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Two 2D J-modulated HSQC-based experiments were designed
for precise determination of small residual dipolar one-bond
carbon–proton coupling constants in 13C natural abundance car-
bohydrates. Crucial to the precision of a few hundredths of Hz
achieved by these methods was the use of long modulation intervals
and BIRD pulses, which acted as semiselective inversion pulses. The
BIRD pulses eliminated effective evolution of all but 1JCH couplings,
resulting in signal modulation that can be described by simple
modulation functions. A thorough analysis of such modulation
functions for a typical four-spin carbohydrate spin system was per-
formed for both experiments. The results showed that the evo-
lution of the 1H–1H and long-range 1H–13C couplings during the
BIRD pulses did not necessitate the introduction of more compli-
cated modulation functions. The effects of pulse imperfections were
also inspected. While weakly coupled spin systems can be ana-
lyzed by simple fitting of cross peak intensities, in strongly cou-
pled spin systems the evolution of the density matrix needs to be
considered in order to analyse data accurately. However, if strong
coupling effects are modest the errors in coupling constants de-
termined by the “weak coupling” analysis are of similar magni-
tudes in oriented and isotropic samples and are partially cancelled
during dipolar coupling calculation. Simple criteria have been es-
tablished as to when the strong coupling treatment needs to be
invoked. C© 2002 Elsevier Science (USA)

Key Words: residual dipolar coupling constants; J-modulated
HSQC; one-bond carbon–proton coupling constants; BIRD pulse;
carbohydrates.
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INTRODUCTION

Scalar one-bond proton–carbon couplings (1 JCH) have been
orrelated extensively with various molecular properties and
MR parameters (1). During the past decade, 1 JCH coupling

onstants have also been introduced into structural refinement
f biomolecules such as carbohydrates (2–5), proteins (6–8), and
1 To whom correspondence may be addressed. E-mail: liptaj@chtf.stuba.sk,
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oligonucleotides (9). More recently, the appearance of various
residual dipolar couplings in high-resolution NMR spectra, as a
result of a partial orientation of molecules (10, 11), has further
increased interest in techniques for measurement of one-bond
heteronuclear splittings.

Existing techniques for measurement of coupling constants
can be divided into three basic categories: J -coupled methods,
quantitative J -correlation, and J -modulated experiments. The
first category of experiments use the directly or indirectly de-
tected dimensions of 2D or 3D spectra to record heteronuclear
splittings (12–16), often in combination with spin-state selection
to simplify spectra (17–22), or the E.COSY principle (23). Cou-
pling constants are determined from the difference in resonance
frequencies of multiplets. In quantitative J -correlation (24, 25)
the coupling constants are calculated from cross peak intensi-
ties measured in two heterocorrelated spectra. In the first the
effect of the measured coupling constant is eliminated while in
the second the couplings are allowed to modulate cross peak
intensities. In J -modulated experiments (26–32) a series of
spectra are acquired. The cross peak intensities are quantified
and the coupling constants determined with very high preci-
sion (30) by fitting procedures using appropriate modulation
functions.

Residual dipolar couplings observed in moderately oriented
liquid crystalline media are determined as the difference between
the total coupling (we denote it as K ) observed in the oriented
and nonoriented samples, D = Korient−Knon-orient = (J+D) − J .
For very weakly oriented samples exhibiting small dipolar cou-
plings (∼2 Hz), the J -modulation methods are likely necessary,
while for more strongly oriented systems, with larger dipolar
couplings, the techniques from the first two categories will suf-
fice. While the majority of measurements of heteronuclear dipo-
lar couplings so far have been performed on isotope-labeled
biomolecules, one-bond residual proton–carbon coupling con-
stants have been measured on 13C natural abundance carbohy-
drate (16, 33–35) and DNA samples (36–38) using t1 or t2-
coupled 2D HSQC experiments.
0
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In this work we present and analyze the J -modulated 2D
HSQC-based methods designed for the determination of small
one-bond carbon–proton dipolar coupling constants (1 DCH) in
13C natural abundance carbohydrates. Due to the near-parallel
orientation of all C–Hax bonds in hexapyranose rings the 1 DCH

coupling constants are usually not sufficient for quantification
of the alignment and need to be supplemented by more abundant
proton–proton residual dipolar couplings (DHH). A high degree
of magnetic orientation may be detrimental for the measurement
of DHH couplings due to the unresolved multiplets caused by ap-
pearance of numerous proton–proton dipolar couplings and the
possibility of induced strong coupling effects. A possible solu-
tion is to use only weak alignment forces in combination with
precise methods for measurement of small 1 DCH and DHH (39)
coupling constants. Such methods are presented in this paper
using a model trisaccharide (I):
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RESULTS AND DISCUSSION

