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Abstract

NMR spectroscopy is particularly adept at site-specifically monitoring dynamic processes in
proteins, such as protein folding, domain movements, ligand binding, and side-chain rotations. By
coupling the favorable spectroscopic properties of highly dynamic side-chain methyl groups with
transverse-relaxation-optimized spectroscopy (TROSY), it is now possible to routinely study such
dynamic processes in high-molecular-weight proteins and complexes approaching 1 MDa. In this
Perspective, we describe many elegant methyl-based NMR experiments that probe slow (second)
to fast (picosecond) dynamics in large systems. To demonstrate the power of these methods, we
also provide interesting examples of studies that utilized each methyl-based NMR technique to
uncover functionally important dynamics. In many cases, the NMR experiments are paired with
site-directed mutagenesis and/or other biochemical assays to put the dynamics and function into
context. Our vision of the future of structural biology involves pairing methyl-based NMR
spectroscopy with biochemical studies to advance our knowledge of the motions large proteins and
macromolecular complexes use to choreograph complex functions. Such studies will be essential
in elucidating the critical structural dynamics that underlie function and characterizing alterations
in these processes that can lead to human disease.

Graphical Abstract

Domain
L

Molecular motions over a variety of time scales are required for biological macromolecules
to maintain a diverse and efficient response to stimuli.1~4 Processes such as ligand
recognition and binding, domain movements and folding, allosteric regulation, and catalysis
are all intimately linked to structural dynamics in proteins.1=* Moreover, the molecular
motions of side-chain conformers in biomolecular systems are directly related to the
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conformational entropy of the system, which has also been shown to be important in ligand
binding and allostery.>8 Thus, the molecular motions of proteins over a variety of length and
time scales, as illustrated in Figure 1, are well-established as key components in the overall
behavior of proteins. However, these dynamics are often difficult to characterize in large
proteins and large protein complexes and therefore generally remain uncharacterized.

NMR spectroscopy is among the most widely used techniques for studying dynamics in
biomolecules.2” NMR spectroscopy can site-specifically probe macromolecular motions on
the so-called slow (hour-to-microsecond) to fast (hanosecond-to-picosecond) time scales, as
depicted in Figure 1.27 In the past, solution-state NMR spectroscopic studies were limited
by the size of the molecule because relaxation and the resulting signal broadening become
more efficient with the slower molecular tumbling associated with larger size. In fact,
traditional amide-based (*H-1°N) NMR methods are generally limited to proteins with
masses of ~30 kDa or less. However, advances in transverse-relaxation-optimized
spectroscopy (TROSY),89 labeling techniques including deuteration and side-chain methyl
group isotopic labeling,10:11 and ultra-high field magnets equipped with cryogenically
cooled probes have pushed that size limit closer to 1 MDa.®12-14 The focus of this
Perspective is to provide an overview of several NMR techniques that can be used to probe
the dynamics of side-chain methyl groups on the second-to-picosecond time scale. It should
be noted that many of these experiments were originally developed for the protein backbone
amide spin system but were then modified to take advantage of the properties of the methyl
group described below. We will also discuss the application of each method in elucidating
critical dynamic processes in large proteins, where traditional amide-detected NMR
experiments are not suitable. When paired with biochemical studies, these techniques
provide a powerful framework for describing the role of structural dynamics in protein
function.

Methyl Groups as Spectroscopic Probes.

The side-chain methyl groups of proteins have many features that are beneficial for NMR
spectroscopy. First, they are located at the ends of their respective amino acids. This allows
the methyl groups to have a local “tumbling” time that is much shorter than that for the
overall macromolecular tumbling of the biomolecule, providing a more resolved signal.
912,15 gecond, methyl groups have three protons from which magnetization can originate,
whereas the backbone amide nitrogen has only one attached proton.12 This property
effectively triples the initial magnetization, leading to greater signal. Third, methyl groups
are located throughout the tertiary structure of proteins in the hydrophobic core, catalytic
active sites, protein—protein interfaces, and even flexible loops.16 From this nearly uniform
distribution of methyl-containing amino acids and the fact that methyl groups are highly
sensitive to their chemical environment, detection of very subtle changes in protein structure
(e.g., domain movements, side-chain rotations, orientation and distance relative to an
aromatic group, etc.) is feasible. When these features are paired with the spectroscopic
advantages of the methyl-TROSY technique,®1® a scheme that causes destructive
interference between the intramethyl proton dipolar relaxation to provide greater sensitivity
and resolution, our ability to study large protein systems is even further enhanced.
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Labeling schemes and the conditions for cell growth and heterologous expression for the
production of highly deuterated, methyl-labeled protein samples to be used in the NMR
experiments described below have been previously reviewed.1”-19 While not all of the
methods depicted below require highly deuterated, site-specifically 13CHs-labeled protein
samples, such samples are absolutely required for studies on high-molecular-weight proteins
and complexes.12 Thus, we will focus on techniques that utilize these types of labeled
samples, with the exception of 2H relaxation studies. However, it is straightforward to
prepare side-chain methyl group-labeled samples containing the other isotopomers (i.e.,
13CHD, or 13CH,D) through the incorporation of these specific amino acid precursors
during protein expression or through fractional deuteration.1” Isotopomers containing 13C,
1H, and 2H probes have some advantages, such as complete labeling of both methyl groups
and the ability to measure experiments that cover a wide range of dynamics time scales.’
However, there are also drawbacks, such as the absence of a methyl-TROSY effect and one-
third the sensitivity in the case of 13CHD,-labeled methyl groups, which make this probe ill-
suited for large macromolecular systems. Finally, detailed explanations of experimental
theory and design, setup, and data analysis for each method can be found in the referenced
literature. Our goal here is to provide an idea of the power of methyl-based NMR techniques
to probe structural dynamics over a range of biologically relevant time scales.

