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Pyruvate kinase is a glycolytic enzyme that catalyzes the conversion
of phosphoenolpyruvate (PEP) and ADP to pyruvate and ATP, It is widely
distributed in nature and has been detected in, and partially purified from,
many different animal tissues. The enzyme has an absolute requirement for
a monovalent and a divalent cation. Previous work has shown that the
enzyme reaction involves a direct phosphoryl transfer rather than through
a phospho-enzyme intermediate. Evidence suggests that there are at least
two PEP molecules and two metal ions bound per molecule of enzyme. Kinetic
déta suggest that the binding site for PEP (or pyruvate) .is distinct from
the site for ATP (or ADP), with the tfansferable phosphoryl group over-
lapping both sites, and that the reaction is governed by equilibrium kinetics.

The present study is concerned with the kinetic and regulatory prop-
erties of human erythrocyte pyruvate kinase as they relate to:

(1) the mechanism of action of substrates, products and effectors,



(2) the mechanisms of action of the divalent cations, Mgtt and Mnt*,
(3) the kind and number of interacting subunits,
(4) the role that this enzyme may play in control or regulation of
erythrocyte metabolism.
The enzymatic activity was measured spectrophotometrically by a direct
.:method which follows the disappearance of PEP at 230 mu.
The following éonclusions and interpretations have resulted from the
data, as reviewed from the literature.and presented in Results and Discussion:
Conclusions:
1. The divalent cations, Mg*t and Mn**, and their ADP chelates
interact with the enzyme in a positive cooperative manner (n-2)
when metal is rate-limiting. When metal is saturating, no coopera-
tive effect is observed.
2. PEP binds in a positive cooperative manner in the presence of
Mg*t (n=2), but non-cooperatively in the presence of Mntt (n=1).
3. FDP and ATP interact with the enzyme in a negative cooperative
fashion (n+ -2), with FDP exerting its effect at or near the PEP
subsite, and ATP exerting its effect on the nucleotide subsite.
4, The nucleotide subsite is specific for purine nucleoside
mono-, di-, and triphosphates. Activation by mono- and tri-
phosphates is eyident in the magnesium-activated system but not
in the manganese-activated system.
5. Activation by purine nucleoside mono- and triphosphates
(nucleotide locus) predominantly affects Vm, whereas activation
by FDP (PEP locus) predominantly affects the ¥Km for PEP.
6. Two moles each br some multiple) of PEP (or FDP), ADP (or

ATP) and divalent metal can bind to the native enzyme.



Interpretations:

1., Human red cell pyruvate kinase is composed of two catalytic
sites which can interact with each other.
2. Each catalytic site has four functionally important subsites,
or loci:

a. a locus for the enolpyruvate portion of PEP,

b. a locus for the divalent metal,

c. a locus for the nucleotide,

d. a locus for the transferable phosphoryl group.
3. Activation by FDP involves the cation and PEP loci, whereas
activation by purine nucleotides involves the cation and nucleo-
tide loci.
4. The rate of catalysis can be regulated by both a precursor
molecule (FDP), and the reaction product (ATP). Each regulator
affects the enzyme in a unique manner depending on the concentra-
tions of PEP, ADP and the concentration and type of divalent

cation.
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ABBREVIATIONS

AMP adenosine 5' monophosphate

AMP (cyclic) adenosine 3'S' monophosphate
ADP adenosine 5' diphosphate

ATP adenosine 5' triphosphate

CTP cytidine 5' triphosphate

DPNH (NAD) nicotinamide adenine dinucleotide
£ | molar extinction coefficient
EDTA ethylenediaminetetraacetic acid
FDP fructose diphosphate

GDP guanosine diphosphate

GTP guanosine 5' triphosphate

Kegq equilibrium constant

Km Michaelis constant

mtt divalent metal

M.W. molecular weight

Pz inorganic phosphate

PEP phosphoenclpyruvate

TEA triethanolamine

TMAt tetramethylammonium ion

Tris tris(hydroxymethyl)aminomethane
UTP uridine triphosphate

vm maximum velocity
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INTRODUCTION

I. Historical

Studies on pyruvate kinase encompass a vast and varied literature.
Early work centered on the species of pyruvate kinase isolated from
rabbit muscle. More recently, species of the enzyﬁe have been
isolated and studied from a variety of plant and animal sources.

A. Studies on rabbit muscle enzyme. Pyruvate kinase from rabbit
muscle has been the prototype for all subsequent studies on this enzyme.
The primafy metabolic reaction catalyzed by pyruvate kinase is the
transfer of a phosphoryl group from phosphoenolpyruvate to ADP as

illustrated in equation (1)

o
~0-P=0
g (Mg**,Kkt,Ht) e
CHy = C-2-0° ¢ ADP ———===" CH3-C-C-0" ¢ ATP (1)
Phosphoenolpyruvate Pyruvate

The enzyme also has been referred to as pyruvate phosphoferase,
pyruvate phosphokinase and phogphopyruvate transphosphorylase. The
Commission on Enzymes has systematically named the enzyme ATP: pyruvate
phosphotransferase (E.C. 2.7.1.40) and retained the trivial name,
pyruvate kinase (1).

The first reports of activity attributable to pyruvate kinase were
published by Lohmann and Meyerhof (2) and Parnas et al. (3) in 1934.
Lohmann and Meyerhof also described the isoclation and structural deter-

mination of phosphoenolpyruvate, but believed that it was involved in



A

a dephosphorylation reaction yielding orthophosphate and pyruvate (2).
However, Parnas et al. (4) regarded creatine as the acceptor of the
phosphoryl group of phosphoenolpyruvate. In 1835 it was thought
that phosphoenolpyruvate was involved in the phosphorylation of AMP
producing ATP and pyruvate (5-7). Boyer et al. (8,9) subsequently
showed that ADP was the true phosphate acceptor in the pyruvate kinase
reaction. Phosphorylation of AMP was later recognized to result from
the action of a second enzyme, adenylate kinase, operating in tandem
with pyruvate kinase.

Pyruvate kinase can also catalyze "fluorokinase' (10) and "hydroxyl-
amine kinase" (11,12) reactions. Both phosphorylation reactions require

the presence of bicarbonate as illustrated in equations (2) and (3):

"Fluorokinase'':
HCO4~
ATP + fluoride ———— ADP + fluorophosphate 5
"Hydroxylamine kinase":
HCOB—
ATP + NHoOH -————> ADP + phosphorylated hydroxylamine (3)
Kt ,Zn'H'

Lohmann and Meyerhof (2) reported that pyruvate kinase requires a
divalent metal such as Mg't for activation. Later, Boyer et al. (8,9)
showed that K* was also necessary for activity in rabbit muscle prepar-
ations. Kachmar and Boyer (13), using the sodium salts of ADP and PEP
as substrates, and a Tris buffer at pH 7.4, found that activity was
less than 1.5% of the maximal activity obtained with added X*. Potas-

sium also stimulates the 'fluorckinase' and 'hydroxylamine kinase"



reactions (10,12). Furthermore, K (as well as Mg*t) is required for
the exchange of the methyl hydrogens of pyruvate as reported by Rose
(14). NHy+ and Rb+ will activate pyruvate kinase in the absence of
Kt, while Nat and Li%* are generally inhibitory in the presence of kKt
(13,15). McQuate and Utter (16) and Reynard et al. (17) found that
high concentrations of Mg*t did not inhibit the reaction in either
direction.

The pyruvate kinase reaction was initially regarded as irreversible.
The ability of the enzyme to catalyze the formation of PCP from ATP
and pyruvate was first demonstrated by Lardy and Ziegler (18). Meyerhof
and Oesper (19) determined the apparent equilibrium constant, defined

by equation (u4):

_ (ATP) - (pyruvate) . ¢y
€3 (ADP) - (phosphoenolpyruvate)

to be 2000. This was based on total concentrations of all forms of
reactants present, at 30°C, in a bicarbonate buffer of unspecified pH.
McQuate and Utter (16) later recorded a Keq of about 6500 at pH 7.4 in
a Tris buffer. Krimsky (20) reported a value of 2200 at pH 7.7 and
30°C under similar conditions but with a much lower concentration of
Mg*t. As pointed out by Boyer (21), the higher Keq values found by
McQuate and Utter as compared to Krimsky at comparable pH values may
reflect differences in Mg*% concentration. The affinity of Mgtt for

ATP is approximately ten times greater than its affinity for ADP,

displacing the equilibrium toward ATP and pyruvate formation.



Early kinetic work on rabbit muscle pyruvate kinase, has been
summarized by Boyer (21). The data of Reynard et al. (17) showed
that at 0°C and pH 8.5 the apparent K, values for phosphoenol-
pyruvate and ADP were independent of the concentrations of ADP and
phosphoenolpyruvate, respectively. McQuate and Utter (16), working
at 30°C and pH 7.4, reported that the apparent Ky for phosphoenol-
pyruvate increased slightly with increasing ADP concentration, and
vice veréa. An important observation was that inhibition by ATP was
competitive with both ADP and phosphoenolpyruvate (17). Various
expefimental approaches (22,23) have shown that phosphoryl enzyme
formation does not occur in the pyruvate kinase reaction and it was
concluded that a direct phosphoryl transfer must take place from
donor to acceptor (23),

B. Recognition of species differences and multiple forms in
mammals. Pyruvate kinase appears to exist as a constituent of all
living cells.r Boyer (24) first noted its wide distribution by demon-
strating the presence of the enzyme in nineteen different tissues
from eleven animal species, ranging from protozoa to mammals. As
mentioned by Bucher and Pfleiderer (25), ﬁyruvate kinase apparently
was obtained first in crystalline form from rat muscle by Negelein
whose data were lost during World War II. More recently, crystalline
pyruvate kinase has been reported from rat muscle (25), human muscle
(26), rabbit muscle (10,25), pig heart (12), and rat liver (27).
Further studies have involved partially purified enzyme from erythro-

cytes (28-32), liver (33-36), skeletal muscle (33,36-38), kidney



(33,37), brain (11,33), heart (11,37), adipose tissue (36,39), tumor
cells (40), and developing eﬁbryo (41) as well as from a protozoan
(42), helminths (43), a locust (44), a crustacean (45), veasts (46-
50) and plant sources (51). he purification and physical properties
of pyruvate kinases isolated prior to 1962 has been comprehensively
reviewed by Boyer (21). Like the rabbit muscle enzyme, all pyruvate
kinases studied to date have an absolute requirement for a monovalent
and a divalent cation, and a specificity for PLP and nucleoside di-
phosphate (preferably ADP). Where studied, these enzymes show in-
hibition by high levels of both products.

Fellenberg et al. (33), in 1963, reported electrophoretic differ-
ences among pyruvate kinase preparations from kidney, liver, brain,
cardiac muscle, and skeletal muscle of the rat, indicating that
different species of pyruvate kinase are present in specific tissues.
Two groups of investigators (52,53) reported that the pyruvate kinase
level in liver was under hormonal and dietary regulation, like the
levels of other key glycolytic enzymes. In contrast, the enzyme level
in skeletal muscle was found to be independent of hormonal influences.
Tanaka et al. (27,34) demonstrated the presence of two isozymes of
pyruvate kinase in rat liver, named type M (similar to the single
enzyme species found in muscle) and type L (a specific species of
enzyme found in liver). The two types of pyruvate kinase were identified
by electrophoretic and immunological procedures. The level of type
L varied greatly in response to hormonal and dietary changes, whereas

that of type M changed very little. Type M pyruvate kinase was found



by antibody neutralization to be present in skeletal muscle, brain,
heart muscle, liver, kidney, fat pad and leucocytes, and type L was
present only in liver and erythrocytes (27). Kinetically, type M
enzyme resembled the rabbit muscle enzyme, whereas type L enzyme
exhibited a sigmoid velocity profile for PEP and activation by low
levels of FDP. More recently, Bigley et al. (37) demonstrated three
electrophoretic species of human pyruvate kinase, designated PK I,

PK II, and PK III based on decreasing anodal mobility. Brain, leuco-
cytes and muscle (cardiac and skeletal) contain only PK III; erythro-
cytes appear to possess only PK I; liver - PK I and PK III; and
kidney shows all three forms.

Koler et al. (30,54) studied the pyruvate kinases from leucocytes
and erythrocytes extensively. The results indicated that the two
enzymes differ in physiocochemical, antigenic, and kinetic charac-
teristics. Furthermore, by examining the levels of enzyme in some
patients with hereditary type II non-spherocytic hemolytic anemia,
the erythrocyte enzyme was found to be deficient, whereas the level
of leucocyte enzyme appeared normal. This result indicated that the
two isozymic forms of the enzyme were under different genetic control
in the two cell lines. Bigley and Koler (55) reported that a liver
biopsy, performed on an individual with hereditary non-spherocytic
hemolytic anemia due to erythrocyte pyruvate kinase deficiency, showed
a deficiency in the "erythrocyte-like'" species of pyruvate kinase
(PK I), comparable to the red cell deficiency. The '"leucocyte' or

"muscle" type pyruvate kinase (PK III) from the individual's liver was



normal. This result supported the hypothesis that the erythrocyte
enzyme and the PK I enzyme from liver were the same molecular species
(87 )i

C. Comparison of rabbit muscle enzyme with those from other
sources. Pyruvate kinase isozymes from all sources share certain
common characteristics:

1. substrate specificity for PEP and nucleoside diphosphate
(preferably ADP).

2. requirement for both a monovalent and a divalent cation
activator.

3. product inhibition by high concentrations of pyruvate
and ATP.

On the other hand, some species of pyruvate kinase (e.g. mammalian
liver and erythrocytes, yeast and E. coli) differ from the rabbit
muscle prototype in two important ways:

1. sigmoidal velocity profile for the substrate, PEP.
2. modulation of activity by the non-substrate, FDP.
II. Physicochemical Studies.

Physical and structural studies have been carried out predominant-
ly on the rabbit muscle enzyme. In 1942 Bucher and Pfleiderer (25)
estimated the molecular weight of rabbit muscle pyruvate kinase to be
166,000. More recently, however, the molecular weight has been re-
determined and the reported value is about 237,000 (56-59). Morawiecki
(60) first reported that 2-3 M urea dissociated pyruvate kinase into

smaller fragments. This work was extended by Steinmetz and Deal (59)



who found that rabbit muscle pyruvate kinase (M.W. 237,000) was a
tetramer composed of four polypeptide chains of 57,200 molecular
weight. Furthermore, the data suggested that the tetramer consisted
of two identical catalytic particles, or protomers (M.W. 115;000),
with each protomer in turn consisting of two polypeptide chains.
Such an interpretation is consistent with binding studies which show
two moles of Mg*t or Mn** bound to the enzyme in the Kt activated
state (61,62), and approximately two moles of PEP (17,63), and two
moles of ADP (63). Peptide mapping of rabbit muscle pyruvate kinase
indicated that the enzyme contains four highly similar, although not
necessarily identical, subunits (64). It was also reconfirmed that
the 7.355(115,000 M.W.) species formed in 2M urea retains catalytic
activity, whereas the 2.0558(57,000 M.W.) species formed in u4M urea
is inactive (64). Johnson and Deal (65) have also shown that there
is a specific binding of two to four moles of pyridoxal 5'-phosphate
to rabbit muscle enzyme which produées total inactivation but no
detectable conformational changes.

