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The computational tools necessary for making use of 1H– 1H
dipolar couplings in macromolecular structure refinement are presented. Potentials are described for direct refinement against
1
H– 1H dipolar couplings of known sign as well as of unknown
sign. In addition, a multiple potential is developed for prochiral
protons whose stereospecific assignments are unknown. The utility
of direct 1H– 1H dipolar coupling refinement is illustrated using the
small protein ubiquitin. It is shown that direct 1H– 1H dipolar
coupling refinement leads to improvements in the precision, accuracy, and quality of the resulting structures.

It has been amply demonstrated that backbone dipolar couplings provide valuable information concerning long-range
order (1, 2) and lead to significant improvements in the accuracy and precision of protein structures determined by NMR
(2–10). Further improvements in accuracy are potentially attainable by including 1H– 1H dipolar couplings (11–13) in the
structure refinement. To date, however, direct refinement
against 1H– 1H dipolar couplings has not been carried out. This
is in part because the problem of refinement against 1H– 1H
dipolar couplings corresponding to 1H– 1H vectors of varying
lengths is more complex than refinement against fixed-length
dipolar couplings. In this Communication, we set out the
computational tools required for direct 1H– 1H dipolar coupling
refinement, including cases where the sign of the dipolar coupling is unknown and cases where stereospecific assignments
have not been made. We illustrate the application of 1H– 1H
dipolar coupling refinement using the small protein ubiquitin as
an example.
Since 1H– 1H vectors are of variable length, the magnitude of
the alignment tensor cannot be determined by examining the
distribution of 1H– 1H dipolar couplings (14). Thus, for the
purposes of structure refinement, the observed dipolar coupling
between two protons A and B is most conveniently expressed
as

where D aNH in units of hertz is the axial component of the
traceless second-rank diagonal tensor D NH for fixed-length
backbone N–H vectors; R is the rhombicity defined as the ratio
of the rhombic to axial components of the tensor D NH;  is the
angle between the A–B interproton vector and the z axis of the
tensor;  is the angle which describes the position of the
projection of the A–B interproton vector on the x ⫺ y plane,
relative to the x axis; ␥ H and ␥ N are the gyromagnetic ratios of
1
H and 15N, respectively; r NH is the fixed distance (1.02 Å) of
the N–H bond, and r AB is the distance of the AB interproton
vector, where the 具 典 brackets indicate vibrational averaging.
D aNH and R are readily determined experimentally by examining the distribution of measured 15N– 1H and, if available, other
fixed-length dipolar couplings (14).
If the sign of the 1H– 1H dipolar coupling is known, then the
penalty function, E dip, which is minimized during simulated
annealing refinement, is simply given by
E dip ⫽ k dip关D AB共calc兲 ⫺ D AB共obs兲兴 2 ,

where k dip is the force constant, and D AB(calc) and D AB(obs) are
the calculated and observed values of the interproton dipolar
couplings. In most instances, however, it is not readily feasible
to determine the sign of the 1H– 1H dipolar coupling, unless an
E.COSY-type experiment (with concomitant loss in signal-tonoise and increase in spectral complexity) is recorded (13). In
such cases the penalty function that is minimized will be given
by
E dip ⫽ k dip共兩D AB共calc兲兩 ⫺ 兩D AB共obs兲兩兲 2 ,

[3]

where 兩D AB(calc)兩 and 兩D AB(obs)兩 are the absolute values of the
calculated and observed values of the dipolar couplings.
Many of the measured 1H– 1H dipolar couplings involve
prochiral protons for which stereospecific assignments may not
be available. In such cases we define a multiple dipolar potential for prochiral vectors, E multdipo, based on the sums and
differences of the observed dipolar couplings similar to those
described previously for 3 J coupling constant (15) and 1H

3
⫺3
D AB共  ,  兲 ⫽ D aNH␥H␥ N⫺1具r NH
典具r AB
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⫹ 3/ 2 R共sin 2  cos 2  兲其,

[2]

[1]
393

1090-7807/00

394

COMMUNICATIONS

chemical shift (16) refinement, which involves four individual
potential terms, E d1, E d2, E d3, and E d4, defined as
E d1 ⫽ k d1兵共 ␦ CalcX ⫹ ␦ CalcY 兲 ⫺ 共 ␦ Obs1 ⫹ ␦ Obs2兲其 2

