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The human PCK1 gene encoding phosphoenolpyru-
vate carboxykinase (GTP) (PEPCK) was isolated and
sequenced. There is 91% amino acid sequence identity
(F67/622 residues) between the human and the rat pro-
teins, with conservation of intron/exon horders. A poly-
morphic dinucleotide microsateilite with the structure
(CA) 1 4(TA);(CA) was identificd in the 3’ untranslated
region of the cloned human PCK1 gene. This highly in-
formative genetic marker has an estimated PIC value
of 0.79 and heterozygosity of 0.81. Analysis of the RW
pedigree demonstrated recombination between PCK1

‘and the MODY gene on chromosome 20. Multipoint
linkage analysis of the reference pedigrees of the
Centre d’Etude du Polymorphisme Tumain loecalized
PCK1 on the genetic map of chromosome 20 at a posi-
tion distal to markers that are closely linked to MODY.
PCK1 is part of a conserved linkage group on mouse
Chromosome 2 with identieal gene order but expanded

length in the human genome. @ 10973 Academic Press, Tne.

INTRODUCTION

Liver cytosolic phosphoenolpyruvale carboxykinase
{GTP) (EC 4.1.1.32) catalyzes the conversion of oxalo-
acetate to phosphoenolpyruvate, a rate-limiting step in
liver gluconeogenesis. This reaction is important to glu-
cose homeostasis, and PEPCK has been considered a
potential contributing factor to diabetic hyperglycemia.
PEPCK is tightly regulated by muliiple hormones and
metabolites (for recent reviews see Short et al, 1992;
McGrane ot al., 1992}, The major siles of expression are
liver, kidney, and adipocytes. In liver PEPCK is nega-
tively regulated by insulin {O’Brien el af., 1990; O'Brien
and Granner, 1991), and the mRNA is elevated approxi-
mately fourfold in diabetic animals. Sequences up-
stream of the rat PEPCK gene confer correct tissue-spe-
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cific expression, dietary response, developmental pat-
tern, and response to glucocorticolds and insulin
(McGrane et al., 1988, 1990; Short ef al,, 1992). Nucleo-
tide sequences have heen reported for rat, chicken and
invertebrate PEPCK genes; the human gene, PCK1, is
described here for the first time.

We recently isolated two clones containing PCK1
from a human YAC library (Yu et al,, 1993). By fluores-
cence irnt sitt hybridization with the YAC DNA, we local-
ized PCK1 to chromosome band 20q13.2. PCKI1 is lo-
cated in the same region of chromosome 20 as the gene
responsible for maturity onset diabetes of the young
(MODY) in the RW pedigree (Bell et al., 1991; Bowden
et al., 1992ab; Fajans et al, 1992). To determine the
relationship between PCK1 and the MODY gene, we
have developed a polymorphic microsatellite marker for
PCK]1 and examined its segregation in the RW pedigree.
The polymorphic marker was also used to localize PCK1
on the genetic map of chromosome 20 by analysis of the
reference pedigrees of the Centre d'Etude du Polymor-
phisme Humain (CEPH).

METHODS

Cloning PCK1 from YAC DNA. 'Two YAC clones containing the
PCKI1 gene, YAC-A (A111D5) and YAC-B {B1680B6), were isolated
from the human library constructed at Washington University by
PCR screening using primers derived from partial sequence of the
human liver cDNA (Yu et af., 1993). High-molecular-weight DNA was
prepared from both yeast clones by the method of Chandrasekharappa
et al. (1992). The yeast chromosomes contained in 0.3 mg of DNA were
separated by preparntive pulsed-field gel electrophoresia on 1% aga-
rose at 200 V, with switching time linearly increased from 20 to 40 s.
After staining with ethidium bromide, bands containing approxi-
mately 3 ug of YAC-A (220 kb) and YAC-B {180 kb} were excised from
the gel and preincubated with 0.2 mg/ml bovine serum albumin (BSA)
for 30 min at room temperature, followed by digestion to completion
with 300 U of the restriction endonuclease Pstl in the presence of
BSA. The digested DNA was electreeluted, pooled, and ligated to
Pstl-digested vector pSP72 (Promega) as described in Sambrook ef nl.
(1989). Approximately 6000 clones were plated and screened with a
radiojabeled 1.6-kb Bgil1 fragment from the rat PEPCK ¢cDNA clone
pPCK10 (Yoo-Warren et al., 1983). Screening was carried out as de-
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scribed in Sambrook et al. (1989). Four hybridizing clones containing
unique Pstl fragments were isolated and sequenced (pl, p3, p8, and
pl18, Fig. 1). p17 was isolated by PCR of YAC-A DNA, using primers
from pl and p8, followed by digestion with Pstl and ligation with
pSP72. Three independent clones of p17 were isolated and sequenced
in order to detect errors introduced by PCR.

Sequencing strategy. Deleted subclones of plasmids p3, p8, and
pl7 were generated by digestion with appropriate restriction endonu-
cleases followed by recircularization. Subcleones of plasmid pl were
generated with the double-stranded Nested Deletion kit from Phar-
macia. After digestion with Kpnl and Xbal, aliquots of DNA were
treated with exonuclease III for 1 to 15 min at 37°C. The linearized
plasmids were then treated with S1 nuclease prior to religation.
Clones were sequenced with T7 or Sp6 primers or with internal
primers, using the Sequenase kit (U.S. Biochemicals). Sequences were
analyzed using MacVector 3.5 software (International Biotech, Inc.).

