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1. Introduction

The introduction of residual dipolar couplings (RDCs) for pro-
tein structure determination over 10 years ago has energized
development of NMR methods. Robust automation of the complete
NMR structure determination procedure has been a long-standing

goal, and RDC-based algorithms may increase the consistency and
reliability of NMR structural studies. It has also been recognized
that structure determination based primarily on orientational re-
straints could be quicker and more accurate than traditional
distance-restraint methods. Furthermore, NMR is increasingly
important in applications where structural information is already
available, so that methods which effectively automate NMR assign-
ment of known structures would also be a substantial contribution.

Since RDCs are measured in a global coordinate frame, they
enable molecular replacement-like methods that perform assign-
ments using structural priors. Furthermore, recent methods for
structure determination have exploited novel RDC equations,
which combine RDC data and protein kinematics. Under fairly mild
assumptions, the dihedral torsional angles of a protein can be ana-
lytically expressed as roots of these low-degree monomials. Solv-
ing these equations exactly has enabled a departure from earlier
stochastic methods, and led to linear-time, combinatorially-precise
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algorithms for NMR structure determination. These algorithms are
optimal in terms of combinatorial (but not algebraic) complexity,
and show how structural data can be used to produce a determin-
istic, optimal solution for the protein structure in polynomial time.

The coefficients of the RDC equations are determined by the data.
An RDC error bound therefore defines a range of coefficients, which,
in turn, yield a range of roots representing the structural dihedral an-
gles. Hence, the RDC equations define an analytical relationship be-
tween the RDC error distribution, and the coordinate error of the
ensemble of structures that satisfy the experimental restraints. Pre-
cise methods that relate the experimental error to the coordinate er-
ror of the computed structures therefore appear within reach. This
article reviews these and other recent advances in NMR assignment
and structure determination based on sparse dipolar couplings.

Color versions of the figures in this paper are available online at
http://www.sciencedirect.com/science/journal/00796565.

1.1. Background

While automation is revolutionizing many aspects of biology,
the determination of three-dimensional (3D) protein structure
remains a harder, more expensive task. Novel algorithms and com-
putational methods in biomolecular NMR are necessary to apply
modern techniques such as structure-based drug design and struc-
tural proteomics on a much larger scale. Traditional (semi-) auto-
mated approaches to protein structure determination through
NMR spectroscopy require a large number of experiments and sub-
stantial spectrometer time, making them difficult to fully auto-
mate. A chief bottleneck in the determination of 3D protein
structures by NMR is the assignment of chemical shifts and nuclear
Overhauser effect (NOE) restraints in a biopolymer.

The introduction of residual dipolar couplings (RDCs) for protein
structure determination enabled novel attacks on the assignment
problem, to enable high-throughput NMR structure determination.
Similarly, it is difficult to determine protein structures accurately
using only sparse data. New algorithms have been developed to
handle the increased spectral complexity encountered for larger
proteins, and sparser information content obtained either in a
high-throughput setting, or for larger or difficult proteins. The over-
all goal is to minimize the number and types of NMR experiments
that must be performed and the amount of human effort required
to interpret the experimental results, while still producing an accu-
rate analysis of the protein structure.

This review is tempered by our recent experiences in automated
assignments [79,82,83,118,153,174], novel algorithms for protein
structure determination [152,156,117,89,110,151,155,154], char-
acterization of protein complexes [118,99] and membrane proteins
[117], and fold recognition using only unassigned NMR data
[82,83,78,80]. Recent algorithms for automated assignment and
structure determination based on sparse dipolar couplings repre-
sent a departure from the stochastic methods frequently employed
by the NMR community (e.g., simulated annealing/molecular
dynamics (SA/MD), Monte Carlo (MC), etc.) A corollary is that such
stochastic methods, now routinely employed in NMR structure
determination pipelines [60,53,91,64], should be reconsidered in
light of their inability to assure identification of the unique or glob-
ally-optimal structural models consistent with a set of NMR obser-
vations. In this vein, our review focuses on sparse data. While SA/
MD may perform adequately in a data-rich, highly-constrained set-
ting, it is difficult to determine protein structures accurately using
only sparse data. Sparse data arises not only in high-throughput
settings, but also for larger proteins, membrane proteins [117],
symmetric protein complexes [118], and difficult systems includ-
ing denatured or disordered proteins [154]. Sparse-data algorithms
require guarantees of completeness to ensure that solutions are not
missed and local minima are evaded.

