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ABSTRACT -

Phosphoglucomutases from different sources exhibit a
variety of kinetic behaviour though it is probable they
all have a common phosphoenzyme mechanism. The varia-
tions in behaviour arise partly from an intrinsic
diphosphatase activity, which, even when present as a
minor component, can affect the initial velocity patterns.
Only isotopic induced-transport tests distinguish
unequivocally between possible mechanisms. Rabbit liver
phosphoglucomutase has a substantial amount of an iso-
enzyme, which appears to be associated with a high
intrinsic diphosphatase activity. This activity may be
involved in modulation of the glucose-1,6-diP level in
the liver and hence in the regulation of carbohydrate

metabolism.

A procedure for the isolation of comparatively undegraded
phosphoglucomutase (mol. wt. 67,600) from rabbit liver
with high specific activity is described. The purified
preparation showed a low diphosphatase activity. Kinetic
studies, using a sensitive fluorimetric assay at ionic

1

strength 0.05 mol 17" and Mg++ free = 2.0 mM, give a paral-

lel line initial velocity pattern. This behaviour is
consistent with the phosphoenzyme mechanism. The liver
enzyme indicated a higher Km for glucose-1,6-diP than many
other phosphoglucomutases. Induced transport tests using
14C—~and 32P—labelled substrates showed that the enzyme
can 6nly have a phosphoenzyme mechanism. The isolation

32

of P-labelled phosphoenzyme which rapidly exchanged more



than 95% of its 32P-label with substrates confirmed that

this phosphoenzyme is a true kinetic intermediate in the
mutase reaction. Labelled phosphbenzyme contained
0.45-0.6 mol 32P mol-l enzyme and its half-life was 47.5 h
at 30 °c. Evidence is presented that the phosphate is

bound to a serine residue of the enzyme.

It is concluded that the low diphosphatase activity
associated with the enzyme does not significantly modulate
the level of glucose-1,6-diP in liver. Moreover, other
factors must be responsible for the failure to isolate a
completely phosphorylated phosphoenzyme. Although this
phosphoglucomutase has a relatively high Km for glucose-
1,6-diP, the kno&n fluctuations in the level of glucose-
1,6-diP in the liver are unlikely to affect phosphogluco-:

mutase activity.



ABBREVIATIONS

PGM Phosphoglucomutase

G6PDH Glucose-6-phosphate dehydrogenase

G1lP o-D-glucose-1l-phosphate

GeP o-D-glucose-6-phosphate

Gl1P6P o-D-glucose-1,6-diphosphate

Fo6P a-D-fructose-6-phosphate

F1P6P o-D-fructose-1,6-diphosphate

F2P6P B-fructose-2,6-diphosphate

3-PGA D-glycerate-3-phosphate

1,3-PGA D—glycerate—l,3—diphosphate

2,3-PGA D-glycerate-2,3-diphosphate

PEP Phosphoenolpyruvate

GmP Glucose monophosphate

UDP Uridine diphosphate

UTP Uridine triphosphate

GDP Guanosine diphosphate

GTP Guanosine triphosphate

dTDP Deoxythymidine diphosphate

Tris 2-amino-2- (hydroxymethyl)propane-1,3-diol

Mes 2- (N-morpholino)ethane-sulphonic acid

NAD"' B-Nicotinamide-adenine dinucleotide

NADH B—Nicotinaﬁide—adenine dinucleotide (reduced)

NADP+ R-Nicotinamide-adenine dinucleotide phosphate

NADPH B-Nicotinamide-adenine dinucleotide phosphaté
(redqced)

ED'I:A-j Ethylenediaminetetra-acetic acid

PMSF Phenylmethylsulphonyl fluoride



DTT

SDS

TEMED

NBT

PMS

Dithiothreitol

Sodium dodecyl sulphate
N,N,N',N'—tetramethylethylenediamine
Nitro blue tetrazolium

Phenazine methosulphate
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CHAPTER ONE

INTRODUCTION




1.1 HISTORICAL SURVEY

1.1.1 INTRODUCTION

Phosphoglucomutase (a—D—glucosé—l,6-diphosphate:a—D-glucose—
l-phosphate phosphotrarsferase, E.C. 2.7.5.1.) catalyses

the reversible transfer cf a phosphate group between the

1- and 6-positions of glucose monophosphates and thereby pro-
vides a link between glycogen metabolism and glycolysis.

Cori and Cori (1936, 1937) first discovered the existence of
this enzyme‘in muscle during studies of glycogen metabolism.
They observed that glycogen breakdown resulted in accumula-
tion of a previously unknown phosphate ester in addition to
the well known phosphate ester G6P. This new phosphate ester
was later identified as Gl1P (Cori et al., 1937) and the
enzyme which was responsible for its conversion to G6P wéé

characterized.

Phosphoglucomutase (PGM) has since been identified and iso-
lated from various sources. A comprehensive review has been
published in which the knowledge of the enzyme up to 1972

is summarized (Ray and Peck, 1972). Apart from the sources
mentioned in the above review, PGMs from beef liver (Chiba

et al., 1976), and Bacillus subtilis (Maino and Young, 1974a)

have also been isolated and investigated. The PGM from
rébbit muscle has been most intensively investigated and
this enzyme is used as a reference for the study of rabbit
‘liver PGM presented in this thesis. All PGMs have béen shown
to require a divalent cation and G1P6P for their activity.

In addigion to these requirements, mosf PGMs require a
metal-chelating agent for maximum activity, since heavy metal

ions inhibit the enzyme (1.1.5).
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TABLE 1.1: Molecular weights of phosphoglucomutases

(monomer)

60,000

Source Molecular Reference
weight
Rabbit muscle 62,000 Yankeelov et al., 1964
Harshman and Six, 1969
Human muscle 60,000 Joshi and Handler, 1969
Flounder muscle 63,000 Hashimoto and Handler,
1966
Shark muscle 63,000 Hashimoto and Handler,
1966
Beef liver 64,000 Chiba et al., 1976
Yeast (S.cerevisia) 69,000 Hirose et al., 1970
E.coli 62,000-65,000| Joshi and Handler, 1964
M.lysodeikticus 58,000 Hanabusa et al., 1966
B.cereus 63,000 Hanabusa et al., 1966
Potato tuber 63,000 Pressey, 1957
Jack bean 63,000 Cardini, 1951
B.subtilis (dimer)" {130,000 Maino and Young, 1974b
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1.1.2  MOLECULAR WEIGHT AND SUBUNIT STRUCTURE

The molecular weight of rabbit muscle PGM has been reported
to be in the range 62,000-67,000. The apparent molecular
weight is 64,900 by sedimentation equilibrium analysis,
60,000~-70,000 by gel filtration (Harshman and Six, 1969)
and 65,000-67,000 by summation of integral residues (Sloane
et al., 1964). The most frequently reported value for the
molecular weight is 62,000 (see Filmer and Koshland, 1963;

Yankeelov et al., 1964).

PGM from rabbit muscle was believed to consist of only a
single polypeptide chain (Ray et al., 1972). This conclu-
sion was based on finger-print maps of tryptic digests -
(Joshi et al., 1967), on the finding of a single metal-
binding site on the enzyme (Ray and Peck, 1972), a single
phosphorylatable serine residue (Milstein and Milstein,
1968), and one N-terminal amino acid, lysine (Ray and Peck,
1972). However, Duckworth and Sanwal observed in 1972 that
the dephosphorylated form of rabbit muscle PGM can be
dissociated, in the presence of SDS, into two subunits of
identical molecular weight 32,000 and that these subunits
have different N-terminal residues (lysine and valine).
However, dissociation. did not occur in the presence of guani;
dine HCl. They suggested that the rabbit muscle énzyme is
a very stable dimer. Joshi and Lane (1978) contradicted
this suggestion and showed that both phosphorylated and de-
phosphorylated forms of the rabbit muscle enzyme, isolated
without the heat treatment step, are stable in SDS at room
temperature for several days and thus demonstrated that PGM

is a monomer. They observed that even the enzyme isolated
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TABLE 1.2: pH optima .of phosphoglucomutases

Source pH optimum | Reference
Rabbit muscle 7.5 Jagannathan and Luck,
1949
Rabbit liver 7.5 Handler et al., 1965
Beef liver 7.5 Chiba et al., 1976
Human muscle Form 1 7.8 Joshi and Handler, 1969
Form 2 7.5
Flounder muscle 7.8 Hashimoto and Handler,
1966
Shark muscle 7.6 Hashimoto and Handler,
1966
Yeast (S.cerevisiae) 7.5 McCoy and Najjar, 1959
E.coli 8.5-9.0 Joshi and Handler, 1964
M. lysodeikticus 8.5 Hanabusa et al., 1966
B.cereus 8.3 Hanabusa et al., 1966
B.subtilis 7.5-8.6 Maino and Young, 1974a
Spinach leaves 7.8-7.9 Muhlback and

Schnarrenberger, 1978
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using a heat treatment, appeared as a monomer. They sug-
gested £hé£ the appearance of multiple bands after SDS
denaturation (as in the Duckworth and Sanwal experiments)
could be due to artifacts generated by contaminating prote-
ases. Joshi and Lane (1978) also separated a comparatively
undegraded form of rabkit muscle enzyme of slightly higher

molecular weight (64,570}, using milder conditions in the

isolation procedure.

The enzyme isolated from Bacillus subtilis is the only PGM

which has been shown to exist as a dimer. The dimer, with
a molecular weight of 130,000 has at least one active

monomer of molecular weight 60,000 (Maino and Young, 1974b).

PGMs isolated from other sources have molecular weights

similar to that of the rabbit muscle enzyme (see Table 1.1).

1.1.3 pH OPTIMUM

The pH optima of all PGMs appear to be in the range of 7.4
to 9.0 (see Table 1.2). Jagannathan and Luck (1949a)
reported that the pH optimum of rabbit musclé PGM was 7.5.
When Viiﬁ was plotted against pH, a pH range of 6.5-8.0 was
obtained for this enzyme (Ray, 1269). A value of pH 7.4
has been commonly used for rabbit muscle PGM (see Ray and

Roscelli, 1964a, 1964b; Britton and Clarke, 1968).

The pH optima of PGMs are summarised in Table 1.2.

1.1.4 EFFECTS OF METAL IONS

PGM from rabbit muscle requires a divalent metal ion for its

catalytic activity (Milstein, 196la). Cori et al. (1938)
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first discovered and Najjar (1948), Stickland (1949) and
Jagannathan and Luck (1949) later confirmed that no signi-
ficant activity is present in the absence of added divalent
cations. Milstein (196la) demonstrated a small activity in
the absence of added metal ion, but this finding was prob-
ably due to traces of metal ions; the activity of the
enzyme can be reduced almost to zero by the addition of
EDTA, owing to chelation and effective removal of the metal
ions. In the absence of divalent metal ions, the activity

5

is reported to be 10 ° of that obtained in the presence

of Mg’ (Ray and Peck, 1972).

Mg++ is the most efficient divalent ion activator of rabbit

muscle PGM. Activity of the enzyme rises to a maximum at
between 2-4 mM Mg++. The results of steady state kinetic
studies of Ray et al. (1966) at saturating GlP6P with varyi%g
Mg++ and GlP, and at saturating G1P with varying Mg++ and
G1P6P show that Mg’ ' complexes of either GlP or GlP6P are
not the substrates for muscle PGM. Hence, above 8 mM Mg++,

inhibition of PGM occurs owing to accumulation of Mg-GlP and

especially Mg-GlP6P complexes.

Milstein (196la) first showed the existence of an enzyme-
magnesium complex in the absence as well as in the presence

of substrate and reported the dissociation constant of the
enzyme-Mg complex as 0.5 mM. Subsequently Ray et al. (1966)
showed that Mg++ is bound by the enzyme in both its phosphory-
lated and dephosphorylated forms as well as by the binary
enzyme-substrate complex. They reported that for the phospho

++ .. s
and dephospho forms of the enzyme, the Mg dissociation



constants are 0.025 and 0.2 mM respectively. Ray and
Roscelli (1966b) suggested the possibility that the phos-
phate group is directly involved in binding of Mg++ to

the enzyme. The role of Mg++ in the PGM reaction was con-
sidered by Ray and Roscelli (1966b) and Ray et al. (1966).
The equilibrium isotope-exchange pattern which they obtained
showed that Mg++ cannot suppress the dissociation of G1P,
G6P and G1lP6P from the central complex, nor can GlP, G6P
and GlP6P suppress the dissocation of Mg++ from this com-
plex. The rate constant for Mg++ release from the central
complex was .0.004% of the catalytic rate. These results
show that a substantial quantity of Mg++ remains attached
to the enzyme during the whole of the enzymic reaction.
cycle, so that in deriving kinetic equations for the reac-
tion the enzyme méy always be considered to be an enzyme-

magnesium complex.

In addition to Mg++, a variety of other divalent metal ions
elicit an extensive activation relative to the apparent

rate in the absence of added metals, though less efficiently.
than Mg++ (Milstein, 196la), even though most of the ions
bind more tenaciously to the enzyme than does Mg++ (Ray,

1969). The relative efficiencies of metal activation of

++
the rabbit muscle PGM at pH 7.4 and at 30 °c are: Mg ,

++ ++

++ ++
100; nitt, 70; Mn*t, 15; co'", 5; ca’, 0.8; ca’ ', <0.5;
Zn++, 0.3 (Ray, 1969; Ray and Peck,.1972). The dissocia-

tion constants of the enzyme complex with the most efficient

. x . ++
activator, Mg++, and the least efficient activator, Zn ,

5 -11

are 10 °-M and 10 M respectively (Ray, 1967).
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The efficiency of a given metal ion appears to vary with
the rate of dissociation of that metal ion from the enzyme
complex; the higher the dissociation constant, the higher
the efficiency of the enzyme (Ray and Peck, 1972). 1In the
presence of Mg++, other metal ions act as inhibitors..

Thus the least efficient activator zn' ' is the most effec-
tive inhibitor of the PGM. Zn++ competes with Mg++ for a
binding site on both the free enzyme and the free enzvme-substrate
complex (Ray, 1967). Mn' T also probably binds to the Mg++
site of the enzyme and inhibits enzyme to a lower extent
~than does Zn++. Cu++, on the other hand, which is a trace
contaminant of aqueous solutions, does not activate the PGM
in the absence of‘Mg++, but inhibits strongly through bind-
ing at sites other than that occupied by Mg++ (Long and Ray,
1970). The dissociation constant of cu'?t is appreciably |
smaller than that of zn*T and this ion inhibits rabbit
muscle PGM more strongly than does zn™t (Milstein, 1961c).
Similarly Be++ is also not an activator of PGM; it inhibits
by binding at Mg'" sites (Hashimoto et al., 1967a),but
other metal ions must be removed before Be' T inhibition is -
6bserved (Ray and Peck, 1972). Jagannathan and Luck (1949a)
observed only slight inhibition of rabbit muscle PGM by

Hg++, whereas Sutherland (1949) reported extensive inhibi-

+
tion by both Hg++ and Ag .

Mg++ is also the most efficient activator for all other PGMs

isolated so far except the enzyme from jack beans which func-

* than with Mg++ (Yang and

: . +
" tions more efficiently with Mn
Miller, 1963). The optimum Mg++ concentration of all PGMs
is in the range 0-5 mM; a value of 1 mM has been commonly

reported for PGM from a variety of sources. Most of the
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work related to the effect of other metal ions has been
carried out on rabbit muscle PGM. Little information is
available about this behaviour with the other PGMs. McCoy
and Najjar (1959) reported-that the least efficient activa-
tor for rabbit muscle PGM, Zn++, is as efficient as Mg++
for yeast PGM, but the activation of this enzyme with Nitt
and Mn*? is similar to that with rabbit muscle enzyme.
The beef liver enzyme behaves in a similar way to the rab-
bit muscle enzyme (Chiba et al., 1976). Activations of PGM
from E.coli by Mn™" and NiTF were reported to be 10% and
20% respectively as effective as that by Mg++ (Joshi and
Handler, 1964). Hg++ does not inhibit the E.coli enzyme
(Joshi and Handler, 1964) and at 107> M concentration it

inhibits by only 50% the activity of PGM from B.cereus

(Hanabusa et al., 1966).

1.1.5 CHELATING AGENT REQUIREMENT

Lehmann (1939) first observed the activation of PGM in

crude extracts by glutathione. Najjar (1948) later reported
the requirement of cysteine for the activity of pure crystal-
line rabbit muscle PGM. Jagannathan and Luck (1949a)

showed the activation of rabbit muscle PGM by the addition

of sulphite and serum.albumin, whilst Sutherland (1949)
observed activation with histidine, free insulin, 8-hydroxy-
guinoline, diphenylthiocarbazone and histamine. Milstein
(1961b) and Robinson et al.(1965) reported that rabbit.muscle
PGM }eéuires the presence of a chelating agent with Mg++

for maximum activity. The role of the qhelating agent was

suggested by Milstein (1961b) to be a consequence of the
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binding of heavy metals. He also pointed out that cysteine
and histidine are better activators of PGM than is EDTA,
although EDTA binds more powerfully to the metal ions. The
rate of removal of metal ions by EDTA from the enzyme-metal
complex is directly related to the enzyme-metal dissociation
constant (Ray, 1967). EDTA acts efficiently in removing
free metal ions including Mg++ which is regquired for enzyme
activity. 1In contrast, histidine, imidazole and cysteine

do not bind Mg++ significantly and hence more enzyme is
available as the active enzyme-magnesium complex. Further-
more, removal of metal ions from the enzyme is facilitated
by these chelators as they compete with the enzyme for the
metal and hence once the chelator replaces the enzyme at

a co-ordination point of the metal, reassociation is prevenF
ted. Thus the metal-ligand complex is the species that |
dissociates from the enzyme, rather than the metal ion itself

(see Ray and Peck, 1972).

The presence of substrate in the assay mixture also affects

++
the dissociation rate of metals. It has been shown for Zn

that binding of GlP to the rabbit muscle phosphoenzyme

+

reduces the rate of Zn'' dissociation by a factor of 50

(Ray, 1967). Thus maximum activity in rabbit muscle enzyme is cbtained
by incubating the enzyme prior to assay with Mg++ and a
chelating agent in the absence or in the presence of very

low concentrations of substrates (Ray and Roscelli, 1966a).

* anda chelating agent is also

+
However, the presence of Mg
necessary ih the assay system. Ray (1967) showed that 0.1
imidazole, 1 mM EDTA at pH 7.5, are highly effective in

removing bound metals from rabbit muscle PGM with respect to

both rate and extent of removal.
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Rabbit muscle PGM activity is stimulated about 5-fold
throuéh preinéubation with either histidine or imidazole
and Mg++ in appropriate conditions (Harshman et al., 1965;
Robinson et al., 1965). Flounder and Shark muscle enzymes
are also activated by this preincubation treatment, though
to a smaller extent (1.5-fold) than rabbit muscle enzyme
(Hashimoto and Handler, 1965). However, human muscle PGM,
as purified by Joshi and Handler (1969), showed lack of
stimulation by preincubation. The following explanation
for low activation and lack of activation of PGM activity
by this treatment has been proposed. Hashimoto and Handler
(1965) suggested that the low activation of the enzymes
from flounder and shark muscle is probably due to the pres-
ence of enzymes in partially phosphorylated forms. Metal
ions have a higher binding affinity for the phosphoenzyme
tﬂan for the dephosphoenzyme. Phosphorylation of the eniyme
is believed to induce a conformational change by the addi-
tion of the two negative charges to the protein; it has
been shown that phosphatejxnmicovalently bound to protein

possess high affinity for Ca++ and Mg++

(cf. Barany et al.,
1980). Ray and Peck (1972) also mention that the Mg++ binds
more tenaciously to the phosphoenzyme than to the dephospho-
enzyme. Thus the removal of an inhibitory metal ion would
be more difficult with the phosphoenzyme. For human muscle
enzyme, which did not require the preincubation step, Joshi

and Handler (1969) suggested that the removal of inhibitory

ions. occurred during purification.

It is also likely that the level of hormones at the time of

an animal's death.influences the percentage of the enzyme
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in the active enzyme-magnesium form. Hashimoto et al.
(1967b) showed that an injection of adrenalin before kil-
ling the animal increases the requirement for rat liver

and muscle enzymes to be preincubated for maximum activity,
but the injection of insulin decreases it. Peck and Ray
(1971) were able to show that in the muscle of normal rab-
bits Mg++ and Zn++ are significantly bound to PGM in vivo
and 35% of the enzyme has bound Mg++.(active form) and

the remainder has Zn ' (inactive form). They also observed
that insulin shock in starved animals increases the frac-
tion of PGM in the Mg++ form from 35 + 10% to 83 = 8%.
These results indicate that the presence of insulin results
in conversion of the inactive form of the enzyme (Zn++
bound) to the active (Mg++ bound) so that the preincubation
of the enzyme with Mg++ and chelators does not result in |
such a large increase in activity. 1Insulin possibly releases
the bound Mg++ and increases the Mg++/Zn++ ratio to convert
zn™" bound enzyme to Mg++ bound (Peck and Ray, 971). However
it also chelates zn' ' strongly (Sutherland, 1249) and this

effect may also be involved. Adrenalin probably has the

réverse effect to that of insulin.

None of the known bacterial enzymes have been shown to

. ’ . +
require preincubation with chelating agent and Mg+ . PGM

from E.coli and M.lysodeikticus require cysteine in the

assay mixture for maximum activity, but the enzyme from
B.cereus does not (Hanabusa et al., 1966). It has been sug-
gested that the cysteine requirement of the E.coli and

M.lysodeikticus enzymes is probably related to the sensiti-

vity of their activity to sulphydryl groups and not to pro-

tection against the inhibitory metal ions (Ray and Peck, 1972).
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Unlike é;l,other PGMs for which Zn++ is an inhibitor, Zn++
is an acfi&étor of the yeast enzyme (McCoy and Najjar, 1959).
Preincubation of yeast enzyme with chelating agent has an
inhibitory effect, whereas‘simultaneous addition of Mg++

and chelating agent to the assay mixture activates the
enzyme 1.7-fold (Hirose et al., 1970). Activation of this
enzyme with chelating agent is not related to protection
against Zn++, but protection against other metal ions is
necessary. Furthermore, citrate has been shown to be a weak
inhibitor (see 1.1.6) of PGMs due to formation of a complex

with Mgt™

(Zwarenstein et al., 1967) but the addition of 5 mM
citrate in the absence of other chelating agents activates
the yeast enzyme 1.25-fold (Hirose et al., 1970). This

again, is probably due to chelation of heavy metal ions.

1.1.6 EFFECTS OF ANIONS

Many anions are inhibitors of PGM and most of these are
2

competitive with G1P6P (Ray and Peck, 1972). SO, and Cl°
have also been shown to compete with G1P (Ray and Roscelli,
1966a;Ray et al., 1966). Inhibition competitive to G1P is
caused by binding to the phosphorylated form of the enzyme
and that competitive to GlP6P is brought about by binding

of inhibitor to the déphosphorylated form (Ray and Peck,
1972). Polyvalent anions are more potent inhibitors of
pﬂosphoglucomutase than the monovalent ones. It was sho&n
by Kovacs and Bot (1975) that :sulphate inhibits rabbit muscle
enzyﬁe'more powerfully than chloride and that this enzyme is

inhibited by pyrophosphate twice as potently as by ortho-

phosphate.
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The effects of various anionicmetabolites on PGM from rabbit
muscle and beef liver have been examined. 1,3-diPGA, at
low concentration activates the rabbit muscle PGM but at
10'_6 M or above, it inhibits, in the presence or absence
of G1lP6P (Alpers, 1968). The kinetic conétants Ki and Km

have been calculated to be the same (5 x 10_6

M); this

shows that this metabolite binds at the cofactor-binding
site on the enzyme. The activation of PGM in the absence

of G1P6P is due to phosphorylation of the nonphosphorylated
form and the inhibitory effect is due to competition with
G1lP6P and displacement of this cofactor from the enzyme
.(Alpers, 1968). F1lP6P also activates the PGM in the absence
of G1P6P and it completely phosphorylates the dephospho-
enzyme (Lowry and Panonneau, 1969). The K. for F1P6P is

45 times larger (2.7 pM) than that for G1P6P (0.06 uM).

In the presence of GlP6P, F1P6P is aninhibitor for the
rabbit muscle enzyme with a K, of between 5 and 10 pM. The
similarities in Km and Ki values confirm that a single site
is involved in the binding of inhibitor and cofactor. Inhi-
bition of rabbit muscle PGM by 3-PGA (Ki = 500 pM), 2,3-diPGA
(K; = 50 pM) and of beef liver PGM by FIP6P (K, = 60 uM)
1,3-diPGA (K, = 20 uM), 2,3-diPGA (K, = 38 uM) and PEP

(K, = 360 uM) (Chiba et al., 1976) have also been reported
and these inhibitions are competitive with G1P6P. None of
these anions would significantly inhibit animal PGM in vivo

as the concentration of GlP6P is normally much in excess of

its Km'

Inhibition by various nucleotides has been demonstrated.

Kovacs and Bot (1965) reported that ATP, ADP, AMP, UTP and



31

UDP arew§ompetitive with G1P6P. Duckworth et al. (1973)
observed.£hét GDP, acetyl CoA, GTPand dTDP are non competi-
tive or almost competitive with G1P6P, but are uncompeti-
tive with G1P. They also éointed out that the dephosphory-
lated form of the enzyme has a greater affinity for
nucleotide inhibitors than the phosphorylated form. The
E.coli enzyme is somewhat more sensitive to nucleotide inhi-
bition than the rabbit muscle enzyme (Duckworth et al.,
1973). This could arise from the fact that the rabbit muscle
enzyme is isolated in the completely phosphorylated form
whereas the E.coli enzyme is isolated as the completely
dephosphorylated form. The inhibition of rabbit liver enzyme
would be expected to be greater than that of rabbit muscle
PGM since it is not in the completely phosphorylated form

(see 1.1.7).

Anions which are metal chelators can inhibit the enzyme in

two ways. They can bind Mg'*'+

and thereby reduce the availa-
bility of this essential cation and secondly they can bind
to the enzyme as anions usually in competition with G1P6P.
Inhibition by ATP and citrate is of this type (Kovics and
Bot 1965; Zwarenstein et al., 1967). In the presence of
Mg++, ATP and citrate exist as magnesium complexes and com-
pete with G1P6P for a binding site (Beitner et al., 1975;
Kovacs and Bot, 1965). The ATP inhibition has been shown

té be partially relieved by increasing the concentration of

GlP6P or Mg++. Total abolition of ATP inhibition is achieved

by addition of both Mg' '

and G1lP6P in excess (Kovacs and Bot,
1965). Inhibition by citrate is low in comparison to that
by ATP and total removal of its inhibition (at 2.5 mM citrate)

may be achieved by increasing the concentration of G1lP6P
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only (Beitner et al., 1975). This suggests that citrate
is a less powerful inhibitor than ATP, possibly owing to

its lower negative charge.

High concentrations of substrates also inhibit the enzyme.

Both G1P and G1P6P inhibition have been reported for rabbit

muscle (Ki(GlP) = 0.5 mM; Ki(GlPGP) = 0.7 mM), flounder
muscle (Ki(GlP) =‘1.0 mM; Ki(GlP6P) = 0.7 mM) and shark
muscle (Ki(GlP) = 1.2 mM; Ki(GlP6P) = 0.5 mM) PGMs (Ray et al.,

1966; Hashimoto and Handler, 1966). Hanabusa et al. (1966)
showed that inhibition by G1P6P is pronounced with E.coli

PGM and inhibition by G1P with M.lysodeikticus PGM. With

the beef liver enzyme, inhibition only by G1P (Ki(GlP)
= 5.2 mM) is observed (Chiba et al., 1976). GI1P inhibits
competitively with G1P6P because G1lP binds in a dead-end
manner to the dephosphorylated form of the enzyme. Similariy
Gl1P6P inhibits competitively with-GlP by dead-end binding

to the phosphorylatéd form of the enzyme (Ray and Peck, 1972).

1.1.7 HETEROGENEITY OF PHOSPHOGLUCOMUTASE

Many enzymes have been shown to exist in multiple forms.

All multiple forms of an enzyme catalyze the same reaction

but theg may have different mechanisms of action or kinetic
properties (Harrisand Hopkinson, 1976..'Enzymes performing the same
biochemical function may occur in alternative forms not only

in different species but also in different organs of the

same animal, and even in different parts of the same

cells (Wilkinson, 1969). Organisms commonly synthesize many

of their enzymeé in several different molecular forms to ful-

fil specialized metabolic requirements.
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It has been well established that phosphoglucomutase exists
in multiple forms. The enzymes from human muscle (Hopkinson
and Harris, 1965, 1966), rabbit muscle (Dawzon and Mitchell,
1969; Joshi et al., 1967; Scopes, 1968; Duckworth and Sanwal,
1972), rabbit liver (Joshi et al, 1967), rat muscle and
adipose tissue (Beitner et al., 1975), flounder muscle,
E.coli (Joshi et al., 1967) yeast (Tsoi and Douglas, 1964),
spinach leaves (M#hlback et al., 1978) and potato tuber

(Kahl et al., 1973) all show heterogeneity.

Dawson and Mitchell (1969) proposed three possible origins
for heterogéneity in PGMs. Heterogeneity may arise from

the existence df the enzyme in phospho and dephospho forms
(see also 1.1.8). These forms may be separated by CM-cellu-
lose chromatography. Yankeelov et al. (1964) first separated
rabbit muscle PGM in phospho and dephospho forms by this
method. Joshi et al. (1967) separated PGM from various
sources using ion-exchange column chromatography (see Table 1.3).
PGM activity was eluted with a salt gradient in 2-4 peaks
depending upon the source of the enzyme. The first eluted
peak was designated as form I, and peak 2 as form II. Peaks
3 and 4 were the dephosphorylated froms of forms II and I
respectively. In muscle from human, flounder, rat and
rabbit (unknown strain) and in liver from rat and rabbit
(unknown strain), a major part of the activity was found

to be attributable to form I. Form II enzyme activity domi-
nated in only New Zealand White (NZW) rabbit muscle and
livér,4sweet potato and yeast. Dephosphorylated form I

(peak 4)’appéared only in NZW rabbit liver and sweet potato.

Joshi et al. (1967) showed by amino acid analysis and finger
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'print maps that the two separable forms (I and II) of PGM
appeared to be‘different in composition. The isoenzyme
distribution of the NZW muscle and liver is markedly dif-
ferent from that of the rabbit of unknown strain (see
Table 1.3). The significance of this is not clear. However,
as NZW rabbits were used for the present study, this iscenzyme
pattern only will be considered. Chromatographic separa-
tion of phosphoenzyme forms from rabbit muscle and liver,
human muscle and yeast shows that the percentage of the
enzyme present in the phosphoenzyme form is comparable with
the phosphate contents of freshly isolated enzymes (see
.1.1.8). Furthermore, these results indicate that the quanti-
ties of the two forms of PGM found in rabbit muscle (I, 80%;
II, 20%) and rabbit liver (I, 65%; II, 35%) are different,
so that there appears to be a difference in their isoenzyme
distribution. Of these isoenzymes, form I 1in the |
liver appears to hydrolyse readily to yield the dephospho
form. Thus, it is possible that rabbit liver PGM has an
intrinsic diphosphatase activity which may be responsible

for its isolation in a partially phosphorylated form.

Heterogeneity may also arise from the isoenzymes generated

by separate gene loci. With PGM, 3 such gene loci (PGMl,

PGM,, and PGM3) have been identified yhich are responsible
for generating three separate zones of isoenzymes (Hopkinson
and Harris, 1966, 1968). At each locué multiple alleles
occur and they determine a characteristic set of 3 to 4 iso-
enzymes. PGM, locus isoenzymes from most human tissue

1

contribute 85-95% of total PGM activity and PGM,, and PGM3

loci isoenzymes about 2-15% and 1-2% respectively



36

(McAlpinaagg;gl., 1970b). These three zones of isoenzymes
have been found to differ in their electrophoretic mobilities
(Spencer et al., 1964; Hopkinson and Harris, 1966, 1968),
molecular weights (Monn, 1969; McAlpine et al., 1970c),
thermostabilities (McAlpine et al., 1970a), pH optima (Quick
et al., 1974) and levels of phosphoribomutase activity (Quick
et al., 1972). However, the isoenzymes determined by a
single locus only appear to differ in their electrophoretic
mobilities. The PGM activity in each set of isoenzymes dif-
fers from tissue to tissue, so that, for example, human
liver PGMl,‘PGM2 and PGM3 loci isoenzymes contain approxi-
mately 96.7%, 2.4% and 1.0% of the total PGM respectively,
whereas in human muscle PGM3 locus isoenzymes have not been
located and PGM, and PGM, contribute 94.3% and 5.6% of the
PGM activity. '

Heterogeneity may also be due to the presence of different
conformers of the same iscenzyme. Kitto et al. (1966)
showed that a number of electrophoretically distinct malic
dehydrogenase isoenzymes are similar in their amino acid
compositions and catalytic characteristics and are quite
similar in their reactions with specific antibodies. The
isoenzymes have distinct three-dimensional conformations
which are inter-convertible by urea denaturation or by iodi-
nation. Dawson and Mitchell (1969) separated multiple forms
of phosphoglucomutase from various mammalian tissues into

4, 5 or 6 equally spaced bands on starch gel. They also
used;aaDEAE-cellulose column to separate the isoenzymes but
could not ccmpare the results of the two techniques. All

isoenzymes. obtained from one source were found to be similar
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in their pH optima, heat stabilities and catalytic acti-
vities. No differences were found between the isoenzyme
patterns after dialysis of samples against G1P (to yield
dephosphorylated form) or Gl1P6P (to yield phosphorylated
form). However, differences in the electrophoretic mobili-
ties of the isoenzymes were observed after addition of
p-mercuribenzoate or partial iodination. It was therefore
‘suggested that the iscenzymes, which are separable on

starch gel as well as on DEAE-cellulose, are inter-converti-
ble conformational isomers (conformers) of PGM with identical
polypeptide structure. This type of heterogeneity arises
mainly from disulphide bridging or modification of sulphydryl
groups. However, Fhe different conformers of a single poly-
peptide chain could also be the result of changes in various

1

types of electrostatic bonding.

The.results of Dawson and Mitchell (1969) indicate that this
heterogeneity in PGM can largely be eliminated by protecting the
sulphydryl groups of the enzyme during isoenzyme separétion.

If the sulphydfyl groups are so protected, the heterogeneity
of PGM would be expected to be due only to the presence of
phospho and dephospho forms and to derivation from different
gene loci. However, it should be noted that PGMl locus iso-
enzymes dominate in most mammalian tissues (85-95% of total
PCM activity): The main source of heterogeneity would

therefore be due to gene locus PGMl iscenzymes and the pres-

ence of phospho and dephospho forms.



1.1.8 .. PHOSPHO AND DEPHOSPHO FORMS

The presence of éhosphate bound to rabbit muscle PGM was
first demonstrated by Jagannathan and Luck (1949). They
showed that this phosphate may readily be exchanged with
phosphate in the substrate and thus must be involved in the
reaction cycle of the enzyme. Anderson and Jolles (1957)
and Kennedy and Koshland (1957) reported that phosphate is
covalently bound to a serine residue of rabbit muscle PGM.
Subsequently Milstein and Sanger (1961) showed the presence
of a single serine residue in the rabbit muscle enzyme to
which the phosphate was bound. The sequence of the active
site of the enzyme around the serine phosphate appeared- to
be Thr-Ala-SerP-His-Asp. This sequence was later confirmed
by Milstein and Milstein (1968). The same sequence has
also been reported for PGM from rat liver and yeast
(Milstein, 1961d), flounder muscle (Hashimoto and Handler, 1966),

E.coli (Handler et al., 1965) and M.lysodeikticus (Milstein

et al., 1973).

The existence of PGM in both phospho and dephospho forms

was recognised by Najjar and Pullman (1954). These forms
appear to differ in some of their properties. The dephospho-
enzyme is more sensitive to heat (Najjar, 1962; Alpers and
Lam, 1969), and some of its sulphydryl groups react more
readily with p-hydroxymercuribenzoate than do the correspon-
ding groups in the phosphoenzyme (Bocchini et al., 1967).

The optical activity of these two forms is also different.
Bocchihi et al. (1967) provided evidence that phospho Qnd
dephospﬁo enzymes differ in their three dimensional confor-

mations.
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TABLE 1.4: Phosphate contents of freshly isolated

phosphoglucomutases

- Source mol P Reference
-1
mol
enzyme
Rabbit muscle 1.0 Yankeelov et al., 1964
- Sidbury and Najjar,
1967
Human muscle 1.0 Joshi and Handler,
1969
Flounder muscle 0.3-0.5 Hashimoto and Handler,
1966
Shark muscle 0.4-0.6 Hashimoto and Handler,
1966
Rabbit liver (NZw) 0.5-0.7 | Handler et al., 1965
Yeast (S.cerevisiae) 1.0 McCoy and Najjar, 1959
E.coli 0 Joshi and Handler,
1966
M. lysodeikticus 0.04 Hanabusa et al., 1966
B.cereus 0 Hanabusa et al., 1966
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PGMs may be isolated as fully phosphorylated forms, partially
phosphorylated forms or completely non—phosphorylated forms,
depending upon the source of the enzyme. hen freshly iso-
lated, PGMs from rabbit muscle (Yankeelov et al., 1964)

human muscle (Joshi and Handler, 1969) and yeast (McCoy and
Najjar, 1959) contain an equivalent amount of phosphate.
Enzyme from flounder and shark muscle (Hashimoto and Handler,
1966) and rabbit liver (Handler et al., 1965) are isolated

in partially phosphorylated forms and contain less than

0.7 mol P per mol enzyme (see Table 1.4). The enzymes from

E.coli (Joshi and Handler, 1964), M.lysodeikticus and B.cereus

(Hanabusa et al., 1966) are devoid of phosphate. However,
labelled phosphoenzymes have been prepared from the forﬁer
two sources (Joshi and Handler, 1964; Clarke et al., 1974).
These data of phosphate of freshly isolated enzymes from.
rabbit muscle and liver, human muscle and yeast are compara-
ble with those of phosphoenzymes separated chromatographi-
cally by Joshi et al. (1967) (see Table 1.3). Chromatogra-
phic separation (Table 1.3) of 99.9% of the enzyme as a
phosphoenzyme from E.coli and flounder muscle suggests that -
these enzymes can also be isolated in completely phosphory-
lated forms. However, the rabbit liver PGM has been found
to contain only 0.5-0.7 mol P per mol enzyme and the separa-
tion on CM~Sephadex gave only 60% of the enzyme in the
phospho form (Table 1.3). This suggests that the separation
of this enzyme in completely phosphorylated form may not be

possible and that its phosphoenzyme may be unstable.

