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Summary

Human phosphofructokinase (PFK) is a tetrameric en-
zyme, encoded by muscle, liver, and platelet genes. Defi-
ciency of muscle PFK (PFK-M), glycogenosis type VII
(Tarui disease), is an autosomal recessive disorder charac-
terized by an exertional myopathy and hemolytic syn-
drome. Several disease-causing mutations have been iden-
tified in the PFK-M gene in Japanese, Ashkenazi Jewish,
and Italian patients. We describe the genetic defects in
French Canadian and Swiss patients with the disease, and
we use a genetically well-defined yeast system devoid of
endogenous PFK for structure-function studies of the mu-
tant PFKs. A G-to-A transition at codon 209-in exon 8
of the PFK-M gene, changing an encoded Gly to Asp, is
responsible for the disease in a homozygous French Cana-
dian patient. Gly-209-mutated protein is completely in-
active in the yeast system. The Swiss patient is a genetic
compound, carrying a G-to-A transition at codon 100 in
exon 6 (Arg to Gln) and a G-to-A transition at codon 696
in exon 22 (Arg to His). The mutants expressed in yeast
generate functional enzyme with modest changes in ther-
mal stability. The advantages and limitations of the yeast
system for expression of human mutant PFKs are dis-
cussed.

Introduction

A major rate-limiting step of glycolysis, phosphorylation
of fructose-6 phosphate to fructose-1,6 bisphosphate, is
catalyzed by phosphofructokinase (PFK; ATP, fructose-6-
phosphate 1-phosphotransferase; E.C.2.7.1.1 1). The mam-
malian PFK is a tetrameric enzyme and is subject to allo-
steric regulation (Bloxham and Lardy 1973; Dunaway
1983; Kemp and Foe 1983; Dunaway and Kasten 1987).

Received August 11, 1994; accepted for publication October 7, 1994.
Address for correspondence and reprints: Nina Raben, 10/9N244,

National Institutes of Health, 9000 Rockville Pike, Bethesda,MD 20892.
© 1995 by The American Society of Human Genetics. All rights reserved.
0002-9297/95/5601-0017$02.00

Three structural loci on chromosomes 1, 21, and 10 code
for muscle (PFK-M), liver (PFK-L), and platelet (PFK-P)
subunits (Vora et al. 1982, 1983; Van Keuren et al. 1986),
respectively, which are variably expressed in different tis-
sues. The PFK isoenzymes randomly aggregate to form ho-
motetramers or heterotetramers, depending on the relative
abundance of the subunits in a particular tissue. PFK-M
is the sole subunit in muscle; the red-cell PFK contains a
different combination of PFK-L and PFK-M subunits.
An inherited deficiency of PFK, glycogenosis type VII

(Tarui et al. 1965; Layzer et al. 1967), results in a complete
block in muscle glycolysis, leading to intolerance to exer-
cise, cramps, myoglobinuria, and compensated hemolysis
(Rowland 1986). The observed clinical symptoms reflect
the lack of PFK in muscle and partial reduction of the en-
zyme in erythrocytes.
The PFK-M gene has been cloned and sequenced (Na-

kajima et al. 1987; Sharma et al. 1989; Valdez et al. 1989;
Yamasaki et al. 1991), and three types ofmRNA (A, B, and
C) that are transcribed from the gene have been identified
(Nakajima et al. 1990a, 1990c). These transcripts share the
sequence of the coding region but diverge at the 5'UTR,
which contains two additional exons. Muscle expresses al-
most exclusively types A and B mRNA. cDNA-A is formed
by a splicing event which removes an 89-bp intron located
upstream of the ATG in exon 3; cDNA-B is a predominant
form in muscle and retains this intron, and cDNA-C is
formed by removing exon 2 and both introns in the 5'
UTR. Alternatively spliced mRNAs differentially ex-
pressed in various tissues suggested the existence of two
different promoters and tissue-specific transcription fac-
tors. The skipping of exon 11 (exon 9, based on the no-
menclature for the rabbit PFK-M gene) is another alterna-
tive splicing event, described by Sharma et al. (1990).

Several mutations have been identified in patients with
PFK deficiency: splicing defects, a nucleotide deletion, and
point mutations (Nakajima et al. 1990b; Raben et al. 1993;
Hamaguchi et al. 1994; Sherman et al. 1994; Tsujino et
al. 1994). It is interesting that two of the reported point
mutations in unrelated individuals occurred at the same
nucleotide in exon 4, changing Arg-39 either to Leu in an
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Ashkenazi Jewish patient or to Pro in an Italian patient,
suggesting the importance of this amino acid for the activ-
ity of the enzyme. The effects of the mutations have not
been tested in cultured mammalian cells, mainly because
of the presence of endogenous PFK in these cells.

In this study we use the genetically well-defined yeast
system, in which the endogenous PFK can be selectively
and completely inactivated (Heinisch 1993), to express
three novel mutations (in a French Canadian patient and a
Swiss patient) as well as the previously reported mutation
in exon 4.

In yeast, PFK is composed of 4a and 40 subunits, which
are encoded by PFK1 and PFK2 genes, respectively. Yeast
carrying mutations in either of the two genes do not show
any detectable PFK activity in vitro but retain the ability
to grow on glucose; double mutants, however, are glucose
negative (Heinisch 1986). Thus, the activity of the ex-
pressed PFK can be detected in two ways: by an in vitro
assay and by the ability to restore the glucose-positive phe-
notype of yeast double mutants. We discuss the applica-
tion of this system for studying the effect of structural PFK
mutations on the enzyme function.

Subjects, Material, and Methods

Subjects
FC is a 57-year-old male of French Canadian descent.

He had a childhood history of nausea with extreme exer-
cise but denied having any limitations in physical activity.
He first complained of exercise intolerance at the age of
45 years and has subsequently developed fixed muscle
weakness. His parents were first cousins. The Swiss patient
is a 25-year-old female with a typical presentation of the
disease. Diagnoses in both cases were confirmed by muscle
biopsies, which showed no detectable PFK activity in FC
and -8% activity in the Swiss patient. The two patients
and family members provided informed consent for ge-
netic evaluation.

