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Genetic evidence suggests that membranes rich in polyunsat-
urated fatty acids (PUFAs) act as supramolecular antioxidants
that capture reactive oxygen species, thereby limiting damage to
proteins. This process generates lipid fragmentation products
including malondialdehyde (MDA), an archetypal marker of
PUFA oxidation. We observed transient increases in levels of
endogenous MDA in wounded Arabidopsis thaliana leaves,
raising the possibility that MDA is metabolized. We developed a
rigorous ion exchange method to purify enzymatically gener-
ated '3C- and '*C-MDA. Delivered as a volatile to intact plants,
MDA was efficiently incorporated into lipids. Mass spectral and
genetic analyses identified the major chloroplast galactolipid:
a-linolenic acid (18:3)-7Z,10Z,13Z-hexadecatrienoic acid (16:
3)-monogalactosyldiacylglycerol (18:3—-16:3-MGDG) as an end-
product of MDA incorporation. Consistent with this, the fad3-2

fad7-2 fad8 mutant that lacks tri-unsaturated fatty acids incor-

porated "*C-MDA into 18:2-16:2-MGDG. Saponification of
14C-labeled 18:3-16:3-MGDG revealed 84% of '*C-label in the
acyl groups with the remaining 16% in the head group. 18:3-16:
3-MGDG is enriched proximal to photosystem II and is likely a
major in vivo source of MDA in photosynthetic tissues. We pro-
pose that nonenzymatically generated lipid fragments such as
MDA are recycled back into plastidic galactolipids that, in their
role as cell protectants, can again be fragmented into MDA.

The susceptibility of fatty acids to oxidation by reactive oxy-
gen species (ROS)? increases with desaturation (1, 2), so that
membranes rich in polyunsaturated fatty acids (PUFAs) are
potentially vulnerable to oxidative damage. It is therefore
remarkable that intra-organellar membranes in mitochondria
and chloroplasts, organelles with highly oxidative metabolism,
typically contain high percentages of PUFAs (3, 4). Both organ-
elle types are active sites of ROS production (5, 6). For example,
thylakoid membranes in chloroplasts are prone to photo-oxi-
dative damage by singlet oxygen (*O,) that is produced through
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the interaction of excited (triplet-state) chlorophyll with
oxygen (6—8). Moreover, the major site of 'O, generation in
chloroplasts, photosystem II (PSII), is surrounded by polyun-
saturated fatty acid (PUFA)-rich lipids (9) and, strikingly, two-
thirds of the FAs in thylakoids are triunsaturated fatty acids
(TFAs), chiefly a-linolenic acid (10). These fatty acids are
highly prone to oxidative fragmentation in vivo (11).

Cells counter the threat posed by 'O, and other ROS with
multiple protection mechanisms known to involve low molec-
ular mass antioxidants. Among the best characterized of these
cellular protectants are tocopherols (reviewed in Ref. 12).
Indeed, mutants that lack tocopherol and plastochromanol are
less protected against 'O, and show elevated levels of nonenzy-
matic lipid oxidation (nLPO; 13, 14). Additionally, carotenoids
both physically and chemically quench 'O, (15). We proposed
recently that a further layer of protection may also exist, one
that uses PUFA-rich membranes as structural antioxidants.
This hypothesis emerged from the fact that, even when grown
under mild and relatively low light conditions, plants that lack
TFAs displayed hallmark features of oxidative stress (16). TFAs
act to protect proteins by absorbing ROS such as 'O, and
hydroxyl radicals produced under both healthy and stressful
conditions (7, 11, 16).

The development of the supramolecular antioxidant hypoth-
esis has been facilitated by the rigorous quantitative analysis of
a PUFA fragmentation product, the 3-carbon dialdehyde
malondialdehyde (MDA) that is generally considered to be
harmful to the cells of humans (17, 18) and plants (19-21).
MDA may also have activities in redox signaling (reviewed in
Ref. 11). This compound, one of a plethora of PUFA oxidation
products, is a robust marker of nonenzymatic lipid oxidation in
animals (1) and in plants (e.g. 22). Furthermore, protocols exist
for the quantitation of MDA by gas chromatography-mass
spectrometry (GC/MS; 23). When combined with genetic anal-
yses of mutants with reduced levels of TFAs, notably the Ara-
bidopsis fad3-2 fad7-2 fad8 triple mutant (24), the use of such
quantitation protocols has revealed that over 50% MDA in the
leaves of Arabidopsis thaliana is derived from two oxidation-
sensitive TFAs: a-linolenic acid (18:3) and 72,10Z,13Z-hexade-
catrienoic acid (16:3; 16, 22).

