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Three sequential methylations of phosphoethanolamine
(PEA) are required for the synthesis of phosphocholine (PCho)
in plants. A cDNA encoding an N-methyltransferase that cata-
lyzes the last two methylation steps was cloned from Arabidop-
sis by heterologous complementation of a Saccharomyces
cerevisiae cho2, opi3 mutant. The cDNA encodes phospho-
methylethanolamine N-methyltransferase (PMEAMT), a poly-
peptide of 475 amino acids that is organized as two tandem
methyltransferase domains. PMEAMT shows 87% amino acid
identity to a related enzyme, phosphoethanolamine N-methyl-
transferase, an enzyme in plants that catalyzes all three methyl-
ations of PEA to PCho. PMEAMT cannot use PEA as a sub-
strate, but assays using phosphomethylethanolamine as a
substrate result in both phosphodimethylethanolamine and
PCho as products. PMEAMT is inhibited by the reaction prod-
ucts PCho and S-adenosyl-L-homocysteine, a property reported
for phosphoethanolamine N-methyltransferase from various
plants. An Arabidopsis mutant with a T-DNA insertion associ-
ated with locus At1g48600 showed no transcripts encoding
PMEAMT. Shotgun lipidomic analyses of leaves of atpmeamt
and wild-type plants generated phospholipid profiles showing
the content of phosphatidylmethylethanolamine to be altered
relative to wild type with the content of a 34:3 lipid molecular
species 2-fold higher in mutant plants. In S. cerevisiae, an
increase in PtdMEA in membranes is associated with reduced
viability. This raises a question regarding the role of PMEAMT
in plants and whether it serves to prevent the accumulation of
PtdMEA to potentially deleterious levels.

Choline occurs in plants as free choline, phosphocholine
(PCho)? as a component of the integral membrane phospho-
lipid, phosphatidylcholine (PtdCho); and as a precursor for the
osmoprotectants choline-O-sulfate and glycine betaine (1-3).
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Along with these important roles in plant metabolism, choline
is of interest because of its classification as an essential dietary
nutrient for humans (4, 5). Choline biosynthesis is also critical
to the viability of Plasmodium falciparum, the causative agent
of malaria, and the nematode Caenorhabditis elegans. As such,
the enzymes involved in choline synthesis represent appealing
targets for the bioengineering of many traits from more hardy
and nutritional crops to the development of drugs with antima-
larial and nematicidal properties for use in medicine and agri-
culture (6 -8).

Radiotracer studies provide evidence that choline and hence
PtdCho synthesis can proceed along various pathways in plants.
Fig. 1A shows that synthesis of choline can involve intermedi-
ates at the level of phosphobases (P-bases), phosphatidyl bases
(Ptd-bases), or a combination of the two routes (9, 10). In each
case, the committing step appears to be the N-methylation of
phosphoethanolamine (PEA) to produce phosphomethyleth-
anolamine (PMEA) (10-12). The production of PMEA is also a
key step in choline biosynthesis in P. falciparum and C. elegans
(7,13).

Relatively little is known about the enzymes involved in cho-
line or PtdCho biosynthesis or factors that regulate their activ-
ities. The enzyme phosphoethanolamine N-methyltransferase
(PEAMT) catalyzes three sequential N-methylations of PEA to
produce PCho using S-adenosyl-L-methionine (AdoMet) as a
methyl donor (Fig. 14) (14). Work using castor bean (15),
Lemna, soybean, and carrot (10) suggests that PEAMT is a rate-
limiting enzyme of choline synthesis in plant PtdCho metabo-
lism. Inhibition of in vitro PEAMT activity by the reaction
products PCho and S-adenosyl-L-homocysteine (AdoHcy)
offers two possible means by which the activity of this enzyme
may be regulated in vivo (11, 12, 16).

Evidence that choline content in plants is regulated and
probably finite is offered by the results of research using Arabi-
dopsis and tobacco, plants that do not naturally oxidize choline
for glycine betaine accumulation (2, 3, 17). Nuccio et al. (12)
engineered transgenic tobacco that expressed the enzymes
responsible for converting choline to glycine betaine, but these
plants failed to accumulate glycine betaine to levels comparable
in accumulating species. These transgenic tobacco plants were
then transformed with the gene encoding spinach PEAMT, but

PMEAMT, phosphomethylethanolamine N-methyltransferase; EA, etha-
nolamine; MEA, methylethanolamine; PLMT, phospholipid N-methyltrans-
ferase; SD, synthetic defined.
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FIGURE 1. PtdCho synthesis in plants and yeast highlighting the comple-
mentation strategy used to identify the gene encoding PMEAMT. A, the
methylation of PEA is a committing step in plant PtdCho synthesis with sub-
sequent methylations at the P-base or Ptd-base level. PEAMT catalyzes the
methylation of all three P-bases (heavy arrows) leading to PCho synthesis,
whereas PMEAMT cannot use PEA as a substrate. B, yeast synthesizes PtdCho
by the Ptd-base route (dashed arrows) that is defective in S. cerevisiae strain
CPBY19. Provision of MEA in the medium allows for rescue of PtdCho produc-
tion in this strain through a by-pass afforded by Arabidopsis PMEAMT.

overexpression of this gene did not lead to expected increases in
glycine betaine. This outcome is consistent with PEAMT activ-
ity not being a bottleneck for the synthesis of choline for glycine
betaine synthesis and led the authors to propose that other
factors, including choline transport to chloroplasts, an insuffi-
ciency of ethanolamine, and/or inhibition of PEAMT by PCho,
may prevent these plants from producing higher levels of gly-
cine betaine.