RNA PCR Amplification
Total RNA was extracted from frozen muscle biopsy

specimen by lysis in guanidium thiocyanate and extraction
with phenol-chloroform (Chomczynski and Sacchi 1987).
RNA was denatured by heating at 70'C for 10 min and
reverse-transcribed into single-stranded cDNA at 420C for
60 min in 20 .1 of 10 mM Tris (pH 8.3), 50 mM MgCl2, 1
mM each deoxynucleotide triphosphate, 50 U of RNasin,
oligo(dT) primer, and 2 U of AMV reverse transcriptase
(Boehringer-Mannheim). Two microliters of the reaction
product were used to amplify three overlapping fragments
encompassing the 2.4-kb coding region of the PFK-M
gene. The sequences of the primers are as follows:
fragment I (bp -66-958) 5'-gccgttcctttagctagtggcatcttg
(sense)/5'-cttccacacccatcctgctgccca (antisense); fragment
II (bp 642-1769) 5'-cctggcccttgtcacctctctgtc (sense)/5'-

gccccagctgccagtccagccat (antisense); and fragment III (bp
1668- 2381) 5'-caagcagtcagcagctggcaccaa (sense)/5'-cat-
gatcaggtaatctattcccct (antisense). Amplifications were per-
formed using Cetus Taq polymerase buffer with 1.5 mM
MgCl2 for 35 cycles of the following: annealing at 55°C for
1 min; extension at 72°C for 1 min 30 s; and denaturation
at 95°C for 1 min.

Genomic DNA Amplification
Genomic DNA was isolated from peripheral blood as

described elsewhere (Higuchi 1989a). The primers for
PCR were located in the introns and encompassed each of
the 24 exons and splice junctions of the PFK-M gene; the
upstream primers contained a GC-rich sequence attached
to the 5' end of the specific sequence. Genomic DNA was
amplified with AmpliTaq (Perkin Elmer Cetus) at the fol-
lowing conditions: 95°C for 30 s, 55°C for 30 s, and 72°C
for 50 s, for 35 cycles, with a final extension of 5 min at
72°C. The sequences of the intronic primers for exons 6,
8, and 22 amplifications are as follows: exon 6, 5'-ctggggag-
ctgacttctacc(sense)/5'-taagcaatactgatgtgaaaact (antisense);
exon 8, 5'-ggactgtgtcatatgtcta (sense)/5'-ggaataaatgggtca-
gaatgagg (antisense); and exon 22, 5'-cctctgtaatttttatgttt
(sense)/5'-atagagggcactcgctctcaccc (antisense). The se-
quences of the other intronic primers are available on re-
quest.

Denaturing Gradient Gel Electrophoresis (DGGE)
The amplified genomic fragments ('200 ng DNA) were

subjected to electrophoresis on a vertical gel containing a
linearly increasing gradient of denaturant, parallel to the
direction of the electrophoresis as described elsewhere
(Myers et al. 1985, 1987). The gels were run at 80 V for 16
h at 60°C and stained with ethidium bromide to visualize
the bands.

Southern Analysis
Ten micrograms of DNA were digested to completion

with EcoRI, HindIII, and BamHI restriction enzymes,
were fractionated on a 0.8% agarose gel, and were trans-
ferred to a Nytran membrane. The blots were hybridized
with a PFK-M cDNA probe 32P labeled by random prim-
ing. The membrane was washed with 2 X SSPE, 0.1% SDS
for 30-min at room temperature, followed by a 30-min
wash at 50°C and a 30-min wash at 65°C.

Direct Sequence Analysis
Amplified cDNA fragments and genomic PCR products

which showed altered mobility on DGGE were directly
sequenced. Single-stranded DNA for sequencing was gen-
erated with nested primers in a two-stage PCR protocol,
as we described elsewhere (Nichols and Raben 1994). The
sequencing reactions were performed with Sequenase 2.0
according to the manufacturer's directions (U.S. Biochem-
ical).
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Northern and Western analyses
Total yeast RNA was prepared as described elsewhere

(Heinisch 1986). RNA (10 jg) was fractionated on 1% aga-
rose gels containing 6.3% formaldehyde, was transferred
to positively charged membranes (Boehringer-Mannheim),
and hybridized nonradioactively at 680C in the presence of
20% SDS as described elsewhere (Engler-Blum et al. 1993).
A 1.8-kb human PFK-M cDNA probe was labeled with
DIG deoxigenin (Boehringer-Mannheim). Western analy-
sis was performed as described elsewhere (Jacoby et al.
1993). For some experiments, the "western-light protein
detection kit" (Tropix) was used according to the recom-
mendations of the manufacturer.

Determination ofPFK Activity
Crude extracts were prepared from yeast cells (A600

= 2.0-2.5) with glass beads (Breitenbach-Schmitt et al.
1984). PFK activity was assayed as described (Tarui et al.
1965). The reaction mixture in 50 mM K-phosphate buffer
(pH 7.2) contained 10 gM fructose-2,6-biphosphate as an
allosteric activator, 2 mM DTT, 10 mM MgCI2, 1 mM
ATP, 0.2 mM NADH, and 1 U of each of the following
enzymes: aldolase, triosephosphate isomerase, and glycer-
ophosphate dehydrogenase. The reaction was started with
fructose-6-phosphate at a final concentration of 5 mM;
oxidation of NADH was measured at 340 nm at 250C.
Bovine serum albumin was used as a standard for protein
determination. For heat inactivation studies, crude ex-
tracts containing 0.7-2.4 mg protein/ml were placed at
60'C at time 0 and aliquots were removed for enzymatic
determinations at the intervals indicated. Activities at time
0 were set at 100% for each strain tested.

Plasmids and Site-Specific Mutagenesis
pJJH71 vector with a constitutively expressed yeast

PFK2 promoter was used for expression experiments. The
PCR fragment corresponding to the 1,276-bp yeast PFK2
promoter (Heinisch et al. 1991) was cloned into the
EcoRI/BamHI site of the high-copy-number yeast/Esche-
richia coli shuttle vector YEp352, with URA3 as a se-
lectable marker. YEp351 vector with another selectable
marker (LEU2) was used for some experiments (Hill et al.
1986). Two recipient strains were used: a mutant deriva-
tive of HD56-SA in which yeast pfkl gene has been deleted
by substitution with a HIS3 marker (Arvanitidis and Hei-
nisch 1994); and HD1 14-8D, the isogenic derivative carry-
ing deletions in both pfkl and pfk2 genes. Media and car-
bon sources used for growth have been described else-
where (Arvanitidis and Heinisch 1994).
A full-length human PFK-M cDNA was amplified from

pARV2PFKM vector (provided by A. McLachlan [Scripps
Clinic and Research Foundation, La Jolla, California], to
introduce BamHI restriction sites at the ends of the cDNA
and to remove the 5' noncoding sequence. The BamHI se-
quence in the upstream primer was followed by the ATG

codon. The 2.4-kb cDNA fragment was gel purified, was
subcloned into the pJJH71 vector, and was sequenced to
ensure that no errors were introduced by PCR. The result-
ing nonmutant construct, termed "pJJH71PFK," was used
for expression in yeast and as a template to introduce point
mutations. (One of the clones, pJJH71PFK-Val, which
contained a PCR-introduced error, resulting in Ala-778 to
Val, was used as an additional control for mutant con-
structs.)
To generate constructs containing mutations in exons 6,

