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Abstract

Dipolar Waves describe the periodic variation in the magnitudes of dipolar couplings in the backbone of a protein as a function
of residue number. They provide a direct link between experimental measurements of dipolar couplings in aligned samples and the
periodicity inherent in regular secondary structure elements. It is possible to identify the residues in a helix and the type of helix,
deviations from ideality, and to orient the helices relative to an external axis in completely aligned samples and relative to each other
in a common frame in weakly aligned samples with Dipolar Waves. They provide a tool for accurately describing helices and a step

towards high throughput structure determination of proteins.
© 2003 Elsevier Science (USA). All rights reserved.

1. Introduction

Dipolar Waves describe the periodic variation in the
magnitudes of dipolar couplings in the backbone of a
protein as a function of residue number [1]. Unaveraged
and residual dipolar couplings are measured with NMR
experiments on completely and weakly aligned samples,
respectively. The sinusoidal oscillation of the 'H-°’N
dipolar couplings from backbone sites of the residues in
helices is a particularly clear-cut example of the mapping
of protein structure onto NMR spectral parameters by
the anisotropy of the nuclear spin interactions in aligned
samples [2]. The characteristic 3.6 residues per turn pe-
riodicity of a-helices results in Dipolar Waves with the
same period. The magnitudes and average values of the
dipolar couplings fit to a sinusoid with this period
characterize the absolute orientations of helices in the
laboratory frame in completely aligned samples, and the
relative orientations of helices in a common molecular
frame in weakly aligned samples. In this article we de-
scribe the basic properties of Dipolar Waves for 3j
helices and m helices, and provide a more detailed
analysis of the application of Dipolar Waves to a-helices
than in our initial reports [1,2]. Similar analyses are
feasible for B-sheet [3] as well as other types of periodic
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structures found in proteins, nucleic acids, or other
polymers.

Empirical correlations have been found between the
3.6 residues per turn periodicity of a-helices and mea-
surements in several other magnetic resonance experi-
ments. The site-directed spin labeling EPR experiments
developed by Hubbell and coworkers [4] have made use
of this periodicity to examine the structures of peptides
and proteins both in lipid environments and in solution
[5]. This periodicity has also been used to calibrate dis-
tances between spin-labels in peptides based on the 1.5 A
rise per turn of a-helices [6]. Studies of the '"H* NMR
resonances of residues in a-helices have demonstrated
that there are systematic chemical shift changes [7-10]
as well as periodicities in the secondary chemical shifts
[11-13]. All of these measurements have been used to
characterize the local structure and deformations of
helices, interpreting them as changes in the local envi-
ronment and distortions of hydrogen bonding geometry.
In contrast, Dipolar Waves enable the simultaneous
identification of the residues in a helix, type of helix, and
deviations from ideality based solely on the intrinsic
periodicity of the secondary structure. Moreover, this
can generally be accomplished with the results of one
experiment on a uniformly '"N-labeled sample with an
unmodified sequence obtained by expression in bacteria.

Along with the overall rotational correlation time and
the resonance assignment strategy, sample alignment is
an essential component in the design and implementation
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of NMR structural studies of proteins [2]. Samples can
generally be prepared with no, weak, or complete align-
ment of the protein molecules. In the past, the vast ma-
jority of NMR studies of proteins were performed on
isotropic samples without molecular alignment; however,
this situation has changed, and aligned samples are now
widely used in both solid-state NMR [14], as originally
demonstrated with single crystals of small molecules [15]
and uniaxially aligned polymer fibers [16], and in solution
NMR [18], where there is a long history of applications to
small molecules aligned in liquid crystals [17] and
through diamagnetic anisotropy [19]. Soluble proteins
can be weakly aligned in a variety of media for solution
NMR studies. Applications to membrane proteins in
bilayers are of particular interest [20], since the poly-
peptides are immobilized by their interactions with lipids
and can be completely aligned between glass plates to an
extent that rivals that of single crystals [21]. It is also
possible to weakly align membrane proteins in micelles
for solution NMR studies by the addition of lantha-
nide ions [22,23] or their incorporation into compressed
(or stretched) gels [24-26]. Applications of Dipolar
Waves to membrane proteins in weakly aligned mi-
celles and completely aligned bilayers will be described
separately.