The principal subcellular source of MDA in the leaves of
A. thaliana is chloroplasts (organelles rich in 18:3 and 16:3 fatty
acids), and the levels of MDA in wild-type chloroplasts were
more than 2-fold higher than those in chloroplasts isolated
from mutants lacking a-linolenic acid (25). These analyses
highlight the fact that MDA is a relatively abundant molecule in
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MDA Serves as Intermediate in Lipid Repair Cycle

leaves where its level is maintained in the nmol per gram dry
weight range (16, 25). Such levels are typical of many primary
metabolites in plant tissues e.g. (26). In the present study, and
consistent with the literature (27), we found evidence for tran-
sient, light-dependent MDA accumulation in wounded leaves.
These results led us to investigate the fate of isotope-labeled
MDA in living plants, asking: can MDA be metabolized and, if
so, which compounds are produced from this lipid damage-
derived molecule?

Despite its simple composition (C;H,O,), isotopically
labeled MDA of high purity is challenging to obtain. We there-
fore developed a rigorous method to purify MDA produced in a
reaction catalyzed by an equine alcohol dehydrogenase (ADH;
28). The labeled MDA was purified on an anion exchange resin,
fed as a volatile to plants, and traced to lipid pools by mass
spectrometry. A major isotope-labeled 16:3- and 18:3-rich lipid
was then identified. Based on this, we suggest that a potentially
novel metabolic cycle ensures that carbon from damaged mem-
branes is used to build new damage-prone membrane lipids
that can again be re-utilized as ROS sinks.

Experimental Procedures

Plant Genotypes and Growth Conditions—Wild-type (WT)
A. thaliana (Columbia), fad3-2 fad7-2 fad8 (24), and acs1 (29)
were grown on soil at 22 °C for 5 weeks (metabolism studies) or
~3.5 weeks (for wounding) under short day conditions (light:
100 uE m~ s~ ', 9 h light/15 h dark).

Reagents—Chemicals and analytic standards used were pur-
chased from Sigma-Aldrich unless indicated. [1,2-'*Clacetic
acid sodium salt (**C-acetate) 100 -120 mCi mmol ' was pur-
chased from Hartmann Analytics, Braunschweig, Germany.
1,3-[U-'3C]propanediol, 99% '*C was obtained from Campro
Scientific GmbH, Berlin, Germany, 1,3-[2-'*C]propanediol 55
mCi mmol ™" from Hartmann Analytics.

MDA Quantification upon Wounding —Each biological rep-
licate consisted of 3 leaves from 3 individual 3.5 week-old
plants. 50% of the leaf surface from the tip was crushed with
forceps. Plants were incubated in light (100 uE m~?s™ ) or the
dark for 45 min and wounded at different time points prior to
harvest into liquid nitrogen. MDA extraction was performed as
described (25).

GC/MS Analysis of Aldehydes—The detection of aldehydes
was based on combined O-(2,3,4,5,6-pentafluorophenyl)meth-
ylhydroxylamine hydrochloride (PFBHA)- and N,O-bis(tri-
methylsilyl)trifluoroacetamide (BSTFA)-derivatization. Sodium
tungstate (0.3 M, 100 pl) was added to 400 ul of crude or puri-
fied fractions and the samples centrifuged for 5 min at 1000 X g
to precipitate protein. The supernatant was combined with 450
wl of buffer (0.21 m citric acid, 0.58 m Na,HPO,; pH 4). The pH
was verified to be 4 and if necessary adjusted with 9 N H,SO,.
For derivatization, 100 ul of PFBHA reagent (5 mg ml™" in
water) was added and incubated for 1 h at 22 °C. The PFBHA
adducts were extracted by adding 0.5 ml of MeOH and 2 ml of
hexane, and the organic phase acidified with 10 ul of 9N H,SO,.
The organic phase was recovered after centrifugation for 5 min
at 1000 X gand brought to dryness with N,,. BSTFA (50 ul) was
added and silylation conducted for 30 min at 60 °C. Samples
were injected directly into the GC/MS and analyzed in the pos-
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itive chemical ionization mode (PCI) with selected ion moni-
toring (SIM) for the mass of MDA(PFBHA), (m/z 463) and
3-HPA(PFBHA)(Si(CH);) (m/z 342). Splitless injection at
250 °C and carrier flow of 1.5 ml min™'. Initial oven tempera-
ture 60 °C for 2 min, followed by a ramp of 8 °C min™" to 320 °C.

