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Properties of Pyruvate Kinase and Phosphoenolpyruvate Carboxykinase in
Relation to the Direction and Regulation of Phosphoenolpyruvate Metabolism
in Muscles of the Frog and Marine Invertebrates

By VICTOR A. ZAMMIT* and ERIC A. NEWSHOLME%
*Laboratory of the Marine Biological Association, Citadel Hill, Plymouth PL1 2PB, U.K., and
Y Department of Biochemistry, University of Oxford, South Parks Road, Oxford OX13QU, UK.

(Received 26 April 1978)

1. The properties of pyruvate kinase and, if present, phosphoenolpyruvate carboxykinase
from the muscles of the sea anemone, scallop, oyster, crab, lobster and frog were
investigated. 2. In general, the properties of pyruvate kinase from all muscles were similar,
except for those of the enzyme from the oyster (adductor muscle); the pH optima were
between 7.1 and 7.4, whereas that for oyster was 8.2; fructose bisphosphate lowered the
optimum pH of the oyster enzyme from 8.2 to 7.1, but it had no effect on the enzymes from
other muscles. Hill coefficients for the effect of the concentration of phosphoenolpyruvate
were close to unity in the absence of added alanine for the enzymes from all muscles except
oyster adductor muscle; it was 1.5 for this enzyme. Alanine inhibited the enzyme from all
muscles except the frog; this inhibition was relieved by fructose bisphosphate. Low
concentrations of alanine were very effective with the enzyme from the oyster (50%
inhibition was observed at 0.4mm). Fructose bisphosphate activated the enzyme from all
muscles, but extremely low concentrations were effective with the oyster enzyme (0.13 um
produced 509, activation). 3. In general, the properties of phosphoenolpyruvate
carboxykinase from the sea anemone and oyster muscles are similar: the Ky, values for
phosphoenolpyruvate are low (0.10 and 0.13mm); the enzymes require Mn?* in addition
to Mg?* for activity ; and ITP inhibits the enzymes and the inhibition is relieved by alanine.
These latter compounds had no effect on enzymes from other muscles. 4. It is suggested that
changes in concentrations of fructose bisphosphate, alanine and ITP produce a co-
ordinated mechanism of control of the activities of pyruvate kinase and phosphoenol-
pyruvate carboxykinase in the sea anemone and oyster muscles, which ensures that
phosphoenolpyruvate is converted into oxaloacetate and then into succinate in these
muscles under anaerobic conditions. 5. It is suggested that in the muscles of the crab,
lobster and frog, phosphoenolpyruvate carboxykinase catalyses the conversion of
oxaloacetate into phosphoenolpyruvate. This may be part of a pathway for the oxidation
of some amino acids in these muscles.

In muscles of marine invertebrates that are able to
withstand sustained periods of anaerobiosis, the
maximal activities of pyruvate kinase are severalfold
greater than those of phosphoenolpyruvate carboxy-
kinase (EC 4.1.1.32) [e.g. in phasic and catch
adductor muscles of the oyster (Ostrea), phosphoenol-
pyruvate carboxykinase activitiesare 1.5and 0.2 umol/
min per g of muscle and pyruvate kinase activities
are 4.2 and 1.1 zmol/min per g of muscle respectively].
However, in other muscles, pyruvate kinase activities
are approximately 100-fold greater than those of
phosphoenolpyruvate carboxykinase [e.g., in the
abdominal flexor and the claw adductor muscles of
the lobster, phosphoenolpyruvate carboxykinase
activities are 1.3 and 0.6 umol/min per g and pyruvate
kinase activities are 149 and 59.8 umol/min per g
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respectively; compare results reported by Zammit &
Newsholme (1976) with those by Zammit et al. (1978)].

In the muscles of the marine bivalves Crassostrea
(oyster) and Mytilus (mussel) the role of phosphoenol-
pyruvate carboxykinase is considered to be the
conversion of phosphoenolpyruvate into oxaloacet-
ate,areaction that initiates the formation of succinate
and other end products of anaerobic carbohydrate
metabolism [(for reviews, see de Zwaan et al. (1976)
and Hochachka (1976)). The advantage of this
pathway, in comparison with the formation of
lactate, is that an additional molecule of ATP is
regenerated per molecule of glucose or glucose
residue utilized. The properties of phosphoenol-
pyruvate carboxykinase and pyruvate kinase from
adductor muscle of Crassostrea and of pyruvate
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kinase from the adductor muscles .of Mpytilus
(Mustafa & Hochachka, 1971, 1973a,b; de Zwaan,
1972) provide the basis for a theory of control of the
direction of phosphoenolpyruvate metabolism in
these muscles (see Hochachka & Somero, 1973). It is
suggested that, under aerobic conditions, the high
concentration of ITP inhibits the activity of phos-
phoenolpyruvate carboxykinase so that phosphoenol-
pyruvate is converted into pyruvate which can be
subsequently oxidized [see Alp et al. (1976) for
activities of the citric acid-cycle enzymes in these
muscles]. Under anaerobic conditions, pyruvate
cannot be oxidized so that it is converted into alanine
via the pyruvate-glutamate transaminase reaction
[the activity of lactate dehydrogenase is low in these
muscles (Zammit & Newsholme, 1976)]. The resultant
increase in concentration of alanine inhibits the
activity of pyruvate kinase and relieves the ITP
inhibition of phosphoenolpyruvate carboxykinase. In
addition, the decrease in intracellular pH due to the
accumulation initially of CO, and subsequently of
acidic end products of anaerobic metabolism should
also inhibit pyruvate kinase activity. Consequently,
glycolytic residues are directed into the succinate
pathway.