2. Materials and methods

The template helices utilized in the spectral simula-
tions were generated using the Biopolymer module of
Insight IT (Accelrys, San Diego, CA) running on a Silicon
Graphics O, computer (Mountain View, CA) and ana-
lyzed using the program HELANAL [27]. Standard bond
lengths and angles [28] were used to build model a-helices
(@ = —65°, ¥ = —40°), n-helices (¢ = —57°, ¥ = —70°),
and 3jo-helices (¢ = —49°, ¥ = —26°) with their long
axes aligned with the screen z-axis. Torsion angles cor-
responding to a canonical curved helix were taken from
the model proposed by Zhou et al. [29], where the values
of the dihedral angles on one “hydrophobic” face of the
helix (®;,; = —59°, ¥; = —44°) differ from those on the
other “hydrophilic” face (&;1 = —66°, ¥; = —41°).
More highly curved helices were built with the values
(911 = —67°, ¥; = —44°) on one face and (P, | = —63°,
¥; = —40°) on the other. The magnitudes of heteronu-
clear dipolar couplings were simulated using the program
SIMSPEC [30], whose input consists of a PDB file con-
taining the three-dimensional coordinates of the tem-
plate, values for the magnitude of the axial component of
the alignment tensor (4,), thombicity (R), and rotations
to be applied about the x, y, and z axes. The output from
the program is a list of the orientation-dependent ' H-'N
heteronuclear dipolar couplings for each backbone
amide site in the protein using the screen x, y, and z cor-
dinate axes to define the alignment frame of reference.

The values of residual dipolar couplings (RDCs) are
calculated using Eq. (1):

_ Holymyn 20 § )
Drpc = o Aa{(3 cos“0—1)+ 2R sin” 0 cos 2q§},
(1)

where p, is the permittivity of free space; % is Planck’s
constant; y; and yy are the gyromagnetic ratios of 'H
and PN, respectively; and 0 and ¢ are the spherical
polar coordinates that describe the orientation of the
'H->N bond axis in the alignment frame. In these
calculations, r, the NH bond length is taken to be
1.04 A, which has been empirically observed to opti-
mize the fit to experimentally measured values. In the
special case of a sample that is completely uniaxially
aligned parallel to the direction of the applied magnetic
field (z), the magnitude of 4, is equal to 1 and R is
Zero.

All of the experimental datasets of '"H-'>’N RDCs
analyzed in this article were obtained from the BioMa-
gRes database (Madison, WI) [31]. The corresponding
structures of these proteins were obtained from the
Protein Databank (Research Collaboratory for Struc-
tural Bioinformatics, NJ, SD, MD) [32]. The proteins
were chosen because of their relatively high (53-70%)
helix content, and include: G-o Interacting Protein [33]
(MR1597 and PDB 1CMZ); Ribosomal Protein S4641
[34] (MR1292 and PDB 1C06); Rat apo-S100B [35]
(MR790 and PDB 1B4C); Phosphoryl Transfer Com-
plex Hpr [36] (MR7366 and PDB 3EZA); DnaB helicase
[37] (MR4297 and PDB 1JWE); and Human Barrier to
Autointegration Factor [38] (MR7116 and PDB 2EZX).
The coordinates for the average solution NMR structure
and the 1.40A resolution crystal structure of cyto-
chrome bs¢ were obtained from the PDB from accession
codes 1QPU [39] and 256B [40], respectively.

All of the plotting and fitting routines were imple-
mented in MATLAB Version 6 (MathWorks) in a LI-
NUX operating system on a PC-based computer. The
fitting of sinusoids to the experimental data is performed
in two ways using the standard unconstrained non-lin-
ear minimization procedure provided with MATLAB.
First, the amplitude and average value of the sinusoid
are fitted to the largest and smallest values of the dipolar
couplings measured for residues in a helix so that only
the phase of a sinusoid with a periodicity of 3.6 is a free
parameter. A second fitting algorithm, which allows
both the amplitude and average value of the sinusoid to
vary with both quadratic and linear terms (ax? + bx + ¢)
along the helix with the phase also fit to the data, results
in good fits to data from helices with curvature or other
deviations from ideal helix geometry. In this case, the
starting value in the fitting routine for the amplitude is
taken as the difference between the largest and smallest
values across the helix, and the average represents all
of these values. Because this involves the use of seven
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fitting parameters, this type of analysis is only mean-
ingful when the number of measurements for a helix
exceeds this number.

