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Under conditions where macromolecules are aligned very weakly
with respect to an external magnetic field, Brownian diffusion no
longer averages internuclear dipole-dipole interactions to zero.
The resulting residual dipolar coupling, although typically 3 orders
of magnitude weaker than in a fully aligned sample, can readily be
measured by solution NMR methods. To date, application of this
idea has focused primarily on pairs of nuclei separated by one or
two covalent bonds, where the internuclear separation is known
and the measured dipolar coupling provides direct information on
the orientation of the internuclear vector. A method is described
that allows observation of dipolar interactions over much larger
distances. By decoupling nearest-neighbor interactions, it is readily
possible to observe direct dipolar interactions between protons
separated by up to 12 A. The approach is demonstrated for the DNA
dodecamer d(CGCGAATTCGCG),, where direct interactions are ob-
served between protons up to three base pairs apart.

In general, molecules diffusing in an environment with asym-
metric boundary conditions sample orientational space in a
nonuniform manner. When placed in a magnetic field, magnetic
dipole—dipole interactions in such molecules no longer average
to zero. As a result, NMR spectra of small organic solute
molecules diffusing in a magnetically oriented liquid crystalline
medium contain a wealth of such coupling information, which
can reveal very precise information on the average geometry of
the solute (1-3). The high degree of order of the solute molecule
in such systems results in very large dipole—dipole couplings for
proximate pairs of protons, up to 50% of what would be observed
for a perfectly oriented molecule, and numerous smaller cou-
plings to more remote protons. The resulting spectral complexity
is such that complete analysis is not feasible for systems con-
taining more than about a dozen magnetically active nuclei.

The spectral complexity resulting from the multitude of
couplings that are larger than the resonance width will be
reduced when the degree of alignment is scaled down. Very weak
alignment (4,), on the order of 4, = 1074, can result from a
molecule’s intrinsic magnetic susceptibility anisotropy when
placed in a sufficiently strong magnetic field. Use of this method
of alignment frequently exploits the presence of a paramagnetic
ion, either endogenous (4-6) or tagged to the protein by a
synthetic chelating group (7, 8). Despite the weakness of such
alignment, and the proportionately small-scale factor for the
dipolar interaction, the effects of the largest dipolar interactions
remain detectable. This was first demonstrated for the one-bond
backbone "N-'H interactions in paramagnetic myoglobin (4),
where dipolar couplings with magnitudes up to several hertz
were observed, smaller than the natural resonance width but
nevertheless easily detectable from a change in the one-bond
UJxg splitting.

Measurement of these couplings, also in diamagnetic systems,
became much easier when it was shown to be feasible to induce
a tunable, weak degree of macromolecular alignment by using
very dilute, aqueous, lyotropic liquid crystalline solutions (9).
The first such medium used for this purpose contained so-called
bicelles (10), which (over a limited temperature and concentra-
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tion range) are self-assembling, highly porous a-lamellar bilayers
(11, 12) consisting of dimyristoyl phosphatidyl choline and
detergent. When placed in a magnetic field, the bilayers of this
liquid crystalline medium align with their bilayer normal or-
thogonal to the field. Originally, this medium was developed to
study, mainly by solid-state NMR technology, the structure and
membrane binding properties of small lipophilic molecules,
anchored to the highly ordered bilayers (13, 14). The application
of the bicelle medium to water-soluble proteins is rather differ-
ent and takes advantage of the very small deviation from a purely
random distribution of orientations that is sterically imposed on
asymmetrically shaped proteins when immersed in such an
ordered environment. A host of other liquid crystalline systems,
including nematic suspensions of filamentous bacteriophages
(15, 16) or crystalline cellulose fibers (17), and polyethylene
glycol (18) or cetylpyridinium-based lamellar phases (19), are
available to induce the required weak degree of macromolecular
alignment. More recently, the use of anisotropically compressed
aqueous acrylamide gels has been added to this arsenal (20, 21).
Such media make it easily possible to increase the degree of
ordering to A, ~ 1073, where spectral complexity has not yet
increased much compared with the regular solution NMR
spectrum, but smaller interactions such as the one-bond 3C-13C
and BC-N, and two-bond 3C—'H and N-'H also become
accessible in proteins (9, 22) and nucleic acids (23, 24).

