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Abstract

Transverse relaxation rate measurements in MAS solid-state NMR provide information about
molecular motions occurring on nanoseconds-to-milliseconds (ns-ms) time scales. The
measurement of heteronuclear (13C, 15N) relaxation rate constants in the presence of a spin-lock
radio-frequency field (R, relaxation) provides access to such motions, and an increasing number
of studies involving Ry, relaxation in proteins has been reported. However, two factors that
influence the observed relaxation rate constants have so far been neglected, namely (i) the role of
CSAJ/dipolar cross-correlated relaxation (CCR), and (ii) the impact of fast proton spin flips (i.e.
proton spin diffusion and relaxation). We show that CSA/D CCR in Ry, experiments is
measurable, and that this cross-correlated relaxation rate constant depends on ns-ms motions, and
can thus itself provide insight into dynamics. We find that proton spin-diffusion attenuates this
cross-correlated relaxation, due to its decoupling effect on the doublet components. For
measurements of dynamics, the use of Ry, rate constants has practical advantages over the use of
CCR rates, and the present manuscript reveals factors that have so far been disregarded and which
are important for accurate measurements and interpretation.
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Introduction

The structure of a protein is determined by a large number of individually weak interactions,
which constantly re-shuffle at ambient temperatures. This dynamic exchange between
different conformers is often important for functions such as binding or enzymatic turnover.
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NMR spectroscopy is very well suited to provide direct atomic-level access to the
amplitudes and time scales of such motions. Whereas solution-state NMR is a well-
established tool for such studies, magic-angle spinning (MAS) solid-state NMR (ssSNMR) is
rapidly establishing in studies of biomolecular dynamics, complementing its solution-state
counterpart in cases where limited solubility or large size hamper the application of solution-
state methods. In addition to opening new fields of applications, sSNMR also has theoretical
advantages for determining dynamics, compared to solution-state NMR. In particular, the
absence of overall tumbling motion enables the study of motions without “blind windows”
of time scales, i.e. over all time scales from picoseconds to seconds, in contrast to its
solution-state counterpart, which is severely challenged on the nanosecond to several-
microseconds time scale.1 In MAS ssNMR, mations can be studied through (i) their
averaging effect on anisotropic interactions (in particular, the averaging of dipolar couplings
and chemical-shift anisotropies), which report on the amplitude of motion seen by these
interactions, and (ii) through the investigation of nuclear spin relaxation rate constants,
which depend on amplitudes and time scales of motions. Many biological processes, such as
binding, gating or enzymatic turnover, occur on time scales of hundreds of nanoseconds to
milliseconds (ns-ms). Studying these time scales is, therefore, of particular relevance when
attempting to decipher the molecular basis of these processes. In MAS ssNMR, motion on
these time scales can be accessed by measurements of transverse relaxation rate constants,
such as the decay of spin coherence, R,. However, quantitative measurements of transverse
relaxation rates in SSNMR are generally hampered by the fact that spin coherences in solid
samples decay through two mechanisms, (i) due to random field fluctuations (i.e.,
dynamics), which is what we are interested in herein, and (ii) due to evolution under the
incompletely averaged anisotropic interactions, in particular due to H-1H dipolar couplings.
The latter, termed dipolar dephasing, strongly depends on the presence of (multiple) dipolar
couplings, and on the employed MAS frequency. Accessing the dynamics-induced
component requires that coherent contributions to signal decay (in particular dipolar
dephasing) are suppressed to negligible levels. Several reported studies have shown that
heteronuclear ( 13C, 15N) Ry, rate constants, i.e. the decay of Cy (N,) in the presence of a
spin-lock RF field, can be measured accurately without significant interfering effects from
dipolar dephasing if (i) high MAS frequencies and/or (ii) extensive deuteration are applied.
2-5 Ry, experiments under such conditions have been reported so far for 15N and 13C” sites
in small model proteins (SH3, GB1, ubiquitin).2-7 Ry, experiments in solids are particularly
informative also when the RF field strength approaches the rotary resonance conditions, as
has been shown for small molecules8,9 and proteins.4,6

