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Abstract

Multidimensional heteronuclear NMR approaches can provide nearly complete sequential signal 

assignments of isotopically enriched biomolecules. The availability of assignments together with 

measurements of spin relaxation rates, residual spin interactions, J-couplings and chemical shifts 

provides information at atomic resolution about internal dynamics on timescales ranging from ps 

to ms, both in solution and in the solid state. However, due to the complexity of biomolecules, it is 

not possible to extract a unique atomic-resolution description of biomolecular motions even from 

extensive NMR data when many conformations are sampled on multiple timescales. For this 

reason, powerful computational approaches are increasingly applied to large NMR data sets to 

elucidate conformational ensembles sampled by biomolecules. In the past decade, considerable 

attention has been directed at an important class of biomolecules that function by binding to a 

wide variety of target molecules. Questions of current interest are: “Does the free biomolecule 

sample a conformational ensemble that encompasses the conformations found when it binds to 

various targets; and if so, on what time scale is the ensemble sampled?” This article reviews recent 

efforts to answer these questions, with a focus on comparing ensembles obtained for the same 

biomolecules by different investigators. A detailed comparison of results obtained is provided for 

three biomolecules: ubiquitin, calmodulin and the HIV-1 trans-activation response RNA.
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1. Introduction

Theoretical and experimental work directed at using NMR to study molecular dynamics in 

solution and solid state was initiated shortly after the first successful NMR experiments in 

bulk matter. By 1960, the basic theory relating magnetic resonance measurements to 

molecular dynamics had been developed [1]. The introduction of one-dimensional pulsed 

Fourier transformation spectroscopy [2] opened the way to the first atomic-resolution studies 

of protein dynamics in solution [3–7]. However, the available methodology limited 
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measurements to a few resolved and assigned signals. Such measurements have been 

extended to sites throughout biomolecules, in solution and solid state, by the development of 

robust sequential assignment methods. These methods [8–10] involve the application of 

multidimensional heteronuclear spectroscopy to biomolecules uniformly or specifically 

labeled with 2H/13C/15N. It is now commonplace to measure relaxation rates, J-couplings, 

chemical shifts, residual anisotropic interactions (dipolar, quadrupolar and chemical shifts), 

relaxation dispersion profiles, and magnetization- and hydrogen-exchange rates of 

biomolecules. Analysis of such measurements yields site-specific information about 

dynamics on timescales in the range of ps to s [11–20].

While many types of measured NMR parameters are highly sensitive to molecular motions, 

the data do not directly provide information about atomic positions as a function of time. 

Molecular dynamics (MD) calculations have the potential to provide this information over 

an increasingly wide range of timescales. Because of imperfections in force fields, the 

accuracy of such calculations diminishes as the length of the simulation increases. However, 

the availability of large NMR data sets that are sensitive to molecular structure and 

dynamics provide restraints that offer the means of selecting conformations from a 

calculated ensemble that are in accord with experimental measurements. This prospect has 

stimulated many investigations in which NMR measurements together with MD calculations 

are used to determine conformational ensembles that elucidate biomolecular function. Of 

particular interest have been biomolecules that perform numerous functions by binding to a 

wide variety of target molecules. Two questions of interest are: “Does the free biomolecule 

sample a conformational ensemble that encompasses the conformations found when it binds 

to various targets, and if so, on what time scale is the ensemble sampled?”

This field has been the subject of a recent comprehensive review [18]. Our overview is more 

narrowly focused and describes sustained efforts over the past decade to answer the 

questions posed in the previous paragraph in the case of three target-binding biomolecules, 

ubiquitin, calmodulin and the HIV-1 trans-activation response RNA (TAR). Large NMR 

data sets, consisting principally of residual dipolar couplings and relaxation rates, measured 

in both solution and solid state, have been accumulated for these biomolecules. Initially, 

model-free (MF) approaches were used to extract estimates of rates and amplitudes of 

internal motions of individual atomic sites or of domains. More recently, NMR data have 

been used in conjunction with all-atom computational approaches to derive ensembles of 

conformations sampled by these systems on the ps-ms timescale.

In view of the vast number of degrees of freedom needed to define the dynamics of even a 

small biomolecular ensemble, such an enterprise faces considerable challenges. This review 

was motivated by an interest in comparing ensembles of the same biomolecules that have 

been determined independently by different groups of investigators using somewhat 

different approaches. It is thought that such a comparison should help reveal both the 

progress made and challenges that remain for such studies.

As most data sets used to derive the ensembles discussed herein consisted of residual spin 

interactions (e.g. dipolar couplings) and relaxation rates, an overview of the theory used to 

interpret such measurements is first presented. This is followed by a brief summary of 
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experimental approaches used to make such measurements. Then the studies of the 

dynamics of ubiquitin, calmodulin and TAR are reviewed and results obtained by different 

groups are compared. The paper closes with a brief perspective based upon the results 

obtained for these biomolecules.

2. Theoretical background

2.1. Orientation-dependent spin-interaction Hamiltonians

Most studies of biomolecular dynamics have involved measurements of either residual 

anisotropic interactions (couplings) and/or relaxation rates of 2H, 13C, or 15N spins. The 

theory that accounts for such measurements is well established [1, 21–25]. Herein it is 

presented in a form that is readily applicable to studies of biomolecular dynamics carried out 

in both solution and solid state.

The dominant orientation-dependent spin interactions for 13C and 15N are dipole-dipole 

couplings (D) and chemical shifts (CS), while for 2H, the quadrupolar interaction (Q) 

dominates. Stochastic motions that modulate these interactions lead to spin relaxation of 

these nuclei. The Hamiltonians, Hλ, of the three interactions, λ = D, CS, Q, can be expressed 

using either second-rank Cartesian or spherical tensors. An advantage of the latter is that 

every Hλ can be written as a scalar product of two tensors, Tλ and Rλ, where the interaction 

tensor Rλ does not contain any spin operators, which are all contained in Tλ. When Tλ and 

Rλ are expressed in a laboratory (L) frame in which ZL is parallel to B0, the external field, 

Hλ in frequency units (s−1), is given by [23]:

(1)

The constants Cλ and spin operators Tλ are defined in Table 1. The interaction tensor, Rλ, is 

most simply expressed in its principal axis system (PAS) or P-frame, where it is specified by 

only two elements ρλ
20 and ρλ

22 = ρλ
2-2 (Table 1), which are available from experiment. The 

Rλ
2m are obtained from the ρλ

2m according to [23]

(2)

where D2
pq are Wigner rotation matrix elements [26] and rotation of the P-frame through 

Euler angles ΩPL = (αPLβPLγPL) brings it into coincidence with the L-frame. The closure 

(addition) theorem for the Wigner matrix elements [26] yields

(3)

where rotation through Euler angles ΩPM = (αPMβPMγPM) brings the P-frame into 

coincidence with an intermediate frame, e.g., the molecule-fixed M-frame, Fig. 1, and 

subsequent rotation of the M-frame through Euler angles ΩML = (αMLβMLγML) brings it into 

coincidence with the L-frame. The entire orientation dependence of Hλ is described by 
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Wigner matrix elements that have well-known transformation properties under rotations 

[26]. An appropriate choice of the M-frame facilitates calculation of spin Hamiltonians that 

are averaged by rotations. This, in turn, expedites calculations of residual couplings and spin 

relaxation in the presence of molecular motions in both solids and liquids.

2.2 The heteronuclear dipolar spin Hamiltonian

We now consider the dipolar interaction between an isolated pair of spin-1/2 unlike nuclei I 

and S, which we take as I = 1H and S =15N as this is the most relevant situation for the 

applications considered in this review. In this case, as seen in Table 1, ρλ
2n = 0 unless n = 0 

(because the dipolar tensor is axially symmetric) and HD is given by

(4)

The frequencies of the two 15N (S-spin) transitions (corresponding to the proton being in 

either |α> or |β> states) are orientation-dependent. Because the magnitude of the 15N 

Zeeman frequency (γSB0) is much greater than that of the orientation-dependent part of the 

transition frequency, the latter can be calculated using first-order perturbation theory and the 

secular, m = 0, component of HD. D2
q0(ΩML) and D2

0q (ΩPM) are spherical harmonics [26] 

and are therefore functions of only two Euler angles, (βML,αML) and (βPM,γPM), 

respectively. Further, (βML,αML) = ΩB = (θB,ϕB) and (βPM,π-γPM) = Ωμ = (θμ,ϕμ), where Ωμ 

and ΩB are spherical polar angles of unit vectors μB (parallel to B0) and μ (parallel to 

the 15N-1H bond axis), respectively, Fig. 2. Using these angles and the secular part of T20
D, 

Table 1, one obtains the secular Hamiltonian

(5)

and C2q are modified spherical harmonics [26]. When the proton spin state is |β>, first-order 

perturbation theory yields the orientation-dependent part of the 15N transition frequency

(6)

The sign of ω reverses when the 1H spin state is |α>. On rotation of coordinates, the C2q(ΩB) 

and C2q(Ωμ) transform as elements of symmetric second-rank spherical tensors, designated 

TB and 𝖳μ. Therefore ω is the scalar product of 𝖳B and 𝖳μ tensors whose symmetry axes are 

along μB and μ. Because ω is a scalar it is unaffected by a rotation of the M-coordinate 

frame relative to μB and μ, and therefore depends only on θ, the angle between μB and μ, 

Fig. 2, the principal axes of 𝖳B and 𝖳μ. This result follows from Eq. (6) using the addition 

theorem of spherical harmonics [26], which yields

(7)

Although Eq. (6) is more complex than Eq. (7), it will be seen that the former equation 

facilitates calculations of ω and relaxation rates in the presence of molecular reorientation.
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As a consequence of the angular dependence of ω, the 15N signal is very broad (~104 Hz) in 

solid powders. The lineshape is a superposition of signals corresponding to the 1H |α> and |

β> spin states (a Pake doublet), Fig. 3A. The dipolar coupling, in Hz, for each value of θ is 

the difference between ω(α) and ω(β) divided by 2π, or dC = −ω(θ)/π, with maximum value 

Dmax = −ωD/π, yielding

(8)

Note that the units of dc are Hz while those of ω are radians/s. In view of the trivial 

difference between ω(α) and ω(β), we henceforth consider only the latter, and it is to be 

understood that ω = ω(β).

