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Abstract—1. Anoxia exposure resulted in a stable modification of the kinetic properties of 6-phos-
phofructo-1-kinase (PFK) from the anterior byssus retractor muscle (ABRM) of the sea mussel Mytilus
edulis L.

2. Compared to the aerobic enzyme, the anoxic form of PFK showed a reduced affinity for both
substrates, fructose-6-phosphate (F6P) and ATP, and an increased sensitivity to inhibition by phospho-
enolpyruvate.

3. To analyze the involvement of protein kinases in the modification of PFK, extracts from aerobic or
anoxic muscle were incubated with ATP and Mg?* plus protein kinase second messengers cyclic
3,5-adenosine monophosphate (cAMP), cyclic 3',5'-guanosine monophosphate (¢cGMP) or Ca?* plus
phorbol 12-myristate 13-acetate (PMA).

4. Both forms of the enzyme responded to the presence of cAMP with a strong increase in affinity for
F6P.

5. In response to cGMP affinity of the aerobic enzyme for F6P decreased whereas that of the anoxic
enzyme form was not affected (at 0.5 mM ATP) or increased (at 3 mM ATP).

6. Incubation with Ca?* + PMA had only a limited effect on PFK kinetics but appeared to enhance
the response to cGMP when the three compounds were given together.

7. Treatment of PFK-aerobic with alkaline phosphatase resulted in a strong decrease in enzyme activity
and affinity for F6P; subsequent treatment with cCAMP reversed the effect on S, 5 F6P.

8. The data indicate that PFK activity is altered during the aerobic-anaerobic transition by a change
in the phosphorylation state of the enzyme and that cAMP and cGMP act oppositely to regulate PFK
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activity, and thereby alter glycolytic rate, during this transition.

INTRODUCTION

Many marine invertebrates, particularly those with
intertidal or burrowing lifestyles, are excellent facul-
tative anaerobes. Adaptive strategies for anoxia sur-
vival include metabolic rate depression and the use of
alternative pathways for fermentive ATP production
(de Zwaan, 1983; Storey, 1985a). The glycolytic
pathway is central to the anaerobic response and, as
such, a variety of regulatory mechanisms have been
elaborated that control glycolytic enzymes to regulate
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Abbreviations: ABRM, anterior byssus retractor muscle;
PK, pyruvate kinase (EC 2.7.1.40); PFK, 6-phospho-
fructo-1-kinase (EC 2.7.1.11); PEPCK, phospho-
enolpyruvate carboxykinase (EC 4.1.1.32); PMA,
phorbol 12-myristate 13-acetate; cAMP, cyclic 3',5-
adenosine monophosphate; c¢GMP, cyclic 3',5-
guanosine monophosphate; F6P, fructose-6-phosphate;
F2,6P,, fructose-2,6-bisphosphate; PEP, phospho-
enolpyruvate.

glycogenolysis and coordinate glycolytic rate depres-
sion during anoxia. These mechanisms include:

(1) the covalent modification of regulatory
enzymes via protein phosphorylation or
dephosphorylation;

(2) the reversible association of enzymes into
ocomplexes bound to subcellular particles; and

(3) control over carbohydrate use for biosynthetic
purposes via fructose-2,6-bisphosphate (F2, 6P,)
regulation of 6-phosphofructo-1-kinase (PFK)
(Story, 1985a).

The role of covalent modification in the control of
glycolytic enzymes in anoxia has been particularly
well analyzed for pyruvate kinase (PK) in marine
molluscs. Anoxia-induced phosphorylation of PK via
endogenous protein kinase(s) converts the enzyme to
a less active form that has a lower maximal activity,
reduced substrate affinity for phosphoenolpyruvate
(PEP), reduced activation by fructose-1,6-bisphos-
phate, and greatly enhanced inhibition by L-alanine
(Holwerda et al., 1983, 1989; Plaxton and Storey,
1984a,b, 1985; Michaelidis et al., 1988; Michaelidis
and Storey, 1990a). The same mechanism also appears
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to control PFK. The properties of PFK isolated from
foot muscle of anaerobic whelks were distinctly differ-
ent from those of the aerobic enzyme form and were
consistent with a less active enzyme form in anoxia
(Storey, 1984). The anoxic enzyme form, as compared
to the aerobic form of PFK, had reduced affinity for
fructose-6-phosphate (F6P), and was more strongly
affected by inhibitors and less affected by activators.
In contrast to PK, however, the role of covalent
modification in regulating PFK for aerobic/anoxic
function and the protein kinase/phosphatase involve-
ment in the reversible phosphorylation of PFK are
less well understood. Recent data obtained from in
vitro studies on PFK from the posterior adductor
muscle of Mytilus edulis revealed that endogenous
cyclic nucleotide-dependent and Ca?*/phospholipid-
dependent protein kinases are involved in the phos-
phorylation of PFK in this organ (Michaelidis and
Storey, 1990b). Other studies have shown that cyclic
3’,5’-adenosine monophosphate (cAMP) and cyclic
3',5-guanosine monophosphate (cGMP) concen-
trations in posterior adductor muscle drop during the
first hours of anaerobiosis (Holwerda et al., 1981); in
this same time period, changes in muscle metabolite
levels indicate an inhibition of flux through the PFK
locus (Ebberink and de Zwaan, 1980). These data
suggest, therefore, that the anoxia-induced covalent
modification of PFK in mussel tissues may be cyclic
nucleotide dependent.

