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Contrary to previously published data, we have found that in mammalian skeletal muscles, phos-
phoglycerate mutase (PGM) is organized in a regular, striated fashion within the sarcomere. In
the absence of the enzyme effectors, PGM localizes mainly at the M-line, but under conditions typ-
ical for contracting muscle, the enzyme accumulates within the I-band of the sarcomere. Searching
for muscle PGM binding partners, we have found that PGM interacts with several enzymes of triose
phosphate metabolism. It might suggest that PGM is a central structural element of the muscle gly-
colytic complex located within the isotropic region of the sarcomere.

Structured summary:

MINT-7034028: PGM (uniprotkb:P16290) physically interacts (MI:0218) with lactate dehydrogenase B
(uniprotkb:P42123), lactate dehydrogenase A (uniprotkb:P04642), G3PDH (uniprotkb:P04797), aldolase
(uniprotkb:P05065), Creatine kinase (uniprotkb:P07335), phPhosphoglycerate kinase (uniprotkb:P16617)
and Enolase (uniprotkb:P04764) by pull down (MI:0096)

© 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Phosphoglycerate mutase (PGM, EC 5.4.2.1) catalyzing the
interconversion of 3-phosphoglycerate and 2-phosphoglycerate is
an indispensable enzyme of glycolysis and gluconeogenesis [1].
In mammals, PGM exXists as a homodimer consisting of two mus-
cle-type monomers (PGM-MM), two brain-type monomers (PGM-
BB) or as a heterodimer (PGM-MB) [2]. PGM-BB is widely distrib-
uted in all mammalian tissues, except adult skeletal muscles where
PGM-MM is present [3,4]. In fetal and neonatal skeletal muscles
and heart, the PGM-MB heterodimer occurs [2,4].

Although the sequences of enzymatic reactions constituting the
glycolytic and gluconeogenic pathways in skeletal muscle are well
known, their regulation and spatial organization are not yet fully
understood. Many studies indicate that glycolytic enzymes are
associated with contractile proteins [5-7]. Such association not
only alters their regulatory properties and kinetics [8,9], but may
also facilitate channeling of substrates between metabolically
sequential enzymes [7,9].

Abbreviations: BSA, bovine serum albumin; DTT, dithiothreitol; EDTA, ethyl-
enediaminetetraacetic acid; PEG, polyethylene glycol; PK, pyruvate kinase; PMSF,
phenylmethylsulfonyl fluoride; TIM, triosephosphate isomerase; TRIS,
tris(hydroxymethyl)aminomethane; TRITC, tetramethyl rhodamine isothiocyanate
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In contrast to well-established localization of majority of glyco-
lytic enzymes within sarcomeric structures [5-7], the data on sub-
cellular localization of muscle PGM is unclear.

In 1975, it was demonstrated that association of PGM with iso-
lated structural proteins of rabbit striated muscles is relatively
weak [5]. No evidence of such association was found in rat skeletal
muscle, using immunocytochemistry [10]. The data from mamma-
lian muscles are in conflict with results concerning insect muscles.
It has been clearly demonstrated that in Drosophila flight muscle,
PGM accumulates at both the M and the Z-line of sarcomere
[11]. These results might suggest that in mammals and in insects,
different organization of glycolytic enzymes within sarcomere and
hence, different mode of muscle glycolysis regulation exist.

Nevertheless, since almost all glycolytic enzymes of mammalian
muscle bind to the I-band of sarcomere it seems reasonable to ex-
pect that if the muscle glycolytic complex exists, PGM should local-
ize within it (interacting, if not directly with sarcomere, at least
with one of the enzymes which bind to sarcomeric structures).

This fact prompted us to re-evaluate the data on the subcellular
localization of PGM in mammalian skeletal muscles. To achieve the
goal we used microscopic techniques, subcellular fractionation and
enzyme activity measurements. To extend our understanding of
PGM-MM role in rat skeletal muscle we also searched for PGM-
MM binding partners using affinity chromatography and MS anal-
ysis. Results of the experiments are presented and their physiolog-
ical meaning is discussed.
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2. Materials and methods

Phosphocellulose P-11 was purchased from Whatman (Eng-
land). Other reagents were from Sigma (USA).