Two 2D J -modulated HSQC-based methods are proposed
for the measurement of 1 KCH coupling constants. Both use a
double INEPT transfer of magnetization and pulsed field gradi-
ents for coherence selection. A principal difference between the
two techniques is in the position of the modulation period. In
the pulse sequence of Fig.1a the modulation period is in place
of a regular preparation period i.e., when the magnetization is
on protons. In the pulse sequence of Fig.1b the modulation is
placed after the initial INEPT step, i.e., when the magnetiza-
tion is on carbon. The techniques are referred to here as jch h
and jch c, with the last letter indicating the position of the
modulation period. The jch c expriment shows some analogy
with two J -modulated experiments proposed for measurement
of 1 DNH and 1 DCH couplings in isotopically enriched proteins.
A novel element of this work is the suppression of the evo-
lution of long-range coupling constants by a BIRDd,X pulse
(40, 41) applied amid the modulation periods of both jch c and
jch h experiments. Different long-range interactions are refo-

cused, depending on where the magnetization is at the time of
the application of the BIRD pulse. When on protons, the overall
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effect is refocusing of proton–proton couplings of 13CH groups,
while the same BIRDd,X pulse eliminates long-range proton–
carbon interactions when the magnetization is on carbons. Re-
moval of these long-range interactions allows the use of long
J -modulation intervals during which the 1 KCH coupling con-
stants can be sampled with high accuracy: the longer the modula-
tion period, the better are the small differences between the 1 KCH

coupling constants translated into the experimental intensities of
observed cross peaks. The relaxation effects are thus the only
limiting factor for setting the length of the modulation period.
The situation is slightly more complicated for CH2 groups in the
jch h method, where the evolution of geminal proton–proton
coupling constants is not suppressed by the BIRD pulse. In or-
der to minimize the effects of 2JHH couplings and maximize the
cross peak intensities, the length of the modulation period in this
experiment must be centered around the time points of n/2 JHH

(n = 1, 2, 3 . . .). When this condition is obeyed, the jch h ex-
periment allows determination of both 1 JCH coupling constants
of CH2 groups with nonequivalent protons, while only their sum
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FIG. 1. Pulse sequences for (a) jch h and (b) jch c experiments. Both
use pulsed field gradients for coherence selection. Experiment (b) is sensitiv-
ity enhanced (43). Thick and thin rectangles represent 90◦ and 180◦ pulses,
respectively. Unless stated otherwise pulses were applied from the x axis. The
following phase cycling was used: ϕ1 = x , −x ; ϕ2 = x , x , −x , −x ; ϕ3 = x , x , y,
y,−x ,−x , −y, −y; ϕ4 = x ; � = x , −x , −x , x . Delay 2� is the variable modu-
lation time, τ1 = 0.25/1 JCH, and τ = 0.5/1 JCH. The BIRD pulse was optimized
for 1 J = 155 Hz. In experiment (a) the States–TPPI method was employed for
sign discrimination in F1; the phase ϕ1 was incremented by 90◦ during the
acquisition of imaginary t1 points together with the sign inversion of the gra-
dient G3. All gradients were 1 ms long and had the following strengths: G0 =
11 G/cm, G1 = 7.5 G/cm, G2 = 22 G/cm, G3 = 24 G/cm, G2′ = −20 G/cm,
G5 = 6.06 G/cm, G6 = 9 G/cm. G3 and G5 were used as coherence selection
gradients. In experiment (b) the phase ϕ4 was incremented by 180◦ during
the acquisition of imaginary t1 points together with the sign inversion of the
gradient G3. All gradients, except for the coherence selection gradients, were
0.4 ms long. The gradients G4′ , G4, and G3 were set to 1.25, 1.25, and 0.311
ms, respectively. The strength of gradients was G4′ = −15 G/cm, G4 = 15 G/cm,

G3 = 30 G/cm, and G7 = 6 G/cm. G4 and G3 were used as coherence selection
gradients. All spectra were processed using the protocol for sensitivity-enhanced
techniques.
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FIG. 2. (a) Traces through the H4aC4a cross-peaks from a series of spectra
acquired using the jhc h pulse sequence of Fig. 1a. (b) fitting of cross peak
intensities (Eq. [7]) derived from signals of two protons with very similar 1 JCH

coupling constants.

is available from the jch c spectra. The jch c experiment can
therefore be considered as an experiment designed specifically
for CH groups and its sensitivity can be improved by incorpo-
ration of the sensitivity-enhanced INEPT transfer step, which is
less effective for CH2 groups (42, 43).

With a large spread of 1 JCH coupling constants and long mod-
ulation intervals it is important to choose a set of modulation
intervals which yields an even distribution of signal intensities
regardless of the actual value of the coupling constant. For this a
time interval of approximately 12 ms is required. The resolution
capability of J -modulated methods is illustrated in Fig. 2 using
coupling constants 1 JC4a,H4a and 1 JC3a,H3a , which differ only by
0.15 Hz. Nevertheless, this difference is clearly visible in the
cross peak intensities (Fig. 2b) obtained from the jch h spectra,
which were acquired using a modulation period of 170 ± 6 ms.

If such small differences are detectable experimentally, care
must be taken to analyze data rigorously. As the modulation
interval contains a BIRD pulse, rather than a simple pair of 180◦

pulses (29), we have focused our attention on this pulse sequence
element as a possible source of systematic errors. Starting with
an ideal BIRD approximation we have described the effects of
nonideal BIRD pulses on weakly coupled spins using the product
spin operator formalism (44). As carbohydrates are notorious for
the occurrence of strong couplings we have also developed an
analysis based on the evolution of the density matrix, which
overcomes the limitations of the weak coupling approximation.

