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Abstract Phosphatidylethanolamine Nmethyltransferase 
(PEMT) catalyzes the conversion of phosphatidylethanol- 
amine to phosphatidylcholine in the mammalian liver via 
three sequential methylations. In the present studies, we 
cloned and characterized the murine gene for PEMT2, the 
isoform of the enzyme that localizes to the mitochondria-asso- 
ciated membrane. The structure of the gene was determined 
by analysis of two h and three P1 genomic clones, and com- 
pared to the known rat PEMT2 cDNA sequence. Southern 
blotting of mouse genomic DNA indicated that PEMTZ is a 
single-copy gene. The gene spans at least 35 kb, with seven 
exons and six introns. Two transcription start sites, 139 and 
148 base pairs upstream of the translation start site, were de- 
tected by primer extension and reverse transcriptase-poly- 
merase chain reaction. These experiments indicated that the 
PEMT2 gene is transcribed from a single promoter. Finally, 
the PEMT2 gene was localized to mouse chromosome 11 by 
interspecific backcr0ssing.l These experiments represent 
the first cloning and characterization of a full-length mamma- 
lian gene involved in phospholipid biosynthesis.-Walkey, 
C. J-, Z. Cui, L. B. Agellon, and D. E. Vance. Characteriza- 
tion of the murine phosphatidylethanolamine Nmethyltrans- 
ferase-2 gene. ,/. Iipid Res. 1996. 37: 2341-2350. 
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phosphatidylcholine gene structure 

Phosphatidylcholine (PC) is the most abundant phos- 
pholipid in eukaryotic cells, functioning both as a struc- 
tural component of membranes and as a source of sec- 
ond messengers. PC synthesis via CDP-choline occurs 
in all eukaryotic cells. An alternative pathway for PC syn- 
thesis, the conversion of phosphatidylethanolamine 
(PE) to PC, is largely confined to the liver (1). Three 
sequential methylation steps are catalyzed by phosphati- 
dylethanolamine Nmethyltransferase (PEMT) , using S 
adenosylmethionine as the methyl group donor. At 
least two PE methyltransferases exist in the liver: 
PEMTl, which is localized primarily to the endoplasmic 
reticulum, and PEMT2, which is present solely on the 

mitochondria-associated membrane (2). The reasons 
for hepatocytes having two distinct isoforms of PEMT 
are unclear. A full-length cDNA for PEMT2 has been 
isolated from rat liver (2). 

Recent investigations in our laboratory suggest a 
strong inverse correlation between PEMTS expression 
and liver cell growth. During embryogenesis, when he- 
patocytes grow and divide rapidly, PEMT activity is low 
(3). After birth, the rate of hepatocyte division slows 
(4), while PEMT activity rises considerably. This growth 
stage-specific regulation appears to occur at the level of 
gene expression (Z. Cui and D. E. Vance, unpublished 
observations). Rapidly dividing hepatoma-derived cell 
lines (McA-RH7777 and HepG2) have almost undetect- 
able PEMT activity. Expression of the rat liver PEMT2 
greatly slows the growth rate of MA-RH7777 cells, but 
does not alter the growth of Chinese hamster ovary cells 
in culture (5). Chemically induced liver tumors contain 
lower levels of PE methylation activity than normal liver, 
and no PEMT2 protein (L. Tessitore, Z. Cui and D. E. 
Vance, unpublished observation). As well, PEMT2 ex- 
pression is greatly decreased during non-neoplastic 
liver growth. The growth inhibitory effects of PEMT2 
appear to be directly related to the enzymatic conver- 
sion of PE to PC. 

Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanol- 
amine; PEMT, phosphatidylethanolamine Nmethyltransferase; PCR, 
polymerase chain reaction; WLP, restriction fragment length poly- 
morphism. 

'The nucleotide sequences reported in this paper have been suh 
mitted to the GenbankTM/EMBL Data Bank with the accession num- 
bers: exon 1, U25045; exon 2, U25046; exon 3, U25047; exon 4, 
U25048; exon 5, U25049; exon 6, U25050; exon 7, U25051. The chro- 
mosome localization of the Pap2 locus has been accessioned to the 
Mouse Genome Database (MGD) with the accession number: MGD- 
MRK-25966. 
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Using the rat PEMT2 cDNA as a probe, we have 
cloned and characterized the full-length mouse gene 
for PEMT2. 

