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To characterize the three phosphoglycerate mutase (PGM) isoenzymes present in rat facial 
processes (types MM, BB, and MB), their sensitivity to reagents of the sulfhydryl groups and 
to heat treatment has been studied. Type BB PGM was not affected by the -SH group 
reagents; type MB PGM was inhibited about 50%, and type MM PGM was fully inhibited. 
Type MB PGM showed a greater heat lability than type MM PGM. There was a developmental 
change from type BB PGM from the 9th embryonic day to isoenzymes MB and MM on the 
15th embryonic day. Isoenzyme development was first seen in mandibular processes, followed 
by maxillary, lateral nasal, and medial nasal processes. 0 Craniofacial embryology; enzyme 
biochemistry 
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Glycerate-2,3-P2-dependent phosphoglycer- 
ate mutase (PGM; EC 2.7.5.3) in mamma- 
lian tissues shows the existence of three 
isoenzymes (14). From patterns observed 
in muscle tissues at several stages of growth 
and on the basis of the dimer structure of 
PGM it was suggested that the three isoen- 
zymes detected resulted from the dimeric 
combinations of two different subunits (15). 
It was postulated that the isoenzyme with 
high electrophoretic mobility (brain type, 
or type BB) and the isoenzyme with low 
mobility (muscle type, or type MM) were 
homodimeric species, whereas the iso- 
enzyme with intermediate mobility (type 
MB) was heterodimeric. It was also sug- 
gested that both PGM subunits B and M 
were determined by two different gene loci. 
A developmental transition was observed in 
skeletal and cardiac muscle (1) and in facial 
processes (4) from a brain-type pattern to 
a muscle-type pattern. This transition was 
interpreted as a two-step process, 'turning 
on' the gene for type M subunit and 'turning 
off' the gene for type B subunit. The devel- 
opmental transition in facial processes pre- 
ceded obvious histologic signs of muscle 
differentiation. 

One of the biochemical features of terato- 
genesis is disturbances in the composition of 
various isoenzymes (9,lO). The purpose of 
the present study was to develop biochemical 
testing systems to separate the MM, BB, and 
MB isoenzymes of PGM and to characterize 
them further biochemically. To characterize 
PGM present in facial processes, their sen- 
sitivity to reagents of the sulfhydryl groups 
and to heat inactivation was tested. 

Materials and methods 
Sprague-Dawley rats from Anticimex AB 
(Stockholm, Sweden) were used throughout 
the study. Male and female animals were 
housed together overnight in the proportion 
two males to three females. Vaginal smears 
were taken in the morning, and the day 
when sperm was present in the smears was 
designated day 0 of pregnancy. Pregnant 
dams were housed in plastic cages and kept 
in 12-h light/dark cycles with an ambient 
temperature of 21 "C. Animals were allowed 
free access to water and standard pellets. 

Totally, 75 dams were killed on days 9, 
10, 11, 12, 13, 14, and 15 of pregnancy. A 
total of 618 conceptuses were explanted and 
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( p H  3 1 0 ,  Pharmacia) was added, and the 
gel was cast in a mold. The gel was allowed 
to harden overnight in a humidity chamber 
at 4°C. 

The samples were applied on paper sample 
applicators at volumes of 15-30 1.11 (equiv- 
alent to 60-120pg protein). The samples 
were applied 25 mm from the anode. IEF 
was performed at 15OOV, 16W, and 
extended to 1700Vh at 10°C cooling tem- 
perature. The distance between the elec- 
trodes was IOOmm, and the electrode 
solutions consisted of 0.05 M H2S0,  (anode) 
and 1 M NaOH (cathode). After separation, 
the agarose gel was quickly placed face down 
on a reagent gel and incubated for 30 min at 
37 "C for color development. 

To prepare the reagent gel for PGM, 
0.75 g Difco Special Noble agar was dis- 
solved in 40 ml boiling 0.1 M tris-HC1 buffer, 
pH8.0. After the mixture had cooled to 
60"C, the following solutions were added: 
1 ml 2.5 mM MgC12, 1 ml 4.2mM ethyl- 
enediaminetetraacetic acid (EDTA), 1 ml 
2.5 mM histidine hydrochloride (Sigma), 
1 ml 2.5 mM glucose-I-phosphate (Sigma), 
1 ml 2.5 mM nicotinamide adenine dinucle- 
otide phosphate (NADP) (Sigma), 1 ml 
glucose-6-phosphate dehydrogenase (0.12 
mg enzyme/ml; Sigma), 1ml Nitro BT 
(10 mg/ml), and 0.2 ml phenazine metho- 
sulfate (1 mg/ml). The gel was cast in a mold 
the same size as the agarose gel and was 
allowed to harden in the dark for 2 h at room 
temperature (16). 

