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ABSTRACT

Kinetic properties of homogenoous creatine kinase from bovine
heart have been investigated.‘ pH activity profiles have been determined
at 30°C and yield apparent pH optima of 8.1 for the forward reaction,
thé phosphorylation of creatine, and of 6.3 for the reverse reaction,
the phosphorylation of MgADP. Temperature activity profiles have been
established for pH levels which are at or near the respective optima.
Apparent optimal temperatures are 340 for the forward and 44° for the
reverse reaction. Sodium chloride and inorganic phosphate have been
found to inhibit enzyme activity strongly.

Initial velocity studies have been conducted at three different
pH values at 30° on both the forward and reverse reactions utilizing
a pH-stat assay. The double reciprocal plots are linear and intersecting
at all pH levels and are thus indicative of a sequential kinetic mechanism.
With inéreasing PH the affinity of the enzyme for its substrates decreases
to some extent. The inhibition constants for adenine nucleotides are
the smallest observed for any of the creatine kinase isoenzymes.

To 1dent1fy the k1net1c mechan1sm more accurately product inhibition
experiments have been performed at pH 7.4 and 300. The results are |
consistent with an Ordered Bi Bi mechanism in wh1ch no dead end comp]exes
are formed by the enzyme with any of its substrates or products. Inhi-

“bition patterns obtained with the fixed substrates present at a saturating
concentration are in accord with such a mechanism. Experiments involving
the use of the competitive inhibitor guanidinoacetate, a structural

analog of creatine, lend further support to the Ordered mechanism.

iti
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ABBREVIATIONS

adN, MgadN - adenosine 5'-di- or triphosphate and their M92+ complexes
AMP, ADP, ATP - adenosine 5'-mono-, di- and triphosphate
BSA - bovine serum albumin
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CK - creatine kinase
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Tris - tris(hydroxymethyl)aminomethane
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Unit of enzyme activity - micromole per minute
Vmax - maximal velocity
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I. INTRODUCTION

Creatine kinase (ATP-creatine phosphotransferase £.C.2.7.3.2)
bé]ongs to a group of phosphotransferases which transfer in a reversible
reaction the terminal phosphoryl group of ATP to some guanidino compound.
The resulting N-phosphorylated compouhd, called phosphagen, serves as
storage compound for the high bond energy. Various phosphagens occur in
invertebrates, whereas only creatine phosphate is found in vertebrates.
Creatine kinase existé in the form of at least five different isoenzymes,

which exhibit considerable tissue specificity and are particularly abun-

- dant in nervous and muscle tissue.

The reaction catalyzed by creatine kinase forms the basis for
intracellular energy transport. ATP generated in the mitochondrial matrix
during oxidative phosphorylation is carried across the inner membrane by
an adN translocator. Mitochondrial creatine kinase located on the outer
surface of the inner membrane utilizes the magnesium complex of ATP to
produce creatine phosphate. While the ADP formed is immediately shuttled
back to the matrix via the translocase system, the creatine phosphate is
able to diffuse through the outer membrane into the cytoplasm and on to
the contracti]e apparatus of the.muscle cell. A second pafticu]ate
isoenzyme of Creatine kinase associated with the myofibrils reconverts
the energy stored in creatine phosphate to energy stored in ATP which is
then utilized in the process of contraction. As many as three soluble
forms of the enzyme, denoted MM, BB, and MB, may be found in the cytoplasm
depending on the type of cell. Their function is the formation of )
creatine phosphate by means of the ATP formed in glycolysis. 50% of the

total creatine kinase activity in heart cells is due to the cytoplasmic



isoenzymes MM and MB, 30% are accounted for by mitochondrial creatine
kinase, and 20% by the myofibri11ar enzyme.

The cytoplasmic forms from many sources have been extensively
studied. The MM isoenzyme from rabbit muscle, in particular, has received
much attention which has resulted in a thorough knowledge of its physical,
chemical, catalytic and kinetic properties and also of the details of the
reaction catalyzed. The kinetic behavior of the enzyme is consistent
with a rapid-equilibrium Random mechanism which includes an abortive
ternary complex formed by the enzyme with MgADP and creatine.

Whereas little is known as yet about myofibrillar creatine kinase,
several groups of workers have reported studies concerned with mito-
chondrial creatine kinase. These investigations have involved the use of
whole mitochondria as enzyme and their general thrust has been in the
direction of the role played by the enzyme in oxidative phosphorylation.

The present study is part of the continuing investigation in this
laboratory into the physical, chemical, and kinetic properties of the
mitochondrial isoenzyme isolated from bovine heart and purified to
homogeneity. Its purpose is to determine the catalytic and kinetic
properties of the enzyme invvitro and to.assign a kinetic mechanism on

the basis of initial velocity measurements.
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IT. LITERATURE REVIEW

A. The Beginnings

In 1927 Eggleton and Eggleton (1) and Fiske and Subbarow (2) recog-
nized that the supposed inorganic phosphate of muscle was in fact a labile
organic compound. Fiske and Subbarow (3) subsequently isolated and
characterized this compound and named it phosphocreatine. Further studies -
were carried out by Meyerhof and Lohmann who categorized it as a high
energy compound (4) and linked its resynthesis after muscle contraction
to ATP hydrolysis (5). Lundsgaard (6) had previously shown that muscle
poisoned with iodoacetate may contract with only a breakdown in phosphagen.

Lohmann (7) proposed that the hydrolysis of creatine phosphate was
mediated by the enzyme creatine kinase. He believed that both ADP and
AMP could serve as acceptors of the phosphoryl group. This view was
shared by Lehmann (8), who established that the reaction catalyzed waé
reversible and, in addition,found that Mg2+ ion was probably required
and that the reaction velocity was pH dependent. In cdhtrast to the
crude extracts used by these workers, a partially purified enzyme was
employed by Banga (9) a few years later. She was able to confirm the
pH dependence observed by Lehmann, but she noticed that her enzyme pre-
paration was able to transfer oh]y the terminal phosbhory] group of ATP
to creatine. She proposed the existence of another enzyme fraction
capable of phosphorylating creatine by means of ADP. After another
attempt at purifying the enzyme by Sorenyi and Degtyar (10), it was the

work by Askonas in 1951 (11) which constituted the important breakthrough

~in the technique'of purifying the enzyme: she discovered its remarkéb]e

resistence to denaturation by solvents which was to become the basis of

all subsequent purification schemes.



The early period of research into creatine kinase and the reaction
it catalyzes concluded with Narayanaswami (12) describing properties of
a crude creatine kinase preparation obtained from cerebral cortical tissue,
whereas all previous studies had been conducted on extracts of skeletal

muscle.

B. The Middle Period

In 1954 a period of rapid advancement of research began to which
two groups 6f workers were the main contrfbutors: the Wisconsin group
around Kuby and the Canberra group initially represented by Ennor and
Rosenberg and later by Morrison and coworkers. In concurrent pubTlications
these groups showed that Banga's claim of another creatine kinase fraction
being responsible for the phosphorylation of AMP was due to contamination
by adenylate kinase and that the reaction catalyzed was restricted to the
reversible phosphorylation of ADP by phosphocreatine (13,14).

With both groups employing adaptations of Askonas' propanol frac-
tionation techniqué, it was Kuby et al. whb were able to crystallize the
enzyme from rabbit muscle (14) and to demonstrate its homogeneity (15);
they also described its physical properties. The major emphasis in
these investigations lay on the kinetics of the reaction, however. The
effects of pH (13,16) and temperature (16) were determined; enzyme
stability, inhibition by products (16) and other inhibitors (13) were
studied.

The focal point of these kinetic studies, howevér, was the role
played by_Mg2+ and also by Ca2+ and Mn2+ in the catalytic mechanism.

The workers were fully aware of the absolute requirement of the reaction
for one of these metal ions as well as of the inhibitory effect produced

by an excess of the ions (13,16,17,18). The major point of contention
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arose from the mechanism by which the metal ion exerts its influence on the

reaction velocity. Kuby et al,(16) proposed very early that the mag-

nesium complexes of the nucleotides were the true substrates of the

enzyme, a view that was shared by Noda et al. (19), but not by Morrison
"""" et al. (20) who claimed that Mg2+; creatine phosphate and ADP could bind
independently to the enzyme. This means that the ion was seen as forming
a bridge between the protein and the nucleotide,which was the role pre-

viously assigned to it in the case of arginine kinase (21). The issue

was complicated by a Tack of reliable values for the stability constants

of the metal nucleotides which made it impossib]e to calculate accurately
the contentrations of the various species. (See Kuby and Noltmann (22)
for a detailed review of this problem.)

From NMR studies involving the use of the paramagnetic Mn2+ ion in
place of Mg2+ jon, Cohn (23) concluded that the metal jon does not form a
bridge between the enzyme and the nucleotide buf rather that it is complexed
to the nucleotide which is then bound to the enzyme. In 1965 Morrison
(24) conceded that the formation of an enzyme —M92+ comp]éx still had to
be considered uncertain and tacitly adopted the M92+—nuc1eotide concept
in the next paper (25).

Ennor and Rosenberg (13) found that cysteine will increase the
reaction rate while sulfhydryl and oxidizing reagents will inhibit enzyme
activity stkong]y. They concluded from these observations that the enzyhe

...... possesses a free SH group or groups which is necessary for enzyme activity.
Using arsenicals they characterized creatine kinase as a monothiol enzyme
(26). Noltmann et al. (27) carried out an amino acid analysis and found

a total of six sulfhydryl groups per mole, two of which were classified

as reactive residues on the basis of inhibition titration experiments with

jodoacetate (28). 0'Sullivan and Morrison (29) observed that trace
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contamination by hequ metal ions leads to oxidation of S groups and con-

comitant loss of activity. Watts et>a1. (30) determined that alkylation
‘of two reactive thiols by iodoacetate is accompanied by complete loss of
activity and concluded that creatine kinase contains a maximum of two
catalytic sites per molecule. Watts (31) linked the inactivation that re-
sults from modifying the SH groups to the catalytic mechanism rather than
to a conformational change.

Inhibition by competitive inhibitors was first observed by Kuby
et al. (16) who used MgADP to inhibit the forward reaction. From the type
of inhibition which was competitive re]atvve to MgATP and noncompetitive
relative to creat1ne,1t was inferred that separate binding sites ex1st for
the M92 -nucleotide and the guanidino substrates. The results of equilib-
rium b1nd1ng measurements made by the same workers indicate two nucleo-
tide binding sites per molecule (32). Noda et al. (19) identified HATP3-
as a strong competitive inhibitor relative to MgATP and ATP4' as a weak
one. They also showed that small inorganic ions such as nitrate, phos-
phate and chloride inhibit the forward reaction éompetitively relative to
MgATP (19) and the reverse reaction competitivé]y relative to creatine
phosphate (33). This suggested to the authors that the anions interact
with the enzyme at the same locus at which the y-phosphate of MgATP and
the phosphoryl group of creatine phosphate interact with the enzyme.
Millner-White and Watts (34) and Watts (35) attributed the inhibition to
the ability of these small anions to form a stable and inactive enzyme-
créatine—MgADP-anion comp1ex. The existence of this complex has been
substantiated by the application of EPR and NMR techniques by Cohn's
group (36,37,38).
The quaternary complex mimics the transition state in the rapid-

equilibrium'Random kinétic mechanism that has been established for creatine
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kinase by Morrison and James (25) on the basis of initial velocity experi-
ments performed with products present and absent. The mechanism was con-
firmed in isotope exchange studies which are, moreover, in accord with the
formation of an enzyme-MgADP-creatine dead end complex but not with the
formation of an enzyme-MgATP-creatine phosphate complex (39).

The rapid-equilibrium Random mechanism persists when Ca2+ or Mn2+
are substitutedfor M92+ (40). However, using chromium nucleotides as
inhibitors, Schimerlik and Cleland (41) were able to show that at pH 7 the
rapid-equilibrium Random mechanism changes into an equilibrium Ordered
mechanism in the forward reaction with MgATP adding before creatine.

In 1975 Engelborghs et al. (42) reported the results of quenched-
flow studies which are consistent with the rapid-equilibrium Random
mechanism,and lately there has been renewed interest in the kinetic
mechanism on the part of NMR spectroscopists (38,43,44,45,46). Several
of these studies have presented evidence for the relay of conformational
changes from one subunit to the other in an enzyme which has been modified
with thiol reagents (43,45,46).

The specificity of the enzyme for guanidino substrates is very

- narrow. Of the naturally occurring substrates of guanidino phosphotrans-

ferases only creatine and glycocyamine, or GAA, and their phosphates
are substrates of creatine kinase (47,48). Glycocyamine is a poor sub-

strate at that with respect to both Vma and Km values (49) and so is

X
phosphoglycocyamine which produées only a low maximum velocity (48). A

few synthetic compounds produce relatively high activities, the most notable
being cyclocreatine which is even metabolized in the living organism (50).
The activity'of this substrate analog shows that creatine is phosphory-
lated on the guanidino nitrogen atom that is trans to the N-methyl group.

The low activity of glycocyamine which lacks the N-methyl group and of
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other creatine analogs which have bulkier N-alkyl groups supports the view
that the N-methyl group plays an important role in the catalytic mechanism
(48).

Specificity for the metal-nucleotide substrate is broad except with
regard to the length of the phosphate chain. The forward reaction requires
the triphosphate and the reverse reaction the diphosphate (16). AMP and
adenosine cannot function as substrates, but do bind to the enzyme (51).
The magnesium complexes of the diphosphates of guanosine, inosine, cytidine
and uridine have been found to be active though weak substrates as well as
MgITP and MgdATP (16,51). Morrison and Uhr (17) have observed that the
affinity of the enzyme-creatine phosphate complex for the metal-ADP complex

varies with the identity of the metal ijon.

C. The Present

The third period of discovery began in 1964 with the observation by
Burger et al. (52,53) and also by Deul and Van Bfeemen (54) of three
electrophoretically different bands obtained from homogenates of brain,
skeletal and smooth muscle and the récognition of these bands as isoenzymes
of creatine kinase. ' The isoenzyme from brain was observed to move toward
the anode, that from skeletal muscle toward the-cathode; The third iso-
enzyme found in smooth muscle and particularly in heart (54,55) possessed
intermediate mobility. Eppenberger et al. (55) suggested that the iso-
enzymes might consist of combinations of two different monomers yielding
the dimers MM, BB, and MB. Dawson et al. (56) and later Keutel et al.
(57) were able to show this to be correct by producing the MB hybfid from
dissociated MM and BB type subunits. While these isoenzymes could be
extracted from the cytoplasm, a number of researchers have found creat1ne

kinase activity associated with myof1br1ls (58,59,60).
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Wood (61,62) had isolated and characterized creatine kinase from ox
brain and had noted the difference in chemical properties and in electro-
phoretic mobility relative to the rabbit muscle isoenzyme before the dis-
covery of the isoenzyme relationship. Now, very thorough studies on the
enzyme from calf brain showed its physical, chemical and kinetic properties
to be similar and yet distinctly different from those of the rabbit muscle
enzyme (63-66). In comparative studies on the cytoplasmic isoenzymes from
muscle and brain of rabbit and chicken, it was determined that different
types of isoénzymes from one species are more dissimilar than the iso-
enzymes of the same type from different species (67,68). Properties of
even the subunit of the rabbit muscle MM isoenzyme have been determined
(69), but no comparable studies have yet been made on the BB isoenzyme
subunit.