MATERZALS AND METHODS 

Isolation and characterization of genomic clones 

A 129/Sv Strain mouse liver genomic DNA library 
(gift from Dr. Jim Stone, University of Alberta) was 
screened with random primer-labeled rat PEMTZ 
cDNA. Two positive clones, named 3 and 11, were iso- 
lated from an initial screen of approximately 2 X 10’ 
plaques, and characterized by restriction mapping, 
Southern blotting, and partial sequencing. A P1 library 
(Genome Systems Inc.) containing inserts up to 110 kb 
was screened using polymerase chain reaction (PCR) 
primer pairs based on sequences from clones 3 and 
1 1 [Exon 1 for: 5’-AGAACTTAGGAGTCAAGCCTCC-3’; 
Exon 1 rev: 5’-CTCTTCACACCTGAGACGCr3’; Ex- 
on5for: 5’-TCAAGGAGTCCAGAGTGACC-3’; Exon5- 
rev: 5’-CTTGGATCCGGATACCTAGCr3’]. Three P 1 
clones were isolated. One of the P1 clones, 2614, 
spanned the entire PEMT2 gene, according to South- 
ern blotting and partial sequencing. 

Sequencing was performed by the DNA Core facility, 
University of Alberta, using an automated sequencer 
(Applied Biosystems Inc. /Perkin-Elmer model 373A). 
The results were analyzed using the Intelligenetics 
Geneworks program. Exon sequences were determined 
from at least two different clones, and intron/exon 
boundaries were defined by comparison to the rat 
PEMT2 cDNA sequence. DNA preparations, restriction 
digests, and ligations were performed by standard 
methods. P1 DNA wa5 isolated using a Qiagen DNA 
preparation kit following the manufacturer’s proto- 
col. 

Southern blotting 

One pg of clone DNA and 10 pg of niouse genomic 
DNA were digested with various restriction enzymes. 
After restriction digestions, DNA fragments were elec- 
trophoresed through 1 .O% agarose, transferred to Hy- 
bond N+ (Amersham) nylon membranes following the 
manufacturer’s instructions, and probed with the rat 
PEMT2 cDNA labeled by random priming. The hybrid- 
izations were performed at 42”C, in 50% formamide 
containing 100 mg/ml salmon sperm DNA. The mem- 
branes were washed under stringent conditions of 0.1 
X SSC (15 mM NaCl, 1.5 mM Na citrate, pH 7.0), 0.1% 
SDS at 52”C, and exposed to X-ray film. 

RNA primer extension assay 

Total RNA was isolated from 8-week-old malc 12Yi.l 
strain mouse livers essentially as described by <:honi- 
czynski and Sacchi (6). One pmol of a 30-base oligonii- 
cleotide primer, rev-1 : 5’-CTGTGGGGTCCACGTAAC( 
CAGCAGCCAGC-3’ was labeled with [y-:”P]ATP a t  its 
5’ end by T4 polynucleotide kinase (Life Technologies 
Inc.), then hybridized to 40 pg of total mouse liver KNX 
;it 30°C for 16 h (7). Extension reactions were catalymd 
using Superscript reverse transcriptase (Life Technolo- 
gies Iric.). The reaction products were separated hv 
electrophoresis (5% polyacrylamide in X M urea), and 
visualized by autoradiography. The rat PEMT2 cDNA 
was sequenced with rev-1 as a primer using Sequenase 
2.0 (Amersham) and following the manufxturer’s in- 
structions, and electrophoresed alongside the exten- 
sion products as a size marker. By comparing the posi- 
tion of the extension product bands to the sequencing 
ladder alongside, the length of the extension products, 
and hence the transcription start sites, were deter- 
mined. 

Reverse transcriptase-PCR 

Primer extension products were eluted from the poly- 
acrylamide gel by incubation for 48 h at 37°C: in 0.5 M 

ammonium acetate, 1 mM EDTA, pH 8.0, and precipi- 
tated with ethanol. The primer extension products were 
then used as templates for PCR. Blank spots on the gel 
were also eluted as negative controls. The PCR reactions 
were performed in 50-pL volumes containing 0.25 mM 
dNTPs and 1.5 mM MgCI2, for 30 cycles of 95°C: for 30 
s, 54°C for 30 s, and 74°C for 30 s, plus a final extension 
step of 2 min. Primers were rev-2, 5‘-CAGAACCAGAAG 
GAAATGG-3’; for-1 , 5’-TGGTAC;AACTGCTATGTG 
CCG-3’; for-2, 5’-TTCCCTAACTACAGAACGC-3’. 
The PCR products were analvLed on a 1% agarose gel. 