The rate of phosphate transfer from rabbit muscle phospho-

enzyme to water is 3 x 1078 57! in the absence of substrate
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and under optimum reaction conditions. Thus the rate of
transfer of phosphate from the enzyme to the 6-position of

10 ¢ister (lOOOs—l)-than that to water.

glucose is 3 x 10
This rate enhancement represents a "substraté-induced rate
effect" (Ray and Long, 1976). The presence of other sub-
strate-like compounds can also accelerate the transfer of
phosphate from the enzyme. For example, xylose-l-phosphate
increases the transfer of phosphate to water by about

2 X lO5 fold, because of the similarities in the structure
of G1P and this substance. For steric reasons, no hydroxy
group in the xylose molecule can accept phosphate from the
enzyme (Ray et al., 1976). Even in the absence of an
activator like xylose-l-phosphate, the rate of phosphate
transfer to water is about 300 times faster than the extra-
polated value for the hydrolysis of the serine phosphate |
at pH 7.5, suggesting that the enzyme itself catalyses the
hydrolytic reaction (Ray et al., 1976). For the flounder
and shark muscle enzymes the rate of transfer of phosphate
to water in the absence of any sugar phosphate activator

is much more rapid than that observed for rabbit muscle PGM,’
sé that these enzymes appear to act as specific diphospha-
tases (Hashimoto and Handler, 1966). Thus, it is possible
that in rabbit liver the low concentration of phOSphoenz¥me

is due to an instability associated with its function as a

diphosphatase.

1.1.9 KINETICS AND REACTION MECHANISM

Early work on the reaction mechanism of PGM was conducted

on the rabbit muscle enzyme. Leloir et al. (1948) showed
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that th%;ﬂenzyme requires G1P6P for the efficient conver-
sion.of Gif to G6P. Najjar and Pullman (1954) isolated a
phosphoenzyme and showed that the rabbit muscle enzyme
exists in both phosphorylaﬁed and dephosphorylated forms.
Phosphoenzyme reacts with glucose monophosphate but not
with gluéose diphosphate, whilst the dephospho form reacts
with glucose diphosphate but not with glucose monophosphate.
Najjar and Pullman (1954) proposed a mechanism in which
both phosphorylated and dephosphorylated forms were involved
(ping-pong mechanism). The overall reaction requires two
steps (scheme 1):

EP + GIP ——— E + GlP6P — (1)

E + GlP6P ——> EP + G6P — (2)
EP: phosphoenzyme
E: dephosphoenzyme
Najjar and Pullman (1954) also pointed out that the EP
which combines with GlP may be different from that which
combines with G6P. This mechanism should give a parallel-

line initial-velocity pattern.

An alternative one step sequential addition mechanism was
suggested by Cleland (1963) for the PGM reaction based on
Bodansky's (1961) substrate-velocity measurements (scheme 2):
E + GlP + GlP6P ——= E + GlP6P + G6P |

(3)
In this mechanism the dephosphoenzyme facilitates a direct
transfer of phosphate between G1P6P and either GlP or G6P.
This;réaction sequence should produce an intersecting-line

initial-velccity pattern.
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Subsequently Ray and Roscelli (1964a, 1964b) investigated
the kinetics of rabbit muscle phosphoglucomutase in order
to discriminate between the alternative mechanisms. They
obtained a parallel-line pattern and their results indica-
ted the involvement of both phosphorylated and dephosphory-
lated forms of the enzyme in a ping-pong like pathway
similar to that previously suggested by Najjar and Pullman
(1954). They also suggested that free GlP6P is neither an
obligatory nor an important reaction intermediate, since
treatment of 32P—phosphoenzyme with excess of G1P and G1P6P
resulted in the appearance of label primarily in the G6P

fraction. The reaction sequence of Najjar and Pullman

(1954) must therefore be modified as shown below (scheme 3):

EP-G1P
EP + G1P ——— |E *GlP6P| —— EP + G6P
EP-G6P

1l

E + G1P6P (4)

Assuming that the E.GlP6P is an obligatory intermediate

and is in equilbrium with EP-monophosphates, this reaction
sequence can be rationalized if the release of GlP6P from
the central complex is slower than that of G6P. The rate of
release of G6P must be 20 times the rate of release of
GlP6P to account for the experimental results. In this
reaction sequence the dissociation and association of GlP6P
néed not occur in each catalytic cycle as required by the
scheme of Najjar and Pullman (scheme 1) and the EP-G1P com-
plex must isomerize into EP-G6P. The function of GlP6P is
to maintain the enzyme in the active phospho enzyme form.
This mechanism should also give a parallel-line initial-

velocity pattern.
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The kingtic behaviour of PGM from flounder and shark muscle
(Hashimoto and Handler, 1966), beef liver (Chiba et al.,

1976), E.coli, B.cereus, M.lysodeikticus (Hanabusa et al.,

1966) and yeast have also been investigated. Flounder and
shark muscle showed a parallel-line initial-velocity pat-
tern characteristic of the ping-pong mechanism. However,
the Km's of G1P and GlP6P were greater than for the rabbit -
muscle enzyme. A diphosphatase activity was shown to be
associated with these two enzymes and the phosphoenzymes
were found to be comparatively unstable phosphoenzymes.
Hashimoto apd Handler (1966) confirmed the observations of
Ray and Roscelli (1964a, 1964b) that incorporation of °2p
into G1P6P was extremely slow from labelled enzyme and that
the results suggested that dissociation of GlP6P from

the central complex was even slower. However, in the
preparation of the phosphoenzyme, they found 1 mol of GlP6P
bound to 1 mol of enzyme. Because of the difficulty in
reconciling this finding with the phosphoenzyme mechanism,
they suggested that the reactions of flounder and shark
muscle PGMs might occur via Cleland's sequential mechanism
(scheme 2) and the phosphoenzyme might represent an arti-

fact of the isolation procedure.

Beef liver PGM also exhibited the parallel-line initial-
velocity pattern characterstic of the ping-pong mechanism
(éhiba et al., 1976). Similarly E.coli PGM gave a paraliel-
line initial?velocity pattern and the enzyme forms a
phosphdenzyme. However, this initial-velocity pattern was
found to be distorted by a marked competitive inhibition of
GlPé6P b§ GlP. The interpretation of the pattern was there-

fore uncertain.
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Hanabusa et al. (1966) failed to isolate a phosphoenzyme

from B.cereus and M.lysodeikticus and could not detect any

glucose monophosphate formation when G1P6P was added to
substrate quantities of these enzymes, as would be expected
if phosphoenzyme formation occurred. They obtained converg-
ing rather than parallel lines in initial-velocity plots

and took this to mean that both substrate and cofactor had
to be preSent simultaneously on the enzyme molecule. They
proposed, therefore, that these enzymes catalyzed an intra-
molecular transfer by a mechanism similar to that proposed
by Cleland (scheme 2). However, a phosphoenzyme mechanism
for the latter enzyme has subsequently been established

by induced-transport tests (see later).

With yeast PGM, conflicting results have been reported. Ani
intersecting-line initial-velocity pattern characteristic
of a sequential mechanism was obtained by Hirose et al.
(1970) and a random sequential mechanism was proposed. In
contrast, the existence of a phosphoenzyme was demonstrated

32p_1abel from [>%p] G6P in

by showing the incorporation of
the presence of GlP6P (Kennedy and Koshland, 1957; 'Yankeelov
et al., 1964). However, the kinetic competence of the

phosphoenzyme mechanism was not demonstrated.

It was propsed by Cleland (1963) that the mechanism of
enzyme action can be distinguished from initial-velocity
patterns. A pihg—pong mechanism gives aparallel-line
initial-velocity pattern whereas a sequential mechanism
exhibits intersecting-line pattern. For phosphomutases
this kinetic distinction between the two mechanisms is,
however, unreliable. 2An enzyme with a phosphoenzyme mecha-

nism may produce an intersecting line pattern if the
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phosphoenzyme is unstable and the rate of the phosphoryla-
tion of the enzyme is comparable with the rate of hydrolysis
of the phosphoenzyme. PGM from animal sources has some
diphosphatase activity (see 1.1.9) and, even if this is
small compared with the mutase activity, it could be res-
ponsible for the production of an intersecting-line initial-
velocity pattern. Similarly, the sequential mechanism,
which should give an intersecting-line initial-velocity
pattern, can, when realistic mechanisms are considered, give
rise to parallel-line patterns (Clarke and Britton, unpub-
lished results). PGMs from rabbit muscle (Ray and Roscelli
1964a, 1964b), flounder and shark muscle (Hashimoto and
Handler, 1966), human muscle (Joshi and Handler, 1969);

beef liver (Chiba et al., 1976), rabbit liver (Joshi et al.,

1967), E.coli (Joshi and Handler, 1964), M.lysodeikticus
(Clarke et al., 1974) and yeast (McCoy and Najjar, 1959)

all exist as phosphoenzymes but some of these appear to
hydrolyse relative rapidly. These are the phosphoenzymes
from flounder and shark musclé (Hashimoto and Handler, 1966) and
rabbit liver (see 1.1.8). The phosphoenzyme from B.cereus
probably also hydrolyzes spontaneously though its exis-
tence has . yet fo be confirmed. Among these enzymes only

those from yeast, M.lysodeikticus and B.cereus produce

intersecting-line initial-velocity patterns, even though

the phosphoenzyme of yeast seems to be stable (see 1.1.8).

It appears, therefore, that there is not a 1l:1 correspondence
betwéeﬁ the existence of phosphoenzymes and the form of the
initial-velocity pattern. Even when phosphoenzymes have been
isolated it is necessary to demonstrate their kinetic com-
petence before assigning a phosphoeniyme mechanism to the enzyme

concerned.
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Britton and Clarke (1968) introduced induced-transport
tests to establish the mechanism of reaction of PGM.

These tests depend upon the ratio of the fluxes from G1P

to G6P and from G6P to GlP when measured using 32P—labelled
substrates or 14C-labelled substrates. These authors pro-
posed three possible reaction mechanisms for PGMs and

showed that induced transport distinguishes unequivocally

between them. These mechanisms are:

1. Phosphoenzyme mechanism (Mechanism 1)

GlP + EP

l\
][ j::::;rE.GlP6P == E + GIP6P (5)
G6P + E32<////

This phosphoenzyme mechanism is similar to scheme 1 and
should give a parallel-line initial-velocity pattern. In
this mechanism phosphate from GlP is transferred to the
enzyme whilst phosphate attached to the enzyme is trans-
ferred to the 6-posi£ion of the substrate. Thus two reac-
tion cycles are needed to transfer phosphate from GlP to G6P.
14C glucose is transferred directly from substrate to product
by each catalytic cycle. It is possible in this phospho-
enzyme mechanism that the intermediate is either a true
phosphoeﬁzyme or an enzyme-GlP6P complex performing the role
of phosphoenzyme. The latter possibility was referred to as

Mechanism ll, and this should also give a parallel-line

initial—velocity pattern.

2. Intramolecular transfer mechanism (Mechanism 2)

6
Glp + E ——— E.GIP — E + GI1P (6)
R e T T
6
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This meqhanism shows the direct transfer of phosphate from
the l—poéifion to the 6-position. The role of GlP6P is to
maintain the enzyme in an active configuration. It does
not, however, participate directly in the reaction and label-
ling must enter GlP6P via side reactions. One reaction

32 14

cycle is required for transfer of both ““P and C from G1P

to G6P.

3. Intermolecular transfer mechanism (Mechanism 3)

E + Gl1P6P —— {E.G1P6PJ1 (7)

G1P +[E.G1P§1>]l —— E.GlP6P.GlP ——0> [E.G1P6PJ2 + G6P
(8)

[E.GlPGP}Z [E.Glpspjl " (9)

This mechanism is similar to scheme 2 proposed by Cleland
(1963) and shows the indirect transfer of phosphate involv-
ing G1P6P. Two reaction cycles are required to transfer
14C—label from GlP to G6P and three to transfer 32P—label.
In.this mechanism GlP6P directly participates in the

reaction. In the presence of excess GlP6P, the dissociation

of enzyme-GlP6P can be ignored.

In all of the above three mechanisms, the active form of the

enzyme may exist in two isomeric forms.

Britton and Clarke (1968) confirmed that the rabbit muscle
PGM has a phosphoenzyme mechanism as proposed by Najjar and

Pullman (1954) and Ray and Roscelli (1964a, 1964b). The

mechanism of M.lysodeikticus PGM has also been investigated
by the induced-transport technique (Clarke and Britton, 1974).

The enzjme was previously believed to have a sequential
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addition mechanism (Hanabusa et al., 1966) but these tests
supported a phosphoenzyme mechanism. Evidence has also been
provided that the enzyme has a stable phosphoenzyme and

that phosphate is attached to a serine with a sequence around
the serine similar to that in the rabbit muscle enzyme
(Clarke et al., 1974; Milstein et al., 1973). That the
phosphoenzyme is a true kinetic intermediate of the PGM from
the M.lysodeikticus reactions was = confirmed by incubation

of 32P-—labelled enzyme with G6P and G1lP6P and the observation

of rapid exchange of label into the G6P fraction (Clarke

et al., 1974). These results are in contrast to the obser-
vation of Hanabusa et al. (1966). Though it is possible

that small errors in the determination of initial velocities
at low concentrations of G1P and G1P6P could have led to the
production of the apparently converging-line initial-velociiy

pattern observed by Hanabusa et al. (1966).

Available data suggest a general phosphoenzyme mechanism
for all PGMs, but this has only been unequivocally established

for the enzymés from rabbit muscle and M.lysodeikticus with

the aid of the induced-transport tests. Conflicting results
~for the kinetic behaviour of the enzyme and the mechanism of
action have been reported for the enzymes from yeast,

M.lysodeikticus (see above) and Neurospora crassa (in Britton

and Clarke, 1968). Enzyme from wild forms of N.crassa gives
an intersecting-line initial-velocity pattern whereas that
from a mutated strain produces a parallel-line pattern, though
enzymes from a single species would be expected to show simi-
lar patterns. These data suggest an initial-velocity pattern
could lead to an incorrect assignment of mechanism, especially
if fhe enzyme has a high diphosphatase activity as is possible

for rabbit liver PGM.
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1.1.10 .- FUNCTION OF Gl1P6P AND CONTROL OF ITS LEVEL IN

TISSUES

GlP6P is required for activity by all PGMs isolated up to
the present (see 1.1.9). 1In addition, it acts as a potent
regulator for several key enzymes in carbohydrate metabo-
lism (Beitner , 1979 ). In particular GlP6P is a
strong activator for phosphofructokinase from skeletal
muscle, brain,red blood cells, heart and adipose tissue.

It is also a potent inhibitor of both hexokinases type I
(predominant form in brain) and type II (predominant form

in muscle).. GlP6P also stimulates pyruvate kinase from
liver and red blood cells (Koster et al., 1972). Further-
more, it exerts an inhibitory effect on the activity of
liver fructose-1,6-diphosphatase, one of the key enzymes

in gluconeogenesis (Marcus, 1976). 6-phosphogluconate dehy-

drogenase, the first enzyme of the pentose phosphate pathway,

is also inhibited (Beitner and Nordenberg, 1979).

Although Passonneau et al. (l§69) reported that the concen-
tration of GlP6P decreases in the rat brain under ischemia, °
it does not appear to change significantly in liver or
muscle during starvation or electrical stimulation. Later
Beitner and coworkers showed that the concentration of GlP6P
in muscle fluctuates under different physiological and hor-
monal conditions. For example, during growth the concentra-
tion of G1lP6P increases from 6 to 18 puM in rat muscle (Beitner
et al., 1978) and after adrenalin shock increases from 6.9
to 9.5‘pM in rat diaphragm muscle.(Beitner, Heberman and
Nordenbér, 1978). 1In starvation its concentration decreases

from 6.9 fo 3.7 pM in rat diaphragm muscle and in Muscular
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Dystrophy from 41.5 to 18.7 puM in rat muscle. Thus concen-
tration of GlP6P fluctuates from 50% to 300% of its normal

value under various conditions.

The level of GlP6P in all tissues except perhaps in brain
appear to correspond to the physiological levels required
for regulation of the key enzymes of glycolysis rather than
for PGM activity. 1In all cases studied the concentration
of G1lP6P appears to be gfeatly in excess of its Km' so that

PGM activity should be invariant.

The level of GlP6P will depend upon the relative rates of
synthesis and degradation. Several mechanisms have been

proposed to account for its synthesis. These are:

1. 2 G1P dismutase

G1P6P + glucose

The synthesis by this reaction was reported in E.coli

(Leloir, 1949) and rabbit muscle (Sidbury et al., 1956),
but the glucose-l-phosphate dismutase reaction has still
to be confirmed (Passonneau et al., 1969). The reaction,
however, is found not to be responsible for synthesis of

GlP6P in beef liver (Ueda et al., 1976).

2. . GlP + ATP PFK__ 3y G1pep + ADP

This reaction is catalysed by phosphofructokinase (PFK) as
a side reaction and has been observed in rabbit muscle (Eyer
et al., 1971), Yeast (Paladini et al., 1949) and rat liver
(Levey and Alpers, 1965) but not in beef liver (Ueda et al.,

1976).



52

PGM or GlP6P
3. .. .GlP + 1,3-dipga —SYRBthetasey . ..p | 3 pea

PGMs from rabbit muscle, beef liver (Hirose et al., 1976)
and mouse brain (Rose et al., 1957) appear to catalyse this
reaction. This GlP6P synthesis activity can be separated
from the major peak of PGM activity from mouse brain (Rose
et al., 1975) and beef liver (Ueda et al., 1976) on a DEAE~
cellulose or DEAE-Sephadex. However, the PGM activity still
remains in the GlP6P synthesis activity peak and the enzyme
concerned was named G1P6§ synthetase by Rose et al. (1975).
It was suggésted that this was one of the PGM isoenzymes
which has a‘high ratio of GlP6P synthesis activity to mutase

activity.

PGM

4. GlP + F1lP6P - GlP6P + F6P

Purified PGM from yeast (Hirose et al., 1972), beef liver
(Hirose'gz_gi., 1976) and partially purified enzyme from
muscle (Passonneau et al., 1969) have found to catalyse
synthesis by this reaction. The ratio of G1P6P synthesis

to mutase activity is 1.5 x 10—4 in rat muscle and

1.1 x 10”% in beef liver. Hirose et al. (1976) showed that
the ratio of G1P6P synthesis and mutase activities does not
change during purification of PGM from beef liver; synthesis

of G1P6P by this reaction depends solely on PGM activity.

Biosynthesis of GlP6P appears to be possible by all four of
the above reactions, but the way in which the concentration
of G1P6P is regulated in different tissues has not been
estabiished. Neither has it been established which reaction
is the main pathway of the synthesis. 'However, from the
results of Ueda et al. (1976) it appears that most of the

GlP6P synthesis in beef liver occurs by reaction 4.
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Degradation of GlP6P must also be a controlling factor

in the level of GlP6P in tissues. Beitner and Cohen (1980)
reported that diphosphatase activity undergoes changes in
muscle under various conditions which are inversely related
to the level of CG1P6P. This activity is partly due to a
specific diphosphatase which has been reported in various
rat tissues (Hashimoto and Yoshikawa, 1967). The diphospha-
tase activity is highest in rat liver but very low in muscle.
Diphosphatase activity has also been detected in beef liver
by Ueda et al. (1976), who showed that the enzyme is local-
ised in the mitochondrial and microsomal fractions of the
cell homogenate. Their results are consistent with the
findings of Hashimoto and Yoshikawa (1967) that diphospha-
tase activity is much richer in the sediment than in the
supernatant fraction after centrifugation of ox liver
homogenate at 10,000 g. However, the experiments also show
that some diphosphatase activity, approximately 17% in beef
liver (Ueda et al., 1976) and 12% in ox liver (Hashimoto

and Yoshikowa; 1967), occurs in the soluble fraction. This
activity is distinguishable from acid phosphatase and
giucose—6—phosphatase in beef liver (Ueda et al., 1976). It
is, however, possible that PGM is also responsible for
diphosphatase activity in tissues where the phosphoenzyme
is unétable, such as flounder and shark muscle (Hashimoto and
Handler, 1966) and rabbit liver (1.1.7 and 1.1.8). Thus,
the possibilitiés are that a rabbit liver PGM diphosphatase
activity may be partly responsible for the control of G1PéP
in this tissue and hence in the control of the carbohydrate

metabolism.
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1.2 ...~ AIMS OF THIS STUDY

PGMs from different sources exhibit a variety of kinetic
behaviour, though it is possible that they have a common
mechanism. PGM requiring GlP6P as a cofactor may transfer
phosphate from substrate to product via a phosphoenzyme or
via a cofactor as in the sequential mechanism. The former
mechanism is characterized by a parallel-line initial-
velocity pattern and the latter by an intersecting line.
The kinetic distinction between the mechanisms is, however,
unreliable, since phosphoenzyme instability may result in
an intersecting—line pattern. Similarly an enzyme with
sequential mecﬁanism could also produce a parallel-line
pattern under certain conditions (see 1.1.9). Only isotopic
induced-transport tests distinguish unequivocally between

possible mechanisms.

Anomalies in kinetic evidence could also arise as a conse-
quence of enzyme degradation during isolation. Thus isolation
of phosphorylated flounder muécle enzyme by lon-exchange
chromatography (Table 1.3) indicates that the phosphoenzyme -
may be stable in contrast to the earlier observation when
only 0.3-0.5% was found in each molecule of enzyme, which
suggested that the phosphoenzyme was unstable. Consequently
the level of diphosphatase activity associated with a mutase
preparation may depend upon a variable degradation of the
enzyme during isolation rather than on its fundamental pro-
perties. In the case of rabbit muscle enzyme, careful
isolation procedures lead to an enzyme with a slightly in-

creased-molecular weight 0f 65,000 instead of 62,000 (see 1.2).
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The multiple forms could also be responsible for the dis-
crepancy observed with this enzyme, if these forms have

different mechanisms of action.

Rabbit liver PGM was chosen for study as it has a substantial
amount of an isoenzyme which appears tobe associated with a
high intrinsic diphosphatase activity (see 1.1.8). This
could account for the failure to isolate a completely phos-
phorylated enzyme. The isoenzyme appears to be different to that
found in rabbit muscle. Differences in isoenzyme composi-
tion between the enzymes from these two sources and the
finding of a diphosphatase activity in the PGM from rabbit
liver suggest that an isocenzyme from this source may have

an alternative mechanism of action.

Evaluation of the diphosphatase activity associated with
PGM is of interest as this could be a factor in the control
of G1P6P levels in the liver and thus may be involved in

the regulation of carbohydrate metabolism in this tissue.

The investigaﬁion took the following form:

1. A method was adopted to isolate an unmodified and unde-
graded PGM from rabbit liver in order to maintain its
original properties for investigations in vitro.

2. PGM isoenzymes from rabbit liver and rabbit muscle were
separated and compared.

3. Some physical and chemical properties of rabbit liver PGM
were examined for comparison with the well-investigated
rabbit muscle enzyme.

4. Diphosphatase activity in the liver and such activity

associated with PGM were measured and attempts were made
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to explain the effect of any diphosphatase activity on

PGM and on the level of Gl1P6P in liver tissue.

32P-labelled phosphoenzyme was prepared in order to

check the stability of the phosphoenzyme and the nature

of the site of phosphate attachment. The viability of
the phosphoenzyme as a kinetic intermediate was also
considered.

Kinetic studies were carried out at low concentrations
of substrates, using a sensitive fluorimetric coupled
dehydrogenase assay at constant Mg++ concentration and
ionic strength, to evaluate kinetic constants needed in
radiochemical studies and to determine the form of the
initial-velocity pattern.

The mechanism of action of rabbit liver PGM was investi-

gated by means of induced-transport tests.



CHAPTER TWO

METHODS
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2.1 MATERIALS AND APPARATUS

2.1.1 MATERIALS

Source
Ammonium sulphate (specially low in heavy metals) (BDH)
2- (N-Morpholino) ethanesulphonic acid (MES) (HW)

Glucose-1,6-diphosphate tetracyclohexylammonium (BM)

salt
Imidazole (SIGMA)
D—glyceraldeﬁyde—3—phosphate diethylacetal -~ (BM)
Phenylmethylsulphonylfluoride (SIGMA) .
Decon-90 (phosphate free) (BDH)
Triton X-100 (scintillation grade) (KL)
2,5-diphenyloxazol (PPO) (HW)
1,4 Di[ 2- (5-phenyloxazolyl)benzene]| (POPOP) (KL)
Thixotropic gel powder (Cab-0-Sil) , (PIC)
Acrylamide (specially purified for electro- (BDH)

phoresis)

NN'-Methylenebisacrylamide (specially purified (BDH)

for electrophoresis)

Glycine (chromatographically homogenous) (BDH)
Phenazine methosulphate (SIGMA)
Nitro blue tetrazolium (SIGMA)
Coomassie brilliant blue G-250 (SF)
Cytochrome c from horse heart (XL)
Sodiu&tdédecyl.sulphate (specially pure) (BDH)

Low molecular weight calibration kit _ (PFC)
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Cellulosg“phosphate P 11 (WL)

Diethylaminoethyl cellulose DE 32 ‘ (WL)

DEAE-cellulose A—SO (PFC)

Sephadex G-100 | (PFC)

Polygram cel 300 PEI (MNC)

BDH: British Drug House, Poole, Dorset, England

BM: Boehringer Mannheim GMBH Biochemica, West Germany

HW: Hopkin & Williams, Chadwell Heath, Essex, England

KL: Koch-Light Laboratories, Colnbrook, Bucks, England

PFC: Pharmacia Fine Chemicals, Uppsala, Sweden

PIC: Packard Instrument Co. Inc., Downers Grove, Illinois,
U.S.A.

SE: Serva Feinbiochemica, Heidelberg

SIGMA: Sigma Chemical Co., St Louis, Missouri, U.S.A.

MNC: Macherey-Nagel & Co., Duran, West Germany
wbL: Whatman Lid., Spvingtield Mill, Maidsime , Kent

Reagents of special category are mentioned above. All other
reagents were of analytical grade and obtained from BDH.
Enzymes were obtained from Boehringer Mannheim GMBH Biochenica,
West Germany and radioactive compounds were supplied by the

Radiochemical Centre, Amersham, U.K.

2.1.2 APPARATUS

Spectrophotometric studies

Pye Unicam SP 1800 ultraviolet spectrophotometer.

Fluorimetric studies

Perkin—ﬁlmer fluorescence spectrometer, model 3000.
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Liquid scintillation counting

Packard Tri-Carb liquid scintillation spectrometer, model 3375.

Radiocactive scanning

Panax RCMS 2 chromatography scanner in conjunction with a
Panax PX series modular control unit (see 2.5.1.4 for details).

Scanning of protein bands in the tube gels

Pye Unicam SP 8-100 ultraviolet spectrophotometer fitted with

790826 densitometer.
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2.2 - ..ASSAY METHODS

2.2.1 ENZYME ASSAYS

2.2.1.1 RABBIT LIVER PHOSPHOGLUCOMUTASE

2.2.1.1.1 SPECTROPHOTOMETRIC ASSAY

Rabbit liver phosphoglucomutase activity was assayed by a
modification of the spectrophotometric method used by

Mulhausen et al. (1970), with the following reaction sequence:

GlP _ _PGM _ q6p

G1lP6P
MgT+

+ G6PDH +
G6P + NADP ———— > 6-P gluconate + NADPH + H

G6PDH:'glucose—G-phosphate dehydrogenase (E.C.1.1.1.49)

NADPH and NADH have an absorption peak at 340 nm; the oxidised
forms do not absorb. in this region. By using the above
coupled enzyme reaction and by monitoring the absorbance at
340 nm, the rate of enzymic conversion of GlP to G6P in the
presence of excess G6PDH can be followed directly with the
spectrophotometer. In the steady state, the reaction rate of
phosphoglucomutase is given by the rate of formation of NADPH
provided that G6PDH concentration exceeds that of phospho-

glucomutase by a factor of at least 50 times.

Reagents
A reaction mixture contained;
40 mM histidine
12 mM Tris-HCl Buffer, pH 7.6 (30 °C)
2 mM MgCl2
5 uM EDTA
1 mM G1P
2 UM G1lP6P

475 pM NADP" in a total volume of 2.995 ml.
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Assay Enzyme

0.7 unit G6PDH

Procedure

The reaction mixture was incubated with G6PDH at 30 °C for
10 min in a final volume of 2.995 ml. A suitable quantity
of the phosphoglucomutase (less than 10"2 unit) in a small
volume (2-5 pl) was added to start the reaction. The rate
of reaction was estimated from the change of absorbance
at 340 nm, assuming a extinction coefficient for NADPH of
6.22 mMt em™! (in Dawson et al., 1969). The enzyme acti-
vity at 30 °c was expressed as pmol substrate transformed
per minute (units) and specific activity as units per mg

protein.

2.2.1.1.2 FLUORIMETRIC ASSAY: MEASUREMENT OF KINETIC

PARAMETERS

Fluorimetric measurements of rabbit liver phdsphoglucomutase
activity were carried out by assaying enzyme at low concen-
trations of substrate and cofactor using a coupled dehydroge-
naée reaction. Fluorimetric techniques for determination of
enzyme activity were introduced by Lowry in 1957. The
fluorimetric method is more sensitive than the spectrophoto-
metric method and it is therefore particularly suitable for
assaying the enzyme activity at low substrate concentrations
or low enzyme concentration in coupled dehydrogenase reactions
where a small gquantity of reduced NADP is produced. Use of
this technique gives an increase in sensitivity of up to 100-
fold in comparison with absorption photometry (Trautschold

and ‘Loffler, 1965).
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Principle. -~

. N ,
The reduced forms of NADP and NAD+ absorb light in the near
u.v. region at 340 nm and emit energy as a blue fluorescent
band at 455 nm. NADPH (or NADH) can be measured in this

. , + +
region in the presence of NADP (or NAD') since the oxidised
form does not fluoresce under these conditions (Williamson

and Corkey, 1969).

Phosphoglucomutase activity can be measured by using the
coupled dehydrogenase reaction (see 2.2.1.1.1) and monitoring
the increase in fluorescence due to reduction of NADP at

455 nm (excifation, 340 nm). The rate of enzymic conversion
of G1P to G6P will be the same as the rate of formation of

NADPH in the presence of excess G6PDH.

Cleaning of glasswére

The glassware used for fluorimetric assay was specially
cleaned to remove any dust and fluorescent particles. This
was achieved by boiling the glassware in 5 M HCl and subse-
quently rinsing with distilled water, boiling in distilled

water and finally rinsing with double distilled water.

Standardisation of NADPH (Fig. 2.1)

The fluorescence of NADPH in the enzymic reaction does not
provide an absolute measure of its concentration. Therefore

a calibration curve of NADPH concentration (0-10 pumol) related
to fluorescence change at emission 455 nm énd excitation

340 nm (emission slit width, 5mm; excitation slit width, 2.5 mm)
was eonstructed. NADPH solutions of various concentrations

were prepared in the buffer used for phosphoglucomutase assay
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(40 mM histidine, 12 mM Tris-HCl, pH 7.6) and the concentra-
tions of these solutions were standardised in the spectro~-
photometer at 340 nm (extinction coefficient of NADPH

- 6.22 mM Y em™ Yy,

Reagents

The reactionmixture contained His-Tris buffer, pH 7.6

(40 mM histidine, 12 mM Tris), 2 mM Mg(NO3)2, 4-100 puM G1P,
0.05-1.0 puM G1P6P and 0.8 units of ammonium sulphate-free
G6PDH in a total volume of 2.995 ml. The ionic strength of
the solution at the various concentrations of Gl1P and G1lP6P
was maintained at 0.05 mol 1 by the addition of appro-
priate quantities of 200 mM KNOB. Specially purified G1P

was used in this assay (see below).

Purification of G1P

G1P, obtained from BDH, contains GlP6P as an impurity and
it was purified according to the method of Bartlett (1959)
and Ray and Roscelli (1964a) by eluting from a Dowex-1-

formate column .in pyridine-formic acid buffer, pH 3.0, as

described below.

A Dowex-l-formate column (1.8 x 25 cm) was prepared from
Dowex-1-Cl (80% cross linked, 20-50 mesh) as follows. Dowex-
1-Cl was first converted to the hydroxide form by washing
with 2M NaOH. The eluate was tested for removal of Cl™ ions
from the column with acidified AgNO,. Subsequently the
column was converted to the formate form by washing with 4 M

formic acid.
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2 g GlP_ygs.dissolved in 20-30 ml distilled water and applied
to the Dowex-1-formate column. Gl1P was eluted with a linear
gradient of 0-0.75 M formic acid-pyridine buffer, pH 3.0.

2 £ of buffer and a flow rate of 60 ml h™! were used to elute

GlP. 5 ml fractions were collected and GlP was detected in

each fraction as described in 2.2.6.

The fractions containing GlP were combined and freeze-dried
to reduce the volume. A small volume of viscous fluid was

obtained after freeze-drying and subsequently dissolved in

40 ml distilled water. The pH of the solution was adjusted
to 7 with 5 M NaOH. Excess barium acetate (X2 molar excess
over G1P) was then added to the G1P solution and it was |

left to stand for 4 h at 0 °

C. This was followed by the
addition of 4 vol. gthanol. The precipitéte formed was
collected by centrifugation and dissolved in a small volume
of water. The barium salt of G1lP was then changed to the
sodium form by adding excess Dowex—l—Na+. The resultant

solution of the disodium salt of GlP was decolourised with

activated charcoal (Norit NK) and stored at -20 c.

A yield of 50% was obtained in the final solution of G1P.
It was shown to be free from GlP6P since no rabbit muscle
phosphoglucomutase activity was observed in the absence of

added G1P6P.

Procedure

Phosphoglucomutase and glucose-6-phosphate dehydrogen;se
were beﬁtrifuged separately at 100,000 g for 1 h to remove
most of the ammonium sulphate before kinetic assays. The
pellets obtained after centrifugation were dissolved in His-

Tris-HC1 buffer, pH 7.6 (40 mM histidine, 12 mM Tris)



67

containing 2 mM Mg(NO3)2.

Kinetic assays were carried out as follows. The reaction
mixture (see reagents) containing 0.8 units of ammonium
sulphate-free G6PDH was incubated for 10 min at 30 °C in
a total volume of 2.995 ml. The reaction was started by
the addition of 0.44 pg (5 pl) PGM diluted with His~Tris-
. HC1 buffer, pH 7.6 (40 mM histidine, 12 mM Tris) contain--
ing 2 mM Mg(N03)2 and preincubated at 30 °C for 20 min.
The production of NADPH was followed by monitoring the
increase of fluorescence at 455 nm (excitation 340 nm)
using the Perkin-Elmer fluorescence spectrometer. The
scale-expansion setting and the emission and excitation
slit width were the same as used for the NADPH calibration
curve; <the rate of reaction was calculated with the aid

of this calibration curve (Fig. 2.1).

2.2.1.2 PHOSPHOGLYCERATE MUTASE (E.C.2.7.5.3)

Phosphoglycerate mutase activity was estimated spectrophoto-

metrically by a coupled enzyme assay method.
2, 3‘d‘%‘A

PGAM > glycerate-2-P
(rate-limiting)

glycerate-3-P

glycerate-2-P ENOLASE > phosphoenolpyruvate + HZO
K
phosphoenolpyruvate P > pyruvate + ATP
+ ADP
LDH

—> L-lactate + NAD+'

pyruvate + NADH + H+
PGAM: phosphoglycerate mutase (E.C.2.7.5.3)
PK: pyruvate kinase (E.C.2.7.1.40)

LDH: lactate dehydrogenase (E.C.1.1.1.27).
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The reaction mixture contained:
18.5 mm Tris-HC1l, pH 7.4 (30 °C)
3.4 mM MgCl2
19.0 mM KC1l
2.2 mM glycerate-3-phosphate
0.002 mM glycerate- 2,3-diphosphate
0.74 mM ADP

0.2 mM NADH in a total volume of 2.6 ml.

Assay Enzyme

0.16 units (2 pl) enolase
8.00 units (4 pl) pyruvate kinase

6.00 units (4 pl) lactate dehydrogenase

Procedure

2.6 ml reaction mixture was incubated with assay enzyme for
10 min at 30 °C in a final volume of 2.7 ml. A small
volume (2-5 pnl) of phosphoglycerate mutase solution was
added to the reaction mixture. The reaction rate was fol-
lowed on the spectrophotometer by measuring the change in
absorbance at 340 nm. The phosphoglycerate mutase activity
was calculated assuming a millimolar absorbance for NADH of

6.22 mM~ Tt cm™ L.

2.2.1.3 PHOSPHOGLUCOSE ISOMERASE (E.C.5.3.1.9)

A.coupled enzyme assay method was used to estimate phospho-

glucose isomerase activity as follows.
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F6P PCI 5 cep

(rate-limiting)

cep + NADPT - G6PDH

> 6-P gluconate + NADPH + H'

PGI: phosphoglucose iscmerase (E.C.5.3.1.9)

Reagents
The reaction mixture contained:
100 mM Tris-HCl, pH 8.0 (30 °¢)
5 mM MgC12
10 mM F6P
0.457 mM NaDp' in a volume of 2.99 ml.

