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Abstract

Sensitivity-enhanced versions of the IPAP, TROSY–anti-TROSY, and E.COSY experiments for measuring one-bond 15N–1HN

couplings are presented. Together with the previously developed sensitivity-enhanced E.COSY-type HSQC experiment they com-

prise a suite of sensitivity-enhanced experiments that allows one to chose the optimal spectrum for accurate measurement of one-

bond 15N–1HN residual dipolar couplings in proteins. Since one-bond 15N–1HN residual dipolar couplings play uniquely important

roles in structural NMR, these additional methods provide further tools for improving structure determination of proteins and other

biological macromolecules.
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1. Introduction

The one-bond 15N–1HN residual dipolar coupling

(RDC) occupies a unique position in the arsenal of

structural parameters of biological systems. In structure

refinements inclusion of residual dipolar couplings im-

poses tight restrictions on the bond orientations and

greatly improves the quality of traditional NMR struc-

tures. 15N–1HN RDCs are comparatively large, thus it is
easy to obtain reliable data. In addition, measuring
15N–1HN RDCs is relatively straightforward since 15N

and 1HN can be treated as an isolated spin pair, if the

small 1HN–1Ha couplings are ignored. A variety of 2D

experiments [1–9] have been proposed for accurate de-

termination of one-bond 15N–1HN dipolar couplings in

proteins. All these methods fall into one of the two

categories: the first one uses a quantitative J correlation
principle [1] and in the other the couplings are directly

taken from the frequency displacement [6–9]. The

J correlation experiment is sensitive to mixing effects
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caused by different magnetization transfer pathways [5].
Since it involves an intensity analysis, it is also crucially

dependent on the signal-to-noise ratio. The accuracy of

couplings obtained by measuring peak splittings is de-

termined by the spectral resolution and signal-to-noise

ratio. Clearly, the correct peak maximum can only re-

liably be located if a sufficient signal-to-noise level is

obtained. In practice, accuracy is most frequently com-

promised by low sensitivity. Therefore, sensitivity-
enhanced experiments [10,11] are beneficial, while

keeping the measuring time and the resulting spectral

resolution unchanged.

Previously, we presented a sensitivity-enhanced

E.COSY-type HSQC experiment, in which the 15N–1HN

couplings were measured along the 1H dimension [9].

Here, we present sensitivity-enhanced versions of the

IPAP experiment [6] for measuring the splitting along
the 15N dimension. At the same time, sensitivity-

enhanced TROSY–anti-TROSY and E.COSY experi-

ments are presented based on a similar principle. Since

in the latter the splitting can be measured along either

dimension in the spectrum, they also provide a means

for comparing different contributions to the extracted
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values for the two different dimensions. The sensitivity-
enhanced TROSY–anti-TROSY experiment can also be

used as an alternative to the sensitivity-enhanced

TROSY experiment if the anti-TROSY peaks are

disregarded. Together with sensitivity-enhanced E.CO-

SY-type HSQC experiment presented earlier [9], the

experiments described here provide a versatile suite of

experiments from which to choose the most appropriate

one for measuring one-bond 15N–1HN residual dipolar
couplings in biomolecules.
Fig. 1. Pulse sequences of sensitivity-enhanced experiments for mea-

suring one-bond 15N–1HN couplings. Narrow (filled) and wide (open)

bars represent 90� and 180� pulses with phase x, respectively, unless

otherwise indicated. Watergate [16] proton 90� soft pulses of 1 ms

duration are indicated by short filled bars. To decouple 13C0 and 13Ca,

p pulses (not shown) are applied at the middle of the evolution period

t1. The carrier frequencies in the 1H, 15N, 13C0, and 13Ca channels are

positioned at 4.7 ppm (water resonance), 118, 177, and 56 ppm, re-

spectively. The power level for 13C0 and 13Ca pulses is set at

Dx0=ð3Þ1=2, with Dx0 the difference in Hz between the 13C0 and 13Ca

carrier frequencies. The inter-pulse delay s ¼ 2:5ms. The phase /1 is

incremented by 90� synchronously with incrementing t1, which is in-

cremented in states manner [17]. The pulse sequence in (a) describes the

IPAP experiment with the following phase cycling: /1 ¼ x;�x;
/2 ¼ 4ðxÞ; 4ð�xÞ; /3 ¼ x; x;�x;�x; /4 ¼ 4ðyÞ; 4ð�yÞ for the ð2n� 1Þth
experiment and /4 ¼ 4ð�yÞ; 4ðyÞ for the ð2nÞth experiment; /Rec ¼
x;�x;�x; x;�x; x; x;�x. The pulse sequence in (b) can be used either