As an alternative method to probe ns-ms motions, it has been proposed to measure cross-
correlated relaxation (CCR) between *H-15N dipolar/1°N chemical-shift anisotropy (CSA)
interactions in Ry’-type experiments (i.e. in the absence of a spin-lock RF field). These latter
experiments measure the difference of the apparent transverse decay rate constants of the
two 15N scalar-coupling doublet components, i.e. the decay of Ny-[H®] and Ny-[HP]
components in a spin-echo experiment.10 Even though each individual rate constant itself
contains contributions from dipolar dephasing (and can, therefore, not be interpreted
quantitatively), the respective difference can be quantitatively interpreted in terms of
dynamics on ns-ms time scales.11 This experiment suffers, however, from the fact that the
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Ry’ decay rates in MAS ssNMR are large, because of the dipolar-dephasing contribution. As
a consequence, detection of a small differential relaxation rate from two individually large
relaxation rate constants corresponding to the two doublet components (Ry’+I'CSAD and
R,’-I'CSAD) s challenging. Furthermore, the rapid signal loss throughout the experiment,
based on scalar-coupling transfers,10 results in relatively low detection sensitivity.

Here we investigate the effects of dipolar/CSA CCR in heteronuclear ( 13C, 1°N) Ry,
experiments in MAS ssNMR. In solution-state NMR, such cross-correlated relaxation
effects have been reported12,13, but have so far been neglected in MAS ssNMR. We use
explicit numerical spin dynamics simulations, as well as experimental measurements, and
show that CCR rate constants under spin-lock RF fields are measurable, and that they report
on molecular motion. The CCR rate constant has a similar dependence on dynamics as the
in-phase Ry, rate constant, as we show with numerical simulations. We assume here that the
CCR rate constant in Ry, measurements is essentially free from coherent contributions, for
several reasons. First, it has been convincingly shown that CCR rate constants, derived from
the above-mentioned experiments with free evolution (R,’) are primarily reflecting
dynamics, even though each of the two doublet components itself is not free from coherent
contributions.14 In Ry,- based experiments the situation can be assumed to be even more
favorable, because the decay of each of the two components is much less prone to coherent
decay.3

Furthermore, we show that experimentally determined Ry,-derived CCR rate constants

(referred to here as FlcpSA/ D) reveal the expected patterns of motions in a well-studied

protein, and correlate with Ry, rate constants, which have been shown to contain only
minimal coherent contributions. However, both CCR and Ry, contain contributions from
stochastic proton flips: we provide evidence that proton spin-diffusion reduces the CCR rate
constants due to averaging of the doublet components. Furthermore, proton spin diffusion
also leads to an increase of the auto-relaxation (Ry,) rate constants, in a manner that depends
on the RF field strength. Our experimental data and simulations thus suggest that knowledge
of the proton spin-diffusion rate is required for accurately determining dynamics, either
through in-phase Ry, measurements or CCR measurements under spin-lock. Finally, we also
discuss pulse schemes to suppress the effects of CCR, and thus eliminate the bi-
exponentiality of decay in in-phase Ry, measurements.

