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Abstract

The specific introduction of "H-'3C or "H-'°N moieties into otherwise deuterated proteins holds great
potential for high-resolution solution and magic-angle spinning (MAS) NMR studies of protein structure
and dynamics. Arginine residues play key roles for example at active sites of enzymes. Taking advantage
of a chemically synthesized Arg with a "3C-"H, group in an otherwise deuterated backbone, we demon-
strate here the usefulness of proton-detected MAS NMR approaches to probe arginine dynamics. In
experiments with crystalline ubiquitin and the 134 kDa tetrameric enzyme malate dehydrogenase we
detected a wide range of motions, from sites that are rigid on time scales of at least tens of milliseconds
to residues undergoing predominantly nanosecond motions. Spin-relaxation and dipolar-coupling mea-
surements enabled quantitative determination of these dynamics. We observed microsecond dynamics
of residue Arg54 in crystalline ubiquitin, whose backbone is known to sample different f-turn conforma-
tions on this time scale. The labeling scheme and experiments presented here expand the toolkit for
high-resolution proton-detected MAS NMR.

© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction

Nuclear Magnetic Resonance spectroscopy
(NMR) is exquisitely suited to probe protein
dynamics at a level of individual atoms. Its ability
to sense amplitudes and time scales of motions,
as well as its sensitivity to the local environment,
and changes of the environment upon e.g. binding
of a ligand or a conformational change, makes
NMR a versatile method to address biophysical
and biological questions. NMR can be applied to
samples at ambient temperature in solution, as
well as to “solid” states, including proteins
embedded in membranes, large aggregates,

sedimented proteins, crystals or entire cells/cell
walls. A significant limitation for NMR is the size of
the molecules that can be studied. On the one
hand, in solution-state NMR, the slow overall
tumbling of large molecules leads to rapid signal
loss resulting in low sensitivity and broad lines. On
the other hand, the number of atoms increases in
large proteins, and so does the number of
expected nuclear-spin signals; this leads to
spectral congestion and signal overlap.

Technical developments have alleviated both
challenges. In solution-NMR, the development of
deuteration and methyl-labeling strategies (i.e.
3C'H; labeling in an otherwise fully deuterated
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environment) together with  spin-relaxation
optimized NMR pulse sequences have allowed to
circumvent the aforementioned rapid signal loss.
This methyl-transverse relaxation-optimized
spectroscopy (TROSY) approach’ allows solution-
NMR studies of proteins ranging from hundreds of
kilodalton to megadaltons in size.”® For the case
of methylene groups (**C'H,), TROSY-based
approaches are similarly capable of producin%
highest-resolution spectra, even of large proteins,
and add 'H->"N  TROSY
strategies.”

An alternative to eliminating line broadening
caused by overall molecular tumbling is to
suppress free Brownian motion entirely by using
solid samples and applying rapid sample spinning
at the magic angle (MAS NMR). In the absence of
tumbling, linewidths in MAS NMR are independent
of molecular size, enabling the study of large
systems such as viral particles, cell walls, or
protein assemblies, and providing access to
structural and dynamic information at atomic
resolution.

MAS NMR notoriously suffers from large
linewidths, particularly in "H dimensions, which is
due to the fact that MAS removes the effect of the
strong dipolar couplings only incompletely, and in
an MAS-frequency dependent manner. Although
the advent of increasingly fast MAS also enables
proton-detected studies of fully protonated
proteins,® ' linewidths in protonated proteins
remain significantly broader at presently achievable
spinning rates compared to deuterated samples.
Moreover, faster spinning comes at a substantial
sensitivity cost. For example, a comparison
between 1.3 mm rotors (spinning up to 60 kHz
MAS) and 0.4 mm rotors (up to 160 kHz MAS)
revealed more than a fivefold drop in absolute sen-
sitivity, translating to roughly 25-fold longer exper-
iment times.

Deuteration (i.e. removing the large dipolar
couplings to some 'H spins) and the sparse
incorporation of 'H-'*C or 'H-'®N spin pairs
enables high-resoluton 'H-'C and 'H-"°N
spectra.'? Moreover, these more isolated spin sys-
tems are also useful when probing dynamics,
because the spin evolution is much simpler, and
artefacts that may hamper quantitative dynamics
studies, such as dipolar dephasing, are largely sup-
pressed. A number of specific isotope-labeling
schemes have been used in MAS NMR recently.
Methyl labeling, adopted from aspproaches originally
introduced for solution-NMR,'® has been used to
determine protein structures'* '’ or to investigate
side chain dynamics.'®2° Labeling of aromatic side
chains with single 'H-'3C pairs allows probing
aromatic ring flips and breathing motions of
proteins.”’® The introduction of 'H spins at the
a-position,”* the use of a complex mixture of
isotope-labeled amino acids,® or the fractional/

to amide-directed

random sparse introduction of 'H spins at aliphatic
sites have also been proposed®®?” and their relative
merits have been discussed elsewhere."

