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ABSTRACT: Choline and choline esters are essential nutrients in
biological systems for carrying out normal functions, such as the
modulation of neurotransmission and the formation and maintenance
of cell membranes. Choline sulfate is reportedly involved in the defense
mechanism of accumulating sulfur resources against sulfur deficiency.
Contrary to expectations, a full assignment of the 1H NMR spectrum of
choline sulfate has not been reported. The present study pioneered a
full assignment by quantum-mechanical driven 1H iterative full spin
analysis. The complex peak patterns were analyzed in terms of
heteronuclear and non-first-order coupling. The 1H−14N coupling
constants, including two-bond coupling, which can be neglected, were
accurately determined by iterative optimization. Non-first-order
splitting has been described to be due to the presence of magnetically
non-equivalent geminal protons. Moreover, in the comparison of the methylene proton resonance patterns of choline sulfate with
choline and choline phosphate, the differences in the geminal and vicinal coupling constants were further examined through spectral
simulation excluding the heteronuclear coupling. The precise spectral interpretation provided in this study is expected to contribute
to future 1H NMR-based qualitative or quantitative studies of choline sulfate-containing sources.

1. INTRODUCTION
Choline and choline esters are essential for the normal
functioning of biological systems. Choline is a biosynthetic
precursor of choline esters including acetylcholine, choline
phosphate (phosphocholine), glycerophosphocholine, phos-
phatidylcholine, and sphingomyelin. Acetylcholine is a crucial
chemical messenger at the synapses in the nervous system.
Phosphatidylcholine and sphingomyelin are the major compo-
nents of biological membranes.1 In our previous 1HNMR-based
metabolomics study, a sulfate ester of choline (i.e., choline
sulfate) was observed in wheat bran extract samples, along with
betaine and choline.2 Choline sulfate in plants aids in the defense
mechanism against sulfur deficiency by accumulating sulfur
resources.3,4 Choline sulfate has also been reported as a fungal5

and bacterial metabolite,6 possibly related to the presence of
choline sulfate in host plants.
The effective use of the structural and quantitative

information contained in NMR spectra requires an elaborate
interpretation of the spectral information, including chemical
shifts (δ) and coupling constants (J). Quantum-mechanical
driven 1H iterative full spin analysis (QM-HiFSA) increases the
accuracy of the interpretation of spectral information over
conventional manual spectral analysis. QM-HiFSA advances
metabolomic standardization by establishing complete δ/J
profiles and thus achieving more accurate quantification results.
The detection of pure first-order spin systems in relatively rare
cases has further led to the application of the quantum-

mechanical driven iterative analysis in chemical standardiza-
tion.7−11

The present study aims to address the absence of a complete
assignment of the 1H NMR spectrum of choline sulfate. In the
context of the need for a compound information library of
choline sulfate for qualitative or quantitative studies, our
previous 1H NMR-based metabolomics study provided a full
set of 1D and 2D NMR spectra of choline sulfate, along with a
custom ChemAdder library file.2 However, the complete 1H
NMR signal assignment of choline sulfate remains a challenge
because of the presence of 1H−14N heteronuclear and non-first-
order (i.e., higher-order) coupling. In the present study, QM-
HiFSA was strategically used for the complete analysis of
complex peak patterns of choline sulfate. This study entailed
effective descriptions of the phenomena and quantum-
mechanical driven spectral calculations accompanied by stand-
ardized NMR terms, including the resonance, signal, pattern,
peak, line, transition, splitting, multiplicity, resolution, and
dispersion.12 Moreover, accurate δ and J values resulting from
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QM-HiFSA were provided at levels of 0.1 ppb and 10 mHz,
respectively, as previously recommended.13

2. EXPERIMENTAL SECTION
2.1. Chemicals and Instrumentation. Choline sulfate

(98%) was purchased from Cambridge Isotope Laboratories
(Tewksbury, MA, USA). Choline chloride (>98%) and
phosphocholine chloride calcium salt tetrahydrate (>98%)
were obtained from TCI Chemicals (Tokyo, Japan). NMR
samples of standard compounds were each prepared at a
concentration of 10 mM in D2O, respectively. 1H NMR spectra
were acquired on a Bruker AVANCE NEO spectrometer (1H,
600 MHz, Oxford magnet, Bruker Switzerland AG, Fal̈landen,
Switzerland), operated using Bruker TopSpin 4.1.3 software
(Billerica, MA, USA), at the Core Research Support Center for
Natural Products and Medical Materials (CRCNM).

