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The lipid monogalactosyl diacylglycerol (MGD) is a major structural
component of photosynthetic membranes in chloroplasts. Its for-
mation is catalyzed by the enzyme MGD synthase. In many plants,
MGD derives from two different biosynthetic pathways: the pro-
karyotic pathway, which operates entirely within the plastid, and
the eukaryotic pathway, which involves steps in the endoplasmic
reticulum. Here, we describe the identification and characteriza-
tion of an Arabidopsis mutant with a defective MGD synthase gene
(MGDT). The mutant was identified in a screen of T-DNA lines for
individuals with defects in chloroplast biogenesis. It has a yellow-
green phenotype that correlates with a ~50% deficiency in total
chlorophyll per plant. A single T-DNA insertion is located adjacent
to the transcription initiation site of the MGD17 gene, and the
abundance of MGDT mRNA is reduced by 75% compared with wild
type. Correlation between steady-state MGD1 transcript levels and
MGD synthase activity (also reduced by 75% in mgd1) suggests
that MGD1 is the most important MGD synthase in green tissues.
The amount of MGD in mutant leaves is reduced by 42% compared
with wild type. MGD from the mutant contains 23% less 16:3 fatty
acid and 10% more 18:3 fatty acid. Because 16:3 is a characteristic
feature of MGD from the prokaryotic pathway, it is possible that
MGD1 operates with some preference in the prokaryotic pathway.
Finally, the MGD-deficiency of mgd1 is correlated with striking
defects in chloroplast ultrastructure, strongly suggesting a unique
role for MGD in the structural organization of plastidic membranes.

G alactose-containing lipids are the predominant nonprotein-
aceous components of photosynthetic membranes in plants,
algae, and a variety of bacteria. The two most common galac-
tolipids are monogalactosyl diacylglycerol (MGD) and digalac-
tosyl diacylglycerol (DGD). In plants, MGD and DGD occur
exclusively in plastidic membranes, where they account for about
50 and 20 mol% of the lipid matrix, respectively (1). Up to 80%
of all lipids in plants are associated with photosynthetic mem-
branes, and MGD is widely considered to be the most abundant
membrane lipid on earth. Most vegetables and fruits in human
and animal diets are rich in galactolipids, and their breakdown
products represent an important dietary source of galactose and
polyunsaturated fatty acids (2, 3).

Galactolipids play an important role in the organization of
photosynthetic membranes. The abundance and physical prop-
erties of MGD make it particularly important in this respect. Its
small galactose head group and large unsaturated fatty acid
chains give it a cone-like molecular shape and a consequent
predisposition to form nonlamellar, hexagonal-phase aggregates
(4). The molecular shape of MGD may be important for the
structural organization of thylakoid membranes. Because much
of the photosynthetic apparatus is embedded within thylakoids,
the lipids that make up these membranes are of profound
importance. Evidence also suggests that MGD is more directly
involved in certain photosynthetic reactions (5-9). Because
photosynthesis is the only significant mechanism of energy input

into the living world, the importance of all factors that contribute
to the efficiency of the process are inestimable.

The final step in MGD biosynthesis occurs in the plastid
envelope and is catalyzed by MGD synthase (EC 2.4.1.46). This
enzyme transfers D-galactose from UDP-galactose to sn-1,2-dia-
cylglycerol (DAG) (10). Cucumber and spinach MGD synthases
have been described in detail (11, 12), and similar Arabidopsis
sequences are present in the GenBank database (12). The DAG
used in MGD synthesis is thought to be derived, in Arabidopsis,
from two different biosynthetic pathways (13, 14). The prokary-
otic pathway operates exclusively in the plastid and produces
DAG containing an 18-carbon fatty acid at the sn-1 position of
the glycerol backbone, and a 16-carbon fatty acid at the sn-2
position. The eukaryotic pathway involves steps in the endoplas-
mic reticulum and produces predominantly DAG with 18-carbon
fatty acids at both positions. Differing substrate specificities of
acyltransferases in the plastid and endoplasmic reticulum are
thought to account for the differences between the DAG species
produced by each pathway. As a result of this DAG heteroge-
neity, MGD from the prokaryotic pathway contains 16:3 (hexa-
decatrienoic acid) at the sn-2 position, whereas MGD from the
eukaryotic pathway contains 18-carbon fatty acids at the sn-2
position; both forms contain mostly 18-carbon fatty acids at the
sn-1 position. Whereas both pathways operate in plants such as
Arabidopsis (designated 16:3 plants), more advanced species
such as pea (18:3 plants) have dispensed with the prokaryotic
pathway and produce predominantly MGD with 18-carbon fatty
acids at both positions only (15).

