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A method for accurately measuring HN–Ha residual dipolar sign of the coupling is not easily determined and most in
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ouplings is described. Using this technique, both the sign and
agnitude of the coupling can be determined easily. Residual

ipolar coupling between HN(i)–Ha(i) and HN(i)–Ha(i-1) were
easured for the FK506 binding protein complexed to FK506. The

xperimental values were in excellent agreement with predictions
ased on an X-ray crystal structure of the protein/ligand complex,
uggesting that these residual dipolar couplings will provide ac-
urate structural constraints for the refinement of protein struc-
ures determined by NMR. © 1999 Academic Press
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Partial alignment of biomolecules in a magnetic field le
o anisotropic averaging of tensorial interactions (1). The
nisotropic value that is observed depends on the orientat

he tensorial property with respect to the alignment tensor
xample is the dipolar interaction between two nuclei. In
ase, the tensor is oriented along the internuclear vector
ecting the two atoms. In an isotropic medium, the tumblin

he molecule averages the dipolar tensor so that no net d
oupling is observed. However, in a partially oriented sam
he observed dipolar coupling can be nonzero depending o
elative orientation of the internuclear vector and the alignm
ensor (2, 3).

The large number of NMR observables in a biomolecule
re orientation dependent has fueled the recent developm
xperiments to measure the residual anisotropic effect (2–10).
o date, most experiments have focused on the measur
f residual dipolar couplings observed for fixed distance in
ctions between either two hetero atoms or a proton a
etero atom. In all of these cases, the elements of the d

ensor are known, and only the size and orientation of
lignment tensor need to be determined. Less effort has
laced on quantitatively measuring residual dipolar coup
etween protons (3, 7). Proton–proton residual dipolar co
lings are more difficult to quantitate and interpret becaus

1 To whom correspondence should be addressed. Abbott Labora
47G, AP10, 100 Abbott Park Rd., Abbott Park, IL 60064-6098. E-m

esiks@pprd.abbott.com.
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roton distances are not fixed.
In this Communication, we describe a method for accura
easuring HN(i)–Ha(i) and HN(i)–Ha(i-1) dipolar couplings in
roteins. The couplings are measured using a nonproto
oupled HNCA experiment to generate an E.COSY e
etween HN and Ha from which an accurate measuremen
oth the magnitude and the sign of the residual dipolar
lings can be made. Using this method, more than 90% o
ossible HN(i)–Ha(i) and 52% of the HN(i)–Ha(i-1) residua
ipolar couplings were obtained for the FK506 binding pro
FKBP) complexed to FK506. The measured residual dip
ouplings are compared to values predicted from an X
rystal structure of FKBP/FK506 (PDB access code 1FKF,11).
The pulse scheme used in the present study is shown i

. The experiment is similar to the Soft HNCA–E.CO
xperiment (12–14). The current experiment differs in t
lacement of the carbonyl decoupling pulses in t2 and the
f gradients to reduce artifacts and aid in water suppresion

nteresting feature of the Soft HNCA–E.COSY experimen
he final INEPT transfer. This transfer utilizes a net 3
otation of the proton magnetization that results in the refo
ng of the coupling between the nitrogen and HN but still
etains the terms dependent on Ha coupling in the carbo
volution period. This leads to an E.COSY effect that is
olved by the large Ca–Ha coupling and allows for accura
easurement of the HN–Ha coupling (12–14).
Figure 2 shows a region of the Soft HNCA–E.COSY sp

rum, recorded with the pulse scheme shown in Fig. 1. The
f the displacement in the f3 dimension corresponds to the
f theJ(HN–Ha) scalar and residual dipolar coupling. The s
f the coupling can easily be determined by comparing
pectra from the aligned samples (Figs. 2B and 2C) to
ample that was run under normal isotropic conditions (
A). For example, the residual dipolar couplings for HN(L74)–
a(K73) and HN(L74)–Ha(L74) have the opposite sign as
calarJ-coupling observed in the reference spectrum. In
ample aligned by phage (Fig. 2C), the alignment tensor
ifferent orientation which results in a positive residual dip
oupling for HN(L74)–Ha(K73).

es,
:
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In Fig. 3, residual dipolar couplings for FKBP/FK506 p
ially aligned by the DMPC/DHPC/SDS bicelles are compa
o those predicted from an X-ray crystal structure of FK
K506 (11). The predicted values were obtained using

1DHN2HA 5 2S
m0

4p

gHgHh

4p 2r 3 3 FAa~3 cos2u 2 1!