Microsatellite polymorphism. Two 29-bp primers flanking a micro-
satellite repeat were synthesized by the Oligonucleotide Facility of the
University of Michigan: Primer 1 (4894 GGT CAT CTT GCC CAA
GAT TTT TCC AAA GG 4866) and Primer 2 (4698 AGC TAT GTG
GAT TAG CTA GAA TGC ACA CC 4725). Primer 2 was end-labeled
with T4 polynucleotide kinase (Boehringer-Mannheim) and |vy-2P]-
ATP {Amersham) by the forward reaction method (Sambrook et al.,
1989). PCR amplifications were performed under the following condi-
tions: 200 pM each deoxynucleotide triphosphate, 1 M primers 1 and
2, 0.1 to 0.2 ug of genomic DNA, 0.8 pmol of labeled primer (1 ul of the
kinase reaction), 2.5 pl of 10X polymerase buffer (Boehringer-Mann-
heim), and 2.5 U Taq polymerase (Boehringer-Mannheim) in a final
volume of 25 ul. The reaction mixture was overlaid with mineral oil,
incubated at 94°C for 2 min, and subjected to 35 cycles of 94°C, 60 s;
60°C, 45 s; and 72°C, 60 s on a model PTC-150 thermal cycler (MJ
Research). Amplification preducts were analyzed by electrophoresis
on 6% acrylamide gels (19:1 acrylamide:bisacrylamide, 8 M urea) after
addition of & xl of 95% formamide buffer per reaction and denatur-
ation at 94°C for 2 min immediately prior to loading. The products
were visualized by exposure of gels to Kodak XAR-5 film at —80°C for
2-10 h.

For the collection of genotypic data from the CEPH pedigrees, am-
plification was carried out in a Perkin-Elmer-Cetus GeneAmp 9600
PCR system using 1.5 mM MgCl2, an annealing temperature of 55°C,
and 30 cycles of amplification. Sizes of alleles were determined with
respect to the sequenced plasmid pl.

MODY pedigree. The RW pedigree was originally collected by
S. S. Fajans of the University of Michigan (reviewed in Fajans 1989,
1992). This family is characterized by autosemal dominant transmis-
sion of noninsulin dependent diabetes mellitus (NIDDM) with early
onset (<25 years). Immortalized lymphoblast lines from many family
members have been deposited with the NIGMS Human Genetic Mu-
tant Cell Repository at the Coriell Institute for Medical Research
(Camden, NJ}. Genomic DNA was prepared from cell lines stored at
the Coriell Institute, fresh blood samples, or both. Lymphoblast cul-
tures were harvested by centrifugation and washed twice by resuspen-
sion and centrifugation in Tris-buffered saline. Blood samples were
collected directly into EDTA-coated vacuum tubes. Cells from either
source were lysed in a solution of sucrose and Triton X-100 to isolate
nuclei, which were then digested with proteinase K and gently ex-
tracted with phenol and chloroform. Genomic DNA was collected
from the aqueous phase by spooling, washed in 70% ethanol, and dis-
solved in 10 mM Tris-HCI, 1 mM EDTA, pH 7.5.

Linkage analysis. PCKI1 was positioned with respect to a subset of
loci that span 20g11.2-qter and that were uniquely placed at 1000:1
odds on a recently published multipoint genetic linkage map of human
chromosome 20 (Keith et al, 1992). The most likely position on the
map was determined by using the ALL option of the CRI-MAP link-
age analysis program, version 2.4 (Lander and Green, 1987), which
calculates the log likelihoods for alternative placements. Both sex-spe-
cific and sex-average maps were generated. Maximum likelihood esti-
mates of recombination fractions were converted to map distances by
using the Kosambi mapping function.
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FIG. 1. Structural organization of PCK1. The intron/exon struc-

ture of human PCK1 was determined by comparison of the sequence
in Fig. 2 with the sequence of the rat gene (Beale et al., 1985). The
positions of the five Pst] fragments containing PCK1 are indicated
(pl, p3, p8, p17, pi8), with the sequencing strategy represented below.
The polymorphic microsatellite is represented as (CA),,.

RESULTS

Isolation and Sequencing of PCK1

A plasmid library was constructed from two previ-
ously described YACs containing PCK1 (Yu et al., 1993)
and screened by hybridization with a rat PEPCK ¢cDNA
(Yoo-Warren et al.,, 1983). Five clones containing Pstl
fragments from 0.2 to 3 kb in length were isolated (Fig.
1). The sequence of the human gene, from nucleotide +1
{8 bp upstream of the translation start site) to nucleotide
+4894 (497 bp downstream of the stop codon) was deter-
mined by sequencing these five plasmids (Fig. 2). Plas-
mids were ordered by comparison with the rat PEPCK
gene (Beale ef al., 1985).

PCK1 contains a minimum of nine exons and eight
introns. The positions of the intron/exon borders are
identical with those of the rat gene, and all exons are
flanked by consensus splice signals. The introns of
PCK1 are relatively short and account for only 50% of
the sequence. Most of the human introns are smaller
than the corresponding rat introns by 50 to 150 bp. How-
ever, human intron I appears to have been expanded by
amplification of an internal sequence.

The arrangement of plasmid clones represented in
Fig. 1 was confirmed by PCR amplification of the junc-
tions between clones. Human genomic DNA was ampli-
fied with four sets of primer pairs derived from adjacent
clones. In each case, the length of the amplified frag-
ment was consistent with the alighment shown in Fig. 1,
demonstrating that the clones are continguous in geno-
mic DNA (data not shown).