Arginine is an important residue at many active
sites of enzymes, involved in protein-protein
interactions and phase separation.”® The positively
charged terminal guanidino group is involved in
charge-charge and cation-r interactions, crucial in
the binding of negatively charged substrates such
as carboxylic acids, nucleosides and DNA;* argi-
nine modifications and cross-linking have been
associated with regulation of cellular processes
and tissue pathogenesis;**°' its structural and
dynamical properties have been intensively stud-
ied.**~3* With the goal of detecting arginine dynam-
ics in large proteins, we have recently reported the
chemical synthesis of arginine with a '3C-'H,
moiety at the 3-position, a '°N at the e-position,
and deuterated elsewhere (Arg-['3C’,'5N*2H}"];
see Fig. 1A).%> We showed that this amino acid is
readily incorporated into proteins by bacterial
expression and explored its use for protein-protein
interactions.

In this study, we explore its use for MAS NMR,
using crystalline ubiquitin as a model system and
a large 134 kDa tetrameric enzyme, and compare
the spectra with the solution-NMR spectra of the
same proteins. Quantitative dynamics experiments
(relaxation and dipolar-coupling measurements),
which are sensitive to motions from nanoseconds
to hundreds of microseconds, revealed differential
dynamics of the different arginine side chains.

Results

MAS NMR spectra of arginines in ubiquitin
point to differential dynamic behaviour

The 76-residue long ubiquitin comprises four
arginine residues (R42, R54, R72, R74). Several
previous MAS NMR studies of the structure and
dynamics of ubiquitin have shown that the C-
terminal residues are difficult to observe: the
amide backbone sites of R72 to G76 in the MPD
crystal form used here have remained invisible in
both cross-polarization and J-coupling
experiments.®® 2% Generally, CP-based transfers
are efficient for rigid sites, whereas J-based trans-
fers (INEPT) in solids allow seeing sites with
large-amplitude motions.? It is known that there is
a range of time scales (ca. 10° — 10* s~') in which
signals are strongly attenuated in both types of
experiments.®? Detailed backbone dynamics stud-
ies of ubiquitin MPD crystals have been
reported, 942 which revealed, inter alia, a ps
conformational-exchange process in a B-turn that
comprises residues 51-55 and 23-25.4"4344

We produced deuterated ubiquitin labeled with
arginine (Fig. 1A), referred to as u-[?H,'°N],Arg-
['8C°,'5N® 2H/"]) in a crystal form that has been
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Fig. 1. Arginine labeling of ubiquitin crystals. (A) Molecular structure of the arginine isotopologue used in this study

featuring a '3C-"H, moiety at the 3-position, and a '*N at the e-position.* (B) Structure of ubiquitin crystallized with
MPD, corresponding to PDB entry 30ONS. R42, R54 and R72 are highlighted in green, purple and gray, respectively.
R74 has not been modeled in the crystal structure. (C) 'H-'3C HSQC spectrum of ubiquitin in solution (gray, 800 MHz)
in comparison to a cross-polarization based hCH spectrum in the solid state (orange, 55 kHz MAS, 700 MHz). The
signals of R42 and R54 were assigned using a 3D H®-(RFDR)-hN-N-HN experiment (see Fig. 2). (D) 'H (gray) and '°C
(orange) homogeneous linewidths (/w) as a function of the MAS spinning frequency, determined by measuring the
apparent coherence decay rate constant (R5) in a spin-echo experiment, reported as Iw = R, /7. Details are provided
in the Methods, and fit curves are shown in Fig. S1. (E) Comparison between a 2D NH spectrum recorded using an
INEPT transfer (gray) and a CP transfer (blue) at 100 kHz MAS. The signal of R54 was assigned using a 3D
H®-(RFDR)-hN-N-HN experiment (see Fig. 2C). R42 and R72 were assigned corresponding to BMRB entry 5387. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

used in many MAS NMR* and crystallography
studies,*® using the precipitant methyl-pentane-
diol (MPD). We performed 'H-detected correlation
experiments at 55 kHz and 100 kHz MAS frequency
directed to the arginine sites (Figs. 1C-E). In '3C®-
H® spectra one may expect four to eight signals from
the four arginines: for a rigid Arg side chain the 'H*'
and 'H®2 sites are expected to give rise to distinct
signals; in the presence of large-amplitude sub-ms
motions, these would be averaged to one signal
per Arg-5 site. The solution-NMR "H®-'3C® spectrum
shows two signals for each R42 and R54 and a sin-
gle, averaged signal for each R72 and R74 located
in the highly flexible C-terminus. In the MAS NMR

spectrum only two rather broad signals (in 'H) are
observed (Fig. 1C). We were able to assign these
peaks to R42 and R54 using a 3D H®-(RFDR)-h"-
N-HN experiment (see below). The larger linewidth
precludes definite statements as to whether the cor-
responding peaks comprise two distinct signals, like
in solution, or if they are averaged (further investi-
gated below). Interestingly, the peak observed for
R54 is 7.5 times more intense than that of R42, sug-
gesting that the two sites undergo different
dynamics.