for the TROSY–anti-TROSY or the E.COSY experiment. In the

TROSY–anti-TROSY version of (b), the following phase cycling is

employed: /1 ¼ y;�y; /2 ¼ 4ðyÞ; 4ð�yÞ; /3 ¼ y; y;�y;�y; /4 ¼ 4ðxÞ;
4ð�xÞ for the ð2n� 1Þth experiment and /4 ¼ 4ð�xÞ; 4ðxÞ for the

ð2nÞth experiment, /5 ¼ x; x;�x;�x for the ð2n� 1Þth experiment and

/5 ¼ �x;�x; x; x for the ð2nÞth experiment; /Rec ¼ x;�x;�x; x;
�x; x; x;�x. In the E.COSY version of (b), the phase cycling is:

/1 ¼ y;�y; /2 ¼ 4ðyÞ; 4ð�yÞ; /3 ¼ y; y;�y;�y; /4 ¼ 4ð�xÞ; 4ðxÞ for

the ð2n� 1Þth experiment and /4 ¼ 4ðxÞ; 4ð�xÞ for the ð2nÞth experi-

ment; /5 ¼ x; x;�x;�x for the ð2n� 1Þth experiment and /5 ¼
�x;�x; x; x for the ð2nÞth experiment; /Rec ¼ x;�x;�x; x;�x; x; x;�x.
The p pulses in the 13C0 and 13Ca channels normally used to decouple
13C0 and 13Ca are omitted from the middle of the t1 period. The PFG

pulses g1 and g2 are sine-shaped with maximal 20 G/cm and 3 and

0.6 ms durations, respectively.

Table 1

Transformation of magnetization caused by the mixing pulses for the

pulse sequence of Fig. 1a

Phases of mixing pulses rðt1Þ rðt1; 0Þ

/2 ¼ x, /4 ¼ y 2HzNy �Hx

Nx Hy

2HzNx �2NxHy

Ny �2NxHx
2. Methods

The pulse sequence for the sensitivity-enhanced IPAP

experiment is shown in Fig. 1a. The magnetization at the

beginning of the evolution period t1 can be represented
by rð0Þ ¼ �2HzNy , where H and N represent the proton

and nitrogen magnetizations, respectively. Magnetiza-

tion evolves under the 15N chemical shift frequency xN

and the 1HN–15N coupling JNH and is transformed at the

end of evolution period to rðt1Þ:
rðt1Þ ¼ ½�2HzNy cosðpJNHt1Þ þNx sinðpJNHt1Þ� cosðxNt1Þ

þ ½2HzNx cosðpJNHt1Þ þNy sinðpJNHt1Þ� sinðxNt1Þ:
ð1Þ

Table 1 lists the transformations of magnetization by

the mixing pulses in the pulse sequence shown in Fig. 1a.

The second term of Eq. (1) does not result in detectable

magnetization and is therefore omitted in the following

discussion. As can be seen from Table 1, the mixing

pulses simultaneously transform 2HzNy into �Hx and
Nx into Hy magnetization and at the beginning of the

detection period t2, all the detectable magnetization

rðt1; 0Þ can be expressed as

rðt1; 0Þ ¼ ½Hx cosðpJNHt1Þ þ Hy sinðpJNHt1Þ� cosðxNt1Þ:
ð2Þ

In Eq. (2), the evolution of the JNH coupling during t1 is

taken as the initial phase of the 1H chemical shift evo-

lution in the detection period. Therefore, the magneti-
zation during the detection period is described by

rðt1; t2Þ ¼ ½Hx cosðxHt2 þ pJNHt1Þ
þ Hy sinðxHt2 þ pJNHt1Þ� cosðxNt1Þ: ð3Þ

Inverting the sign of the phase /4 simultaneously inverts

the sign of the second term in Eq. (2). This is equivalent

to an inversion in sign of JNH resulting in Eq. (4):

rðt1; t2Þ ¼ ½Hx cosðxHt2 � pJNHt1Þ
þ Hy sinðxHt2 � pJNHt1Þ� cosðxNt1Þ: ð4Þ

Eqs. (3) and (4) describe the ð2n� 1Þth and ð2nÞth FIDs

acquired for any given t1 increment in the 2D series. The
15N chemical shift evolution in the t1 period is always an

amplitude modulation of the detected FID. After the
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data manipulation in echo, anti-echo manner, 2D Fou-
rier transformation results in a 2D spectrum with cross-

peaks located at (pJNH, xH), separated by the 15N

chemical shift frequency 2xN. Thus, a 1HN–15N doublet

with individual peaks at ðpJNH þ xN, xHÞ and (pJNH �
xN, xH) is observed.

