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Muscle glycogenosis with low phosphorylase kinase
activity: mutations in PHKA1, PHKG1 or six other
candidate genes explain only a minority of cases
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Muscle-specific deficiency of phosphorylase kinase (Phk) causes glycogen storage disease, clinically
manifesting in exercise intolerance with early fatiguability, pain, cramps and occasionally myoglobinuria.
In two patients and in a mouse mutant with muscle Phk deficiency, mutations were previously found in the
muscle isoform of the Phk a subunit, encoded by the X-chromosomal PHKA1 gene (MIM # 311870). No
mutations have been identified in the muscle isoform of the Phk c subunit (PHKG1). In the present study,
we determined the structure of the PHKG1 gene and characterized its relationship to several pseudogenes.
In six patients with adult- or juvenile-onset muscle glycogenosis and low Phk activity, we then searched for
mutations in eight candidate genes. The coding sequences of all six genes that contribute to Phk in muscle
were analysed: PHKA1, PHKB, PHKG1, CALM1, CALM2 and CALM3. We also analysed the genes of the muscle
isoform of glycogen phosphorylase (PYGM), of a muscle-specific regulatory subunit of the AMP-dependent
protein kinase (PRKAG3), and the promoter regions of PHKA1, PHKB and PHKG1. Only in one male patient
did we find a PHKA1 missense mutation (D299V) that explains the enzyme deficiency. Two patients were
heterozygous for single amino-acid replacements in PHKB that are of unclear significance (Q657K and
Y770C). No sequence abnormalities were found in the other three patients. If these results can be
generalized, only a fraction of cases with muscle glycogenosis and a biochemical diagnosis of low Phk
activity are caused by coding, splice-site or promoter mutations in PHKA1, PHKG1 or other Phk subunit
genes. Most patients with this diagnosis probably are affected either by elusive mutations of Phk subunit
genes or by defects in other, unidentified genes.
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Introduction
Disorders of glycogen metabolism (glycogenoses or glyco-

gen storage diseases) can be caused by genetic deficiencies

of various enzymes or transporters, involved either directly

in the synthesis or breakdown of glycogen or in the

utilization of its catabolite, glucose-1-phosphate. Glyco-

genoses can be multisystemic disorders or can preferen-

tially affect only certain tissues, often but not always

reflecting the tissue specificity of expression of the mutant

gene. Liver and muscle are the two tissues in which

glycogen is most abundant and functionally most promi-

nent: as a reservoir for systemic glucose homeostasis in

liver and for local glycolytic energy production in exercis-

ing muscle. Therefore, most glycogenoses manifest primar-

ily in liver, in muscle, or in both, although in some forms

the kidney, heart, nervous system or erythrocytes can also

be affected.1,2

Phosphorylase kinase (Phk) is a regulatory protein kinase

that stimulates glycogen breakdown by phosphorylating

and thus activating glycogen phosphorylase. Phk defi-

ciency alone accounts for B25% of all cases of glycogen

storage diseases. Phk consists of four subunits in a

hexadekameric complex, (abgd)4, and each of these sub-

units has isoforms or splice variants differentially expressed

in different tissues. Consequently, Phk deficiency occurs in

several subtypes that differ in mode of inheritance and

tissue involvement.1,3

Mutations of the liver isoforms of the Phk a or g subunits
(gene symbols, PHKA2 and PHKG2) cause liver-specific

glycogenoses.4 –6 Mutations in the ubiquitously expressed

exons of the b subunit (PHKB) cause Phk deficiency in liver

and muscle, though primarily the liver is clinically

affected.7,8 Liver Phk deficiency manifests in infancy or

childhood with hepatomegaly and growth retardation. It is

generally a benign condition whose clinical features often

remit as the patients grow up. Progression to liver cirrhosis

was seen only in rare cases, always in association with

PHKG2 mutations.9,10

Muscle-specific glycogenosis caused by Phk deficiency,

not affecting the liver, can present with three different

clinical pictures. Most frequently, the disorder becomes

clinically apparent at a juvenile or adult age with exercise

intolerance in the form of pain, cramps, early fatigue and

sometimes myoglobinuria.11–16 A late-adult onset form

manifesting with slowly progressive atrophy and weak-

ness,12 and a neonatal form with generalized muscle

hypotonia and respiratory insufficiency have also been

described.17–22 Three similar clinical variants are also

observed in other muscle glycogenoses (myophosphorylase

deficiency, phosphofructokinase deficiency),1,2 suggesting

that additional genetic factors modify the clinical pheno-

type. Most patients with muscle-specific Phk deficiency are

males, and mutations in the X-chromosomal gene of the

muscle isoform of the Phk a subunit (PHKA1) have been

identified in a mouse mutant23 and two male human

patients.24,25 However, female patients with muscle Phk

deficiency have also been reported,13,14,17 –19,21,22 sugges-

tive of autosomal inheritance, and the gene of the muscle

isoform of the Phk g subunit (PHKG1) and a muscle-

specifically expressed exon of the b subunit gene, both

autosomal, are additional candidates for an involvement in

this disorder. To explore the possible genetic heterogeneity

of muscle Phk deficiency, we have determined the structure

of the human PHKG1 gene and performed a mutation

analysis in PHKA1, PHKG1 and six additional candidate

genes in one female and five male, unrelated patients with

juvenile- or adult-onset muscle glycogenosis and low Phk

activity.

