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1. Introduction

Since the first applications of residual dipolar couplings
(RDCs) to hiomolecular systems approximately a decade ago,
RDCs have rapidly emerged as a standard tool for the
characterization of structure in solution. However, their
application to the study of biomolecular dynamics has
developed much more slowly, in large part due to the
additional difficulties associated with their interpretation. So
why develop techniques for studying dynamics using RDCS ke Ruan was born and raised in Anhui, P. R. China, and received his
when there are a number of mature spin relaxation baseds.s. and M.S. in chemistry from Peking University. He is currently a Ph.D.
technique5”’ that can be used to study motions on the student in chemistry at the Johns Hopkins University under the direction
subnanosecond as well as on the microsecond to millisecondf Prof. Joel Tolman. Hi.S research is focused on developing RDC-based
time scales? The answer is twofold. First, RDCs can provide Methods to study protein structures and dynamics.
detailed structural dynamic information at atomic resolution,
which informs directly on the spatial nature of conformational ate nanoseconemicrosecond time scale, which may not be
fluctuations of biomolecules. Second, RDCs are sensitive to picked up by existing spin relaxation based approaches. In
motions spanning the picosecond to millisecond time scalesshort, RDCs offer a view of dynamic processes that is very
and therefore can detect motions occurring on the intermedi-complementary to other NMR spectroscopic approaches.

Techniques for studying dynamics using RDCs are still
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10.1021/cr040429z CCC: $59.00 © 2006 American Chemical Society
Published on Web 04/08/2006



NMR Residual Dipolar Couplings as Probes Chemical Reviews, 2006, Vol. 106, No. 5 1721

can individually be assumed to be rigid. The measurement In the solution state, the time dependence of the dipolar
of RDCs corresponding to each individual segment can allow Hamiltonian is due to overall molecular reorientation as well
the relative mobility of segments to be established. The as bond vibrations and internal motions. Under normal
availability of numerous different media for inducing mo- solution conditions in which the molecule does not assume
lecular alignment provides for the acquisition of extensive any preferential orientation relative to the magnetic field,
sets of RDCs such that it is now feasible to consider the the angular terniP,(cos 6;(t)) will average to zero. Hence,
determination of a set of conformations of a biomolecule RDCs are not normally observed in the solution NMR
rather than a single structure. These multialignment RDC spectrum. However, if the isotropy of molecular orientation
studies also have enabled the determination of dipolar can be perturbed, then small residuals of the incompletely
generalized order parameters, which complement their spinaveraged dipolar interaction will manifest in the spectrum
relaxation derived counterparts due to their sensitivity to as a contribution to the splittings of lines. Under anisotropic
broader motional time scales. solution conditions, the following expression can be used to
There are now a number of reviews that address the describe the residual dipolar coupling:
application of residual dipolar coupling methodology to the
determination of biomolecular structure and dynarfiiés. res__ _(Mo) vivih P 0. (0] 5
We do not attempt a comprehensive review of the field here i 2% 3 2(C0s0;(D) (2)
but rather focus on a discussion of the aspects important for i eff
the acquisition of RDCs in multiple alignment media and
the interpretation of RDCs in terms of structure and dynam-
ics, and we survey the various techniques now available for
probing biomolecular dynamics.

47

in which the angle brackets denote that the time average has
been taken. In addition, an effective internuclear distance,
lief, has been introduced to represent its vibrationally
corrected value. The justification for separation of terms for

. . . ) . distance and angular averaging rests on the assumption that
2. Relationship of Residual Dipolar Couplings to these processes occur on very different time scales, allowing
Molecular Structure and Dynamics their averages to be computed independetitis seen in

eq 2, the interpretation of RDCs in terms of structure or
dynamics rests on the means by which the avefRgEos
0;(t))Uis partitioned into its various contributing factors.
From an experimental standpoint, there are two routes by

The relationship of measured anisotropic NMR parameters
such as dipolar or quadrupolar couplings to molecular
structural (and dynamic) properties have long been recog-

nized and the corresponding theoretical frameworks estab—WhiCh to proceed: either make several RDC measurements
lished?®-52 Because biomolecular applications using a wide '

. . . rr nding to different dipolar interactions that hav
array of different alignment media have become common- corresponding to different dipolar interactions that have a

. . rigid structural relationship to one another or measure RDCs
place, there have been further developments in the analysi§ " qer different aligning conditions

of residual tensorial properties measured in anisotropic
media8°1526We will focus attention at present to highlight- -
ing the basis for the sensitivity of RDCs to molecular 2.2. Rigid Molecules
structural and dynamic properties, and the attendant difficul- It was first recognized by Sauffé® that for a rigid
ties in separating these effects. The notation utilized is molecule one can expand the angular avef®gEos6;(t))0
deliberately consistent with previous work, to which the appearing in eq 2 into a sum of geometric terms describing
reader is referred for more extensive discusSitrrinally, the orientation of the internuclear vector within the molecule
we note that although the discussion is restricted for and corresponding averages that describe the nature of the
simplicity to RDCs, it is straightforward to extend these ordering of the entire molecufé.
results to the residual chemical shift anisotropy or quadru- . )
polar coupling interactions. [P,(cos6;) = z S, cos@y) cosgy) (3)

klI=xyz

2.1. Anisotropic Averaging of the Dipolar
Interaction P ging P The rigid molecular geometry is described using direction

_ o _ _ cosines, in whicho!! subtends the angle between tiih
The direct magnetic interaction between a pair of nuclear internuclear vector and theaxis within an arbitrarily placed

magnetic moments gives rise to the nuclear dipalipole set of Cartesian coordinate axes (Figure 1). The teBms
interaction. Although a full description of the dipolar

interaction is complicated, at high magnetic fields it is only
necessary to consider a simplified version. In the laboratory
frame, the truncated dipolar Hamiltonian for a weakly
coupled nuclear spin pair is (units of Hy*

ﬂo) Vith

where r;j is the internuclear distance between spips,
and y; are the gyromagnetic ratios of spirisand j, x”

respectively, théy; are spin angular momentum Operators, Frigyre 1. Depiction of the direction cosines describing the
andP;(cost;(1)) is the second rank Legendre function, which  grientation of theijth internuclear vectora)) and the magnetic

depends on the anglg; subtended by the magnetic field field vector @,) relative to an arbitrary molecule-fixed coordinate
and theijth internuclear vector. system.
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Figure 2. The principal axes of alignment are fixed to the molecule Figyre 3. A single measured RDC will correspond to a continuum
and specify the direction of highes},{) and lowest orderingg) of possible internuclear vector orientations, as indicated by the thick
relative to the magnetic field. line. In general, the possible internuclear vector orientations will

. . . appear as a flattened cone relative to the principal axes of alignment.
which describe the ordering of the molecule, are collected PP princip 9

into a Cartesian X 3 tensor referred to as the order tensor. measured RDC and the internuclear vector orientation poses
The elements of the order tensor are time averages overadditional challenges for the interpretation of RDC data in
functions that depend on the orientation of the magnetic terms of molecular structural and dynamic parameters.
field relative to an arbitrarily molecule fixed coordinate

system, 2.3. Flexible Molecules

1 There is no single recipe for accounting for the effects of
Sa= @Cosﬁk(t)) cosf(t)) — E‘SkID (4) dynamics on measured RDCs. In general, an observed RDC
arises from a weighted average over all molecular conforma-
where the time-dependent angl€) describe the orientation  tions, each of which align differently relative to the magnetic
of the magnetic field (Figure 1) and thi represent the  field. This can be expressed as follows:
Kronecker delta function. Because the Saupe order tensor is
both symmetric and traceless, it has only five independent Difjes= Zp(r)Difjes(r) (6)
elements and can always be diagonalized. Upon diagonal-
ization, the magnitude and asymmetry of alignment are
contained in the eigenvalues, and the orientation of the wherer refers to a specific conformatiop(I') refers to the
principal axis system (PAS) of molecular alignment is population fraction of this conformation, amj*{I’) is the
specified by the transformation matrix formed from the RpDC Corresponding to this conformation. As has been
eigenvectors. Specification of the PAS of order (alignment) pointed out, this is likely an appropriate framework for
amounts to the determination of a set of coordinate axes fixedinterpretation of RDCs measured for unfolded proté&fr$.
to the molecule (Figure 2). The positioning of the principal However, for folded proteins or cases in which the molecule
axes is such that the-axis points in the direction of  exhibits segmental rigidity, more detailed methods exist for
maximum order relative to the magnetic field and xkexis characterizing molecular dynamics using RDCs. The ap-
points in the direction of least order relative to the magnetic proaches can be separated into three distinct categories, of
field, subject to maintenance of orthogonality of the three which the first is the use of a specific motional model. An
axes. Due to the traceless nature of the order tensor, onlyexample of this is the use of the 1D ortho-GAF m&@iéd
two magnitudes need be specified. Typically reported are to characterize peptide plane motions as discussed in section
the degree of ordering of the principal axis,) and the 4. \We refer the interested reader to the work of Bouvignies

difference in ordering along the andy axes ). It is et al! and Deschamps et &.for a detailed treatment of
common that the residual dipolar coupling is expressed in the effects of specific motional models on the averaging of
the PAS of molecular alignment, RDCs. The other two cases are discussed below.