Data Analysis of Weakly Coupled Spin Systems

In the ideal BIRD pulse, delay τ between the pulses of the
BIRD cluster is set exactly to 0.5/1 KCH, no evolution of proton–

proton or long-range proton–carbon couplings is allowed, and
perfect inversion of relevant spins is achieved. Using these as-
sumptions the following equations describe the signal intensities
T AL.

as a function of the modulation period, 2�, in the jch h exper-
iment,

ICH = I 0
CH sin

(
π1 KCH2�

)
exp(−2�/T2) [1]

ICH2 = I 0
CH2

sin
(
π1 KCH2�

)
cos

(
π2 KHH2�

)
× exp(−2�/T2) [2]

ICH3 = I 0
CH3

sin
(
π1 KCH2�

)
exp(−2�/T2), [3]

where I 0is the amplitude factor, K is either J or J + D, standing
for the scalar and the sum of scalar and dipolar coupling con-
stants, respectively, and T2 is the effective spin–spin relaxation
time.

Similar equations can be derived for cross peak intensities in
the jch c experiment:

ICH = I 0
CH cos

(
π1 KCH2�

)
exp(−2�/T2) [4]

ICH2 = I 0
CH2

cos
[
π

(1
KCHa + 1KCHb

)
2�

]
exp(−2�/T2) [5]

ICH3 = I 0
CH3

cos
(
π1 KCH2�

)[
3 cos2

(
π1 KCH2�

) − 2
]

× exp(−2�/T2). [6]

In real spin systems, deviations from an ideal state occur be-
cause of variation of one-bond carbon–proton couplings and
evolution of proton–proton and long-range proton–carbon cou-
plings during the BIRD pulses. Modulation functions for jch h
and jch c experiments, which take into account these effects in
a typical four-spin system of carbohydrates, are given in the Ap-
pendix. Each modulation function is a sum of two contributions,
direct and transferred, originating on protons attached to 13C and
on remote protons coupled to the 1H–13C pair, respectively. The
transferred part of the function arises due to the evolution of
proton–proton and long-range proton–carbon couplings during
the BIRD pulse and the presence of 90◦ 1H pulses which can act
as polarization transfer pulses.

Initially, we will focus only on the effects of a mismatch
between the actual 1 KCH and an average value (1 K ave

CH = 155 Hz),
used to calculate the delay τ (=0.5/1 K ave

CH), and neglect evolution
of long-range couplings during the BIRD pulse. An approximate
modulation function of the jch h experiment and CH groups is
then obtained by setting J1 �= 0, Ji>1 = 0 in Eq. [A.1]:

ICH = I 0
CH

[
0.5

(
1 − cos

(
π1 KCH2τ

))]
sin

(
π1 KCH2�

)
× exp(−2�/T2) [7]

= A sin
(
π1 KCH2�

)
exp(−2�/T2).

This modulation function differs from the corresponding ideal
BIRD modulation function (Eq. [1]) only in the scaling fac-
tor, A = I 0 0.5 ∗ (1 − cos(π1 K /1 K ave)). Therefore the only
CH CH CH
consequence of the 1 KCH mismatch is an overall decrease of
signal intensities. For a difference between the set and actual
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coupling constant of <10% this drop is less then 3% and
is of little significance. The approximate modulation function
for a CH2 group has a similar structure (Eq. [A.1], J1 �= 0,
J4 = 1 K ave

CH, Ji>1 = 0):

ICH2 = I 0
CH2

[
0.5

(
1 − cos

(
π1 KCH2τ

))]
sin

(
π1 KCH2�

)
× cos

(
π2 KHH2�

)
exp(−2�/T2) [8]

= A sin
(
π1 KCH2�

)
cos

(
π2 KHH2�

)
exp(−2�/T2).

An analogous approximate modulation function can be obtained
for CH groups in the jch c experiment by using Eq. [A.3] and
J1 �= 0, Ji>1 = 0,

ICH = I 0
CH

{
cos2

(
π1 KCH�

) + sin2
(
π1 KCH�

)
(1 + c)

}
× exp(−2�/T2), [9a]

where c = cos(π1 KCH2τ ). Equation [9a] can be rearranged
as

ICH = I 0
CH

{
[1 − 0.5(1 + c)] cos

(
π1 KCH2�

) + 0.5(1 + c)
}

× exp(−2�/T2) [9]

= A
[

cos
(
π1 KCH2�

) + B
]

exp(−2�/T2),

where A = I 0
CH[1 − 0.5(1 + c)] and B = 0.5(1 + c)/[1 − 0.5(1+

c)]. This approximate modulation function differs from the cor-
responding ideal BIRD modulation function (Eq. [4]) not only
in the scaling factor, but also in containing a zero-frequency
component.

In the next step, the approximate modulation functions given
by Eqs. [7]–[9] are tested as to how well they reproduce
the synthetic data generated by exact modulation functions
(Eq. [A.1] + [�A.2] or [A.3] + [�A.4]) when nonzero values
of long-range coupling constants are used. The results of this
analysis are presented in more detail in the Appendix. Here it
suffices to say that Eq. [7] reproduced the data generated by exact
modulation function ( jch h, CH groups, Eq. [A.1] + [�A.2])
within ±1%. Fitting the synthetic data of the jch c experiment
(CH groups, Eq. [A.3] + [�A.4]) by Eq. [9] yielded identical in-
tensities within ±0.3%. When the modulation period, 2�, was
centred on time points n/2 JHH, Eq. [8] reproduced the exact
modulation function for the CH2 groups and jch h experiment
(Eq. [A.1] + [�A.2]) with intensity differences of <2% over a
12-ms modulation period. Such variations are likely to be hid-
den in the noise for natural abundance 13C samples. We therefore
conclude that Eqs. [7]–[9] are sufficient approximations to the
corresponding exact modulation functions of jch c and jch h
experiments. As only the sum of the 1 JCH couplings is obtained
in the jch c experiment for CH2 groups the effects of a nonideal
BIRD pulse were not analyzed for this case. The couplings of

