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Abstract

We review recent advances in methodologies to study microseconds-to-milliseconds
exchange processes in biological molecules using magic-angle spinning solid-state NMR
(MAS ssNMR) spectroscopy. The particularities of MAS ssNMR, as compared to solution-
state NMR, are elucidated using numerical simulations and experimental data. These
simulations reveal the potential of MAS NMR to provide detailed insight into short-lived
conformations of biological molecules. Recent studies of conformational exchange

dynamics in microcrystalline ubiquitin are discussed.



1. INTRODUCTION

The three-dimensional structure of a biomolecule is dictated by a subtle balance of
numerous interactions within the molecule and with its surrounding. These interactions are
all individually weak, and at physiologically relevant temperatures they are continuously
rearranged. As a consequence, biomolecules populate a multitude of different
conformations, differing in their structural and thermodynamic properties, constantly
exchanging in a dynamic equilibrium. Molecular functions, such as enzymatic activity,
allosteric regulation, or transport across membranes, often critically depend on the relative
populations of these states, as well as the rates of the interconversion.? In order to
understand biomolecular function, it is therefore crucial to determine not only a single,
three-dimensional structure, that may be considered as the “lowest-energy” conformation,
but also to understand what alternative conformations are sampled, and at which rates they
interconvert. Many biomolecular functional processes take place within microseconds to
seconds, and this time scale is therefore of particular interest when relating protein motion
to activity. An increasing number of studies reveal a direct link between the functional
turnover of the activity of a protein and the dynamic interconversion between
conformational substates; this link has been exemplified for cases of enzyme catalysis,
membrane transport and allostery.®”

Solution-state NMR spectroscopy is among the most powerful techniques for elucidating
microsecond-to-millisecond (ps-ms) dynamics in proteins and nucleic acids. In solution-
state NMR, the interconversion between different conformers on ps-ms time scales can be
probed through the difference of the isotropic chemical shifts of different conformers. The
fluctuation of the chemical shift results in line broadening or, equivalently, increased

apparent transverse relaxation rate constants, which can be quantitatively probed. In



particular, so-called relaxation dispersion (RD) techniques and chemical-exchange
saturation transfer (CEST) have proven extremely powerful for visualizing conformational
exchange dynamics and thus provide insight into short-lived conformations, even if they

812 The methodology in solution-state NMR has been

are populated to only a few percent.
continuously refined over the last two decades. Nowadays, the available techniques
provide a wealth of information about the kinetics of dynamic processes, the relative
populations of states as well as dynamics'®, hydrogen-exchange rates'* and even atomic-

resolution structures of the short-lived states.'> "

Magic-angle spinning solid-state NMR (MAS ssNMR) rapidly emerges as a tool in
structural biology. Its particular power lies in the fact that it does not rely on the molecular
tumbling — that is the basis of high-resolution solution-state NMR — for achieving highly-
resolved spectra. This opens possibilities to study proteins that are insoluble (aggregates,
fibers, membrane proteins in lipid bilayers etc), or which are very large and slowly-
tumbling molecular systems (large molecular machines, entire cells or cell walls etc) and
thus have unfavorable relaxation properties in solution-state NMR. Currently the
methodologies for studying ps-ms dynamics by solid-state NMR are less developed and
less widespread than their solution-state NMR counterparts. Yet, for theoretical reasons
outlined below, ssNMR offers in principle a greater variety of observables that can report
on such motion. In this article, we want to review some of the theory related to
measurements of pus-ms dynamics by magic-angle spinning ssNMR. For reasons of space
we focus here exclusively on spin-1/2 nuclei, thus leaving out the large body of work
performed with spin >1/2 nuclei (in particular deuterium).'®2® We also refer the reader to
reviews' 2 for a more general treatment of biomolecular dynamics measurements by

NMR.