The NCBI database shows three Arabidopsis gene loci to be
annotated as associated with PEAMT, namely At3g18000,
At1g48600, and At1g73600, with only the product encoded by
the first locus having been verified biochemically to encode an
enzyme with PEAMT activity (18). An N-methyltransferase
capable of using PMEA but not PEA was detected in partially
purified preparations from spinach leaves (11, 14). This en-
zyme, designated phosphomethylethanolamine N-methyl-
transferase (PMEAMT), probably also uses phosphodimethyl-
ethanolamine (PDEA) as a substrate, but the possibility of a
third enzyme showing PDEA specificity cannot be precluded
based upon the evidence to date (11, 14). For many dicot plants,
PEAMT activity is salt- and light-responsive (14, 19). However,
in contrast to PEAMT, PMEAMT activity does not decrease in
leaves of plants, including spinach, sugar beet, and canola, fol-
lowing exposure of plants to prolonged dark periods (14, 19).

How PMEAMT contributes toward choline metabolism has
been difficult to determine because this enzyme has not been
purified to homogeneity; nor has the gene encoding this
enzyme been cloned from any plant species. The objective of
this study was to clone the gene encoding PMEAMT from Ara-
bidopsis and to characterize the contribution of this enzyme
toward plant metabolism through analysis of a pmeamt T-
DNA-tagged mutant. We show that the gene at locus
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At1g48600 encodes a product with PMEAMT activity that can
rescue a choline auxotroph of yeast. This enzyme can use both
PMEA and PDEA as substrates for methylation. The Arabidop-
sis pmeamt T-DNA mutant (atpmeamt) lacks transcripts asso-
ciated with PMEAMT but has no overt phenotype under any
growth conditions used. However, the leaf membrane phos-
pholipid profiles show a greater content of PtdMEA as the 34:3
lipid molecular species in atpmeamt plants relative to wild type.
Based upon these results, we propose that PMEAMT activity
reduces the potential for PMEA incorporation into the polar
headgroup of membrane phospholipids.

EXPERIMENTAL PROCEDURES

Media—Minimal synthetic defined (SD) medium was pre-
pared essentially as per Sherman (20) with inositol omitted, 0.1
mM tryptophan (Trp) included, and 2% (w/v) glucose used as
the carbon source. When added to SD medium, the ethanol-
amine (EA), methylethanolamine (MEA), or choline was sup-
plemented at 1 mm.

Cloning PMEAMT by Heterologous Complementation—The
Saccharomyces cerevisiae yeast mutant CPBY19 (ura3-52
leu2A1 his3A200 trpA63 opi3::HIS3 cho2:LEU2) (18) was
transformed using a lithium acetate method (21) with purified
plasmid DNA prepared from the Arabidopsis (Landsberg erecta
ecotype) whole seedling cDNA library available in the yeast
expression vector pFL61 (ATCC catalog no. 77500) (22). Fol-
lowing transformation, cells were plated on medium lacking
uracil but containing 1 mm choline and incubated at 30 °C. The
vector pFL61 confers uracil prototrophy, and transformants
were subject to selection on SD medium supplemented with 1
mMm MEA at 37 °C. Single colonies that were recovered on MEA
at 37 °C were tested for growth on medium containing 1 mm
EA.

Plasmid DNA was extracted from mutant yeast strains (23)
and amplified by PCR with pFL61 vector-specific primers
JST46 and JST47 (24). Amplified DNA was subject to DNA
sequence analysis, and clones showing heterologous cDNA
sequence matches to P-base methyltransferases were subject to
further characterization.

Subcloning—cDNAs associated with Arabidopsis PMEAMT
and PEAMT were subcloned into a pET30a expression vector
by incorporating N terminus Ncol and C terminus BamHI
restriction sites by PCR. The primers for PMEAMT were 5'-
GCTACTCCATGGAGCATTCTAG-3' (Ncol) and 5'-ACA-
GGATCCTTACTTCTTGTCGG-3' (BamHI), and those for
PEAMT were 5-TTCCGCCATGGCTGCATCG-3" (Ncol)
and 5'-GTAGATTTGGATCCGCTTAATTCTTG-3" (BamHI).
PCR-amplified products were ligated into the expression vec-
tor, and the resulting plasmids were transformed into Esche-
richia coli BL21 (DE3) cells for expression and DNA sequence
analysis.

Protein Expression and Purification—Fifty-ml cultures of SD
medium supplemented with 0.1 mM Trp and 1 mm choline were
inoculated with cells from a single transformed yeast colony
and grown to an A4, of 1.0—1.2 at 30 °C. The cells were recov-
ered by centrifugation at 10,000 X g for 10 min at 4 °C, and the
pellet was suspended in 0.3 ml of 100 mm Hepes-KOH (pH 7.8),
1 mm Na,EDTA, 5 mMm DTT (HED). The yeast cells were dis-
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rupted by vortex action with glass beads (18). The supernatant
was recovered following centrifugation at 12,000 X g for 10 min
and used directly for enzyme activity assays or flash frozen in
liquid N, and stored at —80 °C.