SECOND-TO-MICROSECOND TIME SCALE DYNAMICS

Chemical exchange is the kinetic process in which a nucleus transitions from one state to
another (e.g., A < B), where each state exists in a different chemical environment and
therefore has a different chemical shift.2921 Motions associated with conformational
changes, protein—ligand binding, local unfolding, and allostery are some examples where
chemical exchange to a functionally relevant “excited” state could be observed via NMR
spectroscopy.’20 Moreover, NMR spectroscopy is uniquely capable of simultaneously
determining the populations of both chemical states (pa and pg, where A and B are the
major and minor states, respectively), the rate of exchange between states (kex = An—>p +
ks—), and the magnitude of chemical shift change between states (Aw = wg — wp).2021
These observables offer critical information on the thermodynamics, kinetics, and structure
of the exchanging system and can be combined with biochemical data to provide a more
comprehensive view of the underlying structure—dynamics— function relationship.

To detect and quantify chemical exchange via NMR spectroscopy, four conditions must be
satisfied: (1) the rate of exchange between the chemical states must be much higher than the
rate of relaxation while chemical exchange is developing (ke >> R or R,);22 (2) the
population of the minor state(s) must be significant enough to be monitored by the
experiment that is being employed; (3) the chemical shift of the minor state(s) must be
different than that of the major state; and (4) the chemical exchange must occur on the time
scale of the method used to manipulate its effect in the NMR experiment.20-21 If one or more
of these requirements are not met, the resulting data will appear as if no chemical exchange
is occurring in the molecule.
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ZZ-Exchange Spectroscopy Probes Molecular Motions on the Second-to-Millisecond Time

Scale.

When chemical exchange is slow on the NMR chemical shift time scale (i.e., Aoy < dw) and
P is significant enough to detect, ZZ-exchange spectroscopy is the appropriate technique
for quantifying chemical exchange.?1:23 2D ZZ-exchange spectra display off-diagonal
exchange peaks correlating the on-diagonal signals of the observable ground and “excited”
states. Varying the time that mixing between the two states via chemical exchange occurs
influences the intensity of the cross-peaks; thus, the exchange cross-peaks experience an
initial buildup over time before losing intensity as a result of relaxation. From this time
dependence, pg and Ay can be calculated.?1:23-25 Figure 2A shows a representation of ZZ-
exchange spectra at several different time points highlighting the buildup of the exchange
cross-peaks over time.

In a ZZ-exchange experiment, the effect of chemical exchange is allowed to manifest itself
while magnetization is stored along the zaxis, where relaxation occurs at the spin— lattice or
longitudinal relaxation rate (R;).2123 For methyl groups in large, highly deuterated
biomolecules, longitudinal relaxation can take many seconds to cause complete loss of
signal. As stated above, the exchange rate between states must therefore be much higher
than Ry, which means that ZZ-exchange is able to probe chemical exchange on the second-
to-hundreds of milliseconds time scale. Additionally, the mixing of the ground and “excited”
states is most often performed while magnetization is associated with a heteronucleus (in
this case, the methyl carbon). This is done to minimize complications in the spectra, which
will occur because of efficient 1H-1H dipolar interactions (i.e., the nuclear Overhauser effect
(NOE)).24:26 Finally, because signals arising from pg are observed in the same correlation
spectra as signals from pa, spectral crowding leads to extensive overlap between states. This
makes the crowded isoleucine, leucine, and valine regions complicated to analyze unless the
signals from pp and pg are well-resolved in the spectra. However, methionine residues
typically have superior resolution and are therefore most often used in ZZ-exchange
experiments on larger proteins.

Methyl-based ZZ-exchange experiments have been used on several large macromolecular
systems to characterize “excited” states.1427.28 For example, Sprangers and Kay utilized this
technique in their study of CIpP, an ~300 kDa tetradecameric protease responsible for
protein degradation in bacteria.2” The protease active sites are located in an enclosed
chamber into which chaperones translocate unfolded substrates for degradation. They found
that the interface between heptameric rings, a region hypothesized to be critical for releasing
hydrolyzed amino acids, exchanges between two chemically distinct states. The chemical
exchange was eliminated by introducing a disulfide bond at the interface via site-directed
mutagenesis, which also decreased product release as measured by a separate biochemical
assay. Moreover, a temperature series (0.5-40 °C) revealed an increase in Ay, While og
remained relatively unchanged. From these experiments, the entropy and enthalpy for the
opening of the pore responsible for product release were calculated.2” Notably, the NMR
spectra remained high-quality even at 0.5 °C despite the slow global tumbling time of ~400
ns, highlighting the strength of methyl-based NMR techniques in studying large
macromolecular complexes.?’
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Kay and co-workers have also extensively utilized ZZ-exchange spectroscopy on the N-
terminal methionine residues of the gating region of the archaeal 20S proteasome to
characterize dynamics on the second time scale.14 By comparing the proteolysis rate in the
wild-type 20S proteasome with those in a series of mutants with single amino acid
substitutions and deletion mutations, they showed that the dynamics associated with the gate
regulates the uptake of unfolded polypeptides into the proteolytic active site. These
mutations, which eliminated the structural dynamics (i.e., locked the gate in the open state)
or removed a portion of the gate, resulted in enhanced protease activity, with the mutants
being up to ~500-fold more active than the wild-type protein. Importantly, the activity of the
largest deletion mutant (43-11) was comparable to that of a point mutation that locked the
gate in the open state, illustrating how the second time scale dynamics is absolutely required
for protease function.14

As a final example, Sprangers and co-workers utilized ZZ-exchange spectroscopy to study
domain motions in the dimeric yeast DcpS enzyme, which is responsible for removing the 7-
methylguanosine monophosphate cap from the 5”-end of MRNA.32 These motions are
induced upon asymmetric binding of the substrate to the enzyme and are used by the enzyme
to sequester the substrate in the active site for catalysis. By comparing the exchange rates for
domain movement from the closed to the open state and vice versa to the rate of product
formation, they were able to suggest that domain motions are important for substrate binding
and product release. Interestingly, they were also able to show that these motions actually
impaired catalytic efficiency (i.e., the motions slow the formation of product). This
restriction could be alleviated through a mutation that uncoupled the motions from substrate
binding to the second site and decreased the rate for the domain motions, leading to
hyperactivity of the decapping enzyme.32

Chemical Exchange Saturation Transfer Spectroscopy (CEST) Can Detect Sparsely
Populated States Possessing Slow-Time-Scale Dynamics.

