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A novel three-dimensional NMR experiment is reported that
allows the observation of correlations between amide and other
protons via residual dipolar couplings in partially oriented pro-
teins. The experiment is designed to permit quantitative measure-
ment of the magnitude of proton–proton residual dipolar cou-
plings in larger molecules and at higher degree of alignments. The
observed couplings contain data valuable for protein resonance
assignment, local protein structure refinement, and determination
of low-resolution protein folds. © 2000 Academic Press

Key Words: residual dipolar coupling; protein structure; protein
assignment; homonuclear decoupling.

Residual one- and two-bond heteronuclear dipolar coup
provide novel constraints for protein structure refinemen
high-resolution solution NMR (1–7). These couplings are com
monly measured from well-resolved scalar separated dou
This approach is not feasible for the measurement of u
solved proton–proton residual dipolar couplings in part
oriented molecules. Recently, Tjandraet al. demonstrated th
these proton–proton residual dipolar couplings can be ad
tageously used for protein NMR structure determination8).
Here, we present a novel method to measure such unres
couplings quantitatively using a coherence transfer schem
offers an alternative to earlier reports measuring such
plings that may be more difficult to quantitate or are
completely general (8–12).

The scheme proposed is shown in Fig. 1. In the follow
product-operator description, only terms resulting in obs
able magnetization during the detection period are retaine
constant multiplicative factors and relaxation terms are o
ted. A three-spin system consisting of an amide proton (H
directly bound nitrogen (N), and a generic proton (Q) cou
by dipolar (and possibly scalar) coupling to the amide pr
will be considered. During the first time periodT, the chemica
shift evolution of Q is obtained in a constant-time fash
Simultaneously, antiphase proton–proton magnetization
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2QyHz at point a is generated via residual dipolar and sc
coupling between Q and H. After transfer to the amide pr
by the second proton 90° pulse (2QzHy) the active 1H–1H
oupling is refocused during a second periodT and simulta

neously antiphase coherence 2HyNz with respect to the direct
bound15N nuclei is created (t1 is set to 1/4JHN). Coherence Hx
originating on the amide proton H is also frequency lab
during the first constant time periodT, and acquires antipha
coherence with respect to the directly bound N nucleus in
second periodT. The two coherences of origins Q and H b
follow a path of 15N chemical shift evolution duringt 2 fol-
lowed by the reverse INEPT to in-phase amide proton ma
tization. At the start of the acquisition (b in Fig. 1) the

bservable components of the density operator are thus
y

s~b! 5 Hycos@VNt2#p$sin2@pDT#cos@VQt1#

1 cos2@pDT#cos@VHt1#%, [1]

whereD indicates the residual dipolar coupling between
amide proton H and proton Q. If Q is the intra-residual1Ha

proton,D also contains the three-bond scalar coupling. Acc
ing to Eq. [1], the ratio of the intensities between the diag
and the cross-peak yields, neglecting differences in trans
relaxation rates duringt 1, a good estimation of the residu
dipolar couplingD between the involved nuclei. Howev
because the coupling evolves with the square of the trig
metric functions, the sign of the residual dipolar coup
cannot be retrieved.

Recently, Hansenet al. proposed DCOSY (9), that uses
TOCSY sequence to observe long range proton–proton c
lations via residual dipolar couplings. Although DCOSY ca
principle distinguish direct from relay (“spin-diffusion”) cros
peaks, it is impossible to deconvolute the simultaneous co
bution of these processes to a single peak. This limits
possibility of extracting quantitative information from t
DCOSY experiment. More recently, Tianet al. (11) proposed
a CT-COSY experiment that eliminates multiple relay pe
In this experiment the residual dipolar couplings can, in p
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ciple, be obtained from the intensity ratio of the cross-p
and diagonal. However, as the cross-peaks in their exper
have an anti-phase or phase-shifted character, they are d
to integrate (9). The method reported by Caiet al. (12) is not
completely general as it measures1HN–1Ha couplings only

ery recently, Tjandraet al. (8) report the use of a HNH
experiment for the quantitation of1H–1H dipolar couplings
The appearance, as well as information content, of their e
iment is very similar to our proposed experiment. But,
experiment can be easily adapted for larger molecules by
a TROSY scheme (13–15) instead of the HSQC sequen
shown. In addition, for perdeuterated protein samples, a3E-

ased single-spin-transition selection (16) during thet 1 period
can also be implemented, which will select the narrow c
ponents of the1HN doublets in that dimension. This meth
was recently demonstrated by Pervushinet al. (17).