Since the description in 1973 of the myofibrillar isoenzyme by
Scholte (59), who also proposed for its physiological function the degra-
dationof creatine phosphate to yield ATP for muscular contraction, only
one other study concerned with this isoenzyme has been published to this
date (70). The kinetic parameters of crude preparations from myofibrils
and mitochondria were compared and found to differ s1gn1f1cant1y only in
the Michaelis constants for guanidino substrates which are larger by a
factor of three for the myofibrillar enzyme

Considerably more effort has been expended on the mitochondrial
isoenzyme though almost only in relatively recent years. After jts dis-
covery by Jacobs et al. (71), Scholte et al. (72) and Jacobus and Lehninger
(73) have localized the enzyme on the outs1de of the inner membrane, but
Lipskaya and Goloveshkina (74) believe it to reside on both sides. Most .
of the investigations have been concerned with the relationship between the

isoenzyme and the process of oxidative phosphorylation (70,73-80).
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ATl workers agree that the forward reaction constLitutes the physiological
role of the enzyan As substrate affinities and maximal velocities favor
the reverse reaction, Saks and coworkers (70,76,78) have postulated a

functional couplina of mitochondrial creatine kinase with the ATP-ADP
translocase system.

The mitochondrfa] enzyme has been partially purified by Farrell
et al. (81) and by Hall et‘al. (82) who also report the existence of two
forms of the enzyme which differ in activity and are interconvertible by
reduction and by an increase in concentration. A procedure has been dé-
veloped in this laboratory which yields homogeneous enzyme (83) and physi-
cal and chemical studies have been carried out on such enzyme preparations
(84~86). Parts of the present study have been submitted for publication

and preliminary reports have been presented (37,88).
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ITI. EXPERIMENTAL

A. Materials

Acetic acid (reagent grade) - Fisher

Adenosine 5'-diphosphate (sodium salt, grade II1) - Sigma

Adenosine 5'-monophosphoric acid (sodium salt, from yeast, type II) -
Sigma

Adenosine 5'-tetraphosphate (tri-monocyclohexylammonium salt, grade III) -
Sigma

Adenosine 5'-triphosphate (disodium salt, from equine muscle) - Sigma

Adenylate kinase ((NH4)2504 solution, from pig muscle, grade IV) - Sigma

B-Alanine - Eastman

B-Amino-n-butyric acid - Sigma

1,2,4-Aminonaphtholsulfonic acid (reagent grade) - J.T. Baker

Ammonium molybdate (reagent grade) - Fisher

Arginine - ICN Nutritional Biochemicals

Bovine serum albumin - Sigma

Creatine (reagent grade) - Fisher

Creatine phosphate (disodium salt) - Sigma

Cupric sulfate pentahydrate (reagent grade) - Matheson Coleman & Bell
Cytidine 5'-diphosphate (trisodium salt, from yeast, type I) - Sigma
Cytidine 5';triphosphate (sodium salt, from muscle, type I) - Sigma
2'-Deoxycytidine 5'-diphosphate (sodium salt) - Sigma

Diacetyl - Sigma |
B,B-Dimethylglutaric acid - Sigma

N,N—Dimethylglycine hydrochloride - Sigma

1,4-Dithioerythritol - Sigma

Ethy]enediahinetetraacetic acid (disodium salt) - Sigma
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Glycerol (spectroquality) - Fisher
- Glycine (reagent grade) - J.T. Baker
Glycolic acid - Matheson Coleman & Bell
| Guanidinoacetic acid - Mann
B-Guanidinopropionic acid - Sigma
Hydrochloric acid (reagent grade) - J.T. Baker
p-Hydroxymercuribenzoate (sodium salt) - Sigma
Inosine 5'-monophosphoric acid (disodium salt, from yeast, grade 111) -
Sigma
‘‘‘‘‘‘ Magnesium acetate (reagent grade) - J.T. Baker
Magnesium sulfate (reagent grade) - J.T. Baker
Maleic anhydride - Matheson Coleman & Be11
Mallcosorb (analytical reagent, 602 absorbent) - Mallinckrodt
a-Naphthol (grade III) - Sigma
Nucleoside 5'-diphosphate kinase (from baker's yeast, grade III) - Sigma
Orcinol - J.T. Baker |
Perchloric acid (607) - Allied Chemical
1(5;{}; ' Phenol reagent - Ingram & Bell
o Polyethylene glycol (mol. wt. 15000-20000) - J.T. Baker
Potassium acetate (feagent‘grade) - J.T. Bakér
Potassium chlbride (reagent grade) - Matheson Coleman & Bell
Potassium dihydrogen phosphate (reagent grade) - Fisher
ffi ifﬁ Potassium sodium fartrate (reagent grade) - Matheson Coleman & Bell
Pyruvate kinase (in 2.2M (NH4)2504, from rabbit muscle, type II) - Sigma
Sarcosine hydrochloride - Sigma
Sodium acetate (reagent grade) - Matheson Coleman & Bell
Sodium bisuifite (reagent grade) - J.T. Baker

Sodium carbonate monohydrate (reagent grade) - BDH
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Sodium chloride (reagent grade) - J.T. Baker
Sodium hydroxide (reagent grade) - Fisher

Sodium sulfite (reagent grade)- Fisher

Standard buffer pH 4.00 (250) Fisher

pH 6.50 (20°) - Radiometer

pH 7.00 (25°) - Fisher

pH 8.00 (250) Fisher
pH 10.00 (25°) - Fisher
Sulfuric acid - Matheson Coleman & Bell
Thymidine 5'-diphosphate (sodium salt) - Sigma
Thymidine 5'-triphosphate (sodium salt) - Sigma
Trichloroacetic acid (reagent grade) - J.T.bBaker
Tris(hydroxymethy1)aminomethane (Sigma 7-9) - Sigma
Uridihe 5'-diphosphate (sodium salt, from yeast, type I) - Sigma

Uridine 5'-triphosphate (trisodium salt, from yeast, type III1) - Sigma
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B. Methods

1. Enzyme Preparation

The isolation of creatine kinase from bovine heart mitochondria has
been described by Jacobs et al. (83). The enzyme preparations which were
used in the colorimetric assays (nos. 44, 38 and 43) were 0.2 M in potassium
phosphate buffer which interfered with the colorimetric assay of the for-
ward reaction. The phosphate was removed from preparation 44 by dialysis
against several changes of a solution of pH 7.4 which was 0.002 M in DTE
and 0.005 M in EDTA. Since this treatment resulted in a high degree of
dilution of the dialysate, the other preparations were dié]yzed against a
buffer which contained as much as 13% polyethylene glycol of molecular

weight 15000-20000. The use of this buffer in conjunction with dialysis

tubing with a cut-off value of 3500 made it possible to control the volume

of the dialysate quite accurately. There was no detectable detrimental
effect on the activity of the enzyme.

The dialysate was diluted 1:1 with glycerol and stored at -20° in

a vial of a size chosen to leave the smallest possible volume of air in

contact with the solution. A slow continuous decrease in activity was
observed during storage.

Enzyme preparation 48 which contained 0;2 M sodium chloride and 0.2 M
bicarbonate buffer was also subjected to dialysis involving the use of
polyethylene glytol, because the high salt concentration was expected to
interfere with the enzyme activity and the pH-stat assay.

A1l these.preparations were reactivated prior to use by making an
aliquot 0.02 M in DTE, 0.01 M in EDTA and 0.4% in BSA and allowing to stand
overnight at 40. Such treafment raised the actfvity of the enzyme solution,

but there was altendenqy for the activity to drop off during the day's work.
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The enzyme solution was diluted with 50% (w/v) glycerol immediately before
use to a protein concentration of between 0.002 and 0.06 mg/ml depending
on the pH and on the reaction which was investigated. From 0.1 to 2 ug of
protein were used per colorimetric assay.

The last step employed in the purification of the enzyme preparations
which were used in the pH-stat assay (nos. 53, 59, 64, 74/75 and 80/81/82)
had involved affinity chromatography utilizing agarose-bound ATP. This
procedure yields a highly concentrated enzyme solution which has a rela-
tively low buffer concentration (0.001 M potassium phosphate) and can be
stored in 50% (w/v) glycerol solution in the presence of 0.5 M sodium
chloride, 0.001 M EDTA and 0.01 M DTE at -20° for long periods of time
without appreciable loss bf activity.

The enzyme was removed from the freezer in 25-ul portions, stored
in a closed vial in ice and used undiluted within the hour. This method
of handling the enzyme provides a constant level of activity throughout

the day and avoids the reactivation procedure with its concomitant fluc-

“tuations in activity. Between 0.13 and 0.27 units of enzyme were used per

PH-stat assay in the forward reaction and 0.19 and 0.45 units were used in

the reverse reaction.
The enzyme was not‘pre—incubated under reaction conditions. Protein
concentrations were determined by the method of Lowry et al. for precipi-

tated proteins (89) using bovine serum albumin as standard.

2. Co]orimetrickAssays of'Enzyme Activity

Two well established discontinuous assays for creatine kinase were
chosen, one to measure the formation of creatine phosphate in the forward
direction by the method of Fiske and Subbarow (90) as applied by Noda et

al. (91), the other to measure the formation of ckeatine in the reverse
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direction by the method of Eggleton et al. (92). Product formation was
assayed by means of a Bausch‘and Lomb Spectronic 20 spectrophotometer
equipped with a red-sensitive phototube.

These discontinuous assays offer the.advantage that only properties
of the enzyme under study are observed. Continuous coupled enzyme assays
may well reflect properties of the coupling enzyme or enzymes in addition
to those of the enzyme investigated. This is especially true for the
present studies which have been conducted under widely varying conditions
of pH, temperature, ionic strength and kind of buffer.

The forward reaction, phosphorylation of creatine by MgATP, employed
substrate concentrations used by Noda et al. (91). It was studied at 30°
in 0.1 M tris-maleic écid—NaOH buffer over the pH range 5.8 to 8.5 and in
0.1 M glycine-NaOH buffer between pH 8;2 and 10.7. The preparation of the
buffer solutions was adapted from Gomori (93).

The relatively high buffer concentration of 0.1 M was chosen to
provide adequate buffering capacity even at the limits of the useful
buffer range.. Also, this Concentration had been used previously by Noda
et al. (91).

With eaéh buffer system covering a wide pH range,considerable
differences in the ionic strengths of the individual buffer solutions were
observed. To preclude the varying ionic strength from becoming a factor
in the enzyme activity,sodium chloride was added to each buffer solution
to a final ionic strength of 0.1. Specific conductance measurements were
made with the Radiometer conductivity meter CDM2. Data relating specific

conductance to moles NaCl/1 were taken from the Handbook of Chemistry and

Physics (94). Since chloride is known to inhibit the cytoplasmic MM iso-
enzyme from rabbit muscle (35), the experiment was repeated without added

sodium chloride.
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There appeared to be no inhibition of the color reaction by either
of the two buffers used.

The reverse reaction, phosphorylation of MgADP by creatine phosphate,
was studied at 30% in 0.1 M Tris-maleic acid-NaOH buffer of constant ionic
strength over the pH range 5.5 to 8.3 and in 0.1 M g,8-dimethylglutaric
acid-NaOH buffer of both constant and varying ionic strength between pH 5.1
and 7.7. The properties of the dimethylglutarate buffer have been de-
scribed by Stafford et al. (95),and its preparation was adapted from Hems
(96).

The Tris-maleate buffer was found to strongly interfere with the

~colorimetric assay for creatine as noted by Rosenberg et al. (97), whereas

the dimethylglutarate buffer caused no adverse effects. On the other hand,
dimethylg]utafic acid précipitated out of the highly aéidic medium in which
inorganic phosphate is determined and was, therefore, unsuitable as buffer
for the forward reaction. It also produced a precipitate with p-hydroxy-
mercuribenzoic acid which had been originally added to quench the enzyme
reaction but then was found to be unnecessary since the highly alkaline
color mixture inactivated the enzyme completely by itself.
Substrate-cohcentrations were 0.005 M creatine phosphate, 0.002 M

ADP and 0.004 M MgSO, (98) in a total volume of 2 ml. Color development

2
by the a—naphtho]-diacety1 reaction was allowed to take place in 250-ml
beakers to satisfy the oxygen requirement as noted by Ennor and Stocken
(99).

The studies on enzyme activity as a function of temperature and of
concentration of sodium chloride employed the same substrate concentrations
as those used in the pH studies. A 0.05 M glycinate buffer of pH 8.6 was
used in the forward reaction and a 0.05 M g,B-dimethylglutarate buffer of

pH 6.3 was used in the reverse reaction. Because the optimal pH of the
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forward reaction, 8.1, 1is located near the end of the useful range of the

buffer system, a pH of 8.6 was used instead.

3. Potentiometric Assay of Initial Velocity

The pH-stat method has been used‘for assaying creatine kinase ac-
tivity by the Kuby group (28, 63, 65, 66) and by Watts (34). In this study
it was used for measurements of reaction velocity in all experiments which
deal with the effects on initial velocity exerted by substrates, alternate
substrates, substrate analogs, products and dead end inhibitors.

a) Instrumentation

The instrumental assembly from Radiometer included a TTT 11b titrator,
an ABU 11a autoburette of 0.25 ml capacity, an SBR2c recorder, a PHM 28b
pH meter and a TTA3 tifration assembly which. had been modified in several
ways. The standard titration vessel had been replaced by a 20-ml thermo-
stated cup which was connected to a K4R Lauda constant temperature bath
accurate to M 0.01°c; the original stirrer had been exchanged for a more
efficient propeller-type glass stirrer which was uéed at maximum speed;
the end of the titrant delivery tube had been drawn out to a very small
diameter in order to prevent mixing of solutions during periods when there
was no titrant flow. The opening'of the delivery tube was located directly
above the blades of the stirrer to bring about the fastest possible mixing
of titrant which was necessary to avoid adding an excess of titrant. The.
titration vessel was covered with a custom-made 1id and water-saturated
nitrogen wés passed into the enclosed air space at such a rate that there
was no net change in carbon dioxide tension.

b) Mode of Operation

The apparatus is depicted in schematfc form in Figure 1. It func-

tions in the following manner (100). The pH of the reaction mixture is
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Figure.1. Schematic diagram of the pH-stat apparatus.
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adjusted to the level at which the reaction is to take place. This value
is preset on the titrator and constitutes the set end point. As hydrogen
ions are produced or consumed in the reaction, the pH changes giving rise

to an error signal which represents the difference between the actual meter
current and the current which corresponds to the set end point. The error
current is amplified and applied to a switch circuit which energizes an
electromagnetic relay which in turn controls the flow of titrant from a
motor-operated burette.

