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ABSTRACT: Disordered regions as found in intrinsically disordered proteins (IDP) or during protein folding define response time 
to stimuli and protein folding times. Neutron spin echo Spectroscopy is a powerful tool to access directly collective motions of the 
unfolded chain to enlighten the physical origin of basic conformational relaxations. During thermal unfolding of native Ribonuclease 
A we examine structure and dynamics of the disordered state within a two-state transition model using polymer models including 
internal friction to describe the chain dynamics. The presence of 4 disulfide bonds alters the disordered configuration to a more 
compact configuration compared to a Gaussian chain that is defined by the additional links as demonstrated by coarse grained simu-
lation. The dynamics of the disordered chain is described by Zimm dynamics with internal friction (ZIF) between neighboring amino 
acids. Relaxation times are dominated by mode independent internal friction. Internal friction relaxation times show an Arrhenius 
like behavior with an activation energy of 33 kJ/mol. The Zimm dynamics is dominated by internal friction and suggest that the 
characteristic motions correspond to overdamped elastic modes similar to motions observed for folded proteins but within a pool of 
disordered configurations spanning configurational space. For IDP internal friction dominates while solvent friction and hydrody-
namic interactions are smaller corrections.  

INTRODUCTION 
The	structure-function	paradigm	postulated	by	Fischer	re-
lates	 the	microscopic	 structure	 of	 proteins	 to	 their	 func-
tion1.	One	class	of	proteins	contradict	the	structure-function	
theorem	 fundamentally,	 the	 so	 called	 intrinsically	 disor-
dered	proteins	(IDP’s)	sometimes	also	termed	natively	un-
folded	proteins.	Although	IDP’s	have	a	lack	of	secondary	and	
tertiary	structure	they	are	functional2,3.	The	biological	role	
of	 intrinsic	 disorder	 is	 focused	 on	 proteins	 important	 for	
cell	 signaling,	 transcription,	 and	 chromatin	 remodeling	
functions4.	Disordered	regions	in	proteins	serve	as	flexible	
links	connecting	folded	domains	or	adjoin	folded	domains	
allowing	 ligand	 binding	 or	 regulation	 of	 self	 assembly2.	
Many	IDP’s	fold	upon	binding	to	the	ligand,	whereby	a	large	
ligand	surface	area	can	be	buried5.	Additionally,	the	folding	
process	as	transition	from	a	disordered/unfolded	state	to	a	
folded	functional	configuration	is	important	to	understand	
protein	synthesis6.	Very	little	is	known	about	the	dynamics	
of	the	disordered	state	and	the	physical	origin	of	chain	re-
laxation.	In	particular	the	dynamics	during	folding/unfold-
ing	of	a	native	folded	protein	is	difficult	to	access	as	it	is	not	
an	equilibrium	process.	On	the	other	hand,	IDP	should	show	
the	same	dynamic	characteristics	in	an	equilibrium	state.	
Protein	folding/unfolding	is	often	described	as	a	transition	
between	 a	 folded	and	unfolded	 state	within	a	 simple	 two	
state	picture	assuming	a	cooperative	folding	process.	This	is	

questioned	meanwhile	by	multi	step	processes	with	inter-
mediate	states	or	continuum	transitions	right	up	to	down-
hill/uphill	(un)folding7.	The	kinetics	of	the	transition	is	not	
only	related	to	the	energetic	barrier	but	also	to	the	diffusion	
in	the	energy	landscape	with	contribution	from	friction	with	
the	solvent	and	friction	within	the	molecule	(internal	fric-
tion).	Thermodynamic	 kinetic	measurements	 of	unfolding	
by	e.g.	tryptophan	fluorescence	or	laser	induced	T-jump	ex-
periments	have	been	used	to	relate	unfolding	kinetics	to	sol-
vent	viscosity	within	Kramers	theory	 in	the	high	viscosity	
limit	8–12.	Additional	osmolytes	in	the	solvent	reveal	the	con-
tribution	of	internal	friction	in	the	polypeptide	chain	as	an	
additional	term	to	viscosity.		
A	direct	access	to	measure	conformational	flexibility	is	chal-
lenging	 for	 structural	 analysis,	 but	 the	 dynamics	 are	 ex-
pected	to	resemble	the	dynamics	observed	for	polymers	as	
Rouse	or	Zimm	dynamics13	and	were	 accessed	by	Förster	
resonance	energy	transfer	combined	with	nanosecond	fluo-
rescence	 correlation	 spectroscopy	(FRET/nsFCS),	 nuclear	
magnetic	 resonance	 (NMR),	 neutron	 spin	 echo	 spectros-
copy	(NSE)	or	MD	simulations11,14–17.	While	FRET/nsFCS	ac-
cesses	 only	 the	dynamics	between	 specific	 labels,	NMR	 is	
sensitive	for	bond	vectors	on	an	atomic	scale.	NSE	is	settled	
in	between	as	it	is	perceptive	for	collective	motions	on	sev-
eral	nanometer	length-	and	nanosecond	timescale	of	native	
proteins	 assessing	 amplitude	 and	 relaxation	 times.	 NSE	
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needs	no	labels	or	osmolytes	to	discern	friction	with	the	sol-
vent	from	internal	friction.		
In	this	work,	the	structure	and	dynamics	of	native	and	un-
folded	Ribonuclease	A	(RNase)	and	the	transition	between	
these	states	during	thermal	unfolding	is	investigated.	RNase	
is	 a	 saddle-shaped	 protein	 with	 4	 disulfide	 bonds	 that	
cleaves	 RNA	 and	 has	 a	 long	 four-stranded	 antiparallel	b-
sheet	region	and	3	short	a-helices	(see	Figure	1).	It	is	a	very	
stable	protein	that	was	used	extensively	for	studying	pro-
tein	folding	and	unfolding	as	it	refolds	into	its	native	config-
uration18.	The	aim	of	this	work	is	to	gain	new	insights	into	
protein	folding/unfolding	dynamics	and	dynamics	of	amino	
acid	chains	that	are	closely	related	to	the	function	of	intrin-
sically	disordered	proteins.	The	combination	of	small	angle	
neutron	 and	 X-ray	 scattering	 (SANS/SAXS)	 together	with	
neutron	 spin	 echo	 spectroscopy	 (NSE)	provides	 a	unique	
tool	to	study	the	large-scale	collective	dynamics	of	proteins	
to	explore	the	role	of	internal	friction	onto	dynamics	of	an	
unfolded	protein	chain. 