PEMTZ mRNA and protein analysis 

Poly A-enriched RNA was isolated from adult male 
rat livers using a Quickprep Micro rnRNA Purification 
Kit (Pharmacia Biotech), according to manufacturer’s 
instructions. PEMTZ mRNA was determined by North- 
ern blot analysis. Briefly, 2-pg RNA samples were elec- 
trophoresed and blotted onto a nylon membrane ac- 
cording to standard techniques (7). The blots were 
probed with rat PEMT2 cDNA labeled by random prim- 
ing, under the same hybridization conditions as for 
Southern blotting, then washed under stringent condi- 
tions (0.1 X SSC, 55OC) prior to autoradiography. 

Samples of rat and mouse adult male liver homoge- 
nates containing 50 pg total protein were analyzed for 
the presence of PEMT2 protein by SDS-PAGE immu- 
nohlotting, exactly as previously described (2). 
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Chromosome mapping 

Interspecific backcross progeny were generated by 
mating ((:57BL/6JEi X M .  .sfmtus) F, females with M. 
sfmlus males (8) as described. Genomic DNA was di- 
gested with a selection of restriction enzymes, and 
probed with a 1.9 kb Pstl restriction fragment of clone 
11 containing exon 5 radiolabeled by random priming. 
A single 6.6 kb band was detected in C57BL/6JEi geno- 
mic DNA digested with Bg-12, while two bands of 3.2 and 
4.0 kb were found in M .  spetus  genomic DNA digested 
with Bg12. This restriction fragment length polymor- 
phism (RFLP) was followed in 94 N2 offspring, and the 
segregation distribution pattern determined. Compari- 
son to previously mapped loci and calculations of map 
distanccs were performed by the BC Panel Map Service 
at the .Jackson 1,ahoratory. 

RESULTS 

Cloning and characterization of the mouse 
PEMT2 gene 

Full-length rat PEMT2 cDNA was used to screen a li- 
brary of 129/Sv strain male mouse liver genomic DNA, 

10 kb 

Clones 2615 & 2616 

cloned in the bacteriophage vector hDASH2. T\vo 15 
kb clones, designated 3 and 11, were isolated and sub- 
cloned into pBluescriptI1- SK+Stratogene. Southern 
blots revealed that clone 3 hybridized to the 5' end of 
the PEMTP cDNA, while clone 11 hybridized to the mid- 
dle portion of the cDNA. The recognition sites of sey- 
era1 restriction enzymes were mapped on both clones, 
using standard single and double digestion techniques. 
Using this restriction map, the fragments containing ex- 
ons were identified by probing a Southern blot with rat 
PEMT2 cDNA, and sequenced. Consequently the n u n  
ber, size, and location of exons in the PEMT2 gene were 
determined. Clone 3 contained two exons corrcspond- 
ing to the 5' end of the PEMT2 cDNA as predicted (Fig. 
1 ) .  Clone 11 contained 3 adjacent exons. As neither 
clone contained the 3' end exons, despite spanning 30 
kb in total, a commercial 129/J mouse genomic DNA 
library, packaged in P1 phage-derived plasmid, was 
screened by PCR, using primers specific for exons I and 
V. One clone, 2614, that spanned the full length of the 
gene was isolated. Two additional clones, 2615 and 
2616, spanned the 3' end only (Fig. 1). The P1 clones 
were subcloned and analyzed in the same maimer as 
for the h clones. 

It appears that the murine PEMTP gene is at least 33 

Clone 261 4 
L 

Clone 3 Clone 11 

rat PEMTP cDNA (0 9 kb) 

Fig. 1 .  Schematic representation of the genomic clones encompassing the mouse PEMT:! gene (top) and 
inti-on/exon organiration of the gene (bottom). The position and sire or the and PI clones encompassing 
the 7 exoris of tlie rnurine PEMT:! gene are shown as solid lines. Rrroivs indicate that the ends of the clones 
remain undetermined. Exons are represented by vertical solid hoxesjoined hy solid lines representing introns. 
Divots in the introns indicate regions of unknown siLe. The relationship hetween the gene and the  rat PEMT:! 
cDNA is shown below, depicting the relative sires and organiration of tlie exons. The shaded arid unshaded 
areas repi-esent unti-anslated and translated regions respectively. 

