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Although biomolecular dynamics has been investigated using NMR for at least 40 years, only in the past
20 years have internal motions been characterized at atomic resolution throughout proteins and nucleic
acids. This development was made possible by multidimensional heteronuclear NMR approaches that
provide near complete sequential signal assignments of uniformly labeled biomolecules. Recent method-
ological advances have enabled characterization of internal dynamics on timescales ranging from pico-
seconds to seconds, both in solution and in the solid state. The size, complexity and functional
significance of biomolecules investigated by NMR continue to grow, as do the insights that have been
obtained about function. In this article I review a number of recent advances that have made such studies
possible, and provide a few examples of where NMR either by itself or in combination with other
approaches has paved the way to a better understanding of the complex relationship between dynamics
and biomolecular function. Finally, I discuss prospects for further advances in this field.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Theoretical and experimental work directed at using NMR to
study molecular dynamics in solution and solid states was initiated
shortly after the first successful NMR experiments in bulk matter.
By 1960, the basic theory underlying virtually all of the techniques
used today to study biomolecular dynamics had been developed
and verified by experiment [1]. The introduction of pulsed Fourier
transform spectroscopy and superconducting magnets as well as
improvements in instrumentation opened the way to the first
atomic resolution studies of protein dynamics [2–6]. However,
available methodology limited measurements to a few resolved
and assigned signals. As a consequence of further improvements
in instrumentation, the development of multidimensional NMR
spectroscopy, and the introduction of methodology for labeling
biomolecules uniformly or specifically with 2H/13C/15N, assign-
ment of chemical shifts is straight-forward. Once signals are as-
signed, measurements can be made of relaxation rates, residual
anisotropic interactions (dipolar, quadrupolar and chemical shift),
relaxation dispersion (RD) profiles, magnetization- and hydrogen-
exchange rates, yielding site-specific information about dynamics
on timescales in the range of ps to s, as summarized in Fig. 1. In
the past decade, the potential of NMR to provide information about
dynamics with atomic resolution has been realized for increasingly
ll rights reserved.
more complex systems, in solids as well as in solution. In this arti-
cle I present examples of recent methodological advances in which
information on dynamics has provided insights about function. I
also discuss the prospects of further advances in NMR methodol-
ogy that together with other biophysical and biochemical ap-
proaches have the potential to provide further insights about the
complex molecular mechanisms that underlie function.
2. Labeling of proteins and nucleic acids

Nearly all contemporary studies of protein dynamics are per-
formed on protein samples that are produced by Escherichia coli.
Proteins are labeled in a variety of ways. The most common among
these are uniform labeling with 2H, 13C and/or 15N and sparse
labeling of methyl sites. The availability of such labeled samples
has stimulated the development of a myriad of multidimensional
heteronuclear NMR experiments that provide atomic resolution
information about protein dynamics on a wide range of timescales.

While studies of protein dynamics have benefited greatly by
available labeling procedures, interest in novel methods of protein
expression and labeling remains high. It is important to have alter-
natives to E. coli expression systems: for example, eukaryotic-cell
and cell-free expression systems, in order to obtain proteins that
have posttranslational modifications, and to bypass cell toxicity
problems, respectively. In addition, in order to relieve severe over-
lap of signals in spectra of large proteins, stereo-array (SAIL) label-
ing and segmental labeling approaches are being pursued. These
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Fig. 1. (A) Schematic depiction of a small segment of a uniformly 15N enriched
polypeptide chain within a globular protein. For simplicity the protein is assumed
to be a sphere whose rigid-body reorientation is characterized by a single
correlation time sc. The reorientation of an N–H bond vector depends upon sc as
well as on reorientation resulting from local motions described by internal
correlation time (s), si. Using a sample that is uniformly labeled with 15N and/or
13C, a variety of heteronuclear multidimensional NMR experiments are available
that provide information about internal dynamics on a wide range of timescales at
sites throughout the protein. In (B) the lengths of the colored solid (dashed) arrows
depict the approximate range of timescales that are probed by various types of NMR
measurements in solids (solution). Relaxation measurements provide information
about fast internal dynamics on timescales indicated by the blue arrows.
Measurements of residual dipolar couplings in solution, or powder patterns in
solids, elucidate dynamics on timescales indicated by the green arrows. Relaxation
dispersion profiles reveal slow conformational changes on timescales, shown by the
yellow arrow, that modulate isotropic chemical shifts. Yet slower motions, orange
arrow, are made manifest by magnetization exchange experiments. Slower motions
still, red arrows, are revealed by measurements of hydrogen exchange.
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and other novel methods for producing and labeling proteins are
discussed in a recent overview of current developments in this
field [7].