If it is not stated otherwise, all procedures were carried out at
T=4°C.

2.1. Phosphoglycerate mutase purification and determination of its
kinetic parameters

Phosphoglycerate mutase (PGM) from rabbit skeletal muscle
was purified to homogeneity according to the method elaborated
in our laboratory. The isolation procedure, SDS-PAGE and mass
spectrometry analysis of purified PGM are presented as a supple-
mentary data (Supplementary Table 1 and Fig. 1).

PGM activity was measured in the presence of coupling en-
zymes: enolase (1 unit/ml), pyruvate kinase (1 unit/ml) and lactic
dehydrogenase (12 unit/ml), following the decrease of NADH
absorbance. A total of 1ml of the assay mixture contained:
100 mM tris(hydroxymethyl)aminomethane (TRIS), 100 mM KCl,
10 mM MgCl,, 0.5 mM ethylenediaminetetraacetic acid (EDTA),
10 mM 3-phosphoglycerate (3-PG), 20 uM 2,3-bisphosphoglycer-
ate (2,3-BPG), 1.5 mM ADP, 0.2 mM NADH, pH 7.4, at 37 °C. PGM
was used to start the reaction.

The kinetic parameters of PGM were determined both in for-
ward, glycolytic direction (with 3-PG as a substrate and 14 ng/ml
of PGM), and in reverse, gluconeogenic direction (using 2-phos-
phoglycerate as a substrate and 56 ng/ml of PGM). The parameters
were determined at pH 6.3 and at pH 7.4, T =37 °C. Spectrophoto-
metric measurements were performed with a HP 8452A diode ar-
ray spectrophotometer. The calculation of k;;, was performed using
GraFit 4.0.12 program (Leatherbarrow, 2000).

2.2. Effect of Ca®* and 3-PG on association of PGM with subcellular
structures of muscle fibers

Fresh rabbit skeletal muscles were homogenized in the buffer:
20 mM TRIS, 0.4 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
(PMSF), 5% polyethylene glycol (PEG) 8000, pH 6.3 or 7.4, supple-
mented either with 10 pM CaCl,, or with 100 uM 3-PG. The ratio
of tissue to buffer (wt./vol.) was 1:2. Homogenates were centri-
fuged at 15 000xg for 20 min and the supernatants were used to
measure the activity of cytosolic PGM. To release the cytoskele-
ton-bound PGM fraction, the pellets were homogenized in 9 vol-
umes of the homogenization buffers supplemented with 0.5%
Triton-X 100, incubated for 30 min on ice and centrifuged at
15 000xg for 20 min. The final supernatants were used to deter-
mine the activity of cytoskeleton-bound PGM.

2.3. Fluorescent labeling

Fluorescently labeled PGM (FITC-PGM) was obtained by modifi-
cation of the protein with fluorescein isothiocyanate (FITC) as de-
scribed by Goding [12]. The lack of proteolysis of fluorescently
labeled protein was checked by 10% SDS-PAGE. The number of
fluorochrome molecules conjugated to the enzyme was estimated
spectrophotometrically to be 3 FITC molecules per monomer of
phosphoglycerate mutase.

2.4. The protein exchange

Single skeletal muscle fibers were prepared as described by
Kraft et al. [13].

The FITC-labeled PGM was dialyzed against relaxing solution
[13], pH 6.3 or 7.4. The muscle fibers were incubated in a drop of

the relaxing solution with anti-a-actinin antibodies, secondary tet-
ramethyl rhodamine isothiocyanate (TRITC)-conjugated antibodies
and then with 0.2 mg/ml FITC-PGM (overnight). All fibers were
washed with the relaxing solution, mounted on slides and exam-
ined using confocal microscopy (Olympus IX71 microscope with
FluoView 500 confocal scanner unit).