Tﬁe molecular basis for cation activation is uncertain. Apparent-
ly both monovalent and divalent cations have direct effeects on the
protein. Suelter and Melander (66) first reported that both Mgt and
Mn*t gave ultraviolet difference spectra with rabbit muscle pyruvate
kinase. This work was extended by Kayne and Suelter (67) and Suelter
et al. (62) who showed that monovalent cations (K*, NHyt, Rb*), the
substrate PEP and changes in temperature elicit similar protein

difference spectra. Specific monovalent cations have been shown to



affect the immunoelectrophoretic patterns of rabbit muscle enzyme (68).
Mildvan and Cohn (61,69) reported two moles of Mn*t bound per mole of
pyruvate kinase when the reaction mixture contained 0.1 M kt, an acti-
vating cation. However, when tetramethylammonium ion (TMA), a non-
activating cation, was substituted for K*, four Mn*' are bound per
molecule of pyruvate kinase. Two moles of K* were reported to bind
per molecule of enzyme, and individual dissociation constants for Mnt*t
and K* were determined. This led Mildvan and Cohn to postulate one
divalent and one monovalent cation activator at each of two active
sites on pyruvate kinase. Suelter et al. (62) calculated two moles

of Mg*t* bound per mole of rabbit muscle enzyme in the presence of

TMA Cl. Recently, Cottam and Ward (70) reported four moles of Znt+t
bound per mole of rabbit muscle pyruvate kinase in the presence of

0.5 M K*; all four Zn't binding sites appeared to have identical
association constants and Zn*t and Mn't were shown to compete for the
same binding site on the enzyme.

Further work from.Suelter's laboratory (71) has indicated that k%
and Mn*t alter the fluorescence emission and polarization of rabbit
muscle pyruvate kinase. Temperature studies have revealed that the
enzyme may exist in equilibrium between a high~-temperature and a low-
temperature form (72). Binding of cations favors the low-temperature
form, whereas addition of protein structure disrupting agents favors
the high-temperature form. Kuczenski and Suelter (73) have studied
the "allosteric" pyruvate kinase from baker's yeast and have shown it

to be inactivated by low temperatures. Addition of FDP, the allosteric
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activator, markedly enhances the inactivation, both at room temperature
and in the cold. Addition of Mg*t or Mp*t prevents inactivation. A
mechanism was propesed which involved the binding of two moles of FDR
followed by dissociation into subunits during inactivation (decrease

in the sedimentation coefficient from 8.6 to 3 to 1.75). Inactivation
at 0°C appeared to follow the same mechanism. In view of the work on
rabbit muscle and yeast enzymes, it is of interest whether this tempera-
ture dependent structural change is observed in other preparations of
pyruvate kinase and whether or not such changes have physiological
significance. Somero (45), working on pyruvate kinase isolated from
Alaskan king crab, has presented evidence for a temperature-dependent
interconversion between two forms (of a single protein species) having
distinct and adaptive kinetic properties. Temperature changes

mimicked the effects of FDP on ”allosteric”bpyruvate kinases.

It has generally been assumed that human erythrocytes possess one
major molecular form of pyruvate kinase (30,37,55,74-76). Townes 770
and Townes and Harris (78), however, reported that human erythrocytes
possessed two pyruvate kinase bands on starch gel electrophoresis at
pPH 8.6 in a triethano%dgmine buffer, the same conditions used by others
who demonstrated one band (30,37). Gel filtration on Bio-Gel 200 and
starch gel electrophoresis of the filtered fractions indicated that
the two bands were of different molecular size (78), the slow being
‘larger than the fast. An alternative explanation for two bands might
be contamination of red cells by leucocytes (79), the leucocyte enzyme

then accounting for the slow band. Careful attention to preparative
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technique should eliminate the latter alternative.
III. Kinetic Studies.

A. Rabbit muscle prototype. Phosphoenolpyruvate is the only
substrate that has been reported to phosphorylate ADP in the presence
of pyruvate kinase, and among the a-keto acids only pyruvate appears
to act as an acceptor of the y-phosphoryl group of ATP. Rose (14)
has shown that in the presence of Mg*tt, K*, and ATP or P{, pyruvate
was the only a-~keto acid that exhibited an exchange of hydrogen lons
with the B-carbon in the presence of pyruvate kinase. Davidson (80),
using rabbit muscle enzyme, reported that guanosine diphosphate (GDP)
and inosine diphosphate (IDP) showed about 60% and 75%, respectively,
of the maximum activity obtained with ADP; pyrimidine diphosphates
exhibited no activity. Plowman and Krall (81), using rabbit muscle
~enzyme prepared in a similar manner, reported broad specificity for
nucleoside diphosphates with the purines being considerably better
substrates than the pyrimidines. The importance of the sugar portion
of purine nucleotides was noted by Klenow and Andersen {(82), who
showed that 2-deoxyadenosine diphosphate provided only 11% of the
maximal activity obtained with ADP. Mildvan and Cohn (61) demonstrated
that manganese could substitute for magnesium in the pyruvate kinase
reaction, although the maximum rate was reduced. Ca_++ was found to be
a potent inhibitor of the reaction (13) and competitive with Mntt (61).
Furthermore, Kachmar and Boyer (13) and Solvonuk and Collier (28)
noted that Ca*t inhibition could be overcome partially by increase in

Kt concentration. It is interesting to note that the"hydroxylamine
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kinase"activity requires divalent cations in the order of effective-
ness: Zn**>Cot*>Mn** and that activity is absent with Mgt+ (11,83).
*Fluorckinase' utilizes Mg*t and Mn** but not Zntt (11).

The role of Mg** has been studied extensively but the results
remain difficult to interpret. Magnesium complexes of the adenine
nucleotides originally were implicated as the true substrates (16,17).
This conclusion was supported by Melchior (84,85) following studies on
rabbit muscle preparations. Free nucleotide did not appear to function
as a substrate. Mildvan and Cohn (61,86), using purified rabbit muscle
pyruvate kinase and nuclear magnetic resonance techniques, concluded
that a metal nucleotide chelate bound more effectively to the enzyme
than the free nucleotide to a metal-enzyme complex. Cleland (87), by
replotting the kinetic data of Mildvan and Cohn (86), concluded that
neither free manganese nor free ADP combines with the enzyme, and that
there is no kinetic evidence that Mntt (or Mgtt) plays any role in the
mechanism other than to complex ADP and form the active substrate.

Mildvan et al. (88) recently compared the structure and role of
Mnt* complexes of an allosteric pyruvate kinase from yeast with rabbit
muscle enzyme using NMR techniques. They concluded that the active
| enzyme-Mn-ADP bridge can form by multiple pathways and that the yeast
enzyme binds up to six moles of Mn'tt cooperatively with apparent
affinities varying by three orders of magnitude. The allosteric
activator FDP appeared to raise the affinity of the yeast enzyme-Mn
complex for ADP, and site-site interactions among the Mnt*t binding

sites altered their affinities for PEP. A comparison of the binding
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and kinetic data for the yeast enzyme suggested a preferred order of
binding: PEP prior to ADP. It was postulated that the affinity of
the PEP binding sites might be controlled by the distance between two
subsites: one for Mn™* and one for the carboxylate group of PEP.

The role of magnesium was examined by Kerson et al. (89) by
computer simulation studies of data collected on rabbit muscle enzyme.,
Control by Mg*t appeared to these investigators as the most important
among the activators of this enzyme.,

Wood (95) challenged the competitive inhibition data of Reynard
et al. (17) by showing that ATP inhibition depends on the level of
Mg*t in the medium, and that high concentrations of ATP will chelate
a large percentage of the free magnesium, thereby reducing the concen-
tration of Mg ADP, and hence activity. Saturating Mgtt concentrations
appeared to abolish the inhibition by ATP. Boyer (91), using a Mgtt
buffer system to maintaiﬁ free magnesium, reconfirmed the results of
Reynard et al., and noted two possible explanations for the differences
from Wood's data: 1) failure to correct for the presence of ADP in
ATP which could account for the absence of inhibition in an assay using
low ADP, and 2) a 30°C assay temperature, whereas Reynard et al. (i7)
~ worked at 0°C and Boyer at 25°C. The latter explanation could be
important in view of the temperature effects noted by Kayne and Suelter
(67,72) and Suelter (71) for a similar preparation of rabbit muscle
enzyme. Recently, Holmsen and Storm (92) have shown that at very high
Mg*t concentrations ATP inhibition is very weak. They suggested the

ratio of ATP to magnesium as the critical factor governing ATP
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inhibition.

B. Other pyruvate kinases. Hess et al. (48), Hunsley and
Suelter (93), and Gancedo et al. (94) found that pyruvate kinase
isolated from yeasts exhibited a sigmoid velocity profile for PEP
and that FDP was a potent activator of the enzyme, similar to the
results found for species of pyruvate kinase from rat liver (3u,
95-98) and mouse liver (35). Comparable results have been obtained
with pyruvate kinases from adipose tissue (39), E. coli (49), and
human erythrocytes (76). Human liver also has been shown to possess
a species of pyruvate kinase (55,99) that kinetically resembles the
erythrocyte, rat liver (L-type) and yeast enzymes. The kinetic
properties of yeast enzyme, erythrocyte enzyme, and the FDP-activatable
enzymes from liver sources are similar and resemble those generally
described as allosteric or regulatory enzymes (100-104). Llorente
et al. (105) found that extracts of liver and kidney pyruvate kinase
from the rat were desensitized to the homotropic cooperativity of PEP
and FDP by low temperatures (0-2°C). Unfortunately, the samples used
in these studies were crude extracts and both rat liver and kidney
have been reported to contain more than one pyruvate kinase isozyme
(27,33,95). Hence, low temperatures may selectively inactivate iso~
zymes which exhibit "allosteric" properties while leaving other 'non-
allosteric" isozymes functional.

Campos et al. (74) studied species of pyruvate kinase isolated
from human leucocytes and erythrocytes, respectively. The leucocyte

enzyme resembled the rabbit muscle pyruvate kinase, and the Michaelis
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constant observed for each substrate (PEP, ADP) was independent of
the concentration of the second substrate. The erythrocyte enzyme,
however, required at least ten-fold higher concentrations of PEP
and the apparent Km value for each substrate varied with the concen-
tration of the second substrate. Adenosine triphosphate was found
to be a competitive inhibitor of PEP and ADP for both the leucocyte
and erythrocyte isézymes (73).

Koler and Vanbellinghen (76) first reported the modulation of
human erythrocyte pyruvate kinase by FDP, an effect similar to that
observed with liver and yeast enzymes. The regulatory properties
of this enzyme were further investigated by Bigley (106) who demon-
strated an activating effect of ATP on the forward reaction rate at
low concentrations of ADP and PEP. A similar resulf was noted by
Haeckel et al. (107) with yeast pyruvate kinase. Rozengurt et al.
(98), however, concluded that ATP has an inhibitory effect on rat
"liver'" type pyruvate kinase, considered to be qualitatively similar
kinetically to the red cell enzyme used by Bigley (106). O0zaki and
Shiio (108) demonstrated strong inhibition by ATP, but activation by
AMP; however, they failed to examine the kinetic effects over a range
of ATP concentrations.,

Ibsen et al. (109) demonstrated kinetic properties of human
erythrocyte pyruvate kinase different from those of Campos et al.
(74) and more closely resembling muscle or leucocyte enzyme. Recently
Ibsen and Schiller (110) reported isolation of multiple kinetic forms

of the red cell enzyme which appear stable and interconvertible.
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Whether these 'multiple forms'" represent unique molecular species
remains doubtful. Variations in isolation and purification techniques
could account for these differences.

C. Models. Various proposals have been made regarding the
catalytic mechanism of pyruvate kinase. Initially, interest was
focused on the rabbit muscle enzyme. Reynard et al. (17) and Boyer
(21) postulated a rapid equilibrium random mechanism based on some or
all of the following conditions:

1. competitive inhibition by ATP with both ADP and PEP (17).
2. direct transfer of the phosphoryl group from the donor to
the acceptor (21).
3. a single locus for PEP and pyruvate (21).
4, a separate locus for ADP (ATP) which has specificity for
the purine base and the ribose sugar moieties (80,82).
5. a common locus for the transferrable phosphate group.
The "common locus' postulate, however, may be an oversimplification
since Kerson et al. (89) reported that AMP as well as ATP showed com-
petitive inhibition with PEP and ADP for the rabbit muscle enzyme,
Mildvan and Cohn (86) strengthened the rapid equilibrium random mechanism
by demonstrating that the dissociation constants of the binary and
ternary enzyme complexes (via NMR) were in good agreement with the
kinetically calculated ones. The ternary complex represented an
enzyme-metal-substrate bridge with PEP, ADP and enzyme, each donating
‘a ligand to the metal. Enzyme and metal formed a functional binary

complex.
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Studies conducted on yeast (88), rat liver (27,98) and human
erythrocyte (76) pyruvate kinases have indicated that these enzymes
possess an added degree of complexity -- namely regulatory or allo-
steric properties (101,102). Each shows a sigmoid velocity profile
with PEP and is strongly activated by FDP. Generally, it is assumed
that allosteric phenomena are the result of conformational interactions
between distinct and separate sites on a protein molecule (101,102,
104). Therefore, this does not necessarily restrict the application
of the rapid equilibrium random mechanism to catalysis occurring at a
given site. Campos et al. (74) presented evidence for the human red
cell enzyme consistent with such a mechanism. The identical enzyme
was found by Koler and Vanbellinghen (76) to possess allostevric
properties as mentioned above.

Rozengurt et al. (98) fashioned their data collected from rat liver
(type L) pyruvate kinase after the concerted transition model of Monod
et al. (101). Koler and Vanbellinghen (76), working on the human red
cell enzyme, proposed a model which would not require separate allo-
steric binding sites. In this model a change occurs in the enzyme
following occupancy of the first catalytic site which increases the
affinity for substrate at the remaining catalytic site(s). Activation
by FDP can occur by binding to an empty catalytic site which then
causes a change in affinity for substrate at the remaining (catalytic)
site(s). Additional factors such as ATP activation (106), divalent
cation effects and pH ultimately may require a more sophisticated model.

