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A. Introduction

Pyruvate kinase is a glycolytic enzyme which catalvzes

the conversion of phosphoenolpyruvate (PEP) to pyruvate (equation 1).

The reaction

T-
-0-P=0
[11 |
0 00
| O (Mgtt, x*t, HT) o
CHp=C-C-0" + ADP < > CHg3-C-C-0~ + ATP

involves the transfer of a phosphoryl group from PEP to adenosine
5'-diphosphate (ADP), resulting in the formation of pyruvate and
adenosine 5'-triphosphate (ATP). Both'a divalent and a monovalent
cation are required for activity. Pyruvate kinase has been designated
by the Commission on Enzymes as ATP: pyruvate phosphotransferase
B 2.2 20 LX)

The reaction catalyzed by pyruvate kinase is essentially
irreversible with an apparent equilibrium constant, defined in
equation 2, reported as 2000 (2), 6500 (3), and 2200 (4). The

discrepancies

[ATP] [pyruvate]
(2] Wi, 5 oo
LADP] LPEP]

reflect in part differences in the conditions employed, the observa-
tion that the divalent cation Mgtt chelates nucleotides (5), and the

evidence that the Mg-ADP complex functions as the true substrate in



the reaction (6).

Pyruvate kinase also catalyzes a "fluorokinase' (7) and an
Yhydroxylamine kinase' (8,9) reaction. In the formér case fluoride
replaées pyruvate and is converted to fluorophosphate in the presence
of ATP, while in the latter reaction ATP and hydroxylamine are con-
verted to ADP and phosphorylated hydroxvlamine. Both reactions are
stimulated by bicarbonate and require magnesium or zinc and potassium
as cofactors for activity.

. Studies on the substrate specificity of pyruvate kinase
have shown that ADP may be substituted by a number of other nucleo-
side diphosphates. Reaction velocities in the presence of these
analogs range from 0.3% for deoxycytosine diphosphate (dCDP) to 95%
for guanosine diphosphate (GDP), compared to the natural substrate
ADP (10). The results suggest that the active site. of pyruvate
kinase which binds the base portion of the nucleotide ADP does nét
have strict steric requirements. Using PEP analogs, a number of
investigators (11-15) have shown that several such compounds combine
with pyruvate kinase with binding constants similar to that of PEP.
However, they act as poor substrates with a weak ability to donate
a phosphoryl group. These experiments suggest a high degree of
specificity for the phosphate donor at the PEP binding site of
pvruvate kinase.

Pyruvate kinase requires both-a monovalent (Kt or NH,*)

and a divalent cation (Mg** or Mn**) for catalytic activity. The



only exéeptions have been in the case of the enzyme from some pro-
karyotes (16), where no such Kt or NHy' requirement is observed.
Pyruvate kinase from eukaryotes was the first enzyme for which an
absolute requirement for a monovalent cation was established (17,18).
Studies with the enzyme from rabbit mﬁscle have shown that Kt gives
the greatest activation, that NHyt, Rb*, or Th* can replace Kt, but
that Na%, Li*, or Cs™ cannot replace Kt (18-22). The studies suggest
thgt the cation specificity may be determined by its hydrated ionic
radius (21). The exact role of the monovalent cation in the catalytic
mechanism of pyruvate kinase is uncertain. It has been proposed that
monovalent cations function by inducing a conformational change in an
enzyme resulting in a more active form (19,23). Lowenstein (24)
suggested a more direct role for Kt in transphos@horylation reactions,
and this view has been supported by Suelter (25) who has shown that
K* binds in or extremely close to the active site of rabbit muséle
pyruvate>kinase. More recently, Nowak and Mildvan (26) have provided
evidence with the use of PEP analogs that K' plays a direct catalytic
role by binding the carboxyl group of PEP at the active site.
Pyruvate kinase also requires a divalent cation, either
Mgtt or Mntt, for activity, though other ions maj be substituted with
less effectiveness (5,27). The function of the divalent cation in
pyrﬁvate kinase catalysis has been studied extensively, and the

results suggest that the cation binds at the active site and forms



a bridge complex between the enzyme and the phosphoryl group under-
going transfer (26,28).

An exact model explaining the catalytic m;chanism of pyruvate
kinase has not been established. Boyer (5) has proposed an overlapping
ATP-Phosphoenolpyruvate site model (Figure 1), in which the phosphorvl
group of PEP occupies the same site as the terminal'phosphate of the

ATP product. The mechanism

PEP

ATP ~ pyruvate l
ADP l i‘
l 0 0 ! 0 CHy l
T fl [ '
Adenine-Ribose-P-0-P-0-~=-Puueuar0-C~C00~

A

0- 07 0- Q0

Figure 1

ATP-Phosphoenolpyruvate overlapping model
for pyruvate kinase active site.

is thought to involve a direct transfer of the donor phosphoryl group
(from PEP) to the acceptor (ADP). It is implicit in this proposal
that the phosphoryl group undergoing transfer becomes covalently
attached only to the oxygen atom of the acceptor, and there is
Aevidence that no intermediate covalent enzyme complex with the phos-
phoryl group is formed (29,30). There is little known concerning the

nature of the ligand binding at the active site with respect to either



substrates or cations. The lack of information in this area restricts
a more definitive model of the catalytic mechanism of pyruvate kinase.
1. Pyruvate kinase isoenzymes ‘

The regulation of pyruvate kinase activity is important
because of its pivotal location in the glycolytic pathway. Hexokinase
and phosphofructokinase, as well as pyruvate kinase, have been
implicated as key regulatory enzymes in the control of glycolysis and
the provision of energy to the cell (31-35). In tissues such as the
liver and kidney, the glycolytic pathway can be reversed to synthesize
glycogen in the process of gluconeogenééis. Because of their essen-
tially irreversible nature, the key control enzymes are by-passed by
special mechanisms during gluconeogenesis. At the level of pyruvate
kinase, the reverse reaction is accomplished by the presence of the
combined reactions of pyruvaté carboxylase and PEP carboxykinase

(equation 3).

GDP PEP carboxvkinase
G
PEP §L\\d//?P
3] CO,
ADP :
Pyruvate ) Oxaloacetate
kinase
Acetyl CoA
ATP
\/ Pyruvate carboxylase

Pyruvate 40P

ATP



The presence of these additional "by-pass" enzymes would result in the
useless recycling of intermediates and a waste of high energy phosphate
were it not for the regulation of pyruvate kinase agd the other key
enzymes accomplished by their unique kinetic and allosteric properties.
The control of glvcolysis and gluconedgenesis in mammalian systems has
been reviewed by Scrutton et al. (36) and the regulation of pyruvate
kinase examined in detail by Seubert and Schoner (37) and by
Villar-Palasi and Larner (38).

Tanaka et al. (39), Weber et al. (40), and Krebs and
Eggleston (41) observed that the level of pyruvate kinase in rat liver
is under dietary and hormonal regulation, while the level of the enzvme
in skeletal muscle is unaffected. Tanaka's group was able to separate
electrophoretically (33), and subsequently purify and characterize two
immunologically distinct forms of pyruvate kinase in the rat (42),
The two forms were designated tvpe L—(liver) and tvpe M—(musclej
pyruvate kinase on the basis of their preponderance in those tissues.
An earlier study by von Fellenberg et al. in 1963 (43), based upon the
separation of pyruvate kiﬁase on agar gel electrophoresis, described
three different forms of the enzyme in rat organs. Imamura et al.
(44,45) later confirmed that the M-type isozvme found in rat liver is
distinct from that found in muscle and designated it as Mop-(liver type)
pyruvate kinase, as opposed to Mj-(muscle type) pyruvate kinase. The
occurrence of multimolecular forms of p?ruvate kinase has also been

observed in human tissue by Bigley et al. (46) who described three



electrophoretically distinet forms, and designated them PKI, PKII, and
PKIII based upon their decreasing anodal mobility. In an attempt to
avoid the confusion over nomenclature, the Subcommi&tee on Isozymes of
the Standing Committee on Enzvmes (47) recommended the designation of
pyruvate kinase isozymes as PKI ("L" form of Tanaka), PKII ("M,'" form
of Tanaka), and PKIII ("M;" form of Tanaka). The system emploved by
Tanaka, however, has been used extensively in the literature and shall
be maintained in this discussion, and clarified when possible confusion’
arises.

The properties of the various multimolecular forms of pvru-
vate kinase are complex. The isozymes which have beén studied have
distinct kinetic and physicochemical properties which appear to be a
function of the metabolic state of the tissue or cell type from which
the enzyme is examined. It has been shown that the isozvmes exist as
interconvertible forms (37) and many workers in the field have observed
the formation of hybrids of pyruvate kinase isozvmes (45, 48-51).
Indeed as many as six isozymes of pyruvate kinase have been found in
rat kidney extracts (52). However, from the present data it can be
stated that the L-, M;-, and M2~isozymes occur as distinct non-
interconvertible forms of pvruvate kinase in mammalian tissue
(45,53,54), Table 1 summarizes and compares a number of properties
of these three isozymes (43,55,56) from the data accumulated by

Imamura et al. (44,45) on rat tissues.
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ée Mi~-type pyruvate kinase

The Mj-isozyme of pyruvate kinase is believed fo be con-
fined to skeletal muscle, heart, and brain. The digtribution of this
form of the enzyme in primarily glycolvtic tissues is consistent with
its kinetic properties. The level of the isozyme is unaffected by
either diet or hormones. The enzyme displays normal Michaelis-Menten
kinetics with respect to both ADP and PEP with a Hill coefficient n=1,
and is not affected by the potential feed-forward activator, fructose-
l,é-diphosphate (FDP) (57). It has been observed that the Mj-isozyme
is competitively inhibited by ATP (42, 57-59), and that this inhibition
is reversed by Mg*t (45). The Mj-isozyme is highly active, as exhibited
by a low Michaelis constant (Km) for PEP and a high specific activity
(7). From these data it would appear that the enzvme would be well
suited for tissues with a high glvcolytic rate such. as skeletal muscle,
and in terms of the "energy charge' concept of Atkinson (60), the in-
hibition by ATP is reasonable. However, Purich and Fromm (61) have
criticized this hypothesis of cellular regulation as applied to
pyruvate kinase and the other key glvcolytic enzymes, bv vointing out
that other factors such as the intracellular pH and levels of non-
adenylate reaction products mav play a more important regulatorv role
in vivo than the adenylate energy charge.