Materials and Methods

Samples and NMR spectroscopy

In this study we investigate the cross-correlated relaxation between a heteronuclear CSA
tensor (1°N) and the 1H-15N dipolar coupling in amide moieties; our conclusion apply also
to other 1H-X spin pairs, such as 1H-13C in backbone or side chain sites. We use u-[2H,1°H]-
labelled ubiquitin, crystallized with 2-methyl-2,4-pentane-diol (MPD)15, obtained by
crystallization from a solution containing an effective H,O/D50 ratio of 60/40 (taking into
account protons originating from MPD). Exchangeable sites, such as amides are protonated
at a level of 60%, in an otherwise deuterated background. Protein samples were filled into
1.6 mm Agilent MAS rotors by ultracentrifugation using a dedicated filling device (in-house
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built). NMR experiments were performed on a 600 MHz Agilent VNMRS spectrometer
equipped with a 1.6 mm MAS probe tuned to 1H,13C, 15N frequencies, spinning at 38 kHz
MAS frequency. The effective sample temperature, calibrated with internal standard using
the bulk water frequency, was set to 300 K. Pulse sequences used in this study are shown in
Figure S1 in the Supporting Information, and use 1H-1°N out-and-back cross-polarization,
and H detection. In particular, the sequence in Figure S1B was used for the CCR
measurement, and (in-phase) Ry, rate constants with and without 1H e pulse decoupling are
shown in Figure S1A and C, respectively. Finally, the proton spin-diffusion experiment was
performed with the sequence shown in Figure S1D. 1°N spin-lock RF field frequencies were
calibrated with a nutation experiment: after initial 1H-1°N cross-polarization, a 5 ms spin-
lock period was applied (to take into account possible detuning during a spin-lock, as this is
relevant for a Ry, experiment), followed by a 90 degree phase-shifted nutation pulse. If this
pulse is a 1t/2 pulse, then the signal is zero. We determined the amplitude of this pulse by
parametric incrementation. We find that two alternative calibration methods result in very
similar calibrations: (i) a simple nutation pulse, applied at the beginning of the solvent-
saturation period (see Figure S1), i.e. disregarding the spin-lock period, and (ii) the
observation of the rotary resonance condition. For the latter, the signal intensity is monitored
as a function of the 15N spin-lock RF field strength in an experiment that applies a 5 ms
spin-lock just after the initial 1H-1°N CP transfer (Figure S1A); a minimum is observed
when the RF field matches the n=1 rotary-resonance condition vgre= vpas. We find that the
three methods provide essentially identical calibration results. Processing and analysis was
done with nmrPipel6, and NMRView (OneMoon Scientific) as well as in-house written
scripts in python language. Error estimates of rate constants were based on spectral noise
estimates (3 times standard deviation of the signal in empty regions of the spectrum).

Numerical simulations

Simulations of the evolution of spin coherences were performed using in-house written
programs using the GAMMA simulation library.17 The simulation approach includes two
spins (1H, 15N), existing in two exchanging sub-systems, spanning a composite Liouville
space.1,11,18,19 The simulation approach, as well as numerous results of similar kinds of
simulations were reported recently.1 Briefly, the evolution of the appropriate coherences
(Ny, 2NyH®, 2N,HP, H,) is followed over the course of a 15N spin-lock. The two
exchanging sub-states differ in the orientations of the 1H-15N dipolar coupling tensor

and 15N CSA tensor. The interaction tensor parameters were assumed as follows: 1H-1°N
dipolar coupling 22954 Hz (corresponding to 1.02 A bond length), axially symmetric 1°N
tensor with Ac=-170 ppm, i.e. o,,=-113 ppm (6780 Hz at 14.1 T By, field strength). The 1H
CSA parameters have negligible effect in this context. The time-domain data were fitted
with python scripts in order to obtain relaxation rate constants, using mono- or bi-
exponential functions as reported in the text.

Results and Discussion

We first aim at providing a quantitative understanding of the effects of CSA/D CCR in Ry,
experiments by numerical simulations. Although a very well-established theoretical
framework for nuclear spin relaxation exists (Redfield theory20), this theory is not strictly
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valid in cases of slow motion, which are the focus of this paper. Recent systematic analyses
have established that Redfield results may disagree with numerical simulations,1,7 even in
cases where the actual relaxation is more than one order of magnitude slower than the
dynamic event. In order to circumvent these problems we resort to numerical simulations for
investigating the properties of Ry, relaxation in rotating solids. The simulation approach is
based on an explicit jump model of a 1H-15N moiety exchanging between two
conformations. The employed composite Liouville-space approach has been used similarly
before11,18,19.

Figure 1 shows an example of a simulated decay of Ny coherence for a two-site exchange,
using powder averaging and MAS. The observed decay (red curve in Figure 1A) is clearly
non-exponential, and the exponential fit (black) unsatisfactorily describes the decay. The
non-exponentiality may be ascribed to two effects. The first is that the NMR interactions that
lead to relaxation (dipolar coupling, CSA) are orientation-dependent, and therefore the
relaxation rate constants are orientation-dependent, too. When summing all contributions
from different crystallite orientations across the sample, as required when considering a
sample with randomly oriented crystallites, the resulting relaxation is always multi-
exponential, as has been described and reviewed earlier.1,21,22 If this is the only reason for
non-monoexponential behavior, then individual crystallites (i.e. with a single orientation
within the rotor-fixed frame) should show mono-exponential decays. However, we find that
also when using single crystallites rather than a powder distribution the decay is bi-
exponential (data not shown), pointing to an additional mechanism.

