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cDNA Cloning and Expression Analysis of 
a CTP:Phosphoethanolamine Cytidylyltransferase from Barley 

Sung Jin Lee, Tae Hyun Kim, and Sung Ho Cho*  
Department of Biological Sciences and Institute of Molecular Cell Biology, 

Inha University, Incheon 402-751, Korea 

To elucidate the relationship between the structure and function of CTP:phosphoethanolamine cytidylyltransferases 
(ECT, EC 2.7.7.14) in plants, we cloned and characterized the cDNA of an ECT from Hordeum vulgate. This HvECT1 
cDNA is 1783 bp long, and includes an open reading frame (ORF) of 1263 b that encodes a protein of 421 amino 
acids. The predicted protein sequence of HvECT1 is 73% identical to and 84% similar with Arabidopsis thaliana 
AtECT1; it also shares 57, 55, and 37% similarities with human, rat, and yeast ECTs, respectively. Its 252-b 5'-noncod- 
ing leader contains a putative upstream ORF of 36 nucleotides, possibly encoding a putative peptide enriched in Ala 
and Pro residues. Alignment of the N-terminal and C-terminal halves of HvECT1 revealed a large internal repetitive 
sequence. Both halves contain the HXGH motif known to be involved in the catalytic activity of cytidylyltransferases. 
The RTXGVS]-f sequence and Asp residues are also conserved. Our hydropathy profile showed that HvECT1 contains 
a signal sequence that is absent in yeast or animal ECTs. Results from reverse transcriptase-PCR indicated that HvECT1 
is expressed highly in the leaves, stems, and roots of one-week-old plants; its expression is not regulated by low tem- 
peratures. After transforming a yeast mutant ectl and labeling those transformants with radioactive ethanolamine, we 
identified HvECT1 cDNA through in vivo analyses of the enzymatic reaction products. 
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Phosphatidylethanoiamine (PE) is a major phospho- 
lipid component of biological membranes. Its nude- 
otide pathway for de novo synthesis includes three 
consecutive reactions (Kennedy and Weiss, 1956). 
CTP:phosphoethanolamine cytidylyltransferase (ECT, 
EC 2.7.7.14) catalyzes the second reaction -- conver- 
sion of phosphoethanolamine to CDP-ethanolami ne -- 
and is generally regarded as the key regulatory step 
(Wang and Moore, 1991 ; Bladergroen and van Golde, 
1997). 

This biosynthetic pathway is analogous to that for 
the production of phosphatidylcholi ne (PC), another 
important phospholipid constituent of eukaryotic 
membranes (Kennedy and Weiss, 1956). The termi- 
nal step in each pathway involves conversion of dia- 
cylglycerol to phospholipid using CDP-ethanolamine 
or CDP-choline as the source of the head group of PE 
or PC, respectively. This action is believed to be cata- 
lyzed by a single aminoalcoholphosphotransferase 
with dual substrate specificity in plants (Macher and 
Mudd, 1974; Lord, 1975; Sparace et al., 1981; Jus- 
tin et al., 1985; Dewey et al., 1994; Kim et al., 2004). 
However, Wang and Moore (1991) have reported 
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that synthesis of CDP-ethanolamine and CDP-cho- 
line is catalyzed by separate enzymes, and have 
demonstrated the presence of ECT in castor bean 
endosperm. That enzymatic activity is associated with 
membrane fractions of the endoplasmic reticulum 
and mitochondria, although 80% of the activity is 
found in the latter. Studies with yeast also haw_, sug- 
gested that ECT is associated with membranes of the 
endoplasmic reticulum, the site of phospholipid for- 
mation (Rho et al., 1996). In rat liver cells, ECT has 
been purified from a post-microsomal supernatant 
(Sundler, 1975), and immunogold electron micros- 
copy studies have shown that ECT is localized in areas 
of the cytoplasm that are rich in rough endop,asmic 
reticulum (van Hellemond et al., 1994). The molecu- 
lar structures of ECT from yeast and animals, how- 
ever, have revealed neither hydrophobic regions long 
enough to span a membrane nor any 0~-helica[ 
amphipathic structures that could play a role in 
reversible translocation of the enzyme between the 
cytosol and a membrane fraction, as is the case with 
the analogous enzyme CCT (Rho et al., 1996; Naka- 
shima et al., 1997; Bladergroen eta[., 1999). 

