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Abstract CDP-ethanolamine:diacylglycerol ethanolamine-
phosphotransferase (EPT) catalyzes the transfer of phos-
phoethanolamine from CDP-ethanolamine to diacylglycerol
to produce phosphatidylethanolamine (PE). To date, the
dual specificity of choline/ethanolaminephosphotransferase
(CEPT) has been recognized as the total activity responsible
for the synthesis of PE via the CDP-ethanolamine pathway in
human. We report here the identification and characterization
of another human cDNA that encodes CDP-ethanolamine-
specific human EPT (hEPT1). Through homology search,
we found that human selenoprotein I contained the CDP-
alcohol phosphatidyltransferase signature, a common motif
conserved in phospholipid synthases. Bacterial expression
of the cDNA in Escherichia coli demonstrated that the prod-
uct specifically used CDP-ethanolamine as the phosphobase
donor to produce PE with the activation by both Mn®>* and
Mg?*. RT-PCR and Northern blot analysis revealed that
hEPT1 was ubiquitously expressed in multiple tissues, but
in brain it was highly expressed in cerebellum.filf Here,
we propose that in addition to previously identified CEPT,
hEPT1 is involved in the biosynthesis of PE via the Kennedy
pathway.—Horibata, Y., and Y. Hirabayashi. Identification and
characterization of human ethanolaminephosphotransferasel.
J- Lipid Res. 2007. 48: 503-508.
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Phosphatidylethanolamine (PE) in an abundant phos-
pholipid in mammals, generally constituting 25% of cellular
phospholipids (1). In various eukaryotic plasma membranes,
aminophospholipids such as PE and phosphatidylserine
(PS) reside in the inner leaflet, whereas choline-containing
phospholipids such as phosphatidylcholine (PC) and sphin-
gomyelin are localized mainly in the outer leaflet (1).
Important roles for PE are as precursors of the glycosyl-
phosphatidylinositol anchors, which are covalently attached
to many cell surface proteins, and of Nacylethanolamine,
which works as a neurotransmitter in the brain. Recent
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studies also revealed that PE is involved in membrane
fusion events (2), the regulation of lipid metabolism in
Drosophila (3), and protein folding (4).

In mammals, the biosynthesis of PE occurs by two ma-
jor routes. One is the mitochondrial decarboxylation
of PS (5). The other is the CDP-ethanolamine pathway,
as originally described by Kennedy and Weiss (6) in
1956. In this process, the phosphoethanolamine from
CDP-ethanolamine is transferred to diacylglycerol with the
release of CMP and the production of PE by ethanolamine-
phosphotransferase (EPT). This enzyme is an integral
membrane protein found primarily on endoplasmic re-
ticulum membranes (7). Mutants of Saccharomyces cerevisiae
defective in EPT activity were generated that permitted the
identification of the EPT1 gene, which encodes for EPT.
The EPT1 gene product, however, has dual specificity ca-
pable of using both CDP-ethanolamine and CDP-choline
to produce PE and PC, respectively; that is, the enzyme
possess cholinephosphotransferase (CPT) activity half as
active as EPT activity (8). Based on sequence homology
to the yeast sequence, a human cDNA that codes for a
choline/ethanolaminephosphotransferase (CEPT) was iden-
tified (9). This enzyme (hCEPTI1) also catalyzes both PC
and PE production, possessing CPT activity >2-fold higher
than EPT activity. After the discovery of hCEPT1, it was
thought that in mammalian cells, the dual specificity of
CEPT was totally responsible for the synthesis of PE via
the CDP-ethanolamine pathway.

In this study, we found that a human expressed se-
quence tag (EST) clone annotated as selenoprotein I pos-
sesses the CDP-alcohol phosphatidyltransferase motif, a
common motif conserved in phospholipid synthases.
Expression of selenoprotein I in Escherichia coli showed CDP-
ethanolamine-specific phosphatidyltransferase activity, in-

Abbreviations: CEPT, choline/ethanolaminephosphotransferase;
CPT, cholinephosphotransferase; EPT, ethanolaminephosphotransfer-
ase; EST, expressed sequence tag; PC, phosphatidylcholine; PE, phos-
phatidylethanolamine; PS, phosphatidylserine.
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dicating that the cDNA encodes a human EPT, now termed
hEPTI. Here, we propose that in addition to previously
identified hCEPT1, hEPT1 is involved in the biosynthesis
of PE via the Kennedy pathway.