Subjects and methods
Patients

Detailed descriptions of patients 1–3 have been published.

Briefly, patient 1, a white American man (designated

patient 2 in Clemens et al12) developed exercise-induced

cramps, pain and early fatigue since the age of 6 years, and

occasional pigmenturia after intense exertion. At the age of

36 years, he reported that exercise intolerance and

decreasing muscle mass were slowly progressing. Muscle

glycogen concentration was elevated (2.34% wet weight;

controls, 0.7070.21%), and subsarcolemmal glycogen

accumulation was observed in muscle histology. Total

phosphorylase (measured in the presence of AMP) in

muscle was normal, phosphorylase-a (the active form after

phosphorylation by Phk, measured in the absence of AMP)

was not determined. Phk activity was markedly reduced

in muscle (13 mmol/min/g wet weight; controls, 212780)

but normal in red blood cells. All other enzyme activities

determined in muscle were normal: debranching enzyme,

phosphoglucomutase, phosphohexose isomerase, phos-

phofructokinase, aldolase, phosphoglycerate kinase, phos-

phoglycerate mutase, lactate dehydrogenase.

Patient 2, an Israeli Ashkenazi Jewish man,11 was athletic

and served in a military commando unit, and developed

exercise intolerance only at age 35 years. Muscle glycogen

concentration was elevated (1.9%; controls, 0.5770.05%),

and muscle histology revealed subsarcolemmal glycogen

accumulation. Total phosphorylase activity in muscle was

normal whereas phosphorylase-a was low (16nmol/min/

mg protein; controls, 81716). Phk activity was markedly

reduced in muscle (0.3U/min/mg protein; controls,

2.671.5) but normal in leukocytes and erythrocytes. The

muscle Phk pH 6.8/8.2 activity ratio was near 1.0, both in

the patient and in controls. All other enzyme activities

determined in muscle were normal: a-glucosidase, phos-

phofructokinase, lactate dehydrogenase.

Patient 3, a French woman,13 had experienced exertional

pain, stiffness and pigmenturia since age 11, and presented

at age 31 with severe exercise intolerance (pain and

stiffness after climbing one floor), weakness and muscular
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atrophy. Muscle glycogen concentration was at the upper

limit of the normal range (1.5%; controls, 1.170.4%), and

histology showed limited subsarcolemmal glycogen accu-

mulation only in type 2b fibres, which were also reduced in

diameter and number. Total muscle phosphorylase was at

the lower limit of the normal range (55U/g; controls,

75720U/g), whereas phosphorylase-a was undetectable.

Phk activity was markedly reduced in muscle (23U/g;

controls, 111732U/g) but normal in erythrocytes, lym-

phocytes and fibroblasts. a-Glucosidase activity and an

adenylate deaminase stain were normal. Activities of

glycolytic enzymes were not specifically determined, but

in an in vitro anaerobic glycolysis assay, lactate formation

was within the normal range with glucose-1-phosphate,

glucose-6-phosphate, fructose-6-phosphate or fructose-1,6-

bisphosphate as substrates, but below the normal range

with glycogen as the substrate, indicating a defect of

glycogenolysis rather than glycolysis.

Patient 4 (HB, male, German) had led a physically very

active life, serving as a bodyguard policeman, and devel-

oped exertional pain and rhabdomyolysis only after age 30.

Muscle glycogen concentration was elevated, and light-

microscopical histology revealed subsarcolemmal vacuolar

glycogen accumulation in type 1 fibres whereas type 2

fibres were reduced in diameter and number. Total muscle

phosphorylase (480nmol/min/mg protein) was at the

lower limit of the normal range (500–990), whereas the

phosphorylase-a/a+b ratio was very low (0.003; normal,

0.4–0.7). Muscle Phk was markedly reduced (0.27nmol/

min/mg protein; normal range, 2–20). All other enzyme

activities determined in muscle were normal: a-gluco-
sidase, debranching enzyme, phosphoglucomutase, phos-

phohexose isomerase, phosphofructokinase, phospho-

glycerate kinase, phosphoglycerate mutase, lactate

dehydrogenase, N-acetylglucosaminidase, carnitine

palmitoyltransferase.

Patient 5 (JG, male, German) had also been physically

very active, experiencing exertional pain and rhabdomyo-

lysis only at age 40. Muscle glycogen concentration was

elevated (6.3%; normal range, 0–2%), and light- and

electron-microscopic histology revealed cytoplasmic sub-

sarcolemmal vacuolar glycogen accumulation. Total phos-

phorylase in muscle was normal wheras the phosphorylase

a/a+b ratio was reduced (0.05; normal, 0.25–0.4). Phk

activity in muscle (5 nmol/min/mg protein) was at the

lower end of the normal range (3–30nmol/min/mg

protein). a-Glucosidase and debranching enzyme activities

and phosphofructokinase histochemistry in muscle were

normal.