1H NMR spectra of the standard compounds (choline sulfate,
choline, and choline phosphate) were acquired using a 1D
NOESY presat pulse sequence (noesypr1d, TopSpin, Bruker)
with a probe temperature at 298 K, a calibrated 90° pulse, a
relaxation delay of 2 s, an acquisition time of 4 s, a spectral width
of 16 ppm (centered at 4.70 ppm), a receiver gain of 64, the
number of scans of 32, and the number of dummy scans of 2.
Post-acquisition processing, including third-order polynomial
fitting for baseline correction, manual phasing, and a line
broadening of 0.3, was conducted using the MestReNova 12.0.3
software (Mestrelab Research SL, Santiago de Compostela,
Spain).

2.2. Computational Analysis. The spectral calculation
(i.e., QM-HiFSA) and simulation were performed using
ChemAdder 0.8.7 software, as previously described.11,14

The calculation process comprised three major steps: (i)
creating spin systems by executing 1H NMR predictions on an
imported 3D chemical structure, (ii) manually editing chemical
shifts by matching the corresponding patterns in the
experimental spectrum, and (iii) iteratively adjusting and
optimizing the calculated 1H NMR parameters using the least-
squares fitting method “total-line shape fitting” or “auto-fit.”
Further optimization could be achieved by changing the line
width optimization modes [“force to original” (default) to
“release”] and adjusting the Gaussian, asymmetry, or dispersion
contributions. The total root-mean-square (RMS) value
indicates the degree of similarity between the calculated and
experimental spectra.
The spectral simulation was performed to exclude hetero-

nuclear coupling for highlighting the phenomenon observed in
the line shapes of choline sulfate compared to those of choline
and choline phosphate. The simulation process accordingly
excluded the heteronuclear coupling values from the parameters
obtained from the preceding calculation. Subsequently, to
generate an NMR spectrum for the given parameters, the
“simulate” function was executed.

3. RESULTS AND DISCUSSION
The present study for the first time established the QM-HiFSA
profile of choline sulfate (Table 1 and Figure S1 and S2 in the
Supporting Information). This report describes the complex
peak patterns of choline sulfate considering two aspects:
heteronuclear and non-first-order coupling. Choline and choline
phosphate were also subjected to the QM-HiFSA process (S3
for choline and S4 for choline phosphate in the Supporting
Information) for comparative interpretation. The QM-HiFSA

profile of choline in this study was in good agreement with a
recent computational study of the 1H NMR spectrum of
choline.15 The full spin analysis of choline phosphate yielded
chemical shift and coupling constant values comparable to that
from a previous spectral optimization and simulation,16 but
significant progress was made in the present study, involving
small 1H−14N and 1H−31P couplings. Moreover, the present
analysis provides a systematic understanding of the non-first-
order coupling rather than reporting only separate J values as
before.

3.1. Heteronuclear Coupling. A nitrogen nucleus (14N)
with a spin quantum number of 1 has a moderate-sized nuclear
quadrupole moment. Thus, when the 14N nucleus is placed in a
highly symmetrical environment (such as in tetraalkylammo-
nium salts), it has a small quadrupole moment, which slows
nuclear transitions and results in resolvable coupling.17

Consequently, the interpretation of heteronuclear coupling of
choline nitrogen (1H− or 13C−14N coupling) is important for
the complete assignment of the 1H or 13C NMR spectra of
choline and choline esters. The 13C−14N coupling has been fully
disclosed, reporting substantial J values (1JCN, 3−4 Hz); C-2 and
NCH3 are observed as distinct 1:1:1 triplets in the 1H-decoupled
13C NMR spectrum.2,17−19 However, the precise determination
of 1H−14N coupling, especially in manual spectral analysis, is a
challenge because of the small (<1 Hz) two-bond coupling
constant (2JHN).

16,20,21

In the present study, the QM-HiFSA fully examined the
1H−14N heteronuclear coupling of choline sulfate. Three
1H−14N coupling constant values were obtained (Table 1 and
Figure 1): 2.66 Hz (3JHN of the methylene protons at C-1), 0.37
Hz (2JHN of the methylene protons at C-2), and 0.48 Hz (2JHN of
the N-methyl group protons). Choline and choline phosphate
were also found to have comparable 1H−14N coupling constants.
Most notably, the two-bond coupling constants with fairly small
values were effectively determined (∼0.5 Hz).
The full spin analysis of choline phosphate also afforded

1H−31P coupling values, including a four-bond heteronuclear
coupling (4JHP) of 0.71 Hz (Table 1 and Figure 1). This is the
first study optimizing the small 4JHP of a phosphate ester
compound of choline, even though a computational study on the
4JHP of simple ethyl pyrophosphates exists.22

