aldrich.

19F site directed labelling protocol
Both GB1 and HEWL were reacted with formaldehyde and p-$uoroaniline (both purchased from Sigma Aldrich) 
with a ratio of 1:100:30 in sodium phosphate bu"er 100 mM at pH 6.5. In particular, a'er thawing, 100 µL of 
GB1 250 µM were bu"er exchanged in the #nal phosphate reaction bu"er using a PD10 desalting column. 50 
µL of formaldehyde 0.25M and 30 µL (for each tyrosine) of p-$uoroaniline, were added to the protein solution. 
Regarding lysozyme, 3.5 mg of protein were resuspended in 1 mL of phosphate bu"er for a #nal concentration 
of 250 µM. !e same amount of formaldehyde and p-$uoroaniline used for GB1 were added to the HEWL solu-
tion. A second sample of HEWL was #rst pre-treated with 30% DMSO and then reacted with formaldehyde and 
p-$uoroaniline. For both proteins the reaction was incubated at 37 °C for 36h in a shaking incubator. A'erwards, 
the excess of p-$uoroaniline was removed through a 2.5 mL PD10 desalting column. !e 3.5 ml sample volume 
obtained a'er passing through the desalting columns was concentrated exploiting a 3KDa, for GB1, and a 10KDa, 
for the HEWL, centricon (Merck) !e volume was reduced until the protein reached 300 µM concentration. 
However, this method was not able to remove completely the unreacted p-FA tag, especially in the HEWL case. 
For this reason, a further puri#cation of the labelled lysozyme was conducted by exploiting a gel #ltration puri-
#cation step. Brie$y, the sample, in sodium phosphate bu"er 100 mM at pH 6.5, was loaded into a size exclusion 
chromatography Superdex 16/60 75 pg column through a 1 mL loop. !e labelled protein was collected in 1.5 
mL fractions, that were concentrated to 300 µM. !e 1D 19F NMR spectrum conducted on this sample con#rmed 
the complete removal of the free unreacted p-FA, (Supporting Information S2). A'er the puri#cation step small 
aliquots of each sample were immediately taken and frozen for mass spectrometry (ESI–MS) analysis.

19F NMR spectroscopy
19F magnetic resonance spectra (19F NMR) were recorded with a Bruker 600 MHz spectrometer with a TXI probe. 
Chemical shi's are reported in delta (δ) units, part per million (ppm), and were referenced to tri$uoroacetic acid 
(TFA) as internal standard. 10% of deuterated water was added to the NMR tubes of each sample. All spectra 
were recorded at 298K.
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MASS-spectrometry
To prepare the samples for mass analysis (ESI–MS), the 100 mM phosphate bu!er pH 6.5 was exchanged with 
20 mM acetate pH 6.8, with the aim of removing all kind of salts that could interfere with the experimental 
analysis. For the experiments with GB1 the "nal protein concentration was  10−6 M, whilst for the HEWL was 5 
×  10–7 M; in all samples 0.1% v/v of formic acid was added just before sample infusion in the mass spectrometer. 
All measurements were carried out by direct infusion mode without the use of Liquid Chromatography (LC).

Instrumental Parameters: the ESI mass study was performed using a TripleTOF 5600 + high-resolution mass 
spectrometer (AB Sciex, Framingham, MA, United States), equipped with a DuoSpray® interface operating with 
an ESI probe. ESI mass spectra were acquired through direct sample infusion at 7 μL/min of &ow rate. 'e general 
ESI source parameters optimized for the proteins analysis were as follows:

(GB1) positive polarity, ion spray voltage &oating 5500V, temperature 25 °C, ion source Gas 1 (GS1) 35 L/
min; ion source Gas 2 (GS2) 0; curtain gas (CUR) 20 L/min, collision energy (CE) 10 V; declustering potential 
(DP) 100 V, acquisition range 900–2000 m/z.

(HEWL) positive polarity, ion spray voltage &oating 5500 V, temperature 25 °C, ion source Gas 1 (GS1) 40 L/
min; ion source Gas 2 (GS2) 0; curtain gas (CUR) 20 L/min, collision energy (CE) 10 V; declustering potential 
(DP) 100 V, acquisition range 1000–2800 m/z.

For acquisition, Analyst TF so(ware 1.7.1 (Sciex) was used, and deconvoluted spectra were obtained by using 
the Bio Tool Kit micro-application v.2.2 embedded in PeakViewTM so(ware v.2.2 (Sciex).

Data availability
All data will be available from the corresponding author LB upon reasonable request.
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1. GB1 protein sequence  

Full amino-acid protein sequence for Immunoglobulin Binding Domain of Protein G, with T53C 
mutation, where the three tyrosine residues highlighted in red. 

 
 
 

2. 1H 1D NMR spectra of Hen Egg White Lysozyme (HEWL) 
 
Here reported (Figure S1) the two 1D 1H NMR spectra of HEWL before and after the treatment with 
30% DMSO. As expected [1], the overall chemical shift dispersion in the 1H NMR spectrum of 
lysozyme in 30% DMSO, is reduced compared to the native state with broadening of several signals. 
Moreover, in the region between 5 and 6 ppm we observe a disappearance of peaks which is 
diagnostic for a partial unfolding state of the protein. We recorder another 1D 1H NMR spectrum 
after the removal of DMSO and as expected the original folding of the protein was completely 
restored. 
 

 
Figure S1 Lysozyme 1D 1H NMR spectra, before (red) and after (black) 30% DMSO treatment. In 

blue the spectrum of the HEWL after removing the DMSO. 

 
All spectra were recorded at 700 MHz, and 25°C with 10% of deuterated water D2O. 
 

3. Purification after labelling reaction 
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To enhance the purification step instead of a single PD10 the protein was loaded to a gel filtration 
column Superdex 16/600 75 pg. The figure below shows the acquired 1D 19F spectrum of the HEWL 
19F labelled sample after this additional purification step. 
 

 
Figure S2 1D 19F NMR spectrum of HEWL after purification with a size exclusion chromatography 
column (in black), while in blue the 1D 19F NMR spectrum of the free p-FA label. 

 

4. 1H-13CHSQC NMR spectra 
 
To determine which of the three tyrosine residues has been labelled in GB1, we acquired 1H-13C 
HSQC NMR spectra on both the native protein (in red) and the labeled fluorinated protein (in blue) 
(Figure S3). Our focus was on the aromatic region of the spectrum: as the tag is attached to the 
epsilon carbon of tyrosine, its signal is expected to be affected. By comparing the normalized 
intensities of the peaks corresponding to the three tyrosines, we observed a relatively large intensity 
variation only in the peak associated with the epsilon carbon of tyrosine 3 (Figure S4). 
 
The spectra assignment is taken from BMRB code n. 25909 

4-fluoroaniline

Lysozyme after reaction with PF, 
and purification with gel filatration
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 3 

 
Figure S3 1H-13C HSQC NMR spectra of the GB1 protein. In red the spectrum of the native protein, 
in blue the spectrum of the protein after the labelling reaction with the p-FA. The peak belonging to 
the carbon epsilon of the tyrosine 3. The peaks at 118.20, 6.45 ppm and the one at 120.5 and 6.7 
ppm are only present in the blue spectrum and represent the aromatic ring signals of the p-FA tag. 
All spectra were acquired under the same conditions at 500MHz and 25°C with 10% of deuterated 
water D2O for every sample. 

 
Figure S4 Schematic representation of the chemical structure of tyrosine residues with and without 
the fluorinated label. In red the nomenclature used for defining the carbon and hydrogen atoms. 
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5.2. Spectroscopically	 Orthogonal	 Labelling	 to	 Disentangl	

Site-Specific	Nitroxide	Label	Distributions	

In	 this	work,	 the	characteristic	of	 four	different	 nitroxide	 spin	 labels	were	extensively	

tested	exploiting	two	constructs	of	the	small	model	system	GB1	(I6C/K28H/Q32H	and	

I6H/N8H/K28C),	respectively	with	a	single	cysteine	residue	on	the	β-sheet	and	a	double	

histidine	motif	on	the	α-helix	and	vice	versa.	The	four	tested	labels	were	MTSL,	MPSL,	

IPSL	and	IDSL.	The	double	histidine	motif,	being	highly	rigid,	coupled	with	Cu(II)	chelate	

complexes	 provides	 narrower	 distance	 distribution,	 with	 respect	 to	 the	 nitroxide-

nitroxide	 case.	 Here	we	employed	 the	 combination	of	 nitroxides	 and	copper	 chelator	

ligand	 (CuNTA).	 Their	 distances	 were	 extracted	 with	 both	 ct	 and	 vt	 RIDME	 pulse	

sequences.	The	width	and	the	shape	of	the	corresponding	distance	distributions	helped	

in	disentangling	the	 individual	behaviour	of	nitroxide	 labels	attached	either	on	the	α-

helix	 or	 the	 β-sheet.	 Afterwards,	 two	 in	 silico	 labelling	 strategies	 (MMM	 and	

MtsslWizard)	were	employed	to	check	whether	modelling	approaches	could	be	helpful	

in	predicting	distance	distributions	by	properly	reproducing	the	experimental	ones,	and	

to	address	possible	discrepancies	 between	 the	 two	methods.	We	 tested	 these	 in	 silico	

methods	both	for	an	experimental	x-ray	crystallography	structure	(4wh4)	and	for	three	

structures	predicted	respectively	by	AlphaFold2,	OmegaFold	and	ESMFold.	Briefly,	the	

experimental	distance	distributions	extracted	from	the	ct	and	vt	RIDME	experiments	do	

not	display	significant	discrepancies,	as	expected	for	short	distances	and	relatively	narrow	

distance	distributions	(as	in	this	case).	However,	the	sensitivity	per	echo	and	per	unit	of	

time	 confirmed	 that	 the	 vtRIDME	 gave	 generally	 higher	 sensitivity	 values	 than	 the	

ctRIDME.	Moreover,	the	distance	distributions	of	the	GB1	with	the	nitroxide	on	the	β-

sheet	site	were	characterized	by	monomodal	and	relatively	narrow	distributions,	with	

hints	of	a	shoulder	for	the	MPSL	and	IPSL	labels.	On	the	other	hand,	all	nitroxide	labels	

on	 the	 α-helix	 (except	 IDSL)	 displayed	 a	 bimodal	 trend	 with	 two	 distinct	 and	 large	

amplitude	peaks	arising	from	the	presence	of	two	different	sub-ensembles	of	conformers.	

In	 fact,	 nitroxides	with	 long	enough	 linkers	and	discrete	 flexibility	can	 be	positioned	

pointing	away	from	the	protein	back-bone	at	the	maximum	distance	possible,	but	also	

bent	towards	the	protein	surface,	resulting	in	shorter	distances.	Therefore,	IDSL,	having	
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the	shortest	and	least	flexible	linker	is	the	only	label	which	retains	unimodal	and	relatively	

narrow	distance	distribution	independently	of	the	side	of	the	GB1	on	which	it	is	attached.		

The	 comparison	 between	 the	 in	 silico	 and	 the	 experimental	 distance	 distributions	

revealed	an	 intriguing	difference	 between	MMM	and	MtsslWizard.	While	 the	 former	

consistently	underestimated	the	distances	between	the	two	 labels,	with	respect	 to	 the	

experimental	 data,	 the	 latter	 tended	 to	 overestimate	 the	 same	 measurements.	 both	

approaches	 seemed	 more	 accurate	 in	 the	 prediction	 of	 the	 narrow	 and	 unimodal	

distributions	of	 the	 nitroxide	 labelling	on	 the	 β-sheet,	with	 the	only	exception	 being	

MMM	at	cryogenic	temperature	settings,	that	simulated	hints	of	bimodality	for	MPSL.	

On	the	other	hand,	the	predicted	distributions	for	nitroxide	labelling	on	the	α-helix	were	

characterized	by	an	increased	broadness	that	partially	covered	the	two	distinct	peaks	of	

the	experimental	data,	although	 neither	MMM	nor	MtsslWizard	 seemed	 to	 fully	and	

reliably	 predict	 the	 bimodality	 of	 the	 experimental	 data.	 To	 better	 evaluate	 the	

performance	of	the	in	silico	approaches	we	built	different	correlation	plots	by	extracting	

the	mean	and	width	of	every	distance	distribution	from	the	experimental	and	the	in	silico	

labelling	 data.	 Altogether,	 neither	 MMM	 nor	 MtsslWizard	 clearly	 outperformed	 the	

other.	For	the	I6C/K28H/Q32H	construct	MTSL	was	predicted	best	by	MMM	at	ambient	

temperature,	while	all	other	nitroxides	were	best	predicted	by	MtsslWizard	Loose.	On	

the	 other	 hand,	 the	 interpretation	 of	 the	 data	 for	 the	 I6H/N8H/K28C	 was	 not	 as	

straightforward.	Additional	correlation	plots	were	created	to	evaluate	how	the	prediction	

tools	affected	 the	 in	 silico	 labelling	performances.	 In	general,	 predicting	 the	distance	

distributions	between	 the	CuNTA	and	 the	nitroxide	on	 the	β-sheet	site	seemed	 to	be	

mostly	 unaffected	 by	 the	 choice	 of	 the	 structure	 prediction	 method	 (AlphaFold2,	

OmegaFold,	and	ESMFold),	as	expected	 for	a	small,	well-known	globular	protein,	 like	

GB1.	 In	contrast,	 the	 in	 silico	 spin	 labelling	approach	clearly	 had	a	greater	 impact	on	

predicted	distance	distributions.		However,	the	situation	was	found	to	be	more	complex	

for	the	I6H/N8H/K28C	construct,	where	the	choice	of	the	model	prediction	influenced	

the	outcome	of	 the	distance	distribution	more	strongly,	although	always	with	a	 lower	

impact	than	the	influence	derived	from	the	labelling	choice.	
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Abstract
Biomolecular applications of pulse dipolar electron paramagnetic resonance spec-
troscopy (PDS) are becoming increasingly valuable in structural biology. Site-
directed spin labelling of proteins is routinely performed using nitroxides, with para-
magnetic metal ions and other organic radicals gaining popularity as alternative spin 
centres. Spectroscopically orthogonal spin labelling using different types of labels 
potentially increases the information content available from a single sample. When 
analysing experimental distance distributions between two nitroxide spin labels, 
the site-specific rotamer information has been projected into the distance and is not 
readily available, and the contributions of individual labelling sites to the width of 
the distance distribution are not obvious from the PDS data. Here, we exploit the 
exquisite precision of labelling double-histidine (dHis) motifs with  CuII chelate com-
plexes. The contribution of this label to the distance distribution widths in model 
protein GB1 has been shown to be negligible. By combining a dHis  CuII labelling 
site with cysteine-specific nitroxide labelling, we gather insights on the label rotam-
ers at two distinct sites, comparing their contributions to distance distributions based 
on different in silico modelling approaches and structural models. From this study, 
it seems advisable to consider discrepancies between different in silico modelling 
approaches when selecting labelling sites for PDS studies.

1 Introduction

Understanding topologies and conformational transitions of biomacromolecules 
and their role in health and disease has spurred a growing scientific interest in pulse 
dipolar electron paramagnetic resonance spectroscopy (PDS) as a reliable source for 
structural insights into proteins [1–3] and nucleic acids [4–6]. PDS is often com-
bined with other biophysical methods, including X-ray crystallography, cryo-elec-
tron microscopy, or Nuclear Magnetic Resonance (NMR) spectroscopy. PDS derives 

Extended author information available on the last page of the article
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its strength, efficacy, and versatility from depending solely on the presence of para-
magnetic centres, while being unaffected by the complexity or the size of the dia-
magnetic part of the system under investigation.

These paramagnetic probes are typically attached to biomacromolecules through 
Site-Directed Spin Labelling (SDSL), an approach pioneered during the late 1980s 
by Hubbell and co-workers [7–9], based on the introduction of small spin-bearing 
molecules at specific and strategically placed sites within the native diamagnetic 
system. PDS is employed to retrieve the magnetic dipole–dipole interaction between 
two or more spin labels and has become widely and successfully applied for retriev-
ing interatomic distances in the nanometre range (about 2–10 nm and even beyond) 
[10, 11]. Obtaining information about the distance distributions between pairs of 
spin labels is crucial for understanding the structural organization [12, 13], dynam-
ics, and conformational changes [14–18] of a vast array of biomolecules.

