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ABSTRACT 
Five  allelic Saccharomyces cerevisiae mutants  deficient in the  methylation  of  phosphatidylethanola- 

mine  (PE)  have  been  isolated,  using  two  different  screening  techniques. Biochemical analysis  suggested 
that  these  mutants  define a locus,  designated CH02,  that may encode a methyltransferase.  Membranes 
of cho2 mutant cells  grown in defined  medium  contain  approximately 10% phosphatidylcholine  (PC) 
and 40-50% PE as compared  to  wild-type  levels  of 40-45% PC and 15-20% PE. In spite  of  this 
greatly  altered  phospholipid  composition, cho2 mutant cells are viable  in defined  medium  and are not 
auxotrophic  for  choline or other phospholipid  precursors such as monomethylethanolamine  (MME). 
However,  analysis  of  yeast  strains  carrying  more  than one mutation  affecting  phospholipid  biosynthesis 
indicated  that some  level  of  methylated  phospholipid  is  essential for  viability. The cho2 locus  was 
shown  by tetrad analysis to be  unlinked  to other loci affecting  phospholipid  synthesis.  Interestingly, 
cho2 mutants  and other mutant  strains  that  produce  reduced levels  of methylated  phospholipids are 
unable  to  properly  repress  synthesis of the cytoplasmic  enzyme inositol-l-phosphate  synthase.  This 
enzyme  was  previously shown to be regulated at the level of mRNA abundance in response to inositol 
and  choline in the growth  medium. We cloned  the C H 0 2  gene  on a 3.6-kb  genomic DNA fragment 
and  created a null  allele  of cho2 by disrupting  the C H 0 2  gene in  vivo. The cho2 disruptant, like  all 
other cho2 mutants, is viable,  exhibits  altered  regulation of  inositol  biosynthesis  and is not  auxotrophic - 
for  choline or MME. 

P HOSPHATIDYLCHOLINE (PC) is the major 
phospholipid  component of most eukaryotic cell 

membranes. The yeast, Saccharomyces cerevisiae, like 
other  eukaryotes, synthesizes PC using two different 
pathways (Figure 1). PC is synthesized from phospha- 
tidylethanolamine  (PE) via three sequential methyla- 
tions  of PE (WAECHTER and LESTER 1971). If free 
choline is present in the  growth  medium, yeast pref- 
erentially utilize it to synthesize PC  directly by the 
CDP-choline pathway first  described by KENNEDY and 
WEISS ( 1  956). 

There has been  some difficulty in determining  the 
number of phospholipid  methyltransferases in mam- 
malian cells  (MATO, PAJARES and VARELA 1984; PE- 
LECH and VANCE 1984). This difficulty may in part be 
due to  the problems inherent in studying  these  mem- 
brane associated enzymes in vitro (AUDUBERT and 
VANCE 1983). Recently,  however,  RIDGWAY and 
VANCE (1987) reported  the  complete purification 
from  rat liver of an enzyme  capable  of  methylating 
PE to  form PC. Analysis of Neurospora crassa mutants 
auxotrophic  for  choline  suggest  that this species has 
two  phospholipid  methyltransferases, one  that  meth- 
ylates PF, to  form phosphatidylmonomethyletha- 
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nolamine (PMME) and  another  that  carries  out  the 
next two methylation  reactions  converting PMME to 
PC (SCARBOROUGH and  NYC 1967). S. cerevisiae mu- 
tant, opi3-3, isolated by GREENBERC, REINER and 
HENRY (1982) corresponds biochemically to  the Neu- 
rospora mutant  defective in the methyltransferase that 
converts PMME to PC (GREENBERG et al. 1983). The 
opi3 mutant, however, is not  a  choline auxotroph. 
YAMASHITA et al. ( 1  982) have reported  the isolation 
of  two yeast methyltransferase  mutants  as  choline 
auxotrophs.  Repeated  attempts in this laboratory  to 
isolate phospholipid  methyltransferase  mutants as 
choline  auxotrophs,  however,  have yielded only mu- 
tants at  the CHOl locus, which encodes phosphatidyl- 
serine synthase (LETTS and  HENRY 1985). In this 
report we describe the isolation and characterization 
of several allelic yeast mutants  defective specifically in 
the methylation  reaction that converts  PE to PMME. 
These  mutants  define a locus, CH02,  that  appears  to 
encode  a PE specific methyltransferase.  None of the 
cho2 alleles, including  a cho2 null allele constructed by 
gene  disruption, are auxotrophic  for any  soluble phos- 
pholipid  precursor. 

WAECHTER and LESTER (197 1 ,  1973) have shown 
that  the cellular activities of the yeast phospholipid 
methyltransferases are repressed by choline in the 
growth  medium. YAMASHITA and OSHIMA (1980) 
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showed that  the presence of inositol, the soluble pre- 
cursor of phosphatidylinositol (PI), is also required 
for repression of the methyltransferases. Cellular lev- 
els of the transcript of the IN01 gene which encodes 
the enzyme responsible for de nouo inositol biosyn- 
thesis, inositol-1-phosphate synthase (I-1-PS), are re- 
pressed in large  part by the presence of inositol in the 
growth medium but  are fully repressed only if choline 
is also present i n  the medium (HIRSCH and HENRY 
1986).  Thus, enzymes involved in the de nouo biosyn- 
thesis of both PC and PI are coordinately  regulated 
(HENRY, KLIG and LOEWY 1984). At least three genes, 
I N 0 2 ,  I N 0 4  (DONAHUE and HENRY 1981; LOEWY 
and HENRY 1984)  and OPI 1 (GREENBERG, GOLDWAS- 
SER and HENRY 1982; KLIG et ad. 1985)  are known to 
be involved in this coordinate  regulation. In this re- 
port we show that cho2 methyltransferase  mutants 
excrete inositol if grown on medium lacking inositol 
and  either  monomethylethanolamine (MME) or cho- 
line and  that cellular I-1-PS levels are not  repressed 
at all by inositol unless MME or choline is also present. 

MATERIALS  AND  METHODS 

Strains,  media  and  growth  conditions: Genotypes and 
sources of yeast strains used are listed in Table 1. Routine 
culture  and  maintenance of yeast strains was carried  out in 
YEPD medium (1% yeast extract, 2% bactopeptone,  and 
2% glucose) and  on YEPD plates (YEPD medium with 2% 
agar added). All growth  and labeling experiments were done 
using synthetic defined medium  containing: 2% glucose, 
0.67% Difco Yeast Nitrogen Base (YNB) without amino 
acids, and supplements (amino acids, adenine  and uracil) as 
described by CULBERTSON and  HENRY (1975).  Defined me- 
dium was brought  to  75 PM inositol and  supplemented  to 1 
mM ethanolamine (E), 1 mM MME, or 1 mM choline  where 
indicated. Plasmid bearing strains  were always grown in 
defined  medium lacking leucine. Plates contained 2% agar 
in addition  to  the above  components. Plates used to score 
specific auxotrophies were made as defined medium lacking 
a single component. Inositol-free  medium was prepared 

FIGURE I .-Pathways of phospholipid biosyn- 
thesis in S. cereuisiue. The membrane associated 
reactions responsible for de novo phospholipid 
biosynthesis are shown  in the space between the 
two  lines (STEINER and LESTER 1972). The  three 
step reaction series converting PE to PC  is carried 
out by the phospholipid N-methyltransferases. 
The reactions shown above the top line represent 
incorporation of exogenously supplied precursors 
into their respective phospholipids as described 
by KENNEDY and WEIS ( 1  956). The positions of 
genetic lesions affecting specific reactions are in- 
dicated by lines intersecting arrows. Abbrevia- 
tions: E, ethanolamine; MME, monomethylethan- 
olamine; C, choline; PA, phosphatidic acid; CDP- 
DG, CDPdiacylglycerol; PS, phosphatidyl-serine; 
PE phosphatidylethanolamine; PMME, phospha- 
tidylmonomethylethanolamine; PDME, phospha- 
tidyldimethylethanolamine; PC, phosphatidylcho- 
line; PI, phosphatidylinositol; I, inositol; I-1-P, 
inositol-1-phosphate; G-6-P, glucose-6-phosphate. 

similarly to synthetic defined medium except  that Difco 
Vitamin Free Yeast Nitrogen Base was substituted  for YNB 
without amino acids and vitamins were added as described 
by GREENBERG, REINER and  HENRY  (1982). Acetate  plates 
containing 1 % potassium acetate, 0.1 % yeast extract, 0.1 % 
glucose, 2% agar,  and 1 mM choline  were used to  induce 
sporulation  of  diploid yeast for  genetic analysis. 