METHODS 
Sample preparation  
Ribonuclease A (Rnase) was purchased from Sigma Aldrich, dis-

solved in D2O buffer and filtered with a 300kDa MW cutoff spin filter 
to remove aggregates. The buffer was 10 mM potassium phosphate 
with 100mM NaCl, 99.9 D2O with respective HnK3-nPO4 ratio to result 
in specific pH. Final pH was adjusted by titration with DCl or NaOD. 
For neutron scattering experiments the samples were dialyzed for 24h 
to allow H/D exchange of the proteins. The dialysate was used in the 
experiments for the background measurement with the same H/D con-
tent. Protein concentration was determined by optical absorption at 280 
nm with an extinction coefficient of E1% = 7. Given pH values refer to 
pH-meter readings while the actual pD is 0.4 higher19. 

Circular dichroism and dynamic light scattering 
Circular dichroism was measured on a J-810 spectropolarimeter 

(JASCO, Tokyo, Japan). The samples were measured in 0.1 mm thick 
quartz cuvettes under constant nitrogen flow at a concentration of 1 
mg/ml between 187 – 250 nm. Spectra were measured 20 times, aver-
aged and background corrected. Spectra were analyzed using the CD-
Pro software taking the average of the algorithms CONTIN, SELCON3 
and CDSSTR20. Dynamic light scattering was measured on a Zetasizer 
Nano ZS instrument (Malvern Instruments, Malvern, United King-
dom). Autocorrelation functions were analyzed by the included 
CONTIN like algorithm21. The hydrodynamic radius Rh was deter-
mined according to Rh=kBT/(6𝜋𝜂D) with the respective D2O buffer vis-
cosity and extrapolated to zero concentration to reach infinite dilution 
limit without influence of protein interaction on Rh. 

Small angle scattering 
SAXS was measured on X33 beamline at the EMBL, Hamburg22. 

The X-ray wavelength was 1.5 Å. Protein concentrations of 2.45 to 50.9 
mg/ml were measured. SANS was measured on KWS-2 at the MLZ in 
Garching23. The neutron wavelength was 5 Å with a wavelength spread 
of 20%. Protein concentrations were 2.5, 5.0, 10.1 and 49.5 mg/ml. The 
scattering vector q is defined as Q=4𝜋/𝜆·sin(𝜃/2) with the incident X-
ray or neutron wavelength 𝜆 and the scattering angle q. The measured 
background corrected and concentration scaled intensities I(Q) were 
linearly extrapolated to infinite dilution to extract the form factor P(Q). 
The structure factor S(Q) was extracted using the relation Ic(Q) = 
cS(Q)P(Q) with the concentration c. Structural modelling of SANS 
data includes resolution smearing according to Pedersen24. 

Neutron spin echo spectroscopy 
NSE was measured on NSE instrument IN15 at the ILL, Grenoble. 

Five incident neutron wavelengths with 6, 8, 9, 10 and 12 Å and wave-
length spread of 20% were used. The area detector was sliced in 3 sec-
tions that each detector image results in 3 Q values. Respective buffer 
background measurements at 20°C were conducted and subtracted us-
ing the instrument software. The sample concentration was 51.1 mg/ml. 

Software 
SANS data were reduced to absolute intensity with the program 

QtiKWS provided by JCNS25. SAXS data were reduced to absolute in-
tensity by the instrument software based on ATSAS26. Any further 
analysis as fitting , structure factor and hydrodynamic function evalua-
tion was done using Jscatter27. Atomic modeling of PDB structures cal-
culating formfactors was done by homemade routines (JscatterP) based 
on MMTK28. 

Rigid protein dynamics 
NSE measures temporal and spatial correlations of molecular items 

expressed in the intermediate scattering function (ISF) I(Q,	τ)/I(Q,0). 
At lower Q (SANS regime) the ISF is predominantly coherent scatter-
ing and large scale collective dynamics as translational and rotational 
diffusion but also internal dynamics as domain motions or dynamics of 
unfolded chains is observed for proteins15,17,29. Folded proteins with no 
internal dynamics show only contributions from translational and rota-
tional diffusion Dt and Dr30  
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Sl(Q) are the terms of a multipole expansion with scattering length 

bi of the atom i at position ri and orientation 𝛀i, jl(Qri) are the spherical 
Bessel functions and Yl,m the spherical harmonics. A0 is an amplitude 
factor which is close to 1. 

The diffusion of a nonspherical object is in general described by a 
6x6 matrix with contributions from translational diffusion Dt,3x3 and ro-
tational diffusion Dr,3x3 and off-diagonal elements Drt,3x3=DTtr,3x3 de-
scribing rotational-translational coupling. The 6x6 matrix can be calcu-
lated based on the protein structure using the program HYDROPRO31. 
Using a scalar representation in equ. 1 e.g. Dr0=trace(Dr,3x3)/3 slightly 
overestimates the rotational contribution as the decoupling approxima-
tion is not exact32. 

Single particle translational diffusion Dt is modulated for finite con-
centrations as Dt=Dt0H(Q)/S(Q) with Dt0 as translational diffusion at 
infinite dilution. The structure factor S(Q) is related to direct interac-
tions and hydrodynamic interactions are comprised in the hydrody-
namic function H(Q)33–35. Using a structure factor extracted from ex-
perimental data implicitly includes the correction for anisotropy of par-
ticle shape according to Kotlarchyk36. Rotational diffusion is reduced 
by hydrodynamic interactions as Dr=Dr0Hr where Hr can be estimated 
for hard spheres32 as 1-Hr≈(1-Ht(Q→∞))/3. H∞=Ht(Q→∞) is related to 
the change in viscosity as H∞=𝛈0/ 𝛈 with buffer viscosity 𝛈0 and protein 
solution viscosity dependent on concentration 𝛈37,38.  

