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Glycerolipid synthesis in plants involves two major metabolic
pathways compartmentalized in the chloroplasts and cytosol,
respectively. Although these two parallel pathways are regulated
with considerable flexibility, the factors mediating this process
remain unclear. To investigate the influence of glycerol 3-phos-
phate (Gly-3-P) on the interactions of the glycerolipid pathways,
we generated transgenic Arabidopsis lines with a feedback-re-
sistant Gly-3-P dehydrogenase gene (gpsA*®) from Escherichia
coli. gpsAF® was detected in the cytosol, but augmented Gly-3-P
levels were observed in the cytosol as well as in chloroplasts.
Glycerolipid composition and fatty acid positional distribution
analyses revealed an altered fatty acid flux that affected not only
the molar ratios of glycerolipid species but also their fatty acid
composition. To decipher this complex pathway, a transgenic
line was subjected to lipidomic analysis and a global gene-ex-
pression survey. The results revealed that changes in Gly-3-P
metabolism caused altered expression of a broad array of genes.
‘When viewed from the perspective of glycerolipid metabolism,
coherent networks emerged, revealing that many enzymatic
components of the glycerolipid pathways operate in a modular
manner under the influence of Gly-3-P. Transcript levels of the
enzymes involved in the prokaryotic pathway were mostly
induced, whereas genes of the eukaryotic pathway enzymes were
largely suppressed. Hence, the gene-expression changes were
consistent with the detected biochemical phenotype. Our re-
sults suggest that Gly-3-P modulates the balance of the two glyc-
erolipid pathways in Arabidopsis by influencing both metabolic
flux and gene transcription.

In plant cells, fatty acids are generated primarily in plastids,
but glycerolipid biosynthesis takes place both in chloroplasts
and in the cytosol (1-3). The glycerolipid pathway in chloro-
plasts is believed to be crucial for generating phosphatidylglyc-
erol (PG),? but in species such as Arabidopsis, it also contrib-
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utes partially to the production of monogalactosyldiacylglycerol
(MGDG) and digalactosyldiacylglcyerol (DGDG) in chloro-
plasts. The glycerolipid pathway in the cytosolic compartment,
known as the eukaryotic pathway, sustains the synthesis of all
membrane phospholipids in the cytosol, and it also generates
some of the diacylglycerol (DAG) moieties required for the syn-
thesis of MGDG and DGDG (3). The chloroplast pathway,
which incorporates fatty acid groups from acyl-ACP to gener-
ate glycerolipid molecules resembling cyanobacteria glycero-
lipids with C, fatty acids were esterified almost exclusively at
the sn-2 position (4-7), is termed the prokaryotic pathway.
Because the sn-2 C fatty acid in MGDG originating from the
prokaryotic pathway is subsequently desaturated to form cis-
7,10,13-hexadecatrienoic acid (C,4.5) (8,9), the presence of 16:3
is indicative of a contribution from the prokaryotic pathway.
Species that possess a significant portion of 16:3 MGDG are
generally called 16:3 plants.

In Arabidopsis, a typical 16:3 plant, close to half of the DAG
moieties originating from the eukaryotic pathway are chan-
neled to the chloroplast for membrane glycerolipid synthesis
(10). However, the flux of DAG is flexible, being frequently
readjusted under different growth conditions (11-13) and in
the presence of genetic lesions (14-19). Understanding this
metabolic adjustment is important because impairments in bal-
ancing the two glycerolipid pathways have major consequences
for plant performance (20-22).

Gly-3-P is an obligate precursor at the initial step of glycero-
lipid synthesis. Experiments using isolated chloroplast and leaf
explants have all revealed Gly-3-P as a factor influencing the
balance of the two glycerolipid pathways (1, 3, 7, 23, 24). A
deficiency in Gly-3-P in chloroplasts reduces the carbon flux
through the prokaryotic pathway (25). In previous reports, the
role of Gly-3-P was explained chiefly by its capacity to affect
fatty acylation processes in chloroplasts. In this study, we gen-
erated transgenic Arabidopsis plants with increased Gly-3-P
levels by overexpressing an Escherichia coli gene encoding a
Gly-3-P dehydrogenase (gpsA™™®) insensitive to feedback inhi-
bition (26). The transgenic lines had Gly-3-P levels severalfold
higher than wild-type controls under standard growth condi-
tions, and they exhibited a glycerolipid phenotype consistent
with an adjusted metabolic balance between the two glycero-
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digalactosyldiacylglycerol; DAG, diacylglycerol; qRT, quantitative reverse
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electronspray tandem mass spectrometry.
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lipid pathways. We conducted lipidomic as well as global gene-
expression analyses with the transgenic plants. Our data pro-
vide a comprehensive view of the metabolic and enzymatic
components involved in balancing the two glycerolipid path-
ways in response to Gly-3-P level changes. Our results also
reveal many transcriptional changes in the enzymatic compo-
nents of the glycerolipid pathways associated with Gly-3-P met-
abolic perturbation.

EXPERIMENTAL PROCEDURES

Plant Materials and Growth Conditions—Plants were grown
in growth chambers with a 16-h light and 8-h dark regime
with a photosynthetic photon flux density of 75 wmol of pho-
tons m~ > s~ '. The day/night temperature was controlled at
22/17 °C. All biochemical analyses were performed with leaves
harvested at the rosette stage from 3-week-old plants.

