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Abstract — Residual dipolar couplings arise from small degrees of alignment of molecules in a magnetic field. Most
biomolecules lack sufficient intrinsic magnetic susceptibility anisotropies for practical purposes; however, alignment
can be achieved using dilute agueous phospholipid mixtures, colloidal suspensions of rod-shaped viruses, complex
phases of surfactant systems and strained gels. The stability of the liquid crystalline phases varies with respect to
temperature range, pH variation and time and is critically dependent on sample composition and experimental
conditions. The magnitude of the residual dipolar couplings depends upon the degree of ordering and allows the
determination of the corresponding inter-nuclear vectors with respect to the molecule's alignment frame. Inclusion of
dipolar constraints into NMR structure calculations leads to improved precision and accuracy of the resulting
structures, especialy in cases where the information content provided by traditional NOE constraints is limited. In
addition, rapid evaluation of backbone protein folds and determination of the relative orientations of individua
components in multi-molecular complexes have become feasible. Dipolar coupling based strategies may well emerge
as the most critical developments, in establishing NMR as a valuable and competitive methodology in the structural
genomics initiative. To cite this article: A.M. Gronenborn, C. R. Biologies 325 (2002) 957-966. © 2002 Académie
des sciences/ Editions scientifiques et médicales Elsevier SAS

NMR / alignment / anisotropy / liquid crystal / residual dipolar couplings/ orientational constraints/ protein
structure determination

Résumé—De I'importance d’ére ordonné: I'amélioration des structures RMN & I'aide des couplages
dipolaires résiduels. Des couplages dipolaires résiduels se produisent a partir de faibles degrés d'alignement des
molécules dans un champ magnétique. La plupart des biomolécules manquent d’anisotropies de susceptibilité
magnétique intrinseque suffisantes pour des applications pratiques; néanmoains, I'alignement peut étre réalisé en
utilisant des mélanges aqueux dilués de phospholipides, de suspensions colloidales de virus en batonnets, de phases
complexes de systémes surfactants et de gels contraints. La stabilité des phases cristallines liquides varie avec le
domaine de température, le pH et le temps, et dépend de maniére critique de la composition de I’ échantillon et des
conditions expérimentales. L'amplitude des couplages dipolaires résiduels dépend du degré d ordre et permet la
détermination des vecteurs inter-nucl éaires correspondants, selon le systéme d’ alignement de lamolécule. L’inclusion
de contraintes dipolaires dans |es calculs de structure RMN conduit & une précision et a une exactitude améliorées des
structures résultantes, particulierement dans le cas ou le contenu informationnel procuré par les contraintes NOE
traditionnelles serait limité. De plus, une rapide évaluation des replis des motifs protéiques et la détermination des
orientations relatives des composants individuels dans les complexes multi-moléculaires sont devenues réalisables.
Des stratégies basées sur le couplage dipolaire pourraient bien émerger comme les dével oppements les plus critiques,
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en établissant |laRMN comme une méthodol ogie competitive en génomigue structurale. Pour citer cet article: A.M.
Gronenborn, C. R. Biologies 325 (2002) 957-966. © 2002 Académie des sciences/ Editions scientifiques et

médicales Elsevier SAS
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détermination de la structure des protéines

1. Introduction

Traditionally, the determination of three-dimensional
structures of biological macromolecules employs dis-
tance and torsion angle constraints extracted from NOE
and J-coupling data, respectively [1, 2]. A limitation
inherent to the commonly used NMR methodology
arises from the strictly local nature of the experimental
congtraints. Fortunately, despite this disadvantage, struc-
ture determination by NMR for globular proteins has
been extremely successful, primarily because the numer-
ous short inter-proton distances between amino acids
far apart in sequence are highly correlated, rendering
them conformationally extremely restrictive.

