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Abstract

Residual dipolar couplings (RDC) between nuclear spins in partially aligned samples offer unique insights into
biomacromolecular structure and dynamics. To fully benefit from the RDC data, accurate knowledge of the
magnitude (D,) and rhombicity (R) of the molecular alignment tensor, A, is important. An extended histogram
method (EHM) is presented which extracts these parameters more effectively from dipolar coupling data. The
method exploits the correlated nature of RDCs for structural elements of planar geometry, such as the one-
bond 13C{—13Cf‘, 13C{—15Ni+1, and 15Ni+1—1H§r1 couplings in peptide bonds of proteins, or suitably chosen
combinations of ! DCVHI" 1 pC2HY "1 pCI'CY’ 2 nCYAY 2 nCIHY g 3 pHI'H coyplings in nucleic acids, to
generate an arbitrarily large number of synthetic RDCs. These synthetic couplings result in substantially improved
histograms and resulting values of D, and R, compared with histograms generated solely from the original sets of
correlated RDCs, particularly when the number of planar fragments for which couplings are available is small. An
alternative method, complementary to the EHM, is also described, which uses a systematic grid search procedure,
based on least-squares fitting of sets of correlated RDCs to structural elements of known geometry, and provides
an unambiguous lower limit for the degree of molecular alignment.

Introduction

In recent years, conventional NMR restraints involved
in biomolecular structure determination in solution,
e.g., NOEs and J couplings, have been supplemented
by taking advantage of the orientation-dependent 2"-
rank tensor nature of NMR interactions, in particular
the direct dipolar coupling (Gayathri et al., 1982; Tol-
man et al., 1995; Tjandra and Bax, 1997; Clore, 2000;
Prestegard et al., 2000; Brunner, 2001; de Alba and
Tjandra, 2002; Bax, 2003; Tugarinov and Kay, 2003)
and, thus far to a lesser extent, chemical shift inter-
actions (Cornilescu et al., 1998; Choy et al., 2001;
Lipsitz and Tjandra, 2001; Wu et al., 2001). The in-
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formation contained in these rank-2 tensor interactions
can be accessed by introducing a small degree of order
to the environment occupied by the biomolecules of
interest, most commonly by means of a dilute liquid
crystalline medium (Bax and Tjandra, 1997; Clore
et al., 1998c; Hansen et al., 1998; Ruckert and Otting,
2000) or an anisotropically stretched or compressed
hydrogel (Tycko et al., 2000; Sass et al., 2000; Chou
et al.,, 2001). In some cases, the intrinsic magnetic
susceptibility of the molecules themselves is sufficient
to induce ordering in a magnetic field (Gayathri et al.,
1982; Kung et al., 1995; Tolman et al., 1995; Bothner-
By, 1996; Tjandra et al., 1997). The small degree
of order introduced to the orientational distribution of
the biomolecules, described by a molecular alignment
tensor, A, causes anisotropic NMR interactions to no
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longer be averaged to their isotropic values. In such
samples, small residual dipolar couplings (RDCs) may
be observed for proximate pairs of nuclear spins. Over
the past few years, RDCs have served as important
NMR constraints in biomolecules, such as proteins
and nucleic acids, in part due to their ability to provide
unique global as well as local structural information
(Clore, 2000; Skrynnikov et al., 2000; Al-Hashimi
et al., 2003; Lukin et al., 2003).

To take advantage of RDCs in the study of bio-
molecular structure, knowledge of the magnitude and
orientation of the A tensor with respect to the mo-
lecule is advantageous, although optimization of the
magnitude and orientation of A during the simulated
annealing process is also possible (Clore et al., 1998b;
Meiler et al., 2000; Sass et al., 2001). For cases where
the structure is known, a singular-value decomposition
(SVD) approach may be used, which fits the observed
RDCs to the known structure (Losonczi et al., 1999;
Sass et al.,, 1999); however, reliable functioning of
this procedure in the presence of small structural un-
certainties requires the number of RDCs to be much
larger than five (Zweckstetter and Bax, 2002). In cases
where information on the full structure of a molecule
is not available prior to beginning an NMR investig-
ation, but experimentally observed one-bond RDCs
are abundant, examination of a histogram of such
normalized residual dipolar couplings is a common
method for estimating the magnitude and rhombi-
city of the molecular alignment tensor (Clore et al.,
1998a). The accuracy of the histogram method im-
proves with the number of RDCs available, and more
importantly, with the extent to which the measured
couplings reflect an isotropic distribution of bond vec-
tors (Fushman et al., 2000). However, if relatively few
RDCs are observed and the structure is unknown, the
SVD method is inapplicable and the histogram method
tends to function poorly. An alternative, maximum
likelihood procedure can yield a modest improvement
in accuracy of the alignment tensor value (Warren
and Moore, 2001), but as with the regular histogram
method, it does not take advantage of correlations
between relative vector orientations in local elements
of known structure.

We present here a straightforward and easily
implemented improvement to the regular histogram
method, which exploits the fact that within elements
of known structure, such as a planar peptide bond,
the relative orientations of the one-bond interactions
are known. Conceptually, this approach to analysis
of planar fragments is related to previous work by

Mueller et al. (2000) and by Zidek et al. (2003).
Application of our method generates a continuous dis-
tribution of synthetic dipolar couplings (SDCs) in a
given plane. Inclusion of these SDCs in the histogram
greatly increases the extent to which the distribution
of couplings reflects an isotropic distribution of bond
vectors. The extended histogram method (EHM) is
designed to work on the basis of very few experi-
mentally obtained RDCs, and takes advantage of the
symmetry of the dipolar coupling tensor as well as the
fact that RDCs for coplanar 13C?-13C{, 13C{—15Ni+1,
and 15Ni-lH§r1 spin pairs along the protein backbone
are correlated. The EHM is supplemented with a least-
squares grid search procedure, which provides a visual
representation of the total space of allowed solutions
associated with a given small set of RDCs. The meth-
ods are also demonstrated for RDCs observed in RNA,
where triangular fragments corresponding to, for ex-
ample, ! DCVHI' 2 pCUR2 34 3 pHITH2' o 1 pCI'CY
may be used as planar fragments.

Theoretical section

The direct dipolar coupling interaction for a pair of
nuclei A and B is quantified by the dipolar coupling
constant,
—Woh
D% = =5 (). (M
where Lo is the permeability of free space, ya and yp
are the magnetogyric ratios of the coupled nuclei, and

<r;§) is the motionally-averaged inverse cube of the

internuclear distance.