8, or 22 we used the recombinant PCR technique (Higuchi
1989b). Each of the newly recognized mutations was in-
troduced into the complementary oligonucleotides (inside
primers), which were used in combination with either
sense or antisense oligonucleotides (outside primers) to
generate two overlapping primary PCR fragments span-
ning the mutation site. The fragments were gel purified,
were mixed together (50 ng each), were denatured, and
were allowed to reanneal; the recombinants with recessed
3' ends were subjected to extension with Taq DNA poly-
merase, followed by regular PCR with the outside primers,
containing convenient restriction sites for cloning into
pJJH71 PFK.
pJJH71PFK was digested with Sad, and the released

fragment was substituted with the mutated template, con-
taining exon 22-altered sequence (pJJH71PFK-22). For
constructs with the exon 6 mutation (pJJH71PFK-6) the
nonmutant plasmid was digested with SpeI and MunI, re-
leasing two fragments, since PFK-M cDNA contains two
MunI sites; to subclone the exon 6-altered template, the
first MunI site at position 491 was destroyed by introduc-
ing a silent base change. Exon 8 mutated template was sub-
cloned into MunI-digested nonmutant plasmid, giving rise
to pJJH71PFK-8. Since the base change in exon 4 is lo-
cated at close proximity to the convenient restriction site,
mutated template was generated by single PCR, and the
product was subcloned into SpeI/AgeI sites, giving rise to
pJJH71PFK-4. Two other constructs, pJJH71PFK5UT-n
and pJJH71PFK5UT-m, contain a 110-bp sequence (nor-
mal or with a base change at the transcription start point
[TSP]) upstream from the ATG, in addition to the coding
sequence. The mutations and the integrity of the inserts
were confirmed by sequencing.

Results

Detection ofAbnormal Alleles
We selected DGGE as a screening method because pre-

viously it allowed us to identify all mutations in this gene,
in nine families with PFK deficiency (Raben et al. 1993;
Sherman et al. 1994). The GC-clamped amplified products
from genomic DNA were resolved on gels with 25%-75%
or 40%-80% denaturant. Amplified fragments that
showed altered mobility on DGGE were directly se-
quenced.
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Figure I Partial sequence of exon 8 of the PFK-M gene. Direct
sequencing of the PCR-amplified DNA showing a G-to-A transition, re-
sulting in a substitution of Asp for Gly-209 in a homozygous French Ca-
nadian patient.

Genetic Defect in a French Canadian patient.-DNA
fragments corresponding to exon 7 and exon 8 had altered
DGGE patterns, compared with those in the control. Exon
7 contained a previously reported polymorphism, a silent
C-to-T base change at position 516 of the PFK-M gene.
The DGGE migration pattern for exon 8 was consistent
with heterozygosity in the mother and homozygosity in
the patient. Sequence analysis revealed a G-to-A transition
resulting in a substitution of Asp for Gly-209 (fig. 1). The
mutation is located in the evolutionarily conserved do-
main implicated in substrate binding and therefore is likely
to be of functional importance.

Genetic defect in a Swiss patient.-Two polymorphic
regions were detected by DGGE: exon 22 and exon 2 in
the 5' UTR. Direct sequencing revealed a G-to-A transition
at position 2087 in exon 22, resulting in a substitution of
His for Arg-696. Analysis of the family showed that the
mutation was inherited from her father (fig. 2a). PCR am-
plification and sequencing of the cDNA region spanning
exon 22 demonstrated the presence of both G and A (fig.
2b), indicating that both alleles are expressed.

Heterozygosity in the exon 2 region resulted from a g-
to-t transversion in intron 2 (fig. 3, IA); this base change
is located at one of the TSPs of the B-type mRNA. The
substitution creates a BsmAI restriction site; digestion of
the genomic PCR-amplified DNA from family members
(fig. 3, IB) showed that this base change in the patient and
in the unaffected brother is inherited from the mother. We
next screened 30 unrelated subjects (of similar back-
ground) for this substitution and detected it in four het-
erozygous individuals and one homozygous unaffected
control, suggesting that the transversion is a polymor-
phism, unrelated to the PFK phenotype.

Having found the exon 22 mutation in one allele of the

PFK-M gene, we sought a mutation in the second allele.
Since gross gene deletions would escape detection by
DGGE, we screened for these by Southern analysis. No
band of abnormal size was found after digestion of geno-
mic DNA with EcoRI, BamHI, and HindIII restriction en-
zymes and hybridization with PFK-M cDNA probe (not
shown).

Although there are examples of disease-causing muta-
tions in the noncoding region (Crossly and Brownlee 1990;
Hobbs et al. 1992; Vidaud et al. 1993), it seemed very un-
likely that a substitution at the TSP was associated with
PFK phenotype, because (i) the same base change was
found in homozygous and heterozygous unaffected con-
trol subjects, and (ii) the PFK-M gene, like other house-
keeping genes, has multiple transcription start sites, and
two major TSPs for types A and B mRNA are located in
exon 2 of the gene (Yamasaki et al. 1991).
To identify a mutation on the second allele, the RNA

was reverse transcribed, and the cDNA was amplified with
three pairs of primers, generating overlapping fragments
spanning the entire coding region of the PFK-M gene. Di-
rect sequencing of the PCR products revealed a G-to-A

A
EXON 22

genocm DNA

4;|

G/A-'

G A T C G A"T c

wt C6T - Arg
m CAT His

--v normal
G
T
T
A
C
C
0
T
AA
A-

G AT C T
G
G

B
EXON 23

G/A-
EXON 22

G A TC

cDNA

Figure 2 Partial sequence of exon 22 of he PFK-M gene. Direct
sequencing of the PCR-amplified genomic DNA (A) or cDNA (B), show-
ing a G-to-A transition, resulting in a substitution of His for Arg-696 in a

compound heterozygous Swiss patient. The mutation is inherited from
the father; the mother has normal sequence in this region of the gene.
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Figure 3 Partial sequences of the exon 2/intron 2 junction at the 5' UTR and of the exon 6 of the PFK-M gene. A G-to-A transition in exon 6
results in a substitution of Gln for Arg-100 in a compound heterozygous Swiss patient (11A). The mutation resides on the maternal allele, as shown by
restriction digestion of the PCR products amplified with a mismatched primer (IIB). The primer creates a Sad site only with the wild-type sequence. A
g-to-t base change in the intron 2 (IA) creates a BsmAI restriction site (IB). Both the mutation in exon 6 and the base change in intron 2 reside on the
same allele.