Because the number of peaks is lower than the 4
to 8 expected signals, we speculated that very
large-scale fast (ps-ns) dynamics may attenuate
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the transfer of some of the sites in cross-
polarization experiments. Thus, we recorded
additional experiments with J-coupling based
coherence transfer. Unlike CP-based approaches
that rely on heteronuclear dipolar couplings (which
are averaged by rapid isotropic motion), these
experiments should achieve efficient polarization
transfer for sites in fast exchange.®® However, no
additional peaks are observed (Fig. S2A). This
observation points to short coherence lifetimes —
fast transverse relaxation — of these signals, which
are broadened beyond detection in both spectra.
Moreover, the intensity of the INEPT-based spec-
trum is significantly lower (factor 10) than with
cross-polarization. This is expected, as the refo-
cused INEPT transfers are longer, i.e. 4 ms —
2 ms in the block converting H, to 2H,C, and 2 ms
in the block converting 2H,C, to C,, — against the
2.2 ms of CP. During this time, signals relax due
to the strong anisotropic interactions.

To obtain a quantitative picture of the linewidths,
we have measured coherence lifetimes ('H and
8C T,) at different MAS frequencies (20—
55.5 kHz; Fig. 1D and Fig. S1). 'C coherence
lifetimes do not significantly depend on the MAS
frequency in this range and the homogeneous
linewidth (w = R,,/7) is ca. 50 s™' (R.~ 160
s~ "). Homogeneous linewidths of 'H decrease by
almost a factor of two when the MAS rate is
increased from 20 to 55.5 kHz. An MAS
dependency is expected and is also found for e.g.
amide 'H spins in an otherwise deuterated
protein.'" It is interesting to compare the absolute
number (Iw ~ 100 Hz at 55 kHz) in this CH, moiety
to those found for other moieties: in various proto-
nated and deuterated samples, amide H homoge-
neous linewidths (derived from Ry) at 55 kHz are of
the order of 250 Hz (protonated) and 30-50 Hz
(deuterated; see Fig. 13 in ref 11). The homoge-
neous aliphatic linewidths in protonated samples
are on the order of 180 Hz (GB1)'° to 400 Hz
(Fig. S1 of reference 11). In deuterated and
methyl-labeled proteins, 'H lines are sharper,
approximately 40 Hz (CHD,) to 90 Hz (CHg).*"*®
Line widths of the order of 40 Hz have also been
reported for aromatic labeling.? Overall, the 'H line-
widths of the arginines in ubiquitin are clearly better
than those of fully protonated samples, but some-
what broader than those of other specific 'H-'*C
labeled sites. We attribute this finding to the cou-
pling within the CH, site and to the vicinal H?, as well
as ns-us motion, investigated further below.

Residue-specific assignments of Arg signals
by through-space 'H-'H contacts

Ubiquitin’s arginine 'H®-'3C® and 'H®™-'SN® sites
have previously not been assigned in crystalline
samples (with the exception of the '3C® frequency
of Arg 54°°%). To assign the observed signals,
we resorted to experiments that connect side chain
hydrogens to the (assigned) backbone amide moi-

eties through the "H-'H dipolar coupling. We rein-
troduced the dipolar coupling under MAS using a
radiofrequency-driven  recoupling  (RFDR*)
sequence, akin to the one previouslg used for
assigning other side chain moieties.”® Fig. 2A
shows an overlay of the amide 'H-"°N spectrum
with H-N planes extracted at different 'H positions
of the H-H-N experiment. Although the "H® frequen-
cies of the two observed Arg-o peaks partly overlap,
we could clearly distinguish the cross-peaks, and
identify eighteen cross-peaks to backbone amide
sites, which allowed us to assign the two observed
TH-13C? signals (see Fig. 2A-C). In a separate H-
H-N experiment, centered on the 'SN* frequency,
we detected a strong cross-peak from the "H*-'°N*
peak to the "H° frequency of R54, thus allowing to
assign the strong 'H®™"'°N° peak to R54. There are
two weaker signals in the 'H™-'SN® spectrum
(Fig. 1D), which do not feature cross-peaks in the
RFDR experiment. We tentatively assign those to
R42 and R72, based on the following considera-
tions: The signal at 7.4 ppm/84.8 ppm has strongly
diminished intensity in the INEPT-based experi-
ment compared to the CP experiment, pointing to
rapid coherence decay. Given that the assigned
R42 '3C® spin has rapid transverse relaxation (see
below, Fig. 3A,B), we assume that also the &-site
has rapid relaxation, and thus, assign this peak to
R42. The signal at 7.0 ppm/84.5 ppm, which is vis-
ible only in INEPT but not in CP-based experiments,
is tentatively assigned to R72.