So far, most measurements of residual dipolar couplings have
focused on heteronuclear one-bond or two-bond interactions,
where the internuclear distance is known accurately from cova-
lent geometry. The size of the observed coupling then depends
uniquely on the orientation of the internuclear vector with
respect to the molecule’s alignment frame. For structure calcu-
lation purposes, however, such simplicity offers little advantage,
and homonuclear dipolar coupling between protons far apart in
the covalent network can readily be measured (9) and incorpo-
rated in the structure calculation protocol (25). We recently
demonstrated the measurement of nearly 200 'H-'H dipolar
couplings for the DNA dodecamer d(CGCGAATTCGCG),
(26), a palyndromic oligomer that has been studied extensively
by x-ray crystallography (27-29), NMR (30-32), and computa-
tional methods (33, 34). The structure of the center six base pairs
of the oligomer in the crystal structure agrees remarkably well
with the solution NMR structure (26), whereas the conformation
of the flanking base pairs is affected by crystal packing and
Mg?* coordination, absent in solution. NMR structures cal-
culated from '"H-'H dipolar couplings agreed well with those
derived from "H-'*C dipolar couplings, but no interactions
between protons separated by >4 A were observable (34).

The problem with observing "H-'H dipolar couplings for the
longest distances is not so much that the absolute value of the
coupling becomes too small, but primarily that there are too
many much larger 'H-'H interactions, which obscure the small
magnetic dephasing effects from the more remote interactions.
In proteins, we have demonstrated that perdeuteration can
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overcome this problem, essentially chemically removing the
majority of 'H-'H interactions and permitting the study of the
remaining amide protons, for distances of up to 7 A (35). We now
demonstrate that interactions between remote protons, sepa-
rated by distances of up to 12 A, become accessible in fully
protonated biomolecules by appropriate manipulation of the
nuclear spin Hamiltonian, which allows for effective decoupling
of all protons outside a spectral region of interest.

Experimental Section

All NMR experiments were carried out at 35°C on a Bruker
DRX spectrometer, operating at 600 MHz 'H frequency
equipped with a triple resonance, three-axes pulsed-field gradi-
ent probe head, optimized for 'H detection. Samples contained
3 mM of unlabeled DNA duplex d(CGCGAATTCGCG),, 50
mM KCI, 1 mM EDTA, and 10 mM potassium phosphate buffer
(pH 7.0) in 99.9% D-O0, in a 300-ul Shigemi microcell. For the
aligned sample 324 ug of cetyltrimethylammonium bromide and
360 ul of a 10% (wt/vol) nonhydrolyzable ether bicelle stock
solution (composed of 1,2-O-ditetradecyl-sn-glycero-3-
phosphocholine and 1,2-O-dihexyl-sn-glycero-3-phosphocholine
in a molar ratio 3:1) were mixed with 300 ul of the DNA solution.
The sample was then lyophilized and redissolved in 300 ul of
D,0. The final solution of DNA, containing 12% (wt/vol)
bicelles, was characterized by a deuterium quadrupole splitting
of 35.7 Hz. All data sets were processed and analyzed with the
NMRPIPE software system (36). The pulse sequence to detect
long-range 'H-'H dipolar couplings, and the NMRPIPE macro
used to process the data are available on our laboratory web site:
http://spin.niddk.nih.gov/bax.

Results

Band-Selective Removal of Coupling Interactions. In a weakly
aligned molecule, the truncated spin Hamiltonian in the absence
of external radiofrequency fields is given by

H = 2 yiBy(1 = o)l + 22mlyJilf + 2 2nDylLl,
j j#k j#k
[1a]
where the first and second term are the Zeeman (Hz) and the
scalar coupling part (Hj) of the Hamiltonian, and the last one is

the residual dipolar coupling term (Hpp). The residual dipolar
coupling between a pair of protons, j and k, is given by

ot ¥in ) 3.,
- 8W27}«3}CA“|:(3 cos’0 — 1) + 2 Rsin*0 cos 24 |,

Djk =

[1b]

where 6 and ¢ describe the orientation of the j-k vector relative
to the molecular alignment tensor, rj is the interproton distance,
A, is the magnitude of the alignment, and R is its rhombicity (9).