As an application, we recorded the experiment with a
M sample of2H/15N/13C labeled Yersinia Outer Protein

YopH, 15 kDa molecular weight) dissolved in an aque
olution containing 6.0% DMPC/DHPC/CTAB at 3.2:1:
atio (18). With the fully deuterated sample only amide-prot
o-amide-proton correlations are possible. Figure 2 show
mples of some of the observed cross-peaks, between G
nd Asp 72 and between Thr 73 and Ala 74 in Fig. 2A, and

nter-strand 1HN(Ser102)–1HN(Asp89) connectivities in Fig
2B. Using the assumption of identical relaxation, the obse

FIG. 1. Pulse sequence to measure residual dipolar coupling inte
respectively. Unless specified otherwise, pulse phases are along thex-axis. W
residual dipolar couplings, the1H carrier position is set to 9.2 ppm through
180° proton pulses in the middle of the INEPT steps are REBURP pulse
amide proton resonances only and do not perturb the water magnetiza
pulses refocus amide proton to aliphatic proton residual dipolar couplings
residual dipolar couplings are of interest, the1H carrier is set at the water r
middle of the two time periods-2T are nonselective. The pulsed field gr

38 G/cm. The delays areT 5 10 ms for YopH and 5 ms for DnaK,t1 5
ncrementingf1 and f2, respectively.15N decoupling duringt 1 was obtain
decoupled from both13Ca and 13CO by a WURST decoupling sequence (25)

andwidth each, one at the Ca frequency and one shifted by 24 000 Hz. W
he data shown in Fig. 4. A spin lock pulse (10ms to 1 ms) prior to data acq
2(2y); f 2 5 x, 2x; f 3 5 4(x), 4(2x) C rec 5 x, 2x, 2x, x, 2x, x, x,
s
nt
ult

r-
r
ng

-

3

s

-
x-
71
e

d

dipolar couplings were measured for all cross-peaks of Y
with Eq. [1], and compared with corresponding distances i
three-dimensional structure of YopH (C. Smith and M.
Saper, personal communication) (Table 1). For YopH,
experiment shows strong cross-peaks only for protons th
separated by not more than 3.0–3.5 Å, with an average res
dipolar coupling of 6.3 Hz. This limited range is perh
surprising, as it has been claimed that, because of thr 23

dependence of the residual dipolar couplings (1), proton–pro
ton correlations via residual dipolar couplings may be
ploited to cover larger distances than those obtainable vi
nuclear Overhauser effect, which is a function ofr 26. How-
ever, residual dipolar couplings affect transverse magnetiz
only, and the transfer efficiency is severely limited by the1H
transverse relaxation timeT2H. Even for medium-sized macr-
molecules, this is much smaller than the longitudinal relaxa
timeT1H which limits the efficiency of NOE transfer. Howev
for smaller molecules approaching the extreme narro
limit, the NOE effect approaches zero, whereas the averagT2H

values approachT1H and are relatively long. In this situation w
can foresee that the magnetization transfer via residual d
couplings can indeed provide longer-range information
may not be otherwise accessible.

For our sample conditions, we observe almost exclus
sequential1HN–1HN transfers for residues in helical areas of
protein (Table 1). Moreover, because of the somewhat

tions between protons. Narrow and thin bars represent 90° and 18
n working with a perdeuterated protein, or when interested only in1HN–1HN

t the experiment and then shifted to 4.8 ppm prior to acquisition. In this
f 1 ms duration and 6.04 kHz peak amplitude. The pulses are designed
that is consequently suppressed by the pulsed field gradients. Also, tective

protonated proteins. When working with protonated proteins where allproton–proton
nance except during the final INEPT transfer, and the 180° proton puls

