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Abstract

In solutions with partial molecular alignment, anisotropic magnetic interactions such as the chemical shift
anisotropy, the electric quadrupole interaction, and the magnetic dipole-dipole interaction are no longer averaged
out to zero in contrast to isotropic solutions. The resulting residual anisotropic magnetic interactions are increas-
ingly used in biological NMR studies for the determination of 3D structures of proteins and other biomolecules. In
the present paper we propose a new approach allowing the measurement of residual HN-Hα dipolar couplings of
non-isotope enriched proteins based on the application of the MOCCA-SIAM experiment. This experiment allows
the measurement of homonuclear coupling constants with an accuracy of ca. ±0.2 Hz and is therefore particu-
larly well suited to determine residual dipolar couplings at relatively low degrees of molecular orientation. The
agreement between experimentally determined residual HN-Hα couplings and calculated values is demonstrated
for BPTI.

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; ACME, amplitude-constrained multiplet eval-
uation; BPTI, basic pancreatic trypsin inhibitor; COSY, correlation spectroscopy; CTAB, hexade-
cyl(cetyl)trimethylammonium bromide; DHPC, dihexanoylphosphatidylcholine; DMPC, dimyristoylphosphatidyl-
choline; DQF, double-quantum filtered; EDTA, ethylenediaminetetraacetic acid; FID, free induction decay;
MOCCA, modified phase-cycled Carr-Purcell; NMR, nuclear magnetic resonance; NOE, nuclear Overhauser
effect; RMSD, root mean square deviation; TOCSY, total correlation spectroscopy; TPPI, time-proportional phase
incrementation; SIAM, simultaneous acquisition of in-phase and anti-phase multiplets; ZQF, zero-quantum filtered.

Introduction

Residual dipolar couplings between two nuclei, 1 and
2, occur if molecules in solution exhibit a partial
molecular orientation. Their magnitude is given by
Equation 1 (Bastiaan et al., 1987).

〈D12〉 = −Dstat
12 SzzS
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(1)

The angles ϑ and ϕ are the polar angles defin-
ing the orientation of the internuclear vector relative

∗To whom correspondence should be addressed. E-mail:
eike.brunner@biologie.uni-regensburg.de

to the principal axis system of the so-called molecu-
lar alignment tensor which is described by an order
matrix, Sij. The principal values of this matrix are de-
noted by Sxx, Syy, and Szz, where |Szz| ≥ ∣∣Syy

∣∣ ≥
|Sxx|. The asymmetry parameter, η, is defined as η =(
Sxx − Syy

)
/Szz. The so-called static dipolar coupling

constant, Dstat
12 , is given by Equation 2.

Dstat
12 = µ0γ1γ2h

8π3〈r3
12〉

, (2)

h is the Planck constant and µ0 the permeability of
vacuum. γ1 and γ2 denote the gyromagnetic ratios
of the spins 1 and 2. The distance between spins
1 and 2 has to be averaged in the presence of dis-
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tance variations such as vibrations. This is indicated
by the brackets in Equation 2. The order parameter S
(0 ≤ S ≤ 1) in Equation 1 accounts for the influence
of local internal molecular motions different from the
reorientation of the entire molecule.

In addition to NOE data, residual dipolar couplings
provide valuable information for the NMR spectro-
scopic structure determination of biomolecules (see,
e.g., Tjandra and Bax, 1997; Clore et al., 1999; Fowler
et al., 2000; Mueller et al., 2000; Brunner, 2001; Bax
et al., 2001). Residual dipolar couplings are nowadays
widely used for structure refinement. They are capable
of replacing NOE data to a very high extent (Clore
et al., 1999). Moreover, an increasing number of at-
tempts is made to determine protein structures mainly
on the basis of residual dipolar couplings (Fowler
et al., 2000; Annila et al., 1999; Delaglio et al., 2000;
Meiler et al., 2000; Simon et al., 2002).