Recombinant His-tagged proteins were recovered using HIS-
select® nickel spin columns (H7787, Sigma). Cell-free extract
containing His-tagged proteins in 50 mm Hepes-KOH, pH 8.0,
300 mMm NaCl, and 1 mm DTT was applied to the affinity gel
equilibrated in the same buffer. The column was washed twice
with the above buffer, and the bound protein was eluted with 50
mM Hepes-KOH (pH 8.0), 300 mm NaCl, 250 mm imidazole, 1
mM DTT, and 1 mg/ml bovine serum albumin (BSA). After
adding Na,EDTA toa final concentration of 0.25 mwm, the eluate
was used for enzyme activity measurements.

Enzyme Assays—Enzyme assays were performed using the
conditions described by Summers and Weretilnyk (25). Cell-
free crude extracts were desalted by centrifugation through
Sephadex G-25 medium (Amersham Biosciences) equilibrated
with HED buffer. The substrate concentrations for standard
assays were 250 uM P-base (PEA, PMEA, or PDEA) and 200 uMm
AdoMet. K,,, values were calculated from Hanes-Wolfe plots
showing reaction rates as a function of increasing substrate
concentrations. All radioassays represent a minimum of dupli-
cate measurements, and in the case of kinetic determinations,
triplicate measurements were used with the entire experiment
repeated three times. Product verification by thin layer chro-
matography (TLC) using '*C-labeled AdoMet was exactly as
described by Smith et al. (11).

Analysis of Arabidopsis T-DNA Insertion Line—The SALK
006037 line of Arabidopsis, which has a T-DNA insertion asso-
ciated with A£1g48600 (26), was ordered from the Salk Institute
Genomic Analysis Laboratory. Plants were grown under a 12-h
day/night cycle at 23 °C, and DNA was extracted from leaves of
4-week-old plants according to the protocol of Edwards et al.
(27). To identify plants homozygous for the T-DNA insertion,
the forward (5'-TGTGATGGGAGATTTCAATGG-3') and
reverse (5'-AGAAAACAGTTTGGACTTTTCG-3') gene-spe-
cific primers were used for PCR as well as a left border primer
specific to the T-DNA insertion (5'-TGGTTCACGTAGT-
GGGCCATCG-3'). These primers were used for PCR amplifi-
cation using plant genomic DNA with an initial 3.5-min dena-
turation step at 94 °C followed by 30 cycles of 30 s of
denaturation at 94 °C, 50 s of annealing at 58 °C, 1 min of exten-
sion at 72 °C, and a final extension for 10 min at 72 °C.

RNA was extracted from leaves of plants confirmed to be
homozygous for the T-DNA insertion and wild type of the
same line using a Qiagen RNeasy extraction kit following the
protocol of the supplier (catalog no. 74104). First-strand cDNA
synthesis was performed using the gene-specific primers 5'-
GATTGGATGGGTCAAGCCAG-3' (forward) and 5'-GAAT-
AGAGCTGGCTTGTCTTGG-3' PCR (reverse). A total of 30
cycles were used for RT-PCR, and ubiquitin 10 transcripts were
used as a control for template quality (28). PCR conditions used
were as described above for gene-specific primers, except the
annealing temperature was 67 °C.

Phospholipid Profiling—Lipids were extracted following a
modified Bligh and Dyer (29) protocol. Leaf tissue (80 —120 mg)
was harvested from 4-week-old Arabidopsis plants and imme-
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FIGURE 2. Heterologous complementation of PtdCho synthesis in S. cer-
evisiae CPBY19 by Arabidopsis cDNAs encoding P-base methyltrans-
ferases. The CPBY19 (cho2, opi3) mutant strain was grown on SD medium
supplemented with 1 mm EA (left) or 1 mm MEA (right). Yeast was untrans-
formed (7) or transformed with pFL61carrying cDNA encoding either
AtPMEAMT (2) or AtPEAMT (3).

diately frozen in liquid N,. The frozen tissue was ground to a
powder in a mortar, and 700 ul of chilled methanol and 58 ul of
1 M NaCl were added. The mortar was rinsed with a second
700-ul aliquot of methanol, and the pooled volumes were
shaken at 70 °C for 15 min and then centrifuged at 14,000 X g
for 3 min at 4 °C. The methanolic supernatant was set aside.
The pellet was extracted by adding 750 ul of chloroform and
shaking the resuspended pellet at 37 °C for 5 min; the tube was
centrifuged, and the resulting supernatant was pooled with the
methanolic supernatant. To the pooled supernatants was added
1.4 ml of H,O; the mixture was vortexed and then centrifuged
at room temperature for 15 min at 5000 X g for phase separa-
tion. Each phase was transferred to a separate vial and dried
under a stream of N, gas.