2.3 Motional averaging of the 15N-1H dipolar interaction

We discuss the averaging of the orientation-dependent part of the transition frequency using 

either ω or dc, in accordance with established usage. When all rates of reorientation are 

much greater than ωD, (the so-called fast limit, where the time dependence of ω is negligible 

to first order) the averages of ω and dc are obtained by replacing the right sides of Eqs. (6) 

and (8) by spatial ensemble averages taken over all orientations.

(9)

(10)

Note that in writing Eqs. (9) and (10) we have assumed that the motions of μB and μ are 

uncorrelated so that their ensemble averages can be calculated independently. We now 

consider how various types of motions in the solid state and in solution average ω and dc.

2.3.1 Sample spinning in the solid state—To calculate <ω>, we fix the M-frame 

relative to the L-frame and take ZM (the Z axis of the M-frame) along the sample spinning 

axis. This axis subtends an angle θ with μB (which is along ZL), and because the L and M-

frames are fixed relative to one another, rotation of the sample about ZM does not affect 

C2q(ΩB). In contrast, for q = ±1, ±2, < C2q(Ωμ)> vanishes once per rotor cycle, because 

C2q(Ωμ) is proportional to exp(iqϕμ). The q = 0 term contains the factor C20(ΩB) = 

P2(cosθB), which scales every dipolar coupling by a function that vanishes when θB = 

arcos(1/√3) ≈ 54.7°, the magic angle, whence <ω> = 0. This result also applies to the CS 

interaction, even though the CS tensor is generally asymmetric, because an asymmetric 

tensor can be written as the sum of two axially symmetric tensors [27]. Therefore, ultra-fast 

(beyond ca 60 kHz) magic angle spinning (MAS) yields high-resolution 15N spectra of 

solids whose signals appear at their isotropic (liquid-like) frequencies. More commonly, 

lower spinning rates can eliminate small CS anisotropies (CSA) and weak dipolar 
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interactions, involving 15N and 13C spins, while high-power 1H decoupling can suppress 

strong 1H-15N and 1H-13C dipolar couplings.

Because <ω> vanishes only once every rotor cycle, the MAS spectrum consists of sharp 

signals at the isotropic frequencies, flanked by sidebands at multiples of the spinning 

frequency [28–30]. When proton decoupling is applied and the spinning rate is much greater 

than ωCS the sideband intensities are negligible. Conversely, when the spinning rate is low 

while proton decoupling is applied, the sideband intensities can be used to obtain the 

principal components of the static (or the dynamically averaged) chemical shift tensors [28–

30]. Generally, information contained in anisotropic interactions can be obtained by 

applying suitable RF pulses in synchronism with MAS, thereby interfering with the 

averaging produced by spinning, a technique called ‘recoupling’. Dipolar recoupling allows 

one to retain information (e.g., internuclear distances) provided by dipolar interactions and, 

at the same time, record high-resolution spectra [31–34].

2.3.2 Internal N-H bond motions in a solid—We now consider a non-spinning solid 

composed of un-oriented, immobile biomolecules that contain N-H bonds that sample an 

ensemble of conformations. We fix the M-frame in the molecule, and the conformational 

ensemble sampled by an N-H bond in this frame is defined by an equilibrium probability 

distribution function [35], peq(Ωμ), where peq(Ωμ)dΩμ is the probability of finding μ in solid 

angle dΩμ centered at Ωμ. If all reorientation rates are much larger than ωD, Eq. (9) becomes

(11)

where the ensemble averages

(12)

are spherical order parameters that contain information about peq. To show this, we first note 

that because peq depends only upon the polar angles Ωμ=(θμ,ϕμ), it can be expanded in terms 

of the complete set of spherical harmonics.

(13)

Multiplying both sides of this equation by Ckq(Ωμ), integrating over Ωμ, and using the 

orthogonality property of the spherical harmonics yields, akq = [(2k+1)/4π]<Ckq>. With this 

result

(14)

For brevity, we write <C2q> as Sq and note that while the infinite set of Sq determine peq, at 

most, only five of the order parameters needed to do so, Sq (−2 ≤ q ≤ 2), can be obtained 

from measurements of <ω>.
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The Sq are elements of the spherical tensor <𝖳μ>. When the PAS frame of <𝖳μ> and the M-

frame are coincident, S±1 = 0 and S2 = S−2 [23] and Eq. (11) becomes

(15)

This equation is usually written in terms of principal frequencies <ωX>,<ωY>,<ωZ>, the 

values taken by <ω> when μB is along the principal axes of <𝖳μ>, Xμ,Yμ,Zμ, respectively. 

When μB is along Zμ, θB = 0 and <ωZ>/ωD = S0. In similar fashion, <ωX>/ωD = 

−S0/2+√6S2/2, and <ωY>/ωD = −S0/2-√6S2/2, where the convention |<ωZ>| ≥ |<ωX>| ≥ |

<ωY>| is used and |z| means absolute value of z. Eq. (15) then becomes

(16)

where (θB,ϕB) are the polar angles of μB in the PAS of <𝖳μ>, the asymmetry parameter, η = 

(<ωY> - <ωX>)/<ωZ>, equals zero when <𝖳μ> is axially symmetric. The powder lineshape, 

I(ω), corresponding to the angular dependence of <ω> is an elliptic integral [22, 23], an 

example of which is plotted in Fig. 3B. This lineshape, rather than the Pake doublet, Fig. 

3A, is observed when the N-H bond axis executes a two-site 60° jump as described in the 

figure legend. In this example η = 0.6 and <ωZ> = (5/8)ωD.

The five individual Sq provide useful information about peq when the orientation of the PAS 

frame of <𝖳μ> is known in the M-frame. This information is not available in a sample 

consisting of randomly oriented molecules. However, the averaged principal frequencies 

obtained from the lineshape yield the following two rotationally invariant combinations [36, 

37] of the Sq

(17)

and

(18)

where S2 is the MF generalized order parameter [38], the large parentheses denote Wigner 

3-j symbols [26], and ω1 = <ωX>/ωD, ω2 = <ωY>/ωD, ω3 = <ωZ>/ωD. A distribution 

function peq(Ωμ) that correctly describes the conformational ensemble sampled by μ must 

yield order parameters that satisfy these equations, whatever orientation is chosen for the M-

frame in the biomolecule.

2.3.3 Alignment of rigid biomolecules in solution—We next consider a biomolecule 

that diffuses as a rigid body in solution, and fix the M-frame in the molecule. In an isotropic 

liquid, the C2q(Ωμ) are not averaged by overall diffusion because μ is fixed in the M-frame; 

in contrast, all <C2q(ΩB)> vanish because peq(ΩB) = 1/4π. Therefore, according to Eq. (10), 

<dc>, the residual dipolar coupling (RDC) also vanishes. However, as first shown by Saupe 
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[39], RDCs can be observed when molecules are weakly aligned by a liquid-crystalline 

medium. Uniaxial alignment of biomolecules has been achieved using liquid crystals, 

strained gels and external fields [40–42]. Note that from the perspective of the M-frame, μB 

has non-uniform distribution of orientations, pA
eq(ΩB), as a consequence of molecular 

alignment. The five accessible alignment order parameters, <C2q(ΩB)>, are elements of 

<𝖳B>, where the ensemble average is over the orientations of μB in the M-frame and <𝖳B> is 

called the alignment tensor. Accordingly, we abbreviate the <C2q(ΩB)> as Sq
A, to 

distinguish them from the Sq introduced in Eq. (15). For each N-H site, j = 1, 2, …, N, the 

RDCj is a linear function of the Sq
A

(19)

When N ≥ 5, these equations can be used to obtain the Sq
A using singular value 

decomposition [37, 43], (SVD) if the coordinates Ωμj are known (in some M-frame), as is 

the case when the structure of the biomolecule is known. The elements of the 3×3 Saupe 

order matrix are readily obtained from the Sq
A [37, 40, 42], and diagonalization of the order 

matrix yields the orientation of the <𝖳B> PAS [37, 43]. In this frame, S±1
A = 0, S2

A = S−2
A 

and proceeding as with Eq. (16) one finds

(20)

where, A = S0
A, ηA = −√6S2

A /S0
A are called the magnitude and asymmetry of the 

alignment tensor, and (θμj,ϕμj) are the polar angles of μj in the PAS of the alignment tensor. 

In the PAS frame of the alignment tensor, S0
A = SZZ

A and √6S2
A = (SYY

A - SXX
A), where 

Sii
A are elements of the Saupe order tensor.

Eq. (20) has the same form as Eq. (16) because in the case of alignment, μB plays the role 

that μ had in the case of NH bond dynamics in a solid. For this reason, a histogram of 

dipolar couplings has the functional form of a solid-state powder pattern, I(ω), e.g. as shown 

in Fig. 3B when the NH bond orientations are uniformly distributed in the aligned 

biomolecule. Also, equations for alignment order parameters, Sq
A, have been derived [37] 

that are analogs of Eqs. (17) and (18). This reference [37] also contains the generalization of 

Eq. (19) that applies in the case of an asymmetric interaction tensor (e.g. an arbitrary 

chemical shift tensor).