No clear concensus as to the kinetic mechanism of the
Mi-isozyme of pyruvate kinase has been édonted. Reynard et al. (57)

and Mildvan and Cohn (62), working on the rabbit muscle enzyme, have
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concludéd that the substrates bind randomly to the enzvme and that the
enzyme-substrate complexes are in equilibrium with one another
(equilibrium random order mechanism). Siebert et ai. (63) found that
the apparent Michaelis constant for PEP varies with ADP concentration,
and along with Pon and Bondar (6u4) have argued that these results do
not fit random order kinetics. Recent product inhibition studies by
Ainsworth and Macfarlane (65) support a random order mechanism, and
isotope exchange studies by Robinson and Rose (66) also support
random order binding, but cast doubt on whether the enzyvme follows
rapid equilibrium kinetics.

Evidence that the kinetic properties of the Mj-isozyme
cannot be interpreted by simple Michaelis-Menten kinetics was provided
by Carminatti et al. (67) and by Vijavargiva et al. (68) who showed
that L-phenylalanine allosterically inhibits the rabbit muscle enzyme.
Kayne and Price (69) in confirming these results observed a confﬁrma—
tional change detected by enhanced fluorescence upon L-phenylalanine
binding. The implications of this inhibition have not been pursued
thus far. Miller et al. (70) have examined the hypothesis that the
brain damage associated with phenvlketonuria may be related to the
inhibition of pyruvate kinase by phenvlalanine, but this study has
been criticized (71) because such inhibition would be minimal at
physiological pH.  Kemp (71) has shown that physiological concentra-
tions of creatine phosphate competitively inhibit M;-pyruvate kinase

and that the inhibition is more potent at high ATP levels. The



11

regulation of Mj-pyruvate kinase by creatine phosphate fits well with
the observation that in resting muscle creatine phosphate concentra-
tions are high enough to inhibit the enzyme, while‘muscle contraction
leads to decreased levels of creatine phosphate, thus turning on
pyruvate kinase (72,73).

b. L-type pyruvate kinase

The L-type isozyme of pyruvate kinase is a major form
(90%) in liver and a minor form (30%) in kidney (74). It has been
shéwn‘in rat liver (75-77) and in mouse livery(?S), that the L-isozyme
is present only in the parenchymal cells of these organs, while the
Mp-isozyme is distributed in the non-parenchymal or Kuppfer cells.
Support of a regulatory role for the L-isozyme in gluconeogenesis has
been provided by Crisp and Pogson (78) who have shown that the paren-
chymal cell population of liver also contains the gluconeogenic
enzymes glucose 6-phosphatase and fructose-1,5-diphosphatase.

The level of type L-pyruvate kinase in rats is subject to
seasonal (42), dietary, and hormenal fluctuation (33%-41). It has
recently been shown that the fluctuation of L-pyruvate kinase in rat
liver due to the injection of insulin, glucagon, or epinephrine into
the portal vein is very rapid (within ten minutes), not due to de novo
protein synthesis, and may be mediated by 3',5'-cyclic adenosine mono-
phosphate (79-81). The level of the enzyme in rat livers is reduced
in fasting animals, animals fed a high.pvotein diet, or animals treated

with alloxan. Under these conditions gluconeogemesis is stimulated in
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the liver (36), the level of pyruvate carboxylase is increased (82),
and thus by reducing pyruvate kinase levels, the conversion of
pyruvate to PEP is favored without the futile recyciing and waste

of ATP. Injection of insulin restores the level of the type L-enzyme
in alloxan diabetic rats. Animals fed a high carbohydrate diet also
show marked increases in the liver of this form of pyruvate kinase.
Such conditions would favor glycolvsis and one might expect such in-
creased enzyme levels to provide increased flux of metabolites through
the glycolytic pathway.

Tanaka and co-workers have purified the L-type enzyme from
rat liver and have shown it to be under allosteric’control (42). Type
L-pyruvate kinase exhibits a sigmoidal velocity curve with respect to
PEP, a Hill coefficient indicating positive cooperativity, and allo-
steric activation by FDP (83,84). In addition the activation of this
isozyme is pH dependent (85), and a number of other activators such
“as the monovalent cations Kt or NHq+ (83) and sugar phosphates

(49,50,86) have been observed to allostericallv modulate tvpe L-
pyruvate kinase activity. This enzyme has also been reported to be
allosterically inhibited by alanine and other amino acids (49,51),

ATP (83), acetyl Coenzyme A (acetyl CoA) (87), and fatty acids (49,88).
- These observations have led a number of workers to propose that the
allosteric model of Monod et al. (89) be applied to the lL-type pyruvate
kinase (83,85,30). The model of Monod et al. seeks to explain allo-

steric phenomena in terms of a pre-existing equilibrium between at
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least two conformational states (R and T), each of which exhibits
different affinities for both substrates and positive or negative
affectors ("K' system of Monod). Indeed, intercon?értible forms of
L-type pyruvate kinase have been reported by Tanaka et al. (91), and
a number of conditions such as preincubatién with EDTA (8u4), FDP
(84,92), or extraction or storage at low temperature (93) have been
shown to initiate this interconversion. The two interconvertible
forms differ in their kinetic properties and their response to allo-
steric activators. Recently Van Berkel et al. (94%) and Seubert and
Schoner (37) have suggested that the kinetic data are more correctly
interpreted by the existence of more than two conformational states
for L-type pyruvate kinase, and have proposed that sequential con-
formational changes take place according to the induced fit model
proposed by Koshland (95) to explain cooperativity.

Because of the number and complexity of variables which
can affect type L-pyruvate kinase, it is difficult to provide a clear
picture of the regulation of this isozyme with respect to the changing
needs of the cell. The problem has been discussed by Seubert and
Schongr (37) and by Van Berkel (96). From these discussions it
appears that the intracellular levels of ATP and alanine are sufficient
to completely inhibit the enzvme's activitv. TFDP, which counteracts
these negative effectors very well, may be a positive modulator of
physiological significance; Sols and Marco (97), however, have

proposed that because of FDP binding to other enzymes, this molecule
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may not be as important as previously thought in affecting pyruvate
kinase activityf Strong support for the role of intracellular pH

and acetyl CoA in the regulation of the L-isozyme and the control

of glycolysis and gluconeogenesis has been given by Utter et al. (87)
and by Seufert et al. (98). Recently, Hjelmquist et al. (99) suggested
‘that the activity of the L-type isozyme from pig livér may be regulated
by phosphorylation—dephosphorylation. The& were able to isolate and
sequence a hexapeptide from a peptic digest of the enzyme in which a
specific serine residue was labeled upon incubation with (32P) ATP and
a pig liver cyeclic 3',5'-AMP-stimulated protein kinase.

Much study has been focused on the pyruvate kinase isozyme
from human erythrocytes in order to understand the defect and disorders
associated with the deficiency of the enzyme fipst'described by
Valentine et al. (100) in 1961. Work én erythrocyte pyruvate kinase
deficiency has been concerned with electrophoretic, kinetic, and immuno-
logical studies of the mutant enzyme (55, 101-103), and with the possi-
bility that the deficiency may be a secondary defect caused by the oxi-
dation of pyruvate kinase thiol groups (104,105).,

Initially it was thought that there was no difference be-

tween erythrocyte pyruvate kinase and type L-pyruvate kinase (46). More-

over, Bigley and Koler (106), upon examination of a liver biopsy from a
patient with erythrocyte pyruvate kinase deficiency, found a decreased
amount of L-type isozyme. This study has been confirmed by Miwa et

al. (55) and by Imamura et al. (101). However, the same authors have
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shown thét the type L-isozyme ié electrophoretically distinet from
erythrocyte pyruvate kinase, which appears as two bands on electro-
phoresis (101,102,107). These two bands can be convertedvunder special
conditions to one band with a migration rate similar to tvype L-pyruvaté
kinase (101). It has been suggested tﬁat the erythrocvte enzyme may be
a hybrid isozyme of the L- and Mp-type pyruvate kinase subunits (101).
Kinetically, the normal erythrocyte pyruvate kinase enzyme is very
similar to the allosteric type L-isozyme (108-110).
c. Mp-type pyruvate kinase

The Mp-isozyme of pyruvate kinase has been shown to be
present in a number of rat (see Table 1) and human tissues (46). The
Mp-isozyme is distributed in the Kiipffer cell population of the kidney
and liver (75,78). Though usually a minor form in liver, the Mo-
isozyme is the onlv pyruvate kinase isozyme in rat liver cells in
culture (lli,llQ)." In addition, the Mp-isozyme predominates in fat
and human hepatomas (44, 113-119), regenerating liver (76,77,116,120)
and in fetal tissue (44, 116-118, 121).