Construction of a Plant Transformation Vector for gpsA™8—
Bacterial strain BB26-36R2 (gpsA™%, plsB) was a generous gift
from Professor John E. Cronan, Jr. (University of Illinois, Urba-
na-Champion). The gpsA™* allele was PCR amplified and fully
sequenced. Primers GAGAGCTCTTAGTGGCTGCTGC-
GCTC (GPSA31) and GAAGAAGGATCCAACAATGAACC-
AACGTAA (GPSAS5) were designed according to the sequence
of gpsA™® (accession P37606) with Sacl and BamHI restriction
sites, respectively, at each end. The primers were used to per-
form PCR amplification of the gpsA*® sequence. The PCR prod-
ucts were purified with a QIAquick PCR purification Kit (Qia-
gen) and digested with Sacl/BamHI. The Sacl/BamHI-digested
gpsA™ DNA fragment was subsequently inserted into the
Agrobacterium binary vector pBI121 (Clontech) to replace the
GUS gene. The gpsA*™® gene-expression cassette thus contains
the gpsA™® gene under control of the constitutive >*S-promoter
and flanked at the 3’ end with a NOS terminator. The junction
region between the **S-promoter and the gpsA’™® coding se-
quence was confirmed through sequencing. Transformation of
Arabidopsis was performed through vacuum infiltration, and
T1 transgenic plants were selected through germinating seeds
in %4 MS medium containing 50 mg/liter of kanamycin. Bio-
chemical analysis was performed with tissues harvested from
T2 plants.

Chloroplast Preparation—Chloroplasts were isolated from
3-week-old Arabidopsis rosette leaves according to the method
of Rensink et al. (27) using a Percoll gradient consisting of 2
ml of 70% (v/v) Percoll (Sigma), 4 ml of 50% (v/v) Percoll, and 4
ml of 40% (v/v) Percoll/grinding buffer in a 15-ml polycarbon-
ate tube. The gradient was centrifuged for 15 min at 5000 X gin
an HB-4 rotor with the brake off. The lower band at the 50 to
70% interface was isolated for Gly-3-P content and Western
blot analysis. All operations were carried out at 4 °C. Protein
content was measured according to the method of Bradford
(28).

Metabolite Extraction and Analysis—Gly-3-P in leaf tissues
was extracted according to the method of Shen et al. (29). Gly-
3-P in chloroplasts was extracted by the protocol of Sauer and
Heise (30). Ice-cold chloroplast suspensions were immediately
centrifuged through a layer of silicon oil into 20 ul of 1 M HCIO,,
after isolation. The concentration of Gly-3-P in the neutralized
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leaf and chloroplast extracts was measured enzymatically via
Gly-3-P dehydrogenase based on the method of Shen ez al. (29).

Fatty Acid and Lipid Analysis—For determining the fatty
acid composition of leaf tissues, Arabidopsis leaves (200 mg) in
2 ml of 10% KOH in methanol were heated at 80 °C for 2 h. After
the mixture was cooled to room temperature and 1 ml of 50%
HCl was added, the mixtures were extracted twice with 2 ml of
hexane and dried under N,. Each sample was then supple-
mented with 2 ml of 3 N methanolic HCl and heated at 80 °C for
2 h. After the addition of 2 ml of 0.9% NaCl solution and 2 ml of
hexane, fatty acid methyl esters were extracted into the organic
phase and determined by gas chromatography. Fatty acid dou-
ble bond indices were calculated as described by Falcone et al.
(31).

Lipid extraction and purification by two-dimensional thin
layer chromatography (TLC) on Silica Gel 60 (EMD Chemical,
Germany) was performed according to the method of Miquel
and Browse (18). Leaf tissues were frozen rapidly by immersion
in liquid N, and ground under liquid N, before being extracted.
The plate was first developed in chloroform, methanol, 50%
aqueous ammonia (65:35:2, by volume). After being allowed
sufficient time to dry, the plate was then developed, at right
angles to the first development, in chloroform, methanol, acetic
acid, water (85:15:10:3, by volume). Lipids were visualized with
iodine vapor. To determine the fatty acid composition and the
relative amounts of individual lipids, the silica gel from each
lipid spot was transferred to a screw-capped tube, and fatty acid
methyl esters were prepared as described above. The methyl
esters were quantified by gas chromatography using 17:0 fatty
acid as an internal standard.

The fatty acid composition at the sn-2 position of individual
lipids was determined by lipase digestion according to Miquel
etal. (25). After TLC, lipids were extracted from the silica gel by
the method of Bligh and Dyer (32). The protocol for digestion
with Rhizopus sp. lipase, including purification of the lyso-de-
rivatives and fatty acids, was described by Siebertz and Heinz
(33), except that 50 mm H;BO, was added to the buffer used for
lipase digestion to minimize intramolecular acyl transfer on the
lyso-lipids produced (25). Fatty methyl esters were formed from
untreated lipids, /yso-lipids, and fatty acids as described above,
and the fatty acid composition of each compound was deter-
mined by gas chromatography.

Lipid extraction for lipidomic analysis was performed
according to the method of Welti et al. (34). For each sample,
the rosettes of two or three plants were cut at the sampling time
and transferred to 3 ml of isopropyl alcohol with 0.01% buty-
lated hydroxytoluene at 75 °C. After 15 min, 1.5 ml of chloro-
form and 0.6 ml of water were added. The tubes were shaken for
1 h, followed by removal of the extract. The plants were re-ex-
tracted with chloroform/methanol (2:1) with 0.01% butylated
hydroxytoluene five times with 30 min of agitation each time
until all of the remaining plant tissue appeared white. The
remaining plant tissues were heated overnight at 105 °C and
weighed. The weights of these dried, extracted tissues were the
“dry weights” of the plants. The dry weights ranged from 9 to 47
mg. The combined extracts were washed once with 1 ml of 1 m
KCI and once with 2 ml of water. The solvent was evaporated
under nitrogen, and the lipid extract was dissolved in 1 ml of
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chloroform. Electronspray tandem mass spectrometry (ESI-
MS/MS) analysis was performed at the Kansas Lipidomic
Research Center.