A biomolecule having a large anisotropic magnetic susceptibility, χ, will spontaneously 

align in a strong external magnetic field. However, diamagnetic alignment of biomolecules 

is typically so weak that RDCs cannot be measured accurately. Considerably stronger 

magnetic alignment has been achieved by attaching to biomolecules paramagnetic tags (such 

as lanthanides or spin-labels) that have large anisotropic χ-tensors. Pseudocontact shifts 

(PCSs) are also observed in such samples. In the PAS system of the χ-tensor, the angular 

dependence of RDCj and PCSj is given by Eq. (20). The complete expressions for these 

quantities, in terms of the magnitude and anisotropy of the χ-tensor, are given by Bertini et 

al.[44].
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As a consequence of their sensitive dependence on the orientation of the NH bonds relative 

to a molecular frame, RDCs have been widely used as restraints in determining the three-

dimensional structures of biomolecules. They provide global orientational restraints that 

have significantly improved the quality of structures of proteins and nucleic acids 

determined by NMR [40, 41, 45]. RDCs have also been used to cross-validate crystal 

structures and NMR structures obtained without using RDC restraints.

2.3.4 Alignment of biomolecules containing two domains—In addition to 

providing structural information about biomolecules, RDCs have also been used to obtain 

information about the structures and relative motions of biomolecules containing two 

domains. It is most straightforward to do this when one domain is entirely responsible for 

alignment. This has been achieved using lanthanides in the case of calmodulin [46], and 

domain extension in the case of TAR RNA [47]. In the latter case, the domain responsible 

for alignment is axially symmetric. The five order parameters, Sq
A, characterizing relative 

motions of the domains are obtained from the alignment tensors determined for each of the 

two domains [48]. In the general case, where the alignment tensor of the domain responsible 

for alignment is asymmetric, the order parameters are ensemble averages of Wigner rotation 

matrix elements [49]. If five independent alignments are available, twenty-five such order 

parameters can be obtained, thus representing the maximum amount of model-independent 

information that can be obtained from RDC measurements about the distribution function 

describing the relative motions of the two domains [49].

It is generally not possible to determine the probability distribution function sampled by a 

biomolecule composed of two domains from the limited number of order parameters 

obtained from RDC data. Therefore RDCs, together with other NMR data, have recently 

been used in combination with computational all-atom approaches to determine dynamic 

ensembles of such systems [18, 50–53]. Later in this paper we compare ensembles 

independently determined using this approach by different groups for the same biomolecule.

2.3.5 Alignment of biomolecules containing mobile N-H bonds—RDCs of amides 

are impacted by motions of N-H bonds in the molecular frame [42], which we take as the M-

frame. Small-amplitude librational motions scale RDCs of all N-H bonds by < C20(Ωμ) >, a 

factor in the range of ca. 0.93 to 0.97. Motions of sites that undergo additional larger-

amplitude motions experience further reductions in their RDCs, as depicted in Fig. 4. The 

amplitudes of N-H internal motions on timescales less than ca. 1ms can be characterized 

quantitatively by analysis of RDC data obtained in multiple independent alignment media 

[54–56]. The alignment tensor has five elements and can be thought of as a five-dimensional 

vector, which implies that five independent (ideally orthogonal) alignments are optimal. The 

maximum information is provided by RDCs measured for many N-H bonds, in alignments 

that span the five-dimensional space [54–58]. In this case it is, in principle, possible to 

determine the five order parameters of each alignment tensor and of each <𝖳μj>.

2.4 Biomolecular motions and spin relaxation

Although rapid rotational diffusion in solution causes < ωλ> to vanish in first order, a 

second-order calculation reveals a small dynamic frequency shift [1]. More importantly, the 
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second-order calculation shows that temporal fluctuations of Hλ can be a potent mechanism 

for spin relaxation. Spin-relaxation rates are calculated using the semi-classical Hamiltonian 

of Eq. (4) and second-order time-dependent perturbation theory to solve the equation of 

motion for the density matrix [1, 9, 21, 23, 24].

2.4.1 The heteronuclear dipolar relaxation mechanism—Theory [1, 21–24] shows 

that relaxation rates are proportional to spectral densities, Jm(ω), which are Fourier 

transforms of correlation functions. For example, the longitudinal autorelaxation rate, R1S, 

for a spin S = 1/2 relaxed by dipolar interaction with a spin I = 1/2, is given by [23, 36]

(21)

fm
D(t) is an autocorrelation function given by [23, 36]

(22)

where, R2m
D is defined in Eq. (2) and < > represents an ensemble average. Using Eq. (3),

(22)

Expressing fD
m(t) in terms of polar angles ΩB = (θB,ϕB) and Ωμ = (θμ,ϕμ), shown in Fig. 2, 

and noting that D2
0q(αPM,βPM,γPM) = C2q(θμ,ϕμ) yields,

(24)

and the d2
pq are reduced Wigner matrix elements [26]. Note that fμ(t) is independent of αPM 

(because ρD is axially symmetric), while fB(t) depends upon Euler angle γML. This is the 

angle made by the YL axis and the normal to the plane containing the ZL and ZM axes.

2.4.2 Spin relaxation in solution—When a biomolecule has a well-defined structure, its 

overall motion is described by rigid-body rotational diffusion. In the presence of both 

isotropic overall diffusion and local internal motion, both fB and fμ depend upon time; and 

further, provided these motions are independent, the correlation functions in Eq. (24) can be 

averaged independently [38, 59] and Eq. (24) written as

(25)

If the diffusion tensor of the macromolecule is axially symmetric
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(26)

where D‖ and D⊥ are the diffusion coefficients for rotations about axes that are parallel and 

perpendicular to the symmetry axis of the diffusion tensor, respectively [60–62]. Note that, 

because <fB(t)> is independent of m, so is fD. This is a general result that applies to 

rotational diffusion of an asymmetric rotor in an isotropic liquid [63]. Note that provided D‖ 

= D⊥ = D0, i.e., when the rotor is spherical, fD(t) is a product of correlation functions for 

overall and internal motions

(27)

The addition theorem of spherical harmonics [26] then yields [38]

(28)

Two approaches have been used to evaluate the internal correlation function. In the first, the 

ensemble average is evaluated using a model for internal motions such as wobbling-in-a-

cone, or jumps or diffusion about one or multiple axes [59, 60, 62, 64]. A problem with this 

approach is that there are usually different motional models that can fit the data. In an 

alternative “model-free” (MF) approach, an internal correlation function is obtained without 

explicitly assuming a motional model [38, 65]. Rather, the internal correlation function is 

approximated as an exponential that decays with a single effective correlation time, τe, from 

its initial value of unity to a plateau of S2, where S2 is the generalized order parameter. In 

the case of isotropic rotational diffusion and an axially symmetric spin Hamiltonian such as 

HD, the MF expression for J(ω) is

(29)

where, τc = 1/6D0 is the overall correlation time and the angular brackets denote an average 

over orientations of μ on a timescale shorter than approximately τc [38]. The MF expression 

is exact when overall motion is isotropic, ω2τe
2 << 1, and internal and overall motions are 

uncoupled. The MF expression for J(ω) remains a good approximation outside its strict 

range of applicability [66, 67] and has been widely applied to characterize dynamics of 

biomolecules using measurements of relaxation rates. In a typical application, R1, R1ρ and 

the NOE are measured at 15N labeled sites throughout a biomolecule, ideally at several 

external field strengths, and a MF analysis is used to obtain τc, τe and S2. The latter is a 

model-independent measure of the angular amplitude of the motion of μ on a timescale less 

than τc, and can be compared with S2 predicted by an orientational distribution function 

peq(Ωμ) obtained from a motional model or from molecular dynamics simulations. The value 

of τe obtained from the MF analysis provides an estimate of the timescale of the internal 

motion. A more quantitative interpretation is precluded by the fact that τe is a combination 

of geometric factors and correlation times [38]. A generalization of the MF approach, the 
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extended model free [68] (EMF) approach, has been widely applied to analyze data obtained 

for biomolecules in which internal dynamics occur on two distinctly different timescales.

The relative ease with which the MF approach yields dynamic information has led to its 

near-universal use to analyze relaxation data of biomolecules. Physical interpretation of MF 

parameters requires caution, however, when conditions clearly violate its assumptions; when 

diffusion of a macromolecule is highly anisotropic (D‖ >> D⊥), when the spin-interaction 

tensors are asymmetric, when τc ≈ τe or when the overall and internal motions are strongly 

coupled. Formulations that treat the coupling of overall and internal motions have been 

developed [13, 69–71].

2.4.3 Spin relaxation in solids—The correlation function given in Eq. (24) is also 

applicable to spin relaxation in the solid state. In a solid, overall motion of the biomolecule 

is absent and the orientation of μB is time independent in the M-frame, which we fix in the 

biomolecule. The correlation function is given by

(30)

where fB and fμ are defined in Eq. (24). Note that in a solid fB depends only on polar angles 

(θB,ϕB), because γLM is independent of time and the factor involving this angle in Eq. (24) 

equals unity. Although (θB,ϕB) are also independent of time, they do vary in an un-oriented 

solid, because μB has a random distribution of orientations in the M-frame, and relaxation 

rates are orientation dependent. Also, as discussed previously, the resonance frequency is 

orientation-dependent, making possible direct measurement of the relaxation anisotropy [72] 

in a non-spinning solid. Such measurements are a powerful means to discriminate among 

competing models of internal dynamics. However, the broad linewidths observed in non-

spinning solids limits such studies to small molecules labeled at single sites. As noted 

earlier, MAS combined with multidimensional NMR yields liquid-like spectra of solids in 

which signals of large biomolecules are well resolved and can be assigned with atomic 

resolution. MAS removes the orientation-dependence of the resonance frequency (and does 

not affect relaxation rates so long as the spinning rate is much less than the reciprocal of the 

rotational correlation time), but relaxation rates (R1, R1ρ) are multi-exponential because the 

observed signal is the superposition of spectral lines from sites fixed in the M-frame, a 

frame in which B0 is randomly oriented. In the presence of MAS, R1 can be calculated using 

a correlation function [73] that is the sample spinning analogue of Eq. (11). When this 

correlation function is averaged over all orientations of the spinning axis in the M-frame one 

finds [73]

(31)

This correlation function is orientation-independent. The initial slope of the R1 relaxation 

function (which is multi-exponential) is equal to the average R1 calculated using this 

correlation function. The latter is formally identical to the correlation function obtained in a 

liquid, Eq. (28), with D0 equal to zero. Numeral simulations of powder averaged R1 and R1ρ 

rates in spinning solids show that the autocorrelation function decays nearly as a single 
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exponential in the case of either wobbling-in-a-cone or the two-site jump model [74]. This 

result indicates the MF approach can reasonably be applied to relaxation data of spinning 

solids.