Escherichia coli HBlO 1 (hsdS  recA13  supE44  lacZ4 leuB6 
proA2 thil-I Str') was grown in LB  medium. 

Mutant isolation: Two  different  screening  methods were 
employed to isolate mutants. First screening: The  wild- 
type  strain SHID5C was mutagenized with ethylmethane 
sulfonate (EMS) according  to  the  method of LINDEGREN et 
al. ( 1  965). The  mutagenized cells were recovered in rich 
medium, shifted to  defined medium for several hours  and 
then layered onto a continuous  Renographin density gra- 
dient as  described by  LETTS and DAW= (1  979). The  use of 
a  density enrichment  for  mutants defective in membrane 
synthesis is based on  the observation of HENRY et al. (1977) 
that inositol auxotrophs when deprived of inositol become 
denser  than wild-type cells grown under  the same  condi- 
tions. After  centrifugation,  denser cell fractions were plated 
onto medium  containing MME. Upon  the  appearance of 
colonies these  plates  were  replicated to plates lacking and 
plates  containing MME to screen for MME auxotrophs. 
Second screening: The  wild-type strain (ade5 MATa) was 
mutagenized with EMS as  above.  Mutagenized cells were 
recovered  and  spread  onto YEPD plates to give approxi- 
mately 250 colonies per plate  after several days  incubation. 
The  colonies were replica  plated to inositol-free medium, 
incubated  overnight,  and sprayed with the inositol indicator 
strain (AID-1). Inositol excretion was scored using the cross 
feeding assay developed by GREENBERG, REINER and  HENRY 
(1982)  and modified by GREENBERG et al. (1983). Inositol- 
excreting colonies, detected by the presence of a red halo, 
were selected for  further study. Strains isolated in this 
manner which proved to excrete inositol only in the absence 
of MME or choline were considered  potential cho2 mutants 
and were  complementation  tested by crossing with cho2-1 
tester strains. 

Growth curves: Precultures in defined medium  were 
inoculated using washed cells from YEPD medium and 
grown for  at least five generations.  Precultured cells were 
washed twice in defined medium and used t o  inoculate 
cultures in synthetic  medium  containing added supplements 
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TABLE 1 

Yeast  strains 

91 1 

Desienation Genotype Source 

Wild type MATa ade5 
SHID5C MATa ural  ade6 

This laboratory 
This laboratory 

VAL572 MATa chol-9 cho2-1  ade6 ura l  This study 
VALC3B MATa chol-9 This study 
VALC3D MATa cho2-1  lys2  ade6 This study 
VALCGB MATa cho2-1  lys2 This study 
ES 1 MATa cho2-1  leu2-3,112  lys2 This study 
ESO2C MATa cho2-1 ade2  his3  ura3 leu2 This study 
NO37 MATa cho2-37  ade5 This study 
NO1 34 MATa cho2-134  ade5 This study 
NO137 MATa cho2-137  ade5 This study 
NO143 MATa cho2-143  ade5 This study 
O P 3  MATa opi3-3  ade5 GREENBERG, REINER and 

ES9 MATa cho2-1  opi3-3  leu2-3,112  ade6 This study 
LK 1 MATa cdgl-1  ade5 KLIG et al. (1988) 
ES12 MATa cho2-1 cdgl-1  leu2-3,112  ura3  trpl This study 
JH6d MATa opil-I  leu2  ura3  ade5 J. HIRSCH 

BL2 MATa ino2-2  thrl B. LOEWY 

HENRY (1982) 

ESI- 1 b MATa cho2-1 opil-1 leu2 ura3 lys2  ade5  ade6 This study 

ESIII-3d MATa cho2-1  ino2-2  thrl This study 
DKH325 MATa ino4-39  leu2  ura3  trpl D. HOSHIZAKI 
ESII-lb MATa cho2-1  ino4-39  ura3 This study 
ESXI-I(4d) MATa cho2-A::LEU2  leu2  ura3  lys2  ade6 This study 
diploids: 
ES-DC2 MATa/MATa cho2-l/cho2-137  leu2/+lys2/+ade5/+ This study 
AID-I MATaIMATa inol - l3 / inol - l3   ade l /ade l   l ys2 / lys2  GREENBERG, REINER and 

HENRY (1 982) 
ESXI MATa/MATa cho2-1/+  leu2/leu2  ade2/+ade6/ This study 

+his3/+lys2/+ura3/+ 

+ade6/+his3/+lys2/+ura3/+ 
ESXI-I MATaIMATa cho2-l/cho2-A:LEU2  leu2/leu2  ade2/ This study 

as indicated. Growth was monitored by measuring the op- 
tical density of cultures using a Klett spectrophotometer and 
cell number was determined using a hemacytometer. Per- 
cent viable  cells was estimated by staining diluted cultured 
samples  with the vital  dye  Magdala red ( 1  mg/ml) and 
counting red stained (dead)  and pale stained (viable)  cells 
on  a hemacytometer. 

Genetic  analysis: Genetic analysis was carried out using 
standard genetic procedures (SHERMAN, FINK and LAW- 
RENCE 1978). 

Linkage relationships of the cho2 mutation with other 
mutations affecting PC biosynthesis were tested by perform- 
ing tetrad analysis. All progeny derived from complete 
tetrads from all  crosses were complementation tested against 
cho2-1 by crossing to suitable tester strains and scoring 
growth on defined medium. cho2/cho2 diploids  grow  poorly 
in the absence of  MME and sporulate poorly even  in the 
presence of choline or MME.  All segregants were also tested 
for growth and inositol excretion on inositol-free medium 
lacking or containing various supplements. It must  be noted 
that  the inositol excretion phenotypes of  some mutant 
segregants (especially cho2 and opi3) are difficult to score: 
excretion halos  vary considerably in intensity and are some- 
times  missing. Thus, while  false  positives are  rare,  the ab- 
sence of an excretion halo is not conclusive evidence that  a 
given mutation is absent. Because  of  this limitation other 
tests including in vivo labeling of phospholipids were carried 
out. The specific  crosses and  the differentiating character- 

istics of the progeny types of each  cross were as  follows: ( 1 )  
cho2-1  chol-9 X wild-type (VAL572 X MATa lys2): All prog- 
eny of this cross were pulse  labeled in  vivo with [rneth~l-'~C] 
methionine in the presence of ethanolamine to identify the 
presence of the cho2-1 allele.  Absence of growth on plates 
lacking ethanolamine indicated the presence of the chol 
mutation. (2) cho2-1 opi3-3 X wild-type  (ES9 X MATa 
thrl):cho2 and opi3 mutants are generally distinguishable on 
the basis  of inositol excretion phenotypes. cho2  opi3 double 
mutants are MME-choline auxotrophs. Ambiguous tetrads 
were pulse  labeled  with  [methyl-l4C]methionine. (3) cho2-1 
X opi3-3 (ESOPC X MATa opi3-3 lys2): Scoring of tetrads 
same  as  in  cross 2 above. (4) cho2-1 X opil-1 (VALC3D X 
JH6d): This was the most difficult cross to score since none 
of the progeny have  any growth phenotype and pulse  label- 
ing does not distinguish the cho2 strains from the cho2  opil 
strains. However, the dependability of the inositol excretion 
phenotype of opil  was helpful. All progeny containing cho2 
were detected by complementation testing. Inositol excre- 
ters not containing a cho2 mutation were designated op i l .  
Segregants containing cho2 which excreted inositol  in the 
presence of choline were designated cho2 op i l .  The presence 
of opil  in  several tetrads had to be determined by crossing 
to opil tester strains and scoring inositol excretion by the 
diploids. (5) cho2 X in04 (VALCSD X DKH325): in04 con- 
taining progeny were scored as  inositol auxotrophs  on 
inositol-free medium and choZ in04 progeny were identified 
as  weak  MME auxotrophs  on defined medium. (6) cho2 X 
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in02 (VALC6B X BL2): Same as (5) above except that cho2 
in02 progeny were not auxotrophic for MME. 