In the absence of alignment, Hpp = 0, and spectral dispersion
in the '"H NMR spectrum is dominated by differences in chemical
shift, o, of the individual protons, with a multiplet structure
superimposed on each resonance, caused by Hj, the through-
bond coupling to the magnetically active nuclei three or fewer
bonds removed from it. In the absence of isotopic enrichment,
only interactions to geminal and vicinal hydrogens need to be
considered, and multiplet structures are simple. For example, the
anomeric H1' proton in a deoxyribose ring appears as a doublet
of doublets, resulting from its interaction with the H2" and H2"
protons. Frequently this interaction is comparable to the natural
line width of the proton resonance, resulting in unresolved
splittings and an apparent broadening of the resonance (Fig. 1B).
In the presence of weak alignment, a multitude of "H-'H dipolar
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Fig. 1. Comparison of the H1'/H5 region of 1D spectra of d(CGCGAAT-

TCGCG);,, recorded without (A and B) or with (C) homonuclear decoupling.
Spectrum A corresponds to the partially aligned state [12% (wt/vol) ether
bicelle], and spectra B and C have been recorded on the corresponding
isotropic sample of DNA. The duration of the sampled free induction decay
equals 307 ms for spectra A and B. Apodization using a cosine-squared
function, followed by zero-filling, was used before Fourier transformation.
Spectrum Chas been acquired and processed as described in the legend to Fig.
3.1In C, Hy and Hs protons are labeled by their nucleotide numbers, including
* for Hs resonances.

interactions are also present, typically in the range from 0 to =30
Hz. Because of the large number of such interactions and the
spread in their magnitudes, these couplings usually do not result
in resolved multiplets and manifest themselves as severe appar-
ent broadening of the 'H resonance, and a concomitant loss in
resolution (Fig. 1A4).

In principle, the loss in resolution caused by the homonuclear
scalar and dipolar "H-'H interactions can be eliminated by using
the original homonuclear J spectroscopy experiment (37). In
practice, however, the difficulty in obtaining absorption mode
spectra limits the use of this approach. Instead, we describe a
simple alternative method that removes the couplings between
protons resonating in a selected band of the spectrum to all
protons outside of this band. The pulse scheme is sketched in Fig.
2A4. During a so-called constant-time evolution period (38) of
duration 2 T, only the transverse magnetization of a narrow band
of protons is selected by the application of appropriate gradients
and a so-called REBURP 180° pulse (39), applied at time 7" +
t1/2 after initial excitation. This pulse eliminates evolution of
homonuclear coupling between protons inside and outside the
selected band from the last 2 T — ¢ fraction of the constant-time
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Fig. 2.  Pulse schemes for homonuclear decoupled spectroscopy. (A) Basic
pulse element for band-selective 'H homonuclear decoupling. (B) Selective
constant-time COSY pulse scheme, in which band-selective decoupling is
implemented to specifically detect internucleotide residual dipolar coupling.
Narrow and wide pulses correspond to flip angles of 90° and 180°, respectively.
Unless specified, pulses are applied along the x axis. Shaped 'H pulses are of
the 180° REBURP type (39) (8-ms duration at 600 MHz, for a 500-Hz inversion
bandwidth, centered at 5.8 ppm). Phase cycling: ¢ = x,—x; ¢1 = 2(x),2(—x); b2 =
4(x),4(—x); and receiver = y,—y,~y.y,—Vy.¥.y.—y. (A) Quadrature detection in
the indirect "H dimension is achieved by applying an extra 'H 180° pulse just
before the acquisition for half of the scans, storing signals separately, and
using the usual "“echo-antiecho’ Fourier transform processing method (40,
41). All gradients are sine bell-shaped, with durations of 200 us each, and
(x,y,2) peak amplitudes in G/cm of (15,—33,20) for Gy, (9,9,12) for G,, and
(24,—24,32) for Gs. (B) Quadrature detection in Fy is achieved by incrementing
¢ in the usual States-TPPI manner, and in F, by insertion on alternate scans of
the extra 'H 180° pulse just before acquisition (as in A). All gradients are sine
bell-shaped, with durations of 200 us, and (x,y,z) peak amplitudes in G/cm of
(7,7,24) for Gy, (5,5,—7) for Gy, (12,12,17) for G3, (15,—33,20) for G4, (9,9,12) for
Gs, and (24,—24,32) for Ge.

