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- SUMMARY

Pyruvate kinase (ATP:pyruvate 2-O-phosphotransferasess
EC 2.7.1.40) has been purified freom the white muscle of the
American eel, Anguiila reostrata, in good yield and its kinetic
andrstructural properties have been compared to those of other
pyruvate kinase isozymes. The enzyme was purified by ammonium
sulphate precipitation, batch-wise tfeatment with CM-cellulose
followe&i?y DEAE-cellulose chromatography and gel filtration
chromatography oﬁ Sephacryl S-300. The preparation was at
leastw95% pure as judged by electrophoresis on polyacrylamide
gels. In the latter steps of the purification, 30% (v/v)
glycerol was added-to the buffers in order to stabilize the
enzyme.,

The enzyme activity was found to be maximal between: pH
6.0 and pH 6.5 in threé differcnt buffers at 30°C. At the pH
optimum &nd BOOC, the eel muscle enzymé exhibited Michaelis-
Menten kinetics with respect to both the substrates adenosine
5'—diphosphaté (ADP) and phospho-enol-pyruvate (PEP). Eowevef
eel muscle pyruvate kinase, unlike the mammalian muscle Ml
isozyme, is activated by fructéseul,6—bisph05phate (FDP) 1in a
complex and pH—dependent manner. At the pH optimum, the enzyme's
affinity for PEP increased 1.5lfold when 1t was assayed in the
presence of FDP. In acdit.on to increasing the enzyme's‘affinity
for PEP, FDP could also increase the maximal velocity for

pPH values greater than 6.3. This was particularly evident at

pH 8.0 where the enzyme exhibited 2 apparent R values for

;-
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PEP of 0.66 mM and 2.40 mM in the absence of FDP but in its
pPresence only one apparent Krn value of 0.33 mM was observed
and there was a 1.9 ﬁbld increase in the maximal velocity.

A Hill plot of the déta obtaiﬁed at pH.R.O indicated that,

in the absence of FDP, the enzyme exhibited no co—operétivity
in the binding of PEP forwéoncentrations of the substrate
less than 0,5 mM while slightly co—opefétive bipding kinetics
pifvailed for PEP concentrations over 1.5 mM.

Eel muscle pyruvate kinase exhibited an absoiute feduire—
ment for both a monovalent and a divalent cation for catalytic
activity. While Ege eel‘énzyme was relatively insensitive to
inhibition by ATP}‘it was verf sensitive to inhibition by the

amino aéidsxalanine and phenylalanine. Phenylalanine was the

more potent inhibitor of the 2 amino acids and it could reduce -

the enzyme's affinity for the substrate PEP. Of the mémmalian
pyruvate kinase isozymes, eel muscle pyruvate kinase most
closely resembles the M, type enzyme kinetically.

As the kinetic.properties of the eel énzyme were found
to be subsgantially different from those of a mammalian muscle
"PYruvate kinase, the.structurallfeat;res of eel and rabbit
muscle pyruvate kinases were'deéérmined and compared to those
of other pyru?ate kinase isézymes. Both enzymes were determined
to be tetramers composed of 4 identical subunits of 59,000
molecular weight. The amino acid compositions of the 2 proteins
‘were very similar with the greatest dlfferences being in the

smaller number of alanlne and greater number of threonine

residues in the eel enzyme. Cyanogen bromide peptide mapping

on polyacrylamide gels indicated that eel and rabbit muscle

e e e e e . e e —— e e s



pffuvate k;nases were likely to shgre some comﬁép cyanogen
bromide peptides. Peptide mapping studies of 14C¥carboxymethyl—
ated eel and rabbit pyruvate kinases confirmed that although
there were many structural differences between the 2 muscle_l
isozymes, they shared seve;él commen peptides. The 14C-car'—
boxymethylcysﬁeine—containing peptides of the eel and rabbit
enzymes were purified and their primary structures were ex-

l4C—carboxymethylcysteine—containing

amined. Four of the 6
peptides deriyed from eel.pyruvaté kinase were found to be
homologous to 4 of the 9 14C-—carboxymethylcysteine—containing
peptides derived from the rabbit enzyme. The fact that thése
particular structural features have been conserved in theée
evplutionary distant species suggests that they are of
functional importance.

In spite of their similar subunit sizes and structures,
eel pyruvate kinase-eghibited a distinctly different iso-
electric point than rabbit pyruvate kinase. In the absence of
FDP, eel pyruvate kinase gave 2 major bands-with pI values
of 5.92 and 6.35 on isoe;ectric focusing gels while in the
presence of I'DP, only one band with a pI value of 5.90 was
~ observed. On the other hand, rabbit muscle pyruvate kinase
gave only one band on isocelectric focusing gels in the pre-
sence or absence of FDP with a pI value of 8.83. Of the
mammalian pyruvate kinase isozymes, eel muscle pyruvate kinase

most closely resembles the M, type isozyme.

2
A comparative study was conducted in order to examine
the number, reactivity and location of the sulfhydryl groups

of eel and rabbit muscle pyruvate kinases. Since eel muscle
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pyruvate kinase is both kinetically and gtructurally'similqE;
to a mammalian M2-isozyme, this study was. dertaken'ig order
to provide some information concerning the structure-function
relationﬁhips of the mammalian MlLand M2 isozymég'of pyruvate
kinase. Eel and rabbit pyruvatg kinases could be irfevefsibly
inactivated- by chemical modification by iodoacetamide at

iy

comparatively moderate inhibitor to enzyme éubunitﬂmole ratios.
However under identical conditions, eel‘pyruvate kinase:was
found to be 6.4 times more sensitive than the rabbit enzyme to
inhibition by iodoacetamide. Varidus substrate and cation
.combinations were tested for their ability to protect against
enzyme inactivation. The cations K and Mg+2, either alone or
in'combinatgon, and the substrate ADP could provide no
protection ;gainst inactivation. While the substrate’ PEP could
partially protect both enzymes, the combination of PEP and

Mg+2 could completely protect both enzymes. FDP could partially
protect the eel enzyme,bgt not the rabbit enzymey, from inactiva-
tion due to chemical modification by iddoacetamide.

Double ‘labelling experiments provided information on the
location and reactivity of the sulfhydryl groups of eel and
rabbit muscle pyruvate kinases. A number of observations support
the conclusion that the cysteine residues contained in the
homologous cyanogen bromide-tryptic peptides BN2 and RN2, derived
from eei andg rabbit muscle pyruvate kinases respectively, are
located either near or within the ‘active sites of these enzymes
and are functionally important. Tﬁe results of the chemical

modification studies reportéd here are discussed in terms of

the findings of previous chemical modification studies. A
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model is presented in order to account for the different

inactivation kinetics exhibited by eel and rabbit muscle

pyruvate kinases.

@
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- CHAPTER 1 -

INTRODUCTION
LITERATURE REVIEW
The penultimate reactién in the glycolytic pathway in
mammalian tissues involves the enzyme-mediated trfansfer of a
phosphoryl group from phospho—enol—pyruvate (PEP) to adenosine
5'-diphosphate (ADP) in the presence of Mg+2 and K+ to produce

pyruvate and adenosine 5'-triphosphate (ATP) respectively (1).
p

+2 4
PEP + ADP + HY ——-Z__l____ > Pyruvate + ATP (1)

Pyruvate kinase (ATP:pyruvate 2—0—phosphotransferase, EC 2.7.1.40)
is the enzyme which catalyzes this reaction. Because glycolysis
is a ubiquitous process and its regulation is vital in enerqgy
metabolism, the enzymes which are involved in this process have
been studiead extensively. In particular, pyruvate kinase has
received considerable attention because it is thought to be a
key regulatory glycolytic enzyme. The reaction producﬁ, pyruvate
can feeéd into a number of metabolic pathways via the actions of
several enzymes includiqg lactic dehydrogenase, pyruvate carbox-
ylase, pyruvate dehydrogenase and alanine transaminase. Hence
Pyruvate kinase is located at a key metabolic crossroad. In
addition, pyruvate kinase catalyzes a non-equilibrium reaction
which proceeds overwhelmingly in favour of the production of
ATP and pyruvate. Therefore it catalyzes a key reaction which
can alter glycolytic flux and its regulation can be used to
adjust to varying energy requirements of the cell. Much of the

large amount of literature reporting studies of pyruvate kinase ' %



is concerned with the examination of the kinetic properties of

the enzyme from mammalian sources. Primarily on the basis of such

studies, 4 isozymes have been identified in mammalian tissues.

1. MAMMALIAN PYRUVATE KINASE ISOZYMES

The Ml type is the only.pyrgvate kinase isozyme present
in adult skeletal muscle (Imamura & Tanaka, 1972). Electro-
phoretically similar pyruvate kinases have been found in adult
cardiac muscle and brain. The L type is the major isozyme of
tgefadult.liver and it is also found in kidney (Imamura &

////;anaka,_l972). The Ml and L type pyruvate kinases arc immuno-
iogically and kinetically di;;inct (Tanaka et al., 1967). In
addition,.the L but not the M1 type is subject to dietary
and hormonal regulation (Weber et al., 1965; Tanaka et al.,
1967). It is not surprising therefore that thg Ml and L type
isozymes have also been found tq'be distinctly different:
structurally (Saheki et al., 1978; Saheki ot al., l1982a).

The M2 type is the major isozyme of the adult kidney and
it is also found in liver (Imamura & Tanaka, 1972). FElectro-
phoretically similar pvruvate kinases have been found in adult

. Eestis, adipose tissue, lung, spleen and intestine. Purified
M, isozymes héve been shown to be immunologically and struc-
turally similar to the Ml isozymel(Imamura et al., 1972 ;

Saheki et al., 1982a, b)'while.they are kinetically similar

to the L isozyme (Hall & éottam, 1978). The M2 isozyme has
been reported to be the predeminant pyruvaﬁe kinase in all

fetal tissues and in dedifferentiating cancer tissues. It

has been proposed that this isozyme may répresent the proto-



(i)

type of the mammalian pyruvate kinases (Imamura et al., 1972).

Erythrocytes contain a pyruvate kinase isozyme which is
immunologically ({(Tanaka et al., 1867}, kinetically (Koler &
Vanbellingggp, 1968) and stucturfily (Marie et al., 1977a, b)
very similar to the L type isozyme. |

The folloﬁing secéion describes .the physical and chémical
properties of each of the mammalian pyruvate kinase isoczymes
and their inter-relationships. A bewildering number of systems
of nomenclature have been employed to describe the different
pyruvate kinase isozymes ‘{Ibsen, 197?). For the purposes of
the following discussion, the nomenc{ature of Imamura & Tanaka

(1972) will be employed.

COMPARISON OF THE M. AND M., TYPE PYRUVATE KINASES
1 2 *
s

The Ml type is the best characterized pyruvate kinase
isozyme because of its relative ecase of purification, stability
and abundance. By contrast, the characterization of the M2
isozyme has been hanpered by the fact that it is much less
abundaﬁt than the Ml type isozyme and it is often unstable.
Table 1 summarizes the physical and chemical properties of some
Ml and M2 type pyruvate kinases. While the Ml isozymés are re-
markably similar from species to species, the M2 type isozymes
are a heterogeneous group. The Ml isozymes exhibit specific
activities in the range of 350-450 units/mg of purified protein
and their pH optima are in the range of 7.0-7.5. The M2 isozymes
exhibit specific activities which range from 274 to 1341 units/
mg of purified protein and their pH optima range from 6.5 to

7.5.
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Comparison of the Physical and Chemical

TABLE 1

Properties of the Mammalian Ml and M2 Isozymes

(1) (2) (3) (4) (5) (6)
MOUSE PIG [IUMAN
MOUSE | SPLEEN PIG KIDNEY HUMAN LUNG
Specific Activity 570, 398 340 522 245 274
units/mg ’
Assay Temperature - 20 30 30 25 30
O
K (PEP) mM 0.035 0.19 0.02 0.25 0.035 0.30
m ~FDP -
K_(PEP) mM — 0.03 — 0.06 — 0.25
m +FDP -
Km(ADP\) mM O-.28 0.27 ‘ 0.3 . 0.3 — 0.38
Optimum pH 7.5, 7.5 7.5 7.5 7.5 7.1
pI -FDP 7.25 6.22 7.2 5.6 —_ 6.2
pI +FDP — — — —_ — —
Molecular Wéight 234,400 }230,000 — 249,000 | 220,000 | 250,000
" Subunit Molecular 58,600 | 59,500 — G0, 000 60,000 | 62,000
Weight ' |
—
REFERENCES
(1) Ibsen et al. (1981)
(2} Ibidg .
I13) Berglund et al. (1977); Berglurd & Humble (1979)
(4) Berglund et al. (1977); Berglund & Humble (1979)
{5) Baranowska & Baranowski. (1975)

(6}

Ceorcoran et al.

(1976)




TABLE 1 (continued)

. P
Comparison of the Physical and Chemical

. \ ,
Properties of the Mammalian Ml and\Mz;IsozymeS\

PN

{4)
(5)

e

Schering et al.

(1982)

Nagao et al. (1977); Nagao et al. (1982)

\\
(1) (2) (3) (4) (5
RAT RAT RAT
RABBIT RAT HEPATOMA |  LUNG SARCOMA
PROPERTY Ml . Ml hb hb hb
specific Activity | 350 | 780 770 1341 200
units/mg ‘
Assay Temperature 30 27 37 37 24
% .
K (PEP) mM , .0.086 0.08 0.45 0.26 0.3
m ~FDP . '
_ ny — —_ 1.45 1.81 - ..
K (PEP) mM - — 0.10 0.056 0.04 -
: +FDP
?H _ S —_— 1.0 - 1.06 —_
Km(ADP) mM 0.3 0.3 —_ 0.4 —
Optimum pH 7.5 7.5 7.2 6.5 7.5
pI -FDP 8.2-8.6 _— —_— 5.8 7.8
pI +FDP —_ —_— —_ 6.4 }16.6,6.2
Molecular Weight 230,000 | 250,000 { 240,000 | 224,000 240,000
. Subunit Molecular { 59,000 00,000 60,000 62,000 60,000
Welght ’
REFERENCES
(1) Reynard et al. (1961); Cottam et al. {1969)
(2) Tanaka et al. (1967); Imamura et al. (1972)
(3) Imamura et al. (1972); Imamura & Tanaka (1982)




Both thé Ml and M2 type pyruvate kinases are tetrameric
enzymes consisting of 4 identical subunits of 58,000 to 62,000
molecular weigh£. The amino acid compositions of some Ml and -
M2 type isozymes appear in Table 2. The data indicates that
: T,f:‘he compositions of these isozymes are very similar from one
species to another. In spite of their similar subunit sizes
énd amino acid compositions, the igoelectric pecints of the Ml
and M2 type isozymes isolated from the same species are mafk—
edly different. The isoelectric points of the Ml isozymes vary
but it appears that they can be divided into 2 groups; those
with a high pI around 8.8 and those with a lower pI value around
7.5. The iscelectric points of the MZ éype isozymes also vary
but generally they are in the range of 5.5-6.5. FDP can alter
the isoelectric peoints of the M2 type isozymes but it has 'no

apparent effect on the isoelectric points of the M. type iso-

1
zymes .,

The Ml isozymes exhibit Michaelis-Menten kinetics with fes—
pect to both the substrates ADP and PEP and the concentratidn
of one substrate does not appear to influence the enzyme's
affinity for the second substrate. The M2 type-isozyme exhibits
Michaelis-Menten kinetics with respect to the substrate ADP
but slightly co-operative binding kineticsvwith respect to PEP.
It has been reported for some M! type isozymes that the con-
centration of one substrate does not influence the enzyme's
affinity.for the second substrate. While a detailed kinetic
analysis of an M2 type isozyme 1is lapking, the Ml type isozyme

from rabbit muscle has been studied extens&vely. Reynard et al

(1961) proposed that a rapid equilibrium model could be used
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Comparison of the Amino Acid Compositions

TABLE

2

(6) Corcoran et al.

{1976)

of the Mammglian Ml and M2 Isozymes
(1) (2) (3) (4) (5 (6)
MOUSE PIG HUMAN
AMINO | MOUSE | SPLEEN PIG KIDNEY | HUMAN LUNG
ACID My M, M) M, My M,
CYsS 9 -- 9 10 15 --
ASP 49 51 51 51 50 48
THR 25 29 28 29 28 25’
SER 28 32 29 28 30 17
GLU 52 47 53 53 59 58
PRO 24 23 26 25 22 43
GLY 41 43 43 14 41 30
ALA 58 64 59 59 55 66
VAL 46 51 50 50 46 60
MET 19 12 19 16 - 20 12
ILE 36 36 32 36 35 36
- LEU 41 45 42 42 40 11
TYR 9 9 9 10 10 10
PHE 18 15 17 17 18 22
HIS 15 18 15 13 13 16 .
TRP 3 - 3 4 3 -
LYS 39 38 38 36 36 34
ARG 34 32 33 32 30 42
Subunit ,
MW, 60,000 { 59,500 | 60,000 |60,000 | 60,175 | 62,000
REFERENCES
{1) Saheki et al. (1982b)
(2) Ibsen et al. (1981)
(3) Berglund et al. (1977)
(4) Ibid
(5) Harkins et al. (1977b)




TABLE 2 (continued)

Comparison of the Amino Acid Compositions

of the Mammalian Ml and M2 Isozymes

(1) (2) (3) 4y ., (5) (6) -

RABBIT’ o RAT RAT RAT
AMINO | RABBIT | KIDNEY | RAT  [HEPATOMA | LUNG | SARCOMA
ACTD My M, M M, M, My
CYS g 10 9 10 8 10
ASP 51 50 49 49 50 .. [~ 49
THR 26 26 " 23 27 25 25
SER 30 24 27 27 30 26
GLU 52. 51 51 52 56 51
‘pro | 23 26 29 22 28 . 24
GLY 42 43 41 12 50 42
ALA 61 58 61 60 48 59
VAL 46 49 46 - 48 37 49
MET 18 15 18 16 9 16
ILE 34 40 36 39 26 37
LEU 41 a1 45 43 43 40
TYR 10 9 10 10 13 10
PHE 16 17 16 16 19 15
HIS 16 12 12 12 22 12
TRD 3 3 2 3 - | s
LYS 37 39 39 39 35 |7 39
ARG 28 34 33 32 | 32
Subunit .
MW 59,250 | 60,000 | 60,000 | 60,000 |55,000 | 59,000
N
REFERENCES

(1) Cottam et al. (1969)
(2) Saheki et al. (1982b)
(3) Ibid

(4) Ibia .

(5) Schering et al. (1982)
(6) Nagao et al. (1982)




tce describe the kinetic behaviour of rabbit muscle pyruvate
kinase. However, Giles et al. (1976q) reported that while rapid
equilibrium kinetics were applicable to the forward reaction
leading to the production of pyruvate and ATP, such was not the
case for the reverse reaction. Dann & Britton (1978} reported
that rapid equilibrium kinetics were épplicable to the reverse
reaction but the binding of ADP and PEP was mutually co-operative
a£ low substrate concentrations. Recently Ainsworth et al. (1983)
?roposed that an exponential model for a regulatory enzyme

could be used to describe the céﬁplex kinetics exhibited by
rabbit muscle pyruvate kinase at low substrate.and-cation con-
centrations. Evidently further characterization of the complex
kinetic behaviour of rabbit muscle pyruvate kinase is required.

The M, isoczyme is activated by FDP in a pH-dependent manner.

2
At £H values in the range of 6.0-6.5, the enzyme exhibits.hyper—
bolic PEP substrate saturation curves and FDP can slightly in-
crease the enzyme's affinity for PEP. At pH values in the range
B.0~B.5, the M2 type isozyme exhibits co-operativity in the .
binding of PEP and FDP can induce activation by increasing the
maximal velocity and decreasing }he apparent Km (PEP) (Van Berkel
et al., 1973: vVan Berkel, 1974;“Berglund & Humble, 1979). Hence
with increasing pH, the M2 isozyme becomes increasingly depen-
dent on FDP for activation. The Ml type isozyme is not activated
by FDP at saturating levels of metal ions but Phillips & Ains-
worth (1977) reported that a£ low Mg+2 and substrate concentra-
tions, rabbit muscle pyruvate kinase exhibited co-operativity

in the binding of both ADP apd Mg+2. At present, the co-operative

behaviour of the My isozyme is too ill-defined to permit detailed
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comparison with other Pyruvate kinase isozymes.

The reaction product pyruvate is a poor inhibitor of the
M1 type isozyme and the other mammalian pyruvate kinases have
not been tested extensively to determine their sensitivities
to inhibition by pyruvate. On the other hand, the reaction pro--
duct ATP is a strong inhibitor of.both the M., and M., type iso-

1 2
zymes. Part of this inhibitory effect can be atﬁributed to the

fact that ATP can chelate with the divaient cation required for
catalytic activity. But in addition, ATP is a competitive inhib-
itor of pyruvate kinase with respect to the substrate ADP., The
M2 type isozyme is more sensitive to'inhibition by physiolog-

ical concentrations of ATP than the M. 'isozyme (Imamura et al.,

1
1972) .

REGULATION OF THE Ml AND M2 TYPE ISQZYMES

Little is known about how the activity of the Ml type is;—
zyme is regulated in vivo. It has been suggested that ATP is
the primary modulator of the Ml type isozyme's activity (Dyson
et al., 1975; Giles et al., 19764) since the physiological con-
centration of ATP in resting mammalian muscle is several fold
higher than the enzyme's affinity for ATP in vitro. High con-
centrations of phenylalanine can inhibit the Ml isozyme, (Car-
minatti et al., 1971) while high concentrations of FDP can
activate the enzyme (Phillips & Ainsworth, 1977) but thése
effects are unlikely to be of physigQlogical importance (Munday
et al., 1980; Palmer & Odedra, 1982). Reports of inhibition

of muscle pyruvate kinase by the phosphagen phésphocreatine

have appeared (Kemp, 1973) but this has been attributed to” the



presence of a contaminant in commercial preparations of this
compound (Fitch et al., 1979).

The M, type isozyme by contrast exhibits the classical
kinetic properties of a regulatory enzyme. The activity of the
Mz isozyme is thought to be regulated in vivo by ATP, alanine,
phenylalanine, PEP and FDP since physiological concentrations
of ATP, alanine and phenylalanihe can inhibit the M2 1sozyme
in Eiéig while physiological concentrations of PEP and FDP
can activate the M2 isozyme in vitro (Imamura et al., 1972;
Van Berkel et al., 1973; Van Berkel, 1974; Berglund & Humble,
1979; Schering et al., 1982). This is in keeping with central
role this enzyme plays in balancing the glycolytic apd gluco-
neogenic activities of the kidney. In gluconeogenic tissues,
the pyruvate kinase reaction is bypassed and the enzymes
Pyruvate carboxylase (2) and phospho-enol-pyruvate carboxykinase
(3) are responsible for the conversion of Pyruvate to PEP.

Pyruvate -+ CO2 + ATP —----72 Oxaloacetate + ADP + Pi {(2)

Oxaloacetate + GTP --—---- > PEP + Co, + GDP (3)

One might expect that the activity of the key glycolytic en-~
zyme pyruvate kinase would be regulated to avoid wasteful sub-—
strate cycling between PEP and pyruvate in kidney.

In addition, the activity of the M2 isozyme may be reg-
ulated by a phosphorylation-dephosphorylation mechanism. The
predominant pyruvate kinase isozyme of chicken liver is the M2

type and it has been reported to be regulated by a cyclic-AMP-—

independent phosphorylation mechanism (Eigenbrodt et al., 1977

~
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Brunn et al., 1979). By contrast, the M2 lsozyme of.pig kidney
¢an not be phosphorylated by a cAMP-dependent protein kinase
in vitro (Humble et al., 1975; Berglund et al., 1977) and the
M2 isozyme of rat lung cén not be phosphorylated by either a
cAMP-dependent or cAMP-independent protein kinase in vitro
(Schering et al., 1982). Further studies will be requi;ed to

determine whether tissue and species-specific M, type pyruvate

2
kinases are regulated by a phosphorylation-dephosphorylation
mechanism.

‘

INfER-RELATIONSHIP OF THE M; AND M, TYPE PYRUVATE KINASES

On the basis of amino acid composition similarities alone,
Harkins et al.(1977a) proposed that the Ml and M2 type isozymes
were the products of two separate but related genes. Structural
studies indicated that the M2 isozyme's subunit was larger
than that of the Ml isozyme., Peptide mapping studies indicated
that the Ml and M2 type pyruvate kinases shared several common
peptides but each isozyme contained unigue peptides which were
not present in the other (Saheki et al., 1978). Ibsen et al.
(1981) reported that mild treatment of the M, isozyme subunit
with trypsin could convert it into a form which was electro-
Phoretically indistinguishable from the Ml subunit. However,
the proteolytically modified M, isozyme was not kihetically
equivalent to the Ml isozyme. Ibsen et al. (1981) proposed
that the Ml isozyme subunit arose from post-translational
modification of the C-terminal portion of a proteolytically
modified M2 isozyme polypeptide chain.

The question of whether Ml and M2 type pyruvate kinases



were encoded by different mRNAs was addressed by Noguchi &
Tahaka (1982) . Total RNA was extracted from rat muscle and
ascites hepatoma cells and translated in vitro. Ascites hep-
atoma RNA directed the synthesis of a protein which was immuno-
logically and electrophoretically indistinguishable from the M2
type pyruvate kinase purified from ascites hepatoma cells.
Similarly rat muscle RNA directed the synthesis of a progein
which was indistinguishable from the Ml type pyruvate kinase
purified from rat muscle. The same results were obtained when
pProtease inhibitgrs were added to the translation system. This
data strongly indicated that Ml and M2 type pyruvate kinases
were encoded by different mRNAs and a precursor-product re-
lationship did not exist between them.

However it was not clear whether the 2 different mRNAsS
arose from the transcription of 2 distinct but closely related
genes or from the same gene from which 2 mature mRNAs could
be produced. This question was dealt with by 2 independent
groups simultaneously (Hance et al., 1982; Saheki et al.,
1982b) . If the Ml and M2 type isozymes were the products of
2 separate but related genes then inter-species differences
might occur in one isozyme thch would not be found in the
other. However 1f the Ml and M2 isozymes were products of the
same gene then inter-species differences would be common to
both isozymes. Hance et al. (1982) was able to show that inter-
species differences between the M, isozymes were always accom-

h 3
panied by similar inter-species differences in the Ml isozymes.

e

Peptide mapping studies performed by Saheki et al. (1982b)

confirmed the findings of Hance et al. (1982). In addition,



sequencing studies indicated that the Ml and M2 type pyruvate
kinéses were iden;%Fal in the C-terminal portions of their
subunits. This rul;d out the possibility that the Ml isozyme
arose from the proteolytic cleavage and modification of the
C—Eerminal portion of the M2 type polypeptide chain (Ibsen et
al., 1981).

At pFesent, the M1 and M2 isozymes are thought to be the
products of a single gene from which 2 distinct mRNAs can be
produced. This suggests that the initial transcript from this
gene can be /spliced in two different ways to produce 2 mRNA
molecules which encode the Ml and M2 isozymes. The fact that
the M2 isozyme predominates in fetal tissues and the Ml iso-
zyme bnly appears in adult muscle, heart and brain suggests
that a switching over of the splicing pathway occurs after
birth. The mRNA encoding the Ml type isozyme may therefore be
preferentially-synthesized at the expense of the mRNA encoding

the M2 isozyme.

{(iv) COMPARISON OF THE L. AND ERYTHROCYTE TYPE PYRUVATE KINASES
Relatively few L and erythrocyte type isozymes have been
purified and characterized. This is due to the complexities of
purification procedures which result in low enzyme yields and
the inherent instabilities of these isozymes. Table 3 summarizes
ﬁhe kinetic and physical properties of some L and erythrocyte
isozymes. A wide range of specific activities have been report-
ed for the L isozyme and thijs may be due to the fact that

adequate precautions to engure against enzyme denaturation during

purification were not takdn. The L isozymes exhibit pH optima
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TABLE 3

Comparison of the Physical and Chemical Properties

of the Mammalian Liver and Erythrocyte Isozymes

(1) 2) (3) (4) (5) (6)
RAT PIG BOVINE | HUMAN HUMAN RAT

PROPERTY LIVER LIVER LIVER LIVER R.B.C. { R.R.C
Specific Activity 520 300 75 190 290 307

units/mg
Assay Temperature 25 37 25 30 30° 25

°c i

K_(PEP) mM 0.3-0.9 | 0.3-0.6 0.5 0.4 6.6-0.8 }1.0-1.4
d -FDP .

Ny 1.6-2.0 2.3 2.5 1.7 1.0-1.4 |1.2-1.6
K_(PEP) mM 0.10 0.03 0.08 0.04 0.10 —_
m +FDP

ny 1.0 1.1 1.0 1.0 0.8-1.1 —_—
I%U(ADP)'INW ‘ 0.1-0.4 0.3 0.18 —_ 0.4-0.6 }0.4-0.6

{ :
Optimum pH 6.5 6.5 _ —_ — —
pI -FDP —_ 6.1 5.1 5.85 15.8-6.7 —
‘ N

pI +FDP — 5.3 — — — —_
Molecular Weight 220,000 | 230,000 | 215,000 230,000 230,000 {220,000
Subunit Moleccular | 58,000 58,000 52,000 § 60,000 } 59,000 58,000

.Weight
REFERENCES
{1} Tanaka et al. (1967); Imamura & Tanaka (1982)
(2) Kutzbach et al. (1973); Ljungstrdm et al. (1976“\)\
(3) Cardenas & Dyson (1973); Cardenas‘(19§2) N
(4). Kahn & Marie (1982)
(5) Ibid

{6)

Imamura & Tanaka (1982)




in the range of 6.0-6.5 which is a full pH unit lower than the
PH optima determined for the Ml isozymes..

The L isozyme is a tetrameric enzyme consisting of 4
identical subunits of 58,000-60,000 molecular weight. The
characterization of the erythrocyte isozyme has been hampered
by the fact that it is susceptible to p?oteolysis. Hence 2
types of pyruvate kinase have been purified from human erythro-
cytes (Kahn & Marie, 1982). PK(Rl) is a homotetramer consisting
of 4 L' subunits (M.W. 63,000) while PK(RZ) is a heterotetra-
mer consisting of 2 L' subunits and 2 Lc subunits (M.W. 57-
58,0008, In addition, a third subunit called the L, subunit
(M.W. 60,000) is found in some erythrocyte pyruvate kinase prep-
arations. It appears that the erythrocyte enzyme is synthesized
as the (L')4 tetramer but during red blood cell aging or
purificgtion, it is converted to the (L')2(Lc)é heterotetramer
and subsequently to the (Lc)4 homotetramer. The proteolytic
susceptibility of the erythrocyte enzyme may account for the
multiple forms which‘appear upon isoelectric focusing of
erythrocyte pyruvate kinase preparations. The isoelectric points
of the L isozymes are distinctly lowe; than those of the Ml
and M2 type isozymes and the pI value of the L'isazyme is
altered when isoelectric focusing is conductea in the presence
of FDP. Peptide mapping studies have indicated that the liver
and erythrocyte isozymes are almost structurally identical
with ®he erythrocyte isozyme containing a few extra peptides
(Saheki et al., 1978; Saheki et al., 1982a). As might be ex-

pected, the amino acid compositions of the liver and erythro-

cyte isozymes from the rat are almost identical (Harada et al.,
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TABLE 4

* Comparison of the“Amino Acid Compositions

of the Mammalian Liver and Erythrocyte Isozymes

(1) (2) (3) (4) (5)
AMINO RAT PIG MOUSE | HUMAN RAT
ACID | LIVER LIVER | LIVER | R.B.C. | R.B.C.
cYS 6 6 6 6 --
ASP 37 32 39 33 46
THR 25 23 26 20 29
SER 35 27 31 31 35
GLU 59 55 60 56 .69
PRO 27 19 29 23 31
GLY 44 42 45 41 46
ALA 58 52 59 50 59
VAT, 51 42 52 46 53
MET 14 9 13 11 11
ILE 40 36 36 32 42
LEU 50 39 45 40 46
TYR 9 7 9 7 - 9
PHE 17 14 18 14 17
HIS 11 9 11 10 10
TRP 4 4 8 -
LYS 22 18 23 20 21
ARG 40 31 41 50 34
Subunit
60,000 | 50,000 | 60,000 | 55,000 | 60,000
M.W. .
REFERENCES f
(1) Saheki et al. (1982b)
(2) Kutzbach et al. (1973,
(3) Saheki et al. (1982b)

{4) Chern et al.
(5) Harada et al.

(1972)
(1978)
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1978) (Table 4).

The L type isozyme exhibits Michaelis-Menten 'kinetics
with respect to ADP and pronounced co-operativity in the
binding of PEP at physiological pH. Like the Mziisozyme, the
L isozyme is activated by FDP in a pH-dependent manner such
that the enzyme's affinity for PEP and the maximal velocity
are increased. The kinetic parameters of the erythrécyte (L'j4
isozyme have been determined and found to be very similar to
those of the L isozyme (Kahn & Marie, 1982).

Little detailed kinetic data is available on the L isozyme,
however Macfarlane & Ainsworth (1974) reported that the pPig
liver enzyme was different from the M, and M, isozymes with
respect to its binding kinetics. A decrease in the concehtra—

tion of one substrate was found to increase the enzyme's

affinity for the'segonéa%ubstrate. This suggested that the

mechanism of the L type pyruvate kinase from pig liver was
of the ping-pong type {Macfarlane & Ainsworth,’l974). However,
isotopic exchange studies of rabbit (Dann & Briftoﬁ, 1977)
and pig (Giles et al., 1976b) liver pyruvéte kinases have
indicated that the reactions do not proceed via a phospho-

]

/7 enzyme intermediate.
ﬂ\ The L and erythrocyﬁe type isozyme§ are the most sensitive
__Pyruvate kinases to inhibition by ATP. At physiological con-
centrations of ADP and PEP, the L isozpﬁe can be completely
inhibited by physiological concentrations of ATé in vitro

in the absence of FDP but FDP.can coméle£ely:overcome the

inhibitogy effect of ATP (Imamura et al., 1972). The amino

acids alanifhe and phenylalanine have been tested for their



abili;y to inhibif the L isozymes and variable results have
been obtained. Rat liver pyruvate kinase was found to be as
sensitive as the M2 isozyme from rat ascites hepatoma cells

" to iﬁhibition by alanine but it was substantially less sensi-
tive to inhibition‘by phenylalanine (imamura et al., 1972). On
the other hand, bovine liver pyruvate kinase has«been‘reﬁorted
to be i;sensitive té inhibition by alanine but sensitive to
inhibition by phenylalanine (Cardenas et al., 1975b). Further
characterization of the kinetic properties of the L and
erythrocyte type pyruvate kinases is required in order to

identify the functional differences between the mammalian

pyruvate kinase isozymes.