Hydrodynamic Function 
The hydrodynamic function H(Q) can be calculated for hard spheres 

from the known (measured) structure factor S(Q) using the 𝛿𝛾-expan-
sion by38,39  
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with the volume fraction 𝛷 and the sphere radius R which is for hard 
spheres equivalent to the hydrodynamic radius. H∞ is related to the 
short time self-diffusion coefficient Ds as H∞(𝛷)=Ds(𝛷)/Dt0 which is 
related to the intrinsic viscosity38. The function S𝛾0(Q) is described in 
detail by Genz et al39. As a rule of thumb for the hydrodynamic function 
of hard spheres one might use for small volume fractions H(Q)-H(∞)= 
(S(Q)-1)/2 which reflects the same modulation as found in S(Q) and 
leads to a compensation of the 1/S(Q) contribution.  

To account for asymmetry in shape, internal flexibility or softness 
of the particle/protein that reduces the hydrodynamic interaction we 
may allow in a first order approximation that the hydrodynamic radius 
is reduced compared to a geometrical radius R®Reff. This allows to 
describe hydrodynamic interactions in the transition from a hard sphere 
to flexible proteins or soft polymer coils. In the limit of a small radius 
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Reff the second term in equ 3 vanishes and we find H(Q)=H¥(F). An 
estimate for Reff can be calculated from viscosity measurements fixing 
H∞(𝛷) and the measured structure factor S(Q) and DLS measurements 
of the translational diffusion Dt at finite concentration and the infinite 
dilution limit Dt0. 

Chain dynamics with hydrodynamic interaction and internal 
friction 

A disordered protein chain can be described within a coarse-grained 
description of the dynamics of polymers in solution including hydro-
dynamic interactions known as the Zimm model13. A finite chain con-
sists of N connected beads, separated by linear springs of length l. Each 
bead is exposed to friction with the solvent 𝜉�	, a restoring force from 
the springs connected to next neighbors 𝜅 and thermal random forces. 
To include internal friction 𝜉z¡� each bead exerts friction to its neigh-
bors complementing the Zimm with internal friction model (ZIF)40.   
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The internal motions of the chain are represented by relaxation 

modes with mode number p and characteristic mode relaxation times 
τp=p-3n𝜏Z+𝜏int. 𝜏Z is the characteristic Zimm time of the first mode with 
𝜏Æ = 𝜂𝑅�Ç/√3𝜋𝑘®𝑇 dependent on solvent viscosity 𝜂 and end to end 
distance 𝑅�� = 6𝑅Ë� = 𝑙�𝑁�n. The parameter n describes the polymer-
solvent interaction and changes from 0.5 for a Q-solvent to 0.6 for a 
good solvent with excluded volume. 𝜏int is the additional relaxation time 
due to internal friction40. The center of mass diffusion DZimm depends 
on the chain dimension DZimm=kBT/(𝜂Re). 𝜏Æ can be rewritten for Q-
solvent in in relation to solvent friction and force constant as 𝜏Æ =
𝜉�/𝜅	(𝑁/𝜋)Ç/�/√12. For internal friction the corresponding equation 
is 𝜏z¡� = 𝜉z¡�/𝜅. The mode amplitude factor Ap is in the standard ZIF 
model equal 1 but allows to examine modes suppression of e.g., low 
modes. At finite concentrations well below the overlap concentration 
c* DZimm is modulated by the interaction between the chains as de-
scribed by Akcasu41. Assuming decoupling of the intrachain configu-
ration from the interchain structurefactor we may use the ZIF model to 
describe the chain dynamics and use the correction DZimm=Dt0H/S(Q) 
with H=H(Q→∞) for finite concentrations. 
 

RESULTS 

THE UNFOLDING TRANSITION 
The	thermal	unfolding	transition	is	examined	by	circular	di-
chroism	(CD)	and	dynamic	light	scattering	(DLS)	to	estab-
lish	conditions	for	a	stable	protein	solution	without	aggre-
gates	at	higher	concentrations	(50mg/ml)	needed	for	later	
NSE	measurements.	CD	determines	the	protein	secondary	
structure	while	DLS	results	in	the	hydrodynamic	radius	of	
the	protein	as	deduced	 from	the	diffusion	coefficient	with	
additional	 information	about	 the	 formation	of	aggregates.	
We	observe	at	pH7	that	the	unfolded	protein	is	unstable	and	
tends	to	aggregation.	To	stabilize	the	protein	solution	at	the	
needed	concentration	we	increased	pH	in	order	to	increase	
the	charge	of	Rnase	for	electrostatic	stabilization.	At	pH2	no	
aggregates	are	observed.		
The	hydrodynamic	radius	increases	from	20.1±0.4	Å	in	the	
native	 configuration	 to	 24.1±0.4	 Å	 in	 the	 unfolded	 state	
(see	Figure	2	showing	the	respective	unfolded	fraction	and	
Fig	S1	in	SI).	CD	at	low	concentrations	(1mg/ml)	shows	that	
above	pH4	an	intermediate	state	occurs	during	thermal	un-
folding	 that	 is	 connected	 to	 partial	 unfolding	 of	 b-sheets	
with	a	transition	temperature	around	45°C	while	the	a-he-
lix	and	turn	content	remain	constant42,43.	The	main	transi-
tion	occurs	around	65°	C.	At	pH2	the	two	transitions	cannot	

be	discriminated	anymore	and	a	seemingly	two-state	tran-
sition	evolves	(see	Fig	S2	and	S3	in	SI).	The	transition	tem-
perature	shifts	from	67°C	at	pH7	to	39°C	at	pH2.	In	the	fully	
unfolded	state	about	70%	of	the	protein	are	disordered	and	
about	20%	show	residual	a-helical	or	b-sheet	structure	as	
it	is	commonly	observed	also	for	IDP	within	the	limits	of	the	
CD	method.	Only	at	pH2	we	observe	stable	protein	solution	
for	longer	times	(several	days)	at	temperatures	up	to	60°C	
where	the	protein	is	fully	unfolded.		

