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The precise location of C=C bonds in bioactive molecules is critical for a deep understanding of the
relationship between their structures and biological roles. However, the traditional ultraviolet light-based
approaches exhibited great limitations. Here, we discovered a new type of visible-light activated [2 + 2]
cycloaddition of carbonyl with C=C bonds. We found that carbonyl in anthraquinone showed great
reactivities towards C=C bonds in lipids to form oxetanes under the irradiation of visible-light.
Combined with tandem mass spectrometry, this site-specific dissociation of oxetane enabled precisely
locating the C=C bonds in various kinds of monounsaturated and polyunsaturated lipids. The proof-of-
concept applicability of this new type of [2 + 2] photocycloaddition was validated in the global
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Introduction

Carbon-carbon double bonds (C=C) exist in a variety of
bioactive molecules and play important roles in their structures
and biological functions.”*> The presence of C=C locks the
atoms around it into a fixed position. Thus, this rigid
construction has a significant influence on the maintenance of
specific shapes of biomolecules. Changes in the positions of
C=C bonds would form isomers, which might have dramati-
cally different functions.** Lipids are a group of biomolecules
that play a multitude of crucial roles in the body, such as the
structural elements of biological membranes, energy storage
and signal transduction in cellular response pathways.>*
Unsaturated lipids are a subclass of lipids containing either
a single or multiple C=C bonds in the fatty acyl chains. The
C=C bonds in positional isomers of unsaturated lipids endow
them with different structures and functions in living organ-
isms.>""** For instance, lipids with cis-C=C in the fatty acyl
chain were found to modulate plasma membrane domain
registration/anti-registration."* Significant correlations between
the C=C positional isomer and the onset/progression of breast
cancer were also observed.” Therefore, the precise identifica-
tion of C=C isomers in lipid analysis would benefit the deep
understanding of and reveal the wunderlying functional
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photocycloaddition reactions and the structural lipidomics.

mechanisms of unsaturated lipids in physiological and patho-
logical processes.'®"

The sensitivity and structural elucidation capabilities of
mass spectrometry (MS) make it a preferred analytical tech-
nique for biomolecules.>***** Some special methods for disso-
ciation at the C=C bonds in MS were developed to locate their
positions.***®* Meanwhile, selective chemical derivatizations or
reactions of C=C bonds prior to MS analysis also emerged, as
well as the electrochemical epoxidation in nano-electrospray
ionization MS developed very recently.'®** Although these
developed methods are promising in terms of identification of
C=C bond positions in specific lipid mixtures, their capability
in comprehensive identification of unsaturated lipids has rarely
been validated.*®** Among these methods, photochemical
reactions provide a feasible and clean approach for C=C bond
derivatization, such as the ozonolysis* and Paterno-Biichi (PB)
reactions.* Nevertheless, the utilization of ultraviolet (UV) light
in these reactions causes unexpected side reactions and
potential health impairment.*”***® The mild visible-light acti-
vated reactions have great potential to overcome these limita-
tions.***® Very recently, Ouyang et al. reported visible-light-
driven photocycloaddition between benzophenone and C=C
bonds in unsaturated lipids, which provided new insight into
utilizing noncovalent complexes for the synthesis of oxetanes.*
But no such reaction has been demonstrated for the compre-
hensive location of C=C bonds in structural lipidomics.

In this study, we developed a new visible-light activated [2 +
2] cycloaddition (VACA) reaction coupled with tandem MS
analysis towards the precise location of C=C bonds. We found

This journal is © The Royal Society of Chemistry 2020
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that carbonyl in anthraquinone (AQ) could be reacted with C=C
bonds in unsaturated lipids under the excitation of visible-light
to form the unique oxetane ring. The subsequent breaking of
this oxetane structure at the initial C=C bond position in
collision induced dissociation enabled pinpointing the C=C
bonds in lipids. The formation and dissociation of oxetane
isomer products were confirmed by high resolution (HR) MS/
MS. This is a reaction to realize [2 + 2] photocycloaddition of
a quinone substrate with unsaturated lipids leading to the
formation of oxetanes under visible-light. Based on this distinct
VACA reaction, we have established an integrated solution for
comprehensively locating the C=C bonds in unsaturated lipids
from a complex biological sample, and the results suggested the
applicability of this approach in structural lipidomics.

Results and discussion
Validation of the VACA reaction with fatty acids

The photoexcited carbonyl compounds could react with C=C to
give the oxetane derived from a [2 + 2] cycloaddition reaction.
However, almost all these traditional photocycloadditions need
UV light to activate the carbonyl groups.**** To extend the
wavelength of activation to the visible light region, we investi-
gated various types of substrates and discovered that AQ
possesses a large conjugated aromatic ring system and quinone
structure*® exhibited high reactivity to the C=C bonds in lipids
induced by visible-light irradiation.