We caution that in the context of NMR, ‘‘high-throughput” is rel-
ative, and currently not as rapid as, for example, gene sequencing or
even crystallography. Hence the term ‘‘batch mode” may be more
appropriate. The challenge is to develop new algorithms and com-
puter systems to exploit sparse NMR data, demonstrating the large
amount of information available in a few key spectra, and how it
can be extracted using a blend of combinatorial and geometric algo-
rithms. Moreover, because of their (relative) experimental simplic-
ity, we hypothesize that the computational advantages offered by
such approaches should ultimately obtain an integrated system in
which automated assignment and calculation of the global fold
could be performed at rates comparable to current-day protein
screening for structural genomics using 15N-edited heteronuclear
single quantum coherence spectroscopy (15N-HSQC).

This article reviews how sparse dipolar couplings can be
exploited to address key computational bottlenecks in NMR struc-
tural biology. The past few years have yielded rapid progress in
automated assignments, novel algorithms for protein structure
determination, characterization of protein complexes and mem-
brane proteins, and fold recognition using only unassigned NMR
data. We review recent algorithms that assist these advances,
including: (1) Sparse-data algorithms for protein structure determi-
nation from residual dipolar couplings (RDCs) using exact solutions
and systematic search; (2) RDC-based molecular replacement-like
techniques for structure-based assignment; (3) Structure determi-
nation of membrane proteins and complexes, especially symmetric
oligomers, enabled by RDCs; and (4) Automated assignment of
NOE restraints in both monomers and complexes, based on back-
bones computed primarily using sparse RDC restraints.

These define the four main themes in our review:
(1) It is difficult to determine protein structures accurately

using only sparse data. Sparse data arises not only in high-through-
put settings, but also for larger proteins, membrane proteins, and
symmetric protein complexes. For de novo structure determina-
tion, there are now roots-of-polynomials approaches to compute
exact solutions, by systematic search, for internuclear bond vectors
and backbone dihedral angles using as few as 2 recorded RDCs per
residue (for example NH in two media, or NH and Ha—Ca in one
medium). By combining systematic search with exact solutions,
it is possible to efficiently compute accurate backbone structures
using less NMR data than in traditional approaches.

De novo structure determination from sparse dipolar couplings
can exploit structure equations derived by Wang and Donald
[152,151]. These include a quartic equation to compute the inter-
nuclear (e.g., bond) vectors from as few as 2 recorded RDCs per res-
idue, and quadratic equations to subsequently compute protein
backbone ð/;wÞ angles exactly [152,151]. The structure equations
make it possible to compute, exactly and in constant time, the
backbone ð/;wÞ angles for a residue from very sparse RDCs. Simu-
lated annealing, molecular dynamics, energy minimization, and
distance geometry are not required, since the structure is com-
puted exactly from the data. Novel algorithms build upon these ex-
act solutions, to perform protein structure determination, using
mostly RDCs but also sparse NOEs. For example, the RDC-EXACT algo-
rithm employs a systematic search with provable pruning, to
determine the conformation of helices, strands, and loops and to
compute their orientations using exclusively the angular restraints
from RDCs [152,156]. Then, the algorithm uses very sparse dis-
tance restraints between these computed segments of structure,
to determine the global fold.

(2) Algorithms using sparse dipolar couplings can accelerate pro-
tein NMR assignment and structure determination by exploiting a
priori structural information. By analogy, in X-ray crystallography,
the molecular replacement (MR) technique allows solution of the
crystallographic phase problem when a ‘‘close” or homologous
structural model is known, thereby facilitating rapid structure
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