Like ZZ-exchange, CEST is also sensitive to slow (second-to-hundreds of milliseconds) time
scale chemical exchange while the magnetization is along the zaxis.22 Whereas ZZ-
exchange is dependent on an observable population of pgg in the correlation spectra, CEST
can report on sparsely populated, invisible “excited” states (pg 2 0.5%). To achieve this, a
weak radiofrequency field (B;; 5-50 Hz) is swept through the frequency range of the
resonances of interest. When B; is on-resonance for pa (wpa), the incoherence leads to a
dramatic loss in signal, as illustrated in Figure 2B (point 5). If a nucleus is experiencing
chemical exchange, then when B; is on-resonance with the chemical shift of the “excited”
state (wg), a loss in the intensity is also observed for the major state because the saturation
has been transferred via chemical exchange (point 8 in Figure 2B). The CEST profile is then
a plot of the intensity of the major state versus the frequency of B;. Subsequently, the CEST
data can be fit to the Bloch-McConnell equations,32 which describe the evolution of the
magnetization in the presence of chemical exchange, to calculate pg, Aey, and Aw.22

Similar to ZZ-exchange experiments, CEST experiments were initially designed to use
chemical-exchange-mediated transfer of saturation for a heteronucleus.?2:34 Again, since
exchange is monitored while the signal is stored along the zaxis, complications can arise
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because of TH-1H NOEs. However, a number of new experiments to circumvent this
problem have recently been described.35-37 An excellent example of the application of
methyl-1H CEST comes from Kay and co-workers, who used the technique to observe the
effect of Hsp70 on the invisible “excited” states of side-chain methyl groups in 13CHs-
labeled drkN SH3 domain, which slowly interconverts between observable folded and
unfolded states (i.e., peaks from both states are observed in 2D correlation spectra).3® Before
this study, the model for binding of the Hsp70 chaperone protein to native and/or unfolded
proteins was not well understood. Methyl-1H CEST on the SH3 domain in the absence of
Hsp70 showed the expected interconversion of the folded state with the unfolded state when
CEST was observed on the folded state (and of the unfolded state with the folded state when
CEST was observed on the unfolded state). However, an additional “excited” state at a
unique chemical shift was also observed to be interconverting with the unfolded state but not
with the native state. The addition of Hsp70 generated a large flux to this alternate minor
conformer of the unfolded state, which provided evidence that Hsp70 preferred to bind the
unfolded protein over the native state. Moreover, calculation of the rates of exchange for
each state offered a clear kinetic description of the possible binding events.3° This elegant
study established a conformational selection mechanism for binding of Hsp70 to a client
protein and emphasized the importance of slow-time-scale structural dynamics in Hsp70
substrate detection.

Dark-state exchange saturation transfer spectroscopy (DEST) is another method to study
slowly exchanging systems while magnetization is stored along the zaxis.38:3% As in CEST,
a saturating radiofrequency field (By; 100-250 Hz) is applied at various offsets, which
causes a loss of signal when B; is on-resonance with the chemical shift of the ground state.
However, unlike CEST, DEST, which employs stronger B; fields, does not require a
significantly different chemical shift for the “excited” (i.e., dark) state. Instead, a substantial
difference in the transverse relaxation rates of the ground (/> a) and “excited” (/< g) states
is necessary.3840 As an excellent example of the technique, Clore and co-workers used side-
chain methyl group 13C-DEST to study the initial steps of fibril formation for the peptide
amyloid g (Ap), which is the fibril plaque buildup in Alzheimer’s disease. AB exchanges
between a monomeric peptide (<5 kDa) and a protofibrillar aggregate (2-80 MDa), leading
to a situation where 7, o K R g because of the immense reduction of global tumbling of
Apin the “excited” protofibrillar state. By employing 50 and 240 /M samples of side-chain
methyl group 13C-labeled A, where the monomeric species is ~95% and ~40%,
respectively, they were able to identify the key methyl-bearing amino acids participating in
protofibril formation. Significantly, the DEST data were then used to calculate the exchange
rates for the monomer to the “tethered” (i.e., partially bound) and “contact” (i.e., fully
bound) states of Ag protofibrils. This work offers critical structural and kinetic insight into
the mechanism of Ag protofibril formation, which leads to the protein aggregates diagnostic
of Alzheimer’s disease.

Carr—Purcell-Meiboom-Gill (CPMG) Relaxation Is Sensitive to the Millisecond Time Scale.

The CPMG experiment is another exquisite example of an NMR experiment that can detect
invisible “excited” states.2141-43 Unlike ZZ-exchange and CEST experiments, the CPMG
method is limited by the spin—spin or transverse relaxation rate (/»), since chemical
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exchange influences the signal while it is in the xy plane: slow chemical exchange on the
hundreds of milliseconds-to-millisecond time scale causes an additional loss of signal as
Ryeff = Ro + Rex.214% In a CPMG experiment, a series of spin-echo sequences are applied,
and the rate of pulsing (vcpmc) is arrayed such that the time between pulses decreases.?9 As
vepm increases, the loss of signal from chemical exchange decreases, as demonstrated in
Figure 2C, and R2,eff approaches /> as vcpmg approaches infinity.21 The CPMG profile
can then be fit to the Bloch—McConnell equations, allowing g, Aex, and Aw to be extracted.
33.44.45 Figure 2C illustrates the CPMG profile of a methyl group experiencing chemical
exchange.