transition at position 299 in exon 6, resulting in a substitu-
tion of Gin for Arg-100 (fig. 3, IIA). A silent G-to-A transi-
tion at the third position of codon 82 was identified in
exon 6; this variant does not result in an amino acid change
and therefore represents a polymorphism. To confirm the
presence of the exon 6 mutation and to screen the family
members we designed a mismatched primer that created a
Sad restriction site in the PCR fragment from the normal
but not from the mutated sequence. The restriction digest
(shown in fig. 3, IIB) established that the patient, mother,
and unaffected brother are heterozygous for the exon 6
mutation. Screening of 30 unrelated control subjects re-
vealed no alleles with the exon 6 mutation.
To estimate the level of expression of the exon 6-

mutated allele, which also has a polymorphic base change
at the TSP in intron 2, we took advantage of this polymor-
phism and amplified the cDNA and genomic regions en-
compassing the TSP with primers in exon 2 and intron 2
(fig. 4). The resulting fragments were digested with BsmAI
restriction enzyme. Relative levels of RNA were estimated
by comparing the ratio of digested/undigested PCR prod-
ucts of PFK-M transcripts with that of genomic DNA. As
is shown in figure 4, the relative amount of digested prod-
uct was much lower in cDNA than in genomic DNA, sug-
gesting that the maternal allele is underexpressed.

Thus, the patient is a genetic compound, carrying the

substitution of Arg-696 for His in exon 22 on the paternal
allele and Arg-100 for Gln in exon 6 on the maternal allele.
Neither of these mutations is located in the evolutionarily
conserved region of the protein, and it is difficult to predict
the effect of the changes on protein structure.

Yeast Expression Studies
pJJH71PFK constructs, containing newly identified mu-

tations as well as a previously described mutation in exon
4 in an Ashkenazi patient, were transformed in either the
HD56-SA strain carrying a deletion of the yeast pfkl gene
or the HD114-8D strain carrying pfkl pfk2 double dele-
tions. It has been previously established that double-dele-
tion mutants grow only on such nonfermentable carbon
sources as glycerol and ethanol, while single-deletion mu-
tants retain the ability to grow on glucose but lack detect-
able PFK activity in vitro (Heinisch 1993; Arvanitidis and
Heinisch 1994). Therefore, HD1 14-8D transformants
were selected on plates with synthetic medium containing
glycerol and ethanol but lacking uracil. Of >100 colonies
growing on each plate, >3 were picked onto fresh medium
and replica-plated onto both rich medium and synthetic
medium containing 2% glucose as a carbon source.
Transformants carrying pJJH71 (the vector without hu-
man PFK cDNA) and pJJH71PFK-8 did not complement
the glucose-negative phenotype of the recipient strain, sug-
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Figure 4 Estimation of the level of expression of the exon 6 mu-
tated allele. The region spanning the exon 2/intron 2 junction was am-

plified from the genomic DNA or from mRNA. The position of the prim-
ers is indicated by the arrows. Nucleotide t in intron 2 is the marker
for the maternal allele, which also harbors the mutation in exon 6. The
fragments were digested with BsmAI, which was created by a g-to-t base
change. The relative level of digested/undigested product is lower in the
cDNA, compared with that in the genomic DNA, suggesting that this
allele is underexpressed.

gesting that the mutation in exon 8 is located in a catalytic
site of the enzyme. All other plasmids conferred growth
on glucose. Growth kinetics of the glucose-positive
transformants indicated that all grow slightly slower than
a wild-type yeast strain transformed with plasmid alone
(table 1). The data indicate that mutations in exons 4, 6,
and 22 generate functional proteins. Transformants with
clones containing 5' UTR showed a significant increase in
generation time, suggesting that the upstream sequence in-
hibits expression in yeast. It is interesting that a g-to-t base
change (pJJH71PFK5'UT-m) apparently confers better ex-

pression in yeast.
Evidence for expression ofthe mutant alleles in yeast.

Northern and western analysis provided direct evidence
that the human gene is expressed in yeast (figs. 5 and 6).
Northern blots were performed for selected transformants
grown either on glucose or on glycerol and ethanol;
mRNA of -3 kb was detected in the transformants (fig.
5). A yeast strain transformed with the vector alone served
as a negative control for northern analysis. To ensure that
the protein is made, we performed western analysis with
polyclonal antibodies to mammalian PFK (provided by G.
Dunaway [Springfield, IL]). A highly homologous PFK
from rabbit muscle (Boehringer-Mannheim) was used as a

positive control. In contrast to a wild-type yeast strain, all
glucose-positive transformants of HD1 14-8D, grown on

synthetic medium with 2% glucose, showed a band of the
expected size (fig. 6A). Since transformants of this strain
with pJJH71PFK-8 do not grow on glucose, the plasmid
containing the exon 8 mutation was transformed into

HD56-5A carrying a single pfkl deletion. Western blot
showed that a protein of the same size is produced in such
transformants, although in significantly lower amounts
(fig. 6B), suggesting that the mutant protein is unstable. It
should be noted that at pH 6.4 smaller-size bands (-50
kD) were detected in western blots from transformants
grown on glycerol and ethanol as carbon sources (not
shown), suggesting that a yeast protease may cleave human
PFK under these conditions.

Determination of specific PFK activities and heat inacti-
vation studies. -Glucose-positive transformants of HD1 14-
8D (pfkl::HIS3 pfk2::HIS3 ura3 leu2) were grown on syn-
thetic medium with 4% glucose lacking uracil for the prep-
aration of crude extracts. In a first experiment, three inde-
pendent transformants of each clone were grown to late
logarithmic phase. To minimize variation in copy numbers
one transformant of each clone was used to establish the
growth behavior similar to that described in table 1. The
transformants showed only slight variations in specific
PFK activities, as compared with the wild-type human PFK
(table 2A). Thus, pJJH71PFK and pJJH71PFK-22 showed
similar activities -pJJH71PFK-4 having slightly reduced
and pJJH71PFK-6 having slightly elevated PFK activities.
Note that strains carrying YEp351 derivatives (with LEU2
as a selection marker) show significantly lower specific ac-
tivities compared with that in pJJH71, presumably because
of a lower copy number of the vector.