CCT (CTP:phosphocholine cytidylyltransferase) has 
been relatively well studied in plants with regard to its 
molecular structure and expression pattern in response 
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to low temperature (Nishida et al., 1996; Choi et al., 
1997; lnatsugi et al., 2002). It contains an amphip- 
athic (z-helical domain, as found in its animal coun- 
terparts. Moreover, in Arabidopsis, the expression of 
one isoform is up-regulated during chilling (Inatsugi et 
al., 2002). Cold treatment also induces the expression 
of AAPT (encoding aminoalcoholphosphotransferase) 
in Chinese cabbage (Choi et al., 2000), Pimpinella 
brachycarpa (Lee et al., 2001 ), and Brassica napus (Qi 
et al., 2003). It is well documented that the amount 
of phospholipid increases at low temperatures in vari- 
ous species (Kinney et al., 1987; Lynch and Steponkus, 
1987; Harwood et al., 1994; Harwood, 1998). Unlike 
CCT, however, there is a paucity of data on the 
molecular structure and expression of ECT in plants. 
Recently, cDNAs encoding ECT from A. thaliana (Mizoi 
et al., 2003) and Chlamydomonas (Yang et al., 2004) 
have been cloned. Here, we report the cloning and 
characterization of the cDNA of HvECT1 encoding an 
ECT from barley, and describe its expression pattern 
in different organs and in relation to low temperatures. 
We also present a possible down-regulatory role for 
the upstream open reading frame (uORF) of HvECT1 
in the expression of ECT in a heterologous system. 

MATERIALS AND METHODS 

Plant Material and Isolation of RNA 

Barley seeds (Hordeum vulgare L. cv. Paldo) were 
germinated on an MS Duchefa agar medium in sterile 
Erlenmeyer flasks. After the plants were grown for one 
to three weeks at either 25~ (normal condition) or 4~ 
(low-temperature treatment), their leaves, stems, and 
roots were collected and stored in liquid nitrogen at 
-70~ 

Polymerase Chain Reaction with Degenerate 
Primers 

cDNA was synthesized using total RNA that had 
been extracted from both control and treated plant 
tissues. It served as template for the PCR, which was 
performed with two degenerate oligonucleotide prim- 
ers: ETF1 (sense primer, 5'-CC[A/T/C]GATGG[A/T]AC 
TGATGC[A/T/G]TATGC-3') and ETR1 (antisense primer, 
5'-AGC[C/T]TCATG[A/G]TTGGCTAC[A/T]ATCC-3'). 
These primers were synthesized based on homolo- 
gous sequences from Arabidopsis (GenBank acces- 
sion AC005499), t oma to  (GenBank accession AW 
031599), and soybean (GenBank accession AI794768) 

to produce a 729-bp fragment. The PCR reaction 
mixture (25 BL) contained 500 ng template, 2.5 BL 
10x PCR buffer [50 mM KCI, 1 mM EDTA, 0.1% Tri- 
ton X-100, and 10 mM Tris-HCI (pH 8.0)], plus 20 
pmol each of the degenerate primers, 200 BM dNTPs, 
and 5 units of Taq polymerase (TaKaRa, Japan). Reac- 
tions were annealed for 90 s at 46~ extended for 1 
min at 72~ and denatured for 1 min at 95~ for 
35 cycles. The amplified product was cloned into the 
pGEM T-Easy vector (Promega, USA). 

Rapid Amplification of cDNA Ends (RACE) and 
Construction of a cDNA Containing the Full Cod- 
ing Sequence 

The 5' and Y-ends of HvECT~ cDNA were obtained 
by RACE (Frohman et al., 1988; Belyavsky et al., 
1989), using the MarathonTM cDNA Amplification 
Kit (Clontech, USA) and the 3'-AmpliFinderTM Race 
Kit (Clontech) according to the manufacturer's instruc- 
tions. The Y-RACE gene-specific primer was ETF2 
(5'-CACTCTTCACTACAAAGACAG-Y); the 5'-RACE 
gene-specific primers were ETR2 (5'-GCCTATCATG- 
CATCAAGATTGC-Y) and ETR3 (nested primer, 5'- 
GTCTTCTGAGAAGATCTATCC-Y). A cDNA contain- 
ing the full coding sequence was constructed by PCR 
using cDNA as template, ETFL (5'-CGTCCAGATCTC- 
CCGGATCCTCCCAC-Y) for the 5'-noncoding region, 
and ETR3 for the Y-noncoding region. The reaction 
products were also cloned into the pGEM T-Easy vec- 
tor and then sequenced. 

Sequence Analysis 

Hydropathy analysis of the predicted polypeptide 
was performed according to Kyte and Doolittle (1982). 
We based our prediction of secondary structures from 
the deduced amino acid sequence on the Chou-Fas- 
man algorithm (Chou and Fasman, 1978). SignalP 3.0 
was used for predicting the signal peptide and signal 
anchor (Bendtsen et al., 2004). 

Reverse Transcriptase-PCR (RT-PCR) 

Total RNA was extracted from the leaves and roots 
of normal and cold-treated plants. Using 3 I~g total 
RNA as template, reverse transcription was conducted 
with MMLV reverse transcriptase (Promega) for 1 h at 
42~ and 10 min at 65~ Then, with 2 ~L of a total 
20 BL reaction mixture as template, PCR was per- 
formed using ETF2 and ETR3 to synthesize a 693-bp 
fragment that corresponded to nucleotides 805 
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through 1497. The reactions were annealed for 30 s 
at 59~ extended for 1 min at 72~ and denatured 
for 30 s at 95~ for 30 cycles. As a standard, an 829- 
bp fragment from 18S rRNA was amplified for 25 
cycles under the same PCR conditions. 

