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Oxidation of polyunsaturated fatty acids produces various oxidized
lipids whose absolute configuration (AC) and conformations are
difficult to analyze due to their flexibility. Through studies on
hydroxy fatty acids, lipid hydroperoxides, and lipid epoxides, this
work demonstrates the effectiveness of VCD spectroscopy to
elucidate their AC and conformational preferences.

Polyunsaturated fatty acids (PUFAs) and their esters are
essential components of cell membranes and regulate the
functions of various biomolecules. These lipids are susceptible
to oxidative stress and are transformed to myriad oxidized
molecular species. Enzymatic oxidation of PUFAs (e.g.,
transformation of arachidonic acid to leukotrienes) produces a
series of signalling molecules in animal as well as plant
kingdoms.1 Non-enzymatic lipid oxidation by reactive oxygen
species has less been studied, but recent studies revealed that
autoxidized lipids display significant biological activities that
include induction of ferroptosis, a new type of regulated cell
death.? Introduction of a single oxygen atom vyields lipid
epoxides and hydroxy fatty acids, whereas two atoms of oxygen
results in lipid hydroperoxides. These modifications introduce
one or more chiral centers to the lipids, but their absolute
configuration (AC) has rarely been studied in relation to their
biological activities, especially for autoxidized lipids. Moreover,
seldom studied are conformational outcomes by lipid oxidation,
which are of interest for development of bioactive analogues of
oxidized lipids as drug candidates.3 Development of a method
that provides deeper insight into their structures should

advance the fields of lipid biochemistry and medicinal chemistry.
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Due to the extreme flexibility, fatty acids represent one of
the most challenging molecular classes for structural
elucidation. Flexible molecules are less likely to form fine
crystals suitable for X-ray crystallography. While crystalline
sponge method* and the cryoEM method microED> are
emerging revolutionary methods for structural elucidation,
their applicability to highly flexible molecules are yet to be
studied. The AC of hydroxy fatty acids may be determined by
installation of a chiral auxiliary group and the following NMR
analysis (e.g., Mosher-Kusumi method).6 Alternatively, when
authentic molecules are available (e.g., by total synthesis),
comparison of retention time on chiral HPLC column could
elucidate the AC of the lipids of interest upon optimization of
separation and detection conditions.” While these methods are
useful for AC assignment, a method that informs both AC and
conformation without the need of chemical derivatization and
authentic samples is more desired.

Vibrational circular dichroism (VCD) spectroscopy has
proven effective for AC and conformation analysis of various
molecules. This technique relies on the comparison of
experimental spectrum and theoretical one, whose calculations
necessitate identification of all the stable conformers. Because
of this requirement, VCD analysis has been best applied to rigid
molecules.8 Another difficulty for VCD studies of flexible
molecules is their lower VCD intensities than those typically
observed for rigid ones. Nevertheless, Merten et al.
demonstrated that flexible hydroxyl diterpenes exhibited
detectable VCD signals and assigned their ACs with using
thorough theoretical calculations.? However, application of VCD
spectroscopy to oxidized fatty acids, which are characteristic in
their unbranched hydrocarbon structures, has not been
reported. In continuation of our VCD studies on lipids,10 this
work demonstrates that VCD technique elucidates the AC and
conformational features of hydroxy fatty acids, lipid
hydroperoxides, and lipid epoxides. To test the feasibility of VCD
structural analysis of oxidized lipids, those readily obtained in
large amounts were studied here (Scheme 1). Note that it is not
the goal of this work to establish a microgram-scale analysis



method for biologically minuscule oxidized lipids (e.g.,
prostaglandins). To our knowledge, this is the first report for the
application of VCD spectroscopy to the AC assighnment of fatty
acids and of naturally occurring hydroperoxides.