DGD synthase catalyzes the transfer of galactose from one
molecule of MGD to another, producing DGD and DAG in
equimolar amounts. The majority of Arabidopsis DGD contains
18:3 in the sn-2 position, suggesting that it is largely derived from
the eukaryotic pathway. An Arabidopsis mutant (dgdl) with a
pronounced deficiency in DGD lipids (containing only 10% of
the wild-type level) was identified by screening for plants with
altered leaf lipid composition (16). The DGDI locus was recently
cloned and found to encode a galactosyltransferase-like protein
(17). Simultaneous heterologous expression of the DGDI and a
cucumber MGD synthase gene resulted in the reconstitution of
the plant galactolipid biosynthetic pathway in Escherichia coli.

In this report, we describe the identification and character-
ization of an Arabidopsis MGD synthase mutant. The data
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provide important new information on the operation of galac-
tolipid biosynthetic pathways in 16:3 plants, and demonstrate the
significance of MGD lipids for normal chloroplast biogenesis.
Possible roles for the different Arabidopsis MGD synthase
species are discussed.

Materials and Methods

Plant Materials and Growth Conditions. All plants described are
Arabidopsis thaliana of the Columbia ecotype. The T-DNA
construction present in the mgdl mutant has been described
(18). Plants were grown on 1X Murashige and Skoog medium
(GIBCO/BRL) containing 1% sucrose, or on soil, in continuous
white light. Incubator temperatures were maintained at a con-
stant 20°C. For electron microscopy, plants were grown in vitro
in the dark or the light; sample preparation and analysis was
carried out according to described procedures (19).

Molecular Analyses. Total RNA was extracted from plants ac-
cording to described procedures (20). Reverse transcription was
carried out with oligo(dT) primers and Superscript II reverse
transcriptase (GIBCO/BRL).

Rapid amplification of ¢cDNA ends (RACE) PCR was
carried out with the switch mechanism at the 5’ end of RNA
templates RACE cDNA amplification kit (CLONTECH).
MGDI1 primers used in RACE experiments were 5'-
AATCTCTCCCACGACGCGCTTCATC-3" and 5'-ATG-
CAAAACCCTTCAACGGTAACCC-3' at the 5’ end of the
gene, and 5'-ATTAGGCAGTGCAAGAGAGTTGAGG-3’
and 5'-TACGGACAAGCTCGTGCATATCATG-3' at the 3’
end. RACE PCR products were cloned by using the pPGEM-T
Easy Vector System (Promega) before sequencing.

For reverse transcription—-PCR, primers that amplify a product
of 967 bp corresponding to the MGDI mRNA (5'-ATGGTGT-
TGAAGCTGATCGG-3' and 5'-TCTTGACCAGCGATGTA-
ACC-3"), and others that amplify a product of 728 bp corre-
sponding to translation initiation factor eIF4AE mRNA (5'-
AAACCATGGCGGTAGAAGACACTC-3' and 5'-AAGA-
TCTAGAAGGTTTCAAGCGGTGTAAG-3") (21) were used.
Both sets of primers were included in each PCR, and amplifi-
cation was performed for 20 cycles. PCR products were analyzed
by Southern blotting by using gene-specific radiolabeled probes.
Bands were visualized and quantified by using a PhosphorImager
(Molecular Dynamics). Presented values for MGDI expression
are means = SE from four independent experiments.

Database searches were performed at the U.S. National
Center for Biotechnology Information by using the BLAST pro-
gram (22). The sequence and annotation of bacterial artificial
chromosome clone F28M20 was provided by the EU Arabidopsis
sequencing project. Amino acid sequence alignment was per-
formed by using the MEGALIGN program (DNAstar, Madison,
WI) by the Clustal method.

Biochemical Analyses. Lipids were extracted from leaves of
5-week-old plants and separated by TLC according to previously
described procedures (16). Bands corresponding to each lipid
class were isolated and used to prepare fatty acid methyl esters
by incubating in 1 M HCl in methanol at 80°C for 30 min. Methyl
esters were quantified by gas chromatography by using myristic
acid as an internal standard (23).