The residues in an individual helix are identified on
the basis of the periodicity of the oscillations of the di-
polar couplings of their amide N-H bonds. A sliding
window of four residues is applied to the entire se-
quence, and a score in calculated as the fit parameter for
the best-fitted ideal sinusoid with a periodicity of 3.6
residues per turn for each position in the polypeptide.
The score for the four-residue sliding window function is
assigned to the middle of the window so that the effect of
a deviation is centered at its position. In addition to the
fit to an ideal sinusoid, the absolute phase of the fit is
monitored to ensure that fits for consecutive windows
are consistent with a single sinusoid. Fitting of Eq. (2) to
the sinusoid yields average helix tilts, and is done with
values of D, (defined as the conglomerate of all the
physical constants in Eq. (1) for an amide '"H-'"N bond)
and R estimated using the powder-type histogram
method [41] and validated by comparison to the values
obtained using MODULE [42] with the average solution
NMR structure of the protein. In the calculations of
helix orientations, only 0.y, ¢,,, and p, are allowed to
vary from arbitrary starting values for both 0,, and ¢,,,
and 0° for p,, while the values for the magnitude and
rhombicity of the alignment tensor are held constant.
Hydrogen atoms were added to the amide sites in the
crystal structures and the orientations of the helices were
visualized using MOLMOL [43]. The orientations of the
helix axes are determined using the algorithm of Chris-
topher et al. [44] from coordinates that are rotated so

that the x, y, and z axes of the alignment tensor are
coincident with the screen X, y, and z axes.

3. Results and discussion

The simulation and fitting of dipolar couplings to
simple sinusoids relies on the periodicity inherent in the
structures of helices being mapped into the spectral
parameters measured in NMR experiments on aligned
samples. There is a unique mapping of structure to the
spectra, which enables spectra to be calculated from
structural models [30,45,46], and provide distinctive
spectral signatures of periodic secondary structures such
as helices and sheets, including PISA Wheels [47,48],
PISA Pies [49], and Dipolar Waves [1,2]. Indeed, the
frequency of the sine wave that fits the oscillations of the
dipolar couplings as a function of residue number is
diagnostic of the period for a single turn of each of the
three types of helices found in proteins [28]: 3.6 residues
per turn for a-helices, 3 residues per turn for 3¢ helices,
and 4.4 residues per turn for m-helices. Similarly, (-
sheets have repeats of between 2.0 residues and 2.3
residues [50], although in this case an analogous imple-
mentation is complicated by the difficulty in defining a
linear axis. The spectral simulations in Fig. 1 compare
the principal features of the mapping of the three types
of helical structures found in proteins onto the chemical
shift and heteronuclear dipolar coupling frequencies
measured with NMR experiments on aligned samples of
ISN-labeled proteins. The PISA Wheel plots of chemical
shift versus heteronuclear dipolar coupling in the left
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Fig. 1. Simulated data for idealized helices with their average axis of orientation tilted from the z-axis of the aligned frame by 17° for this solid-state
NMR data. The second column shows the simulated 'H-'"N PISEMA spectrum for each of these structures. PISA Wheels are shown for an (a) ideal
a-helix (b) ideal n-helix, and (c) ideal 3;(-helix. Dipolar Waves are plotted by showing only the dipolar coupling as a function of residue number in
(d), (e), and (f). The characteristic periodicity is seen as a splitting in the Fourier Transforms shown in (g), (h), and (i). Data for the dipolar couplings
was linear predicted by standard methods and the magnitude spectrum is presented.
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column (Figs. la—c) have characteristic “wheel-like”
patterns. The corresponding Dipolar Wave plots of di-
polar couplings as a function of residue number in the
middle column (Figs. 1d-f) exhibit sinusoidal oscilla-
tions. The data in the right column (Figs. 1g-i) show
that Fourier transformation of the Dipolar Waves gives
peaks that are separated by the reciprocal of the peri-
odicity from the center.

The periodicity defines the type of helix, therefore the
Dipolar Waves and their Fourier transforms are diag-
nostic for the type of helix in a protein, which can be
difficult to determine based on short-range distances or
other properties. For example, while the isotropic
chemical shift index (CSI) [51] discriminates between o-
helices and B-sheets, the *C* 13CP, 'HN, and NH
chemical shifts are sensitive to their local environment
and are context-dependent [52,53], and as a result are
not able to differentiate unambiguously among o, 7,
and 3j( helices. In contrast, because hydrogen bonding
and torsion angles are uniform along a helix, variations
in structure are expected to have minimal effects on
dipolar couplings [54,55]. As a result, the observation of
significant deviations from the periodicity associated
with one of the three types of helices is highly diagnostic
for residues at the ends of helices. Besides their char-
acteristic periods, Dipolar Waves have other features,
i.e., amplitudes and average values, that can be used to
determine the orientation of a helix in the relevant
frame of reference. Further, one side of the sinusoid
(manifested as 180° of phase) maps to one face of the a-
helix, enabling Dipolar Waves to characterize the ro-
tation (polarity) of the helix about its long axis in the
same frame.