{v) REGULATION OF THE L AND ERYTHRQCYTE TYPE ISOZYMES
The L type, liké-the M2 type, is the predominant pyruvate

_ kinase isozyme of a gluconeogenic organ and as such it ex-
hibits the classicai kinetic prbperties of a regulatory enzyme.
Like the‘,-jM2 type, the activity of the L.isozyme is thought to
be reéulated in vivo by the inhibitors ATP, alanine and phenyl-
alanine and by the activators PEP and FDP. IﬁAaddition, the L
type isozyme has been shown to be under hormonal and dietary
control. Taunton et al. (1972) reported that liver pyruvate
kinase activity was reduced within minutes of iﬂjecting rats
with glucagon and this was co-incident with an increase in
intracellular cyclic-AMP concentration. Shorf—term alterations
of liver py}uvate kinase activity appear to be due to a cAMP-

dependent phosphorylation—dephosphorylation mechanism. Rat

and pig liver pyruvdte kinases can be phosphorylated in vitro -



> ¢
by a cAMP-dependent protein kinase (Edlund et al., 1975;
Hjelmgvist et al., 1974) and this invclves the modification
of one specific serine residue per enzyme subunit. The kinetic
properties of the in vitro phosphorylated énzymes are similar
to those of the liver isozymes from glucagon or cAMP-treated
hepatocytes or glucagon-treated rat liver (Ekman et al., 1976;
Ljungstrom et al., 1976)}. The phogphorylated enzyme is charact-
erized by a decreased'affinity for PEP, a decreased sensitivity
to activation by FDP and an increased sensitivity to inﬁibition
by ATP and alanine.

Titanji et al. (1976) showed that the effects of phosphoryi-
ation wepe‘reversible and the deéhosphorylation of the phosphoryi
ated llver isozyme resulted in enzyme.re—éctivation. GluéagOn
can stimulate the phosphorylatidn of the liver isozyme in both
liver slices ({(Ljungstrdm & Ekman, 1977) and in the whole animal
(Riou et'al., 1878). It appears that glucagon‘can effect the
rapid reduction of mammalian liver pyruvate kinase activity
via a cascade mechanism. Glucagon can increase the‘inﬁracell—
ular cAMP level in the liver and thereby activate a ¢AMP-de-
pendent protein kinase which phosphérylates the L isozyme
resulting in enzyme inactivation. Little is known about the
events of dephosphorylation or the protein phosphatase which
presumably catalyzes this reaction. Claus et al. (1979) re-
ported that insulin could promote the dephosphorylation and
simultaneous fe—activation of the phosphbrylated livef iso-
zyme. However, it has been reported that insuligﬁéan not
counter—~act the inhibitory effects induced by glucagon (Blair

et al., 1976; Feliu et al., 1976). Although the cAMP-depend-
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ent phosphorylation of the L isozyme has bee; studied ex-
tensively, little is known about the regulation of the phos-
phorylation-dephosphorylation mechanism.

A long term reduction of liver pPyruvate kinase activity
has been noted in fasting and alloxan-diabetic rats and rats
fed a high protein diet (Tanaka et al., 1967). Hall et al. (1979)
proposed that long term control of liver pyruvate kinase act-
ivity could be due to proteolytic degradation of the phosphoryl-
ated enzyme. They reported that phosphorylated liver pyrﬁvate
kinase was more susceptible to proteolysis in vivo than the‘
dephosphorylated enzyme and this resulted in an irreversible
reduction in the specific activity of the enzyme. Johnson
& Veneziale (1980) reported that in fasted rats, the specific
activity of the liver isoéyme was decreased while the total
amount of pyruvate kinase protein was unchanged. Hence glucagon
may regulate the activity of the L isozyme via a dual mech-
anism. In the short term, glucagon may stimulate the cAMP-de-
pendent phosphorylation and inactivation of the enzyme. In the
long term, glucagon may promote the proteolytic degradation
and irreversible inactivatién of the enzyme.

Administration of insulin to diabetic rats or the admin-
istration of a high carbohydrate diet to fasted rats or rats
fed a high protein diet can result in a long term increase
in liver pyruvate-kinase activity (Tanaka et al., 1967). The
insulin-induced long term activation of L isozyme activity cén
be blocked by inhibitors of translation and transcription
(Weber et al., 1965). Parks & Drake (1982) reported that in-

sulin could increase the guantity and activity of liver pyruvate



kinase in diabetic rats. Recently, Noguchi et al. (1982) re-
ported that the insulin-induced increase in the activity

of the L isozyme could be attributed to an increase in the
amount of translatable mRNA coding for the protein. Hence in-
sulin, like glucagon, may regulate the activity of the L iso-
Zyme via é dual mechanism. In the short term, insulin may
stimulate the dephosphorylation and simultaneous re-activa-
tion of the enzyme. In the long term, insulin may induce the
synthesis of new L type pyruvate kinase protéin.

At present it is not clear how substrate, product and
Anhibitor concentrations‘interact with phosphorylation-
dephosphorylation mechanisms and proteolytic and synthetic
events to requlate the activity of the L isozyme in vivo.

Little is known about how the activity of the erythrocyte
type isozyme is regulated in vivo. Like the L type, the activity
of the er?throcyte iéozyme can potentially be regulated by the
concentrationé of the inhibitors ATP, alanine and phenylalanine
land the activators PEP and FDP. The erythrocyte isozyme can
also be phosphorylated in vivo (Marie et al., 1979) and
in vitro (Boivin , 1980) via a cAMP-dependent mechanism.
However, only the larger L' subunit can be phosphorylated and
the smaller Lc subunit, wﬂich appears to be the proteolytic
p;oduct-of the ﬁ' iﬁaunit, seems te have lost the phosphoryl-
ation site. The phosphorylated erythrocyte enzyme is character-

7
ized by a decreased affinity for PEP , a decreased sensitivity
to activation by FDP and an increased sensitivity to inhibition
by ATP and alanine (Kahn & Marie, 1982). While the pﬂosphoryl—

ation of the liver isozyme probably plays an important role in

\



the regulation of the balance between glycolysis and gluco-
neogenesis in the liver, it is not clear whether phosphoryl-

ation of the erythrocyte isozyme plays any regulatory function.

INTER-RELATIONSHIP BETWEEN THE L ANﬁ ERYTHROCYTE TYPE ISQZYMES
The fact that the L and erythrocyte type pyruvate kinases
exhibit similar amino acid compositions, peptide maps and
immunological properties suggests that these 2 isozyhes are
the products of the same gene or two very similar genes. The
question of whether the L and erythrocyte type isozymes are
encoded by different mRNAs was addressed by Marie et al. (1981).
Toéal RNA was extracted frofh rat hepatocytes and erythroid
cells and translated in a cell free system. Rat liver RNA
directed the synthesis of a protein which was imﬁunologically
and electrophoretically indistinguishable from the L isozyme
purified from rat liver. Similarly rat erythroid cell RNA

directed the synthesis of a protein which was indistinguishable

from the (L')4 type lsozyme purified from rat erythroid cells.

The same results were obtained when protease inhibitors were
added to the translation system. This data strongly indicated
that liver and erythrocyte type pyruvate kinases are encoded
by different.mRNAs. Recently Simon et al. ;(1983) reported
that the structural differences between the L' and L subunits
were confined to the C-terminal ends of the polypeptide
chains. Hence the mRNAs coding for the L' and L subunits should
differ in their 3'-end coding sequences.

However, these 2 mRNA moleculés could be derived from the

same gene or from 2 different but structurally related genes.
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It has been reported that patients who suffer from hereditary

red blood cell pyruvate kinase deficiency also have a defective
liver pyruvate kinase (Kahn et al., 1976; shinohara et al., 1976;
Nakashima et al., 1977). This would suggest that the genes

coding for the L and erythrocyte type lsozymes are genetically
linked ip man. Also the fact that the L and erythrocyte type
iﬁozymes appear to be nearly identical structurall& in spite

of the fact that they are encoded by 2 different mRNA molecules

.would.suggest that these 2 isozymes are encoded by the dame

gene.
At present, it is not clear how these 2 different pyruvate

kinase mRNAs are derived from the same gene. Oné explanation

invokes the bresence of 2 different mRNA splicing pathways in the

erythroid and liver cells. This model has been used previous-

ly to desc;ibe the production of the Ml and M2 type isozymes

from ﬁhe same gene (Hance et al., 1982). However, because the

L and erythrocyte type isozymes*are synthesized in different

tissues, there is an alternative to the differential splicing

model. In the fetus, feticulocytes and hepatocytes may cébntain

the same structural gene but duriny development gene rearrange-

[2]

~ment could give rise to 2 structurally similar genes. In order

to distinguish between these 2 possibilities, it will be
necessary to construct a cDNA to pyruvate kinase mRNA and probe
for genomic rearrangement in hepatocytes and reticulocytes

during development (Marie et al., 1982).

HYBRIDS

Although 4 principal isozymes of pyruvate kinase have been

AN



found in mammals, studies have revealed the presence of minor
forms which are electrophoretically distinct from the My M,y

L and erythrocyte type pyruvate kinases (Imamura & Tanaka, 1972).
Somg authors have proposed that these minor pyYruvate kinase

forms are hybrids of the 4 principal isozymes (Ibsen, 1977).

This is certainiy not out of the question since it has been

shown that inter-subunit feétures are sufficiently complimentary
te permit the hybridization of the M, and L type isozyme.
Subunits (Cardehas & Dyson, 1973; byson & Cardenas, 1973; Car-
denas et al., 1975¢). However there is no evidence for the
existence of hybrid forms of pyruvate kinase in vivo and pur-
ified hybrid forms may be artifacts of purification procedures.
The possibility that these minor pyruvate kinase forms are B
simply the proteclytic products of the 4 principal pyruvate

kinase i1sozymes also exists.

NON-MAMMALIAN VERTEBRATE PYRUVATE KIMASES

Very few pyruvate kinaée isozymés have been purified from
the tissueé of non-mammalian vertebrates.‘ghe enzyme has been
obtained from the skeletal muscle of the frog (Flanders et al.,
1971), the chicken- (Cardenas et al., 1975a), the sturgeon
(Randall & Anderson, 1975) and the Qalmon {Guderley & Cardenas,
1980a) while cardiac muscle pyruvate kinases have been obtained
from the frog (Flanders et al., 1971) and the turtle {Storey &
Hochachka, 1974). One isozyme was purified from salmon liver
{(Guderley & Cardenas, 1980a) while 2 forms described as L and
M2 types were obtained from chicken liver (Eigenbrodt & Schoner,

1977) . The kinetic and physical properties of these enzymes
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TABLE 5

Comparison of the Physical and Chemical Properties of the

Pyruvate Kinases Isolated from Some Non-Mammalian Vertebrates

(1) - (2) (3) (4)

g *
CHICKEN | CHICKEN
CHICKEN ] LIVER LIVER FROG
Specific Activity 236 520 320 {133 x 107
units/mg
Assay Temperature 25 37 37 25
°c
Km(PEP) mM 0.07 0.2 0.79 0.06
~FDP ' .
Ny 1.0 1.3 2.9 —_—
Km(PEP) mM —_ 0.11 0.15 _
+FDP
Ny —-‘ —_ —_ —_—
Km(ADP) mM ' 0.3 0.21 0.26 ——
: )
Optimum pH ] 7.0 7.25 7.25 —_
pI -FDP 8.5-8.8 8.3 6.3 ——
pl +FDP
Molecular Weight 215,000 } 188,000 | 193,000 | 220,000
Subunit Molecular 54,000 50,000 52,000 } 55,000
Weight .
REFERENCES

(1) Cardenas et al. (1975a)

{2} Eigenbrodt & Schoner (1977) .
(3) Ibid
4) Flanders et al. (1971)

* One unit of activity is ordinarily defined as the amount of enzyme
which can produce one micromole of pyruvate per minute. In this
case, the authors (Flanders et al., 1971) define one unit of

activity as the amount of enzyme which can decrease the 0.D.
- 340
by 0.001 per minute.
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TABLE 5 (continued)

Comparison of the Physical and Chemical Proerties of the

Pyruvate Kinases Isolated from Some Non-Mammalian Vertebrates

¥

(1) (2) (3) (4)
TURTLE} SALMON | SALMON |[STURGEON
PROPERTY HEART | MUSCLE LI&PR MUSCLE
Specific Activity 210 450 45 281
units/mg
Assay Temperature 25 15 15 30
O |
K _(PEP) mM 0.117 0.28 1. 0.23 0.6
m . p-FDP . ‘
pH — 1.2 1.0 Z2.45
K (PEP) mM 0.021 — _ 0.04
m +FDP .
ny _ _— *_. —_ —_—
Km(ADP) mM 1 0.227 0.42 0.30 | —
Optimum pH 6.4 7.0 7.0 7.5
pI -FDP 6.05 7.8 5.35 —
pI +FDP —— — — -
Molecular Weight —_— — —_ —_
Subunit Molecular —_ 57,000 57,000 56,000
weight
REFERENCES

(1) Storey & Hochachka (1974)
(2) Guderley & Cardenas (1980a,b)
(3) Ibid

{4) Randall & Anderson (1975); Anderson & Randall (1975)

g
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TABLE 6
Comparison of the Amino Acid Compositions of the

Pyruvate Kinases Isolated from Some Non-Mammatlian Vertebrates

(1) (2) (3) (1)

CHICKEN
AMINO | CHICKEN | LIVER FROG  [STURGEON
ACID MUSCLE M, MUSCLE | MUSCLE
CYs 8 N T 8
ASP 48 35 44 47
4 THR 26 32 26 28
SER 24 47 29 32
GLU. 47 36 53 54
PRO 20 28 24 24
CLY . 41 61 44 43
ALA 55 58 59 52
VAL 42 28 49 36
MET 18 6 16 14
ILE 32 23 35 32
LEU 35 16 44 42
TYR 7 5 10 10
PHE 16 11 19 . 18
HIS 18 8 b 14 10
TRP 4 - 4 -~
LYS 37 23 33 31
ARG 31 25 | 34 28
Subunit : )
M. W 53,000 } 62,000 | 60,000 | 56,000
REFERENCES

(1) Cardenas et al. {1975a)
(2) Brunn et al. (1979)

(3) Saheki et al. (1982b)

(4) Anderson & Randall (1975)



Lre osummarized in Takles 5 and 6. Thne data indicates that the

mammalian L, Ml and N2 type lsczymes have their counter-parts

in the tissuves cf the chicken. The frog skeletal muscile en-

zZyme is also very similar to a mammalian Ml isozyme as it ex-
hibits hvperbolic binding kinetics wiith respect to both PEP
and ADP and 1t 1is not activated by FDP or inhibited by the
amino acids alanine and phenylalanine. However, the muscle
pyruﬁate kinases of the salmon, sturgeon and turtle are clear-

ly different fré@ the mammalian M., type isozyme. All these

1
enzymes exhisit‘co—operativity in the binding of PEP and are
activated by FDP. With respect to their binding of PEP and
activation by FDP, the salmon and turtle muscle enzymes are
similar to the mammalian M, isozyme. Howeve; turtle muscle

2

pyruvate kinase, like the mammalian M2 isozyme, is inhibited
by both alanine and phenylalanine whereas the salmon muscle
enzyme 1s insensitive toc these effectors. Sturgeon muscle
Eyruvate-kinase is similar to the mammalian L isozyme with
respect to its binding of PEP bﬁt its pH optimum is closer
to that of the Ml and M2 types. Clearly the relaﬁionship
that exists between these pyruvate kinases and the mamﬁalian
isozymes 1is not apparent.

This is also the case for fish liver pyruvate kinase.
The enzyme purified from salmon liver is not like the mammal-
ian L or M2 types becéuse it exhibits hy?erbolic binding
kinetics with respect to PEP, is relatively insensitive to

activation by FDP and is not inhibited by amino acids. The

relative insensitivity of this fish liver pyruvate kinase

’.(-I



to modulators of mammalian pyruvate kinase activity is sur-
Prising and it has been postulated that the metabolic cap-

acities of the fish liver may be fundamentally different

from those of the mammalian liver

INVERTEBRATE PYRUVATE KINASES

Since only a handful of invertebrate isozymes have been
purified it is difficult to make a comparison of invertebrate
and vertebrate pyruvate kinases. Pyruvate kinase has been pur-
ified from two types of yeast {Yun et al., 1976;IBishofberger
et al., 1970) and from Streptococcus lactic (Crow & Pritchard,
1976), Peeudomonas citronelloiis (Chuané & Utter, l9779) , Halo-
bacterium cutirubrum (De M&dicis et al., 1982), wNeurospora
cracsa {Kapoor, 1975); sea mollusc muscle (Leon ‘et al., 1982),
shore crab hepatopancreas (Giles et al., 1976c) and house
cricket muscle {(Hoffmann, 1975). In addition, 2 types of pyru-
vate Kkinase, one activated by FDP and one activated by AMP,
have been purified from £. col< (Waygood & Sanwal, 1974; Somani
et al., 1977). These invertebrate pyruvate kinases generally
consist of 4 subunits which have molecular welghts which
range between 50,000 and 73,000. Specific activities as low
as 75 units/mg have been reported for the enzyme from Strepto-
coceus lactis (Crow & Pritchard, 1976) while a higﬁispecific
activity of 935 units/mg was reported for the enzyme from
Neurospora erassa (Kapoor, 1975). The PH optima of these
invertebrate pyruvate kinases vary frgm 6;0 (Bishofberger
et al., 1970) to 7.5 (Crow & Pritchard, 1976). Isoelectric

points have been determined for a few invertebrate pyruvate



kinases agd they are in the range 6.0 to 6.5 (Yun et al., 1976;
Bishofberger et al., 1970; Kapoor, 1975). On the basis ofm
subunit molecular weights and amino acid compositions, the
PYruvate kinases purified from 2 types of yeast are quite
different structurally (Yun et al., 1976; Bishofberger et al.,
1970) as are the AMP and FDP-activated pyruvate kinases from
£. ecoli (Valentini et al., 1979) .

Invertebrate pyruvate kinases have been reported to ex-
hibit a wide range of affinities for PEP. Apparent Km values
as high as 4.0 mM have been reported for the FDP-activated
enzyme from £Z. coli (Waygood & Sanwal, 1974) while values as
low as 0.12 mM have been reported for the enzyme from shore
crab hepatopancreas (Giles et al., 1976c). Almost all invert-
ebrate pyruvate kinases, with a few exceptions (Munday et al.,
1980), exhibit co-operative binding kinetics with respect to
PEP and can be activated by an allosteric effector. In most
cases, FDP 1s the most effective activator but some invertebrate
enzymes can be activated by a wide range of sugar mono- and di-
rhosphates (Crow & Pritchard, 1976) while others are prefer-
entially activated by AMP (Somani et al., 1977). Some invert-
ebrate pyruvate kinases exhibit co—opefétivity in the binding
of ADP and the allosteric activator can increase the eanme's
affinity for this substrate (Yun et al., 1976; Crow & Prit-—
chard, 1976). One invertebrate enzyme does not absolutely
require a monovalent cation for catalytic activity (Chuang
& Utter, 1979) while the enzyme from Halobacterium cutivubrum
is highly unstable at less than 3 M NaCl or KCl (De Médicis

et al., 1982).



Very little detailed kinetic data is aQailable for the
invertebrate isozymes. Macf;rlane & Ainsworth (1972) reborted
that the reaction catalyzed by the isozyme from Baker's yeast
proceeded via an ordered mecﬁanism bug a rapid equilibrium
model appears to be more apgrépriate for the muscle and
hepatgopancreas enzymes of.the shore crab {(Munday et al., 1980).

Evidently there is considerable Qariation in the pﬁysical
and chemical properties of the ipver?ebrate pyruvate kinases
studied to date. Further purification and characterization of
other invertebrate isozymes will be required in order to gain
a better understanding of theé roles and inter-relationships
of these enzymes. .

STRUCTURE OF PYRUVATE KINASE-

//Vrﬁ—fﬁe three-dimensional structure of}cat muscle pyruvate
kinase has been studied in detail {Stuart et al., 1979; Levine
et al., 1978) . Cat muscle pyruvate kinase, like all other vert-
ebrate pyruvate kinases studied to date, is a tetrameric en-
zyme consisting of 4, identical subunits. Each subunit is composed

- of approximately 530 amino acids and the polypeptide chain is
folded into three domains which are cailed A, B and C. Domain
A is the 1ar§est composed Af about 220‘residugs and contains a
cylindrical B-sheet of 8 paraliel strands. Adjacent strands
are connected by a-helices which form an outer cylinder ccaxial

" with the first. Between -the third strand of g-sheet and the
third a-helix cf Domain A, the poljpeﬁtide chain folds up into

Domain B which contains at least 100 amiro acids. The main se-

condary structural feature of Domain B is an anti-parallel
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B-sheet. After the last o¢-helix in Domain_A, proceeding in the
direction of the C-terminal, the chain folds up ihto Domain C
which contains the C-terminus and is composed .of 120 amino
acid..residues. The first section of Dcmain C compfises two
anti-parallel «-helices and the rest of the chain is folded -
up into a five stranded B-sheet interconnected by 2 «-helices.
This latter feature is similar to the first mononucleotide
binding fold of lactate dehydrogenase {(Levine et al., 1978)
and could serve as a binding éite for én adenine-nucleotide.
The active site of cat muscle pyruvate kinase appears to
be located at the C-terminal ‘end of the barrel of B-sheet in
Domain A. PEP binds to a site located in the middle of the end
of the barrel while ATP is sipuated so that the Y-phosphate
group overlaps with the PEP binding site and the nucleoside
portion is close to the C-terminal end of the fourth strand

of B-sheet in Domain A.

Recently, Burke et al. (1983) isolated and séquenced the
pyruvate kinase gene of.Baker's yeast. The gene encodes a

protein of 499 amino acids in a single open reading frame for

- a subunit molecular weight of 54,608. The sequence located

at amino acids 170-205 is highly homolggous to the N-terminal
seguence of a lérge polypeptide fragment derived from the hy—‘
dfoxylamine cleavage of cat muscle pyruvate kinase (McAleese
et al., 1982). The sequence located at amino acids 283-300

is highly homologous to the sequence of a cyancgen bromide
peptide deEived from sturgeon and fabbit muscle pyruvate kip—
aseQ(Anderson & Randall, 1975). The sequence located at amino

acids 313-346 is highly homoqugPs to the sequence of a tryp-



tic peptide derived from bovine muscle pyruvate kinase (Johnson
et al., 1979). However, there do not appear to be homelogous
regions in the yeast enzyme to the phosphorylation site se-
quences of rat and pig liver pyruvate kinases (Humble; léBO)
or chicken liver M2 type pyruvate kinase (Brunn et al., 1979).
In addition, there does not a?pear to be a homologous region
in the yeast enzyme to a tryptic pentapeptide, -isolated from
rabbit muscle pyruvate kinase, which has been reported to
contain a catalytically-important cysteine residue {Chalkley

& Bloxham, 1976; Bloxham et al., 1978). These observations
indicate that specific sequences within the sﬁructure of
pyruvate kinase have been conserved during the course of
evolution and these structures are probably of functional
importance. The pratein sequence derived from the yeast

gene should aid in an anélysis of the X-ray data obtained

for the enzyme pufified from cat muscle and fatdlitate the

elucidation of the catalytic mechanism of pyru&ate




NUMBER OF ACTIVE SITES

Rabbit muscle pyruvate kinase is a tetrameric protein
consisting of 4 identical subunits (Cottam et al., 1969).
Electron spin resonance studies have indicated that there are
4 binding sites for a divalent cation per enzyme tetramer
(Cogtam & Mildvan; 1971) while equilibrium dialysis studies

have indicated tﬁgge are 4 binding sites for PEP and a mono-

valent cation (Kayne, 1971). Therefore, it follows that each

subunit of rabbit muscle pyruvate kinase contains one actlve
site. This has bé;n confirmed by extensive crystallographlc
studies (Stuart et al., 1979; Levine et al., 1978) . Cat muscle
pyruvate kinase contains a second ADP binding site located in
Domain C of each subunit (Stammers & Muirhead, 1975). Whether
other pyruvate kinase isozymes contain a second ADP binding
site is not known. L, M2 and erythrocyte type pyruvate kinases
have been shown to contain one FDP binding.site per subunit
(Hess & Kutzbach, 1971; Nagao et al., 1982: Garreau et al.

1

tions, be activated by FDpP suggests that it contains a low-

1977). The fact that the M isozyme can under certain condi-

affinity FDP binding site {(Phillips & Ainsworth, 1977).

IDENTIFICATION OF CATALYTICALLY-IMPORTANT FUNCTIONAL GROUPS

A number of studies have sought to deterﬁine the molecular
basis for the mechanism of action of Pyruvate kinase. Sevéral
authors have attempted to identify the catalytically importaﬁt
functional groups of rabbit muscle pyruva£e kinase because the
kinetic behavior of this particular isozyme has been studied

extensively.
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CYSTEINE

Flashner et al.(1972) reported that chemical modifica-
tion of rabbit pyruvate kinase by the sulfhydryl reagent 5,5'-
dithiobis—(2—nitrobenééic acid) (DTNB) resulted in enzyme in-
activation. The authorsvnoted.that é lag phase was present
between the commencement of sulfhydryl group‘modification
and the loss of catalytic activity. The substrate PEP in com-—
bination w1th the divalent cation. Mg +2 could completely pro-
tect against enzyme iqactivation and the modificatioq‘of all
but one sulfhydryl group per enzyme subunit. DTNB, when pre-
sent at an inhibitor to énzyme gubunit mole ratio of i:l,
could completely inactivate the .rabbit enzyme and this was
accompanled by the modification of 2 sulfhydryl groups per
enzyme subunit. The authors proposed that DTNB reacted with
a catalytically unimportant cysteine residue but disulfide
interchange with a setond neighbouring cysteine residue re-
sulted in the formation of a disulfide bond within the enzyme
and complete inactivation. In a subsequent report, Flashner
et al. (1973) showed that neither of the two reactive cysteine
residues were required for catalysis. Therefore DTNB catalyzed
the formation of a disulfide bond between thése 2 cysteine
residues and this induced an unfavourable cenformational
change which rendered the enzyme inactive.

Bloxham &‘Chalkley (1976) reported that rabbit muscle
pyruvate kinase could be'inactivated due to chemical modifica-
tion by 5-chloro-4-oxopentancic acid. Enzyme inactivation was
attributed to the alkylation of a specific cysteine residue.

In a subsequent paper, Chalkley & Bloxham (1976) isolated



a tryptic pehtapeptide from rabbit pyruvate kinase which
contained a chemical reactive and presumably catalytically
essential cysteine residue. The authors concluded that this
cysteine residue was located in the active site of rabbit
muscle pyruvate kinase and the alkylation of this group by
5-chloro-4-oxopentanoic acid lead to complete enzyme in-
activation, However, the authors could not exclude‘the
possibility that at their reac;ion conditions, enzyme in-
activation was in fact due to the modification of a chem-
ically reactive lysine résidue participating in Schiff's
base formation with the keto group of 5-chloro-4-oxopentanoic
acid. Also, due to the poor recovery of their rédioactively
labelled tryptic pentapeptide containing the "reactive"
cysteine residue, the authors could ;Bt clearly identify
that particular cysteine residue as being catalytidally
important.

Harkins s Fotherélll {1977 reported that a cysteine
residue of cat muscle pyruvate kinase was preferentially
alkylated by iodocacetic acid. This cysteine residue was
found to be contained within a specific cyanogen bromide pep-
tide which was homologous to the cyanogen bromide peppides
isolatdéad préviously from rabbit and sturgeon muscle pyruvate
kinases (Anderson & Randall, 1975). Harkins & Fothergill (1977)
concluded that.this cysteine residue was equivalent to the
‘chemically reactiﬁe but catalytically unimportant cysteine
residue of rabbit muscle pyruQate kinase (Flashner et al.,
1972)..However, the authors failed to determine whether

- the alkylation of this cygteine residue of cat muscle pyruvate



(ii)

kinase resulted in enzyme inactivation.

In an effort to verify their previous findings, Bloxham
et al. (1978) used the reagent methyl methanethiosulphonate
to investigate the role of the sulfhydryl groups of ‘rabbit
muséle pyruvate kinase. The authors reported that the modifi-
cation of a specific cysteine residue, locaéed either near
or within the active site of the enzyme, resulted in complete
enzyme inactiya£ion. This reacfive cysteine residue was found
to be contained within a specific tryptic pentapeptide which
was identical to the tryptic peptide isolated previously by
Chalkley & Bloxham (1976). However, the authors could not
identify thié reactive cysteine residue as being catalytically
important. Previous to this report, Flashner et ai. (1972}
had indica%sg/éhat sulfhydryl reagents, such as methyl méth;
anethiosulbhonate, were susceptible to displacement from -
enzyme thiol groups due to disulfide bond interchange with
neighbouring cysteine residues. Thefefore, the authors.could
only idenfify the chemically reactive cysteine residues which
retained the radioactivelg labelled sulfhydryl reagent.

It is apparent that in spite of numerous investigations,

‘our understanding of the role, location and reactivity of

the cysteine residues of pyruvate kinase is poor.

HISTIDINE AND ARGININE

Mildvan & Cohn (1965) suggested a histidiné residue
might Ee present at the active site of rabbit muscle pyruvate
kinase since a pKa of 6.8 was determined for the binding of

M_n.+2 to the enzyme. Dann & Britton (1974) conducted chemical



modification studies using diethylpyrocarbonate and pro-
vided evidence to support this hypothesis. Meshitsuka et
al. (1981) examined the role_of the histidine residues of
rabbit muscle pyruvate kinase by proton NMR spectroscopy.
The authors were able to examine the resonance lines of 6 -
of the 14 histidine residues of the rabbit enzyme subunit.
‘One of these 6 histidine residues was . reported to be close
‘to the active site because the binding of 'the substrate PEP
to the enzyme resulted in a 0.4 unit.decrease in the psa

of this particular functional group. However, the authors
could not rule out the possibility that this effect was
due to a conformaticnal change induced by the substrate. In
addition, they were unable té comment on the state of the
remaining 8 histidine residues known to be present in each
subunit of this>enzymé.

C#rdemil & Eyzaguirre (1979) examined the susceptibility
of rabbit muscle pyruvate kinase to inactivation by 2,3-buta-
dione. The enzyme could be inactivated by this reagent'but only
a%zhigh inhibitor to enzyme subunit mole ratios. Also there
was no apparent stoichiocmetry between the modification of
arginine residues and the inactivation of the protein. At
the present time, no direCﬁ evidence is available to indicate
that arginine or histidine residues are involved in the
catalytic mechanism of pyruvate kinase.

(iid) LYSTINE
The chemical modification of the lysine residues of

rabbit muscle pyruvate kinase by pyridoxal 5'-phosphate has



been reported to lead to a loss gf catalytic activity
(Johnson & Deal, 1970). Hollenberg et al. (1971) reported
that the inactivation of rabbit muscle pyruvate kinase

was accompanied by the incorporation of one mole of 2,4,6-
trinitro-benzene-l-sulfonate (TNBS) per mole of enzyme sub-
unit. The modification of one specific lysine residue was
indicated by the finding that €-TNP-lysine was the only mod-
ified amino acid present in a hydrolysate o£ the chemically
modified protein. ADP but not PEP was able to protect

against enzyme inactivation therefore Flashner et al. (1973)
suggested that TNBS modified a specific lysine residue
located in the vicinity of the nucleotide binding site of

the active site. Chemical modification of bovine muscle
pyruvate kinase by TNBS vielded similar observations (Hubbard
& Cardenas, 1975). Johnson et al. (1979) isolated and se-~
gquenced a tryptic peptide,composed of 34 amino acids, from
bovine muscle pyruvate kinase which contained the chemically
reactive lysine residue. The role this reactive lysine'residue
Plays in the catalytic mechanism of pyruvéte kinase has not

been determined.

(iv) AFFINITY LABELS
A variety of affinity labels have begn'employed in order
to attempt to identify the reactive functional groups at the
active site of pyruvate kinase. Wyatt & Colman (1977) reported
that 5‘-p—fluorosulfony}adenosine (FSBA) , a\structural ana-
logue of ADP, could comp%etely inactivate rabbit muscle Pyruvate

)
kinase. The chemical modification of 2 tyrosine residues



located at 2 separate sites of the rabbit enzyme subunit was
responsible for the loss of catalytic activity (Annamalai
et al., 1979). However, Likos & Colman {1981) reported that
5'—p—(flourosulfonyl)benzoyl-l,N6—ethenoadenosine(FSBEA),
another analogue of ADP, could also completely inactivate
rabbit muscle pyruvate kinase by reacting with a catalytically
important cysteine residue at one site and a catalytically
unimportant functional group, presumably a tyrosine residue,
at a second site of the enzyme subunit. Tomich et al. (1981)
reported that 5'=p-(fluorosulfonyl)benzoyl guanosine (FSBG),
an analogue of GDP, could completely inactivate rabbit
pyruvate kinase by reacting with a catalytically important
cysteine residue and a catalytically unimportant functional
group. However, the chemically modified cysteine residue aid
not retain the affinity label because it was displaced due
to nucleaphilic attack by a neighbouring cysteine residue.
In view of the fact that the affinity labels FSBEA and FSBG
appear to inactivate rabbit pyruvate k;nase via a similar |
mechanism, it is not alear why FSBG and not FSBEA is dis-
placed from the chamically reactive cysteine residue of
£he rabbit enzyme subunit.