As a control, a competition experiment was performed: the
muscle fibers were incubated with 0.2 mg/ml FITC-PGM and with
increasing concentrations (0-1 mg/ml) of unlabeld PGM. Alterna-
tively, the muscle fibers were incubated with FITC-labeled bovine
serum albumin (BSA) (0.2-0.5 mg/ml).

To check the effect of Ca®* and 3-PG on PGM localization, the fi-
bers containing cytoskeleton-associated FITC-PGM were incubated
in the relaxing solutions containing 10 uM CacCl, or 50 uM 3-PG,
respectively.

2.5. Sepharose 4B-PGM column

CNBr-activated Sepharose 4B powder (600 mg) was swollen in
1 mM HCI and washed with 10 volumes of 1 mM HCI. Then the re-
sin was washed with coupling buffer (CB; 25 mM sodium pyro-
phosphate, 0.5 M NaCl, pH 8.4). After overnight dialysis in CB,
PGM (3 mg) was incubated with Sepharose 4B resin for 24 h with
gentle stirring. Unbound PGM was washed away with the CB.
The amount of PGM immobilized on the resin (0.8 mg) was calcu-
lated as a difference between the amount applied and unbound
PGM. Remaining active imidocarbonate groups of the Sepharose
were blocked for 16 h with 1 M ethanolamine, pH 8.0. PGM-Se-
pharose was loaded into a column, washed with CB and equili-
brated with 20 mM TRIS, 0.5 mM EDTA, pH 7.4.

2.6. Identification of PGM-interacting proteins

Fresh rat skeletal muscles were homogenized in a buffer con-
taining 20 mM TRIS, 150 mM NacCl, 0.5 mM EDTA, 1 mM PMSF,
1 mM dithiothreitol (DTT), 1% Triton-X 100, pH 7.4. Homogenate
was centrifuged at 15 000xg for 20 min. and the obtained superna-
tant was dialyzed overnight against the 20 mM TRIS, 0.5 mM EDTA,
pH 7.4. Then the supernatant was passed ten times through pre-
equilibrated PGM-Sepharose column. To remove proteins unspe-
cifically associated with PGM-Sepharose, the column was washed
extensively with equilibrating buffer until the absorbance
(42=280 nm) dropped below 0.01. PGM-interacting proteins were
eluted with 1 M NaCl in equilibrating buffer. The samples were
precipitated with TCA and resolved by SDS-PAGE. The gel was sil-
ver-stained and the protein bands were excised and analyzed com-
mercially by ESI-MS at Mass Spectrometry Laboratory, Institute of
Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw,
Poland.

The activities of pyruvate kinase (PK) and triose phosphate
isomerase (TIM) in the eluent containing proteins interacting with
PGM-CNBr-Sepharose were measured, respectively, according to
[14,15].

2.7. Statistical analysis
Statistical analysis of protein exchange section was performed

by the Cell Imaging Software (Olympus Soft Imaging Solution
GmbH, Germany).

3. Results and discussion

It is well known that in striated muscles, almost all glycolytic
enzymes and creatine kinase bind to actin filaments within the I-
band and, supposedly, to the Z-line of sarcomere [6,7,11,13,16]. It
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is hypothesized that such localization enables them to function as
a glycolytic multi-enzyme complex, directly providing ATP to myo-
sin ATPase [11,13]. Although this complex cannot be active in the
absence of phosphoglycerate mutase, there is no data confirming
localization of PGM within the sarcomere of vertebrate muscles.
Instead, it has been shown in vitro that PGM does not associate
with muscle contractile proteins [10].

In contrast to vertebrate skeletal muscle, in Drosophila flight
muscle, PGM (as well as aldolase, glycerol 3-phosphate dehydroge-
nase, glyceraldehyde 3-phosphate dehydrogenase, TIM and phos-
phoglycerate kinase) binds both to the M- and to the Z-line [11].

