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ATP
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cd.
CNBr
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adenosine 5"-triphosphate
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dithiothreitol

ethylenediaminetetraacetate

guanidine hydrochloride

hour

iodoacetamide
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5,5"-dithiobis-(Q-nitrobenzoic acid)

phospho(enol)pyruvate

I0mM-sodium phosphate buffer at pH 8.0
containing 1.0OmM-EDTA

sodium dodecyl sulphate

2-amino-2-hydroxymethy~Ppropane-1,2 -diol

1 unit of enzyme activity refers to the
consumption of 1.0 ymol of substrate/minute






SYNOPSIS

A detailed study of the dénaturation and renaturation of
native soluble creatine kinase (EC 2.7.3.2) has revealed that
dénaturation by guanidine hydrochloride is essentially
completely reversible with 95% regain of enzyme activity after
1.0 h of renaturation at 20°C. In addition the product of
renaturation, the fully renatured enzyme, was found to be
identical to the native soluble enzyme in terms of active

site structure, homogeneity and overall conformation.

The dimeric enzyme was immobilised via a single subunit to
CNBr-activated Sepharose 4B to yield a matrix-bound enzyme
derivative containing 400 yg of protein/ml of packed gel, with
substantial retention of enzyme activity. The matrix-bound
enzyme was subsequently treated with guanidine hydrochloride
to facilitate dissociation of the subunits, followed by
renaturation to yield a catalytically active matrix-bound
subunit derivative containing 200 yg of protein/ml of packed

gel.

The effects of pH on the enzyme activities of the soluble
enzyme and the matrix-bound derivatives were studied. In
all cases there was a broad peak in the pH-activity profile
with maximum activity being observed at pH 9.0. Kinetic
parameters for the matrix-bound derivatives were generally
similar to those for the soluble enzyme although some variations
in the values of the Km for MgATP were observed with those for
the matrix-bound derivatives being raised approximately

2.5-fold compared with the soluble enzyme.



In common with the findings of studies on glucose 6-phosphate
dehydrogenase and tryptophanase by other workers (see Chapter 6),
it was found that immobilisation of creatine kinase led to an
enhancement of stability towards either thermal inactivation
or unfolding by guanidine hydrochloride. In both types of
study the order of stabilities observed was matrix-bound

dimeric enzyme >matrix-bound subunit enzyme > soluble enzyme.

The numbers of reactive thiol groups in the soluble enzyme
and the matrix-bound derivatives were determined by two
different methods: (i) spectrophotometrically using 5,5"-
dithiobis(2-nitrobenzoic acid); (ii) reaction with radioactive
iodoacetamide. The results of these two studies indicated
that both the soluble enzyme and the matrix-bound dimeric
enzyme possess one reactive thiol group per subunit, whereas the
matrix-bound subunit enzyme was found to possess two reactive
thiol groups per subunit. Further studies on the reactivity
of the thiol groups of the soluble enzyme and the matrix-bound
derivatives were obtained by measuring the rate of inactivation
of the enzyme by iodoacetamide. The data obtained showed
that the reactivity of the thiol groups in the presence of
various combinations of substrates and ligands of the soluble

enzyme and the matrix-bound derivatives were largely similar.

The remarkable similarity in the properties of the native
and immobilised creatine kinase attests to the lack of

significant conformational restraints imposed by the matrix.
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CHAPTER 1

INTRODUCTION



CREATINE KINASE

Introduction

The aim of this section is to describe some recent work
on the enzyme creatine kinase (adenosine 5"-triphosphate-
creatine N-phosphotransferase, EC 2.7.3.2) which has led to
a greater understanding of the enzyme mechanism and subunit
behaviour. The primary function of the enzyme, which
catalyses the reaction shown below, seems to be associated
with regeneration of ATP in conjunction with contractile or
transport systems (Watts, 1973)

0"

NH
+NH=0
N-CH3 + MgATP2- 7—~ H* + AN~CH3 + MgADP"

Ch2
C0J

Creatine Phosphocreatine

There has been considerable interest in clinical assays
of creatine kinase activity (Szasz et al., 1976) as it has
been proposed as a measure of myocardial infarct size
(Sobel, 1976; Sobel et al, 1977) and as an indication of
muscular dystrophy and other disorders (Sherwin et al., 1969;
Roy, 1974). Other recent articles have dealt with the
various physiological aspects of the enzyme, such as its
réle in muscle (Berson, 1976; Seraydarian and Abbott, 1976)
and adipose tissue (Berlet et al., 1976). The work reviewed

in this section will however refer to the enzyme isolated



from rabbit skeletal muscle as it was the form studied in

the work described in this Thesis.

Structural features of the enzyme

Creatine kinase consists of two very similar, if not
identical subunits of molecular weight 41000 daltons (Watts,
1973). The enzyme possesses one reactive thiol group per
subunit, modification of which by a variety of reagents
(e.g- iodoacetate, iodoacetamide and I-fluoro-2 ,A-dinitro-
benzene) leads to inactivation of the enzyme (Watts, 1973).
Dissociation of the dimer can be brought about by agents such
as guanidinium hydrochloride and urea (Yue et al., 1967)
and subsequent re-association of subunits (upon removal of
the denaturing agent) has been observed by several workers
(Dawson et al., 1967; Yue et al., 1967). Only Hlimited
sequence information is available, accounting for less than
15% of the total amino acid content of the molecule (Watts,
1973). Particular attention has been focused on the
sequence of a peptide containing the reactive thiol group,
and there appears to be considerable sequence homology
between this peptide and the corresponding peptide from other
isoenzyme forms of creatine Kkinase (Watts, 1973) and from
arginine kinase isolated from lobster muscle (Morrison, 1973)

(see Table 1.1).

Some preliminary X-ray diffraction measurements on the
enzyme have been made (McPherson, 1973). Of the 3 crystal
forms studied, two appeared to possess an asymmetric unit
consisting of two molecules (i.e. 160000 daltons), whereas

in the third (orthorhombic) form, the asymmetric unit



Table 11 comparative amino acid, sequences around the reactive
thiol residues of creatine kinases and arginine kinase (adapted

from Roy, 1974)

Creatine kinase Arginine Kkinase
Rabbit Human Chicken Ox Ox Lobster
muscle muscle muscle brain muscle muscle
Val Val lie lie Val -
Leu Leu Leu Leu Leu Glu
Thr Thr Thr Thr Thr Thr
Cys Cys Cys Cys Cys Cys
Pro Pro Pro Pro Pro Pro
Ser Ser Ser Ser Ser Thr
Asn Asn Asn Asn Asn Ser
Leu Leu Leu Leu Leu Asn
Gly Gly Gly Gly Gly Leu
Thr Thr Thr Thr Thr Gly
Gly Gly Gly Gly Gly Thr
Leu Leu Leu Leu Leu Val

Arg Arg Arg Arg Arg Arg



consisted of a single protein subunit. From the unit cell
dimensions, it was calculated that the thickness of a
creatine kinase subunit was of the order of 5 nm, and
considerations of the space group suggested that the enzyme
molecule possesses a two-fold axis relating two identical

subunits.

Mechanism of action

The reaction catalysed is a transfer of a phosphoryl
group from MgATPZf to creatine. There 1is no evidence for
any phosphorylated enzyme intermediate (Watts, 1973).
Detailed kinetic studies of the reaction, including the use
of product inhibition have shown that the mechanism is of
the rapid-equilibrium, random order type with synergism in
substrate binding i.e. the binding of the metal-nucleotide
to the enzyme facilitates the subsequent binding of creatine
and vice versa (Morrison and James, 1965). An important
finding was that certain small, planar, anions (notably
nitrate and formate) led to a remarkable decrease in the
reactivity of the thiol groups when added to a mixture of
MgADP and creatine (Milner-White and Watts, 1971). On
the basis of this work and other kinetic and magnetic
resonance studies (Reed and Cohn, 1972; James and Cohn,
1974; McLaughlin et al., 1976) it has been proposed that
the anions can occupy the site normally occupied by the
Y-phosphoryl group of MgATPZ_, so that a complex is formed
which resembles the "transition state" for the enzyme

catalysed reaction (Fig. 1.1).

In a recent paper Milner-White and Kelly have used the
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o 0 "0 CHS3
Ad-0-P-0-P-0" N;\ NHQ-€ N - CHG-CO
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Fig 11 The "transition state analogue™ complex for the reaction
catalysed by creatine Kinase. Various other anions can replace
nitrate in this complex, in which the thiol groups have only a
very low reactivity towards iodoacetamide. It is postulated
that in the transition state of the enzyme catalysed reaction,

the planar metaphosphate ion (PO™~) would replace nitrate.



reactivity of the reactive thiol group, on each subunit,
towards iodoacetamide as a measure of the conformational
state of the "working enzyme" 1i.e. while it is catalysing
the reaction between MgATP and creatine (Milner-White and
Kelly, 1976). From their results it appears that about
80% of the enzyme molecules are complexed in the

MgADP - P03 - creatine form (in which the thiol groups are
assumed to be virtually unreactive by analogy with their
behaviour in the "transition state analogue" complex), with
the remainder present as a Michaelis complex (in which the
thiol groups are fully reactive). This finding lends
support to the idea that the transition state analogue
complex is relevant as an important state in the enzyme

catalysed reaction.

Structural studies on the arrangement of substrates at
the active site of the enzyme have relied heavily on magnetic
resonance methods, as X-ray diffraction work is still at a
preliminary stage. The magnetic resonance work (McLaughlin
et al., 1976) has shown that the transferable phosphoryl
group on one substrate is in apposition to the acceptor
moiety on the second substrate. In addition the divalent
metal 1ion is probably liganded to the a- and 6-phosphates
of the nucleotide substrate and not directly liganded to the

guanidino substrate.

The actual mechanism of phosphoryl transfer in the
catalytically active complex is still unresolved. Transfer
could proceed via an "Sn2-type" mechanism in which the
guanidino nitrogen would attack the phosphorus of the

Y-phosphoryl group of ATP, simultaneously weakening the P-0



bond. This would involve the y-phosphorus assuming

a pentacoordinate trigonal bipyramid geometry in the transition
state of the reaction (Milner-White and Watts, 1971). The
alternative "Snl-type" mechanism of transfer would involve

the participation of the planar, highly reactive metaphosphate
ion (P03). The effect of nitrate and other planar anions

in forming a "transition state analogue'" complex would be
consistent with either type of mechanism. From detailed
studies of the mechanism of phosphocreatine hydrolysis, it

has been concluded that the reaction does involve production
of metaphosphate which then reacts with water to produce
phosphate (Allen and Haake, 1973, 1976). This is depicted

in Fig 1.2, which also shows the proposed alternative fate

of metaphosphate in the presence of MgADP and creatine Kinase

2
i.e. to yield MgATP —

This mechanism has several important implications for
the enzyme catalysed reaction among which are the following:
(1) The phosphocreatine must be protonated before it can break
down to yield P03 and presumably an amino acid side chain
which can function as an acid catalyst must be close to the
phosphocreatine site on the enzyme. (2) The metaphosphate
produced must be in very close association with the MgADP
on the enzyme so that reaction occurs to form only MgATP —
and not phosphate (HHﬁ*Z_)- The active site of the enzyme
must be such as to exclude water, since no enzyme catalysed
breakdown of phosphocreatine occurs in the absence of MgADP
(@) Since water is to be excluded from the active site, it
is proposed that there must be specific binding sites for

the phosphate dianion of phosphocreatine, for the guanidinium
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O'-P-NH-C-N-CHz-CO; 0- P-N H-C—N—CHr-COn
1 [ 2 2 “H [ 21 2 2
O' +nh2 0" +nh2

phospocreatine?2-

o] MgADP*
MgATPZ <- PO3 +
(b)
(@ H20
Fig 1.2 Proposed mechanism for hydrolysis of phosphocreatine (a)

and its relevance to the enzyme catalysed transphosphorylation

reaction (b) (Allen & Haake, 1976).



cation and for the carboxylate anion (Bickerstaff and Price,
1978). As yet none of these binding sites has been

identified with certainty.

A good deal of effort has been expended in attempts
to identify particular groups on the enzyme which are
involved in the catalytic process. Most of the work has
involved the technique of chemical modification of amino
acid side chains and the most important results are outlined
in the following:
(@ Thiol groups. It has long been known that creatine
kinase possesses one reactive thiol group per subunit, the
modification of which by a variety of thiol-blocking reagents,
leads to complete or very nearly complete inactivation of
the enzyme (Okabe et al., 1970). It has now been shown that
modification of one thiol group per subunit does not always
lead to inactivation of the enzyme (Smith et al., 1975).
The importance of this thiol group in the mechanism of
action of the enzyme has been the subject of considerable

debate and will be examined in detail in Chapter 7.

(b) Lysine groups. Previous work has indicated that a lysine
group was present at or near the active site of the enzyme,

on the basis of modification by reaction with dansyl chloride
or p-nitrophenyl acetate (Watts, 1973). Further work using
magnetic resonance methods (James and Cohn, 1974) has led to
the conclusion that the e-CH2 group of the lysine is in close
proximity to the proton of the formate anion in the "transition
state analogue' complex (enzyme-MgADP -formate-creatine) and
hence by implication to the transferred phosphoryl group in

the catalytically active complex.



© Arginine groups. Work with arginine-specific reagents
butanedione and phenylglyoxal has shown that one arginine
group per subunit can be modified with complete loss of
activity (Borders and Riordan, 1975). The modified enzyme
is incapable of binding nucleotides and inclusion of MgATP2
of MgADP afforded protection against modification. On the
basis of these results it was proposed that an arginine group
is involved in the binding of nucleotides, presumably by

an electrostatic interaction with the negatively charged
oligophosphate moiety. It is reasonable to suppose that

the arginine (and/or lysine) groups referred to may fulfill
certain of the binding roles suggested for the model studies

on phosphocreatine breakdown mentioned earlier.

@ Other groups. Chemical modification work has been
performed on histidine (Pradel and Kassab, 1968) and
tyrosine (Fattoum et al., 1975), and although modification
leads to inactivation of the enzyme, these experiments have
not been interpreted in as much detail as those described

earlier. It is possible that a histidine group could act

10

as the proton donating group towards phosphocreatine postulated

from the model studies of Allen and Haake (1976).

Subunit behaviour

Creatine kinase consists of two freely dissociable
subunits, each containing a single polypeptide chain and
possessing no disulphide bridges (Bayley and Thomson, 1967).
Sedimentation studies revealed that the calculated frictional
ratio (f/fQ) was only 1.21 and the axial ratio 4.4 (for an

assumed anhydrous prolate ellipsoid), indicating a compact



rather cigar-shaped molecule (Yue et al., 1967). A useful
finding was that sodium dodecyl sulphate (SDS) causes
dissociation of the subunits without apparent loss of structural
organisation and the dissociated subunits were found to have

the same frictional ratio and the same axial ratio as the

native dimer (Yue et al ., 1967). Hence the molecule may be
envisaged as consisting of two cigar-shaped subunits lying

side by side rather than as two egg-shaped subunits arranged end

to end.

Creatine kinase occurs in three distinct forms readily
distinguishable by their electrophoretic behaviour (Dawson et al.,
1965) and these isoenzymes are termed MM (muscle type), MB
(hybrid) and BB (brain type), in order of increasing mobility
toward the anode at pH values above neutral, to indicate the
major tissue of origin. Preparation of the hybrid (MB) can
readily be achieved from purified MM and BB enzymes by using
4M-guanidine hydrochloride as the subunit dissociating agent.
After recombination of the subunits by dilution or dialysis
to remove the denaturant, the three isoenzymes can be separated
by eletrophoresis (Dawson et al., 1967). Of particular interest
has been the formation of hybrids between the BB forms of rabbit or
ox with the dimeric arginine kinase from the muscles of the sea
cucumber (Holothuria forskali)(Watts et al ., 1972). These
findings demonstrate that among the phosphagen kinases from
invertebrates to vertebrates the essential features of the

intersubunit region has been concerned through evolution

Until recently, there has been very little evidence for
any subunit interactions in rabbit muscle creatine kinase,

although some unusual features of the reaction of the enzyme, from



other sources, with thiol-modifying agents has been interpreted
in terms of subunit interactions (Watts, 1973). However, using
a fluorescent probe technique McLaughlin (1974) reported that the
binding of ADP to the rabbit muscle enzyme in the presence of
creatine and nitrate (with or without Mgz+ displayed features

similar to negative cooperativity.

A Ffurther indication of negative cooperativity has come
from a study on the kinetics of modification of the reactive
thiol group on each subunit with a variety of reagents (7-chloro-
4-nitrobenzofurazan, iodoacetate and Nbs2) (Price and Hunter, 1976)
With each of these reagents the thiol groups on the two subunits
reacted at the same rate as each other, both in the absence of
ligands and in the presence of combinations of Mgz+, creatine
and ADP. However, in the presence of MgADP , creatine and nitrate
the reactions deviated markedly from normal second order kinetics,
indicating that the thiol groups were no longer reacting at the
same rate as each other. A study of ADP binding by the enzyme
using the equilibrium dialysis method also showed that in the
presence of the transition state analogue complex, the binding
of ADP shows features characteristic of either negative
cooperativity or non-identical binding sites (Price and Hunter,

1976) .

The non-identical behaviour could arise either from an
inherent asymmetry of the enzyme in the "transition state
analogue"™ complex or from an asymmetry induced by dissociation
of nucleotide from one subunit or by modification of the thiol
group on one subunit. These possibilities might be
distinguished if data on the symmetry of the enzyme were

available e.g. from X-ray diffraction studies. The



significance of the non-identical behaviour in this complex
(which 1is thought to resemble the structure of the transition
state of the enzyme catalysed reaction) is open to question.

A rapid reaction study of the enzyme catalysed reaction has
indicated that there is no large transient or lag phase in
either direction i.e. that the actual chemical reaction is not
rate limiting and that isomerisation of the enzyme must be
rapid (Engelborghs et al., 1975). This would argue against

a "flip-flop"” mechanism of the type described by Lazdunski
(1972) for the dimeric alkaline phosphatase of E .coli (in which
the events at one active site are linked to those at the other
via conformational changes in the enzyme) being of importance

in the case of creatine kinase.



IMMOBILISED ENZYMES

Introduction

It is now becoming increasingly apparent that
relatively few intracellular enzymes actually exist in vivo
as free protein\molecules in an aqueous environment. They
are instead either membrane-bound, involved in solid-state
assemblies like those found in mitochondria or are present in
gel-like surroundings (Mosbach, 1976). Ideally one would
wish to study intracellular enzymes in their natural environment
by recombining isolated enzymes with the gel-like or matrix
surroundings with which they are normally associated inside
the cell, but progress in this direction is beset with many
difficulties. An alternative and much more practical approach
is to attach isolated enzymes to mechanically stable artificial
supports such as hydrophilic polymers. Such systems can not
only provide valuable models of how enzymes behave in their
natural milieu but also can serve as efficient biological

catalysts with many practical (including medical) applications.

At a meeting on "Enzyme Engineering" in 1973 under the
auspices of the Engineering Foundation Conference, several
recommendations regarding immobilised enzymes were made
(Sundaram and Pye, 1974). It was agreed to use the terms
"immobilised" and/or "matrix-bound"” to differentiate between
the native soluble enzyme and the insoluble enzyme derivative.
In addition four major categories of immobilised enzymes were
recognised: (@ Enzymes immobilised by chemical or physical
adsorption; (b) Enzymes covalently bound to insoluble supports

(c) Enzymic species arising from crosslinking of the protein



molecules; (d) Enzymes entrapped into gels, membranes or
within microcapsules. The spectrum of immobilisation
possibilities encompassed by these four groups is very large
and therefore we shall confine our attentions to group (b)
which is the group with the greatest significance for the work

presented in this Thesis.

Selection and activation of a matrix

When selecting a support or matrix for the covalent
attachment of proteins, a number of factors are taken into
consideration to optimise protein binding and immobilised
enzyme activity. The most important factors are:

(@ Mechanical properties of the matrix, e.g. rigidity
and durability.

(b) Physical form (granules, beads, sheets, etc.)
(c) Resistance to chemical and microbial attack.

(d) Hydrophilicity (ability to incorporate water into its

structure.
(e Permeability to high molecular weight proteins.

() Ease of matrix activation and protein retention factors.

(@ Price and availability.

From experience (Porath and Axen, 1976) it has been found
that hydrophilicity is a crucial factor for the preservation
of enzymes in a highly active state after their immobilisation
to the solid support. This fact places hydrophilic gels in
a favourable position among the matrices used as supports for
immobilised enzymes. The most important polysaccharide gel
supports are (1) starch, (2) cellulose, (3) dextran and (4)
agar. Starch and cellulose have certain disadvantages

which make them less suitable as matrices, the most serious of
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which are a non-uniform macroporus structure and a strong
susceptibility to microbial disintegration (Porath and Axen, 1976).
Dextran in a cross-linked form (Sephadex) is considerably more
suitable and Sephadex-bound enzymes are in general more active
than cellulose-bound enzymes (Axen et al., 1967). Agar and
agarose (bead form) approach, in many aspects, the ideal solid
matrix for binding proteins and an extensive analysis of the
properties of agarose can be found elsewhere (Porath and Axen,

1976) .

The coupling procedure most widely used at present to
bind proteins to agarose is based on the reaction of cyanogen
halides with the hydroxyl groups of the agarose matrix. The
reaction is carried out in alkaline solution either in water
or in water-miscible organic solvents (March et al., 1974;
Axen et al., 1967; Nishikawa and Bailon, 1975). Hydrolysis of
the reagent, usually cyanogen bromide, is an undesirable side
reaction that cannot be avoided but can be suppressed by
optimising the conditions for imidocarbonate formation. At
and below room temperature the optimum pH for the desired
reaction lies in the interval 11 - 12.5. The most important

reactions which occur during the activation are:

-OH —0-C=N
CNBr

Cyanates are very labile and the reaction will proceed
to give the reactive imidocarbonate (1) and the unreactive

carbonate (1)
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-0-C=N
-0H

A part of the imidocarbonate is undoubtedly in the form
of cross-links (I11) since the gel becomes insoluble in

boiling water.

—0=C=N HO 0—E—O0—

The presence of species I, Il and 11l has been indicated
by infrared (IR) analysis (Axen and Ernback, 1971) and it has
been found that hydroxide ions are consumed in most reactions
with concomitant decrease in pH. Early activation procedures
monitored the overall reaction in a pH-stat under continuous
addition of alkali (Axen et al., 1967), however more recent
methods perform the reaction in the presence of strong carbonate
buffer (March et al., 1974)." The coupling of enzyme occurs
entirely or at least predominantly through the free amino groups
of the ligand protein. As revealed by IR spectra and studies
on low molecular weight model compounds (Axen and Ernback, 1971),

the following reactions have been found to occur:

The amine should be unprotonated, which means that the
reaction will occur at an optimum rate when the coupling pH
is greater than the pKn of the amino groups and generally a

coupling pll within the range pH 8-10 1is used.
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Applications of matrix-bound enzymes

It is outwith the scope of this Thesis to describe the
very large number of potential applications and current uses
of immobilised enzymes as this subject is dealt with very
comprehensively in several excellent books (Mosbach, 1976;
Katchalski et al., 1971; Dunlap, 1974). Rather we shall
confine our attention to the use of immobilised enzymes as
tools for studies of fundamental problems in biochemistry,
and in particular those problems concerning intermolecular

interactions of enzyme subunits.

Immobilisation allows the study of enzymes under
conditions in which they would normally aggregate. For
example, when ligand binding is accompanied by association or
dissociation of an oligomeric enzyme, immobilisation offers
a means for uncoupling the interaction so that those changes
associated with ligand binding can be assessed independently
from those resulting from protein association. Glutamate dehydro-
genase is an enzyme of molecular weight 336000 and the oligomeric
unit is composed of 6 identical polypeptide chains; the oligo-
meric units aggregate in the presence of ADP to form linear
aggregates with a molecular weight exceeding 2 million (Horton et
al., 1974). To determine whether such aggregate formation is
a prerequisite for the increased activity observed, or whether
ADP acts as an allosteric modulator directly on the monomeric
subunit with aggregation of oligomeric units being a secondary
phenomenon, bovine liver enzyme was covalently bound in its
oligomeric form to porous glass beads (Horton et al., 1974).
It was found that the immobilised oligomer was subject to

activation by ADP and since under the conditions employed no



free enzyme was available to aggregate, the observed activation
was shown to be independent of association of the active oligo-

meric units.

Refolding of some disulphide-containing proteins such as
trypsinogen from a denatured state leads to aggregate formation
and incorrect folding. However by immobilising trypsinogen
to Sepharose 4B it has been found that this problem is
largely eliminated (Sinha and Light, 1976). Yields of 60 -
70% regenerated trypsinogen were obtained after 24 h and the
regenerated trypsinogen displayed similar properties to the

native molecule.

Immobilised subunits

Immobilisation can be used to prevent the spontaneous
association between subunits of an oligomeric protein (Chan,
1976). With this approach it is possible to determine whether
the subunit form of an enzyme is catalytically active or not.
The technique was Ffirst used by Chan and co-workers to study
the properties of isolated subunits of aldolase (Chan, 1970)
and transaldolase (Chan et al., 1973a). Subsequently the method
has been applied to various enzymes and some of the results are
collected in Table 1.2. From the Table it can be seen that the
enzymes aldolase, arginase, transaldolase and triose-phosphate
isomerase do not require the intact oligomeric structure for the
expression of catalytic activity. However phosphorylase,
lactate dehydrogenase and phosphoglucose isomerase do require
subunit interactions for enzyme activity. In the case of
phosphorylase it was neatly demonstrated that the inactivity

of the matrix-bound subunit was not an artifact produced by the



Table 1.2

subunit approach

Protein

Aldolase

Arginase

Fhosphorylase b
Transaldolase

Fructose diphosphatase

Lactate dehydrogenase

Fhosphoglucose isomerase

Triose-phosphate isomerase

No. of
Subunits
4 Active
4 Active
2 Inactive
2 Active
Dimers
Active
4 Inactive
2 Inactive
2 Active

Properties of

20

Some proteins studied by the immobilised

Reference

Subunit Form

Chan (1970)

Carjaval et.al.(1977)
Feldman et.al.(1972)
Chan et. al. (1973a)
Grazi et.al. (1973)
Chan & Mosbach (1976)
Bruch et. al. (1976)

Fell & White (1975)
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matrix (Feldman et al., 1973). The matrix-bound subunit
containing bound cofactor pyridoxal phosphate was re-associated
with soluble subunits of native enzyme which had bound an
inactive analogue of pyridoxal phosphate and therefore were
enzymically inactive. The reconstituted dimer exhibited the
activity of only one subunit as the inactive subunit containing
the analogue generated activity in the matrix-bound subunit by

providing the essential subunit interactions.