IV. Role in Metabolic Control.
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Pyruvate kinase is one of three key glycolytic enzymes which
control the rate and direction of glycolysis (111-116). Certain
isozymes of pyruvate kinase in mammalian cells are under hormonal
and dietary control as previously stated (52,53). Studies on the
oscillations of glycolytic intermediates in yeast cells and beef
heart have implicated phosphofructokinase as a primary oscillator
due to its regulation by substances such as FDP, ADP, ATP and AMP
(117,118). Computer studies, based on a simple feedback amplifier
model, are consistent with these studies (119). The activities of
allosteric pyruvate kinases are regulated by many of the same glyco-
lytic intermediates. The data of Frenkel (118), which show that
phosphofructokinase is at a cross-over peint in the flux ratios of
glycolytic intermediates, also demonstrates a similar cross-over
point at the pyruvate kinase step.

It is the purpose of this thesis to examine in detail the kinetic
mechanism of human erythrocyte pyruvate kinase, and where pertinent
to study the human and rabbit muscle species of this enzyme. These
studies were designed with the hope of integrating information from
the vast literature on this enzyme regarding the catalytic and

possible regulatory properties of mammalian pyruvate kinase isozymes.
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EXPERIVMENTAL

I. Materials
A. Reagents and substrates.

Source: DPNH, disodium ATP, disodium ADP, trisodium PEP,
3',5' AMP, GDP, GTP, UTP, CTP, crystalline lactic dehydrogenase,
crystalline triose phosphate isomerase and crystalline a-glycerol-
phoéphate dehydrogenase were obtained from the Sigma Chemical Co.
Trisodium FDP and crystalline rabbit muscle pyruvate kinase were
purchased from either Sigma Chemical Co. or California Corporation
for Biochemical Research. Triethanolamine was obtained from either »
Sigma Chehical Co. or Eastman Organic Chemicals. Tetramethyl-
ammonium chloride was a product of Eastmaﬁ Organic Chemicals. Tris
and disodium dipotassium EDTA were purchased from Matheson Coleman
and Bell. Sephadex G-25 was obtained from Pharmacia. MgClos, MgSOy,
MnClp, NaCl, and KCl were all reagenf grade.

Determinations of Cantaminating Compounds in Various Sub-
strate and Effector Solutions: Preparations of ATP were checked for
the presence of ADP by adding ATP to the pyruvate kinase assay with
excess PLP and allowing the reaction to reach equilibrium. The ATP
preparations were contaminated with 1.5-3% of ADP. Preparations of
ADP were checked for contaminating ATP by fluorimetry and were found
to contain as much as 7-10% ATP; Contamination of ADP and ATP by PEP

was checked, using the pyruvate kinase assay without adding PEP.
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No detectable PEP was found in these nucleotide preparations. Pyruvate
contamination by PEP was checked using the pyruvate kinase assay with
excess ADP and no PLP was detected. Preparations of PEP, however, were
contaminated with up to 3% pyruvate as measured in the lactic dehydro-
genase assay with excess NADH. Solutions of PEP, ADP and ATP were
assayed for the presence of FDP using the aldolase, triose phosphate
isomerase, o-glycerolphosphate dehydrogenase coupled assay of Putter

et al. (120), and no FDP was detected.

Determination of Substrate Concentrations: All solutions were
made up and diluted with distilled water. PEP, ADP, ATP and pyruvate
concentrations were checked prior to use in kinetic assays by checking
absorbancies and using the appropriate millimolar extinction coefficients:
PEP, 2.93 at 230 my; pyruvate 0.65 at 230 mp; ADP and ATP, 15.4 at 259 mu.
Since ADP was known to contain up to 10% contaminating ATP, a pyruvate
kinase assay with excess PEP was used to standardize ADP solutions.

B. Enzymes.

Preparation of Human Erythrocyte Pyruvate Kinase: Red cell
pyruvate kinase was prepared as previously described (76). Steps in-
volved in the preparation include washing the leucocyte-free erythro-
cytes in 0.15 M NaCl, pH 7.4, buffered with sodium phosphate; hemolysis
in 30 volumes of distilled water and allowing stroma to settle over-
night; batch absorption and elution from DEAE cellulose; salting eluate
to 45% with (NHy)»SOy followed by resuspension of the precipitate and

reprecipitation at 25% (NHy)oSOy; precipitation of the resulting
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supernatant at 38% (NHy)92S0y; heating the redissolved 38% fraction to
40°C for one hour in 0.0067 M EDTA, pH 5.0, and precipitating the
enzyme from the resulting supernatant in 38% (NHy)5SOy. The enzyme
is stable in this form for many months at u°C,

Aliquants for kinetic studies were passed through G-25
Sephadex columns to remove (HHy)2SOy. The columns were pre-equilibrated
with either 0.15 M NaCl or 0.104 M TMACl. The observed kinetic
properties were identical for both the NaCl and TMACl exchanged prepar-
ations (subsequently referred to as Enzyme I). The NaCl stahilized
samples lost very little activity over several weeks, but the TMACL
stabilized samples lost 50% of initial activity within seven days.
With very active 38% preparations, dilution with 0.15 M NaCl was con-
sidered sufficient to remove the effects of NHy* ion (subsequently
referred to as Enzyme II). Specific activities ranged from 20-50 units
per mg protein. Protein (mg/ml) was determined by a modified Folin-
Ciocalteu procedure described by Reiner and Cheung (121). Except where
specifically stated, all steps were carried out at or near 4°C. All
samples were stored at 4°C. Similar enzyme preparations exhibited single
schlieren peaks in the analytic ultracentrifuge with approximate molecular
weights of 230,000.1 Disc gel and starch gel electrophoresis each
demonstrated a single pyruvate kinase band, although other protein bands

were present.2

1Ultracentrifuge runs were performed by Dr. D. A. Rigas.

2Electrophoresis was carried out by Dr. Robert Bigley and Mrs. Zelma
Stocklen.
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Preparation of Human Muscle Pyruvate Kinase: Muscle pyruvate
kinase was prepared by Dr. Robert Bigley and Mrs. Irene Pierovich from
human psoas muscle obtained at autopsy. The procedure will be des-
cribed elsewhere (122). Specific activities ranged from 40-150 units/
mg. Single enzyme bands were detected by starch gel and disc gel
electrophoresis.

Preparation of Rabbit Muscle Pyruvate Kinase: Pyruvate
kinase (éype IT; crystalline from rabbit skeletal mﬁscle; Sigma Chemical
Co.) a suspension (%10 mg/ml) in (NHy)9SOy solution was used. Aliquots
for use in kinetic assays were passed through Sephadex G-25 (pre-
equilibrated with 0.15 M NaCl) to remove (NHy)pSOy.

IT. Methods
A. Assay at 230 nmu.

The enzymatic activity of pyruvate kinase is usually estimated
by measurement of the pyruvate produced in the forward reaction by
coupling to the DPNH dependent lactic dehydrogenase reaction and
following the disappearance of DPNH at 340 mu (10,25). A direct method
follows the disappearance of phosphoenolpyruvate at 230 mp (123), and
has been used exclusively in the reported work, except where specifi-
cally stated. Table 1 summarizes the results of a pilot study compar-
ing the two assay methods. The standard reaction mixture contained

8 mM TEA buffer, pH 7.46, 75 mM KC1, 16 mM MgSOy,3 1.5 mM PEP, and 1.0

3MgCls and MgSoy gave identical kinetic results over the concentration
range of Mg't used in these experiments.
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Substrate LDH coupled Direct PEP
Concentrations: assay (340 mu) assay (230 mu)
(ADP) (PEP) £ = 6.22x10° e = 2.2x109
ADP (0.125 mM) PEP (1.0 mM) 032" £.029
ADP (0.125 mM) PEP (0.25 mM) 011 .011
ADP (1.0 mM) PEP (1.0 mM) .119 121
ADP (1.0 mM) PEP (0.25 mM) .038 . 034

ats
*»

Activities are expressed as micromoles of DPNH (PEP) per min.
Identical aliquots of diluted human RBC pyruvate kinase were added

to each reaction mixture.

minations.

Values are mean of triplicate deter-
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mM ADP in a total volume of 1.0 ml. The mixture was incubated for 4
to 5 minutes at 37°C and the enzyme (10 ul or 20 ul) was added last;
the final volume being 1.01 or 1.02 ml, respectively.

Veloéities of the pyruvate kinase catalyzed reaction were
followed in matched 0.5 cm light path quartz cuvettes by measuring
the change in optical density with time (AOD/min) at 230 mu in either
a model DU spectrophotometer equipped with a Gilford 2000 multichannel
absorbance recorder, or a Gilford model 2400 recording spectrophoto-
meter with multiple sample absorbance recorder. The temperature of
the cuvette chamber was maintained with a Haake circulating water
bath at 37°C except where stated otherwise. Assays were run in
triplicate for all initial velocity determinations. Readings were
accurate to within * ,002 optical density units. High precisiqﬁ was
maintained by discarding any set of triplicates in which the deviation
between the mean and any single determination exceeded twenty percent.

B. Estimation of rates.

The progreés curves of the forward reaction have sigmoidal
patterns, i.e., the rates are non-linear (in the absence of added
effectors). In order to obtain accurate values of the rate of reaction
at any time, t, the rate was determined by graphically drawing a
tangent to the curve at 30 second intervals and computing the slope gf
the tangent from the graph. Tangents drawn to the curve at approxi-
mately one minute were operationally defined as "initial" velocities.

The designation "maximum velocity" refers to the maximum change in
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optical density with time for any given progress curve. The designa-
tion "maximum velocity, Vp," denotes the maximum rate achievable for
a given enzyme preparation with saturating levels of the variable
ligand, other ligand and cofactor concentrations remaining constant.
"Standard assay velocity" is the maximum rate that can be achieved at
optimal concentrations of all substrates and cations affecting the
catalytic capacity of the enzyme (16 mM MgSOy, 75 mM KCl, 8 mM TEA,
pH 7.46, 1.0 mM ADP, 1.5 mM PEP). The change in optical density when
the reaction reached equilibrium was determined by making a plot of
reciprocal AOD against reciprocal time and extrapolating to infinite
time,

Preincubation: In all kinetic studies performed the reaction
was initiated by the addition of enzyme. Since the progress curve of
the forward reaction was characterized by an initial slow phase
resulting in sigmoidal curves, preliminary incubation studies were
performed to ascertain whether the slow phase could be eliminated by
previously incubating the reactants. All possible combinations of
enzyme, PEP, ADP and Mg++, with and withouf the effectors ATP and FDP,
were preincubated for 5 minutes at 37°C. No changes occurred in the
progress curve of the reaction on preincubating any combination of
reactants and effectors.

Temperature Effects on Enzyme: Samples of enzyme used in
kinetic assays were kept on ice following removal from storage (4°C).
Preincubation of enzyme aliquots of different dilution for one, two,

three or six hours at 25°C or 37°C showed no change in progress curve



26

profile when compared to enzyme kept near 4°C. Incubation of diluted
enzyme samples at 37°C for longer than one hour resulted in consider-
able loss in activity. Incubation of diluted enzyme samples at 25°C
caused no noticeable loss in activity up to six hours following
dilution and incubation.

C. pH Optima.

All three species of pyruvate kinase were assayed at a pH of
7.4-7.5. This was found to be in the optimal range for each enzyme.
Figure 1 illustrates the pH profile for human erythrocyte pyruvate
kinase with various concentrations of PEP and magnesium using a TEA
buffer. A profile of the enzyme in the presence of FDP is also
presented.

D, Dilution experiments.

In one set of experiments it was desired to study the order
of reaction with regard to the various ligands present (see discussion
section). Starting with a 1.0 ml assay volume containing specified
concentrations of all ligands, the volume of succeeding assays was in-
creased by 0.05 ml or 0.1 ml increments until activity was no longer
measurable.

III. Analysis of Data
A. Xinetic order of the reaction.

Order of Reaction; Hill Plots. A sigmoid curve of initial
rates as a function of substrate concentration can indicate that a given
enzyme interacts in some way with more than one molecule of ligand. A

generalized equation for the overall order of such an enzyme catalyzed
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Figure 1

Velocity of the pyruvate kinase reaction as a function of pH for

the TEA buffered system., All assays contained 75 mM KC1 and 0.125

mM ADP.
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reaction can be written as
v = k(L) (5)

where v = initial velocity observed, k is a rate constant and (L) is
the concentration of ligand which is interacting with the enzyme .,
The value of n is equivalent to the number of ligands interacting
with enzyme, but is typically neither integral nor constant except
at low (non-saturating) concentrations of the ligand(s). In order

to evaluate n graphically, eq (5) is transformed to eq (6):
log(v) = logk + nlog (L) (8)

In the dilution experiments described in Section II D above, increas-
ing volume is directly proportional to decreasing (L). Equation (6)
has been used to evaluate the overall order of the pyruvate kinase
reaction. From equation (5) and other assumptions discussed by
Atkinson (124) and Bernhard (125), A. V. Hill arrived at an empirical
equation which relates the fractional velocity of a reaction to the
number of binding sites for a given ligand or substrate, S, on the

protein molecule:

log Y o= nlog (S) - logK (7)
V=V

where v = initial velocity, Vy = maximum velocity at optimal (S), and

K is the product of the n-dissociation constants for the separate bind-

Y _ as a function of log(S) should give a

ing steps. A plot of log
Vip=v
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straight line of slope n. This slope is a function of the mumber of
interacting substrate binding sites per enzyme molecule and the strength
of interaction between these sites. When there is no interaction
associated with the binding of a given ligand, n = 1 (in the non-
saturating concentration range).

B. Equations for estimation of free and bound substrate and divalent
cation.

Both PEP and ADP have appreciable affinities for the divalent
cations, Mg*t and Mntt. Dissociation constants for the various com-
plexes have been determined by several investigators (61,126-127).