GC/MS Analysis of 1,3-Propanediol—Detection was based
on boronate derivatization. The boronate derivative chosen
was 4-(trifluoromethyl) phenylboronic acid (TMPBA) due to
large adduct masses which facilitates MS analysis. Fractions of
interest (10 ul) were mixed with 50 ul of 100 mm TMPBA in
MeOH. Derivatization was allowed to proceed for 10 min at
25 °C. The adduct was extracted by adding 100 ul isooctane,
mixing, and centrifugation at 1000 X g for 5 min at room tem-
perature to separate phases. The organic phase was analyzed by
GC/MS: splitless injection (240 °C) with methane for PCI, ini-
tial oven temperature 50 °C for 1 min, ramp of 40 °C min~'
until 280 °C; gas flow 1.5 liters min "

Generation of Isotope-labeled Malondialdehyde—Enzymatic
generation of MDA from 1,3-propanediol using ADH was
described earlier (28). 1,3-Propanediol was converted to MDA
with recombinant equine alcohol dehydrogenase (Sigma-Al-
drich; 0.5 units mg ™~ '). 10-ml reactions in 50 mm sodium pyro-
phosphate buffer, pH 9 (reaction buffer, RB) were prepared
containing 2 mm 1,3-propanediol, 2 mm NAD™¥, 2.4 units of
lactate dehydrogenase, 20 mm sodium pyruvate, and 15 units of
recombinant alcohol dehydrogenase. The reaction was evalu-
ated by spectrophotometry at 266 nm against an equal enzy-
matic mix containing 20 mm pyrazole as inhibitor. MDA was
partially purified on a weak anion exchange resin (Dowex Mar-
athon WBA free base form, Sigma-Aldrich) which was used
without strong acid activation and prepared by washing with
RB. The column consisted of a poly-prep chromatography col-
umn (0.8 X 4 cm, Bio-Rad) filled with the resin (2 ml) and a
syringe needle (Becton Dickinson AG (BD) Alschwil, Switzer-
land, Microlance 3 25-gauge 5/8, 0.5 X 16 mm gauge) plugged
at the end to reduce and control the flow. The column was
conditioned with 10 ml RB-buffer. Then the reaction mix was
applied, and the column washed with 10 ml of RB-buffer.
Bound MDA was eluted with 0.5 N NaCl in 10 ml of RB. Eluting
fractions were collected in 24-well plates (Falcon Multiwell, BD
Franklin Lakes). MDA was measured by spectrophotometry
(Genesys 10S UV-Vis, Thermo Fisher Scientific) at 267 nm in
10 mm Na,PO, buffer, pH 11 based on molar absorption coef-
ficient (e = 31500 M~ * cm ™! (30). Wavelength scanning of the
combined MDA fractions was measured against a control run
lacking 1,3-propanediol and MDA. Freshly generated MDA
was used immediately.

Application of Volatile Malondialdehyde—Purified MDA
([** C], [U-*3 C], or [2-'* C]) was acidified with 4.5 N HCL. The
acidified MDA (200 nmol/plant and one liter of air volume) was
immediately pipetted onto cotton buds (3 buds per pot). The
plants were kept during the application in transparent, sealed
Plexiglas boxes (15 liters volume, 15 plants per box), or glass jars
(1 liter volume, 1 plant).

Lipid Extraction from Arabidopsis Leaves—Lipids were
extracted based on Ref. 31 with slight modifications. Leaves
were submerged rapidly in 3 ml of 75 °C pre-heated isopropanol
(+0.01% BHT) and heated for 15 min at 75 °C to prevent lipase
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activity. Samples were vortexed for 1 h after addition of 1.5 ml
of CHCl; and 0.6 ml of H,O. The organic phase was transferred
to new tubes, and the leaves were extracted again with 4 ml of
CHCI;/MeOH (2:1 + 0.01% butylated hydroxytoluene BHT).
The combined extractions were washed by the addition of 1 m
KCI (1 ml) and subsequent vortexing and centrifugation. The
organic phase was then washed again with 2 ml of H,O. Sam-
ples were subsequently evaporated to dryness under N, for
analysis.

HPLC Fractionation of Polar Lipids—After evaporation of
the solvent, lipids were resuspended in MeOH (1 ml). Polar
lipids were fractionated on a reverse phase C18 column (X Terra
Prep MSC18, 5 um, 10 X 150 mm; Waters GmbH, Eschborn,
Germany) with the following gradient: 1-100 min from 93%
MeOH and H,O to 100% MeOH with a flow rate of 2 ml min .
This was followed by a wash for 30 min with 100% MeOH, and
a flow rate of 5 ml min~* 1. The obtained fractions were trans-
ferred into 15 ml of Flo-Scintillation mixture (PerkinElmer) and
counted with Tri-Carb 2800TR (PerkinElmer) after letting the
samples rest overnight in the dark. The fractions containing the
peak of interest (18:3-16:3-MGDG for WT and 18:2-16:2-
MGDG for fad3-2 fad7-2 fad8) were combined prior to scintil-
lation counting (3 fractions), and only an aliquot used for the
scintillation: the majority was used for further analysis.

