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Four overlapping cDNA clones for L-type pyruvate kinase (PK-L) were isolated from carbohydrate-in-
duced rat liver cDNA libraries. They contained all the coding sequence of the enzyme from the 7th codon
and the entire 3’-untranslated extension up to the poly(A) tail. The sequence of the first 7 codons and that
of the 5-untranslated region were determined by primer extension. The analyzed PK-L mRNA has 19 5'-
untranslated bases, 1629 coding bases and 1281 3’-untranslated bases without the poly(A) tail; it corre-
sponds to the heavier, 3.2 kb species of the L-type mRNAs. The codons for the phosphorylatable site are,
located at the 5'-end of the messenger. The unusually long 3’-untranslated extension contains a repetitive
element complementary to the ‘brain-specific’ identifier sequence described by Sutcliffe et al. [(1982) Proc.
Natl. Acad. Sci. USA 79, 4942-4946].

Pyruvate kinase

1. INTRODUCTION

L-type pyruvate kinase (PK-L) is a liver-specific
enzyme which is thought to play a major role in
regulation of glycolysis. It is accurately regulated
by diet and hormones at a pretranslational level [2]
and, post-translationally, by phosphorylation-
dephosphorylation [3,4]. Except for the C-
terminal end [5] and for the phosphorylated pep-
tide [6,7], the amino acid sequence of the enzyme
is unknown. '

The liver L enzyme seems to be encoded by the
same gene as the erythroid cell-specific L'
pyruvate kinase [8,9]. Structure comparison be-
tween L and L’ subunits indicated that they were
identical [10,11] except at the level of the
phosphorylated peptide which was heavier in L’
than in L subunits [11]. The phosphorylated serine
was shown to be located near to an extremity of the
L and L’ subunits [11]. Simon et al. [11] concluded
therefore that L and L' subunits differed by the
extremity that carries the phosphorylatable site.

c¢DNA clones for rat PK-L were recently isolated
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by Simon et al. [12] and by Noguchi et al. [13].

Here we report the complete nucleotide sequence
of the PK-L mRNA and the deduced amino acid
sequence. The phosphorylatable serine appears to
correspond to the 12th codon and is therefore
located at the 5'-end of the L subunit. The
3’-untranslated sequence is unusually long and
contains a repetitive element which is complemen-
tary to the ‘brain-specific’ identifier sequence
described by Sutcliffe et al. [1].

2. MATERIALS AND METHODS

Clones (11 C6, 12 H2 and 2 B8), complementary
to the 3'-part of the messenger, have been isolated
from the library described by Simon et al. [12].
They have been subcloned in the single-stranded
M-13 mp 10 and mp 11 bacteriophages and se-
quenced by Sanger’s dideoxy chain termination
method [14].

Clone PK G4 (fig.1) was isolated from a second
carbohydrate-induced rat liver cDNA library con-
structed from non-fractionated poly(A)-containing
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Fig.1. Restriction map analysis of PK-L cDNA clones. The upper part of the figure represents all the length of PK-L
mRNA without the poly(A) tail. Position + 1 designates the A nucleotide of the AUG initiator codon.

RNAs (Simon et al., unpublished). About 20 x 10°
recombinant clones were screened by hybridization
with the 11 C6 insert. 18 positive clones were
detected. The PK G4 clone was selected for further
investigations because of its length (1.8 kb) and the
absence of hybridization with the extreme
3’-probes (12 H2 and 2 BS8).

The nucleotide sequence of this insert was deter-
mined by the chemical method of Maxam and
Gilbert {15] (fig.1). A synthetic 36-mer
oligonucleotide complementary to the codons
18-30 (5'-TTGCTGCTGCTGGAAGAAGGCA-
GTGCCCAGCTCCTG-3') was synthesized by Dr
Igolen, Institut Pasteur de Paris. It was labeled in
5’ by polynucleotide kinase [15], annealed to
poly(A)-containing mRNA purified from a carbo-
hydrate-fed rat liver, then extended by reverse
transcriptase [16). A 106 base major elongation
product was purified by denaturing polyacryl-
amide gel electrophoresis and sequenced according
to Maxam and Gilbert [15].