MATERIALS AND METHODS

Materials

Precoated Silica Gel 60 TLC plates were purchased from
Merck. [a-**P]dCTP was from MP Biomedicals. [ethanolamine1,2-
C]CDP-ethanolamine (50 mCi/mmol) and [methyt'*C]CDP-
choline (55 mCi/mmol) were from American Radiolabeled
Chemicals. Diacylglycerol was from Doosan Biotech Co. All other
reagents were of the highest purity available.

Identification and cloning of hEPT1

A Basic Local Alignment Search Tool search was performed
against the EST database with reference to the CDP-alcohol phos-
phatidyltransferase motif DG(X)sAR(X)sG(X)3D(X)sD. An EST
clone (KIAA1724) (10) containing selenoprotein I cDNA was ob-
tained from the Kazusa DNA Research Institute and sequenced.
The full-length cDNA was amplified by PCR using Pyrobest DNA
polymerase (Takara Bio) and subcloned into EcoRI/ Xhol sites of
the E. coli expression vector, pET23a (Novagen).

RT-PCR and Northern blot analysis

For RT-PCR, firststrand cDNA from multiple human tissues
(Human MTC Panel I; Clontech) was amplified by PCR using the
upper (TGAGGCCTGGTATGAACCTTTCCTGT) and lower (AG-
AGGCTACTCCTAGGTTTACCACT) primers to obtain a 406 bp
fragment, according to the instructions of the manufacturer.

Premade Northern blots containing poly(A) RNA from
eight different human brain tissues (Human Brain MTN Blot
II; Clontech) were hybridized with random-primed *2pJabeled
probes (the entire 1.2 kb coding region of hEPT1) at 68°C for
1 h and washed according to the manufacturer’s instructions.
Membranes were analyzed with the BAS-3000 imaging analyzer
(Fujifilm, Tokyo, Japan).

Expression and preparation of hEPT1 in E. coli

E. coli strain BL21(DE3)pLysS cells (Novagen) transformed
with the expression vector was grown at 25°C in Luria-Bertani
medium supplemented with 100 wg/ml ampicillin and 35 pg/ml
chloramphenicol with shaking. Protein expression was induced
by adding isopropyl B-p-thiogalactoside at a final concentration
of 0.1 mM. After cultivation, cells were harvested and suspended
in extraction solution (50 mM Tri-HCI buffer, pH 8.0, containing
5 pwg/ml leupeptin and 1 mM PMSF). The cell suspension was
frozen at —20°C and then sonicated. After removal of cell debris
by centrifugation (15,000 g for 10 min), the supernatant was ul-
tracentrifuged at 100,000 g for 60 min. The membrane preci-
pitated was suspended in the extraction solution and used as an
enzyme source.

Enzyme assays

Enzyme activity was determined using the membrane fraction
of E. coli transformed with hEPT1. The reaction mixture con-
tained 50 mM Tris-HCl buffer, pH 8.0, 5 mM MnCl,, 1 mM
EGTA, 0.5 mM diacylglycerol, 0.002% (w/v) Tween 20, 5 pg of
membrane fraction, and 20 pM CDP-ethanolamine (50 mCi/

504 Journal of Lipid Research Volume 48, 2007

mmol) or CDP-choline (55 mCi/mmol). After incubation at
37°C for 10 min, the reaction was stopped by adding 600 pl of
chloroform-methanol (1:1, v/v) followed by 300 .l of 0.9% KCI.
After centrifugation at 8,000 g for 5 min, the organic phase was
dried and applied to TLC plates, which were then developed with
chloroform-methanol-water (65:35:8, v/v/v). Radioactive phos-
pholipids were analyzed with an imaging analyzer (BAS-3000)
and quantified with Image Gauge version 3.0.