This second possible origin of non-exponential decay is the presence of cross-correlated
relaxation due to 1°N-CSA/IH-15N dipolar-coupling interference. When observing the two
components of the initial Ny coherence, namely the coherences Ny-[H*] and Ny-[HF], the
decays are nearly exponential when integrated over a powder (Figure 1B). If one considers
individual crystallites then the decay of the two coherences are indeed perfectly exponential
(Figure S2C,D). One can readily show that the bi-exponential decay of Ny is due to
interference of CSA and dipolar mechanisms: removing either of the two mechanisms (i.e.
setting the jump angle for one of the two interactions to zero, or, equivalently, setting the
interaction strength to zero) leads to identical relaxation of the two components, and mono-
exponential decay of Ny (data not shown). Furthermore, if a 1H r pulse is inserted, thus
inverting the sign of the dipolar interaction, the near-monoexponential decay is restored, as
shown in Figure 1A (grey line). This is expected, as the effect of the cross-correlated
relaxation is eliminated.

Numerical simulations also allow determining the difference of the rate constants of the two
components, i.e. the CSA/D CCR rate constant in the Ry, experiment, which we term here

Flcps A/D Figure 2 establishes that the differential relaxation rate constant depends on the

amplitude and time scale of the motion, as expected for a cross-correlated relaxation, and on
the difference of RF field strength and MAS frequency, again as expected.1,23 It exhibits a
maximum when the motion is on the time scale of microseconds to tens of microseconds, in
a manner that depends on the spin-lock RF field strength (Figure 2 E, F).
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For completeness and illustration purposes, we also provide the analytical expression for the

CCR rate constant under spin-lock, Ti)SA/D , in the framework of Redfield theory (which is
only approximately validl):
CSA/D 3 1 2 1 2
I‘1,0 / :6NH‘6CSA'P2 (COS (0)) [g‘] (wN) _’_E"] (wRF - 2wMAS> +E"] (wRF - wMAS) +E"] (wRF+2wA1AS) _’_E"] (wRF+w1\4AS

M

Here, 6 is the anisotropy of the dipolar coupling tensor, 6 ~s4 is the chemical-shift
anisotropy and A (cos(0)) is the second Legendre polynomial involving the angle between
the principal axes of the dipolar and CSA interactions, 0 . It is interesting to confront this
equation to the expression of the Ry, relaxation rate constant due to the dipolar interaction
and CSA, which is given as:1,23

1
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Comparison of (1) and (2) reveals that the two relaxation rate constants provide similar
information. In this work we are interested primarily in motions slower than hundreds of

nanoseconds (because in this range Ff;SA /P and Ri, are largest, as shown below); in this

regime one can neglect the fwy) term; furthermore, Ry is very small compared to Ry,.
Neglecting thus the Jwy) terms one can see that the two rate constants depend on the same
spectral density functions (see Equations 1 and 2). We thus expect that the two rate constants
are correlated, an observation that is indeed confirmed both experimentally and through
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simulations (discussed further below, Figures 2G and 3C). In the remainder of this
manuscript we do not use analytical calculations but use exclusively numerical simulations,
because this allows to take into account additional factors, such as relaxation of the proton
spin due to external mechanisms, as described below. By using numerical simulations we
also circumvent the fact that Redfield theory is outside its range of validity for slow motions
(microseconds).1

Experimental detection of CSA/D cross-correlated relaxation

In order to experimentally verify the effects of cross-correlated relaxation in Ry,
experiments, we prepared a sample of 2H,15N labelled microcrystalline ubiquitin. The
protein was crystallized in a buffer that results in a re-protonation of exchangeable sites,
such as the amide sites that we are interested in here, at a level of 60%. In such highly
deuterated samples, narrow 1H line widths can be achieved, and the simplicity of the spin
system, that can be approximated as a two-spin system as far as 1°N relaxation is concerned,
also allows for straightforward analysis of relaxation data.24-26 Of particular relevance
here, narrow 15N lines are obtained even without 1H decoupling, and therefore one can
separately detect the decay of the doublet components. Figure 3 shows such 1°N R1, data for
the 15N doublet components of amide sites in ubiquitin, obtained at a MAS frequency of 38
kHz, and a 1°N RF field strength of 12 kHz. For the majority of residues the decay rate
constants of the two components are detectably different. The differential relaxation rate