Determining the average orientation of the helix axis
[Oay, ¢,,] in the alignment frame requires that the in-
fluence of the geometry of the helix on 0 and ¢ for each
N-H bond vector in the polypeptide backbone be taken
into account. As shown in Fig. 2a, this can be parame-
terized as a function of position along the helix in a
manner similar to that previously used to describe 2H
lineshapes in uniaxially oriented membrane proteins [56]
using Eq. (2):

Dny = Da{(3 cos’0 —1) + %R(l — cos* 0) cos2q§} (2)

with

cos 0 = cos 0,y cos 0 — sin b, sin dcos(p — p,)

and
. sin&sin(p—p0)>
¢=9¢ V1 —cos?6

where 0 = 15.8° is the angle between the N-H bonds
and the helix axis, and D, and R are the magnitude and
rhombicity, respectively, of the tensor that describes the
alignment of the protein within the order frame. The
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Fig. 2. The geometry of a a-helix determines the values of Onu, ¢ny as
a function of position (residue number) along the helix because the
individual NH bonds are distributed on a cone (a) along the helix axis.
0, and ¢,, give the average helix orientation with ¢ (= 15.8°) being
the angle between the individual HN bonds and this axis.
p (= 2mn/3.6) is the index of the position along the helix relative to p;.
(b) The position of a residue along the sinusoid determines the rotation
of a particular residue along that helix axis.

angles 0 and ¢ are given as a function of residue number
n (with p =2mn/3.6); 0, and ¢,, are the angles de-
scribing the orientation of the helix axis; and p, de-
scribes the rotation (polarity) of the helix in the
alignment frame [1]. Examination of this function indi-
cates that, for orientations away from that of the
alignment z-axis, this function is well approximated as a
simple sinusoidal function with a periodicity of 3.6. The
amplitude and average value of the sinusoid vary pre-
dictably with the tilt angle of the helix in this frame, as
illustrated in Fig. 3 for two different values of R. The
average value of the Dipolar Wave for an ideal a-helix
(Figs. 3a and c) has a functional dependence on 0,,, ¢,,
similar to that of a “virtual” N-H bond oriented along
the helix axis, and has been used as an approximate
index of helix orientation in proteins [57,58]. The am-
plitude of the Dipolar Wave has a more complicated
dependence on the orientation of the helix as shown in
Figs. 3b and d. The magnitudes of the oscillations are
orientation-dependent as well, with the smallest ampli-
tudes for orientations parallel to the alignment z-axis.
Because each period of a Dipolar Wave maps to one
face of the helix, the value of p — p, for a particular
residue is indicative of the pitch (rotation) of the indi-
vidual residue about the helix axis relative to the p,
position as defined in Fig. 2b.

In general, four symmetry-related orientations of a
molecular fragment within the order frame are consis-
tent with any single set of measurements. This ambiguity
is typically resolved by comparison of datasets obtained
from samples with two different order tensors [59,60].



292 M.F. Mesleh, S.J. Opella | Journal of Magnetic Resonance 163 (2003) 288-299

(a) (b) (c)
360 \ \
E:> 180 \ \
&£ \ \
0 \
0 90 1800 90 1800 90 180
0a.()
(d) (e) (f)
360 o =
&(% . -
= 180 o -
0 hd bt
0 90 1800 90 1800 90 180

0a()

Fig. 4. The expression in Eq. (2) is fitted to data simulated for a a-helix
tilted 0,y = 45°, ¢,, = 45° (a—) and 0,, = 85°, ¢,, = 45° (d—f). Sim-
ulations are performed for a rhombicity of 0 (a, b), 0.25 (b, e), and 0.60
(c, f). Fits are performed under the assumption that the values of the
magnitude and the rhombicity of the alignment are known.