RESULTS

Identification of hEPT1

The CDP-alcohol phosphatidyltransferase motif, DG-
(X)2AR(X)sG(X)sD(X) 3D, is an amino acid sequence
conserved in enzymes catalyzing the displacement of CMP
from a CDP-alcohol by a second alcohol with formation
of a phosphodiester bond and concomitant breaking of
a phosphoride anhydride bond. It has been revealed that
enzymes catalyzing the biosynthesis of phospholipids,
such as CPT, CEPT, phosphatidylinositol synthase, cardio-
lipin synthase, and phosphatidylglycerol phosphate syn-
thase, contain the CDP-alcohol phosphatidyltransferase
motif. Through homology searches of human EST data-
bases with reference to the motif, we found that a human
cDNA annotated as selenoprotein I (GenBank accession
number NM_033505) completely conserved it, suggesting
that this protein would function as CDP-alcohol phospha-
tidyltransferase (Fig. 1A). The homolog genes were also
found in the EST database of Mus musculus (NP_081928),
Xenopus tropicalis (NP_001004832), Drosophila melanogaster
(NP_788074), and Caenorhabditis elegans (NP_491454), show-
ing 88, 78, 43, and 39% identities to human ¢cDNA at the
amino acid level. Therefore, we considered the human
selenoprotein I as a putative hEPT1. Kryukov et al. (11)
reported that the first stop codon of the cDNA (TGA at
positions 1,159-1,161) would function as a selenocysteine
insertion codon using the computational program SECI-
Search (server at http://genome.unl.edu/SECISearch.
html), annotated as selenoprotein I. Therefore, the open
reading frame of the gene was composed of 1,194 nu-
cleotides encoding 397 amino acids. From the deduced
amino acid sequence, the molecular mass and isoelectric
point of the hEPT1 were calculated to be 45,179 kDa
and 6.13, respectively. A search for the transmembrane
domain using a TMpred algorithm (http://www.ch.embnet.
org/software/ TMPRED_form.html) (12) suggested that
the predicted amino acid sequence contains seven trans-
membrane helices (amino acid positions 53-71, 85-103,
150-167, 190-209, 221-240, 261-278, and 323-342)
(Fig. 1B). The hEPT1 sequence was mapped to a region of
human chromosome 2.

Figure 2 shows the alignment of predicted amino acid
sequences of hEPTI, yeast EPT1 (yEPT1; NP_011991),
and hCEPT1 (NP_006081). The open reading frame of
hEPT1 showed 28% and 27% identity to that of yEPT1 and
hCEPT]1, respectively, at the amino acid level. The CDP-
alcohol phosphatidyltransferase motif was all conserved in
these enzymes.
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1 ATGGCTGGCTACGAATACGTGAGCCCGGAGCAGCTGGCTGGCTTTGATAAGTACAAGTACAGTGCTGTGGATACCARTCCACTTTCTCTG 90