We started with VCD studies on ricinoleic acid (1). Hydroxy
Cis fatty acid 1 normally exists as a triglyceride ricinolein (2, a
main component of castor oil) and is a selective agonist for
prostaglandin EP3 receptor,1! a protein targeted by clinically
used medicines.32 3¢ Compound 1 was dissolved in CDCl; at a
concentration of 0.6 M and its VCD spectrum was measured.
Despite its high flexibility, the unbranched fatty acid 1 exhibited
several characteristic VCD signals in the 1500-1000 cm-! region
(Fig. 1a). See Fig. S1 for the IR spectra of the studied molecules
in the 1900-1000 cm-! region.
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Scheme 1 Structures of chiral oxidized lipids studied in this work: ricinoleic acid (1),
methyl ricinoleate (1'), ricinolein (2), ricinelaidic acid (3), 13-HpODE (4), 13-HpOTE (5),
15-HpETE (6), and methyl 9,10-epoxy-12-hydroxyoctadecanoate (7).
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Fig. 1 Comparison of the experimental and theoretical VCD spectra of hydroxy fatty acids
and their truncated models. (a) VCD spectra of 1 and 8. (b) VCD spectra of 3 and 9.
Corresponding VCD peaks are labelled, while nonmatching peaks are indicated by
asterisks. Measurement conditions: 0.6 M in CDCls; / = 85 um. Calculation conditions:
DFT/B3LYP/6-311+G(d,p)/PCM (chloroform). Scaling factor: 0.99.
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Theoretical VCD calculations of the whole structure of 1 was
difficult because of its numerous possible conformational states.
Assuming the structure around the C12 chiral center to be the
main source of the VCD signals, we designed a truncated Ci3
model 8 for calculations. Suitability of 8 for interpreting the VCD
spectrum of 1 was supported by their closely similar
experimental spectra (Fig. 1a). Especially, these VCD spectra in
the region above 1300 cm, including the negative peak at 1404
cm1, were almost superimposable. See ESI for the synthesis of
8.

Calculations of 8 started with a MMFF conformational
search using a Monte Carlo algorithm, which led to more than
160 conformers within 3.0 kcal/mol from the most stable. These
MMFF conformers were optimized at the DFT/B3LYP/6-31G(d)
level of theory. The resultant 38 conformers in a 2.0 kcal/mol
energy window were further optimized using B3LYP/6-
311+G(d,p) with PCM for chloroform, leading to 19 conformers
within 1.60 kcal/mol from the most stable. The latter energy
window was set to consider all the conformers with a
Boltzmann distribution of more than 1.0% for the following VCD
calculations. VCD spectra of these conformers were calculated
at the same level of theory and the final spectrum was obtained
by weighted-average of the predicted spectra for each
conformer based on its Boltzmann population. See Table S1a for
the conformers of 8 considered for VCD calculations.
Theoretical IR spectra of truncated models are shown in Fig. S1.

Major VCD signals observed for 1 showed a one-to-one
correspondence to the calculated ones for 8 (Fig. 1a), including
the 1404 cm negative band attributed to O-H and C-H
deformations at the chiral center. Quantitative assessment of
their similarity using CompareVOA software also led to a 99%
confidence level for R stereochemistry (Table S2).12 From these
results, the oxidized fatty acid 1 can be assigned as R without
prior knowledge on its AC. Calculation of a shorter Cs model
indicated that consideration of two C, unbranched hydrocarbon
chains attached to the chiral center may be satisfactory for AC
assignment in the case of 1 (Fig S2), although consideration of
longer chains should increase the reliability of AC and
conformational analysis. Theoretical VCD spectra of 8 calculated
using other conditions are also shown in Fig S2.

Local conformation of 1 was also analyzed through studies
on 8. Dihedral angles around the chiral center of predicted
conformers of 8 are listed in Table Sla. Each of these
conformers exhibited different VCD patterns; for example, the
negative signal at around 1404 cm was absent for some
conformers (Fig. S3). None of each conformer presented VCD
spectra that well reproduced the experimental spectrum of 1.
Thus, the obtained agreement between the population-
weighted final spectrum and the experimental one suggested
the accuracy of the prediction of the local conformational
preferences. These results revealed the effectiveness of VCD
spectroscopy for conformational analysis of oxidized lipids.
Conformational features of 1 around the hydroxy chiral center
seem largely maintained in acyl ester 1" and triglyceride 2, as all
of these lipids showed similar VCD patterns (Fig. S4).