Kinetic studies on the Mp-isozyme (Table 1) from rat
tissue show properties intermediate between the M1- and L-isozymes.
The enzyme exhibits a sigmoidal velocity curve with respect to PEP,
a Km for PEP intermediate between the M;- and L-isozymes, a Hill co-
efficient of 1.4-1.5, and activation by FDP. Studies on the Mp-
isozyme from leucocytes (122), kidney (123), and liver (124) have

led to the proposal that the allésteric model of Monod et al. (89) be
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applied to explain the properties of this isozyme. Pogson (125,126)
has found interconvertible forms of the Mp-isozyme in rat adipose
tissue, the‘relative amounts of which can be Varied‘depending upon
the presence or absence of EDTA in the extraction buffer. Walker and
Potter (112) have identified both of these forms and designated them
és PK A and PX B, while Van Berkel et al. (127) havé described their
differing kinetic properties in detail. Recent studies (52,114,128)
indicate that the PK A <— PK B interconversion is a tetramer<—dimer
equilibrium. The regulation of the Mp-type pyruvate kinase has been
~discussed in terms of the role of FDP in the PKA<>PKB interconversion
by Farina et al. (114) and by Van Berkel et al. (l?@j. Under conditions
of high glycolvsis, such as found in fetal, regenerating or malignant
tissue,a build-up of FDP would convert the less active dimeric Ms-form
to a non-allosteric highly active tetrameric form capable of meeting
the higher energy requirements of these cell types.
2. Physicochemical properties
Pyruvate kinase has been isolated to varying degrees of
homogeneity from a wide number of sources. More recently, the enzyme
has been purified from human erythrocvtes (108,130), bovine skeletal
muscle and liver (131,48), Escherichia coli (132), Yoshida ascites
hepatoma 130 cells (45), and pig liver (133).
a. Structure

Molecular weight studies of the purified preparations of

pyruvate kinase indicate that it is a large molecule of approximately
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200,000 daltons (Table 2). The rabbit muscle enzyme can be dissociated
in urea or guanidine hydrochloride to vield monomers of molecular
weight 57,000 (138,139). Cottam et al. (138) reported that the rabbit
muscle enzvme can be dissociated at an intermediate concentration of 2M
urea to yield a catalytically active dimer which sediments at 7.35. A
stable, active dimer intermediate has also heen repbrted for the yeast
enzyme (1u40). The dissociated specieé.of both the veast and rabbit
muscle (141,142) pyruvate kinases have been reassociated to yield
catalytically active enzymes. Recently, moleqular weights of 150,000
to 200,000 and 105,000 to 125,000, respectively, have been determined
for pvruvate kinase isolated from Novikoff hepatomasvdepending upon
whether 4mM FDP is present or absent in the gel filtration elution
buffer (114). The possibility and implications of a dimer<—tetramer
equilibrium of pyruvate kinase subunits existing in vivo have been
discussed above (127,129).

Pyruvate kinase has been crystallized from a number of
sources (7,42,137,143,144). X-ray diffraction studies have been per-
formed on the enzyme from rabbit muscle (145), pig and human muscle
(146), cat muscle (137), and yeast (l47). The progress of this work
has been hampered by time-dependent deterioratiomn of the crystals,
.but supporting evidence has been provided, at least for the cat and
rabbit muscle enzymes, for a tetrameric structure composed of four

highly similar subunits.
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b. Composition

The amino acid composition for rabbit muscle (138), bovine
musclg (131), Saccharomyces cerevisiae (22), Saccha;omyces carlsbergen-
sis (148), E. coli (132), and human erythrocyte pyruvate kinase (130)
have been determined. The studies have vevealed no covalently
attached prosthetic gfoups or non-amino acid components. Noticeable
are the low number of tyrosine, phenylalanine, and tryptophan residues
present, which are reflected by the unusually low values for the ex-
tinction coefficient (22,131,138,144). No free N-terminal amino acid
could be detected (130,132,138), and the work of Cottam et al. (138)
on the rabbit muscle enzyme suggests that the N-terminus is acetvlated.
Valine has been determined as the C-terminal amino acid for the yeast
enzvme (149). Peptide mapping of tryptic hydrolyéates of the purified
rabbit muscle enzyme have been performed (138), and. reveal approxi-
mately one—fourth of the ninhydrin spots expected from total numger of
lysine and arginine residues obtained from the amino acid analyses.
The results suggest the existence of four highly similar peptide
chains in the native enzyme.

c. Active sites

Pyruvate kinase has been subjected td a number of chemical
modifications in an attempt to elucidate possible reactive groups in
the vicinity of the active site. Hollenberg et al. (150), using 2,4,6-
trinitrobenzene-1l-sulfonate to inactivate the rabbit muscle enzyme,

presented evidence that lyéyl epsilon-amino groups are involved in the
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binding of ADP and are essential for catalytic activity. Johnson et
al. (151), using pyridoxal 5-phosphate, reported a similar inactiva-
tion and suggested the formation of a Shiff base wi¥h two to four
highly reactive epsilon-amino groups of lysine, though thev made no
inference as to their location. Evidence that sulfhydryl groups may
also be essential for catalytic activity comes fromvinhibition by

such sulfhydryl reagents as p-mercuribenzoate (42), iodoacetamide
(152), and 5,5'-dithiobis-~2-nitrobenzoate (153). The work of Flashner
et al. (153) and Hollenberg et al. (150) suggest from the stoichiometrv
of reaction of the modifiers with the enzyme that there are four active
sites per molecule, or one active site per subunit.’.In 1973 Flashner
et al. (154) examined, by magnetic resonance techniques, the ability
of the modified enzyme to bind divalent cations and substrates. Their
results suggest that the sulfhydryl and lysine residues which are
modified are both involved in the binding of nucleotides to the enzyme,
“and that the sulfhydrvl group is closer to the divalent cation and PEP
binding sites.

Studies performed to elucidate the number of PEP binding
sites in pyruvate kinase have given values of 3.8 I 0.3 for the rabbit
muscle enzyme by equilibrium dialysis (20) and 4 for the bovine muscle
enzyme by ultracentrifuge and gel filtration methods (132). Values of
approximately 4 have also been reported for the number of divalent
cation binding sites (155-157) by nuclear magnetic resonance and

electron spin resonance techniques, and for the moncvalent cation
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binding sites by equilibrium dialysis (20).
3. Statement of thesis

It is apparent that each of the pyruvate kinase isoenzymes
has distinct kinetic and regulatory properties, yet examination of the
enzyme from several sources indicates a high degree of structural
uniformity. The hybridization studies between pyruvate kinase iso-
enzymes of beef and chicken by Cardenas et al. (48,131) indicate that
the subunits of these different isozymes have sufficient structural
similarity to associate with one another once they have been
dissociated. The immunological experiments of Imamura et al. (u4)
have shown that’antibody prepared against rat muscle M;-pyruvate
kinase partially neutralizes rat Mz—pyruvéte kinase, and indicate
the presence of structurally similar determinant gfoups in the M;-
and Mp-isozymes. These studies, along with the observations that the
Mo-isozyme is a predominant form in fetal and dedifferentiated tissue
and that its properties are intermediate between the L- and Mj-
isozymes, prompted Imamura et al. (45) to propose that the Mp-type
pyruvate kinase represents the primordial pyruvate kinase from which the
other isozymes have evolved. A mechanism for the evolution of highly
complex enzyme systems by gene duplication has been presented by Ohno
(158). From this discussion it seems reasonable to hypothesize that by
gene duplication, followed by independent evolution, a series of pyru-
vate kinase isozymes having multiple loci have evolved which retain

their basic structural features but have acquired divergent regulatory
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mechanisms to accomodate the specialized functions of highly differ-~
entiated cell types.

The study of the pyruvate kinase isozymes‘has resulted in
a mass of complex kinetic data. In order to obtain a clear under-
standing of the diverse functional characteristics of pyruvate kinase
isozymes, a molecular framework must be established for their struc-
tural interrelationships. With the recent advances in the sequential
analysis of proteins and the determination of their three-dimensional
properties by X-ray crystallography, a structural approach to the
understanding of enzvme function is entirely feasible. With respect
to the human pyruvate kinase isozymes, such an effort initially
requires the fractionation of these isozymes to a high degree of
purity from limited amounts of starting material.

It is the purpose of this thesis to purify the human M;-
and Mo-type pyruvate kinase isoenzymes to homogeneity and deterﬁine
a number of thelr structural and physical properties. The results
will be integrated with the previous data on human pyruvate kinase

isoenzvmes and will provide the basis for a definitive characteriza-

tion of the molecular interrelationships of these isozvmes.
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B. Experimental Procedure:

1. Materials
a. Tissue

Human psoas muscle was obtained at autopsy and frozen
immediately at -16°C until use. Human kidney was obtained either at
autopsy or through the Department of Urology at the.University of
Oregon Medical School when the kidneys were unsuitable for trans-
plant. Outdated human blood was obtained from the American Red
Cross.

b. Chemicals and reagents

The tricyclohexylamine salt of phosphoenolpyruvate
(PEP), the sodium salt of adenosine 5'-diphosphate (ADP) grade 1
and fermentation grade, the reduced form of disodium R-nicotinamide
adenine dinucleotide (NADH) grade III, the tetrasodium salt of
D-fructose-1,6-diphosphate (FDP) grade II and Sigma grade, rabbit
"muscle lactic dehydrogenase (LDH) type II containing 1050 inter-
national units per milligram protein, bovine serum albumin, bovine
trypsinogen and chymotrypsinogen, rabbit muscle aldolase and
enolase, pepsin, and rabbit muscle pyruvate kinase type II were all
purchased from Sigma Chemical Co., Saint Louis, Missouri. Ultra
-pure urea and special enzyme grade ammonium sulfate were obtained
from Schwartz-Mann, Orangeburg, New York.