Since the above theory is based on the properties
of the enzymes from only one muscle, the oyster
adductor muscle (the data from Mytilus are only for
pyruvate kinase), it was considered important to
investigate how far these properties are common to
enzymes from other invertebrate muscles and to
compare the properties of pyruvate kinase from the
muscle of a facultative anaerobe with those of the
enzyme from muscle of a bivalve mollusc that does
not contain detectable activitities of phosphoenol-
pyruvate carboxykinase (scallop). In addition, the
properties of both enzymes from the muscle of the
common oyster (Ostrea edulis) were compared with
those of the enzymes from muscles of animals rep-
resentative of the coelenterates, the arthropods and
the vertebrates in order to provide information on the
role of phosphoenolpyruvate carboxykinase in all
these muscles.

Materials and Methods

Chemicals and enzymes

All chemicals and enzymes were obtained from
Boehringer Corp. (London) Ltd., London W5 2TZ,
U.K., and all inorganic reagents were obtained from
BDH Chemicals, Poole, Dorset BH12 4NN, U.K.

Sources of animals

Animals were obtained from the sources given by
Beis & Newsholme (1975) and Zammit & Newsholme
(1976).
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Preparation of homogenates

Homogenates for assay of pyruvate kinase activity
were prepared as described by Zammit et al. (1978).
The homogenates were fractionated with (NH,),SO,
(40-609 saturation; approx. 95% of the total
activity was precipitated), and the precipitate was
taken up in buffer and dialysed for 2h against excess
extraction buffer. The medium for extraction of
phosphoenolpyruvate carboxykinase was the same
as that used for pyruvate kinase. For phosphoenol-
pyruvate carboxykinase assays, homogenates were
used without further treatment.

Assay of enzyme activities

Pyruvate kinase was assayed as described by
Zammit et al. (1978), and phosphoenolpyruvate
carboxykinase was assayed as described by Zammit &
Newsholme (1976). When the kinetic properties of
the enzymes were studied, the concentrations of some
of the components of the assay medium were varied
(see the Tables and Figures for details). Kinetic
studies were performed at the pH optimum of the
individual enzyme being studied.

Expression of results

In Table 1 and some Figures, the activities of the
enzymes are expressed as a fraction of the maximal
activity obtained, to facilitate comparison between
the properties of the enzymes from different muscles.
In order that the original activities can be compared,
the activity in the control condition (in zmol/min
per g of fresh muscle) is given in the legend.

Results and Discussion

Properties of pyruvate kinase

pH optima. The effects of pH on the activity of
pyruvate kinase from the basilar muscle of the sea
anemone, the phasic adductor muscles of the scallop
and the oyster, the leg muscle of the horse-shoe crab,
the abdominal muscle of the lobster and the sartorius
muscle of the frog were studied in the absence of
effectors such as fructose bisphosphate and alanine.
Under these conditions, the pH optima of pyruvate
kinase from all muscles, except for the oyster, fall
within the narrow range, pH7.1-7.4 (see Table 1).
The optimal pH for the enzyme from oyster adduc-
tor muscle is 8.2; the activity at pH7.1 is only about
109 of that at pH8.2. This pH optimum is similar to
that for the enzyme from the adductor muscle and
mantle tissue of another oyster Crassostrea virginica
(Mustafa & Hochachka, 1971). The high pH
optimum for the enzyme from the oyster is decreased
to pH7.1 by addition of fructose bisphosphate
(Table 1); this compound did not have any effect on
the pH optimum of the enzymes from any of the
other muscles studied (including the scallop, see