Labeled small oligomers of DNA and RNA are often prepared by
chemical synthesis. More efficient and cost effective methods for
preparing larger RNAs, labeled with 2H/13C/15N, using in vitro tran-
scription were first developed in the early 1990s [8] opening the
way for heteronuclear NMR measurements of RNA structure and
dynamics. There is great current interest in developing new ap-
proaches to prepare labeled RNA [9], as the number of known func-
tions carried out by RNA continues to grow. In addition, there has
been significant recent progress in developing new reagents for
binding paramagnetic metal ions, particularly lanthanides, at spe-
cific sites in proteins and nucleic acids [10].
Table 1
Average values of backbone 15N, 13C0 CSA magnitudes, hDria, and asymmetry parameters,

Protein Spin Method hDri a-helix hDri b-sheet

GB1 15N HB-sMASb 173 159
GB3 15N RDC/RCSA 173 162
GB1 13C0 HB-sMAS �126 �117
Ubiquitinc 13C0 RDC/RCSA �135 �121

a In ppm. NB, the sign of the shift anisotropy is opposite that of the shielding anisotr
b Herzfeld–Berger slow MAS.
c The hDri are 3% less than those published to compare with solid-state values [17].
3. Spin relaxation

Nearly all biomolecular relaxation studies have involved mea-
surements of relaxation rates of 13C, 15N or 2H spins. Dipole–dipole
(DD) and chemical shift anisotropy (CSA) interactions are the dom-
inant relaxation mechanisms for 13C and 15N, while the quadrupole
interaction (Q) is responsible for 2H relaxation. The general theory
of spin relaxation was developed for these mechanisms in the
15 years following the invention of NMR, and described in a num-
ber of classic publications [1]. Nevertheless, another two decades
passed before the practical impact of DD/DD [11] and DD/CSA
[12] cross-correlation upon relaxation measurements was fully
appreciated. With appropriate experimental design [13], relaxation
is mono-exponential and relaxation rates can be analyzed using
well known equations, all of which involve sums of products of
interaction strengths, xk, (k = DD, CSA, Q) and spectral densities.
For example, when overall reorientation is isotropic, R1 is given
by [13]

R1S ¼ ðxDD=2Þ2½JDDðxI �xSÞ þ 3JDDðxSÞ
þ 6JDDðxI þxSÞ� þ ð2=15Þx2

CSJCSðxSÞ
R1D ¼ 3x2

Q ½JQ ðxDÞ þ 4JQ ðxDÞ�
where S ¼ 13C or 15N; is dipolar relaxed by spin I; D ¼ 2H and

xDD ¼ ðlo=4pÞcIcS�h=r3
IS;xCSA ¼ xSDr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ g2

CSA=3
q

;xQ

¼ ðeqQ=4�hÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ g2

Q=3
q

ð1Þ

The spectral densities, J(x), which are a measure of the density
of fluctuations at frequency x, contain the information about
dynamics. Clearly, relaxation data provide information about spec-
tral densities only if values of xk are known, and considerable ef-
fort has been made to measure these values in model
compounds and in biopolymers in solid and solution states. Values
of xk and orientations of the corresponding interaction tensors
have been obtained using (large) single crystals of model com-
pounds [14,15]. Recently, values of the chemical shift anisotropy
and asymmetry parameter, Dr and gCSA respectively [15], have
been measured [16–18] at backbone 15N and 13C sites throughout
uniformly labeled proteins in (micro)crystalline and solution
states. These studies have revealed the extent to which Dr and
gCSA are affected by variations in local chemical and molecular
structure. A Herzfeld–Berger analysis of slow magic angle spinning
(MAS) experiments has provided values of Dr and gCSA in crystal-
line GB1 [16] that are in close agreement with results obtained for
ubiquitin and GB3 in solution from residual dipolar coupling (RDC),
residual chemical shift anisotropy (RCSA) and cross-correlated
relaxation data [17,18]. As seen in Table 1, hDri and hgCSAi depend
upon secondary structure for both 13C0 and 15N spins. Large se-
quence-dependent variations in Dr (20–40 ppm) and gCSA (0.2–
1.0) have been observed in crystalline GB1 for Ca spins [19].

A joint analysis of 13C0–1HN and 15NH–1HN RDC data, carefully
measured for five independent alignments of GB3 [20] indicates
hgCSAi, in proteins.

hDri all sites hgCSAi a-helix hgCSAi b-sheet hgCSAi all sites

164 0.2–0.3 0.2–0.3 0.2–0.3
167 0.23 0.31 0.25
�119 0.53 0.72 0.65
�125 0.53 0.82 0.72

opy.
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that the N–H bond length is uniform throughout the protein to
within ±0.5%. Analysis of RDC and RQC data has also shown that
Ca�H, Cmethyl–H distances [21,22] and CmethylD quadrupole cou-
pling constants [23] are uniform in proteins as well. Due to zero
point averaging (of stretching and bending motions), N–H and C–
H bond lengths obtained by NMR are 2–2.5% larger than average
bond lengths obtained by calculation or by other types of physical
measurements [20]. It is reasonable to suppose that zero point mo-
tions increase effective bond lengths by comparable amounts in
nucleic acids as well, and this supposition is supported by experi-
mental data [24].