Quantitative measurements of arginine
dynamics

The fact that only two of the four arginines are
visible and that they have substantially different
intensities and different behaviour in INEPT and
CP-based experiments points to a range of
dynamic behaviors. In order to obtain a more
precise view of the arginine dynamics, we
measured '°C and °N spin relaxation as well as
'H-">C and 'H-'°N dipolar couplings. In MAS
NMR, where overall tumbling is absent, spin-
relaxation rate constants are sensitive to motions
on a wide range of time scales®'°* (see Fig. S5
for an overview of the expected spin relaxation for
motions on different time scales). Dynamics on ns
time scales lead to elevated longitudinal relaxation
(R,) rate constants, while motion on time scales of
hundreds of ns to hundreds of ps induces rapid
rotating-frame relaxation (R,). When measuring
R4, over a range of spin-lock radiofrequency (RF)
field strengths (v4), the dependency of Ry, on V4
provides further insights into dynamics: in the low
V4 regime, Ry, increases with decreasing v, if the
site undergoes pus-ms motions that involve
chemical-shift fluctuations (Bloch-McConnell relax-
ation dispersion, BMRD®°); in the regime where v,
approaches the MAS frequency (Vyas), reorienta-
tions of the bond (dipolar coupling and CSA) on
the us-ms time scales lead to a rise of Ry, as V4
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Fig. 2. Through-space connectivity from arginine C—H signals to backbone amide sites in ubiquitin. (A) Strips
extracted from a 3D H3-(RFDR)-hN-N-HN experiment at three different H*-frequencies chosen to see the contacts
between the 42C°H° (green) and 54C°H?® (purple) signals and backbone amide sites. Contacts with both signals are
labeled in black. For orientation, the NH backbone spectrum is shown in gray. (B) Structural representation of the
contacts seen in the RFDR spectrum. R42 and R54 are shown in green and purple, respectively. Distances between
the C°H® and the amides are indicated in red. (C) 'H-'3C (top left) and 'H-'°N (bottom left) CP spectra showing the
labeled arginine C®H? and N°H® sites. On the right, a strip from the 3D RFDR at the N® is shown, which was used to
assign the signal to R54. The full amide "H-'°N spectrum is shown in Fig. S4. The 'H frequencies indicated with
dashed lines here are reported on the backbone spectrum there. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

gets closer to vyas. We termed the latter effect
NEar-rotary Resonance Relaxation Dispersion
(NERRD).”" Conversely, a flat NERRD profile with
elevated R, rate constants points to motions on
the hundreds of ns time scale.

Experimentally determined '3C spin relaxation
rate constants are shown in Fig. 3A-C. Of note,
the R, relaxation-dispersion profiles show rising
rate constants at low (BMRD) and high (NERRD)
RF field strengths. To translate these rate
constants to dynamic parameters, we subjected
the R4 rate constants (one condition) and six Ry,
rate constants to a detectors analysis.”® The detec-
tors approach analyzes the amount of motion pre-
sent in certain “time windows” (detectors), thereby
taking into account the time scales to which the
experimentally measured relaxation parameters
are most sensitive. These detectors for our '*C°
relaxation measurements are shown in Fig. 3D
(left). The amplitudes of motions within each of
these detectors are reported in the same panel

(right). Most interestingly, there is a clear difference
in the amount of motion in the slowest detector, i.e.
on the time scale of tens of us: R54 shows much
more motion on this time scale than R42. This is
in very good agreement with the observation that
the backbone in this region (residues 51 to 55)
undergoes motion on the us time scale. We propose
that the side chain of R54 senses this backbone
dynamics. R42, however, which has even higher
R4, rate constants than R54, exhibits motions on
shorter time scales (p; detector).

We additionally measured dynamics through >N*
spin relaxation (R4, Rq,), using only the largest
signal, corresponding to R54 at 100 kHz MAS.
Recording NERRD data at this high MAS frequency
would require >N RF fields approaching 100 kHz,
which is not possible due to hardware limitations,
and we focused on the Bloch-McConnell RD
regime. The flat dispersion profile reveals that
R54-'°N° does not experience isotropic chemical-
shift fluctuations on time scales of tens of us to a
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Fig. 3. Quantitative dynamics measurements of arginine side chains from relaxation and dipolar-coupling
measurements. (A) '°C° Ry, relaxation decays for arginines 42 and 54. (B) '°C°® Ry, relaxation dispersion profiles.
(C) 3C?® and "5N* R, relaxation rates. Spectra underlying these fits are shown in Fig. S6. (D) Detectors®° sensitivities

(left) and responses (right),

reporting on site-specific amplitudes of motion within the defined correlation time

windows. (E) "5N® R, relaxation dispersion profiles in the BMRD regime. The black data points were obtained from a
full time series (sampling 8 spin-lock durations up to 100 ms) while the purple points were obtained from a single time
point (40 ms). (F) REDOR recoupling curves for dipolar-coupling measurements of the C’Hj and (G) of the N°H*
sites. (H) Fitted dipolar order parameters from the REDOR experiments.

few ms (Fig. 3E). Th|s appears surprising, as the
neighboring atom, C°, has a non-flat BMRD, and
also  undergoes dlpolar-couplrng fluctuations
(NERRD) on the ps time scale. A possible
explanation is that the N?, further out in the side
chain, experiences a smaller chemical-shift
fluctuation, possibly due to faster large-amplitude
motions.

We probed the motional amplitude of the Arg side
chains directly by measuring how dipolar couplings
are averaged by motion. Dipolar-coupling tensors
are averaged by motions faster than several tens
of ps.®® We measured 'H-'3C® and 'H-"°N°
dipolar-coupling strengths using Rotational Echo
Double Resonance (REDOR) experiments (Fig. 3-
F-H). The dipolar recoupling profiles show a clearly
distinct behaviour of R42 and R54, with a twofold
higher order parameter S of R54, although both
have rather low values of S (below 0.25). The order
parameter of the N* site is slightly lower than that of
the C? site, which is expected due to its location fur-
ther out in the side chain.

In summary, the specific Arg labeling allows the
quantitative analysis of side chain dynamics over
many time scales, including those that are very
difficult to access by solution-state NMR. We have
presented evidence that the Arg side chain of
residue 54 senses a ps process that had so far
only been reported for the backbone.