Clones tested in HD56-5A carrying a deletion only in
yeast pfkl gave similar results (table 2B). No activity is
conferred by pJJH71PFK-8, again indicating that fructose-
6-phosphate binding is affected.

Transformants carrying clones with the 5' UTR se-
quence showed significantly reduced specific activities,
with the one carrying the original sequence being most
strongly affected. The data confirmed previous findings
(Heinisch 1993) and indicated that the expression in yeast
is inhibited by the 5' sequence and is dependent on the GC-
content of the leader sequence.
To gain further insight into the structure of the mutated

protein still showing PFK activity when expressed in yeast,
we determined the kinetics of heat inactivation of different
transformants. As is shown in figure 7, pJJH71PFK-4 en-
codes an enzyme that is highly unstable, compared with
the wild-type human PFK. The mutant protein loses 90%
of its activity within the first 10 min and all of it after 20
min, while the wild-type human PFK loses only 15% and
40% activity at the respective intervals. pJJH71PFK-6
shows an intermediate stability, while pJJH71 PFK-22 does
not seem to be affected at all. To mimic the heterozygosity
of the Swiss patient in the yeast system, we also expressed
both the PFK-6 and the PFK-22 alleles in HD114-8D
(pfkl::HIS3 pfk2::HIS3 ura3 leu2) from two different
multicopy vectors within the same cells. The double
transformants gave intermediate results in heat inactiva-
tion experiments (fig. 7). It should be noted that the two
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Table I

Generation Time of Yeast Transformants

Generation Time
Strain Relevant Genotype Plasmid (min)

HDS6-SA ......... PFK1 PFK2 ura3-52 pJJH71 120
HD114-8D ....... pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFK 132
HD114-8D ....... pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFK-4 141
HD114-8D ....... pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFK-6 132
HD114-8D ....... pkfl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFK-22 132
HD114-8D ....... pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFK5'UT-n 216
HD114-8D ....... pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFKS'UT-m 165

NOTE.-Cells were grown in synthetic complete medium lacking uracil and containing 4% glucose as the sole
carbon source. Growth was measured over a period of 10 h at OD6w, and generation time was determined from
the slope during logarithmic growth.

multicopy plasmids led to an increase in specific PFK ac-
tivity, compared with strains carrying only one of the plas-
mids (table 2B).

Thus, the yeast expression studies provided direct evi-
dence that Gly-209 (a mutation site in exon 8 in a French
Canadian patient) is located in the region involved in the
substrate-binding site of the human PFK; the deficiency
in a homozygous patient is caused by the production of
catalytically inactive protein.
The mechanism of PFK deficiency caused by other point

mutations is less clear. In the yeast system the mutation in
exon 22 does not lead to any appreciable change in the
protein. On the other hand, the mutations in exons 4 and
6 produce enzymes that are more sensitive to heat inacti-
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Figure 5 Northern blot of selected yeast transformants. Strain
HD1 14-8D, carrying deletions in both yeast PFK genes, was transformed
with plasmids indicated. The transformants were grown either on rich
media containing glycerol (Glc) or synthetic media containing glycerol
and ethanol (GE) as carbon sources. Left panel, Ethidium bromide-
stained gel (loading control). Right panel, 30-min exposure of the nonra-

dioactive northern blot.

vation, indicating that the overall structure of the homo-
tetrameric protein may be altered.

Discussion

Several pathogenic mutations have been identified in pa-
tients with PFK deficiency, establishing the genetic heter-
ogeneity of the disease. Splicing defects (mutations at the
donor site of intron 15 and intron 19) are responsible for
PFK deficiency in two unrelated Japanese patients (Nakaj-
ima et al. 1990b; Hamaguchi et al. 1994). We recently iden-
tified mutations in a group of Ashkenazi patients who
share two common mutations: (i) a splicing defect, which
involves the donor site of intron 5 and results in exon 5
skip, and (ii) a C nucleotide deletion at position 2003 (exon
22), which results in a frameshift and premature stop co-
don (Raben et al. 1993; Sherman et al. 1994). One of the
compound heterozygous Ashkenazi patients had a mis-
sense mutation, changing Arg-39 to Leu on one of the al-
leles. Yet another splicing mutation, which involves the
acceptor site of intron 6, and two missense mutations
(Arg-39 to Pro and Asp-543 to Ala) have been identified in
four Italian patients with the disease (Tsujino et al. 1994).
It is curious that Arg-39 was mutated in both Ashkenazi
and Italian patients with the disease.
We now describe three novel mutations in one French

Canadian patient and one Swiss patient with Tarui disease.
The French Canadian patient is homozygous for a G-to-A
transition in exon 8, resulting in a substitution of evolu-
tionarily conserved Gly-209 by Asp. The patient did not
recount a history of exercise intolerance; he served in the
army and developed the symptoms only in his 40s. In gen-
eral, late-onset PFK deficiency has been considered a
doubtful nosologic form because, in a few described cases,
the symptoms of easy fatigability and inability to keep up
with others appeared in early childhood (Hays et al. 1981;
Vora et al. 1987; Danon et al. 1988). Late-onset fixed mus-
cle weakness developing in these patients may represent a
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Figure 6 Western blot analysis of yeast transformants. A, Strain
HD114-8D, carrying deletions in both yeast PFK genes, transformed
with the plasmids indicated. Crude extracts were prepared for immuno-
logical detection by using standard procedures (see Subjects, Material,
and Methods). An extract from a wild-type yeast strain HDS6-SA (Sc
PFK) and purified rabbit muscle PFK were used as controls. Strains were
grown on synthetic medium with 2% glucose lacking uracil. B, Transfor-
mants of a pfkl-deletion derivative of HD56-SA, grown on glucose me-

dia lacking uracil.