 

Figure 1 Structure of Rnase with 124 amino acids as cartoon image 
showing main secondary structure elements (green PDB 8RAT, red 
refined solution structure). Disulfide bonds (blue) are present be-
tween the cysteines 26-84, 58-110, 40-95, 65-72. Created using 
VMD44. 

 
Figure 2: Protein denaturation curves showing the disordered (un-
folded) fraction of RNase at pH2. To compare different methods all 
quantities S are normalized by the difference of states as (S −
S²ÕÃÖ×)/(SØÖÙÚÛØÜÛÜØ − S²ÕÃÖ×). A sigmoidal ~(1+exp(-a(T-Tm)))-1 
with the transition temperature Tm and the slope parameter a=0.3 
K-1 as determined from a fit to the CD data is shown (black line). 
CD: disordered fraction from CD, DLS: Rh as extrapolated to con-
centration 0 from concentration series, SANS P(Q): unfolded frac-
tion from fit with native and full unfolded SANS formfactors, Rg: 
Rg determined in Guinier range from SANS formfactors, NSE: fit 
parameter fd from fit to NSE data. 

DISULFIDE BONDS SHOW GEOMETRICAL 
RESTRICTION IN SAS 
SANS/SAXS	measurements	allow	the	determination	of	 the	
actual	protein	configuration	 including	 the	hydration	 layer	
around	the	protein	and	determination	of	the	structure	fac-
tor.	 Figure	 3	 shows	 respective	 formfactors	 P(Q)	 as	
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extracted	 from	 concentration	 series	 and	 extrapolation	 to	
concentration	0	together	with	corresponding	fits	to	adapted	
structural	models.	The	native	protein	presents	a	configura-
tion	which	is	very	close	to	the	crystal	structure	found	in	PDB	
structure	8RAT45.	 For	 fitting	 the	native	 structure	was	de-
formed	 along	 low	 frequency	 normal	 modes,	 a	 hydration	
layer	with	increased	solvent	density	was	added	and	the	an-
gle	of	helix-1	(which	is	sensitive	to	the	SAXS	peak	at	0.5	Å-1)	
was	 allowed	 to	 vary46.	 The	 simultaneous	 fit	 of	 SAX/SANS	
data	 with	 respective	 contrast	 resulted	 in	 the	 structure	
shown	in	Figure	1	(red)	which	is	close	to	the	crystal	struc-
ture	(green)	with	a	hydration	layer	of	3Å	thickness	and	an	
increase	 in	 solvent	 density	 of	 3.2%.	 The	 helix-1	 is	 only	
slightly	shifted.		
The	unfolded	protein	at	60°C	displays	in	the	Kratky	plot	(Q	
vs.	Q2P(Q))	a	characteristic	peak	with	a	following	minimum	
and	linear	increase	at	high	Q.	A	similar	peak	is	already	ex-
pected	for	polymer	rings	and	denser	branched	polymer	sys-
tems.	 For	 an	 unfolded	 Gaussian	 chain	 a	 plateau	 is	 ex-
pected47.	To	elucidate	the	role	of	the	disulfide	bonds	and	ad-
ditional	 interactions	 affecting	 the	 configuration	 we	 per-
formed	coarse	grained	simulation	within	a	bead	and	spring	
model	(one	bead	per	amino	acid,	with	and	without	disulfide	
bonds)	using	 the	program	SIMUFLEX48	and	calculated	re-
spective	 SAXS/SANS	 formfactors	 (for	 details	 see	 SI).	 The	
general	appearance	with	a	peak	and	minimum	structure	is	
clearly	caused	by	the	4	disulfide	bonds	that	lead	to	a	geo-
metrical	restriction	of	the	chain.	The	increase	at	larger	Q	is	
attributed	 to	 the	 linear	 dimension	 of	 the	 chain	 at	 short	
length	scales	resulting	from	the	amino	acid	backbone	stiff-
ness.	The	radius	of	gyration	for	the	disulfide	containing	sim-
ulation	of	Rg=	20.1Å	from	bead	positions	fits	well	to	the	ob-
servation	from	SANS	at	60°C	with	19.9±0.2	Å.		

 
Figure 3. SAS formfactors as extracted from concentration series. 
25°C: SAXS/SANS data of the native protein with lines as calcu-
lated from atomic refinement. Broken line is the 8RAT structure, 
solid line is the refinement. 60°C: Kratky plot of the disordered 
protein. Black lines show the ensemble average of 32 best fitting 
structures from the coarse grain modelling including disulfide 
bonds. 25°-60°C: SANS data in a Kratky plot at temperatures of 
25°, 35°, 40°, 45°, 50°, and 60° Celsius showing the unfolding tran-
sition with corresponding fits of a two-state model. 

Nevertheless,	at	larger	Q	deviations	are	observed	compared	
to	the	average	of	the	whole	trajectory.	A	selection	based	on	