The structure of ricinelaidic acid (3), the C=C stereochemical
isomer of 1, was also studied in a similar manner (Fig. 1b). The
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VCD spectrum calculated for a C;3 model 9 showed a good
agreement with that observed for 3 (see Table S2 for qualitative
analysis), with which its AC and local conformation were
determined (Table. S1b). Note that the assignment of C=C
double bond geometry in these molecules by VCD spectroscopy
may not be practical because of the close similarity between the
calculated VCD spectrum of 8 and that of 9 (see Fig. S5 for their
direct comparison).

Studies on 1 and 3 demonstrated the capability of VCD
spectroscopy to elucidate the structures of hydroxy fatty acids
whose chiral center has a [3,y-unsaturated alkyl chain and a
saturated alkyl chain. Oxidation of PUFAs often starts with
production of lipid hydroperoxides whose chiral center is
connected to an a,B-unsaturated hydrocarbon chain and either
a B,y-unsaturated or fully saturated hydrocarbon chain. To
examine the applicability of VCD spectroscopy to flexible lipid
hydroperoxides, we then studied naturally-occurring bioactive
13-HpODE (4), 13-HpOTE (5), and 15-HpETE (6). More than 50
mg each of these lipids were prepared starting from the
corresponding PUFAs by enzymatic oxidation using soybean
lipoxygenase, which selectively produces S enantiomers.13 The
resultant lipid hydroperoxides were dissolved in CDCls and their
VCD spectra were scanned at an ambient temperature for 1
hour. These molecules showed weak but detectable VCD signals
(Fig. 2a and 2b). All of 4-6 showed a negative VCD band at ca
1330 cm and a positive one at ca 1350 cm-1. No decomposition
was detected by NMR spectroscopy of the recovered samples
after VCD measurement (data not shown). The VCD spectra of
4 and 6 showed similar signal patterns, which is reasonable
considering their identical local structures.

In a similar manner to the design and calculations of 8,
truncated models 10 (a fragment of 4 and 6) and 11 (a fragment
of 5) were used for VCD calculations. Theoretical VCD spectra of
both 10 and 11 predicted signals at ca 1330 cm? and ca 1350
cm1 with the correct sign (Fig. 2a and 2b). Based on analysis of
these vibrational modes, we ascribed the former signal to a O-
H deformation and the latter primarily to a C-H deformation at
the asymmetric carbon (Fig. S6). The agreement between the
observed and calculated signals led to the determination of
their ACs as S configuration. See Table S2 for the quantitative
comparison. While a VCD study of a synthetic tertiary alkyl
hydroperoxide was reported,4 the current work is the first to
apply VCD spectroscopy to naturally-occurring hydroperoxides.

Conformational features of secondary alkyl hydroperoxides
have rarely been studied. We thus studied the Ilocal
conformations of the hydrocarbon backbone and the OOH
functional group of 4-6. Conformational analysis of models 10
and 11 found their local conformational preferences such as
dihedral angles ¢ (C4-C5-C6-C7) of ca -130° and & (C5-C6-01-02)
of ca -70° (Fig. 2c and 2d and Table Slc and S1d). VCD
calculations of conformational sets with different values of ¢
and & resulted in totally different spectral patterns (Fig. S7).
These results not only suggested that the characteristic VCD
signals at around 1330 and 1350 cm-! are highly sensitive to the
local conformations but also bolstered the accuracy of the
predicted conformational preferences.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Comparison of the experimental and theoretical VCD spectra of lipid
hydroperoxides and their truncated models. (a) VCD spectra of 4, 6, and 10. (b) VCD
spectra of 5 and 11. Corresponding VCD peaks are labelled. (c) Chemical structure of 10
and the most stable predicted conformer. (d) Chemical structure of 11 and the most
stable predicted conformer. Measurement conditions: 1.5 M (for 4 and 6) or 1.7 M (for
5) in CDCl;; / = 85 um. Calculation conditions: DFT/B3LYP/6-311+G(d,p)/PCM
(chloroform). Scaling factor: 0.98.