Hydrolysis of Lipids—Total lipids or purified lipids were
evaporated to dryness and resuspended in 5 ml of methanolic
KOH (1 m). The saponification reaction was allowed to proceed
overnight at room temperature. 10 ml NaCl 0.9% (w/v) was
added and non-saponified lipids were removed by extracting 3
times with diethylether (5 ml). The aqueous phase was acidified
with 600 ul HCI (4.5 M) and free fatty acids (FFAs) extracted
with 3 X 5 ml hexane. The combined hexane fractions were
washed again with H,O. The aqueous phase was mixed with 15
ml of scintillation mixture (Ultima Gold, PerkinElmer) and
counted. FFAs were treated with 0.5 ml of NaClO 13% (w/v) for
1 h to bleach chlorophyll prior to scintillation counting in Insta-
Fluor mixture (PerkinElmer). To establish counting efficiency
samples were re-counted after addition of a known amounts of
radioactivity.

UHPLC-QTOF-MS Analysis—Polar lipids were first sepa-
rated from apolar lipids by resuspension of total dried lipid
extracts in 1 ml of MeOH. The soluble lipids were then sepa-
rated by HPLC as described above, monitored for UV absor-
bance, and the eluted peaks of interest were concentrated. A
fraction (1 ul) of the concentrated HPLC fraction was separated
and analyzed with an Acquity UPLC coupled to a quadrupole
time-of-flight mass spectrometer (Waters) using negative elec-
trospray ionization. Column: Acquity BEH C18, 50 X 1.0 mm
i.d., 1.7-pum particle size. Solvents: A, water; B, methanol. Sol-
vent gradient was 0 —2 min from 85 to 100% MeOH, followed by
2 min of 100% MeOH and reequilibration for 1 min at 85%
MeOH with a flow rate of 200 ul min~"'. The high resolution
mass spectrometer was operated over an 85-1200 Da mass
range in MS* mode with alternating scans at low (4 eV) and
high (10-30 eV ramp) collision energies. Internal calibration
was obtained by constantly infusing a 400 ng/ml solution of the
synthetic peptide leucine-enkephalin (71/z 554.2615) in the
mass spectrometer.
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FIGURE 1. MDA levels change upon wounding in a light-dependent man-
ner. MDA levels in leaves of wounded 3.5-week-old plants kept in the light or
dark (n = 4-6). ANOVA analysis showed that the interaction between
wounding and light was not significant (F,, ,s = 3.175, p value = 0.05839, but
was for the single factor light versus dark (F, ,¢ = 21.007, p value = 0.00010).
Selected p values of 1:1 comparisons: increase of MDA in light-kept plants, 0
to 20 min after wounding; p value = 0.02924. Decrease in wounded light-kept
plants from 20 min to 45 min; p value = 0.62643. Time point t = 0 min
between white and dark kept plants; p value = 0.97111. In the dark MDA
levels neither increased upon wounding nor showed any decrease at the later
45 min time point (p values = 0.99997 and 1.00000, respectively).

Results

Changes in MDA Levels Following Wounding—In leaves,
wounding causes both free (unbound) chlorophyll accumula-
tion (32) and light-dependent singlet oxygen (*O,) generation
(27, 32, 33). This could, in theory, lead to the accumulation of
MDA following 'O,-dependent lipid fragmentation. To study
MDA dynamics in adult-phase plants we moved a set of Arabi-
dopsis plants into the dark or kept them in light. We then
wounded expanded leaves (Fig. 1). In light-kept plants, MDA
levels almost doubled 20 min after wounding from 8.6 nmol g~ *
dry weight (D.W.) in control leaves to 15.4 nmol g~ D.W. in
wounded leaves. MDA levels started to decrease again at 45 min
to 12.2 nmol g ' D.W.

Conducting the same wounding procedure in dark-kept
plants we observed a very different effect on MDA levels. First,
MDA levels were slightly lower (7 nmol g~' D.W.) in resting
plants compared with the light kept plants. In the dark, MDA
levels neither increased upon wounding nor showed any
decrease at the later 45 min time point. To investigate possible
MDA metabolism in light-kept leaves we developed a protocol
to synthesize the isotope-labeled molecule.