Nevertheless, the use of only short distance informa-
tion can limit the accuracy of NMR derived structures,
especially for non-globular architectures where the
cumulative error may become significant or in cases
where only few contacts are available between struc-
tura elements. Examples of such systems include
modular and multi-domain proteins and linear nucleic
acids. Recently, NMR methodology has been devel-
oped that exploits weak alignment of molecules in the
magnetic field, either caused by the molecule’'s own
magnetic susceptibility anisotropy or employing very
dilute liquid crystalline media [3]. This alows the
measurement of residual dipolar couplings, which con-
tain information about the orientation of an inter-
nuclear vector relative to the molecular susceptibility
anisotropy tensor. These couplings can be used to
extract angular restraints for use in NMR based struc-
ture calculations. Incorporation of these additiond
restraintsinto conventiona structure determination algo-
rithms results in remarkable improvements of the
resulting NMR structures, both locally and globally.

2. Background

The existence of magnetic field induced residual
dipolar couplings for proteins in isotropic solution was
known for a number of years, their utility for structural
studies, however, was only redized after high field
magnets and heteronuclear methods that alowed their
precise determination became widely available.
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Increased field strength was important, since the size of
the residual one-bond dipolar coupling scales with the
square of the magnetic field and novel experiments had
to be devised to extract these extremely small couplings
with a precision of a fraction of a Hertz [4, 5]. Given
the small degree of alignment of diamagnetic proteins
in the magnetic field, resulting in minute residual
dipolar couplings of typically < 0.2 Hz, the practicality
of extracting such couplings reliably seemed limited.
More promising, on the other hand, appeared the
magnetic field induced alignment for paramagnetic
proteins, nucleic acids and protein/nucleic acid com-
plexes, which exhibit magnetic susceptibility anisotro-
pies greater than —10 x 103* m? per molecule, yielding
residual dipolar couplings of [0.5 Hz for N-H vectors
and (0.9 Hz for C-H vectors.

The major breakthrough with respect to any potential
routine use of dipolar couplings for biomolecular struc-
ture determinations was the demonstration that tunable
degrees of molecular alignment could be achieved by
placing the molecule under investigation into a dilute,
aqueous liquid crystalline phase of dihexanoyl phos-
phatidylcholine (DHPC) and dimyristoyl phosphatidyl-
choline (DMPC) [3, see 6, 7 for reviews]. Sufficiently
high degrees of alignment were obtained in this manner
resulting in one-bond dipolar couplings of 540 Hz that
are easily detectable by simply measuring the splitting
in 2D and 3D coupled HSQC spectra. This opened the
door for developing additional experiments to extract
other types of residual dipolar couplings and resulted in
aflurry of activity exploring possible alignment media
with the aim of improving the initial bicelle system as
well as discovering novel ones. Severa of these media
are described below.

Although anumber of liquid crystalline media exhibit
large macroscopic viscosity when compared to pure
water, interestingly, the rotational diffusion of the
dissolved biological macromolecule was only margin-
aly affected. This makes it possible to take advantage
of high resolution NMR methodology while simulta-
neously extracting residual dipolar couplings. There-
fore, it is generally desired that the order imparted onto
the macromolecule be relatively small, typicaly less
than 2 x 10, To achieve such low solute alignment,
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interactions between the medium and solute have to be
negligible. This cannot be predicted a priori and it is
frequently necessary to empirically determine which
medium is best suited for a particular case. If, however,
binding to the medium occurs, line broadening is
observed and the ordering will be too large to be of
practical use. At present there is as yet not a single,
universal aignment medium and it is generally advis-
able to test severa for practical purposes.

The degree of aignment in any given liquid crystal-
line medium can easily be assessed by monitoring the
deuterium quadrupolar splitting of the HDO signal in
the sample prepared as an agqueous solution containing
90% H,0/10% D,0. This signal arises from exchange
between bulk water and water bound to the oriented
liquid crystal. Quadrupole splitting ranging from 10 Hz
to 30 Hz are generally observed for the different media
of variable composition. Interestingly, the degree of
alignment of the solute macromolecule under investi-
gation is not directly correlated to the deuterium
guadrupole splitting across different liquid crystalline
media, although a linear dependence on concentration
is frequently observed for each individua medium.
This is most likely due to the fact that the distribution
and location of bound water molecules on the surfaces
of the different large, anisotropic particles (lamellae of
varying composition, phages and viruses, and assem-
blies of other surfactant phases) are very distinct and
strongly dependent on the local surface structure. Nev-
erthel ess, measuring the deuterium quadrupole splitting
of the HDO resonance is generally an excellent method
to rapidly assess whether a medium is suitable for
alignment purposes.