After the incubation, the reagent gelswere 
rinsed in a solution of 10% acetic acid and 
10% methanol for 10 min, followed by scan- 
ning in a Schnell densitometer I1 (Zeiss, 
Jena), connected to a Vitatron UFD 100 
electronic unit and a Vitatron UR 403 LIN/ 
LOG integrating recorder. 

PGM activity was measured by coupling 
the formation of glycerate-2-P from glyc- 
erate-3-P with the enolase-catalyzed reac- 
tion. Assays were performed in a Hitachi 
Spectrophotometer, model 100-20 at 30°C. 
The reaction mixture contained in a total 
volume of 3ml:  33mM tris-HC1 buffer, 
pH 7.4, 3 mM MgSO,, 20 mM glycerate-3-P 
(Sigma), 0.25 mM glycerate 2,3-P2 (Sigma), 
and 1 U enolase (Sigma). One unit of PGM 

examined under the dissection microscope. 
Staging for correct embryologic age was per- 
formed by the method of Edwards ( 3 ) .  Using 
a dental excavator, a pair of microforceps 
and a microhook. we dissected free dif- 
ferent parts of the developing face. From 
conceptuses of 9. 10, and 11 days, man- 
dibular and maxillary processes were 
obtained. From conceptuses of 12, 13, 14, 
and 15 days, mandibular, maxillary, lateral 
nasal. and medial nasal processes were 
obtained as described by Granstrom (4). The 
mandibular processes were defined as pro- 
truding below the stomodeum. They were 
dissected along a straight line extended 
between and below the angles of the sto- 
modeum. The maxillary processes were dis- 
sected from the angle of the stomodeum to 
the lens plate. Lateral nasal processes were 
dissected from the lens plate to the olfactory 
plate. The medial nasal process was the 
remaining tissue between the olfactory 
plates and the telencephalon. During the 
giII stages fusion grooves between different 
facial processes were followed during dis- 
section. 

For PGM analysis facial processes were 
dissected free as described above and pooled 
separately in 50 mM tris-HCI buffer, pH 7.5. 
The tissues were homogenized during cool- 
ing in ice for 5 min in a glass homogenizer 
containing 2 ml of 50 mM tris-HC1 buffer, 
pH 7.5, after which the samples were centri- 
fuged in the cold for 30min at 10,OOOg. 
and the precipitate was discarded. Reference 
samples from homogenates of adult rat skel- 
etal muscle and adult rat cardiac muscle were 
prepared in the same manner. 

For isoelectric focusing (IEF),  a Phar- 
macia flat-bed apparatus FBE 3000 was 
used, equipped with an ECPS 3000/150 con- 
stant power supply and a VolthourVH-1 
integrator. The IEF agarose gel was pre- 
pared in accordance with the manufacturer's 
instructions (Pharmacia Fine Chemicals, 
Uppsala, Sweden). To prepare a gel with 
a size of 115 X 225 mm, 0.3 g agarose IEF 
(Pharmacia), 3.6 g sorbitol (P.A., AG 
Merck, Darmstadt, FRG), and 27 ml distil- 
led water were mixed and boiled. When the 
agarose had dissolved completely, the mix- 
ture was cooled to 75"C, 1.9 ml Pharmalyte 
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gave an increase of 0.025 in optical density 
per minute at 240 nm (12). 

Mandibular processes obtained for further 
analysis were homogenized in three volumes 
of 20mM tris-HC1 buffer, pH7.5, con- 
taining 1 mM Na, EDTA and 1 mM 6-mer- 
captoethanol (Sigma). After centrifugation 
at 25,OOOg for 15 min, the supernatant was 
mixed with saturated ammonium sulfate, 
adjusted to pH 7.2. It was allowed to stand 
for 60 min and then centrifuged at 25,000 g 
for 30 min. The precipitate was resuspended 
in 1 ml extracting buffer and was percolated 
through a column of Sephadex G-25 equi- 
librated with the same buffer. 

Fractions with PGM activity eluted from 
the Sephadex G-25 column were pooled and 
applied to a column of DEAE Sephadex A- 
50 equilibrated with extracting buffer. The 
column was developed first with the same 
buffer and then with a linear gradient of 
NaCl from 0 to 250 mM. 