There are often cases in which segments of a biomolecule
Dj°= can be reasonably assumed to be rigid. In these cases,

uo\ vivih 1 1 each rigid segment can in effect be treated as a separate
v =S, 53 cog 6 — 1)+ > sin 6 cos 2 molecule with a characteristic order (alignment) tefid®f364
27Ty Diagonalization of each separate order tensor provides

(5) information about the relative orientation and dynamics of
_ _ _ _ _ the separate segments. By insistence that the principal axes
in which the asymmetryy, is defined as$« — S)/S;z It is must coincide for different segments, the mean relative

usually assumed that the PAS of alignment forms a right- orientation of different segments may be established, subject
handed coordinate system with principal axes chosen ac-to the possibility of distortions due to dynamics. For segments
cording to|S] = |Sy| = |S«. These conditions constrain  that are rigidly related to one another, one expects determi-
to lie between values of 0 and 1. From eq 5, it is clear that nation of identical principal order parameters, reflecting a

a given RDC measuremerid;*, will not correspond to a  common degree of molecular ordering. Thus the comparison
unique orientation of the internuclear vector. Indeed a single of principal values of ordering can provide information about

measured RDC will correspond to a continuum of orienta- relative motional amplitudes between segments. The com-
tions that lie on the surface of a flattened cone as shown in parison of the magnitude of ordering between segments is
Figure 3. The lack of a one-to-one relationship between a often done quantified in terms of a parameter called the



NMR Residual Dipolar Couplings as Probes Chemical Reviews, 2006, Vol. 106, No. 5 1723

generalized degree of order (GDO), symbolizeddsf

/2 2
0= EZSJ (7)

The GDO can also be related to the standard deviation of
the distribution of RDCs,

4

(8) Figure 4. Interpretation of the elements of the residual dipolar
tensor in terms of the mean orientation and dynamics of the
internuclear vector. The Euler anglas, {3, andy) describing the

A comparison of GDOs for different molecular domains or transformation that diagonalizes the residual dipolar tensor will

. specify the mean internuclear vector orientatioraid3) and the
segments can provide a lower bound for the extent of direction of asymmetry of motional averaging)( The principal

motional averaging, as illustrated later in the context of y4jyes resulting from diagonalization will specify the magnitude

specific applications. and degree of asymmetry of the motion, represented here as an
Another regime of interest is when the biomolecule is well- ellipse.

structured yet exhibits motional fluctuations about a mean

conformation. From a theoretical point of view, this motional for which powerful mathematical methods can be brought

regime can be characterized as one in which the overall to bear, as will be illustrated in section 4. It is worth noting

molecular alignment remains unaffected by internal motions that the irreducible tensorial representations just described

such that the averaging due to internal motions can beare closely related to a description in terms of second rank

separated from the averaging due to molecular reorientation.spherical harmonics. For example, the Saupe order tensor

It is convenient to specify the Saupe ten&solely in terms elements are related to averages of the second rank spherical

of its five independent elements. These five irreducible harmonics according

tensorial elements can be written as a vectpiand have

ODres =

l_‘ (ﬂo) yivih
27°r;°

5

the following relationship to the elements of thex38 Saupe 2 1 /4n
order tenso%: P g ﬁs’kz: \/;Q/ = (Vo Q) T~ Y1 (D)D)
1 2 2 2
=[S TS s zs| © 2, /L[
[ 7 30 T S 25 28 25 750150 5 (A QOB X (0)D
The direction cosine functions, cos!, describing the 2

. 1 [An
molecular geometry in eq 3 can likewise be rearranged into [S(yz '\[5 5 (V2 Q)= Y2 (D)0
irreducible tensor form, in analogy to the Saupe tensor. The 3

irreducible elements of the residual dipolar teng®, for 1 1 [ax
theijth dipolar interaction can be defined as follows: E(SO( -3, = \/; /g(wzz(gz(t))m Y,_,(R(t)) D
i = [Rlzi(ﬁlx - F{"N#F&ﬁ%l@y] (10) &
x/é x/é «/l_’: x/é Szz_ fwzo(g(t))D (13)
with

in which the spherical angleQ(t) describe the orientation
i i i of the magnetic field relative to the molecular frame. An
Ry = %(3 cosay cosay — 5kl)D (11) analogous expression can be written relating the residual
dipolar tensorial elements to the averages of second rank
In analogy to the definition of the Saupe order tensor, the spherical harmonics, which depend on the spherical angles
angleso,i describe the orientation of thigth internuclear describing the internuclear vector orientation relative to the
vector relative to the arbitrary reference frame (Figure 1) same molecular coordinate axes.
and thedy represent the Kronecker delta function. The angle  In the above formulation, the internal and external degrees
brackets in eq 11 indicate that the elements of the teRsor of freedom have been partitioned into the Saupe and
are time averaged due to internal motions. In light of the individual residual dipolar tensors corresponding to each
above definitions, the expression for an RDC observed dipolar interaction. As discussed, the Saupe order (alignment)
corresponding to a pair of nucleiandj becomes tensor can be related to a physical description of molecular
alignment. It remains to develop the interpretion of the
HUo Vith . residual dipolar tensor for a specific dipolar interaction. Due
Di°= —|— Zr'ﬁ( (12) to the symmetry of the formulation described in egs12,
Al 277, one would expect that this interpretation closely mirrors that
of the Saupe tensor. Indeed, a diagonalization of the 3
We reiterate that the applicability of this expression rests Cartesian matrix representation of tijth residual dipolar
on the validity of the assumption that internal motions are tensorRi does provide the desired physical descripfioff.
uncorrelated with overall molecular alignment. Nonetheless, This separation into structural and dynamic characteristics
the explicit separation of the effects of internal motion and is illustrated in Figure 4. If the unitary transformation that
overall alignment according to eq 12 is desirable because itdiagonalizesxi is parametrized in terms of Euler angles (
states the problem as a linear algebraic system of equationg, y), then the anglea andg will correspond to the spherical
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angles describing the mean orientatighg#) of the ijth of multiple alignment media, the successful acquisition of
internuclear vector. The eigenvalues f correspond to independent RDC data will likely require the utilization of
order parameters describing the amplitude of motion with media that exhibit a variety of different morphologies and
the principal valueﬁgz corresponding to the axial order electros_tatic prop_erties. As a first step, one should consider
parameter and the differenc&l( — Q'}J',y) reflecting the  the desired working temperature and pH and choose those
asymmetry of motion. The direction of motional asymmetry Media that are compatible with these conditions. A second
is described by the third Euler angje,A dipolar generalized = consideration should be to consider the net charge of the

order parameteSq., can be related to the principal values Piomolecule at the working pH. Inevitably, there will be
of Ri according to media that carry a charge that is opposite to that of the

biomolecule at the working pH. Although this poses the risk
) iz 1 i 12 of poor spectral qual_ity due to strong interactions with the
Sirac = [R] +§[F\)’<X— R/y] (14) medium, these media can provide useful complementary
RDC data if measures are taken to moderate the strength of
. . L . the interaction. Specifically, the strength of the interaction
The dipolar generalized order parameter is identical to the can often be moderated by increasing the ionic strength, by
genera}ized order para_lmeterp_btained from heteronuclear Spir}educing the molar concentration of the medium or,if
:ﬁ#ixggg?eszgﬁgzeiﬁégnﬁnig\éir:?js)mUCh broader motional applicable by reducing the molar concentration of the charged
' species used as a doping agent. An open question is whether
stronger interactions with the medium might perturb the
3. Molecular Alignment structural or dynamic properties of the biomolecule. At
) . ) _ present there is little evidence to support this concern,
Parameters such as dipolar couplings, chemical shift aithough it is expected that future investigations will shed
anisotropies, or quadrupolar couplings are not normally fyrther light on this question.
observed in solution state NMR spectra because they average
to zero under isotropic solution conditions. Thus a pre- : P :
requisite to the observation of RDCs or other anisotropic -?-ézhsgi,(pe“mental Determination of the Alignment
parameters is the introduction of an anisotropic solvent
environment that is compatible with the biomolecule of  por moest RDC applications, the nature of molecular

interest while still maintaining the conditions necessary for alignment must be established to interpret the RDCs in terms
high-resolution NMR. In general, this is accomplished by of stryctural and dynamic parameters. The necessary descrip-
providing a highly ordered solvent environment, from which tjon of molecular alignment is embodied in five parameters,
a small degree of order is transferred to the solute by meanshich make up the alignment (or Saupe order) tensor. In
of interactions mediated by the shape or charge distribution general, the details of molecular alignment are not under tight
of the biomolecule. In this section, we consider different ayperimental control, and thus the alignment tensor must be
methods for achieving the required molecular ordering as getermined from the RDC data and a set of structural
well as techniques for describing the resulting order in a coordinates. However there are certain conditions, in par-

rigorous manner. ticular when alignment is purely steric in nature, under which
. _ the alignment tensor can be predicted accurately based on a
3.1. Methods for Inducing Molecular Alignment structure’*~7° Otherwise, the determination of the alignment