The reactivities of AQ with the C=C bonds in lipids (Fig. S1
and S2 in the ESI}) and the possibility of producing decent
diagnostic fragment ions in tandem MS were studied system-
atically. These reactions were conducted in a micro volume
autosampler vial insert, and a visible-light LED laser (405 nm,
150 mW) was placed on top of the glass vial to irradiate the
reaction solution in methanol. The reaction solution could be
easily used for further ultra-high performance liquid chroma-
tography (UHPLC)-MS or direct-injection MS analysis. Fatty
acids (FA) 20:1 (112) were first utilized to validate the reaction
with AQ. As shown in Fig. 1a, AQ and unsaturated lipids were
excited by visible-light and then formed oxetane between one of
the carbonyl groups in quinones and the C=C bond in lipids.*
Two isomeric oxetanes which were defined as P1 and P2 in this
paper could be generated depending on the relative positions of
carbonyl and the C=C bond. When energy such as heat is
applied to the VACA reaction products, a retro reaction could be
carried out through two possible pathways.”* Besides the
pathway returning to the original reactants, another pathway
was the cleavage of the C-C bond at the initial C=C bond
position and C-O bond at the initial carbonyl group. This
pathway would produce the fragments P1a, P1b, P2a and P2b,
which could indicate the C=C bond position in lipids (Fig. 1a).
We anticipated that the same products generated from the
VACA reaction and fragments could be detected by MS and
tandem MS. In the HR mass spectra of the reaction solution of
AQ and FA 20:1 (112) shown in Fig. 1b and c, the appearance of
peaks with the mass increase of 208 Da compared with the mass
of the original substrate in both negative (m/z 517.3230, Fig. 1b)
and positive ion (m/z 541.3277, Fig. 1c) modes clearly indicated

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

a) o

visible light Va Wy VW
405 nm L o O -
sos 25 J05!
J<:/ » | Nz
v/ N (A—/
Y o Q _
Anthraquinone (AQ) hv P1 Energy P1b Pla
+ - + —_— +
ke Energy o0 A o &
e -9 baY oY
unsaturated lipids C ) 0 L ///|| Ci
> i \% /
o A _ v A
o Head group of lipids
P2 P2b  P2a
_ 7.80 7.77
b) [FA] 100, 762 c) [FA+Na]* 100
56 309.2774 = EIC: "o 3332774 — EIC:
14 m/z 517 ['4 m/z 541
3 0 8 0
S Time (min) 8 Time (min)
ke [+
| E [FAKT* [P1/P2+Na]
2 [P1/P2-H]” < 349.2717 el
2 517.3230 2
T 208 Da & 208 Da
[} [0}
4 l 4
p il bl o | R
200 300 400 500 m/z 200 300 400 500 m/z
d)y _lAa” e)  [P2a*Nal' tp Nal
208.0529 _ [FA+Na]
100 g517,3 [P1/P2-H]” 100, 2231307 3332766 gs41.3 [P1/P2+Na]*
Q @
g 2 o
E FAI" E 52
3 300.2794 3 £
< < 25 |38
) ) =
2 2 3% i
£ 2 2&  [[P1a+Ng]
e e QL l 399.1931 [P1/P2+Na]*
0 0 | 541.4076
200 300 400 500 m/z 200 300 400 500 m/z
! oL ™ 3 e
o
2 [Eeces
(CH2)sCOOH H3C(H0)7 ‘
HyC(HsC)r (CH2)eCOOH
[P1+Na]" m/z517.1 P1b [P1a+Na]* m/z 3992
1) —l a* o —‘Na*
O o] Na*
=t OO * ”\(CH ) col
CHz)oCOOH 2ld
HaC(H:C)7 g HsC(H,C)7
[P2+Na]* m/z517.1 [P2b+Na]* m/z 341.2 [P2a+Na]" m/z 223.1
1010
+
o TNa* (CHaeCO0H |2
P8 s Y

o

[AQ+Na]* m/z 223.1 [FA+Na]" m/z 3332

Fig. 1 Visible-light activated [2 + 2] cycloaddition (VACA) reaction of
anthraquinone (AQ) to unsaturated lipids. (a) Schematic illustration of
the reaction between AQ and unsaturated lipids, and the dissociation
pathways of reaction products; (b and c) MS spectra of the VACA
reaction solution of AQ and FA 20:1 (11E) in (b) negative and (c) positive
ion modes. Insets show the retention times of the VACA reaction
products in LC-MS in (b) negative and (c) positive modes, respectively;
(d and e) MS/MS spectra of the VACA reaction products in (d) negative
(m/z517.1, [M — H]") and (e) positive (m/z 541.4, [M + Na]*) ion modes;
(f) proposed dissociation pathways and fragments of the VACA reac-
tion product isomers.