Tissue extract in 50 mM tris-HC1 buffer, 
pH 7.5, was incubated at 56°C in the absence 
and in the presence of 2 mM glycerate-2,3- 
P2. At intervals: incubation was stopped, and 
after centrifugation at 15,OOOg for 15 min, 
PGM activity was determined in the super- 
natant. To identify the thermolabile and 
thermoresistant PGM isoenzymes, aliquots 
of the extracts heated for 50min at 56°C 
were analyzed by IEF. 

Tissue extracts in 50 mM tris-HC1 buffer, 
pH 7.5, were incubated at 30°C with either 
1 mM tetrathionate (potassium salt; Merck) 
or 0.2mM HgC1, (Merck), in the absence 
and in the presence of 0.2 mM glycerate 2,3- 
P2. After 5 min the incubation solutions were 
chilled at 2"C, and PGM activity was 
measured. Dithiothreitol (10 mM, Sigma) 
was added, and after a further 10min of 
incubation at 30"C, PGM activity was deter- 
mined again. To identify the PGM iso- 
enzymes sensitive and resistant to Hg2+ and 
tetrathionate, aliquots were removed from 
the incubation mixtures before and after 
dithiothreitol addition and were analyzed by 
IEF . 

The molecular weight of the PGM iso- 
enzymes was estimated by gel filtration on 
Sephadex G-75. Bovine serum albumin, 
ovalbumin, and ribonuclease were used as 

standards. Samples (2 mg) of each standard 
protein and 25 U of PGM in 0.2 ml of 20 mM 
tris-HCl buffer, pH 7.5, containing 1 mM 
EDTA, 1 mM /3-mercaptoethanol, and 100 
mM NaC1, were applied to the column (1.5 
X 100 cm) and eluted with the same buffer. 
At a flow rate of 4ml/h, 1-ml fractions 
were collected and assayed for enzymatic 
activity and protein. Molecular weight was 
determined by means of the standard curve 
of log M, versus elution volume. 

Protein was determined by the method 
of Lowry et al. (11), using bovine serum 
albumin as standard. 

Results 
Fig. 1 shows the isoenzyme pattern of PGM 
from free dissected facial processes sep- 
arated by IEF and recorded by densitometric 
scannings. Samples from adult rat skeletal 
muscle (quadriceps) and from adult rat car- 
diac muscle were run as reference. PGM 
isoenzyme BB was present from the 10th day 
and isoenzyme MB from the 11th day. From 
the 15th day isoenzyme MM was present in 
all facial processes. Activities of isoenzyme 
BB and MB increased during embryonic 
days 10-15. All three isoenzymes were 
recovered from skeletal and cardiac muscle. 
Isoenzyme development was first seen in 
mandibular processes, followed by maxil- 
lary, lateral nasal, and medial nasal 
processes. The isoelectric point (Ip) of the 
three PGM isoenzymes was 4.7,5.2, and 6.2 
for types BB, MB, and MM, respectively. 

The sensitivity of PGM activity to the -SH 
group modification varied during devel- 
opment. In the earliest specimens from fetal 
rat, PGM from the facial processes were 
resistant to Hgz+ and tetrathionate (Table 
1). After the 12th embryonic day PGM from 
mandibular processes became sensitive and 
its sensitivity increased progressively with 
development (Fig. 2). The PGM isoenzymes 
sensitive and resistant to the reagents of the 
-SH groups were identified by IEF. Tissue 
extracts from facial processes treated with 
tetrathionate were subjected to IEF, and 
their patterns were compared with those of 
nontreated extracts. Only the PGM band 
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Fig. la .  Transposition of densitometric recordings of 
PGM isoenzymes separated by isoelectric focusing. 1 = 
adult rat skeletal muscle; 2 and 3 = mandibular and 
maxillary processes of 10 (3) and 11 (2) days of embry- 
onic age. 1 b. Transposition of densitometric recordings 
of PGM isoenzyrnes. 1-4 = mandibular processes of 12 
(4). 13 (3), 14 (2). and 15 (1) days of embryonic age. 
lc. Transposition of densitometric recordings of PGM 
isoenzymes. 1 = adult rat cardiac muscle; 2-5 = maxil- 
lary processes of 12 ( 5 ) ,  13 (4), 14 ( 3 ) ,  and 15 (2) days 
of embryonic age. Cathode to the left of recordings. 

