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Abstract

The periodic behavior of residual dipolar couplings (RDCs) arising from nucleic acid and protein secondary structures is shown
to be more complex and information-rich than previously believed. We have developed a theoretical framework which allows the
bond vector orientation of nucleic acids and the peptide plane orientations of protein secondary structures to be extracted from their
Dipolar waves. In this article, we focus on utilizing ‘‘Dipolar waves’’ of peptides to extract structure information, and describe in
more detail the fundamental principles of the relationship between the periodicities in structure and RDCs, the practical procedure
to extract peptide plane orientation information from RDC data, and assessment of errors using Monte-Carlo simulations. We dem-
onstrate the utility of our method for two model a-helices, one kinked and one curved, and as well as an irregular b-strand.
Published by Elsevier Inc.
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1. Introduction

The vast majority of protein and nucleic acid struc-
tures consist of highly regular secondary structures, such
as a-helices, b-strands, and duplexes. These regular sec-
ondary structures are the building blocks that are ar-
ranged in three-dimensional space to form the
scaffolds of protein and nucleic acid structures. These
building blocks are highly repetitive and periodical in
nature, a property which is reflected in any type of geo-
metric physical measurements, such as residual dipolar
couplings (RDCs) [1–3].

When a protein or nucleic acid sample is dissolved in
an alignment medium (pf1 phage, DMPC/DHPC, pur-
ple membrane, etc.), dipolar interactions between spins
are no longer averaged to zero. In a weakly aligned solu-
tion, this interaction is called the residual dipolar cou-
pling because it is only a factor of 10�3 compared to
its static value [4]. The amplitude and sign of the RDC
depends on the orientation of the vector connecting

the pair of spins relative to the alignment axis system
in a magnetic field. For this reason, the RDC is said
to contain orientation information about how a pair
of spins (atoms) are aligned in relation to a common ref-
erence system, i.e., the alignment tensor axis system, and
have been used for structure determination in various
ways since the late 1990s [5–8].

Since the RDC reflects the orientations of a spin pair,
it is rather intuitive and obvious in retrospect that the
repetitiveness and periodicity in regular protein and nu-
cleic acid secondary structures are closely correlated to
the amplitude and sign of the RDC. When they are plot-
ted vs. the residue number of a regular secondary struc-
ture, the RDCs show a periodical pattern (Fig. 1) [1–3].
The significance of this Dipolar wave should not be
underestimated. First, it provides a direct link between
regular secondary structure and RDC measurements,
as illustrated in Fig. 1. What is shown in Fig. 1 is not
only the periodic pattern of the Dipolar wave but also
a certain resemblance of the Dipolar wave to the struc-
ture itself if the molecule is aligned at particular angles
relative to the alignment tensor axis system. In other
words, the wave itself is indicative of the type of second-
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ary structure element. Second, the shape and amplitude
of the Dipolar waves depend on the orientation of the
structure elements in relation to the alignment axis sys-
tem [2]. When the RDC is explicitly written in terms of
the spin pair orientation in a molecular frame in rela-
tionship to the alignment tensor system, one can extract
the orientation information of spin pairs as well as that
of the secondary structure elements [2].

In the case of protein, the peptide backbone consists of
consecutive peptide planes. Within a peptide plane, there
are a number of spin pairs whose RDCs are experimen-
tally measurable. The orientation of inter-nuclear vectors
connecting these spin pairs within the plane is dictated by
the constraints of planarity of the peptide backbone and
its chemical bond angles. When the orientations of inter-
nuclear vectors within the plane are considered collec-
tively, the RDC can be expressed explicitly in terms of
the plane orientation (Eq. (4)). The plane orientation is
defined by its normal vector, plus a rotation around the
normal (Fig. 3) in spherical coordinates. The significance
of the interpretation of the RDC in terms of the planarity
as the intrinsic peptide backbone structural feature is
twofold. First, it eliminates numerous possible bond vec-
tor orientations that would otherwise satisfy RDC values
when RDCs are considered individually but significantly
deviate either from planarity or the chemical bond angles
of the peptide plane. Second, when considering the pep-
tide plane normal vectors these normals also exhibit peri-
odicity in regular secondary structure. Therefore, when
the RDC is expressed in terms of both planarity and peri-
odicity in an explicit analytical equation (Eq. (4)), RDCs
can be interpreted more directly in a ‘‘structural’’ way.

Using Eq. (4) one can extract orientation information
pertinent to both individual bond vectors and secondary
structure elements because the structure is determined
directly in the alignment tensor axis system using the
intrinsic constraints of periodicity and planarity (unpub-
lished result). This report gives a more detailed account
of the intricate relation between the RDC and periodic-

ity and planarity, and how this can be used to derive lo-
cal structural information of individual peptide plane
orientations in a global reference system. This approach
is distinct from the existing singular value decomposi-
tion (SVD) method [7] that relates the alignment tensor
to a known molecular structure (solving for the Saupe
matrix elements) without yielding new local structure
information. We should point out that relating bond
vectors within a peptide plane to solid state NMR mea-
surements has been considered previously [9–11]. In this
report we present a detailed account for a rigorous the-
oretical treatment of the correlation between the period-
icity, planarity, and RDC measurement.

2. Theory

2.1. Periodicity in the RDC

For structural elements of a known type, such as the
duplex in nucleic acids, or a protein a-helix or b-strand,
the RDC between nuclei A and B, DAB, can be expressed
in terms of the coordinate system most natural to the
structure. In this coordinate system, the orientation of
the secondary structure mean axis is defined by the
spherical angles (H,U) with respect to the alignment
frame, and an individual inter-nuclear vector is refer-
enced to this axis by use of spherical angles (di,qi).
The slant angle, di is the angle the inter-nuclear vector
AB makes with the structure axis, with qi the phase of
the inter-nuclear vector about this axis. For a structural
element with axis oriented along the principle alignment
axis Z, the inter-nuclear vector AB is hence given in the
usual spherical coordinate notation as

r̂AB;sec :str: ¼ ðsin dAB cos qAB; sin dAB sin qAB; cos dABÞ ð1Þ
with the inter-nuclear vector orientation for an arbitrary
alignment (H,U) given by r̂AB ¼ RzðUÞRyðHÞr̂AB;sec :str:.

By expressing the RDC equation using this coordi-
nate system, RDCs are seen to possess periodicity in
the azimuthal angle, qi whose amplitude is modulated
by coefficients dependent on H, U, and di [2]

DAB;i ¼ C1ðH;U; diÞ cos 2qi þ C2ðH;U; diÞ sin 2qi

þ C3ðH;U; diÞ cos qi þ C4ðH;U; diÞ sin qi

þ C5ðH;U; diÞ: ð2Þ

This equation is universally applicable to any period-
ical structural element. In it, qi = q1 + 2p(i � 1)/T is the
phase of the inter-nuclear vector AB in the ith residue,
which is related to the phase of the inter-nuclear vector
of the first residue, q1, and to the period, T (T � 11 res-
idues/turn for A-form T � 10 residues/turn for B-form
nucleic acids, and T � 3.6 residues/turn for an a-helix
and T � 2 residues/turn for a b-strand in a protein).
The coefficients Ck = Ck (H,U,di) are given in Table 1.

Fig. 1. The periodicity inherent in a duplex structure is strikingly
mirrored in the Dipolar Waves when a duplex is orientated at a
particular angle. In this case, the Dipolar wave from the ribose C1 0H1 0

for a B-form DNA duplex oriented at (H,U) = (40�, 90�) is shown.
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