evolution period. Homonuclear coupling is eliminated from the
remaining, first ¢, fraction of this period by a nonselective 180°,
band-selective 180° pulse pair, applied at time ¢;/2 after initial
excitation. Temporarily ignoring couplings between protons
within the selected band of resonances, chemical shift evolution
during the constant-time evolution period has transformed
an initial transverse spin operator, /,, into I,cos(2mdit;) —
I, sin(2mdit1), where §; denotes the chemical shift of spin i. Signal
detected during the subsequent detection period, ¢, is described
by

Si(ty, 1) = Ciexp(—i27§it;) X
exp(—i2mdity)Icos[2m(/ix + D )T], (2]

where C; is an experimental constant, depending on sample
concentration and instrumental factors, and the product extends
over all spins k, coupled to i and resonating within the selected
band. A second experiment, which inserts a 180° pulse between
the end of the evolution period and the start of the detection
changes the exp(—i2md;t;) term to exp(i2wdit1), and the paired
data sets can be used to generate purely absorptive 2D NMR
spectra in the standard manner (40, 41).

In the final spectrum, the F; dimension yields the homo-
nuclear decoupled resonances at frequencies §;, whereas in the
F, dimension the regular multiplet, centered around §;, is present
(Fig. 34). As demonstrated in Fig. 34, extensive folding can be
used in the F; dimension without introducing resonance overlap.
The constant-time evolution mode in the ¢#; dimension allows the
use of mirror-image linear prediction (42) for further enhance-
ment of the spectral resolution. A shearing transformation of the
data matrix coordinates according to (Fy’, F»") = (Fy, F» —F))
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Fig.3. Processing scheme for diagonal unfolding. (A) The original spectrum,

processed in the standard manner, in which the diagonal signal (dashed line)
is repeatedly folded in the F; dimension. Spectra have been recorded with the
pulse scheme of Fig. 2A. The data matrix consists of 6*(t1) X 1,024*(t,) data
points, with acquisition times of 144 ms (t;) and 307 ms (t;) (2T = 164 ms).
Linear prediction was used to double the number of time-domain pointsin the
F1 dimension, and both dimensions were apodized by cosine-squared func-
tions and zero-filled by a factor of two before Fourier transformation. (B) An
Fi-dependent frequency shift is applied to the F, dimension, such that the
diagonal signals are now positioned vertically. (C) Vertical bands from the
shifted spectrum are transposed and reassembled horizontally to construct an
unfolded spectrum in the F; dimension. (D) A 20-Hz band, corresponding to
the center of the F, dimension in C, is extracted, apodized by a sine-bell
function, and then projected onto the F; dimension, to yield a homonuclear
decoupled 1D spectrum. The spectral widths for the horizontal and vertical
dimensions are, respectively, 600 and 34.9 Hz. For display purposes, the
vertical axis is expanded 2-fold relative to the horizontal axis.

yields a spectrum where the F;’ coordinate remains §;, but the
F,' dimension now represents the multiplet shape (Fig. 3B).
Rearrangement of this data matrix (Fig. 3C) allows one to
“unfold” such a spectrum, and a projection on its F;" axis yields
homonuclear decoupled spectra (Figs. 1C and 3D), which exhibit
much improved spectral resolution.

Detection of Remote Dipolar Interactions. The above described
homonuclear decoupling procedure only removes the couplings
between protons resonating inside the spectral region selected by
the band-selective pulse and those outside. When selecting, for
example, the H1' region in a DNA spectrum, which also contains
the cytidine H5 resonances, dephasing resulting from couplings
between different H1' protons, or between H1" and HS protons
remains active during the #; evolution period. Considering that
the distance between such pairs of protons almost always exceeds
4 A, the corresponding dipolar couplings are very small. How-
ever, with all other large intranucleotide couplings effectively
removed, these small couplings can readily be detected.