We were unable to isclate sequences upstream of the
first coding exon of PCK1 by screening our library with
the 5 portion of the rat ¢cDNA. The 5 nontranslated
exon of the rat gene apparently is not well conserved in
the human gene.

Conserved Amino Acid Sequence of PEPCK

To detect conserved domains related to the activity of
the enzyme, human cytoplasmic PEPCK was compared
with three previously sequenced genes (Fig. 3). The cy-



MetProProGlnLeuGlnAsnGlyLeuAsnLeuSerAlaLysValvalGlnGlySerLeuAspSerLeuProGlnAalavalArgGluPhele
1 CTGCAGAAATGCCTCCTCAGCTGCAAMACGGCCTGAACCTCTCGGCCAAAGTTGTCCAGGGAAGCCTGGACAGCCTGCCCCAGGCAGTGAGGGAGTTTCT

uGluAsnaAsnAlaGluLeulysGLlnProAspHislleHisIleCysAspGlySerGluGluGluAsnGlyArgleuleuGlyGlnMetGluGluGluGly
101 CGAGAATAACGCTGAGCTGTGTCAGCCTGATCACATCCACATCTGTGACGGCTCTGAGGAGGAGAATGGGCGGCTTC TGGGCCAGATGGAGGAAGAGGGT
IleLeuArgArgLeulysLysTyrAspAsnCy
201 ATCCTCAGGCGGCTGAAGAAGTATGACAACTGgGtaagcteggooccegctgectgteccageaceetgcaggeagggeteceoctgegtetectyggagtt
301 ggtggagaaaggtgaatgaaggccottcgggtagtticagactotigagaagatgaatgeaatggtcagaaccatacagacttgaattttgtgacattagt
401 gggccagcccaagetttaaatgaggtgtgtgeacaaaagctetgecaactagattectgattaaaaaaaaggeageccctetoctacagaccagetecta
501 gtggagtaaatgtccacctggecatgtottagacggtotgtgigttcacagtgatggactgttgttagegtgotcagcactotgotaggeatggaaagce

sTrpLeudlaleuThrAspProArgAspValal
601 acggtactgaaggagatggttogetgecegtggtgettggetygaaaggaagectgtgatttttgeagCTGETTGGCTCTCACTGACCCCAGGGATGTGGT

aArglleGluSerLysThrvalIlevValThrGlnGluGlnArgAspThrvalProlleProLysThrGlyLeuSerGlnLeuGlyArgTrpMetSerGlu
701 CAGGATCGAAAGCAAGACGGTTATCGTCACCCAAGAGCAARAGAGACACAGTGCCCATCCCCAMAACAGGCCTCAGCCAGCTCGCTCGCTGGATGTCAGAG

GluAspPheGluLysAlaPheAsnAlaArgPheProGlyCysMecLysG
801 GAGGATTTTGAGAAAGCGTTCAATGCCAGGTTCCCAGGGTGCATGARAGOJagcggaacattgatttgattgggtaaaacagcagagagocttttetta
901 tttacatctatcoctaatggtaattcaaacaataatggaagctecaccacctcagatgtotttcagteocatacatgaagttggeaatgtattgaaaatge
1001 acatccctcttcotgcttttacagactgtcttatacaaacgtgaaaactagetccatgeatatgggttttaaatagettggtggacecaattgcacattta
1101 tgaaaactctttaatttcagcaggctgttcactttcocagtggoctettctaacccagggoectyggtgaccageagyggtgtggtggtgttagtggaacacceyg
lyArgThr¥et
1201 tgaaaatgggtctacctgggaaaaaaatgctggtcgtgttcegaagtecaaggtcatttctcaccagtgoccacccatogeaccotgtagGTCGCACCATG

TyrvallleProPheSerMetGlyProLeuGlySerProLeuSerLlysIleGlyIleGluLeuThrAspSerProTyrvValvValAlaSerMetArglleM
1301 TACGTCATCCCATTCAGCATGGGGCCGCTGGGCTCACCTCTGTCGAAGATCGGCATCGAGC TGACGGATTCGCCCTACGTGGTCGCCAGCATGCGGATCA

etThrArgMetGlyThrProvalLeuGluAlaLeuGlyAspGlyGluPhevalLysCysLeuHisServalGlyCysProleuProLeuGlnL
1401 TGACGCGGATGGGCACGCCCGTCCTGGAAGCACTGGGCGATGGGGAGTTTGTCAAATGCCTCCATTCTGTGGGGTGCCCTCTGCCTTTACAAAqtaagtg

1501 tattatttcagaatcaaaagtcaaaataaaaaagaaagcetgaacygcaaaccecagtgagtgoctecggggacceccaaccagggeectggeygeactgactt

ysProLeuValAsnAsnTrpProCysasnProGluleuThrLeulleAladisLeuProAspArghrgGlullellese
1601 gggaggggtcecttgttcacagAGCCTTTGGTCAACARCTGGCCCTGCAACCCGGAGCTGACGCTCATCGCCCACCTGCCTGACCGCAGAGAGATCATCTC

rPheGlySerGlyTyrGlyGlyAsnSerLeuLeuGlyLysLysCysPheAlaLeuArgAsnAlaSerArgLeuAlalysGluGluGlyTrpLleualaGlu
1701 CTTTGGCAGTGGGTACGGCGGGAACTCGC TGCTCGGGAAGAAGTGCTTTGC TCTCAGGAATGCCAGCCGGCTGGCCARAGGAGGAAGGGTGGC TGGCAGAG
HisMetLeu

