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Dipolar couplings are a potentially extremely valuable source
of distance and angular structural data for NMR studies of
macromolecules; however, molecular tumbling averages these
interactions to zero in isotropic solutién® Recently, Bax and
co-workers demonstrated that partial alignment of proteins and
nucleic acids could be achieved by dissolving macromolecules
in a solution containing magnetically aligned bicelles and that
residual one bondH—3C and'H—'N dipolar couplings could
be used to obtain angular constraints for structure refinefifent.
Here we introduce 2D dipolar coupling spectroscopy (DCOSY),
which employs a TOCSY-type pulse sequéride observe long-
range through-spacéi—*H dipolar coupling interactions (DPIs)
in partially aligned macromolecules. The$¢—'H DPIs are a
function ofr~3, as opposed to ® for the nuclear Overhauser effect
(wherer is the distance between the protons) allowing observation
of much longer*H—!H distances than was previously possible
by solution NMR techniques. This long-range distance data
combined with the angular information contained in thie-*H
DPIs make the DCOSY experiment a powerful tool for structural
studies of macromolecules in solution.

We have developed a new method for alignment of biomac-
romolecules in which magnetically aligned Pfl filamentous
bacteriophag&forms an anisotropic medium that imparts partial
alignment of macromolecular cosolufestlhe macromolecule is
aligned by steric interactions with the magnetically aligned phage;
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Figure 1. (A) Cross section corresponding to theH2 of a 200 ms
NOESY spectrum on the 1.0 mM DNA 10mer duplex without phage.
For comparison, DCOSY spectra were collected on a 0.8 mM DNA 10mer
dissolved in 46 mg/mL Pfl phage. (B) 1D cross section corresponding
to the AsH2 resonance of an in-phase 80 ms (8.2 kHz) WALTZ216

thus the degree of alignment of the macromolecule is easily tuned pcosy experiment (see Figure S2A). (C) 1D cross section corresponding
by varying the phage concentration. This technique has been usedo the AH2 resonance of an orthogonal 80 ms (8.2 kHz) WALTZ-16

to align multiple RNA, DNA, and protein systefhand in the
current study is used to obserid—'H DPIs in several DNA
duplexes. For an axially symmetric system, such as a DNA or
RNA duplex, the'H—'H dipolar coupling has the forhi#*
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Where# is the angle between the proteproton internuclear
vector and the molecular alignment axify, is the axial
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DCOSY experiment (see Figure S2B). The cross-peaks are plotted positive
for comparison. (D) 1D cross section corresponding to thgi2 proton

of a longer mixing time (155 ms) orthogonal (8.2 kHz) DIPS}2COSY
experiment (see Figure S2B) to show effects of spin diffusion. The
diagonal peaksdiag), the DPI or NOE cross-peaksrfss), and the
cross-peak resulting from spin diffusion relayed betwegH2Ato A

H2 by the intervening AH2 (relay) are labeled. The sequence of the
DNA 10mer duplex is shown. Each experiment was collected under
identical conditions at 500 MHz and 2& in 25 h. Sample conditions

are 10 mM Tris ¢11), pH 8.0, 0.005% Naiin 99.9% BO. The Pfl
phage were prepared as previously described, and their concentration was

determined using an extinction coefficient at 270 nm of 2.25 mL-ing
Cmfl'16,17

component of the molecular alignment tensor, and the other
constants are as previously defirfedhus, the dipolar couplings
yield both angle and distance information for the inter-proton
interactions.

The ability to observe long-range distances in the DCOSY
spectrum is shown in Figure 1A and B where inter- and intrastrand
adenine H2-H2 through-space interactions are compared in 1D
slices of NOESY and DCOSY spectra. Interactions in the DNA
10mer duplex between thegd2---A;H2 (3.8 A) and AH2:--
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l,— 1,1, (1 + cosaD,gt) + 1,5, (1 — cosaD,gt) +
(,S, — 1,S) sinaDgt (2)

whereas],, magnetization that begins orthogonal to tReais)
mixing sequence, has the form

r7.52

- 7.60
ppm |,— 1, {",cosl,mD,ct) + Y/,cos/,mD )} +
- 7.68 S, {1,cosf/,mD\gt) — Y,cosl/mD\gt)} +
e (,S + 1,S) sinClmDigt) + (1S, — 1,S) sin(/,7Digt) (3)

whereDs is the dipolar coupling between spihandS, t is the
isotropic mixing time, the, or |, terms represent diagonal peaks,
the S, or S, terms represerii—H dipolar coupling cross-peaks,