3. RESULTS AND DISCUSSION

The complete nucleotide and deduced amino
acid sequences of PK-L are shown in fig.2. The se-
quence of 16 5'-non-coding bases and of the first
7 codons was obtained from the primer extension
experiment. The 5’-untranslated region seems to
be rather short, 19 bases as judged from the length
of the primer extension product (106 bases com-
posed of the 36 bases of the primer, 51 first coding
bases and 19 5’-non-coding bases). The 1629
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coding nucleotides are followed by 1281
3’ -untranslated bases and by a poly(A) tail. The
canonical AATAAA polyadenylation signal [17} is
located 25 bases before the poly(A) tail.

As shown by Saheki et al. [5] the 3'-end of the
enzyme is ‘Val-Ser’, followed by a TGA stop
codon. The 3'-untranslated extension contains
between positions 2151 and 2225, a sequence com-
plementary to the identifier sequence described by
Sutcliffe et al. [1]. The significance of this finding
is discussed elsewhere [18]. The phosphorylatable
site  (Leu-Arg-Arg-Ala-Ser.P.-Val-Ala-Gln) s
identical to that reported by Humble [6] and is
located close to the 5'-end of the messenger, that
is to say close to the N-terminal end of the protein.
Since the L and L’ subunits were shown to differ
by the extremity containing the phosphorylatable
site [11}], we can assume that L and 1.’ PK subunits
have different N-terminal ends. The deduced
amino acid sequence reported here fits perfectly
with the partial sequence analysis of Hoar et al.
[7]. So far the only PKs whose complete amino
acid sequence has been determined are chicken
muscle [19] and yeast [20] enzymes. Sequence
homology between these enzymes and PK-L was 68
and 48%, respectively.

The total length of the PK mRNA whose se-
quence is reported here is 2930 bases without the
poly(A) tail, which fits the 3.2 kb length previously
reported for the heavy PK mRNA species. Two
shorter, 2 and 2.2 kb long, mRNA species exist;
both are polyadenylated and translatable into the
same PK-L subunits. Marie et al. (submitted) have



Volume 195, number 1

~16 GAACCAACGTAOGCAC

»
1 ATGGAA 808 CCA 03 OGA TAC CTT CGA COT GCB AST QTG 6CT GAA CTB ACC CAG GAB 016
Met Glu Bly Pro Als Oly Tyr Leu ArgArg Ala Ser val Ala GlnLeu Thr OIn Glu Leu

61 GGC ACT GCC TTC TTC CAG CAG CAG CAA CT CCC GCA GCT ATG 606 GAC ACC TTC CTG GAA
Gly Thr Als Phe Phe GIn 0InGin Gln Leu Pro Ala AlaMet Ala Asp Thr Phe Leu Glu

121 CACCTC TeC CTT CTG GAT ATC GAC TCA CAG CCT 676 6CT BCT CBT AGC ACC AGC ATC ATT
Hisleu Cysieuleu Asp tie AspSer GinPro val Als Ale ArgSer Thr Ser lie il

181 GCCACCATT 006 OCA GCA TCC 0B TCT 878 BAC CBC CTC AAG BAB ATG ATC AAK GCA 006
Als Thr e Bly Pro Ala Ser Arg Ser Yal Asp Argleulys OluMat e Lys Ala Gly

241 ATGAACATT OCA OBA CTC AAC TTC TCG CAT GOC TCC CAT GAG TAC CAT BCA GAA TCU ATC
Met Asn Ile Als Argleu Asn Phe Ser His Gly Ser His Glu Tyr HisAla Glu Ser lle

301 GCCAAGATC COG GAG OCA ACT GAB AGT TTT GCA ACC TOG OCA CTC AGC TAC AGA CCT 0T
Ala Asn ile Arg Glu Als Thr 6lu Ser PhaAls Thr Ser Proteu Ser Tyr ArgPre Val

361 GOCATCO00 CTE OAC ACC AAS BGA COT GAG ATA (0A ACC B8A BTC TT0 CAG 000 00T 008
Al ile Ala Leu Asp Thr Lys Gly Pro Glu {le Arg Thr Gly Val LeuGin Gly Oly Pro

421 0AG TCO GAG GTO GAA ATT BTG AAG GOC TGA CAG BT0 CT0 BTG ACG TG GAL 008 AAG TTC
Glu Ser Blu Val Glu ile Vel Lys Gly Ser8tn Val Leu Val Thr Val Asp PraLys Phe

481  CAGACA AGG GOT GAT GCA AAG ACA GTG TGO BTG GAC TAC CAC AAT ATC ACC COB GTC OTT
Gln Thr Arg Bly Asp Alalys Thr Val Trp Yal Asp Tyr His Asn lle Thr Arg Yal Val

