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ABSTRACT: Motions of proteins are essential for the performance of their functions. Aliphatic protein side chains and their mo-
tions play critical roles in protein interactions: for recognition and binding of partner molecules at the surface or serving as an en-
tropy reservoir within the hydrophobic core. Here, we present a new NMR method based on high-resolution relaxometry and high-
field relaxation to determine quantitatively both motional amplitudes and timescales of methyl-bearing side chains in the picose-
cond-to-nanosecond range. We detect a wide variety of motions in isoleucine side chains in the protein ubiquitin. We unambiguous-
ly identify slow motions in the low nanosecond range, which, in conjunction with molecular dynamics computer simulations, could
be assigned to transitions between rotamers. Our approach provides unmatched detailed insight into the motions of aliphatic side
chains in proteins and provides a better understanding of the nature and functional role of protein side-chain motions.

INTRODUCTION

Well-folded proteins are described by structural models of
high precision obtained by X-ray crystallography, NMR, and
cryo-electron microscopy. Yet, at ambient conditions exten-
sive internal motions occur throughout all proteins, on time-
scales ranging from the picosecond to seconds and beyond.'
Such motions include local librations in the picosecond range,
slower rotameric jumps of protein side chains, diffusive mo-
tions of loops or entire domains, as well as conformational
transitions that involve significant energy barriers and take
place on slower timescales of microseconds to seconds. The
motions of protein side chains are essential to protein function.
For example, the malleability of side chains at the surface of
proteins enables them to engage in specific interactions with
multiple targets, while the hydrophobic side chains in the core
of a protein constitute a fluid-like entropy reservoir,” which
decisively contributes to its thermodynamic properties.

Over the past few decades, site-specific motions of protein
side chains have been extensively probed by NMR,*® in par-
ticular through NMR relaxation studies.” Motions of hydro-
philic side chains have been investigated with nitrogen-lSS'11
and carbon-13 relaxation.'””"* Aromatic side-chain dynamics
have been investigated by carbon-13 NMR."™' Yet, most
studies of protein side-chain motions focused on aliphatic side
chains'’ and have used methyl groups as probes. Early studies
relied on carbon-13 relaxation.'®" Subsequently, deuterium
relaxation experiments were introduced,20 expandedZL22 and

exploited successfully in a host of studies. "> Investigations

of methyl-group motions have fostered a deeper understanding
of their contributions to the entropy of protein interactions.””
Molecular dynamics (MD) computer simulations using recent
force fields have been shown to often reproduce NMR relaxa-
tion derived side-chain  order  parameters  semi-
quan'[i'[a'[ively.27‘33’34 MD simulations have also allowed to
ascertain contributions of conformational heterogeneity of side
chains to the entropy of proteins.z‘m’35

In spite of such spectroscopic innovations and conceptual
breakthroughs, decades of investigationszo’zs’27 have consistent-
ly produced limited sampling of the spectral density function,
unable to probe the limitations of the simple models of mo-
tions employed for quantitative analyses. The quality of the
models is critical for quantitative mechanistic interpretations,
which rely on the accuracy of fitted parameters: order parame-
ters are used to estimate changes in conformational
e:ntropy30’3l’36 while correlation times for methyl motions have
been linked to the local structure.” The simplicity of the mo-
tional models is primarily a consequence of the nature and
scarcity of experimental data. Indeed, deuterium relaxation
rates measured at high magnetic fields only sample the density
of motions at a handful of frequencies. A better method is
needed to quantify the motions of methyl-bearing side chains
to properly understand the role of hydrophobic cores and
surfaces in the function of proteins.

Here, we introduce a novel approach, based on site-specific
measurements of carbon-13 relaxation rates in methyl groups

1



extending over two orders of magnitude of magnetic fields,
which allows us to probe motions of methyl groups over a
broad range of frequencies. High-frequency motions are sam-
pled by nuclear Overhauser effects (NOEs) of carbon-13 nu-
clei caused by directly attached protons. On the other end of
the scale, slower motions are probed by relaxation measure-
ments at magnetic fields as low as 0.33 T combined with high-
resolution observation at high field (see Figure 1).””* This set
of carbon-13 relaxation rates measured between 0.33 and 22.3
T (corresponding to proton resonance frequencies between 14
and 950 MHz) were analyzed with motional models that ex-
plicitly account for the rotation of the methyl group.
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Figure 1. Principle of high-resolution relaxometry. (a) Course of
a typical high-resolution relaxometry experiment: after polariza-
tion at high field, the sample is transferred to a specific position in
the stray field for the relaxation delay (note the plateau in the
stray field at 0.33 T obtained by ferroshims***') and transferred
back to the high-field magnetic center for detection. We represent
three experiments recorded at different magnetic fields color-
coded in purple, red and orange. (b) The three representative
magnetic fields along the stray field profile. (c) Frequencies at
which the spectral density is probed by measurements at these
three fields. (d) Typical 2D [“C,'H] correlation spectrum of
ubiquitin with specific *C'H?H, 81 labeling of methyl groups in
isoleucine residues recorded at high field after the shortest relaxa-
tion delay at 0.65 T.

