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Disruption of the Yeast N-Myristoyl Transferase Gene

Causes Recessive Lethality

ROBERT J. DURONIO, DWIGHT A. TOWLER, ROBERT O. HEUCKEROTH,

JEFFREY I. GORDON¥*

The structural gene for N-myristoyl transferase (NMT1) has been cloned from the
budding yeast Saccharomyces cerevisiae. The gene encodes a polypeptide of 455 amino
acids (M, = 52,837) that has no identifiable significant primary sequence homology
with any protein in currently available databases. Overexpression of NMT activity was
achieved by means of the yeast episomal plasmid YEp24 without obvious effects on
growth kinetics, cell morphology, or acylprotein metabolic labeling patterns. Inser-
tional mutagenesis of the NMT1 locus on yeast chromosome XII caused recessive
lethality, indicating that this protein acyltransferase activity is necessary for vegetative

cell growth.

-MYRISTOYL TRANSFERASE (NMT)

catalyzes the co-translational (1) at-

tachment of myristic acid (C14:0)
via an amide linkage to the NH,-terminal
glycine residues of certain cellular and viral
proteins. Myristoyl proteins are targeted to
several cellular locations, including the plas-
ma membrane, cytosol, and endoplasmic
reticulum, and are involved in such diverse
processes as protein phosphorylation, signal
transduction, and oncogenesis (2). Viral
myristoyl proteins include the VP4 and VP2
capsid components of some picornaviruses
and papovaviruses, respectively, the gag
polyprotein precursors of many mammalian
retroviruses, and the human immunodefi-
clency virus nef (3'-otf) gene product (3).
Abolishing myristoylation of certain onco-
proteins and retroviral gag proteins can have
profound biological effects. For example,
site-directed mutagenesis of the Gly' residue
of pp60**™ to Ala' or Glu' prevents myris-
tate attachment, interferes with the protein’s
stable association with plasma membranes,
and blocks its ability to transform cells (4).
Analogous mutagenesis of the gag polypro-
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tein precursors of some mammalian retrovi-
ruses suggests that the myristoyl moiety is
critical for their association with plasma
membranes and proper assembly of mature
virions (5). However, since the various
myristoyl proteins are distributed widely
among both membrane and cytosolic com-
partments, myristoylation cannot be solely
responsible for targeting a specific protein
to a particular intracellular location.

NMT has been purified from Saccharomy-
ces cerevisiae and its fatty acyl coenzyme A
(CoA) thioester and peptide substrate speci-
ficities examined in vitro (6). The enzyme
shows remarkable specificity for myristoyl
CoA, excluding other fatty acids based on
chain length rather than hydrophobicity,
and has an absolute requirement for NH,-
terminal glycine. Binding of the fatty acyl
CoA appears to influence subsequent bind-
ing of peptide substrates. Comparative ki-
netic analyses indicate that the substrate
specificities of NMT are highly conserved
among yeast, plant, and mammalian cells.
The gene for NMT has now been cloned
from S. cerevisiae to determine the structure

of its primary translation product, and to
take advantage of the genetic manipulability
of yeast to probe the role of NMT in cell
growth.

NMT was purified to apparent homoge-
neity from S. cerevisiae strain BJ405 as previ-
ously described (6, 7), except that the final
fast protein liquid chromatography (FPLC)
step was deleted and a microbore C4
high-performance liquid chromatography
(HPLC) step substituted. The principal
peak contained a single 55-kD protein, as
defined by silver staining of an SDS-poly-
acrylamide gel. NMT activity coeluted with
this polypeptide as measured by an in vitro
assay (8). Sequence analysis of the purified
55-kD protein revealed that its NH,-termi-
nus was blocked. The protein was therefore
digested with trypsin and the resulting pep-
tides separated by CI8 reversed-phase
HPLC and subjected to Edman degradation
(9). After consulting yeast codon usage ta-
bles (10), we synthesized nondegenerate oli-
gonucleotides (45 and 48 bases long) on the
basis of the sequences of two of these pep-
tides.

Blot hybridization of total yeast DNA
indicated that both oligonucleotides hybrid-
ized to 5.4-kb Hind III and 5.7-kb Pst 1
fragments. Hind ITI- or Pst I-digested ge-
nomic DNA fragments were fractionated on
agarose gels to enrich for the appropriate
sized pieces and introduced into pUCI13
DNA. The resulting two libraries were
screened for bacterial colonies that hybrid-
ized specifically with both oligonucleotides.
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Fig. 1. Primary nucleotide and amino acid sequence of the
NMT1 structural gene of S. cerevisiae. (A) Restriction map
of the NMT1 locus. Total cellular DNA was prepared from
strain AB972 (7, 25), digested with Hind III or Pst I, and
fractionated through 0.8% agarose gels. DNA fragments
from 4.5 kb to 6.5 kb were obtained from each digestion
by band interception with Schleicher & Schuell NA-45
anion exchange paper (according to the manufacturer’s
specifications) and cloned into pUCI13. Escherichia coli
strain DH5a was transformed with the recombinant plas-
mids and colonies screened with two synthetic oligonucle-
otides: 5'-TTCGGTCCAGGTGACGGTITTCITGAACTT-
CTACTTGTTCAACTACAGA-3' and 5'-ATCACCGAC-
TTCTTCTCCTTCTACTCCTTGCCATTCACCAT-
CTTG-3'. Cloned genomic DNA sequences having 5.4-kb
Hind III or 5.7-kb Pst I fragments are shown (arrows).
Each reacted with both oligonucleotides. B, Bam HI; E,
Eco RI; P, Pst I; and H, Hind III. The thick solid bar
represents NMT1 coding DNA. (B) Primary structure of
NMT1. The nucleotide sequence of both coding and
noncoding strands was determined by the dideoxy chain
termination method with modified T7 DNA polymerase
(U.S. Biochemical Corp.). Nested deletions of M13 mp18
and mp19 subclones containing the 2.1-kb Bam HI-Hind
IIT double oligo positive restriction fragment were used for
these reactions (28). Underlined amino acids were con-
firmed by Edman degradation of NMT tryptic peptides.
Underlined bold amino acids correspond to the two
peptides from which the oligos were made. Small vertical
arrows indicate the major sites of transcription initiation
determined by avian myeloblastosis virus reverse transcrip-
tase (Seikagaku America) extension of the primer 5'-
CAATAAATTCTCTAATTTTTTCGC-3' (horizontal ar-
row above nucleotides 204 to 227) after its annealing to
total cellular RNA prepared from strain YM2061 (7, 29).
Potential TATA transcriptional regulatory elements are
boxed. A consensus polyadenylation signal beginning at
nucleotide 1693 is underlined twice. The Eco RV site used
for disruption of the NMT1 gene (Fig. 2) at nucleotide
1018 is enclosed in square brackets.

