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An estimated 60 % of genes in every genome code for homo-
oligomeric proteins.'! The symmetry ambiguity, namely the
necessity to distinguish intra- and intermolecular correlations,
is a major challenge in NMR spectroscopic structure deter-
mination of such oligomeric symmetric proteins. Next to the
size limitation, this is the main reason that homo-oligomeric
structures are severely under-represented among the struc-
tures solved by NMR spectroscopy (Supporting Information,
Figure S1). So far, algorithmic support is based on ambiguous
distance restraints (the symmetry-ADR method?), but is
limited to simple types of symmetry, and calculations do not
always converge. Other methods based on branch-and-bound
algorithms have been proposed, but they rely on the knowl-
edge of the protomer structure, which is not known in
structure determination projects.”!

Herein, we present a general method for structure
calculation of symmetric aggregates that is valid for both
non-crystallographic and crystallographic = symmetries
(including the lattice translational periodicity). In the context
of NMR applications, protein complexes with point symme-
tries (cyclic or dihedral) as well as symmetries found in fibrils
and pili are a major focus. The method has implications well
beyond NMR structure determination for modeling of
homomeric complex structures from any distance informa-
tion, as obtained for example from chemical cross-links,!
paramagnetic relaxation enhancement (PRE),” double elec-
tron—electron resonance (DEER),” or Forster resonance
energy transfer (FRET).®!

Our method relies on a global nonlinear optimization
scheme using experimentally derived distance restraints,
starting from a random conformation placed in random
position and orientation in space. In contrast to previous
methods? where all subunits are calculated at the same time,
only one (primary) protomer is explicitly modeled, and the
others are generated “on the fly” using appropriate symmetry
operators as images of the primary protomer (Figure 1). This
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Figure 1. Illustration of the strict-symmetry method for a trimer with C;
point symmetry. A) The two symmetry relationships to produce the
images (gray) of the primary protomer (blue) are rotations around the
symmetry axis (indicated by a black dot) of 120° and 240° (circular
arrows). B) The equation to calculate an effective distance over the
images. n is the protomer number, with a total of N protomers in the
oligomer.

procedure (later referred to as strict-symmetry) requires the
number of subunits in an oligomer to be known, for example,
from analytical ultracentrifugation. Symmetry relationships
between the primary protomer and the images (for example
axes, rotation angles, and translations) are imposed and fixed
at the start of the calculation. The primary molecule rotates
and translates freely with respect to the axes. The required
symmetry group and the symmetry operators can be inferred
from the number of subunits for point symmetries (Support-
ing Information, Table S4). If it is not possible to distinguish
between different symmetries with the same number of
protomers (for example between C, or D, for a tetramer), all
possibilities can be tested in calculations and the energies and
convergence rates can be compared. Among the examples
presented herein, the number of images ranges from 1 (for
dimers) to 5 (for hexamers) to 107 (for the P2,2,2, crystallo-
graphic symmetry). For every distance restraint, the degree of
ambiguity can be specified (intramolecular, intermolecular,
or ambiguous) if it is known from experiments (such as X-
filtered NOE experiments”). The symmetry ambiguity out-
lined herein can be applied in conjunction with the standard
chemical-shift ambiguity used in automated NOE assignment
of monomeric proteins. The calculation protocols are de-
scribed in detail in the Supporting Information.

Published experimental restraints for eight proteins
exhibiting different point symmetries served for test calcu-
lations (Figure 2; Supporting Information, Table S1). The
precision (RMS deviation around the average structure) of
the obtained ensembles of oligomers is similar to the standard
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Figure 2. Calculation of oligomers with different cyclic or dihedral
symmetries. In each case, the primary protomer is indicated in blue.
G, G, Cs: cyclic point symmetries (one symmetry axis); D,, D;:
dihedral symmetries, with three symmetry axes for D, (tetramer), and
four symmetry axes for D; (hexamer). Labels are Protein Data Bank
(PDB) identifiers.

symmetry-ADR method (Supporting Information, Table S2),
except for the insulin R6 hexamer (PDB: 2aiy). In this case,
only the strict-symmetry protocol achieves convergence
starting from random atomic coordinates. Futhermore, for
dimers, tetramers, and hexamers, our method yields oligo-
meric structures closer to the known X-ray structure when
compared to the originally reported ensembles (Supporting
Information, Table S3), except for the p53 tetramerization
domain. While the overall structural quality of the oligomeric
ensembles is comparable, structures determined with the
method presented herein consistently exhibit a greatly re-
duced number of steric clashes, resulting from a better usage
of the experimental restraints (Supporting Information,
Table S7).

In the symmetry-ADR method, internal symmetry is
imposed by a large number of artificial distance restraints, and
experimental restraints need to be introduced for all proto-
mers. The main advantage of the strict-symmetry method is
the reduced computational cost (Supporting Information,
Figure S3) and the convenient way of defining the constraints
imposing the symmetry. Such advantages are imperative when
calculating structures of assemblies with complex symmetries.
For instance, when symmetry involves translation as well as
rotation, it is cumbersome to treat the system with the
symmetry-ADR method owing to its “infinite” nature. An
example is the helical symmetry found in fibrils"” and pili.[*"!
The simpler case of fibrils can be treated with an ad hoc
adaptation of the symmetry-ADR method, but it becomes
intractable for pili where eight or more neighbors are in direct
contact with the primary protomer.*"!