This method is illustrated for the protein ubiquitin, which
was fully deuterated except for isolated protons in specifically
doubly deuterated 13ClHZHz-latbeled isoleucine 81 methyl
groups. Different motions with correlation times spanning
three orders of magnitude were characterized, even when
chemical exchange contributions to transverse relaxation
would preclude an analysis based on high-field measurements
alone. Our results offer additional insights with respect to
previous studies of side-chain motions in ubiquitin. Motional
properties thus identified by NMR were interpreted with a
1 us MD simulation of ubiquitin. Simulations and experiments
are in good agreement for a majority of sites, allowing a
mechanistic interpretation of the motions identified by NMR.
Our work opens an unprecedented window on site-specific
motions of aliphatic side chains in proteins. We expect this
methodology to improve our mechanistic understanding of
transitions between side chain conformers, the molecular
origin of protein entropy and generate experimental data sets

to benchmark molecular dynamics force fields and simulation
protocols.

THEORY

The “C'HH, isotopomer of a methyl group has previously
been used to extract reliable carbon-13 relaxation rates.”™*
This spin system includes two spin 1/2 (IH, 13C) and two spin
1 nuclei (ZH). Here, we have considered relaxation due to the
fluctuations of six dipole-dipole interactions, the two quadru-
polar coupling interactions of the deuterium nuclei, and the
chemical shift anisotropy (CSA) of the carbon-13 nucleus. The
transverse (R,) and longitudinal (R;) relaxation rates for the
carbon-13 nucleus are:
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where dey = (Wo/ 4T Ry cYurer and
dep = (Uo/AT) Ry YTl ; Lo is the permittivity of free space;
h is Planck’s constant divided by 2m; y. y p are the gyromag-
netic ratios of carbon-13, proton, and deuteron, respectively;
rep = reg=111.5 pm is the carbon-13-deuteron and carbon-
13-proton internuclear distance; Aoc is the chemical shift
anisotropy of the carbon-13 nucleus and the Larmor frequen-
cies are: weyp = —YcupBo for carbon-13, proton, and deu-
teron, respectively, with B, the magnetic field. The spectral
density functions correspond to the autocorrelation of the
methyl symmetry axis, Joo(w), the autocorrelation of the me-
thyl CH bond vector, Jey(w), and the autocorrelation of the
methyl CD bond vector, Jep(w), where the equality Jo(w) =
Jep(w) is assumed to hold in good approximation.

The dipolar cross-relaxation rate between the carbon-13 nu-
cleus and the proton is:

1
Ocn = ng‘H(_ Jen(wy — we) + 6/cy(wy + wc))
3

The geometry of the methyl group is shown in Figure S1.
The motions of the CH bond are decomposed into three statis-
tically independent motions,* so that the correlation function
Ccy(t) may be written as the product of three correlation
functions:

Ci(t) = Cmet,i(t)caxis(t)cg(t) 4
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Cnet,i(t) is the correlation function for the fast rotation of
the methyl group about its symmetry axis, the subscript i de-
fines the orientation of the principal axis of the interaction
under consideration, here i € {CH,CC,CD,HD}; Cgyis(t)
describes the orientational motions of the “symmetry” axis of
the methyl group aligned with the CC bond; and C,(t) is the
correlation function for the global motion due to rotational
diffusion of the entire protein or domain. We account for the
fast rotation of the methyl group about its symmetry axis using
the simple model-free correlation function Cmem-(t):27

Cmet,i(t) = Sr%let,i + (1 - Srznet,i)exp(_t/rmet) (5)

This rotation is axially symmetric, but not isotropic, and the
order parameter depends on the angle 6; between the principal
axis of the interaction and the methyl symmetry axis. At equi-
librium, all orientations of the methyl group are equally prob-
able, which leads to an order parameter
Sheti = [(3cos?6; —1)/2]%. For the CH dipole-dipole cou-
pling, with an ideal tetrahedral geometry, Ocy = 109.47°, and
hence S,Znet‘CH = 1/9. We consider that the carbon-13 chemi-
cal shift anisotropy tensor is axially symmetric, with a princi-
pal axis aligned with the CC bond, and S,Z,let,CC = 1. Motions
of the CC axis are accounted for by the “extended model free”
approach, #4¢ Wwith a correlation function Caris(t):

Caxis(t) = S?S2 + (1 — S?)exp(—t/1f)
+ S (1= SHexp(~t/7,)

(6)

Motions in two different windows of correlation times are
accounted for in C,,;s(t): faster (resp. slower) motions are
represented by the order parameter Sj? (resp. S2) and the corre-
lation time 7, (resp. 7). Here, the overall rotational diffusion
of the protein is described by an isotropic diffusion tensor
defined by a single correlation time T, with an associated cor-
relation function C,,(t) = (1/5)exp(—t/1.). The Fourier
transform of the product of the correlation functions describ-
ing isotropic overall isotropic rotational diffusion, motions of
the CC vector, and methyl group rotation, provides the spec-
tral density function:

Ji(w) = é[srznet,i (szs2L(w,7) + (1 - SP)L(w, 7))
+57 (1 - SHL(w, r;))
+ (1= SEer) (SPSPL@, Thee)
+ (1= $f)L(w,7f)
+S52 (1 - SHL(w, r;'))]
(7a)

with the Lorentzian functions defined as:
L(w,7) =1/ + (w1)?)