Immunoprecipitation of inositol-1-phosphate  synthase: 
Relative quantity of the  62,000 D  subunit of inositol-l- 
phosphate synthase was tested by immunoprecipitation of 
the subunit from crude extracts using rabbit anti-inositol-l- 
phosphate synthase antisera as described by DONAHUE and 
HENRY  (1981). 
In vivo labeling  conditions: Cultures were labeled with 

[~nethyl-'~C]-rnethionine (5.75 mCi/mmole), [L4C]ethanola- 
mine (4.0 mCi/mmole), or  carrier  free [S2P]orthophosphate 
(all isotopes: New England Nuclear). Pulse labelings of 30- 
min duration with  [methyl-'4C]methionine were carried out 
as described by LOEWY and  HENRY (1  984). T o  pulse label 
cells  with ['4C]ethanolamine 10 ml cultures were incubated 
for 60 min after  the addition of 5 pCi of ['4C]ethanolamine. 
The pulse-labeled cultures were washed  with defined me- 
dium and split into two  5-ml  samples:  lipid was extracted 
from one 5-ml sample immediately, and  the  other 5-ml 
sample was incubated in defined medium without label for 
an additional 2-hr chase period. The ['4C]ethanolamine- 
and [L4C]methyl-labeled lipids were extracted and separated 
by one-dimensional paper  chromatography. 

Steady state labeling with [S2P]orthophosphate was per- 
formed following the method of ATKINSON, FOGEL and 
HENRY (1 980). Cells were labeled for at least  five genera- 
tions and harvested in late log phase if they were viable  in 
the labeling medium. Several mutant strains lost  viability  in 
certain labeling media and  therefore could not  be labeled 
for very long periods. Such inviable strains were initially 
inoculated into media permissive for growth, labeled for 4- 
6  hours, washed, resuspended in the indicated labeling 
medium maintaining label at  the initial specific activity, and 
labeled for  an additional 12 hr or until approximately 50% 
viable  cells remained-whichever came first. 32P-labeled 
phospholipids were extracted  from labeled cells and sepa- 
rated by two-dimensional chromatography. 

Lipid  extraction  and  chromatography: Lipids were ex- 
tracted as described by ATKINSON, FOCEL and  HENRY 
(1 980). Two-dimensional paper  chromatography  on silica 
impregnated  paper was carried out using the method of 
STEINER and LESTER (1972). One-dimensional paper  chro- 
matograms were carried out using the method of WAECHTER 
and LESTER (1  97 1). One-dimensional thin layer chromato- 
grams (using silica  gel coated aluminum plates from What- 
man) were run in a solvent system containing: CHCls, 
CHSOH,  NH40H,  and  H20  at a  ratio of 165:67.5:7.5:2. 
The positions of radioactively labeled lipids on the chro- 
matograms were determined by autoradiography. Labeled 
spots corresponding  to specific lipids were removed and 
counted by liquid scintillation. 

In vitro methyltransferase  assays: Phospholipid methyl- 
transferase activities were assayed using crude membrane 
preparations by a modification of the technique described 
by WAECHTER and LESTER (1973). Yeast cultures were 
grown to late log phase in defined medium containing 
supplementation where  indicated. Cells were harvested at 
4"  and all subsequent steps were carried out  at 0-5". 
Harvested cells suspended in a sucrose-phosphate buffer 
(0.2 M sucrose; 50 mM KH2P04-KOH pH 7.2) were broken 
using a C02 cooled Braun homogenizer. Whole cells and 
glass beads were removed by centrifugation, and a crude 
membrane fraction was recovered by centrifugation at 
40,000 rpm  for 40 min. The resulting pellet was suspended 
in sucrose-phosphate buffer to yield a total protein concen- 
tration of  1-2 mg per ml. Phospholipid methyltransferase 
activities were assayed at  30" in  3-ml reaction mixtures 
containing: 60 mM sucrose, 15 mM KHzP04-KOH pH 7.2, 

100 pg/ml S-adenosyl-L-methionine (Sigma No. AA-7007), 
20 pCi S-[methyl-SH]-adenosylmethionine, and 1 ml crude 
membrane  preparation. At  specific time points 0.5 ml of 
each reaction mixture was removed and stopped by adding 
to  3 ml of a 2:l mixture of ch1oroform:methanol and 
vortexing. The organic phase was utilized to  determine  the 
relative incorporation of methyl groups into each methyl- 
ated phospholipid by separation on one-dimensional paper 
chromatograms. 

Transformation  of S. cerevisiae and screening  of ge- 
nomic  library: A modification of the alkali cation technique 
of IT0 et al. (1983) was used to transform yeast  with  plasmid 
DNA. Mitotic instability of plasmids in transformants of 
interest was tested by spreading  a given transformant  for 
single colonies on rich medium and then replicating to 
selective medium. 

A yeast genomic library (a gift from J. HILL) made by 
ligating Sau3a partially digested genomic DNA into  the 
BamHI site of the vector YEpl3 was screened for  the 
presence of cho2 complementing sequences. Approximately 
8000 LEU+ transformants of the strain ES12 were screened 
for MME prototrophy. 

DNA  preparation  and  fragment  purification: Plasmid 
DNA was isolated from yeast following the  method of 
STRUHL et al. (1979). Plasmid thus  purified was used to 
transform E.  coli (HB101) by the method of MANDEL and 
HICA  (1970). The technique of HOLMES and QUIGLEY 
(1 98 1) was used for small  scale preparation of  plasmid  DNA 
from E. coli. For large scale  plasmid purification the CsCl 
equilibrium gradient  method of CLEWELL and HELINSKI 
(1969) was employed. T o  isolate a given  specific  DNA 
fragment,  purified plasmid  DNA was digested with restric- 
tion enzyme following vendor (Bethesda Research Labs Inc.) 
specifications and  run on  a polyacrylamide gel. The ethid- 
ium bromide  band  corresponding to  the desired DNA frag- 
ment was cut  from the gel, crushed, and  eluted. 

Plasmid  constructions: T o  facilitate restriction analysis 
6.6 kb of YEpl3 vector sequence was removed from pES21 
(the insert of  which contains no EcoRI sites) by digesting 
with EcoRI, heat inactivating the enzyme, and religating 
using T 4  DNA  ligase (Collaborative Research, Inc.). The 
resulting plasmid, pES21-322, contained the 3.6-kb pES21 
insert in the BamHI site of pBR322. The EcoRI and SalI 
sites flanking the BamHI site of pBR322 were utilized to 
clone the cho2 complementing insert into  the multiple clon- 
ing sites  of the vectors pGEMl and pGEM2 (Promega 
Biotech). A 4-kb insert containing  fragment  derived  from 
pES21-322 by complete digestion with  EcoRI and partial 
digestion with SalI was gel purified and ligated with  EcoRI- 
SalI linearized pGEM 1 and pGEM2 to  generate PES1 0 1 
and pES102 respectively. T o  construct  a DNA fragment 
suitable for use  in a one-step gene  disruption of the C H 0 2  
gene  a 0.95-kb HindIII-EcoRV fragment from  the central 
region of the cho2 complementing  insert was subcloned into 
the HindIII-HincII sites of the pGEM2 multiple cloning site. 
The resulting plasmid, PES1 10, was linearized at  the central 
SalI site of the insert to accommodate a  1 2-kb LEU2 gene 
containing SalI-XhoI fragment  derived from YEpl3. The 
chimeric insert of this new  plasmid (pES11 If)  was excised 
from pGEM2 multiple cloning site by HindIII-XbaI diges- 
tion. 

Southern  blot  analysis: Yeast genomic DNA was digested 
to completion with the restriction enzyme EcoRV, separated 
by agarose gel electrophoresis, transferred  to nitrocellulose 
and analyzed by hybridization (SOUTHERN 1975). Probes 
were labeled by  nick translation using the method of RIGBY 
et al. 1977. 

