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ABSTRACT: In plants andPlasmodium falciparumthe synthesis of phosphatidylcholine requires the
conversion of phosphoethanolamine to phosphocholine by phosphoethanolamine methyltransferase
(PEAMT). This pathway differs from the metabolic route of phosphatidylcholine synthesis used in mammals
and, on the basis of bioinformatics, was postulated to function in the nem@eeteorhabditis elegans

Here we describe the cloning and biochemical characterization of a PEAMTGr@teganggene pmt-

2; protein, PMT-2). Although similar in size to the PEAMT from plants, which contain two tandem
methyltransferase domains, PMT-2 retains only the C-terminal methyltransferase domain. RNA-mediated
interference experiments @. eleganshow that PMT-2 is essential for worm viability and that choline
supplementation rescues the RNAi-generated phenotype. Unlike the plaPieantbdiunPEAMT, which
catalyze all three methylations in the pathway, PMT-2 catalyzes only the last two steps in the pathway,
i.e., the methylation of phosphomonomethylethanolamine (P-MME) to phosphodimethylethanolamine (P-
DME) and of P-DME to phosphocholine. Analysis of initial velocity patterns suggests a random sequential
kinetic mechanism for PMT-2. Product inhibition I8fadenosylhomocysteine was competitive versus
S-adenosylmethionine and noncompetitive versus P-DME, consistent with formation of a dead-end complex.
Inhibition by phosphocholine was competitive versus each substrate. Fluorescence titrations show that all
substrates and products bind to the free enzyme. The biochemical data are consistent with a random
sequential kinetic mechanism for PMT-2. This work provides a kinetic basis for additional studies on the
reaction mechanism of PEAMT. Our results indicate that nematodes also use the PEAMT pathway for
phosphatidylcholine biosynthesis. If the essential role of PMT-2.ielegands conserved in parasitic
nematodes of mammals and plants, then inhibition of the PEAMT pathway may be a viable approach for
targeting these parasites with compounds of medicinal or agronomic value.

Phosphatidylcholine is a major phospholipid component flux to phosphocholine, and subsequently to phosphatidyl-
in the cellular membranes of eukaryotéds-@). The biosyn- choline via the Kennedy pathway-12). In this pathway,
thesis of phosphatidylcholine in various organisms occurs phosphoethanolamine is sequentially methylated to phos-
through three different metabolic pathways (Figure 1). The phomonomethylethanolamine (P-MME), phosphodimethyl-
de novo choline or Kennedy pathway, in which choline is ethanolamine (P-DME), and phosphocholine. Phosphocholine
converted into phosphatidylcholine, provides the major then enters the Kennedy pathway. Recent studies indicate
synthetic route in mammals, fungi, and bactetia4). Yeast that the protozoan parasitelasmodium falciparum(the
and mammalian liver cells use the CDP-diacylglycerol causative agent of malaria) synthesizes phosphatidylcholine
pathway, which begins with formation of phosphatidylserine using a plant-like phosphoethanolamine methylation pathway
from serine and CDP-diacylglycerod<6). Following the (13, 14).
conversion of phosphatidylserine to phosphatidylethanola- S-Adenosylt-methionine:phosphoethanolamifkemeth-
mine, the subsequent addition of methyl groups derived from yltransferase (PEAMT, EC 2.1.1.103) catalyzes the conver-
S-adenosylmethionine (SAMJo phosphatidylethanolamine  sion of phosphoethanolamine to P-MME, P-MME to P-DME,
yields phosphatidylcholine. In plants, the methylation of

phosphoethanolamine accounts for nearly all the metabolic,_ * Abbreviations: dsRNA, double-stranded RNA; ESI-QTOF, elec-
trospray ionization quadrupole time-of-flight; GFP, green fluorescent
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ser analysis by RNA-mediated interference, and kinetic exami-
¢ nation of aC. elegansPEAMT that catalyzes the methyla-
EA MME DME Cho tions of P-MME to P-DME and P-DME to phosphocholine.
¢ ¢ o | Using a combination of initial velocity studies and analysis

of product inhibition profiles, we show that the enzyme

follows a random bi-bi kinetic mechanism. This work

provides a kinetic basis for further studies on the reaction
mechanism of PEAMT and the development of PEAMT-

specific inhibitors.

PMT-2 1

pEA —— pMME —— PpDME —— pCho
|

CDP-EA CDP-MME CDP-DME CDP-Cho

¥
PtdEA —— PtdMME —— PtdDME =—— PtdCho

EXPERIMENTAL PROCEDURES
PtdSer

Ficure 1: Overview of phosphatidylcholine biosynthesis in mam- Materials. Escherichia coIRosetta_ 2 _(DE?’_) pLy_SS c_ells
mals, fungi, bacteria, plants, apicomplexans, and nematodes.were purchased from Novagen.’Nt-nitrilotriacetic acid
Metabolites in the de novo choline or Kennedy pathway for (NTA)—agarose beads were obtained from Qiagen. The
phosphatidylcholine (PtdCho) synthesis are indicated with the HiTrap Q-Sepharose and HiLoad 26/60 Superdex-200 FPLC
orange box. The CDP-diacylglycerol pathway (red box) is shown .q1;mns were from Amersham Biosciences. Radiolabeled
beginning with phosphatidylserine (PtdSer). The phosphobase 1 ; ’ .
methylation pathway found in plants and nematodes is highlighted LMethY#“CISAM (55.8 mCi/mmol) was bought from either
with the green box. Phosphocholine (pCho) is then converted into American Radiochemicals or Amersham Biosciences. P-
PtdCho by the Kennedy pathway. Horizontal arrows denote MME and P-DME were synthesized by Gateway Chemical,
methylation reactions, with the two steps catalyzed by PMT-2 from |nc. All other reagents were from either Sigma-Aldrich or

C. elegansindicated. In vivo conversions between the base, ;
phosphobase, CDP, and phospholipid substrates are shown ageesearch Products International and were of ACS reagent

vertical arrows. Metabolite names consist of a prefix (p, phospho; quality or better. _ _
CDP, cytidine 5-diphosphate; Ptd, phosphatidyl) and a core name  Cloning of pmt-2 and Generation of the Expression Vector.

