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Residual one-bond dipolar couplings in high-resolution NMR

provide unique constraints in molecular structure determination.1-3

As the internuclear distance for such dipolar interactions is
essentially fixed, the dipolar couplings yield direct information
on the orientations of the corresponding bond vectors relative to
the molecular alignment tensor. These constraints are therefore
very different from NOE andJ couplings, which constrain atom
positions only relative to their immediately adjacent neighbors.
Addition of a small number of1H-15N and 1H-13CR one-bond
dipolar constraints, measured for a protein complexed with a 16-
base pair DNA fragment, resulted in a nearly 2-fold reduction of
φ/ψ pairs outside the most-favored region of the Ramachandran
map4 and greatly improved the agreement between predicted and
measured magnetic field dependence of15N shift.5

Use of a liquid crystalline phase of planar phospholipid
micelles, commonly referred to as bicelles,6 appears to offer a
generally applicable method to cause a weak degree of protein
alignment.7 Here, we demonstrate that in perdeuterated proteins
at high magnetic field strengths the15N line-narrowing, obtained
by constructive use of relaxation interference8,9 between15N-1H
dipolar coupling and15N chemical shift anisotropy (CSA), permits
accurate measurement of even the small couplings between13C′
and 15N. In addition, accurate values of the two-bond dipolar
coupling between13C′ and 1HN and the one-bond1HN-15N
coupling can be derived from the same data set.

Pervushin et al.9 predict that relaxation interference results in
the narrowest15N line widths at magnetic field strengths corre-

sponding to slightly over 1 GHz1H frequency and that high15N
resolution is obtainable even for large, slowly tumbling perdeu-
terated molecules. Although NOEs between backbone amide
protons in perdeuterated proteins are readily measured,10 they are
generally insufficiently constraining to obtain more than an
approximate fold of the polypeptide.11 However, with the
additional availability of accurate dipolar constraints for the
polypeptide backbone, the requirement to obtain a very large
number of NOEs is considerably reduced. Therefore, accurate
measurement of small heteronuclear dipolar couplings, shown here
to be possible by constructive use of relaxation interference, opens
the opportunity to extend the size limit of protein structure
determination by NMR considerably.

Figure 1 compares a small region of the 750 MHz15N-1HN

HSQC spectrum of the 30 kDa ribosomal inactivating protein
MAP30 recorded in the liquid crystalline phase [0.15 mM
U-{2H,13C,15N} MAP30; 67 mM DMPC, 22.5 mM DHPC (5wt
%/v total phospholipid) in 220µL 95% H2O, 5% D2O; 10 mM
sodium phosphate, pH 5.5; 36°C] (Figure 1, A and C), with that
recorded for a 0.7 mM sample in the isotropic state (Figure 1, B
and D). The spectra shown correspond to the sum and difference
of two data sets; one recorded with the two15N-{1HN} F1 doublet
components in-phase (IP) relative to one another; the other with
anti-phase (AP) F1 doublets,9,12,13 and the pulse scheme used
(Supporting Information) is very similar to the previously
described IPAP-HSQC pulse scheme13 but lacks13C′ decoupling
in the F1 dimension. As a result of relaxation interference between
the 15N CSA and the15N-1HN dipolar coupling, the spectra
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Figure 1. Small sections of the IPAP-[1H-15N]-HSQC spectrum of
U-(15N,13C, 2H) MAP30, recorded at 750 MHz1H frequency, in the
absence of13C′ decoupling. (A and B) Downfield15N-{1H} multiplet
components and (C and D) upfield multiplet components; (A and C) 0.15
mM MAP30 in the liquid crystalline phase and (B and D) 0.7 mM MAP30
in the isotropic phase. The measurement in the isotropic phase took 6 h;
the measurement in the liquid crystalline phase took 20 h.
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containing the downfield15N doublet components (Figure 1, A
and B) display much higher resolution than the spectra containing
the upfield components (Figure 1, C and D). Relative vertical
displacement of the multiplet components within each panel is
due to13C-15N coupling and corresponds to the sum of1JC′N +
1DC′N (Figure 1A), whereas in the isotropic state this splitting is
1JC′N (Figure 1B). Similarly, relative horizontal displacement of
the two doublet components in Figure 1A corresponds to2JC′HN

+ 2DC′HN; the analogous displacement in the isotropic state equals
2JC′HN. The1JHN + 1DHN splitting is obtained from the difference
in peak position in the F1 (15N) dimension between Figure 1, A
and C, whereas1JHN is measured from Figure 1 B and D.

