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The computational tools necessary for making use of H– H
dipolar couplings in macromolecular structure refinement are pre-
sented. Potentials are described for direct refinement against
1H–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, accu-
racy, and quality of the resulting structures.

It has been amply demonstrated that backbone dipolar
plings provide valuable information concerning long-ra
order (1, 2) and lead to significant improvements in the ac
racy and precision of protein structures determined by N
(2–10). Further improvements in accuracy are potentially
tainable by including1H–1H dipolar couplings (11–13) in the
tructure refinement. To date, however, direct refinem
gainst1H–1H dipolar couplings has not been carried out. T

is in part because the problem of refinement against1H–1H
dipolar couplings corresponding to1H–1H vectors of varying
lengths is more complex than refinement against fixed-le
dipolar couplings. In this Communication, we set out
computational tools required for direct1H–1H dipolar coupling
refinement, including cases where the sign of the dipolar
pling is unknown and cases where stereospecific assign
have not been made. We illustrate the application of1H–1H

ipolar coupling refinement using the small protein ubiquiti
n example.
Since1H–1H vectors are of variable length, the magnitud

the alignment tensor cannot be determined by examinin
distribution of 1H–1H dipolar couplings (14). Thus, for the

urposes of structure refinement, the observed dipolar cou
etween two protons A and B is most conveniently expre
s

D AB~u,f! 5 D a
NHgHgN

21^r NH
3 &^r AB

23&$~3 cos2u 2 1!

1 3/ 2 R~sin2u cos 2f!%, [1]
393
u-
e
-
R
t-

nt
s

th
e

u-
nts

s

f
he

ng
ed

where D a in units of hertz is the axial component of
traceless second-rank diagonal tensorDNH for fixed-length
backbone N–H vectors;R is the rhombicity defined as the ra

f the rhombic to axial components of the tensorDNH; u is the
angle between the A–B interproton vector and thez axis of the
tensor; f is the angle which describes the position of
projection of the A–B interproton vector on thex 2 y plane
relative to thex axis;gH andgN are the gyromagnetic ratios
1H and 15N, respectively;r NH is the fixed distance (1.02 Å)
the N–H bond, andr AB is the distance of the AB interprot
vector, where thê & brackets indicate vibrational averagi
D a

NH andR are readily determined experimentally by exam
ing the distribution of measured15N–1H and, if available, othe
fixed-length dipolar couplings (14).

If the sign of the1H–1H dipolar coupling is known, then th
penalty function,Edip, which is minimized during simulate
annealing refinement, is simply given by

Edip 5 kdip@D
AB~calc! 2 D AB~obs!# 2, [2]

wherekdip is the force constant, andDAB(calc) andDAB(obs) are
the calculated and observed values of the interproton di
couplings. In most instances, however, it is not readily fea
to determine the sign of the1H–1H dipolar coupling, unless a
E.COSY-type experiment (with concomitant loss in signa
noise and increase in spectral complexity) is recorded (13). In
such cases the penalty function that is minimized will be g
by

Edip 5 kdip~uD AB~calc!u 2 uD AB~obs!u! 2, [3]

whereuDAB(calc)u anduDAB(obs)u are the absolute values of t
calculated and observed values of the dipolar couplings.

Many of the measured1H–1H dipolar couplings involv
prochiral protons for which stereospecific assignments ma
be available. In such cases we define a multiple dipolar p
tial for prochiral vectors,Emultdipo, based on the sums a
differences of the observed dipolar couplings similar to th
described previously for3J coupling constant (15) and 1H
1090-7807/00
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chemical shift (16) refinement, which involves four individu
potential terms,Ed1, Ed2, Ed3, andEd4, defined as

Ed1 5 kd1$~dCalcX 1 dCalcY! 2 ~dObs11 dObs2!%
2

Ed2 5 kd1~udCalcX 2 dCalcYu 2 udObs12 dObs2u! 2

Ed3 5 kd1kd2~udObs12 dObs2u 2 udCalcX 2 dCalcYu! 2

Ed4 5 kd1kd2$0.5~dObs12 dObs2!
2 2 ~dCalcX 2 dCalcY!

2%, [4]

wheredObs1 anddObs2 are the values (absolute values when
ign is unknown) of the two observed dipolar couplings
rbitrary order),dCalcX anddCalcY are the values (absolute valu

when the sign is unkown) of the two expected dipolar c
plings (in arbitrary order) calculated from the structure,kd1 is

force constant, andkd2 is a scale factor. The optimal value
kd2, which readily permits the transition from the incorrec
the correct stereospecific assignment, is found empirica
be 0.2.Emultidipo is then given by

Emultidipo 5 Ed1 1 Ed2, if udCalcX 2 dCalcYu . udObs12 dObs2u

5 Ed1 1 Ed3, if udObs12 dObs2u $ udCalcX 2 dCalcYu

$ 0.5udObs12 dObs2u

5 Ed1 1 Ed4, if udCalcX 2 dCalcYu

, 0.5udObs12 dObs2u. [5]