IT the immobilised subunit is active then comparison of
its enzymic properties with those of the corresponding
matrix-bound oligomer can yield valuable information regarding
the effects of subunit interactions on enzyme function.

An important prerequisite for the detailed interpretation of
experiments involving the matrix-bound subunit forms of enzymes
is that renaturation with good recovery of enzyme activity

can be achieved after subunit dissociation (Chan, 1976).

The principles of the method for preparing matrix-bound
subunits are outlined in Scheme 1.1. One of the basic
features of this approach is that the oligomeric form of the
enzyme is coupled to the matrix via only one of its subunits
to yield derivative A (Scheme 1.1). The subunit form is then
generated by treating derivative A with a denaturing agent
which produces dissociation of the subunits and subsequent
removal of the non-covalently bound subunits. On removal
of the denaturing agent, the matrix-bound subunit (derivative B)
can refold but is prevented from re-associating with other
matrix-bound subunits by the rigidity of the matrix (Chan, 1976).
A useful test to demonstrate the presence of matrix-bound

subunits is to prepare the re-associated matrix-bound oligomer



O Folded CO

Soluble Enzyme

O Unfolded Denaturing
Buffer

Denaturing  Buffer

Derivative A Derivative B Derivative C

Scheme 11 Scheme depicting the relationships between the

matrix-bound derivatives of a dimeric enzyme

The soluble enzyme is coupled to CNBr-activated Sepharose 4® to
yield the matrix-bound enzyme (derivative A). Successive treatment
of derivative A with a denaturing buffer then a renaturing buffer
produces the matrix-bound subunit (derivative B). The matrix-bound
re-associated enzyme (derivative C) is prepared from derivative B

by re-association with added subunits of denatured soluble enzyme.
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(derivative C) by re-associating with added subunits of
soluble enzyme (Scheme 1.1). The interconversions between
the various derivatives can be conveniently monitored by
following the changes in protein content of the derivatives

(Chan et al., 1973a).

In order to prevent the coupling of oligomers via
more than one subunit to the matrix, or the iInteraction between
the immobilised subunits after preparation, it is necessary to
limit the density of activated points on the matrix (Chan,
1970). In practice, an activation level of 1-5 mg of CNBr/ml
of packed Sepharose gel, has generally given preparations with
acceptably low contamination of immobilised oligomers (Chan,

1970; Chan et al., 1973a; Chan and Mosbach, 1976).
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IMMOBILISED CREATINE KINASE

Introduct ion

In their native form, many enzymes are found to contain
subunits (Klotz et al., 1970) and it has been often assumed
that the subunit structure has some role in the function of the
enzyme. Certainly in the case of many regulatory enzymes,
the allosteric properties have been explained successfully in
terms of co-operative interaction between subunits (Koshland,
1970). There remain, however, a large number of oligomeric
enzymes which show no signs of co-operative or other effects
which can be attributed to their quaternary structure.
Creatine kinase belongs to this latter category and it was
decided, therefore, to investigate in more detail the role of
the dimeric structure in the function of the enzyme. The
main part of this work therefore is concerned with the

preparation and study of the subunits of creatine kinase.

There have been two principal approaches to the study of
the activity of subunits of oligomeric enzymes. The TFirst
approach involves an analysis of the kinetics of regain of
activity during re-association of the dissociated enzyme
(Chan et al., 1973b). The second approach involves the
preparation of matrix-bound subunits as described earlier;

a comparison of the properties of the matrix-bound oligomer
with those of the matrix-bound subunit should provide valuable
information regarding the importance of subunit interactions
in the properties considered. In this present work the
second procedure was employed in order to investigate the

effects of subunit iInteractions on creatine kinase function.



An important prerequisite for the detailed interpretation
of experiments involving matrix-bound subunit forms of
enzymes is that substantial regain of enzyme activity of the
native soluble enzyme can be achieved upon renaturation from
a denatured state. A study was undertaken, therefore, to
evaluate and where possible improve the renaturation of
soluble creatine kinase after denaturation. Creatine kinase
was then immobilised on Sepharose 4B and several properties
of the matrix-bound enzyme were studied in comparison with the
soluble enzyme in order to establish whether or not
immobilisation adversely affected the activity of the enzyme.
In this respect the properties of the immobilised enzyme

proved largely similar to those of the native soluble enzyme.

The immobilised subunit form of the enzyme was prepared
from the immobilised dimer creatine kinase and the subunit
form retained substantial enzyme activity, clearly demonstrating
that subunit interactions are not essential for the expression
of catalytic activity in creatine kinase. Studies on the
properties of the matrix-bound subunit of the enzyme also
revealed that the dimeric structure is not important with
regard to enzyme Kkinetics, iodoacetamide inactivation in the
presence of various combinations of substrates and ligands,

and pH optimum.

Although studies with matrix-bound subunit forms of
enzymes provides much useful information, the presence of the
matrix precludes the use of a number of physicochemical
techniques (e.g- Fluorescence spectroscopy and ultracentrifuga-
tion). It was therefore of interest to study the process of

re-association of subunits with the matrix-bound subunit



derivative and added soluble subunits with a view to preparing,
if possible, soluble non-associating enzyme subunits. The
results of studies on the matrix-bound subunit derivative of
creatine kinase demonstrated that it should be possible to
design suitable procedures for the preparation of isolated
soluble subunits, and some progress in this direction was

achieved in this present work.
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MATERIALS

Enzymes

Creatine kinase was isolated from rabbit skeletal
muscle as described in the Methods Section. Pyruvate kinase
(200 U/mg) and lactate dehydrogenase (550 U/mg) were obtained
as ammonium sulphate suspensions from Boehringer, Lewes,
Sussex, U.K. Pyruvate kinase was also isolated from rabbit
skeletal muscle as described in the Methods Section and stored
in an ammonium sulphate suspension. Prior to use the
suspensions were centrifuged at 2000g for 5 minutes and the
resulting pellet dissolved in 0.1 M-glycine/NaOH solution at
pH 9.0. Trypsin (1100 BAEE units/mg) was obtained from Sigma

Chemical Co., Eastbourne, Sussex, U.K.

Protein standards

Cytochrome c (horse heart), myoglobin (horse heart),
ovalbumin (hen egg) and serum albumin (bovine) were obtained

from Sigma Chemical Co., Eastbourne, Sussex, U.K.

Cyanogen bromide-acetonitrile

Both cyanogen bromide (CNBr) and acetonitrile were
purchased from Koch-Light Ltd., Colnbrook, U.K. The
acetonitrile was twice re-distilled (80 C) and dried with
anhydrous magnesium sulphate. A stock solution of CNBr was
prepared by adding 100 ml of the acetonitrile to 20 g of solid

CNBr. This solution was stable for several months at room

temperature.
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Radioactive compounds

Iodo[l—iﬁC]acetamide (58 Ci/mol) and |B—IVC]adenosine
5"-diphosphate (50 Ci/mol) were both obtained from the
Radiochemical Centre, Amersham, Bucks., U.K. A stock solution
of radioactive iodoacetamide (IAM) was prepared by adding
50 uCi of radioactive IAM to 3 ml of IOmM-iodoacetamide in
0.1 M-glycine/NaOH at pH 9.0. A stock solution of radioactive
ADP was prepared by adding 0.03 ml (approx. 1.5 yCi) to 1.0 ml
of 0.5 mM-ADP in 50mM-Tricine/NaOH at pH 8.0. In both cases
the stock solution was divided into ten equal aliquots, and
then stored frozen at -15°C. Aliquots were then thawed and

used as required.

Guanidine hydrochloride

Guanidine hydrochloride (Gdn HCl1) was obtained from BDH
Chemicals, Poole, Dorset, U.K., and was re-crystallised from
ethanol (98%, v/v) at least three times or until the absorbance

at 280 nm of an aqueous 6 M solution was less than 0.1.

Buffer solutions

All buffer solutions were prepared by dissolving the
appropriate amount of solid in double distilled water and
adjusting the solution to the required pH with dilute solutions
of acid or alkali as appropriate. Double distilled water was

used for all solutions and was obtained from a Fisons all glass

Bi-distillation unit.

Other reagents

Phospho(enol)pyruvate was prepared by chemical synthesis
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as described in the Methods Section. ATP, ADP, NADH,
dithiothreitol, 5,5"-dithiobis-(2-nitrobenzoic acid) (Nbs2)
and 3-bromopyruvic acid were obtained from Sigma Chemical Co.,
Eastbourne, Sussex, U.K. Creatine, glycine, Tricine, Tris,
trimethyl phosphite, cyclohexylamine and iodoacetamide were
obtained from BDH Chemicals, Poole, Dorset, U.K. The
iodoacetamide was twice re-crystallised from aqueous 98B0

(v/v) ethanol. Sepharose 4B, Sephadex G-100 and Blue Dextran
were obtained from Pharmacia (G.B.) Ltd., London, U.K. All
other reagents were of the highest grade available and were

used without further purification.



METHODS

Isolation of creatine kinase from rabbit skeletal muscle

(Ref. Kuby et al., 1954)

Preparation of homogenate

In the cold room the rabbit muscle was cut into small
segments, minced into a beaker and homogenised with
10 mM-Tris/HCI at pH 9.5 containing 10 mM-KCI and
1.0 mM-EDTA (2 litres/kg of muscle). The resulting homogenate
was then stirred at 0°C for not longer than 15 minutes before

the extract was centrifuged at 3000 g for 20 minutes at 0°C.

Precipitation of the homogenate

In the cold room the volume (S~ of the supernatant was
measured and then solid ammonium chloride was added with
stirring to a final concentration of 0.1 M. The pH of the
solution was adjusted to 9.0 with 5 M-ammonia solution and the
mixture then stirred at 0°C for 30 minutes. A volume
(1.5 x S1) of ethanol (98%, v/v) was then added to the mixture,
slowly to avoid the temperature rising above 0°C. The
mixture was then stirred at room temperature for 2 h before
the precipitate was removed by centrifugation at 3000 g for

2G minutes at 10°C.

Extraction of magnesium proteinates

The volume (Sg) of the supernatant was measured and then
a volume (V) of 0.1 M-Tris/HCI at pH 9.0 containing 2M-MgS04

was added with stirring to a final concentration of 30 mM (with



respect to MgSO™). A volume (1.5 x V) of ethanol (98%, v/v)
was then added to the solution and the mixture stirred for
30 minutes at room temperature before the precipitate was
collected by centrifugation at 3000 g for 20 minutes at

In the cold room the precipitate was then twice
thoroughly re-suspended and extracted at O C with 70 mM
magnesium acetate solution at pH 9.0, in volumes equal to 6% and 4%
of the volume of the first supernatant (S,).- Each time the
insoluble portion was separated by centrifugation at 25000 g
for 20 minutes at OC. The exact volumes of magnesium acetate
used for extraction and the volume of the combined extracts
were noted for the purpose of calculating the amount of alcohol

in the extract (see Appendix 1)

Alcohol fractionation

To the combined extracts was added cold ethanol (98%, v/v)
slowly to prevent the temperature rising above 0OUC, to a final
concentration of 36%. The mixture was then stirred at 0°C
for 30 minutes before the precipitate was collected by centri
fugation at 25000 g for 20 minutes at O°C. To the clear
supernatant was added further cold ethanol to a final
concentration of 50% and then a further period of 30 minutes
stirring at 0°C before the precipitate was collected by
centrifugation at 25000 g for 20 minutes at 0°C. The
precipitate was then dissolved in a minimum volume of 50 mM-

ammonium citrate solution at pH 9.0.

Final purification and storage

The solution was then dialysed overni



successively against 1.0 mM-EDTA solution at pH 9.5

@ litres), 0.01 mM-EDTA solution at pH 9.5 (4 litres) and
finally 10 mM-Tricine/NaOH solution at pH 9.0 (2 litres).

The solution was then filtered through a Millipore filter
(pore size 0.22 ym) before adding dithiothreitol to a
concentration of 2 mM. Finally an equal volume of glycerol
was added to the solution to give final concentrations of 50%
glycerol and 1.0mM-dithiothreitol. The solution was stored
at -18°C. The glycerol-enzyme solution was dialysed against

the appropriate buffer solution for 24 h at 4°C before use.



Isolation of pyruvate kinase from rabbit skeletal muscle

(Ref. Tietz and Ochoa, 1958)

Extraction

In the cold room the muscle was cut into small pieces
and minced into a beaker. The tissue was then mixed
thoroughly with 1.0 mM-EDTA solution at pH 7.0 (in the
proportion 1.0 litre/kg muscle) and the extraction continued
for a further 30 minutes with occasional stirring
mixture was then Ffiltered through two layers of cheesecloth
before the solid residue was extracted once more as above

The two extracts were combined for the next step

Ammonium sulphate fractionation

Solid ammonium sulphate was added to the extract, with
stirring, in the proportion of 320 g/litre (67% saturation).
The precipitate was collected by centrifugation at 3000 g for
20 minutes at 0°C and then dissolved in a volume (20 - 30 ml)
of 20 mM-imidazole/HCl solution at pH 7.0, containing 1.0 mM-
EDTA. The solution was then dialysed overnight against
10 mM-Tris/HCl buffer at pH 7.3 containing 1.0 mM-EDTA (2 litres)

and any resulting precipitate removed by centrifugation at

25000 g for 20 minutes at 0 C

Ethanol fractionation

The protein concentration of the solution was estimated
(assuming 0D2eo = 1.0 for 1 mg/ml) and adjusted to approximately
20 mg/ml with 20 mM-imidazole/HCI buffer at pH 7.0 containing

1.0 mM-EDTA. The solution was then cooled to 2°C in a bath of
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acetone containing dry ice and then chilled ethanol

(98%, v/v) was added with stirring to a final concentration of
12% by wvolume. The temperature of the solution was then
lowered to -5°C and the stirring continued for a further

5 minutes. The precipitate was then removed by centrifugation
at 25000 g for 15 minutes at -10°C. Further chilled ethanol
was added to the supernatant to bring the ethanol

concentration to 30> by volume while the temperature was
maintained at -5°C in the acetone/dry ice bath. After

10 minutes stirring the precipitate was collected by centri-
fugation at 25000 g for 15 minutes at -10°C. The precipitate
was dissolved in 20 mM-imidazole/HCl buffer at pH 7.0 containing
1.0 mM-EDTA as before and dialysed against 10 mM-Tris/HCI at

pH 7.3 containing 1.0 mM-EDTA (2 litres).

Heat treatment

The protein concentration of the solution was estimated
(as before) and adjusted to 20 mg/ml with 1.0 mM-EDTA solution
at pH 7.0. A volume of 1.0 M-imidazole/HCl buffer at pH 7.0
containing 1.0 mM-EDTA was added to the solution to give a
final concentration of 50 mM and the pH was then adjusted to
7.0 with 5 M-acetic acid solution. The enzyme solution was
then rapidly brought to 60°C in a heated water bath and held
at this temperature for 5 minutes with continuous stirring to
avoid coagulation. The mixture was then cooled rapidly
in a water bath containing crushed ice and the denatured
protein removed by centrifugation at 25000 g for 15 minutes
at 0°C. To the clear supernatant was added saturated

ammonium sulphate solution to give a final concentration of
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20% (v/v). The pH was then adjusted to 7.0 before the
solution was rapidly brought to 65°C in a heated water bath
and held at this temperature for 5 minutes. The solution
was then rapidly cooled as before and any precipitate

removed by centrifugation at 25000 g for 15 minutes at 0°C.

Ammonium sulphate precipitation

To the enzyme solution was added solid ammonium sulphate
(in the proportion 30 g/100 ml) and the mixture stirred for
10 minutes. The precipitate was collected by centrifugation
at 25000 g for 15 minutes at 0°C and dissolved in
20 mM-imidazole/HCl buffer at pH 7.0 containing 1.0 mM-EDTA.
The protein concentration was estimated as before and
adjusted to 20 mg/ml with further imidazole buffer. Saturated
ammonium sulphate solution was added to the enzyme solution
to give 50% saturation and the mixture left overnight to stand
at 4°C. The resulting crystals were collected by centrifugation
at 25000 g for 15 minutes at 0°C and dissolved in a small volume
of 20 mM-imidazole/HCl buffer at pH 7.0 containing 1.0 mM-EDTA.
The protein concentration of the enzyme solution was estimated
(assuming OD2eo = 0.54 for 1.0 mg/ml) and then to the solution
was added an equal volume of saturated ammonium sulphate

solution to yield an ammonium sulphate suspension of the enzyme

which was stored at 4°C.



Chemical synthesis of phospho(enol)pyruvate

(Ref. J R Sargent, Personal communication)

Preparation of the cyclohexylammonium salt

To 100 ml of dry ether was added 4.3 g (35 m moles)
of trimethyl phosphite and the mixture well stirred. To
the mixture was then added 5.6 g (34 m moles) of 3-bromopyruvic
acid and the solution allowed to stand at room temperature for
5 minutes before the ether was removed by rotary evaporation
at room temperature. Further rotary evaporation facilitated the
removal of unreacted trimethyl phosphite. To the colourless
oil was added 43 ml of distilled water and 3.36 g (34 m moles)
of cyclohexylamine and the solution well mixed. The mixture
was allowed to stand at room temperature for 3 days before the
water was removed by rotary evaporation under reduced pressure

and using a water bath at 35°C.

The resulting solid was freeze-dried (6 h) and dissolved
in methanol (45 ml) followed by an equal volume of ether.
The mixture was allowed to stand at 4 C overnight before
collecting the crystals which were dried over phosphorus

pentoxide.
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Preparation of matrix-bound enzyme derivatives

Matrix-bound enzyme

Sepharose 4B was washed extensively with distilled
water on a sintered glass funnel to remove any preservatives
present. To the washed Sepharose (10 ml packed volume) was
added 10 ml of distilled water and 20 ml of 2M-sodium carbonate
solution. The mixture was then stirred gently before adding
50 mg of CNBr dissolved in 0.5 ml of acetonitrile (March
et al., 1973) then the stirring was increased to ensure rapid
mixing. After 2 minutes rapid stirring the gel was filtered
and washed on the sintered glass funnel successively with
100 ml of cold 1.0 M-sodium bicarbonate solution at pH 9.0,
100 ml of distilled water and finally 100 ml of phosphate
buffer (10 mM-sodium phosphate solution at pH 8.0 containing
1.0 mM-EDTA). To 10 ml of activated gel was added 10 mg
of creatine kinase in 8 ml of phosphate buffer and the

mixture stirred gently at 4°C overnight.

Excess soluble enzyme was then removed from the gel by
washing the gel alternately with phosphate buffer containing
1.0 M-NaCl and phosphate buffer containing no NaCl until no
protein could be detected in the washings. A volume of 0.1 M-
glycine/NaOH at pH 8.0 equal to the volume of packed gel was
then added to the matrix-bound enzyme and the mixture allowed to
stand at room temperature for 2 h. The gel was then washed
and re-suspended in phosphate buffer. This matrix-bound

derivative corresponds to derivative A in Scheme 1.1 (Chapter 1).

Packed gel volumes were determined after centrifugation at
200 g for 2 minutes in graduated centrifuge tubes. Stock

suspensions of the matrix-bound derivatives were prepared by mixing



equal volumes of gel and phosphate buffer to form a 1:1
suspension. Accurate samples could then be removed from
stirred suspensions by using an automatic plunger-type pipette

with the plastic tips cut so as to increase the aperture.

Matrix-bound subunit derivative

A volume (4 ml packed gel) of matrix-bound enzyme from
the previous step was mixed with 10 ml of denaturing buffer
(0.1 M-Tris/HCl at pH 7.5 containing 5 mM-dithiothreitol and
6 M-GdnHCI) for 1.0 h at room temperature. The gel was then
transferred to a sintered glass tube (1 cm x 10 cm) and washed
with 40 ml of the denaturing buffer. The denaturing buffer
was then washed out of the tube and subsequently replaced by
renaturing buffer (0.1 M-Tris/HCI at pH 7.5 containing
5 mM-dithiothreitol). Renaturation was allowed to proceed
for 3 h at 20°C followed by 18 h at 4°C. The gel was then
washed extensively with phosphate buffer to displace the
renaturing buffer and the gel was finally re-suspended in
phosphate buffer. This matrix-bound derivative corresponds

to derivative B in Scheme 1.1 (Chapter 1).

Matrix-bound re-associated enzyme

Small aliquots (0.05 ml) of a solution of denatured
soluble enzyme (previously incubated with denaturing buffer)
were added to a gently stirred suspension of matrix-bound
subunit derivative from the previous step in renaturing
buffer (gel/buffer, 1:5 v/v). After addition of a four fold
excess of the dissociated soluble protein (expressed relative

to the protein content of the matrix-bound subunit) the



mixture was allowed to renature for 3 h at 20°C followed

by 18 h at 4°C. The gel was then transferred to a sintered
glass tube (1 cm x 10 cm) and washed extensively with phosphate
buffer and then re-suspended in phosphate buffer. This
matrix-bound derivative corresponds to derivative C in

Scheme 1.1 (Chapter 1).



Determination of molecular weight and homogeneity
Protein standards

The following protein standards were used in the three
methods employed to determine molecular weight and

homogeneity of the soluble enzyme

Molecular
Cytochrome c Horse heart 13400 Margoliash et al (1962)
lyoglobin Horse heart 17800 Edmunson and Hirs (1962)
Ovalbumin 45000 Andrews  (1964)
Serum albumin Bovine 67000 Andrews
Rabbit muscle 82000 Watts (1973)
Pyruvate kinase Rabbit muscle 230000 Andrews (1964)

Column gel filtration

The column was packed in a vertical glass tube across
which was fused a sintered glass disc to support the gel.
Sephadex gel Tfiltration media G-100 was suspended in phosphate
buffer and allowed to swell for 2 - 3 days before the smallest
particles were removed by decantation. The gel was then
poured into the glass tube and even Packing of the gel was
checked by watching the passage through it of a coloured
protein (e.g. cytochrome ©). Columns were eluted continuously
with phosphate buffer when not in use, and all experiments were
conducted at 4°C. Proteins were dissolved in or dialysed
against phosphate buffer and applied to the top of the column

bv lavpri ntr nnHor thp buffer already present. The density



Collection of column effluent in fractions of 1.0 ml
was accomplished using a Gilson fraction collector, and was
begun when half the protein solution was judged to have
entered the column. Proteins were estimated spectro
photometrically by using the whole of each fraction in a
semi-micro (1.0 ml capacity) quartz cuvette. The
wavelength monitored was 280 nm except in the case of
cytochrome c¢ where it was 408 nm. Blue dextran was
monitored at 625 nm. The elution volume (V ) was
determined from the elution profile as the effluent volume
corresponding to the half height of the leading edge of the
peak. A calibration graph for standard proteins was

constructed and is presented in Fig. 2.1

SDS polyacrylamide gel electrophoresis

Electrophoresis in 7.5% polyacrylamide gels in the
presence of SDS was performed as described by Weber and
Osborne (1969). Details of the preparation of buffers and
gels are given in Appendix 2. To the protein solution
(1.0 ml) was added sample buffer (9 ml) and 0.01 ml of
mercaptoethanol in a pyrex boiling tube. The tube was
covered with a glass marble and placed in a heated water
bath at 100°C for 2 - 3 minutes. The solution was then
cooled to room temperature before a sample (0.05 ml) was re
moved and mixed with 0.005 ml of mercaptoethanol, 0.005 ml
of bromophenol blue and a few crystals of sucrose. After
the components had been well mixed the solution was loaded
on to the ton of the sel v/hich was then covered with

reservoir buffer



Molecular Weight

Fig 2.1 Plot of elution volume (Ve) relative to the elution volume

of blue dextran (Vo), against log (molecular weight) for proteins

on Sephadex G-100.



The apparatus was then connected to the power pack
which was set to produce a constant current of 8 mA for
each tube. Electrophoresis was stopped when the tracking
dye neared the bottom of the tube in about 3 - 4 h. Gels
were stained in Coomassie Brilliant Blue G250 (Appendix 2)
for 2 h at room temperature and destained in methanol/acetic
acid/water (1:1:8 by volume) overnight at room temperature.
Gels were scanned at 545 nm in a Unicam SP 1800 spectrophotometer
fitted with a gel scanning device. A calibration graph for

standard proteins was constructed and is presented in Fig. 2.2.

Polyacrylamide disc gel electrophoresis

Electrophoresis in 7.5% polyacrylamide gels at pH 8.9 was
performed as described in detail by Brewer et al. (1974).
Details of the preparation of buffers and gels are given in
Appendix 3. A Tris/glycine electrode buffer system was
used with a running pH of 8.9. All samples well dialysed
against the electrode buffer before a sample (0.05 ml) was
removed and mixed with 0.005 ml of bromophenol blue and a few
crystals of sucrose. After the components had been well
mixed the solution was loaded onto the top of the gel which
was then covered with electrode buffer. The apparatus
was then connected to the power pack which was adjusted to

produce a constant current of 2 mA per tube.

Electrophoresis was stopped when the tracking dye
neared the bottom of the tubes in about 2 - 3 h. Gels were
placed in stain solution (Appendix 3) for 1.0 h and then
transferred to destain solution (Appendix 3) and allowed to

destain overnight. Gels were scanned at 545 nm in a Unicam
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SP 1800 spectrophotometer fitted with a standard gel

scanning device.



Assay of enzyme activity

Creatine kinase activity was determined in the forward
direction (phosphocreatine synthesis) using a coupled
assay system involving pyruvate kinase and lactate dehydrogenase
as coupling enzymes. All assays were performed at 30°C
in 0.1 M-glycine/NaOH at pH 9.0 and the standard assay
system consisted of 40 mM-creatine, 4 mM-ATP, 5 mM-magnesium
acetate, 0.1 M-sodium acetate and 24 units each of pyruvate
kinase and lactate dehydrogenase in a final volume of 3 ml
Enzyme activity of matrix-bound derivatives was measured using
an arrangement for stirring the contents of the assay cuvette

(Chan et al. 1973a)

A standard 3 ml capacity cuvette was placed in a
thermostated cell holder situated on a magnetic stirrer
The reaction was initiated by the addition of a small aliquot
(0.05 — 0.10 ml) of suitably diluted suspension to the assay
mixture. A micro-magnet (4 mm in length) was placed in
the cuvette and the reaction mixture maintained at 30 C and
continuously stirred. At suitable intervals (2 minutes) the
cuvette was placed in an adjacent spectrophotometer to record
the absorbance at 340 nm for a few seconds then the cuvette
was returned to the cell holder for further temperature control
and stirring. By allowing a chart recorder to run
continuously, a series of points could be obtained which when
joined together gave an estimate of the rate of change in
optical density (see Scheme 4.1).