natural course of the disease, rather than a distinct clinical
entity (Argov et al. 1994).
The Swiss patient, who suffered from muscle PFK defi-

ciency of the classic type, is a genetic compound: a G-to-
A transition in exon 6, inherited from her mother, would
predict a substitution of Gln for Arg-100, and a G-to-A
transition in exon 22, inherited from her father, would
predict a substitution of His for Arg-696. (It should be
noted that the mutation in exon 6 had been missed by
the DGGE analysis for no obvious reason, indicating the
limitations of this screening technique.) The exon 6 mu-

tated allele is underexpressed, as is shown by restriction
digestion of the RNA/PCR fragment spanning a polymor-
phic g-to-t base change at the TSP in intron 2. The reason

for the lower level of transcription from this allele is not
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clear. It could be due to the mutation itself and/or the
effect of the base change at the TSP. However, there might
be another mutation farther upstream that affects PFK ex-
pression in the Swiss patient.
The effect of the missense mutations (identified in this

study as well as in previous reports) and their relevance to
the PFK phenotype is not obvious, since some of them are
located in evolutionarily conserved regions of the gene,
while others are not. Furthermore, the mutational analysis
of Escherichia coli PFK demonstrated that some of the mu-
tations in the conserved region had only modest effect on
the enzyme activity (Kundrot and Evans 1991). It has been
also shown that mutation of Arg following Gly-209 in the
yeast enzyme does not result in any appreciable changes in
the phenotype, even though it is highly conserved among
the species (J. Heinisch, unpublished results). These data
emphasize the importance of the expression experiments
for structure-function studies of the mutant PFK.
The disease-causing mutations are expected to occur ei-

ther at the catalytic site of the PFK molecule or at the sub-
unit interaction site, since the ability to form polymers is
critical for the enzyme function and the smallest active
form of PFK in vitro is a tetramer. The described tertiary
structure and location of the catalytic and effector sites of
the bacterial enzyme (Evans et al. 1981) provided the basis
for predictions concerning the structural organization of
mammalian PFKs, since they share significant homology at
the amino acid level. Mammalian enzymes are thought to
have evolved by duplication of a prokaryotic gene, as
shown by clear homology among the N- and C-halves of
rabbit and bacterial enzymes (Poorman et al. 1984).

Gly-209, the site of mutation in a homozygous French
Canadian patient, is located at the evolutionarily highly
conserved domain present in all known PFK isoforms.
Both duplicated halves of the human PFK-M contain this
domain, and, on the basis of the structure of the bacterial
enzyme, the region is a part of the active site involved in
substrate binding. Therefore, one would expect a loss of
function of the protein encoded by the exon 8-mutated
gene. Arg-39 mutated in previously described Ashkenazi
(Sherman et al. 1994) and Italian (Tsujino et al. 1994) pa-
tients is also conserved among the species; it is present in
both parts of the duplicated gene and is predicted to be
part of the ATP binding site. In contrast, Arg-100 and Arg-
696, the sites of mutations in exons 6 and 22 in the Swiss
patient, are not located in evolutionarily conserved regions
and are not duplicated in the protein. Furthermore, Arg-
696 in the C-terminal part lies within the stretch of amino
acids that stand out as "extra residues" when the two
halves of the human muscle kinase are aligned with the
bacterial sequence. Although these changes would predict
a minimal effect on protein structure, we think that the
mutations are pathogenic, because (i) the entire coding re-
gion, as well as the upstream regulatory region, was se-
quenced, and no other abnormalities were found; and (ii)
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Table 2

Specific PFK Activities in Yeast Transformants

Activity' % Activity' %
Strain Relevant Genotype Plasmid (mean) Normal OD600 = 2 Normal

A:
HD56-5A ............... PFK1 PFK2 ura3-52 pJJH71 536 ... 525 ...

HD114-8D .............. pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFK 571 100 747 100
HD114-8D ............... pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFK-4 466 82 545 73
HD114-8D .............. pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFK-6 .......... 838 147 932 125
HD114-8D .............. pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFK-22 572 100 737 99
HD114-8D ............... pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFKSUT-n 154 27 189 25
HD114-8D ............... pfkl::HIS3 pfk2::HIS3 ura3-52 pJJH71PFKS'UT-m 296 54 504 67

B:
HD56-5A ............... pfk::HIS3 PFK2 ura3-52 leu2 pJJH71PFK 751
HD56-SA ............... pfk::HIS3 PFK2 ura3-52 leu2 pJJH71PFK-8 BD
HD56-5A ............... pfk::HIS3 PFK2 ura3-52 leu2 pJJH71PFK-22 760
HDS6-5A ............... pfk::HIS3 PFK2 ura3-52 leu2 YEp351PFK-6 287
HDS6-SA ............... pfk::HIS3 PFK2 ura3-52 leu2 YEp351PFK-22 296
HDS6-SA ............... pfk::HIS3 PFK2 ura3-52 Ieu2 pJJH71PFK-6 885

+ YEp351PFK-22
HDS6-SA ............... pfk::HIS3 PFK2 ura3-52 leu2 pJJH71PFK-22 863

+ YEp351PFK-22

'Specific activities are given in mU/mg protein and were determined in crude extracts prepared from cells grown on synthetic complete medium
lacking uracil and/or leucine, as required. Mean activities were determined from three (A) or two (B) independent transformants grown overnight to
late logarithmic phase (BD = below detection; the lower limit of detection is 5 mU/mg protein).

30 control subjects contained normal sequences in exons
6 and 22.
The function of human mutant PFK was studied by

complementation of the engineered yeast strains devoid of
the endogenous PFK activity. The system seemed espe-
cially attractive, because the wild-type human PFK was
shown to restore the enzymatic activity of yeast single mu-
tants (with one PFK gene deleted) and to restore the glu-
cose-positive phenotype of yeast double mutants (with

0.

pJJH71 PFK-22

pJJH71PFK
pJJH71 PFK-22
+ YEp351PFK-8
pJJH71 PFK-6

pJJH71 PFK-45 15 2T 30 3 50 55 n0
Time at 600C [min]

Figure 7 Heat inactivation of mutant human PFK enzymes ex-

pressed in yeast. Yeast transformed with the indicated plasmids were

grown on synthetic medium with glucose lacking uracil and leucine as

required. Crude extracts were placed in a water bath at 60'C, and the
enzymatic activities were determined at the indicated time points (the
activity for each strain was taken to be 100% at time 0).

both PFK genes deleted; Heinisch 1993). The results of
the expression experiments fit comfortably with the pre-
diction based on the location of the mutations in gene.
Gly-209-mutated PFK expressed in yeast single mutants
did not show any detectable enzyme activity and did not
complement the glucose-negative phenotype of the double-
mutant recipient strain. The inability of pJJH71PFK-8 to
confer growth on glucose strongly suggests that the ex-
pressed protein is catalytically inactive.