Residual dipolar couplings containing relevant
structural information are observed, e.g., in heteronu-
clear spin systems such as 1H-15N or 1H-13C pairs.
Apart from these frequently used heteronuclear one-
bond couplings, residual dipolar couplings also occur
in homonuclear 1H-1H spin systems, such as HN-Hα

pairs. The effect of residual dipolar couplings upon
homonuclear two-dimensional (2D) NMR correlation
spectra (COSY, Jeener, 1971; Aue et al., 1976) of
oligosaccharides and nucleic acids has been demon-
strated by Bolon and Prestegard (1998), Hansen et al.
(1998a,b). Several approaches have been described
to measure residual HN-Hα dipolar couplings in pro-
teins using double- and triple-resonance experiments.
Prestegard and coworkers described the use of the
constant-time COSY method (Tian et al., 2000) and
Cai et al. (1999) have used a non-proton decoupled
HNCA experiment. Peti and Griesinger (2000) sug-
gested the JHH-NOESY experiment which is based on
the E. COSY principle (Griesinger et al., 1985). Tjan-
dra and Bax (1997) employed the HNHA experiment
(Vuister and Bax, 1993) to observe residual HN-Hα

dipolar couplings. Otting et al. (2000) described the
use of a modified JHH-TOCSY experiment (Willker
and Leibfritz, 1992).

For some systems such as, e.g., the muscle proteins
actin and myosin, however, isotope enriched samples
are not available yet. Previously, we have demon-
strated that the 2D COSY experiment can be used to
determine residual dipolar couplings of non-isotope
enriched samples (Brunner et al., 2000). Residual
dipolar couplings, 〈D12〉, between two J-coupled spins
such as intraresidue HN-Hα pairs are added to the

isotropic coupling constant, J12, resulting in an effec-
tive coupling constant, Jeff = J12 + 〈D12〉 (Bastiaan
et al., 1987). Note that both, J12 and 〈D12〉 may be
positive or negative. For intraresidue HN-Hα pairs,
J12 = 3JHNHα is positive and falls within the range
between 4 and 10 Hz. The residual dipolar couplings
can, therefore, easily be determined as the difference
between the effective coupling constants measured in
anisotropic and isotropic solution provided that the
sign of Jeff is known. Since the 2D COSY experi-
ment does not allow to determine the sign of Jeff, it
is necessary to fulfill the condition| J12| > |〈D12〉|.
That means, relatively low degrees of molecular align-
ment have to be chosen. However, the precise mea-
surement of small residual dipolar couplings of the
order of 1–3 Hz in ordinary 2D COSY experiments
is often impossible. The previously described ACME
program allows to determine homonuclear 1H-1H cou-
pling constants from 2D COSY experiments with an
improved accuracy (±0.5 Hz; Delaglio et al., 2001).

In this contribution we describe the use of a
TOCSY-based homonuclear 2D NMR experiment, the
so-called MOCCA-SIAM experiment (Prasch et al.,
1998) offering an enhanced accuracy compared to
common 2D COSY experiments.

Materials and methods

As shown in Figure 1, the SIAM experiment (Prasch et
al., 1998) was employed with a MOCCA-XY16 mix-
ing sequence (Kramer et al., 2001) which is optimized
for dipolar transfer. In the SIAM experiment, two sep-
arate FIDs are recorded per t1-increment (FID1 and
FID2). Addition of FID1 and FID2 yields an in-phase
spectrum (ZQF-SIAM) whereas subtraction produces
an anti-phase spectrum (DQF-SIAM).

The NMR samples contained 2.0 mM BPTI and
0.1 mM EDTA in 50 mM potassium phosphate buffer
at pH = 6.2. Partial molecular orientation of the pro-
tein was achieved by adding a bicelle-forming mix-
ture of phospholipids which contained DMPC, DHPC,
and CTAB in a molar ratio of 3:1:0.1 (Ottiger and
Bax, 1998; Losonczi and Prestegard, 1998). The
anisotropic solution additionally contained 4 wt-% of
the above-mentioned mixture of phospholipids. All
spectra were recorded on a Bruker DMX-500 spec-
trometer (1H-frequency of 500.13 MHz) at 305.0 K.
The mixing time for the MOCCA-XY16 sequence was
25 ms to ensure efficient transfer. The length of the π