CSA/D o .
constant of the two components, 1, /P~ {R1p([NxH - Rlp([NxHﬁ]} /2, varies across
the protein sequence, ranging from close to zero to about 20 s for different residues (Figure
3A). Residues located in secondary structure elements have small values, below 1 st in most

cases. Largest values of l‘ij%/ b , exceeding 10 s'1, are observed for residues G10 and K11

in the B1-p2 loop, which has been demonstrated before to undergo nanosecond motion in the
microcrystals we are studying. 27,28 Cross-correlated relaxation rates are furthermore
enhanced for residues located in the loop connecting B2 and ubiquitin’s a-helix, the a-p3
loop and the loop connecting B4 to the short 31 helix. These loop regions have also elevated

Ri, rate constants (Figure 3B). Figure 3C shows the correlation of residue-wise Pi,SA/ b

R1, rate constants. Because the majority of residues are located in secondary structure
elements, residue-wise variations are generally small. Basically, only residues located in

loop regions have significantly enhanced TfpSA/D and Ry, rate constants. This limits the

precision with which the correlation can be determined. The slope of the correlation is 1.48
when taking into account all residues (red line) and 1.96 when neglecting the two data points
with largest rate constants. These experimental data unequivocally establish that the
correlation has a non-zero offset: while Ry, rate constants exceed 2 s’ for all residues, many
residues have a close-to-zero CSA/D cross-correlated relaxation rate constant. This finding
cannot be understood based on the simulations in Figure 2. To understand this offset, one
needs to take into account partial proton self-decoupling, as shown in the following section.

and

For completeness, we have also shown previously determined CSA/D CCR rate constants,
determined with a spin-echo element instead of a spin-lock period. The drawback of the
former experiment is that the decay with free evolution (Ry’) is significantly faster than
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decay under spin-lock (in ubiquitin by up to one order of magnitude). Consequently, it is
more difficult to determine small CCR rates from the difference of the two comparably large
decay rate constants corresponding to the two doublet components. Qualitatively, the three
observables highlight the same residues undergoing slow motions.

CSA/D

1p rate constant

It shall The correlation of the I"

Proton spin diffusion and its effect on heteronuclear transverse relaxation

Longitudinal relaxation of the proton spin, or spin diffusion (i.e. magnetization exchange
between protons) leads to interconversion of the spin states, a and p. Accordingly, the states
N,[H] and N,[HP] inter-convert, and this would result in (partial) self-decoupling of these
two 15N doublet components. In the context of cross-correlated relaxation, such self-
decoupling is an important parameter, because it is expected to reduce the CCR rate
constant.29 In this section we study the consequences of proton longitudinal relaxation or
spin diffusion on heteronuclear relaxation and cross-correlated relaxation, using numerical
simulations. At difference to the simulations shown in Figure 2, we added an ad foc random
field contribution acting on the proton spin. The effect of this random field is to relax the
proton spin, and therefore interchange spin states H ¢ and HP. In principle one might also
attempt to explicitly simulate the proton spin diffusion or relaxation by using a large spin
system with multiple protons. In practice, however, such simulations are prohibitively long if
the spin system is larger than about 4-5 spins, and the accuracy of the proton evolution likely
is not better than in our ad hoc external relaxation approach.