WZkq et al. Murine PEMT2 gene 2343 
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-148 
H exon I(133 bp) 
aggtpcccagtgtggLagaacLgctatgtgc~cct 

-110 tcct~cagcttgtggggpttctgcagctgagttcatca~cagggtgacctgag 
Hexon I1 (108 bp) 

-55 ctg~ccctggaggcLggctcccatttccttctggttctglgc~gatctcttcgtt 

+I ATGAGCTGGCTGCTGGGTATGGACCCCACAGAGCCCAGCmEGCGGCT 
M S W L L G Y U D P T E P S F V A A  

H exon I11 
55 GTGAWACCATn;TGT'IC~CCAC'ICTWTGGAATGTGIGTAGC~AGATGGGAG 

V I T I V F N P L F W N V  V A R W E  
(116 bp) 

109 CAGAGAACTCGGAAGCTAGAGCCTTCGGCTCCCCEACCTAGCCTGCTAT 
Q R T R K L S R A F G S P B L A C Y  

163 TCCCTGGGCAX~CATCCTGCT?TrC;AACAACATCCWCGCTCCCACTGICTTCACA 
H exon IV 

1 I I ' Fig.2. PutativemousePEMT2cDNAbasedonexon 
sequences. The sequences of all seven exons have 

mRNA. junctions between exons are shown as vertical 

(146 bp) 

Q A M M S Q P K M E G L D H H T T Y  
217 CAGGCLTATGATGAGCCAGCCCAAGAWGAGGGCCTGGACAACCACACCGCTAC been combined as in  a ,cully spliced mouse P E M T ~  

271 T T C C T G G G C C T r ( ; C - C T A G G ~ G G - G ~ ~ ~ ~ T ~ ~ c A G C ~  
lines. The start of exon I is based on the primer exten- 
sion results discussed in the text. Noncoding nucleo- 
tides are in lower case; coding nucleotides a r t  in up- 
per case; + I  indicates the first nucleotide 01 the 
translation start codon. Translation products of'exons 

A ' are shown below the nucleotide sequences. Nuclco- 

F L G L A E L G W G E V F V L S S F  

325 TAmACTGGGGTIY3ACTGGGAccmTAG I GTGACTACTTTGGGATCCTCAAG 
Hexon V (112 bp) 

37 g G A G ~ ~ A G A ~ ~ A c C A C A m C c c ~ A ~ G ~ c ~ G m ~ c c c ~ A ~ T A ~ ~  tide and amino acid changes from the rat PEM7'2 
cDNA sequence are underlined. Th t  boldface vpe in- E S R V T T F P F S V L D N P M Y W  

,+ (75 bp) dicates the polyadenylation signal. 
433 ~GTACAGCCAACTACCTAGGCl'GGGCACXATIGCATGCTAGXCCACAGGC 

G S T A N Y L G W A L M  H A S P T G  

487 C ~ C T G T T G A C G G T ~ G C ~ ~ ~ ~ C G ~ G T ~ C ~ ~ C T ~ T ~ ~ ~  
L L L T V Y V A I V N V V A L L X E  

541 GAIGCCCTTCACTGC31GAGATCTACCGACAGAAAGCTACCAGGT'IGCACMAAGA 
H exon VI1 (260 bp) 

E P F T A E I Y R Q K A T R L H K R  

595 AGCTGAcagggccatgaaggarctttggaaagc~gga~tggcctc~cggctg~c 
S 

649 ccaagcaacaacccttc~c~gggagagcagc~ctggcca~tgtacctgtgcctt 

703 ~gaaaccagtcatggggg~ctcaggcattatg~tgtgactgctgagaccccc 

757 atccccaccawccl;gacacactaataaaggcattgtgacctca 

kb long, with seven exons. Each exon was sequenced 
from at least two different clones (Fig. 1 and Fig. 2).  
These exon sequences from mouse are 92.8% identical 
to the rat PEMT2 cDNA sequence at the nucleotide 
level, and 93.5% identical at the amino acid level. The 
intron/exon boundaries in the genomic clones were 
deduced by sequence alignment to the rat PEMT2 
cDNA (Table 1 ) .  The sequences of these boundary re- 
gions, especially the conserved GT and AG dinucleo- 
tides, match the consensus for pre-mRNA splicing rec- 
ognition sites (9). 

