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1 INTRODUCTION

NMR spectra of small molecules dissolved in organic
liquid crystalline media permit measurement of large numbers
of intramolecular dipolar couplings that carry very precise
information on molecular structure.l> However, for molecules
with more than half a dozen protons, the strong degree of
solute alignment obtained in such media typically results in
a vast number of large, non-first-order splittings that make
these spectra difficult to analyze. On the other hand, very weak
alignment, caused by a molecule’s own magnetic susceptibility
anisotropy, also gives rise to measurable dipolar couplings.*
However, typically only the largest couplings are detectable
and manifest themselves as small, field-dependent changes
in the corresponding J splittings. The advantages of such
ultra-weak alignment are that the NMR spectrum retains
its regular high-resolution simplicity and that, owing to the
extremely weak magnetic forces involved, it does not perturb
the structure of the molecule.

Tolman et al.5> demonstrated that small dipolar couplings,
on the order of a few hertz, could be measured for the
backbone amides in paramagnetic myoglobin, and that these
data correlate well with values expected on the basis of
its crystal structure. Tjandra et al. subsequently measured
a substantial number of very small "N-'H and *C*-!'H®
dipolar couplings in a diamagnetic protein-DNA complex and
demonstrated that incorporation of these data as restraints in
the structure calculation yields a remarkable improvement in
both local and global geometry.® In particular, by defining the
relative orientation of structural elements in a macromolecule

with few interconnecting NOEs, these dipolar restraints solve
a long-standing problem.

General applicability of the weak alignment approach
greatly increased when the suitability of very dilute liquid
crystalline media for this purpose was discovered.”'* The
macromolecules are dispersed in the aqueous phase that sep-
arates the highly ordered liquid crystalline particles, which
have a spacing much larger than the diameter of the molecule
under study. Despite the typically rather large macroscopic
viscosity of such samples, the ordered particles are spaced by
essentially pure water, and usually no adverse effect on rota-
tional diffusion is therefore observed.” However, exceptions
to this rule can occur in cases where alignment is dominated
by attractive electrostatic interactions between the nematogen
and the solute.!® As discussed in Section 4.6, an alternate way
for inducing weak alignment relies on axially compressed or
stretched polyacrylamide gels. From a theoretical perspective,
alignment in gels and in dilute lyotropic liquid crystalline sus-
pensions are very similar.

The ability to tune the degree of macromolecular alignment
over more than an order of magnitude, usually in the range
from 3 x 107* to 3 x 1073, makes it possible to measure a
whole plethora of short-range dipolar interactions, including
those between directly bonded 'H-'3C, 'H-N, *C-!13C and
BC-I5N pairs, and also between spatially proximate non-
bonded 'H-'H, 'H-*C and '"H-"’N spin pairs.®16-18 The
measurement and application of dipolar couplings and CSA
effects in weakly oriented macromolecules has already proven
to be extremely useful in biomolecular structural studies.
Several reviews have appeared on various aspects of this
work,*=22 and further developments in this area of research
are occurring at a very rapid pace. Even at present, a
comprehensive review of this area would fill hundreds of
pages, and is therefore well beyond the scope of this article.
Instead, the relation between this work and conventional liquid
crystal NMR will be highlighted, as well as illustrating some
of the advantageous features of the weak ordering approach.

2 THEORETICAL CONSIDERATIONS

Although standard theory described for liquid crystals
elsewhere in this encyclopedia is directly applicable to the case
of very weakly ordered macromolecules, the early applications
of the weak ordering technology derive from the magnetic-
susceptibility induced alignment. As a result, the terminology
differs somewhat and will be briefly reviewed below.

2.1 Dipolar Couplings in Aligned Macromolecules

The relation between the internuclear vector and the dipolar
coupling between two spins, A and B can be found in
numerous textbooks. For the purpose of deriving the resonance
frequencies (i.e., dipolar splittings) only the z component of
the local field of one nuclear dipole at the position of the
second nucleus is relevant (secular approximation):

Hyq = D35

max

(In:Ip.(3cos® ¢ — 1)) (la)

where the () brackets refer to the time or ensemble average,
which are equivalent for isotropic and liquid crystalline
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2 BIOCHEMICAL APPLICATIONS

solutions, ¢ is the angle between the A — B internuclear vector
and the magnetic field, and

—o(H /2
D;:f; _ Ho(H/ Z)VAVB (1b)
(@r2ryp)
is the static dipolar coupling in SI units (21.7kHz for H-N
pairs, assuming an internuclear distance rng = 1.04 A. The
constant, —[,, is the magnetic permittivity of vacuum, & is
Planck’s constant, yx is the magnetogyric ratio of spin X,
and r4p is the distance between nuclei A and B. The residual
dipolar splitting between spins A and B equals
DB = DAB (p)(cos¢)) (1c)
with P»(x) = (3x2 — 1)/2. Note that some texts differ in the
definition of the dipolar coupling, D4p, by a factor two.

If the molecule is rigid, the orientation of the internuclear
vector, 74 g, in an arbitrary molecular coordinate system can be
described by the angles a,, «y, and «; between the vector and
the x, y, and z axis of the coordinate system. The P,(cos¢)
term can be expressed as

(Py(cos¢)) = Z S;j cosa; cos o 2)

i, j=f{x,y,z}

where S is a traceless symmetric 3 x 3 matrix, commonly
referred to as the Saupe matrix, the Saupe order matrix, or
simply the order matrix.

If the structure of the molecule is known, i.e., cosa;
factors in equation (2) are known, the five independent ele-
ments of S generally can be solved provided that dipolar
couplings for at least five internuclear vectors are available.
However, if any pair of internuclear vectors is parallel, and
for other special cases such as a set that includes three mutu-
ally orthogonal interactions, more measured couplings are
required. For macromolecules, many more dipolar couplings
are frequently measured, and S is overdetermined. The Saupe
matrix elements are then best determined using singular value
decomposition.?

The order matrix is real and symmetric, and it therefore
is always possible to define a molecular axis system where
S becomes diagonal. In a number of applications it can be
advantageous to work in this principal axis frame, where D4?
now can be expressed in terms of the polar coordinates of the
A-B internuclear vector:

3 .
DAB 0, ¢) = 3 DAB [cos? 0A,, + sin’ 6 cos? PAx

max

+ sin® @ sin? g A, ] (3a)

where A is the diagonalized alignment tensor, with A, | >
|Ayy| > |A,.|. This frequently is rewritten as

3
DAB (0, ¢) = DAB [Pz(cos 0)A, + ZA, sin’ 6 cos 2¢] (3b)

max

where A, = 3A,,/2 is the axial component of the alignment
tensor, and A, = (A, — A,,) is referred to as its rhombic
component.