The suspensions employed in the cuvette were sufficiently
stable for up to 5 seconds without stirring which was adequate

for obtaining a recorder tracing. In this present work the



activity of the matrix-bound derivatives was sufficiently
high that dilutions of the order 1:2400 (gel:buffer) were
used. The contribution of any soluble enzyme activity was
checked by Tfiltration of the reaction mixture, and found to
be less than 2% of the observed activity in all cases. All
enzyme assays were performed on a Cecil CE 202 spectrophoto-

meter in combination with a Bryans 2800 Recorder.

Estimation of radioactivity

Radioactivity was measured using a mixture (2:1)
of scintillator solution and scintillation grade Triton
X-100, and counting samples in a Phillips Liquid
Scintillation Analyser. The scintillator solution consisted
of 500 ml of toluene containing 2 g of PPO and 0.5 g of POPOP.
Radioactivity of both soluble and matrix-bound derivatives
was determined after hydrolysing an aliquot (0.1 ml) in 0.5 ml
of 12 M-HC1, diluting it with 0.5 ml of distilled water and
then adding 15 ml of scintillation mixture. The resulting

white precipitate was completely dissolved after 5 minutes

of vortex mixing.

Ul



ESTIMATION OF PROTEIN

The protein concentration of the soluble enzyme
was determined from the absorbance at 280 nm assuming an
absorbance of 0.9 for a 0.1% solution and a molecular
weight of 82000 (Noda et al., 1960) Protein contents of
matrix-bound derivatives were determined using a slightly
modified version of the Lowry method (Lowry et al., 1951)
The standard suspension (1:1) of gel in phosphate buffer
(Bickerstaff and Price, 1976a) was used and samples (0.05 ml)
were taken from a stirred suspension and made up to 0.6 ml with
distilled water. To this was added 2.5 ml of a solution
containing Na 2C03(2%, w/v), NaOH (0.-4%, w/v), CuS04(0 1%,
w/v) and sodium potassium tartrate (0.02%, w/v), and the mixture
stirred for 10 minutes prior to the addition of 0.3 ml of
Folin-Ciocalteu reagent (which had been diluted 1:2 with
distilled water). The mixture was then stirred for a further
30 minutes before the reaction mixture was Ffiltered through
Whatman No 1 filter paper and the absorbance at 625 nm of
the filtrate measured. A calibration graph was prepared
using a standard protein solution of bovine serum albumin
(Fraction V), and used to estimate the protein contents of the

matrix-bound derivatives (Fig. 2.3).



Fig 2.3 Plot of optical density at 625nm against protein.
The modified Lowry procedure was used and the protein was

bovine serum albumin (fraction V) (Chapter 2).
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CHAPTER 3

RENATURATION
OF

SOLUBLE ENZYME



INTRODUCT ION

Perhaps the most fundamental obstacle to studying the
subunit form of an enzyme is that in most cases the native
oligomer does not dissociate spontaneously. Artificial
dissociation is usually accomplished by the addition of
dénaturants which normally result in substantial disruption
of enzyme structure (Engelhard et al., 1976)
therefore of prime importance that studies on single subunits
involving denaturation-renaturation methods be preceded by a
detailed investigation of the renaturation process
particular the degree to which renaturation is possible and
an examination of the renatured product with reference to
the native enzyme would be the most appropriate points for
consideration. Such an investigation is an important pre
requisite for the detailed interpretation of experiments

involving matrix-bound subunit derivatives of enzymes (Chan

There is well documented experimental evidence that
oligomeric proteins, after dénaturation, will spontaneously
reassume an active conformation after removing the
dénaturant (Sund and Weber, 1966). These experiments
provide convincing evidence that the information needed to
specify the three-dimensional structure of a protein
resides within its primary amino acid sequence. However, an
investigation of the renaturation of a large number of
enzymes revealed that the per cent regain of biological
activity varied dramatically for different enzymes when they

were renatured under identical conditions (Cook and Koshland,

mam



1969; Neal et al., 1963). These observations clearly
demonstrated that the regain of biological activity could
(in many cases) be affected by the conditions under which
the protein is renatured and that considerable improvements
on the levels of renaturation could be made through simple

alterations to the renaturation conditions.

Previous renaturation studies with rabbit muscle
creatine kinase have demonstrated that the enzyme is readily
dissociated in denaturing media e.g. GdnHCI (Yue et al.,
1967), and that in common with many other proteins it can
spontaneously renature from a denatured state upon removal
of the denaturing agent (Dawson et al., 1965). The work
of Dawson et al. (1965) showed that the level of creatine
kinase renaturation as indicated by the regain of enzyme
activity was rather low and subject to wide variations in
similar renaturation protein concentrations. The apparent
lack of any consistent pattern in the renaturation studies
of Dawson et al. (1965) may be a result of the poorly defined
renaturation conditions e.g. residual dénaturant concentration
too high, low quality dénaturant (i.e. only partially

purified) etc.

This present work was initiated with two main
objectives: (1) to re-evaluate the work of Dawson et al.
(1965) and make suitable improvements to the renaturation
conditions that might increase the level of renaturation;
(2 to prepare and fully characterise the product of
renaturation. The studies included determining the influence
of the residual concentration of dénaturant in the

renaturing medium, the effect of temperature and the effect
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of protein concentration on the level of renaturation.

A detailed analysis of the renaturation product was made,

with reference to the native enzyme, in terms of active

site structure, homogeneity and overall conformation as

revealed by enzyme kinetic parameters, disc gel electro-

phoresis and circular dichroism studies respectively. A

preliminary report of the results has been published

(Bickerstaff and Price, 1977).



EXPERIMENTAL

Renaturation profiles

Creatine kinase was isolated from rabbit skeletal
muscle as described in Chapter 2 and enzyme activity was
assayed in the forward direction (phosphocreatine synthesis)
by using the standard assay system described in Chapter 2
Dénaturation of the enzyme was achieved by incubating the
native enzyme (final concentration 5 mg/ml) with denaturing
buffer consisting of 0.1 M-Tris/HCl at pH 7.5 containing
5 mM-DTT and 6 M-GdnHCI for 1 h at 20UC Renaturation was
accomplished by diluting (1:30) a sample of the denatured
enzyme into renaturing buffer consisting of 0.1 M-Tris/HCI
at pH 7.5 containing 5 mM-DTT. To determine the renaturation
profile, renaturation was initiated then successive
aliquots were removed at set times for assay of enzyme activity
at that time. The renaturation profile was determined over
several protein concentrations, at several temperatures and at
several residual GdnHCI concentrations. In the last case the
concentration of protein in the dénaturation mixture was
varied to ensure that the protein concentration in the
renaturation mixture was similar to that in the other
experiments (i.e. 0.167 mg/ml). Control experiments

received the same treatment and dilutions except that the

Gdn HC1 was omitted

Characterisation of the renaturation product

Kinetic

tandard assay system (Chapter 2)



The studies were made by monitoring the effects on the
initial velocity of the enzyme reaction as described in
detail in Chapter 5. Circular dichroism (c.d.) studies
in the 210 - 250 nm spectral range were obtained by using
a Cary model 60 spectropolarimeter with model 6003 c.d.
attachment. The cell compartment was maintained at 27°C
and the instrument calibrated with D-10-camphorsulphonic
acid. The slit width was programmed to yield constant energy
over the wavelength range used and a scan speed of 5 nm/min
was used. Using a 1.0 mm path length and a full scale
deflection of 0.04 degrees, the spectra for both native
and fully renatured enzyme were determined in the
renaturation buffer at a protein concentration (for both) of
0.167 mg/ml. Molar ellipticity [0]x values were calculated
from the following relationship:

[el = ——— where 0* is observed ellipticity in

‘ degrees at wavelength X

M is the mean residue weight (112.5
based on a molecular weight of 82000
and 728 amino acid residues)

d 1is path length in cm

C is protein concentration in g/1.

The a-helix content for the native and fully renatured
enzyme was calculated using the reference value, [9]224>5
for molar ellipticity of a 100% a-helix at 224.5 nm of

-28,700 deg.cm2.d mole-1 (Chen et al., 1974).

A test was made on the homogeneity of the native and
fully renatured enzyme using polyacrylamide disc gel

electrophoresis. Electrophoresis was performed on 7.5%



polyacrylamide disc gels prepared in Tris/HCI at pH 8.9 with
Tris/glycine buffer at pH 8.3 as the electrode buffer (Chapter 2)
Before loading of the sample, the gels were pre-run at room
temperature at a current of 2mA per tube for 30 - 60 minutes to
remove excess persulphate. Gels were stained for protein and
destained to reduce the background stain as described in Chapter 2
Gels were scanned at 55 am using an SP 1800 spectrophotometer
fitted with a conventional gel scanner. The molecular weight of the
native and fully renatured enzyme was estimated using SDS
polyacrylamide gel electrophoresis as described by Weber and Osborne

(1969) and outlined in detail in Chapter 2

A separate study was made on a routine preparation of rabbit
skeletal muscle creatine kinase to establish the homogeneity, enzyme
activity and molecular weight of the preparation. The procedures used

in this study were identical to the corresponding methods outlined
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RESULTS

Homogeneity of enzyme preparation

The results of this study to characterise the enzyme
preparation from rabbit skeletal muscle are collected in
Table 3.1. The molecular weight was estimated by SDS
polyacrylamide gel electrophoresis and the homogeneity by
polyacrylamide disc gel electrophoresis as described in
Chapter 2. The kinetic parameters were determined by the
procedure outlined in Chapter 5. The results are in
excellent agreement with corresponding values published in

the literature (Watts, 1973).

Renaturation profiles

The results obtained in the characterisation of the
renaturation profile are collected in Fig. 3.1, and the
regain of enzyme activity is taken as an indication of the
extent of renaturation. In Fig. 3.la it can be seen that the
extent of renaturation is influenced by the residual
concentration of GdnHCI and the graph demonstrates that
optimum renaturation is possible when the concentration of
GdnHCL is £.0.1 M. In Fig. 3.1b the effect of temperature
on the renaturation profile is shown to be less important
at the higher temperatures of 20 - 35°C. However the
graph does show that at the lower temperatures of 0 - 5 C,
the renaturation process is considerably slower and the final
level of renaturation after 24 h is lower than that obtained
at 20°C, although 100% regain of enzyme activity was
obtained after 48 h at 4°C. In Fig. 3.l1lc the effect of

protein concentration on the renaturation profile is shown



Table 3.1 Characterisation of the creatine kinase isolated from

rabbit skeletal muscle in this present work

Creatine Molecular Specific pH at-helix
Kinase Weight Activity Optimum Content
Source (nmol/min/mg) Q@
This Work 82000 135 9.0 3
Literature Value 82000 131 9.0 31

The literature values for molecular weight and Q™-helix content were
obtained from Watts (1973). The literature value for pH optimum was
obtained from Noda et. al. (i960) and the literature value for
specific activity was obtained from Milner-White & Watts (1971).

The molecular weight was determined by using polyacrylamide-SDS gel
electrophoresis as described in Chapter 2, and the pH optimum was
determined by the method described in Chapter 5« Other values were

determined as described in Chapter 3»



Activity

Enzyme

Regain of

Percentage

Fig 3.1 (a) Renaturation profile comparing the effect of residual
[Gdn HCI] on the renaturation process* The residual concentrations
of Gdn HCI were : *, 0.1IM; O, 0.15M; A, O.JM. (b) Renaturation
profile comparing the effect of temperature on the renatuation

process. The temperatures were s A, 20°C; m» 35 C; 0, 2 C.
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(C)

Fig 3.1 (c©) Renaturation profile comparing the effect of protein
concentration on the renaturation process. The protein concentrations
were : *, 50>ig/ml; #. 100pg/ml; v, 200jig/ml. (@ Renaturation profile
with the residual [Gdn HCI] 0.1M and protein concentration 0.167mg/ml.
The temperature of renaturation was 25°C for the first Jh, followed

by 19h at 4°C. In all cases, samples were removed at the times

indicated and assayed for enzyme activity as described in Chapter 5»
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to be minimal over the protein range considered which

was 50 - 200 pg/ml.

From these results standard conditions were devised
for the renaturation of creatine kinase from a denatured
state (Experimental details). Under these conditions a
rapid regain of enzyme activity to 95% over 3 h at 20°C,
followed by a slower regain of the remaining (5%) enzyme
activity over a period of 19 h at 4°C (Fig. 3.1d) was
observed. The fTully renatured enzyme was routinely obtained
(Experimental details) after a 3 h period of renaturation at
20°C followed by an overnight period of renaturation at 4°C.
These results clearly demonstrate that the denatured enzyme
can be completely renatured readily in solution provided
that (@) the residual concentration of GdnHCI is 4 0.1 M and (b)

the temperature of renaturation lies within the range 20 - 35°C.

Characterisation of the renatured product

In order to determine whether or not the fully renatured
enzyme was in any way altered from that of the native enzyme,
several important properties were examined. The properties
were carefully selected to reflect any changes in active
site structure, molecular weight or overall protein conformation.
The c.d. spectra for the native, fully renatured and denatured
enzyme are presented in graphical form in Fig. 3.2. The
overall shape of the spectra for both native and fully
renatured enzyme was found to be similar over the whole range
studied. The features of both spectra are consistent with
an a-helical structure exhibiting an ellipticity minima at

222 nm which defines the n-n* peptide transitions. The
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[o] x 107

Fig 3.2 Plot of molar ellipticity against wavelength for the
native enzyme (A), fully renatured enzyme (0) and the denatured
enzyme (#). Molar ellipticity values were calculated using the

method described in Chapter 3. v&lues for aenatured

enzyme were obtained in denaturing buffer at a protein concentration
of 6.0 mg/ml. Apart from the path length which was 0.01mm, the
values were determined in exactly the same manner as for the native

and renatured species.
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spectrum for the denatured enzyme on the other hand showed
no such minima reflecting a marked absence of a-helical
structure. This result is not unexpected of the denatured
enzyme and confirms that the protein is unfolded in the
presence of GdnHCI. The a-helical content for both native
and fully renatured enzyme was calculated and the values are
collected in Table 3.2. The values are almost identical
and are in agreement with the value previously reported for

rabbit muscle creatine kinase by Watts (1973).

The results obtained using polyacrylamide disc gel
electrophoresis to estimate the homogeneity of the native
and fully renatured enzyme samples are shown in Fig. 3.3.
Both enzyme samples gave only one protein band in each case
and the relative migration of both native and fully renatured
enzyme was the same (relative to the dye bromophenol blue).
From Fig. 3.3 it was estimated that both the native and the
fully renatured enzyme were greater than 95% homogeneous.
In particular no high molecular weight products were in
evidence in the fully renatured enzyme. The results of the
molecular weight determinations of the native and fully renatured
enzyme, using SDS polyacrylamide gel electrophoresis, are
collected in Table 3.2. The values are identical and are
in agreement with the value reported for rabbit skeletal
muscle creatine kinase by Yue et al. (1967). The results
of the enzyme kinetic studies on the native and fully
renatured enzyme are also collected in Table 3.2. The
values are almost identical for the two enzyme samples and
are in good agreement with the values reported previously by

Milner-White and Watts (1971) using a pll-stat method for

assaying the enzyme activity.
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Table 3.2 Characterisation of creatine kinase in its native and

fully renatured state

Km (mM) Vmax oi-helix Homogeneity
State 1 -
ATP Creatine  junol.min.-"mg * content (%) o
Native 0.40 10 150 3l 95
Renatured (.41 9.8 150 30 95

The kinetic constants were determined at 30°C and pH 9.0 as described
in Chapter 3, The ot-helix content was estimated from the c.d .
spectra presented in Fig 3«2 and the homogeneity was estimated

from the densitronic traces presented in Fig 3.3«



bU

Relative Mobility

Fig 3.3 Scans at 545nm of Coomassie Blue-stained disc
acrylamide gels run with samples (1.%/ig) of native creatine
kinase (@) and fully renatured enzyme (b). Electrophoresis

staining and scanning were performed as described in

Chapter 2.
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DISCUSSION

The results reported here clearly suggest that the
denaturation of creatine kinase by GdnHCI is completely
reversible and that the product of renaturation, the fully
renatured enzyme, is essentially identical with the native
enzyme in terms of active site structure, molecular weight
and overall conformation. It can therefore be argued
with confidence that studies with matrix-bound derivatives
involving denaturation-renaturation of matrix-bound subunits
and re-association of matrix-bound subunits with added
soluble subunits should be free from complications arising
from incorrect refolding and re-association of the enzyme

in solution.

In addition the results have revealed a number of important
facets of the renaturation process of creatine kinase. It
is evident that certain variables can have a decided influence
on the in vitro renaturation of the enzyme and in particular
the residual concentration of the denaturant is an important
factor. In connection with the denaturant (GdnHCI) it was
found that the available commercial supplies of GdnHCI were
of inconsistent, often poor, quality and likely to lead to
spurious results. This observation supports the conclusions
regarding (GdnHCl) reagent quality and purity of Nazaki (1972)
and it was therefore necessary to undertake a special
purification (Chapter 2) of the reagent to ensure a reliable
quality.

The regain of enzyme activity was found to be

independent of protein concentration over the range
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50 - 200 yg/ml. This would tend to suggest that the
renaturation proceeds by an apparently first order process

and since the renaturation profile is characterised by a

rapid regain of enzyme activity, this would be consistent

with single subunits of creatine kinase being enzymatically
active. If the individual subunits were inactive and enzyme
activity was dependent upon a rate limiting dimerisation

step then second order kinetics would be expected for the
renaturation process, and the rate of regain of enzyme activity
would be expected to increase with increasing protein

concentration.

Teipel and Koshland (1971) observed from several
studies on various enzymes that the gross structural changes
accompanying renaturation as measured by optical rotation
were complete within one minute of initiation of renaturation.

IT this also holds for creatine kinase then the mechanism

below might be applicable.

Unfolded Folded Folded

Inactive Active

Upon renaturation there is an extremely fast refolding
of the unfolded subunits to produce a refolded inactive
subunit which then undergoes a first order process (involving a

relatively small conformational change) to produce an

active subunit. If an inactive subunit is formed initially
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then it can have only a relatively short half life of

5 minutes (under these conditions) since 80% of the enzyme
activity is regained in the first 10 minutes of renaturation
(80% completion of a first order process corresponds to

jJjust over two half lives). It is interesting to speculate
that the slow regain of the remaining enzyme activity(G%)
observed in the renaturation profile might correspond to a

dimérisation step in the above mechanism.



CHAPTER 4

GENERAL

properties



INTRODUCT I0ON

The work presented in this Chapter is concerned with
the evaluation and reproducibility of some of the routine
methods involved in working with the matrix-bound derivatives
described in this Thesis, together with an examination of some
characteristic properties of the enzyme and its matrix-bound

derivatives

IT attempts to derive a matrix-bound subunit derivative
are to be successful then it is essential that the
oligomeric protein be attached to the gel particles via one
subunit only (Chan, 1970). The distribution of potential
reactive groups on the gel is governed by the amount of CNBr
reagent used in the activation procedure (March et al 1973)
and therefore an appropriate amount of CNBr must be used which
will generate spatially isolated reactive groups on the gel
to ensure single subunit binding and in sufficient number to
bind a reasonable amount of protein. Previous workers
(Chan, 1970; Feldman et al., 1972 Bruch et al., 1976) have
found that a level of 1 - 3 mg CNBr per ml of packed gel was
suitable for purpose of binding proteins via one subunit only.
However Chan et al. (1973a) discovered that this low level of
activation was not suitable in the case of transaldolase as
too little protein was bound for reliable work. In the case
of transaldolase (Chan et al., 1973a) a compromise level of
gel activation was used in which sufficient protein was bound
to the gel, but 30% of all bound molecules were attached via
both subunits. The influence of the CNBr activation level
on the preparation of matrix-bound subunits of creatine kinase
was studied in order to determine the optimum level of

activation for the production of matrix-bound subunits.
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The exact determination of the amount of immobilised
protein is essential if one wishes to monitor changes in
quaternary structure of matrix-bound proteins or estimate
specific activities. Several methods are available for
immobilised protein evaluation (Koelsch et al., 1975) namely:
protein balance (estimation of protein recovered in final
washings), amino acid analysis, modified Lowry method, spectro-
photometric analysis and fluorophotometric analysis. of
these methods the modified Lowry method was selected for use
in this present work because of its simplicity and reported
accuracy (Koelsch et al., 1975). The remarkable reproducibility
and accuracy of the method in comparison with the other methods
mentioned above was initially attributed to a quantitative
detachment of the protein from the matrix by the treatment of
the gel sample with the alkaline Lowry reagents. However
control experiments by Koelsch et al. (1975) revealed that the
alkaline medium detached no more than 80% of the bound protein
from the gel beads even after prolonged exposure to the
alkaline reagent. Quantitative estimation of bound protein
necessitates treatment of the protein-containing gels with the
Folin-Ciocalteu reagent which presumably suggests that the
reduced phosphomolybdate complex diffuses freely out of the
matrix. A study was made to confirm the accuracy and
reproducibility of the modified Lowry method in the present

studies with matrix-bnund creatine kinase.



some means of maintaining a steady diffusion of substrates

and products must be used (Mort et al., 1973). This has been
achieved either by continuous stirring of the mixture

(Hornby et al., 1966) or by continuous passage of the substrate
solution through a stationary column of the matrix-bound

enzyme as described by Lilly et al. (1966). However the
latter method is complicated by surface effects, uniformity of
flow and diffusion limitations (Chan, 1976) that can profoundly
influence the activity measurements and therefore a continuous

stirring procedure was used in this present work.

The spectrophotometric assay procedure of creatine
kinase activity used by McLaughlin et al. (1972) was adapted
to produce a direct spectrophotometric monitoring of the
reaction mixture with continuous stirring, suitable for the
measurement of immobilised enzyme activity. The arrangement is
shown in Fig. 4.1 and consists of a thermostatted cuvette-holder
mounted on top of a stirring motor. The reaction mixture is
stirred continuously by placing a small magnet (0.4 cm in length)
in the cuvette. At suitable intervals the cuvette is
transferred to the cell compartment of a recording spectrophoto-
meter and a trace of the absorbance is recorded for a few
seconds (Mort et al., 1973). The main limitation of this
method is the light scattering effect of the gel. At 340 nm
a 1:10 (v/v) suspension of stirred Sepharose has an absorbance
of 0.6. The concentration of gel used in an assay system depends
largely on the activity of the immobilised enzyme. A study

was made to evaluate the reproducibility of the assay method

with the matrix-bound enzyme.

The influence of anions on creatine kinase activity has
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Fig 4.1 Apparatus involved in the
continuous spectrophotometric assay

of matrix-bound derivatives.



been outlined in Chapter 1 and the principal effect of
anions is the reversible inactivation of enzyme activity
(Milner-White and Watts, 1971) as a result of binding at
the active site. One notable exception, acetate, has been
shown to reversibly activate the enzyme by as much as 20%,
and in addition acetate activation does not preclude subsequent
inhibition by other anions (Watts, 1973). These observations
have led Anosike and Watts (1976) to consider that acetate
may exert its effect on an acetate binding site distinct from
the active site. A study was made to investigate the influence
of acetate on the activity of the matrix-bound derivatives

if the activation of the soluble enzyme was also

the various matrix-bound derivatives
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EXPERIMENTAL

Immobilisation of the enzyme

Creatine kinase was routinely coupled to CNBr-activated
Sepharose 4B using the procedure described in Chapter 2.
The preparation of matrix-bound subunits and the determination
of protein contents were carried out as described in Chapter 2.
The immobilisation procedure was studied under increasing
levels of CNBr activation to establish the importance of the
level of activation on the subsequent production of matrix-bound
subunits. The routine method of preparing matrix-bound
enzyme was employed except that various amounts of CNBr
(2 - 500 mg) were used to activate the gel. From the different
(in terms of protein content) matrix-bound dimers obtained at
the increasing levels of activation, attempts were made, using the
dénaturation-renaturation procedure (Chapter 2), to produce

the corresponding matrix-bound subunit derivative.

Protein determinations

Protein content estimations of the various matrix-bound
derivatives was accomplished using a slightly modified version
of the lowry method (Lowry et al., 1951) which is described
in detail in Chapter 2. The linearity and reproducibility of
the modified procedure was investigated using a sample of
routinely prepared matrix-bound enzyme (400 yg protein/ml of
Sel). a standard suspension (1:1, v/v) of gel in phosphate
buffer was prepared and aliquots were removed from the
stirred suspension for protein determination. Protein
contents were calculated by referring the observed absorbance

at 625 nm to a standard protein calibration graph (Fig. 2.3).



All values for protein content of the matrix-bound derivatives

are expressed as yg/ml of packed gel (Chapter 2).

Enzyme Activity

Full details of the assay procedure and the standard
assay components for the determination of enzyme activity of
the soluble enzyme and matrix-bound derivatives is given in
Chapter 2. Enzyme activity values were determined for a set
of matrix-bound derivatives prepared as described in Chapter 2.
The protein contents of the routinely prepared derivatives were

Matrix-bound enzyme (derivative A) 400 yg/ml
Matrix-bound subunit (derivative B) 200 yg/ml

Matrix-bound re-associated enzyme (derivative C) 390 yg/ml

The reproducibility and linearity (with respect to
enzyme concentration) of the assay method was investigated
using a sample of matrix-bound enzyme (400 yg/ml of packed gel)
Three suspensions of gel in phosphate buffer (1:75, 1:50, 1:25,
v/v) were prepared and various aliquots were removed from the

stirred suspensions and assayed for enzyme activity using the

standard assay procedure (Chapter 2).

Effect of acetate

The effect of acetate on the enzyme activity of the
matrix-bound derivatives was studied using a set of derivatives
prepared by the routine method described in Chapter 2. The

protein contents of the derivatives were:

Matrix-bound enzyme 400 yg/ml

Matrix-bound subunit 200 yg/ml

Matrix-bound re-associated enzyme 390 yg/ml



The matrix-bound derivatives were prepared as suspensions
(:1, v/v) of gel in phosphate buffer. Enzyme activity
was measured using the standard assay system described in
Chapter 2 except that when considering the effect of acetate
the assay system was altered by omitting the sodium acetate
and replacing the magnesium acetate with magnesium sulphate
6 mM). A control experiment was devised to determine
whether or not the coupling enzymes involved in the assay
system (pyruvate kinase and lactate dehydrogenase) were
affected by the acetate. In this experiment the standard
assay system was used but in this case the reaction was

not started by the addition of creatine kinase but by the

addition of ADP (150 The experiment was repeated



RESULTS AND DISCUSSION

Immobilisation

The influence of the degree of gel activation on the
subsequent preparation of matrix-bound subunits is shown in
Table 4.1 It is clear, from these results, that although
substantially more protein is coupled to the gel at the
higher levels of activation, the bound protein is less
suitable for the preparation of matrix-bound subunits. The
percentage of attached dimer molecules bound via both subunits
was calculated by subtracting the percentage protein content
expected if no molecules were attached via both subunits
(i.e. 50% in this case) from the observed percentage protein
content for the "'subunit" derivative. Multiplication of
this percentage by two gives an indication of the percentage
of dimeric molecules attached via both subunits. For example
in the case of 100 mg CNBr/ml of gel 78% of the protein
remained in the "subunit" derivative which means that 56% of

the bound molecules were attached via both Subunits

bound via both subunits

(78-50) = 28%
28 x 2 = 56%
bound via both subunits
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Table 4.1 The influence of the level of CNBr-activation on

the production of matrix-bound subunits

CNBr-Activation Derivative A Derivative B Protein Attached via

mg/ml gel yg/ml % Ho/ml % both Subunits )
2 290 100 145 50 0
5 400 100 200 50 0
50 600 100 350 58 16
100 720 100 560 78 56
250 925 100 860 92 84
500 980 100 950 97 A

The routine method of preparing the matrix-bound enzyme

(derivative A) was employed except that varying amounts of CNBr
were used to activate the gel. The matrix-bound subunit
(derivative B) was prepared using the denaturation-renaturation
procedure described in Chapter 2. The percentage protein attached
via both subunits was calculated as described in Chapter 4. In

each case the amount of creatine kinase added to the activated gel

was 1.0 mg/ml of gel.