In the anterior byssus retractor muscle (ABRM) of
M. edulis the concentrations of CAMP and cGMP are
affected by the neurotransmitters serotonin and acetyl-
choline, respectively. The former compound causes
an increase in cCAMP concentration and a relaxation
of the ABRM, whereas the latter compound increases
¢GMP content and stimulates tonic contraction of
the muscle (Kohler and Lindl, 1980). In the catch
muscles tonic contraction results in a lower energy
expenditure (Baquet and Gillis, 1968) and a depres-
sion of glycolytic rate (Ebberink and de Zwaan, 1980;
Ebberink et al., 1979), whereas during the first hours
of recovery after muscle relaxation glycolysis is acti-
vated (de Zwaan, 1983; Lazou er al., 1989).

The present study examines PFK from the ABRM
of M. edulis analyzing the kinetic parameters of the
aerobic vs anoxic enzyme forms and testing, in muscle
extracts, the effects of added second messengers,
cAMP, cGMP or Ca’* plus phorbol 12-myristate
13-acetate (PMA) (stimulators of protein kinase C),
to determine the role of protein kinases in modifying
PFK for anoxic function.

MATERIALS AND METHODS

Animals and chemicals

Mussels, M. edulis, were obtained from the Marine
Biological Laboratory, Woods Hole, and were held without
feeding for 2 weeks in aerated, recirculating water at
18-20°C. To impose anoxia, mussels were placed in large
jars filled with seawater and the water was continuously
bubbled with nitrogen gas for 24 hr at 23°C.

All biochemicals and coupling enzymes were purchased
from Boehringer-Mannheim Corporation, Montreal, PQ.

Tissue preparation

ABRM was dissected out of individual mussels within
1 min of opening the valves. Samples were immediately
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frozen in liquid nitrogen and then stored at —60°C until use.
Muscle samples were homogenized 1:3 (w/v) in homogeniz-
ation buffer: 50 mM imidazole-HCl (pH 7.0) containing
100 mM NaF, 5mM EDTA, 5mM EGTA, 0.1 mM phenyl-
methylsulfonyl fluoride, 30 mM 2-mercaptoethanol, and
40% v/v glycerol. After centrifugation at 25,000g for 20 min
at 4°C, the supernatant was removed and passed through a
5 ml column of fine Sephadex G-25 equilibrated in 40 mM
imidazole-HCl (pH 7.0), 5SmM EDTA, 10 mM 2-mercap-
toethanol and 20% v/v glycerol. The column was spun in a
desk-top centrifuge at top-speed for 1 min. The filtrate was
used as the enzyme source for all studies.

Enzyme assay and kinetics studies

PFK activity was monitored by following NADH oxi-
dation at 340 nm using a Gilford recording spectrophoto-
meter attached to a circulating water bath for temperature
control of cuvettes. Temperature for all assays was main-
tained at 20°C. Optimal assay conditions were 100 mM
imidazole-HCI buffer, pH 7.0, 10 mM F6P, 0.5 mM ATP,
0.1 mM NADH, 50 mM KCl, 5 mM MgCl, and excess (1 U
each) dialyzed coupling enzymes aldolase, triosephosphate
isomerase and glycerol-3-P dehydrogenase. Substrate
affinity constants (S, ;) and Hill coefficients were calculated
from Hill plots. Activation constants (K,) were determined
using double-reciprocal plots of (1/V — V) vs 1/[activator]).
1, values (inhibitor concentration producing 50% inhibition
of enzyme activity) were determined by the method of Job
et al. (1978). All kinetic parameters are means + SEM for
n =3 separate determinations on different preparations of
enzyme.

In vitro phosphorylation and dephosphorylation

The preparation of muscle extracts for these experiments
followed the same protocol as above to the point of G-25
filtration, except that tissue from freshly killed animals was
used and homogenized 1:2.5(w/v) in homogenization
buffer. After centrifugation, the supernatant was passed
through a Sml column of Sephadex G-25 equilibrated in
40 mM imidazole-HCI (pH 7.0), 20% v/v glycerol, 10 mM
potassium phosphate, 10 mM 2-mercaptoethanol and 5 mM
EDTA [glycerol and inorganic phosphate (P;) are added to
stabilize PFK activity). The columns were spun in a desk-top
centrifuge at top-speed for 1.5 min. The filtrate was collected
and divided into aliquots of 100 u1. Each aliquot was diluted
with 100 ul of a solution containing 40 mM imidazole-HCI
(pH 7.0), 20 mM MgCl,, 40mM NaF, 10 mM 2-mercap-
toethanol, 20% v/v glycerol, ATP (0.5 or 3.0 mM) and one
of the following:

(a) 5uM CaCl,, and 10 ug/ml PMA;

(b) 3mM cAMP;

(c) 3mM cGMP;

(d) 3mM cAMP and 3 mM cGMP;

(e) 3mM cAMP, 2.5 uM CaCl,, 10 ug/ml PMA; or
(f) 3mM cGMP, 2.5 uM CaCl,, 10 ug/ml PMA.

Filtrages that did not contain cAMP, cGMP and MgCl,,
but did include 0.5 or 3.0 mM ATP and 5.0 mM Fé6P were
used as controls. Incubations were carried out for 2 hr at
30°C, then desalted by passage through spun columns as
described above, and PFK kinetics were assessed.