Transformation of Yeast Mutant and Detection of 
ECT Activity 

The mutant yeast strain NA9, devoid of ECT activity, 
was cultured and maintained in a YPD medium 
(Hosaka and Yamashita, 1980; Nakashima et al., 1997). 
A cDNA fragment harboring the open reading frame, 
with or without uORF, was amplified by PCR. The 
product was then digested with an appropriate restric- 
tion enzyme, and the resulting fragment was cloned 
into the expression vector pAC1 (Innis et al., 1985). 
Plasmid pAC1 contains ECT cDNA with or without a 
uORF, and is designated as pHvECT1 L or pHvECT1 S, 
respectively. This plasmid was transformed into the 
mutant yeast strain by the lithium acetate method 
(Hill et al., 1991 ). 

Thin-layer chromatography (TLC) was carried out for 
our yeast cell extracts after they were incubated with 
[14C]ethanoloamine. Cells were grown to the mid- 
exponential phase in a synthetic dextrose medium 
containing appropriate nutritional supplements to 
ensure plasmid maintenance. The cells were then 
harvested, washed, and disrupted with a beadbeator 
according to Hosaka and Yamashita (1980). The lyo- 
philized extract was re-suspended in 10% trichloro- 
acetic acid and subjected to TLC on a Silica Gel 60 
plate (Merck, Germany), using ethanol and 2% ammo- 
nia (1:1, v/v) as the developing solvent. Radioactive 
materials were located by autoradiography. 

RESULTS 

Cloning Strategy of HvECT1 cDNA 

The product from PCR with degenerate primers 
had the expected length of 729 bp, based on the 
sequence of the Arabidopsis gene (data not shown). 
For 3'-RACE, a gene-specific primer ETF2 was used 
in combination with the manufacturer's PCR-anchor 
primer to generate a 980-bp 3'-fragment. For 5'-RACE, 
gene-specific primers ETR2 and ETR3 were synthe- 
sized based on the sequence of the noncoding region 
of the 3'-RACE product. These 5'-RACE primers were 
used in combination with the d(G)-EcoRI primer to 
synthesize a 997-bp PCR product that contained the 

5'-noncoding region. A cDNA fragment including the 
entire open reading frame of HvECT1 was amplified 
by PCR, using primers ETFL and ETR3 as sense and 
antisense primers, respectively. ETFL, which corre- 
sponds to the nucleotide sequence 8 to 30 of 17'vECT1 
cDNA, was designed to contain BamHI and Bg,!ll sites 
for heterologous expression. 

The PCR product was sequenced to verify the 
entire coding sequence of HvECT1, which is "783 b 
long and contains an ORF of 1263 b. It encodes a 
protein of 421 amino acids (Fig. 1 ), and has a deduced 
molecular mass of 46.7 kD and a pl of 7.3. The length 
of this coding sequence is approximately the same as 
that of A. thaliana, but longer than that of yeast ECT 
(323 residues; Rho et al., 1996), human ECT (389 
residues; Nakashima et al., 1997), and rat ECf (404 
residues). This difference in length can be dete~ed in 
the N4erminal region (Fig. 2). 

Structure of the 5'- and 3'-Noncoding Sequences 

The start codon is in a context consistent ~ith the 
ideal for translation initiation Closhi, 1987a). Affhough 
only one A residue (see Fig. 1) exists - at position -4 
(instead of the ideal case of A residues at -1, --3, -4, 
and -5) -- the downstream triplet GAT (at +4, +5, 
+6) closely matches the consensus sequence (GCT). 
The 5'-noncoding region is relatively long (252 b) and 
contains a short uORF comprising 36 b capable of 
coding for a putative peptide of 12 amino acids. The 
upstream open reading frame (uORF) is characterized 
by four Ala and four Pro residues. The 3' enci of the 
cDNA has a TGA stop codon (starting at nu(leotide 
1456) followed by an untranslated sequence ot 225 b, 
including a poly (A) stretch of 1 7 b. A putatiw~ poly- 
adenylation signal sequence (Joshi, 1987b), ~TATA, 
is located 17 b upstream (starting at nucleotide 1750) 
from the polyadenylation start site. Although a TG- 
rich far-upstream element appears at nucleotides 1630 
through 1643, a probable consensus motif TTGTA 
was not found (Hunt, 1994). The sequence has 86% 
of its nucleotides as G and T, implying that this dis- 
tinctive TG-rich region is a cis element of plant poly- 
adenylation signals. 