Depending on the specific case studied, a growing number of spin labels with 
different properties have been developed. Paramagnetic labels commonly employed 
for PDS include nitroxides, transition metal ions (such as copper [19, 20] and man-
ganese [21, 22] ions), and lanthanide ions (such as gadolinium) [23, 24], or native 
metal clusters [25]. Nevertheless, despite this huge variety of types of spin labels, 
nitroxide radicals are by far the most commonly adopted and are typically attached 
through covalent bonds to cysteine residues introduced via SDSL. The unique chem-
istry of the thiol group of this amino acid and its general low abundance in protein 
sequences results in a high selectivity of the conjugation reaction. Among the great 
pool of available nitroxide labels, four have recently been tested in PDS on the model 
system immunoglobulin-binding B1 domain of group G streptococcal protein G 
(GB1) with two cysteine mutations (one on the α-helix and the other in the β-sheet) 
[26]. The four tested labels were: (1-Oxyl-2,2,5,5-tetramethyl-3-pyrroline-3-methyl)
methanethiosulfonate (MTSL or MTSSL) [27, 28], 3-Maleimido-2,2,5,5-tetrame-
thyl-1-pyrrolidinyloxy (MPSL) [29–31], 3-(2-Iodoacetamido)-2,2,5,5-tetramethyl-
1-pyrrolidinyloxy (IPSL) [32–34], and bis-(2,2,5,5-Tetramethyl-3-imidazoline-
1-oxyl-4-yl)disulfide (IDSL) [35–38] (Fig. 1a). Each one possesses distinct reactivity 
and chemical properties that enable unique applications in probing various aspects 
of biomolecular systems. 

Notably, MTSL is the most robust and widespread used nitroxide label. It can 
be grafted onto the site of choice with high specificity. MPSL is characterized 
by a greater conformational flexibility due to the increased length of its linker. 
It still reacts easily with the target protein and is less prone than MTSL to be 
reductively cleaved due to the absence of the disulfide bond. On the other hand, 
IPSL tends to be less reactive and requires higher excess for quantitative labelling 
[26]. The biradical IDSL has the shortest linker that is least flexible, it is also the 
least stably attached and requires the largest excess of the four nitroxides in label-
ling reactions. Almost 30-fold excess of label, with respect to the free cysteines, 
is required due to the equilibrium constant of the disulfide exchange, between 
the free label disulfide bond and the disulfide bond between the cysteine and the 
label, being close to one [26]. In the previous study [26], some of the extracted 
distance distributions between the two nitroxides were broad or even bimodal; 
however, in samples doubly labelled with nitroxides, it is not straightforward to 
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assign the contributions of the individual labelling site to the distribution width 
and shape. However, the bipedal spin labels formed by metal chelate complexes 
of copper(II) such as copper nitrilotriacetate (CuNTA) [39] or copper  iminodi-
acetic acid (CuIDA) [40] bound to double-histidine (dHis) motifs engineered into 
specific sites [41] display a much narrower distance distribution in GB1 [20]. 
As observed for the tetra-histidine GB1 construct (I6H/N8H/K28H/Q32H), the 
intrinsic rigidity and the lower conformational flexibility of this spin pair ensures 
narrower and more precise distance distributions between the  CuII–CuII pair with 
respect to the nitroxide–nitroxide distances, making this motif ideal for an inde-
pendent investigation of the two nitroxides’ behaviours. Although this labelling 
alternative is not based on covalent bonding, its robustness against competitor 
ligands has been tested extensively [42].

Therefore, to better understand the influence, in this case, of the nitroxide labelled 
secondary structural elements (α-helix vs. β-sheet) and their respective behaviours 
in PDS experiments, we have investigated each site of GB1 independently. Here, 
we have employed orthogonal labelling, individually combining the aforementioned 
nitroxides with a dHis motif [41] with bipedal coordination to CuNTA [20, 39] 
alternately at either labelling site, i.e., in the α-helix or the β-sheet, of GB1 (Fig. 1b).

To reliably translate the spectroscopic information on the labelled samples to 
the actual protein structure of interest, different approaches to explicitly model the 
labels onto the proteins have been developed. Modelling the spin label conform-
ers through in silico approaches can, e.g., be useful to better understand the rea-
sons behind the differences in widths and shapes of the distributions of the systems 
under investigation and to reliably translate distance distribution into conformers or 
conformer ensembles of proteins. The corresponding computational tools provide 
means to study spin-labelled biomolecules by modelling the distance distributions 

Fig. 1  a Structures of the four free nitroxide labels used for conjugation of the cysteine residues, respec-
tively, in position 28 (α-helix) and 6 (β-sheet) of the GB1 protein and the CuNTA label directly coordi-
nating the dHis motif (dHis-CuNTA). b The two GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C 
employed in this study
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between paramagnetic moieties and are often employed to identify suitable labelling 
sites by performing a systematic scanning of the protein residues.

Here, we have explored the two different in silico labelling approaches MMM 
[43, 44] and MtsslWizard [45], built on different theoretical concepts. While 
MtsslWizard is based on the excluded volume by steric clashes between label rotam-
ers and the protein, MMM relies on the Lennard Jones potential energy and intrin-
sic energies of spin label rotamers. The new modelling package chiLife implements 
these two approaches in a single software tool [46] and has very recently incorpo-
rated the use of bipedal labels [47]. Beyond giving information on the distributions 
between pairs of nitroxide labels, MMM has recently introduced the possibility to 
simulate the labelling of a dHis motif with coordination complexes such as CuNTA 
and to retrieve the corresponding distance distributions [44]. Here, we introduce and 
test a new implementation for bipedal labels into MtsslWizard. The original ver-
sion of the software superimposes a model of a spin label onto an amino acid (or 
nucleobase) residue and generates an ensemble of non-clashing rotamers [45]. In 
essence, this procedure generates an estimate of the accessible volume of the spin 
label. While this is straightforward for monopedal labels, such as MTSL, bipedal 
labels are harder to model. Here, the chi angles cannot be randomly chosen, because 
the other end of the label must coincide with the main chain atoms of the second 
labelling site.

We have designed a genetic search algorithm to solve this problem. We found 
that this algorithm quickly converges to a set of rotamers that connect the two label-
ling sites. As for the published version of MtsslWizard, parameters such as “tight” 
or “loose” van-der-Waals cutoff can be selected. In principle, the algorithm should 
work for any bipedal label. Currently, the parameters for the Cu-based labels in 
Fig. 1 have been implemented (see supplementary.pse file). The code is freely avail-
able on GitHub [48] and as a colab notebook [49]. It will be included in a future 
update of the MtsslSuite-Server (http:// www. mtssl suite. isb. ukbonn. de/).

When studying structures and conformational flexibilities of proteins by SDSL 
and PDS, high-quality high-resolution structures or structural models are crucially 
important. While this is commonly based on experimental structures, recent extraor-
dinary progress in deep learning methods has sparked the development of powerful 
tools for protein structure prediction. Together with in silico labelling techniques, 
this can greatly assist in the selection of the labelling sites of a protein for PDS 
experiments. Herein, we have explored three different structure prediction tools: 
AlphaFold2, which is based on the predictions of protein folding using network-
based models and multiple sequence alignments [50], OmegaFold, which leverages 
deep learning to predict high-resolution protein structure from a single primary 
sequence without depending on sequence alignment [51], and ESMFold, which pre-
dicts protein folding using large-scale language model on a single primary sequence 
and demonstrated great runtime efficiency [52]. The outcomes of these prediction 
tools were compared to the ones obtained using one of the GB1 crystallographic 
structures (PDB: 4wh4) [20].

From the experimental point of view, the significant spectral separation between 
dHis-CuNTA and nitroxides makes Relaxation-Induced Dipolar Modulation 
Enhancement (RIDME) [53–55] the natural choice for investigating the distance 
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distributions between these orthogonal labels. This is owed to the fact that the 
spectrum of copper(II) as a paramagnetic metal centre is much broader than that 
of a nitroxide radical. Both spectra are also fully separated (i.e., non-overlapping) 
at Q-band EPR frequencies. Thus, double-resonance techniques that require selec-
tive excitation of both spin centres are only feasible with very large bandwidth 
not available in most EPR resonators. Single frequency techniques that require the 
excitation of both spins are even less feasible as the excitation would require cov-
ering both spectra at the same time. In RIDME, however, the fast-relaxing spin is 
inverted statistically by longitudinal relaxation introducing the dipolar interaction. 
Thus, the microwave pulses only need to excite a sufficient fraction of the nitroxide 
radical to detect the echo which is readily achieved in most setups. By analyzing 
the modulation with the dipolar frequency, the inter-spin distance can be recovered. 
RIDME has the further advantage that orientation-dependent excitation of the broad 
copper(II) spectrum can be avoided as all orientations will contribute, simplifying 
analysis and interpretation [56]. Here, we compare the 5-pulse variable-time (vt) 
RIDME, recently introduced by our group [57], with the standard 5-pulse constant-
time (ct) RIDME. Testing the vtRIDME sequence further will allow evaluating its 
performance compared to the constant-time sequence, to gain a deeper understand-
ing of its potential and limitations.

2  Experimental Section

2.1  Expression, Purification, and Spin Labelling

The model protein used for this study is the small and rigid immunoglobulin-bind-
ing B1 domain of group G streptococcal protein G (GB1). Both GB1 constructs 
investigated here have a cysteine for the nitroxide labelling and a dHis motif for 
the chelator agent CuNTA. The I6C/K28H/Q32H construct has the cysteine resi-
due in the β-sheet site, while the I6H/N8H/K28C construct has it in the α-helix. 
Both constructs were expressed and purified as previously described [19]. The 
nitroxide spin labels used in this study are MTSL [(1-Oxyl-2,2,5,5-tetramethyl-
3-pyrroline-3-methyl)methanethiosulfonate; Santa Cruz Biotechnology], MPSL 
(3-Maleimido-2,2,5,5-tetramethyl-1-pyrrolidinyloxy; Santa Cruz Biotechnology), 
IPSL (3-(2-Iodoacetamido)-2,2,5,5-tetramethyl-1-pyrrolidinyloxy; Sigma-Aldrich), 
and IDSL (bis-(2,2,5,5-Tetramethyl-3-imidazoline-1-oxyl-4-yl)disulfide; Noxygen). 
These nitroxides have already been employed in our previous study where we have 
developed the respective labelling protocols [26], which were followed in the cur-
rent study apart from two adjustments regarding the molar ratio of label to cysteine. 
Here, we have used 15:1 label:cysteine for IPSL and 25:1 label:cysteine for IDSL, 
with the aim of maximizing their labelling efficiency, while keeping ratios for MPSL 
and MTSL the same as used previously at 3:1 label:cysteine [26]. The labelling 
reaction was carried out in phosphate buffer (42.4 mM  Na2HPO4, 7.6 mM  KH2PO4, 
150 mM NaCl, and pH 7.4) as described [26].

Successful spin labelling was confirmed via electrospray ionisation (ESI) mass 
spectrometry using the in-house mass spectrometry facility. Unlabelled (control) and 
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labelled I6H/N8H/K28C and I6C/K28H/Q32H GB1 samples were diluted to 1 µM in 
1% formic acid (FA). 30 µL (30 pmol) per sample were injected onto the liquid chro-
matography (LC) system (Waters Xevo G2 TOF MS with Acquity HPLC) using a 
MassPrep cartridge column (Waters), applying a 5 min gradient from 95% water, 5% 
acetonitrile to 5% water, and 95% acetonitrile (eluents supplemented with 1% FA). 
Data were collected in positive mode from 500 to 2500 m/z, and charged ion series 
deconvolution to 0.1 Da resolution was performed using the MaxEnt I algorithm uti-
lising a peak width at half height of 0.4 m/z. Results are shown in the supplementary 
information (SI) (Fig. S1, Table S1).

Labelling efficiency was confirmed with room-temperature continuous wave (CW) 
EPR. CW EPR experiments were performed using a Bruker EMX 10/12 spectrom-
eter equipped with an ELEXSYS Super Hi-Q resonator at an operating frequency 
of ~ 9.9 GHz (X-band) with 100 kHz modulation. 20 μL of every GB1 sample, each 
with a concentration around 30 μM, were filled into capillary tubes and the CW spectra 
were recorded with a field sweep of 150 G, a center field of 3505 G, and a modula-
tion amplitude of 0.7 G. All spectra were recorded with a receiver gain of 70 dB and 1 
mW power (23 dB attenuation). The double integral of each spectrum was compared 
with the one of a standard TEMPO sample at 100 μM concentration in water, retrieving 
the labelling efficiency of each nitroxide spin label for both GB1 constructs (Fig. S2, 
Table S2). High labelling efficiency, around 100%, was consistently observed for both 
GB1 constructs and for all the four distinct nitroxide labels after the overnight incuba-
tion (with the exception of MTSL for the 6C GB1 construct) as corroborated both by 
CW EPR and ESI-MS data. Some of the labels, especially IDSL, manifested a labelling 
efficiency above 100%. However, due to the low concentration of the samples, these 
values can be considered within the error range.

2.2  PDS Sample Preparation

Spin-labelled samples were freeze-dried and resuspended in  D2O (Merck). CuNTA 
stock solution (10 mM in phosphate buffer) was added to each sample to yield a final 
concentration of 10 μM CuNTA for the I6C/K28H/Q32H construct and 50 μM CuNTA 
for the I6H/N8H/K28C GB1 construct to ensure a final loading of the dHis motif of 
above 95%. The difference in the desired final CuNTA concentration is related to the 
lower affinity of the copper ligand towards the dHis motif in the β-sheet with respect 
to the dHis in the α-helix, as discussed previously [19]. Each sample was prepared to a 
final protein concentration of 10 μM and a total final volume of 65 μL, with 50% (v/v) 
of deuterated cryo-protectant (ethylene glycol d-6, Deutero GmbH) to ensure the for-
mation of a glassy-frozen solution. All samples were transferred to 3 mm quartz tubes 
(Technical Glass Products) and immediately frozen by immersion in liquid nitrogen.

2.3  RIDME Measurements

All PDS experiments were performed using a Bruker ELEXSYS 580 pulse EPR 
spectrometer. Temperatures were maintained using a cryogen-free variable temper-
ature cryostat (Cryogenic Ltd) operating in the 1.8–300 K temperature range. All 



	

	 73	

	

 	

1 3

Spectroscopically Orthogonal Labelling to Disentangle…

samples were measured with the 5-pulse constant-time (ct) RIDME [53] and the 
recently introduced variable-time (vt) RIDME [57] at 30 K, using a high-power 150 
W travelling-wave tube (TWT; Applied Systems Engineering) at Q-band (34 GHz) 
in an overcoupled 3  mm cylindrical resonator (Bruker ER 5106QT-2w in TE102 
mode). For every sample, the pulses were applied on the maximum of the nitroxide 
echo detected field sweep, ctRIDME measurements were performed using the pulse 
sequence π/2–τ1–π–(τ1 + t)–π/2–Tmix–π/2–(τ2 − t)–π–τ2–echo with detection pulse 
lengths π/2 and π, respectively of 8 and 16 ns. Each trace was acquired using an SRT 
of 10 ms, a τ1 of 400 ns, and 2 shots-per-loop and 32-step phase cycling.

vtRIDME measurements were performed using the pulse sequence 
π/2–τ1–π–(τ1 + t)–π/2–Tmix–π/2–τ0–π–(τ2 + t)–echo with detection pulse lengths π/2 
and π, respectively, of 8 and 16 ns. Each trace was acquired using an SRT of 10 ms, 
a τ1 of 400 ns, and 2 shots-per-loop and 32-step phase cycling.

Measurements were recorded with a short (reference) and a long mixing time of 5 
and 200 μs, respectively, to allow deconvolution (dividing the constant and variable-
time RIDME traces with the longer mixing times by the corresponding reference 
traces) of the traces [57].

2.4  PDS Data Processing

Data were processed in DeerAnalysis2021 using Tikhonov regularisation and vali-
dation as previously described [58, 59]. Briefly, RIDME data were first background-
corrected using a homogeneous six-dimensional background function before Tik-
honov regularisation followed by statistical analysis varying background start time 
from 5 to 30% of the total trace length in 8 trials and varying the background dimen-
sion from 3 to 6 in 7 trials. Resulting background start time and dimension for the 
best fit were then used as starting points for a second round of Tikhonov regulariza-
tion followed by a second round of statistical analysis, this time also including the 
addition of 50% random noise in 16 trials (896 total trials). Validation trials from the 
second validation round were pruned with a prune level of 1.15, where trials exceed-
ing the root-mean-square deviation of the best fit by at least 15% are discarded.

