1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

"% NIH Public Access
éf}}‘ Author Manuscript

2 Hepst

NATTG,

O

Published in final edited form as:
Anal Chem. 2014 January 7; 86(1): 58-64. doi:10.1021/ac403956k.

Recent Advances in Solid-State Nuclear Magnetic Resonance
Techniques to Quantify Biomolecular Dynamics

Eric D. Watt! and Chad M. Rienstral:2:3
1Department of Chemistry, University of lllinois at Urbana Champaign, 600 South Mathews
Avenue, Urbana, lllinois 61801

2Department of Biochemistry, University of lllinois at Urbana Champaign, 600 South Mathews
Avenue, Urbana, lllinois 61801

3Center for Biophysics and Computational Biology, University of lllinois at Urbana Champaign,
600 South Mathews Avenue, Urbana, lllinois 61801

Keywords

Correlation spectroscopy; Isotopic labeling; Magic-angle spinning; Order parameter; Recoupling;
Relaxation

The emergence of solid-state NMR (SSNMR) techniques over the last decade has greatly
expanded the range of accessible biomolecules amenable to structural study.1-2 These
methods were developed and first applied to a variety of microcrystalline model proteins
including BPTI,3 SH3,45 ubiquitin,6-7 kaliotoxin,8 and GB1.9-11 These studies demonstrated
that individual 13C, 1°N and 1H sites throughout the entire protein could be uniquely
resolved and assigned for purposes of high-resolution structure determination. Whereas
traditional solid-state NMR approaches required site-specific isotopic labeling, the new
developments enable entire proteins to be examined by resolving signals in multiple
dimensions. These capabilities also permit the measurement of dynamic parameters through
correlation spectroscopy, which increases the throughput, sensitivity, reliability and
reproducibility of such measurements.

A major advantage of SSNMR is that a large range of sample conditions and types can be
examined, including many that are not accessible to solution NMR methods, such as
membrane proteins and fibrils in addition to microcrystals. Recent examples include fibrils
of the HET-s prion,12 high molecular weight oligomers of a.B crystallin,13 the tetrameric
assembly of the M2 peptide with bound amantadine drug in physiologically relevant
bilayers,14 the trimeric membrane protein YadA,1® the photoreceptor proteorhodopsin, 6
fibrils of the core domain of transthyretin,1” and beta-amyloid plaques derived from the
brains of Alzheimer's disease patients.18 Such studies have opened up new avenues for
exploration of fundamental biophysics and biochemistry, and yielded insights into clinically
relevant events in membranes and aggregated states not accessible to solution NMR or X-
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ray crystallography. Moreover, SSNMR experiments are applicable over a larger range of
temperatures than can be accessed by solution NMR1 and thereby enable a continuum of
experimental conditions from physiological temperatures to the cryogenic temperatures at
which most crystal structures are solved. Another advantage of NMR methods in general is
that they are non-perturbing and do not require covalent modification of the protein. Thus,
the dynamic information procured from such experiments has the potential to accurately
represent the native protein behavior.

This review focuses on developments over the last five years, regarding methods and
applications of dynamics studies by solid-state NMR over timescales ranging from
nanoseconds to days.