1801 CACATGCTGgtgagetgcaggaagecctgatgtgcagatgagagycetggggggtggeagaaacaaacagcattacagttcecaccegtcageacaccte

1901 tctgagegtgcaggttococggacagategggaaacoccaccagtaatgattagtttacacatatacategottttgaagggoeccccaaaacaccagggga

2001 ccatagagatccttttggacttcatgattcttgggagtgttgttgcactgatacctgaaggaatagatettgagggectacattecaacctotgggctga

IleLeuGlyIleThrAsnProGluGlyGluLysLysTyrLe

2101 agtaccaacctcggggagaaggaaacadagatcacaataaagaatcttgtocccaacaghTTCTGGGTATARCCARCCCTGAGGGTGAGAAGAAGTACCT

uhlahlablaPheProSerbdlaCysGlyLysSerAsnLeuhlaMetMetAsnProSerLeuProGlyTrpLysvalGluCysvalGlyAspAspIlehla

2201 GGCGGCCGCATTTCCCAGCGCCTGCGGGAAGTCCAACCTGGCCATGATGAACCCCAGCCTCCCCGGGTGGAAGGTTGAGTGCGTCGGGGATGACATTGCC
TrpMetLysPheAspAlaGlnG

2301 TGGATGAAGTTTGACGCACAAGgtgactcttttagacccaactettggtaacgattggactcaagogaatcgttggocttcgaaacatgtcacatictos

2401 tcagtccagtgtttggatttttaaactctgttagtccagagttggoccaagecttagaatatggatectgtaagaattottcaacttaatattcaatcotgg

2501 attgaaactgggccatatgttgotgtttgtitacatacatacatttgtttaaatggtattgytggaaaattgtggaggaagcaagagtegtaaacgtate

2601 aaagttgeatatgatgettggatgaaaagagataaatgeoatattotagggagggaaaaaagatttgagaagttggocatagaaattagtcocggoaatatat

lyHisLeuArgAlaIleAsnProGluAsnGlyPhePhe

2701 aagagtatatgttctgctttgectggeactcactactgettctotggtitaaaactotocagGTCATTTAAGGGCCATCAACCCAGAAAATGGCTTTTTC

GlyvalAlaProGlyThrServalLysThrAsnProAsnhAlalleLysThrlleGlnLysAsnThrIlePheThrAsnvalAlaGluThrSerAspGlyG

2801 GGTGTCGCTCCTGGGACTTCAGTGAAGACCAACCCCAATGCCATCAAGACCATCCAGARGAACACAATCTTTACCAATGTGGCCGAGACCAGCGACGGGE

lyvalTyrTrpGluGlyIleAspGluProLeuAlaSerGlyValThrIleThrSerTrpLy sAsnLysGluTrpSerSerGluAspG
29301 GCGTTTACTGGGAAGGCATTGATGAGCCGCTAGCTTCAGGCGTCACCATCACGTCCTGGAAGAATAAGGAGTGGAGCTCAGAGGATGgtgtgtcecteca
lyGluProCysAlaHisProAsnSe
3001 gaggccttggtgtgocgggetgcagggactgectgttttgagecaggeactcacgagectttctetgtottatagGGGAACCTTGTGCCCACCCCAACTC
rArgPheCysThrProAlaSerGlnCysProllelleaAspAlaAlaTrpGluSerProGluGlyvalProlleGluGlyIlellePheGlyGlyArgArg
3101  GAGGTTCTGCACCCCTGCCAGCCAGTGCC CCATCATTGATGC TGCCTGGGAGTC TCCGGAAGG TG T TCCCATTGAAGGCATTATC TTTGGAGGCCGTAGA

ProalaG
3201 CCTGCTGgtgaggotctocttcatttaggotygggaacatgggtgtgotggtaccggaaggcatctgtgaaatetotocttttecatgaccttgtcagagyg
3301 gtgceccaggggettectttottgagettecttoccaaagatccagaataattggeaagttcaaatgtagaaccaacecttcetggtcacctggaaccttte
3401 tgaatccttgatctattgtagettgatcaaattrtactttttactttgtggoctcagtcatgtaactttgagttagoagttttctgoaatttagottggt
3501 gaatgcaaaactagctcgattacaagttattgtcttgecgtgtctttcogtgttgtgaataacaccactggttgtggagtectgaatttcaaagectetga

lyvalProLeuValTyrGluAlaLeuSerTrpGlnHisGlyValPheValGlyAlaAlaMetArgSerG
3501 tgaacatttctotttttttttootgotaaagGTGTCCCTCTAGTCTATGAAGCTCTCAGCTGGCAACATGGAGTCTTTGTGGGGGCGGCCATGAGATCAG

luAlaThrAlaAlaAlaGluHisLysG
3701 AGGCCACAGCGGCTGCAGAACATAAAGgtaaatcaaagtectgatctgaaaccacagagaagtgggattagagecactcttogtcactottatgtototet
80t ccttttctgtgtotgtygtygtggggagagagagagagagaaagagagagaggagaacaaagoatgctaatgtcaacaatcaatggcogtcagtottgectag

lyLysIlelleMetHisAspProPheAlaMetArgProPhePheGlyTyrAsnPheGly
3901 gagagcctcatttactaatgaactocctetetgtttaacagGCAARAATCATCATGCATGACCCCTTTGCCATGCGGCCCTTCTTTGGCTACAACTTCGGE