the CH3 groups were not discussed at all, mainly due to their
limited scope of application in carbohydrates.
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Different types of deviations from an ideal BIRD arise from
miscalibration, off-resonance effects, and/or rf pulse inhomo-
geneity of pulses in the BIRD cluster. Such effects are more
pronounced for 180◦ than for 90◦ pulses; therefore only effects
of varying flip angles α and β of the central (nominally 180◦) 1H
and 13C pulses on the modulation functions are considered here.
It can be easily shown that the result is a signal attenuation by
the factor 0.25[1− cos(α)][1− cos(β)] for both experiments. In
addition, in the jch c experiment a zero frequency component is
introduced into the modulation function. As the zero frequency
component is already incorporated into the modulation function
of the jch c experiment (Eq. [4]), no further modifications were
required. Analogous results were obtained by Tjandra et al. (29)
in a similar J -modulated experiment containing a simple pair of
180◦ pulses amid the evolution period.

It is interesting to note that the zero frequency component has
appeared repeatedly during our analysis of modulation functions
in the jch c but not in the jch h experiment. The origin of this
phenomenon is that while in the jch h experiment the desired
magnetization is evolving during the modulation period from
inphase to antiphase, in the jch c experiment the original an-
tiphase magnetization is preserved. The different mathematical
identities associated with cosine and sine functions result in de-
viations from an ideal state appearing as an additional scaling
factor in the jch h experiment, while a zero frequency compo-
nent appears in the jch c data. By incorporating the zero fre-
quency component into the modulation function of the jch c
spectra we have obtained improved fits; e.g., fitting intensities
of the H1a proton signal using Eq. [4] gave J = 176.19 ± 0.08,
while 176.23 ± 0.03 was obtained using Eq. [9].

After considering various effects of real BIRD pulses, we can
conclude that Eqs. [7]–[9] are sufficient approximations of the
exact modulation functions for jch c and jch h experiments.
As an example, coupling constants of ring a of the trisaccharide
I in isotropic and oriented media were determined for jch h
and jch c experiments (Table 1). The results obtained by both
methods yielded very similar values of coupling constants with
standard deviations of 0.01–0.06. Slightly higher standard de-
viations of coupling constants obtained from the jch c exper-
iment were due to the fact that fewer points were acquired in
this experiment with fewer scans per 2D increment. For com-
parison, data obtained from carbon-coupled 2D HSQC spectra
are also presented. The precision of these data was estimated to
be ∼0.2Hz. Similar results obtained in all experiments indicated
that there are no systematic deviations between intensity-based
and carbon-coupled methods.

Data Analysis of Strongly Coupled Spin Systems

Carbohydrates often feature strong couplings either in 1H or
1H–13C satellite spectra even at high magnetic fields. Such ef-
fects were clearly visible in 1H–13C satellite spectra of the ring

b of I. Cross peaks of H2b, H3b, and H4b protons showed a high
degree of asymmetry between their high- and low-field parts in
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experimental cross

δ2b = 1874; δ3b = 1955;
analysis reproduced the
compared with (a) is du
PHAM ET AL.

TABLE 1
Coupling Constantsa [Hz] and Standard Deviationsb of CH Groups in Ring a of I

1 JCH ( Isotropic sample) 1 KCH (Oriented sample) 1 DCH = 1 KCH −1 JCH

Hi jch h jch c HSQCc jch h jch c HSQCc jch h jch c HSQCc

1a 176.19 176.23 176.2 173.51 173.52 173.6 −2.68 −2.71 −2.6
0.02 0.06 0.02 0.06 0.03 0.08

2a 144.03 144.02 144.2 146.69 146.68 146.8 2.66 2.66 2.6
0.01 0.03 0.02 0.03 0.02 0.04

3a 146.31 146.40 146.2 148.96 149.14 149.0 2.65 2.64 2.8
0.02 0.03 0.02 0.03 0.03 0.04

4a 146.49 146.46 146.2 149.26 149.21 149.1 2.77 2.75 2.9
0.03 0.04 0.02 0.04 0.04 0.06

5a 153.87 153.77 153.7 156.51 156.50 156.3 2.64 2.73 2.6
0.02 0.02 0.01 0.02 0.02 0.03

a Determined by a nonlinear fitting of cross peak intensities using Eqs. [7] and [9] for the jch h and jch c
data, respectively.

b Error bounds for the 1 DCH couplings were calculated as the square roots of sums of the squares of standard
deviations of coupling constants in isotropic and oriented media.
c Estimated error of 0.2 Hz; this translated into as erro 1
HSQC experiments.