Chemical Exchange in the Slow Limit

Minutes to Days

When rates of reaction are slow in comparison to the time required for NMR data collection,
a series of spectra can be measured and exploit the unique advantages of SSNMR to collect
data on functional enzymes turning over substrate to product within the NMR rotor. One
elegant of example of such an approach is the observation of diacylglycerol kinase activity
in lipid bilayers, in which Ullrich et al.20 obtained time-resolved 3P magic-angle spinning
(MAS) spectra to monitor the rate of phosphorylation of diacylglycerol by ATP. The signals
for reactants and products were observed for a variety of lipids and ATP analogs in 1D 31p
spectra every one to ten minutes, following reactions occurring over several hours to two
days. The results yielded insights into the mechanism of phosphoryl transfer, as well as
cooperativity of subunits, all in the context of true lipid bilayers.20 Similar or longer
timescales can be probed using methodologies for quenching reactions and trapping the
intermediates for long-term data collection. This is a particularly powerful approach for the
study of amyloidogenesis, in which the products of fibrillation are insoluble and non-
crystalline and therefore not accessible to other high-resolution methods. As demonstrated
by Chimon et al. toxic intermediates in the fibrillation pathway of B-amyloid?1-22 could be
trapped by freezing and then studied by a combination of electron microscopy and SSNMR,
revealing that the intermediate is spherical with a diameter of 15-35 nm and primarily p-
sheet secondary structure. Following this approach, Comellas et al. examined the detailed
progression of a-synuclein from monomer to helical, membrane-bound intermediate to
mature B-sheet structured fibril (Figure 1).23 In this case the sample incubation was
conducted at 37 °C, and its progression quenched by centrifuging and washing the samples
at defined time points, and then collecting the SSNMR data at lower temperature. In this
study, the authors confirmed in control experiments that the spectra did not significantly
change at time points much longer than required for data collection, proving that high-
resolution spectra can be acquired even under conditions where the reaction kinetics are
entirely quenched.

Milliseconds to Seconds

To address timescales at which kinetics are faster than the spectral acquisition time,
techniques have been developed to monitor and quantify the magnitude and rate of
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equilibrium motions. In particular, the CODEX (centerband-only detection of exchange)
method involves chemical shift anisotropy (CSA) or dipolar recoupling before and after a
mixing period of timescale ~100 ms to several seconds. The recoupling is performed with
MAS rotor-synchronization to ensure the refocusing of magnetization in the absence of
motion; sites that are immobile and therefore do not change their orientation during the
mixing period will be fully rephased. However, in the presence of motion, the magnetization
is not entirely rephased after the mixing period because of the change in orientation that
interferes with MAS averaging processes. Thus, resonances that are mobile and reorient
during the mixing period have diminished signal intensity. CODEX can detect motions on
the timescale up to the T relaxation time. This method was originally applied to 13C in
synthetic polymers,24 and then extended to study protein backbone motions, utilizing the
amide 1°N CSA25 as well as side chain dynamics using dipolar recoupling rather than CSA
recoupling.28 Krushelnitsky et al. utilized this approach to measure slow reorientation of
backbone and sidechain amide sites in the microcrystalline protein SH3, resolving the
signals in 1H-15N 2D chemical shift correlation spectra and observing changes in peak
intensity as a function of the dipolar CODEX time. This reported on motional timescales
from milliseconds to almost ten seconds (Figure 2).

A modification of the CODEX experiment enables determination of the oligomer number in
symmetric assemblies of peptides, by measuring the equilibrium decay of magnetization
among chemically equivalent but orientationally distinct nuclei.2” In this case, the change in
signal intensity depends on the rate of magnetization transfer among the nuclei, rather than
the molecular motion. Using 19F labels, this approach is applicable to distances ranging
from ~5to 15 A, and can be interpreted quantitatively in terms of the molecular geometry
and rate of polarization exchange, as shown by Luo and Hong.28 In this study, the
oligomeric number and the intermolecular distances were determined for the transmembrane
peptide from influenza A membrane protein M2 in 1,2-dimyristoyl-sn-glycero-3-
phosphatidylcholine bilayers (Figure 3).

Li and McDermott have extended the CODEX method to somewhat faster timescales, on the
order of tens of milliseconds, by virtue of 1H-15N or H-13C dipolar recoupling in
combination with YH-YH homonuclear decoupling. This approach also enables
measurements in fully protonated samples.29 Because the H-15N and 1H-13C dipolar
couplings are on the order of ~10 and ~20 kHz respectively, the CODEX dephasing effect
occurs on the sub-millisecond timescale. Li and McDermott applied this new experiment to
probe motions in the imidazolium ring of imidazole methyl sulfonate, observing motions on
the 1-5 ms timescale, as shown in Figure 4. Motions on the order of the dephasing time (sub-
millisecond) are too fast to be studied by CODEX because reorientations during the
dephasing period interfere with decoupling and recoupling.