RNA isolation and  Northern  blot  analysis: Yeast were 
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grown to mid  log  phase in defined  medium,  and RNA was 
isolated  using the hot phenol  extraction  method of ELION 
and WARNER (1984). The RNA was size fractionated using 
the system of ROZEK and DAVIDSON (1 983)  and  then trans- 
ferred to nitrocellulose (THOMAS 1980). The C H 0 2  gene 
containing  plasmids  PES1 0 1 and PES 102 were used to gen- 
erate 32P-labeled  single  stranded RNA probes  using  the 
enzyme  SP6  polymerase (NEN Research  Products) as de- 
scribed by MELTON et al. (1984). The plasmid  pAB309 
(BAILIS et al. 1987) was used to generate  single  stranded 
RNA probe  complementary to ribosomal  protein TCMl 
(FRIED and WARNER, 1981) mRNA. The resulting  probes 
were hybridized to Northern blots at 5 1 O overnight in 50% 
formamide  containing  0.9 M sodium  chloride  and 90 mM 
sodium citrate. 

RESULTS 

cho2-2 mutant isolation and  preliminary  analysis: 
Past efforts to identify mutations  affecting  PC biosyn- 
thesis by screening  for  choline  auxotrophs led, in our 
hands,  only to the isolation of  mutations in the CHOl 
gene (LETTS and  HENRY  1985).  The choline  growth 
requirement of chol mutants, which are defective in 
the enzyme PS-synthase (ATKINSON, FOCEL and 
HENRY  1980; KOVAC et aZ. 1980), is equally well 
satisfied by ethanolamine,  the soluble  precursor of 
PE. chol mutants may thus  be  referred  to  as  choline- 
ethanolamine  auxotrophs.  Hypothetically, it would 
seem possible to isolate phospholipid  methyltransfer- 
ase  mutants as choline-MME, choline-DME or strict 
choline  auxotrophs.  In an  attempt  to isolate methyl- 
transferase  mutants as auxotrophs we screened colo- 
nies derived  from an EMS mutagenized culture  for 
the ability to grow in the presence  of MME or choline 
but  not in the presence  of  ethanolamine.  In  addition, 
prior  to  screening,  the mutagenized culture was en- 
riched by isolating dense cell fractions from a  centrif- 
ugal density gradient (described in MATERIALS AND 
METHODS). Utilizing this selection scheme we isolated 
one  mutant  strain,  VAL572, which grew better with 
MME supplementation  than with ethanolamine  sup- 
plementation.  However, meiotic segregation of the 
MME-choline auxotrophy following a cross to wild- 
type did  not show the 2+:2- pattern  expected  for  a 
single gene  defect.  While  approximately  one half of 
the meiotic segregants  were phenotypically wild-type 
(that is, they  were not  auxotrophic  for MME or cho- 
line), the  remainder were  a mixture of MME-choline 
and ethanolamine-choline  auxotrophs. The ethanola- 
mine-choline auxotrophic segregants failed to comple- 
ment  existing chol alleles. These results  suggested that 
the VAL572  strain  contained  a chol  mutation  and a 
second  mutation which acts to restrict the ethanola- 
mine-choline auxotrophy normally caused by lesions 
in the CHOl gene. T o  test this possibility progeny 
from five complete  tetrads  from  the  VAL572 cross to 
wild-type were  examined  for  the ability to  incorporate 
labeled  methyl  groups  from [rnethyZ-'4C]methionine 
into specific phospholipids when grown in the pres- 

TABLE 2 

Plate phenotypes" 

Media supplement* 

Growth Inositol  excretion 

Relevant  genotype  None  E MME None E MME C 

Wild type + + + -  - 
cho2-1 
cho2-1 (pESPI) + + + -  
cho2-l/cho2-137 -/+ -/+ + +/- +/- - - 
choZ-l/CHOZ + + + -  - - -  
choP-A:LEU2 + + - I - + + - -  
chol-9 -/+ + + +/- - - -  
cho2-1 chol-9 
opi3-3 
cho2-1 opi3-3 

- I - + + + + + -  
cho2-l  opi3-3 

cdgl-1 + i + ++ ++ ++ ++ 
cho.2-1 cdgl-1 - - + +/- - ++  ++ 
cho.2-1 cdgl-1 + i + ++ ++  ++ ++ 
cho2-1  opil-1 + i + ++ ++ + +8 
ino2-2 + + + - <  
cho2-1  ino2-2 + + + - <  
ino4-39 + f + " L  
cho.2-1 ino4-39 -/+ -/+ i -< 

" 

+ + + + + - -  
- " 

- - / + +  - + - -  
-/+ -/+ + +/- +/- + - 

( PES2 1 ) 
+ + + + + + -  

(PES21) 

a Relative growth of replicated patches was scored after  a 1-day 
incubation. The same replicated patches were scored for inositol 
excretion as described in the  legend for Figure 4. 
' E, 1 mM ethanolamine; MME, 1 mM monomethylethanolamine; 

and C, 1 mM choline. 
' These four strains are inositol auxotrophs  and  cannot  be tested 

for inositol excretion. 

ence  of  ethanolamine. The ethanolamine-choline aux- 
otrophic  progeny  incorporated wild-type levels of 
rneth~Z-'~C  into  methylated  phospholipids while the 
MME-choline auxotrophs  and  about  one half of the 
non-auxotrophic  progeny  incorporated  reduced levels 
(data not shown). When  the  nonauxotrophic  but 
methylation  deficient  segregants  were  incubated with 
[rnethyZ-'4C]methionine in the presence of MME, nor- 
mal levels of  incorporation  into PDME and PC  were 
observed. This result  suggested that in addition  to a 
new mutant allele of chol  (now designated chol-9) the 
VAL572  strain  carried  a second mutation, which we 
designate cho2-I, that caused a specific deficiency in 
the methylation of PE. 

Growth of the cho2-2 mutant: In spite  of  a grossly 
altered  membrane  phospholipid composition (see be- 
low) cho2-l strains showed no deficit compared  to 
wild-type in growth  on plates under any  condition.  In 
particular,  the cho2-1 mutant was not  auxotrophic  for 
choline or MME (Table 2). However, after 5-6 gen- 
erations  of  growth in liquid defined  medium lacking 
choline or MME supplementation, cho2-1 strains did 
begin to grow more slowly than wild-type (Figure 2). 
In  the absence  of  supplementation  the cho2-1 strain 
continued to grow  indefinitely at this slowed growth 
rate without loss of viability. Addition  of MME or 
choline to the  growth medium  restored  growth  to  a 
wild-type rate;  ethanolamine  had  no effect. 

Phospholipid  composition analysis of the cho2-2 
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FIGLIRE Z.--Growth of wild-type  and cho2-1 mutant  cells in 
various  media.  Cells  were  precultured in defined  medium  lacking 
phospholipid  precursors for five to six generations  prior to inocu- 
lation  into  indicated  growth  medium.  Wild-type  cells  grown in 
defined  medium with or without 1 m~ MME supplementation (0). 
cho2-1 cells  grown in defined  medium  containing: 1 mM M M E  (m), 
1 mM ethanolamine (0). or no supplement  (A). 

mutant: Cells were labeled to steady state with ["PI- 
orthophosphate  to  determine  the effect of the cho2-l 
mutation  on  membrane phospholipid composition. 
The autoradiogram of separated phospholipids in  Fig- 
ure 3 illustrates the  altered  membrane composition of 
cho2-l cells as compared to wild-type. The relative 
percentages of the cellular phospholipids are shown 
in Table 3. The percentage of PC,  the  major phos- 
pholipid in wild-type cells, was reduced  more  than 
four fold in cho2-l cells  while the  percentage of  PE 
was elevated three-fold  over wild-type levels and  thus 
became the major phospholipid in cho2-l cells. The 
methylated intermediates PMME and phosphatidyl- 
dimethvlethanolamine  (PDME), while detectable in 
wild-type, were undetectable in the cho2-l mutant 
grown in the  absence of MME. When MME or choline 
is present in the  growth medium of cho2 cells, PC 
levels increased while  PE  levels were reduced, presum- 
ably due  to  restored regulation of overall phospholipid 
biosynthesis.  PMME produced  from  exogenous MME 
via the Kennedy pathway is detected in both wild-type 
and cho2 cells grown in medium containing MME. 
The phospholipid compositions of wild-type and cho2- 

A B 

CL 0-I3 

.ii" " 
0 

A .t 
0 

1) 
A 

1 cells grown in the  presence of MME were essentially 
identical (Table 3). 