Annamalai & Colman (1981) re-investigated the inactiva-
tion of rabbit muscle pyruvate kinase due to chemical modifica-

¢

tion by FSBA. The authors reported that FSBA reacted with a .
catalyticaily important cysteine residue, but 1like the
affinity label FSBG, it was displaced from the chemically

modified cysteine residue due to nucleophilic attack by a

nelghbourlng cysteine residue. Like the affinity label FSBG,



FSBA also reacted with a tyrosine residue bu£ whereés the
tyrosine residue chemically modified by FSBG was reported to
be catalytically unimportant (Tomich et al.,.1981), the tyr-
Oosine residue chemically modified by FSBA was reported to be
impertant for catalyzis (Annamalai & Colman, 1981).

Little can be concluded from these series of studies.
The studies employing FSBG and FSBEA indicated that the mod-
ification of one tyrosinelresidue per subunit of rabbit muscle

L
pPyruvate kinase did not result in enzyme inactivation but
this is not the cése with FSBA. FSBEA could completely
inactivate the enzyme by modifying one essential cysteine
residue per enzyme subunit but unlike the affinity labels
FSBG and FSBA, this reagent was not displaced from the enzyme
due to disulfide interchange. Clearly, these different
affinity labels , which are all structural analogues of ADP,
inactivate rabbit pyruvate kinase by different mechanisms.
Why this should be the case is not clear.

The authors frequently assume that these affinity labels
react only at the gxihown nucleotide binding sites of the
rabbit muscle pyruvate kinase subunit (Stammers & Muirhead,
1975) . However, Hinrichs &;Eyaguirre (1982) reported that
dialdehyde-ADP, yet another structural analogue of ADP,
reacted with 6 to 7 functional groups of the rabbit enzyme
subunit., Therefore the specificity of these substrate analogue
affipity labels is open to question.

. .

SUBSTRATE SPECIFICITY

Rabbit muscle pyruvate kinase exhibits a rather broad spec-



ificity for the dinucleotide substrate of thé reaction. Plowman
and Krall (1965) determined that ADP and GDP were the best sub-
strates followed by UDP and lastly CDP. The enzyme's affinity
for ADP is however at least 4 times greater than its affinity

for any other nucleotide diphosphate.

By contrast, rabbit muscle pyruvate kinase exhibits a
very high specificity for the phosphoryl group donor. A number
of PEP analogues have been synthesized including phospho-enol-
<-ketobutyrate (Woods et al., 1972), phospho-enol-«-ketovalerate
{Woods et al., 1972) and phospho-enol-bromopyruvate (Stubbe &
Kenyon, 1972). In the presence of saturating cpnceﬁtrations
of these PEP analogues, the rabbit enzyme exhibited a maximal
velocity which was less than 1% of the maximal velocity observed
in the presence of PEP. In spite of this fact, the.enzyme's
affinity for these PEP analogues was comparable to its affinity
for PLF.

A comparison of the substrate specificitie;vqf several

pyruvate kinase isozymes could provide some information re-

- garding the active site structures of these different enzymes.

Unfortunately, the substrate specificity of only the M. isozyme

1

from rabbit muscle has been studied in detail.

COFACTORS
Pyruvate kinase was the first enzyme for which an absolute
requirement for a monovalent cation was demonstrated (Boyer, 1962).
Potassium ilon was found to be the Eest activator of rabbit muscle
+ +

. , . + Lt
pyruvate kinase followed by NH4 , Rb ., T1 , Na+ and L in order

0of decreasing effect (Kayne, 1971). The catalytic role of the



monovalent cation 1s not clear. Kayne {1971) showed that the
monovalent cation was present at the active si£e when it was
bound to the enzyme. Reuben & Kayne (1971) were able to estimate
the distance between the monovalent and divalent cation binding
sites of the rabbit enzyme. This distance decreased from 8.2 &
to 4.7 8 upon the addition of the substrate PEP to the enzyme.
It was proposed that the monovalent cation played a permissive
role by facilitating substrate-induced conformational changes
in the enzyme. Potassium ion could also increase the affinity
.6f the binary enzyme—Mn+2 complex for PEP except in cases where
the carboxyl group of the substrate was blocked (Nowak .& Mildvan, .
1972). Thus the monovalent cation might be required for the co-
ordination of_the substrate PEP at the carboxyl group. Presently,
there is no direct evidence for the participation of the mono-
valent cation in facilitﬁting the proper binding of PEP by the
enzyme (Villafranca & Raushel, 1982).

Pyruvate kinase also exhibits an absolute requirement for
a divalent cation. Magnesium ion is the best activator of

rabbit muscle pyruvate kinase followed by Co+2, Mn+2 and lastly
.+2

Ni {Kwan et al., 1980). However the enzyme's affinity for
Co+2 and Mn+2 is 5 times higher than its affinity for Mg+2 and
Ni+2. The divalent ‘cation, when bound to the rabbit enzyme,

has been shown to be present at the active site close to the
dinucleotide substrate binding site (Mildvan & Cohn, 1965;
Mildvan & Cohn, 1966). It was proposed that the divalent cat-
ion participated in a tertiary enzyme-metal-ADP complex with
the cation acting as é brjdge. However Reuben & Cohn (1970)

reported that while the enzyme-bound divalent cation was not
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directly co-ordinated to the dinucleotide substrate it was
located in the vicinity of the Bwphosphate.moiety of the enzyme-
bound ADP. Nowak & Mildvan (1972) propﬁsed that if the divalent
cation was not required for the correct orientation of ADP

at the active site, perhaps it was directly co-ordinated to

the phosphoryl group undergoing transfer. However, Kayne (1972)

has pointéd out that while this possibility seems likely,
there is no direct proof for it at present.

Gupta et al. (1976) provided evidence that rabbit muscle
pyruvate kinase required a second divalent cation for cataly-

tic activity in addition to the enz%ﬁébbound cation. The se-~

‘cond divalent cation appears to bg/bo—ordinated to the o« and

B-phosphate moieties of ADP and it is }equired for the proper
orientation of the phosphoryl group acceptor (Baek & Nowak,

1982).

THERMODYNAMICS

The pyruvate kinase reaction proceeds overwhelmingly in
favour of the production of ATP and pYruvate and hence, this
reaction is regarded as being irreversible in vivo. Nageswara
Rao et al. (1979) calculated a value of 3.33 x lO3 at 15°C ang
PH 8.0 for the equilibrium constant of the pyruvate kinase
reaction. Rabbit muscle pyruvate kinase.was employed for this
stuay and similar calculations have not been performed for

other pyruvate kinase isozymes.

ACTIVE SITE STRUCTURE OF PYRUVATE KINASE

The active site of rabbit muscle pPyruvate kinase can be

divided into 4 parts (Reynard et al., 1961). There is one
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FIGURE 1. Active Site Structure of* PyruvatetKinase
binding site.for a»moqovaleﬁt and a'divélent cation and é bing-
ing site for each of the substrates of the pyruvate kinase
reaction, PEP and ADP (Fig. 1). The reaction product pyrﬁvate'
can élso occupy the PEP binding site while the product ATP can
occupy the ADP binding site. Reynarﬁ eﬁ al. (1961) recognized
that ATP éould inhibit the pyruvate kinase reacticn by com-

K

“
peting with PEP and ADP for binding sites at the enzyme ac-
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tive site. Based on this cbservation, the authors concluded
: N

that the binding site for the ¥-phosphate group ok ATP over-

lapped with the binding site for the phosphoryl group of PEP.

This phosphoryl overlap region is therefore located\between
s {
the pyruvate and ADP binding sites (Fig. 1) . )
-

MECHANISM OF ACTION

A proposed scheme.for the mechanism of action of rabbit

muscle pyruvate kinase has been described (Nowak, 1978)

(Fig. 2). The pyruvate kinase reaction can be divided into 4 )

parts; 1) the binding of substrates ‘and metal ions to the ac-
tive site, 2) the transfer of a phosphoryl group from PEP to

ADP resulting in the generation of an enplate intermediate,

3) thé/coqiapse of the enclate intermediate with the subsequent

protonation of the C-3 carbon resUlting in the formation of

pyruvate and 4) the departurg of products.

Binéing of Substrates
According to this model, no éubstrates are present at

the active site initially and the monovalent and divalent cat—

ion sites are occupied. The distance between these two

sites has been estimated to be 8.7 & (Reuben & Kayne, 1971).
The subétrate PEP would bind to the active site such that its
carboxyl group would be co-ordinated to the monovalent cation
A{Nowak & Mildvan, 1972) and its phosphoryl group would be co-
ordinated to the divalent cation (Mildvan & Cohn, 1965).
These caticns are required for the proper orientation of the

substrate PEP and for the neutralization of the charges of

’ o
the carboxyl and phosphoryl groups. In addition, these cations™

0



FIGURE 2

Proposed Scheme for the Mechanism

of'Actign of Rabbit Muscle Pyruvate Kinase

A sinplified version of a scheme for the mechanism of action
of .rabbit musele pPyruvate klnase (Nowak 1978) is shown here.
Stage 1: The pyruvate kinase reaction 1nvolves the nucleo-
ﬁﬁlllc attack of the phosphoryl group of PEP by the B-phos-
phate group of ADP in the presence of K" \and Mg 2. If an
assoclative mechanism of phosphoryl group transfer is in;
volved, then phosphoryl groub departure from PEP eccurs *
eimultaneously with the formation of the oxygen bridge be-
tween the B and ¥-phosphate groups of ATP as shown here.
Stage 2: Following phosphoryl group fransfer, encl-pyruvate
and ATP are present at the active site. Protonation of the
C-3 carbon of the enolate intermediate results in the form-
ation of pyruvate. A basic'functional group of the enzyme
(~B:H) may participate in this reaction.

Stage 3: Following the departure of ATP, pyruvate remains at
the active site. The release of pyruvate from the enzyme may

N
represent the rate-limiting step in the pyruvate kinase reaction.
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greatly increase the enzyme's affinity for PEP and ADP. Rabbit
pyruvate kKinase has been shown to exhibit mutually co-operative
effects in the binding of Mn+2_and ADP (Mildvan & Cohn, 1966),
: =

Mnt? and PEP (Mildvan & Cohn, 1966) and K' and Mg ° (Nowak,
1973)1 The binding of PEP results in a substaﬁtial conforma—
tional change which is manifested by a deérease in the inter-
cationic distance to 6.5 8 {Nowak, 1978). Pyruvafe kinase may
bind the substrates PEP and ADP in a random order but for the
purposes of this scheme, PEP binds before ADP. If ADP were to
bind to the enzyme before PEP only a slight conformationalh

[ o
4
change would be observed and the inter-cationic distance would

narrow to 8.2 R (Nowak, 1978). ADP is not directly co-ordin-
ated to either of the bound cations at the active site. A
basic functional group at the ADP binding site may be resvon-
sibie for the proper alignment of the.E—phosphate group af ADP
_(Flashner'et g}., 1973; Hollenberg et al., 1971). Recent evi-
dence suggests that a second divalent cation may be required
at the active site and it would chelate to the « and B-phosphate
grqupé of ADP (Gﬁpta et al., 1976; Baek & Nowak, 1982). The
addition of ADP to the éuaternary enzyme;K+~Mg+2—PEP complex

would be accompanied by.a conformational change at the active

site which would result in the sgueezing together of the sub-

strates and the inter-cationic distance would close to less

than 6.1 & (Nowak, 1978). Water molecules present at the active
. ]

site would be expelled during this process.
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Transfer of Phosphoryl Group

Reynard et al. (1961) proposed that the pyruvate kinase
reaction involved the direct transfer of a phosphoryl group
from PEP to ADP. Lowe & Sproat (1979) ¥eported that pyruvate
kinase-catalyzed phosphoryl gfoup transfer occurred via a
dissociative mechanism. This implied that ‘phosphoryl group
departure from PEP preceded the formaﬁion of the oxygen
bridge betweéﬁ the P and Y¥-phosphate groups of ATP. However,
Hassett et al. (1982) recently reportea that pyruvate kinase-
catalyzed phosphoryl group transfer occurred via an assocla-
tive and not a dissociative mechanism. If an associative
mechanism is involved then pﬂosphoryl grbup departure from
PEP would. occur s%multaneously with the formation of the
oxygen br;dge between the B and'5?phosphate groﬁps of ATP.
Hassett'etval. (1982) has arqgued that an associative nech-
anism of phosphoryl group. transfer would appear to'}e more
logical sinée it would avoid the possibility of the fruit-
less reacfion of the highly reactive metaphosphate ion
(POB"?) with water molecules trapped within the active site

(Hassett et al., 1982).

Protonation of the Enoclate Intermediate

Following phosphoryl group transfer, enol-pyruvate and
ATP are presen% at the active site and protonation of the enol-
ate intermediate gives rise to the reaction product pyruvate.

A basic functional group located within the active site clase

4



to tﬁe C-3 position of the eﬁzyme-bound intermediate may par-
ticipate in this protonation reaction (%obinson & Rose, 1972).
Rabbit muscie pyruvate kinase can qatalyze the detritiation
of pyruvate labelled with 3H in the C;3 position, in the‘pre—
gencé of phosphate buffer or ATP (Rose, 1960). This suggests
that the phosphoryl overlap region of the active site must be
occupied in order for the detritiation reaction to occur.
Robinson & Rose (1972) showed that tritium was lost from the
C-3 position of 3H—PEP during the pyruvate kinase reaction -
prior to the release of pyruvate. On the basis of these ob-
servations, it has béen proposed that the rate-limiting step
in the pyruvate kinase reaction is the release of pyruvate
from the enzyme. Since the loss of tritium from 3H—PEP only
occurs during the course of the net reaction, the protonation
of the enolate intermediate must follow phosphoryl group
transfer.
/i

Departure of Products

Just as there are conflicting reports regarding the order
of substrate combination with the enzyme, the order of product
departure has not been determined. However, Nowak (1978) re-
ported that the Jégg}tpre of ATP from the active site resulted
in a relaxation of the closed conformation and the inter-
. Cationic distance increased to 6.9 R. The departure of the
second product,hpyruvate would restore the active site to its
original conformation.

Further studies are required to determine the mechanism

of action of pyruvate kinase. Much of our knowledge concerning

e
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the location and role 'of substrates and metal ions..at _the ac-
. 4
tive site is based on NMR studies employing paramsghetic
L\
\

cationic probes. By necessity, these sfudies have been unable
to use K' and Mg+2 which are the usual cations eméloyed in
kinetic studies. It will be necessary to determine the spa-
tial relationships at the active site when these cations are
present.,

Current models suggest that substantial conformational
changes occur at the active site during catalysis but the
nature of these changes has not been determined. In addition,
the temporal relationships of catalysis are unknown. The or—
der of substrate and cation binding to the enzyme and the or-
der of product and cation releése from the enzyme is nqsﬂknown.
Some studies have reported that rapid random equilibrium con-
ditions apply hence there is no order of ligahd binding to the
enzyme (Reynard et al., 1961; ainsworth & Macfarlane, 1973).
However, it has also been reported that substrate binding is
ordered (Dann & Britton, 1978) while other groups contend that
substrate binding is random but product departure is ordered
(Giles et al., 1976a) . Evidently the events of catalysis aré\ﬁab
largely a myster§. !

Although catalytically essential lysine (Hollenberg et
al.,ll97l) and cysteine residues (Annamala; & Colman, 1981;
Flashner et al., 1972) have been reported £0 be present at the
écgive site, littfé is known about tﬁe participation of any
functional group of the protein in the events of cataiysis. A

basic functional group may be involved in the catalysis of the

enolization of pyruvate but this residue has not been identified
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(Robinson & Rose, 1972).

Essentially all of the kinetic and spectroscopic studies

of pyruvate kinase have been conducted with the enzyme from

rabbit muscle. The mechanism of action of other pyruvate

Kinase isozymes has not been investigated.

7
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RESEARCH OBJECTIVES

Further studies of purified pyruvate kinases from var-
ious sources are required to define the structural features
and physiological role of pyruvate kinases. A potentially
useful way to help determine the origin and role of pyru-
vate kinases in mammals is to examine the enzymes in the
tissues of more primitive species where the purified enzyme\
can be obtained in good yield. Examiﬁation of the enzyme
from the muscle of such an animal can help determine if the

kinetic and structural properties of the M. isozyme of

1

-

mammals are unigue to mammals or are general features of
byruvate kinase from skeletal muscle.

Previously it was shown that Sturgeon muscle pyruvate
kinase, unlik; the Ml isozyme from rabbit muscle, exhibited
pronounced .co-operativity in the binding of the substrate
PEP and was activated by FDP (Randall & Anderson, 1975).
Subsequent studies, designed to investigate the structural
basis for these kinetic differences, revgaled that sturgeon
and rabbit muscle pyruvate kinases shared similar subunit

Structures (Anderson & Randall, 1975). It would be interest-

-ing therefore to examine the structural and kinetic properties

. 0f a muscle pyruvate kinase of a fish which has evolved more

recently than the sturgeon. Comparison of the properties of

this ehzyme to those of other isozymes might be expected to

shed some light on the evolution of Pyruvate kinase isozymes.

Partially purified pyruvate kinase from the white muscle

of the American eel, Anguilla rostrata, has been reported--to

exhibit different kinetic properties from the mammalian M. -

==
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type enzyme (Moon & Hulbert, 1980a,b). The white muscle of
the American eel is characterized by its low oxidative cap-
acity, large fibér diameter, poor vascularization and high
glycplytic potential (Hulbert & Moon, 1978a,b). It has been
proposed that the enérgy for white muscle contraction is
derived primarily from anaerobic glycolysis (Bostrom &
Johansson, 1972). Therefore one might expect'that the manner
in which the activity of the key glycolytic enzyme pPyruvate
kinase is regulated in eel'whipe muscle might be subs%antially
different from the manner in which tﬂe enzyme 1s regulated
in mammalian muscle. -

The life cycle of the American eel is such that it
inhabits the freshwater rivers and lakes of North-Eastern
América for 7 to 12 years. At the end of thfs time, sexual .
differentiation and maturation begin and these events are
accompanied by.m;ny metabolic and physiélogical changes+as
the eel develops to the Silver or Bronze stage (Tesch, 1977).

These changes are associated with the seaward migration of

"the eels which return to the Sargasso sea for spawning. During

the spawning migration, the eel experiences a natural starva-
tion period during which the enerqgy for locomotion and gonad-
al development must be derived from stored reserves. There-
fore one might expeét that in the white muscle of the mature,
bronze eel, the activity of pyruvate kinase would be regulated
in order to adjust to the varying energy requirements of the
tissue.

Pyruvate kinase has been purified from the white muscle

of the mature, bronze American eel, Anguilla rostrata, in order

‘
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to further define the kinetic properties of the enzyme and

to attempt to correlate them‘with Structural features and
physiological role. Chapter 3.of this thesis describes the
purification of eel whité muscle pyruvate kinase in sufficient
vyield so as to permit Structural studies. The kinetiec prop-
erties of the purified enzyme were determined and compared

to those of other pyruvate kinase isozymes. As the kinetic
properties of eel white musclé pyruvate kinase were found

to be substantially different from fhose of the M, isozyme
from rabbit muscle, the subunit and primaryg?tructures of
these two different muscile isozymes were ex;mined and com-~
pared to those of other Pyruvate kinase isozymes (Chapter 4).
Finally Chapter 5 describes chemical modificaﬁion studies
which were conducted in order to determine the number, role
and reactivity of the sulfhydryl groups of eel and rabbit
muscle pyruvate kinases. As numérous‘authors Have indicategd
that rabbit muscle Pyruvate kinase contains at least oﬁe
Catalyfically important cysteine residue, this study was
undertaken in order to shed some light on the structural
basis for the kinetic differences exhibited by eel and

~rabbit muscle pyruvate kinases.
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- CHAPTER 2 -
MATERIALS AND METHODS

A) MATERIALS
1. Chemicals

The following chemicals were obtained from Sigma Chemical
Co., St. Louis, Missouri.
Acrylamide N Nl—methylenebLsacrylamlde, the dl(cyclohexylammonlum)
salt of adenosine 5'-diphosphate, the disodium salt of adenosine
5'-triphosphate, alanine, bovine serum albumin, dansyl chloride’,
5, 5'-dithiobis(2-nitrobenzoic acid), l—ethyl—B(3—dime£hyl—amino—
propyl) -carbodiimide-HCl, the tetracyclohexylammonium salt of
D-fructose-1,6- blsphosphate, 1m1dazole,_rabb1t muscle Tactic
dehydrogenase Type V, lysozym;, MgClz'GHZO, 2(N-morpholino)ethéne—
‘sulfonic acid, the cyclohexylamine salt of the reduced form of
P-nicotinamide adenine dinucleotide, the tgi—monocyclohexylammonium.
salt éf phospho?enolnpyruvate, phenylalanine, KC1l, sodium dodecyl
suelphate, bovine thyroglobulin, Trizma base, TPCK-treated trypsin
and soybean trypsin inhibitor. f- -

The following chemicals were obtained from Pierce Chemical
Co., Rockford, Illinois. |
Citraconic anhydride, cyanogen bromide, dithiothreitol, ethyl \\
acetate, N-ethyl morpholine, glycine ethyl ester hydrochloride,
guanidine hydrochloride, iodoacetamide, ninhydrin, phenyl iso-
thiocyanate, trifluorocacetic acid,and urea.

Rabbit muscle pyruvate kinase and rabbit muscle creatine

kinase were obtained from Boehringer-Mannheim Co., Montreal,
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Canada. The rabbit muscle pyruvate kinase used in the structural
and kinetic studies reported here was judged to be pure as deter-
mined by SDS and 8 M urea-polyacrylamide gel electrophoresis. The
cpecific activity of this commercial preparation was Qetween 350
and @%0 units/mg of protein.

| Sephallex G-25 (coarse), Sephadex G-75 (superfine) and
Sephacryl S$-300 were products from Pharmacia Fine Chemicals,

Montreal, Canada.

Whatman DE-32 and CM-23 advanced ion exchange celluloses

were obtained from Mandel Scientific Co., Montreal, Canad
Iodo[?—l4Q]acetic-acid and iodo[l—l4¢]acetamide were.
obtained from Amersham-Searle Co., Oakville, Ontario.
iodo[Z—BH]acetic acid and Aguasol were obtained from New
England Nuclear, Lachine, Quebec.
' Bio-lyte 3/10 and Bio-lyte 5/7 ampholyte solutions were
obtained from Bio-Rad Labs, Richmond, California.
Todoacetic acid; gi&cerdl and é—mercaptoethanol were
obtained from Baker Chemicals Co., Phillipsburg, New Jersey.
N,N,N',N'-Tetramethylethylenediamine was obtained from

Fastman Kodak Co., Rochester, New York.

2. The Animal

,Thg white muscle of mature bronze American eels, Anguilla
rostrata, was used as the source of pyruvate kinase. The eels'
were capturegd—during thelr seaward migration and maintained as
described previously (Hulbert & Moon, 1978a). The animals were
~approximately 60Acm in length and were héalthy and demonstrated

large fat reserves at the time of sacrifice.

.
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B} METHODS

1. Enzyme Assays

Pyruvate kinase activity was determined using a modification
of a coupled assay (Bucher & Pleiderér, 1955). Eellwhite muscle
Pyruvate kinase activity was routinely assayed using 50 mM imid-
azole~-HCl buffer, pH 6?3 containing 2.0 mM ADP, 2.5 mM‘PEP, 45 mM
KCl, B.0 mM MgClz, 0.15 mM P-NADH and 3 units of-dialyzed
*lactic dehydrogenase in a cuvette volumé of 2.5 ml. Concentrated
solutions of eel pyruvate kinase were assayed by diluting an ali-
quot of the. solutlon in 50 mM imidazole-HCl buffer, pH 6.3 con-
taining 30% (v/v) glycerol. Rabbit muscle pyruvate kinase activity
was routinely. assayeé using 50 mM Tris-HC1l buffer, pH 7.5 contain-
ing 2.0 mM ADP, 2.5 mM PEP, 100 mM KC1, 8.0 mM MgCl, 0.15 fuM
P-NADH and 3 units of dialyzed lactic dehydrogenase in a cuvette
volume of 2.5 ml. Concentrated solutions of rabbit pyruvate kinase
were assayed by diluting an aliquot of the solution in 50 mM Tris-
HC1l buffer, pH 7.5 containing 30% (v/v) glycerol. All enzyme sol-
htigns and assay bﬁffers were freshiy prepared for each day's

experiment.

In order tb determine reaction rates, the change in O.D.340

was recorded as a function of time. By application of the Lambert- -
N X
Beer law, the change in the O.D.340 could be related to a change
. &

" in-the concentration of  B-NADH 'in the assay solution as follows:

Ac =AO.D.340 = (€ x 1)

wheére Ac = the change in B-NADH concentration per minute

A _ . .
O.D.340 = the change in the 0.D. 340 Per minute

€ = the molar extlgctlon.cbeﬁf101ent for B-NADH,
i.e. .22 x 10 l/molékem (Bucher & P1e1derer, 1955)

o

£
CUVette path length i.e. 1.0 cm

Lt
I

-~



—- 60a ~

The value for Ac¢ was multiplied by the volume of the assay solution

(0.6025 1) in order to calculate the change in the number of

moles of B-NADH per minute. In -the presence of.an excess of lactic

dehydrogenase, tHe production of-l micromole of pyruvate per minute,
} cétalyzed by pyruvate kinase, leads to the conversion of 1 micro-

mole of S -NADH to B-NAD per*minute. One unit of pyruvate kinase

activity is defined as the amount of enzyme which produced one
g,;icromole of pyruvate per minute.

Cuvette temperatures were-controlled by coupling the jacketed
cuvetterholder to a Neslab refrigerated water bath. Assays were
conducted at 30°C unless otherwise indicated and the initial reaction
rates were linear for at least 2 minutes. To determine the effects
of various modifiers of pyruvate kinase activity, concentrated

. eﬁzyme sclutions were pre%g‘%%ated with these substances at 4°C
for 5 minutes prior to dilution into the assay buffer containing
the modifiers. Double reciprocal plots were used to determine
maximum Qelocities (Vmaxla and substrate or activator concentrations:
required to achieve one~half maximum velocity (apparent Km and
apparent Ka ;espectively). Where Michaelis-Menten kinetics were
not applicable, substrate concentrations required to achieve one-
half maximum velocity were determined directly from substrate
sa£uration plots (SO.S)' Hill plots wére usedjto determine Hill
coefficients. Each kinetic experiment was performed in triplicate
with a very small variation in the kinetic parameters obtained

-

(less than 5%). In addition,experiments were performed with
enzymes representing different purification batches and identicol
' R

results were obtained.
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Protein was measured by a modified Biuret procedure using

2. Protein Determination

bovine serum albumin as the protein standard (Itzhaki.& Gill, 1964). .

For solutions of the purified eel muscle enzyme, protein concen-

tration, expressed in mg/ml, was determined using an absorbance

géé%) of 0.69 cm L at 280 nm. The absorbance

coefficient value was determined as follows: -a 5.0 mg/ml solution

coefficient value (A

of purified eel pyruvate kinase was dialyzed exhaustively against
water at 4°C and the dialysate was centrifugeﬁ at lS,OOOg‘for 20
minutes. The absorbance of the ctlear supernatant solution at 280 nm
- was reccrded. In order to determine the protein concentration of
the clear supernatant solution, an aliquot of a known volume
was removed, hydrolyzed with a known amount of a norleucine
mstandard and amino acid-analysis was conducted. The number of
moles of giycine, alanine and valine in the sample were determined.
The protein content could then be determined based on the fact
that eel.pyruvate kinase contains a total of 141 meles of glycine,
alanine and valine per mole of enzyme subunit. In addition, the
protein con;entration of the clear supernatant solution was
determined by adding 2.0 ml of the solut@on to 1.0 ml cof 30% (w/v)

aqueous NaOH. The absorbance of this solution was recorded at

280 nm and compared to that of a soclution consisting of a known
)

) -

weight of lyophilized pyruvate kinase dissolved in a known volume
of 108 {w/v) aqueous NaOH. For ‘solutions of rabbit muscle pyruvate
kinase, protein conaentration was determined in a similar manner

using an absorbance coefficient of (.54 cm—l (Hall & Cottam, 1978).
. >



2. Enzyie Purification

L All -procedures were carried out at 1°¢. Ffozen eel white
muscle (approx. 500g) was ground in é meat grinder and extracted
for 30 min with two volumes of a solution containing 10 mM pot-
assium phosphaté—2 mM EDTA, pH 5.8, 10% (v/v) glycerol and 0.1
mM DTT. The suspension was then strained through cheesecloth and
the muscle was re-extracted with two volumes of 5 mM EDTA buffer,

pH 5.8 containing 0.15 M KCl_and 0.1 mM DTT. The second suspen-

sion was strained through cheesecloth and the two extracts were

-

Vs

pooled and'strained again. After adjustment of the pH of the ex-
tract to pH 5.4 by tﬁe dropwise addition of 5 M acetic acid, the
eXtract was centrifuged at 9,000g for 15 min in a Beckman JA-21
centrifuge. /
Ammonium sulphate fractionation. h ;,///—_ -

The supernatant of the pH 5.4 treatment/égs brought to 40%
saturétion by the gradual addition of solid (NH4)2SO4 (245\9/1itre
of initial _solution) and after stirring for 30 min the solution
was.centfifuged at 15,0009 for 15 min. The superngtant was ggéught
(245 é)litre

41259

of supernatant) and after 30 min of stirring the solution was cent-

to 75% saturation by the addition of solid {NH

rifuged at 15,0009 for 15 min..The precipitate was dissolved in
150 ml of 5 mM potassium phosphate buffer, pH 5.8 containing 30%
(v/v) glycerol and 0.1 mM DTT (Buffer A) and desalted by passage
through a column (5 cm x 80 cm) of Sephadex G-25 equilibrated with

this buffer.

- C
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lun—gxchangc treatoents.,

Ve CM-23 cellulcse, equilibratéd with Buffer A, was added batch-
.wise to the protein solution (approx. 650 ml); After each addition
of CM-23 cellulose (approx. 20 ml of swollen ion exchange; per |
addition);‘tﬁe solution was stirred and the ion exchanger was
allowed to settle before the supernatant fraction was assayed for
pyruvate kinase activity. The procedure was stopped when the
‘pyruvate kinase activity in the supernatant fraction was reduced
to 95% of the initial activity observed prior to the addition
of the ion exchanger (the total volume of CM-23 cellulose added
was approx. 150 ml). The mixture was then centrifugéé)at 9,000g for
15 min and thé supernatant fraction containing the pyruvate kinase
activity was collected. The CM-23 cellulose was washed with an equal

volume of Buffer A and the washings were combined with the supernatant

fraction. After the pH was'adjusted to pH 7.8 by the dropwise

-
-~

addition of 5 M KOH, the solution was applied to a column (2.5 cm
\

x 40 cm) of DE-32 cellulose eqﬁilibrated_with 5 potassiﬁm
pﬁosphate buffer, pH 7.8 containing 30% (v/v) glycerol and 0.1 mﬁ
DTT (Buffe; B). The column was washed with two volumes of
B and then with two volumes of Buffer B containing 0.04 M/KCl. The
pyruvate kinase activiﬁy was eluted/ﬁith a linear gradient formed
from 400 ml of Buffer B containing 0.04 M KCl and 400 ml of Buffer
B conti.ning 0.12 M KCl. Pyruvate~«kinase activity was eluted as

a single peak. The fractions contaﬁning this activity were
concentrated by ultrafiltration in an Amicon cell equipped with

an XM-50 membrane.

oy

e
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Sephacryl S-300 chromatography. v

- Ten ml portions of the concentrated DE-32 cellulose eluate
containing approx. 100 mg of protein were applied to a column

(2.5 cm x éO cm) of Sephdtryl S-300 equilibrated with 50 mh pot-
assium phosphate buffer, pH 7.5 containing 30% (v/v) glycerol
and 0.1 mM DTT. The column.was eluted with this buffer and frac-
tions containing pyruvate kinase. specific activities of 300 units/
mg of protein or greater were pogled and stored in this buffer at

4°c.