(EA, ethanolamine; MME, monomethylethanolamine; DME, dim-  The pmt-2 coding region (GenBank accession number
ethylethanolamine; Cho, choline). AABO04824.1; wormbase locus F54D121yas amplified

) by PCR from &C. elegan€ST (cDNA; Genome Sequencing
and P-DME to phosphocholine. The genes for PEAMT ffom center at Washington University School of Medicine, St.
Arab|dop5|§_thallandthale cress)Spinacia oIerapezQspln-_ Louis, MO) using 5dGAGGAATTCCATATG TCATCTC-
gch), andTriticum aestium (wheat) encode protelns contain-  TATCCATTCC-3 as the forward pmel site under-
ing two tandem methyltransferase domaida€<12). The lined: coding region start codon in bold) antdEGGAT-
N-terminal methyltransferase domain catalyzes the methy- 1cGAGCTCTTA TTTTGGGAATGGTTTTTG-3 as the
lation of phosphoethanolamine to P-MME, and the C- o\ erse primer (Sacl site underlined; coding region stop
terminal domain converts P-MME to P-DME and P-DME .45 in bold). The 1.3 kb PCR product was gel-extracted
to phosphocholinel(l, 12). In contrast to the plant enzymes, (QIAquick Spin Gel Extraction Kit, Qiagen, Inc.) and

funptional analysis of the PEAMT fronP. .falciparum subcloned into the pCRII-TOPO vector (Invitrogen). Auto-
indicates that one methyltransferase domain performs all ,-ioq nucleotide sequencing confirmed the fidelity of the

three methylation reactions at a single active sitg (4). PCR product. Digesting the pCRII-TOPO-CePMT-2 vector
Earlier studies reported the presence of ESTs in the free-, .1 Ndel and Sacl and then ligating the 1.3 kb DNA

living nematodeCaenorhabditis elegarthat share sequence  ¢aqment into Ndel/Sacl-digested pET28a yielded the pET28a-
similarity with the plant and?. falciparumPEAMT (11— pmt-2expression vector.

13). This suggests that nematodes also use the plant-like RNA-Medi ; :

. . . ) ) -Mediated Interference (RNAI) of pmt-2 by Feeding
pathyvay for .phosphatldylchollne blqsyntheS|§, but the physi- and Chemical Rescue in C. elegaRer RNAI in C. elegans
ologic f(tjmctlon _Of these PEA'\ST'“ke proteins from any a double-stranded RNA (dsRNA) molecule was delivered
nematode remains unexamined. o : : :

. . by raising feeding worms oB. coli engineered to produce
Since thePIasmod_lumand nematod_e PEAMT Iac_k S€”  the dsRNA molecule22, 23). An 854-nucleotide fragment

quence homology with the phosphatidylethanolamine me- was amplified from theomt-2 gene using oligonucleotide
thyltransferases from other eukaryotes and the mammalianprimers (3-dCCAGATTATTACCAACGCCG-3 and 5-
genomes contain no PEAMT homologuds) the role of 416 AACTTACATAGATTCTTG-3). The pmt-2 genomic
PEA_MT n phosp_hollpld biosynthesis in these organisms fragment was cloned into the L4440 vect@4) between
provides a potential target for the development of antipro- opposing T7 polymerase promoters. The vector was then
tozoan and anthelmithic compounds with medical and
angCU|tu-ra| usesl, 16). m P. fa]mparym the phosphollpld. 2Since the protein encoded by this cDNA (GenBank accession
content increases upon '”fec“.o.” with phosphatldylcholme number AAB04824.1; wormbase locus, F54D11.1) catalyzes the last
comprising half of the phospholipid podl7). Previous work two methylation reactions in phosphocholine biosynthesis, it should
shows that phospholipid and phosphocholine analogues carbe designatedS-adenosylk-methionine:phosphomethylethanolamine

inhibit P. falciparummembrane biogenesis and retard growth N-methyltransferase. According to the guidelines for gene and protein

13, 18-21) nomenclature forC. elegans(http://www.cbs.umn.edu/CGC/Nomen-

(13 . . . . .. clature/nomenguid.htm), this gene is now designgied-2 and the
Currently, information about the biochemical and kinetic protein named PMT-2. The protein catalyzing the initial methylation

properties of the PEAMT from any source is limited. of phosphoethanolamine should be tern&adenosylk-methionine:

; fhati ; ; ; hosphoethanolamini-methyltransferase. Th€. elegansPEAMT
Understandmg the kinetic and chemical reaction meChamsmS?GenBank accession number AAA81102.1; wormbase locus, ZK622.3a/

of PEAMT is essential for the development of inhibitors  3p) that catalyzes this reaction is designated PMT-1 and theqgene
targeting this enzyme. Here we describe the cloning, in vivo 1, and they will be described elsewhere.
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transformed intcE. coli strain HT115, which contains the 1 mL Dowex (50WX8-100)-resin column, which was washed
gene for the T7 RNA polymerase. Conti©! elegansvere with 2 mL of ice-cold water and then eluted with 10 mL of
fed E. colitransformed with the L4440 vector encoding green 0.1 N HCI. For scintillation counting, 2 mL of the eluant
fluorescent protein (GFP). Feeding RNAI was initiated from was mixed with 3 mL of Ecolume scintillation fluid.