For experiments involving in vitro dephosphorylation and
subsequent phosphorylation of PFK-aerobic, filtrates were
prepared as described above. Samples were then incubated
at 30°C for 2hr in the presence of 0.3 U/ml of alkaline
phosphatase and 20 mM MgCl,. After incubation the mix-
tures were dialyzed by centrifugation through 2 mi columns
of Sephadex G-25 equilibrated with a buffer containing
40 mM imidazole-HCI (pH 7.0), 10 mM 2-mercaptoethanol,
20% v/v glycerol, 10 mM potassium phosphate and 0.1 mM
EDTA. The filtrates were then incubated at 30°C for 2 hrin
the presence of 3.0 mM cAMP, 20 mM MgCl,, 40 mM NaF
and 3.0 mM ATP. After incubation the samples were again
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Table 1. Kinetic constants of aerobic and anoxic forms of phospho-
fructokinase from anterior byssus retractor muscle of M. edulis

Aerobic Anoxic
Enzyme constants muscle muscle
So.5 F6P (mM) 1.34 £ 0.077 2.62+0.12
ny 1.38 +0.23 1.11 + 0.012
K, Mg-ATP (uM) 16 £ 0.3 21 4 0.7°
K, AMP (mM) 0.12 + 0.014 0.12 +0.016
K, F2,6P, (uM) 8.3+ 0.96 8.5+1.0
K, P,(mM) 1424020 1.22+0.11°
I, PEP (mM) 1.18 1+ 0.057 0.81 + 0.049°
I Mg ATP (mM) 2.06 + 0.042 2.54 + 0.046*

Values are means + SEM, n = 3 determinations on separate prepar-
ations of enzyme from different animals. Effector constants were
determined at 0.2 mM F6P for X, values for both enzyme forms
and 3.0 mM F6P for I, values.

*Significantly different from the corresponding values for the aerobic

. enzyme form as determined by the Student’s t-test, P < 0.005.

P <0.1.

passed through spun columns and the filtrates were used
for measurement of PFK activity. Control samples were
treated identically except that alkaline phosphatase was not
added.

RESULTS

Table 1 shows the kinetic properties of PFK from
the ABRM of M. edulis sampled from aerobic vs
21 hr anoxic mussels. Both aerobic and anoxic forms
of PFK showed Michaelis-Menten behavior with
respect to F6P as the substrate. The affinity for both
substrates decreased significantly in anoxia: S, (F6P)
increased by 2-fold whereas K,, ATP increased by
30% in anoxic, compared to aerobic, muscle.

ABRM PFK was activated by AMP, F2,6P,
and P; (Table 1); the enzyme was not activated by
ammonium ion. Anoxia exposure resulted in a small
change in the K, for P; but did not alter K, values
for AMP or F2,6P,. ATP and PEP inhibited ABRM
PFK but the enzyme was not inhibited by citrate.
Inhibition constants for ATP and PEP changed sig-
nificantly in anoxia; I, for PEP decreased by 30%
whereas I, for ATP increased by 23% (Table 1).

In vitro phosphorylation

Table 2 shows the S, s values for F6P of the aerobic
vs anoxic forms of ABRM PFK incubated in vitro
without or with different second messengers. Both
forms of PFK lost substantial amounts of their
activity during incubation of the extracts at 30°C for

761

2 hr, even though stabilizers, F6P (5.0 mM), ATP (0.5
or 3.0 mM) and glycerol (20% v/v), were present in
the incubation mixture. In addition, the affinity for
F6P decreased (S;s increased by 50-80%) over the
incubation time for the control samples (compare
Tables 1 and 2). In the presence of high ATP
(3.0 mM) as a stabilizer, this change in F6P affinity
was even more pronounced.

The presence of various second messengers in the
incubations had marked effects on the resulting S
values of both forms of PFK.

cAMP

In the presence of cAMP the S, value for F6P
decreased as compared to the control enzyme for
both the aerobic and anoxic forms of PFK. In both
cases, the presence of cCAMP had a greater effect on
the S, 5 of the anoxic enzyme form. In the presence of
0.5 mM ATP, incubation with cAMP decreased the
Sos value for the aerobic enzyme to 82% of the
aerobic control value vs a decrease to 62% of the
anoxic control for the anoxic enzyme form. At 3 mM
ATP, the effect of the presence of cAMP was much
greater with S, 5 reduced to 30 vs 21% of the corre-
sponding controls.

cGMP

In contrast to the effect of cAMP, the presence of
¢GMP in the incubation (at 0.5 mM ATP) increased
the S,; of PFK-aerobic significantly (by 54%) as
compared to the control enzyme. Under the same
conditions the S;; value of PFK-anoxic did not
change. At high ATP, however, the presence of
c¢GMP did not alter the apparent S, for the aerobic
enzyme form but did reduce the value for the anoxic
form.

cAMP + cGMP

In the presence of both cyclic nucleotides,
the effects on S, s values of the aerobic enzyme form
were much the same as were seen in the presence
of cAMP alone. For the anoxic enzyme form, how-
ever, the results were similar to the effects of cGMP
alone: no change in S;5; F6P at low ATP and a
decrease in S, 5 to ca 35% of the control value at high
ATP.