Application of the arginine labeling approach
to a large enzyme complex with solution and
MAS NMR

To explore the applicability of the arginine labeling
approach for large proteins, we prepared the

tetrameric 134 kDa large enzyme malate
dehydrogenase (4 x 310 residues) from
Ignicoccus islandicus (. islandicus). Each

monomer contains 20 arginines, the majority of
which are involved in polar contacts in the
available crystal structure (PDB ID: 6QSS).”° Ten
are localized on the protein surface, while five dis-
tribute at the dimer-dimer interface. Several highly
conserved arginines are crucial in the malate/lac-
tate dehydrogenases super-family, such as R86
and R154, which coordinate the two carboxyl ends
of malate, and R92, which stabilizes the transition
state during catalysis®’ (residue numbering referred
to the I. islandicus sequence). For this reason,
arginines are compelling targets for the study of this
super-family.

Fig. 4 shows a CP-based 2D hCH experiment in
orange. The spectrum contalns numerous signals
with dynamically averaged 'H frequencies (at ca.
3 ppm and above) as well as palrs of signals that
we ascribe to rigid side chains, i.e. with distinct
signals for the two non-equivalent 'H® spins.
Three of these exhibit more upfield chemical
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Fig. 4. Arginine labeling in a sedimented sample of the 4 x 33.5 kDa-large enzyme malate dehydrogenase from
1. islandicus. (A) Arginine spectra in solution (black) and in a sedimented sample under MAS (orange). The solution-
state experiment was performed at 800 MHz 'H Larmor frequency using a TROSY-based experiment.® The MAS
experiment, acquired at 700 MHz, was a CP-based hCH experiment. (B) Crystal structure of malate dehydrogenase
from [. islandicus corresponding to PDB entry 6QSS. Arginines are highlighted in orange. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

shifts, below 3 ppm, and can probably be ascribed
to residues buried in hydrophobic cores, more
shielded and constricted in their motion.
Analogously, an analysis of assignment
depositions from the BMRB database revealed a
modest correlation between large chemical shift
differences of the two non-equivalent 'H® spins
and their upfield mean frequency (Fig. S3). In
ubiquitin, no such pairs with strongly distinct 'H®
frequency were observed. In an INEPT-based
version of the same spectrum, the majority of the
peaks are severely broadened, with the exception
of the two at around 40 ppm, likely arising from
highly flexible sites (Fig. S2B).

For comparison, we have recorded a solution-
state NMR CH, TROSY spectrum. Overall, these
spectra are in good agreement with each other in
terms of peak positions, with some exceptions.
Interestingly, in the solution-NMR spectrum a few
extra peaks can be observed around 3.5 ppm.
These could correspond to solvent-exposed sites,
which experience less electronic shielding and are
therefore shifted downfield. Surprisingly, the
flexible sites, which survived the INEPT transfer in
solids, cannot be observed in the solution state
spectrum. Moreover, only two of the three upfield
rigid pairs are visible. These observations may
point to extensive broadening of this more rigid
site because of the slow overall tumbling, and
differences in dynamics of the side chains due to
different sample temperatures (50 °C in solution,
30 °C in MAS NMR). The linewidths in the solid
state are significantly larger than in solution, such
that in the part of the spectrum where the
dynamically averaged C°-H® moieties resonate,
most of the signals are severely overlapped in the
MAS NMR spectrum but less so in solution. The
apparent 'H linewidths of isolated peaks in the
MAS NMR spectrum are in the range of 70 to

105 Hz (Fig. 4A), similarly to those of crystalline
ubiquitin.

Overall, the application to the 134 kDa large
malate dehydrogenase establishes that this
labeling is suitable to probe dynamics and
interactions also in large proteins. While the
hyperthermophilic malate dehydrogenase used
here can also be studied in solution at high
temperature, it is noteworthy that at Ilow
temperatures or for even larger proteins, solution
NMR may not be feasible or linewidths may
exceed those of MAS NMR experiments.

Conclusions

We have explored here the labeling of arginine
side chains with isolated 'H}-'*C°-'SN¢  spin
systems in an otherwise deuterated environment,
in particular for proton-detected MAS NMR. As
overall tumbling is absent in solids, a wide variety
of MAS NMR methods allows probing dynamics
on multiple time scales. We have illustrated this
potential here with the measurement of various
relaxation and relaxation-dispersion parameters
as well as dipolar order parameters. For the case
of ubiquitin’s R54, we have demonstrated that the
side chain senses ps motions, which is likely the
same process that has been reported earlier for
the backbone of this region of the protein.

Spectral resolution can be a challenge for this
approach, in particular for the Arg sites that
undergo fast dynamics and have (near)
degenerated 'H® frequencies, as highlighted with
the application to the 134 kDa large MalDH.
However, for those arginines that are locked in
one conformation, clearly distinct doublet signals
are readily identified even in this large system. A
possible future improvement may be the
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stereospecific introduction of a single 'H in the
methylene group.

We foresee that site-specific labeling of a single
Arg in the protein may bring this sensitive proton-
detected MAS NMR/labeling approach to its full
fruition. This approach, demonstrated for other
amino-acid types,”® would allow seeing Arg resi-
dues, e.g. in the active site of large enzymes, and
probing their dynamics similarly as explored here.