Overlapping DNAs representing approxi-
mately 7.5 kb of the yeast genome were
isolated (Fig 1A). Nucleotide sequence anal-
ysis of a 2.1-kb Bam HI-Hind III fragment
that reacted with both oligonucleotides re-
vealed a single open reading frame spanning
1,365 nucleotides. The open reading frame
specifies a protein of 455 amino acids with a
calculated M, of 52,837 (Fig 1B). This
figure agrees with previous size estimates of
yeast NMT (6). All six tryptic fragments
from which unambiguous sequence infor-
mation was obtained are precisely represent-
ed in different regions of the deduced trans-
lation product. Among these is a peptide
that occurs between the first two in-frame
NH,-terminal methionine residues, allow-
ing us to identify the initiator AUG codon.
No “consensus” sequence for protein N-
myristoylation (6) is present at or near this
NH,-terminus, suggesting that the blocking
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B

10 20 30 40 50 60 70 80
GGATCCTTTCGACTCTTTTGAAAGGATACTGTCATAAAACAATAGGATAAAATAATIITCAGCCGTTGCTCATGATAAAAG

90 100 110 44 120 130 140 150 160
TAATTCAGAAGATGATATGTGTTGCACGCTTTTTAGAGAATGATCTGTACAATAGCTCT‘GGTTGTCATAGAG
170 180 190 200 210 220 230 240

CTTCGGTAGTAAACGTATTTATAGAATGTCAGAAGAGGATAAAGCGAAAAAATTAGAGAATTTATTGAAGTTATTACAGT
MetSerGluGluAspLysAlaLysLysLeuGluAsnLeuLeuLysLeuLeuGlnL

250 260 270 280 290 300 310 320
TGAATAATGACGATACTTCAAAATTCACTCAAGAACAGAAAAAAGCTATGAAAGACCACAAATTCTGGAGAACGCAACCG
euAsnAsnAspAspThrSerLysPheThrGlnGluGlnLysLysAlaMetLysAspHisLysPheTrpArgThrGlnPro

330 340 350 360 370 380 390 400
GTCAAAGATTTCGATGAAAAGGTGGTGGAAGAAGGCCCCATTGATAAGCCAAAGACACCGGAAGATATATCTGACAAGCC
ValLysAspPheAspGluLysValValGluGluGlyProIleAspLysProLysThrProGluAspIleSerAspLysPr

410 420 430 440 450 460 470 480
ACTACCTTTATTGTCTAGCTTCGAATGGTGTAGTATTGATGTGGACAACAAAAAACAGCTTGAAGATGTTTTCGTTCTAC
oLeuProLeuLeuSerSerPheGluTrpCysSerIleAspValAspAsnLysLysGlnLeuGluAspValPheValleul

490 500 510 520 530 540 550 560
TAAATGAAAACTACGTGGAAGACCGCGATGCAGGCTTCAGATTTAACTATACCAAAGAATTCTTCAATTGGGCTTTAAAG
euAsnGluAsnTyrValGluAspArgAspAlaGlyPheArgPheAsnTyrThrLysGluPhePheAsnTrpAlaLeulys

570 580 590 600 610 620 630 640
AGTCCAGGTTGGAAGAAGGATTGGCATATTGGTGTTCGCGTTAAAGAAACACAGAAATTAGTTGCCTTTATCTCAGCCAT
SerProGlyTrpLysLysAspTrpHisIleGlyValArgValLysGluThrGlnLysLeuValAlaPheIleSerAlall

650 660 670 680 690 700 710 720
ACCAGTAACACTTGGTGTTAGAGGTAAACAAGTGCCTAGTGTAGAAATCAATTTCTTGTGCGTTCACAAACAGCTAAGAT
eProValThrLeuGlyValArgGlyLysGlnValProSerValGluIleAsnPheLeuCysValHisLysGlnLeuArgS

730 740 750 760 770 780 790 800
CGAAGAGATTAACACCTGTTCTAATTAAAGAAATTACGAGACGAGTGAACAAATGTGACATCTGGCATGCATTGTACACG
erLysArgLeuThrProValLeulleLysGluIleThrArgArgValAsnLysCysAspIleTrpHisAlaLeuTyrThr