i M A G Y E Y V 8 P E QL A G F D K Y K Y S A V DTN P L S L 30
91 TATGTCATGCATCCATTCTGGAACACTATAGTAAAGGTATTTCCTACTTGGCTGGCGCCCAATCTGATAACTTTTTCTGGCTTTCTGCTG 180
3T Y vV M H P F WN T I V KV F P TWIL A PWNILTITUF S G F L L 60
181 GTCGTATTCAATTTTCTGCTAATGGCATACTTTGATCCTGACTTTTATGCCTCAGCACCAGGTCACAAGCACGTGCCTGACTGGGTTTGG 270
61 Vv V F N F L LM A Y F D P D F Y A S A P G HKHV P DWWV W 90
271 ATTGTAGTGGGCATCCTCAACTTCGTACGCCTACACTCTAGATCGTGTCGACGCGARAGCAAGCTCGCAGAACCAATTCTAGCACTCCCTTA 360
21 I v Vv ¢ I L N F V aAY T VLD GVDGI KOQQARZ RTWDNSSTUPL 120
361 GGGGAGCTTTTTGATCATGGCCTGGATAGTTGGTCATGTGTTTACTTTGTTGTGACTGTTTATTCCATCTTTGGAAGAGGATCAACTGGT 450
121 ¢ E L F D H 6 L D 8§ W 8§ ¢ VvV Y F V V T V ¥ 8§ I F G R G 8 T G 150
451 GTCAGTGTTTTTGTTCTTTATCTCCTGCTATGGGTAGTTTTGTTTTCTTTCAT TGTCCCACTGGGAAAAGTATAACACAGGGATTCTT 540
151 v s V F vV L Y L L L W V V L F s F I L 8 H W E K Y N T G I L 180
541 TTCCTGCCATGGGGATATGACATTAGCCAGGTGACTATTTCTTTTGTCTACATAGTGACTGCAGTTGTGGGAGTTGAGGCCTGGTATGAA 630
181 F L. P W G ¥ D I & Q Vv T I 8§ F Vv ¥ I VvV T A V V ¢ V E A W Y E 210
631 CCTTTCCTGTTTAATTICTTATATAGAGACCTATTCACTGCAATGATTATTGGTTGTGCATTATGTGTGACTCTTCCAATGAGTTTATTA 720
211 p F L, F N F L Y R D L F T AWM I I GG CATLCV TIL P M S L L 240
721 AACTTTTTCAGAAGCTATAAAAATAACACCTTGAAACTCAATTCAGTCTATGAAGCTATGGTTCCCTTATTTTCTCCATGCTTGCTGTTC 810
241 N F F R S ¥ K N N T L K L N 8 V Y E A M V P L F S P C L L F 270
811 ATTTTGTCTACAGCGTGGATCCTTTGGTCACCTTCAGATATTTTAGAGCTACATCCTAGAGTATTCTACTTTATGGTTGGAACAGCCTTT 900
271 I L $ T A W I L ¥ 8$ P 8 D I L E L H P RV F Y F M V G T A F 300
901 GCCAACAGTACATGTCAGCTGATTGTTTGCCAAATGAGTAGTACCCGGTGTCCAACTTTGAATTGGTTGCTGGTTCCTCTCTTCTTGGTT 990
361 A N 5 T ¢C Q L I Vv ¢ @ M 8 8 TR CCUPTULNWIL L V P L F L V 330
991 GTCTTAGTGGTAAACCTAGGAGTAGCCTCTTACGTTGAGAGCATTCTCCTGTATACATTAACAACTGCTTTTACTCTGGCCCACATCCAT 1080
33T vV L V V N L GV A S Y V E s$ I L L ¥ T L T T A F T L A H I H 360
1081 TATGGAGTACGAGTGGTAAAGCAGCTGAGCAGCCATTTTCAGATTTACCCCTTCTCATTGAGGAAACCAAACTCAGAT@ZTAGGAATG 1170
361 Y G V R V V K Q L 8 s H F ¢ I Y P F 38 L R K P N 8 D U L G M 390
1171 GAAGAAAAGAATATTGGCCTGTAA 1194
391 B E K N I 3 L ~* 398
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Fig. 1. Nucleotide and deduced amino acid sequences (A) and hydropathy plot (B) of the human etha-
nolaminephosphotransferase (hEPT1). A: The deduced amino acid sequence is shown in one-letter code
below the nucleotide sequence. Amino acid residues are numbered beginning with the first methionine,

and the translation termination codon is denoted
tion codon is boxed. B: The deduced amino acid

with an asterisk. The putative selenocysteine (U) inser-
sequence of the hEPT1 was analyzed by the method of

Kyte and Doolittle for hydropathy plotting. The seven candidate transmembrane domains are indicated as

I to VIL

Expression and characterization of hEPT1

To clarify whether the putative hEPT1 has the ability to
catalyze PE synthesis via the CDP-ethanolamine pathway,
we expressed the cDNA in a bacterial expression system
because prokaryotes including E. coli are devoid of the
Kennedy pathway. As a result, ethanolamine phospho-
transferase activity was observed in the membrane fraction
of hEPT1-transformed cells, whereas no such activity was
found in a vector control, indicating that selenoprotein
I surely encodes EPT (Fig. 3A). It was interesting that in

contrast with yEPT1 and hCEPT1, hEPT1 showed no en-
zymatic activity catalyzing the production of PC by the use
of CDP-choline. This result demonstrates that hEPT1 codes
for a CDP-ethanolamine-specific phosphatidyltransferase.
Next, we analyzed the effect of cations on the activity
of hEPT1 (Fig. 3B). This enzyme required millimolar
levels of each cation for activity. The maximum activation
was observed at the concentration of 5 mM Mn?2", but it
was inhibited at higher concentrations. In contrast, the
optimum concentration of Mg*" was 30 mM, and no sig-
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nificant inhibition was observed at higher concentrations
up to 120 mM (data not shown).