(7b)

where 7, = (tpt + o) tand 7 = (tpt + ot + Tt
For high-resolution relaxometry measurements, the sample
shuttle is moved away from the magnetic center to a chosen
position of the stray field of the high-field magnet. After the
relaxation delay, the sample is transferred back to the high-
field magnetic center. When the sample shuttle is not in the

magnetic center, no radiofrequency pulse can be applied to
control cross-relaxation pathways. Thus, measured decays
deviate systematically from ideal mono-exponential behavior
with a relaxation decay rate R;. We have previously designed a
protocol to obtain R, from the measured decay rate R;*.***
This procedure requires that the proper relaxation matrix is
taken into account at every step of the shuttle transfers (which
covers up to two orders of magnitude of magnetic fields) and
during the relaxation delay. Here, we have used the following
relaxation matrix in the minimal subspace spanned by the
three basis operators {éz, H, Z(fzﬁz}:

Ry oy m5
=(o RE O

ng 0  Rey
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where, R} is the longitudinal proton relaxation rate of the
proton; Rcy is the auto-relaxation rate of the two-spin order
2C,H,; n¢ is the cross-relaxation rate due to the cross-
correlation of the carbon-13 CSA and the dipolar interaction
with the proton (see Supporting Information).

RESULTS AND DISCUSSION

Site-specific nuclear magnetic relaxation dispersion
(NMRD) profiles were obtained for the longitudinal relaxation
of the carbon-13 nuclei of all seven isoleucine 81 methyl
groups over a broad range of magnetic field strengths, from
0.32 T to 22.3 T (Figure 2). The spectral density function for
the dominant dipolar CH interaction is probed over more than
two orders of nmagnitude of frequencies between
0(0.33T)2n= 3.4 MHz and [wc+ wy](22.3 T)2x =
1.19 GHz. Relaxation rates at high fields provide complemen-
tary information on the spectral density function. In particular,
dipolar cross-relaxation rates probe predominantly the spectral
density function at the highest accessible frequencies (Figure
S3). Transverse relaxation rates (Figure S3) allow one to de-
termine the spectral density at zero frequency.
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Figure 2. Site-specific longitudinal nuclear magnetic relaxation
dispersion profiles of the seven isoleucine 81 carbon-13 nuclei in
human ubiquitin. Longitudinal relaxation rates Rf pp(13C) were
measured with high-resolution relaxometry in fields in the range
0.33 T < By < 9.4 T. The apparent rates prp(BC) are those of
the experimental decay, see text for the determination of the true
R1(13C) rates. The longitudinal relaxation rates R 1(%0), in the grey
panel to the right, were also measured with conventional spec-
trometers operating at 9.4; 14.1; 18.8 and 22.3 T.
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Figure 3. Analysis of field-dependent relaxation rates for residues Ile13 and Ile44 in ubiquitin. (a) Longitudinal relaxation rates R 1(13C)
and (b) dipolar cross-relaxation rates ocy of isoleucine 44. (c) Longitudinal relaxation rates R;(**C), (d) dipolar cross-relaxation rate ocy,
and (e) transverse relaxation rates Ro('*C) of isoleucine 13. (f,g) Distributions of fitted order parameters, correlation times and CSA Acc

for (f) isoleucine 44 and (g) isoleucine 13.

NMRD profiles highlight the remarkable diversity of the
dynamic properties of isoleucine side chains in ubiquitin. For
instance, low relaxation rates at low field for the 81 carbon-13
of Ile44 (C(lle44-81)) indicate that this surface-exposed side
chain is mobile on ps-ns timescales, in agreement with previ-
ous studies.*** By contrast, high relaxation rates obtained for
13C(Ile30-61) give a clear indication that ps-to-ns motions of
this side chain located in the hydrophobic core are restricted.
A more detailed description of motions of these seven side
chains requires a thorough quantitative analysis of relaxation
rates.

Experimental decays measured by our high-resolution re-
laxometry method are dominated by longitudinal auto-
relaxation rates but also feature complications due to cross-
relaxation. Indeed, no radio-frequency pulse can be applied
when the sample is outside of the high-field probe, so that
cross-relaxation pathways cannot be suppressed neither during
the transfers between high and low magnetic fields, nor during
the relaxation delay T in low field. In a previous study,48 we
introduced a protocol of iterative correction for the analysis of
relaxation under shuttling (ICARUS). The central feature of
ICARUS is the simulation of the entire experimental sequence
that takes place outside of the homogeneous high-field mag-
netic center for each spin system under investigation. Relative
deviations of simulated relaxation decay rates from longitudi-
nal relaxation rates are then used to derive accurate estimates
of longitudinal relaxation rates from experimental rates at each
magnetic field.