Chloroplasts used in the labeling experiments to determine
MGD and DGD synthase activities were isolated as described
(16, 24). Aliquots equivalent to 250 g of chlorophyll were
resuspended in 0.3 M sorbitol/20 mM Tricine-KOH (pH 7.6)/5
mM MgCl,/2.5 mM EDTA, and incubated with 0.5 uwCi UDP-
[14C]galactose (329 mCi/mmol; Amersham International) in a
total volume of 130 ul. Lipids were extracted from aliquots of 25
ul, removed after increasing incubation periods, and separated
by TLC (23). The radioactivities of bands corresponding to
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Fig. 1. Visible phenotype of the mgd7 mutant. (A) Photograph showing
23-day-old seedlings. Plants were grown in vitro in continuous white light. The
wild type is shown on the left and the mgd7 mutant is shown on the right. (B)
Chlorophyll measurements. Plants were grown in vitro in continuous white
light for either 7 or 14 days. Chlorophyll was extracted by using N,N’-
dimethylformamide and determined photometrically according to described
procedures (26). Presented values are means from six measurements of 10
seedlings (7 days) or 13 measurements of 2 seedlings (14 days) = SE.

MGD and DGD were measured by scintillation counting. These
data were used to determine the rate of ['“C]galactose incor-
poration into each lipid by regression analysis.

Results

Identification of the mgd1 Mutant. The Arabidopsis MGD synthase
1 (mgdl) mutant was identified in a screen of T-DNA-
mutagenized plants for individuals with defects in chloroplast
biogenesis (25). Mutant mgd] plants have a chlorotic phenotype
(Fig. 14) that is inherited in a Mendelian fashion consistent with
the presence of a single recessive mutation (data not shown). The
mutation is associated with reductions in the amount of chlo-
rophyll (Fig. 1B). Total chlorophyll contents for wild-type and
mutant plants grown in vitro for 1 or 2 weeks were determined.
Mutant plants were found to contain ~50% less chlorophyll than
wild-type plants at each time point (Fig. 1B) and the chlorotic
phenotype of the mutant was observed to persist throughout
development. However, there is some leaf heterogeneity in older
plants with younger leaves being more pale.

Characterization of the mgd1 Locus. The mgdl mutation cosegre-
gated with a single T-DNA-associated herbicide-resistance
marker over a backcross-derived F, population of 100 plants
(data not shown). This demonstrated tight genetic linkage of the
two loci and indicated that the T-DNA insertion is most likely
responsible for the mgdl phenotype. Arabidopsis DNA flanking
the T-DNA left border was isolated by using thermal asymmetric
interlaced PCR (TAIL-PCR) (27) and found to correspond to a
sequenced region of the genome on chromosome 4 correspond-
ing to bacterial artificial chromosome clone F28M20 (GenBank
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MGDA1 1 MONPSTVTQESAAPVFDFFPRLRGLTSRNRSPCSNS 36
csMGD 1 MRNPSTVVQENGS-VSDFISQLGYFAFSSRFLNLNS 35
MGD1 37 DGYALSSSNALYFNGFRTLPS-RRMGKTLASLSFNT 71