Notably, the relevant time scales that can be probed by CPMG experiments are limited by a
few factors. If the exchange is t0o slow (kex < ms™1), there is simply not enough
interconversion between states to cause a significant change in signal.22 Increasing the total
time that the CPMG spin echoes are applied to allow slower-exchange regimes to process
would lead to complete relaxation since transverse relaxation is a much more efficient
process than longitudinal relaxation.*® The upper limit (ke > £571) is related to how much
power the hardware can handle from increasing the pulsing frequency.*’ Furthermore,
accurate determination of the exchange parameters (i.e., pg, kex, and Aw) requires collecting
CPMG data at a minimum of two static magnetic field strengths, as Aw varies with the field.
2141 Finally, it is also important to note that CPMG studies must be carried out on isolated
spin systems—that is, 13CH3 CPMG experiments cannot be acquired on a uniformly 13C-
labeled sample, for example—since the scalar couplings evolve during the spin-echo period.
For the applications described herein, this is not an issue because isolated 13CHs-labeled
methyl groups are readily obtained using the methods referenced above.

The CPMG method is the most routinely applied methyl-based NMR method for studying
slow dynamics in proteins.#8-51 In one example of the methyl-based CPMG method, Ahn,
Pardi, and co-workers described the dependence of the structural dynamics in ERK2, a
kinase responsible for cell growth and differentiation, on post-translational modification.>°
An increase in millisecond time scale dynamics upon phosphorylation of ERK2 was
previously described by 1H/2H exchange mass spectrometry, but a description of the
thermodynamics, kinetics, and structure of the exchanging state was missing.>2 MethyI-
based CPMG studies confirmed the appearance of millisecond-to-microsecond time scale
dynamics upon dual phosphorylation of ERK2. Importantly, the CPMG data revealed that
phosphorylation shifted 80% of the population to a state that is critical for activity.
Moreover, a hinge mutant caused similar chemical exchange in the unphosphorylated state,
revealing the importance of this domain for regulating internal motions in wild-type
ERK2.50

Methyl-based CPMG studies on the nucleosome core particle (NCP), recently described by
Kay and co-workers, have uncovered plasticity within the ~210 kDa DNA—protein complex.
51 The NCP sterically hinders enzymes from interacting with bound chromosomal DNA,
thereby regulating critical processes such as replication and transcription. They analyzed
millisecond-to-microsecond time scale dynamics in a series of mutations that have increased
transcription rates in cells.>3 A clear increase in side-chain dynamics was present in the
mutants compared with the wild-type protein. A comparison of the calculated Aw values
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from the CPMG data for each of the mutants showed that the chemical exchange involved

populating the same “excited” state, which appears to be important for transcription /in vivo.
51

CPMG methodologies have been recently described by Kay and co-workers that exploit a
unique 1H triple-quantum (TQ) coherence that can be probed in 13CH3 methyl groups
attached to large macromolecules (described below).>* In these *H TQ coherences, the
chemical shift evolves as the sum of the methyl proton chemical shifts (i.e., 3 times the
normally observed H chemical shift); therefore, Aw is up to 3 times larger than in the
single-quantum (SQ) experiments described above. The greater Aw produces larger
differences in the CPMG dispersion profiles, making subtle changes in £ ¢t more
pronounced. Moreover, this effect extends the range of k. where CPMG is sensitive into a
faster regime (ms™1 < Ay < £571) without needing to increase vcpmg. Despite the
advantages of TQ CPMG, it is mostly limited to low-molecular-weight proteins (<30 kDa)
or highly dynamic spin systems as the transverse relaxation is also more efficient for TQ
coherences. In addition to the enhanced dispersions observed for the folding transitions of
the 8.2 kDa FF domain, a phosphopeptide-binding four-helix bundle from human HYPA/
FBP11 that has been used as a model system for studying protein folding via CPMG
experiments,®>~57 Kay and co-workers were also able to detect relaxation dispersions at
50 °C using the TQ CPMG experiment (where the SQ experiments showed only weak
dispersions) for well-resolved and highly dynamic methionine residues in the flexible N-
terminus of a half 20S proteasome, a 360 kDa protein complex.>*

Zero-Quantum (ZQ) and Double-Quantum (DQ) Relaxation Can Provide Enhanced
Resolution and Probe the Microsecond Time Scale.

The normal route for studying conformational exchange with rates higher than the CPMG
window is through the use of spin-lock-based rotating-frame relaxation (/) measurements.
221 However, these experiments are problematic for 13CHs-labeled methyl groups, as
applying the spin lock can lead to mixing of the slow and fast relaxation components,
resulting in a loss of the methyl-TROSY effect.15:58 Ry , experiments can be applied to
13CHD,-labeled proteins,® but with the associated loss of sensitivity and methyl-TROSY
effect noted earlier for this isotopomer. As an alternative approach, it has been known for
~25 years that the difference in relaxation rates for DQ and ZQ coherences (4Rvq = [Rpg ~
Rzq]/2) and the relaxation rate for multiple-quantum (MQ) coherence (Ruq = [Rpg +
AwHAprApB