S41  OCAGTG 006 00C COC ATC TAC ATT GAC GAC 003 CTC ATC TOC TTA GT5 GTA CAGAM ATC
Ala ¥al Gly Gly Arg lle Tyr lle Asp AspGly Leu lle Ser Leu Val Yal Glnlys e

601 0OC CCA GAG O0A CT0 TG ACA GAA GTG GAS CAC OB GOT ATC TT6 GOC AGC ABG AAD 06T
Gly ProGlu GlyLeu Yal Thr 6lu Yal Blu His Gly Gy e Leu Gly Ser ArgLys Oly

661 OTOAAC TTO CCA AAC ACT GAG BTG GAC CTG COC 006 CTG TCT GAG CAA GAC CTT TTG GAT
Yal Asn Leu ProAsn Thr Glu Yal Asp Leu Pro Oly Leu Ser Glu in Asp l.eu Leu Asp

721 CT6 0BG TTC 000 G706 CAG GAT AAT B0 GAC ATCATC TTT GCC TCC TTT 676 CO0 MM 6CC
Leu ArgPheGly Yal GinHis Asn Vel Asplie lle Phe Ale Ser Phe Vel Arglys Als

781 AGT GAC OTG TTA OCA OTC COO GAT 6CC CT0 000 CCA OAA G0A CAB MC ATC AMATT ATC
Ser Asp ValLeu Ala Val Arg AspAla Leu Oly Pro Glu Oly GinAsn ile Lys ile il

841 AGC AMAATC GAD AAC CAT GAA GOC OTG AAG AAG TTT GAT GAA ATT CTA GAA (T AGC GAT
Ser Lys lle GluAsn His GluGly Yal LysLysPheAsp Glu [le Leu Glu Val Ser Asp

901 B6CATC ATG BTG BCA COG GGT GAC CTE GOC ATT BAG ATC CCT 6B GAB MG 81T TTC TTQ
Gly lie Met Yal Ais ArgGOly Asp Leu Gly ile Glu lie Pro AlaBlu Lys Val Phe leu

961 OCT CABAABATGATGATT 00A COC TAC AAC CTO 00C 60 ARG CCT GTCTT 16T OCCAA
Ala Gin Lys Met Met 1le Sly ArgCysAsn LeyAla Gly Lys Pro Val Yal CysAls Thr

1021 CABATGCTQ GABABC ATG ATC ACT AAG GCT 08A CCA ACT COG G0 GAG ACA AGC GAT 016
Gln MetLey Glu Ser Met Ile Thr Lys Ala Arg Pro Thr Arg Ala Olu Thr Ser Asp Yai

1081  BOC AAT GCC BT CTH BAT 608 GCT GAC TGT ATC ATG CT6 TOC GGA GAB ACC 800 AAB BIC
Ala Asn Ala Val Leu Asp Cly Ala Asp Cvslle Met Leu Ser Gly Glu Thr Alalys Gly

1141 AGT TTT CCT G0 GMA OCT GTA AT ATO CAA CAT GCOATT B00 COG GAG OCA OAD BCC 6CT
Ser Phe Pro ¥l Glu Als Vel Met Met Gin His Ala lle Ale Arg Glu Als Glu Als Als

recently demonstrated that these mRNA species
differed by their 3'-untranslated extension,
probably through a mechanism of alternative
splicing.

In conclusion we report the total nucleotide se-
quence and deduced amino acid sequence of PK-L.
This allowed us to locate unambiguously the
phosphorylatable site close to the N-terminal end
of the protein. In addition PK mRNA exhibits
some unusual characteristics, e¢.g. a very long
3’-untranslated extension and the presence in it of
a repetitive sequence complementary to the brain-
specific identifier sequence.
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1201 TG TAC CAC CBC CAS TTG TTT GAG GAG CTA 06C €00 GCA 80G COG CTG AGC 08T GAC CCA
Val Tyr His Arg OinLeu PheGlu 8u Leu ArgArgAla AlaProleu Ser Arg AspPro

1261  ACT GAG GTC ACT 6CO ATT G0 BCC 670 GAG 6CT TCC TTC AAG TOC TET GCA GCA GCC ATC
Thr Glu Y&l Thr Ala {le Gly Ala Vel Olu Ala Ser Phelys Cys CysAla Ala Als e