Next, we investigated the kinetics of hEPT1 with CDP-
ethanolamine and CDP-choline as the substrates in the

———————————————————————————————————— MAGYEYVSPEQLAGFDKYKYSAVD
------------------------------------ MAGYEYVSPEQLSGFDKYKYSALD
—————————————————————————————————————— MGYFVPDSHIENLKSYKYQSED
MSGHRSTRKRCGDSHPESPVGFGHMSTTGCVLNKLFQLPTPPLSRHQLKRLEEHRYQSAG

T b EERE L
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Fig. 2. Alignment of hEPT1 with yeast EPT1 and hu-
man choline/ethanolaminephosphotransferase
(CEPT1). The predicted amino acid sequences of
hEPT1, mouse EPT1 (mEPT1; NP_081928), Saccharo-
myces cerevisiae EPT1 (yEPT1; NP_011991), and human
CEPT1 (hCEPTI1; NP_006081) were aligned using the
ClustalW algorithm. Identical amino acids are indi-
cated by asterisks, and conserved and partially con-
served amino acids are indicated by double dots and
single dots, respectively. Gaps inserted into the se-
quences are indicated by dashed lines. Amino acid
residues conserved in the CDP-alcohol phosphatidyl-
transferase motif are shown on a black background.

presence of 5 mM Mn?*. Figure 3C shows the substrate
saturation curve. When the concentration of CDP-choline
in the reaction mixture was >25 pM, subtle PC was
produced, yielding <3% PE. This result indicated that

=]
=

=)
=

—8— CDP-ethanolamine

40 —l- CDP-choline

Enzyme Activity (pmol/min/mg) ¢

20

.=rF——————__4.L_
0 10 20 30 40 50

CDP-aminoalcohol Concentration (uM)

=

Fig. 3. Expression and characterization of hEPT1. A: Enzyme activities in the membrane fractions of mock-transfected (pET23a) and
hEPTI-transfected E. coli were measured using CDP-ethanolamine or CDP-choline as the substrate in the presence of 5 mM Mn**, as
described in Materials and Methods. PC, phosphatidylcholine; PE, phosphatidylethanolamine. B: EPT activities in the membrane frac-
tion of hEPT1-expressing cells were determined in the presence of various concentrations of Mn*" or Mg?". Data shown are means from
a representative experiment. C: EPT and cholinephosphotransferase activities in the membrane fraction of hEPT1-expressing cells were
measured using various concentrations of CDP-ethanolamine and CDP-choline in the presence of 5 mM Mn®". Data shown are means
from a representative experiment.
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hEPT1 could, but very weakly, use CDP-choline as a sub-
strate. Apparent K,, and V,,,, values of this enzyme for
CDP-ethanolamine were estimated to be 1.8 puM and
76.3 pmol/min/mg.

Tissue expression pattern of hEPT1

To assess the tissue distribution of hEPT1, RT-PCR was
conducted using a multiple human tissue cDNA. As shown
in Fig. 4A, the gene seemed to be expressed in all tis-
sues. The expression of hEPT1 was abundant in brain,
placenta, liver, and pancreas, followed by heart, skeletal
muscle, lung, and kidney. Northern blots of various parts
of human brain revealed that the hEPT1 gene was strongly
expressed in cerebellum, followed by the occipital pole
and the frontal lobe. The transcript size of hEPT1 was
estimated to be 7.9 kb. This is approximately consistent
with the size of mRNA for selenoprotein I (8,091 bp) as
published in the GenBank database (NM_033505).