ents are of 1 ms duration and strengths ofg1 5 230 G/cm,g2 5 38 G/cm,g3 5

2 5 2.6 ms. States–TPPI quadrature detection int 1 and t 2 was achieved b
with a 2.0 kHz WALTZ-16 decoupling sequence. The15N resonances we
ed on two CAWURST-20 shaped pulses of 10 ms duration covering 40
ST adiabatic homonuclear decoupling (24–26) was applied during acquisition f
tion was employed to improve the solvent suppression. Phase cycle:f 1 5 2(y),
.
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gent angular requirements (1), only a subset of these conn
tivities is observed which correspond to roughly parallel
tors in these helices (Fig. 3). This observation suggests
mere qualitative assessment of the1HN–1HN couplings will be
useful for the determination of low-resolution protein folds
fully deuterated proteins as follows. Together with the o
bond 1H–15N dipolar couplings, which give information abo
he direction of the helix axis since they report on vectors
re all roughly parallel to that axis, the1HN–1HN dipolar
ouplings yield valuable information on the orientation of

FIG. 2. Selected strips taken alongv3 from a dipolar COSY spect
measured with the scheme of Fig. 1 with a sample of 0.3 mM2H, 15N, 13C
abeled YopH (15 kDa). The measurements were performed at 305 K w
ample dissolved in an aqueous solution containing 6% DMPC/DHPC/C
t 3.2:1:0.1 ratio. The spectra were recorded on a Varian INOVA800

rometer operating at 800 MHz1H frequency equipped with a triple resona
robe with a shieldedz-gradient coil. Forty-two increments were recorde

he first indirect dimension and 25 in the second indirect dimension
pectra were processed using VNMR and PROSA (27) and visualized usin
EASY (28). (A) Sequential connectivities between residues Glu 71 and

72 and between Thr 73 and Ala 74 typical of the many short-range intera
observed. (B) A cross-strand connectivity in ab-sheet.
-
t a

r
-

at

helical faces, as they constrain vectors that lie at various a
from the axis.

Provided that the molecular alignment tensor is kn
from residual one-bond1H–15N dipolar couplings (19 –22),
the 1H–1H residual dipolar couplings can be used to rest
the length and the orientation of these vectors for struc
refinement. It is important to emphasize that the informa
derived from the dipolar coupling is free from spin-diffus
therefore representing a valuable complement to NOE
rived distance constraints, especially for intra-residue
straints. A very recent paper by Tjandraet al. (8) shows tha
such a structure refinement is indeed possible and u
even for cases where the signs of the dipolar coupling
unknown.
he
B
c-

e

p
ns

TABLE 1

1HN–1HN connectivities
(Res. numbers)

Residual dipolar couplings
(Hz)

5–6 (h) 6.46 0.4
6–7 (h) 4.16 0.3

10–11 (h) 5.56 0.6
20–21 (t) 5.96 0.5
55–56 (h) 5.06 0.5
71–72 (h) 6.96 0.4
73–74 (h) 6.26 0.4
77–78 (h) 6.26 0.4
89–102 (c) 5.26 0.4

101–102 (b) 8.46 0.5
104–105 (t) 8.86 0.4
110–111 (h) 6.66 0.8
112–113 (h) 8.36 0.3
114–115 (h) 7.66 0.4
121–122 (h) 7.96 0.4

a The secondary structure of the correlated residues is indicated in th
column withh for helix, t for turn, b for b-sheet bulge, andc for anti-paralle
b-sheet cross-strand, according to a preliminary X-ray structure of Yop

FIG. 3. Wheel representation of helix IV (residues 110 to 125) of Yo
The thickness of the lines represent the magnitude of the1HN–1HN dipolar
couplings observed between the given residues. Thick lines:D . 4 Hz (strong
sequential connectivities); thin linesD , 2.5 Hz (cross-peak not observe
The reported value is the average of the intensity and integral for both
except when overlapped. The error has been estimated from the noise l
the spectrum.
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In fully protonated proteins many dipolar interactions
tween amide and aliphatic protons can be observed. T

FIG. 4. Dipolar COSY spectra of 0.7 mM1H, 15N, 13C DnaK (Residue
86–561) recorded with the scheme in Fig. 1. (A) Dipolar COSY spect
elected amino acids showing amide-side chain and amide-backbone con
ies. The spectrum was recorded using 144 increments in the first indirect
ion and 26 increments in the second indirect dimension. (B) Comparison b
ipolar COSY spectra recorded with and without the use of selective homon
liphatic decoupling (24–26) during acquisition. The nondecoupled spectrum
ecorded as described in (A) while the decoupled spectrum was recorded w
ncrements in the first indirect dimension and 25 increments in the second i
imension. A 1.6 ms WURST-4 adiabatic decoupling pulse was applied
pm during thet3 evolution which had a bandwidth of 4000 Hz and employ