The average flow of titrant is proportional to the error current
within a certain range called the proportional band. Within this band the
titrant is added in increments which are reduced as the error current grows
smaller, while the time interval between increments increases. The burette
is mechanically linked to a recorder which records the volume of titrant
dispensed as a function of time thus tracing out a curve whose slope at
any given moment is equal to the reciprocal.reaction rate in terms of
minutes per volume %.

The titrator is not capable of quickly and accurately adjusting by
itself the rate of titrant flow to the reaction rate. The operator has to
set the proper proportional band on the titrator unit and the increment size
labeled "speed" on the burette unit. The titration will follow the reac-
tion in a manner which is determined by these settihgs.

A typical recorder trace of a reaction consists of two major parts.
Initially the titrant is added at a rapid raté, causing a nearly horizontal
line to be traced out, to make up for thé displacement in the pH of the
reaction mixture that is due to the addition of the reaction - initiating
enzyme solution. If the pH is displaced in the othef direction, no titrant
is added at all during this early peribd, giving rise to a vertical trace,

while the reaction is catching up to the set end point. Once the end point
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has been reached, the titrant is added at such a rate as to méintain the pH
of the reaction mixture at this level. It is the slope of the straight
line drawn through the initial part of this proportional phase of the
trace which is a measure of the reaction rate. The reliability of the
assay depends upon the accuracy with which the titration follows the re-
action which in turn depends upon the correctness of the control settings
that have to be made by the operator. Improper settings will cause problems
of various kinds.

The use of too narrow a proportional band allows the end point to be
reached rapidly, but it will cause the end point to be overrun due to the
lag in electrode response. When this happens no increments will be added
during the time needed for the reaction to catch up and a trace resembling
a step is obtained (Figure 2a). By the time the reaction has caught up, its
rate may already have dropped significantly. The use of too wide a pro-
portional band gives such a gradual approach to the end point that it is

difficult to identify the point on the trace where the end point was in

fact reached and the proportional phase begins (Figure 2b).

The speed setting controls the size of the volume increment for a
given error signal. High settings lead to large increments, quick attain-

ment of the end point and repeated overshoots which introduce a series of

'steps into the trace (Figure 2c). If such a step-profile is superimposed

on a curve rather than a straight line, it is difficult to decide which of
several possible tangents represents the reaction rate (Figure 2d). If,
on the other hand, the speed setting is too low, the increments will be
too small to enable the titration to keep up with the reaction with the
result being that the slope of the initial proportiona} phase will be too
small while the error signal gradually builds up and subsequently produces

a trace with an increasing slope (Figure 2e).
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The property of the apparatus which makes it even more difficult to
obtain meaningful measurements is a certain "flexibility" in the end point
which comes into play when the titration is not perfectly attuned to the
reaction. When the proportional band and speed settings combine to add
an excess of titrant, however slight, the pH of the reaction mixture will
not be held constant at the set end point, but will be displaced somewhat in
the direction of the titration giving rise to high velocity readings.
Conversely, if the settings are conducive to a slow addition of titrant
relative to the reaction rate, the pH of the mixture will not quite reach
the set end point in the initial proportional phase; however, the lag will
be taken up at a later stage when the reaction rate begins to drop. The
resulting trace will possess a relatively Tong linear portion, but the
velocity measurement will be low (Figure 2f).

This problem could be largely overcome by "pushing" the reaction,
i.e. the end point was offset by the margin of drift and proportional band
and speed settings were used which caused a slight excess of titrant to be
delivered at all times thus pushing the actual end point beyond the set
end point to the value originally intended. The trace obtained would Took
somewhat coarse and step-like and would possibly be more difficult to
evaluate than a smooth trace, but the velocity measurement derived from it
would be much less susceptible to random error caused by a drifting end
point (Figure 2g).

To obtain a reliable recorder trace the proper control settings had
to be selectéd prior to the start of the reaction and the titration had to
be watched attentively so that any needed adjustments to these settings

could be made at an early stage. It was necessary to anticipate any need

for adjustment rather than to wait for it to arise, because by the time it .

" did so the titration could usually not be brought into step with the \”eac’c-"'~
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tion before the rate began to drop. It was thus normally possible to make
the titration follow the reaction accurately within a period of about one
minute which means that the velocity measurements can be regarded as repre-
senting true initial velocities.

c) Interferences

Superimposed upon the problems connected with the actual operation
of the apparatus were.the problehs arising from the differences in the
compositions of the reaction mixtures. High substrate concentrations

.... allowed more time to attune the titration speed to the reaction velocity
than did Tow substrate concentrations before product inhibition and de-
creasing subsfrate concentrations could take effect. In assays where the
two substrate concentrations were most disproportionate, the relatively
high reaction rate that was due fo the high concentration of the one
substrate reduced the time available for "tuning" into the reaction even
more to something less than one minute.

In order to alleviate product inhibition by ADP several schemes for
its removal were devised and tried out, but none proved to be suitable.
Pyruvate kinase consumes the hydrogen jon generated by creatine kinase
thereby interfering with the pH-stat assay for creatine kinase. Adenylate

ff?f7 £ _ kinase produces AMP which was found to inhibit creatine kinase nearly as
effectively as ADP. Although the stoichiometry of the reaction catalyzed
by adenylate kinase should have led to a reduction in inhibition, no im-

LR provement in the shape of the reaction trace was detected. Nucleoside

5'-diphosphate kinase was found unsuitable, because mitochondrial creatine
kinase reacts with all nucleoside 5'-triphosphates produced by the enzyme.
Yet another complicating factor is the buffering action of MgATP,

MgADP, creatine phosphate, EDTA and BSA which affects the assay by decreaéing
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the sensitivity. The use of BSA was discontinued after it was discovered
that it was not needed to maintain the activity of the enzyme. The

effect of EDTA became negligible when the enzyme was used undiluted

so that volumes of only one or two microliters were needed. The resulting
Tow concentration of EDTA in the reaction mixture, however, caused no
problems with oxidation of the enzyme (29). But each of the three sub-
strates mentioned did adversely affect the sensitivity of the method to

an extent which was proportional to their concentration. In product
inhibition studies the buffering action of the product was seen in addition
to that of the substrates, particularly when the inhibitory product was
present at a saturating concentration. Thus, it can be said that each
assay mixture exhibited its own distinctive behavior during titration
which had to be taken into account when the trace was evaluated.

It is important to point out that due to the buffering action of

substrates and to instrumental problems associated with titrating high-

velocity reactions the assays involving the highest substrate concentra-

ktions do not yield the most reliable results. This is one reason for not

subjecting data obtained by the pH-stat method to analysis by a computer
program which weights assays according to substrate concentrations.

In early work a G 202 C glass electrode was used with a K 4312
calomel reference electrode and also the equivalent GK 2021 C combination
electrode, all made by Radiometer. The dithioerythritol added to the
reaction mixture with the enzyme solution, however, had a detrimental
effect on the stability of the signal resulting in a great deal of noise
and drift in the pH meter reading. This effect was cumulative and irre-
versible rendering a given electrode unusab]e.Within days or weeks depending

on the extent of exposure to the reagent.



The problem was resolved by resorting to the use of the Beckman
Combination E]eétrode 39183 which incorporates a silver-silver chloride
reference electrode. The liqufd Junction is formed by the electrolyte,

a silver-chloride saturated 4 M potassium chloride solution, flowing
through an annular ceramic layer. This electrode showed no signs of
poisoning during the entire period_of use, approximately two years, and
even more importantly generated consistently low noise readings.

The use of this electrode offers one major disadvantage, however,
which is a relatively slow response.  The delay in sensing the pH will
cause an excess of titrant’to be delivered with the result that the
titration‘wi]] pause until the reaction has not only caught up to but has
in fact paéséd the end point. This cycle of overshoot and stop may repeat
itself several times‘well past the initial proportional phase. The prob-
lem could be'allayed by adjusting the initial pH of the substrate mixture
to a value such that the addition of the enzyme solution would bring the
pH of the reaction mixture very close to the set end point and also by
carefully selecting that proportional band which, while alTowing the ti-
tration to keep up with the reaction, would cause titrant to be added suffi-
ciently slowly to avoid a large overshoot as the end point was approached.
As such a cautious titfétion is more time-consuming‘than a more rapid one
which is made possible by an e]ecfrode with a shorter response time, the
evaluation of assays involving low substrate concentrations which entail

short initial proportional phases remained problematical.
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d) Evaluation

The purpose of this somewhat detailed discussibn of sources of error
affecting the recorder trace is to'show that there is an appreciable number
of both deﬁenninate and random errors which ultimately find their way into
the experirentally determined variable, the initial velocity. In addition,
the assignment of a numerical value to the slope of a trace can, on occasion,
represent a difficu]t task. For example, the two tangents drawn to the trace
~in Figure 2b yield initial velocities of 3.6 and 2.6 volume %/cm. As only
one of these values can be correct, a choice has to be made betWeen them by
the experimenter with the help of an understanding of how the instrument
functions and of a knowledge of the exact circumstances under which the
~trace was recorded. Thus the accuracy of the data hecomes to some extent a
function of the worker's ability to extract the best values from the recorder
traces. This necessarily subjective proceSs further complicates the error
structure of the data.

The term “éxperiment“ as used in the initial velocity studies denotes
the number qf assays, each one performed with a different reaction mixture,
sufficient to produce a family of double réciproca] plots. The binding con-
stants and maximal velocity derived from éuch'a plot constitute the resu]ts'
of the experiment. A typica? experiment consists of 20 to 40 assays, all
done on the same day. It was physically impossible to increase this number.
When an experiment was continued on the following day, the assays were
found to be reproducible only to such a degree as'to render the additional
data of little value in improvfng the accuracy of the results and of even
less value in determining the reproducibility of replicate assays.

Askeldf et al. (101) consider a knowledge of the error structure of
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a given set of experimental data a necessary prerequisite for incisive
analysis. The absence of such knowledge makes the application of com-
puter programs such as those by Cleland (102) which assume equal vari-
ances of the data appear to be of doubtful value. A methodicé] investi-
gation into the variances of the data as a function of substrate concen-
tration will yet have to be carried out to make possible a meaningful
statistical analysis. For the present, the data in double reciprocal plots
were subjected only to a linear least squares analyéis.

The most effective safeguard against erroneous results and the most
reliable method of obtaining estimates of uncertainty_was considered to be
the independent repetition of experiments. Whenever possible, more than
one experiment were carried out and estimates of error are based upon the
degree of precision’achieved.

e) Advantages

The question may be raised why the pH-stat assay was -used in spite
of the numerous problems it presents; The answer is simply that it is
deemed the best method available. As a continuous assay it is superior
to discontinuous methods. The high degree of susceptibility of the re-
action to product ihhibition virtualfy prohibits the use of discontinuous
methods for all experiments designed to investigate the effects of sub-
strates and products on reaction velocity as all but the shortest assay
times will yield data affected by such inhibition. By the same token, it
is doubtful that the sensitivity of the known discontinuous methods would
be sufficiently high to make meaningful kiﬁetit measurements possible.

‘The only other applicable continuous assays, besides the pH-stat

technique, would be coupled enzyme assays which are available for either
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direction of the reaction under study and which are in widespread use
for assaying cyfoplasmic creatine kinase activify in the context of both
clinical and research work. The coupling enzymes employed in the for-
ward reaction are pyruvate kinase and lactate dehydrbgenase (47) and hexo-
kinase and glucose-6-phosphate dehydrogenase in the reverse reaction (103).
The following points argue against the use of these assays in the present
study.

i) Coupled enzyme assays require the use of a buffer, but mito-
chondrial creatine kinase activity has been found to be sensitive to most
of the buffers:used.

What would be the effect of a givén buffer on the activity?

Would this effect be the same for both reactions?

Would the buffer interact with substrates or would it complex Mg2+

ion?
'WOuld the kinetié mecﬁanism be affeéted?
ii) Parts of this study have been cOﬁducted‘atzdifferent pH Tevels.
How would the,change in pH affect tﬁe activity of the coupling
enzymes? |

i) Coupling enzymes have their own Specific requirements such as
that of pyruvate kinase for K+ ion normally added in the form of the
acetate or chloride.

Both these anions affect the activity of mitochondrial creatine
kinase. So do most other anions.

iv) Some work was done with dinucleotides other than ADP as in-
hibitors of the~forward reaction.

How would pyruvate kinase activity have been affected?
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V) Product inhibition experiments were used to identify the kinetic
mechanism. |

The experiments involving the use of ADP and ATP as inhibitory
products could not have been done, since these are the substrates of the
coupling enzymes.

This Tist of problems which would have had to be resolved before
coupled enzyme assays could have been used to carry out all the types of
experiments required for this study is not meant to be conplete. But
it should suffice to show that the use of this.method évoided more problems
than it created. Finally, it afforded great savings in labor, time and
materials,

f) Assay Conditions

Measurements of initial velocity as a function of the concentration
of one substrate at various fixed concentrations of the second substrate
were made in the presence of 0.001 M free Mg2+ ion which is sufficient to
insure a high degree of complexation without likely caUsing appreciable
inhibition (35). The concentrations used were between 9.9 x 10'4 M and

4

3.9 x 10'5 M for MgATP and between 1.8 x 10" M and 2.8 x 10-5 M for MgADP.

2

Creatine concentrations of 4.0 x 107° M to 5.0 x 10’3 M.were employed,

while creatine phosphate concentrations ranged from 5.0 x 10_3 M to 3.0 X
1074 . The total volume was fixed at 8.0 mi. |
In the product inhibition experiments the non-varied subétratés

~were fixed at the following concentrations with values representing
concentrations at which the enzyme was considered to be saturated given
in parentheses: MgATP at 2.0 x 10-% (3.11 x 10=3 M), creatine at |
1.6 x 1072 1, MgADP at 9.3 x 1075 M (1.83 x 103 M), and creatine phos-

phate at 1.0 x 1073 1 (4.04 x 10-2 M),
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Inhibitory products were used at the following concentrations:

4 4 5

M to 3.7 x 10" M, MgADP from 3.7 x 10~

4

creatine phsophate from 1.0 x 10°

5 M to 9.9 x 10-4 M, creatine from

2

Mto 11.0 x 107
3

M, MgATP from 2.0 x 10~
3.0 x 107" M to 25.0 x 107> M. Guanidinoacetate was used at 1.0 x 10
and 1.25 x ]0'2 M concentrations, other creatine analogs at 1.0 x 10'3 M.
Nucleoside 5'-mono- and diphosphatés were used at 1.0 xJO'4 and 2.0 x 107°
M, adenosine 5'-tetraphosphate at 5.37 x 10'4 M, and inorganic phosphate

at 1.26 x 1073 ¥ concentrations.

In early experiments BSA was added to a concentration of 0.1 mg/m1
as used by Mahowald et al. (28) to safeguard agaihst inactivation possibly
by the mechanism of adsorption of the enzyme to the glass surfaces or by
denaturation induced by the injected but not yet diluted titrant. Also,

the reaction mixture became approximately 12 uM in DTE and 6 uM in EDTA
.on the addition of enzyme volumes of the order of 50 pl.

