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Measurement of residual dipolar couplings (RDCs)1,2 of partially
aligned molecules yields valuable orientational constraints for
protein NMR structure determination. In addition to the commonly
used, easy to measure, large one-bond15N-1HN dipolar couplings,
backbone one-bond15N-13C′ and two-bond1HN-13C′ dipolar
couplings are playing more and more important roles in protein
NMR, despite their small values. A number of experiments for
determining these small couplings have been reported. For measur-
ing one-bond 15N-13C′ dipolar couplings, the quantitativeJ
correlation experiment has been developed.3,4 However, it is difficult
to implement theJ correlation experiment for measuring two-bond
1HN-13C′ couplings. As an alternative, the IPAP experiment was
developed for measuring1HN-13C′ couplings.5 In this experiment,
however, it is difficult to introduce sensitivity-enhancement. In
addition, simultaneous measurement of both one-bond and two-
bond couplings cannot be achieved. The latter also holds forJ
correlation experiments. In the classical E.COSY experiment6 both
couplings can be measured in a single spectrum, but decreased
resolution and sensitivity by the E.COSY splitting constitutes a
major drawback. The recently developed E.COSY-type HSQC7

experiment provides a new method for simultaneous measurement
of both couplings with high resolution and sensitivity. In E.COSY-
type HSQC experiment, one-bond15N-1HN and15N-13C′ and two-
bond1HN-13C′ couplings are obtained from two spectra by complex
combination of splittings. Given the availability of a suite of
experiments for measuring one-bond15N-1HN dipolar couplings,8

it is highly desirable to also have available optimized experiments
for measuring one-bond15N-13C′ and two-bond1HN-13C′ dipolar
couplings, preferably in a single spectrum. On the basis of the
echo-anti-echo manipulation of the E.COSY split peak pair, a novel
sensitive-enhanced E.COSY15N-1HN HSQC experiment is pre-
sented in this communication for accurate measurement of one-
bond 15N-13C′ and two-bond1HN-13C′ dipolar couplings in
proteins. Both couplings can be determined from a single, high-
resolution and high-sensitivity spectrum.

The pulse sequence of the proposed sensitivity-enhanced
E.COSY15N-1HN HSQC experiment is illustrated in Figure 1. The
magnetization at the beginning of the evolution periodt1 is described
by

with H, N, and C′ representing the proton, nitrogen, and carbonyl
carbon magnetizations, respectively. This magnetization evolves
under the15N chemical shift frequencyωN and15N-13C′ coupling
JNC′ and becomesσ(t1) at the end of evolution period,

The transformation properties of the magnetizations in eq 2, starting
from point a to the final point f, are summarized in Figure S1 in
the Supporting Information. The magnetizationσ(t1, f) at the
beginning of the detection period becomes

The first and second terms describe the echo and anti-echo
correlations, respectively. They correlate the frequencies of the low-
field (echo) and high-field (anti-echo) peaks of the E.COSY
doublets with the proton and nitrogen frequencies. Inverting the
sign of phaseφ4, the sign of the sine terms in eq 3 is inverted

σ(0) ) -2HzNy ) -Hz(Ny + 2NyC′z) - Hz(Ny - 2NyC′z) (1)

σ(t1) ) -Hz[(Ny + 2NyC′z) cos(ωNt1 + πJNC′t1) -
(Nx + 2NxC′z) sin(ωNt1 + πJNC′t1)] -

Hz[(Ny - 2NyC′z) cos(ωNt1 - πJNC′t1) -
(Nx - 2NxC′z) sin(ωNt1 - πJNC′t1)] (2)

Figure 1. Pulse sequence of sensitivity-enhanced E.COSY15N-1HN HSQC
experiment for measuring one-bond15N-13C′ and two-bond13C′-1HN

couplings. Narrow (filled) and wide (open) bars represent 90° and 180°
pulses with phasex, respectively, unless indicated otherwise. Proton 90°
soft pulses of 1 ms duration are used for Watergate;9 they are indicated by
short filled bars. The carrier frequencies in the1H, 15N, 13C′, and 13CR

channels are positioned at 4.7 ppm (water resonance), 118, 177, and 56
ppm, respectively. The power level for13C′ and13CR pulses is set at∆ω0/
(3)1/2, with ∆ω0 being the difference in Hz between the13C′ and13CR carrier
frequencies. The inter-pulse delays areτ ) 2.5 ms and∆ ) 15 ms. Phase
φ1 is incremented by 90° synchronously witht1, which is incremented in
States manner.10 The phase cycles are as the follows:φ1 ) x, -x; φ2 )
4(y), 8(-y), 4(y); φ3 ) x, x, -x, -x; φ4 ) 4(y), 8(-y), 4(y) for (2n - 1)th
experiment andφ4 ) 4(-y), 8(y), 4(-y) for (2n)th experiment;φ5 ) 4(y),
4(-y); φ6 ) 4(x), 4(-x) andφRec ) x, -x, -x, x. The PFGg1, g2, andg3

are sine-shaped with maximal 20 G/cm with durations of 3, 1.5, and 0.6
ms, respectively. The period from point a to point b is simply a transverse
relaxation delay, allowing Ny-involved terms at point a to decay, compensat-
ing for the intensity loss from point b to point c of the Nx-involved terms
at point a. Therefore, the total time in the transverse plane for Nx,y-involved
terms is 2(∆ + τ), which is equivalent to only one15N-13C′ INEPT transfer
period.