All other mutants that did not affect presumed substrate
binding sites generated functional enzymes in yeast. As is
shown by heat inactivation experiments, the substitution
of Leu for Arg-39, identified previously in an Ashkenazi
patient, resulted in a significant loss of enzyme stability,
suggesting that the conformational changes in the protein
may be responsible for the total lack of enzyme activity
detected in the muscle biopsy. It should be noted that the
Ashkenazi patient was a compound heterozygote, carrying
a splicing defect on the second allele, which would predict
generation of a protein lacking 26 amino acids. The mech-
anism of the deficiency in this case could also involve the
complete inactivation of the truncated protein and the in-
ability of the mutated subunits to either tetramerize or po-
lymerize in vivo to form an active enzyme. Mammalian
PFKs are known to self-aggregate into polymers rendering
enzymatically active protein (Aaronson et al. 1972; Lad et
al. 1973).
The genotype-phenotype relationship in a Swiss patient

is less clear, because Arg-100 (exon 6) and Arg-696 (exon
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22) mutants expressed in yeast resulted in only modest
changes in the stability of the enzyme. These mutants pro-
duce functional enzyme in yeast but apparently not in hu-
mans. The difference could be attributed either to different
conformational states of the tetrameric enzyme in human
and yeast cells or to different stability of the enzyme in the
extracts for enzyme assay in both systems. It is interesting
that the patient has residual PFK activity in muscle biopsy
(9.3 mU/mg; -8% normal), indicating that small amounts
of functional enzyme are produced in vivo as well. In sev-
eral reported cases with measurable amounts of residual
PFK, the clinical syndrome was not atypical (Rowland et
al. 1986). It is also important to emphasize that in vivo the
tissue-specific regulation of the enzyme is controlled by
a complex of mechanisms, including modulation by the
effectors, phosphorylation, and control of synthesis and
degradation, conditions that cannot be faithfully repro-
duced in a surrogate yeast host.

Thus, the yeast system is suitable to assess the effect of
mutations, in the human PFK gene, on the catalytic activity
of the enzyme. Both the stability and the conformational
changes of some of the mutants can also be tested in this
system. The system may also prove useful for production
of high amounts of protein for crystallographic studies.

Acknowledgments
We are grateful to Prof. Dr. Felix Jerusalem, Dr. Stephan Zierz

(Neurologische Universitatsklinik and Poliklinik, Bonn), and Dr.
Greg Garrioch (Sudbury, Ontario) for information on the pa-
tients.

References
Aaronson RP, Frieden C (1972) Rabbit muscle phosphofructoki-

nase: studies on the polymerization. J Biol Chem 247:7502-
7509

Argov Z, Barash V, Soffer D, Sherman J, Raben N (1994) Late
onset muscular weakness in phosphofructokinase (PFK) defi-
ciency due to exon 5-intron 5 junction point mutation: a
unique disorder or the natural course of this glycolytic disor-
der? Neurology 44:1097- 1100

Arvanitidis A, Heinisch J (1994) Studies on the function of yeast
phosphofructokinase subunits by in vitro mutagenesis. J Biol
Chem 269:8911 - 8918

Bloxham DP, Lardy HA (1973) Phosphofructokinase. In: Boyer
PD (ed) The enzymes. Academic Press, New York, pp 239-
278

Breitenbach-Schmitt I, Heinisch J, Schmitt HD, Zimmermann
FK (1984) Yeast mutants without phosphofructokinase activ-
ity can still perform glycolysis and alcoholic fermentation. Mol
Gen Genet 195:530-535

Chomczynski P, Sacchi N (1987) Single-step method ofRNA iso-
lation by acid quanidinium thiocyanate-phenol-chloroform
extraction. Anal Biochem 162:156-159

Crossly M, Brownlee GG (1990) Disruption of a C/EBP binding

site in the factor IX promoter is associated with hemophilia B.
Nature 345:444-446

Danon MJ, Servidei S, DiMauro S, Vora S (1988) Late-onset mus-
cle phosphofructokinase deficiency. Neurology 38:956-969

Dunaway GA (1983) A review of animal phosphofructokinase
isozymes with an emphasis on their physiological role. Mol
Cell Biochem 52:75-91

Dunaway GA, Kasten TP (1987) Nature of the subunits of the 6-
phosphofructo-1-kinase isoenzymes from rat tissues. Biochem
J 242: 667- 671

Engler-Blum G, Meier M, Frank J, Muller GA (1993) Reduction
of background problems in non-radioactive northern and
Southern blot analyses enables higher sensitivity than 32p_
based hybridizations. Anal Biochem 210:235-244

Evans PR, Farrants GW, Hudson PJ (1981) Phosphofructoki-
nase: structure and control. Philos Trans R Soc Lond Biol 293:
53-62

Hamaguchi T, Nakajima H, Yamasaki T, Noguchi T, Tanaka
T. Kono N, Kuwajima M, et al (1994) Molecular genetics of
phosphofructokinase in Japan. Paper presented at the Interna-
tional Symposium on Glycolytic and Mitochondrial Defects in
Muscle and Nerve, Osaka, July 7- 8

Hays AP, Hallett M, Deifs J, Morris J, Sotrel A, Shevchuk MJ,
DiMauro S (1981) Muscle phosphofructokinase deficiency:
abnormal polysaccharide in a case of late onset myopathy.
Neurology 31:1077- 1086

Heinisch J (1986) Construction and physiological characteriza-
tion of mutants disrupted in the phosphofructokinase genes of
Saccharomyces cerevisiae. Curr Genet 11:2227- 2234

(1993) Expression of heterologous phosphofructokinase
genes in yeast. FEBS Lett 328:35-40

Heinisch J, Vogelsang K, Hollenberg CP (1991) Transcriptional
control of yeast phosphofructokinase gene expression. FEBS
Lett 289:77 - 82

Higuchi R (1989a) Simple and rapid preparation of samples for
PCR. In: Erlich HA (ed) PCR technology: principles and appli-
cations for DNA amplification. Stockton, New York, pp 31-
38

(1989b) Using PCR to engineer DNA. In: Erlich HA (ed)
PCR technology: principles and applications for DNA ampli-
fication. Stockton, New York, pp 61-70

Hill JE, Myers AM, Koerner TJ, Tzagoloff A (1986) Yeast/E. coli
shuttle vectors with multiple unique restriction sites. Yeast 2:
163-168

Hobbs HH, Brown MS, Goldstein JL (1992) Molecular genetics
of the LDL receptor gene in familial hypercholesterolemia.
Hum Mutat 1:445-466

Jacoby J, Hollenberg CP, Heinisch J (1993) Transaldolase mu-
tants in the yeast Kluyveromyces lactis provide evidence that
glucose can be metabolized through pentose phosphate path-
way. Mol Microbiol 10:867-876