Genomic DNA from a 129/J mouse and clone 2614 
DNA was digested with four different restriction en- 
zymes and probed with rat PEMT2 cDNA in a Southern 
blot (Fig 3). Identical bands were detected in both the 
genomic and the cloned DNA, indicating that clone 

2614 accurately reflects the PEMT2 gene structure. The 
lack of additional bands of equal intensity in the geno- 
mic blot also indicates that mouse PEMT2 exists as a 
single-copy gene without pseudogenes. In other words, 
there is no complete or partial duplication of the 
PEMT2 gene elsewhere in the mouse genome. Addi- 
tional faint bands visible in the genomic blot are mostly 
likely due to allelic variation at the PEMT2 locus in the 
genomic DNA from the 129/J mouse, or segments of 
genomic DNA weakly homologous to PEMT2. 

Mapping of the transcription initiation sites 
The transcription start site(s) of the PEMTZ gene 

were determined by primer extension analysis, using 
the 30-base oligonucleotide rev-1, complementary to 
exon 2 of mouse PEMT2 mRNA. The extended prod- 
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TABLE 1. Exon/intron organization of the mouse PEMT2 gene 

Intron LenRth Amino Arid at 
Intron 5' Splice Donor kb 3' Splice Acceptor Cmdon Phase Splice Sire 

1 GTI 'CTG~AGGT 5.0 TTGCAACTGAT - - 

3 CCACTG<;TAACC 5.7 c C A C . . m c A c  I I  70-cys 
4 lTCTAGGJAAGA 2.9 CCACAAGTGACT I 1 19-Glv 

6 TGAAGAGGAGT 0.3 CCAG~CCCC-l-r I I  181 -GI11 

2 AATGTGGJGACT > 13.0 ATGCAAGTAGCC 0 32-Val/Val 

5 ACTCATGGAGT >4.4 CTGCAACCATGC I1 156-Met 

Nucleotide sequences were determined hy sequencing exon containing suhclones of the h. and P1 genomic 
clones (see Methods). Exon sequences are boldface. The invariant GT (5') and AG (3') dinucleotides at the 
ends of the introns are underlined. The position of each splice site relative to a codon is shown as the codon 
phase. 0 indicates a splice site between codons, I indicates a splice site after the fint nucleotide of a codon, 
and I1 indicates a splice site after the second nucleotide of a codon. Amino acids are numbered from the 
initiator methionine. 

ucts were sized by comparison to a DNA sequencing lad- 
der. The results suggested two transcription start sites: a 
major one 139 bp upstream of the initiator methionine 
codon, and a second minor start site 148 bp upstream 
(Fig. 4a). The primer extension products were eluted 
from the sequencing gel and used as templates for PCR 
amplifications. A primer 3' to the putative start sites 
(for-1). in conjunction with another PEMT2-specific 

23.1 kb- 

9.4 kb- 
6.6 kb- 

4.4 kb- 

2.3 kb- 
2.0 kb- 

Uone 261 4 

primer (rev-2), was able to amplify each extension prod- 
uct [Figs. 4b(i) and 4c], confirming the extension prod- 
ucts as being PEMT2 cDNAs rather than the product of 
nonspecific hybridization of the original 50mer. How- 
ever, a primer specific to the region beyond the putative 
start sites (for-2) failed to amplify the extension prod- 
ucts [Fig. 4b(ii)]. This resalt confirms the location of 
the PEMT2 gene transcription start sites. Both tran- 
scription start sites have the same 4 base motif, CCAG. 
In both cases, the first nucleotide of the transcribed 
RNA is A, a purine. There does not appear to be a con- 
sensus TATA box (TATAA) in the region 30 bp u p  
stream (10, 11). A putative mouse PEMT2 cDNA based 
on the exon sequencing and primer extension data is 
shown in Fig. 2. This construct predicts PEMT2 tran- 
scripts of approximately 900 bp, while the largest open 
reading frame predicts a 199-amino acid PEMT2 pro- 
tein with a molecular weight of 22.5 kDa. 

Gene product analysis 
To confirm the gene structure presented above, 

Northern and Western blot analyses were performed on 
mouse liver samples. Probing mouse total RNA with rat 
PEMT2 cDNA revealed one band, indicating a single 
transcript of approximately 900 bp, with a high level of 
identity to the rat PEMT2 transcript (Fig. 5a). The size 
of this transcript matches that predicted above. The 
nine base pair difference in transcript length due to the 
two different transcription start sites is too small to be 
resolved into two distinct bands. 