2.5  Structure Prediction and Modelling

Four different GB1 structures were compared in this study: a crystallographic struc-
ture (PDB: 4wh4) and three predicted structural models obtained from AlphaFold2, 
OmegaFold, and ESMFold, respectively. The predicted structures were obtained 
through the use of Google Colabfold [60–63]. The I6C/K28H/Q32H and I6H/N8H/
K28C constructs were in silico labelled using the 2021 version of MMM and a ver-
sion of MtsslWizard with the newly introduced CuNTA labelling implementation 
[48, 49] based on octahedral coordination of the  CuII. Briefly, a model of the bipedal 
label is superimposed onto the first labelling site and the algorithm generates 8000 
trial conformations. For each of these conformations, a penalty in the form of the 
root-mean-square deviation (rmsd) between the main chain atoms of the second 
labelling site and the corresponding atoms of the label is calculated. This penalty 
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is used to rank the trial conformations and eliminate the 5% worst conformations. 
The discarded conformations are replaced by offspring of the remaining conforma-
tions and the process is repeated. Both labelling methods were carried out under two 
different conditions. Modelling with MMM was performed under ambient (298 K) 
and cryogenic (175  K) temperatures, and labelling with MtsslWizard was carried 
out with Tight (vdW-restraint 0 clashes, 3.4 Å cutoff) and Loose (vdW-restraint 15 
clashes, 2.0 Å cutoff) settings [45].

3  Results and Discussion

PDS measurements were performed on the orthogonally spin-labelled GB1 con-
structs using the 5-pulse constant-time RIDME and the 5-pulse variable-time 
RIDME experiment, resulting in four different data sets (reference corrected and 
uncorrected for each, constant- and variable-time RIDME, Figs. S3 and S4) for 
each of the eight analyzed samples (two GB1 constructs with four nitroxide labels 
each). As expected for short distances and relatively narrow distance distributions, 
the experimental data did not display significant discrepancies between these four 
datasets, showing high consistency and robustness in the distance distributions for 
both ctRIDME and vtRIDME, regardless of the application or not of the deconvo-
lution step (Fig. S5). In addition, for each of the four traces of every sample, the 
sensitivity per echo and per unit of time was obtained as previously described [58]. 
The extracted values confirmed that the vtRIDME gave generally higher sensitivity 
values than the ctRIDME (for more detailed information, see Tables S3 and S4).

The distributions of the experimental data of the GB1 with the nitroxide on the 
β-sheet site (Fig. 2) were characterized by monomodal and relatively narrow distri-
butions, with hints of a shoulder for the MPSL and IPSL labels. On the other hand, 
most nitroxide labels on the α-helix displayed a bimodal trend with two distinct and 
large amplitude peaks arising from the presence of two different sub-ensembles of 
conformers. These may be rationalised for nitroxides with long enough linkers and 
discrete flexibility, allowing the label to be pointing away from the protein back-
bone at the maximum distance possible, but also allowing it to be bent towards the 
protein surface, resulting in shorter distances. Therefore, having the shortest and 
least flexible linker, IDSL can be hypothesized to have a low propensity of bending 
itself towards the protein surface, and was the only spin probe retaining a unimodal 
and relatively narrow distribution, independent of the site of GB1 to which it was 
attached. The observed bimodality is very unlikely caused by conformations of GB1 
itself as both, the copper(II)–copper(II) distance in GB1 I6H/N8H/K28H/Q32H and 

Fig. 2  Constant time RIDME traces after background correction with DeerAnalysis2021, for both GB1 
constructs I6C/K28H/Q32H (nitroxide on the β-sheet, in blue) and the I6H/N8H/K28C (nitroxide on 
the α-helix, in red) for the four nitroxide labels, MTSL, MPSL, IPSL, and IDSL, and their respective 
distance distributions. Colour bars represent reliability ranges (green: shape reliable; yellow: mean and 
width reliable; orange: mean reliable; red: no quantification possible). a MTSL, b MPSL, c IPSL, and d 
IDSL

▸
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the nitroxide-nitroxide distance in bis-IDSL labelled GB1 6C 28C are narrow and 
monomodal, thus strongly indicating a single GB1 conformation [20, 26].

The presence of a spin probe with low conformational flexibility, such as dHis-
CuNTA, was crucial to unravel the individual contributions of the nitroxides on 
the α-helix and the β-sheet. Drastically reducing the contribution to the width of 
one labelling site to the distance distribution allowed us to untangle the ambigu-
ity observed in the double cysteine GB1 construct I6C/K28C [26] (Fig. S6). Sur-
prisingly, the helix site, as a well-studied structural element which is often the pre-
ferred choice for attaching paramagnetic moieties, seemed to be the one entailing 
the bimodality and broadness trend of the distance distribution peaks for the system 
under investigation. Nonetheless, the intrinsic rigidity exhibited by the CuNTA label 
does not translate in discernible orientation selection effects that would impact the 
distance distribution shape, since in the RIDME pulse sequence, the Cu(II) is not 
excited by any pulses and relaxes isotropically to good approximation.

Here, we have introduced a new implementation for MtsslWizard, which can now 
predict distance distributions between nitroxides and dHis copper(II) labels, and we 
compared its performance with the ones achieved from MMM [44], to test whether, 
in this case, the experimental bimodality could be captured reproducibly by either or 
both of the in silico tools.

The in silico labelling was performed on four different model structures: the crys-
tallographic structure (PDB: 4wh4) and three structures generated from the predic-
tion suites AlphaFold2, OmegaFold, and ESMFold. Interestingly, a recent publi-
cation on GB1 claimed that in their research, AlphaFold2 was the best structural 
model in the prediction of the experimental behaviour of a dHis GB1 system [64]. 
While this seems counterintuitive, it may well be that the AI-based prediction per-
forms best as it has been trained using a large number of datasets, thereby averaging 
many structures. Therefore, here, we discuss in depth the results obtained based on 
the AlphaFold2 structure, while data for the other models can be found in the SI 
(Tables S8–S11, Fig. S7–S10). Since no substantial variations in terms of shape, 
mean, width, and full width at half maximum (FWHM) of the distance distributions 
obtained from the vt or ct RIDME were observed, we decided to rely on the stand-
ard ctRIDME deconvoluted experimental data to compare with the in silico distance 
distributions. Deconvoluted data for vtRIDME and non-deconvoluted for ctRIDME 
and vtRIDME are shown in the SI (Fig. S4 and Tables S5–S7).

The comparison between the in silico and the experimental distance distributions 
(Fig. 3) revealed an intriguing difference between MMM and MtsslWizard. While 
the former consistently underestimated the distances between the two labels, with 
respect to the experimental data, the latter tended to overestimate the same measure-
ments. In general, both approaches seemed more accurate in the prediction of the 
narrow and unimodal distributions of the nitroxide labelling on the β-sheet, with the 
only exception being MMM at cryogenic temperature settings, that simulated hints 
of bimodality for MPSL. On the other hand, the predicted distributions for nitroxide 
labelling on the α-helix were characterized by an increased broadness that partially 
covered the two distinct peaks of the experimental data, although neither MMM nor 
MtsslWizard seemed to fully and reliably predict the bimodality of the experimental 
data. Curiously, for MTSL, the shorter distance between the labels, corresponding 
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Fig. 3  Modelled distance distributions for both GB1 constructs (I6C/K28H/Q32H and I6H/N8H/K28C), 
both labelled with MTSL, MPSL, IPSL, and IDSL, based on the AlphaFold2 structure, superimposed 
with their respective experimental distance distributions (derived from ctRIDME deconvoluted data, in 
black). The in silico approaches compared are MMM at ambient (orange) and cryogenic (green) tem-
perature and MtsslWizard with Tight (red) and Loose (blue) settings. Next to the distance distributions 
label rotamers modelled using MtsslWizard Loose (blue) and MMM at ambient temperature (orange) are 
given. a 6C MTSL, b 6C MPSL, c 6C IPSL, d 6C IDSL, e 28C MTSL, f 28C MPSL, g 28C IPSL, and h 
28C IDSL
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to the nitroxides interacting with the protein surface, seemed to be better predicted 
by MMM, while the longer distances seemed to be better predicted by MtsslWizard. 
This seemed sensible, as MtsslWizard has no attractive energy contribution for con-
formers close to the protein surface. Rotamers for each nitroxide and for the CuNTA, 
computed by the different labelling approaches and different conditions, are reported 
in Figs. S11 and S12.

To better understand and visualize the performance of the in silico approaches 
and of the different structure prediction tools, informative correlation plots (Fig. 
S13) were obtained by extracting the mean and width of every distance distribution 
from the experimental and the in silico labelling data (Table S5). We investigated 
the dependence of the labelling approach (MtsslWizard Tight or Loose and MMM 
ambient or cryogenic temperature) on the four different nitroxide labels. Addition-
ally, to get a numerical quantification of the curve discrepancies, the difference 
between the experimental and in silico mean values was also extracted (Δ mean) 
(Tables S8–S11).

Altogether, neither MMM nor MtsslWizard clearly outperformed the other. For 
the I6C/K28H/Q32H construct, independent of the prediction method (AlphaFold2, 
OmegaFold, ESMFold, and X-ray structure), MTSL was predicted best by MMM 
at ambient temperature, while all other nitroxides were best predicted by MtsslWiz-
ard Loose. On the other hand, the interpretation of the data for the I6H/N8H/K28C 
construct exhibiting bimodality in the experimental distance distributions was not as 
straightforward. Surprisingly, MTSL, that is widely employed in PDS experiments 
and whose behaviour might be expected to be well known, was the label on which 
MMM and MtsslWizard disagreed the most and neither could satisfyingly predict 
the experimental mean value. This may be a consequence of failing to predict the 
bimodal distance distribution obtained experimentally. However, the same problem 
was not observed for MPSL and IPSL; while both of them yielded bimodal distribu-
tions experimentally, which again were not satisfyingly predicted by either of the 
two labelling approaches, the predicted mean and width values were close to the 
experimental ones for both MMM and MtsslWizard.

Additional correlation plots (Fig. S14) were created to evaluate how the predic-
tion tool affected the in silico labelling performances. In general, predicting the dis-
tance distributions between the CuNTA and the nitroxide on the β-sheet site seemed 
to be mostly unaffected by the choice of the structure prediction method (Alpha-
Fold2, OmegaFold, and ESMFold), as expected for a small, well-known globular 
protein, like GB1. In contrast, the in silico spin labelling approach clearly had a 
greater impact on predicted distance distributions. One exception was the predic-
tion for IDSL estimated by MMM both at ambient and cryogenic temperature for 
OmegaFold, which performed substantially worse than the other prediction tools 
and was the furthest away from the experimental values. However, the situation was 
found to be more complex for the I6H/N8H/K28C construct, where the choice of the 
model prediction influenced the outcome of the distance distribution more strongly, 
although always with a lower impact than the influence derived from the labelling 
choice. In general, MtsslWizard seems to be less affected by this trend than MMM.

To further assess the discrepancies between the experimental and the in silico 
data, we extracted the rmsd values between different distributions, to quantitatively 
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investigate the similarity of the experimental and simulated distance distributions in 
terms of their overall shape (Tables S12–S15). These values mostly confirmed what 
was already discussed for the two modelling approaches and were highly consistent 
with the Δ mean values, where some values seemed to be in a better agreement with 
MMM, and others with MtsslWizard. Even if the bimodality was not captured by 
either of the two models, the increased broadness of the distributions was enough to 
reveal relatively low rmsd values even for the α-helix.

To comprehensively evaluate the in silico labelling methods, global rmsd values 
(Table S16) were extracted comparing all the mean values of the distance distribu-
tions of both GB1 constructs with the four nitroxide labels for a single labelling 
approach with the corresponding experimental values. In general, MtsslWizard with 
the Loose settings appeared to better represent the experimental data, while the 
other three approaches showed relatively small differences between each other. The 
influence of the structure prediction method was small. For MtsslWizard, the clos-
est agreement was found using “Tight” settings based on the experimental structure, 
and this rmsd was significantly lower than for all other modelling approaches. Inter-
estingly, the lowest rmsd values for MMM were obtained using the ESMFold model, 
whereas for both settings in MtsslWizard, the experimental structure yielded the 
best agreement. Very similar results could be observed for the distribution widths.

Although helices are often selected for SDSL, considering that they are well-
studied secondary structural elements, in the case of GB1, it seemed to be a chal-
lenging site with respect to the sheet, giving rise to more ambiguous results in the 
distance distributions both from the experimental and in silico point of view. For 
the former, all labels, except for IDSL, showed some degree of bimodality. For the 
latter, we could get clues from the lower agreement between the different structure 
prediction methods and from the simulated distance distributions that were not able 
to predict the bimodality but only a higher broadness.

Overall, MMM and MtsslWizard rather complement than outperform each other. 
The introduced implementation for bipedal chelator ligands in the MtsslWizard 
now also allows predicting distance distributions between the copper and nitroxide 
spin labels similar to MMM. Therefore, we suggest that both approaches should be 
employed simultaneously to predict and compare distance distributions at a given 
labelling site. When the two labelling methods show significant disagreement, this 
could be interpreted as a warning and caution should be taken in the selection of that 
specific residue for experimental SDSL approaches, because the discrepancy could 
indicate propensity for conformational ambiguity in the PDS data.

4  Conclusions

In summary, we presented a systematic investigation of two GB1 constructs with 
copper(II)-nitroxide orthogonal spin labelling, alternating both labels between the 
α-helix and the β-sheet. We confirmed that exploiting one rigid bipedal chelator 
agent such as CuNTA and a nitroxide radical provides a higher precision in the dis-
tance distributions with respect to the ones obtained with two nitroxide labels. This 
allowed an in-depth analysis of the behaviours of different nitroxide labels for the 
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different sites, demonstrating how nitroxide labelling of the α-helix could introduce 
some ambiguity.

The flexibility of the label plays a key role regarding the width and shape of the 
resulting distance distribution. The chosen nitroxide should be selected carefully, 
considering also other properties. It is important to keep in mind that the width, 
mean, and shape of the distance distributions can originate from the properties of 
the spin label or conformational flexibility of the labelled system.

MPSL and IPSL showed the greatest differences between the α-helix and β-sheet 
sites; similar differences were less evident but still present for the MTSL label. In 
contrast, IDSL did not seem affected by the secondary structure of the labelling 
site, indicating how the length of the linker can affect width and shape of the dis-
tribution. It provided the narrowest and most unimodal distance distributions of all 
labels investigated. Therefore, we suggest that IDSL is a potentially undervalued and 
underused label that could possibly be exploited for gaining information on small 
conformational changes.

We analyzed the performance of the newly introduced bipedal labelling with 
copper(II) chelators for MtsslWizard on prediction of in silico distance distribu-
tions between orthogonal  CuII and nitroxide labels. Overall, the results are compa-
rable to the ones obtained from MMM, and with the help of the distribution mean, 
width, and rmsd values, we demonstrated how the in silico labelling approaches dis-
played generally good but not perfect agreement in prediction of the experimental 
data. However, disagreement between the two methods could be an indication of 
the presence of an ambiguous labelling site with, for example, a bimodal conformer 
distribution.

Frequently, when selecting cysteine mutants for SDSL, α-helices are chosen as 
well-defined structural elements. Interestingly, here, we found that this site led to 
more ambiguity in the interpretation of the distance distributions than the β-sheet 
site. Further research is required to establish whether these observations for the dif-
ferent secondary structures can be generalized.

The research data underpinning this publication will be accessible at https:// doi. 
org/ 10. 17630/ 71f8e 2e5- 9f57- 4160- 8c32- de1b3 7d4c0 73 [65].
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I Results and Discussion  
 
1.1 Mass Spectrometry 
 
Acquired ESI mass spectrometry spectra show only a single peak at the expected mass of the protein (unlabelled 
or labelled with the four nitroxides, respectively). The only exception is for the 6C MTSL sample where a peak 
with smaller intensity belonging to the unreacted protein can also be detected (Fig. S1). For the GB1 
I6H/N8H/K28C control construct, a smaller peak corresponding to the dimer (12487 Da) can be observed. 
However, no dimer peak was detected in any of the labelled samples, leading us to assume that its formation may 
have occurred during the time frame between removing the DTT and performing the mass spectrometry 
measurement. 
The expected masses and the actual experimental masses for the different samples are reported in Table S1. 
 