C. eleganslarva at 20°C on nematode growth medium Steady-state kinetic parameters for SAM {2Z500uM)
(NGM)—agar plates containing 2.5 mg/mL isopropyl 1-thio- were determined under standard assay conditions at either
pB-pD-galactopyranoside (IPTG) arigl coli expressing either 10 mM P-DME or 20 mM P-MME. Product formation was
pmt-2or control GFP dsRNA. assessed by scintillation counting. Tkeg andK, values of

For chemical rescue of themt-2 RNAi-generated phe- ~ PMT-2 for P-DME and P-MME (0.2520 mM) were
notype, ethanolamine, monomethylethanolamine, dimethyl- détermined at 2.5 mM SAM. All data were fit to the
ethanolamine, or choline was incorporated into the N6M  Michaelis—Menten equation = (kea{S])/(Km + [S])] using
agar plates at various concentrations before the plates werd<aléidagraph (Synergy Software). _
poured. The plates were seeded wiEh coli expressing Characterization of Reaction ProductShin-layer chro-
dsRNA homologous tgmt-2 In one set of experiments, matography (TLC) and electrospray ionization quadrupole
either a first-stage larva (L1) or a dauer larva was placed on time-of-flight (ESI-QTOF) mass spectrometry were used to
each plate and the PO and F1 progeny were examined for sconfirm the chemical identity of the reaction products. For
days. The dauer larva wedaf-7(e1372)mutants, which are confirmation of reaction product identities by TLC, PMT-2
constituitive dauers at 2% but are wild-type at éOC. Upon was assayed under the standard reaction conditions contain-
placing the dauers on the RNAi-feeding plates, the incubation g 400 nCi of methy+“CISAM and 10 mM phosphoetha-
temperature was shifted from 28 to 20°C to induce the ~ Nolamine, P-MME, or P-DME4, 7). Reaction products were
worms to exit dauer and start feeding. In a second set of Purified as described above, collected, and evaporated to
experiments, a single stage-four (L&) eleganshermaph- dryness. The dry product was resuspended in methanol and
rodite was placed on each plate and allowed to lay eggs for@PPlied to a Whatman LK6D silica TLC plate, which was
24 h. The phenotype of the PO and the F1 progeny was scoredhen developed with am-butanol/methanol/concentrated

48 h and 72 h after the initial 24 h egg-laying period. HCl/water mixture (7.5:7.5:1:1; v/viv/v). Phosphorimaging
was used to visualize the radiolabeled products. Migration

of reaction products was compared to that of authentic
standards.

To determine the chemical identity of reaction products
(i.e., P-DME and phosphocholine) by ESI-QTOF mass
spectrometry, standard reactions were performed without
incorporation of radiolabeled SAM. Reaction products were
purified as described above, collected, and evaporated to
dryness. Samples were resuspended ingl06f 10% (v/v)
acetonitrile and analyzed with an ABI QSTAR XL (Applied
Biosystems/MDS Sciex) hybrid QTOF MS/MS mass spec-
trometer equipped with a nanoelectrospray source (Protana
XYZ manipulator). Positive mode nanoelectrospray was
generated from borosilicate nanoelectrospray needles at 1.5
kV. TOF MS spectra were obtained using Analyst QS

Expression in E. coli and Protein PurificationThe
pET28apmt-2expression construct was transformed ito
coli Rosetta 2 (DE3) pLysS cells. Transformdcoli were
grown at 30°C in Terrific Broth containing 50ug/mL
kanamycin and 35tg/mL chloramphenicol until thédsoo
reached~0.8—1.2. Following induction with 1 mM IPTG,
the cultures were grown at 258 for 4—6 h. Cells were
harvested by centrifugation (100§0for 10 min) and
resuspended in lysis buffer [50 mM Tris (pH 8.0), 500 mM
NaCl, 25 mM imidazole, 10% (v/v) glycerol, and 1% (v/v)
Tween 20]. After sonication and centrifugation (509@6r
1 h), the supernatant was loaded onto & NINTA column
previously equilibrated with lysis buffer. The column was
washed with wash buffer (lysis buffer without Tween 20).

Bound protein was eluted using elution buffer (wash buffer ¢qsvare with anmz range of 36-500. The observedvz

containing 250 mM imidazole). Eluted protein was buffer 4,5 of the parent ion and fragmentation pattern for each

exchanged into 50 m_M Tris (pH 8.0) and 100 mM NacCl product [neutral loss of HPL(80 Da) and HPO; (98 Da)]
and loaded onto a HiTrap Q-Sepharose FPLC column. A\ are determined: P-DME [M- H]* 170.07, [(M— HPO)

linear salt gradient (from 100 to 500 mM NaCl) was used . H]* 90.10, [(M— HsPQy) 4+ H]* 72.09: phosphocholine
to elute protein from the column. Fractions containing PMT-2 [M] 184.08 fM — HPOy] 104.12, [M— H;PO4] 86.10. The .
were pooled and loaded onto a Superdex-200 size-exclusionyarent jon and fragmentation pattern of the products matched

FPLC column equilibrated in 25 mM Hepes (pH 7.5) and hose obtained using standards: P-DME,fVH]* 170.06,
100 mM NaCl. Fractions with PMT-2 were pooled, concen- (v — HPQy) + H]* 90.09, [(M — HsPQy) + H]* 72.08:

trated to 15 mg/mL, and stored &B0 °C. Protein concen-  phosphocholine, [M] 184.08, [M- HPOs 104.11, [M —
trations were determined by the Bradford method (protein 4 pg g6.10.
assay, Bio-Rad) with bovine serum albumin as the standard. Analysis of the Bisubstrate Kinetic Mechanishnalysis
Enzyme AssaysA radiochemical assay was used to of the kinetic mechanism of PMT-2 used global fitting
measure enzymatic activityd), Standard assay conditions analysis 25—28). Reaction rates were measured under
were 0.1 M HepeXOH (pH 8), 2 mM NaEDTA, 10% standard assay conditions with a matrix of substrate con-
glycerol (v/v), 2.5 mM SAM (100 nCi ofthethy“C]SAM), centrations (152500uM SAM and 0.25-20 mM P-DME).
and 10 mM P-DME in 10Q:L. Assays contained 0,49 of Global curve fitting in SigmaPlot (Systat Software, Inc.) was
protein and were incubated for 2.5, 5, and 7 min atG0 used to model the kinetic data to rapid equilibrium rate
The amount of protein and the time of reaction provided a equations describing ping-pong E (VmadAl[B])/( Ks[A]
linear rate of product formation. Reactions were terminated + Ka[B] + [A][B])], ordered sequentiald = (VmadAl[B])/
by addition of 1 mL of ice-cold water. The phosphorylated (KaKg + Kg[A] + [A][B])], and random sequentialy =
product was purified by loading the quenched reaction to a (Vma{Al[B])/( aKaKg + Kg[A] + Ka[B] + [A][B])], kinetic
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Ficure 2: Amino acid sequence comparison of PEAMT. Multiple-sequence comparison®©f éegan$MT-2 (CePEAMT2, AAB04824.1),