To test the utility of1H–1H dipolar coupling refinement, w
arried out a series of simulated annealing calculations17)
sing XPLOR/CNS (18, 19) on the small 76-residue prote
biquitin for which a large number of structurally useful NO
ave been previously assigned ((20) and J.M., unpublishe
ata). 1H–1H dipolar couplings were measured from a

quantitativeJ HN–Ha correlation experiment recorded on
sample of uniformly15N-labeled ubiquitin in a bicelle liqui
crystalline medium (5% w/v 3:1 DMPC:DHPC) (1). In this
particular experiment the differential relaxation rates betw
the diagonal and cross peaks result in a small underestim
the dipolar couplings (21). However, as has been shown p
iously (21), the fractional error, to a good approximation
ndependent of the size of the coupling. Hence, underest
ng the value of the1H–1H dipolar coupling is equivalent
having a slightly smaller effectiveD a

NH. The percent correctio
for a molecule in the slow tumbling limit would be of the or
of 10–20% of the measured dipolar couplings. A change o
magnitude in the value ofD a

NH will not have any significan
effect on the calculated structures (2, 22). It is also interestin
to note that if very high precision1H–1H dipolar coupling
could be measured, a variation in the correction factor c
potentially be determined in the presence of a highly acc
known structure. The variation, however, in the correc
e

-
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n
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-
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n

factor for large molecules is less than 5% (21), so that the
measured dipolar couplings would have to be measured
precision of better than 0.5 Hz. With the current data
clearly impossible to detect such variations.

HN(i )–Ha(i ) dipolar couplings were obtained from the d-
ference in3JHNa couplings measured in isotropic and liq
crystalline media (1). The other correlations observed in the
quantitativeJ HN–Ha experiment in the liquid crystalline m-
dium arise solely from dipolar couplings since they have
J coupling values in isotropic medium (1). The signs of thes
1H–1H dipolar couplings, however, cannot be determined f
the 3D quantitativeJ HN–Ha correlation experiment.1H–15N
dipolar couplings were determined from the difference in1JHN

couplings obtained in liquid crystalline and isotropic me
measured in a coupled1H–15N correlation spectrum. The e-
perimental data comprise 1537 experimental distance rest
(1485 unique structurally useful NOE-derived interproton
tances and 52 distances corresponding to 26 backbone h
gen bonds), 563JHNa coupling constant restraints, 531DNH

dipolar coupling restraints, 42DHN ~i !–Ha~i ! dipolar coupling
restraints of known sign, and 48DHN–H(other) dipolar coupling
restraints of unknown sign. (The latter include interres
HN–Ha interactions as well as HN–side chain interactions
Given knowledge of the noise and the magnitude of
diagonal peak, it is a simple matter to estimate the minim
value for a dipolar coupling that can be observed in the
quantitativeJ HN–Ha experiment. In this particular case t
corresponds to about 2 Hz. It is therefore possible to
derive structurally useful restraints from the absence o
observed cross peak in the spectrum recorded in the l
crystalline medium. On this basis, we also derived a s
499 so-called “null” (or “negative”)1H–1H dipolar coupling
restraints for which no correlations were observed in the
quantitative J HN–Ha experiment recorded in the liqu
crystalline medium. Since the magnitude of the1H–1H di-

TABLE 1
Agreement between Observed and Calculated 1H–1H and

15N–1H Dipolar Couplings for the “High-Resolution” NMR Struc-
ure (20) and the 1.8-Å-Resolution Crystal Structure (23)

High-resolution
NMR structurea X-ray structureb

RMS deviation from1H–1H dipolar
coupling restraints (Hz)

All (589) 1.39 1.40
DHN(i )–Ha (i ) (42) 0.82 1.09
DHN–other (48) 1.42 2.03
Null DHN–H (499) 1.42 1.36

RMS deviation from1DNH, dipolar
couplings (Hz) (53) 1.71 1.59

a PDB Accession Code 1D3Z (20).
b PDB Accession Code 1UBQ (23). Protons were added using stand

geometry with XPLOR/CNS (18, 19).
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polar coupling is related to the inverse cube of the co
sponding interproton distance, we restricted the null1H–1H
dipolar coupling restraints to vectors which had distan
#5 Å in the structure refined without1H–1H dipolar cou-
plings. The null 1H–1H dipolar coupling restraints we
restricted to a range of 06 2 Hz by a square-well potentia
Harmonic potentials were employed for the3JHNa,

1D NH, and
D HN (i )–Ha (i ) restraints, while square-well potentials were-
ployed for the NOE-derived interproton distance restra
and remaining1H–1H dipolar coupling restraints. In th
latter case an error range of62 Hz was employed. Two se

f calculations were carried out, one with and the o

TABLE 2
Structural Statisticsa

With 1H–1H
dipolar couplingsb

Without 1H–1H
dipolar couplingsb

RMS deviation from1H–1H dipolar
coupling restraints (Hz)