] ) o ] tensor proceeds based on a set of structural coordinates and
The first demonstration of the feasibility of measuring at |east five independent RDC measurements. The determi-
anisotropic parameters such as RDCs in a biomolecule wasnation of the alignment tensor amounts to finding the solution

an application to cyanometmyoglobin (MbCN), in which the t 3 Jinear set of algebraic equations. This can be seen by
molecular alignment was achieved by means of the sponta-rewriting eq 12 in the following form:

neous alignment in the magnetic field due to the large

paramagnetic susceptibility anisotropy of Mb&Nshortly res 1o\ yiy:h
thereafter, it was shown that liquid crystalline solvents, long DIAE i/ [r”]"s; K = _(_0) ] (15)
used to study small molecules, could be adapted for use in ) K an erzri-3

biomolecular applications. The first application using an J

external alignment medium for biomolecules utilized a where the column vectos contains the elements of the
mixture of phospholipids, which at specific composition and  alignment (order) tensor to be determined arigf[denotes
temperature form an anisotropic phase referred to as bi-the transposed (i.e., row) vector containing the elements of
celles®® Because the use of an external medium tends to the residual dipolar tensor for tfiigh dipolar interaction. If
provide much larger degrees of alignment and is in general myltiple RDC measurements are available, then additional

applicable to any biomolecule, this stimulated the develop- row vectors, fi]*, and their corresponding RDC measure-
ment of a multitude of ordered media that exhibit compat- mentS,Dij, can be Organized as a set of linear equationS,

ibility with biomolecules!?151726 For convenience, we

summarize in Table 1 the media known to be compatible d=Rs (16)

with biomolecules along with their basic characteristics and

references to the original work. There are some generalin whichd is a column vector containing the experimental
considerations for working with the various alignment media. RDC data divided by the interaction const&andR is a

If only one or two sets of RDC data are required, stretched matrix containing the individual vectord along its rows.
polyacrylamide gef8~72 or G,E,/n-hexanol® media are good  The order tensos is the unknown five dimensional vector
choices for a first attempt due to their high level of to be solved for. As long as at least five independent RDC
compatibility with most biomolecules. For the acquisition measurements are available then the five unknown elements
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Table 1. Media Employed for the Alignment of Biomolecules

Chemical Reviews, 2006, Vol. 106, No. 5 1725

media type composition charge tenfcf features ref
bicelle (ester) DMPC/DHPC neutral 3@5 prone to hydrolysis 68,136
DMPC/DHPC/CTAB positive 3645 less prone to hydrolysis 137
DMPC/DHPC/SDS negative 3015 less prone to hydrolysis 137
DLPC/CHAPSO neutral 750 low temperature 138
bicelle (ether) DIODPC/DIOHPC neutral 3@a5 pH 1-12, expensive 139
DIODPC/CHAPSO neutral 1660 pH 1-6.5, expensive 140
suspensions of virus bacteriophage Pfl negative 145 pH> 5, aggregates at high 141,142
particles ionic strength, sample
is recoverable
bacteriophage fd negative B0 as above 143,144
tobacco mosaic virus negative —B0 as above 143
purple membrane 2D crystalline fragments negative 6-70 sample is recoverable; 145,146
fragments of lipids and strongly interacts
bacteriorhodopsin with proteins
PM doped with TB* negative 6-70 aligns with normal 147
perpendicular t@o;
reduced line broadening
cellulose cellulose fibers slightly negative wide pH range 148
lamellar liquid CnEn/n-hexanol neutral 840 inexpensive, insensitive 73
crystalline phases to pH, low binding
affinity for biomolecules
CnEn/n-hexanol/CTAB positive 149
cetylPrBrh-hexanol/NaBr positive 1560 difficult to prepare, 150,151
low ionic strength
cetylPrClh-hexanol/NaCl positive 070 high ionic strength 152
paramagnetic field lanthanide ion replacement nonperturbing isotropic 153,154
alignment solution environment,
line broadening in
proximity to
lanthanide ion
addition of lanthanide-binding as above 155
EF-hand
engineered terminal as above 156
lanthanide-binding tag
stretched/ compressed  polyacrylamide neutral at least85 easy sample recovery, high 69-72
hydrogels compatibility with biomolecules,
inhomogeneous line broadening
polyacrylamide/acrylate negative strong osmotic swelling forces 157
complicate preparation
polyacrylamide/AMPS negative as above 85
polyacrylamide/DADMAC positive as above 85
immobilized media polyacrylamide gel/phage Pfl negative variable director of ordering 158
polyacrylamide gel/PM fragments negative as above 70
pluronic F-127/bacteriophage Pfl negative —5 variable director of 159

ordering, reversible,
temperature activated

be obtained. A simple metric for specifying the degree to
which the measurements are independent is the condition
numberd®-82 defined as the ratio of the largest to smallest
singular valuesw/wy,). A condition of 1 corresponds to the
case in which the measurements are perfectly independent.
A poorer distribution of internuclear vector orientations will
The M—P generalized inverse of a matrix is easily found produce larger condition numbers and correspondingly
based on a singular value decomposition (SVD) of the matrix greater imprecision of estimation of the alignment tensor.
to be inverted. Losonczi et al. have described in detail the Analogously, an SVD analysis provides the means by which
procedure for determining the alignment tensor by meansthe independence of RDC datasets collected in multiple
of SVD &3 alignment media, as discussed below.

Because the SVD of a matrix has additional applications
to the analysis of RDCs, we briefly summarize the relevant 3 3 Assessing the Independence of RDC Data
aspects here. All matrices can be factored into a product OfACQUired in Multiple Alignment Media
three matrices via SVE,

of the order tensor can be solved for utilizing the Moore
Penrose (M-P) generalized invers®*,8-82 of the matrix

s=R"d (17)

It is not yet possible to experimentally control the specific
details of the alignment of a biomolecule in a given alignment
medium. As a consequence, the acquisition of independent
whereU andV are orthogonal matrices al is diagonal RDC datasets using multiple alignment media remains an
and comprised of the singular values. In the context of the unpredictable enterprise. Furthermore, the RDC data mea-
determination of alignment tensors from RDCs, the singular sured using a different alignment medium will almost
values represent an important indicator of the degree to whichcertainly not be fully independent of other datasets. So the
the internuclear vectors are independent. For this reason, thespecification that the RDC data be collected in some specific
SVD approach is strongly advantageous relative to nonlinearnumber of independent media, which is often stated in studies
least squares minimization or grid search approaches, whichthat require a large number of independent datasets, cannot
do not provide an indication as to whether the problem is refer to the number of actual samples prepared and placed
sufficiently well-determined such that a solution can reliably in the magnet for acquisition of RDC data. Rather, this

[M(k x D] = [Uy(k x DIIWy(r x DIVy(r < D] (18)



1726 Chemical Reviews, 2006, Vol. 106, No. 5 Tolman and Ruan

specification refers to the number of linearly independent
datasets, which are collectively represented by the data. Thus, °'1.71

an important aspect is the means by which the independence 1005 0.170 A
of the RDC data is evaluated. For RDCs collected in just 8 ] u

two different media, the degree of independence of the RDC S5 ] 0295 | o7
data can be accurately reflected by a correlation plot of the @ 1 [
two respective measurements or by the tensorial dot product s 0.311
of the associated alignment tens#tszor more than two = 03 u
media, while it is possible to establish the nonindependence® ]
of the data using these methods, it is not possible to establistys ]

the independence of the data. This is because the third, or ; 0‘9.820 996

higher, datasets could simply be linear combinations of the . 0996  ggg
first two. While this might produce a different alignment ] o n m 0.999
tensor and different RDCs, it remains possible that there ] 0090 =
would be no novel information content. 0 1 2 3 4 5 6 7 8 9 10 11 12

The independence of three or more RDC datasets can be Index
assessed by means of singular value decomposition (SVD).
An SVD analysis will reveal the extent to which the datasets
are simply linear combinations of one anotBeiAs an
example, shown in Figure 5 are plots of the singular values | u 0-2.04
of multiple-alignment datasets acquired for the protein & ]
ubiquitin and protein GB3. In the case of ubiquitin, 11 3
distinct datasets have been analyzed, and the singular vaIue§
indicate that five independent RDC datasets are prééent.
On the other hand, although five distinct alignment media =
were employed for the measurement of RDCs for protein
GB385 the SVD analysis indicates that the data represent ¢p
strong contributions from only three independent alignments.
There is evidence of a fourth independent set, but it is of
small magnitude. The difficulty in making this determination
based on the magnitudes of the singular values is that one 1 T T T
needs to distinguish signal from noise. This is normally 0 ! 2 3 4 5 6
achieved by recognizing that random noise will contribute a Index
constant magnitude to the singular values. However, if a setFigure 5. The independence of RDC data acquired in multiple