Fig. 4 also shows that there are four orientations of a
helix axis consistent with a sinusoid of given average
value, amplitude, and phase. The polar angle 0,, is de-
termined more accurately than the azimuthal angle ¢,,,
although the accuracy of both determinations increases
with increasing rhombicity. Alignment with axial sym-
metry (R =~ 0) results in the well-known cone-like de-
generacies typically seen in the analysis of dipolar
coupling data. The approximate collinearity of N-H
bonds in a-helices makes it difficult to determine the
axial and rhombic components of the alignment tensor
using standard methods [59,61], especially for small or
highly helical proteins. In this situation the slight non-
collinearity is only consistent with a range of values for
D,. By dividing the values for the Dipolar Wave by the
average value across the sinusoid, it is possible to re-
move the dependence on the magnitude of the alignment
(D,); however, this does not remove the sensitivity to R
for higher rhombicity.

4. Kinks and curves in a-helices

Among the advantages of utilizing dipolar couplings
to determine molecular structures is that they are purely
geometrical in nature, and modest deviations from ide-
ality, as observed in actual protein structures, cause rel-
atively minor but analyzable excursions from the
sinusoidal patterns of oscillations in helices. The effects of
the most commonly observed deviations from ideal a-
helical geometry, classified as “kinks” and ‘“‘curvature”
[62], areillustrated in Fig. 5. The variations of the average
values and amplitudes of the sinusoids reflect the differ-
ences in torsion angles among individual residues in the
helix that result in overall changes in the orientations of
the helices. Although the effects of the deviations from
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Fig. 5. The effects of common deviations from ideality in o-helices are
illustrated. Proline-induced kinks on the order of 30° give a change in
amplitude and phase if the 0 angle is not strongly affected (a, f, and k),
and a large change of phase if this angle is little affected (b, g, and 1). In
both cases, the disruption of the Dipolar Wave results in a slight al-
teration of the phase of the sinusoid. A smooth curvature of radius
55A also affects the average value and amplitude of the sinusoid more
if the 6 angle is most changed by the curvature (c, h, and m). This
curvature has a more prominent affect if the 0 angle is most changed
for a large (SSA radius) or small (65 A radius) degrees of curvature (d,
i, and n) and (e, j, and o), respectively. Simulations are done with the
mean axis angle of the helix tilted at 17° for unaveraged dipolar cou-
plings and 45° for residual dipolar couplings relative to the z-axis of the
alignment frame. Simulations were done with rhombicity values of 0
and 0.35.

ideal a-helices are orientation-dependent, generally,
when the angle 6,, for the helix is most affected, the de-
viation from ideality is most evident. Significantly, the
characteristic periodicities of the helices are only slightly
affected by their orientations, which contributes to the
robustness of the periodicity as an indicator of the length
of a helix, regardless of whether it is straight, kinked, or
curved. The simulations in Figs. 5a and b show that for a
typical kink angle (~30°) the change in average value can
be substantial, depending on the value of 0,,. As a result,
slight changes in the phase of a fitted sinusoid are highly
diagnostic for the presence of a kink, although, for a
small subset of orientations, the change in average value
and amplitude can be minimal.

According to recent analyses, approximately 70% of
the a-helices in proteins are defined as smoothly curved,
with a mean radius of curvature around 65 A [63]. De-
viations in the fitted sinusoids due to curvature are most
obvious in cases where the angle 0,y is strongly affected
by the change in direction of the helix axis. Figs. 5¢ and
d shows that the pattern of 'H-'SN dipolar couplings as
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Fig. 3. The average value (a and c) and amplitude (b and d) of the
Dipolar Waves vary predictably with the orientation of the helix axis in
the oriented frame. Eq. (2) was numerically simulated as a function of
helix axis orientation. Rotation of the helix about its axis results in a
change of phase of the Dipolar Wave and does not affect the amplitude
or average value. Values of the dipolar coupling are normalized so that
the magnitude of the coupling would be obtained by multiplying these
surfaces by the magnitude of the alignment term D,. This is shown for
values of the rhombicity R of (a and b) 0.25 and (c and d) 0.60.

a function of residue number for an o-helix with radius
of curvature 65 A (average) is unaffected when the cur-
vature does not change the 0,, angle describing the av-
erage helix axis. And Fig. Se shows similar effects with
an increase in the curvature to a radius of 55A. In
contrast, the average value and amplitude are altered
substantially when the same curvature has the effect of
bending the helix axis towards the z-axis of the align-
ment frame. It is more probable, however, for a helix at
a given orientation, that the curvature will indeed
change the angle 0,, along the helix. Identification of the
faces of the helix on the inside and outside of the curve
can be made based on the residues that map to each 180°
of phase of the sinusoid. Variations in the amplitudes
and average values of dipolar couplings are sufficient to
describe the effects of curvature on the appearance of
Dipolar Waves.