Sub-Millisecond Motions

Carr—Purcell-Meiboom-Gill (CPMG)30-31 relaxation dispersion methods are now well
developed for study of millisecond motions for proteins in solution, particularly those
involved in enzyme catalysis.32-38 In particular, this technique has been used to quantify the
rates, populations, and chemical shift changes resulting from motions relevant for protein
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function. This approach is invaluable for examination of conformational exchange of
relevance to protein folding, ligand binding, and catalysis. Thorough reviews of solution
NMR CPMG experiments and applications exist.39-42

To extend these concepts to solid proteins, Schanda and co-workers implemented fast MAS
combined with high levels of deuteration to achieve long coherence lifetimes, and applied
the CPMG pulses to 15N, prior to 1H detection.#3 This enabled the detection of millisecond
timescale motions in a crystalline ubiquitin sample in regions of the protein where motions
are known to be on a faster timescale in solution, indicating that the crystal contacts likely
have impeded the conformational exchange. This technique detects motions as fast as 3,000
s~1, where the upper limit is determined by the requirement of separating the timescales of
the CPMG pulses from the dipolar averaging from MAS. For example, in the case where the
MAS rate is 50 kHz (T, = 20 Tsec), the fastest rate of r pulses used in this study was 900
Hz.

To gain access to faster timescales (10 to 100 Tsec), rotating frame relaxation dispersion
measurements have been quantified in the solid state. Quinn and McDermott were able to
measure reorientations in dg-DMS by measuring the R1rho as a function of spin lock field
from ~20 to 50 kHz. 44 Exchange rates ranging from ~300 to 7500 s~ were measured over
an extended range of temperature, and Arrhenius activation parameters on the order of 70
kJ/mol could be determined (Figure 5).44

As with the CPMG methods, Ry, approaches have been extended to proteins in the solid
state by combining fast MAS and deuteration in order to suppress the effects of motionally
independent relaxation.4> Lewandowski and coworkers used this technique to study 1°N
relaxation in GB1 at 1 GHz magnetic field. By combining Ry and Ry, relaxation the authors
were able to measure order parameters at each amide to quantify motions, assuming a
diffusion-on-a-cone model (Figure 6). The diffusion time constant is determined with high
accuracy, and the global correlation times and order parameters indicate regions of increased
mobility. Ten curves also show a dependence of R1p on the spin-lock field, indicating that
these residues are experience dynamics on the <0.1 ms timescale.

Sub-Microsecond Motions

Separated local field (SLF) experiments such as DIPSHIFT enable the determination of
jump rates or correlation times in the range 10* to 108 s~1 by quantitatively fitting the
dipolar dephasing trajectories under the assumption of specific models of molecular
motion.*8 Reichert and co-workers applied DIPSHIFT experiments to imidazole methyl
sulphonate, trimethylsulfoxonium iodide, and polymer 2-methoxy-5-(2’-ethylhexyloxy)-1,4-
phenylenevinylene. The authors were able to measure an activation energy for imidazole
flips in imidazole methyl sulphonate of 70 + 5 kJ/mol. The motionally averaged dipolar
coupling can be measured by a variety of methods in the solid state to determine the order
parameter for molecular segments of interest. The addition of a heteronuclear recoupling and
homonuclear decoupling method, such as T-MREV# or phase-modulated Lee-Goldberg,*8
to a 13C-13C 2D chemical shift spectrum creates a three dimensional experiment in which
the third, dipolar TH-13C dimension reports on the side chain order parameter.
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Hu and coworkers used these techniques to study influenza M2 in lipid bilayers.>? Order
parameter measurements were used to determine the rate of histidine ring flips necessary for
proton transport. The authors concluded that lowering the pH causes protonation at the Ng;
position, allowing the pore to widen and the imidazole rings to flip. The measured order
parameters confirm that at lower pH these residues are more dynamic (Figure 7). By
measuring the dynamics at temperatures as low as 243 K the authors were able to put a
lower bound on the energy barrier of > 59 kJ/mol.

Lorieau and coworkers measured dipolar order parameters for 25 C,, 22 Cg, 10 C,, and 1
Cs unique sites in the capsid of filamentous phage Pf1.51 Results indicate that while the
backbone remains mostly static, the side chains exhibit a range of dynamics. Mapping these
dynamics onto models of the phage structure show that mobile residues are at sites exposed
to solvent as well as in the interior core where they could interact with the bacteriophage
DNA (Figure 8).