single	best	fits	to	SAXS/SANS	data	results	in	a	good	descrip-
tion	of	the	respective	formfactors	as	shown	in	Figure	3	for	
60°.	 The	 best	 8	 configurations	 (see	 Fig	 S5	 in	 SI)	 present	
mainly	expanded	cores	and	extended	chain	ends	that	may	
result	from	the	20	charged	amino	acids	at	pH2	leading	 to	
intra	chain	repulsion.	The	 small	 difference	between	SAXS	
and	 SANS	 could	 be	 a	 result	 of	 the	 strong	 X-ray	 intensity	
(beamline	instrument)	introducing	radicals	even	before	ra-
diation	damage	can	be	detected	or	even	disulfide	breakup	is	
observed49.	SANS	introduces	no	radiation	damage.		
Formfactors	in	the	transition	region	can	be	fitted	assuming	
a	 two-phase	 transition	 with	 a	 linear	 combination	 of	 un-
folded	 and	 folded	 formfactors.	 The	 fraction	 of	 unfolded	
chains	is	the	only	fit	parameter.	Fit	results	are	shown	in	Fig-
ure	3	25°-60°	and	the	resulting	disordered	fraction	is	pre-
sented	in	Figure	2	validating	again	the	transition	observed	
by	CD.	Rg	as	determined	from	a	linear	fit	in	the	Guinier	range	
shows	an	 increase	 from	14.2±0.2	Å	 in	 the	native	 state	 to	
19.9±0.2	Å	for	the	unfolded	state.	We	note	that	the	concen-
tration	scaled	SANS	and	SAXS	data	after	background	correc-
tion	show	a	nice	overlap	of	the	different	concentrations	at	
mid	and	high	Q	indicating	that	the	configuration	is	not	de-
pendent	on	concentration.		
Using	the	above	formfactors	P(Q)	the	respective	concentra-
tion	 dependent	 structure	 factor	 can	 be	 extracted	 using	
S(Q)=Ic(Q)/c/P(Q).	Figure	4	presents	the	respective	struc-
ture	factors	for	the	concentration	of	the	NSE	experiments	as	
measured	 by	 SANS.	 SAXS	 shows	 similar	 structure	 factors	
but	with	lower	values	at	low	Q	(e.g.	0.15	lower	for	60°C	at	
lowest	Q,	data	not	shown)	 indicating	a	stronger	repulsion	
which	might	be	induced	by	additional	radicals	from	radia-
tion49.	SANS	structure	factors	are	well	described	by	the	Hay-
ter-Penfold	(HP)	structure	factor	describing	charged	spher-
ical	particles	 in	a	solvent	containing	screening	 ions50.	The	
determining	parameters	are	the	particle	radius,	the	surface	
potential	and	the	screening	length	𝛋	which	depends	on	the	
ion	concentration	I	as	𝛋-2=𝛆𝛆0kBT/2Nae2I	with	temperature	
dependent	permittivity	𝛆𝛆0,	thermal	energy	kBT,	Avogadro	
constant	Na	and	electron	charge	e.	With	a	fixed	effective	ion	
concentration	of	 I=28mM	(𝛋≈5Å)	we	observe	a	 constant	
effective	radius	of	22.5(±1)	Å	and	a	surface	potential	𝚪	in-
creasing	from	about	2.5	kBT	to	9	kBT	with	rising	tempera-
ture.		

 
Figure 4 SANS structure factors for different temperatures as indi-
cated. Lines represent fits using the Hayter-Penfold structure fac-
tor50. Data are shifted by 0.3 for better visibility. 
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It	needs	to	be	clarified	that	the	observed	structure	factor	is	
an	effective	two	component	structure	factor	between	folded	
globular	and	unfolded	chains.	As	both	states	are	charged	the	
HP	structure	factor	seems	to	be	a	good	approximation	for	
this	case.	The	 configurational	change	during	unfolding	al-
lows	counterions	present	in	the	Stern	layer	to	enter	the	ef-
fective	volume	of	the	disordered	chain.	This	leads	to	a	col-
lapse	of	the	charge	compensation	of	the	Stern	layer	but	al-
lows	 charge	 compensation	 by	 ion	 condensation	 on	 the	
chain.	The	net	effect	including	the	larger	occupied	volume	
seems	to	be	an	increase	in	the	effective	“surface”	potential	
𝚪.	

FROM RIGID PROTEIN TO FLEXIBLE CHAIN 
DYNAMICS 
To	 follow	 the	 unfolding	 transition	 on	 the	 intrinsic	 length	
and	 timescale	 scale	 of	 macromolecular	 motions	 we	 per-
formed	NSE	measurements	for	5	temperatures	around	the	
transition	temperature	of	Rnase	at	pH2	as	shown	in	Figure	
5	and	S6	(see	SI).	We	note	that	the	sample	was	always	the	
same	with	stepwise	increased	temperature.	To	analyze	the	
unfolding	transition,	we	examine	first	the	folded	state	and	
the	unfolded	state.	The	transition	will	be	modeled	again	us-
ing	a	two-state	model.	
 

	

Figure 5 Intermediate scattering function as measured by NSE for 
Ribonuclease at temperatures as indicated. Lines correspond to the 
respective model fits as described in the text. Q values from 
0.032Å-1(black, right) to 0.22Å-1 (red, left) as also shown in Figure 
6. Errors are of symbol size or smaller. The increased intensity for 
T=60˚C at high Q and short times is due to solvent incoherent scat-
tering and the temperature mismatch of the background measure-
ment (see SI Figure S6). This does not influence the results. Tem-
peratures 35, 40, 45 ˚C are shown in SI Figure S6. 

The	effective	diffusion	coefficient	Deff(Q)	as	extracted	from	
the	NSE	data	using	a	cumulant	fit	for	T=20°C	in	the	folded	
state	is	shown	in	Figure	6.	We	observe	an	increase	towards	
low	 Q	 which	 is	 related	 to	 interparticle	 interactions	 and	
trends	to	the	DLS	value	at	lowest	Q.	At	higher	Q	an	increase	
related	 to	 the	 onset	 of	 protein	 rotational	 diffusion	 is	 ob-
served17.	To	fit	the	full	NSE	spectra	we	use	a	model	for	rigid	
protein	dynamics	(see	Methods)	including	translational	and	
rotational	diffusion	with	corrections	for	direct	interactions	
and	 hydrodynamic	 interactions	 mediated	 by	 the	 solvent.	
While	the	relevant	structure	 factor	S(Q)	can	be	measured	
H(Q)	is	calculated	from	the	corresponding	structure	factor	
according	to	Beenakker	and	Mazur	(see	Methods).	We	fit	a	
reduced	 effective	 hydrodynamic	 radius	 Reff	 which	 com-
prises	any	reduced	hydrodynamic	interaction	due	to	shape	
anisotropy	or	internal	flexibility	that	might	reduce	the	hy-
drodynamic	interaction	compared	to	a	perfect	hard	sphere.	
The	only	free	parameters	during	fitting	are	the	translational	
diffusion	Dt0	and	Reff	in	the	hydrodynamic	function.	The	fit	is	
shown	in	Figure	5	20°C	while	the	resulting	Deff(Q)	(see	equ.	
2)	is	shown	in	Figure	6.	We	find	that	NSE	spectra	of	native	
Rnase	are	 in	excellent	agreement	with	 the	model	calcula-
tions.	 The	 effective	 hydrodynamic	 radius	 Reff	 is	 reduced	
from	13Å	to	8Å	demonstrating	the	 influence	of	shape	and	
protein	softness.	Dt0=8.5	Å2/ns	corresponds	within	6%	to	
the	 value	 calculated	 by	 HYDROPRO51	 using	 the	 refined	
Rnase	PDB	structure.	

