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Abstract 
The quantitative and comprehensive description of the internal 

dynamics of proteins is critical for understanding their function. 

Nanoparticle-assisted 15N NMR spin relaxation is a new method that 

uses a simple read-out allowing the observation of ps - μs dynamics 

of proteins when transiently interacting with the surface of 

nanoparticles. The method is applied here to the widely studied 

protein human ubiquitin in the presence of anionic and cationic silica 

nanoparticles (SNP) of different size. The resulting backbone 

dynamics profiles are highly reproducible and strikingly similar to 

each other, indicating that, with the exception of the disordered tail, 

specific protein-SNP interactions are unimportant. The dynamics 

profiles closely match the sub-ns dynamics S2 values observed by 

model-free analysis of standard 15N relaxation of ubiquitin in free 

solution. These results indicate that the bulk of ubiquitin backbone 

dynamics in solution is confined to sub-ns timescales and, hence, it 

is dynamically considerably more restrained than some previous 

NMR studies have suggested.  

 

Main text 

Protein dynamics is an integral part of protein behavior under 

physiological conditions playing a critical role for many types of 

protein functions, such as protein-recognition and catalysis.[1],[2] NMR 

spectroscopy has served as a rich source of protein dynamics at 

atomic resolution. Much of what is known experimentally about fast 

nanosecond and picosecond backbone motions of proteins in 

solution stems from NMR transverse R2 and longitudinal R1 spin 

relaxation rates and {1H}-15N NOEs.[3] Since these commonly used 

experiments are insensitive to slower timescale motions (> 5 ns), our 

knowledge about the presence and functional role of such slower 

timescale motions remains very limited. The notable gap in 

knowledge about dynamics on this slower timescale regime from low 

ns to μs can be closed by the recently introduced nanoparticle-

assisted spin relaxation method (Figure 1).[4] For two globular 

proteins (Im7 and CBD1), it revealed large-scale dynamics of 

functionally important loops on these slower timescales that were 

previously inaccessible. Here, we use this method to probe the 

presence of slower timescale motions in human ubiquitin. Because 

over the years, intramolecular dynamics of ubiquitin have been 

studied more thoroughly than those of most other proteins (vide 

infra), the new findings allow a detailed comparison with the rich 

body of previous results.  

Nanoparticle-assisted spin relaxation measures transverse R2 

relaxation of a protein in the presence and absence of synthetic 

nanoparticles (NPs), such as silica nanoparticles (SNPs). Transient 

interactions between the protein and the SNPs (Figure 1) cause an 

increase in site-specific 15N-R2 values[4] 

ΔR2,i = R2,i
NP − R2,i

free = c ⋅ p ⋅τNP ⋅ Si
2            (1) 

where c is a constant (see Supporting Information), p is the 

population of protein bound to the nanoparticle, τNP is the rotational 

tumbling correlation time of the nanoparticle, and  is the 

generalized order parameter of the N-H bond vector of residue i. In 

contrast to traditional model-free (MF) order parameters,  reports 

on internal motions from ps to τNP whereby τNP can extend into the 

hundreds of ns to μs range depending on the nanoparticle size 

(Figure 1E). Because the presence of nanoparticles leaves R1 

unaffected (Figure S1), ΔR2 is not a mere viscosity effect caused by 

the nanoparticles. Since chemical exchange R2,ex affects R2 equally 

in the presence and absence of SNPs, their net effect on ΔR2 

cancels out (Figure S8).[4] We first describe the nanoparticle-

assisted relaxation results for ubiquitin and then compare them with 

previous studies.  

 15N-R2 relaxation rates at 850 MHz 1H NMR frequencies were 

measured for uniformly 15N-labeled ubiquitin in the presence and 

absence of SNPs. Experiments with either anionic (pristine) or 

cationic (Al3+-doped) SNPs at 20 nm diameter (Figure 1) were 

performed at SNP concentrations in the sub-μM to low μM range. 2D 
15N-1H HSQC cross-peaks show a distinct dependence on the 

presence of nanoparticles in terms linewidths (R2), whereas peak 

positions remain essentially unchanged (Figure 1A-C). These 

results are highly reproducible (Figure S2) and also fully consistent 

with results obtained at 600 MHz NMR field (Figure S7). 
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S2 profiles for both anionic and cationic nanoparticles derived 

from 15N-ΔR2 values are depicted in Figure 2A. Because the stability 

of colloidal SNP dispersions varies with nanoparticle type and pH, 

measurements with anionic and cationic SNPs were conducted at 

pH 6 and pH 5, respectively. Because the prefactor  in Eq. 