k
ex

Rzql/2) are sensitive to chemical exchange (ARMQex o« and

2 2
® (A(oH + AwC )pApB
MQex & k
ex

)80-63 A simplified energy level diagram for a 1H-13C spin

system that highlights these transitions is shown in Figure 3A. Building on work by Kay and
co-workers,%1.64 Gill and Palmer30 described a pair of experiments to measure the DQ and
ZQ relaxation rates in highly deuterated 13CHs-labeled protein systems of any molecular
weight. A schematic representation of 7zq and Rpq data for a methyl group is shown in
Figure 2D.
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Shimada and co-workers have employed these ZQ/DQ relaxation experiments to study the
dynamics in Ga-GDP, a heterotrimeric G-protein involved in eukaryotic cell signaling.3!
Initial characterization of chemical exchange was challenging with CPMG methods because
kex > 108 —=10% s71, which is outside the sensitivity window for that experiment. Therefore,
they extended the ZQ/DQ methods of Gill and Palmer,30 utilizing the static external
magnetic field (Bp) dependence of the Ryq relaxation rates, to probe the faster-time-scale
motions sampled by Ga-GDP. TQ intramethyl H-1H dipolar cross-correlated relaxation
rates (described below) were also measured to extract information on the picosecond-to-
nanosecond time scale and supplement their analysis of chemical exchange.%> From these
data, kex and Aw were calculated for the dynamics of the B;-strand, which is associated with
GDP binding. They extended these studies by applying this technique to an oncogenic
mutant of Ga that displays a lower affinity and higher rate of dissociation for GDP.56
Interestingly, the mutant exhibited a greater By dependence of Ryq for methyl groups in the
Br-strand, indicating an increase in the population of the “excited” state. This impressive
work combined CPMG, Ryq, and cross-correlated relaxation experiments to elucidate
millisecond-to-picosecond dynamics in a Ga-GTPase. Moreover, these results highlight how
changing the dynamics in the B;-strand region of Ga-GDP via mutagenesis can be
associated with a gain-of-function activity linked with various cancer types.3!

Shimada and co-workers also described a novel method to extract conformational exchange
information from AR\ q based on heteronuclear double resonance (HDR) pulses.87 In this
technique, spin-lock pulses are applied simultaneously to the 1H- and 13C-coupled nuclei,
during which time ZQ and DQ relaxation rates are measured. If the spin-lock pulses are
applied faster than the exchange process, then the exchange contribution to Ryq is reduced
(similar to the CPMG experiment described above). Initial simulations suggested that the
methyl-TROSY effect is maintained during the HDR pulses. After validating this method
with experimental data on maltose binding protein (MBP) and the folding intermediate
found in the FF domain, they applied the technique to the prokaryotic inwardly rectifying K*
channel KirBac1.1 in detergent micelles. Interestingly, they found significant ARyq
exchange contributions for lle 1 residues in the trans-membrane helix and cytoplasmic
regions, which are thought to be important in allosteric regulation of K* gating.67

NANO- TO PICOSECOND TIME SCALE DYNAMICS

Nanosecond-to-picosecond motions of a bond vector in relation to the B, field produce
locally fluctuating random magnetic fields.2:68.69 When these local fields are at certain
frequencies, NMR transitions occur, giving rise to relaxation of the NMR signal. For spin-1/,
nuclei (e.g., 1H, 13 C, and 1°N), dipole—dipole interactions and chemical shift anisotropy are
the dominant mechanisms that give rise to the random fields.268:69 For the spin-1 nucleus
2H, the quadrupolar interaction is the dominant relaxation process. The model-free
formalism is the most common framework for describing the motions that underlie the
relaxation process.58:79-72 |n model-free analysis, the dynamics is separated into
contributions from the local fluctuations of the bond vector, which occur on the picosecond
time scale, and global reorientation of the molecule, which occurs on the nanosecond time
scale.”2:73 The local and global motions contribute to the ”; and R, relaxation rates.
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Two parameters that describe the local fast-time-scale molecular motions are generally
obtained from the analysis of side-chain methyl group relaxation rates.” The first and most
widely used is the amplitude of the motion of the methyl group about its threefold symmetry

. . 2\ 74¢2
axis, which is known as the order parameter (S;;)-""S; s

ranges between 0 and 1 for a
completely flexible or rigid methyl group bond vector, respectively.”1.73.74 Studies of methyl

2

“xis O @ wide variety of proteins and their complexes revealed that this order

group §

parameter can be binned into three distributions: J, a, and w. Motions of side-chain methyl

groups within these bins have been ascribed to jumps between rotameric states (J; Sixis ~

2

0.35), large-amplitude motions within rotamer states (a; S, ;

, ~ 0.6), and relatively small

amplitude motions within a rotameric well (w; 52, .~ 0.85).7275 Furthermore, the
determination of side-chain methyl group order parameters is an extremely valuable
measurement used to calculate the conformational entropy of a system.%6:76.77 By
measurement of Sixis under different conditions, for example in the absence/presence of a
ligand or upon mutation, the contribution of conformational entropy in a reaction can be

determined.>6 The second, less used parameter is the picosecond time scale lifetime (z) for
the local reorientation of the side-chain methyl group.68.73.74

“Forbidden” Multiple-Quantum Transitions Can Be Used as a Tool To Study Picosecond-to-
Nanosecond Time Scale Dynamics.

Relaxation-violated coherence transfer takes advantage of a peculiar phenomenon of methyl
groups in macromolecular systems and can be used to study the fast (nanosecond-to-
picosecond) time scale side-chain dynamics.%5:78.79 |n a methyl group attached to a large
molecule and rapidly rotating around its symmetry axis, relaxation-violated methyl proton
DQ and TQ coherences can be prepared because the relaxation of these states is not zero.
The intramethyl 1H-1H dipolar cross-correlated relaxation rate (1) for these “forbidden” 1H
DQ or TQ coherences, illustrated in the simplified methyl 1H energy level diagram shown in
Figure 3B, directly reports on the amplitude of fast-time-scale motions in a methyl group

(52,,) and the global correlation time (z;n oS3, - 7,).557° The TQ experiment is 50%

more sensitive than the DQ method;5° however, the TQ experiment requires slower
macromolecular tumbling (i.e., a larger z;). Varying the time where the “forbidden”

coherence can develop produces a buildup curve, an example of which is shown in Figure
2

4A, that can be used to calculate pand, if z is known, S___. . Interestingly, the “forbidden”

experiment is a rare case in solution-state NMR spectroscopy where a larger biomolecule
actually improves the signal, as increasing the correlation time yields larger 7 values.