The technique of preparing matrix-bound subunits is
fundamentally based on the ability to attach the protein
molecule to the matrix via one subunit only in order that the
non-covalently bound subunits can be removed by washing the
gel with denaturing buffer. It can be seen from Table 4.1 that
activation levels of 5 mg CNBr/ml of gel or less are suitable
for coupling creatine kinase to Sepharose 4B via one subunit
only. The level of activation used for all subsequent
preparations of matrix-bound enzyme was 5 mg CNBr/ml of gel
and this level of activation invariably provided matrix-bound

enzyme with a protein content of 400 - 20 ug/ml of packed gel.

Protein estimation

Typical results for protein contents of the matrix-bound
derivatives are collected in Table 4.2. The matrix-bound
subunit (derivative B) characteristically shows half the protein
content of the matrix-bound enzyme (derivative A). A control
experiment in which matrix-bound enzyme was extensively washed
with denaturing buffer not containing GdnHCI showed that no
protein was removed. The matrix-bound re-associated enzyme
(derivative C) shows a high regain of protein after addition of
denatured soluble subunits. Control experiments showed that
neither derivative A nor washed activated/glycine-blocked
Sepharose 4B (prepared by coupling glycine to CNBr-activated

Sepharose 4B) could retain subunits under the same conditions of
re-association.
The results obtained in the study of the reproducibility

of the modified Lowry procedure are shown in Fig. 4.2. The

results are presented as a graph of sample volume against



Table 4.2 Protein content ad, enzyme activity values for the

matrix-bound derivatives

Matrix-Bound Protein Content Specific Activity (Ffimol/min/mg)
Derivative dig/ml % Acetate Acetate
Absent Present
Derivative A 400 100 50 98
Derivative B 200 50 48 50
Derivative C 580 95 50 80

The preparation of the matrix-bound derivatives is illustrated in
Scheme 1.1 and is described in Chapter 2. Enzyme assays were
performed in the absence and in the presence of acetate (0.1IM) as
described in Chapter 2. Soluble creatine kinase had a specific
activity of 115 units/mg in the absence of acetate and 155 units/mg

in the presence of acetate. Protein contents are expressed as

fig/ml of packed gel.
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Pig 4.2 Plot of optical density at 625nm against sample volume
of gel suspension (1:1, v/v) in phosphate buffer. A sample of
matrix—bound enzyme (derivative a) (400 jig/ml of protein) was

used in the experiments and protein contents were determined

using the method described in Chapter 2.
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observed absorbance at 625 nm. The graph clearly demonstrates
that the observed absorbance is linear with the sample volume
within the range of sample volume of 25 - 150 yl of suspension.
Above 150 yl of suspension the observed absorbance deviates
from the straight line obtained with the smaller volumes.
Samples of gel suspension (1:1, v/v) were routinely restricted
to the range 50 - 150 yl of suspension to ensure a linear and

reproducible absorbance at 625 nm.

Enzyme activity

The results obtained in the study of the reproducibility
of the standard assay procedure are presented in Table 4.3.
The results clearly demonstrate good reproducibility and
in the repeated samples, experiments 9-11, there is very good
agreement. In addition this is also good linearity between
the observed rate of change in absorbance and the enzyme concen-
tration as indicated by the results obtained with the different

dilutions.

Typical specific activity values for the matrix-bound
derivatives are collected in Table 4.2. The specific activity
values (in the absence of acetate) reported in Table 4.2 for
the soluble enzyme and its matrix-bound derivatives are of
the order 1.7 - 1.9 times greater than those reported by
Bickerstaff and Price (1976a). This increase is solely
due to a general improvement of the assay method involving
greater amounts of coupling enzymes, higher assay temperature,
higher concentrations of both substrates (ATP and creatine).

As indicated in Table 4.2 creatine kinase is linked to Sepharose

4B with retention of approximately 50% of the specific activity



Teble 4.3 Characterization of the standard assay procedure with

respect to reproducibility and linearity with varying enzyme

concentration
Experiment Dilution Sample Observed Average
Simili
No. Factor F1 0D340 /min Value
1 1:25 10 0.0142 X
0.0138
2 1s50 20 0.0135 X
3 1*25 30 0.0352 Y
4 1*25 30 0.0348 Y 0.0352
5 1150 60 0.0358 Y
6 125 20 0.0220 z
7 1s50 40 0.0221 4
8 1*50 40 0.0229 z
0.0224
9 1-75 60 0 .0222 z
10 1:75 60 0.0225 z
n 1-75 60 0.0230 z

The procedure involved and the assay components used in the determination
of enzyme activity are described in Chapter 2. A sample of matrix-

bound enzyme (derivative a) (400 Jig/ml) was used in the experiments.



of the native soluble enzyme (measured in the absence of
acetate). This figure is comparable with the results of
other studies on matrix-bound enzymes (Chan, 1970; Chan et
al., 1973a; Grazi et al., 1973) and may possibly arise from
a change in the microenvironment of the catalytic site upon
immobilisation. The results show that not only are the
matrix-bound subunits of creatine kinase active but these
subunits possess a specific activity very similar to that

of the matrix-bound enzyme (in the absence of acetate)

Effect of acetate on enzyme activity

The results obtained in the study of the acetate
activation of the enzyme are collected in Table 4.2. The
results show that the specific activity of the matrix-bound
subunit (derivative B) is not increased significantly (by
less than 5%) by the inclusion of acetate in the assay
system, whereas the activities of both the matrix-bound
enzyme (derivative A) and matrix-bound re-associated enzyme
(derivative C) are increased considerably (by 95% and 70%
respectively). These results suggest that acetate may
exert its activating effect via a subunit interaction and not
by a direct influence on the catalytic site of each subunit.
IT acetate exerts its effect via a conformational change in the
enzyme (Watts, 1973), it would appear that this change is

not generated to any great extent in the matrix-bound subunit

derivative (Bickerstaff and Price, 1976b).






INTRODUCTION

The term immobilised enzyme suggests that the enzyme
is restricted to some extent with regard to freedom of
movement or orientation and depending on the nature of the
enzyme this restriction may or may not have an influence
on the catalytic properties of the enzyme. In order to
establish whether or not the active site of the matrix-bound
enzyme derivatives had altered properties from those of the
native soluble enzyme, several aspects of active site
topography were examined in detail. These studies included
the Kinetics of the enzyme catalysed reaction, pH optima,
ADP binding and the inhibition kinetics of the reaction of
the reactive thiol group with iodoacetamide. Although the
reactive thiol group is not thought to be situated directly
at the active site its importance in the topography of the
active site (Keighren and Price, 1978) warrant its inclusion

in this study.

The effects of immobilisation on the activity of
enzymes vary depending on the method of immobilisation.
In general it is found that agarose-bound enzyme derivatives
exhibit somewhat decreased Vmax values and increased Km values
compared to soluble enzyme values (Mosbach, 1976). In
some cases substantial alteration of catalytic parameters
have been reported (Katchalski et al., 1971) and it is
significant that iIn such cases the enzyme activity was usually
determined using a column or other flow system where surface
effects, uniformity of flow and diffusion limitations can
profoundly influence the observed activity (Chan, 1976).

An alternative method of assay, involving continuous stirring



of the assay mixture containing an aliquot of gel suspension
(Mort et al ., 1973), used in this present work has proved
reliable (Chapter 4) and in the cases where this assay

method has been used (Chan, 1970; Chan et al 1973a Bruch
et al., 1976) it has generally been found that Km values for
matrix-bound derivatives were of the order 1.5 - 3.0 times
greater than the corresponding values for the soluble enzyme.
In view of the simplicity of the assay procedure it is iikely
that it does not contribute substantially to the altered
parameters which probably arise from small changes in the

microenvironment of the active site produced by immobilisation

A particularly valuable method of checking the integrity of

properties of the substrate ADP (James, 1976), and this property
should be sensitive enough to reflect any adverse influence of
the matrix. In a study by Price and Hunter (1976), it was
demonstrated that the binding of ADP to the native soluble
enzyme was hyperbolic in the absence of any ligands with a
dissociation constant of 55 yM. However in the presence of

M92 + creatine + nitrate the binding of ADP was tightened
considerably and the binding plots suggested the possibility

of either negative interactions or two distinct binding sites

(observed dissociation constants = 1.5 y, K2 = 18 yM).

In view of these interesting findings it would have been
Particularly valuable to repeat these experiments with the
matrix-bound derivatives to ascertain the response of the
matrix-bound subunit derivative. However application of
the studies of Price and Hunter (1976) to the matrix-bound

derivatives proved to be difficult due to the imposed limitation



on the protein contents of the matrix-bound derivatives

(Chapter 4). It was found necessary (see Fig. 4.1) to limit

the protein content of the matrix-bound enzyme to 400 yg/ml of gel

to ensure that the subsequent matrix-bound subunit derivative

would consist of 100% matrix-bound subunits. In binding studies

it is essential, for accurate and reliable work, for the enzyme

concentration to be of the same order as the dissociation content

The maximum protein concentration obtainable with the matrix

bound enzyme (derivative A) in binding experiments was 2.0
However

binding in the absence of added ligands, it was considered

possible to study ADP binding to the matrix-bound enzyme

Studies with the matrix-bound subunit (derivative B) proved

unreliable because of the lower protein concentration in this

derivative

The function of the single reactive thiol group per
subunit, which is thought to be situated in close proximity to
the active site, has commended much recent attention (der
Terrossian and Kassab, 1976; Smith and Kenyon, 1974). A
full discussion on the properties of the reactive thiol group
is given in Chapter 7 and it now seems likely that the
integrity of the thiol group on each subunit may be viewed
as important in the conformational transitions which the
enzyme undergoes on the formation of the catalytically active
complex (Keighren and Price, 1978). In this context it was
of interest to consider the reactivity of the thiol group in

the matrix-bound derivatives and thereby discern any effect



87

imposed by the matrix. In addition ligand-induced
conformational changes (monitored by the reactivity of the
thiol group towards iodoacetamide) were also investigated to
establish whether or not the conformational changes manifest
in the formation of the "transition state analogue"™ complex

(Watts, 1973) were dependent upon subunit interactions.



EXPERIMENTAL

Enzyme Kkinetics

Kinetic parameters for the substrates ATP and creatine
were obtained using the standard assay system described (in
detail) in Chapter 2. The studies were made by monitoring
the effects on initial velocity of the enzyme reaction of
varying in turn the concentration of one substrate in the
presence of several fixed concentrations of the other substrate
The concentration of ATP was varied from 0.5 to 4 mM and the
concentration of creatine was varied from 5 to 40 mM When
the ATP concentration was varied, the concentration of magnesium
acetate was also varied to maintain the free concentration of

Mg at 1.0 mM (Storer and Cornish-Bowden, 1976)

The matrix-bound derivatives of creatine kinase were
prepared as described in Chapter 2 and the protein contents

of the derivatives were

Matrix-bound enzyme (derivative A) 400 ug/ml of gel
Matrix-bound subunit (derivative B) 200 yg/ml of gel

Matrix-bound re-associated enzyme (derivative C) 390 yg/ml of

All the gels were prepared as suspensions (1:1, v/v) in phosphate
buffer and were diluted 1:20 into phosphate buffer to give

diluted suspensions from which convenient aliquots (0.05 0.1 ml)
could be removed for direct assay of enzyme activity. In all
cases the amount of enzyme added to the assay mixture was in the
range 0.2 - 0.8 yg. Control experiments showed that the

standard assay system gave proportional rates of changes in



absorbance with added protein up to 1,5 ug of protein,
soluble enzyme was dialysed against phosphate buffer and

then further diluted into phosphate buffer as required.

Inhibition by iodoacetamide

Inhibition of the enzyme and its matrix-bound derivatives
by i1odoacetamide (IAM) was studied at 30°C in 0.1 M-glycine/
NaOH at pH 9.0. Enzyme was allowed to equilibrate with any
added substrates or ligands for 20 minutes in a stirred solution
of total volume 2 ml. A control sample (0.1 ml) was transferred
to a stirred solution of phosphate buffer containing 1.0 mM
dithiothreitol (DTT), and the reaction was then started by
addition of iodoacetamide to the remainder of the enzyme
The progress of the inhibition reaction was monitored by
removing samples at set times and diluting them into stirred
solutions of phosphate buffer containing 1.0 mM-DTT. Samples
were then assayed for residual enzyme activity by the standard
assay procedure described in Chapter 2. The enzyme activity

of these diluted samples did not change over a period of at
least 3h at 20°C.

Matrix-bound derivatives were prepared as described

in Chapter 2 and the protein contents of the derivatives were

the same as those routinely obtained by the method. The gels
were prepared as suspensions (1:1, v/v) of gel in phosphate

buffer and for the purposes of these experiments the gels were
washed with, and eventually re-suspended in 0.1 M-glycine/NaOll

at pH 9.0. The soluble enzyme was dialysed against 0. IM-glycme/
NaOH at pH 9.0. In all cases the enzyme concentration in the

inactivation mixture was 1.5 yM (subunits) and the concentration
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of IAM was 0.476 mM. Substrate-ligand concentrations used
were: ADP 1.0 mM; magnesium acetate 10 mM; creatine 40 mM;

NaNO3 0.1 M.

pH optimum

Enzyme activity was monitored over the pH range 7.5 -
10.5 under standard assay conditions, except that the
following buffers were used: 0.1 M-Tris/acetate at pH 7.5 and
8.5; 0.1 M-glycine/NaOH at pH 9.0, 9.5 and 10.5. The pH of
the assay mixture was checked before and after each assay and
in no case did the pH alter by more than 0.1 pH unit. In
the assay at pH 9.5 and 10.5 larger amounts of coupling
enzymes (90 units of each enzyme) were required to ensure
that the coupling reactions were not rate-limiting at these

values.

ADP binding

Binding of ADP to the matrix-bound enzyme (derivative A)
was studied at 20°C in a total volume of 2.5 ml in 0.1 M-
Tricine/NaOH at pH 8.0. The matrix-bound dimer was washed
and re-suspended (1:1, v/v) in 0.125 M-Tricine/NaOH at pH 8.0
containing 75 mM-creatine. A sample (2 ml) of this suspension
was transferred to a hard glass centrifuge tube and then the
substrates and ligands were added to the mixture. Thus 1 ml
of gel was finally re-suspended in 2.5 ml total volume giving
a final protein concentration of 2.0 yM (dimers). The mixture
was allowed to equilibrate for 20 minutes (with gentle stirring)
before addition of the radioactive ADP which had been prepared

as described in Chapter 2. The stock solution of radioactive
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ADP had a concentration of 0.5 mM and aliquots of the radioactive
ADP were added to the enzyme mixture to give a final concentration
Of i _ 40 ™M The suspension was stirred gently for a further

20 minutes at 20°C before samples (0.1 ml) of the suspension

were removed for determination of the total radioactive ADP.

The suspension was then centrifuged on an MSE Minor centrifuge at
2000 g for 5 minutes before a sample (0.1 ml) of the clear
supernatant was removed for determination of soluble (unbound)
radioactive ADP. The radioactivity of samples was

measured as described in Chapter 2.



RESULTS AND DISCUSSION

The effects of pH on the enzyme activities of the soluble
enzyme and the various matrix-bound derivatives are shown in
Table 5.1 In all cases there was a broad oeak in the
pH-activity profile with maximum activity being observed at
pH 9.0. The results obtained for both soluble and matrix-bound
derivatives are comparable with those reported by Noda et al

(1960)

Enzyme Kinetics

A double reciprocal plot of the initial velocities
observed for the matrix-bound enzyme at various concentrations
of MgATP in the presence of fixed concentrations of creatine is
shown in Fig. 5.1. Corresponding plots were obtained for the
soluble and the other matrix-bound derivatives, and all showed
the same intersecting pattern, characteristic of synergism in the
binding of the two substrates to the enzyme (Watts, 1973).
Kinetic parameters were estimated from secondary replots of the
intercepts and slopes of the primary double reciprocal plots
as described by Florini and Vestling (1957), and shown in
Fig. 5.2. The Kinetic parameters for the soluble enzyme and the
matrix-bound derivatives are collected in Table 5.2. The
results show that in the presence of 0.1 M-acetate the values
of Vmax for the matrix-bound enzyme and the matrix-bound
re-associated enzyme are very similar to that of the soluble
enzyme. The matrix-bound subunit form has a lower Vmax (/570 of

the value of the soluble enzyme). There are some small



Table 51 Effect of pH on the activity of soluble and matrix-bound

derivatives of creatine kinase

Relative Enzyme Activity ()

Buffer Soluble Matrix--Bound Derivative
pH Enzyme A B C
7.5 78 74 72 72
8.5 98 %6 A 92
9.0 100 100 100 100
9.5 88 R 80 88
10.5 67 52 60 68

The activity of the soluble and matrix-bound derivatives was
determined in the following buffers : 0.1M-Tris/acetate at pH 7.5
and at pH 8.5; 0.1K-glycine/NaOH at pH 9*0» 9«5 and 10.5« The
results in each case are expressed as a percentage of the maximum

activity which in all cases was observed at pH 9*0 =



Fig 51 Double reciprocal plot data for the reaction catalysed
by the matrix-bound enzyme (derivative a). The effect of varying
the concentration of MgATP in the presence of several fixed

concentrations of creatine was studied, and the concentrations of

creatine were: 0, 40mM; A, 20mM; O, 10mM; e,
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Fig 51 Double reciprocal plot data for the reaction catalysed

by the matrix-bound enzyme (derivative a). The effect of varying

the concentration of MgATP in the presence of several fixed

concentrations of creatine was studied, and the concentrations of

creatine were: 0, 40mM; A, 20mM; O, 10mM; e, 5mM.

<



Fig 5.2 Secondary replot of the data presented in Pig 5.1
showing the variation of maximum initial velocity (0) and
gradients (@) of the primary plot as a function of the

reciprocal of the creatine concentration.
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Table 5«2 Kinetic parameters for soluble and matrix-bound,

derivatives of creatine kinase

Matrix-Bound Vmax ATP (M) Creatine (M)
Derivative Jimol/min/mg Km Ks Ks/Km Km Ks  Ks/Km
Derivative A 145 0.9 2.4 2.6 5 13 2.6
Derivative B 115 1.2 24 2.0 17 32 1.9
Derivative C 142 1.0 25 25 85 25 2.9
Soluble Enzyme 150 0.4 1.1 2.8 10 28 2.8

The kinetic parameters were estimated from data of the type
presented in Pig 5.1. When the concentration of ATP was varied
the concentration of magnesium acetate was adjusted in order to

maintain the free concentration of M92+ at 1.0 mM.



variations in the values of Km for MgATP with those for the
matrix-bound derivatives being raised by approximately 2.5 fold
compared with the soluble enzyme. The values of Km for
creatine show some greater variation and it is interesting to

note that the matrix-bound subunit derivative has a decreased

It is also apparent that the ratio K /K for each substrate

binding) is decreased in all the matrix-bound derivatives

compared with the soluble enzyme. The difference in the ratio
for the monomeric and dimeric matrix-bound derivatives

is small and probably within experimental error. These studies

show that immobilisation of the enzyme has not drastically

affected the integrity of the active site, although small changes

in its three-dimensional structure cannot be excluded

addition the phenomenon of synergism in substrate binding does

not appear to be dependent on the presence of the dimeric

structure of the enzyme.

The results of the study of ADP binding to the matrix-bound
enzyme are shown in Fig. 5.3 in the form of a Scatchard plot
(Scatchard, 1949). It has been demonstrated by Price and
Hunter (1976) that binding of ADP to soluble enzyme in the
presence of Mg + + creatine + nitrate gives rise to a situation
where the two binding sites on the enzyme are no longer equal
and independent. Values for the dissociation constants were
KI = 1.5 yM and K2 = 18 uM (Price and Hunter, 1976)

for the dissociation constants extrapolated from Fig. 5.3 are



Fig 5.3 Scatchaxd plot for the binding of ADP to the
matrix-bound enzyme (derivative A) in 50 mM-sodium Tricine
buffer at pH 8.0. r represents the mcl ADP bound per mol
creatine kinase dimer. The binding study was performed in
the presence of 30 mli-creatine plus 10 mM-NaNO”™ plus 5 niM-

magnesium acetate.
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Ki = 1.2 pM and an approximate value (only a few points on
graph) for K2 = 16 pM and these values are in excellent agreement
with those obtained by Price and Hunter (1976) for the soluble
enzyme. Unfortunately it was not possible to perform the same
experiment reliably with the matrix-bound subunit derivative
due to the low protein concentrations involved. However the
results obtained with the matrix-bound dimer demonstrate that
the subtle conformational changes at the active site involved

2+

in ADP binding in the presence of Mg + creatine + nitrate are un

affected by immobilisation.

Inhibition by iodoacetamide

The reactivity of the thiol group in each subunit of
creatine kinase towards iodoacetamide has been widely used as
an index of the conformational state of the enzyme, and in
particular as a means of detecting ligand-induced conformational
changes in the enzyme (Watts, 1973; Milner-White and Kelly, 1976)
The results of the studies on the reactivity of the thiol group
of soluble creatine kinase and its matrix-bound derivatives
are shown in Table 5.3. These results were obtained by
measuring the rate of inactivation of the enzyme by iodoacetamide
since it is known that the modified enzyme is completely inactive

or very nearly so (Watts, 1973).

The data in Table 5.3 show that the reactivity of the
thiol group in the various forms of the enzyme is quite similar,
suggesting that immobilisation has not significantly affected
the conformation of the enzyme in the region of the thiol group.
The value of the rate constant for inhibition of the soluble

enzyme by iodoacetamide is comparable with that reported by
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Table 5.3 Second order rate constants (kI for inactivation Of
soluble and matrix-bound derivatives of creatine kinase by

iodoacetamide

Matrix-Bound Derivative

Reaction Mixture Soluble Enzyme A B C
k (*change) k(~change) k(%change) k(“~change)

E (enzyme only) 1100 - 800 - 1000 - 850 -
E + MgADP 1200 (+9) 900 (+*12) 1000 (©) 1000 (+17)
E + MgADP + creatine 850 (-23) 600 (-25) (®° -30) 600 (-30)

80 (-93) 50 (-94) 90 (9) 70 (-92)

Inhibition of the soluble and the matrix-bound derivatives by
iodoacetamide in the absence and in the presence of substrates or
substrate complexes was studied at 30°C in O0.1M—glycine/NaOH at pH 9.0.
The iodoacetamide concentration was 0.476 mM and the enzyme concentration
was approximately 1.,5iM (subunits) in all cases. Substrate

concentrations used were : ADP, 1.0mM; magnesium acetate, 10mM; creatine,

40mM; NaNO”™, O0.1M.



Milner-White and Kelly (1976) under similar conditions

The effects of the ligand combinations Mg

ADP + creatine on the reactivity of the thiol group were also
very similar for all the derivatives (Table 5.3)

particular interest are the results obtained on addition of
Mg2+ + ADP + creatine + nitrate (transition state analogue
complex). In each case a decrease of more than 90% in the

rate constant for the inactivation reaction was observed

(Table 5.3)

These results indicate that the conformational responses
of the various forms of the enzyme complexes do not require a
dimeric structure In this connection, it might be noted
that the monomeric arginine kinase isolated from the lobster
Homarus americanus is also capable of forming a transition
state analogue complex on addition

+ nitrate to the enzyme (Buttlaire and Cohn



CHAPTER 6

STABILITY

STUDIES



INTRODUCTION

One of the most important goals of enzymology is the
elucidation of the principles which govern enzyme stabilisation
Clearly an understanding of these principles would enable the
preparation of highly stable enzymes which would find extensive
application in medicine, biochemical technology and chemical
analysis (Martinek et al 1977)
considerable interest that immobilisation of enzymes often leads
to altered stability properties in the matrix-bound enzyme
(Mosbach, 1977). The stability properties of matrix-bound
creatine kinase were examined with respect to storage at 4 C
thermal inactivation at 45 C and resistance to physical
disruption by a denaturing agent (GdnHCI), 1in order to assess
the influence of immobilisation on the stability of creatine

kinase

Perhaps the largest single factor which can affect the
stability of a matrix-bound enzyme is the nature of the matrix.
A matrix containing hydrophobic groups (e.g. polystyrene)
might denature the protein in a manner analogous to a hydrophobic
solvent. Moreover a hydrophobic matrix need not induce
immediate denaturation; it might cause a slow inactivation
during storage or modify sensitivity of the protein toward
heating, pH or denaturants (Goldman et al 1971). A
hydrophilic matrix of positive Or negative charge might lead
to, under certain circumstances, an iIncrease or a decrease
in the stability of an immobilised enzyme due to electrostatic
interaction between the protein and the matrix (Martinek et al
1977). Clearly it is very difficult to establish a general

pattern of the influence of immobilisation on enzyme stability



due to the very large variety of matrices with equally wide
ranging properties. Therefore for the purpose of comparison
with the present work, discussion of other studies on

immobilised enzyme stability will be limited to those studies

In a number of cases where enzymes have been immobilised
to Sepharose, increased stability towards heat and storage have
been reported (Melrose et al., 1971). Recent studies (Miura
et al., 1977 Fukui et al 1975; Goheer et al 1976
Lowe, 1977) also support this observation. Attempts to explain
the apparent enhancement of stability normally result in rather
incomplete conclusions regarding altered enzyme conformation
or altered enzyme microenvironment. Indeed a satisfactory
explanation of altered stability will not be possible until a
quantitative description of the non-covalent forces which
maintain proteins in their native state is available. It
may very well be that a general mechanism of protein unfolding

does not exist and that each case is unique.