the formation of VACA products. The conversion of FA was
about 50% within 1 min (Fig. S31). We chose the reaction time
of 5 min in the following studies. Although the isomer products
P1/P2 couldn't be differentiated by the direct MS scan method,
the LC separated peaks revealed the presence of two isomers
with an area ratio of about 1.4:1 (P1/P2) (inset in Fig. 1b). This
ratio implied the slightly different probability of these two
opposite orientations between C=0 and C=C bonds in the
VACA reaction. Interestingly, only one isomer could be clearly
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observed in positive ion mode after LC separation (inset in
Fig. 1c). The MS/MS spectrum at 7.77 min detected with [P1a +
Na]" at m/z 399.2 indicated that this isomer is product P1
(Fig. S4t). This difference of peak intensities might be caused by
the low ionization efficiency of P2 in the positive ion mode of
electrospray ionization. If we increase the injected amount of
the products in LC-MS, the product P2 can be observed
(Fig. S51). Similar results were observed in the reaction of AQ
with FA 20:1 (11E) (Fig. S67). In order to further confirm the
structure of these VACA reaction products, a CID process was
conducted for the products P1 and P2. Only the FA anion (m/z
309.2794) and AQ radical anion (m/z 208.0529) (Fig. 1d) were
detected via CID for reaction products P1 and P2 in the negative
ion mode, while more characteristic fragments such as P1a (m/z
399.1936), P2a (m/z 223.1310), and even P2b (m/z 341.1877)
could be observed in the positive ion mode for products [M +
Na]" (Fig. 1e). The neutral loss of fragment P1b (consisting of an
aldehyde) was not detected (Fig. 1f), but its formula and degree
of unsaturation could be a direct indication of C=C bond
positions. These characteristic fragments provided not only
unambiguous evidence of the formation of VACA reaction
products (Fig. 1f) but also diagnostic ions for the identification
of the position of C=C bonds. The ion pair Pla and P2a has
a mass difference of 176 Da (C;4Hjg) and could be simply used as
“diagnostic ions” for the presence of C=C bonds.

Investigating the versatility of this VACA reaction with
different unsaturated lipids

To investigate the generality of this VACA reaction and
demonstrate its capability in C=C bond position location,
different types of unsaturated lipids were taken for further
study. First, the VACA reaction of AQ with polyunsaturated
linoleic acid 18:2 (9Z, 12Z) was examined. The LC-MS results
evidenced the formation of oxetane products (Fig. S7a,f m/z
511.3, [P1/P2 + Na]"). As expected, the VACA reaction product
isomers at m/z 511.3 generated two pairs of characteristic ions
via CID considering two C=C bonds (Fig. 2a). The mass
difference of every diagnostic ion pair P1a/P2a (m/z 411.2 and
235.1, m/z 371.2 and 195.0) generated from products P1/P2 was
exactly 176 Da (Fig. 1a), which indicated the VACA reaction of
AQ with C=C bonds. The generic chemical formula of the
fragment P1b (consisting of an aldehyde) is C,H,,0 when there
is no C=C bond inside, and its mass could be calculated by
subtracting the mass of the P1a ion from the mass of the P1 ion,
namely 511.3 — 411.2 = 100.1 Da (C¢H;,0). Then this C=C
bond could be readily deduced to be at A12 counting from the
carbon at the carboxyl group in the C18 chain. Another C=C
position could be deduced to be at A9 from the mass of the
other P1b fragment (511.3-371.2 = 140.1 Da, CoH;¢0). The
40 Da mass difference of fragments Pla (A9 vs. A12, m/z 371.2
and 411.2) and P2a (A9 vs. A12, m/z 195.0 and 235.1) at different
C=C positions also indicated the three-carbon shift (C;H,) of
the C=C position. Given that one carbon space between C=C
bonds in lipids is typical, this 40 Da mass difference could be
considered to be another signature for C=C bond identification
in polyunsaturated lipids. In addition, the VACA reaction of AQ
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Fig. 2 VACA reaction of anthraquinone with different unsaturated
lipids. (a—f) The MS/MS spectra of the VACA product ions produced
from the reaction of anthraquinone with (a) FA 18:2 (92, 122), (b) TG
18:1 (92)/18:1 (92)/18:1 (92), (c and d) LPE 18:1 (92), and (e and f) PC
16:0/18:1 (92). The chemical structures at the top of each MS/MS
spectrum shows the positions of C=C bonds and the m/z values of
the possible diagnostic fragment ions of VACA reaction products via
CID. The fragment ions in panels (c) and (d) were mainly obtained by
the fragmentation of the ethanolamine head group of LPE. The
detailed dissociation pathways are shown in Fig. S8 in the ESI.