Note that the maximum value for A, equals one when
the z axis of the principal alignment tensor is fully aligned

with the static field. In practice, the dilute liquid crystal work
discussed in this article concerns A, values on the order of
1073, Equation (3b) is sometimes rewritten as

3
D89, ¢) = DAE [(3 cos’6 — 1)+ ER sin” 6 cos 2¢] (3c)

where D48 = 1/2A,DA8 is referred to as the magnitude of
the dipolar coupling tensor, frequently normalized to the N-H
dipolar interaction, and R = A, /A, is the rhombicity. Note

that 0 < R < 2/3.

2.2 Estimate for Alignment Tensor in Case of Unknown
Structure

When working with a molecule of unknown structure, the
above-described singular value decomposition approach for
determining the order matrix is not applicable. However, as
briefly discussed below, a reasonable estimate for the principal
components of the alignment tensor can be obtained from the
range and distribution of observed dipolar couplings.

First, it is convenient to normalize all observed one-bond
and two-bond dipolar couplings to, for example, the N-H
dipolar coupling, by multiplying the observed P — Q dipolar
coupling by (ynyurpo)/(vpyorsn)- Empirically determined
optimum scaling factors are listed in Table 1. In the absence
of measurement error in the dipolar couplings, the bond vector
with the largest absolute value for the normalized dipolar
coupling provides a lower limit for 2DN in equation (3c).
Similarly, an estimate for the rhombicity R in equation (3c)
can be obtained from the dipolar coupling value, Dgpposites
with the other extreme value (negative for DN > 0; positive
for ijH < 0). The value of R itself, defined in this manner,

is always positive and follows from Dipposic = —DNH [1 +
3/2R], or
2 Dopposite
R==2 [+ (%) @

This approach only uses the extreme values of the distri-
bution of observed dipolar couplings. A more robust approach
plots the histogram of the entire ensemble of normalized
dipolar couplings.2* Figure 1 shows an example of such his-
tograms for the two globular domains of Ca>*-ligated calmod-
ulin. The histograms have been compiled from nearly complete
sets of 'Dny, ' Degties ' Don, 2Done and !'Deg, couplings,
recorded in a medium of filamentous phage PfI.

Table 1 Magnitude of dipolar couplings
relative to ! Dy

NMR? X-ray®
' Dt 2.08 2.02
'Deac 0.198 0.198
'Den 0.120 0.121
2Deun 0.300 0.319
'Dems 0.628 0.628

#Values that result in the lowest energy
NMR structure of ubiquitin and yield best
fit to *C’ CSA.™

Optimized by fitting experimental cou-
plings to the ubiquitin X-ray structure.!6
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Figure 1 Histogram of normalized dipolar couplings measured in the N- and C-terminal domains of Ca®*-ligated calmodulin, dissolved in
a liquid crystalline medium containing 15mgPf1/ml and 10 mM KCI. Dipolar couplings are normalized relative to the one-bond "N-'H
interaction. SVD fits to the crystal structure and the use of a freely floating alignment tensor during structure calculation’” both yield

DN = 11.0Hz; R =0.38 and DN =

10.1Hz; R = 0.66 for the N- and C-terminal domains, respectively. Note that even while the two

histograms cover the same width, they have considerably different asymmetries (rhombicity, R). A dearth of bond vectors parallel to the z-axis
of the alignment tensor causes the absence of dipolar couplings >22 Hz for the N-terminal domain. Different types of dipolar couplings are
shaded separately in the histograms: ! Dy — solid; ' Dcgne — shaded (//); ' Doy — shaded (\\\); ' Dcce — shaded (|]]); 2Dopa — blank

It can be shown that for a uniform distribution of bond
vectors, such a histogram will resemble the solid state pow-
der pattern observed for chemical shift anisotropy.?® In the
present case, the singularities in the powder pattern correspond
to DN, DN and DIV‘IVH with the condition that DX* + DYH +
D%H 0. The relation between the powder pattern singulari-
ties DX, DY, DI and the parameters D)™ and R is given
by224

DN =2pMH (5a)
D' = —DM(1 + 1.5R) (5b)

DN — _pNH(1 —1.5R) (5¢)

If outliers appear to be present in the histogram, it is worth
while checking the origin of these extreme dipolar couplings.
They may correspond to 'Dey, 2Done or 'Decy couplings
derived from weak or partially overlapping correlations, and
critical visual inspection of the raw data may be needed before
including them.

3 MEASUREMENT OF DIPOLAR COUPLINGS

To date, measurement of dipolar couplings has focused pri-
marily on one-bond interactions, which as a result of their
known internuclear distance, are readily interpreted in terms
of orientation. Also, they are generally the easiest to measure.
Two-bond interactions also have the benefit of a fixed inter-
nuclear distance, but owing to their larger separation, they
can be more difficult to measure at the same level of rela-
tive accuracy. New analysis schemes promise to make mea-
surement of 'H-'H dipolar couplings more straightforward,
and they may also become popular as structural restraints.

Except for geminal 'H-'H interactions and pairs of pro-
tons in structural elements of fixed geometry, the interpro-
ton distance is an additional parameter influencing the dipo-
lar coupling. This therefore results in a less direct relation
between the value of the coupling and the orientation of
the corresponding vector. However, structure calculation pro-
grams such as CNS?6 can readily deal with this additional
complexity.?’

So far, most measurements of dipolar couplings have
focused on the one-bond and two-bond couplings along the
polypeptide backbone in proteins (Figure 2), but dipolar cou-
plings within and between sidechains are becoming increas-
ingly used. Below, some of the most widely used techniques
for measuring the various types of couplings are briefly dis-
cussed, with particular emphasis on ’N-'3C labeled proteins.
With the exception of couplings between protons separated by
more than three bonds, where the J coupling is usually neg-
ligible, the coupling observed in the liquid crystalline phase
represents the sum of the scalar and dipolar contributions. Con-
siderable variation in the scalar couplings frequently exists,

O

el

N //ﬁ\\/c

,\’\ \

f/’/ C/S\ | :

Ho= H »

Figure 2 Protein backbone fragment, with dipolar interactions that
can readily be measured marked by dashed lines. Although Dncy can
be measured experimentally, its relative accuracy tends to be lower,
and for frans-peptide bonds its normalized value is very similar to
that of 'Dcc, Of the preceding residue. lDCa(;,c; is most useful in
perdeuterated proteins, where no value for ' Deonie can be measured
and where the slow transverse relaxation of the deuterated '3C*
permits its accurate measurement
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making it necessary to measure the couplings both in the
isotropic and aligned environment.