We have rewritten the entire ICARUS software for the
analysis of relaxometry data in Python for public use’' and we
have developed a relaxation framework adapted for PC'H’H,
methyl groups. A flowchart of ICARUS is provided in the
Supporting Information. A full description of the approach and
its validation with measurements on a two-field NMR spec-
trometer**" will be published elsewhere. The investigation of
relaxation pathways over a broad range of magnetic fields
shows that the two main cross-relaxation pathways are (i)
cross-relaxation due to the cross-correlation of the carbon-13

CSA and its dipolar interaction with the methyl proton at high
and moderate fields (By >4 T) and (ii) dipolar BC-'H cross-
relaxation at low fields (By <2 T). Thus, relaxation during the
part of the experiment outside of the high-field magnetic cen-
ter can be described with good accuracy in the subspace
spanned by the three operators {fz, ﬁZ,ZéZﬁZ} (see Eq. 8).
Under our sample shuttling conditions, deviations between
apparent relaxometry rates and longitudinal relaxation rates
were found to be highly field-dependent for each residue, with
the smallest corrections of 1.5% - 7.5% at fields around 3 T
for most residues and up to 22.5% at the lowest fields for
some residues. These corrections of apparent relaxation rates
are therefore essential for a rigorous quantitative analysis of
high-resolution relaxometry rates (see below).

The ICARUS analysis of our entire ensemble comprising
over 30 relaxation rates measured at 21 magnetic fields was
carried out to determine up to three internal correlation times
to describe the motions of isoleucine 81 methyl groups in
ubiquitin. The parameters for the motional model introduced
in Equations 4-7 were determined following a Markov Chain
Monte Carlo (MCMC) approach.52 The fit of experimental
data is excellent (Figures 3a-e and S4 and Table S5). The
distributions of parameters demonstrate that all three correla-
tion times can be determined for several residues (Figure 3f-g
and S5). The correlation times T, for the rotation of methyl
groups about their three-fold axes are found to cover a rather
narrow range between 5.5 and 22 ps, which corresponds to
rotation barriers of 2 to 3 kgT (a simple model for this obser-
vation is discussed in Supporting Information). Variations of
T are correlated with local structure: the shortest value T,,,; =
5.5 ps is found for isoleucine 44, which constitutes the only
isoleucine side chain at the surface of the protein. The largest
value T, = 22 ps is found for isoleucine 23 whose rotation
may be slowed down by the close-by Ho of 11e23.” These
correlation times for methyl rotation are somewhat shorter
than those found for methyl groups of the SH3 domain of a-
spectrin,
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Figure 4. Motions of the 81 methyl group of isoleucine 36 in ubiquitin determined by combining high-resolution relaxometry and molecu-
lar dynamics simulations. (a) Probability distributions of order parameters, correlation times and CSA Aoc from the analysis of relaxation
rates. (b) Probability distributions of order parameters and correlation times from the analysis of the correlation function C,;(t) obtained
from MD simulations. (c) Representation of an isoleucine side chain. (d) Correlation function C é";’is (t) from MD simulations and C,(t)
from the analysis of relaxation. (e) Autocorrelation functions for the side-chain dihedral angle y; of isoleucine 36. (f) Side-chain Rama-

chandran plot from the MD trajectory.

which were derived from more limited sampling of the
spectral density function based on deuterium relaxation meas-
urements interpreted with a simpler model.” The correlation
times of methyl-group rotation found here fall into the typical
range (from the low picosecond to low nanoseconds) for ami-
no acids derived from solid-state NMR relaxation measure-
ments.>*

Motions of the methyl group axis, which include librations
of the CC bond as well as rotameric jumps of the side chain,
can be described with two order parameters. The fast compo-
nent of the motions is found in the range between a few tens of
ps and a few hundreds of ps. Importantly, slower motions, in
the low ns range are unambiguously defined for three out of
seven isoleucine side chains. The slow correlation time of the
motions of the methyl axis in the solvent-exposed side chain
of Ile44 is about 1.3 ns. The longer correlation times for the
motions of the side chains of Ile13 and Ile36 are very close,
3.1 ns and 2.5 ns, respectively. Interestingly, these two side
chains are spatially close with an average distance between the
two 81 carbons of 5.9 A according to a refined NMR structure
(PDB code 2MJB)™ (see below).

Similar results are obtained when high-field relaxation rates
are complemented with only relaxation rates at five well-
chosen low fields spanning the range 0.33 T — 4 T (Table
S11). The correction of apparent low-field relaxation rates is
necessary to obtain accurate parameters of the model. In the
absence of correction (Figure S6, Table S6) the spectral densi-
ty function at low frequency is underestimated. This leads to
systematically underestimated order parameters, and conse-
quently overestimated CSA values, in order to reproduce
transverse relaxation rates at low field. Importantly, correla-
tion times for methyl rotation, which are reflected in the spec-
tral density at the highest frequencies are not altered by the
absence of correction.