———

4. SDS-Polyacrylamide Gel Electrophoresis
¥

SDS5-Polyacrylamide gei electrophoresis was carried out
according to the method of Laemmli (1970). For analytical pro-
cedures, gels were prepared in glass tubes (I.D.=0.6 cm) while
for molecular weight determinations, slab gels were prepared in
glass cassettes {14.0 cm x 18.0 cm x 0.7 mm). In both cases a 10
cm long rﬁnning gel was prepared and overlayed with a 2—3 cm long
stacking gel. The stacking gel consisted of 7.5% (w/v) acrylamide,
D.2% (w/v) bis—abrylamide,_o.l% (w/v) SDS, 0.325 M Tris-HC1
buffer, pH 6.8,'9.05% (v/v) TEMED and”0.07% (w)v) ammonium per-
sulphate. The running gelaconsisted of 15.0% (w/v) acrylamide,
0.4% (w/v) bis-acrylamide, 0.1% (w/v) SDS, 0.375 M Tris—HCL
buffer, pH 8.8, 0.05% (v/v)Y?EMED.and 0.07% (w/v) ammonium per-
sulphate. The electrode bufféf gontained 0.025 M Trizma basef

0.192 M glycine and 0.1% (w/v) 5DS. Protein samples were dissol-

7
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ved in 62.5 mM Tris-HCl buffer, pH 6.8 contaihing 5% (v/v) 2-
mercaptoethanol, 10% (v/v) glycerol, 0.001% (Q/VJ bromophenol
blue and 2.0% (w/v) SDS. Gels were stained with a solution
consisting of 0.25% (w/v) Coomassie brillént blue, 45% (v/v)
methanol and 9.2% (v/v) acetic acid and desgained with a solution
consisting of 7.5% (v/v) acetic ‘acid and 25% . (v/v) methanol. For
subupit molecular weight determinétions bovine serum albumin
(M.W. 66,200; Brown, 1975}, rabbit muscle pyruvate kinase (M.W.
59,000; Cottam et al., 1969), rabbit muscle creatine kinase (M.W.
.40,500; Yue et al., 1967), rabbit muscle aactic dehydrogenase
(M.W. 35,500; Holbrook et al., 1975), soybean trypsin inhib- .
itor (M.W?—ZI,SOO; Wu & Scheraga,‘l962) and lysozyme (M.W. 14,400;

i

Jolles, 1969) were employed as molecular weight marker proteins.

zg. Carboxymethylation of Thiol Groups. } -

Proteins were carboxymethylated according ﬁp the method of
Anderson & Randall (1975) with the following médifications. Lyo-
philized protein was dissolved to a concentration of 10 mg/ml ‘

\\in freshly prepagfd 100 mM Tris-HC1 bugﬁer, pH 8.0 ;ontaining
xf8 M urea andr2.0“hM'DTT. Iodoaceticlacgd was added to a final
‘concentration of 10,mM and the réaction was sealed and placed in
the dark‘for 1.5 ho&ig. Reactions we?e stopped by the addition
6f 2-mercaptoethanol to a concentration of 25 mM and the protein
was freed of excess reagent by dialysis against water and lyo-
philized. For samples of a small volume, reactions were stopped
by*thed;ddition of solid trichloroacetic acid to a concentration
of 10% (w/v) and the precipitated protein was collécted by

centrifugatibn in an Eppendorf microfuge tube. Residual TCA was

removed by washing the pelleg\with ice-cold acetone and thé\final
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.\ _
- Precipitate was lyophilized. When radicactive iocdoacetic acid
was employed it was diluted to a specific radioactivity of 0.5
.mCi/millimole with carrier iodoacetic acid before use.

6. 8 M Urea-Poylacrylamide Gel Electrophoresis

8 M Urea-polyacrylamide gél electrpﬁoresis was carried out
under cationic conditions aécording to tﬁé method of Ornstein
(1964). The running gel consisted of 7.0% (w/v) acrylamide,
0.187% (w/v) bis-acrylamide, 8 M urea, 0.0% M KOH, 2.66% (v/v)
acetic acid and 0.05% (v/v) TEMED. Polymerization was initfiated
by the addition of ammonium persulphate to a final concentra-
tion of 0.07% (w/v) and the gel solution was poured into glass
tubes ((I.D.=0.6 cm) to a he1ght of 8.0 cm. When polymerlzatlon
, was complete, a stacking gel was poured on top of the running

gel in the glass'tubes'ﬁo a'height of 1.5 cm. The stacking ééi
consisted of 3.0% (w/v) acrylamide, 0.08% (w/v) bis-acrylamide,
8 M urea, 0.06 M KOH, 0.375% (v/v).acetic acid, 0.05% (v/v)
lTEMED and -0.07% (w/v)- ammonium persulphate. Carbox;methylated
pProtein samples were dissolved in a solution consisting of
0.24 M KOH, 1.5% (v/v) acetic acid, 8 M urea and 0.02% (w/v)
Pyronin Y. The electrode buffer éonsisted of 0.0323 M P-alanine
and 0.024% (v/v) ace;ic acid. Gels were Stained with a ;;lution
consisting of 1.0% (w/vs Amiéo black and 7% (v/v) acetic acid
and destained with a solutdion consisting of 7.5% (v/v) acetic
acid and 25% (v/v) methanol.

8 M Urea-polyacrylamide gél electrophoresis was carried
_out under anionic conditions according to the me;fod of Dav1s

(1964) with the exceptlbn that the stacking gel was omitted.

The procedure was the same as the method for running 8 M urea
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‘gels under cationic conditions with the following changes. The

running gel consisted of ‘5.0% (w/v) acrylamide, 0.125% (w/v)
bis—acrylamide, 8 M urea, 0.234 M Tris-HCl buffer, pH 9.0
and 0.02% (v/v) TEMED.’Polymerieation wae initiated by Fhe
addition of ammonium persulphate to a concentration of 0.04%

(w/v). Carboxymethylated protein samples were diseolved in a

u

solution containing 8.0 M urea and 0.001% (w/v) bromophenol

blue.. The electrode buffer consisted of '0.025 M Trizma base

[l
I

and 0.192 M glycine. Urea gels run under anionic conditions

were stained with Amido black as described previously.

’

7. Molecular Welght Determlnatlon

The molecular weight of purlfled eel pyruvate kinase was
estimated by gel filtration chromatography on a Sephacryl S-300
column (1.5

X B0 cm) eguilibrated with 50 mM potassium phos-

phate buffer, pH contgining 30% (v/v) glycerol and 0.1 mM

DTT. Bovine serum‘albumi- (M.W. 66,200; Brown, 1975), rabbit
muscle pyruvete kinase {(M.W. 230,000; Cettam e£ al., 1969) and
bovine thyroglobulin (M.W. 669,000;}Pharmacia) were employed as
molecular weight marker proteins. Fractions of a 1;0 ml volume
were collected and assayed for pyruvate kinase activity and their

absorbance at 280 nm was recorded,

8. Iscelectric Focusing

Iscelectric focusing was conducted on 6.0% (w/v) polyacryl-
amide gels according to the method of Wrigley (1971). Gels
contained 6.0% (w/v) acrylamide, 0.175% (w/v) ‘bis-acrylamide,
2.0% (w/v) carrier empholytes (pH raﬁge 5-10 or 5-7) and 0. 143%

(v/v) TEMED The gel solution was degassed and polymerlzatlon

5

. Was 1n1t1aEed by the addition of ammonium persulphate to a con-
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centration of 0,057% (w/v). The gel solution was poured into
glass tubes (I.D.=0.6 cm) and overlayed with water.-The electro-
lyte solutions consisted of 0.02 M NaOH for the cathodic chambor
and O.Ol'M'HBPO4 for the anodig chamber; The gzls were subjected
to pre-electrophoresis as followé: 200 volts for 15 minutes,

300 volts fér 30 minutes and 400 volts for JQ minutes at 4°c.

The cathodic electrolyte solution was removed and protein sample;
which haa been diélyzed against 30% (v/ﬁ) aqueous glycerol for

24 hours were loaded on the gels and overlayed with fresh 0.02

M NaOH. Samples were'subjected to isoelectric-focusing for 18L
hours at 300 volts at 4%c. Gels were removed from the glass

tubes and fixed with 10% (w/v) TCA overnight and then washed with
water to remove carrier amph?lytes and écid. Gels were subseguont-
ly stained with Amido black as described previously. In order

to detqrmige the pi gradient within the gels, duplicate gels

were sliced into 0.5 cm portions and soaked in 1.0 ml of
distilled water for 18 hours at 4°C and the pH of these ffactions
was determined.-Protein samples were also dialyzed against 30%
(v/v) agueous glycerol containing 0.2 mM FDP for 24 hours prior
to being sgbjected to isoelectri; focusy W0% (w/v) poly-

acrylamide gels contéining 0.2 mM FDP.

9. Hydrolysis and Amino Acid Analysis

Protein and peptidé-sambles were hydréﬁyzeﬁ in 6 M HC1 in
evacuated tubes for 24 hours at 105°C. The HCl'was made 1 mM
in phenol d 1 -mM in 2-mercaptoethanol to prevent the loss of
tyrosine and sulphur-containing amino acids. Amino écid analysis’

was carried out on a Technicon TSM Amino Acid Analyéer‘by using‘

a single column pfocedu;e; An Infotronics CRS-210 Automatic



Digital lntegrator was used to quantify the amino acids. For
the determination of amino acid compositions, proteins were
hydrolyzed for periods of 24, 48 and 72 houre. This enabled
corxéctions to‘be made for the destruction of serine and threo-

nine and the slow release of valine and isoleucine. Tryptophan

content was determined spectrophotometrically by the method

of Edelhoch (19é7). Molar extinction coefficients were determined
as follows: zfophilized pyruvate kinase was dissolved to a con-
centration of 2.0 mg/ml in 20 mM potessium phosphate buffer, pH
7.0 contaiﬁing 6.0 M guanidine-HC1l and 2.0 mM DTT. The soclution
waéffreed of reduging reagent by passage through a.column (0.5 cm
x 14 cm) of Sephadex G-25 equilibrated with 20 mM potassium
phosphate buffer, PH 7.0 containing 6.0 M guanidine-HC1l at rooﬁ£5
temperature. The pyruvate kinase protein, which appeared in the
void volume, was-coliected and the absorbance of this solution at
280 and 288 nm was recorded. In order to determine the protein
concentration of this solution, an aliguot of known volume wa&
removed, hydrolyzed with a known amount of a norleucine stahéard
and amino acid analysis was conducted. The protein content of the
solution was determlned on the basis of the total number of moles
of glycine, alanine and valine in the sample as described previously.

4

Molar extinction coefficients of 1.27 x 105 liter/mole-cm and °

1.63 x 105 liter/mole-cm were calculated. for rabbit ‘and eel muscle
pyruvate kinases respectively at 280 nm. The correspending values

at 288 nm were 8.07 x lO4 liter/fiole-cm for the rabbit enzyme
j

i



- 68a -

and 1.02 x lQS liter/mole-cm for the eel enzyme.

> : ¢
10. Carbodiimde Modification of Proteins

-

The total numbersof aspartic acid and glutamic acid residues
in eel and rabbit muscle pyruvate kinases were determined by
determined by Lhe methoa of Carraway & Koshland (1972). Performic
aeéﬁ—oxidized protein (1.5 mg) was dissolved to a-concentration

of 1.5 mg/ml in 5.0 M guanidine-hydrochloride containing 1.0 M
glycine ethyl ester hydrochloride. The pH of the solution was

brought to 4.75 by the addition of 1.0 M HC1l and the reaction

was initiated by the addition of 0.1 ml of 1.0 M ethyldimethyl-
aminopropyl carbodiimide. The pH of the reaction solution was
maintained at 4.75 at room temperat&%e by the addition of 1.0

M HCl. After 1 hour, the reaction was stopped by the addition

of éxcess 1.0 M sodium acetate buffer, pH 4.75 and the sample

was dialyzed exhaustively against water to remove~excéss reagents
and'lyophil%zed. Modified and unmodifjied protein samples were

‘hydrolyzed and their'glyqihe contents were detexrmined by amino

acid analysis.’



11. Performic Acid Oxidation

Oxidation of protein samples with performic acid was carried

o

out according to the method of Hirs (1956). Protein was dissol-
. . .

ved to a concentration of 10 mg/ml in 99% (v/v) formic acid. An

aliﬁuot of 30% (v/v) H202 was added to the reaction sample to

bﬁéﬁa the final concentration of H to 0.075% (v/v). The

292
reaction was allowed to proceed for 30 minutes at room temper-
ature and was stopped by the ;ddition of 30 volumes of Héo and

the sample was Iyophil;zed. In order to evalyate the efficiency

of the performic acid oxidation, reaction aliguots were remoﬁed

at timed intervals, lyophilized, hydrélyzed and subjected to

amino acig analysis. The reaé%iqn cohdit%ons employed were suffic-
ient to bring about the complete conversion of cysteine to cysteic

acid and methionine tco methionine sulfone.

12. N-Terminal Determination

-

N-terminal: analysis was conducted according to the method
of Gray (1972)fpbne mg of performic acid-oxidized protein was
dissolved in ‘50 pl of 1.0% (w/v) SDS and heated at 100°C for 5
minutes to ensure thorough unfolding of the polypeptide chains.
An equal volume of N-ethyl morpholine was added and tre reaction
was initiated by the addition of 75 nl of a dansyl chloride sol-
ution (25 ﬁg of dansyl chl®ride dissolved in 1.0 ml of dimethyl .
formamide). The reaction was allowed to proéeé%}for 2 hours at

‘
- room temperature‘ghd after this time the“protein was precipitat-
ed by the addition of 2.0 ml of acetone. Protein was collected

by centrifugation and washed with acetone 3 times to remove ‘ . é

excess reagents. Residual acetone was removed by lyophilization.



The modified proteie was subjected to hydrolysis inﬁiﬁ% usual
manner; Hydrochloric acid was evaporated updef a stream of nitro-
gen and dansyl amino acids were extracted by washing the residne
3 times with water-saturated ethyl acetate. The ethyl acetate- .
extracts were'pooleéJand dried unQEE a stream of nitrogen. Thé:
dry residue was dissolved in 50% (v/v) agueous pyridine and N
portions were spotted about 2 cm from each edge 1in one corner

of a polyamide thin layer sheet (29 cm x 20 cm). The sheet was
subjected to ascending chromatography using water-90% (v/v)
formic acid (200:3, v/v) as the first solvent. The sheet was
dried, turned through 90° and developed with the second solvent
which was benzene-acetic acid k9:l, v/v). Thin layer sheets

'

were allowed to air-dry and dansyl amino acids were located
fs

by irradiation with U.V. light. The dansyl amino acids were

identified on the basis of their mobilities with fespect to

authentic dansyl amino acid standards. .

13. Cyanogen Bromide Peptide Generation

Carboxymethylated pyruvate kinase was dissolved to a con-
centration of 10 mg/ml in 70% (v/v) formic acid. Solid cyanogen
bromide wes added to a final concentration of 10 mg/ml and re;
actions were allowed to proceed at room temperature f&r 24 hours.
®he CNBr peptides were dried in a stream of nitrogen, suspend-
ed in a small velume of water and lyophilized. Amino acid anal-
ysis ¥ndicated that under these eonditions at least 95% of
the methyénine rgsidues of protein samples were converted to
either homoseri;e or homoserine lactone. |
14. Mapping of CNBr Peptides on SDS Gels - : S

r"(

Lyophilized CNBr peptides werd subjected to electrophore51s
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on 20% (w/v) polyacrylamide gels céptaining 6.1% (w/v) SDS
according to the method of Swank & Munkres (1971). The gel
solution consisted of 0.285 M Trizma base, 0.1% (w/v) SDS,

0.200 M H3P04, 20% (w/v) ac;ylamide, 0.535% (w/v) bis-acrylamide,
0.075% (v/v) TEMED and 4.0 M urea. Polymerization was initiatea
by the addition of ammonium persulphéte to é final concentration
of 0.07% (w/v) and the gel solution was poured into glass fubes
{(I.D.=0.6 cm) to a height of ll.O\cm. The electrode buffe} con-
Sisted of 0.1 M H3P04,

adjusted to pH 6.8. Peptides were dissolved in 0.01 M H4PO,

buffer, adjusted to pH 6.8 with Trizma base, containing 1.0%

0.14 M Trizma base and 0.1% (w/v) SDS

(w/v) SDS, 4.0 M urea and 0.002% (w/v) bromophenol blue. Gels

¥

were stained with Coomassie blue as described previocusly.

15. Mapping of CNBr Peptides on Triton-Urea Gels

Cyanogen bromide peptides-were subjected to electrgphOr—
esis on 12% (w/v) polyacrylamide gels éontaining 7.5 M urea i
and 6 mM Triton X—lbO (Borun et al., 1977). The gel solution
consisteé of 12% (w/v) acrylamide, 0.32% (w/v). bis-acrylamide,
7.5 M urea, 5.0% (v/v) acetic acid, 6.0 mM Triton ¥X-100 and
0.5% (v/v) TEMED. Polymerization was initiated by the addition
of ammonium persulphate to a concentration of 0.06% (w/v) and
the gel solution was poured into glass tubes (I.D.=0.6 cm) to
a height of 11.0 cm. Following gel polymerization,fthe gels
were overlayed with 100 ul of sample buffer consisting of 5.0%
}v/v) acetic acid, 7.5 M urea and 6 mM Triton X-100. Gels were
pre-run for 24 hours at 80 volts with 5.0% (V/v).gcefic acid

as the electrode buffer. Peptide samples were dissolved in the

above sample buffer, loaded on gels and supjected to electro-
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phoresis with fresh 5.0% (v/vj acetic acid as the electfode

"buffer. Gels were stained with amido 5lack as described pre-

viously.

16. Fractionation of CNBr Peptides

Cyanogen bromide peptides were solubilized by modification
with excess citraconic anhydride {Anderson & Randall, 1975).
Peptides (approk. 80 mg) wege suspended in 5.0 ml of H20 and 250
Ml of N-ethyl morpholine was added.’ The reaction was initiated by
the addition of 100 pl of citraconic anhydride and £he pPH was

maintained at 8.0 bf the addition of 1.0 N NaOH. When the

-solution was clear and no particulate material was evident a

further 50 pl of citraconic anhydride was added to ensure éomplete
solubilization. The reaction was stopped by £he addition of ex-
cess ammonium'bicarbonate and the modified peptides were sep-
arated on a gg;umﬁ (2.5 cm x 80 cm) of Sephadex G-75 equilibrated
. .
with 0.5% (&/VTwammonium bicarbonate. The column was developed
witﬁ this buffer and the eluate was monitored by measuring the
absorbance at 225 nm and by scintillation counting of 0.1 ml
aliquots of the 3.5 ml‘fractionf. Separated fractions were
concentrated by lyophilization and the citraconyl groups were

removed by treatment of the peptides &ith 5.0% (v/v) acetic acid.

17. Radiocactjivity Determinations . . >

The radiocactivity of peptide and protein samples was deter-
mined by aéding 5-100 nl aliquots of samples to 10 ml of Agquasol

in glass scintillation vials and counting in a Nuclear Chicago
v
Isocap/300 liguid scintillation counter. For samples containing

both 3H and 14C, corrections for spill-over were made by

counting each radioisotope in Aquasol.
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18. Tryptic Digestion of CNBr Peptides.

Cyanogen bromide peptides were suspended in 0.5% (w/&)
ammonium bicarbonate to a concentration of 10 mg/ml, trypsiq
.was added to a final concentratiqn of 0.08 mg/ml and digestion
was allowed to proceed for 12 hours at 370C with constant stir-
ring. After this time, thelréaction was stopped by lyophiliza—
tion. Residual ammonium bicarbonate was removed by the addition
ﬂof a few drops of 5.0% (v/v) acetic acid qgﬁflygﬁh}lization

AN

again.

13. Peptide Mapping *

For peptide mapping studies, pyruvate kinase (1-3 mg)
was carboxymethylated with iodo[2—l4QJacetic acid in the presence

.treated with CNBr

~

of 8 M urea and 2.0 mM DTT and subsequentl%
and trypsin as described previously. All operations were carried
out in a 1.5 ml Eppendorf microfuge tube for convenience. Pep-
tides were dissolved in 100-200 pl of pH 6.5 buffer, consisting
of acetic acid-pyridine-water {3:100:900, v/v/v), and spotted

on a 56 cm-long sheet of whaFmdh¥FMM papgr. Electrophoresis was

(54

carried out at 3000 volts fo}\GO minutEs ét'pﬂuﬁ.S.'Pollowing
electrophoresis, the air—dp;edfpaper was autoradioégéghed‘by
exposure to Fuji X-ray film for 1 to 2 days. The strip of
radicactive peptides was sewn onto a sheet (45 cm x §6 cm)

of wggtman 1MM paper and descending chromatograph? was carried
out overnight at 90° to the elec£rophoretic separation using

a buffer (BAWP) consistiﬁg of butancl-acetic acid-water-pyridine
(15:3:12:10, v/v/v/v). The strip of neutral peptides was located

on these maps by autoradiography, excised and subjected to

electrophoresis on a sheet (45 ém X 56 cm) of Whatman 1MM paper.
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T/
Electrophoresis was carrded out at 3000 volts fgr 30240
minutes-usiné a pH 2.1 buffer consisting ?f aceticLacid—gor ic
acid—water_(4:l:45, v/v/v). Peptide maps were stainéd with a
solution consisting of 0.085% (w/v) ninhydrin, 3.75 mM cadmium
acetate, 5% (v/v) "acetic acid and 85% (v/v) acetone. Radioactive

peptides were located by autoradiography.
-]

20. Purification of Peptides

For'preparative procedurest,thp peptides (approx. 80 mg)
derived from the CNBr cleavage and tryptic digestion of l4C—
carboxymethylated pyruvate kinase were applied to a sheet
(45 cm x 56 cm) &f Whatman 3MM paper as a 35 cm—@ide band.
Elect;ophoresis was carried out at pH 6.5 as described previous-
ly. Radioactive peptides were located on paper by autoradiography
and the bands were excised and subjected to descending chromat-
ography and el;ctrophoresis at pH 2.1. As a final purification
step, peptides were subjected to electrophoresis at pH 3.5
using a buffer consisting of acetic acid-pyridine-water (10:1:190,
v/v/v). Purified peptides were eluted from paper with pH 2;1
buffer. Small CNBr peptides were purified in a similar manner
except that the final electrophoretic step at pH 3.5 was'
omitted as it was not required.

21. Measurements with DTNB

For the determination of the number of cysteinebresidues
in pyruvatg kinase, lyophilized protéins were dissolved to a
concentration of 1.0-2.0 mg/ml in 100 mM Tris-HC1l buffer, pH 8.0
containing 1.0% (w/v) 5DS and 2.0 mM DTT. Samples were freed
of the reducing reagent by passage through a column (0.5 cm

x 14 cm) of Sephadex G-25 equilibrated with 100 mM Tris-HCl

-
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buffer{ PH 8.0 containing 1.0% (w/v) SDS. The protein, which
appeared in the void volume, was diluted to a concentration of
0.4 mg/ml with the column bgffer. Titration reactions were init-
iate% i@mediately by the addition of 100 pl of 'a 10 mM‘solution
of .DTNB, prepared in 100 mM Tris-HCl buffer, pH 8.0, to 2.5 ml
~

of the 0.4 mg/ml solution of pyruv;te kinase. Reactions were
conducted in a 1 cm-path-length-cuvette and the absorbance‘a£
412 nm was determined in a Perkin-Elmer Coleman 124 spectrophoto-
meter. The sulfhydryl concentration was calculated assuming a
molar extinction coefficient of 13,600 liters/mole+cm for the
5-thio-2-nitrobenzoate anion (Habeeb, 1972) . L

For the determinatign of tﬁe number of reactive cysteine
residues in the native en;yme, concentrated solutions of pyru-
vate kinase were desalted by passage through a column (2.5 cm
X 40 cm) of Sephadex G-25 equilibrated with 100 mM Tris—HCL
buffer, pH 8.0 containingVBO% (v/v) glycercl at 4°C. Protein
samples were not incubated with 2.0 mM DTT prior to application
to the Sephadex column. Pyruvate kinase, whichzappeared in the
void volume, was diluted to a concentration of 0.4 ﬁg/ml with
the column buffer. Reactions were initiated by the addition
of 100 nl of the 10 mm DTNB solution to 2.5 ml of the 0.4 mg/
ml pyruvate kinase sclution containing 30% (v/v} glycerol. The

sulthdrYl concentration was determined spectrophotometrically

.
5

as before.

22. Chemical Modification of'Pyruvate Kinases

Prior to the commencement of chemical modification studies,
concentrated solutions of pyruvate kinase were passed through

a column (2.5 cm x 40 cm}) of Sephadex G-25 at 4°C equilibrated



with 100 mM Tris-HCl buffer, pH 8.0 containing 30% (v/v) glycerol.
This step was taken in order to remove the reducing agents and
salts which were added to stabilize the enzymes during storage

at 4°c. Pyruvate kinase, which eluted in the void volume, was

diluted to a concentration of 1.0 mg/ml with the column buffer.

These preparations of eel and rabbit muscle pyruvate kinases
~ J’ .
routinely exhibited specific activities of at least 320 and 350

units/mg of protein and were stable at 4°c for the” duration of

EY

the day's expériment.
One hundred pl of the 1.0 mg/ml solution of pyruvate kinase

was incubated with 40 nl of 100 mM Tris-HCl buffer, pH 8.0 for

5 minutes at,3OOC.-Chemical modification reactions were initiated

by tﬁg‘addition of lO-P; of a sulfhydryl reagent solution pre-

pared in 100 mM Tris-HCl buffer, pH 8.0 and samples were allowed

to react in the dark at-30°C. At specific time points, rea;}ioﬁ'

aliguots were removed and assayed for residual activity. Fdr

|
i

fjchemical modification studies involving ?el pyruvate kinase,
reaction aliquots.were diluted in 50 mM imidazole-HCl buffer,
PH 6.3 containing 30% (v/v) glycercol and assayed immediately
for residual activity at pH 6.3, 30°C using the standard assay
mixture. Fog chemical modification studies involving rabbit -
pfruvate kinase, reaétion aligquots were diluted in 50 mM Tris-
HC1l buffer, pH‘7.5 containing 30% (v/v) glycerol and assayed
immediately for residual activity at pH 7.5, 30°¢ using the stan-
dard assay mixture. In both caseé, the dilution of reaction ali-
guots was sufficient to stop inactivation and enzyme reaction
rates were linear fér at least 3 minutes. Residual activities

are expressed as a percentage of the initial enzyme activity

observed prior to the addition of the sulfhydryl reagent.



In order to determine the protective effects of various
compounds against enéyme inactivation due to chemical modifica- q
tion, 1004pl of a 1.0 mg/ml solution of Pyruvate kinase, prepared
in 100 mM Tris-HCl buffer, PH 8.0 déntaining 30% (v/v) glycerol,
was incubated with 40-pl of 100 mM Tris-HCl buffer, pH 8.0 con-
taining various- combinations of cations and substrates at 30°cC
for 5 minutes. Reactions were initiated by.the addition of 10
Ml of a sulfhydryl reagent solution prepared in 100 mM Tris-HCI
buffer, pH 8.0. For chemical modification studies involving
iodoacetamide, the reagent was added to a final cbncentration ’
of 1.867 mM and 8.000 mM in studies involving eel and rabbit
muscle pyruvate kinases respectively. Reactions were conducted
ir the dark at 30°C and at séecific time points aliquots were
removed, diluted and assayed for residual activity as described

before.

23. Determination of the Number of Reactive Cysteine Residles

In order to determine the number of functional groups
reactiﬁg with iodoacetamide, the previous chemical modification
reactions were conducted using iodo[l—l4C]acetamide. The volume
of reaction samples was increased 10 fold so the equivalentlof
1.0 mg of pyruvate kinase was contained in a final volume of
1.5 ml. For the eel enzyme, chemical modification reactions were
initiatedoby the addition of 100 ul of a 14 -mM solutionlof
iodo[i—l4c]acetamide, prepared in 100 mM Tris-HCl buffer, pH 8.0.
For.the rabbit enzyme, the corresponding concentration of the
iodo[i—l4C]acetamide solﬁtion was 60 mM. Radiocactively labelled
iodoacetamide was diluted to a specific radioactivitynof 0.5

mCi/millimole before use. The chemical modification reactions



were allowed to proceed in the dark at 30°C for 45 minugés in

the case of the eel enzyme and 75 minutes in the case -of the
~

- 0

rabbit enzyme, after which aliquots were assayed for residual
activity. The remainder of the pyruvate kinase protein was pre-
cipitated by the addition of solid TCA to a concentration of
10% (w/v). Pyruvate kinase was recovered by bentrifugation in
an Eppendorf microfuge tubé and freed of excess radiocactive
reagent by washing with ice—c;id”agetone. Résidual‘acetone was
removed by lyophilization. The radig%%tively labelled pyruvate
.kinaée was dissolved in 1.0 ml of 70% (v/v) formic acid and
aliquots were removed for scintillation counting.
“In order to determineé the protein concentration of the

formic acid sdlution, an aliquot was removed,_hydrolyzed with a
known amount of a norleucine standard and amino,qcid analysis

F)

was conducted. The number.of moles of glycine, aianine and valine

in the séﬁple were determined. The protein content couid then be

determined based on the fact that eel pyruvate kinase contains

a total of:i;l meles of.glycine, alanine and Qaline per mole

of enzyme subunit while rabbit pyruvate kinase coﬁtains a tota{

of 126 moles of glycine, alanine and valine per mole of subunit.
In parallel experiments, radiocactively labelled spyruvate

kinase was freed of excess reagent and dissolved in 100 mM

Tris-HCl buffer, pH 8.0 containing 1.0% (w/v) SDS and 2.0 mM

DTT. The sample was freed of reducing reagent by passage through

~a column (0.5 cm x 14 cm) of Sephadex G-25 equilibrated with

100 mM Tri;-HCl buffer, pH 8.0 containing 1.0% {(w/v) SDS. The

sulfhydryl content ofrthe radioactively labelled pyruvate kinase

was then determined by titration with DTNB as described pre-

2



viously.

24. Identification of Reactive Cysteine Residues

It ‘order ‘to identify the reactive cysteine residues of eel

pyruvate kinase, the native enzyme was chemically modified
o

by iodoacetamide and subsequently carboxymethylated with iodo-
[2—14C]acetic acid under denaturing éonditions. A 0.667 mg/ml
solution of eel pyruvatebkinase; prepared in 100 mM Tris-HCl
buffer] pH 8.0 containing 29% (v/v) glycerol, was incubated
with iodoacetamide at an inhibitor to enzyme subunit mole ratio
of 82.5:1 in a sample volume of 1.5 ml. Chemical modification
reactions were conducted in the presence and absence of 12.0 mM
PEP and 8.0 mM Mgclz_ . A control sample consisted of the
react%on sample without the sulfhydryl reagegt added. Reaction
samples were incubaped at 30°C in the dark for 45 minutes. React-
ions were stopped by the addition of solid TCA to a concentra-
tion of 10% (w/v) and pyruvate kinase protein was recovered
by centrifugation in an Eppendorf microfuge tube. Excess reagent
and acid was removed by washing with ice-cold acetone as described
previously. Protein was dissolved in 100 mM Tris-HCl buffer, pH
8.0 containing B.OIM urea énd 2.0 mM DTT and carboxymethylated
with iodo[2—l4c}acetic.acidf Iodo[2—14Q]acetic acid was diluted
to a specific radiocactivity of 2 mCi/millimole prior to use.
l4C~Carboxymethylcyéteine—containing peptides were generated
by treatment with CNBr followed by trypsin and the radiocactive
peptides were separated on paper by high voltage electrophoresis
and chromatography. The resulting peptide'maps were subjecﬁed

to autoradiography.

In order to quantitate the reactivities of the cysteine

“~—



residues of pyruvate kinase, the procedure used to idenéify

the reactlve cysteine residues of eel pyruvate Kinase was mod-
ified. Eel pyruvate kinase was chemically modified by iodo-
acetamide in the presence and absence of 12.0 mM PEP and 8.0

mM MgC12 as described previously. A similar procedure

was employéd for the chemical modification of rabbit muscle
pyruvate kinase except iodoacetamide was present at an inhibitor
to enzyme subunit mole rétio of 354:1. Reactions were allowed
to proceed at 30°C in thedgark and at various time points they
were stopped by the addition of solid TCA. Pyruvate kinase pro-
tein(%as recovered and carboxymethylated under denaturing con-
‘ditions as described previously with the excepticon that iodo- -
[2—3H]acetic acid was used instead of iodo[ﬁ—l4C]acetic aFid.
Tritiated iodoacetic acid was diluted to a specific radioac-
tivity of 10 mCi/millimole prior to use. Prior to the genera-
tion of carboxymethylcysteine~containing peptidés, a 0.5 mg
portion of qu—cérboxymethylated pyruvate kinase was added to
the tritiated, iodoacetamide-treated reaction samples to serve
as an internal standard. The l4c~carboxymethylated pyruvate
kinase standard_was prepared by the alkylation of the enzyme
under denaturing conditions with iodo[ﬁ~14CJacetic acid which

had been diluted to a specific radicactivity of 0.5 mCi/milli—
mole before use. A 0.5 mg portion of the l4C—carboxymethylated-

.
pyruvate kinase was also added to a 0.5 mg portion of 3H-car—

boxymethylated pyruvate kinase to serve as a control. The 3H—
carboxymethylated pyruvate kinase standard was prepared by the

alkylation of the enzyme under denaturing conditions with

iodo[2—3H]acetic acid which had been diluted to a specific



radioactivity of 10 mCi/millimole.‘

Carboxymethylcysteine-containing peptides were generated
from these mixtures of lgc—carboxymethylated and 3H—carf)oxy—

.

methylated pyruvate kinases. Radicactive peptides were sepér—
ated on paper by high voltage electrophé;ésis and.chromatography
and located by autorédiography as described previously. Radio-
-active peptides were eluted from papér with pH 6.5 buffer and
a borfion was removed for écintillation counting, The 3H/l4C
ratio determined for é'peptide derived from a mixture of
a tritiated, iodoacetamide-treated reaction sample and the

14C—carboxymethylated pyruvags-kinase standard was compared to

the 3H/MC ratio determined for the corresponding peptide derived
from a mixture of 3H~carboxymethylated and l4C—cagbq,§g'methylated
pyruvate kinase standards. In this manner the percentage of a

cysteine residue available for carboxymethylation by 3

H~iodo-
acetic acid following treatment of the native tetrameric en-

zyme with icdoacetamide could be determined according to the

formula:
i BEIR N (we . HMe-cm-px) B
|l4c,,_ (Wt. IAN-PK) D
e x 100¢
S y (wt. Ye—cm-piy 57T
14 ' 3 ST

C, (Wt . H-CM-PK) )
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- .
3. IR ’ S~ . " 3 14
H —represents the ratio of the “H to C counts
14 o
a determined for peptide a derived from a mix-

tu%e of known amount;'of tritiated, iodo-

écetamide—freated-pyruvate kinase and l4C—

carboxymethylated pyruvate kinase
. ) ,
_3 ST —represents the ratio of the 3H to 14C counts
14
cC

a determined for peptide « derlv%d from a mix-~

m

ture of knOWn amounts of “H- carboxymethylated

and l4C—carboxymethyated pyruvate kinases

(Wt. 14C—CM—PK)R . —represents tﬁg‘weight of the 14C—carboxy—

L methylated pyruvate kinase added to the
‘tritiated, iodoacetamide-treated pyruvate
kinasé

(Wt. IAN-PK) —represents the weight of the tritiated,
iodoacetamide—treatedprruvate kinase

(Wt. lAC—CM—PK)ST —represents the weight of the l4C—Carboxy~
meth?lated pyruvate kinase added to the
3Hucarboxymethylated pyruvate kinase in the
control saﬁple

(Wi, 3H—CIV{--PK)ST - represents the weight of the 3H~car50xy—
methylated pyruvate kinase in the control
sample |

Since the same amount of l4C carboxymethylated pyruvate klnase
(0.5 mg) was added to both the tritiated, iodoacetamide~treated.
pyruvate kinase samplés and to the 3H—carboxymethylated pyruvate

Einase in the control sample and the weight of 3H—carboxymethyi—

ated pyruvate kinase .in the control sample (0.5 mg} is knowu,



-

“

the formula can be simplified to:

3y |R o Percentage of Unreacted Cysteine
14= X 0.5 mg
- c~a « 100% = Residue Contained in Peptide «
" 3.]sT : :
14§ x (Wt. IAN—PK)R Perived from Iodoacetamlde—'
. q;a . Treated Pyruvate Kinase

b
An aliquot of the tritiated, iodoacetamide-treated pyruvate

)

Kinase, dissolved.in,70% (v/v}) formic acid, was removed prior
to the addition of the 14C—carboxjrmethylated pyr;vate kinase
standard and the commencement of CNBr cleavage. This sample
aliguot was hydrolyzed and subjected to amino acid énaly%is.
Pyruvate ‘kinase content was determined on the basis of the
total number of moles of glycine, alanine and valine in the

sample as described previously. -

" 25. Amino Acid Sequence Determinations

9

The amino acid sequence of purified peptides was determiqed
by using a subtractive E@man procedure. Peptides (appro;. 100
nmoles) were dissolved in 100 pl of 70% (v/v) redistilled
pyridine. Phenyl isothiocyanate was added to a-final conecen-
tration of 5% (v/v) and the sample was flushed with nitrogen
gas, sealed and heated at 53°C for 1 hr. The solution was then
extracted twice with QOO'pl of benzene to remove excess PITC
and -then lyophilized. The residue was dried overnight in a
dessicator over NaOH pellets'iﬂ vacuo. To the crystalline
residue was added lOO‘pl of trifluorcacetic acid and the sample
was flushed with nitrogen gas, sealed and heated at 53°c for
30 minutes. The TFA was removed under a stream of nitrogen

»

and the sample was dried in a dessicator over NaOH pellets



ig vacuo for 15 minutes. To the'residue was added 200’ﬂl of
distilled, de-ionized water and the aquecus solution was ex-
tracted 3 times with 400‘pl of water-saturated ethyl acetate.
The aqueous solution and the combined ethyl acetate extracts
were dried under a stream of nitrogen. The dried agqueous extract
was dissolved in 100 pl of 70% (v/v) redistilled pyridine .and

a S‘yl aliquot was taken for hydrolysis and amino acid analysis.
Further rounds of Edman degradations were carried out by
repeating the described procedure. Theadrled ethyl acetate
extracts were used to confirm, when necessary, the residues
removed by Edman degradatlons by regeneration of the amino
acids from the phenylthiohydantoin derivatives'(Lu?et al,,

1981) . *
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~ CHAPTER 3 -

PURIFICATION AND CHARACTERIZATION
OF EEL WHITE MUSCLE PYRUVATE KINASE

RESULTS

A typical preparation of pyruvate kinase from eel white muscle
is summarized in Table 1. Aan overall purification of 20 fold was
routinély obtéined. The major step contributing to this purifica-
ticon was chromatography'on DE-32 cellulose carried out as illus-
trated in Fig. I. In this step and during the subsequent chroma-

tography on Sephacryl §~300 (Fig. 2), it was necessary to include

-
-

30% (v/v) glycerol in the buffers to prevent loss of activity.’
Attempts to crystallize the purified enzyme by the slow addition
of ammonium‘sﬁlphate were unsuccessful. Under these conditions a
fibrous precipitate was obtained.