Patient 6 (HS, male, German), like patients 2, 4 and 5,

had been athletic and highly performing in various sports

activities, served in the army as a paratrooper, and

developed exertional pain and rhabdomyolysis at age 25.

At age 32 he had lost 15 kg of weight and was incapacitated

for his occupation as a scaffolding worker. Muscle glycogen

concentration was elevated (3.5%; normal, 0.6–2.0%), and

light- and electron-microscopical histology revealed cyto-

plasmic vacuolar, predominantly subsarcolemmal glyco-

gen accumulation. Total muscle phosphorylase was normal

whereas the phosphorylase-a/a+b ratio was very low (0.04;

normal, 0.35–0.4). Muscle Phk activity (4nmol/min/mg

protein) was at the lower end of the normal range (3–

30nmol/min/mg protein). All other enzyme activities

determined from muscle were normal: a-glucosidase,
debranching enzyme, phosphoglucomutase, phosphohex-

ose isomerase, phosphofructokinase, phosphoglycerate

kinase, phosphoglycerate mutase, lactate dehydrogenase,

N-acetylglucosaminidase.

Phk activity assays

Assays were performed in four different laboratories. Phk

activity of patient 1 was determined from a frozen muscle

biopsy in a two-step assay, first converting phosphorylase-b

to -a, at pH 6.8, and subsequently measuring phosphor-

ylase-a activity (release of glucose-1-phosphate from glyco-

gen) by an indirect UV-spectrophotometric assay.12 Phk

activity of patient 2 was determined from a fresh biopsy;

phosphorylase-a generated by Phk at pH 6.8 and pH 8.2

was subsequently assayed by catalysing glycogen synthesis

from glucose-1-phosphate and measuring the liberation of

phosphate.11 Phk activity of patient 3 was determined at

pH 6.8 from a frozen biopsy according to the same

principle as for patient 2.13,26 Phk activities of patients

4–6 were determined from frozen biopsies at pH 8.2

according to the same principle.27

PHKG1 gene structure

PCR primers were based on the human PHKG1 cDNA

sequence (Wehner and Kilimann28 acc. no. X80590),

within exon borders predicted from the mouse and rat

Phkg1 gene structures.29,30 The human PHKG1 gene was

amplified from genomic DNA in seven overlapping

segments and sequenced, except for the interior of the

longer introns (Figure 2, Table 1; GenBank accession

numbers AF254249-53).

Mutation analysis

PCR reactions routinely followed a step-down temperature

protocol, with the annealing temperature in the first five

cycles at the theoretical primer melting temperature, five

cycles at 21C below, and 35 cycles at 41C below. PCR

products were directly cycle-sequenced and analysed on

Perkin-Elmer ABI 373 or ABI 377 instruments.

The PHKA1 coding sequence31 (acc. nos. X73874,

NM_002637) was amplified by RT-PCR, from total RNA

that was purified either from muscle if biopsies were

available (patients 1, 5, 6), or from frozen whole blood if

only blood samples were available (patients 2–4). The

analysed interval extended between nucleotides �65 and

3743 (including primers), in four overlapping segments.
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As is known from normal controls,31 PCR products from

blood included the ‘a0 insert’ (exon 19) but lack ‘region A’

(exon 28), which contains the main regulatory protein

kinase A phosphorylation site. Conversely, again as in

normal controls, PHKA1 RT-PCR products from muscle

biopsies include region A but lack the a0 exon. The PHKA1

gene at chromosomal region Xq13 has been sequenced in

the human genome project (acc. no. NT_011594) and

extends in 32 exons over B132 kilobases (kb). Exons not

represented in the respective RT-PCR products were

amplified, together with their flanking intron sequences,

from genomic DNA (Ex19-79 to Ex19+250; Ex27-65 to

Ex28+111). The PHKA1 promoter region (nucleotides �973

to +195 relative to the first coding nucleotide) was also

amplified from genomic DNA of patients 2–6 and

sequenced.

The human genome contains a truncated processed

PHKA1 pseudogene (chromosome 1, acc. no. NT_004686)

extending from 397 nucleotides upstream to 621 nucleo-

tides downstream of the start codon equivalent (proposed

pseudogene designation, PHKA1P1). This sequence has

only six mismatches to the PHKA1 cDNA and is apparently

transcribed at low levels because it can be amplified from

blood RNA after but not before reverse transcription.

Recognizable by its characteristic divergent nucleotides, it

predominates in RT-PCR products from blood RNA and

gives a notable background also in heart RNA, if both

primers are placed within the sequence interval shared by

PHKA1 and PHKA1P1. To obtain clean sequences of the 50-

terminal region of the authentic PHKA1 transcript from

nonmuscle RNA, the reverse primer must be placed down-

stream of nucleotide 621 of the coding sequence.

