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X-ray crystallography and high-resolution nuclear mag-
netic resonance (NMR) provide the two main tools for
determination of the three-dimensional structure of bio-
molecules. In contrast to X-ray crystallography, where
one observes the electron density of the molecule in
three-dimensional space, high-resolution NMR only pro-
vides access to local information in the form of short
distances (less than 5 A) and dihedral angles [1,2]. Dis-
tances are typically obtained from the relaxation phe-
nomena between a pair of protons, whereas dihedral
angles are derived from the scalar (J) coupling between
two nuclei that are connected by more than one chemical
bond. From the compilation of the local structural infor-
mation the three-dimensional structure of the molecule
can be constructed. This method is possible provided a
large and redundant collection of these local constraints
is available. What is missing from NMR structural infor-
mation is a way to directly link different structural ele-
ments that are not in proximity. For small globular and
compact proteins this deficiency is not debilitating. One
can describe structural features on opposing sides of the
molecule through their relative position with respect to
the core of the protein, where typically a large number of
distance constraints can be measured. In nonglobular
entities, however, this deficiency becomes an important
limiting factor to determining the correct structure of the
molecule. For instance, in multidomain proteins and
protein—protein or protein—nucleotide complexes, typi-
cally one is limited to observing short distance informa-
tion at the linker of the modules or at the interface of the
complex, respectively. A proper positioning of the struc-
tural components requires these short distances to be
extremely accurate. This is a tough requirement, consid-
ering the quality of the data for the typical size of mol-
ecules being studied, as well as the complex nature of
the interaction that is probed to extract distance informa-
tion in solution NMR. Furthermore, the number of dis-
tance constraints observed in these regions is often small,
thus compounding the difficulty. In the case of RNA or
DNA, this problem arises plainly due to the lack of
observable distance information. The relatively large

number of degrees of freedom also complicates the
problem and nucleotide structures cannot therefore
usually be well defined.

The strong magnetic nuclear—nuclear and nuclear—elec-
tron interactions within a molecule contain vital structural
information. Brownian rotation of the molecules in solu-
tion averages all of these interactions. This allows solution
NMR to take advantage of the resultant sharp resonance
lines and to utilize a somewhat simpler interpretation of
the data to simultaneously study the whole structure of
the biomolecule. Solid-state NMR, however, has long
enjoyed the availability of those same interactions, due to
the absence of fast random rotation of the molecule, to
provide a great deal of structural information. In order to
avoid complicated interpretation of the data in solids,
studies have mainly focused on relatively small molecules
or a specific part of a large molecule. Naturally, an ideal
solution for high-resolution NMR is to find a compromise
in which these strong interactions could be observed
without jeopardizing the excellent solution NMR proper-
ties. The only way to reintroduce these strong interactions
is to bias their fast rotational averaging in solution. One
way to accomplish this is to align the molecule in solution.