In its principal axis system (PAS), the magnitude
of the molecular alignment tensor may be described
by its three principal components, |[Azz| > |Ayy| >
| Axx/|, or alternatively by the derived parameters A, =
(3Azz/2) and A; = Axx — Ayy. The dependence of
the value of an RDC on the orientation of the dipolar
vector with respect to the molecular alignment tensor
is described by:

DAB(G, d)):Dﬁ\B [(3 cosZ 0 — 1)+§R sin?  cos 2¢:|,

g @
where DAB = A,DAB /2 and R = A,/A,. Here,
0 and ¢ are the polar angles that describe the ori-
entation of the internuclear vector in the PAS of A.
Note that experimental measurements of RDCs con-
tain unavoidable noise, as well as small effects due
to motional averaging (Case, 1999) and anisotropic J

coupling (Bryce and Wasylishen, 2003), which are not
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Figure 1. Graphical depiction of standard geometries and the
method used for generating synthetic dipolar couplings within the
peptide plane. Standard geometries of (a) the peptide bond frag-
ment and (b) the RNA ribose H}-C|-C}-H, fragment. (c) The
dipolar couplings for all directions within a given trans-peptide
plane are completely defined by knowledge of the three measur-
able couplings, ! DNH at 0°, 1 DCC a1 56.76°, and ! DNC at 120°

; 15 IgN 13 13 13 15 :
co?respondlng to PNjy - Hi cy- .C.{,and Ci-""Nj4 1 spin
pairs. The arrows represent directions within the plane and not the

magnitude of the residual dipolar coupling. (d) Periodic nature of the
value of the normalized residual dipolar coupling within the peptide
plane, for a set of sample data. On the basis of the three data points
corresponding to actual bond vector orientations within the peptide
plane, synthetic residual dipolar couplings may be generated for
every orientation within the plane.

present in simulated data based solely on Equations 1
and 2.

In the following discussion, the peptide plane is
used as an example of a planar fragment of known
fixed geometry (Figure la). However, as will be
demonstrated, the methods described are completely
general for any planar fragment of known geometry.
The RDCs observed for different types of one-bond
interactions are often normalized to the ! DNH inter-
action by removing the dependence of the dipolar
couplings on bond length and on the magnetogyric
ratios of the coupled nuclei (cf. Equation 1). Thus the
one bond 3C-13C couplings are scaled by a factor of
—5.05 and the one bond '3C-!°N couplings are scaled
by a factor of 8.33, relative to ' DNH (Cornilescu and
Bax, 2000). All protein RDCs in this paper have been
normalized in this manner.

If the peptide bond is approximated as being per-
fectly planar, a reasonable assumption on the basis of
X-ray (MacArthur and Thornton, 1996) and NMR data
(Hu and Bax, 1997; Ulmer et al., 2003), the RDC val-
ues for the 13C?‘-13C{, 13C{-15Ni+1, and 15Ni+1-1H§r1
spin pairs are correlated. This is most easily seen by
considering the behavior of such a normalized resid-

275

ual dipolar coupling as a function of its orientation
within the plane (Figure 1c). The different orienta-
tions are related to one another by rotation about an
axis perpendicular to the peptide plane. The value
of the RDC under such conditions may be modelled
by applying existing equations which describe the
frequency-dependence due to a general orientation-
dependent interaction W of a given nucleus in a single
crystal rotation experiment where the angle between
By and the rotation axis is 90 degrees (Griffin et al.,
1972):

W, (€) = Co+ Ca cos 2¢ + Sy sin 2¢. 3)

Here, ¢ is the rotation angle. Detailed expressions for
the coefficients Cp, C», and S>, which define the re-
lative orientation of the interaction tensor, By, and
the rotation axis, may be found in Mehring (1983).
Trigonometric rearrangement of this equation, fol-
lowed by a recasting in the symbolism pertinent to
the description of the RDC within the alignment tensor
gives:

D*B(¢) = DB Azz{g0 + g2 cos 2@+ )}, (4

where the rotation axis is defined to be perpendicu-
lar to the dipolar vector. This result follows closely
from equations describing the periodic dependence of
the chemical shift frequency under magic-angle spin-
ning conditions (Andrew and Wynn, 1966; Maricq
and Waugh, 1979; Olejniczak et al., 1984). The re-
lation between go, g2, V2, and the coefficients Cq, C>
and S> of Equation 3 follows from straightforward
trigonometry (Olejniczak et al., 1984).

The periodic behavior of the residual dipolar coup-
ling within a peptide plane is therefore completely
described by eq 4. For the coplanar 13C§"-13C{, B¢;-
I5Ni41, and 15Ni+1-1H§r1 spin pairs, the normalized
values of DN (¢), DCC(¢) and DNC(¢) are described
by:

DN () =DNE A7z (g0 + g2 cos 2+ U2)},  (5)
D C()=DN Azz {g0 + g2 cos 2(¢ + Va+b1)}, (6)
DNC(0)=DNH Azz (g0 + g2 cos 2(¢ + Vo +d2)}, (7)

where the angle ¢; is that between the SNj,i-
IHEA and '3C%-13C/ bond vectors, and ¢, represents

the angle between the 15Ni+1-1Hﬂ1 and 3C/-15Nj
bond vectors. On the basis of standard chemical bond-
ing arguments, the ¢ and ¢, angles are approximately
60 and 120°, respectively, in trans peptide bonds. The

Ci/‘NiJrl‘H}\-IH angle is fixed in molecular modeling
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programs such that the nitrogen-proton bond vector
lies in the peptide plane and bisects the Ci’-NiJrl-Cf‘Jrl
angle. Recent work has shown this latter assumption
to be a reasonable approximation: in-plane deviations
of the N-H vector from this idealized geometry tend to
be less than 2°, and out of peptide plane orientations
have rms values smaller than 5° (Ulmer et al., 2003).
Thus, a suitable optimal value of the angle ¢, is 120°,
with a standard deviation of 1.8°. The high-resolution
0.78-A X-ray crystal structure of subtilisin (Kuhn et
al., 1998) provides a good measure of the average C;'-
C{-Ni;1 angle in proteins (116.76°) and its standard
deviation (1.6°). Thus a suitable optimal value of ¢ is
56.76°.