 

 
Table S1 Expected and obtained mass values (Da) for both GB1 I6C/K28H/Q32H and I6H/N8H/K28C GB1 constructs with and without 
(control) the four different nitroxide labels MTSL, MPSL, IPSL and IDSL 
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Fig. S1 ESI-MS spectra of the two GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C with and without (control) the four nitroxide labels 
MTSL, MPSL, IPSL and IDSL 
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Fig. S1, continued ESI-MS spectra of the two GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C with and without (control) the four 
nitroxide labels MTSL, MPSL, IPSL and IDSL 
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Fig. S1, continued ESI-MS spectra of the two GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C with and without (control) the four 
nitroxide labels MTSL, MPSL, IPSL and IDSL 
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Fig. S1, continued ESI-MS spectra of the two GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C with and without (control) the four 
nitroxide labels MTSL, MPSL, IPSL and IDSL 
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Fig. S1, continued ESI-MS spectra of the two GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C with and without (control) the four 
nitroxide labels MTSL, MPSL, IPSL and IDSL 

 

 

1.2 Connuous Wave EPR Spectroscopy 
 

Individual CW EPR spectra and corresponding labelling efficiencies are given in Fig. S2 and Table S2. 

Quantitative labelling was obtained for all but the MTSL labelling of the I6C/K28H/Q32H construct, where the 

labelling efficiency was found to be lower, consistent with what was observed from the ESI-MS spectra. 
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Fig. S2 CW-EPR plots of the GB1 I6C/K28H/Q32H (in blue) and I6H/N8H/K28C (in red) GB1 constructs with the four distinct nitroxide labels, 
MTSL, MPSL, IPSL and IDSL 

 

 

 

Table S2 Labelling efficiencies for both GB1 I6C/K28H/Q32H and I6H/N8H/K28C GB1 constructs with the four nitroxides labels, MTSL, 
MPSL, IPSL and IDSL 

 
1.3 RIDME raw spectra 
 
RIDME raw spectra for both the variable and constant time RIDME, their reference background traces and the 
superimposed traces after deconvolution are reported in Fig. S3. 



	

	 94	

	
 	

 8

 
 

 
 
Fig. S3 Right: ctRIDME (cyan) and vtRIDME (magenta) raw data traces and their respective background traces (light green and orange). 
Left: superimposed constant time and variable time RIDME traces after deconvolution a) GB1 I6C/K28H/Q32H MTSL Cu-NTA, b) GB1 
I6C/K28H/Q32H MPSL CuNTA, c) GB1 I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA 
MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

 

a
RIDME Variable Time vs Constant Time

GB1 6C MTSL 28H32H CuNTA Deconv.

RIDME Variable Time
GB1 6C MTSL 28H32H CuNTA

RIDME Constant Time
GB1 6C MTSL 28H32H CuNTA

b
RIDME Variable Time vs Constant Time

GB1 6C MPSL 28H32H CuNTA Deconv.

RIDME Variable Time
GB1 6C MPSL 28H32H CuNTA

RIDME Constant Time
GB1 6C MPSL 28H32H CuNTA
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Fig. S3, continued Right: ctRIDME (cyan) and vtRIDME (magenta) raw data traces and their respective background traces (light green and 
orange). Left: superimposed constant time and variable time RIDME traces after deconvolution a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) 
GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA 
MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

c
RIDME Variable Time vs Constant Time

GB1 6C IPSL 28H32H CuNTA Deconv.

RIDME Variable Time
GB1 6C IPSL 28H32H CuNTA

RIDME Constant Time
GB1 6C IPSL 28H32H CuNTA

d
RIDME Variable Time vs Constant Time

GB1 6C IDSL 28H32H CuNTA Deconv.

RIDME Variable Time
GB1 6C IDSL 28H32H CuNTA

RIDME Constant Time
GB1 6C IDSL 28H32H CuNTA
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Fig. S3, continued Right: ctRIDME (cyan) and vtRIDME (magenta) raw data traces and their respective background traces (light green and 
orange). Left: superimposed constant time and variable time RIDME traces after deconvolution a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) 
GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA 
MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

e
RIDME Variable Time vs Constant Time

GB1 6H8H CuNTA 28C MTSL Deconv.

RIDME Variable Time
GB1 6H8H CuNTA 28C MTSL

RIDME Constant Time
GB1 6H8H CuNTA 28C MTSL

f
RIDME Variable Time vs Constant Time

GB1 6H8H CuNTA 28C MPSL Deconv.

RIDME Variable Time
GB1 6H8H CuNTA 28C MPSL

RIDME Constant Time
GB1 6H8H CuNTA 28C MPSL
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Fig. S3, continued Right: ctRIDME (cyan) and vtRIDME (magenta) raw data traces and their respective background traces (light green and 
orange). Left: superimposed constant time and variable time RIDME traces after deconvolution a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) 
GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA 
MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

  

g
RIDME Variable Time vs Constant Time

GB1 6H8H CuNTA 28C IPSL Deconv.

RIDME Variable Time
GB1 6H8H CuNTA 28C IPSL

RIDME Constant Time
GB1 6H8H CuNTA 28C IPSL

h
RIDME Variable Time vs Constant Time

GB1 6H8H CuNTA 28C IDSL Deconv.

RIDME Variable Time
GB1 6H8H CuNTA 28C IDSL

RIDME Constant Time
GB1 6H8H CuNTA 28C IDSL
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1.4 RIDME processed spectra and distance distribuons 
 

Raw and background-corrected RIDME traces, processed with Deer Analysis, and their corresponding distance 
distributions are reported in Fig. S4. 
 

 

 
 
Fig. S4 Left: raw RIDME traces (black) with background function (red); middle: background-corrected (BC) data (black) with fit (red); right: 

corresponding distance distributions given as 95% confidence intervals (± 2) with 50% noise added for error estimation during statistical 

analysis. Colour bars represent reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean reliable: red: no 

quantification possible). First row: ctRIDME deconvoluted, second row: ctRIDME non deconvoluted, third row: vtRIDME deconvoluted, 

fourth row: vtRIDME non deconvoluted. a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 

I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, 

g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

a
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Fig. S4, continued Left: raw RIDME traces (black) with background function (red); middle: background-corrected (BC) data (black) with fit 
(red); right: corresponding distance distributions given as 95% confidence intervals (± 2) with 50% noise added for error estimation 
during statistical analysis. Colour bars represent reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean 
reliable: red: no quantification possible). First row: ctRIDME deconvoluted, second row: ctRIDME non deconvoluted, third row: vtRIDME 
deconvoluted, fourth row: vtRIDME non deconvoluted a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 
I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, 
g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

 
 

b
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Fig. S4, continued Left: raw RIDME traces (black) with background function (red); middle: background-corrected (BC) data (black) with fit 
(red); right: corresponding distance distributions given as 95% confidence intervals (± 2) with 50% noise added for error estimation 
during statistical analysis. Colour bars represent reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean 
reliable: red: no quantification possible). First row: ctRIDME deconvoluted, second row: ctRIDME non deconvoluted, third row: vtRIDME 
deconvoluted, fourth row: vtRIDME non deconvoluted a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 
I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, 
g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

 

c
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Fig. S4, continued Left: raw RIDME traces (black) with background function (red); middle: background-corrected (BC) data (black) with fit 

(red); right: corresponding distance distributions given as 95% confidence intervals (± 2) with 50% noise added for error estimation 

during statistical analysis. Colour bars represent reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean 

reliable: red: no quantification possible). First row: ctRIDME deconvoluted, second row: ctRIDME non deconvoluted, third row: vtRIDME 

deconvoluted, fourth row: vtRIDME non deconvoluted a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 

I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, 

g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

 

d
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Fig. S4, continued Left: raw RIDME traces (black) with background function (red); middle: background-corrected (BC) data (black) with fit 
(red); right: corresponding distance distributions given as 95% confidence intervals (± 2) with 50% noise added for error estimation 
during statistical analysis. Colour bars represent reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean 
reliable: red: no quantification possible). First row: ctRIDME deconvoluted, second row: ctRIDME non deconvoluted, third row: vtRIDME 
deconvoluted, fourth row: vtRIDME non deconvoluted a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 
I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, 
g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

 

e
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Fig. S4, continued Left: raw RIDME traces (black) with background function (red); middle: background-corrected (BC) data (black) with fit 
(red); right: corresponding distance distributions given as 95% confidence intervals (± 2) with 50% noise added for error estimation 
during statistical analysis. Colour bars represent reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean 
reliable: red: no quantification possible). First row: ctRIDME deconvoluted, second row: ctRIDME non deconvoluted, third row: vtRIDME 
deconvoluted, fourth row: vtRIDME non deconvoluted a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 
I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, 
g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

 

f
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Fig. S4, continued Left: raw RIDME traces (black) with background function (red); middle: background-corrected (BC) data (black) with fit 
(red); right: corresponding distance distributions given as 95% confidence intervals (± 2) with 50% noise added for error estimation 
during statistical analysis. Colour bars represent reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean 
reliable: red: no quantification possible). First row: ctRIDME deconvoluted, second row: ctRIDME non deconvoluted, third row: vtRIDME 
deconvoluted, fourth row: vtRIDME non deconvoluted a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 
I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, 
g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

 

g
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Fig. S4, continued Left: raw RIDME traces (black) with background function (red); middle: background-corrected (BC) data (black) with fit 

(red); right: corresponding distance distributions given as 95% confidence intervals (± 2) with 50% noise added for error estimation 

during statistical analysis. Colour bars represent reliability ranges (green: shape reliable; yellow: mean and width reliable; orange: mean 

reliable: red: no quantification possible). First row: ctRIDME deconvoluted, second row: ctRIDME non deconvoluted, third row: vtRIDME 

deconvoluted, fourth row: vtRIDME non deconvoluted a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 

I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, 

g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

h
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1.5 Sensivity data for vtRIDME and ctRIDME 

We employed both ctRIDME and vtRIDME to compare the two pulse sequences in their performances for gaining 
confidence in the general applicability and robustness of the variable-time sequence. Therefore, the modulation 
depth extracted from each RIDME trace during processing in DeerAnalysis, divided by the noise (RMSD), 
calculated from the phase corrected imaginary part of the data (Table S3), were employed for obtaining the 
sensitivity per echo and the sensitivity per unit of time for each trace (Table S4) as reported previously[1]. As 
expected, higher sensitivity values were achieved from the vtRIDME, especially when considering the ratio 
between the non deconvoluted sequences. 

 

Table S3 Noise estimates (RMSD), modulation depths () and the sensitivity obtained from their ratio (S) for the two different RIDME 
pulse sequences (variable or constant time) with and without deconvolution for the two GB1 constructs (I6C/K28H/Q32H and 
I6H/N8H/K28C) with the four nitroxide labels, MTSL, MPSL, IPSL, IDSL  

 

 

ctRIDME vs vtRIDME

Δ RMSD S

Sensitivities ctRIDME vtRIDME ctRIDME vtRIDME ctRIDME vtRIDME

Deconv. Non 
Deconv. Deconv. Non 

Deconv. Deconv. Non 
Deconv. Deconv. Non 

Deconv. Deconv. Non 
Deconv. Deconv. Non 

Deconv.

MTSL
6C 0.434 0.452 0.447 0.517 0.0030 0.0030 0.0024 0.0016 142.8 149.9 187.6 323.1

28C 0.377 0.406 0.387 0.428 0.0023 0.0026 0.0020 0.0014 193.8 189.8 232.5 313.5

MPSL
6C 0.403 0.427 0.416 0.486 0.0021 0.0022 0.0018 0.0015 159.4 134.1 166.3 237.7

28C 0.351 0.373 0.370 0.470 0.0020 0.0022 0.0018 0.0011 151.1 151.0 222.7 351.1

IPSL
6C 0.333 0.346 0.358 0.420 0.0021 0.0026 0.0021 0.0018 164.5 157.3 196.0 304.2

28C 0.312 0.334 0.331 0.410 0.0017 0.0024 0.0015 0.0011 171.4 166.4 207.0 416.2

IDSL
6C 0.412 0.440 0.430 0.501 0.0027 0.0029 0.0019 0.0014 185.5 138.4 226.2 385.5

28C 0.357 0.372 0.369 0.419 0.0024 0.0028 0.0025 0.0019 147.4 133.0 146.4 219.1
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Table S4 Normalized sensitivity values (Sn) obtained from the sensitivity (S, Table S3) divided by the square root of total echoes per point 
(taken as the product of number of scans (1), shots per point (2), number of  averages (16), and phase cycle(32)), and sensitivity per unit 
of time (St) obtained by multiplying Sn values for the square root of the averaging rate (100 Hz). The values were extracted for both the 
constant and variable time RIDME with and without deconvolution for both GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C with the 
four nitroxide labels MTSL, MPSL, IPSL and IDSL. Sratio represents the ratio between the sensitivity values for the constant and variable 
time RIDME, respectively for the deconvoluted or non deconvoluted. 

 
1.6 Distance distribuons extracted from vtRIDME and ctRIDME with and without 
deconvoluon 
 
As expected from systems with short distances and relatively narrow distance distributions, the two different 
RIDME pulse sequences do not display significant discrepancies, neither in shape nor in mean and widths (Table 
S4), showing high consistency and robustness, regardless whether the deconvolution step has been applied or not. 
However, the distance distributions belonging to the vtRIDME without the deconvolution step (in green) are the 
most affected by the presence of artifacts at higher distance ranges. The superimposed distance distributions for 
both GB1 constructs, each one with the four distinct nitroxide labels, are reported in Fig. S5.  
 

ctRIDME vs vtRIDME

Sn St Sratio

Sensitivities ctRIDME vtRIDME ctRIDME vtRIDME
vt/ct 

Deconvoluted
vt/ct Non 

DeconvolutedDeconv
.

Non 
Deconv

.

Deconv
.

Non 
Deconv

.

Deconv
.

Non 
Deconv

.

Deconv
.

Non 
Deconv

.

MTSL
6C 4.464 4.686 5.864 10.09 44.64 46.86 58.64 100.9 1.314 2.155

28C 6.058 5.933 7.267 9,797 49.82 59.33 72.67 97.97 1.191 1.934

MPSL
6C 4.982 4.192 5.199 7.431 49.82 41.92 51.99 74.31 1.119 1.651

28C 4.725 4,720 6,961 10,97 47.25 47.20 69.61 109.7 1.208 2.501

IPSL
6C 5.141 4.917 6.126 9.509 51.41 49.17 61.26 95.09 1.044 1.772

28C 5.359 5.201 6.471 13.00 53.59 52.01 64.71 130.0 1.219 2.784

IDSL
6C 5.800 4.328 7.070 12.05 58.00 43.28 70.70 120.5 1.473 2.325

28C 4.607 4.158 4.575 6.848 46.07 41.58 45.75 68.48 0.933 1.647
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Fig. S5 Superimposed distance distributions extracted from ctRIDME and vtRIDME both deconvoluted and non deconvoluted traces, with 
the confidence estimates intervals (± 2) shown as shaded regions. Colour bars represent reliability ranges (green: shape reliable; yellow: 
mean and width reliable; orange: mean reliable: red: no quantification possible). a) GB1 I6C/K28H/Q32H MTSL CuNTA, b) GB1 
I6C/K28H/Q32H MPSL CuNTA, c) GB1 I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C CuNTA 
MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

a b

c d
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Fig. S5, continued Superimposed distance distributions extracted from ctRIDME and vtRIDME both deconvoluted and non deconvoluted 
traces, with the confidence estimates intervals (± 2) shown as shaded regions. Colour bars represent reliability ranges (green: shape 
reliable; yellow: mean and width reliable; orange: mean reliable: red: no quantification possible). a) GB1 I6C/K28H/Q32H MTSL CuNTA, 
b) GB1 I6C/K28H/Q32H MPSL CuNTA, c) GB1 I6C/K28H/Q32H IPSL CuNTA, d) GB1 I6C/K28H/Q32H IDSL CuNTA, e) GB1 I6H/N8H/K28C 
CuNTA MTSL, f) GB1 I6H/N8H/K28C CuNTA MPSL, g) GB1 I6H/N8H/K28C CuNTA IPSL, h) GB1 I6H/N8H/K28C CuNTA IDSL 

 
1.7 Mean, Width and Full Width at Half Maximum for ctRIDME and vtRIDME both with and 
without deconvoluon 
 
All mean and width values of the experimental distance distributions were extracted with an in-house Matlab 
script. The values were calculated considering only the data between 1.7 and 4.5 nm to suppress the influence of 
artifacts at higher or lower distance ranges that greatly affect these values (Table S5). Mean values for the different 
experimental setups on the same sample can be considered consistent and robust with respect to each other. On 
the other hand, the vtRIDME suffers the most from the presence of artifacts which is reflected in the consistently 
higher values of the extracted widths.  
 

e f

g h
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Table S5 Mean and width values (reported in nm) extracted from experimental distance distributions of the two RIDME pulse sequences 

with and without deconvolution for both GB1 constructs (I6C/K28H/Q32H and I6H/N8H/K28C) for the four spin labels MTSL, MPSL, IPSL, 

IDSL  

 
However, in some cases considering the restricted range between 1.7 and 4.5 nm is not enough to be completely 
independent from artifacts, and some values are still relatively affected by them, such as the width for the 28C 
IDSL. Therefore, we monitored the full width at half maximum (FWHM), considering this to be a parameter more 
independent from artifacts, for every distance distribution peak, to further point out the high consistency and 
robustness of the two different RIDME sequences (Table S6). Moreover, we decided to extract the mean and width 
values for every distance distribution considering the lower error estimate obtained from Deer Analysis (Table 
S7). 

ctRIDME 
vs 

vtRIDME

Mean (nm) Width (nm)
ctRIDME vtRIDME ctRIDME vtRIDME

Deconv. Non 
Deconv. Deconv. Non 

Deconv. Deconv. Non 
Deconv. Deconv. Non 

Deconv.