with TG 18:1 (92)/18:1 (92)/18:1 (9Z) was also carried out and the
products were detected (Fig. S7bt). The diagnostic ion pair P1a
and P2a was observed at m/z 973.9 and 797.7, respectively, when
CID was applied to the sodium adducts of P1/P2. Phospholipids
(PLs) are a large family of lipids containing phosphorus, a polar
head, and nonpolar tails. They are essential lipids of biological
membranes, so we next examined this VACA reaction with PLs.
The isomer products of lysophosphatidylethanolamine (LPE)
18:1 (9Z) with AQ could be well separated by LC (Fig. S7ct). The
MS/MS spectra at retention times (RTs) of 2.12 (Fig. 2¢) and 2.65
(Fig. 2d) min indicated the generation of isomers P1 and P2,
respectively. The diagnostic ion pair Pla and P2a at m/z 568.2
and 392.1 was produced from the sodiated P1/P2 ions because
of the cleavage of the formed oxetane ring at A9. However, only
one of the diagnostic ions, P1a, could be detected in the MS/MS
spectra of the protonated products (Fig. S9t). For the VACA
reaction of PC 16:0/18:1 (9Z), two peaks of protonated isomer

This journal is © The Royal Society of Chemistry 2020
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products were observed in the LC-MS spectrum (Fig. S7d+t), as
well as the characteristic ion pair of Pla and P2a at m/z 826.5
and 650.4, respectively. It should be noted that this VACA
reaction of AQ with another steric isomer PC 18:1 (92)/16:0
showed similar reactivity and produced the same fragments of
Pla (m/z 826.5) and P2a (m/z 650.4) via CID, respectively
(Fig. S10at). This result implied that this VACA reaction was not
suitable for the recognition of sn-steric isomers of unsaturated
lipids. However, the potential of this reaction for locating C=C
bond positions would enable a deep understanding of struc-
tural lipidomics. The generality of this VACA reaction for posi-
tioning the C=C bonds in unsaturated lipids was also validated
with more phospholipids, such as phosphatidic acid (PA) 16:0/
18:1 (9Z2), PE 18:1 (92)/18:1 (9Z), phosphatidylglycerol (PG) 18:0/
18:1 (92), phosphatidylserine (PS) 16:0/18:1 (9Z), and ceramide
(Cer) d18:1/16:0 (Fig. S10b-ft). Based on the above results, we
found that the nature of the adduct ion has an important
impact on forming double bond diagnostic ions. For most of
the lipids, the sodium adducts of their derivatized products
could form decent diagnostic ion pairs for double bond iden-
tification by CID, whereas the protonated product of PC shows
better characteristic diagnostic ions than the sodiated one.
Thus, the proton adducts for PC and sodium adducts for other
lipids were used for the identification of double bonds in
unsaturated lipids in the following experiments.