TABLE 1
Agreement between Observed and Calculated 1H– 1H and
15
N– 1H Dipolar Couplings for the “High-Resolution” NMR Structure (20) and the 1.8-Å-Resolution Crystal Structure (23)

E d2 ⫽ k d1共兩 ␦ CalcX ⫺ ␦ CalcY 兩 ⫺ 兩 ␦ Obs1 ⫺ ␦ Obs2兩兲 2
E d3 ⫽ k d1k d2共兩 ␦ Obs1 ⫺ ␦ Obs2兩 ⫺ 兩 ␦ CalcX ⫺ ␦ CalcY 兩兲

X-ray structure b

1.39
0.82
1.42
1.42

1.40
1.09
2.03
1.36

1.71

1.59

2

E d4 ⫽ k d1k d2兵0.5共 ␦ Obs1 ⫺ ␦ Obs2兲 2 ⫺ 共 ␦ CalcX ⫺ ␦ CalcY 兲 2 其,

[4]

where ␦ Obs1 and ␦ Obs2 are the values (absolute values when the
sign is unknown) of the two observed dipolar couplings (in
arbitrary order), ␦ CalcX and ␦ CalcY are the values (absolute values
when the sign is unkown) of the two expected dipolar couplings (in arbitrary order) calculated from the structure, k d1 is
a force constant, and k d2 is a scale factor. The optimal value of
k d2, which readily permits the transition from the incorrect to
the correct stereospecific assignment, is found empirically to
be 0.2. E multidipo is then given by
E multidipo ⫽ E d1 ⫹ E d2,

if 兩 ␦ CalcX ⫺ ␦ CalcY 兩 ⬎ 兩 ␦ Obs1 ⫺ ␦ Obs2兩

⫽ E d1 ⫹ E d3,

if 兩 ␦ Obs1 ⫺ ␦ Obs2兩 ⱖ 兩 ␦ CalcX ⫺ ␦ CalcY 兩
ⱖ 0.5兩 ␦ Obs1 ⫺ ␦ Obs2兩

⫽ E d1 ⫹ E d4,

High-resolution
NMR structure a

if 兩 ␦ CalcX ⫺ ␦ CalcY 兩
⬍ 0.5兩 ␦ Obs1 ⫺ ␦ Obs2兩.

[5]

To test the utility of 1H– 1H dipolar coupling refinement, we
carried out a series of simulated annealing calculations (17)
using XPLOR/CNS (18, 19) on the small 76-residue protein
ubiquitin for which a large number of structurally useful NOEs
have been previously assigned ((20) and J.M., unpublished
data). 1H– 1H dipolar couplings were measured from a 3D
quantitative J H N–H ␣ correlation experiment recorded on a
sample of uniformly 15N-labeled ubiquitin in a bicelle liquid
crystalline medium (5% w/v 3:1 DMPC:DHPC) (1). In this
particular experiment the differential relaxation rates between
the diagonal and cross peaks result in a small underestimate of
the dipolar couplings (21). However, as has been shown previously (21), the fractional error, to a good approximation, is
independent of the size of the coupling. Hence, underestimating the value of the 1H– 1H dipolar coupling is equivalent to
having a slightly smaller effective D aNH. The percent correction
for a molecule in the slow tumbling limit would be of the order
of 10 –20% of the measured dipolar couplings. A change of this
magnitude in the value of D aNH will not have any significant
effect on the calculated structures (2, 22). It is also interesting
to note that if very high precision 1H– 1H dipolar couplings
could be measured, a variation in the correction factor could
potentially be determined in the presence of a highly accurate
known structure. The variation, however, in the correction

RMS deviation from 1H– 1H dipolar
coupling restraints (Hz)
All (589)
D HN (i)–H␣ (i) (42)
D HN –other (48)
Null D HN –H (499)
RMS deviation from 1 D NH, dipolar
couplings (Hz) (53)
a