Table 2. The effect of second messengers on the S, ; value for F6P of aerobic and anoxic forms of PFK
from ABRM in the presence of different concentrations of ATP

S, s F6P (mM)

Incubation with

0.5mM ATP 3.0mM ATP

Conditions Aerobic Anoxic Aerobic Anoxic
Control 2.16 + 0.024 4.08 +0.024 6.60 + 0.71 9.51 +0.74
cAMP 1.77 + 0.010* 2.54 +0.16° 1.98 + 0.060° 2.00+ 0.070°
¢GMP 33240158 423+0.19 6.52 +0.44 3.03+0.37
cAMP + cGMP 1.72 + 0.038* 4.19 +£0.077 247+ 0.11° 3.57+0.18°
Ca’* + PMA 2.52 +0.028 4.36 +0.24 3.98 +0.049*  10.35 4 1.65
cAMP + Ca** + PMA 2.16 + 0.020 2.85 4 0.067° 2.04 + 0.042° 3.10 £ 0.28*
c¢GMP + Ca’* + PMA 3.54+0.11* 4.20 + 0.053 12.12 £ 1.37° 3.40 + 0.28*

Values are means + SEM, n =3 determinations on separate preparations of enzyme from different
animals. Conditions for enzyme incubation with second messengers and the determination of S
values are described in the Materials and Methods.

“Significantly different from the control values as determined by the Student’s ¢-test, P < 0.005.

*P <0.025.
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Ca’* + PMA

The stimulators of protein kinase C action,
Ca’ and PMA had an effect only on the S,
of PFK-aerobic in the presence of 3.0mM ATP
(Sys decreased significantly) and did not affect
enzyme affinity for F6P under any of the other
conditions,

cAMP + Ca’* + PMA

The effect of these three comnounds “uded to-

LD ungs L

gether was very similar to the effects of cAMP alone

(Sy.s decreased significantly) with the exceptlon that
value af PFK caarnhic at N § mM

LI 2g 5 Yaiae UL O SK-allO oI a v, 0 TILivs

altered by the experimental treatment.

cGMP + Ca?* + PMA

In three out of four conditions, the effect of these
compounds was essentially the same as the effect of
c¢GMP alone on enzyme Sy5. Thus, at low ATP, S,
of the aerobic form increased whereas that of the
anoxic form was not affected. By contrast with the
effects of ¢cGMP alone, however, S, of the aerobic
enzyme, assayed at hxgh ATP, also increased (by
2-fold).

nt
ATP was not

In vitro dephosphorylation
The effect of treatment of PFK-aerobic with alka-

line phosphatase + MgCi, (2 hr at 30°C) followed by
incubation with cAMP + ATP + MgCl, + NaF (2 hr
at 30°C) on enzyme activity and affinity for F6P is
shown in Fig. 1. Treatment with alkaline phosphatase
reduced the measurable activity of PFK; calculated
Vmax decreased from 3.81 +0.050 to 2.42 +0.08 U/g
fresh wt. The treatment also strongly reduced enzyme
affinity for F6P; S, increased from 1.47 +0.03 to
9.52+ 0.15mM. The subsequent treatment of the
alkaline phosphate-treated enzyme with cAMP +
ATP + MgCl, reversed the change in enzyme S,s,
reducing S; s to 2.35 1 0.015 mM, a value very similar
to the untreated control value (Fig. 1). The treatment
did not significantly change enzyme V,,,, however.

DISCUSSION

PFK from ABRM showed similar properties to the
muscle enzyme from other invertebrate sources, in-

Pamm.
R a——
v

i 1 I\ Y.
10 20 30 40

FEP mM

Fig. 1. F6P saturation curves for PFK-aerobic from ABRM
of M. edulis after in vitro dephosphorylation and subsequent
rephosphorylation of the enzyme as described in Materials
and Methods. Conditlons are: [, control incubated

~ARAD,
without alkaline puvayna;awu or cAMP;, A, treatment

with alkaline phosphatase + MgCl,; O, treatment with
alkaline phosphatase followed by treatment with cAMP,
ATP + MgCl, + NaF.
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cluding PFK from the posterior adductor muscle of
M. edulis (Ebberink, 1982; Hofer et al., 1982; Storey,
1976, 1984, 1985b; Michaelidis and Storey, 1990b).
The ABRM enzyme was inhibited by ATP, P, and
PEP, and activated by AMP and F2,6P,. The enzyme
was not affected by NH; or citrate however. Lack
of citrate inhibition contrasts with the inhibitory
effects of this compound on vertebrate PFK but is
consistent with the findings for PFK from most
invertebrate sources. ABRM PFK had a fairly low
affinity for F6P (S,5 is probably ca 10-fold higher
than physiological F6P concentrations) and was
strongly inhibited at physiological ATP concen-
trations such that enzyme function in vive is undoubt-
edly dependent on the actions of allosteric effectors,

" The 1nh1b1t10n of ABRM PFK by PEP may have
special significance for PFK control in facultative

anaerobes, PEP concentration rises d"nng anoxia,

presumably due to the phosphorylation inactivation
of the PK locus (Ebberink and de Zwaan, 1980).

Faedhaclk inhihition of PEK hy tha anhoteata ~F tha

4 WwaUvavn ALIIUVIVVIL UL & 1 I Uy (9 94%) BUUQIJGLC wl I.ll\—
PK reaction would help to coordinate the activities of
these regulatory enzymes It is noteworthy that the
anoxic enzyme form of ABRM PFK is significantly
more sensitive to PEP inhibition than is the aerobic
enzyme.

