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The study of heteronuclear relaxation is now established as an
important probe for local and global dynamics in macromol-
ecules.1 It has been shown that the amplitude and orientation of
the principal components of the global rotational diffusion tensor
can be determined from the angular dependence of theR2/R1 ratio
for spins in similarly rigid regions of macromolecules of known
three-dimensional structure,2 and that this ratio can provide a novel
long-range constraint for NMR structure determination.3

In many studies of the global dynamics of molecules of known
structure, an axially symmetric tensor was either assumed or
shown, using statistical significance tests, to provide an adequate
description of the rotational diffusion.4 For the purposes of
structure determination the axially symmetric model is also
intuitively attractive as the relevant spectral density function
provides a nondegenerate correspondence ofR2/R1 and vectorial
orientation with respect to the unique axis of the tensor.5 Recently,
structure determination algorithms have been presented using this
model, and an associated restricted description of biomolecular
form has been proposed to be of general applicability.3,6

It has recently been pointed out that two orthogonal solutions
are present if the axially symmetric model is used to describe a
fully anisotropic system, representing the prolate and oblate
approximations to the real tensor.7 In this communication we
analyze the relevance of using either of these simplified tensorial
models in the structure calculation algorithm for a molecule with
a fully asymmetric diffusion tensor, and characterize the artifacts
resulting from this approximation. This study is of additional
interest as it has also been noted that the inappropriate use of an
analogous approximation for structure determination using residual
dipolar coupling may affect the accuracy of resulting coordinates.8

We have implemented relaxation rate constraints in the program
Discover (MSI), incorporating the explicit target potential9 into
the classical potential energy function. A model system was

created consisting of three orthogonal helices, present in a
molecule with a fully anisotropic tensor.10 For the purposes of
illustration, we have placed the helices collinear with the principal
components of the tensorsthese represent the limiting values of
the available relaxation rates for such a system (C and N terminal
helices), and all intermediary values. Theoretical15N relaxation
rates were calculated for this system and used as simulated
experimental values in all structure calculations. For ease of
presentation a single long-range distance was used in addition to
short-range helical constraints. This is an unrealistically under-
determined system, but one which illustrates the general charac-
teristics of the use of orientational constraints in structure
calculations. Initially we assume that the component values have
been estimated,11 and that only the orientation of the vectors is
allowed to float during the calculation. Subsequent fitting of the
diffusion tensor to resulting structures would in this case allow
refinement of the componentsD| andD⊥. All calculations were
performed with a routine simulated annealing protocol12 starting
from randomized Cartesian coordinates.

Initially we used the most appropriate oblate approximation
to the real tensorsthis assumes thatD| ) Dxx andD⊥ ) (Dyy +
Dzz)/2 (Figure 1). While vectors aligned with the unique axis of
the diffusion tensor are well-oriented and reproduce the experi-
mental values, this is not the case for the other two helicessin
fact the highest experimental values can never be attained with
this tensor. Despite the correct positioning of the vectors, there
is a high residual energy term in the structure calculation.
Intermediate values (helix II) cannot be satisfied if they adopt
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Figure 1. Structure determination using an oblate tensor. Typical
structures resulting from simulated annealing calculations using an oblate
tensor and relaxation ratios from the fully anisotropic diffusion tensorial
model (Figure 3A). Tensorial values used are (A){D| ) 10 µs-1, D⊥ )
17.5 µs-1} and (B) {D| ) 7.5 µs-1, D⊥ ) 17.5 µs-1}. (C) Relaxation
ratios for these structures (A, dashed line; B, solid line) and model ratios
(values centered on error bars). Vectorial orientation required with respect
to these oblate tensors (D for tensorA; E for tensorB). Actual orientation
is shown along the axes. The scale shows the available relaxation rates
from the fully anisotropic tensor.10
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the position of the true model, orthogonal to helices I and III,
and must adopt a position between theD| axis and theD⊥ plane.

An oblate tensor exists that allows all experimental data to be
fulfilled; this gives a low target energy, but is foreshortened along
the unique component axis to compensate for the higher relaxation
rates, and is therefore no longer physically reasonable.