Alignment of molecules in solution

There are several ways that a net alignment of biomole-
cules in solution can be achieved. A small degree of align-
ment can be observed for biomolecules with non-zero
magnetic susceptibility anisotropy when they are placed in
a strong magnetic field [3-5]. This is analogous to putting a
small bar magnet in a strong magnetic field. In general
these molecules would have a degree of alignment in the
order of 10>-10~* That is to say that there is 10-°-10~*
more likelihood of one molecule being found in a preferred
orientation. For instance, a typical diamagnetic molecule,
such as a protein, would have an expected susceptibility
anisotropy in the order of 2—4 x 10-3* m3/molecule [5]; this
would provide a net order of alignment of 10-. Only in
favorable cases where the alignment is large enough can
one measure the magnetic interactions and use this infor-
mation for structure determination. This narrows the appli-
cation of this method to paramagnetic molecules where the
paramagnetic center dominates the susceptibility [3,6], and
nucleotides where the regular base stacking results in a rel-
atively large susceptibility anisotropy [4,7]. Both of these
cases increase the alignment by one order of magnitude
relative to the diamagnetic counterpart. In addition to the
limitation of the applicability of this method to specific
systems, the alignment can only be observed in the pres-
ence of a very strong magnetic field.
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An alternative way of producing a slight alignment of the
macromolecule is by adding aqueous liquid crystalline
phase to the system [8]. Liquid crystal molecules, due to
their susceptibility anisotropy, will cooperatively orient
themselves in a magnetic field. In turn, the biomolecule
under study will interact with the liquid crystal resulting
in a net alignment. The general applicability of this
method to different biological systems and the lack of a
requirement for a very high magnetic field are just a few
of its advantages. Currently there are two different classes
of media that are used for this purpose; classification is
made on the basis of the shapes of the molecules that
make up these media. The first class contains large disc
particles. One example of this media comprises a mixture
of lipids containing dimyristoyl phosphatidylcholine
(DMPC) and various detergents that will undergo a phase
transition at slightly above room temperature to form
large discs called bicelles [9,10]. A second example is the
use of purple membrane that stays as a large two-dimen-
sional array in solution [11,12]. Figure 1a illustrates the
organization of these lipid-based molecules and the
protein in the system. The second class of media consists
of large rod molecules the system arrangement of which is
depicted in Figure 1b. These long rods are viral particles.
A suspension of filamentous bacteriophage Pf1 [13], fd,
and tobacco mosaic virus [14] are just some examples of
this class of media that have been shown to induce align-
ment of biomolecules. Not all of these media are liquid
crystals by definition. Purple membrane creates order
without undergoing phase transition or requiring local
cooperativity [11]. Besides their shapes these classes of
molecules also have other distinct properties. Lipid
bicelles can be made up of charged as well as neutral
lipids [15,16], whereas the purple membrane [11,12] and

Figure 1

all of the viral particles are electrically charged [13,14].
Lipid bicelles undergo liquid crystal phase transition over
a relatively small range of temperature in contrast to the
other types of media. By varying the content of the lipid
mixture, however, one can still shift this temperature
range [15]. One thing that all of these molecules have in
common is the ability to induce order in the system at rel-
atively low concentrations. This is important to avoid
space restrictions that can hamper the rotational tumbling
of the biomolecule of interest and will subsequently
result in broadening of its resonance lines.

There are additional advantages of this method over the
magnetic field alignment. The liquid crystal method typ-
ically creates an alignment that is at least one order of
magnitude larger than the field alignment. Furthermore,
the alignment by liquid crystal can be tuned. The magni-
tude as well as the direction of the alignment can be
adjusted by various means depending on the interaction
between the biomolecule and the liquid crystal. Even
though the nature of the interaction is still under debate,
some recent results suggest that when the neutral liquid
crystal phase is used the major component of the inter-
action is steric [17], and when the liquid crystal is
charged the electrostatic interaction can have a substan-
tial contribution [16]. By changing the concentration of
the liquid crystal one can adjust the magnitude of the
alignment [15]. Changing the temperature of lipid
bicelle media within its liquid crystal range will also
attenuate the alignment, although the effect is much
smaller than that obtained by varying the concentration
[15]. Varying the electrostatic interaction when its contri-
bution is relevant can change the direction as well as the
magnitude of the alignment. This can be achieved by
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Cartoon illustrations of the two different
classes of liquid crystal media. (a) The large
disc particles represent lipid bicelles or the
purple membrane. (b) The long rods represent
viral particles. The bicelles orient with their
normal orthogonal to the magnetic field [8]. In
contrast, the long phage particles align with
their long axis parallel to the field [13].
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doping the neutral bicelles with charged lipids [16],
varying the concentration of counter ions in the solution
[12], or by the incorporation of a fusion tag on the bio-
molecule of interest [16]. All of these factors make the
use of liquid crystals to induce alignment very attractive.