PDB Accession Code 1D3Z (20).
PDB Accession Code 1UBQ (23). Protons were added using standard
geometry with XPLOR/CNS (18, 19).
b

factor for large molecules is less than 5% (21), so that the
measured dipolar couplings would have to be measured to a
precision of better than 0.5 Hz. With the current data it is
clearly impossible to detect such variations.
H N(i)–H ␣(i) dipolar couplings were obtained from the difference in 3 J HN␣ couplings measured in isotropic and liquid
crystalline media (1). The other correlations observed in the 3D
quantitative J H N–H ␣ experiment in the liquid crystalline medium arise solely from dipolar couplings since they have zero
J coupling values in isotropic medium (1). The signs of these
1
H– 1H dipolar couplings, however, cannot be determined from
the 3D quantitative J H N–H ␣ correlation experiment. 1H– 15N
dipolar couplings were determined from the difference in 1 J HN
couplings obtained in liquid crystalline and isotropic media
measured in a coupled 1H– 15N correlation spectrum. The experimental data comprise 1537 experimental distance restraints
(1485 unique structurally useful NOE-derived interproton distances and 52 distances corresponding to 26 backbone hydrogen bonds), 56 3 J HN␣ coupling constant restraints, 53 1 D NH
dipolar coupling restraints, 42 D HN 共i兲–H␣共i兲 dipolar coupling
restraints of known sign, and 48 D HN–H(other) dipolar coupling
restraints of unknown sign. (The latter include interresidue
H N –H ␣ interactions as well as H N –side chain interactions).
Given knowledge of the noise and the magnitude of the
diagonal peak, it is a simple matter to estimate the minimum
value for a dipolar coupling that can be observed in the 3D
quantitative J H N –H ␣ experiment. In this particular case this
corresponds to about 2 Hz. It is therefore possible to also
derive structurally useful restraints from the absence of an
observed cross peak in the spectrum recorded in the liquid
crystalline medium. On this basis, we also derived a set of
499 so-called “null” (or “negative”) 1 H– 1 H dipolar coupling
restraints for which no correlations were observed in the 3D
quantitative J H N –H ␣ experiment recorded in the liquid
crystalline medium. Since the magnitude of the 1 H– 1 H di-
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polar coupling is related to the inverse cube of the corresponding interproton distance, we restricted the null 1 H– 1 H
dipolar coupling restraints to vectors which had distances
ⱕ5 Å in the structure refined without 1 H– 1 H dipolar couplings. The null 1 H– 1 H dipolar coupling restraints were
restricted to a range of 0 ⫾ 2 Hz by a square-well potential.
Harmonic potentials were employed for the 3 J HN␣ , 1 D NH , and
D H N (i)–H ␣ (i) restraints, while square-well potentials were employed for the NOE-derived interproton distance restraints
and remaining 1 H– 1 H dipolar coupling restraints. In the
latter case an error range of ⫾2 Hz was employed. Two sets
of calculations were carried out, one with and the other
TABLE 2
Structural Statistics a

RMS deviation from 1H– 1H dipolar
coupling restraints (Hz)
All (589)
D HN (i)–H␣ (i) (42)
D HN–other (48)
Null D HN –H (499)
RMS deviation from 1 D NH dipolar
couplings (Hz) (53) c
RMS deviations from interproton
distance restraints (Å) (1537) d
RMS deviation from 3 J HN␣ coupling
constants (Hz) (56)
Lennard–Jones energy
(kcal.mol ⫺1) e
% Residues in most favored region
of Ramachandran plot
Backbone coordinate precision (Å)
Backbone coordinate accuracy (Å) f