F2 carbon-coupled HSQC spectra, which precluded reliable de-
termination of 1 JCH coupling constants. In the following we will
demonstrate that it is possible to determine 1 JCH from jch c and
jch h spectra in the presence of strong couplings. For this we
adopt an approach developed by Morris et al. (45) for the anal-
ysis of strong coupling effects in semiselective 2D J -resolved
experiments which incorporates BIRD pulses amid an evolution
interval. During such analyses the 1 KCH values are allowed to
vary within a certain range around the weak coupling approxi-
mation value and cross peak intensities are calculated for each
modulation time using Eq. [10] or [11], which are given in the
Experimental section. The best fit between the theoretical and
peak intensities identifies the correct cou- severity of the strong coupling effects in the 13C satellite spec-

pling constant. While identical values of 1 JCH were obtained

a)  b)
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FIG. 3. The density matrix treatment of cross peak intensities. The experimental (�, jch h experiment, isotropic sample) and theoretical intensities considering
strong (�) and weak (�) couplings are shown. (a) Weakly coupled spin system H4a–H5a–C5a. The best fit of the experimental data was obtained for 1 JCH = 153.87 Hz
using both weak (Eq. [7]) and strong coupling treatments. The following parameters were used for the density matrix calculation: δ4a = 1865; δ5a = 2706; 3 J (H4a,
H5a) = 10.2 Hz; 2 J (C5a, H4a) = 5.2 Hz. (b) Strongly coupled spin system H2b–H3b(C3b)–H4b. The following parameters were used for the density matrix calculation:

3 3 2 2

tra can be classified using the ratio R = (�δ − 0.51 JCH)/JHH,
δ4b = 2035; J (H2b, H3b) = 9.4 Hz; J (H3b, H4b) = 9.2 H
experimental data well; however, this fit was achieved b

e to the strong coupling effects.
r of 0.28 Hz for DCH couplings determined from the

using this treatment and Eq. [7] for a weakly coupled spin
system H4a–H5a–C5a (Fig. 3a), for a strongly coupled system
H2b–H3b(C3b)–H4b the experimental data were reproduced by
markedly different 1 JCH couplings depending on the nature of
the analysis. A comparison of 1 DCH values obtained using the
weak and strong coupling analyses for a more extensive data set
(Table 2) indicated that in systems with modest strong coupling
effects accurate dipolar couplings could still be obtained using
the weak coupling approximation. In these instance the strong
coupling contributions are very similar in both media and there-
fore cancel out when the residual coupling constants are calcu-
lated as a difference between the two one-bond splittings. The
z; J (C3b,H2b) = 5.2 Hz; J (C3b,H4b) = 4.1 Hz. Both strong and weak coupling
y markedly different 1 JCH coupling constants. Lower relative intensity in (b)
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TABLE 2
Effect of Strong Couplings in the jch h Experimenta

Isotropic sample Oriented sample Dipolar couplings

HI R = (�δ − 0.51 JCH)/JHH
1 KCH weak 1 KCH strong �1 KCH

1 KCH weak 1 KCH strong �1 KCH
1 Dweak

1 Dstrong �1 DCH

1a 249.3 176.19 176.19 0.00 173.51 173.51 0.00 −2.68 −2.68 0.00
2a 252.9; 5.0 144.03 144.37 0.34 146.69 147.07 0.38 2.66 2.70 0.04
3a 4.9; 21.0 146.31 146.66 0.35 148.96 149.36 0.40 2.65 2.70 0.05
4a 21.0; 72.7 146.49 146.51 0.02 149.26 149.31 0.05 2.77 2.80 0.03
5a 72.4 153.87 153.87 0.00 156.51 156.52 0.01 2.64 2.65 0.01
1b 84.4 163.32 163.32 0.00 165.71 165.72 0.01 2.39 2.40 0.01
2b 85.5; 0.79 144.01 145.99 1.98 146.90 148.96 2.06 2.89 2.97 0.08
3b 1.08; 0.99 138.85 142.04 3.19 141.28 144.81 3.53 2.43 2.77 0.34
4b 0.77; 11.7; 25.9 142.75 145.94 3.19 145.10 148.65 3.55 2.35 2.71 0.36
5bax 30.8, 11.8 141.61 141.72 0.11 143.55 143.67 0.12 1.94 1.95 0.01
5beq 30.5, 25.3 151.69 151.72 0.03 151.28 151.30 0.02 −0.41 −0.42 −0.01

a 1
R = (�δ − 0.5 JCH)/JHH classifies the severity of the strong coupling. �δ is the chemical shift difference of coupled protons. R was calculated for proton
b
f

pairs i , i − 1 and i , i + 1; weak and strong refer to coupling constants [Hz] o
difference between values obtained by the weak and strong coupling treatment o

where �δ is the chemical shift difference of coupled protons
and JHH is the homonuclear coupling constant. In order to de-
termine the limits in which the weak coupling approximation
is adequate a series of simulations was performed using the
H2b–H3b(13C3b)–H4b spin system. This is an AB(X)C spin sys-
tem with strong couplings between AB and BC spins. The cross
peak intensities of H3b simulated for the jch c experiment using
Eq. [10] were subjected to weak coupling analysis using Eq. [9].
Figure 4a shows the obtained one-bond splitting as a function of
R. The 1 DCH values determined as 1 KCH–1 JCH (Fig. 4b) reached
at least 99% of the nominal dipolar coupling for R ≥ 5, despite