It is beyond doubt, however, that inactivation of enzymes
under the action of heating or denaturing agents involves
considerable conformational changes in the protein molecule
which lead to unfolding (Teipel and Koshland, 1971). If we
therefore consider that unfolding is an indispensable step of
enzyme de-stabilisation then the more tightly immobilised the
protein is to the matrix, the more resistance there will be to
unfolding. Gabel (1973) showed that the more linkages formed
between trypsin and Sephadex, the greater the apparent stability
°f the immobilised enzyme. Therefore it seems likely that

in some of the cases where increased stability has been observed
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the multipoint attachment of the protein to the gel has been

a significant factor (Martinek et al., 1977). However it is
not the sole factor in view of the observed increased stability
in matrix-bound enzymes specifically coupled via one subunit

by limited-point attachment (Chan et al., 1973a; Lowe, 1977;
Fukui et al., 1975; Chan and Mosbach, 1976). The nature of
the increased stability in such matrix-bound proteins is, as

yet, unknown.

In this present study three important aspects of enzyme
stability were investigated to provide information on the
character of matrix-bound creatine kinase in terms of
stability properties. The parameters studied were:
resistance to physical disruption by a denaturant, resistance
to thermal inactivation and long term storage at 4°C. It
was hoped that these three parameters would provide a

reasonably comprehensive view of the stability of matrix-bound

creatine Kinase.



experimental
Inactivation by guanidine hydrochloride

The stability of the enzyme and its matrix-bound
derivatives towards inactivation by GdnHClI was studied by
incubating samples at 30°C in denaturing buffer in which
the concentration of Tris/HCI and DTT were kept at 0.1 M and
5 mM respectively and the GdnHCl concentration varied over the
range 0 - 1.0 M. After a 20 minute incubation period, during
which the mixtures were kept continuously stirred, a sample
was removed for direct assay of enzyme activity. The
standard assay procedure was used (Chapter 2), and
supplemented with 15 pg of trypsin in each assay to prevent
renaturation within the assay mixture. Control experiments
showed that neither residual dénaturant nor the added trypsin
affected the activity of native creatine kinase or the coupling
enzymes (the controls were performed by adding the appropriate
denaturant and/or trypsin to a standard assay mixture and
observing the effect on the activity of native enzyme). The
residual concentration of GdnHCI in the assay mixtures arising
from the direct sampling procedure ranged from O - 0.01 M.

It has been shown by Chan et al. (1973b) that incorporation of
trypsin into the assay system effectively prevented renaturation
within the assay system, and this has also been observed with
creatine kinase. Direct addition of denatured enzyme to the
standard assay system resulted in a steady increase in the rate
of change of absorbance. Direct addition of denatured enzyme

to the standard assay system + 15 yg trypsin produced no change
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in absorbance and the integrity of the assay system was

checked by the addition of native creatine kinase.

The matrix—-bound derivatives were prepared as described
in Chapter 2 and the protein contents of the matrix-bound
derivatives were the same as those routinely obtained by that
method (Table 4.2). The gels were prepared as suspensions
(:1, v/v) of gel in phosphate buffer and for the purposes
of these experiments the gels were washed and eventually
re-suspended in 0.1 M-glycine/NaOH at pH 9.0. The soluble
enzyme was dialysed overnight against this buffer at 4°C.

In all cases the enzyme concentration in the inactivation

mixture was 30 pg/ml (0.73 pM subunits).

Stability towards thermal inactivation

The rates of thermal inactivation of the enzyme and its
matrix-bound derivatives were studied at 45°C in 0.1 M-glycine/
NaOH buffer at pH 8.5 (45°C). Buffer (2 ml) was
equilibrated in a thermostatically controlled cuvette for
15 minutes before a small sample (0.1 ml) of enzyme was added.
The mixture was then stirred continuously with a small magnetic
stirring bar (0.4 cm in length) and samples (0.025 ml) were
removed at set times and assayed directly for residual enzyme
activity. The standard assay mixture was supplemented with

yg of trypsin as described in the preceding section. Matrix-
bound derivatives were prepared as described in Chapter 2 and the
protein contents of the derivatives were the same as those
routinely obtained by that method. The gels were washed with
and eventually re-suspended in 0.1 M-glycine/NaOH at pH 9.0.

In all cases the enzyme concentration in the inactivation mixture

was 30 pg/ml (0.73 pM subunits).



Stability towards storage at 4°C

The stability of the soluble enzyme and the matrix-bound
enzyme upon storage at 4 C was studied. The matrix-bound
enzyme (derivative A) was prepared by the method described in
Chapter 2 and the protein content of the derivative was
determined to be 400 yg/ml of packed gel. The matrix-bound
enzyme was stored as a suspension (1:1, v/v) in phosphate
buffer in a total volume of 5 ml. The soluble enzyme was
dialysed against phosphate buffer and was stored as a solution
in phosphate buffer at a concentration of 200 yg/ml in a total
volume of 5 ml. At set times an aliquot (0.05 ml) was
removed from the samples and diluted 1:40 into phosphate buffer
before an aliquot was removed for direct assay of enzyme activity
In the case of the matrix-bound enzyme a control experiment was
performed to reveal any soluble enzyme activity in the matrix
bound enzyme sample. This was accomplished by filtering the
assay mixture + matrix-bound derivative gel sample through
Whatman No. 1 paper and then replacing the assay mixture in

subsequent rate of change

in absorbance standard assay Procedure was used as

described in Chapter



RESULTS

Resistance to inactivation by heating and GdnHCI

In common with the results of studies on other enzymes
immobilised on Sepharose (Chan et al., 1973a; Fukui et al
1975; Lowe. 1977 Chan and Mosbach, 1976), it was found
that immobilisation of creatine kinase led to an enhancement
of stability towards either thermal inactivation (Fig. 6.1)
or inactivation by GdnHCl (Fig. 6.2). In both types of
study the order of stabilities observed was: derivatives
A and C > derivative B > soluble enzyme. From Fig. 6.1 the
first order rate constants for inactivation at 45 C were
calculated to be 0.028, 0.020 and 0.011 minute for soluble
enzyme, derivative B and derivatives A and C respectively
The concentrations of GdnHCI which cause a 50% loss of
activity for these samples were 0.52, 0.57 and 0.64 M

respectively for soluble enzyme, derivative B and derivatives

In connection with the studies on GdnHCI inactivation
it should be noted that with both the soluble enzyme and the
matrix-bound derivatives it proved impossible, within the
period studied (3 h) to achieve an equilibrium, limiting value
of the residual enzyme activity at a given concentration of
GdnHCI; a progressive loss of activity was observed over a
period of several hours. For this reason experiments were
conducted with a fixed incubation time (20 minutes) at a
given concentration of GdnHCl, so the results presumably
represent a combination of kinetic and thermodynamic aspects

of the unfolding of the protein structure



Fig 6.1 Semi-logarithmic plot comparing the rate of thermal
inactivation of soluble and matrix-bound derivatives of creatine

, soluble enzyme; A, matrix-bound subunit; O,

kinase : O
The studies were made in 0.1M-glycine/NaOH

matrix-bound dimer.

at pH 8,5 at 45°C in a final volume of 2ml.
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[guanidine hydrochloride] (M

Fig 6,2 Effect of guanidine hydrochloride on the activity of

soluble and matrix-bound derivatives of creatine kinase at pH 7.5

and 30°C :D> soluble enzyme; A» matrix-bound subunit; 0, matrix-bound

dimer. The concentration of guanidine hydrochloride-inactivated

creatine kinase was approximately 30 g/ml in each case and the period

of incubation was 20 minutes. The standard assay system was used

and supplemented with trypsin (15 jig) as described in Chapter 6.



Storage stability

The storage (4 C) stability properties of the soluble
enzyme and the matrix-bound enzyme are shown in Fig. 6.3
and it can be seen that the matrix-bound enzyme exhibits
superior storage stability at 4 C. After a period of one
month the soluble enzyme activity was reduced to a level
60% of the original activity while the matrix-bound enzyme
displayed over 90% of the original activity. Control experi
ments designed to reveal any contribution of soluble enzyme
activity in the matrix-bound enzyme (i.e. the extent of
enzyme detachment from the gel) are also shown in Fig. 6.3.
It was found that no appreciable soluble enzyme activity
appeared in the matrix-bound enzyme samples indicating that
there was no significant leakage of the enzyme from the
matrix. The stability of the covalent linkage over long
periods of storage has been observed by Gabel and Hofsten

(1970) in other Sepharose-bound enzymes.
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Fig 6.3 Stability of the soluble enzyme and the matrix-bound

enzyme (derivative a) upon storage at 4 C in phosphate buffer ;

e , soluble enzyme; A» matrix-bound enzyme; D, soluble activity
present in the matrix—bound derivative. The soluble activity present

in the matrix-bound derivative was determined by Ffiltering the assay

mixture as described in Chapter 6.



discussion

As indicated earlier, the nature of the increased stability
observed in the matrix-bound enzyme is difficult to specify
and therefore any discussion of the subject must be coloured
with a modicum of speculation. IT we accept the postulate
that the native conformation of a protein is the conformation
in which the free energy of the molecule and its immediate
surroundings is at a minimum (Martinek et al., 1977), then it
seems possible that the influence of the matrix could be to
lower the free energy of the matrix-bound enzyme with respect
to the transition state of unfolding (i.e. slow the process
down) . This might be possible if the matrix were able to
restrict the mobility of the backbone and side chains of the
molecule thereby making it more difficult to unfold the protein
If the bonds of a protein molecule are envisaged as undergoing
vibrational and rotational transitions then sensitive regions
could be exposed briefly to the surrounding environment (which
might lead to unfolding). The restriction imposed by the
matrix as suggested above might decrease the frequency with

which the sensitive regions become exposed.

It may well be that the covalent linkage itself is important
rather than the matrix as a whole since it is apparent that
glycoproteins often have stability properties superior to
those of the corresponding carbohydrate-free protein (Pazur
et al., 1970). Indeed artificial '"glycosylation” of
Acinetobacter asparaginase by coupling glycopeptide using
glutaraldehyde gave enzyme derivatives which had greater heat

stabilitv than the native enzyme on heating at 45 C (llolcenberg

1975)



In the storage stability (4 C) study it was demonstrated
that there was no signhificant detachment of the enzyme from the
matrix (Fig. 6.3) over the period of time studied (one month)
This result does not support the observations of Tesser et al
(1972), that the matrix-bound ligands are slowly released
into the aqueous environment. This apparent discrepancy
can be reconciled in the light of the systematic investigation
by Lasch and Koelsch (1978) to elucidate the factors involved
in the leakage of ligands from matrices. Using leucine amino
peptidase as a model enzyme attached to CNBr-activated Sepharose
4B Lasch and Koelsch made an extensive study of both single and
multipoint covalently bound enzyme derivatives. In considering
the results obtained with the single-point attached enzyme,
the most important factors contributing to the leakage of the
enzyme were (@) nucleophilic buffers, (b) high pH and (c) high
temperatures. In view of the work of Lasch and Koelsch (1978)
the results obtained with matrix-bound creatine kinase are
consistent since it was a non-nucleophilic buffer
(0.1 M-sodium phosphate containing 1.0 mM-EDTA) at

low temperature.






INTRODUCTION

The thiol groups of proteins are of considerable
biochemical interest since they are among the most highly
reactive of the amino acid side chains. Among the eight
thiol groups per dimer contained in rabbit muscle creatine
kinase only two are known to be readily accessible and highly
reactive towards many thiol-blocking reagents (Kuby et al.,
1962; Okabe et al., 1970). As the integrity of these two
thiol groups (one per subunit) appeared to be necessary for
enzyme activity, many extensive studies have been carried out
concerning their chemical reactivity and functional role
(Watts, 1973)
of the enzyme, a study was undertaken to compare some properties
of the reactive thiol group(s) in the subunit and dimeric form
of the enzyme in order to establish any relevance that the

quaternary structure might have to the reactivity of these

Although the thiol groups reactive towards iodoacetamide
etc. are probably situated near the active site (Milner-White
and Watts, 1971) their importance has been based mainly on the
observation that blocking these thiol groups will inactivate
enzyme activity. Two groups of workers have recently shown
that these reactive thiol groups cannot be directly involved
in the catalytic mechanism, and is therefore to be regarded
as a "non-essential™ group. Smith and Kenyon (1974) and
Smith et al. (1975) reported that the inhibition of creatine
kinase by the variety of common thiol reagents was rather
determined by the chemical properties of the blocking group

introduced, such as bulk, charge, hydrophobicity and hydrogen-



116

bonding ability. Thus, when the reactive thiol groups were

fully substituted with the relatively small, neutral non-hydrogen-
bonding methane-thiol group (CHgS-), the enzyme retained 20 - 30%
residual activity. More recently der Terrossian and Kassab
(1976) have reacted the two reactive thiol groups of rabbit

muscle enzyme stoichiometrically with Nbs2 and the resulting
inactive mixed disulphide was subsequently substituted with
cyanide, the smallest uncharged thiol-blocking group. The
S-cyano derivative of creatine kinase retained 70% residual

enzyme activity. In addition the S-cyano derivative was still
able to react with a variety of thiol reagents with the

further blocking of another two thiol groups per dimer. The
bis-S-cyano derivative of creatine kinase retained 50%

residual activity and it was concluded by der Terrossian and Kassab
(1976) that the two cyanylated thiol groups per subunit were not
essential for the catalytic activity of the enzyme. The

presence of a second pair of accessible thiols per dimer in

the enzyme is supported by Smith et al. (1975).

Although these elegant studies clearly indicate that the
thiol group per subunit can no longer be regarded as essential
for the catalytic activity of the enzyme, its exact role
is still uncertain. Some progress in the elucidation of its
function has been made by Keighren and Price (1978) using the
2-mercuri-4-nitrophenol (MNP) moiety as a reporter group to
examine the ligand-induced conformational changes of various
MNP derivatives of the soluble enzyme, and in particular to
study those conformational changes that are associated with
formation of the "transition state analogue'™ complex. The

results obtained by Keighren and Price (1978) suggest that
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EXPERIMENTAL
Determination of reactive thiol groups

The numbers of reactive thiol groups present in the
enzyme and its matrix-bound derivatives were measured by
using Nbs2 assuming an absorption coefficient of 13.6 litre
mmole-lcm-I for the Nbsz- anion at 412 nm (Ellman, 1959).
Nbs2 (final concentration 0.25 mM) was added to a gently
stirred suspension of 1.0 ml of gel in 1.0 ml of phosnhate
buffer, and the stirring continued for 15 minutes at 20°C.
The suspension was then centrifuged at 2000 g for 5 minutes
and the absorbance of the supernatant measured at 412 nm.
Control experiments showed that small corrections were
necessary for the matrix-bound subunit and matrix-bound
re-associated enzyme derivatives to take account of the reaction
of Nbs2 with residual DTT from the renaturing buffer. The
correction was always less than 10% of the total observed

absorbance. In every case there was no further reaction with

Nbs2 over an additional 30 minute period.

The numbers of reactive thiol groups were also determined
By using iodo[I—CIk]acetamide- A small sample of the stock
radioactive 1AM (see Chapter 2) was added to a gently stirred
suspension of 1.0 ml of gel in 1.0 ml of O.IM-glycine/NaCOH
at pH 9.0 to give a final concentration of 1AM of 0.476 mM.
The mixture was stirred at 30°C for 15 minutes before the
reaction was stopped by the addition of 0.5 ml of phosphate
buffer containing 10 mM-DTT. The gel was then transferred
to a sintered glass tube (1 cm x 10 cm) and washed extensively

with phosphate buffer (200 ml) to remove unchanged radioactive
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1AM. Radioactivity of matrix-bound derivatives was

determined after hydrolysis of a 0.2 ml sample of a 1:1 (W/V)
gel suspension in standard phosphate buffer in 0.5 ml of

12 M-HC1 as described in Chapter 2. Control experiments
showed that the presence of neither Sepharose nor enzyme
affected the observed radioactivity (c.p.m.) of a standard
solution of iodo [1—C|“]acetamide (2300 c.p.m.) and that more
than 99.5% of the unchanged radioactive IAM (2290 c.p.m.) was
removed from the gel by washing with standard phosphate

buffer as described. Small corrections were necessary,
however, with the matrix-bound subunit and matrix-bound
re-associated enzyme to account for the reaction of radioactive
IAM with residual DTT from the renaturing buffer. The
correction was always less than 15% of the total observed
radioactivity. The incorporation of iodo [l—CIF]acetamide
into soluble enzyme was monitored by the general method previously
described by Griffiths et al (1975). In all cases there

was no further incorporation of radioactivity after an
additional 45 minute period of incubation with the radioactive

1AM.
Preparation of various thiol-blocked enzyme derivatives

The preparation of the various thiol-blocked enzyme
derivatives by reaction with 1AM is illustrated in Scheme 7.1.
Derivative E, the thiol-blocked matrix-bound enzyme was
routinely prepared by reacting the matrix-bound enzyme
(derivative A) with excess IAM as described above (in the
section dealing with the determination of the number of thiol
groups) using radioactive IAM. Further derivatives were

produced by subjecting deiivotive E to the denaturation-
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renaturation sequence analogous to that used (Chapter 2)

for the preparation of the matrix-bound subunit (derivative B)
from the matrix—bound enzyme (derivative A). This process
yielded a mono-thiol-blocked matrix-bound subunit (derivative F)
form (Scheme 7.1). A di-thiol-blocked matrix-bound subunit
(derivative G) was obtained from either derivative F or

directly from derivative B by reaction with an excess of 1AM

as described earlier.

The rate of incorporation of radioactive IAM into the
soluble enzyme, matrix-bound enzyme (derivative A), matrix-
bound subunit (derivative B) and the mono-thiol-blocked
matrix-bound subunit (derivative F) was also investigated.
The procedure was exactly the same as that described earlier
for the determination of the number of thiol groups by radioactive
IAM incorporation except that the reaction was stopped at various
time points (1-15 minutes) by the addition of 0.5 ml of
phosphate buffer containing 10 mM-DTT and the amount of radio-

activity incorporated at that time point was then determined.

Re-association of thiol-blocked matrix-bound subunits

This study involved the matrix-bound derivatives B, F
and G (Scheme 7.1) described above. The derivatives were
re-suspended in renaturing buffer and to a gently stirred
suspension (1:5, v/v) of gel in buffer was added small aliquots
(0.05 ml) of a solution of denatured soluble enzyme. The
procedure and conditions of renaturation were exactly the
same as for the preparation of the matrix-bound re-associated
enzyme (Chapter 2). The experiment was repeated with one

modification which was that the denatured soluble enzyme had
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been previously reacted (prior to dénaturation) to its limiting
extent, of one thiol group per subunit, with i1odoacetamide.

The 1AM-blocked soluble enzyme was prepared by adding 1AM

(final concentration 3 mM) to a solution of native enzyme

(final concentration 0.25 mM) in phosphate buffer and allowing the
mixture to stand at 20°C for 30 minutes. The mixture was then
dialysed overnight against phosphate buffer to remove

unreacted 1AM before the 1AM-blocked enzyme was incubated with
denaturing buffer. The levels of renaturation were monitored

by determining the protein contents before and after each

experiment as described in Chapter 2.

Re-association of thiol-blocked soluble subunits

Dénaturation of the soluble enzyme was achieved by
incubating the native enzyme (6 mg/ml) with a modified denaturing
buffer consisting of 0.1 M-Tris-HCl at pH 7.5 containing 6M-
GdnHCI and 2 mM-EDTA, for 1.0 h at 20°C. Renaturation was
accomplished by diluting (1:30) a sample of denatured enzyme
into phosphate buffer. The renaturation profile was determined
exactly as before using the standard assay procedure. The
renaturation profile was also determined in terms of the
disappearance of thiol groups reactive towards NbS2 during the
period of renaturation. Renaturation was initiated then
successive aliquots (0.1 ml) were removed at set times and
diluted into phosphate buffer containing 0.1 mM-Nbs2. The
mixture was rapidly mixed (by inversion of the test tube) and

then after 2 minutes standing at 20°C the absorbance of the

solution was measured at 412 nm.

Renaturation of soluble enzyme was interrupted by the



addition of IAM in an attempt to produce a partially
renatured thiol-blocked enzyme and this was accomplished

by adding IAM (final concentration 0.3 mM) to the renaturing
enzyme solution (0.005 mM) during the renaturation period.
Gel filtration studies on the thiol-blocked product were
performed essentially as described in Chapter 2. A
Sephadex G-100 column (32 cm x 1.5 cm) was equilibrated with
phosphate buffer at 4°C and fractions (1.0 ml) were collected
for protein estimation. The elution volumes for several
proteins of known molecular weight were determined and

a graph of relative elution volume against log molecular

weight constructed (Chapter 2).



results and discussion

Determination of reactive thiol

The numbers of reactive thiol

derivatives of creatine kinase were

using Nbs2 .

2
derivatives since the yellow Nbs

into solution and can be
in the supernatant after
(2000 g for 5 minutes).

matrix-bound derivatives
Table 7.1. The results
bound enzyme (derivative
enzyme (derivative C) in
one reactive thiol group
thiol groups per subunit

subunit (derivative B).

The absorbance values obtained

were relatively small

concentrations obtainable with

and therefore a check on

1k
iodo [1-C TJacetamide as

results are also collected

pattern observed with NbS2

This reaction

groups

groups in the matrix-bound
initially determined by
is easily applicable to such
anion product is released
readily measured spectrophotometrically
the gel suspension has been centrifuged
The results obtained with the various
and the soluble enzyme are shown in
clearly demonstrate that the matrix

A) and the matrix-bound re-associated
common with the soluble enzyme possess
per subunit, whereas two reactive

are present in the matrix-bound

in the reaction with Nbs2

(in the region 0.10) at the protein

the matrix-bound derivatives
these results was performed by using
a thiol-modifying reagent. The

in Table 7.1 and they confirm the
one reactive thiol

i.e. group per

subunit for dimeric forms of the enzyme and two reactive thiol

groups per subunit for the matrix-bound subunit derivative.

In addition it should be

been reacted with radioactive

shown

noted that the derivatives that had

IAM to the limiting extents

in Table 7.1 did not react further with added Nbg2,
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Table 71 Estimation of reactive thiol groups in soluble and

matrix-bound derivatives of creatine kinase

Matr ix-Bound Protein Nbs2“ [1-17Cj Acetamide No. Thiols
Derivative Concentration Released Incorporated Reacted /
(pM-subunits) ()] ((e1)] Subunit
Derivative A 5.8 6.1 6.2 1.06
Derivative B 2.9 6.2 6.4 2.17
Derivative C 5.6 6.2 6.3 1.1
Soluble Enzyme 5.8 5.5 5.7 0.96

Reactive thiol groups were estimated by two methods ; release of the
anion Nbs2- and incorporation of [1-~c] acetamide. The number of
thiol groups reacted/subunit is presented above as an average of the
very similar values obtained by these two methods. The protein
concentration refers to the final concentration of protein in the

reaction mixture and not to the protein content of the packed gel .

mmm
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indicating that the two reagents are reacting with the

same thiol group(s) on the enzyme.

Further experiments with thiol-blocked matrix-bound derivatives

The interconversions of the various carbamoylated enzyme
derivatives are illustrated in Scheme 7.1. Derivatives A and
B represent the matrix-bound enzyme and the matrix-bound
subunit form respectively; derivative E is the carbamoylated
matrix-bound dimer (reacted to the limiting extent of one
thiol group per subunit); derivative F is the mono-carbamoylated
matrix-bound subunit form obtained by a denaturation-
renaturation sequence analogous to that used in the preparation
of derivative B from derivative A (Chapter 2); derivative G
is the di-carbamoylated matrix-bound subunit form obtained
either from derivative F or directly from derivative B by
reaction with 1AM in a fashion analogous to that described
in the Experimental section. The protein contents of
derivative E and derivative F were determined and found to be
400 ug/ml of gel and 205 yg/ml of gel respectively. In
addition derivative F was found to possess 53% of the radio-
activity present in derivative E and these results confirm that
in derivative E the radioactive 1AM had reacted uniformly

with the two subunits of the matrix-bound dimer.

The results obtained in the study of radioactive IAM
incorporation into the various enzyme derivatives are collected
in Table 7.2. The inactivation of soluble enzyme and matrix-
bound enzyme (derivative A) is accompanied by a proportional
incorporation of one acetamide moiety per subunit, whereas

inactivation of the matrix-bound subunit (derivative B) is
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dénaturation / SH
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P >
Derivative A Derivative B
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dénaturation /
renaturation
Derivative E Derivative F

Scheme7.1 Scheme depicting the relationship between the various
carbamoylated matrix-bound derivatives of creatine kinase. Derivatives
A and B were obtained as described in Chapter 2. Derivative E was
prepared by treating derivative A with a large excess of iodoacetamide
a-x). Derivative P was then derived from derivative E by the
denaturaticn-renaturation procedure outlined in Chapter 2. Derivative
G was obtained either from derivative P or directly from derivative B

by reaction with a large excess of iodoacetamide
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Table 7.2 Rate of incorporation of [1-14cl Acetamide into soluble

and matrix-bound derivatives of creatine kinase

Matrix-Bound Time 0 Acetamide Residual Enzyme
Derivative Incorporated/ Subunit Activity
(min) (@) Q) {m
Derivative A 1 2.4 58 60
4.2p\) 2 3.1 74 43
3 3.8 28 28
15 4.4 105 2
Derivative B 1 1.4 69 55
2.3 110 44
3 2.8 135 28
15 4.4 210 2
Soluble Enzyme 1 2.0 45 58
2 2.7 61 41
3.6 80 25
15 4.3 95 2

The protein concentration of both the soluble and the matrix-bound
derivatives indicated above is the final concentration of protein
in the inactivation mixture and is presented as pM-subunits. The
incorporation of [I-1\Q acetamide is presented as a percentage

relative to the concentration of protein.
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accompanied by incorporation of two acetamide moieties per
subunit. From the studies of the rate of radioactive incor-
poration of IAM in the matrix—-bound subunit derivatives B and

F it appears that the two thiol groups per subunit are of
comparable reactivity, i.e. there is no rapid reaction of one
thiol group followed by a slower reaction of the second.

The rate of inactivation of the enzyme by IAM (Table 7.2) is
similar in the soluble enzyme, matrix-bound subunit and matrix-
bound enzyme forms, and therefore it seems likely that reaction
of only one thiol group (the same one as in the dimeric forms)
is required for the inactivation of the matrix-bound subunit
form. This would tend to suggest that reaction of the second
thiol group does not affect the enzyme activity and this
possibility is supported by the observation that the mono-
carbamoylated matrix-bound subunit (derivative F) is

enzymically inactive.