Table 2 summarizes the constants used in conjunction with the present

work. The effect of chelation can be expressed by the following

equilibria:
K1
4 FRERAC Y E—————— . (8)
K2
(M3 + 182} % (MS2) (8)
therefore:
(MS71) (MS»)
K1 3 Ko

" (M-81-55)(81-M5;) © (M-51-57)(S5-NSp)

Solving either equation in terms of M,S or MS results in a quadratic
equation. Such an expression is good only for estimating the effects
of one substrate. Simultaneous solution of equations (8) and (9)

resulted in a cubic equation providing an estimate of the free and



31

TABLE 2
Metal Substrate KDxlOLL Reference and Comments
Mgt PEP 55.0 (127) w = 0.1y pH 7.0; 25°C
Mgtt ADP 5.0 (85) pH = 7.03 25°C; u = O,
Mgtt ATP 0.48 (85) pH 7.0; 25°C; p = 0.1
Mgtt ATP Q.85 €327 w = 0.4%s 2590
Mntt PEP 19.1 (61) pH 7.5; 2u°C; u = 0.1
Mntt PEP i%.8 (127) u = 0.1; 25°C
Mntt ADP 1.0 (61) pH 7.5; 24°C; u = 0.1
Mn*t ADP 1.0 (127) 23°C; p = 0.1
Mn*t ATP 0.14 (61) pH 7.5; 24°C; u = 0.1
Mntt ATP 0.13 (127) wi= g1y 22%0
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bound concentrations of metal and both substrates. The cubic equation

was programmed in Fortran for use on an 1130 digital computer.*

“The solution and programming was performed with the kind help of Dr.
William Kimberling, Postdoctoral Fellow in Genetics.
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RESULTS AND DISCUSSION

I. Initial Velocity Studies
A. Hill plot data.

The kinetics of the reaction catalyzed by human erythrocyte
pyruvate kinase are complex. The plot of initial rate against
phosphoenolpyruvate concentration is sigmoid in the usual assay
system using Mgt (76). When plotted in the form of a Hill plot as
described in Experimental, a straight line is obtained with a slope
of approximately 2 (fig. 2). Varying the ADP concentration displaces
the line, but does not alter the slope. Figure 2 illustrates this
phenomenon at a Mg++ concentration of lBﬁM. Other experiments haven
shown an identical effect at 1.6mM magnesium. TFigure 3 shows that
FDP activates the magnesium containing system, as has been reported
(76). |

In contrast to the results using Mg++ as the divalent cation,
figure 4 illustrates the results using Mn**. A straight line with
an approximate slope of 1 is obtained in the Hill plot, and the
velocity profile with PEP is hyperbolic compared to the sigmoid profile
in the presence of Mgt* (fig. 3). Figure 3 also demonstrates that FDP
has no effect on the manganese-activated system.

It was suggested by Melchior (84,85), and Reynard et al. (17) that
the true substrate of the pyruvaté kinase reaction is the metal chelate
of ADP. 1In figure‘3 the concentrations of ADP and Mg't, and of ADP and

Mnt* were chosen so that the. concentrations of MgADP and MnADP were
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Figure 2

Order with respect to PEP of the reaction catalyzed by human
erythrocyte pyruvate kinase. Reaction mixtures contained 8 '
mM TEA buffer, pH 7.46; 75 mM KCl; 16 mM MgSOy; enzyme(I);

and PEP and ADP at the concentrations iﬁdicated. The abscissa

is plotted as total PEP.
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Figure 3

Dependence of the rate of the human erythrécyte pyruvate kinase
reaction on the concentration of total PEP. Reaction mixtures
contained 8 mM TEA buffer, pH 7.463; 75 mM KCl; 0.3 mM ADP;
enzyme(IIl); and PEP at the concentrations indicated. (&) 1.6
mM MgSOy; (®) 1.6 mM MgSOy and 1.0 mM FDP; (A) O.4 mM MnClo;

(4) 0.4 mM MnClo and 1.0 mM FDP.
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Figure 4

Order with respect to PEP of the reaction dafalyzed by human
erythrocyte pyruvate kinase. Reaction mixtures contained 8

mM TEA buffer, pH 7.46; 75 mM KCl; 0.4 mM MnClo; 0.3 mM ADPj
enzyme(II); and PEP at the concentrations indicated. The

abscissa is plotted as total PEP.
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approximately equal to each other at each value of PEP. The cubic
equation described in Experimental and the formation constants listed
in Table 2 were used to estimate the metal-ADP concentrations. The
results show that the concentration of metal-ADP chelate is not the
only factor which governs the rate of human erythrocyte pyruvate
kinase, since the only difference in these studies is the type and
amount of divalent cation present. Each divalent metal appears to
have a qﬁalitatively different effect on the catalytic mechanism.
Subsequent results will help to define this difference.

The results illustrated in figures 5 and 6 show the pyruvate
kinase reaction to be effectively first order with respect to metal-
ADP at fixed saturating levels of Mg** or Mn'*. In figures 7 and 8
ADP is held constant and Mgtt and Mn*t, respectively, are rate-limiting.
Plots of both free metal and metal-ADP chelate concentrations show Hill
coefficients greater than 1 but less than 2. Cooperative effects, as
measured by Hill plots, appear greater with free Mn*t and MnADP than
with free Mg*t and MgADP. These data indicate that the divalent cation,
either free or chelated to ADP, is essential to any cooperative inter-
actions which occur during binding of the metal and nucleotide.

Figure 8 illustrates one anomalous finding: the Hill plot for
MnADP shifts sharply from a slope of 1.8 to a slope of 5. Although
no clear interpretation of this phenomenon is available, Ling (128)
has suggested that such shifts in slope of log-log plots may be due to
specific changes in the adsorption of small molecules to proteins.

Figure 9 illustrates the order with respect to free ATP, a known
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Figure 5

Order with respect to MgADP and total ADP of the reaction catalyzed
by human erythrocyte pyruvate kinase. Reaction mixtures contained
8 mM TEA buffer, pH 7.46; 75 mM KC1l; 16 mM MgSOy; enzyme(I); and
PEP, ADP (total) and MgADP at the concentrations indicated. The
upper abscissa is expressed as total ADP and corresponds to the
filled circles and triangles. The lower abscissa is expressed as
MgADP and corresponds to the open circles. Concentrations of MgADP
were estimated by solution of the cubic equation described in

Experimental using the stability constants reported in Table 2.
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Figuré 6

Order with respect to MnADP of the reaction catalyzed by human
erythrocyte pyruvate kinase. Reaction mixtures contained é mM
TEA buffer, pH 7.4€; 75 mM KCl; 32 mM MnClp; 0.125 mM PEP;
ehzyme(II); and ADP (as MnADP) at the concentrations indicated.
Concentrations of MnADP were estimated by solution of the cubic
equation described in Experimental ﬁsing the stability constants

reported in Table 2.
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Figure 7

Order with respect to free Mg*t' and MgADP of the reaction catalyzed
by human erythrocyte pyruvate kinase. Readtion mixtures contained
8 mM TEA buffer, pH 7.46; 75 nM KCl; 0.125 mM PEP and ADP;
enzyme(I); and free Mg**t and MgADP at the concentrations indicated.
Concentrations of free Mgt and MgADP were estimated by solution

of the cubic equation described in Experimental using the stability

constants reported in Table 2,
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Figure 8

Order with respect to free Mn'tt and MnADP of the reaction
catalyzed by human erythrocyte pyruvate kinase. Reaction
mixtures contained 8 mM TEA buffer, pH 7.46; 75 mM KCl;
0.125 mM PEP and ADP; enzyme(I); and free Mn™* and MnADP
at the concentrations indicated. Concentrations of free
Mnt*t and MnADP were estimated by solution of the cubic
equation described in Experimental using the stability

constants reported in Table 2.
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Figure 9

Order with respect to free ATP of the reaction catalyzed by
human erythrocyte pyruvate kinase. Reaction mixtures contained
32 md TEA buffer, pH 7.46; 75 mM KCl; 1.6 mM MgSOy; 0.375 mM
PEP; 0.125 mM ADP; enzyme(II); and free ATP at the concentra-
tions indicated. Concentrations of free ATP were estimated

by solution of the cubic equation described in Experimental.
ATP and ADP were used as the two ligands in the equation using
the stability constants reported in Table 2. PEP was assumed

to have a negligible effect in complexing Mg*tt.
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positive effector of erythrocyte pyruvate kinase (106). An initial
positive slope approaching 1 is followed by an inflection and a
negative slope with a value of n approaching 2 as the concentration
of ATP is increased. Similar results were noted with the effector,
FDP, by Koler and Vanbellinghen (76). It should be pointed out that
plotting ATP as total ATP gives a plot similar to figure 9, with
only slight variations in the designated slopes., The observations
that maximum values of n from Hill plots with PEP (fig. 2), and ATP
(fig. 9) approach 2 supports the concept of two catalytic sites on
the pyruvate kinase molecule (17,61,76). Furthermore, these are
consistent with the interpretation of Hill plot data presented by
Atkinson et al. (124), from studies on yeast isocitrate dehydrogenase,
and by Taketa and Pogell (129), from studies on rat liver fructose
diphosphatase.

In summary, Hill plots reveal that two kinds of n values are
found with human erythrocyte pyruvate kinase: n=1.0, and 1l<n<2.
These vary with the divalent cation, and the ligand being studied
(substrate or effector). No n value exceeds 2, except with ATP, where
cation becomes limiting at high coﬁcentrations of this effector. Table
3 summarizes the Hill plot data. The sum of all the substrate n values
in each column are quite similar (5.3 and 5.7). This indicates that
the total order of reaction should be about the same in both the
magnesium- and manganese-activated systems, if the contribution of
enzyme is the same in each. Since the summations are redundant in

terms of the metal and ADP contributions, the absolute values cannot
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Table 3

valent cation activators on the Hill
(n-values) for the substrates and effectors

erythrocyte pyruvate kinase reaction.

Substrate Divalent Cation (Mtt)
Contributing
to Order Mg Mn
(PEP) free = 2.0 = 1,0
(ADP-MtT) =~ 1.0 = 1,0
(limiting ADP)
(App-Mtt) =5 = 1,8
(limiting metal)
(Mtt) free = P = 1.5
sum 5.7 D8
effector Mgt+ Mntt
ATP (activation) = 1.0 none
(inhibition) £ 9.8 -
FDP (activation) = 1,0 (ref. 76) none
(inhibition) = 2,0 (pef. 76) -




53

be used as a prediction of the order. However, assuming no ligand
contributes more than 2.0 to the total order, there appear to be
five potential contributors to the total order: 1) enzyme; 2) metal-
ADP; 3) PEP; 4) free metal; and 5) an interaction term, which is
dependent on the specific divalent cation used.

B. Over-all kinetic order of reaction.

For most enzymic reactions it is impossible to observe an
over-all kinetic order because various sequential steps (e.g. ordered
or ping pong mechanisms) cannot all simultaneously be rate-limiting.
As pointed out by Atkinson et al. (124), if the velocity of an
enzymatic reaction is proportional to the’coﬁcentration of one
specific enzyme-substrate complex, and if this complex is virtually
at equilibrium with the free enzyme and free substrates, it follows
that at sufficiently low concentrations of all substrates the reaction
order should reflect the total number (n) of components in the rate-
determining complex. The mechanism of the rabbit muscle pyruvate
kinase reaction generally has been assumed to be rapid equilibrium
randem (17). Previous data (74) on the human erythrocyte enzyme are
consistent with this proposal although the authors interpreted the
data as representing a strictly 'ordered'" mechanism, which has also
been deduced for yeast enzyme by Mildvan et al. (88).

At sufficiently low concentrations of all components in the
reaction, and assuming that free enzyme is virtually identical with
the total enzyme concentration, simple dilution of the pyruvate

kinase reaction mixture should produce a fifth order decrease in rate
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with Mgt* as the divalent cation. Making only enzyme and PEP rate-
limiting should produce a third order decrease in rate in the magnesium-
activated system. These predictions are confirmed in figure 10. When
concentrations are such as to give a reaction velocity about 1% of Vm,
the over-all kinetic order for pyruvate kinase is approximately 5,

and the order for PEP (and enzyme) is 3.

Figqre 11 illustrates the kinetic order for PEP and enzyme at two
differené concentrations of Mg*tt. Similar slopes were obtained with
both 1.6mM and 16mM MgSOy. Later experiments utilize these concentra-
tions of Mgttt extensively, and the kinetic differences between systems
containing either 1.6mM MgSOy or 16mM MgSOy can be assumed to be
independent of changes in the kingtic order of the reaction.

Replacing Mgtt by Mn?t produces an identical total order (n=5),
but the order with respect to PEP and enzyme is reduced from three
(with Mg*t) to two (fig. 12). The total ordér with respect to PEP
and enzyme in‘the manganese-activated system is consistent with the
Hill plot data of figure 3, which demonstrates a first order rate
dependence on PEP in the manganese-activated system. Assuming enzyme
is first order in both cation—aﬁtivated systems and PEP contributes 1
to the total order in the Mntt assay and 2 in the Mg*t assay, but the
total orders are approximately the same for both cation-activated
systems, the increment due to PEP in the Mg*? system must be compen-
sated for in the Mn*t system by free metal, ADP or the metal-ADP
chelate. A more thorough probe of divalent cation effects has helped

to distinguish among these possibilities.
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Figure 10

(®) Dependence of the rate of the human erythrocyte pyruvate
kinase reaction on the overall concentration of the reaction
mixture using Mg?t as the divalent cation. Reaction mixtures
contained volumes of 8 mM TEA buffer, pH 7.46 and 75 mM KC1l as
indicated on the abscissa plus 0.125 umole PEP; 0.125 pmole

ADP; 0.1 uymole MgSOy; and 20 uliters enzyme(I). (©) Dependence
of the rate on the concentration of PEP. Conditions were the
same as above except that ADP and Mgtt were increased to satur-
ating levels of 1.0 umole and 1.6 umoles, respectively. Lines

were drawn according to the reasoning of Atkinson et al. (124).
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Figure 11

Dependence of the rate of the human erythrddyte pyruvate kinase
reaction on the concentrations of substrates ADP and PEP.
Reaction mixtures contained volumes of 8 mM TEA buffer, pH 7.46
and 75 mM KC1 as indicated on the absciésa plus 0,125 umole PEP
and ADP; 20 pliters enzyme(I); and Mg*t at the qoncentrations

indicated.
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Figure 12

(4) Dependence of the rate of the human erythrocyte pyruvate
kinase reaction on the overall concentration of the reaction
mixture using Mntt as the divalent cation. Reaction mixtures
contained volumes of 8 mM TEA buffer, pH 7.46 and 75 mM KC1 as
indicated on the abscissa plus 0.125 umole PEP; 0.125 umole ADP;
0.02 pumole MnClg; and 20 uliters enzyme(II). (®) Dependence of
the rate on the concentration of PEP. Conditions were the same
as above except that ADP and Mnélg were increased to saturating

levels of 1.0 umole and 4.0 umoles, respectively.
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C. Divalent cation effects.

As was reported in 1934 (1), pyruvate kinase requires a
divalent metal such as Mg** for activation. Figure 13 shows double
reciprocal plots for free Mgtt and free Mn*t, respectively. The
extrapolated values for the tichaelis constants indicate that Mnt*t
has an affinity for the enzyme about five times that of Mgtt. The
values are very similar to those reported by Mildvan and Cohn (61),
who used épin resonance techniques to probe the direct interaction
between free metal and rabbit muscle enzyme. They are also fair
approximations to the chelation constants of Mgtt and Mntt for ADP,
and therefore it has been argued that binding is limited by the
ability to form metal-nucleotide chelates, which then function as
the true substrates (17,85,R7).