csMGD 36 EGCSGSSSHSLYLNGFENYRCVKRPPRSGASLSLSS 71

MGD1 72 KSSAGSSLRRFISDFNSFIRFHCDKVVPESFASVGG 107
csMGD 72 RGS--SSLRRFVNEFNNVIKFHCHKP-PLGFASLGG 104

MGD1 108 VGLSSDENGIRENGTGGVLGEEGLPLNGVEADRPKK 143
¢csMGD 105 V--SDETNGIRDDGFG-VSQDGALPLNKIEAENPKR 137

MGD1 144 VLILMSDTGGGHRASAEATIRAAFNQEFGDEYQVFIT 179
csMGD 138 VLILMSDTGGGHRASAEATIKAAFNEEFGNNYQVFIT 173

MGD1 180 DLWTDHTPWPFNOLPRSYNFLVRKHGTLWRMIYYGTS 215
csMGD 174 DLWIDHTPWPFNQLPRSYNFLVKHGTLWKMTYYVTA 209

MGD1 216 PRIVHQSNFAATSTFIAREIAQGLMKYQPDIIISVH 251
csMGD 210 PKVIHQSNFAATSTFIAREVAKGEMKYRPDIIISVH 245

MGD1 252 PLMOHVPLRVLRSKGLLKKIVETTVITDLSTCHPTW 287
csMGD 246 PLMQHVPIRILRSKGLLNRIVETIVVTDLSTCHPTW 281

MGD1 288 FHKLVTRCYCPSTEVAKRAQKAGLETSQIKVYGLPV 323
csMGD 282 FHKLVTRCYCPSTEVAKRALTAGLQOPSKLKVFGLPV 317

MGD1 324 RPSFVKPVRPKVELRRELGMDENLPAVLLMGGGEGM 359
csMGD 318 RPSFVKPIRPKIELRKELGMDENLPAVLLMGGGEGM 353

MGD1 360 GPIEATARALADALYDKNLGEAVGOVLIICGRNKKL 395
csMGD 354 GPIEATAKALSKALYDENHGEPIGQVLVICGHNKKL 389

MGD1 396 QSKLSSLDWKIPVQVKGFITRMEECMGACDCIITKA 431
csMGD 390 AGRLRSIDWKVPVQVKGFVTKMEECMGACDCIITKA 425

MGD1 432 GPGTIAEAMIRGLPIILNGYTIAGQEAGNVPYVVENG 467
csMGD 426 GPGTIAEAMIRGLPIILNDYIAGQEAGNVPYVVENG 461

MGD1 468 CGKESKSPKEISKIVADWEGPASKELEIMSQONALRL 503
csMGD 462 CGKFSKSPKEIANIVAKWFGPKADELLIMSONALRL 497

MGD1 504 AKPEAVFKIVHDMHELVRKKNSLPQLSCTA 533
csMGD 498 ARPDAVFKIVHDLHELVKQRSFVPQYS~-G 525
Fig. 2.  Structure of the MGD1 gene. (A) Schematic representation of the

gene disrupted in the mgd7 mutant. The depicted gene encodes the MGD
synthase enzyme, MGD 1. Filled boxes correspond to translated regions of the
MGD1 transcript; open boxes correspond to untranslated regions of the MGD1
transcript. Exons are numbered from 1to 8. The T-DNA insertion is represented
by a triangle. Indicated features include the T-DNA left border (LB), the
translation initiation codon (ATG), the translation termination codon (Stop),
and the polyadenylation site [p(A)]. (B) Alignment of the MGD1 and ¢<sMGD1
amino acid sequences. Dashes indicate gaps introduced to maximize align-
ment. Residues conserved between both sequences are shaded.

accession no. AL031004). Bacterial artificial chromosome se-
quence annotation revealed the T-DNA insertion to be upstream
(at position —148 relative to the translation initiation codon) of
a predicted gene encoding a putative MGD synthase (Fig. 24).
Cosegregation of the mutant MGD synthase gene (mgd!l) and
the chlorotic phenotype over a population of 50 plants was
demonstrated by using PCR, strongly suggesting a causal rela-
tionship between the T-DNA insertion and the mutant phenotype.

To accurately determine the structure of the MGDI OREF, a
full-length MGD1 c¢cDNA (GenBank accession no. AF241797)
was isolated by using 5’ and 3’ RACE-PCR. The ORF encoded
within the MGD1 cDNA matched exactly the predicted ORF
(F28M20.30) found within bacterial artificial chromosome clone
F28M20. Three different 5" RACE-PCR products correspond-
ing to three different transcription initiation sites were identi-
fied. The transcription initiation sites are located at positions
—159, —113, and —58 relative to the translation initiation codon.

Jarvis et al.

The T-DNA insertion lies downstream of the transcription
initiating site at position —159, but just upstream of those at
positions —113 and —58. Two different polyadenylation sites
were identified; these are located 133 bp and 168 bp downstream
of the translation termination codon. The MGDI schematic
shown in Fig. 24 corresponds to the longest possible transcript.
The sequence of the protein encoded by the MGDI cDNA
(GenBank accession no. CAA19745) is shown in Fig. 2B. It has
been aligned with the sequence of a well-characterized MGD
synthase from cucumber (11) (GenBank accession no.
AAC49624; referred to here as csMGD1). Two additional
Arabidopsis MGD synthase sequences (MGD2 and MGD3) are
present in the GenBank database; MGD2 (GenBank accession
no. CAA04005) and MGD3 (GenBank accession no.
AAD28678) have previously been referred to as atMGD type B
and atMGD type C, respectively (12). MGD1 shares 71.4%
amino acid sequence identity with csMGD1, but only 53.2%
identity with the MGD2 and 55.4% identity with the MGD3.