LysTyrLeuAlaHisTrpLeuSerMetAlaGlnHisProAlaAlaLysLeuProLysIlePheHisvValAsnTrpPheArgLysAspLysGluGlyLysP
4001 AAATACCTGGCCCACTGGCTTAGCATGGCCCAGCACCCAGCAGCCARACTGCCCAAGATC TTCCATGTCAACTGGTTCCGGARGGACAAGGAAGGCAAAT

heleuTrpProGlyPheGlyGluAsnSerArgValLeuGluTrpMetPheAsnArgIleAspGlyLysAlaSerThrLysLeaThrProlleGlyTyrll
4101 TCCTCTGGCCAGGCTTTGGAGAGAACTCCAGGETGC TGGAGTGGATGTTCAACC GGATCGATGGAARAGCCAGCACCAAGCTCACGCCCATAGGCTACAT

eProLysGluAspAlaLeuAsnLeulysGlyleuGlyHisIleAsnMetMetGluLeuPheSerIleSerLysGluPheTrpGluLysGluvalGluAsp
4201 CCCCRAGGAGGATGCCCTGAACCTGAAAGGCCTGGGGCACATCAACATGATGGAGCTTTTCAGCATCTCCAAGGAATTC TGGGAGAAGGAGGTGGAAGAC

IleGluLysTyrLeuGluAspGlnValAsnAlaAspleuProCysGlulleGluArgGlulleLeuAlaleulysGinArglleSerGlnMet ¥+
4301 ATCGAGAAGTATCTGGAGGATCAAGTCAATGCCGACCTCCCCTGTGAAATCGAGAGAGAGATCCTTGCCTTGAAGCAAAGAATAAGCCAGATGTAATCAG

4401 GGCCTGAGTGCTTTACCTTTAARATCATTCCCTTTCCCATCCATAAGGTGCAGTAGCGAGCAAGAGAGGGCANGTGTTCCCARATTGACGCCACCATAATA
4501 ATCATCACCACACCGTGAGCAGATCTGAAAGGCACACTTTGATTTTTT TAAGCATAAGAACCACAGAACACTGGGTAGTAGCTAATGAAATTGAGARGGG
4601 AAATCTTAGCATGCCTCCAAAAAT?CACATCCAATGCATAGTTTGTTCAAATTTAAGGTTACTCAGGCATTGATCTTTTCAGTGTTTTTTCACTTTKEE?
4701 ATGTGGATTAGCTAGAATGCACACCAAAAAAARTACTTGAGC TGTATATATATATGTGTGTGTGTGTGTGTGTGTGTGTGTGTGTGtCATGTATGTGCAC
4799 ATGTGTCTGTGTGGTATATTIGTGTATGTGTATTTIGTATGTACTGTTATTGAARATATATTTAATACCTTTGGAAAAATC TTGGGCAAGATGACT

. 1

FIG. 2. Sequence of PCK1. Exonic sequences are indicated in uppercase letters, introns in lowercase letters. The microsatellite sequence is
boxed and the two PCR primers used to detect the associated polymorphism are indicated with arrows. GenBank Accession No. L12760).
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23
Human-C 1 MPPQLQNGLN LSAKVVQGSL DSLPQAVREF LENNAELCQP DHIHICDGSE EENGRLLGOM EEEGILRRLK KYDNCWLALT DPROMWARTES KTVIVTQEQR
Rat-C 1 ..., H...DF....I.... ELKO VLG Qe EY Ll L Yoo AH. QULVILK.. oo e e I.....
Chicken-C 1 L.A.E.KTEV. IIS I D E PQ I.5..K.... E5........ ... KKI.DI. ¥.Q.MIKKLS ..E....... Neoroeeons oL, I.....
Chicken-M 1 T.. SA..AA.D. V.EAVR..R. REVLL..... .. GKE..RGL QDD.V.HP.P ........ R. ...vuss V.. ... L..P..5
314
Human -C 101 DTVPIPK-TGL SQLGRWMSEE DFEKAFNARF PGCMKGRTMY VIPFSMGPLG SPLSKIGIEL TDSPYVVASM RIMTRMGTPY LEALGDGEFV KCLHSVGCPL
Rat-C 101 ....... T . [
Chicken-C 181 ,.I....-..5 (. coiiiis vivnnns T.. ... Q...N. ...l . M...... AA KLLUNCLLL Ll
Chicken-M 86 .A..P.PPS.SP.. . N...PN A.QAVQE.. ....A..PL. ........ PT ...ALLVQY ....... Lo veaes V.PA. .QR.-.DD.. R...... R..
45 516
Human-C 201 PLOKPLVNNN PCNPELTLIA HLPDRREIIS FGSGYGGNSL LGKKCFALRN ASRLAXKEEGW LAEHMLILGI TNPEGEKKYE AAAFPSACGK SNLAMMNPSL
Rat-C 201 . .K....... Rt i e e N Keven cenenannas Toovvnn. T
Chicken-C 201 43 s | T.....M.. R
Chicken-M 186 JTE...55 DRSRV.Y, . I.SE.R.V. ... ovvh urnen- Al MOQ.. ... ¥V OUSSLLRM L.l T.....T...
617 718
Human-C 321 PGAKVECYGD DIAWMKFDAQ GHLRAINPEN GFFGVAPGTS VKTNPNAIKT IQKNTIFTNV AETSDGGYYW EGIDEPLASG VTITSWKNKE WSSEDGEPCA
Rat-C .. R N e it ittt eeie et dsiee e eanarean aaabiieae maeaaaea P, cieeiion . PQ.E....
Chicken-C 301 ....1..... +vivvven I ) Forir i vieiiaiae reaaa PP, ..L...... D .TPDN. ...
Chicken-M 286 RIH.... ... 0, DR .R....... R oo SR..... MA. .AR..... M. GLR....... D.L...TEP Y...LG.P .KHG.P....
819 9|10
Human-C 431 HPNSRFCTPA SQCPIIDAAW £SPEGVPIEG IIFGGRRPAG VPLVYEALSW QHGVFVGAAM RSEATAAAEH KGKIIMHDPF AMRPFFGYNF GKYLAHWLSM
Rat-C 2 S Vo e e
Chicken-C 481 .......... ..... 0 N, ..l Lt et ieaiy e iere e eeieeieas eraaeneaen
Chicken-M 386 ......, A.. D....M.PR. DD..,... DA ........ R. .... V..FG, R....MS.. Lol GRL..... .. Seev. A .R..E T
Human-{ 561 AQHPAAKLPK IFHVNWFRKD KEGKFLWPGF GENSRVLEWM FNRIDGKAST KLTPIGYIPK EDALNLKGLG HIMMMELFSI SKEFWEKEVE DIEKYLEDQV
Rat-C 501 HR....... ceieiiiia. . N oo e G..E.ED.A ....... Voo cieiiianns W.VE...G. ...oo..... E.D.......
Chicken-C 21 .HR...... | S SQu...... T o e Q....A .S.A.....ADT....... ED . LToo Ny eevnrnnn, E.KQ.E.G
Chicken-M 486 GLRSN.R..RL...... LR. N..R.V HAL AT .G.,Q.RDTA RP....W.. .GD.D.G..P GVDYSQ..PM E.G...E.CR QLRE.YGENF
Human-{ 6@1 NADLPCEIER EILALKQRIS QM
Rat-( 01 ..... Yoo.. -LRe. ool L
Chicken-C 601 ..... Yooun L...EM..K .L
Chicken-M S86 G... ROMMA .LEG.EE.VR K.