; ; ; : lignment media is assessed by means of a singular value
of SILUCturaldcoordma.tgst lsda_lvtr?ulab_lehther} theselﬁ,oordIna.t(:'\sglecomposition (SVD) of the data: (A) SVD analysis of 11 datasets
Can be used as an aid 1o distinguish real signal from rw'seacquired for the protein ubiquitit?,(B) SVD analysis of 5 datasets

forlg given .SingU|ar value. This discrimination can be acquired for protein GB& The magnitudes of the singular values
facilitated using theQ-value normally used to assess the reflect the relative contribution of distinct orthogonal linear
agreement between a set of measured RDCs and those bacleombinations of the measured couplings within the data. Generally,
calculated based on a structure. As an aid to analysis, thethe number of singular values of relatively large amplitude will

. - : .correspond to the number of independent datasets contained within
singular values in Figure 5 have been annotated with thelrthe RDC data. However, this interpretation can be complicated if

correspondingQ-values. sizable systematic errors are present. Therefore, if a set of structural
Assuming that no systematic errors are present in the datacoordinates is available, it is helpful to compute @ealues that

and that the structure and dynamics of the molecule are notcorréspond to each S'”gl"ar.‘;‘a'”e- lHIgQ;Wal_ues correspond to

perturbed by one ar more of the media employed, there hn(;:irsiasmg noise content, with@-value of 1 indicating random

cannot be more than five linearly independent combinations '

of the measured RDCs that relate to the structural and : . . :

dynamic properties of the molecule. Therefore, an SVD 4. Biomolecular Dynamics from Residual Dipolar

analysis as described above provides a mechanism by whichCOUP/'ngs

systematic errors or differences in structure and dynamics \jeasured RDCs report on a time or ensemble weighted
between media might be detected. Although formulated in average over all conformations assumed by a biomolecule
a different manner, this has been described in detail by Husgyer the course of picoseconds to milliseconds. No specific
et al®®® Their approach, dubbed SECONDA, interrogates resolution of the time scales on which these conformational
a set of RDC data collected in multiple alignment media for fluctuations occur is carried by the observed RDCs. In a
inconsistencies that might arise due to systematic errors orsense, therefore, the development of tools for the study of
conformational heterogeneity between media. Furthermore,dynamics from RDCs has been motivated by the observation
the SECONDA analysis allows the discrepancies betweenthat a measured set of RDCs is incompatible with the
media to be localized to specific residues. This is a useful existence of a single molecular conformation. Indeed, devia-
aid to the analysis of multialignment RDC data. In employ- tions from expectations based on a single rigid molecule were
ment of this protocol, however, it is important to ensure that first noted in an early application to field-aligned cyano-
a sufficient number of RDC datasets be included to protect metmyoglobirf® prompting the interpretation of the RDC
against the misinterpretation of systematic errors as realdata in terms of rigid helical motions. This interpretation
signal. generated considerable controversy at the fitnahich

a

105 0.516

ng
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persists to some degree at present. This is because thevere correlated within individual helices. It was shown that
characterization of dynamics by RDCs still predominantly improved agreement could be obtained if simple rigid helical
proceeds based on deviations from expectations for a rigid motions within a cone or along a one-dimensional arc were
structure. This tension between interpretations of the RDC incorporated into the model. A couple of years later, during
data in terms of rigid structure or dynamics in general a structural study of the B and C domains of barley lettin,
requires that a substantial number of RDC measurementsit was noted that the magnitudes of RDCs measured for each
are made to confidently exclude interpretations in terms of of the two domains were strikingly different. The authors
a single molecular conformation. Due to the data intensive attributed this to the preferential association of the B domain
nature of RDC-based studies of dynamics, applications canwith the CTAB-doped bicelles used to establish alignment.
be broadly partitioned into two categories: (1) applications By employing a bicelle preparation doped with a higher mole
in which the analysis is assisted by assuming that domainsfraction of CTAB, the apparent discrepancy in the ordering
or local segments of the biomolecule are rigid, thus simplify- of the two domains was reduced. The observation of
ing the RDC analysis and yet providing for the characteriza- differential ordering between domains was interpreted as
tion of motional fluctuations between these rigid elements; evidence of extensive interdomain mobility, on the order of
(2) applications that make use of extensive sets of RDCs 4+-4(° if a cone model is used.

measured under different aligning conditions. We discuss In general the ability to deduce the extent of motions

below the different approaches that have been demonstrateq)etWeen domains may depend on the ability to align one

to date. domain more strongly than the other. This is because large
) . scale domain motions will tend to change the overall

4.1. Domain Motions alignment in a way that will tend to counteract the effects

] o , of averaging®°%°?1t follows that the failure to observe a

It is often the case that individual domains or secondary gifference in ordering of two domains is not sufficient
structural elements can reasonably be assumed to be rigideyidence to conclude that they behave as a single rigid unit.
and the relative orientation and mobility of domains can be yowever given the number of different alignment media
characterized on the basis of an analysis of the ordering gy available, for nonequivalent domains it appears unlikely
experienced by each individual element relative t0 the {hat each domain would interact in the same way with all
magnetic field. The general approach is illustrated in Figure meqia. A number of studies have now been reported in which
6. Specifically, the determination of separate order tensors jttarent magnitudes of alignment have been observed for

for each domain or fragment allows the mean relative 1 gifferent domains, implicating dynamics. As pointed out
orientation to be established according to the orientation of by Braddock et al., these sorts of investigations do not

the ord_ering PAS e}nd the rele}tive mopility to be estaplished necessarily require that the structure of the domains be known
according to the differences in magnitudes of the principal oo ehands Based on an analysis of the distribution of
values. The determination of an individual order tensor for p5c94measured for each of the domains. one can establish
each fragment requires that at least five independent RDCsyo magnitude of alignment for each domain separately and
be measured per fragment, although in practice more arey,, s jjentify rapidly cases in which the domains are mobile
desirable to improve the precision to which the order tensor . 1iive to one another and interact differently with the
elements can be de_termlned. . . alignment medium. They investigated two different systems
An early observation of the effects of motional averaging using bacteriophage Pf1 particles to achieve alignment in
on P"?;SLIJ.rEd ?DCS was reporteldg%r a stud§Do %D%S both cases. The first system was a complex between the KH3
in field-aligned cyanometmyoglobift. It was noted that 54 K4 domains of the FUSE binding protein (FBP) bound
deviations between measured RDCs and those back—to a 29-base single-stranded DNA from FUSE, and the

calculated based on solid-state structural coordinates and th%econd system was composed of the N- and C-terminal LEM
paramagnetic susceptibility anisotropy determined from domains from LAP225 Although in both studies the two

pseudocontact shifts showed systematic departures, whicl’tjomains were separated by rather long linkers, it was not

evident beforehand whether the two domains interacted
strongly with one another. However in both cases the RDCs
measured for one domain were twice the magnitude of those
measured for the other, indicating the existence of large
amplitude interdomain motions. Jacobs et al. have investi-
gated the effects of peptide binding on the peptidyl-proline

isomerase Pinl, which is composed of a catalytic domain
and a much smaller WW domain attached by a flexible

linker % In combination with heteronuclear spin relaxation

studies, they employed RDCs measured in two different
alignment media to characterize the extent of interaction
Figure 6. The relative mean orientation and dynamics of two P&fween the domains. Remarkably, they found that addition
domains can be characterized by the separate determination of th&f peptide promotes a strong interaction between the
order tensors for each domain. For rigidly connected domains, the otherwise weakly interacting domains. This conclusion was
determined order tensors should be identical. The mean relativepased on the observation of a dramatic increase in the
orien_tatilon is detferm(ijned by rq(t}latiog of the dc_’mains% ?ﬁ‘:h that_thelir magnitude of WW domain alignment, from a much smaller

rincipal axes ot order coincide. comparison o e principal : : :

\F;alueg of ordering, indicated by the Iengt%s of the princigal ases, valut_a o a de_gree comparable with the_catfalyth dom_aln upon
provide a measure of relative mobility. Smaller magnitudes of Peptide binding. There have other applications in which more
ordering will correspond to greater relative mobility of the Modest amplitudes of interdomain dynamics were detected,
corresponding domain. including the study of the peptide-bound SH2 and SH3
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domains of FynSH3Z and the two domain protein SP14.3 pointed out that for the case of two equivalent domains, the
from Streptococcus pneumonide effects of motions may become completely transparent due