1
3

2
Ar~sin2u 3 cos 2f!G , [1]

hereS is the generalized order parameter for internal mo
H is the proton gyromagnetic ratio,h is Planks constant,r is

he internuclear proton distance,Aa and Ar are the axial an
hombic components of the molecular alignment tensor, au
ndf are the cylindrical coordinates of the bond vector in
rincipal axis system ofA (3). The order parameterS was
ssumed to be one in all of the calculations. All distances
ngles were derived from the coordinates of the X-ray s

ure. The values used forAa, Ar, and the Euler angles relati
he molecule fixed frame and the alignment tensor were
ame as those obtained from a fit of N–HN and Ca–Ha residua
ipolar couplings (data not shown).
As shown in Fig. 3, the experimental data for the HN(i)–

a(i) and HN(i)–Ha(i-1) dipolar coupling compare favorab
o predictions based on the X-ray crystal structure with co
ation coefficients of 0.90 and 0.89, respectively. The quali
he fit suggests that even in the case of variable dist
nteractions residual dipolar couplings will yield valuable c
traints for determining protein structures by NMR. It is a
nteresting to note that the experimental data fit the X

FIG. 1. Pulse scheme of the Soft HNCA–E.COSY experiment (12–14).
arrow and wide pulses correspond to 90° and 180° flip angles, respec
Watergate sequence (15) is used in the initial INEPT step to aid in wa

uppression. Selectivity between Ca and CO pulses were obtained by usin
inc pulse. Pulses without an explicit phase cycle are along thex axis. The
emaining phases aref1 5 x, 2x, f2 5 2(x), 2(2x), f3 5 4(x), 4(2x), and
CVR 5 x, 2(2x), x, 2x, 2(x), 2x. The delays were D5 5.4 ms,T 5 27.2
s, andt 5 2.25 ms. The same gradient strength was used for all o
radient pulses. The lengths of the gradients g1–g4 are 0.3, 1.0, 1.5, a
s, respectively. Data were processed using the program NMRPipe (16) and
nalyzed using the program PIPP (17).
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tructures of FKBP/ligand complexes (data not shown).
In larger proteins, systematic errors are expected in the

urement ofJ coupling constants using the Soft HNCA–E.CO
xperiment (18, 19). The observed splittings in the experiment
iased toward smaller values due to differential relaxation rat
oherences that are generated to observe the E.COSY
hese errors can be reduced in this experiment by shortenin

ength of the refocusing delays after the carbon evolution p
nd by the use of selective HN pulses to avoid Ha transvers
elaxation in the final reverse INEPT (19).

The constraint derived from the HN(i)–Ha(i) residual dipola
oupling can be used to restrain the backbone anglef while the
N(i)–Ha(i-1) coupling restrains the backbone anglec. The
easured values are very sensitive indicators of struc

ince they depend on both the orientation and the magnitu
he interproton vector. Small changes in the interproton
ance have a dramatic effect on the size of the dipolar cou
onstant due to the inverse cube dependence on distanc
xample, the difference between a 2 and 2.5 Å internucle
istance is almost a factor of two difference in the meas
esidual dipolar coupling. In addition, unlike NOEs, the m
ured residual dipolar couplings are not affected by spin
usion.

We have demonstrated a method for measuring res
ipolar couplings between HN(i)–Ha(i) and HN(i)–Ha(i-1) in
roteins. The measured values for the FKBP/FK506 com
how an excellent correlation with those predicted from
igh-resolution X-ray structure. These results suggest tha

FIG. 2. Small regions of the Soft HNCA–E.COSY spectra showing
or HN(L74)–Ha(L74) and HN(L74)–Ha(K73). All samples contained 1 m
KBP/FK506 and 50 mM potasium phosphate buffer at pH 6.5. Experim
ere performed at 311 K at 600 MHz on a Bruker DRX-600 spectrometer
NCA–E.COSY spectra acquired using samples containing (A) FKBP/F
nd phosphate buffer (isotropic conditions), (B) FKBP/FK506, phosp
uffer, and 5% DMPC/DHPC/SDS at a molar ratio (3:1:0.1) (aligned sam
r (C) FKBP/FK506, phosphate buffer, and Pf1 phage (aligned sample
hage samples were prepared as described in Ref. (7).
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idual dipolar couplings can provide additional useful st
ural constraints for determining protein structures by N
pectroscopy.
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