810 820 830 840 850 860 870 880
GCAGGTATTGTTTTGCCAGCACCTGTGAGTACGTGTCGTTATACTCATCGTCCCTTGAATTGGAAGAAACTTTATGAAGT
AlaGlyIleVallLeuProAlaProValSerThrCysArgTyrThrHisArgProLeuAsnTrpLysLysLeuTyrGluVa

890 900 910 920 930 940 950 960
AGATTTCACAGGGTTACCAGATGGGCACACAGAGGAGGATATGATTGCTGAGAATGCGTTACCGGCCAAAACAAAGACAG
1AspPheThrGlyLeuProAspGlyHisThrGluGluAspMetIleAlaGluAsnAlaLeuProAlaLysThrLysThrA

970 980 990 1000 1010 1020 1030 1040
CGGGATTGAGAAAATTAAAGAAGGAAGATATTGACCAAGTTTTTGAGTTGTTCAAAd@ATATQhATCCAGGTTCGAACTA
laGlyLeuArgLysLeuLysLysGluAspIleAspGlnValPheGluLeuPheLysArgTyrGlnSerArgPheGluLeu

1050 1060 1070 1080 1090 1100 1110 1120
ATTCAAATTTTCACAAAAGAAGAATTCGAACATAATTTCATTGGTGAAGAATCGTTACCATTGGATAAACAAGTAATTTT
IleGlnIlePheThrLysGluGluPheGluHisAsnPheIleGlyGluGluSerLeuProLeuAspLysGlnValIlePh

1130 1140 1150 1160 1170 1180 1190 1200
CTCATATGTAGTCGAACAGCCCGATGGAAAAATTACAGACTTCTTCTCATTTTACTCATTGCCATTCACAATCCTAAATA
eSerTyrValValGluGlnProAspGlyLysIleThrAspPhePheSerPheTyrSerLeuProPheThrIleLeuAsnA

1210 1220 1230 1240 1250 1260 1270 1280
ACACAAAATATAAGGACCTAGGCATCGGGTACTTGTATTATTATGCCACCGATGCAGATTTCCAATTCAAAGACAGGTTT
snThrLysTyrLysAspLeuGlyIleGlyTyrLeuTyrTyrTyrAlaThrAspAlaAspPheGlnPheLysAspArgPhe

1290 1300 1310 1320 1330 1340 1350 1360
GATCCAAAAGCTACTAAGGCTTTGAAAACAAGATTGTGTGAATTGATTTATGACGCTTGTATTTTGGCCAAAAACGCTAA
AspProLysAlaThrLysAlaLeuLysThrArgLeuCysGluLeulleTyrAspAlaCysIleLeuAlaLysAsnAlaAs

1370 1380 1390 1400 1410 1420 1430 1440
TATGGATGTTTTTAACGCGTTGACTTCGCAAGATAATACATTGTTCTTGGATGATTTGAAGTTCGGGCCCGGTGACGGGT
nMetAspValPheAsnAlaLeuThrSerGlnAspAsnThrLeuPheLeuAspAspLeulysPheGlyProGlyAspGlyP

1450 1460 1470 1480 1490 1500 1510 1520
TCTTGAACTTCTATTTATTTAATTATAGAGCAAAGCCGATTACCGGTGGCTTGAATCCCGACAATAGTAACGACATTAAA
heLeuAsnPheTyrLeuPheAsnTyrArgAlaLlysProlleThrGlyGlyLeuAsnProAspAsnSerAsnAsplleLlys

1530 1540 1550 1560 1570 1580 1590 1600
AGGCGTAGCAATGTCGGTGTTGTTATGTTGTAGTGGCTGAAAGGACGAGGCGTATATAGTTTTCGTGTACATAGCCGACA
ArgArgSerAsnValGlyValValMetLeu*am