The effectiveness of VCD spectroscopy to structural analysis
of oxidized lipids demonstrated so far is realized by its high
sensitivity to distinguish two hydrocarbon chains with slightly
different unsaturation patterns attached to the chiral centers.
In fact, methyl (R)-12-hydroxyoctadecanoate (12), a saturated
hydroxy fatty acid ester obtained by hydrogenation of 1,
showed an almost flat VCD spectrum (Fig S4). Thus, although
VCD spectroscopy is generally applicable to unsaturated
oxidized lipids originating from PUFAs, its utility to saturated
hydroxy fatty acids and fatty acid esters of hydroxy fatty acids
(i.e., FAHFAs)'> should be examined in a future study.

Last, we applied VCD spectroscopy to a pair of lipid epoxide
diastereomers 7. Biological generation of lipid hydroperoxides
is often followed by their transformation to lipid epoxides (e.g.,
conversion of 5-HpETE to leukotriene A,). Lipid epoxides have
also been chemically prepared as useful synthetic intermediates
for functionalization of unsaturated lipids.16 See references for
applications of VCD spectroscopy to other epoxide-containing
natural products.1”

A diastereomer of 7a with 3 3.90 ppm for H-12 was obtained
by stereoselective epoxidation of 1’ using VO(acac), and the
following silica-gel column chromatography purification.1® The
other diastereomer 7b with & 3.84 ppm (H-12) was obtained
starting from 1’ by benzoylation, oxidation using mCPBA,
diastereoseparation on chiral HPLC column, and the following
removal of the benzoyl group. These diastereomers showed
readily distinguishable VCD patterns (Fig. 3): 7a displayed a
negative band at 1414 cm, while 7b displayed a positive-
negative-positive pattern (1124, 1140, and 1157 cm1).

VCD calculations were performed for fragments (55,6R,8R)-
13 and (5R,6S,8R)-13. Among several calculation conditions
tested, M06-2X/6-311+G(d,p)/PCM (chloroform) provided VCD
spectra well reproducing the observed spectral features. The
calculated VCD spectrum of (55,6R,8R)-13 exhibited a similar
pattern to that observed for 7a such as a negative signal at 1414
cm-1 (Fig. 3a). Meanwhile, the theoretical one for (5R,6S,8R)-13
presented a similar positive-negative-positive pattern (1122,
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1143,and 1173 cm1) to that observed for 7b, with the predicted
positive signal at 1173 cm! being weaker than that observed at
1157 cm-? (Fig. 3b). Such qualitative visual inspection as well as
quantitative comparison (Table S2) reliably assigned the AC of
7a and 7b as 95,10R,12R and 9R,10S,12R, respectively. These
assignments were bolstered by a 2-step conversion of 7a to a
10,12-acetonide (14) and the following nOe measurement (Fig.
S8). These results confirmed that the stereostructure of lipid
epoxides can also be elucidated by VCD spectroscopy.
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Fig. 3 Comparison of the experimental and theoretical VCD spectra of lipid epoxides and
their truncated models. (a) VCD spectra of 7a and (5S,6R,8R)-13. (b) VCD spectra of 7b
and (5R,6S,8R)-13. Corresponding VCD peaks are labelled, while nonmatching peaks are
indicated by asterisks. Measurement conditions: 1.1 M (for 7a) or 2.2 M (for 7b) in CDCls;
| = 100 um (for 7a) or 50 um (for 7b). Calculation conditions: DFT/M06-2X/6-
311+G(d,p)/PCM (chloroform). Scaling factor: 0.97.

In summary, this paper reports the first application of VCD
spectroscopy to chiral fatty acids and to naturally-occurring
hydroperoxides. The studied lipids exhibited weak VCD signals
probably due to the flexibility of their overall structures and
subtle structural differences between two hydrocarbon chains
attached to the chiral center. Nevertheless, we demonstrated
that, with using suitable models for VCD calculations, the AC
and conformational preferences of unsaturated hydroxy fatty
acids, lipid hydroperoxides, and lipid epoxides can be reliably
elucidated. This work also identified characteristic VCD signals
sensitive to the conformation of lipid hydroperoxides. As the AC
and conformation of lipids are important for their biological
functions, we hope that the insight brought by VCD
spectroscopy be used for future lipid biochemistry and
development of lipid-related medicines. Further VCD studies on
functionalized oxidized lipids will be reported in due course.
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