Incorporation of methyl groups and ethanola- 
mine into phospholipids in cho2-2 cells: T o  examine 
more closely the metabolic defect in the cho2-I mu- 
tant, cells were pulse labeled with [meth~Z-'~C]methio- 
nine or ['4C]ethanolamine,  and the incorporation of 
label into various phospholipids was quantitated. Ta- 
ble 4 shows the incorporation of methyl groups  de- 
rived from [meth~l-'~C]methionine  into  the methylated 
phospholipids in a 30-min pulse labeling, and Figure 
4 shows the corresponding one-dimensional chromat- 
ograms. cho2-l cells grown in defined medium or in 
defined medium containing  ethanolamine  incorpo- 
rated very  few labeled methyl groups  into PMME, 
PDME or PC  in contrast to wild-type  cells grown in 
the same media. Addition of M M E  to the growth 
medium resulted in greatly increased incorporation 
of methyl groups  into PDME and PC but  not  into 
PMME  in cho2-l cells. 

Most of the labeled ethanolamine  incorporated  into 
PE  in a one-hour pulse labeling of  wild-type  cells was 
chased into PC during a 2-hr chase period  (Figure 5) .  
Incorporation  into PMME and PDME was very low 
indicating that  these phospholipids are only transient 
intermediates in the synthesis of  PC. In cho2-l cells, 
labeled ethanolamine was incorporated  into PE at an 
even higher rate than in  wild-type  cells but much less 
was chased into PC. Virtually no label was found in 
the two methylated intermediates in cho2-l cells. I t  is 
important  to  note, however, that PC  was synthesized 
from PE at a reduced  but  detectable level  in cho2-l 
cells. 
In vitro analysis of phospholipid methylation: T o  

observe directly the enzymatic defect in cho2 cells, we 
measured the incorporation of labeled methyl groups 
from S-[methyl-3H]-adenosyl-methionine into the  three 
methylated phospholipids (PMME, PDME and PC) in 
vitro as described in MATERIALS AND METHODS. Wild- 
type membranes  incorporated  tritiated methyl groups 
into all three of the methylated phospholipids. Label 
accumulated in  PDME and PC throughout  the 20- 
min labeling period while incorporation  into PMME 
leveled off within 5 min (Figure 6). This suggests that 

C 
FIGURE 3.-Lipids of wild-type 

and cho2-1 cells.  Autoradiograms of 
'*P steady-state  labeled  phospholipids 

D separated by two-dimensional  paper 
chromatography. A, wild-type  cells 
grown in defined  medium; €3, cho2-1 
cells  grown in defined  medium; C, 
cho2-1 cells  grown in defined  medium 
supplemented with 1 mM MME. La- 
bels  (see  Figure I legend): 0, orgin: 

C d M  

b-s a 
I A I ,  PI; S, PS; L, IVso-PE; A, PA; C, 
0 PC; E, PE; CL, cardiolipin; M, 

PMME; and D, PDME. 
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TABLE 3 

Phospholipid compositions of mutant  and  wild-type  strains 

Phospholipids (Wy 

Relevant genotype plement ' PA PI  PS  PE  PMME PDME PC Other 

Wild  type 3.3  21.8  6.6  17.7  0.8  2.9  42.2  4.7 
Wild  type MME 2.9  20.7  6.9  13.5  11.9  17.9  19.0 7.2 
cho2-1 3.5  24.8  4.1  51.0 ND' ND 9.1  7.5 

Media su 

ch02-1 MME 3.8  22.6  8.2  13.0  11.2  13.1  20.1  8.0 
ch02-1 (pES2I) 4.8  17.9  7.2  26.5  3.4  0.9  30.9  8.4 
cho2-134 3.2  28.6  5.5  42.7 ND ND 10.4  9.6 
cho2-137 3.8  32.9  5.4  39.7 ND ND 9.9  8.3 
cho2-A::LEU2 4.1  27.3  5.2  49.6 ND ND 6.8  7.0 

opi3-3 3.4  17.3 1.9  9.2 44.3 15.5 3.7 4.7 
cho2-1 0 p i 3 - 3 ~  3.4  26.3 2.8  53.9 ND ND 5.1 8.5 
ino2-2 2.9  30.1 7.0  28.3 6.2 8.7 11.5 5.3 
cho2-1  ino2-2 3.1  33.8 6.3  44.0 ND ND 4.2 8.6 
ino4-39 2.6  30.6 3.7  34.0 2.3 4.4 12.9 9.5 
cho2-1 ino4-3!Id 3.0  34.2 7.3  44.2 ND ND 2.7 8.6 
chol-9d 5.1  37.9 ND 5.6 ND 0.6 44.9 5.9 
cho2-1 chol-9d 2.3 61.0 ND 9.2 ND ND 20.4 7.1 
cdgl-I 5.0  12.4 8.0  14.7 ND 0.9 53.7 5.3 
cho2-1 cdgl - ld  6.8  15.8 9.2  41.2 ND ND 16.3 10.7 

~ h 0 2 - l / ~ h 0 2 - 1 3 7 ~  3.3  27.8  4.7  48.2 ND  ND 11.3  4.7 

a Relative  steady  state  percentages of each  phospholipid  were  determined  after  labeling with (32P)orthophosphate as  described in the 
MATERIALS AND METHODS. Phospholipid  abbreviations are as indicated for Figure 1. The designation "other" includes  polar  lipids  migrating 
at  the origin, phosphatidylglycerol,  cardiolipin  and  lysophospholipids. 

MME, 1 mM monomethylethanolamine. 

These strains  lost  viability; therefore, they  were  not  labeled to absolute  steady  state. 
' ND, not detectable. 

PMME is a  transient  intermediate in the de novo 
synthesis of  PC. cho2-1 membrane  fractions also in- 
corporated  tritiated methyl groups  into PC, but  at a 
reduced  rate. There was no detectable accumulation 
of label in the intermediates PMME and PDME. The 
reduced  rate of phospholipid methylation in cho2-1 
membranes  cannot  be due  to a lowered substrate 
concentration because PE comprises 50% of the phos- 
pholipid in cho2-1 cells. Addition of MME to  the 
growth  medium of cho2-1 cells increased the in vitro 
incorporation  rate of labeled methyl groups  into 
PDME and PC to essentially wild-type levels. How- 
ever,  there was no observed  incorporation  into PMME 
in the same membranes. 

Inositol excretion phenotype of cho2 mutants: 
The cho2-1 mutant  excretes inositol into  the growth 
medium if grown in the absence of MME or choline 
(Figure 7 and  Table 2). Immunoprecipitation of the 
major enzyme involved in inositol biosynthesis, I-l- 
PS, from cells grown in different media showed that 
I- 1 -PS enzyme levels were repressed by inositol in cho2 
cells only if  MME or choline were present  (Figure 8). 
The presence of ethanolamine failed to restore  regu- 
lation of I-I-PS in response to inositol. 

Isolation of additional cho2 alleles as inositol 
excreters: Utilizing the unique inositol excretion  phe- 
notype of cho2 mutant cells we isolated four new alleles 
of cho2: cho2-37, cho2-134, cho2-137, and cho2-143. 

Each of the new alleles closely resembled the original 
cho2-1 allele both phenotypically and biochemically. 
All four  mutants grew well and  excreted inositol on 
solid media lacking MME or choline. Pulse labeling 
with  [methyZ-'4C]methionine demonstrated  that each 
of these new cho2 mutants was equally deficient in  PE 
methylation (Table 4; Figure 4B). The membrane 
phospholipid compositions of cho2-134 and cho2-137 
were also very similar to  that of the cho2-1 mutant 
(Table 3). 