Mouse and rat liver homogenates were tested for the 
presence of the PEMT2 protein by immunoblotting 
with an antibody raised against the Gterminus of the genomic DNA 
rat PEMT2 protein. In both mouse and rat samples, 

Fig. 3. Southern blotting of clone 2614 and mouse genomic DNA 
orobed with rat PEMT2 cI)NA. One LIE of DNA from clone 2614 and bands were detected indicating a protein Of approxi- . I ,  

10 ~ l g  of 129/1 strain mouse genomic DNA were digested with the matelv 22 kDa. close to the PEMT2 molecular weight 
I, 

restrikion en&es indicated at the lop of the figure, eiectrophoresed 
through a 1% agarose gel, alkali blotted and prohed with rat PEMT'L 
cDNA, as described in Materials and Methods. The numbers on the 

of 22.5 kDa predicted above. These results closely 
match those predicted from the gene structure pre- 

left side indicate the positions of DNA size markers. sented above. 

Walk9 ~t al. Murine PEMT2 gene 2345 
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A m 2  
a CDNA 4 G A T C  

C f or-2 
-184:ttccctaactacagaacattg~tctgaagtgtgtcc~ggtgccc~gtgtg 

(-1 48) (-1 39) TATA? 
(-179 to -174) 

f or-1 > 
tggtagaactgctatgtgccgccttcctttcagcttgtgggggttctgcagctga~t 

rev-2 
catcat:cagggtgacctgagctgtccctggaggctggctcc~atttccttctggttctg:-16 

MED- 1 
(-38 to -33) 

Fig. 4. Primer extension and reverse transcriptaqe-PCR results indicate two close transcription start sites. (A) RNA primer extension analyses 
were performed with and without mouse liver RNA (negative control) and rev-I, a 5’4abeled 50 mer oligonucleotide based on the complement 
of the putative mouse mRNA sequence. The sizes of the extension products were determined by comparison to a DNA sequencing ladder of 
rat PEMT2 cDNA using the same oligonucleotide primer. Nucleotide numbers of each transcription start site relative to the initiator methionine 
codon are indicated on the right. (B) PCR was performed on the extension products using the primers rev-2/for-l(i) and rev-2/for-2(ii). A 
region of the sequencing gel containing no extension products wa.. used as a negative control. Clone 3 DNA was used as a positive control for 
the PCR reaction. (C) Sequence of the 5’ region of the PEMT2 gene. The transcription start sites are denoted by acterices. The TATA box 
region and the MEDl sequence are underlined. The positions of the primers used in the PCR reactions are shown as arrows. The numbers 
refer to the positions of the various nucleotides relative to the initiator methionine codon. 
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1 0.9 kb- 
22 lo- - 

Fig. 5. (A) Northern blot of  mouse liver total RNA and rat liver 
“A. Tivo-pg polvAenriched RNA samples were isolated, electro- 
phoresed, blotted, and probed with rat PEMT2 cDNA, as described 
in Materials and Methods. The size of  the bands is indicated on the 
left. (R) SDSpolyacrylamide gel electrophoresis immunoblot of  
mouse and rat liver homogenates containing .iO pg total protein. Anti- 
body raised against the C-terminus of rat PEMT:! detects 22 kD p r e  
teins from both rat and mouse homogenates. 

Chromosomal localization of PEMTZ 
The mouse chromosomal location of the PEMT2 

gene (designated as the Pmpt2 locus) was determined 
by the interspecific backcross mapping method (8). Fe- 
male C57BL/6J strain mice were crossed to male M. 
spretw strain mice, producing heterozygous offspring. 
These two inbred strains of mice were chosen because 
each strain carries a different allele for thousands of 
genetic loci. One method for differentiating the alleles 
is through restriction fragment length polymorphisms, 
or RFLPs. When genomic DNA from the two strains is 
digested with a restriction enzyme and Southern blotted 
with a probe for a locus, a difference is seen in the hy- 
bridization pattern for the two strains. This difference 
reflects a change in the nucleotide sequence of the lo- 
cus between the two strains. Despite this genetic diver- 
gence, female offspring of the cross are fertile. 