Figure 4 shows the results of numerical simulations of the heteronuclear Ry, experiment in
the presence of this additional proton relaxation, simulated here for the case of small-
amplitude motion of the HN bond. Simulations with larger-amplitude motions are shown in
Figure S3. These simulations establish that proton longitudinal relaxation induced by
external relaxation mechanisms indeed reduces the CCR rate constant. The reduction of the

Fi,s A/ rate constant depends on the rate constant of the proton relaxation, as can be seen

by comparison the red curves shown in panels (A) to (C). This reduction of FSOSA/D can be

understood by the averaging of the two components. Figure 4 also shows that the 1H spin
flips have an effect on the Ry, rate constants. For the range of Ry, rate constants that are
observed experimentally, i.e. in the range of Ry, of a few s'1 to tens of s at most, the proton
relaxation leads to an increase in Ry,. The increase of Ry, depends on the RF field strength
and the MAS frequency (Figure S4). The origin of this increased Ry, is the fact that
stochastic proton spin flips counteract the MAS-induced recoupling of the dipolar
interaction, as discussed in more detail in the Supporting Information. Taken together, the
simulations of Figure 4 establish that the effect of the additional 1H spin relaxation is (i) a
reduction of the CCR rate constant, and (ii) an increase of the Ry,, rate constant. The
decreased CCR and increased Ry, rate constants change the slope of the correlation of the
two rate constants, and result in an offset of the two rate constants (Figure 4D). It is
remarkable that this situation is qualitatively found in the experimental data, shown in Figure
3C, which reproduce an offset of Ry, rate constants. It shall be noted that Figure 4 assumes a
single amplitude and varies the time scale of the motion, a situation that is not likely to apply
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to the range of amide sites across a protein. Nonetheless, qualitatively the behavior observed
in Figure 4 applies irrespectively of the precise motional model.

The amount by which the CCR rate is reduced depends on the rate at which the 1H spin flip
(Figure 4). We therefore need to estimate which spin diffusion rate constants are realistic in
our experimental setting, i.e. at a MAS frequencies of 38 kHz and with the deuteration level
we employed (60% back-exchange). Figure 5 shows experimental measurements of spin-
diffusion between amide protons. By comparison of the spectra obtained with very short
mixing time (100 ps, red) and 15 ms mixing (black), one can observe that there are
additional peaks pointing to H-1H spin diffusion. Figure 5B highlights a few cases of well-
resolved cross-peaks, corresponding to spin diffusion in a B-turn region (residues 45-47); for
the cases of these cross-peaks, the corresponding amide sites are within ~4.2 A at most.
Figure 5C shows the time evolution of representative diagonal- and cross-peaks. The
diagonal peaks show non-monoexponential decay, which we ascribe to contributions of spin-
diffusion/cross-relaxation (fast component) and relaxation of the magnetization, presumably
at the most dynamic sites, or through exchange with solvent. When fitting these curves with
bi-exponential functions, respective rate constants are several tens per second for the fast
rate (about 30-40% amplitude) and about 5-10 s 1 (60-70% amplitude), respectively. If
attempting to describe the decay with a single rate constant, approximated by the time point
where the signal decay to 1/e ~37%, apparent rate constants of 20 s are obtained. The
observable cross-peaks show a buildup within tens of milliseconds, similar to the fast rate
observed in the diagonal-peak decay curves. Taken together, these data allow one to estimate
that proton relaxation occurs at a rate of approximately 10-20 s “1. (We note that the spin-
diffusion rate is expected to decrease at higher MAS frequency and higher deuteration
levels. A very recent report, which became available during the revision of the present
manuscript,30 used higher MAS frequencies (60 kHz), but lower deuteration (100% back-
protonation of exchangeable sites), and values of about 10-20 s™1 were reported for the
majority of the residues. While this is in rather good agreement with the present estimates,
no apparent multi-exponential decay has been reported there, nor did the authors report on
spin-diffusion cross-peaks.)

Using this estimate of 1H relaxation, one can simulate its effect on measured I‘f;,SA/D and
R1, rate constants, and possibly correct for them. It has been proposed in solution-state
NMR that IH-'H NOE (i.e. relaxation-induced spin-diffusion) can be taken into account
when analyzing cross-correlated relaxation,31 using an analytical approach. In principle,
such an approach could also be applied in solids. However, the effect of the proton spin flips
on the 15N relaxation depends on the RF field and the MAS frequency, and an appropriate
formalism is currently not developed. However, one may resort to numerical simulations,
such as the ones we use here, to evaluate the effects of proton spin flips on heteronuclear Ry,
or CCR rate constants. Experimentally determined proton decay rate constants, or at least
global estimates, may be used to this end.