Quantitative analysis of lipid C=C location isomers

To further examine the quantitative capability of this method,
isomers of FAs and PCs with different C=C locations were
quantitatively investigated. Fig. 3a and ¢ show the results of the
absolute quantification of FA 18:1 (9E), 18:1 (11Z), and PC 18:1
(92). For the analysis of FAs, FA 18:1 (6Z) was chosen as an
internal standard (IS) at a constant concentration, while the
concentration of FA 18:1 (9E) and 18:1 (11Z) was varied from
0.75 to 12.5 uM. The peak areas for each pair of C=C diagnostic
ions (P1a/P2a), i.e., m/z 195 and 371 from the 9E isomer or m/z
223 and 391 from the 11Z isomer, and m/z 153 and 379 from the
6Z internal standard, were summed, and the peak area ratios
(Aop/Asz OF Aj14/As7) were plotted against the varied concentra-
tions (Fig. 3a). Good linearities (R> = 0.9956 for the 9E isomer
and R®> = 0.9983 for the 11Z isomer) were obtained with
reasonable accuracy (relative error < 10%, relative standard
deviation (RSD) < 7%, n = 6). A limit of identification of 0.5 uM
was obtained for each FA 18:1 isomer. Likewise, a good linearity
(R* = 0.9922) was obtained for PC 18:1 (92)/18:1 (92) from 1 nM
to 1 uM with PC 18:1 (62)/18:1 (6Z) as the internal standard
(Fig. 3c). The limit of identification was as low as 0.1 nM.
Quantification of the ratio of the C=C isomers was performed
with a series of mixtures of FA 18:1 isomers and PC 36:2 isomers.
As shown in Fig. 3b for the FA 18:1 isomers, the ratios of the total
summed peak areas from each pair of C=C diagnostic ions (P1a/
P2a), i.e., m/z 195 and 371 from the 9E isomer and m/z 223 and
391 from the 11Z isomer, were found to be directly proportional
to the molar ratios of these two isomers with the total concen-
tration kept constant (50 uM). A good linearity (R> = 0.9958) was
obtained with molar ratios from 10: 1 to 1 : 2. A similar relative
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Fig. 3 Quantitative analysis of lipid C=C location isomers. (a) Cali-
bration curves for quantitation of FA 18:1 (9E) and FA 18:1 (112) using FA
18:1 (62) as the internal standard. (b) Linear relationship established
between the peak area ratio (Agg/A117) of the diagnostic ions and molar
ratio (Cog/Cy17) of the two FA 18:1 C=C location isomers. (c) Cali-
bration curves for quantitation of PC 18:1 (92)/18:1 (92) using PC 18:1
(62)/18:1 (62) as the internal standard. (d) Linear relationship estab-
lished between the peak area ratio (Agz/Asz) of the diagnostic ions and
molar ratio (Cyz/Cez) of the two PC 18:1/18:1 C=C location isomers.
The chemical structures of the lipids show the positions of C=C bonds
and the m/z values of the possible diagnostic fragment ions of VACA
reaction products via CID.

quantitation of C=C isomers was also conducted for the mixture
of PC 18:1 (62)/18:1 (6Z) and PC 18:1 (92)/18:1 (9Z) at a constant
concentration of 1 uM (Fig. 3d). The ratios of peak areas of the
diagnostic ions (m/z 852 and 674 from the 9Z isomer and m/z 810
and 634 from the 6Z isomer) from each isomer and their molar
ratios showed a good linear relationship (R* = 0.9983) in a wide
dynamic range (from 0.1 : 1 to 8 : 1). These results demonstrated
the good quantitative capability of the proposed VACA reaction-
based method for lipid C=C isomers.

Application of this VACA reaction in structural lipidomics

To validate the applicability of the developed visible-light acti-
vated [2 + 2] cycloaddition (VACA) reaction in structural lip-
idomics, a human serum sample was used for the proof-of-
concept test. Three steps were used for identification of the
position of C=C bonds as shown in Fig. 4a. First, the lipids in the
serum sample were extracted and analyzed by LC-MS/MS (see the
details in the Experimental section). Based on the retention time

Chem. Sci., 2020, M, 7244-7251 | 7247
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Fig. 4 The analysis of unsaturated lipids in human serum. (a) Workflow
for the identification of the positions of C=C bonds via the VACA
reaction and LC-MS/MS. (b and c) The extracted ion chromatograms
of PC 38:6 (b) before and (c) after the VACA reaction. (d and e) The
averaged MS/MS spectra of VACA products of PC 38:6 at m/z 1014.6 at
(d) 7.9-9.3 min and (e) 6.2—7.9 min. The fragment ions at m/z 805.6 in
panel (d) denote [PC 38:6]*, m/z 955.5 denotes [P1/P2—-C3zHoN + HI™,
and m/z 996.6 denotes [P1/P2-H,O + H]*. The chemical structures
show the positions of C=C bonds in lipids and the m/z values of the
possible diagnostic fragment ions.

(RT) and exact mass, the class of lipids could be identified
preliminarily. The numbers of the isomers for lipids with the
same molecular mass were judged relying on the number of
peaks after LC separation. Then, the MS/MS spectra were used for
the identification of lipids from every UHPLC peak (Fig. S117).
The glycerol phospholipids and glycerides were identified by
matching the MS/MS data with those in LipidBlast,** while the FA
was identified by matching the extract mass and formula from
a developed in-house library. The structures of every lipid were
confirmed preliminarily with the molecular formula, subclass,
fatty acyls, and number of C=C bonds. Finally, the VACA
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reaction products with AQ were verified by extracting the
precursor ions with a mass increase of 208 Da (C;,HgO,). The
diagnostic ion pair P1a and P2a could be easily distinguished in
the MS/MS spectra due to their characteristic mass difference of
176 Da. As mentioned above, the formula of the neutral loss
fragment P1b (C,H,0) could be simulated by using its exact mass,
which is calculated by subtracting the mass of the P1a ion from
the mass of the P1 ion. Then the C=C bond positions can be
readily deduced one by one with de novo analysis.