The PHKB coding sequence32 (acc. nos. X48908,

NM_000293) was amplified by RT-PCR from total RNA,

either from muscle if biopsies were available (patients 5+6)

or else from frozen whole blood (patients 2–4). The

amplified interval extended between nucleotides –12 and

3377 (including primers) in six overlapping segments.7 RT-

PCR products from muscle included the muscle-specific

exon 26 whereas RT-PCR products from blood contained

the nonmuscle exon 27 and additionally exon 2, as is

known from normal controls.31 In the latter cases, exon 26

and its surrounding intron sequences (�197 to +124) were

amplified from genomic DNA. The PHKB promoter region

was also amplified from genomic DNA and analysed

(NT_010570; nucleotides �1050 to +202 relative to the

first coding nucleotide).

The PHKG1 coding sequence28 (acc. nos. X80590,

NM_006213) was amplified by RT-PCR wherever muscle

RNA was available (patients 1, 5+6), between nucleotides –

119 and 1227 in two overlapping segments. Amplification

of PHKG1 mRNA from blood RNA was not possible, neither

from patients nor from normal controls. If only blood

samples were available, four segments of the gene compris-

ing all coding exons and 55–125 nucleotides of their

flanking intron sequences were amplified and sequenced

(exons 2, 3–4, 5–6 and 7–10; exon 1 is noncoding). The

promoter region (NT_031815) was amplified from genomic

DNA between nucleotides �1201 and �14 (relative to the

exon 1/intron 1 junction). The presence and normal sizes

of the large introns were additionally confirmed by PCRs

between exons 1 and 2, exons 2 and 4, exons 4 and 6 and

exons 5 and 8 (see overview in Figure 3); these long,

overlapping PCR products were authenticated by terminal

sequencing and analysed for size by agarose gel electro-

phoresis.

The CALM1, CALM2 and CALM3 mRNAs could be

specifically amplified in one piece each with primers in

their divergent 50- and 30-UTRs,33 from either blood or

muscle RNA of patients 2–6. In the CALM2 cDNA

(identical to T2 of Fischer et al;33 it should be noted that

the calmodulin gene numerology is inconsistent in the

literature and databases) we detected six single-nucleotide

differences to the published reference sequence in wobble

Table 1 Organization of the human PHKG1 gene and comparison with PHKG2 and rat Phkg1

Intron sizes (bp)
Exon Size (bp) PHKG1 cDNA position Intron number PHKG1 PHKG2 Phkg1(rat)

1 >84 �118 to �35 1 3860 312 3300
2 117 �34 to 83 2 1083 2151 412
3 179 84–262 3 573 267 390
4 55 263–317 4 3254 2082 4200
5 66 318–383 5 208 96 2050
6 164 384–547 6 1024 2600 860
7 91 548–638 7 116 94 144
8 154 639–792 8 137 69 860
9 126 793–918 9 330 88 291
10 >318 919–1236

The PHKG1 cDNA sequence positions are given relative to the first nucleotide of the translation start codon. Data for the human gTL (PHKG2) and the
rat gM (Phkg1) subunit genes are from Burwinkel et al9 and Cawley et al 29, respectively. Exact lengths of PHKG1 introns 1, 2, 4 and 6 are derived from
NT_031815, in agreement with approximate lengths of our PCR products.
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positions in all five patients and several additional

individuals (22 chromosomes analysed in total), suggesting

sequencing errors in the published sequence.

The PYGM mRNA sequence was amplified from muscle

RNA (patients 5–6) between nucleotides �46 and 2577 in

three overlapping segments. The PYGM gene (20 exons)

was amplified from genomic DNA (patients 2–4) in 14

segments with intronic primers, and sequences of exons

and flanking intron regions were compared with the

revised genomic sequence of PYGM.34,35

The 13 exons and their flanking intron sequences of the

PRKAG3 gene (NT_005289) were amplified in eight inter-

vals from genomic DNA of patients 2–6.

Results
PHKA1 mutation in only one patient out of six

All six patients presented with exercise intolerance and an

onset of symptoms in childhood or adult age. They were

analysed for mutations in the PHKA1 coding sequence by

RT-PCR and direct sequencing. A sequence abnormality

was only found in patient 1. He carries an A to T

transversion in codon 299, giving rise to the replacement

of aspartate by valine (D299V). The affected Asp 299

residue is, within a highly conserved sequence context,

identical in the Phk aM, aL and b subunits of several species

(Figure 1). Moreover, the corresponding residue in the liver

isoform of the a subunit (PHKA2) was also mutated in a

patient with liver Phk deficiency (D299G missense muta-

tion).36 The PHKA1 promoter region was additionally

analysed from patients 2–6, but no sequence abnormalities

were found.

Nomutations in PHKG1 or in the muscle-specific exon
26 of PHKB

All six patients were analysed for PHKG1 mutations by

amplification and sequencing of mRNA (patients 1, 5

and 6) or genomic DNA (patients 2–4). The PHKG1

promoter region was sequenced from patients 2–6. PCR

products of normal lengths were obtained from all. No

sequence abnormalities were found. Single-nucleotide

polymorphisms in wobble positions of four codons, in

intron 7 and in the promoter region occurred in various

combinations in these patients and in additional indivi-

duals, none of which correlated with muscle glycogenosis

(see paragraph on PHKG1 gene structure below).