3. Alignment media

3.1. Liquid crystalline media based
on phospholipids

The first medium used for purposes of partial aign-
ment of solute macromolecules with the magnetic field
was a lyotropic liquid crystal consisting of binary
mixtures of DMPC and DHPC. Binary mixtures of
these phospholipids were initially believed to form disc
shaped particles [8], commonly referred to as bicelles
[9]. More recently, however, it was demonstrated that
the morphology of these mixtures at concentrations and
temperatures used for alignment in the magnetic field
are stacked lamellar phases that align with their bilayer
normal orthogonal to the field direction [10]. Using
these dilute phospholipid mixtures, biological macro-
molecules such as proteins, nucleic acids or complexes
thereof can be dissolved in the interstitial aqueous
spaces between the layers, rendering their rotationa

diffusion rates essentialy unaffected by the lamellae.
Residual dipolar couplings arising from the small
degree of molecular alignment imparted onto the solute
molecules by the oriented lamellae can therefore be
measured. For most applications, the concentration of
the phospholipids must be kept small ((05%) to avoid
line broadening caused by unresolved dipolar cou-
plings. However, under these dilute conditions the
liquid crystal becomes less stable and the temperature
range over which a stable nematic phase is observed is
limited. In addition, samples may phase separate within
the time required to collect the NMR data. Commonly
used mixtures contain 3% to 5% w/v DMPC/DHPC
with a DMPC/DHPC ratio of [13:1. They form stable
liquid crystal phases over the temperature interval of
2945 °C. This somewhat limited temperature range
can be extended by using a ternary mixture of DHPC,
DMPC and charged amphiphiles such as hexadecyl-
(cetyl)trimethyl ammonium bromide (CTAB) or SDS
[11] or by using shorter chain phospholipids instead of
DMPC [12]. In addition, the long-term stability of the
phospholipid based liquid crystal phase exhibits a
strong pH dependence, restricting the solute pH to a
narrow range around pH 7. Replacement of the diacyl
phospholipids by non-hydrolyzable dialkyl anaogs
overcomes this limitation [13]. Despite all these
improvements one has to keep in mind, that the stability
of theliquid crystal phase is also affected by the solute,
namely the protein solution under investigation. Solu-
bility and stability of the protein naturally influence the
choice of solvent conditions for the aqueous compo-
nent, i.e. concentration, buffer choice and pH, and ionic
strength. Each of these parameters affects the stability
of the liquid crystalline phase in a complex manner.

3.2. Nematic phases of rod-shaped viruses
and filamentous phages

Suspensions of charged, rod-shaped viruses, such as
tobacco mosaic virus (TMV) and filamentous bacte-
riophages fd/M13 and Pf1 were known to undergo a
magnetic field induced isotropic-nematic phase transi-
tion at moderate concentrations [14, 15]. Solutions of
magnetically aligned virus or phage therefore seemed
like an attractive alternative to the above described
phospholipid phases. Two independent reports of suc-
cessfully using virus/phage solutions as a medium to
measure residual dipolar couplings appeared, employ-
ing TMV and fd solutions [16] or Pfl [17]. The
molecular structures of the virus and phages are very
similar. They are long, negatively charged rods, in
which acylinder of coat proteinsisarranged in ahelica
fashion around either an RNA or DNA single stranded
genome. TMV is approximately 15nm wide and
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[(B000Onm long, while the bacteriophages are
both (6.6 nm in diameter and (B80 nm (fd/M13)
or (11900 nm (Pf1) long. Partial molecular alignment of
the dissolved macromolecules arises from collisions
with the aligned virus particles, thus imposing a pre-
ferred direction of diffusion rather than alignment via
transient binding. It appears, that it is possible to aign
macromolecules over a wide range of temperatures and
buffer conditions using dilute colloidal phage suspen-
sions [18]. Indeed, the degree of alignment and the size
of theresidual dipolar coupling are related to the length
of the phage, as expected from Onsager theory for
semi-flexible charged rods [18]. Similar to findings for
the phospholipid systems, high macroscopic viscosity
due to the large vira particle size is observed. The
microscopic tumbling rates of the dissolved macromol-
ecules, however, should not be affected in the absence
of binding to the particles. This can easily be estab-
lished by measuring T, relaxation times in the absence
or presence of phage solution.

