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The use of dilute liquid crystals to induce a weak degree of
molecular alignment with respect to a static magnetic field has been
extended since its introduction for proteins by Tjandra and Bax in
1997.1 The induced anisotropy permits measurement in high-
resolution NMR spectra of residual dipolar couplings providing
long-range structural information on the relative orientation of
different parts of a biological molecule in aqueous solution.2

The alignment effect is thought to be the result of steric and
electrostatic interactions.3 Attempts to predict the dipolar couplings
from physical models of the systems have been recently considered.
In particular, when neutral media are used, the electrostatic
contribution can be neglected, and predictions of dipolar couplings
in proteins can be made from a shape-induced alignment model.4

In this method the neutral bicelles are treated as an obstructive
infinite wall, and all the allowed orientations of the target molecule
are explicitly calculated as a function of the distance from the wall,
which is varied from the minimum to the maximum distance of
the center of mass to surface atoms. Another approach assumes
the principal axes of the moment of inertia tensor of the molecule
to be the same as those of the orientation tensor and then applies
a minimization algorithm to determine the other two parameters
of the orientation tensor.5

In this work we proposed a heuristic approach, which depends
on the fact that the alignment phenomenon in neutral media just
reflects the asymmetries in molecular shape, information already
encoded in the moment of inertia tensor of the model. The simplest
linear combination of eigenvalues ofI consistent with these
observations and with the properties ofA is a very good ap-
proximation for the orientation tensor.6

The description of the average solute orientation with respect to
the magnetic field is described by a tensorA with elements7

whereθi is the angle between the molecular eigenvectori and the
magnetic field, and the〈 〉 brackets denote time or ensemble
averaging. From the elements ofA, the dipolar couplingDPQ of
two spin-1/2 nuclei P and Q, separated by a distancerPQ, can be
calculated byDPQ ) -Sµ0γPγQh/(8π3〈rPQ

3〉)∑ Aij cosφi
PQ cosφj

PQ,
whereS is the Lipari-Szabo generalized order parameter,8 φi

PQ is
the angle between the P-Q internuclear vector and theith molecular
axis, and the rest of the constants have their usual meaning.

Although the moment of inertia tensor,I , differs fromA in that
the latter has a null trace, we assume that, in the absence of

electrostatic effects,3,4 their eigenvectors are parallel.5 Consistent
with the experimental observations in neutral media, we assume
that the eigenvalues ofA are proportional to the asymmetries of
the solute in the planes defined by pairs of eigenvectors ofI , but
we assume no explicit correspondence between the axes. Specifi-
cally, we assume thatAii ∝ (Iii - Ijj) + (Iii - Ikk) ) 2Iii - (Ijj +
Ikk). This assumption fulfills the traceless condition ofA and leads
to the definition:

By arranging these trial matrix elements from greater to lesser
absolute values a tensor with the same properties as the orientation
tensor can be built up. Because of the null trace condition onA,
an analysis of the possible outcomes forA′ii can be done by sorting
the eigenvalues ofI asI33 > I22 > I11; thenA′33 > 0, A′11 < 0, and
|A′22| < |A′11|, A′33. Therefore, we get two possible situations
(depending on the actual values taken by eachIii) defining a
correspondence between the principal axes ofA and I :

At this point A is completely defined except for a scale factor,
dependent on experimental conditions, reducing the number of
variables needed to predict dipolar couplings from 5 to 1. We refer
to this method as TRacking Alignment from Moment of Inertia
TEnsorssTRAMITE.

The method was tested with four oligosaccharides and three
proteins, chosen to cover a wide range of sizes and shapes, whose
structures were reported in the literature and available from the
Protein Data Bank (PDB). In all cases the results were satisfactory
except, as expected, when the dipolar coupling values were acquired
in phage media where electrostatic effects are significant. We will
illustrate the predictions by TRAMITE with some typical examples
here, providing the remainder of the results in the Supporting
Information.

LewisX is a well-studied rigid trisaccharide recently characterized
by 1DCH measured in neutral bicelles.9 In that work over 1000 model
structures, from a Monte Carlo simulation, were individually
oriented to obtain the best fitting to the experimental1DCH values
by means of a Powell algorithm. The same structures were analyzed
with TRAMITE which produced similar results in a fraction of the
time required previously. Figure 1A shows the correlation between
measured and predicted1DCH values for the best model of LewisX

obtained by this procedure. Its glycosidic dihedral angles are in
agreement with those reported.9
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The Ig binding domain of streptococcal protein G was one of
the molecules used by Zweckstetter and Bax4 for testing of the
shape-induced alignment method. Figure 1B shows the results by
TRAMITE for one of the 32 models reported in the PDB from
NMR experiments,10 showing an agreement nearly as good as that
obtained by the former method. The rhombicity value of 0.23
directly obtained fromI was almost identical to the reported value
of 0.20,10 while the magnitude of1DaNH was the same (-9.7 (
0.1).

With a simple scheme for calculatingA directly from a model,
it is possible to analyze dipolar coupling data for a flexible
oligosaccharide. As an example of a possible strategy to follow
we show an analysis of the pentasaccharide LNF-2, that is known
to have a rigid trisaccharide Lewisa epitope.9,11 Although a single
conformation has been proposed for the disaccharide tail,11 the
TRAMITE scheme provides a method for critically testing this
hypothesis. The models from a MC simulation of LNF-29 were
analyzed in three different ways, using the merit functionø )

x∑i(
1Di

meas- 1Di
pred)2/N, by predicting the1DCH values from (i)

the individualI , (ii) averaging cos2θii in eq 1 for structures 1 toj
(〈cos2θii〉1-j), and (iii) same as (ii) discarding structures with
individual ø values greater than 5. Figure 2A shows the results for
these calculations. As can be observed, the predictions of1DCH are
distinctly improved when the average tensor is used, with further
improvement obtained by filtering the structures in strong disagree-
ment with the experimental values. Because this is an MC
simulation without explicit solvent, it is not surprising that some
low-energy models must be discarded. No similar improvement is
seen with the rigid trisaccharides, but it is with LNF-3 (Supporting
Information), suggesting flexibility for the lactose tails of both
pentasaccharides. The correlations between measured and predicted
1DCH values for the best individual model (number 81) and the best
average result (including 24 structures) are compared in Figure 2B.
The representation of the 24 structures of LNF-2 superimposed on
the central GlcNAc ring can be seen in part C of the Figure, where
the rigid epitope at the left is clearly observed, while the tail region
at right is relatively disordered.

The application of TRAMITE can be a useful tool for the
prediction of residual dipolar couplings of biomolecules measured
on neutral bicelles, as is shown in the examples analyzed here (along
with those in the Supporting Information). The extension of the
method to flexible molecules is simple and allows calculation of
orientation tensors for ensembles of conformers of arbitrary size
in extremely short times.
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Figure 1. Correlations among experimental1DPQ values and values
predicted by TRAMITE. (A) LewisX â-methyl glycoside in a 7.5% w/v
liquid crystalline bicelle medium.9 (B) B1 domain of streptococcal protein
G in a 5% w/v liquid crystalline bicelle medium.10

Figure 2. (A) ø values for predictions of1DCH in LNF-2 made by
TRAMITE for individual structures (b), using〈cos2θii〉 for the structures 1
to j (with j varying from 1 to the total of structures) (gray line), and filtering
the structures withøindiv. > 5 (black line). (B) Correlations for model 81
(0) and for the filtered average structures whereø was minimum (b). (C)
Superimposition of the 24 structures on the central GlcNAc residue that,
averaged, best reproduce the1DCH values.
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