Nanosecond timescale motions can be distinguished from microsecond timescale by means
of comparing NMR observables with MD simulations on the 100 to 200 ns timescale.52
From MD trajectories, the NMR chemical shifts, dipolar couplings and relaxation rates can
be computed. Discrepancies may arise in cases where motional events are not captured by
the MD simulation, consistent with ~500 ns to microsecond timescale motions.

Conclusions and Outlook

Biography

Here we have summarized recent advances in methodologies for examining dynamics in
solid biomolecules. To date, these methods have been primarily applied to microcrystalline
proteins and model organic compounds, but there are also prominent examples of
applications to intact viral particles and oligomeric membrane peptide assemblies of
biomedical relevance. With more powerful high-field solid-state NMR spectrometers and
improved probe technologies, and corresponding improvements in sensitivity and resolution,
the range of applications is being extended to larger, more biologically significant systems.
The scope is sure to expand further with the availability of a new generation of NMR
instrumentation and sample preparation technologies. For example, proton detection
methods have enabled the implementation of CPMG and Ry, measurements, and higher
magnetic fields and MAS rates have enhanced the resolution and sensitivity for larger
proteins.

The dynamics experiments covered in this review highlight the sensitivity to a broad range
of motional timescales that can be measured with atomic resolution in biomolecules. The
ability to quantify site-specific motions in proteins and biological assemblies that are not
easily studied by any other technique makes SSNMR a powerful tool for understanding
biological function. Continuing advances will further increase the utility of these techniques
to quantify protein motions.
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Figure 1.

Transition from a-helix to p-sheet evidenced by the changes in chemical shifts of a-
synuclein incubated in the presence of phospholipid. Expanded regions of 13C-13C 2D
spectra of AS incubated in the presence of phospholipid for 0, 1, 2, 3, 6, and 11 days.
Secondary chemical shifts of individual resonances are diagnostic of conformation.
Reproduced from G. Comellas, L. R. Lemkau, D. H. Zhou, J. M. George, C. M. Rienstra, J
Am Chem Soc 2012, 134. 5090-9, DOI: 10.1021/ja209019s. Copyright 2012 American
Chemical Society.
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Figure 2.
Mobility in SH3. A) Structure of the a-spectrin SH3 domain with color-coded residue

mobility: blue indicates immobile residues, and red (backbone) and green (side chains)
indicate mobile residues. Residues that are unassigned or not seen in the spectrum are white.
B) Examples of ¢, dependences for residues undergoing (Lys 60 and §-Asn 35) and not
undergoing (GIn 50) slow motions. The lines are exponential fits. Reproduced from A.
Krushelnitsky, E. deAzevedo, R. Linser, B. Reif, K. Saalwéchter, D. Reichert, Journal of the
American Chemical Society 2009, 131. 12097-12099, DOI: 10.1021/ja9038888. Copyright
2009 American Chemical Society.
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Figure3.
Top view of the NMR-based influenza A M2 transmembrane peptide tetramer model with a

nearest neighbor 19F-19F distance of 8.8 A at Phe30 between adjacent helices. The Phe ring
of helix i + 1 protrudes from its backbone and lies close to the neighboring helix i.
Reproduced from W. Luo, M. Hong, Journal of the American Chemical Society 2006, 128.
7242-51. Copyright 2006 American Chemical Society.
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Figure 4.