The purified'engyme gave one band abcounting for at least 95% -
of the protein when- electrophoresis was carried out under reducing
and non-reduc{gg conditions in SDS polyacrylamide gels (Fig. 3).
Electrophoresis in polfécrylamide gels under cationic and anionic
conditions in the presence of 8 M urea also indicated_that one
polypeptide component accbunted for-at least 95% of the protein
(Fig. 4A, B). Under cationic conditions, cafboxymethylated eel
and rabbit muscle pyruvate kinages exhibited similar electrophore-
tic mobilities and when the two enzymes were run on the same gel,

) Eﬁeyhyere not resolved‘from each other (Fig. 4A). Howeve}; under
anionic conditions, the mobility of the carbbxymethylated rabbit
enzyme was only one-half that of the carboxymethylated eel musclé

enzyme (Fidg. "4B).



TABLE 1

Summary of the Purification of Pyruvate Kinase
from 500g of Eel White Muscle

" Total Total Specific
Step Protein Activity .Aétivity Yield
' (mg) : (units) {units/mg) (%)

1. Supernatant of 16,200 280,000 17.3 100
pli 5.4 treatment

2. 40-75% Saturatiod 9,050 © 239,000 26.'4' 85
(qujzsod.Fraction . ]

3. CM-Cellulose 5,900 203,000 34.4 73
Supernatant

q. DEAE-Cellulose o 320 - QO,QQO 281 32
Eluate

5.\§ephacryl 5-300 180 63,000, 350 23
Eluate ) ‘




FIGURE 1

DEAE-Cellulose Chromatography of Eel

White Muscle Pyruvate Kinase

Following batch-wise treatment with CM—celluldse, the protein solu-
tion was applied onto a column (2.5 cm x 40 cm) of DE-32 cellulose
equilibrated with 5.0 mM potassium phosphate buffer, pH 7.8 contain-
ing 30% (v/v) glycerol and 0.1 mM DTT. The column was developed

as described in the Methods. Fractions of 16.5 ml volume were
collected and their absorbance at 280 nm was measured (O—O).
Aliquots of the fractions were taken for the determination of pyr-

. uvate kinase activity (@———=@). 'fhe vertical arrow preceeding the
byruvate kinase peak i&dicates the point at which column elution by
”tﬁe linear KCl graient was initiated~The vertical arrow following
the pyruvate kinase peak indicates the pcint at which column elution
by the KCl gradient was completed. The horizontal arrows indicate

the fractions which were pooled and concentrated by ultrafiltration.
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FIGURE 2
Sephacryl S-300 Chromatography

of Eel Muscle Pyruvate Kinase -
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Following concentration by ultrafiltration, the DEAE-cellulose eluate
was applied onto a column (2.5 cm » 80 cm) o{ Sephacryl 5-300 equil-
ibrated with 50 mM potassium phosphatg buffer, pti 7.5 contailning

30% (v/vf glycerol and 0.1 mM DTT. The column was developed with

this buffer and 4.67 ml volume fractions were cellected and assayed
for pyruvate kinase activity (@——®). The absorbance of cach frac-
tion at 280 nm was also determined (O—0). Fractions exhibiting
the highest pyruvate kinase specific activities (indicated b§ the

horizontal arrows) were pooled.



FIGURE 3

SDS-Polyacrylamide Gel Electrophoresis

of Eel White Muscle Pyruvate Kinase

The purified enzyme was subj&cted to electrophoresis on SDS-poly-
acrylamide gels under both non-reducing (gel on the left side) and

reducing (gel on the right side} conditions as described in the

Methods,




Polyacrylamide gel electrophoresis perforﬁed in the presence
of 8 M urea has been shown to be an extremely sensitive technique
to resolve carboxymethylated protein subunits which differ by as
little as one charge change (Perham & Anderson, 1970). The fact
that only one protein band was obsefved for each of the carboxy-
methylated pyruvate kinases on urea-containing polyacrylamide gels
would suggest that the cysteine residues of eel and rabbit muscle
pyruvate kinases were completely alkylated under the ca;boxymethyl—
ation reaction conditions employed here. This observation is
supported by the fact that carboxymethylated pyruvate kinases did
not contain any cyéteine residues which wererfree to react with
DTNB. In addition, carboxymethylated pyruvate kinases which were
subsequently oxidized by éerformic acid did not contain any éysteic
acid as determined by amino acid analysis.

In order to compare the kinetic properties of eel white muscle
pPyruvate kinase to those of other pyruvate kinase isozymes, the
enzyme was assayed at Bdoc. Figure 5 indicates the dependence of
the maximal velocity on pH at BOOC. When the enzyme was assayed in
the presence of either imidazole or Mes buffer, it exhibited a pH
optimumlof 6.3. The maximal velocities at the pH optima in these
two buffers were comparable. When the enzyme was assayed in pot-
assium phosphate buffer the pH optimum was 6.4 and the maximal
velocity obtained at this pH was 1.3 times greater than the max-
imal velocities obtained for either.imidazole or Mes buffers.

Since the eel is a poikilothermic oréanism, the pH-dependency
of eel muscle pyruvate kinase was also determined at 18°¢ (Fig. 5)
as this temperature ii more in keeping with the range of habitat

conditions that this fish is likély to encounter. At lSOC, the pH

-
-

/



FIGURE 4A

8 M Urea-Polyacrylamide Gel Electrophoresis

of Eel and Rabbit Muscle Pyruvate Kinases

Carboxymethylated eel and rabbit muscle pyruvate kinases were sub-
jJected to electrophoresis on polyacrylamide gels containing 8 M
urea under cationic conditions as described in the Methods. From
left to right: gel 1, 50 ng of carboxymethylated eel pyruvate
kinase; gel 2, 50 ug of carboxymethylated eel pyruvate kinase plus
50 ug 6f carboxymethylated rabbit pyruvate kinase: gel 3, 30 ng

of carboxymethylated rabbit pyruvate kinase.

FIGURE 4B

8 M Urea-Polyacrylamide Gel Electrophoresis

of Eel and Rabbit Muscle Pyruvate Kinases

Carboxymethylated eel and rabbit muscle pyruvate kinases were
subjected to electrophoresis on polyacrylamide gels containing

8 M urea under anionic conditions as described in the Methods.
From left to right: gel 1, 50 ug of carboxymethylated eel pyruvate
kinase; gel 2, 20 ug of carboxymethylated eel pyruvate kinase

plus 50 ug of carboxymethylated rabbit pyruvate kinase; gel 3,

25 pg of carboxymethylated rabbit pyruvate kinase.

.‘ Ve
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FIGURE 5

Effect of pH on Bel White Muscle

Pyruvate Kinase Activity

Eel pyruvate kinase activity was assayed in the presence of potassium
phosphater O—0), Mes (O—-1) and imidazole (O>——=<) buffers.
The enzyme was assayed in the presence of 50 mM buffer containing

2.5 mM PEP, 2.0 mM ADP, 8.0 mM MgC12 + 45 mM KC1, 0.15 mM ﬁ—NADH
and 3 units of dialyzed lactic dehydroggnase at 30°C (closed symbols)

and 18°c {open symbols).
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optimum in Mes buffer was unchanged but the pH optimum in imidazcle
buffer shifted to 6.5. In the presence of potassium phosphate
buffer the pH optimum was 6.7 and the maximal velocity was 1.3
times greater tﬁan the maximal velocities obtained for either Mes
or imidazole buffers at 18°cC.

The sensitivity of eel pyruvate kinase to inhibition by
imidazole buffer was investigated. At pH 6.3 and BOOC, the
maximum velocity exhibited by eel pyruvate kinase was constant
for a range of imidazole-HCl concentrations between 0.025vand
0.250 M. For the subsequent kinetic experiments, 0.05 M imidazole-
HCl was employed as the aésay buffer since it did not appear
to inhibit the eel enzyme or activate it like potassium phosphate
buffer. ¢

Figures 6, 7 and B indicate the dependence of the initial
reaction velocity on the concentration of the substrate PEP in the
presence and absence of 0.5 mM FDP at 3006. Table 2 summarizes the
kinetic parameters obtained from these plots. AE‘pH 6.3, a hyper-
bolic substrate saturation plot was obtained with an apparent Km
value of 0.09 mM in the absence of FDP and a Hill coefficient of
1.05 was determined (Fig. 6)}. There was a 1.5 fold decrease in the
apparent Km when the enzyme was!assayed in the presence of FDP but

the Vmax value and the Hill coefficient remained unchanged. When

the pH was increased to 7.2 at 300C, there was a 3.1 fold increase
in the apparent Km and a 1.6 fold decrease in the Vméx in the ab-
sence of FDP (Fig. 7). FDP could increase the enzyme's affinity

‘for the substrate 2.8 fold and the maximal velocity in the presence

of FDP wias compafable to the maximal velocity at pH 6.3. A complex
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FIGURE 6

Affinity of Eel Pyruvate Kinase
for PEP at pH 6.3, 30°C

Eel pyruvate kinase was as;ayed in the presence of 50 mM imidazole-
HCl buffer, pH 6.3 containing 2.0 mM ADP, 8.0 mM MgCl2 , 45 mM
KCl, 0.15 mM P-NADH and 3 units of dialyzed lactic dehydrogenase

at 3OOC. Enzyme was assayed in the absence (O——O) and pPresence
(@——®) of 0.5 mM FDP. Léneweaver—Burk plots of the data obtained
appear in the upper panel while the corresponding Hill plots appear

in the lower panel.

Enzyme activities (v and Vm ) are expressed in terms of Pmoles

ax.

of PEP converted to pyruvate per minute per mg of enzyme.

¢
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-— FIGURE 7

Affinity of Eel Pyruvate Kinase
for PEP at pH 7.2, 30°C

Eel pyruvate kinase was assayed in the presence of 50 mM imidazole-
HCL buffer, pH 7.2 in the absence O——Q) and presence (@————@)
of 0.5 mM FDP at 30°C. The enzyme was assayed as described in Figure

6.
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FIGURE 8

Affinity of Eel Pyruvate Kinase
for PEP at pH 8.0, 30°C

9

Eel pyruvate kinase was assayed in the presence of 50 mM Tris-HCl

buffer, pk 8.0 in the absence (@———~0O) and presence (@———@)
of 0.5 mM FDP at 30°C. The enzyme was assayed as descibed in Figure

6.

e —



- 102 -

-10

-05 C +0.5
log [F‘)EP]

+10

0‘4"



5

- 103 -

Hill plot was goenerzted from the data obtained in the absence, of
FDP at pH 7.2 (Fig. 7). A Hill coefficient of 1.47 was obtained
for PEP concentrations less than 0.25 mM while a Hill coefficient
of 2.10 was obtained for PEP concentratipns greater than 0.375 mM.
In the presence of FDP, a single straight line was obtained on a |
Hill plot with a coefficient of 1.25.
As'shown in Figure 8, the enzyme's dependency on FDP for acti-

vation was even more pronocunced at pH 8.0 using 0.05 M Tris-HCl as

the assay buffer. In this case, the maximal velocity increased

1.9 fold in . the presénce of FDP. Lineweaver-Burk plots of the data
obtained in the absence of FDP were biphasic and apparent Km values
of 0.66 mM for low concentrations of PEP and 2.40 mM for high con-
centrations of the substrate were estimated. In the presence of
FDP, a single straight line was obtained on a Lineweaver-Burk plot
and an apparent Km of 0.33 mM was calculated. A complek Hill plot
was generated frbm the data obtained in the absen;e of FDP at pH
8.0. A Hill coefficient of 1.00 was obtained for PEP concentra-
tions less than 0.5 mM while a Hill coeffiéient of 1.48 m was ob-

tained for PEP concentrations greater than 1.5 mM (Fig. 8). In the

]

presence of FDP, a single straight line was obtained on a Hill plot
with a coefficient of 1.17.'

The enzyme's affinity for the substrate PEP was also examined
under conditions which are more in keeping with the physioclogical
conditions that this fish is likely to encounter. When.Ehe assay
temperature was reduced from 30% to 18% at PH 7.2, thegé was a

2.3 fold decrease in the apparent Km and 2.2 fold decrease in the

vmax in the absence of FDP. FDP could decrease the apparent Km by
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FIGURE 9

Affinity of Eel Pyruvate Kinase
for PEP at pH 7.2, 18°C

Eel pyruvate kinase was assayed in the presence of 50 mM imidazole-
HCl buffer, pH 7.2 in the absence (O———0) and presence (@———@)
of 0.5 mM FDP at 18°C. The eénzyme was assayed as described in Figure

6.
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TABLE 2

Effect of pH and FDP on the Affinity
of Eel Pyruvate Kinase for PEP

pH Temperature FDP . Apparent Vmax. n,
(°c) K_(PEP) (mM)

6.3 30 - " 0.09 . 350 1.05
+ 0.06 350 1.15

7.2 30 - 0.28 220 1.47 (< 0. 25}

2.1000.37mM) .

+ - 0.10 355 1.25  ° |

8.0 30 - 0.66, 2.40 85 - 1.00(<0.50mM)

1.480-1.50mM)

+ ’ 0.33 163 1.17 ’
7.2 _ 18 - 0.12 98 1.00
+ " 0.06 ’ 133 1.03

Eel pyruvate kinase was assayed at either iBOC or 30°C in the presence
of 50 mM_imidazole~HCl buffer, pH 7.2 and at 30°C in the presenﬁe of
50 mMwimidazocle-~HCl buffer, pH 6.3 or 50 mM Tris-HCl buffer, pH 8.0.
Enzyme was assayed in buffer containing 2.0 mM ADP, 8.0 mM MgCl2

45 mM KCl, 0.15 mM P—NADH and 3 units of dialyzed lactic dehydro-
genase in the absence (-) or presence (+) of 0.5 mM FDP. Apparent

Km (PEP) and Vmax values were obtained from the double reciprocal

plots shown in Fiqures 6, 7, 8 and 9. Enzyme activity (V ) is

max,
expressed in terxms of Pmoles of PEP converted to pyruvate per minute
per mg of enzyme. Hill coefficient values (nH) were obtained from
Hill plots of the data and are applicable to the specific PEP con-

e at

. - - + .
centration ranges indicated in brackets.
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TABLE 3

Effect of Temperature on the Affinity
of Eel Pyruvate Kinase for PEP

PH Temperature Apparent

(°c) K (PEP) (mM)
6.3 13 0.08

21 0.09

30 0.09
7.2 ‘ 13 0.10

21 0.14

30 0.28

Enzyme was assayed at either PH 6.3 or pH 7.2 in the présence of 50 mM
imidazole buffer containing 2.0 mM ADP, 45 mM KC1, 8.0 mM MgCl2

0.15 mM B-NADH and 3 units of dialyzed lactic dehydrogenase.
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a factor of 2.0 and increase the vmax. by 2 factor of 1.4 at pH 7.2
and 18°¢ (Fig. 9). A reduction in the assay temperature from 30%
to 18°C could also abolish the complex cc-operative behaviour exhi-
bited by the enzymé in the absence of FDP at pH 7.2. A Hill coeffi-
cient of 1.0 was obtained for the enzyme assayedrin the presence or
absence of FDP at pH 7.2 and 18° (Fig. 9).

The effects of activators, inhibitors, pH and temperature on
;ubstrate affinities and maximum activities exhibited by purified

eel white muscle pyruvate kinése are complex. The dependence of

tgp initial reaction velocity on the PEP concgn?ration was investi-
gated at 3 different temperatures. At pH 6.3, virtually no change
in the enzyme's affinity for PEP could be detected as the assay
temperature was decreased from 30 to 13°C (Table 3). However at
pH 7.2, the enzyme's affinity for PEP increased over 2 fold as ﬁhe
‘assay temperature was decreased from 30 to 13°c (Table 3).

Fiéure 10 indicates the dependence of the reaction velocity
on the concentration of 4 different monovalent cations at the pH
optimum. At pH 6.3, potassium ion was the most effective activator
of eel pyruvate kinase followed by ammonium ion, sodium ion and
lastly lithium ion. At saturating levels of PEP, ADP and magnesium
ion, the apparent Ka values for K+, NH4+, Na+'and Li+ were deter-
mined to be 4.5, 4.9, 28.6 and 11.4 mM respectively at pH 6.3 and
30°c. Although the affinity of the enzyme for both K+ and Nﬁq+ was
similar, the vmax. of the enzyme was 1.4 times as great in the pre-
sence of saturating concentrations of K+. The enzyme exhibited a

much lower affinity for Na+ and Tit and these cations only activate

the enzyme to a small degree. 1In the absence of any monovalent
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cation, no enzymatic activity could be detected. -Ammonium ion con-
centrations in excess of 50 mM were found to be inhibitory but this

was not the case for any of the other monovalent cations tested.

The cyclohexylammonium salts of PEP, ADP and B-NADH were
employed during the course of this investigation of the monovalent
cation dependency of eel pyruvate kinase. Since the enzyme did
not exhibit any activity in the absence of_any additional mono-
valent cation, it was conclﬁded that the obligatory cyclohexyl-
ammonium cation could not activate eel pyruvate kinase. In order
to investigate whether the cyclohexylammohium cation was inhibitory,
the potassium ion dependency of eel pyruvate kinase was investigatea.
using the potaésiumrsalts of PEP, ADP and B-NADH. When allowances
were made for the presence of additicnal K+ due to the use of the
potassium salts of the substrates, the affinity of eel pyruvate

4

kinase for K and the V were unchanged.

max.

The eel enzyme alsoc exhibited an absolute requirement for a
divalent cation. At séturating levels of PEP, ADP and potassium
ion, the apparent Ka for Mg+2 was determined to be 0.84 mM at the "
pH optimum and 30°C (data not shown).

PEP substrate saturation plots were determined for saturating
concentrations of 3 different monovalent ~ations. At pH 6.3 and
BOOC, the enzyme exhibited a similar affinity for PEP in the pre-

+ . . .
sence of K+ and NH4 but the maximal velocity was 1.4 times greater
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FIGURE 10

Effect of the Concentration of Various Monovalent

——
Cations on the Activity of Eel Pyruvate Kinase

Eel pyruvate kinase was assayed in the presence of 50 mM imidazole-
HCl buffer, pH 6.3 éontaining 2.5 mM PEP, 2.0 mM ADP, 8.0 mM MgClj

» 0.15 mM B-NADH and 3 units of dialyzed lactic dehydrogenase
at 30°c. Enzyme was assayed in the presence of varying concentra-

tions of KC1 (—a), NH,C1 (C—J), NaCl @—®@) and LiC1l
{O——0) .
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TABLE 4

Effect of the Type of Monovalent Cation

on the Affinity of Eel Pyruvate Kinase for PEP

pH Temperature Type of Apparent Vmax; H
(°c) . Cation K _(PEP) mM ,
6.3 30 kb 0.09 350 1.05
+
NH 0.12 250 1.17
+ o
Na 0.32 29 1.11

Enzyme was assayed at 30°C in 50 mM imidazole buffer, pH 6.3

containing 2.0 mM ADP, §.0 mM MgC12

, 0.15 mM B-NADH and 3

units df-diq ed lactic dehydrogenase in the presence of either

45 mM KC1l, 40 mM NH4Cl or 100 mM NacCl.

Y

\
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. ‘ . ot .
in the presence of K than in the presence of NH4+

Sodium ion was a poor activator of the enzyme and the apparent K_

(Table 4).

(PEP) was significantly greater in the presence of this cation.
The Hill coefficients determined for the enzyme assayed in the
presence'of saturating levels of K+, NH4+ or Na+-iohs were
comparahle, | |

TThe eﬁfect of PEP concentration on the enzyme's affinity for
AbP was investigated (Fig. lli. At pH 6.3 and BOOC, the apparent
Km for ADP was found to be 6.35 mM and this was not changed by
varying the PEP concentration from 0.125 mM to 2.5 mM. Similarly,

the apparent Km for PEP was.constant at 0.09 mM for a range of ADP

concentrations between 0.1 and 2.0 mM at pPH 6.3 and 30°C (Fig. 12).

The effects of the known inhibitors of'the mammalian pyruvate
kinase isozymes on the activity of eel muscle pyruvate kinase were
examined. &he sensitivity of the eel enzyme to inhibition by ATP
at pH 7.2 and 30 C was tested at a PEP concentration of 0 25 mM in
order to compare these results with those obtalned for other pyru-~ .
'{ vate kinases. A pronounced sigmoidal inhibition curve was obtained'
for increasing concentrations of ATP (Fig. 13). Since the inhibi—'
tory effect of ATP could possibly be attributed to the fact that
‘it can chclate with the divalent catlon required for catalytic ac-
tivity, the inhibitory effect of an equlmolar amount of Mg+2 and
ATP was examined and found to be comparable to thgt of ATP alone

for concentrations 1ess than 8 mM. However, Mg+2—ATP was 51gn1f1—

-
cantly less inhibitory for concentrations in excess of 8 mM (Fig. 13).

When the concentration of PEP in fer was increased

he assay bt
from 0.25 to 1.0 mM, concentrations of ATP as high as 10 mM had a

negligible inhibitoxy effect on the eel enzyme,
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FIGURE 11

Effect of PEP Concentration on the Affinity
of Eel Pyruvate Kinase for ADP

Enzyme was assayed in the presence of 50 mM imidazole-HC1 buffer,
PH 6.3 containing either 0.125 mM (fF———), 0.250 mM (O—D,
0.500 mM (@——@®) or 2.500 mM {(O———0) PEP-and 8.0 mM MgC12 .

45 mM KC1, 0.15 mM B-NADH and 3 units of dialyzed lactic dehydro-

genase at 30°C,

1
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TABLE 5

- Effect of PEP Concentration on the Affinity
of Eel Pyruvate Kinase for ADP

Concentration . Apparent © Maximum
of PEP (mM) K (ADP)  (mm) Velocity (%)
0.125 0.33 40.0
0.250 ' 0.33 54.2
0.500 0.34 74.8
2.500 ‘ 0.35 100.0

Enzyme was assayed at pH 6.3, 30°C in imidazole buffer as described

in Figure 11.
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FIGURE 12

Effect of ADP Concentration on the Affinity
of Eel Pyruvate Kinase for PEP

Enzyme was assayed in the presence of 50 mM imidazole buffer,

PH 6.3 containing either 0.1 mM (A——4&), 0.2 mM (-F**“ﬁl),
0.4 mM (O—), 1.0 m4 @——@) or 2.0 mM (O———0O) ADP and
8.0 mM MgCl2 , 45 mM KC1l, 0.15 mM B-NADH and 3 units of

dialyzed lactic dehydrogenase at 30°C.
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TABLE 6

Effect of ADP Concentration on the Affinity

of Eel Pyruvate Kinase for PEP

Concentration Apparent Maximum
of ADP (mM) K_(PEP) (mM) Velpcity (%)
0.10 0.09 18.2
0.20 ' 0.11 35.3
0.40 0.09 52.9
1.00 0.08 80.0
2.00 : 0.09 , 100.0

Enzyme was assayed at pH 6.3, 30°C in imidazole buffer as described

in Figure 12.
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FIGURE 13

Inhibition of Eel Pyruvate Kinase

by ATP and Mg'?.aTP

1

Eel pyruvate kinase was assayed at 30°C in the presence of S0 mM
imidazole-HCl buffer, PH 7.2 containing 0.25 mM PEP, 2.0 mM ADP,

45 mM KC1,8.0 mM MgClé + 0.15 mM B-NADH and‘3 uh;ts of dialyzed
lactic dehydrogenase with varying concen_trati_ons of ATP (@—@)
Oor an equimolar amount-of ATP and MgC12'6H20 O©O——0). Enzyme
activity is expressed as a percentage of the activity observed in

the absence of inhibitor.
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Both the amino acids alanine and phenylalanine cculd sub-
stantially inhibit eel muscle pyruvate kinase. Phenylalanine was
the more potent of the two amino acids and its inhibitory effect
could be reduced by increasing the concentration of PEP in the
assay buffer (F;g. 14). Figure 15 shows the effect of phenylala-
nine on the activity of the eel enzyme in the presence and absence
of FDP as a function of PEP concentration. It can be seen that

the presence of the amino acid decreased the affinity of the ehzyme

for PEP. In the absence of FDP, the SO 5 value for PEP increased

from 0.28 to 0.67 mM when 2.0 mM phenylalanine was added but there
- .

was no effect on the vmax . When FDP was present, the S0 5 value

increased from 0.10 to 0.23 mM when phenylalanine was added to a

concentration of 2.0 mM and the Vmax decreased by 25%.
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FIGURE 14 -

Inhibition of Eel Pyruvate Kinase

by Alanine and Phenylalanine

Enzyme was assayed at 30°C in imidazole buffer, pH 7.2 containing

2.0 mM ADP, 45 mM KCl, 8.0 mM MgCl2

of dialyzed lactic dehydrogenase in the presence of either 0.25 mM

» 0.15 mM B-NADH and 3 units

PEP (closed symbols) or 1.0 mM PEP (open symbols). The effects
of varying concentrations of phenylalanine (O———0) and alanine

(O——) on enzyme activity were examined.



PERCENT

ACTIVITY

~ 123 -

100

20—

1 ! ! l i l | N

2 4 6 8 10 12 14 18
INHIBITOR COMCENTRATION mif




FIGURE 15 -

Effect of Phenylalanine on the Activity
of Eel Pyruvate Kinase at pH 7.2, 300C

Eel pyruvate kinase activity was assayed at 30°C in the presence
of 50 mM imidazole-HC1 buffer, pH 7.2 containing 2.0 mM ADP, 8.0
mM MgC12 , 45 mM KCl, 0.15 mM P-NADH apnd 3 units of dialyzed
lactic dehydrogenase. The enzyme was assayed in the presence

(O————0Q) and absence (@——®) of 2.0 mM phenylalanine without

FDP and in the presence ([3———{]) and absence (l—W) of 2.0

mM phenylalanine with 0.5 mM FDP present.
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DISCU J
CUSSION Iy

The purification procedure described allows the preparation

of pyruvate kinase from the white muscle of the ‘American eel in
pure form, as judged by polyacrylamide gel electrophorésis, and
in amounts sufficient for structural studies. The protein was

purified by a modification of the method used to purify sturgeon

rnuscle pyruvate kinase (Randall & Andcrson, 1975). The enzyme was
precipitated by concentrations of ammonium sulphate which are simi-

lar to the conditions used to precipitate mammalian M. and M, type

1
pyruvate kinases (Harada et al., 1978). Like the sturgeon enzyme,
'eel pyruvate kinase was adsorbed on DEAE~¢ellulose under conditions

that allow the adsorption of the mammalian liver isozy&e but not - =
the mammalian nuscle isczyme (Tanaka et al., 1967). The specific
activity of the final preparation was comparable to that of highly
purified preparations of other muscle pyruvate kinases (Hall &

Cottam, 1578). Unlike the sturgeon enzyme, eel pyruvate kinase

was found to be susceptible to denaturation and it was necessary ,

to add glycerol to the ﬁurification buffers. This pfecaution Kas

been takeﬁ by others during the purification of invertebrate (Giles

et al., 1976@, veast (Hunsley & Seulter, 1969), mammalian liver

(Riou et al., 1978) and M2 type pyruvate kinases (Berglund et al., !
1977). When glycerol was present in the buffers, the purified eel
enzyme was stable at 4°C for at least 6 months.

The pyruvate kinase'protein concentration in eel white:
muscle was estimated to be 1.6 mg per gm fresh weight of tissue
based on the total amount of assayable activity in the pH 5.4
‘extract. A preliminary study was performed in order to guantitate

the amount of pyruvate kinase protein in eel white muscle. The
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method employed was based on that of Anderson (1976) and involves
the use of double radioisotope labelling and peptide gquantification
to determine the amount of individual proteins in mixtures. Based

on this method, the pyruvate kinase protein concentration in eel

white muscle w?s determined to be 2.8 mg per gm fresh weight of

tissue. By way/of comparison, Johnson & Veneziale ({1980) reported
that the py vaﬁe kinase concentration in rabbit skeletal muscle
was 2.5 mg pefrgm fresh weight of tissue by radioimmunassay. Based
on the to'al amount of assayable activity in an extract of rabbit
skeletal muscle, the aufhors reported a value of 1.8 mg/gm fresh
weight for the concentration of pyruvate kinase. It is apparent

from these series of studies .that the pyruvate kinase concentrations
in eei/yﬁite muscle and rabbit skeletal muscle are comparable

and Q&i\jﬁgayable activity in a muscle extract does not reflect

enzyme concentration.

The enzyme appears to consist of only one type of subunit as
only one band was obtained on SDS gels (Fig. 3) and also on 8 M
urea-containing gels run under both cationic and anionic conditions
(Eig. 4A, B). Eel pyruvate kinése, like the sturgeon enzyme
(A;dersop & Randall, 1975), exhibited an electrophoretic mobility
which was twice that of the rabbit enzyme on 8 M urea gels run
under anionic conditions (Fig. 4B). No evidence could be obtained
for the presence of disulphide bonds linking subunits together
because eel pyruvate kinase exhibited the same electrophoretic mo-

bility on SDS gels run under both reducing and nen-reducing condi-

tions (Fig. 3). : . {\\‘

.

.
~



“The enzyme activity wes found to be maximal between pH 6.0
and pH 6.5 in three different buffers at BOOC_(Fig. 5). A pH op-
timum in the range 6.0 to 6.5 is considerably lower than that ob-
served for the enzyme isolated from the muscle of a variety of
" mammalian® species (Baranowska & Baranowski, 1975; Berglund & Hum-
ble, 1979; Cardenas et al., 1973) and the river sturgeon (Randall
& Anders9n} 1%875) . However, it 1is similar to the values obtained
for the enzyme isolated from the muscle of several fish species
(Fields et al., 1978B; Guppy & Hochachka, 1979; Johnston, 1975) and

for some Fammalian liver (Hall & Cottam, 1978). and M. type pyruvate

2
kinases (Schering et al., 1982). 1It, therefore, seems clear that
the pH optimum of pyruvate kinase isczymes is not constant for a
given tissue or organ, but varies with the regquirements of indivi-
dual species.

