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Saccharomyces cerevisiae mutants that were unable to utilize extracellular ethanolamine
for phosphatidylethanolamine synthesis were isolated. Two of them carried recessive
chromosomal mutations in a same gene and were defective in CTP:phosphoethanolamine
cytidylyltransferase (ECT) activity in vitro (Ect™). In an Ect~ mutant that also carried the
chol mutation, phosphatidylethanolamine accounted for less than 2% of total phos-
pholipids, suggesting the importance of ECT in phosphatidylethanolamine synthesis. By
screening a genomic library on a low copy number vector, three complementary clones of
different size were isolated. A 2.8-kb common DNA region carried an open reading frame
(ORF) of 969 bp in length, of which a truncated form failed to complement the Ect~ mutation.
This ORF was identical to the previously isolated MUQI gene of unknown function. Its
deduced amino acid sequence had significant similarity to CTP:phosphocholine cytidylyl-
transferases of yeast and rat. The entire ORF, when combined with the glutathione S-
transferase gene and expressed in Escherichia coli, exhibited ECT activity. These results
indicate that the cloned gene encodes a catalytic subunit of ECT of S. cerevisiae.

Key words: CDP-ethanolamine, Kennedy pathway, phosphatidylethanolamine, phospho-
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Phosphatidylethanolamine (PE) in eukaryotic cells is syn-
thesized through two pathways (I). One is the decarboxyla-
tion of phosphatidylserine (PS) and the other is the utiliza-
tion of free ethanolamine or phosphoethanolamine via the
CDP-ethanolamine pathway. The vital role of the former
pathway in PE synthesis in mammalian cells was demon-
strated by the isolation of a phosphatidylserine decarbox-
ylase ¢cDNA clone as the one that complements the defi-
ciency in PS synthesis of a Chinese hamster ovary cell
mutant (2). The importance of this pathway in yeast
Saccharomyces cerevisiae is obvious, because mutants
defective in PS synthesis or PS decarboxylation cannot
synthesize most cellular PE unless ethanolamine is sup-
plied extracellularly. Recently, it has been found that more
than one gene codes for this enzyme (3, 4). The latter
pathway has not been studied as extensively as the parallel
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CDP-choline pathway for phosphatidylcholine (PC) synthe-
8is.
The CDP-choline pathway is constituted by three en-
zymes, choline kinase, CTP:phosphocholine cytidylyltrans-
ferase (CCT) and cholinephosphotransferase. The first and
second enzymes of mammals were purified and their
structures were elucidated by analyzing their cDNA clones
(5, 6). The CCT of mammals is the target of the cellular
regulation. It is active in a membrane-bound form and its
conversion from a soluble, inactive form is regulated in
several ways (7), of which the exact molecular mechanism
i8 not yet clear. The significance of its nuclear localization in
terms of the cellular regulation of PC synthesis is also
controversial (8). The recent finding of a 112-kDa protein
which was copurified with this enzyme may shed light on
these unsolved problems (9). In yeast, all the structural
genes for the enzymes of the CDP-choline pathway were
isolated and their structures were analyzed. Of these, CCT
codes for CCT (10), and the gene product was also found to
be membrane-bound in yeast cells, but not when it was
produced in Escherichia coli (11), suggesting that the yeast
CCT works in a similar manner to its mammalian counter-
part. Recently, it has been reported that yeast CCT activity
was inhibited by PI/PC exchange protein in its PC-bound
form (12), which may explain how yeast cells regulate
cellular PC content.

The CDP-ethanolamine pathway also consists of three
enzymes with similar activities to those of choline-utilizing
pathway, and the step catalyzed by CTP:phosphoethanol-
amine cytidylyltransferase (ECT, EC 2.7.7.14) is supposed
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to be the point of regulation (13). The ECT of rat hepato-
cytes was purified to homogeneity in a soluble form and its
kinetic properties were studied (14, 15), but the regulation
and genetic control of the enzyme mostly remain unknown.
In the yeast S. cerevisiae, the presence of the same enzyme
activity was reported (16), but the properties and regula-
tion of the enzyme again remain to be studied.

To elucidate the genetic control and overall structure of
the ECT, we isolated S. cerevisiae mutants that are
defective in the activity of the enzyme. One such mutant
that was also defective in phosphatidylserine synthesis
contained a greatly reduced amount of PE, suggesting the
importance of ECT in the synthesis of this aminophos-
pholipid. We cloned a gene, ECT1, that complements the
mutation. From both the structural similarity of the
deduced product to CCTs and the ECT activity detected in
extracts of E. coli cells where ECT1 was expressed, we
concluded that ECT1 codes for the structural gene of the
enzyme ECT.