To solve the set of Equations 5-7 at ¢ = O,
the following expressions may be obtained by taking
appropriate differences between Equations 5-7, and

rearranging to eliminate DNH A7z g0:

NH DT — DT

DiaxAzz82 = ’ i
max A7z82 cos(2y2) — cos2(Y2 + ¢1) ®
NH pe - ™

DY Azz8) = @
max AZ282 = o) —cos2(a + 4

DNC _ DNH
DR Azzg) = 1o

cos 2(P2 + ¢2) — cos(2p)
Combining pairs of equations 11-13 and rearranging
to eliminate DggAzzgz gives,

__cos 2yp(cos 2¢1—cos 2¢p)—sin 24y (sin 2¢1—sin 2¢7)
2= cos 2yrp—cos 21 cos 2¢p+sin 2y sin 2¢o

Y

c0s 211y cos 2¢o—cos 2y —sin 21, sin 2¢o

23= c0s 215 (cos 2| —cos 2dp ) —sin 2o (sin 21 —sin 2¢)
12)
cos 2(Ya+¢2) —cos 24p
q3,1= (13)

" cos 2 —cos 2(Ya+dp)

where qio= (DCC—DNC)/(DNH—DCC), Gr3= (DNC_
DNT/(DEC — D), and g3,1 = (DN — DNT)(DNH —
DCC. We may then solve for s, in terms of the other
variables, which are all known. From Equation 11,

Yo = :l:%{ arccos

+ (g1 ,2) sin2¢—sin 2¢p -
/(a1 ,2) sin 2601sin 202)2H(g1,2) cos 26 Hc0s 202441 2)?

)
An analogous solution may be obtained from Equa-
tion 12:

Yy = i% { arccos

li 2.3 5in 201 ~(H4,3) sin 24 ] H}_
\/wz,g sin 21 —(Hqy, 3) sin 207)2Hqy 3 cos 201~(Haa,3) cos 20,+)2

(15)
Equation 13, while tractable, yields a solution via
Mathematica software that is several pages long; this
solution is not required and is thus not used.

The value of DN Az7¢> may now be determined
from Equations 8-10, and subsequently the value of
DM Az760 may be determined from Equations 5-7.
Note that DE?XAZZgo represents the average coupling
within the plane. The desired value of {r; is identified
from the multiple solutions provided by equations 14
and 15 by ensuring the self-consistency of the three
values of DN Az7¢0 which are determined from the
procedure, and by ensuring that the original dipolar
coupling data may be generated from the solution. It is
then possible to generate a quasi-continuous distribu-
tion of synthetic dipolar couplings (SDC) correspond-
ing to every direction in the peptide plane (Figure 1c),
by repeatedly solving Equation 4 for arbitrarily small
increments in ¢. Note, for example in Figure 1d, that
the value of the normalized RDC at ~27° significantly
exceeds the values for ! DNH and ! DCC,

From the average value of the dipolar coupling
within a given peptide plane, the value of the di-
polar coupling along the direction perpendicular to
this plane (D) may be obtained by making use of
the symmetry of the dipolar coupling tensor:

Dt = —2DN A7 4. (16)

Similarly, every coupling generated within a given
plane is also the perpendicular coupling to another
plane. A further number of synthetic dipolar couplings
may thus be produced by dividing each generated di-
polar coupling within the plane by —2. The method de-
scribed above represents an efficient means to greatly
increase the number of couplings that may be added to
a histogram, and concomitantly the number of direc-
tions in space that are sampled, relative to the available
experimental data.

Some further insights into the information con-
tained in Equations 4-7 are revealed by considering
the much-simplified case where ¢; = 60° and ¢ =
120°. Consider the sum of Equations 5, 6, and 7, while
substituting ¥ = o + ¢:

DNH  DCC 4+ DNC = 3DNE Azzg0+

DY Azz5 {cos 2(W) + cos2( + F)+ (17

cos 2(Ys + %“)}.



Simple trigonometry indicates that the term in curly

brackets is exactly zero and therefore

DNH 4 DCC 4 DNC
3

Thus, to a first approximation, the average coupling

within a given peptide plane is simply the average of

the normalized 13Cf‘-13Ci’, 13C{—15Ni+1, and PNiy -

1N
HiJrl RDCs.

= DNk Azz80. (18)

Experimental section

Selection of planar RNA fragments

For application of EHM to RDCs within the H-
C|-C;-H), fragment of C}-endo ribose sugars in the
helical stem region of a 24-nucleotide hairpin RNA,
an ideal H}-C}-C},-H/, fragment was builz using a typ-
ical carbon-carbon bond length of 1.536 A (PDB entry
1QCU) (Klosterman et al., 1999), one-bond carbon-
proton distances of 1.097 A, tetrahedral H}-C|-C}
and C}-C}-H, angles, and a H/-C}-C}-H) dihedral
angle of 90° (see Figure 1b). The fragment was di-
vided into two planes: one containing C, H}, and H,
(Plane 1) and the other containing C,, H/, and H)
(Plane 2). For Plane 1, 2DCH2" was taken to lie at
zero degrees, 3pHIHY 4 b1 = 28.6°, and I pCIHY
at ¢ = 70.5°. For Plane 2, 2pC2HY yag taken to
lie at zero degrees, 3 pHI'HY 5 ¢1 = 28.6°, and
IpCYRY o b2 = 70.5°. These RDCs were normal-
ized with respect to the one-bond '3C-'H couplings
and thus were multiplied by the following factors:
3.707 G DHIHYY). 7 614 2 DCIHY gpg 2pC2HI") A
I pCI'HI" 1 pCYHY 2 pC2HI' 2 [CIUHY onq 3 pHI'HY
couplings are derived from a single 3D NMR experi-
ment (O’Neil-Cabello et al., submitted). Alternatively,
Iperey couplings, normalized by multiplication by
10.826, were also used instead of 3DH1/H2/, i.e., using
the H}-C}-C}, and C}-C}-H), planes.

Generation of simulated and extended histogram data

Simulated one-bond 3C’-13Ce, 1B3C/-I5N, and PN-
'HN RDCs have been generated on the basis of the
known structures of ubiquitin (Vijay-Kumar et al.,
1987) and GB3 (Derrick and Wigley, 1994) using the
program DC, available as part of the NMRPipe soft-
ware package (Delaglio et al., 1995). Experimental
RDCs have been taken from the study of Ulmer et al.
(2003) for GB3, and from Ottiger and Bax (1998) for
ubiquitin.
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The generation of SDCs from correlated sets of
RDCs has been implemented in a QBASIC program
which runs on a PC, and also in a spreadsheet in
Corel Quattro Pro or MS Excel format. The cosine
curves that are generated to fit the input data have been
sampled at increments of one degree to generate the
extended histogram data presented below. In all cases,
the experimental or simulated RDCs for 13C§*-13C{,
13C{-15Ni+1, and 15Ni+1-1H§r1 spin pairs have been
used as the original correlated data sets, and angles
¢1 and ¢ of 56.76 and 120.0° have been assumed.
Note, however that the program allows the use of ar-
bitrary values of ¢ and ¢ for each independent set of
correlated couplings.