Immunoblot Analysis of gpsA™ Protein from Leaves and
Chloroplasts—Polyclonal antibodies were raised in rabbits to
two polypeptides, GLEAETGRLLQDVAREALGDQIPLAV-
ISGP and LASTDQTFADDLQQLLHCGKSFRVYSNPDF, syn-
thesized based on the deduced amino acid sequence of E. coli
gpsA™R, Immunoblot analysis of gpsA™® protein from total leaf
extracts and purified chloroplasts was performed according to
Millenaar et al. (35). Proteins (10 ug) were separated by SDS-
PAGE and subsequently electrotransferred to nitrocellulose fil-
ters using blot transfer buffer (25 mm Tris, 192 mum glycine, 20%
(v/v) methanol). Antiserum for gpsA™® was used as the primary
antibody with a dilution factor of 1:1000. Anti-rabbit IgG Fab
fragments conjugated to peroxidase (Roche Applied Science)
were used as the secondary antibody (1:25,000). The blot was
detected for 1.5 min using the protein gel blotting detection
reagent ECL+ Plus (Amersham Biosciences) and developed
with BioMax MR film (Kodak).

RNA Extraction and Microarray Analysis—Total RNA of
leaf tissues was extracted using an RNeasy Mini Kit (Qiagen)
under the manufacturer’s recommendations and subjected to
RNase-free DNase I treatment (Invitrogen) at 25 °C for 15 min
to remove contaminating DNA. The yield and RNA purity were
determined spectrophotometrically with a spectrophotometer
DU®740 (Beckman), and the quality of the RNA was verified by
electrophoresis on a denaturing formaldehyde-agarose gel.
Purified total RNA was precipitated and resuspended in diethyl
pyrocarbonate-treated water to a final concentration of 500
ng/ul.

Synthesis of cDNA, cRNA labeling, hybridization, and scan-
ning were performed at the Botany Affymetrix Genechip
Facility, University of Toronto (Toronto, ON, Canada).
Three independent biological replicates were performed for
both the wild-type and the transgenic line. A total of six. CEL
files containing the raw probe intensity values were imported
into the R-package Affy (36). Background adjustment and
quantile normalization were performed using the robust mul-
tianalysis package implemented in Bioconductor (37). The
quantile normalization method was used because it has better
precision than MicroArray Suite 5.0 (Affymetrix) and dChip for
low expression values (38). Using the R-package LIMMA (by
reading the data and creating an expression set of the data after
log, transformation), a linear model was fitted and contrast of
“transgenic versus wild-type” was extracted. For each gene, the
mean log, fold-change and corresponding p value were calcu-
lated from an empirical Bayes approach to compute moderated
t-statistics (39). False discovery rate correction (40) was applied
to account for testing of multiple genes. Genes were considered
differentially regulated if the p value was less than 0.05 and the
fold-change in the expression level was greater than 1.5. Func-
tional annotations of genes were obtained from the Bio-Array
Resource for Arabidopsis Functional Genomics data base
(BAR) using the probe set numbers provided by the GeneChip
manufacturer (Affymetrix Co.).

Real Time Quantitative RT-PCR Analyses—Total RNA was
extracted from the leaves of wild-type and transgenic plants
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with the Plant RNeasy Mini kit (Qiagen). The amount of RNA
was determined by spectrophotometry at 260 nm, and its integ-
rity was assessed by gel electrophoresis.

For real time quantitative RT-PCR (qRT-PCR), 1 ug of total
RNA was used for cDNA synthesis with a QuantiTect Reverse
Transcription kit (Qiagen). Specific primers (T, 57 °C-63 °C)
were designed to generate PCR products between 75 and 130
bp. The specificity of all primers was checked with BLASTn
searches. Actin 2 (At3g18780) was used as an endogenous con-
trol for standardization. The primers used for qRT-PCR are
listed in supplemental Table S5.

Real time qRT-PCR was performed with Power SYBR Green
PCR Master Mix (Applied Biosystems) and amplification was
monitored with ABI StepOne Real Time PCR Systems (Applied
Biosystem). A standard thermal profile was used for all PCRs:
50 °C for 2 min; 95 °C for 10 min, followed by 40 cycles of 95 °C
for 15 s, 57 °C for 30 s, 72 °C for 30 s. Data acquisition and
analysis were performed using StepOne software 2.0 (Applied
Biosystems). Genes picked for verification with real time PCR
were chosen based on their possible significance in glycerolipid
pathways. Results from three replicates are shown.

Statistical Analysis—Statistical significance was determined
by the Student’s unpaired ¢ test (two-tailed).