High-resolution relaxometry gives access to parameters re-
porting about ps-ns motions even in the presence of chemical
exchange contributions to line broadening. Chemical exchange
contributions to transverse relaxation often hamper the unam-

biguous interpretation of the spectral density function at zero
frequency. This causes limitations of the analysis in terms of
motional models in the ps-ns range.ss’56 For example, if the
contribution of fast chemical exchange to transverse relaxation
is treated as an additional fitted parameter, statistical tests tend
to favor simpler ps-ns motional models® and thereby adverse-
ly affect the accuracy of the resulting dynamics parame'[ers.58
Our analysis of the ensemble of relaxation rates of [le44 clear-
ly identifies a small contribution of chemical exchange to the
transverse relaxation rates of the 81 carbon-13 (Fig S6), in
agreement with previous studies at lower temperature, where
this contribution is larger.sg Note that, at 9.4 T, this contribu-
tion is only 0.1 s, which would go unnoticed by most (if not
all) methods based on the measurement and analysis of trans-
verse relaxation rates. Our analysis shows that longitudinal
relaxation rates in the range 0.33 < B, < 22.3 T combined with
dipolar cross-relaxation rates at high field, 9.4 < B, <22.3 T,
are sufficient to describe motions in the low picosecond to low
nanosecond range. Up to three dominant correlation times
along with their probability distributions could be identified
for Ile44 by the MCMC procedure (Figure 3f). The only pa-
rameter that cannot be properly fitted is the chemical shift
anisotropy so that this parameter was fixed to Aoc = 25 ppm
(see flowchart in Supporting Information). The set of relaxa-
tion rates employed here allowed us to unambiguously identify
motions with a correlation time t, = 1.3 ns for the side chain of
[le44 despite the presence of chemical exchange.

In order to obtain additional insights into the dynamical
modes in the context of local protein structure, all-atom mo-
lecular dynamics computer simulations can be performed.
Since these simulations now routinely extend into the hun-
dreds of nanoseconds to microsecond range, all of the relevant
timescales monitored by our relaxometry experiments should
be covered allowing an increasingly quantitative comparison
between simulation and experiment. We performed a 1 us
trajectory of ubiquitin in explicit solvent (TIP3P) using the
ff99SBnmrl-ILDN force field” (see Methods Section). For
isoleucine 36, the simulated auto-correlation function CMP ()
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for the methyl axis, defined by the c'c' vector, compares
well with the relaxometry-derived correlation function and the
parameters of the function C,,;;(t)xS2Z were fitted to CMP (t)
(Figure 4d). Note that an additional order parameter SZ was
introduced to account for sub-picosecond motions (vibrations
and librations), which are significant in the MD simulations.
Relaxometry- and MD-derived microdynamics parameters
agree well (Figure 4a,b) suggesting that the MD trajectory
allows a quantitative interpretation of the molecular details of
Ile36 side chain motions, thereby further enhancing the infor-
mation gained from experiments alone. A broad sampling of
the conformational space is found for [le36 as 7 out of 9 pos-
sible rotameric states (3 potential energy minima for y; and 3
for ) are populated over the course of the simulated trajecto-
ry (Figure 4f). Interestingly, the auto-correlation function for
the dihedral angle y, decays significantly faster than the auto-
correlation function for ;. Rotameric jumps for the y, dihe-
dral angle contribute mostly to the fast-decaying component in
Cais(?), while the slow component corresponds in large part to
X1 rotameric jumps. Similarly, the MD-derived parameters of
dynamics are close to relaxation-derived parameters for the 61
methyl group of Ile44 (Figure S12-16, Tables S5 and S12).
Molecular dynamics simulations show that the motions of the
Ile44 side chain probed by relaxometry are dominated by %,
rotameric jumps, with limited y, transitions (Table S13), in
excellent agreement with previous analyses of scalar and re-
sidual dipolar couplings.6’49 This time-scale separation of
and , dynamics is not found for all side chains in the MD
simulation (see Supporting Information). The interpretation of
relaxometry datasets may thus require the use of site-specific
models. Lattice-jump models®' may be appropriate when only
few rotamers are accessible, whereas generalized diffusion on
a rugged surface® may be preferable for those systems that
have many rotamers populated at equilibrium.
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Figure 5. Nanosecond side chains and backbone motions of ubiq-
uitin. (a-c) Distributions of correlation times for slow internal
motions obtained from the analysis of relaxometry datasets on: (a)
BC(lle13-81); (b) *C(1le36-1); (c) backbone nitrogen-15 relax-
ometry for residues 7-11 in the B1-B2 turn, analyzed with an
MCMC approachfg’47 the products of the distributions for the
backbone nitrogen-15 nuclei of residues 7 to 11 is shown. (d)
View of the structure of ubiquitin, showing the proximity of the
B1-p2 turn to the side chains of residues Ile13 and Ile36.

Taken together, the seven isoleucine side chains of ubiquitin
can be grouped into three classes. Ile44 is the only isoleucine
residue with a side chain that is fully solvent exposed at the
protein surface. We identify motions with a correlation time T
= 1.3 ns that corresponds mostly to , rotameric jumps. On the
other hand, we cannot observe any significant motions on the
nanosecond timescale for the side chains of four residues: Ile3,
Ile23, 11e30, and Ile61, all four of which are well packed in the

hydrophobic core of ubiquitin. Note that the ill-defined slow
nanosecond motions of Ile30, which has a rather high order
parameter, is most likely due to the fact that we did not ac-
count for the small anisotropy of the overall diffusion tensor of
ubiquitin. For Ile3, Ile23, and Ile30, a single ; and , rotamer
is predominantly populated over the course of the entire MD
trajectory. Finally, nanosecond motions are defined for the
neighboring side chains of the last pair comprising Ile13 and
Ile36, which are located at the edge of the hydrophobic core of
ubiquitin.