Extracting alignment parameters from histograms

In the absence of a well-defined Dxx component, the
values of D, and R are extracted from histograms by
making use of the zero trace of A. The value of D, is
then equal to one-half of D7z, while R is given by:

2 Dyy
SN

and | Dzz| x |Dyy| > |Dxxl|.

Fitting of some histogram data has been carried
out using the CSOLIDS data format and the chemical
shift anisotropy module of the WSOLIDS1 software
package (Eichele and Wasylishen, 2001) running un-
der Windows XP on a PC. This software incorporates
the space-tiling POWDER algorithm for the efficient
generation of powder patterns (Alderman et al., 1986).

Systematic grid search procedure

An independent, complementary approach for evalu-
ating the allowed range of molecular alignment tensor
values for cases where few sets of correlated coplanar
couplings are available, is to carry out a system-
atic grid search separately for each set. In this case,
for each set of coplanar 13C%-13C/, 13C[-1°Nj,, and
BN 1-1H§rl couplings, an iterative least squares fit
of these couplings to a fixed four-atom peptide back-
bone fragment is carried out for a grid of D, and R
values, with the orientation of A allowed to vary for
each fit. Multiple initial orientations of A are em-
ployed to ensure that the minimization reaches the
global minimum. For an experimental error, ¢, the
resulting two-dimensional x2 surface, with xz < g2
defines the allowed range for D, and R. This proced-
ure is then repeated for all sets of correlated couplings,
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and the resulting ¥ surfaces are combined by gener-
ating a ‘projection’ (D,, R) plot, where ¥ ? is assigned
the highest value of any of the individual maps for
each D,, R combination. The combined, normalized
grid search results are displayed as a contour plot,
showing the allowed values of D, and R, i.e., those
which in the absence of knowledge of the structure
cannot be excluded. This grid search procedure has
been implemented in the tcl scripting language, us-
ing subroutines of the DC and NMRPipe programs
(Delaglio et al., 1995).

Results and discussion

The utility of the EHM and grid search methods will
be demonstrated first using data which have been sim-
ulated on the basis of a known protein structure, i.e.,
in the absence of structural and measurement noise,
and subsequently using experimental data. An applic-
ation to alignment tensor determination in RNA is also
presented.

Application to limited simulated data

Figure 2 illustrates the ability of EHM to fill in a his-
togram plot and extend its edges, on the basis of very
few correlated RDCs. The histogram in Figure 2a cor-
responds to four sets of three correlated ! DNH, 1 pCC
and ! DNC RDCs, simulated for the peptide bonds con-
necting residues 24-28 (a-helix) of ubiquitin, using
D, = 10.0 Hz and R = 0.485 and an orientation
of A which is related to the X-ray coordinate axis
system by the Euler angles 19°, —28°, —56°, taken
from the fit of previously reported dipolar couplings,
measured in a charged liquid crystalline bicelle solu-
tion, to the X-ray structure (Ottiger and Bax, 1998).
After generation of all couplings within these peptide
planes at an increment of one degree, and also those
perpendicular to these planes, the histogram shown
in Figure 2b is obtained. The fact that essentially an
infinite number of dipolar couplings may be gener-
ated, depending on how fine an increment is used in
their generation, means that the histograms may also
be divided much more finely than is customary. In the
absence of noise, this provides very sharp edges for the
histogram. In particular, it is interesting to note that in
the example shown, the coupling perpendicular to one
of the peptide planes provides the extreme value, Dyy.
On the basis of the extremes of the generated data, D,
is determined to be 10.17 Hz with R = 0.44, in good

agreement with the input values used to generate the
12 RDCs.

Figures 2c,d show analogous plots for data cor-
responding to residues 41-45 (B-strand) of ubiquitin.
From the EHM, we find D, = 9.59 Hz and R = 0.47,
again in very good agreement with the target values.
The fact that datasets taken from different regions
along the protein backbone yield reliable histograms
may be employed to estimate local alignment tensors
without recourse to a structure (vide infra).

Histograms for the protein GB3 are shown in
Figures 2e, f, with the simulated data in part 2e cor-
responding to residues 26-30, with target values of
D, = 10.0 Hz and R = 0.10. From the extrema of
the generated histogram (Figure 2f), D, is determined
to be 9.95 Hz, and R = 0.11, in excellent agreement
with the input values. Although the shape of the histo-
grams generated from as few as nine or twelve RDCs
does not reflect an ideal powder pattern, approximate
values of the rhombicity are often clearly visible in
the powder pattern (compare, for example Figure 2b
(relatively high rhombicity) with 2f (relatively low
rhombicity)).

The effects of measurement noise on the derived
magnitude of the alignment tensor are investigated by
adding random Gaussian noise to the original sim-
ulated datasets used for the o-helical and B-strand
regions of ubiquitin (Figures 2a, c) (0.5 Hz RMS noise
for LDNH: 0.2 Hz for the values of ! DNC and 1 DCC
prior to normalization). Ten noise-corrupted data sets,
with target values of D, = 10.0 Hz and R = 0.485,
were generated in this way, and EHM was applied to
each set. For residues 24-28, the mean value of D,
found in this manner is 10.13 Hz with a standard de-
viation (o) of 0.35 Hz, while the mean value of R is
found to be 0.47 with o = 0.03. Comparable results
were also obtained for the B-strand region (41-45):
the mean value of D, is found to be 9.86 Hz with
o = 0.48 Hz; the mean value of R = 0.52 with
o = 0.07 (see Supporting Information).