1978



981

PYRUVATE KINASE AND PHOSPHOENOLPYRUVATE CARBOXYKINASE

- - — 050 - ss°0
- $e0 - 1L°0 — -
- - 09°0 06’0 — oL'o
- 9L'0 - $6°0 - 960
09°0 $8°0 89°0 00'1 05°0 0l
€9'0 00'1 $8°0 00'1 06'0 01
00'1 00’1 00l §6°0 00'L 860
060 60 §6°0 160 080 60
$8°0 $8°0 88°0 88°0 0L0 -
aseury aseury aseuny aseuny aseurny aseury
-Axoqres  ojeAnIAd -AX0qIed  JjeAndfd -Ax0qIied  aleAnikq
sreanaid areantAd 9reantAd
-[ousoydsoyd -jousoydsoyd -jousoydsoyqd
oosnu sniJoyres sposnw Fog S[osnW [eUIWOpqY
goxq qeId 90YS-3SI0H 1915q0

050
L0
00’
00'T
$6°0
aseury

-£x0QJed

oyeaniid

080
$8°0
060

01
06'0
060

aseury
eANIL

— - $6°0 - -
- 09°0 00'1 — -
- oLo 001 $S°0 $$°0
080 L0 88°0 oL’o oLo
- 8L°0 08°0 $8°0 $8°0
06’0 £8°0 $$°0 06’0 06'0
$6'0 060 ve'o 860 860
00'1 860 oro 00'1 00’1
00T 00°L oro 00°1 001
96°0 760 - $6'0 $6'0
aseury areyd areyd oreyd aeyd
-Axoqieo  -soydsiq -soydsiq -soydsiq -soydsiq
oreantAd 950)ONI] 9SOIONJI}  9S0PNI]  IS0IONIJ
-[ousoydsoyd -WwZQ PIPPEON -WWZ'Q PIPpe ON -joudoydsoyd
aseury areAnIig aseury ayeAnIsg
aosnui I03onppe diseyd a[osnuwi Jojonppe oiseyd
11SLO dojreos

v

sposnwt Iepiseq
Juoursue esg

(shun Areniqre) sonIAlOe JwAzug

V'8
‘8
0’8
8L
9L
v'L
L
0L
89
99
Hd

*Kjoanoadsar 801) pue QIO 90YS-9510Y ‘19)SQO[ “191SAO ‘SUOWSUE BIS 10) S[osnw
30 3 1od unwijjount Z'f pue L[ ‘p°] ‘p°'T ‘1" 2IoM SIlNIAIOR asBUDIAX0qIED SeaniLdjousoydsoyd ¢ A[aandadsar S0y pue qeIo 90Ys-9s10Y “1a1sqo] ‘199540 ‘dojreds
‘auowsue ©as 10§ sppsnu jo 8 Jod urw/jowsr’ §/¢ Pue ZET ‘THI ‘S'F 1°7L “1'8 9Iom SINIAIOR oseury o1eaniAd :smo[[oj se a1om sanjea Hd [ewndo oy) je saniAnoe
uvsW oY I, "S[EWIUR JUISPIP WOIJ S)0B1)X2 Suisn sjuawiIadxo Je[ruis 901Y) JO 9ANRIUSSaIdaI 918 pajuasald S)nsal oy, 'S[EWIUE ISYI0 JO SO[OSNUW WOIY SWAZUD
a1 jo ewndo Hd UO 19912 OU Pey 31 ¢SI]osnuWI 1039NPPE 191540 pue doj[eds WOl SSWAZUS 3y} 10§ umoys st Hd 03 asuodsal uo (Wwig-() sreydsoydsiq ssojoniy jo
19959 9y L, " S[qBL Ul UGAIS oIe soweu dNewa)sAs "wnuwndo Hd 9y e £11Anoe sy 03 paudisse 3uraq (' [ JO SNJBA © ‘3[eds ATBI)IQIE UB UO Pssaldxa aTe SanIAnoy

Soaf ays puv saipiqariaaul fo sajosnu wioaf aspupy dvanidd puv aspuryAxoqivd avaniddousoydsoyd fo sanarion uspxou oy uo Hd fo 103 °| djqel

Vol. 174



V. A. ZAMMIT AND E. A. NEWSHOLME

oD on 660
00 050 £0°0 80°0 (11 $0°0 $0°0 $0'0 ¥T°0
@ oD @@n
- - - 800 oro 0l L00 1’0 or'o
(12r4)] (s6°0) @n
100 £L’0 €00 - - 810 €00 $0°0 —
(st (560 s
80°0 LLo w00 110 €10 0t SO0 05°0 90°0
(08'0) on @n
— - - 90°0 99 09°0 £0°0 90°0 9¢°0
(ore) on n
¥0°0 §'0 200 1o ro 10 L00 S1°0 sT°0
oreyd day eanikd gqg  9eAaniAd oupuely  9jeyd areyd 4av
-soydsiq -[oua -Jous -Wwuz  -soydsiq -soydsiq
asojonig -oydsoyq ~oydsoyq " aso1nILy 9soldniy
h ~ v -WW T0 PapPE ON
(" ysaxy 8/jownr) aseuIyAx0qIed ~ -
9JosnuI Ul SUONBIIUIOUO)D) -9)eAnJAd areaniLdjousoydsoyd
-[ousoydsoyqd "

aseury dreAnifg

(ww) sanfea Wy

(Draviodwa) puvy)