Chemical shift tensors of 15N and 13C spins at various positions
in nucleotide base and ribose sites in RNA and DNA have been
determined from a combined analysis of RCSA data and dipole–di-
pole/CSA cross-correlated relaxation rates. The shift tensor compo-
nents determined in the liquid state are in good agreement with
predictions of quantum chemical calculations and solid-state mea-
surements of CSA tensors in mononucleotides [24–27]. A thorough
review of chemical shift measurements and their biological appli-
cations has been presented recently [15].
4. Measurements of relaxation rates

The first proton-detected 2D relaxation measurements of het-
eronuclei (13C or 15N) at sites throughout proteins in solution were
carried out about 20 years ago [28,29]. Since that time, many
refinements have been incorporated into the experiments to re-
duce systematic errors resulting from cross correlation, resonance
offset, water saturation etc., so that experimental uncertainties are
now typically a few percent. Although most relaxation studies of
protein backbone dynamics have been carried out on 15N labeled
samples, because of the ease and low cost of sample preparation,
complementary information about backbone motions has come
from relaxation measurements of 13Ca and 13C0 labeled samples
as well. Most studies of sidechain dynamics have been of methyl
sites. Dipolar cross correlation, which causes multi-exponential
relaxation of 13C transverse magnetization of 13CH3 moieties, is dif-
ficult to fully suppress. This problem has been circumvented by
measuring 2H [30,31] and 13C [32] relaxation in 13C1H2

2H and
13C1H2H2 methyl isotopomers, respectively. Cavanagh et al. [13]
provide a comprehensive summary of contemporary multidimen-
sional pulse sequences used to measure 2H, 13C and 15N relaxation
rates of proteins in solution, along with citations to original
publications.

About 20 years ago, Cole and Torchia [33] reported 15N R1 val-
ues of several types of amino acids in crystalline staphylococcal
nuclease, measured using 1D cross polarization MAS (CPMAS)
NMR. In 2004, Giraud [34] reported 15N R1 values at sequentially
assigned sites throughout crystalline 13C/15N labeled Crh, mea-
sured using two-dimensional 13C–15N CPMAS. The number of so-
lid-state measurements of 2H, 13C and 15N relaxation rates at
individual sites throughout uniformly labeled proteins has in-
creased rapidly since that time [35]. As in solution, pulse sequences
have been developed that measure R1, R1q, and the heteronuclear
NOE. In solids, internal motions alone determine relaxation rates,
which are therefore sensitive to dynamics on a timescale of micro-
seconds to picoseconds. While relaxation measurements in solids
sample a far wider range of internal motions than in liquids,
large-amplitude slow motions can severely attenuate the efficiency
of cross-polarization (CP) transfer, and greatly reduce sensitivity.
This problem has been addressed by recording spectra of perdeu-
terated proteins in which approximately 20% of the labile hydro-
gen atoms are back-exchanged with protons. The reduction in
transverse relaxation rates, resulting from the combination of deu-
teration, high speed MAS and TROSY selection, enables one to use
INEPT-type transfers (as done in solution) to observe signals from
spins in regions of proteins undergoing large-amplitude slow
dynamics, where experiments based on CP dipolar-transfers fail
[36]. Experiments incorporating high speed MAS have also been
used to measure deuterium relaxation of 2H labeled methyl groups
in proteins, although MAS-driven spin diffusion can complicate
data analysis [37].
5. Extracting information about dynamics from relaxation data

In solution, spectral densities are functions of overall (sc) and
internal (si) correlation times [38–41], where si < sc. So, in contrast
with relaxation measurements in solids, relaxation measurements
in solution provide typically provide information about internal
motions in proteins on a timescale of less than a few nanoseconds,
i.e., faster than overall rotational motion.

Early relaxation measurements on peptides and proteins in
solution were often analyzed using specific models for molecular
reorientation, typically rotational diffusion for overall reorienta-
tion and diffusive or jump models for internal motion
[4,5,38,39,42]. Although Wittebort and Szabo [40] derived equa-
tions for relaxation rates for spins in amino-acid sidechains under-
going complex internal motions, the extensive relaxation data
needed to determine the many unknown rates and amplitudes that
enter their expression for J(x) are typically not available. In the
usual case, where data are insufficient to specify a unique model
of dynamics, the model-free approach (MFA) [43,44] is widely ap-
plied to characterize dynamics in terms of a generalized order
parameter, S2, and overall and effective internal correlation times,
sc and se, respectively. In the case of the I–S dipolar relaxation be-
tween two spin-1/2 nuclei, the MF expression for J(x) is

JðxÞ ¼ ð2=5Þ½S2sc=ð1þx2s2
c Þ þ ð1� S2Þs=ð1þx2s2Þ�

S2 ¼
X2

m¼�2

jhC2mðh;/Þij2; 1=s ¼ 1=sc þ 1=se;
ð2Þ

where C2m are modified spherical harmonics, (h, /) are polar angles
that define the orientation of the I–S bond relative the molecular
frame, and the angular brackets denote an average over orientations
on a timescale shorter than approximately sc [43]. The MFA expres-
sion is exact when overall motion is isotropic, se� sc, x�1, and
internal and overall motions are uncoupled. Although the accuracy
of the MFA outside these limits has been questioned [45], the cur-
rent consensus is that the MF expression for J(x) remains a good
approximation outside its strict range of applicability [46,47].