5. Dipolar Waves in experimental data

The helical residues in a representative sample of
soluble proteins exhibit the characteristic 3.6 residue per
turn periodicity in the oscillations of their 'H-°N
RDCs, as shown in Fig. 6. Moreover, differences in the
orientations of helices within the same polypeptide are
clearly reflected in the differences of amplitude and av-
erage value of the corresponding Dipolar Waves. While
the periodicity of 3.6 residues per turn is evident upon

visual inspection in most cases, uncertainties can arise
when there are missing or incorrectly assigned
measurements. Indeed, an otherwise well-fit sinusoid is
an extremely useful way to detect incorrect resonance
assignments, since misassigned data points are typically
off the wave pattern defined by the other points. All of
the Dipolar Waves shown in the figure were fit auto-
matically using the four-residue sliding window func-
tion. The non-helical segments of the proteins are
equally obvious by inspection because of their lack of
periodicity.

It is straightforward to apply an algorithm that fits
the experimental data to a sinusoid with a specific pe-
riodicity, and then separately assesses the error associ-
ated with making this assumption. The average error per
measurement is given by Eq. (3), independent of any
estimate for the magnitude and rhombicity of the
alignment:

1
1= N XN: |Dobs - Didca1|- (3)

This can be used initially to identify those regions in a
polypeptide that have a structural feature with a pe-
riodicity of 3.6 residues. In this case Djg. can be
simply approximated as a function of residue number
(n) by [4sin(p — fy) + K] where 4 is the difference be-
tween the largest and smallest measurements in this
window, p as defined previously, and K is the average
value of the sinusoid in that window. A4, K, and f; are
floating parameters optimized using a standard non-
linear least squares fitting routine. We have found that
a window containing between four and six residues
(N =4-6) detects the intrinsic periodicity of the os-
cillations of the 'H-"N dipolar couplings with little
sensitivity to imperfections of the helices or errors in
the measurements. Typical y scores for a-helices fitted
in this way are significantly smaller than the experi-
mental error for most helices, while helices with sub-
stantial imperfections, non-idealities, or experimental
errors give values slightly larger than the experimental
error for each point. In contrast, non-helical regions
have values that are 5-10 times larger than the ex-
perimental error of the measurements. The plots in
Fig. 6 show that the residues identified as o-helical
based solely on periodicity are in excellent agreement
with findings based on the standard parameters of
NOEs, J-couplings, hydrogen bonds, and CSI. In all
cases, y is less than the experimental errors for the
datasets for all helices with four or more residues. The
inclusion of measurements from any residues with non-
helical conformations results in a large increase in the
score due to a perturbation in the characteristic peri-
odicity. While it is possible to occasionally satisfy an
ideal sinusoidal dependence for a given window of four
to six residues (e.g., four zeroes in a row), this rarely
occurs for consecutive windows. For this reason it is
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Fig. 6. Plots of experimentally measured 'H-'>N RDCs as a function of residue number. Best fitting sinusoids are superimposed on the experimental
data to demonstrate the periodicity. Experimental data was used in the determination of the structures for proteins (a) 1ICMZ [33], (b) 1C06 [34], (c)
1B4C [35], (d) 3EZA [36], (e) 1JWE [37], and (f) 2EZX [38]. Horizontal bars denote the positions of the a-helices according to the PDB classifications.
All helical regions score less than 0.4 Hz RMSD to the ideal sinusoid. Possible errors are denumerated by an asterisk based on significant deviations
from the sinusoid, inconsistent with their known helicity. In some cases this is mentioned in the restraint files deposited at BioMagRes.
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useful to examine not only the sinusoid itself but also
the absolute phases.

Because the deviation from ideality is sensitive to the
magnitude and rhombicity of the alignment tensor, a
more objective measure of the agreement between the
experimental data and this ideal sinusoidal dependence
is given by calculated values for Ry, [64] (ranging from 0
to 1, where O reflects perfect agreement and 1 reflects
lack of agreement).

Rdip\/5<(DObs *Dideal)2>. (4)

2D2(4 + 3R?)