(1) is only approximately known, ΔR2 were converted to S2 values 

via global scaling to mean standard model-free order parameters 

S2
MF obtained for nanoparticle-free ubiquitin. Both ΔR2–derived 

dynamics profiles show rigid secondary structures (high S2), which 

include the α-helix and β-strands, and regions with increased 

mobility (low S2), namely the loop of the N-terminal β-hairpin and five 

residues in the C-terminal tail. Both anionic and cationic ΔR2 profiles 

show remarkably similar profiles consistent with predominantly non-

specific interactions between ubiquitin and the nanoparticles. These 

findings are supported by structure-based computational 

identification of the most and least preferred contact sites between 

ubiquitin and anionic and cationic SNPs, which reveals a sizeable 

number of such sites (Figure 3) that broadly correlate with the 

electrostatic surface potential of ubiquitin (Figure S5).  

 Close inspection of the mobile regions reveals slightly 

reduced S2 values for cationic vs. anionic SNPs. The β-hairpin loop 

with sequence L8-T9-G10-K11-T12 can display electrostatic 

attraction with the NεH3
+ amino group of K11 to anionic SNPs and 

repulsion with respect to cationic SNPs, whereby the attractive 

interaction causes very slight rigidification of this loop. Similarly, the 

C-terminal tail with sequence L71-R72-L73-R74-G75-G76, known to 

be intrinsically disordered, contains two basic residues R72 and R74 

that are attracted to anionic SNPs by Coulomb forces. Although the 

corresponding S2 values are somewhat elevated, the tail remains 

disordered (Figure 2A). This behavior is consistent with recent NMR 

relaxation studies of the interactions of intrinsically disordered 

proteins with anionic SNPs and affirms electrostatic interactions as a 

major driving force.[5] This also suggests that transient interactions 

between ubiquitin and the nanoparticles do not significantly rigidify 

the protein. 

 To compare the nanoparticle-assisted relaxation results with 

standard model-free analysis,[6] backbone S2
MF order parameters 

were determined from R1, R2, and {1H}-15N NOEs at pH 6 in the 

absence of SNPs (black symbols in Figure 2A). Both nanoparticle-

assisted S2 profiles agree remarkably well with the S2
MF results. They 

even display the same fine zig-zag patterns, which include residue 

clusters 2-6, 15-17, 34-36, 48-50, 61-63, 65-70. As expected for 

anionic SNPs, the largest deviation is found in the flexible C-

terminus where S2 > S2
MF.   

 According to Eq. (1), S2 reflects the presence of motions with 

correlation times τint from ps all the way to τNP, which covers 9 

decades of timescales. For spherically shaped nanoparticles of 

radius r (Figure 1D), τNP follows the Stokes-Einstein-Debye 

relationship   

    (2) 

where η is the water solvent viscosity, kB is the Boltzmann constant 

and T is the absolute temperature. Hence, a systematic change of 

nanoparticle size permits control of the timescale window to which 

ΔR2 is sensitive to (Figure 1E). We used 3 differently sized anionic 

nanoparticles with average diameters of 9, 20, and 45 nm (Figure 

S6), which according to Eq. (2) have at 298 K average τNP around 83 

ns, 0.91 µs, and 10 µs, respectively. Interestingly, the resulting S2 

profiles, which are depicted in Figure 2B, show very little change as 

a function of nanoparticle size. This suggests that shifting of the 

nanoparticle rotational tumbling rate neither obscures nor reveals 

additional internal dynamics of ubiquitin. Together with the observed 

excellent agreement between S2
MF and S2, our results show that on 

the ps – µs window accessed here, the dominant internal backbone 

motions occur on the ps to low ns timescale. The data do not provide 

evidence for the existence of slower timescale backbone motions 

that extend into the tens of nanosecond to low µs range.   

The backbone dynamics of ubiquitin in solution has been the 

subject of numerous quantitative NMR investigations. However, no 

clear consensus has been reached about the existence and the 

details of slower timescale motions. Several 15N-relaxation studies at 

high magnetic field were reported[7],[8],[9],[10],[11] with MF order 

parameters S2
MF and internal correlation times in the sub-ns, which 

were highly consistent with each other and also with the S2
MF 

reported here. A 15N-relaxometry study performed with B0-fields from 

0.5 – 22.3 T[12] reported several regions with enhanced mobility (S2
RO 

< 0.7) with correlation times up to 5 ns, even for regions that are 

notably rigid on the sub-ns timescale (S2
MF > 0.80) (Figure 2C). 

Such regions include the β-hairpin loop (residues 7-12), the 

β2−strand (residues 13-17), and the long stretch of residues 46-55. 