DISCUSSION

In mammalian cells, the biosynthesis of PE occurs by
two different pathways. The first is the decarboxylation
of PS in mitochondria by PS decarboxylase (5). The other
is the CDP-ethanolamine pathway, as originally reported
by Kennedy and Weiss (6). In this process, PE is synthe-
sized by EPT, which catalyzes the transfer of ethanol-
amine from CDP-ethanolamine to diacylglycerol. To date,
hCEPT1 has been thought to be the only enzyme involved
in PE synthesis via the CDP-ethanolamine pathway in
human. This enzyme, however, has dual specificity capa-
ble of using both CDP-ethanolamine and CDP-choline to
produce PE and PC, respectively. In this study, we found
that a cDNA annotated as selenoprotein I possesses EPT
activity; this cDNA is termed hEPT]. Interestingly, in con-
trast to previously reported EPT enzymes such as hCEPT1

=

[*]
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w
3 - g
= = 5 55"-
- = 5 B = 2 g ¢
£ 3 2 £ g = 2 §
=2 = = 2 = 9% 2 &
hEP’I‘]- R G R — —
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and yEPTI1, hEPT1 specifically used CDP-ethanolamine
as the phosphobase donor. This is the first report of the
gene identification of CDP-ethanolamine-specific EPT.

Another CDP-ethanolamine-specific EPT, showing a
K, value for CDP-ethanolamine ~70 times smaller than
that for CDP-choline, has also been purified to near ho-
mogeneity from bovine liver microsomes (13). A 38 kDa
protein was demonstrated to show Mn”*-dependent EPT
activity, whereas such activity was not detected in the pres-
ence of Mg2+. However, this is inconsistent with hEPT1,
because this enzyme was activated by both cations. It may
be possible that there is another CDP-ethanolamine-
specific EPT in animals. Confirmation of the amino acid
sequence of the purified protein will resolve this question.
By contrast, the cation requirement of hEPT1 is similar
to that of hCEPTI1. The EPT activity of hCEPT1 was re-
ported to be activated by both Mn*" and Mg®" and inhib-
ited at higher Mn?* concentrations.

Here, we fond that in brain, hEPTI is strongly ex-
pressed in cerebellum. Interestingly, 3-phosphoglycerate
dehydrogenase, a key enzyme for L-serine biosynthesis,
is also abundantly expressed in cerebellum (14). Because
L-serine is an essential precursor for the generation of
ethanolamine (i.e., the biosynthesis of the compound
in animals is only derived from the breakdown of PS
or sphingolipids) (15), there may be abundant CDP-
ethanolamine in cerebellum and the biosynthesis of PE
by hEPT1 may also be more highly active.

Recently, knockout mice disrupted in PS decarboxylase
were generated (16). The mice showed lethality between
days 8 and 10 of embryonic development and abnormal
morphology in mitochondria. Interestingly, however, the
PE content of wild-type and knockout mice was almost
the same. It was also revealed that PE synthesis via the
CDP-ethanolamine pathway was increased in the knock-
out mice. These results suggest that the total content of
cellular PE is regulated by both PS decarboxylation and

B E ) b=
E S T R 2=
B = §— E " =
" E R ERE
2 23 3 52 8 & E
EETE5 58 8
gegEzgeEsi
kb =
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44 - g "
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Fig. 4. Expression pattern of hEPT1 in multiple human tissues. A: RT-PCR analysis of hEPT1. First-strand
c¢DNA from various human tissues was amplified using hEPT1-specific primers. Glyceraldehyde 3-phosphate
dehydrogenase (G3PDH) expression was also analyzed for an internal control. B: Poly(A) RNA from var-
ious brain parts was hybridized with radiolabeled probes prepared from the entire cDNA of hEPT1. The
positions of molecular mass markers are indicated at left.
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CDP-ethanolamine phosphatidyltransfer, with a cross-talk
mechanism to maintain phospholipid homeostasis. Study
of whether or not PE synthesis via the CDP-ethanolamine
pathway is also essential in mice is awaited, and our study
will facilitate further research into the biological func-
tions of PE.Al
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