Two conceptually different approaches can be used for
measurement of J or dipolar splittings. First, the splitting
can be measured directly from a two- or three-dimensional
spectrum recorded in the absence of decoupling of the inter-
action of interest. Frequently, an E.COSY,?® S°E,* or IPAP
version®® of the multi-dimensional experiment is used in order
to reduce overlap. Second, in a so-called quantitative-J cor-
relation experiment,®! the size of the splitting can be derived
from the intensity of a given resonance relative to that of a
reference.

3.1 Accuracy of Measured Splitting

For splittings measured from relative peak displacements in
the multi-dimensional NMR spectrum, the accuracy of a peak
position is directly proportional to its signal-to-noise ratio, and
inversely related to its line width. Although the accuracy also
depends on the method used for peak position determination
and on the digital resolution, a reasonable approximation for
the root-mean-square uncertainty, AJ, in a measured splitting
for a well resolved, undistorted, pure phase or pure antiphase
doublet is given by:

_Lw

AJ = —
SN

Q)

where LW is the line width at half height (in the dimension
where the splitting is being measured), and SN is the signal-
to-noise ratio. Note that equation (6) provides a lower limit for
the true accuracy of the measurement, because other distortions
such as partial overlap or imperfect phasing can contribute to
the error in a reproducible manner.

3.2 Measurement of /N

One-bond ' Dyy dipolar coupling were the first ones to be
measured in a weakly oriented protein, simply by recording
a 'H->N HSQC spectrum without the regular 'H 180°
decoupling pulse applied at the midpoint of the #; evolution
period. Transverse relaxation is considerably slower in the °N
dimension compared to the 'H dimension, and measurement
in the indirect "N dimension is therefore preferred over
measurement in the 'H dimension. However, the spectral
crowding doubles when HSQC spectra are recorded without
decoupling, typically resulting in an unacceptable degree of
resonance overlap.

A conceptually very simple method for measuring !Jxu
separates the F;-coupled HSQC into two separate subspectra,
containing only the upfield or downfield components of the
F, PN—{'H} doublets. This is done by interleaving two
experiments: one where the F; '’ N—{'H} doublets are in phase,
and one where they are exactly antiphase. The sum of the
antiphase and the in-phase spectra yields a spectrum containing
only the downfield components, whereas the difference yields
the upfield components (Figure 3). This approach is referred to
as IPAP (for in-phase and anti-phase)®* and is easily extended
to higher dimensionality experiments.

A small region of the two-dimensional 'H-'°N IPAP-
HSQC spectrum of calmodulin is shown in Figure 3. Isotropic
'H-SN J splittings are ca. 93Hz, and the large deviations

[ppm]

8.0 7.9 7.8 7.7 7.6 7.5

[ppm]

Figure 3 Small region of the IPAP “N-'H HSQC spectrum of
Ca’*-ligated calmodulin in PfI medium. The solid and dashed con-
tours correspond to the downfield and upfield >N—{'H} doublet com-
ponents, which are separated into two two-dimensional subspectra.
These subspectra are superimposed in this plot for visual simplicity,
as none of the resonances overlap one another in the displayed region
of the spectrum. The size of the splittings are marked in the figure
and correspond to \IJNH + 'Dnul

from this value correspond to the dipolar contributions to these
splittings. So, both the sign and the magnitude of the dipolar
coupling are obtained from such spectra.

3.3 Measurement of 'Jc ¢,

Due to the longer internuclear distance, and the lower prod-
uct of the gyromagnetic ratios involved, the ' De/c, coupling
is inherently five times smaller than the one-bond 'H-N
coupling (Table 1). In order to obtain meaningful informa-
tion, it therefore is necessary to measure this coupling at
high accuracy. There are two ways to measure ! Joc,: obser-
vation of the C* or of the C' resonance in the absence of
decoupling the non-observed spin. For protonated proteins
at moderate field strengths (<14 T), the C'T, is invariably
much longer than the C*T5, favoring detection of C’ for most
accurate measurement of 'Joc,. For perdeuterated proteins,
detection of '3C% in the presence of 2H and '3C# decou-
pling yields narrower '3C resonances, particularly at higher
fields.

Usually, the most accurate method for measurement of
'Jcca is to simply record a 3D HNCO spectrum where the C*
pulse, normally applied at the midpoint of the 3C’ evolution
period, is omitted.3* The HNCO experiment yields among
the best resolved triple resonance spectra and the two-fold
increase in the number of resonances relative to the '3C%-
decoupled spectrum is generally not much of a problem. The
13C’ transverse relaxation rate is dominated by its chemical
shift anisotropy, and '*C’ line widths at 600 MHz are about
30% larger than at S00MHz 'H frequency. It is therefore
preferable to measure the !Joc, splitting at a relatively low
magnetic field strength.
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3.4 Measurement of 'Jon and 2Jonn

Dipolar couplings across the peptide bond between °N; and
13C/_, are inherently 8.3 times weaker than ' Dyy (Table 1).
Therefore, accuracy of their measurement is critical for making
optimal use of these small couplings in structure determination.
Owing to the favorable relaxation properties of 13N, especially
when selecting the downfield "N—{'H} doublet component,
the 'Jon coupling is detected through the N and not
the 3C’ nucleus. The simplest method just records a two-
dimensional HSQC on the '*C/"N doubly labeled protein,
and inserts a 3C% but not a >C’ 180° decoupling pulse at
the mid-point of N evolution.®* The resulting doublet in
the N dimension corresponds to 'Jo. Interestingly, the
detected amide proton is also coupled to '*C’ (which has
not changed its spin state during or after "N evolution).
Therefore, the two doublet components are also displaced
relative to one another by the 2Jopy coupling in the 'HN
dimension. Although normally this splitting would be very
difficult to resolve because the 'HN line width is typically
much larger than the 2Jepn coupling, the E.COSY principle®
effectively separates the two '"HN—{'3C'} doublet components
(Figure 4).

An interesting alternative approach, based on the principle
of quantitative J correlation, derives ! Jon from the relative
intensities of two interleaved 3D TROSY-HNCO spectra.®> In
one experiment (reference spectrum) the pulse scheme uses
optimal one-bond "N—{'3C’} dephasing of 33 ms, whereas in
the second experiment (attenuated spectrum) the dephasing
delay is set near the null condition (66 ms). Any deviation
from 'Jon + 'Don = (66 ms) ! results in non-zero intensity
in the second spectrum. The relative intensities of these two
spectra then give a very precise measure for ! Jo, and permit

126
- 127
B — -128 _ =
V6 zE
A=
Won + Do - 129
<>
- 130
N8
I | | | T I
9.2 9.0 8.8 8.6
H
[ppm]

Figure 4 Small region of the 'N-'H HSQC spectrum of the
first immunoglobulin binding domain of protein G, recorded in the
absence of 3C’ decoupling in PfI liquid crystal (11 mgml~'). The
vertical and horizontal displacements within each doublet correspond
to |'Jon + ' Dol and |2 Jonn + 2Dennl, respectively. Doublets are
labeled by their one-letter residue type and number

'Den to be derived at an accuracy that is a fraction of a
hertz, provided the signal to noise in the reference spectrum
exceeds 20: 1.