It is not always possible to unambiguously establish from to this correlation effect: In the absence of preferential
the RDC data the existence of a dynamic equilibrium association of one of the domains with the alignment
between different domain orientations in solution as opposed Médium, one approach to overcoming this potential limitation
to a single static conformation of the domains that differs 1S t0 pt|||ze flgld—mduced orientation rather than an external
from that observed in solid state or solution state structures &ligning medium. A recent demonstration of this approach
determined under different conditions. This ambiguity can introduced paramagnetic field induction of just one of the
often be lifted by additional experimental information, in domains of calmodulin (CaMf? Building on some previous
which case the RDCs can provide powerful structural RDC-based structural studies on Ca&Withey have measured
restraints on the nature of the static rearrangement or thePSeudocontact shifts (PCSs) and RDCs by modification of
distinct conformations in dynamic equilibrium. There are the N-terminal domain to preferentially bind lanthanide ions.
now a number of studies that illustrate this approach. Lukin Striking differences in magnitude of RDCs measured for each
et al. have used RDC measurements, employing two differentdomain were ob;erved, indicating substantial mob|I|ty be-
alignment media, to study the quaternary structure of tWeen the domains. They undertook a search of sterically
carbonmonoxy-hemoglobin (HBY.They conclude that Hb allowed combinations of CaM conformations, wh!ch pro-
exists in solution as a dynamic intermediate between the RAuUced averaged PCSs and RDCs that were consistent with
and R2 states, which have been determined by Crysta|_0bservat|o_n. The_y found that a uniform sampling over all
lographic methods. A dynamic model of Hb is further conformations did not reproduce the data well. Better
supported by the observation of chemical exchange broad-29reement was found using a model in which, relative to a
ened resonances at the interface affected by the R to R2fixed N-terminal domain, the C-terminal domain moves
transition. Using an array of techniques including RDCs and Within a wide elliptical cone with a clearly defined spatial
15\ spin relaxation approaches, Varadan et al. have founddisposition relative to the N-terminal domain.
that the ubiquitin subunits in polyubiquitin chains exhibit ~ Field-induced alignment studies are also feasible for
flexibility relative to one another at neutral pH but not at nucleic acids, which typically assume conformations in which
lower pH1% Goto et al. have investigated the solution state the aromatic bases are stacked, leading to sizable diamagnetic
conformation of bacteriophage T4 lysozyme based on susceptibility anisotropies. Zhang et al. have proposed an
extensive RDC measurements and proposed that it exists in@Pproach in which interstem motions in nucleic acids can
dynamic equilibrium between “open” and “closed” confor- be characterized by means of comparison of the experimen-
mations!® The same laboratory has also carried out an tally measuredyy, which is determined from the RDC data,
intricate set of studies on the conformation of maltodextrin- and a calculatedycacq derived from tensor summation of

binding protein (MBP) in its apo, maltodextrin-bound, and the individual base magnetic anisotropiéghey found even
maltotriose-bound form%¥.102 larger amplitudes of interstem motion for TAR than in the

Pfl-based study discussed above. A similar approach was
applied to the determination of the global structure in solution
of the Holliday junctiont® Using a sparse set of RDCs, the
cguthors demonstrated that the global conformation of this
ranched nucleic acid molecule could be established on the
basis of the requirement that agreement be reached between
the experimental\y derived from the RDC measurements
and the predictedy calculated by a structure-based tensorial
summation of individual base anisotropies. The residual

understand its conformational properties. In their earliest discrenancy between the calculated and . experimentall
report, they demonstrated that TAR, in the absence of IScrépancy ween leu . Xperimentaily
derived Ay was consistent with interhelix motions with

divalent cations, assumes on average a bent conformation . | ianale. Th L ith
with an interstem angle of approximately*46hile undergo- ~ PProximately a 28 cone semiangle. The precision with

ing large amplitude fluctuations about this average on the Which amplitudes of motion can be determined by this
order of£47°.1°Based on these results, they concluded that approach has been recently questioned utilizing a DFT/GIAO
Tat recognizes TAR by means of a tertiary capture mecha- calculation of individual base anisotropies combined with

nism. Subsequent studies looked at the conformation of TAR 21 RPC-NMR study of the Dickerson dodecamé?.An
in the presence of Mg, argininamide, and the molecules accurate knowledge of base anisotropies is necessary for the

- - interpretation of field-induced RDCs in terms of nucleic acid
gfgingﬁigeaggda(ﬁglﬁ)g;giﬂnguétn\éﬁigSh;Wiﬂtgz{e?ﬁth dynamics. The authors found that their experimental RDC

motions in TAR and a nearly collinear arrangement of the data and the results of calculation were in excellent agree-
stemsi® Furthermore, argininamide led to formation of ment and consistent with substantially smaller base anisotro-
additional hydrogen bonding interactions in the bulge region. pies than have been typically utilized.

Binding of the highly charged neomycin B also produced a .

guenching of TAR motions, while acetylpromazine, which 4.2. Local or Segmental Motions

parries only_a single charg_g, led to only a modest reduction  aAp approach similar to that employed to probe the motions
in the TAR interstem mobility?® of domains can likewise be applied to smaller fragments of
As we have mentioned, one of the difficulties associated a molecule. In an application to ubiquitin, individual peptide
with studies of dynamics of two domains is that the effects planes and their adjacent @oieties were treated as rigid
of motions on the observed RDCs can be masked in partsubunits, and then a comparison of the fragment-specific
due to changes in the molecular alignment that correlate with GDOs determined from an extensive set of RDCs in a single
the instantaneous conformation. Skrynnikov et al. have alignment medium was used to probe the amplitudes of

An interesting set of studies have been carried out by Al-
Hashimi and co-workers, which illustrates nicely the use of
RDCs for the characterization of the tertiary structural
dynamics in nucleic acids. These investigations have centere
around the transactivation response element (TAR) RNA
from HIV-1 using bacteriophage Pfl as an alignment
medium. The interaction of TAR with the protein Tat is
important for viral replication, and thus it is of interest to
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motional fluctuations along the peptide backb&ha.related z
approach has been applied to a fragmerEsdtherichia coli
23S ribosomal RNAZ In this study, five different RDC
measurements were made per ribose unit based on single
3D experiment. From these data, axial and rhombic magni-
tudes of alignment were determined for individual ribose
units, employing a restrained order tensor calculation in
which the magnitudes were grid-searched while the orienta- ==
tions were fit. Evidence for mobility was found for a terminal X Y
residue by comparison against the order tensor calculated —
for the entire stem using an idealized A-form geometry. A
challenge is to obtain enough measurements to achieve an
acceptable precision of determination of the magnitudes of rigyre 7. Acquisition of RDC data in a secondependent
alignmentt'! Acquisition of RDC data in two different  aligning media allows the possible internuclear vector orientations
alignment media is one route by which this difficulty can to be reduced to a discrete number of possibilities indicated by the
be mediated. An alternative method for improving the intersections between different cones.
precision of determination of the magnitudes of alignment
for small peptide fragments has been proposed by Bryce anagsecond rank spherical harmonic functions describing the
Bax. In the extended histogram method (EHNPmeasured  time-dependent orientatiord(f), ¢(t)) of the internuclear
RDCs corresponding to an individual planar peptide bond vector relative to a fixed molecular frame,
unit are supplemented with additional synthetic couplings
calculated by utilizing the known geometrical relationships 4r 2
between the corresponding bonds of the peptide plane unit. S=— Z Y5(0(1),0(1)) Y, (O(1) (1)) D (19)
Particularly significant is the ability to calculate a synthetic S m=2
RDC corresponding to the peptide plane normal.

Even in cases where fewer RDC data are available, RDCsReorientation of the whole molecule serves to erase the
can be used as probes of localized flexibility to complement €ffects of internal motional averaging of internuclear vectors
other NMR probes of dynamics. In an application to @nd thus the information about motional amplitude contained

ribonuclease binase, Zuiderweg and co-workers determinedn the spin relaxation derived generalized order parameter
order tensors from one-bond amide-N RDCs for contigu- squared is restricted to time scales faster than the correlation
ous five-residue segments along the protein backbbne. time of the whole molecule (nanoseconds for proteins in
With a couple of exceptions, regions that showed departuressolution). Residual dipolar couplings depend on the same
in the order tensor magnitudes or principal axis frames sphencal harmonics with sensitivity proportional to the
corresponded to regions that were identified as undergoing9€neralized order parametrather than th&? dependence
slow conformational motions by means'6i R, measure-  for Spin relaxation, yet they persist through the NMR time
ments. A similar approach has been applied to a study of ascale of observation (generally milliseconds). Thus, RDCs
complex between the catalytic domain of stromelysin (MMP- fepresent a probe by which generalized order parameters can
3) and the tissue inhibitor of metalloproteinases 1 (TIMP- be determined over a broad time scale spanning picoseconds
1)114 |n a structure determination of micelle-bourg to milliseconds. The difficulty is that while several relaxation
synuclein using molecular fragment replacement (MER), ~fates can be measured for a given nuclear spin pair, only
Ulmer et al. found that the alignment magnitudes obtained ©n€ RDC measurement can be made for each internuclear
for the seven-residue fragments used to build the MFR modelSPin pair for a given aligned sample. This can be overcome
exhibited very large differences along the backbbfie. Py the measurement of complementary RDCs using samples
Remarkably, this RDC-based analysis revealed extensive'”,Whl'Ch the molecular ahgnment is varied by use ofdlfferent
dynamics not picked up by an accompanyitfy spin allgnmg_med_la. Although this approach is experlmen_ta_lly
relaxation analysis. The authors concluded that there mustdeémanding, it has now been demonstrated that sufficient
be rigid helical motions that are occurring on the microsecond RDC data can be interpreted in terms of generalized order
time scale. If the amplitudes of localized motions are Parameters, including a description of the direction and
particularly pronounced, these regions may be illuminated degree of asymmetry of motional averaging.