	

Figure 6 Deff as extracted from a cumulant fit to NSE data of the 
native protein at T=20°C. The black line corresponds to Deff(Q) 
(see equ 2) from a fit to the full NSE spectra using the rigid protein 
dynamics model including S(Q) and H(Q) correction (see Meth-
ods). Additionally, the DLS value for the same concentration is 
given. We use S(Q) as fitted to 25°C data and adjusted the respec-
tive concentration in the HP structure factor. 

The	dynamics	of	the	unfolded	Rnase	at	60°C	is	described	by	
the	ZIMM	model	with	additional	internal	friction	(ZIF).	The	
center	of	mass	diffusion	DZimm	needs	again	to	be	corrected	
for	hydrodynamic	and	direct	interactions	like	the	previous	
case.	 Already	 preliminary	measurements	 of	 viscosity	 and	
DZimm	by	DLS	show	that	H¥/H(Q®0)»1	with	a	constant	hy-
drodynamic	 function	describing	 the	slowing	down	of	self-
diffusion	with	increasing	concentration	as	it	is	expected	for	
polymers	(see	table	S1	in	SI).	The	correction	DZimm	µ	S(Q)-1	
remains	as	a	result	of	the	charged	disordered	protein	chain.	
To	describe	the	unfolded	protein,	we	use	N=124	beads	with	
a	 bond	 length	 l=3.8	 Å	 corresponding	 to	 the	 amino	 acid	
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backbone	in	the	ZIF	model.	The	parameter	n	is	fixed	to	0.53	
to	result	in	the	observed	Rg	enclosing	the	effect	of	the	4	di-
sulfide	bonds.	We	limit	the	mode	summation	to	pmax=10	as	
higher	order	modes	contribute	less	than	0.01	to	the	signal.	
The	fit	results	in	an	excellent	description	of	the	NSE	spectra	
with	DZimm	and	𝜏int	as	the	only	fit	parameters.	The	effect	of	
these	parameters	on	the	model	is	demonstrated	in	figure	S7	
(see	 SI).	 The	 resulting	 DZimm=17.2	 Å2/ns	 corresponds	
within	 4%	 the	 value	 from	 DLS	 measurements	 with	 17.9	
Å2/ns.	𝜏int	results	in	8.7	ns	which	is	about	twice	the	corre-
sponding	 relaxation	 time	 of	 the	 first	 Zimm	 mode	 𝜏Z	 as	
shown	 in	Figure	7.	We	tested	also	 if	the	4	disulfide	bonds	
result	in	a	suppression	of	the	lowest	modes	(see	Methods)	
but	found	no	significant	influence,	suggesting	that	these	in-
trachain	links	move	more	or	 less	undistorted.	The	relaxa-
tion	characteristics	of	the	Zimm	model	relates	to	the	hydro-
dynamic	interaction	between	beads	and	leads	to	a	mode	re-
laxation	time	𝜏p~p-3n.	Since	we	found	𝜏z 	≅ 2𝜏Æ		the	form	of	
the	Zimm	spectrum	is	of	very	low	impact	and	internal	fric-
tion	dominates	already	at	the	lowest	modes.	This	insensitiv-
ity	also	reveals	itself,	if	we	insert	the	corresponding	Rouse		
model	with	 internal	 friction	 (RIF)	 that	 neglects	 hydrody-
namic	interaction	between	the	beads40	(	𝜏p~p-2)	or	an	elas-
tic	chain	model	with	internal	friction	(ECIF,		as	RIF	with	van-
ishing	solvent	friction	𝜉� ⟶ 0	leading	to	𝜏p~0	).	They	result	
in	slightly	larger	𝜏int	(RIF	9.4	ns,	ECIF	13.1	ns)	but	fit	equally	
well.	The	characteristic	relaxation	of	the	ECIF	model	corre-
sponds	 to	 that	 of	 an	 ensemble	 of	 stiff	 chains	 with	
overdamped	 modes	 due	 to	 internal	 friction.	 The	 mode	
structure	is	the	same	as	for	ZIF/RIF.	
To	examine	the	NSE	measurements	in	the	transition	region	
we	used	the	two-state	model	already	verified	by	our	other	
measurements	and	use	a	linear	combination	of	folded	Rnase	
dynamics	with	dynamics	of	the	disordered	chain	according	
to	the	disordered	fraction	fd.	For	the	H(Q)/S(Q)	correction	
we	use	the	experimental	determined	structure	factor	as	an	
effective	interaction	between	folded	and	disordered	Rnase.	
Fit	parameters	are	fd,	𝜏int	and	Dt0	for	T=35,	40°C	and	fd,	𝜏int	
and	 DZimm	 for	T=45°C.	 The	 respective	 other	 value	 (DZimm,	
Dt0)	is	fixed	to	a	viscosity	scaled	value	based	on	T=20	and	
60°C.	Resulting	 fits	are	presented	 in	Figure	S6	35°C,	40°C	
and	45°C	(see	SI).	We	observe	that	the	disordered	fraction	
fd	(see	Figure	2)	is	slightly	larger	than	the	disordered	frac-
tion	measured	by	CD.	This	is	an	indication	that	also	folded	
chain	segments	show	a	contribution	to	chain	relaxation	dy-
namics.	The	corresponding	𝜏int	is	shown	in	Figure	7	in	com-
parison	to	𝜏Z	in	an	Arrhenius	plot.	For	temperatures	above	
35°C	a	slightly	stronger	 increase	 for	𝜏int	 compared	to	𝜏Z	 is	
observed	with	𝜏z¡� ≳ 2𝜏Æ	.	While	 the	 latter	 is	directly	con-
nected	to	the	activation	energy	of	solvent	viscosity	(water	
Eact»15.7kJ/mol52)	this	 is	not	obvious	 for	 internal	 friction.	
We	 find	 an	activation	energy	of	 33kJ/mol.	Using	 the	ECIF	
model	we	find	a	similar	value	of	28	kJ/mol	verifying	that	the	
activation	energy	is	related	to	the	internal	friction	barrier.	