Sephadex G-25 medium, G-200, and Sepharose 6B were



23

purchased from Pharmacia Fine Chemicals, Piscataway, New Jersey.
The preswollen, microgranular forms of carboxymethyl cellulose
{(Whatman CM52) and diethylaminoethyl cellulose (Whétman DE 52) were
obtained from Reeve-Angel, Clifton, New Jersey. The dye, Cibacron
blue F3GA, was obtained through the courteéy of the Dyestuffs and
Chemicals Division of CIBA-Geigy, Ardsley, New York.

N,N,N',N'-tetramethylethylenediamine (TEMED), N,N'-
methylene-bisacrylamide, and riboflavin were purchased from
Eastman Organic Chemicals, Rochester, New York, acrylamide from
Baker Chemical Co., Phillipsburg, New Jersey, and ammonium per-
sulfate, sodium dodecyl-sulfate (SDS), and 2-mercaptoethanol from
Matheson, Coleman, and Bell, Norwood, ‘Ohio.

The amino acid standards for NHp-terminal analysis were
obtained from Calbiochem, La Jolla, California, and 5-dimethylamino-
napthalene sulfonylchloride (Dansyl-Cl) from Sigma Chemical Co.
Initially, #6061 Silica gel thin layer plates, from Eastman Kodak
Co., Rochester, New York, were used as a support medium for thin
layver chromatography (TLC). However, the method required 5 to 10
nmoles. of purified protein, and the resolutién of the separated
dansyl amino acids was poor. Commercially prepared "Chen-Ching"
polyamide lavers from Gallard-Schlesinger Chem, Corp., Carle Place,
New York, were finally chosen as the preferred support medium for

several reasons: first, the method was sensitive to 0.1-1.0 nmoles
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of sampie; second, the plates are coated on both sides, allowing the
positive identification of an unknown by a set of amino acid
standards run simultaneously on the reverse side of‘the plate; third,
the dévelopment time was under 30 minutes; finally, the method
offered excellent resolution.

All other reagents and materials were of the best quality
commercially available.
2. Methods
. a. Pyruvate kinase assay
During the purification procedure, pyruvate kinase

activity was detected by a coupled assay method developed by Blicher

and Pfleiderer (159) and depicted in equation 4.

ADP ATP NADH NAD*

LN

(4] PEP ~ Pyruvate - > Lactate
(Mgtt,xt)
HY Ht
Pyruvate kinase Lactic dehydrogenase

In the presence of PEP, ADP, Mg++, ¥, NADH, and lactic dehydrogenase,
pyruvate kinase activity was followed by the oxidation of NADH at
340 nm. The results were recorded for 10 minutes at 25°C on a Gilford

model 2400 recording spectrophotometer in matched l-cm path length
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quartz cuvettes (Precision Cell, Inc., Hicksville, N.Y.). The standard
reaction mixture had a final volume of 1 milliliter and contained BmM
triethanolamine-HCl buffer, pH 7.4, 8 mM magnesium ;ulfate, 75 mM
potassium chloride, 0.4 mM ADP (grade 1), 0.128 mM NADH, 1.5 mM PEP,
10 units of lactic dehydrogenase, and the appropriate amount of
pyruvate kinase. The reaction was initiated by the'addition of the
PEP solution and performed in duplicate. A unit of pyruvate kinase
activity is defined as the amount of enzyme required to oxidize 1
umole of NADH per minute, and the specific activity is expressed as
:units of activity per milligram of protein. The protein content was
estimated during column chromatography by measuring the absorbance

of the effluent fractions at 280 nm according to Layne (160) in a
Beckman DB-GT spectrophotometer. This method is Eased upon the fact
that tryptophan, tyrosine, and to a lesser extent, phenylalanine,
absorb ultraviolet-light very strongly. This provides a rapid means
of measuring the concentration of protein solutions. The disadvantage
of the methed was that it underestimated, by a factor of 1.5 to 2,

the true protein content of the pure pyruvate kinase preparations
because of the unusually low amounts of aromatic residues present in
these isoenzymes (22,131,138,144), Therefore, when specific activities
‘of the pyruvate kinase enzyme preparations were determined, and when
other absorbing materials were present in the medium, protein was
measured by the method of Lowry et al. (161) as modified by Oyama and

Eagle (162), using bovine serum albumin as a standard.
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The pH-stat assay for pyruvate kinase, which follows
activity by the uptake of H' (equation 4), was used to determine the
velocity profiles and kinetics of inhibition by Cibgcron blue F3GA
for the human M;-, Mp-, and erythrocyte isozymes of pyruvate kinase.
The assay was run at 25° and pH 7.2 on‘a Radiometer pH-stat. The
reaction mixture had é final volume of 2.0 ml and contained 200 mM
KC1, 8 mM MgCl,, and varying amounts of either PEP or grade 1 ADP.
For the inhibition studies, varying amounts of the dve, Cibacron
blue F3GA, were included in the vessel at fixed concentrations of
PEP and ADP. The reaction was initiated by the addition of 10 pl
of pyruvate kinase to the vessel, and the activity was followed for
10 minutes by the uptake of 0.003 N HCl required to maintain the pH
at 7.2.

b. Partial purification of human erythrocyte pyruvate kinase

‘The studies on human erythrocyte pyruvate kinase required
a partial purification of the enzyme. Ten milliliters of either out-
dated blood or freshly drawn blood in heparin was applied under air
pressure to a glass column (1.5x20 cm) containing white cotton yarn
packed in 0.15 M KC1 to a bed height of 10 ecm. This procedure re-
moves leucocytes (163), which adsorb to the yarn, and prevents the
contamination of erythrocyte pyruvate kinase by the My-type pyruvate
kinase isozyme préSent in the leucocytes (122). The red cells were
washed three times with 0.15M KC1l and then lysed with an equal volume

of distilled water for 15 minutes. Three volumes of 0.15M KC1l were
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added and soclid ammonium sulfate was added slowly with stirring at
25°C and pH 7.4 to 25% saturation (15.33 gms/100 ml). The solution
- was then centrifuged at 10,000xg in a Sorvall RC—2B‘centrifuge for
10 minutes, the precipitate discarded, and the supernatant taken to
40% saturation (8.91 gms/100 mi) with ammonium sulfate. The enzyme
precipitates at this salt concentration and was stofed at this stage
at 4°C until used. For assays on the pH-stat the suspension was
centrifuged and the precipitate was dissolved to the appropriate
dilution in distilled water.
¢. Preparation of Cibacron blue F3GA—Sepharo$e 6B resin for

affinity chromatography |

Cibacron blue F3GA has a 4-phenylamino-l-aminoanthro-
quinone structure (Figure 2). Blue Dextran 2000 is composed of this
dye molecule covalently coupled to Dextran 2000 by means of cyanuric
chloride. Upon obtéining a sample of the dye from CIBA-Geigy, its
-identification as Cibacron blue F3GA was checked by comparing its
visible spectrum with Blue Dextran 2000 on a Cary 15 scanning spectro-
photometer (Figure 3). Both compounds were dissolved in distilled
water to approximately equal concentrations and scanned from 320 nm
to 700 nm in matched l-cm path length quartz cuvettes against a water
blank.

Following the results of Easterday and Easterday (16u4)
on the coupling of Cibacron blue F3GA to different resins, Sepharocse

6B was chosen as the most suitable on the basis of its flow properties,
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Figure 2.

Structural formula of Cibacron blue FP3GA.
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Figure 3.

Visible spectrum of Blue Dextran 2000 and Cibacron blue F3GA.
Both compounds were dissolved in distilled water to equal
concentrations and scanned from 320 nm to 700 nm in matched

1 ml quartz cuvettes against a water blank.
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narrow elution profiles, and small bed volume changes with changing
ionic strength. Before coupling, Sepharose 6B was cross-linked with
epichlorohydrin and desulphated by alkaline hydrol&sis according to
the méthod of Porath et al. (165). Cross-linking greatly improves
the flow properties of the resin and alkaline hydrolysis removes
sulfate groups on the resin which cause the non-specific binding of
proteins. Two hundred milliliters of pre-swollen Sepharose 6B were
mixed at 25°C with 200 ml of 1M NaOH containing 5 ml of epichloro-
hyérin and 1 g sodium borohydride (NaBHy). The mixture was stirred
for 1 hour at 60°C, and then filtered on a Buchner funnel with hot
distilled water until the pH was 7.0. The gel was taken to 500 ml
in distilled water and then 500 ml of 2M NaOH and 2.5 g NaBHy were
added. The mixture was heated to 120°C for 1 hour in an autoclave.
The Sepharose resin was then washed in a Buchner funnel with 1M NaOH
containing‘O.S% NaBHy, first with 1.5 liters of hot solution at 70°C,
then with 1.5 liters of cold solution at 4°C. The resin was trans-
ferred quickly to a beaker containing finely crushed ice and the pH
was adjusted to 4.0 with 1M glacial acetic acid., The gel was then
washed on a Buchner funnel with 1 liter of hot distilled water and
finally with ice water.