mixing pulse was d = 40 µs and the pulse delay was
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Figure 1. Pulse sequence of the MOCCA-XY16-SIAM experiment. Narrow bars: ‘Hard’ 90◦ pulses, wide bars: ‘Hard’ 180◦ pulses, small
bell-shaped symbols: 90◦ shaped pulses selective for the Hα region (Q5 pulses (Emsley and Bodenhausen, 1992) with a duration of 4.5 ms),
large bell-shaped symbols: 180◦ shaped pulses selective for the Hα region (Q3 pulses with a duration of 1.8 ms). The phase �a was incremented
using TPPI (Marion and Wüthrich, 1983), phase cycles of the last 90◦ pulse and the receiver were �i: x, −x for FID1 and y, −y for FID2; �rec:
x, −x for FID1 and y, −y for FID2. A XY-16 supercycle was employed for the MOCCA mixing sequence � = x, y, x, y, y, x, y, x, −x, −y, −x,
−y, −y, −x, −y, −x (Gullion et al., 1990; Lizak et al., 1991). G1-G3 are gradients of 1 ms duration which remove undesired magnetization.
Relative gradient strengths are G3 = G2 = 1.5 G1.

� = 88 µs. Per t1-increment, 48 scans were recorded
(24 for FID1 and 24 for FID2). The digital resolution
of the spectra in t2-direction was 0.2 Hz.

Due to the fact that both, an in-phase and an
anti-phase spectrum are detected, values for coupling
constants could be determined not only by fitting the
traces of the cross-peaks to Lorentzian lineshapes as in
2D COSY experiments. A much higher accuracy is ob-
tained by using the so-called Titman–Keeler procedure
(Titman and Keeler, 1990). To determine the active
coupling constant, Jactive, of a cross-peak, traces of
the cross-peak in the in-phase and anti-phase spectrum
were taken and convoluted with an anti-phase and an
in-phase stick doublet of separation Jtrial, respectively.
After correcting for different baseline offset and am-
plitude factors in the two spectra, the RMSD between
the two curves was determined and normalized to the
average peak intensity. The coupling constant, Jactive,
is given by that Jtrial yielding the minimum RMSD
value. Note that the Titman-Keeler procedure does
not make any assumptions about the lineshape of the
cross-peaks. The only condition to be fulfilled is that
the lineshapes of the in-phase and the anti-phase dou-
blet components of a given cross-peak are identical.
This condition turns out to be fulfilled since (i) the
in-phase and anti-phase spectra are obtained simulta-

neously and (ii) the doublet components have identical
relaxation rates during t2 in the zero-quantum filtered
and the double-quantum filtered spectrum.

Results and discussion

MOCCA-SIAM experiments were carried out on
BPTI in isotropic as well as in anisotropic solution.
A contour plot of the ZQF-SIAM and the DQF-SIAM
spectra of BPTI in anisotropic solution is shown in
Figure 2. The values of the coupling constants were
determined by using the Titman-Keeler procedure (see
Table 1). The use of this procedure is demonstrated
in Figure 3 for the HN-Hα cross-peak of the residue
isoleucine 18 of BPTI. Jtrial was incremented in steps
of 0.2 Hz. The plot of the normalized RMSD versus
Jtrial (see Figure 3) shows a well-defined minimum
for Jtrial corresponding to the ‘true’ coupling constant,
Jactive. Although the minimum of the curve shown
in Figure 3 can be determined with a much higher
precision, the experimental error for the thus deter-
mined coupling constant is estimated not to exceed
a maximum error of ±0.2 Hz. In order to check the
precision of this method, we compared the coupling
constants measured in isotropic solution with the val-
ues previously published for BPTI (Pardi et al., 1984).
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Table 1. Coupling constants determined in isotropic and anisotropic solution as well as
residual dipolar couplings measured and calculated for BPTI. Only those amino acid
residues for which the HN-Hα-coupling constant could be measured at least in isotropic
solution are listed. For comparison, the coupling constants determined by Pardi et al.
(1984) are also shown. The last column of the table indicates whether a residue is located
within a well-defined secondary structure element or not. Only residues within canoni-
cal secondary structure elements have been used for the determination of the molecular
alignment tensor and for the calculation of the correlation and quality factors