that corresponded to the MM isoenzyme of the BB isoenzyme is resistant to the modi- 
disappeared completely after tetrathionate fication of the -SH groups, the activity of the 
treatment. The band with intermediate MB isoenzyme is partially sensitive, and the 
mobility (MB isoenzyme) decreased, and the activity of the MM isoenzyme is fully 
type BB isoenzyme was not affected. From 
the results it was concluded that the activity To quantify the PGM isoenzymes, these 

sensitive. 
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Fig. Id. Transposition of densitometric recordings of PGM isoenzymes. 1 4  = lateral nasal processes of 12 (4), 13 
(3), 14 (2), and 15 (1) days of embryonic age. le.  Transposition of densitometric recordings of PGM isoenzymes. 
1-4 = medial nasal processes of 12 (4), 13 (3), 14 (2), and 15 (1) days of embryonic age. Cathode to the left of 
recordings. 

were isolated by ion-exchange chroma- isoenzyme, the second peak as type MB iso- 
tography on DEAE Sephadex A-50. As enzyme, and the third peak as type BB iso- 
shown in Fig. 3, three peaks were eluted enzyme. The molecular weight of the 
from 15-day mandibular processes. By IEF, purified isoenzymes was estimated by gel 
the first peak was identified as type MM filtration. All three isoenzymes emerged 

Table 1. Inactivation by tetrathionate and HgC1,of the phosphoglycerate mutase 
activity in rat facial processes. The figures in parentheses refer to the activity 
after reactivation with dithiothreitol 

Residual activity 

Tissue Tetrathionate HgC12 

12 days 
12 days 
12 days 
12 days 

15 days 
15 days 
15 days 
15 days 

Adult 
Adult 

Mandibular process 
Maxillary process 
Lateral nasal process 
Medial nasal process 

Mandibular process 
Maxillary process 
Lateral nasal process 
Medial nasal process 
Skeletal muscle 
Cardiac muscle 

100 
100 
100 
100 
80 (loo) 

79 (loo) 

1 (72) 

81 (100) 

81 (100) 

56 (100) 

97 (100) 

97 (100) 
96 (100) 

96 (100) 

69 (97) 
70 (96) 
69 (96) 
68 (97) 

36 (100) 
1 (100) 
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-10 Fig. 3. DEAE 
Sephadex A-50 
chromatography of 
extract from embryonic 1 day 15 mandibular 
processes. Five 

- g milliliters of the extract 
3 obtained as described 
3 in Materials and 

Methods were applied 
to a column 
(1.5 x 20 cm) of 
DEAE Sephadex A-50 

0 eauilibrated with 

- 
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Fig. 2. Inactivation by tetrathionate of the PGM activity 
in mandibular processes of 9-20 days of embryonic age, 
2 weeks and 15 weeks after birth. Mandibular processes 
were dissected as described in Materials and Methods. 
From the 2- and 15-week animals. tissue of the masseter 
muscle was obtained. 

between bovine serum albumin and oval- 
bumin, and an apparent molecular weight of 
57,000 t 1000 was calculated. 

To compare the thermal lability of PGM, 
tissue extracts from 15-day mandibular pro- 
cesses were heated at 56°C in the presence 
and the absence of glycerate-2,3-P2. In the 
absence of glycerate-2,3-P1, extracts from 
mandibular processes retained about 50% 
activity after 1 h of incubation. The presence 
of glycerate-2,3-P2 protected the thermal 
inactivation, since about 85% activity was 
retained after 1 h of incubation (Fig. 4). 

0 20 40 ' 60 

Time  min 
Fig. 4,  Thermal lability of PGM activity in extracts from 
embryonic day 15 mandibular processes in the absence 
and presence of glycerate-2,3-P2. Solid symbols cor- 
respond to the extracts heated in the absence of glyc- 
erate-2,3-P2. Open symbols correspond to the extracts 
heated in the presence of glycerate-2,3-P2. 

Aliquots of tissue extracts from embryonic 
day 15 mandibular processes were analyzed 
by IEF at different times after incubation at 
56°C (Fig. 5 ) .  Types BB and MB isoenzymes 
were more rapidly inactivated than the MM 
isoenzyme. 