EXPERIMENTAL PROCEDURES

Materials—[1,2-**C)Ethanolamine was purchased from
ICN Biomedicals (Costa Mesa, CA). Phospho[1,2-"“C]-
ethanolamine was synthesized enzymatically and purified
according to the published protocol (17). Partially purified
ethanolamine kinase from rat kidney was supplied by Dr.
K. Ishidate, and later prepared from rat liver following the
above protocol. The purity of the radioactive phosphoeth-
anolamine was checked by thin layer chromatography on
Silica Gel 60 (Merck, No. 5721) with 96% ethanol-2%
NH,OH, (1:2, v/v) as a developing solvent. CTP and
phosphoethanolamine were purchased from Sigma (St.
Louis, MO). All other chemicals were of reagent grade.

DNA enzymes used to manipulate isolated genes were
products of Takara Shuzo (Kyoto) and Nippon Gene
(Toyama).

Growth Conditions, Strains, and Plasmids—Construc-
tion and general properties of S. cerevisae strains YB1803
(MATa trpl chol::LEU2) and C5558-2B (MAT« trpl
ura3) were described previously (18). Strain EY132
(MATa trpl ura3 chol::LEU2) was constructed by cross-
ing strain YB1812 (MAT« trpl chol::LEUZ2) with strain
2026 (MATa, leu2 ura3 can inol::LEU2). Strain YP148
with fragmented Chr. VII was used as standard for electro-
phoretic separation of chromosomes (19).

Construction of plasmid YCpGPSS (TRPI G418® P¢AL7.
CHO1/PSS) bearing the CHO1 gene, expression of which
was under the control of the GAL7 promoter, was de-
scribed previously (18). Plasmid YCp50GPSS was ob-
tained by combining a BglII-Sall fragment carrying the
GAL7-CHOI region in the YCpGPSS with plasmid YCp50.

Minimal synthetic medium, SD, for yeast growth was
prepared as described previously (18). When necessary,
2% D-glucose in SD was replaced with 1% D-glucose plus 2%
D-galactose for partial induction of GAL7 promoter.

Yeast cells were transformed using the alkali cation
treatment method (20).

E. coli strain MV1190 {(dsrl-recA)306::Tn10 Alac-pro
thi, supE [ proAB lacI%lacZAM15 traD]} was used as a
general bacterial host for plasmids.

DNA Manipulations—Restriction enzyme digestion and
ligation and other general treatment of DNAs were done
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according to the published methods (21).

A 2.8-kb Xbal-HindIll fragment of plasmid pYECT-C
that contained ECT1 was subcloned into the Hincll site of
pUC119 in two different directions (pUCHX and pUCXH)
and successive deletions were introduced from one end of
the cloned DNA for overlapped sequencing analysis. The
nucleotide sequences were determined by the dideoxy
nucleotide chain termination method (22).

The same 2.8-kb Xbal-HindIll fragment was blunt-
ended, then transferred into the Sacl site of the YEp352 to
construct plasmid YEpECT. This plasmid was used to
provide the ECT1 gene to yeast cells in high copy number.

To construct a GST-ECT1 fusion gene, plasmid
pUCHX35 was used, being a deletion derivative of plasmid
pUCHX that was isolated for sequencing analysis was used.
In plasmid pUCHX35, the 5’ side of ECT1 was deleted up
to the first two codons. The remaining ECT'1-coding region
was excised by use of Sacl, for which one site was in the
vector near the 5" end of ECTI and the other site was at
about 900 bp behind the ECTI. After blunt-ending the
fragment, it was inserted into an Smal site of plasmid
pGEX-2T (Pharmacia-PL Biochemicals, Milwaukee, WI).
The resultant plasmid pGST-ECT carried a GST-ECTI1
in-frame fusion.

Northern Blotting Analysis—Total RNA fraction was
isolated from exponentially growing yeast cells by the
phenol extraction method (23) and separated by denatured
agarose gel electrophoresis with formaldehyde as a de-
naturant. RNAs were transferred to Hybond N+ mem-
branes (Amersham, Arlington Heights, IL) and detected by
hybridization with a 0.9-kb Sphl fragment as a probe.

Preparation of Yeast Cell Extracts and Measurement of
ECT Activity—The yeast cells grown to early stationary
phase were collected, washed once with distilled water and
suspended in ice-chilled 50 mM Tris-HCl (pH 8.0)-1 mM
EDTA-0.3M sucrose-10 mM -~ 2-mercaptoethanol. The
cells were disrupted by mixing them with glass beads (0.4
to 0.5 mm in diameter). Unbroken cells and glass beads
were removed by brief centrifugation (1,500 X g, 5 min) at
4°C. The resultant supernatant was assayed for ECT
activity. The reaction mixture contained following compo-
nents in 100 x1: 20 mM Tris-HCI (pH 7.8), 10 mM MgCl,,
2mM CTP, 1 mM phospho[2,3-'*C]ethanolamine (1,090
cpm/nmol}, and 20 u] of enzyme. The reaction was carried
out for 15 min at 30°C and stopped by boiling for 2 min.
Radioactive CDP-ethanolamine and phosphoethanolamine
were separated by thin layer chromatography on a Silica
Gel 60 plate (Merck, No. 5721) using 96% ethanol-2%
NH.,OH (1: 2, v/v) as a solvent. Spots corresponding to
CDP-ethanolamine were detected with BAS2000 imaging
plate (Fuji Film, Tokyo) and scraped into scintillation vials.
Radioactivities were measured by liquid scintillation
spectrophotometry.