RESULTS

Transgenic Plants with a Feedback-insensitive E. coli Gly-3-P
Dehydrogenase Gene (gpsA™) Had Elevated Gly-3-P Content in
Both the Cytosol and Chloroplasts—Bell and Cronan (26) dis-
covered a mutant E. coli strain, BB26-36R2 (gpsA*%, plsB), in
which the Gly-3-P auxotrophic phenotype, due to a mutation in
Gly-3-P acyltransferase (plsB), is suppressed by a second muta-
tion in the structural gene (gpsA, accession P37606) encoding
the biosynthetic Gly-3-P dehydrogenase. The mutated version
of the Gly-3-P dehydrogenase, gpsA™, is about 20-fold less sen-
sitive to feedback inhibition, and as a result, E. coli strains har-
boring this allele had Gly-3-P contents 12 times higher than
that of the control. We amplified the coding region of the
gpsATR allele and found a point mutation in the cordon for
amino acid 255 (GAS — GAQ), which resulted in a conversion
of Asp®®® in the wild-type enzyme (PID, g91790037) to Glu*>®
in gpsA™®. The structural significance of this amino acid sub-
stitution is unclear, but the residue is located very close to the
active site pocket based on the structure of human Gly-3-P
dehydrogenase (41). This gpsA™® allele was inserted into a plant
transformation vector under the control of the constitutive
CaMYV **S-promoter and introduced into Arabidopsis thaliana
(ecotype Columbia).

The gpsA*™® transgenic plants were indistinguishable from
wild-type plants in growth and development under standard
growth conditions. We assessed gpsA™® protein levels in several
transgenic lines by immunoblot analysis. Total leaf protein
extracts and protein prepared from purified chloroplasts were
subjected to SDS-PAGE as described under “Experimental Pro-
cedures.” High levels of gpsA® protein were detected in the
total leaf extract, but not purified chloroplast extract (Fig. 14).
Thus, as expected, the gpsA™® protein appeared to be localized
in the cytosol.
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Gly-3-P content was assessed using rosette leaves of plants
growing in soil. Leaf tissues of wild-type Arabidopsis plants had
Gly-3-P levels of 60 nmol/g of fresh weight, whereas the trans-
genic lines had Gly-3-P level of 200 nmol/g of fresh weight
(Fig. 1B, panel a). We also isolated chloroplasts and deter-
mined Gly-3-P levels in this particular compartment. Wild-
type Arabidopsis chloroplasts under our growth conditions
had a Gly-3-P level of 5 nmol/mg of chlorophyll, a level
within the range reported for spinach (11 nmol/mg of chlo-
rophyll) (1). However, chloroplasts of the transgenic lines
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FIGURE 1. Immunoblot analysis of gpsA® protein and measurement of
Gly-3-P levels in the gpsA*® transgenic lines and wild-type (WT). A, immu-
noblot analysis of the gpsA™® protein. Immunoblots of total leaf and chloro-
plast proteins from both gpsA™ transgenic and wild-type lines probed with
polyclonal antibodies raised against two polypeptides from gpsA™®. Lane 1,
wild-type total leaf protein extract; lane 2, wild-type chloroplast protein
extract; lane 3, total leaf protein extract from gpsA™ transgenic line 84-10; lane
4, chloroplast protein extract from gpsA™ transgenic line 84-10; lane 5, total
leaf protein extract from gpsA™ transgenic line 102-5; lane 6, chloroplast pro-
tein extract from gpsA™® transgenic line 102-5; lane 7, total leaf protein extract
from gpsA™ transgenic line 22-44; and lane 8, chloroplast protein extract
from gpsA™® transgenic line 22-44. Approximately 10 ug of protein was
loaded in each lane. B, Gly-3-P levels in the gpsA™ transgenic lines and wild-
type. Gly-3-P levels were assayed as described under “Experimental Proce-
dures.” Panel a, leaf Gly-3-P levels in the gpsA™ transgenic lines and wild-type
plants; panel b, chloroplast Gly-3-P levels in gpsA™ transgenic lines and wild-
type plants. Error bars represent mean =+ S.D. (n = 3). Statistical significance
compared with the wild-type was determined by the two-tailed Student’s t
test (¥, p < 0.05; **, p < 0.01; ***, p < 0.001).

TABLE 1

had a Gly-3-P level severalfold higher than that of the wild-
type control (Fig. 1B, panel b). The chloroplast Gly-3-P con-
tent might have been underestimated due to possible leakage
during organelle fractionation. Nevertheless, by comparing the
wild-type plants and the transgenic lines that underwent the
same procedure, it became apparent that the Gly-3-P content in
the chloroplasts of the transgenic lines was much higher. Thus,
consistent with the presence of a chloroplast membrane carrier
that is capable of accepting 3-carbon compounds with a phos-
phate molecule attached to it (42), our findings suggest that
Gly-3-P in the cytosol was likely transported across the chloro-
plast membrane.

The gpsA™ Transgenic Plants Exhibit Altered Fatty Acid Pro-
files in Leaves but Have No Changes in Double Bond Indices—
Surveys of total lipid fatty acid profiles in leaves from a large
number of transgenic lines consistently showed increased 16:0
and 16:3 content (data not shown). Table 1 presents data from
some of the selected lines. The molar ratios of C, g ;, C4.,, and
C, 5.5 fatty acids were all substantially lower. Consequently, the
general alteration of the fatty acid profile in leaf tissues can be
best described as an elevated C,:C,; fatty acid ratio. Thus, in
keeping with chloroplast feeding experiments (1), the elevated
Gly-3-P levels appeared to reduce palmitoyl-ACP elongation in
planta as well. However, these fatty acid compositional changes
do not seem to alter the general membrane unsaturation level
based on assessment of double bond indices (31). We also ana-
lyzed the fatty acid composition and content of the seed oil.
Despite of repeated analyses with multiple lines, we failed to
detect any significant changes in either seed trait when com-
pared with those of the wild-type plants raised together under
standard growth conditions. Further analysis presented below
was focused on rosette leaf tissues of two transgenic lines.