Interestingly, when these new isolates were comple- 
mentation  tested against cho2-1 tester  strains,  a new 
cho2 mutant  phenotype was uncovered: cho2lcho2 dip- 
loid strains grew poorly on plates in the absence of 
MME or choline supplementation.  Figure 7B shows 
photographs of two plates illustrating this cho2/cho2 
diploid growth  requirement  for several cho2 allele 
combinations. Also, unlike cho2 haploid cells, homo- 
zygous cho2/cho2 diploid cells grew very slowly and 
gradually lost  viability in unsupplemented liquid de- 
fined  medium  (not shown). However, the  membrane 
phospholipid composition of a cho2-l/cho2-137 diploid 
strain was not substantially different  from  that of the 
haploid cho2 mutant  strains (Table 3). This homozy- 
gous diploid phenotype  proved very useful in detect- 
ing  the  presence of a cho2 mutation in any given strain. 

The cho2 mutation is not closely linked to other 
mutations affecting PC biosynthesis: A number of 
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TABLE 4 

[methyl-"Clmethionine pulse  labelings 

cprn/lO' cells  incorporated 
into  each  phospholipid" 

Relevant  genotype plernent' PMME PDME PC NI.' 
Media su 

Wild type 42  179  386  163 
Wild type E 57 201 356  176 
Wild type MME 40 251 244  165 
cho2-1 3 1 1  16 220 
ch02- I E 3 11 15  242 
ch02- I MME 5 142  132 221 

cho2-37 2 6 43  218 
ch02-37 MME 3 214  246  206 
ch02-134 3 6 57  235 
cho2- I 3 4  MME 2 135  180  183 
ch02-137 2  5 43  210 
ch02-137 MME 2 117  160  151 
ch02- 1 4 3  1 4 40  244 
ch02-143 MME 3 182  190  164 

ch02-1 (YEpl3) 2  7 96  143 
ch02-1 (PES 19) 4 18 289  233 
ch02-1 (pES20) 50  196 733  526 
ch02-1 (pES2I) 34  122 308  250 
ch02-1 (pES22) 36 120 327  268 

opi3-3  207  150 50  240 
cho2-1  opi3-3 3 13 2 171 
c h 0 2 - l 0 p i 3 - 3  (PES:! 1 ) 171  137 53  234 

cpm incorporated  into  each phospholipid per 1 O6 cells in a 30 
min pulse were determined as described in MATERIALS AND METH- 

E, 1 mM ethanolamine; MME, 1 mM monomethylethanolamine. 
NL. neutral lipids. 

ODS. 

mutations  that have effects on PC biosynthesis have 
been characterized  (for review see HENRY, KLIC and 
LOEWY 1984). Crosses were performed in  which the 
segregation of the cho2-1 mutation could be  scored 
with respect to the segregation of these other muta- 
tions (Table 5). Spore viability was poor in these 
crosses, thus the  number of tetrads  scored was some- 
what  low. However, in each case  only complete  tetrads 
were used, and all segregants were examined  exhaus- 
tively to confirm their  genotype (see MATERIALS AND 

A 0 C 
wt cho2-1  rho2-37  rho2-l% cho2-137 

- E MME' I -  E MME' ' - MME" - MME ' I  - MME' - Y E ~ I J  19 20 21 22 

NL - 

POME - 

PMME- 

PC - 

METHODS). The table shows that  the majority of 
tetrads  resulting from each cross are of the recombi- 
nant type; therefore,  the C H 0 2  locus is not closely 
linked to any of the  other loci defined by the muta- 
tions present in these crosses. 

Double mutants containing cho2-1: In the course 
of carrying out crosses between cho2 mutant  strains 
and  other phospholipid mutants,  double  mutant 
strains were generated  that had novel phospholipid 
compositions (Table 3) and exhibited new phenotypes 
(Table  2). Some double  mutant  combinations were 
auxotrophic or partially auxotrophic  for  choline 
whereas neither of the single mutants  alone  had such 
phenotypes. For example, while neither haploid cho2 
mutants or opi3 mutants were auxotrophic  for  choline 
or showed a substantial loss of  viability within 24 hr 
following a shift to medium lacking choline, the cho2 
opi3 double  mutant grew markedly better if supple- 
mented with choline. Furthermore, strains of this 
genotype  exhibited  a  decrease in  viable  cells to 60% 
after  a  24-hr incubation in medium lacking choline. 
cho2 opi3 mutant cells grown in unsupplemented me- 
dium  contained high levels of PE (53%) and very low 
levels of methylated phospholipid (5%) at  the time 
when growth ceased. (As explained in MATERIALS AND 

METHODS the labeling procedure used for  strains 
which were being  starved  for an essential growth 
factor may not yield a true steady-state labeling of the 
phospholipids). The cho2 in04 double  mutant was 
clearly auxotrophic  for MME or choline as well as 
inositol and lost  viability  when shifted to synthetic 
medium lacking both of these precursors (40% viable 
cells after 24 hr). The viability loss of cho2 in04 cells 
coincided with a  major  decreaw itl the level of PC to 
about 3%. However, the c m 2  27202 double  mutant 
which contained only about  4% PC  was not  auxo- 
trophic  for MME or choline. The cho2 cdgl double 
mutant  strain has a  strict  requirement  for MME or 
choline as described previously by KLIC et al. (1988). 
This strain  had  a less severe drop in PC  levels than 

FIGURE 4,"Synthesis of methylated phospholipids. Autoradiograms of methyl-"C-labeled phospholipids isolated from cell cultures pulse 
labeled with [methyl-"Clmethionine and  separated by one-dimensional paper  chromatography. Abbreviations: NL, neutal lipid: for others see 
Figure 1. A and B show  labeling patterns of wild-type and  different cho2 mutants grown in synthetic  medium containing various supplements 
as indicated. C, Labeling pattern  of a cho2-1 strain  grown in unsupplemented synthetic medium  and  transformed with, from left to right,  no 
plasmid, Yep13  vector,  pESI9, pES20, pES2I  and pES22. 
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FIGURE  5."Incorporation of ['4C]ethanolamine  into phospholipids. Incorporation displayed  in  cpm incorporated  per million  cells  following 
a 60-min pulse  (black columns) and  after a subsequent 120-min chase (shaded columns). All labelings were performed in unsupplemented 
synthetic medium. Relevant genotypes are indicated; phospholipid abbreviations are as  in Figure 1. 
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FIGURE 6.-Phospholipid meth- 
yltransferase activities assayed in  vi- 
tro. Displayed as nanomoles of 
methyl group incorporated from S- 
adenosyl-L-methionine into specific 
phospholipids per milligram total 
protein in the crude membrane 
fractions used in the assays  (see MA- 

TERIALS AND METHODS). Graph 
symbols are indicated in the wild- 
type graph  (upper left); PM = 
PMME and PD = PDME  as in Fig- 
ure 1. (pES2I), indicates transfor- 
mation by plasmid; (+"E), indi- 
cates growth medium supple- 
mented to 1 mM MME. 
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the cho2 opi3 mutant or  the cho2 in04 mutant  and medium lacking MME or choline and  tended  to  form 
exhibited  a  simultaneous drop in PI levels (Table 3). large visible clumps in liquid medium. A cho2 chol 
The cho2 cdgl strain also lost viability with a shift to double  mutant was a "E-choline auxotroph, 



918 E. F. Sutntners ~t al. 

A B 
“ME  +MME - MME + MME 

wt 
w t  

do.?-? 

cho2-134 

choi’-?37 

Cff02::l EUZ 

chol-? 

CHOZ: :l EU2 

wt cho2-I wt choz-I 

Tetrad type& 

Cross‘ 
Tori11 4-spored 

PI) T NP asci 

rho2  rho1 X wt 1 4 0 5 
rho2  opi3 x w t  0 8 2  I n  
rho2 X opi3  2 2 3  7 
rho2 X opil 2 13 2 17 
rho2 X in04 1 8 4  13 
cho2 X in02  1 6 0  7 

a Strain genotypes and methods of scoring are described i n  the 

Abbreviations: PD. parental ditype; T. tetratype; NP.  nonpar- 
MATERIALS AND METHODS. 

ental ditype. 

showed  a striking  increase in PI levels (61 %) relative 
to all other phospholipids and lost viability rapidly to 
less than 10%  viable cells within 12  hr following  a 
shift to medium lacking M M E  or choline. 