S. oleracea(spinach) PEAMT (SoPEAMT, AAF61950.1),. aestium (wheat) PEAMT (TaPEAMT, AAL40895.1)Ar. thaliana (thale

cress) PEAMT (AtPEAMT, AAG41121.1), and. falciparumPEAMT (PfPEAMT, AAR08195.1). Invariant amino acids are highlighted

with orange boxes. Sequence motifs defining the methyltransferase domains are labeled |, post-1, I, and lll. The motifs in the first and
second methyltransferase domains are denoted with red and green boxes, respectively. Highly conserved positions within the methyltransferase
sequence motifs are shown with white letters. Sequence alignment was performed using the Multalin website (http://prodes.toulouse.inra.fr/

multalin/multalin.html).

mechanisms, where is the initial velocity, Vimax is the
maximum velocity, Ka and Kg are the K, values for
substrates A and B, respectively, aads the interaction
factor if the binding of one substrate changes the dissociation
constant for the other substrat9y.

Product Inhibition Assay$keaction rates of PMT-2 in the
presence o&adenosylhomocysteine (SAH) or phosphocho-
line were determined radiometrically under standard assay

conditions. Enzymatic activity was measured in reaction !

mixtures containing inhibitor, either SAH (:®00uM) or
phosphocholine (0-56 mM), and varied concentrations of
SAM (15—2500uM) or P-DME (0.25-20 mM). The global
fitting analysis of data from inhibition experiments used
SigmaPlot to fit all data to the equations for competitive (
= (Vmad SDH{ [Km(L + [I}/ Kis) + [S]]}) or noncompetitive
(v = (VmafSDH[Km(1 + [I/Ki)] + [SIA + [/ K:i)l})
inhibition (30).

Fluorescence Titration of Ligand Bindingluorescence
emission spectra were measured from 300 to 500 nm (slit
width of 5 nm) with an excitation wavelength of 295 nm
(slit width of 5 nm) using a Varian Cary spectrofluorometer.
The final buffer used for ligand titrations contained 100 mM
HepeskKOH (pH 8.5), 2 mM EDTA, and 20@g of protein.
Compounds used for titration experiments were SAM (0
10 mM), P-DME (0-20 mM), phosphocholine (640 mM),
and SAH (0-250uM). To calculate th&lyq based on signal

intensity, data were fitted to a reversible two-state model of
binding

AF = (AF o [LD/(IL] + Ky

whereAF is the change in fluorescence in the presence of
ligand (L) andAFnax is the maximal change in signal. The
data were also plotted as a linear transform of the same
equation in which the slope yield& (Rvs R/[L]), where R

is the change in fluorescence.

RESULTS

Analysis of the pmt-2 cDNA from C. elegaAdull-length
cDNA encoding a polypeptideC( eleganshypothetical
protein AAB04824.1) similar in sequence to the PEAMT
from Plasmodium spinach, wheat, andrabidopsiswas
isolated (0—13). The cDNA of 1311 bp contains an open
reading frame for a 437-amino acid polypeptide with a
calculated molecular mass of 49.8 kDa and a pl of 5.6. The
predicted amino acid sequence is 30.4, 30.7, and 29.5%
identical with those of the spinach, wheat, ahbidopsis
PEAMT, respectively, over the length of the PMT-2 protein
sequence and 73.3% identical with the smaller (266-amino
acid) PlasmodiumPEAMT, primarily in the C-terminal
region of theC. elegangrotein (Figure 2). In addition, ESTs
sharing 36-40% sequence identity with PMT-2 appear in
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Table 1: Summary o€. elegans pmt-Feeding RNAi and
Chemical Rescue Phenotypes

starting
worm (PO0) added compound phenotype

L1 none PO sterility

L1 10 or 30 mM EA, MME, or DME PO sterility

L1 10 mM choline PO sterility

L1 30 mM choline fertile adults

dauer none PO sterility

dauer 10 or 30 mM EA, MME, or DME PO sterility

dauer 10 mM choline PO sterility

dauer 30 mM choline fertile adults

L4 none F1 L1/L2 arrest; lethality
L4 10 or 30 mM EA, MME, or DME F1 L1/L2 arrest; lethality
L4 10 mM choline F1 L1/L2 arrest; lethality
L4 30 mM choline wild-type F1

aC. elegansat the L1, dauer, or L4 stage were placed on NGM
agar plates containing the indicated compound (EA, ethanolamine;
MME, monomethylethanolamine; DME, dimethylethanolamine), as
described in Experimental Procedures. The observed phenotypes ar{
indicated.