2. NMR OBSERVABLES OF MICROSECOND-TO-MILLISECOND DYNAMICS

When a molecule undergoes exchange between different conformations, this dynamic
process leads to changes of several NMR-relevant parameters in the molecule, namely the
dihedral angles and electronic environment around the involved nuclei, and the relative
orientations and distances between nuclei. These structural changes lead to (i) fluctuations
of the chemical shift tensors of the involved nuclei, both in terms of the isotropic
component and the orientation and magnitude of the anisotropic chemical shift, (ii)
fluctuations of the magnitudes and orientations of the dipolar coupling tensors, and (iii) the
scalar couplings (although the latter are generally less important). It is through these
fluctuations of NMR observables that one can obtain information about molecular
dynamics. Figure 1 schematically represents such exchange dynamics between two

differently populated protein conformations.

In solution-state NMR, molecules undergo rapid overall reorientation (“tumbling”,
typically on a time scale of < 10-100 ns). This overall motion averages the anisotropic (i.e.
orientation-dependent) interactions, chemical-shift anisotropy (CSA) and dipolar-coupling
tensors, to zero. Consequently, if we consider an exchange process taking place on a time
scale of microseconds or longer, then all the chemical-shift anisotropies and dipolar
couplings are zero in all the involved states. Therefore, as these anisotropic interactions are
equal (zero) in the exchanging states, these quantities cannot be exploited for probing
motion. Consequently, only the orientation-independent, i.e. isotropic quantities can

provide information about the presence of exchange dynamics in solution-state NMR.



Thus, all available techniques in solution-state NMR for detecting ps-s exchange processes

require that the exchanging states differ in their isotropic chemical shifts.*

The situation is different in MAS ssNMR, where molecules do not undergo overall
rotational motion. In order to achieve high resolution in MAS NMR, the sample is spun at
a constant frequency along the magic angle, which averages anisotropic interactions over
an entire sample rotation period. The resulting averaging is different to the situation in
solution-state NMR: while in solution the tumbling is fast (nanoseconds), spatially
isotropic and stochastic, magic-angle spinning occurs on a time scale of tens microseconds
and it is a periodic and deterministic process, rather than a stochastic one. This has
important consequences in the present context. First, MAS does not perfectly average out
the anisotropic interactions, notably in the case of multiple (non-commuting) interactions,
in contrast to solution-state NMR. This latter feature means that the effect of these
interactions is only scaled down, proportional to the inverse spinning speed, and spin
coherences evolve still under the remaining action of anisotropic interactions. In practice,
this evolution, in particular the evolution due to dipolar couplings (termed dipolar
dephasing), appears as a decay of spin coherence, similar to relaxation (i.e. stochastic
fluctuations due to dynamics). This situation creates problems when attempting to access
exclusively the dynamics-related part, as shown below. Second, the periodic nature of the
sample rotation can possibly lead to interference effects, namely when the sample rotation
(tens of microseconds) is on a similar time scale as the dynamic process and/or a radio-

frequency (RF) irradiation applied to the sample. These features of MAS ssNMR bring a

* This requirement for isotropic-chemical shift differences between exchanging states is
released when partially aligned (liquid-crystalline) solutions are used, where anisotropic
interactions are re-introduced as residual dipolar couplings and residual CSAs.?>?® This

type of approaches is not within the scope of this review.



number of experimental challenges, but also new opportunities with respect to the
measurement of pus-ms dynamics, as compared to the more established solution-state NMR
techniques.

In this section, we want to investigate the properties of some selected ssSNMR experiments
that were recently proposed to measure ps-ms exchange dynamics in proteins. We first
outline the challenges that one faces when attempting to extract dynamic information from
relaxation-type observables. Then we use numerical simulations of a spin system
undergoing stochastic conformational exchange and magic-angle spinning to highlight how
ssNMR can probe ps-ms motions, and how the experimental observables differ from more

widespread solution-state counterparts.