3.5 Measurement of 'Jcoyno and Jcqcp

Although, in principle, ' Jogne can be measured from a
'H-13C two-dimensional correlation spectrum, recorded in the
absence of heteronuclear decoupling in either the F; or F,
dimension, the increase in spectral crowding frequently leads
to unacceptable overlap for all but the smallest proteins. In
practice, therefore, ! Jogie is most commonly measured either
from a series of Jcy-modulated HSQC spectra, simultaneous
to measurement of sidechain Jcy couplings (see below), or
from a H*-coupled HN(CO)CA or (HA)CA(CO)NH spectrum.
This latter experiment makes it easy to decouple the lJc(,(cﬁ
coupling by using a constant-time C* evolution period, and is
therefore preferred when dealing with small or medium-size
proteins. Its pulse sequence is identical to a scheme previously
used for measuring relaxation interference between the '3C¥
CSA tensor and the *C* — "H? dipolar interaction,® but now
it is the splitting itself rather than the difference in doublet
intensities that is the focus of the measurement.

In perdeuterated proteins, !Jcope is inaccessible, but the
long '3C* transverse relaxation time permits measurement of
l.lcacﬁ from a regular HNCA experiment, recorded in the
presence of 2H decoupling during '3C% evolution.¥’

3.6 Measurement of Sidechain 'Jcy Couplings

To date, most attention has focused on measurement
of backbone-related dipolar couplings. Nevertheless, dipo-
lar couplings also are starting to become used for studying
sidechain conformations. However, a significant fraction of
the sidechains may be subject to rotameric averaging, which
reduces the dipolar coupling relative to a static, single con-
formation. If the smaller dipolar coupling is imposed during
structure calculation as if it were rigid, this can result in
distorted sidechain conformations with high energy. A way
around this is to impose the observed dipolar coupling as a
lower bound for the true dipolar coupling.® An even better
way would be to evaluate for each site separately what the
degree of sidechain mobility is by conducting the requisite
relaxation experiments.

For small and medium-size proteins, an accurate way for
extracting both backbone ! Joqp and sidechain ! Jey couplings
is the recording of a set of CT-HSQC spectra, in which the 'H
180° decoupling pulse is systematically shifted. The intensity
modulation pattern observed in the fully decoupled CT-HSQC
spectrum then provides an accurate measure for 'Jey. For
methylene groups, the modulation frequency corresponds to
the sum of the two !Jey couplings. Methyl group intensities
are modulated by 'Jey and by 3 x 'Jcy, with amplitudes
of the modulation having a ratio of approximately 1:3. As
a result of the rapid three-fold rotation about the three-fold
symmetry axis of the methyl group, the ! Dcy dipolar coupling
is scaled down by —0.31 relative to its static value.* Figure 5
compares the !Dcy and 'Dec dipolar couplings for methyl
groups in ubiquitin. The tight correlation seen in this figure
testifies to the precision at which these dipolar couplings can be
measured. As suggested by this figure, for structure calculation

Encyclopedia of Magnetic Resonance, Online © 2007 John Wiley & Sons, Ltd.
Thisarticle is© 2007 John Wiley & Sons, Ltd.

This article was published in the Encyclopedia of Magnetic Resonance in 2007 by John Wiley & Sons, Ltd.

DOI: 10.1002/9780470034590.emrstm0262



6 BIOCHEMICAL APPLICATIONS

. ./A46
10
I — 0
¥ ]
_10 —
I T I T I T I T I T
-4 2 0 2 4 6
'Dce
[Hz]

Figure 5 Plot of ! Dcy versus ! Dec residual dipolar couplings of
methyl groups in the protein ubiquitin, dissolved in a liquid crystalline
medium containing 5% (w/v) bicelles. The solid line represents the
best fit of the data by linear regression, with a slope of —3.17 4 0.03.
The outlier, labeled A46, corresponds to an alanine residue with a
positive ¢ angle, for which there is a steric clash between the methyl
group and a backbone carbonyl oxygen. (Reprinted, with permission,
from Ottiger et al.3?)

purposes the methyl group ' Dcy value may be converted into
'Dcc, thereby restraining the C—C(H3) orientation.

For larger proteins, the lower sensitivity and increased
spectral overlap in a CT-HSQC spectrum frequently result
in a relatively small fraction of residues for which the 'Jey
coupling can be measured. As an alternative, spectra recorded
with CCH-COSY or HCCH-COSY, without decoupling in the
detected dimension may be used for measurement of Jcy.
An additional benefit of this approach is that for the case of
non-equivalent methylene protons, both Jcy couplings can be
measured separately. In favorable cases, the 'H-'H multiplet
structure in such spectra also permits measurement of > Jyy.

3.7 Measurement of '"H-'"H Couplings

The history of measuring "H-'"H J couplings is particularly
rich and has been reviewed in numerous places. The E.COSY
approach, applied in either a homo- or heteronuclear manner
has proven particularly useful in this respect.?® However, few
of these methods are suitable for measurement of 'H-'H
dipolar couplings. When oriented, 'H-'"H multiplet structure
tends to become very complex as a result of the multitude of
coupling partners any given proton experiences. Fortunately,
in heteronuclear type E.COSY spectra this does not pose a
serious problem, and the utility of triple resonance experiments
for measurement of both the sign and magnitude of intraresidue
and sequential Jy,un couplings has been demonstrated in
oriented media.*' Nevertheless, with some exceptions,*?*
such experiments tend to be less suitable for measurement
of dipolar couplings that are spatially proximate but far
apart in the covalent bond network. Alternatively, the popular
HNHA experiment can be used for measuring 'H-'H dipolar
couplings that involve an amide proton.®* In this experiment,
the magnitude of |Jyy + Dygl is derived from the diagonal
to cross peak intensity ratio. So, except for the intraresidue

HN-H® interaction, where there also is a significant scalar
contribution to the interaction, the sign of Dyy is not available
from this experiment.