Results with magnesium. Further kinetic studies were performed

to discriminate between these two possibilities. Figure 14 illus-
trates a double reciprocal plot of free ADP and velocity at several
fixed concentrations of Mg*t. The lines, fitted by a least squares
estimation, demonstrate a "mixed" type of inhibition. The slopes and
intercepts from figure 14 were feplotted against the reciprocal of the
free Mgtt concentration, as illustrated in figure 15. The intercept
replot clearly intersects the ordinate above the origin. The slope
replot is more complicated. A straight line drawn through the points
can intersect at the origin, but the points appear to be fitted more
precisely by a parabola which intersects the ordinate above the origin.

According to Cleland (130), and Heyde and Morrison (131), this evidence
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Figure 13

Lineweaver-Burk plot of the effects of free Mg*t and free Mntt
on the velocity of the reaction catalyzed by human erythrocyte
pyruvate kinase. The reaction mixtures contained 8 mM TEA
buffer, pH 7.46; 75 mM KCl; O.4 mM PEP; 0.25 mM ADP; enzyme(I);
and free Mg*t (top) or free Mn't (bottom) at the concentrations
indicated. Concentrations of free Mg*t and free Mntt were
estimated by solution of the cubic equation described in

Experimental using the stability constants reported in Table 2.
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Figure 14

Lineweaver-Burk plot of free ADP concentration against initial
velocity of human erythrocyte pyruvate kinase at varying levels
of Mgtt. Reaction mixtures contained 8 mM TEA buffer, pH 7.u6;
75 mM KClj; 1.0 mM PEP (saturating); enzyme(I); and free ADP and
Mg*tt at the concentrations indicated. Concentrations of free

ADP were estimated by solution of the cubic equation described

in Experimental using the stability constants reported in Table 2.
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Figure 15

Secondary plots of intercepts and slopes against the reciprocal
of free Mgttt for the data presented in figure 14. Concentra-
tions of free Mg*t were estimated by solution of the cubic
equation described in Experimental using the stability constants

reported in Table 2.
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argues in favor of the presence of a significant concentration of
enzyme-magnesium in the pyruvate kinase reaction. This interpreta-
tion supports the evidence of Mildvan and Cohn (61,86) and Mildvan et
al. (88), that free divalent cation can interact with the enzyme
independent of the nucleotide. It is possible, however, that E-
magnesium could be derived from an E-Mg-ADP-PEP complex by dissoci-
ation of_the substrates, and, therefore, be a side product of
catalysis’(lBI).

It has been postulated that Mg*t participates in the reaction as
its nucleotide salt (17,85,87). Other investigators have shown that
the divalent metals can interact directly with the enzyme protein
without being chelated to nucleotide (61,86,88). Figure 16 represents
a velocity‘profile with the substrate ADP at several fixed concentra-
tions of Mg*t. No inhibition by excess ADP is observed, even when
total ADP is increased to twelve times the total Mgt concentration
but, at very high levels of Mgtt, siight inhibition is apparent at low
concentrations of ADP, A similar profile was found by Melchior (fig.
8, ref. 85) for the rabbit muscle enzyme.

Figure 17 illustrates velocity profiles for erythrocyte pyruvate
kinase plotted as MgADP aﬁd free ADP. The reaction velocity shows a
common dependence on the calculated concentration of MgADP, but not
on that of uncomplexed ADP. Plotting the data with calculated free
Mg*t as the variable substrate also shows no relationship to the observed

reaction velocities.
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Figure 16

Dependence of the rate of the human erythrocyte pyruvate kinase
reaction on total ADP concentration at four concentrations of
total Mgtt. Reaction mixtures contained 8 mM TEA buffer, pH
7.46; 75 mM KCl; 0.5 mM PEP; enzyme(I); and Mg*t and ADP at the

concentrations indicated.
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Figure 17

Dependence of the rate of the human erythrocyte pyruvate kinase
reaction on the calculated concentrations of free ADP and MgADP,
Reaction mixtures contained 8 mM TEA buffer, pH 7.46; 75 mM KCl;
0.5 mM PEP; and enzyme(I). Increasing amounts of ADP were added
to 0.1 mM, 0.4 mM and 8 mM MgSOy. Concentrations of free Mgtt
and MgADP were estimated by solution of the cubic equation
described in Experimental using the stability constants reported

in Table 2.
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Figure 18 demonstrates a common dependence of the rate on the
calculated concentration of free PEP, but not on that of MgPEP.
Furthermore, the rates of catalysis shown in figure 11 exhibit no
common dependence on the concentrations of uncomplexed Mgtt. 1In
the magnesium-activated system, therefore, it appears as though the
preferred substrates are free PEP and MgADP. The Hill plots for
these two ligands (figs. 2 and 7) indicate that both may interact
with ery%hrocyte pyruvate kinase in a cooperative fashion, whereas
free Mgtt has an extremely weak effect. Furthermore, over-all
kinetic order is consistent with two molecules of PEP and two com-
plexes of MgADP interacting with the enzyme.

Results with manganese. It was noted previously that Mn*t and

Mgtt appear to have qualitatively different effects on human erythro-
cyte pyruvate kinase. TFigure 19 is a velocity profile with ADP at
several fixed concentrations of Mn't. Comparison with the profile
using Mgtt (fig. 16) points up two major differences. First, at low
concentrations of total Mntt, the velocity profile is biphasic, with
inhibition occurring at high concentrations of ADP. Second, satur-
ating levels of Mn't cause a marked inhibition as compared to Mgtt

at lower concentrations of ADP, but also prevent inhibition at higher
ADP concentrations. Figure 20 demonstrates that the reaction
velocity has an apparent common dependence on the calculated concen-
tration of MnADP, similar to the dependence on MgADP. Figure 20 also
indicates that the reaction velocity may be dependent on free Mntt

as well as on MnADP. Further experiments are required to confirm this
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Figure 18

Dependence of the rate of the human erythrocyte pyruvate kinase

reaction
Reaction
0.125 mM
added to
free PEP
equation

reported

on the calculated concentrations of free PEP and MgPEP.
mixtures qontained 8 mM TEA buffer pll 7.46; 75 mM KC1;
ADP; and enzyme(I). Increasing amounts of PEP were
either 1.6 mM MgSOy or 16 mM MgSOy. Concentrations of
and MgPLP were estimated by solution of the cubic
described in Experimental using the stability constants

in Table 2.
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Figure 19

Dependence of the rate of the human erythrocyte pyruvate kinase
reaction on total ADP concentration at four concentrations of
total Mn*t. Reaction mixtures contained 8 mM TEA buffer, pH
7.46; 75 mM KCl; 0.5 mM PEP; enzyme(I); and Mnt% and ADP at the

concentrations indicated.



Mn

1.0 mM

32 mM

v /o34 sejowrd

.5

1.0

0.5

0.125

(ADP) total mM



78

Figure 20

Dependence of the rate of the human erythrocyte pyruvate kinase
reaction on the calculated concentrations of free Mntt and MnADP.
Reaction mixtures contained 8 mM TEA buffer, pH 7.46; 75 mM KC1;
0.5 mM PEP and enzyme(I). Increasing amounts of ADP were added
to 0.02 mM, 0.1 mM and 1.0 mM MnClp. Concentrations of free
Mntt and MnADP were estimated by solution of the cubic equation

described in Experimental using the stability constants reported

in Table 2.
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preliminary data, and to substantiate the dependence on free Mnt*t.
The drop-off of points in the lower part of figure 20 is apparently
due to limiting concentrations of the divalent cation, Mntt. At
low levels of total Mn*t, increasing the ADP concentration will tie
up larger and larger amounts of manganese; free Mn*t concentration
will decrease, and consequently the velocity will decrease. Satur-
ating levels of Mntt will prevent inhibition at high ADP concentra-
tion.

An alternative explanation for the ADP, Mn*t profile is that both
free ADP and free Mn*t in excess of the catalytically preferred MnADP,
inhibit the enzyme by forming E-ADP and E-manganese complexes. Why
free ADP would inhibit theAmanganese—activated system but not the
magnesium-activated system is the major difficulty with this alter-
native., However, if Mg't and Mn**t each participated in the catalytic
reaction in a unique way, as postulated to explain the Hill plot and
reaction order data, many differences in catalysis between the two
cation-activated systems can be envisaged.

The effect of replacing Mgt by Mnt? has not been examined in
sufficient detail to warrant a comparative analysis of the divalent
cation-PEP relationship to catalysis.

Discussion of cation effects. Wold and Ballou (132) compared the

activating effects of Mg*t and Mn** on the enzyme enolase., They
found significant differences between the metals in the maximum rate
and minimum concentration necessary for catalysis, and noted that Mg*t

[¢]
and Mntt differ in two important ways: ionic radius (Mg*t, 0.78 A;
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Mntt, 0.62 &) and electronegativity (Mntt > Mg**). Kayne and Reuben
(133) recently demonstrated the importance of a third difference
between Mgtt and Mntt. Manganese is paramagnetic due to one unpaired
electron, whereas Mg't is diamagnetic. These authors presented
evidence which strongly suggests that bound monovalent cation under-
goes dipolar interactions with the unpaired electron spin of Mn*t.
All three differences between divalent cations could affect the
catalysié of the pyruvate kinase reaction. Studies on the "fluoro-
kinase' (10,11) and "hydroxylamine kinase" (11,12,58,83) reactions
indicate that slight differences in the properties of various divalent
cations, e.g. electronegativity, have profound effects on the nature
of the reaction catalyzed by rabbit muscle pyruvate kinase. "Hydroxyl-
amine kinase' activity requires divalent metals in the decreasing order
éf effectiveness: Zntt > Cott > Mntt, and no activity with Mgtt,
"Fluorokinase' activity requires Mntt or Mg*tt, but is inactive with
Zn*tt. Pyruvate kinase activity is absent in the presence of Zntt or
Cott. Cottam (83) has reported that rabbit muscle pyruvate kinase is
capable of ATPase activity in the presence of “ntt and Mn*t, but not
Mg++.

The available experimental evidence, therefore, does not permit
the assignment of a purely chelating role to divalent metal ions in
the pyruvate kinase reaction. The fact that Mgt* forms weaker nucleo-
tide complexes than Mntt, but is apparently more active catalytically
(fig. 3) seems inconsistent with such a role. Dwyer (134) has postulated

that a divalent cation exercises a supplementary polarizing influence
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during the catalytic process. This effect can be mediated in a variety
of ways. It may induce a favorable conformation of the enzyme, either
by direct interaction, or as a chelate with the substrate. It could
provide for electronic distortion of the substrate(s) by acting in
conjunction with polar centers on the enzyme, or it may function solely
to facilitate the bond making or bond breaking steps in the phosphoryl
transfer reaction. Clearly, each metal ion can exert its own unique
effect on catalysis, and this effect may be manifest in the presence

or absence of chelated substrate.

Mildvan et al. (88) have proposed that the binding site for PEP on
pyruvate kinase operationally may consist of two subsites. One sub-
site binds the carboxylate moiety and the other binds the phosphoryl
group. The distance between these two sites is critical for the bind-
ing of PEP. Metal ion may have an important effect on adjusting this
distance by its interaction with the phosphoryl group. Furthermore,
the homotropic binding of the first mole of PEP to the erythrocyte
enzyme may optimize the distance between subsites at the opposite
catalytic center, and thereby facilitate the binding of the second
mole of PEP. The difference between Hill plot slopes for PEP in the
Mg*t (na2) and Mntt (n=1) systems could be interpreted as evidence
that Mn** is capable of a favorable adjustment of the distance between
subsites at any given catalytic center, whereas Mg*t is not.

As mentioned previously, PEP Hill plots in the presence of Mnt*t
give values of one, a result similar to FDP activated pyruvate

kinase. These results may indicate that Mn*t mimics the FDP effect



83

(or vice versa) by inducing the same change in enzyme-substrate con-
formation. Such an effect could result from binding of Mn*t and FDP
at or near the catalytic center. Indirect evidence supporting this
postulate has been presented by Kuczenski and Suelter (73) who found
that FDP activates yeast pyruvate kinase in the presence of divalent
metal, but causes an inactivation when metal was absent. They found
that two moles of FDP bind per mole of enzyme. It seems unlikely
that two distinet types of sites exist on the enzyme for FDP, one
promoting activation and one promoting inactivation. It is probable
that FDP and divalent cation bind together to activate the enzyme,
but, when metal is absent, the enzyme-FDP conformation is unstable.
Since the critical site for divalent metal binding is the catalytic
site, it is reascnable to postulate that FDP and divalent metal
effects are mediated at this locus. Kinetic evidence to be presented
in a later section indicates that FDP may be a competitive inhibitor
with respect to PEP in the erythrocyte pyruvate kinase reaction.
Although the kinetics may be considerably more complicated, the results
are consistent with the hypothesis that Mntt and FDP induce similar
changes in the enzyme.

In summary, initial velocity studies on human erythrocyte pyruvate
kinase have shown that the divalent metal activator is a critical factor
in determining the catalytic and regulatory properties of this enzyme.
The data indicate that the reaction shows a dependence on the concen-
tration of metal-ADP chelate present in the system. The manganese-

activated system may also be dependent on free Mn**. The effects of
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each metal evidently can be manifested when the metal is bound to
nucleotide. The question then arises as to the role that nucleotides
may play in the catalytic and regulatory mechanism.

D. Nucleotide interactions.

Reynard et al. (17) first reported that ATP was a competitive
inhibitor of both PEP and ADP for the rabbit muscle pyruvate kinase
reaction. Wood (90) suggested an alternative explanation by arguing
that ATP inhibition depends on the level of free Mgttt in the medium,
and that high concentrations of ATP, by chelating a large percentage
of the free Mg*t, would reduce the concentration of MgADP and activity.
He used saturating Mg?t which appeared to abolish ATP inhibition.
Boyer (91), however, using a Mgt* buffer system to maintain free Mg*t*,
reconfirmed the original interpretation (17) that ATP inhibits the
pyruvate kinase reaction by competing with both substrates. Recently,
Holmsen and Storm (92) reexamined the ATP and Mg*t relationship to
inhibition of the rabbit muscle enzyme. They found that ATP and EDTA
had similar inhibitory effects when Mg*t was the variable, and inter-
preted this to mean that the ATP inhibition was due to a chelation
phenomenon. However, these authors did not investigate the possiﬁility
that EDTA or ATP may have a direct effect on the enzyme.

Tietz and Ochoa (10) reported a broad specificity for the nucleo-
side diphosphate substrate in the pyruvate kinase catalyzed reaction.
Davidson (80) questioned this by showing that rates obtained with
pyrimidine nucleoside diphosphates resulted from contamination of

rabbit muscle pyruvate kinase with nucleoside diphosphokinase and adenosine
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phosphates, and that only purine nucleoside diphosphates functioned
as substrates for the reaction.