This effect is illustrated generally in Figure 1D,E, showing the
relaxation rates from the model system and their respective
orientations relative to the tensor in the two oblate models. The
actual solution from which the data are derived, shown along the
axes, is excluded in all cases. In the flattened model (E), all values
from the real tensor are allowed, but the required orientation of
intermediary relaxation rates is further from the correct model.

The same phenomenon is observed when a prolate axially
symmetric model is used to describe the diffusion tensor (Figure
2). As in the oblate case, the tensor which fulfills all experimental
values is nonphysical and in this case is extended to compensate
for the lowest relaxation rates.

These observations have important consequences: Any cal-
culation designed to determine both structure and tensor using
either prolate or oblate models for this tensorial system will
inevitably converge to the potential energy minima, even in the
absence of noise, and therefore evoke the incorrect physical
models represented by a highly prolate (D|/D⊥ ) 1.84) or highly
oblate (D|/D⊥ ) 0.43) tensor. A more general study using a
uniform distribution of vectors shows the same artifactual drift
to nonphysical tensors,13 and studies using experimental relaxation
data of macromolecules combined with nOe data show similar
characteristics.13 Note that previously proposed fitting of experi-
mentalR2/R1 to the expected distribution from an axial tensor
will also evoke tensors close to the minimum energy descriptions
in both prolate and oblate cases.11

We have repeated the calculations allowing the eigenvalues
of an axially symmetric diffusion tensor to float throughout the
structure calculation, giving identical results.14 The problem is
therefore of a general nature, irrespective of the method used to
parametrize an axially symmetric tensor from data emanating from
a fully anisotropic tensor.

Not surprisingly the model data can be reproduced if the correct
tensor is used in the calculation (Figure 3). The directional
dependence of the intermediary values ofR2/R1 is however highly
degenerate as vectors can adopt a large range of orientations to
fulfill the correct values. This degeneracy may be partially raised
by including relaxation rates defining a second vector in the same
peptide plane or, as has recently been shown, by optimizing the
structure with respect to a favorably oriented second tensor,15 for
example the tensor available from residual dipolar coupling
measurements.8

In conclusion, the implications of using the axially symmetric
model to describe the rotational diffusion tensor of a system of
unknown structure appear to be potentially quite serious if this
tensor is in reality rhombic. If used in structure determination
algorithms, this approximation, of relevance for the study of
rotational diffusion of a molecule of known structure, can lead
to the incorrect alignment of vectors. More importantly, any
procedure designed to determine structure and simultaneously
evaluate rotational diffusion will provide an equally precise fit
to either of the two inappropriate models represented by the
geometrically orthogonal flattened oblate or extended prolate
energy minima. Both final structure and rotational diffusion
characterization are therefore strongly and nontrivially dependent
on the initially chosen tensorial model. As the differentiation of
experimentalR2/R1 distributions from axially symmetric or fully
anisotropic tensors11 is unlikely to be statistically significant given
the undersampling of angular space available from relaxation rates
measured in biomolecules, it appears to be very important to use
the fully anisotropic tensorial description in all ab initio structure
calculations.
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Figure 2. Structure determination using a prolate tensor. Typical
structures from tensors: (A){D| ) 20 µs-1, D⊥ ) 12.5 µs-1} and (B)
{D| ) 23.0 µs-1, D⊥ ) 12.5 µs-1}. (C) Relaxation ratios for these
structures (A, dashed line; B, solid line) and model ratios (values centered
on error bars). Vectorial orientation required with respect to these prolate
tensors (D for tensorA, E for tensor B). Scale and axes as for Figure 1.

Figure 3. Structure determination using the fully anisotropic tensor
description. Model structure (A) and tensor orientation (B) from which
relaxation values were calculated. The dashed line represents the 10 Å
long range distance included in the calculation. Available orientations
for vectors using the fully anisotropic diffusion tensor (C). Actual
orientation of the model is shown along the axes. Scale as in Figure 1.
(D). Equally valid structures showing three orthogonal helices (right) and
two orthogonal helices and the nonorthogonal middle helix (left, center).
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