
Genet. Res., Camb. (1989), 53, pp. 105-110 With 1 text-figure Printed in Great Britain 105

The liver/erythrocyte pyruvate kinase gene complex [Pk-1]
in the mouse: structural gene mutations
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Summary

Nine enzyme activity variants of liver/erythrocyte pyruvate kinase have been found amongst
laboratory and wild mice. Four of these variants have been shown by biochemical and
immunological criteria to be mutations of the structural gene, Pk-ls. These four structural gene
mutations, and two regulatory gene mutations, define the gene complex, [Pk-1]. One allele of the
structural gene, Pk-ls1, found in the inbred strain C57BL, has an unusual phenotype and affects
the expression of pyruvate kinase in the liver but not erythrocyte. A possible mechanism for this
tissue-specific structural gene mutation is suggested.

1. Introduction

The glycolytic enzyme pyruvate kinase (PK, EC
2.7.1.40) is differentially expressed in mammals in a
complex tissue specific manner. It is coded for in the
mouse by two structural genes: Pk-1 (chromosomal
location unknown; Moore & Bulfield, 1981) and Pk-
3 (chromosome 9, Peters et al. 1981; Peters & Andrews,
1984); there is no Pk-2 gene. There are four major
isoenzymes of PK in mammals produced from four
mRNAs, two from each structural gene possibly by
RNA splicing: PK-R in erythrocytes and PK-L in
adult liver from the Pk-1 gene; PK-M15 in heart,
muscle, brain, etc. and PK-M2 in kidney and foetal
liver from the Pk-3 gene (Imamura & Tanaka, 1972;
Marie et al. 1976, 1981; Harada et al. 1978; Saheki
et al. 1978; Noguchi et al. 1982; Saheki et al. 1982;
Simon et al. 1982; Peters & Andrews, 1984). The
cDNA sequences for both genes have been cloned
(Noguchi et al. 1983, 1984, 1986; Simon et al. 1983;
Inoue et al. 1986; Lone et al. 1986).

A number of inherited variants of Pk-1 and Pk-3
have been discovered in the mouse. For the Pk-3 gene
these include both on allele producing no measurable
enzyme activity (Pk-3r; Johnson et al. 1981) and an
electrophoretic allele (Pk-3"; Peters et al. 1981) and
for Pk-1, nine enzyme activity variants (Bulfield et al.
1978; Moore & Bulfield, 1981; Bulfield et al. 1984;
Charles & Pretsch, 1984, 1987) and an electrophoretic
allele (found in Mus spretus; Bonhomme et al. 1984).
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In this paper we analyse four putative structural gene
mutations of Pk-1 found in inbred and wild mice and
in a further paper we will analyse two putative
regulatory gene mutations. These regulatory and
structural gene mutations define the gene compl^
[Pk-1].

lex.

Material and methods

(i) Animals

The inbred strains C57BL/6 and C3H/He were
obtained from Bantin and Kingman Ltd, Grimston,
Hull, U.K. The phenotypes W (Pk-lb/Pk-1"; Moore
& Bulfield, 1981), PKD and PKL (Bulfield et al. 1984)
originated as heterozygotes in wild-caught animals
and are maintained as homozygous stocks. Livers
from the BXH RI strains were a gift from Dr B. A.
Taylor of the Jackson Laboratory (Bar Harbor, MA,
04609) and were sent to Roslin packed in dry ice;
other tissues were stored at — 70 °C prior to use at
which temperature the enzyme from all phenotypes
was stable.

(ii) Determination of enzyme activity

Pyruvate kinase (EC 2.7.1.40) activity was deter-
mined using an LKB Reaction Rate Analyser as
previously described (Ultrolab; Bulfield & Moore,
1978; Moore & Bulfield 1981) and interfaced with a
Commodore 64 computer. Enzyme activity units were
expressed as /miol/min/ml blood or /miol/min/g wet
weight liver at 30 °C.
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Table 3. Equivalence points and slopes of liver and blood PK of five
phenotypes determined by immunotitration"

Liver Blood

Phenotype

C57BL/6
C3H/He
W(Pk-lb/Pk-l")
PKD
PKL

Equivalence
point

13-5+1-3
10-7 + 0-7
10-1 + 1-1
11-9 + 0-8
10-8+1-5

Slope

19-8 + 0-90
8-4 + 0-80
6-6+1-15
8-9 + 0-25

101 + 100

Equivalence
point

18-5+10
21-0+1-5
17-2+1-5
19-5 + 2-3
18-2 + 0-9

Slope

201 + 1 30
17-4+1-80
8-6 + 0-75
9-3 + 0-90
7-5 + 0-55

" Mean + s.E. of 10 animals, each animal assayed three times, for each phenotype.

but only in the specific activity of the enzyme, implying
that they are caused by mutations at the structural
gene, Pk-ls.