LO¥ 8l snLoyeg 3014
(ap1uas wimipligo )
9L oI Tepiseqg JUOWAUE Bag
(smupxow uajrag)
09 1o J03onppe diseyd dojfeos
(synpa pa.4;50)
[ §'1 103onppe dIseyd 191860
(snuajddjod snpnuiry)
134! 91 801 QEBIO 30Ys-9sI0H
(stav3ma snavpwiorr)
0s1 vl J0XsJ [RUILIOPQY 1215q0T]
aseuny aseury SpsSn [ewuy
oleAnIfg  -Ax0qled
areanakd
-Jousoydsoyd
(sposnuwu jo 3
Jad unw/jowr’)
SONIAIIOL SWAZUY

‘(SL6T) SQWIOYSMIN] % Stog WOI) uaye) a1om aeydsoydsiq asoloniy pue JQV ‘areaniidiousoydsoyd jo suonenusouo)) “(8L61 /v 12 Nwwez)
Joded uimoj[o] oy} WIOIJ U9 EB) AIOM SIIATIOR SSBULY 91BANIAd $(9L6T) SWHOYSMIN 29 NWIIEZ WOIJ UdYER) 919M SINIANOR SSBUIAX0qIed 9jeantddjousoydsoyd
*SUOIIPUOD JUSIYIP Japun djeaniidiousoydsoyd jo uonenuOUOd Isurede L)Anoe sseuly s)eaniAd Jo sjoid 1oj sassyjuared Ul USAIS a1 (i) SHUSIDLYSOD [JIH
sajosnui snojva ul gqy puv ayydsoydsiq asoronif
‘awaniddjouaoydsoyd fo suonvIIuaIU0D pup ISVUIAX0qiDd 21paniddjousoydsoyd puv asvury aipanidd Jo sap.sqns 40f sanfpa “Y pup $a131a190 [PURXDIN T dqeL

982

1978



PYRUVATE KINASE AND PHOSPHOENOLPYRUVATE CARBOXYKINASE 983

Table 1). The difference in properties of oyster and
scallop muscle pyruvate kinase is particularly note-
worthy, since it is considered that these properties of
the enzyme from the oyster are related to its ability to
produce extra ATP from the succinate pathway
during prolonged anaerobiosis. It is known that the
scallop cannot survive even short periods of
anaerobiosis.

Effects of substrates. The plots of activity against
the concentration of phosphoenolpyruvate for the
enzyme from marine invertebrate muscles are
sigmoidal (plots not given; see Table 2 for & values).
The plot for the enzyme from frog sartorius muscle
was hyperbolic (2 was 0.95 and the double-reciprocal
plot was linear; plots not given). The concentration
of phosphoenolpyruvate required for half-maximal
activity of the enzyme from the oyster was 0.5mM,
whereas that for the enzyme from other muscles
ranged from 0.05 to 0.15mm.

The plots of pyruvate kinase activity against ADP
concentration (at 2 mm-phosphoenolpyruvate) were
hyperbolic and double-reciprocal plots were linear
for all muscles investigated. The K, values for ADP
(determined from double-reciprocal plots) showed a
considerable variation between the enzymes of
different muscles: they were 0.06, 0.10, 0.15, 0.56 and
0.2dmM for the enzymes from the oyster, the sea
anemone, lobster, horse-shoe crab and frog respect-
ively. In addition, pyruvate kinases from the oyster
adductor and sea-anemone basilar muscles exhibited
substrate inhibition at high concentrations of ADP
(2mM; results not given).

Effects of K*, Mg** and Mn**. The effects of K+
were very similar for pyruvate kinase from all the
muscles studied, i.e. the maximal activity was
obtained at about 80mM-K* and half-maximal
activity was reached at about 10mM (results not
given),

Both Mg?* and Mn2* could act as cofactors for the
enzyme from all the muscles investigated. However,
the maximal activity obtained with Mn?* was
invariably lower than that with Mg?*. Maximal
activity of pyruvate kinase of the different muscles
occurs at total Mg?* concentration between 6 and
12mM (at 2mM-ADP and 1mM-phosphoenol-
pyruvate). Higher concentrations of Mg?* resulted in
slight inhibition of the activity.