Assay enzyme

0.7 units G6PDH

Procedure
5 pl1 G6PDH was added to 2.99 ml of reaction mixture which

was then incubated for 10 min at 30 ©

C. The reaction was
started by the addition of a small volume (2-10 pl) of a
solution containing PGI. The rate of reaction was followed

by observing the change in absorbance at 340 nm from which

the isomerase activity was calculated.

2.2.1.4 HEXOKINASE (E.C.2.7.1.1)

Hexokinase activity was measured spectrophotometrically with

the following coupled enzyme reactions:

HK
— + ADP
(rate-limitingY GeP

D-Glucose + ATP

G6PDH

' G6p + NADPT > 6-P-gluconate + NADPH

+ ut

HK: .hexokinase
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Reagents . -
The reaction mixture contained:
100 mM Tris-HC1, pH 8.0 (30 °C)
5 mM MgC12 |
10 mM ATP
10 mM D-glucose
0.457 mM NADP' in a volume of 2.99 ml.

Assay enzyme

0.7 units G6PDH

Procedure

To 2.99 ml of reactionmixture was added 5 pl G6PDH. After
incubation at 30 °C for 10 min, a small volume (2-5 pl) of
a solution containing hexokinase activity was added and

the rate of change of absorbance at 340 nm was measured.

2.2.1.5 GLUCOSE-6-PHOSPHATE DEHYDROGENASE (E.C.1.1.1.49)

G6PDH activity was estimated spectrophotometrically by

measuring the rate of formation of NADPH.

D-G6P + NADP+ __ggggg;é 6~P gluconate + NADPH + at

Reagents
The reaction mixture céntained:
100 mM Tris-HC1l, pH 8.0 (30 °C)
5 mM MgCl, |
1 mM G6P |
0.455 mM NADP' in a volume of 2.99 ml.

Procedure

. o) ,
2.99 ml reaction mixture was incubated at 30 °C for 10 min.
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The reaction was started by the addition of the enzyme in
a small volume (2-5 pl). The rate of reaction was calcu-

lated from the change in absorbance at 340 nm with time.

2.2.1.6  GLUCOSE-6-PHOSPHATASE (E.C.3.1.3.9)

Glucose-6-phosphatase activity was estimated by observing

the rate of formation of Pi.

G6P + HZO GéPase > Glucose + Pi

The inorganic phosphate liberated was determined as a blue

phosphomolybdate complex as described in 2.2.5.

Reagents
The reaction mixture contained:
100 mM sodium cacodylate buffer, pH 6.5

10 mM G6P in a total volume of 990 pl.

Procedure

°¢c

990 pl of reaction mixture was incubated for 10 min, at 30
and then the reaction was started by the addition of 10 pl
enzyme solution. 100 pl samples were withdrawn at timed inter-
vals and added to the tubes containing 1.9 ml distilled water
and 0.2 ml 60% perchloric acid to stop the reaction. Inor-

ganic phosphate present in each sample was estimated by

Ailen's method (2.2.5) and the rate of reaction determined.

2.2.2 " FLUORIMETRIC ASSAY OF GLUCOSE-1,6-DIPHOSPHATASE

ACTIVITY

Glucose-1,6-diphosphatase activity in crude extracts of rabbit
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liver and rabbit muscle was determined fluorimetrically with

the following coupled reactions:

Glucose 1,6-

G1PED diphosphatase

»GIP + 6B + B

in equilibrium
proportions

G6PDH

G6P + NADP —> 6-P gluconate + NADPH + HT
The rate of enzymic conversion of GlP6P to GlP and G6P in
the presence of excess G6PDH can be followed by monitoring
the increase in flourescence at 455 nm (excitation wave-

length =340 nm) due to NADPH production. Details of the

procedure are described in 2.2.1.1.2.

Reagents

The reaction mixture contained:

o]

33 mM Tris-HCl, pH 7.6 (30 ~C)
5 mM MgCl,
10 mM G1P6P
475 pM NADP+ in a total volume of 2f985-ml.

Assay enzyme

0.7 units G6PDH

Standard curve (Fig. 2.2)

0-25 nmol NADPH in 33 mM Tris-HCl, pH 7.6 was used for the
calibration curve. The concentration of the stock NADPH

solution was determined from its absorbance at 340 nm.

Preparation of sample

Measurement of glucose-1,6-diphosphatase activity in crude
extracts of rabbit liver and rabbit muscle was carried out

as follows. Tissues were homogenised with 2 vol (w/v)
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10 mM Tris-HC1l, pH 7.0, containing 1 mM EDTA and 1 mM
2-mercaptoethanol. The homogenates were clarified by cen-
trifugation at 25,000 g for 10 min. 10 pl samples of

supernatant were taken for the enzyme assay.

Procedure

The reaction mixture was incubated with 0.7 unit G6PDH

at 30 °C for 10 min. in a total volume of 2.99 ml. A small
volume of the sample to be assayed (10 pl) was added to the
reaction mixture and the change in fluorescence was followed
on the fluorescence spectrometer at 455 nm (ex. 340 nm).

The excitation and emission slit width were 2.5 mm and 5.0 mm
respectively. The rate of reaction was determined by using
the calibration curve of NADPH concentration versus fluore-;

scence (Fig. 2.2).

2.2.3 PROTEIN ASSAY

2.2.3.1 BROMOPHENOL BLUE METHOD (Flores, 1978)

Bromophenol blue is yellow below pH 3.0; it absorbs maxi-
mally at 440 nm. When protein binds to the bromophenol
blue in acid solution, the absorption at 440 nm decreases
and a new peak appears at 610 nm. The absorbance of the
protein-bromophenol blue complex at 610 nm under acidic

conditions is almost linear over a range of 10-80 pg protein.

Standard line (Fig. 2.3)

Bovine serum albumin (BSA) was dried in a vacuum dessicator.
0-100 pg of dried BSA per estimation was used to produce

the standard line relating absorbance at 610 nm to pg protein.
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Reagents .-

Bromophenol blue solution - 7.5 mg bromophenol blue was
dissolved in 15 ml 95% ethanol and 2.5 ml glacial acetic
acid. The volume was made up to. 100 ml with distilled

water. This solution was freshly prepared each week.

Procedure

To 0.1 ml of each protein sample was added 0.9 ml bromo-
phenol blue solution. The absorbance at 610 nm was
measured against a blank containing 0.1 ml distilled water

and 0.9 ml bromophenol blue solution.

2.2.3.2 ULTRAVIOLET ABSORPTION METHOD

For rapid determination of protein concentration, the ultra-
violet absorption method was used in final preparative

stages of the enzyme. This method has been used by Warburg
and Christian (1941) as a rapid and fairly sensitive measure

of protein concentration.

Most proteins have an absorption maximum at 275-280 nm due

to presence of tyrosine, tryptophan or phenylalanine resi-
dues. The aromatic amino acid content of various proteins
tends to lie within reasonably narrow limits (E. Layne, 1957).
The absorbance at 28Q nm of a 1% solution of an average pro-
tein (1 cm light path) is approximately 10. Absorbance at

280 nm can be used for rough measurementS(ifprotein concen-
tration between 0.1 and 0.5 mg ml™> in the absence of other

substances which absorb at this wavelenth (e.g. nucleotides).
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pProcedure
1 ml of the protein sample was transferred to a lcm quartz
cuvette (of small'volume) and the absorbance was measured

at 280 nm against a water blank.

2.2.4 PHOSPHOGLUCOMUTASE PROTEIN ASSAY

The total enzyme protein was estimated using a value of
7.7 for the absorbance at 278 nm of 1% (w/v) solution of

phosphoglucomutase in 1 cm light-path cell (Najjar, 1948).

Procedure

30 pl of a solution of pure phosphoglucomutase was added
to 970 pl distilled water in a 1 ml quartz cuvette (1 cm
path) and the absorbance was measured at 278 nm against a
water blank in the spectrophotometer. Enzyme concentra-
tions were calculated using the value for the extinction

coefficient given above.

2.2.5 ESTIMATION OF INORGANIC PHOSPHATE

Inorganic phosphate was estimated by the method of Allen
(1940). Inorganic phosphate reacts with molybdate in an

acid medium to form a phosphomolybdate complex, which turns
blue in the presence of a reducing agent. The reaction is
cérried out in the presence of perchloric acid and used a
solution of 2,4-diaminophenol hydrochloride (Amidol) in

sodium metabisulphite as the reducing agent. The intensity

of the blue colour of phosphomolybdate complex is proportional
to the amount of inorganic phosphate present over a wide

range and the absorbance at 600 nm is stable for 30 min after

the reaction.
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standard . line (Fig. 2.4)

This was obtained with solutions of 0-50 pg ml * KH,PO,,.

Reagents
60% perchloric acid
8.3% ammonium molybdate
Aamidol reagent:
1 g 2,4-diaminophenol hydrochloride (Amidol)
2 g sodium metabisulphite in 100 ml distilled

water

Cleaning of glassware

For reproducible estimation all glassware must be cleaned
to remove adsorbed phosphate. Tubes were soaked in 5% Decon
90 (phosphate-free) overnight and then thoroughly rinsed

with double distilled water before use.

Procedure

To a 0.1 sample were added in the following order, 1.9 ml
double distilled water, 0.2 ml 60% perchloric agid, 0.2 ml
Amidol reagent and 0.1 ml 8.3% ammonium molybdate, all at
room temperature. The mixture was agitated with a whirli-
mixer after each addition and the final solution left to

- stand for 10 min. Standards and blanks were run concur-

rently. The absorbance was measured at 600 nm.

2.2.6 ESTIMATION OF GLUCOSE--1-PHOSPHATE

The concentration of GlP in the presence of G6P was deter-
mined by a modified method of Bartlett (1959) as described
by Ray and Roscelli (1964a). In this method G1P was hydro-
lysed and the phosphate liberated estimated as a blue

phosphomolybdate complex.
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GlP is acid and heat labile and has a half life of approxi-
mately 1 min in 1 M acid at 100 °c (Leloir and Cardini,
1941). GI1P hydroiysis is complete under the conditions
used for this experiment whilst the hydrolysis of G6P is
negligible (Clarke, 1972). The liberated phosphate reacts
with molybdate in the presence of acid and produces a
phosphomolybdate complex which is subsequently reduced to
a blue colour in the presence of Fiske/Subbarow reagent.
The advantages of this method are (1) the processes of GI1P
hydrolysis and colour development occur concurrently;

(2) there is a linear relationship between the colour den-
sity and amount of GlP originally present; (3) other subs-

tances have little effect on the colour development.

Standard line (Fig. 2.5)

A standard curve for absorbance at 830 nm against G1P
concentration was obtained over a range of GlP concentra-

tions (0-20 mM).

Reagents
0.18% ammonium molybdate in M-—HZSO4

Fiéke/Subbarow Reagent:
2.49 g anhydrous sodium sulphite
12 g sodium metabisulphite

0.2 g l—amino—2—naphthol—4~éulphonic acid

dissolved in water and made up to

100 ml.

Procedure
0.1 ml samples were added to 15 ml conical stoppered centri-

fuge tubes containing 1 ml 0.18% ammonium molybdate in
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M—H2$O4Tf9;lowed by 0.2 ml Fiske/Subbarow reagent. The
solutions weré thoroughly mixed and the £ubes heated to
100 °C for 10 min in a boiling water bath then rapidly
cooled to room temperature. The standards and blank were

prepared concurrently. The intensity of the blue colour

was measured at 830 nm.

2.2.7 ESTIMATION OF GLYCERALDEHYDE-3-PHOSPHATE

Glyceraldehyde-3-phosphate was estimated spectrophoto-
metrically using the following enzyme reaction:

GAP TIM > DAP
GDH

+
DAP + NADH + H > L (-)-glycerol-3-P + NAD+

TIM: triosephosphate isomerase
GDH: glycerol-3-phosphate dehydrogenase
GAP: glyceraldehyde-3-phosphate

DAP: dihydroxyacetone phosphate

The reaction is carried out with a suitable excess of NADH
and adequate enzyme concentrations. The decrease in absor-
bance at 340 nm associated with oxidation of NADH was used

for the estimation of GAP concentration.

Reagents
The reaction mixture contained:
276 mM triethanolamine buffer, pH 7.6

0.2 mM NADH in a volume of 880 pl.

Assay enzymes

0.61 units GDH

3

2.5 x 10 ~ units TIM
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Procedure

A 100 pl sample was added to 880 pl reaction mixture and
10 pl glycerol-3-phosphate dehydrogenase. The mixture was
incubated for 10 min at 30 °C in a 1 ml cuvette and reac-
tion was started by the addition of 10 pl TIM. The

decrease in absorbance was measured at 340 nm and the con-

centration of GAP calculated.
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2.3 . CHROMATOGRAPHIC METHODS

2.3.1 PAPER CHROMATOGRAPHY

2.3.1.1 DESCENDING PAPER CHROMATOGRAPHY TECHNIQUE

Descending paper chromatography (Consden et al., 1944) was
used for purification and separation of EBZP] G6P and

[32P] GlP6P from inorganic and other phosphates. All
chromatography papers were used without prewashing with
EDTA. A line of origin was drawn in pencil approximately
12 cm from the top end of the paper ('top': chromatography
must be carried out down machine direction of paper). The
Rf values of phosphates are very low in the solvents used
and separationAis poor after a short run. The paper chroma-
tograms were therefore overrun; the paper was serrated at
its lower edge to ensure that the solvent flowed evenly off
the end. The standard markers were applied 3 cm apart at
the origin on one side of the chromatogram and the sample
was applied as a 15 cm wide strip on the other side. The
samples and markers were dried with an air jet; cold air
was used to minimise chemical breakdown and irreversible

adsorption of salts on the paper.

100 ml of the solvent to be used for separating sample com-
ponents was placed in the bottom of the tank at least one
hour before the run to saturate the tank with solvent vapour.
At the end of the run any remaining solvent was removed -from
the trough and the paper was dried in a drying cabinet under
a stream of cold air. The portion of the paper where stan-
dard mérkers had run was cut from the chromatogram and A
Phosphafes were developed by the technique of Burrows et al.
(1952). The corresponding phosphates were identified on the

chromatogram and eluted.
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Since the chromatogram was overrun in order to separate
radioactive compounds, Rf values were replaced by 'posi-
tion constant valﬁes' (Mortimer, 1952) defined as the
position of the substances relative to that of inorganic

phosphate (RPT) where,
i

Ry, = distance substance travels from origin x 100
i =

distance P, travels from origin

Standard markers

The following amounts of standard markers were used:

0.3 pmol KH,PO

2P0, (9.3 pg P)
0.15 pmol ATP (13.95 pg P)
0.4 pmol G1P (12.4 pg P)
0.4 pupmol G6P (12.4 pg P)

0.2 pmol G1P6P (12.4 pg P)

2.3.1.2 CHROMATOGRAPHIC SYSTEMS

DEAE-CELLULOSE—AMMONIA SYSTEM

In this system DEAE-cellulose paper DE 81 with 0.12 M
ammonia as solvent was used to separate G1P6P from GlP and
G6P. Descending chromatography (2.3.1.1) was carried out
for 6 h and G1P6P eluted from the dried paper with 5 M
ammonia. The eluted fraction was freeze~dried, dissolved

o
in a small volume of water and stored at -20 "C.

RP- of compounds were:
i

Pi' 100; G1p, 119; G6P, 125; GlP6P, 19.

The distances travelled by compounds in 6 h:

P;» 8 cm; G1P, 9.5 cm; G6P, 10 cm; GlP6P, 1.5 cm.
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WHATMAN NO. 4, ETHYL ACETATE/ACETIC ACID/WATER SYSTEM

[32P]'G6P was purified from inorganic aﬁd other phosphates
using Whatman no; 4 paper and ethyl acetate/acetic acid/
distilled water (3:3:1 by vol) as solvent. The chromato-
gram was run for 14 h at 4 °c. After the run, the peak
containing [32P] G6P was eluted from the dried paper with

a small volume of distilled water and stored at -20 OC.

Rp, values obtained on this system were as follows:
i

P;, 100; ATP, 4; G6P, 30; GlP, 37.

The distances travelled by compounds in 14 h:

Pi, 28 cm; ATP, 1.12 cm; G6P, 8.4 cm; GlP, 10.4 cm.

WHATMAN NO. 4, 2-METHOXYETHANOL/ETHYL METHYL KETONE/

AMMONIA SYSTEM

This system was used as a second purification step to purify
E32P] G6P from inorganic and other sugar phosphates, follow-
ing the separation with the ethyl acetate/acetic acid/distil-
led water system. Chromatogréphy was carried out for 24 h

at room temperature using Whatman No. 4 paper and 2-methoxy-
ethanol/ethyl methyl ketone/3M ammonia (7:2:3 by vol) as
solvent. [32P] G6P was eluted from the chromatogram with a

small volume of water and stored at -20 OC.

The Ry, values of phosphates obtained were::
i :

Pi’ 100; ATP, 58; G1P, 215; Gl1p6P, 20.

The ‘distance travelled by compounds in 24 h were:

P.,, 9.4 cm; ATP, 5.5 cm; G6P, 17 cm; GlP, 20.2 cm; GlP6P, 1.9 cm.

ll
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2.3.1.3 DETECTION OF PHOSPHATES ON PAPER

Phosphates on the paper chramatogram were detected using the
colour reagent of Hanes and Isherwood (1949) as modified

by Burrows et al. (1952).

Colour reagent

1 g ammonium molybdate was dissolved in 8 ml distilled
water, 3 ml concentrated HC1l and 3 ml 70% perchloric acid

and the volume was made up to 100 ml with acetone.

Procedure

The paper was dipped in colour reagent and dried in a jet
of air. 1Inorganic phosphate appeared as a yellow spot.
Allother unhvdrolysed phosphates ( including G6P which
hydrolyses with difficulty) appeared as blue spots when the
chromatogram was irradiated at 254 nm under a Camag ultra-'
violet lamp. The intensity of the blue background was
subsequently reduced by exposure of paper to ammonia vapour

(Bandirski and Axelrod, 1951).

2.3.1.4 METHODS FOR LOCATING RADIOACTIVELY LABELLED

COMPOUNDS ON PAPER

The following methods were used for locating the position

of radioactive spots on paper chromatégrams.

1. LOCATION BY REFERENCE

The standard markers were run on one side of the paper, and
radioactive sample was applied on the other. The position
of the radioactive substance was located by reference to

the corresponding standards.
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2. LOCATION BY GEIGER-MULLER COUNTER

The radioactive peak of 32P was located using a Geiger-
Muller counter, which was moved manually over the paper to
detect the position of active spots. It was found to be

14

difficult to locate small amounts of ~°C (low energy Rg

emitter) by this method.

3. LOCATION BY RADIOACTIVE SCANNER

A 2cm wide strip was cut from the paper along the course
taken by the radioactive sample. A Panax RCMS 2 chromato-
graphy scanner in conjunction with a Panax PX series
modular control unit was used to scan the strips for
radioactivity. Radiocactivity was detected by an anthra-
cene crystal in intimate contact with the window of a
photomultiplier tube (EMI type 6097F). Radiocactive counts -
in the form of pulses were integrated into a potential
difference using the apparatus described by Dean (1982) and

measured on a chart recorder.

2.3.2 THIN LAYER CHROMATOGRAPHY

Thin layer chromatography was used to check the purity of

[32p] G6P, [3%p] cipep ana [*%c] cer.

0.1 mm cellulose MN polyethyleneimine impregnated Polygram
éel 300 PEI supported on plastic of size 20 x 20 cm was
prepared for used by drawing aline with lead pencil, 2 cm
from the top edge of the plate to mark the extent of solvent
migration. Small volumes (2 pl) of radioactive samples and

standard markers were applied with a micropipette, 2 cm apart
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and about- 2-3 cm from the lower edge of the chromoplate.
The spots weré allowed to dry and the plate was placed in

a chromatography tank containing solvent (0.25 M LiC1l)

to a depth of about 0.7-1.0 cm. The solvent was allowed

to rise until it reached the marked line. The plate was
removed from the tank and dried with a cold air jet. The
part of the plate containing standard markers was cut off,
dried and washed in methanol to remove LiCl. The phosphate
colour reagent (see 2.3.1.3) was sprayed on the plate

which was then irradiated under a Camag ultraviolet lamp.

The phosphates appeared as blue spots on a light blue background.

To determine the position of radioactive compounds, 1 cm2

areas of the plate were scraped along the course taken by
radioactive samples and transferred directly to the scintil-
lation vials containing 15 ml scintillant. The radiocacti-
vity was measured on the Packard liquid scintillation

counter as described in 2.4.1.

The following R_. values were obtained:

£
Pi' 0.18; ATP, 0.25; GlP, 0.65; G6P, 0.57; G1P6P, 0.07.
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2.4 RADIOCHEMICAL METHODS

2.4.1 RADIQOACTIVITY MEASUREMENT

Radioactivity assays were carried out by using a Model 3375
Packard Tri-carb liquid scintillation spectrometer. Samples
were counted in the dark at 4 oC.

2.4.1.1 DETECTION OF 14C--RADIOACTIVITY: BY LIQUID

SCINTILLATION COUNTING

Scintillant for 14C counting was prepared by the method of
Patterson and Green (1965). 1 vol Triton X-~100 of scintil-
lation grade was mixed with 2 vol toluene containing 0.4%
PPO and 0.01% POPOP. The scintillant was stored in the dark

for 24 h at room temperature before use.

For 14C radioactive assays, 10 ml of scintillant was placed

in 20 ml screw cap glass vials and counted on the scintil-
lation counter using a preset 14C energy window* at least
three times (for 10 min/count) to give a reading for back-
ground activity. 0.01 to 1.0 ml of agueous sample at
neutral pH was then added to the vials, which were again

counted three times.

The average counts obtained were corrected for quenching

and efficiency of counting as described below.

* Energy window: Three identical and independent channels
are available in scintillation spectrometer for pulse-
height analysis. Each channel provides completely inde-
pendent lower and upper level discriminators. Each
channel can be set for fixed narrow energy window for
B-spectral analysis.
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The percentage of counting efficiency at different quench
values was obtained as follows. 1-10pl of nitromethane

(a known strong qﬁencher) was added together with a known
quantity of 14C to the scintillation vials containing 10 ml
scintillant, thereby giving a range of quenching. A graph
at different levels of quenching was plotted, and this was
used to determine the quench correction for 14C radioactive
sample (Fig. 2.6).

2.4.1.2 DECTECTION OF 32P—RADIOACTIVITY

2.4.1.2.1 BY LIQUID SCINTILLATION COUNTING

The scintillant used for 32P counting was the same as that

described in 2.4.1.1 for 14C counting but contained a 5%
suspension of Cab-0-5il (thixotropic gel powder). Cab-0-Sil
prevents the decrease in counting efficiency due to adsorp-

tion of 32P on the walls of glass vials.

0.01-1 ml of agueous sample at neutral pH was added to 20 ml
screw cap scintillation vials containiﬁg 10 ml scintillant
(including 5% Cab-0-Sil), which had been counted for back-
gfound activity. The radioactivity was determined on the
Packard liquid scintillation spectrometer using a preset

2P energy window, but no corrections were made for quench-

ing. Counting efficiency was 99-100%.

2.4.1.2.2 BY CHERENKOV RADIATION EMISSION

Princigle

When a B-particle is emitted from the isotope at a velocity
comparable to that of light in the medium through which it

is travelling it interacts with the molecules of the medium,
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and p;gduces an electric shock wave. The resulting
electromagnetic emmision is known as Cherenkov radia-
tion and its light spectrum ranges from 300-700 nm. A
particle must have energylgreater than 0.263 MeV to
produce a shock wave condition in water (in Fox, 1976).
However, the production of shock wave also depends on
the refractive index of the medium and this condition
could also be produced by particles of lower energy
(<0.263 MeV) in a medium of higher refractive index

(Parker and Elrick, 1970).

The particle energy of 32

P is 1.71 MeV and its Cherenkov
radiation emission could be easily detected in an aqueous
medium on the Packard liquid scintillation counter and
40% efficiency is achieved using the preset tritium
energy window. The Cherenkov radiation contributed by
14C B-particles (energy 0.159 MeV) is negligible

(theoretical counting efficiency 1.3%).

Procedure

Vials filled with 10 ml distilled water were counted using .
preset tritium energy window of scintillation counter for
background counts. Samples (0-0.1 ml) were added in the
vials and vials were counted again for radioactivity at the
same channel setting. 32P—radioactivity was calculated

on the basis of 40% counting efficiency.

2.4.1.3 MULTIPLE ISOTOPE COUNTING

. 32 14
A method has been devised for counting P and C when
both are present in a sample. Experiments were conducted

. 32 14
in which the concentration of either P and C.
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was varied in the presence of a known concentration of the
other. The amount of the variable was estimated by the
method described in 2.4.1.1 and 2.4.1.2.1 and a good corela-
tion between actual and calculated results was achieved.

The actual counts of 32P in a sample containing both 32P

and 14C were determined by estimating the Cherenkov radia-

tion emission (2.4.1.2.2).

Procedure

32 14

P counts were determined in the presence of C by the
method of Cherenkov radiation emission (2.4.1.2.2). 0.1 ml
'samples were added to 10 ml distilled water in the scintil-
lation vials. Scintillation vials were counted by using
the preset tritium energy window of the scintillation
counter. Background counts were obtained previously for

each vial filled with only 10 ml distilled water.

For 14C counting, 100 pl samples were added to 10 ml
scintillant in the scintillation vials. The vials were
counted using the preset 32P channel with the window fully

open to obtain the total counts of 32P and 14C. To estimate

the contribution of 14C to this total, 32P counts obtained
by Cherenkov radiation emission were subtracted from the

total counts and the remainder (14C counts) were corrected

for quenching.

2P counts 2.5 x counts obtained by Cherenkov radiation

emission
4 . 32 . .
C counts = counts obtained on P channel with the window

full open - 2.5 x counts obtained by Cherenkov

radiation emission
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2.4.2 .. - PREPARATION AND PURIFICATION OF LABELLED COMPOUNDS

2.4.2.1 PREPARATION OF [>2p] 6P

E32P] G6P with high specific,activity was prepared by a modi-
fication of the method of Schendel and Wells (1973) for the

preparation of [32P] ATP.

Principle
32

P, is incorporated into the substrate, D~glyceraldehye-
3-phosphate, in the presence of glyceraldehyde phosphate
dehydrogenase and NAD+. At the same time lactate dehydro-
genase in the presence of excess pyruvate ensures a high
NAD+/NADH ratio. In a coupled reaction ADP is phosphory-
lated by [32P] 1,3-diphosphoglycerate in the presence of
3-phosphoglycerate kinase. The equilibrium is in favour
of ATP formation. Finally, 32P is transferred from ATP
to glucose by the action of hexokinase, giving 32P--label-

led G6P.

Procedure

1 mCi of 32

Pi carrier-free, supplied in HC1l solution, pH 1-2,
was evaporated to dryness in a vacuum desiccator for 24 h.
Glyceraldehye - 3 - phosphate (GAP) was prepared Ifrom

the commerciallv available diethylacetal derivative
(Boehringer Mannheim, Germany) as follows. 100 mg GRP was
dissolved in 5 ml water. The pH of the solution was
adjusted to approximately 2.0 by adding Dowex resin in the

H* form (50 x 8; 200-400 mesh). The Dowex resin was

removed by filtration on a Buchner funnel and the filtrate
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made up to exactly 25 ml with distilled water. The resul-
tant solution was incubated at 35 OC for 15 h to complete
the hydrolysis and assayed for concentration before use

(see 2.2.7). This solution'normally used at once, could

be stored for 1 week at -20 °C or for 2 days at 4 Cc.

The reaction mixture contained 15 nmol Tris-HC1l, pH 8.3,

1 mCi 32Pi’ 1.5 umol MgCl2, 40 nmol KZHPO4,

0.15 pmol sodium pyruvate, 0.134 pmol NAD+, 0.15 pmol GAP,

0.25 pumol ADP,

6.0 umol glucose together with 1.5 units of lactate dehy-
drogenase and 1.4 units of hexokinase in a final volume of
0.3 ml. The reaction was started by the addition of

13 units of 3-phosphoglycerate kinase and 13 units of
glyceraldehyde~3~phosphate dehydrogenase. The mixture was
incubated for 4 h at room tempeature and the reaction was
stopped by the addition of 0.5 ml 5 mM EDTA. The incubation
time for completion of the reaction in the above mixture

had been determined previously (see 2.4.2.2).

2.4.2.2 DETERMINATION OF INCUBATION TIME FOR PREPARATION

OF [32P] G6P

The incubation time for completion of the reaction in the
preparation of [32P] G6P was determined as follows. 2 pl
samples were withdrawn at timed intervals from the reaction
mixture (2.4.2.1) and were applied to Whatman No. 4 paper.
The samples and the standard markers of P,, ATP and G6P
were subjected to descending paper chromatography for 14 h
at 4 °c uéing ethyl acetate/acetic acid/distilled water as

the solvent (2.3.1.2). The chromatogram was dried and the
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peaks of‘[32P] G6P and [3293 ATP were identified with
reference to the standard markers. 3 cm stfips contain-
ing the peaks were placed in scintillation vials contain-
ing 10 ml scintillant and rédioactivity counted on a

Packard Tri-carb liquid scintillation counter (2.4.1.2.1).

A graph of [32P] ATP and [32P] G6P counts versus time was
plotted (Fig. 2.8). 2 h was found to be the minimum
incubation time. However, during preparative runs, the
reaction mixture was incubated for 4 h in order to increase

the yield of [°%p] cep.

2.4.2.3 PURIFICATION OF [32Pj G6P

32P[G6P] from 2.4.2.1 was separated by descending chroma-
tography using ethyl acetate/glacial acetic acid/distilled
water (3:3:1 by vol) as solvent (2.3.1.2). The mobility
of G6P was less than that of Pi in this solvent. In some

experiments, [32

32P

P] G6P was found to be contaminated with

i When this was the case, it was further purified by
using a solvent system in which the mobility of G6P was
greater than Pi‘ This second chromatography was performed

on Whatman No. 4 paper at room temperature using 2-methoxy-
ethanol/ethyl methyl ketone/3 M NH4OH (7:2:3 by vol) as
solvent (2.3.1.2). The chromatogram was dried and the radio-
active strip containing [32P] G6P was eluted with a small
volume of water. This solution containing EBZPI G6P was

stored at -20 oC.

A pure preparation of [32P]G6P was obtained with a maximum

specific radioactivity of 2.1 cimmol ! and less than 0.3%



*

When 32P G6P was incubated with PGM in the presence of Mg++

and a catalytic quantity of G1P6P until equilibrium was

reached, the relative quantities of 32P G1P and 32P G6P were

found to be in the ratio 1:16.2 (Keq = 17.2)., This indicates

32

that the P G6P must be virtually all enzymatically active.
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contamination with Pi' The percentage yield was 46% based

on P.l incorporation.

H*

2
2.4.2.4 PREPARATION AND PURIFICATION OF [ >2p] G1p6p

[32P] GlP6P was prepared from [32Pj G6P by the method used

by Clarke et al. (1974).

GlP6P " [*?p] cipep
[3?¢] GGZ\\\» PGMg///;ﬂslp

50 pci [32P] G6P was incubated for 1 h at 30 °C with His-

Tris-HC1l buffer, pH 7.4 (40 mM histidine, 12 mM Tris)
containing 1.1 mM MgCl2, 0.25 pmol G1P6P and 10 pl rabbit
ruscle phosphoglucomutase in a final volume of 1 ml.

[32P] GlP6P was isolated by descending paper chromatographf,
using the DEAE-cellulose~ammonia system (2.3.1.2). The (
EBZPJ GlP6P eluted from the paper with 5 M ammonia solution
was freeze-dried,dissolved in 1 ml distilled water and
stored at -20 °c. 9.85 pCi of [32P]'G1P6P was obtained

with specific radioactivity of 34 Ci mol™t.

2.4.2.5 PURIFICATION OF [l4c] G6P

D—[U-l4é] G6P was obtained from the Radiochemical Centre,
Amersham as a sodium salt in aqueous solution containing
3% ethanol. It was found to be contaminated with 2.8%
labelled glucosé. The glucose was removed by purifying
the [14C] G6P on an ion-exchange column using the method

described by Schendel and Wells (1973) for purification of

[32p] are.
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Procedure

[14cj G6P was freeze-dried, dissolved in‘l ml 10 mM NH4HCO

pbuffer, pH 7.5 and applied to a DEAE~-Sephadex A-50 column

3

(1 x 5 cm) previously equilibrated with the same buffer.
The column was washed with 15 ml of the buffer to remove

labelled glucose and then with 10 ml 20 mM NH4HCO3 buffer,

pH 7.5 to ensure that all traces of labelled glucose had

: 1
been removed. Finally [ 4C] G6P was eluted from the column

with 10-15 ml 100 mM NH4HCO3 buffer, pH 7.5. The eluted

fraction was freeze-dried. The residue, now free of NH,bHCO

4 3
was dissolved in 1 ml distilled water and stored at -20 °cC.

2.4.3 RADIOCHEMICAL ASSAYS

2.4.3.1 DETERMINATION OF SPECIFIC RADIOACTIVITY OF

[32p] c6p ana [Y%c] cep

The concentration of labelled G6P was determined spectro-

photometrically by using the following reaction:

G6P + NADP' ;:22222;& 6-P gluconate + NADPH + H'

Procedure

Labelled G6P was incubated with 0.475 mM NADP' and Tris-HC1-
Mg*t buffer, pH 8.0 (100 mM Tris-HC1, 5 mm Mg' ', final
concentration in cuvette) at 30 °c for 10 min in a final
volume of 1 ml. Reaction was started by addition of 10 yl-
G6PDH and the G6P concentration was calculated from the

change. in absorbance at 340 nm.

The radioactivity of [32P] G6P and [léQ] G6P was determined

by the method described in 2.4.1.
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2.4.3.2 DETERMINATION OF SPECIFIC RADIOACTIVITY OF

[32p] cipep

The specific radioactivity of [32P] G1P6P was determined
by hydrolysing GlP6P to G6P and then measuring the molar

concentration of G6P as described in 2.4.3.1.

200 pl [329] GlP6P was added to 200 pl M HCl and was

heated to 100 °c in a boiling water bath for 20 min. After
the hydrolysis of Gl1P6P to G6P, the solution was cooled and
the acid neutralised with 200 pl M NaOH. The molar
concentration of G6P in  this solution was determined

as described in 2.4.3.1.

The radioactivity'of [32P] GlP6P was determined in the
scintillation counter after adding 10 pl of sample to 10 ml

scintillant (2.4.1.2.1).

2.4.3.3 DETERMINATION OF [>2P] G1P IN THE PRESENCE OF

[32P] G6P FOR INDUCED-TRANSPORT TESTS

[32P] GlP in the presence of [32P] G6P was determined by a
slight modification of a method of Ray et al. (1966), based
upon the phosphate precipitation technigue of Sugino and
Miyoshi (1964). The hydrolysis and precipitation steps

were carried out separately to protecf the G6P from hydroly-
sis, because molybdate activates the hydrolysis of G6P

(Weil-Malherbe et al., 1951).

GlP is acidland heat labile and hydrolyses completely when

heated to 100 oC for 10 min in acid solution. Leloir and Car-

dini (1957) have reported that the half-life of G1P
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hydrolysis is 1.05-2.00 min in 1 M acid at 100 °C. The
hydrolysis of G6P is very slight under these conditions.
The inorganic phésphate from GlP hydrolysis can be pre-
cipitated with ammonium molybdate as phosphomolybdic acid
in the presence of triethanolamine under acidic condi-
tions. The unhydrolysed phosphate does not precipitate

and remains in:solution (Sugino and Miyoshi, 1964).

Procedure

For [32P] GlP determination 0.1 ml samples from induced-
transport tests were added to 0.14 ml 1.8 M HClO4 in a

15 ml conical stoppered centrifuge tube. 0.5 ml solution
containing 2 mM GlP and 2 mM G6P as carrier was then added.
The mixture was brought to 100 °c in a boiling bath for

10 min and then immediately cooled to 4 ©C in an ice water

bath.

0.26 ml phosphate precipitating reacent, which had been
prepared shortly before use by mixing 57 mM ammonium molyb-
date and 74 mM triethanolamine (1:1 by vol.), was then
added to the centrifuge tube. The solutions were mixed
within a few seconds to avoid chemical brezkdown of

[32P] G6P. The tube was kept at 4 °C for 2 h to complete
the precipitation of hydrolysed phosphate. After centri-
fugation at 2,000 g for 20 min, the supernatant containing
[32P] G6P was removed. The precipitate was washed three
times with a solution containing 57 mM ammonium molybdate,
74 mM triethanolamine, 1.8 M HCIO,, distilled water

(1:1:1:6 by vol.) and a trace of phosphate as carrier. The
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precipitate was dissolved in 0.2 ml of M NaOH and trans-
ferred guantitatively with three washings of 0.2 ml distil-
led water to a séintillation vial containing 10 ml
scintillant. 0.2 ml M HC1l was also added to neutralize

the alkali. The vials were counted in the Packard liquid
scintillation spectrometer and no correction was made for

guenching (2.4.1.2.1).

The same procedure can be used for determination of

[32P] G6P in the presence of [32Pj GlP. Lfter precipita-

ting the hydrolysed phosphate and centrifugation, 200 pl

‘of supernatant containing [32P] G6P was added to 10 ml

scintillant in a scintillation vial. 0.1 ml M NaOH was

added to discharge the yellow colour and neutralise the
32

acid. The vials were counted for P radicactivity as

described before (2.4.1.2.1).

2.4.3.4 DETERMINATION OF [14C] GlP IN TEEZ PRESENCE OF

[1%c] GéP FOR INDUCED-TRINSPCRT TEST

[14C] GlP was estimated by the method of EBrittom and Clarke -
(1968) which was based on the inorganic phosphate and phos-
phate ester precipitation technigue of Nelsom (1944) and

Somogyi (1945).