2.1. Transverse relaxation parameters in solid-state NMR
The fluctuation of isotropic chemical shifts arising from a dynamic process leads to line
broadening, whenever the rate of the dynamic process (in units of s™) is comparable to the

fluctuation of the chemical shift (in units of Hz), i.e. in the pus-ms regime.w’25

Quantifying
line broadening induced by conformational exchange, or equivalently transverse relaxation
parameters (Ra, Rip), is the primary technique to study ps-ms motion in solution-state
NMR. Relaxation-dispersion experiments measure line broadening as a function of a
variable RF irradiation. Before investigating how dynamic information may be extracted
from such measurements in MAS ssNMR, we need to consider whether one is able to
extract such parameters in ssSNMR without systematic errors. Indeed, in solid-state NMR it
is challenging to interpret line widths in terms of dynamics, due to the fact that line widths
contain two contributions, (i) a contribution arising from the stochastic (“incoherent”)

molecular motion that alters the local fields — this is the interesting part in the present

context —, and (ii) a contribution from “coherent” dephasing processes, that arises primarily



from the evolution of spin coherence under the action of dipolar couplings. This “dipolar
dephasing” is a consequence of the fact that MAS cannot simultaneously average out
multiple (non-commuting) interactions, and it is thus particularly pronounced in proton-
rich environments (i.e. nuclei with large gyromagnetic ratio y), such as a protein. Line
widths (or coherence decay rate constants) are therefore generally unsuitable to study
dynamics by solid-state NMR. This being said, an obvious solution to alleviate this
problem of dipolar dephasing is (i) to observe heteronuclei (‘°N, °C) rather than 'H spins,
(ii) to use deuterated proteins in order to dilute the proton coupling network,?® and (iii) to
employ high magic-angle spinning frequencies (as anisotropic interactions are scaled down
with the inverse of the MAS frequency).

Figure 2 investigates the coherence decay rate constants of '’N nuclei along the backbone
of the protein ubiquitin under MAS. The red curve shows the expected R,, which was
calculated based on the backbone dynamics that have been determined through an
extensive set of NMR observables (but not R,).2"?® Average rates are approximately 3-5 s
' and site-to-site variations reflect differences in local motion. Black data points show
experimentally measured R,” decay rate constants’, i.e. the decay under a Hahn echo
sequence, obtained in a highly deuterated protein at high MAS frequency (vpas=57 kHz).?°
These data clearly show that even under these favorable conditions (fast MAS and
deuteration), "N R’ rates are significantly above their expected values. This finding
immediately shows that by measuring '’N R’ rate constants one cannot unambiguously
extract information about dynamics, as dipolar dephasing contributes to these rates. The

pattern of the black data in Figure 2 shows that some information about dynamics is

¥ The term Ry’ is used for the observed decay rate in a simple coherence echo experiment —
containing thus coherent and incoherent contributions, to distinguish it from R,, which is

reserved for coherence decay arising from incoherent stochastic processes (dynamics).



nonetheless encoded in R,’. For example residues 23 and 55 have much larger-than-
average R,’, and as we will show below they undergo ps motions. It is noteworthy that
deuteration still helps reducing the apparent line widths, as R,’ rate constants in protonated
proteins are generally significantly higher, and require high-power 'H decoupling.®

The situation is greatly improved when "N Ri, is measured, i.e. the decay under a PN
spin-lock RF field. N R, data shown in blue are obtained on the same deuterated protein
at a MAS frequency of 39.5 kHz. In this case the observed rate constants closely match the
expected ones. Two groups have independently proposed to use °N R, rate constants,>"%2
and have advocated deuteration or fast-MAS (above ~40 kHz) to suppress dipolar
dephasing in such experiments. Of course, these approaches can be combined,?® as shown
here on a deuterated protein at 39.5 kHz MAS.

To summarize, dipolar dephasing represents an experimental challenge that hampers the
extraction of dynamic information from coherence life times/line widths. The solutions are
either to find a parameters which is not sensitive to dipolar — the "N R;, is such a
parameter —, or to measure several observables, which individually are not “clean”, but of
which the difference reflects only the dynamics. As we will show below, differential decay
of zero- and double quantum coherence is such a case; furthermore, measurements of the
differences of R,’ rates, obtained under different CPMG frequencies also can be
interpreted in terms of dynamics to some reasonable approximation. We next consider how
these parameters, R;, relaxation dispersion, CPMG relaxation dispersion and differential

7Q/DQ decay, can provide insight into dynamics.