IGURE 3: Chemical rescue of themt-2 RNAi phenotype with
athway intermediates. Individuél. elegand_4 hermaphrodites
were placed on NGMagar plates containing bacteria producing
pmt-2 dsRNA and (A) no additional compounds, (B) 30 mM

plant parasitic nematode#éloidogyne jaanica Meloid-  choline, (C) 10 mM DME, or (D) 30 mM DME. Photographs show

. . . - . the phenotype of the F1 progeny 4 days after introduction of the
ogyne chitwoodi Meloidogyne incognitaand Globodera  iginal| 4 1o the plate. (A) F1 progeny have arrested development

rostochiensisand mammalian parasitic nematodésdaris at the L1 stage. (B) F1 progeny have developed to fertile adults
suumand Ancylostoma ceylanicum (arrows) and produced F2 eggs (circle) and larvae. (C and D) F1

Alignment of the plant,Plasmodium and C. elegans progeny have arrested development and no F1 adults are present.
PEAMT amino acid sequences revealed differences in the . . L .
organization of the methyltransferase domains (Figure 2). prowd_es an essential function in multiple developmental
The plant PEAMTs contain two tandem methyltransferase steps InC. elegans
domains defined by a set of consensus sequence motifs TO test whether the RNAi-generated phenotype could be
termed I, post-1, II, and 111 31). In the plant enzymes, the rescued by providing metabolite§. eleganswere fedE.
first domain methylates phosphoethanolamine to P-MME and Coli expressing dsRNA homologous to eitient-2or GFP
the second domain catalyzes the two methylation reactions(control) on standard media or media supplemented with
leading to phosphocholind@-12). ThePlasmodiunPEAMT, ethanolamine, monomethylethanolamine, dimethylethanola-
the sequence of which is similar with the C-terminal half of mine, or choline (Figure 3). The free base forms of the
PMT-2, consists of a single methyltransferase domain Metabolites were used to facilitate uptake into the worms
capable of all three methylation reactiori3 Although ~ and subsequent conversion to the corresponding phospho-
PMT-2 is similar in amino acid length to the plant enzymes, bases by endogenous ethanolamine and choline kind3es (
comparison of the methyltransferase consensus motifs in theln the control experiments using GFP, nematodes (L1, dauer,
N- and C-terminal domains suggests that PMT-2 contains @hd L4) developed normally on either standard or supple-
only the C-terminal methyltransferase domain, since the mented media. As summarized in Table 1, providing etha-
N-terminal I, post-I, I, and Ill motifs lack a high degree of ~holamine, monomethylethanolamine, or dimethylethanola-
sequence similarity with the plant enzymes. In addition, the Mine did not reverse the RNAi-generated phenotype for the
functionally important Gly-X-Gly-X-Gly sequence located L1, dauer, or L4 worms; however, addition of 30 mM choline
in N-terminal motif | is missing from PMT-232). These rescued the PO sterility and F1 larval arrest associated with
sequence comparisons suggest that PMT-2 does not catalyz&e pmt-2RNAi-generated phenotype (Figure 3B).
the methylation of phosphoethanolamine. Expression, Purification, and Substrate Preference of

RNAI of pmt-2 by Feeding and Chemical Rescue in C. PMT-2 Hexahistidine-tagged PMT-2 was expressedin
elegansRNAi was used to probe the function of PMT-2 in  coli and purified using Ni*-affinity, anion-exchange, and
C. elegangTable 1). A dsRNA construct was designed to Size-exclusion chromatography (Figure 4A). Purified recom-
inactivate thepmt-2 gene and was delivered by raising binant PMT-2 migrated with a molecular mass~e0 kDa
feeding nematodes dB. coli producing the dsRNA corre- 0N SDS-PAGE, which corresponds to the predicted mass
sponding to eithepmt-2or GFP (control). In all the control ~ Of the His-tagged protein (51.9 kDa). Size-exclusion chro-
experiments, normal development was observed. With matography of PMT-2 indicated that the protein migrates as
bacteria expressing the dsRNA correspondingut-2, if a 46 kDa species, corresponding to a physiologic monomer,
the parental worm (P0) was either an L1 odaf-7 (see which is similar to the result reported for the PEAMT from
Experimental Procedures), then the phenotype was completeésPinach ¢1).
or highly penetrant X95%) PO sterility. If the parental To verify the predicted activity of PMT-2, purified protein
nematode was an L4 larva, the observed phenotype waswas assayed with phosphoethanolamine, P-MME, and P-
arrested development and lethality in the progeny (F1) L1/ DME (Figure 4B). These experiments showed that ¢he
L2 larva. These experiments show titateleganggrown in elegansenzyme efficiently catalyzes the last two methylation
the presence oOE. coli expressing dsRNA from thpmt-2 reactions in phosphocholine synthesis, but not the initial
gene were developmentally impaired, indicating that the genemethylation of phosphoethanolamine. In addition, the reac-
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A B Table 3: Kinetic Constants for a Random Sequential Bi-Bi Kinetic
123 123 ModeP
p— <P-MME fitted parameters
82 kDap | Vmax[nmol min~t (mg of protein)!] 555+ 19
63 kDap /i f‘ <P-DME Ksam (MM) 0.66:+ 0.05
S Kp-pmE (mM) 456+ 0.38
50 kDa» ' <PC a 0.30+ 0.09
7 kD ! calculated values
3 > 3 oKsam (MM) 0.20
O“Kpf[)ME (mM) 1.4

FiGUurRe 4: Protein expression and substrate specificity of PMT-2. aKsaw and Ke_pue are the equilibrium dissociation constants for

(A) SDS-PAGE samples were stained for total protein using e pinging of SAM and P-DME, respectively, to the enzymés the
Coomassie Blue. Arrows correspond to the indicated molecular j,:araction factor between the substrates.

mass markers. Lanes—B show the purification of PMT-2 as
follows: (1) sonicate (75g of protein); (2) N#**—NTA purified
protein (10ug of protein), and (3) final size-exclusion purified  js 2—5-fold higher; however, previous analysis of the other
protein (10ug of protein). (B) TLC analysis of the PMT-2 reaction  peAMT ysed phosphoethanolamine, which is not a substrate
products. PMT-2 (kg) was incubated for 5 min with radiolabeled S ! .