With the workflow we developed in this study, 213 lipids in
serum were identified (Tables S1-S8 in the ESIT) and 86 of them
were further identified at the C=C location level (Table S27).
These position-identified unsaturated lipids included PC (45), PE
(5), TG (21), sphingomyelin (SM, 1), and FA (12). It is worth
mentioning that the VACA reaction has very good compatibility
with polyunsaturated lipids with different degrees of unsatura-
tion. The C=C bond positions in phospholipids and fatty acids
possessing even six C=C bonds could be located. Taking PC 38:6
(m/z 806.6, [M + H]') as an example, the extracted ion chro-
matogram (EIC) at m/z 806.6 of the serum extract before the VACA
reaction gave two peaks at RTs of 8.66 and 9.33 min (Fig. 4b),
which meant the existence of two isomers. The MS/MS spectra of
these two peaks showed PC-like fragmentation pathways, namely
the neutral losses of the head group and fatty acyls (Fig. S127).
The compositions of the fatty acyl chains could be calculated
from the exact mass of each lost fatty acyl chain. By matching the
LC-MS/MS results with the LipidBlast database (Fig. S13 and
S14+), the possible structure at 9.33 min is PC 16:0_22:6 and
another one at 8.66 min is PC 18:2_20:4 without the definite
information of C=C bond positions. To further analyze the
locations of double bonds, the VACA reaction of AQ and lipid
extract was conducted and the resultant solution was subjected to
LC-MS analysis (Fig. 4c). The EIC of m/z 1014.6 (+208 Da)
exhibited two clusters of peaks around 7.39 and 8.20 min, and
the corresponding MS/MS spectra are shown in Fig. 4d and e. As
shown in Fig. 4e, all the six diagnostic ion pairs (Am = 176 Da)
could be observed in the MS/MS spectrum of VACA products (RT
7.9-9.3 min), which indicated six C=C bonds in this PC. That the
mass difference of 40 Da was also detected between every adja-
cent ion pair suggested the existence of one carbon between
adjacent C=C bonds. In addition, the formulae of the smallest
diagnostic ion P2a at m/z 580.4 (C,sH55NOgP) showed no C=C
bonds in the other fatty acyl chain. Thus, PC 16:0_22:6 should be
the right structure. The 58 Da mass difference between m/z 956.6
[P1a + H]" and 1014.6 [P1/P2 + H]' meant that the formula of the
neutral loss aldehyde was C3;HgO. This formula indicated
terminal C=C located between the third and fourth carbons
counting from the end of the fatty acyl chain. Likewise, locations
of five other C=C bonds could be obtained. Therefore, the above
evidence indicated that the detailed structure for one of the PC
38:6 isomers should be PC 16:0_22:6 (4, 7, 10, 13, 16, 19).

The MS/MS spectrum of another isomer PC 18:2_20:4 around
8.2 min displayed four diagnostic ion pairs (Fig. 4d), namely m/z
914.5 and 738.5, m/z 874.5 and 698.4, m/z 834.5 and 658.4, and m/z
794.4 and 618.4. Although some of them showed low intensities in
this averaged MS/MS spectrum (6.2-7.9 min), the EICs of these
ions further confirmed the presence of these peaks (Fig. S15at).
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Based on these diagnostic ions, the formulae of the neutral alde-
hyde fragments P1b were calculated to be C¢H;,0 (100 Da, no
C=C bond), CoH;60 (140 Da containing one C=C bond), C;,H,,0
(180 Da, two C=C bonds), and C;5H,,0 (220 Da, three C=C
bonds), respectively, which meant the locations of C=C bonds
were A5, A8, A11 and A14 for the fatty acyl chain 20:4. For the
other fatty acyl chain 18:2, only the diagnostic ions at A9 and A12
were detected (Fig. 4d, m/z 914.5 and 738.5; m/z 874.5 and 698.4)
and extracted (Fig. S15b7). The peaks for other diagnostic ions
simulated from other possible C=C locations (Fig. S141) were not
observed in the extracted ion chromatograms (Fig. S15b7). Hence,
we speculated that the structure of another isomer of PC 38:6
should be PC 18:2 (9, 12)_20:4 (5, 8, 11, 14). The successful iden-
tification of FA 22:6 (4, 7, 10, 13, 16, 19) and TG 18:0_18:1 (9)_20:4
(5, 8, 11, 14) was also described in Fig. S16-5S18 in the ESL{ These
facts undoubtedly demonstrated the capability of the newly
developed visible-light activated [2 + 2] cycloaddition reaction for
C=C bond positioning in lipids with complex structures.