Further results based on SDCs generated from nine
or twelve data points are given in Table 1. In particular,
for ubiquitin, a systematic study has been carried out
investigating the accuracy of the results obtained based
on just four sets of three correlated ' DNH, 1 DCC | and
I DNC dipolar couplings for selected a-helical and p-
strand regions. The target value of R has been varied
while keeping D, fixed. The results indicate very good
agreement between the D, and R input parameters and
values extracted from the EHM, both for the a-helical
and B-strand regions, and for all values of R. In these
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Figure 2. Extended residual dipolar coupling histograms, demonstrating the effect of adding synthetic dipolar couplings. (a) Simulated I pNH
IpCC and ! DNC RDC data for ubiquitin (D, = 10.0 Hz; R = 0.485), taken from only four peptide planes (4 x 3 values), for the peptide
planes connecting residues 24-28 (a-helix). (b) Resulting histogram after generating a full set of couplings within the peptide plane. From the
extrema of the generated histogram, denoted by vertical dotted lines, D, is determined to be 10.17 Hz and R = 0.44. (c) Same as (a), except
data are for the peptide planes connecting residues 41—45 (B-strand). (d) The corresponding extended histogram, which yields D, = 9.59 Hz
and R = 0.47. (e) Simulated 1 pNH IDCC, and ! DNC RDC data for GB3 (Da = 10.0 Hz; R = 0.10), taken from only four peptide planes
(4 x 3 values), for residues 26-30. (f) Resulting histogram after generating all couplings within the peptide plane. From the extrema of the
generated histogram, denoted by vertical dotted lines, Dj is determined to be 9.95 Hz and R = 0.11. For (b), (d), and (f), solid black rectangles
represent couplings perpendicular to the peptide planes, added to the histogram with an arbitrary count. Asterisks represent the true principal
components of the alignment tensor.

Table 1. Values of D, and R extracted from data simulated for partially
aligned ubiquitin obtained using EHM

Couplings used®P D, (EHM)/Hz® True R R (EHM)
4 x 3(24-28; a-helix)  10.19 0.00 0.01
10.19 0.10 0.10
10.18 0.20 0.19
10.18 0.30 0.28
10.17 0.40 0.37
10.16 0.50 0.46
10.16 0.66 0.61
10.13 (0.35)4 0.485  0.468 (0.028)4
4 x 3 (41-45; B-strand)  9.58 0.00 0.03
9.55 0.10 0.08
9.56 0.20 0.18
9.56 0.30 0.29
9.58 0.40 0.39
9.59 0.50 0.49
9.62 0.66 0.65
9.86 (0.48)d 0.485  0.520 (0.068)4

2The notation ‘4 x 3’ indicates that four sets of correlated RDCs, each con-
sisting of IpNH 1 pCC ang 1 pNC (simulated data) have been used as the
basis for generating the synthetic dipolar couplings.

bEuler angles relating the PAS of the molecular alignment tensor and the
atomic coordinate axis system: 18.7°, —28.0°, —55.6°.

CTarget value Dy = 10.0 Hz.

dMean values with standard deviation in parentheses, determined from EHM
on ten noise-corrupted datasets (0.5 Hz (1 DNH) and 0.2 Hz (1 DCC, 1DNC)).
See Supporting Information.



280

cases, the value of R is always reproduced to < 0.1,
comparable to the degree of accuracy obtained from
histogram plots of much larger RDC data sets (Clore
et al., 1998a). The simulations summarized in Table 1
also indicate that usually the value of D, is reproduced
for both a-helical and B-strand regions to better than
+5%.

For 55 randomly chosen non-sequential sets of
four peptide bond fragments from ubiquitin (12 RDCs
per set; Pro residues excluded), the EHM was found to
provide a reliable value of D, in approximately 80%
of the cases, while in the remaining 20% the edges
are not properly sampled. Among the 80% of reliable
cases, the mean value of D, was found to be 9.61 Hz,
with 0 = 0.36 Hz and the mean value of R was found
to be 0.486, with o = 0.090. Clearly, the percentage of
successful predictions by EHM increases when more
than just 12 RDCs are used. As shown below, use of
the grid search method typically identifies cases where
the alignment magnitude is underestimated.

Application to experimental data from secondary
structure elements of ubiquitin

Presented in Table 2 are the results of applying the
EHM to experimental RDC data measured for ubi-
quitin dissolved in an uncharged liquid crystalline
bicelle solution (Ottiger and Bax, 1998). Specifically,
sets of RDC data for peptide planes corresponding to
the a-helix (7 sets) and to the B-strands (15 sets) of
ubiquitin have been treated separately by the EHM.
All results obtained for D, and R are in good agree-
ment with the values obtained by an SVD fit of
all available experimental RDCs to the X-ray struc-
ture (Vijay-Kumar et al., 1987), —9.26 Hz and 0.16,
respectively.

Recently, RDC data have been interpreted
as indicative of motion of ubiquitin’s a-helix on a
time scale slower than the rotational correlation time
(Meiler et al., 2003). Such motion would result in a
marked decrease in the apparent degree of alignment
of the a-helix relative to the f-sheet. Our EHM res-
ults provide model-free, independent measurements
of alignment in a-helical and B-strand regions of ubi-
quitin. Remarkably, as can be seen from Table 2, the
strongest alignment is obtained for the a-helix (D, =
—9.20 Hz), even when the largest normalized coupling
observed in the helix (! DNC for residues 24-25) is ex-
cluded from our analysis. The value obtained from all
B-strand data, —9.03 Hz, while smaller in magnitude,
is certainly within experimental error of the value ob-

1 DNH

40
304 (b)
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Figure 3. Histograms of residual dipolar coupling data for GB3,
measured in a positively charged stretched polyacrylamide gel.
(a) Experimental values of IDNH, IDCC, and ' DNC are for the
peptide planes connecting residues 26-30 (4 x 3 couplings). (b) His-
togram obtained after generating all synthetic dipolar couplings
defined by the four planes; black data points represent couplings
perpendicular to the peptide planes, added to the histogram with
an arbitrary count. Vertical dotted lines denote the extrema of the
generated histogram, which are well beyond the range defined in
part (a). SVD fit to all experimental data (183 couplings; Ulmer
et al.,, 2003), using available structural data, provides values of
D, = 10.23 Hz and R = 0.66. Asterisks represent the principal
components of the alignment tensor obtained from the SVD fit. Us-
ing the extrema of the generated histogram in (b) provides values of
D, =10.52 Hz and R = 0.61.

tained for the a-helix, thereby suggesting a uniform
degree of effective alignment for both secondary struc-
ture elements in ubiquitin. Consistent with this notion
is the fact that values for D, of —15.27 and —15.97 Hz
are obtained for a-helical and B-strand regions from
EHM on the basis of RDC data obtained in a second
alignment medium (Ottiger and Bax, 1998), i.e., in
this case D, is larger for the B-strand region but both
values are again within reasonable experimental error
of each other. Importantly, we emphasize that these
model-free results are based on !DNH, 1pDCC and
I DNC measurements rather than solely on ! DNH,

Improved histograms from experimental data: GB3

Figure 3 shows the histogram of the experimental cor-
related ! DNH 1 DCC and 1 DNC RDCs, obtained for
residues 26-30 of protein GB3 aligned in a positively
charged polyacrylamide gel (Ulmer et al., 2003), along
with the histogram obtained by applying EHM to these
data. The vertical dashed lines demonstrate the con-
siderable extension of the edges of the EHM relative
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Table 2. Values of D, and R obtained with EHM from experimental data for

ubiquitin in bicelle medium?