The type of assay buffer had little efféct on the value of
the pH optimum or the pH sensitivity of the enzyme at 30°C but the
maximal velocity obtained in the presencé of potassium phosphate
buffer was significantly higher than the maximal velocities in Mes
or imidazole buffers (Fig. 5). As reported previcusly (Mcon &
Hulbert, 1980a), potassium phosphate buffer can activate eel pyru-

vate kinase and this can not be attributed to the presence of addi-

ticnal K+ as the enzyme is already saturated under the assay condi-

tions employed. Phosphate buffer has been found to activate human
muscle {(Baranowska & Baranowski, 1975) and pig liver pyruvate
kinase {Ljungstrom et al., 1976) as well as some invertebrate iso-
zymes (Giles et al., l976c5Kapoor, 1975). The activation of pyru—'
vate kinase isozymes by phosphate buffer may be a general feature

of this enzyme.

{
\ ~
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~ . %
-A decrcase in temperature has been found to decrease the pH
sensitivity of tuna muscle pyruvate kinase (Guppy & Hochachka,
197%) . No appreciable change in the pH sensitivity of the cel on-
.éyme could be detected when the assay temperature.was decreased
from 30°C to 18°C. ‘The decrease in temperature had no effect on
the value of tﬁg;pH optimum in Mes buffer but there was a slight

shift in the pH optima observed in imidazole and potassium phos-

-phate buffers (Fig. 5) S o -

A prev1ous study of a partlally purlfled pyruvate klnase from

eel whlte muscleﬂlndlcated a pH Optlmum close to 6.0 at 18°C and

a considerably narrower act1v1ty as a function of pH profile (Moon
& ﬁulbert; 1980a). This partially pufified enzyme was prepared by
“homogenization and extraction of eel white muscle with 100 mM Tris-
Maleate buffer, pH 7.4 containing 2 mM EDTA followea by ammonium
-sulphate fractionation. A specific activity value of 4 units/mg

of protein was reported for this enzyme preparation at pH 6.0

and 20°C (Moon & Hulbert, 1980a). Following ammonium sulphate
fracticnation, @ speeific activity value of 26 units/mg of protein
was obtained for partially purified pyruvate kinase in the present
study at pH 6.3 and 30°C. When corrections are made for the
different assay temperatures employed, the specific activity value
obtained in the present study is still 3.5 times greater than the
value reported for a partially purified pyruvate kinase previously
(Moon & Hulbert, 1980a). In the previous study, the enzyme prep-
aration was dialyzed against the tissue extraction buffer for

12 hours in the absence of antifoxidants and stabilizing agents
prior to the commencement of kinetic experiments. It is more than
likely that the enzyme was denatured_as a result of this treat-

ment and this would have altered its kinetic properties.
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Eel pyruvate kinase is activated by fructosé—l,6—bisphosphatc
in a complex and pH-dependent manner. At all pH values examihed,
the affinity of the enzyme for the substrate PEP was increased
in the presence of FDP, but an increase in the Vmax. due to the
presence of FDP was only observed at pH values greater than 6.3
(Table 2). This was particulérl& evident at pH 8.0 where the enzyme
exhibited two apparent K values for PEP of 0.66 and 2;40 M in
Athe absence of FDP but in its presence ohly one Km value of 0.33 mM
was observed and thefe was a 1.9 fold increase in the haximum

velocity. An identical finding has been reported for the M. iso-

2
zyme but not the Ml isozyme of the pig (Berglund & Humble, 1979) .-
In soﬁe cases, the biphasic nature of a Line&eaver—BurR plot
can be attributed to the phenoﬁenon of negativée co-operativity
(Dixon & Webb, 1979). However in this instance, Hill plots of
the daté obtained in the absence of FDP 'at pH 8.0 indicated that
the enzyme exhibited no co-operativity, either negative or posi-
tive, in thecbinding of the substrate PEP for concentrations less>
than 0.5 mM while slightly positi#e co~operative binding kiﬁetics
prevailed for PEP concentrétions greater than 1.5 mM. Similar
complex‘H%}l plots exhibiting inflection points between two linear
seqtions have been described for the M, and L type pyruvate kinases
ofsrat 1ive£'(Van Berkel et al., 1973:;Van Berkel, 1974; Van
Begkel et al., 1977). Such kinetié behaviour can be attributed to

the presence of 2 kinetically different forms of the same enzyme

which exhlblt dlfferent affinities for the substrate PEP.

In mammals, pjruvate klnase isozymes can be dlstlngulshed on

the basis of their affinities for the substrate PEP and their res-
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ponse to FDP. The enzyme from skeletal muscle shows hyperbolic
binding kinetics and this is not influéncéd by the presence of FDP
(Hall & Cottam, 1978). The enzyme from 1iﬁer shows pronounced co-
operétive effects in the binding of PEP and FDP greatly increases
the affinity of the enzyme for this substrate (Hall & Cottam, 1978). .

- The binding of PEP to M_-type isozymes is much less co-operative

2
than is the binding of thisAsubsﬁrate to the mammalian liver isozyme;
however it is fécilitated by the presence of FDP and the effect of ‘
FDP increases withLiﬁcreasing pH (Bergluq@ & Humble, 1979; Ibsen

.et al., lBBla Van Berkel et al., 1973f. Theréfore, wifh respec£

to its affinity for PEP and its response to FDP, pyrﬁvate kinase

from eel muscle most resembles the mammalian M, -type isozyme.

2
Comparison with data obtained fé; otﬁer sbecies indicafes that,
‘éh the exception of birds and ﬁammals, most muscle pyruvate kin-
ases exhibit increased affinities for_%?g substrate PEP in the
presence of FDP (Zammit et al., 1978}. Although there is consid-
erable variation in the details of this p;océss between species,
this observation suggests that the more primitive forms of the
enzyme are FDP—sénsitivé and the development of FDP-insensitivity

represents a more recently evolved property of the muscle enzyme.

In common with what has been reported-for other poikilothermic

animals (Somero & Hochachka, 1968; Randall & Anderson, 1975; Guppy
& Hocha;hka,l1979), the appérent Km for PEP of éel pyruvate kinase
was found to'decrease with decreasinq‘tempefature, although the
effect was pH—depeﬁdent:;EAt pH 6.3, lhe géparent K for PEP iq—

creased slightly from 0.08 to 0.09 mM over the temperature range
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13 to 30°C. However at pH.7.2, the apparent Km increased from 0.10
mM at 13°C to 0.28 md at 30°C {Table 3). This is in contrast to é
previous report using a partially purified eel white muscle pyru-
"vate kinase in which the apparent Km for PEP was observed to in-
crease with decréasing temperafure (Moon & Hulbert, 1980a). The
low specific activity of this preparation or its contamination by

impurities may account for the discrepancy.

Eel pyruvate kinase EXhibiteg a decreased séﬁsitivityr£o acti-
vation by FDP at lower assay temperatures (Table 2). This observa-
tion coupled with the temperature dependeﬁcy of the‘enzyme's affin—.
ity for PEP would suggest that eel pyruvate kinase is subjeét to
. temperature dependent interconversion between kinetically different
forms. A similar observation has been reported for éhe muscle
pyruvate kinases of tﬁe Alaskan king crab (Somero, 1969), trout

(Somero & Hochachka, 1968) and:sturgeon.(Randall & Anderson, 1975).

Eel pyruvate kinase, like all other ve;tebraté pyruvate kin-
ases described to date, exhibited an absolute‘requirement for a
monovalen? and a divalent cation for catalytic activity. The en-
szme's affinity for the divalent cation Mg+2 i,s comparable to

that of mammalian muscle pyruvate kinases but the affinity’ for
the monovalent cation is 2 times greater. Some mammalian M,
(Pogson, l968f and 'L type pyruvate kinases (Ekman et al., 1976)
also exhibit affinities for K+‘which are at least twice as high

as those of the mammalian M, type pyruvate kinase. Of the four

1

monovalent cations tested,’k+ is the best activator of the enzyme
- - " S

+ 3 LT L.
followed by NH then Na+ and lastly L1+. This is similar to the

4

manner in which rabbit muscle pyruvate kinase responds to mono-
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valent cation activatprs {Kayne, 1971).

Previously it was reported that a partially purified eéi Py~
ruvate kinase exhibited hyperbolic binding kinetics with respect
to PEP in the presence of x* but sigmoidal binding kinetics in the
presence of Na' (Moon & Hulbert, 1980a). Although purified white
muscle pyruvaté kinase did.exhibit a reduced affinity for PEP when
assayed in the presence of';‘Na+ at thé pH optimum (Table 4) the
degree of co-operativity displayed was muéﬁ less dependent on the

type of monovalent cation present.

Eel pyruvate klnase behaves in a manner more 51m11ar to mammal-
ian isozymes than to some other fish pyruvate kinases with respect

, to its affinity fer one substrate in the presence of varylng con-

centrations of the second substrate. The kinetic data obtalned in
the present study is consistent with random substrate binding_ for
ADP and PEP "as has been reported for mammalian Ml

type pyruvate kinases

(Reynard et al.,
1961; Ainsworth & Macfarlane, 1973) and M2
(Jimenez de Asua'etral., 1971; Walker & Potter, 1973). 1In contrast,
it has been repotted that a decrease in the concentration of one
substrate results 'in an increase/in the affinity of the muscle en-
zyme of several types of fish for the second substrate (Fields et
al., 1978; Guder}ey & Cardenas, 1980b)

The enzyme from eel white muscle is much less sensitive to ATP
inhibition -than pyrﬁvate-kinases from other sources. ATP inhibits
all isozymes from mammals (Hall & éottaﬁ, 1978),-élthough the L-type
isozyme is by far the most sensitive»form. Some fish isozymes from
liver and kidney (Guderley et al., 1978) and skeletal muscle

(Guderley & Cardenas,1980b; Johnston, 1975; Somero & Hochachka,

1968) have also been shown to be sensitive to inhibition by ATP.
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Lowever, the pyruvate kinases of.eel liver and tuna skeletal muscle
have been reported to be.similar to the eel white muscle isozyme
with respect to their sensitivities to iﬁhibition by ATP (Moon &
Hulbert, 1980b; Guppy & Hochachka, 1979}. The significance of the
relative insensitivity of eel white muscle pyruvate kinase to ATP
inhibition is therefore uncertain.

Alanine and phenylalanine both inhibited pyruvate kinase from
eel whi£e muscle and the effect is only partially reversed by the
addition of FDP. The effects of amino acids on pyruvate kinase iso-
zymes from other species are variable. For example, alanine inhibits
L-type pyruvate kina;e from rats (Imamura et al., 1972) but has no
effect on the bovine liver isozyme (Cardenas et al., 1975b).

Pyruvate kinase from frog skeletal muscle is not inhibited by
alanine or phenylalanine but the enzyme from frog heart is inhibited
by both amino acids (Flanders et al., 1971). Only the mammalian
.Mz—type isozyme has consistently been shown to be sensitive to
inhibition by both alanine and phenylalanine and this inhibition is
only partially reversed by the presence of FDP (Schering et al.,
1982) . This suggests that structural similarities accounting for
amino acid binding exist between the eel muscle and mammalian M, -
type pyruvate kinases.

The kinetic properties of eel pyruvate kinase are similar to
those cof the muscle enzymes of the carp (Johnston,.1975), the tuna
(Guppy & Hochachka, 1979), the turtle (Storey & Hochachka, 1974)
and some osteoglossid fish (Fields et.al., 1978). However eel
pyruvate kinase is different kinetically from the muscle enzymes

" of the salmon (Guderley & Cardenas,l1980b), the trout (Somero &

‘ !
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Hochaghka, 1§68) and some erythrinid fish (Fields et al., 1978).
It is likely that the pyruvate kinases of these different species
exhibit varying sensitivities to modulators of enzyme activity~
because they are adapted to suit the specific physiological con-
ditions of each species.

The pyruvate kinases are a complex family of enzymes.
Examination of some of the kinetic properties of eel pyruvate kinasé
as indicated that it probably has many structural features in com-
mon with the gammalian M2 isozyme. Like the mammalian'Mz—type
isoé&me, eel pyruvate kinase exhibits slight eo-operativity in the
binding of PEP at physiological pH and is activated by FDP in a

pPH~dependent manner and is inhibited by both phenylalanine and

alanine. Further study of the structural basis of these properties

and comparison with features of the mammalian M. isozyme and other

2

isozymes may therefore help to define the origin, development and

role of pyruvate kinase isozymes.



- 135 -

- CHAPBER 4 -

EXAMINATION OF THE SUBUNIT AND PRIMARY
STRUCTURES OF EEL & RABBIT MUSCLE
PYRUVATE KINASES

RESULTS

Since the kinetic properties of eel white muscle pyruvate ki-
nase were found to be substantially different from those of the My
isozyme from rabbit muscle, the structural features of these 2 dif-
ferent muscle isozymes were determined. 7

The molecular weight of eel muscle pyruvate kinase was found
to be 229,000‘1 16,000 as determined by gel filtration chromato-
graphy on a Sephacryl $-300 column (Fig. 1). When-eel and rabbit
muscle pyruvate kinases were applied onte the Séphacryl column
together, they appeared together in the same elution volume. SDS-
polyacrylamide gel electrophoresis indicated that both the eel and
rabbit enzymes consisted of a Singlg type of subunit of 59,000 * 700
molecular weight (Fig. 2). The subunits of eel and rabbit muscle
pyruvate kinases-were found to have the same electrophoretic mobi-
lity on SDS gels.

Irn the absence of FDP, eel pyruvate kinase gave 2 major bands
and one minor band when isoelectric focusing was conducted on poly-
acrylamide gels according to the method of Wrigley (1971). The pI
values of the 2 major bands were determined to be 5.92 and 6.35
while the minor band had a »I value of 6.62. In the presence of
FDP, eel pyruvate kinasé gave only one band on iscelectric focusing
gels with a pI valué of 5L90. In the presénce or absence of FDP,
rabbit muscle pyrﬁvéte kinase gave only one band on isocelectric

focusing gels with a pI value of 8.83 (data not shown} .



‘obtained for eel pyruvate kinase. THY, thyroglobulin (M.W. 669,000)
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FIGURE 1

Molecular Weight Determination

of Eel Pyruvate Kinase

The molecular weight of the native eel muscle enzyme was determined
by gel filtration chromatography as described in the Methods.'Distri~
bution coefficient values‘(Kd) are equivalent to (Ve—VO)/VS where

Ve is the elution volume‘of the protein, VO is the void volume and

VS is the column bed volume. The intersection of the vertical dotted

v

lines with the horizontal axis indicates the range of 'K

values
~ d

RPK, rabbit muscle pyruvate kinase (M.W. 230,000)}; BSA, bovine serum

albumin (M.W. 66,200).
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FIGURE 2

Subunit Molecular Weight Determination

of Eel Pyruvate Kinase

Subunit molecular weight determinations were conducted on SDS-

polyacrylamide gels as described in the Methods; %%e electrophor-
etic mobilities of the marker proteins are expressed with respect
to the tracking dye, bromophenol blue. The infersection of the
vertical dotted lines with the horizontal, axis indicates the range
of electrophoretié mobility values obtained for eel muscle pyruvate
kinase. BSA, bovine serum albumin‘(M.w. 66,200); PK, rabbit muscle

"

pyruvate kinase (M.w: 59,000} ; CK, rabbit muscle creatine kinase
(M.W. 40,500); LDH, rabbit muscle lactic dehydrogenase (M.W. 35,500);
TRP, éoybean trypsin inhibitor (M.W. 21,500); LYS, lysozyme (M.W.

14,400) . -
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The amino acid compositions of eel and rabbit pyruvate kinases
are given iﬁ.Table l.A The results are expressed per subunit and
assume thag\tﬁe enzymes ?re composed of identical subunits of
59,000 molecular weight.‘KTheﬁcqppositions of the 2 enzymes are
very similar with the greatesﬁid%%ferences being in the smaller
number of alanine residues and lagggE‘number of threonine residues
found iﬁ the eel enzyme.

Thé N-terminal amino acid of eel pyruvate kinase was deter-
mined to be pfoling. Authentic dansyl-proline was found to co-
migraée on polyamide thin layer sheets with the dansyl amino acid
‘derived from a hydrolysate vf dénsylated eel pyruvate kinase.

' Under similar conditions, rabbit muscle pyruvate kinase failed o

.. <
give a positive N-terminal reaction. {data not shown).

Saheki et al. (1982a) recently characterized the 4 pyruvate
kinase isqzymes of the rat on the'basié of their cyanogen bromiée
peptide maps on polyacrylamide gels. In order to compare the
Structural features of eel and rabbit muscle pyruvaté kinases to
those of the 4 isozymes of the rat, cyanogen bromide peptides de-
rived from carboxymethyla£ed PYruvate kinases were mapped on SDS-
pPolyacryldmide gels run under anionic conditions (Fig. 3A) and on
Triton-urca polyacrylamide gels run under cationic conditions
(Fig. 3B). Although carboxyﬁethylated eel and rabbit muscie pyru-
vate kinases appear to share some common cyanogen bromide peptides,
the peptide banding patterng are distiﬁctly different. The pecptide
banding patterns of gﬁrboxymethylated rabbit ﬁuscle pyruvate kinase
on SDS and Triton-urea gelskare almost identical to those report-

s

ed previously for the Ml isozyme of the rat {Saheki et al., 1982a}).



- - 141 -

TABLE 1

Amino Acid Compositions of
Rabbit and Eel Muscle Pyruvate Kinases

‘Mole/Mole of Enzyme Subunit

Amino Acid Rabbit® ' Eel
Cysteine 8.9 6.1
Aspartic Acid and 50.6 53.2
Asparagine‘

Threonine - 27.3 ' 36.4
Serine . , 28.8 34.5
Glutamic Acid and 52.5 49.2
Glutamine

Proline A 19.2 22,0
Glycine _ 42.8 44._4
Alanine 5%+5 46.2
Valine 40.4 35.3
Methionine | 16.6 16.8
Iscleucine 34.6 34.0
Leucine " 39,0 38.2 .
Tyrosine . . 9.9 13.6
Phenylalanine : - 16.3 16.6
Histidine 15.9 16.5
Tryptophan 3.4 4.1/
Lysine 38.5 37.4
Arginine 33.7 - 31.5
Aspartic Acid and + 66.8 68.5

Glutamic Acid

Amino acid compositions were determined as described in the
Methods. Cysteine and tryptophan were determined spectrophoto-
metrically by the methods of Habeeb (1972) and Edelhoch (1967)
respectively. The total content of aspartic acid and glutamic
acid was determined by carbodiimide modification according to
the method of Carxraway & Koshland (1972).



- 142 -

FIGURE 3A .

Cyanogen Bromide Peptide Mapping
on SDS-Polyacrylamide Gels

The cyanogen bromide peptides derived from carboxymethylated eel
and rabbit muscle pyruvate kinases and carboxymethylated rat liver
pyruvate kinase were subjected to electrophoresis on polyacrylamlde
gels containing SDS as described in the Metheds. From left to right:
gel 1, 75 ng of carboxymethylated rat liver PK CNBr peptides;:

gel 2, 75 ng of carboxymethylated rabbit PK CNBr peptides; gel 3,
75 jpg of carboxymethylated eel PR CNBr peptides.

FIGURE 3B

. Cyanogen Bromide Peptide Mapping

on Triton-Urea Polyacrylamide Gels

The cyanogen bromide peptides derived from carboxymethylated eel

and rabbit muscle pyruvate kinases were subjected to electrophoresis
on polyacrylamide gels containing 7.5 M urea and 6 mM Triton X-100
as described in the Methods. From left to right: gel 1, 75’p§ of
carboxymethylated rabbit PK CNBr peptides; gel 2, 75 Bg of car-
boxymethylated eel PK CNBr peptides.
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'.However, the peptide banding patterns of carboxymethylated eel
muscle pyruvate kinase on 5DS ;nd Triton-urea gels are very
51m11ar tc those reported prev1ously for the M2 isozyme of the ‘rat.
By way of comparison, the pept;de bandlng pattern of carboxymethyl -
ated rat liver pyruvate kinase on, SDS gels (Fig. 3A) reported hérg
is very similar to the pattern described previously (éaheki ek al.y
a : —
1982a). .

The cyanogen bromide peptides of 14C—Carboxymethylated eel and
rabbit pyruvate kinases.were separated on a Sephadex G-75 éolumn as
illustrated in Figures 4A and 4B. Peptides eluted in the final
radioactive peak might be expected to be of relatively low molecular
weight and therefore amenable to purification by high voltage paper‘
electrophoresis. One major radioactive peptide was purlfled in
this manner from each of the 2 muscle pyruvate kinases and the

amino acid compositions of these peptldes were found to be very

similar (Table 2). The asparagine and glutamine contents of these

peptides were not determined directly. 1Instead this 1nformatlon
was inferred from the fact that both eel CNBr peptide EX1 and rab-
- bit CNBr peptide RX1 migrated slightly further toward the cathode
than e-DNP-lysine at pH 6.5. The N- termlnal amino acids of the eel
and rabbit cyéfbgen bromide peptides were determined to be threo-
nine and isoleucine respectively.

In order to further investigate the structural similarities of

the eel and rabbi* muscle isozymes, peptides were geneiated from

4C—carboxymethylated pyruvate kinases by cyanogen bromide cleavage
followed by tryptic digestion and these beptides were mapved on

paper. TFigure S5A represents a map of the acidic¢ and basic peptides
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- FIGURE 4A

Sephadex G-75 Chromatography of the Cyanogen
Bromide Peptides Derived from l4C—Carboxymethylated

Rabbit Pyruvate Kinase

" Rabbit pyruvate kinase was treated with iodo[2—14C]acetic acid,
CNBr and citraconic anhydride as described in the Methods prior

to application to a column of Sephadex G-75 equilibrated with.0.5

Q.

% (w/v) ammonium bicarbonate. The column was developed with this
buffer and the eluate was monitored by measuring the absorbance
at 225 nm (@@ and by scintillation counting of 0.1 ml

aliquots of 3.5 ml fractions *>—e).

/
FIGURE 4B ' /

\('
| Sephadex G-75 Chromatography of the Cyanogen
Bromide Peptides Derived from 14C—Carboxymethylated

Eel Pyruvate Kinase

a

The cyancgen bromide peptides déri&ed from 14C—carboxymethylated
eel pyruvate kinase were fractionated on a column of'Sephadex G-75
as déscribed above. The absorbance at 225 nm @oneeee ®) and the
radioactivity in 0.1 ml aliquots of fractions @—@) was
monitored.

~

\
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TABLE 2

|
Amino Acid Compositions of the Radiocactive,
Low Molecular Weight Cyanogen Bromide Peptides of

14C—Carboxymethylated Eel and Rabbit Pyruvate Kinases

Mole/Mole of Peptide
(Nearest. Integer)
Amino Acid

"EX1 RX1
Carboxymethylcysteine . 2 s 2
Asparagine 1 1
Threonine . ‘ 3 1
Glutamine 1 1
Proline 1 o 1
Glycine 2 2
Alanine ' 1 2
Valine - ' 1
Isoleucine . 2 3
Lysine 1 1
Arginine - : 2 2
Homoserine/Homoserine 1 1
Léactone
Total Number . 17 18

of Residues
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at pli 6.5 derived from rabbit muscle pyruvate kinase. The strip
of neﬁtral peptides was not stained on this map and instead these
peptides were mapped separételyu Figure SB represents the corres-
ponding peptide map for the eel enzyme. A comparison of these
maps indicat;d that although thegre are many differences between
the 2 muscle isozymes, they appear to share several common pep-
tides with similar electrophoretic aﬁd chromatographic nobilities.
Twelve of the 26 acidic and basic peptides derived from the rabbit
enzyme (Fig. 5A) also éppearyto be present in‘the eel enzyme

(Fig. 5B).
. Siﬁilarly Figure 6A rééresegéé a map of the neutrél.peégideg
derived from rabbit muscle pyruvate kinase while Figure 6B repre-
sents the corresponding peptide map fbr the eel enzyme. Nine of
the 15 neutral peptides derived ffo% the eel enzyme also appear to
be present in the rabbit enzyme. A total of 39 eel pyruvate kinase
peptidés‘and 41 rabbit pyruvate kinase peptides» were resolved and
detected on these maps. In additioﬁ, a number qf faintly stained
nirhydrin-positive spots could be detected. Since both eel and
rabbit pyruvate kinases contain relatively high contents of lysine
and arginine residues, one micht expect that as many as 70 peptides

miyght be resolved on these maps. This apparent discrepancy can be

attributed to the fact that some inscluble material was pre-

sent in tryptic digests of cyanogen bromide peptides. This in-
soluble material was rcmoved by centrifugation prior to the sepa~
ration of peptides by highivoltage péper electrophoresis. The in-
soluble material accounted for less than 5% of the total .radio-

activity of the tryptic digest. .
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FIGURE 5A

Peptide Map of qu—Carboxymethylated

Rabbit Muscle Pyruvate Kinase
and

FIGURE 5B

Peptide Map of 14C-Carboxymethylated

Eel Muscle Pyruwﬁze Kinase

Pyruvaté kinases were t?eated with iodo[2rl4c]acetic.acid, CNBr
and trypsin as described in the Methods. The resulting peptides
were separated on paper by electrophore;is at pH 6.5 followed

by descending chromatography (BAWP) at 90° to the electrophor-
etic separation. Peptides were detected on paper by staining with
ninhydrin., Peptides which appear. to be present‘in'the maps of
both enzymes are circled with a solid line. Peptides which are
unigue to each muscle isozyme. are circled with a broken line,.
Radiocactive peptides which were detected by autoradiography are

shaded. .
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FIGURE 5B

dmve



. o FIGURE 6A

Map of the Neutral Peptides of 14C—Carboxymethylated

Rabbit Muscle Pyruvate Kinase

-~

and .

FIGURE 6B

' 14

Map of the Neutral Peptides of C-Carboxymethylated

. Eel Muscle Pyruvate Kinase

The neutral peptides contained in the'maps shown in Figures SA
and 5B were mapped separately on paper by electrophore§is at pH‘
2.1. Peptides were detected on paper by staining'with'ninhydrin.
Peptides which appear to be pPresent in the maps of both enzymes
are circled with a solid line. Peptides which are unigue to.
each muscle isozyme are circled with a broken line. Radioactive

peptides which were detected by autoradiography are shaded.
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Autoradlography revealed that 4 of the ac1d1c peptldes {Fig.
5A) and 5 of the neutral peptides (Flg 6A) derlved from 14C car-
boxymethylated rabbit muscle pyruvate kinase were radioactively
labelled Similarly 3 of the acidic peptides (Fig. 5B) and 3.

of the neutral peptides (Fig. 6B) derived from‘14

C~carboxymethyl-
ated eel muscle. -pyruvate kinagse were radiocactively labelled These
radloactlvely labelled peptides were purified by high voltage

paper electrophoresis and paper chromatography and their amino

acid compositlons appear in Tables 3 and 4. All of these radio-
actively labelled peptides were fdund to contain 14C carboxymcthyl—
cysteine. The asparaglne and qutamlne contents of the neutral
peptides were hot determined d?rectly but aye inferréd from the

fact that these peptides exhiglted the same electrophoretic mobil-
ity as €-DNP-lysine at PH 6.5. . _

- Four of the 6 carboxymethylcysteineheontaining peptides derived
from eel pyruvate kinase are homologous to 4 of the -9 carboxymethyl-
cystelne containing peptides derived from rabbit muscle pyruvate
kinase. Peptldes EN1 and RNl exhibit tRe same dﬁide acid composi-
tions and peptide map locations. In addition, carboxymethylcysteine
was determined to be the N~terminal residue of both these peptides
by Edman ,degradation. Therefore, the peetides EN1 and RNl have the
seguence Cmc—Aen—Arg since they were obtained by tryptic digestion”
and arginine is most probably the C-terminal amino acid. Peptides
EN3 and RNS also exhibit the same amino acid compositions and pep-

tide map locatlons. These peptides contain N-terminal asparagine

-~

residues and a threonlne ‘residue was released from both of these

peptldes by second round of Edman degradaticns.

/
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TABLE 3

Amino Acid Compositions of the

14C—Carboxymethylcjsteine-—Containing

Peptides of Rabbit Pyruvate Kinase

Mole/Mole of Peptide
Amino Acid . (Nearest Integer)

-~ -~
RNl RN2 RN3 RN4 RN5 RAL RA2 .  RA3 RA4

Crc 1 1 1 1

1 1
Asx ) ﬁ) 3

Asp - - - - -
Asn 1 - 1 -

=
'—l

1

\]

1
Thr - 1 - - 2 1 - - -
Ser n - - - - 1
Glx .t 1 1 2
Glu .- - - = -
Gln -

Pro . L\/ -

1

1 1
Gly - 1 - - 2

2 1

1

1

28]
I

Ala ) -
Val -
Ile -

I
S e e T
HoH N W

Leu . - - - - -
CTyr - - - - -
Phe o= - - - -

I
|

|—l
!
[
HoH NN W

1
=
i

His

[
|
|
|
i
|
1
|

Lys

=
=
= M
I

T
Arg 1 - - g 1
Hser/Hserl - 1 - - - - - - 1

Total Number 3 11 4 2 12 22 8 15 « 19
of Residues '

™ Homologous peptide present in eel muscle pyruvate kinase. &~
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TABLE 4

Amino Acid Compositions of thg

Peptides of Eel Pyruvate Kinase

Mole/Mole of Peptide

Amino Acid ;’g\( (Nearest

-~ -~ -
ENL EN2 EN3 "

Integer)

EAal

EAZ2

EA3

Cmc
Asx
Asp
Asn
Thr
Ser
Glx
Glu
Gln.
Pro
Gly
Ala -
Val
Ile
Leu
Tyr
Phe
His
Lys
Arg

Hser/Hserl

1 1 1

I 1
el S !
N | |

1
2

Ll 1 S S S N

=

o N R W

Total Number

of Residues

26

13

19

" Homologous

peptide present in rabbit muscle pyruvate kina

i

§

se.
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From the amino acid compositions of cyanogen bromide peptides
EX1 and RX1l, it seemed likely that 2 carboxymethylcysteine—contain—
ing,peptides could be generated from each of these peptides by -
tryptic digestion. Peptides ENirand EN2 Qereuobtained from the
tryptic digestion of cyancgen bromide peptide EX1 while pepfides
RNl and RN2 were obtained from peptide RX1.

Although peptides EN2 and RN2 exhibit similar but not identi-
cal amino acid compositions and peptide map locations, they are
alsc homologous. The N—termin?l amino acid of peptide EN2 was de-
termined to be threonine while the N-terminal residue of reptide

#RNZ was alanine. Apart from this difference, the amino acid com-
positions of these peptides aré the same except for the presence
of an extra valine residue in the rabbit peptidelRN2. A glycine
residue was released from ﬁotg thgse peptides by a second round
-0f Edman degradations. -

.Peptides'EAE and RA4 also exhibit the same amino acid‘compo-
sitions and péptide map locations. Further evidence of their
1dent1ty came from sequen01n3 étudles which indicated that alanlnc.
and either a glutamine or a glutamlc acid residue were thg first
and secdnd amino acids released respectively from both peptides
EA3 and RA4 by two rounds of Edman degradations.

.Peptides EAl and EA2 derived from eel pyruvate kinase did
not correspond to any of the carboxymethylcysteine~containing pep-

tides derived from rabbit pyruvate kinase.
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DISCUSSION

Eél and rabbit muscle pyruvate kinases both have a molecular
weight of 229,000 + 16,000 and a subunit molecular weight of
59,000 + 700. Both isozymes appear to consist of only one type of
subunit as only one band was obtained for each enzyme on SDS gels
and also on 8 M urea gels run underﬁbotﬁ cationic and anionic con-
ditions (Chapter 3). This would suggest that eel'pyruvate kinase,
like the My isozyme from rabbit-muscle, is a homotetrameric enzyme
consisting of 4 identical subunits. The native enzyme and subunit
molecular weights determined here for the rabbit enzyme are'in'
agreement with the values reported previously (Cottaﬁ et al., 1969).
Therefore, with respect to the size and organizaﬁion of.its subunits,
eel muscle pyruvate kinase is very similar toﬂﬁhe M1 and M2 isozymes
pufified'from a variety of mammalian species (ééheki et al., 1982b).

Proline was-‘determined to be the only N-terminal amino acid of
eel pyruvate kinase.*' This finding supports the observationathat |
the eel enzyme is composed of only oné type of subunit. Proline is
also the N-terminal amino acid of the Ml and M2 type pyruvate kinases

of the mouse and rat (Saheki et al., 1982b). Under identical condi-

tions, the N-terminal amino acid of the rabbit enzyme could not be

determined. This is in agreement with the previous finding that
the N-terminus of the rabbit enzyme is blocked {Brummel et al., @
-1976) .