2.2. Ry, relaxation-dispersion MAS NMR



We first consider dynamics measurements through "N R;, relaxation dispersion
experiments. In this approach, widely used in solution-state NMR, the decay of N
coherence is measured under a "N spin-lock RF field; the dependence of the R, rate
constant on the RF field strength reflects ps dynamics. To analyze the properties of this
experiment, we perform numerical simulations of a spin system exchanging between two
discrete states, as depicted in Figure 1. The two-state exchange model was chosen due to
its simplicity and tractability in numerical simulations, but it also seems to reflect us-ms
dynamics in proteins rather realistically: numerous studies indeed showed that few (two or
three) conformational substates (and fast local motion within these basins), suffice to

model NMR-derived ps-ms dynamics data.>®1%17:33:34

For simplicity we consider only a
two-spin system, neglecting remote proton spins; similar simulations with a remote spin
are shown elsewhere,®® and the difference to the present calculations are inconsequential
for the present discussion.

Figure 3 shows the simulated R, rate constant for a N spin undergoing a two-site
exchange process between two states populated to 10% and 90%, respectively. We assume
here different cases, in which this exchange process alters the isotropic chemical shift of
the N spin, the orientation of the ’N CSA and HN bond orientation, or both. We
investigate the dependence of R;, on the strength of the spin-lock RF field, i.e. the
relaxation dispersion of R, In the case shown by black curves, only the N isotropic
chemical shift is altered, while the two conformations have identical CSA and bond
orientations. The resulting relaxation dispersion curve in this case shows a decrease of R,
when the RF field increases up to about 10 kHz (a zoom of this part is shown in the bottom
of the figure), and is flat for larger RF fields. This dispersion is exactly identical to the case

in solution-state NMR, i.e. it can be exactly described by the Bloch-McConnell

formalism.'®® Of course, when the isotropic chemical-shift difference between the two
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states becomes zero (dashed line), then no dispersion is observed, as expected because the
two states are then exactly identical.

In the more general case that the exchange process also involves a change of the
anisotropic interactions, i.e. the HN bond orientation (and possibly length) and CSA tensor
orientation (or magnitude), the situation gets more complex. Red, green and blue curves in
Figure 3 exemplify such cases, assuming different jump angles. From these curves it
becomes evident that the isotropic chemical-shift difference still gives rise to a dispersion
of Ry, according to the Bloch-McConnell formalism (see zoom region in Figure 3).
However, there is overall an increase of the R, rate constants, which comes from the fact
that the fluctuating anisotropic interactions induce relaxation. This increase of R, is,
however, not uniform, but it is particularly pronounced when the spin-lock RF field
strength approaches the sample rotation frequency or twice this frequency, i.e. close to the
so-called rotary resonance conditions (Vi=vmas Or vi=2vyas). At these conditions the
anisotropic interactions, which are averaged by MAS, become re-introduced, as the spin-
lock RF frequency and the MAS frequency match. This so-called recoupling occurs even
without dynamics. However, the range of RF fields over which this rotary resonance match
occurs is significantly broadened by the exchange process, and this broadening depends on
the dynamics®>"%. That the exchange process impacts the R, dispersions around these
rotary-resonance conditions is readily seen by comparing the red, green and blue curves in
Figure 3 (different jump angles). In addition to the jump angle, these curves furthermore
depend on the population of the involved states and the exchange rate constant (shown

7
elsewhere®®?

). Taken together, in the general case of a R;, relaxation dispersion
experiment under MAS, the dispersion profile is the sum of a dispersion arising from the

isotropic chemical-shift difference between the states, and a dispersion arising from

interference between MAS, RF and the reorientation of the anisotropic interactions
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(orientations and magnitudes of dipolar couplings and CSAs). The former part (isotropic
chemical-shift difference) can generally be found at RF field strengths of a few kHz, while
the latter part (broadened rotary resonance recoupling) is found in the vicinity of the rotary
resonance conditions vi=vmas or vi=2vmas; when the MAS frequency is sufficiently fast,
these regimes are well separated.