One circumstance where the MFA is not applicable, because
internal and overall motions are coupled, occurs when an internal
motion involves a large domain whose movement changes the
overall rotational diffusion of a biomolecule [48]. This occurs com-
monly for RNA molecules, which are often highly flexible, compli-
cating analysis of relaxation data as well as RDC data (see below),
and thereby obscuring functional dynamics of RNA. The decoupling
of internal and overall motions has been achieved by using the do-
main-elongation approach in which the labeled RNA of interest is
covalently linked to much larger and unlabeled double-helical A-
RNA [49,50]. The overall motion of the assembly is typically slower
than the internal motion of the labeled RNA and little affected by it.
This enables the internal motion of the RNA to be characterized
using MFA.

In solids, where overall reorientation is absent, only the second
term in Eq. (2) contributes to J(x) and the generalized order
parameter can be derived from measurement of principal frequen-
cies of averaged anisotropic interactions [51], as discussed below.
Once S2 is known, se can be obtained from a R1 measurement, pro-
vided motion takes place on a single or narrow range of timescales.



Fig. 2. (A) Solid state NMR spectrum of a spin-1/2 nucleus, e.g. 15N, that has a
dipolar interaction with a single 1H spin (�xDD/p = 20 kHz, chemical shift anisot-
ropy is not considered). Two powder patterns, the ‘‘Pake doublet’’ are seen,
corresponding to the two spin-states (a and b) of the proton. The frequency
distribution manifest in each pattern results from the angular dependence of the
resonance frequency, Eq. (3). The positions of principal frequencies (x1, x2, x3) are
indicated by short vertical lines. The maximum frequency, x3, corresponds to the
NH bond parallel to Bo, while the minimum frequencies x1 = x2 = �x3/2 result
when the NH bond is perpendicular to Bo. In the absence of motion, the maximum
dipolar splitting, Dm = x3/p, is 20 kHz. (B) Reorientation of the NH bond with si < x3

averages the frequency distribution, resulting in a contraction of the static powder
pattern. For example if the N–H bond alternates between two equally populated
orientations which differ by 60�, the averaged powder pattern seen at the bottom of
the figure is the result. The asymmetric motion lifts the degeneracy in the principal
frequencies and yields an axially asymmetric powder pattern. A comparison of
principal frequencies in (A) with (B) allows the value of S2 to be calculated [51]. In
similar fashion, S2 can be derived from dynamically averaged spin-1/2 chemical
shift and 2H quadrupolar powder patterns. Contemporary high-resolution solid-
state experiments are typically recorded with MAS. Although fast MAS averages
each powder line shape to a single line, at the frequency of the isotropic chemical
shift, numerous approaches, noted in the text, are available that recover the
information contained in the anisotropic line shapes, while retaining the high
resolution provided by MAS.
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When internal motion takes place on two distinct timescales, the
extended MFA can be used to analyze relaxation data [52]. Com-
paring order parameters and correlation times for the same protein
in solution with those in the solid state, opens the way to examine
the extent to which the S2 is reduced by motions on different times
scales and to learn about the impact of intermolecular contacts on
internal motions of proteins [53].

Spectral densities have been determined directly by measuring
relaxation rates over a wide range of magnetic fields using rapid
field cycling. Recently this approach has been adapted to study
the dynamics of complex biomolecules, which requires recording
spectra with high sensitivity and resolution, by a rapid sample
shuttling device [54]. With this device, relaxation that occurs at
low fields is encoded in magnetization that is established and sub-
sequently detected in the strong homogeneous field of a commer-
cial spectrometer. Redfield and associates have used this approach
to measure 15N and 31P relaxation in biomolecules [55–58] at field
strengths spanning more than two orders of magnitude, demon-
strating the feasibility of wide-range spectral density mapping in
solution with high spectral resolution.

Protein spectral density has also been mapped using relaxation
measurements made solely at high fields [59,60]. The ease of
extracting approximate information about biomolecular dynamics
using the MFA has resulted in its widespread use; however, spec-
tral density mapping is an important alternative approach that
does not require the approximations of the MFA. It therefore has
the potential to provide a more direct means of comparing exper-
imental measurements with predictions of molecular dynamics
(MD) simulations.

6. Extracting information about dynamics from residual
anisotropic interactions

In a static solid, the resonance frequency depends upon the ori-
entation of an anisotropic tensor interaction (one of those dis-
cussed in Section 3) with respect to Bo. As a consequence of this
angular dependence, NMR spectra in solids typically display broad
powder patterns, like that shown in Fig. 2A for a spin-1/2 nucleus
like 15N spin that is dipolar coupled to a single proton. In this case
the interaction tensor is axially symmetric with the unique axis
along the NH bond, and the orientation dependence of the reso-
nance frequency is given by

xðhLÞ ¼ �xDDP2ðcos hLÞ ð3Þ

The sign depends upon the spin state of the proton (a or b), and
hL is the angle made by the NH bond axis and Bo. The dipolar cou-
pling, in Hz, for each value of hL is the difference between x(a) and
x(b) i.e. equals�xDDP2(cos hL)/p. In solution where sc� 1/xDD the
residual dipolar coupling, RDC (in Hz) is given by the ensemble
average [61]