Recently, our research group has employed methyl 1H TQ “forbidden” experiments on
Pyrococcus furiosus Rad50NBP, an ~42 kDa ABC ATPase essential for DNA double-strand
break repair, to characterize a dynamic allosteric network within the enzyme.89 We
examined a set of mutations in the hinge region that altered the rigid ground state of
Rad50NBD by interrupting an interaction, the so-called “basic switch” 81 between the N-and
C-terminal lobes. The 2D methyl correlation spectra of wild-type and mutant proteins
showed a linear movement of chemical shifts away from the wild-type positions upon
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mutation, implying an allosteric network within Rad50NBP. By comparing 7 values from
methyl 1H TQ “forbidden” experiments, we found that the mutations altered the fast-time-
scale dynamics landscape of side-chain methyl groups within Rad50NBD such that the
mutated proteins were generally more dynamic than the wild-type protein. We also showed
that this allosteric network was key to regulating Rad50NBP ATP-induced dimerization and
hydrolysis, with ATP hydrolysis catalytic efficiencies increased by up to ~8-fold in the
mutants. We hypothesized that the hinge mutations preemptively perturb the basic switch,
which locks Rad50NBD into a rigid state, and populate a more dynamic state. We further
proposed that this dynamic state of Rad50NBD is on-pathway for ATP-induced dimerization,
a function critical for DNA double-strand break repair.&0

Giedroc and co-workers also employed relaxation-violated spectroscopy to study allostery
within the transcriptional regulator CzrA.82 In a pathogenic organism, such as
Staphylococcus aureus, CzrA binds Zn2* ions and releases promoter DNA, allowing the
transcription of genes to mitigate a potentially toxic concentration of Zn?* ions within the
cell. CzrA displays strong negative cooperativity between binding of Zn2* ions and promoter
DNA; however, the mechanism of the negative cooperativity was not understood because the

2+ . . 2 .
structures of apo and Zn“*-bound CzrA are nearly superimposable. By calculating s; .. via

methyl H DQ “forbidden”experiments for the apo, Zn2*-bound, and DNA-bound states,
they described a decrease in side-chain flexibility upon Zn2* binding—that is, the DNA-
bound state was the more flexible conformer. On the basis of this inverse relationship, they
proposed that the Zn2*-bound state is not able to sample the flexible conformers necessary
for gene regulation. To test this model, the fast-time-scale dynamics of a series of L/V-to-A
mutations, for many of which Zn2* binding does not hinder DNA binding, were measured.
While the slow-time-scale dynamics, monitored by CPMG, was quenched in both the wild-
type and mutant CzrA upon Zn2* binding, the fast-time-scale dynamics of the mutants did
not change, and the protein stayed in the more dynamic state. Impressively, the degree of
allosteric regulation from the Zn2*-bound state could be accurately estimated solely from the

Sixis values. This study provides further evidence of the relationship between side-chain

dynamics and allostery, which is emerging as a prevalent trend in biochemistry.

A recent study by Gardner, Rosenbaum, and co-workers employed TQ “forbidden”
experiments to probe fast-time-scale dynamics of isoleucine side chains in AoaR, a G-
protein-coupled receptor (GPCR) that is involved in extracellular signal transduction
pathways.83 Because GPCRSs react to various ligands differently, the cellular response can be
extremely diverse. To describe the effect of an agonist versus an inverse agonist on the
dynamics of AyaR, they recorded methyl 1H TQ “forbidden” data in the presence of
different ligands. By comparing the 7 values for each methyl group against those for the apo
conformation, there was a clear increase in rigidity in the presence of an inverse agonist.
Conversely, the side-chain dynamics increased in the agonist-bound state, as revealed by the
lower 7 values. GPCRs are challenging systems, as they are exceedingly hard to express and
purify in the high yields that NMR studies require.8* However, this impressive example
illustrates a significant step toward understanding the dynamic landscape of GPCRs. Future
methyl-based NMR studies could further characterize the differences in side-chain methyl
group dynamics in disease mutation, ligand binding, and pharmaceutical studies.83
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Deuterium Quadrupolar Relaxation in 13CH,D and 13CHD, Methyl Groups Probes Fast

Dynamics.

Methods that measure deuterium relaxation were among the first experiments to probe
nanosecond-to-picosecond dynamics in methyl groups.’4 The quadrupolar interaction, which
is much more efficient than the dipolar and chemical shift anisotropy mechanisms that lead
to 1H and 13C relaxation and does not suffer from exchange contributions, dominates in
deuterium relaxation.”® Thus, quantification of fast-time-scale dynamics via 2H relaxation
studies is more straightforward and robust than 1H- and 13C-based measurements. Moreover,
five different deuterium relaxation rates can be measured for a 13CH,D-labeled methyl
group, allowing for a more thorough analysis of the data: each of these relaxation rates
reports on the fast-time-scale dynamics via its relationships to the amplitude of motion of

the methyl group (S2 . ) and the correlation time, providing a more thorough determination

axis

of the side-chain dynamics in complex systems.8° It should be noted that to determine side-

ﬁxi values from 2H relaxation studies, an estimate of z, usually

chain methyl group S
obtained from backbone amide 1°N relaxation studies, is necessary. Figure 4B illustrates the
single-exponential behavior indicative of any deuterium relaxation NMR data for a

fractionally deuterated methyl group.

Many studies have employed deuterium relaxation to measure fast dynamics in proteins.
Pioneering work by the groups of Wand®7> and Kay’®:86 have demonstrated the power of
these methods to quantify the energetics of various protein systems. Recently, Akke and co-
workers employed side-chain methyl group deuterium relaxation experiments in FKBP12, a
12 kDa isomerase that is the target of many immunosuppressive drugs.8’” FKBP12 forms a
complex with FK506 to inhibit calcineurin, causing a loss of T-lymphocyte signal
transduction and interleukin-2 transcription. This study validated previously reported
backbone amide order parameters and extended the dynamic view further by determining

methyl Sﬁxis values for both the apo FKBP12 and FK506-bound conformations.

Subsequently, molecular dynamics simulations were performed for each state to supplement
the NMR data and estimate the total conformational entropy of ligand binding. These studies
revealed a shift in the distribution of accessible conformers upon ligand binding, leading to a
significant decrease in the total entropy upon ligand binding. Interestingly, a significant
portion of this change in total entropy comes from the difference between the
conformational entropies of the apo and ligand-bound states.8”

USING METHYL GROUPS TO PROBE OTHER MOTIONS OF PROTEINS

Real-Time NMR Spectroscopy Can Monitor Non-equilibrium Processes.