In a solid sample, 6D0 = 1/τc = 0, and the first term of the MF spectral density function, Eq. 

(29), vanishes, so that relaxation is completely determined by internal motions. This means 

that relaxation rates of biomolecules measured in the solid state can provide information 

about internal motion on timescales ranging from approximately 10−12 to 10−6 s, about two 

orders of magnitude greater than in solution.

2.4.4 Chemical shift and quadrupolar relaxation mechanisms—At field strengths 

used to study biomolecules, the 15N CSA and 15N-1H dipolar interaction strengths are 

comparable. In addition, the amide 15N CSA tensor is nearly axially symmetric, with its 

symmetry axis nearly parallel to the N-H bond. Depending upon the proton spin state, the 

two interactions add or subtract, leading to large interference effects arising from cross-

correlated relaxation [27]. Werbelow and Grant [61] and Goldman [27] provide theoretical 

treatments of spin relaxation in the presence of D/D and D/CS cross-correlations, 

respectively. In order to simplify interpretation of relaxation data, pulse sequences are often 

employed that suppress D/CS interference when measuring 15N relaxation rates [9].

In general the CS interaction is asymmetric and its angular dependence is expressed using 

Wigner rotation matrix elements [22, 23]. An asymmetric tensor can be written as the sum 

of two symmetric tensors [27], and the angular dependence of each tensor can be expressed 

in terms of spherical harmonics. This simplification is offset by the need to include terms 

arising from the relaxation interference of the two symmetric tensor interactions [27].

When a deuteron is bound to a carbon atom, the Q interaction is axially symmetric, and the 

Q interaction tensor has the same angular dependence as the I-S dipolar tensor, Table 1. 

Therefore the MF approach can be used to analyze 2H relaxation data. Expressions for 2H 

relaxation rates [75, 76] have the same form as Eq. (3), but differ in detail because the spin 

operators in the Q and D Hamiltonians differ, Table 1. One of the advantages of deuterium 

measurements is that, to an excellent approximation, the Q interaction is the sole relaxation 

mechanism, and, relaxation rates of five different populations and coherences can be 

measured [76, 77]. 2H relaxation measurements are particularly useful for studies of 

dynamics of methyl groups [78], whose rapid rotation greatly diminishes the rate of 

transverse 2H relaxation.

3. Experimental background

3.1 Isotopic enrichment of biomolecules

Contemporary studies of biomolecular dynamics are performed on samples that are labeled 

with 2H, 13C and/or 15N. The large variety of methods that are now available to label 

biomolecules has been documented in a recent comprehensive review [79]. The availability 

of such labeled samples in combination with multidimensional heteronuclear NMR 

experiments in both solution and solid state have provided extensive signal assignments of 

many proteins and nucleic acids. These in turn have stimulated the development of 
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multidimensional heteronuclear NMR experiments that provide information about protein 

dynamics on a wide range of timescales at atomic resolution.

3.2 Measurement of static spin-interaction tensors

In order to derive information about dynamics from measurements of residual anisotropic 

interactions or relaxation rates, the ‘static’ tensor interaction strengths ωλ with λ = D, CS, Q 

[11], asymmetry parameters (in the case of CS), and orientations are needed. Recent 

measurements of RDCs and residual quadrupolar couplings (RQCs), and residual chemical 

shift anisotropy (RCSAs) in solution, together with measurements of chemical shift tensors 

in solids, have provided accurate values of these parameters, and their site-to-site variations, 

in both proteins and nucleic acids [30, 80–94].

3.3 Measurement of residual spin interactions in solution and solid state

Robust methods for measuring RDCs in solution have been available for over a decade [40, 

41, 45, 95]. As a consequence of weak alignment, an RDC is usually observed as a small 

perturbation of the much larger one-bond J coupling, which allows both the sign and the 

magnitude of the RDC to be readily measured [41]. Two recent advances in methodology 

are (1) ARTSY [96, 97], which takes full advantage of the TROSY effect to increase the 

accuracy of measurements of RDCs of large biomolecules, and (2) the use of band-selective 

homonuclear decoupling to improve resolution and sensitivity of the 15N-1H spectral region 

in strongly aligned samples [98].

RCSA measurements are more challenging than RDC measurements, because the chemical 

shift tensor is highly sensitive to the environment and one must minimize environmental 

perturbations to accurately measure the small differences between isotropic chemical shifts 

and chemical shifts in weakly aligned samples. Two approaches, the first employing MAS 

[92], and the second using a specially modified NMR tube [99], have been developed to 

overcome this problem. In contrast with the widespread measurements of RDCs and 

RCSAs, measurements of RQCs are rare [82], because of rapid transverse 2H relaxation in 

biomolecules.

Direct measurements of powder lineshapes in static solids have been used for more than 

forty years to characterize molecular dynamics in solids [23, 100]. Although solid state 

spectra of biomolecules are usually acquired using MAS, the information contained in the 

powder lineshape can be recovered using recoupling techniques. Numerous dipolar 

recoupling sequences have been used to measure the one-bond heteronuclear dipolar 

coupling in solids [32–34, 101]. The accuracy of these experiments has been critically 

examined, particular attention being paid to systematic errors introduced by homonuclear 

dipolar couplings, RF inhomogeneity, RF calibration errors, and chemical shift offsets. It 

was concluded [14, 101] that a REDOR [31] recoupling scheme gives the lowest systematic 

errors for deuterated samples spinning at high MAS frequencies, while the T-MREV [102] 

sequence gives accurate results in protonated samples spinning at low or intermediate MAS 

rates. Recently, REDOR has been used to measure order parameters of 15N amide sites [14] 

and 13C backbone and sidechain sites [103] throughout deuterated crystalline proteins.
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As with dipolar couplings, chemical shift tensors have been determined in spinning samples 

using various approaches, most directly from measurement of side band intensities in spectra 

acquired at low MAS spinning frequencies [30]. At high spinning frequencies, various 

approaches have been developed, termed CSA enhancement/amplification in the literature 

[104, 105], that result in sideband intensities that are the same as when the spinning rate is 

reduced or the CSA magnitude is amplified. While experiments that measure residual CSA 

tensors at assigned 15N sites can, in principle, be used to study biomolecular dynamics, such 

studies have yet to appear, because of uncertainties in rigid-limit CSAs, due to the 

dependence of CSAs on secondary structure and environment.

3.4 Measurement of relaxation rates in solution and solid state

The first proton-detected relaxation measurements of 13C or 15N spins at sequentially 

assigned sites throughout proteins in solution were carried out about 25 years ago [106, 

107]. Since that time, many refinements have been incorporated into the experiments to 

reduce systematic errors [9, 108, 109], with recent attention given to minimizing errors in 

experiments employing TROSY detection in deuterated proteins [110, 111]. With proper 

care, 15N relaxation rates can be measured with systematic errors of less than a few percent.

Information about biomolecular dynamics has come from widespread measurements of 15N 

relaxation rates [9, 108, 109] supplemented by less frequent measurements of 13C relaxation 

rates [9, 112–115]. In uniformly 13C labeled biomolecules, care must be taken with 

measurement and interpretation of 13C relaxation rates to account for homonuclear 

couplings, contributions from both dipole-dipole and CSA relaxation mechanisms, and CSA 

tensors that have often large asymmetries [9, 108, 112, 116, 117]. Studies of protein 

sidechain dynamics have concentrated on methyl sites. Typically 2H [76, 118] and 13C [119] 

relaxation in 13C1H2 2H and 13C1H2H2 methyl isotopomers, respectively, have been 

measured to circumvent complications in interpreting the data caused by cross-correlated 

dipole-dipole relaxation. Recently, measurements of methyl relaxation rates have been 

extended to very large proteins (up to 900 kDa) by combining methyl TROSY with various 

isotope enrichment strategies [94, 120].

Early measurements of 15N relaxation rates at specific sites in crystalline staphylococcal 

nuclease [121] were limited to R1 measurements of samples in which a single type of amino 

acid was 15N labeled. In 2004, Giraud et al. [122] measured R1(15N) rates at sequentially 

assigned sites throughout crystalline 13C/15N labeled Crh. The number of solid-state 

measurements of 13C and 15N relaxation rates at individual sites throughout uniformly 

labeled proteins has increased rapidly since that time [16]. As in solution, pulse sequences 

have been developed to measure R1, R1ρ, and heteronuclear NOEs [19]; however, in solids 

particular care must be taken to minimize coherent effects (e.g. proton-driven spin diffusion) 

[16] on relaxation rates. Such effects are greatly reduced by high-speed MAS (υr > 40 kHz), 

particularly when accompanied by dilution of protons by deuterons. Using this approach, R1 

values have been measured for 13C sites throughout crystalline α-spectrin SH3 [103]. In 

addition, the optimal combination of deuteration and high-speed MAS reduced proton 

linewidths to about 50 Hz, permitting proton-detected spectra to be recorded with high 

sensitivity and resolution [103]. Recently it has been shown that inclusion of order 

Torchia Page 15

Prog Nucl Magn Reson Spectrosc. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



parameters, obtained from measurements of dipolar couplings, into a MF analysis greatly 

improves the accuracy of the amplitudes and timescales derived from solid-state relaxation 

data [14]. One anticipates that studies of dynamics in solid biomolecules will see rapid 

growth with continuing advances in solid-state NMR methodology, labeling approaches and 

sample preparation [123, 124].