The correlation times of nanosecond motions also spatially
coincide for Ile13 and Ile36. The Markov Chain Monte Carlo
analysis provides distributions of probabilities for the parame-
ters of the model. These distributions are narrow for the corre-
lation times T, of both Ile13 and Ile36. The median correlation
times for slower side chain motions are 74(13) = 3.1 ns for
Ile13 and 74(36) = 2.5 ns for Ile36 (Figure 5a,b). Interestingly,
the 81 methyl groups of Ile13 and Ile36 are spatially close
(Figure 5d): the distance between the two C' nuclei of Ilel3
and Ile36 is only 5.9 A in the NMR structure of ubiquitin
(PDB code 2MJB).53 MD simulations have shown that jumps
between rotamers in nearby aliphatic side chains can be signif-
icantly correlated,” although the correlation strengths are
generally weak and fall off with dihedral angle distance.” In
addition, Ile13 flanks the mobile $1-f2 turn (residues 7-11),
while Ile36 belongs to the al-f3 loop (residues 34-40). These
two regions were shown to undergo substantial motions in the
main conformational mode detected by the analysis of residual
dipolar couplings (RDCs) and MD simulations.** In order to
better evaluate the correlation time of nanosecond motions in
the B1-p2 turn, we re-analyzed the backbone nitrogen-15 high-
resolution relaxometry dataset recorded for ubiquitin38 with
the new version of our ICARUS software.’ Making the as-
sumption that a single correlation time can account for slow
motions in residues 7 to 11, we derived a probability distribu-
tion of correlation times P,_;;(t,) = [[\Z3 Pi(1,), where
P;(ty) is the probability distribution of parameter T for residue
i. The resulting probability distribution P,_;,(7) significantly
overlaps with the distributions found for the side chains of
Ile13 and Ile36, with a median T4(7-11) = 2.0 ns (Figure 5c).
Whether such an overlap of correlation times is coincidental or
indicative of correlated motions is still open, but the presence
of some degree of correlation between the side chains of Ile13
and Ile36 and the $1-B2 turn (Figure 5d) would not be a sur-
prise. Previous NMR ensemble analysis found correlated
dynamics between different segments of ubiquitin, the 1-2
turn and the al-f3 loop64 as well as across the 3 sheet,” alt-
hough without timescale information. Molecular dynamics
simulations estimated that the concerted motion of the $1-2
turn and the a1-B3 loop® could be mostly described by two
correlation times typ; = 0.4 ns and typ, = 13 ns, in good
agreement with the correlation times obtained here. Although
an unambiguous identification of correlation effects remains
challenging, this work demonstrates how the combination of
high-resolution relaxometry and MD simulations can provide
novel insights on such fundamental questions.

Order parameters obtained with high-resolution relaxometry
are not only consistent with previous studies but provide addi-
tional insights. We have compared order parameters for iso-
leucine 81 methyl groups obtained with several methods: high-
field deuterium relaxation in solution,* dipolar couplings in
microcrystalline ubiquitin® (Figure 6), residual dipolar cou-
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plings in solution,” as well as molecular dynamics simulations
(Figures S9, S10). Dipolar coupling measurements in solids
and residual dipolar couplings in solution cover motions from
picoseconds to milliseconds. Motions of proteins in crystals
have been shown to depend on the crystal lattice.”” Provided
that side chain motions are not significantly altered in the
crystal, order parameters derived from dipolar coupling meas-
urements define a lower bound for relaxation-based order
parameters, which are insensitive to motions that are signifi-
cantly slower than the overall tumbling of the protein (i.e.
slower than a few tens of nanoseconds).”® Indeed, all order
parameters (we define total order parameters as the product
§? = 513552, see Equation 6) derived from high-resolution
relaxometry are larger than or comparable to those derived
from dipolar coupling measurements in solids and RDCs in
solution. However, dipolar coupling measurements do not
contain information about correlation times and relaxation-
based approaches are necessary to learn about the timescales
of motions.

Order parameters determined by high-resolution relaxomet-
ry are similar to or lower than those obtained from the analysis
of high-field deuterium relaxation. This is expected as high-
field deuterium relaxation does not probe the spectral density
function over a sufficiently broad range of frequencies to
characterize the more complex models of motions described
here. The Ilatter usually lead to lower total order
parameters.”>® So far, with few exceptions, the use of a single
effective correlation time to account for methyl group mo-
tions™>**”" has also led to poor evaluation of the effective
internal correlation times, which is expected when simple
models are used to fit complex motions from a limited da-
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Figure 6. Comparison of order parameters for the motions of the
01 methyl symmetry axis obtained from high-resolution relaxo-
metry and other approaches. Open purple symbols show order
parameters for fast motions Sf from high-resolution relaxometry.
Solid purple symbols represent full order parameters $* = S/?SS2
from high-resolution relaxometry. Solid grey symbols represent
full order parameters S? for residues for which the parameters of
slow motion (S2 and t,) are poorly defined so that the values of
S2 are not reliable. The vertical width of the blue band represents
confidence intervals for order parameters obtained from deuteri-
um relaxation.*® The width of the orange band represents confi-
dence intervals for order parameters derived from the analysis of
dipolar couplings in solids.>