1 1
the fact that at R = 5 the JCH and KCH values differed by 0.6 Hz
from the true one-bond splitting. For AB(X)M spin systems, 1 JCH(±0.2 Hz) for a spin system with R < 1.5. Nevertheless, it
with only one pair of strongly coupled protons, the weak cou-

a)  b)
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FIG. 4. Determining the limits of the weak coupling treatment. (a) The 1 JCH couplings as a function of (�δ − 0.51 JCH)/JHH obtained when the cross peak
intensities calculated using the strong coupling formalism (Eq. [10]) were analyzed in the weak coupling approximation (Eq. [9]). Strongly coupled spin system
H2b–H3b(C3b)–H4b was used with 1 JCH of 140.00 Hz and 1 KCH of 142.50 or 145.00 Hz, which yielded dipolar couplings of 2.50 or 5.00 Hz. Other parameters of
this spin system are given in the caption of Fig. 3. Chemical shifts of protons H2b and H4b were initially positioned in the middle of the high- and low-field one-bond

is possible to use this type of data analysis routinely, as accurate
satellites of proton H3b (�δ = 0), respectively. The chemical-shift difference, �δ

while moving the chemical shifts of protons H2b and H4b equidistantly towards
difference between 1 KCH and 1 JCH values given in the graph (a).
tained using Eqs. [7], [8], and [11], respectively. �1 KCH and �1 DCH give the
the data.

pling approximation yielded accurate values of 1 DCH for R ≥ 3.
Similar results were obtained for the jch h experiment (data not
shown).

It should be noted that the density matrix treatment requires a
full description of spin systems including accurate proton chem-
ical shifts, proton–proton and long-range proton–carbon cou-
pling constants, and an estimate of the effective relaxation time.
Our simulations indicate that for the jch h experiments only val-
ues of proton–proton couplings were critical. Setting the long-
range proton–carbon couplings to zero did not have any effect.
In the jch c data the heteronuclear 2 JBX couplings were also
important and values differing by 1.0 Hz produced variations in
, was gradually increased by keeping the chemical shift of the H3b proton fixed,
the higher and lower fields, respectively. (b) Dipolar couplings calculated as a
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values of JHH couplings can be obtained easily from weakly
coupled 1H–12C spectra and values of 2 JCH of carbohydrates are
available for various monosaccharides (46).

EXPERIMENTAL

All spectra were acquired at 5◦C on a 600-MHz INOVA NMR
spectrometer equipped with a 5-mm triple-axis triple-resonance
probe. The concentration of the trisaccharide sample was 5 mg/
0.5 ml of D2O or in liquid-crystalline medium. The liquid-
crystalline medium was prepared from the phage Filamentous
bacteriophage fd, wild type M13 (47) purified in centrifuge.
After purification and dialysis the phage was concentrated to a
density of 10×1014 phage/ml, which corresponds to about 10 mg
of phage in 1ml. The residual quadrupolar coupling constant of
D2O was 3.6 Hz.

A series of 12 2D jch h spectra were acquired using the
pulse sequence of Fig.1a. For the reference spectrum � was set
to 3.24 ms, and the remaining 11 time intervals of � were varied
between 165 and 176 ms in 1-ms steps. The one-bond coupling
constant evolution intervals were optimized for 1 JCH = 155 Hz.
Sixteen transients were acquired for each of 240 complex points.
The reference spectrum was inserted into the series in order to
ensure good definition of the initial amplitude, allowing reliable
fitting of effective relaxation times. Acquisition times were 40.3
and 170 ms in t1 and t2, respectively. The overall acquisition
time was 48 h. For 2D jch c spectra the reference spectrum was
acquired with � = 6.66 ms and seven intervals of � between
150 and 162 ms in steps of 2 ms were used. Eight transients
were accumulated for each of 240 complex points. Acquisition
times were 40.3 and 170 ms in t1 and t2, respectively. The overall
acquisition time was 16 h. Integral intensity for each resonance
in each 2D spectrum was determined by 2D integration routines
available in the VNMR software.

13C coupled HSQC spectra were acquired using pulse-field
gradients for suppression of 12C-bound protons (48). Two 13C
90◦(x), 90◦(y, −y) pulses were applied at the end of the re-
focusing period in order to remove residual antiphase com-
ponents of carbon-coupled proton multiplets. Eight transients
were acquired for each of the 480 complex points. Acquisi-
tion times were 81.6 and 500 ms in t1 and t2, respectively. The
overall acquisition time was 4 h. After regular 2D processing,
traces containing signals were extracted, inverse Fourier trans-
formed, and zero filled (0.0915 Hz/point) prior to final Fourier
transformation. The high-field part of the multiplet contained
in each 1D spectrum was shifted in the direction of its low
field portion till the best overlay was achieved. This displace-
ment represents the coupling constant. More accurate values
were obtained in this way than by calculating the coupling con-
stant as a difference of frequencies provided by peak picking
routines. Computer-aided read-out of the coupling constants
failed in the case of C3b–H and C4b–H spins. This was caused

by the asymmetry of the C–H doublet due to strong coupling
effects.
T AL.

Theoretical cross peak intensities in the strong coupling treat-
ment of the jch c experiment are calculated as a sum of inten-
sities of spectral transitions (45),

I ( jch c)theo(2�)

=
(∑

i

∑
j

∑
k

∑
l

−F y
ij B∗

ik Bjl F
y

ikeiπνi jkl 2�

)
e−2�/T 2, [10]

where B is the matrix representation of the action of the BIRD
pulse and F y represents the carbon y−antiphase magnetization.
νi j,kl = 0.5(ν j − νi + νl − νk) is the average modulation fre-
quency of the F y coherences, which is converted in the middle
of the modulation period by the BIRD pulse from σi j into σkl

coherence. νi is the i th energy eigenvalue of the spin system
(expressed in frequency units).