Purification of the GST-ECT1 Fusion Gene Product—
Overproduction and purification of GST-ECT1 fusion gene
product were done as described (24). Briefly, a fresh
saturated culture of E. coli strain MV1190 that carried the
plasmid pGST-ECT was inoculated into 1,000 ml of LB
medium at 10% inoculum size. After 1 h of aeration at 37°C,
the fusion gene were induced by addition of 1 mM of
isopropyl thio-S-D-galactoside (IPTG) and further incuba-
tion for 3 h. Cells were collected by centrifugation (5,000 %
g, 10 min) at 4°C and washed once with chilled phosphate-
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buffered saline (PBS). Cells were resuspended in 10 ml of
PBS and disrupted by sonifying for a total of 3 min (Bran-
son Sonifier, 20 kHz, 50% pulse output). The lysate was
solubilized with Triton X-100 (final 1%) and insoluble
materials were removed by centrifugation (10,000 g, 10
min) at 4°C. The supernatant was loaded on a Glutathione-
Sepharose 4B column (Pharmacia-PL Biochemicals) and
proteins that specifically bound to the resin were eluted
according to the supplier’s protocol.

Miscellaneous Analytical Methods—Y east chromosomes
were separated by pulse field agarose gel electrophoresis
using a CHEF-DRII apparatus (Bio-Rad, CA). DNAs were
transferred to nylon membranes after acid-treatment and
alkaline denaturation according to the published protocols
(21). ECT1 DNA was detected by hybridization with a
1.2-kb HindIII- Clal fragment from the plasmid pYECT-C
as a probe. Radiolabeled DNAs were prepared by the
random primer method (25) using a labeling kit (Takara
Shuzo, Kyoto) and [a-**P]dCTP (Amersham).

To measure incorporation of ['C]Jethanolamine into
trichloroacetic acid (TCA)-insoluble materials, yeast cells
were grown to Az =0.2 in 10 ml of SD medium including
1 mM choline, washed twice with 10 ml of water and
resuspended in 10 ml of fresh SD medium supplemented
with 200 4M of ['“C)ethanolamine (5 mCi/mmol). Ali-
quots of 1 ml were withdrawn and immediately mixed with
5 ml of chilled 5% T'CA containing 5 mM ethanolamine. The
whole cell suspension was filtered through GF/C filter
(Whatman) and trapped cells were washed 5 times with 5
ml of 5% TCA. Filters were dried to remove TCA and
subjected to liquid scintillation counting to measure radio-
activity.

Yeast phospholipids were labeled with 10 £ Ci of [*?P]P,
per ml of SD medium for at least 5 generations. They were
extracted, separated and quantitated as described previ-
ously (26).

Protein concentration was determined by the dye-bind-
ing method (27) using Bio-Rad protein assay kit (Bio-Rad).
Bovine serum albumin was used as a standard.

RESULTS

Isolation of Mutants Defective in ECT Activity—An S.
cerevisiae strain that had lost phosphatidylserine synthase
activity due to disruption of the CHO1/ PSS gene was used
as a parental strain. Plasmid YCpGPSS (TRPI1 G418%
P¢AL7.CHO1/PSS) was included in it to avoid a possible
severe growth defect resulting from the mutational inac-
tivation of ECT. The strain, YB1803/YCpGPSS, required
ethanolamine or choline for its growth in the presence of
D-glucose as a sole carbon source, but not when D-galactose
was supplied. About 20,000 mutagenized colonies were first
grown on D-galactose-containing agar medium, and by
replica-plating, four candidate mutants that grew on SD

TABLE 1. Phosphoethanolamine cytidylyltransferase activ-
ities of isolated mutants.

. ECT activity
Strain (nmol/min/mg protein)
101 0.06
102 0.19
107 0.04
YB1803/YCpGPSS 2.9

R. Min-Seok et al.

plates containing 1 mM choline but not on plates containing
1 mM ethanolamine were isolated. Mutants 101, 102, and
107 were defective in ECT activity in vitro (Table I). Of
these, the mutant 101 had lost mating ability, but mutants
102 and 107 had recessive single nuclear mutations that
were responsible for their growth characteristics, and they
were not complementary to each other. Mutant 102 was
crossed with a strain C5558-2B (MA T« trpl ura3), and one
ura3 derivative, strain EU102/YCpGPSS, which contain-
ed the original mutation Ect~ and plasmid YCpGPSS, was
isolated for further characterization.