ABRM PFK undergoes a stable modification that
changes its kinetic properties in response to anoxia
exposure. Aﬂinity for both substrates decreased in
anoxia and the kineiic consiants for P, activation and
for PEP and ATP inhibition changed significantly.
The net effect is probably to convert the enzyme to
a less active enzyme form in anoxia. These anoxia-in-
duced alterations to ABRM PFK are similar to those
reported for PFK from foot muscle of the gastropod
whelk Busycotypus canaliculatum (Storey, 1984) al-
though ABRM PFK showed fewer alterations to
activator constants as a result of anoxia. Activator
actions on the enzyme can be modified in another
way, however. Thus, although the K, for F2,6P,
did not change in anoxia, tissue content of the bis-
phosphate is frequently strongly depressed in the
organs of marine molluscs during anoxia and levels
of F2,6P, in M. edulis muscles (0.1-0.15uM)
(Storey, 1985c¢) are far below the apparent activation
constant for ABRM PFK (8.3-8.5uM). This
suggests that the enzyme could be highly sensitive
to small changes in F2,6P, concentrations during
anaerobiosis.

For mammalian PFK, stable changes in the kinetic
properties of PFK, as a response to physiological
stress or hormone action, are typically the result of
covalent modification of the enzyme protein via
phosphorylation or dephosphorylation reactions
(Hofer, 1985; Pilkis et al., 1987). The enzyme from
parasitic helminths is also regulated by reversible
phosphorylation; the response to serotonin, for ex-
ample, is phosphorylation and activation of PFK
(Daum er al., 1986; Kamemoto et al., 1987). The
results of the in vitro incubations of ABRM PFK
preparations with protein kinase second messengers
(+ATP + Mg?*) indicate that changes in the phos-
phorylation state of the enzyme are also responsible
for the anoxia-induced modification of the ABRM
enzyme.
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The addition of cAMP to ABRM muscle hom-
ogenates had a marked effect on PFK from both
aerobic and anoxic tissues, in both cases strongly
reducing S, s for F6P (Table 2). Thus, a cAMP-depen-
dent protein kinase appears to be present in ABRM
homogenates that can phosphorylate PFK and, in
doing so, activate the enzyme by increasing affinity
for F6P substrate. The action of this protein kinase
reverses the effect of anoxia on enzyme S;s. These
effects of cCAMP stimulation on ABRM PFK were
further studied after initial treatment of the aerobic
enzyme form with alkaline phosphatase. Alkaline
phosphatase decreased both the maximal activity of
‘the enzyme and its affinity for F6P (S, increased
6.5-fold) (Fig. 1). When this preparation was further
incubated in the presence of cAMP, however, the
effect on S,5; was largely reversed. These results,
therefore, strongly indicate that cAMP-dependent
protein kinase phosphorylates ABRM PFK and
that the action of this phosphorylation is enzyme
activation by increasing affinity for F6P. Further-
more, the results suggest that the aerobic vs anoxic
forms of ABRM PFK are the phosphorylated vs
dephosphorylated enzymes, respectively.

Other workers have studied the role of cAMP in
the regulation of the contraction—relaxation cycle in
ABRM. Application of the neurotransmitter sero-
tonin, which activates adenylate cyclase, increases the
concentration of cAMP in ABRM (Cole and Twarog,
1972; Kohler and Lindl, 1980). Relaxation of ABRM
after tonic contraction can be directly induced by
cAMP, probably through the activation of cAMP-
dependent protein kinase (Castelanni and Cohen,
1987a,b; Cornelius, 1982). Catch muscles, such as
ABRM, show an increased demand for energy during
the first hours of recovery after valve closure and this
is met by an activation of glycolysis (de Zwaan, 1983;
Lazou er al., 1989). Thus, it seems reasonable to
conclude that one of the cAMP-mediated com-
ponents of the relaxation of ABRM, and of the
accompanying anoxic to aerobic transition associated
with valve opening, is the phosphorylation of PFK
in vivo. This appears to function to activate the
enzyme and promote increased glycolytic flux in
catch muscles during recovery.

This effect of cAMP on muscle PFK resembles the
situation described for the parasitic helminths.
Here serotonin also stimulates an increase in intracel-
lular cAMP content (Mansour et al., 1960; Donahue
et al., 1981) and the administration of either sero-
tonin or cAMP increases the activity of PFK when
added directly to a Fasciola hepatica homogenate
(Mansour and Mansour, 1962). Recent studies have
shown that serotonin stimulates the phosphorylation
of PFK in both F. hepatica and Ascaris suum
(Kamemoto et al., 1987; Harris et al., 1982) and that
the phosphorylated form of the enzyme has a lower
Sy.5 value for F6P than the dephosphorylated enzyme
(Kamemoto and Mansour, 1986; Kamemoto et al.,
1987; Daum et al., 1986; Hofer et al., 1982). Further-
more, PFK from mammalian heart and adipose
tissue also responds similarly to catecholamine stim-
ulation (Narabayashi et al., 1985; Sale and Denton,
1985). For example, epinephrine stimulates a cAMP-
mediated phosphorylation of PFK that increases
affinity for F6P, increases sensitivity to activators,
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and decreases sensitivity to inhibitors (Narabayashi
et al., 19895).