MTSL
6C 2.402 2.390 2.412 2.407 0.131 0.062 0.189 0.159

28C 2.404 2.382 2.424 2.453 0.185 0.154 0.244 0.341

MPSL
6C 2.674 2.653 2.662 2.657 0.168 0.115 0.171 0.124

28C 2.581 2.552 2.591 2.611 0.272 0.245 0.261 0.324

IPSL
6C 2.596 2.574 2.601 2.601 0.185 0.149 0.208 0.212

28C 2.592 2.565 2.600 2.607 0.256 0.233 0.277 0.317

IDSL
6C 2.561 2.515 2.596 2.589 0.259 0.133 0.333 0.319

28C 2.682 2.641 2.692 2.705 0.217 0.091 0.250 0.308
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Table S6 Full width at half maximum (FWHM) (reported in nm) extracted from experimental distance distributions of the two RIDME pulse 
sequences with and without deconvolution for both GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C for the four spin labels MTSL, 
MPSL, IPSL, IDSL 



	

	 112	

	
 	

 26 

 

Table S7 Mean and width values (reported in nm) extracted from the lower error bound (LB) estimate of the experimental distance 
distributions of the two RIDME pulse sequences with and without deconvolution for both GB1 constructs (I6C/K28H/Q32H and 
I6H/N8H/K28C) for the four spin labels MTSL, MPS, IPSL and IDSL  

 

1.8 Comparison of the distance distribuons between two nitroxides labels or between the 
copper(II) and the nitroxides 
 
Data obtained previously on the double-cysteine GB1 construct (GB1 I6C/K28C) showed bimodality for the 
MTSL label and generally broader distributions for the MPSL and IPSL labels (Fig. S6). Distinguishing whether 
this behaviour depends on the nitroxide attached to the -helix or the -sheet was possible only after the 
introduction of the less conformationally flexible CuNTA chelator ligand alternatively on one labelling site of the 
protein. The reduction in the distribution widths, provoked by the rigidity of this bipedal ligand, entailed a 
significant improvement in the precision of the measured distances, and a consequent decrease in the ambiguity 
of the interpretation of the system behaviour, leading us to mark the helix site as the one responsible for the 
broadness and bimodality in the distance distributions.  

ctRIDME 
vs 

vtRIDME

Mean LB (nm) Width LB (nm)
ctRIDME vtRIDME ctRIDME vtRIDME

Deconv. Non 
Deconv. Deconv. Non 

Deconv. Deconv. Non 
Deconv. Deconv. Non 

Deconv.

MTSL
6C 2.393 2.390 2.395 2.391 0.063 0.060 0.062 0.063

28C 2.361 2.340 2.350 2.339 0.135 0.102 0.113 0.108

MPSL
6C 2.669 2.655 2.655 2.653 0.107 0.111 0.111 0.114

28C 2.576 2.557 2.582 2.561 0.241 0.235 0.219 0.219

IPSL
6C 2.578 2.556 2.577 2.579 0.114 0.100 0.115 0.113

28C 2.581 2.553 2.579 2.566 0.233 0.228 0.226 0.222

IDSL
6C 2.488 2.489 2.492 2.504 0.047 0.047 0.051 0.072

28C 2.647 2.641 2.644 2.647 0.085 0.071 0.084 0.084
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Fig. S6 Comparison of the distance distributions between two nitroxide spin labels on the double cysteine mutant GB1 I6C/K28C (black) 
obtained with the 4-pulse DEER sequence, and the distributions between the CuNTA and the same nitroxides, respectively on the 
I6C/K28H/Q32H (blue) and I6H/N8H/K28C (red) GB1 constructs obtained with the 5-pulse RIDME pulse sequence. The shadowed area 
represents the confidence estimate intervals (± 2) 
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1.9 Modelling with MMM and MtsslWizard 
 
All the modelling data of the distance distributions, acquired for the different structure prediction tools 
(AlphaFold2 (Fig. S7), OmegaFold (Fig. S8), ESMFold (Fig. S9)), and the crystallographic structure (PDB:4wh4 
(Fig. S10)), are reported here compared to the experimentally obtained distributions from the ctRIDME 
deconvoluted data set. All structural models behave in a similar manner, and the extensive discussion in the main 
manuscript about the AlphaFold2 performance can be transposed to the other prediction methods and to the 
crystallographic structure. Minor differences in terms of shapes of the distance distributions can be detected. Here 
we report a visual representation of the computated rotamers for the different labelling approaches and their 
respective different conditions (ambient and cryogenic temperature for MMM and Tight and Loose for 
MtsslWizard) for the nitroxides (Fig. S11) and for the CuNTA (Tight and Loose settings for the Wizard and as 
previously described for MMM [2]) (Fig. S12). 
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Fig. S7 Modelled distance distributions for both I6C/K28H/Q32H and the I6H/N8H/K28C GB1 constructs, both labelled with MTSL, MPSL, 
IPSL and IDSL, based on the AlphaFold2 structure, superimposed with their respective experimental distance distributions (derived from 
ctRIDME deconvoluted data set, in black). The in silico approaches considered are MMM at ambient (orange) and cryogenic (green) 
temperature and MtsslWizard with Tight (red) and Loose (blue) settings. First row: 6C MTSL, 6C MPSL. Second row: 6C IPSL, 6C IDSL. Third 
row: 28C MTSL and 28C MPSL. Fourth row: 28C IPSL and 28C IDSL 

Distance Distribution
GB1 6C MTSL 28H32H CuNTA AlphaFold2

Distance Distribution
GB1 6C MPSL 28H32H CuNTA AlphaFold2

Distance Distribution
GB1 6C IPSL 28H32H CuNTA AlphaFold2

Distance Distribution
GB1 6C IDSL 28H32H CuNTA AlphaFold2

Distance Distribution
GB1 6H8H CuNTA 28C MTSL AlphaFold2

Distance Distribution
GB1 6H8H CuNTA 28C MPSL AlphaFold2

Distance Distribution
GB1 6H8H CuNTA 28C IPSL AlphaFold2

Distance Distribution
GB1 6H8H CuNTA 28C IDSL AlphaFold2
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Fig. S8 Modelled distance distributions for both I6C/K28H/Q32H and the I6H/N8H/K28C GB1 constructs, both labelled with MTSL, MPSL, 
IPSL and IDSL, based on the OmegaFold structure, superimposed with their respective experimental distance distributions (derived from 
ctRIDME deconvoluted data set, in black). The in silico approaches considered are MMM at ambient (orange) and cryogenic (green) 
temperature and MtsslWizard with Tight (red) and Loose (blue) settings. First row: 6C MTSL, 6C MPSL. Second row: 6C IPSL, 6C IDSL. Third 
row: 28C MTSL and 28C MPSL. Fourth row: 28C IPSL and 28C IDSL 

Distance Distribution
GB1 6C MTSL 28H32H CuNTA OmegaFold

Distance Distribution
GB1 6C MPSL 28H32H CuNTA OmegaFold

Distance Distribution
GB1 6C IPSL 28H32H CuNTA OmegaFold

Distance Distribution
GB1 6C IDSL 28H32H CuNTA OmegaFold

Distance Distribution
GB1 6H8H CuNTA 28C MTSL OmegaFold

Distance Distribution
GB1 6H8H CuNTA 28C MPSL OmegaFold

Distance Distribution
GB1 6H8H CuNTA 28C IPSL OmegaFold

Distance Distribution
GB1 6H8H CuNTA 28C IDSL OmegaFold
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Fig. S9 Modelled distance distributions for both I6C/K28H/Q32H and the I6H/N8H/K28C GB1 constructs, both labelled with MTSL, MPSL, 
IPSL and IDSL, based on the ESMFold structure, superimposed with their respective experimental distance distributions (derived from 
ctRIDME deconvoluted data set, in black). The in silico approaches considered are MMM at ambient (orange) and cryogenic (green) 
temperature and MtsslWizard with Tight (red) and Loose (blue) settings. First row: 6C MTSL, 6C MPSL. Second row: 6C IPSL, 6C IDSL. 
Third row: 28C MTSL and 28C MPSL. Fourth row: 28C IPSL and 28C IDSL 

Distance Distribution
GB1 6C MTSL 28H32H CuNTA ESMFold

Distance Distribution
GB1 6C MPSL 28H32H CuNTA ESMFold

Distance Distribution
GB1 6C IPSL 28H32H CuNTA ESMFold

Distance Distribution
GB1 6C IDSL 28H32H CuNTA ESMFold

Distance Distribution
GB1 6H8H CuNTA 28C MTSL ESMFold

Distance Distribution
GB1 6H8H CuNTA 28C MPSL ESMFold

Distance Distribution
GB1 6H8H CuNTA 28C IPSL ESMFold

Distance Distribution
GB1 6H8H CuNTA 28C IDSL ESMFold
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Fig. S10 Modelled distance distributions for both I6C/K28H/Q32H and the I6H/N8H/K28C GB1 constructs, both labelled with MTSL, 

MPSL, IPSL and IDSL, based on the X-ray structure (PDB: 4wh4), superimposed with their respective experimental distance distributions 

(derived from ctRIDME deconvoluted data set, in black). The in silico approaches considered are MMM at ambient (orange) and 

cryogenic (green) temperature and MtsslWizard with Tight (red) and Loose (blue) settings. First row: 6C MTSL, 6C MPSL. Second row: 6C 

IPSL, 6C IDSL. Third row: 28C MTSL and 28C MPSL. Fourth row: 28C IPSL and 28C IDSL 

Distance Distribution
GB1 6C MTSL 28H32H CuNTA x-ray 4wh4

Distance Distribution
GB1 6C MPSL 28H32H CuNTA x-ray 4wh4

Distance Distribution
GB1 6C IPSL 28H32H CuNTA x-ray 4wh4

Distance Distribution
GB1 6C IDSL 28H32H CuNTA x-ray 4wh4

Distance Distribution
GB1 6H8H CuNTA 28C MTSL x-ray 4wh4

Distance Distribution
GB1 6H8H CuNTA 28C MPSL x-ray 4wh4

Distance Distribution
GB1 6H8H CuNTA 28C IPSL x-ray 4wh4

Distance Distribution
GB1 6H8H CuNTA 28C IDSL x-ray 4wh4
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Fig. S11 Modelled rotamers for the two in silico labelling approaches, MMM with cryogenic (green rotamers) and ambient (orange 

rotamers) conditions, and MtsslWizard with Tight (red rotamers) and Loose (blue rotamers) settings, for both I6C/K28H/Q32H and the 

I6H/N8H/K28C GB1 constructs, labelled with MTSL, MPSL, IPSL and IDSL. a) GB1 I6C/K28H/Q32H MTSL, b) GB1 I6C/K28H/Q32H MPSL, c) 
GB1 I6C/K28H/Q32H IPSL, d) GB1 I6C/K28H/Q32H IDSL, e) GB1 I6H/N8H/K28C MTSL, f) GB1 I6H/N8H/K28C MPSL, g) GB1 I6H/N8H/K28C 

IPSL, h) GB1 I6H/N8H/K28C IDSL 

 

a

b

c

d
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Fig. S11, continued Modelled rotamers for the two in silico labelling approaches, MMM with cryogenic (green rotamers) and ambient 
(orange rotamers) conditions, and MtsslWizard with Tight (red rotamers) and Loose (blue rotamers) settings, for both I6C/K28H/Q32H 
and the I6H/N8H/K28C GB1 constructs, labelled with MTSL, MPSL, IPSL and IDSL. a) GB1 I6C/K28H/Q32H MTSL, b) GB1 I6C/K28H/Q32H 
MPSL, c) GB1 I6C/K28H/Q32H IPSL, d) GB1 I6C/K28H/Q32H IDSL, e) GB1 I6H/N8H/K28C MTSL, f) GB1 I6H/N8H/K28C MPSL, g) GB1 
I6H/N8H/K28C IPSL, h) GB1 I6H/N8H/K28C IDSL 

 
 

e

f

g

h
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Fig. S12 Modelled rotamers for the CuNTA label for the two in silico labelling approaches MtsslWizard Tight (red rotamers) and Loose 
(blue rotamers) settings and for MMM (forest green rotamers) for both I6C/K28H/Q32H (a) and I6H/N8H/K28C (b) GB1 constructs 

  

a

b
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Table S9 Mean, width and Δ mean of the modelled distances for both MMM (ambient and cryogenic temperature) and MtsslWizard (Tight 
and Loose settings), for both GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C, each labelled with the four nitroxides (MTSL, MPSL, IPSL 
and IDSL), based on the OmegaFold structure 

 
Table S10 Mean, width and Δ mean of the modelled distances for both MMM (ambient and cryogenic temperature) and MtsslWizard 
(Tight and Loose settings), for both GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C, each labelled with the four nitroxides (MTSL, 
MPSL, IPSL and IDSL), based on the ESMFold structure 

 

Mean Width Δ Mean

OmegaFold MMM MtsslWizard MMM MtsslWizard MMM MtsslWizard

Tcryo Tamb Tight Loose Tcryo Tamb Tight Loose Tcryo Tamb Tight Loose

MTSL
6C 2.323 2.424 2.704 2.534 0.091 0.114 0.077 0.175 0.078 0.022 0.301 0.132

28C 2.071 2.283 2.746 2.594 0.200 0.194 0.146 0.234 0.332 0.121 0.341 0.189

MPSL
6C 2.333 2.212 2.805 2.638 0.237 0.188 0.075 0.193 0.340 0.462 0.130 0.036

28C 2.521 2.533 2.888 2.824 0.171 0.125 0.149 0.222 0.060 0.048 0.306 0.242

IPSL
6C 2.466 2.451 2.690 2.547 0.171 0.208 0.115 0.187 0.130 0.145 0.093 0.049

28C 2.342 2.410 2.753 2.609 0.219 0.223 0.145 0.239 0.249 0.181 0.161 0.017

IDSL
6C 2.223 2.257 2.631 2.479 0.115 0.138 0.051 0.167 0.337 0.303 0.070 0.081

28C 2.308 2.317 2.690 2.595 0.177 0.175 0.109 0.168 0.373 0.365 0.079 0.086

Mean Width Δ Mean

ESMFold MMM MtsslWizard MMM MtsslWizard MMM MtsslWizard

Tcryo Tamb Tight Loose Tcryo Tamb Tight Loose Tcryo Tamb Tight Loose

MTSL
6C 2.334 2.434 2.723 2.547 0.096 0.147 0.075 0.178 0.067 0.032 0.320 0.145

28C 2.283 2.361 2.776 2.626 0.194 0.123 0.130 0.229 0.121 0.042 0.371 0.222

MPSL
6C 2.395 2.267 2.846 2.667 0.221 0.161 0.076 0.203 0.279 0.407 0.171 0.007

28C 2.663 2.667 2.913 2.844 0.191 0.172 0.152 0.204 0.081 0.085 0.332 0.263

IPSL
6C 2.443 2.490 2.742 2.547 0.199 0.186 0.104 0.181 0.152 0.106 0.145 0.048

28C 2.503 2.561 2.772 2.601 0.209 0.229 0.154 0.264 0.088 0.030 0.180 0.089

IDSL
6C 2.433 2.440 2.691 2.486 0.110 0.113 0.077 0.151 0.127 0.120 0.130 0.075

28C 2.437 2.490 2.727 2.622 0.163 0.158 0.104 0.169 0.208 0.191 0.045 0.059
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1.10 Correlaon plots and mean, widths values of the modelled distribuons 
 
Correlation plots (Fig. S13 and Fig. S14) were obtained by extracting the mean and width of every distance 
distribution from the experimental and the in silico labelling data (Table S5). To get a numerical quantification of 
the curve discrepancies, the differences between the experimental and in silico mean values were also extracted as 
absolute values (Δ mean) (Tables S8-S11). The correlation plots were built considering the mean of the 
experimental distances on the x-axis and the mean of the in silico labelling on the y-axis. The widths of the 
experimental and simulated distributions were employed as “error bars” for each data point. 
 