Measurable quantities in aligned molecules

A slight alignment of the biomolecule allows many physi-
cal quantities that were only common to solid-state NMR
to now also be available for high-resolution NMR. These
quantities include dipolar coupling, chemical-shift
anisotropy (CSA), and quadrupolar coupling, to mention
just a few. Because CSA is not averaged to zero by the
molecular rotation, small changes of the orientation-
induced isotropic chemical shift can be observed [18,19].
As the changes in the chemical shifts are relatively small,
however, the information on the CSA can only be
extracted by careful analysis. Due to the size of the
observed CSA values and the current lack of understand-
ing of structural effects that contribute to them, their use
for structural determination in high-resolution NMR is
presently very limited. The use of alignment-induced
residual quadrupolar coupling for structure determination
is limited to small molecules, because the property of
quadrupolar relaxation does not favor large biomolecules.
On the other hand, residual dipolar coupling has become
the main choice to extract structural information through
alignment of the molecule due to its substantial size and
more favorable dipolar relaxation property.

A general method for measuring these quantities is to
compare the observed values in the isotropic (non-
aligned) versus the aligned state. In the case of CSA, the
difference between the observed chemical shifts provide
information on the alignment as well as the CSA tensor
[18,19]. In the case of the quadrupolar coupling, a non-
zero splitting of the quadrupolar resonance in the aligned
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molecule can be observed [20]. The size of the splitting is
a measure of the alignment of the molecule as well as the
size of the electric field gradient at the nucleus. Dipolar
coupling is reintroduced in the aligned molecule as a
change in the apparent scalar (J) coupling of the interact-
ing magnetic nuclei. Thus, by measuring the scalar cou-
pling in the isotropic condition one can determine the
] value, and subtracting that from the value measured in a
liquid crystal medium yields the residual dipolar coupling
(D) [8]. Figure 2 shows two-dimensional correlation plots
between amide 'H and N for human G interacting
protein (GAIP) in the isotropic and liquid crystal medium.
The distance in hertz between the resonance doublets in
the isotropic medium represents the J coupling, while in
the liquid crystal medium it equals the sum of J and the
residual dipolar coupling (J + D).

Structure determination of aligned molecules

The dipolar coupling of two interacting magnetic nuclei
depends on the distance between them, their gyromag-
netic ratios, and the orientation of the interaction vector
with respect to the magnetic field. When the molecule is
aligned, there is a fixed orientation between the molecule
and the applied magnetic field and a simple transforma-
tion can be done to describe the residual dipolar coupling
in the alignment coordinate system. Furthermore, as the
alignment is not static, but rather an average over a distrib-
ution of orientations of molecules in the system, a proper
statistical averaging of the expected residual dipolar cou-
pling can be carried out [3]. All these steps produce a
general expression for the residual dipolar coupling which
can be written as [8]

D, @ -Sy,y,[A, (3cos20— 1) + 3/2 A, (sin?B cos2¢)] / r3pq (1)

where S is the generalized order parameter of the inter-
action vector, Y, and y, are the gyromagnetic ratios of the

Plots of two-dimensional correlation 1H and

15N spectra for human GAIP in (a) an (@)
isotropic condition and (b) a liquid crystal
medium containing 3% (w/v) of a 3:1 molar
ratio of DMPC:dihexanoyl phosphatidylcholine 9.7
(DHPC). A resonance doublet is observed for
each pair of 1H-15N nuclei. The measured
apparent scalar couplings are noted in hertz.
The broadening of the 1HN resonances of
human GAIP in the liquid crystal medium is
due to long-range H-1H dipolar couplings.
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Orientation of the dipolar interaction vectors between 1HN and 15N
nuclei of four residues of GAIP in the alignment coordinate system. For
this pair of nuclei the interaction vector coincides with the chemical
bond connecting them. The single axis system of the alignment tensor,
to which all interaction vectors are referenced, is designated as A, A,
and A,,. The angles 8, and ¢, describe the orientation of the
interaction vector M in the common alignment frame. For clarity, the
reference coordinate system is only drawn for two of the residues.