Properties of the Mutant Strain EU102—We first tested
whether the mutant strain was able to grow without
plasmid YCpGPSS. The strain EU102/YCpGPSS was
incubated in the glucose medium containing 100 xg/ml of
L-tryptophan and 1 mM choline for 2 days and a portion of
culture was spread over agar medium of the same composi-
tion. By replica-plating, colonies that failed to grow on the
medium without tryptophan or choline, and also failed to
grow on 2% galactose-supplemented medium without
choline, were selected. A few percent of colonies, which
were small in size, had this phenotype. Thus, the strain
EU102 without plasmid YCpGPSS was able to grow in
choline-supplemented medium. The strain EU102, how-
ever, grew at much slower rate than the strain YB1803.
The presence of plasmid YCpGPSS improved the growth of
strain EU102 even under the repressed condition for the
GAL7-CHOLI fusion gene on the plasmid. This is probably
because of the leaky expression of the fusion gene (1I8),
which will result in synthesis of some amount of PS and its
decarboxylated product PE.

Figure 1 shows that strain EU102 failed to uptake
['*C]ethanolamine into cellular TCA-insoluble materials,
whereas wild-type strains X2180-1A and YB1803 incorpo-
rated it in a time-dependent manner. Strain EU102 active-
ly uptook labeled choline (data not shown). These results
indicate that this mutant is defective in incorporation of
extracellular ethanolamine into phospholipids.

The chol null mutants, which lacked active PS synthase
and hence were impaired in PE formation through PS
decarboxylation, contained significant amounts of PE in
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Fig. 1. Incorporation of ['‘C)ethanolamine into TCA-insolu-
ble materials. Each strain was grown to Ase=0.2 and uptake of
[**C)ethanolamine into cellular TCA-insoluble materials was mea-
sured as described in “EXPERIMENTAL PROCEDURES.” Results
are expressed as *C-radioactivity (cpm) per ml of culture. Symbols
are: open circle, X2180-1A (wild type); open triangle, YB1803
(chol::LEU2); closed circle, EU102 (Ect~ chol::LEU2); closed
square, EU102 with plasmids YCpGPSS and YEpECT.
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choline-supplemented media (26, 28). To know the effect of
the mutation on PE synthesis in strain EU102, phospho-
lipid composition of the strain was analyzed by [**P]P,-
homogeneous labeling in a choline-supplemented medium
(Table II). Strain EU102 contained only 1.9% PE in total
phospholipids, far less than that (20.3%) found in the chol
strain YB1803. This result indicates that PE formation of
the choline-supported chol null mutant was blocked by the
mutation of EU102, that is, the mutated gene in the strain
EU102 should be also responsible for PE formation from
endogenous ethanolamine. It is likely that the choline-sup-
ported chol null mutant synthesizes most PE by way of
CDP-ethanolamine.

Isolation of ECT1 Gene—To isolate a complementary
gene for the Ect™ mutation in strain EU102, an S. cerevisiae
genomic DNA library which had been constructed on the
vector YCp50 (29) was screened using the strain EU102/
YCPGPSS as a host. Ura* transformants were first selected
on a minimal medium containing 1% D-glucose and 2% D-
galactose, and then they were replica-plated to SD medium
containing 1 mM ethanolamine. After incubation for 12 h at
30°C, the replicas were replica-plated to the same fresh
agar medium and transformants that grew on it were
selected. From such transformants, three plasmids of
different size, pECT-A, pECT-B, and pECT-C, were re-
covered (Fig. 2A). Figure 3 shows growth of the transfor-
mant bearing the plasmid pECT-C or vector YCp50.

1043

Judging from their restriction maps, they had a common
region of about 3 kb. This was excised from the smallest
plasmid, pECT-C, as an Sall fragment and subcloned on
YCp50. From the resultant plasmid pECT-CSS, a series of
deletion plasmids was constructed (Fig. 2B). As indicated,
the complementary region was present within a 2.8-kb
HindI- Xbal fragment and both sides of the internal Xhol
site were necessary. This HindIII-Xbal fragment also
restored ['‘C]ethanolamine incorporation of the mutant
EU102 (Fig. 1, closed square). It was localized on the larger
fragment of the fragmented chromosome VII in the strain
YP148 by hybridization analysis after pulse field gel
electrophoresis (data not shown). Thus we named the
isolated gene with complementary activity on the HindIII-
Xbal fragment ECTI and determined its nucleotide se-
quence.