Inhibition by alanine. Pyruvate kinase from all the
marine-invertebrate muscles studied was inhibited by
alanine. However, the enzyme from frog sartorius
muscle was not inhibited by alanine. Alanine de-
creases the V... and increases the K, of pyruvate
kinase for phosphoenolpyruvate. The inhibition by
1mm-alanine was completely removed by 0.2mm-
fructose bisphosphate for all the pyruvate kinases
studied. However, inhibition by 5mM-alanine was
only partially reversed by 0.2mm-fructose bisphos-
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100

Percentage inhibition of pyruvate kinase

0 5 10 15
Concn. of alanine (mm)

" Fig. 1. Percentage inhibition of pyruvate kinase from

some marine invertebrate muscles by alanine

For experimental details see the text. O, Scallop
adductor muscle; ®, oyster adductor muscle; A,
horse-shoe crab leg muscle. In all cases the concen-
tration of ADP was 2mmM. The effects were investi-
gated at phosphoenolypyruvate concentrations and
pH values of 0.15mM and 6.9, 2mm and 8.2 and 1 mm
and 7.3 for scallop adductor, oyster adductor and leg
muscle of horse-shoe crab respectively. The maximum
activities of pyruvate kinase were 48.7, 3.8 and
147.0 umol/min per g at 25°C respectively.

phate for the enzyme from sea anemone and lobster.
The concentration of alanine required for inhibition
of pyruvate kinase varied considerably between the
enzyme from different muscles. Half-maximal
inhibition was obtained at concentrations of alanine
ranging from 0.4 to 9mm (oyster and horse-shoe-crab
muscles; see Fig. 1). In addition, a plot of percentage
inhibition against alanine concentration for the
enzyme from horse-shoe-crab muscle was markedly
more sigmoid (4 = 2.0) than that for enzyme from
oyster muscle 2=1.1).

Effect of fructose bisphosphate and other hexose
phosphates. Pyruvate kinase from all the marine-
invertebrate muscles studied or from frog sartorius
muscle was activated by fructose bisphosphate.
Fructose bisphosphate decreased the sigmoidicity of
the plots of enzyme activity, when present, against
the concentration of phosphoenolpyruvate so that
the apparent K, for this substrate was lowered. The
plot of percentage activation against fructose
bisphosphate concentration for the lobster muscle
enzyme is hyperbolic, whereas that for the enzyme
from the oyster is markedly sigmoidal (&= 2.0)
(Figs. 2a and 2b). The range of concentrations of
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Fig. 2. Effect of fructose bisphosphate on pyruvate kinase activity from (a) lobster abdominal muscle and (b) oyster
adductor muscle
The concentration of phosphoenolpyruvate was 0.1 and 0.2 mum for the experiments with the enzymes from lobster and
oyster respectively. The maximum activities of pyruvate kinase were 57.2 and 2.7 umol/min per g wet wt. at 25°C for

lobster and oyster adductor muscles respectively.

fructose bisphosphate required for 50 9 activation of
the pyruvate kinases investigated was very low (0.13
and 1.0uM for the enzyme from oyster adductor and
lobster abdominal muscles respectively).

The substantial activation of oyster (Ostrea)
muscle pyruvate kinase by low concentrations of
fructose bisphosphate (see Fig. 2b) may be related to
the pronounced sigmoidicity of response of this
enzyme to its substrate (phosphoenolpyruvate),
since this activator decreases the sigmoidicity.
Furthermore, the enzyme from oyster appears to be
more sensitive to alanine inhibition than the enzyme
from other muscles (see above).

The compounds fructose 1-phosphate, fructose
6-phosphate, glyceral dehyde3-phosphate and glycerol
3-phosphate (at concentrations of 0.1mm) had no
effect on the activity of pyruvate kinase. Glucose
1,6-bisphosphate (0.6 mMm) activated the enzyme from
lobster muscle by 129, which compares with acti-
vation of 95 % by fructose bisphosphate.

It has been shown electrophoretically that for
pyruvate kinase from muscles of the oyster, scallop
and frog only one form of the enzyme is present in
these muscles (P. R. Dando, personal communi-
cation; P. R. Dando & V. A. Zammit, unpublished
work). It is therefore unlikely that any of the results
given above can be interpreted on the basis of
different properties of two isoenzymes.