Residue JPardi/Hz Jiso/Hz Janiso/Hz 〈D12〉/Hz Calc. 〈D12〉/Hz 2◦

Asp-3 3.8 3.5 – – – no

Cys-5 4.9 4.8 5.3 0.5 0.8 yes

Leu-6 8.1 8.4 9.6 1.2 1.3 yes

Tyr-10 10.1 9.8 8.3 −1.5 −0.2 no

Lys-15 8.7 8.7 9.4 0.7 0.9 no

Ala-16 7.4 8.0 8.5 0.5 1.9 no

Arg-17 9.3 9.4 8.6 −0.8 −0.7 yes

Ile-18 9.2 8.8 10.4 1.6 1.4 yes

Ile-19 6.9 6.8 6.4 −0.4 −0.2 yes

Tyr-21 10.2 9.7 10.2 0.5 0.3 yes

Phe-22 9.1 9.0 10.6 1.6 1.8 yes

Tyr-23 6.7 7.3 7.2 −0.1 0.1 yes

Asn-24 8.7 9.4 10.4 1.0 1.1 yes

Ala-25 3.9 3.2 – – – no

Lys-26 6.1 6.2 4.8 −1.4 −1.9 no

Ala-27 7.8 8.0 8.6 0.6 0.8 no

Leu-29 7.0 7.5 8.8 1.3 1.0 yes

Cys-30 9.1 8.9 8.2 −0.7 −0.3 yes

Gln-31 10.2 9.5 – – – yes

Thr-32 8.1 8.0 8.5 0.5 0.6 yes

Phe-33 7.1 7.4 7.1 −0.3 0.3 yes

Val-34 8.8 8.4 8.4 0.0 0.3 yes

Arg-39 6.9 7.2 7.1 −0.1 0.3 no

Lys-41 10.2 10.2 10.2 0.0 0.7 no

Asn-43 7.4 7.6 7.9 0.3 0.4 no

Asn-44 7.9 7.8 7.3 −0.5 −0.3 no

Phe-45 10.0 10.2 11.0 0.8 0.6 yes

Lys-46 6.1 5.8 5.7 −0.1 −1.1 no

Ser-47 8.3 8.2 10.0 1.8 1.8 yes

Glu-49 4.3 3.6 – – – yes

Asp-50 4.9 4.4 4.8 0.4 0.6 yes

Met-52 5.2 4.4 – – – yes

Arg-53 4.1 4.2 – – – yes

Thr-54 6.5 6.6 7.7 1.1 1.0 yes

Cys-55 9.4 9.2 10.1 0.9 1.0 yes

Ala-58 5.7 6.2 6.8 0.6 –a no

aThe X-ray structure does not exhibit atomic coordinates for this residue due to the
absence of electronic density.
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Figure 2. Top: ZQF-SIAM and bottom: DQF-SIAM. Spectra were recorded on a Bruker DMX-500 spectrometer (1H-frequency of
500.13 MHz) at 305.0 K. Solution conditions were 2.0 mM BPTI, 0.1 mM EDTA, 50 mM potassium phosphate buffer at pH = 6.2, and
4 wt-% DHPC/DMPC/CTAB (see text). Note the existence of purely dipolarly coupled cross-peaks (see for example the cross-peak between
Hα of I19 and HN of R20). The appearance of an additional cross-peak for glycine residues with non-degenerate Hα protons at the average
resonance frequency of the two Hα protons (see asterisks in the spectra) should also be noted. As shown in Appendix A, these signals are due
to the use of shaped pulses having a duration of the order of milliseconds.
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Figure 3. Top: HN-Hα cross-peak of I18 in anisotropic solution
and demonstration of the Titman–Keeler procedure used to deter-
mine the coupling constants. The trace of the cross-peak in the
in-phase spectrum was convoluted with an anti-phase stick doublet
of Jtrial = 10.4 Hz (bold black line). Correspondingly, the trace
from the anti-phase spectrum was convoluted with an in-phase dou-
blet of identical Jtrial (bold gray line). The thin black line shows
the difference between the two curves. Bottom: Normalized RMSD
between convoluted in-phase and anti-phase traces as a function of
Jtrial (circles). The bold gray line shows the fit of a second order
polynomial curve Y = aX2 +bX+c to the filled circles close to the
mimum (a = 0.189, b = −3.935, and c = 20.562). A well-defined
minimum can be seen at 10.4 Hz.

Although the temperature and the solution conditions
were different in the two studies the coupling constants
were found to be in excellent agreement. A plot of
our data against the values determined by Pardi et al.
(1984) yields a linear correlation of slope 1 with a
correlation coefficient of 0.981.

The residual dipolar couplings were determined as
the difference between the coupling constants mea-
sured in anisotropic solution and the values obtained
in isotropic solution. With both these measurements

having a maximum experimental error of ±0.2 Hz, the
maximum experimental error for the residual dipolar
couplings is ±0.4 Hz.