The females of the F, generation were then back- 
crossed to males of the parental M. spetus strain, pro- 
ducing 94 N2 offspring. Each offspring contained one 
set of M. spretw chromosomes from the father and one 
set of chromosomes from the heterozygous mother. 
The maternal chromosomes underwent recombination 
during meiosis, producing a “mosaic” of M. spretzrs and 
C57BL/6J segments. Therefore, at each locus, an N2 

offspring was either homozygous, with two M. sjrretus al- 
leles, or heterozygous, with one M. sprdw allele and one 
C57BL/6J allele. The genomic DNA of 94 N? offspring 
was isolated. For thousands of different loci whose posi- 
tions were already known, the pattern of heterozygosity 
versus homozygosity of alleles (the segregation pattern) 
was determined in the N2 generation. Each different 
locus produces its own pattern, reflecting the recombi- 
nation points in the maternal chromosomes. Therefore, 
two loci closely linked will have a low frequency of re- 
combination between them, producing nearly identical 
patterns of heterozygosity versus homozygosity. 

To map the Pempl2 locus, it was necessary to find a 
suitable RFLP. A selection of restriction enzymes was 
screened with genomic DNA from C57BL/6J and M. 
spretw mice in Southern blots probed with a 1.9 kb frag- 
ment of clone 11 containing exon 5. The restriction en- 
zyme Bg12 produced a distinct RFLP: one 6.6 kb band 
in C57BL/6J DNA and two bands of 3.2 and 4.0 kb in 
M. spdus DNA (Fig. 6a). This RFLP was followed in the 
genomic DNA of the 94 N2 progeny. The Bg12 RFLP 
pattern of the Pempt2 locus matched exactly that of the 
marker DIIBir9. Significant linkage was also found with 
the marker DIIMil4 and the Cfp locus (for colony- 
stimulating factor, granulocyte-macrophage). These re- 
sults place the Pempt2 locus on mouse chromosome 11, 
approximately 31 centimorgans from the centromere 
(Fig. 6, b and c). The distances between Pempt2 and 
nearby loci in centimorgans (+standard error), and the 
most likely gene order (proximal to distal), are: Cfp- 
3.2 (2 1.8) -Pmpt2 and D1 1Bir%4.3( +2.1)-011Mit4. 
This region of mouse chromosome 11 is syntenic to hu- 
man chromosomes 5q and 17p. 

DISCUSSION 

For phospholipid biosynthesis, murine PEMT2 is the 
first full-length mammalian gene that was cloned and 
characterized. Only portions of the genes for rat cho- 
line kinase and mouse CTP : phosphocholine cytidylyl- 
transferase, have been isolated and characterized (12, 
13). These results for the mouse PEMTP gene will allow 
us to further investigate the role of phospholipid meth- 
ylation in whole animals by gene disruption. 

The PEMT2 gene contains seven exons in at least 35 
kb, and exists as a single copy. The exons vary in size 
between 75 and 259 base pairs (Fig. 2). The introns 
range from 0.3 kb to greater than 13 kb (Table 1). The 
PEMT2 gene is more than 30-fold larger than the fully 
processed mRNA, although such a size difference is not 
particularly unusual (14). It will be interesting to learn 
whether other genes involved in phospholipid biosyn- 
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Fig. 6. P m p 2  maps to mouse chromosome 11. (A) Southern blot of genomic DNA from C!57BL/eJEi, M. spr~tus and an FI offspring of the 
two parental strains, using an exon kontaining probe, reveals a polymorphism in the P m p 2  locus. (R) The segregation patterns of the P m p 2  
polymorphism and flanking markers in 94 backcross progeny were determined. Each column represents chromosome 11 inherited from the 
(C57BL/fiJEi X M. spdtu) F, parent. Black boxes represent the C57RL/PJEi allele, and the white boxes represent the M. sprplm allele. The 
number of offspring inheriting each we of chromosome is indicated at the bottom of each column. (C) The figure on the left is a partial 
map of mouse chromosome I 1, showing the position of the P m p 2  locus in relation to the nearby markers with which it was mapped. Recombina- 
tion distances between the markers are shown in centimorgans on the left. The figure on the right is a partial composite linkage map of mouse 
chromosome 11 (data from GRASE, 1995, The Jackson Laboratory, Bar Harbor, ME). The numbers on the left indicate the distance of each 
locus from the centromere, in centimorgans. The positions of these same loci on human chromosomes are shown on the right. 

thesis in mammals have a similar size. The mouse exons 
are >92% identical to the rat PEMT2 cDNA, suggesting 
strong conservation across species. 