3.3. Liquid crystal phases of surfactants

The search for other, aternative and robust liquid
crystalline media suitable for partially aligning biomol-
ecules lead to investigations of dilute, quasi-ternary
systems of surfactant/salt/alcohol, known to form Hel-
frich lamellar phases [19, 20]. These phases were
thought to consist of bilayers, which can be swelled by
solvent such that the spacing between the bilayers is
much larger than the thickness of the bilayer itself.
Thus, Helfrich lamellar phases were potentially another
medium for studying partially aligned biological mac-
romolecules. Prosser et al. used a 2% aqueous solution
of CPCl/hexanol (1:1) in 200 mM NaCl and demon-
strated that residual dipolar couplings up to 15Hz
could be measured on ubiquitin. Our laboratory inves-
tigated surfactant phases from CPBr/hexanol and NaBr
and found that solutions of 3-6% CPBr/hexanol in
20-30 mM NaBr gave excellent results. Although ini-
tially expected to form lamellar phases, further charac-
terization of the CPBr/hexanol/NaBr liquid crysta
phase employed by us revealed, that the particle mor-
phology consists of cylinders. Thus, the above quasi-
ternary surfactant liquid crystalline phases are most
likely cylindrical micelles [21].

Another lyotropic liquid crystalline phase suitable for
alignment purposes is formed by alkyl-poly(ethylene
glycol)/alcohol mixtures in water. These mixtures were
known to form superstructures of stacked planar bilay-
ers and the application of (5% C12E5/hexanol and
related phases for measuring residual dipolar couplings
was demonstrated [22]. The advantage of these phases
is their insensitivity to pH (as compared to phospho-
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lipid phases), athough, like with any thermotropic
liquid crystal, only a limited temperature range is
accessible. The magjor benefit of using these media is
their low tendency to interact with proteins.

3.4. Other liquid crystals

In contrast to alignment caused by steric interactions
with liquid crystalline media as described above, tran-
sient binding to oriented particles can also give rise to
residual dipolar couplings. Such data has been reported
for proteins interacting with purple membrane frag-
ments [23, 24]. Binding is assumed to occur since
significant line broadening and a large decrease in *°N
T, and T, relaxation times of the solute proteins is
observed. Obvioudy, here the degree of aignment
depends on the binding properties of the biomolecule
under investigation, and any information derived from
residual couplings reflects the conformation in the
bound state. The weak binding and fast exchange
interaction between the medium and solute molecule is
reminiscent of the transferred NOE effect.

The use of a suspension of cellulose crystallites for
measuring residual dipolar couplings has also been
reported [25]. This material can be prepared form wood
pulp or filter paper by hydrolysis. Alignment in the
magnetic field occurs due to the large negative diamag-
netic anisotropy of individual cellulose crystalites.
These particles generdly have a length of severa
100 nm and a width of ca 10 nm, and proteins can be
dissolved in suspensions thereof.

Other media and methods for creating weakly aligned
states for measuring residual dipolar couplings are till
being searched for. It should be pointed out, at this
juncture, that for al the media described above, suffi-
cient care must be taken to ensure that the medium is
not influencing the structura interpretation of the
measured dipolar couplings. Flexible regions of pro-
teins may transiently interact with the media and the
bound conformation could become the dominant one,
with other, non-binding conformations becoming under-
represented. Typically, electrostatic and hydrophobic
interactions between the solute proteins or nucleic acids
will beweak enough, but this hasto be verified for each
individual case.