Generation and Purification of Labeled MDA—MDA can be
generated by acidification of 1,1,3,3-tetraethoxypropane (TEP)
although this generates reactive species in addition to MDA
(34). To maximize control over MDA generation we chose the
enzymatic oxidation of 1,3-propanediol to MDA using equine
ADH (28). The maximum conversion efficiency for the ADH
reaction was reported to be up to 60%, leaving residual 1,3-
propanediol as well as 3-hydroxypropanal (3-HPA) that must
be removed if the MDA is used in a biological system. The
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FIGURE 2. Purity of final MDA eluate. Left column, chromatograms; right column, mass spectra (PCl mode). A, MDA generated from tetrabutylammonium
malondialdehyde salt. The double peak results from either cis-or trans-formation of the adduct. B, purified 3-HPA. Peak eluting at 15.23 min is 3-HPA, the other
one at 15.15 a derivatization agent artifact. C, products generated by enzymatic conversion of [U -'*C]propanediol. Both MDA and 3-HPA were observed
showing the expected m/z +3 mass shift. D, '*C-MDA purified by anion-exchange chromatography. Samples were derivatized using PFHBA.

highest efficiency we observed was between 40-50% conver-
sion with 7.5 units mMm ™" of 1,3-propanediol and a speed of
about 400 pmol h ™! in the first 24 h. The maximum conversion
was obtained after 2—3 days for 10 ml preparations containing 2
mM 1,3-propanediol. In our hands, the recombinant enzyme
worked less efficiently than reported for the native horse ADH
(28).

After synthesis at pH 9, MDA was bound to an anion
exchange resin and washed prior to elution with NaCl. 2 ml of
resin was capable of binding 5 umol of MDA with 94 * 6% of
the loaded MDA being recovered. For further experiments,
only fractions with an MDA concentration higher than 300 um
were pooled. The absorbance spectrum of combined eluted
MDA fractions correlated with the reported MDA absorbance
(30), showing a maximum at 267 nm. Wavelength scanning of
1,3-propanediol in Na;PO, buffer did not show any absorbance
in the MDA range. To summarize, from 20 wmol 1,3-propane-
diol we obtained 6 to 9 wmol of purified MDA, usually in a
concentration between 1 and 2 mm.

GC/MS analysis was used to examine MDA purity (Fig. 2).
An MDA standard produced from tetrabutylammonium MDA
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showed two major peaks after derivatization with PFBHA
according to the cis-or trams-confirmation of the PFBHA
adduct (Fig. 2A). These peaks showed the expected mass of m/z
463, which derives from the bonding of one PFBHA molecule
per aldehyde group of MDA (Fig. 24, right panel). For 3-HPA
we found a double peak with the expected mass of m/z 342 (Fig.
2B). 3-HPA binds to one molecule of PFBHA and the free
hydroxy-group is further derivatized by the BSTFA adding an
additional (Si(CH,);)-group. When 1,3-[U-"*C]propanediol
was used as a substrate for ADH, the resulting masses for MDA
and 3-HPA were shifted by +3 Da to m/z 466 and m/z 345,
respectively and the mass spectrum of the first double peak
eluting at 15.13 and 15.23 min (Fig. 2C, right panel) was similar
to that of the 3-HPA standard (Fig. 2B). The major peak eluting
between 21.41 and 21.81 min was found to be MDA (mass spec-
trum similar to Fig. 2D, right panel). The enzymatic mix was
further purified by anion exchange to obtain MDA which was
dominant in the eluate. We then ensured that 1,3-propanediol
was not present in the purified MDA. 1,3-propanediol, which
does not react with PFBHA, was derivatized with 4-(trifluoro-
methyl) phenylboronic acid (TMPBA) which forms cyclic
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structures with 1,3- and 1,2-diols (35). The structure and mass
spectrum of the 1,3-propanedio:TMPBA adduct is shown in
Fig. 3A. We loaded 1 mm 1,3-propanediol in reaction buffer (10
ml) onto the anion exchange column and proceeded similarly
to the MDA purification procedure: The flow-through was col-
lected, non-bound material was washed off with buffer, and
bound compounds were eluted with 0.5 m NaCl. Importantly,
no 1,3-propanediol was detected in this eluate (Fig. 3B).