4. NMR studies of the dynamics of biomolecular conformational ensembles

4.1 General considerations

In order to relate structural fluctuations to function, it is necessary to characterize their 

timescales. This is a formidable challenge that requires the determination of an immense 

number of variables. We shall review recent work on proteins and nucleic acids that 

addresses this problem by augmenting extensive NMR measurements with state-of-the-art 

computational approaches.

4.2 Ubiquitin

Ubiquitin is a small (76 amino acids) regulatory protein that functions by binding to a large 

repertory of target proteins. Analysis of ubiquitin 15N relaxation (R1, R2 and NOE) data 

have shown that significant dynamics on the ps-ns timescale (S2 < 0.8) is confined to loop 

residues 8–11 and a few residues in other loops [114, 125]. Relaxation dispersion data 

indicate that dynamics on the ms timescale is limited to residues 23, 25, 55 and 70 [126]. 

However, the ensemble of crystal structures of ubiquitin bound to a variety of target 

molecules includes conformations that might lie outside those indicated by relaxation data of 

the apo protein. This observation suggests that, in solution, the apo protein may sample 

conformations on the ns-μs timescale (to which relaxation measurements are insensitive) 

that encompass those of target-bound ubiquitin and thereby facilitate binding to multiple 

targets.

In order to test this hypothesis, RDCs of ubiquitin have been measured in both solution and 

solid state. As noted in the theory section, analysis of RDC measurements that span the five-

dimensional alignment space in solution can provide order parameters that contain 

information about peq(Ωμi) the probability distribution characterizing the ensemble of 

conformation sampled by each N-H bond orientation. The first application along these lines 

was made using a model-free RDC approach [54] (MFRDC) to analyze 11 RDC data sets 

[56]. For many residues, the N-H S2
MFRDC values obtained from this analysis were 

significantly smaller than S2 values obtained from a MF analysis of relaxation data in 

solution. This observation indicated a significant amount of ns-μs timescale dynamics in 

numerous backbone sites in ubiquitin. Subsequently, the MFRDC analysis was repeated for 

a greatly expanded data set consisting of RDCs measured in 31 alignments [127]. The 

average S2 increased slightly over that found in the original study of 11 data sets, but 

remained significantly smaller than obtained from relaxation in solution. A modification the 

MFRDC analysis used an iterative procedure (SCRM) to minimize potential errors 

introduced by structural bias or noise [128]. Application of the SCRM approach to two large 

RDC data sets, chosen to best span the alignment space, yielded an average S2 value of 0.72, 

compared with 0.78 obtained from relaxation in solution. This result was subsequently 
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enforced by an analysis in which the Gaussian axial fluctuation (GAF) model of peptide 

plane motion was used to determine the absolute magnitudes of the S2 values [129]. In 

accord with these results, CαH dipolar order parameters derived for crystalline ubiquitin 

were found to be smaller than those obtained from relaxation in solution [130], presumably 

as a consequence of motions on the ns-μs timescale.

Taken together, the above results indicate that the backbone of ubiquitin samples an 

ensemble of molecular structures. In order to obtain insights into function, an all-atom 

ensemble of ubiquitin structures, 2K39, was generated using MD simulations restrained by 

NOESY data and by RDCs obtained from more than forty data sets [131]. As cross 

validation, the ensemble was virtually unchanged when it was generated using the RDCs 

alone, and the S2 values of 2K39 were in agreement, within experimental error, with those 

derived from the SCRM analysis [128]. Additionally, it was found that the 2K39 ensemble 

encompassed the structural heterogeneity observed in 46 ubiquitin crystal structures, in most 

of which ubiquitin is bound to a target protein. Based on this observation it was concluded 

that conformational selection, rather than induced fit, suffices to explain the molecular 

recognition dynamics of ubiquitin. This work was extended to study correlated motions in 

ubiquitin by combining measurements of cross-correlated relaxation rates (RNH,NH) and 

(RNH,CαHα) and trans-hydrogen bond scalar couplings (3hJNC’) with RDC data [50] to 

generate an ensemble 2KOX. 2KOX yielded better agreement with the combined data sets 

than did 1D3Z (the average NMR structure in solution), 1UBQ (the X-ray structure of free 

ubiquitin) or the 2K39 ensemble. Analysis of the 2KOX ensemble indicated that concerted 

motions, mediated by the hydrogen-bond network that connects four β-strands of ubiquitin, 

link target recognition sites of the protein.

While the ensembles derived from these comprehensive analyses of the extensive RDC data 

provide an attractive explanation of how ubiquitin dynamics relates to function, other 

investigations have cast doubt about the extent of flexibility indicated by this work. An 

ensemble simulated annealing approach, developed by Clore and Schwieters [132] showed 

that an ensemble consisting of only two members accounted for 17 sets of RDCs of N-H, N-

C’, HN-C′ and Cα-C′ vectors in ubiquitin measured in multiple alignment media. Except for 

a few residues, mostly in loops, S2 values exceeded 0.8. In an alternative approach [133], 

accelerated MD (AMD) simulations were used to vary the level of conformational sampling 

and thereby access dynamics over a wide range of time scales. The optimized AMD 

acceleration level was determined by best-fitting N-H RDCs obtained in 23 alignments. S2 

values were determined for the corresponding ensemble, and although they were less than S2 

obtained from relaxation data in several loops, they were not as small as S2 obtained in the 

SCRM and GAF analyses.

Recent experimental results, obtained for ubiquitin in solution and solid state, also indicate 

that motions on the ns-μs timescale may be less extensive than indicated by the analyses of 

RDC data in solution. Analysis of recent measurements of N-H dipolar couplings in 

crystalline ubiquitin [14] yield S2 values in close agreement with those obtained from 

relaxation measurements in solution, Fig. 5A. Furthermore, although dipolar couplings 

measured in solution and solid state are both sensitive to motions on the ns-μs timescale, the 

S2 values obtained from analysis of RDCs in the solid state [14] differ significantly from 
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analysis of RDCs obtained in solution [129], Fig. 5B. Although there is some uncertainty 

regarding the scale factor to be used when deriving order parameters from RDC data, it is 

clear from Fig. 5B that the discrepancy cannot be removed by scaling either set of order 

parameters. (Problems associated with the scaling factors to be applied when comparing S2 

from various types of solution- and solid-state RDC measurements are discussed in the 

literature [14, 58, 129, 134]). One possible interpretation of the results in Fig. 5 is that small 

amplitude motions of ubiquitin on the ps-ns timescale are of similar amplitude in solution 

and solid state, while larger amplitude motions that occur in solution on the ns-μs timescale 

are quenched by intermolecular contacts in the crystalline state.

Unfortunately this plausible explanation does not appear to be supported by two recent 

studies. In the first [135], new RDCs were measured in squalamine (in which ubiquitin 

alignment is significantly different from most alignment media used in previous studies) as 

well as Pf1. These data, together with all experimental restraints previously used to derive 

the NMR structure, 1D3Z, were used to obtain a new average NMR structure, 2MJB. In 

order to assess and validate the quality of this structure, 13C’ RCSAs, CαCβ RDCs 

and 3JHNHα scalar couplings were measured. These data, which were not used in any 

previous studies, were also used to validate the 2KOX and an X-ray-derived ensemble. 

Table 2 lists validation statistics of 2MJB, along with those of the 2KOX and the X-ray 

ensemble. The results show that the single NMR structure and an ensemble of the 15 highest 

resolution X-ray structures predict the validation parameters for the most-ordered residues 

better than does the 2KOX ensemble. While this is reasonable, it is surprising that even for 

the 13 most mobile residues in ubiquitin, the 2KOX statistics are no better than those of 

either the single NMR structure or the narrow distribution of structures that comprise the X-

ray ensemble. Fig. 6 shows representations of the backbone structures of the 2KOX and X-

ray ensembles, overlaid on the average NMR structure, 2MJB. It is clear that the X-ray 

ensemble samples considerably less conformation space than does 2KOX, and has slightly 

superior validation statistics.

In a second study [136], the structures of five proteins were refined against both high 

resolution X-ray diffraction data and NMR (PCS and RDC) data. The purpose of this 

investigation was to test whether a single structure could fit both types of data to within 

experimental error. In the case of ubiquitin it was found that a single structure, in which only 

a few dynamic residues were excluded, provided an excellent fit to both the X-ray data 

(PDB 3nhe) as well as the set of 36 RDCs measured by Lange et al. [131]. It therefore seems 

that the answer to the question, “Just how dynamic is ubiquitin on the ns-μs timescale?” 

awaits further research.

4.2 Calmodulin

Calmodulin (CaM) is a calcium-sensing protein that regulates many cellular regulatory 

processes in a Ca2+-dependent manner by binding to a wide array of target molecules. In the 

crystalline state, fully calcium-loaded CaM (4Ca2+CaM) typically adopts a dumbbell-shape 

in which two globular domains, each bound to two Ca2+ ions, are connected by a long α-

helix [137–139], Fig. 7. While the X-ray work revealed the interactions between the bound 

Ca2+ ions and the protein, the crystal structure did not indicate how 4Ca2+CaM is able to 
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bind to numerous different target molecules. X-ray scattering suggested that the central helix 

is flexible in solution and a MF analysis of 15N spin relaxation measurements [140] 

identified residues in the center of the helix that are flexible on the subnanosecond 

timescale, based upon their reduced order parameters. This observation indicated that a 

flexible hinge in the central helix facilitates target binding, a finding that was confirmed by 

subsequent NMR and crystal structures of 4Ca2+CaM bound to target molecules [141, 142]. 