3.5. Strained gels

Recently, an alternative method for inducing weak
alignment has been developed. This approach does not
involve any liquid crystalline media, but rather exploits
the anisotropy of strained polymeric gels. Either com-
pression [26], or both vertical and radial squeezing of
polyacrylamide gels [27], can be used. Compression of
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a gel is achieved by using a susceptibility-matched
plunger for pushing onto the gel. Stretching, in general,
yields stronger and more uniform alignment. In this
respect, stretching usually refers to radial compression
accomplished by squeezing a larger diameter gel into a
regular sample tube. Proteins are introduced into the gel
matrix simply by diffusion. Such gels are extremely
stable and inert and even alow the study of proteins
under denaturing conditions [28]. In addition, gels may
even be useful for aligning detergent solubilized sys-
tems that hitherto were not amenable to alignment. The
principal disadvantage of using anisotropically com-
pressed gels lies in a decrease in rotational diffusion
rate of the dissolved macromolecules, especialy for
larger systems. Careful attention to the concentration of
the gel as well as the degree of cross-linking has to be
paid and adjusting these parameters to the system under
investigation may be necessary.

3.6. Theimportance of multiple alignment media

There is no doubt that in the future more materias
and methods will be discovered and exploited for
imparting anisotropy onto biomolecules in order to
extract residual dipolar couplings. There are severa
important reasons to have different alignment media
available. First, not every medium is compatible with
the properties of the molecules or systems under
investigation. Proteins that interact with membranes are
clearly not compatible with phospholipid-based media,
and very flexible or partially folded proteins have a
tendency to strongly interact with bicelles. Likewise,
negatively charged molecules, such as nucleic acids,
tend to bind to positively charged lamellae and, posi-
tively charged proteins can potentialy interact with
negatively charged phage particles at neutral pH values.
This can result in an increase in the electrostatic
component of the alignment, leading to large linewidths
or to collapse of the liquid crystalline phase. As an
example, the protein ubiquitin with a pl of (6.5 inter-
acts strongly with pf1, unless highionic strength is used
to screen the charges on the surface of the phage.
Second, different alignment media frequently result in
different orientations of the solute molecule with respect
to the magnetic field, because the alignment tensors in
two different alignment media will exhibit different
orientations. This is an important property that allows
lifting the degeneracies in the orientation of a given
inter-atomic bond, inherent in the relationship between
dipolar coupling and inter-nuclear vector orientation. A
dipolar coupling measured in a given liquid crystalline
medium positions the vector between the two coupled
partners on one of the two possible, oppositely oriented
cones. If the alignment tensor in the second medium

has a different orientation relative to the molecular
frame of the molecule, the same vector will now reside
on two different cones. Thus the true orientation of this
particular inter-atomic vector will lie at the intersec-
tions between the two cones. Therefore, dipolar cou-
plings measured in severa independent media allow
uniquely defining the associated vector orientations.

4. Structure refinement using residual
dipolar couplings

A key aspect of any NMR structure determination is
that the ensemble of calculated structures satisfies al of
the experimental NMR constraints, exhibits only very
small deviations from idealized covalent geometries,
such as bond lengths, bond angles, and planarity, and
displays good non-bonded contacts. It therefore is of
utmost importance for devising any calculational strat-
egy, that the global minimum of the target function is
reliably and efficiently located. The use of residua
dipolar couplings, which impose a tight restriction on
the orientation of a bond (if measured for directly
bonded nuclei) should therefore greatly improve the
quality of traditional NMR structures, calculated based
on NOE distance restraints, coupling constants and
chemical shifts. The simplest way to incorporate the
geometric content of the dipolar couplings into a
structure calculation is by means of an error function.
For each measured dipolar contribution a term