The role of cGMP in regulation of biological
processes is not yet well understood. It has been
suggested that cAMP and cGMP may play opposing
roles in cell function (Tremblay er al., 1988) and
the results presented here tend to confirm this
suggestion. In most cases, incubation with cGMP
(+ATP + Mg?*) had the opposite effect on S, ; F6P
of ABRM PFK compared to that seen in the presence
of cAMP. At 0.5 mM ATP ¢GMP did not affect the
anoxic enzyme form but was the only second messen-
ger that increased the S, ;5 of the aerobic enzyme form
and mimicked the effect of anoxia on the enzyme.
When cAMP and cGMP were given together, c(AMP
effects appeared to dominate when enzyme from
aerobic ABRM was used whereas cGMP effects
seemed dominant in the anoxic enzyme preparation.
It appears, therefore, that cGMP stimulated effects
may be responsible for the anoxia-induced changes in
ABRM PFK. Indeed, levels of ¢cGMP increase in
ABRM in response to the catch-inducing neurotrans-
mitter acetylcholine (Kohler and Lindl, 1980), and, as
discussed above, during tonic contraction of the
ABRM glycolytic rate is reduced. Thus, it appears
that the action of a cGMP-dependent protein kinase
could be responsible for reducing the activity of PFK
in muscle and by this action (and probably others as
well) slow glycolytic rate during tonic contraction.

However, since the effect of ¢cGMP action on
ABRM PFK is similar to the effect of alkaline
phosphatase on the enzyme it appears that cGMP
control of PFK is more complicated than cAMP
effects. Two possible actions of ¢cGMP could be
proposed:

(1) cGMP-dependent protein kinase may phospho-
rylate ABRM PFK at a different site than that
affected by cAMP-dependent protein kinase
and phosphorylation at this site would reduce
enzyme affinity for F6P; or

(2) cGMP stimulation may set up a cascade reac-
tion which ultimately stimulates the action of a
PFK phosphatase.

The second suggestion is perhaps the more reason-
able but both require investigation. Other recent
studies have also implicated cGMP in enzyme control
during the aerobic—-anoxic transition. In B. canalicu-
latum cGMP-dependent protein kinase mediates the
anoxia signal in stimulating the phosphorylation and
inactivation of pyruvate kinase (Brooks and Storey,
1990). Thus, it is apparent that cGMP-dependent
protein kinase has critical roles in the regulation of
anaerobiosis that may include both the reorganiz-
ation of metabolic pathways for anaerobic function
and the regulation of anoxia-induced metabolic rate
depression.

Incubation with Ca?* and PMA was used to assess
the ability of protein kinase C to phosphorylate
ABRM PFK. Phospholipid-dependent, Ca’*-acti-
vated protein kinase is widely distributed in organs of
vertebrates and invertebrates (Kuo et al., 1980) and
has a broad protein substrate specificity, including
phosphorylation of contractile proteins, membrane
proteins and enzymes (Kikkawa and Nishizuka,
1986). The presence of stimulators of protein kinase
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C in extracts of ABRM changed the affinity for F6P
of the aerobic enzyme form but did not affect the
anoxic form. The greatest effect was on PFK-aerobic
incubated with 3 mM ATP where S, ; was reduced by
40%. Hofer et al. (1985) have reported that rabbit
muscle PFK can be phosphorylated by protein kinase
C and this resulted in an increased affinity for F6P.
The addition of Ca’* + PMA along with cGMP had
a synergistic effect on the aerobic form of ABRM
PFK (at 3 mM ATP only) but along with cAMP there
was no difference in the response compared to cAMP
alone. Overall, ABRM PFK showed limited re-
sponses to incubation with stimulators of protein
kinase C and the responses showed no clear trend.
Furthermore, measurements of Ca?* concentration in
vivo in ABRM have shown no significant change in

Ca’* levels over the contractlon—relaxatlon cycle
(Ishii et al., 1989). Therefore, the role of protein
kinase C in rponlnfmo ABRM PFK can not vet be

an not yet be
postulated.

In summary, then, we have presented evidence that
PFK from Rl odilic ARBM nnderonse a ctahla

PFK from M. edulis ABRM undergoes a stable
modification with the aerobic-anaerobic transition,
we have shown that the modlﬁcatlon appears to be

dua tn caovalant madifantian mentaim mhacmly e
QU 10 Covailntl MOoGNICalion via proiein paospnory-

lation or dephosphorylatlon reactions, and we have
demonstrated the opposmg actlons of cAMP and
cGMP ucpcuucut pi‘OLEi‘ﬁ kinases in aucuug PFK
kinetic properties. The data indicate that cAMP
dependent protem kinase action activates the enzyme
Dy mereaSmg €nzyme dml’llly lUl' For dl’lﬂ [l’ld[ an
enzyme in aerobic muscle is the high phosphate
form. The data are consistent with the known effects
of these second messengers on the contraction—
relaxation cycle in ABRM and the changes in
glycolytic rate that occur during valve closure and

opening.

Acknowledgements—Supported by an operating grant from

the N.S.E.R.C. Canada to KBS and a N.A.T.O. Post-
doctoral Fellowship to BM.

REFERENCES

Baguet F. and Gillis M. J. (1968) Energy cost of tonic
contraction in a lamillibranch catch muscle. J. Physiol.
London 198, 127-143.

Brooks S. P. J. and Storey K. B. (1990) cGMP stimulated
protein kinase phosphoryiates pyruvate kinase in an
anoxia tolerant marine mollusc. J. Comp. Physiol. B
(in press).