 
 

Table S8 Mean, width and Δ mean of the modelled distances for both MMM (ambient and cryogenic temperature) and MtsslWizard (Tight 
and Loose settings), for both GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C, each labelled with the four nitroxides (MTSL, MPSL, IPSL 
and IDSL), based on the AlphaFold2 structure 

 

Mean Width Δ Mean

AlphaFold2 MMM MtsslWizard MMM MtsslWizard MMM MtsslWizard

Tcryo Tamb Tight Loose Tcryo Tamb Tight Loose Tcryo Tamb Tight Loose

MTSL
6C 2.349 2.425 2.720 2.517 0.089 0.123 0.074 0.184 0.052 0.023 0.318 0.115

28C 2.108 2.217 2.746 2.606 0.196 0.220 0.152 0.235 0.295 0.186 0.341 0.202

MPSL
6C 2.364 2.213 2.852 2.643 0.223 0.123 0.070 0.195 0.310 0.460 0.177 0.031

28C 2.525 2.499 2.930 2.795 0.173 0.173 0.132 0.229 0.056 0.082 0.348 0.213

IPSL
6C 2.365 2.473 2.718 2.528 0.223 0.197 0.115 0.199 0.232 0.123 0.121 0.068

28C 2.525 2.408 2.768 2.659 0.173 0.217 0.140 0.216 0.066 0.183 0.175 0.067

IDSL
6C 2.436 2.437 2.645 2.478 0.115 0.115 0.079 0.159 0.124 0.123 0.084 0.082

28C 2.331 2.339 2.714 2.591 0.148 0.148 0.105 0.176 0.350 0.342 0.028 0.090
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Table S11 Mean, width and Δ mean of the modelled distances for both MMM (ambient and cryogenic temperature) and MtsslWizard 
(Tight and Loose settings), for both GB1 constructs I6C/K28H/Q32H and I6H/N8H/K28C, each labelled with the four nitroxides (MTSL, 
MPSL, IPSL and IDSL), based on the X-ray crystallographic structure (PDB: 4wh4) 

 
 
A first set of correlation plots investigates the dependence on the labelling approach (MtsslWizard Tight or Loose 
and MMM ambient or cryogenic temperature) of the four different nitroxide labels for the same structure prediction 
method. 
 
 
 

Mean Width Δ Mean

X-ray MMM MtsslWizard MMM MtsslWizard MMM MtsslWizard

Tcryo Tamb Tight Loose Tcryo Tamb Tight Loose Tcryo Tamb Tight Loose

MTSL
6C 2.304 2.391 2.703 2.472 0.127 0.148 0.084 0.191 0.097 0.010 0.300 0.070

28C 2.193 2.151 2.689 2.552 0.163 0.263 0.157 0.257 0.210 0.252 0.285 0.148

MPSL
6C 2.307 2.319 2.822 2.634 0.219 0.176 0.076 0.188 0.367 0.355 0.147 0.040

28C 2.519 2.272 2.860 2.721 0.171 0.125 0.186 0.269 0.062 0.307 0.278 0.139

IPSL
6C 2.394 2.477 2.691 2.508 0.228 0.183 0.108 0.195 0.201 0.118 0.094 0.088

28C 2.351 2.394 2.673 2.522 0.217 0.233 0.173 0.271 0.240 0.198 0.080 0.069

IDSL
6C 2.413 2.428 2.615 2.454 0.113 0.109 0.063 0.170 0.148 0.133 0.054 0.106

28C 2.332 2.346 2.620 2.518 0.166 0.158 0.115 0.188 0.349 0.335 0.061 0.164
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Fig. S13 Correlation plots, each point was plotted considering the mean value of the experimental distance distribution of the ctRIDME 
for the x-axis and their respective in silico mean values on the y axis. The error bars of each data point are derived from the experimental 
distance distribution width on the x axis and the respective in silico width on the y axis. The black line scores for the experimental trend. 
The different colors represent the different labelling approaches at different conditions: MMM at ambient temperature (orange), MMM 
at cryogenic temperature (green), MtsslWizard with Tight settings (red), MtsslWizard with Loose settings (blue). The different shapes 
correspond to the different nitroxide labels: circle MTSL, triangle MPSL, diamond IPSL and square IDSL. a) AlphaFold2, b) OmegaFold, c) 
ESMFold, d) X-ray (PDB: 4wh4) 
 
 

a

b
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Fig. S13, continued Correlation plots, each point was plotted considering the mean value of the experimental distance distribution of the 
ctRIDME for the x-axis and their respective in silico mean values on the y axis. The error bars of each data point are derived from the 
experimental distance distribution width on the x axis and the respective in silico width on the y axis. The black line scores for the 
experimental trend. The different colors represent the different labelling approaches at different conditions: MMM at ambient 
temperature (orange), MMM at cryogenic temperature (green), MtsslWizard with Tight settings (red), MtsslWizard with Loose settings 
(blue). The different shapes correspond to the different nitroxide labels: circle MTSL, triangle MPSL, diamond IPSL and square IDSL. a) 
AlphaFold2, b) OmegaFold, c) ESMFold, d) X-ray (PDB: 4wh4) 

  

c

d
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A second set of correlation plots was introduced to better understand the role of the structure prediction methods 
with respect to the different labelling approaches for the same nitroxide label on the same GB1 construct.  

 
 
Fig. S14 Correlation plots, each point was plotted considering the mean value of the experimental distance distribution of the ctRIDME 
for the x-axis and their respective in silico mean values on the y axis. The error bars of each data point derive from the experimental 
distance distribution width on the x axis and the respective in silico width on the y axis. The black line scores for the experimental trend. 
The different colors represent the different labelling approaches at different conditions: MMM at ambient temperature (orange), MMM 
at cryogenic temperature (green), MtsslWizard with Tight settings (red), MtsslWizard with Loose settings (blue). The different shapes 
correspond to the different structure predictor tools: circle AlphaFold2, triangle OmegaFold, diamond X-ray (PDB: 4wh4) and square ESM-
Fold. a) 6C and 28C MTSL, b) 6C and 28C MPSL, c) 6C and 28C IPSL, d) 6C and 28C IDSL. 

 

a

b
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Fig. S14, continued Correlation plots, each point was plotted considering the mean value of the experimental distance distribution of the 
ctRIDME for the x-axis and their respective in silico mean values on the y axis. The error bars of each data point derive from the 
experimental distance distribution width on the x axis and the respective in silico width on the y axis. The black line scores for the 
experimental trend. The different colors represent the different labelling approaches at different conditions: MMM at ambient 
temperature (orange), MMM at cryogenic temperature (green), MtsslWizard with Tight settings (red), MtsslWizard with Loose settings 
(blue). The different shapes correspond to the different structure predictor tools: circle AlphaFold2, triangle OmegaFold, diamond X-ray 
(PDB: 4wh4) and square ESM-Fold. a) 6C and 28C MTSL, b) 6C and 28C MPSL, c) 6C and 28C IPSL, d) 6C and 28C IDSL. 

c

d
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1.11 Root mean square deviaon (RMSD) values 
 
To compare the overall shapes of the experimental and in silico distance distributions, the rmsd values were 
calculated with an in-house Matlab software (Tables S12-S15). 
 

 
Table S12 Root mean square deviation (rmsd) values of the modelled distances for both MMM and MtsslWizard at both different 
conditions (ambient and cryogenic temperature and Tight and Loose settings), for both GB1 constructs I6C/K28H/Q32H and 
I6H/N8H/K28C, each respectively with the four nitroxides (MTSL, MPSL, IPSL and IDSL), for the AlphaFold2 structure  

 

AlphaFold2

RMSD MTSL MPSL IPSL IDSL

6C 28C 6C 28C 6C 28C 6C 28C

MMM
Tcryo 0.0070 0.0159 0.0132 0.0072 0.0118 0.0082 0.0094 0.0193

Tamb 0.0083 0.0149 0.0202 0.0075 0.0068 0.0081 0.0094 0.0191

Wizard
Tight 0.0247 0.0197 0.0182 0.0082 0.0121 0.0082 0.0190 0.0096

Loose 0.0153 0.0170 0.0082 0.0057 0.0057 0.0057 0.0135 0.0065
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Table S13 Root mean square deviation (rmsd) values of the modelled distances for both MMM and MtsslWizard at both different 
conditions (ambient and cryogenic temperature and Tight and Loose settings), for both GB1 constructs I6C/K28H/Q32H and 
I6H/N8H/K28C, each respectively with the four nitroxides (MTSL, MPSL, IPSL and IDSL), for the OmegaFold structure 

 
Table S14 Root mean square deviation (rmsd) values of the modelled distances for both MMM and MtsslWizard at both different 
conditions (ambient and cryogenic temperature and Tight and Loose settings), for both GB1 constructs I6C/K28H/Q32H and 
I6H/N8H/K28C, each respectively with the four nitroxides (MTSL, MPSL, IPSL and IDSL), for the ESMfold structure  

 

OmegaFold

RMSD MTSL MPSL IPSL IDSL

6C 28C 6C 28C 6C 28C 6C 28C

MMM
Tcryo 0.0098 0.0169 0.0133 0.0074 0.0071 0.0088 0.0226 0.0190

Tamb 0.0076 0.0147 0.0175 0.0121 0.0067 0.0079 0.0201 0.0188

Wizard
Tight 0.0245 0.0197 0.0135 0.0117 0.0099 0.001 0.0228 0.0070

Loose 0.0166 0.0158 0.0075 0.0101 0.0057 0.0046 0.0130 0.0065

ESMFold

RMSD MTSL MPSL IPSL IDSL

6C 28C 6C 28C 6C 28C 6C 28C

MMM
Tcryo 0.0085 0.0137 0.0123 0.0058 0.0069 0.0066 0.0104 0.0118

Tamb 0.0114 0.0139 0.0176 0.0055 0.0067 0.0066 0.0098 0.0108

Wizard
Tight 0.0246 0.0205 0.017 0.0120 0.0135 0.0078 0.0224 0.0102

Loose 0.0165 0.0166 0.0084 0.0101 0.0057 0.0051 0.0120 0.0070
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Table S15 Root mean square deviation (rmsd) values of the modelled distances for both MMM and MtsslWizard at both different 
conditions (ambient and cryogenic temperature and Tight and Loose settings), for both GB1 constructs I6C/K28H/Q32H and 
I6H/N8H/K28C, each respectively with the four nitroxides (MTSL, MPSL, IPSL and IDSL), for the X-ray crystallographic structure (PDB: 
4wh4) 

 

To better estimate which labelling approach globally predicts more consistently the experimental behaviour, we 

compared at the same time all the mean values of the distance distributions of both constructs with the four distinct 

nitroxide spin labels for a single in silico labelling approach, with the same experimental data, extracting the global 

rmsd values (Table S16). This procedure was repeated for the two labelling approaches and their respective 

conditions (ambient and cryogenic temperatures for MMM and Tight and Loose settings for MtsslWizard). All 

three different structure prediction methods (AlphaFold2, OmegaFold and ESMFold) and the X-ray 

crystallographic structure were analysed. The same procedure was employed to analyse the distribution widths 

(Table S16). 

 

X-ray 4wh4

RMSD MTSL MPSL IPSL IDSL

6C 28C 6C 28C 6C 28C 6C 28C

MMM
Tcryo 0.0099 0.0137 0.0151 0.0086 0.0077 0.009 0.0115 0.0184

Tamb 0.0106 0.0139 0.0169 0.0133 0.0075 0.0081 0.0100 0.0185

Wizard
Tight 0.0239 0.0189 0.0036 0.0128 0.0103 0.0059 0.0201 0.0034

Loose 0.0146 0.0165 0.0104 0.081 0.0051 0.0055 0.0129 0.0074
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Table S16 Global RMSD values, extracted by comparison between all the mean values (for both GB1 constructs and the four nitroxide 

labels) for a single labelling approach with the experimental values. Repeated for the two labelling approaches MMM and MtsslWizard 

with their respective conditions, cryogenic and ambient temperature for the former, and Tight and Loose settings for the latter. All 

predicted structures (AlphaFold2, OmegaFold, ESMFold) and the X-ray crystallographic structure have been considered. The same 

procedure was employed to analyse the distribution widths 
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RMSD
Global

AlphaFold2 OmegaFold ESMFold X-ray

Mean Width Mean Width Mean Width Mean Width

MMM
Tcryo 0.219 0.077 0.267 0.071 0.156 0.069 0.233 0.071

Tamb 0.233 0.071 0.252 0.071 0.173 0.068 0.242 0.082

Wizard
Tight 0.230 0.110 0.211 0.112 0.238 0.107 0.191 0.100

Loose 0.125 0.051 0.127 0.048 0.137 0.054 0.111 0.047
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5.3. A	 systematic	 study	 on	 the	 effect	 of	 protonation	 and	

deuteration	on	Tm	in	a	cellular	context	

In-cell	EPR	is	still	a	relatively	young	field	where	several	improvements	can	still	be	made,	

from	the	labels	stability	to	the	protein	delivery	protocols	with	the	aim	of	increasing	the	

sensitivity	of	the	technique.	In	this	work,	for	the	first	time	we	investigated	the	effect	of	

deuterated	cells,	both	prokaryotic	(Escherichia	coli)	and	eukaryotic	(Pichia	pastoris)	on	

the	protein	relaxation	time	Tm.	Deuterated	cells	can	be	extremely	helpful	in	increasing	

the	phase	memory	time	both	for	retrieving	longer	distances	between	paramagnetic	labels	

and	 for	 overcoming	 the	 poor	 signal	 to	 noise	 ratio	 derived	 from	 the	 generally	 low	

concentration	 of	 the	 in-cell	 samples.	 Here	 we	 expressed	 both	 fully	 deuterated	 and	

protonated	 doubly	 cysteine	 mutated	 human	 ubiquitin	 (S20C/G35C),	 which	 were	

delivered	into	cells	through	the	thermal	delivery	protocol,	after	the	labelling	reaction	with	

the	 malemide	 proxyl	 spin	 label	 (MPSL).	 At	 the	 same	 time,	 both	 protonated	 and	

deuterated	Escherichia	 Coli	 and	Pichia	 Pastoris	 -	 the	 latter	obtained	 through	a	 novel	

protocol	for	the	preparation	of	deuterated	Pichia	pastoris	cells	-	were	obtained	and	used	

for	 the	 thermal	 delivery.	 The	 samples	 of	 protonated	 protein	 in	 protonated	 cells,	

deuterated	 protein	 in	 protonated	 cells,	 protonated	 protein	 in	 deuterated	 cells	 and	

deuterated	protein	 in	deuterated	cells	were	analyzed	through	EPR	spectroscopy.	Their	

corresponding	Tm	were	evaluated	to	check	which	experimental	protein/cell	combination	

could	be	the	most	suitable	considering	Tm	gaining	but	also	the	global	experimental	costs.	