FIG.3. Comparison of PEPCK from human, rat and chicken. The predicted amino acid sequence of PCK1 is compared with the sequences
of rat eytoplasmic PEPCK (Beale et al., 1985) and chicken ¢ytoplasmic and mitochondrial PEPCK (Weldon et al, 1990). The chicken genes are
aligned according to (Weldon et al., 1990). The leader sequence of the mitochondrial protein is not included. The exon borders of the human and

rat genes are indicated. C, eytoplasmic; M, mitochondrial.

toplasmic PEPCK proteins are 622 amino acids in
length. The two mammalian enzymes, rat and human
PEPCK, demonstrate overall 91% amino acid sequence
identity (567/622 residues) and 96% identity for the in-
ternal portion of the protein encoded by exons 3 through
9 (380/397 residues). This internal portion of the protein
is also 89% conserved in chicken cytoplasmic PEPCK
(355/397 residues). Comparison with the chicken mito-
chondrial protein, which is the most divergent of the
four, reveals several perfectly conserved regions of 10 to
20 amino acids which are likely to be important for pro-
tein function.

A Polymorphic Dinucleotide Repeat in the PCK1 Gene

In the course of sequencing PCK1, a repetitive dinucle-
otide with the structure (CA),s(TA),(CA) was observed
on the noncoding strand 348 bp downstream of the termi-
nal codon (boxed sequence in Fig. 2). To determine
whether this element is polymorphic in the human popu-

lation, a pair of primers corresponding to sequence on
either side of the dinucleotide repeat was synthesized
(Arrows, Figure 2). PCR amplification of DNA from
YAC-A or plasmid p1 using these primers generated the
predicted 197-bp fragment (Fig. 4). When genomic DNA
from 20 unrelated individuals was amplified, a high level
of polymorphism was observed (for examples see Fig. 4).
When PCK1 was evaluated in 74 unrelated parents from
the 40 CEPH pedigrees, a total of 11 alleles were ob-
served. The heterozygosity and PIC were 0.81 and 0.79,
respectively. The sizes and frequencies of alleles in the
CEPH parents are shown in Table 1.

There is no consensus polyadenylation site between
the stop codon of PCK1 and the microsatellite repeat
sequence (Fig. 2). An apparently conserved CA repeat is
present at the corresponding position of the 3’ untrans-
lated region of the rat PEPCK ¢DNA (Beale et al., 1985).
To confirm this indication that the human microsatel-
lite is located within transcribed sequences, first-strand
human liver ¢cDNA was amplified with the primers
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FIG. 4. A polymorphic microsatellite repeat in the PCK1 gene.
Genomic DNA was amplified with the primers described in the text.
Radiolabeled PCR products were separated by electrophoresis. The
numbers above the gel are GM repository numbers assigned by the
Coriell Institute for Medical Research (Camden, NJ). Allele lengths
(bp) are indicated below the gel,

flanking the repeat. A product of appropriate length was
obtained, indicating that the repeat sequence is present
in human liver mRNA (data not shown).

Recombination with the MODY Gene on Chromosome 20

Genomic DNA from 36 individuals in the II-5 branch
of the RW pedigree (Bell et al., 1991) were typed hy PCR
for the microsatellite polymorphism at the PCK1 locus.
Mendelian inheritance of eight alleles was observed in
these family members (Fig. 5). DNA from individual II-
5, the founder of this branch of the family, was not avail-
able for analysis. The data are consistent with inheri-
tance of the 201 allele of PCKL by all seven affected
offspring in generation IIl, suggesting that II-5 carried
the 201 allele and the MODY mutation in cis on the
same homolog of chromosome 20. Nine of the 12 affected
individuals in generations IV and V carry the 201 allele
of PCK1. The other 3 affected individuals (GM 7977,
8107, and 11600} are apparent recombinants between
FCKI1 and MODY (Fig. 5, filled symbols with asterisks).
DNA from these three individuals was tested by South-
ern blotting for the polymorphic marker D208186 to con-
firm the identities of the samples (data not shown); the
observed patterns were in agreement with those previ-
ously published (Bowden et al.,, 1992a). These examples
of recombination between MODY and PCKI1 eliminate
PCK1 as a candidate gene for the disorder.