1610 1620 1630 1640 1650 1660 1670 1680
GAATTTGACCACATTTAGTTTTTCCGCATAGTCAATTGACGAAGTGAAAAAATAATTAATCCAATGGCTGGCTTTAGAGT

1690 1700 1710 1720 1730 1740 1750 1760
GTCAGCCTCCAAAATAAATCCAAAAATAGACAAAGAGAATCACTATAATTACCGCCTTGGAGTCCAAGTTGGCTTGAGAA

1770 1780 1790 1800 1810 1820 1830 1840
CTCGCATTTATTTTTAGCGACTGAGGTAGCTGAAAACGCCTACTTTCTCAGAAGGCGGTAGTGAGCATATATAAGTATGT

1850 1860 1870 1880 1890 1900 1910 1920
AAGAAAGATCAACTCTTCTGGACTAGATACTCACCGATCTAGTGAAAATATAAACAAACCCAACATATATATAAAATGAA

1930 1940 1950 1960 1970 1980 1990 2000
GGCCTGTTCCATATTATTTACCACCTTAATTACTCTAGCCGCTGCTCAAAAAGACTCTGGTTCCTTAGATGGCCAGAACT

2010 2020 2030 2040 2050 2060 2070 2080
CTGAAGATAGCTCACAAAAGGAAAGCTCAAACTCTCAAGAGATCACACCTACCACGACAAAGGAAGCCCAAGAAAGCGCA

2090 2100 2110 2120 2130 2140 2150 2160
TCAACTGTAGTTTCTACCGGAAAAAGCTT
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Table 1. Introduction of multiple copies of the NMT1 gene per cell produces an increase in NMT
specific activity. Constructs made in YEp24: in pBB110 a small portion of the T¢" gene of YEp24 is
replaced with a 2.1-kb Bam HI-Sal I restriction fragment containing the entire NMT1 coding region
plus 115 nucleotides of 5' nontranscribed sequence; pBB113 has an additional 1.15-kb of 5" upstream
sequence cloned in the correct orientation into the Bam HI site of pBB110. All NMT1 DNAs used in
these constructs were obtained from a recombinant plasmid having 5.4 kb of the NMT1 locus (cloned
as a Hind III fragment into pUCI13, Fig. 1A). Lithium acetate—treated cells of strain YM2061 (7) were
transformed to Ura™ with pBB110, pBB113, or YEp24 DNA (19). To determine NMT1 gene copy
number per cell of the YM2061 transformants, total yeast cellular DNA was prepared (25) from mid—
log phase cells grown in synthetic complete glucose media (19) lacking uracil (except YM2061) to select
for the plasmids. The DNA samples were digested with Bam HI or Bam HI + Sal I, blotted to Gene
Screen Plus (Du Pont), and probed with a *?P-labeled Bam HI-Pvu II fragment of pBB110 containing
the NMT1 gene and some vector sequences. Reactive band sizes on the blots confirmed the presence of
the plasmids as episomal species. NMT1 copy number in pBB110 and pBB113 transformants is
expressed as the ratio of vector:endogenous NMT1-derived band intensities as measured by laser
densitometeric scanning of filter autoradiographs. Three independent experiments were performed in
which portions (0.5, 1.0, 2.0, 4.0, and 8.0 pl) of crude lysates from the indicated strains (grown as
above) were assayed for NMT activity (8). The total protein content of each lysate was determined by
the method of Bradford (26). Specific activity is expressed as picomoles of myristoyl-Gly-Asn-Ala-Ala-
Ala-Ala-Arg-Arg formed per minute per milligram of total protein. The values shown represent those
obtained with 10 pg of total lysate protein per assay. Student ¢ test (27) revealed that the differences

between NMT activity in strains with and without additional NMT1 DNA were significant (P < 0.05).

Strain

Copies of NMT1

NMT specific

per cell activity
YM2061 1 24.1 = 10.0
YM2061:YEp24 1 239+ 119
YM2061:pBB110 8§+1 116.6 + 37.6
YM2061:pBB113 7%1 153.5 + 11.1

group found on purified NMT was not
myristate. Primer extension analysis of total
cellular RNA indicated the major transcrip-
tion start site for this gene occurs 70 to 71
nucleotides upstream of the initiator AUG
codon (Fig 1B). Potential TATA transcrip-
tional regulatory elements are located 26
and 67 nucleotides upstream from the de-
duced mRNA cap site (11).

The FASTN and FASTP algorithms did
not reveal any significant (12) similarities
between the nucleotide sequence of the
cloned DNA or the primary amino acid
sequence of its translation product and any
entry in the National Biomedical Research
Foundation (NBRF) GenBank (release
55.0) or the NBRF protein sequence data
base (release 16.0), respectively. Since NMT
binds fatty acyl CoAs, it could have topolog-
ical similarities with other fatty acid binding
proteins that cannot be appreciated by com-
parison of their primary sequences. Second-
ary structure predictions of the putative
NMT based on the algorithm of Chou and
Fasman (13) did not resemble those ob-
served in rat intestinal fatty acid binding
protein or porcine heart r-3-hydroxyacyl-
coenzyme A dehydrogenase. [X-ray crystal-
lographic analyses have recently been used
to define the structures of these fatty acid
and fatty acyl CoA binding proteins (14).]
Comparison matrix analyses (15) failed to
reveal any discernable evidence of internal
repeats within the primary structure of the
putative NMT. Two predicted sites for N-
linked glycosylation are present in this pro-
tein sequence (Asn''"*-Tyr-Thr and Asn®*-
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Asn-Thr), although no information is cur-
rently available about the precise compart-
mentalization of NMT within yeast or
whether the enzyme is subjected to this
modification.

To directly establish that the product of
the cloned gene was NMT, two recombi-
nant DNAs carrying the putative NMT1
gene were constructed from the yeast epi-
somal plasmid YEp24, which maintains it-
self at multiple copies per cell (16). Cloning
of the entire structural gene plus 115 nucle-
otides of the 5" nontranscribed region into
the tetracycline resistance (T¢”) gene of
YEp24 created plasmid pBB110. Since it
was not known if this construct contained
enough promoter sequence for efficient
transcription to occur, plasmid pBB113 was
generated with an additional 1.15 kb of
DNA from the 5’ nontranscribed domain.
Strain YM2061 (7) was transformed to ura-
cil prototrophy with each of these two con-
structs and with YEp24 DNA alone. Blots
of Bam HI and Bam HI + Sal I-digested
total cellular DNA prepared from pBB110
and pBB113 transformants indicated that
the sequences cloned into YEp24 were pre-
sent in approximately seven- to eightfold
excess relative to the haploid genomic com-
plement (Table 1).