RDC ¼ DmhP2ðcos hLÞi ð4Þ

where Dm = �xDD/p. Using the addition theorem of spherical har-
monics one obtains

RDC ¼ Dm

X2

m¼�2

hC�2mðH;UÞihC2mðh;/Þi ð5Þ

where (H, U), (h, /) are polar angles that define the orientations of
the external field, Bo, and the N–H bond axis in a molecule fixed
frame, respectively, and it is assumed that the ensemble averages
over (H, U) and (h, /) are uncorrelated. The ensemble averages over
(H, U) are related to Saupe order-matrix elements and vanish in the
absence of alignment. However this is not the case if an anisotropic
medium is used to align a biomolecule with respect to Bo. A RDC is
then observed in the solution spectrum, Fig. 3A. Choosing the axes
of the molecule-fixed frame to be the principal axes of the align-
ment tensor, the RDC is given by [61]
RDC ¼ ðDm=2ÞAa½3 cos2 h� 1þ ga sin2 h cos 2/� ð6Þ
where Aa and ga are the magnitude and asymmetry of the alignment
tensor. In studies of biomolecules, anisotropic media that produce
very weak alignment, Aa � .001, are employed in order to record
simple spectra from which short-range dipolar couplings can read-
ily be measured [61]. Therefore, as seen by comparing Figs. 2A and
3A, RDCs are typically 1000-fold smaller than dipolar couplings in
static solids.

The use of anisotropic media opened the way to measure resid-
ual dipolar, CSA and quadrupolar interactions at sites throughout
biomolecules in solution. RDCs and RCSAs have provided long
range orientational constraints that have greatly increased the
power of NMR to solve structures of proteins and nucleic acids,
and have also significantly improved the accuracy of such struc-
tures [62]. In addition to providing structural information, RDCs
have also yielded information about internal dynamics [63,64].



frequency (Hz)

(A)

(B)

RDC = 20 Hz

RDC = 16 Hz

Fig. 3. In solution rapid overall tumbling, sc < 10�6 s, causes the right side of Eq. (4)
to vanish, eliminating all RDCs. However this is not the case for an aligned sample,
because of the non-random distribution of NH bond orientations with respect to Bo,
and RDCs are given by Eq. (6). (A) Shows the maximum RDC, 20 Hz, obtained
assuming Dm = 20 kHz, weak alignment, Aa = .001, with h = 0�. Other NH orienta-
tions will exhibit smaller RDCs, whose values also depend upon ga. (B) Illustrates
the reduction in the RDC shown in (A) that results from diffusion (si < 10�4 s) of the
NH bond in a cone having semi-angle 30�, for which S = 0.8.
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Internal motions on the timescale of less than about 10�4 s,
diminish the ensemble averages of (h, /) in Eq. (5) and thereby re-
duce RDCs, as depicted in Fig. 3B. Under certain assumptions, these
ensemble averages, which are related to S2 according to Eq. (2), can
be determined when RDCs are measured for many I–S bonds in five
independent alignments [63,64]. In this case, analysis of RDCs
yields order parameters S and g (S =

p
S2, where S2 is the Lipari–

Szabo order parameter defined in Eq. (2) and g is the asymmetry
parameter) that characterize the amplitude and asymmetry of
the motion, respectively, as well as the Euler angles that describe
the orientation of the principal axis system of the averaged dipolar
tensor, in a model-independent manner. Similar information is ob-
tained from the analysis of averaged anisotropic interactions in sol-
ids [51]. If internal motions are approximately axially symmetric,
dynamics can be characterized using RDCs measured in three inde-
pendent alignments [65,66], However, note that when internal mo-
tions affect the overall shape and alter the alignment tensor of a
biomolecule, it is much more difficult to analyze RDC data, as is
the case with relaxation data when internal and overall motions
are coupled.

In solution, RDCs are sensitive to much slower internal motions
than are spin relaxation rates and several studies have compared
order parameters obtained from the two types of measurements
in order to extract information about internal motions on the ls-
ms timescale. In making such comparisons, the same values of
xDD must be used to analyze both types of experimental data
and the S values obtained from RDC data must be normalized
[67], because the absolute degree of alignment, Aa in Eq. (6), is un-
known. The latter has been done using two distinct approaches
[66–68].

One caveat regarding the interpretation of a large order param-
eter is worth noting. Although it is widely recognized that S2 is
insensitive to a small-amplitude motion, a large-amplitude motion
involving a state with a small population also has little impact on
the observed order parameter. As an example, if an N–H bond axis
jumps between two orientations, which differ by an angle hab, with
relative populations pa and pb, then S2 is given by [43]

S2 ¼ 1� 3papb sin2 hab ð7Þ

Clearly, S2 approaches unity for all hab when papb is small. There-
fore only a small reduction in S will result from a dynamic process
involving a state with a small relative population, making such a
transition difficult to detect.