The gpsA™ Transgenic Plants Have Altered Glycerolipid
Composition in Leaves—We separated major glycerolipid
species using two-dimensional TLC and analyzed their pro-
files in leaf tissues. The results presented in Table 2 include
several changes. First, substantial increases in 16:0 across all
lipid species, but particularly in DGDG and phosphatidylcho-
line (PC), were noticeable. Second, the proportion of MGDG
was substantially elevated, whereas the levels of DGDG and
phospholipid molecules (PC and PE) were reduced. Third, the
compositions of the polyunsaturated fatty acids in galactolipid
molecules were modified, with both MGDG and DGDG dis-
playing less C, .,; in the case of MGDG, the reduction of C, g,

Fatty acid composition of total leaf lipids of gpsA™® transgenic lines and wild-type (WT) Arabidopsis

Values are expressed as mean = S.D. (n = 3).

Fatty acid composition

C,6:C;3  Double bond indices
16:0 16:1 16:2 16:3 18:0 18:1 18:2 18:3
mol %
WT 15.0*0.3 39+02 09 *0.1 12.6 £ 0.5 1.2*0.1 31*02 147 £ 0.3 48.6 + 0.6 0.48 2.16
15-6 182 +0.8” 3.8=*02 0.7 £ 0.6 22622 22+03" 09+08° 9.0 +0.1° 424 +0.77 0.83 2.18
22-44 198 +1.6° 32*03” 09=01 18.0 = 1.0¢ 1.6 x 1.0 22*13 10.8 + 0.8  43.5 +0.9° 0.72 2.15
54-8 180 +0.9° 29*02° 08=0.1 17.8 £0.8° 1.7*+03 12014 11.3*x07° 463=*14 0.65 2.31
84-10 162+0.3° 36=*01° 14=*01° 230*057 16+01° 1.5*017 9.2+0.3% 435047 0.79 222
102-5 17.2 * 0.4° 31*0.1° 0.6 £ 0.5 21.1 = 1.3¢ 1.7 £ 0.1¢ 0.7 + 0.6” 10.1 = 0.6° 456 + 1.4° 0.72 2.25

“ Sum of 16:1 cis and trans fatty acid.

b Statistical significance compared with WT was determined by the two-tailed Student’s ¢ test, p < 0.05.
¢ Statistical significance compared with WT was determined by the two-tailed Student’s ¢ test, p < 0.001.
“ Statistical significance compared with WT was determined by the two-tailed Student’s ¢ test, p < 0.01.
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TABLE 2

Glycerolipid profile and fatty acid composition of leaf lipids from wild-type (WT) and gpsA’* transgenic lines

Lipids were extracted from leaf material of 3-week-old plants. The polar lipids were separated by thin layer chromatography, and fatty acid compositions were determined
by gas chromatography of methyl esters obtained by derivatization of individual lipids using 3 N methanolic HCI. Lipids were quantified by adding 10 u. g of 17:0 as an internal

standard prior to derivatization. Values are expressed as mean = S.D. (n = 3 to 5).

Fatty acid composition

Glycerolipid Total polar lipids C,..C
Y P P P 16:0 16:1° 16:2 16:3 18:0 18:1 18:2 18:3 s
% mol %

MGDG

WwWT 39.1 3.6 09+03 13=x01 1.7=x01 388*20 02*+01 1.0*x01 29*05 533*=32 0.74*0.07

2244 456 + 3.1° 22+04” 1.0*03 1702 430*34” 03+01 06+03 18*04 494*19 0.92=*0.09°

102-5 493 +2.1° 22+05” 13*02 1.7*06 416+21”> 05+02 07*06 35*21 486=*31 0.88*0.03"
DGDG

WwWT 171+ 1.3 146+02 03*02 07*01 30+03 12%x05 09+03 49*07 744*11 023=0.01

2244 13.3 £ 0.9* 250*+157 04+01 10+01 50*08 26+01> 09+01 48+05 602*+0.9% 046+ 0.01¢

102-5 149 + 1.7* 240*+30° 05+01 09+02 44*05 25+12 12+04 54+09 61.1+41° 043 =*0.06°
Sulfoquinovosyl

diacylglycerol

wWT 2.7 +07 467 + 12 25+06 20*X04 7209 416*07 0.88*0.04

22-44 25+02 62.3 + 0.57 42+03” 07*07° 42+0.3° 286+ 137 166+ 0.047

102-5 2.5 * 0.4 54.6 * 4.1° 62+34 17*08 52*13 324*53" 120=*021°
PG

wWT 11.7 * 1.4 302*59 268*23 11203 49+04 99*14 271*33 133%020

2244 12.8 + 1.8 420+65 265+49 28+0.3° 32*06" 54+12° 201*21° 218 *0.15°

102-5 13.8 = 0.8 354+38 284+13 2606 40+12 68+20 228+29 178+023"
PC

wWT 16.6 * 0.4 25.9 + 2.4 23+06 46*07 30241 369*+10 0.35*0.04

22-44 13.4 + 1.4° 35.4 + 4.8° 59+ 15" 21+01° 212*31° 354+35 055=*0.11°

102-5 9.5 + 0.94 33.3 = 4.5" 55+24” 26*03" 231*41° 356*35 0.5*0.10°
PE

WwWT 104+ 1.9 32.9 =29 21+05 33*14 346%36 272+15 049 *0.06

22-44 96+ 15 384 + 4.1 35+07° 11+06" 261*33" 309+18" 062=*0.10

102-5 8.4 *+ 0.9° 36.7 = 5.1 52+11 14=*06 27.6*48" 290*46 058 *0.12
PI

wWT 34+07 50.1 = 3.5 28+13 1.6*02 208=*36 247*31 1.00=0.15

2244 35+ 05 54.0 = 0.9 37+11 09=*01° 172+21 242+0.1 118+ 0.04

102-5 32+12 49.8 + 52 54+15° 1909 185%=63 245%49 099021

“ Represents sum of 16:1 cis and trans in MGDG and DGDG, in PG represent 16:1 trans.