In addition to their similar subunit sizes, eel and rabbit
muscle pyruvate kinases share similar subunit amino acid compositions,
The amino acid composition reported here for the rabbit enzyme is

very sim¥lar to the compositions reported previously (Cottam et
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al., 1969; Anderson & Randall, 1975; Saheki et al., 1982b). The
total number of asparaginé and glutamine residues determined here
per mole ofkrabbit pyru}éte kinase subunit is quite close to the
value rep;rted previously for the number of moles of ammonia re-
leased per mole of rabbit pyruvate ki@ase subunit upon hydrolysis
(Cotta% et al., 1969). AlthHough the amino acid composition of eel
pyruvate kinase is_similar to that of the Ml isozyme of the rabbit,
iEAmore.closely reseﬁblgﬁ éhe composition of the muscle isozyme of
the sturgddbn (Anderson & Randall, 1975). Both eel and sturgeon
muscle pyruvate'?inases contain relatively higher threonine and
lower alanine contents than the rabbit isozyme, élthough the dif-

ferences are not as pronounced in the sturgeon enzyme. Eel muscle

pyruvate kinase might be expected to bear more of a resemblance

to the muscle isczyme of an amphibian than to that of
Hopever, the amino acid compositions of eel ané frog
muscle pyruvate kinases (Saheki et al., 1982b) do not appear té be
rany more similar than the compositions of eel and rabbit muscle
pyruvate kinases. \

In spite of their similar amino acid compositions, eel and,
rabbit pyruvate kinases could be separated electrophoretically on
8M urea gels. At the anionig conditioné employed, both denatured
.eel and rabbit muscle pyruvate kinases would be expected to carry
a weak negative chargé on the basis of their amino acid composi-
tions. Slight differences in the number of aciaic_and basic resi-
dues in these 2 proteins could contribute to a significant Jif—
ferencé in their electrophoretic mobilities. This may account for
the fact that the mobility of the eel enzyme was twice that of the

rabbit enzyme on 8 M urea gels run under anionic conditions.
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Sturgeon muscle pPyruvate kinase also exhibits an electrophoretic

mobility which is twice that of the rabbit muscle isozyme on 8 M
urea gels (Anderson & Randall, 1975). Hence, the amino acid com-
positicon similarities of eel and sturgecon muscle pyruvate kinases

give rise to similar charge properties of the denatured polypep-
tide chains. -
.Eel and rabbit muscle_pyruvate kinases also exhibit similar

‘subunit struétures. The elution profiles from a Sephadex G-75
column of thé cyanogen bromide peptides derived f;om the two
muscle isozymes wefe.very similar (Fig. 4)., Similar elution
profiles have been reported for the cyanogen bromide peptides
derived from the muscle.pyruvate kinases of the sturgeon (Anderson
& Randall, 1975) and the cat (Harkins & Fothergill, 1977). The
smallﬁst cyanogen bromide peptide derived from eel pyruvate kinase
(is Structurally homologous to the corresponding peptide derived
from the rabbit enzyme. Tryptic digestion of eel ?eptide EX1 gave
rise to the 2 carbbxymethylcysteine—containing peptides EN1 and
EN2. The compositions of peptides EN1 'and EN2 account for all of
the aminc acid residues of cyanogen bromide peptide EX1 except for
one residue each of-threon§ﬁex\iggleucine, glycine, and arginiqei
Peptidé EN2 corresponds to the C-terminal portion of_cyanogeﬁ
Iromide peptide EX1 because it contains a homoserine residue.
Since the N;terminal amiﬂo acid of peptide ENl is CM-Cys , the
'tryptic tetrépeptide Thr-(Ile, Gly)-Arg is likely to correspond to
_the,N~termigal portion of peptide EXI1. Similarly, tryptic diges-
tion of rabbit cyanogen bromide RX1l gave rise to the 2 carboxy-
methylcysteine-containing peptides RNI and RN2. The a?rangement of

these tryptic peptideg,within the structure of peptide RX1 has been

o _ N ‘ -
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described previously {Anderson & Randall, 1975). Figﬁre 7 summar-
izes the data obtained in these studies and comparés the sequences
of cyanogen bromide peptideg EX1 and Rkl to the homologous sequences
of sturgeon muscle pyruvate kinase (Anderson & Randall, 1975) and
yeast pyruvate kinase (Burke et al., 1983). These régioﬂs of the
po}ypeptide chains of the four pyruvate kinase isozymes exhibit a
_high degree of homology although there are some variations in the
Sequences. However, a comparison of the eel muscle and yeast pyru-
vate Kinase sequences indicates that 4 of the 6 amino acid replace-
menti can be accounted for by a single base change in 4 of the
codons of the pyruvate kinase gene. The fact that this particular
Structu;al feature has been conserved in these evoi%tionary diverse
Species suggests that it has an important function.

Peptide mapping studies indicated that eel and rabbit muscle
pyruvate kinases share several polypeptide chain regions that are
likely to exhibit a high degree of homology. Of the 41 rabbit
pPyruvate kinase peptides which were resolved angaﬁetected on these
maps, 21 also appear to be present in the eel enzyme. Chemical
modification studies have indicated that rabbit muscle pyruvate
‘kinase contains at least one catalytically important. cysteine resi7‘.
due {(Flashner et al., 1972; cChalkley & Bloxham, 1976; Bloxham et ai.;
1978) . A comparative study of the primar; struétu&es'arOund the N
cysteine residues of eel and rabbit muscle pyruvate kinases might “
be expected thgrefore-to be of value in the correlation of pyruvate
kinase structure and function. Four of the 6 carboxymethylcysteine-
containing peptides of eel pyruvate kinase wete found to be homolo-

gous to 4 of the 9 carboxymethylcysteine—containing peptides of

rabbit pyruvate kinase. 'In addition to the homdlogous-carboxyﬁethyl-

s
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FIGURE 7 -

Comparison of the Sequences of Cvanogen Bromide Peptiaes
Eﬁl and RX1 Derived from Eel and Rabbit Muscle Pyruvate Kinases
I [
' Respectively to the Homologous Sequences of

Sturgeon Muscle and Yeast Pyruvate Kinases

.
The sequences of the radiocactive, low molecular weight cyanogen
bromide peptides EX1l and RX1l, derived from 14C—carboxymethylated
eel and rabbit muscle. pyruvate kinases respectively, are compared
to the homologous segquences of sturgeon (Anderson & Ranndall, 1975)
and yeast (Burke et al.,n1983) pyruvate kinases. The ho;izontal
aArrows iqdicate the positions of the carboxymethylcysteine-contain-
ing peptides RNl and RN2 which were obtained from a tryptic digest
of CNBr peptide RX1. Similarly horizontal arrows indicate the
positions of peptides ENl-and EN2 within the structureroflCNBr

~ .
peptide EX1. Diagonal lines indicate tryptic cleavage sites. The

order of the amino acid residues enclosed in brackets is unknown.
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cysteiné—containing peptides contained in the cyanogen bromide
peptides EX1 and RX1, peptides EN3 and Rﬁg;%re homologous and have
the sequence Asn-Thr-(Cmc, Thr, Ser, Pro, 2G1ly, Ala, 2Ile)-Arg.
It 1s possible that thife pept1§es correspond Eg;aﬁ%Z aminoc acid-
long portion of yeast pyruvate kinase located at réfidues 413 to
424 {Burke et al., 198%): The function of this pargzbﬁlar con-
served strugtural feature haé yet to be determined.

Peptides EA3 and 354 have the sequénce Ala-Glx-(Gly, Ser,
Asx, Val, Ala, Asx, Ala, val, Peu, Asx, Gly, Ala, Asx, Cmc, Ile,
Gly)-Hser. These peptides are homologous to an 18 amino acid-
long portion of yeast pyruvate kinase located at residues 313 to
330 (Burke et al. 1983) Peptides EA3 and RA4 are also homolo-
gous to the N-terminal portion ofja 34 residue tryptic peptide,

Ea-d o
isolated from bovine muscle pyruvate kinase, which has been repor-

-
ted to contain a catalytically important lyéine résidue (Johnson
et al., 1979). This structural feature_may-be conserved~in Fhese
evolutionary diverse organisms in order to maintain the proper
orientation of a catalytically important lysine-residue at the ac-
tive site of pyruvate kinase. | '

In spite of their similar subunit sizes, amino acid composi-
tions and structures, eel pyruvate kina;e more closely resembles a
mammalian"M2 isozyme thén the Ml igozyme of the rabbit. Cyanogen
brom@@e peptide'mapping on SDS and Triton-urea gels indicated that

the rabbit muscle enzyme shares the same structural features as

the Ml isozyme of the rat (Saheki et al. 1982a). However, while

a ¥

eel and rabblt muscle pyruvate kinases apuear to share Some conmon

cyanogen bromlde peptldes, the peptide bandlng patterns of eel bpy-

ruvate kinase on SDS and Triton-urea gels are very similar to those

o
s
4
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reported previously for the M2 isozyme of the rat (Saheki et al.,
1982a).

Eel and rabbit pyruvate kinases exhibit distinctly
different ispcelectric po§ﬁts. The pI value determined for the
rabbit enzyme is in agreement with previous reports (Susor et
al., 1969; Ibsen et al., 1976) and is very similar to the value
reported for the Ml isozyme of the ox (Cardenas et aﬁi, 1973).

In the absence of FDP, the pI values of the 3 isoelectric forms
of eel Pyruvatevkinase were at least 2 pH units lower than the
pIl value determined‘for‘the rabbit enzyme. Inithe presence of
FDP, the most acidic iscelectric form of the eel énzyme pre-
dominated and a pT value of 5.90 is in agreement with the value
determined pPreviously for a partially purified eel white muscle
pyruvate kinase (Moon & HulBert, 1980a). The fact that rabbit
and eel muscle pyruvate kinases exhibit distinctly different
isoelectric points in spite of their similar subunit aﬁino acfa
compositions and structures suggests that these different muscle
isozymes exist in substantially different conformations.

Of the mammal;gn isozymes, the Ml type exhibits a pI vélue
in the range 7.2-8.8 YSusbr et al., 1969; Cardenas et al., 1973;

- Ibsen et al., 1976; Berglund et al., 1977; TIbsen ef’al., l981;"j
Nagao et al., 1982) and this is hot altered by the presence of j
FDP. The L type exists as multiple isocelectric forms in the
absence of FDP but in its presence, only one iscelectric form

~ 1s observed with a pf value in the range 5.1-5.5 (Ibsen et al.,

1976; Hall s Cottam, 1978). The M2 type also éxists as multiple

isoelectric forms in the absence of FDP but it is the only

mammalian isozyme which appears as one isocelectric form in
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the presence of FDP with a pI value in the range 5.8-6.2"
(Berglund et al., 1977; Ibsen et al., 1981; Schering et al.,
1982; Nagao et al., 1982). Therefore with respect to its sur-
face charge properties in the preseﬂ?e aﬁd absence of FDP,
ecel pyruv%£e kinase most closely resembles the mammalian M2
type isozyme.

These series of studies have indicated that eel white
muscle pyruvate kinase is hot énly kinetically but also
structurally very similar to a mammalian M2 pyruvate kinase.
Part bf the difficulty in determining the relationships and
roleslof the mammalian Ml and M2 isozymes is obtaining suit-
able amounts of the M2 isozyme. As eel muscle pyruvate kinase
can be obtained with relative ease and in good yield, further
examination of the structural features of eel and rabbit
muscle pyruvate kiqgsg§ could provide valuable information

concerning the structure—fuhction relationships of the

'
mammalian Ml and M2 isozymes.

"»
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- CHAPTER 5 - . )

DETERMINATION OF THE NUMBER, LOCATION
AND REACTIVITY OF THE SULFHYDRYL GROUES arF . .
EEL/&\RABBIT MUSCLE PYRUVATE KINASES

RESULTS ‘

A comparative study of the role.of the Sulthdryl groups in-
eel and rabbit muscle pyruvate kinases might be expected to shed
some liéht on the structural basis for the kinetic differences ex-
hibited by these 2 isozymes. An examination of the number; reae-.
tivity and location of the sulfhydryl groups of ecl and rabbit
muscle pyruvate kieases was therefpre undertaken.

Eel muscle pyruvate kinase contains 6.1 cysteine residues per
enzyme subunit as determined by reaction with DTNB in the presence
of l.Q%(Q/V) ?DS whereas rabbit pyfuvate kinase contains 8.9
cysteine residues per enzyme subunit . (Chapter 4). An estimate of
the cysteine contents of these muscle isozymes was also made by
determlnlng the amount of radloactlv1ty incerporated into pyruvate
kinases carboxymethylated with 1odo[?— Q]acetlc acid in the
presence of 8 M urea and 2.0 mM DTT. Eel pyruvate kinase was
determined to contain 6.3 cysteine residues per subunit by this
methoa while the-rabbit enzyme .contained 9.2 cysteine residues
per subunit. - ' e

In tﬁe presence of 30% (v/v) glycerol, 5 of the 6 cysteine
residues per subunit of eel pyrevate kinase reacted with DTNB in
the native enzyme. In the absence of glycerol the number of reac-
tlve cystelne residues in the native enzyme could not be determined

due to the instability of the enzyme In the presence of 30% (v/v)

glycerol, only one of the 9 cysteine residues per SubUnlt of rabbit

o
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' TABLE .1 T T

Inactivation of Eel Muscle Pyruvate Kinase due to
Chemical Modification by Three Different Sulfhydryl Reagents

A

el

. . Y . ; Inhibitor to ) . .
;, Name of ' Concentration of Enzyme Subunit Inactivation
Inhibitor . Inhibitor (mM) Mole Ratio « Rate,
S - A (min ™)
rd »
Iodoacetic a?id 0.915 81l:1 : -0.0023
Iodoacetamide 0.915 -~ 8l:l . -0.0390

DTNB o 0.0226 ) 2:1 ' -0.0687

@

One hundred pl of a 1.0 mg/ml sclution-of eel pyruvate kinase,
prepared in 100 mM Tris-HCl buffer, pH 878 containing 30% (v/v)
glycerol, was incubated with 40 pl of 100 mM Tris-HCl buffer,

pH 8.0 for 5 min at 30°c. Chemical modification reactions were .
initiated by ,the addition of 10 pl of a sulfhydryl reagent sol-
ution prepared 1n 100 mM Tris-HC1 buffer, pH 8.0 and samples

were allowed to react in the dark at 30°c. at specific time
points, reaction sample ‘aliquots were removed, diluted and
assayed for residual activity at pH 6.3, 30°C as described in the
Me thods.

v
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muscle pyruvate kinase reacted with DTNB and this was followed by
a very slow titration ?eaction. 'However, in thé absence of glycer-
ol, all of the 9 cysteine residues per subunit of rabbit pyruvate
kinase reacted with DTNB. For subsequent studies, glycercl was .
added to all enzymE'solutioné to ensure that identical reaction
conditions were employed for both 'isczymes.

The ef%ects of seyeral sulfhjaryl reagents on the catalytic

?
. .7 . . N . . .
activity of eel pyruvate kinase were examired. The inactivation

rates determined for three different inhibitgis aépeér in Table 1.
Although DTNB was a very powerful inhibitor.of eel’pyruvéte kipase
activity, i£ was not employed in subseguent experimehts becaus
the modification of enzyme sulfhydryl groups by this reagent i
readily reversible and it is subject to disulfide e$change\réaction5'
(Flashner et al., 1972). Iodoacetamide was employed for the remain-.°
ing experiments because eed pyruvate kinase could be completely
inhibited by this reagent }n an irreversible manner at comparatively
moderate inhibitor to enzyme subunit mole ratios.

Fig. 1A shows the loss cf eel pyruvate kinase activity as a‘
function of time for 3 different concentrations of iodcacetamide.
In each case, linear inactivation curves were obtained from which
apparent first~order rates of inactivation were calculated. Fig. 1B
indicates that the apparent first-order inactivation rate was
direétly proport%onal to the concentration of icdoacetamide used.
From the slope of Fig. 1B, an apparent first-order inactivation
rate constant of -0.0429 rnin_'l wag calculated for the eél enzyme.
Under identical conditions, rabbit muscle pyruvate kinase was
also inactivated by iodoacetamide however the rabbit enzyme was

SN

much less sensitive to this sulfhydryl reagent (Fig: 2A7A). The
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FIGURES 1A and 1B

Effect of Incubation of Eel

Pyruvate Kinase with Iodcacetamide

Panel A: One hundred pl of a 1.0 mg/ml solution of eel pyru-
vate kinase, prepared in 100 mM Tris-HC1l buffer, pH 8.0 con-
taining 30% (v/v) glycerol, was incubated with 40 pl of 100
mM Tris-HCl buffer, pH 8.0 for 5 min at 30°C. Chemical mod-
ification reactions were initiated by the addition of iodo-
acetamide to a final concentration of either 0.466 mM
@—®@), 0.933 mM (O—) or 1.866 i-n (A . Sapples
were allowed to react in the dark at 30{C and at specific

time points, reaction sample aliquots @gke removed and assayed
for residual activity at pH 6.3, 30°%c aS described in the
Methods. ]
Panel B: Apparent first-order rates of inactivation
were calculated for the linear inactivation curves shown in
Panel A and plotted as a function of the final concentration |

of jiodoacetamide in the reaction sample.

-

=
N
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FIGURES 2A and 2B

Effect of Incubation of Rabbit

Pyruvate Kinase with Iodoacetamide

Panel A: One hundred pl.of a 1.0 mg/ml solution of rabbit
pyruvate kinase, prepared in 100 mM Tris-HCl buffer, pH 8.0
containing 30% {v/v) glycerol, was dincubated with 40 pl of
100 mM Tris-HCl buffer, pH 8.0 for 5 min at 30°C. Chemical
modification reactions were initiated b?athe addition of
ioaoacetamide to a final concentration of either 2.00 mM
*—=), 4.00mM (O—0) or 8.00 mM (B—M) . Samples
were allowed to react in the dark-at 30°C and at specific
time pointg, reaction sample aliquots were removed and assayed
for ‘residual activity at pH 7.5, 30°C as described in the
Methods.

¢ Panel B: Apparent first-order rates of inactivation
were calculated for the linear inactivation curves shown in
Panel A and plotted as a function of the final concentration

of iodoacetamide in the reaction sample.

Tt
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apparent first-order rate éonstanq of inactivaticen for cel pyruv ~
kinase was 6.4 times greater than the corresponding rate ég;;;;;itﬂﬂﬂhvdkff
of inactivation for the rabbit enzyme (Fig. 2B).

The effects of wvarious substfate and cation combinations on
the protectfon o% eel pyruvate %inase against inactivation by
iodoacetamide were examined at an inhibitor to enzyme subunit mole
ratio cf 165:1 (Table 2). Alkylétion reactions were initiated by “
thé addition of iodoacetamide and after 20 minutes reaction ali-
quots were removed, diluted. in 50_mM imidazole buffer, pH 6.3 and‘
assayed for residual activity at pH 6.3. Under these conditions,
eel pyrlvate kinase was almost .comoletely inactivated and the ad-
'détion of K or.Mg+2 either alone or in combination provided little

protection against inactivation. FDP could partially protect the

eel enzyme from inactivation and it could partially re—activate the
“iodoacetamide—inaétivated enzyme..The residual activity exhibited
by the iodoacetamide-inactivated enzyme aésayed in the presence of
0.5 mM FDP was eq&;?alent to the‘residuai activity of the enzyme
partially protected by 0.5 mM FDP against inactiation by iocdoacet-
amide. While ADP provided little protection against inactivatioﬁ,
PEP couid.partially protect against inactivatjon. The amount of
protection afforded by PEP increased with increas%ng PEP concen-
trations. The addition of X' to the alk?lation reaction sample to

a concentration of 44 mM could not_ihpfove the protective effect of
PEP but in the presence of 8 mM MgCl," 6H,0 and 12 mM PEP, eel py-

" ruvate kinase was completely protected against inactivaticn.
Similarly rabbit muscle pyruﬁate kinase was incubated with

iodoacetamide for 30 minutes at an inhibitor to enzyme subunit

mole ratio of 708:1 and assayed for residual catalytic activity
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. TABLE 2

Effects of Various Substrate and Cation Combinations
on the Protection of Eel Pyruvate Kinase Against

Inactivation due to Chemical Modification by Iodcacetamide

~

o . Percent Residual

. -Sample ' ‘ Additions Activity
bontrél . None 97.0
1.866 mM IAN , " None 2.7
44 .mM KCl ‘ 2.0
8.0 mM MgCl, ' 6.5
0.5 mM FDP 30.2
2.0 mM ADP 4.1

1.0 mM PEP 45.7 =
4.0 mM PEP 64.6
12.0 mM PEP 70.8
12.0 mM PEP and 100.0

8.0 mM MgC12

One hundred_pl of a 1.0 mg/ml sclution of '‘eel pyruvate kinase,
prepared in 100 mM Tris-HCl buffer, pH 8.0 contéining\}O% (v/v)
glycercl, -was incubated with 40 nl of 100 mM Tris-HCl buffer,
pH 8.0 containing various combinaéions,of cations and sub-
strates at 30°C for 5 min. Reactions were initiated by the:
addition of iodoacetamide to a final concentration of

1.866 mM. Reactions were ccnducted in the dark at 30°C and
after 20 minutes,reaction aliquots were remeved and assayed

for residual activity at pH 6.3, 30°C as described in the
Methods. B ¢

T
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"at pH 7.5. Under these conditions, rabbi£ p}ruﬁgée kinase was '
“almost completely inactivated gng the caeions k* and Mg+% either
alone or in combination and the substrate ADP could provideﬂho' /
pretection against enzfme inactivati;e.ﬁAlthough PEP couid par-
tially protect the rabbit enzyme from inactivation, only the
combination of 12 mM PEP and 8 mM Mg:"2 could provide complete
proteet}on. Rabbit pyruvate kinase, unlike the eel enzyme, was
not partially protected by 0.5 mM FDP from fnactivation and FDP
_could not re-activate 'the iOSZadetamide—freated enzyme (data not shown) .
The number of reactive enzyme functional groups. was deter-—
mlned by measurlng the amount of radicactivity 1ncorporated

Ainto pyruvate klnases alkylated with 1odo[l— QJacetamlde Eel

pyruvate kinase was incubated with radiocactive iodoacetamide

at an inhibitor to enzyme'subunit_mole ratio of 82.5:1 for 45 min- '
utes and the amount of radioactivity incorporated into.the enzyme "
was determined. Eel pyruvate kinase was completely ‘inactivated

under these conditions and this was accompanied by the incorpora-

tion of ©.9 moles of iodo[l—l4€]acetamide per mole of eel pyruvate
kina;e subunit and the loss of the equivalent of 1.1 cysteine resi-
dues per enzyme.subunituipich could react with DTNB under dena-
turing eonditions. Similaf&y when rabbit muscle pyruvate kinase

was incubated with iodo[i~l4c]acetamide at an inhibitor to enzyme
subunlt ratic of 354:1 for -75 mlnutes, the equlvalent of 2.2 moles

of apdo[l~ C]acetamlde were 1ncorporated per mole of enzyme sub~
unit. This was accompanied by complete enzyme inactivation and

the loss of the equivalent of 2.5 cysteine residues, per subuqit

which could react with DTNB under denaturing conditions. Therefore

the alkylation of the equivalent of 0.9 cysteine residues per sub-
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unit of eel pyruvate kinase and 2.2 cysteine residues per subunit
of rabbit pyruvate kinase can completely account for the observed

- levels of incorporation of the radiocactively labelled éulfhydryl

-

reagent.
The number and location of the reactive sulfhydryl groups of

eel pyruvate kinase were investigated.  The unreaczed sulfhydryl
groups remaining after exposure of the native en%yme to iodo-=
acetamide in the presence and absence of Mg+2-PEP were alkxiated
with iodo[2—l4é]acetic acid. Alkylated eel pyruvate kinase was
subsequently fragmented by treatment with cyancgen bromide follow-

ed by digestion with trypsin. The 14

C-carboxymethylcysteine—con-
taining peptides were separated on paper by electrophoresis at
pH 6.5 followed by descending chromatography and the autoradio-
grams of these peptide maps appear in Figurg 3. In the control
rsaﬁple,lall 6 of ‘the cysteine residues per subunit of eel pyrﬁ—
vate kinase reacted with iodo[2~l4é]acetic acid (Fig. 3A). Incu-
bation of the nafive enzfme with iodoacetamide at an inﬁibito;
to enzyme subunit mole ratio of 82.5:1, in the absence of Mg+2—
PEP, resulted in complete enzyme inactivation by 45 minutes

and this was accompanied by a reduction in the amount of the
cysteine residue, contained in peptide EN2, which was available

* for alkylation by iodo[?—l4¢]acetic acid (Fig. 3B). The combin-
ation of Mg+2-PE; could completely protect against enzyme inacti-
vation and this was accompanied by an increase, relative to the
unprotected enzyme, in the amount of the cysteine residue, con-
tained in peptide EN2, which was available for alkylation by

iodo[.— 4Cf:]acetic acid "(Fig. 3C). Therefore, this experiment

suggested that the basis for the protection against inactivation
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FIGURE 3

Identification 'of the Reactive
Sulfhydryl Groups of Eel Pyruvate Kinase

The native eel enzyme was incubated in the‘Presence and absence
%g Mg+2-PEP with iodoacetamide at an inhibitor to>enzyme sub-
unit mole ratio of 82.5:1 for 45 minutes at 3OOC in the dark.
Un;eacted sulfhydryl groups remaininqiafteijEXposure of the
native enzyme to iodoadetamide were alkfigiéd-py iodo[?—l4é]

acetic acid in the presence of 8.0 M urea and 2.0 mM DTT as

14

described in the Methods. . C—CarboxymethyléySQEine—containing

peptides were generated by treatment with CNBr followed by
trypsin and the radioactive peptides were separated on paper

by high voltage electrophoresis and chromatography. The’fe— ;%k!
sulting peptide maps were subjeécted to autoradiography.

Fig. 3A: Control sample, eel pyruvate kinase incubated at - -~ 2
30°c for 45 minutes in the absence of iodoacetamide.

Fig. 3B: Eel pyruvate kinase incubated with iodoacetamide
in the absence of Mg+2:PEP. v

v

Fig. 3C: Eel pyruvate kinase incubated with iodoacetamide

in the presence of 8.0 mM MgCl2

and 12.0 mM PEF.

*
>

Note: There is no significance in the fact that peptide al

is circled in these autoradiograms.
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-afforded by the combination of Mg*? and PEP was due to the pro-
tection of the cysteine residue, contained-in peptide EN2, against
alkylation by iodoacetamide.

However, it was apparent from the autoradiograms that complete
alkylation of this particular cysteine residue of eel pyruvate kin-
ase was not required in order to bring about complete inactivation
of the énzyme: Therefore a guantitative mcasuré of the amount of
a cysteine residue in the native tetrameric enzyme reacting with
iodoacetamide was desired.

The unreacted sulfhydryl groups remaining after exposure pf
the native enzyme to iodoacetamide in the presence and absence of

+2

Mg PEP were alkylated with iodo[ﬁ—Bﬂlacetic acid. . A known

amount of léchcarboxymethylated pyruvate kinase was added to the
tritiated reaction samples to serve as an internal standard. Pep-
tides were Qenerated, mapped on paper and}located by autoradiogra-
phy as described previously. Radiocactive peptides were eluted from
paper and aliquof; were removed for scintillation counting. 1In
this manner the 3H/14C ratios S¥ the carboxymethylcysteine~cohtgin—
ing peptidGS‘of pyruvate kinase could be determined. Ry compari-
son of these ratios with those of qJJ;andard mixture of 3H—cérboxy—

14

methylated pyruvate kinase and C-carboxymethylated pyruvate kin-

ase, the percentage of a cysteine residue available for carboxymethyl-
ation by 3H—iodoacetic acid following treatment of the native enzyme

with iodoacetamide could be determined.

-

Eel pyruvate kinase was incubated with iodoacetamide at an
) .

inhibitor to enzyme subunit mole ratio of 82.5:1 and at specific

ks )

time ?oints, the number of unreacted cysteine residues was determined

-]
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TABLE 3

Determination of the Percentage of a Cysteine Residue
Available for Carboxymethylation by 3H—IAA Following

Treatment of Native Eel Pyruvate Kinase with Iodoacetamide

Cysteine Percentage Unreacted

] Residue Cysteine Residue
Sample Logation 30 min 60 min 90 min
Unprotected ~ EN1 99,0 100.1 106.2
Enzyme - EN2 © 63.5 49.3 42.0
EN3 114.2 117.9 110.8
EAL 92.3 83.5 60.1
EA2 100.0 100.0 100.0
EA3 117.7 117.3 115.6
Mg 2. pEP EN1 108.6 92.4 99.9
Protected EN2 111.9 103.0 109.7

Enzyme

A EN3 101.3 100.4 100.3
EAl 77.1 83.8 76 .7
EA2 . 100.0 100.0 100.0
EA3 ‘94 .2 98.0 85.5

Eel pyruvate kinase was incubated at pH.8.0, 30°C with iodoacet-
amide at an inhibitor to enzyme subunit mole ratio of 82.5:1 in
2 At

specific time points, reactions were stopped and the percentage

the presgnce and absence of 12 mM PEP and 8 mM MgCl

of a cysteine residue, contained within a specific peptide,

which was available for carboxymethylatioé by 3HHIAA was determined
as described in the Methods. The percentage availability of the
cysteine residue, contained in peptide EA3, was determined to be
100%7% at all time points. For the purposes of comparison, the
percentage of unreacted cysteine residues in other peptides was
expressed relative to that of the cysteine residue contained in

peptide EA3 assuming that it was 100%.



~ 185 -

(Table‘B). By 60 minutes, eel pyruvate kinase was completely
inactivated by iodoacetamide and this was accombanied by a

50% reduction in the amount of the cysteine residue, contained
in peptide EN2, which was available for alky;atién by iodo[2—3H]
acetic acid. There was also a 16% reduction in the amount cof

z

cysteine residue, contained in peptide EAl, which was available

3H—IAA. The combination of Mg+2 and PEP

for alkylation by
could completely protect against enzyme inactivation and while
there was no change in the amount of the cysteine residue,
~contained in peptide EAl, which was available for alkylation
by 3H—IAA, there -was a 2 fold increase in the amount of the
cysteine residue, contained in peptide EN2, which was available
for alkylation by 3H—IAA.

Similarly, rabbit pyruvate kinase' was incubated with iodo-
acetamide at an inhibitor to enzymé subunit mole ratio of 354:1
and the number and location of the reactive cysteine residues
was determined (Table 4). By 75 minutes, the rabbit enzyme was
completely inactivated and this was accompanied by a 94% reduction
in - the availability of the cysteine residue contained in peptide
RN2 and a 97% reduction in the availability of the cysteine res-
idue contained in peptide RN3. The cdmbipation of Mg+2 and PEP
could completely protect against enzyme inactivation and while
there was no change in the availability of the cysteine residue
contained in peptide RN3, the cysteine residue in peptide RN2
was completely.protected ffom alkylation by iodoacgtamide.

Figure 4 .indicates that a 1:1 stoichiometry existed between the

percentage of the cysteine residue contained in peptide RN2

which was'alkylated when the native enzyme was incubated with
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TABLE 4

Determination of the Percentage of a Cysteine Residue

Available for Carboxymethylation by 3H-IAA Following

Treatment of Native Rabbit Pyruvate Kinase with Iodcacetamide

Cysteine Percentage Unreacted
Residue Cysteine Residue

Sample Location 5 min 15 min 30 min 50 min 75 min
Unprotected RN1 105.7 96 .4 103.7 104.7 107.4
Enzyme RN2 73.6 36.4 15.2 7.8 5.8
RN3 65.3 35.2 13.5 5.5 2.8
RN4 106.1 114.2 116.3 107.4 109.2
RNS 106.0 100.0 100.0 100.0 100.0
RAL 101.8 95 .8 97.6 95.7 98.1
RA2 96.2 86.8 79.2 91.1 80.0
RA3 99.3 89.9 92.7 95.6 87.9
RA4 106.0 103.1 104.9 113.0 L11.2
Mg 2. pEP RNL . 95 .4 100.9 93.3 93.3
PEEE§EEEd RNZ 96 .7 101.0 ' 96.0 100.0
RN3 ‘ 36 .4 15.8 6.6 4.6
RN4 107.2 117.7 110.1 110.6
RN5 100.0 100.0 100.0 100.0
RAL T 104.2 101.5 102.0 93.3
RA2 111.1  1:02.5 105.3 99.7
RA3 105.2 = 103.2 106.5 97.9
RA4 . 115.0 113.3 108.2 108.6

Rabbit pyruvate kinase was incubated at pH 8.0, 30°C with iodo-
acetamide at an inhibitor to enzyme subunit mole ratlo of 354:1
in the absence and presence of Mg 2'PEP At spec1f1c time points,
the percentage of a cysteine residue which was available for
éarboxymethylation by 3H—IAA was determined as described in the
Methods. The percentages are expressed relative to that of the
cysteine residue contained in peptide RNS s%nce the percentage

avalilability of this residue was determined to be 100%9g throughout.
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FIGURE 4

Relationship Between the Percent Inactivation
of Rabbit Muscle Pyruvate Kinase due to Chemical
Modification by Iodoacetamide and the Percent Alkylation
of the Cysteine Residue Contained in Peptide RN2

Rabbit pyruvate kinase was incubated at pH 8.0, 36°C with iodo-
acetamide at an inhibitor to enzyme subunit mole ratioc of 354:1
in the absence of Mg+2-PEP. At specific time points, the percent-
age of the cysteine residue, contained in peptide RN2, which

was available for carboxymethylatioq by 3H~IAA was determined

as described in the Methods. At the same time points, aliquots

of the iodoaceﬁETide—treated rabbit pyruvate kinase were
aésayed for resiéhal catalytic activity at pH 7.5, 30°¢ as
described in the Methods. Here the percent iﬁactivation;of the
enzyme (equivalent to 100% minus the percent residual activity)
is plotted as a function of the percent alkylation of the

cysteine residue, contained in-peptide RN2, by iodoacetamide.
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DISCUSSION

Several chemical modification studies have indicated that
rabbit muscle ﬁyruvate kinase contf&ns at least one catalytically
important cysteine regidue (Flashner et.al., 1972; Chalkley &
Bloxham, 1976; Bloxham et al., 1978). - A study of a related, but
phylogenetically distant enzyme could provide more information on
the role of the sulfhydryl groups in pyruyate kinase activity.

An essential cysteine residue would bé expected to be preserved
throughout evoluticn whereas replacement by another amino agid is
definite proof of the non-essential nature of a given residue.

Eel white muscle pyruvate kinase appeared to be a promising can-
didate for such a study because amino acid analysis indicated

that it contained fewer cysteine residues per subunit than rabbit
muscle pyruvate kinase. Therefore an examination of the number,
reactivity and location of the sulfhydryl groups of eel and rabbit
muscle pyruvate kinases was undertaken. /

Eel muscle pyruvate kinase contains 6 cysteine reg;dues per .
enzyme subunit as determined by DTNB titration and 14C—iodoacetic
acid incorporation measurements while rabbit-muscle pyruvate kin
ase contains ¢ cysteine residues per enzyme subunit. This is ‘in
agreement with the total number of unique carboxymethyléysteine—
containing peptides which were purified from the eel and rabbit
enzymes. The value reported here for the cysteine ocontent of
rabbit muscle pyruvate kinase compares favourably with the values
reported previously (Cottam et al., 1969; Flashner et al., 1972;
Saheki et al., 1982b). |

In the absence of glycerol, all 9 cysteine residues of the

native rabbit enzyme reacted with DTNB as has been reported
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previously (Flashner et al., 1972). In the presence of glycercl,
5> of the 6 cysteine residues of the native eel enzyme reacted
with DTNB but_only 1 of the 9 cysteine residues of rabbit muscle
pyruvaté kinase was reactive. Flashner et al. (1972) reported
that a similar dramatic reduction in the number of reactive cys-
teine residues of the rabbit enzyme could be brought about by the
addition of 1.0 mM PEP to the DTNB ﬁitration medium.