NMT activity from the three transfor-
mants and from the haploid host strain
YM2061 was determined as follows. Crude
lysates were prepared from cells grown to
mid-log phase in synthetic media lacking
uracil (except for YM2061) and NMT activ-
ity assayed in vitro (8) (Table 1). Levels of

NMT activity in lysates of YM2061 were
similar to those measured in lysates prepared
from cells bearing the YEp24 plasmid.
However, cells carrying plasmids pBB110
and pBB113 consistently showed a five- to
sixfold increase in NMT specific activity
over those carrying no plasmid (YM2061)
or the parental YEp24 plasmid (Table 1).
The pBB113 plasmid, which contains 1.25
kb of 5" nontranscribed DNA, gave levels of
NMT activity that were similar to, or at
most 50% higher, than those observed with
the pBB110 plasmid that has only 115
nucleotides of promoter sequences (Table
1). The data support the conclusion that the
pBB110 plasmid carries the NMT structural
gene and that the 115 nucleotides immedi-
ately upstream of the transcription initiation
site are sufficient to allow eflicient gene
expression.

Overexpression of NMT in S. cerevisiae
was not associated with any obvious pheno-
typic changes. Growth rates and gross cellu-
lar morphology were identical between
wild-type haploid strains and those that
contain five- ‘to sixfold increases in NMT
specific activity. Previous studies have
shown that distinct subsets of cellular acyl
proteins can be identified in yeast by label-
ing with cither [*H]myristate or [*H]palmi-
tate (8). To determine if NMT overexpres-
sion has any effect on the incorporation of
myristate or palmitate into specific acylpro-
teins, strain YM2061 and its YEp24- and
pBB113-transformed derivatives were la-
beled (8) with [*H]myristate, [*H]palmi-
tate, or [*S]methionine, and total cellular
proteins were subjected to denaturing SDS—
polyacrylamide gel electrophoresis and auto-
radiography. NMT overexpression had no
qualitative effects on the distribution of
these exogenous *H-labeled fatty acids in
yeast acylproteins.

The ease with which cloned yeast genes
can be used to establish null phenotypes
allowed us to examine the consequences of
eliminating NMT activity in vivo. High-
stringency DNA  hybridizations indicated
that NMT1 is a single copy gene in S.
cerevisiae (Fig 2). Single step gene disruption
at the NMT1 locus was performed with the
method of Rothstein (17). A 1.25-kb Bam
HI-Xho I restriction fragment containing
the HIS3 gene encoding imidazoleglycerol-
phosphate dehydratase was cloned into the
unique Eco RV site contained within the
NMT1 coding domain (Fig. 1B), thereby
disrupting the gene. Bam HI + Stu I dou-
ble digests of the resulting construct liberat-
ed the disrupted NMT1 gene from the
recombinant plasmid as a linear piece of
DNA. This linear DNA has free ends that
are suitable for homologous recombination
at the NMT1 locus and was used to trans-
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form the diploid strain YB100 (7) to histi-
dine prototrophy (Fig 2). Six individual
His* transformants were screened for a dis-
ruption event by probing blots of total
cellular DNA with the cloned 2.1-kb Bam
HI-Hind III genomic restriction fragment
encompassing the entire NMT1 structural
gene. All six transformants gave the expect-
ed size restriction fragments predicted to
result from a single copy integration event
of the HIS3 gene into one of the two NMT1

YB 100 YB 102

kb
9.4 —

65 —

44 —

29
20 —

Fig. 2. Disruption of the NMT1 gene causes
recessive lethality. pBB105 is a pUC13 recombi-
nant plasmid that has the NMT1 coding region
plus 115 nucleotides of 5’ and 556 nucleotides of
3’ flanking DNA cloned as a Bam HI-DPst I
fragment (derived from the 5.4-kb Hind III geno-
mic clone shown in Fig. 1A). The ends of a Bam
HI-Xho I restriction fragment containing the
HIS3 gene plus ~250 nucleotides of 5’ upstream
DNA (30) were blunt ended with the Klenow
fragment of E. coli DNA polymerase I (New
England Biolabs) and all four deoxynucleoside
triphosphates. Subsequent cloning of this frag-
ment into the Eco RV site in the NMT1 gene
(Fig. 1B) of pBB105 created plasmid pBB109.
Bam HI + Stu I cut pBB109 was used to trans-
form the diploid strain YB100 (7, 19) to His™,
and transformants YB101 and YB102 carrying
the mutant nmt::HI53 allele were isolated. Total
genomic DNA was prepared from strains YB100
(NMT1/NMT1) and YB102 (NMT1/nmt::HI53)
(25), digested with the indicated enzymes, sub-
jected to electrophoresis through a 0.8% agarose
gel, blotted to Gene Screen Plus (Du Pont), and
probed with the NMT1 gene. Twice as much
YB102 DNA was loaded per lane as YB100 so
individual band intensities would be similar. The
growth kinetics of strains YB100 and YB102
were identical. H, Hind III; B, Bam HI; and P,
Pst L.

Distribution of the numbers of viable spores
within tetrads of YB101 and YB102.

Number of viable spores
within tetrads

Strain
4 3 2 1 0
YB101 3 2 87 21 3
YB102 1 1 96 8 1
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alleles of YB100 (Fig. 2) (18). There was no
indication of any integration event other
than that at the NMT1 locus in any of the six
independent strains analyzed. Two of these
strains (YB101 and YB102) were saved for
further analysis.