Interestingly, the order parameters for fast motions sz ob-
tained from our analysis agree remarkably well with order
parameters derived from analyses that use simple models to

interpret high-field deuterium relaxation® or our relaxometry
dataset for residues, Ile3, Ile23, 11e30, and Ile61 (Figure 6 and
S8), suggesting that potential slow nanosecond motions cannot
be captured by relaxation in solution. Deuterium relaxation
measurements below 9.4 T would be necessary to define nano-
second motions of the methyl axis (Tables S7-10). On the
other hand, relaxometry-derived order parameters for fast
motions S}? are significantly higher than those obtained from
deuterium relaxation for residues with well-defined nanosec-
ond motions (Ile13, Ile36, and Ile44). This suggests that order
parameters derived from deuterium relaxation data character-
ize motions in a somewhat convoluted way, while the descrip-
tion of motions provided by relaxometry is more comprehen-
sive as it reveals more detail by covering a wider range.

The overestimation of the order parameter S* obtained by
deuterium relaxation analyses can, in some cases, have delete-
rious consequences for the estimation of conformational en-
tropy, which is a powerful application of these studies.”""*"*
Indeed, a systematic overestimation of order parameters di-
rectly translates to a systematic underestimation of individual
contributions to conformational entropy. Since relaxometry
identifies motions in the nanosecond range better than conven-
tional deuterium relaxation, relaxometry is expected to better
estimate conformational entropy if additional microstates are
explored on these timescales. When considering entropy dif-
ferences between two macrostates (e.g. free vs. bound pro-
tein), this enhanced sensitivity would have no effect if the
amplitude of nanosecond motions were to be the same in the
two macrostates. However, if the amplitude of nanosecond
motions in the two macrostates differed, relaxometry would
provide a more accurate estimation of the variation of entropy.
The approach presented here allows the investigation of con-
tributions to the conformational side-chain entropy on a
broader range of timescales.

Carbon-13 relaxometry data provide potentially important
benchmarks for the refinement of molecular dynamics force
fields, which are complementary to benchmarks currently
used, such as order parameters S° alone determined by conven-
tional methods. MD simulations offer a mechanistic descrip-
tion of motions identified by relaxometry, as shown here for
[le36 and Ile44. Yet, the agreement between experiments and
simulations is poor for a set of residues (Figure S10), as was
observed in other s'[udies,27’35‘71 reflecting the need for further
improvements of MD force fields, conformational sampling,
or both. Recent refinements of molecular dynamics force
fields for proteins have focused on the accurate reproduction
of equilibrium properties obtained by ab initio quantum chem-
ical calculations,72 as well as experimental information, such
as chemical shifts and residual dipolar couplings,””” deuteri-
um relaxation,” vicinal scalar coupling, and side-chain con-
formations in large structural biology datasets.”>’° Faithfully
computed equilibrium properties ensure that the local minima
of the conformational energy surface have accurate relative
energies. The analysis of relaxometry datasets yields effective
correlation times that provide estimates of the energy barriers
associated with conformational transitions. The information
content of correlation times is unique, representing a sensitive
target for further improvements of molecular dynamics force
fields.

CONCLUSION



We have introduced a novel method, based on the combina-
tion of high-resolution relaxometry with high-field relaxation
measurements, to obtain an unprecedented detailed view of
protein side-chain motions on picosecond-to-nanosecond
timescales. We have quantitatively characterized motions of
the isoleucine side chains of the protein ubiquitin with correla-
tion times covering three orders of magnitude. Importantly, we
have identified motions in the low-nanosecond range for three
out of seven isoleucine side chains. The nature of these mo-
tions was investigated with molecular dynamics simulations.
Depending on the side chain, these nanosecond motions corre-
spond to transitions between either y; or y, rotamers. Our
results are compatible with the presence of weakly correlated
motions in the low-nanosecond regime between aliphatic side
chains and the flexible $1-B2 turn of ubiquitin. The applica-
tion of high-resolution relaxometry to protein side chains
opens the way to an experimental investigation of the mecha-
nistic details of nanosecond motional modes in protein do-
mains, which are essential for the assessment of conforma-
tional entropy, their potential interplay with slower
motions,””’” as well as protein recognition and certain alloster-
ic processes. In addition, the characterization of the correlation
times of aliphatic side-chain motions provides valuable infor-
mation to test and further refine force fields that underlie mo-
lecular dynamics simulations.