Incorporation of "*C-MDA-derived Radioactivity into Plant
Lipids—[U-">C]MDA was used to establish an uptake proce-
dure for volatile MDA into living plants. Exposure of single
plants to 25 nmol of volatilized '*C-MDA in a 1 liter air volume
doubled the resting level of MDA in leaves. Extracted MDA
displayed two MDA mother ions, one for the endogenous MDA
and a new one with a mass shift of 3 Da according to three
incorporated heavy-labeled carbons. To test the hypothesis
that exogenous MDA might be incorporated into lipids, plants
were incubated with **C-MDA [0.45 nCi nmol™!] for 24 h at
which time total lipids were extracted. The extracted lipids dis-
solved in diethylether were loaded onto silica columns.

Scintillation counting showed 50-70% of the total counts
being present in the water soluble fraction or remained bound
in the tissue, whereas 30 -50% of the *C was recovered in apo-
lar lipid-containing extracts. These findings recapitulated sim-
ilar observations from '*C-MDA feeding experiments in mice
(36). After feeding of mice with "*C-MDA, 20% of the radioac-
tivity was found 4 h later in lipids. Preliminary thin-layer chro-
matography (TLC) analysis of lipid extracts confirmed radioac-
tivity in discrete molecular species.

Identification of an MDA End-point Metabolite—To identify
and purify the major lipid species showing '*C incorporation,
we separated polar lipids by reverse-phase HPLC, monitoring
the eluent at 200-500 nm (37) (Fig. 4A4). Quantitative scintilla-
tion counting of the fractions (Fig. 4B) revealed a major radio-
active peak with a retention time of about 32 min (Fig. 4B),
correlating with the observation from the TLC on which we
found high radiation concentrated in one band. The hypothesis
that the major radioactive peak observed in HPLC might con-
tain TFAs was tested using the fad3-2 fad7-2 fad8 mutant (24).
fad3-2 fad7-2 fad8 plants were exposed for 24 h to "*C-MDA
and polar lipids analyzed by HPLC and scintillation counting
(Fig. 5). As judged by the UV-absorbance profile, the polar lipid
composition of the mutants (Fig. 54) was strikingly different
compared with that of the WT (Fig. 4A). The fad3-2 fad7-2 fad8
mutant lacked the major radioactive peak observed at 32 min in
the WT, but contained a new major peak at 45 min (Fig. 54,
black box).

To identify the major *C-containing lipid obtained after
treating plants with "*C-MDA, the fraction of interest was iso-
lated from an identical HPLC separation using '>*C-MDA. Lipid
extracts first separated by HPLC were analyzed by UHPLC-
QTOEF-MS (Fig. 6). One major peak eluted at 2.25 min after
some early eluting putative breakdown products (Fig. 6A). Ana-
lyzing the high resolution fragmentation spectrum of the major
peak we concluded that the molecule was 18:3-16:3-
monogalactosyldiacylglycerol (18:3-16:3-MGDG, Fig. 6, B and
C). The molecule gave a parent ion at m/z 745.4888 (corre-
sponding formula C,3Hg,0;,) and a formate adduct at m/z
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FIGURE 3. Analysis of 1,3-propanediol in anion exchange fractions by
GC/MS. A, chemical structure and mass spectrum of the 1,3-propanediol:
TMPBA adduct (PCl mode). B, 1,3-propanediol presence in different anion
exchange fractions. Total ion currents were monitored. Starting material: 1,3-
propanediol (1 mm) in 50 mm pyrophosphate buffer, pH 9. Flow-through after
the mix was loaded on a weak basic anion exchange column, wash of the
column with pH 9 pyrophosphate buffer; eluate, combined fractions eluted
with 0.5 N NaCl; *, contaminant.

791.4941. The fragmentation peaks at m/z 249.1857
(C16H550,) and m/z 277.2171 (C,gH,50,) represented linole-
nic acid (18:3) and hexadecatrienoic acid (16:3) moieties,
respectively. This result required genetic verification.
UHPLC-QTOF-MS confirmed that the corresponding "*C-
MDA incorporation peak in fad3-2 fad7-2 fad8 lipids was not
18:3-16:3-MGDG, since its retention time (2.4 min) and
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FIGURE 5. HPLC separation of lipid extracts from fad3-2 fad7-2 fad8 plants
exposed to "*C-MDA for 24 h. A, polar leaf lipids from ' C-MDA treated
fad3-2 fad7-2 fad8 (fadt) plants, separated by HPLC and monitored by light
absorption. B, radiation distribution in HPLC-fractions measured by liquid
scintilla}tion. (Pool of leaves from 5 plants, 400,000 dpm/plant |~ ; SA: 0.9 nCi
nmol™").