4 ALIGNMENT MEDIA FOR MACROMOLECULES

A prerequisite for studying macromolecules in a liquid crys-
talline phase is that the order imposed on the macromolecule
is very small, typically less than 0.002. The order of the lig-
uid crystal particles themselves is invariably much higher, in
the 0.5—0.85 range. Clearly, for achieving such a weak solute
alignment in the strongly oriented liquid crystalline medium,
interaction between the macromolecule and the liquid crystal
must be very weak. The medium must also be aqueous, such
that the proteins or nucleic acids remain in their natural envi-
ronment. An efficient way to satisfy these conditions is the
use of a very dilute (<10% (w/v)) lyotropic nematic liquid
crystalline suspension, where the nematogenic unit itself is a
large particle. In a liquid crystalline phase, the weak steric and
electrostatic interactions between liquid crystal particles cause
their cooperative alignment. There is a lower limit for the
nematogen concentration, ¢, required to form a stable liquid
crystalline phase. If the sample is diluted below this threshold,
it separates into an isotropic phase with concentration ¢; and
a nematic phase, with the ¢, being 5—20% higher than c;. The
aspect ratio of the nematogenic particle is a critical determinant
for the lowest concentration at which liquid crystalline order-
ing occurs. The time needed for formation of a homogeneous
liquid crystalline phase strongly depends on the nematogen
concentration, and can be very long for concentrated samples,
but also for samples that are close to the threshold concen-
tration, where separation between microscopic aligned and
isotropic domains takes place.

All liquid crystalline media that have proven to be useful
for weak ordering of proteins and nucleic acids consist of large
(>1000 A), water-soluble particles, with relatively low surface
charge densities (<0.5enm™2). The interaction between the
liquid crystal particles results in increased macroscopic vis-
cosity relative to pure water. However, rotational diffusion of
the macromolecule itself is virtually unchanged, unless it has
a weak affinity for the liquid crystal particle. In the latter case,
the degree of order typically is much too large and therefore
is of little practical interest. For all lyotropic liquid crystals
discussed below, the degree of order imposed on the solute
can be adjusted by changing the concentration of the liquid
crystal itself over the range where it yields an ordered phase.
There is not yet a single, ideal liquid crystal. For example,
phospholipases without inhibitors cannot be studied in bicelles
as they break down the phospholipids; active proteases can
destroy phage-based liquid crystals; other proteins may stick
to phospholipids, or the surface charge distribution of the lig-
uid crystal may cause too strong an electrostatic interaction
with the solute. Also, liquid crystals require some degree of
surface charge to keep their order and may fail to remain lig-
uid crystalline at high salt concentrations. Below, several of
the most widely used systems are briefly discussed.

4.1 Bicelles

Bicelles were the first liquid crystalline medium used for
weak alignment of proteins and DNA.™® These are planar
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LIQUID CRYSTALLINE SAMPLES: APPLICATION TO MACROMOLECULAR STRUCTURE DETERMINATION 7

bilayered particles that usually consist of regular saturated
phospholipids. Most commonly, a mixture of dimyristoyl phos-
phatidyl choline (DMPC) and dihexanoyl phosphatidyl choline
(DHPC) is used. DMPC makes up the bilayer, which consti-
tutes the plane of the bicelle, and the DHPC detergent protects
the long DMPC alkyl chains at the rims of the bilayer from
exposure to solvent. Bicellar liquid crystals were originally
developed by Prestegard, Sanders and co-workers for the pur-
pose of studying lipophilic molecules, anchored in these highly
ordered membranes.*>*¢ The DMPC/DHPC combination was
found to be particularly robust. When raising the temperature
above 25 °C, the system switches from isotropic to a nematic
liquid crystalline phase.#” This temperature corresponds to the
melting temperature of DMPC, i.e., the temperature at which
the saturated alkane chains of DMPC melt from a crystalline
or gel state, in which the alkane chains are all trans, to a flex-
ible, liquid crystalline phase. Near this transition temperature,
the sample has high macroscopic viscosity and tends to be
slightly opaque. Below 25°C the solution remains clear and
unordered and both small angle neutron scattering and NMR
diffusion experiments indicate the bicelles to be disk-shaped
bilayers in this unordered phase. ¥4

The phase diagram of the DMPC/DHPC mixture is very
complex and depends on a large number of variables, including
the absolute concentration, the molar ratio [DMPC]/[DHPC] =
q, temperature, ionic strength, and on the presence of charged
amphiphilic molecules such as sodium dodecyl sulfate (SDS)
or cetyl trimethylammonium bromide (CTAB). Bicelles were
long believed to remain disk-shaped above the DMPC melting
temperature, with a diameter determined by ¢g. However,
the diameters predicted by such a model are incompatible
with the very dilute concentrations (down to <2% (v/v)) at
which the sample remains liquid crystalline. Recent tracer
diffusion obstruction and neutron scattering data indicate the
liquid crystalline phase to consist of highly porous bilayers,
presumably with the detergent covering the rims of the
pores. 50

Intrinsically, DMPC/DHPC bicelles can form a liquid crys-
talline phase over the temperature range of 25—-45°C. How-
ever, near the lower end of this range (25-30°C), dilute
samples tend to be unstable and they frequently separate
into an aligned and an isotropic phase. This can be pre-
vented by addition of a small molar fraction (typically 1-3%,
relative to DMPC) of charged amphiphiles, such as CTAB
(positive) or SDS (negative).3! Alternatively, charged phos-
pholipids such as dimyristoyl phosphatidylserine (negative),
or dimyristoyl trimethylammonium propane (positive) can be
used. Charging the bicelles in this manner helps prevent
phase separation and widens the part of the phase diagram
over which the liquid crystalline phase remains stable. The
electrostatic potential repels and attracts oppositely charged
groups on the solute, and generally causes a change in both
the orientation and magnitude of the alignment tensor. This
can be a highly beneficial side effect, as it permits mea-
surement of dipolar couplings under multiple orientations of
the protein (Figure 6).52 Usually, this change in orientation
is approximately linear with charge. So, if more than two
different samples are prepared in this manner, they simply
yield alignment tensors that are linear combinations of one
another.5

Regular phospholipids are subject to acid- and base-
catalyzed hydrolysis of the carboxyester linkage between the

Figure 6 Orientations of the GIn*® N-H vector in ubiquitin compat-
ible with the >'N—'H one bond dipolar coupling measured in undoped
bicelles (band A) and in positively charged bicelles (band B). Ori-
entations are given in the coordinate frame of the X-ray structure
of this protein. Heavy lines correspond to the measured dipolar cou-
plings; thinner lines correspond to orientations if Dy is increased or
decreased by 1Hz. The solid dot marks the orientation of the N-H
vector when the protons are model-built into the crystal structure,
assuming HN is located on the line bisecting the C'-N—-C% angle.
(Adapted, with permission, from Ramirez and Bax>?)

alkyl chain and the glycerol backbone. The rate of hydrolysis
is minimal at pH 6.5, but rapidly increases once the pH differs
by more than one unit from this value.>* Use of ether lipids,
where the carboxyester bond is replaced by an ether linker can
prevent this hydrolysis and such samples can be stable over a
very wide range of pH>% for periods of several years.