Lipidomics analysis was conducted on the chloroform phase
using infusion electrospray ionization-mass spectrometry (ESI-
MS) in the positive ion mode by the McMaster Regional Centre for
Mass Spectrometry according to the method of Basconcillo et al.
(30). To the lipid (chloroform) phase was added 200 ul of metha-
nol/chloroform (1:1, v/v). Prior to analysis, aliquots were diluted
5-fold with methanol containing 10 mm LiCl. The resulting solu-
tions were infused at a flow rate of 1-2 ul/min into a Waters
Quattro Ultima triple quadrupole mass spectrometer
equipped with a microelectrospray ionization source and running
under MassLynx software. Lithiated lipid adducts were analyzed
using neutral loss scans of 147, 161, 175, and 189 mass units, cor-
responding to the loss of the lithiated polar headgroups of PtdEA,
PtdMEA, PtdDEA, and PtdCho, respectively. Typically, 100 spec-
tra were collected and averaged to afford a single spectrum for
each lipid analysis. MS/MS analyses were used to determine the
identity of the fatty acyl groups in the lipids (30).

RESULTS

Cloning of PMEAMT—A total of 103 independent yeast iso-
lates were recovered on SD medium containing MEA following
transformation of CPBY19 with the pFL61 Arabidopsis cDNA
library. Of these clones, 100 also grew on medium with EA,
suggesting that complementation was associated with more
than one plant cDNA (Fig. 2). Using vector-specific primers, 89
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isolates gave a PCR-amplified product of around 2100 bp in
length, and three each showed insert lengths of ~2050 and 1900
bp. The ¢cDNAs associated with three random independent
clones carrying 2100-bp-long inserts were fully sequenced and
shown to be identical to the translated sequence of PEAMT
(At3g18000) cloned and characterized by Bolognese and
McGraw (18) (Fig. 3). Complementation of this yeast mutant by
PEAMT is not surprising because this gene product can also
catalyze the conversion of PMEA to PCho, as required by our
selection strategy (Fig. 1B). The translated sequence of the
~1900-bp cDNA insert is shown in Fig. 3, and it corresponds to
the Arabidopsis gene at locus At1g48600 that is annotated as a
putative PEA N-methyltransferase 2 (NCBI). Strains containing
this insert were able to grow on SD medium supplemented with
MEA but not on media containing EA (Fig. 2). The 2050-bp
c¢DNA insert was sequenced and shown to correspond to the
gene at locus At4g39800 that is annotated as myo-inositol-1-
phosphate synthase (NCBI). No clones were found with cDNA
inserts corresponding to the third Arabidopsis gene encoding
the highly similar gene product annotated as a putative PEAMT
(NCBI) at locus At1g73600.

Enzyme Activities—Cell-free extracts prepared from yeast
were tested for the presence of P-base methyltransferase activ-
ity. Extracts were prepared from the untransformed host strain
and clones carrying plasmids with cDNA inserts of 2100, 2050,
or 1900 bp. All of the strains with a cDNA insert of 2100 bp
yielded extracts with methyltransferase activity using PEA,
PMEA, and PDEA as substrates, a finding consistent with the
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FIGURE 4. PMEAMT catalyzes the methylation of PMEA to PDEA and
PCho. Autoradiograph of P-base N-methyltransferase assay products identi-
fied by TLC. Enzyme assay conditions were modified to include [methyl-
“C]AdoMet, and the assay time was extended to 120 min.

substrates used by Arabidopsis PEAMT (18). Yeast clones com-
plemented by the plant cDNA inserts of 2050 bp in length were
also tested in vitro in assays for methyltransferase enzyme activ-
ity, but as anticipated, given the identification as myo-inositol-
1-phosphate synthase, these extracts showed no capacity to
methylate PEA, PMEA, or PDEA. The significance of this gene
product in supporting growth on SD medium containing MEA
was not pursued. The cell-free extracts prepared from yeast
clones complemented by the plant cDNA of 1900 bp were
shown by in vitro assays to have an enzyme capable of methylat-
ing PMEA and PDEA but not PEA. This substrate profile is con-
sistent with PMEAMT activity (11, 14), so this gene and its product
are referred to in this paper as AtPMEAMT and AtPMEAMT,
respectively. The reaction products were resolved by TLC, and
these results show the substrate PMEA methylated to PDEA and
PCho and the substrate PDEA methylated to PCho (Fig. 4). No
P-base products were produced when PEA was used as a substrate,
consistent with the lack of growth of yeast clones in medium con-
taining EA. The untransformed host CPBY19 was unable to grow
on EA- or MEA-containing media (Fig. 2), and cell-free extracts
prepared from this strain showed no methyltransferase enzyme
activity toward any P-bases tested.

The amino acid sequence predicted by the longest open read-
ing frames of AtPEAMT (18) and the AtPMEAMT cDNA iden-
tified through our complementation strategy shows the amino
acid identity to be 87% between these two gene products.
AtPEAMT and AtPMEAMT both encode proteins with N- and
C-terminal AdoMet-binding domains, with each domain pos-
sessing three AdoMet-binding motifs (12, 18, 31-33) (Fig. 3).
The C-terminal AdoMet-binding motifs are identical between
PEAMT and PMEAMT, whereas differences between the
post-1, II, and III motifs are present in the N-terminal domains
(Fig. 3). Specifically, single amino acid substitutions occur
between PEAMT and PMEAMT in SAM-binding motifs post-I
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TABLE 1

Inhibition of recombinant AtPMEAMT by PCho and AdoHcy
Methyltransferase activity was assayed using PMEA as a P-base substrate. His-
tagged PMEAMT was purified by a nickel affinity matrix with BSA and DTT pres-
ent. Assays were linear with respect to time (n = 4; = S.E.), and the control activity

was 1.8 nmol ml~ ! min~".