With 1H– 1H
dipolar couplings b

Without 1H– 1H
dipolar couplings b

0.79 ⫾ 0.07
0.83 ⫾ 0.07
0.74 ⫾ 0.18
0.44 ⫾ 0.02

2.47 ⫾ 0.19
1.42 ⫾ 0.34
4.26 ⫾ 0.69
2.44 ⫾ 0.25

0.54 ⫾ 0.033

0.52 ⫾ 0.04

0.038 ⫾ 0.007

0.033 ⫾ 0.005

0.87 ⫾ 0.06

0.69 ⫾ 0.10

⫺289 ⫾ 10

⫺288 ⫾ 13

82.4 ⫾ 1.5
0.43
0.53/0.62

75.4 ⫾ 4.2
0.56
0.61/0.67

a
The number of restraints are given in parentheses. The force constants
employed for the NOE-derived interproton distance restraints, the dipolar
couplings, and the 3 J HN␣ couplings are 30 kcal.mol ⫺1.Å ⫺2, 1 kcal.mol ⫺1.Hz ⫺2,
and 1 kcal.mol ⫺1.Hz ⫺2, respectively. The scale factor k d2 in Eq. [4] is set to 0.2.
The force constant for the quartic van der Waals repulsion term (17) used to
prevent atoms from coming too close together is set to 4 kcal.mol ⫺1.Å ⫺4 with
the van der Waals radius scale factor set to 0.8.
b
Ten simulated annealing structures were calculated for each ensemble.
c
The values of D aNH and R are ⫺9.6 Hz and 0.27, respectively, and were
determined as described in (13).
d
The interproton distance restraints comprise 340 sequential (兩i ⫺ j兩 ⫽ 1),
267 short-range (1 ⬍ 兩i ⫺ j兩 ⱕ 5), and 588 long-range (兩i ⫺ j兩 ⬎ 5)
interresidue restraints and 290 structurally useful intraresidue restraints. In
addition, there are 52 distance restraints for 26 backbone hydrogen bonds.
e
The Lennard–Jones van der Waals energy is calculated with the
CHARMM19/20 parameters and is not included in the target function for
simulated annealing.
f
Accuracy for the backbone (N, C␣, C, O atoms) is defined as the rms
difference between the mean coordinates of the ensemble of simulated annealing structures and either the “high-resolution” NMR structure (20) (first
number) or the 1.8-Å-resolution X-ray structure (23) (second number). The
rmsd is calculated for residues 3–70 since the N- (residues 1–2) and C(residues 71–76) terminal residues are disordered in solution.

FIG. 1. Agreement between observed and calculated 1H– 1H dipolar couplings for ubiquitin with (*) and without (E) refinement against 1H– 1H dipolar
couplings. (a) D HN (i)–H␣ (i) couplings whose sign is known; (b) D HN –H couplings
whose signs are unknown; (c) “null” D HN –H dipolar couplings.

without the inclusion of the 1 H– 1 H dipolar coupling restraints.
The agreement between measured and calculated 1H– 1H and
1
D NH dipolar couplings for the X-ray structure (23) and the
“high-resolution” NMR structure (20) is given in Table 1. The
high-resolution NMR structure was derived from 2727 (not all
unique) NOE-derived interproton distance restraints, 98 torsion
angle restraints, and 372 fixed-length dipolar coupling restraints (20). It is apparent that the agreement between observed and calculated 1H– 1H dipolar couplings is similar for
these two structures, suggesting that their coordinate accuracy
is comparable. Thus, these two structures serve as useful reference structures for the present set of calculations.
The results of the calculations are summarized in Table 2
and Fig. 1. In the absence of 1H– 1H dipolar coupling refinement, the agreement between observed and calculated 1H– 1H
dipolar couplings is significantly worse than it is for either the
X-ray structure (23) or the high-resolution NMR structure (20).
Upon 1H– 1H dipolar coupling refinement there is a significant
improvement in the agreement between observed and calculated 1H– 1H dipolar couplings which is now better than for
either the X-ray structure or the high-resolution NMR structure; this includes both backbone– backbone, backbone–side
chain, and the so-called null dipolar couplings (Fig. 1 and
Table 2). Inclusion of 1H– 1H dipolar couplings results in a
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backbone atomic rms shift of 0.43 Å in the mean coordinate
positions, but does not significantly affect the agreement with
the other experimental restraints (interproton distances, 3 J HN␣
couplings, and 1 D NH dipolar couplings), the deviations from
idealized covalent geometry, or the quality of the nonbonded
contacts (Table 1). Both the precision and the accuracy of the
coordinates (the latter measured by reference to both the highresolution NMR structure (20) and the 1.8-Å crystal structure
of ubiquitin (23)) are slightly increased upon inclusion of the
1
H– 1H dipolar couplings (Table 1). Also slightly improved is
the quality of the Ramachandran map (Table 1).
In conclusion, 1H– 1H dipolar couplings can be readily included in protein structure refinement and do result in an
improvement in precision and accuracy without compromising
the agreement with other structural restraints or the overall
quality of the structure. It should be borne in mind, however,
that since 1H– 1H dipolar couplings exhibit both an angular and
a distance dependence, they are conformationally less restrictive than dipolar couplings corresponding to fixed-length bond
vectors.
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