To probe for large-scale rearrangements of the PHKG1

gene, PCRs that individually bridge the large introns 1, 2,

4 and 6 were additionally performed. Together with the

sequenced PCR products they covered the entire gene in

overlapping fashion (Figure 3). Amplification products of

normal lengths were obtained from all six patients and

several controls (not shown).

From all patients, PHKB exon 26 was either amplified

and sequenced by RT-PCR in the context of the muscle

mRNA sequence, or amplified together with its flanking

sequences from genomic DNA and analysed. However, no

abnormalities were found in any of these sequences.

Heterozygous PHKB amino-acid replacements in two
out of five patients

Having explored all muscle-specifically expressed Phk

coding sequences (full-length PHKA1, full-length PHKG1

and exon 26 of PHKB), we analysed the remaining PHKB

coding sequence based on the following considerations. 30

out of 33 exons of the single PHKB gene are constitutively

expressed in all tissues (exon 2 is expressed in brain and

other nonmuscle tissues but not in muscle).

A total of 10 different mutations (all but one truncating

mutations) have been identified in these sequences, giving

rise to a ubiquitous Phk deficiency clinically dominated by

liver involvement whereas muscle is largely asymptomatic.

Mutations in these constitutively expressed PHKB se-

quences would therefore normally be expected to yield a

liver rather than a muscle phenotype. In the liver, however,

the Phk b subunit forms a holoenzyme complex with liver

isoforms of the a and g subunits which interacts with the

liver isoform of its substrate protein, glycogen phosphor-

ylase, whereas in muscle it interacts with the correspond-

ing muscle isoforms. It is conceivable, therefore, that

missense mutations at certain positions might selectively

perturb the interaction of the b subunit only with the

Figure 1 Hemizygous missense mutation in the X-chromo-
somal PHKA1 gene of patient 1. A sequencer tracing is shown
at the top, with an asterisk marking the mutant position. The
sequence alignment at the bottom illustrates the high
conservation of Asp 299 and its vicinity in the human and
rabbit aM, aL and b subunit sequences.
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muscle but not the liver isoform (or vice versa) of one of its

partner polypeptides. Precedents for unexpected cell-type

specificity of Phk deficiency have been found associated

with missense mutations at certain positions in the aL
subunit4,5,36 and also, in a single case, in the b subunit.37

Also mutations in ubiquitously expressed sequences of

the debranching and branching enzymes can give rise

to glycogen storage diseases of unanticipated tissue

specificities.38–40

In two of the five remaining patients, we found

heterozygosity for a single amino-acid replacement each,

both present in the mRNA in similar abundance as the

normal sequence. Patient 4 was heterozygous for an A4G

transition replacing tyrosine 770 by cysteine. Tyrosine 770

is absolutely conserved between the aM, aL and b subunit

sequences of multiple species. It is immediately adjacent to

the high-affinity calmodulin binding site of the muscle

splicing variant of the b subunit that comprises amino

acids 771–795. Patient 6 was heterozygous for a C4A

transversion replacing glutamine 657 by lysine. Glutamine

657 is conserved between the human, rabbit , mouse, dog

and chicken b subunits. Similarity with the a subunits in

this sequence region is low, but the RLQT motif of which

glutamine 657 is part may correspond to an RIQT/RVQL

motif present in a colinear position in the aM and aL
subunits, respectively. The same PHKB nucleotide residue

has been found mutated in two unrelated patients with

liver Phk deficiency (there, however, to a T residue creating

a stop codon),7 suggesting that it may be hypermutable.

Neither of these two single-nucleotide replacements was

found in 52 additional PHKB chromosomes that we have

analysed to date by sequencing. In Vanden Berg et al,8

however, the Y770C variant was observed in three out of 82

control chromosomes.

Promoter mutations interfering with binding of a

transcription factor important for the much higher

expression of PHKB in muscle than in other tissues41 could

also cause an essentially muscle-specific Phk deficiency.

However, no sequence abnormalities were found in the

PHKB promoter regions of patients 2–6.

No mutations in the calmodulin genes CALM1,
CALM2 and CALM3

Having analysed all coding sequences of Phk-specific

subunits that are expressed in muscle, without finding

clear deficiency mutations in five out of six patients, we

turned to the subunit d, calmodulin. Calmodulin is

probably expressed in all cell types. Moreover, it is

produced by three different genes each of which is also

expressed in multiple tissues, though at different relative

levels.42 Therefore, a mutation in any individual calmodu-

lin gene is expected to create neither a total nor a tissue-

specific deficiency of calmodulin and is anticipated to

affect, if at all, multiple calmodulin-interacting proteins

and not only Phk. Phenotypes neither of natural nor of

man-made calmodulin mutations in vertebrates have as yet

been reported. However, Phk is very abundant in skeletal

muscle and sequesters half of the total calmodulin in this

tissue, and there is a regulatory interplay between the

expression of calmodulin and of the other Phk subunits in

muscle.43 Depending on the competition between Phk and

other calmodulin-binding proteins for limiting amounts of

calmodulin, it is therefore conceivable that a calmodulin

mutation could primarily manifest as a Phk-deficient

muscle glycogenosis.