This conclusion is supported by apparent recombina-
tion events in other members of the pedigree. There are
two individuals with impaired glucose tolerance which
may be an early symptom of MODY (Fig. 5, striped sym-
bols). One of these, GM 10018, carries the 201 allele and
the other, GM 7976, lacks the allele. Either or hoth of
these individuals could be recombinants, depending on
their actual MODY status. In addition, 4 of the 10 unaf-
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fected offspring tested inherited the 201 allele (GM
8072, 11452, 11494, and 11090). One of these, GM 8072,
has two affected offspring and is therefore an obligate
carrier (arrow, Fig. 5). The other three may be either
recombinants or nonexpressing carriers, since the pene-
trance of the MODY mutation is known to be less than
100% (Fajans et al., 1992).

Multipoint Linkage Analysis of PCK! in the CEPH
Reference Pedigrees

To determine the position of PCKI1 relative to other
markers on human chromosome 20, segregation data
were collected from the 40 CEPH reference pedigrees
{Dausset et al., 1990). A total of 495 informative meioses
were observed. To maintain allele continuity, the CEPH
parents were analyzed side by side on two gels with repli-
cate samples both within and between gels, Genotypes
for CEPH individuals K1131-01 and K1131-02 are 5,9
and 6,10, respectively.

Multipoint genetic linkage maps of chromosome 20
incorporating markers from the CEPH database, ver-
sion 5, and 5 additional microsatellite markers, were re-
cently constructed (Keith et al,, 1992). PCK1 was posi-
tioned with respect to a subset of these loci that span
20q11.2-20qter and that were uniquely ordered at
1,000:1 odds by inserting it into each possible position
and computing the log likelihoods for alternative place-
ments using the ALL option of the CRI-MAP linkage
analysis program (P. Green, pers. comm.; Lander and
Green, 1987). The most likely position for PCK1 was
between D20561 and GNAS1 with odds of 10%1 over
alternative placements (Fig. 6).

DISCUSSION

Structure of PCK1

In view of the important role of PEPCK in interme-
diary metabolism, it is not surprising that the amino
acid sequence has been highly conserved during evolu-

TARBLE 1
Allele Frequencies for the PCK1 Microsatellite

Allele Size (bp) Frequency
1 211 0.03
2 209 0.01
3 207 0.03
4 2056 0.01
5 203 0.09
6 201 0.08
7 199 0.18
8 197 0.32
9 195 0.19

10 193 0.03
11 191 0.03

Note. Seventy-four unrelated parents in the 40 CEPH reference
pedigrees were typed. Sizes were determined relative to the sequenced
plasmid pl.



PEFCK ON CHR 20

|| .TO

I

703

b

1498
19% 201 w1 1246 10250 1956

EE Yoo o o

10072 12474

00 X0 | WAL 197 207 197 00

11585 | 1242 1244 1977 1976 BIF2 8193 il 10211 8072 10406 1410 7L 11452 114%) 11454 @07 1986 10018 8007
1657199 | 1914201 190/201 1914197 1997 I9NI19T 191197 0013 000G 201 A0 | 199 M3 19 207 199 207 012 190 A HG NG 20 X208 199 W1
K ok * * ¥
11586 7975 10724 BOT1 11050 11800
10199 191201 195 X0 WG 9% 199 20

* *

FIG. 5. Segregation of MODY and PCK1 in the II-5 branch of the RW family. Genomic DNA was isolated from cell lines and typed for the
microsatellite polymorphism in PCK1. Identification numbers are the GM repository numbers for the immortalized cell lines. Allele lengths are
indicated for each individual who was typed. PCR analysis of representative samples from this pedigree is shown in Fig. 4. Disease status is
taken from Bell ef al. (1991); individual GM 10018 has recently been diagnosed as affected and individual GM 7976 as unaffected (S. S. Fajans,
Ann Arbor, pers. comm., April 28, 1993). Solid symbols, affected with MODY; open symbols, unaffected; striped symbols, impaired glucose

tolerance; arrow, obligate carrier of MODY; asterisks, apparent recombinants.

tion. The organization of human PCK1 is very similar to
that of the rat gene, with conservation of intron/exon
boundaries and relatively short introns. Several putative
functional domains of the rat protein are perfectly con-
served in human PEPCEK, including cysteine residue
288, three potential guanine nucleotide binding sites
{residues 237-243, 318-321, 388-391), and five essential
amino acids in the putative phosphoenolpyruvate bind-
ing site (residues 24-51) (Cook et al., 1986; Weldon et al.,
1990). Site-directed mutagenesis of these sites will be
required to confirm their predicted function.