In later work whith produced most of the fesu]ts of this study,
enzyme volumes of 1 or 2 ul were added which resulted in even lower DTE
and EDTA conCentrations which, as mentioned above, had no apparent adverse
effects on the initial reaction velocity. Likewise, it was established in
careful exber%ments that the presence or absence of BSA produced no
difference in initial ve]ocity,'whereas the cytoplasmic MM isoenzyme from
rabbit muscle exhibited no activity at all in the absence of the protectfng
protein. |

Titrants used were 3.62 X 10-3 M HC1 and NaOH solutions which were
prepared weekly by dilution of 2.0 N étock étandard solutions with CO2
free double distilled deionized water and which were carefully protected
from air. Glyco]ic acid (35) was used to repéat some of the experiments

done with HC1 to check if the chloride ioh introduced with the titrant
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affected results, but differences were found in neither the overall results
nor the shape of the trace.

The use of titrants 6f Tow normality was necessitated by the high
affinity of the enzyme for its nucleotide substrates. Fromm (104) con-
siders a substrate range of 1/2 Km to 5 Km as adequate for a Michaelis-
Menten type enzyme. For mitochondrial creatine kinase this means a

~range of 5 x 10°°

M to 5 x 10-4 M with regard to,MgATP which is very close
~ to the range that was actuaTIy used. Even at the low titrént concentration
emplbyed it would require only 447% of the total burette vd]ume to titrate
the entire sample with the lowest substrate concehtfations assuming that
the hydrogen ion coefficient is 1.0 and the reaction goes to completion.
If initial ve]bcity conditions are considered to prevail until 10% of the
tota] substrate has been consumed, the initial velocity would have to be
detgrmined over a volume range of 0n1y 5%. The sensitivity of the assay
is taxed to the limit in the reverse reaction with MgADP possessing a K
value of arbund 20 uM. An even lower titrant coﬁcentration of 2 x 10—3 M
was tried out but not adopted, because high velocity assays could no Tonger
be accurately titrated. |
The énzyme concentration had to be adjusted to give reaction velo-
‘cities no_higher than about 12 vo]. %/cm at a recorder speed of 2 cm/min
and a pH change of 0.5 pH/cm, because at higher activitiés the titration
would follow rather than lead the reaction and low readings would be ob-
tained. Also, the slope of the resulting trace would become so small that
the relative uncertainty in determining it would become quite large. On
the other hand the enzyme activity had to be sufficiently high to make
adequate control over the titration pbésible, i.e. the reaction had to use
up titrant at a sufficient rate to kéep the tréce coherent. The threshold

velocity wés near 2.5%/cm, but a more convenient value was about 4%/cm at
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the stated recorder speed.

Thus, a velocity range of only about three to five-fold was acces-
sible by the technique. This restriction was accepted in preference to the
use of different aliquots of enzyme. Such a procedure would have required
not only the reproducible dispensation of 1 or 2 ul of enzyme solution,
but also the measurement of these small volumes at fhe 1%-1evel of accuracy
which was not quite attainable with the 5-place Mettler balance which was
available. But the more important reason for not adopting such a pro-
cedure Was the fact that differing enzyme concentrations would have led
to yet greater Qariety in the appearance of the recorder traces and would
thus have further complicated their evaluation.

g) Assay Procedure

The reagents except the enzyme solution were pipetted into the clean
dry cup in such an ofder as to prevent as much as possible the pH from
dfopping below 7 and from rising above 8.5. .Specifically, creatine
phosphate was not added to acidic mixtures, nucleotides were not added to
strongly bdsic mixtures. . Small volumes dispensed by micropipettes were
added last to allow rinsing of the pipette. The electrode(s) and delivery
tube were immersed in the mixture, the cover was put in place and nitrogen.
swept over the liquid surface. The pH of the mixture was adjusted by the
addition of acetic acid or NaOH of the appropriate concentration by means
of a wire loop; Conditions were allowed several minutes to equilibrate.

At the end of this period a blank trace was_recorded'for all substrate
mixtures assayed at pH 6.8 and all mixtures assayed at pH 7.4 and CQntaih-
ing creatine phosphate. The reaction was startéd by blowing the enzymé
solution into ihe.reaction mixture from a pipetté protected by 002 |

.absorber,
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The substrates were stored frozen. Creatine solutions were prepared
by warming just sufficiently (@ 40° C) to dissolve all solid in about 24
hours, since heating accelerates the rate of conversion to creatinine
(105). ATP and ADP solutions were brought to a pH of 7.4 by the addition
of 2 N NaOH immediately upon dissolution and before being made up to

volume.

4. Calculation of Substrate Concentrations

As first proposed by Kuby et al. (16) the true substrates of
creatine kinase are the magnesium complexes of the nucleotides, whereas
at least two of the uncomplexed species act as inhibitors (33). For the
forward reaction the'equilibria depicted in Scheme 1 have to be considered
for the pH range 6 to 9 (35,106). Scheme 2 shows the pertinent equilibria

for the reverse reaction (35).
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Obviously, the proportions of the various species depend on the pH
and on the magnitude of the pertinent ionization and complex stability
constants. The scarcity of reliable values hampered early kinetic in-
vestigations as previously mentioned. Kuby and Noltmann (22) used the
values of Bu?ton (107), 0'Sullivan and Perrin (108), Smith and Alberty
(109,110), Melchior (111) and Martell and Schwarzenbach (112). Noda
et al. (19) and Morrison et al. (20) also referred to these authors.

Although becoming somewhat dated,these values have continued to
be used, for example, in the review article by Watts (35) and even as
recently as 1977 by Altschuld and Brierley (79). This is surprising in
view of the fact that more recent data by Phillips et al. (113) andva]so
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by Mohan and Rechnitz (114) have become available. Saks et al. (76) have
used the pK functions of Phillips et al. to calculate stability constants,
but their derived values cannot be reproduced. It was decided to use in
this study the data of Phillips et al. for the nucleotide complexes and
thoselliSted by Kuby and Noltmann for the creatine phosphate species for
which no new values have since been proposed. The values recalculated
for the prevailing experimental conditions are shown in Table 1.

MgATPZ' concentrations were calculated for a free M92+ ion con-
centration of 0.001 M using the following conservation equat1ons where

the subscr1pt zero denotes total concentrations.

4- 3- 2-

ATPo = ATP"  + HATP

2+

+ MgHATP™ + MgATP

Mg, = Mg®" + MgHATP™ + MgATPZ"
Kuby and Noltmann (22) consider additional species such as NaATP » Mg,ATP
and Mg(ATP)2 » but calculations have shown that the concentration of NaATP3"

is negligible, while the two M92 complexes are not taken into account by

Alberty (115) at Mgz+ ion concentrations as high as 0.1 M or as low as

]0'7M. No complexation or ionization reactions are considered for creatine.
Proportions of the various substrate species were calculated for

the reverse reaction.on’the basis of the fo]]owing tbnservation equations.
ADP = ADP3™ + HADPZ™ + MgHADP + MgADP™

Mg = Mgz+

o + MgHADP + MgADP™

2-

CrvP) = CrvP™™ + HCrvP™ + MgCrwp
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TABLE 1

Tonization and M Complex Stability
Constants for ATP, ADP and Cr~P at 300

Constant Species Value Ref.
K MGATPZ™  7.28 x 10°  113°
K. - 4

ML2 MgADP 2.00 x 10 13
K3 MgCrp 2.4 x 10! 2P
K - 3

MHLT MgHATP 4.12 x 10 13
K 2 |

MHL 2 MgHADP 2.78 x 10 13
KahL HaTPS” 2.09 x 1008 113
KahL 2 HADPZ™ 6.36 x 1078 113
K - -5

aHL3 HCPP™ 3,16 x 10 22
K - -6

aMHL 1 MgHATP 3.75 x 10 13
K -6

‘aMHL2 MgHADP 5.01 x 10 13

a Recalculated from pK functions of Phillips
et al. (113) for 30° and zero ionic strength.

b As selected by Kuby and No]tmann (22) from
other sources.
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The relative proportions of the various species calculated on the
basis of both the older and the more recent values of the ionization and
complex stabiiity constants are listed in Table 2. It might be worth
noting that the effective substrate concentrations for the forward reaction
do not change greatly when a different set of constants is used, whereas
the difference for the reverse reaction is quite large. This has to be
taken into account when binding constants based on different sets of values
are compared. A Michaelis constant reported for MgADP based on the older
values has to be considered low by about 22% relative to a constant based
on the newer data.

The creatine phosphate concentration can be regarded as being in-

dependent of pH.
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TABLE 2

Substrate Distribution Among the Various Species as a Function
of pH at 30% and a Free Mg2* Ion Concentration of 1 mM?

Substrate Species Percentage of the Total Substrate at

Added Present pH 8.1 pH 7.4 pH 6.8 pH 6.3
ATP atpt" 0.1 0.1 0.1 0.5
(1.4) (1.4) (1.4)
HATPS™ 0.1 0.3 1.0 12.4
(0.1) " (0.5) (1.8)
MgHATP™ 0.2 1.1 4.1 51.0
(0.1) (0.3) (1.0)
MgATPZ’ 99.6  98.5 94.8 36.1
(99.9)  (99.3)  (97.2)
ADP P 47 4.6 4.1 3.2
(24.7)  (23.8)  (20.7)
HADPZ_ 0.6 2.9 10.3 25.4
(1.0) (4.7) (16.4)
MgHADP 0.2 0.8 2.9 7.0
(0.04) (0.2) (0.6)
MgADP~ 94.5 91.7 82.7 64.4
(74.2) (71.3) (62.2)
o Crap HCPP™ 0.02 0.1 0.5
MgCr~P 2.3 2.3 2.3
crp? 977 97.6 97.2

3 Values in parentheses represent propbrtions calculated on
the basis of the constants used by Kuby and Noltmann((22).
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5. Determination of the Hydrogen Ion Coefficient

. + . .
In the forward reaction H ion is liberated and in the reverse

reaction it is consumed.

2- +

MgATPS™ + cpt

MgADP "~ +-CrmP2' +ny H

Ny the number of moles of H' ion used up or produced per mole of
nucleotide and guanidino substrate, depends on the conditions of pH, temper-
ature and ionic strength. It was experimentally estimated in the forward
reaction by a combination of the pH-stat assay as used by Kuby (116) and
the colorimetric method for creatine phosphate described above.

The results obtained at pH values of 8.1 and 7.4 were 0.98 ! 0.01
(average of 3 trials) and 0.86 ! 0.03 (average of 5 trials),respectively,
and were thus in good agreement with the coefficients determined at 30°
and 0.12 ionic stfength by Dyson and Noltmann (]17)'f0r the phospho-
fructokinase reaction and also withkthose of Wedler and McClune (118)
determined at 25° for the glutamine synthetase reaction. Alberty (119)
has calculated ny values for the hydrolysis of ATP as a function of pH
and pMg which appear to be in fairly good agreement with the values
determined experimentally at the two higher pH levels. Since no repro-
ducible results ;ou]d be obtained at pH 6.3 due to the low value of Ny
and the resulting low sensitivity of the pH-stat assay, and due to the
hjgh proportion of ATP being present in the form ofyprotonated species
(cf. Table 2), the results of Dyson and Noltmann were used in this
study to calculate initial velocities.

These values are 0.99, 0.89 and 0.64 for pH levels of 8.1, 7.4 and
6.8,respectively. It was decided at this point to use the pH of 6.8 in

~ preference to 6.3 for initial velocity studies for these same two reasons



41

and also because of the high rate of spontaneous hydrolysis of creatine

phosphate at the lower pH value.

6. Linearization of the pH Meter Sca]é

Since the pH-stat assay was performed at different pH values but at
constant tempéréture, it was desirable to linearize the meter scale over
the pH range used. Since several electrodes were poisoned by thiol com-
pounds in the early stages, the linearization was performed repeatedly.

The normally recommended procedure involves repeated immersions of the
electrodes in two standard buffer solutions in an alternating fashion

while making small adjustments to the "Sample Temperature" and "Buffer
Adjust" controls. It was found cumbersome and time-consuming and to take
its place a procedure was developed which proved to be far more efficient
and accurate. If such a procedure has been described elsewhere, the author
is not aware of it.

Two standard buffers are selected according to the range over which
the scale is to be linearized. The e]ectrodeé are placed into one of the
solutions and with the sample temperature set to some low value such as
0 or 10, that buffer adjust setting is determined which makes the meter
read exactly the pH of the‘buffér'speCiffed for the operating temperature.
These measurements are repeated at‘other sample temperature settings and
the results are plotted as shown in Figure 3. The resulting straight Tine
represents all those sample temperature/buffer adjust settings that pro-
duce the correct.meter réading for the buffer used.

The procedure is'repeated with the second buffer and a straight .
line plot is'obtained which intersects the other one. The coordinates of
the point of intersection represent those sample temperature and buffer

adjust settings which produce accurate meter readings for both buffers.
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It appears reasonable to assume that meter readings made within the range

between the two buffers are accurate as well; this was found to be the

case when the meter setting was checked against other standard buffers.
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IV. RESULTS

The experimental work can be divided into two major sections: the
preliminary studies and the initial velocity studies. Exberiments be-
longing to the first category utilized discontinuous colorimetric assays
involving saturating or near-saturating substrate concentrations. They
yielded data which represent apparent enzyme activities, i.e., reaction
rates which are subject to the particular set of experimental conditions
and which derive their significénce only from their relationship to other
data obtained under the same circumstances.

The purpose of the preliminary investigations was to define, and
also to some extent establish, the best experimental conditions for the
initial velocity studies. With these variables determined, initial veiocity
experiments were conducted by means of the pH-stat assay which yields
true initial velocity measurements as has been shown in section III of
this report. The main purpose of these experiments and,in fact, the focal
point of the entire project was the determination of the kinetic mechanism
bf mitochondrial creatine kinase. It was accomplished by means of experi-
ménts conducted in thé absence and presence of products.

Other pérts of this section deal with the effect of pH on the
kinetic parameters of the enzyme and with the Haldane relationship for the
reaction, and also with the use of various compounds as inhibitors to gain

some insight into the properties of the catalytic locus.

A. Preliminary Studies

1. pH-Activity Profiles.

Apparent enzyme activity as a function of pH is shown in Figure 4.

In the forward reaction the enzyme is active over a wide pH range with the
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Figure 4. Effect of pH on the apparent activity of mitochondrial creatine -
kinase at 300 in the forward reaction in 0.1M Tris-maleic acid-NaOH (0-0-0) and
glycine-NaOH buffers (e-e-e) and in the reverse reaction in 0.1M g,g- '
dimethylglutaric acid-NaOH buffer (e-e-e).
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optimum occurring near 8.1, a value which is in close agreement with that
observed for creatine kinase in rat heart mitochondria by Jacobus and
Lehninger (73). The same result was obtained in buffer systems of constant
ionic strength. While a certain degree of inhibition was observed in the
Tris-maleate buffer relative to the glycinate buffer, the two segments of
the curve could be easily fitted together by overlapping the two pH ranges.
The true substrate of the enzyme is the Mg2+ complex of ATP, MgATPz_.