Conclusions

In summary, we discovered a novel visible-light activated [2 + 2]
cycloaddition reaction of anthraquinone and unsaturated lipids.
This VACA reaction exhibited great capability for locating the
C=C bonds of different kinds of lipids in complex biological
samples. By using visible light, this reaction could alleviate the
problems of side reactions and potential health impairment in the
structural analysis of lipids. Other analytical advantages include
the simple experimental setup for the reaction, non-requirement
for MS instrument modification, easy-to-interpret mass spectra,
and good compatibility with LC-MS/MS analysis. This visible-light
driven cycloaddition reaction provides an attractive new paradigm
for C=C bond location in structural lipidomics.

Experimental

Materials

Lipid standards including phosphatidylcholine (PC) 16:0/18:1
(92), PC 18:1 (92)/16:0, PC 18:1 (92)/18:1 (9Z), PC 18:1 (6Z)/18:1
(62), phosphatidylethanolamine (PE) 18:1 (92)/18:1 (9Z), lyso-
phosphatidylethanolamine (LPE) 18:1 (9Z), phosphatidylglycerol
(PG) 18:0/18:1 (92), phosphatidic acid (PA) 16:0/18:1 (92), phos-
phatidylserine (PS) 16:0/18:1 (9Z) and ceramide (Cer) d18:1/16:0
were purchased from Avanti Polar Lipids (AL, USA). Fatty acids
including FA 18:1 (92), FA 18:1 (9E), FA 18:1 (62), FA 18:1 (11Z), FA
20:1 (112), FA 20:1 (11E), FA 18:2 (92, 12Z) and arachidonic acid
FA 18:4 (5Z, 82, 112, 14Z), and triacylglycerol (TG) 18:1 (92)/18:1
(92)/18:1 (9Z) were purchased from Sigma-Aldrich. Other solvents
were purchased from Innochem (Beijing, China) and meet or
exceed the analytical grade standard. The structures of all pure
lipids are shown in Fig. S1 and S2.f Anthraquinone was
purchased from Rhawn (Shanghai, China).

Sample preparation

The human serum was provided by a healthy volunteer and
collected at Renmin Hospital of Wuhan University. The use of
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human samples was approved by the Renmin Hospital of
Wuhan University Review Board (Wuhan, China).

The glycerol phospholipid (GPL) extraction protocol is
described below:*>*¢ 100 uL human serum samples were added
to 300 pL butanol/methanol (3 : 1, v/v) and vortexed for 1 min.
Then 150 pL heptane/EtAc (3 : 1, v/v) was added twice to the
tube and the solution was vortexed for 1 min, and then 300 pL of
50 mM LiCl was added to the test tube to induce phase sepa-
ration. The mixture was centrifuged at 1800g for 10 min to
collect the upper organic layer. This part was flushed with
nitrogen, capped, and stored at —20 °C.

The protocol of fatty acid extraction from human serum is
described below:** 300 uL. DPBS solution was added to 200 pL
serum, followed by addition of 600 pL methanol. The mixed
solution was added to 1 M HCI to reach a final concentration of
25 mM. Then 1 mL isooctane was added before vortexing. The
mixture was centrifuged at 3000g for 1 min to collect the upper
layer. This part was dried under a nitrogen flow and stored at
—20 °C. Then 150 pL of a 1 mM AQ methanol solution was used
for re-dissolution of lipid extracts. Before the VACA reaction,
they were centrifuged at 16 000g for 10 min.

VACA reaction

Avisible LED laser (A = 405 nm, 150 mW, Fulei Technology Co.,
Ltd, Shenzhen, China) was used as the light source for the
visible-light activated cycloaddition (VACA) reaction. 100 pL of
a solution containing anthraquinone (AQ, 100 uM) and olefins
(10 uM) was placed in a micro volume autosampler vial insert,
and the visible-light laser was placed on top of the glass vial to
irradiate the reaction solution in methanol. The distance
between the lamp and the liquid surface was 2 cm. The solution
mixture was irradiated for 5 min at room temperature and then
subjected to mass spectrometric analysis.