Properties of phosphoenolpyruvate carboxykinase from
different muscles

PpH optima. The optimal pH values for phosphoenol-
pyruvate carboxykinase activity (at saturation con-
centrations of substrates) are very similar for the

enzymes from different muscles (the range is 7.0-7.1;
see Table 1). The activities are decreased sharply (by
about 50%) by an increase in pH from 7.2 to 7.5,
except for the enzyme from the lobster adductor
muscle, which shows a broad pH optimum (the
activity is decreased by 259 when the pH is raised
from 7.1 to 7.8; see Table 1). A similar dependence
on pH for phosphoenolpyruvate carboxykinase from
adductor muscle of Mytilus to that of the oyster was
observed by de Zwaan & van Marrewijk (1973),
whereas Mustafa & Hochachka (1973a) found a much
lower and sharper pH optimum for phosphoenol-
pyruvate carboxykinase of the oyster (Crassostrea)
muscle (the optimum pH was 6.0 with Mn?* or pH 5.1
with Zn?* as cofactor). In the present study it was
observed that the pH optimum for oyster (Ostrea)
phosphoenolpyruvate carboxykinase was shifted from
7.0 to pH7.6 by L-alanine (1 mm), whereas fructose
bisphosphate had no effect.

Effects of substrates. Double-reciprocal plots of the
activity against concentrations of phosphoenol-
pyruvate for phosphoenolpyruvate carboxykinase
from the muscles studied (plots not given) are linear,
except that for the enzyme from lobster muscle: the
latter is concave upwards, indicating positive co-
operativity (plots not given). The K, values for
phosphoenolpyruvate (at an optimal concentration of
IDP, i.e. 1mm) for the enzymes from these muscles
vary considerably (0.1 and 6.6mMm for sea-anemone
and horse-shoe crab respectively; see Table 2).

Double-reciprocal plots of the activity against the
concentration of IDP for phosphoenolpyruvate
carboxykinase from all the muscles studied are linear
(plots not given). The K, values for IDP for the
enzymes from these muscles are very similar (0.06
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Table 3. Effects of Mg** and Mn** concentrations on the activity of phosphoenolpyruvate carboxykinase from muscles of
horse-shoe crab, lobster, oyster and sea anemone

The assays were performed at the respective pH optima of the individual enzymes (see the text and Table 1). Systematic
names are given in Table 2.

Phosphoenolpyruvate carboxykinase activities (umol/min per g fresh wt. at 25°C)

ﬁHorse-shoe crab

Lobster Oyster Sea anemone
Conen. of Mg** Mg**
metal ion (mm) Mg2+ Mn?+ Mg** Mn?* Mg** +0.0lmM-Mn?* Mg?>** +0.01 mM-Mn?*
0 0.01 0.01 0.01 0.01 0.01 0.05 0.01 0.2
0.5 1.6 1.2 0.2 0.3 0.01 0.10 0.2 0.6
1.0 2.1 2.3 0.3 0.8 0.01 0.25 0.2 0.7
2.0 2.2 2.7 0.7 1.2 0.01 0.54 0.2 0.8
3.0 1.8 25 0.9 2.0 0.02 0.54 0.2 0.9
5.0 — —_ 1.0 25 0.02 0.32 0.1 0.8
10.0 — — 1.0 3.2 — — — —_

and 0.11mm for crab and lobster respectively; see
Table 2).

Effects of metal ions. The activities of phosphoenol-
pyruvate carboxykinase from the muscles of horse-
shoe crab, lobster and frog were stimulated by either
Mn?* or Mg?*, although the activity with Mg2+ was
markedly lower than that with Mn2* atany givenmetal
ion concentration (see Table 3). The enzymes from
oyster and sea anemone were almost completely
inactive in the presence of Mg2* alone, but addition
of a very low concentration of Mn?* (0.01 mm), in
addition to Mg2*, increased the activity considerably
(see Table 3). This effect was not observed with the
enzyme from the other muscles investigated. The
significance of this requirement of the enzyme from
oyster and sea anemone for Mn?* is not known, but
this effect has been observed with the enzyme from
rat liver (Foster et al., 1967). Hochachka & Mustafa
(1972) and Hochachka & Somero (1973) have
suggested that the specificity of phosphoenol-
pyruvate carboxykinase for a metal ion cofactor that
is different from that required by pyruvate kinase
could provide the basis for a regulatory mechanism.
They suggested that Zn?* is the physiological cofactor
for oyster (Crassostrea) muscle phosphoenolpyruvate
carboxykinase. In the present study, low concentra-
tions of Zn?** were found to inhibit phosphoenol-
pyruvate carboxykinase activity of oyster muscle
(results not given). In addition, although sea-anemone
and oyster (Ostrea) phosphoenolpyruvate carboxy-
kinase show a specificity for Mn?2*, this ion can also
serve as a cofactor for pyruvate kinase in these
muscles. Therefore the basis for the regulatory
mechanism suggested by Hochachka & Mustafa
(1972) is not established for the enzymes of Ostrea
muscle.