Methods

Protein production

To produce human ubiquitin (UniProt accession
number P0OCG48), a pET-21a(+) vector was
transformed into E. coli strain BL21(DE3)
competent cells (Novagen) following standard
protocols for the heat shock method. Cells were
grown in M9 minimal medium in D,O. For optimal
cell growth, the D,O content was increased
stepwise (from 0 to 50 to 100%) in three
precultures. The expression culture was
supplemented with 1 g L™ ™NH,Cland 2 g L'
glucose-'2C?H for uniform >N and 2H labeling,
respectively, and started at ODgoo = 0.2. Isotopically
labeled  Arg-['3C° SN¢2H/"]  (synthesized as
reported recently®®) was added at ODgoo = 0.6 to a
final concentration of 85 mg L~ ". Protein expression
was induced 30 min after arginine addition using
IPTG (1 mM). After 3.5 h, cells were harvested by
centrifugation (2 x 15 min, 4,000 rcf). The cell pellets
were resuspended in 50 mM Tris—HCI, pH 8.0 (buffer
A) supplemented with protease inhibitor
(cOmplete™, EDTA-free) and lysed by sonication
with a Q700 ultrasonic processor (Qsonica) at 50%
amplitude for a total operating time of 4 min. The
lysate was subjected to a heat shock at 70 °C for
10 min. After centrifugation (40 min, 30,000 rcf, 4 °
C), the buffer was exchangedto buffer A. The protein
solution was purified by anion exchange chromatog-
raphy (Cytiva, Resource™ Q) using a gradient from
buffer A to B (50 mM Tris—HCI, 1 M NaCl, pH 8.0),
and further by size exclusion chromatography
(HiLoad 16/600 Superdex 75 PG column, Sigma—
Aldrich) using buffer A as eluent. The protein solution
was concentrated to 18.5 mgmL ™" using an Amicon
3.5 kDa concentrator (Millipore) and kept at —70 °C.

Ubiquitin crystals were obtained as described
previously*® using 2-methyl-2,4-pentanediol
(MPD) as a crystallization agent: lyophilized ubiqui-
tin was dissolved at a concentration of 20 mg mL™"
in buffer C (20 mM ammonium acetate, pH 4.2, H,O
based). Buffer D (50 mM citrate, pH 4.2) was mixed
with MPD in a 40:60 volume ratio. A volume of 500
uL of this mixture was added to the bottom wells of
24-well sitting-drop crystallization plates (each with
a 1.5 ml reservoir volume). The protein solution (37
pL) was then combined with 10 puL of the buffer D/
MPD mixture and placed as a sitting drop in the
wells of 24-well crystallization plates. The plates
were sealed with adhesive tape and incubated at

4 °C. Sea-urchin like structures consisting of needle
shaped crystals with a diameter of 10 um and a
length of 50 pum formed after 1-2 weeks.*® These
micro crystals were transferred into a 1.3 mm and
a 0.7 mm rotor (Bruker), using in—house built ultra-
centrifuge devices (Beckman SW32 rotor,
20000 rpm, overnight). To prevent dehydration of
the 1.3 mm rotor during measurement, a small drop
of epoxy glue was applied between the rotor sleeve
and the bottom cap prior to closing the cap; on the
side of the drive cap, a FKM rubber spacer was
inserted. The caps of the 0.7 mm rotor were not
glued, and no spacers were inserted.

The wild-type sequence of Ignicoccus islandicus
malate  dehydrogenase (/MalDH) (UniProt
accession number AOAOU3FQH7) was cloned into
a pET-21a(+) plasmid. The protein was produced
by bacterial over-expression in E. coli BL21(DES3)
competent cells (Novagen). As for ubiquitin, M9
minimal medium in H,O was used with a gradual
adaptation to 2H: first 50% D,O, then D,O was
used. For uniform "N and 2H labeling, the
expression medium was suPpIemented with 1 g
L' ™NH,Cl and 2 g L' glucose-'?C*H. To
increase  arginine  incorporation, 0.5 mM
spermidine were added to the culture at ODggp =
0.3,° followed by the isotope-labeled arginine
(60 mg L") at ODgoo = 0.6. Protein expression
was induced 30 min after arginine addition using
IPTG (1 mM). Cells were harvested by
centrifugation after 5 h of expression, and pellets
were resuspended in buffer E (50 mM Tris—HCI,
50 mM NaCl, pH 7.0) supplemented with 0.025 mg
mL~' RNase, 0.05 mg ml~' DNase, 2 mM MgCl,
and protease inhibitor (cOmplete™, EDTA-free).
Lysis was performed by sonication, using a Q700
ultrasonic processor (Qsonica), at 40% amplitude
for a total operating time of 4 min. Cell lysates were
heated to 70 °C for 20 min and subsequently
centrifuged (40,000 rcf, 30 min, 4 °C). The
supernatant was filtered, and protein purification
was conducted using a Resource™ Q column
(Cytiva) equilibrated in buffer E, eluting the protein
using a linear gradient of buffer F (50 mM Tris—HCI,
1 M NaCl, pH 7.5) over 10 column volumes.
Fractions were analyzed by SDS-PAGE (12.5%
polyacrylamide). The protein was identified by its
monomeric molecular weight (33.55 kDa) and
concentrated using an Amicon 10 kDa concentrator
(Millipore). The concentrated solution was loaded
onto a HiLoad 26/600 Superdex 200 PG column
(Sigma—Aldrich) equilibrated with buffer E. MAS
rotors (Bruker) were filled for NMR measurements
by ultracentrifugation in a custom-built centrifugal
funnel device (Beckman SW32 rotor, 20,000 rpm,
overnight).