The pulse sequence in Fig. 1b depicts the sensitivity-

enhanced TROSY–anti-TROSY and E.COSY experi-

ments. These two experiments differ only by a 180�
phase difference for /4. The magnetization at the be-

ginning of the evolution period t1 is given by rð0Þ ¼
2HzNx ¼ ðNx þ 2HzNxÞ=2 � ðNx � 2HzNxÞ=2, with H

and N representing the proton and nitrogen magneti-

zations, respectively. This magnetization evolves under

the 15N chemical shift frequency xN, and the 1HN–15N

coupling JNH and is transformed at the end of evolution

period to rðt1Þ:
rðt1Þ ¼½ðNx þ 2HzNxÞ cosðxNt1 þ pJNHt1Þ

þ ðNy þ 2HzNyÞ sinðxNt1 þ pJNHt1Þ�=2

� ½ðNx � 2HzNxÞ cosðxNt1 � pJNHt1Þ
þ ðNy � 2HzNyÞ sinðxNt1 � pJNHt1Þ�=2: ð5Þ

The first and second terms in Eq. (5) describe the real

and imaginary parts of the high-frequency and low-

frequency peaks of the JNH doublet, respectively. The

transformations of the magnetizations caused by the

different mixing pulses are summarized in Table 2.

Applying the transformation properties listed in Ta-

ble 2, the magnetization rðt1; 0Þ at the beginning of de-

tection period in the TROSY–anti-TROSY experiment
is obtained as

rðt1; 0Þ ¼½ðHy � 2NzHyÞ cosðxNt1 þ pJNHt1Þ
þ ðHx � 2NzHxÞ sinðxNt1 þ pJNHt1Þ�=2

þ ½ðHy þ 2NzHyÞ cosðxNt1 � pJNHt1Þ
� ðHx þ 2NzHxÞ sinðxNt1 � pJNHt1Þ�=2: ð6Þ

The first term in Eq. (6) is the low-frequency peak of the

JNH doublet in the 1H dimension, and the evolution of

the high-frequency peak of the JNH doublet in the 15N

dimension is taken as the initial phase in the evolution of

the low-frequency peak of the JNH doublet in the 1H di-

mension. Similarly, the second term in Eq. (6) describes
Table 2

Transformation of magnetization caused by the mixing pulses for the pulse

Phases of mixing pulses

TROSY–anti-TROSY: /2 ¼ y, /4 ¼ x, /3 ¼ y, /5 ¼ x

E.COSY: /2 ¼ y, /4 ¼ �x, /3 ¼ y, /5 ¼ x
the high-frequency peak of the JNH doublet in the 1H
dimension, with the evolution of the low-frequency peak

of the JNH doublet in the 15N dimension taken as initial

phase. Therefore, the detected magnetization is given by:

rðt1; t2Þ ¼fðHy � 2NzHyÞ cos½ðxHt2 � pJNHt2Þ
� ðxNt1 þ pJNHt1Þ� � ðHx � 2NzHxÞ

 sin½ðxHt2 � pJNHt2Þ � ðxNt1 þ pJNHt1Þ�g=2

þ fðHy þ 2NzHyÞ cos½ðxHt2 þ pJNHt2Þ
þ ðxNt1 � pJNHt1Þ� � ðHx þ 2NzHxÞ

 sin½ðxHt2 þ pJNHt2Þ þ ðxNt1 � pJNHt1Þ�g=2:

ð7Þ

Inversion of the phases /4 and /5 results in a change in

sign for the sine terms in Eq. (6), equivalent to inverting

the sign of the JNH doublet peak frequencies during the
t1 period. This transforms Eq. (7) into:

rðt1; t2Þ ¼fðHy � 2NzHyÞ cos½ðxHt2 � pJNHt2Þ
þ ðxNt1 þ pJNHt1Þ� � ðHx � 2NzHxÞ

 sin½ðxHt2 � pJNHt2Þ þ ðxNt1 þ pJNHt1Þ�g=2

þ fðHy þ 2NzHyÞ cos½ðxHt2 þ pJNHt2Þ
� ðxNt1 � pJNHt1Þ� � ðHx þ 2NzHxÞ

 sin½ðxHt2 þ pJNHt2Þ � ðxNt1 � pJNHt1Þ�g=2:

ð8Þ

Eqs. (7) and (8) describe the ð2n� 1Þth and ð2nÞth FIDs

acquired for any given t1 increment in the 2D series.

After data manipulation in echo, anti-echo manner, 2D

Fourier transformation results in a 2D spectrum with

doublet cross-peaks located at (pJNH � xN, xH þ pJNH)
and (pJNH þ xN, xH � pJNH). The cross-peaks located

at (pJNH þ xN, xH � pJNH) are the TROSY peaks [12],

while those at (pJNH � xN, xH þ pJNH) are anti-TROSY

peaks.

For the E.COSY experiment, an equivalent analysis

can be carried out using Table 2. In this experiment

the 1HN–15N doublet cross-peaks are located at

(pJNH þ xN, xH þ pJNH) and (pJNH � xN, xH � pJNH),
respectively.

The implementation of the above sensitivity-

enhanced experiments is carried out using a similar
sequence of Fig. 1b

rðt1Þ rðt1; 0Þ

Nx þ 2HzNx Hy � 2NzHy

Ny þ 2HzNy Hx � 2NzHx

Nx � 2HzNx �ðHy þ 2NzHyÞ
Ny � 2HzNy Hx þ 2NzHx

Nx þ 2HzNx Hy þ 2NzHy

Ny þ 2HzNy �ðHx þ 2NzHxÞ
Nx � 2HzNx �ðHy � 2NzHyÞ
Ny � 2HzNy �ðHx � 2NzHxÞ
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strategy as described previously [9,13]. The spectral
width in the x1-dimension is set to be twice the 15N

chemical shift frequency range and an artificial 15N

resonance offset is achieved by using TPPI [14,15]. As in

the E.COSY-type HSQC spectrum [9], the doublet peaks

(pJNH þ xN, xH) and (pJNH � xN, xH) in the sensitivi-

ty-enhanced IPAP spectrum, the TROSY (pJNH þ xN,

xH � pJNH) and anti-TROSY (pJNH � xN, xH þ pJNH)

peaks in the TROSY–anti-TROSY spectrum and the
(pJNH þ xN, xH þ pJNH) and (pJNH � xN, xH � pJNH)

E.COSY peaks are located in two different regions in the

2D plane governed by the sign of the 15N chemical shift

frequency. The resolution of these spectra is identical to

that of a decoupled HSQC spectrum.

Fig. 2 displays three experimental spectra recorded

using the pulse sequences illustrated in Fig. 1. The two

distinct regions are easily appreciated. For example, the
upper half in Fig. 2b is the TROSY spectrum and the

lower half is the anti-TROSY spectrum with reversed

frequency evolution in the 15N dimension.

The sensitivity enhancement in the IPAP experiment

for the pulse sequence in Fig. 1a is readily apparent by

the following comparison. In the original IPAP scheme,

two 2D data sets are recorded with spectral widths

ðSW1Þ 
 ðSW2Þ and (NS) number of scans and ðTD1Þ
Fig. 2. Experimental spectra recorded on a 1 mM sample of uniformly
13C, 15N labeled protein GB1 dissolved in liquid crystalline PF1

(15 mg/ml) in 95%H2O=5%D2O, pH 6.95 on a Bruker DMX 600

spectrometer (600.13 MHz for 1H) at 25 �C. (a) Sensitivity-enhanced

IPAP spectrum recorded using the pulse sequence of Fig. 1a. The
15N–1HN couplings can be extracted along the 15N dimension. (b)

Sensitivity-enhanced TROSY–anti-TROSY spectrum recorded using

the pulse sequence in Fig. 1b. The upper half of the spectrum is

identical to the sensitivity-enhanced TROSY spectrum. (c) Sensitivity-

enhanced E.COSY spectrum recorded using the pulse sequence in Fig.