Quantitative analysis

FAs and PCs were chosen for absolute and relative quantitative
analysis. For plotting the calibration curves, one IS was defined,
namely FA 18:1 (6Z) (6.25 uM) for FA and PC 18:1 (6Z)/18:1 (62)
(0.5 uM) for PC. The concentrations of FA 18:1 (9E) and 18:1
(11Z) were varied from 0.75 pM to 12.5 pM while that of PC 18:1
(92)/18:1 (92) was varied from 1 nM to 1 uM. The quantitation of
the ratios of two C=C bond isomers was performed with
a constant total concentration (50 uM for FA and 1 uM for PC)
while the molar ratios of the isomers varied (1:2 to 10:1 for FA
and 0.1:1 to 8:1 for PC). The total volume of all the reaction
solutions was kept at 300 uL and the concentration of AQ in
each solution was 0.5 mM. The reaction was conducted with
5 min irradiation using a visible light LED laser (A = 405 nm,
150 mW) for all samples, and then subjected to further liquid
chromatographic and mass spectrometric analysis.

Liquid chromatographic and mass spectrometric analysis

MS analyses were performed on an LTQ and LTQ-Orbitrap Elite
mass spectrometer (Thermo Scientific, Germany). The main
mass parameters were set up as below: sheath gas (N,): 40 arbi-
trary units; auxiliary gas (N,): 5 units; capillary temperature:
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350 °C; spray voltage: 3.8 kV; collision energy: 40 V; the resolution
of the full mass scan, 60 000. The parameters of MS/MS scanning
were set as below: the top 5 ions with high intensity were selected
for fragmentation analysis, and the dynamic exclusion function
was turned on for 10 s. The MS/MS scan was induced by collision
dissociation (CID), with a resolution of 30 000.

A Waters ACQUITY UPLC BEH Cg column (2.1 mm X 50 mm,
1.7 mm) was used in an UltiMate 3000 UPLC system (DIONEX,
Thermo Scientific, Germany) and maintained at 40 °C for sepa-
ration of lipid species. The flow rate was set as 0.3 uL min .
Gradient elution consisted of mobile phase A (ACN/H,O (60 : 40,
v/v) mixed with 10 mM NH,OAC and 0.1% formic acid) and
mobile phase B (IPA/ACN (90:10, v/v) mixed with 10 mM
NH,OAC and 0.1% formic acid). The injection volume was 10 pL.
The optimal chromatographic gradient program for biological
samples and GPL standards was as follows: 20-30% B at 0-2 min,
30-52% B at 2-5 min, 52-55% B at 5-8 min, 55-58% B at 8-9 min,
58-63% B at 9-12 min, 63-67% B at 12-14 min, 67-75% B at 14—
15 min, 75-80% B at 15-16 min, 80-100% B at 16-17 min, 100% B
at 17-19 min. Gradient elution consisting of mobile phase A
(water, 0.1% formic acid) and mobile phase B (ACN) was per-
formed for other FAs. The optimal chromatographic gradient
program for arachidonic acid is described below: 0-5 min, 50% B;
5-30 min, 0-100% B; 30-40 min, 100% B. That of other FAs is set
as below: 0-3 min, 40% B; 3-5 min, 40-100% B; 5-9 min, 100% B.
The quantitative analysis of FAs was conducted with a water-
methanol solvent system (phase A, water; phase B, methanol), and
the optimal chromatographic gradient program was set as below:
0-0.5 min, 70% B; 0.5-10 min, 70-100% B; 10-12 min, 100% B.

Data analysis

LipidBlast is a collection of in silico electrospray tandem mass
spectral libraries for the identification of neutral and polar lipid
species. It was developed by Fiehn Lab with known theoretical
fragmentation and experimental fragmentation from tandem
mass spectra (https://fiehnlab.ucdavis.edu/). The NIST MS
Search program was used for easy identification of every lipid.
LipidBlast can be used to annotate lipids from large MS/MS files
with NIST MSPepSearch.

Because FAs respond weakly in the positive ion mode, it was
difficult to confirm FAs in the serum extract in the positive ion
mode. We established a list that contains molecular formula and
mass information for all possible FAs. The number of carbon
atoms in these compounds ranged from 12 to 30. And the number
of unsaturated bonds of these FAs ranged from 0 to 7. These
compounds were extracted in the negative ion mode in the serum
extract. Then the detectable FA was analyzed for the position of its
C=C bond in the positive ion mode. As described in the text,
adduct [M + Na]" of the VACA product was used for MS/MS anal-
ysis. By setting the number of C, H and O atoms, the theoretical
molecular formula was simulated. Then the neutral loss molecules
were calculated for the analysis of the position of C=C bonds.
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