It is also important to remember that the isotropic chemical-shift difference is irrelevant for
the relaxation dispersion profile close to these conditions. Even in case the states have
identical chemical shifts, there would still be a large R, dispersion observable, which
would be informative of the geometric rearrangement of the dynamic process (dashed lines
in Figure 3).% This possibility to obtain geometrical information about the exchange
process — which would be impossible in isotropic solution-state NMR — can be of great
advantage to structurally characterize the exchanging states.

The possibility to extract information from R, relaxation dispersion has been discussed by
Krushelnitsky et al*®, Lewandowski et al®', and more recently in a more systematic

manner, including the behavior close to the recouping conditions, by Ma et al.®®

2.3. Differential decay of ZQ/DQ coherences

As we have shown above, R, relaxation dispersion experiments provide rich information
about ps-ms dynamics. The particular advantage is that dipolar dephasing seems to be
sufficiently suppressed by deuteration and MAS (> 20 kHz seem to suffice®®>®?), such that
experimentally observed data can be considered as “clean”, reporting only on dynamics.
Other parameters may also provide insight into dynamics, but in MAS ssNMR they are
“polluted” by contributions other than dynamics. An example of such an observable is the
Ry’ rate, which, as we have shown above, contains a significant contribution from dipolar

dephasing. A possible solution to this problem is to measure two observables, both of
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which are equally impacted by dipolar dephasing, such that the in their difference the
unwanted part cancels.

An example of such an approach is the difference between relaxation rates of the two
doublet components of a "N coupled to 'H. As shown by Reif, Chevelkov and
Skrynnikov, even though the line widths of each of the doublet components are not by
themselves reporting on dynamics alone, the difference of the relaxation rates probes the
cross-correlated relaxation, which is sensitive to the fluctuation of dipolar coupling and

40-42
042 Wwe focus here on another

CSA tensor on time scales of nanoseconds to microseconds.
parameter, namely the differential relaxation of double- and zero-quantum coherences. The
presence of dynamics that involve fluctuations of the chemical shifts of both involved
nuclei alters the rates at which double-quantum (such as H'N', HN") and zero-quantum
(H'N", HN") coherences relax.***° Figure 4 shows the differential relaxation rate of DQ
and ZQ coherences (ARmg=Rpg-Rzg) in a 'H-">N spin pair in MAS ssNMR. In these
simulations, which are done very similarly to the above simulations of R, it is assumed
that the 'H and "N chemical shift undergo a simultaneous change due to the dynamic
exchange process. Fluctuation of both isotropic chemical shifts (blue line) leads to
differential relaxation whenever the dynamic process occurs on a time scale of
microseconds. Fluctuation of the CSA tensors, either in terms of their magnitude or (shown
here in green) their orientation, gives rise to differential relaxation whenever the process
occurs within tens of nanoseconds to hundreds of microseconds. In the general case both
the isotropic and anisotropic component are likely subject to fluctuation upon a dynamic
exchange event (red curve). As long as this process occurs on a time scale between tens of

nanoseconds to milliseconds, the differential MQ decay will sense such motions through

either the isotropic or the anisotropic chemical-shift fluctuations.
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It is interesting to note here again, that in solution-state NMR the CSA fluctuation does not
sense this time window. Instead, the differential relaxation occurring due to simultaneous
CSA/CSA modulation reflects primarily the tumbling and fast internal motion on
picoseconds to nanoseconds time scales, but not slower motional processes. This is
because any motion beyond the tumbling correlation time cannot be detected through

anisotropic interactions.