The coding sequences of all three calmodulin mRNAs

were analysed from patients 2–6, but no sequence

abnormalities were found.

No mutations in the PYGM and PRKAG3 genes

The muscle isoform of glycogen phosphorylase (PYGM) is

the substrate of muscle Phk, and it is conceivable that

missense mutations of amino-acid residues participating in

the conversion of PYGM from the inactive to the active

conformation by phosphorylation could give rise to low

activity of phosphorylase-a but normal activity of total

phosphorylase. AMP-dependent protein kinase (PRKA) has

an important regulatory role in energy metabolism and

may affect, directly or indirectly, also Phk activity. Muta-

tions in the muscle-specific regulatory g3 subunit, PRKAG3,

were recently found to cause a mild muscle glycogenosis in

pigs.44 Therefore, we also analysed the PYGM and PRKAG3

genes of patients 2–6. However, no sequence abnormalities

were found.

PHKG1 gene structure

As a prerequisite for the mutation analysis described above,

we determined the structure of the human PHKG1 gene

(see Methods). The gene consists of 10 exons and extends

over B12 kb, thus having a similar size and the same exon/

intron architecture as the human PHKG2 and the rodent

Phkg1 genes (Figures 2 and 3, Table 1). Besides a few

polymorphic nucleotides, this gene sequence is 100%

identical to the cDNA. This indicates that we have analysed

the authentic, expressed PHKG1 gene rather than pseudo-

gene sequences (see below).

Sequencing of PCR products frommultiple individuals in

the course of our studies identified four single-nucleotide

polymorphisms in wobble positions of codons Cys185

(TGC4TGT; allele frequency, one (patient 5) out of 28

chromosomes analysed), Pro228 (CCG4CCA; one (patient

1) out of 28 chromosomes), Tyr277 (TAC4TAT; 6/28),

Val293 (GTG4GTA; 6/28), one polymorphism at nucleo-

tide nine of intron 7 (a4g; 8/14), and two in the promoter

region (�593: TCC[C4T]G; nine out of 16 chromosomes

analysed) and (�449: AAAG[T4C]CT; 11/16). In all 16

chromosomes analysed, an additional C residue was found

inserted before nucleotide �916 of the promoter reference

sequence (GCCACC), suggesting a sequencing error in the

latter. The 831T(Tyr277) and 879T(Val293) variants always
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occurred in linkage with each other (both lie in exon 9) but

were found in linkage with either variant of the intron 7

polymorphism.

Several PHKG1-related genomic sequences have recently

emerged from the Human Genome Sequencing Project

(Figure 3). One of them is identical to the cDNA and gene

sequences determined and analysed for mutations by us

and therefore represents the authentic, expressed PHKG1.

Our analysis of the PHKG1 promoter region for mutations

is based on this sequence. At least three additional, heavily

rearranged pseudogene sequences exist in the human

genome, designated PHKG1P1-P3 by us (Figure 3). With

multiple small nucleotide replacements, insertions and

deletions throughout exons and introns they have B90%

sequence identity with PHKG1 but are more similar among

each other.

These pseudogenes do not appear to be transcribed. No

corresponding ESTs can be found in the sequence database,

they were not amplifiable from blood RNA (unlike the

PHKA1P1 pseudogene transcript: see Methods section on

Figure 2 Sequence of the human PHKG1 gene. Exon sequences are in uppercase letters and introns in lowercase letters. Amino-
acid sequences are given below exons. The sequence was determined in five contigs, with gaps in introns 1, 2, 4 and 6.
Nucleotide numbering is separate for each contig whereas amino-acid numbering is contiguous. These PHKG1 sequences are
available under GenBank accession numbers AF254249-53.
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PHKA1 mutation analysis), and sequences of PHKG1 RT-

PCR products frommuscle and heart had no background of

the characteristic pseudogene sequence deviations. PCR of

genomic DNA may coamplify PHKG1 and pseudogene

sequences where they are colinear (exon 2 and exons 7–

10). However, we could specifically amplify PHKG1 with

primers placed on mismatches or into regions of pseudo-

gene rearrangements.

ESTs from the contigs harbouring PHKG1 and its

pseudogenes have been mapped to centromere-near re-

gions of human chromosomes 7 and 11 (Figure 3), in

accordance with previous in situ hybridization of human

chromosomes with the rabbit Phkg1 cDNA probe.45 How-

ever, genetic mapping of mouse Phkg1 to chromosome 5

employing polymorphic short tandem repeats within the

authentic Phkg1 gene sequence, together with considera-

tions of known synteny with neighboring genes, suggested

7q21–q22 as the most likely localization of human

PHKG1.46 This would also be in accordance with an

additional weaker in situ hybridization signal at the latter

position.45 The definitive chromosomal localization of the

bona fide PHKG1 gene, its neighbouring genes and

pseudogenes may require additional, more discriminative

investigation.