Edipolar = kdipolar (Dcalc - Dobs)2 (1)
(where Kgipo IS @ force constant and D, and Dy, are
the observed and calculated values of the dipolar
couplings) is added to the various other terms, like
distance and torsion angle restraints, covalent geometry
and non-bonded contacts in the simulated annealing or
minimizing protocols. Eipe 4 1S evaluated by calculat-
ing the 6 and ¢ angles between the appropriate bond
vectors (e.g., N-H, Ca—H, Co—C’, etc.) and an externa
arbitrary axis system. Since the orientation of the axis
system is not known a priori, it is defined by an
artificial tetra-atomic molecule comprising atoms X, Y,
Z and O, with three mutually perpendicular bonds,
X-0, Y-0, and Z-0, representing the x, y, and z axes
of the anisotropy tensor, which is alowed to float
during the calculation [29, 30]. The expression for the
residual dipolar coupling between two directly coupled
nuclei can be simplified to the form:

D(0,¢) =D, (305’0 - 1)
+ 3/2 R(sin’0 cos 2 ¢) )

where D, and D, are the axial and rhombic components
of the traceless second rank diagonal tensor D (in Hz).
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R is the rhombicity defined by D,/D,, 6 is the angle
between the inter-atomic vector and the z axis of the
tensor and ¢ is the angle that describes the position of
the projection of the inter-atomic vector on the x-y
plane of the tensor. D, and D, subsume a number of
constants, including the gyromagnetic ratio of the two
nuclei involved, the distance between them, the gener-
aized order parameter S for internal motion of the
inter-nuclear vector, the magnetic field strength and the
medium permeability.

Naturally, using dipolar couplingsin NMR structure
determination and refinement is predicated on the
assumption that motional averaging will not compro-
mise the data. The magnitude of dipolar coupling
depends on the generalized order parameter S for
internal motions of the inter-atomic vector [31], thus
different contributions have to be considered, at least in
principle. Rather than using individual, residue specific
S values, it seems reasonable to assume uniform S
values for all those residues for which heteronuclear
relaxation measurements indicate a well ordered con-
formation, as evidenced by experimental S values of
0.7-0.9 (corresponding to S values of 0.85 to 0.95).
Dipolar coupling constraints for residues that experi-
ence either ow conformational exchange or low order
parameters (S < 0.6) need to be excluded from the data
set [29]. As an aside, it should be pointed out, that D,
and D, scale with S, rather than S°, thus the assumption
of an overall Svalue introduces at most an error of a
few percent in the dipolar couplings for the ordered
regions of the molecule, well within the error of the
experimental measurements.

In order to use equations (1) and (2) for structure
refinement, the values of D, and R have to be deter-
mined. They are obtained by either iteratively best
fitting the alignment tensor for a given structure during
the course of refinement as described above, or directly
from the experimental data by examining the distribu-
tion of dipolar couplings [32]. A histogram of the
ensemble of normalized residual dipolar couplings for
the protein cyanovirin-N is illustrated in Fig. 1. It is
possible to extract D, and R from this distribution,
given that different, fixed-distance inter-nuclear vector
types in a molecule are approximately uniformly and
isotropically distributed in space relative to the aign-
ment tensor of the molecule. The magnitude of the axial
and rhombic components of the molecular alignment
tensor are related to the extrema and mode of the
coupling histograms, which, in the absence of random
errors, look amost like perfect powder patterns. The
highest probability dipolar coupling value, therefore,
coincides with the magnitude of the bond vector
aligned along the x axis of the alignment tensor [32].
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Fig. 1. Histogram depicting the distribution of normalized
residual dipolar couplings measured for the protein CV—N. The
mode (D,,) and extrema (D,, and D_,) of the distribution are
indicated.