2.4. CPMG relaxation dispersion in MAS ssNMR

CPMG relaxation dispersion NMR is a widespread approach to quantify ps-ms motion by
solution-state NMR. It quantifies the R, rate constant (most often of "N or "°C) as a
function of the repetition rate at which 180° refocusing pulses are applied during the
relaxation delay. Figure 5a shows the dependence of R, on the CPMG frequency,
simulated for the case where the two exchanging states differ only in their "N isotropic
chemical shift, but not their anisotropic interactions (which means that the behavior is
exactly like in solution state). Several factors complicate the situation in MAS ssNMR, as
compared to solution.

First, as shown by the data in Figure 2, R,’ rate constants in solids are generally not
directly exploitable, i.e. the absolute value of R’ is to a large portion reflecting factors not
related to motion (dipolar dephasing). This by itself is not necessarily a problem for CPMG
relaxation dispersion, where the absolute level of R, rate constants is not relevant, but only
the differences of R, at different CPMG frequencies matter. Second, in the general case
where the exchange process also involves fluctuation of anisotropic interactions (bond
orientations, CSA tensors), this fluctuation may interfere with the CPMG pulse train and
MAS, adding an additional dependence of R,’ on the CPMG frequency, on top of the

behavior shown in Figure 5a. Numerical simulations in Figure 5b and shown in more detail



14

elsewhere,*® reveal that these factors alter the Bloch-McConnell type of CPMG RD
profile. Under realistic assumptions, the change in the CPMG RD profiles are R, rate
constants of about <3 s™'. This means that rather small relaxation-dispersion profiles arising
from isotropic chemical-shift fluctuations may be masked by this effect. Third, in a solid
sample the volume is not entirely uniformly filled, due to inhomogeneous packing of
protein (crystals, liposomes, etc) and solvent. This leads to an anisotropic bulk magnetic
susceptibility, which may also give rise to CPMG relaxation dispersion.*’

Taken together, the situation of CPMG MAS ssNMR is more complex than its solution-
state counterpart, and the analysis may be complicated by the fluctuation of anisotropic
interactions. As long as the dispersions due to the isotropic chemical-shift fluctuations are
large, it is nonetheless possible to extract information about conformational exchange, as

shown below.

3. DETECTION OF CONFORMATIONAL EXCHANGE IN UBIQUITIN

In this last section we show how the above methods can be used to gain insight into
conformational dynamics in proteins, using microcrystalline ubiquitin (8 kDa) as an
example. Figure 6 shows experimental data from different approaches that provide
evidence for conformational exchange; panels (a) and (b) show R, relaxation dispersion,
and panel (c) shows CPMG relaxation-dispersion data. As a first important finding, the
majority of residues, here exemplified in the uppermost panels, show flat dispersion
profiles. This is expected for residues that do not exhibit conformational exchange, and is a
good indication that artefactual factors, such as the dipolar dephasing discussed above, do
not lead to erroneous dispersion profiles under the chosen conditions (highly deuterated
samples, fast MAS). A subset of residues, clustering in a well-defined part of the protein

including the N-terminal part of the a-helix and the adjacent loop, show non-flat relaxation
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dispersion profiles. Panels (a) and (c) focus on the part of the relaxation dispersion profiles
that are sensitive to isotropic chemical-shift fluctuations, i.e. rather low spin-lock RF fields
at fast MAS (cf the box highlighted in Figure 3). The residues that show exchange in this
regime also display a strong R, relaxation dispersion under conditions where the RF field
strength comes close to the MAS frequency (cf. Figure 3). This latter observation is
indicative of a fluctuation of the orientations of the involved bond (and "N CSA tensors).
Lines in panels (a)-(c) indicate numerical fits of the cluster of exchanging residues to a
global two-site exchange model.***® Such fits reveal that this part of the protein exchanges
with a minor conformer, populated to about 10%, at a rate of about 3000 s, and also
provides site-specific chemical-shift changes between the major and minor conformers
(plotted onto the structure in panel e). Panel (b) shows that it is possible to estimate the
angle by which the NH bonds fluctuate through the exchange process (plotted onto the
structure in panel f). Finally, Figure 6d shows differential ZQ/DQ decay data, obtained on
the same crystals.*® This experiment shows large differential decay for residues located in
the same part of the protein, and the three residues that have increased differential ZQ/DQ
decay data set also reveal relaxation dispersion (in both CPMG and R, experiments).