[14C] G1P is hydrolysed completely to [14C] glucose and Py
at 100 °C in a boiling water bath for 10 min. GLlPEP is
also hydrolysed to G1P and GE6P, but the hydrolysis of
[14C] G6P is very slight under these conditioms (Clarke,

1972). Hydrolysed P, and phosphate esters can be removed
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from t@g,solution by precipitation with ZnSO4 and Ba(OH)Z,

. 14 N
whilst [ C] glucose remains in solution.

Procedure

0.1 ml samples from induced-transport tests were added to

stoppered centrifuge tubes containing 0.1 ml M-H.SO, to

2774
stop any enzyme reaction. The hydrolysis of [14C] G1P was

carried out by placing the tubes in a boiling water bath
for 10 min. The tubes were cooled to room temperature

and 0.5 ml glucose (1 mg ml_l) was added as a carrier.
0.65ml 0.2 M Ba(OH)2 was then added to each tube to pre-
cipitate inorganic phosphate and G6P. The tubes were
agitated thoroughly and followed by the addition of 0.2 ml
5% ZnSO4 to each tube. The precipitate was compacted in
the bottom of the tubes by centrifugation. 0.1 ml 5%
ZnSO4 was added again, followed by 0.1 ml 0.2 M Ea(OH)z to
remove all traces of [14C] G6P frcm the supernatant. After
centrifugation 0.2 ml samples were added to 10 ml scintil-

lant and radioactivity was counted as descrikbed in 2.4.1.1.

The amounts of ZnSO, and Ba(OH)Z used in this experiment

4
were suitable for determining GlP concentrations up to
5 mM (Clarke, 1972). VWhen the concentration of GlP was
higher than 5 mM, the amounts of Ba(OH)Z and ZnSO, were

increased appropriately.
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2.4.3.5 DETERMINATION OF GLUCOSE-1,6-DIPHOSPHATASE

ACTIVITY OF PURIFIED PHOSPHOGLUCOMUTASE BY

USING LABELLED SUBSTRATE

Glucose~-1,6-diphosphatase activity in purified preparations
of rabbit liver phosphoglucomutase (100 units mg—l protein)
was determined by using 32P~labelled G1lP6P as substrate.

The progress of the reaction can be determined by incubat-
ing the enzyme with E32P] GlP6P and measuring the hydrolysed
32Pi at various time :intervals by the method of Ray et al.
(1966) based upon the phosphate-precipitation technique of

Sugino and Miyoshi (1964). 1In this method the P, is pre-

cipitated and the hydrolysis of Gl1P and GlP6P does not occur.

Procedure

0.486 pCi [32P] G1P6P (21.75 nmol; specific radioactivity
22.34 Ci mol }) was warmed to 30 °C, with 9 nmol G1P6P

(as carrier) in His-Tris-HC1l buffer, pH 7.6 (40 mM Histi-
dine, 12 mM Tris), containing 1.1 mM MgCl2 in a total
volume of 3.0 ml. 0.5 unit (23 pl) of phosphoglucomutase
at 30 °C was added to the above mixture to start the reac-

tion. 100 pl samples were withdrawn at various time intervals.

32Pi was determined in the samples as follows. 100 pl

samples were added to 15 ml conical centrifuge tubes con-
taining 600 pl 1.8 M HClO4 to stop the enzyme reaction,
followed by 20 pl 50 puM G6P, 10 pl 100 mM KH,PO,, pH 7.0
and 1 ml'freshly prepared phosphate-precipitating reagent
(1:1 mixture of 57 mM ammonium molybdate and 75 mM trietha-
nolamine). The solutions were thoroughly mixed and left

at 4 OC for 18 h.
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The suspension was centrifuged at 2,000 g for 20 min and
the supernatant, containing [32P] G1P6P, [32P] G1P and
[32P] G6P, was rémoved. The precipitate coataining hydro-
lysed phosphate was washed three times with a solution
containing 57 mM ammonium molybdate, 74 mM triethanolamine,
1.8 M HClO4, distilled water (1:1:1:6 by vol.) and a trace
of phosphate. The washed precipitate was dissolved in

200 pl M NaOH with gentle warming and was transferred
gquantitatively, with three washingsof 200 pl distilled
water, to vials containing 10 ml scintillant. The vials
were counted for 32P—radioactivity as described in

2.4.1.2.1.

Addition of perchloric acid to the samples in 32Pi deter-

mination also precipitated the phosphoglucomutase and

32P associated with the enzyme. However, the samples

contained a very small amount of phosphoglucomutase,

5.04 x 1073 nmol, calculated by assuming the highest

recorded specific activity of the enzyme, 484 units mg“l
protein (3.1) and a molecular weight of 67,600 (3.2.3).
If it is assumed that 1 mol enzyme binds 0.5 mol of P

(see 3.6.1), the 32

P-radioactivity associated with the
enzyme would have increased by 8 cpm in the precipitate.

This increase is insignificant and was ignored.
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2.5 INDUCED-TRANSPORT TESTS

The mechanism of the rabbit liver phosphoglucomutase
reaction was investigated using the induced-~-transport

tests of Britton and Clarke (1968).

The flux-measurement method was introduced by Britton
(1966) for investigating the mechanism of the enzyme reac-
tion. Britton and Clarke (1968) carried out induced-

32P— and 14C--labelled substrates

transport tests with
in order to differentiate and characterise the mechanism
of rabbit muscle PGM from three possible reaction mecha-

nisms of the mutases (see 1.1.9). .

The phosphate flux in the PGM reaction is defined as the
actual number of phosphate groups transferred from the
l-position of GlP to the 6-position of G6P in unit time
under particular conditions of concentration and tempera-
ture etc. The glucose flux is defined as the number of
glucose molecules transferred from GlP to G6P in unit time
(Britton and élarke, 1968). Induced-transport experiments
are performed by adding excess unlabelled GlP to an equi-
librium mixture of labelled glucose monophosphates and
measuring the total radioactivity in the Gl1P fraction dur-
ing the progress of the reaction. Experiments are carried
éut with G1P containing 14C—labelled glucose or 32Palabelled
phosphate separately. If the radioactivity remains the
same in G1P this shows that the flux of GlP to G6P is inde-
pendent of that from G6P to GlP (independence relationship

obeyed). Transient decrease in radioactivity shows
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co-transport. Lack of induced-transport occurs when both
substrate and product compete for equivalent forms of the
phosphoenzyme, and when label is transferred from substrate
to product by a single catalytic cycle. Co-transport
occurs when the label requires two or more catalytic cycles
to move from substrate to product and increase in extent
with the number of cycles required. Counter-transport
occurs when substrate and product compete for different
inter-convertible forms of the phosphoenzyme where this
interconversion is partially rate limiting (Britton and

Clarke, 1968).

Procedure

Induced-transport tests of rabbit liver PGM were carried
out with [32P] G6P at low substrate concentrations and
with [14C] G6P at both low and high substrate concentra-.
tions as described by Britton and Clarke (1968). The

experimental details are given in 3.5.
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2.6 EXPERIMENTS INVOLVING PREPARATION AND PROPERTIES

OF LABELLED PHOSPHOGLUCOMUTASE

2.6.1 PREPARATION AND SEPARATION OF 32P—LABELLED

PHOSPHOGLUCOMUTASE FROM RABBIT LIVER

32P--labelled PGM from rabbit liver was prepared and sepa-

rated on a Sephadex G-25 column by the method of

Clarke et al. (1974).

10 units (0.306 nmol) rabbit liver PGM was incubated with
0.28 pci [32p] G6P (0.459 nmol, specific radiocactivity

609 Ci mol l) and 0.28 pci [14c] G6P (1.97 nmol, specific
radioactivity 142 Ci mol™%) and 0.04 nmol G1P6P in His-Tris-
HC1l buffer, pH 7.6 (40 mM histidine, 12 mM Tris) containing

2 mM MgCl, at 30 °C for 5 min’'in a final volume of 0.25 ml.
The incubation mixture was immediately cooled to 0 °c in’ |
an iced water bath and applied to a Sephadex G-25 column

(20 x 1 cm) previously equilibrated with the same incubation
buffer. The column was eluted with the same buffer and

0.3 ml fractions were collected. All fractions were assayeq
for enzyme activity and for 32P and 14C radioactivity.

Enzyme activity was assayed spectrophotometrically (2.2.1.1.1).
32P and’l4C radioactivity simultaneously present in fractions

were counted by the method of multiple isotope counting

(2.4.1.3).

The fractions containing enzyme activity were collected and
used for studies of the lability of the phosphoenzyme in

acid and alkali and for its stability at pH 7.6.
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2.6.2 ... DETERMINATION OF EXCHANGEABILITY AND STABILITY

OF PHOSPHOENZYME

The exchangeability of 32P-labelled phosphoenzyme with

substrate and the half-life of labelled phosphoenzyme in
His-Tris-HC1l buffer, pH 7.6, containing 2 mM MgCl2 at
30 °C were determined by the method of Clarke et al. (1974).

32P—labelled enzyme is incubated with substrate (G6P).

The amount of 32P subsequently found in isolated substrate
is a measure of the exchangeability of enzyme-bound 32P

('exchangeable 32P').

Approximately 10 units of >2p-labelled PGM, purified by

gel filtration (2.6.1), in a volume of 1 to 2 ml, was
warmed to 30 °c. 0.1 ml samples were withdrawn at timed
intervals. Exchaﬁgeable 32P in the substrate was estimated
by adding the samples to a conical centrifuge tube con-
taining 10 pl 0.1 M G6P and 10 pl 0.1 M NazHPO4, pH 7.0

and incubafing at 30 Oc for 1 min. After cooling, the cen-
trifuge tubes to 0 °c in a iced water bath, 1.7 ml 0.6 M
HClO4 was added, followed by 1 ml of a freshly prepared
mixture of 57 mM ammonium molybdate and 74 mM triethanol-
amine (l1:1 by vol.), all at 0 Oc. solutions were then left
overnight at 0 Oc. After centrifugation at 2,000 g for

20 min, 1 ml supernatant was added to 10 ml scintillant in
a scintillation vial. 0.373 ml M NaOH was added to neutra-

lize the acid. Total radioactivity in the GwP was then

determined by scintillation counting (2.4.1.2.1).
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2.6.3 DETERMINATION OF ACID STABILITY OF LABELLED

PHOSPHOENZYME

The stability of labelled phosphoenzyme in acid was deter-
mined as follows. Approximately 1 unit of labelled enzyme
in a volume of 0.1 ml,purified on Sephadex G-25 (2.6.1),
was added to 0.85 ml 0.6 M HClO4 PH 7.0 and 0.1 ml solution
containing 1 mg Bovine serum albumin, all at 4 OC. Per-
chloric acid was used to precipitate the enzyme. Serum

albumin and NazHPO4 were carriers for the enzyme and

hydrolysed phosphate.

After centrifugation at 2,000 g for 10 min, the radiocacti-
vity associated with the protein in the precipitate and

32P—labelled inorganic phosphate in the supernatant was

the
estimated as follows. 0.2 ml of supernatant was added to
10 ml1 of scintillant in a scintillation vial. 0.2 ml of
0.5 M NaOH was further added to neutralise the acid and the
liberated 32Pi was estimated by scintillaticon counting as
described previously (2.4.1.2.1). For estimation of radio-
activity associated with the protein, the supernatant was
removed and precipitate washed three times with a mixture
of 0.85 ml 0.6 M HClO4 and 10 pl 0.1 M NazHPO4, pH 7.0.

The preéﬁpitate was dissolved in 0.2 ml of 0.5 M NaOH and
transferred to 10 ml scintillant in a 'scintillation vial.
The centrifuge tube was washed with 0.2 ml 0.5 M HCI, which
was added to the scintillant to ensure a quantitative
transfer‘of radioactivity and to neutralize alkali in the

scintillant. The radioactivity in the vials was then

measured as described in 2.4.1.2.1.
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2.6.4 e ALKALINE HYDROLYSIS OF LABELLED PHOSPHOENZYME

The rate of hydrolysis of labelled PGM was measured in both

0.25 M NaOH and 0.33 M NaOH at 37 °c.

Approximately 5 units of labelled enzyme in a volume of

1 ml, separated from substrates by gel filtration (2.6.1),
was warmed to 37 °C in a water bath. 1 M NaOH was added
to the enzyme solution at 37 °c to give a final concentra-
tion of 0.33 or 0.25 M NaOH and volume 1.5 ml. Samples
were takenat timed intervals, cooled immediately to 4 OC,
and added to cold 0.1 ml 0.6 M HClO4 in 15 ml conical cen-
trifuge tubes, followed by 5 pl 0.1 M Na

HPO,, pH 7.0.

2 47
After centrifugation at 2,000 g for 10 min, 0.1 ml super-
natant was withdrawn and added to 10 ml scintillant in a
scintillation vial. 0.07 ml 0.5 M NaOH was further added
to the scintillant to neutralize the acid and the 3zPi

estimated by scintillation counting (2.4.1.2.1).

The labelled phosphate associated with protein in the pre-
cipitate was measured by the method described in the

previous section (2.6.3).

2.6.5 QUANTITATIVE DETERMINATION OF PROTEIN-BOUND

PHOSPHATE BY PHENOL EXTRACTION METHOD

PGM was phosphorylated using labelled substrate (2.6.1) .and
a quantitative determination of phosphate bound to enzyme
was carried out by the phenol extraction method (Ramaley

et al, 1967; Rose, 1970). In this method, the enzyme is

selectively partitioned into the phenol fraction of a
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phenol-water two phase system. All non-protein bound 32P

remains in the aqueous layer and can thus be removed.

Procedure

10 units of PGM was phosphorylated by incubation with

0.17 pci[>2pJG6P (3.13 nmol; specific radioactivity

54.3 Ci mol-l) and 0.12 nmol G1P6P in His-Tris-HC1l buffer,
pH 7.6 (40 mM histidine, 12 mM Tris), containing 2 mM

MgCl, at 30 ©c, for 30 min in a final volume of 0.2 ml.
Reaction was terminated by the addition of 1 ml 50 mM Tris-
HCl buffer, pH 8.0, 0.88 saturated with phenol and contain-
'ing 1 mM sodium phosphate as carrier. The resulting
solution was extracted with 2 ml phenol saturated with the
same buffer mixture. The phenol layer containing the
phospho-protein was clarified by centrifugation and the !
aqueous layer was carefully aspirated off. The phenol
layer was then washed with 50 mM Tris-HC1l buffer, pH 8.0.
This washing procedure was repeated until the radioactivity
in the aqueous layer approached background; usually 5
washes were found to be necessary to remove all traces of
unbound phosphates from the protein. 32P-—activity associ-
ated with protein was subsequently estimated by taking

30 m1 of the phenol layer for scintillation counting (2.4.1.2.1).
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2.7 “POLYACRYLAMIDE GEL ELECTROPHORESIS FOR ISOENZYME

SEPARATION

The PGM isoenzymes were separated and characterised by
'discontinuous polyacrylamide gel electrophoresis'
(Ornstein, 1964; Davis,1964; Williams et al., 1964), using

the Laemmli and Favre (1973) buffer system.

Acrylamide is completely soluble in aqueous solutions but
can be polymerized to form a suitable supporting medium
in the form of gels and slabs for electrophoresis (Raymond
and Weintraub, 1959). Acrylamide will co—polymérize with
bisacrylamide which acts as cross-linking agent. The
polymerization reaction can be carried out either chemi-
cally or photochemically. The chemical polymerization of
acrylamide requires an oxidising. agent as catalyst
(usually sodium or ammonium persulphate) with TEMED as a“
catalytic initiator. Photochemical polymerization is
achieved by irradiating an acrylamide/TEMED/riboflavin
solution with u.v. light. Polyacrylamide gel thus formed
is thermostable, transparent, strong and chemically inert
over a wide range of chemical and physical conditions.

It is porous to proteins under certain conditions. Poly-
acrylamide gels and slabs can be prepared with a range of
pore sizes by varying the relative properties of acryl-
amide and bisacrylamide. Proteins migrate faster through
a gel of low concentration and large pore size than through
one of high concentration and small pore size. The rate
of movement of proteins through a particular gel depends

on its molecular weight, shape and electric charge.
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The disc electrophoresis method was developed by Ornstein (1964)
and Davis (1964). The method employs gels of two porosi-
ties. The gels ére set in a glass tube with a large pore
gel (or stacking gel) on the top of a small pore gel (or
separating gel). The method was named 'disc' because
protein bands stack up in the separating gel in a series

of concentrated discs after electrophoresis. 1In this

method the proteins concentrate into the stacking gel
according to a 'regulatory function' described by Kohlrausch
(1897), and separate in the separating gel by the combined

. action of electrophoresis and molecular seiving. Because

of discontinuity in porosities, pH and buffer anions the
method was later called 'discontinudus electrophoresis'.
This method separates proteins according to both charge

and size and the extent of separation depends upon the conL
centration of polyacrylamide used in the polymerization of

the separating gel.

Laemmli and Favre (1973) used Tris-HC1l pH 6.8 for preparing
the stacking gel and Tris-HC1l pH 8.8 for the separating gelf
The gels are set vertically in the electrophoresis appara-
tus and the compartment at each end of the tubes is filled
with the same electrode buffer. There are three discontin-
uities in the whole system. (1) Pore size discontinuity

at the interface of stacking and separating gels; (2) pH
discontinuity at the interface of stacking and separating
gels and at the interface of electrode buffer and stacking
gel; (3) ibn discontinuity because the stacking and separa-
ting gels contain chloride ions whilst the electrode buffer

contains glycinate ions.
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During Ebgwelectrophoresis, boundaries form between leading
ions (Chloride) and trailing ions (glycinate), bracketing
the sample between them. At pH 6.8 in the stacking gel,
glycinate ions have a lower mobility and chloride ions
have a higher mobility than proteins. The sample therefore
stays within the boundary of leading and trailing ions in
the stacking gel. This process concentrates the proteins
into discs. When the trailing ions of weak acid enter
into the separating gel of higher pH, the mobility of the
ions increases and overtake the slowly migrating protein
sample. The proteins are left behind as thin discs and
then separate by ordinary zone electrophoresis in thev

separating gel.

2.7.1 STOCK SOLUTIONS FOR ELECTROPHORESIS

Electrophoresis buffer (Laemmli and Favre, 1973):

0.05 M Tris

0.384 M Glycine pH 8.3 (4 °C)
Separating gel buffer (Laemmli and Favre, 1973):

1.5 M Tris-HC1 pH 8.8 (4 °C)
Stacking gel buffer (Laemmli and Favre, 1973):

0.5 M Tris-HC1 pH 6.8 (4 °C)
Stock acrylamide solufion:

30% acrylamide

0.9% N,N'-methylbisacrylamide (bis) in water
Initiator:

N,N,N',N'-tetramethylethylenediamine (TEMED)
Catalyst:

-1
18 mg sodium persulphate ml water
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Photocatalyst:
| 4 mg riboflavin in 100 ml distilled water

Tracking Dye: |

1% agueous bromophenol blue
Sample preparation buffer (Scopes, 1968):

10 mM Tris-HCl pH 8.7 (4 °c)
Sample dialysis buffer:

68 mM Tris-HCl pH 6.8

containing: 0.6 M sucrose

1.0 mM 2-mercaptoethanol

1.0 mM EDTA

2.7.2 SILICONISATION OF GLASS TUBES

Before gel electrophoresis, the glass tubes of 6 mm diameter
and 10 cm long were siliconised to prevent gels permanentl§
sticking to the tube walls. The glass tubes were first
soaked overnight in 5% Decon-90 solution and washed with
distilled water. After drying in an oven:, the tubes were
immersed in benzene containing 1% (v/v) dimethyldichloro-
silane and brought to 60 °c for 10 min. in a water bath.

The siliconised tubes were then dried in an oven at 100 OC,

cooled and rinsed with methanol.

2.7.3 PREPARATION OF GELS

A 7.5% gel solution was prepared by mixing together 15 ml
stock acrylamide, 15 ml separating gel buffer and 15 pl
TEMED and making up to 59 ml with distilled water in a
Buchner flask. The solution was degassed for 10 min with

a water pump and then 1 ml sodium persulphate was added as



119

polymerizatibn catalyst. The solution was transferred
with a 20 ml syringe and needle to siliéonised glass tubes
(sealed on one éndvﬁjjlparafilm) to give a column of gel
about 7 cm long. Care was taken to avoid trapping air
bubbles. 2 to 3 drops of water were placed immediately on

top of the gel solution. Polymerization took about 20 min

at yoom temperature.

A preliminary electrophoretic run was carried out at this
stage to remove sodium persulphate from the separating gel.
Persulphate is a strong oxidising agent and could produce
artifacts iﬁ the electrophoretic pattern by oxidising free
sulphydryl groups and causing a linkage to be formed bet-
ween two adjacent free sulphydryl groups which could be in
the same or in different proteins. Such artifacts in elec-
trophoretic patterns have been observed by Brewer (1967),
Fautes et al. (1967), Mitchell (1967) and Benwick (1968).
It was thus important to remove persulphate ions prior to
electrophoresis as it has been shown that rabbit muscle

PGM contains six sulphydryl groups, two of which are easily
accessible (Bocchini et al., 1967) and this type of hetero-
geneity has been shown to occur by Dawson and Mitchell
(1973). The possibility of such artifacts in our experi-
ment was removed to a low level by removal of persulphate
from separating gels; separating gels were subjected to
gel electrophoresis at 4 mA per gel for 1.5 min prior to
setting the spacer gels (see Mitchell, 1967). To maintain
the ionic and pH conditions of the separating gels after
removal.of persulphate, the buffer used for electrophoresis

was the same as the separating gel buffer.
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After preliminary electrophoresis, the stacking gels were
photopolymerised on the top of separating gels as follows.
The 3% stacking éel solution was prepared by mixing 3 ml
stock acrylamide, 7.5 ml stacking buffer, 30 pl TEMED,

6 ml 50% sucrose solution and 3.5 ml riboflavin and made

up to 30 ml with distilled water. The solution was degassed
for 10 min in the dark. The buffer was removed from the
surface of the separating gel to give a depth of 1.5 cm.
The stacking gel set in 30 min under a 40 W fluorescent
light at a distance of 10 cm. The stacking gel produces

a discontinuity in the system and filters out any insoluble

material from the sample.

The composition of the separating gel was T = 7.5%, C = 3%
and that of the stacking gel was T = 3%, C = 3%, where T

is the weight of acrylamide per 100 ml water and C is the
amount of bisacrylamide expressed as a percentage of the

total weight of acrylamide (Hjerten, 1962).

The separating gels could be prepared one day before the
electrophoresis but the stacking gel must be prepared

immediately before use.

2.7.4 PREPARATION OF SAMPLE FOR ELECTROPHORESIS

The preparation of the sample was carried out by a modified

method of Scope (1968).

Tissues were homogenised with 2 vol 10 m¥ Tris-HCI buffer,
pH 8.7, containing 2% (v/v) glycerol, 2 mM EDTA and 1 mM

2-mercaptoethanol. The homogenates were adjusted to
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pH 7.0 + 0.3 with M Tris and centrifuged at 25,000 g for
10 min. The supernatants were brought to pH 5.5 by the
addition of M acetic acid and after 5 min the mixtures
were centrifuged at 25,000 g for 10 min, to remove dena-
tured proteins. The supernatants were finally adjusted

to pH 7.0 with M Tris and dialysed overnight against

68 mM Tris-HC1l buffer, pH 6.8 containing 0.6 M sucrose,

1 mM EDTA and 1 mM 2-mercaptoethanol. All steps were per-

formed at 4 oC.

A further step to exclude the possibility of artifacts in
the electroéhoresis pattern of phosphoglucomutase due to
oxidation was faken by including 2-mercaptoethanol as
sulphydryl group protecting agent (Spencer et al., 1964;
Green and Dawson, ,1973) in all stages of sample preparation.
EDTA was included in the sample to protect the enzyme from
heavy metals. 0.8 M sucrose was added to the dialysing
buffer to increase the density of the sample and to concen-
trate the enzyme. High density of the sémple minimises

its mixing with electrode buffer.

25 pul of rabbit liver supernatant containing 0.94 unit of
PGM activity and 2.9 mg protein and 80 pl of rabbit muscle
supernatant containing 3.1 units of PGM activity and 0.81 mg

protein were used for electrophoresis.

2.7.5 SAMPLE APPLICATION AND ELECTROPHORESIS

Electrophoresis was carried out in a Pharmacia GE-2/4
apparatus. The gels were inserted through the gasket in

the upper chamber of the apparatus. Approximately 2 L
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G1P
o+
Mg

. G1P6P
v +
G6P NADP FORMAZAN
G6PDH PMS
Gluconate 6P NADPH + HT NBT

FIGURE 2.9: Sequence of reactions for detection of

phosphoglucomutase activity on polyacrylamide

gels.

The underlined components are used in the stain-
ing solution. The final compound formed is blue-
purple insoluble Formazan, which is deposited at

the site of PGM activity. For staining mixture

|

see 2.7.6.
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electrode buffer was poured into the lower chamber and
the upper chamber was placed in position. Trapped air
bubbles in the bottom end of the gel tubes were removed.
The upper chamber was finally filled with the same buf-
fer and trapped air in the top of each gel tube removed.
25 ml rabbit liver and 80 ml rabbit muscle supernatant

were applied carefully to the tops of the gels.

A trial experiment showed that an electrophoretic run of
1.5 h at a current of 4 mA per gel brings the bromophenol
blue band down to the end of the tube, leaving the iso-
‘enzyme bands poorly separated within 2 cm of the top of
the gel. The electrophoresis of the samples was there-

fore carried out for 3 h at 4 mA per gel.

At the end of the run; gels were removed from the tubes
by using a fine needle attached to a 20 ml syringe to
inject a jet of water between the gel and the glass tube
wall. The gels were stained selectively for PGM activity

as described in 2.7.6.

2.7.6 STAINING

The gels were stained for PGM activity by the tetrazolium
staining technique of Beitner et al. (1975) with slight
éhanges in concentration of the chemicals. Similar stain-
ing procedures have also been used by Spencer et al. (1964),

Scopes (1968), Turner and Lyerla (1980).

In the PGM coupled enzyme reaction (see Fig. 2.9), the
G6PDH reduces NADP+ to NADPH. This reaction can be coupled

to the reduction of NBT by electron donor (NADPH) forming
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the bluefpprple insoluble compound formazan. This reaction
proceeds rapidly in the presence of PMS which acts as an
intermediary catélyst. The tetrazolium-PMS mixture is
light sensitive, so that staining must be carried out in

the dark.

A mixture containing the following was prepared just before
use:

40 mM imidazole HCl buffer, pH 7.2 (30 c)

2 mM G1P

2 uM GlP6P

3 mM MgCl,

1 mM EDTA
0.5 mM NADP'
0.4 mM NBT

0.1 mM PMS

100 units G6PDH per 100 ml stain.

The staining was carried out in the dark at 30 °c until

the blue bands of PGM appeared (15-30 min)

2.7.7 STORAGE

Excess stain was removed by washing the gels with distilled

water. The gels were fixed and stored in 5% acetic acid.

2.7.8 SCANNING OF GELS

The fixed gels were inserted in the silica trouch of the
densitometer filled with 5% acetic acid solution. 21l air

bubbles were removed before the 1id of the trough was
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fitted. The trough was mounted on the carrier of the
densitometer fitted in the Pye Unicam SP 8-100 spectro-

photometer. PGM bands were scanned at 600 nm.



126

2.8 ...  SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS

Molecular weight determination of PGM was carried out on
gels of constant polyacrylamide concentration (homogeneous

gels; Weber and Osborn, 1969), using the Laemmli and Favre

(1973) buffer system.

Shapiro, Vinuela and Maizel first reported in 1967 that the
molecular sizes of polypeptides could be estimated from
the relative electrophoretic mobilities of SDS-complexes
on polyacrylamide gels. This technique was confirmed by
Weber and Osborn (1969) using 40 well-characterised pro-

teins of known molecular weights.

When an anionic detergent SDS is added to a protein solution,
the protein denatures and dissociates into its subunits.
SDS binds to each polypeptide forming a rod like molecule.
SDS has ability to interact and denature a wide variety of
proteins in a similar manner (Reynolds et al. 1970). Addi-
tion of DTT or 2-mercaptoethanol reduces all intra-chain
and inter-chain disulphide bonds. Native proteins, having
widely different charge, size and shape characteristics,
can be separated into their constitutentpolypeptide chains
and converted into SDS-polypeptide complexes upon thiol
reduction and SDS binding. SDS-polypeptide complexes have
'a constant charge per unit mass as each polypeptide binds
approximately the same amount of negatively charged Sﬁs
(1.5 g g—1 polypeptide) which swamps the native charge of
tﬁe broteins. These complexes of the same charge per unit
mass will separate solely on the basis of their size when

subject to electrophoresis. Therefore the molecular weight
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of particular polypeptides can be determined by comparing
their mobility in SDS-polyacrylamide gels with those of

well characterised proteins.

Polyacrylamide offers great possibilities for varying the
experimental conditions. Molecular weight can be deter-
mined using a discontinuous system, as described by

King and Laemmli (1971) and Neville (1971)

with large and small pore gels and three buffers, or

using a continuous system (Weber and Osborn, 1969; Shapiro
et al., 1967) with homogeneous gels of one acrylamide con-
‘centration and one buffer. Since the resolving power is
independent of the use of continuous and discontinuous
buffer systems (Hjerten et al., 1965), the molecular weight

P

determination is usually performed on homogeneous gels.

A coloured low molecular weight protein or tracking dye

is generally used as a visible marker in electrophoresis

and is mixed with the sample and the standard proteins.

The position of this visible marker can be used as the ref-
erence point for the calculation of mobilities. Electro-
phoresis is usually continued until the visible marker is
near the bottom of the gel. The mobilities can be calculated
by takiﬁg measurements with a ruler on the stained gel, or
more conveniently on a photograph of the gel or most
accurately on a densitometer scan of the gel by using the

following formula:

distance protein has migrated from origin
distance from origin to the reference point

Mobility =
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2.8.1 REAGENTS

10% sodium dodecyl sulphate - this solution was stored at
room temperature to prevent precipitation. The prepara-
tions of all other reagents for gel preparation are

described in 2.7.1.

Sample incubation buffer:

160 mM histidine
48 mM Tris
4.4 mM MgCl2 adjusted to pH 7.6 with HC1

Electrophoresis buffer, pH 8.3 (Laemmli and Favre, 1973):

0.05 M Tris
0.384 M glycine
0.1% SDS

Reference protein:

1 mg cytochrome c from horse heart 1 mg ml—l
containing 1% SDS, 40 mM DTT, 27% sucrose, prepared by the
method used for sample preparation (2.8.3).

Protein stain:

A solution contained:

0.25% Coomassie blue
25.0 % methanol

4.6 % glacial acetic acid

15.0 % trichloroacetic acid

Insoluble material was removed bf filtration.
Destainer:

7.5% glacial acetic acid

5.0% methanol

Storage solution:

7% glacial acetic acid
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Molecular weight standard:

Pharmacia low molecular weight calibration kit contained:
64 pg rabbit muséle phosphorylase b (94,000), 83 png
bovine serum albumin (67,000), 147 pg hen's egg ovalbumin
(43,000), 83ug bovine erythrocyte carbonic anhydrase
(30,000), 80 pg Soybean trypsin inhibitor (20,100), 121 ng

bovine a-lactalbumin (14,400) and 27 pg sucrose.

2.8.2 PREPARATION OF GELS

A gel solution was prepared by mixing together 15 ml stock
‘acrylamide/bis (30/0.9), 15 ml 1.5 M Tris-HCl pH 8.8, 15 pl
TEMED, 0.6 ml 10% SDS and making up to 59 ml with distilled
water to give a final acrylamide concentration of 7.5%
(after addition of 1 ml persulphate solution). The solution
was deaerated and 1 ml sodium persulphate solution was |
added. The solution was deaerated again and transferred

to siliconised glass tubes (6 mm diameter, 10 cm long) to
give a column of gel about 8 cm long. 2-3 drops of 0.1%
SDS were used to overlay the gel solution in the tubes.
Gelling time was 20 min at room temperature. The composi-

tion of gel was T = 7.5%, C = 3% (see 2.7.2).

2.8.3 SAMPLE PREPARATION

In sample preparation, it is essential that the weight
ratio of SDS to protein should be at least 3:1 and that all
samples and standard molecular weight proteins should con-

tain the same amount of SDS.

Two sets of experiments were run concurrently. 1In one set

. 32
of experiments PGM was labelled with ~"P and then denatured
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by treatment with SDS and DTT in order to prepare the
sample for ﬁolecular weight determinatidn of 32P-’-.labelled
phosphoenzyme. \In the other, enzyme was treated directly
with SDS and DTT. Radioactive labelled PGM was prepared
by incubating 4 units (40 ml) of enzyme with 16 pl of
sample incubating buffer, 5 pl [32P] G6P (82 pCi, specific
radicactivity 409 Ci mol™!) and 3 pl G1P6P for 5 min at

30 ©

C. The final concentration of each was as follows:

40 pg enzyme; 40 mM histidine, 12 mM Tris, 1.1 mM MgCl2
(buffer, pH 7.6); 1 nmol [32P] G6P; 0.015 nmol GlP6P. To
labelled enzyme was then added 8 pl 10% SDS and 8 pul

0.4 M DTT to give a final concentration of 1% SDS and

40 mM DTT. The enzyme was denatured by heating this sélu—
tion to 60 °C for 15 min. After cooling to room temperature
10 pl EDTA, 30 ul'SO% sucrose and 40 pl SDS/DTT-treated
cytochrome c were added. The final volume of sample was

120 pl, 30 pl of which was used for one gel. For unlabelled
enzyme 3 pl G1P6P and 5 pl [°°P] G6P were replaced by 8 pl

distilled water.

2.8.4 PREPARATION OF STANDARD PROTEIN SAMPLE

The Pharmacia low molecular weight standard protein sample
was dissolved in 60 pl distilled water and 20 pl sample
incubation buffer and this was followed by the addition’of
10 pl 10% SDS and 10 pl 0.4 M DTT. The final concentration
of SDS and DTT were 1% and 40 mM respectively. Proteins
were denatured by incubating the solution for 15 min at

60 °c. .After cooling the solution to room temperature,
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9 pl EDTA and 100 pl SDS/DTT-treated cytochrome c were
added. 20-30 pl of this solution containing 10-15 pg

of each protein was applied to one gel for electrophoresis.

2.8.5 ELECTROPHORESIS

Electrophoresis was carried out with Tris-glycine buffer,
pH 8.3, containing 0.1% SDS. Before sample application,
the gels were run for 4 h at 4 mA per gel in order to
remove persulphate ions from the gels which would otherwise
promote disulphide cross-linking (see 2.7). After this
'preliminary run, samples were applied to the top of the
gels. Electrophoresis was performed at 4 mA per gel until
the visible marker cytochrome ¢ reached 1 cm from the base

of the tubes (approximately 4 h).

2.8.6 STAINING AND DESTAINING

The gels were immediately removed from the tubes after
electrophoresis and placed in narrow test tubes filled
with protein staining solution. Trichloracetic acid was
uéed in the stain in order to precipitate the proteins

and thus prevent diffusion of protein bands in the gels.
The gels were left in the staining solution for 1.5 h.
After rinsing the excess stain from tﬁe gels, the gels were
supported vertically in 12 cm perforated tubes and placed
in 2 £ destaining solution. Destaining was carried out

for 24 h with constant stirring during which time the

destaining solution was changed once.
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2.8.7 . STORAGE

The destained gels were placed in narrow tubes which were

filled with 7% glacial acetic acid and stored in the dark.

2.8.8 SCANNING OF PROTEIN BANDS

The gels were scanned for protein bands on the Pye Unicam

SP8-100 spectrophotometer as described in 2.7.8.

2.8.9 DRYING OF GELS

Gels were dried with the aid of a Pharmacia gel slab drier

modified to dry tube gels.

A wet Whatman No. 3 filter paper of size 15 cm was laid

on the polythene support of the gel drier. The gels were
sliced longitudinally in half~using the gel slicer as
described by Lyons (1978). The slices were arranged flat
side down and side by side on the filter paper. The pack
of gels was surrounded by blank gel slices to protect tﬁe outer
ones from spreading during the drying process. The gels
were then covered with thin plastic film. The rubber sheet
of the gel drier was placed over the assembly and the gels

were dried for 24 h at low pressure at room temperature.

2.8.10 SCANNING OF DRIED GELS FOR RADIOACTIVITY

When appropriate, dried gels were scanned for radiocactivity

in the Panax scanner as described in 2.3.1.4.



CHAPTER THREE

RESULTS
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3.1 PURIFICATION PROCEDURE

Phosphoglucomutase (PGM) ffom rabbit liver was purified by

a series of precipitations invélving heat, pH and addition
of ammonium sulphate,plus a modified method of ion-exchange
chromatography as described by Joshi and Lane (1978). 1In
the final stages of purification, affinity elution chroma-
tography was performed on a phospho-cellulose column. The
affinity elution procedure has been described by Scores (1977a,
1977b) for isolation of rabbit muscle PGM. This procedure
was developed specifically for the purification of rabbit

liver enzyme.

Two well fed New Zealand white rabbits (28 days pregnant)
were anaesthetised by intravenous injection of Saffan and
then killed by injecting sodium pentabarbitone. This form
of euthanasia was chosen as it should minimize any change

in PGM activity due to distress. When the rabbits were dead,
the livers were rapidly removed and washed three times with
cold distilled water to remove as much blood as possible.

The livers were cut into small pieces for homogenisation.

Unless otherwise specified, all the purification steps were

performed at 0-4 °c.