Secondary structure  Residues used for EHM D, (EHM)/Hz R (EHM)
element

a-helix 25-32 -9.20 0.14
B-strand 2-7 -9.03 0.28
B-strand 12-16 —8.31 0.22
B-strand 42-44 —8.85 0.19
B-strand 66-70 —8.46 0.25
B-strand b —9.03 0.28

4Experimental data are for ubiquitin in an uncharged 50 mg/mL DMPC/DHPC liquid
crystalline solution (Ottiger and Bax, 1998). Values of D, and R obtained from an
SVD fit to the X-ray structure, excluding residues 33 and 48 and 1 pCN (24-25), are

—9.26 Hz and 0.16, respectively.

YData shown in this row are the result of including all B-strand residues listed in the

previous 4 rows (i.e., 15 sets of data).

to those of the original experimental data. Note that
within experimental error, it is not possible for the
EHM to overestimate the magnitude of alignment. The
results obtained by carrying out an SVD fit using all
183 available experimental RDCs for GB3 and the
known structure, D, = +10.23 Hz and R = 0.66, are
in good agreement with the results obtained here des-
pite a more than fifteen-fold reduction in the number of
experimental data points: the extrema of the histogram
in part (b) provide values of D, = +10.52 Hz and
R =0.61.

Table 3 lists analogous results for a-helical regions
of GB3 in five different alignment media (Ulmer et al.,
2003), which have been generated from as few as
three sets of correlated experimental data points. Note
that the sets of correlated data used in the procedure
need not correspond to sequential peptide planes along
the backbone; in general there is no requirement for
distinct sets of three couplings to have any specific
relationship to any other set of three couplings used in
the procedure. For the cases shown here, D, in particu-
lar agrees well with the value obtained from an SVD fit
of the full experimental data sets to the known struc-
ture. Results for the rhombicity are also very good,
provided they are derived from Equation 19; the Dxx
singularity itself is frequently less well determined in
the extended histogram when this is generated from
very limited experimental data.

For a small protein such as GB3, the available di-
polar couplings could result in a histogram that does
not satisfactorily reflect the powder pattern expected
for an isotropic distribution of bond vectors. This
problem has also been discussed in terms of clustering

of amide NH bond vector orientations in largely o-
helical proteins (Lee et al., 1997; Clore et al., 1998a;
Fushman et al., 2000). In addition to extending the
edges of the histogram, application of EHM results in
a significant improvement in the shapes of the histo-
grams. For example, Figure 4 compares histograms for
four full sets of experimental ' DNH, 1 DCC and 1 pNC
RDCs, measured for GB3 in four different alignment
media (Ulmer et al., 2003), with their correspond-
ing SDC-extended histograms. Clearly, these latter
histograms resemble much more the powder patterns
expected for a truly uniform distribution of bond vec-
tors. In particular, the experimental distribution of
couplings shown in the lower parts of Figures 4a and
4d do not provide a particularly clear indication of
the rhombicity of the alignment tensor. Inclusion of
SDCs, especially in panels (c) and (d), provides much
improved histograms, which approach ideal powder
patterns.

From the histograms which include synthetic coup-
lings, the effects of noise in the experimental data
on the extrema of the histograms can be seen clearly,
resulting in smoothed edges of the powder patterns
(Figure 4). In this case, the problem of extracting the
true principal components of the molecular alignment
tensor becomes analogous to extracting the principal
components of the chemical shift tensor of an isolated
spin-1/2 nucleus in solid-state NMR in the presence
of spectral line-broadening (Alderman et al., 1986;
Grant, 1996). A rapid estimate of the principal com-
ponents may be obtained not by measuring the ex-
treme values of the histogram, but by measuring the



282

Table 3. Values of D, and R obtained by EHM for experimental GB3 data, collected in 5 different alignment media

Alignment medium?®  Couplings used® D, (SVD) D, (EHM) R (SVD)® R (EHM)
(Hz) (Hz)

Bicelles 4 x 3(30-34) —16.21 0.20
36 x 3 —15.87 —15.33 0.23 0.28

PEG 3 x 3(28-29, 30-31, 31-32) —8.46 0.27
40 x 3 —8.83 —8.67 0.20 0.20

Pf1 phage 3 x 3(28-29, 30-31, 31-32) 12.09 0.26
41 x 3 13.51 14.17 0.10 0.15

neg. charged gel 3 x 3(28-29, 30-31, 31-32) 10.17 0.57
38 x3 11.19 11.83 0.43 0.44

pos. charged gel 4 x 3(30-34) 10.52 0.61
39x3 +10.23 +10.37 0.66 0.66

4Experimental RDCs from Ulmer et al. (2003).

YThe first set of couplings for each alignment medium are from an a-helix; the values of D, and R are based on
the extrema of the generated SDCs. The second set for each alignment medium includes all experimentally available
complete sets of three couplings (1 pNH_ 1pCC 1 pNCy. e reported values of D, and R are based on simulations
using WSOLIDS1, with Gaussian line broadening of 1.3 to 1.5 Hz on the simulated spectrum.