Taking this into account, we attempted to re-evaluate few and
relatively old in vitro data on the association of PGM with subcel-
lular structures of mammalian skeletal muscles.

The results of protein exchange experiments presented here
clearly demonstrate that in rat skeletal muscle, FITC-PGM is or-
ganized in a regular, striated fashion within the sarcomere
(Fig. 1). After introduction of FITC-BSA to the muscle fibers
(control reaction) we could not detect any binding of the pro-
tein to the sarcomere (data not shown), what suggests that
PGM was specifically associated with subsarcomeric structures.
Moreover, in the presence of increasing concentrations of unla-
beled PGM the amount of FITC-PGM bound to the sarcomeric
structures decrease, suggesting that the native enzyme binds
to the same structural proteins as the modified form (Supple-
mentary Fig. 2).

The striated pattern of PGM localization (as well as its diffuse
presence in cytoplasm and in some of the nuclei) was also con-
firmed by immunohistochemistry (Supplementary Fig. 3).

Our results are in discrepancy with those of Urena et al. [10],
who could not observe any association of PGM to contractile pro-
teins. Presumably it arises from the method of the antibody prep-
aration used by the authors (affinity chromatography in a CNBr-
activated Sepharose 4B coupled with PGM). Coupling of PGM to
the matrix may mask epitopes which are exposed on the surface
of PGM associated with the sarcomeric structures. Thus, it is feasi-
ble that they had prepared and used antibodies highly specific to
PGM epitopes normally hidden upon the enzyme association with
the sarcomere.

The activity of PGM bound to the sarcomeric structures of rat
skeletal muscle represents about 10% of the total PGM. This
amount seems to be constant and not influenced by changes in
concentration of Ca?*, 3-PG (a PGM substrate) or pH value
(Table 1). Nevertheless, an elevated concentration of Ca** and/or
3-PG causes significant translocation of this cytoskeleton-bound
PGM fraction within the sarcomere (Fig. 2). In the absence of
the enzyme effectors, PGM localizes mainly at the M-line
(Fig. 1). Supplementation of the incubation medium with elevated
concentrations of the effectors results in the accumulation of PGM

Fig. 1. Localization of FITC-conjugated PGM in isolated rat skeletal muscle fibers. In
the absence of Ca?* and 3-PG, PGM (green; A and B) accumulates mainly on the M-
line and much weaker within the isotropic region of the sarcomere, as marked by o-
actinin staining (red; B). Bar = 10 um.

Table 1
The effect of Ca?* and 3-PG on the association of phosphoglycerate mutase with
subcellular structures of muscle fibers.

Buffer PGM associated with subcellular structures
(%)

pH 6.3 in the absence of effectors 10.7+1.8

pH 6.3 in the presence of 10 uM Ca?* 12.0 £2.0

pH 6.3 in the presence of 100 pM 3- 11.3+1.0

PG

PH 7.4 in the absence of effectors 8.9+3.7

pH 7.4 in the presence of 10 uM Ca®>* 8.5+0.8

pH 7.4 in the presence of 100 uM 3- 10.9+0.1

PG

within the isotropic region of sarcomere (i.e. within the actin fil-
aments, around the Z-line) (Fig. 2). This suggests that under con-
ditions typical for contracting muscle PGM participates in the
formation of the glycolytic complex within the I-band. The F-ac-
tin-based localization of PGM might therefore reflect an increased
requirement of myosin ATPase for energy during contractile
activity.

Such mode of regulation of the PGM subsarcomeric localization
is in agreement with the results obtained by Ramizel group [11]
who has found that the association of glycolytic enzymes (e.g.
PGM) with the Z-line of thoracic muscles of Drosophila sp. depends
on calcium concentration.

Many glycolytic enzymes like phosphofructokinase, aldolase,
glyceraldehyde 3-phosphate dehydrogenase and PK bind to F-ac-
tin-tropomyosin at acidic pH (pH values below 7.0). Studying the
effect of pH changes on PGM properties we did not observe differ-
ences neither in affinity of the enzyme to muscle subcellular struc-
tures nor in its localization. However, in contrast to above-
mentioned glycolytic enzymes, PGM does not seem to interact
with sarcomeric proteins directly but rather through other en-
zymes [17].