The dye, Cibacron blue F3GA, was coupled to the
Sepharose 6B resin by the method of Bbdhme et al. (166), in which
Cibacron blue F3GA-0-Sepharose is prodﬁced by the nucleophilic

attack of the hydroxyl oxygens of agarose upon the triazerine chlorine
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group of the dye molecule (Figure 2), at alkaline pH. The washed,
cross-linked, and desulphated resin was taken up to a volume of 300
ml in distilled water and 2 gms of the dye in 50 ml‘distilled water
were édded dropwise with stirring at 60°C. After stirring for 30
minutes, 45 gms of NaCl were added and the stirring was continued
for 1 hour at 60°C. The temperature was increased to 80°C, 4 gms of
NapsCO3 were added, and stirring was continued for 2 hours. After
coupling the Sepharose resin was washed in a Buchner funnel with 1
liéer of 0.02M sodium acetate buffer pH 4.5 in 2M NaCl, 1 liter of
0.02M sodium bicarbonate buffer pH 9.0 in 2M NaCl, and 2 liters of
distilled water, or until the filtrate was colorless. The amount

of dye coupled to the Sepharose resin was determined by pooling the
filtrate and measuring its absorbance at 615 nm against a set of dye
standards diluted from a 40 mg/ml stock solution (Figure 4). The
molecular wéight of the dye was calculated as 773 gms per mole based
upon its structural formula (Figure 2). The weight of Sepharose was
determined by allowing the resin to settle for 24 hours, measuring
its packed volume, and multiplying this value by an agarose concentra-
tion of 6% (167). The results of the coupling of Cibacron blue F3GA
to Sepharose 6B are shown in Table 3, and indicate a high degree of
substitution of the dye to the Sepharose gel. The coupled Sepharose
resin proved extremely stable and was stored at 4°C in distilled
water containing 0.02% sodium azide to'prevent bacterial contamina-

tion. Regeneration of the Sepharose involved washing with 3M KCl in
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Figure 4.

Standard curve for Cibacron blue F3GA. A stock solution

(40 mg/ml) of Cibacron blue F3GA in distilled water was
diluted to the appropriate concentratioris, and the absorbance
was read at 615 nm. Fach point is the average reading

obtained from duplicate samples.
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Table 3. Statistics on coupling of Cibacron blue
F3GA to Sepharose 6B (see 'Methods" for coupling procedure)

1. Amount of Cibacron blue F3GA added to resin = 2.0 gms

2. -Filtrate a) volume = 3750 ml
b) 0.D. 615 nm (1/10 dln) = 0.265 0.D.
c) concentration @F3CGA infiltrate = 0.22 mg/ml
d) amount F3GA not coupled = 785 mg

3. Amount of F3GA coupled to resin = 1.215 gms = 61% binding
4, Coupled Sepharose 6B resin :
a., packed volume = 200 ml

b. weight agarose = 12 gms

1.215 gms F3GA/12 gms resin

5. Dye substitution

7.86 puM F3GA bound/ml resin
131 uM F3GA bound/gm resin

"nou

8The dye, Cibacron blue F3GA, is abbreviated as "F3GA"
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distilled water, followed by the washing procedure outlined above.

d. Criteria of homogeneity and characterization studies

A number of methods were employed to sh;w that the human

Mj- and My-pyruvate kinase isozyme preparations were homogeneous.
The results of one method, taken by itself, provided evidence of
purity only with respect to the inherent 1imitationé of the method.
For example, the presence of a single band obtained from polyacryl-
amide disc gel electrophoresis provided evidence that the sample
was homogeneous with respect to size and charge. However, the
reliability of this evidence depended upon the running pH of the
electrophoresis system, the percent of cross-linking’of the poly-
acrylamide gel, the sensitivity of the staining procedure, and the
possibility that the results merely reflected qoiﬁcidental properties
of multiple components. Therefore, the purified pyruvate kinase
preparations were examined for purity not only by disc gel electro-
phoresis, but also by disc gel electrophoresis in the presence of
sodium dodecyl sulfate (SDS), ultracentrifugation, NHp~-terminal
analysis, and, in the case of the human Mj;-isozyme, by immunclogical
methods. The final purity of the enzyme preparations was determined
by considering the results of all of these criteria.

Polyacrylamide gel electrophoresis

To determine the homogeneity of the purified enzyme
preparations, polyacrylamide disc gel electrophoresis was performed

with a Buchler disc gel apparatus according to the method provided
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by Buchler Instruments (168). The anionic system at a running pH
of 9.3 was adopted with a 7.5% polyacrylamide running gel and a

© 2.5% polyacrylamide spacer gel. To prevent the agg;egation of
proteins by the oxidation of thiol groups, 0.1% 2-mercaptoethanol
was added as a reducing agent to the upper and lower buffers. To
stabilize the Mo-pyruvate kinase isozyme 0.1 mM FDP.(grade I11) was
also included in the buffers, along with 0.4 mM FDP in the gel
buffers. Samples were dialyzed for 2 hours against upper buffer,
and then 20 ul of glycerol, to increase sample density, and 30 pl
‘of tracking dye, 0.001% Bromphenol blue, were added to 100 ul of
each sample. Before sample application the gels weré pre-run at
1.25 ma per gel for 15 minutes to remove any residual ammonium
persulfate which might cause oxidation of the sample. The samples
were then carefully added to the gels with a micro-pipette and
electrophoresis was performed at 2.5 ma per gel until the tracking
dye had reached the bottom of the gel. The gels were removed,
stained in 0.1% Amido Schwgrtz in 7% glacial acetic acid, and de-
stained and stored in 7% glacial acetic acid. The migration of
pyruvate kinase in the gels could be followed by running duplicate
samples and following the above staining and destaining procedure
with one gel. The other gel was sliced into 4 mm sections immedi-
ately after electrophoresis, incubated in 500 pl of upper gel buffer
for 30 minutes, and then assayved for pyruvate kinase activity.

Disc gel electrophoresis in the presence of 0.1% sodium



39

dodecyl sulfate (SDS) and 0.1% 2-mercaptoethanol was performed
according to Weber and Osborn (169). SDS is an anionic detergent
" which has been shown to bind to proteins and confer upon them a
negatively charged surface. Oiigomeric proteins dissociate into
their constituent subunits under these conditions and the migration
of these subunits in polyacrylamide gel electrophorésis in the
presence of SDS is dependent upon their molecular weight. Purified
samples of human pyruvate kinase M;- and My-isozymes and protein
standards were dialyzed for 2 hours against incubation buffer con-
sisting of 0.01M sodium phosphate buffer, pH 7.0, 1% SDS, and 1%
2-mercaptoethanol, and then incubated for 1 hour at 37°C. The
samples were applied to 10% polyacrylamide gels containing 0.1% SDS
and were run for 4 hours at 8 ma per gel. Following the prescribed
staining and destaining procedure (165), the mobilities of the protein
standards relative to the tracking dye were plotted against the
logarithm of their known subunit molecular weights. The subunit
molecular weights for the pyruvate kinase isoenzymes were obtained
by interpolation of the straight line obtained from the protein
standards.

Horizontal thin layer polyacrylamide electfophoresis
‘was carried out at pH 8.2 by a modification of the method of Imamura
and Tanaka (44). The gel buffer contained 10 mM Tris-HCl, pH 8.2,
5 mM MgSO,, 0.5 mM FDP (grade II), and 10 mM 2-mercaptoethanol.

Samples were dialyzed for 2 hours against gel buffer, and 5 pl
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aliquots.were put into the slots and covered with liquified vaseline.
Electrophoresis was performed for 3-1/2 hours at 440 volts and 4°C.
After the run, pyruvate kinase activity was visuali;ed by a modifi-
cation of the overlay method of Susor and Rutter (186), The re-
action mixture contained 0.17M Tris-HCi, pH 8.0, 2 mM MgCly, 3 mM
KCl, 0.5 mM PEP, 0.8 mM ADP (grade 1), 0.2 mM NADH, 4.8 units of
lactic dehydrogenase, and 5 mg of Noble agar per milliliter.

Pyruvate kinase activity appeared as dark bands on a fluorescent
background when illuminated with ultraviolet light. The results
were recorded by Polaroid photography.

Ultracentrifugation

To determine the homogeneity and the sedimentation co-
efficients of the purified proteins, sedimentation &elocity studies
were performed using a Spinco model E analytical ultracentrifuge
equipped with Schlieren optics and run at a speed of 59,780 rpm.l
During the run, the protein sediments down the cell and a migrating
concentration gradient is formed. This region of change in concen-
tration with distance is proportional to the change in refractive
index with distance, and when viewed through Schliereﬁ optics, the
gradient appears as a migrating peak. A pure preparation will be
observed to sediment as a single symmetrical peak. The sedimenta-
tion coefficient is determined by measuring the migration of the
peak from the center of the rotor with fime. The partial specific

volume used in the calculations was obtained from the amino acid
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composition of the enzyme by the method of Cohn and Edsall (170).
The sedimentation coefficient was expressed as the spg y, or sedi-
mentation coefficient in water at 20°C. Before the run the samples
were dialyzed for 24 hours against the sample buffer, 0.1M Miller's
buffer pH 7.2 (171), with or without 0.1 mM FDP. The viscosity and
density of the sample buffer for the Mj-isozyme had been determined
previously in the laboratory of Dr. D. Rigas, University of Oregon
Medical School. For the Mp-isozyme, 0.1 mM FDP (Sigma grade) was
added to - the buffer, and new denéity‘and viscosity measurements
were made.

Sedimentation equilibrium studies were performed to
provide additional evidence for the homogeneity of the purified
enzymes and to obtain an accurate determination of their molecular
weight. These experiments were performed according to the low speed
method as described by Chervenka (172). The model E ultracentrifuge
was equipped with Rayleigh interference optics and run at 8225 rpm.
The samples were prepared in the same manner as for the sedimenta-
tion velocity studies. During the run, equilibrium was reached
within 72 hours, at which time a photogfaph of.the interference
pattern was taken. The deflection of the fringes from the meﬁiscus
toward the bottom of the cell was measured at several points and
the difference between these values was defined as AY. A lirear

2

plot of log AY versus r“ (r = the distance from the rotor center to

the point where AY was measured) indicated a homogeneous solute.
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The slope of the line was obtained by the least squares method from
which the molecular weight of the enzyme was calculated according to

DiCamelli et al. (173).