Such augmented levels of dynamics lie outside of the experimental 

error bars of any of these measurements (Figure S4B).  

Residual 15N-1H dipolar couplings (RDCs) are potentially 

affected by an even broader range of motional timescales from ps to 

sub-ms. However, disambiguation of the effects of structure and 

dynamics is notably challenging as it requires measurements in ≥5 

different alignment media. The DIDC method[13],[14] with RDC data 

from 6 alignment media led to a S2
RDC profile (Figure 2C) that overall 

resembles the S2
MF and nanoparticle-assisted S2 profiles, except that 

the S2
RDC profile was systematically shifted toward significantly lower 

values. An extensive RDC data set measured for 23 - 36 different 

alignment media also produced a S2
RDC profile with many low order 

parameters (Figure 2C).[15] Common to the RDC methods is that 

they provide only relative S2 values. The S2
RDC profile is globally 

scaled so that none of the RDC-derived S2
RDC exceeds any of the 

S2
MF values. This makes the final profiles prone to systematic offsets 

caused by experimental errors of S2
RDC at few sites. Ubiquitin is also 

potentially malleable by the presence of some alignment media 

c ⋅ p ⋅τNP

τ int < τNP =
4πr3η
3kBT
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causing heterogeneous structural behavior across the different 

media, which can be hard to disambiguate from noisy data.[13],[16],[17]   

As an alternative to model-free RDC approaches, explicit 

molecular ensembles were constructed that depict the structural 

heterogeneity of ubiquitin encoded in the RDC data. These 

ensembles were built with different sizes with the help of additional 

NMR constraints (NOEs)[18],[19] or accelerated molecular dynamics 

simulations.[20],[21] When using the same RDCs as input, they 

generally produce dynamics profiles similar to the S2
RDC profiles, 

although minimalistic ensembles can also produce a satisfactory 

explanation of the raw data while being dynamically significantly 

more restrained.[22] In addition to the many NMR studies in solution, 

ubiquitin dynamics was investigated also in the solid state by spin 

relaxation and dipolar couplings.[23],[24] Despite the potential influence 

of crystal contacts, solid-state dipolar-coupling derived S2
solid 

parameters are notably similar to the nanoparticle-assisted S2 

results reported here (Figure S4).  

Nanoparticle-assisted relaxation offers a re-examination of the 

internal dynamics of ubiquitin, a thermodynamically unusually stable 

human protein with an unfolding temperature above 100 oC.[25] 

Although ubiquitin is one of the best studied proteins by NMR, 

important questions about its backbone dynamics are still open. This 

new method permits a highly quantitative and reproducible 

broadband view of protein dynamics sensitive to ps to µs timescales. 

Our results are largely indifferent to the net charge of the 

nanoparticles suggesting that specific protein-NP interactions do not 

significantly affect dynamics with the exception of the highly flexible 

tail. Besides the tail, the results depict ubiquitin as a mostly rigid 

protein along its backbone, a behavior that is pervasive across the 

broad spectrum of timescales probed here. The loop region of the N-

terminal β-hairpin 7-13 shows only modest amounts of increased 

dynamics, very similar as those seen by standard MF analysis of 

free protein. Our data also do not show a dependence on 

nanoparticle size suggesting that no additional detectable internal 

backbone dynamics takes place on the 100 ns to low µs timescale. 

While bound to the SNP surface, ubiquitin could undergo restricted 

global tethering motions. If present, such effects are expected to be 

anisotropic and different for anionic vs. cationic SNPs and, hence, 

they would result in differential mean S2 values among secondary 

structures in an SNP-type dependent manner. The absence of any 

such behavior of the experimental S2 profiles (Figure 2A) suggests 

that tethering effects are not significant. 

The nanoparticle-assisted relaxation approach is sensitive to 

internal motions on sub-τNP timescales (Figure 1E) provided that the 

exchange rate kex of the protein with the nanoparticle is not too fast. 

If kex ≥ 1/τP, ΔR2 tends toward zero and if kex ≥ 1/τint, the apparent S2 

values approaches 1. Based on the proteins studied by this 

approach so far,[4] we expect that τNP is presently the limiting factor 

for the observation of slow internal motions. Ubiquitin is known to 

undergo additional backbone dynamics involving the N-terminus of 

the α-helix and a flip of peptide bond D52-G53 accompanied by a 

subtle contraction and expansion. The former is visible as R2,ex in the 

both R2 profiles in the presence and absence of nanoparticles 

(Figure S8), but it cancels out in ΔR2 as it occurs on a timescale 

slower than those accessible here (> 10 µs).[26] By developing 

suitably large nanoparticle systems, it may be possible to bridge the 

gap between nanoparticle-assisted dynamics and conformational 

exchange dynamics studied by CPMG-type experiments.      