To demonstrate the benefit of our method for such
complex systems, we recalculated the fibrillar structure of the
prion domain of HET-s, HET-s(218-289), from the published
data.'” The helical symmetry was imposed by a translation of
2x4.7 A and a fixed rotational twist between the protomers.
These parameters can be readily obtained from diffraction
and cryo-electron microscopy.'”? Here, they were derived
from the solid-state NMR structure for sake of comparison.
Starting from a random configuration for the protomer,

Angew. Chem. Int. Ed. 2012, 51, 6916 6919

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

imemationalediion . CEIMIE

calculations converged to the published structure, even with
ambiguous restraints (Figure 3; Supporting Information,
Table S5).

Another example that cannot be easily modeled is the
crystal packing in microcrystals as used in solid-state NMR
(ssNMR) structure determination.™® To explore the ability of

A) B)

Fibril
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Figure 3. HET-s(218-289) structures. A) Published structure (PDB:
2RNMI') . B) Recalculated structure with strict symmetry with the fibril
axis indicated (core region). C) Top view of the 10 conformers. D) Top
view of the central protomer (core region) of the 10 conformers. The
two stacked P-strand layers (residue 226 to 242 and residue 262 to
278) are colored according to the residue numbering.

our approach to cope with the ambiguity and noise present in
ssNMR spectra recorded on crystalline samples, we applied it
to the spectrin SH3 domain data (Figure 4). First, we
evaluated the contribution of the intermolecular interactions
to the definition of the final structure (Supporting Informa-
tion). We used a two-phase protocol where an approximate
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Figure 4. Refinement of SH3 domain structure with ambiguous
restraints as a monomeric molecule (center) or with crystalline
symmetry (top: unambiguous restraints; bottom: ambiguous
restraints). In each case, the accuracy from the X-ray structure (black)
is given.
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structure was first calculated from a raw peaklist without the
crystal context, and with the ARIA program!'¥ (incorporating
SOLARIAM! capability of assigning ssNMR proton-driven
spin diffusion spectra). Here, intermolecular correlations
were treated as noise, as no neighboring molecules were
considered. Then the initial data were re-interpreted within
the crystal context to refine the structure. The final RMS
difference to the X-ray crystal structure was as small as 0.6 A,
which is the best result achieved by us to date (Supporting
Information, Table $6).1%+1316 This indicates that not only the
crystal context enables the correct interpretation of intermo-
lecular correlations that may not always be identified as noise
by ARIA, but also that inclusion of these intermolecular
interactions leads to a more accurate structure. It is also
encouraging that even with chemical shift ambiguity left in
the data, our procedure can help to directly refine a structure
to an accuracy below 1 A compared to the X-ray crystal
structure.

The procedure presented herein allows for efficient
structure calculation of symmetric aggregates on the basis of
experimental distance restraints. It is valid for all types of
symmetry and long lists of duplicate restraints are not needed.
Experimental information to distinguish between intra- and
intermolecular NOEs or spatial correlations, such as results
from asymmetric labeling and X-filtered experiments can be
readily incorporated. Also, other experimental information
that can help to define the symmetric arrangement, for
example residual dipolar coupling (RDC) measurements, can
easily be included in the calculation. In contrast to the original
method!'” where both the coordinate system and the mole-
cule can rotate, the axes of the anisotropy tensor are then
fixed to the external coordinate system and only the molecule
rotates. This is possible because 1) one axis of the tensor
always coincides with a symmetry axis, and 2) the orientation
of the coordinate system around the first axis becomes
arbitrary for threefold or higher symmetry (axially symmetric
tensor)."8! This integrated approach is more straightforward
and reliable than first calculating a monomer structure and
then using RDCs to dock it into the oligomer structure.!'”)

Our method requires the number of subunits to be known
and the exact specification of all symmetry operations. In
general, such information can be determined experimentally.
For point symmetries, the number of protomers in the
oligomer can be readily obtained from ultracentrifugation
or native gel experiments. Parameters for helical symmetries
can be measured by electron microscopy. Should such
measurements not be available, these parameters can be
optimized by a grid search (illustrated in the Supporting
Information, Figure S5, for the case of the rotation angle
between individual units). Alternatively, these symmetry
parameters could be left “floating”, similar to the alignment
tensor parameters in the Sculptor approach to fit RDC
data.?”

For the study on SH3, the crystal symmetry found in the
single crystal used for the X-ray was (correctly) assumed to be
identical to the microcrystals used for the ssNMR exper-
iments."* It is by no means certain that this is always the case.
However, the number of possible X-ray symmetries can be
quickly reduced by mass measurements. Then, different
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possibilities can be compared. In the present study, we
included the microcrystal example to illustrate the generality
of the approach, and the usefulness of intermolecular
interactions to obtain highly accurate structures. If informa-
tion on the crystal symmetry is available, this is currently the
only method to include them in the calculation. Another
advantage of our method is that the computational cost does
not rise significantly with the number of subunits. It can
therefore readily be applied to very large systems, such as
pili®! or the nuclear pore.[*!

Experimental Section

We extended the NOE module of the program CNS?!! for calculation
of distances, energies, and forces with respect to symmetry-related
images. Non-bonded interactions between the primary molecule and
the images could be treated with the existing setup of non-crystallo-
graphic and crystallographic symmetries in CNS. All calculations
were performed with CNS. The modified version of CNS and the
calculation script will be distributed as part of the ARIA package
(http://aria.pasteur.fr).
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