Addition Concentration PMEAMT activity
(percentage of control)
mm %
PCho 1.0 47 =2
5.0 17 +2
Choline 5.0 101+ 9
AdoHcy 0.01 73+ 1
0.20 18+1

and I, and two substitutions are found in motif III. All substi-
tutions within the motifs are conservative with the exception of
valine to proline in motif III.

The apparent K,, values of PMEAMT toward PMEA and
PDEA as substrates were determined using purified recombi-
nant His-tagged PMEAMT. In this context, it is noteworthy
that purification of the recombinant protein by affinity chro-
matography was found to be problematic and subject to losses
in enzyme activity. The inclusion of DTT, BSA, and EDTA pre-
vented the loss of enzyme activity during elution from a nickel
ion matrix. In view of this difficulty, apparent K, values were
also calculated for crude, desalted cell-free yeast extracts to
determine if exposure to the nickel or the presence of a His tag
altered the properties of the enzyme. K, values for PMEAMT
expressed as a purified His tag protein following overexpression
in E. coli or the non-tagged version in crude, desalted yeast
extracts were not statistically different. PMEAMT from either
source shows apparent K, values of 0.16 and 0.03 mm toward
PMEA and PDEA, respectively. In a parallel comparison with
recombinant Arabidopsis PEAMT, we found that the ap-
parent K, values were 0.32 and 0.14 mm for PMEA and PDEA,
respectively. Based upon these determinations, Arabidopsis
PMEAMT has a 2-fold higher affinity toward PMEA and a
5-fold higher affinity for PDEA compared with PEAMT.

PCho and AdoHcy have been shown to have an inhibitory
effect on PCho synthesis through a combination of in vivo
determinations using cell cultures and by in vitro assays of spin-
ach and wheat PEAMT (11, 12, 16, 34, 35). Under standard
assay concentrations of PMEA and AdoMet, the inclusion of
PCho at 1 and 5 mM final assay concentrations led to a reduc-
tion in PMEAMT activity by 53 and 83%, respectively (Table 1).
Similarly, PMEAMT activity under the same assay conditions
was reduced by 27 and 82% in the presence of 0.01 and 0.2 mm
AdoHcy, respectively. The addition of 5 mm choline to the assay
had no effect on PMEAMT activity.

Phospholipid Profiling—The T-DNA insertion of the Arabi-
dopsis SALK 006037 line is associated with the promoter region
of At1g48600. Plants identified as homozygous for the presence
of a T-DNA insert were recovered and compared with wild-
type plants of the same line. Leaf mRNA used for RT-PCR
showed no products associated with PMEAMT expression in
the mutants homozygous for the T-DNA element (Fig. 5).
Although AtPMEAMT expression was suppressed in the
mutant line, no obvious phenotypic differences in growth or
development were observed between wild-type and atpmeamt
plant lines grown at 23 or 26 °C.
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FIGURE 5. Analysis of Arabidopsis SALK 006037 T-DNA insertion line.
A, RT-PCR of RNA from wild type (left) and T-DNA insertion line SALK 006037.
Primers specific for the ubiquitin 10 gene were used as a control. B, 4-week-
old wild-type and SALK 006037 Arabidopsis lines grown at 23 and 26 °C (top
two rows) under a 12-h photoperiod. Leaves were harvested from plants at
this growth stage for RT-PCR analysis. 7-Week-old wild-type and SALK 006037
plants grown at 26 °C are shown in the bottom row. When the photoperiod
was altered to 8 h light/16 h dark, there were no overt phenotypic differences
between the SALK 006037 and wild-type Arabidopsis lines.

In view of the possible role of AtPMEAMT in membrane
synthesis (Fig. 14), a lipidomics approach was used to compare
the phospholipid composition between the wild-type and atp-
meamt lines. Fig. 6 shows representative phospholipid profiles
in positive scan mode, with neutral losses corresponding to the
mass of the polar headgroup (30, 36). Across neutral loss pro-
files, for each additional methyl group added to a given lipid
with a specific fatty acid composition, the m/z increases by a
factor of 14. As such, neutral losses of 147, 161, 175, and 189
correspond to the lithiated polar headgroups of PtdEA,
PtdMEA, PtdDEA, and PtdCho, respectively (30). The ESI-
MS/MS profiles for phospholipids extracted from leaves of
wild-type Arabidopsis plants are on the same scale to show the
relative abundance of each Ptd-base species in a given tissue
extract. Within each genotype, the relative contributions of
PtdCho and PtdEA toward the total leaf phospholipids were
equal (data not shown). Also, PtdEA and PtdCho carrying a
variety of acyl chains were detected, with the 34:3 and 34:2 lipid
molecular species comprising the most abundant classes for
these Ptd-bases (Fig. 6). PtdMEA components are frequently
near or below the level of detection, and PtdDEA lipid molecu-
lar species were not statistically different from the detection
limits. Although absolute quantitative estimates for compo-
nents in profiles can be difficult to make (30, 36), the peak
heights associated with PtdMEA are consistent with this spe-
cies being a minor component of total phospholipids (<2%).
However, the 34:3-PtdMEA was significantly different between
the genotypes, being, on average, 2.1-fold more abundant
among phospholipids of atpmeamt plants (Figs. 6B and 7).
Other than the 34:3-PtdMEA species, we found no significant
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FIGURE 6. Phospholipid profiles show PtdMEA in leaves of atpmeamt Arabidopsis plants. Positive mode electrospray mass spectra of crude lipid extracts
from leaves of wild-type (A) and atpmeamt (SALK 006037) (B) Arabidopsis lines. i, neutral loss scan of 147 mass units; ii, neutral loss scan of 161 mass units; iii,
neutral loss scan of 175 mass units; iv, neutral loss scan of 189 mass units. The scale inset (i) has been expanded 2.5-fold to show the presence of a 34:3-PtdMEA
peak among the phospholipids of atpmeamt (B) that was significantly lower in samples from wild-type plants (A).