All (589) 0.796 0.07 2.476 0.19
DHN(i )–Ha (i ) (42) 0.836 0.07 1.426 0.34
DHN–other (48) 0.746 0.18 4.266 0.69
Null DHN–H (499) 0.446 0.02 2.446 0.25

RMS deviation from1DNH dipolar
couplings (Hz) (53)c 0.546 0.033 0.526 0.04

RMS deviations from interproton
distance restraints (Å) (1537)d 0.0386 0.007 0.0336 0.005

RMS deviation from3JHNa coupling
constants (Hz) (56) 0.876 0.06 0.696 0.10

Lennard–Jones energy
(kcal.mol21)e 22896 10 22886 13

% Residues in most favored region
of Ramachandran plot 82.46 1.5 75.46 4.2

Backbone coordinate precision (Å) 0.43 0.56
Backbone coordinate accuracy (Å)f 0.53/0.62 0.61/0.67

a The number of restraints are given in parentheses. The force con
employed for the NOE-derived interproton distance restraints, the d
couplings, and the3JHNa couplings are 30 kcal.mol21.Å22, 1 kcal.mol21.Hz22,
and 1 kcal.mol21.Hz22, respectively. The scale factorkd2 in Eq. [4] is set to 0.2

he force constant for the quartic van der Waals repulsion term (17) used to
revent atoms from coming too close together is set to 4 kcal.mol21.Å24 with

the van der Waals radius scale factor set to 0.8.
b Ten simulated annealing structures were calculated for each ensem
c The values ofD a

NH and R are 29.6 Hz and 0.27, respectively, and w
determined as described in (13).

d The interproton distance restraints comprise 340 sequential (ui 2 j u 5 1),
267 short-range (1, ui 2 j u # 5), and 588 long-range (ui 2 j u . 5)
interresidue restraints and 290 structurally useful intraresidue restrain
addition, there are 52 distance restraints for 26 backbone hydrogen bo

e The Lennard–Jones van der Waals energy is calculated with
HARMM19/20 parameters and is not included in the target function
imulated annealing.

f Accuracy for the backbone (N, Ca, C, O atoms) is defined as the r
ifference between the mean coordinates of the ensemble of simulated

ng structures and either the “high-resolution” NMR structure (20) (first
umber) or the 1.8-Å-resolution X-ray structure (23) (second number). Th
msd is calculated for residues 3–70 since the N- (residues 1–2) a
residues 71–76) terminal residues are disordered in solution.
-

s

ts

r

ithout the inclusion of the1H–1H dipolar coupling re-
straints.

The agreement between measured and calculated1H–1H and
1DNH dipolar couplings for the X-ray structure (23) and the
“high-resolution” NMR structure (20) is given in Table 1. Th

igh-resolution NMR structure was derived from 2727 (no
nique) NOE-derived interproton distance restraints, 98 to
ngle restraints, and 372 fixed-length dipolar coupling
traints (20). It is apparent that the agreement between
erved and calculated1H–1H dipolar couplings is similar fo

these two structures, suggesting that their coordinate acc
is comparable. Thus, these two structures serve as usef
erence structures for the present set of calculations.

The results of the calculations are summarized in Tab
and Fig. 1. In the absence of1H–1H dipolar coupling refine-

ent, the agreement between observed and calculated1H–1H
dipolar couplings is significantly worse than it is for either
X-ray structure (23) or the high-resolution NMR structure (20).
Upon 1H–1H dipolar coupling refinement there is a signific
improvement in the agreement between observed and c
lated 1H–1H dipolar couplings which is now better than
either the X-ray structure or the high-resolution NMR st
ture; this includes both backbone–backbone, backbone
chain, and the so-called null dipolar couplings (Fig. 1
Table 2). Inclusion of1H–1H dipolar couplings results in

FIG. 1. Agreement between observed and calculated1H–1H dipolar cou-
plings for ubiquitin with (*) and without (E) refinement against1H–1H dipolar
couplings. (a)DHN(i )–Ha (i ) couplings whose sign is known; (b)DHN–H couplings
whose signs are unknown; (c) “null”DHN–H dipolar couplings.
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backbone atomic rms shift of 0.43 Å in the mean coordi
positions, but does not significantly affect the agreement
the other experimental restraints (interproton distances,3JHNa

couplings, and1DNH dipolar couplings), the deviations fro
idealized covalent geometry, or the quality of the nonbon
contacts (Table 1). Both the precision and the accuracy o
coordinates (the latter measured by reference to both the
resolution NMR structure (20) and the 1.8-Å crystal structu

f ubiquitin (23)) are slightly increased upon inclusion of
1H–1H dipolar couplings (Table 1). Also slightly improved
the quality of the Ramachandran map (Table 1).

In conclusion,1H–1H dipolar couplings can be readily i-
cluded in protein structure refinement and do result in
improvement in precision and accuracy without compromi
the agreement with other structural restraints or the ov
quality of the structure. It should be borne in mind, howe
that since1H–1H dipolar couplings exhibit both an angular a
a distance dependence, they are conformationally less re
tive than dipolar couplings corresponding to fixed-length b
vectors.
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