	

Figure 7 Internal relaxation time and Zimm time versus 1000/T in 
an Arrhenius plot.  

DISCUSSION 
The	Rnase	specific	structure	with	4	disulfide	bonds	acting	
as	internal	linker	leads	to	a	clear	restriction	of	the	protein	
conformation.	The	dynamic	signature	of	the	normal	mode	
models	is	not	influenced.	This	is	at	first	surprising	as	a	geo-
metrical	restriction	might	 lead	 to	suppression	of	modes	 if	
the	strongest	amplitudes	are	located	at	a	 linker	or	reduce	
the	effective	chain	length.	On	the	other	hand,	the	linker	only	
restricts	 movement	 to	 an	 additional	 collective	 character	
that	coordinates	larger	segments	like	stars.	These	move	co-
herently	and	thus	contribute	 in	a	coherent	manner	to	 the	
observed	scattering.	At	least	the	developing	mode	structure	
is	close	enough	to	the	normal	mode	mode	structure	that	dif-
ferences	 are	not	 significant	at	 the	observed	 length	 scales.	
This	might	 change	 if	 the	 protein	becomes	 larger	 and	has	
more	disulfide	bonds	that	a	domain	structure	evolves	as	in	
the	case	of	chemically	denatured	unfolded	bovine	serum	al-
bumin53.	
For	T=35°C	we	observe	a	small	drop	in	𝜏int	compared	to	the	
Arrhenius	 expectation.	 As	 the	 disordered	 fraction	 is	 here	
smallest	(CD	22%,	NSE	38%)	a	larger	error	might	be	rea-
sonable	 and	 the	 deviation	 is	 within	 errors.	 On	 the	 other	
hand,	a	structural	reason	might	be	considered	in	association	
with	 the	 increased	 fd.	Comparing	 the	 secondary	 structure	
trend	at	pH2	with	pH7	measured	by	CD	(see	SI	Fig	S2)	it	is	
reasonable	 that	 at	 pH2	 a	 kind	 of	 intermediate	 transition	
state	 is	still	present.	Parts	of	the	protein	secondary	struc-
ture	may	be	folded	or	at	least	stabilized	in	a	posttransitional	
state	 that	 cannot	 easily	 discriminated	 from	 a	 pretransi-
tional	 state54.	 Posttransitional	 states	 represent	 structures	
closer	to	the	native	state	allowing	cooperative	folding	to	the	
native	configuration	with	smaller	parts	of	the	chain	already	
prefolded.	 The	 reduced	 configurational	 freedom	 reduces	
rotations	and	dihedral	motions	resulting	in	a	smaller	effec-
tive	𝜏int	compared	to	higher	temperatures.	A	normal	mode	
related	model	as	ZIF/RIF/ECIF	seems	still	to	adequately	de-
scribe	this	state	which	can	be	understood	as	follows:	Higher	
order	modes	are	suppressed	by	reduced	local	freedom	but	
contribute	in	negligible	amount	to	the	observed	large-scale	
dynamics.	The	lower	order	modes	don’t	change	their	mode	
structure	but	 show	a	 significant	reduced	 internal	 friction.	
This	corresponds	to	rescaling	the	chain	using	larger	(rigid)	
monomers	keeping	the	spatial	dimension	(e.g.	𝑅�� = 𝑙�𝑁	for	
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RIF)	 constant	which	only	affects	 the	high	mode	 cutoff.	As	
most	of	the	unfolded	protein	fraction	is	still	in	a	disordered	
state	the	two-state	assumption	still	describes	the	observed	
dynamics.	 This	rescaling	argument	might	also	 explain	 the	
larger	dynamic	contribution	fd	to	the	disordered	fraction	in	
the	NSE	results.	A	small	fraction	of	residual	structure	is	al-
ways	present	representing	structured	segments	 in	CD	but	
still	contribute	to	the	observed	dynamics.			
The	Zimm	time	𝜏Z	is	here	of	same	order	of	magnitude	as	the	
observed	relaxation	time	due	to	internal	friction	as	also	ob-
served	by	Soranno11.	Relating	both	relaxation	times	to	the	
friction	per	bead	𝜉�ìt/z¡�	(solvent	and	internal,	respectively)	
with	equal	force	constant	k	and	approximately	equal	relax-
ation	times	we	find	from	the	basic	Langevin	equation	that	
the	relative	friction	is	𝜉z¡�/𝜉�ìt ≈ 	 (𝑁/𝜋)Ç/�/(2√3)	which	is	
>70	for	Ribonuclease	A	with	124	amino	acids.	The	friction	
per	bead	 is	 dominated	 by	 internal	 friction	which	 is	 even	
more	important	for	higher	modes	p.	For	chains	with	lower	
internal	friction	(or	reduced	to	the	usage	of	osmolytes)	the	
importance	 of	 solvent	 friction	 is	 related	 to	 the	 collective	
character	 of	 the	 lower	normal	modes.	On	the	other	hand,	
this	highlights	the	role	of	internal	friction	for	local	chain	mo-
tions	 due	 to	 torsion	 or	 local	 bending.	 Here	 the	 large	
sidechains	 of	 some	 amino	 acids	might	 play	 an	 important	
role	compared	to	Zimm	like	homopolymers	(e.g.	PEG)	as	al-
ready	 the	 sidechain	 excluded	 volume	 reduces	 configura-
tional	 freedom.	 Decomposition	 of	 different	 contributions	
especially	how	neighboring	sidechain	character	related	 to	
sidechain	volume,	hydrophilicity	and	charge	influence	acti-
vation	energy	and	relaxation	times	may	be	possible	using	
intrinsically	disordered	protein	polymers	with	specifically	
designed	amino	acid	composition55.	
The	Zimm	model,	very	successful	to	describe	the	dynamics	
of	polymers,	needs	to	be	complemented	by	internal	friction	
to	 the	ZIF	model	as	 shown	already	earlier	 by	 Soranno	or	
Stadler11,15.	For	ZIF	the	characteristic	mode	structure	(am-
plitudes	~Re)	 is	 unchanged	 and	 only	 the	 relaxation	 spec-
trum	is	modified.	The	dominating	internal	friction	can	be	in-
terpreted	as	a	breakdown	of	the	ZIF	model	and	we	observe	
overdamped	 motions	 in	 an	 ensemble	 of	 elastic	 chains	
spread	in	configurational	space	within	the	ECIF	model.	As	
𝜏Æ~𝑅�Ç	the	collective	character	of	Zimm	might	be	recovered	
for	longer	chains,	but	on	local	scales	or	short	chains	internal	
friction	is	dominating	and	the	elastic	overdamped	motions	
are	similar	to	overdamped	normal	mode	motions	of	struc-
tured	proteins	with	hinge	or	shear	domain	motions46.		For	
RIF	and	ZIF	model	internal	friction	is	a	correction	from	the	
original	Rouse	and	Zimm	dynamic	models.	For	 IDP	under	
natural	conditions	internal	friction	dominates	while	solvent	
friction	and	hydrodynamic	interactions	are	smaller	correc-
tions.	 	 The	 notable	 advantage	 of	models	 as	 ZIF/RIF/ECIF	
over	models	requiring	explicit	configurations	(elastic	nor-
mal	mode	analysis	and	at	 least	a	minimal	ensemble	aver-
age)	is	that	the	ensemble	average	is	implicitly	included.	On	
the	other	hand,	if	sequence	details	of	the	secondary	struc-
ture	become	more	important	explicit	models	taking	second-
ary	structure	into	account	can	be	advantageous.		
The	Arrhenius	 behavior	 of	 simple	 liquid	 viscosity	 is	 con-
nected	 to	 the	 reconfiguration	 of	molecules	 in	 the	 cage	 of	
next	 neighbors	 (neglecting	 here	 the	more	 complex	 struc-
ture	of	water)56.	The	activation	energy	is	related	to	the	free	