Characteristics of the Structure of ECT1—In the nu-
cleotide sequence of the 2,829-bp HindIII- Xbal fragment
(only relevant sequences are shown in Fig. 4), we found a
969-bp open reading frame (ORF) from the nucleotide
position of 514 to 1482 from the HindIll end (1 to 969 in
Fig. 4), which likely belongs to ECT1 because this ORF
covers a unique Xhol site at the nucleotide 1230 (under-
lined at 718 in Fig. 4). A nucleotide sequence from the
position 1 to 367 was probably a truncated ORF without a
3’ end. There was a small ORF of 252 bp at the 3" flanking
region of the 969-bp ORF, from nucleotide 1658 to 1909

TABLE II. Phospholipid composition of the mutant strain EU102.?

Strai Enzyme activity

Distribution of *’P-radioactivity (%)

ECT PSS PC PI4+PS PMME PE PG PA CL
EU102 - - 62.9 28.8 nd 1.9 0.9 2.0 3.4
YB1803 + - 58.0 14.0 <0.1 20.3 0.4 1.4 5.3
X2180-1A + + 37.9 30.9 1.6 22.6 0.2 3.3 3.4

® Cells were grown in SD medium with 1 mM choline at 30°C. Abbreviations are: PSS, phosphatidylserine synthase; PC, phosphatidylcholine;
PI, phosphatidylinositol; PS, phosphatidylserine; PMME, phosphatidylmonomethylethanolamine; PE, phosphatidylethanolamine; PG,
phosphatidylglycerol; PA, phosphatidic acid; CL, cardiolipin; nd, not detectable.

A
B SE CX H HE CS S C
pECT—A (15 kb) L 1] | [ | | ]
CX H HE CS S
pECT-B (11kb) - I l L Ll L
B SN B SE CX H
pECT-C (9kb) . Ll [ 1 |
B
. Growth  ECT activity Fig. 2. Three clones that complemented
Plasmid SBgE XbSa  CX HBg S on SDE  (nmol/min/mg) Ect~ mutation and localization of the com-
plementary gene on plasmid pECT-C.
pECT-CSS + 2.90 Panel A: Restriction maps of three overlap-
ping clones. Approximate sizes of the cloned
pECT-CSX IS - 0.20 DNAs are indicated in parenthesis. Restriction
| sites: B, BamHI; C, Clal; E, EcoRI; H,
pECT-CXS - 0.18 HindIII; N, Neol; S, Sall; X, Xhol. Panel B:
An Sall fragment of pECT-C was subcloned on
pECT-CXbH I + 220 vector YCp50 and indicated derivatives were
introduced into the strain EU102 (Ect™ chol::
pECT-CRB ] + ND* LEU?) carrying plasmid YCpGPSS. The re-
1 ] * Not determined sultant transformants were tested for growth
1kb on SD media and analyzed for ECT activity.
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(not shown in Fig. 4). Its transcriptional direction was
opposite to that of the 969-bp ORF. A search for similar
sequences in a DNA database revealed that the nucleotide
sequence of the putative ECT1 gene was identical to that of
MUQ@Q1, which was found downstream of PRPI8 encoding a
component of U5 small nuclear ribonucleoprotein (30). The
nucleotide sequences flanking the putative ECT1 ORF, that
is, the upstream truncated ORF and the downstream small
ORF, were identical to those previously published, PRP18
and STF2 (31), respectively. There was no other possible
protein coding region on the sequenced HindIIl-Xbal
fragment, and the 969-bp ORF thus seemed to be that of
ECT1.

The noncoding region upstream of the ECT1 ORF was
only 146 bp (Fig. 4). To ascertain whether this ORF is
transcribed, we performed Northern blot analysis on RNA
of the strain EU102/YCpGPSS carrying the plasmid
pECT-CXbH by using an internal 647-bp Sphl-Xhol
fragment as a probe. A 1.2-kb mRNA product was detected
(data not shown) and we concluded that this ORF was
actively transcribed. There are three small ORFs in the
intermediate region (start and terminal codons are indicat-
ed by open boxes in Fig. 4), the functions of which are
unknown. The transcriptional element of many myo-ino-
sitol-regulated genes of phospholipid biosynthetic en-
zymes, of which the consensus sequence is CATRTGAA,
was not found in the flanking 5 upstream region.

The overall hydropathic profile of the ECTI product
suggests that it is not a type of integrated membrane
protein with hydrophobic membrane-spanning segments.
There are two weakly hydrophobic regions at the carboxy
terminus, from Val-250 to Ala-268 and from Gly-282 to
Gly-290. Helical structures which are typical of many

Fig. 3. Growth of the mutant on SD medium supplemented
with ethanolamine and its restoration by plasmid pECT-C.
Strain EU102 (Ect™ chol::LEUZ2) harboring plasmid YCpGPSS and
with plasmid pECT-C (1) or vector YCp50 (2) was grown on various
synthetic agar media at 30°C. Panel A, SD with 1 mM ethanolamine;
Panel B, SD without supplement; Panel C, SD with 1 mM choline;
Panel D, SDG without supplement.