The work reported above clearly demonstrates the appearance
of the second thiol group per subunit in the monomeric derivative
of immobilised creatine kinase which presumably must be masked
in the dimeric form to attack by common thiol-blocking reagents
such as iodoacetamide and Nbs 2. It is tempting to suggest
that this second thiol group may be situated at the intersubunit
region of the enzyme and is masked by the physical presence of
the complementary subunit. Indeed the appearance of
additional accessible thiol groups upon subunit dissociation
has been observed in another enzyme by Lazurus et al. (1966)
who demonstrated that yeast hexokinase consisted of two
associated identical subunits joined by non-covalent forces

and that subunit association was responsible for the sequestration

°f thiol groups into hydrophobic regions.
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Re-association of thiol-blocked matrix-bound subunits

These studies were designed to investigate the possibility
that one or both of the accessible thiol groups on each subunit
might be involved in the process of subunit re-association.

The study considered the ability of various matrix-bound
subunit derivatives to re-associate with both native soluble
subunits and thiol-blocked soluble subunits. The results

are collected in Table 7.3 and in the case of the matrix-

bound subunit (derivative B) it was found that (as normal) the
derivative could re-associate with added subunits of the native
soluble enzyme to re-form the dimeric structure. However

the matrix-bound subunit (derivative B) was not able to
re-associate with added subunits of thiol-blocked soluble
enzyme (prepared as described in the Experimental section).

In the cases of the mono-carbamoylated matrix-bound subunit
(derivative F) and the di-carbamoylated matrix-bound subunit
(derivative G), re-association did not occur with either the
added native subunits or the added thiol-blocked subunits.
These results strongly suggest that both the thiol groups may be
involved either singly or together in the process of subunit
re-association or in the stability of the inter-subunit region.
If this conclusion is valid then it should be possible to
arrest the process of re-association in the soluble enzyme by
blocking the thiol groups during renaturation and this aspect

is examined in the following section.

Re-association of thiol-blocked soluble subunits

The renaturation of the soluble enzyme has been described
in Chapter 3 and it has been demonstrated that creatine kinase

renatures from a denatured state very rapidly to regain 80%



Table 73

Re-association of the various matrix-bound.

subunit derivatives with soluble subunits of native enzyme and

thiol-blocked enzyme

Matrix-Bound
Derivative

Derivative B
Derivative F

Derivative G

Protein Content

v&iml

200

205
200

Re-association
Native

Yig/ml

365
205
200

with Soluble Subunits
Thiol-Blocked

Jig/ml

200

205
200

The procedure and conditions of renaturation were exactly the same

as for the preparation of the matrix—bound re-associated enzyme

(derivative C).

The thiol-blocked subunits were prepared as

described in Chapter 7«



of the original activity in 15 minutes or so with full regain of
enzyme activity after a 3 h period of renaturation at 20°C
followed by an overnight period at 4°C. In view of the
results above, the time course of the disappearance of the thiol
groups reactive towards Nbs”™ during renaturation of the soluble
enzyme was investigated. The results are depicted in Fig. 7.1
and they demonstrate a rapid decline in the number of thiol
groups from 4 per subunit to 2 per subunit in the first 10 minutes
or so of renaturation, whereas the subsequent decline from 2 per
subunit to 1 per subunit takes place over a further 60 - 70

It is tempting to suggest that the initial process
of renaturation is a rapid refolding of subunits to give
correctly folded subunits (possessing two reactive thiol groups
per subunit, by analogy with the matrix-bound subunit), and
that this is followed by a slow re-association process to give

the dimeric form with one reactive thiol group per subunit

The time course of the regain of enzyme activity under
the same conditions shows that 75 - 80% of the final activity
is regained in the first 10 - 15 minutes, and it is noteworthy
that the matrix-bound subunit (derivative B) has a Vmax
approximately 80% of that of the matrix-bound enzyme (derivative
(Chapter 5). Earlier results described in Chapter 3 have
shown that the regain of enzyme activity over the first 10 -
15 minutes of renaturation is independent of protein concentration
in the range 50 - 200 ug/ml, 1i.e. that the regain of activity
occurs in a First order process with respect to protein.
These results would be consistent with the hypothesis that the
early phase of the renaturation process involves the conversion

of unfolded subunits to correctly folded active subunits.
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Fig 71 Renaturation of soluble creatine kinase (133 ug/ml)

in O.IM-sodium phosphate buffer at pH at 8.0 containing 1.0mM-EDTA

at 20°C. The enzyme was denatured with 6M-guanidinium hydrochloride

as described in Chapter 7 5 A> represents the number of thiol
groups/subunit ; =, represents the percentage regain of enzyme

activity.



If this conclusion is valid and it is assumed that the

results of the previous section on re-association of matrix-bound
subunits can be extrapolated to the soluble enzyme, then it
should be possible to arrest the process of re-association in

the soluble enzyme by adding a thiol-blocking reagent after

10 minutes of the renaturation process had elapsed

The molecular weight of the product obtained after adding
iodoacetamide (final concentration 0.3 mM) to a solution of
renaturing creatine kinase (2.5 yM) after 10 minutes of
renaturation was estimated using gel filtration (Chapter 2)
The results are shown in Fig. 7.2 and the molecular weight of
the product was estimated to be 55000 which is rather higher
than the subunit molecular weight of creatine kinase of
41000 (Watts, 1973). Although this result does not confirm
that the product is thiol-blocked single subunits, it is
sufficiently displaced from the dimeric molecular weight of
82000 to be of significance. Future work might refine the

procedure by improving the resolution of the gel filtration

method thiol-blocking reagent such



Fig 7.2 Estimation of the molecular weight (by gel filtration) of

the thiol-blocked product of renaturing soluble enzyme. The

product was obtained by adding an excess of iodoacetamide to the

soluble enzyme during renaturation as described in Chapter 7«
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DISCUSSION

Perhaps the single most important result to be derived
from these studies is that the matrix—bound subunit form of
creatine kinase is catalytically active. This point is of
some interest in view of the widespread occurrence of oligomeric
enzymes with identical subunits. Many such enzymes display
Michaelis-Menten Kkinetics indicating no apparent cooperativity
among the active sites. The advantage conferred by the
quaternary structure is not immediately obvious and this also
seems to be the case with creatine kinase. The activity of the
isolated subunits of creatine kinase is of interest in view of
the fact that the related enzyme arginine kinase occurs in a
monomeric form in a number of species, in particular lobster
(Morrison, 1973). Previous work has indicated that lobster
arginine kinase bears a notable similarity to the creatine
kinase in terms of molecular weight and amino acid sequence

around the reactive thiol group (Morrison, 1973).

The results obtained in this present study show that there
are considerable similarities between the soluble enzyme and

the matrix-bound enzyme in terms of:

(1) the parameters (Km and Vmax) of the enzyme catalysed
reaction

(2) the reactivity of the reactive thiol group towards IAM

(3 changes iIn the reactivity of the reactive thiol group
in the presence of combinations of substrates and
ligands

(4) the binding of the substrate ADP (in the presence of
Mg2*+ creatine + NO3).

The cumulative inference from this data is that neither the



conformation of the enzyme (at the active site and at the
reactive thiol group) nor the substrate—induced conformational
changes (monitored by changes in the reactivity of the thiol
group) are grossly altered upon immobilisation. Extrapolation
of results obtained with the matrix-bound enzyme derivatives
in comparison with soluble enzyme can thus be made with
reasonable confidence. Some small changes in the degree of
synergism of substrate binding, and in the extent of acetate
activation, however, do indicate that some small perturbations
in 3-dimensional structure do occur upon immobilisation. The
observed similarities between the matrix-bound enzyme and the
matrix-bound subunit forms of the enzyme demonstrate that the
dimeric structure is of little importance in almost all of

the properties discussed above.

A significant result was the appearance of the second thiol
group in the matrix-bound subunit derivative, particularly in
view of the results of der Terrossian and Kassab (1976) in which
the two reactive thiol groups per dimer as well as two other
thiol groups, normally non-accessible were substituted with
cyanide, the smallest uncharged thiol-blocking group. However,
it has not been demonstrated in this present work that the
second thiol group per subunit found in the matrix-bound
subunit and the extra accessible thiol-group per subunit
observed by der Terrossian and Kassab are one in the same.
Further work employing cyanide to substitute the thiol groups

of the matrix-bound derivatives will be necessary to resolve

this issue.
One of the chief limitations of the immobilised enzyme

approach is that few physicochemical studies of the immobilised
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monomers can be made. The particulate state of the bound
enzyme precludes any examination of its hydrodynamic properties.
Spectroscopic techniques are handicapped by the light-scattering
effects of the gel particles although spectroscopic methods of
assays are not affected significantly by light scattering,

owing to the low amounts of matrix-bound derivative required.
Clearly such difficulties would be overcome by the preparation
of a solution of isolated soluble subunits. Attempts to
produce single soluble subunits by blocking the reactive thiol
groups with iodoacetamide during the renaturation of the soluble
enzyme proved more difficult than was first anticipated. It

is highly probable that the rapid renaturation is faster than
the modification by the thiol-blocking agent (iodoacetamide)

and future experiments with Nbs2 as the thiol-blocking reagent
might be more worthwhile. Alternatively it might be profitable
to slow the renaturation process by conducting the experiments
at 4°C or in the presence of sucrose. In view of the fact

that re-association can be prevented by blocking the thiol
groups of the matrix-bound subunits (Chapter 7) it would be
particularly useful to reversibly immobilise the enzyme. It
would then be possible to prepare the thiol-blocked subunits

and subsequently release them from the matrix (see Scheme 8.1).
In a study on pig brain guanase Rossi et al. (1d77) used covalent
chromatography to study the réle of the thiol groups in this
enzyme. The enzyme was coupled to thiol-Sepharose 4B by a thiol
disulphide interchange reaction between the disulphide groups of
the Sepharose reagent and the thiol grouDS of the enzyme. The

coupling 1is reversible under reducing conditions and the enzyme

was eluted with a cysteine gradient.
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Reversible Immobilisation
Dénaturation/

Renaturation

Matrix-Bound. Enzyme Matrix-Bound Subunit

Scheme 8.1 Proposed scheme for the stabilization of

dissociated subunits by chemical modification at the intersubunit

region.



A noteworthy difference observed between the matrix-bound
monomer and dimer forms of creatine kinase is the greater
stability of the dimeric form over the subunit form, with
regard to resistance to inactivation by heat or a denaturant.

This result may be explained by the favourable subunit inter-
actions in the dimer which may tend to reduce any disruptive
influences on the individual subunits. The results are
comparable with the pattern observed by Anosike et al. (1975)

in their study on dimeric arginine kinase from Holothuria forskali
(sea cucumber) and monomeric arginine kinase from Homarus vulgaris
(lobster). In common with the arginine kinases the differences
in stability between the dimer and monomer forms of creatine
kinase are only observed under non-physiological conditions and
therefore the relevance of these results to the enzyme in the

physiological state is open to question.

The work presented in this Thesis vindicates the principle
of employing matrix-bound enzyme derivatives for fundamental
studies on the properties of enzymes. Not only do the methods
employed in this present work provide valuable information on
the subunit behaviour of the enzyme they also provide a basis
for the understanding of the in vivo properties of the enzyme.
It is now becoming apparent that one of the most important
factors affecting metabolic regulation in the cellular micro-
environment is the interaction between enzymes and cellular
structures (Masters, 1978). In a study on lactate dehydrogenase
(LDH) it was found that the isoenzymes exhibited different
adsorption properties (Ehman and Hultin, 1973). LDH-5 bound
readily to the particulate matter in skeletal muscle, whereas

LDH-1 binds little if at all under a variety of experimental
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conditions. Furthermore, the soluble enzyme was strongly
inhibited by high pyruvate concentrations, whereas the bound
form of the enzyme showed no inhibition. In this case the
authors favoured the view that particulate association preserves

the tetrameric integrity of the enzyme.

A large proportion of the aldolase, pyruvate kinase and
phosphofructokinase of nervous tissue have also been found to
be associated with particulate fractions (Masters, 1978).
Indeed fractional extraction of heart muscle has revealed that
about 30% of cellular creatine kinase activity is located in
mitochondria and about 20% is bound to myofibrils (Saks et al.,
1975) and the bound enzyme has been found to be electrophoretically
identical with the MM isoenzyme. Kinetic parameters for the
particulate enzyme have been determined, and Km values for
creatine and ATP of 15.5 and 0.95 mM respectively, reported
(Saks et al., 1975). These values are not unlike the corres-
ponding values obtained with the matrix-bound derivatives in this
present work. In view of the fact that a form of creatine kinase
exists in a bound state then it is possible that use of matrix-
bound derivatives may represent a useful approach to the study

of the in vivo properties of the enzyme.
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appendix |

Calculations Involved in the Preparation of Creatine Kinase

Calculation of the amount (2) of NHi,Cl required to give a

final concentration of 0.1 M

Volume of supernatant = Sjinl

Molecular weight of NHMI = 53.5

.. 5.35 g/1 = 0.1 M

and (S1/1000)x 5.35 = Z g to be added

Calculation of the volume (YY) of MgS04/Tris solution

required to give a Ffinal concentration of 30 mM

Volume of supernatant = S2ml
(52 + Y)(0.03) = Y.2
.". §$2.0.03 + Y.0.03 = Y.2

Y (S2.0.03)t1.97

Calculation of the volumes of ethanol required to give

final concentrations of 36% and 50%

Combined volume of magnesium acetate used in extraction = A
Combined volume of supernatants after extraction = B
% alcohol already present = B 60 - m

) ) (36-M) B N
Volume required to give 36% 64

) ; _ooam L4
Volume required to give 50% -



APPENDIX 11

Reagents and Solutions for SDS Acrylamide Gel Electrophoresis

Gel buffer: 7.8 g NaH2POMK.H20
38.6 g Na2HPCV7H20
2.0 g SDS

Water to 1.0 litre

Acrylamide solution (22%): 22.2 g acrylamide

0.6 g methylenebisacrylamide

Water to 100 ml

Temed solution used neat

Ammonium persulphate solution 15 mg/ml (prepared fresh)

Gel solutions (approx. 12 gels) are prepared by mixing
10.1 ml of acrylamide solution
3.4 ml of distilled water
15.0 ml of gel buffer

1.5 ml of ammonium persulphate solution

0.045 ml of Temed.

Reservoir buffer : 1 part gel buffer + 1 part water

Protein sample buffer: 1 part gel buffer + 1 part water +

0.01 ml mercaptoethanol per 10 ml

Stain solution: 1.25 g Coomassie Brilliant Blue
227 ml methanol
46 ml glacial acetic acid

227 ml distilled water



Destain solution

Tracking dye:

50
75

875

ml
ml

ml

mg
ml

ml

methanol
glacial acetic acid

distilled water

bromophenol blue
water

sample buffer
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Reagents and Solutions for Disc Acrylamide Gel Electrophoresis

A. 24.0 mlI 1.0 M-HC1
18.2 g Tris
0.23 ml Temed (nheat)

Water to 100 ml (pH 8.9)

B. 0.8 g bisacrylamide
30.0 g acrylamide

Water to 100 ml

C. 0.15 g amonium persulphate

Water to 100 ml (prepared fresh)

Gel solutions (approx. 12 gels) are prepared by mixing
7.5 ml of A
7.5 ml of B

15.0 ml of C

Reservoir buffer 50X concentrated : 30.0 g Tris
144.0 g glycine

Water to 1000 ml

Use 20 mi/litre final buffer (pH 8.3)

Stain solution : 1.25 g Coomassie Brilliant Blue
554 ml distilled water

46 ml glacial acetic acid

Destain solution: 554 ml distilled water

46 ml glacial acetic acid

Tracking dye: 5 mg bromophenol blue

10 ml water
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1 Introdction

Qreatire kinese (EC 2.7.322.) which catalysss tre
trasfar of a phosphoryl group between ATP and
asdtire arsists of two very sinilar, ifnot idnaal,
shunits of moll wt. 41 000, each possessing a highly
resctive thiol group [1]- The dinericenzyme B
regdily dissociated inderaturing media such as6 M
guenidinium hydrochloride (Gdn HC1) or 8M urea
[21- Inconsidering tre role of the sbunits of e
enzyme itisofvalle to determine whether or not
irdividlal sUbunits can show enzymattic adtavity.

There have been two principal aoproadhes 1o the study
of the activity of subLnits of ol igoreric ergymes. The
fast approach involves an aalysis of tre kiretics of
regpiin of activiity duriing re-essociiation of the dissociat-
edenzyme [3]- The secod goproach inolves prepara-
tion of matrix-bound subunits which are ureblle ©
re-sssaoiate upon removal of the deratturing agant.

This litar method wes used suasessfully by Chan to
study isolated subunits of aldblese [4] and transallcblase
5] and wes adopted here for the study of aeatire
kirese. In the presant comunication we autlirea
method far attaching radort muscle aeatire kinese 1o
Sepharose and present evidence to show thet irdividLal
sbunits of the matrix-bound enzyme are adtive.

2. Meterialsand methods

Oreatire kirnese wes isolated from ratbit deletal
muscle as described by Milner-\hite and Watts [6]-
Freshly prepared enzyme had a specific activity
(= inthe forvward direction ATP + aeatire «
ADP + phosphocreatine) of 55-60 units/g under the
aoditios described by Mdlaughlinetdl. [7] and

North-Holland Publishing Company - Amsterdam

130~ 140 units/hg under the condirtions desoribed
by Milner-\hite and Watts [6]- The enzyme prepara-
tias were judged to be more then 90% homogeneous
by sodium dodecyl sullprate polyecrylanide gel
electrgdoresis [8]-

Sepharose 4B (Prarmeciia) was activated acoording
1o the procedure of March etd. [9] but using 5mg
CNBr per ml of paded ¢ll. After ectivatian, the el
was washed suosessively with 0.1 M sodium bicarborate
at pH 9.0, distilled vater, and firelly the copling
buffer 10 mM sodium phosphate at pH 8.0 corttain-
ing 1mM EDTA). To 10ml of activated &l was
added 10 mg of enzyme in8 ml of coupling buffer,
and the mixture was stined at4°C for 18 h. Bxoess
soluble protein was then removed by weshing the ¢el
altermately with couplling buffer aontaining 1M NaCl
and coupling buffer aontaining no NaCll ,untal no
protein could be detected in the veshings. A volume
of 0.1 M sodiunm glycire atpH 8.0, equal 1o the volume
of packed el wes then added to the matrrix-bourd
derivative and the mixture was left to stad at 20°C
for 2 h tallov the conpllete blocking of remaining
activated groyps on the Seoharose. After washiing to
remove exess ghcire, the gl was suspended in coup-
ling buffer. Dissociation of the matrix-bound enzyme
by Gdn HC1 and subsequent re-associatian with added
subunits of soluble enzyme were performed esstaally
acoording o the proocedures described by Chan [4].-

The aoncerttration of oluble enzyme was determin-
ed erther spectrgphotoretrical ly at 280 nm wsing the
published valLe for the extinction acefficiat [6], or
by the method of Lowry etd. [10] usirg bovire
serum albumin as astadard. The two procedures
e idnticl reslits. Protein concentrations of matrie-
bound derivativesvwere determined using asligtly
modified version of the Lowry method used by Havekes

319
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etd. [11]. The mixture of matrix-bound enzyme and
allalire copper tartrate reegat wes stinad far 10 min
priar to addition of the Folin-Ciocalteau resgait.
After the addition and a further 30 min stimirg, the
mixture was filtered before the absorbence was
determined. With this procedure, proteiin determina—
tiaswere highly reproducible and the abosorbance was
lirear with protein cortent at kesst up t0 45 pgof
protein.

Creatire kinese activity wass assayed Lsing the
couplled assay system desaribed by McLaughlin et dl.
[7]- The actavity of matrix-bound derivativeswas
determined by addition of asralll aliquot (10 100 p)
of suitzblly dilluted suspension 1o the assay mixture,
which was maintained at 25°C and aontinuausly
stined usiing an goparatus described by Mort et dl. [12]
At suiteble (2 min) intenals tre anette aattaining
the mixture was placed ina spectrophotoneter
record the absorbence at 340 nm fora few secods.
Under these aodirtians the dbsenved activity was
proportianal 1o the amount of enzyme added 1o the
assay mixture (0.2 -0.8 pigenzyme) . The contribution
ofany remaining soluble enzyme to the dosened
activity was checked by fillratian of the mixture and
found 1o be lessthan 2% inall ases. Pipettirg of g2l
suspersiians was found to be most aocaurately and
conveniently caried out using avericble automatic
pipstte with the plestic tis aut 0 &5 O Inorease the
size of the goerture.

3. Results and disassian

As shown intzble 1 asatire kirese could be linked
1o Sepharose 4B wirth retentdan of goprax. 50% of the
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gecific activity of the soluble enzyme. This figue B
comparable with the resulits of other studiies on matrix
bound enzymes [4,5,13,14] and could possibly ase
erther from distortian of the enzyme or achange ntte
microenviroment of the catalytic site upon
imuobilisation. Further inestigation of the kiretic
and binding properties of the matrix-bound enzyme
may help to darify this point.

The preparation of matrix-bound subunits of
areatire kinese inolves treatment of the matrix-bound
enzyme with aderaturing agat, folloned by weshing
0 remove dissciated sunits. The ability of oluble
aeatire kinese to renature upon removal of dereturing
agat was checked under conditions similar 1o those
usd in the study of matrix-bound derivatives. A
sanple of enzyme which had been incubated ata
concerttration of 0.6 mg/mll N denaturing buffer
@©.1M TrisHCl atpH 7.5 aotaining 12.5 mM
dithiothreitol and 6 M Gdn HC1) for 30 min a£20°C
was diluted 10-fold into reraturing buffer @1 M Tris-
HCI atpH 7.5 cotaining 12.5mM dithiothreitol).

At known tines, aliguots were then removed forasssy
As shoan infig.l about 80-85% of the arigirel activity
of the enzyme before treatment with Gdu HC1 could
be recovered after 1 h. These reaultswere conparable
with those previasly dotained [2] under sligtly
differat coditias.

Bxtersive washiing of matrix-bound enzyme
(Crvative A) with the above deraturing buffer yieldsd
adernative which had very rearly half the protein
cotent of cermatinve A (Bble 0). A aontrol experimeni
showed thet treatment with the same buffer without
Gdn HC1 had no effect on the protein cortent or
activity of cerivative A. These realts show that te
enzyme sbound o the matrix almost eclusively

Table 1
Activity and protein content of matrix-bound creatine kinase derivatives

Matrix-bound Protein content Activity Specific activity
Derivative Mg/ml % U/ml % U/mg %
Derivative A 400 100 11.2 100 28 100
Derivative B 210 52.5 48 25.7 92
Derivative C 380 95 10.4 93 27.4 98

Derivative A was prepared by coupling creatine kinase to Sepharosc 4B. Derivative B was prepared by
washing Derivative A with denaturing buffer (containing guanidinium hydrochloride). Derivative C was
prepared by adding dissociated soluble enzyme to Derivative B. The accuracy of protein content and
activity determinations was + 5%. Soluble creatine kinase had a specific activity of 55 60 U/mg.
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Fig.1. Reactivation of soluble creatine kinase from 6 M
guanidine-HCI, in 0.1 MTris-HCI at pH 7.5 containing

12.5 mM dithiothreitol. At zero time the denatured enzyme
solution was diluted 10-fold into the above buffer without
guanidine-HCI and assayed at the stated times (0). A parallel
control experiment in which the enzyme was incubated in
0.1 MTris-HCI at pH 7.5 containing 12.5 mM dithiothreitol
showed no loss of activity (¢).

Viaone ratter than viaboth sthunits (since inthe
kitar == there would be no protein kess from
cerivative A after treatment with Gdn HCL) . Follow
iy the washiing of cervative A wirth deraturiing buffer,
the el wass suspended in the reraturing buffer, stinad
for 1h a20°C, washed with couplling buffer and
firally suspended incoupling buffer. The resultirg
product (cerivative B) was found to have a gecific
activity 0f 92% compared with cerinative A (Teble).-
These data would suggest that matrix-bound subunits of
the enzyme are active.

Strager evidence for the presance of matrix-bound
ghunits inderivative B was provided by itsability
o re-essciate wirth added ‘sUbunits” of soluble
asatire kinese (see scheme in fig2). In this procedure
srall aliq.ots of a solutian 2 my/ml) of soluble
enzyme (Whiich had been inaubated in the deraturing
huffer far 1h at 20°C) vere added to avell stined
suspersion of cerivative B in reraturiing buffer (1:4).
An easss (1 mg) of the dissociated solublle enzyme
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a
Derivative A Derivative B Derivative C

C 3 folded subunit
*D unfolded subunit

Fig.2. Scheme demonstrating the relationship between the
derivatives of matrix-bound creatine kinase. Derivative A
represents matrix-bound enzyme. Successive treatment of
Derivative A with denaturing and renaturing buffer yielded
Derivative B. Derivative C was derived from Derivative B
by re-association with ‘added’ subunits of soluble enzyme.

wes added in thisway over a periad of 90 min. After
the addirtion, the mixture was stinad fora furtrer 2 h
a room tenperature to allov reraturation to ooour.
The product was then washed and re-suspended in
aoupling buffer, o yield derivative C (ble ). The
resiits of the experiment show that the protein content
and activiity are restored to very nearly the arigirel
values of derivative A. Gotrol experiments showed
trat reitrer derivative A nor weshed non-ectivated
Sepharose 4B coulld retain added subunits under the
sane ardidas.

Taken togetter, the results shown inteble 1
idicate trat matrix-bound subunits of asatire
kinese can be prepared and that these sUbunits possess
agoecific ectivity \ery sinilar 1o thet of maitrix-bound
enzyme. The doservation of active SLbunits of areatire
kinese BOf particular interest sine the related enzyme
arginire kinese ooours namonomeric form ina
number of acies, particularly Idster [15]. Previous
work hes irdicated that: Idoster arginire kirese bears
arnotzble similarity to the aeatire kirese subunit n
tems of molecular weight and amiino acid sequence
around tre rapidly reectirg thiol group [15]. We plan
o compare the prgperties of matrix-bound areatire
kirese in the dimeric formand inthe subunit form ©
asess the importance of the dimeric stiucture of the

lble enzyme.
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The Influence of Acetate on Matrix-Hound Creatine Kinase
CORDON R BICKER.STAFFand NICHOLAS c. PRICE

Department o f Biochemistry, Unirersity o f Stirling,
Stirling M S) ALA, Scotland, U.K.

In aasidernig the fuction of subunifts INprotelns, a conparison of the properties of
theactive slbunits wirth those of the olligoneriic proteiin should leed to a greater under-
standing of subunit interactia s inproteins. This presant comunication desribes the

ion of active shunits of matrix-bound aeatire kirese and disasses the
influence of the activator acetate on the activity of these sLhunits.