Inhibition by ITP and its reversal by alanine. ITP
inhibited the activities of phosphoenolpyruvate

Vol. 174

carboxykinase from oyster and sea anemone com-
petitively with respect to phosphoenolpyruvate
(results not given). The K; values (as determined from
secondary plots, results not given) were 0.1 and 0.7 mm
for the enzyme from the two animals respectively.
The inhibition of oyster muscle phosphoenolpyruvate
carboxykinase by ITP is reversed by concentrations
of alanine above 2mM. Mustafa & Hochachka
(1973b) observed ITP inhibition of phosphoenol-
pyruvate carboxykinase from oyster (Crassostrea)
adductor muscle; the inhibition was of a mixed
competitive type with respect to phosphoenol-
pyruvate. In the present study, inhibition of oyster
(Ostrea) phosphoenolpyruvate carboxykinase by ITP
was competitive. Mixed kinetics occur when in-
sufficient Mn2* is added to the assay medium, when
chelation effects may complicate the observed
kinetics. (Preliminary experiments had established
that GTP gave equivalent effects to those of ITP when
present at the same concentrations. Therefore,
because of the high cost of GTP, ITP was used for
subsequent kinetic experiments.)

Control of activities of pyruvate kinase and phospho-
enolpyruvate carboxykinase in oyster and sea-
anemone muscles

The pH optima for the pyruvate kinase and
phosphoenolpyruvate carboxykinase from the oyster
(Ostrea) suggest that a decrease in pH from 7.6 to
7.0 within the muscle could inhibit the activity of
pyruvate kinase and increase that of phosphoenol-
pyruvate carboxykinase. This would produce a
concerted mechanism of control in which glycolytic
residues would be directed towards succinate
formation. Although no intracellular pH measure-
ment in muscles of marine invertebrates have been
reported, it is well established that the pH of body
fluids of molluscs decreases after a period of anaero-
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biosis [see von Brand (1946) for a review]. (An initial
fall in pH could result from the retention of respira-
tory CO,, initially, on isolation of the animal from the
sea.) However, a regulatory mechanism based solely
on different pH optima of the two enzymes in oyster
may be an oversimplification. Thus the pH optimum
of the oyster enzyme is sensitive to the presence of
fructose bisphosphate and any extrapolation of the
properties of the enzymes found in vitro to the situa-
tion in vive would have to take into account the
concentration of the fructose bisphosphate in the
vicinity of the enzyme, as well as the intracellular pH
(see below). Therefore it is possible that the activities
of pyruvate kinase and phosphoenolpyruvate carb-
oxykinase may not be regulated solely by changes
in pH in the oyster; this may be particularly so for
the enzymes from the other animals. Thus the pH
profiles of the enzymes from other animals are
different from that of the enzymes from the oyster.
Pyruvate kinase from all the animals investigated
is activated by fructose bisphosphate. However, the
greatest activation by fructose bisphosphate is
observed for the enzyme from facultative anaerobes
(see Table 2 and Zammit et al., 1978). The role of the
feed-forward activation of pyruvate kinase by
fructose bisphosphate in the concerted regulation of
glycolysis in muscle has been emphasized (Zammit
et al., 1978). However, the role of this effect may be
somewhat different in muscles in which the succinate
pathway is important for energy production during
periods of anaerobiosis. An increase in the concen-
tration of fructose bisphosphate, due to activation of
phosphofructokinase at the onset of anaerobiosis,
would activate pyruvate kinase, leading to an increase
in the concentration of alanine in the early stages of
anaerobiosis (see de Zwaan & van Marrewijk, 1973).
This latter change would have two effects: it would
inhibit the activity of pyruvate kinase by reversing
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the activation due to fructose bisphosphate and
stimulate the activity of phosphoenolpyruvate
carboxykinase by reversing the ITP inhibition (see
Fig. 3). Consequently, glycolytic residues would be
directed towards formation of succinate rather than
lactate, octopine or alanine. At the termination of
anaerobiosis, oxidation of pyruvate via the citric acid
cycle would result in a decrease in concentration of
alanine so that the activity of phosphoenolpyruvate
carboxykinase would be decreased as the concen-
tration of ITP increased. The present study suggests
that alanine concentrations in the range of 2-5mm
may be important for the regulation of both the
activities of pyruvate kinase and phosphoenol-
pyruvate carboxykinase in oyster muscle.

From the above discussion it is evident that the
properties of pyruvate kinase from the muscles of all
the marine invertebrates are qualitatively similar,
except for the effects of pH on the enzyme from
oyster muscle. This suggests that this latter property
is of particular importance in the regulation of
phosphoenolpyruvate metabolism in facultative
anaerobes.