In each structure of target-bound 4Ca2+CaM, the protein adopts a compact conformation in 

which the angle between the axes of the N- and C-terminal halves of the central helix is 

about 90°.

4Ca2+CaM serves as a model of a large class of flexible multi-domain proteins that function 

by adopting multiple conformations that are thought to facilitate binding to a variety of 

target molecules. Therefore, numerous NMR studies have been directed at learning about 

the timescale of 4Ca2+CaM domain dynamics as well the angular distributions of domain 

orientations. In an early effort to obtain this information, N-H sites that are sensitive to 

reorientation of the N- and C-terminal central helix axes, but are insensitive to rotations 

about these axes, were included in a MF analysis of 15N relaxation data acquired at three 

field strengths [143]. It was found that the two domains executed wobbling motions with 

correlation times of about 3 ns and order parameters in the range 0.62–0.74. If one assumes 

that the central helix axes of N- and C-terminal domains diffuse uniformly in a cone, the 

cone semi-angles derived from the order parameters are found to be about 30°, Fig. 7.

While the amplitude of the domain reorientation indicated by the MF analysis is significant, 

in structures of 4Ca2+CaM bound to peptide targets, the central helix bends by at least 90° 

[144]. If one assumes that the distribution of orientations in the cone is not uniform, but 

decreases as the cone angle increases (e.g., as for a Gaussian distribution), then the order 

parameters are compatible with orientational distributions having a small but non-zero 

probability for cone angles greater than 90°.

Two limitations to using the MF analysis of relaxation data to elucidate the motions of the 

N- and C-terminal domains of 4Ca2+CaM are (1) the coupling of overall and domain 

motions is neglected and (2) the relaxation data are insensitive to motions having correlation 

times greater than about 10 ns. Bertini et al. [46] have developed a clever approach to 

circumvent these shortcomings. They began with the demonstration that the N60D mutant of 

4Ca2+CaM selectively binds a lanthanide (Ln) exclusively at a single site in the N-terminal 

domain (the site-II Ca2+ binding location), and can only bind Ca2+ at the other three binding 

sites. Using this mutant, various 3Ca2+LnCaM derivatives were prepared. The N-terminal 

domain experiences weak magnetic alignment as a consequence of the anisotropic 

susceptibility tensor, χ, of the bound lanthanide, allowing PCSs and RDCs to be measured.

The alignment tensor of the N-terminal domain was obtained from the PCS data and that of 

the C-terminal domain was obtained from the RDC data. The alignment tensors of the two 

domains would be identical if the linker connecting them adopted a single conformation. 

Otherwise, the span of RDCs of the C-terminal domain will be less than that of the N-

terminal domain as a consequence of inter-domain dynamics [145]. This is evident if one 

takes the perspective of an observer in the C-terminal domain. In this domain, the 
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orientation of the χ-tensor samples a distribution of orientations, resulting in averaging of 

the χ-tensor and the RDCs of sites in the C-terminal domain.

Although the PCS and RDC data provide the orientations of the principal axes of the 

alignment tensor in each domain, the PAS orientations are not unique but are subject to a 

well-known four-fold degeneracy [40]. This limits the unambiguous information that can be 

obtained about ensembles sampled by the two domains. This problem is greatly reduced by 

recording data of three 3Ca2+LnCaM constructs, where Ln = Tb3+, Tm3+, Dy3+, are 

lanthanides whose χ-tensor orientations differ [146, 147]. The PCS and RDC data, 

supplemented with SAXS data, were used to estimate the maximum occurrence (MO) of the 

conformations sampled by 3Ca2+LnCaM. The MO approach, described in detail in the 

original publication [147], indicated that the fully and partially extended states of 

3Ca2+LnCaM had MOs of 15% and 35% respectively. While these measurements provide 

strong evidence that the extended states dominate the conformational ensemble, the 5% MO 

of the most compact states, similar to those seen in crystal structures of target-bound 

4Ca2+CaM, leaves open the possibility that a small percentage of 3Ca2+LnCaM 

conformations sample target-bound conformations.

Direct evidence for the presence of a small population of compact 4Ca2+CaM states was 

obtained from amide proton paramagnetic relaxation enhancement (PRE) data [148]. The 

advantage of PRE measurements is that the contribution of an inter-domain PRE of an 

amide proton of a compact state, in which the spin label in one domain comes close to the 

amide proton site in the other domain, is greatly magnified by the <r−6> dependence of the 

PRE. Two 4Ca2+CaM constructs, each containing a single cysteine point-mutation in the N- 

and C-terminal domains, S17C and S128C, respectively, were labeled with a paramagnetic 

nitroxide spin label [148]. Transverse PREs were measured for amide sites throughout both 

constructs. Analysis of the PRE data yielded an ensemble of 4Ca2+CaM conformations 

containing about 10% compact structures, about one-half of which resembled the 

conformation(s) observed in X-ray structures of target-bound 4Ca2+CaM.

Independently, PRE measurements of transverse relaxation of amide protons were made 

[149] on 3Ca2+Gd3+CaM where a gadolinium ion replaces the Ca2+ at the II-binding-site of 

the N60D construct. An MO analysis was then applied to the PRE data combined with the 

PCS and RDC data acquired previously [149]. The two types of data are complementary, 

and their combination yielded a better definition of the MOs of both extended and compact 

conformations than was the case when only one type of data was used. Using the pooled 

data, the MO of the highly compact states increased to 20%, as compared with the MO of 

5% obtained in the absence of PRE data. This result is consistent with the analysis of the 

spin-labelled data, where approximately 10% of the conformations in the 4Ca2+CaM 

ensemble are highly compact structures.

A different approach, using chemical shifts as replica-averaged restrains in MD simulations, 

has recently been used to characterize domain motions of 4Ca2+CaM [144]. The chemical 

shifts of ten residues in the central helix, whose conformations differ in the extended 

(unbound) and compact (target–bound) states were used as restraints in MD calculations that 

generated an ensemble of 4Ca2+CaM conformations. The ensemble was validated by its 
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ability to predict RDC, PRE and SAXS data. The polar coordinate system depicted in Fig. 

8A was introduced in order to compare the ensembles obtained by various investigators. The 

use of polar angles (rather than Euler angles) does not permit one to discriminate 

conformations that differ by rotations around the axis of helix V (shown in orange in Fig. 

8A), but it does facilitate visual comparisons of ensembles obtained by various investigators. 

The fully extended X-ray conformation corresponds to polar angles (θ, ϕ) = (90°, 0°), while 

the polar angles of the target-bound 4Ca2+CaM structures all cluster in the region (green 

circle) centered at (θ, ϕ) = (10°, 110°), Fig 8(B) [144]. The chemical shift and spin-labelled 

PRE ensembles are displayed in yellow-red scales and grey scales, respectively. In 

agreement with the analysis of relaxation and PCS/RDC data [146, 147], most 

conformations based on the chemical shift distribution have (θ, ϕ) values within 45° of the 

fully extended X-ray structure. Compact structures, with coordinates approaching those 

obtained from X-ray structures of target-bound 4Ca2+CaM, are found with much lower 

probability, in agreement with conclusions obtained from analyses of PRE data [148, 149]. 

It is noteworthy that, while the coordinates of these compact states approach those of target-

bound 4Ca2+CaM, they differ from the latter by at least 40° in both (θ, ϕ). Therefore it 

appears that the conformations that 4Ca2+CaM adopts when bound to target molecules are, 

in the case of the free protein, only present at levels below the detection limits of available 

RDC and PRE data, showing that their free energies in the absence of bound target 

molecules are elevated.

4.4 TAR, the HIV-1 trans-activation response element RNA

Like proteins, nucleic acids often undergo large conformational changes in order to function, 

and numerous NMR studies have been directed at delineating nucleic acid dynamics in order 

to better understand their function. Recent reviews [18, 53, 150, 151] have provided 

excellent overall coverage of this work. Herein I focus on approaches directed at 

overcoming the particular challenges encountered when using RDC and spin relaxation data 

for the investigation of the dynamics of TAR.

TAR is a small RNA that is essential for viral replication (structure E0 in Fig. 9A). Early 

structural NMR and X-ray studies showed that TAR adopted quite different conformations 

on binding to ligands, metal ions and small molecule inhibitors. In addition, early RDC 

measurements and MD simulations indicated that TAR was flexible in the free state. The 

question I should like to address is: “does free TAR sample a range of conformations that 

includes those observed in the ensemble of bound structures, and if so, on what timescale?”

TAR contains two helical domains of about equal size that are linked by a flexible bulge 

(see structure E0 of Fig. 9A,) Because the helical stems are nearly of the same size, overall 

tumbling of TAR is strongly coupled to domain reorientation, which greatly complicates 

analysis of spin relaxation data [13, 69, 71, 152, 153]. Decoupling of these motions was 

achieved by elongating the domain I helix of TAR with a stretch of 22 unlabeled A-form 

Watson-Crick base pairs [154] (structure EI-22 of Fig 9A,) As a consequence of elongation, 

EI-22-TAR diffuses as an axially symmetric rotor whose overall motion is not significantly 

affected by the internal motion of the unmodified small domain. Elongation also increases 

the overall correlation time, which extends the upper limit of the timescale of internal 
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motions reported on by relaxation rates. C-H signal intensities of EI-22-TAR were 

significantly smaller for residues in the elongated domain I than in domain II, indicating that 

EI-22-TAR does not diffuse as a rigid body. This interpretation was confirmed by an 

extended MF analysis of R1, R2 and NOE data of imino 15N-H sites which revealed that, in 

addition to local ps fluctuations of N-H bond axes (S2 ca. 0.84) experienced in both 

domains, N-H sites in domain II only experienced slower (τ ca. 1.7 ns) motions with larger 

amplitudes (S2 ca. 0.72). Analysis of relaxation data of EI-22-TAR-Arg (TAR bound to 

argininamide) also showed that Arg binding abolishes inter-domain motions.