R. Min-Seok et al.

membrane-spanning polypeptides, however, were not
predicted for either region.

ECT1 Codes for ECT—We searched protein database
for proteins similar to the product of ECT1. Three proteins
with similar functions, yeast and rat CCTs (6, 11) and CTP:
sn-glycerol-3-phosphate cytidylyltransferase of Bacillus
subtilis (32) were extracted (Fig. 5). Within the deduced
amino acid sequence from Pro-7 to Leu-160 of the ECT1
product, 52 and 55 amino acids are identical to those from
Pro-103 to Leu-257 of S. cerevisiae CCT and from Pro-76
to Leu-230 of rat CCT, respectively. These regions of yeast
and rat CCTs were very similar to each other, that is, 99
amino acids were identical. The same areas also had
similarity to CTP:sn-glycerol-3-phosphate cytidylyltrans-
ferase of B. subtilis, and three well-conserved regions were
detected (Fig. 5A). In addition to this alignment, another
part of ECTI product, from Val-200 to Ala-277, was

Prpl8p —»
###xTGETATACCAGCAACCACGATAGCTTAGCC[I Yt tttgaactattgttttcatta -121
VYT S N KD S LA :

1 2
tcgcgtggcncgatutc@ggccnaunagcngaﬁbagntgttgatagcct -61
3
ttgttcaattttccagagacaapigktttacaggatcgggactftgapatatacfigafpteg -1

— Ectlp .
[IIIACEETAAACTTAGATCCEEGATAAAGTTTGRATABACEECTECTTTEATTTCACACAT 60
M T YN LDPDKYW¥ I DGCCFODFTH
CATGGGCATECEEEAGCCATTTTECAGECTCETCEAACAGTTTCAAAAGAAAATEETAAA 120
H 6 HAGA I LOQARRTVYSKEHWNSE K
CTATTCTGTEGTGTGCATACCGATEAAGATATTCAGCATAACAAAGGAACACCAGTAATE 180
L FCGE&YHTDETDI!I QHNKSETPV N
AACTCTTCAGAAAGATATEAGCATACTAGATCAAATAGETGGTETTCGEAAGTEGTTEAA 240
W $ SERYEHTRSNRYCS EVVYE
GCEECGCCATATETTACAGATCCCAATTEGATEEATAAATATCAGTECCAATATETTETT 300
A AP Y YV T DPNU¥ EDKTYUQCOQY VYV
CATGETGATEATATCACCATAGATECTAATGEACAAGACTECTATAAGTTGETEAAAGAE 360
W€ DD I T I D ANGEGETDTCTYKTLVYKE
ATGGGECECTTCAAGETAGTTAAAAGAACATATGGCETAAGTACTACCEAGATTATACAT 420
M6 RF KV Y KRTY &Y S$TTEI I H
ABAATATTGACGAAAAAATCTTTECCACCBACTCATCCTGATTATTATCCCACCACCCAE 480
Rt LT KKSLPPTHPDYYPTTQQ
GAATTGAGTTTCTATTCTGTCECCCAAGATGCCETTTCAAAACATTGTTATETCTTTCAG 540
EL SF Y 3V AQDAY S KHCYVYFQ
AGGGATTTOGACAATGTCAAGGTCAATGGTEBATACAAATTCGATECAGAAGATTETETT 600
R D LD MKV LV NG GEYKTFTDAETDT CYV
TATGTTGACGEGGATTTTEACTTATTCCATATGEGEGATATTEATCABTTAABAAAGCTE 660
Y VDEDFDLFHREESED I DOGLARKITL
AAAATGEATCTTCACCCCEATAAGAAATTGATTETTGETATTACCACAAGCEATTAGTCE 720
K ¥ DL HPODKKLIVY &I TTSDYVYS
ABTACCATTATGACGATGAAGEAACECGTCTTGATCETTTTAAGTTETAAATATGTTGAT 780
S T 1 B T M KERVYLSVYLSCKYVD
GCCETTATTATCGATECTEACGCCACCTCAATGTCTCAGTATAAGTECEABAABTATCAT 840
AY 1 1 D AD AT S NS QY NCEKTYH
ATTGGCACEECTETCCTCACTGCTGCCEEAAAATTCAGTEAATACTTEACTAAAGAGCTT 900
I 8 TA VYV LTAAGSKFSEYLTKEHL
ATTETGAAGAGBGTEEAATCECAAAGEEABGTTTACATTGCBAGBAACCAAAAAAAGEGA 960
I v KR Y E S 0 8B E Y Y I ARNOKTKS@ G
ATeTCCATA[[fIacaastgttgasnacticttcgancgtasattanatggatgtasgaas 1020
NS | o+

actgtattacataagtcatgaagtaggcatgcasagtatatacctatagatgcatataaat 1080
cagtggagaaggccactatccttcagagatcasamaaggtttttttatcttgasaacgece 1140