For the magnitudes of alignment seen in these examples,
these errors correspond to values of Ry, between 5 and

15%. Remarkably, the fit of Dipolar Waves to dipolar
coupling datasets simulated from high-resolution
(RMSD < 2A) structures are on-average 5-10% higher.
This is most likely due to the high sensitivity of dipolar
couplings to small irregularities, or any ‘‘structural
noise” introduced by the structure calculation process
[65]. Generally, the inclusion of dipolar couplings in
structure calculation and refinement protocols improves
the geometry of helical regions, making them more ideal
[66,67]. Values for Ry, less than 25% typically provide
satisfactory fits to the experimental data. Based on
simulations of a large number of a-helices with devia-
tions from ideal geometry, we find that an Raip of 25%
corresponds to a backbone RMSD of 1.5A from an
ideal helix, and an Ry, of 10% corresponds to a back-
bone RMSD of 0.7A. The Ry, values for fits of sinu-
soids to experimental dipolar couplings indicate that
typical a-helices differ from ideal a-helices with RMSDs
less than 1.0 A.

In general, the values for Ry, can be reduced to less
than 5% for experimental datasets and less than 10% for
simulated datasets if the average value and amplitude of
the sinusoid are allowed to vary quadratically along the
helix. However, it can be difficult to interpret these
findings because the number of fitting parameters may
exceed the number of data points. As an example, re-
sidual dipolar couplings were simulated for the three-
dimensional structure of cytochrome bs¢,, a protein with
81 of its 106 residues in four a-helices using a typical
alignment magnitude (Figs. 7a and b). Because the
NMR structure [39] contains helices that are more dis-
torted than the X-ray diffraction structure [40] it is
useful to compare the datasets simulated for the same
alignment. In both cases, the helices can be clearly
identified based on their characteristic periodicity, as
shown in Figs. 7e and f. The values of Ry, for the fits of
these helices using an ideal sinusoid are larger than 25%
for the NMR structure and less than 25% for the 1.4 A
resolution crystal structure. Significantly, incorporating
amplitude and average value variations along the helices
reduces the values of Rgj, less than 25% for three of the

four helices in the NMR structure and less than 10% for
the crystal structure. This demonstrates that Dipolar
Waves are sensitive to the deformations and curvatures
of helices found in experimentally determined protein
structures, although such deviations are rare in high
quality structures, whether determined by NMR spec-
troscopy or X-ray crystallography. Even in this exam-
ple, the deviations may reflect the structure calculation
and refinement process rather than the protein structure
itself.

6. Determination of helix orientations

If the magnitude and rhombicity of the alignment
tensor (D, and R) can be determined reliably from
measurements of the 'H-'"’N RDCs, accurate determi-
nations of the orientations of these helices in the order
frame can be made. Using constant values for the
magnitude of this tensor, Eq. (2) can be fitted to the
sinusoid that describes the periodicity of oscillations of
the dipolar couplings. This results in best-fitted values of
Oav, Gy, and py; 0,y and ¢,, give the orientation of the
helix in the orientation frame and p, is used to deter-
mine the rotation of a residue relative to the helix axis.
As an example, Fig. 8 shows the overlap of a simple
sinusoid with the experimentally measured 'H-’N
RDC:s for two different helices taken from the examples
shown in Fig. 6. Not only is a simple sinusoid consistent
with the experimental measurements, but also Eq. (2)
can be fitted to the data to obtain the average tilt of the
helix in the alignment frame as well as p,, the absolute
rotation of the helix. The rotation of a particular residue
about the long axis of the helix can be determined from
the value of w, = (n x 360°)/3.6 — p, (in degrees) be-
cause p, is defined as shown in Fig. 2.

In practice, the fitting of Dipolar Waves yields four
possible solutions for the orientations of helices found in
proteins; but in cases where data for two different order
frames are available these ambiguities can be resolved,
yielding the actual relative orientations of the helices. As
an example, the structure of one of the subunits of
S100B [35] is shown in Fig. 9a along the axes of the
alignment tensor as determined by the program MOD-
ULE. For each helix there are four solutions consistent
with the experimental data as depicted in Figs. 9¢—f, for
each helix one of which is correct. If another dataset had
been available, the correct orientation could have been
selected and used to construct a model as shown in Fig.
9b. Fig. 10 shows that the 0,, and ¢,, angles for the
helices in all of these examples can be fitted to obtain the
actual angles of the helices in the oriented frame with a
correlation coefficient of 0.98 in both cases. The starting
values for the fitting algorithm are chosen so that the
convergence is in the proper quadrant. Nonetheless, the
average error in the determination of the angle 0,y is 4°
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Fig. 8. Experimentally measured values of the '"H-'>N RDCs for helix
number 2 in rat Apo-S100B28 and helix number 8 in DnaB helicase as
a function of residue number. The regions identified as helical from the
score can be correlated to both a simple sinusoid and the expression
given in Eq. (2) {dotted line} that gives the average tilt angles (6,y and
¢,,) and p, in the oriented frame. The ideal sinusoid most consistent
with these measurements overlays with a y of 0.3 Hz and this agrees
quite well with the best-fitted sinusoid obtained from Eq. (2). Values of
D, (R) were 7.75Hz (0.54) and 9.14Hz (0.25) for Apo-S100B and
DnaB helicase, respectively. (a) For helix 2 of Apo-S100B the fit gives
values of 145° for 0,, and 88° for ¢,,, po = —19°. From the position of
po. the rotation of residue Glu 31 can be determined to be rotated
w31 = (31 x 360°)/3.6 — (—19°) = 239° relative to p, as defined in Fig.
2. (b) For DnaB helicase helix 8, values for 0,, = 138° and ¢,, = 260°
are determined with p, = 124°. Residue Asp 123 is then rotated
w123 = (123 x 360°) — 124° = 296° as shown.