First Step: Homogenisation

The small pieces of liver were homogenised for 40 s in a
chllled Waring blender with 3 vol 10 mM sodium phosphate
buffer, pH 7.0, containing 1 mM MgClZ,'l mM EDTA, 1 mM

- ++ .
2-mercaptoethanol and 50 mg 1 ! PMSF. Mg ions activate
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PGM and protect the enzyme during purification. EDTA was
added in the buffer to protect the enzyme from heavy metals.
2—mercaptoethanol.reduces all disulphide bonds and thereby
protects against oxidation which could cause denaturation
of the enzyme. 1 mM MgClZ, 1 mM EDTA and 1 mM 2-mercapto-
ethanol were included in all purification steps, except in
ion-exchange chromatography, where the concentrations were
reduced to 0.1 mM in order to keep the ionic strength low.
PMSF was included in the buffer to inactivate proteolytic

enzymes.

All PGM activity was released from the liver cells during
homogenisation. Preliminary experiments showed that homo-
genisation for longer than 40 s denatures a large percentage
of PGM. The homogenate was centrifuged at 3,900 g for :
30 min and filtered through glass wool to remove solid

material.

'The specific activity of PGM in the homogenate was only

0.12 unit per mg protein because of the presence of ofher
proteins including myoglobin and haemoglobin. Liver also
contains large amounts of nucleic acids which were removed

in the subsequent steps.

Second Step: Heat Treatment

The turbid filtrate was brought to 59-60 °C within 5 min

by placing in a water bath at 70 °c. The suspension was
maintained at this temperature for 4 min, and cooled within

5 min to 4 °

C. The suspension was stirred constantly
throughout the heating and cooling process. The PGM was
found to be stable at 60 Oc for 4-5 min. The principle of

heat treatment was to denature less stable proteins at a
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temperatare which did not significantly damage the PGM.

such treatment also denatures phosphoglucose isomerase

which could not be removed by the subsequent procedures.

After heat treatment the solution was centrifuged at
3,900 g for 30 min and floating material was removed by
filtration through glass wool. The specific activity was
improved 3.6 fold with the loss of 21% of total enzyme

activity.

Third Step: pH Treatment

The liver is a proliferating tissue and contains large
amount of nucleic acids, much of it in the form of ribo-=
somes (Scopes, 1978). Nucleic acids are strongly charged
polymers and they co-precipitate with the enzyme in the
ammonium sulphate fractionation step. Their presence
changes the solubility and adsorption characteristics of

the enzyme.

pH treatment was carried out to remove a large amount of
nucleic acids and some other proteins which could be dena-
tured and precipitated atpH 5.5. After heat treatment, the '
pH of the centrifugate obtained was lowered to5.5bythe addi-
tion of M acetic acid. A weak acid was chosen to decrease
the pH of the solution gradually and thereby toavoid denaturing
the enzyme. The cloudy solution was left to stand at pH 5.5 for

5 min and then centrifuged at 3,900 g for 30 min. The resi-
due was discarded and the supernatant was adjusted to pH

7.0 by:the addition of 2 M Tris.

After this treatment, the solution was clear and ~approxi-

mately half of the proteins had been removed without a
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significant loss of enzyme activity, thus raising the

specific activity to 0.63 units mg L.

Fourth Step: First Ammonium Sulphate.Fractionation

Most of the PGM activity (>90%) precipitates between

ammonium sulphate saturation 0.3 and 0.7. When the enzyme
solution was taken to 0.4 saturation, 30% of PGM activity
was found in the precipitate. At 0.6 saturation, 10% PGM
activity remained in the supernatant. The first ammonium

sulphate fractionation was carried out as follows.

The supernatant fluid after pH treatment was brought
gradually to 0.3 saturation by the addition of solid ammo-
nium sulphate over a period of an hour with constant gentle
stirring. After an equilibration period of 1 h, the pre-
cipitate was removed by centrifugation for 20 min at 23,0003g

and discarded. No PGM activity was detected in the precipitate.

Step Five: Second Ammonium Sulphate Fractionation

Preliminary experiments showed that addition of solid

ammonijium sulpﬁate at this stage resulted in the denaturation
of large amounts of PGM and a decrease in pH of the solution'
of about 0.7 units. Therefore, the filtrate of 0.3 ammonium
sulphate saturation was brought up gradually to 0.7 satura-
tion over a period of 2-3 hours by the addition of asaturated
solution of ammonium sulnhate, adjusted to pH 7.0 with NaOH, con-
taining 1 mM MgClz, 1 mM EDTA and 1 mM 2-mercaptoethanol. It
was found that appreciable denaturation could be avoided

by adding the saturated solution of ammonium sulphate drop

wise from a burette whilst the solution was gently stirred.
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A slight turbidity formed, followed by the formation of
a precipitate; The solution was left ovérnight and cen-
trifuged for lS‘min at 23,000 g and the brovn precipitate
was collected. The precipiﬁate was dissolved in a mini-

mal volume of distilled water.

A small increase in specific activity with 27% loss in

activity was observed (see Table 3.1).

Step Six: Dialysis

The resultant enzyme solution was dialysed for 24 h against
eight successive changes (4 £ each) of cold distilled water
to remove traces of salts. The removal of ammonium sulphate
was followed after each change by adding a saturated solﬁtion
of barium acetate to a small volume of the dialysis water

and observing the appearance of BaSO, precipitate. Six suc-

4
cessive changes of distilled water reduced the ammonium

sulphate concentration to a very low level. Dialysis was
continued for a further 24 h againstl0 mM sodium phosphate

buffer, pH 7.8, containing 0.1 mM MgCl 0.1 mM EDTA and

27
0.1 mM 2-mercaptoethanol to prepare the enzyme solution £for -
DEAE-cellulose chromatography. The concentration of enzyme
protecting agents was reduced to 0.1 mM to maintain a low
ionic strength for the adsorption of the enzyme on the ion-
exchange column. Following dialysis the solution was centri-
fuged to remove any insoluble material. A small amount of

PGM activity was lost with the precipitate with other pro-

teins, but there was no change in the specific activity.

Step Seven: DEAE-Cellulose Chromatography

DEAE-cellulose was generated and equilibrated as follows.
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Previously untreated DEAE-cellulose was suspended in 15 vol
0.1 M HCI. The mixture was stirred and allowed to stand
at room temperafure for 30 min. The resin was washed with
distilled water in a Buchner funnel until the pH of the
effluent reached 4. The resin was then suspended in 15 vol
0.5 M NaOH for 30 min. The resin was washed with water
until the effluent pH was near neutral. For equilibra-
tion, the resin was suspended in 100 mM sSodium
phosphate buffer, pH 7.8. = The mixture of resin and
buffer was stirred and the resin allowed to settle for

20 min after which the supernatant and unsettled fines

were removed. This settling procedure was repeated with

10 mM sodium phosphate buffer, pH 7.8, containing 0.1 mM
AMgClz, 0.1 mM EDTA and 0.1 mM 2-mercaptoethanol, until the
supernatant was clear of fine particles. The resin was
finally poured into the column and equilibration continued
by passing the same buffer until the pH of eluent reached
7.8. Approximately 10 vol of buffer was found to be

required.

The pH of the dialysate was checked after the dialysis step
and equilibrating buffer was added until the concentration
of protein reached 5 mg ml_l. The enzyme at this protein
concentration was found to be stable for only 2-3 h, even
at 4 oC,and the dilution of the entire enzyme sample would
have resulted in a loss of enzyme activity. Accordingly,
the enzyme solution was diluted in batches and applied to
the bed resin of a 4 x 9 cm column. The diluted dialysate
had a suitable ionic strength for the adsorption of the
enzyme on the ion-exchanger. The enzyme was found to be

stable when bound to the ion-exchanger column. The column was
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FIGURE 3.1: Elution profile in DEAE-cellulose chromatography

of rabbit liver PGM

Dialysed enzyme solution was applied to a DEAE-cellulose
column previously equilibrated with 10 mM sodium phosphate
buffer, pH 7.8, containing 0.1 mM MgClz, 0.1 mM EDTA and

0.1 mM 2-mercaptoethanol. After washing the column with

500 ml of the same buffer the enzyme was eluted with a linear
gradient of NaCl. Fractions of 10 ml were collected. (See
step seven of purification procedure for experimental

details).

PGM activity
—————————— Protein concentration

........ «+ NaCl gradient
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washedfmwith 500 ml buffer.. The adsorbed enzyme was

eluted with the same buffer containing an increasing con-
centration of NaCl up to 0.2 M. 10 ml fractions were

collected from the column éhd the protein concentration
and enzyme activity were measured in each fraction. The
elution profile is shown in Fig. 3.1; PGM was observed
in two peaks; a first major peak and a second minor peak

which can be seen as a shoulder of the major peak.

The fractions containing enzyme activity peaks were
collected and combined. The enzyme was concentrated by
the dropwise addition of saturated ammonium sulphate,

pH 7.0 to give 0.75 saturation. The precipitated enzyme was
collected by centrifugation and dissolved in a minimal
volume of distilled water. The enzyme now had a specific
activity of 12 units mg~! protein. More than 90% of
protein was removed in this step without any loss of

enzyme activity.

The enzyme solution was then prepared for the next step

by dialysing against distilled water for 24 h to remove
ammonium sulphate as described = under Step Six. The
solution was finally dialysed with 10 mM Tris-Mes buffer,
pPH 6.5,and diluted with fhe same buffer after centrifuga-
tion, so that the final solution contained 5 mg protein per

ml.

Step Eight: Affinity Elution Chromatography

Affihify elution chromatography is defined as elution of
the enzyme from an adsorbent by the use of a ligand that
binds specifically to the enzyme in question thus displac-

ing it from the adsorbent (Fifis and  Scopes, 1978).
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Scopes (1977) used this procedure to purify glycolytic
enzymes. Most of the glycolytic enzymes have isoelectric
points in the range of 6-8. At low pH, these enzymes can
be adsorbed on a cation exchanger and can then be specifi-
cally eluted by a negatively charged substrate. It is
necessary to use a pH just below the pI of the enzyme when
it is weakly adsorbed. It can then be specifically eluted
with substrate provided that binding of the ligand alters
the interaction between enzyme and adsorbent, so that the
partition coefficient between adsorbent and enzyme is

decreased from nearly 1 to 0 (Scopes, 1978).

Scopes (1977a, 1977b) has purified rabbit muscle PGM by adsorbing
the enzyme on phospho-cellulose atpH 6.0 and specifically
eluting the phosphorylated and dephosphorylated forms of
enzymes with 10 mM Tris-Mes buffer, pH 6.5, containing G1P
and G1P6P substrates. However, the conditions for purifi-
cation of rabbit liver PGM by affinity elution chromato-

graphy are somewhat different.

P-cellulose was generated and equilibrated by the method
used for DEAE-cellulose (Step Seven), except that the resin
was first treated with alkali then with acid and finally
equilibfated with 10 mM Tris-Mes buffer, pH 6.5. The enzyme
solution was then applied to the column of bed size

3.5 x 10 cm. PGM has a weak positive charge at pH 6.5 and
was completely adsorbed at this pH. After adsorption of
enzyme, ﬁhe column was washed with 100 ml of adsorption
buffer to remove unadsorbed proteins. Generally proteins

adsorb on the top third of the column. Before eluting the
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enzyme with substrate, the column was washed with 100 ml
of 10 mM Tris-Mes buffer, pH 6.7, containing 0.5 mM EDTA,
the ionic strenéth of which was the same as the eluting
solution containing the substrates. This 'dummy substrate'
wash eluted the non-specific proteins other than PGM which
otherwise would elute with the enzyme under the same ionic
conditions of eluting buffer. Finally the enzyme was
specifically eluted with 200 ml of 10 mM Tris-Mes buffer,
pH 6.7, containing 0.5 mM Gl1P and 0.1 mM G1P6P. The PGM
exists in phosphorylated and dephosphorylated forms; the
dephosphorylated enzyme only binds GlP6P whereas the phos-
phoenzyme binds monophosphates (Gl1P and G6P; Ray et al.
1973). Thus both forms of the enzymes were eluted witﬁ
the mixture of GlP and GlP6P. The flow rate at the time
of adsorption was 10 ml h"l and at the time of elution was

100 m1 h™t.

The fractions containing 95% of enzyme activity were col-
lected and combined. The PGM solution was concentrated
by adding saturated ammonium sulphate, pH 7.0 (containing

1 mM MgCl 1 mM EDTA and 1 mM 2-mercaptoethanol) to give

X
a final saturation of 0.75. After centrifugation, the
precipitate was dissolved in 2 ml of 50 mM sodium phosphate
buffer, pH 7.0 (containing 1 mM MgClz, 1 mM EDTA and 1 mM
2-mercaptoethanol). The enzyme solution was finally

dialysed against the same buffer overnight in order to

remove the ammonium sulphate.

After affinity elution chromatography the enzyme solution

: . =1 .
had a specific activity of 160 units mg = protein.



145

FIGURE 3.2: Elution profile for phosphocellulose chromato-

graphy of rabbit liver phosphoglucomutase

Enzyme was adsorbed on a P-cellulose column with 10 mM
'iris—Mes buffer, pH 6.5. The column was eluted with 100 ml
.of the same buffer at pH 6.7 containing 0.5 mM EDTA to
remove non specific proteins. PGM was specifically

eluted with 200 ml of 10 mM Tris-Mes buffer, pH 6.7,
cdntaining 0.5 mM GlP and 0.1 mM GlP6P. Fraction size: 5 ml

(see Step Eight of purification procedure for experimental

details).

- Enzyme activity

.......... Protein concentration
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Step Nine: Gel Filtration

The enzyme solution after affinity elution chromatography
was subjected to gel filtration to remove

contaminating proteins. Sephadex G-100 of fractionation
range 4000-150,000 molecular weight was used for this

purpose.

The column was prepared by the method of Flodin (1962).
Dry Sephadex powder was swollen for 5 h at 90 °C in excess
50 mM sodium phosphate buffer, pH 7.0, containing 1 mM
MgClz, 1 mM EDTA and 1 mM 2-mercaptoethanol. The high
temperature also deaerated the buffer. After cooling,

the fines were removed by suspending the Sephadex in
deaerated buffer at 4 °C and decanting after 20 min
several times until the supernatant was clear of fine par-
ticles. The Sephadex was then transferred to the column -
in slurry form. After packing, the homogeneity of" the
column was checked by running through a 1 ml sample

(2 mg ml—l) of blue dextran 2,000. The column was washed
with 5 bed vols of the phosphate buffer before the appli-

cation of the sample.

The dialysed enzyme solution in phosphate buffer was applied
to the eolumn and elution was accomplished with 500 ml
buffer, flowing at about 60 ml h"l. 5 ml fractions were
collected and fractions containing in total 95% of the
enzyme activity'were cambined. The enzyme was then con-
centrated by the addition of saturated ammonium sulphate

to 0.75 saturation. After centrifugation the PGM precipi=-

tate was concentrated again by the addition of saturated
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ammonium sulphate and stored as a suspension in 3.2 M

ammonium sulphate at 4 ©

C. The fraction eluted from
Sephadex G-100 had a specific activity 484 units per mg

protein at pH 7.6.
Comments

With this purification procedure an overall 4033-fold
increase in specific activity, with a yield of 27% was
attained. The final preparation had a specific activity
higher than those of enzymes obtained from rabbit muscle
(Najjar, 1948), human muscle (Joshi and Handler, 1969),
yeast (Hirose et al., 1971), E.coli (Joshi and Handler,

1964) and Bacillus subtilis (Maino and Young, 1974a)..

Additicnal procedures failed to accomplish further
increase in specific activity; among these were CM-~
cellulose chromatography, Sepharose 6B chromatography,
chromatography at high ionic strength. A flow diagram
of the steps in the preparation is shown in Fig 3.3 and
the results of a tymical purification procedure are

summarised in Table 3.1.

The results obtained by this purification procedure were
found to be reproducible. The entire procedure including
three runs of column chromatography and three dialyses of
the enzyme solution for each chromatographic step requir?d
about two weeks. However, the enzyme can'be prepared with
a specific activity of 290 in three days by using only one
chroﬁa£ogram step, that of affinity elution chromatography.

A most crucial factor in the purification of this enzvme is
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speed; long purification times affect the yield adversely.
The recent introduction of HPLC techniques now could eli-

minate this problem.

In one purification the enzyme was prepared without using

pH treatment and DEAE-cellulose chromatography. The enzyme
obtained after affinity elution chromatography had a
specific activity of 70. This low value was due to the
presence of contaminating nucleic acids. Nucleic acids were
found also to alter the binding characteristics of the
enzyme towards the P-cellulose. The enzyme would not elute
with substrates even when the pH of the eluent was increased
to 7.0. In this preparation the enzyme had to be eluted

with a gradient of increasing salt concentration.
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STEP ONE Rabbit livers + 3 vol sodiumphosphate buffer, pH 7.0
Homogenisation in Waring blender for 40 s

Centrifugation at 3,900 g
Filtration of supernatant through

glass wool (residue discarded)
N4

STEP TWO Heat treatment at 59-60 °C for 4 min

Centrifugation at 3,900 g
Filtration of supernatant through

glass wool (residue discarded)
N

STEP THREE pH treatment (pH 5.5) for 5 min

Centrifugation at 23,000 g (residue
discarded)
Supernatant adjusted to pH 7.0)

2
STEP FOUR First ammonium sulphate fractionation (0.3 saturation)

Centrifugation at 23,000 g (residue

discarded)
v

STEP FIVE Second ‘ammonium sulphate fractionation (0.7 saturation)

Centrifugation at 23,000 g (supernatan
discarded) .

v
STEP SIX Dialysis

N
STEP SEVEN DEAE-cellulose chromatography, pH 7.8

Concentration by ammonium sulphate
precipitation

Dialysis

v

STEP EIGHT Affinity elution chromatography (P-cellulose, pH 6.5)

Concentration by ammonium sulphate
precipitation

Dialysis

- \\%

STEP NINE Gel filtration, pH 7.0

Concentration of enzyme by ammonium
sulphate precipitation

W
ENZYME in 3.2 M ammonium sulphate

FIGURE 3.3: Isolation protocol of rabbit liver phosphoglucomutase
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3.2 .. - PROPERTIES OF RABBIT LIVER PHOSPHOGLUCOMUTASE

3.2.1 PURITY OF PURIFIED RABBIT LIVER PHOSPHOGLUCOMUTASE

Purity of PGM was investigated by measuring the activites

of the other enzymes in the final preparations (see 2.2.1
for enzyme assays). Specific assays of individual enzymes,
each at their optimum pH, indicated that the purified prepa-
ration was devoid of glucose-6-phosphate dehydrogenase and
phosphoglycerate mutase activities. Hexokinase, glucose-6-
phosphatase activities and phosphoglucose isomerase activi-
ties were 0.2%, 0.8% and 0.42% of the PGM activity
respectively (see Table 3.2). However, at pH 7.6, the
activities of contaminating enzymes were usually less than

the values quoted in Table 3.2.

The purity of the enzyme was also examined on homogeneous
polyacrylamide gels in a continuous buffer system. Elec-
trophoresis was carried out on 7.5% polyacrylamide gels
without SDS according to the method described in 2.8.

20 pg of enzyme per gel was used and the gels were stained

for protein bands in Coomassie blue stain.

Gel electrophoresis showed the presence of only one type
. ¥

of protein containing more than 95% of total protein. No

bands of contaminating proteins were observed on the gel,

showing that the purified enzyme was homogeneous.

3.2.2 STABILITY OF PHOSPHOGLUCOMUTASE

PGM was found to be extremely unstable when isolated under

various conditions. The heat treatment and precipitation

» .lamow'v\j slatnea ael al ihe m;gin
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TABLE 3.2: Percentage of activities of contaminating

enzymes in purified PGM preparation (for assays

see 2.2.1).

Enzyme pH of Relative
assay activity
(units)
Phosphoglucomutase 7.6 100
Glucose-6-phosphatase 8.5 0.8
Phosphoglucose isomerase 8.0 0.42
Hexokinase 8.0 0.2
Glucose-6-phosphate
dehydrogenase 8.0 0
Phosphoglycerate mutase 7.4 0
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ORIGIN

-PcM

FIGURE 3.4; Polyacrylamide gel electrophoresis of

purified phosphoglucomutase ( absence o< SDS 3

The electrophoresis of purified PGM was carried out on
7.5% homogeneous polyacrylamide gels in a continuous
buffer system for 2 h at 4 mA current per gel. The
gels were stained for protein bands in Coomassie blue.

(For experimental details see 2.8).
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with ammgF}um sﬁlphate resulted in substantial losses in
enzyme actiVity. However, after treatment of liver extracts
with PMSF, PGM was found to be significantlv more stable.
Stability of the enzyme waévfurther enhanced when enzyme-
protecting agents (MgClz, EDTA and 2-mercaptoethanol) were

included in all preparative stages.

"PGM was stable for 6 months when stored as a suspension in
3.2 M ammonium sulphate solution. The purified enzyme was
found to be stable at low ionic strength. When a small
amount of enzyme (0.2 mg) was diluted to 3 ml in His-Tris-
Mg'T buffer, pH 7.6 (40 mM Histidine, 12 mM Tris, 2 mM MgCl,)
and enzyme activity was tested, it retained full activity

for at least 4 h at 30 ©

C. During isolation, however, it
was unstable at low ionic strength solution (see Step Six
of 3.1). The protection offered PGM by PMSF suggests that

proteases may be responsible for inactivation of the enzyme

during isolation.

3.2.3 MOLECULAR WEIGHT

Molecular weight determination of PGM from rabbit liver
was carried out on SDS-polyacrylamide gels as described

in 2.8. A purified preparation of rabbit liver PGM of
specific activity 150-200 units mg_l protein was used for
molecular weight determination. In one set of experiments.
the enzyme was first labelled with 32P (see 2.8.3) and
then denatured with SDS and DTT prior to eledtrophoresis.
The mdlecular weight of rabbit muscle PGM was also dete;—

mined by the same method to confirm the results obtained

with rabbit liver PGM.
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STD

ORIGIN

Phosphorylase b
Serum Albumin

Ovalbumin

Carbonic anhydrase

Trypsin inhibitor

Cytochrome c

FIGURE 3.5: Molecular weight determination by SDS-

polyacrylamide gel electrophoresis

Molecular weight of PGM from rabbit liver and rabbit muscle
was determined as described in 2.8. Separation of SDS/DTT
treated standard proteins sample, rabbit liver PGM and
rabbit muscle PGM on SDS-polyacrylamide gels is shown.

STD - Mixture of standard proteins (Pharmacia); phosphory-
lase b from rabbit muscle (94,000), bovine serum albumin
(67,000), ovalbumin from hen's egg (43,000), carbonic
anhydrase from bovine erythrocytes (30,000), trypsin inhi-
bitor from soy bean (20,100). Cytochrome c from horse
heart (12,500) was used as coloured reference.

A - Rabbit 1liver PGM.

B - Rabbit muscle PGM.
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FIGURE 3.6: Scan of SDS-polyacrylamide gels for molecular

weight determination

Molecular weight determination of PGM from rabbit liver
.and rabbit muscle was carried out on SDS-polyacrylamide
gels as described in 2.8. Relative mobilities were deter-
mined from the absorbance scans of Coomassie blue stained
gels. A photograph of gels is shown in Fig. 3.5.

STD - Scan of gel containing standard proteins
(Pharmacia): S - starting point; 1 - phosphorylase from
rabbit muscle (94,000); 2 - bovine serum albumin (67,000);
3 -'ovalbumin from hen's egg (43,000); 4 - carbonic anhy-
drase from bovine erythrocyte (30,000); 5 - trypsin
inhibitor from soy bean (20,000); and R - cytochrome c
(12,500) as coloured reference.

A - Scan of gel containing rabbit liver PGM.

B - Scan of gel containing rabbit muscle PGM.
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FIGURE 3.7: Calibration curve of molecular weight

determination by SDS-polyacrylamide gels

Molecular weight determination of PGM ffom rabbit liver
-and rabbit muscle was carried out by SDS-polyacrylamide
gel electrophoresis as described in 2.8. Mobilities of
proteins were determined from the absorbance scans
(Fig. 3.6) of Coomassie blue stained gels. The graph
shows log molecular weight versus mobility of standard
proteins (see Fig. 3.6) in SDS-polyacrylamide gels.
Arrows A and B show the positions of rabbit liver and

rabbit muscle PGMs respectively.
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Mobilities of enzymes and known molecular weight proteins
in SDS-polyacrylamide gels were determined by optical
density scans (Fig. 3.6) on a Pye-Unicam spectrophotometer
(2.8.8). Mobility of 32P“labelled PGM was measured after
drying the gels (see 2.8.9) on a Panax RCMS 2 chromato-
graphy scanner as described in 2.8.10. A graph of log
molecular weight against the relative mobility of proteins

with reference to cytochrome c was plotted (Fig. 3.7).

32P—labelled enzyme appeared as a single radioactive peak

and unlabelled enzyme as a major protein band (see Fig.
3.6A). The mobilities of labelled enzyme and major pro-
tein peak (PGM peak, Fig. 3.6A) were the same and the
molecular weight of rabbit liver PGM was calculated to be
67,600 fromthe standard graph (Fig. 3.7). The molecular
weight of rabbit muscle PGM was found to be 61,000, which
is close to the frequently gquoted value of 62,000 (see

Filmer and Koshland, 1963; Yankeelov et al., 1967).

3.2.4 EFFECT OF pH ON RABBIT LIVER PHOSPHOGLUCOMUTASE

The activity of rabbit liver PGM was tested from pH 6.0

to 8.5 in His~-Tris~HC1l buffer (40 mM histidine, 12 mM Tris),
containing 2.0 mM MgClz. Prior to assay maximal activity
was ensured by incubation of enzyme in assay buffer for

10 min at 30 °c. All the assays were subsequently carried
out in the same buffer at 30 OC, using the method described

in 2.2.1.1.1.

As shown in Fig. 3.8 the optimal activity was observed at

pH 7.6, similar to the optimum at 7.5 (Jagannathan and Luck
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FIGURE 3.8: Variation of rabbit liver phosphoglucomutase

activity with pH

PGM activity from rabbit liver was measured as a function
of pH in a buffer containing 40 mM histidine, 12 mM Tris

and 2.0 mM MgCl., with the assay system described in 2.2.1.1.1.

2
The enzyme was preincubated in the buffer for 10 min prior

to assay.
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19494 observed with the enzyme from rabbit muscle. At the
optimum pH the enzyme activity was found to be the same

before and after incubation with histidine and Mg'* (see
Table 3.4). Rabbil livexr oM was slable over the pH vawge

used To we@asuve F’r\ QP‘TV\;\UM .

3.2.5 EFFECT OF PREINCUBATION WITH CHELATING AGENT AND

MAGNESTIUM

The effect of preincubation on the activity of rabbit liver
PGM was observed by incubating the enzyme, prior to assay,

in 40 mM histidine, 12 mM Tris-HCl buffer, pH 7.6, containing
2 mM MgC12,~in absence of substrates for 10 min at 30 °C.

The activity was assayed as described in 2.2.1.1.1 and .com-

pared with that found without preincubation.

Preincubation of the enzyme with histidine and magnesium
ion in the absence of substrate had 1little or no effect
on enzyme activity. 97-98% of this activity was present

in the original enzyme solution (see Table 3.4).

3.2.6 INFLUENCE OF METAL IONS AND EDTA ON ENZYME ACTIVITY

The influence of metal ions and EDTA on the activity of
rabbit liver PGM was investigated using the spectrophoto-
metric assay method (2.2.1.1.1) in the presence of 40 mM
histidine, 12 mM Tris-HCl buffer, pH 7.6, 1 mM G1P and 2 puM
G1lP6P. The activity of rabbit muscle PGM was also measured
under the same aSsay:conditions. The results axe sqmmarised

in Table 3.3.

Rabbit liver PGM showed a requirement for a divalent cation

for enzymé activity, similar to the rabbit muscle enzyme
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(cf. Milstein, 196la). Both enzymes showed maximum
activity with>Mg++ and 14-30% activity with.Mn+t

Zn++ inhibited the enzyrme even at’” low
concentrations. These results sug-

gest that the active forms of both enzymes are magnesium-
enzyme complexes. Mg++ can be replaced by Mn' T to some
extent though replacement by Zn++ leéas to formation of
an inactive complex. The established behaviour of the
muscle enzyme (see Milstein, 196la) is consistent with

these observations.

When no metal ion was added to the reaction mixture, the
activities of both enzymes were very low, ranging from .

0 to 1%.This activity was completely eliminated with rabbit
muscle enzyme by increasing the concentration of EDTA to
100 mM and removal of all metal ions. A small percentage
(0.1%) of activity remained,however, with the rabbit liver
enzyme. This may reflect the presence of phosphoribomutase
which is present in liver but not in muscle and which
appears not to require Mg++ ions for activity (Kammen and
Koo, 1969). However, as the level of this activity is

less than that expected in the crude preparation (0.93% of
the phosphoglucomutase activity), it is possible that a par-
tial separation of the two enzymes occurred during affinity

elution from phospho-cellulose (see 3.1, step 8).

The addition of 5 pM EDTA appeared to be beneficial with
rabbit liver PGM, as would be expected if its activity

was séﬁsitive to the presence of heavy metal ions. This
behaviour pattern is well established for the muscle enzyme

(see Milstein, 196la). However, rabbit muscle PGM did not



166

show any increase in activity with the addition of 5 pM
EDTA (Table 3.3) probably because the assays were carried
out without prior incubation with histidine and Mg' ' and
this enzyme requires apreincubation step prior to assay

for maximum activity (Milstein, 1961b).

3.2.7 EFFECT OF MAGNESIUM ION CONCENTRATION ON ENZYME

ACTIVITY

The activity of rabbit liver PGM was measured as a function
of Mg""+ concentration in 4OVmM histidine, 12 mM Tris-HC1l
buffer, pH 7.6,at 30 °C with the assay method described in
2.2.1.1.1, except that the magnesium ion concentration was

varied.

!
Rabbit liver PGM activity was maximal at about 1.2 mM Mgf+-

(Fig. 3 ) and remained constant up to 5 mM Mg++. Similar

results have been reported for the rabbit muscle enzym;

where the maximum activity occurs at a magnesium ion con-
centration of between 2 and 4 mM. Above 8 mM, Mg++ inhibi-
tion occurs owing to the accumulation of Mg-GlP and especially
Mé—G1P6P complexes (Milstein, 1961; Robinson et al., 1965).
The lack of inhibition found with liver phosphoglucomutase
need not suggest that for this enzyme the magnesium complexes
are the substrates. Although the Mg—G1P6P complex is formed
extensively at 5 mM magnesium concentration (see Fig. 3.9),

the free substrate is present at concentrations in excess

of its K under assay conditions.
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FIGURE 3.9: Rabbit liver phosphoglucomutase activity as

a function of magnesium ion concentration

PGM activity was measured in 40 mM histidine, 12 mM Tris-
HCl buffer, at pH 7.6 and at 30 oC, with the assay method
described in 2.2.1.1.1, except that the magnesium ion
concentration was varied as indicated. No preincubation
of enzyme was carried out.

® indicates the phosphoglucomutase activity as a func-
tion of magnesium ioﬂ concentrdtion. The dashed lines

1 and 2 indicate the expected binding of G1p6Pp*” and G1p2”
by magnesium ions assuming dissociation constants of

0.67 mM (Ray and Roscelli, 1966) and 11 mM (Milstein,

1961) respectively for these complexes.
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3.2.8 .. INFLUENCE OF VARIOUS BUFFER SYSTEMS ON ENZYME

ACTIVITY

The effect of various buffer systems on the activity of
rabbit liver PGM was investigated in the presence of

2.0 mM MgCl,, 1 mM GIP and 2 uM G1P6P at pH 7.6 and 30 °cC,
using the systems listed in Table 3.4. The concentra-

tions of NADP+~and G6PDH were the same as in 2.2.1.1.1.

No preincubation of enzyme was carried out unless indicated.

As shown in Table 3.4, the activity of rabbit liver PGM

was very low (2.8%) when no metal-chelating agent was pre-
sent in the assay mixture. This phenomenon is well
established for rabbit muscle enzyme (see Najjar, 1948?.
Maximum activity of the rabbit liver PGM enzyme was observed
in the buffer sysﬁem containing 40 mM histidine and 12 mM
Tris-HC1l. This buffer was used in all subsequent experi-
ments. The enzyme is also active in the presence of
cysteLma(Najjar, 1948), imidazole (Harshman et al., 1965)

and glutathione (Lehmann, 1939) as is the enzyme from rab-
bit muscle. However, there was a little activity when EDTA"
replaced histidine, imidazole or cysteine. The presence

of 2-mercaptoethanol was also found to be beneficial for
enzyme activity. These results appear to indicate that
removal of metal ions other than magnesium is important

if the enzyme is to have maximal activity.

3.2.9~ INHIBITION BY ATP AND CITRATE

Prelimihary studies of the effect of ATP and citrate on the

activity of PGM from rabbit liver and rabbit muscle were
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carriedfout.“'The activities of the enzymes were measured
at various concentrations of ATP or citrate under normal
assay conditioné and at constant concentration of ATP or
citrate whilst varying the concentrations of magnesium and
GlP6P. The assay conditions are described in Fig. 3.10 and

Table 3.4 respectively. The enzyme was not preincubated

before assay.

The results obtained for the effect of ATP or citrate at
various concentrations are shown in Fig. BJD.‘MﬁjVMﬁﬁmhyAEP
of both rabbit liver and rabbit musle PGMs is observed at
moderate GlfGP concentration (i.e. 7 times in excess of Ky)
in the presence of low concentrations of ATP (0.5 mM).- - At
higher concentrations, it is found that ATP has a strong
inhibitory effect . on both enzymes. This effect is slightly
greater with rabbit liver PGMi At low concentrations of
citrate (0-1 mM) the activity of neither enzyme was affec-
ted and at higher concentration a weak inhibition was

observed.

Table 3.5 shows the effect of 3.5 mM ATP and 2.5 mM citrate’
upon enzyme activity at different concentrations of Mg++
and G1P6P. PGM from rabbit liver and rabbit muscle showed
a little activity (0-0.6% of the control) in the presence

of 3.5 mM ATP or 2.5 mM citrate and in the absence of

either Mg++ or GlP6P.

++
Under normal assay conditions (2 uM G1P6P and 2 mM Mg )
inhibition by ATP was greater than inhibition by citrate.
Abolition of both ATP or citrate inhibitions occurred when

++ .
the concentration of either Mg of G1P6P was increased to
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FIGURE 3.10: Effect of ATP and citrate concentration on

enzyme activity

The rabbit liver and rabbit muscle PGMs were assayed in
the presence of 0-5 mM ATP or citrate. The assay mixture
contained 40 mM histidine, 12 mM Tris-HC1l buffer, pH 7.6,

2.0 mM MgCl., 1 mM G1P, 2 uM GlP6P, 0.475 mM NADP',

X
0.7 unit of G6PDH and 0-5 mM ATP or citrate in a final
volume of 2.995. The reaction was started by the addition
of 5 pl PGM and the réte of reaction was determined as
described in 2.2.1.1.1. The enzyme was not preincupated
before assay.
Graphs A and B show the inhibition by ATP and citrate
repectively.
O Rabbit liver PGM activity.
A Rabbit muscle PGM activity.
Indicate the concentration of free Mg-’-+ in mM,
calculated by assuming dissociation constants

2= 1.1 x 1072

4

of Mg-Gl1P

Mg-G1P6P%™, 6.7 x 10

3-

M (Milstein, 1961la);

M (Ray and Roscelli,

, 1.0 x 107° m; Mg—ATPZ_,

5.0 x 10°° M; Mg-Citrate, 5.0 x 1074 (Dawson

1966a) ; Mg-EDTA

et al., 1969).
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ARabbit muscle PGM
ORabbit liver PGM

120

A Rabbit muscle PGM
O Rabbit liver PGM

Citrate

free Mg++(mM)"--
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TABLE 3.5: Inhibition by ATP and citrate at various

concentrations of Mg++ and GlP6P

PGM from rabbit liver and rabbit muscle.were assayed

- under the conditions listed in the table, in the presence
of 3.5 mM ATP or 2.5 mM citrate. The following reagents
were also included in the assay mixture: 40 mM histidine,
12 mM Tris-HC1 buffer, pH 7.6, 1 mM Gl1P, 0.475 mM NADP~
énd 0.7 unit G6PDH. The enzyme activity was determined

spectrophotometrically as described in 2.2.1.1.1.

+ .
The concentration of free Mg * in each solution was

calculated by assuming the following dissociation

constants: Mg—G1P6P4i, 6.7 x 10“4 M (Ray and Roscelli,
1966a); Mg-G1P2~, 1.1 x 1072 M (Milstein, 1961a);
Mg-EDTAS™, 1.0 x 107° M; Mg-ATP?”, 5.0 x 107° M;

4

Mg-citrate, 5.0 x 100 ° M (in Dawson et al., 1969).



Conditioﬁéh

Free
++

(mM)

Rabbit liver
PGM, relative
activity

Rabbit muscle
PGM, relative

activity

Optimum condition
2.0 pM GlP6P
2.0 mM MgCl2

3.5 mM ATP
2.0 pM G1lP6P
2.0 mM MgC12
3.5 mM ATP

- G1lP6P
2.0 mM MgCl2

.5 mM ATP
.0 pM G1P6P
- MgCl2

5 mM ATP
.0 uM G1P6P
0 mM MgCl2

3.5 mM ATP
50.0 uM G1P6P
2.0 mM MgC12
mM citrate

5
.0 uM G1P6P
0 mM MgCl,

2.5 mM citrate
- GlP6P
2.0 mM MgCl2
2.5 mM citrate

2.0 uM G1P6P
- MgCl2
2.5 mM citrate
2.0 uM G1P6P
5.0 mM MgC12

5 mM citrate
0 uM G1P6P

0 mM MgCl2

5 mM citrate
0
0

UM G1P6P
aM MgCl2

5 mM ATP
0 pM G1P6P
0 mM MgCl2

0.064

0.064

0.064

100

24

56

51

82

0.3

91

105

128

95

100

27

69

67

79

0.6

89

135

142

110
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5.0 mM or 50 pM respectively. This is consistent with the
findings of Beitner et al. (1975). The reversal of ATP
inhibition by increasing the concentration of Mg++ or

GlP6P was greater with rabbit muscle PGM (67-69%) than with
the rabbit liver enzyme (51-56%). The weak citrate inhibi-
tion was relieved from 80 to 90% of the original activity
by increasing the concentration of Mg++ to 5 mM. However,
when an excess amount of GlP6P (50 uM) was added to abolish
the citrate inhibition, the activities of liver and muscle
PGMs = were found to rise to 105% and 135% respectively

‘of the control. The origin of this activation was not

determined.
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3.3 - GLUCOSE 1,6-DIPHOSPHATASE ACTIVITY

Glucose l,6—diphosphatase activity of rabbit liver homo-
genate was determined by using GlP6P as a substrate in

40 mM histidine, 12 mM Tris-HCl buffer, pH 7.6, containing

2 mM MgCl2 and by measuring fluorimetrically G6P oroduced in a
coupled dehydrogenase reaction as described in 2.2.2.