σ(t1,f) ) [(Hy + 2HyC′z) cos(ωNt1 + πJNC′t1) +
(Hx + 2HxC′z) sin(ωNt1 + πJNC′t1)] +
[(Hy - 2HyC′z) cos(ωNt1 - πJNC′t1) -

(Hx - 2HxC′z) sin(ωNt1 - πJNC′t1)] (3)
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correspondingly and the magnetizationσ(t1, f) becomes

Equations 3 and 4 describe the (2n - 1)th and (2n)th FIDs acquired
at a givent1 in the 2D series, respectively. By manipulating the
time-domain data set in the echo, anti-echo manner,11,122D Fourier
transformation leads to a sensitivity-enhanced spectrum with the
E.COSY doublet peaks located at (ωN+πJNC′, ωH+πJHC′) and
(-ωN+πJNC′, ωH-πJHC′), respectively. In addition, the echo, anti-
echo manipulation results in twice the number of scans, equivalent
to 1.4 times increase in sensitivity. By setting the spectral width in
the ω1-dimension to be twice the15N chemical shift frequency
range, an artificial15N resonance offset is achieved by using the
TPPI procedure.13,14 In this manner, the two peaks of the E.COSY
peak-pair can be located in distinctly different regions of the 2D
plane.7,8,15

A practical application of the E.COSY15N-1HN HSQC experi-
ment is shown in Figure 2. Couplings were measured on a sample
of 1 mM uniformly 13C,15N-labeled protein GB1,16 dissolved in
liquid crystalline PF1 (15 mg/mL) in 95%H2O/5%D2O, pH ≈ 7.
The resulting experimental spectrum is shown in Figure 2A with
an expansion of the upper half displayed in C. Reversal of the lower

half in the15N dimension followed by expansion yields the spectrum
shown in B. The displacement along the proton dimension
represents the two-bond1HN-13C′ coupling and the displacement
along the nitrogen dimension represents the one-bond15N-13C′
coupling. The latter is extracted from the two sub-spectra B and
C. Parts D and E of Figure 2 display the correlations between the
experimentally measured two-bond1HN-13C′ and one-bond15N-
13C′ dipolar couplings and their predicted values using the refined
NMR structure (PDB code: 3GB1)18 as the model. Predicted dipolar
couplings were calculated using the program SSIA19 and the
alignment tensor parametersDa ) 6.382 andR ) 0.642. The
correlation coefficients are 0.98 at the case of two-bond1HN-13C′
dipolar couplings and 0.96 at the case of one-bond15N-13C′ dipolar
couplings. In summary, using echo-anti-echo manipulation of the
E.COSY doublet, a sensitivity-enhanced E.COSY15N-1HN HSQC
experiment was developed for the measurement of one-bond15N-
13C′ and two-bond1HN-13C′ residual dipolar couplings in proteins.
Its sensitivity is about 1.4 times of the conventional E.COSY
experiment, and the resolution of the resulting spectrum is identical
to that of the decoupled HSQC spectra. In addition, the precision
in measuring one-bond15N-13C′ couplings can be controlled by
the digital resolution along the15N dimension. The most appealing
feature of the proposed experiment is the ease and simplicity with
which the dipolar couplings can be extracted. Although we
demonstrate the current experiment on the small protein GB1, it
works equally well on larger proteins. Therefore, this novel
experiment should find widespread application in measuring one-
bond15N-13C′ and two-bond1HN-13C′ residual dipolar couplings
in biological systems.
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Figure 2. (A) Experimental sensitivity-enhanced E.COSY15N-1HN HSQC
spectrum recorded on a 1 mMsample of uniformly13C,15N-labeled protein
GB1 dissolved in liquid crystalline PF1 (15 mg/mL) in 95%H2O/5%D2O
at pH≈ 7 employing the pulse scheme described in Figure 1. The spectrum
was recorded on a Bruker DMX 600 spectrometer with a1H frequency of
600.13 MHz. The 2D spectral widths were SW1 × SW2 ) 5000× 8992.806
Hz; the time domain data set was TD1 × TD2 ) 512 × 1024; ns) 64;
window functions in both dimensions were squared sine bell; the data set
was zero filled to 1024× 1024; the recycle delay) 1 s. The total
experimental time was 11.5 h. Data were processed using nmrPipe and
nmrDraw software.17 (B) Reversal and expansion of the lower half of the
spectrum in (A). (C) Expanded upper half of the spectrum in (A). As
illustrated in (A), extraction of the two-bond1HN-13C′ couplings is
straightforward. In (B) and (C), extraction of the one-bond15N-13C′
coupling is shown. (D) and (E) Correlation between observed and predicted
DHC′ and DNC′ values, respectively. The correlation coefficients are 0.98
and 0.96. The model structure for prediction purposes was the refined NMR
structure (PDB code: 3GB1),18 the alignment tensor parameters wereDa

) 6.382 andR ) 0.642, and the program SSIA was used.19

σ(t1,f) ) [(Hy + 2HyC′z) cos(ωNt1 + πJNC′t1) -
(Hx + 2HxC′z) sin(ωNt1 + πJNC′t1)] +
[(Hy - 2HyC′z) cos(ωNt1 - πJNC′t1) +

(Hx - 2HxC′z) sin(ωNt1 - πJNC′t1)] (4)
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