energy	for	escaping	this	cage.	𝜏Z	as	the	time	of	the	slowest	
and	largest	mode	of	a	collective	movement	of	the	chain	 is	
coupled	to	the	viscosity	of	the	solvent	resulting	in	a	solvent	
dependent	activation	energy.	The	slowing	down	of	mode	re-
laxation	times	compared	to	water	diffusion	is	again	a	result	
of	the	collective	character	of	low	modes.	Internal	friction	is	
related	to	local	intrachain	interactions	as	dihedral	angle	ro-
tation,	 intrachain	 and	 sidechain	 collisions.	 While	 also	
sidechain	 movements	 are	 influenced	 by	 friction	with	 the	
solvent	this	contribution	seems	to	be	small	according	to	the	
above	friction	per	bead	argument.	The	observed	activation	
energy	of	33	kJ/mol	for	𝜏int	may	be	interpreted	as	the	rough-
ness	of	the	local	energy	landscape	of	intrachain	interactions.	
This	 value	might	 also	be	 related	 to	 the	peptide	 rotational	
barrier	 for	NCa	bonds	of	about	66kJ/mol	and	CaC	bond	of	
about	25kJ/mol57.	While	the	NCa	bonds	are	assumed	to	be	
stiff,	the	CaC	barrier	fits	reasonably	well	to	our	observation.	
Finally,	 we	 may	 compare	 the	 slowest	 mode	 relaxations	
times	of	10-20	ns	of	the	unfolded	chain	to	folding/unfolding	
rates	measured	by	other	techniques.	Torrent	et	al.	used	T-
jump	experiments	 for	Ribonuclease	A	at	 pH5	 resulting	 in	
several	milliseconds	unfolding	time.	Fierz	et	al.	used	triplet-
triplet	energy	transfer	to	observe	a-helix	formation	times	of	
400ns	(at	5°C	in	H2O,	≈210ns	at	40°C	in	D2O	scaled	by	vis-
cosity).	Recalling	that	the	dominating	modes	are	equivalent	
to	overdamped	elastic	modes	of	an	ensemble	of	disordered	
configurations	we	may	conclude	that	we	observe	mainly	the	
faster	 equilibrium	 dynamics	 of	 disordered	 chains	 as	 the	
prerequisite	for	slower	chain	reconfiguration	and	folding.		

CONCLUSIONS 
In	the	present	paper	we	examined	the	internal	dynamics	of	
the	unfolded	amino	acid	chain	of	Ribonuclease	A	in	different	
states	of	the	unfolding	process	to	enlighten	the	role	of	inter-
nal	friction	onto	protein	chain	dynamics.	At	first	it	needs	to	
be	recognized	that	the	two-state	transition	model	observed	
using	 integral	methods	as	DLS	and	CD	 is	also	observed	 in	
dynamics	with	rigid	folded	and	flexible	disordered	protein	
conformations.	The	disordered	fraction	contributing	to	dy-
namics	is	systematically	larger	than	the	disordered	fraction	
obtained	from	static	methods	as	CD.	The	internal	dynamics	
of	 the	 protein	 chain	 is	 dominated	 by	 internal	 friction	be-
tween	amino	acids	and	is	rather	insensitive	to	the	details	of	
the	mode	structure	as	ZIF/RIF/ECIF	models	are	all	compat-
ible	with	the	observed	dynamics.	It	is	questionable	if	these	
models	are	superior	over	ensemble	averaged	elastic	normal	
mode	analysis	of	IDP	or	during	the	protein	folding/unfold-
ing.	
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