difference with respect to acyl composition of phospholipids
and genotype (p < 0.05, as determined by Student’s ¢ test).

DISCUSSION

This study reports on the cloning of the gene encoding a
previously uncharacterized P-base N-methyltransferase from
Arabidopsis. This gene was isolated by heterologous comple-
mentation of a yeast strain defective in the synthesis of PtdCho
by a cDNA associated with the plant gene at locus At1g48600
that encodes a putative PEA N-methyltransferase 2 (NCBI).
Our selection strategy and in vitro assays followed by product
identification show that this gene encodes an enzyme capable
of methylating the P-base substrates PMEA and PDEA but not
PEA and hence is designated AtPMEAMT (Fig. 4).

In many if not all plants, the enzyme PEAMT catalyzes the
committing step for choline production (9, 10, 14). In keeping
with this important role, it is not surprising that about 97% of
the yeast clones rescued by the inclusion of EA or MEA in the
selection medium were those complemented by Arabidopsis
c¢DNAs encoding AtPEAMT, and only three corresponded to
AtPMEAMT. The cDNA used in library construction was
obtained from whole seedlings at the two-leaf growth stage
(22), and AtPMEAMT expression may also be low in this tis-
sue source. A gene at locus At1g73600 also encodes a putative
PEAMT showing 85% identity to Arabidopsis PEAMT. Despite
having screened over 10° transformed yeast cells, we recovered
no clones complemented by a cDNA associated with this gene.
There are two likely explanations for our failure to clone the
product associated with this gene. It is possible that full-length
transcripts and hence cDNA corresponding to At1g73600 were
not present in the library, or the product of this gene does not
use PEA or PMEA as substrate. An enzyme using only PDEA as
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substrate, for example, would not have functionally comple-
mented the yeast phospholipid mutant following our selection
strategy. We also did not clone the recently identified Arabi-
dopsis phospholipid N-methyltransferase (AtPLMT) that is
able to methylate PtdMEA and PtdDEA (37). Again, the failure
to recover this plant cDNA probably reflects its low abundance
or absence in the library. Because there were no differences in
growth or lipid profiles between wild-type and PLMT-deficient
Arabidopsis plants (37), this enzyme may play a more impor-
tant role in other plant species, such as soybean, where the
Ptd-base route for PtdCho synthesis predominates (9, 10, 37).
Bolognese and McGraw (18) also noted the lack of complemen-
tation by plant PLMT when they used the same strategy to
clone AtPEAMT. These authors suggested that choline and
inositol may regulate AtPLMT, as is the case for this enzyme in
yeast (38, 39), and if this were so, AtPLMT expression could be
repressed in the seedlings used for the cDNA library because
they were grown on medium supplemented with inositol (22).

The existing annotation for the complementing cDNA asso-
ciated with At1g48600 as a putative PEA N-methyltransferase 2
is based upon several factors. Comparison of the ORFs encoded
by AtPMEAMT and AtPEAMT shows the products of these
genes to have 87% identity at the level of their amino acid
sequences (Fig. 3). This high degree of identity supports an
expectation of similar enzymatic activities for their products.
Not surprisingly, many of the predicted properties of molecular
mass, theoretical pl, and bipartite domain structure with
respect to AdoMet binding are also very similar. For example,
the longest ORF for AtPMEAMT has a predicted molecular
mass of 54,018 Da with a theoretical plI of 5.04, whereas the
properties of AtPEAMT are 56,102 Da with a theoretical pI of
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FIGURE 7. Comparison of lipid molecular species between leaf phospho-
lipids of wild-type and atpmeamt Arabidopsis. PtdEA (A), PtdMEA (B), and
PtdCho (C) lipid molecular species (total acyl carbons/total double bonds) are
expressed as a percentage of total peak area of their respective Ptd-base as
determined by ESI-MS/MS analyses. The asterisk indicates a significantly
higher level of the 34:3-PtdMEA species for the mutant line relative to wild
type as determined by Student’s t test (p < 0.05). n = 4 for each genotype.
Error bars, S.E.