In the jch h experiment the initial state of the spin systems
is a superposition of −y-inphase magnetization of all protons,
F y = �n F y,n , where n is a proton label. A signal observed on
the nth proton is proportional to the amount of x-antiphase mag-
netization with respect to the directly bonded carbon at the end
of the modulation period and is represented by an operator Gx,n .
With this notation theoretical cross-peak intensities in the jch h
experiment can be expressed as

In( jch h)theo(2�)

=
(∑

i

∑
j

∑
k

∑
l

−F y
i j B∗

ik B jl G
x,n
ik eiνi jkl 2�

)
e−2�/T 2. [11]

CONCLUSIONS

Two experiments, jch c and jch h, presented here for pre-
cise determination of residual dipolar couplings, 1 DCH, worked
equally well. The use of the latter is recommended when cou-
plings of CH2 groups are of interest as only the sum of 1 JCH

of geminal protons is obtained from the former experiment. On
the other hand the jch c experiment is two times more sensitive
than the jch h, as both use pulsed field gradients for coherence
selection, although only the former technique uses the sensi-
tivity enhanced protocol. The jch c is a method of choice for
measurement of 1 JCH in CH groups. The in-depth analysis of
the modulation period of these experiments, which contained a
BIRD pulse, showed that the exploitation of the BIRD pulse as a
semiselective inversion pulse has distinct advantages. It allows
long modulation periods, which are necessary for very precise
determination of one-bond heteronuclear coupling constants, to
be used. At the same time it was shown that the BIRD pulses do
not complicate the analysis of the data and simple modulation
functions were derived which approximate the exact modulation
systems with no prior knowledge of the actual spin coupling
constants.
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For strongly coupled spin systems the evolution of the density
matrix needs to be considered in order to analyse data accurately.
However, if the contributions of strong couplings are modest they
do not affect the resulting values of dipolar coupling constants
significantly, as these are of similar magnitudes in oriented and
isotropic samples and the weak coupling approximation can be
used. Simple criteria have been established as to when the strong
coupling treatment needs to be invoked.

APPENDIX

The exact modulation functions of jch h and jch c pulse
sequences for a four-spin system (Scheme 1) containing one
13C (S) atom and three 1H nuclei (I1, I2 and I3) were obtained.
One-scan experiments were analyzed using the pulse sequence
fragment ρ1 − � − G-BIRDd,X(2τ ) − G − � − ρ2, where ρ1

represents coherences which are present at the beginning of the
modulation period. ρ2 is the coherence at the end of the modu-
lation period, which is eventually converted into the observable
signal; � is the free evolution period. CH groups were anal-
ysed assuming J1 = 1 JCH and a linear spin system with J6 = 0.
For CH2 groups protons I1 and I2 were assumed to be directly
bonded to S and J6 �= 0. Relaxation terms were omitted in all
equations presented in the Appendix.

jch h Experiment

In this experiment ρ1 = �ι − Iiy and ρ2 = 2I1x Sz . Con-
tributions to ρ2 arise from proton I1y(−I1y → 2I1x Sz , di-
rect contribution) and from other protons coupled to proton
I1(−Iiy → 2I1x Sz, i �= 1, transferred contributions). The direct
contribution is described by the equation

I direct
1 = s2J1� I 0

{
c2

J2�c2
J3�[0.5(1 − cJ1τ cJ2τ cJ3τ )]

+ c2
J2�s2

J3�[0.5(−cJ1τ cJ2τ cJ5τ cJ6τ − sJ1τ sJ2τ sJ5τ sJ6τ

+ cJ3τ cJ5τ cJ6τ )] + s2
J2�c2

J3�[0.5(−cJ1τ cJ3τ cJ4τ cJ6τ

− sJ1τ sJ3τ sJ4τ sJ6τ + cJ2τ cJ4τ cJ6τ )]

+ s2
J2�s2

J3�[0.5(cJ2τ cJ3τ cJ4τ cJ5τ

+ sJ2τ sJ3τ sJ4τ sJ5τ − cJ1τ cJ4τ cJ5τ )]
}
, [A.1]

where cJi� = cos(π Ji�), sJi� = sin(π Ji�), cJiτ = cos(π Ji 2τ ),

I1 I3I2

J1

J2 J3

J4 J5

J6
S

SCHEME 1
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sJiτ = sin(π Ji 2τ ), c2
Ji� = cos2(π Ji�), s2

Ji� = sin2(π Ji�),
s2Ji� = sin(π Ji 2�), i = 1, 2, . . . , 6; 2τ and 2� are the duration
of the BIRD pulse and the modulation period, respectively.