by the observation of striking deviations of specific measured 10 understand how such detailed information about
RDCs from predictions based on a structure. Such effectsdynamics may be extracted from a set of RDCs acquired
have been reported in an application to a destabilized mutantunder different aligning conditions, it is instructive to

of protein GB3” and the catalytic domain of matrix consider the nature of the information contained in a

metalloproteinase 128 measured RDC. A single RDC will correspond to a con-
tinuum of possible internuclear vector orientations relative

4.3. Generalized Order Parameters from Residual to the principal axis system (PAS) of alignment, with these

Dipolar Couplings solutions appearing as a flattened cone when plotted on the

surface of a sphere (Figure 3). It is common to lift this
A widespread technique for the analysis of heteronuclear ambiguity by acquisition of RDCs in a secoirmdlependent
spin relaxation data is the so-called “Lipazabo” model- aligning media, thus producing an additional, different cone
free formalism‘'® which provides a set of correlation times of possible orientation8%?1This will restrict the possible
describing the motional time scale and an order parameterinternuclear vector orientations to just a discrete number
related to the amplitude of orientational fluctuations of each (typically four) of possibilities, as shown in Figure 7. If a
individual internuclear vector. Formally, the generalized order third alignment medium is employed, linearly independent
parameter refers to the average value over a sum of squareaf the first two, then it is clear that a unique solution (except
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are functions of the spherical angle®"f,¢™') describing

the orientation the internuclear vector relative to the align-
ment PAS. These averages are closely related to those
introduced in section 2 (egs 10, 11, and 13). While for a
rigid internuclear vector these five spherical harmonics will
depend only on the angular paramet@?8 and¢™, dynamic
averaging will cause each of these averages to assume a value
that encodes information about the vector orientation and
dynamics. If these five averages can be measured, then it is
straightforward to recast them into a mean internuclear vector
orientation and three dynamic parameters describing the
extent of motional averaging (i.e., the generalized order
parameter), and the degree and direction of asymmetry of
z motion1??

In practice, the model-free approach proceeds by measure-
ment of RDCs using many different alignment media,
followed by calculation of the corresponding alignment
tensors based on a set of structural coordinates. The
irreducible tensorial descriptions of each of the alignment
tensors are arranged into the so-calfethatrix. This matrix
is of dimension 5x M, whereM is the total number of RDC
- v datasets acquired. The requirement is that five independent
X alignment tensors are obtained with sufficient sampling such
that the matrixF is nonsingular. As discussed in section 3,
this can be assessed by consideration of the condition
Figure 8. Acquisition of RDC data in five independent alignment number, W.h'Ch is obtained by taking the ratio of largest to
media can unambiguously establish the orientation of a single Smallest singular values of the matrix. The authors
internuclear vector and provide information about dynamics: (A) recommend that the condition number be less than 10 to
For a rigid internuclear vector, all five cones will coincide and the ensure adequate precision of the determined paraméters.
orientation will be overdetermined; (B) For a dynamic internuclear |f this requirement can be experimentally fulfilled, then the
V?“‘?drége;erm't'e”gt ”ﬁﬁﬁ:shs‘i‘ﬁg/ gengn‘;%?”ggg 'Qéegsheeﬁg%?éryg; individual residual dipolar tensors, represented here by the

(0)V/] . .
ghown are the resulgng cones for cglse of relatively modest motional e_lverageﬂZm(Qmo',¢m°'_)D can be determmed by means of a
amplitude 6= 0.9 and asymmetry = 0.044). linear algebraic solution to the set of linear equations based

on the inversion of the matrik. The set of linear equations
can be constructed according to

for inversion) will be obtained. Subsequent acquisition of a
fourth or fifth independent RDC dataset will produce an DX 5
overdetermined situation for a rigid molecule, allowing for P mol . mol

the refinement of the local geometry to a high level of D__ z FimYam(070 )0 (20)
precisiont® However, if the internuclear vector is undergoing izz  ME2

internal motion, then the averaging of the corresponding RDC

in each of the media will be different and the cones will no in which D" refers to the experimental dipolar coupling
longer intersect. This is illustrated in Figure 8 for a rigid measured for théth alignment medium. Th&’s refer to
internuclear vector and for one that is dynamic. Because of the five averaged spherical harmonics describing the inter-
the very specific dependence of the averaging of RDCs on nuclear vector in the molecular frame aDg,, refers to the

the spatial nature of the motions, detailed information about principal magnitude of théh alignment tensor.

internuclear vector motions can be obtained by requiring that  Peti et al. have illustrated their model-free approach in an
all of the motionally corrected cones have a common application to the protein ubiquitit¥> Backbone amide NH
intersection. Two different formalisms for the determination RDC measurements were made using 11 different alignment
of generalized order parameters from RDCs measured inmedia. They obtained RDC measurements with a sufficiently
multiple alignment media have been introduced. small condition number for 32 backbone amide N sites.

The first of these approaches was introduced by the They observed relatively large fluctuations in generalized
Griesinger laboratofy?1?2and is referred to as the model- order parameters between sites, With? ranging between
free approach in recognition of the generalized order 0.5 and 1.0. One of the difficulties associated with RDC-
parameters obtained from heteronuclear spin relaxationbased studies of dynamics is that it is not possible to firmly
analysis using the LipafriSzabo formalism. The rationale establish the absolute magnitude of alignment, and thus the
underlying their approach is that just as five independent magnitude of order parameters is subsequently undetermined
RDC measurements along with knowledge of the molecular by a single scaling factor that is common for all order
structure can allow the alignment tensor to be determined, parameters. The authors suggest this scaling factor might be
the acquisition of RDCs in five independent alignment media established on the basis of measuremedHdf-H* RDCs,
can allow the five independent elements of the residual which are expected to be less sensitive to internal motions
dipolar tensor for each internuclear vector to be determined. than the amidé’N—!H RDCs. By this means, they conclude
The elements of the residual dipolar tensor for a given that the magnitude of the alignment tensors determined from
internuclear vector can be specified in terms of averages over'SN—'H RDCs was underestimated by a factor of at least
the second rank spherical harmonid,(6™,¢™°)[] which 0.78.
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The Griesinger laboratory has extended their analysis of interactions, and the matri& contains the corresponding
the amide N-H RDCs measured for ubiquitin, focusing on irreducible tensorial descriptions of the alignment tensors.
the singlea-helix in ubiquitin!?* They note that for the six ~ The irreducible elements of these tensors are defined
residues within the helix for which they have sufficient data, according to egs 4, 9, 10, and 11, with the relevant angles
the results from their model-free analysis indicate highly illustrated in Figure 1. In common with Griesinger’'s model-
asymmetric motions, which remarkably exhibit very similar free approach, it is absolutely necessary that RDC measure-
principal direction of motional asymmetry. Although RDCs ments be available from five independent alignment media.
do not directly probe correlated motions, one might infer Indeed, with the notation introduced in eq 21, the model-
the existence of correlated motions when parameters describfree approach could be summarized as the solution to
ing motional asymmetry are similar for sites that are expected
to be part of a rigid secondary structural element. Using B=DA" (22)
molecular mechanics calculations, Meiler et al. showed that
the asymmetrical helix motions consistent with their model- in which the elements of the matri can readily be related
free analysis£22.5’) could exist without violating any of 1o the averaged spherical harmoni¥s,(6™,¢™)Cand the
the NOE restraints for ubiquitin by more than 0.2%. matrix A matrix differs from Griesinger's matrix only in

Tolman has proposed an alternative method that providesscaling according to the principal magnitude of alignment
a similar description of generalized order parameters andand the interaction constakt Tolman’s method, referred
motional asymmetries but does not require that a structuralto as direct interpretation of dipolar couplings (DIDT),
model be availablé This approach bypasses the need for a proceeds on the basis of recognition that the ranges of the
priori estimation of alignment tensors by optimizing the matrices D and B in eq 21 are identical when five
residual tensorial elements, which contain the desired independent alignment media have been employed for the
description of internuclear vector mean orientations and measurement of RDCs. Under these circumstances, the
dynamics, in aggregate such that overall motion for the entire residual tensorial descriptions of each of the individual
molecule is minimized. Formally, this procedure stems from dipolar interactions (contained iB) can be almost com-

a representation of the multialignment RDC data in its pletely written in terms of the RDC data, according to
entirety within a single matrix equation,