Taken together, three different methods all point to an exchange process in a well-defined
part of ubiquitin’s structure (Figure 6 e,f). What is this exchange process mechanistically,
i.e. what does the minor conformational state look like? Answers come from both
comparison of different ubiquitin structures and from the structure-related parameters
obtained from the above experiments, as well as from solution-state NMR experiments
detecting exchange dynamics. The available structure of ubiquitin, determined by NMR in
solution or X-ray crystallography, fall in two classes, which differ in the conformation of
the peptide plane D52/G53 (Figure 7). In the microcrystals used in the presented solid-state

NMR experiments, the carbonyl of D52 points outward, while the NH of G53 points
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towards the helix and forms a hydrogen bond with the side chain of E24, i.e. the loop
forms a so-called type-II B-turn (Figure 7a). In solution, by contrast, as well as in many
other crystal structures, the D52/G53 peptide plane is rotated by roughly half a turn,
forming a type-I B-turn with a different hydrogen-bonding arrangement (Figure 7b). There
is evidence from mutation studies,”® and solution-state relaxation-dispersion

9°7 that the exchange observed corresponds to the transition between these

experiments
two structures, i.e. between type-I and type-II B-turn conformations. This is also our
interpretation of the ssNMR dynamics data. If the flip of D52/G53 is occurring along the
exchange, then the bond orientations of this region should change most when the
molecules undergoes its exchange process. Figure 6f shows that this is indeed the case, i.e.
the largest angle changes occur for the peptide planes neighboring D52/G53.

The exchange process in solution therefore seems to be present also in microcrystals.
Interestingly, however, the exchange process in solution-state occurs more than one order
of magnitude faster than in microcrystals. This can be understood by contacts with
neighboring molecules in the crystal lattice (Figure 7a), which constitute additional free-
energy barriers to be overcome in the exchange process. It is also interesting to note that
the minor state in solution is the major conformer in microcrystals and vice versa, as seen
by inspection of the respective structures determined on microcrystals by X-ray diffraction
and solution-state NMR, respectively. Thus, the relative order of the states is inverted in

microcrystals as compared to solution, and the energy barriers are altered by the crystal

contacts (Figure 7c).

4. CONCLUSIONS
We have briefly shown in this review some of the approaches developed recently to study

us-ms exchange processes using MAS ssNMR. Using experimental data on ubiquitin and
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numerical simulations of an exchanging spin system under MAS, we have highlighted the
particularities of MAS NMR approaches. The primary challenge resides in the difficulty of
accessing “clean” transverse relaxation parameters that solely reflect dynamics.
Deuteration, fast MAS and the use of appropriate observables (R;, or differences of
coherence decay parameters rather than these parameters themselves) are the key to
determining motion. Besides these challenges, the possibility to create interferences
between the rates of MAS, RF fields and the dynamic process hold promise for obtaining a
wealth of data of exchanging systems, including structural insights into the short-lived
transient conformations that may be important for function. Solid-state NMR’s potential to
provide structural information about such short-lived states even in very large or insoluble
proteins will be very valuable for understanding the function of membrane proteins or
large functional assemblies. The available studies have so far focused on amide "N sites,
but it can be foreseen that very similar approaches will become available for other sites,
such as additional probes along the backbone (C%, carbonyl), or side chains (e.g. methyl
groups). Advances in isotope labeling approaches will facilitate such developments. We
believe that methods such as those reviewed herein will help shed light on short-lived

states of protein which are currently out of reach for atomic-resolution studies of dynamics.
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FIGURE CAPTIONS

Figure 1.

Schematic representation of a protein undergoing exchange between two conformations.
The exchange process alters in general the isotropic chemical shifts of the involved nuclei
(shown here for H and N nuclei by different colors), the magnitudes and orientations of the
CSA tensors, as well as bond orientations and thus orientations of the associated dipolar-

coupling tensors.