Immunodiffusion

Rabbit antiserum against purified human erythrocyte
pyruvate kinase was prepared by Dr. C. J. Chern, in this laboratory,
according to the method of Chern et al. (130). Using a similar
procedure antisera against purified human muscle pyruvate kinase
and against an impure preparation of the Mj-isozyme were prepared.!
A complex of the enzyme preparations with bovine serum albumin was
formed according to Plescia et al. (174), mixed with an equal volume
of complete Freund's adjuvant, and injected subcutaneously into the
rabbits. Antisera, obtained from ear bleedings of the rabbits, were
prepared according to.the method of Campbell et al. (175). By
immunodiffusion techniques, the purity of the Mj-isozyme preparation
was determined. Also the immunoreactivity of the human M;- and My-
pyruvate kinase isozymes was tested by immunodiffusion against anti-
sera prepared against human Mj-pyruvate kinase and antisera prepared

against human erythrocyte pyruvate kinase.

lAntiserum prepared against an impure preparation of human Mj-
pyruvate kinase was prepared using a muscle pyvruvate kinase extract
fractionated by Dr. Robert Bigley, Division of Medical Genetics,
Univ. of Oregon Medical School (see "Appendix" for method).
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NH2-terminal analysis

The purified enzymes were analyzed for their NHjp-
terminal amino acid(s) using l—dimethylaminonaphthaiene—5~sulfonyl
chloride, (Dansyl-Cl), which forms a highly fluorescent sulfonamide
upon reacting with the free amino groups of proteins. In addition
to the NHp-terminus and the epsilon amino group of lysine, Dahsyl-
Cl also reacts with the imidazole group of histidine, the sulfhydryl
group of cysteine, and the phenolic hydroxyl group of tyrosine. Ten
nm;les of histidine, tyrosine, lysine, and aspartic acid were
dansylated according to Woods and Wang (176). Ten nmoles of bovine
serum albumin and the purified preparations of the M;- and Mp-
pyruvate kinase isozymes were dansylated in the presence of 8M urea
by the method of Gros and Labovesse (177). The presence of urea
insured the complete unfolding of the polypeptide chains and exposure
of the NHQ-ferminal region. After dansylation the proteins weré
hydrolyzed under a vacuum in 6N HC1l for 12 hours at 110°C. The acid
was removed on a Buchler rotary evaporator and the samples were
examined by two-dimensional thin layer chromatography on 5 x 5 cm
pquamide sheets coated on both sides. The dansylated protein
samples were dissolved in 10 ul of acetone-glacial acetic acid (3:2)
and applied to one side of the plate with a 1 ul micropipette in a
spof 1 mm in diameter at the corner of a 1 x 1 em border. On the

reverse side of the plate a mixture of the dansylated amino acid

standards was applied in a similar fashion. The plates were developed
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in 150 ml beakers sealed with ParafilmR with water-90% formic acid
(100:1.5) in the first dimension, and benzene-glacial acetic acid
(9:1) in the secoﬁd dimension. The separated dansyi amino acids
were visualized by ultraviolet irradiation, and identified by com-
parison with the migration of the dansylated standards on the
reverse side of the plates.

Amino acid analysis

Samples of the purified enzyme were dialyzed for 24
hours against distilled water to remove excess ammonium sulfate, and
an equal volume of concentrated HCl was added. The samples were
divided into three equal portions and hydrolyzed in sealed evacuated
ampoules at 1109 for 24, 48, and 72 hours. The acia was removed on
a Buchler rotary evaporator and the amino acid content of the hydroly-
sates was determined in duplicate on a Beckman 120C amino acid
analyzer (178). Half-cystine was determined as cysteic acid and
methionine as methionine sulfone following performic acid oxidation
according to Moore (179). Tryptophan was determined spectrophoto-
metrically by the method of Goodwin and Morton (180). The values
for serine and threonine were obtained by extrapolation to zero time,
and the values of valine and isoleucine at 72 hours were used. A
mixture of 0.03 ymoles of amino acid standards was run before each
of the samples was analyzed in order to calibrate the machine. The
chromatogram peak areas were calculated by manual integration, whereby

the net height of the peak in optical density units was multiplied by
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the width at half the height. The width at half the height was
determined by counting the printed dots on the chromatogram that

’ océurred above the half-height line, using interpol;tion if necessary.
By comparing the peak areas of the sample chromatograms with those

of the 0.03 umolar amino acid standards, the number of umoles of each
residue Qas determined. The number of residues per‘mole of enzyme
was calculated on the basis of the molecular weight of the enzyme

obtained from the sedimentation equilibrium studies.
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C. Results
1. Purification of human Mj-type pyruvate kinase

In 1944 Kubowitz and Ott (1l44) published a brocedure for the
isolation of pyruvate kinase from human muscle. The procedure in-
volved the extraction of human thigh musclé with distilled water,
67% acetone precipitation, fractional precipitation with nucleic
acid, heat fractionation at 60°C, the removal of nucleic acid by
protamine sulfate, 56.5% acetone precipitation, crystallization at
pH 5.1, washing the crystals with 22.5% saturated ammonium sulfate
in cold distilled water, and recrystallization. Though the prepar-
ation could be easily crystallized, the authors did not report any
attempt to determine the purity of the enzyme preparation. When
examined in this laboratory, this procedure did not result in a
homogeneous enzyme product as determined by disc gel.electrophoresis.
The procedure which was finally adopted involved the application of
additional steps to remove the contamination (Table 4). All the
steps of purification were carried out either in the cold room at
L°C or with the enzyme solution on ice. The preparation could be
stored between the fractionation steps at 4OC as a 75% saturated
ammonium sulfate suspension without any significant loss of activity.

a. Steps'l-4: extraction of Mj-pyruvate kinase

Frozen human psoas muscle, obtained at autopsy, was

thawed and the adipose and‘connective tissue were removed. Five

hundred grams of the tissue were ground and distilled water was



Table 4. Fractionation scheme for human M;-pyruvate kinase
(see "Results' for details)

Purification Step

1. Extraction Crude Extract
[ 7 :
2. 50%-70% (NHy)»SOy [50% (NHy ) 9SOy Sup.] 59% (NHy )»S0y ppt.
fractionation 1 discard
[ 1
70% (NHy)»S0, sup. [70% (NHL)»SOy ppt.
discard
I 1
3. Heat fractionation 60°C heat ppt. [60°C heat sup. |
discard
{ ]
4, 32%-45% acetone 32% acetone sup. ] 32% acetone ppt.
fractionation discard
f 1
45% acetone sup. {T5% acetone ppt. |
discard
it _— —— !
5. DEAE-cellulose fraction [DEAE batchwise filtrate ]
6. CM-cellulose chromatography [CHM-cellulose chromatography i
7. G~200 chromatography Sepl dgx'G—zgg_ghromatogrgnhyl
crystallization

The enclosed fractions are those which contained the Mj-pyruvate kinase
isozyme.
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added to a volume equal to twice the weight of the muscle. The
extract was stirred for 2 hours at 4°C, and then centrifuged for
30 minutes at 10,000 xg in a Sorvall RC-2B centrifﬁge equipped with
a GSA;S rotor. The supernatant was filtered through two layers
of cheesecloth, placed in an ice bath, and solid ammonium sulfate
was added slowly with stirring to 50% saturation following‘the
nomogram of Dawson et al. (181). The pH of the solution was main-
tained at 7.0 by the addition of 1 N NaOH. After all the salt had
beén added, the solution was stirred for 15 minutes, cgntrifuged
for 15 minutes at 10,000 xg, and the precipitate was discarded. The
supernatant was placed in an ice bath and taken to 70% ammonium
sulfate saturation by the same procedure as above, and then centri-
fuged.

The 70% ammonium sulfate precipitate was dissolved in
50 mM triethanolamine-hydrochloric acid buffer pH 7.0 with 0.1% 2-
mercaptoethanol to a protein concentratioﬁ of 20 mg/ml (determined
by the absorbance at 280 nm), and heated to 60°C on a hot plate with
stirring for 10 minutes. The solution was then rapidly cooled to
4°C in an ice bath, centrifuged for 15 minutes at 10,000 xg, and the
precipitate discarded. The supernatant was placed in an ice bath.
Cold acetone, at -10°C, was added dropwise with stirring to 32%
by volume. After 15 minutes, the solution was centrifuged, the
precipitate discarded, and the 32% acefone supernatant was taken to‘

45% acetone by volume in the same manner.
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b. Step 5: DEAE-cellulose batchwise fractionation of M;-

pyruvate kinase

The u45% acetone solution of step 4 was Eentrifuged and
the precipitate was dissolved in 25 ml of 3 mM potassium phosphate
buffer pH 7.4 containing 0.1% 2—mercaptoetﬁanol. The sample was
dialyzed against the same buffer until the pH and conductivity were
identical to the dialysis buffer. During this time 50 gms of DEAE-
cellulose (Whatman DE52) were equilibrated with dialysis buffer.
The cellulose was titrated to pH 7.4 and resuspended several times
to remove fines. After full equilibrafion had been reached, the
dialyzed sample was mixed with the.slurry and stirred for 30 minutes
at 4°C. The mixture was filtered on & Buchner funnel and washed
with 300 ml of fhe 3 mM potassium phosphate buffer. The filtrate
was pooled, assayed for protein and pyruvate kinase,.and stored at
4oC as a 75% ammonium sulfate suspension.

c. Step 6: CM-cellulose chromatography of Mj-pyruvate

kinase

The 75% ammonium sulfate suspension from the previous
step was centrifuged, and the precipitate was dissolved in 20 ml of
CM-cellulose column buffer, consisting of 50 mM potassium phosphate,
pH 5.5, with 0.1% 2-mercaptoethanocl. The sample was desalted on a
2.5 x 100 em Sephadex G-25 column equilibrated with CM-cellulose
column buffer, and applied to a 1.5 x 30 cm column of CM-cellulose