In solids, principal frequencies derived from dynamically aver-
aged powder lineshapes, Fig. 2B, directly yield information about
order parameters characterizing motions of internuclear vectors
(or more properly, interaction tensor principal axes) that are on
timescales of less than about 10�4–10�6 s, depending upon the
magnitude of the static tensor [51]. CSA tensor principal compo-
nents have been measured at sites throughout proteins using slow
MAS as well as CSA recoupling techniques [69], while dipolar ten-
sor components have been measured using REDOR [70], phase-in-
verted CP [71] or Lee-Goldburg [72] approaches to recouple dipolar
interactions. As noted above, order parameters obtained from aver-
aged interaction tensors in solids can be used in conjunction with
relaxation rates to characterize the internal dynamics throughout
biomolecules, on timescales ranging from microseconds to pico-
seconds. For example, the sensitivity of 2H powder lineshapes
and 13C relaxation rates to motions on different timescales has
been used to reveal dynamics on both ls and ns timescales at func-
tionally important recognition sites in TAR RNA [73].
7. Dynamics on the ms–ls timescale

The sensitivity of NMR lineshapes to motions on the ms–ls
timescale provided chemists with one of the first NMR tools to
study chemical (conformational) exchange in solution and solid
states [74]. The introduction of pulsed NMR, together with CPMG
and spin-lock approaches made it possible to measure rates of
transverse relaxation in the time domain as a function of the effec-
tive radio frequency (RF) field strength; that is, to measure relaxa-
tion dispersion (RD) profiles. RD profiles of 1H, 13C and 15N spins in
amino acid residues throughout uniformly labeled proteins can be
recorded by incorporating either CPMG or spin-lock elements into
2D heteronuclear NMR experiments [75–77]. The relaxation-com-
pensated CPMG approach [78] enables accurate values of the ex-
change contribution to R2, Rex, to be measured over a wide range
of effective fields, while incorporation of a constant-time relaxa-
tion period reduces the time required to measure a RD profile
and removes the effect of non-exponential R2 relaxation on mea-
surement of Rex [79]. In the case of two-site exchange, Rex depends
upon the exchange rate, kex, the site populations, the chemical shift
difference between the sites (Dx) and the effective RF field. Mea-
suring Rex as a function of the effective RF field provides RD profiles
for spins throughout a protein. By recording data at two (or more)
Bo strengths it is often possible to determine all of the chemical ex-
change parameters. This has been achieved for three-site exchange
[76] as well. Amide- and methyl-TROSY approaches [80,81] have
been used to record RD profiles and investigate functional confor-
mational exchange of large proteins and supra-molecular com-
plexes, respectively – the latter having molecular weights
approaching 1 MDa [82].

The power-handling capacity of NMR probes limits the maxi-
mum effective field strengths in CPMG experiments to the range of
about 1–4 kHz, depending upon the type of spin, whereas 4- to 5-fold
larger fields can be applied in R1q measurements. For this reason, fast
dynamic processes, particularly those in the fast exchange limit, are



Fig. 4. Non-native interactions in the intermediate state (I) observed [83] on the folding pathway of the FF domain of protein HYPA/FBP11. Structure and packing in the
folding intermediate, pink in (C and D), as compared with the native protein (N), light green in (A and B). The skeletal structures of side chains of residues from helices H1
(red), H2 (green) and H3 (blue) that form non-native contacts in the intermediate state are shown. Structures (B and D) are rotated by 90� relative to (A and C), respectively.
From, D.M. Korzhnev, T.L. Religa, W. Banachewicz, A.R. Fersht, L.E. Kay, A transient and low-populated protein-folding intermediate at atomic resolution, Science 329 (2010)
1312–1316. Reprinted with permission from AAAS.
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typically studied by recording R1q RD profiles. Recently, advances in
both the theory and measurement of R1q outside the fast limit, and
using a wide range of spin lock fields, [75] have made it possible to
study slow dynamic processes using R1q RD.

Although the magnitude of Rex diminishes when exchange in-
volves a highly populated (ground) state and a sparsely populated
excited state (or states), the high sensitivity of heteronuclear NMR
spectra enables accurate measurement of RD profiles that have
small amplitudes. Hence, RD experiments have provided chemical
shifts of excited states of biomolecules that have populations as
low as 0.5%. Such states are difficult to detect by non-NMR tech-
niques and are typically too weak to observe directly in NMR
experiments, hence the name ‘‘invisible’’ states [76]. Recently the
high-resolution structure of such a state, a transient protein folding
intermediate (population ca. 3%), depicted in Fig. 4, was solved by
supplying the chemical shifts of the invisible intermediate to the
structure prediction program, CS-Rosetta [83]. RDCs and RCSAs of
invisible states have also been measured, and the combination of
chemical shift, RDC, and RCSA restraints has been used to solve
the structures of invisible states [76].

In the limit of very fast two-site exchange, k2
ex � Dx2, the max-

imum value of Rex observed in both CPMG and R1q experiments is
given by

Rmax
ex ¼ papbDx2=kex ð8Þ

According to Eq. (8) the maximum amplitude of CPMG and R1q
dispersion profiles diminishes as kex increases, making it difficult to
detect rapid exchange processes, particularly those involving states
with small populations. Recently it has been shown that measure-
ments of proton paramagnetic relaxation enhancements (PREs) can
detect conformational exchange, involving a minor state, which is
too fast to detect using CPMG experiments [84]. The PRE is propor-
tional to the inverse sixth power of the proton–electron distance so
that the linewidth of the detected signal increases significantly for
each site having a proton–electron distance in the minor confor-
mation that is significantly smaller than in the major
conformation.