2 At the time of the protein expression, experiments towards the
increase of incorporation rate by the addition of polyamines were
conducted. The results indicated a slight improvement, but further
studies are necessary. For details, see reference.®®
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NMR spectroscopy

All MAS NMR experiments were performed on a
700 MHz (16.45 T) Bruker NEO spectrometer
using either a 1.3 mm probe with a coil tuned to
'H, "C and "°N frequencies and a supplementary
2H coil (not used for this study), or a 0.7 mm 'H,
3C and "N probe (Bruker Biospin). Experiments
performed with the 1.3 mm probe were conducted
at a MAS frequency of 55.555 kHz (ca. 3.2 bar
bearing pressure, 2.6 bar drive pressure). The
cooling gas (1100 L h™', set-T 233 K) was set to
reach an effective sample temperature of ca. 28 °
C. Radio-frequency field strengths for hard pulses
were ca. 108 kHz ('H), 62 kHz ('3C) and 40 kHz
(**N) for experiments with the 1.3 mm probe.

The magic angle was adjusted directly on the
protein sample at 55 kHz (1.3 mm) or 100 kHz
(0.7 mm), respectively. We used the fact that in an
INEPT H-N transfer, the interconversion of in-
phase and anti-phase coherences proceeds with
cos(7td + Dyes)t or sin(mtd 4+ Dyes)t where J is the
known H-N scalar coupling and D, is the dipolar
coupling which is averaged by MAS, but has a
non-zero value when the angle deviates from the
magic angle arccos 1/+/2.%° If the angle is correctly
set, full transfer is expected when the delay is
1/(2J) ~ 5.4 ms. We implemented a hNH experi-
ment in which the H-N transfer is performed with a
refocused INEPT and the N-H transfer with cross
polarization, and set the phases such that the
zero-crossing at 5.4 ms can be detected. Iterating
the experiments with different angle settings
allowed an accurate adjustment of the angle.

The measurement of 'H-'3C dipolar couplings
was performed at 55.555 kHz (7,=18 us) using a
shifted REDOR experiment®”*® with cross-
polarization steps for the H-C and C-H transfers.
The REDOR pulses on the 'H (**C) channel were
applied at a RF field strength of 100 kHz
(62.5 kHz); the REDOR shift, applied to reduce
the apparent oscillation frequency, was 3 us, such
that the shortest dela1y between consecutive 'H
pulse was 0.5 us. The "H-">N couplings were mea-
sured with a similar REDOR experiment, but with
refocused INEPT transfers (H-N and N-H), at
100 kHz MAS frequency, and 'H ('3C) pulses at
166.7 kHz (83.3 kHz) with a REDOR delay of 2 ps
(i.,e. @ minimum delay between consecutive 'H
pulses of 0.5 ps).

Relaxation rate constants (bulk R, R or Ry,)
were determined by measuring intensity decays
as a function of the relaxation delay (except for
the one-point measurements, see below). For '*C
and '°N R; measurements, delays of 0.005, 0.1,
0.2,0.3,04,0.6,0.8, 1 and 0.1, 0.5, 0.9, 1.2, 1.5,
1.8, 2.2, 3, 4 s were used, respectively. For Ry,
measurements, 8 delays up to 20 or 100 ms were
used for '*C and "N, respectively. For the *C
Ri, experiments, a single H 180° pulse was
applied in the center of the relaxation delay. We
note that work in our group suggests that a

9

continuous-wave 'H decoupling should be applied,
as some artefactual increases in Ry, may
otherwise occur.®® The rise of Ry, at low RF field
strengths may partly be explained by this effect.
The Bloch-McConnell part of the '3C dispersions
is shown in this work but not quantitatively
exploited. In the "°N, a 8 kHz 'H CW decoupling
was applied.

Bulk R, relaxation delays are reported in
Supplementary Fig. S1. In the 'H R,
measurements, a hCH pulse sequence was
modified to include a t-'H n-pulse-t element after
the initial 'H excitation, without any decoupling
during this delay. For the '*C R, measurements,
the t-'3C n-pulse-t element was inserted after the
initial H-C CP, and 'H swfTPPM decoupling was
applied at an RF field strength of ca. 10 kHz (55.5
and 38.5 kHz MAS), 115 kHz (29.4 kHz MAS) and
100 kHz (20 kHz MAS).

The single-point measurements of R, for Bloch-
McConnell relaxation dispersion analysis were
performed by measuring the peak intensity after
irradiation for 40 ms as a function of the spin-lock
RF amplitude, where this amplitude was varied
from 0.7 to 8.4 kHz in 64 steps.

Solution-state NMR experiments were performed
on a 800 MHz spectrometer equipped with a Bruker
TCl cryo-probe. The sample temperature for
measurements of ubiquitin was 25 °C, while the
IMalDH sample was measured at 50 °C. (Note
that this differs from the MAS NMR experiment,
which likely is responsible for some of the spectral
changes.)