(Whatman CM52) packed to a bed height of 20 cm and fully equilibrated
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with column buffer. The column was washed with 25 ml of column
buffer at a flow rate of 35 ml per hour, and then the enzyme was
eluted by the application of a linear gradient, cohéisting of 100
ml of 50 mM potassium phosphate pH 5.5 with 0.1% 2-mercaptoethanol
and 100 ml of 200 mM potassium phosphate pH 5.5 with 0.1% 2-
mercaptoetbanol. Five milliliter fractions were collected and
assayed for protein and pyruvate kinase (Figure 5). The potassium
phosphate gradient was measured at 25°C with a Radiometer model
CDQQd conductivity meter. Fractions 26 through 30 were pooled,
assayed, and concentrated to a volume of 2 ml by vacuum dialysis.
d. Step 7: Sephadex G-200 chromatography of M;-pyruvate

kinase

The 2 ml sample from the previous stepvwas applied to
a 1.5 x 100 cm column of Sephadex G-200 equilibrated with 50 mM
triethanolamine-HCI buffer pH 7.4 with 0.1% 2-mercaptoethanol. The
polumn was developed by gravity flow with a hydrostatic pressure of
12 em. Fractions of 2.5 ml volume were collected and assayed for
protein and enzyme activity (Figure 6). Fractions 24-30 were pooled,
assayed, and stored at 4°C as a 75% ammonium sulfate suspension.
This preparation was used for the subsequent characterization
studies.

e. Crystallization of Mj-pyruvate kinase
Crystals of human Ml—pyruvafe kinase were grown by dis-

solving a portion of the enzyme preparation from the previous
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Figure 5

CM-cellulose chromatography of human Mj-pyruvate kiﬁase. The
enzyme product of step 5 was desalted, equilibrated with 50 mM
potassium phosphate, pH 5.5, with 0.1% 2-mercaptoethancl, and
applied at a flow rate of 35 ml per hour to a 1.5 x 30 cm CM-
cellulose column (bed height = 20 cm). The column was washed
with 25 ml column buffer and then developed with a ;inear
potassium phosphate gradient, consisting of 100 ml of column
buffer at 50 mM potassium phosphate and 100 ml'ofvcolumn buffer
at 200 mM potassium phosphate. Five milliliter fractions were
collected and assayed for pyruvate kinase (0----0), optical

density at 280 nm (8——@), and conductivity (A——4).
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Figure 6

Sephadex G-200 chromatography of human Mj-pyruvate kinase.
The product from step 6 of the purification was concentrated
by vacuun dialysis and applied at a flow rate of 3 ml per
hour to a 1.5 x 100 cm column of Sephadex G-200, equilibrated
with 50 mM triethanalamine-HCl, pH 7.4, with 0.1% 2-
mercaptoethanol. Fractions of 2.5 ml were assayed for

pyruvate kinase (0----0) and for absorbance at 280 nm (0——8).
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purificétion step to a concentration of 10 mg/ml (measured by Lowry-
phenol method). The pH was adjusted to 5.1 with 1M sodium acetate
buffer, pH 4.0, and ammonium sulfate was added slowiy to 50% satur-
ation; The solution was placed in a wetted dialysis bag and sus-
pended at 4°C. Crystallization occurred within 12 hours. A photo-
micrograph of the crystalline suspension was taken at a 787 - fold
magnification (Figure 7), under which the crystals appeared ortho-
rhombic in nature.

. f. Summary of M;-pyruvate kinase purification

The overall purification for fhe human Mj-pyruvate
kinase isozyme is summarized in Table 5. The final product had a
specific activity of 382.5 units per mg protein and represented a
294-fold purification with an over-all yield of 10.8%.
.g. Homogeneity and characterization studies of human M;-
'pyruvate kinase

Disc gel electrophoresis

Disec gel polyacrylamide electrophoresis was performed
on the purified human Mj-pyruvate kinase preparation from gtep 7.
The results are shown in Figure 8. Gel 1 shows the components
present in the crude extract, step 1. Gel 2 shows the results of
purification after step 4, the 32%-45% acetone fractiomation. Steps
1, 2, 3, and 4 were adopted from the purification of Kubowitz and
ott (144), after which the enzyme prepération could be crystallized.

However, the results of gel 2 show two strong bands along with other
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Figure 7

Photomicrograph of human Mj-pyruvate kinase crystals.
Crystals were grown (see "Results' for method), placed
on a michscope slide with a Pasteur pipette, and photo-

graphed at a magnification of 787.5.
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Figure 8

Polyacrylamide disc gel electrophoresis of human Mj-pyruvate
kinase preparations. Gel 1, a crude extract of M1-pyruvate
kinase from step 1l; gel 2, the product of step 4; gel 3, the

product of step 7.
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minor contamination. Therefore, further purification procedures
(steps 5,6,7) were employed to remove the residual contaminants.

Gel 3 shows the product of step 7, and indicates, by the single major
protein band, that the enzyme preparation is homogeneoﬁs with

respect to this method. Duplicate gels of the preparation from

step 7 were run, and one was sliced (see '"Methods™) fo determine
whether the single band seen in Figure 8, gel 3, had pyruvate kinase
activity. The results are shown in Figure ¢ and confirm the

identity of the band as pyruvate kinése.

SDS gel electrophoresis

To determine the subunit molecular'weight, and to provide
additional evidence of homogeneity, polyacrylamide disc gel electro-
phoresis was performed on the Mj-pyruvate kinase pfeparation in the
presence of 0.1% SDS. Figure 10 shows.a photograph of the results
of SDS gel electrophoresis on the Mj-isozyme and on four protein
standards which were run simultaneously. From left to right the gels
are: gel 1, bovine serum albumin; gel 2, human Mj-pyruvate kinase;
gel 3, aldolase; gel 4, chymotrypsinogen; gel 5, ribonuclease. Gel 2,
human Mj-pyruvate kinase, contains a single band and indicates that the
preparation is homogeneous, and that the subunits of the Mj-isoenzyme
have extremely similar or identical molecular weights. The subunit
molecular weight of the Mj-pyruvate kinase isoenzyme was estimated
by plotting the mobility of the protein standards versus the loga-

rithm of their subunit molecular weights (Figure 11). Each standard
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Figure 9

Disc gel electrophoresis and assay of purified human ;-
pyruvate kinase. Disc gel electrophoresis was performed

in duplicate on the product of step 7. Immediately after
electrophoresis, one gel was stained (photo), and the other
was sliced into 4 mm sections, incubated, and assayed for

pyruvate kinase (see "Methods"). Activity is éxpressed as

units/ml.
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Figure 10

SDS gel electrophoresis of human Ml—pyruvate kinase and
protein standards. Gel 1, bovine serum albumin; gel 2,
M;-pyruvate kinase; gel 3, aldolase; gel 4, chymotrypsinogen;

gel 5, ribonuclease.
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Figure 11

Subunit molecular weight determination of human Mj-pyruvate
kinase.. The mobility of the protein standards relative to
the tracking dye from the SDS gel electrophoresis run is
plotted versus the log of their subunit molecular weights.
Each point is the average value for duplicate gels. The

line was drawn by the method of least squares.
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was run in duplicate, and the points represent an average mobility.

A line was drawn through the points by the method of least squares.
Two gels containing the Mj-isozyme were run and they exhibited
mobilities of 0.315 and 0.330 relative to the tracking dye. By
interpolafion'of the line through the protein standards, this
corresponds to an average subunit molecular weight of 61,000 '+ 2,000.

Sedimentation velocity

A sedimentation velocity experiment was performed on the
pufified human Mj-pyruvate kinase preparation from step 7. A 4,46
mg/ml sample (determined by the Lowry-phenol method) of the enzyme
was dialyzed against 0.1M Miller's buffer, pH 7.2 for 24 hours before
the run. Figure 12 is a photograph of the results taken through
phase plate Schlieren optics. The results show a single symmetrical
" peak, consistent with a homogeneous preparation, sedimenting to the
bottom of the cell with time. The photographs were taken at 0, 4, 8,
and 24 minutes. By measuring the migration of the peak with time, an
observed sedimentation coefficient (sghg) of 9.77Swas obtained. The
s20,w (sedimentation coefficient in water at 20°C) was calculated by

equation 5, where (n/no) = intrinsic viscosity, p20,w = density of

' Al_(GPQO,w)'

[s] s20,w = (Sgbg)-(n/no)- (——_—
. ~ M1-(vp20,s)

water.-at 20°C, pop,s = density of sample buffer at 20°C, and 2=

partial specific volume of the sample. A value of 1.01580 was

calculated for n/no; 0.99820 gm/cc for ppp .y, and 1.00279 gm/cc for
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Figure 12

Sedimentation boundary photograph of human Mj-pyruvate kinase
through Schlieren optics. The product of step 7, at a con-
centration of u;46 mg/ml, was dialyzed for 24 hours'égainst
0.1M Miller's buffer, pH 7.2 before the run. The photos were
taken as the boundary moved from left to right_at'o, 4, 8,

and 24 minutes after reaching speed.
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pQO,s~2 The partial specific volume, v, for the M;-pyruvate kinase
isozyme was calculated from the amino acid composition (170). Using

the formula in equation 6,

y R ) . -
[6] Vprotein T —— where v protein = partial specific
Ui wg
volume of the

protein

v; = partial specific volume
of amino acid <

w; = percent weight of amino

acid 7 in protein
Ziwi = 100%
a partial specific volume of 0.730 cc/gm was obtained. With these
values a spp,w of 10.04Swas calculated for human M)-pyruvate kinase.