©The values of D, and R were obtained by SVD fitting of experimentally available RDCs for each medium, to the
atomic coordinates of GB3, as reported by Ulmer et al. (2003).
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Figure 4. Histograms of normalized residual dipolar couplings IpNH 1pCC and 1 pNC in GB3, in four different alignment media. The
bottom half of each panel shows the experimental IpNH T phCC 1 pNC a4 for peptide planes for which all three couplings are available. The
top half of each panel shows the experimental couplings with synthetic dipolar couplings added. Extreme values of the histograms containing
SDCs are indicated with dashed lines. Asterisks represent the principal components of the alignment tensor obtained from SVD fits of all
experimental RDCs to the known structure. Alignment media: (a), Bicelles; (b) polyethylene glycol (Ruckert and Otting, 2000); (c), Pf1 phage,
(d) positively charged polyacrylamide gel (Ulmer et al., 2003).
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Figure 5. RDC ‘spectra’ for GB3 in a positively charged polyac-
rylamide gel. (a) Data from Figure 4d (top), including both exper-
imental and synthetic RDCs, converted into a spectrum, defined
by 64 points over the region for which there are non-zero data.
(b) Best-fitted simulated powder pattern (WSOLIDS1), based on
D, = 10.37 Hz, R = 0.66, and including 1.3 Hz Gaussian
line-broadening, which effectively accounts for noise in the exper-
imental measurements. The isotropic value of the alignment tensor
is fixed at zero in the simulation. Frequencies of the fitted principal
components are marked with dashed lines, whereas the extrema of
the powder pattern are denoted by dotted lines.

inflection points at the edges of the histogram and, if
clearly defined (as in Figure 4d), the value of Dxx.

A more quantitative way to extract the principal
components, however, is to simulate the powder pat-
tern, taking into account noise in the measurements,
using software such as WSOLIDS1 (Eichele and Wa-
sylishen, 2001) or Simpson (Bak et al., 2000). An
analogous procedure has been discussed by Skryn-
nikov and Kay (2000). Figure 5 shows an example
of such a fit, where the experimental and synthetic
dipolar coupling histogram data from Figure 4d have
been converted to spectral data (Figure 5a), and simu-
lated (Figure 5b) using WSOLIDSI. In carrying out
the simulation, the trace of the alignment tensor is
set to zero, and the anisotropy and rhombicity of the
powder pattern are varied. The same procedure has
been applied to the other sets of extended histogram
data shown in Figure 4, and the results are summarized
Table 3.

Systematic grid search procedure

To address the possibility that, as a result of unfavor-
able orientations of bond vectors corresponding to the
initial correlated RDCs, the SDC histogram underes-
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timates Dzz and Dyy, an additional strategy has been
employed. A systematic grid search procedure as a
function of D, and R, based on the fitting of three
correlated couplings to individual four-atom peptide
fragments, provides an alternative means to determ-
ine the range of allowed D, and R values for a given
set of couplings. Figure 6A shows such plots for the
peptide bonds spanning residues 24-28 of ubiquitin,
using normalized 13C§"-13C{, 13Ci’-15Ni+1, and PNj -
"HY | RDC data, simulated with D, = 10.0 Hz and
R = 0.485. %2 values for the ' DNH 1pCC and
I DNC couplings across the 24-25 peptide bond show
that a wide range of solutions provide satisfactory
fits between observed and calculated couplings (Fig-
ure 6A,i), with similar plots for the peptide bonds of
residues 25-26, 26-27, and 27-28, respectively (Fig-
ure 6A,ii-iv). Figure 6A(v) depicts the ‘projection’
x2 plot, which defines the regions in (D,, R) space
where all couplings could be satisfied (in the absence
of knowing the relative orientations of the peptide
groups). In this case, the range of allowed (D, R)
solutions is drastically decreased. However, it is also
clear that the available data do not define D, and R
uniquely, and in particular for high values of R, the
allowed range of D, tends to be large. The utility of
the grid search is primarily as a check on the values
derived from the extended histogram method, which
in this case yielded D, = 10.17 Hz and R = 0.44.
Indeed these values fall within the allowed region of
the grid search.

A counter-example is found for the RDC data
corresponding to the peptide linkages of ubiquitin
residues 27-31. This represents a particularly unfa-
vorable case for the EHM approach, where even after
inclusion of synthetic dipolar couplings a large under-
estimate of the alignment tensor is obtained with the
EHM approach, with D, = —7.58 Hz; R = 0.45.
This resultant value of D, contradicts the true values
used to generate the original input couplings (D, =
10.0 Hz; R = 0.485). Employing the grid search
procedure reveals that values of D, = —7.58 Hz and
R = 0.45 do not fall in an allowed region of the x>
plot (Figure 6B). Therefore, the grid search indicates
that appropriate histogram limits have not yet been
reached; the lack of agreement acts as a warning that
the number of couplings used to generate the synthetic
couplings is too small. Note, however, that the restric-
tion plot alone does not provide a precise alternative to
the values suggested by EHM.
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Figure 6. Grid search for 1 DNH, 1 DCC and ! pNC data taken from (A) residues 24-28 and (B) residues 27-31 of ubiquitin (12 data points;
simulated data). For (A): (i) 24-25; (ii) 25-26; (iii) 26-27; (iv) 27-28; (v) normalized projection. For (B): (i) 27-28; (ii) 28-29; (iii) 29-30;
(iv) 30-31; (v) normalized projection. The true values of D, and R used to simulate the initial data are 10.0 Hz and 0.485, respectively; this
location in the contour plot is indicated by a yellow dot. The values predicted from the extended histogram method on the basis of residues
24-28 and 27-31 (D, = 10.17 Hz and R = 0.44 for set A; D; = —7.58 Hz and R = 0.45 for set B) are marked by black dots. For both
(A) and (B), the contours represent the value of x2 for each set of D, and R values. The lowest-level contour represents x2 = 1, with a
factor of 2.7 between successive contours. Simulations were done with an estimated error ¢ = 1.0 Hz for | DNH_ The allowed solution space
(x2 < € = 1.0) is filled in blue. Thirty-two points define each dimension.

Application to nucleic acids

The EHM is applicable to any planar fragment for
which at least three non-degenerate RDCs are avail-
able. The most obvious applications for nucleic acids
involve dipolar couplings in the plane of the vari-
ous bases. However, many other applications may
also be envisioned. For example, ! DC1'HI' 1 pC2'HY’
2pCAHY 2 [CUHY g 3 pHI'H2 RDCs have been
measured from a single experiment for H}-C{-C}-H;
fragments of the ribose rings of a 24-nucleotide RNA
hairpin structure, in a medium containing a dilute Pfl1
phage suspension (O’Neil-Cabello et al., submitted).
Within the helical region of this structure, where the
sugars adopt a C3’-endo pucker, the conformation of
the four-atom fragment is relatively constant, with an
ideal H-C|-C}-H, dihedral angle of 90°. The frag-
ment may thus be decomposed into two planes, one
containing C|, H| and H) (Plane 1) and one con-
taining C, H}, and H) (Plane 2), each defined by
three RDCs. Equations 8-10 may be solved using