Before	the	in	cell	experiments	the	Tm	characterization	of	the	doubly	labelled	protein	were	

conducted	in	buffer	solution.	Indeed,	four	sample	of	the	protein	in	different	environment	

were	properad	as	follow:	protonated	protein	in	protonated	solvent,	protonated	protein	in	

deuterated	solvent,	deuterated	protein	in	protonated	solvent	and	deuterated	protein	in	

deuterated	sample.	The	Tm	values	were	estimated	by	fitting	the	experimental	data	with	a	

stretched	 exponential	 equation	 and	 the	 results	 clearly	 confirm	 how	 the	 deuteration	

highly	affects	and	 increases	 the	overall	Tm	 of	 the	 labelled	protein	 (where	 in	 the	 fully	

deuterated	case	the	Tm	was	estimated	to	be	more	than	doubled	compared	to	the	 fully	

protonated	 case).	 The	 in-cell	 samples	were	 prepared	 using	 the	 previously	 introduced	

thermal	stimulation	delivery	(for	both	deuterated	and	protonated	cells).	For	the	E.	coli,	

we	proved	how	the	 fully	deuterated	cells	can	extend	the	relative	Tm	of	 the	protonated	
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protein	from	2.0	±	0.3	to	8.7	±	1.1	µs,	while	in	the	case	of	the	deuterated	protein	the	value	

is	increased	from	1.4	±	0.2	to	12.0	±	0.4	µs	in	the	deuterated	cells.	Even	though	the	use	of	

fully	deuterated	sample,	in	terms	of	protein	and	cells	gives	the	best	increasing	in	Tm,	it	

also	represents	the	most	expensive	choice.	For	this	reason,	in	the	E.	coli	case,	the	use	of	

fully	protonated	protein	delivered	in	fully	deuterated	cells	gives	a	less	expensive	way	to	

get	a	good	enhancement	of	the	T2	in	the	in-cell	environment.	Regarding	the	P.	pastoris	

using	fully	deuterated	cells	still	gives	an	enhancement	of	the	relative	Tm	even	if	the	overall	

effects	is	less	impressive.	Indeed,	we	showed	how	the	Tm	is	increased	from	3.0	±	0.3	to	4.6	

±	0.1	µs	for	the	protonated	ubiquitin	delivered	in	protonated	and	deuterated	cells.	On	the	

same	line,	the	Tm	values	were	shown	to	be	increased	from	4.9	±	0.2	to	5.8	±	0.5	µs	for	the	

deuterated	protein	delivered	inside	protonated	and	deuterated	P.	pastoris	cells.	Based	on	

these	 latter	 results	we	 can	 speculate	 how	 the	 more	 complex	 and	 compartmentalized	

intracellular	environment	of	the	P.	pastoris	can	lead	to	an	additional	effect	on	the	overall	

measured	Tm	values	which	can	decrees	the	effects	of	 the	using	deuterated	systems	 for	

increasing	its	value.	Nevertheless,	the	effect	of	deuteration	is	still	evident	and	the	even	in	

this	case	the	best	choice	in	terms	of	balancing	the	cost	pf	the	experiments	and	gaining	a	

substantial	gain	in	Tm	is	still	working	with	protonated	protein	in	deuterated	cells.		
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Over the past decade, the DEER experiment in pulsed EPR has 
gained attention for its unique ability to provide precise distance 
distribution information in cellular and buffer environments. This 
method is closely tied to the sample's transverse relaxation time Tm 
(or T2), limiting access to long-distance distributions. Our study 
demonstrates how using either fully protonated or deuterated 
cellular environments can significantly influence the transverse 
relaxation time. Notably, combining deuterated cells with 
protonated spin-labeled proteins greatly enhances Tm relaxation 
times within our spectroscopic setup. This approach improves the 
accuracy and versatility of DEER experiments for investigating 
molecular distances and structures in various contexts. 

The pulsed electron-electron double resonance (PELDOR or DEER) 
technique can be utilized as a unique pulse-EPR method for 
accurately retrieving the distance distribution between two unpaired 
electrons1. Typically, these electrons are spatially located on specific 
labels (e.g., nitroxide2, metal label2, 3, or trityl radicals4) directly 
connected to specific residues  like  Cys5 or Tyr6, 7. In the last decades, 
the use of the DEER sequences has been extended from the regular 
buffer sample, where the doubly labelled protein is in a more or less 
complex buffer solutions, to a cellular environment to the so-called 
in-cell experiments8-16. DEER experiment has proven to be a 
background-free method for investigating protein structure, 
dynamics, and interactions within the intracellular environment of 
different host cells10, 17-20. Similarly, it has been demonstrated how 
specifically designed nitroxide labels can overcome the bio-reduction 
of the regular commercially available nitroxides inside the 
intracellular environment employing shielding groups nearby the 
nitroxide motif9, 21-23. Indeed, we previously showed how the 
maleimide Proxyl (ma-Px) bio-reduction lifetime can be exploited for 
in-cell investigation with the use of an appropriate delivery protocol 

with the previous mentioned ma-Px9, 17, 18. In both buffer (referred to 
as in vitro in this article) and in-cell experiments with nitroxide-based 
radicals, the typical DEER experiment is conducted at a cryogenic 
temperature of 50 K using a frozen glassy sample containing different 
percentages of glycerol. These conditions are chosen so to maximize 
the transverse relaxation time T2/Tm and the longitudinal relaxation 
rate T1, opening the possibility of using long time delays in the spin 
echo sequence coupled with high repetition rates for acquisition. 
Using these long spin echo delays gives the possibility to retrieve 
relatively long distances between the two selected paramagnetic 
centers24. Considering an interelectron spin distance of 100 Å, the 
expected nutation time that one would need to wait for gathering 
this distance distribution needs to be at least equal to 20 !s24.  

 

 

Figure 1: (A) Graphical representation of the presented study. On the left ubiquitin 
structure with the computed rotamers for the two ma-Px molecules (MMM 
model)25. On the right a representation of protonated (orange) and deuterated 
(blue) cells. First row represents the prokaryotic E.coli cells, while the second 
stands for the eukaryotic Pichia Pastoris cells. The T2 values for the tagged ubiquitin 
have been measured after its delivery to either fully protonated or deuterated 
Escherichia coli and Pichia Pastoris cells. Length of the below arrows graphically 
represents the overall decay velocity of T2 in the time dimension. Long arrows 
stand for shorter T2. As shown by the graphical representation the electron T2 is 
strictly connected to the relative environment.  

In a regular protonated sample, the sequence delays for catching this 
kind of nutation time cannot be accessed because of the relative 
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short T2. In fact, it is not uncommon that the electron spin T2 of the 
sample is faster than the needed nutation time, thus disrupting the 
possibility of getting the desired distance distribution. These 
nutation times and the related DEER delays are unobtainable in a 
regular fully protonated biological sample. To overcome this problem 
several papers have suggested the potentialities of the use of 
deuteration24, 26-28. Nowadays, solvent deuteration represents the 
standard practice to increase the relaxation rates from the effects 
that concern the solvent29, 30. However, a way stronger approach for 
increasing the overall electron relaxation times is based on the use 
of fully deuterated proteins28. This condition can extend dramatically 
the electron spin T2 relaxation time, so giving the possibility of 
measuring longer distance distributions between pair of spin labels24. 
Furthermore, another advantage of slower relaxation rates is the 
relative higher sensitivity, that obviously improves the data 
acquisition times and the ability to gather data with lower 
concentrated samples. In this regard, one of the main limitations of 
the in-cell experiments is represented by the overall concentration 
reached inside the intracellular environment after the protein 
delivery. The protein concentration could be significantly increased 
if the in-cell sample preparation is changed from delivery to 
overexpression-based protocols31, 32.In this work we report on a 
systematic investigation of the effects of the use of fully protonated 
and deuterated samples on electronic T2. Particularly, we employed 
protonated and deuterated doubly labelled human Ubiquitin (Ub), 
which was delivered in both prokaryotic (Escherichia Coli) and 
eukaryotic (Pichia Pastoris) cells grown in either fully protonated or 
fully deuterated media.  

 

Figure 2: Echo decay curves of the four-samples of the doubly labeled ubiquitin in 
buffer. In particular: green curve is from the protonated protein in protonated 
buffer, black curve from the protonated protein in deuterated buffer, red curve 
from the deuterated protein in protonated buffer and the blue curve from the 
deuterated protein in deuterated buffer.  

The overall idea behind this work is the investigation of the effects 
on electronic spin T2 induced by the selective use of different 
combinations of protonation and deuteration of the target protein 
and of the cells for in-cell EPR experiments with the use of thermal 

delivery18. To do so, we selected the double cysteine (S20C/G35C) 
mutated human ubiquitin, doubly labelled with ma-Px and two 
different cell hosts. First, we analyzed the electron spin T2 properties 
of the doubly labelled protein in buffer solutions. Four samples of the 
protein were prepared as follow: 1) protonated protein in 
protonated buffer, 2) protonated protein in deuterated buffer, 3) 
deuterated protein in protonated buffer, and 4) deuterated protein 
in deuterated buffer. The electron spin T2 values were measured with 
the standard two pulse echo decay sequence following the (π/2–τ–
π– τ –echo) pulse sequence. Echo decays curves, (Figure 2), show, as 
already reported in literature21, that both protein and solvent 
deuteration produces an increase of the electron spin T2 of the 
labelled protein. The T2 values were calculated by fitting the 
experimental echo decay data with a stretched exponential equation 
(Equation 1). 

" = $	&!"
!
"#
#
+ (  (1) 

From the data fitting the electron spin T2 for the fully protonated 
sample is found to be 2.6 ± 0.2 µs, while, for the protonated protein 
in deuterated buffer is 3.4 ± 0.1 µs which increases to 4.0 ± 0.2  µs in 
the case of the deuterated protein in protonated buffer. The fully 
deuterated sample has an electron spin T2 of 5.5 ± 0.3 µs, i.e. more 
than doubled of that of the fully protonated sample, consistent with 
the expected effects of protein and buffer deuteration effects on the 
relaxation rates. Notably, in our system the overall effect, even if 
significant, is not very high due to the instrument set-up, i.e. 
relatively low nominal pulse power, to the intrinsic protein 
characteristic, to the labeling position and mainly to the glycerol 
content in the sample. In fact, as glycerol is needed for the in-cell 
samples for ensuring cell stability upon sample freezing, 10% v/v of 
glycerol has been added to all the measured samples in this work, so 
to have the same percentage of glycerol in the final sample and to 
avoid any possible effect due to different concentrations of glycerol, 
which at huge percentage affects the T233. We then measured 
electron spin T2 values of the labelled ubiquitin in-cell to see the 
effect of the fully intracellular deuterated environment to the 
electron spin T2 of the delivered protein. Escherichia coli (E. coli) cells 
and Pichia Pastoris (P. pastoris) cells have been selected. As 
extensively shown for NMR applications, E. coli cells can be used to 
produce fully deuterated proteins and therefore, we were able to 
grow E. coli in a fully deuterated medium34. On the other hand, for 
the eukaryotic cells P. Pastoris we developed a novel protocol for 
producing deuterated cells from a specific fully deuterated growing 
medium (Supporting Information). All in-cell samples, either with 
protonated or deuterated cells, were prepared using the thermal 
stimulation delivery18 with a protein external concentration of 500 
µM. All the preparative steps along with the cell preparation 
protocols are reported in the Material and Methods section and 
Supplementary Information. The echo decay curve acquired for the 
in-cell E.coli samples are shown in Figure 2A. The additional acquired 
X-band cw-EPR spectra acquired at RT and the relative ESE spectra 
acquired at Q-band are summarized in Figure S1. From the data 
fitting (Figure S3), the electron spin T2 values resulted to be 2.0 ± 0.3 
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µs for the protein inside the protonated cells and 8.7 ± 1.1  µs for 
that inside the fully deuterated cells. Additionally, electron spin T2 
was found to be 1.4 ± 0.2 µs for the deuterated protein delivered 
inside protonated cells and 12.0 ± 0.4 µs for the deuterated protein 
inside deuterated cells. As introduced above, the measured electron 
spin T2 is dramatically affected by the quantity of glycerol in the used 
buffer, as previously reported in the literature by Clore et al.33 . To 
extend the investigation towards more challenging systems such as 
eukaryotic cells, as introduced Pichia Pastoris was selected. We 
developed a novel strategy for growing yeast cells in a fully 
deuterated media which allowed the preparation of fully deuterated 
P. Pastoris cells for the thermal stimulation delivery. Indeed, even for 
this cell host, we prepared four in-cell samples using the same 
external protein concentration and the same delivery set-up as used 
for E. coli (Supporting Information). All the acquired decay curves are 
shown in Figure 3A and 3B.  

 

Figure 3: (A) Echo decay curves for all the four-sample acquired in E.coli cells for 
the doubly labeled ubiquitin. In particular: green curve was acquired from for the 
sample with protonated protein in protonated cells, black curve was acquired from 
the sample with protonated protein in deuterated cells, red curve was acquired 
from the deuterated protein in protonated cells and the blue curve was acquired 
from the deuterated protein in deuterated cells. (B) Echo decay curves for all the 
four-sample acquired in P.pastoris cells  for the doubly labeled ubiquitin. In 
particular: green curve was acquired from for the sample with protonated protein 
in protonated cells, black curve was acquired from the sample with protonated 
protein in deuterated cells, red curve was acquired from the deuterated protein in 

protonated cells and the blue curve was acquired from the deuterated protein in 
deuterated cells. 

From the data analysis the electron spin T2 values showed the same 
trend as for the E. coli samples. In fact, we derived the following 
estimated T2 value, 3.0 ± 0.3 µs for protonated ubiquitin inside the 
protonated cells, 4.6 ± 0.1 µs for the deuterated protein into 
protonated cells, 4.9 ± 0.2 µs for the protonated protein inside 
deuterated cells and, 5.8 ± 0.5 µs for the fully deuterated system 
(Figure S4). The herein presented data show the impact of the 
protein/solvent/cell deuteration on the electron spin T2 relaxation 
time which can have high relevance for extending the lifetime of the 
electron spin transverse magnetization thus allowing the 
measurement of longer spin-spin distances. The T2 relaxation 
parameter is in fact essential for PDS-EPR measurements like DEER 
spectroscopy. Indeed, longer delays in the DEER sequence can be 
employed with adequate T2 values, giving the chance of tracking 
longer distances. Notably as expected, replacing protein protons 
with deuterons results in an increase of the T2 value. As reported in 
Table 1, our data show how the transverse relaxation rates are 
strongly affected by the presence or absence of deuterons. For the 
in vitro case, the deuterated protein in the deuterated buffer showed 
the longest T2 value compared to the other conditions. It is important 
to remark that this value can be extended even further using higher 
percentage of glycerol in the in vitro buffer samples, which however 
cannot be applied to the in-cell samples, based on the absence of the 
intime contact between the resuspension buffer and the labelled 
protein. For the in-cell samples, for E. coli, we showed how the fully 
deuterated cells can make the electron spin T2 of the protonated 
protein longer, from 2.8 µs to 8.0 µs, while in the case of the 
deuterated protein the value is increased from 1.4 µs in protonated 
cells to 12.0 µs in the deuterated cells. Even though the use of fully 
deuterated samples, i.e. both deuterated protein and cells, gives the 
largest increase in the electron spin T2, it also represents the most 
expensive choice. On this respect, for E. coli cells, the use of 
protonated protein in fully deuterated cells gives a less expensive 
way to get a sizable increase of the T2. In P. pastoris, the use of fully 
deuterated cells still gives an increase of the T2 value even if the 
overall effect is lower. Indeed, the T2 value is increased from 3.0 to 
4.6 µs for protonated ubiquitin delivered to protonated vs 
deuterated cells. On the same line, the electron spin T2 relaxations 
times increase from 4.9 to 5.8 µs for the deuterated protein 
delivered inside protonated and deuterated P. pastoris cells. Based 
on these latter results we can speculate that the more complex and 
compartmentalized intracellular environment of P. pastoris could 
have further, opposite effects on the overall measured T2 values, 
which could reduce the effects of using deuterated systems.  

   

                                      Table 1: Estimated values for T2 
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Conclusions 
In conclusion, this work showed for the first time how the 
selective use of protein protonation and deuteration combined 
with the use of protonated and deuterated cells can be used to 
increase the overall value of the electron spin T2, a relevant 
feature for measuring longer spin-spin distances in the 
intracellular environment. As showed from the above reported 
values the best approach in term of T2 increase and overall 
relative cost for the experiments is the use of protonated 
proteins and deuterated cellular hosts, as clearly showed by the 
experiments in E.coli. In addition, the preparation of deuterated 
proteins can be sometimes cumbersome based on low yield for 
the expression or even the absence of protein expression in the 
deuterate medium. At the same time, the preparation of fully 
deuterated cells represents a way easier procedure with a 
higher success rate. The measurement of long spin-spin 
distances in-cell would allow the intracellular investigation of 
large complexes via EPR and pulsed EPR methods, which can be 
groundbreaking in structural biology due to its unique 
contribution and absence of any molecular weight limitations.  
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1. Materials and Methods 
 

1.1. Protein expression and purification 
 
Protonated ubiquitin - A pET-21a vector encoding for human Ubiquitin (Ub) (containing the double 

mutation S20G35C) was used to transform BL21 (DE3) cell strain. E. coli cells which were grown to 

mid-log phase at 37° C in LB medium, and then induced with 1 mM of isopropyl β-D-1-

thiogalactopyranoside (IPTG). After induction the cells were grown for other 5 hours at 37° C. The 

cells were then harvested, resuspended in lysis buffer (50 mM sodium acetate, pH 4.5) and lysed by 

sonication (10 seconds ON, 30 seconds OFF, at 60% of amplitude for 40 minutes). The suspension 

was ultracentrifuged at 40000 rpm for 40 minutes and was loaded onto a HisTrap™ SP HP column 

(Cytiva). Further purification was performed using size exclusion chromatography with a HiLoad 

16/600 Superdex 75 pg column (GE Healthcare) exchanging the buffer with 100 mM sodium 

phosphate, 150 mM NaCl, 1 mM TCEP, pH 6.5. 