1321 ATCGT@CTGACG AAG ACT GAC COT TCA GCC CAB CTT CTA TCT CAA TAC CBA OCT €00 6C8
Ile val teu Thr Lys Thr Gly Arg Ser Ala Gln Leu Leu Ser Gin Tyr ArgPro Arg Als

1381  GCTGTCATT GCT 6TG ACT GGA TCT BCC AAB BCT GCC CBA CAB BTC CAC CT8 TCC U0A B6A
Ala Yal tle Ala Y&l Thr Arg Ser Ala LysAls Ala Arg Gln Yal His Leu Ser ArgGly

1441 BYC YTC COC TTO CTC TAC 00T 0AG CCT OCA GAG GCC ATC TGO GCA GAT GAT GTO GAT CBA
Yal Phe ProLeu Leu Tyr ArgQly ProProGlu Ala lle Trp Als Asp Asp YelAsp Arg

1501 ABG GTC CAA TTT GOC ATT GAA AGT GGA AAG CTC COT BT TTC LTC CGT BTG GOT BAT CTG
Arg Yal Gln Phely lle Glu Ser Bly LysLeuArgOly Phe Leu Acg Vel Oly Asp Leu

1561  OTOATT GTG QT ACA 06T T00 000 CLT 6BC TCT 00C TAT ACC MC ATCATO COG 0T CTO
sl {le Vel Vel Thr Bly Trp ArgPro@ly Ser Gly Tyr ThrAsn e Met Arg Valleu

1621 ABC GTA YOO TGA ARTOCCTCTCCOCAT TCTEACCCABT TACACCCTATTTCT TTCAACCCACACCCC
Ser Val Ser

TCCCATAGTCCTACATCTACCATCTAGCCCCATCOCTGTECTTTACACAGGCCCTGAATOTCTBTATCS
1757  AATTATACAGTGCCACCOGCAGCATCOOT TBTATATCCCTQTCTCAATCOBCTCAGCTOGACTCTAAGA
TACCCTGABCCTTTAATOOCAQGCCCAGC TOGT TBATTCBATTCCT TCCOOBTCCTAATCATTAGAATO0
1895  GOGAGTOGAAACABOGTOATCTTGTCCAATT TTCATAGAATCATOAT TTTAMAGACTGTCTGATATAA
COCTCATOATCAGT TTCCTAGCAMOTGTCATCTCCTAATOOCCTCAAGT CABBRCAGAATALTCCTTC
2033 ANGGAGCACAGCTCUACACT T TAGOGABOCTOR0OCAGCTEO0TACT OCAGAGAACTAMBACAGOCTE

@Q...TIQI.QIFLQIFIQIH IHIIIIIIIQIHJ&IIHW

o e
F, 0- A Jm AORTAN

2309 w TMWTTATTTTCTTM}TMTWTNTTMTGT
CCTOCOCACTECTCT MTWTMB\TMT COAGAMT TCTTCCACAMCCACT TOGCTCCCACATACAA

2447 ATTAGAMOCAMACTGAATCTTTTCTTTTAAACCCAACTOTTTAGOTOUAAT TATAMAACAACTCCAC
AGOCAAAGAAT CCCAGAATCTCRTACCCTAGBAGATGTATAGT CCTOBCCCCACCCATCAATECTETAG
2585  TATACTCCTGAAGCOBGACAGAALTGOTEAACAGBRBACTCCTCT TBTCCCTAABAARGTBOAGBCACT
QTTOACOCACCOCTCCTAGRT T TAAATACTOCARGCCCTCCTCT TCABCACCAACABCAAATCCABATO
2723 AGAAAAMAAAATAABTOCAGTTCTCCTECTOOCCTOCTCT T TTCACTACUTCARTAGAGCAAGT TTGA
GTATTOCTOCTGATOOCAGTHTGLANIGACCACAMBAT BTCCCOCCTCAGCOCCCTACCAGAMBETO0
2861  AGAGGACAGAOGAATGAATAATAMAGTGAATOCOTCAMATTAGCARMATOR 35y

Fig.2. Nucleotide and deduced amino acid sequences of
the PK-L mRNA. The canonical AATAAA
polyadenylation signal and the TGA stop codon are
underlined by a thin line. The <cID sequence
complementary to the identifier sequence is underlined
by a thick line; it is surrounded by 2 Alu-like sequences
underlined by a stippled line. Sequence from position
—17 to + 18 was determined from the primer extension
experiment. The phosphorylatable site is indicated by an
asterisk.
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