Figure 21 illustrates the effects of various nucleoside triphos-
phates on the velocity of the human erythrocyte enzyme using'a low
(ﬁon-saturating) concentration of ADP and 1.6mM Mg¥t., Both purine
nucleotides, ATP and GTP activate‘the reaction in a non-competitive
manner. EDTA alse strongly activates the reaction. The pyrimidine
triphosphate, CTP, appears to have no effect on the reaction velocity.
Other experiments have shown that, like CTP, the pyrimidine triphos-
phate, UTP, has no effect on the reaction. A tenfold increase in the
concentration of Mgtt (fig. 22) results in activation effects which
are qualitatively the same, but the magnitude of the activation is
substantially reduced.

There are three main possibilities which can account for the
activation by ATP and GTP:

1) The nucleoside triphosphate solutions may be contaminated
with ADP. Control studies (see Experimental) demonstrated
only 1-3% ADP contamination of the triphosphate solutions.
This would amount to less than ten micromoles of ADP, or an
increment of less than one-tenth the concentration of ADP in
the actual reaction.

2) As suggested by Wood, the triphosphate portion of the nucleo-
tide may chelate significant amounts of divalent metal and
this relieves a non-competitive inhibitory effect of free

metal. This possibility seems unlikely since all of the
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Figure 21

Veloeity profiles with PEP for human erythrocyte pyruvate kinase
in the presence and absence of several effectors. All reaction
mixtures contained 8 mM TEA buffer, pH 7.46; 75 mM KCl; 1.6 mM
MgSOy; 0.125 mM ADP; enzyme(II); and PEP and effector at the

concentrations indicated.
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Figure 22

Velocity profiles with PEP for human erythrocvte pyruvate kinase
in the presence and absence of several effectors. All reaction
mixtures contained 8 mM TEA buffer, pH 7.46; 75 mM KC1; 16 mM
MgSOy; 0.125 mM ADP; enzyme(II); and PEP and effector at the

concentrations indicated.
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nucleoside triphosphates have approximately the same affinities
for Mgtt (or Mnt*). If chelation were the major factor in the
activation phenomenon it would be expected that all of the
nucleoside triphosphates, pyrimidines as well as purines would
affect the reaction in a similar manner. Furthermore,
activation is observed even at 16mM MgSOy. The presence of
0.1mM or 0.3mM nucleoside triphosphate would be able to chelate
less than 2% of the cation present, which is a relatively in-
significant amount.

3) A specific binding locus may exist for the purine nucleoside

moiety.

The evidence presented in figures 21 and 22 would, therefore, appear
to indicate that the purine nucleoside triphosphates have a specific
effect on the enzyme protein, and that the purine moiety is the critical
factor in the activation phenomenon. Figure 23 shows that AMP and
3',5'-(cyclic) AMP have similar activating effects and that this acti-
vation is magnesium-dependent. Since neither AMP nor cAMP have apprec-
iable affinity for Mgtt, it suggests that the nucleotide must interact
directly with the enzyme. The reduced activation at high Mgtt may be
due to the effects of Mg++ on the enzyme - nucleotide interaction.
Neither AMP nor cAMP were assayed for contaminating ATP.

The activating effect of EDTA is similar to that observed with the
purine nucleotides. Contamination and chelation of added divalent
metal can both be ruled out by data and reasoning similar to that pre-
sented for purine nucleotides. One other possibility is that native

pyruvate kinase has inhibitory trace metals which are removed by the
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Figure 23

Velocity profiles with PEP for human erythrouyte pyruvate kinase
in the presence and absence of either AMP or 3',5' (cyclic) AMP.
All reaction mixtures contained 8 mM TEA buffer, pH 7.u46; 75 mM

KCl; 1.6 mM MgSOy; 0.125 mM ADP; enzyme(II) and PEP and effector

at the concentrations indicated.
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strong binding affinity of EDTA., This seems unlikely because the
concentrations of EDTA necessary for activation were approximately
two orders of magnitude greater than the estimated concentration of
enzyme, which would mean that inhibitory metal must be bound -very
tightly. Should trace metals be bound tightly, it is reasonable to
assume that they are present in the in vivo state. Furthermore, the
removal of tightly bound metal could also be used to explain the ATP
and GTP activations but the observed effects of AMP and cAMP would
be inconsistent with this hypothesis.

Activation of pyruvate kinase by ATP was first observed by Haeckel
et al. (107), using a yeast preparation. Figure 8 of that paper
demonstrates that certain ratios of Mg*t to ATP concentrations result
in activation of the enzyme. This data is similar in form to that
collected by Holmsen and Storm (92) for their studies on ATP inhibition.
Furthermore, it substantiates the data presented in figures 21 and 22
showing a dependence of the activation phenomenon on the Mgt* concen-
tration. Figure 24 shows that ATP activation is also dependent on the
PEP concentration. At low PEP concentrations, ATP inhibits the reaction
but as the level of PEP is increased, ATP increases the maximum wvelo-
city, Vm, with apparently little effect on the Km for PEP. As seen in
figure 9, ATP activation reaches a peak at a certain concentration
(depending on the concentrations of PEP, ADP and Mg*'t) and further in-
crease in ATP leads to the inhibition previously discu Sl Py R

Haeckel et al. (107) interpreted the ATP activation .henomenon as

a minimum ATP requirement for the maintenance of the active conformation
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Figure 24

Velocity profiles with PEP for human erythrocyte pyruvate kinase
in the presence and absence of the effector, ATP. All reaction
mixtures contained 8 mM TEA buffer, pH 7.46; 75 mM KC1l; 1.6 mM

MgSOy; 0.125 mM ADP; enzyme(II); and PEP and ATP at the concen-

trations indicated.
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state of the yeast enzyme. Since both the yeast and human erythrocyte
enzymes are activated by FDP and are generally considered to be
different from other mammalian isozymes, it was of interest to see if
ATP activation was also a property of the human and rabbit skeletal
muscle enzymes which previously have been thought to obey classical
Michaelis-Menten kinetics (17,74). Preliminary evidence indicates
that EDTA, ATP, GTP, CTP and UTP affect the rabbit muscle and human
skeletal muscle species of pyruvate kinase in a qualitatively identical
fashion to that observed for the human erythrocyte enzyme. Figure 25
illustrates this relationship for the human skeletal muscle pyruvate
kinase. A Mgt concentration of 1.6mM was generally optimal for ob-
serving these effects. The major difference between the muscle forms
of pyruvate kinase and the erythrocyte form is the velocity response
to FDP. A comparison of figures 3 and 25 demonstrates the difference.
FDP affects the Km for the erythrocyte enzyme, whereas it appears to
alter only the maximum velocity, Vm, of the muscle enzymes.

Campos et al. (74) studied the kinetics of PEP and ADP binding to
the erythrocyte enzyme. The results showed that both the maximum
velocity, Vm, and the Km changed when PEP was varied at several fixed
concentrations of ADP. Generally, as the concentration of the constant
substrate was increased, the Vm and Km both increasgd. The data are
consistent with a rapid equilibrium random mechanism in which binding
of one substrate hinders binding of the second. Analogous effects on
the kinetic parameters are observed in figures 21 and 24 for activation

by ATP and GTP when ADP and Mg*t are non-saturating, although changes
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Figure 25

Velocity profiles with PEP for human skeletal muscle pyruvate
kinase in the presence and absence of added effectors. All
reaction mixtures contained 8 mM TEA buffer, pH 7.46; 75 mM KCl;
1.6 mM MgSOy; 0.125 mM ADP; enzyme(II); and PEP and effectors

at the concentrations indicated.
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in Km are very small. The only difference is that the triphosphates
inhibit at very low PEP concentrations. Reexamination of the data

from which figure 2 [as published by Campos et al. (74)] was drawn
(135) reveals that the data could possibly be best fitted to ‘a parabola
rather than a straight line. This would allow for the sigmoid velocity
profiles observed in figures 21 and 24. The similarity between these
two sets of data allows one to postulate that ATP may bind to one ADP
locus in place of MgADP and promote the binding of Mg, ADP or MgADP
at a different catalytic site. The inhibition by ATP and low PEFP

(fig. 24) could simply be due to interference with PEP binding, and
hence the ability of PEP to exert its homotropic effect. This argu-
ment seems plausible in view of the model proposed by Boyer (21) for
the rabbit muscle pyruvate kinase in which there is a common locus for
the y-phosphoryl group of ATP and the phosphoryl group of PEP.
Occupancy of this site by ATP may allow for activation, whereas
occupancy by PEP may be responsible for its homotropic-cooperative
effect.

Figure 26 is a representation of the activation by different posi-
tive effectors of human erythrocyte pyruvate kinase. The FDP effect
has been discussed previously and elsewhere (76). The activation by
1.0mM cAMP is similar to that for AMP. No initial inhibitory phase is
observed and a small decrease in Km is usually observed. The ATP
effect shows the usual inhibition at low PEP with activation resulting
from increase in the PEP concentration. Since the meonophosphates do

not show inhibition at low PEP, it is intriguing to speculate that the
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Figure 26

Veloéity profiles with PEP for human erythrocyte pyruvate kinase
in the presence and absence of added effectors. All reaction
mixtures contained 8 mM TEA buffer, nH 7.46; 75‘mM KC1l; 1.6 mM
MgSOy; 0.125 mM ADP; enzyme(II); and PEP and effectors at the
concentrations indicated. Concentrations of the added effectors,

FDP and cyclic AMP, were those found to give maximum activation.
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transferable phosphate molety of ATP is responsible for the inhibition
observed at low PEP when ATP is the added effector. This hypothesis
is consistent with the model proposed by Boyer (21). The important
addition to the Boyer model would be the possibility for interactions
between binding sites for the ligands PEP, MgADP and/or ATP.

E. pH Effects.

As pointed out by Bygrave (40), pH may be an important factor
influencing enzyme activity, because the values for the stability
constants of metal ion chelates with adenine nucleotides, proteins and
other substrates depend in large part on the pH of the medium. Figure
27 illustrates the effect of pH on the activation by ATP and FDP of
human erythrocyte pyruvate kinase. Activation by FDP generally appears
to be independent of pH over the entire range studied (5.6 - 8.5),
whereas ATP shows a bell-shaped curve with activation occurring only
in a narrow range between pH 6.8 and 8.0. Below pH 6.8 and above pH
8.0, the presence of ATP results in inhibition. The MgTt concentra-
tion, l.6mM, was that found to give optimal ATP activation at pH
7.46. The magnitude of the ATP activation is dependent on the level
of PEP, as mentioned previously.

Examination of the activation portion of the pH-ATP profile indi-
cates that the maximum activation is achieved between pH 7.4 and 7.6,
which is noteworthy since human erythrocytes in a normal physiological
setting are thought to function in this pH range (136). In view of
the narrow pH range for ATP activation, the pH of each assay solution

was checked following the reaction. At the ATP level used in this
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Figure 27

Ratios of velocities in the presence and absence of added effectors
and their relationship to pH, for human erythrocyte pyruvate kinase.
Reaction mixtures contained 8 mM TEA buffer, pH 7.46; 75 mM TEA
buffer; 1.6 mM MgSOy; 0.125 mM ADP; enzyme(II); and PEP, ATP and

FDP at the concentrations indicated.
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study (0.1mM) virtually no change in pll was observed in either the
control assays or the assays with added ATP.

Several possibilities exist to explain the pH-ATP effects. First,
the pH may affect a critical ligand on the enzyme necessary for ATP
binding. Second, ATP itself may undergo ionization (or protonation)
which alters its affinity for protein. Third, ATP ionization or
protonation may alter its affinity for Mgtt, which in turn may affect
its interaction with the enzyme. The latter seems a very likely
possibility since Phillips (126) has indicated that ATP has a critical
ionization near pH 7.5 which can affect its ability to chelate divalent
cation.

F. Pyruvate and FDP effects.

Mildvan and Cohn (86) reported that pyruvate was a competitive
inhibitor with respect to PEP for the rabbit muscle pyruvate kinase.
Figure 28 (top) shows that pyruvate is competitive with respect to PEP
for the human erythrocyte pyruvate kinase as well. ELarlier work on
the effect of FDP on the binding of PEP gave no clear pattern of in-
hibition (76). The lower part of figure 28, however, indicates that
FDP may also be a competitive inhibitor of PEP. If this proves to be
the case, it would strongly support the model proposed by Koler and
Vanbellinghen (76) in which FDP exerts its modulating effect by bind-
ing to the PEP locus on the enzyme. The idea that both PEP and FDP
could bind to a common locus on erythrocyte pyruvate kinase is con-
sistent by analogy with the work of Kirtley and Dix (137) on rabbit

liver fructose 1,6-diphosphatase. They found that FDPase could
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Figure 28

Lineweaver-Burk plot of total PEP concentration against initial
velocify of human erythrocyte pyruvate kinase at varying levels
of pyruvate (upper) and FDP (lower). Reaction mixtures contain-
ed 8 mM TEA buffer, pH 7.46; 75 mM KC1; 16 mM Mg'T; 0.125 m¥

ADP; enzyme(II); and PEP and ADP at the concentrations indicated.
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catalyze the hydrolysis of PEP as well as FDP and that both hydrolyses
were dependent on the presence of Mn**t or Mg™f. It was also shown
that FDP inhibited PLP hydrolysis. Furthermore, PEP is a negative
effector of phosphofructokinases from pea seed (138) and E. coli (139),
and the negative cooperative effects are dependent on the concentra-
tions of Mg*t and fructose-6-phosphate.
II. Progress Curve Data

The use of complete reaction curves for the characterization of
enzymatic reactions is particularly well suited to reactions which
can be monitored continuously. Human erythrocyte pyruvate kinase in
the absence of added effectors exhibits sigmoid progress curves with
a sméll initial slope followed by a steeper slope. Figure 29 illus-
trates three progress curves at varying Mg** and PEP concentrations.
Divalent cation appears to be an important variable in determining
the degree of sigmoidicity. Saturating levels of magnesium (16m!M)
reduce the sigmoidicity, making it difficult to observe if reactions
are not monitored immediately after addition of enzyme. At lower
levels of Mg*tt (1.6mM) the degree of sigmoidicity is greatly enhanced.
PEP generally does not alter the sigmoidicity, but at saturating Mgtt
concentration and high concentrations of PEP, the slower initial
phase of the reaction is almost totally obscured.

It should be pointed out that sigmoidicity is observed only when
the concentration of ADP is non-saturating. This is true regardless
of the Mgt concentration.