appropriate angles, for each plane, to generate an
extended histogram. This procedure was carried out
for four riboses in the helical stem region of a 25-nt
RNA hairpin, once using > DH'B2 yalues and once
using ' D€'’ values, as described above. The res-
ulting combined extended histogram yields values of
DM = —21.9 Hz and R = 0.40 (data not shown).
Shown in Figure 7 are the x> surfaces resulting
from a grid search procedure based on all six available
RDC:s for the same nucleotides. The allowed solution
space is very restricted in the D, dimension; however
the value of R is not precisely defined solely from the
grid search. The values obtained from the EHM fall
on the edge of the allowed region of the x> plots.
The values obtained from an SVD fit of the ribose
RDC data for three consecutive basepairs in the helical
stem region of the hairpin to the coordinates of PDB
entry 1QCU (Klosterman et al., 1999) with C-H bond
lengths adjusted to 1.097A, DEH = —20.9 Hz and
R = 0.30, are in very good agreement with the EHM
values, and also fall within the allowed region of the
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Figure 7. Grid search applied to experimental IDCI/HI/, chlez/, 2DC2/H1/, 2DC1/H2/, IDCI/CT and 3DH1/H2/ RDCs, measured for four
stem ribose rings of a 24-nt stem-loop RNA structure, mimicking helix-35V746 (a—d) X2 plots resulting from grid searches for riboses 741,
742, 755, and 757, respectively, using an idealized H}-C}-C}-H), fragment as the C}-endo reference structure. (e) Normalized %2 projection.

The lowest-level contour represents xz = 4.0 Hz2, with a factor of 2.5 between successive contours. Simulations were carried out with an
estimated error, ¢ = 2 Hz for couplings normalized to I pCH, The allowed solution space (x2 < 2 = 4 Hz?) is filled in blue. Thirty-two points
define each dimension. The values predicted from EHM, DaCH = —21.9 Hz and R = 0.40, are marked by black dots and fall on the edge of the
allowed region. The values obtained from an SVD fit to the 1QCU structure, DEH = —20.9 Hz and R = 0.30, are indicated by light blue dots.

x2 plots. Clearly the combined EHM-grid search pro-
cedure has the potential to provide useful alignment
tensor estimates for nucleic acids on the basis of very
few experimental measurements, which may prove
particularly useful when attempting to extract dynamic
parameters from differences in D, in different regions
of a given structure.

Concluding remarks

The present work has demonstrated a simple and
effective method for generating residual dipolar coup-
lings for all directions within a peptide plane, and also
perpendicular to this plane, on the basis of only three
known couplings, e.g., ' DNH 1DCC and ' DNC, The
method is generally applicable to any situation where
three RDCs corresponding to three different bond vec-
tor orientations in a plane are available. Additionally,
it is possible to recover any co-planar coupling on the
basis of three known couplings, e.g., 2D HN or even
2 pCeN RDCs may be generated on the basis of known
values of ! DNH 1 DCC apnd 1 pNC,

When added to a histogram of experimentally
measured couplings, the synthetic couplings not only
fill in intermediate values in the histogram, but they
also can extend the histogram edges, thereby provid-
ing an improved basis for determining the principal
components of a generally asymmetric molecular
alignment tensor. Although it clearly is always desir-
able to include as many experimental data as possible,
the EHM can provide reasonably reliable estimates for
D, and R when as few as three or four sets of three
correlated dipolar couplings are available. The method

provides comparable results for RDCs taken from o-
helical and B-strand regions. Considering that in the
case where all peptide planes are co-planar, the EHM
would sample an inadequate region of spatial orienta-
tions, this finding indicates that the natural degree of
variation in peptide plane orientations in a given f-
strand is sufficient for adequate performance of the
EHM. Application to ubiquitin found very similar
alignment tensors for the a-helix and the B-sheet, in
apparent disagreement with results based on the ana-
lysis of solely ' DNH couplings in multiple alignment
media (Meiler et al., 2003).

Given the ease with which SDCs may be gener-
ated, and the improved appearance of the resulting
histogram, it is recommended that such data are al-
ways used in cases where three couplings per planar
fragment are available. If more than three dipolar
couplings in a given plane can be measured, the pro-
cedure described recently by Zidek et al. for assessing
the internal consistency of residual anisotropic inter-
actions may be beneficial to evaluate the reliability of
the measured couplings (Zidek et al., 2003).

A systematic grid search procedure based on fitting
of sets of RDCs to small elements of known struc-
ture provides an alternative view of the values of D,
and R allowed on the basis of limited data sets. This
grid search also can serve as a check on the histo-
gram method, to avoid incorrect solutions caused by
the sparseness of experimental data. Importantly, the
grid search procedure is applicable to all kinds of ele-
ments of known local structure and may, for example,
be used more generally for ribose or deoxyribose
rings, provided the pseudorotation angle and pucker
amplitude can be established independently.
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Finally, we point out that improved histograms
represent only one possible application of correlated
RDCs. Further applications, which make use of the
correlated nature of residual anisotropic NMR inter-
actions in biomacromolecules, are currently under
investigation.
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Software available:

1. A program, EHM.Bas, which runs on a PC under
QBASIC, and takes as input a text file containing an
arbitrary number of sets of three RDCs, e.g., I pNH|
IDCC, 1 DNC "and produces as output: (i) A file ‘sum-
mary.txt” which contains a summary of the results,
including the value of D, and R based on the extreme
coupling values; (ii) a file ‘out.txt” which contains
all the generated couplings (one degree increments
within the plane, plus the couplings perpendicular to
the planes); (iii) a file ‘out.dat’ in CSOLIDS spectrum
format, which may be used as input in WSOLIDS1 for
simulating the powder pattern.

2. A spreadsheet, EHM.qpw or EHM.xls, in Corel
QuattroPro or MS Excel format, respectively, which
requires input sets consisting of three RDCs, e.g.,
IpNH_TpCC TPNC in proteins and peptides, and
provides all values of the couplings within the plane
(at one degree increments) and the couplings perpen-
dicular to the planes. The relative angles at which the
bond vectors lie may also be specified.

3. Grid search program in the tcl scripting lan-
guage, which makes use of the ‘DC’ program
and existing modules of the NMRPipe software
package (Delaglio et al., 1995). A postscript file
displaying the x> contour plots is generated as
output. All routines may be downloaded from
http://spin.niddk.nih.gov/bax/software

Supporting information available from the
authors upon request:

Two figures displaying EHM patterns for a small
stretch of helix and sheet, generated with different ran-
dom noise added to simulated input dipolar couplings.
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