The protein BPTI consists of 58 amino acid
residues, four of which are prolines not possessing
an amide proton. Six are glycine residues which were
excluded from the analysis since the measurement of
residual dipolar couplings is complicated by the pres-
ence of two Hα-protons. We were able to measure
residual dipolar couplings for approximately 2/3 of
the remaining residues (for 30 residues, see Table 1).
A major improvement is the opportunity to conduct
experiments at relatively low degrees of orientation
due to the small experimental error of this method. In
our previous 2D COSY experiments (Brunner et al.,
2000) we were not able to measure negative resid-
ual dipolar couplings. The larger experimental errors
in common COSY experiments necessarily require
a higher degree of molecular orientation. Therefore,
negative residual dipolar couplings usually lead to
the complete suppression of the corresponding cross-
peaks due to mutual cancellation of the anti-phase
doublet components. In contrast, the application of
the MOCCA-SIAM experiment also allows to mea-
sure negative residual dipolar couplings; a further
advantage.

In order to assess the quality of the measured
data, residual dipolar couplings were calculated for the
previously determined X-ray structure of BPTI (Wlo-
dawer et al., 1987; PDB-entry 6PTI). Using this struc-
ture and our measured residual dipolar couplings we
were able to determine the molecular alignment tensor
by using the computer programs SVD (Losonczi et al.,
1999) and DipoCoup (Meiler et al., 2000). It is known
that internal motions in proteins lead to a decrease
of the order parameter S and, therefore, to reduced
residual dipolar couplings for spin pairs located in
the flexible regions of the molecules (see Equation 1).
In addition, highly mobile regions are often not very
well-defined both in NMR and X-ray structures. For
these reasons, only the 19 residual dipolar couplings
of amino acid residues located in well-defined canoni-
cal secondary structure elements of the molecule were
taken into account. Both computer programs which
were used for the determination of the molecular
alignment tensor gave equivalent results. Cornilescu
et al. (1998) suggested to use a so-called quality factor,
defined as the normalized RMSD between experimen-
tally determined and calculated values of the residual
dipolar couplings in order to evaluate the quality of
a structure. This quality factor should not exceed 0.3
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Figure 4. Correlation between experimentally determined and cal-
culated residual dipolar couplings. For the calculation of the mole-
cular alignment tensor and of the correlation coefficient only amino
acid residues located in well-defined secondary structure elements
were considered (filled circles). The correlation coefficient amounts
to 0.960. Open circles show residual dipolar couplings of residues
located outside of canonical secondary structure elements.

for protein structures of sufficient quality. We ob-
tained a quality factor of 0.259 which shows that the
residual dipolar couplings could be determined rea-
sonably well. The correlation between experimentally
determined and calculated residual dipolar couplings
is shown in Figure 4. A correlation coefficient of 0.960
was obtained taking into account only residues lo-
cated in canonical secondary structure elements (filled
circles in Figure 4). It is interesting to note that the
absolute values of residual dipolar couplings measured
for amino acid residues located outside of secondary
structure elements often tend to be smaller than the
calculated values (open circles in Figure 4). This is in
agreement with the prediction of Equation 1 because
the order parameter S describing internal motions,
which amounts to ca. 0.9 in well-defined secondary
structure elements (Kay et al., 1989), may become
much smaller in flexible regions of the molecules.

In summary, it can be stated that the MOCCA-
XY16-SIAM experiment facilitates precise measure-
ments of residual HN-Hα dipolar couplings of non-
isotope enriched samples. Compared to the previously
described 2D COSY experiments, this new approach
provided enhanced precision, i.e., a maximum experi-
mental error of only ±0.4 Hz for the residual dipolar
couplings. The reduced experimental error in SIAM
experiments allows to measure residual dipolar cou-
plings at low degrees of molecular orientation. This
allows to fulfill the condition |J12|>|<D12>| even
for J12 = 3JHNHα in HN-Hα pairs, i.e., it is possible

Figure 5. Top: ω1-trace of the experimental 2D spectrum at
ω2 = 2πν(HN) of G57. Bottom: Simulated ω1-trace of G57 based
on the effective Hamiltonian of Equation A2 for the band-selective
inversion element.

to measure negative residual dipolar couplings also
in homonuclear experiments of non-isotope enriched
samples.