A) 13C-1H R-CODEX spectra with different mixing times (black: 0.09 ms, blue: 1.36 ms,
green: 2.73 ms, magenta: 4.55 ms, red: 27.27 ms). The peak near 139 ppm is the apical
carbon in the imidazolium ring. Because this bond vector is insensitive to reorientation,
there is no signal intensity loss even at longer mixing times. The peak near 122 ppm is due
to the two basal carbons. The two basal carbons’ peaks are merged and unresolved. Signal
intensity is lost during mixing because motions reorient the dipolar vector. B) Peak intensity
vs. mixing time for apical and basal carbons. The black lines are single exponential fits with
an exchange rate kg, of 0.32 = 0.03 kHz. Squares show signal intensity loss for the basal
carbon signal indicating rearrangements at this position, but little intensity loss for the apical
carbon insensitive to motion. Reprinted with permission from W. Li, A. McDermott, Journal
of magnetic resonance (San Diego, Calif : 1997) 2012, 222. 74-80, DOI: 10.1016/j.jmr.
2012.05.019. Copyright 2012 Elsevier.
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Figurebs.
Motions in dg-DMS. Dispersion curves collected at 4 different temperatures, purple

diamonds 37 °C, green triangles 57 °C, red squares 67 °C, and blue circles 77 °C for dg-
DMS. The greater dependence of Ry, on spin-lock power at higher temperature indicates a
faster exchange rate for the two-site hop. The larger error at low spin-lock field strengths is
due to residual multi-exponential behavior near the rotary resonance condition. Reproduced
from C. M. Quinn, A. E. McDermott, Journal of Magnetic Resonance 2012, 222. 1-7, DOI:
10.1016/j.jmr.2012.05.014. Copyright 2012 American Chemical Society.
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Figure®6.
Motions in GB1. A) Quantitative analysis of 1°N R; and Ry, using diffusion on a cone

(CEAS) and 1D GAF EAS models including fluctuation angles, diffusion times (<), order
parameters (S2), and correlation times (Tc,1exp)- Lower order parameters indicate sites with
more dynamics. Projection of B) order parameters (S2) and C) correlation times (Tc,1exp)
onto GB1. Mobile regions are colored red to yellow on both figures. Reproduced from J. z.
R. Lewandowski, H. J. Sass, S. Grzesiek, M. Blackledge, L. Emsley, Journal of the
American Chemical Society 2011. DOI: 10.1021/ja206815h. Copyright 2011 American
Chemical Society.
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Motions in influenza M2 proton channels. Histidine sidechains reorient at low pH but
remain static at high pH at physiological temperature. A) 303 K 13C-15N dipolar couplings.
AtpH 8.5, a 1:1 combination of C-Ng; and C.1-Ng; couplings reaches the rigid limit. At
pH 4.5, the dominant C.,-Ns coupling is motionally averaged. B) Cgs-Hg, coupling at 308K
is motionally averaged at pH 4.5 but in the rigid limit at pH 8.5. C) Measured order
parameters at pH 4.5. D) Two-site jump of imidazolium at low pH. A 45° reorientation
around the Cg-C., bond fits the observed order parameters. Reprinted with permission from
F. Hu, W. Luo, M. Hong, Science 2010, 330. 505-508, DOI: 10.1126/science.1191714.
Copyright 2010 The American Association for the Advancement of Science (AAAS).
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Figure8.

Views of Pf1 bacteriophage capsid structure models colored by Cg side-chain order
parameters. The two alternate structure models are displayed; the 1PFI model and the 1PJF
model are for the low- and high-temperature forms, respectively. 1PJF was based primarily
on NMR results, whereas 1PFI was the only model that includes DNA. The amino acid
dynamics obtained in this study are for high-temperature conditions. Both models show a
mixture of dynamic (green and yellow) and static (blue) sites mapping to the outer surface of
the virion exposed to solvent. The exploded views show progressively more static sites from
the outside of the virion into the buried protein—protein interface between overlapping
subunits. Of particular importance, the cutaway view of the 1PFI image shows that side
chains near the DNA are dynamic (yellow), despite the dense packing in this region. In both
images the capsid has been pulled apart and tilted to show other views of the unexpectedly
dynamic side chains of the C termini in the core region (green, yellow, and orange). The
remarkably dynamic side chains include the side chains of Arg-44 and Lys-45. Reprinted
with permission from J. L. Lorieau, L. A. Day, A. E. McDermott, Proceedings of the
National Academy of Sciences of the United States of America 2008, 105. 10366-10371,
DOI: 10.1073/pnas.0800405105. Copyright 2008 Proceedings of the National Academy of
Sciences of the United States of America.
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