The pulse scheme used for this purpose (Fig. 2B) essentially
duplicates the evolution period of Fig. 24 and separates the first
and second evolution period by a 90° mixing pulse, which serves
the same function as the 90° mixing pulse in the classic COSY
experiment (43). During the #; and ¢, evolution periods, and
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focusing on the spectral region encompassing the H1' and HS
protons, Hy = 0, but H, and Hpp terms for H1'/H1’ and H1' /H5
interactions remain intact. As a result, at the end of the second
constant time evolution period, of duration 2 T, the signal
originating on proton i and remaining on proton i is described by

Si,j(tb [2) = Cisin(2778it1)l_[kcos(2WDi,kTA)COS(ZWDi,kTB) X

exp(i2mdit,). [3a]

Magnetization transferred from i to in-phase magnetization of
spin j is described by

Si,j(tb 12) = Cisin(ZTrﬁitl)Sin(ZWDi,jTA)Sin(ZWDi,jTB) X

I+ jco8(2mD; ;T 4)cos(2mD; ; T)exp(i2mwéit,).
[3b]

2D Fourier transformation with respect to ¢ and ¢, then yields
a doubly constant-time, in-phase COSY spectrum, with an
F;j(8;, ) to Fii(8, &) intensity ratio given by tan(2wD;;
Ta)tan(2wD,; Tg), neglecting the difference in relaxation of
protons i and j. Similar j — i terms are obtained by inter-
changing the indices i and j. In practice, the experiment is
recorded in a 3D mode, but as very extensive folding can be
used (Fig. 3) relatively few complex points are required for the
F, dimension.

For each duration of #;, the (f2,73) plane is processed as
described above for generating the 1D homonuclear decoupled
spectrum, resulting in a S(#1, F») spectrum, which is then Fourier-
transformed with respect to #;, yielding the final 2D spectrum.
For extracting the homonuclear dipolar coupling directly from
this projected 2D spectrum, an additional scale factor applies
that depends on the mode of projection (skyline or integration)
and apodization used in the projection process of each (t2,3)
plane. Its effect can be eliminated by calculating D;; from:

tan2(2’7TDi,jTA)tanz(quDi’fTB)
= [F;;(8;, 8)F; (85, 8)1/[F;.(8;, 8)F; (5, 8)], [4]

where F;j(8;, &) represents the cross peak intensity between
protons i (F; dimension) and j (F, dimension).

Application to a B-Form DNA Oligomer. The experiments described
above are demonstrated for a double-stranded B-form DNA
oligomer: d(CGCGAATTCGCG),. In the absence of 13C en-
richment, transverse relaxation times of the H1' resonances are
quite favorable and are ~150 ms. This allows the use of
reasonably long durations of the constant time evolution periods.
For example, for generating the spectrum of Fig. 1C, a t
acquisition time of 144 ms was used, resulting in excellent
resolution. For the constant-time COSY experiment of Fig. 2B,
two such evolution periods are present, and for sensitivity
considerations shorter transfer delays of 2 7 = 81 ms are used
for the constant-time evolution periods. The alignment of the
dodecamer in the ether-bicelle medium (44) is described by a
nearly axially symmetric alignment tensor (rhombicity, R = 0.25)
of magnitude Dg"' = 60.8 Hz (4, = 2.77 X 10~3). For a pair of
protons, separated by 7 A on a vector parallel to the unique axis
of the tensor, this corresponds to a Dy dipolar coupling of 1.83
Hz, or a cross peak to diagonal peak ratio of 0.25. The smallest
ratios observed in the spectrum are on the order of 0.006,
corresponding to an internuclear separatlon of 12.7 A if the
vector were parallel to the unique axis of the alignment tensor.