SAM and either phosphoethanolamine (lane 1), P-MME (lane 2), ©f PMT-2. Thus, no kinetic data have been previously
or P-DME (lane 3). Products were isolated as described in reported for P-MME and P-DME with a PEAMT from any

Experimental Procedures. Positions of P-MME, P-DME, and species. The difference ik, for SAM likely reflects the

phosphocholine (PC) standards are indicated at the right. substrate specificity of PMT-2. In addition, the turnover rates
— of the C. elegansenzyme are~500-fold higher than those
Table 2: Steady-State Kinetic Parameters reported for the PEAMT fronPlasmodium(13).
substrate  kear(min™) K (MM) KealKim (M~ s7) Initial Velocity Studies of the Kinetic Mechanisifhree
SAM 4984i 32 0.251 8.02 22428 possible kinetic mechanisms, i.e., ping-pong, ordered se-
P-DME 587+ 1 1.19+ 0.1 2 i i i i .
P-MME 65.% 27 3341 0,46 2820 guential, and random sequential, describe the possible two

substrate to two-product (bi-bi) reactior9). To distinguish

2 Reactions were performed using a radiometric assay as describedyatyween these different kinetic models for PMT-2. reaction
in Experimental Procedures. Kinetic parameters for SAM were ; ; ; D
determined at 10 mM P-DME. Ak..:andKn, values are expressed as rates Were, determined using a matrix of SAM and P-DME
the meant the standard erron(= 3). concentrations 29, 30, 34). Use of P-DME eliminated

potential complications arising from the product of the first

tion products generated by PMT-2 from P-MME and P-DME Methylation reaction being used as a substrate in the second
were confirmed as P-DME and phosphocholine, respectively, Methylation reaction. The resulting data (Figure 5) were
by ESI-QTOF mass spectrometry as described in Experi- Simultaneously fit to the equations describing the potential
mental Procedures. In the presence of SAM, PMT-2 exhibited Pi-bi kinetic mechanisms. Examination of Lineweav&urk
specific activities of 550 and 370 nmol of product rriin plots, residual errors, the standard error of the fitted
(mg of proteiny® for P-DME and P-MME, respectively. A parameters, and the correlation coefficient of the fit deter-

limited activity of 5 nmol of product mint (mg of proteiny* mined the quality of the fit.

was observed using phosphoethanolamine and SAM as The kinetic data showed that all the initial velocity line

substrates. patterns intersected, indicating that the kinetic mechanism
Steady-State Kinetic Analysi$he steady-state kinetic is not a ping-pong type. The best fit of the data, shown as

parameterski,;: andKy,) of PMT-2 for SAM, P-MME, and lines in Figure 5, was to a random sequential mechanism

P-DME were determined using a radiometric assay (Table (r> = 0.997), which was better than the fit to an ordered
2). When the enzyme was assayed with either phosphobaseequential ¢ = 0.969) mechanism. The fitted kinetic
as a substrate, the,;andK, values of the enzyme for SAM  parameters are summarized in Table 3. On the basis of this
were similar. Compared to those of the spinach, wheat, andanalysis, the binding of either SAM or P-DME increases the
Plasmodiumrenzymes 11—13), theK, of PMT-2 for SAM binding affinity for the other substrate approximately 3-fold

A = o1 B —~
£ * £ 014}
[ [7]
S 0.08 5 o0.12}
s s
2oos} g 01
. Eoos}
[ =4 f=4
£ o.04} £ o.06}
£ £
s S 0.04f
g 0.02 g
£ £ 0.02}
2 — S —
S "0 0005 001 0015 002 = 0 05 1 15 2
1/[SAM, pM] 1/[P-DME, mM]

Ficure 5: Initial velocity variation of substrates. Experimental data are indicated by the symbols in the double-reciprocal plots of the
substrate variation experiments. The lines shown represent the global fits of all data to the equation for a random sequential bi-bi mechanism
(r2=0.997). Assays were performed as described in Experimental Procedures. (A) Double-reciprocal ples dffSAM] at 0.25, 0.67,

1.0, 2.5, 5.0, 10, and 20 mM P-DME (from top to bottom). (B) Double-reciprocal plotio¥4/1/[P-DME] at 15, 50, 100, 250, 500, 1000,

and 2500uM SAM (from top to bottom).
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Ficure 6: Product inhibition studies. Product inhibition assays were performed as described in Experimental Procedures. The lines show
the fit to the data. (A) Double-reciprocal plot ofilvs 1/[SAM] at 0, 37, 67, 100, 250, and 5001 S-adenosylhomocysteine (SAH) (from

top to bottom). (B) Double-reciprocal plot of :lks 1/[P-DME] at 0, 37, 67, 100, 250, and 5@M SAH (from top to bottom). (C)
Double-reciprocal plot of Z/vs 1/[SAM] at 0, 0.5, 1, 2, 4, and 6 mM phosphocholine (from top to bottom). (D) Double-reciprocal plot of

1/v vs 1/[P-DME] at 0, 0.5, 1, 2, 4, and 6 mM phosphocholine (from top to bottom).

values of 6.5+ 0.6 and 1.2+ 0.2 mM, respectively.
variod Quenching of protein fluorescence emission was observed
substrate inhibitor fixed substrate inhibitionKis («M)  Kj (uM) In titrations of PMT-2 using phosphocholine and SAH with
dissociation constants of 78 0.9 mM and 574+ 10 uM,

Table 4: Product Inhibition Patterhs

SAM SAH P-DME (10mM) C 9.8+ 1.2 .
P-DME SAH SAM (2.5 mM) NC 8.4-1.7 12.6+1.4 respectively.
SAM PC P-DME(10mM) C 1966 210