Creatire kinese (EC 2.7.32) wes iolated firom radbit deletal muscle as described by
Milner-\hille & Watts (1971) and covallerttly bound 1o Sepharose 411, The
was activated by the procedure of March ctal. (1974), but by using5 nigofONTir/ml of

¢l. After activatian tre (Bl was washed suoessinvely with 0. IM-NaHCO3,
pH 90, water and firdlly the coypling buffer (10mvi-sodium phosphate, pH 8.0, con-
taining 1tmt-1.0TA). To kil of activated gel was added 10mg ofenzyme inSml of
ocoupling huffer, and tremixture stained for IShaitt 4 C. Baessofsoluble proteinwas then
removed by washing the gal altermately with couplling buffer containing IMHNeC™ 1 and
ocoupling buffer aontaiining no NeCll. untill no proteiin coulld be detected intheveshings.
The el was then treated with glycine/NaOU solution to blodk remaining activated

groups on the Sepharosc. Afterwashiing to remove ecess ofghyaire, the gel was suspen-
ded inocoypling hffar.

Bxtensive washing of matrix-bound enzyme (carvative A) with denaturing buffer
QIAM-Tris/HCl, pH 75, aontaining 12.5Mditb. iothreitol and 6M-guenidiniuni chlor—
i) folloned by resuspansion and stinrrg, for 3h, in reraturning buffer QLu-Tris™MCI,
pH 75, cottaining 12.5mM-drthiothreitol) yieldsd cerivative 8. which hes been shown
(Blderstatf& Priee, 19/6) to be a darivative aosistirg of matrix-bound snits. In

ionof trematrix-bound renatured enzyme (cermativeC). srall sarplesofa
salutlm ng/ml) of soluble enzyme (which have been inaubated In deraturing buffer
for 1h at 20 C) were added 1o a vell-stined suspersion of derivative B in reraturiing
huffer. After the addition of Img ecess, the mixture was stinedat 20C fora futher
2h 1o allov reraturation to ooour. The product was then washed and resuspended n
copling buffer o yield cerivative C.

Protein conoatratias of matrix-bound derivatives were determined by using a
slightdy modified version of the Lowry method used by Havekeset at. (1974), which B
desaribed inBiderstalT & Price (19/6). Oreatine kinese activity was assayed by using
acoupled assay system as descriibed by McLaughlinet al. (1972). The activity of matrix-
bound derivatives was determined by addition of a srall sanple of suitzbly dilute
sugpersion 1o the assay mixture, which was maintained at 30 C and continuously
stined by using an goparatus described bv Mort et al. (1973). At suitsble intenals the
arettewas placd ina spectrophotometer 1 record £x<, fora few seoods. The essay
mixture cottained ghaire buffer, pH 9.0 (I00i), aeatire (40rst) phosphoenol-
prwatc Ama), ATP @xa), NADH (1334 ), MgSO» (EniM) and 24 wnits each of
pyruwvate kinese and lectate dehydirogenaese ina firal volume of 3ml. When aorsiidering
the effact of acetate the Mg SO» w as anirtted and repllaced by magnesium acetate (5ixt)
and also sodium acetate (1000 *t).

Tabic 1shows tre reiltsdotained inthe presence and aosence of acetate in theassay
systam. ltshons tret the soecificactiviity of the matrix-bound subunit (ernative ) liss

not inoreesed gaoreciebly, whereas both the matrrix-bound enzyme (erivative A) ad
ﬁerralrlx—bomd reratured enzyme (Cerivative ) have inoreesed arsicerebly. Trese
reailts may indicate tret acetate earts ilsactivating effedt via a suunit. interection,
sine ifthe astate activated each suunit equally then one mightt equect that the per—
oantage Inoresse ingecificactivity for tliematrix-bound subunitwoulld be one-halifFtret
for trematrix-bound diner, ic 50%. Also itthe acetatevwere selectiveand only active-
g one shunit, then assuming an even distrituian d preterred and nonHreferred
metrix-bound subunirts one woulld stilll eqoect a 25°d inoreese ingeecificactivity. There-
foreacetate seens ot o province a direct. influae on tre catalyticsiteof each sunit,
hut 1o participate ina conformational change i the dineric stiucture, which faalitatess
inoreesed adtimity. The absence of a dimeric sticture in the matrix-bound suunit



Tabic L Protein content and specific activities of matrix-bound derivatives assayed in
the absence amiin the presence ofacetate

The matrix-bound derivatives were prepared as describad in tte ted. The secific
activity of the solble enzyme assayed In the presence of acstatewas 136 units/rg and
inthe absence ofacetatewas 115unils/hg. All assayswere perllormed at 30 C.

Scifieactivity (Units/hg) i
Proteincontent j——————- ———————— . Inessen
Mattrix-bound Acstate Aostate secificactivity
cerivatives O"g/m) ) aost present >
Derivative A 400 100 50 B %
Derivative Il 20 « 4.5 0 53
Derivative C 372 B3 418 & 67

cernativewould <esalt in no activatian. These realtswould therefore seem o irdicate
tre inportance of tredinericstnucture in theactivationof the enzyme by acetate.

G. F. ft adaoMeddes (esyport of treSciene Ressarch Gurcill.

Bickcrstaff, G. R & Price, N. C. (1975) FEUS Lett. 64. 319-322

Havekes, |., liucknian, 1* & Visscr, J. (1974) Biochim. Diophys. Acta 334, 272-286
March, S. C., Farikh, I.  Cuatrccasas, P. (197 !) Anal. Itiochem. it), 149-152
McLaughlin, A. C., Cohn, M. A Kenyon, G. L. (1972)./. Jiiol. Chan. 247,4352-438S
Milner-White, 13 J. & Watts, D. C. (1971) Wochem. J. 122, 727-740
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.Reversible Dénaturation of Rabbi! Muscle Creatine Kinase
GORDON F. BICKERSTAFF and NICHOLAS C. PRICE
Department o fBiochemistry, University o f Stirling, Stirling FK9 ALA, Scotland, U.K.

ltwas previassly demonstrated Gidarstaffse Price, 19/6) that matrrix-bound subunits
of rabit nuscle asatire kirese can resssociate with added subunits of soluble enzyme
o re-forma matrix-bound diner. Although iwas demonstrated tret rereturationoftre
lble enzyme was possible, it seemed desireble to use more sasitive tEts to show
whether the product of reaturation 6 idantical with the retive enzyme or Ba new
goscies derived from inoonrectlly follded or resssociatod shunits.

Cregtire kinese was isolated from rabit deletal muscle as desaribad by Millner-
White & Watts (197]) ar.d the enzyme preparatians were judged to be at besst 95%

homogeneous by sodium dodecyl sulprate/jolyecrylamice-gel electrgdoresis (Weber
& Osbom, 199). Enzyme activity was assayed in the fornard direction (phospho-
aeatinc syntresis) by using a coyplled-assay system inolving pyrwvate kinese and
lectate dehydrogenase as coypling enzymes BidastaffA Price, 196). All assaysvere
performed at 30°C in O.iMgiycine/NeOll at p!19.0. Deraturation was achieved by
incbating the rativeenzyme (el conon. Smgmi 1) with deneturing butler ansistarg of
01M-Tris/HCl, 125n\i-diihiothrcitol and Gv-guenidiniiim chllorideat pi 175 for 2h at
25°C. Renaturationwasaccomplished by diluirgasanple of thedenaturedenzyme 1:30
into renal tirirg buffer aontaining 01 st=ris 1101 and 12 5Hdithiothreitol, pi 17.5. To
determine the reraeturation pofile, reaturationwas initiated, then suooessive portias
were removed at set tines for assay of enzyme activilty at. tret tine. Sanplles removed
firom the renaturiingmed i um forassay wore fstdilluted 1:20 intoan intemediate buffer
axsistirgof 10m.M-sodmm phosphate, pHS.0, aottaining LOmst-EDTA, fromwhicha
Subseguent portion was removed for assaying enzyme activity. Control exerinents
receivad the same treatment and dillutias, butwith theexogption thet the guanidinium
dloridewas anitted.

Kineticparareters far ATP and aeatirewere dotained by using the assay procedure
described above. The studies were made by monitoring the dfedts on the it
\elacity of the enzyme reection of varying intum the conoentrattion of one substrate n
the presance of sverall foed concentratiians of the other sUstrate. The concentration of
ATP was varied fron0.5 to4mM, and the concetration of areatirewas varied from 5to
40mM. When the ATP aconcerttration was \eried, the magnesium acetate conoantration
was also varied to maintain the free Mg 2* concentration at 1.Onvt (\atts. 1973). The
kireticarstantswere determined from secondary replatsof trevartial interopisand
the slgoes of the primary double—reciprocal plots ss indicated in the grgahiical methods
of Harini & \estling (0%7).

C.d. (@iraular dichroisn) studies in the 210-260ran soectral range were dotaiined by
using a Cary model 60 spectrgpolarineter with a model 6008c.d. attadment. The i
compartment was maintained at 271C and the instrurent was callibrated with n-10-
camphorsulphoniic acid. The ditwidthwas programmed toyieldaonstantenergyover tte

Fg. 1 Renaturation profile o frabbit muscle creatine lanosc

The concertration of enzyme was 0.167mg/ml i O.IM-Tris/1ICI kuffet cotaining
12.5mM-uilhiotho.itol at pi 17.5. The lent« a-thuu of reraturation was 25°G Tor tte
fast 3h, folloned by 19b at 4 C. Sanples were removed at the times indicated and

assayed for enzyme activity as desaribed in tre &t
1977



Tablle 1_( liaraclcrization o frabbit muscle creatine Unas' in its native andfully renuturrd
state

The Kletic,inraretersmeredetennired a3 C and atpH 9.0. Al ather conditions arc
as decribed Inthe B

Ka (ihm) alidix
i Fosre antent  Homogeneity
Sale ATP  Creatire  Omiol/mmpermg) (D) )
Native 040 10 150 3 >95
I"aatua 04 9.8 150 0 >95

range usd, which was0-0.4°when usinga 1.0m-path-lagth el and a scan speed of
Smv/min. The c.d. spectra for both retiveand fully reretured enzyme were determiined
n@Amntumi jm burfvi-n(aproteinconcentnillion forboth of 0.167mg/ml - The overall
shape of the c.d. spectra of both native and fully rerallurad enzyme wass simillar over tte
whole range studied and the features of the c.d. goectrasugpested that both had i

able «telical antat. From the respective c.d. soectra the mean reside diipticily at
224 5nm was calaulated for Doth the native and the fullly renatured enzyme

By using the I0J-\.s refarae value for «elix of Citenet al. (1974) ﬂeoonapmjlng
«telix cotent was claulated for the rative and fully reratured erzyme.

A testwas made on the homogeneity of tte retive and the fully reratured enzyme by
performing poleacrylanide-gel electrgtoresis at pIT7.5, essmtally as described by
Davis (1964). and by thin-layar el filtration with Sephadex G-200 in |OntM-sodium

huffer, pH 8.0, containing J.OniM-EDTA.

The reraturation profile Bshown in Ag- 1, and the regpin of enzymic activity B
taken as an indication of the extant of reaturatian. The graph shows a rapid regaiin of
enzyme activity 10 95% after 2h, folloned by a sloner regain of the remaining (B%)
enzyme adtiviityover a periad of 19h at4°C. The fully reratured enzyme was dotained
as a rautire after a 3h periad of reraturatiion at 25°C. folloned by an overmiight pericd
of reraturation at 47C. This result dearly demonstrates that deratured enzyme can
beaopletely reratured regdilly insolution. Toestabliswhcthfrornot j
fully reratured enzyme saltered in atyway from that of the retive enzyme, several
prooerties were exanined. The resuits of these studiies are summarized ir Table L
The kiretic parareters dotained for the fully reratured enzyme are esssaal ly the same
as those dotained for the retive enzyme. In addiition tre results dotained here tor tte
rative enzyme agree vell with those dotained by Milrer-White & Watts (1971). The
reaults of the c.d. studies also demonstrate trat the fully renatured enzyme hes, wirthin
experimetal enar, the sane «telix content as the retive enzyme, wnich i alo i
agreement with the values reported by Watts (1973) Polyecrylamice-gel-elacirgdoreiic
and thindlaer-gel-dtration studies showed that both the rative and fullly reratured
enzyme migrated similar distanoss as a sirgle gecies. In prtiaular, no higHmolocuiar-
weight aggregated naterial was presat in tte fully reatured erzyme.

Taken together, thee reaulits sugest that deraturation saopletely reersible and
that the product of reraturatian, the fullly reratured enzyme, Iisessmitiallly identical with
trerativeenzyme intermsofectivcsitestruciure, nolecularveigitand oerall contorma-
. ltcan therefore beargued trat studiesw ithmetrix-bound areatire kirese involvirg
denaturation and resturatiaor. of matrix-bound subunits and ressseeiation ot matrix-
bound subLnits with added subunirts of soliublle enzyme should be firee troni conpllica-
tas arising from inconrect refollding and «jessociation ot treenzyme insolutian.

We gaeﬂlyadqn/vlecgeﬁeassustamoﬂj’ G. C. Wood of Stredichyct Lhiversity n
trecd eqerimatts, and tre firarcial sygoort of the Scieoe Research Gurail.

Bidasiefl, G. F. & Aie. N. C. 119/) Ff.BS Lett. &4, 319-32
Chen, Y. If., Yang, J. T. & Chau, K. H. (1974) Biochemistry 13, 3350-3359
Davis, BCJ. (1964) Ann. N. Y. Acad. Sci. 121, 40-4-427
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REVIEW

CREATINE KINASE: A REVIEW OF SOME RECENT
WORK ON THE MECHANISM AND SUBUNIT
BEHAVIOUR OF THE ENZYME

G. F. Bickfrstaff and N. C. Price
Department of Biochemistry. University of Stirling. Stirling FK9 4LA. Scotland. UK.

(Received 25 May 1977)

INTRODUCTION

The aim of this article is to describe some recent work
on the enzyme creatine kinase (EC2.7.3.2) which has
led to a greater understanding of the mechanism of
action and subunit behaviour of the enzyme. Work
on all aspects of the enzyme up to 1972 has been
reviewed (Watts, 1973) and the reader is referred to
that review for further background information. The
primary function of the enzyme, which catalyses the
reaction shown below, seems to be associated with
regeneration of ATP in conjunction with contractile
or transport systems (Watts. 1973).

attention has been focussed on the sequence of a pep-
tide containing a reactive thiol group, and there
appears to be considerable sequence homology
between this peptide and the corresponding peptide
from other isoenzyme forms of creatine kinase (Watts,
1973) and from arginine kinase isolated from lobster
(Morrison, 1973).

Some preliminary X-ray diffraction measurements
on the enzyme have been made (McPherson, 1973).
Of the three crystal forms studied, two appeared to
possess an asymmetric unit consisting of two mol-
ecules (i.e. 160.01X) daltons). whereas in the third

CH3 [¢] ch3
MgATP2' + NH2—-C—N—CH2—C 02 ®MgADP' + H+ + O- -NH N—CH,—CO,
*nh?2 NH,
Creatinel Phosphocreatine’’

There has recently been considerable interest in
clinical assays of creatine kinase activity (Szasz et a/..
1976), as it has been proposed as a measure of myo-
cardial infarct size (Sobel. 1976; Sobel et al.. 1977)
and as an indication of muscular dystrophy and other
disorders (Sherwin et al.. 1969; Roy, 1974). Other
recent articles have dealt with various physiological
aspects of the enzyme, such as its role in muscle (Ber-
son, 1976; Seraydarian & Abbott. 1976; Mani & Kay,
1976) and adipose tissue (Berlet et al.. 1976). and
changes in isoenzyme patterns during development
(Morris et al.. 1976). The work reviewed in this article
will however refer to the enzyme isolated from rabbit
skeletal muscle, as it is this form which has been the
most intensively studied.

STRUCTURAL FEATURES OF THE ENZYME

Creatine kinase consists of two very similar, if not
identical, subunits of mol. wt 41,000 daltons (Watts,
1973). Dissociation of the dimer can be brought about
by agents such as urea, guanidinium chloride and
sodium dodecylsulphate (Yue et al.. 1967). Only very
limited sequence information is available, accounting
for less than 15", of the total amino acid content
of the molecule (Watts, 1973; Roy, 1974). Particular

»( yl

(orthorhombic) form, the asymmetric unit consisted
of a single protein subunit. From the unit cell dimen-
sions. it was calculated that the thickness of a creatine
kinase subunit was of the order of 5 nm, and consider-
ations of the space group s' ggested that the enzyme
molecule possesses a two-fold axis relating two identi-
cal subunits. To date, no further X-ray diffraction
results have been reported.

MECHANISM OF ACTION
Arrangement of substrates at the catalytic site

The reaction catalysed is a transfer of a phosphoryl
group from MQATP: to creatine. There is no evi-
dence for any phosphorylated enzyme intermediate.
Detailed kinetic studies of the reaction, including the
use of product inhibition have shown that the mech-
anism is of the rapid-equilibrium, random order type
with synergism in substrate binding, i.e. the binding
of metal-nucleotide to the enzyme facilitates the sub-
sequent binding of creatine and vice versa (Morrison
& James. 1965).

An important finding was that certain small,
planar, anions (notably nitrate and formate) led to
a remarkable decrease in the reactivity of a thiol
group when added to a mixture of the enzyme with
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2+
Mg
L P )
d 0 ch3
Ad-o-|3<o-3o- nh2-c- n- ch2- co?
0 N2

Fig. 1L The "transition state analogue” complex for the
reaction catalysed by creatine kinase (adapted from Mil-
ner-White & Watts, 1971). Various other anions can re-
place nitrate in this complex, in which the thiol groups
have only a very low reactivity towards iodoacetamide.
It is postulated that in the transition state of the enzyme
catalysed reaction, the planar metaphosphate ion (POy)
would replace nitrate.

MgADP  and creatine. (Milner-White & Watts,
1971). On the basis of this work and other kinetic
and magnetic resonance studies (Reed & Cohn, 1972;
James & Cohn. 1974; McLaughlin el at., 1976), it has
been proposed that the anions can occupy the site
normally occupied by the y-phosphoryl group of
MgATP2 . so that a complex is formed which resem-
bles the "transition state” for the enzyme catalysed
transphosphorylation reaction (Fig. 1).

In a recent paper, Milner-White & Kelly have used
the reactivity of this thiol group on each subunit
towards iodoacetamide as a measure of the conforma-
tional state of the "working™ enzyme, i.e. while it is
catalysing the reaction between MgATP2- and crea-
tine (Milner-White & Kelly, 1976). From their results,
it appears that about 80% of the enzyme molecules
are complexed in the MgADP IT), creatine form
(in which the thiol groups are assumed to be virtually
unreactive by analogy with their behaviour in the
"transition state analogue” complex), with the
remainder present as a Michaelis complex (in which
the thiol groups are fully reactive). This finding lends
support to the idea that the "transition state ana-
logue™ complex is relevant to an important state in
the enzyme catalysed reaction.

Structural studies of the arrangement of substrates
at the active site of the enzyme have relied heavily
on magnetic resonance methods, as X-ray diffraction
work is still at a preliminary stage. For the magnetic
resonance mapping experiments it is necessary to

0 CH3
0— P-NH-C-N-CH2-C02
"NH2

Phosphocreatine2-

HPO2- +

introduce paramagnetic centres into the enzyme mol-
ecule and this can be done either by using Mn;*
as the divalent metal ion [the is approx 80%,
of that of the M g2+ activated reaction in the direction
of phosphocreatine synthesis (Watts, 1973)] or by
attaching a stable, paramagnetic, “spin label” moiety
to the reactive thiol group on each subunit
(McLaughlin et al,, 1976). The conclusion from the
magnetic resonance work is that the nucleotide and
guanidino substrates are so aligned on the enzyme
that the transferable phosphoryl group on one sub-
strate is in apposition to the acceptor moiety on the
second substrate. The divalent metal ion is probably
liganded to the a- and /J-phosphates of the nucleotide
substrate and not directly liganded to the guanidino
substrate. In addition, the metal ion formate dis-
tance (0.5nm) in the enzyme MnADP -formate
creatine "transition state analogue™ complex is fully
consistent with the suggestion that the monovalent
ion binds at the site normally occupied by the trans-
ferable phosphoryl group.

The actual mechanism of phosphoryl transfer in the
catalytically active complex is still unresolved.
Transfer could proceed via an “S,,2-type" mechanism
in which the guanidino nitrogen would attack the
phosphorus of the y-phosphoryl group of ATP. simul-
taneously weakening the P O bond. This would in-
volve the y phosphorus assuming a pentacoordinate
trigonal bipyramid geometry in the transition state
of the reaction; a mechanism which bears some ana-
logies to the proposed mechanism of action of
ribonuclease (Milner-White & Watts, 1971). The alter-
native "S,I-type” mechanism of transfer would in-
volve the participation of the planar, highly reactive
metaphosphate ion (PO,). The effect of nitrate and
other planar anions in forming a "transition state
analogue™ complex would be consistent with either
type of transfer mechanism. From detailed studies of
the mechanism of hydrolysis of phosphocreatine, it
has been concluded that the reaction does involve
production of metaphosphate which then reacts with
water to produce phosphate (Allen & Haake. 1973.
1976). This is depicted in Scheme 1, which also shows
the proposed alternative fate of metaphosphate in the
presence of MgADP- and creatine kinase (i.e. to yield
MgATP2-).

0 ch3
o—t_fH2c-N-cHco,

*NH;
CH,
POj- + nh2* ¢c-A -ch2 co2
+nh?2
ng&@ Creatine *

MgATP2

Scheme 1 Proposed mechanism for hydrolysis of phosphoereatine (a) a 1 its relevance to the enzyme

catalysed transphosphorylation reaction (b) (Allen &

«aake. 1976)
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Creatine kinase

This mechanism has several important implications
for the enzyme catalysed transphosphorylation reac-
tion. among which we might mention the following:
(i) the phosphocreatinc must be protonated before it
can break down to yield PO ,. Presumably an amino
acid side chain which can function as an acid catalyst
must be close to the phosphocreatine site on the
enzyme, (ii) The metaphosphate produced must be in
very close association with the MgADP on the
enzyme so that reaction occurs to form only
MgATP2 and not phosphate (by attack of water on
metaphosphate). The active site of the enzyme must
be such as to exclude water, since no enzyme cata-
lysed breakdown of phosphocreatine occurs in the
absence of MgADP . It is worth noting in this con-
nection that a number of studies using fluorescent
probes which are thought to bind at the nucleotide
site on the enzyme indicate that the active site pro-
vides a relatively hydrophobic environment (Roustan
el ah, 1973: Somerville & Quiocho, 1977). (iii) Since
water is to be excluded from the active site, it is pro-
posed that there must be specific binding sites for
the phosphate dianion of phosphocreatine (possibly
H-bonded to a lysine or arginine group), for the
guanidinium cation (possibly H-bonded to a carboxy-
late group) and for the carboxylate anion (possibly
H-bonded to an arginine group). As yet none of these
binding sites has been identified with certainty.

A good deal of effort has been expended in
attempts to identify particular groups on the enzyme
which are involved in the catalytic process. Most of
this work has involved the technique of chemical
modification of amino acid side chains and will be
dealt with below.

Role of various groups on the enzyme

(@) Thiol groups. It has long been known that crea-
tine kinase possesses one reactive thiol group per
subunit, the modification of which by a variety of
reagents (iodoacetamide, iodoacetate, I-fluoro-2,4-
dinitrobenzene etc.) leads to complete, or very nearly
complete, inactivation of the enzyme (Watts, 1973).
The importance of this thiol group in the mechanism
of action of the enzyme has been the subject of con-
siderable debate: one suggestion was that the thiol
group withdrew a proton from the creatine guanidino
group, facilitating nucleophilic attack by the nitrogen
on the -/-phosphoryl group of MgATP2 (Watts,
1973).

Two groups of workers have recently shown that
this thiol group cannot be directly involved in the
catalytic mechanism, and is therefore to be regarded
as a "“non-essential” group. Enzyme derivatives, in
which only small perturbations are made to the thiol
group, retain a significant amount of activity. Kenyon
and coworkers have described the conversion of —SH
to —S—S—CH, (Scheme 2) to yield a derivative
which retains 20", of the activity of unmodified
enzyme (Smith & Kenyon. 1974: Smith el ah, 1975).

Enz—SH + CH,—S—SO,—CH3->
Enz—S—S—CH, + CHjSCK + H".
(20", Activity)
Scheme 2. Modification of the reactive thiol group of crea-

tine kinase by reaction with methanethiolsulphonatc to
yield an active derivative.

More recently, it has been reported that the
S-cyano derivative of creatine kinase retains about
70% of the activity of unmodified enzyme (dei Terros-
sian & Kassab. 1976). The preparation of this deriva-
tive was achieved via a mixed disulphide as illustrated
in Scheme 3.

Enz—SHt Ar —S—S—Ar ** Enz— S-S —Ar * Ar—ST t H*

(0]
Enz—S-CN *Ar-S"
(70% Activity)
Scheme 3. Preparation of the S-cyano derivative of creatine
kinase.

Although these elegant studies clearly indicate that
the thiol group can no longer be regarded as essential
for the catalytic activity of the enzyme, its exact role
remains something of an enigma. Binding studies
have shown that the inactive derivative in which the
thiol group has been reacted with iodoacetamide is
capable of binding metal nucleotide substrate
although no evidence could be found for the forma-
tion of i. ternary complex on addition of creatine
(O'Sullivan & Cohn. 1968) or for the formation of
a "transition state analogue™ complex on addition of
creatine and nitrate (McLaughlin, 1974) to the
enzyme-metal nucleotide complex. The integrity of
the thiol group may be viewed as impoitant in the
conformational transitions which the enzyme un-
doubtedly undergoes on formation of the catalytically
active complexes (Maggio el ah. 1977). Some recent
detailed investigations of the kinetic and binding
properties of the CH,—S-blocked enzyme derivative
have shown how subtle some of the perturbations
caused by chemical modification of amino acid side
chains can be (Markham el ah. 1977: Maggio et ah,
1977). It appears for instance, that the derivative
shows negative cooperativity in binding of metal nuc-
leotide in contrast to the native enzyme which shows
no such interactions, and that there is a loss of syner-
gism in substrate binding.

These studies on the thiol group of creatine kinase
serve to emphasise that considerable caution needs
to be exercised when interpreting the results of chemi-
cal modification studies, since dilferent effects can be
observed depending on properties such as the size,
charge, H-bonding ability etc., of the perturbing
group introduced into the enzyme.

(b) Lysine groups. Previous work had indicated that
a lysine group was present at or near the active site
of the enzyme, on the basis of modification by reac-
tion with dansyl chloride or p-nitrophenyl acetate
(Walts, 1973). The role of this lysine group has been
put on a firmer basis by some recent detailed mag-
netic resonance investigations (James & Cohn. 1974).
From the results of NMR double-resonance studies,
it was concluded that the e-CH, group of the lysine
is in close proximity to the proton of the formate
anion in the "transition state analogue™ complex
(enzyme MgADP -formate creatine) and hence by
implication to the transferred phosphoryl group in
the catalytically active complex.