For the remaining studies, it was necessary to select a
suitable sulfhydryl reagent which could irreversibly chemically
modify the musQle isozymes at moderate inhibitor to enzyme subunit
mole ratios. Iodoacetamide could fulfil these reguirements and
under identical conditions, eel pyruvate kinase was ﬁound to be
6.4 times more sens%tivé than the rabbit enzyme to inactivation
due to chemical modification by this sulfhydryl reagent. Iodoaceﬁ;'

\
amide has been used p?eviously to investi%gse,the role anddreac-
-tivity of the sulfhydryl groups of raBbit'py;uvaEe kinase. Jacob-
son & Black (1971) reported that rébbit muscle pyruvate Kinase waé
insensitive to inhibition by iodcacetamide. However, it is im-
possible to compare their findings to those reported here because b
the authors 4id not indicate the inhibitor to enzyme subunit mole
ratios they employed. Jursinic & Robinson (1978) reported that
rabbif musclé pyruvate kinase was gensitive to iﬁhibition by icdo-
acetamide but this study makes no mention of the apparent first-
order rate constants of inactivation observed for.specific inhibi-
tor to enzyme subunit mole ratios. However, the apparent first-—
order rate constant of inactivation reported here for the chemical

modification of rabbit muscle pyruvate kinase by iodoacetamide is

quite close to a value reported’previously (FIashner et al., 1972).
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Double labelling experiments have provided information.on the
location ané reactivity of the sulfhydryl groups of eel and rabbit
muscle pyruvate kinases. The following observations support the
conclusion that the cysteine residues contained in eel pyruvate
kinase peptide EN2 and rabbit p&ruvate kinase peptide RN2 are lo-
cated either near or within the active sites‘of these isozymes Aha
are functionally important.
l).Eel and rabbit muscle pyruvate kinases were chemically modified
by iédoacetamide in a specific manner such that only 2 of the 6
cysteine rcsiéues of the gel enzyme and 2 of the 9 cysteine regi—
dues of the rabbit 'enzyme were .alkylated. As a result of chemical
modification by iodoacetamide both eel and rabbit muscle pyruvate
kinases were completef& inactivated.

2) Enzyme inactivation can not be attributed to the chemical modi-
fication of a functional group otﬁer than a cysteige residue since
radioactivity incorporation measurements‘indicateq that only cyé—
teine residues were specifically alkylated by iodoacetamide under
the conditioﬁs employed here.

3) Both eel gné rabbit muscle pyruvate kinases exhibited a very
h;gh specificity in terms of the tvpes of substrates or cations
which could provide protection against inactivation. The substrate
PEP in combination with the divalent cation Mg+2 could specifically
protect both isozymes frem inactivation and éimultaneously it could
protect only 1 of tHé/Z reactive cysteine residues of both eel and
rabbit muscle pyruvate kinases from alkylation by iodoacetamide.
This would suggest that these substrate?protected cysteine résidues

are located either near or within the PEP binding SitEKjf the active

site of pyruvate kinase.
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.4} The suhsErate—protected cysteine residues of.eei and fabbit
muscle pyruvate kinases are ccontained in the homoloéous peptides
EN2 and RN2. In the case of the rabbit enzyme, a direct 1l:1
stoichiometry could be demonstrgted betwéen the percept‘inactn
ivation of the enzyme and the percentage of the cysteine résﬂ
idue, contained in peptide RNZ which was'afkylated in the
tetramerle enzyme
5) Yeast (Burhe et al., 1983) and sturgeon muscle (Anderson &
Randall, 1975) pyruvate kinases contain regions of their polypep-
tide chains which are highly homologous to neptldes EN2 and RN2.
The fact that this particular structural feature has been preser- \_\\
ved in these phylogeneticallx distant isozymes supports the con-
clusion that the cysfeine residue contained in these seduences
has an impértant function. v

The coﬁplete structure of yéﬁst pyruvate kinase is known
(Burke et al.,.1983) and extensive crystallographic data ﬂ%s been
obtained for the Ml iso?yme of cat muscle (Levine et al., 1958;
Stuart et al., 1979). Thgrefore predictions can_pe made regérding

the locations of specific primary structures within the tertiary

structure of pyruvate kinase. A portion of a 34 residue tryptic

peptide, isolated from Bovine muscle pyruvate kinase (Johnson et

1

al., 1979), haé been fitted to the electron density correspondlnq

to hcllx 3 of domaln Ao

cat muscle pyruvate kinase (Muirhead et

al., 1981). This peptdide has been reportéd to contain a catalyti-

cally important lysine residue (Fohnson-et al., 1979) which has

.begn® placed at the active site of the enzyme at the connection

of domain B and helix 3 of decmain A

.~

between the C-terminu
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(Muirt®ad et al., 19815. Amino acid residue-337 of yeast pyruvate
kinase (Burke et al., 1983) cofrespogds to this catalytically im-
portant lysine residue while amino acid'residue—296 of the yeast .
enzyme éorresponds to the cysteine residues of eel peptide EN2 and
rabbit peptide-RNE.- Therefore, the corresponding cysteine residue
of cat muscle pyruvate kinase (Harkins & Fothergill, 1977) may
also be‘loéated 41 residues away, an the N-terminal side, of the
-catalytically important lysine residue. This would place this
cysteine residue in the vicinity of alpha-carbon 50 of domain B of
the subunit of cat muscle pyruvate kinase (Stuart et al., 1979).
The 5ulfhyd;yl groﬁp would be between domains A and B of the
enzyme close to the PEE binding site. Stammers & Muirhead (1975)
have previéusly shown that a methyl mercury bindiﬁg site, presum-
ably a cyséeine residue, 1s present in cat muscle pyruvate kinase.
close to the active site, 10 & away.from the ADP binding site.
This interpretation of the tertiary structure of pyruvate kinase
wouldvsupporf the conclusions of the chemical modififjcation studies
reportéd here. However, in order to'definitively determine the
re}ative importance of this cysteine residue of cat muscle pyru—
vate kinase, which corresponds to the cysteine residues of eel apd
rabbit peptides EN2 and RN2 respectively, it w}ll be necessary to
accurately place this residue within the tertiary structure of the
enzyme. Once the complete primary structure of caf muscle pyru-
vate kinase has been determined (McAleese et al., 1982), the task
of fitting the sequence of the protein to the crystal1ographic

data can commence.
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Several explanations can Ee presenéed in order to acccunt for
the inactivation of eel and rabbit muscie pPyruvate kinases due to
chemical modification by iodoacetamide. ALl the available evidence
suggests that the cysteine residues located in peptides EN2 and
RN2 are located either near or within the active sites of the‘2
" muscle isozymes. Therefore the alkylation of this specific cys-
‘teine residue could induce an unfavourabTe conformational change
in the enzyme subunit resulting in” inactivation. Alternatively,
this cysteine residue might be located at the opening to the actF
ive site pocket therefore the introducticn of the alkylating
reagent into this structure might result in a blocking of the
active s;te and inactivation. Finally this ﬁysteine residue . —
might be directly involved in the catalytic mechanism of the
enzyme. In order to disginﬁhish petween these various possibil- ’
ities, it will be necessary to précisely determine the spatial
relatlonshlp of this cysteine residue with respect to the sub-
strate binding sites within the tertiary structure of pyruvate kinase.

Eel and rabbit muscle pyruvate kinases exhibited different
'iinetics @f inactivation in response to chemical modification by
iodoacetamide. Complete inactivation of the rabbit e me corre-
lated with the alkylation of 100% of the cysteine residues con-
tained in peptide RN2 and there was a 1:1 stoichiometry“ﬁétween
the percentage enéyme inactivation and the percentage of this cys-
teine residue which was alkylated. However alkylation of only 50%
of the cysteine residues contained in peptide EN2 of tetrameric
eel pyruvate kinase was required in order to bring about complete

inactivation. The simplest explanation for these observations is

[
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the alkylation of this important cysteine residue in 2 of the 4
subunits of eel pyruvate kinase is sufficient to bring about com-
plete enzyme inactivation whereas modification of this residue in
all 4 subunits of the‘rabbit enzyme is required in order to bring
about complete inactivation. This would suggest that at the al-
kylation reaction ;Bnditions employed here, eel pyruvate kinase
consisted of non-identical subunits. This conclusion is supported
by kinetic data obtained for the eel enzyme at pH 8.0. In the ab-
sence of FDP, the eel enzyme exhibited 2 apparent affinities for
the substrate PEP. A Hill plot ofrthe data obtained at pH 8.0 and
in the absenée of FDP exhibited an inflection point between two
linear regions. Suéh kinetic behaviour can be attributed to the
presence of 2 kinetically differert forms of the same enzyme which
exhibit different affinities for the substrate PEP (Van Berkel et
al., 1973; van Berkel, 1974; Van Berkel et al., 1977; Berglund &
Humble, 1979).

Structural studies have indicated that eel pyruvate kinase is
a homotetrameric enzyme. Therefore, if eel pyruvate kinase consists
of non-identical subunits, these gubunits can only differ in their
conformations. On the basis of kinetic measurements, Berglund &

Humble (1979) have suggesteé that 'the homotetrameric M isozyme p

2
from pig kidney also coneists of subunits which differ in their
conformations at pH 8.0. According to the model pronosed by
Berglund & Humble (1979}, pig kidney M2 type pyruvate kinase con-
sists of 2 subunits of the "tense" or T type conformaticon and 2
subunits of the "relaxed" or R type conformation at pPH 8.0. The

R subunit exhibits a higher affinity binding site for the substrate

PEP than the T subunit. This accounts for the fact that the enzyme
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exhibits two apparent Km values for PEP in the absence of FDP.
However in the presence of FDP, only the lower apparent Km value
is observed. Therefore it is proposed that the allosteric effec-
tor FDP can transform the pid§ kidney enzyme into a homotetramer
consisting of 4 subunits of the R conformation.

This model can account for the inactivation kinetics exhibiF
ted by eel and rabbit muscle pyruvate kinases ig response to chem-
ical medification by iodoacetamide (Fig. 5)}. The presence of 2
types of subunits, which differ in conformation, in the structure
af tetrameric eel pyruvate kinase could account for the fact that
2 of the 4 functioﬁally important cysteine residues of the enzyme
were more susceptible to alkylation. A cysteine residue located
either near or within the active site of pyruvate kinase might be
expected to be more susceptible to chemical modification in sub-
units of the T conformation since these subunits exhibit a low
affinity binding site for the substrate PEP. However, this does
not account for the fact that eel pyruvate kinase was completely
inactivated by thé alkylation of only 2 of the 4 functionally im-
portant cysteine residues. Presumably the alkylation of the 2
most reactive cysteine residues, contained in peptide EN2, resul-
ted in an unfavourable conformational change which led to com-
plete enzyme inactivation.

According to this modé@, the allosteric effector FDP can
transform the eel muscle enzyme into a homotetramer consisting of

\4 subunits of the R conformation. Subunits of the eel enzyme
which undergo a T to R conformational change due to the presence
of FDP, might be expected to exhibit g reduction in the reactivity
of a functionally important cysteine residue located in the wvicini-

ty of the active site. This may account for the fact that FDP
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FIGURE 5

Proposed Model for the Inactivation

of Eel and Rabbit Muscle Pyruvate Kinases

The model of Berglund and Humble (1979) has been modified here
in order to account for the inactivation kinetics of eel and
rabbit muscle pyruvate kinases. At pH 8.0 and in the absence

of the allosteric effector FDP, tetrameric eel pyruvate kinase
consists of 2 subunits of the tense or "T" conformation and

2 subunits of the "R" or relaxed conformation. The R subunit
exhibits a higher affinity binding site for the substrate PEP
than the T subunit. Hence eel pyruvate kinase exhibits 2 apparent
affinity values for PEP at pH 8.0. Rabbit muscle Pyruvate kinase
consists of 4 subunits of the R conformation and exhibits only
one apparent affinity value for PEP. FDP can promote the con-
version of the eel enzyme from the R2T2 form to the R4 form.
Alkylation by iodoacetamide of a functionally important cysteine
residue located either near or within the active site of the
rabbit enzyme leads to inactivation(as denoted by the' diagonal
lines in the figure). Rabbit pyruvate kinase is completely
inactivated by the chemical modification of this cysteine res-
idue in all 4 subunits of the enzyme (denoted by the % ). Chemical
modiﬁication of the corresponding cysteine residue in the eel
enzyme leads to enzyme inactivation. However, since the eel
enzyme consists of non-identical subunits, the functionally
important cysteine residue is more susceptible to chemical mod-
ification in subunits of the T conformation. The chemical mod-
ification and inactivation of the subunits of the T conformation
results in an unfavourable conformational change in the un-
modified subunits of the R conformation. Hence the chemical
modification of the functionally important cysteine résidue in
just 2 of the 4 subunits of the eel enzyme can lead to Ccomplete

enzyme inactivation.
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could partially protect eel pyruvate kinase from inactivation due
to chemibal'modification by iodoacetamide. —

According.to the model, rabbit muscle PyYruvate kinase exists
as a homotetrameric enzyme at PH 8.0 consisting of 4 subunits of
the "active" R conformation. This would account for the fact
that in the aééence of FDP, rabbit muscle p&ruvate kinase was
much less sensitive to inhibition by iodoacetamide than the eel
enzyme. Since rabbit muscle pyruvate kinase would be in its fully
active state at pH B.b, this could account for the fact that FDP
could not activate the rabbit enzyme at this pH and FDP. could
provide no protection against inactivation due to chemical mod-
ification by iodoacetamide. Since the gﬂbunits of rabbit pyruvate
kinase are considered to be structurally and conformationally
identical at pH 8.0, this-model-can account for the fact that
the cysteine residues, containea in peptide RN2 of the tetrameric
enzyme, exhibited identical reactivities.

Therefore this model, suggesting the possibility of a
conformational R-T pair as first described by Moned et al. (19655,
can account for the observations of the kinetic and chemical
modification studies reported here. Two separate observations
suggest that eel pyruvate kinase is in fact subject to FDP-de-
pendent interconversion between'conformationally different forms.
1) In the absence of the éllosteric effector, FDP, eel pyruvate
kinase exists as multiple isoelectric forms. However.jﬁ the pre-
sence of FDP, the most acidic isocelectriec form predominates.
Therefore eel pyruvate kinase is ‘subject to FDP-dependent changes
in its surface charge propertieé.

2) Kwan.et al. (1980) reported that in the presence of 1.0 mM



PEP and 8 mM Mg+2, sturgeon d rabbit muscle pyruvate kinases
exhibited distinctly different optical rotary dispersion spectra
at pi 7.7 in the absence of FDP. While FDP had no effect on the
kinetic and optical properties of the rabbit enzyme, iﬁ converted
the sturgeon muscle enzyme intc a form which was kinetically
and optically equivalent to the rabbit énzyme. Sturgeon and
eel muscle pyruvate kinases are very similar both kinetically
and structurally. Preliminary CNBr peptide mapping studies
have indicated that sturgeon muscle pyruvate kinase, like the
eel enzyme, resembles a mammalian M2 type isczyme. Therefore
eelrand sturgeon muscle pyruvate kinases may be subject to
similar FDP—dependeﬂt conformational changes, as manifested
by O.R.D. spectra perturbations.

Numerous chemical modification studies.have sought to
determine the role and reactivity of the sulfhydryl groups of
Pyruvate kinase but few have tried to identify the reactive
residues and their locations. Flashner et al. (1972) reported
that DTNE modified a single catalytically unimportant sulfhydryl.
group of rabbit muscle pyruvate kinase in the presence of Mg+2—
PEP. Harkins & Fothergill (1977) reported that cat muscle pyru-
vate kinase contained a cysteine residue which was likely to
be eqﬁi&alent to the catalytically unimportant cysteine residue
of rabbit pyruvate kinase-(Flashner et al., 1972). This "non-
essential" cysteine residue was reported to be contained with-
in a cyanocgen bromide peptide which -is homologous to cyanogen
bromide peptides EX1 and RX1 isolated from eel and rabbit muscle
Pyruvate kinases respectively. However, Harkins'& Fothergill |

(1977) assumed that the most reactive cysteine residue of cat
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_Mmuscle pyruvate kinase to the sulfhydryl reagent iodoacetic acid

. +2 . '
in the presence of Mg "*PEP was equivalent to the most reactive

cysteine residue of rabbit muscle pyruvate kinase to DTNB in

the presence of Mg+2

*PEP. Also the authors assumed that the

most reactive cysteine residue of cat muscle pyruvate kinase
was,hbyldefinition, catalytically animportant and they failed

to determine whether the chemical modification of this residue
resulted in enzyme inactivation. Therefore this report gave rise
to some misconceptions concefning the role and location of ‘the
sulfhydryl groups of PYyruvate kinase.

Stammers & Muirhead (1975) reported that cat muscle pyruvate
kinase contained a sulfhydryl group which was eguivalent to the
chemically reactive but catalytically unim?brtant cysteine residue
of rabbit muscle pyruvate kinase (Flashner et al., 1972). This
cysteine residue was reported to Ee located between domains A and
C of the cat enzyme subunit (Stammers & Muirhead, 1975). Muirhead
et al. (1981} assumed that this "non-essential" cysfeine residue
was contained within the sequence of the cyanogen bromide peptidé
.which had been previously isolated from cat muscle pyruvate kinase
(Harkins & Fothergill, 1977). However Muirhead et al. (1981) en-
countered considerably difficulty when they attempted to fit this
cyanogen bromide peptide to tﬁe electron density corresponding to
the sequencé surrounding-the reactive cysteine residue located
betﬁeen domains A and C. This is not surprising since the chemical

modification studies reporte%,here, in combination with the se-
A}

quence data reported for yeaét pyruvate kinase (Burke et al., 1983),
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indicate that iﬁ is likely that this cyanogen bromide peptide can
be fitted to the electron density corresponding toc the sequence
surrouﬁding alpha carbon 50 of domain B of cat muscle pyruvate kin-
ase (Stuart et al., 1979). ‘The chemical modificétion studies re-
ported here indicate that in the absence of Mg+2-PEP, rabbit

muscle pyruvate kinase contains not one but 2 reaétive cysteine
residues. The chemically reactive but catalytically unimportant
cysteine residue containeq in ﬁeptide RN3, isolated from the rabbit
muscle enzyme, may correspo;d to the(féactive cysteine residue re-
ported to be located\between domainé A and C of cat muscle pyruvate
kinase {(Stammers & Muirhead, 1975).

Bloxham & Chalkley (1976) reported that rabbit muscle pyruvate
kinase could be inhibited due to the alkylation of a catalytlcFlly
important cysteine residue by 5-chloro-4-oxopentanoic acid. This
.essential residue was reported to be contained within a specific
tryptic pentapeptide isolated from the rabbit enzyme {Chalkley &
Bloxham, 1976). However the authors wefe unable tc clearly show
that the alkylation of this cysteine residue was responsible for
khe inaptivation of rébbit pyruvate kinasi. The authors recog-
nized the fact that the reagent 5-chloro-4-oxopentanoic acid could
participate in Schiff's base formation with the e—aminq group of
a reactive and catalytically important lysine residue. However
they did not seriously consider the possibility that the modifica-~
tion of aﬂ&xsine residue might be responsible for the inactivation
of the rabbit enzyme by this reagent. This assumption was made in
spite of the fact that a pKa value of 9.2 was‘determined for the

catalytically important functional group of rébbit pyruvate kinase

in these chemical modification studies. This value is substantially

A
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higher than the PK_ values determined previously for the modifica-
tion of the sulfhydryl groups of rabbit pyruvate kinase (Flashner
et al., 1972; Jacobson & Black, 1971). 'Also prior to this report,
‘Hollenberg et al. (1971) had reporied thét rabbit muscle pyruvate T
kinase contained a catalytically important lysine résidue which
was suéceptible to chemical modification. .

In a subsequent paper, Bloxham et al. (1978) reported that
chemical modification of rabbit muscle pyruvate kinase by methyl
methanethiosulphonate resulted in enzyme inacﬁivation. A c§taly—
tically important cysteine residue was reported to be located
within the-trypti pentapeptide Cys-(Glx, Asx, Ser)-Arg. However
a number of observations suggest that the inactivation of the
rabbit enzymé due to chemical modification by methyl methanethio-
sulphonate was due to the formation of 2 disulphide bonds in the
enzyme which iﬁduced an unfavourable éonformational change.

1) Previously Flashner et al. (1972) reported that sulfhydryl
reagents which were covalently linked to the thiol groups of an
enzyme via a disulfide bond were susceptible to displacement due
to nucleophilic attack by neighbouring cysteine residues. This
mechanism is “1llustrated in Figufe 6.

2) Bloxham et al. (1978) reported that plots of the log percentage
residual activity versus time were curved indicating that chemical
modification of the cysteine residues of the rabbif enzyme by
methyl methanethiosulphonate was reversible. This could be attri-
buted to the displacement of the reagent due to disulphide bond
interchange.

3) On-~the basis of radioactivity incorporation measurements,

Bloxham et al. (1978) reported that rabbit muscle pyruvate kinase
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! FIGURE 6

Mechanism of Disulfide

Bond Interchange —
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The sulfhydryl reagent +S—X cheﬁically modifies a reactive
cysteine residues of the enzyme E. However the reagent 1is
susceptible to displacement due to nucleophilic attack by
a neighbouring cysteine residue (Flashner et al., 14972). The

net result is the sulfhydryl reagent catalyzes the formation

of a disulfide bond within the structure of the enzyme,
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.contained 4 cysteine residues which were susceptible to chemical

modification by methyl methanethiosulphonate when the feaction was
taken to completion. This is a surprising observation since
Flashner et al. (1972) reported»that ali 9 of the cysteine resi-
d;es of rabbit muscle pyruvate kinase were susceptible to chemical

modification by DTNB when the reaction was taken to completion.

‘This has been conf&rmed in the present report. This appareht

discrepancy can be accdunted for, in part, by the displacement

.
of piﬁ}oactiue;y labelled methanethiol groups from chemically mod-
ified rabbit pyruvate kinase due to disulfide bond interchange
leading to the formation of 2 cystine residues per enzyme subunit.
4) The authors reported that treatment of chemically md@ified
rabbit pyruvate kinase with dithiothreitol failed to restore the
enzyme's catalytic activity in spite of the fact that the methane-
thiol groupﬂattached to-the “catalytically important" cysteine res-
idue was removed under these conditions. This suggests that the
chemical modification of this particular cysteine resi?ue was not
responsible for the loss of catalytic activity. If enzyme inacpih
vation was in féct due to the formation of 2 disulphide bonds
within the structure of rabbit pyruvate kinase, treatment with
dithiothreitol would not be expected to résult in a restoration of
catalytic actiﬁity if these disulphide bonds were buried within
the structure and hence not accessible to the reducing reagent.
Therefore, all these observations suggest that the cysteine resi-
due reported to be contained within the tryptic pentapeptide Cys-
(Asx, Glx, Ser)-Arg, isolated from rabbit.muscle pyruvate kinase

(Bloxham et al., 1978% is not catalytically important.
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None of the 9 carboxymethylcysteine—containing peptides pur-
ified from éabbit muscle pyruvate kinase here appeaf to correspond
to the tryptic pentapeptide Cys-(Asx, Glx, Ser)-Arg isolated pre-
viously from the rabbié'enzyme (Bloxham'et-al., 1878) . This éppar—
ent discrgpancy can be accounted fo} if the tryptic pentapeptide
actually corresponds tolthe'tryptic tripeptide RN1 of sequence
Cys-Asn-Arg. A number of observations suggeét that this is in
fact the case. The tryp£ic pentapeptide differs from peptide Rgl
only in the presence of 2 extra résidues.'since the tryptic¢ penta-
peptide was obtained in very low yieid (Bloxham et al., 1978),
the 2 additional amino acids could be contaminants. This is sup-
ported by the fact that the amino acids Ser and Glx were present
in less than 1:1 stoichiometric amounts relative to the other amino
acids. Alsé, the tryptic "pentapeptide" was reported to exhibit
the ﬁbbili of a neutral peptlde at pH 6.5 in some instances and
the moblilty of an acidic peptide carrylng one negative charge at
PH 6.5 on other occasions {Bloxham:et al., 1978). If the tryptic
"pentapeptide" is‘actually equivalerit to the trypﬁic-tripeptide
RN1, this variation in electrophoretic mecbility can be attributéd
to a single charge change resulting from the deamidation of the
asparagine residue in peptide RN1.

If the-tryPtic "pentap?pfide" isolated previously from rabbit’
muscle pyruvate kinase (quxﬁam’et al., 1978) is equivalent tc the
tryptic tripeptide‘RNl repo§ted here, this would support the éon—
clusion that the "essentialt cysteine residue studied by Bloxham
- et al. (1978) is in fact‘cafalytically hnimportant. The chemical
modification studies reported here, indicate that the cysteiné res-

iidue contained in peptide RN1 of the rabbit enzyme is not cataly~ .
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tically impértant. Furthermore, Burke et al. (1983) reported that
in yeast pyruvate kinase, this cysteine residue is replaced by a
serine residue in a regiocn of the pelypeptide chain homologous to
peptiae RN1. This is definite proof of the nqn-essential nature
" of this functional group:

Therefore these series of studies have .served to illuminate
the rble of the sulfhydryl groups in pyruvate kinase. The alkyla-
tién of a specific cysteine residﬁe, contained Qithin a highly
conserved regibn of the pyruvate kinase polypeptide chéin, lecd
to the complete inactivation of the eel and rabbit muscle isozymes..
This cysteine residue, wﬁich has been preserved throughout‘evolu?
tion, may be present either near or within the active site-of py-—
ruvate kinase. Whether this important cysteine residue plays a
bfole in the catalytic mechanism of pyruﬁate kinase remains to be
shown. N

A mode; has been presehted in order to account for the dif-
ferent inactivation kinetics exhibited by eel and rabbit muscle
pyruvate kinaseé in response to chemical modification by iodoacet-
amide, The model proposes that at pH 8.0 and in the aEsence of
FDP, eel muscle pyruvate kinése, unlike the Ml isozyme from rabbit
muscle, consists of 2 types of subunits which differ in conforma-
tion. This model has been employed previously to account for the

1 2
ammal (Berglund & Humble, '1979). Eel muscle pyruvate kinase, has

kinetic differences exhibited by the M. and M type isozymes of a

been shown to be sfructurally and kinetically similar to a mammal-
h M2 isozyme. Therefore further examination of the role of the
functional groups in the catalytic mechanisms of eel and rabbit

muscle pyruvate kinases, might be expected to provide useful
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information on the molecular basis for the kinetic differences

exhibited by the mammalian Ml and M2 type lisozymes.




GENERAL CONCLUDING REMARKS

The purification and characterization of a new pyruvate

kinase isozyme from the white muscle of the American eel is
»

reported here. Of the mammalian pyruvate kinase isozymes, the

eel enzyme most closely resembles the M Eype isozyme both

2

kinetically and structurally. In mammals, the M, isozyme is a

2

ubiguitous form present in many tissues of the adult (Imamura

& Tanaka, 1972).

e Ml type is the only pyruvate kinase

isozyme in adult skeletal muscle, the M2 type abpeérs to be

the predominant isozyme in fetal skeletal muscle. This suggests
that a changg~over in the expressioh,of the pyruvate kinase iso-
zyﬁes occurs{in mammalian skeletal muscle during development.

Since the Ml

products of the

nd M, type pyruvate kinases appear to be the
ame gene (Saheki et al., 1982b; Hance et al.,
» /
1982), this change-ov

\
synthesis of the\M1 type at
b

in isozyme expression may involve the

he expense of the M, isczyme.

2

2 redgminant pyruvate kinase

in all fetal tissues and in dedifferentiating cancer cells

The M. type repr%sents the

{(Imamura & Tanaka, 1872). Therefore it has been proposed that

the M2 type represents the prototype of the pyruvate kinase
N

isozymes and the Ml

expected that a change-over in the expression of the pyruvate

type evolved from the M, type, 1t might be

kinase isozymes might not be obsegtved in the skeletal muscle

cf species more primitive thapimammals. In this case, the M,

isozyme would predominate in both adult and fetal skeletal

muscle.
& . ¢
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Previous studies have shown that in the skeletél muscle
©of the chicken (Strandholm et al., 1975) and the frog (Schloen
et al., 1969), an M2—1ike isozyme predominates in the fetus
-while an Ml—like isozyme predominates in the adult. Guderley
& Cardenas (1979) reported that a similar change in the ex-
pression of the pyruvate kinase isozymes of the salmon cccurred
in skeletal muscle. However pyruvate kinase from adult salmon
muscle, unlike the isczyme from eel white muscle, more closely
resembles a mamm;lian Ml isozyme both kinetically and struc-
turally thap a mammalian M2 isozyme (Guderley & Cardenas, 1980a,b).
Therefore it would be of value to conduct a study of the
developmental changeé in the expression of the pyruvate kinase
isczymes in the tissues of the eel; Such a study might reveal
that the fetal pyruvate kinase form persists in the skeletal
muscle of the adult eel. This information would be useful in

the elucidation of the evolution of pyruvate kinase isozymes.

On the basis of kinetic and chemical modification studiesy y

gt

a model has been presentéd here in order to.account for the
properties of eel and_rabbit muscle pyruvate kinases (Fig. 5,
Chapter 5). The most significant feature of this model is that

it ‘proposes that eel muscle pyruvate kinase can consist of 2
types of subunits which differ in conformation and FDP can effect
tﬂﬂ.intér—cohversion of these conformers. In order to test

the validity of this model, it will be necessary to provide
further evidence for the presence of conformationally different
subunits iQ’the structure of tetramaricjeel pyruvate kinase.

This information could come indirectly from further chemical

modification studies. It should pe'possible toc detect two diff-
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erent reactivities for the important cysteine residue of eel
muscle pyruvate kinase in the absence of FDP. Under these
conditions, a biphasic inactivation curve would be obtained
consisting of a rapid initial loss of catalytic activity
correlating with the modification of the important cysteine‘
residue in two subunits of the T type, followed»by a slow
loss of the remaining activity correlating with the modifi-
cation of the important cysteine residue in 2 subunits of the
R type conformation. Unfortuneately in the present study, a
biphasic inactivation curve was not observed because an
unfavourable conforma£ional change resulted in comélete
a .

enzyme inactivation following the modification of just 2
of the 4 importaht cysteine residues of the protein. However,
preliminary experiments have shown that in the presence of
1.0 mM PEP, a biphasic inactivation curve is obtained. PEP
may therefore prevént this unfavourable conformational change
and it may be possible to detect two different reactivities
for the important cysteine residue of the eel enzyme under
these %snditions. In addition, the medel proposes that the
inactiv;tion kinetics of the eel enzyme éhould be similar to
thode of the rabbit enzyme in the presence of FDP. Under these
conditions, it may be possib&e to demonstrate that complete
enzyme inactivation correlates with the modification of the
important cysteine residue in all 4 subunits of the eél enzyme.

Rabbit and sturgeon muscle pyruvate kinases have been
shown to exhibit different optical rotary dispersion spectra

in the absence of FDP at pH 7.7 (Kwan et al., 1980). However,

while FDP does not alter the kinetic and optical properties
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of the rabbit enzyme, it converts the sturgeon enzyme into

a form which is kinetically and optically similar to thé
rabbit enzyme. A similar comparative study of eel and rabbit
muscle pyruvate kinases could provide direct evidence for
the presence of conformationally different subunits in the
structure of eel pyruvate kinase.

The model can account for the effects of FDP on the kinetic
and chemical properties of the eel and rabbit enzymes. One
might ask,whether the effects of other modulators of eel
pyruvate kinase activipy can be explained in terms of the
interconversion of conformaticnally different enzyme subunits,
For instance, eel pyruvate kinase exhibited a decreased de-
pendency on FDP for actigffion with decreasing pH. Also
inflection points in Hill plots were not as noticeable
~when the assay pH was decreaseﬂ from 8.0 to 7.2 in the absence
of FDP and at pH 6.3 a single straight line was obtained on
a Hill plot. These: observations could be accounted for by
the pH-dependent interconversion of ‘a heterotetrameric
eel enzyme consisting of 2 subunits each of.the R and T
conformations into a homotetrameric enzyme consisting of
4 subunits of the R conformation. Similar pH-dependent inter-
conversion between catalytic forms of .-the mammalian'M2 iso-
zyme has been described previously (Berglund & Humble, 1979).

In order to test the validity of this model, it will
be necessary to further characterizé the kinetic behaviour
of eel pyruvate kinase in response to various modulatqrs
of enzyme activity. Further chemical modification ;tudies

could assist in the correlation of kinetic properties to

~
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enzyme structural features. This would be a worth~while en-
deavour since this model could potentially provide the basis
for a molecular interpretation of the kinetic behaviour of

the mammalian Ml and M2 type pyruvate kinases,

o
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APPENDIX

Abbreviations for the Names

of Some Amino Acids

Ala alanine .

Asn asparagine - .
Asp f aspartic acid -«

Asx asparagine or aspértic acid
. -

-Arg arginine

Cys- . cysteine

Cmc carboxymethylcysteine

Gln - glutamine

Glu . . glutamic acid

Glx | glutamine or glutamic acid
Gly glycine |

His histidiﬁe

Hser ' homoééfine

Hserl homoserine lactone

Ile : - isoleuéine

LeuA ieucine ) hm)
Lys _ lysine

Phe phenylalanine

Pro o proline \

Ser serine

Thr threonine '

Tyr | tyrosine

val valine
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