Structure of the Predicted Protein 

ECT proteins from barley and A. thaliana exhibit 
73% identity and 84% similarity over the entire pro- 
tein sequence (Fig. 2). HvECT1 also shares 57 and 
55% similarity with human and rat ECTs, respectively, 
but only 37% similarity with yeast ECT. Similarkies 
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between plant ECTs and CCTs are approximately 30% 
(data not shown). 

Alignment of its N-terminal and C-terminal halves 
revealed a large internal repetitive sequence, as is the 

acagct ccgt ccgt c t ccgagacct cccacccat ct cccatggcgaaggcccct ccagcc 60 
m a k a p p a 

gcccgcccgca t ccctaaccct aggct agat cccgccgcacc t cgcgcgct cgcgagacc 120 
a r p h p * 

aaacacacgcct ctgaccact cccccccagccccgct gac t cc 1c t gggaccgt gagt cc 180 
at t gct t tacccat ggat i,cggctagt agcagcgcgcggacggt ggcggcgtgcgt gatc 240 

M D S A S S S A R T V A A C V I 16 
ggcgggai, cgi, gci, gggcocc i, cggi, i, g t cgcgci, gcacci, cggcgc t ggccccgcggcc 300 

G G I V L G A S V V A L H L G A G P A A 36 
ccgagt c t gccaccggi, cgaggccct ccggcggcgct t ccgccgccgct gccgccccgt g 360 

P S L P P V E A L R R R F R R R C R P V 66 
cgggi, c t aca t ggacggc t Oc t t cgaca t gat gcaci, acggt caci, gcaacgcgc t gcgc 420 
R V Y M D G C F D I,,t M H Y G H C N A L R 76 

caggcacgggcgc t cggggacgagct cg i, cgi,cggcgt cgt cagcgacgacgagai,cacc 480 
Q A R A L G D E L V V G V V S D D E I T 96 

gccaacaagggaccccccgt cacgccgc t ccacgagagaai,gaaaat ggt ccg t gci,gi,c 540 
A N K G P P V T P L H E R M K M V R A V 116 

aaatgggt tgacgat gttcat tccagatgcaccat atgcca[aaccgaagat [ tcai,gaac 600 
K W V D D V I P D A P Y A I T E D F M N 136 

aagct at i,caatgagtacaai,ai, tgai, tacat tat tcat ggt gat gai.cct t gcci,gci,c 660 
K L F N E Y N I D Y I I H G D D P C L L 156 

ccagai, gg t act gai, gcai, a t gccct t gccaaaaaggci, ggccga t at aagcagai, t aaa 720 
P D G T D A Y A L A K K A G R Y K Q I K 176 

aggact gaaggagt gi,caacaacagat a t i,gt tggaagaai,gctcct t i,gt gt t agagag 780 
R T E G V S T T D I V G R M L L C V R E 196 

agaccagt I tct gat aataacagccact ct tcactacaaagacagt tcagt catgggcat 840 
R P V S D N N S H S S L Q R Q F S H G H 216 

ggi,cagaai,at tgatgatagi,ggat tt t ggaagt ggaacaaaaat atct cai, t t i,ct tccc 900 
G Q N I D D S G F G S G T K I S H F L P 236 

acat ct cggcggatagt acag t i,ct caaat ggcaggggt ccaggaccaaai, tcccgggta 960 
T S R R I V Q F S N G R G P G P N S R V 256 

gt gi,acat agai,ggi,gcat t t gai,ctgi, t ccat gctggi,cai,gi,cgagai,actgcgact t 1020 
V Y I D G A F D_ L F H A G 14 V E I L R L 276 

gct cgagggct t ggagat t t ct t gct tg t gggcat t cacacagat cagaccataagi, tca 1080 
A R G L G D F L L V G I H T D Q T I S S 296 

act cgaggaccacai, cgcccaai, catgaat ct ccatgagcgcagi, t t gagtgt t i, tggc t 1140 
T R G P H R P I M N L H E R S L S V L A 316 

tgccgt i,ai,gt tgacgaagi,gatcai, tggtgct ccctggcacat i, i,cgaaagacatggt t 1200 
C R Y V D E V I t G A P W H I S K D M V 336 

accact i, i, t aai,at i, i, cat i,ggt i,gt tcai,gggaci,at agci,gagaacatggaci, at aca 1260 
T T F N I S L V V H G T I A E N M D Y T 356 

gaggat gat t caaai,ccai,at gct gt t ccag t t gci,ai,gggcat t tat cat aagci,ggag 1320 
E D D S N P Y A V P V A M G I Y H K L E 376 

agccct t tggacat caccaci,agt act at i,at aaggaggai,agt t i,ct aaccai,gaagcc 1380 
S P L D t T T S T I I R R I V S N H E A 396 

t at cagaagcggaacgagaagaaggaagccag t gagaagaag t ac i.acgacag t aaaagc 1440 
Y Q K R N E K K E A S E K K Y Y D S K S 416 