Analysis of MGD1 Expression in the Mutant. To assess the severity of
the mgdl mutation directly, MGDI mRNA levels in wild-type
and mutant plants were compared by using reverse transcrip-
tion—-PCR; MGD1 expression could not be detected on Northern
blots (data not shown). PCR products were analyzed by Southern
blotting after 20 cycles of amplification, conditions shown pre-
viously to produce quantitative data (28). MGD1 expression data
were normalized by using translation initiation factor eIF4E (21)
expression data. Expression of MGDI mRNA in 10-day-old
plants was determined to be 100.0 = 19.9 for wild-type plants,
and 25.1 * 4.6 for mgdl mutant plants (arbitrary units).

Characterization of the mgd1 Biochemical Phenotype. To confirm
the identity of mgdl as a MGD synthase-defective mutant, the
effect of the mutation on lipid composition was investigated.
Total leaf lipids extracted from wild-type and mutant plants were
separated by TLC and quantified (Fig. 34). The data indicate
that mgd1I plants contain 42% less MGD than wild-type plants.
Reduced abundance of MGD in mgdI was found to be accom-
panied by an increased abundance of the other major plastid and
leaf lipids, DGD, sulfolipid, phosphatidylethanolamine, and
phosphatidylcholine; the abundance of phosphatidylglycerol was
not significantly altered in the mutant. The total lipid content of
leaves was not found to be significantly altered by the mutation
(fatty acid per fresh weight values (mg/g) for wild type and mgd1
are 3.78 £ 0.54 and 4.40 = 0.36, respectively) indicating that the
major effect of mgdl is MGD loss.

MGD synthase and DGD synthase activities were investigated
directly by measuring the rate of incorporation of ['*C]galactose
into MGD and DGD by using isolated wild-type and mutant
chloroplasts (Fig. 3B). The rate of incorporation of [*C]galac-
tose into MGD was 75% less in the mutant than in wild type. In
contrast, the rate of incorporation into DGD was the same in
both genotypes. These data demonstrate that mgd! is indeed an
MGD synthase-defective mutant.

To investigate the role played by MGD1 in the two-pathway
scheme for the biosynthesis of plastidic galactolipids, the fatty
acid composition of MGD and DGD lipids isolated in Fig. 34
was investigated. Fig. 3C shows that MGD from the mutant
contained 23% less 16:3 (a characteristic constituent of MGD
derived from the prokaryotic pathway) and 10% more 18:3 (the
principal fatty acid component of MGD derived from the
eukaryotic pathway) than MGD from wild-type plants.

Ultrastructural Analyses of mgd1 Plastids. To determine the effect of
the mgd1 biochemical defect on plastid development, and to assess
the relative importance of MGDI at different stages of develop-
ment, wild-type and mgdI plastids were analyzed and compared by
using transmission electron microscopy. The etioplasts of 5-day-old
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Fig.3. Biochemical phenotype of the mgd7 mutant. (A) Lipid composition of

wild-type and mutant leaves. Total leaf lipids were extracted and the different
lipid classes were separated by TLC and quantified. Indicated lipids are mo-
nogalactosyl diacylglycerol (MGD), phosphatidylglycerol (PG), digalactosyl
diacylglycerol (DGD), sulfolipid (SL), phosphatidylethanolamine (PE), and
phosphatidylcholine (PC). (B) MGD synthase and DGD synthase activities of
wild-type and mutant chloroplasts. The rate of incorporation of ['C]galactose
into galactolipids in isolated chloroplasts was determined. Units are pmol
UDP-["C]galactose/mg chlorophyll/min. (C) Fatty acid composition of MGD
from wild-type and mutant leaves. MGD isolated in A above was subjected to
fatty acid methyl ester quantification. (A-C) Presented values are means from
three (wild type) or six (mgd7) independent measurements =+ SE.

dark grown plants and the chloroplasts of 5-day-old and 23-day-old
light-grown plants were examined (Fig. 4). Etioplasts appeared
essentially the same in both genotypes (Fig. 4 A and B), suggesting
that MGDI is not important for plastid development in the dark. In
contrast, the chloroplasts of 5-day-old plants (in cotyledons) and
23-day-old mgdl plants (in midsized leaves) were found to be
severely underdeveloped (Fig. 4 C-F). At both developmental
timepoints, mgd! chloroplasts were found to be smaller in size than
those in the wild type, have a more spherical shape, and contain
fewer internal thylakoid membranes. Starch grains were either
absent or reduced in size and/or number. Mutant chloroplasts also
appeared to contain more plastoglobuli than wild-type chloroplasts.