780 776 772 768 764 760 756 7.52

ppm and (,Sc — k) and (,Sc + 1,S) represent zero and double
v 1234 5 67 8 910111213141516 guantum coherences, respectively. A more detailed theoretical
5
CGCGTCAGCTGACGCG analysis of the DCOSY experiment will be presented elsewlere.
GCGCAGTCGACTGC GCS' Equation 3 predicts that the diagonal and cross-peaks have
161514 13121110 9 8 7 6 5 4 3 2 1 opposite signs in a DCOSY spectrum that employs an orthogonal

mixing sequence, which means that the cross-peak for a three-

showing a~7.4 A connectivity between the;N2 and the A,H2 protons, spin |nteract|_on change WI” hav_e asign ODDOSIte-tO-that of 8 cross-
which a?re separated by onetybase pair in tr71e DNA 16m/§' duglex. Positive peak for :?5 dlre_ct _mt_eractlon (S.'m”ar to three-spin interactions in
peaks are plotted as dotted lines and negative peaks as solid lines. A lDR.C).ESY.)' Thls Is illustrated in Figure 1D where, for a longer
cross section through the;A2—A,H2 cross-peak is shown as an inset. mixing time in the DCOSY sp(_actrum, theléHz shows a cross-
The sequence of the DNA is shown. The experiment was collected at peak to the AH2 that has a sign OprS'te to_ that of the cross-
600 MHz at 25°C in 13 h using a 155 ms (8.2 kHz) orthogonal WALTZz-  Peak between the 14 H2 and the neighboring AH2. The

16 isotropic mixing sequence (Figure S2B). The sample conditions are A16H2—A7H2 cross-peak arises from a three-spin interaction

Figure 2. Part of the aromatic proton region of a DCOSY experiment

1.9 mM 16mer duplex, 39 mg/ml Pfl phage, 40 mM NBB&y, 0.1 mM
EDTA, 0.005% Nal, pH 8.0 in 99.9% DBO.

AeH2 (4.1 A) proton pairs (distances in B-form DNRgare of

relayed through the interveningg2 proton. The dependence

of the signs of the cross-peaks as a function of the mixing time
provides a valuable distinction between direct interactions and
indirect three-spin interactions in the DCOSY experiment. This

significantly greater intensity in the DCOSY than in the NOESY  contrasts with the NOESY experiment where, for macromolecules,
spectrum acquired for an equivalent time. This is a result of the the direct and spin-diffusion cross-peaks cannot be distinguished
r=3 distance dependence for the dipolar coupling as compared toON the basis of the sign of the cross-péak. _ _
the r~¢ dependence of the nuclear Overhauser effect. Through- The angular dependence of the dipolar couplings yields a
space DPIs at distances greatemntBeA are easily detected. For ~ fundamentally different type of structural data, which complement
example, Figure 2 shows a DCOSY cross-peak between#tg A the NOESY-derived distance constraints. The DCOSY spectrum
and the A,H2 protons in the DNA 16mer duplex. These protons Shows more variation in cross-peak intensity than the NOESY
are two base pairs apart, separatec~#4 A in B-form DNA. spectrum due to the distance and angular dependence of the DPI.
This distance is well beyond the range of what can be seen by anThis is illustrated in the aromatic to Hiegion of the DCOSY
NOE but is readily observed in the DCOSY spectrum. where a nearly complete sequential aromatic proton tovkslk

An interesting feature of the DCOSY experiment is the change ¢an be performed (see Figure S1 in Supporting Information).
in sign of the DPIs depending upon the specific trajectory of the However, except for relatively isolated spin systems such as the
proton magnetization during the mixing period. As seen in Figure adenine H2 protons, complications due'té—*H J-couplings
1B and C, at short mixing times the cross-peak has the same sigrnake it difficult to unambiguously interpret DCOSY cross-peaks
as the diagonal peaks when the proton magnetization is spin-Strictly in terms of distance and angle. As demonstrated for the
locked by an isotropic mixing sequence that is applied along the 7-5 A *H—"H interaction observed in the DNA 16mer, the DPIs
same axis as the proton magnetization. However, these crossin the DCOSY experiment provide through-space distance
peaks are inverted relative to the diagonal peaks when the protoninformation at greater distances than is possible with standard
magnetization is orthogonal to the axis for the mixing sequence. NOESY experiments.
Applying the Hausdorff formufg with the appropriate effective
nuclear spin Hamiltonian, it can be shown that magnetization
along thex axis, I, that evolves under a dipolar coupling
interaction with spirS during an in-phasex(axis) WALTZ'? or
DIPSI*® mixing sequence has the form
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