t t t gt caatggagagi,agi, t acct ai,ggai, agai,ct t ct cagaagaci,ggt cci,aaat ct 1500 
F V N G E * 421 

t cgaggct ci,aacacaggt cacaaat gaagccai, i,aggi,gai,ct acag i, t t t acccgct c 1560 
cat tggcat t t t tgct atatagct tagtagcct tcaaatgcaatct tgatgcatgatagg 1620 
caat ggcgc t Qaclt t r162 t.qcglg}aacc t ggat gaai, t t ccaai, gcccac t t ccag t gc t a 1680 

gi,acct accci,at t cccaccct gt at accggct t ccagagct gccgt i,accggct gagt i, 1740 
c i, t t t t gaga i, a t act g t t g t t cgagaaaaaaaaaaaaaaaaa 1783 

Figure 1. Nucleotide and deduced amino acid sequences of 
HvECT1. GenBank accession number for cDNA sequence is 
AY198340. Amino acid sequence of uORF motif in 5'- 
leader of transcript is underlined. Sequences underlined and 
marked within 3-noncoding region are putative far-upstream 
and near-upstream elements, respectively, of polyadenyla- 
tion signal. Motifs involved in catalytic activity of ECT are in 
bold typeface and underlined. 

case with yeast and animal ECTs (Fig. 2B). Sequence 
identity between these two halves of barley ECT is 

B MDSASSSARTVAACVIGG--IVLGASWALHLG . . . .  AGPAAPSLPPVEALRRRFRRRCR 

A --MVWEKEKIVGSCIVGGAAFAVGASFLHLFLKGELPLGLGLGLSCPWRILRKRK . . . . .  
Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  MTVNLD 

R . . . . . . . . . . . . .  MIRNGHGAGGAAGLK . . . . . . . . . .  GPGG . . . . . . . . . . . . . . . .  QR 

H . . . . . . . . . . . . .  MIRNGRGAAGGAEQP . . . . . . . . . .  GPGG . . . . . . . . . . . . . . . .  RR 

B PVRVYMDGCFDMMHYGHCNALRQARALG . . . .  DQLVVGWSDDEITANKGPPVTPLHERM 

A PVRVYMDGCFDMMHYGHCNALRQARALG . . . .  DQLWGWSDEEIIANKGPPVTPLHERM 

Y PDKVWIDGCFDFTHHGHAGAILQARRTVSKENGKLFCGVHTDEDIQHNKGTPVMNSSERY 

R TVRVWCDGCYDMVHYGHSNQLRQARAMG . . . .  DYL]VGVHTDEEIAKHKGPPVFTQEERY 
H AVRVWCDGCYDMVHYGHSNQLRQARAMG . . . .  DYLIVGVHTDEEIAKRKGPPVFTQEERY 

B KMVRAVKWVDDVIPDAPYAITEDFMNKLFNEYHIDYIIHGDDPCLLPDGTDAYALAKKAG 

A TMVKAVKWVDEVISDAPYAITEDFMKKLFDEYQIDYIIHGDDPCVLPDGTDAYALAKKAG 
Y EHTRSNRWCSEWEAAPYVTDPNWMDKYQ . . . .  CQYWHGDDITIDANGEDCYKLVKEMG 

R KMVQAIKWVDEWPAAPYVTTLETLDKHN . . . .  CDFCVHGNDITLTVDGRDTYEEVKQAG 
H KMVQAIKWVDEWPAAPYVTTLETLDKYN . . . .  CDFCVHGNDITLTVDGRDTYEEVKQAG 

B RYKQIKRTEGVSTTDIVGRMLLCVRERPVS . . . . . . .  DNNSHSSLQRQFSHGHGQNID-- 

A RYKQIKRTEGVSSTDIVGRMLLCVRERSIS . . . . . . .  DTHSRSSLQRQFSHGHSSPKF-- 

Y RFKWKRTYGVSTTEIIHRILTKKSLPPTHPDYYPTTQELSFYS . . . . . . . . . . . . . . . .  
R RYRECKRTQGVSTTDLVGRMLLVTKAHHSS . . . . . . .  QEMSSEYREYADSFGKPPHPTPA 

H RYRECKRTQGVSTTDLVGRMLLVTKAHHSS . . . . . . .  QEMSSEYREYADSFGK . . . . . . .  