Castellani L. and Cohen
lation and catch
334-337.

Castellani L. and Cohen C. (1987b) Rod phosphorylation
favors in a catch muscle myosin. Proc. natn. Acad. Sci.
U.S.A. 84, 4058-4062.

Cole R. A. and Twarog B. M. (1972) Relaxation of
catch in a molluscan smooth muscle. 1. Effects of drugs
which act on the adenyl-cyclase system. Comp. Biochem.
Physiol. 4 43, 321-330.

Cornelius F. \1982) Tonic coniraction and ihe conirol of
relaxation in a chemically skinned molluscan smooth
muscle. J. gen. Physiol. 79, 821-834.

Daum G., Thalhofer H. P, Harris B. G. and Hofer H. W.
(1986) Reversible activation and inactivation of phos-
phofructokinase from Ascaris suum by the action of
tissue-homologous protein phosphorylating and dephos-

10Q7a) sanim rad wh An_ nry.
17074} uu_yvmu LUU PRUSPIiUL y =

molluscan muscles. Science 235,

BASILE MICHAELIDIS and KENNETH B. STOREY

phorylating enzymes. Biochem. biophys. Res. Commun.
139, 215-221.

Donahue M. J.,, Yacoub N. J., Michnoff A. C., Masaracchia
R. A. and Harris B. G. (1981) Serotonin (5-hydroxy-
iryptamine): a possible regulator of glycogenolysis in
perfused muscle segments of Ascaris suum. Biochem.
biophys. Res. Commun. 101, 112-117.

Ebberink R. H. M. (1982) Control of adductor
muscle phosphofructokinase activity in the sea mussel
Mytilus edulis during anaerobiosis. Molec. Physiol. 2,
345-355.

Ebberink R. H. M. and de Zwaan A. (1980) Control
of glycolysis in the posterior adductor muscle of the
sea mussel Mytilus edulis. J. Comp. Physiol. B 1317,
165-172.

Ebberink R. H. M., Zurburg W. and Zandee D. 1. (1979)
The energy demand of the posterior adductor muscle of

3ev mmtale dirsdima Awia oz fo At

luyulu.) euuua HiI vawn duuus LApOsSuIv lU 4" A’”a’ DlUl
Lett. 1, 23-31.

Harris B. G., Kaeini M. R. and Hofer H. W. (1982)
Glycolytic regulation in Ascaris suum muscle by phos-
phofructokinase and protein kinases. Molec. Biochem.
Parasit. 3 (suppl), 139-140.

Hofer H. W. (1985) Phosphorylation of phosphofructo-
kinase: the possible role of covalent modification in the
regulation of glycolysis. In Regulation of Carbohydrate
Metabolism, Vol. 1 (Edited by Beitner R.), pp. 105-141.
CRC Press, Boca Raton, Florida.

Hofer H. W., Allen B. L., Kaeini M. R. and Harris B. G.
(1982) Phosphofructokinase from Ascaris suum: the

affan nt
effect of pnuayuul]lnuuu on abuvuy ucal'pu_y;lulungax

conditions. J. biol. Chem. 257, 3807-3810.

Hofer H. W, Schlatter S. and Graefe M. (1985) Phosphory-
lation of phosphofructokinase by protein kinase C
changes the allosteric properties of the enzyme. Biochem.
biophys. Res. Commun. 129, 892-897.

Holwerda D. A., Kruitwagen E. C. J. and de Bont A. M. T.
(1981) Regulation of pyruvate kinase and phospho-
enolpyruvate carboxykinase activity during anaerobiosis
in Mytilus edulis. Molec. Physiol. 1, 165-171.

Hoiwerda D. A., Veenhof P. R., van Heugten H. A. and
Zandee D. 1. (1983) Regulation of mussel pyruvate kinase
during anaerobiosis and in temperature acclimation by

oovalant madifinatinn AMalan Dhyaoinl 2 208924
COVaICTit MOGLICAUUN. MO, iy 5ite. Iy aad—2I%.

Holwerda D. A., Veldhuizen-Tsoerkan M., Veenhof P. R.
and Evers E. (1989) In vivo and in vitro studies on the
pathway of modification of mussel pyruvate kinase.
Comp. Biochem. Physiol. B 92, 375-380.

Ishii N., Simpson M. W. A. and Ashley C. C. (1989) Free
calcium at rest and during “catch” in single smooth
muscle cells. Science 243, 1367-1368.

Job D. C., Crochet C., Dhien A. and Chambaz E. M. (1978)
A rapid method for screening inhibitor effects: determin-
ation of Iy, and its standard deviation. Anaiyr. Biochem.
84, 68-77.

Kamemoto E. S. and Mansour T. E. (1986) Phospho-

frustalinnca in tha liver af Facrinla bonntica- surification
ITUCIOKinase inn iad 4ver O1 rascivia nepalica. punnialudn

and kinetic changes by phosphorylation. J. biol. Chem.
261, 4346-4351.

Kamemoto E. S, Iltzsch M. H,, Lan L. and Mansour T. E.
(1987) Phosphofructokinase from Fasciola hepatica: acti-
vation by phosphorylation and other regulatory proper-
ties distinct from the mammalian enzyme. Archs Biochem.
Biophys. 258, 101-111.

Kikkawa U. and Nishizuka Y. (1986) Protein kinase C.
In The Enzymes, Vol. XVII (Edited by Boyer P. D.

and Krebs E. G.), pp. 167-183. Academic Press, New
York.