3.2. Non-First-Order Coupling. In addition to the
heteronuclear coupling, conformational properties of choline

Table 1. QM-HiFSA Profiles of Choline Sulfate, Choline, and
Choline Phosphatea

δH (in ppm) {J in Hz}

position choline sulfate choline choline phosphate

1 4.4060 3.9694 4.0692
{−13.81*, 7.16,
2.12, 2.66(N)}

{−13.80*, 6.89,
3.16, 2.69(N)}

{−13.70*, 6.98, 2.54,
2.78(N), 5.61(P)}

2 3.6673 3.4261 3.4969
{−14.78*, 7.16,
2.12, 0.37(N)}

{−13.78*, 6.89,
3.16, 0.33(N)}

{−13.61*, 6.98, 2.54,
0.39(N), 0.71(P)}

NCH3 3.1377 3.1089 3.1254
{0.48(N)} {0.54(N)} {0.57(N)}

aThe spectral calculation was performed using 1H NMR spectra
acquired in D2O at 600 MHz with the 1D NOESY presat pulse
sequence (noesypr1d; water signal suppression with δH 4.70 ppm of a
presaturation frequency). Asterisks (*) denote geminal coupling 2J.
1H−14N and 1H−31P coupling constants are indicated in brackets {()}
by N and P, respectively.
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and choline esters account for the distinct methylene proton
resonance patterns. Accordingly, the complex peak patterns
obtained in D2O were previously analyzed to investigate their
conformational properties in aqueous solution. The conforma-
tion in aqueous solution, rather than the conformation of solid
crystals, was considered to describe the actual physiological
functions.20,23−27 The previous studies to elucidate an implicit
association between the conformer population and magnitudes
of two different vicinal coupling constants suggested that the
“O−C−C−N+” system predominantly exists in the gauche
conformation in aqueous solution, as analyzed by the
determination of crystal structures.20,24,26 The electrostatic
attraction between the positively charged quaternary nitrogen
and electronegative oxygen can be attributed to the stabilization
of the gauche conformation of choline and choline esters.28

As analyzed in the previous section, the two-bond
heteronuclear coupling (i.e., 2JHN and 2JHP) is small and thus
only broadens the observed peak shape. On the other hand, the
value of the three-bond heteronuclear coupling (i.e., 3JHN and
3JHP) is large enough to cause additional peaks in the H2-1

resonance pattern. In this regard, previous manual spectral
analyses have interpreted the relatively simple H2-2 pattern to
obtain H-1/H-2 vicinal couplings.20,24 However, recently,
computer-assisted spectral analysis has allowed the determi-
nation of geminal and vicinal couplings in highly complex H2-1
resonance patterns.15,16 The QM-HiFSA in the present study
yielded a complete analysis of the geminal (2JHH) and vicinal
1H−1H couplings (3JHH) of choline sulfate (Table 1): 2JHH =
−13.81Hz and 3JHH = 7.16 and 2.12Hz, respectively. Optimized
vicinal coupling values of choline and choline phosphate were
also obtained (choline, 3JHH = 6.89 and 3.16 Hz; choline
phosphate, 3JHH = 6.98 and 2.54Hz), which were consistent with
previously reported values15,16 and also comparable to those of
choline sulfate.
As described above, the complexity of the 1H spin systems of

choline and choline esters arises from the occurrence of non-
first-order splitting, in addition to the presence of heteronuclear
coupling. Given three stable staggered conformers (one anti-
and two gauche-conformers), the AA′XX′ spin system exhibits
first-order triplets when the three conformers are equally

Figure 1. Calculated 1H−14N and 1H−31P couplings of choline sulfate, choline, and choline phosphate in the quantum mechanical approach. JHN and
JHP represent the 1H−14N and 1H−31P couplings, respectively.

Figure 2. Comparison of H2-1 and H2-2 peak shapes according to differences in geminal and vicinal coupling constants in QM-HiFSA of choline
sulfate, choline, and choline phosphate. The spectral simulations were performed excluding the 1H−14N and 1H−31P couplings to highlight the
phenomenon.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06092
ACS Omega 2022, 7, 42607−42612

42609

https://pubs.acs.org/doi/10.1021/acsomega.2c06092?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06092?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06092?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06092?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06092?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06092?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06092?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06092?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06092?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


dominant. However, conformational predominance results in
magnetic non-equivalence between the chemically equivalent
geminal protons (i.e., non-first-order effect).29 In this context,
the observation of the non-first-order spin systems indicated the
presence of conformational predominance in the “O−C−C−
N+” system of choline and choline esters. Moreover, the
magnitude of the two different vicinal couplings (∼7 and∼2Hz,
respectively) in QM-HiFSA is the rationale for the predom-
inance of gauche conformation,29 which is consistent with the
interpretation of previous studies.20,24,26