(iii) The W, PKD and PKL phenotypes

These three phenotypes have already been partially
characterised. The W phenotype derived from a wild
heterozygous male trapped in Edinburgh, and is
caused by homozygosity of a structural gene mutation
Pk-ls", that segregates from both C57BL/6 and
normal wild-caught mice and affects PK activity,
thermal stability and Km for ADP in both liver and
blood (Moore & Bulfield, 1981). The PKD and PKL
phenotypes were derived from individual low PK
activity wild-caught males from Edinburgh and
Leicestershire, respectively, which were putative
heterozygotes (Bulfield et al. 1984). No detailed segre-
gation analysis has been performed with these two
phenotypes but true breeding strains were established
immediately after crossing the original putative
heterozygote male to four of his low PK activity
putative heterozygote daughters (from a cross with a
C57BL/6 female). These strains have bred true for the
low PK activity PKD and PKL phenotypes for over
30 generations and this strongly indicates that they are
caused by homozygosity of a mutant allele. These
phenotypes also have lower liver and blood PK
activity than both normal wild-caught mice and
C57BL/6 animals. As the PKD and PKL phenotypes
were each derived from an individual mouse trapped
over 300 miles apart and each only isolated once from
their sites it is unlikely that they are caused by
homozygosity of the same allele. The enzyme from
both phenotypes also has a wild type heat stability
and Km for ADP and therefore differs from animals of
the W phenotype (Bulfield et al. 1984); it is therefore
likely that three different alleles cause these three
phenotypes.

That the PKD and PKL phenotypes are caused by
alleles of the structural gene, Pk-Js, is strongly
suggested by the effect on PK specific activity and not
PK concentration in these animals (Table 3, Fig. 1).
These putative alleles of Pk-ls will be provisionally

called Pk-ls0 causing the PKD phenotype and Pk-lsd

causing the PKL phenotype.

(iv) The C57BL/6 and C3H/He phenotypes: the
BXH RI strains

In previous work (Moore & Bulfield, 1981; Bulfield
et al. 1984) the C57BL inbred strain had been taken as
the standard 'wild-type' strain. The C3H strain has,
however, the most common phenotype amongst the
inbred strains (Bulfield et al. 1978) and differs from
C57BL/6 in a tissue specific manner having the same
PK activity in the blood but with a two-fold difference
in the liver activity (Table 1).

It was not possible to analyse the difference between
these two phenotypes with a classical segregation
experiment so animals from the 12 BXH recombinant
inbred strains (Taylor, 1978) were used. Three of the
BXH strains had the C57BL/6 phenotype and eight
had the C3H phenotype (Table 4); no unusual
phenotypes were observed. Although the ratio of
phenotypes amongst the RI strains is not 1:1, the
deviation is not significant with such small numbers;
the data indicates the segregation of a major gene

Table 4. Liver PK activity between the BXH
recombinant inbred strains'1

Strain

C57BL/6J
C3H/J

BXH 2
BXH 3
BXH 4
BXH 6
BXH 7
BXH 8
BXH 9
BXH 10
BXH 11
BXH 12
BXH14
BXH 19

PK activity

57-0 + 2-8
36-6±l-l
37-1 + 1-4
38-4+2-0
37-4+4-4
80-3+1-7
35-3 + 3-0
68-8 + 3-5
601 + 1-7
38-5 + 2-5
431 + 1-5
42-5 + 3-5
—
350 ±0-7

Phenotype

B
H
H
H
H
B
H
B
B
H
H
H
—
H

n

5
5

6
6
6
9
7
8
6
6
7
3
—
8

Mean + S.E. ; each animal assayed three times.
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amongst the BXH strains. Unfortunately this strain
distribution pattern does not give any information on
linkage (B. A. Taylor, personal communication).

The C3H/He and the C57BL/6 phenotypes only
differ in measurable PK activity in the liver; they have
the same measurable PK activity in the blood (Table
1). This liver difference is not due to enzyme
concentration as the equivalence points are the same
(Table 3, Fig. 1) but is due to a difference in enzyme
specific activity (slopes; Table 3, Fig. 1) and is
therefore likely to be due to an allelic difference at the
structural gene, Pk-ls. We therefore name the allele in
C3H/He mice (and most inbred strains; Bulfield et al.
1978) Pk-lsa and that in C57BL/6, Pk-ls1 (liver-
specific). Note that this is a change in allelic
designation of C57BL/6 from our previous pub-
lication (Moore & Bulfield, 1981). A possible mec-
hanism whereby an allelic difference of the structural
gene can cause a tissue specific alteration in enzyme
activity is discussed later.