Transferred contributions are illustrated here using the trans-
fer −I2y → 2I1x Sz . The expressions for other protons can be
derived by appropriate permutation of indices and the total trans-
ferred contribution is their sum as indicated in the text. Please
note that the chemical shifts are not refocused for the trans-
ferred component. This is because the magnetization resides on
different protons before (I2) and after (I1) the BIRD pulse,

I I 2
1 = I 0cν12�sJ(1+4)�

{
sJ2�cJ2�cJ3�cJ6�[−0.5sJ2τ (cJ1τ cJ3τ

+ cJ4τ cJ6τ )] + s2
J2�cJ3�cJ6�[0.5(sJ1τ cJ3τ sJ4τ cJ6τ

+ cJ1τ sJ3τ cJ4τ sJ6τ )] + sJ2�cJ2�sJ3�sJ6�

× [0.5(cJ2τ sJ5τ (sJ1τ sJ6τ + sJ3τ sJ4τ ) − sJ2τ cJ5τ (cJ1τ cJ6τ

+ cJ3τ cJ4τ ))] + c2
J2�sJ3�sJ6�[−0.5sJ3τ cJ5τ sJ6τ ]

+ s2
J2�sJ3�sJ6�[0.5sJ1τ sJ4τ cJ5τ ]

}
, [A.2]

where cν12� = cos[π (ν1 − ν2)�]; ν1 and ν2 are chemical shifts
(in Hz) of protons I1 and I2.

The effects of nonzero long-range couplings for CH groups
were tested as follows. Theoretical cross peak intensities were
calculated using a complete transfer function (Eq. [A.1] +
[�A.2]) and a typical set of coupling constants (J2 = 10,
J3 = 8.5; J4 = 6.5, J5 = 3.3 Hz, and J6 = 0) as a function of
�. In this calculation the transferred contribution from all pro-
tons was included. The data were then fit using Eq. [7]. When
τ was set exactly to 0.5/1 KCH, Eq. [7] approximated the syn-
thetic data within ±0.2%. When the variations between the set
and used 1 KCH of up to 15 Hz were used, differences of up
to ±1% were observed. As the variation of 1 KCH in the ab-
sence of the long-range coupling constants is treated rigorously
by Eq. [7], it is obvious that the increased scatter is caused
by simultaneous variations of 1 KCH couplings and inclusion of
long-range couplings. This effect was not observed when only
the direct component of the modulation function (Eq. [A.1])
was used to calculate the theoretical intensities, indicating that
the transferred contribution is responsible for the increased, but
still very small deviations. Contrary to the case for CH groups,
the transferred contribution (Eq. [A.2]) in CH2 groups can be
significant and reach up to 20% of the amplitude of the direct
component. However, this contribution is negligible in some
parts of the modulation function. These parts coincide with the
maxima of the direct contribution function (n/2 JHH), which
are used in experiments. This is not a surprising result, since
the mutual antiphase magnetization of geminal protons respon-
sible for the proton–proton transfer goes through a minimum
at these points. When the modulation period, 2�, was centered

on time points n/2 JHH, Eq. [8] reproduced the theoretical data
(Eq. [A.1] + [�A.2]) with intensity differences of <2% over



E
208 PHAM

a 12-ms modulation period. During the calculation of theoret-
ical data, the BIRD delay was optimized for 1 J = 155 Hz and
the following coupling constants were used: J1 = 145; J2 = 12;
J3 = 8.5; J4 = 153; J5 = 5.5; and J6 = 6 Hz.

jch c Experiment

In this experiment ρ1 = �ι2IizSy and ρ2 = 2IIzSy . Similarly to
the jch h experiment, there are two contributions to the modula-
tion function, direct contribution (2II z Sy →, 2II z Sy) and trans-
ferred contribution (2IizSy → 2II z Sy, i �= 1):

I direct
1 = c2

J1�

{
c2

J4�c2
J5�([cJ2τ cJ3τ cJ4τ cJ5τ ] + [sJ2τ sJ3τ sJ4τ sJ5τ ])

+ c2
J4�s2

J5�[cJ2τ cJ4τ ] + s2
J4�c2

J5�[cJ3τ cJ5τ ] + s2
J4�s2

J5�

}
+ s2

J1�

{
c2

J4�c2
J5�[cJ1τ cJ4τ cJ5τ ] + c2

J4�s2
J5�[cJ3τ cJ1τ cJ4τ ]

+ s2
J4�c2

J5�[cJ2τ cJ1τ cJ5τ ] + s2
J4�s2

J5�[cJ2τ cJ3τ cJ1τ ]
}
[A.3]

I 12
1 = sJ1�cJ1�sJ4�cJ4�c2

J5�

{−[cJ2τ cJ3τ cJ4τ cJ5τ ]

− [sJ2τ sJ3τ sJ4τ sJ5τ ] + [cJ3τ cJ5τ ] + [cJ1τ cJ4τ cJ5τ ]

− [cJ2τ cJ1τ cJ5τ ]
} + sJ1�cJ1�sJ4�cJ4�s2

J5�

× {
1 − [cJ2τ cJ4τ ] + [cJ3τ cJ1τ cJ4τ ] − [cJ2τ cJ3τ cJ1τ ]

}
.

[A.4]

Since only a sum of one-bond coupling constants is obtained
for CH2 groups in this experiment, effects of proton–proton
and long-range proton–carbon couplings for CH spin systems
only were inspected for this pulse sequence. Theoretical cross
peak intensities were calculated using a complete transfer func-
tion (Eq. [A.3] + [�A.4]) for a typical set of coupling constants
(J2 = 10, J3 = 8.5; J4 = 6.5, J5 = 3.3 Hz and J6 = 0) as a func-
tion of �. Very good fits were obtained using Eq. [9] with in-
tensity differences of only ±0.3%.
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