8. Dynamics on the timescale of ms and beyond

The 2D magnetization exchange experiment [85] is well suited
to study slow conformational exchange. Exchange rates in the
range of about 0.2–50 s�1 can be measured, with the lower and
upper limits determined by the longitudinal relaxation rate and
by peak broadening, respectively. Early applications measured ex-
change of 1H magnetization to follow slow conformational ex-
change of small molecules. Because both 1H cross relaxation and
exchange cause transfer of 1H z-magnetization in biomolecules, ex-
change rates of either 15N z-magnetization or of 1H/15N two-spin
order are more straightforward to interpret, and are commonly
measured when 15N labeled biomolecules are available. These
types of experiments have been applied to measurements of slow
exchange in increasingly complex systems [86] having molecular
weights up to 300 kDa [77].

Measurement of hydrogen–deuterium exchange in solution was
among the earliest methods used to demonstrate the dynamic nat-
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ure of proteins [87]. Conformational fluctuations involving the
breaking of hydrogen bonds within proteins, on the timescale of
ms to hours, have been monitored using a variety of NMR experi-
ments that measure the rate of exchange of amide protons with
water protons or deuterons [88]. A novel ultra-fast method for
acquiring 2D spectra has been used to directly record hydrogen–
deuterium exchange rates of the order of a few seconds [89]. Min-
utely populated states along the protein-folding pathway have
been observed using hydrogen–deuterium exchange experiments
carried out under native-state conditions [90]. Quantitative mea-
surements of H–D exchange rates in proteins, under equilibrium
conditions, have recently been extended to solids [91].
9. Relating biomolecular dynamics to function

Numerous NMR studies have convincingly shown that biomol-
ecules exhibit conformational fluctuations spanning a wide range
of timescales. These motions include ubiquitous small amplitude
movements, larger amplitude motions of chain segments and of
sidechains, and conformational changes encompassing structural
domains or entire molecules. In the event that the function of a
biomolecule is known, the dynamics information provided by
NMR often provides insights about the mechanistic basis for func-
tion, as a few examples discussed below illustrate.

The crystal structure of calmodulin revealed two globular do-
mains connected by a highly ordered helix. In spite of its high qual-
ity, the structure did not indicate how calmodulin could bind to
numerous different target molecules. 15N spin relaxation measure-
ments revealed that the middle of the helix was flexible [92], sug-
gesting that a flexible hinge in the helix played an important role in
binding targets. This was confirmed by subsequent NMR and crys-
tal structures that revealed a sharp bend in the helix of calmodulin
bound to various targets. Crystal structures of HIV protease
showed that a pair of b-sheets, called the flaps, block access of nat-
ural substrates to the active site. Both 15N spin relaxation and
CPMG measurements revealed that the tips of flaps are flexible
gates that permit access to the catalytic site [93,94].

NMR studies have identified dynamics that reveal mechanisms
underlying biomolecular recognition. An analysis of ubiquitin RDCs
measured in multiple alignments reveals a dynamic ensemble of
protein conformations that span the range of structures of ubiqui-
tin bound to various protein targets [95], suggesting that recogni-
tion of ubiquitin involves selection from the apo-state ensemble,
rather than by induced fit. In contrast, chemical shift and CPMG-
RD data showed that a helix in the pKID domain folds fully only
when binding to the KIX domain is complete, an example of the in-
duced fit binding mechanism [96]. PRE measurements have shown
Fig. 5. Schematic illustration of the villin headpiece, HP35, folding process. Starting w
temperature drop causes rapid conversion to an intermediate ensemble with nearly nati
helical segments joined by ordered loops and with an ordered hydrophobic core, forms o
Detection of a transient intermediate in a rapid protein folding process by solid-state n
American Chemical Society.
that the HoxD9 homodomain efficiently recognizes its specific DNA
binding site by diffusing along the DNA double helix [97].

The dynamics and pathways of protein and RNA folding have
been intensively investigated in the past decade. Although protein
folding is often described as a two-state process involving an un-
folded and a fully-folded molecule, NMR CPMG-RD and H-ex-
change studies in solution have identified intermediate states,
sparsely populated at thermal equilibrium, along the folding path-
way, some stabilized by native and others by non-native interac-
tions [76]. A solid-state NMR freeze-quench experiment [98] has
shown that the rapid folding of the villin headpiece involves an
intermediate state having secondary structure of the folded state,
but incomplete tertiary structure, as illustrated in Fig. 5. Detailed
analyses of extensive sets of NMR data, particularly RDCs and PREs,
show that the dynamic ensemble of conformations that comprise
the unfolded ‘‘state’’ of a protein often deviates significantly from
that of a random coil [99]. The observation of structural prefer-
ences in the unfolded state helps explain the rapidity with which
proteins fold and the activity of natively unfolded proteins.
Methyl-TROSY has been used to elucidate the role played by
dynamics of methyl-containing amino acids in the function of
the 20S proteasome, a 670 kD supramolecular protein assembly.
A variety of 1H and 13C spin relaxation measurements, including
PREs, together with strategically placed mutations indicate that
control of proteolysis is achieved by a dynamic gate at the N-ter-
mini of the proteosome a-subunits [82].
10. Exploiting multiple biophysical approaches to characterize
dynamics