b Statistical significance compared with WT was determined by the two-tailed Student’s ¢ test, p < 0.05.
¢ Statistical significance compared with WT was determined by the two-tailed Student’s ¢ test, p < 0.01.
4 Statistical significance compared with WT was determined by the two-tailed Student’s ¢ test, p < 0.001.

was almost entirely counterbalanced by an increase in C, 4 ; and
thus yielded no changes in the level of trienoics; in DGDG,
increases in both C, 4.5 and C, 4, were detected. Fourth, both PC
and PE in the transgenic lines contained less 18:2, and they
consequently had an elevated 18:3/18:2 ratio.

Glycerolipid Composition Changes Resulted from a Modified
Flux between the Two Glycerolipid Pathways—The increased
C,6.3 and augmented ratio of total 16- and 18-carbon fatty acids
in MGDG and DGDG suggested that the prokaryotic glycero-
lipid pathway was enhanced in the transgenic lines. To verify
this, we performed a compositional analysis of fatty acids at the
sn-2 position of MGDG and DGDG. As seen in Fig. 2, the molar
percent of sn-2 C-16 fatty acid was significantly higher in
MGDG and DGDG of the transgenic lines. Our analysis with
PG also showed a similar trend. These results thus confirmed
that in the transgenic lines, the enhanced Gly-3-P production
was associated with a metabolic adjustment augmenting the
relative contribution of the prokaryotic glycerolipid pathway.
Based on the firmly established concept that diacylglycerol
moieties with an sn-2 C, , fatty acid originate from the prokary-
otic pathway (10), we were able to deduce the relative contribu-
tion of the two glycerolipid pathways in the transgenic lines. As
shown in Table 3, the relative contribution from the prokary-
otic pathway was clearly enhanced. Interestingly, our analysis
also showed that there was an increased level of C, ¢ at sn-2 of
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PC, suggesting that DAG formed by the prokaryotic pathway
may also be channeled back for PC synthesis (17).

Lipidomic Analysis Recapitulates Features of an Enhanced
Prokaryotic Glycerolipid Pathway—Comparative analysis of
individual molecular species within subsets of glycerolipids
may shed new light on the alterations of lipid metabolism in the
gpsA™ lines. To this end, a complete lipid compositional profile
of rosette leaf tissues of 3-week-old seedlings was generated
from a lipidomic analysis performed at the Kansas Lipidomic
Research Center (43). The analysis, which is based on ESI-MS/
MS, yields information on phospholipid and glycolipid mole-
cules to the level of the head group, carbon chain length, and
degree of unsaturation of the acyl groups. Data presented in
supplemental Fig. S1 were uncorrected for specific response
factors of individual molecular species, and the analysis was
focused on a comparison of relative mol % of the individual
glycerolipid species. In MGDG, there was a significant increase
in C,,.¢ which presumably had a composition of C,4.5,;¢.5 and
came from the prokaryotic pathway. Some increase of C,, ¢
DGDG was also observed, but in DGDG the major change was
a decrease in Cy4,6 (Cyg.5/15:3) Originating from the eukaryotic
pathway. Together with the aforementioned sn-2 fatty acyl
composition analysis, these results further confirmed the re-
duced channeling of DAG moieties from the eukaryotic path-
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FIGURE 2. Fatty acid composition at the sn-2 position of leaf glycerolipids
(lyso-derivatives). Individual lipids were purified by two-dimensional TLC on
Silica Gel 60, eluted from the gel, and incubated with Rhizopus lipase as
described under “Experimental Procedures.” The resulting lyso lipids (repre-
senting the sn-2 position of the parent lipid) were purified by TLC and deri-
vatized using 3 N methanolic HCl, and the resulting fatty acid methyl esters
were analyzed by gas chromatography. C16 represents the sum of 16:, 16:2,
and 16:3; C18 represents the sum of 18:0, 18:1, 18:2, and 18:3. A, MGDG;
B, DGDG; C, PG; D, PC. Error bars represent mean * S.D. (n = 3). Statistical
significance compared with the wild-type (WT) was determined by the two-
tailed Student's t test (¥, p < 0.05; **, p < 0.01; ***, p < 0.001).

TABLE 3

Comparison of fatty acid flux sharing in wild type (WT) and gpsA™®
Arabidopsis leaves

Mass of sn-2 » Flux to Flux to
P e position prokaryotic  eukaryotic
atty acid - .
C Cu pathway* pathway*
mol/1000 mol % mol/1000 mol of fatty acid

MGDG

WT 391 723 277 283 108

22-44 456 84.7 153 386 70

102-5 493 828 172 408 85
DGDG

WT 171 349 651 60 111

22-44 133 425 572 56 77

102-5 149 409 59.1 61 88
PG

WT 117 63.9 361 75 42

22-44 128 66.9 33.1 86 42

102-5 138 817 183 112 26
PC

WT 166 28 972 5 161

22-44 134 51 949 7 127

102-5 95 49 951 5 90

“ An original input of 1000 mol of fatty acids synthesized in the chloroplast as
acyl-ACP species.