B . . . . . . . . . . .  DSGFGS-GTKISHFLPTSRRfVQ-'FSNGRGPGPNSRVVYIDGAFDLFH 

A . . . . . . . . . . .  EDGASSAGTRVSHFLPTSRRIVQ--FSN~GPGPDARIIYIDGAFDLFH 
Y . . . . . . . . . . . . . . . .  VAQDAVSKHCYVFQRDLDNVLVNGGYKFDAEDCVYVDGDFDLFH 

R GDTLSSEVSSQCPGGQSPWTGVSQFLQTSQKIIQ--FASGKEPQPGETVIYVAGAFDLFH 
H . . . . . . . . . . .  CPGGRNPWTGVSQFLQTSQKIIQ--FASGKEPQPGETVIYVAGAFDLFH 

B AGHVEILR-LARGLGD--FLLVGIHTDQTISSTRGPHRPIMNLHERSLSVLACRYVDEVl 

A AGHVEILR-RARELGD--FLLVGIHNDQTVSAKRGAHRPIMNLHERSLSVLACRYVDEVl 
Y MGDIDQLRKLKMDLHPDKKLIVGITTSDYSS . . . . . . .  TIMTMKERVLIVLSCKYVDAVI 

R IGHVDFLQ-EVHKLAKRPYVIAGLHFDQEVNRYKGKNYPIMNLHERTLSVLACRYVSEW 
H IGHVDFLE-KVHRLAERPYIIAGLHFDQEVNHYKGKNYPIMNLHERTLSVLACRYVSEW 

B IGAPWHISKDMVTTFNISLWHGTIAENMDYTEDDSNPYAVPVAMGIYHKLESPLDITTS 
A IGAPWEVSRDTITTFDISLWHGTVAESDDFRKEEDNPYSVPISMGIFQVLDSPLDITTS 

Y IDA . . . .  DATSMSQYNCEKYHIGT . . . . . . . . . . . . . . .  AVLTAAGKFSEY . . . . .  LTKE 

R IGAPYSVTAELLNHFKVDLVCHGKTEIVPDR--DGSDPYEEPKRRGIFCQIDSGSDLTTD 
H IGAPYAVTAELLSHFKVDLVCHGKTEI;PDR--DGSDPYQEPKRRGIFRQIDSGSNLTTD 

B TIIRRtVSNHEAYQKRNEKKEASEKKYYDSKS . . . .  FVNGE . . . . .  

A TItRRIVANHEAYQKRNAKKEASEKKYYEQKS . . . .  FVSGD . . . . .  
Y LIVKRVESQREVYIARNQKKGMSI . . . . . . . . . . . . . . . . . . . . . .  
R LIVQRIIKNRLEYEARNQKKEAKELAFLEALRQQEAQPRGETD--- 
H LIVQRtlTNRLEYEARNQKKEAKELAFLEAARQQAAQPLGERDGDF 

(A) 

N 50 RRCRPVRVYMOGCFDMMHYGNCNALRQARALGDELVVGWSDDEITANKGP--PVTPLHERM 
C 250 PGPNSRWYIDGAFDLFHAGHVEILRLARGLGDFLLVGIHTDQTISSTRGPHRPfMNLHERS 

N 111 KMVRAVKWVDDVlPDAPYAITEDFMNKLFNEYNIDYIIHG---DDPCLLPDGTDAYALAKKA 
C 312 LSVLACRYVOEVlIGAPWHISKDMVT . . . .  TFNISLWHGTtAENMDYTEDDSNPYAVPVAM 

(B) 

Figure 2. (A) Alignment of amino acid sequences derived 
from barley HvECTI: A. thaliana AtECT1 (A), yeast ECT (Y), 
rat ECT (R), and human ECT (H) cDNAs. Identical amino acid 
residues are denoted by asterisks (*) and conserved amino 
acid residues by colons (:) in bottom line. Motifs involved in 
catalytic activity of ECT are in bold typeface. (B) Alignment 
of N-terminal (N) and C-terminal (C) halves ofHvECT1. 
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37%, with both containing an HXGH motif that is 
involved in the binding of CTP and transition-state 
stabilization of cytidylyltransferases (Veitch et al., 
1998). This suggests that barley ECT also has two cat- 
alytic domains like animal and yeast ECTs (Nakashi- 
ma et al., 1997). We also detected the conserved 
sequence of RTXGVSTT (residues 177 to 184) and 
amino acid residues Asp-65 and Asp-264 that are 
believed to play an important role in catalytic activity 
of the cytidylyltransferase family (Park et al., 1997; 
Veitch et al., 1998). 

Hydropathy profile analysis (Fig. 3) showed that the 
sequence of barley ECT contains one hydrophobic 
region (residues 11 to 28), long enough to be a trans- 
membrane domain in an N-terminal region that is 
lacking in animal or yeast ECT (Rho et al., 1996; 
Nakashima et al., 1997; Bladergroen et al., 1999). This 
region may form an ~z-helix, as predicted by Chou 
and Fasman (1978). According to our SignalP analysis 
(Bendtsen et al., 2004), the sequence has 54% proba- 
bility of a signal peptide or 43% probability of a signal 
anchor or a stop-transfer signal, i.e., an uncleaved sig- 
nal peptide. No (z-helical amphipathic domain was 
found in ECT, which had been suggested to reversibly 

bind the membrane (Kalmar et al., 1990; Craig et al., 
1994). 