(The figure was generated using the program MOLMOL [27].)

nuclei, and r_ is the distance between them. The angles
0 and ¢ describe the orientation of the vector between
the two nuclei in the coordinate system of the alignment
tensor A. For a system containing a given liquid crystal
medium there should only be one alignment tensor.
Therefore, all of the measured dipolar couplings provide
information on angular orientations of the interaction
vectors to one reference frame. Figure 3 illustrates how
the angles 8 and ¢ define the orientation of the inter-
action vectors in the common frame. As all of the vectors
are defined within the same reference frame, one essen-
tially obtains the relative orientation of these vectors in a
three-dimensional space which is independent of the dis-
tance separating them. The magnitude of the alignment
tensor can be described by two values, A, and A,, which
are the axial and rhombic component, respectively. The
variation of S for a well-defined structure is small, there-
fore the average value of S can safely be absorbed into
the apparent alignment magnitude SA, and SA, [8]. This
would leave one with SA, SA,, the distance between the
two nuclei, and the direction of alignment as unknowns.
If one concentrates on measuring only residual dipolar
couplings for directly bonded nuclei, then the distance
dependence of the dipolar coupling is eliminated. A
method for estimating the apparent size of the alignment
magnitude SA, and SA, by inspection of the distribution

A ribbon diagram depicting the backbone of the lowest energy
structure of human GAIP. (The figure was generated using the
program MOLMOL [27].)

of the measured dipolar couplings has been proposed
recently [21], thus leaving the direction of the alignment
as the only unknown. There are several different
methods of deducing the orientation of the alignment
tensor. If the structure of the whole molecule or part of it
is known then a global fitting of the observed dipolar
couplings to the structure will yield the orientation of the
tensor [5]. In the case where the structure of the mol-
ecule is yet to be determined then the dipolar coupling
data can be included during the structure calculation [7].
During the calculation, a continuous fitting of the dipolar
coupling values to the molecule with respect to one refer-
ence axis system, which is allowed to float, is carried out.
This is achieved by incorporating a harmonic energy
term, which is related to the difference between calcu-
lated and measured dipolar couplings, in the calculation.
At the end of the calculation the structure produced
should satisfy all of the measured dipolar couplings to a
reference axis system that represents the direction of the
alignment tensor.

The precision and accuracy of NMR structures improve with
the addition of dipolar coupling

Human GAIP [22], a member of a novel family of regula-
tors of G-protein signaling (RGS), was chosen as an
example to illustrate the use of dipolar coupling for struc-
ture determination. GAIP is a 217-residue protein that
contains one RGS domain which is responsible for its G
interaction [22]. The solution structure of the 128-
residue core of GAIP was recently published with a back-
bone precision of 0.46 A [23]. The protein contains nine
o helices making up two different domains. The first
domain contains helices I, II, III, VIII and IX; a four-
helix bundle containing helices IV, V, VI and VII forms
the second domain. Helix numbering follows their order
from the N to the C terminus. To illustrate the relative
positioning of these helices within the structure a ribbon
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Stereoview superposition of ten NMR {a)
structures calculated for the truncated GAIP
(a) without and (b) with dipolar couplings. All
structures are superimposed based on the
backbone atoms of the N-terminal domain
containing helices |, Il and Ill. (c) A ribbon
representation of the backbone of the
minimized average structure of truncated
GAIP calculated with dipolar couplings. (The
figure was generated using the program
MOLMOL [27].)

representation of GAIP is shown in Figure 4. The rela-
tive orientation between the two domains is defined by
contacts between helices 11, III, IV, VII and VIII. For the
purpose of illustrating the long-range nature of residual
dipolar coupling, helices VIII and IX were deleted from
the structure. The resulting structure will be referred to
as truncated GAIP and corresponds to a removal of 22
residues from the C terminus. This deletion was done for
one obvious reason, to reduce the number of contacts
defining the relative orientations between the two
domains. After deletion of these helices the relative
domain orientation is defined with only contacts between
helices II, III and IV. In this configuration the total
number of observable nuclear Overhauser effect (NOE)
contacts is 39 and cover a total of 847 A2 surface area.
The number of NOE contacts for the given surface area
is representative of a typical number expected for a
protein—DNA complex [24,25].