Sedimentation equilibrium

The molecular weight of the purified enzyme was determined
by sedimentation equilibrium analysis. The same sample and buffer
solvent from the sedimentation velocity experiment was used. A
picture was taken at 72Ahours after the run had begun and after

equilibrium had been reached. A photograph of the interference

2The values for n/no, pop.w» and pP20,s were determined by Dr. C.
Rigas of the Department of Biochemistry, University of Oregon Medical
School.
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pattern through Rayleigh interference optics was taken and AY and r?
were calculated by measuring the deflection of the fringes. Tigure
13 shows the sedimentation equilibrium plot of log AY versus r2 for
the human M;-pyruvate kinase isozyme. The linear plot indicates a
homogeneous solute with respect to moleculér weight, The line drawn
through the points was calculated by the method of least squares,

d log AY) of

and had a correlation coefficient of 0.99954, a slope <d )
r

0.39597, and a Y-intercept of -20.39544, Using equation 7, according

- < _d log AY  4.606RT where T = 293.16°K
apparent -~ : £ :
d r¢ (1-9p20,5)w? w = angular

240,700 % 450 velocity

to Di Camelli et al. (173), a molecular weight of 240,700 #* 450 was
obtained. The values for v and for p20,s Were the same as those
employed for the sedimentation velocity experiment.

Immunodiffusion

The final enzyme product from Step 7 was tested by
immunodiffusion with antiserum prepared against purified human eryth-
rocyte pyruvate kinase, against purified human Mi-pyruvate kinase,
and against an impure preparation of human M;-pyruvate kinase (see
"Appendix"). The results are shown in the photograph of Figure 14
(see legend). The single precipitin line shown between well 5, con-

taining the purified human Mj-pyruvate kinase preparation from Step
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Figure 13

Sedimentation equilibrium plot of log AY versus r2 for human
Ml—pyru;ate kinase. The same sample from the sedimentation
velocity run was used for the sedimentation equilibrium

analysis. The line through the points was determined by the

method of least squares, and has a correlation coefficient =

0.99954, slope = 0.39597, and Y-intercept = -20.39544.
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Figure 14

Immunodiffusion of purified human Mj-pyruvate kinase. The
center well contained: A, purified human erythrocyte pyruvate
kinase antiserum; B, impure human Mj-pyruvate kinase antiserum;
C,~purified human Mj-pyruvate kinase (from step 7) antiserum.
The outer wells contained: 1 and 2, purified human erythro-
cyte pyruvate kinase; 3 and 5, purified human M; -pyruvate
kinase (from step 7); 4, an impure preparation of human Mi-
pyruvate kinase (from step 4)3; 6 and 7, an impure preparation
of rabbit erythrocyte pyruvate kinase; 8, an impure preparation
of human erythrocyte pyruvate kinase. The remaining wells were

empty.
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7, and well C, containing purified human Mj-pyruvate kinase anti-
serum, indicates that the purified Mj-enzyme product is homogeneous.
The more diffuse single line between well 3, purified human Mp-
pyruvate kinase, and well B, antiserum prepared from an impure
preparation of pyruvate kinase, indicates that there is no antigen
other than pyruvate kinase present in the pure human Mj-isozyme
preparation which cross-reacts with antibody against the muscle
extract. The reverse of this experiment is‘shown between well 4L,

a crude preparation of human M;-pyruvate kinase (from Step 4), and
wells B and C, the impure Mj-antiserum and purified Mj-antiserum,
respectively. The presence of a diffuse precipitin line between
"wells 4 and B is not immediately understandable. Since well B con~
tained antisera prepared against an impure preparation of human M;-
pyruvate kinase, and well 4 contained a crude preparation of human
My-pyruvate kinase, one would expect to observe a number of precipi-
tin lines. However, the fact that the lines between wells 4 and B,
4 gnd C, and 5»and C converge smoothly, suggests strongly that the
precipitation is due to the formation of a human M3-pyruvate kinase
antibody-antigen complex. The presence of a single diffuse line
between wells 4 and B is most likely due to the inequality of the

antiserum concentration in well B and antigen concentration in well Uu,
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The precipitin line shown between wells 2 and A and
between 1 and A (faint) are due to the complex formed between puri-
fied human erythrocyte pyruvate kinase3 (wells 1 and 2) and anti-
serum prepared against purified human erythrocyte pyruvate kinase.

Wells 6 and 7 contained an impure preparation of rabbit erythrocyte
pyruvate kinase. As shown by the line formed between wells 6 and A,
and between wells 7 and A, rabbit erythrocyte pyruvate kinase cross-
reacts with antiserum prepared against purified human erythrocyte
pyruvate kinase. There 1s a faint spurring of the lines seen between
wells 1 and 6, indicating only partial identity between the rabbit
enzyme and the antiserum in well A.

Well 3 contained purified humén My-pyruvate kinase. The
fact that no precipitin line was formed between weilé 3 and A
indicates that the human M;-isozyme has no determinant groups in
common with the human erythrocyte pyruvate kinase isozyme. Well 8
contained an impure human erythrocyte pyruvate kinase preparation.

No precipitin line is observedvbetween this well and well C, contain-

ing purified human Mj-pyruvate kinase antiserum. These results provide
additional evidence to support the previous suggestion that the human
M1- and erythrocyte pyruvate kinase isozymes share ﬁo common determinants

which can be detected by the antiserum used in these experiments.

3Human erythrocyte pyruvate kinase was purified by Dr. C. Chern by
the method of Chern et al. (130).
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NHo-terminal analysis

NHg—termiﬁal analysis of the purified human M;-pyruvate
kinase preparation from step 7 was performed by thin laver chroma-
tography of the dansylated protein hydrolysate. Ten nmoles of bovine
serum albumin were dansylated and hydrolyzed, and 1 nmole was
chromatographed to check the method. The results are shown in
Figure 15, B. Dansylated-aspartic acid, -histidine, -lysine, and
-tyrosine were run as dansyl-amino acid standards on the reverse
side of the thin layer plate, and the results are also shown in
Figure 15, A. These standards were chosen becausé dansyl chloride
reacts with e-aminolysyl, sulfhydryl, imiaazole, and phenolic
hydroxyl groups as well as wifh the Nﬁg—terminus of a protein.
However, the dansylated derivitives of the sulfhydryl and imidazole
compoundé are labile in acid and are broken down completely under
the conditions used to hydrolyze the labeled proteins. Figure 15, B
shows that the NHp-terminus of bovine serum albumin, aspartic acid,
is clearly resolved by this method. The only other derivatives
observed, other than dansyl-aspartic acid, were the two by-products
of the reaction, DNS-NH2(1l dimethylaminonapthalene-5-sulfonamide)
and DNS-OH(1 dimethylaminonapthalene-5-sulfonic acid), and DNS-e-
amino lysine and DNS-O-tyrosine. The results of thin layer chroma-
tography of 1 nmole of dansylated human M)-pyruvate kinase are
shown in C, Figure 15. Other than the expected dansylated derivatives

of amino acid side chains, and the by-products of the reaction, no
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Figure 15

Thin layer chromatography of dansylated human Mj-pyruvate
kiﬂése. The samples were prepared and chromatographed

(see '"Methods") with Hp0-90% formic acid (100:1.5) in the
fiprst dimension, and benzene-glacial acetic acid (9:1) in
the second dimension. A, 0.5 nmoles each of dansyl-aspartic
acid, -histidine, -lysine, and -tyrosine; B, 1 nmole
dansylated and hydrolyzed bovine serum albumin; C, 1 nmole

purified human Mi-pyruvate kinase (from step 7).
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other spot was observed. This result suggests that the NHy-terminus
of the Mj-isozyme is either proline or tryptophan, which are

' exfensively degraded during acid hydrolysis and the;efore not
observed by thin layer chromatography, or that the NHp-terminal
group of human Mj-pyruvate kinase is blocked. These results do

show that there are no contaminating proteins in thé preparation
which have free NHp-terminal amino acids detected by this method.

Amino acid composition

The results of the amino acid analyses of the purified
human Mj-pyruvate kinase isozyme are shown in Table 6. The final
number of residues are expressed as residues per mole of protein,
where 1 mole = 240,700 gms. The value for the molecular weight
was obtained from the sedimentation equilibrium aﬁalysis. No non-
amino acid constituents, such as carbohydrate moieties, were
detected by this method. Noticeable in the composition are the low
‘amounts of tyrosine, phenylalanine, and tryptophan. This was re-
flected during the purification procedure as the discrepancy between
calculating the protein content by the Lowry-phenol method and by
the absorbance at 280 nm. Since the absorbance at 280 nm is based
upon the number of tyrosine and tryptophan residues in the medium,

‘the protein content was unusually low when measured in this manner.



Table 6. Amino acid composition of human Mj~-pyruvate kinase

Amino acid 24 hr 48 hr 72 hr Average value? ResiduesP
umoles/mg proteinC .

Lysine 0.603 0.605 0.605 0.604 145
Histidine 0.218 0.210 0.215 0,21y 52
Ammonia 0.753 0.758 0.760 0.7u7 180
Arginine 0,503 0.501 0.493 0.499 120
Aspartic acid 0.822 0.826 0.823 0.824 189
Threonine 0.449 0.431 0.411 0.465 111
Serine 0.u481 0.u426 0.406 0.497 120
Glutamic acid 0,984 0.967 0.996 0.983 237
Proline 0.369 0.354 0.379 0.368 87
Glycine 0.685 0.680 0.676 0.681 165
Alanine 0.898 0.917 0.907 0.908 218
Half—cystined 0.251 61
Valine 0,748 0.765 0.767 0.767 185
Methionine® 0.323 78
Isoleucine 0.563 0.571 0.574 0.574 138
Leucine 0.669 0.671 0.6564 0.667 181
Tyrosine 02157 0.1<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>