Kemp RG, Foe LG (1983) Allosteric regulatory properties of
muscle phosphofructokinase. Mol Cell Biochem 51:147-154

Kundrot CE, Evans PR (1991) Designing an allosterically locked
phosphofructokinase. Biochemistry 30:1478 - 1484

Lad PM, Hill DE, Hammes GG (1973) Influence of allosteric li-
gands on the activity and aggregation of rabbit muscle phos-
phofructokinase. Biochemistry 12:4303-4309

Layzer RB, Rowland LP, Ranney HM (1967) Muscle phospho-
fructokinase deficiency. Arch Neurol 17:512-523



Raben et al.: Phosphofructokinase Deficiency 141

Meienhofer M, Lagrange JL, Cottreau D, Lenoir G, Dreyfus JC,
Kahn A (1979) Phosphofructokinase in human blood cells.
Blood 53:389-400

Myers RM, Fisher SG, Lerman LS, Maniatis T (1985) Nearly all
single base substitutions in DNA fragments joined to a GC-
clamp can be detected by denaturing gradient gel electropho-
resis. Nucleic Acids Res 13:3131-3145

Myers RM, Maniatis T, Lerman LS (1987) Detection and local-
ization of single base changes by denaturing gradient gel elec-
trophoresis. Methods Enzymol 155:501-527

Nakajima H, Kono N, Yamasaki T, Hamaguchi T, Hotta K, Ku-
wajima M, Noguchi T, et al (1990a) Tissue specificity in ex-
pression and alternative RNA splicing of human muscle phos-
phofructokinase-M and -L genes. Biochem Biophys Res Com-
mun 173:1317-1321

Nakajima H, Kono N, Yamasaki T, Hotta K, Kawachi M, Ku-
wajima M, Noguchi T, et al (1990b) Genetic defect in muscle
phosphofructokinase deficiency. J Biol Chem 265:9392-9395

Nakajima H, Noguchi T, Yamasaki T, Kono N, Tanaka T, Tarui
S (1987) Cloning of human muscle phosphofructokinase
cDNA. FEBS letter 223:113 - 116

Nakajima H, Yamasaki T, Noguchi T, Tanaka T, Kono N, Tarui
S (1990c) Evidence for alternative RNA splicing and possible
alternative promoters in the human muscle phosphofructoki-
nase gene at the 5' untranslated region. Biochem Biophys Res
Commun 166:637-641

Nichols R, Raben N (1994) Hints for direct sequencing of PCR-
generated single-stranded DNA. Biotechniques 17:412-414

Poorman RA, Randolph A, Kemp RG, Heinrikson RL (1984)
Evolution of phosphofructokinase: gene duplication and cre-
ation of new effector sites. Nature 309:467-469

Raben N, ShermanJ, Miller F, Mena H, Plotz P (1993) A 5' splice
junction mutation leading to exon deletion in an Ashkenazi
Jewish family with phosphofructokinase deficiency (Tarui dis-
ease). J Biol Chem 268:4963-4967

Rowland LP, DiMauro S, Layzer RB (1986) Phosphofructoki-
nase deficiency. In: Engel AG, Banker BQ (eds) Myology.
McGraw-Hill, New York, pp 1603 -1617

Sharma PM, Reddy R, Babior BM, McLachlan A (1990) Alterna-
tive splicing of the transcript encoding the human muscle iso-
zyme of phosphofructokinase. J Biol Chem 265:9006-9010

Sharma PM, Reddy R, Vora S, Babior BM, McLachlan A (1989)
Cloning and expression of a human muscle phosphofructoki-
nase cDNA. Gene 77:177-183

Sherman JB, Raben N, Nicastri C, Argov Z, Nakajima H, Adams

EM, Eng CM (1994) Common mutations in the phosphofruc-
tokinase-M gene in Ashkenazi Jewish patients with glycogene-
sis VII -and their population frequency. Am J Hum Genet 55:
305-313

Tarui S, Okuno G, Ikura Y, Tanaka T, Suda M, Nishikawa M
(1965) Phosphofructokinase deficiency in skeletal muscle: a
new type of glycogenesis. Biochem Biophys Res Commun 19:
517-523

Tsujino S, Servidei S, Tonin P, Shanske S, Azan G, DiMauro S
(1994) Identification of three novel mutations in non-Ashken-
azi Italian patients with muscle phosphofructokinase defi-
ciency. AmJ Hum Genet 54:812-819

Valdez BC, Chen Z, Sosa MG, Younathan ES, Chanc SH (1989)
Human 6-phosphofructo-1-kinase gene has an additional in-
tron upstream of start codon. Gene 76:167-169

Van Keuren M, Drabkin H, Hart I, Harker D, Patterson D, Vora
S (1986) Regional assignment of human liver-type 6-phospho-
fructokinase to chromosome 21q22.3 by using somatic cell hy-
brids and a monoclonal anti-L antibody. Hum Genet 73:34-
40

Vidaud D, Tartary M, Costa JM, Bahnak BR, Gispert-Sanchez S,
Fressinaud E, Gazengel C, et al (1993) Nucleotide substitu-
tions at the -6 position in the promoter region of the factor
IX gene result in different severity of hemophilia B Leyden:
consequences for genetic counseling. Hum Genet 91:241 -244

Vora S (1981) Isozymes of human phosphofructokinase in blood
cells and cell lines: molecular and genetic evidence for a tri-
genic system. Blood 57:724- 732

Vora S, DiMauro S, Spear D, Harker D, Danon MJ (1987) Char-
acterization of the enzymatic defect in late-onset muscle phos-
phofructokinase deficiency. J Clin Invest 80:1479- 1485

Vora S, Durham S, de Martinville B, George DL, Francke U
(1982) Assignment of the human gene for muscle-type phos-
phofructokinase (PFK) to chromosome 1 (region cen leads to
q32) using somatic cell hybrids and monoclonal anti-M anti-
body. Somat Cell Genet 8:95- 104

Vora S, Miranda AF, Hernandez E, Francke U (1983) Regional
assignment of the human gene for platelet-type phosphofruc-
tokinase (PFK) to chromosome 10p: novel use of polyspecific
rodent antisera to localize human enzyme genes. Hum Genet
63:374-379

Yamasaki T, Nakajima H, Kono N, Hotta K, Yamada K, Imai E,
Kuwajima M, et al (1991) Structure of the entire human muscle
phosphofructokinase-encoding gene: a two-promoter system.
Gene 104:277-282