B=UpA (23)
_ . I 1) 7ivsh . . o
D=KBA; K=—|"—~)—— (21) whereUp is theN x 5 column-orthogonal matrix specifying
A7l 27 s a basis that spans the range of the data m&riand the

matrix A is the 5x 5 matrix that embodies the remaining
TheN x M matrix D contains the actual RDC measurements unknown parameters. The matridp can alternatively be
row-indexed by site and column-indexed according to the thought of as the matrix of the five normalized and
specific alignment medium. The matri®, which is of orthogonal RDC datasets constructed from linear combina-
dimensionN x 5, contains the irreducible residual tensorial tion of the actually measured RDC data that constitute the
components describing each of tieindividual dipolar desired five independent sets of RDC data. This is illustrated
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Figure 9. Correlation plots of the five independent linear combinations of experimental RDCs measured for the protein $#hiqustiis
the RDCs predicted from the X-ray structure (PDB 1UBQ). For comparison, the sixth experimental linear combination (which corresponds
to random noise) is also plotted against predictions based on the X-ray coordinates.
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1 v v v T v T ] orientations for ubiquitin, resulting from DIDC analysis,

; exhibit an agreement with the RDC-refined orientations
(starting from either NMR or X-ray structural coordinates)
to within 2°, which is close to agreement within experimental
precision.

0.8

] 4.4. Peptide Plane Dynamics

9 It has been observed both by molecular dynamics simula-
tions and by NMR spin relaxation studies that proteins exhibit
crankshaft-type wobbling motions of the peptide pléié28
It is likely that these motions constitute an important part of
the backbone NH order parameters derived froftN spin
U ——— relaxation studies because the amideH\Nbonds are nearly
0 10 20 30 40 50 60 70 8  perpendicular to the crankshaft rotation axis and thus are
Residue particularly sensitive to these motions. Often, these motions
Figure 10. Comparison of generalized order parameters for are described in terms of the Gaussian axial fluctuation
ubiquitin determined from RDCs (solid line) and froffN spin (GAF) model*?? In its simplest version (the so-called 1D
relaxation (dashed line). Due to their sensitivity to a broader GAF model), the motional amplitude is described by means
motional time scale, the dipolar order parameters have been scalechf a single parameter, namely, the angular standard deviation
uniformly such that they are smaller than #8l spin relaxation  characterizing the extent of rotational fluctuations of the
generalized order parameters. . N
peptide plane about an axis joining thé Cand G atoms.
in Figure 9, which shows these experimental combinations More generally, the 3D GAF model can be employed, which
of RDCs scaled to reflect their relative contributions to the in addition includes single axis rotational motions about the
data and plotted against the RDCs that are calculated on théwo other orthogonal axes. Results from MD simulations and
basis of the X-ray structural coordinates (PDB 1UBY NMR spin relaxation studies indicate that it is the crankshaft
Note that theQ-values for each set are all consistent with type rotational motions of the peptide plane that exhibit the
expectations for a high-resolution solution structure. The largest amplitude of fluctuatiorts’ .12
magnitudes vary considerably, which reflects that the five Due to the broad time scale sensitivity of RDCs, it is of
independent sets of RDC data are not equally representednterest to investigate the nature of these peptide plane
in the data. These five RDC basis vectors (i.e., the matrix motions beyond the picosecond time scale probed by
Up) were constructed from independent combinations heteronuclear spin relaxation studies. Furthermore, because
of amide N-H RDC data measured for ubiquitin in 11 these motions are known to exist, improvements in the
different alignment preparatioi%,based on the singular structural interpretation of RDCs might reasonably be
value decomposition of the matr (which produced = achieved if they can be taken into account. Bernado and
UDWDVg)- Blackl_edge have published a cquple of nice papers_that
The unknown matrixA describes proper combinations of establish the means fpr accounting for and characterizing
these five RDC basis vectors to form the desired residual the extent of such peptide plane motions from RDC &ata.
tensorial elements of each of the internuclear vectors. In the They show convincingly that accounting for these motions
DIDC approach, the matriA is estimated by selecting the leads to improvements in the agreement between experi-
solution for A that produces the minimum variation in the mental RDCs and those back-calculated from a set of
resulting generalized order parame®r8his is achieved by ~ structural coordinates. Their approach proceeds from a
the minimization modification of the equation used to fit measured RDCs to
a structure (eq 5%

|IDiag{ UpAA"UE} — 1|, (24)

0—GAF _ _ @ Viyjh i _
in which 1 represents the identity matrix. The DIDC approach i o (4;1) 4723 42[31(3 cos f— 1)+
I

will produce a set of mean internuclear vector orientations I

and a description of dynamics that will exactly explain the 3s, sir’ 8 cos 2] + 1,7151 sin? S cos & +
data. It is important that efforts be made to minimize the 4

entrance of systematic errors into the measurements as well

as to ensure that the protein is not substantially perturbed

by interaction with the media. As discussed by Brueschweiler

and co-workers (see section 8§’ these sorts of problems  with
are detectable on the basis of a knowledgeable assessment
of the singular values of the RDC data. An experimental § — o + v, S,=a—y, 5=1+3 g 2%

demonstration of the DIDC method was carried out in an ' T ' ' o
application to the amide NH bonds of ubiquitirf® The s,=1-e“
resulting order parameters, shown Figure 10, show modest

site-to-site variability and exhibit a correlation € 0.63) This expression has been slightly modified for consistency
with 5N spin relaxation order parameters for ubiquitif. with the theoretical development of section 2. The parameters
These results are consistent with a view of ubiquitin in which a, 5, andy are the Euler angles describing the transformation
motions occurring on slower microsecond to millisecond time that places the NH bond vector along the local franzeaxis
scales do not substantially differ in nature from those and the peptide plane normal along #haxis. Because these
occurring on the picosecond time scale. MeantHNbond Euler angles can be derived from a structure, the only

s ap }
Zsz(cos 5 €OS D, + sin 5 €OS 252)] (25)
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parameters, as expected due to the much broader time scale
sensitivity of RDCs. Both sets of order parameters correlated
well with expectations based on crystallograpBi€actors.
Likewise, for lysozyme, the dipolar generalized order
A Ly parameters squared (which were as low as 0.5 in the loops)
G predominantly exhibited greater motional amplitudes for
regions with higherB-factors. Because several lysozyme
structures are available at different resolutions, the authors
explored the consequences of the use of a lower resolution
Figure 11. Depiction of the 1D ortho-GAF model for the  structure on their best fit ortho-GAF amplitudes. They found

dtesc,[ipti?” of g.e‘pttide p'a”he cratngsh?ft m‘?tifns- ]?ase%‘?”ta Slet Oflthat although the precision of determinatiorvafubstantially
structural coordinates, each peptide plane is transformed into a loca ; :

coordinate frame (indicated by the primed axes) such that thid N degra(_jed_ in going from_ a_0.9 o a 21 A _structure_, b_y
bond lies along the axis and the peptide plane normal lies along establishing selection criteria by which solutions for indi-

the X axis. Motional fluctuations are modeled as rotations about Vidual peptide planes could be evaluated, they could filter
they' axis, which is inclined by approximately 1from the axis out the low precision GAF amplitudes even when using the
joining the proximal ¢ ; and G atoms. 2.1 A structure.