To determine the biological consequences
of the NMT1 disruption, strains YB101 and
YB102 were sporulated on nitrogen-defi-
cient media and over 100 four-spore tetrads
from each strain were dissected on yeast-
peptone dextrose plates (19). After 3 to 4
days’ growth at 30°C, nearly 90% of the
tetrads segregated with a viable:nonviable
ratio of 2:2, revealing that the Nmt™ phe-
notype is lethal (table in legend to Fig. 2).
Eight percent of the spores failed to germi-
nate in control tetrad dissections of sporulat-
ed YB100, accounting for the tetrads that
segregated 1:3. The rare (3%) 4:0 and 3:1
segregants may have arisen from mitotic
crossing over or gene conversion events
(20). All viable spores were phenotypically
His™, showing tight linkage between the
HIS3 gene and the recessive lethal mutation.
Spores lacking functional NMT enzyme
were able to germinate but ceased to divide
after one to four cell divisions. This “micro”
colony formation is not an uncommon oc-
currence among recessive lethal mutations
(21) and may represent spore inheritance of
maternal NMT and/or critical myristoyl pro-
teins that are diluted or degraded through
subsequent cell divisions until they fall be-
low essential intracellular concentrations. To
assess whether growth arrest always oc-
curred at the same stage of the cell cycle,
colonies of dead cells were physically sepa-
rated by micromanipulation (19) and exam-
ined under a microscope. Of the 135 cells
scored, 33% had no visible bud and the
rest had bud sizes ranging from barely de-
tectable to the same as that of the mother
cell.

These experiments suggest that NMT is
necessary for vegetative growth of haploid
yeast cells. NH,-terminal myristoylation
must provide a critical function for those
proteins subjected to this covalent modifica-
tion, since an NMT1 disruption mutation
causes recessive lethality. Although none of
the yeast cellular myristoyl proteins have
been definitively identified, candidates in-
clude the ARF and GPA1 (SCG1) guanine
nucleotide binding proteins, which have
myristoylation consensus sequences (6, 22).

Functional replacement of a mutant gene
product by a structurally distinct protein
may partially contribute to the observation
that 70% of the yeast genomic sequences are
nonessential for cell growth and division
(23). Yeast possess an acyltransferase activity
responsible for attachment of palmitate in
ester linkage to cysteine, serine, or threonine

residues (2, 8). The results of the NMT1
disruption experiment reported here indi-
cate that palmitoyl transferase cannot substi-
tute for NMT activity in vivo, highlighting
the uniqueness of each acyltransferase and
its form of protein acylation.

Preliminary mapping studies indicate that
the NMT1 locus is located on the right arm
of yeast chromosome XII (24). A more
detailed description of the NMT1 map loca-
tion will be required for subsequent genetic
analysis. The availability of a cloned yeast
NMT1 DNA should permit overexpression,
isolation, and crystallization of NMT, a
necessary step for fully defining its structure-
activity relationships. Experiments designed
to identify myristoyl proteins crucial for cell
viability or to define the cellular machinery
that interacts with the myristoyl moiety of
these proteins become possible with the
acquisition of the NMT1 gene.

REFERENCES AND NOTES

1. C. Wilcox, J.-S. Hu, E. N. Olson, Science 238, 1275
(1987).

2. D. A. Towler, J. I. Gordon, S. P. Adams, L. Glaser,
Annu. Rev. Biochem. 57, 69 (1988).

3. M. Chow et al., Nature 327, 482 (1987); C. H.
Streuli and B. E. Griffin, ibid. 326, 619 (1987); A.
M. Schultz and S. Oroszlan, J. Virol. 46, 355
(1983); J. S. Allan et al., Science 230, 810 (1985).

4. M. P. Kamps, J. E. Buss, B. M. Sefton, Proc. Natl.
Acad. Sci. U.S. A. 82, 4625 (1985); J. E. Buss, M.
P. Kamps, K. Gould, B. M. Sefton, J. Virol. 58, 468
(1986); E. R. Cross, E. A. Garber, D. Pellman, H.
Hanafusa, Mol. Cell. Biol. 4, 1834 (1984).

5. A. Rein, M. R. McClure, N. R. Rice, R. B. Luftig,
A. M. Schultz, Proc. Natl. Acad. Sci. U.S.A. 83,
7246 (1986); S. S. Rhee and E. Hunter, J. Virol.
61, 1045 (1987).

6. D. A. Towler, S. R. Eubanks, D. S. Towery, S. P.
Adams, L. Glaser, J. Biol. Chem. 262, 1030 (1987);
D. A. Towler et al., Proc. Natl. Acad. Sci. U.S. A. 84,
2708 (1987); D. A. Towler et al., J. Biol. Chem.
263, 1784 (1988); R. O. Heuckeroth, D. A.
Towler, S. P. Adams, L. Glaser, J. I. Gordon, ibid.,
p. 2127; R. O. Heuckeroth, L. Glaser, J. I. Gordon,
Proc. Natl. Acad. Sd. U.S. A. 85, 8795 (1988).

7. All yeast strains used in this study are ancestral
derivatives of S288C (MATa SUC2 mal mel gal2
CUP1) and should be isogenic at the NMT1 locus
(the NMTT1 restriction maps of AB972, YM2061,
and YB100 are identical). The source and relevant
genotypes of each are as follows: BJ105, formerly
JR153, (MATa tpl prb1 prcl pep4-3) (6); AB972
(MATa p~ trpl-ochre) is a gift of Maynard Olson;
YM2061 (MATa ura3-52 his3A200 ade2-101 lys2-801
Met™ LEU2::pRY181) [R. R. Yocum, S. Hanley, R.
West, Jr., M. Prashne, Mol. Cell. Biol. 4, 1985
(1984)] and YM2062 (MATa ura3-52 his3A200
ade2-101 1ys2-801 tyr1-501 LEU2::pRY181) (R. R.
Yocum, S. Hanley, R. West, Jr., M. Ptashne, above)
were provided by Mark Johnston; YB10O is a
diploid conjugate of YM2061 and YM2062 con-
structed in this laboratory by simultaneous selection
for tyrosine and methionine prototrophy.