1b. In the latter two spectra the 15N–1HN couplings can be extracted

both along the 15N and 1H dimensions. The 2D spectral widths were

SW1 
 SW2 ¼ 5000 
 8992:806Hz; the time domain data set was

TD1 
 TD2 ¼ 512 
 1024 with zero-filling to 1024 
 1024; ns ¼ 16;

the window functions in both dimensions were squared sine bell; the

recycle delay¼ 1 s. Data were processed by using nmrPipe and nmr-

Draw software [18].
data points in the time domain. Adding and subtracting
these two data sets yields two final data sets, which are

transformed into two spectra with 2ðNSÞ 
 ðTD1Þ scans

in total. In the present IPAP scheme, one data set, re-

corded with the spectral widths ð2SW1Þ 
 ðSW2Þ and

ðNSÞ 
 ð2TD1Þ, is transformed into a spectrum exhib-

iting identical resolution and sensitivity as the two

spectra obtained by the original IPAP scheme, without

any manipulation of the time domain data. If, however,
the time domain data of the present IPAP experiment is

manipulated in an echo, anti-echo manner, the resulting

2D Fourier transformation yields a 2D spectrum ex-

hibiting identical digital resolution and 1.4 times the

signal-to-noise of the original IPAP one [11,12]. The

sensitivity enhancement of the TROSY–anti-TROSY

and the E.COSY experiments follows accordingly. In

comparison with the spin-state selective approaches
[7,8], in which more than two datasets are combined

together, the sensitivity enhancement of the present

methods is clear, although not at first glance. Correcting

for the sensitivity loss caused by cross-correlated relax-

ation effects results in essentially identical sensitivity for

all three experiments.

Evaluation and extraction of 15N–1HN couplings

along the 1H dimension from the TROSY–anti-TROSY
and E.COSY spectra is analogous to that for the sen-

sitivity-enhanced E.COSY-type HSQC spectra [9]. De-

termination of 15N–1HN couplings along the 15N

dimension from these three types of spectra is depicted

in Fig. 3 using the IPAP spectrum of Fig. 2a as an ex-

ample. Fig. 3a is an expansion of the upper half of Fig.

2a. A second 2D Fourier transformation in reverse, or
Fig. 3. Graphical illustration of extracting the 15N–1HN couplings

along the 15N dimension using the IPAP spectrum of Fig. 2a as the

example. After 2D Fourier transformation, the upper half of the

spectrum is expanded and depicted in (a). A second 2D Fourier

transformation is performed on the same time-domain data set in re-

verse, or negative Fourier transformation in the 15N dimension is

carried out. The upper half of the resulting spectrum is expanded and

depicted in (b). The displacement of identical cross-peaks in these two

spectra yields the 15N–1HN couplings and is indicated for two indi-

vidual cases.
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negative Fourier transformation in the 15N dimension is
performed for the same time-domain data set, yielding a

spectrum whose upper half is expanded and displayed in

Fig. 3b. Extraction of the 15N–1HN couplings from these

two expanded regions is carried out as in the original

IPAP scheme, as indicated for two cross-peaks.
Fig. 4. Correlation between observed and predicted 15N–1HN RDCs.

The experimental 15N–1HN RDCs were extracted from the E.COSY

spectrum. Filled and open circles correspond to the DNHð1HÞ�s mea-

sured along the 1H or the 15N dimension, respectively. Predicted
15N–1HN RDCs were calculated using the refined NMR structure
3. Experimental

Uniformly 13C, 15N labeled protein GB1 (the B1

domain of streptococcal protein G, 56 amino acids, [19])

dissolved in a colloidal suspension of 15 mg/ml Pf1 in

95% H2O=5% D2O, pH 6.95 was used to demonstrate

the practicality of the proposed experiments. All

measurements were carried out on a Bruker DMX

600 spectrometer (operating at a 1H frequency of
600.13 MHz), equipped with a x; y; z-gradient triple res-

onance probe. All spectra were acquired at 25 �C with

identical parameters: spectral widths SW1 
 SW2 ¼
5000 
 8992:806Hz; time domain data points TD1 

TD2 ¼ 512 
 1024; number of scans NS¼ 16. Using a

recycle delay of 1 s, each spectrum takes about 2.5 h to

record.

(PDB code: 3GB1) [20] as the model with the program SSIA [21].