EXPERIMENTAL SECTION

Sample Preparation. Specifically labelled [ZH, 15N]-
ubiquitin Ile-8, (*C'H’H,) was produced by overexpression in
E. coli BL21-(DE3)pLysS in fully deuterated M9 minimal
medium, containing 2 g/L of uniformly labeled [IZC, 2H]-
glucose as the sole carbon source and 1 g/L of [°N, *H] am-
monium chloride (both products from Cortecnet). All salts
used for the preparation of M9 medium have been dissolved in
D,0 (Cortecnet) and lyophilized to reduce the source of exter-
nal protons. After a slow adaptation in 50% deuterated M9,
specific labelling has been performed by adding specifically
labelled [”ClHZHz] a-ketobutyrate (NMR-BIO)78 for isoleu-
cine one hour before induction.” After lysis, ubiquitin was
obtained using a cation exchange FPLC (Ammonium Acetate,
50-500 mM, pH 5.1) followed by gel filtration (50 mM am-
monium acetate, 150 mM NaCl, pH 5). All columns were
purchased from GE Healthcare. The prepared NMR samples
contained 1.2 mM ubiquitin in D,O with 50 mM of deuterated
acetic acid at pH 4.6.

NMR Spectroscopy. Standard NMR relaxation experiments
Ry, Ry, NOE)80 were carried out on 4 high-field spectrome-
ters: a Bruker Avance III 950 MHz equipped with a 5 mm TCI
(lH, 13C, ISN, 2H) cryoprobe, with a z-axis gradient, a wide-
bore Bruker Avance 800 spectrometer, operating at 18.8 T,
using a 5 mm TXI (IH, e, 15N) probe with xyz-gradients, a
Bruker Avance 600 spectrometer operating at 14.1 T, using a 5
mm TXI (IH, e, 15N) probe with xyz gradients and finally, a
400 MHz wide-bore Bruker Avance III equipped with a 5 mm
TXI (IH, e, 15N) probe with a z-axis gradient. High-
resolution relaxometry experiments were performed with the
same 600 MHz spectrometer equipped with a shuttle apparatus
and a 3.2 mm triple-resonance probe with a z-axis gradient.38
The experimental temperature was set to 298.0 +/- 0.2 K, and
calibrated prior to every experiment using the chemical shift
difference between the deuterated acetic acid and residual
water signals.47

Assignment of the amide and Ile-§; methyl groups have
been taken from the BMRB (entry 6457). The high deuteration
level was confirmed by the absence of cross-peaks in a
NOESY spectrum. Additional details about pulse sequences
and parameters used for the measurements of relaxation rates
are available in Supplementary Information.

NMR data analysis. NMR spectra were processed and ana-
lyzed using NMRPipe.81 The decay of the peak intensities was
analyzed using NMRPipe.81 The fit of relaxation rates to sig-
nal decays was performed with Curvefit.*?

High Resolution Relaxometry Data Analysis. The esti-
mate of longitudinal relaxation rates from apparent high-
resolution relaxometry rates has been obtained using
ICARUS, ™" adapted for BC’H,'H methyl groups. The spin
system was extended to include an additional deuterium nu-
cleus, to account for dipolar interactions with deuterons in the
protein.*’ The effective position of the remote deuteron is
determined using proton auto-relaxation rates measured at
three fields (0.33 T, 14.1 T and 18.8 T). The ICARUS analysis
starts with high-field data only to generate a first set of mo-
tional parameters (and value of the CSA when relevant). The
relaxometry experiments are then simulated to correct the
relaxometry rates iteratively. After each iteration, high field
and relaxometry rates are fitted together to determine motional
parameters used in the next iteration. Two iterations were
sufficient to reach convergence of the correction factors.

The parameters of local dynamics are obtained with a min-
imization procedure that uses 50 iterations of basin-hopping
(implemented in the scipy Python library) to minimize X2~ Pre-
defined derivatives were used during the minimization. 10,000
random sets of motional parameters were then generated
around the solution. If one of these sets leads to a lower XZ, it
becomes the starting point for another basin-hopping minimi-
zation. This ensures that gradients do not trap the system in a
local minimum.

Determination of the Motional Parameters and Error
Estimation. The high-field and corrected relaxometry data
were then used in a Markov Chain Monte Carlo (MCMC)
procedure. We used the emcee library> for the sampling. 20
chains were generated, each chain including 10,000 steps. The
mean parameters and corresponding errors were then deter-
mined.

Molecular dynamics simulations. A 1 us MD simulation
of ubiquitin was performed with the ff99SBnmr1-ILDN force
field® using the Gromacs 4 package.84 For this purpose, the
protein was solvated in a cubic box with explicit TIP3P water
extending at least 8 A from the protein to the edges of the box.
The protonation state of the protein was adjusted to neutral
pH, and the net charge of the system was set to zero by adding
counter ions. Long-range electrostatic interactions were treat-
ed using the PME algorithm with 1.2 A spacing at an 8 A
cutoff distance. van der Waals interactions had a cutoff dis-
tance of 10 A. All bond lengths involving hydrogen atoms
were constrained using the SETTLE algorithm. After applica-
tion of a standard energy-minimization and equilibration pro-
tocol, a 1 ps production MD run was performed with a 2 fs
integration time step at a constant temperature of 300 K and 1
atm pressure (NPT ensemble). A frame was stored every 1 ps,
which yielded a total of 1 million snapshots for subsequent
analysis.
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