8. D. Towler and L. Glaser, Proc. Natl. Acad. Sci.
U.S.A. 83, 2812 (1986).

9. An Applied Biosystems model 480A sequencer was
used with the manufacturer’s NOVAC program.

10. C. Guthrie and J. Abelson, in The Molecular Biology
of the Yeast Saccharomyces: Metabolism and Gene
Expression, J. N. Strathern, E. W. Jones, J. R.
Broach, Eds. (Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY, 1982).

11. S. Hahn, E. T. Hoar, L. Guarente, Proc. Natl. Acad.
Sci. U.S.A. 82, 8562 (1985).

REPORTS 799



12.

13.

14.

15.
16.

17.
18.

19.

20.

21.

22.

23.
24.

25.

26.
27.

28.

29.

30.
31.

800

D.J. Lipman and W. R. Pearson, Science 227, 1435
(1985); M. S. Boguski, M. Freeman, N. A. Elshour-
bagy, J. M. Taylor, J. L. Gordon, J. Lipid Res. 27,
1011 (1986).

P. Y. Chou and G. D. Fasman, Annu. Rev. Biochem.
47, 251 (1978).

J. C. Sacchettini, J. I. Gordon, L. J. Banaszak, J.
Biol. Chem. 263, 5815 (1988); J. J. Birktoft, H. M.
Holden, R. Hamlin, N. H. Xuong, L. J. Banaszak,
Proc. Natl. Acad. Sci. U.S. A. 84, 8262 (1987).

A. D. McLachlan, J. Mol. Biol. 169, 15 (1983).
D. Botstein and R. W. Davis, in The Molecular
Biology of the Yeast Saccharomyces: Metabolism and
Gene Expression, J. N. Strathern, E. W. Jones, J. R.
Broach, Eds. (Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY, 1982).

R.J. Rothstein, Methods Enzymol. 101, 202 (1983).
Bam HI fails to cut within the inserted HIS3
sequences and thus produced two reactive bands: a
fragment from the wild-type NMT1 allele and an-
other 3.75-kb fragment from the disrupted allele.
The 5.0-kb and 1.4-kb Hind III bands appear in
addition to the 5.4-kb wild-type Hind III band,
since two new Hind III sites were introduced by the
HIS3 coding region. A 3.5-kb Pst I band is generat-
ed by the addition of a Pst I site near the 3" end of
the nserted HIS3 DNA: integration of the HIS3
sequences should increase the length of the wild-
type 5.7-kb Pst I fragment to 7 kb, but the new Pst I
site bisects this and the intensity of the 3.5-kb band
is increased, as expected, because of the doublet.

F. Sherman, G. R. Fink, J. B. Hicks, Methods in Yeast
Genetics (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY, 1986).

S. Fogel and R. K. Mortimer, Proc. Natl. Acad. Sci.
U.S. A. 62,96 (1969); D. D. Hurst, S. Fogel, R. K.
Mortimer, ibid. 69, 101 (1972); F. K. Zimmer-
mann, Mutat. Res. 21, 263 (1973); D. Shortle, J. E.
Haber, D. Botstein, Science 217, 371 (1982).

L. Riles and M. Olson, Genetics 118, 601 (1988); T.
N. Davis, M. S. Urdea, F. R. Masiarz, J. Thorner,
Cell 47, 423 (1986); E. A. Craig, J. Kramer, J.
Kosic-Smithers, Proc. Natl. Acad. Sci. U.S.A. 84,
4156 (1987); W. A. Weiss and E. C. Friedberg, J.
Mol. Biol. 192, 725 (1986).

J. E. Buss, S. M. Mumby, P. J. Casey, A. G. Gilman,
B. M. Sefton, Proc. Natl. Acad. Sci. U.S. A. 84, 7493
(1987); A. M. Schultz et al., Biochem. Biophys. Res.
Commun. 146, 1234 (1987); R.-A. Kahn, C. God-
dard, M. Newkirk, J. Biol. Chem. 263, 8282
(1988); J. L. Sewell and R. A. Kahn, Proc. Natl.
Acad. Sci. U.S.A. 85, 4620 (1988); S. R. Price et
al., ibid., p. 5488; S. Tsai, M. Noda, R. Adamik, J.
Moss, M. Vaughan, ibid. 84, 5139 (1987); S. Tsai et
al., J. Biol. Chem. 263, 1768 (1988); R. A. Kahn
and A. G. Gilman, ibid. 261, 7906 (1986); M.
Nakafuku, H. Itoh, S. Nakamura, Y. Kaziro, Proc.
Natl. Acad. Sci. U.S. A. 84, 2140 (1987); 1. Miyaji-
ma et al., Cell 50, 1011 (1987); C. Dietzel and J.
Kurjan, ibid., p. 1001.

M. G. Goebl and T. D. Petes, Cell 46, 983 (1986).
The chromosome XII assignment was obtained by
probing blots of S. cerevisiae chromosomes (separat-
ed by pulsed-field gel electrophoresis) with a 32P-
labeled Eco RI-Hind III restriction fragment con-
taining the 3’ end of NMT1 (Fig. 1A). The same
probe also produced a reactive band on blots of Sfi
I-digested genomic DNA that was derived from the
right arm of this chromosome (J. Dutchik and M.
Olson, personal communication).