Cloning of the C H 0 2  gene: A YEP 13 based yeast 
genomic  library was screened  for  the  presence  of 

sequences  that would complement  the M M E  auxotro- 
phy of  a cho2-1 cdgl-1  double  mutant  strain  (ESI2). 
Four  independent LEU+ MME+ transformants  were 
isolated: all four showed  simultaneous loss of  both 
prototrophies when mitotic  stability  of the  transform- 
ing plasmids was tested. The  four  transforming plas- 
mids were purified and used to  transform a cho2-1 
single mutant  strain (Est). Three  of  the  four trans- 
forming plasmids (pES2O. pES2  1, and pES22)  clearly 
complemented  the  methylation deficiency of a cho2 
strain  (Figure 6C, Table 4) while one of the  transform- 
ing plasmids (pESl9) only  partially complemented  the 
deficiency. T h e  PES 19 clone  proved to be identical in 
restriction  map to a clone  containing  the  Of13  gene 
which appears to encode  the  methyltransferase  cata- 
lyzing the final two methylation  reactions  leading to 
PC (S. KOHLWEIN and P. MCGRAW, personal  com- 
munication).  Transformation with the vector  alone 
had no effect.  Preliminary  restriction analysis indi- 
cated  that  pES20, 2 1 and  22 have  overlapping  restric- 
tion  maps and  that  pESI9 is unrelated. T h e  shortest 
cho2 complementing  clone, pES2 1 ,  was selected  for 
further analysis. A restriction  map  of the 3.6-kb  insert 
of pES21 is shown in Figure 9A.  T h e  restriction  map 
of pES21 corresponds closely to the restriction  map 
of the PEMI clone  published by KODAKI and YAMASH- 
ITA (1987) with two differences: the single  Sal1  site 
and  the Ssp1 site  situated  between the NheI and BglII 
sites of the pES21  insert are  not  predicted by the 
published sequence of P E M I .  

Transformation by the plasmid pES2l  comple- 
mented  the cho2 lesion at all levels. A cho2-l(pES21) 
transformed  strain  grew  at a  wild-type rate in unsup- 
plemented  defined  medium lacking  leucine (not 
shown) and  did  not  excrete inositol under any  growth 
condition  (Table  2). Also, a cho2-I opi3-3(pES2 1 )  dou- 
ble mutant  transformed  strain  resembled  the opi3-3 
single mutant  strain phenotypically, and a cho2-1 cdgl- 
I(pES2 1)  transformant  resembled  the  cdgl-1 single 
mutant  (Table  2). In vivo and in vitro phospholipid 
labeling experiments  demonstrated  that  the  biochem- 
ical lesion in cho2 cells was corrected by transforma- 
tion with pES21 (Table  3,  Figures 4 and  6). 
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FIGURE 9.-Restriction  map  and in vivo 
disruption of  the CH02  gene. A. Restriction 
map of  the  3.6-kb  pES2 1 cho2-complementing 
insert. T h e  underlying wavy arrow indicates 
the  direction  of  transcription o f  the  CH02 
mRNA. R, lillustrates  the  method  used to 
disrupt  the CH02  gene in vivo. The  top frag- 
ment was used to transform  the yeast strain, 
ESXI. Hatched  areas i n  B correspond to 
cloned  sequences  within  the  pES21 insert (A 
and R maps are  drawn to the  same  scale). T h e  
open bar corresponds to an  introduced LEU2 
gene  containing  fragment. 

1 2 3 4 5 6  

CH02 "" 

TCMl ~ ) Y Y Y Y Y  

FIGURE 10.-Northern blot analysis of   CH02 transcripts from 
different strains. Lanes: 1, wild-type; 2, cho2-1/CH02 (ESXI): 3, 

(ESXI-I(4d)); 6. cho2-A::LEUQ (7a). T h e  blot  also shows ribosomal 
protein TCMI mRNA as a control. 

cho2-l/cho2-A::LEU2 (ESXI-I); 4, cho2-1; 5, cho2-A::LEUS 

pES21  derived  sequences  hybridize to a single 
RNA: Two "P-labeled single stranded RNA probes 
generated  from  the two opposite  strands of the pES2 1 
insert (see MATERIALS AND METHODS) were used to 
hybridize a Northern blot of total yeast RNA. One of 
the probes did not hybridize to any RNA that we 
could detect (not shown); the  other  probe hybridized 
to a single RNA species just  under 3 kb in length 
(Figure 10). The directionality of transcription of the 
detected  RNA (shown in Figure 9) agrees with that 
predicted by the sequence analysis of KODAKI and 
YAMASHITA ( 1  987). 

Disruption of the CH02 gene in vivo: To generate 
a null allele of the C H 0 2  locus w e  disrupted  the CHO2 
gene in vivo as described in MATERIALS AND METHODS 
using the single-step gene  disruption  technique of 
ROTHSTEIN (1983). The constructed DNA fragment 
used to transform the  parent strain is diagramed in 
Figure 9B. The Sal1 site used for the insertion of the 
LEU2 gene is one of the two sites present in the cloned 
C H 0 2  gene which is not  predicted in the P E M l  se- 
quence published by KODAKI and YAMASHITA (1987). 
This makes it difficult to  determine  the precise loca- 
tion of the disruption relative to  the putative  open 
reading  frame.  However, we estimate  that the con- 

EmRP 

struction places the insert at  about  amino acid 180 
from the predicted N terminus,  eliminating the re- 
mainder of the 869 amino acid open  reading  frame. 

The parent  strain (ESXI) used for  the  disruption 
was a diploid cho2-1/CH02 heterozygote  that was 
homozygous Zeu2/leu2. Stable LEU+ transformants 
were tested for  the  characteristic cho2 mutant inositol 
excretion  phenotype and  sporulated.  One isolate, 
ESXI-I , chosen for further analysis, excreted inositol 
and gave rise to  tetrads  (4  out of 4  tested)  that were 
4:O inositol excreter positive and 2:2 leu+/leu-. Pre- 
sumably, the wild-type cho2 allele of the  parent  strain 
had been disrupted and  the haploid disruptant was 
viable. Sporulation and spore viability  of the choline/ 
M M E  requiring diploid transformants was poor. 
Therefore, from  the  segregants, several cho2 leucine 
prototrophic  spores were selected for  further analysis. 
Mating of one presumed cho2A::LEU2 haploid segre- 
gant  (ESXI-I(4d) - see Table 1 for full genotype) to 
LEU2 and leu2 tester  strains indicated that the inte- 
gration  event was not  at  the LEU2 locus. The leucine 
prototrophy  cosegregated with the cho2 inositol excre- 
tion phenotype in all twenty of the  four  spored  tetrads 
analyzed in detail.  Complementation analysis of all 
cho2 segregants  from  these crosses confirmed  the pres- 
ence of a cho2 allele. Southern blot analysis (not 
shown) confirmed  that the disruption had occurred  at 
the C H 0 2  locus. Northern blot analysis (Figure 10) 
showed that  no  detectable C H 0 2  mRNA was present 
in haploid cells containing  the cho2-A allele establish- 
ing that it was indeed a null allele. In vivo labeling 
experiments indicated that  the cho2-A disruptant was 
not biochemically distinct from the cho2 mutant 
strains originally isolated (Table 3 and Figure 5) .  The 
disruptant also had  the same growth and inositol 
excretion  phenotype as the original cho2 mutants (Fig- 
ure 7A). 