Alignment tensor parameters employed were Da ¼ 7:1Hz and

R ¼ Dr=Da ¼ 0:659 and Da ¼ 7:7Hz and R ¼ Dr=Da ¼ 0:641 for

DNHð1HÞ and DNHð15NÞ, respectively.
4. Results and discussions

All three experiments (sensitivity-enhanced IPAP,

TROSY–anti-TROSY, and E.COSY) were used to ex-

tract 15N–1HN RDCs for GB1. Fig. 4 illustrates the

correlation between predicted 15N–1HN RDCs and

measured 15N–1HN RDCs extracted from the E.COSY
spectrum. Both, 15N–1HN RDCs measured along the 1H

or the 15N dimension are examined and both exhibit

excellent agreement with the predicted values. Predicted
15N–1HN RDCs were calculated based on the refined

NMR structure (PDB code: 3GB1) [20] as the model

using the program SSIA [21]. There is essentially no

difference between the 15N–1HN RDCs from all three

spectra when measured along the 15N dimension. Like-
wise, 15N–1HN RDCs measured from TROSY–anti-

TROSY and E.COSY spectra along the 1H dimension

are also almost identical. Interestingly though, there is a

systematic difference between 15N–1HN RDCs measured

along the 1H and 15N dimensions for the individual

experiments. This can already be gleaned from Fig. 4.

Comparing the absolute values of RDCs measured

along the 1H dimension (filled circles) with those mea-
sured along the 15N dimension (open circles) reveals that

the latter are always larger, a feature most clearly dis-

cernable at the extreme ends of the correlation.

This systematic difference in absolute values is illus-

trated vividly in Fig. 5 in which the correlation between

JNH values measured along the 15N versus the 1H di-

mension (A) and that between ðDþ JÞNH values from
both dimensions (B) in TROSY–anti-TROSY and

E.COSY spectra are shown, respectively. For the JNH

couplings, data measured along the 15N dimension are

systematically larger than those measured along the 1H

dimension. For ðDþ JÞNH values there also is a sys-

tematic deviation between data measured along the 15N

and the 1H dimension. In particular, the points for
large values lie above and those for small ones lie

below the diagonal line in Fig. 5b. If the splittings

extracted along the 1H dimension are denoted

JNHð1HÞ and ðDþ JÞNHð1HÞ and those along the 15N

dimension JNHð15NÞ and ðDþ JÞNHð15NÞ, respectively,

the resulting differences DJNH ¼ JNHð15NÞ � JNHð1HÞ
and DðDþ JÞNH ¼ ðDþ JÞNHð15NÞ � ðDþ JÞNHð1HÞ
should expose any systematic bias. Comparing DJNH and
DðDþ JÞNH reveals that DJNH values are always positive

whereas DðDþ JÞNH values can exhibit positive or neg-

ative signs with no apparent correlation between them,

as indicated in Fig. 6a. In contrast, the actual 15N–1HN

RDCs measured along the 1H and 15N dimensions are

highly correlated. As shown in Fig. 6b, the correlation

coefficient between the 15N–1HN RDCs measured along

the 1H and 15N dimensions is above 0.998.
The above noted systematic deviations arise from the

influence of un-resolved three-bond 1HN–1Ha couplings

and cross-correlated relaxation between 15N–1HN and
1HN–1Ha dipolar interactions. As shown in Fig. 7a, the



Fig. 6. (a) Correlation between DJNH and DðDþ JÞNH. DJNH is the

difference between JNH measured along the 15N and 1H dimensions in

isotropic aqueous solution. DðDþ JÞNH is the difference between

ðDþ JÞNH values measured along the 15N and 1H dimensions in

an alignment medium. Thus DJNH ¼ JNHð15NÞ � JNHð1HÞ and

DðDþ JÞNH ¼ ðDþ JÞNHð15NÞ � ðDþ JÞNHð1HÞ. (b) Correlation be-

tween DNHð15NÞ and DNHð1HÞ measured from the E.COSY spectrum.

DNHð15NÞ and DNHð1HÞ are the one-bond 15N–1HN RDCs measured

along the 15N and 1H dimensions, respectively. The linear regression

yields a slope of 1.067 with a correlation coefficient of 0.998.