Using affinity chromatography and subsequent MS analysis we
found that in skeletal muscle, PGM may interact with several en-
zymes of triose phosphates metabolism, with creatine kinase and
with gluconeogenic enzyme - malate dehydrogenase (Fig. 3).
Among PGM-interacting enzymes we also found lactate dehydro-
genase which had been earlier hypothesized to be a linker between
the F-actin-tropomyosin complex and rabbit muscle PGM in vitro
[17]. Although we were not able to detect PK and TIM protein using
affinity chromatography-MS analysis, the measurement of the
enzymatic activity clearly showed that both of the enzymes are
among PGM-interacting proteins. The activity of PK and TIM in
the fractions eluted with 1M NaCl from PGM-CNBr-Sepharose
was, respectively, 1.62 + 0.57 and 2.94 + 1.28 U/mg of PGM-inter-
acting proteins.

The ability of PGM to associate with presumably all enzymes of
triose phosphates metabolism might suggest that PGM is a central
structural element of the glycolytic complex located within the iso-
tropic region of the sarcomere. The kinetic properties of PGM sup-
port this hypothesis: although changes in pH influence both k;, and
k..t they do not affect significantly the enzyme catalytic efficiency
(kcat/km) (Table 2). This may ensure a constant activity of the glyco-
lytic complex, and thus a constant rate of ATP delivery to myosin
ATPase during prolonged muscle contraction.

On the other hand, the decrease of pH significantly increases
PGM catalytic efficiency (P < 0.05) towards 2-PG which serves as
a substrate of the enzyme in gluconeogenic direction (Table 2).
Such kinetic properties of PGM supports the hypothesis of Bonen
and colleagues [18] that re-synthesis of glucose from carbohydrate
precursors in skeletal muscles is more efficient at acidic pH, which
occur after high intensity exercise.
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Fig. 2. The effect of Ca®* (10 uM) and 3-PG (50 pM) on the sub-sarcomeric localization of PGM in pH 6.3 (A) and pH 7.4 (B). The accumulation of FITC-labeled PGM within
subsarcomeric domains was measured as a sum of all green intensities around the M-line and the Z-line (within the I-band). 3-PG- (C-E) and Ca?*-evoked (F-H) shift of PGM
(green) from the M-line to the isotropic region of sarcomere marked by a-actinin (red). Bar = 10 pm.

Pyruvate kinase*

| Enolase, Score (S):1140, (sequence coverage (sc):34%)
Phosphoglycerate kinase, S:407, sc:32%

Creatine kinase, S:779, sc:37%

_Aldolase, 5:2701, sc:81%

\ J‘Gly'cc:ralclchyde 3-phosphate dehydrogenase, S:458, sc:31%

\ Lactate dehydrogenase A, S:1463, sc:44%
kDa A Lactate dehydrogenase B, S:465, sc:11%
k ) ‘ \ Triosephosphate isomerase**

Fig. 3. SDS-PAGE of PGM-interacting proteins from rat skeletal muscle. The
proteins interacting with PGM-Sepharose were separated by SDS-PAGE and
silver-stained. The indicated protein bands were excised and analyzed by ESI-MS.
Although pyruvate kinase and triosephosphate isomerase were not detected using
ESI-MS analysis, we found significant activities of both the enzymes in the mixture
of PGM-interacting proteins.

Table 2
The kinetic parameters of rabbit muscle phosphoglycerate mutase.

Parameter 3-PG as a substrate 2-PG as a substrate
km (mM), pH 7.4 0.58 +0.04 0.01 £ 0.003

km (mM), pH 6.3 1.84+0.1 0.076 + 0.02

keat (s71), pH 7.4 1408 + 15 105+ 18.4

keat (s71), pH 6.3 2663 + 31 131 +£26.0
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