Rabbit liver homogenate was: centrifuged at 25,000 g for

10 min for this assay in order to clarify thé solution.

The diphosphatase activity in the crude extracts or rabbit
liver could not be measured because of the presence of
suspended material which made measurement of fluorescence

difficult.

Purified preparations of rabbit liver PGM did not show any
diphosphatase activity by the fluorimetic assay method. There-
fore a radiochemical method (approximately 400 times moré
sensitive) was used in which hydrolysis of [32P] GlP6P

was followed by measuring the rate of formation of 32Pi per
unit time at 30 °C as described in 2.4.3.5. A graph of log
labelled substrate against time was plotted (Fig. 3.11).

The diphosphatase activity was calculated from the rate

constant (kl) for the disappearance of substrate.

Glucose—l,G—diphosphatase activity of rabbit liver homoge-
nate was found to be fivetimes greater than that of rabbit
mﬁscle. Howéver, rabbit liver phosphogluéomutase activi£y
was approximately 1/3 that of rabbit muscle. The

ratib of diphosphatase to mutase activity in rabbit liver

homogenate should be 13 times higher than that of muscle.
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FIGURE 3.11: Glucose-1l,6-diphosphatase activity

determination in purified rabbit liver

phosphoglucomutase

_Glucose-1,6-diphosphatase activity was determined by
| incubating 0.5 units of rabbit liver PGM with 0.486 pCi
[32P] G1P6P and 9 nmol carrier GlP6P in His-Tris-HC1
buffer (40 mM histidine, 12 mM Tris), pH 7.6, contain-

32

ihg 2.0 mM MgCl, at 30 °c and measuring Pi liberated

2
per unit time as described in 2.4.3.5. A graph of log
concentration of [32P] GlP6P against time was plotted.
The ‘rate constant was calculated from the slope, the
velocity of the reaction from the rate constant and the

number of units of diphosphatase activity from the rate

of the reaction by formulae given in appendix.

Slope = -0.00003547
Intercept at y axis = -3.761

Rate constant kl = 0.00008168 min—l

Velocity Vi = 8.37 x 107/ pmol min t
a = [32P] GlP6P (initial)
32

|

X Pi (liberated)



179

(4) suty

s ¢ 0°¢

T

8vL €~

csLe-

19sL e~

0

)09L €~

voL g~

8oL €~

CLLE~.

(x-e) boz



180

The values obtained for the ratio of diphosphatase to

4 5

mutase activity were 3.46 x 10"~ and 2.6 x 10 ° for

rabbit liver ahd rabbit muscle homogenates. The value
obtained for diphosphatase to mutase activity in purified
preparations of PGM (specific activity 150-200 units mg-l)
from rabbit liver was 1.67 x 10°°. The value is much
lower than that obtained with rabbit liver homogenate.

This suggests that the removal of most of the diphosphatase

activityoccurred during the purification of the enzyme.
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3.4 - KINETIC STUDIES

The kinetic behaviour of rabbit liver PGM was investigated
at low, non-inhibitory concentrations of GlP and G1P6P in
40 mM histidine, 12 mM Tris-HCl buffer at pH 7.6 and 30 °C.
A sensitive fluorimetric assay based upon the increase in
fluorescence of NADPH was used (2.2.1.1.2) in order to per-
mit measurements at sufficiently low concentrations of

substrates.

Phosphoglucomutase, specific activity 290 units mg © pro-
tein, was stored as a suspension in 3.2 M ammonium sulphate
solution. The kinetic behaviour of phosphoglucomutase
appears to be sensitive to the presence of anions, particu-
larly sulphate (Ray and Roscelli, 1966a; 1966b). Before
assay, the enzyme suspension in ammonium sulphate was
centrifuged as described in 2.2.1.1.2 and the enzyme peliet)
diésolved in 40 mM histidine, 12 mM Tris-HC1l buffer pH 7.6

containing 2 mM Mg (NO Prior to assay the enzyme was

302
incubéted for 10 min at 30 °C in the same buffer. A volume
of enzyme solution containing 0.44 pg of enzyme was then
added to the assay mixture, at 30 oC, so that the final
assay mixture contained 40 mM histidine, 12 mM Tris-HCl

buffer, pH 7.6, 2 mM Mg (NO 4-100 pM G1P, 0-0.05 pM GlP6P,

3)2’
416 pM Nappt and 0.8 units of G6PDH (free from ammonium
sulphate). The free Mg++ concentration was kept constant
at 2 mM so that the percentage of GlP and GlP6P complexed

- by magnesium would not vary. Consequently initial velocity

plots would not be affected by changes in the extent of

metal binding. Furthermore, the ionic strength of the assay
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mixture was maintained at 0.05 mol £7% over the range of
substrate concentrations by the addition of appropriate

quantities of 200 mM KNO3.

Tﬁe rate of reaction after addition of phosphoglucomutase
was followed at 30 °C by observing the increase in fluores-
cence at 455 nm (band width = 5 mm) with a fluorescence
spectrometer. An excitation wave length of 240 nm was

used (band width = 2.5 mm). Calibration of the fluorimeter

was carried out as described in 2.2.1.1.2.

As shown in Fig. 3.12 and 3.13 plots of 1/Vi against
1/[GlP] at varying concentrations of G1P6P axiofl/viagainst
1/[G1P6P] at varying concentrations of GlP each gave a family
of parallel lines, for which the following equation is

appropriate initial velocity expression:

(1)

|7
w| 57

1 1

V. \Y
i m

A: concentration of G1P

B: concentration of GlP6P

The kinetic data were analysed using the above eguation
by linear regression analysis with simple errors (Cleland,
1963). A Sinclair ZX81 micro computer, was used for calcula-
‘ ~ -1 .. -1
tions. A V of 40.1 * 0.44 x 10 3 pmol ml 1 min 7,

max
(turnover MNo = 319 ‘s-l) , a Km for G1P6P of 0.29+0.019 uM andaKm for G1P of
30.8 £ 1.8 pM were obtained. These values do not take into

' . ++
account binding of the substrates by magnesium. If Mg

dissociation constants of 11 mM and 0.667 mM for GlP and

G1P6P respectively (Milstein, 1961 Ray and Roscelli, 1966a)
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FIGURE 3.12: Lineweaver-Burk Plot for rabbit liver phospho-

glucbmutase at fixed concentrations of G1lP6P

Lineweaver-Burk plots for rabbit liver PGM at low concen-
trations of substrates with G1lP as the varied substrate
and at fixed concentrations of GlP6P. Determinations
were carried out at pH 7.6 in 40 mM histidine, 12 mM Tris-
HCl buffer with a free magnesium concentration of 2.0 mm,
at an ionic strength of 0.05 rnol—1 at 30 °C. For further

details see 3.4.

GlP6P concentrations: @ = 0.05 pM, O = 0.065 uM,

A= 0085uM, A = 0.12 pM, B = 0.25 pM, O = 1.0 pM,

¢

Il

saturating concentration.
The last points with the dashed line are the intercepts
on the l/vi axis of the Lineweaver-Burk plots shown in

Fig. 3.13 and correspond to a saturating GlP6P concentration.
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FIGURE 3.13: Lineweaver-Burk Plots for rabbit liver phospho-

glucomutase at fixed concentrations of G1lP

Lineweaver-Burk plots for rabbit liver PGM at low concen-
trations of substrates with GlP6P as the varied substrate
and at fixed concentrations of GlP. Determinations were
carried out at pH 7.6 in 40 mM histidine, 12 mM Tris-HC1
buffer with a free magnesium ion concentration of 2.0 mM,

at an ionic strength of 0.05 mol 17! ang 30 ©

C. For
further details see 3.4.

GlP concentrations: @ = 4.0 uyM, O= 5.0 puM, A = 6.5 uM,
A=9.0puM, B=17.0 uM, O = 100.0 pM, ¢ = saturating con-
centration.

The last points with the dashed line are the infercepts

on the l/v:.L axis of the Lineweaver-Burk plots shown in

Fig. 3.12 and correspond to a saturating GlP concentration.
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are assemed,>then at the free Mg++ ion concentration employed,
15.4% of‘GlP and 75.0% of GlP6P would be in the metal-
complex form. 'The reported values may be appropriately
adjusted if the Mg—substraie complexes do not react with the

enzyme.
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3.5 INDUCED-TRANSPORT TESTS

The mechanism of the rabbit liver PGM reaction was investi-
gated using the induced-transport tegts of Britton and
Clarke (1968). A preliminary paper has been published on
this work (Jamil and Clarke, 1981). Induced-transport
tests were carried out with [32P] G6P at low substrate
concentrations and with [14C] G6P at both low and high
substrate concentrations. Preparation and purification

of [32p] G6P are described in 2.4.2.1 and 2.4.2.3 respec-

tively. EB%P] G6P contained 0.2% of impurity as 32p

i
and it had specific radioactivity of 32 pCi umol_l.

[14C] G6P from the Radiochemical Centre, Amersham was
purified on Sephadex A-50, as described in 2.4.2.5 to

remove impurities. The specific radioactivity of

[1%c] c6p was 34 pci pmol™l.

Induced-Transport Experiment with [32P] G6P or [14C] G6P

At Low Substrate Concentrations

[32p] c6p or [*%c] c6p was incubated at 30 °C with
2.2 x 1072 unit of rabbit liver phosphoglucomutase in 40 mM -
histidine, 12 mM Tris-HCl buffer, pH 7.4, containing 1.1 mM

MgCl, in a total volume of 9.058 ml, until equilibrium was

2
reached. The incubation mixture also contained a small
amount of GlP6P (see below). Before Ehe addition of non-
radioactive GlP, 10 samples of 100 pl were withdrawn at
timed intervals for determination of GlP concentration and
radioactivity in GlP. GIlP concentration and 14C or 32P—
radioactivity in the samples were determined as described

in 2.2.6, 2.4.3.3 and 2.4.3.4 respectively. At zero time
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volume of incubation mixture from 8.058 ml to 8.083 ml.
100 pl samples'were withdrawn from the reaction mixture
after zero time, and at timed intervals, to determine the con-
centration of GlP and radiocactivity in GlP. Concentrat-
tions measured after the addition of non-radioactive G1P
were corrected for dilution caused by this addition. Con-
centrations before the addition of non—rédioactive G1P
were: GlP, 7.0 pM; G6P, 40 uM; G1P6P, 0.5 pM. Concentra-
tions immediately after the addition of non-radioactive

GlP were: GlP, 112 puM; G6P, 39.8 uM; GlP6P, 0.5 uM.

Induced-Transport Experiment with [14C] G6P at High

Concentration of Substrate

[14C] G6P was incubated at 30 °C with 2.0 units of rabbit
liver phosphoglucomutase in 40 mM histidine, 12 mM Tris-HC1l
buffer, pH 7.4, containing 1.1 mM MgCl2 in a total volume
of 5.0 ml until equilibrium was reached. The incubation
mixture also contained GlP6P (see below). The samples were
withdrawn before and after the addition of non-radioactive
GlP (zero time) as described above; 6 samples of 100 pl
were withdrawn before zero time and the volume of incuba-
tion mixture was increased from 4.4 ml to 4.6 ml after the
addition of 0.2 ml of non-radioactive GlP. Concentrations
measured after the addition were corrected for dilution.
Concentrations before the addition of non?radioactive G1lP
were: GlP, 1.6 mM; G6P, 34.0 mM; GlP6P, 0.1 mM. Concentra-—
tioﬁs immediately after the addition were: GlP, 25.6 mM;

G6P, 23.2 mM; G1pP6P, 0.096 mM.
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Three possible mechanisms have been proposed for phosphate
transfer by phosphomutases (see Britton and Clarke, 1968
and introduction 1.1.9). These. are the phospho~
enzyme mechanism (Mechanism 1), the direct intramolecular
transfer of phosphate (Mechanism 2) in which cofactor G1P6P
may be involved indirectly, and the intermolecular transfer
mechanism (Mechanism 3) in which the cofactor participates
directly in the transfer of the phosphate (see 1.1.9).

In the phosphoenzyme mechanism (Mechanism 1), the l4C label
obeys the independence relationship (transfer in a single
.catalytic cycle) but with 32P co-transport occurs and two
catalytic cycles are required. 1In direct transfer of phos-
phate (Mechanism 2) both >°P and '%c label of G1P will
require one catalytic cycle for transfer. 1In the third
mechanism where intramolecular transfer is involved, 14C
label requires two catalytic cycles whereas 32P requires
three catalytic cycles. In each mechanism, it is possible
that the active form of the enzyme may exist in two iso-
meric-forms, one which combines with Gl1P and one which com-
bines with G6P. It is also conceivable that in Mechanism 1 .
(phosphoenzyme mechanism) that the intermediate (stable
entity of enzyme created by reaction with a molecule of
cofactor ) could be either a true phosphoenzyme or an
enzyme-G1P6P complex which performs the role of a phospho-
enzyme. This latter possibility was referred to as

Mechanism 11.

At low substrate concentrations with 32P-—labelled substrate,
co-transport of [32P] GlP to G6P was observed (Fig. 3.14).

The level of [32P] GIP activity fell to 37% of its original
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FIGURE 3.14: Induced-transport tests at low substrate

concentrations

32

Induced-transport tests with P-labelled substrates

showing co-transport, and 14C—labelled showing no induced
transport. Labelled G1P was incubated at 30 °c with

2.2 x 1072

unit rabbit liver phosphoglucomutase in 40 mM
histidine, 12 mM Tris-HCl buffer, pH 7.4, containing

1.1 mM MgCl,, until equilibrium was reached. At zero

2

time non-radiocactive GlP was added in a small volume.

Concentrations before additions: G1P, 7.0 uM; G6P, 40.0 uM;

GlpP6P, 0.5 uM. Concentrations after addition: GlP, 112.0 uM;

G6P, 39.8 uM; G1P6P, 0.5 uM.

O concentration of G1P

A‘[32P] GlP radioactivity (d.p.m./ml) corrected for dilu-
tion at zero time

[ [14C] GlP radioactivity (d.p.m./ml) corrected for dilu-
tion at zero time.

The continuous lines are theoretical curves for G1P

radioactivity. For [>°P] G1P and [*%c] G1P radicactivity

the expected curves for Mechanism 1 are 3 and 1 respec-

tively, for Mechanism 2, 1 and 1 respectively and for 3,

2 and 3 respectively. Line 4 indicates the expected radio-

activity changes for Mechanism 3 with [14C] G1P if

isomerisation of the E-G1P6P complex is slow with the

rate constant 288 ST

, or for Mechanism 1 with [32P] G1P
if isomerisation of the phosphoenzyme is slow, with the
same rate of isomerisation. These mechanisms are described

in the Introduction (1.1.9).
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value then returned to that value as chemical equilibrium
was reached. Any fall in 32P—activity in the l-position
of G1P6P would not affect this value significantly. The
continuous lines in Fig. 3.14 are the theoretical curves
calculated by the method of Britton and Clarke (1968) (see
Appendix for flux equations). These curves were calcula-
ted on the assumption that any isomerization of free
enzyme is rapid and they depend only on the concentrations
of substrates and the equilibrium constant. Lines 1,2 and
3 are the expected curves for Mechanisms2,3 and 1 respec-
tively. The fall in [32P] GlP activity is similar to that

expected for a phosphoenzyme mechanism (line 3, Fig. 3.14).

In similar experiments with 14C—labelled substrates no
induced~transport was observed (Fig. 3.14). 1In Fig. 3.14
for 14C radioactivity, line 1 is the theoretical curve for

expected Mechanismsl and 2 and line 2 is for Mechanism 3.

Thesedata also support the phosphoenzyme mechanism.

Taken.together these results éupport Mechanism 1 and exclude
Mechanisms 2 and 3. However, Mechanism 3 could give rise

to the observed induced-transport pattern if the isomeriza-
tion of the enzyme-GlP6P complex is rate-limiting as the
degree of co-transport for 14C— and 32P—labelled substrates
is reduced towards that of Mechanism 1. This possibility
has been excluded, for in order to reduce.the 14C—co—transf
port to less than that indicated by line 4 in Fig. 3.14,
the-Km~for G1P would need to be eighteen times less than

the experimentally observed value of 31 pM (see 3.4). Simi—

larly any isomerization of phosphoenzyme (Mechanism 1)
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FIGURE 3.15: Induced-transport tests at high.substrate

concentrations

14C--labelled substrate at

Induced-transport tests with
high substrate concentration showing absence of induced
‘transport. [14C] G6P was incubated with 2 units of
rabbit liver phosphoglucomutase in 40 mM histidine,
12 mM Tris-HCl buffer, pH 7.4, containing 1.1 mM MgCl2
until equilibrium was reached. At zero time 0.2 ml of
non-radioactive GlP was added to 4.4 ml of this solution
and the reaction allowed to proceed to equilibrium.
Samples were taken from the reaction mixture before and
after this addition and the concentration of G1P and
radioactivity in G1P were corrected for dilution caused
by the addition.
O concentration of G1P
A 14C radioactivity in GlP (corrected for dilution at

zero time).
Concentration before addition: G1P, 1.6 mM; G6P, 24.0 mM;
G1P6P, 0.1 mM. Concentration after the addition:
GlpP, 25.6 mM; G6P, 23.2 mM; G1P6P, 0.96 mM.
The continuous line is the theoretical curve for Mechanism 1,
assuming a rate for interconversion of the phosphoenzyme

forms of 2.7 x 107 S_l.
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should reduce the extent of 32P—co—-transport and lead to

14C—counter—transport especially at high concentration.

However, as shown in Fig. 3.15, no l-4C~-counter—transport
was observed at high substrate concentrations. The contin-
uous line in this figure is a theoretical curve for l4C
radioactivity for Mechanism 1, assuming a rate for inter-
conversion of the phosphoenzyme forms of 2.7 X 107 s—l.
The finding that there was no induced transport indicated
that the rate constant for any isomerization must be in
7 -1

excess of 2.7 x 10" s . Thus these results are only com-

patible with Mechanism 1 or ll.
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3.6 . 32p_LABELLED PHOSPHOENZYME

3.6.1 32P-—LABELLED PHOSPHOENZYME FORMAT ION

32P-—labelled rabbit liver PGM was prepared by incubating

10 units (0.306 nmol) of enzyme with 0.28 pci [°2p] Gep

(0.459 nmol, specific radioactivity 609 Ci mol »

),

0.28 pCi [14C] G6P'(l.97 nmol, specific radioactivity

142 Ci mol—l) and 0.04 nmol G1P6P in His-Tris-HC1l buffer,
pH 7.6 (40 mM histidine, 12 mM Tris), containing 2 mM
MgC12 at 30 °C for 5 min in a final volume of 0.25 ml.
The mixture was immediately cooled and applied to a
Sephadex G-25 column to separate labelled phosphoenzyme
from labelled substrates. The detailed procédure for |

preparation and purification of 32P-labelled enzyme is

given in 2.6.1.

The enzyme was eluted from the column in a single zone at
the beginning of the elution profile whilst substrates
were retarded in their migration through the bed. 32P
radioactivity was eluted in two peaks, one associated with
the enzyme peak and the other with the 14C radiocactivity
peak. 14C radioactivity was eluted in a single peak in

the fractions where the substrates were expected. The elu-
tion profile is shown in Fig. 3.16. The association of 32P
radioactivity, and not 14C, with the enzyme peak indicatgs

the formation of 32P—labelled phosphoenzyme rather than an

enzyme-GlP6P complex

‘o . 32
Eluted fractions containing the enzyme activity with P

: . . 32
radiocactivity were collected and the incorporation of P

into rabbit liver PGM was calculated. Evaluation of the
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FIGURE 3.16: Purification of 32P-1abelled phospho-

glucomutase by gel filtration

The following were incubated at 30 Oc for 5 min in a
_volume of 0.25 ml: His-Tris-HCl buffer, pH 7.6 (40 mM
histidine, 12 mM Tris), 2 mM MgClz, 0.306 nmol (10 units) PQM,
0.459 nmol [32P] G6P (0.28 uCi, specific radioactivity

609 Ci mol™Y), 1.97 nmol [1%c] Gep (0.28 pci, specific
radicactivity 142 Ci mol™ ') and 0.04 nmol G1P6P. The
incubation mixture was immediately cooled to 0 °c in

an ice bath and applied to a Sephadex G-25 column previ-
ously equilibrated with incubation buffer. The column

was eluted with the same buffer and 0.4 ml fractions

were collected. All fractions were assayed for 32P and

14C radioactivity, and for phosphoglucomutase activity.

For detailed experimental procedure, see 2.6.1.
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molar concentration of the enzyme was based on a molecular
weight of 67,600 (see 3.2.3) and on the highest specific
activity obtained, 484 units mg_1 protein (see 3.1). The
final specific radioactivity of P was calculated by assum-
ing the following initial conditions of the enzyme: (1) the
enzyme was in the non-phosphorylated form; (2) 1 mol enzyme bound
1 mol P; (3) 1 mol enzyme bound 2 mol P. The molar
concentration of rabbit muscle PGM was calculated by using
the value 62,000 for the molecular weight (Yankeelov et al.
1964) and 1488 units mg_l protein for the highest specific

activity obtained (Joshi and Lane, 1978).

The results are summarised in Table 3.6. If it is assumed
that the PGMs were initially in the non-phosphorylated
fofm before the label was added, 1 mol rabbit liver enzyme. :
binds approximately 0.45 mol of P and 1 mol muscle enzyme |
binds approximately 0.85 mol P. The values obtained are
comparable with the previously reported results that rabbit
liver and rabbit muscle PGMs possess after isolation
0.5-0.7 mol and 1.0 mol P per mol of enzyme respectively
(Najjar, 1962; Handler et al., 1965; Sidbury and Najjar,

1967).

The incorporation of 32P into rabbit liver and rabbit muscle
PGMs was also estimated by using the fhenol extraction
method as the rapid separation of labelled substrates and
enzyme minimise§ phosphoenzyme degradation. 10 units of
each enzyme were first labelled with 32P by incubating with
0.17 pCi[32P] G6P (3.13 nmol; specific radioactivity

54.3 Ci mol™}) and 0.12 nmol GlP6P in His-Tris-HCl buffer
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TABLE 3.6: Incorporation of 325 into rabbit liver and
rabbit muscle phosphoglucomutase determined

by gel filtration

32P~labelled PGM from rabbit liver and rabbit muscle

were prepared and purified as described in 2.7.1.
Evaluation of the molar concentration of the enzyme

was based on the molecular weights 67,000 (see 3.2.3)
and 62,000 (Yankeelov et al., 1964) and highest speci-
fic activities 484 units mg-l protein (see 3.1) and
1488 units mg-l protein (Joshi and Lane, 1978) for
rabbit liver and rabbit muscle PGMs respectively. The
number of mol of 32P incorporated per mol of enzyme was
calculated by assuming the following initial states of
the enzyme: (1) non—phosphorylated form; (2) 1 mol P
bound per mol enzyme; (3) 2 mol P bound per mol enzyme.
PCM from rabbit muscle is generally purified as completely
phosphorylated form and rabbit liver enzyme was purified
incorporating affinity elution chromatography and would

also be expected to be'completely phosphorylated:

e
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Expt. Conditions mol P bound per mol enzyme
No. rabbit liver rabbit muscle
PGM PGM
1 Non-phosphorylated 0.45 0.84
form
Phosphorylated form 0.63 1.19
1 mol P per mol
enzyme
Phosphorylated form 0.81 1.55
2 mol P per mol
enzyme
2 Non-phosphorylated 0.43 0.82
form
Phosphorylated form 0.58 1.17
1 mol P per mol
enzyme
Phosphorylated form 0.73 1.56
2 mol P per mol
‘enzyme




TABLE 3.7:. Incorporation of 32
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P into rabbit liver and

rabbit muscle phosphoglucomutases determined

by the phenol extraction method

Conditions

mol P bound per mol enzyme

rabbit liver

rabbilt muscle

2 mol P per mol enzyme

PGM PGM
Non-phosphorylated form 0.515 1.38
Phosphorylated form 0.562 1.46
1 mol P per mol enzyme
Phosphorylated form 0.607 1.54

32

P-labelled phosphoenzyme samples from rabbit liver

and rabbit muscle were prepared and freed from labelled

substrates by the phenol extraction method. The details

of the experimental procedure are described in 2.6.5

and Table 3.7.
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(40 mM histidine, 12 mM Tris), pH 7.6, containing 2 mM
MgCl, and total volume of 0.2 ml at 30 °C for 30 min. The
enzyme incubation was terminated by the addition of 1 ml
0.88 phenol saturated with Tris-HC1l pH 8.0, containing

1 mM sodium phosphate. 32P—labelled enzyme free from
labelled substrate was extracted by using the phenol extrac-'

tion method described in 2.6.5.

As shown in Table 3.7, if the liver enzyme was in fhe non-
phosphorylated form at the beginning of the labelling
reaction, 1 mol of enzyme would bind 0.515 mol P. The
-value obtained for this enzyme was close to that obtained
by separating the labelled enzyme by gel filtration (see
Table 3.6). However, with muscle enzyme, it was found

that 1 mol enzyme binds 1.38 mol of P under similar
conditions, a value higher than that obtained when labélled
enzyme is isolated by gel filtration. This could be due

to incomplete removal of 32Pi from the phenol phase.

3.6.2 STABILITY OF LABELLED PHOSPHOENZYME AT 30 °c

The stability of purified 32Pé-labelled phosphoglucomutase
was investigated in His-Tris-HCl buffer, pH 7.6 (40 mM

) o
histidine, 12 mM Tris), containing 2 mM MgCl2 at 30 “C as

described in 2.6.2.

A graph of log percentage phosphoenzyme versus time was
plotted. The results (Fig. 3.17) show that decline in
phosphoenzyme radioactivity is a first-order reaction.

The half-life of phosphoenzyme was found to be 47.5 h. This

is comparable with the half-life of phosphoenzyme from
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FIGURE 3.17: Stability of labelled phoSphoenzyme at

pH 7.6 and 30 °c

325 Jabelled PGM from rabbit liver was purified by the

method described in 2.6.1. Approximately 10 units of
labelled enzyme in His-Tris-HCl buffer, pH 7.6 (40 mM

histidine, 12 mM Tris), containing 2 mM MgCl, in a volume

2
of 1 to 2 ml was warmed to 30 °C in a water bath.

0.1 ml samples were-wifhdrawn at timed intervals.
32P—radioactivity associated with enzyme was estimated
by adding substrate to the samples, allowing label to
exchange with substrate and measuring labelled substrate
as described in 2.6.2.

A graph of log percentage phosphoenzyme versus time was
plotted. The half—liﬁe of phospho-enzyme was found to
be 47.5 h.

Correlation coefficient = -0.975

Slope = 0.0001056

Intercept at y axis = 1.986

Rate constant kl = 2.43 x 10—4
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Micrococcus lysodeikticus,; 50 h (Clarke et al., 1974).

The above results also show a rapid exchangé of 96% of
32P label from 32P—labelled phosphoenzyme to G6P (within
a few seconds) at pH 7.6 and 30 °c. This suggests that

phosphoenzyme is a true kinetic intermediate of the PGM

reaction and is not an artifactof theisolation procedure.

3.6.3 NATURE OF THE PHOSPHATE BOND IN THE PHOSPHOENZYME

The nature of the phosphate bond in the phosphoenzyme of
PGM from rabbit liver was investigated by treating purified

e
‘anlabelled enzyme (3.6.1) with acid and alkali.

Stability of phosphoenzyme to acid

Stability of phosphoenzyme to 0.48 M perchloric acid was
investigated as described in 2.6.3. 96-99% of the radio-
activity was found to be associated with the enzyme, show-
ing that the phosphate group is attached to the enzyme by
an acid-stable linkage. This eliminated the possibility
that the site of attachment of phosphate to the enzyme was
a histidine (as with phosphoglycerate mutase; cf.Rose,
1970), aspartic acid or glutamic acid residues (cf. Kennedy

and Koshland, 1957).

Stability of phosphoenzyme to alkali (Fig. 3.18)

Stability of phosphoenzyme to alkali was investigated in
0.25 M and 0.33 M NaOH at 37 °C as described in 2.6.4. The
results show that the enzyme-phosphate bond is alkali-labile
and that the hydrolysis of 32Pi is a first-order reaction.

Half-lives observed were 2.25 h in 0.25 M NaOH and 1.31 h
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® Hydrolysis in 0.25 M NaOH
A Hydrolysis in 0.33 M NaOH

Log percentage of 32P-labelled PGM
-3

Time (h)

FIGURE 3.18: Hydrolysis of 32P—labelled phosphoenzyme

in 0.25 M and 0.33 M NaOH

'

32P—labelled PGM was prepared and purified by the method

described in 2.6.1. Approximately 5 units of purified

labelled enzyme in a volume of 1 ml was warmed to 37 °c

and added to an appropriate solution of NaOH, already at

37 OC, to give a final concentration of NaOH 0.25 M or

0.33 M and volume 1.5 ml. The rate of hydrolysis of phospho-

enzyme was estimated by withdrawing 0.1 ml samples from the
32

above solution at timed intervals and measuring ~"P, and

radioactivity associated with the enzyme as described in 2.6.4.

The results show that hydrolysis of labelled phosphoenzyme
in alkali is a first-order reaction. Half-lives were 2.25 h

"in 0.25 M NaOH and 1.31 h in 0.33 M NaOH at 37 °c.



209

in 0.33 M NaOH at 37 ®C. These values compare with the

half;lives for the phosphoenzyme from M.lysodeikticus of

2.4 h and 1.7 h respectively under the same conditions
(Clarke et al., 1974) and of 1.5 h for the rabbit muscle
phosphoenzyme in 0.5 M NaOH (Kennedy and Koshland, 1957).
The similarity of these values suggests that the phosphate

group is attached to serine in the liver PGM.
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3.7 ISOENZYME COMPOSITION OF PHOSPHOGLUCOMUTASE FROM

RABBIT LIVER AND RABBIT MUSCLE HOMOGENATES

In an effort to separate PGM isoenzjmes, a number of
electrophoretic techniques have been tried including poly-
acrylamide gels using the discontinuous buffer system of
Laemmli and Favre (1973) , cellulose acetate (Beitner
et al., 1975) and starch gel (Spencer et al., 1964; Scopes,
1968; Dawson and Mitchell, 1969). The best and most repro-
ducible separation of isoenzymes was achieved on polyacryl-
amide gels. Using this technique, the electrophoretic
‘pattern of PGM from crude extract of rabbit liver was
investigated and compared with that from rabbit muscle.

The details of the experimental procedure are described

in 2.7.

3.7.1 ELECTROPHORETIC PATTERN OF PHOSPHOGLUCOMUTASE

FROM RABBIT LIVER AND RABBIT MUSCLE HOMOGENATES

The electrophoretic pattern of the separation of PGM from
rabbit liver crude extracts is shown in Fig. 3.19 in com-
parisoﬁ with that obtained for the corresponding rabbit
muscle enzyme. The line diagram below the photograph was
drawn oﬂ the basis of the intensity of the blue-purple
formazan formed by the PGM -specific reaction as described

in 2.7.8.

Six major bands and two faint bands appeared with the rabbit
liver PGM whereas three major bands and three faint bands
appeared with muscle enzyme. The isoenzyme bands are num-
bered in decreasing order of negative charge (see Wilkinson,

1964; Webb, 1964).
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FIGURE 3.19: Electrophoretic pattern of phosphoglucomutase

from rabbit liver and rabbit mﬁscle homo-

genates on polyacrylamide gels

A photograph of the gels and a schematic representation
of the relative colour intensities of the bands obtained
by scanning the gels on a densitometer are shown.

Gel A: rabbit liver PGM

Gel B: rabbit muscle PGM

Electrophoresis was carried out on polyacrylamide gels

by the method of Ornstein (1964), Davis (1964) and Williams

et al., (1964) dsing a discontinuous buffer system
(Laemmli and Favre, 1973). Samples were prepared by a
modified method of Scopes (1978). The gels were stained

for PGM activity using the technique employed by Beitner
et al. (1975). The details of the experimental procedure
are described in 2.7. The staining solution contained

40 mM imidazole-HCl buffer, pH 7.2, 2 mM G1P, 2 uM GlP6P,
3 mM MgCl,, 1 mM EDTA, 0.5 mM NADP', 0.4 mM NBT, 0.1 mM
PMS and 2 units G6PDH per ml stain. Geis were stained

for 15-20 min in the dark.
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The greatest activity of the PGM bands was observed when
imidazole was used as the staining buffer. In other buf-
fers e.q. His—Tris—HCl, all isoenzyme bands exhibited about
30% less activity. With the Tris-HCl staining buffer, as
used by Scopes (1968) and Turner and Lyerla (1980), the
activity of isoenzyme bands was 10-20% of that in imidazole

buffer.

To confirm that the development of bands was due to the
action of PGM activity, the bands were developed in the
absence of GlP, G6PDH, PMS or'NADP+ from the staining mixture
‘(see 2.7.6 for staining mixture). When GlP was omitted
from the staining solution, none of the bands developed
with muscle and only a faint band (No. 5) appeared with
liver. The same results were obtained when G6PDH was omit-
ted from the staining mixture. There was no development

of bands found when NADP+ and PMS were omitted from the
stain. Band 5 of liver appeared as a faint band in the
absence of Gl1lP and as a dark band in the presence of G1P.
This 1is possiﬁly a minor PGM. However, all the other bands
of liver and all bands of muscle were strictly due to PGM
aétivity. Liver bands 4 and 6 and muscle bands 4, 5 and

6 had very low activity and could only represent a minor
PGM isoenzyme. Therefore, five major bands of liver (1, 2,
3, 7 and 8) and three major bands of muscle (1, 2 and 3)

could possibly be characterised as major PGM isoenzymes.

Rabbit liver band 3 has the highest PGM activity and band 7
has the lowest among the major five bands. The activities
decrease in the order 3, 2, 1, 8 and 7. Muscle band 3

similarly has the highest PGM activity and the activities
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decrease "in the order 3, 2, 1. The pattern of liver bands

1 and 3 was observed to be similar with.the muscle bands
pattern 1 td 3, but there were differences in their elec-
trophoretic mobilities. These three bands close to each
other could represent a zone of isoenzyme bands (see Spencer
et al., 1964) and in the case of liver PGM a second zone
exists containing isoenzyme bands 7 and 8. This was the
main difference observed in the electrophoretic patterns

of liver and muscle PGM at optimal staining conditions.

To detect the presence of phosphoenzyme bands, cofactor
was omitted.from the stain and to determine whether any
isoenzyme bands were due to phosphoribomutase, some gels
were stained in the absence of Mg++ (Fig. 3.20). These
gels were compared to others run concurrently and stained

in the presence of both Mg++'and G1P6P.

When GlP6P was excluded fromthe staining solution,

Glp, free from G1lP6P was used. (see 2.2.1.1.2 for
purification). As shown in Fig. 3.20 (Gels C and F),
exclusion of cofactor and increasing the period of stain-
ing from 15 min to 45 min, resulted in appearence of liver
PGM band 3 as a dark band and bands land 2 as faint bands,
and muscle bands 3 and 2 as dark and 1 as-a faint band.
Liver band 5 also appeared in the absence of cofactor

(see later). The intensities of bands 1, 2 and 3 of liver

and muscle PGM werelower than for thebands of those gels stained
in the presence of GlP6P, even after staining for a longer
time. ‘Howeven decrease in activities of these bands were on
the samé order as those in the controlé (Gels A and D). The

2nd zone bands 7 and 8 of
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FIGURE 3.20: Electrophoretic pattern of phosphogluco-

mutases from rabbit liver and rabbit muscle
homogenates in the presence and in the

absence of Mg++ or GlP6P

A photograph of the gels and a schematic representation

of the relative colour intensities of the bands obtained

by scanning the gels on a densitometer are shown. The

experimental procedure is given in Fig. 3.19. The gels

were stained under the following conditions:

Gel A:

Gel B:

Gel C:

Gel D:

Gel E:

Gel F:

rabbit liver PGM control (3 mM Mgclz, 1.0 mM EDTA,
2.0 mM G1P, 2.0 pM G1lP6P). Staining time: 15-20 min.

rabbit liver PGM in the absence of Mg++

( 3.0 mM
EDTA, 2.0 mM G1P, 2.0 puM GlP6P). Staining time:
45-50 min.

rabbit liver PGM in the absence of GlP6P ( 3.0 mM

MgCl 1.0 mM EDTA, 2.0 mM G1P). Staining time:

o
45-50 min.
rabbit musqle PGM control (3.0 mM MgClz, 1.0 mM
EDTA, 2.0 mM G1P, 2.0 uM GlP6P). Staining time:
15-20 min.

rabbit muscle PGM in the absence of MgCl. (3.0 mM

2

.EDTA, 2.0 mM G1P, 2.0 UM G1P6P). Staining time:

45-50 min.
rabbit muscle PGM in the absence of GlP6P (3.0 mM

MgClz, 1.0 mM EDTA, 2.0 mM GlP). Staining time:

45-50 min.
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liver ?QM did not appear in the absence of GlP6P even
when fhéwéels were stained for 1.5 h. This suggests that
liver PGM bands 1, 2 and 3 and similarly muscle PGM bands
1, 2 and 3 are phosphoenzymé and that the liver PGM 2nd
zone bands 7 and 8 may be dephbsphoenzymes. Their posi-
tion is in accord with their expected relative electro-
phoretic mobilities. Anpearance of all three bands as phospho—b
enzyme with rabbit muscle, but only three of the five liver
PGM bands as phosphoenzyme, suggests that liver PGM phosrhoenzyme
is unstable or that other factors influence the relative extents

of phosphorylation.