PEMT2 gene expression is regulated in both a tissue- 
dependent and developmental manner. The cloning of 
the PEMT2 gene, and in particular its 5’ end, forms a 
foundation for the analysis of cis-acting elements that 
regulate its expression. Sequence analysis does not re- 
veal a consensus TATA box sequence approximately 30 
bp upstream of the 5’-most transcription start site. The 
presence of a functional TATA box in such a position 
would suggest that PEMT2 is a transcriptionally regu- 
lated gene, rather than a constitutively expressed 
“housekeeping” gene (15). However, multiple tran- 
scription start sites and the presence of the MED-1 con- 
sensus sequence (GCTCCC) 110 bp downstream of the 
first start site place PEMT2 into a recently described 
family of TATA-less RNA polymerase I1 promoters (Fig. 
4c) (16). 

In the liver, the first appearance of PEMT2 mRNA 

occurs perinatally (Z. Cui and D. E. Vance, unpublished 
observation). Several other liver-specific genes are ex- 
pressed in a similar pattern, including tyrosine amino- 
transferase (17) and a,-antitrypsin (18). Liver-specific 
transcription factors, including members of the HNF 
(Hepatocyte Nuclear Factor) family and C/EBP 
(CWT/Enhancer binding protein), have been impli- 
cated in gene expression during development (19). Fig- 
ure 7 shows potential transcription factor binding sites 
idcntificd in the immediate 5’ upstream region of the 
mouse PEMT2 gene. Interestingly, there are putative 
binding sites for both HNF5 and C/EBP. The role of 
these and other potential cis-acting elements in PEMT2 
gene expression will be a focus of further investigation. 

Using backcross mapping, the mouse Pe7npt2 locus 
was localized to chromosome 11 ,  approximately 31 cen- 
timorgans distal to the centromere. In contrast, the 
CTP: phosphocholine cytidylyltransferase gene was lo- 
calized to mouse chromosome 16 (12). The same mark- 
ers on mouse chromosome 1 1  that surround the Pmpt2 
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locus have their human counterparts on either chromo- 
some 5q or 17p. Both 5q and 17p have been character- 
ized as mutational “hot spots”, frequently deleted in 
primary liver cancer (20). Therefore, we shall localize 
the PEMT2 gene in human chromosomes to investigate 
the role of this enzyme in human hepatocarcinogenesis. 

We compared our map of chromosome 11 to a com- 
posite map showing the chromosomal location of many 
uncloned mouse mutations, in the hopes of finding a 
preexisting mouse line carrying a mutated PEMT2 
gene. The region of chromosome 11 near the Pempt2 
locus does not contain any mouse mutations that sug- 
gest a defect in phospholipid metabolism or liver 
growth. Defective mitochondria-associated membrane 
and low levels of PEMT2 protein were detected in mice 
carrying the mnd (for Motor Neuron Degeneration) 
gene (J. E. Vance and J. R. Faust, unpublished observa- 
tion). These mice are a model for neuronal ceroid lipo- 
fuscinosis, or Batten’s disease, which is characterized by 
defective lipid storage in neurons (21, 22). However, 
the mnd gene maps to the proximal end of mouse chro- 
mosome 8 (23), not 11, strongly suggesting that a fault 
in the PEMT2 gene is not the primary cause of the mnd 

Fig. 7. Sequence analysis of the murine PEMT2 
exon I (capitalized) and its 5’4anking region. Candi- 
date binding sites for transcription factors were identi- 
fied using the Findpattenzs program of the GCG se- 
quence analysis software package (Genetics Computer 
Group, Inc., Madison, WI), with a combined database 
from TFD (release 7.5, 3/96) and Transfac (release 
2.5, 1/96). A€’-3: binding site for AP3; C/EBP: bind- 
ing site for the CCAAT/Enhancer binding protein; 
E2A: E box binding site for E2A, GR glucocorticoid 
receptor binding element; H-APF-1: interleukind re- 
sponding element; HNF5: binding site for Hepatic 
Nuclear Factor 5; MyoD: binding site for MyoD; PEAS: 
primary target of signal transduction responding to 
TPA, EGF and serum; PPAR: binding site for the Pe- 
roxisome Proliferator Activated Receptor; T3: binding 
site for the Thyroid Hormone Receptor. 

defect. Therefore, further investigation is required to 
determine the link between decreased PEMT2 protein 
expression and the mnd phen0type.l 
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