Discussion

This paper describes the identification and characterization of an
Arabidopsis mutant with a T-DNA insertion in the MGD syn-
thase gene, MGDI. The T-DNA is located 12 bp downstream of
the first MGD]1 transcription initiation site (Fig. 24), and 101 bp
upstream of the third transcription initiation site (RACE anal-
ysis identified three different MGDI transcription initiation
sites). MGDI mRNA abundance in the mutant was estimated to
be reduced by 75% compared with wild type by using reverse
transcription-PCR. The basis for the residual expression of
MGDI in the mutant is uncertain. One possibility is that the
101-bp region which lies between the T-DNA border and the
most downstream transcription initiation site contains sufficient
promoter activity to drive basal levels of expression of the
shortest transcript. Another possibility is that cryptic promoter
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Fig. 4. Ultrastructure of mgd1 plastids. Electron micrographs of represen-
tative plastids from (A) 5-day-old etiolated wild-type cotyledons, (B) 5-day-old
etiolated mgd1 cotyledons, (C) 5-day-old light-grown wild-type cotyledons,
(D) 5-day-old light-grown mgd1 cotyledons, (E) 23-day-old light-grown wild-
type leaves, and (F) 23-day-old light-grown mgd1 leaves. A and B are at higher
magnification than C-F. (Bars = 1 um.)

sequences exist within the left border region of the T-DNA. In
both cases, it is possible that the performance of minimal or
cryptic promoters are under the influence of the cauliflower
mosaic virus 35S enhancer sequences which are located adjacent
to the right border of the T-DNA construct (18).

The abundance of MGD lipid in mature mutant leaves was
found to be reduced by 42% compared with wild type (Fig. 34).
As one would expect, this MGD deficiency was associated with
an increase in the relative abundance of the other major plastid
and leaf lipids (Fig. 34). The increased relative abundance of
nonchloroplastic lipids (phosphatidylethanolamine and phos-
phatidylcholine) in the mutant suggests that the chloroplasts of
mgdl plants contribute less to the total leaf lipid pool than the
chloroplasts of wild-type plants, implying that mutant chloro-
plasts are smaller in size and/or contain fewer thylakoid mem-
branes (as was indeed observed; Fig. 4 C—F). Confirmation of the
role played by the MGD1 locus was obtained by analyzing MGD
synthase and DGD synthase activities associated with isolated
mutant and wild-type chloroplasts (Fig. 3B). The rate of incor-
poration of ['*C]galactose into MGD was found to be 75% less
by using mgd! chloroplasts. DGD incorporation rates, in con-
trast, were exactly the same in both genotypes. These data clearly
demonstrate that the mgdl mutant has a substantial and specific
MGD synthase deficiency. The remaining MGD lipid and MGD
synthase activity in mgdl may be the result of residual MGDI1
expression, or alternatively, of other MGD synthases (such as
MGD?2 and MGD3; see below). Given the apparent correlation
between steady-state MGDI transcript levels and the rate of
incorporation of [4C]galactose into MGD (both reduced by 75%
in mgdl), we conclude that the former is the case, and therefore
that MGD1 is the predominant MGD synthase in chloroplasts.

Previous studies led to the identification of cDNAs encoding
MGD synthases from cucumber (11) and spinach (12). In
addition to these cDNAs, and to the Arabidopsis MGDI gene
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described in this report, two MGD synthase-related Arabidopsis
sequences can be found in the GenBank database (12). MGD1 and
the cucumber and spinach MGD synthases (referred to here as
c¢sMGD1 and soMGD1) are very closely related, each sharing at
least 70% amino acid sequence identity. The other Arabidopsis
sequences, MGD2 and MGD3, are far more divergent, sharing only
53.2 and 55.4% amino acid sequence identity with MGD1, respec-
tively. The relatedness of MGD1, csMGD1, and soMGD1
prompted Micge et al. (12) to group them together and refer to
them as members of a type A family of MGD synthases; the
Arabidopsis MGD2 and MGD3 sequences were referred to as type
B and type C enzymes, respectively.