4. Discussion

There are two structural genes for the glycolytic
enzyme, pyruvate kinase in mammals: Pk-1 codes for
the PK-L and PK-R isoenzymes of adult liver and
erythrocytes respectively and Pk-3, coding for both
the PK-Mt isoenzyme of muscle, brain etc. and the
PK-M2 isoenzyme of kidney and foetal liver (Imamura
et al. 1978; Marie et al. 1976, 1981; Harada et al.
1978; Saheki et al. 1978, 1982; Noguchi et al. 1982;
Simon et al. 1982; Peters & Andrews, 1984). By direct
screening of inbred strains, mutagenised mice and
feral animals, nine enzyme activity variants and an
electrophoretic variant of PK-L and PK-R have been
discovered (Bulfield et al. 1978; Moore & Bulfield,
1981; Bonhomme et al. 1984; Charles & Pretsch,
1984, 1987). In this paper we have subjected 5 of the
enzyme activity phenotypes to genetical and bio-
chemical analysis.

Three of the five phenotypes, W, PKD and PKL,
each derived from separate populations of wild-

caught mice, had reduced enzyme activity in both liver
and blood (Table 1) without any change in enzyme
concentration (Fig. 1 and Table 3); the enzyme in the
W phenotype also has an altered Km for ADP (Moore
& Bulfield, 1984). The W phenotype segregated as a
single gene and identifies the structural gene, Pk-ls
(Moore & Bulfield, 1984) and breeding analysis of the
PKD and PKL phenotypes also strongly suggests
these are caused by single genes. It is therefore
concluded that all three phenotypes are caused by
separate allelic differences at the structural gene, Pk-
ls.

Animals from the C57BL/6 and C3H/He inbred
strains also have different phenotypes but in this case
the variation is tissue-specific. PK activity in the blood
is the same whereas C57BL/6 animals have two-fold
greater PK activity in the liver (Table 1). In fact, the
C3H/He phenotype is the standard amongst inbred
strains (e.g. SM, A, 129; Bulfield et al. 1978) and
C57BL/6 unique; the C3H/He phenotype is also a
more logical basis for comparison with the three wild
derived phenotypes (Table 1) and therefore has been
given the wild-type allelic designation, Pk-ls".

The high-liver PK activity phenotype of C57BL/6
animals is not due to an alteration in enzyme concen-
tration but rather in enzyme activity (Fig. 1, Table 3).
The phenotypic difference between C57BL/6 and
C3H/He animals appear to segregate as a single
major gene amongst the BXH RI strains (Table 4).
This data indicates that C57BL/6 animals have a
tissue-specific mutation in the structural gene Pk-ls
which has been called Pk-ls'. A molecular mechanism
is available for a tissue-specific mutation in Pk-ls in
that the PK-L and PK-R isoenzymes are encoded in
separate RNAs produced by the same gene (Marie
et al. 1981; Saheki et al. 1982). Therefore the mutation
in C57BL/6 animals could be in a DNA sequence
specific for the PK-L isoenzyme. With the cloning of
the Pk-ls gene (Noguchi et al. 1983; Simon et al.
1983; Inoue et al. 1986; Lone et al. 1986) this
suggestion can be directly tested.

There are now up to six alleles of the Pk-ls

Table 5. Alleles of the Pk-ls structural gene in mice

Aliele Alterations
Strain or
phenotype Reference

Pk-ls'

Pk-ls"

Pk-ls*

Pk-ls*

Pk-ls'
Pk-ls1

—

Activity, stability
Km for ADP
Activity, stability

Activity, stability

Electrophoretic mobility
Tissue specific activity

C3H and other
inbred strains

W (feral)

PKD (feral)

PKL (feral)

Mus spretus
C57BL

Bulfield et al. 1978;
and this paper

Moore & Bulfield, 1981
and this paper

Bulfield et al. 1984;
and this paper

Bulfield et al. 1984;
and this paper

Bonhomme et al. 1984
Bulfield et al. 1978;
and this paper

" Note that the c and d are considered non-identical only on recovery from far distant trapping sites (see Results).
9 G R H 5.1
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structural gene in mice (Table 5). The identification of
this locus will now allow the genetical and biochemical
analysis of two further phenotypes affecting the levels
of the PK-L and PK-R isoenzymes caused by putative
regulatory gene mutations. This analysis will be the
subject of a further publication.
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