Discussion 
Accumulating information indicates that the 
early phases of craniofacial development of 
all vertebrate embryos are considerably 
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10 20 3c 
Time min 

Fig. 5. Thermal lability of the PGM isoenzymes isolated 
by DEAE Sephadex A-50 chromatography from embry- 
onic day 15 mandibular processes. Type MM PGM, 
type MB PGM, and type BB PGM. The peaks isolated 
from the DEAE Sephadex A-50 column were heated 
at 56°C in 20 mM tris-HC1 buffer, pH 7.5, containing 
1 mM EDTA in the presence of glycerate-2,3-P2 
(6 mM). The protein concentration was 1 mg/ml. At 
intervals incubation was stopped and PGM activity was 
determined. 

more complex than was earlier believed. In 
spite of their complexity, the development 
can be broken down into a step-by-step 
sequence involving extensive migrations of 
cells and biochemical interactions among 
various cell groups. By combining micro- 
dissection with biochemical analysis, we can 
obtain further knowledge of the complex 
field of craniofacial development. 

By following the natural groove formation 
between the facial processes, distinctive 
areas for dissection were obtained. As 
judged morphologically, the tissues con- 
sisted of a surface epithelium and a cellular 
part of multipotent cells that during later 
development differentiated into osteogenic, 
chondrogenic, myogenic, and fibrogenic 
cells (4). 

The time interval used (9-15 days) was 
selected because during this time important 
embryogenic changes occur in the devel- 
oping face, in that the facial processes 
appear, fuse, and at the end of the obser- 
vation period start to differentiate into future 
tissues (4). Earlier studies have shown that 
the tissue metabolism in facial processes of 
9-day embryos is of an anaerobic type. With 
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increasing age, a shift to a metabolism of 
aerobic type parallels the formation of new 
blood vessels in the facial processes (5). 

The development of hard tissues in facial 
processes starts on the 14th embryonic day 
with the formation of mandibular osteoid. 
Nonspecific alkaline phosphatase, which is a 
marker for mineralization, undergoes iso- 
enzymic development during embryonic 
days 15-20 (6). 

Phosphoglycerate mutase, like creatine 
phosphokinase and fructose diphosphate 
aldolase, can be detected in facial processes 
(4) and provides a good marker for investiga- 
tion of differentiation of muscle tissue (15). 

To characterize the three PGM iso- 
enzymes (MM, MB, and BB) detected in 
facial processes by IEF, their sensitivity to 
the modification of the sulfhydryl groups 
with tetrathionate and Hg2+ and their heat 
lability were determined. The existence of 
PGM isoenzymes with different sensitivities 
to Hg2+ was first suggested by Grisolia et al. 
(8), who found that the PGM activity from 
different mammalian tissues was differently 
affected by Hg2+ treatment and reported a 
developmental increase of Hg2+ sensitivity 
in PGM from human and chicken skeletal 
muscle. The different heat labilities of 
human PGM isoenzymes were detected by 
Omenn et al. (14,15), who found that PGM 
from human brain was much less stable to 
heating than PGM from skeletal muscle. 

In mammals and reptiles three PGM iso- 
enzymes have been found whose sensitivity 
to tetrathionate and Hg2+ varies from tissue 
to tissue and also during embryonic and post- 
natal development (12). 

In the present study the extent of inhi- 
bition by tetrathionate and Hg2+ correlated 
with the proportion of type MM PGM 
present in the specimen, suggesting that this 
isoenzyme was the one sensitive to the modi- 
fication of the -SH groups. IEF analysis of 
extracts treated with tetrathionate confirmed 
that type BB PGM was not affected by treat- 
ment, whereas type MB isoenzyme was par- 
tially sensitive and type MM isoenzyme fully 
inhibited. It was also confirmed that type 
MM and type BB PGM from facial processes 
differ in their thermal lability. As in humans 
(14, 15), rat facial process PGM types BB 
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and MB showed much greater heat lability 
than type MM PGM. These results strongly 
support the homodimeric and heterodimeric 
structure suggested for PGM isoenzymes 
(1,13-15) and favor their genetic origin. The 
experiments with heat inactivation dem- 
onstrate that PGM subunits type M and B 
from rat facial processes differ in their ther- 
mal lability. The experiments of inhibition 
with tetrathionate and Hg2+ show that both 
subunits differ in the presence of sulfhydryl 
groups, the modification of which causes the 
loss of enzymatic activity. The protection 
of glycerate-2,3-P2 against inactivation could 
indicate that the -SH groups sensitive to 
modification are located at the cofactor bind- 
ing site. However, glycerate-2,3-P2 binding 
could also develop the protective effect at a 
distance, through conformational changes. 

The molecular weight values obtained are 
similar to those reported for purified PGM, 
which are known to have dimeric structures 
(7). The Ip of the three isoenzymes suggests 
a relative predominance of the acidic amino 
acid residues in a type B subunit, which 
agrees with the amino acid composition of 
PGM from pig heart (2), human brain, and 
skeletal muscle (15). 
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