The temperature range over which the bicelles are liquid
crystalline can be extended either by introducing a small
fraction of mono-unsaturated DMPC, which lowers the melting
temperature of the alkane chain, or by using shorter alkane
chains. Use of shorter alkane chain phospholipids, such as
dilauroyl PC (12-C chains)®” or ditridecanoyl PC (13-C
chains)> lowers the transition temperature by about 12 and
6°C, respectively, and increases the upper temperature limit
as well. However, the macroscopic viscosity of these solutions
below the transition temperature tends to be much higher
than for DMPC/DHPC bicelles, such that preparation of the
sample can be more cumbersome, particularly when using a
microcell.

4.2 Filamentous Phage

Use of a liquid crystalline solution consisting of filamen-
tous phages for aligning macromolecules was introduced in
1998.%1%58 Clore et al. used a medium based on the filamen-
tous phage fd, and also demonstrated the potential of tobacco
mosaic virus (TMV). The Pardi group demonstrated the util-
ity of the phage PfI, which is similar to fd, but which at
a contour length of ca. 2 um is nearly twice as long. Both
phages have a diameter of 6.5nm, and are quite rigid, with
a persistence length of ca. 1 um. As a result of the high
aspect ratios of these particles, solutions can remain liquid
crystalline down to very low concentrations, as low as a
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8 BIOCHEMICAL APPLICATIONS

few mgml~!. Although it was suggested that liquid crys-
tallinity is independent of ionic strength, we find this to be
true only at higher phage concentrations,'S whereas at lower
concentrations (~13mgml~' for Pfl) the degree of align-
ment becomes sensitive to ionic strength, and at very high
salt concentrations the samples become isotropic. In contrast
to fd, PfI solutions tend to remain homogeneous when their
concentration is lowered below the nematic threshold concen-
tration, c¢,. However, below this threshold, the degree of both
phage and solute alignment becomes a function of the mag-
netic field strength, characteristic of a so-called paranematic
phase.1’

The negative surface charge (ca. 0.5enm™2) is neces-
sary to maintain a uniform suspension of these large par-
ticles. When lowering the pH below 6, partial protonation
of the glutamate and aspartyl sidechains of the phage coat
protein reduces the net charge of the virus particle and the
phage precipitates. However, fd has been shown to be sol-
uble and liquid crystalline when the pH is reduced further,
to ca. 3.9

As highlighted by Clore et al. for an immunoglobulin-
binding domain of Streptococcal protein G, the alignment
tensor in the phage medium can be very different from
that in the bicelle medium.!® This is advantageous as it
permits measurement of dipolar couplings relative to two
independent axis systems, thereby resolving much of the
degeneracy that occurs in interpreting a dipolar coupling in
terms of two orientational variables, 8 and ¢ in equation (3c).
The phage particles are aligned with their long axis parallel
to the magnetic field. Therefore, if the alignment of solute
macromolecules were caused exclusively by steric interaction,
the alignment tensor would be very similar to that in the bicelle
medium. In practice, the alignment tensors in phage and bicelle
media tend to be quite different as there usually are relatively
strong electrostatic interactions between the phage and the
solute (see also Section 5).

4.3 Alkyl-poly(ethylene glycol) Based Media

A lyotropic liquid crystal consisting of a mixture of alkyl-
poly(ethylene glycol) and hexanol is another very useful
medium for protein and nucleic acid alignment.* Alkyl-
poly(ethylene glycol) type compounds generally do not tend
to bind to proteins, making this an attractive medium for a
wide range of biological systems. In contrast to bicelles, the
liquid crystal is not subject to hydrolysis and it can remain
stable for years, provided the concentration of hexanol does not
decrease as a result of slow evaporation. The medium remains
liquid crystalline over a wide pH range and a considerable
temperature range of 10—40°C, which is tunable by varying
the type of alkyl-poly(ethylene glycol) and the chain length of
the alcohol.

The different alkyl-poly(ethylene glycol) compounds are
referred to as CmEn, where m is the number of carbons in
the alkyl group, and n is the number of ethylene glycol units.
Typically, a hexanol to Cj;Es molar ratio of 0.96 (5wt.%
C2Es in H;O) is used yielding a particularly stable liquid
crystal that is easy to prepare, but the medium is relatively
tolerant to changes in the absolute and relative concentrations.
C2Es5 is commercially available at low cost. In many cases,
the sample can simply be recovered from the liquid crystal by
extensive dialysis.

4.4 Other Liquid Crystals

Ternary mixtures of cetylpyridinium chloride (CPCI) or
bromide (CPBr), hexanol, and NaCl or NaBr in water can form
stable liquid crystalline phases over a wide range of conditions.
Prosser et al.!! demonstrated that the CPCI version yielded
alignment for the protein ubiquitin, and Barrientos et al.l?
described the use of the CPBr based medium. Remarkable
differences were found between the CPBr and CPCI based
liquid crystals, with CPBr being more suitable for low ionic
strength measurements (10-40mM NaBr) and the CPCI
system requiring higher salt concentrations (200—500 mM
NaCl).!12

Dilute suspensions of natural cellulose fibers, derived either
from wood pulp or from filter paper by careful sulfuric acid
hydrolysis, also can form a liquid crystalline phase suitable for
macromolecular ordering.®® Although negatively charged, the
net surface charge density is lower than for filamentous phage,
making it a useful complement to the other media, mentioned
above. However, the lower surface charge and the smaller
aspect ratio relative to filamentous phage result in a higher
minimal threshold concentration for liquid crystal formation.

A suspension of purple membrane (PM) fragments has
also been shown suitable for inducing a weak degree of
macromolecular order.5%¢! These fragments consist primarily
(75% (wiw)) of bacteriorhodopsin, an integral membrane pro-
tein with seven transmembrane helices. The PM fragments
have an average diameter of about 1 m. This is sufficiently
large that the total magnetic susceptibility anisotropy of such
a particle causes it to align nearly 100% when placed in
a strong magnetic field (>11T), with the membrane plane
orthogonal to the direction of the magnetic field.®* So, in con-
trast to the bicelle, phage and CPBr systems, PM does not
need to form a liquid crystalline phase for obtaining align-
ment.