Kohler G. and Lindl T. (1980) Effects of S-hydroxy-
tryptamine, dopamine, and acetylcholine on accumu-
lation of cAMP and ¢GMP in the anterior byssus
retractor muscle of Mytilus edulis L. (Mollusca). Pflugers
Archs 383, 257-262.



Phosphofructokinase from M. edulis ABRM

Kuo J. F., Andersson G. G. R., Wise C. B., Mackerlova
I. S., Brackett L. N., Katoh N., Shoji M. and Wrenn
W. R. (1980) Calcium-dependent protein kinase: wide-
spread occurrence in various tissues and phyla of the
animal kingdom and comparison of effects of phospho-
lipid, calmodulin, and trifluoroperazine. Proc. natn. Acad.
Sci. U.S.A. 77, 7039-7043.

Lazou A., Michaelidis B. and Beis 1. (1989) Evidence for
glycolytic enzyme binding during anaerobiosis of the foot
muscle of Patella caerulea (L). J. Comp. Physiol. 158,
771-777.

Mansour T. E. and Mansour J. M. (1962) Effects of
serotonin (5-hydroxytryptamine) and adenosine 3',5'-
phosphate on phosphofructokinase from the liver Fasci-
ola hepatica. J. biol. Chem. 237, 629-634.

Mansour T. E., Sutherland E. W, Rall T. W. and Bueding
E. (1960) The effect of serotonin (5-hydroxyptamine) on
the formation of adenosine 3’,5-phosphate by tissue
particles from the liver fluke, Fasciola hepatica. J. biol.
Chem. 238, 466-470.

Michaelidis B. and Storey K. B. (1990a) Influence of pH on
the regulatory properties of aerobic and anoxic forms of
pyruvate kinase in a marine whelk. J. exp. Zool. (in press).

Michaelidis B. and Storey K. B. (1990b) Evidence for
phosphorylation/dephosphorylation control of phospho-
fructokinase from organs of the anoxia-tolerant sea
mussel Mytilus edulis. J. exp. Zool. (in press).

Michaelidis B., Gaitanaki K. and Beis T. (1988) Modifi-
cation of pyruvate kinase from the foot muscle of Patella
caerulea (L) during anaerobiosis. J. exp. Zool. 248,
264-271.

Narabayashi H., Randolph Lawson J. W. and Uyeda K.
(1985) Regulation of phosphofructokinase in perfused rat
heart. J. biol. Chem. 260, 9750-9758.

Pilkis, S. J., Claus T. H,, Kountz P. D. and El-Maghrabi
M. R. (1987) Enzymes of the fructose 6-phosphate-
fructose 1,6-bisphosphate substrate cycle. In The Enzymes,
Vol XVIII, Part B (Edited by Boyer P. D. and Krebs
E. G.), pp. 3-46. Academic Press, New York.

Plaxton W. C. and Storey K. B. (1984a) Purification
and properties of aerobic and anoxic forms of pyruvate
kinase from red muscle tissue of the channelled whelk,

765

Busycotypus canaliculatum. Eur. J. Biochem.
257-265.

Plaxton W. C. and Storey K. B. (1984b) Phosphorylation in
vivo of red-muscle pyruvate kinase from the channelled
whelk, Busycotypus canaliculatum, in response to anoxic
stress. Eur. J. Biochem. 143, 267-272.

Plaxton W. C. and Storey K. B. (1985) Purification
and properties of aerobic and anoxic forms of pyruvate
kinase from the hepatopancreas of the channeled whelk,
Busycotypus canaliculatum. Archs Biochem. Biophys. 243,
195-205.

Sakakibara R. and Uyeda K. (1983) Differences in the
allosteric properties of pure low and high phosphate
forms of phosphofructokinase from rat liver. J. biol.
Chem. 258, 8656-8662.

Sale E. M. and Denton R. M. (1985) f-Adrenergic agents
increase the phosphorylation of phosphofructokinase in
isolated rat epididymal white adipose tissue. Biochem. J.
232, 905-910.

Storey K. B. (1976) Purification and properties of adductor
muscle phosphofructokinase from the oyster, Crassostrea
virginica. Eur. J. Biochem. 70, 331-337.

Storey K. B. (1984) Phosphofructokinase from foot muscle
of the whelk, Busycotypus canaliculatum: evidence for
covalent modification of the enzyme during anaerobiosis.
Archs Biochem. Biophys. 235, 665-672.

Storey K. B. (1985a) A re-evaluation of the Pasteur
effect: new mechanisms in anaerobic metabolism. Molec.
Physiol. 8, 439-461.

Storey K. B. (1985b) Phosphofructokinase from flight
muscle of the cockroach, Periplaneta americana: control
of enzyme activation during flight. Insect Biochem. 18,
663—666.

Storey K. B. (1985c) Fructose-2,6-bisphosphate and
anaerobic metabolism in marine molluscs. FEBS Lett.
181, 245-248.

Tremblay J., Gerzer R. and Hamet P. (1988) Cyclic GMP
in cell function. Adv. Second Mess. Phosphoprotein Res.
22, 320-365.

Zwaan A. de (1983) Carbohydrate metabolism in bivalves.
In The Mollusca, Vol. 1 (Edited by Wilbur K. M.),
pp. 137-175. Academic Press, New York.

143,