Discussion
Our mutation search covered all coding sequences that

contribute to the expression of Phk in muscle: the muscle-

specifically expressed PHKA1, PHKG1 and PHKB exon 26

sequences; the ubiquitously expressed PHKB sequences;

and also the three calmodulin genes that give rise to the

Phk d subunit. We also analysed the PHKA1, PHKB and

PHKG1 promoter regions over lengths of B1 kb upstream

of the translation start sites and, as additional candidates

that might indirectly give rise to low phosphorylase-a or

Phk activities, the PYGM and PRKAG3 genes. Splice site

mutations would also have been detected, either directly

through sequencing of the exon-flanking genomic DNA

regions or indirectly, by RT-PCR of the mRNAs. The Phk

liver isoform genes, PHKA2 and PHKG2, were ruled

out because in muscle they are expressed only in

minute amounts compared to the respective muscle

isoforms,41,47,48 and individuals with PHKA2 or PHKG2

Figure 3 Schematic organization of PHKG1 and three PHKG1-related pseudogenes. Identifiers of Human Genome Sequencing
Project contigs and tentative chromosomal localizations are given at the left. Exons are numbered above, and nucleotide
numbering of the contig ends and of selected motifs within the genes are indicated below. The narrow box to the left of PHKG1
exon 1 indicates the promoter region (P). Horizontal lines above PHKG1 indicate the sequence intervals amplified from the
genomic DNA of patients and additional controls and analysed for mutations by full-length sequencing (short intervals in the
lower row) or for normal size by agarose gel electrophoresis (long overlapping intervals in the upper row). Note that portions of
the rearranged PHKG1P1 and PHKG1P2 pseudogenes are separated by intervals of several hundred kilobases and exon order is
partially perturbed. All exons are shown in sense orientation with the exception of the inverted block of exons 7–10 in PHKG1P1
(horizontal arrow above). Upward-pointing arrows indicate deletions (part of exon 4 and the beginning of intron 4 in PHKG1P1
and -P2; part of exon 7, intron 7, exon 8 and the beginning of intron 8 in PHKG1P2). Double arrows above intron 3 of PHKG1P1
and -P2 indicate that part of intron 3 including a (TAA)15 repeat is replaced by an unrelated sequence.
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mutations have normal Phk activity in muscle and do not

exhibit exercise intolerance.4,6,9

Only a single mutation was identified among six

patients: a PHKA1 missense mutation in a male patient

(D299V). It affects a highly conserved amino-acid residue,

and the corresponding residue in the PHKA2 gene has also

been found mutated in a patient with liver Phk deficiency,

confirming that it is functionally important. After one

nonsense and one splice-site mutation, this is only the

third human PHKA1 mutation identified, confirming that

PHKA1mutations cause Phk-deficient muscle glycogenosis.

Whereas the first PHKA1 mutation was associated with the

late-adult atrophic phenotype, the second and the present

mutation represent the juvenile-onset type with exercise

intolerance.

If the present results can be generalized, they suggest

that most cases diagnosed biochemically with muscle-

specific glycogenosis and low Phk activity cannot be

explained by coding sequence, splice-site or promoter

mutations in PHKA1, nor indeed in any of the other genes

encoding Phk subunits in muscle. We have additionally

analysed two infantile cases of severe muscular hypotonia

with muscle glycogenosis and low Phk or phosphorylase-a

activities without finding mutations: an unpublished case

(FH) which we analysed in PHKA1, PHKG1, PHKB, CALM1,

CALM2 and CALM3, and a published case22 which we

analysed in PHKG1. It may be significant that also from 10

muscle Phk deficiency cases described by others,14 only

one PHKA1 mutation has been reported.25 PHKG1 remains

the last Phk gene in which no mutations have been

identified.

The occurrence of heterozygous PHKB amino-acid repla-

cements in two of the five remaining patients is intriguing,

but it is unclear whether they contribute to the low Phk

activity and muscle disease of their carriers. In a dominant-

negative fashion, the mutant polypeptides may perturb

assembly, stability or regulatory properties of the holo-

enzyme. They may do so tissue-specifically by selectively

perturbing interaction with the muscle isoforms but not

the liver isoforms of the a or g subunits, or by being

sensitive to specific aspects of the intracellular milieu of

muscle such as protein turnover, neural or endocrine

regulation, or exercise-induced pH fluctuation. Neither of

the two patients has a family history of muscle disease to

support a dominant mode of inheritance, nor were the

three control individuals that were found heterozygous

for the Tyr770Cys replacement in Van den Berg et al8

reported to have muscle disease. However, muscle Phk

deficiency may be of low clinical penetrance. Four of

our six patients developed symptoms only in mid-adult

age after being physically very active for many years

(and perhaps only for this reason), and none of the 11

known patients with combined Phk deficiency in liver and

muscle because of truncating PHKB mutations has devel-

oped similar muscle disease. It is also possible that the

PHKB amino-acid replacements found here predispose

for the manifestation of muscle disease in combination

with another genetic defect.49 These possibilities cannot

be tested in vitro and the small number of cases allows no

statistically valid conclusion. The analysis of more muscle

glycogenosis cases may clarify whether these or other PHKB

sequence variants are indeed enriched in this patient

population.