additional parameter to be fit is, which is the standard 45 Ensemble Simulated Annealing
deviation of peptide plane fluctuations about traxis in o .
the local frame (Figure 11). Since the definition of the  In the applications discussed thus far, the RDC data have
rotational axis deviates slightly from that of the 1D GAF, been used either to fit specific models for the motion or to
the authors call this the ortho-GAF model. With RDCs Characterize motional amplitudes and asymmetries in a
collected in just a single alignment medium, there are ‘model-free” manner. For any fit to a motional model, the
insufficient data for the separate determination ofra  implicit assumption is that the existence of any unaccounted
corresponding to each peptide plane; however a commonfor motions or _structural features will not unacceptably distort
motional amplitudega,, can be fit to all peptide planes. Even the interpretation. In the case of the model-free approaches,
with this simple approach, for four different proteins there remains the nontrivial undertaking of integrating the
(lysozyme, sulfite reductase, dihydrofolate reductase, andsite-specific descriptors of the motion into a unified picture
methionine sulfoxide reductase), significant improvements of molecular dynamics. In an effort to both avoid explicit
in the 42 of the fit were found using a common ortho-GAF dependence on a model and produce an atomic level
amplitude® For a fifth protein, ubiquitin, significant im-  description of motions, Clore and Schwieters have developed
provements were not seen, however the authors attribute thigth ensemble simulated annealing approach for refinement
to poor orientational distribution of amide-NH orientations. ~ Of protein structure$¥:13!
In support of this conclusion, improvements in the fit using ~ The ensemble simulated annealing approach builds on
the ortho-GAF model were seen when RDCs in additional well-established protocols for the determination of solution
alignments were considered. For all proteins examined, thestate structures from NMR spectroscopic data, for the
best fit ortho-GAF amplituder,, ranged between 24and development of which Clore has played a prominent téle.
17°. Although the utilization of a common ortho-GAF The fundamental approach remains unchanged in that high-
amplitude for all peptide planes contains limited information temperature simulated annealing calculations are carried out
about dynamics, the authors emphasize that the effects ofin the presence of a potential energy function, which, in
such highly specific anisotropic motions on RDCs are addition to the typical force field terms, also contains a
distinguishable from the effects of errors in coordinates (i.e., number of experimental pseudoenergy terms that serve to
structural noise) or motions that are more symmetric in produce a molecular conformation that is consistent with all
nature. This enables the rapid assessment of average smaff the NMR data. The distinguishing feature of the ensemble
amplitude peptide plane fluctuations and allows an improved refinement approach is that separate molecular coordinates
estimate of the order tensor to be obtained, often with are refined in parallel, with the agreement between experi-
substantially improved agreement with the experimentally mental restraints and the instantaneous conformations de-
measured couplings. The improved estimation of alignment termined according to the calculation of the relevant averaged
tensors enables internuclear vector orientations to be estabNMR parameters over the ensemble. Of course, the ability
lished with higher precision and accuracy. to refine an ensemble simultaneously requires substantial
The inclusion of RDC data collected in a second (or experimental data, which in this case is provided by extensive
additional) alignment medium can allow ortho-GAF ampli- RDCs measured in multiple alignment media. To deal with
tudes to be determined individually for each peptide plane. the need for knowledge of alignment tensors, the starting
Bernado and Blackledge have carried this out in applications point is not an extended peptide strand but rather the three-
to protein GB3 and lysozynf8 For both proteins, very high-  dimensional structural coordinates for the protein of interest.
resolution X-ray structures are available along with high- This enables the simulated annealing to proceed with both
quality sets of RDCs measured in multiple alignment media. magnitudes and orientations allowed to float.
For protein GB3, they found ortho-GAF amplitudes mostly ~ Clore and Schwieters have demonstrated the approach in
on the order of 28 however, for one loop amplitudes applications to two different proteins for which extensive
approached 40 To compare their amplitudes against spin RDC data are available, ubiquitiiand the B3 IgG binding
relaxation order parameters, they converted their GAF domain of streptococcal protein G (GB8}.In the applica-
amplitudes into dipolar order parameters. They found that tion to ubiquitin, a statistically significant yet small improve-
the dipolar and spin relaxation generalized order parametersment in agreement between calculated and experimental
were generally correlated yet with nearly all dipolar order RDCs is observed in going from an ensemble size of 1 to 2,
parameters being smaller than the spin relaxation orderalthough not within the reported experimental precision of
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measurement. The authors argue that this discrepancy arise4.6. Side-Chain Dynamics
due to a significant underestimate of measurement errors in ) . ) _
the original account, based on the comparison of ubiquitin _ The conformational flexibility and dynamics of protein
RDCs measured by two different laboratories. Although Side chains can play an important role in defining the
plausible, this explanation remains inconclusive due to the interaction surfaces for the recognition of binding partners
alternative possibility that the observed differences in RDCs OF by contributing to the entropic stabilization of the protéin.
arise from changes in the effective alignment tensor due to Due to the greater degrees of freedom available to side
likely variations between labs (or even between distinct chains, it is correspondingly more difficult to separate
sample preparations) of such variables as ionic strength orcontributions to RDCs that arise from dynamics versus
pH. Aside from a few residues that show large amplitude conformational differences relative to a hlgh-resolutlon_
jumps between the two members of the ensen®igump) structurgl model. Nevertheless, progress has been me}de in
< 0.8), very small deviations were observed for most developing RDC—based prpbes for side-chain conformathnal
residues. The two conformers exhibited very small deviations heterogeneity and dynamics. Chou and Bax have described
in atomic rms positions, reflecting that jumps between the @ Simple method for the determination)afrotamers based
two members of the ensemble were accompanied by cor-On the measurement of one-bond-G#’ RDCs in the
related shifts in backbong and v dihedral angles. The absence of knowledge of backbone structdfelheir ap-
results were generally similar for protein GB3, except that pr?ach proceeds on the basis of comparison of measiired C
the agreement between experimental and calculated RDCd’ RDCs with one-bond €-H* and C—C' RDCs, as well
was significantly better for a two member ensemble (relative 8 C—N RDCs estimated frontDcec: couplings for the
to one) and was at the level of experimental precision of Préceding residue. Because thie-€1” bond will be parallel
measurement. Although the motions were again of relatively {©© one of the other three bonds for staggered rotamers, one
small amplitude for most residues, it is clear that, if sufficient ¢a@n establish the rotameric state by direct comparison of the
RDC data are available, is feasible to characterize very subtleT€asured RDCs. Situations in which more than one rotameric
anisotropic motions of the peptide backbone. state is S|g_n|f|cantly populated or the rotamer does not
Another feature of the ensemble simulated annealing assume an ideal staggered geometry can be detected by lack
. . of agreement of théDsy# coupling with any of the other
app_roach is that |t.aIIows the extent and nature of correlated three measured couplings. A more extensive analysjg of
motions to be discussed. For both ubiquitin and GB3 y4jon angle dynamics has been carried out by Mittermaier
applications, while no long-range correlated motions were

. ='* and Kay for the B1 domain of streptococcal proteidt.
observed, there were extensive local correlated fluctuations

X . ; . 2PSThey utilized'Deyp RDCs in conjunction with refinement
consistent with peptide plane crankshaft motions. This fits y oH J

. . . of the backbone conformation to accurately establigh C
in well with the results for the study of peptide plane ortho- s onq orientations. Several different motional models were
GAF motions in GB3 carried out by Bernado and Black-

5o ) Lo applied to the interpretation of their RDC data, with
ledge™ For the applications to both ubiquitin anc_i GE’3 approximately 25% of residues fit much better by a model
ensembles larger than two were looked at, but no significant

; ) in which multiple rotamers were populated. A simple method
improvement in the agreement between calculated andfo characterizing the dynamics of aromatic rings of phenyl-
experimental RDCs was obtained. As the authors note, thegjanine or tyrosine residues has been proposed by Sprangers
ensemble simulated annealing approach provides a modek; 51135 |n an application to the SMN Tudor domain, the
that exhibits the minimum amplitude of motion. There are presence of dynamic averaging of the aromatic rings was
many models that would exhibit larger motional amplitudes suspected due to observed degeneracy afde chemical

and remain consistent with the RDC data. This is underscoredgp;fts By comparison of €&-C’ RDCs with one-bond

by the observation that the RDC-derived order parametersaromaticisc—1H RDCs, they established that two-site ring
from the ensemble simulated annealing approach are generjins were occurring in all cases. Ring dynamics exhibiting
ally larger than those obtained from spin relaxation methods. higher symmetry could be excluded on the basis that, in that
This can be understood as a consequence of allowing thegyent, the measured aromafic—H RDCs would be equal

alignment tensors to float during the simulation, which will 5 the measuredDcew couplings scaled by a factor of
tend to absorb much of the axially symmetric component of _q 125

the motion into the subsequently reduced magnitudes of
alignment. In theory, this is valid; however one must exercise .
caution in the interpretation of the resulting ensembles 5. Future Perspectives
because they may exhibit very nonphysical geometries due Rpc techniques for characterizing motions spanning the
to the absorption of some of the motion into the tensor nicssecond to millisecond time scales have been steadily
magnitudes. emerging in the past few years. There remains some
In certain cases, specific models for localized conforma- disagreement as to the extent to which biomolecules are
tional heterogeneity may be introduced that subsequently candynamic in nature, as well as the route best suited to study
be fit to the RDC data. Wu et al. employ this route in the these motions. We have discussed here a number of different
structure determination of a DNA dodecamer utilizing RDC-based approaches to the characterization of bio-
extensive RDC and'P chemical shift anisotropy (CSA) molecular dynamics, all of which have their own specific
data®? In particular, they found that the RDCs involving limitations. As such, discrepancies in results obtained using
the deoxyribose ring were not adequately fit by a single different methods do exist and should be taken as evidence
model. To compensate for this, separate structures werethat these tools are still evolving. The experimental charac-
generated with the deoxyribose rings respectively restrainedterization of protein dynamics is a difficult undertaking, and
in either a C2endo or C3endo conformation. A fit to the  thus it is advantageous to have many different tools at our
relevant RDC measurements allowed the determination of disposal. We anticipate that RDC-based methods for probing
site-specific populations for the sugar puckers. dynamics will continue to evolve and in the future be
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employed increasingly in combination with some of the
highly complementary NMR techniques for characterizing
dynamics discussed in this edition.
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