Together, these results demonstrate that the loop samples its 

major conformational substates on the sub-ns range, consistent with 

S2
MF results, and the absence of significant slow time-scale 

dynamics in the ns – µs range. These results are similar to a recent 

solid-state NMR study,[23] but are at variance with other studies 

mentioned above (Figure 2C), including RDC-based dynamics 

studies, that inferred large amplitude motions on timescales 

comparable to or slower than the tumbling correlation time of free 

protein. Although the RDC studies were conducted with great care, 

RDC data fitting for dynamics analysis is exquisitely sensitive to 

noise and the many different experimental alignment conditions.  

The new nanoparticle-assisted relaxation approach is notably 

robust because (i) it is only sensitive to dynamics, but not to 

structure, (ii) in its simplest form it requires 15N-R2-relaxation 

measurements of only two samples, one in the presence and one in 

the absence of nanoparticles, and (iii) the read-out of S2 is 

straightforward without the need of non-linear least squares fitting of 

model parameters. This makes this method a versatile tool to 

comprehensively study internal dynamics of biomolecules in solution. 

Its application should provide clear evidence about both the 

presence and absence of slower internal dynamics in biomolecules 

in solution and their possible functional roles that are beyond the 

reach of current methods.   
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Figures 

 

Figure 1. 15N-1H HSQC spectra of ubiquitin with and without anionic or 
cationic SNPs (SNP- and SNP+), TEM nanoparticle images, and simulated 
dependence of ΔR2 on internal motional protein timescales. Region of 15N-1H 
HSQC with 1D cross-sections at the position of resonance I30 (A) in the 
absence of SNP at pH 6, (B) in the presence of SNP- at pH 6, and (C) in the 
presence of SNP+ at pH 5. The reduction in cross-peak intensities reflects 
peak broadening and loss of magnetization through accelerated relaxation in 
the presence of SNPs. (D) TEM images are shown of 20 nm SNP+ (left) and 
20 nm SNP- (right). (E) Simulated dependence of transverse R2 relaxation 
rates in the absence of NPs and ΔR2 (increase in R2 upon the addition of NPs) 
on the internal correlation time τint and order parameter S2. The rotational 
tumbling correlation time of the globular protein τP was set to 4.0 ns and the 
τNP of NPs were calculated from Eq. (2) (83 ns, 0.91 μs, and 10 μs for 9 nm, 
20 nm, and 45 nm diameter NPs, respectively). R2 and ΔR2 were uniformly 
scaled so that their maximal values are 1.0. ΔR2 probes internal motions on a 
wide range of timescales from ps to μs, depending on the size of NPs and 
protein, exceeding the observable timescale window of classical spin 
relaxation by 100- to 10,000-fold.  

Figure 2. Backbone 15N-dynamics profiles of ubiquitin. (A) Comparison of ΔR2-
derived S2 for 20 nm SNP+ (blue, pH 5) and 20 nm SNP- (red, pH6) with 
standard model-free order parameters S2

MF (black, pH 6). Ubiquitin dynamics 
on ps-ns timescales is essentially unaffected over the pH range 4 – 7 (Figure 
S3). The secondary structure of ubiquitin is indicated at the bottom with β-
strands as arrows and helices as cylinders. (B) ΔR2-derived S2 using 9, 20, 
and 45 nm anionic SNPs. T9 and A46 are excluded due to weak signals 
caused by hydrogen exchange with H2O at pH 7. (C) Comparison of ΔR2-
derived S2 (average over the SNP+ and SNP- results in (A)) and S2

MF with 
previous studies in solution, including 15N-relaxometry,[12] RDC DIDC method 
using 6 alignment media,[13] and SCRM analysis using 23 or 36 alignment 
media (labelled as D23M and D36M).[15] The same plot with error bars is 
depicted in Supporting Information (Figure S4B). All ΔR2 profiles were 
converted to S2 profiles by global scaling with respect to S2

MF based on the 
regions with rigid secondary structures (high S2

MF values). 
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Figure 3. Predicted sites with most and least preferential interactions between 
ubiquitin with nanoparticle surface. (A) Space filling model of ubiquitin with its 
surface atoms colored in blue (red) that are in direct contact with SNP surface 
and have strongest (weakest) attractive interaction with SNP

-
 (SNP

+
) (see 

Supporting Information for details). (B) Ribbon model of ubiquitin with colored 
secondary structures depicting same 3D structure and same orientations as in 
(A).  
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