DISCUSSION 

The cho2 mutants  exhibit  reduced synthesis of PC 
via methylation of PE.  Five independently isolated 
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cho2 mutants and  one null mutant  constructed by 
disrupting the C H 0 2  gene in vivo all methylate PE to 
form PC at a similar but  reduced  rate as compared  to 
wild-type. When free MME  is added  to  the growth 
medium of cho2 mutant cells,  it is incorporated di- 
rectly into PMME and  normal levels  of de novo meth- 
ylated PDME and PC are synthesized. This result and 
the absence of detectable  incorporation of methyl 
label into PMME  in cho2 mutant cells under any 
condition indicate that  the metabolic deficiency lies 
specifically  in the first phospholipid methylation re- 
action converting PE into PMME. Pulse chase label- 
ings and in vitro assays  of phospholipid methyltrans- 
ferase activities show, however, that cho2 cells are able 
to synthesize PC  via methylation of  PE at a  reduced 
rate.  This residual PC synthesis cannot  be ascribed to 
a partial activity of an  altered enzyme in a leaky 
mutant because the cho2-A::LEU2 null mutant has the 
same phenotype.  A cho2 opi3 double  mutant synthe- 
sizes no methylated phospholipid de novo suggesting 
that  the OPZ3 gene  product is responsible for  the 
residual methylation activity. An OPI3 clone was 
found  to  complement the cho2 cdgl MME/choline 
auxotrophy,  and it partially restored phospholipid 
methylation in a cho2 strain  (Table 4), again suggesting 
that  the OPZ3 gene  product is able to  repair  the 
metabolic defect in cho2 mutants  to some degree. 

KODAKI and YAMASHITA (1987)  concluded  that 
there  are two genes in  yeast that  encode phospholipid 
methyltransferases. In fact, the cho2 complementing 
clone (pES21) that we have  characterized is virtually 
identical in restriction  map to  the PEMl  clone se- 
quenced by KODAKI and YAMASHITA (1987). KODAKI 
and YAMASHITA (1987) believe that  the cloned DNA 
fragment  contains the  structural  gene  for PE methyl- 
transferase. While we agree  that  the evidence is con- 
sistent with this interpretation, phospholipid methyl- 
transferases of  yeast have not  been  characterized or 
purified and  the evidence is, as yet, insufficient to 
permit  unambiguous identification of the  structural 
genes. KODAKI and YAMASHITA (198’7) reported  that 
they isolated the PEMl  clone by complementation of 
a  mutant  that they have named p e m l .  This  mutant 
has been described as a  choline auxotroph (YAMASH- 
ITA et al. 1982; KODAKI and YAMASHITA 1987).  No 
detailed  genetic analysis of the peml strain was pub- 
lished in the original report of its isolation (YAMASH- 
ITA et al. 1982)  and in the subsequent cloning paper, 
no  gene  disruption or  other integrative  transforma- 
tion was performed.  It seems likely, on the basis of 
our analysis that  the original peml strain is a composite 
of two or more  unidentified  mutations, one of  which 
may be allelic to cho2. 

I t  is clear, however, that even total  disruption of 
the C H 0 2  gene  does  not lead to choline auxotrophy. 
We believe that  the ability of a cho2 null mutant to 

grow without  choline is due to two factors: (1) cho2 
strains  retain limited ability to methylate PE, presum- 
ably due  to  the presence of a second phospholipid 
methyltransferase as described above. (2) S. cerevisiae 
cells appear  to  be very flexible with respect to what 
they will tolerate in variations of phospholipid com- 
position. For  instance, chol mutant cells grow well  in 
defined  medium supplied with exogenous choline yet 
contain no detectable  phosphatidylserine and  quite 
diminished phosphatidylethanolamine  content (AT- 
KINSON, FOGEL and  HENRY 1980). Also, opi3 mutant 
cells do  not  require choline for  growth and  are viable 
with  very  low  levels of PC (2-3%) and very high levels 
of PMME (>40%) (GREENBERG et al. 1983). 

Analysis of several double  mutant  strains, however, 
indicated  that there  are limitations to  the permissible 
variation in the levels  of certain phospholipids. In 
particular, it appears that yeast  cells require some 
level of methylated phospholipid ( i . e . ,  total of PMME, 
PDME and PC). Strains such as cho2 opi3 and cho2 
in04 are auxotrophs  and lose  viability  in medium 
lacking supplementation. The cho2 opi3 double  mu- 
tant combination  had an  apparent PC content of 5% 
at  the point when it began to lose  viability after growth 
in the absence of MME or choline.  However, the cho2 
in02 strains grew with no apparent viability  loss with 
a PC content of only 4%.  It is not known why cho2 
in02 strains  should  be  able to grow with a PC content 
below that which is tolerated in cho2 opi3 strains but 
it  may be that  other differences in the phospholipid 
composition modulate the cellular requirement  for 
PC. Overall, the  data  support  the conclusion that  a 
level of 4-5% methylated phospholipid is required  for 
cell growth and viability  in yeast. The finding that 
cho2/cho2 homozygous strains, which have essentially 
the same phospholipid composition as cho2 haploid 
strains, behave as weak MME-choline auxotrophs sug- 
gests that diploid cells  may have more  stringent  re- 
quirements  for levels  of certain lipids such as PC. 

A number of enzymes involved in phospholipid 
biosynthesis are coordinately  regulated. The cellular 
activities of the enzymes CDP-DG synthase (HOMANN, 
HENRY  and  CARMAN  1985), PS synthase (KLIG et al. 
1985)  and  the phospholipid N-methyltransferases 
(WAECHTER and LESTER, 1973; YAMASHITA et al. 
1982)  are all  fully repressed by the combination of 
both  choline and inositol in the growth  medium. Cel- 
lular levels  of the enzyme I-l-PS are repressed in  wild- 
type cells by the presence of inositol in the growth 
medium  (DONAHUE and  HENRY  1981). In the case  of 
the enzymes PS synthase (BAILIS et al. 1987)  and 1-1- 
PS (HIRSCH and  HENRY  1986), repression  occurs at 
the level  of mRNA  abundance. At least three loci, 
IN02,  IN04  and O P I l ,  are involved in the  coordinated 
regulation of these enzymes (HENRY, KLIG and  LOEWY 
1984). in02 and in04 mutants  are inositol auxotrophs 
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due  to their  failure to derepress I-1-PS and  are like- 
wise unable to derepress enzymes involved in PC 
biosynthesis via the methylation pathway. opil mu- 
tants are constitutive  overproducers of inositol and 
fail to repress the enzymes PC biosynthesis under any 
condition. 

In addition, several classes  of mutations that  appear 
to represent lesions in structural  genes involved in PC 
biosynthesis have  secondary and conditional effects 
upon cross-pathway regulation of I-1-PS. chol mutants 
which are defective in the  structural  gene  for PS 
synthase excrete inositol and fail to repress I-1-PS in 
response to inositol unless the medium in which they 
are grown  contains  ethanolamine or choline (LETTS 
and HENRY 1985). Likewise, in cho2 cells, I N 0 1  RNA 
is expressed at derepressed levels unless choline is 
added  to inositol (HIRSCH and HENRY 1986).  In this 
report, we have examined inositol excretion and  the 
expression of the IN02  gene  product, I-1-PS, in cho2 
cells grown in the presence of ethanolamine, MME or 
choline. The addition of MME or choline to  the 
growth  medium of cho2 cells restores PC biosynthesis 
and  at  the same time eliminates inositol excretion and 
permits  regulation of I-1-PS by inositol (Table 2, 
Figure 8). The addition of ethanolamine, in contrast, 
does  not  result in PC biosynthesis in cho2 cells and, 
under these  conditions, the cells excrete inositol and 
I-1-PS fails to be  repressed in response to inositol. 
This result  should be compared  to  the  situation in 
chol mutants  where  the  addition of ethanolamine 
permits PC biosynthesis and simultaneously restores 
regulation of I-1-PS in response to inositol (Table 2 
and LETTS and HENRY 1985). Thus, regulation is 
restored in both chol and cho2 mutants when PC is 
synthesized directly from  choline via the CDP-choline 
pathway. Regulation is also restored in both  mutants 
when an  intermediate (such as ethanolamine  for chol 
mutants or MME for cho2 mutants) enters  the pathway 
at a  point which  bypasses the respective metabolic 
lesion and restores PC biosynthesis via the methylation 
pathway. It is clear that PC biosynthesis itself is im- 
portant in restoration of the  regulatory signal and  not 
the C H 0 2  gene  product because the cho2 null mutant 
regulates I-I-PS normally in response to inositol if PC 
biosynthesis is occurring.  Thus, it would appear  that 
PC biosynthesis itself is a  component of the regulatory 
circuitry or generates  a signal essential for  the  tran- 
scriptional regulation of I-1-PS and presumably other 
coordinately  regulated phospholipid biosynthetic en- 
zymes. 
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