Figure 30 shows that ATP has a distinct effect on the progress
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Figure 29

Progress curves of the reaction catalyzed by human erythrocyte
pyruvate kinase. Optical density changes were recorded at 230
‘mp in matched 0.5 cm quartz cuvettes. Starting points were
arbitrary and were positioned by linear offset control. Reaction
mixtures contained 8 mM TEA buffer, pH 7.46; 75 mM KC1; 0.125 mi
ADP, and identical concentrations of enzyme(I). PEP and mgtt

concentrations were as indicated in the diagram.
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Figure 30

Effects of ATP on the progress curves of the reaction catalyzed
by human erythrocyte pyruvate kinase. Optical density changes
were recorded at 230 mp in matched 0.5 cm quartz cuvettes.
Starting points were arbitrary and were positioned by linear
offset control. Reaction mixtures contained 8 mM TEA buffer,
pH 7.46; 75 mM KC1; 1.6 mM MgSOu; 0.125 mM ADP and PEP, and
jdentical concentrations of enzyme(I). ATP concentrations were

as indicated in the diagram.
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curves of erythrocyte pyruvate kinase. The sigmoidicity is markedly
reduced when ATP is added to a system with low Mg*t. The initial
rates are greater and the sigmoidicity is less in the presence of ATP
at zero time, and this correlates with the ATP activation phenomenon
observed in the initial velocity studies reported in section I of
Results. Addition of FDP also dramatically reduces the sigmoidicity
of the progress curves as seen in figure 31. The reduction in sig-
moidicity is similar to the ATP effect, but the degree of activation
is greater at optimal FDP concentrations than at optimal ATP concen-
trations. Other data indicate that FDP activation increases with in—.
creasing Mgtt concentration. ~These data would imply that FDP and ATP
exert their effects at different loci on the enzyme. GTP mimics the
ATP effect, but neither CTP nor UTP significantly alters the progress
curve sigmoidicity.

Furthermore, FDP does not appear to affect the equilibrium point
of the reaction as measured by total change in optical density. High
éoncentrations of ATP, a prpduct of the reaction, reduce the total
change in optical density. Low concentrations of ATP, however, do not
noticeably reduce the total change in optical density which is reason-
able in view of the apparently large equilibrium constant for the
forward reaction.

The sigmoid progress curves in the absence of added effector and
the change in sigmoidicity upon addition of ATP support the conclusion
that ATP activates erythrocyte pyruvate kinase, and that the acceler-

ation of rate observed when ATP is not added initially is due to the
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Figure 31

Effects of FDP on the progress curves of the reaction catalyzed
by human erythrocyte pyruvate kinase. Optical density changes
were recorded at 230 mup in matched 0.5 cm quartz cuvettes.
Starting points were arbitrary and were positioned by linear
offset control. Reaction mixtures contained 8 mM TEA buffer,
pH 7.46; 75 mM KCl; 1.6 mM MgSOy; 0.125 mM ADP and PEF, and
identical concentrations of enzyme(I). FDP concentrations were

as indicated in the diagram.
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build-up of ATP as the reaction progresses. Further studies at
carefully selected concentrations of PEP and ATP would enable a
more quantitative evaluation of the ATP effect on the reaction rate.

An alternative explanation has been considered. One of the
substrates or cations in the reaction mixture may have a time-
dependent interaction with the enzyme which results in conversion
of the enzyme into a more active state. Rabin (140) has presented
a simple kinetic model based on substrate-induced conformation iso-
merization to account for apparent cooperative effects. Furthermore,
the extensive work conducted on glutamine synthetase from E. coll
(141,142) has shown that catalytically inactive enzyme regains
activity in a time-dependent process following addition of Mntt or
Mgtt. Preliminary incubation of glutamine synthetase with Mgttt or
Mntt eliminates the lag phase associated with activation. Control
studies were conducted with erythrocyte pvruvate kinase to determine
if Mgt*, PEP, ADP or some combination of these ligands may be in-
volved in such a time-dependent reaction. Preincubation studies with
these ligands have revealed that sigmoidicity is not changed. Only
the presence of non-substrate effectors (ATP, GTP, AMP, FDP) or Mat+
(q.v. infra) alters the sigmoidicity.

Figure 32 demonstrates the effect of ¥g*t on the progress curves
of erythrocyte pyruvate kinase. At high Mgtt (16mM) ATP has only a
small effect on the initial rate, whereas at low concentration FDP
strongly activates the reaction.

At low Mgttt (1.6mM), on the other hand, all other conditions
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Figure 32

Effects of Mgt on the progress curves of the reaction catalyzed
by human erythrocyte pyruvate kinase in the vresence and absence
of FDP or ATP. Optical density changes were recorded at 230 mu

in matched 0.5 cm quartz cuvettes. Starting points were arbitrary
and were positioned by linear offset control. Reaction mixtures
contained 8 mM TEA buffer, pH 7.46; 75 mM KCl; 0.125 mM ACP and
PEP, and idenfical concentrations of enzyme(I). FDP, ATP and

Mgtt concentrations were as indicated in the diagram.
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remaining the same, the effects of ATP and FDP are reversed. The
nucleotide has a large effect on the initial portion of the progress
curve, whereas FDP alters it only slightly. These data indicate that
the presence of Mg't may stabilize the binding of FDP or increase

its affinity for the enzyme as discussed on page 83.

Another effect on the progress curve is that mediated by pyruvate.
Figure 33 shows that pyruvate increases progress curve sigmoidicity,
with little or no effect on the maximum velocity. These effects were
most noticeable at high concentrations of Mg**, Pyruvate, therefore,
appears to act in a manner directly opposite to that of ATP, the other
product of the pyruvate kinase reaction.

1. Pyruvate increases sigmoidicity, whereas ATP decreases

sigmoidiecity.

2. Pyruvate shows its major effect of increasing sigmoidicity at

high Mg?t, whereas ATP shows its effect of decreasing sigmoid-
.icity at low Mgtt.
The second point offers another clue to the mechanism, because the
positive effect of FDP also shows a Mg++ dependence. Initial velocity
studies have indicated that both pyruvate and FDP may be competitive
inhibitors with respect to PEP, and therefore may bind to a common
locus on the enzyme.

It was observed in the initial velocity studies that when Mntt
is substituted for Mgtt in the erythrocyte pyruvate kinase reaction
the kinetic properties of the enzyme are dramatically changed (cf

fig. 3). It would be predicted from these observations and the progress
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Figure 33

Effects of pyruvate on the progress curves of the reaction
catalyzed by human erythrocyte pyruvate kinase. Optical density
changes were recorded at 230 mp in matched 0.5 cm quartz cuvettes.
Starting points were arbitrary and were positioned by linecar
offset control. Reaction mixtures contained 8 mM TEA buffer,

pH 7.46; 75 mM KCl; 16 mM MgSOy; 0.125 mM ADP and PEP, and
identical concentrations of enzyme(I). Pyruvate concentrations

were as indicated in the diagram.
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curve data with Mg*t just presented that the manganese-activated
pyruvate kinase reaction should show no progress curve sigmoidicity
in the presence or abscnce of added effectors. The progress curves
in figure 34 are rectangular hyperbolas. The only effect exérted

by ATP and GTP is inhibition, and FDP shows no effect over the con-
centration range which strongly activates the enzyme in the presence
of Mgtt,

Assuﬁing that the sigmoid progress curve 1is the result of ATP
generated during the reaction, the progress curve data is generally
consistent with the initial velocity studies. Four different com-
parisons support this idea:

1. Hill plots for NgADP have a slope of 1.6 at rate-limiting
Mgt*, and 1.0 at saturating Mg*t. This implies that coopera-
tive interactions can take place involving the Mg-ADP locus
at low, but not high Mg'™ concentrations. The proposed homo-
tropic effects of ATP at the ADP locus would then be expected
to be stronger at low Mg¥tt. Progress curve data are consistent
with this interpretation.

2. Initial velocity studiés show that ATP and GTP activate the
enzyme, whereas CTP and UTP do not. Progress curve sigmoid-
icity is reduced by ATP and GTP, but is unaffected by CTP and
UTP, supporting the hypothesis that purine nucleotides have a
specific locus for binding.

3. The FDP activation in initial rate studies is dependent on

Mgtt, The ability of FDP to reduce progress curve sigmoidicity
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Figure 34

Effects of Mn'tt on the progress curves of the reaction catalyzed
by human erythrocyte pyruvate kinase in the presence and absence
of FDP or ATP. Optical density changes were recorded at 230 my

in matched 0.5 cm quartz cuvettes. Starting points were arbitrary
and were positioned by linear offset control. Reaction mixtures
contained 8 mM TEA buffer, pH 7.u46; 75 mM KCl; 0.125 mM ADP and
PEP, and identical concentrations of enzyme(II). FDP, ATP and

Mntt concentrations were as indicated in the diagram.
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is similarly dependent on Mgtt,

4. Initial velocity studies demonstrate that the manganese-
activated reaction is first order with respect to PEP, un-
affected by FDP, and inhibited by ATP. These data are con-
sistent with the non-sigmoid progress curve observed in the
manganese-activated system. Since ATP does not activate in
this system, no acceleration of rate would be expected to
occur during the course of the reaction, and none is observed
experimentally. Similarly, a decrease in rate (i.e., in-
‘hibition by ATP) would be expected, and is observed

experimentally.

Summary. For the magnesium-activated system it appears that the
nucleotide product of the pyruvate kinase reaction, ATP, acts as an
effector of the enzyme. When Mgtt and ADP concentrations are initially
low, the formation of ATP during the reaction causes an increase in
the rate of catalysis. Adenosine-triphosphate evidently exerts its
effect through binding to a locus which is shared with ADP since high
ADP abolishes the ATP effect. Fructose-diphosphate alters the shape
of the progress curve, as does ATP, but apparently exerts its positive
homotropic effect either directly or indirectly on the PEP and Mgt?t
loci. Pyruvate increases sigmoidicity under conditions of high Mgtt,
and apparently acts as a negative effector of the enzyme. When Mnt*
is substituted for Mgt*, no sigmoidicity is observed and ATP and FDP
do not activate the reaction. Concentrations of ATP equivalent to the
7-10% contamination of ADP by ATP noted in Experimental had no effect

on progress curves.
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GENERAL DISCUSSION

In order for a small molecule to modulate enzymatic activity, it
must alter some property of the protein which is directly related to
catalysis. Assuming that human erythrocyte pyruvate kinase (M.W.,
230,000, ref 76) is a multisubunit protein like the rabbit muscle
enzyme (57,59,64,143), several possibilities exist for substrate or
effector. mediated changes in catalytic activity: (a) dissociation,
association or aggregation phenomena; (b) multiple reaction pathways
at a single active site; and (c) subunit interactions.

The ultracentrifuge studies and average molecular weight deter-
minations described previously (76) for erythrocyte pyruvate kinase
in the presence and absence of FDP argue against the first possi-
bility. Sucrose density gradient experiments utilizing either FDP
or ATP likewise showed no gross alteration in molecular weight
following addition of these effectors.® On the basis of these data
association-dissociation phenomena have been ruled out as factors in
modulation of activity.

Some random substrate-enzyme interactions produce non-linear
double reciprocal plots of velocity against substrate concentration
(144-146) and can be misinterpreted as evidence of allosteric or
regulatory phenomena. Sweeney and Fisher (147) have shown that a

single independent active site, with more than one reaction pathway

5Sucrose gradients were run by Dr. Robert Koler and Dr. Robert Bigley.
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leading to the binding of substrate, can also produce sigmoid kinetics.
The work of Reynard et al. (17) and Koler and Vanbellinghen (76) argue
against a simple random mechanism. The Hill plot and progress curve
data presented in Results and Discussion in conjunction with binding
studies on rabbit muscle (17,61,62,86,88) and yeast (88) enzymes
indicate that pyruvate kinases possess more than a single active site.
Subunit interactions, which control enzymatic activity, and are
modulated by substrates and effectors, remain as the most plausible
mechanism to explain the kinetic results with human erythrocyte
pyruvate kinase. Kinetic evidence from Hill plot studies indicates
that this enzyme binds a maximum of two molecules of PEP, ATP or FDP.
Since ATP is a competitive inhibitor with respect to PEP (75), binding
of PEP and ATP evidently occurs at catalytic sites on the enzyme.
Postulating separate allosteric or regulatory sites to account for
ATP acfivation is unnecessary and inconsistent with the data. Con-
sequently, the complex kinetics of human erythrocyte pyruvate kinase
can be interpreted assuming only two sites on the enzyme, both of
which are catalytic sites.®

Two important properties of human erythrocyte pyruvate kinase,

unique among the pyruvate kinases so far studied, are 1) its

®Since the stoichiometry for the binding of these ligands to the enzyme
has not been determined, it is still a possibility that four or more
moles of substrate or effector could bind per mole of enzyme. This
would not necessarily alter the kinetic interpretation. Similar con-
clusions were drawn by Kuczenski and Suelter (73) from studies on the
veast enzyme.
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susceptibility to product-induced modulation of activity, and 2) its
different kinetic prope?ties depending on whether magnesium or
manganese is used as the required divalent cation. Each of these
properties will be analyzed in the following two sections.,
I. Modulation of Activity by ATP and Purine Homologs

The over-all modulating effect of ATP, a product of the forward
reaction catalyzed by pyruvate kinase, is dependent on four variables:
1) the t&pe of divalent cation; 2) the concentration of divalent
cation; 3) the concentration of ADP; and 4) the concentration of ATP.
The results from initial velocity and progress curve studies are con-
sistent with regard to all four. Other purine nucleotides (GTP, AMP,
cAMP) function in the same manner as ATP, except that the triphosphates
inhibit the reaction at low levels of PEP, whereas the monophosphates
do not. Furthermore, three species of pyruvate kinase (from human red
cells, human skeletal muscle and rabbit skeletal muscle) were
examined andrall three showed qualitatively identical results:

1) Low concentrations of purine nucleotide mono- and triphosphates
activate in the magnesium-containing system at low concentra-
tions of ADP. Pyrimidine nucleotides showed no effect.

2) Purine nucleotide activation was greater at lower concentra-

t+ than at saturating concentrations. This was true

tions of Mg
for monophosphates as well as triphosphates, ruling out che-
lation as the primary event.

3) High concentrations of purine nucleotide mono- and triphos-

phates inhibited the reaction at all concentrations of Mgtt



129

and ADP used.

4) In the manganese-containing system the activation phenomenon
was not observed. Inhibition was observed with all purine
nucleotide mono- and triphosphates tested.

5) When activation was observed (Mgtt; low ADP) it was generally
manifested as an increase in Vm with only small changes (if
any) in Km.

These findings provide suggestive evidence for a specific binding

locus for purine nucleotides. Furthermore, the occupancy of this

locus apparently causes a non-competitive type of activation. General-
ly, pure non-competitive behavior would be expected to result only if
equilibrium conditions prevail in the formation of the quaternary
complex.