When gels were stained in the absence of Mg++, 3 mM EDTA
was included in the staining solution in order to elimi-~
nate the effect of contaminating divalent cations on the
enzyme activity. As shown in Fig. 3.20 (Gels B and E),

with the omission of Mg++ only band No. 5 appeared with
liver PGM and no bands were detected with the muscle enzyme.
All five major bands of liver and three bands of muscle

PGM are inhibited, indicating that this divalent ion is
necessary for the activity of these enzymes. The appearance
of liver band 5 in the absence of Mg++ suggested that this
may not be a PGM isoenzyme. It could be due to
phosphoribomutase activity as it does not require Mg++

(see Kammen and Koo, 1969). This band retained some acti-
vity in the absence of cofactor (Gel C). Thus if a phospho-
enzyme mechanism is involved the phosphoenzyme must be
stable. The labile-phosphate technique of Quick et al.
(1972) was also tried in order to detect phosphoribomutase

activity in band No. 5. This
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teqhnique failed, however, to produce any colourless phosphoribanutase
bands on blqe backgrounds; possibly inactivation of the
enzyme occurred during prolonged staining (16 h). Other
coupled enzymic methods (Quick et al., 1972) for staining
phosphoribomutase isoenzymes could not be used because of

the requirement of expensive enzymes.

3.7.2 EFFECT OF ATP AND CITRATE ON PHOSPHOGLUCOMUTASE

ACTIVITIES IN RABBIT LIVER AND RABBIT MUSCLE

HOMOGENATES

‘ATP and citrate are inhibitors of PGM (Beitner et al., 1975;
Beck, 1979). The effect of these inhibitors was observed

on PGM isoenzymesjfaken from rabbit liver and muscle homo-
genates and separated on polyacrylamide gels as described%
in 2.7 (see also 3.7.1). The gels were stained in the
presence of either 3.5 mM ATP or 2.5 mM citrate at different
concentrations of Mg++ and G1P6P (Figs 3.21 to 3.24) and
compared with the gels run concurrently and stained in the
absence of inhibitors under optimal conditions. The stain-
ing conditions and staining times are mentioned in the figures.
Normally gels were stained fora longer time in the presence

of inhibitors.

When a strong Mg++ chelator, ATP, was‘present in excess
relative to Mg+f(Fig. 3.21, Gel B), it strongly inhibited
all forms of PGM from rabbit liver,though band 3 which is
the major isoenzyme band and is probably a phosphoenzyme
(see 3.7.1) retained some activity. Bands 2 and 3 also

appeared faintly but ATP completely inhibited the bands of
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FIGURE 3.21: Effect of ATP on phosphoglucomutase from

rabbit liver homogenate

A photograph of the gels and a.schematic representation
of relative colour intensities of the bands obtained by
scanning the gels on a densitometer are shown. The
experimental procedure is given in Fig. 3.19. The gels
were stained under the following conditions:

Gel A: control without ATP (3.0 mM MgCl 1.0 mM EDTA,

2’
2.0 mM Gl1P, 2.0 pM GlP6P). Staining time: 15-20 min.

Gel B: 3.5 mM ATP, 3.0 mM MgCl 1.0 mM EDTA, 2.0 mM G1P,

2!
2.0 pM G1P6P. Staining time: 45 min.

Gel C: 3.5 mM ATP, 3.0 mM MgCl 1.0 mM EDTA, 2.0 mM G1P,

27
50.0 uM GlP6P (in presence of excess GlP6P).
Staining time: 30 min.

Gel D: 3.5 mM ATP, 3.0 mM MgClz, 1.0 mM EDTA, 2.0 mM G1P
(in absence of Gl1P6P). Staining time: 45 min.

Gel E: 3.5 mM ATP, 5.0 mM MgCl,, 1.0 mM EDTA, 2.0 mM G1P,

2’
2.0 pM G1lP6P (in presence of excess MgClz).
Staining time: 30 min.

Gel F: 3.5 mM ATP, 3.0 mM EDTA, 2.0 mM G1P, 2.0 pM G1P6P

(in absence of MgClz). Staining time: 45 min.
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FIGURE 3.22: Effect of ATP on phosphoglucomutase from

rabbit muscle homogenate

A photograph of the gels and a schematic'representation
of relative colour intensities of the bands obtained by
.scanning the gels on a densitometer are shown. The
experimental procedure is given in Fig. 3.10. The gels
were stained under the following conditions:

Gel A: control without ATP (3.0 mM MgCl.,, 1.0 mM EDTA,

2I
2.0 mM Gl1P, 2.0 pM G1P6P). Staining time: 15-20 min.

Gel B: 3.5 mM ATP, 3.0 mM MgCl,, 1.0 mM EDTA, 2.0 mM GlP,

2!
2.0 pM G1P6P. Staining time: 45 min.

Gel C: 3.5 mM ATP, 3.0 mM MgCl,, 1.0 mM EDTA, 2.0 mM G1P,

2l
50.0 pM GlP6P (in presence of excess G1lP6P).
Staining time: 30 min.

Gel D: 3.5 mM ATP, 3.0 mM MgCl 1.0 mM EDTA, 2.0 mM G1P,

2’
(in absence of G1P6P). Staining time: 45 min.

Gel E: 3.5 mM ATP, 5.0 mM MgCl 1.0 mM EDTA, 2.0 mM G1P,

2’
2.0 pM G1P6P (in presence of excess MgClz).
Staining time: 30 min.

Gel F: 3.5 mM ATP, 3.0 mM EDTA, 2.0 mM GlP, 2.0 pM G1P6P

(in absence of MgCl2). Staining time: 45 min.
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FIGURE 3.23: Effect of citrate on phosphoglucomutase from

rabbit liver homogenate

A photograph of the gels and a schematic representation
of relative colour intensities of the bands obtained by
scanning the gels on a densitometer are shown. The
experimental procedure is given in Fig. 3.19. The gels
were stained under the following conditions:

Gel A: control without citrate (3.0 mM MgCl 1.0 mM EDTA,

2'
2.0 mM G1P, 2.0 puM GlP6P). Staining time: 15-20 min.

Gel B: 2.5 mM citrate, 3.0 mM MgCl 1.0 mM EDTA, 2.0 mM

2'
GlP, 2.0 puM GlP6P., Staining time: 25 min.

Gel C: 2.5 mM citrate, 3.0 mM MgCl 1.0 mM EDTA, 2.0 mM

2’
GlP, 50.0 pM G1P6P (in presence of excess GlP6P).
Staining time: 15 min.

Gel D: 2.5 mM citrate, 3.0 mM MgCl 1.0 mM EDTA, 2.0 mm

2’
GlP (in absence of G1P6P). Staining time: 45 min.

Gel E: 2.5 mM citrate, 5.0 mM MgCl 1.0 mM EDTA, 2.0 mM

2'
GlP, 2.0 pM G1P6P (in presence of excess MgClz).
Staining time: 20 min.

Gel F: 2.5 mM citrate, 3.0 mM EDTA, 2.0 mM G1P, 2.0 uM

GlP6P (in absence of MgClZ). Staining time: 45 min.
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FIGURE 3.24: Effect of citrate on phosphoglucomutase from

rabbit muscle homogenate

A photograph of the gels and a schematic representation
of relative colour intensities of the bands obtained by
'scanning the gels on a densitometer are shown. The
experimental procedure is given in Fig. 3.19. The gels
were stained under the following conditions:

Gel A: control without citrate (3.0 mM MgCl,, 1.0 mM EDTA,

2’
2.0 mM G1P, 2.0 pM G1lP6P). Staining time: 15-20 min.

Gel B: 2.5 mM citrate, 3.0 mM MgCl 1.0 mM EDTA, 2.0 mM

2I
GlP, 2.0 pM GlP6P. Staining time: 25 min.

Gel C: 2.5 mM citrate, 3.0 mM MgCl 1.0 mM EDTA, 2.0 mM

2’
GlP, 50,0 pM G1P6P (in presence of excess GlP6P).

Staining time: 15 min.

Gel D: 2.5 mM citrate, 3.0 mM MgCl 1.0 mM EDTA, 2.0 mM

2 4
GlP (in absence of G1lP6P). Staining time: 45 min.

Gel E: 2.5 mM citrate, 5.0 mM MgCl 1.0 mM EDTA, 2.0 mM

2[
GlP, 2.0 puM G1P6P (in presence of excess MgClz).
Staining time: 20 min.

Gel F: 2.5 mM citrate, 3.0 mM EDTA, 2.0 mM G1P, 2.0 pM

GlP6P (in absence of MgClz). Staining time: 45 min.
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the 2nd Zone (bands 7 and &) which are probably dephosphoenzyme.
This suggested that ATP predominantly binds the dephospho-

enzyme.

Reversal of ATP inhibition was observed with 5 mM Mg'*'+

(Gel E) when Mg++ was present in excess of the ATP concen-
tration. Similarly the inhibition was relieved in the
presence of excess GlP6P (Gel C), indicating that ATP acts
competitively with cofactor. However, some inhibition was
still observed in the presence of excess Mg++ or GlP6P and
ATP, since the bands required 30 min to reach a given

intensity whereas the controls only required 15-20 min.

Liver band 5, which is probably a phosphoribomutase (se€e
3.7.1), retained activity in the presence of ATP (Gel B)
and also retained activity when Mg++ was

completely removed (Gel F). The lack of the requirement
fUng++by this enzyme might contribute to retention of
activity in the presence of ATP. However, inhibition of
this band was observed by 3.5 mM ATP in the absenée of
GlP6P (Gel D). Thus the requirement of this isoenzyme for

GlP6P appears to be similar to that of the stable phospho-

enzyme of PGM (e.g. band 3).

When gels containing rabbit muscle homogenate were stained
in the presence of ATP (Fig. 3.22), inhibition of band 1
wés observed though bands 2 and 3 appeared to retain some
activity. The apparent loss of activity in band 1 in ithe
preéeﬂce of ATP may have been due to its low initial

activity. As before with rabbit liver, removal of
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this inhibition was observed when the Gl1P6P concentration was

increased to 50 pM (Gel C) or the MgC12 concentration to 5 mM

(Gel E).

When gels containing samples from liver (Fig. 3.23) or
muscle (Fig. 3.24) homogenate were stained in the presence
of 2.5 mM citrate under the same conditions, weak inhibi-
tion was observed with all forms of liver and muscle PGM.
It was difficult to differentiate the extents of inhibition
for individual bands as the inhibition was weak in coOmpari-
son to that found with ATP. Citrate inhibition was com-
‘pletely removed in the presence of excess Mg++ concentra-
tion (Gel E of Figs. 3.23 and 3.24) with bands of both
liver and muscle PGM. However, when the gels were stained
with an excess amount of Gl1P6P (50 uM), more prominent
bands appeared than in the absence of citrate under optimal
conditions (Gel C, Figs 3.23 and 3.24). A similar activa-
tion of the purified rabbit liver and muscle enzymes was
observed in the presence of 2.5 mM citrate and 50 pM GlP6P
(see 3.2.9). The origin of this activation was not

determined.
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4.1 PURIFICATION OF RABBIT LIVER PHOSPHOGLUCOMUTASE

During isolation of PGM from rabbit liver, care was taken
to prevent modification of the enzyme in vivo. Hashimoto
et al. (1967) showed that PGM from adrenalin-injected rats
has a greater requirement for preincubation with chelating
agent and Mg++ for maximum activity than has PGM from nor-
mal rats, but this requirement is lower in insulin-treated
rats. These effects are possibly due to fluctuation in the
amount of active enzyme (4.3). Similar results have also
been reported for the effect of insulin on the enzyme of
rabbit skeletal muscle (Peck and Ray, 1971). The physio-
logical conditions of the animal may thus have an influence
on the enzyme in vivo. Hence, before removal of livers,
rabbits were injected with Saffan to minimise changes in

the levels of hormones.

Steps to prevent changes in the enzyme in vivo during iso-
lation were Eaken as follows. Proteolytic enzymes were
inactivated by the addition of PMSF during the first step
of purification to avoid degradation of the enzyme. Mg++
and EDTA at concentrations of 1 mM were included, whenever
possible, to remove heavy metal ions.from the enzyme and
‘replace them with Mg++, thereby preventing inactivation.

1 mM 2-mercaptoethanol was added to prevent oxidation of

sulphydryl groups and formation of conformational isomers.

 Joshi and Lane (1978) using mild conditions, isolated a

comparatively undegraded form cf rabbit muscle PGM with a
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molecu}§¥;weight slightly greater (64,500) than that
usuélly recorded (1.1.2). In the preparation of rabbit
liver PGM, steps taken to protect the enzyme from inac-
tivation and degradation éppeared to be successful, since
the value obtained for the molecular weight of the puri-
fied enzyme (67,600; see 3.2.3) was slightly greater than
those reported for other PGMs, except for that from

B.subtilis which is a dimer (1.1.2). This indicated that

the purified rabbit liver enzyme was in a comparatively
undegraded form. The value for the molecular weight

of rabbit liver PGM was thought to be unbiassed as the
molecular weight of rabbit muscle enzyme (obtained from ‘
Boehringer, Mannheim, West Germany) was found to be

61,000 (see 3.2.3), a value close to the frequently guoted
figure of 62,000 (see Filmer and Koshland, 1963; Yankeelov
et al., 1964; Harshman and Six, 1969). Purified liver PGM
appeared as a single band on polyacrylamide gels (3.2.1),

suggesting that the enzyme was not substantially degraded.
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4.2 ISCENZYME COMPOSITION AND HETEROGENEITY OF

PHOSPHOGLUCOMUTASE

PGMs from rabbit liver and muscle hbmogenates were separated
on polyacrylamide gels (see 3.7). Rabbit liver PGM was
separated into five major bands and the muscle enzyme into
three major bands (see 3.7.1). It was difficult to recon-
cile these results with those already published owing to
differences in separation techniques and conditions. Dawson
and Mitchell (1969) have observed that different techniques
for the separation of isoenzymes give rise to dissimilar

" isoenzyme composition; the use of the same technique under
different conditions alters the electrophoretic patterns
(see Scopes, 1968; Dawson and Mitchell, 1969). Electro-
phoresis of rabbit muscle PG4 on starch gel has variously been shown
to separate the enzyme into two zones, each containing

4 to 6 bands (Spencer et al., 1964); into three forms due

to progressive oxidation of sulphydryl groups during sep-
aration (Green and Dawson, 1973); 'into three conformational
isomers (Dawéon and Mitchell, 1969); and into three major
and three minor bands (Scopes, 1968). Rabbit muscle PGM
also separétes as two major forms on CM-cellulose (Joshi

et al., 1967) and into four phosphorylated forms by iso-
electric focussing (Harshman and Six, 1969). In general

the observed number of isoenzymes of muscle PGM is 2, 3 or
4. The appearance of three major bands of rabbit muscle
PGM on polycarylamide gels, as described in 3.7.1, is con-
sistent with most results hitherto reported. The five
major bands of rabbit liver PGCM observed under similar con-
ditions suggest that the isoenzyme compositions of the

liver and muscle enzymes are dissimilar.
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PGM from rabbit liver and rabbit muscle-homogenates on
polyacrylamide is that liver PGM appears ac two zones con-
taining 3 and 2 bands and muscle PGM as one zone containing
3 bands, similar in pattern to one of the zones of the

liver enzyme. The slowest migrating anodal bands 7 and 8

of the 2ndAzone of the liver PGM were not observed with
muscle enzyme. Although PGM bands designated as 1, 2 and

3 were found with both the liver and the muscle homogenates,
there were differences in the electrophoretic mobilities.
There must hence be a small charge or size difference bet-
ween the proteins in liver and muscle bands 1, 2 and 3.
Three sets of human PGM isoenzymes with different mobilities
on starch gel have been shown to be different in their pro-
perties (see 1.1.7). The difference in the mobilities of
liver and muscle bands 1, 2 and 3 and that in the overail
patterns of the liver and muscle isoenzyme is further evi-
dence for a difference in the properties of PGMs from the
two tissues. Environmental énd metabolic. conditions could
be responsible for this difference as suggested by

Wilkinson (1969).

The heterogeneity of PGMs from rabbit liver and muscle sepa-
rated on polyacrylamide gels cannot be explained in terms

of progressive oxidation of sulphydryl groups of PGM

(cf. Green and Dawson, 1973), as the expeiiments describéd'
here involved removal of the oxidising agent (persulphate)
fraﬁ fhe polyacrylamide (2.7.3) and the inclusion of a
sulphydryl protective agent (2-mercaptoethanol) in the

sample (2.7.4). This minimised the possibility that the
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isoenzyme pattern on the gels was an artifact. Similarly,
the isoenzyme pattern cannot be explained on the basis of
"genetic ffequencies" (Tsoi and Douglas, 1965; Hopkinson
and Harris, 1966, 1968). Although three gene loci may

give rise to isoenzyme zones with mammalian PGMs, it appears
that it is usual for locus 1 (PGMi) to predominate (1.1.7).
The single zone (of three bands) found with the rabbit
muscle PGM is consistent with this pattern. Though a second
~zone of lower mobility is present with the rabbit liver
enzyme, it is not likely thatthis zone is due to loci 2

~or 3 as these would be expected to be more negatively
charged than locus 1 isoenzymes and therefore have higher
mopilities. It was concluded that the second, slower iso-
enzyme bands are dephospho forms of the isoenzymes present
in the zone of higher mobility. This conclusion was testea
by observing the enzyme activity present in individual

bands in the presence and absence of cofactor and inhibi-
tors (see below). Moreover, the slower dephosphoenzyme
bands of the 'rabbit liver PGM show a staining pattern simi-

lar to that of the faster phosphoenzyme bands.

Rabbit liver lst zone isoenzyme bands and rabbit muscle

PGM bands 1, 2 and 3 showed activity in the absence of

G1P6P (3.7.1) suggesting that they are phosphoenzymes, In
.contrast, the rabbit liver 2nd zone bands (7 and 8) did

not show activity in the absence of GlP6P and are probably
dephosphoenzymes. The electroPHoretic mobilities of these
two zones of isoenzymes on polyacrylamide gels are compatible

with their being phospho and dephospho forms. Thus the lst
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zone bands showed higher mobilities than the 2nd zone bands,
as would be expected, since the phosphdenzyme at alkaline
pH would have a higher negative charge (cf Duckworth and
Sanwal, 1972). ATP inhibifion should also be more pro-
nounced withrthe dephosphoenzyme than the phosphoenzyme
(see 4.4). When the effect of ATP was investigated it was
found that ATP had a greater inhibitory effect on the
bands of the 2nd zone than on those of the 1lst zone, as
expected. Rabbit muscle PGM bands 1, 2 and 3 were similar
to liver 1lst zone bands (3.7.2). This further suggests
that these are due to phosphoenzymes, as no dephospho-

enzymes would be expected with rabbit muscle PGM.

The above results indicate that a large amount of liver
enzyme (25-30% of total) may exist in the unphosphorylated
form in contrast to muscle enzyme which is probably com-
pletely phosphorylated. This finding is consistent with
the results of Joshi et al. (1967) and Handler et al.

(1965) who reported, respectively, that 60% of rabbit liver
PGM was separated as phosphoenzyme (1.1.7).and that this

enzyme contained 0.5-0.7 mol phosphate per mol enzyme (1.1.8).
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4.3 METAL IONS AND ENZYME ACTIVITY

Rabbit liver PGM requires Mg++ for activity, maximum
activation being achieved at a concéntration of about
1.2 mM (3.2.6). This behaviour is very similar to that
of other PGMs including rabbit muscle and beef liver
enzymes (Milstein; 1961a; Chiba et al., 1976). Rabbit
liver enzyme showed a small activity (3.05%) in the ab-
sence of Mg++, like the enzymes of rabbit muscle and
beef liver, and this activity decreased to a very low
level in the presence of 100 mM EDTA (see 3.2.6). This
" indicates that, in the absence of added Mg'', the acti-

vity was probably due to traces of metal ions bound to

the enzyme (cf.Milstein, 196la).

In the absence of Mg++,‘Mn++ also activates rabbit liver
enzyme to some extent, though Zn++ ions are inhibitory.
This is comparable to the behaviour of all other known
PGMs except the yeast enzyme, which retains activity in

the presence of znt? (McCoy and Najjar, 1959).

Rabbit liver PGM requires the presence of a chelating agent
in the assay mixture for maximum activity, like all other
known animal PGMs (see 1.1.5). Liver PGM shows very low
activity (2.8%) in the absence of a chelating agent

‘(Table 3.4). Maximum activity of liver enzyme was observed
in the presence of histidine, together with a low concen-
tration of EDTA. The enzyme was also found to be activated
by cysteiné, imidazole and glutathione. Milstein (1961la)

suggested, for the muscle enzyme, that the chelating agent
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binds inhibitory metal ions (e.g. cu’’ and zn**), founa
in distilled water and towards which thé enzyme is very
sensitive. ‘He showed that removal of such ions from
enzyme solution and assay reagents eliminated the require-
ment for chelating agent. Histidine, cystein and imida-
zole increase the rate of release of inhibitory ions from
the enzyme far more effectively than does EDTA, but are
less effective than the latter in binding these ions (Ray
and Peck, 1972). The highest activity is consequently
observed when both EDTA and histidine (or cystein or
imidazole) .are present in suitable concentrations (see

1.1.5).

In contrast to the rabbit muscle enzyme, rabbit liver PGM
showed a lack of stimulation when incubated with histidine
and Mg++ prior to assay (3.2.5) though Milstein (1961a)

and Harshman et al. (1965) had demonstrated that PGM is
normally contaminated with inhibitory metal ions. Similarly
Peck and Ray (1971) reported that approximately 65% of the
total enzyme binds zn’T in rabbit skeletal muscle under
normal conditions, in vivo. Ray and Roscelli (1966b)
interpreted the requirement for incubation of the enzyme
with a chelating agent and Mg++ prior to assay in terms

of the accelerated removal of inhibitory metal ions and
their replacement with Mg++. This process occurs effici-
ently in the absence or in the presence bf low concentration

of substrate (1.1.5).

Removal of inhibitory ions is believed to be slower from
the phésphorylated than the dephosphofylated form of the

enzyme, because of the higher affinity of the former for
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the metals (1.1.5). As the enzyme is nofmally isolated
in a phosphorylated form, removal of inhibitory metal ions
by a chelating agent alone would be slow. In these cir-
cumstances it is necessary to preincubate the enzyme with
both chelating agent and Mg @ if it is to be fully acti-
vated before assay. Such a step would still be necessary

if the enzyme were to be isolated in a partially phosphory-

lated form.

It has been reported for enzymes which appear to be only
partially phosphorylated in vivo (flounder and shark muscle

- PGMs; Hashimoto and Handler, 1966) that incomplete phosphory-
lation is associated with a lower extent of activation

during preincubation. The mechanism underlying this effect
is unclear and it seems probable that the extent of
phosphorylation and the extent of activation are not cor—‘
related.. It is more likely that the latter depends princi-

pally on the relative levels of free Zn++, Mn++ and Mg+

+
in the tissue concerned. In this context it should be
noted that no activation was found with pure rabbit liver
PGM though it was isolated as partially phosphorylated
enzyme. The lack of activation was simply due to replace-
ment of inhibitory meﬁal ions by Mg++ during the isolation
procedure (all solutions contained some Mg++; see 3.1).

The same effect was noted during purification of the human

muscle enzyme (Joshi and Handler, 1969).

The requirement for activation of the enzyme prior to assay
' may also depend on the levels of hormones at the time of
the animal's death. Raising the level of adrenalin increases

this requirement for the PGMs from rat muscle and liver
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whereas raising the level of insulin has the opposite
effect (Hashimoto et al., 1967). Peckland Ray (1971)
observed thét 35% of total rabbit muscle PGM, in vivo,
'under normal conditions, exists as a Mg++ complex
(active form), while all the enzyme was metal-complexed.
Since the concentration of free Mn' ' and ca™ in muscle
is very low, they suggested that the greater part of the
PGM binds Zn++. Insulin shock in both fasted and fed
rabbits increases the fraction of enzyme bound to Mg++
owing to an increase in the Mg++/Zn++ ratio (Peck and
Ray, 1971). Comparison with the results of Hashimoto
et al. (1967) suggests that increase in the level of
insulin decreases the requirement for preincubation.
Adrenalin possibly increases the free Zn++/Mg++ ratio and
the requirement for preincubation increases. For rabbit
liver homogenate it was calcualted from the rate increase
during the lag period of the assay (no preincubation)
that 55% of the total enzyme was in the active form. The
remainder probably binds Zn++ and Mn++,and will be effec-
tively inactive as the Zn++—enzyme complex is inactive
and the mntt complex has only 15% activity of the Mg++ com-—
plex (Ray, 1969). 1In liver some Mn++—enzyme complex would
be expected as the concentration of Mn*t in that tissue is
20 timeg that in muscle (Underwood, 1977) and Mn++ binds
PGM tenaciously. It is possible that the extent of bind-
ing to Mn' Tt is variable, as the level of free Mn*F appears
to ‘fulfil a regulatory function in liver (Schramm, 1982).
Thusbﬁormones may, to same extent, regulate the activity of
liver PGM through alteration of both the Zn++/Mg++ and
Mn++/Mg++ ratios. This effect should be independent of_

regulation via the extent of phosphorylation of the enzyme.
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4.4 ATP AND CITRATE INHIBITION

Inhibition by the chelators ATP and citrate was investi-
gated on PGMs from rabbit liver and rabbit muscle in order
to compare their effects on enzymes from these two sources
(3.2.9). ATP and citrate bind to Mg'' and their binding
constants are 5 x lO5 M-l and 5 x 104 M1 respectively

(in Dawson et al., 1969). When PGM is assayed in the
presence of ATP or citrate, these anions occur as com-
plexes with Mg++. The inhibition which results has
been thought to occur by chelation of Mg++ and competition
' of the Mg++—inhibitor complexes with G1P6P for a binding
site (see 1.1.6). This was suggested by Kov&cs and Bot
(1965) for ATP when they found that its partial inhibition
cduld be relieved by the addition of excess Mg++ or GlP6P,
but the complete removal of ATP inhibition only occurred’
when both Mg++ and GlP6P were added in excess. Similar
inhibitory effects of citrate have also been observed
(Beitner et al., 1975). However, when the inhibition by
ATP and citrate of PGMs from rabbit muscle and liver was
investigated, it was found that citrate was less effective
than ATP for both enzymes (3.2.9).. This is consistent with
the results of Beitner et al. (1975). The lower inhibitory
effect of citrate in comparison to that of ATP is due to

++ .
its lower binding affinity for Mg and possibly to the

lower charge of its complex.

Both liver and muscle PGM activities decreased to 10% of
their optimum values in the presence of 5 mM ATP. The free

Mg++ concentration was calculated to be 0.03 mM (Fig. 3.10).
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At this_ﬂg++ concentration, liver PGM should have shown
approximately 30% of its optimum activity (3.2.7) if ATP
inhibition Qere simply due to the lowering of the free
Mg++ concentration. Similarly, at 5 mM citrate the free
Mg++ concentration would be 0.27 mM and the rabbit liver
enzyme should have shown more than 70% activity (3.2.7).
Instead the observed activity was 50% (Fig. 3.10). These
results suggest that the activities of both enzymes in
the presence of ATP or citrate were not only affected by
the removal of Mg++ but also by competition of Mg-ATP
or Mg—citrate" with G1P6P. This suggestion was supported
by the observation that inhibition by 3.5 mM ATP or 2.5 mM

citrate was not completely relieved by increasing the free

+
Mg * concentration to an adequate level (Table 3.5).

When inhibitions b? ATP and citrate were compared for the

two enzymes, it was observed that the degree of ATP inhi-
bition was slightly greater with the liver enzyme (Fig. 3.10).
Similarly, in the presence of 3.5 mM ATP, the removal of

ATP inhibition on increasing the concentration of Mg++ or
G1P6P was found to be greater with the muscle PGM than with
the liver enzyme (Table 3.5). Inhibition by anions competi-
tive with GlP6P is thought to be caused by binding to the
dephosphorylated form of the enzyme (Ray and Peck, 1972).

Thus Duckworth et al. (1973) obéerved that E.coli PGM
isolated in the dephosphorylated form is somewhat more sensi-
tive to nucleotide inhibitors than is the rabbit muscle enzyme
whiéh:is usually isolated in the completely phosphorylated

form. Furthermore, after electrophoretic separation of the

enzymes into phospho- and dephosphoenzyme zones, ATP appears
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to inhibit the activity of isocenzymes in the latter zone
to a greater extent (3.7.2). It is hence possible that
the slightly greater inhibition by ATP observed with the
liver enzyme was due to a high Km for G1P6P. Citrate ié
a weaker inhibitor than ATP (see above) and its effects

on the enzymes from the two sources could not be differ-

entiated.

At low concentrations of ATP (0-0.5 mM), activation of both
rabbit liver and rabbit ﬁuscle enzymes up to 110% and 115%
respectively of their optimum activities was observed

(Fig. 3.10). The Ki of ATP is approximately 0.5 mM (see
4.7) and at the concentration mentioned above, the ATP
would have little inhibitory effect due to the presence

of adequate levels of Mg++ and G1P6P. ATP has been shown -
to be contaminated with approximately 1% Al+++ in commerw:
cial preparations (Schloss et al., 1982). Activation
observed at low concentration of ATP could therefore have
been caused either by the presence of ATP as a chelator

or by the acﬁion of a1™*.  The enzyme—Al+++ complex is
active and as Al++f binds the enzyme powerfully it may dis-
place other inhibitory metal ions (Milstein, 196la). This
explanation of activation requires that the enzyme is at
the outset partially complexed with inhibitory metal ions
.and that it competes effectively with ATP for a1ttt Though
activation of the rabbit muscle enzyme might be explained
in this way, no such effect would be expected with the
rabbit liver eﬁzyme as this is initially present as the
enzyme-magnesium ccmplex (4.3). Similarly in the presence

of 2.5 mM citrate and 50 puM G1P6P, the activities of the
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liver‘gpéuthe muscle enzymes increased by up to 105% and
135°% respectively. This could also have been explained
on the basis of removal of inhibitory metal ions if the
muscle PGM alone had showh activation. Further informa-
tion is required to explain the activation of the PGMs

under these conditions.



Rhk

*KA1oAT30odsox so93TATIOR OTITOoadsS

3s9yYbHTY °2Y3 IOJ (9961 ‘IOTpuey pue OJOWTYSEH) (€9 PUB 909 ‘(8L6T ‘SUeT pue TYSOL) 88HT PU®R

- s3ybrom aeTnosTow IOF 000‘€E9 PUe Q0C‘E€9 ‘000‘z9 FO ssanlea pbutumsse (9961 ‘IDTPURH pue OJIOWIYUSEH)
SUOTIRIIUSOUOD SWAZUS 3Y3l WOII POIBRINOTED BI9M SKHHJ 9[OSnNuW MIBYS pue ISpunoly ‘3Tqqex JO s3jtufn
o3eydsoyd-1-9s0T&X 3O @ouasaxd ayz utr A3TaTioe osejeydsoydrp-9‘/T1 osoonib

(9961) .

ISTpURH B O3OWTYSeH 6€80°0 . WOd PoTITInd
oTosSnu MIeys

(996T)
ISTPUBH ¥ O3OWTYSeH 6020 . WOd PeTITANng
, | o2ToSnNW IX8punoTJd
(9L6T) *Te 3@ 9SOITH *6%9°0 WDd PeTITINg
(9L61) "Te 23° epen £5°02 897 822 o3eushowoy
I9ATT JFood

(996T1)
ISTpURH % OJOWTYSEH ZL00"0 WOd PaTITing
STISOY3 STYL 9°7 96° 1 6° VL 23rUudbouwoy
. 2TOosSnuw 3TqQey
STS9Y3l STYL ©L9T°0 WOd pPaTITand
STS®Y3} STUL 9G°p¢ 58°6 , 82 93eUS50UWOH

ISATT 3rTqqed

c0T X AyTATO® (enssTty 39Mm [_b oNSST3 j3om
osejnu/asejeyd 0T X s3tun) A3TAT3O® ﬁlm s3TUN swkzua
aousI93I9Yy -soydTp JO oTaey € ssejeydsoydrg A3TAT3IOE WO4 Jo °20IN0S

KatAaTyoR 9sejnwoonTboydsoyd pue A3TaTrzoe osejeydsoydip-9‘T osoonib Jo orarey T'y AIdAYL



R45

4.5 -~ DIPHOSPHATASE ACTIVITY

The ratio of diphosphatase to mutase activity in a purified

preparation of PGM from rabbit liver was found to be

6

1.67 x 10 ° (3.3). This ratio is higher than that recorded

for PGMs from shark and rabbit muscle (Hashimoto and Handler,
1966) and beef liver (in the absence of xylose-1-P) (Hirose
et _al., 1976) but comparable with the value for flounder
muscle enzyme (Hashimoto and Handler, 1966). A comparison
of the diphosphatase and mutase activities of rabbit liver

PGM and those of other PGMs is presented in Table 4.1.

Hydrolytic activity of GlP6P may arise in the liver as a
result of thermodynamic reversal of routes for GIP6P |
synthesis, the presence of specific diphosphatase enzymes,
or a hydrolytic éétivity associated with the PGM. 1In
liver, G1lP6P synthesis appears to involve several routes
(see 1.1.10): (1) synthesis by a side reaction of phospho-
fructokinase from G1P and ATP, (2) synthesis by PGM from
GlP and F1P6P which solely depends on the PGM activity,

and (3) synthesis by a specific synthetase utilizing G1P
and glycerate-1,3-diphosphate, which may be a particular
PGM isoenzyme. Thus PGM could be a multi-functional enzyme
like phosphoglycerate mutase from yeast, human erythocytes
and pig erythrocytes which also have diphosphoglyceromutase
éctivity (synthesis of 2,3-diphosphoglycerate) and 2,3~ °
diphosphoglycerate phosphatase activity (degradation of
2,3-diphosphoglycerate) (Ueda et al., 1976). However, the
reversal of’GiP6P synthesis is unlikely to account for
significant G1P6P hydrolysis under ex?erimental conditions
as, of thé relevant reactants, only.GlP6P was present in

the assay medium.
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Specific diphosphatases do appear to be present in mito-
chondrial and microsomal fractions of beef liver cells
and these séem to be responsible for more than 80% of

the diphosphatase activity in liver (Ueda et al., 1976).
However, 17% of the diphosphatase activity was found in
the cytosol and this could be due to the hydrolytic acti-
vity of PGM arising from instability of the phosphoenzyme.
During purification of rabbit liver PGM the ratio of di-

phosphatase to mutase activity decreased from 3.46 x 10—4

to 1.67 x 10°°

(Table 4.1). Furthermore, the yield of

. PGM was observed after purification to be 27% of the ori-
ginal present in crude extracts (Table 3.1), whereas the
diphosphatase activity was reduced to 0.4% of that in the
centrifuged homogenate. (The activity in the crude liver

extract before centrifugation must have been higher, but

this could not be measured; see 3.3).

These results show that there was a progressive fall in
the diphosphatase activity of the PGM fraction during puri-
fication and £he final diphosphatase activity indicates

that the phosphoenzyme is stable over the time scale of

the experiments. The diphosphatase activity in the cytosol
was probably due to contaminating enzymes from disrupted
microsomes and mitochondria. . The same explana-
£ion must apply for the beef liver cytoplasmic diphosphatase

activity, since the beef liver phosphoenzyme is stable.

The ratio of diphosphatase to mutase activity of beef liver
' . -6
PGM even in the presence of an activator (6.49 x 10 ), was

lower than the ratio of GlP6P synthesis activity to

4

mutase (1 x 10 °) (Ueda et al., 1976). This showed that
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beef liver PGM may be partly responsible for synthesis of
G1P6P but not for its breakdown. 1If the GlP6P synthesis
activities of beef liver and rabbit liver PGMs are similar,

then PGM only will be responsible for Gl1P6P synthesis in

both tissues.
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4.6 KINETICS AND REACTION MECHANISM

Lineweaver-Burk plots of l/vi against 1/GlP at varyiné
concentrations of G1lP6P and l/vi agéinst 1/G1P6P at
varying concentrations of GlP for rabbit liver PGM gave

a family of parallel lines (Figs. 3.12 and 3.13). This
kinetic behaviour of the enzyme is a characteristic of

a phosphoenzyme mechanism (ping-pong mechanism). In this
sense rabbit liver PGM behaves like the other major forms
from rabbit muscle (Ray and Roscelli, 1964a, 1964b),
flounder and shark muscle (Hashimoto and Handler, 1966)

"and beef liver (Chiba et al., 1976).

The Km values of rabbit liver PGM obtained were

30.8 £ 1.8 uM and 0.29 * 0.019 pM for G1P and GlP6P
respectively (3.4). For GlP, enzymes from different
sources exhibit a range of Km values from 2.2 pM with the
yeast enzyme (Hirose et al., 1970) to 400 pM with the
flounder muscle enzyme (Hashimcto and Handler, 1966). The
rabbit liver PGM value, Bi pM, falls within this range.
However, for GIP6P the K values of enzymes from different -
sources are very similar, with values ranging from 0.03 pM
for the.flounder muscle enzyme (Hashimoto and Hanler,
1966) to 0.065 uM for beef liver enzyme (Chiba et al.,
1976), although the yeast enzyme has a somewhat larger Km
value of 0.14 pM (Hirose et _al., 1970). It might thus

be expected thét rabbit liver enzyme would have a K value
within, or close to, this range. The finding of a higher
Km value (0.29 pM), when great care was taken to ensure

that the enzyme was isolated in its native form (4.1) and
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and when-only pure GlP was employed as substrate (2.2.1.1.2)

and both the free magnesium ion concentration and ionic

strength were kept constant (2.2.1.1.2), cculd suggest that

other reported values are low estimates or that the higher

K is the consequence of a regulatory function. In deter-
+

minations for the beef liver enzyme, neither free Mg+ nor

ionic strength was kept constant (Chiba et al., 1976).