Since the height of the NMR signal is related to the concentration of the species in solution
giving rise to that signal, NMR data can be used to determine the relative concentrations of
different species in solution. Real-time NMR experiments leverage this fact by collecting
many spectra to quantify the change in species over time (i.e., unfolded — folded, apo —
ligand-bound, or substrate — product).88:89 The reaction can be initiated by pressure, pH, or
temperature jump or through rapid mixing with the substrate.9%-93 Since the time resolution
is limited by the length of the NMR experiment, methods have been developed that allow 2D
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and 3D NMR data to be collected in a fraction of the time of more conventional
multidimensional spectra (~5 s vs ~5 min for 2D data sets).%495 The time dependence of the
disappearance of peaks from the reactant and the appearance of new peaks from the product
can then be fitted to extract the rate constant for the reaction.

Boisbouvier and co-workers have recently used real-time NMR spectroscopy on 13CHjs-
labeled alanine samples of TET2, a 500 kDa homododecameric complex that hydrolyzes
small peptides into amino acids.?6 Under acidic conditions (pH ~4), the quaternary structure
of the complex disassembles. After a jump to pH ~8, which promotes self-assembly, 2D
correlation spectra were recorded with a time resolution of 15 s. As expected, destabilized
monomeric TET2 peaks disappeared over time as peaks arising from the complex appeared.
However, an intermediate set of peaks appeared then disappeared prior to full complex
assembly. They confirmed that these intermediate peaks were indicative of an ensemble of
oligomeric intermediates through negative-stain electron microscopy (EM) and native mass
spectrometry. Finally, analysis of the calculated rate constants allowed them to determine
that the initial transition from the monomer to the oligomeric intermediate is faster than the
transition from the intermediate to the full dodecamer. Thus, their data are highly suggestive
of many parallel paths toward full self-assembly.

Protein Diffusion Can Be Measured with Pulsed Field Gradient (PFG) Experiments.

PFG diffusion methods can be useful for characterizing protein—protein interactions, large
conformational changes, or binding to a large ligand that significantly changes the size of
the complex (e.g., a large DNA strand). In PFG diffusion experiments, a spatially dependent
magnetic field (i.e., the pulsed field gradient) is applied along an axis, usually the zaxis.%7:98
This additional field effectively encodes the positions of the biomolecules on the basis of
their initial positions in the sample (Figure 5A), thereby defining the position of the
macromolecule in solution. During a delay time, in which magnetization is stored along the
zaxis, the molecule diffuses to a different position in the NMR tube. This new position is
subsequently decoded with another gradient pulse. Because the diffusing molecule is in a
different position for each gradient pulse, the effect of the spatially dependent magnetic field
on the magnetization does not cancel out, leading to a loss of signal. Smaller molecules
diffuse farther, resulting in greater signal loss compared with larger molecules. Increasing
the delay time enhances the signal decay due to diffusion because the molecule has had
more time to move. The loss of signal versus delay time can subsequently be fit to calculate
the average diffusion rate of the molecule in solution. Figure 5B illustrates the decay curves
for proteins of different sizes in a PFG diffusion experiment. Recently, a diffusion method
based on TQ coherences (see above) has been developed for improved sensitivity in
exceedingly large, slowly diffusing systems.%°

PFG diffusion experiments are most routinely used on large biomolecular systems to ensure
that the macromolecular complex of interest has actually been formed. A simple example
would be a multi-subunit protein complex. In this case, it is important that the individual
proteins form a stable complex to ensure that all of the downstream studies are valid.
Diffusion rates of individual proteins can be compared with that of the complex, for which a
lower diffusion rate would be expected.
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Another use of PFG diffusion methods is to determine the viscosity of an NMR sample. For
example, Kay and co-workers paired PFG diffusion experiments with ZZ-exchange
spectroscopy (see above) on the single ring of the 20S proteasome.28 Here, the viscosity of
the sample was increased via stepwise additions of glycerol or sucrose, and ZZ-exchange
was measured at each step to determine the rate of chemical exchange as a function of
viscosity. Since an exact measurement of the viscosity at each step was critical in their
calculations, PFG diffusion studies were also employed. The goal of this study was to map
the “roughness” of the energy landscapel® in the dynamic gating process, which allows the
substrate to enter the active site. Monitoring the dynamic process of gate opening and
closing at different viscosities allowed the role of collisions by water molecules and the
length scale of this chemical exchange process to be determined, providing an in-depth
description of the motions involved in proteasome gating.

CONCLUDING REMARKS

In this Perspective, we have highlighted many elegant methyl-based NMR experiments to
probe protein dynamics in large protein systems. Slow-time-scale dynamics studies, which
are examined with ZZ-exchange, CEST, CPMG, and ZQ/DQ experiments, are useful for
observing protein complex binding, folding, ligand binding, and allostery. Fast-time-scale
dynamics studies, which are probed by intramethyl *H relaxation-violated “forbidden”
coherence and deuterium relaxation experiments, can probe allostery, domain movements,
and side-chain rotations. The exciting, functionally relevant examples of studies we have
used to illustrate each method can act as guides for future investigations into the structural
dynamics of large protein complexes.