Figure 2.

N transverse relaxation parameters obtained in microcrystalline ubiquitin. Red: Back-
calculated N R, rate constants, based on a detailed analysis of backbone dynamics using
HN dipolar order parameters, '’N R, rates at multiple fields and 'H-""N dipolar/">°N CSA
cross-correlated relaxation rates.?”?® Black: measured "N R,’ rate constants with a
perdeuterated sample back-protonated at amide sites to 20%, at a MAS frequency of 57
kHz.*’ Blue: °N R, relaxation rates obtained with a perdeuterated, 50% amide-protonated
sample at 39.5 kHz MAS.” Note the strongly increase Ry’ rates of residues 23 and 55,

which in part point to exchange dynamics (see main text).

Figure 3.

Numerical simulations of the '’N decay under a continuous-wave spin-lock of variable
amplitude, in a spin system undergoing conformational exchange. The "N isotropic
chemical-shift difference was assumed to be Avag=300 Hz (solid lines) or Avag=0 (dashed
lines). The MAS frequency was set to 40 kHz, and the population of the minor state and

exchange rate ke =kap+kga are indicated in the figure. The "N CSA was assumed axially
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symmetric with Ac=-170 ppm. Different colors correspond different angles by which the
HN bond and ’N CSA are rotated upon the exchange. In all simulations shown in this

article, the HN bond length is set to 1.02 A.

Figure 4.

Simulated differential decay of 'H-"’N ZQ and DQ coherences in a system undergoing
exchange (relative populations of 90%/10%, respectively), as a function of the exchange
rate kex=kaptkpa. Upon exchange, both the 'H and "N nuclei undergo simultaneous
change of their chemical shifts; if only one nucleus undergoes a change, no differential
decay arises. The isotropic chemical-shift difference of PN ('H) was set to 160 Hz (800
Hz); details of the CSA tensors are reported elsewhere.*® Figure reproduced from reference

46.

Figure 5.

Simulated CPMG relaxation-dispersion profiles for an exchanging system between two
states differing in their °N isotropic chemical shift by 300 Hz. In (a) only the isotropic
chemical shift fluctuates, and the behavior can be exactly described by the Bloch-
McConnell formalism.*® In (b) the HN bond (and associated ’N CSA orientation) is also
modulated. This leads to an additional contribution to the R, decay rate, which is slightly

different for different CPMG frequencies (visible in particular in the lower right panel).

Figure 6.
Experimental evidence for ps dynamics in microcrystalline ubiquitin. Shown are Ry,
relaxation-dispersion profiles (a,b), CPMG relaxation-dispersion (c), and differential

ZQ/DQ decay rates (d). Panel (e) shows the extracted chemical-shift differences obtained
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on a per-residue basis in a global two-state exchange model.®* The top panels in a-c show
residues without conformational exchange, K33 and S65, which have flat dispersion curves
in both CPMG and R;, experiments. Panel (f) plots the angle by which the HN bond
fluctuates, as obtained from R;, data close to the rotary-resonance condition (see panel
(1).%° In panel (b), dashed lines show the R, rate constant obtained at 39.5 kHz MAS and
15 kHz RF field strength; the similarity of this rate at fast MAS with the rates at 20 kHz
MAS suggests that 20 kHz MAS and high deuteration levels suffice to suppress dipolar
dephasing. All samples were uniformly deuterated and 15N labeled, and reprotonated at
exchangeable sites to 20% (CPMG and differential MQ decay experiments) or to 50% (R,

experiments).

Figure 7.

Structural differences between ubiquitin in microcrystal used in these ssNMR studies (a),
and in solution (b). In (a), neighboring molecules in the crystal lattice are shown in blue,
and a water molecule mediating a contact to K63 of the neighbor is shown as a red sphere.
Panel (c) depicts the differences in the relative stabilities of the two states, their

populations and exchange kinetics.
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