Failure to prevent enzyme modification during isolation

or to eliminate G1P6P completely from the GlP solution
could also lead to differences of this sort. Underestima-
tion of the-Km for G1P6P may arise if G1P acts as an inhi-
bitor during the estimation of the apparent Km for G1P6P.‘
In this context it should be noted that use of a sensitive
fluorimetric assay in the current investigation permitted
measurements of initial velocity at slightly lower concen-
trations of G1P than were used by other authors. Thus the

higher Km of the rabbit liver enzyme is not an artifact

.

and may reflect the metabolic role of the enzyme (see 4.7)

The parallel-line double reciprocal plots obtained with
rabbit liver PGM indicate that the low diphosphatase acti-
vity associated with this enzyme is not sufficient to
influence significantly its kinetic behaviour. On the
other hand the possibility that the enzyme may follow a
sequential addition mechanism cannot be unequivocally
excluded by kinetic evidence alone, as discussed earlier
(1.1.9). Furthermore, kinetic data do not elimate the
possiSility that 2nd zone PGM (3.7.1), the minor PGM com-

ponent bresent in liver, may follow a different reaction
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mechanism. Induced-transport tests were therefore carried
out to make an unambiguous assignment of the mechanism and

to detect the presence of minor pathways.

Induced-transport tests (3.5) with EBZPJ G6P at low sub-
strate concentration and with [l4p] G6P at both low and
high substrate concentrations showed that the rabbit liver
enzyme has a phosphoenzyme mechanism in which the phospho-
enzyme intermediate could be either a true phosphoenzyme
(Mechanism 1) or the enzyme-GlP6P complex (Mechanism ll)
(for mechanisms see 1.1.9). However, the demonstration

-that 32P—label only was associated with the enzyme after

incubation with ‘%C- and 3?p-labelled G6P (3.6.1) indicated

that liver PGM follows Mechanism 1 and not Mechanism ll.
Thus the active form of the enzyme is a true phosphoenzyme

32

and not an enzyme-GlP6P complex. Incubation of P-labelled

enzyme with excess G6P for a few seconds resulted in the

transfer of 96% of the 32

P activity to G6P (3.6.2). This
showed that phosphoenzyme was capable of behaving as a true
kinetic intermediate as the transfer of label occurred at

a rate in excess of the expected rate of conversion of G1P

to G6P.

32P-—labelled phosphoenzyme was found to be stable in acid

32p_1abelled phospho-

and the rate of hydrolysis in alkali of
enzyme was comparable with that of the phosphoenzymes from

rabbit muscle and M.lysodeikticus (see 3.6.3). This suggests

that phosphate in rabbit liver PGM is attached to a serine
residue and possibly the sequence around the serine residue
may be similar to those found with rabbit muscle and

M.lysodeikticus enzymes, Thr-Ala-Ser (P)-His-Asp.
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The half-life of the phospho-enzyme at 30 °C in His-Tris-
HCl buffer, pH 7.6, containing 2 mM MgClz,»was found to
be 47.5 h and the rate constant for hydrolysis was

-4 . -
2.4 x 10 min~? (3.6.2). This compares with the value

of 8.2 x 10—5 min~t obtained from measurement of diphospha-~
tase activity (Fig. 3.11). A precise agreement between
these valuesmay not be possible as the latter was measured
in the presence of GlP6P (3.3) and this might have altered
the enzyme reactivity. The half-life of the phosphoenzyme

is comparable to that from M.lysodeikticus, 50 h (Clarke
4

et al., 1974) .and represents only 1.67 x 10 “% of the

mutase activity. Thus under most experimental conditions
the phosphoenzyme may be considered to be stable. Fof

the liver enzyme, the reaction probably follows the exchange

mechanism for phdsphate transfer proposed for the rabbit

muscle enzyme (Ma and Ray, 1980).

In the preparation of 32P—labelled enzyme, it was observed

that only 0.45-0.63 mol phosphate was bound per mol of

PGM from rabbit liver, in comparison with 0.84-1.19 mol
phosphate per mol of enzyme for PGM from rabbit muscle,
though the GlP6P concentration was well in excess of its

Km in each case (3.6.1). Attempts to improve the incorpor-
ation of 32P—label into:the phosphoenzyme by using the
phenol extraction method were not successful. O.52-O.5§ mol
phosphate per mol enzyme was incorporated when this method
was used (Table 3.7). Several explanations are possible
for.tﬁis low level of phosphorylation. The enzyme may be
partially bound to zn’ ", it may not be pure, or it may

show a significant diphosphatase activity. However, in the
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experiments with liver PGM, the enzyme was purified by

a process incorporating affinity elution chromatography,
which should separate active from inactive enzyme (3.1),
the diphosphatase activity‘was very low (4.5) and the
enzyme isolated was completely Mg++rbound (4.3). Thus
other factors must be involved. Using the scheme given

in Table 4.2, one possible explanation is that the central
complex in the catalytic reaction is distributed between
two forms E.G1P6P and EP.GmP and that the relative stabi-
lities of these two species depends upon which enzyme is
involved. 'Thus, if the rate of interconversion of these
forms is sufficiently slow, the extent of enzyme phosphory-
lation will depend upon the relative values of kl and kz.
Such an explanation is compatible with the known rate of
incorporation of radiocactivity fram monophosphate into cofactor for the
rabbit muscle enzyme (Ray and Roscelli, 1964a). Unfortﬁ-
nately no similar data are available for the rabbit liver
enzyme, so that this suggestion ﬁust remain tentative.

It is attractive, however, in that it would explain much

of the variability of enzyme phosphorylation found with

PGMs. No other simple explanation for this phenomenon

seems to be possible.
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TABLE 4.3: Concentration of metabolites in animal tissues

Metabolite Source Condi- Concen- Reference
tion tration
GlpPe6P Mouse liver Normal 14 puM Bergmeyer ,1974
Mouse muscle Normal 45 uM Bergmeyer,1974
ATP Rat liver Normal 1.6 mM Baguer et al.,
. 1976
Normal 3.5 mM Faupel et al.,
1972
Stress 2.5 mM Faupel et al.,
1972

Normal 2.94 mM Bergmeyer,1974
Rat muscle Normal 5.8 mM Bergmeyer,1974

Citrate Rat liver Normal 0.21 mM Bergmeyer,1974
Starved 0.18 mM Bergmeyer,1974
(24h)
Starved 0.15 mM Bergmeyer,1974
(27h)
Starved 0.18 mM Bergmeyer,1974
(48h)
Normal 0.298 mM Baguer et al.,
1976
Normal 0.278 mM Faupel et al.,
1972
F1P6P Rat liver Normal 25 puM Bergmeyer,1974
Starved 26 pM Bergmeyerxr,1974
(28h)
Normal 27 pM Faupel et al.,
1972
Normal 11.3 pM Baguar et al.,
1976
Mouse liver Normal 25 uM Bergmeyer,1974
Cow liver Normal 62 UM Bergmeyer,1974
Rat muscle Normal 36 pM Bergmeyer ,1974
3-PGA Rat liver Noxrmal 0.089 mM Baguer et al.,
1976
Normal 0.285 mM Faupel et al.,
1972

Normal 0.32 mM Bergmeyer,1974
Rat muscle Normal 0.03 mM: Bergmeyer,1974
Mouse liver Normal 0.22 mM Bergmeyer,1974

PEP Rat liver Normal 0.10 mM Bergmeyer,1974
Rat muscle Normal 6.5 mM Bergmeyer,1974
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4.7 ~- . PHOSPHOGLUCOMUTASE: REGULATORY ASPECTS

It has been suggested by Johnson (1974) thet PGM is a
regulatory enzyme. Since PGM catalyses an important
reaction step linking glycogen metabolism and glycolysis
and the intracellular concentrations of GlP and G6F in
liver and muscle are not those of the PGM reaction in
equilibrium (Hashimoto et al., 1966), this enzyme may

have a minor regulatory function.

A variety of metabolites, such as ATP, citrate, F1P6P,
1,3-diPGA, PEP and several others have been shown to
inhibit PGM. The normal levels of some of those meta-
bolites is given in Table 4.3. The concentrations do.
not seem to vary dramatically under different physiologi-
cal conditions. The inhibition produced by them is
principally competitive with G1P6P (1.1.6). The normal
concentrations of G1P6P have been reported to be 14 pM

in mouse liver and 45 UM in muscle (in Bergmeyer, 1974).

The concentration of GlP6P in muscle may vary ffom 50% to
300% of the original level under various conditions (1.1.10).
If it be assumed that the level of GlP6P in rabbit liver
and muscle is similar to that in mouse and the concentra-
tion of G1P6P in liver fluctuates in a similar way then the
concentration of GlP6P will be about 24 to 145 times higher
in liver, and 363 to 2177 times higher in muscle than the
appropriate Km‘s for PGM (see 3.4 and Ray and Roscelli,
1964a, from rabbit liver and rabbit muscle respectively).

In the case of ATP we calculated that K, for the competl—
tive element versus GlP6P must be about 0.5 mM

(from Duckworth et al. , 1983 ). . Although the
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concentration of ATP in liver and muscle is higher than
its Ki value, in the presence of physiological levels of
GlP6P, inhibition by ATP should be small. The Ki values
of other metabolites (see 1.1.6) are of the same order

or higher than their physiological concentrations. Thus
it does not seem possible that the activity of PGM is
significantly affected by metabolites in vivo. Similarly,
although 1,3-diPGA has a low Ki value for PGM from rabbit
muscle (5 puM) and beef liver (10 uM) (1.1.6), its concen-
tration in the tissues is probably less than this and the
extent of inhibition should also be small (Hirose et al.,

1976).

As the level of GlP6P is greatly in excess of the Km for
this substance, it follows that the activity of PGM should
be relatively independent of the G1lP6P concentration |
unless high concentrations produce enzyme activation or
inhibition of Gl1P by GlP6éP occurs. Such an activation of
phosphoglycerate mutase by 2,3-diPGA has been proposed by
Mantle and Garfinkel (1969). No G1P6P activation has
‘been reported at high concentrations of Gl1P6P, nor would
any inhibition of G1P binding be expected (see below).

It should be noted, however, that at high GlP6P concentra-
tions (50 uM) citrate did produce an activation of 105%
'activity in the rabbit liver enzyme and 135% activity in
the rabbit muscle enzyme which could not be accounted for
by the increase in G1P6P concentrations. Similar studies,
in the presence of 2.0 mM GlP6P, provide evidence that

ATP at low concentrations (0-0.5 mM) can activate the
enzyme by up to 115% (Fig. 3.10). The activation is not

ﬁery high and it seems unlikely that this could be an
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effect of great metabolic significance. Some inhibition
of GlP binding by the elevated level of GlP6P could occur
if the K, for GlP6P were less than about 3 pM in liver or
9 pM in muscle. For rabbit muscle PGM this Ki value is

0.7 mM (Ray and Roscelli, 1964b) and so no inhibition would

be expected.

The activity of PGM in vivo may depend upon the concentra-
tions of specific metal ions as these can activate and
inhibit PGM to various extents (1.1.4). Thus as rabbit
muscle PGM binds Zn++ 106 more strongly than Mg++ and is
strongly inhibited by it, extensive inhibition of the
enzyme would be expected in vivo, since the quantity of
Zn++ in muscle is comparable with that of Mg++ (Harrison
and Hoare, 1980). However, in skeletal muscle the concen-
tration of free Mg++ is only 1% and that of zn" less thaﬁ

10"%s of the total concentrations, while 35% of the PGM

+

is found complexed with Mg+ and the rest with zntt (Peck

and Ray, 1971). Most of the Mg++ is bound to ribosomes,
nucleoside phosphates and other organic phosphates. zntt
is similarly bound to various phosphates (Harrison and
Hoare, 1980). Peck and Ray (1971) found that the activity
of PGM-was regulated by insulin in a manner which suggested
that it exerted the effect through ap increase in free
>cytoplasmic Mg++, possibly by release from the inner cell
membrane, since insulin is known to affect membrane permea-
bility ‘and affinity for solutes. Similarly Hashimoto et al.

(1967) reported that insulin decreases the extent of acti-

vation of PGM by Mg++ and chelating agent. Thus the effect



58

) ) +
of insulin appears to be due to an increase in the Mg++/Zn *

ratio, which could control the PGM activity in vivo. In
liver the céncentration of Mn*t is appreciable (see 4.4)
and may also affect enzyme reactivity. As mentioned else-
where (4.2), the free Mn++/Mg++ ratio also appears to be
dependent on the hormonal status of the liver, since the
free Mn*?t level is enhanced three-fold in the fed as com-
pared with the fasting state (Ash and Schramm, 1982).
However, it should be noted that this leads to an effect
upon PGM activity opposite to that produced by Zn++/Mg++
levels. 1In the fed state the insulin level should be
elevated and this will decrease the Zn++/l\’1g++ ratio. Thus.
if the concentra?ion of metal ions influences the activity
of PGM in a metabolically significant way, the effect

must be complex.

A newly discovered compound, F2P6P, may also regulate PGM
activity. This compound is not an intermediary metabolite
of glycolysis, but is a potent regulator (review by Hers
and Van Schaflinger, 1982). The normal concentration of
F2P6P is 3.5 uM in rat liver and changes from about 1 pM

to 10 uM whén glucagon and glucose respectively are admini-
stered " (Hue et _al., 1981). F2P6P is a positive effector

of phosphofructokinase and a negative effector of fructose-l,6-
vdiphosphatase. Its concentration increases when F6P is
plentiful. Its presence may be regarded as a signal of
glucose abundance. Although the data are not avaiiable

_ for PGM, it appears that F2P6P could regulate PGM activity

if this enzyme had a greater affinity for F2P6P than for
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GlP6P. . It is also possible that the failure to isolate

a completely phosphorylated liver PGM could be explained
by the presénce of tightly bound F2P6P, especially as

this enzyme has a relatively high L for G1P6P. There is
a delay before F2P6P formation in liver, after administra-
tion of glucose, for initially glycogen synthetase is
stimulated and G6P kept low. Only after the glycogen
stores are filled do G6P and F6P increase in concentration
and initiate F2P6P synthesis. Thus F2P6P is apparently
concerned more with glycolysis and lipogenesis than with
glycogen metabolism. However, elevated levels of F2P6P
may inhibit PGM (by competing with G1P6P) and this could
allow F2P6P to switch off glyvcogen breakdown when glucbse
is readily available. This inhibition would act in a
manner which was tomplementary to the principal methods

of regulating carbohydrate metabolism.
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4.8 CONCLUSIONS

From the results obtained, the following conclusions can

be drawn.

1. Rabbit liver PGM appears to have properties very simi-
lar to those of rabbit muscle PGM in most major respects.
The two enzymes are similar in their pH optima (3.2.4),
requirements for Mg++ (4.3), sensitivity to the inhibitory

metal ions (4.3) and the requirement for a chelating agent

in the assay mixture for maximum activity.

2. In contrast to rabbit muscle PGM, the liver enzyme did
not require preincubation with Mg++ and chelating agent for
maximum acitvity ‘(4.4). This is because the removal of
inhibitory metai ions from the enzyme occurred during iso-

lation of this enzyme (4.3).

3. The molecular weight of rabbit liver PGM is found to

be higher than that of the rabbit muscle enzyme (3.2.3).

It is uncertain whether liver PGM has, in fact, a higher
molecular weight, or whether it was isolated in a compara-
tively undegraded form. However, the difference in mobili-
ties on polyacrylamide (3.7.1) of bands of phosphoenzyme
zones f?om rabbit liver and rabbit muscle showed that a

small difference in molecular weight is possible.

4. PGM from rabbit liver appeared to be only partly phos-
phorylated, as isoenzymes appeared in electrophoresis as
phospho- and dephosphoenzyme zones (3.7.1). However, from

the levels of GlP6P in liver, it might be expected that
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PGM wqg%? occur in the completely phosphorylated form
(4.7). The presence of F2P6P may be responsible for
the incompleteness of phosphorylation, if the affinity

of rabbit liver PGM for F2P6P is higher than that for

GlP6P.

5. Only 0.45 mol 32P mol_'l could be incorporated into
rabbit liver PGM in comparison with 0.84-1.19 mol 32P
mol_l for rabbit muscle enzyme (3.6.1). This low incor-
poration of 32P-—label into rabbit liver cannot be
explained by the presence of iﬁpurities or that of

enzyme binding zn't instead of Mg++

(4.6). Moreover,

the stability of the rabbit liver phosphoenzyme and
evidence from other PGMs indicates that the diphospha-
tase activity oﬁ PGM is insufficient to account for

this phenomenon (4.5). It is possible that the distri-
bution of the enzyme between the EP.GmP and E.GlP6P forms

could account for this behaviour if the formation of

EP.GmP from E.Gl1P6P were relatively slow (4.6).

6. The kinetic properties of rabbit liver PGM were found |
to be similar to those of the rabbitmwuscle enzyme (3.4),
although the rabbit liver PGM showed a small diphosphatase
activity. In contrast to all other PGMs investigated,
rabbit liver enzyme showed a high Km for GlP6P. This may
"have a metabolic importance, for although inhibition by
metabolic intermediates can scarcely be significant, inhi-

bition by F2P6P may be more so (4.7).
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7. A phosphoenzyme mechanism has been unequivocally
established for rabbit liver PGM, using isotopic evi-
dence (4.6). All PGMs may have the same mechanism of

action. This similarity may have an evolutionary

importance.

8. The level of GlP6P in tissues appears to be a regu-
latory factor for several key metabolic enzymes (1.1.10).
The low diphosphatase activity associated with PGM in
liver is inadequate to regulate the G1P6P concentration

(4.5). The enzyme may, however, contribute to GlP6P

" synthesis.

9. PGM activity in rabbit liver and rabbit muscle should
be independent of the concentration of Gl1P6P in vivo,
since this substance is present in excess (4.7). From
the data available, free Mg++ and Zn++ concentrations iﬁ
muscle and free Mg++, Mn++ and Zn++ concentrations in
liver could be responsible for the regulation of PGM

activity in vivo.
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4.10 SUGGESTIONS FOR FUTURE WORK

The following points can be considered for future investi-

gations.

In the present study, the activation of PGM has been obser-
ved in the presence of low concentrations of ATP (0-0.5 mM)
and 2 pM GlP6P and in the presence of citrate (2.5 mM)

and high concentrations of G1P6P (50 uM). The possibi-

lity that these chelators could under some conditions
activate the enzyme by chelating inhibitory metal ions

has been excluded (4.3). This activation could be further
investigated by determining the extent of activation pfo—
duced by ATP at high G1P6P concentrations and «citrate at
low G1P6P concentrations. For all experiments the con-
centrations of free Mg++ should be carefully controlled;

It may then be possible to show that there is a binding
site for ATP and citrate which is associated with the acti-

vation process.

A small diphosphatase activity has been observed to be
associated with rabbit liver PGM. However, this activity
was measured in the presence of Mg++ ions. In vivo PGM
activity appears to be regulated by the ratio of the free

++ ++ ++
metal ion concentrations, Mg and Zn in muscle and Mg ,

Mn®t and zn't in liver (4.3). The possibility that binding
of the enzyme by zn*" (or Mn®*") enhances the diphosphatase

activity should be investigated.

It has been shown that most of the Gl1P6P in liver is

synthesized bythe action of PGM upon GlP and F1P6P and by
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the action of G1P6P synthetase upon GlP and 1,3-diPGA.

The latter enzyme is possibly an isocenzyme of the PGM
(1.1.10). Since the presence of" Mg++,’

++ ++ . .
Mn and Zn affects the PGM activity, it would be

interesting to investigate the effects of individual

metal ions on the rate of synthesis of G1P6P.

In the preparation of labelled phosphoenzyme, a lower
incorporation of 32P—label was observed with rabbit liver
PGM in comparison to rabbit muscle enzyme (4.6). In

order to explain this lower incorporation, a tentative

"scheme has been presented. This scheme shows that the

low incorporation may be due to an equilibrium between
the two possible forms of‘the central complex, E.G;PGP
and EP.GmP. As a consequence of this, the ratio of rate
with which 32P— or 14C—label.from GlP accumulates in
GlP6P compared to G6P should be higher than in the case

of the rabbit muscle enzyme. This prediction could be

easily tested.

A phosphoenzyme mechanism has been unequivacally established
for rabbit liver PGM in the present study, and PGMs from

rabbit muscle and M.lysodeikticus, using isotopic evidence

(1.1.9). It is possible that all PGMs have the_same. phospho-
enzyme mechanism. To test this hypothesis further, induced-
transport tests should be carried out with PGMs from

B.cereus, B.subtilis and yeast as the evidence for a

phosphoenzyme mechanism with these enzymes is not conclusive.
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(6) PGM may#p? a regulatory enzyme. From the data available
it is unlikely that the GlP6P concentration could regulate PGM
activity in viéo,_because of the presence of excess GlP6P in cam- -
parison to its K (4.7). Similarly other anionic metabo-
lites could not be responsible for the regulation of PGM
activity at physiological concentrations of GlP6P (4.7).

+ ++ .
and Zn concentrations do seem

However, the free Mg+
to have an effect on PGM activity in rabbit muscle (Peck
and Ray, 1971). Similarly in liver, in addition to free
concentrations of Mg++ and Zn++, Mn++ could also possibly
be responsible for the regulation of PGM activity because
the free Mn'? concentration fluctuates under different
physiological conditions (Ash and Schramm, 1982). Further-
more, although no data are available, F2P6P may also have
an effect on PGM activity. This compound is a potent
regulator of phosphofructokinase and its concentration
fluctuates under different physiological and hormonal

conditions (Hers and Schaftingen, 1982). Thus the Ki value

for F2P6P with PGM should be determined.

It may also be of interest to see whether F2P6P can act
as a cofactor for the enzyme, as this would implicate PGM

in the control of the level of F2P6P in the cell.

{(7) The presence of a small amount of phosphoribomutase in
comparison to PGM has been reported in rabbit liver and.
the amount of this enzyme is higher in rabbit liver in com-
parison to muscle (Kammen and Koo, 1969). Phosphoribomutase
requires G1P6P but does not require Mg++ for its activity.

In recent studies in this laboratory, rabbit liver
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phosphoribomutase has been separated from PGM on a
chromatofocussing column. The isocelectric points of
PGM and phosphoribomutase have been found to be 6.8
énd 5.8 respectively. It would be interesting to
investigate the properties and the mechanism of action
of this enzyme, so that the mode of phosphate transfer

could be compared with that of other phosphomutases.
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APPENDIX

A. Transfer of labelled glucose and labelled phosphate from

GlP to G6P by three possible mechanisms of PGM (Britton

and Clarke, 1968)

1. Phosphoenzyme mechanism (Mechanism 1)

k, k,
G*1P* + EP; ———> ES —2— EP} + G*6P
T %
-1 -2
k3
EP§ —— EP*
o i
-3
ky ky
GlP + EPI —_— ES§ — EP2 + G6P*
T R
-1 -2
ks
EP — EP
2 s v’k_— l
-3
ky
ES —2 s E + GIPGP
K_4

2. Intramolecular transfer mechanism (Mechanism 2)

k k
G*1P* + EP ——}—\ ES ————52 EP. + G*6P*
1l «—— — 2
k k
-1 -2
ky
EP —> EP
2 1
k3
k4
ES —— E + G1lP6P
k
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3. Intermolecular transfer mechanism (Mechanism 3)

k 3
c*1p* + [E.G1P6P], —— BS —2- [E.G*1P*6P], + G6P
“k “k_
-1 -2
Ky
* *
[E.c*1p*6eP], —k—\ [E.c*1p*6P];
-3
1 X1 )
GIP + [E.G*1P*6P];, ——— ES —=— [E.GIP6P*], + G*6P
~ k. X, 2
-1 -2
k3
[E.cipép*], —— [E.GlP6P*],
-3
! k)
Glp + [E.G1PeP*], —— ES —=— [E.GlP6P], + G6P*
“k_, “k_ '
-1 -2
- ky
[E.cip6p], —— [E.GlP6P],
J—
k_3

G* and P* represent labelled molecules. ES represents
the enzyme substrate complex; EPl and EP2 represent
different forms of phosphoenzyme, [E.G1P6P]l and
[E.G1P6P:[2 represent different forms of the dephospho-
gnzyme—GlPGP complex, and E dephosphoenzyme. kl and k2
etc are rate constants. For details of mechanisms see

1.1-90 -
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B. Flux Equations (see Britton and Clarke, 1968)

The following equation was used to calculate the change

32

in label of G1P (14C or ““P) during the progress of the

reaction for various possible mechanisms of PGM

dleip*]l = L[eip*Ir _ Lgep*] ®
d[GIP] [GIP](r-1) [G6P](r-1)
where
- , 324 14
[G1p*] = concentration of [““P] G1P or [~ °C] G1P

[Gep*]

r = flux ratio

concentration of [32P] G6P or [14CI G6P

Change in radioactivity depends on the flux ratio (r)
in equation 1, which is related with various possible

mechanisms:

1. For direct transfer of label (32P or 14C)

Ccip]l (1 + o k CeerD) @

r =

K[G6P] (1 + o [G1P])

2. For indirect transfer of label (32P or 14C) requiring

twoc catalytic cycles:

_ Ceipd? (1 + o x [gepd) 0
=" 2
k“[c6P]* (1 + o . [G1P])

3. For indirect transfer of label (32P or 14C) requiring

three catalytic cycles

_[e1p2® (1 + o k [Ger]) —
rE3 3
k> [c6P]° (1 +a [G1P])

In equations 2, 3 and 4

< (=10)

= i1i ium constant dehne e
K = equilibri hne o GoP]
a =k '

k Ik
+1 %42 / -3 (k—l + k+2)
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o is a measure of the rate at which the isomerisation of
the two isomeric forms of the enzyme occurs. a is zero
when the isomerisation is rapid. Its upper limit for

slow isomerization was evaluated using the following

equation:
1l Viax
o < 3 1+ — — 0
m(G1P)
max
Vf =V of forward direction (GlP to G6P)
max max

r
\Y
max max

of reverse direction (G6P to G1P)

Since V;ax'for rabbit liver PGM was not determined, the
f

ratio of vmax’ of rabbit muscle PGM (in Ray and Roscelli,
¥
max
1964b) was used to evaluate a. It was assumed that this
ratio would not differ significantly for enzymes from two

sources.

The following equation was used to evaluate the rate of
isomerisation of two isomeric forms of the enzyme at high

substrate concentrations.

oK
?(Glp) _ El . El ®
v k3 k_..3

max



592nd MEETING, LONDON

mechanism (e.g. Ricard et al., 1972; Colowick, 1973). Although
evidence for the formation of binary complexes between glucose

and hexokinase II has been provided by the protection of the '

enzyme by glucose against proteolytic digestion, no similar
effect could be demonstrated with ATP (Grossbard & Schimke,
1966).

To resolve the question of the mechanism of substrate
addition, rat skeletal-muscle hexokinase II, purified to homo-
geneity by the method of Holroyde & Trayer (1976) was studied
by the flux-ratio method introduced by Britton (1966). The ratio
of the flux of [**Clglucose 6-phosphate to glucose over the flux
of glucose 6-1*?Plphosphate to ATP measured at constant
[ADP} and [glucose 6-phosphate] concentrations in the absence
of ATP as [glucose] was increased was found to be independent
of [glucose] and equal to unity. This provided evidence for an
obligatory order of addition of glucose and ATP, with glucose
binding to the free enzyme. The dependence of the ratio flux of
glucose 6-phosphate to ATP/flux of glucose 6-phosphate to
glucose on [ATP] was consistent with an ordered mechanism in
which ATP was the second substrate. Furthermore, the slope of
the plot of this ratio against [ATP] increased with [ATP] and
with [glucose 6-phosphate]. This finding was consistent with the
binding of glucose 6-phosphate to an allosteric site on
hexokinase II. :

There is some controversy in the literature concerning the
mode of feedback inhibition of the hexokinases by glucose
6-phosphate. Kinetic evidence obtained by Ning ef al. (1969)
and Purich & Fromm (1971) supports action of glucose
6-phosphate at the catalytic site and of ADP at a regulatory site,
whereas Kosow & Rose (1970) argue that glucose 6-phosphate
acts at an allosteric site and ADP at the catalytic site. Binding of
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glucose 6-phosphate to hexokinase I has been shown to cause a
conformational change reflected in the protection of 8 out of 12
thiol groups that react with 5,5'-dithiobis-(2-nitrobenzoate) in
the absence of glucose 6-phosphate and protects completely
against inactivation by the reagent (Redkar & Kenkare, 1972).
Glucose 6-phosphate has also been shown to release mito-
chondrially bound hexokinases in a specific manner, pre-
sumably through conformational changes. However, there is
little evidence that an allosteric site is involved, even though this
seems to be the most popular view. The unusual dependence of
the ratio flux of glucose 6-phosphate to ATP/flux of glucose
6-phosphate to glucose on both [ATP] and [glucose 6-
phosphate] provides kinetic evidence for such an allosteric site.

The financial support of the M.R.C. in the form of a project grant to
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acknowledged.
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Mechanism of action of rabbit liver phosphoglucomutase

HARIS JAMIL and JOHN B. CLARKE

Department of Biochemistry, Bedford College (Unirersity of
London), Regent’s Park, London NW1 4NS, UK.

Phosphoglucomutases that need magnesium ions for activity
also require glucose 1,6-bisphosphate as cofactor. Transfer of
phosphate from the I- to the 6-position of glucose may occur by
a phosphoenzyme intermediate (mechanism 1), an intra-
molecular transfer of phosphate (mechanism 2) or by an
intermolecular transfer of phosphate from glucose 1.6-
biphosphate to the monophosphates (mechanism 3) (Britton &
Clarke, 1968). In mechanism 1 the intermediate may be either a
true phosphoenzyme or an enzyme-—glucose 1,6-biphosphate
complex, which performs the role of a phosphoenzyme
(mechanism 1’). The appropriate mechanism for rabbit liver
phosphoglucomutase was determined by induced-transport
experiments as described below.

Livers were removed from freshly killed rabbits and phospho-
glucomutase isolated by a modification of the method of Scopes
(1977). A partially purified preparation (sp.activity 100units/
mg) was used in all experiments. Phosphoglyceromutase,
hexokinase, glucose 6-phosphate dehydrogenase and glucose
6-phosphatase activities were less than 0.1%, and phospho-
glucose isomerase activity less than 1% of the phospho-
glucomutase activity. .

Induced-transport tests were carried out using ["*Clglucose
6-phosphate (Sp.radioactivity 34 Ci/mol} purified chromato-
graphically from [**Clglucose and ['Clglucose 1,6
bisphosphate, and pure glucose 6-[*?Plphosphate (Sp.activity
32Ci/mol) prepared by a modification of the method of
Schendel & Wells (1973). Labelled substrate was incubated with
the enzyme until chemical equilibrium was obtained. Then excess
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Fig. 1. Induced-transport tests with *P- and '*C-labelled

substrates for rabbit liver phosphoglucomutase

A. Glucose 1-[*?Plphosphate radioactivity; @, ["Clglucose
1-phosphate radioactivity (both in d.p.m./ml and corrected for
dilution at zero time); O, glucose 1-phosphate. The continuous
lines are theoretical curves for glucose 1-phosphate radio-
activity. For glucose 1-[**Plphosphate and ['Clglucose
1-phosphate radioactivity the expected curves for mechanism 1
are lines 3 and 1 respectively, for mechanism 2, lines 1 and 1
respectively and for mechanism 3, lines 2 and 3 respectively.
Line 4 indicates the expected radioactivity changes for mechan-
ism 3 with [*Clglucose 1-phosphate if isomerization of the
enzyme—glucose 1,6-biphosphate complex is slow with a rate
constant of 288s7), or for mechanism 1 with glucose 1-
[*?P]phosphate if isomerization of the phosphoenzyme is equally
slow. ’
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unlabelled glucose 1-phosphate was added and changes in the
concentration of glucose 1l-phosphate and glucose 1-[¥P]-
phosphate activity were followed as the system relaxed back
towards equilibrium. The results from a number of such
experiments at low concentrations of glucose monophosphates
are shown in Fig. 1. With 3?P-labelled substrates, co-transport of
glucose 1-[**Plphosphate into glucose 6-phosphate was obser-
ved. The activity of glucose 1-[*?P]phosphate fell to 37% of its
original value and then returned to that value as chemical
equilibrium was reached. Any fall in *?P radioactivity in the
1-position of glucose 1,6-biphosphate would not affect this value
significantly. The fall in glucose 1-[**Plphosphate radioactivity is
very similar to that expected for a phosphoenzyme mechanism
(see line 3, Fig. 1).

In similar experiments with '*C-labelled substrates no induced
transport was observed (line 1, Fig. 1). Taken together these
results support mechanism 1 and exclude mechanisms 2 and 3.
However. mechanism 3 could give rise to the observed
induced-transport pattern if the isomerization of the enzyme—
glucose 1,6-biphosphate complex is rate-limiting as the degree of
co-transport for C- and 3?P-labelled substrates is decreased
towards that of mechanism 1. This possibility has been
excluded. for to decrease the *C-co-transport to less than that
indicated by line 4 in Fig. 1, the K, for glucose 1-phosphate
would need to be five times less than the experimental value (see
Britton & Clarke, 1968).

BIOCHEMICAL SOCIETY TRANSACTIONS

Similarly any isomerization of the phosphoenzyme (mechan-
ism 1) should decrease the extent of 3?P-co-transport and lead to
4C_counter-transport especially at high substrate concen-
trations. No !C-counter-transport was observed, and under
these conditions, experiments indicated that the rate constants
for any isomerization must be in excess of 2.7 x 10’s~%. Thus
these results are only compatible with mechanism 1 or 1.

To determine the nature of the phosphoenzyme, 10 units of
enzyme were incubated for 1 min at 30°C with 0.25 4Ci each of
3p. and 'C-labelled glucose 1,6-biphosphate in 160mM-
histidine/40 mMm-tris/5 mm-MgCl,, pH 7.4. In the same buffer at
4°C, the mixture was passed down a Sephadex G-25 column.
No radioactivity was associated with the enzyme fraction, which
suggests that the phosphoenzyme is unstable (probable half-life
<6min at 4°C). In contrast the phosphoenzyme from muscle is
stable. Gel electrophoresis by the method of Laemmli & Favre
(1973) showed that the isoenzyme patterns of the rabbit muscle
and liver enzymes are different. It is therefore possible that the
apparent bisphosphatase activity associated with the liver
enzyme is of metabolic importance.
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Hexose monophosphate shunt and labelling of amino acids in rat brain after injection of
[U-*Clglucose

M. K. GAITONDE, L. P. LEWIS. G. EVANS and

A. CLAPP

Department of Biochemistry, St. George’s Hospital Medical
School, Cranmer Terrace, London SW17 ORE, UK.

Glucose is metabolized in the adult brain mainly by glycolysis;
only a small amount, up to 1.3% in rat brain and 5.8% in
monkey brain, is oxidized directly by the hexose mono-
phosphate shunt pathway (Hostetler et al.. 1970; Gaitonde &
Arnfred, 1971: Coleman & Allen, 1978). Since [U-**Clglucose
administered to rats and cats (see Gaitonde ef al., 1965) is
rapidly converted into !4C-labelled glutamate and associated

amino acids, it was of interest to investigate whether a part of -

the labelled amino acids was formed subsequent to the direct
oxidation of [U-"Clglucose by the hexose monophosphate
pathway. It was decided. therefore, to block the hexose
monophosphate pathway by inhibiting the activity of 6-
phosphogluconate dehydrogenase by injecting 6-aminonicotina-
mide to rats. 6-Aminonicotinamide is incorporated into NADP
and NAD giving 6-aminonicotinamide analogues of these
cofactors, ie.  6-aminonicotinamide—adenine dinucleotide
phosphate and 6-aminonicotinamide—adenine dinucleotide re-
spectively, which are strong competitive inhibitors of the
enzymes utilizing the natural cofactors. In the brain the main
biochemical observation is a severalfold increase of 6-phospho-
gluconate, indicating almost complete inhibition of 6-phospho-
gluconate dehvdrogenase (Herken & Lange, 1969). Animals
treated with 6-aminonicotinamide show a variety of neuro-
logical abnormalities, e.g. irreversible paralysis, impaired right-
ing responses, unsteadiness of gait, anorexia and blindness. In 2
days the animals show lesions in the central nervous system
(spinal cord and brain) confined to the grey matter, sparing the
white matter and peripheral nerves (Wolf ef al., 1959).

At 30 min after administration of [U-'“Clglucose to rats
paralysed in 4h after an injection of 6-aminonicotinamide the
14C content of brain amino acids decreased by 16% (P <0.001).
This decrease was reflected in glutamate and associated amino
acids. The pool sizes of glutamate and 4-aminobutyrate
decreased (P =0.01), glucose increased (P<0.01), lactate
slightly decreased (P < 0.05) in the brain of the treated rats. The
specific radioactivities of brain glucose and lactate in the treated
group were similar to those in the control group (five animals in
each group). The ¥C content of brain 6-phosphogluconate was
significantly higher in the treated group; this indicated that the
hexose monophosphate shunt pathway was blocked or strongly
inhibited. The results are interpreted as evidence that the triose
phosphate formed in the adult brain by the hexose mono-
phosphate pathway and subsequently glycolysed contributes to
a measurable extent to the labelling (or formation) of glutamate
and 4-aminobutyrate. Thus the inhibition of the hexose
monophosphate shunt pathway in certain (neuronal) brain cells
might be responsible for the disturbance in the normal
functioning of the brain.
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