The upper limit on the timescale of EI-22-TAR domain motions that can be accessed 

through measurements of relaxation times is 10–20 ns. In order to extend measurements of 

domain dynamics to the ns-ms timescale, EI-22-TAR RDCs were measured in a Pf1 

alignment medium. The alignment tensor of the EI-22-TAR large domain is axially 

symmetric, with its unique principal axis parallel to axis of the long helix. As a consequence 

of inter-domain motion the alignment tensor of the small domain is asymmetric and of 

smaller magnitude than that of the large domain. As discussed in the theory section, the five 

elements of the averaged alignment tensor observed in the small domain yield five of the 

<C2m> coefficients needed to describe the orientational probability distribution of the 

domain I helix axis relative to the PAS system of the alignment tensor of the small domain. 

Because the alignment of domain I is axially symmetric, these coefficients do not contain 

information about the angle that describes twisting of domain I about its long axis. This 

information is obtained from analysis of RDCs measured on two complementary TAR 

constructs, structures EI-22 and EII-22 (Fig. 9A), where the long helix is used to elongate 

either of the helical domains [48]. The generalized order parameter calculated from the 

analysis of both sets of RDC data was found to be ca. S2 = 0.21, significantly less than the 

value, of ca. S2 = 0.72, obtained from the analysis of the relaxation data (see above). In 

addition, no evidence for exchange broadening was obtained for residues either in or near 

the TAR bulge. Taken together these observations indicate that significant inter-domain 

dynamics occurs on the ns to μs timescale [48].

Although S2 provides useful information about the amplitudes of TAR domain motions, it 

represents the sum of five squared order parameters. In contrast, the RDCs of the two 

elongated constructs yield nine separate order parameters [155] that provide more 

information about TAR dynamics. It was found that a minimum of three TAR 

conformations were required to fit the pooled RDC data [48]. The three TAR conformations 

(Fig. 9B) spanned large angular amplitudes in a highly directional manner.

A more detailed all-atom representation of TAR dynamics was obtained by applying a 

sample-and-select approach [156] to a TAR MD simulation of 80 ns [157]. The calculated 

MD pool of conformations was randomly sampled and each individual conformation was 

selected for inclusion in the final ensemble based depending on its ability to improve the fit 

to the TAR RDC data. An ensemble of twenty conformations was found to satisfy the 

measured RDCs to nearly within experimental uncertainty. This ensemble encompassed the 

three-state ensemble, depicted in Fig. 9B, and included conformations similar to the ligand-

bound conformations of TAR [157].
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While the elongation strategy has obvious advantages, it also has its limitations. Not all 

RNA molecules are amenable to elongation. Furthermore, elongation of two helical domains 

limits the acquired RDC data to two independent alignments, whereas data need to be 

acquired in five independent alignment media in order to maximize the information that they 

contain. A strategy to overcome these limitations was developed based on the observations 

that extension of TAR by as few as three base pairs or by the introduction of kinks in short-

elongation segments significantly modulates alignment [158]. The problem with coupling of 

overall and domain motions in such constructs was addressed using PALES [159, 160] to 

calculate the alignment tensor for every conformation sampled by the TAR construct. This 

approach was justified by studies [161–163] that showed that alignment tensors of several 

nucleic acids dissolved in Pf1 phage were well predicted by a simple steric model. Although 

the phage and the RNA molecules are both negatively charged, electrostatic repulsion will 

mimic steric occlusion when the negative charge distribution of the RNA follows its shape 

and repels the negatively charged Pf1. Using this approach, the RDC data sets from the four 

TAR constructs in Fig. 9A and a conformational pool obtained from an 8.2 μs MD trajectory 

were used together with the sample-and-select scheme [156] to construct a twenty-member 

ensemble that fitted the RDC data within experimental uncertainty [53, 164]. The ensemble 

was validated by showing that it could predict RDCs measured for a magnetically aligned 

TAR sample (not used to construct the ensemble) as well as proton chemical shifts. The 

RDC ensemble was used to calculate order parameters at specific sites in TAR, which were 

then compared with order parameters obtained from 13C and 15N relaxation data. 

Differences in order parameters were then used to distinguish sites that were mobile on the 

ps-μs timescale from those whose mobility was restricted to the ps-ns timescale. A 

comprehensive discussion of TAR dynamics obtained from these studies is provided in the 

original publications [53, 164].

An independent investigation of TAR dynamics has been made by obtaining RDC and 

relaxation data in solution as well as 2H lineshape and relaxation data of hydrated TAR in 

the solid state where overall motion is absent. The 2H measurements report on both the rates 

and amplitudes of domain and local internal motions. Three TAR samples were prepared, [5, 

6-2H] labeled at U23, U25 and U38, and 2H lineshapes and R1 and R1Q relaxation rates were 

measured as a function of hydration varying from 6 to 30 water molecules per nucleotide 

[165, 166]. From an analysis of these data it was concluded that TAR experiences slow (ns 

to μs timescale) domain dynamics, like those observed in solution, when the hydration level 

is high (sixteen water molecules per nucleotide), corresponding to complete local hydration. 

Analysis of data acquired at this hydration level showed that residues involved in binding of 

TAR to Tat (the HIV transcription activating protein) were mobile on the ns-μs timescale, as 

well as the faster ps-ns timescale found from relaxation measurements in solution.

In a subsequent study [167], detailed models of the dynamics of the three deuterated sites, 

on the ns-μs timescale, were derived from analysis of 2H lineshapes and R1, R1Q relaxation 

data. It was found that U23 and U25 (Fig. 9A) undergo changes in orientation of ca. 30° at a 

rate of 6–7 × 107 s−1, and in addition the base of U25 undergoes a slow (6 × 105 s−1) large-

amplitude (± 40°) twist. U38 was found to execute 13° twisting and bending motions with a 

rate of 6 × 105 s−1. It was concluded that these large-amplitude motions enabled TAR to 

sample conformations similar to those observed when it was bound to Tat.
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These studies, which focused on analysis of solid-state NMR data, were expanded to include 

relaxation measurements in solution. In order to do so, an approach was developed to treat 

the difficult problem of accounting for the coupling of overall and domain motion. In the 

first instance this was done [168] for data acquired for a single site, U38. This nucleotide 

had been shown to execute domain-related motions in the solid state at a rate (6 × 105 s−1) 

much less than the overall diffusion rate (ca. 109 s−1) of TAR in solution. Taking advantage 

of the separation in rates, a slow-exchange model was used to analyze the combined 

solution-state/solid-state data for U38. This approach was then extended by formulating a 

more general exchange (GE) theory, which applies for arbitrary rates of overall diffusion 

and domain motions, on the condition that the orientations of the PASs of the diffusion 

tensors coincide at the instant of exchange [71, 152]. A more general theory, where this 

restriction has been removed, has recently been presented by Ryabov et al. [13].

Motional models derived from the combined analysis of solution and solid-state NMR data 

were discussed and compared [71, 152] with the results obtained by Al-Hashimi et al. [48, 

154, 155]. More recently the combined solution/solid-state data have been used to construct 

an ensemble of TAR structures [169]. In this approach, RDCs were used to filter an initial 

set of 500 ROSETTA energy-minimized TAR structures, yielding a set of five structures. 

Next, these five structures were shown to correspond to conformational clusters obtained 

from a principal component analysis applied to the 500 starting conformations. Finally it 

was found that applying the GE theory to the five-member ensemble reproduced the 13C-1H 

relaxation rates measured in solution.

A comparison of the results obtained using the five-member ensemble [169] with those of 

the twenty-member ensemble [53, 164] revealed excellent agreement in angles spanned by 

the two helical domains. However, bulge conformations obtained from the two ensembles 

differed significantly [169]. It is possible that the discrepancy arises from the limited size of 

the initial pool of energy-minimized structures and/or from the assumption, in the GE 

theory, of a coincidence of the rotational diffusion tensors at the instant of exchange. 

Another source of potential error in both approaches is the use of a steric model to calculate 

alignment tensors of RNA in charged media [170].