Using this approach, the accuracy with which D, and R
are determined, clearly depends on the accuracy in the
estimates for the two extrema and the maximum of the
distribution, which in turn depends on the number of
dipolar couplings observed and the degree of anisot-
ropy in the orientation of the inter-nuclear vectors. In
cases where it is not possible to measure a large set of
dipolar couplings, one can aso use a maximum likeli-
hood method for extracting D, and R [33]. Alterna
tively, singular value decomposition for calculation of
the Saupe order matrix allows the determination of the
axial and rhombic components of the alignment tensor
[34]. Still another way to obtain the alignment tensor
exigts, if the alignment is purely steric. In this case, the
alignment tensor can be predicted based on the shape of
the solute molecule using an obstruction model [33].
This approach is very useful if aninitial low-resolution
structure is available, either based on a set of traditional
NMR restraints or a model of a related molecule.
Refinement against dipolar couplings represents a
difficult optimization problem, since each dipolar cou-
pling is compatible with two orientations of the asso-
ciated bond vectors, pointing in opposite directions. In
addition, dipolar coupling constraints are of a very
different qualitative nature, compared to NOE based
distance constraints when used in asimulated annealing
protocol. The success of the latter for structure deter-
mination based on distance constraints is based on the
fact, that the experimentally determined inter-atomic
distances are highly correlated. For example, if amino
acid 20 iscloseto amino acid 90 within afolded protein
structure, then the distance between atom X of amino
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acid 20 and atom Y of amino acid 90 constrains the
distance between X and any other atom of amino acid
90, such as atom Z. Furthermore, it is highly probable,
that any atom on residue 21 is also close to one or more
atoms of residue 90. In this manner, the potentia
surface of the optimization in three-dimensional space
resembles a funnel with a relatively smooth surface.
For the case of dipolar couplings, no such straightfor-
ward correlation exists. On the contrary, dipolar cou-
plings (or bond-vector orientations) tend to compete
with each other and with the distances. If, for example,
during the simulated annealing a NH bond becomes
oriented such, that its dipolar coupling is satisfied, this
does not necessarily lead to a better agreement for the
dipolar coupling of the adjacent NC' bond. Thus, each
inter-atomic vector orientation represents an indepen-
dent orientational parameter. As a result, calculational
strategies based on dipolar couplings aone are fraught
with difficulties. But even the simple addition of a
constraint term for dipolar couplings to proven meth-
odologies of NMR structure calculations can result in
structures becoming trapped in deep local minima. Asa
consequence, the convergence properties of the proce-
dure can be severely curtailed and careful adjustment of
the protocols is necessary.

In order to avoid such trapping in the determination
of aNMR structure, it is advantageous to employ atwo
stage simulated annealing protocol. In thefirst stage, all
conventional experimental constraints, such as NOE
and H-bond based distance constraints, dihedral angle
congtraints, coupling constants and carbon chemical
shifts are employed to calculate an ensemble of models.
During the second stage, each structure of the ensemble
is refined against the dipolar couplings. These are
added as constraintsin an appropriate simulated anneal -
ing protocol, frequently employing both high tempera-
ture and low temperature slow cooling steps.

Inclusion of the additional dipolar constraints
improves the precision of the structures considerably
[35]. In particular, significant increases in coordinate
precision are observed, both for backbone atoms and
for side chains atoms. As an example, families of
structures calculated without and with inclusion of
residual dipolar couplings are displayed in Fig. 2 for
the potent HIV-inactivating protein cyanovirin-N, viv-
idly demonstrating the improved precision.

The most significant improvements in the quality of
the structures upon inclusion of all residua dipolar
couplings relate to the Ramachandran statistics. The
percentage of residues found in the most allowed
regions of the Ramachandran map generally increases
from ca. 80% to over 90% and the number of bad
contacts is reduced by more than 50%. Therefore,

(B)

Fig. 2. Best-fit superpositions of backbone (N, Ca, C') atoms of
20 CV-N structures calculated without (A) and with residual
dipolar coupling constraints (B). Individual conformers are
shown in blue and the minimized average structure in red.

structures calculated with a one-bond residual dipolar
couplings exhibit superior packing characteristics, even
without the inclusion of a conformational database
potential [36].