MS/MS spectrum differed. The parent ion at m/z 749.5204
(C43H,50,,) and fragment ions at m/z 251.2016 (C, H,.0,)
and m/z279.2329 (C,3H;, 0,), indicating hexadecadienoic acid
(16:2) and linoleic acid (18:2), respectively, revealed that the
molecule was 18:2-16:2-MGDG. This result supported the pre-
vious finding (Fig. 4) that a major MDA-derived metabolite in
WT leaves was 18:3—16:3-MGDG. Quantitative analysis after
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FIGURE 6. Identification of 18:3-16:3-MGDG as an end-point MDA metab-
olite. A, UHPLC-QTOF-MS analysis of the major product of "*C-MDA incorpo-
ration extracted from plants exposed to '>C-MDA (4 plants combined) and
pre-separated by HPLC. B, mass spectrum of the peak at 2.25 min room tem-
perature. C, chemical structure of the molecule and the fragments identified
by MS.

saponification (38) of the '*C-labeled 18:3-16:3-MGDG
revealed that 84 * 3.3% of the '*C-counts in lipids were present
in the FA-moiety with the rest in the head-group.

Acetate as a Potential MDA Metabolite—'*C-acetate is read-
ily incorporated in MGDG in 18:3 plants (39, 40). To examine
whether MDA might travel through acetate as a metabolic
intermediate, we analyzed '*C-MDA incorporation into lipids
in the acetyl-CoA synthetase (ACS) mutant acs1 (29). ACS uses
acetate, ATP and CoA to generate acetyl-CoA which can be
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FIGURE 7. '*C-acetate and "*C-MDA incorporation into lipids of WT and
acs1 plants. A, '*C-acetate incorporation in WT and acs1 plants. B, "*C-MDA
incorporation in WT and acs1 plants. For both treatments total lipids were
saponified following 6 h exposure of plants to the volatile tracer. The FA-con-
taining phase was extracted and analyzed by scintillation counting; counts
shown as disintegrations per minute (dpm) per mg dry weight (D.W.) plant
tissue. 5 biological replicates per genotype and treatment were used (**C-
acetate: 100,000 dpm/plant 1"; SA: 0.225 nCi nmol~", "*C-MDA: 400,000
dpm/plant |~; SA: 0.9 nCi nmol ). **, p < 0.001.

used for FA synthesis and a 90% decrease of '*C-acetate incor-
poration into FAs relative to the WT was reported for acsi
plants (29). We compared "*C-MDA incorporation in mutant
and WT plants after 6 h. As reported, incorporation of **C-
acetate into FAs was found to be strongly reduced in acs! plants
compared with the WT. However, the acsI mutation did not
affect '*C-MDA incorporation into FAs (Fig. 7).

Discussion

Most MDA in healthy leaf tissue originates from the frag-
mentation of chloroplast PUFAs (19, 25) and this is likely to
involve 'O,-induced fatty acid chain fragmentation (19, 25), a
process that is light-dependent (11). Consistent with this, we
found that leaves that had been wounded in the light produced
more MDA than those wounded in the dark and we observed
that MDA increases after wounding were transient. We set out
to find major metabolites in which carbon was recruited from
exogenous lipid fragments, basing our strategy on the use of
high purity isotope-labeled MDA.
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MDA is commonly obtained from its tetrabutylammonium
salt or from the acid hydrolysis of 1,1,3,3-tetraethoxypropane
(TEP). Neither of these methods is useful for the generation of
high purity isotope-labeled MDA. For example, the generation
of MDA from TEP produces other reactive side-products such
as B-ethoxy-acrolein and B-methoxy-acrolein (34). Both of
these aldehydes might be toxic or have biological activity,
potentially interfering with the analysis of MDA metabolism.
We therefore used enzymatic conversion of 1,3-propanediol to
MDA (28). Summerfield and Tappel (28) purified the MDA that
they generated enzymatically by acidifying to pH 3 to make
MDA volatile. The MDA was driven into the gas phase by heat-
ing to 50 °C, then captured by condensing the vapor at —78 °C.
However, this method is suboptimal for MDA purification due
to the danger of generating artifacts through heating (41). In the
present study we used the fact that MDA is charged above pH
4.5 to trap MDA on anion exchange columns, while the
unbound alcohols were eluted. To prevent loss of volatile MDA
a high salt concentration was chosen over acidification for the
elution of MDA from the column. The purification technique
we developed is simple, versatile and permitted MDA to be
isolated in millimolar concentrations. It should prove useful in
further studies employing MDA.