A cross section through the spectrum of Fig. 4, taken at the
diagonal resonance of A5-H1' reveals several of the weaker
dipolar interactions, annotated with the corresponding pairs of
protons involved in the structure. At 10.4 A, the longest distance
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Fig. 4. 'H-'H dipolar correlation spectra of d(CGCGAATTCGCG),, homo-

nuclear band-selectively decoupled, recorded at 600 MHz in 12% ether bicelle
medium. (A) Projection of the 3D spectrum along the F3 axis onto the 2D (F,F>)
plane, displaying the dipolar connectivities between Hy and Hs protons. (B) Fy
cross section, taken at the frequency of A5-Hq (6.03 ppm, marked by a dashed
line in A). Spectra have been recorded with the pulse scheme of Fig. 2B. Total
measurement time is 36 h, with the data matrix consisting of 40*(t;) X
20*(t,) X 256*(t3) data points, with acquisition times of 62.4 ms (t;), 60.8 ms (t,)
and 51 ms (t3) (2 Ta = 2 Tg = 81 ms). Linear prediction was used to double the
number of time-domain points in both the t; and t, dimensions, and all three
dimensions were apodized by cosine-squared functions and zero-filled before
Fourier transformation. Each (F,,F3) plane has been reduced to its homo-
nuclear decoupled 1D equivalent, using the protocol of Fig. 3 (using a 60-Hz
width for the projected central band). Intrastrand connectivities (intranucle-
otide, sequential, and long range) are labeled by their corresponding residue
numbers on the lower right half of the spectrum, whereas the interstrand cross
peaks are labeled in the upper left half of the spectrum. Only positive contour
levels are displayed.

observed is that between A5-H1' and C9-HS5 on the opposing
strand (Fig. 5), giving rise to a 0.3-Hz coupling. The orientation
of this vector is nearly orthogonal to the helix axis (6 ~ /2 in
Eq. 1b), and therefore corresponds to this relatively small
coupling. The A5-H1’ to C11- H1' vector is nearly parallel to the
helix axis and at a comparable internuclear separation of 9.7 A
yields a >2-fold larger coupling and a correspondingly more
intense cross peak (Fig. 4B).
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Fig. 5. Long-range 'H-'H connectivities observed for the d(CGCGAAT-
TCGCG); dodecamer, with only half of the palyndromic oligomer shown. H1’
and H5 are displayed as spheres. Nucleotides are labeled by their nucleotide
numbers, with red and blue marking the opposing strands. Intrastrand and
interstrand long-range connectivities are indicated by red and green arrows,
respectively.

Discussion

Weak alignment offers numerous new opportunities in structural
studies of macromolecules. They not only improve local struc-
tural characteristics, such as the Ramachandran map distribution
when applied to proteins (45), but also can define global features
at high accuracy, including DNA bending (32, 46, 47) and
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relative orientations of proteins in complexes (48). In addition,
they potentially can reveal details about internal dynamics,
including their amplitude and directions, provided the motional
amplitudes are sufficiently large (49).

De novo structure determination on the basis of dipolar
couplings has also been demonstrated, but remains challenging
if only one-bond heteronuclear dipolar couplings are available
(50-52). In this case, the lack of distance restraints makes it
difficult to correctly translate elements of well-defined local
structure relative to one another. "H-'H dipolar couplings may
prove to be a useful complement in this respect. Their measure-
ment is not afflicted by spin diffusion effects and therefore can
provide more accurate distance information, albeit with in-
creased error bounds when the dipolar interactions are very
weak. Our results demonstrate that 'H-"H dipolar interactions
are detectable up to distances of at least 12 A, well beyond the
reach of direct nuclear Overhauser effect interactions (=6 A).
These remote 'H-'H dipolar couplings may prove particularly
useful in the assembly of parts of well-defined local structure,
such as helical regions in complex nucleic acid structures, or
elements of secondary structure in proteins.

The concept of band-selective homonuclear 'H decoupling is
likely to be beneficial to a wide range of experiments, both in
proteins and nucleic acids, and is not restricted to the measure-
ment of dipolar couplings. Particularly in experiments that use
direct observation of the '*C spectrum, where homonuclear
couplings severely affect attainable resolution, significant gains
may be achievable.

Although we demonstrated the application of homonuclear
decoupling and remote dipolar coupling measurement for an
unlabeled nucleic acid, where 'H transverse relaxation proper-
ties are favorable, comparably favorable relaxation characteris-
tics are encountered when considering 'H-N or aliphatic
'H-13C two-spin coherence terms. Therefore, extension of this
approach to isotopically enriched proteins and nucleic acids also
appears feasible.
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