Since the protonated complexes HATPB- and MgHATP™ also form, the concen-
tration of MgATPz_ is pH dependent (see Table 2). It decreases by approxi-
mately 5% as the pH of the assay medium is changed from 8.6 to 6.8, but

is virtually constant above pH 8.6. This change in true substrate con-
centration will not affect significantly the value of the pH optimum, but

it will affect to some degree the slope of the ascending Tlimb of the curve.
As HATP3— has been identified as an inhibitor of the cytoplasmic MM iso-
enzyme from rabbit muscle (19), it could also have an effect on the shape
of this portion of the plot. The high-pH side of the plot does not involve
significant changes in the concentration of any species and can thus be
considered with greater justification as reflecting the progressive dena-
turation of the enzyme at the various pH levels under assay conditions.

The optimum for the reverse reaction is located near pH 6.3, a
result which is also observed in a buffer system of constant ionic strength
(0.1 M in terms of NaCl concentration) as well as in a tris-maleate
buffer. The maximum thus appears to be independent of jonic strength
and of the identity of the buffer species. There are two major sources
of error which could well significantly affect the value of the pH optimum.
One 1is the éoncentration of the true substrate MgADP™ which is also de-

pendent on pH,since protonated species such as'HADP2° and MgHADP are
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formed. In contrast to the situation 1hvo1ving MgATP, the concentration of
MgADP decreases by about 27% as the pH is lowered from 7.4 to 6.3. This
variation must have significantly affected the shape and particularly the
slope of the plot and caused a displacement of the optimum towards a higher
pH value. The other major source of error is the spontaneous hydrolysis of
creatine phosphate, whose rate increases steeply as the pH drops below 7.
Thus,at pH 6.3 the non-enzymic blank represents 20% of the total reaction,
a proportion which increases to 83% at pH 5.1. The observed decrease ih
apparent activity below pH 6.3 consequently is due at least in part to a
Tower effective creatine phosphate concentration. This effect is probably
combined with denaturation of the enéyme at pH values below 6.0 which has
been observed in stability studies (83). HADPZ' is not an effective in-
hibitor of the cytoplasmic MM isoenzyme, and nothing is known about the
inhibitory properties of MgHADP (35).

Even with these Timitations placed upon the reliability of the
pH-activity profiles, it is tempting to observe that the descending Timb
of the plot for the reverse reaction and the ascending limb of the plot
for the forward reaction have inflection points near pH 7.2 which suggests
that an ionizable group with this pK might be involved in the rate-deter-
mining step of the catalytic mechanism. For the cytoplasmic isoenzyme
from rabbit muscle such a group, the imidazole group of histidine, has.

been proposed to be involved in the mechanism (1?0).

2. Temperature-Activity Profiles.

Figure 5 shows the dependence of apparent activity on temperature.
Optimum temperatures are 34° for the forward reaction at pH 8.6 and 44°
for the reverse reaction at pH 6.3. Stabi]ity studies conducted in the

absence of substrates indicate that the enzyme is stable at pH 6.3 between
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Figure 5. Effect of temperature on the apparent activity of mitochondrial
creatine kinase in the forward reaction in 0.05M glycine-NaOH buffer of pH
8.6 ( 0-o-0) and in the reverse reaction in 0.05M B,B-dimethylglutaric acid-.
NaOH buffer of pH 6.3 ( e-e-o).
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0° and 50° and at pH 8.6 between 0° and 35° (83). These observations cor-
relate well with the optimum temperatures determined here and suggest
that the difference in the optimum temperatures is chiefly due to the
difference in stability of the protein at different pH values rather thanto
the presence of different sets of substrates.

Figure 6 represents the Arrhenius plots of the data utilized in
Figure 5. In the forward reaction at lower temperatures the plot is
linear with a slope that yields an apparent energy of activation of 15.6
kcal mo]e'] deg-l. Around 25° there is a discontinuity which seems to
signify a change in the rate-controlling step which in turn likely reflects
a change in the physico-chemical state of the enzyme. The assay temperature
of 30° is contained within a non-linear portion of the plot where a more
or less continuous temperature-induced change in the rate-controlling step
occurs. Consequently,an assay temperature of 25° woqu appear to be more
suitable than one of 30O for the forward reaction at pH 8.6. In the re-
verse direction at pH 6.3 the discontinuity occurs at approximately 33°,
The temperature_of 30° is located within the linear region where no temp-
erature-induced changes affect the enzymic mechanism and thus appearsto
be a suitable assay temperature under the prevailing conditions. The

} deg'1. Nealon and

apparent activation energy amounts to 22.0 kcal mole”
Henderson (121) have obtained similar results for the cytoplasmic iso-
enzymes. They found that all three enzymes, the MM, MB and BB forms,
undergo some change of state near 300. |

Assay conditions employed in these stddies differ with regard to
pH, ionic strength, buffer species and substrétes present. Moreover, the

effects of temperature on the degree of complexation of the nucleotide

substrates and on the affinity of the enzyme for the substrates are ignored.
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Consequently, the two profiles should not be directly compared to each
other. This caution appears justified when, for example, apparent energies
of activation in the denaturation zones are considered. They arel5 and

35 kcal mole_] deg'] for the forward and reverse reactions, respectively.

3. Effect of Sodium Chloride on Apparent Activity.

When increasing amounts of sodium chloride are added to the re-
action mixture, enzyme activity falls off rapidly as is shown in Figure
7. The forward reaction appears to be particularly susceptible with the

inhibition becoming almost complete at chloride concentrations above 0.6 M.
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Figure 7. Effect of the concentration of NaCl on the apparent activity
of mitochondrial creatine kinase in the forward reaction in 0.05M glycine-
NaOH buffer of pH 8.6 ( o0-0-0) and in the reverse reaction in 0.05M dimethyl-

glutaric acid-NaOH buffer of pH 6.3 ( e-e-o) at 300°.
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B. Initial Velocity Studies

1. Initial Velocity as a Function of Substrate Concentration at Various pH

Values

a) Kinetic Constants

Initial velocity measurements were made as a function of substrate

concentration at various fixed concentrations of the second substrate for
both the forward and reverse reactions at pH values of 8.1, 7.4 and 6.8.
- The data were processed in the form of double reciprocal plots according
to Lineweaver ahd Burk (122). Figures 8 to 13 show representative plots.
All plbts were found to be ]inéar and to intersect at a point to
the left of the ordinate and are thus indicative of a sequential mechanism.
Analysis of these plots was based on the initial velocity rate
equation shown by Alberty (123) to apply to the rapid-equilibrium Random,
the Ordered and the Theorell-Chance mechanisms,written in Cleland's
notation (124) -
V,AB

'KiaKb + KbA + KaB + AB

v

where V] is the maximum velocity of the forward reaction,
Ka and Kb are the Michaelis constants of substrates A and B,
respectively, and K;a 1S the inhibition constant for substratg A.
~ The reciprocal forms of this équation written with A and B as the variable

substrates are

K
] a ja'’b 1 1 b
gy (1+ )ty (1 +5°)
v \(] KB 'A ] B
K K. K
1. b ia \ 1.1 a,.
v, Or)gtry (T +5)

| The intercepts and slopes of the primary plots were replotted according to
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Florini and Vestling (125) and the kinetic parameters were evaluated from
the secondary replots thus obtained. By this procedure one set of experi-
mental data yields two values for every parameter which should be identical
so that the agreement between them may bé regarded as a measure of the
internal consistency of the data. The average of the two values was used
as the experimental result.

A1l experiments were performed at least twice, in random order,
with repetitions done at different times, and were evaluated without |
reference to previously completed experiments. Whereas one particular
enzyme preparation (no. 59) was used at least once in a given experiment,
other preparations were utilized as well. Average results from a number of
experiments are given in Table 3. |

In general terms, the magnitude of the kinetic parémeters varies
with pH and the changes follow quite regular patterns. A1l Michaelis and
inhibition constants increase with increasing pH in both reactions. Their
values are approximately two times larger at pH 8.1 than at 6.8. Since
this trend is evident for all substrates, the mechanism from which it arises
does not appear to be a localized change such as the protonation, ex-
posure or displacement of a specific group, but rather a gross change in
the conformation of the catalytic site such as might result from a general
tightening up of the entire molecule.

The factor of 2 to 3 between Kia and'Ka values in the forward
reaction persists at all pH levels which can also be said for the factor
of near—unify between the same constants in the reverse reaction. The
magnitude of these parameters does not depend on the identity of the enzyme
preparation nor on its specific activity.

Maximal velocities conform to the trend exhibited by the pH-
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TABLE 3

Kinetic Constants of Mitochondrial Creatine Kinase

at Various pH Values and 30°

Kinetic Average Values at
Constant  Substrate Units pH 8.1 pPH 7.4 pH 6.8
(2)2 (3)° (2)°
3 MgATP mM 0.052% 005 0.031%.004 0.021%.007
o MgATP mM 0.119% 011 0.097%.010 0.046%.006
Ky Cr mM 6.17 .3 4.6%.6 4.35 6
v, %?%159 | 364 7 3097 9 264t 37
a
(2)° (5)° (2)
+ + +
Ky MgADP mM 0.023% 005 0.019%.003 0.013%.001
+ + +
" MgADP mM 0.017%.002 0.020% 003 0.010%.007
K Crp mM 0.73%.03 0.50%.09 0.37% .02
v, %?%lgg 180P 186P 776P

a : . . . .
The number of experiments is given in parentheses.

bv values stated without standard deviation represent the highest single
result obtained for a particular experiment. A1l V values reported
were obtained with enzyme preparation 59 in optimal condition.
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activity profiles described in part IV.A. With increasing pH they increase
in the forward reaction and decrease in the reverse reaction with the rate
of change being much greater in the reverse reaction. As the Michaelis and
inhibition constants are also increasing in the forward reaction, the in-
crease in the maximal velocity cannot simply be due to an increase in the
affinity of the enzyme for its substrates; rather, there must be a change
in the rate-controlling step as the pH changes.

The specific activity of the enzyme varied appreciably from one prepa-
ration to another. The short-term activity of a given preparation was
observed to be dependent upon three factors: presence of reducing agent,
temperature and dilution. While it was possible to increase the activity
by adding more reducing agent to an aliquot of the stock enzyme solution,
it was found that the degree of activation achieved was not entirely reprb—
ducible and that the resulting level of activity could not be strictly
maintained. Therefore, it was preferred not to reactivate the enzyme in
order to ensure that its activity was as nearly as possible the same
for all experiments. Towards this end experiments in which the maximal
velocities were to be determined and compared to one another were
performed within the shortest possible period of time with a recently
prepared, fully active enzyme preparation,which contained functional
reducing agent, which had not been diluted for the purpose of making
volume measurements easier, and which was exposed to ice-bath temperature
for no longer than one hour.

Standard deviations for the average va1ues‘0f the maximal velocities
obtained in the reverse reaction are in the 10% to 20% range. Since the
highest 1ndividua1-resu1ts yield better values for the equilibrium constant

by the Haldane relationship than the averaged.resu1ts,‘they are included
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in the table rather than the average values. The justification for such
selective treatment of data lies in the fact that the experiments could
be repeated only at appreciable time intervals during which a gradual

decrease in the activity of the enzyme occurred and that no attempt was

made for the aforementioned reasons to regain full activity by reactivation.

b) Haldane Relationships

The thermodynamic equilibrium constant for the multi-substrate

system of creatine kinase isg given by

K. - (MgADP™)(crp27) 4
eq = 7. H)
(MgATP“ ") (Cr)
The equilibrium has been studied by Noda et al. (126) and Nihei et al. (33).

The findings have been critically evaluated by Kuby and Noltmann (22) who
have determined that the equilibrium constant is PH dependent and have
assigned to it a value of 2.81 (¥.41) x 10710,

The Haldane equation relates the thermodynamic equilibrium constant
to the parameters of a kinetic mechanism. While the studies reported so
far.have indicated a sequential mechanism, subsequent product inhibition
studies (section IV. B.2.) have allowed to identify it as Ordered Bi Bi

for which the following Haldane relationships exist (124)

VoK K, V. 2K, K

Keq = 1B da _ (“1,° Mp®q
eq = = ()
VoKiakp V) KK

Values for the equitibrium constant calculated from results displayed in
Tables 3 and 9 are given in Table 4.

Whereas the experimentally determined values of the equilibrium
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the standard deviations associated with each of the parameters involved

in its calculation, taking into account that standard deviations for V2
have not been considered. The fact that the estimated error is very high
is not so much the fault of high uncertainties in the individual constants,
although these admitted]y do exist, but rather is due to the large number

of parameters used to calculate the equi]fbrium constant.
TABLE 4

Values of Keq Obtained from the Haldane Re]ationships for the Ordered
Mechanism of the Reaction Catalyzed by Mitochondrial Creatine Kinase

at 30° and Various pH Values

Value of Keq at

Haldane Expression pH 8.1 pH 7.4 pH 6.8

V. K K, |

e (W) 2.8(2.9)x1071% 5.7(*3.4)x10710  10.1(*5.7)x10" 10
2ia b

V, 2 K. K -

('“]) e (1% - 3.4(%2.2)x10710

Vol KaKip

Consequently, the Haldane relationship of a two-substrate reaction
appears to be of limited value in checking the accuracy of experimenta]]y
determined kinetic constants. This Timitation to its usefulness 15 expréssed
by Kuby and Noltmann (22), and Cleland (124) points'out,that Haldanes are
useless for this same reason for the purpose of distinguishing between
mechanisms. It can thus be said that thé agreeﬁent thaf is achieved is

satisfactory considering the appreciable uncertainties contained in the
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kinetic parameters and the sensitivity of the Haldane equations to such

uncertainties.

c) Rate Constants

With a knowledge of the values of the kinetic constants and the
identity of the mechanism, it is possib%e to calculate the rate constants
for each step in the mechanism shown in Scheme 3. The values calculated
with the aid of the relationships given by Cleland (124) for the Ordered
Bi Bi mechanism are given in Table 5. An equivalent weight per catalytic

center of 42,560 has been used (86).

MgATP Cr CraP MgADP

k] k2 k3 k4 _ k5 k6 k7 k8

E E.MgATP (E.MgATP.Cr ——— E.MgADP.Cr~P) E.MgADP

SCHEME 3
At pH 7.4 the dissociations of the nucleotides from the enzyme,
denoted by the rate constants k7 and k2, represent the rate-controlling

steps in both the forward and reverse reactions. As all unimolecular

steps in one direction are faster than the turnover number, V/Et’ for that

reaction and the equilibrium constant is fairly close to the accepted
values, no isomekizations are indicated ét pH 7.4. This is a significant
finding, becausé isomerizations would affect the results of product
inhibition studies.