Fig. 4. Nucleotide and deduced amino acid sequences of ECT1
and its adjacent area. Only the relevant region of the analyzed
sequence is illustrated. Closed boxes are starting and terminating
codons of ECT1 and PRP18. Numbered open boxes are those of short
open reading frames in the 5 flanking region of ECT1. Xhol site is
underlined. The accession number of the entire 2,829-bp sequence to
the DDBJ/EMBL is D50644.
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YECT  5: Joc.g: biagi o O Lmvsxe 1D 10N
YCCT 101: nn m ARV TR Ak PR A F - - | SER I THRL
RCCT  74: AR IRF s Sl RA dhe S LFP-- c THRF
TacD  1: x 1Ty 2k QRN LGo-- - v KLGK

YECT  55: ISSE TRSHHLICS

I'IDKYOCOY
YCCT 149: TOKQ B TInavol ‘JV' C FLLEHKIDH 1
RCCT 122: NENE AVQHC Y IURT RN TLT FLAEHRIDF |
TAGD  44: SVEH LELETH{EViJURYT - - - [REXSWEQKKQD | IDHNT---

YECT 105: ITID yvK E TKKSLPPTHPD
YCCT 199: PYVS 170 D K IRDYDKYLMRNF
RCCT 172: PVSS APTQ D RDYDVYARR!L
TAGD 88: FYMG L QCEVYYLP K

YECT 155: YYP- FY3
YCCT 249: ARGA 0 vsy
RCCT 222: QRGY VSF

YECT  200: DLH T-
YCCT 106: T
RCCT  79: | LF— T
TAGD  4: | --v A
YECT  10: § Rrvsxsb;x P
YECT 248: ATSMSQYRCEXYHIGTH
YCCT 1563 CVT{EFLLEMK 1 DHV]
RCCT 128: TLTEFLAGHR IDF V]
TAGD  51: KNWEQKKQD| [DHN 1=
YECT  55: viD[w-upKvacayv

Fig. 5. Similarity to other cytidylyltransferases. Amino acids
that are identical in three or more sequences are boxed. Sequences are
phosphoethanolamine cytidylyltransferase of S. cerevisiae (YECT),
phosphocholine cytidylyltransferases of S. cerevisiae (YCCT) and rat
(RCCT), and sn-glycerol-3-phosphate cytidylyltransferase of B.
subtilis (TAGD).

similar to the above conserved region, but in this case, the
third well-conserved region was not included (Fig. 5B).
Since there is no reason to consider that the yeast ECT has
a completely different reaction mechanism from CCT, and
since ECT1 complemented the defective mutation in ECT
activity, it is likely that ECT1 is a structural gene for ECT.

To confirm the ECT activity of the ECTI gene product,
we prepared an in-frame fusion of ECTI to GST which
codes for glutathione S-transferase and expressed it in E.
coli under the inducible promoter by use of IPTG. Figure
6A shows the expected overproduction of the fusion protein
upon induction, and Fig. 6B shows the production of CDP-
(**C]ethanolamine from ['“C]ethanolamine by the cellular
extract and purified fusion protein from the overproduced
cells. The induced cell extract gave about 6-fold more
radioactive CDP-ethanolamine than the uninduced cell
extract. No radioactive CDP-ethanolamine was produced
by an extract from cells carrying only the vector (data not
shown). These results clearly indicate that the ECTI gene
product has ECT activity.

DISCUSSION

It is known that the aminoalcohol kinases and phospho-
transferases in the CDP-ethanolamine and CDP-choline
pathways of yeast are functionally redundant (33). The
successful isolation of mutants defective in ECT activity, as
mutants that are unable to grow on ethanolamine-supple-
mented medium under conditions limiting PE synthesis
from PS, suggests that the enzyme involved in the CDP-
choline synthesis, CCT, have little ECT activity. On the
other hand, cct mutants were only defective in PC synthesis
from choline (16, 34), which means that ECT has very low,
if any, CCT activity. As a whole, the enzymes involved in
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Fig. 6. Expression of GST-ECT1 fusion gene in E. coli and its
ECT activity. In panel A, cells from induced or uninduced culture
were disrupted as described in “EXPERIMENTAL PROCEDURES.”
Cell lysates were centrifuged at 10,000 X g for 5 min and the super-
natant was subjected to SDS-PAGE analysis (panel A) and ECT assay
(panel B). Lanes are: 1, not induced; 2, induced; 3, purified fusion
protein. In the ECT assay, reaction mixture included 20 ug of protein
of E. coli extract or 10 ug of purified protein. Reaction products were
separated by TLC as described. Radioactivity of the products by the
induced and uninduced cell extracts were 3,080 cpm/min/mg protein
and 530 cpm/min/mg protein, respectively. Abbreviations are: P-
Etn, phosphoethanolamine; CDP-Etn, CDP-ethanolamine.