3.3. Further Complexity in the H2-2 Resonance Pattern
of Choline Sulfate. A closer examination revealed a subtle
difference in the H2-2 resonance pattern of choline sulfate
compared to those of choline and choline phosphate (Figure 2,
the equations in the figure have been adopted from the
literature30). To further investigate the peak pattern differences
associated with geminal and vicinal couplings, spectral
simulations, excluding the heteronuclear coupling, were
performed. From a constructive perspective on the pattern
appearance, the transitions contributing to the middle line of the
first-order triplet were offset from the center by the difference
between the two vicinal couplings [Δvicinal (|3JAX − 3JAX′|)].30
The dispersion degree was apparently observed to be correlated
with the size of Δvicinal, which was of the order “choline sulfate
(5.04 Hz) > choline phosphate (4.45 Hz) > choline (3.72 Hz)”.
Moreover, the spectral simulation exposed additional lines of

the H2-2 resonance pattern of choline sulfate, which were
concealed under the signal broadening effects of the 1H−14N
coupling. It was determined that the line shape observed only in
choline sulfate is a consequence of the substantial difference
between the two geminal couplings [Δgeminal (|2JAA′ − 2JXX′|),
choline sulfate 0.97 Hz; choline, 0.02 Hz; choline phosphate,
0.09 Hz]. As geminal and vicinal couplings were significantly
affected by conformational changes due to differences in
structural subcomponents,14,30 the presence of sulfate or
phosphate units in the choline moiety was considered a factor
for the different sizes of Δgeminal and Δvicinal.

3.4. Perspectives and Applications. The strength of QM-
HiFSA profile development lies in its wide range of applications.
First of all, the complete documentation of the spectral
parameters of the QM-HiFSA profile is adequate enough to
significantly contribute to the 1HNMR-driven dereplication and
metabolomic identification. A database of complete NMR
profiles makes QM-HiFSA a powerful tool for rapid structure
dereplication of single or multiple molecules from mixtures.
Moreover, the high precision of the QM-HiFSA profiles (δ and J
values at levels of 0.1 ppb and 10 mHz, respectively) allows for
unambiguous structure identification and can further provide
descriptions of structurally similar molecules.13 Regarding the
quantitative capability of NMR, QM-HiFSA enhances spectral
deconvolution, especially for multi-target quantification of
mixtures. Non-QMdeconvolution methods (e.g., global spectral
deconvolution peak fitting) still avoid highly overlapping
resonances and fail to deconvolute accurately when non-first-
order situations exist. In order to perform QM-qNMR, the
development of the QM-HiFSA profile of the target molecule
must be preceded.10

The development of theQM-HiFSA profile is also expected to
facilitate the utilization of low-field benchtop NMR. The
compact benchtop NMR has significant economic and environ-
mental benefits. In addition, recently, it has been reintroduced
for various purposes such as quality control of natural
products.31 On one hand, however, the less resolved spectra of

the low-fieldNMR limit its usefulness. It is noteworthy that QM-
HiFSA profiles generated using experimental data at high
magnetic fields can be used to simulate spectra obtained from
the low-field NMR. That is, the QM-based analysis using the
QM-HiFSA profile with full assignments is viable even when
using the benchtop NMR for experimental data acquis-
ition.8,11,32 In the context described above, this study presents
for the first time a fully characterized QM-HiFSA profile of
choline sulfate, with anticipation of future contributions to QM-
based qualitative and quantitative studies independent of
magnetic field strength.
The generated QM-HiFSA profile can also provide prior

knowledge of spectral parameters for new QM-HiFSA studies of
structurally similar molecules.11 The QM-HiFSA profiles of
choline and choline esters developed in the present study
include a complete interpretation of the heteronuclear coupling
in the presence of the 14N nucleus located in the highly
symmetrical environment. The calculated JHN values of choline
and choline esters can be applied as starting values for the
iterative optimization of NMR parameters of biologically
important tetraalkylammonium compounds such as carnitine
and carnitine esters.33,34

4. CONCLUSIONS
The iterative optimization in the present study fully determined
the spectral parameters, including the chemical shift, coupling
constant, and line width, in the 1H NMR spectrum of choline
sulfate. Heteronuclear coupling and non-first-order splitting
were analyzed to be the two major factors contributing to the
complexity of the 1H spin systems. First, the computational
analysis enabled the complete determination of the 1H−14N
heteronuclear coupling, including the small two-bond coupling,
which was a remaining issue in conventional manual spectral
analysis. Second, the QM-HiFSA process fully interpreted the
non-first-order spin systems, indicating the presence of
conformational predominance in the “O−C−C−N+” system
of choline sulfate, as reported for choline and choline phosphate.
Spectral simulations, excluding heteronuclear coupling effects,
distinctly demonstrated the difference in the line shapes of
choline sulfate compared to those of choline and choline
phosphate. Choline sulfate showed additional lines, along with a
relatively large dispersion of transitions. The absolute sizes of
Δgeminal and Δvicinal were analyzed to determine the
differences in line shapes. Collectively, computer-assisted
spectral analysis based on quantum mechanics efficiently
addressed the challenges in the conventional manual analysis
of 1H spin complexity, allowing access to detailed spectral and
structural information of choline sulfate.
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