At pH.8;1 the value of k7, one of the unimo]ecd]ar steps in the
forward reaction, is Tower than the turnover number. This means that

the E.MgADP complex isomerizes and renders the value of k7 invalid.
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TABLE 5

Rate Constants for the Reaction Catalyzed by Mitochondrial

Creatine Kinase at 30° and Various pH Values

Constant Units pH 8.1 pH 7.4 pH 6.8
Ve, minTl o 1sx0? 1.3x10% 1.1x10%
k, min"m 3.0x108 4.2x10° 5.4x10°
k, min"l  3.6x10" 4.1x10" 2.5x10%
kg minTl 6.4x10° .
k, min' 9.8x10° 4.2x10% -
ke min” ; 3.3x10" 2.0x10"
ke minTHTT 7.4x107 .
k, min"] 5.7x103 2.2410% 2.5x10%
kg min” w1 3.0x10° 1.1x10° 2.5x10°
W/t minT! 6.9x10° 2.1x10% 3.3x10%
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A]so,k3, k5 and k6 cannot be calculated. In the reverse reaction the rate-
controlling step has changed from the k2 step at pH 7.4 to the dissociation
step involving the central complex with the rate constant k4.

| Likewise, the dissociation of the central complex with rate constant
k5 becomes the rate-controlling step in the forward reaction at pH 6.8.
Since the value of k2 is less than that of the turnover number for the
reverse reaction, isomerization of E.MgATP probably occurs, the value of
and k cannot.be éa]cu]ated.

3* "4 6 _
The values of k] and k8 which reflect the rate of formation of the

k2 becomes invalid, and k,, k
enzyme-nucleotide complexes increase with avdecreasé in pH indicating that
nucleotide binding is aided by protonation of the enzyme. The differences
in k2 between pH 8.1 and 7.4 and in k7 between pH 7.4 and 6.8 are not
considered significant. The dissociation of creatine from the central
complex is hindered by raising the pH from 7.4 to 8.1, while the dissoci-
ation of creatine phosphate from the central complex is aided by raising

the pH from 6.8 to 7.4.

d) Comparison with Published Work

Michaelis constants determined in this study for the isoenzyme
from bovine heart mitochondria and those reported for the enZymebin whole
rat heart mitochondria by Jacobus and Lehninger (73) and by Saks et al.
(76) are listed in Table 6. The agreement between the results from all
three studies is good for the guanidino substrates but less satisfactory
for the nucleotides. Whether the differences between the results from
this study and the published ones are due to differences in the species,
in the molecular env1ronment or in experimental procedure is an open
question. The pub11shed studies are alike in each of these three criteria

and unlike the present study. VYet, the differences in results between them
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TABLE 6

Kinetic Constants of Mitochondrial Creatine Kinase at

pH 7.4 and 30°

Substrate, Bovine Heart Rat Heart Rat Heart

Constant Units In Vitro In Situ In Situ
Ka MgATP ,mM 0.031 .100 0.730
Kb Cr,mM 4.6 6.0 . 5.0

"~ umole '
V1 ﬁ?ﬁ_ﬁg 309 0.62 0.76
Kq- MgADP ,mM ’ 0.019 0.035 0.052
K, CrP,mM  0.50 0.72  0.49
ymole

V2 ﬁ?ﬁ—ﬁg | 486 3.5

Reference this study 73 76
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are as great as the differences between each of them and the present study.
Therefore, it seems reasonable to conclude that the differences in the
results are due to experimental uncertainty and that within the resultant
range of error the three studies support rather than contradict one another.
If this is correct, then it must be concluded that at least the Michaelis
constants are not subject to change upon the removal of the enzyme from

its native environment.

Kinetic constants of mitochondrial creatine kinase as determined in
this study are compared and contrasted to those of various cytoplasmic
creatine kinases in Table 7. The difference between the mitochondrial and
the cytoplasmic MM forms is pronounced with the mitochondrial isoenzyme
possessing much smaller Michaelis and inhibition constants. There'exists
a difference of roughly an order of magnitude among nucleotide substrates,
whf]e the difference for the guanidino substrates is variable.

Thevsimi1arity between the enzyme under study and the cytoplasmic
BB type from cé]f brain is remarkable.» At pH 7.4 the parameters differ
only by a factor of 2, at a higher pH value by a somewhat larger factor
particularly in the case of the inhibition constants. As the kinetic
mechanism of the BB isoenzyme has never been determined, it would be most
interesting to do so in view of the enzyme's relationship with regard to
subcellular localization to the MM form for which a rapid-equilibrium
Random mechanism has been established and in view of its resemblance to
the mitochondrial form whose kinetic mechanism is shown in this study to

be Ordered.
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2. Product Inhibitigp Studies

a) Fixed Substrate Present at a Non-Saturating Concontratinn_

Initial velocity measurements were made as a function of the
concentration of one of the substrates with the other substrate fixed at
one non-saturating concentration of one of the products. The double
reciprocal plots and the secondary replots are shown in Figures 14 to 17.

The inhibition patterns obtained in the forward reaction are com-
petitive for the inhibition of MgATP by MgADP and noncompetitive for all
other substrate-product combinations. In the reverse reaction the only
competitive pattern is again observed with the two nucleotide compounds
present, while the other three patterns are noncompetitive. A1l slope
and intercept replots are found to be linear.

The inhibition patterns are indicative of an Ordered Bi Bi mecha-
nism in which the magnesium complexes of the nucleotides form the A-Q
substrate-product pair and the guanidino compounds represent the B-P
pair. Due to the Tinearity of the replots all inhibitions can be termed
Tinear according to Cleland's nomenclature (127). Consequently, these
inhibition experiments were evaluated on the basis of the rate equation
for the Ordered Bi Bi mechanism in which the denominator terms containing
the inhibiting product either alone or togethek with one or both of the
substrates had been retained. |

With the guanidino product P present, the initial rate equation
takes the form

V]AB
'KzKiaKbP . KquAP . ABP

. . K.
K1q KpK1q ip

Vv =

KiaKb + KbA +7KaB + AB + )
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Figure 14. Product inhibition of the forward reaction catalyzed by
mitochondrial creatine kinase at pH 7.4 and 300 with MgATP as the variable
substrate and creatine present at the non-saturating concentration of 1.6
x 10-2 M, Inhibitory product concentrations are as indicated. The insets
show the slope (e-e-e) and intercept (0-o0-o) replots.
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Figure 15. Product inhibition of the forward reaction at pH 7.4 and 30°
with creatine as the variable substra&e and MgATP present at the non-
saturating concentration of 2.0 x 10-4 M Inhibitory product concentrations
are as indicated. (e~e-e slope, o-o-o intercept replot)
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Figure 16. Product inhibition of the reverse reaction at pH 7.4 and 30°
with MgADP as the variable substrate and greatine phosphate present at the
non-saturating concentration of 1.0 x 103 M Inhibitory product concentrations
are as indicated. (e-e-e slope, o0-o0-o intercept replot)
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Figure 17. Product inhibition of the reverse reaction at pH 7.4 and 30°
with creatine phosphate as the variable substrate and MgADP present at the
non-saturating concentration of 9.3 x 10-5 . Inhibitory product concen-
trations are as indicated. (e-e-o slope, o-o-o0 intercept replot)
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_ When A, the nucleotide substrate, is variable, the reciprocal
rate equation is

K K, K KP 1 K KP
1. 3[1+R_r“‘b (1 + A )Jl+l‘[1+—"-(1+—9]2——)+——')~—]
v V;' - a piq Ay B KD ig Kip'

The primary plot wi]l indicate_honcompetitive inhibition and produce
replots which are unsuitéble for the détermination of either of the product
inhibition constants Kip or Kiq? because the gxperiments were performed
at only one concentration of the fixed substrate, while the inhibition
~ constants are functions of the fixed substrate concentration.
When B,‘the guénidino substrate, is variable, the reciprbcal rate
equation becomes

| K kP K
1. "% a _ i l a _R_
ER AR S Tegxdgey 0p " )

Prqduct P'is a noncompetitive inhibiior reiatfve to B and the intercépt
repiot is useful in determining Kip' The slope replot;wa; used to assign
a value to Kp with the aid of a Kiq/Kq ra;io determined in the absence
of products (section IV. B.1.).

With the nucleotide product Q present the initial rate equation is

v
v = - -
. | Kiakpd = K80
KiaKp *+ KpA + KB + AB + ——— 4 22—
. iq iq

The reciprocal'form written with the nu;leotide A as. the variable sub-

strate is

K - K. K _ K .
o 1_"a Q iaby 1,1 b
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The primary plot will reflect competitive inhibition and the abscissa
intercept of the slope replot will yield a value for Kiq'
When B is the variable substrate, the reciprocal rate equation

becomes

K 9
]+_a(]+_.9_):
)

The primary plot will indicate noncompetitive inhibition and the slope

K K,
T_. b ia Q11,1
T v (1 + == (1 + Y+ 5
vy [ A K1.q ] BV,

and intercept replots can be used to calculate Kiq'

| The numerical results of these experiments are listed in Table 8.
The values obtained from slope replots for the inhibition constant of MgADP
are in good agreement with those obtained from initial velocity measure-
ments in the reverse reaction in the absence of products. The agreement
for the value derived from intercept replots is less good, but the average
value 0.026 ! .006 mM is still easily within the range of experimental
uncertainty in the average value bf 0.020 ¥ .003 mM obtained in the absence
of products. | |

The results for the inhibition constant of MgATP are consistently

higher than those obtained from experimenté in the forward direction done
in ihe absence of products. The average value of 0.15 ! .02 mM does not
agree within the standard deviation with the Ki value of 0.097 & .070.
The discrepancy cannot be removed by evaluating the recorder traces with
a bias towards its elimination. It could be an experimental artifact,
since the assay mixtures contain MgATP which exhibits some buffering
activity in addition to MgADP and creatine phosphate which also buffer
and are thus the most highly buffered reaction mixtures. As buffering

activity would be expected to affect low-velocity assays to a greater degree
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than higher-velocity reactions, the ovefall effect would be a decrease in
the slope of the secondary replots and thus an increase 1in K making this
Tine of reasoning appear plausible.

Substrate inhibition of the dead end EA2 type could be postulated
to provide another explanation. If it did occur, it would give rise to
Tow apparent inhibition constants (128) which means that the K, value of
0. 097 - .010 would have to be considered low. No indication of this type
of substrate inhibition in the forward reaction was ever observed for
MgATP, but some curvature in double reciprocal plots for the reverse
reaction was detected at high concentrations of MgADP.

The inhibition constants of the guanidino substrates have not been
determined in previous experiments and consequently no assessment of their
accuracy can be made at this point.

b) Fixed Substrate Present at a Saturating Concentration

Initial velocity data were collected in experiments in which the
concentration of one of the substrates was varied and that of the other
was held constant at a saturating, or near-saturating, level (MgATP at
32 times its Ki’ MgADP at 91 times its Ki’ CraP at 81 times its Kb) in the
absence and in the presence of one of the products fixed at one concen-
tration (Figures 18,19). Experiments involving creatine as the saturating
substrate weke not possible due to the Tow solubility of the compound
relative to its Michaelis constant. The other three substrates exhibit
some buffering activity at pH 7.4 which causes no serious problems at
normal concentrations but which requires special operating techniques'to
be employed when concentrations are very high; more spec1f1ca1]y, the
titration had to be "pushed" very hard in order to insure that even the

slightest change in pH would activate the titrator. The double reciprocal
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Figure 18. Product inhibition of the forward reéction at pH 7.4 and 30°
with MgATP present at a saturating concentration of 3.11 x 10-3 The concen-

M
trations of the inhibitory products MgADP and Cr.P are 4.73 x 10'5 M and
1.95 x 107% M, respectively. :
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Figure 19. Product inhibition of the reverse reaction at 30o and pH 8.1
(a) and 7.4 (b) with the fixed substrate present at a saturating concen-
tration (CraP at 4.04 x 10-2 M, MgADP at 1.83 x 10-3 MA. The concentrations
of the inhibitory products MgATP and Cr are 3.94 x 10-4 M and 6.1 «x 10-3 M,

respectively. The pH of 8.1 was used due to the high rate of spontaneous
hydrolysis of CreP at pH 7.4,
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plots obtained in this fashion are not directly comparable to those ob-
tained under non-saturating conditions. For example, the slope of a given
plot was often found to bé greater than would have been expected on the

basis of results from experiments utilizing subsaturating substrate levels.

This means that the evaluation of these experiments had to be self-contained.

To this purpose expressions were derived which relate the slope or

intercept of the plot which involves inhibition, designated mi and bi’

‘respectively, to the slope or intercept of the plot obtained in the absence

of product, designated m, and Po'

For example, when the Qippe term of the reciprocal initial rate
equation for A as the variable shbstrate with product P present is divided
by the slope term of the corresponding form of the rate equation which
applies in the absence of products and the term containing the high value
for the concentration of B in the denominator is cancé11ed, the following
expression is obtained

Pib, -1

VK = —p

The slope ratio mi/m0 for this experiment reduces to 1 so that inhibition
by P with B saturating will produce no s]dpe effect making the predicted
inhibition pattern uncompetitive.

For A, B, and P present, A saturating, the following expressions

are obtained

bi/bo-l (“‘1’/1110-1)&(1.q
1Ky = —p— and 1/K = a

With both the slope and the intercept being affected, the inhibition pattern

should be noncompetftive.
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For A, B, and Q present, B saturating, an experiment which like
the one described first could be conducted only in the reverse direction,
the inhibition pattern is predicted to be competitive, since only a slope

expression is obtained

m.
i/m -1
- 0

Finally, for A, B, and Q present, A saturating, another noncompetitive

pattern is predicted

(bi/b -1)A (mi/m0-1)A
‘and 1/K, = ——2——
iq Kti

VKiq = ———];j§————

Inhibition and Michaelis constants calculated by means of these
relationships are given in Table 9. The_Ki va1ues obtained for the
nucleotides are in good agreement with results obtained in previous
experiments, although the variance among results involving MgATP is very
high. The Ki values for the nucleotides agree well with those obtained
under non-saturating conditions and the same can be said for their

Michaelis constants.

3. Inhibition Studies with Substrate Analogs

Additional experiments were performed which provided some information‘
on the substrate specificity of the enzyme and on its molecular mechanism.
Some of these experiments were designed to aid in the assignment of the
kinetic mechanism, while others were ancillary to attempts to improve the
activity assay.

a) Studies with Creatine Analogs

i) Inhibition by Guanidinoacetate

Guanidinoacetate is a close structural analog to creatine but is
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completely inactive as an alternate substrate under normal assay conditions.
These properties should make it a competitive inhibitor relative to creatine
and a noncompetitive inhibitor relative to MgATP. The results shown in
Figure 20 are contrary to these predictions. The compound produces com-
petitive inhibitibn relative to the nucleotide substrates and noncompetitive
inhibition in relation to the guanidino substrates which means that the

analog can bind only to the free enzyme as shown in Scheme 4.