Deuterated ubiquitin- A pET-21a vector encoding for human Ubiquitin (Ub) (containing the double 

mutation S20G35C) was used to transform BL21 (DE3). E. coli cells which were grown to mid-log 

phase at 37° C in minimal cell growth medium (6.5 g/L Na2HPO4, 3 g/L KH2PO4, 0.5 g/L NaCl, 1 g/L 

ammonium solphate, 2 g/L D-Glucose-d12, 120 mg/L MgSO4, 11 mg/L CaCl2, 10 ml MEM) in 

deuterated water. The expression conditions and the purification steps are the same as for the 

protonated protein. 

 

1.2. Cell preparation for heat shock delivery  
 
E.Coli protonated  
From a stock of 100 μL of XL1 blu competent cells a 5 mL overnight culture was grown in sterile LB 

medium at 37°C in a shaking incubator. The next day, the overnight culture was transferred in 500 

mL of sterile LB medium. The cells were grown at 37°C until the A600 reached 0.35-0.4. The 

harvesting, washing, and storing procedures are the same than the one applied for the deuterated 

cells, using protonated water and not the deuterated one. 

 
E.Coli deuterated 
1 stock of XL1 blu competent cells was inoculated in 1 ml of LB in H2O at 37°C over-day. The 

suspension was then transferred in 20 ml of minimal cell growth medium (6.5 g/L Na2HPO4, 3 g/L 

KH2PO4, 0.5 g/L NaCl, 1 g/L ammonium solphate, 2 g/L D-Glucose-d12, 120 mg/L MgSO4, 11 mg/L 

CaCl2, 10 ml MEM) in deuterated water and were incubated overnight at 37°C in a shaking incubator. 

The next day, the incubated cells were transferred in 200 ml of the same minimal cell growth medium. 

The growth was carried on at 37°C to an A600 of 0.35-0.4. Afterwards, the culture was chilled in ice 

for 30 minutes and the cells were harvested by centrifugation at 3000 x g. The pellet was 

resuspended with 100mL of a deuterated ice-cold solution of 100mM MgCl2, and the bacteria cells 
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were collected again by centrifugation at 3000 x g. The process was repeated with 100 mL of a pre-

chilled deuterated solution of 100 mM CaCl2, the E.coli cells were once again harvested by 

centrifugation at 3000 x g. Consecutively, bacterial cells were washed with 100 mL of a cold 

deuterated solution containing 85 mM of CaCl2 and 15% v/v of glycerol. Finally, the cells were 

harvested by centrifugation at 1000 x g, resuspended in the aforementioned buffer, stocked in 

aliquots and stored at -80°C after snap freezing with liquid nitrogen. 

 
P.Pastoris protonated        
From a stock of 100 μL of X-33 Pichia Pastoris a 5 mL overnight culture was grown in 1 mL of YPD 

(10 g yeast extract, 20 g peptone, and 20 g glucose in 1L of water) at 30°C in a shaking incubator. 

The next day, the overnight culture was diluted to approximatively an A600 of 0.15–0.20 in 200 mL of 

YPD. The growth was carried on at 30°C to an A600 of 0.8-1.0, the cells were harvested by 

centrifugation at 500 x g at RT and the supernatant was poured off. The cell pellet was resuspended 

in PBS and stored in small aliquots of the same buffer at -80°C, after snap freezing in liquid nitrogen. 

 
P.Pastoris deuterated 
From a stock of 100 μL of X-33 Pichia Pastoris a 1 mL over-day culture was grown in 1 ml of YPD 

(10 g yeast extract, 20 g peptone, and 20 g glucose in 1L of water) at 30°C in a shaking incubator. 

Afterwards, the cells were transferred in 20 ml of YPD prepared with both deuterated water and D-

Glucose-d12 and were incubated overnight at 30°C in a shaking incubator. The next day, the 

incubated cells were transferred in 200 ml of the same YPD. The growth was carried on at 30°C to 

an A600 of 0.8-1.0. Afterwards, the cells were harvested by centrifugation at 500 x g at RT and the 

supernatant was poured off. The cell pellet was resuspended in PBS deuterated and stored in small 

aliquots of the buffer at -80°C, after snap freezing in liquid nitrogen.  

 

 

1.3. Site Direct Spin Labelling reactions and CW-EPR spectroscopy 
 
Site directed spin labelling reactions were carried out using 3-maleimido-Proxyl label. Since the 

maleimide group reacts with the thiol group of cysteine, the mutations S20G35C were introduced by 

mutagenesis in ubiquitin. The mutants were expressed and purified following the protocols reported 

above. Both protonated and deuterated protein solution, were individually incubated with an excess 

of DTT (1:10 protein: DTT molar ratio) at RT in order to reduce the cysteine thiol group. After 1 hour, 

the reducing agent was removed through a PD-10 desalting column. A 10-fold molar excess of 3-

maleimido-Proxyl (Sigma Aldrich), dissolved in dimethyl-sulfoxide (DMSO), was then added in the 

protein solution. The labeling reaction was kept at 4° C overnight, under gentle stirring. The 

unreacted spin label was removed using a PD-10 column and the purified fractions were checked 

acquiring X-band cw-EPR spectrum. The final protein concentration was estimated from the UV/vis 

spectrum at 280 nm by a Varian Cary 50 spectrophotometer (εUb = 1490 M-1 cm-1). In vitro samples 
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were inserted into EPR quartz tubes (1.6 mm O.D., 1 mm I.D.) and used to record cw-EPR spectra 

by a Bruker ELEXYS E580 spectrometer equipped with a super HIGH Q ER4122SHQE operating at 

X-band. Cw-EPR spectra were recorder with the following instrument settings: ν= 9.874 GHz; center 

field= 3500 G; sweep width= 150 G; microwave power= 20 mW; modulation frequency= 100 kHz; 

modulation amplitude= 1 G; conversion time= 25 ms; sweep time= 25.6 s; scans= 25). All the in-cell 

EPR samples were prepared following the protocol reported in “heat shock insertion”. Four 

consecutive wash steps with an isotonic PBS solution were performed and the surnatant of each 

step was checked acquiring the relative cw-EPR spectrum. 

In-cell samples were transferred into EPR quartz tubes (1.6 mm O.D., 1 mm I.D.) and after a 

preparation time of ~10 minutes, RT cw-EPR spectra were recorded with the same spectrometer 

setup as above. 

 
1.4. In cell sample preparation via heath shock delivery 

 
E.coli 
For E.coli cells we employed 50 μL of 500 μM doubly labelled human Ubiquitin (protonated or fully 

deuterated) solution in PBS buffer at pH 7.4 (Gibco®) to resuspend a pellet containing approximately 

109 cells/mL E. coli DH5α competent cells. The cells were incubated with the protein solution at 

42 °C for 1 min, using a thermic bath, to induce the internalization of the external protein. Afterwards 

the sample was left on ice for 2 minutes and was then centrifugate for 30 seconds. The supernatant 

was removed and the cells were then washed 4 times with an isotonic phosphate buffer solution to 

ensure complete removal of the protein which was not internalized into bacteria. Every wash step 

involved the addition of 200 μL of buffer, to completely resuspend the cell pellet, and a centrifugation 

step. The supernatant solution of each wash step was checked by EPR to assure the complete 

removal of the not-internalized spin labelled protein. After the last wash step the sample was 

resuspended in 50 μL of phosphate buffer and was directly inserted in Q-band tubes and snap 

freezed by complete immersion in liquid nitrogen. Every step was repeated for both protonated and 

fully deuterated bacterial cells.  

It is worth mentioning that the whole thermal treatment needs to be carried out as fast as possible to 

avoid as much as possible the disappearance of the EPR nitroxide signal due to reduction 

phenomena that are present inside the intracellular environment. Previous works show how the 

complete disappearance of the signal can be observed after 40 minutes (ref). 

Everything was repeated using both protonated and fully deuterated bacterial cells. 

 

P.Pastoris 

P. pastoris X-33 cells, previously stored in BEDS solution, were incubated at 30 °C for 10 min, using 

a thermoblock. The cells were then centrifuged at 2800 g for 3 min and then resuspended in 50 μL 

of TE buffer supplemented with 0.1% v/v lithium acetate. Then, 50 μL of 500 μM doubly labelled 
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human Ubiquitin (protonated or fully deuterated) solution was added to 2 x 108 cells/mL of P. pastoris 

X-33 cells. The yeast cells were finally incubated at 42 °C for 10 min to promote the protein 

internalization. The sample was then stored on ice for 3 minutes. The cells were then centrifuged, 

the protein solution was removed and the pellet was washed 4 times with isotonic PBS buffer. Every 

wash step involved the addition of 200 μL of buffer, to completely resuspend the cell pellet, and a 

centrifugation step. The supernatant solution of each wash step was checked by EPR to assure the 

complete removal of the not-internalized spin labelled protein. After the last wash step the sample 

was resuspended in 50 μL of phosphate buffer and was directly inserted in Q-band tubes and snap 

freezed by complete immersion in liquid nitrogen. Every step was repeated for both protonated and 

fully deuterated bacterial cells 

 

1.5.      X.-band Room Temperature measurements 
 

In vitro and in cell samples were inserted into EPR quartz tubes (1.6 mm O.D., 1 mm I.D.) and used 

to record cw-EPR spectra by a Bruker ELEXYS E580 spectrometer equipped with a super HIGH Q 

ER4122SHQE operating at X-band. The in cell sample were inserted after after an avarege handling 

time of around 12-14 minutes. Cw-EPR spectra were recorder with the following instrument settings: 

ν= 9.874 GHz; center field= 3500 G; sweep width= 150 G; microwave power= 20 mW; modulation 

frequency= 100 kHz; modulation amplitude= 1 G; conversion time= 25 ms; sweep time= 25.6 s; 

scans= 25). In-cell samples were transferred into EPR quartz tubes (1.6 mm O.D., 1 mm I.D.), In the 

case of in cell samples, in order to follow the bioreduction of the nitroxide spin label inside cells, a 

set cw-EPR experiments covering a time period of 120 minutes were recorded with the above 

spectroscopic parameters. 

  

1.6. Q-band T2 measurements  
 
All the experiments were acquired using a Bruker ELEXYS E580 X/Q-band spectrometer equipped 

with a pulse 10 W Amp Q amplifier, an EN 5107D2 Q-band EPR/ENDOR probe-head and a 

continuous He-flow cryostat (Oxford Instruments) coupled with a temperature controller (Oxford 

Instruments). The temperature was kept at 50 K. All the T2 experiments were acquired according to 

this pulse sequence: π/2 –τ–π –τ under overcoupling condition. The experiments were acquired off 

resonance, 70 MHz from the resonator dip, to be consistent with the detection frequency in the DEER 

experiment. All pulses were optimized for each experiment using the regular mw-nutation sequence 

optimizing the pulse at the maximum of the nitroxide field. For all experiments the pulses were 

optimized through the use of the mw-nutation sequence.  
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2. Supplementary information  
 
 

2.1. X-band Continuous Wave (CW) EPR  
 
 

            
 
 
 
Figure S1: cw-EPR spectra acquired for the in cell sample prepared with E. coli and P.pastoris both 
in fully protonated and deuterated condition. In particular the blue experiments (A-E) were obtained 
by the in cell sample delivered using deuterated protein and deuterated cells. The red experiments 
(C-G) were obtained from the in cell sample prepared by delivering the deuterated protein inside 
the protonated cells. Green spectra (B-F) were measured from the in cell samples prepared 
delivering protonated protein inside protonated cells and, black experiments (D-H) were measured 
from the samples obtained by the delivery of protonated protein inside deuterated cells.  
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2.2. T2 decays fitting for the  in vitro and in cell samples 
 
 

               
 
Figure S2: T2 Fitting for the acquired in vitro samples. The acquired experimental data are 
represented by the blue dots, while the fitter curves are represented by the red lines. On the top 
left the in vitro sample prepared by placing the spin  labelled protonated Ub in the protonated 
solvent , on the top left the in cell sample constituted by the protonated Ub resuspended in the 
deuterated buffer. On the bottom left, in cell sample prepared by having the deuterated Ub 
resuspended in the protonated buffer, and, on the bottom right the final sample constituted by the 
deuterated Ub in the deuterated buffer. All measurements were conducted as reported above and 
always in presence of 10 % v/v of glycerol (either deuterated or protonated for the relative buffer).  
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Figure S3: T2 Fitting for the acquired in cell E.coli  samples. The acquired experimental data are 
represented by the blue dots, while the fitter curves are represented by the red lines. On the top 
left  the in cell sample prepared by delivering the protonated Ub inside the protonated cells , on the 
top right the in cell sample prepared by delivering the protonated Ub inside the deuterated cells. 
On the bottom left, in cell sample prepared by delivering the deuterated Ub inside the protonated 
cells ,  and , on the bottom right in cell sample prepared by delivering the deuterated Ub inside the 
deuterated cells. 
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Figure S4: T2 Fitting for the acquired in cell P.pastoris samples. The acquired experimental data are 
represented by the blue dots, while the fitter curves are represented by the red lines. On the top 
left the in cell sample prepared by delivering the protonated Ub inside the protonated cells, on the 
top left the in cell sample prepared by delivering the protonated Ub inside the deuterated cells. On 
the bottom left in cell sample prepared by delivering the deuterated Ub inside the protonated cells, 
and, on the bottom right in cell sample prepared by delivering the deuterated Ub inside the 
deuterated cells.  
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2.3. In vitro T2 concentration dependence  
 
 

 
 
  
Figure S5: In vitro concentration dependent T2 decays at Q-band frequency and field acquired at 
five different protein concentrations. The T2 decays were acquired following the spectroscopical 
set-up reported in the Material and Methods section. As shown by the data the electronic T2 

increases its value by the increasing of the dilution of the spin labelled protein. 
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6. Conclusions	
To	conclude,	this	thesis	work	has	explored	different	tag	topologies:	their	characteristic	

and	behaviour,	the	reaction	needed	to	bioconjugate	proteins	and	some	of	their	possible	

applications	to	advance	the	field	of	structural	biology.	The	use	of	19F-containing	tags	for	

post-expression	 covalent	 modification	 of	 tyrosine	 residues	 showcased	 a	 promising	

approach	for	enriching	the	toolkit	available	 for	protein	analysis,	especially	 in	 19F	NMR	

studies.	Additionally,	our	investigation	into	different	nitroxide	spin	labels,	strategically	

attached	to	cysteine	residues	on	specific	secondary	structural	elements	(α-helix	and	β-

sheet),	 provided	critical	 insights	 into	 their	 behavior	and	effectiveness	as	 probes.	This	

exploration	is	crucial	for	optimizing	tagging	strategies	and	obtaining	accurate	structural	

information	through	techniques	 like	EPR.	By	employing	a	Cu(II)	chelate	complex	and	

leveraging	pulse	dipolar	 EPR	 techniques,	we	achieved	precise	distance	measurements	

between	orthogonal	spin	labels,	advancing	the	application	of	EPR	in	analyzing	protein	

structures.	These	findings	contribute	to	the	growing	understanding	of	how	specific	tags	

and	probes	can	enhance	our	ability	to	probe	proteins	at	a	molecular	level.	Moreover,	the	

extension	of	our	studies	to	in-cell	environment,	using	various	combinations	of	deuterated	

proteins	and	deuterated	cells,	allowed	us	 to	explore	 the	 impact	of	deuteration	on	 the	

transverse	relaxation	time	T2.	This	investigation	has	implications	on	the	optimization	of	

experimental	conditions	and	the	improvement	of	the	accuracy	of	distance	measurements	

in	 cellular	 contexts,	 providing	 valuable	 information	 for	 researchers	 in	 the	 field	 of	

structural	 biology.	 Overall,	 this	 thesis	 contributes	 to	 enhance	 methodologies	 and	

strategies	that	are	essential	to	study	proteins	and	to	unravel	their	complex	biological	roles.	
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