The strong net negative surface charge of PM causes very
weak transient binding of solute proteins that carry clusters of
positively charged groups on their surfaces, and thereby can
result in net alignment.5¥%! The electrostatic interactions are
typically weak enough not to distort the structure of globular
proteins. However, as is the case with all liquid crystal studies
in this chapter, when studying flexible regions in a protein,
care must be taken when interpreting the dipolar coupling
data as the protein only transiently interacts with the liquid
crystal. Interaction with the nematogen may be favored when
the flexible region temporarily adopts a given shape, whereas
other, non-binding conformations of the flexible region may
not be sampled.

4.5 Polyacrylamide Gel

In order to prevent sedimentation, suspensions of large
particles such as phages, bicelles, and cellulose require a
repelling interaction, i.e., a net surface charge. These local
electrostatic fields generally result in stronger solute alignment,
which then may become too strong for facile dipolar coupling
measurement. In other cases, solutes may cause the liquid
crystal particles to aggregate and precipitate. For example, no
stable liquid crystal has yet been described that is suitable
for detergent-solubilized proteins. So, although the above
mentioned liquid crystalline systems will cover the majority
of systems of interest, there remain exceptions.
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Recently, a very useful alternative method for inducing
weak alignment has been developed that is known as strain-
induced alignment in a gel (SAG).®*%* This method relies on
anisotropically compressed polyacrylamide gel, which forms
an extremely stable and inert aqueous matrix for solute pro-
teins, and even permits their study under partially or fully
denaturing conditions.®> The gels may either be compressed
or stretched in the axial direction, with stretching gener-
ally yielding stronger alignment.%® The robustness of such a
medium makes it particularly useful for challenging appli-
cations such as detergent-solubilized systems.®® The solutes
may either be diffused into the gel, or they may be included
in the medium before polymerization of the hydrogel is
induced.

Compression of the gel can simply be achieved by first
casting it in a narrow diameter (3—3.5mm) cylinder. Then,
after soaking in the solute of interest, it is transferred to
a regular 4.2-mm inner diameter (ID) NMR sample tube,
followed by axial compression by a susceptibility-matched
plunger. Stretching can be achieved by radial compres-
sion, using a funnel-like device to squeeze a larger diam-
eter gel (5—7mm) into a regular 4.2-mm ID NMR sample
tube.% Polyacrylamide gels appear to yield the most widely
applicable method for inducing weak macromolecular align-
ment as the system is very inert and stable. Their princi-
pal disadvantage is a potential decrease in rotational dif-
fusion rate of the solute, resulting in line broadening.%4¢7
This latter effect can be minimized by using gel concen-
trations as low as possible (<5%) combined with high
degrees of stretching, and by using low cross-linking ratios
(<1:40).

4.6 Use of Multiple Alignment Media

As discussed in Section 5, solute alignment is defined
by both steric and electrostatic interaction. So, by using
nearly neutral liquid crystals, such as bicelles or the alkyl
poly(ethylene-glycol) medium, and a charged medium such as
phage or the cetyl-pyridinium based phase, a single molecule
can be studied using two or more independent alignment
tensors. As illustrated in Figure 6, this removes much of
the degeneracy in the relation between dipolar coupling and
internuclear vector orientation.5? A dipolar coupling measured
in a given medium defines the internuclear vector to be on
one of two oppositely oriented cones. The alignment tensor
in a second medium will generally be oriented differently
relative to the molecular frame and a dipolar coupling defines
the same vector to be situated on a different cone. The true
internuclear vector orientation then must be located on one of
the intersections between the two sets of cones (Figure 6).
In the general case of a non-axially symmetric (rhombic)
alignment tensor there are up to eight intersections. If a third,
independent alignment tensor can be obtained, this degeneracy
may be reduced to two-fold. The true orientation and its
inverse can never be distinguished from measurements on a
single dipolar interaction, and two-fold degeneracy is therefore
the best that can be achieved for a single vector.

Besides changing the liquid crystal medium, the alignment
tensor may also be altered by subtly changing the protein. For
example, when the pH is altered such that the surface charge
distribution becomes different, this will affect the alignment
tensor in the charged liquid crystalline media. Similarly, if

protein preparations are available with and without a His-
tag tail, their alignment tensors will generally be different,
although not necessarily by a large amount. Also, for a protein
with a His-tag, a relatively small change in pH from 6 to 7.5
can significantly alter the alignment tensor.

If one-bond dipolar couplings are measured for a set of
non-collinear interactions in a fragment of known secondary
structure, such as an «-helix, there are four different ways to
orient the fragment relative to the alignment tensor. Dipolar
couplings measured in a second, independent medium, can lift
this degeneracy, defining its orientation uniquely.

5 RELATION BETWEEN ALIGNMENT AND SHAPE

Tjandra et al. demonstrated that in a bicelle medium the
principal axes of the molecular alignment tensor closely
coincide with those of the rotational diffusion tensor.%¢°
This shows that in this nearly neutral medium, alignment
is defined by the solute’s shape. As mentioned above, the
alignment tensor can be modified by adding a net charge to
the bicelles, by doping them with either CTAB (+) or SDS
(—). This demonstrates that electrostatic interactions also play
a role. In fact, for an oriented medium of strongly negatively
charged, rod-shaped viral particles, or oriented PM fragments,
electrostatic interactions usually dominate alignment of solute
proteins.

A simple steric model has been proposed that quantitatively
describes the relation between the solute’s shape and its
alignment in the type of lyotropic liquid crystals described in
this article.”® So far, it has only been demonstrated for the case
of (nearly) neutral particles, such as bicelles, but preliminary
results indicate that the method can be extended to account for
the effect of charge.

In the so-called steric-obstruction model, the solute sam-
ple can be simulated as a collection of randomly oriented,
uniformly distributed molecules, from which the fraction that
sterically clashes with the ordered array of liquid crystal par-
ticles is removed. For example, for a lamellar phase such
as bicelles or C|,Es, a larger fraction of molecules oriented
orthogonal to the bilayer will be obstructed than molecules par-
allel to the surface, resulting in net ordering of the remaining,
non-obstructed molecules. For each non-obstructed molecule
a Saupe order matrix is calculated, using equation (2). Aver-
aging of the Saupe matrices for all non-obstructed proteins
than yields the sterically predicted alignment tensor.”® In an
extension of this method that accounts also for the effect of
electrostatics, different weighting factors are given to each of
the non-obstructed solute molecules, depending on the Boltz-
mann factor calculated when taking the electrostatic potential
into account (M. Zweckstetter, unpublished results).