MgATP Cr ' Cr~p MgADP

|

E  E.MgATP (E.MGATP.Cr ——= E.MgADP.Cr~P) E.MgADP E

GAA——»‘
E.GAA

SCHEME 4

To check out these unexpected observations inhibition experiments were
performed with the fixed substrates at saturating concentrations. The
results support the previous findings. Saturation with the nucleotide
substrates eliminates the 1nh1b1t1on relative to the guanidino substrates.
' When the creatine phosphate concentration was ra1sed to a saturating level,
the inhibition relative to MgADP remained competitive.

vTo contrast the fundamental difference in the action as inhibitors
of the reverse reaction between creatine and guanidinoacetate, each was
added to an assay mixture which contained both MgADP.and creatine phosphate
at saturatinglconcentrations. The results were unequivbca]: there was no
inhibition by'guanidinoacetate, whereas the inhibition by creatine appeared
undiminished.

There are interesting implications arising from the different
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behavior‘of the two guanidino compounds. The one structural feature‘which
can account for the difference is the N-methyl group of creatine. It

prevents the binding of creatine to the free enzyme, while its absence

in guanidinoacetate allows this latter compound to bind. Various mechanisms

could poséib]y account for its action.

An obstruction on the enzyme could interfere with the N-methyl
group and prevent proper orientation of the substrate molecule for
reaction to occur. Such a mechanism would explain why guanidinoacetate
can bind to the free enzyme, but it cannot account for the fact that it
does not bind to the E.MgATP complex.

Alternately, an attachment site into which the N-methyl group could
fit might be required for creatine to bind at all. Such a site would be
opened up only upon binding of MgATP. On the basis of this mechanism
guanidinoacetate should bind neither to the free enzyme nor to the E.MgATP
complex. Thus, the N-methyl gfoup cannot by itself account for the
difference in the affinity of the enzyme for the two analogs.

However, no uncompetitive substrate inhibition by creatine is
observed which would indicate the formation of E.MgADP.Cr. This complex
would produce an intercept versus reciprocal creétine concentration replot
which is hyperbolic concave up (104, p. 147). The most likely reason
why this complex does not form is a conformational change occurring in
the enzyme upon binding of MgADP which would prevent subsequent binding
of creatine. It does not appear_unreasohab]e to postulate this adverse
conformational change to occur also upon binding of MgATP which would
prevent guanidinoacetate from binding to the binary complex, while
creatine would be able to overcome the hindrance by virtue of its N-methyl

group. The y-phosphoryl group of MgATP appears to enab]e the N-methy]
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group to function in‘this specific manner as MgADP which lacks this group
does not allow creatine to bind.
The evaluation of the dissociation constant of guanidinoacetate
was carried out in the same way as described for inhibiting products with
the fixed substrate at a saturating concentration. The results are shown

in Table 10.

i1) Inhibition by Other Analogs .

To learn more about the function of the N-methyl group of creatine,
experiments were conducted in which the reverse reaction with creatine
phosphate as the variable substrate was inhibited by the following

structural analogs:

CH3 - w - CH2 - COOH N,N-dimethy]g]ycine
CH3
CH3 - w - CH2 - COQH sarcosine
H
NH2 - Cﬁ - CH2 - COOH g-amino-n-butyric acid
CH3
HN=? - w - CH2 - CH2 - COOH  p-guanidinopropionic acid
NH2 H '
HN=? - w - CH2 - COOH guanidinoacetic acid
NH2 H
HN=$ - w - CH2 - COOH creatine (included for comparison)
NH2 CH3

As can be seen, the structural modifications incorporated in these
compounds include replacement of the N-amidino group by a methyl group
(N,N-dimethylgiycine) and by an amino group accompanied by the replace-

ment of a-nitrogen by methylidene (B-amino-n-butyric acid), elimination
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of the N-methyl group with and without simultaneous replacement of the
guanidino group by a methyllgroup (sarcosine and guanidinoacetic acid,
respectively), and an increase in the parent carboxylic acid chain length
(8-guanidino-propionic acid). A compound representing an increase in the
size of the N-side group such as N-ethylguanidinoacetic acid is not
commercial]j available.

A11 compounds tested caused the same type and very nearly the same
degree of inhibition with respect to creatine phosphate as did guanidino-
acetate and it appears likely that they bind to the enzyme in a manner
analogous to thaf of guanidinoacetate. Arginine was found not to inhibit
the forward reaction at all.

It can be‘conc1uded from these results that the binding site for
creatine is extremely specific, that regardless of how slight a structural
change is it will prevent binding in a manner exactly equivalent to that
“which is characteristic for creatine. This specificity correlates well
with the fact that the alternate substrates which are known for the cyto-
plasmic MM isbenzymes are so few iﬁ number and so low in activity..

b) Studies with Nucleotide Analogs

i) Inhibition by Adenosine 5'-Tetraphosphate

In contrast to the very high specificity which characterizes binding
of the guanidino substrate, the locus at whicH the nucleotides attach to
the enzyme Cén bind species other than the normal substrates. MgATP-P
inhibits competitively relative to MgATP and noncompetitively relative to
creatine phosphate (Figures 20,21). The dissociaﬁion constant is very
close to the inhibition coﬁstant of MgATP (Table 10).

The results show that the nué]eotide-binding portion of the active

site is spacious and capable of accommodating an additional negative charge.
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Figure 20, Inhibition of the forward reaction at pH 7.4 and 30° by
substrate analogs. Fixed substrate concentrations are 1.6 x 10-2 M for
creatine and 2.0 x 10~3 M for MgATP. The‘concentratiog of MgATP-P is
5.4 x 107%* M and that of guanidinoacetate is 1.0 x 107¢ M in (a) and
1.25 x 10-2 M in (b). :




80

= 107 GAA
_E

o ]

2 s

€

2

5- 6~

S 0 20 30

(1/MgADP)10™3 .M

16

GAA

1/ v(umolo" min)

© 5 10 15 20

p/Ce-ppo- 2t

Figure 21. Inhibition of the reverse reaction at pH 7.4 and 30° by
substrate analogs. Concentrations are 1.0 x 10-3 M for CreP and 9.3 X
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and guanidinoacetate are 5.4 x 10-4 M and 1.25 x 10-2 M, respectively.
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TABLE 10

Dissociation Constants (in mM) of Substrate Analogs

at pH 7.4 and 30°

Effect Variable K. K.
Used Substrate Y(GAA) ~ V(MgATP-P)
~ Slope MgADP 32.2
Slope Crap 41.5 0.090
Intercept CrP 12.4 0.2392
Slope MgATP 15.2 0.094
17.2
Slope Cr ' 31.6
37.1
Intercept Cr 24.9
' 24.8
24.0
| + +
Average results 26.1-9.5 ° 0.092-.003

2 Rejected on the basis of the Q test (138).
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The inhibition patterns are consistent with an Ordered mechanism.

ii) Inhibition by Other Nucleotides

The same lack of specificity that was observed in conjunction with
MgATP-P was evident when various other nucleotides were employed to inhibit
the forward react1on The approximate dissociation constants are'g1ven in
Table 11. The constants are of the same order of magnitude as the one of

"MgADP. As can be seen, both mono-and diphosphates act as inhibitors as
well as both purine and pyrimidine compounds.

Also, there was some activity observed with thymidine 5'-triphos-
phate and cytidihé 5'-triphosphate used as substrates in place of ATP.

Nihei et al. (33) and James and Morrison (51) observed a similarly
wide specificity relative to nucleotide substrates in the case of the cyto-
plasmic MM isoén_zyme°

c) Studies with Inorganic Phosphate

With no substrate analogs of creatine phosphate being commercially
available and after an attempt to obtain glycocyamine phosphate from workers
in France had failed, inorganic phosphate was tried as a substitute. It
- was found to inhibit both reactions noncompetitively relative to all
substrates. This type of inhibition can be explained on the,basis of a
non-specific interaction with the enzyme such as a conformational change
oécurring upon binding of phosphate. However, the interéction could also
take place at the active site. At pH 7.4 and 30° and in the presence of 1 mM
M92+ ion, phosphate, at a total concentration of 1.26 mM, exists as MgHPO4
(222), H2PO4‘(29%), and HP042' (49%). 1f the.complexed species had an
affinity for that part of the nucleotide-binding site which normally inter-
acts with the phosphate side chain and if one or both of the uncomplexed
ions interacted with the creatine phosphate bihding site, then noncompetitive

inhibition would also result.



TABLE N

Dissociation Constants of Various Nucleotides
Determined in the Forward Reaction Catalyzed
by Mitochondrial Creatine Kinase

at pH 8.1 and 30°

Nucleotide Ki’mM
ADP o 0.0172
AMP . 0.021
IMp o 0.012
Upp - ' . 0.022

0.032

TDP o . 0.027

| 0.044

P 0.030
0.054

dcop ' - 0.015

0.026

~%cach value represents the result of a single
- assay. ' L
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V. DISCUSSION

A. Preliminary Studies

When the apparent pH optima of 8.1 for the forward and 6.3 for the
reverse reaction are comparéd to values of 8.8 tov9.0 and 6.9 to 7.0,
respectively, which were reported by Kuby et al. (16) for the cytoplasmic
MM isoenzyme from rabbit muscle, the constant difference of about 1.8 pH
units between the peaks fof each enzyme is noted. Also, the relative peak
Widths are similar. It can thus be said that the apparent activities of
the two isoenzymes exhibit similar responses to changes in pH except for
a displacement of about 0.7 units on the pH scale. Moreover, Nihei et al.

(33) observe inflection points at pH 6.6 for both reactions catalyzed by

~ the cytoplasmic isoenzyme which compares to our value of pH 7.2 (see IV.A.1).

It has been suggested that the low pH optimum of the reverse reaction
represents a physiological adaptation in the sense that the drop in pH
which accompanies contraction and utilization of ATP in muscle shifts the
cytoplasmic enzyme toward its pH optimum for the reverse reaction:in which
ATP 1is regenerated (35). The physiological function of the mitochondrial
enzyme which is located on,thé-outer,surface of the inner mitochondrial
membrane (72) is to convert creatine to creatine phosphate utilizing the
ATP generated on the matrix side of the inner membrahe_by oxidative
phosphorylation (73). During this process H+ ions are taken up into the
 matrix 1eaving the outside more alkaline and moving the‘enzyme toward its
optimum for the forward reaction, its physiologically important reaction.
The lower va]ue of the optimum, relative to that of the cytoplasmic enzyme,
aids the m1tochondr1a1 enzyme in perform1ng this functwon

| In its natural state the enzyme is bound to the inner mito-

chondrial membrane which means that the environment in vivo is very
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different from the reaction media used in the activity assays. Yet, there
is excellent agreement between thé results of the present study and the
data obtained by Jacobus and Lehninger (73). Their pH optimum of 8.0 for
the forward direction of the rat enzyme in whole mitochondria compares to
our value of 8.1 for the isolated pure bovine mitochondrial enzyme. In
the reverse reaction Jacobus and Lehninger found an optimum of pH 6.7 as
compared to our observation of 6.3. The difference may be due to the
different animal species. Another reason might be differences in assay
techniques, particularly in the correction for non-enzymic hydrolysis of
| creatine phosphate. The temperature optimum of 34° would indicate that_
the mitochondrial enzyme is functioning in vivo neaf its optimal temper-
ature.

Much of the early work on the cytoplasmic MM isoenzyme has been
done with buffer systems incorporating chloride jons at relatively high
concentrations.. Since inhibition by inorganic ions has been recognized,
(19,33) chloride and other small ions have been excluded as much as
possible from assays for the cytoplasmic isoenzymes. This restriction
must certaih]y‘also‘be placed on all assays for the mitochondrial enzyme
as a result of this study. Watts (35) has discussed the inhibition of
cytoplasmic creatine kinases in considerable detail. There exists much
evidence that the small planar and halide anions inhibit the enzyme by
stabilizing an abortive complex formed by tHe enzyme and its two smaller
substrates, i.e., the E.MgADP.Cr complex (34,36.37). Such a mechanism
does not appear likely for mitochondrial creatinebkinase in view of its
| Ordered mechanism whiéh does not comprise the E.MQADP.Cr complex. 'NMR
studies would be suitable for testing the cofrectneSs,not only of this

prediction, but also of the assignment of the Okdered mechanism.
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B. The Kinetic Mechanism

It has been shown that for both reactions the double reciprocal plots
obtained in the absence of products are linear and intersect at a point to
the left of the ordinafe and that the secondary plots are also Tinear and
do not pass through the origin. These patterns eliminate as possible
, mechénisms the Ping Pong mechanism which would give rise to parallel primary
plots and the rapid—eqpilibrium Ordered mechanism in which the primary
plots with creatine or creatine phosphate as the variable substrate would
intersect at a point on the ordinate due to fhe missing Ka/A'term in the
rate equation and the secondary slope replot would pass through the origin
(]04, p. 81). The steady-state Random mechanism can be largely ruled ouf
on the basis‘of the linearity of the primary plots.

Product inhibition studies were required to distinguish between the
~ sequential mechanisms remaining as possibilities. Three noncompetitive
and one comﬁetitive patterh with linear secondary replots were observed
in both direcfions. These data are in accord with a- steady-state Ordered
mechanism in which the nucleotide substrate binds first. Substrate inhi-
bition by formation.of the abortivevcomplex EBQ is not indicated for either
reaction as primary plots with B as the variable substraie in the absence
of products and intercept 1/A versus 1/B are linear rather fhan hyper-
bolic concave up (104, p. 147). The faf]ﬁre of the E.MgATPQCrmP complex
to form is not surprising as it involves the two bulky substrates which
- possess the transferable phosphoryl group, but the féct that the E.MgADP.Cr
complex does not form is unusual. It is conceivable thgt the complex might
form without being observed due to low concentrations of creatine. However,
product'inhibition studies confirm the results obtained in the absence of

products. The abortive productvEBQ would make the intercept /A versus P
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replot and the slope 1/B Versus P replot parabolic concave up (104, p. 131).
As all replots were found to be linear, the E.MgATP.Cr~P and E.MgADP.Cr
complexes can be ruled out.

The Theorell-Chance mechanism would yield competitive inhibition
patterns with one guanidino compound as the variable substrate and the
other as the inhibitory product. Since the inhibitions for this pair of
compounds are noncompetitive in both reactions, this scheme is also elimi-
nated as a possible mechanism.

Neither are the inhibition patterns consistent with the rapid-
equilibrium Random mechanism unless three dead eﬁd complexes are postulated
which are E.MgADP.Cr, E.MgATP.Cr«P and E.Cr.CroP. Whereas the first com-
plex has been shown to exist in thebcase of the cytoplasmic isoenzyme from
rabbit muscle, and at least an indication for the existence of the second
has been obtained in a product inhibition experiment (25), there has never
been evidence of any kind for the existence of the third complex.

Product inhibition studies with thekfixed substrate saturating
have produced results which would be predicted for the Ordered mechanism.
The inhibition by'creatine relative to MgADP with creatine phosphate satu-
rating is the dominant pattern coming out of these experiments: it is
strong and uncompetitive.