Expression Pattern of HvECT1 

Expression of HvECT1 in different organs and its 
response to low temperature were assessed via PCR 
by using equal amounts of total RNA (3 I~g) from con- 
trol and cold-treated plants (Fig. 4). ECT was expressed 
highly in the leaves, stems, and roots of one-week-old 
plants grown at 25~ This pattern was expected for 
such rapidly expanding tissues that are actively involved 
in the synthesis of cellular membranes and, hence, 
the production of phospholipids. To investigate the 
response of HvECT1 to low temperatures, we exposed 
5-d-old plants to 4~ for 1 or 2 d and then measured 
the accumulation of transcript in their lea~es and 
roots. Expression levels remained the same fo'- tissues 
at either temperature (Fig. 4). Therefore, our data 
demonstrate that the expression of HvECT1 is not 
changed significantly by chilling. 

Transformation of a Yeast Mutant Deficient of ECT 

To determine the ECT activity of our cDNA clone, 

Figure 3. Hydropathy plot of deduced amino acid 
sequence of HvECT1. (A) Hydropathy profile analyzed via 
method of Kyte and Doolittie (1982). Horizontal scale 
shows amino acid residues; vertical scale indicates free 
energy (kcal/mole amino acid) for transfer from hydropho- 
bic to hydrophilic environment. (B) Transmembrane helix 
analysis by the method of Engelman et al. (1986). 

Figure 4. Detection by RT-PCR of HvECT1 expression in 
response to low temperature. Barley seedlings wele grown 
at 25~ for 5 d, then either maintained normally or trans 
ferred to growth chamber at 4~ for 1 and 2 d. Total RNA 
was extracted from leaves and roots, and subjected to RT 
PCR for amplification of a 693-bp fragment. 
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Figure 5. Trichloroacetic acid-soluble metabolites were 
extracted from yeast mutants harboring pAC1, pHvECT1S, 
and pHvECT1L after labeling cells with [14C]ethanolamine 
for 60 min at 30~ Individual spots were scraped from TLC 
plates and counted by scintillation spectroscopy. Activity 
reported is average of two independent assays. 

we transformed yeast ectl mutants using plasmids 
pHvECT1L and pHvECTIS, which contain HvECT1 
cDNA with and without a uORF, respectively. The 
mutant harboring either a vector-only plasmid pAC1, 
pHvECT1L, or pHvECT1S was grown in the pre- 
sence of 37 kBq [14C]ethanolamine for 60 min at 
30~ Trichloroacetic acid-soluble materials were then 
analyzed by thin-layer chromatography. Mutant cells 
transformed with pHvECT1S (Fig. 5) accumulated 
higher amounts of CDP-ethanolamine, i.e., the prod- 
uct of ECT activity, than those harboring pAC1 that 
exhibited basal ECT activity, as had been suggested by 
Nakashima et al. (1997). However, the level of CDP- 
ethanolamine was very low in mutants with pHvECT1 L 
that contained the HvECT1 cDNA with a uORF. These 
results suggest a possible regulatory function for the 
uORF in the translation of HvECTT. 

DISCUSSION 

Phosphatidylethanolamine is not only the major 
structural component of cellular membranes, but also 
plays several important physiological roles. For exam- 
ple, it is 1) a substrate of phospholipase D in the 
production of secondary messengers during signal 

transduction in animal cells (Mukherjee et al., 1996); 
2) a donor of the ethanolamine residue to the phos- 
phoethanolamine bridge between the glycosylphos- 
phatidy[inositol anchor and the surface glycoproteins 
of yeast (Menon and Stevens, 1992); and 3) a sub- 
strate for the synthesis of N-acylphosphatidylethanola- 
mine, which is involved in signal transduction and 
membrane protection in plants (Chapman and Moore, 
1993; Chapman, 2000). Despite these important meta- 
bolic roles, our understanding of the molecular aspects 
of PE biosynthesis in plants remains rudimentary. 
Genes have been cloned from yeast, humans, and 
rats, but only recently from plants. Mizoi et al. (2003) 
have reported the cloning of ECT cDNA from A. 
thaliana. Our present study is only the second to 
describe ECT eDNA cloned from plants, and goes fur- 
ther in determining its expression patterns in different 
organs and in response to a low temperature. 