Figure 7 shows the correlation between the >’N—'H dipolar
couplings measured for the Ig binding domain of Streptococcal
protein G, and that predicted from its 1.0 A crystal structure,
using an alignment tensor that is not best-fitted to the data,
but calculated on the basis of its shape.® When ignoring
electrostatics, the predicted alignment tensors for bicelle and
phage media are very similar. However, the experimentally
observed dipolar couplings in the two media are very different
and, as expected, good agreement is only observed for
the bicelle medium (Figure 7). When electrostatic terms are
included in the calculations for the phage medium, the
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Figure 7 Correlations between experimental Dy values and
values calculated from the shape-predicted alignment tensor of the
third immunoglobulin binding domain of protein G in (a) 5%
(w/v) bicelle medium, and (b) 28 mg ml~! fd medium. Dashed lines
correspond to y = x. The poor correlation in (b) indicates that in
phage medium the protein alignment is dominated by electrostatic
interactions, which are ignored in the alignment tensor prediction,
and not by steric interaction. (Adapted, with permission, from
Zweckstetter and Bax!®)

agreement becomes nearly as good as for the neutral bicelle
medium. Note that in contrast to the results of an SVD fit,
the data shown in Figure 7 do not include any adjustable
parameters. So, the alignment tensor orientation and magnitude
are calculated on the basis of the protein’s shape, and

subsequently dipolar couplings are predicted on the basis of the
orientation of the internuclear vector relative to this alignment
tensor.

6 STRUCTURE VALIDATION

One particularly attractive feature of dipolar couplings is
that they can be used in a very direct manner to evaluate
the accuracy of any given structure: the more accurate the
structure, the better the agreement is between experimental
dipolar couplings and this structure. In order to evaluate
this agreement, one first needs to determine the alignment
tensor or Saupe matrix. As mentioned earlier, there are two
conceptually different ways to do this. One can either predict
the alignment on the basis of the molecule’s shape and charge
distribution, or one can determine the Saupe matrix elements
of equation (2) simply by singular value decomposition. There
are five independent elements in the Saupe matrix. If the
number of experimentally measured independent (i.e., non-
collinear) dipolar interactions is much larger than five, the
SVD approach is preferred as it eliminates the effect of errors
in the shape-predicted alignment tensor. Clearly, for effective
validation it is necessary that the number of observables
(dipolar couplings) is much larger than the number of variables
in the SVD fit. If this condition is not met, corrections can
be made for the significance of the correlation in terms of
F statistics. For proteins, typically the number of observed
dipolar couplings is much larger than five, and the goodness
of the fit provides a direct measure for the accuracy of the
structure.

Figure 8 shows a typical example of the correlation between
measured dipolar couplings and those predicted by two struc-
tures of the C-terminal domain of Ca?t-calmodulin (after best
fitting the Saupe matrix to the experimental couplings). The
first correlation (Figure 8a) is calculated by using the 1.0-A X-
ray crystal structure of Paramecium tetraurelia calmodulin to
fit the data measured for the highly homologous mammalian
protein. It yields a Pearson’s correlation coefficient, R?, of
0.95. The second structure was calculated on the basis of N-H,
C'-N, H*-C® and C'-C* dipolar couplings, and the H*-C’ cou-
plings are best-fit to this structure. Clearly, the NMR structure
(R? = 0.98) predicts the experimental H*~C’ couplings better
than the X-ray structure, which is related to a slight rearrange-
ment of relative helix orientations in solution relative to the
crystalline state.”!

When accurate experimental dipolar couplings are avail-
able, it is always advantageous to incorporate them into the
structure calculation process. However, once this is done, they
no longer are useful for validation purposes. A way around this
is to compare the observed and predicted changes in chemi-
cal shift between isotropic and aligned samples for a type of
nucleus with a well-defined chemical shift anisotropy. The first
application of this idea was for the change in !N chemical
shift with field strength in a small protein-DNA complex,’?
caused by the anisotropy of the magnetic susceptibility of this
complex. Although the changes were minute (<5 ppb), a clear
improvement in the correlation was observed upon incorpora-
tion of dipolar couplings in the structure calculation process.
Subsequently, comparison of much larger '*C’ chemical shift
changes between a protein in isotropic and aligned bicellar
medium also showed an excellent correlation with structure.”
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Figure 8 Correlation between measured, normalized 2Dt dipolar
couplings and those predicted by the 1.0-A X-ray crystal structure
(a), and by the NMR structures of the C-terminal domain of Ca?t-
calmodulin, calculated without 2Dcy, couplings (b). The slightly
better fit to the NMR structure is caused by a small rearrangement of
the relative helix orientations in solution relative to those observed in
the crystalline state of this protein’!

7 CONCLUDING REMARKS

The introduction of methods for generating tunable, very
weak alignment of macromolecules makes it possible to
measure the one-bond and other short range dipolar couplings
with a remarkable degree of accuracy. Even while the splittings
are reduced by about three orders of magnitude relative to
their static values, the narrow line widths and relatively high
signal-to-noise ratio attainable in high resolution NMR more
than compensate for the low degree of order. For example,
one-bond "N-'H dipolar couplings typically can be measured
with an accuracy of ca. 0.1 Hz, whereas their range covers up
to S0 Hz. Even for the intrinsically much smaller interactions,
such as the one-bond N-!3C’ dipolar coupling, the error
typically is smaller by up to two orders of magnitude relative
to the range of couplings observed. Similarly, chemical shift
effects can be measured at a relative accuracy that rivals that
attainable in solid state NMR, but the problem of resonance
overlap is much less severe because isotropic shifts in solution
are more effective at dispersing NMR spectra. Experimental
correlations between 3C’, N, and 'HN CSA tensors and
secondary structure in proteins could be clearly established
from such data.”

Dipolar couplings are not very sensitive to small ampli-
tude oscillations about an average orientation. Conversely,

relatively small discrepancies between observed and predicted
magnitudes of dipolar couplings require rather large amplitude
angular fluctuations if this discrepancy is entirely attributed to
dynamic effects.”>’® Nevertheless, because averaging of the
observed dipolar interactions is sensitive to motions that cover
the entire time scale from milliseconds to femtoseconds, it
can potentially provide a powerful complement for the study
of dynamic processes.

Measurement of tensorial interactions in macromolecules is
anew and rapidly expanding area in structural biology. It offers
numerous new opportunities, including rapid determination
of backbone folds, rapid structure determination, refinement
of conventional NMR structures, and the study of relative
orientations of components in multi-molecular complexes. It
is likely that a further marriage between conventional solid-
state NMR techniques and the weak alignment approach may
expand these areas even further.
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