P-DME PC  SAM (2.5 mM) C 154@- 268 DISCUSSION

aAll assays ( = 3) were performed as described in Experimental . . .
Procedures. The inhibition patterns are as follows: C, competitive; NC, ~Parasitic organisms, either protozoans or nematodes, are

noncompetitive. PC is phosphocholine. a major cause of disease worldwidEs( 16). Ultimately,
the development of drugs targeting pathways that differ
(. = 0.30). The model-derived values afKsay and between the parasite and host species offers a strategy for
aKp_pme (Table 3) were comparable to thg, values of each  controlling these organism€. eleganss a model system
substrate shown in Table 2. for studying the biology of these metabolic pathways and
Product Inhibition StudiesTo distinguish between random  the biochemistry of the enzymes catalyzing different reactions
sequential and ordered sequential mechanisms for PMT-2,in target pathways. Sincélasmodiumand nematodes
product inhibition studies were performes8l)( 35). Product ~ Synthesize phosphatidylcholine, a major phospholipid in the
inhibition by SAH versus SAM and P-DME showed com- membranes of eukaryotes, using a metabolic pathway that
petitive and noncompetitive inhibition patterns, respectively differs from the biosynthetic pathway used in mammals, the
(Figure 6A,B). Fitting of the SAH inhibition data yieldled PEAMTs are potential targets for the development of
the K; values summarized in Table 4. The noncompetitive antiprotozoan and nematicidal compounds of medicinal and
pattern observed with SAH versus P-DME indicates forma- agricultural value 15). Understanding the biological function
tion of an ESAH-P-DME dead-end complex. The inhibition ~ of these enzymes and establishing their kinetic mechanism
constants for SAH were-5-fold lower than the 1§, values are essential steps toward elucidating the PEAMT chemical
reported for thePlasmodiunPEAMT (13). Using phospho- ~ mechanism and for inhibitor design.
choline, competitive inhibition patterns were observed versus Although related by sequence similarity, the pldPigs-
each substrate (Figure 6C,D). TKevalues of phosphocho-  modium and nematode PEAMTS catalyzing phosphocholine
line for PMT-2 (Table 4) were comparable to the;d@alue synthesis vary in the organization of their methyltransferase
(0.5 mM) described for the spinach enzynid)( domains (Figure 2). The plant PEAMTSs are single polypep-
Fluorescence Studie$o further test the proposed kinetic tide molecules containing two tandem methyltransferase
mechanism, fluorescence titrations were used to estimate thalomains, each defined by a conserved set of sequence motifs
dissociation constants for the enzyrigand complexes. As  (12—14). Generation of a truncated spinach PEAMT variant
shown in Figure 7A, P-DME and SAM quenched the lacking the C-terminal domain demonstrated that the N-
fluorescence emission signal of PMT-2. Titration of the terminal methyltransferase domain catalyzes only the initial
enzyme with P-DME and SAM (Figure 7B,C) yieldéd methylation of phosphoethanolamine to P-MME, suggesting
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A @ 10 that only methylates phosphoethanolamine to P-MMI&e
€ 600k sequence of PMT-1 is 12% identical with that of PMT-2
> but is more homologous~25% identical sequence) with
2 500 the N-terminal methyltransferase domains of the plant
5 400} PEAMT3 Thus, in C. elegans it is likely that gene
E 300} duplication and divergence of the two PEAMT sequences
S 200}/¥ into enzymes performing the initial and subsequent methy-
§ 100 lation reactions, respectively, occurred.
§ 0 I ] Disruption of endogenoupmt-2 gene expression by
iC 300 35 400 450 500 feeding RNAI tested if the gene product is required for
Wavelength (nm) survival of C. elegansand if the protein is a potential
B 2 100p . nematicidal target. The dsRNA used in this study was
s . designed to minimize the chance of off-target effects. Since
g [ . the twoC. eleganPEAMTs (PMT-1 and PMT-2) are 12%
S 6o} gg identical in sequence and extensive database searching using
2 80 .. thepmt-2gene failed to detect thamt-1gene or other related
g 4of @60 . genes inC. elegansthe likelihood of cross-reactivity is
§ ol o minimal. In these experiments, elegand 1 and dauer larva
o 0 T o5 grown in the presence d&. coli expressing dsRNA from
&® 0 . JPL thepmt-2gene yielded PO sterility. Likewise, feeding RNAI
0 5 10 15 to L4 larva resulted in arrested development and lethality in
[P-DME, mM] Hal
the F1 L1/L2 larva. The observed phenotypes are similar to
c 8 1oor those reported in RNAI experiments targeting phosphatidy!-
§ sol choline metabolism irC. elegansthat resulted in drastic
i reductions in fertility, which is consistent with the role of
§ 60 | phosphatidylcholine in embryo developmer®6). If the
o observed essential role (. eleganss conserved in parasitic
°g’, aor nematodes, such &. javanica M. chitwoodj M. incognita
g 5 20 G. rostochiensiA. suumandAn. ceylanicumthen inhibition
‘\g 10 30 0 70 9% of PMT-2 may be a viable nematicidal strategy.
° T e & 0 Chemical complementation of the RNAi-mediafeaht-2
[SAM, mM] phenotype provides information about the biological function

FIGURE 7: Fluorescence titration experiments. (A) Emission spectra ©f the protein. GrowincC. elegansn media supplemented
of PMT-2 in the absence and presence of ligands. Emission spectrawith choline reversed themt-2RNAi-mediated phenotype;
for PMT-2 (—) and the enzyme in the presence of 2 mM SAM however, chemical rescue of the phenotype did not occur in
(— ——) or 10 mM P-DME (--) are shown. All spectra were  media supplemented with ethanolamine, monomethyletha-

recorded as described in Experimental Procedures. (B and C) : : . .
Determination of th& values for P-DME (B) and SAM (C). Data nolamine, or dimethylethanolamine (Table 1 and Figure 3).

are plotted as the percentage of fluorescence change vs ligand roviding choline bypasses the PEAMT pathway and allows
concentration. The inset graph shows a linear transformation of direct entry of the metabolite into the Kennedy pathway in
the titration data, where R is the change in fluorescence upon ligandC. elegang(37). This indicates that the biological activity
addition. of PMT-2 is upstream from the entry of phosphocholine into

_ _ the Kennedy pathway and is required for the utilization of
that the C-terminal methyltransferase domain performs the p-MME and P-DME. The in vivo results correspond with
next two methylation reactions to yield phosphocholii®(  the substrate specificity determined with the purified recom-
In contrast, the PEAMT from the malarial parasiie binant enzyme.