Our five unsolved cases may have mutations in DNA

sequences that were not covered by our analysis, for

example, in remote transcription control elements. The

available samples did not allow quantification of Phk

subunit mRNAs or proteins in muscle from any of these

patients. The existence of several PHKG1 pseudogenes

indicates that PHKG1 has undergone repeated large-scale

recombinations during evolution, involving in particular

the long introns 1, 2, 4 and 6. However, we did not find

any indications of rearrangements of the transcribed

PHKG1 gene in our patients, by systematic amplification

in multiple overlapping segments (Figure 3). Intact exons

1, 3–6 and the promoter region, unique to PHKG1, could

be amplified from all, and mRNAs of normal sequence are

expressed in muscle of patients 5 and 6.

Phk expression or activity might be downregulated in

response to a buildup of glucose phosphates and glycogen

caused by a primary defect of another protein involved in

muscle glycogen or glucose catabolism. For example, low

liver Phk activities were determined in a family with

hepatorenal glycogenosis (Fanconi–Bickel syndrome) with

a mutation in the GLUT2 glucose permease but not in Phk

subunits.50 Several cases with concurrent low activities of

Phk and phosphofructokinase or debranching enzyme

have also been described.17,19 Three of our six patients,

however, were analysed for activities of other multiple

enzymes known to cause glycogen storage disease (see

Subjects and methods) and all activities were normal. A

primary deficiency of one of the remaining glycolytic

enzymes not analysed or, for example, of a transporter

mediating the release of lactate or alanine from glycolyti-

cally active muscle,51,52 remains possible. Mutations in

transcription factors acting on Phk subunit genes (cf. the

impact of C/EBP isoforms on glycogen metabolism),53,54 in

scaffolding proteins that assemble glycogen particles with

their metabolizing and regulatory enzymes including Phk

(Lerin et al55), or in one of the many proteins involved in

the transmission of regulatory signals to Phk such as

protein kinase A, might also affect the expression, the

stability or the activity regulation of Phk.

Finally, as Phk is an unstable enzyme, the biochemical

diagnosis of Phk deficiency in muscle may be particularly

error-prone under clinical conditions. In our previous

work, the large majority of cases with a biochemical

diagnosis of liver Phk deficiency could be successfully

ascribed to mutations affecting the coding sequences of one

of the candidate genes (PHKA2, PHKB or PHKG2), showing
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that the biochemical diagnosis of Phk deficiency from liver

or red blood cells is usually reliable. Also, in all our unsolved

muscle cases elevated glycogen is documented both by

morphological and biochemical analysis and the low

Phk activities are corroborated by low phosphorylase-a

activities. However, in muscle tissue the Phk and phosphor-

ylase-a activities may be more labile (eg, through depho-

sphorylation or proteolysis) than other enzymes that

were normal in the biopsies analysed here. Phk and

phosphorylase-a activities may suffer before biopsy (sam-

pling from acutely or chronically damaged muscle) or

after (delayed or slow freezing of tissue specimens, insuffi-

cient inhibition of phosphatases or proteases after homo-

genization) (I Maire, personal communication). In rat

muscle, Phk activity and protein levels have been shown

to drop deeply following experimental degeneration56 or

denervation.57

To avoid a biochemical misdiagnosis of muscle Phk

deficiency, special care may be necessary in the timing, site

choice and specimen handling of muscle biopsies, and other

enzyme deficiencies that can cause a similar glycogenosis

should be comprehensively excluded even if low Phk and

phosphorylase-a activities are measured. It may also be

advisable to assay Phk routinely at pH 6.8 and 8.2, because

Phk activity is markedly pH-dependent and the pH 6.8/8.2

activity ratio reflects the enzyme’s molecular status. Depho-

sphorylation will reduce the pH 6.8/8.2 activity and slight

proteolysis will raise it, while activity loss at high pH will be

indicative of a loss of total Phk through heavy proteolysis,

denaturation, or reduced biosynthesis.

In conclusion, in most of our patients with a muscle-

specific glycogenosis and low activities of Phk and

phosphorylase-a, genetic defects could not be detected in

PHKA1, PHKG1, PYGM or five other candidate genes. It is

unclear to what extent elusive Phk subunit mutations, Phk

downregulation secondary to other molecular abnormal-

ities, or unspecific prebiopsy or artifactual postbiopsy

activity losses contribute to this patient population. We

suspect that in general, a high percentage of biochemically

diagnosed ‘muscle Phk deficiency’ cases will be negative for

conventional mutations in Phk subunits. High-quality

muscle biopsies and a continuing search for alterations in

multiple enzyme activities, protein levels or mRNA levels

will be needed to resolve this group.
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Vorgerd M, Obladen M: Fetal-onset severe skeletal muscle
glycogenosis associated with phosphorylase-b kinase deficiency.
Neuropediatrics 2000; 31: 104–106.

23 Schneider A, Davidson JJ, Wüllrich A, Kilimann MW:
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