An unusual region of sequence conservation was also
identified in the 3’ untranslated region. The human
PCK1 gene contains the structure (CA),;(TA);(CA) lo-
cated 348 bp downstream of the last codon. In the rat
gene, a closely related sequence 1s located between 300
and 360 bp downstream of the coding region (see Fig. 2in
Beale et al, 1985). Another example of a conserved
(CA), repeat in a mature mRNA transcript was recently
described in the 8’ untranslated region of the human and
mouse dystrophin genes (Maichele and Chamberlain,
1992). The conservation of a (CA), repeat in a noncod-
ing region of these two genes suggests a possible role in
gene expression or mRNA stability. It has been esti-
mated that 1-2% of human fetal brain ¢cDNAs may con-
tain polymorphic (CA), repeats (Kahn et al., 1992). How-
ever, despite analysis of thousands of (CA), repeats over
the last few years, no functional role has been identified
for any of these sequences.

Recombination with the MODY Gene on Human
Chromosagme 20

In the II-5 branch of the RW pedigree, we observed 3
recombinants between PCK1 and MODY among 12 af-
fected offspring. As many as five potential recombinants
were also identified among unaffected individuals.
These results demonstrate that PCK1 is not responsible
for diabetes in this family. This conclusion is consistent
with the position of PCK1 on the CEPH map. PCK1 is
located 30 ¢M distal to D20S16 and 40 ¢M distal to ADA,

both of which do not recombine with MODY in this fam-
ily (Bell ef al., 1991; Bowden et al., 1992a,b).

Because of the 10 ¢M length of the nonrecombinant
interval in the RW family between D20516 and ADA
(Fig. 6), isolation of the MODY gene by positional clon-
ing will require additional informative families and poly-
morphic markers. Testing of candidate genes as they are
mapped to this region of human Chromosome 20 1s likely
to be an important strategy for identification of the
MODY gene. One such candidate, phospholipase C
(PLC1), was recently mapped to a position 9 ¢M proxi-
mal to MODY (Rothschild et al., 1992),

Location of PCK1 on the Genetic Map of Chromosome 20

The dinucleotide microsatellite in the 3’ untranslated
region of PCK1 is highly variable, with 11 alleles identi-
fied in the CEPH families. The location of PCK1, which
is 6 cM from D20S25 and 9 ¢M from GNAS1 on the
sex-average map, serves to fill in the 15.3-¢cM interval
between D20S15 and GNAS1 observed on previous
maps (Keith et al., 1992). In addition, with a heterozygos-
ity of 0.81, it fills a 20-cM gap in this region between
markers with heterozygosities =0.70 (D208S25 and
D20S515) and hence contributes toward the development
of a Framework Map of Index markers for this chromo-
some. The sex-average map of 20 loci from SRC to
D20526 spans 79 ¢M. Overall, the female map shows
significantly higher rates of recombination than males
with the length of the female and male maps being 87
and 75 ¢M, respectively.

The interspersed repetitive element DNF28 is found
in several regions of excess male recombination and has
been proposed as a possible mediator of male-specific
recombination (Rouyer et al., 1990). It is interesting to
note that multiple copies of DNF28 have been mapped
to distal Chromosome 20 (Rouyer, 1990), a region which
may have an excess of male recombination (Fig. 6).

Conserved Linkage Group

Conserved linkage groups in the human and mouse
genomes provide valuable information about homology
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FIG. 6. Genetic linkage map of chromosome 20g11.2-q13.3. Loci are shown in their most likely order at odds of at least 1000:1, with map
distances indicated in centimorgans. A subset of markers on the sex-average map with known physical localizations are shown connected to

their chromosomal band assignments on the idiogram.

relationships between genes in the two species, and are
of increasing predictive value (Nadeau et al., 1992). The
location of human PCK1 was predicted on the basis of
its position within a conserved linkage group on mouse
chromosome 2 {Yu et al., 1993). Nine genes in this con-
served linkage group have been mapped in human and
mouse (Fig. 7). Gene order appears to be conserved, but
the genetic length of the human linkage group is twofold
greater than the average difference between the two spe-
cies. The major expansion is in the region between ADA
and PCK1, which spans 7 ¢M in the mouse and 40 ¢cM in
human. The mouse homolog of MODY is predicted to lie

within this interval. To date, no dominantly inherited
single-gene mutations causing diabetes have been
mapped to this region in the mouse.

The data presented here eliminate PCK1 as a candi-
date for the MODY gene on Chromosome 20, but the
polymorphic microsatellite will be useful for analysis of
the role of this locus in other human inherited disorders.
The role of PEPCK in adipocyte lipid synthesis suggests
that it could contribute to hereditary obesity. In infancy,
genetic deficiency of PEPCK might be expected to be
associated with serious metabolic abnormalities and fail-
ure to thrive. Finally, it will be important to determine



PEPCK ON CHR 20

MMU 2 HSA 20q
< T
80——Pygb
F—Hck - 1
— 50
—Rpn-2,5rc------ -0 - SRC —
—Pleg-1----....
Fe- T PLC 1]
1 L A ADA —|
[ Ada- —70 | moDY
D20S16 —
—Pck-1-, — 90
100——Gnas. -.
T PCK 1
I—Acra - 4 . —110
“GNAS 1 —
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Chr 2. The map positions of nine mouse genes are shown at the left
(Siracusa and Abbott, 1992; Nelson et ai,, 1992.) Five human homo-
logs that have been genetically mapped on the CEPH pedigrees are
shown at the right. The cytogenetic positions of the other four human
genes (Grzeschik and Skolnick, 1991) are consistent with conserva-
tion of gene order. The MODY gene in the RW pedigree does not
recombine with markers in the 11.5-cM interval between ADA and the
anonymoeus marker D20S16 (vertical bar). Map positions are given in
centimorgans from the centromere.

whether PCK1 is a contributing factor in other cases of
mono- and polygenic diabetes.
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