We illustrate this with the data shown in Figure 4. For example, assume that the
experimentally determined Ry, rate constant is 3 s, i.e. including the effects of proton
relaxation. The actual Ry, rate constant, corrected for a 1H relaxation rate constant of 20 s
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(10s1),is1.8 51 (2.6 s1), i.e. the excess decay induced by the 1H relaxation is of the order
of 0.4 to 1.2 s'L. In principle, one can take into account these effects, and use the corrected
values when fitting motional models to transverse relaxation data.

/

A similar estimation for Fi,SA b suggests, for example, that in the presence of a 1H

CSA/D

P of 1 s points to an actual

relaxation with a rate constant of 10 s1, a measured I’

Fi‘;SA/ P rate constant of 3.6 s™L. Arguably, it is more difficult to correct Tlcp‘%/ " for 1H

relaxation effects, because the values of this rate constant are smaller than those for Ry,

CSA/D

and H relaxation has a stronger effect on 'y,

than on Ry,.

It is noteworthy that such a correction appears more difficult for the CCR rate constant,
which may become very small and thus error-prone, than for Ry,. Of course, one may
attempt to suppress the effects of proton spin flips even more, by using higher MAS
frequencies and/or higher deuteration levels. Increasing MAS frequency will, however, not
suppress proton magnetization decay which is actually due to dynamics or chemical
exchange, such that it appears unlikely that one may suppress its effects completely.

Suppression of the effect of CSA/D CCR in Ry, experiments

Finally, we note that the presence of CSA/D CCR might hamper accurate extraction of Ry,
rate constants. In solution-state NMR, schemes for suppression of the effect of CSA/D CCR
have been reported.13,32 They generally require irradiation of 1H spins. Suppression of
CCR in Ry, experiments, even in solution-state NMR, is complicated by the fact that IHRF
fields applied during heteronuclear spin-lock may partially re-introduce the scalar coupling
Hamiltonian in solution and solids,12,13 and it may also reintroduce the dipolar coupling in
the solid state. In MAS ssNMR particular care has to be taken to avoid rotary resonance
conditions, i.e. 1H multi-pulse or CW schemes which counteract the averaging brought
about by MAS. To investigate these effects, we have tested two different suppression
schemes, namely (i) a single 1H r pulse, applied in the center of the relaxation period and
(ii) a train of 1H 1 pulses, spaced by 5 ms delays. Both schemes, or variants thereof, are
used in solution-state NMR.12,13,33 Interestingly, we find that the multi-pulse scheme, even
if the IH pulse spacing (5 ms) is very long compared to the rotor period (~20-30 ps), the
heteronuclear coherences decay significantly faster than in the absence of 1H pulses or with
asingle 1H r pulse (Figure S5). The use of a single IH = pulse appears as a straightforward
method to suppress the effects of CCR. We note, however, that even with a suppression of
CCR, one does not expect mono-exponential decay, due to the inherent multi-exponential
nature of decays in solids, outlined above.

Conclusions

We have shown here that CSA/D cross-correlated relaxation can be measured in MAS
ssSNMR of deuterated proteins. This relaxation rate constant reports on dynamics on
nanosecond-to-microsecond time scales, as we illustrate with an application to
microcrystalline ubiquitin. In many practical applications, however, the more easily
accessible Ry, rate constant of the decoupled line has advantages over the measurement of
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CSA/D CCR under spin-lock, in particular due to higher sensitivity and resolution in a
decoupled vs a non-decoupled spectrum. We also provided evidence, by numerical
simulations, that rapid 1H spin flips, as mediated by 1H-1H spin diffusion, reduces the CCR
rate constant, and also contributes to the observed Ry, rate constant. This finding also shows
that for accurate quantitative analyses of Ry, rate constants one should correct the measured
rate constants for the contribution arising from proton relaxation. The present report of
cross-correlated relaxation adds to the increasing arsenal of techniques to study protein
dynamics on long time scales by MAS ssNMR, and stresses the importance of considering
hitherto ignored effects when interpreting relaxation rate constants in SSNMR.
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Figure 1.
Simulated evolution of 1°N spin coherences under a spin-lock RF field. (A) Time evolution

of in-phase Ny coherence (red) and a single-exponential fit, which clearly results in poor
agreement with the decay. For the simulation shown in grey, a H 1 pulse was inserted in the
center of the spin-lock period. An exponential fit is shown in black. (B) Simulation of the
doublet components, Ny-[H®], N,-[HP] (red), and exponential fits (black). The jump angle
was 20 degrees and the jump rate constant 30000 s1.
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Figure 2.