The advancement of biochemistry will continue to depend on melding structural biology and
biochemical/biophysical functional studies to ascertain a complete understanding of the
structures and dynamics that underlie the activities of macromolecular systems. As the
methods described herein are applied to increasingly more complicated systems, there will
be a need to combine methyl-based NMR spectroscopy with other structural techniques,
such as cryo-EM, small-angle X-ray scattering, and molecular dynamics simulations.
96,101,102 Thys, a vision for the future of biochemical structure/dynamics/function studies is
one of hybrid approaches that make use of complementary techniques to drive our
understanding of macromolecular function and increase our understanding of the precise
mechanisms proteins use to direct a decisive response to stimuli. This will move us ever
closer to understanding the biochemical underpinnings for a variety of human diseases.
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NMR

TROSY
kDa
MDa
PA(B)
Kex
WA(B)

Aw

NOE
CEST
CPMG
TQ

SQ
DQ
ZQ

Bo

axis
Te

Tc

PFG

nuclear magnetic resonance
transverse-relaxation-optimized spectroscopy
kilodalton

megadalton

population of the ground (excited) state
rate of exchange between states

chemical shift of the ground (excited) state
difference in chemical shift between states
spin—lattice or longitudinal relaxation rate
spin—spin or transverse relaxation rate
exchange contribution to /2,
two-dimensional

nuclear Overhauser effect

chemical exchange saturation transfer
Carr—Purcell-Meiboom-Gill

triple quantum

single quantum

double quantum

zero quantum

static magnetic field

order parameter

picosecond time scale local correlation time

nanosecond time scale global correlation time

intramethyl proton- proton dipolar cross-correlated relaxation rate

pulsed field gradient
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Figure 1.
Timeline for dynamic processes in proteins, ranging from the hour to the femtosecond time

scale.! Visuals of biologically relevant macromolecular motions are shown above (protein
folding, side-chain rotations, vibrations) and below (protein translocation, complex and
ligand binding, and domain movements) the time scale bar.
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Figure 2.

Schematic representations of NMR experiments used to probe slow (second-to-
microsecond) time scale chemical exchange dynamics in side-chain methyl groups. For each
experiment, a range of applicable molecular weights and time scales are also provided. (A)
Example of ZZ-exchange spectra?1:23 for a methyl group with two states having populations
pa and pg. Diagonal peaks arise from magnetization of each state, whereas the cross-peaks
are due to magnetization that exchanged from pa to pg or vice versa during the indicated
delay. Second-to-millisecond exchange can be observed as the buildup of exchange cross-
peaks at different delay times. (B) Schematic of the ground-state peak intensities at different
B, positions for a chemical exchange saturation transfer (CEST) experiment (left).22 Spectra
1-10 provide the B;-offset-dependent intensities of the CEST profile for the fitted curves
(right). The B; field is on-resonance with the ground and “excited” states in spectra 5 and 8,
respectively. CEST profiles at 30 and 15 Hz (dark and light blue, respectively) illustrate the
improved resolution from a weaker B;. (C) Representative ground-state peak intensities
from a Carr—Purcell-Meiboom-Gill (CPMG) experiment (left)21:29 are shown for a side-
chain methyl group experiencing millisecond-to-microsecond time scale dynamics at five
different refocusing pulse frequencies (vcpmg). The effective relaxation rate (/5 eff) is
shown as a function of vcpmg (right). The relaxation dispersion can be fit to obtain the
exchange parameters. (D) Representative example of zero-quantum (ZQ) and double-
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quantum (DQ) relaxation30:3! for a side-chain methyl group. The decreasing peak intensities
at different delay times (left) result in the relaxation decay curves (right). ZQ and DQ
relaxation curves are represented as dark- and light-orange lines, respectively.
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Figure 3.
Simplified energy level diagrams for intramethyl 1H-13C and 1H transitions within a side-

chain methyl group. In each, a and g represent the low- and high-energy states being
manipulated in NMR experiments. (A) Four energy levels are shown for the simplified 1H-
13C spin system. The single-quantum (SQ), double-quantum (DQ), and zero-quantum (ZQ)
transitions are indicated. The ZQ/DQ relaxation experiments shown in Figure 2D monitor
the relaxation of the ZQ and DQ coherences depicted here. (B) Four energetic states are
shown for intramethy! proton transitions,®® where the SQ, DQ, and triple-quantum (TQ)
transitions are indicated. SQ transitions between adjacent energy levels (gray arrows) are
allowed. The 1H DQ (solid lines) and TQ (dashed line) coherences are traditionally
“forbidden” but can be accessed in side-chain methyl groups in macromolecular systems
since their relaxation is nonzero.
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Figure 4.

Schematic representations of NMR experiments used to probe fast (nanosecond-to-
picosecond) time scale dynamics in side-chain methyl groups. The ranges of protein
molecular weights and time scales where each experiment is sensitive are shown at the
bottom of each panel. (A) Schematic of the relaxation-violated methyl 1H “forbidden”
experiment.55.79 The raw peak intensities for the “forbidden” (DQ or TQ) coherences
(%orbig) and the allowed (SQ) coherences (/y1ow) are shown at five different delay times
(left). The ratio of “forbidden” and allowed coherences (4orbig/ anow) Produces a buildup
curve (right), which can be fit to obtain methyl group order parameters reporting on the
amplitude of fast-time-scale dynamics. (B) Representative example of deuterium relaxation
for a partially deuterated side-chain methyl group (i.e., 13CHD, or 13CH,D).”4 The
decreasing peak intensities at different delay times (left) produce a decay curve (right),
which reports on fast-time-scale dynamics.
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Figure 5.
Schematic representation of a pulsed field gradient diffusion experiment.%’ (A) Cartoon

depicting a 13CHs-labeled protein in an NMR tube at four different delay times. The position
of the protein is encoded and then decoded by pulsed field gradients, whose effect on the
sample is dependent on the position of the protein in the tube. The orange and gray triangles
represent the applied gradient field, which adds to or subtracts from the main static magnetic
field. (B) Representative methyl group 1D peak intensities are shown at six different
gradient strengths (left). The natural logarithm of the relative peak intensity vs the square of
the gradient strength is then plotted (right). Dark-, medium-, and light-purple curves
illustrate the expected diffusion curves for proteins with molecular masses of 250, 100, and
15 kDa, respectively. Methyl-based diffusion experiments are sensitive to diffusion rates of
1075-1079 cm? s~ and can be employed for nearly any protein size (bottom).
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