5. Validation of protein folds

The most powerful and attractive use of residual
dipolar couplings liesin their application for validation
of structural models. In this context, structures may be
derived from modeling, either ab initio or homology, or
from low-resolution experimental data. If the model
structure is accurate, one will observe excellent agree-
ment between the dipolar couplings cal culated based on
the structure and the experimentally measured ones.
Exploitation of thisfact may lead to the most direct and
important contribution of NMR based methodology in
‘ Structural Genomics' . Although large efforts are under-
way to determine as many protein structures by NMR
in a high throughput manner, traditional methodology
for NMR structure determination for proteins of inter-
mediate size ([B0-50 kDa) is till relatively slow. For
instance, to solve the structure of the 40 kDa complex
between the N-terminal domain of enzyme | and HPr,
the NMR measurement time al one extended over almost
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Fig. 3. Correlation between experimentally measured dipolar couplings (*D,NH) and those calculated (*D,/NH) on the basis of the
coordinates of a homology model (inset) for a circular permuted variant of the protein CV-N.

five months [37], with an additional time of at least 6
months for datainterpretation and structure cal culation.
It therefore seems imperative to explore aternative
avenues, if NMR methodology to become more pow-
erful for structure determination in the post-genomic
era. Exploitation of strategies based on residua dipolar
couplings may overcome the traditional shortcomings
indicated above, and could lead to new conceptual
applications of NMR. Here again, the alignment tensor
or Saupe matrix has to be determined and any of the
methodologies outlined previously for refinement can
be applied for this purpose. Naturally, it isimportant to
include sufficient experimentally determined couplings.
Given that there are five independent Saupe matrix
elements, it generaly is easy to include a much larger
number of observables (measured residual dipolar cou-
plings) than variablesin thefitting procedure, rendering
the SVD approach superior to the shape-based predic-
tion of the alignment tensor.

A very promising direction combines structure pre-
diction and experimental validation or selection. Based
on our increasing understanding of the important fac-
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tors that govern folding and stability of proteins, it has
been proposed that only a finite set of protein folds
exist [38]. With improving force fields it may be
conceivable, that for a particular amino acid sequence a
set of several thousand different possible folds can be
generated, one of which may be the correct one. The
crucial question in this scenario then remains, how to
identify this particular one. Using NMR may provide
the answer. It is relatively fast and straightforward to
obtain backbone resonance assignments for isotopically
labeled proteins, and the measurement of residual
dipolar couplings in alignment media can aso be
achieved with relative ease. It therefore is possible to
experimentally obtain residual dipolar couplings for the
backbone, which in turn can be compared with those
calculated for the different theoretically predicted struc-
tures. This approach is illustrated with an example in
Fig. 3. A homology model for a circular permuted
variant of cyanovirin-N was constructed and, based on
the coordinates of this model, residua dipolar cou-
plings were calculated. Comparison of the calculated
and experimentally measured couplings allowed veri-
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fication of the modeled fold. Thus, NMR can be used as
an experimenta filter for any theoretically predicted
structures. Initial results exploring such methodologies
are clearly promising.

6. Concluding remarks

The accessibility of anisotropic NMR parameters in
solution for biological macromolecules has opened the
door for future imaginative exploitation of this diverse
wealth of physical information. Applications with
respect to improving the accuracy of protein structures
[39] in defining the long-range orientation of the RNA
in aproteinr—-RNA complex [40] and domain orientation

in multi-domain proteins [41-44], as well as recogni-
tion of protein folds[45, 46] have aready been reported.
No doubt further developments will occur. In the era of
structural genomics, NMR is poised to make a major
contribution. Since dipolar constraints can be readily
measured on partially aligned proteins, they can be
incorporated into powerful methodologies for valida-
tion of theoretical models. Not every protein structure
of the completed human genome and those of model
organisms will be solved experimentally by NMR or
X-ray crystallography. However, al of them are ame-
nable to structure prediction, and validation of these
predicted structures and folds can be achieved rapidly
by NMR using residual dipolar couplings.
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