Distance constraints that were incorporated in the struc-
ture calculations for the truncated GAIP include 849 inter-
residue and 213 intraresidue NOE constraints, as well as
32 hydrogen-bond constraints for the regular secondary
structure elements. In addition, a total of 67 and 66 dihe-
dral constraints for ¢ and Y backbone angles were used,
respectively. Four different families of dipolar couplings
were measured for truncated GAIP: 52 Dyyy, 53 Dgcr, 34
Dcgrp and 52 Deny. A total of 50 structures were each cal-
culated with and without the inclusion of the dipolar cou-
plings. The calculations were performed in a similar
fashion to those described previously [23]. The ten lowest
energy structures from each family are plotted in Figure 5.
These structures were superimposed based on the back-
bone atoms of helices I, IT and III. A ribbon representation
of the minimized average structure of the family calcu-
lated with dipolar couplings is also shown (Figure 5) to
present a clearer picture for the orientation of the helices.
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Upon the addition of the dipolar couplings, a substantial
increase in the precision of the structures can be
observed. The backbone root mean square deviation
(rmsd) values calculated for the two families of structures
including only helices I, I and IIT are 0.29 and 0.53 A for
the ones calculated with and without dipolar couplings,
respectively. The heavy atom rmsd value also decreases
from 1.07 to 0.90 A after the inclusion of the dipolar cou-
plings. The same trend is observed when the rmsd values
are calculated for only helices 1V, V, VI and VII. This
shows that the precision of the individual domain
improves substantially. More importantly, as can be seen
in Figure 5, the relative orientation of the two domains is
much better defined when the dipolar coupling data were
included. Backbone rmsd values for the C-terminal four-
helix bundle are 1.10 and 2.39 A for structures calculated
with and without dipolar couplings, respectively. The
rmsd for the four-helix bundle was calculated by super-
imposing the structures based only on the backbone
atoms of helices I, IT and III, as depicted in Figure 5. In
addition to the improved precision, the accuracy of the
calculated structures also increases upon the addition of
dipolar couplings. The rms shift between the average
structure calculated without the dipolar couplings and
the average structure of the full GAIP is 1.45 A; a similar
comparison using the average structure calculated with
the dipolar couplings yields a pairwise rms of 0.46 A.
These calculations were done only for helices I, IT and
ITI. 'The values suggest that the deletion of helices VIII
and IX had a detrimental effect on the core of the first
domain, but also imply that the dipolar couplings were
able to recover the relative orientations of these first
three helices. The improvements described here were
obtained by the introduction of a relatively small number
of dipolar couplings, considering the total number of
residues in the protein.

Future directions

The application of molecular alignment is not limited only
to relatively small (less than 25 kDa) biomolecules. In fact,
the use of dipolar coupling data will have a very important
role in determining the structure of large molecules by
NMR. The high incorporation of deuterium is the most
common avenue taken to solve the structure of large
(greater than 25 kDa) molecules by NMR [26]. In addition
to improving the relaxation property of the system, the
incorporation of deuterium also reduces the complexity of
data interpretation by lessening the number of observable
protons, thus substantially decreasing the number of dis-
tance constraints that can be measured. The accumulation
of error in defining a large molecule using local structural
information can be alleviated by use of the long-range
information that dipolar coupling can provide.

In summary, the precision and accuracy of NMR struc-
tures are increased when data obtained from molecular

alignment methods are used. This will most certainly
result in the constant improvement of this methodology
and its application towards structure determination by

high-resolution NMR.
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