falciparum is half the length of the plant enzymes and  as described in Results, the steady-state kinetic properties
consists of a single methyltransferase domain that catalyzessf pMT-2 with SAM as a substrate are similar to those
the three-step methylation of phOSphOEthanOlamine to phOS'reported for the Spinach' Wheat’ aﬁdismodiun'enzymes
phocholine {5, 16). C. elegansadopted a third scheme for  (13-15), but the activity of any PEAMT has previously not
PEAMT-mediated phosphocholine synthesis. been determined using P-MME or P-DME as a substrate.
The PEAMT fromC. eleganslescribed here is similarin ~ Comparison of the turnover rates of PMT-2 and the PEAMT
amino acid length to the plant enzymes but retains only the rom Plasmodiunproduced a 500-fold difference. Since the
C-terminal methyltransferase domain. Examination of the Plasmodiumenzyme was assayed using phosphoethanola-
methyltransferase consensus motifs in the N-terminus of Min€ and not P-MME or P-DME, the first methylation
PMT-2 suggests a loss of function for this domain. As shown, reactl_on may be rate—l|m|t|r)g compareq o the two subsequent
PMT-2 uses P-MME and P-DME as substrates to generatereacnon.s‘ of-phosphoc-hollne synthesis. ) )
P-DME and phosphocholine, respectively (Figure 4B). This _ The kinetic mechanism of PMT-2 was examined using
is consistent with the proposed role of the C-terminal initial 'velocny.stu_d|esz anegS|s of product inhibition patterns,
methyltransferase domain in the plant PEAMI3( 14). and ligand binding titrations. Overall, the results of these
Interestingly, a second PEAMT-like géhis present inC.
eleganggene pmt-1 protein, PMT-1) and encodes a protein 3K. M. Brendza and W. Haakenson, unpublished data.
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A B fluorescence emission of PMT-2, the binding of one substrate
E+A 22 Ep El+A Eﬁf\ EIA dqe_s not require the presence of _the other mglecule.
. + K, l B, Similarly, SAH and phosphocholine bind to PMT-2 in the
B B 1 H absenc'e of the other product. Moreover, the experimentally
Ks| floKe | '+ determinecKq values for SAM and P-DME are comparable
Keat + Ka to estimates of these binding constants calculated by fitting
EB+A P EAB — E+A = EA the initial velocity data to the equation for a random
+ + sequential mechanism (Table 2). Likewise, the binding
B B constants estimated by fluorescence titration and the inhibi-
KBH ﬂO‘KB tion constants for phosphocholine and SAH are similar. These
EB+A =— EAB Keat results suggest that product release is random; however, the
oKa inability to assay the reverse reaction prevents accurate

Ficure 8: Model for a random sequential mechanism. (A) determination of this.

Chemical equilibria without inhibitor. (B) Chemical equilibria in
the presence of an inhibitor (SAH) that forms a dead-end complex
with a substrate (P-MME or P-DME).

Taken together, the results of our initial velocity, product
inhibition, and fluorescence titration studies indicate that

PMT-2 uses a random sequential kinetic mechanism that
experiments indicate that PMT-2 uses a random sequentialresembles those reported for catec@emethyltransferase,
kinetic mechanism for the synthesis of phosphocholine arylamine N-methyltransferase, and glutamylmethyltrans-
(Figure 8A). To distinguish between the three possible kinetic ferase 89—41). Conflicting results describe ordered and
mechanisms describing a two-substrate to two-product or bi-random kinetic mechanisms for the mammalian phosphati-
bi reaction, reaction rates were determined using a matrix dylethanolaminél-methyltransferaset@, 43). Studies on the

of SAM and P-DME concentration®9, 30, 34). Because

PEAMT from C. elegangrovide the kinetic basis for further

the initial velocity line patterns all intersect (Figure 5), a structural and functional studies on the chemical reaction
possible ping-pong mechanism was eliminated from further mechanism of PEAMT, which will be valuable for informa-
consideration. Comparison of the global fitting analysis of tion for inhibitor screening and design.

the data to equations for either ordered or random sequential
mechanisms indicates that a random mechanism best de-
scribes the observed data obtained with PMT-2 (Table 3).
The fitted parameters &fmax, Ksam, andKe-pue are similar

to the experimentally observed turnover rate and the binding

constants determined for each substrate by fluorescence 1.

titration. Likewise, the calculated values ofKsav and
aKp-pve Were comparable to the observig, values for

each substrate. The interaction facter= 0.3) implies that 3.

binding of either substrate to the enzyme increases the
binding affinity 3-fold for the second substrate.

Product inhibition experiments provide additional evidence
for a random sequential kinetic mechanism for PMT-2. The

observed product inhibition patterns (Figure 6 and Table 4) 5.

are not those expected for an ordered bi-bi mechanism but
match the inhibition patterns expected for a random sequen- g
tial mechanism 35). In a random bi-bi mechanism, if no
dead-end complexes form between the product inhibitor and
a substrate, then all the product inhibition patterns exhibit
competitive inhibition profiles35); however, noncompetitive
inhibition occurs in the presence of abortive complexes. Since g
inhibition of PMT-2 by SAH was competitive versus SAM
and noncompetitive versus P-DME, a dead-end complex
forms between this product and P-DME (Figure 8B). In
addition, theK; value of SAH suggests that PMT-2 may be
regulated by feedback inhibition, since the binding affinity
for this product is higher than that for SAM. This also
appears to be true for thelasmodiumenzyme, in which
the estimated 16 value for SAH was roughly -35-fold
lower than theK,, value for SAM (15). The variation in
binding constants between SAM and SAH in other SAM-
dependent methyltransferases is attributed to the difference
of binding the sulfonium group of SAM in a hydrophobic
environment 88).

Fluorescence titration experiments are also consistent with
a random sequential kinetic mechanism for PMT-2 (Figure 13
7). Since the binding of either substrate quenches the

10.

11.

12.
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