5.39 (18, 40). Neither gene product is predicted to contain a
chloroplast or mitochondrion-targeting signal (41, 42) suggest-
ing that both are probably cytosolic, in keeping with the bio-
chemical localization for spinach P-base methyltransferase
activities (14). There are also common properties with respect
to regulation. Specifically, AdoHcy and PCho have been shown
to be inhibitors of spinach, wheat, and corn PEAMT (11, 16,
43), and we show these compounds to be inhibitory to
AtPMEAMT activity as well (Table 1). The concentrations
tested lie within the estimated physiological range (11, 44, 45)
and so are consistent with both PEAMT and PMEAMT being
subject to feedback regulation in planta by the reaction prod-
ucts AdoHcy or PCho.

To date, there are few comparative studies of P-base methyl-
transferases from other plants or different organisms, making it
difficult to generalize about their features. However, there is
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evidence that the capacity to methylate PEA and PMEA need
not reside on the same enzyme. The enzyme PMT-2 from C. el-
egans only methylates PMEA and PDEA (7), and a second
enzyme, PMT-1, methylates PEA to PMEA (46). In contrast to
plants, there is apparently no enzyme in C. elegans analogous to
PEAMT in being able to catalyze the methylation of all three
P-base substrates, leading to PCho synthesis (7, 12, 18, 31).

Our estimates of K, values determined using PMEA and
PDEA show that AtPMEAMT has a higher affinity toward
PMEA and PDEA than does AtPEAMT. If these enzymes co-
localize to the cytosol and are active at the same time, we would
expect little opportunity for PMEA to accumulate, and any
PDEA generated should be converted by both enzymes to
PCho. In this regard, factors that can differentially regulate
P-base methyltransferase activity are of interest. For PEAMT,
inhibition by PCho and AdoHcy has been proposed as offering
an important feedback control to curtail the production of cho-
line when this product is not required (11, 34). In addition to
feedback inhibition, PEAMT is light-responsive in many dicot
plants (19), including Arabidopsis (data not shown). PEAMT
shows highest activity when plants are in the light and low to no
activity after an extended dark period (14, 19). This temporal
regulation should reduce or prevent the production of PMEA in
the dark when the continued synthesis of PCho is energetically
disadvantageous to the plant. Unregulated operation of this
pathway in the dark poses a potentially significant depletion
and/or redirection of energy because each molecule of PCho
produced requires seven molecules of ATP for EA phosphory-
lation, AdoMet production, and AdoHcy recycling (48). The
reduced production of PMEA by PEAMT in the dark should
eventually lead to the depletion of PMEA. This raises a question
regarding the role of PMEAMT and whether this enzyme is
needed to ensure that PMEA produced by PEAMT is fully con-
verted to PCho.

Plants showing altered expression with respect to PEAMT
and PMEAMT should show perturbed PMEA metabolism and,
as such, offer insight into the role for PMEAMT in plants. In
this regard, atpmeamt plants show clear evidence of altered
PtdMEA composition compared with wild-type plants (Figs. 6
and 7). PtdMEA is normally a quantitatively minor and transi-
tory intermediate in PtdCho synthesis (34, 35, 37). Under the
growth conditions used, the elevated 34:3-PtdMEA species in
lipid fractions of atpmeamt was not associated with a deleteri-
ous phenotype. Keogh et al. (37) also reported that the atplmt
mutant lacking PLMT showed elevated PtdMEA and PtdDEA
content in lipid profiles relative to wild-type, but no other dif-
ferences were observed with respect to growth or development.
In contrast, when a mutant line was grown with suppressed
AtPEAMT activity, a variety of aberrant developmental and
morphological traits were shown by the plants, including a
severe loss of male fertility at 23 or 26 °C (49). Less severe
abnormalities were associated with a T-DNA insertion mutant
that reduced AtPEAMT activity (50), but even then a distinctive
phenotype was noted with respect to diminished root develop-
ment. We observed no reduced fertility even at 26 °C and no
anomalous seedling root development (data not shown). Yeast
opi3 mutants accumulate PtdMEA in their membranes, and
this change in phospholipid composition adversely impacts
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their growth and viability (38). This deleterious condition is
exacerbated when yeast is grown at higher temperatures, and
the mutants did not grow at 37 °C. McGraw and Henry (38)
suggest that the growth defects associated with this mutation
could be related to the transport of required growth factors
and/or membrane fluidity. The lack of phenotype for atp-
meamt and atplmt plants may indicate that the PtdMEA con-
tent in plant membranes needs to exceed a certain threshold or
that exposure to a higher growth temperature is needed before
a temperature-responsive phenotype is displayed. The pres-
ence of an operational PEAMT that can perform all three activ-
ities may be all that is needed to prevent the more deleterious
consequences associated with perturbed PCho metabolism.
Radiotracer studies and metabolic modeling almost invari-
ably support the proposal that the flux rates associated with the
choline biosynthetic pathways (Fig. 1) are rapid and that pool
sizes for the intermediates PMEA and PDEA are small (16, 34,
35, 51). However, under conditions of salt stress in spinach, a
salt-responsive increase in PEAMT activity is associated with
an increase in radiolabeled PMEA (25). McNeil et al. (2) show
that overexpression of spinach PEAMT by transgenic tobacco
leads to a depletion of EA and PEA and an elevated content of
PMEA relative to plants transformed with an empty vector con-
trol. This suggests that elevated PEAMT activity can lead to
more PMEA produced than can be processed through to PCho.
One reason that PMEA content can increase is due to feedback
inhibition of PEAMT by PCho. P-base methyltransferases stud-
ied to date show varying sensitivity toward PCho. Although the
PMT-1 and PMT-2 methyltransferases from C. elegans are rel-
atively insensitive to PCho inhibition (7, 46), the methyltrans-
ferases from Plasmodium with a single AdoMet binding
domain are highly sensitive in this regard (13), and bipartite
domain PEAMTS s from plants show intermediate sensitivity to
PCho inhibition (11, 12, 16). The two wheat PEAMT's that have
been characterized with respect to this property show that
TaPEAMT2 is over twice as sensitive toward PCho as
TaPEAMT1 (16). A truncated form of spinach PEAMT
(APEAMT) showed a sensitivity toward PCho half that of the
recombinant wild-type gene product (12). By way of compari-
son, AtPMEAMT inhibition at 47% by 1 mm PCho is compara-
ble with that reported for APEAMT from spinach (IC;, = 1
mm) and is less sensitive to PCho than the TaPEAMT1 isoform
(12, 16). Thus, AtPMEAMT is less sensitive toward inhibition
by PCho than plant PEAMTSs characterized to date. This fea-
ture and the high affinity toward PMEA should allow
AtPMEAMT to remove PMEA more efficiently than is possible
with AtPEAMT alone. Earlier reports offer support for this
action as a proposed role for PMEAMT. The activity associated
with PMEA methylation does not decline when spinach plants
are put in prolonged dark conditions, whereas PEAMT activity
does (11, 14). Thus, although reduced PEAMT would exert a
strong level of regulation on PMEA production, continued
PMEAMT activity allows for removal of PMEA by a mechanism
that is not light-responsive and potentially less inhibited by
PCho. As a constitutive housekeeping enzyme, PMEAMT
would augment the capacity for plants to convert PMEA to
PCho, and less PMEA should reduce the likelihood that this
metabolite can be incorporated into the polar headgroups of
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plant phospholipids. This role for PMEAMT may be particu-
larly advantageous for plants that accumulate glycine betaine
under environmental stress, where PEAMT activity is induced
and the capacity for PMEA production is much greater (14).