Fig. 5. Correlations between JNHð15NÞ and JNHð1HÞ (a) and between

ðDþ JÞNHð15NÞ and ðDþ JÞNHð1HÞ (b). Filled and open circles are

data obtained from the TROSY–anti-TROSY and E.COSY spectrum,

respectively.
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distortion of the peak maximum by the three-bond

coupling and the cross-correlated relaxation can be es-
timated by their weighted average

DðDþ JÞNH ¼ 3ðDþ JÞHNHa 
 ðIþ � I�Þ=ðIþ þ I�Þ: ð9Þ
In a first approximation, the peak intensity is propor-
tional to the reciprocal of the line width:

Iþ ¼ c=½R2ð1HÞ � r� and I� ¼ c=½R2ð1HÞ þ r�; ð10Þ
with R2ð1HÞ representing the apparent 1H transverse re-

laxation rate, r is the cross-correlated relaxation rate

between 15N–1HN and 1HN–1Ha dipolar interactions [22],
and c a constant. Substituting Eq. (10) into Eq. (9) yields

DðDþ JÞNH ¼ 3ðDþ JÞHNHa 
 r=R2ð1HÞ: ð11Þ
Using Eq. (11) DJNH can be expressed as

DJNH ¼ 3JHNHa 
 r=R2ð1HÞ ð12Þ
and for the residual dipolar couplings, the difference

DDNH ¼ DNHð15NÞ � DNHð1HÞ is given by
DDNH ¼ 3DHNHa 
 r=R2ð1HÞ: ð13Þ
The angular part of r is a second-order Legandre

function P2ðcos hÞ of h [22], with h being the angle be-
tween the 15N–1HN and 1HN–1Ha direction and 3DHNHa

the axial symmetric traceless second-order tensor with

its principal z-axis pointing toward the 1HN–1Ha dis-

tance direction. This is schematically illustrated in Fig.

7b. If DNH is expressed in the principal axis system of
3DHNHa, an identical angular function will be obtained

for Eq. (13). Therefore, P2ðcos hÞ can be viewed as a

rotation between the principal axis systems of 3DHNHa

and DNH around the x; x0-axis by the angle h. This is

equivalent to stating that the principal axis systems of

the tensors DDNH and DNH coincide with each other



Fig. 7. (a) Illustration of the peak displacement in the 1H dimension

caused by any un-resolved three-bond 1HN–1Ha coupling and cross-

correlated relaxation between 15N–1HN and 1HN–1Ha dipolar inter-

actions. (b) The relationship between the principal axis systems of the
15N–1HN and 1HN–1Ha dipolar interactions.
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DDNH ¼ kDNH ð14Þ
with the scaling factor k proportional to the reciprocal

of the 6th order of 1HN–1Ha distance. If the 1HN–1Ha

distances disperse over a narrow range, the 15N–1HN

RDCs obtained along the 15N and 1H dimensions

should only differ by this scaling factor. Therefore, both

sets of RDCs should provide the correct orientations of
the 15N–1HN vectors for structure determination. In

addition, using the absolute values of the doublet split-

tings allows one to extract DJNH thereby providing an

easy way to measure cross-correlated relaxation rates

between 15N–1HN and 1HN–1Ha dipolar interactions.

In summary, we presented a suite of sensitivity-en-

hanced experiments for accurate measurements of
15N–1HN residual dipolar couplings in proteins. The
general principle outlined here for the sensitivity-en-

hanced E.COSY experiment can also be used to measure

one-bond 15N–13C0 and two-bond 1HN–13C0 dipolar

couplings in other, equivalent experiments. Such exper-

iments will be described elsewhere. Since the present

three experiments are modular, they can be easily mod-

ified to measure the 15N transverse relaxation rates and

the cross-correlated relaxation rates between 15N–1HN

dipolar and 15N chemical shift interactions by inserting

an INEPT pulse for building-up in-phase Nx magneti-

zation that decays during the CPMG pulse sequence

before the evolution period. If TROSY–anti-TROSY

and E.COSY experiments are used to measure 15N–1HN

couplings, the cross-correlated relaxation rates between
15N–1HN and 1HN–1Ha dipolar interactions are obtained
gratuitously. If only the measurement along 15N di-
mension is desired, the sensitivity-enhanced IPAP ex-

periment constitutes the best choice. Since the peak

intensities of the doublet are very similar for the E.COSY

experiment this experiment would be most suitable for

larger biomolecules for which substantial TROSY effects

come into play.
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