The resolution in the horizontal (1HN) dimension benefits from
the perdeuteration of the protein, enhancing the accuracy with
which 2DC′HN can be measured. Although not used in the present
study, even higher resolution in this dimension can be obtained
by selecting only the upfield1HN-{15N} doublet component and
thereby utilizing the effect of relaxation interference between the
1HN CSA and the1H-15N dipolar coupling.9

The dipolar coupling between two nuclei, A and B, in a solute
macromolecule of fixed shape is given by

DAB(R,â) ) Da
AB{(3 cos2 R - 1) + 3/2R(sin2 R cos 2â)} (1)

whereR is the rhombicity defined by DrAB/Da
AB and is always

positive; Da
AB and Dr

AB (in units of hertz) are the axial and
rhombic components of the traceless second rank diagonal tensor
D given by1/3[Dzz

AB - (Dxx
AB + Dyy

AB)/2] and1/3[Dxx
AB - Dyy

AB],
respectively, with|Dzz

AB| > |Dyy
AB| g |Dxx

AB|; R and â are the
spherical polar angles defining the A-B interatomic vector in
the principal axis frame of the alignment tensor.Da

AB subsumes
various constants, including the gyromagnetic ratios of the two
nuclei γA andγB, the inverse cube of the distance between the
two nuclei,〈rAB

-3〉, where the broken brackets indicate vibrational
averaging, and the generalized order parameterS for fast angular
fluctuations of the internuclear vector14 which provides a first-
order correction for the effect of rapid internal motion on DAB.
In the liquid crystal bicelle medium

Da
AB ) -(µoh/16π3)SγAγB〈rAB

-3〉Aa (2)

where Aa is the unitless axial component of the molecular
alignment tensorA.

As described elsewhere,15 accurate estimates for the magnitude
and rhombicity ofA in the absence of knowledge of the protein’s
structure can be obtained from the ranges of values observed for
the various types of dipolar couplings. The orientation of a
peptide group relative to this alignment tensor is described by
three Euler angles, which can be calculated from the three types
of dipolar couplings observed for the peptide group. For the
general case, where the molecular alignment tensor lacks axial
symmetry, there are eight solutions (related by mirror image
symmetry about thexz, yz, andxy planes) which simultaneously
satisfy all three dipolar couplings and have correct bond angles
and lengths. For a dipeptide fragment, there are two additional
unknowns: the backbone torsion anglesφ andψ and a total of
six measured couplings. A grid search overφ and ψ, and
calculation of the orientation of the dipeptide relative to the
alignment tensor which yields the best fit (Powell minimization)16

between predicted and measured couplings for eachφ/ψ point,
is then used to search whichφ/ψ combinations are most
compatible with the measured couplings. Backboneφ and ψ
torsion angles derived from such maps for the protein ubiquitin
show excellent agreement with the crystal structure (Supporting
Information).

The distribution of observed dipolar couplings for perdeuterated
MAP30 in the liquid crystalline phase indicates an alignment
tensor withDa ) 17, and a rhombicityR of 0.6.15 Figure 2
provides an example of a map, calculated in the above-described
manner, which shows to what extent given pairs ofφ andψ angles
of Thr224 are compatible with the measured dipolar couplings.
As no dipolar coupling for a chiral center is included, the
handedness of the polypeptide backbone cannot be determined
from these data alone, but the region nearφ/ψ ) +120°/0° is
strongly disallowed for steric reasons when using L-amino acids.
Thus, for Thr224 in MAP30, at the end of its tenthâ-strand, the
dipolar coupling data indicateφ ) -125 ( 25° andψ ) 10 (
20°. If, for a given residue, multiple regions in the allowed area
of φ/ψ space are compatible with the observed dipolar couplings,
the correct region usually can be identified on the basis of1H
and13C chemical shifts.17 Note that theC2-symmetric degeneracy
of the contour map can be lifted when1DCRHR is also included in
the fitting procedure; however, this coupling may be more difficult
to measure in large proteins.

It is anticipated that in perdeuterated proteins, where structure
determination suffers from the lack of a large number of NOEs,
addition of dipolar and torsion constraints will permit calculation
of structures at a useful level of resolution. In this respect, it is
important to note that in addition to improving convergence by
constrainingφ and ψ angles, the dipolar couplings also define
the orientations of the dipeptide fragments relative to the
alignment tensor.

The absence of large1H-1H dipolar interactions in a protein
where all nonexchangeable hydrogens are deuterated permits the
use of relatively strong alignment. Combined with the construc-
tive use of relaxation interference, this makes it possible to
measure accurately the inherently small one-bond13C′-15N and
two-bond13C′-1HN dipolar couplings, in addition to the one bond
15N-1HN dipolar coupling, even in large proteins and all from
the same experiment. These values provide strong constraints
when determining the protein structure.
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Supporting Information Available: Contour plots analogous to
Figure 2, showing the agreement between dipolar couplings andφ and
ψ, for Q2-V5 in human ubiquitin; pulse sequence diagram and parameters
used for measuring the spectra of Figure 1 (2 pages, print/PDF). See
any current masthead page for ordering and Web access instructions.
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Figure 2. Contour map showing the value of the error function,E ) Σ
1/6[Ck(Dbest fit - Dexp)]2, as a function of the torsion anglesφ andψ of
residue Thr224 in MAP30. The values ofφ and ψ are systematically
incremented in 5° steps.E is the minimum calculated using a program
which searches for the dipeptide orientation in the alignment tensor frame
which yields the best fit between measured and calculated data.16 The
summation extends over the six couplings (1DNH, 1DC′N, and2DC′HN) of
the two peptide groups flanking Thr224, and the scaling factors Ck are
8.4 for 1DC′N, 3.0 for 2DC′HN, and 1 for1DNH.
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