5. Perspectives

Until about 15 years ago, NMR studies of biomolecular dynamics typically relied on MF 

analyses of relaxation measurements to derive order parameters and correlation times 

of 2H, 13C and 15N sites. Subsequently new methods have provided large amounts of 

additional data, primarily in the from of RDCs, PCSs and PREs in solution as well as 

relaxation rates and averaged dipolar couplings in the solid state. This increase in the 

amount of data available for analysis has been accompanied by an over 1000-fold increase 

in the duration covered by MD simulations, which now extend to the ms regime. These 

developments have encouraged investigators to obtain all-atom descriptions of the 

ensembles of conformations that are sampled by biomolecules on a timescale ranging from 

ps-ms. The three examples considered herein reveal that significant progress has be made 

towards achieving this goal, but challenges remain. In the case of ubiquitin, it has been 

shown that amide backbone motions on ps-ns timescales have nearly identical order 
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parameters in solution and crystalline states; however, the amplitudes of ns-μs timescale 

motions in solution remain uncertain, as does the question regarding of extent of 

conformational sampling in solution. Calmodulin and TAR are examples of biomolecules in 

which two well-structured domains are connected by short flexible linkers, so that domain 

motions are a function of a relatively small number of degrees of freedom. It is likely that 

this is one reason that generally good agreement has been obtained by different investigators 

regarding the nature of domain dynamics for the two molecules. However, calmodulin 

illustrates the difficulty of detecting biologically important conformations, which have low 

populations (<1%) even when proton PREs are measured. Detection of such states should be 

aided by the continued development of novel paramagnetic labels [171, 172] that will 

increase the range of sites that can be tagged by PRE agents. In addition, an expanded 

repertoire of paramagnetic tags will provide alignments of biomolecules that complement 

those provided by liquid crystals and gels, and thereby improve the prospect of attaining five 

fully independent alignment data sets. Finally, as both the accuracy and speed of MD 

computations continue to improve, is should be possible to calculate long-time correlation 

functions and refine ensembles directly against NMR data, and thus avoid the simplifying 

approximations inherent in MF and other approaches currently used to analyze relaxation 

data.
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Glossary

AMD Accelerated molecular dynamics

CS Chemical shift

CaM Calmodulin

D Dipolar
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EMF Extended model free

GAF Gaussian axial fluctuation

GE General exchange

L-frame Laboratory frame

MAS Magic angle spinning

MD Molecular dynamics

MF Model free

M-frame Intermediate frame

MFRDC Model free residual dipolar coupling

MO Maximum occurrence

PAS Principal axis system

PCS Pseudocontact shift

PDB Protein data bank

P-frame Principal axis frame

PRE Paramagnetic relaxation enhancement

Q Quadrupole

RCSA Residual chemical shift anisotropy

RDC Residual dipole coupling

REDOR Rotational echo double resonance

RQC Residual quadrupole coupling

SCRM Self-consistent model free

SFGAF Structure free Gaussian axial fluctuation

SVD Singular value decomposition

TAR HIV-1 transactivation response element RNA
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Manuscript Highlights

Averaging of spin interactions by molecular motion

Molecular motion and spin relaxation

Molecular dynamics of ubiquitin

Domain dynamics of calmodulin

Dynamics of the HIV-1 trans-activation response element RNA
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Fig. 1. 
Illustration of the rotation through the Euler angles (αPM, βPM, γPM) that brings the principal 

axis system (XP, YP, ZP) into coincidence with the M-frame coordinate system (XM, YM, 

ZM). In the case of the dipolar tensor, the symmetry axis, μ, is along ZP. For clarity the 

subscripts on the Euler angles are omitted in the drawing. A second rotation through Euler 

angles (αML, βML, γML) brings the M-frame coordinate system into coincidence with the L-

frame (XL, YL, ZL), where ZL is along μB. One obtains the elements of interaction tensor in 

the L-frame, Rλ
2m, from the measured values of the interaction tensor elements in the P-
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frame, ρλ
2m, (Table 1) using Wigner rotation matrix elements according to Eq. (3). The 

definition of the Euler angles is that given in references [23, 26].
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Fig. 2. 
Illustration of the spherical polar angles (θB, ϕB) and (θμ, ϕμ) that specify the orientations of 

the external magnetic field, μB, and the N-H bond axis, μ, in the M-frame. The relationship 

between these angles and θ, the angle subtended by unit vectors μB and μ, is also shown.
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Fig. 3. 
(A) Solid-state NMR spectrum of a spin-1/2 nucleus such as 15N that has a dipolar 

interaction with a single 1H spin (with −ωD/π = 20 kHz; for simplicity, the chemical shift 

anisotropy is not considered.) Two distributions of dipolar couplings one corresponding to 

the α spin-states of the proton and the other to the β are superimposed giving rise to the 

“Pake doublet” lineshape. The frequency distribution results from the angular dependence of 

the dipolar interaction, Eq. (3). The positions of principal frequencies (ωX, ωY, ωZ) are 

indicated by short vertical lines, with conventions |ωZ | ≥ |ωX | ≥ |ωY | and Σωi = 0, i = X, Y, 
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Z. The frequency having the largest magnitude ωZ occurs when the NH bond is parallel to 

Bo, while the other principal frequencies ωX = ωY = −ωZ/2 occur when the NH bond is 

perpendicular to Bo. In the absence of motions, the maximum dipolar splitting, Dm = −ωD/π 

is here assumed to be 20 kHz. (B) Reorientation of the NH bond on a timescale t << 1/ωD 

averages the frequency distribution, resulting in a narrowing of the static powder patterns. 

The averaged powder patterns in (B) result when the N-H bond jumps between two equally-

populated orientations which differ by 60°. The axially asymmetric motion in this example 

results in an averaged dipolar tensor that is asymmetric, yielding asymmetric powder 

patterns in which the principal frequencies are not degenerate. S2 can be calculated using 

Eq. (17) and the principal frequencies obtained from the lineshapes in (A) and (B). In the 

same manner, S2 can be derived for axially symmetric chemical shifts of spin-1/2 or from 

quadrupolar interactions of 2H that are dynamically averaged. Although contemporary high-

resolution solid-state experiments of biomolecules are recorded with MAS, recoupling 

approaches can recover the information contained in anisotropic line shapes, while 

providing high resolution spectra as discussed in the text.
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Fig. 4. 
In an isotropic liquid, the quantities <C2q *(ΩB)> on the right side of Eq. (10) vanish, along 

with all RDCs, as a consequence of overall molecular tumbling on a timescale, τc < 10−7 s. 

However this is not the case for an aligned sample, because μB assumes a non-uniform 

distribution in the M-frame, and RDCs are then given by Eq. (20). (A) Illustrates the 

maximum dipolar splitting for the case of an N-H dipolar interaction with, Dmax = 20 kHz, 

Aa = .001 which occurs when θμj = 0°. Other NH orientations exhibit smaller RDCs. (B) 

illustrates the reduction, in the RDC shown in (A) that results from diffusion (on a timescale 
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< 10−3 s) of the NH bond in a cone with semi angle 30°, centered at θμj = 0°, in which case S 

= 0.8.
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Fig. 5. 
Plots comparing amide N-H MF order parameters obtained from REDOR measurements of 

crystalline ubiquitin with those obtained in solution; (A) S2 from REDOR [14] (black) and 

from 15N relaxation measurements in solution (green), and (B) S2 from REDOR [14] (black) 

and from a structure-free GAF analysis of RDC measurements in solution [129] (green). 

Figure adapted from Haller and Schanda [14].
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Fig. 6. 
Overlaid backbone representations of the recently derived NMR structure 2MJB (red) with 

(A) the RDC ensemble representation 2KOX (in transparent blue), and (B) with the 15 

highest-resolution X-ray structures of ubiquitin (also in transparent blue). The structures 

were superimposed by best-fitting the residues with most-ordered backbone coordinates in 

the X-ray ensemble as described by Maltsev et al. [135], from whom the Figure is adapted.
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Fig. 7. 
A ribbon diagram [143] of the fully extended 4Ca2+CaM structure generated from the 

coordinates of PDB accession number 3CLN. D‖ and D⊥ represent the components of the 

axially symmetric overall diffusion tensor of the extended structure. The angle β 

characterizes the amplitude of internal domain motion derived from EMF order parameters 

interpreted using the diffusion in a cone model. Figure adapted from Baber et al. [143]
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Fig. 8. 
(A) Illustration of the spherical polar coordinates used to represent the orientations of α-

helix V (orange) relative to α-helix IV (red) in the respective C- and N-terminal domains of 

4Ca2+CaM [144] (B) Comparison of the distributions of (θ, ϕ) angles sampled by the 

chemical shift (yellow-red scale), PRE (grey scale), and peptide-bound X-ray (green circle) 

ensembles of 4Ca2+CaM conformations. Figure adapted from Kukic et al. [144].
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Fig. 9. 
(A) Secondary structure of TAR, E0, and three elongated TAR constructs EI-22, EII-22 and 

EI-3 used to measure independent sets of RDCs [173]. (B) Three-state TAR ensemble [173] 

used to fit RDCs of elongated TAR constructs. Figure adapted from Al-Hashimi et al. [173].
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Table 1

Factorsa Cλ, spin-dependent operatorsb , and interaction-tensor elements , in the tensor principal axis 

system.

Interaction λ Cλ

Dipole-dipole D −(μ0/2π)ħ γIγS [3ÎZŜZ − Î •Ŝ]/61/2

(3/2)1/2

0 0

Chemical Shiftc CS γS (2/3)1/2ŜZB0 (2/3)1/2Δσ 0 −ΔσηCS/3

Quadrupole Q eQ/2ħ (3/2)1/2 eq 0 −eqηQ/2

a
μ0 is the permeability of free space and other symbols are defined by Spiess23.

b
The secular part of  equals (2/3)1/2ÎZŜZ. The operators  are given by Spiess23. They are not listed because they do not 

explicitly appear in subsequent equations herein.

c
HCS contains contributions from first rank tensors. However, they are insignificant for the nuclei of interest herein.
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Table 2

Experimental validation statistics for different structural representations of ubiquitin.a

Structure 2MJBc 2KOXd <X-ray>e

RCSAb (ppb) 6.5/15.7/8.9b 9.2/17.5/11.1b 6.2/13.9/8.1b

QCC(%) 9.3/22.2/11.7 10.5/21.1/12.4 9.9/14.3/10.4

3JHNH
f (Hz) 0.43/0.77/0.50 0.58/0.89/0.65 0.50/0.83/0.57

a
For residues Q2-V70. Results derived from Table 1 of Maltsev et al. [135].

b
The first number corresponds to residues with rmsd ≤ 0.4 Å for backbone coordinates (N, Cα, C') in the X-ray ensemble; the second number to 

residues with rmsd > 0.4 Å (7–11, 32–35, 46, 47, 52 and 70); the third number to all residues.

c
Maltsev et al. [135].

d
Fenwick et al. [50].

e
Ensemble of 15 chains from high resolution (≤1.8Å) X-ray structures [135].
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