C. L. Denis and E. T. Young, Mol. Cell. Biol. 3, 360
(1983).

M. Bradford, Anal. Biochem. 72, 248 (1976).

G. K. Bhattacharyya and R. A. Johnson, Statistical
Concepts and Methods, (Wiley, New York, 1977).

F. Sanger, S. Nicklen, A. R. Coulson, Proc. Natl.
Acad. Sci. U.S. A. 74, 5463 (1977); R. M. K. Dale,
B. A. McClure, J. P. Houchins, Plasmid 13, 31
(1985); J. Norrander, T. Kempe, J. Messing, Gene
26, 101 (1983).

R. T. Elder, E. Y. Loh, R. W. Davis, Proc. Natl.
Acad. Sci. U.S. A. 80, 2432 (1983); R. O. Heucker-
oth, E. H. Birkenmeier, M. S. Levin, J. I. Gordon,
J. Biol. Chem. 262, 9709 (1987).

K. Struhl, Nud. Acids Res. 13, 8587 (1985).

We thank Luis Glaser and Steve Adams for their
continued support, Emily Jackson-Machelski, Ned

Siegel, and Christine Smith for NMT purification
and sequencing of tryptic peptides, Maynard Olson
and James Dutchik for assistance with mapping the
chromosomal location of NMT1, and Mark John-
ston and Jeff Flick for their interest and many helpful
suggestions. Supported in part by grants from the
Monsanto Company and NIH (GM38285 and

AI27179). RJ.D. is the recipient of a Josiah P.
Macy Jr., predoctoral fellowship. D.A.T. and
R.O.H. are funded by a Medical Scientist Training
Program grant GM07200. J.I.G. is an Established
Investigator of the American Heart Association.

6 October 1988; 9 December 1988

Isolation of a Novel Receptor cDNA Establishes the
Existence of Two PDGF Receptor Genes

TosHIMITSU MATSUI, MOHAMMAD HEIDARAN, TORU MIKI,
NicHoLras Porescu, WILLIAM LA ROCHELLE, MATTHIAS KRAUS,
JACALYN PIERCE, STUART AARONSON

A genomic sequence and cloned complementary DNA has been identified for a novel
receptor-like gene of the PDGF receptor/CSF1 receptor subfamily (platelet-derived
growth factor receptor/colony-stimulating factor type 1 receptor). The gene recog-
nized a 6.4-kilobase transcript that was coexpressed in normal human tissues with the
5.3-kilobase PDGF receptor messenger RNA. Introduction of complementary DNA
of the novel gene into COS-1 cells led to expression of proteins that were specifically
detected with antiserum directed against a predicted peptide. When the new gene was
transfected into COS-1 cells, a characteristic pattern of binding of the PDGE isoforms
was observed, which was different from the pattern observed with the known PDGF
receptor. Tyrosine phosphorylation of the receptor in response to the PDGF isoforms
was also different from the known receptor. The new PDGF receptor gene was
localized to chromosome 4ql1-4ql2. The existence of genes encoding two PDGF
receptors that interact in a distinct manner with three different PDGF isoforms likely
confers considerable regulatory flexibility in the functional responses to PDGF.

EVERAL FAMILIES OF MEMBRANE-

spanning growth factor receptors

with tyrosine kinase activity have been
identified (1). One such family includes the
structurally related growth factor receptors
for platelet-derived growth factor (PDGF)
(2) and colony-stimulating factor (CSF1)
(3). The latter was initially identified as the
normal cellular homolog of the v-fins onco-
gene (4). A third member of this family, c-kit
(3), for which the ligand has yet to be
identified, was also first detected as a viral
oncogene (6). In the present studies, we
describe the identification of a genomic
sequence and the isolation of the cDNA of a
novel gene, whose predicted product has a
structure similar to other growth factor re-
ceptors of this subfamily.

Reduced stringency hybridization of hu-
man genomic DNA with DNA probes from
the tyrosine kinase domain of v-fns or of the
mouse PDGF receptor (PDGFR) led to
detection of several bands in addition to
those of either c-fins or PDGFR genes. A
12-kbp Eco RI band generated the strongest
signal with either probe, while smaller size
bands corresponded in size to restriction
fragments reported for human c-kit (6).
Thus, we cloned the 12-kbp Eco RI frag-
ment, which we designated AT11. Regions
homologous to v-fms’PDGFR tyrosine ki-
nase domains within N'T11 were localized by

hybridization and subjected to nucleotide
sequence analysis. Their discrete open read-
ing frames were most closely related to but
distinct from human c-fins, c-kit, or the
PDGEFR. To characterize the coding region
of this gene, overlapping cDNA clones were
1solated from normal human fibroblast and
brain ¢<DNA libraries and subjected to nu-
cleotide sequence analysis. For structural
and functional comparison, we also cloned
and sequenced cDNAs encompassing the
entire coding sequence of the human PDGF
receptor (7).

For the novel gene, a single open reading
frame of 1089 amino acids was predicted
from the nucleotide sequence, which has
been submitted to GenBank (8). According
to the putative cleavage site for the hydro-
phobic signal peptide (9), the NH,-termi-
nus of the mature product was predicted to
be glutamine at amino acid 24 followed by
1065 amino acids. This polypeptide se-
quence with a calculated molecular mass of
around 120 kD contained all of the charac-
teristics of a membrane-spanning tyrosine
kinase receptor. A hydrophobic segment
consisting of 24 amino acids (residues 525
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