MDA was taken up and rapidly turned over in Arabidopsis
leaves, findings that recapitulated similar observations from
“C-MDA feeding experiments in rodents (36, 42, 43). These
earlier experiments in animals suggested that MDA was metab-
olized through the TCA cycle (43) or might be used in fatty acid
(FA) assembly (36). Our results clearly show MDA incorpora-
tion into FAs in plants.

Atits metabolic entry point, MDA could be either reduced or
oxidized (41). If this is the case then both pathways would pro-
duce unstable and potentially short-lived intermediates. Yam-
auchi et al. (44) characterized several plant enzymes capable of
reducing reactive carbonyls. Such enzymes would likely pro-
duce 3-hydroxypropanal (3-HPA) from MDA. However, we
were unable to detect this aldehyde in leaves. The alternative is
oxidative metabolism where ADHs have been proposed to cat-
alyze MDA oxidation to malonate semialdehyde (MSA; 36). We
note that (methyl)malonate semialdehyde oxidative decarbox-
ylases that might catalyze the direct conversion of MSA to
acetyl-CoA (45, 46) might exist in Arabidopsis. This led us to
synthesize MSA using conversion from ethyl 3,3-diethoxypro-
panoate (47) and we used it as a standard for GC/MS analysis,
but we were unable to detect MSA in leaves. In vitro, MSA is
unstable and quickly decomposes to acetaldehyde and CO.,.
Moreover, if acetaldehyde was generated from MDA it might
be converted through ADH action to acetate. However, the fact
that the acs mutant showed WT levels of MDA incorporation
suggests that acetate may not be a major intermediate in MDA
metabolism in leaves or that a metabolic bypass exists. How
MDA enters FA synthesis pathways is still unclear but in the
present work we unequivocally identified a product of its incor-
poration into lipids.

To identify major products of MDA metabolism we concen-
trated on plants that had been exposed for 24 h to "*C-MDA. A
major radioactive species derived from MDA was identified as
18:3-16:3-MGDG. MGDG is one of the most abundant lipids
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on earth and is also the dominant lipid species in leaves of wild-
type Arabidopsis (>40% of total lipids (4). The thylakoid mem-
branes of this plant are highly enriched in 16:3- and 18:3-con-
taining MGDGs (10). Here, we found (Fig. 1) ~10 nmol per g
dry weight MDA in 3.5-week-old leaves. MDA levels in older
leaves are reported to be higher (16, 25). This suggests that
MDA levels may increase upon full leaf expansion. These levels
are low relative to the large MGDG pools in leaves, so, in our
experiments, only a fraction of MGDG is likely to be subject to
oxidative fragmentation after wounding.

MGDGs play important structural and functional roles, for
example in stabilizing photosystem II (PSII; 48) and MGDG
deficiency causes reduced photoprotection (49). Several of the
lipids tightly associated with the PSII reaction center are
MGDGs (9, 50). They separate PS II from the antenna and sub-
units and provide an environment that facilitates turnover of
the D1 subunit (9). TFAs, which are enriched in thylakoid
galactolipids, are necessary for recovery from photoinhibition
(10). Genetic work on MGDG itself has revealed important
functions in chloroplast function and survival. On the one hand
an MGDG synthase 1-deficient mutant (mgd1-2) in Arabidop-
sis causes a dwarf-albino phenotype and is incapable of cor-
rectly assembling subunit-proteins for PS II (51). Also, treat-
ment with the inhibitor galvestine-1 led to a reduced MGDG
content which was accompanied by impaired chloroplasts
development and fewer thylakoids (52). On the other hand,
overexpression of a rice MGDG synthase in tobacco strongly
increased tolerance to salt stress (53). Here, we propose that
MGDGs surrounding PS II, a major site of 'O, formation (6),
might provide a buffer to protect proteins from damage by 'O,
and/or by hydroxyl radicals in plastids. Some effects of either
reducing or increasing MGDG synthesis may be related to ROS
capture and protein protection by this lipid.

In summary, it is intriguing that a major end-point metabo-
lite of MDA metabolism (18:3-16:3-MGDG) represents the
likely substrate for production of MDA. Here, we propose that
MDA resulting from omega-3 fatty acid fragmentation serves
as an intermediate in an important lipid repair cycle that may be
widespread in nature. Photosynthesis predates the origin of
eukaryotes, and PUFAs including triunsaturated fatty acids are
present in the thylakoids in cyanobacteria (reviewed in 54). It is
therefore possible that the PUFA/MDA cycle we have begun to
delineate has its origins deep in time. Furthermore, analogous
cycles may occur in other biological contexts where ROS gen-
eration is associated with high levels of membrane PUFAs.
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