The results could also be regarded as being consistent with the
rapid-equilibrium Random mechanism provided it included the three above-
mentioned dead end complexes, if it were not for this very inhibition
pattern. The inhibition by creatine is not eliminated by saturation with
either MgADP or creatine phosphate as would be predicted if only the
complexes E.MgADP.Cr and E.Cr.CroP could form. Instead, the inhibition is

undiminished which can be explained on the basis of this mechanism only
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'by pqstu]ating yet another complex, the one that would be formed if creatine
combined with the central ternary complex to give E.MgADP.Cr~P.Cr. The
complete mechanism which would result is shown in Figure 22.

Guanfdinoacetate, finally, inhibits competitively relative to the
hucleotide substrate and noncompetitively relative to the guanidino sub-
strate. Such behavior can be rationalized in terms of the Ordered mecha-
nism by postulating a conformational change upon binding of the nucleotide
as discussed in section IV. B.3.

The data are more difficult to reconcile with the rapid-equilibrium
Random mechanism. The competitive inhibitions relative to the nuc1eot1des
could be rationalized on the basis of the failure of the E.MgadN.GAA com-
plexes to form for similar reasons aS were postu]ated for fhe Ordered
mechanism, a]though there would be the added difficulty of having to allow
identical behavior of creatine and guanidinoacetate towards the free enzyme
while disallowing it towards the E.MgadN complex. However, the greatest
problem would lie in finding an exp]anation for the noncompetitive inhi-
bition relative to creatine. The pattern would require that guanidino-
acetate bind to the E.Cr complex, an unlikely occurrence in view of the
close structural relationship between the two compounds which would make
it appear prdbab]e that they share a common bindihg site.

The reason for presenting the arguments for andvagainst the two
mechanisms in so much detail lies, of course, in the fact that the mecha-
nism.of the cytoplasmic MM isoenzyme has beenvestabiished as rapid-
equilibrium Random with one ternary dead end complex at pH 8 (25,39),
and as rapid-equilibrium Random in the reverse reaction and rapid-equi-
Tibrium Ordered with MgATP adding first in the forward reaction at pH 7
(41).
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Figure 22. A rapid-equilibrium Random mechanism for mitochondrial creatine
kinase.



100

4A1though'the présent wofk deals with a different isoenzyme, the
kinetic mechanism was nevertheless anticipated to be rapid—equi]ibrium
Random. A complete set of kinetic constants was worked out on the basis
. of the complex mechanism shown in Figure 22. The set of results from the
forward reaction was not fu]]y.cohsistent with that from the reverse re-
action. One of the inconsistencies which could not be resolved was the
large slope effect produced by creatine phosphate as a product inhibitor
of the forward reaction which was out of proportion to its affinity to
the free enzyme. Another problem was the large intercept effect caused by
creatine as inhibitor of the reverse reaction which could only be ration-
alized by postulating the quaternéry complex whose existence is difficult
to accept for mechanistic reasons. Thus conceptual difficulties as well
as lack of quantitative correlation contribute to the body of evidence
against the assignment of the rapid-equilibrium Random mechanism to the
mitochondrial isoenzyme of creatine kinase.
The identification of the mechanism as Ordered Bi Bi should be
checked by other methods such as isotope exchange. Its confirmation
would raise a number of interesting points. As the majority'of the kinases
appear to posseés Random mechanisms, an Ordered mechanism would set mito-
chondrial creatine kinase clearly apart, although exceptions are known,
such as carbamate kinase which possesses a steady-state Ordered mechanism
(129) and nucleoside diphosphokinase for which a Ping Pong mechanism has
been demonstrated (130).
| Another point is that not only can the rapid-équi]ibrium mechanism
of the cytoplasmic MM isoenzyme change from Random to Ordered but that two
isoenzymes of creatine kinase may posséss completely different mechanisms.

This is an important result as there appears to be a tendency among
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researchers to assume that the mechanism is the éame for different iso-
enzymes. Thus Saks et al. (76) have only on the basis of initial velocity
measurements in thekabsence of products assumed the rapid-equilibrium
Random mechanism for mitochondrial creatine kinase, have developed what
they call a mathematical model of the reaction catalyzed by the enzyme and

have designed a computer program to describe its kinetic behavior.

C. Physical Properties

While this study is concerned with céta]ytic and kinetic properties
of mitochondrial creatine kinase, there arise from it a few imp]ications
with regard to the physical properties of the enzyme. |
| The observation that bovine serum albumin is not required to main-
tain activity, presumably because the enzymevhas.nb tendency to be
adsorbed to the polar glass surface of the reaction vessel, correlates
well with a number of observations made elsewhere which attest to the
‘Tipophilic nature of the enzyme. Thus, the enzyme could not easi1y be
removed from a hydrophobic resin (Jacobs, unpublished results), and the
partial specific vo]ume indicates a certain lipid content (86).

At a relatively high concentration the enzyme forms an octamer
| which dissociates into monomers upon dilution (86). 1In the pH-stat assay
the enzyme is used at very low concentrationé and should consequently be
present in monomekic, possibly dimeric, form. The absénce of a quaternary
structure fits in with the linear double reciproca] plots which are charaé-
teristic for the enzyme's kinetic behavior under in vitrq'cohdﬁtions,at.
Tow concentrations and which are indicative of the absence of allosteric
effects. A]though it is conceivable that the situation with regard to
allostery might be different in vivo, the data'of Jacobus and Lehninger

(73) and Saks et al. (76) indicate that this is not the case.
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D. Kinetic Constants and the Directionality of the Reaction Catalyzed

Mitochondrial creatine kinase shares the intermembranous space with
other enzymes which have the adenine nucleotides as substrates. Their Km
values and other data are given in Table 12.

Creatine kinase has to compete for common substrates with nucleoside
diphosphokinase and adenylate kinase. Its Michaelis constant for MgATP
which is much Tower than that of nucleoside diphosphokinase and its location
on the inner membrane enable it to perform a channeling function: ATP can be
utilized in the formation of creatine phosphate in preference to that of
other nucleoside 5'-triphosphates which means that the immediate energy
needs of the cell and survival of the organism have précedence over anabolic
reactions. » ‘ a

A similar situation exists with regard to the relationship of
creatihe kinase with adenylate kinase. Its lower Km value and its greater
proximity to the mitochondrial matrix favor the formation of creatine
phosphate over the conversion of AMP to ADP, i.e., the upgrading of the
energy charge of the cell. Only that portion of ATP which is not used by
creatine kinase becomes available to adenylate'kinase.

The adN tkans]ocating enzyme system probably uses as substrates the
uncomplexed adenine nucleotides (references fn 133) and, therefore, does
not compete directly for substrates with creatine kinase. Since the ADP-
ATP exchange is asymmetrical, i.e. ADP is preferentially taken up in the
intermembrane spéce, such competition would only involve the reverse
reaction of creatine kinase which is the non-physiological reaction. In
the physiological reaction the two enzymes work in tandem, and the relative
magnitudes of the Michaelis constants for the nucleotides are of little

consequence.
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If the specificity of the adN translocator for the free nucleotide
does exist, then the enzyme can, of course, only be active if the ADP in
the intermembranous space is present in non-complexed form. This means that
the concentration of non-compartmentalized Mg2+ ion must be sufficiently low
for much of the ADP to be present as the free nucleotide, yet sufficiently
high to complex much of the ATP present, if the three enzymes which require
MgATP are‘to function in this direction at a significant level of activity.
This will be the case when the M92+ ion concentration is less than or equal to
the ATP concentration so that ATP with its significantly larger complex
- stability constant will complex in preference to ADP with the result that
the concentration of MgADP is low.

This Tine of reasoning provides one answer to the problem of the
directionality of the reaction catalyzed by creatine kinase. Since all
kinetic parameters favor the reverse reaction, the question arises how the
enzyme can efficientiy catalyze the forward reaction in vivo. If a large
proportion of ADP remains non-complexed, then the forward reaction is
favored in spfte of Tower Km and Vmax values by virtue of higher substrate
concentrations. |

The Ordered mechanism may represent an adaptation which helps to
prevent the reverse reaction even in the presence of creatine phosphate
at a high concentration. Heart cells contain creatine at a relatively
high concentration, approximately 10 vaaccording to Jacobus and Lehninger
(73). In the present study a high degree of inhibition of the reverse
reaction by 6 mM creatine Was'observed even at saturating concentrations
of MgADP and creatine phosphate. This may well constitute another mechanism
of control of the reverse reaction in addition to the regulatory effects
~ascribed by Saks‘et al. (76) to M92+ ion and to the functional coupling of

creatine kinasevand the adN translocator.
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E. Conclusion

Mitochondrial creatine kinase has been identified as an isoenzyme
of the earlier known cytoplasmic forms. It catalyzes the same reactions
and performs a similar function (73); it is present in the same cell and
displays the same tissue distribution (71,73). It possesses a similar
subunit weight, but the particle weight at high concentration is different
(86). The fact that the enzyme is membrane bound and possesses appreciable
hydrophobic character may well account for the high degree of subunit
association. Additional studies probing into the nafure and steric orien-
tation of subunit interaction and the possible existence of a dimeric
molecule are sfi]] required at this stage. Chemical modification experi-
ments used in conjunction with physical methods such as sedimentation
analysis and spectral methodé including UV absorption, fluorescence and ORD
would be a suitable approach to solving these problems, but kinetic experi-
ments could also be of help. For example, the ‘activity and even the kinetics
of the enzyme in modified or unchanged form could be determined by means
 of the pH-stat assay using reaction media of varying polarity and feducing
potential. Also, active site studies by these methods need yet be done.

Differences typical of isoenzymes have also been observed. E]ectro—
~ phoretic mobiTity (71L isoelectric pH (137) énd amino acid composition
(86) are clearly different. There remain to be done sequencing studies at
least of the active.site. Such data are available for the section con-
taining the essential cystejne residue for the‘cytoplasmic isoenzyme from
rabbit muscle (134,135) and brain (136) and also for some other sequences
of the rabbit muscle enzyme.

The present study contributes to the establishment of the isozymic
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relationship in several ways. Although this has hot been mentioned previ-
ously -in this report, the mitochondrial enzyme; Tike the cytoplasmic forms,
has been found to be inactive with the unchelated nucleotides. No activity
was observed in the absence of M92+ ion, while nearly full activity was
reached at a Mg/ATP ratio of 1 at all pH values investigated in the forward
reaction-and at pH 8.1 and 7.4'in the reverse reaction. At pH 6.8 the
reverse reaction required a ratio of 2 for apparent maximal velocity.

A broad spec1f1c1ty with regard to nucleotide substrates has been
established for the rabbit muscle isoenzyme (33,51). The inhibition by
the diphosphates of various nucleosides as well as by adenosine tetra-
phosphate observed in this study ahs been interpreted as signalling a
similar lack of specificity in the mitochondrial isoenzyme. This finding
is in contrast to Jaéobus' and Lehninger's (73) observation that other
nucleoside di- and triphosphates are poor alternate substrates or are
essentially inactive. Thus, much kinetic work remains to be done in this
area. In addition, chrohiumvnucleotides and nucleotides modified in the
phosphate side chain might shed‘furthér light on fhe molecular mechanism,
while little could be learned from such studies;with regard to the kinetic
mechanism that has hot already'been or could notbbe obéerved with the
tetraphosphate. |

Specificity studies into the Quanidino binding site using g1ycocyamihe
phosphate are still needed to round off the present kinetic investigation.
An urgent question is whether the compound would exhibit a behavior analo-
gous to that of guanidfnoacetate. Equally rewarding could be studies with
cyclocreatine as substrate. It might turn out to be the competitive
inhibitor bf_creatine that could not be found for the present study.

The specificity of the enzyme in re]ation,to,the metal ion has not
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yet been touched. Will it be active with nucleotides complexed wfth manganese?
If so, will NMR studies point to the existence of an E.MnADP.Cr.anion complex
which has been observed in the case of the rabbit muscle enzyme and which
would place in doubt the Ordered mechanism as developed in this study?

The results which have been brought forward here show conclusively
that the mitochondrial isoenzyme differs in kinetic properties from its
- cytoplasmic counterparts, more sd when compared to the muscle enzyme than
when compared to the brain enzyme. This takes us to the problem of subunit
structure. Does the mitochondrial enzyme consist of only one type of sub-
unit or of fwo or even more? Will the subunit(s) be sfmi]ar to the B or/
and the M subunit? On‘the basis of the kinetic constants one would predict
a greater resemblance to the cytoplasmic B unit.

Up to this point only one form of mitochondrial creatine kinase has
been recognized. Could there be more than one type? If so, would these
forms be subjéct to ontogenic evolution and patho]ogicé] de-differentiation?-
Even if sepa}ate forms were not found to‘exist, then there are sti11}theb |
two forms of different activity seen by Hall et al. (82) which require to
be characterized. _' ‘

When working with creatinefkinase‘a'résearcﬁer'can never afford to
forget that the enzyme has at least one eéséntia] su]fhydry1 group per
subunit and that there is a continuods spectrum of activity states between
zero and maximum. An attempt has been made in this study to correlate the
state of activation of the enzyme with the.vé1ues of;ité kinetic parameters,
but no dependenée could be discerned Qith regard to'bihding constants, only
the obvious one involving maximal velocity. Becéuse it-uti]izes.such a
simple reaction_mixfure,1the1pH-stat assay is well suited not only for

monitoring the development of ways in which the enzyme can be reproducibly
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reactivated but also for long-term studies into the effects of storage
conditions on kinetic properties. Another feasible project would be to
repeat with the mitochondrial enzyme the experiments by Maggio et al. (46)
on CHBS-blocked rabbit muscle enzyme.

The Ordered mechanism cannot be considered established while it has
not been confirmed by isotope exchange studfes. WOrk.in this area would
have been undertaken next,if it had been possible to expand the scope of
this project. Whereas the application of this technique represents the
minimum requirement, other methods such as equilibrium binding could be
used in addition to it. |

There are pH-dependent changes in the rate-controlling steps as
the relative magnitudes of the rate constants governing‘the various steps
in the reaction mechanism have shown. Hence, it would be a worthwhi1e
project to look fnto the possibility of an associated change in the kinetic
mechanism which has been demonstrated by Schimerlik and Cleland (41) for
the MM isoenzyme. |

Finally, it might be noted that no kinetic-inveStigation is complete
as 1ong>as it is restrfcted to steady-state‘expefiments. Only rapid reaction
techniques allow a glimpse at the'occurrences which take place during that
brief span of timethfch begins‘when a]]lsubstrates-are in p]ace and ends
when the conversfon to products is complete. The results would provide
another check on the kineticvmechahism. |

This enumeration of ideas about what could yet be done to enrich our
knowledge of the.enzyhe under study is not meant to be complete nor to be
a detailed proposal for further research, ft is moré an.expression of this
writer's realization that there are more questions at the end bf a project

than at its beginning.
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