Data analysis

Intensities were extracted by fitting gaussian
peaks using the Python package nmrglue.®’ For
bulk R,, the arginine 'H° regions of 1D spectra were
integrated. Errors on the intensities were obtained
by computing the standard deviation of signal in
empty regions of the 1D/2D spectra. To obtain
relaxation rates, intensities were fitted to a mono-
exponential decay using SciPy,°” and plotted with
Matplotlib.®® Error estimates were determined
through a Monte Carlo approach as described e.g.
in ref. %%

For the single-point measurements, intensities
were extracted as above. Assuming that the
anisotropic contribution to relaxation varies
negligibly across these frequencies (a reasonable
assumption, given the NERRD profiles recorded),
we extracted offset R, from these as:

, 1
Rl (V1) + offset = — . log(/(v1)). (1)
The offset component was determined by

comparison with the full-time series
measurements (see above), following which the
R, and v; were corrected for transmitter offset

1p
R, —cos0R
S T and Vet = 14/ V’12 + QZ,

effects as Ry, = "5
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respectively, where 0 =arctany, and Q is the
transmitter offset from the resonance of interest.

Relaxation rates were analyzed using the
Detectors approach as implemented in the
package Detectorist.®® We included only Ry, mea-
surements with v; >10 kHz, as below this the
Bloch-McConnell Relaxation Dispersion compo-
nent would become significant. Sensitivities were
calculated assuming two heteronuclear '*C-'H
dipolar couplings at a distance of 1.09 A. Each sen-
sitivity was quantized using 200 time points, loga-
rithmically spaced between 100 fs and 1 ms.

Detector optimization was performed using the
Singular Value Decomposition method.®® A matrix,
M, was created in which each of the N rows repre-
sents the sensitivity of the corresponding relaxation
rate. The singular value decomposition of this
matrix was taken:

M=UZV'. )

The U and V' matrices were truncated according to
the k largest singular values (where k was varied
from 2 to 7 for model selection). Linear
programming was performed using SciPy® to opti-
mize linear combinations of the orthogonal singular
vectors in the truncated V| to identify well-formed
detectors. The coefficients corresponding to each
of the k singular vectors then form the rows of the
transformation matrix Q, which can be used to deter-
mine the matrix r, containing ‘detector vectors’:

r=UxQ", (3)

for which each of the N columns, r;, gives a linear
combination of < k detectors giving the
corresponding relaxation rate. The detector
responses may then be determined using a Non-
Negative Least Squares algorithm to solve for the
detector responses, p:

r1/e1
R
rN/eN

where R and e are vectors containing the
experimental relaxation rates and uncertainties,
respectively. The detector sensitivities are
obtainable directly from the product QV,. The
number of singular values to be included in the
analysis was identified by performing the analysis
for k=2 to 7, back-calculating the relaxation
rates, and determining the reduced y? and
corrected Akaike Information Criterion (AICc). On
the basis of this, we selected to include k=3
detectors, as this gave the lowest reduced y? and
AlCc for R42.

The REDOR data were analyzed to extract the
dipolar-coupling anisotropy, using a grid-search
procedure, akin to previous studies.*® In brief, the
intensities in the recoupled and reference experi-
ments were used to calculate
AS/Sy = (S — So/So) (where S (Sy) are the peak

10

intensities in the experiments without (with) recou-
pling pulses on the 'H channels). As the intensity
in the reference experiment hardly varies over the
short time used for recoupling (< 1 ms), only 3
(NH) or 4 (CH) points were measured for the refer-
ence experiment and fitted to a straight line, which
was used to interpolate S, for all time points. The
dipolar-coupling anisotropy was obtained from the
site-specific AS/S, profiles by comparing the
experimental data to a grid of numerically simulated
REDOR curves (with incremented dipolar-coupling
strength). For each simulated REDOR curve,
the deviation from the experimental profile was
calculated as a sum over all time, points
i of y2=3((AS/S0)® — (AS/So);™) /% a
reduced chi-square y2,, was calculated by dividing
%2 by the number of degrees of freedom, i.e. the
number of REDOR points measured minus the
number of fit parameters (which is one). The
reported best-fit dipolar coupling strength is the
one with the lowest 2, ,. The reported uncertainties
reflect the values of the dipolar coupling anisotropy
over this array of simulated curves where the value
of y2,, exceeds its minimum value by one. The
numerical simulations were performed with the
GAMMA package,®” using explicit finite pulses
according to the experimentally used timing. The
3C CSA parameters for the 3-carbon were set to
—45 ppm with an asymmetry of 0.9;°° note that
the CSA parameters have virtually no effect on
REDOR curves.®® The simulated spin system for
the analysis of C° comprised two 'H spins (sepa-
rated by 1.8 A and the 'C spin (separated from
each "H by 1.1 A). The simulations for the analysis
of the N* site comprised the N¥, the H® spin, and the
two adjacent H® spins. We also estimated the dipo-
lar couplings of the backbone NH sites to ensure
they are in a reasonable range compared to previ-
ous studies;*® for these, only the amide N and H
spins were considered. All analysis routines and
GAMMA codes are available in the deposited data
repository (see data availability section).
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