While this article has focused on the various NMR methodolo-
gies that are available to study the dynamics of proteins and nu-
cleic acids, biomolecular dynamics is clearly very complex, and a
complete description of dynamics requires the specification of
positions of thousands of atoms as a function of time. NMR pro-
vides information about aspects of this complex process that com-
plements information obtained using other biophysical techniques.
Indeed, the synergistic relationship of NMR spectroscopy with
other biophysical approaches is widely recognized and increas-
ingly exploited to study biomolecular structure and dynamics.
The Biological Magnetic Resonance Bank (BMRB) [100] provides
convenient access to a large database of experimental NMR param-
eters and restraints that have been collected for thousands of pro-
teins and nucleic acids. Protein relaxation data were first used to
test dynamics simulations nearly 30 years ago [101], and the BMRB
provides the opportunity for comprehensive testing of the force
fields used to calculate configurational energies and MD trajecto-
ries of biomolecules [102,103]. From the reverse perspective, im-
ith a thermally unfolded ensemble that lacks helical secondary structure, a rapid
ve secondary structure but disordered tertiary structure. The fully folded state, with
n a longer timescale. Reprinted with permission from, K.N. Hu, W.M. Yau, R. Tycko,
uclear magnetic resonance, J. Am. Chem. Soc. 132 (2010) 24–25. Copyright, 2010,
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proved computational approaches have enabled accurate predic-
tion of protein structures with limited amounts of readily acquired
NMR data [104–106].

A few recent examples will serve to illustrate how combining
NMR with other biophysical approaches has been used to relate
dynamics with function: RD measurements together with MD sim-
ulations reveal that a small population of Hoogsteen base pairs is in
dynamic equilibrium with Watson–Crick base pairs in free double-
stranded DNA [107]. This observation indicates that considerable
structural diversity, well beyond the Watson–Crick double helix,
underlies DNA function. MD calculations, X-ray, FRET, and CPMG
NMR all provided crucial information that culminated in a model
for the dynamics trajectory that connects the open and (catalyti-
cally competent) closed states of adenylate kinase [108]. As noted
earlier, CPMG-RD NMR is a powerful means of identifying protein
folding intermediates; nonetheless, full characterization of such
states benefits from inclusion of chemical shift–directed structure
prediction, mutational analysis, and optical measurements of fold-
ing kinetics [83]. Numerous biophysical approaches, including
prominent contributions made by solution- [109] and solid-state
[110,111] NMR, have contributed to our emerging understanding
of the intricate proton transport mechanism of the influenza virus
M2 channel [112]. Fuller insight into this mechanism will come
from further biophysical studies of the dynamics of functional
sidechains and water molecules within the M2 channel [112], an
enterprise in which NMR is well-suited to play a major role.
11. Future prospects for NMR studies of biomolecular dynamics

Advances in segmental and tailored labeling that simplify spec-
tra of biomolecules promise to enable spectral assignment and
dynamics studies of increasingly complex biomolecules, both in
solution and in the solid state. Many new reagents have been intro-
duced that allow for site-specific attachment of paramagnetic me-
tal ions to diamagnetic proteins and nucleic acids. These
developments open possibilities for acquiring of RDC, PRE and
pseudo contact shift data that would complement data acquired
for the diamagnetic biomolecule. In solids, paramagnetic enhanced
1H relaxation combined with fast MAS holds promise for the
increasing sensitivity of relaxation measurements by reducing
the acquisition recycle delay.

Solution and solid-state measurements of interaction tensor
components will continue to improve knowledge of how these fun-
damental NMR parameters depend upon residue-type and the local
chemical and structural environment. The novel solid-state NMR
methods for studying biomolecular dynamics that have been
developed on small microcrystalline proteins should soon find
exciting applications in studies of the functional dynamics of mem-
brane proteins and fibrous proteins implicated in various neuro-
logical diseases. It also seems likely that the methodology used
to obtain sequential assignments of uniformly labeled proteins in
the solid-state will be extended to assign labeled RNAs, making
them amenable to dynamics characterization. The inclusion of
chemical shifts in structure prediction schemes will likely be
increasingly exploited to uncover on- and off-pathway states in-
volved in protein folding, while improved computational proce-
dures, when applied to analyze all types of NMR data that are
sensitive to conformational averaging, will better characterize
the complex ensembles of states that comprise intrinsically un-
folded, but functional, proteins.

As is well appreciated, identifying the role of structural dynam-
ics in a complex biological mechanism is a formidable undertaking
that requires combined application of numerous approaches. NMR
has played prominent role in this enterprise and, given the devel-
opments that appear on the horizon, will likely continue to play an
increasingly important one.
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