and the average error in ¢,, is 9°, consistent with the
fact that the ¢,, angle is less well determined. The
relative rotations of the helices are also correct to
within 4°.

7. Conclusions

The anisotropy of nuclear spin interactions results in
a mapping of protein structure onto the resonance fre-
quencies and splittings measured in NMR experiments
performed on aligned samples. Dipolar Waves [1], as an
extension of PISA Wheels [47,48], provide a straight-
forward example of mapping of the structural period-
icity of helices onto NMR data. In the case of Dipolar
Waves, the mapping takes the form of sinusoidal oscil-
lations of dipolar couplings as a function of residue
number. The analysis of the fitting of experimental data
fit to sinusoids provides a remarkable amount of struc-
tural information. Further, Dipolar Waves have the
advantage of providing a way to analyze the results
from solution NMR and solid-state NMR studies of
proteins in a consistent and directly comparable manner.
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Fig. 9. (a) The NMR structure of subunit 1 of Apo-S100B is shown
with the axes of the tensor that describes the alignment as determined
by MODULE. The four possible orientations consistent with the
measurements for each helix are shown in (c), (d), (g), and (f) with the
correct orientation colored red as shown in (b).
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Dipolar Waves have a particular role as a bridge
between some of the data obtained in the early stages of
NMR studies of proteins and the determination of the
complete three-dimensional structures. They have the
important advantage of being applicable to incomplete
data sets since it is possible to fit sinusoids to data with
some missing or misassigned values. Indeed, periodicity
is such a strict requirement that individual dipolar
couplings that do not fit to an otherwise well-fit sinusoid
are almost always misassigned, or measured incorrectly
due to overlap, broadening, or other experimental
problems.

As a first step in structure determination, the Di-
polar Wave analysis is especially valuable when the
protein is highly helical. Limitations exist for a small
subset of helix orientations where oscillations are not
observed. In these cases, the measurement of spectral
parameters associated with other interactions, such as
BC*IH* residual dipolar couplings and '*C chemical
shifts can be used to supplement the identification,
positioning, and removal of orientational ambiguity in
the calculations. Large numbers of missing measure-
ments complicate the analysis. This can result from
resonance overlap or the flexibility and dynamics in-
herent to some proteins, as can be seen, for example,
in the mitochondrial protein p8 [68]. In such cases,
short-range NOEs and the CSI may be used to sup-
plement the dipolar coupling measurements in a
manner that explicitly accounts for the dynamics of the
protein.

Dipolar Waves can be combined with more conven-
tional structure determination procedures in order to
make use of covalent geometry and standard energy
minimization protocols. One such approach, proposed
by Prestegard et al. [69], uses a pseudopotential for the
packing density of the helices in combination with short-
range NOE information to define the positions of the
o-helices. Dipolar Waves can be supplemented with
orientational information for regions in between these
secondary structure elements, as well as an experimental
determination of the contribution of local dynamics to
the measured couplings and shifts. This information, in
combination with the covalent geometry of the linker
regions, enables the distances between rigid subunits of a
protein to be estimated with moderate accuracy, re-
placing “intermolecular” distances. A strong potential
enables this information to serve as strong constraints
on the orientations of helices [70] in the structure of the
protein.

Dipolar Waves are particularly useful in cases where
higher levels of experimental data are difficult to obtain
because of sample limitations, which is frequently the
case for membrane proteins. Or, when speed is of the
essence in high throughput applications where the fold
of the protein can be determined from the relative
orientations and other properties of o-helices. More-

over, Dipolar Waves can provide a direct window on
conformational changes of proteins.
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