Simulated relaxation rate constants of a 15N spin due to its CSA tensor and H-15N dipolar
coupling, within the two-site jump model. Shown are rate constants for the individual
doublet components (A, B), the average rate constant Ry, (C) and the CSA/D CCR rate
constant (D), as a function of the jump angle and jump rate constant. (E) shows Ry, and
CCR rate constants for a constant jump angle (20°) as a function of the jump rate constant,
assuming a MAS frequency of 40 kHz and a RF field strength of 12 kHz. (F) uses
parameters as in (E), but with an RF field strength of 32 kHz. (G) Correlation of Ry, and
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CCR rate constants, assuming a jump angle of 5° and a MAS frequency of 40 kHz and a RF
field strength of 12 kHz. The jump angle can be related to the often-used order parameter $2
as §? = 1/4(3cos?(0) + 1) .34 According to this equation, jump angles of 5, 10, 15, 20, 25
degrees, for example, correspond to $?= 0.994, 0.977, 0.95, 0.91, 0.866, respectively.
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Experimental observation of CSA/D CCR in 1°N spin-lock relaxation experiments in
deuterated, 60% back-exchanged ubiquitin, obtained at a MAS frequency of 38 kHz. (A)
Differential relaxation rate constants as a function of the residue number, determined from
the relaxation rate constant of the two doublet components. (B) Ry, relaxation rate, i.e.
obtained from the average of the two rate constants. In (C), a correlation of the two rate
constants is shown. The red line corresponds to a correlation obtained over all available
residues, with a slope of 1.48 and an intercept of 2.74 s1. The insert focuses on the data
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points at low rate constants. The blue line has a slope of 1.96 s1. Panel (D) shows previously
published27 CSA/D CCR relaxation rate constants, obtained with a spin-echo (delay — n
pulse — delay) sequence instead of a spin-lock, at the same By, field strength. The insert
shows the correlation of these data with the Ry,-based CCR rate constants of panel (A).
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Figure 4.
The effect of proton relaxation on 1°N transverse relaxation parameters, from numerical

simulations with an ad hoc added random field fluctuation leading to proton relaxation.
Shown are the simulated relaxation rate constants of Ny (i.e. the relaxation with a 1H r pulse
in the center of the spin-lock relaxation period), Ry, and the cross-correlated relaxation rate

constant, FfpSA/ P obtained from the differences of relaxation of the two doublet
components. Different rate constants of the 1H relaxation are assumed: 0 s (A), 5s1 (B)

and 20 s1 (C); Ry, and FfpSA/ " rate constants are shown in black and red, respectively.

Panel (D) correlates the Ry, and TlcfA/ " relaxation rate constants for different IH relaxation
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rate constants. The jump angle was set to 5 degrees, corresponding to an order parameter of
$2=0.994. More simulations with a large motional amplitude are shown in Figure S3.
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Figure5.

E)?perimental investigation of proton relaxation and spin diffusion in the deuterated, 60%
back-exchanged ubiquitin sample at 38 kHz MAS (14.1 T). (A) Pulse sequence used to
detect 1H relaxation/spin diffusion. (B) Overlay of two spectra obtained with different
mixing times as indicated. Selected amide peaks, and the corresponding spin-diffusion
cross-peaks are indicated, and the distances between these sites are indicated on the right.
(C) Representative time traces observed at peak positions corresponding to amide sites
(diagonal peaks), and two spin-diffusion cross-peaks, obtained at spectral positions at which
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intensity is observed only with a mixing time. The grey lines correspond to bi-exponential
fits, and the fitted rate constants are indicated in brackets. The identity of the peaks for
which the graphs are shown in C is indicated in the spectrum with (7)- (7ii).
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