® The tissue complement of each lipid was divided between the prokaryotic and
eukaryotic pathways on the basis of content of C,¢ fatty acid at the sn-2 position.

¢ The calculation was according to methods of Browse et al. (10) and based on the
results of Table 2 and Fig. 2.
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way to chloroplasts. In PG, the most significant change was
increases in Cs,., Cy,.0, and Cy .

Altered Gly-3-P Metabolism Influences Gene-expression Net-
works—To investigate a potential regulatory role of Gly-3-P
metabolism in the context of global gene-expression networks,
we surveyed the transcriptome of 3-week-old rosette leaves
using the Affymetrix ATHI genechip. To identify genes that
are differentially regulated in gpsA’® transgenic plants, the
data were preprocessed using robust multiarray analysis for
background adjustment and normalization (37). A total of
389 differentially expressed genes were identified (1.5-fold
change cut-off; false discovery rate, p value < 0.05), including
78 up-regulated and 311 down-regulated genes (supple-
mental Table S1). Interestingly, the microarray data suggested
that introduction of the gpsA’™® gene had no apparent effect
on the transcript levels of plant genes directly involved in Gly-
3-P metabolism. These include the glycerol kinase, GLII
(At1g80460), and several known Gly-3-P dehydrogenase iso-
forms in the cytosolic and plastidic compartments (At2g40690,
At2g41540, At3g07690, and At5g40610).

We specifically inspected lipid metabolism genes and the
microarray data for all of these genes are provided in sup-
plemental Table S2 (44). Genes with expression changes reach-
ing 1.5-fold represented only a small portion. This was expected
because perturbation of transcripts encoding basal compo-
nents of the biochemical pathways should be small. However,
there were a number of genes displaying an expression ratio
that significantly deviated from 1 when compared with the
wild-type control. A total of 29 glycerolipid biosynthesis-re-
lated genes were selected according to their significance in
the glycerolipid pathways (supplemental Table S3) and then
mapped onto the biochemical pathways compiled from the
AraCyc data base and Refs. 2 and 45. This revealed a pattern
illustrating a coordinated adjustment of gene expression
between enzymes of the two glycerolipid pathways (Fig. 3).
Many genes involved in the prokaryotic pathway displayed
some degree of enhanced expression, among which the most
induced was acyl carrier protein 4 (ACP4), which, in addition to
carrying nascent acyl chains during the synthesis of 16- and
18-carbon acyl groups, also serves as the acyl donor for glycero-
lipid biosynthesis within chloroplasts. Although the plants were
raised under identical conditions, the expression of the plas-
tidic desaturase genes, including fatty acid desaturase 5 (FADS),
fatty acid desaturase 6 (FAD6), fatty acid desaturase 7 (FAD?),
and fatty acid desaturase 8 (FADS), were all elevated somewhat
in the gpsA*® line. The transcript levels of the eukaryotic path-
way enzyme genes, on the other hand, were mostly reduced,
most notably the lysophosphatidic acid transferase LPAAT2
(At3g57650) and the ER-bound desaturase FAD2 (At3g12120).
Moreover, enzymes involved in PC synthesis, including CDP-
DAG synthase (At4g22340), the amino alcohol phosphotrans-
ferase, AAPT1 (At1gl3560) and AAPT2 (At3g25585), phos-
phoethanolamine N-methyltransferase, NMT1 (At3g18000),
and choline kinase (At4g09760), were all suppressed in the
gpsA™® line.

Exceptions to the contrasting changes in the two glyc-
erolipid pathways were also found, but they too were con-
sistent with the lipid phenotype. Transcripts of digalactosyl
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FIGURE 3. Schematic view of glycerolipid biosynthesis pathways integrated with microarray data. To visualize the relative transcript levels between
gpsA™ transgenic plants and the wild-type control, gene-expression data were mapped to the pathway diagrams compiled from the AraCyc data base and
Refs. 2 and 45. Different lipid species are derived either from the ER pathway (sn-1/sn-2, C,5:C, g or C,4:C;) or from the chloroplast pathway (sn-1/sn-2, C,5:Cy¢).
Dashed lines represent possible channeling between the ER and chloroplasts. Red diamonds represent induced genes, whereas green diamonds denote
repressed genes based on the transcript level ratio. Ph-E, phosphorylethanolamine; Ph-C, phosphorylcholine; CDP-C, CDP-choline; oe, outer envelope; ie, inner

envelope; FAS, fatty acid biosynthesis.

diacylglycerol deficient (DGD1), which mediates the synthe-
sis of DGDG from MGDG in chloroplasts, was not elevated,
but rather was substantially reduced. This may in part con-
tribute to the lower total amount of DGDG in the gpsA®™®
line. We also detected some reduction in the transcript level
of B-ketoacyl-ACP synthase II (FABI_KAS II). Because
KAS Il is involved in fatty acid elongation from 16:0-ACP to
18:0-ACP, its reduction may be relevant to the increased
C,:C,g ratio of the gpsA™® lines. In the ER compartment,
fatty acid desaturase 3 (FAD3), which generates 18:3 from
18:2 in the PC and PE, exhibited a modest increase in tran-
script level in contrast to the reduced transcript level of
FAD?2. This may lead to an enhanced conversion of 18:2 to
18:3, thereby explaining the higher 18:3/18:2 ratio detected
in PC and PE.

Because the expression changes of most genes in the glycero-
lipid pathways were less than 1.5, we conducted quantitative
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RT-PCR assays on 15 genes to verify the microarray results
(supplemental Table S4). The fold-change values from both
techniques were highly correlated (Pearson correlation value =
0.83) (Fig. 4). These results confirmed the overall reliability of
the microarray data.