Mildvan and Cohn (61) demonstrated agreement between dissociation
constants derived from kinetic studies and from binding studies of
enzyme or enzyme-metal with PEP and ADP, which supported the proposed
scheme of equilibrium kineties, and the random binding of metal and
substrate to the rabbit muscle pyrﬁvate kinase. More recently, however,
Mildvan et al. (88) suggested that the yeast pyruvate kinase-metal
complex binds PEP prior to ADP in a preferred order. They found agree-
ment of the dissociation constants obtained from binding studies with K-
values for PEP, but not for ADP. Since several distinctly different
effectors produce a non-competitive activation of the red cell pyruvate
kinase, equilibrium between enzymic conformations is consistent with

all of these results.
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In view of the evidence that mammalian pyruvate kinases consist
of only two catalytic sites, it is important to discriminate between
events occurring at a single catalytic site (intrasite relationships)
and those resulting from interaction between the two catalytic sites
(intersite relationships). The latter are best documented for the
red cell enzyme, but may also be true of the muscle enzyme. Each
individual site can be divided operationally into four subsites (or
loei):

1. a locus for the enolpyruvate portion of PEP,

2. a locus for the divalent metal.

3. a locus for ADP.

4. a locus for the transferrable phosphoryl group (y-phosphoryl

of ATP, or phosphoryl group of PEP).

Figure 35 illustrates in greater detail the various loci composing a
hypothetical catalytic site of red cell pyruvate kinase. Occupancy of
the enolpyruvate7 and the phosphoryl subsites by PEP, and of the metal
subsite by magnesium, at one catalytic site, from the evidence pre-
sented, brings about a structural change in the protein such that the
affinity at the opposite catalytic site for PEP is increased (posifive

homotropic-effect). This would explain the positive Hill slope of

"The enolpyruvate and phosphoryl subsites may be occupied by phospho-
enolpyruvate, phosphoenol-oa-ketobutyrate, and phosphoenol-a-ketovalerate
but not by homologs with six or more carbons or the homolog with two
methyl groups on the B-carbon (148).
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Figure 35

Proposed model for the catalytic site of pyruvate kinase based
on data reviewed from the literature and prec=nted in Results
and Discussion. Estimated bond distances were those of Mildvan
et al. (88,154). Kayne and Reuben have postulated a Kt-Mtt
bond distance of 5-7 R (133). The assignment of oxygen ligands

to the metal follows from the reasoning of Mildvan et al. (15u4).
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2.0 for PEP in the magnesium-activated assay.

Occupancy of the nucleotide locus at one catalytic site appar-

ently has one of two effects on the opposite catalytic site:

1)

2)

the rate constant governing the magnesium-mediated phosphoryl
transfer at the opposite site must be altered in such a way
that catalysis is enhanced.

the affinity for ADP (or MgADP) may be increased. This
bossibility is consistent with the Hill plots for MgADP at
limiting Mg*t. However, it is inconsistent with the negative
Hill slope approaching 2.0 for free ATP (indicating a
negative cooperative effect) because AMP, ADP and ATP are
assumed to occupy the same nucleotide locus and it appears
improbable that AMP and ATP affinity for the opposite site
would be decreased at the same time that ADP affinity would

be increased.

The second possibility, however, overlooks an effect of occupancy of

the nucleotide subsite on two important varlables at the second site:

the divalent cation and PEP.

It

reduce

tors.

has been shown that saturating levels of Mgtt substantially
the non-competitive type of activation by all nucleotide effec-

This result may be due to chelation of free ATP, the true

effector, forming MgATP which has a low affinity for the enzyme.

Furthermore, high concentrations of Mgtt may saturate the divalent

metal locus and interfere with the cooperative binding of PEP or MgADP.

This would be important in explaining the similar results with AMP
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and cAMP as compared to ATP and GTP at high and low Mgt*. At low
Mg*t concentrations a substantial amount of free ATP will be present.
Free ATP (GTP or AMP) may bind in a negative cooperative fashion,

but the binding of MgADP may be enhanced, since Hill plot déta demon-
strate a slope of 1.5 for MgADP at non-saturating Mgt*, The progress
curve data is consistent with either of the two possible effects
ascribed to ATP.

The ﬁroposed scheme of equilibrium kinetics predicts that PLP
must be present simultaneously with metal and nucleotide in order for
phosphoryl transfer to occur. The presence of PEP at ome catalytic
center, therefore, may stabilize the binding of metal, ADP or metal-
ADP complex at the same site, the opposite site or both. Mildvan and
Cohn (86) showed that ADP is required to obtain competition between
pyruvate and PEP suggesting that the nucleotide must be present for
proper binding of pyruvate. Evidence that PEP and ADP binding is
influenced by‘the type of metal at the divalent cation subsite has
already been cited. Consequently, occupancy df the metal and nucleo-
tide or metal and PEP subsites may be influenced by PEP and nucleo-
tide, respectively.

Assuming a rapid equilibrium mechanism, inhibition by purine
nucleotide triphosphates, but lack of inhibition by monophosphates
at very low concentrations of PEP is a plausible result since nucleo-
tide triphosphates have an overlapping locus with the phosphoryl group
of PEP. Competition for this common locus could displace the coopera-

tive binding of PCP to higher concentrations. It is of interest to
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note that Rozengurt et al. (98) demonstrated negative cooperative
effects at low pH and high PLP concentrations for ATP using Type L
(red cell type) pyruvate kinase from rat liver. They postulated that
ATP behaves kinetically as an allosteric inhibitor. Activation by
ATP was not observed in these studies but the concentrations of ATP
and Mg*t were high and could have masked the activating effect.

Three different pyruvate kinases were examined with regard to
product'éctivation. The human muscle and rabbit muscle enzymes showed
results with purine nucleotides nearly identical to the red cell
enzymes at low concentrations of magnesium. This result is of con-
siderable importance because it suggests a humology with regard to
catalytic mechanism. The more complete physicochemical and kinetice
information described in the literature on the rabbit muscle enzyme,
therefore, may be more readily applicable to other mammalian pyruvate
kinases. The homology may extend further if it is recalled that
Haeckel et al. (107) observed similar kinetic results with yeast
pyruvate kinase, i.e. a magnesium-dependent ATP activation.

The modulation of reaction rate by a product of the reaction
provides a built-in regulatory mechanism. At low concentrations ATP
stimulates its own production, and at high concentrations it slows
down ATP production. Such a mechanism involving ATP as a substrate
has been proposed previously for phosphofructokinase (149) and led
to the designation>of this enzyme as the control point in glycolysis.
Kaloustian and Kaplan (150) found that lobster muscle lactic dehydro-

genase was modulated by DPNH, when DPNH was the product formed in the
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forward reaction (lactate to pyruvate). Their results, using entire
progress curves, were similar to those presented for human erythro-
cyte pyruvate kinase, and they proposed a model for this enzyme con-
sisting of four interacting catalytic sites.
II. Kinetic Properties with Magnesium or Manganese

Divalent cations are required by many enzymes. For some regula-
tory enzymes the response of reaction velocity to cation concentration
is sigmoidal (124), and frequently the concentration of cation affects
the affinity of the enzyme for one or more of its substrates. Although
no censistent pattern is evident, metal cations appear to play a
éignificant role in metabolic regulation as pointed out by Bygrave
(40). Studies by Kingdon et al. (151) on glutamine synthetase have
demonstrated a change in cation specificity from Mgtt to Mntt following
adenylylation of the enzyme, and Gentner and Preiss (152) have reported
differences in kinetic behavior of_E;_Egii ADP-glucose synthetase
depending on whether Mgt or Mntt is used as divalent cation activator.

The role of the essential divalent metal in the reaction catalyzed
by pyruvate kinase has not been cémpletely documented. The emphasis
has been on kinetic studies with magnesium as the activating ion. These
led to the conclusion that the probable primary function of the metal
ion was to form an active metal-ADP substrate and that direct inter-
action of the metal ion with the active site of the enzyme was not
likely to contribute greatly to the reaction (17,85). Studies of the
interaction of divalent cations and substrates with rabbit muscle

pyruvate kinase (61,62,88) and yeast‘pyruvéte kinase (88) using kinetic
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and magnetic resonance methods have provided evidence suggesting a
quaternary bridge structure of enzyme, metal, and substrates (PEP
and ADP). Enzyme-metal binding has been demonstrated directly (with-
out nucleotide present) using electron spin resonance (61), proton
relaxation rate (86,88) and protein difference spectroscopy (62,67).

It should be pointed out that the monovalent cation, Kty is alsg
required for activity by all but two (49,108) pyruvate kinases studied
to date. Its possible catalytic role, and relationship to the
divalent cation have recently been reviewed (153). Potassium con-
centration has been held constant at a saturating level in all of the
present investigations and it is assumed that the results are inde-
pendent of a K' effect.

In the magnesium-activated system, PEP exhibits a positive cooper-
ative effect (n=2), purine nucleotide mono- and triphosphates produce
a non-competitive type of activation with respect to PEP, and FDP
shifts the PEP velocity profile from a sigmoidal to a hyperbolic
curve. The FDP effect is manifested chiefly as a change in Km for PEP
compared to the change in Vm noted for nucleotide activation. Acti-
vation by low concentrations.of FDP increases when Mgt concentrafion
is increased. It was pointed out in Results and Discussion that FDP
may bind to the PEP locus.

Binding of FDP at the enolpyruvate locus of one catalytic site
may result in a structural change in the protein such that the affinity
at the opposite center for PEP is increased (Km reduced), similar to

the effect of PEP itself. Both PEP and FDP effects are stabilized by
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high concentrations of Mgtt. Hence, both the enolpyruvate and metal
loci appear to be invol?ed in the mediation of cooperative phencmena
by PEP or FDP.

The concentration of divalent metal, therefore, is apparéntly a
critical factor involved in all potential cooperative interactions
between the catalytic sites of red cell pyruvate kinase. At high con-
centrations of Mgtt, cooperative effects are mediated predominantly
through évents at the enolpyruvate locus, whereas at low concentrations
of Mgtt, cooperative effects involving the nucleotide locus predominate.
Cooperative events at the PEP locus mainly affect the Km for PEP and
similar events at the nucleotide locus mainlv affect the maximum
velocity, Vm. This apparent selectivity for altering either Km or
Vm may be significant with respect to metabolic control in vivo.

When Mntt occupies the divalent cation subsite the effects on
catalysis are different. TFirst, the Hill plot for free Mr*® $s 1.5
and for Mn*t bound to ADP is 1.8, indicating a considerable homo-
tropic effect. Second, PEP does not exhibit a positive homotropic
effeét as observed in the magnesium-activated system. The Hill co-
efficient of =1.0 indicates that binding of PEP at one catalytic
center does not affect PEP binding at the opposite active site. Mptt
could function in three ways to account for this phenomenon:

1) it may act independently at the divalent cation locus of each

active site and alter the over-all topography such that PLP
affinity is increased. Then the rate of catalysis will

depend on the rate constant for the manganese-mediated
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phosphoryl transfer.

2) it may bind to the enzyme in a positive cooperative manner,

as mentioned above, and in so doing it may alter or mask the
potential ability of PEP to add cooperatively to the enzyme.

3) a combination of (1) and (2) above.

The alteration or masking effect mentioned in (2) above could result
from a different three-dimensional array of ligands induced by Mn**
as compafed to Mgtt at the catalytic site. As was seen in figure 3,
FDP does not activate the manganese-containing system. Assuming that
FDP induces a structural change upon binding to one active site on
the magnesium-activated enzyme, and reduces the PEP Hill coefficient
to =1.0, it is possible that Mn** may produce a similar structural
alteration by either an intrasite or intersite mechanism.

Table 4 summarizes the differences between the magnesium-activated
and the manganese-activated syétems.

Although the kinetic properties of human erythrocyte pyruvate
kinase differ in several important aspects depending on whether Mntt
or Mgtt serves as divalent cation, the molecular basis for this differ-
ence cannot be predicted from the present data. Further work is
necessary in order to elucidate the exact catalytic role of both di-

valent cations.
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Table U

Summary of differences between magnesium-
activated and manganese-activated systems.

Divalent Cation

Mg++ Mn++

PEP-velocity profile

FDP |
(low concentration)

(high concentra-
tion)

purine nucleotides
(low concentration)

(high concentra-
tion)

divalent cation
(low concentration)

(high concentra-
tion)

sigmoidal; n=2 hyperbolic; n=1

activation; shifts insensitive
PEP profile from
sigmoidal (n=2) to
hyperbolic (n=1)
inhibition (n=2) inhibition
activation: non- inhibition
competitive

~inhibition inhibition
nucleotide -
activation
enhanced

FDP activation -
reduced

nucleotide -

ractivation

reduced

FDP activation
enhanced
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CONCLUSION AND SUMMARY

This thesis has examined the kinetics of human erythrocyte pyru-
vate kinase. The following conclusions and interpretations have
resulted from the data, as reviewed from the literature and presented
in Results and Discussion:

Conclusions:

1. The divalent cations, Mgtt and Mn'', and their ADP chelates
interact with the enzyme in a positive cooperative manner

(n»2) when metal is rate-limiting. When metal is saturating,
no cooperative effect is observed,

2. PEP binds in a positive cooperative manner in the presence
of Mgtt (n=2), but non-cooperatively in the presence of Mn*t
(n=1).

3. FDP and ATP interact with the enzyme in a negative coopera-
tive fashion (n -+ -2), with FDP exerting its effect at or near
the PEP subsite, and ATP exerting its effect on the nucleotide
subsite.

4. The nucleotide subsite is specific for purine nucleoside
mono-, di-, and triphosphates. Activation by mono- and tri-
phosphates is evident in the magnesium-activated system but

not in the manganese-activated system.

5. Activation by purine nucleoside mono- and triphosphates
(nucleotide locus) predominantly affects the Km for PEP.

6. Two moles each (or some multiple) of PEP (or FDP), ADP (or ATP)
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and divalent metal can bind to the native enzyme,

Interpretations:

1. Human red cell pyruvate kinase is composed of two catalytic
sites which can interact with each other.
2. FEach catalytic site has four functionally important sub-
sites, or loci:

a. a locus for the enolpyruvate portion of PLP,

b. a locus for the divalent metal.

c. a locus for the nucleotide.

d. a locus for the transferrable phosphoryl group.
3. Activation by FDP involves the cation and PEP loci, whereas
activation by purine nucleotides involves the cation and nucleo-
tide loci.
4, The rate of catalysis can be regulated by both a precursor
molecule (FDP), and the reaction product (ATP). Each regulator
affects the enzyme in a unique manner depending on the concen-
trations of PEP, ADP and the concentration and type of divalent

cation.
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