Whether PtdMEA in plant membranes constitutes a delete-
rious PMEA product is difficult to assess. Few reports docu-
ment the contribution of Ptd MEA or PtdDEA to the lipid com-
position of plants (34, 35, 37), but the capacity to produce
phospholipid membranes containing PtdMEA may be a more
general feature of plants. The comparison reported by Keogh et
al. (37) with respect to the lipid composition between atplmt
mutant and wild-type Arabidopsis shows PtdMEA to be pres-
ent among the phospholipids found in both lines. Although
the distribution of acyl chains showed considerable overlap
for the PtdEA, PtdMEA, PtdDEA, and PtdCho phospholip-
ids, only the 34:3 acyl species was absent from the PtdMEA
profiles. In contrast, we detected 34:3-PtdMEA in the wild-
type and atpmeamt mutant (Figs. 6B and 7). We cannot
explain the difference in acyl species associated with the
PtdMEA fractions between our study and the results reported
by Keogh et al. (37). These authors suggest that the polar head-
group phosphotransferase fails to recognize the 34:3 diacylglyc-
erolin the presence of the intermediate CDP-MEA as a possible
explanation for the absence of 34:3 associated with PtdMEA
(Fig. 1). Our data would suggest that the CTP-MEA is incorpo-
rated by a phosphotransferase that can recognize a 34:3 diacyl-
glycerol, but we cannot preclude the possibility that incorpora-
tion of PMEA in atpmeamt plants occurs by alternative means.
For example, phospholipase D-mediated membrane remodel-
ing could incorporate PMEA after PtdEA or PtdCho synthesis
(52). In atpmeamt plants, the phosphotransferase enzyme pres-
ent may have access to unusually high levels of free PMEA that
could promote this exchange.

The need for increased environmental stress tolerance in
crops has instigated many studies to enhance the capacity of
plants to accumulate osmoprotectants like glycine betaine
(reviewed in Refs. 47 and 53). Constraints to these goals have
included an inability to engineer plants that can furnish suffi-
cient choline for oxidation to glycine betaine (2). One recog-
nized obstacle resides in the innate sensitivity of PEAMT
toward PCho. Nuccio et al. (12) suggested that a less sensitive
recombinant PEAMT that undergoes only the first reaction
(PEA — PMEA) coupled to an enzyme like PMEAMT that
completes the sequence of methylations might offer a solu-
tion to this metabolic challenge. Our results suggest that
AtPMEAMT is less inhibited by PCho than spinach PEAMT,
and this difference may confer an advantage in attempts to elevate
glycine betaine levels in plants that do not normally accumulate
this metabolite. However, a potentially more valuable contribution
for PMEAMT may be to prevent the accumulation of PtdMEA in
plant membranes, an anomaly whose impacts on crop physiology
and productivity remains unknown.
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