The HN-Hα coupling constants measured in
isotropic solution also provide valuable informa-
tion about the conformation of the protein backbone
(Karplus, 1959). The superb precision of the isotropic
coupling constants is therefore an additional advan-
tage of the use of the MOCCA-SIAM experiment
for protein structure determination. Another advantage
of the described approach is the opportunity to use
different TOCSY mixing sequences.
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Appendix A

In glycine 1H spin systems, consisting of HN, Hα, and Hα′
, only two cross-peaks are expected in the HN-Hα

region of the SIAM experiment. For example, at ω2 = 2πν(HN), cross-peaks are expected at ω1 = 2πν(Hα) and
ω1 = 2πν(Hα′

). However, in the experiment with decoupling during t1 (see Figure 1 and 2), additional cross-peaks
are found at ω1 = 2π(ν(Hα) + ν(Hα′

))/2. These artifacts result from (band-selective) homonuclear TOCSY
transfer between Hα and Hα′

during the band-selective refocusing pulses that are applied at t1/2 to the Hα and Hα′

spins (Glaser and Quant, 1996).
For two spins, I1 and I2, (corresponding to Hα and Hα′

) with resonance frequencies in the active bandwidth
of the band-selective inversion pulse, the pulse sandwich Gauss(90◦

x) 180◦−x Gauss(90◦
x) creates an effective

Hamiltonian of the form

Heff ≈ 2πJeff(I1xI2x + I1yI2y + I1zI2z), (A1)

with Jeff of about −15 Hz which results in efficient TOCSY transfer. Note that the HN spins are decoupled from Hα

and Hα′
due to the selective inversion of the Hα and Hα′

spins. In our experiments, the bandwidth of the Gaussian
pulses was about 1.4 kHz. E.g., for glycine G57 (see Figure 2), the Hα and Hα′

spins have offsets of ν(Hα) =
376.6 Hz and ν(Hα′

) = 451.6 Hz, respectively. The numerically calculated effective Hamiltonian (Glaser and
Drobny, 1990) created by the band-selective inversion sandwich of duration τ = 2τGauss + τ180◦ = 9.112 ms is
given by

Heff(G57) = 2π(7.3I1x + 2.8I1y − 1.1I1z

+6.4I2x + 4.2I2y − 2.2I2z

−14.2I1xI2x − 14.5I1yI2y − 14.4I1zI2z

−1.4I1xI2y + 1.7I1yI2x − 2.7I1xI2z

+2.6I1zI2x − 1.2I1yI2z + 1.4I1zI2y)
1
s
.

(A2)

For α, β, γ = {x, y, z} or cyclic permutations thereof, density operator terms I1α evolve under the effective isotropic
mixing Hamiltonian of Equation A1 as

I1α → I1α cos2(πJ t) + (2I1βI2γ − 2I1γI2β) sin(πJ t) cos(πJ t) + I2α sin2(πJ t)

(Glaser and Quant, 1996) during the time τ of the pulse sandwich. Similarly, bilinear density operator terms evolve
as

2I1βI2γ → 2I1βI2γ cos2(πJ t) + (I2α − I1α) sin(πJ t) cos(πJ t) + 2I1γI2β sin2(πJ t)

and

2I1αI2γ → 2I1αI2γ cos2(πJ t) − (I2β − I1β) sin(πJ t) cos(πJ t) + 2I1γI2α sin2(πJ t).

For an initial density operator ρ(0) = I1x + I2x , the expectation value 〈I1x + I2x〉 as a function of t1 is given by

〈I1x + I2x〉(t1) = cos(2πν1t1) {A cos(πJ t1) − B sin(πJ t1)}
+ cos(2πν2t1) {A cos(πJ t1) − B sin(πJ t1)}
+ cos(2πν̄t1){2C cos(πJ t1) + 2B sin(πJ t1)}

with

A = cos2(πJ τ),

B = cos(πJ τ) sin(πJ τ),

C = sin2(πJ τ),

and

ν̄ = ν1 + ν2

2
.

After Fourier transformation in t1 dimension, we find the expected signals of spin I1 (corresponding to Hα) at
the frequency ν1 and the expected signal of spin I2 (corresponding to Hα′

) at the frequency ν2. Each of these signals
consists of an absorptive in-phase doublet with amplitude A and a dispersive anti-phase doublet with amplitude -B.
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