We investigated the role played by MGD1 in galactolipid me-
tabolism by analyzing the fatty acid content of MGD from mgd! and
wild-type plants. MGD from the mutant was found to contain 23%
less 16:3 and 10% more 18:3 than MGD from the wild type (Fig.
3C). Because 16:3 is a characteristic feature of MGD derived from
the prokaryotic pathway, these data suggest that MGD1 operates in
the prokaryotic pathway more than in the eukaryotic pathway.
However, the fact that the changes in MGD fatty acid profile are
only small (when compared with the change in MGD lipid abun-
dance) indicates that MGD1 (a type A enzyme) is nevertheless the
predominant MGD synthase of both pathways. These data are
therefore consistent with our observation that MGD synthase
activity correlates closely with MGDI mRNA abundance in
Arabidopsis, and with results obtained previously by using heter-
ologously expressed soMGD1. Recombinant soMGD1 (also a type
A enzyme) was shown to use both prokaryotic and eukaryotic DAG
substrates (18/16 and 18/18 configurations, respectively) efficiently
(12). The recombinant enzyme was, however, also found to have a
higher affinity for eukaryotic DAG. The apparent difference
between the results of the previous in vitro study (12) and the
present in vivo study (Fig. 3C) perhaps reflect substrate availability
to the type A enzyme in vivo. MGD1 is presumably localized at
the inner envelope membrane like soMGD1 (12), and therefore,
is more easily accessible to prokaryotic DAG than eukaryotic
DAG. In this scenario, a mutation in MGD1 would lead to a
reduction in prokaryotic MGD synthesis (as observed in this study)
even though the enzyme itself might be slightly more active with
eukaryotic DAG.

The ultrastructure of mgdl plastids was analyzed by using
transmission electron microscopy. Etioplasts in the mutant
appeared essentially the same as in wild type (Fig. 4 4 and B),
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indicating that MGDI is not important for plastid development
in the dark. This result was somewhat unexpected because
previous studies have shown that etioplast membranes contain
high levels of MGD (29, 30). One possible explanation is that the
MGD synthase function of dark-grown Arabidopsis plants is
fulfilled primarily by MGD2 and/or MGD3, and not to any
significant degree by MGD1.

The MGD deficiency of light-grown mgdI plants was found to
correlate with severe defects in chloroplast structure (Fig. 4
C-F). Mutant chloroplasts were substantially smaller in size and
more spherical in shape than those in wild type. Interestingly,
mgdI chloroplasts contained far fewer internal thylakoid mem-
branes and grana than wild-type chloroplasts, demonstrating an
important role for MGD (which normally constitutes upwards of
50% of the thylakoid lipid matrix) in their structural organization
and biogenesis. MGD has a small galactose head group and
splayed fatty acid tails which together give the molecule a
cone-like shape, a predisposition to form nonlamellar, hexago-
nal-phase aggregates, and the ability to induce curvature in
lamellar membranes (4). It is possible that these unique char-
acteristics of MGD are particularly important for the organiza-
tion of thylakoids and the formation of granal stacks.

The observed structural abnormalities of mgdl chloroplasts
would indeed be predicted to impact significantly on their
functional capabilities. Apart from indirect structural effects on
photosynthetic capacity, the MGD deficiency of the mutant
might also be predicted to affect photosynthesis more directly.
MGD is highly enriched in the photosystem II reaction center/
core complex (5) and a single MGD molecule is tightly associ-
ated with the photosystem II reaction center (6). It has been
shown to stimulate the activity of chloroplastic ATP synthase in
vitro (7), and was found to be the exclusive lipid associated with
the xanthophyll cycle enzyme, violaxanthin de-epoxidase (8).
The mgdl mutant therefore represents a unique resource for
studying the role of MGD in different photosynthetic processes
in vivo. It will also prove invaluable as attempts are made to
assess the role of MGD in other important processes in which it
has been proposed to play a role, such as the translocation of
nucleus-encoded proteins across the plastid envelope (31-33).
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