Of the phosphoenolpyruvate carboxykinases stud-
jed in the present work, only the enzyme from the
basilar muscle of sea anemone (Metridium) has
similar properties to that from the oyster; i.e. it is
inhibited by ITP (although the K, is 7-fold greater
than that for the enzyme from the oyster) and this
inhibition is relieved by alanine. The similarity of the
properties of phosphoenolpyruvate carboxykinase
from oyster and the sea anemone suggests that
phosphoenolpyruvate carboxykinase in coelenterate
muscle is also involved in the succinate pathway.

The properties of phosphoenolpyruvate carboxy-
kinase from muscles of the other animals studied (i.e.
arthropods and vertebrates) are different from those
of the enzyme from the oyster and sea anemone. Thus

) 2)
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———— Fructose bisphosphate ————— Phosphoenol-
pyruvate . .-

*,'" Pyruvate — 2, Alanine
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A .
4 Oxaloacetate -——>—— Succinate
;
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Fig. 3. A theory of control of the activities of pyruvate kinase and phosphoenolpyruvate carboxykinase in muscles of the
oyster and sea anemone
(1) The initial stages of glycolysis; (2) the reactions of glycolysis interconverting fructose bisphosphate and phospho-
enolpyruvate; (3) pyruvate kinase; (4) pyruvate-glutamate transaminase; (5) phosphoenolpyruvate carboxykinase;
(6) reactions which convert oxaloacetate into succinate in some marine invertebrate muscles. Broken lines indicate
regulatory effects; +ve indicates stimulation; —ve indicates inhibition.
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the activities of the enzyme from muscles of the
lobster, horse-shoe crab and frog are not inhibited by
ITP, they are unaffected by alanine, and for the
enzymes from the horse-shoe crab and frog the K,
values for phosphoenolpyruvate are considerably
higher than those for the enzyme from oyster and sea
anemone (Table 2); the K., values are also very much
higher (about two orders of magnitude) than the con-
centration of phosphoenolpyruvate in the muscle.
Furthermore, in these muscles, the maximal activities
of pyruvate kinase are much higher than those of
phosphoenolpyruvate carboxykinase (see Zammit &
Newsholme, 1976; Zammit et al., 1978). Therefore it
is suggested that, in muscles other than those of the
oyster and the sea anemone, phosphoenolpyruvate
carboxykinase does not function as part of the
succinate pathway (see also Zammit ez al., 1978). It is
suggested that, in these muscles, the enzyme catalyses
the conversion of oxaloacetate into phosphoenol-
pyruvate (rather than the reverse direction). This
reaction is part of the pathway by which some amino
acids are oxidized or converted into alanine in
muscle (see Goldstein & Newsholme, 1976). In
crustaceans, the enzyme may also be involved in
gluconeogenesis from oxaloacetate in muscle
(Behrisch, 1972); this suggestion is supported by
the fact that in crustacean muscle there is a positive
correlation between the activities of fructose bisphos-
phatase and phosphoenolpyruvate carboxykinase
(Zammit, 1974).

Comparison of data obtained in vitro and in vivo

Although a theory of control of the activities of
pyruvate kinase and phosphoenolpyruvate carboxy-
kinase can be formulated from the properties of the
enzymes obtained in vitro, the physiological signifi-
cance of the fructose bisphosphate and alanine effects
may be questioned when the concentrations that are
effective in vitro are compared with those observed
in vivo. Thus the K, for alanine inhibition of Ostrea
pyruvate kinase is 0.4mM, whereas the alanine
concentration in marine molluscan tissues is much
higher [e.g. 22mM in Mytilus adductor muscle
(Bricteaux-Gregoire et al., 1964; de Zwaan & van
Marrewijk, 1973) and 30mMm in Crassostrea (Lynch
& Wood, 1966)], although these high values for
alanine concentration were not obtained for resting
fully aerobic muscles and thus may represent an
upper range of alanine concentration. Nonetheless,
it is generally accepted that the concentration of free
amino acids in tissues of marine invertebrates is
maintained very high for osmotic purposes. The
apparent K, for fructose bisphosphate activation of
pyruvate kinase from oyster muscle is 0.13 um,
whereas the fructose bisphosphate concentration in
oyster muscle, which has been measured in the
present work after freeze-clamping the muscle, is
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approx. 80um. However, these values of K; for
alanine and K, for fructose bisphosphate are obtained
separately, whereas it has been shown that the degree
of activation by fructose bisphosphate is modified by
the presence of a high concentration of alanine (see
Fig. 1). Furthermore, it is possible that a considerable
proportion of the fructose bisphosphate may be
bound to protein in vivo (Sols & Marco, 1970). Thus
changes in the concentrations of both alanine and
fructose bisphosphate in the muscle of the oyster may
regulate the activity of pyruvate kinase as indicated
by the properties of the enzyme in vitro.
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