The predicted structure of plant ECTs differs from 
that of yeast and animal enzymes, especially in the N- 
terminal region of the protein (Fig. 2). Longer polypep- 
tides in the plant ECT result from the presence of 
additional residues in that region, in which a hydro- 
phobic domain can adequately span the membrane. 
Two possible roles for this structure might be pro- 
posed based on analytical results from the SignalP 
program showing that this structure probably is either 
a signal peptide or a signal anchor (Bendtsen et al., 
2004). If the latter, the structure should be retained in 
the membrane. Our prosite database analyses revealed 
four potential myristoylation sites; one in the N-ter- 
minal region is GAGPAA (residues 31 to 36). This site 
may keep the catalytic domain of ECT close to the 
membrane (Chow et al., 1992). Such anchoring 
might then facilitate the transfer of the enzymatic 
product CDP-ethanolamine to aminoalcoholphos- 
photransferase, which requires a lipid, diacylglycerol, 
as the other substrate. In castor seed endosperms, 
CDP-ethanolamine is synthesized on the outer leaflet 
of the endoplasmic reticulum (Shin and Moore, 1990). 
Therefore, it is possible that plant ECTs may be mem- 
brane-associated proteins, with their N-termini pro- 
truding into the lumen of the endoplasmic reticulum, 
while the other parts of the enzymes, including their 
catalytic domains, are located on the cytoplasmic side. 
Phosphoethanolamine, the substrate of the ECT 
reaction, is provided by the action of a soluble etha- 
nolamine kinase (Kinney, 1993). 

However, it is also possible that plant ECTs are solu- 
ble enzymes associated with the membrane, as is true 
in their yeast and animal counterparts (Rho et al., 
1996; Nakashima et al., 1997; Bladergroen et al., 



22 Lee et al. J. Plant Biol. Vol. 48, No. 1, 2005 

1999). The predicted structures of ECT from yeast 
and animals contain neither transmembrane domains 
nor o~-helical amphipathic structures. Bladergroen et 
al. (1999) have speculated that animal ECTs associate 
with the endoplasmic reticulum membrane through 
protein-protein interaction with ethanolaminephos- 
photransferase. In castor bean endosperm (Wang and 
Moore, 1991) and Chlamydomonas (Yang et al., 
2004), ECT activity is primarily associated with the 
membrane fractions of mitochondria. In the case of 
the yeast, its ECT activity is correlated with that of 
fumarase, a marker enzyme for mitochondria, sug- 
gesting that the N-terminal hydrophobic sequence is 
a subcellular targeting signal to mitochondria in plant 
ECTs. 

Another important feature of barley ECT is the 
occurrence of an upstream ORF within the cDNA 
(Fig. "i). The putative peptide has 12 amino acid resi- 
dues and is enriched in Ala and Pro residues. A uORF 
is present in less than 10% of all eukaryotic mRNAs, 
but the frequency is much higher for regulatory genes, 
including those that control growth and development 
(Kozak, 1987a). Studies have demonstrated that 
uORFs usually impede the translation initiation of the 
downstream major ORF (Kozak, 1987b; Morris and 
Geballe, 2000). Likewise, our yeast mutant cells trans- 
formed with a plasmid containing barley ECT cDNA 
(and with a uORF) exhibited only a basal level of ECT 
activity (Fig. 5). Interestingly, Dewey et al. (1994) have 
reported that a uORF located in soybean aminoalco- 
holphosphotransferase mRNA down-regulates the 
expression of AAPT in a heterologous system. Because 
this enzyme is responsible for the last step in the 
nucleotide pathway of PC and PE synthesis, we spec- 
ulate that post-transcriptional regulation by the trans- 
lation of the uORF might be important in controlling 
phospholipid formation in plants. 

The particular expression pattern of HvECT1 in dif- 
ferent organs of our barley seedlings was expected, 
and was based on the assumption that rapidly expand- 
ing tissues are actively involved in the synthesis of cel- 
lular membranes, a process that requires an appropriate 
amount of phospholipids. The molecular aspects of 
phospholipid metabolism in response to low tem- 
perature have recently become a target of extensive 
research, especially concerning PC biosynthesis. For 
example, the expression of CCT and AAPT has been 
shown to increase during cold treatments in plants, 
suggesting that phospholipids function in response to 
environmental stress (Choi et al., 2000; Lee et al., 
2001; Inatsugi et al., 2002; Qi et aL, 2003). However, 
our results demonstrated that HvECT7 expression 

remained almost unchanged after tissues were exposed 
to low temperature (Fig. 4). These findings are sup- 
ported by recent reports for other plant species, in 
which no increase in ECT expression was detected 
after up to 12 d of cold treatment (H. Okuyama, Hok- 
kaido University, personal communication). We sup- 
pose that the increase of PE in membranes might not 
be as important for improving membrane fluidity at 
low temperatures, because PE has a much higher 
transition temperature than PC for the same molecu- 
lar composition (Phillips et al., 1972; Houslay and 
Starqey, 1982; Harwood, 1998). An increase in the 
PC to PE ratio in response to low temperature has 
been seen in a number of organisms, including plants 
(Harwood, 1998). Moreover, such overproduction of 
PE might even be harmful to cells because polyunsa- 
turated molecular species of PE, not PC (with i~ small 
head group and wide acyl chains), could form a non- 
bilayer hexagonal II phase structure in the mem- 
branes (Hauser et al., 1981 ; Gurr et al., 2002) Those 
hexagonal II structures formed by PE overproduction 
would then disturb the normal functioning of cell 
membranes in a bi[ayer structure. 
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