CDP-aminoalcohol synthesis in yeast do not seem to be
redundant in their activities and could be good targets of
distinctive regulation of PE and PC syntheses.

The predicted structure of ECTI gene product had two
regions with significant similarity to those of other three
known cytidylyltransferases, yeast and rat CCTs and
Bacillus  sn-glycerol-3-phosphate cytidylyltransferase.
The N-terminal conserved region, which is highly con-
served between yeast and rat CCTs, was supposed to be a
catalytic site. Another conserved region is apparently a
repeat of the first half of the N-terminal conserved region.
This repetition is unique to ECT, and not being observed in
the other three cytidylyltransferases, and its functional
implication is not clear. It might be a degenerated form of
the dimeric structure that has been reported for the rat
CCT, and the second repeat may have regulatory role for
the ECT activity.

The overall amino acid sequence of yeast ECT is hydro-
philic. Neither helical membrane-spanning domains nor
amphipathic helical structures are predicted. The latter
structure has been reported in rat CCT C-terminal region
as a possible membrane-binding domain (6) and is also
probably present in yeast CCT (residues 260 to 280)
immediately after the highly conserved region. There are
short stretches of hydrophobic amino acids after the 229th
residue, but their implication awaits future analysis. Rat
CCT is active in a membrane-bound form, although its
transition mechanism from the soluble state is not com-
pletely elucidated. In the case of yeast CCT, most of its
activity was recovered in the membrane fraction, despite
its overall hydrophilic amino acid sequence (11). Rat ECT,
which was mostly recovered in the soluble fraction, was
localized in proximity to rough endoplasmic reticulum (ER)
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as well as in cytoplasmic space by immunoelectron micros-
copy (35). These analyses suggest that CCTs and also ECT
reside on or near ER, where choline- and ethanolamine-
phosphotransferase reactions are expected to occur. Such a
location will help the rapid flux of phospholipid precursors.
Yeast ECT may also be associated with ER membrane,
since the GST-Ectl fusion protein that was produced in E.
coli was mostly recovered in the membrane fraction in our
preliminary experiment. Finally, there is a C-terminal
sequence QKKGMSI, which resembles the C-terminal
QKKKQSAN of yeast CCT. These sequences are not
exactly the same as the ER retention motif in higher
eukaryotes, KKXX or KXKXX (36), but might work for
association of these enzymes with yeast ER.

The close chromosomal localization of ECTI to the
PRP18 gene raises the question of the transcription of
ECTI1. Horowitz and Abelson reported that the major
2.05-kb transcripts of PRP18 covered the ECT1 locus, but
ECT1 has its own transcript that started from 55 bp behind
the 3’ end of the preceding PRPI18 gene (30). Their results
mean that most of the promoter elements of ECT1 are
located within the region where its transcription might be
susceptible to interference by the transcription of PRPIS.
Although overlapping of transcriptional units has not been
reported so often in yeast, some ORFs on chromosome III
are located very close to or overlapping adjacent ORFs
(37), and hence this might be a rather common organization
of yeast chromosome.

Although this study has not proved that the original Ect~
mutation in the mutant EU102 is located within the ECT1
locus, this is highly probable, because the mutation was
complemented by a structural gene coding for ECT on a low
copy number vector and all isolated clones carried the same
ECT1 gene. The availability of an ect! chol double mutant
should provide an excellent opportunity for analyzing the
physiological role of PE synthesis in eukaryotic cells. PE
synthesis may contribute to yeast cellular activity in two
ways. One depends on its structural aspect. Its head group
ethanolamine has a unique feature among phospholipids of
eukaryotic cells: it is smaller than others and tends to form
hydrogen bonds with phosphate oxygen of adjacent phos-
pholipid molecules. PE under aqueous conditions, there-
fore, exhibits a higher phase-transition temperature than
PC with the same acyl residues and often forms a hexagonal
II structure (38). Thus PE should have unique structural
and functional roles in eukaryotic membranes. The other
way involves its metabolism. PE is a precursor of phos-
phoethanolamine in glycosylphosphatidylinositol-anchored
proteins (39), which may be important for organization of
yeast cell wall. We found in our preliminary experiment
that the strain EU102 failed to grow on choline-supple-
mented medium at 37°C, which may be indicative of a vital
function of this peculiar phospholipid in yeast. Construction
of a null ectl mutant and analysis of its properties are under
way in our laboratory.

We thank Dr. Isao Shibuya for generous support and encouragement
at the initial stage of this study. We also thank Dr. Kouzou Ishidate
for the supply of rat ethanolamine kinase and Yu Fukuda for advice
and discussions.
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