TPG supercycle used in a four step MLEV-4 cycling (29).
-
is

demonstrated using our new sequence for aN/ C labeled
sample of a 21 kDa domain of the protein chaperone D
(23). The observed interactions are found to occur alm

xclusively between the amide proton and the side-chain
ons of the same residue, as well as sequential residues (F
nterestingly, one may therefore consider the new experi
s a useful complement to a 3D15N-resolved NOESY expe-

ment to aid in spin-system identification and proton side-c
esonance aasignment. In addition, the dipolar interac
ontain information about the side-chain conformation.
ully protonated proteins a high degree of alignment
auses significant inhomogeneous broadening of the1HN res-

onances due to numerous unresolved1H–1H residual dipola
couplings. To partially eliminate this problem we have rece
demonstrated that amide proton to aliphatic proton res
dipolar couplings are efficiently removed with band-selec
homonuclear decoupling during data acquisition (24). Figure
4b shows the narrowing effect of such homonuclear decou
for the current experiment which, in many cases, allows
observation of signals which otherwise did not emerge
the noise.

In conclusion, we present a novel experiment that allow
quantitative measurement of proton–proton residual dip
couplings in partially aligned proteins. The experiment ca
easily combined with TROSY and homonuclear decouplin
study larger proteins at higher degree of alignments and t
fore it represents a valid tool for resonance assignment, s
ture refinement, and determination of low-resolution pro
folds.
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NOESY-[H-1,N-15,H-1]-ZQ-TROSY NMR experiment with diago-
nal peak suppression, Proc. Natl. Acad. Sci. USA 96, 9607–9612
(1999).
8. J. A. Losonczi and J. H. Prestegard, Improved dilute bicelle solu-
tions for high-resolution NMR of biological macromolecules, J.
Biomol. NMR 12, 447–451 (1998).

9. G. M. Clore, A. M. Gronenborn, and N. Tjandra, Direct structure
refinement against residual dipolar couplings in the presence of
rhombicity of unknown magnitude, J. Magn. Reson. 131, 159–162
(1998).

0. G. M. Clore, A. M. Gronenborn, and A. Bax, A robust method for
determining the magnitude of the fully asymmetric alignment ten-
sor of oriented macromolecules in the absence of structural infor-
mation, J. Magn. Reson. 133, 216–221 (1998).

1. Y. X. Wang, J. L. Marquardt, P. Wingfield, S. J. Stahl, S. Lee-
Huang, D. Torchia, and A. Bax, Simultaneous measurement of
1H-15N, 1H-13C, and 15N-13C dipolar couplings in a perdeuterated 30
kDa protein dissolved in a dilute liquid crystalline phase, J. Am.
Chem. Soc. 120, 7385–7386 (1998).

2. J. A. Losonczi, M. Andrec, M. W. F. Fischer, and J. H. Prestegard,
Order matrix analysis of residual dipolar couplings using singular
value decomposition, J. Magn. Reson. 138, 334–342 (1999).

3. H. Wang, A. V. Kurochkin, Y. Pang, W. D. Hu, G. C. Flynn, and
E. R. P. Zuiderweg, NMR solution structure of the 21 kDa chap-
erone protein DnaK substrate binding domain: A preview of
chaperone-protein interaction, Biochemistry 37, 7929 –7940
(1998).

24. C. W. Vander Kooi, E. Kupce, E. R. P. Zuiderweg, and M. Pellec-
chia, Line narrowing in spectra of proteins dissolved in a dilute
liquid crystalline phase by band-selectrive adiabatic decoupling:
Application to 1HN-15N residual dipolar coupling measurements,
J. Biomol. NMR 15, 335–338 (1999).

5. E. Kupce and R. Freeman, Adiabatic pulses for wide-band inver-
sion and broad-band decoupling, J. Magn. Reson. A 115, 273–276
(1995).

6. E. Kupce and G. Wagner, Wideband homonuclear decoupling in
protein spectra, J. Magn. Reson. B 109, 329–333 (1995).
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