DISCUSSION

Gly-3-P is an intermediary metabolite linking several
pathways in the metabolic network (29, 46 —49). In addition
to glycerolipid synthesis, Gly-3-P metabolism concerns gly-
colysis, gluconeogenesis (49), homeostasis of the cytosolic
NADH/NAD™ ratio, and mitochondrial respiration (29).
Routes of Gly-3-P generation exist both in the cytosolic and
plastidic compartments through glycerol-3-phosphate dehy-
drogenases (46, 48). Direct glycerol phosphorylation by glycerol
kinase (47) also produces Gly-3-P. The cellular Gly-3-P pool
may thus be influenced by a multitude of metabolic factors. In
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FIGURE 4. Real time quantitative RT-PCR validation of the microarray
data. The relative expression levels of representative genes from the microar-
ray data as revealed by real time gene-expression analysis. Real time gRT-PCR
results using cDNA from WT (wild-type, gray bar) and 22-44 (gpsA™® trans-
genicline, black bar) as templates. For comparison, the results from wild-type
control plants were normalized to 1 using StepOne software 2.0 (Applied
Biosystems). The values represent the average of three independent repli-
cates. Statistical significance compared with the WT was determined by the
two-tailed Student’s t test (¥, p < 0.05; **, p < 0.01).

comparison to glycerol/Gly-3-P feeding experiments and
mutant studies, transgenic enhancement of Gly-3-P level offers
the advantage of not disrupting the associated regulatory
circuit. The feedback-resistant gpsA*™ gene appears to be par-
ticularly potent at increasing Gly-3-P levels, because it was
recently reported that overexpression of GlyI (At2g40690), a
Gly-3-P dehydrogenase from Arabidopsis, yielded only a wild-
type basal level of Gly-3-P (50). The apparent lack of impact of
gpsA™ on the transcript level of the Arabidopsis genes directly
leading to Gly-3-P production is intriguing. However, our data
does not rule out the possibility that these metabolic steps are
affected at the enzyme activity level, as exemplified by Gly-3-P
feedback inhibition of the gpsA™ protein in E. coli.

Metabolic networks are often studied as systems down-
stream of the control of the transcriptome. How an intermedi-
ary metabolite influences gene expression in the metabolic net-
work has rarely been studied. Although it is not possible to
ascertain whether Gly-3-P serves as a direct or indirect signal in
affecting the regulatory architecture of the glycerolipid path-
ways, our study uncovered clear evidence that an increase in the
Gly-3-P level was associated with many transcriptional changes
in the glycerolipid pathway enzymes. More importantly, the
changes at the transcript level were found to be entirely con-
sistent with the biochemical phenotype, i.e. expression of the
prokaryotic pathway enzymes was induced, whereas enzymes
of the eukaryotic pathway were suppressed. Thus, although
biochemical machinery defines the details as to how the two
glycerolipid pathways function as units with distinct underlying
biological activities, the Gly-3-P level seems to coordinate their
components at the transcript level.

Previously, the Gly-3-P levels in chloroplasts were found to
be a limiting factor at the second acylation step of the prokary-
otic pathway (30). It was proposed that an elevated stroma Gly-
3-P level stimulates the consumption of C16 onto the sn-2 posi-
tion of the 1-oleoyl glycerol-3-P, thereby reducing the chain
elongation of C, 4 to C, 4 fatty acids (30). Hence, increases in the
C,¢ level of glycerolipids in the gpsA’™® lines are in general
agreement with a proposition that in planta the overall C, :C, 5
ratio is determined by competition between alternative path-
ways of C, ¢, metabolism (15). But the transcript level changes
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detected in the gpsA*® transgenic lines provide new insight into
how this biochemical phenotype was brought about. That the
prokaryotic pathway enzymes, particularly the plastidic lyso-
phosphatidic acid acyltransferase (ATS2, At4g30580), were in-
duced indicates that the prokaryotic pathway is enhanced
through regulation at the transcript level as well. Interestingly,
we also found that ACP4 was one of the most induced genes in
the gpsA™® line. It is noteworthy that the k,, of the spinach
chloroplast Gly-3-P acyltransferase for ACP-II, an ortholog of
the Arabidopsis ACP4, was shown to be 5 times less than that of
ACP-I; whereas the thioesterase has a much lower k,,, for ACP-1
(51, 52). Based on these reports, a higher ACP4 expression is
expected to boost the fatty acylation process in the chloroplast.
We thus suggest that the preferential expression of ACP4 is yet
another contributing factor that effected favorable partitioning
of fatty acids to the prokaryotic pathway under the modulation
of Gly-3-P. Moreover, we observed that the change in the chain
length ratio could also be partly explained by a modest reduc-
tion at the transcript level of KAS II (At1g74960), which was
detected at 0.85 of the wild-type control. This reduction in KAS
II on the one hand shifted the partitioning of lipid synthesis to
the prokaryotic pathway as demonstrated in the fabl mutant
(19), whereas on the other hand it also reduced the elongation
of 16:0-ACP to 18:0-ACP.

In summary, our study reveals connections among Gly-3-P
levels, metabolic flux, and the expression of enzymes involved
in glycerolipid metabolism in Arabidopsis. Given the current
state of genomic and metabolic tools and resources, future
studies will be able to determine whether it is Gly-3-P that acts
as the de facto signal regulating gene transcription or the
changes in the dynamics of the lipid pathway instigated by Gly-
3-P metabolism that transduce the signals for gene expression.
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