(c) Arginine groups. Work with the arginine-specific
reagents butanedione and phenylglyoxal has shown



that one arginine group per enzyme subunit can be
modified with complete loss of activity (Borders &
Riordan. 1975). The modified enzyme is incapable of
binding nucleotides and inclusion of MgATP; or
MgADP afforded protection against inactivation.
On the basis of these results it was proposed that
an arginine group is involved in the binding of nu-
cleotides. presumably by an electrostatic interaction
with the negatively charged oligophosphate moiety.
This conclusion is supported by studies of the ADP
binding site using NMR double-resonance techniques
(James. 1976) which also indicate that an arginine
group is in close proximity to the nucleotide substrate
on the enzyme. It is reasonable to suppose that the
arginine (and or lysine) groups referred to may fulfil
certain of the binding roles suggested by the model
studies on phosphocreatine breakdown mentioned
earlier.

Id) Other groups. Chemical modification work has
been performed on histidine (Pradel & Kassab. 1968)
and tyrosine (Fattoum el al.. 1975) groups of the
enzyme. Under appropriate conditions, modification
leads to inactivation of the enzyme, but these experi-
ments have not been interpreted in as much detail
as those described earlier. It is possible that a histi-
dine group could act as the acid (proton donating)
group towards phosphocreatine postulated from the
model studies of Allen & Haake (1976).

SUBUNIT BFHAVIOI R

Until recently, there has been little evidence for any
subunit interactions in rabbit muscle creatine kinase,
although some unusual features of the reaction of the
enzyme from other sources with thiol-modifying re-
agents had been interpreted in terms of subunit inter-
actions (Watts. 1973). However, using a fluorescent
probe technique. McLaughlin (19741 reported that the
binding of ADP to the rabbit muscle enzyme in the
presence of creatine and nitrate (with or without
MgJ*) displayed features similar to negative coopera-
tivity.

From the results of fluorescence energy transfer ex-
periments (Haugland. 1975) and from our failure to
observe cross-linking with dichloroketone reagents
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(CICH2CO(CH2),,COCH2CI: n = 3,4, 6 or 8) it can
be concluded that the two active sites, or rather the
reactive thiol groups near the active sites, are well
separated on the dimeric molecule.

Our studies have been concerned with two particu-
lar aspects of subunit behaviour in the enzyme;
namely (i) a study of the properties of isolated
subunits of the enzyme, and a comparison with the
properties of the dimeric form; and (ii) a study of
the conditions under which the subunits act in a non-
identical fashion. The aim of these studies is to under-
stand the importance of the dimeric structure of the
enzyme which may be reflected in various catalytic
or regulatory aspects of the transphosphorylation
process.

Study of isolated subunits

As previously mentioned, creatine kinase can be
readily dissociated into subunits by agents such as
urea or guanidinium chloride (Yue et al., 1967).
Removal of the denaturing agent by dilution or dialy-
sis leads to reassociation of the subunits and regain
of a substantial amount of activity (Dawson et al..
1967). We have improved the conditions for renatu-
ration of the denatured enzyme and have been able
to obtain a product which is essentially identical with
the native enzyme in terms of activity, kinetic par-
ameters. circular dichroism spectra etc. (Bickerstaff &
Price. 1977).

In order to study the properties of isolated subunits
of the enzyme it is clearly necessary to separate the
processes of subunit refolding and subunit reassocia-
tion when the denaturing agent is removed. We have
used the matrix-binding method of Chan (1970) to
achieve this. The principle of the method is illustrated
in Scheme 4.

Enzyme is linked to a suitable matrix (such as
CNBr-activated Sepharose) via one subunit only, to
yield derivative A (Scheme 4). (Linkage via one
subunit can be generally achieved by using low levels
of CNBr activation, and can be tested for by perform-
ing appropriate protein determinations on the matrix-
bound derivatives). Derivative A is then treated with
denaturing agent and the non-matrix-bound subunit
is washed away. On subsequent removal of the dena-

00 bo Gdn HCl IIS - a

Derivative A

Folded subunit

Unfolded subunit

bo

Derivative C

Remove
Gdn HCI

wes §

Derivative B

Scheme 4 Interconversions of matrix-hound derivatives of creatine kinase (Gdn HCl  guanidinium

chloride).
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Table 1 Protein eontent and activity of matrix-bound
derivatives of creatine kinase

Specific
Protein content activity
Derivative (9g/ml gel) (*,) (Units/mg)
Derivative A A(X) 100.0 28.0
Derivative B 210 52.5 257
Derivative C 380 95.0 274

turing agent, the matrix-bound subunit can refold but
is prevented from reassociation with other matrix-
bound subunits by the rigidity of the matrix. This
yields derivative B, with half the protein content of
derivative A. Derivative B can reassociate with added
subunits of the soluble enzyme to yield matrix-bound
reassociated dimer (derivative C). If the enzyme were
initially linked to the matrix via both subunits there
would be no loss of protein on treatment with the
denaturing agent.

The results obtained with creatine kinase showed
that it was possible to prepare matrix-bound subunits
of the enzyme, and that these subunits were indeed
catalytically active (BickerstalT & Price. 1976«), Typi-
cal results are shown in Table 1

The specific activity of derivative A was about 50",
of the value for soluble enzyme and further investiga-
tion showed that this decrease could be attributed
to two factors, (i) The original assay conditions
employed were not saturating with respect to
MgATP2 . The Km for MgATP2 is raised approx
2.5-fold in derivative A compared with soluble
enzyme. In subsequent assays more nearly saturating
concentrations of MgATP2 have been employed, (ii)
Acetate, which is included at concentrations of 0.1 M
in enzyme assays to maintain the ionic strength
(Milner-White & Watts. 1971) has a small |2()",,) acti-
vating effect on the soluble enzyme, but a much larger
(70-90%) activating effect on matrix-bound deriva-
tives A and C. By contrast the effect on matrix-bound
subunit enzyme (derivative B) is small (5, activation)
(Bickerstaff & Price. 1976).

When these factors were taken into account the
T,,..for the matrix-bound derivatives A and C in the
presence of acetate (145 units/mg) is very similar to
that of the soluble enzyme (150 units mg) in the pres-
ence of acetate, whereas that of derivative B is some-
what lower (115 units/mg).

From these studies we can draw a number of con-
clusions (i) The general similarity of the I'n¥l values
for the various forms of the enzyme indicates that
the general features of the catalytic site are not grossly
disturbed when the enzyme is linked to the matrix,
(ii) The changes in the K,,, values for MgATP2 and
for creatine (up to 2.5-fold) upon matrix-binding indi-
cate that some small perturbation to the active site
or its microenvironment does occur, although it is
clear that the matrix-bound derivatives do still pro-
vide information relevant to the study of the soluble
enzyme, (iii) The matrix-bound subunit form of the
enzyme (derivative B) is catalytically active. This
result is of considerable interest, as it shows that the
quaternary structure of the enzyme is not a major
controlling factor over the expression of catalytic ac-
tivity. In this connection it should be noted that the

enzyme arginine kinase which catalyses a closely
related reaction in invertebrates occurs in a mono-
meric form in lobster (Morrison. 1973). Previous work
has shown that lobster arginine kinase possesses
notable similarities to the creatine kinase subunit, in
terms of molecular weight and of sequence around
the rapidly reacting thiol group (Morrison. 1973). (iv)
The activator acetate would appear to operate via
the dimeric sturcture of the enzyme rather than via
an effect on each subunit alone.

We are currently investigating various properties
of the different matrix-bound forms of the enzyme,
such as thiol group reactivity, conformational re-
sponse to various ligands including the "transition
state analogue™ complex and the stability towards
denaturing agents. The results of these studies should
help in understanding the significance of the dimeric
structure of the enzyme.

Non-identical behaviour of the .subunits

Since the studies with matrix-bound derivatives of
creatine kinase indicated that the dimeric structure
of the enzyme was not required for catalytic activity,
we have sought evidence that the two subunits might
behave non-identically under certain conditions. Such
behaviour might have possible regulatory significance.

An indication of noil-identical behaviour came
from a study of the kinetics of modification of the
reactive thiol group on each subunit with a variety
of reagents: iodoacetate. 7-chloro-4-nitrobenzofura-
zan and 5,5-dithiobis-(2-nitrobenzoic acid) (Price &
Hunter. 1976). With each of these reagents the thiol
groups on the two subunits reacted at the same rate
as each other, both in the absence of ligands and
in the presence of combinations of Mg2+. ADP and
creatine. However, in the presence of MgADP |, crea-
tine and nitrate (the "transition state analogue"
complex) the reactions deviated markedly from nor-
mal second order kinetics, showing that the thiol
groups are now no longer reacting at the same rate
as each other. A similar effect was observed if Mg2
was omitted from the components of the "transition
state analogue™ complex. Figure 2 shows the kinetic
analyses for the reactions of iodoacetate with the
enzyme in the absence of ligands and in the presence
of the "transition state analogue™ complex.

A study of ADP binding, using the equilibrium di-
alysis technique, also showed that the subunits of the
enzyme behaved non-identically in the *transition
state analogue™ complex. In the absence of other
ligands, or in the presence of Mg2’. or Mg2+ and
creatine, the binding of ADP shows a normal hyper-
bolic saturation curve with 1.8 binding sites per
dimer. In the presence of Mg2* and creatine and
nitrate, the binding of ADP shows features character-
istic of either negative cooperativity or non-identical
sites (Price & Hunter. 1976). Figure 3 shows this bind-
ing data in the form of Scatchard plots.

The non-identical behaviour could arise either from
an inherent asymmetry of the enzyme in the "transi-
tion state analogue™ complex or from an asymmetry
induced by dissociation of nucleotide from one
subunit or by modification of the thiol group on one
subunit. These possibilities might be distinguished il
data on the symmetry of the enzyme in the "transition
state analogue™ complex were available, c.g. from
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Fig. 2. Reactions of iodoacetate with creatine kinase in 50 mM sodium tricinc bulTer at pH 7.5
(T= 25 C) analysed as second order processes, (a) 275/;M iodoacetate reacted with 105//M enzyme
subunits: (b) 760 /<M iodoacetate reacted with 120//M enzyme subunits in the presence of 2 mM magne-
sium acetate. 1mM ADP. 30mM creatine and 10mM sodium nitrate. The data shown cover 85,
of the total reactions. On the ordinates, f(x) is given by

(1l 1[BICA] - V]I
\[A] - [B]1 UAJ(B] - [X

where [A] and [B] are the initial concentrations of iodoacetate and thiol groups reacting, respectively,
and [x] is the concentration of carboxymethylated thiol groups formed at time t.

X-ray diffraction studies. The significance of the non-
identical behaviour in this complex (which is thought
to resemble the structure of the transition state of
the enzyme catalysed reaction) is open to question.
A rapid reaction study of the enzyme catalysed reac-
tion has indicated that there is no large transient or
lag phase in either direction, i.e. that the chemical
reaction is rate limiting and that isomerisation of the
enzyme must be rapid (Engelborghs et al., 1975). This
would argue against a "flip-flop” mechanism of the
type described by Lazdunski (1972) for the dimeric
alkaline phosphatase of E. coli (in which the events
at one active site are linked to those at the other
via conformational changes in the enzyme) being of
importance in the case of creatine kinase.

Another indication of non-identical behaviour of
the subunits of creatine kinase has come from a study
of the reactions of the reactive thiol group on each
subunit with iodoacetamide and various of its deriva-
tives:

- CcO—ch2 nh2 i-co-ch™ h Q ™ co-
lodoacetomide 4-lodoacetamidosalicviate
(1AV) (1AS)

I-CHij- CONHHCHjlj-NH

N- (iodoacetylominoethyl)-5-
aminonaphthalene-l-sulphonate
(IAEDANS)

G QP8

2-[4'- (2™lodoocetamido) phenyll]
aminonaphthalene -6-sulphonate
(IAANS)

The Kinetics of the modification reactions were
studied at pH 8.0 and at 25 C and 0 C in the absence
of added ligands. The pattern of the results is shown
in Table 2 (Price. 1977).

The results in Table 2 show that with the progress-
ively larger reagents there is an increasing tendency
towards biphasic reactions, i.e. incorporation of the
bulky reagent on one subunit leads to a structural
change transmitted to the second subunit, modifying
the reactivity of its thiol group. The effect is particu-
larly pronounced with the largest reagent studied
(IAANS) and a preliminary estimate indicates that the
difference in reactivity at 25 C in this case is of the
order of 200-fold. Haugland (19751 has also shown
from fluorescence studies that 1AANS reacts with
creatine kinase in a biphasic fashion.

The importance of this difference in thiol group
reactivity is that "hybrid" enzyme molecules, in which
the thiol group of only one subunit is reacted can
be prepared by addition of one mole of IAANS per
mole of enzyme dimer. We are currently studying the
properties of these "hybrid” molecules as another
means of assessing the importance of the dimeric
structure for various catalytic and conformational
properties of the enzyme.

Tabic 2. Characteristics of reactions of creatine kinase with
various iodoacetamide derivatives

Reagent Reaction characteristics
(25 C) (0©C)
1AM normal normal
1AS normal biphasic
1AHDANS normal biphasic
1\ \\s markedly markedly
biphasic biphasic

“Normal” refers to normal second-order Kinetics being
observed for at least 85% of the total reaction.
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Fig. 3. Scatchard plots for the binding of ADP to creatine kinase in 50 mM sodium tricine buffer

at pH 7.5 (T: 18 C). (a) Binding of ADP to enzyme (2mg/ml): (b) binding of ADP to enzyme

(0.4mg/m1l) in the presence of 5mM magnesium acetate, 30 mM creatine and 10 mM sodium nitrate.
On the axes, I represents the mole ADP bound per mole creatine kinase dimer.

The effect of temperature on the reactions of the
enzyme with IAS and IAEDANS (Table 2) indicates
that a difference exists in the strength and/or type
of subunit interactions at the two temperatures. More
detailed studies would be necessary to show whether
creatine kinase exhibited a temperature transition of
the type noted, e.g. for glycogen phosphorylase (Bir-
kett et a | 1971).

SUMMARY

This brief review has outlined some of the recent
studies which have helped to show the organisation
of the catalytic site of creatine kinase and the possible
role of various amino acid groups in the mechanism
of the transphosphorylation reaction. In addition, it
has been possible to show that the dimeric structure
of the enzyme is not essential for the expression of
catalytic activity, and that under certain circum-
stances the subunits of the enzyme behave in a non-
identical fashion.
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Properties of Matrix-Bound Dimer and Monomer Derivatives of Immobilized
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Dimeric crealine kinase (EC 2.7.3.2) from rabbit skeletal muscle can be immobilized
via a single subunit to CNBr-activated Sepharose 4B and subsequently treated with
guanidine hydrochloride followed by renaturation to yield a catalytically active matrix-
bound subunit derivative. The importance of the intact dimeric structure in the activation
of the enzyme by acetate was demonstrated. Immobilization did not appear to alter the
pH optimum of the enzyme, and the kinetic parameters for the matrix-bound derivatives
were generally similar to those for the soluble enzyme, but the matrix-bound derivatives
showed higher thermal stability and greater resistance to denaturation than did the
soluble enzyme. The rates of reaction of thiol groups of the matrix-bound derivatives
with iodoacetamide in the absence and in the presence of combinations of substrates
were similar to those of the soluble enzyme. Studies with 5,5-dithiobis-(2-nitrobenzoic
acid) and with iodoacetamide revealed the presence of an additional reactive thiol group
in the matrix-bound subunit derivative, which is presumably masked in the dimeric

derivatives.

The technique of matrix immobilization was first
used by Chan and co-workers to study the properties
of isolated subunits of aldolase (Chan, 1970) and
transaldolase (Chan et al., 1973a). Subsequently, the
technique has been applied to various enzymes and
the results indicate that certain multisubunitenzymes,
e.g. fructose bisphosphatase (Grazi et al., 1973) and
arginase (Carjaval et al., 1977), do not require the
intact oligomeric structure for the expression of
catalytic activity. However, phosphoglucose iso-
merase(Bruche/a/., 1976) and lactate dehydrogenase
(Chan & Mosbach, 1976) were essentially inactive in
the subunit form, indicating that the oligomeric
structure and the subunit interactions are essential
for enzyme activity.

In previous papers we reported briefly on the
preparation and some catalytic properties of matrix-
bound derivatives of rabbit muscle creatine kinase
(ATP-creatine phosphotransferase, EC 2.7.3.2). It
was shown that the dimeric structure of the enzyme
was not required for the expression of enzyme
activity, since the matrix-bound subunit form was
catalytically active (Bickerstaff & Price, 1976a.b). A
detailed study of the denaturation and renaturation
of soluble creatine kinase (Bickerstalf & Price, 1977)
has demonstrated that denaturation by guanidine
hydrochloride is essentially completely reversible;

Abbreviations used: Nbs2, 5,5'-dithiobis-(2-nitro-
benzoic acid); Nbs2', 2-nitro-5-thiophenolate anion.
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this finding is an important prerequisite for the
detailed interpretation of experiments involving
matrix-bound subunit forms of enzymes (Chan,
1976). In the present paper we describe more detailed
studies of the properties of the matrix-bound dimer
and subunit forms of creatine kinase, which were
undertaken to assess the importance of the dimeric
structure of the enzyme. The properties examined
include kinetics of the enzyme-catalysed reaction,
stability towards denaturation, inhibition by reaction
of thiol groups with iodoacetamide (Watts, 1973),
reactivity of thiol groups and ligand-induced con-
formational changes (monitored by the reactivity of
thiol groups towards iodoacetamide; Watts, 1973).

Materials and Methods

Materials

Creatine kinase was isolated from rabbit skeletal
muscle as described by Milner-White & W atts(1971).
Enzyme preparations were judged to be more than
90 % homogeneous by polyacrylamide-gel electro-
phoresis at pH7.5 (Davis, 1964) and had a specific
activity cf ijO 150//mol of ATP consumed/min per
mg of protein, when assayed in the forward direction
(phosphocreatine synthesis) under the conditions
described below.

Pyruvate kinase (specific activity 200 units/mg of
protein) and lactate dehydrogenase (specific activity
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550 units/mg of protein) were obtained as (NH 4)2S04
suspensions from Boehringer, Lewes, Sussex, U.K.
(1 unit of enzyme activity refers to the consumption
of 1//mol of substrate/min.). Before use, the suspen-
sions were centrifuged at 1000g for 5min and the
resulting pellets dissolved in O.IM-glycine/NaOH
buffer at pH9.0. ATP, ADP, NADH, dithiothreitol.
Nbs2 and trypsin (specific activity 11000 units/mg
of protein in the JV-benzoyl-L-arginine ethyl ester
assay) were obtained from Sigma (London) Chemical
Co., London S.W.6, U.K. Creatine, guamdine
hydrochloride, glycine. Tris and iodoacetamide were
obtained from BDH Chemicals, Poole, Dorset, U.K.
The guanidine hydrochloride was recrystallized four
times from ethanol and the iodoacetamide recrystal-
lized three times from ag. 50% (v/v) ethanol.
Sepharose 4B was purchased from Pharmacia (G.B.)
Ltd., London W5 5SS, U.K., and CNBr from Koch-
Light, Colnbrook, Bucks.,, U.K. lodo[l-14C]-
acetamide (specific radioactivity 58Ci/mol) was
obtained  from The Radiochemical Centre,
Amersham, Bucks.,, U.K. A stock solution of
radioactive iodoacetamide was prepared by addition
of 50«Ci of iodo[l-14C]acetamide to 3ml of 10mM-
iodoacetamide in 0.1 M-glycine/NaOH at pH 9.0.
Other reagents were of analytical-reagent grade.

Preparation of matrix-bound creatine kinase

CNBr-activated Sepharose 4B was prepared by
the procedure of March et at. (1974) but by using a
lower degree of activation (5mg of CNBr/ml of
packed gel). Coupling of creatine kinase to the
activated gel and subsequent blocking of remaining
activated groups on the Sepharose were carried out as
described previously (Bickerstaff & Price, 1976a).
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Packed-gel volumes were determined after centrifuga-
tion at 200g for 2min in graduated centrifuge tubes.
A stock suspension of the matrix-bound derivative
was prepared by mixing equal volumes of gel and
standard phosphate buffer (IOmM-sodium phosphate
buffer adjusted to pH 8.0 with NaOH containing
IniM-EDTA). Accurate samples could then be
removed from the stirred suspensions by using an
automatic plunger-type pipette with the plastic tips
cut to increase the aperture.

Preparation o f matrix-bound subunit and reassociated
derivatives

The relationships between the various matrix-
bound derivatives of creatine kinase are shown in
Scheme 1, and the principles involved in the prepara-
tion of such derivatives are discussed in detail by
Chan (1976). Matrix-bound enzyme (derivative A)
was incubated with denaturing buffer (0.1 M-Tris/HCI,
pH7.5, containing 5mM-dithiothreitol and 6m-
guanidine hydrochloride) for 1h at 20°C and then
washed in a sintered-glass column (l1cm x 10cm)
with denaturing buffer to remove non-covalently
bound subunits. The denaturing buffer was then
replaced by renaturing buffer (0.1 m -7 ris/HCI, pH 7.5,
containing 5mM-dithiothreitol) and renaturation was
allowed to proceed for 3h at 20°C, followed by 18h
at 4°C. The gel was then washed extensively with
standard phosphate buffer (200ml) to displace the
renaturation buffer and was finally suspended in
standard phosphate buffer in a 1:1 (v/v) suspension.
This procedure produced the matrix-bound subunit
form (derivative B). In the preparation of matrix-
bound reassociated enzyme (derivative C), small
samples of a solution of dissociated soluble enzyme

00
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(previously incubated with denaturing buffer) were
added to a stirred suspension of derivative B in
renaturing buffer (gel/buffer 1:5, v/v). After addition
of a 4-fold excess of the dissociated soluble enzyme
(expressed relative to the quantity of protein in
derivative B), the mixture was allowed to renature for
3h at 20°C and then for a further 18h at 4°C. The
gel was then washed extensively with standard
phosphate buffer, and a standard stock suspension
(1:1, v/v) was prepared as outlined above.

Protein measurement and enzyme assays

The concentration of the soluble enzyme was
determined from the A2 by using A|/m= 8.96 and
a mol.wt. of 82000 (Noda et al., 1960). Protein
concentrations of matrix-bound derivatives were
determined by using a slightly modified version of
the Lowry method as described previously (Bicker-
staff & Price, 1976a). Creatine kinase activity was
determined in the forward direction (phosphocreatine
synthesis) by using a coupled assay system involving
pyruvate kinase and lactate dehydrogenase as
auxiliary coupling enzymes. All assays were per-
formed at 30°C in O.IM-glycine/NaOH, pH9.0, and
the standard assay mixture consisted of 40ntM-
creatine, 4AmM-ATP, 5mM-magnesium acetate, 1mM-
phosphoenolpyruvate, 133/tM-NADH, O.IM-sodium
acetate and 24 units each of pyruvate kinase and
lactate dehydrogenase in a final volume of 3ml.
When assays were performed in the absence of
acetate, the sodium acetate was omitted and the
magnesium acetate replaced by 5mM-MgS04. The
enzyme activity of the matrix-bound derivatives was
determined after addition of small samples of a
suitably diluted suspension to the assay mixture,
which was maintained at 30°C and continuously
stirred with an apparatus described by Mort et al.
(1973).

Kinetic parameters for the substrates (MgATP
and creatine) were obtained from the results of
assays in which in turn the concentration of one
substrate was varied in the presence of several
fixed concentrations of the other. When the ATP
concentration was varied, the magnesium acetate
concentration was adjusted to maintain the free
Mg2+ concentration at 1mM (Watts, 1973).

Determination ofpH optimum

Enzyme activity was monitored over the pH
range 7.5-10.5 under standard assay conditions,
except that the following buffers were used: 0.1m-
Tris/acetate at pH 7.5 and 8.5; 0.1 M-glycine/NaOH
at pH 9.0, 9.5 and 10.5. The pH of the assay mixture
was checked before and after each assay and in no
case did the pH alter by more than 0.1 pH unit. In the
assay mixtures at pH 9.5 and 10.5 larger amounts of
coupling enzymes (90 units of each enzyme) were

Vol. 173

needed to ensure that the coupling reactions were
not rate-limiting at these pH values.

Stability towards thermal inactivation

The rates of thermal inactivation of the enzyme
and its matrix-bound derivatives were studied at
45°C in 0.1 M-glycine/NaOH buffer at pH8.5 (45 C).
Buffer (2ml) was equilibrated in a thermostatically
controlled cuvette for 15min before a small sample
(0.1ml) of enzyme was added, to give a final con-
centration of about 30/ig of protein/ml. All mixtures
were stirred continuously with a small magnetic
stirring bar (0.3cm long). Samples were removed at
set times and assayed directly for residual enzyme
activity by using the standard assay conditions.

Stability towards inactivation by guanidine Hydro-
chloride

The stability of the enzyme and its matrix-bound
derivatives towards inactivation by guanidine
hydrochloride was studied by incubating samples (in
which the enzyme concentration was about 30/tg/ml)
at 30 C in denaturing buffer in which the concentra-
tions of Tris/HCI and dithiothrietol were kept
constant at 0.1 M and 5mM respectively and the
guanidine hydrochloride concentration was varied
over the range 0-1.0m. After a 20min incubation
period, during which the mixtures were kept con-
tinuously stirred, a sample was removed for direct
assay of enzyme activity. The standard assay system
was supplemented with 15//g of trypsin to prevent
renaturation within the assay mixture. Control
experiments showed that neither the residual dé-
naturant nor the trypsin in the assay mixture
affected the activity of creatine kinase or the coupling
enzymes. It was also shown that trypsin effectively
prevented renaturation within the assay mixture, as
was found in a study of aldolase subunits (Chan
etai. 1973%).

Inhibition by iodoacetamide

Inhibition of the enzyme and its matrix-bound
derivatives by iodoacetamide was studied at 30 C in
0.1 M-glycine/NaOH at pH9.0. Enzyme was allowed
to equilibrate with any added substrates or ligands
for 20min in a stirred solution of total volume
2ml. A control sample (0.1 ml) was transferred to a
stirred solution (1.9ml) of 1mM-dithiothreitol in
standard phosphate buffer, and the reaction was then
started by addition ofiodoacetamide to the remainder
of theenzyme. The progress of the inhibition reaction
was monitored by removing samples at set times and
diluting them into stirred solutions of 1mM-dithio-
threitol. Samples were then assayed for residual
activity by the standard assay procedure. The enzyme
activity of these diluted samples did not change over
a period of at least 3h at 20 C.
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Determination o f reactive thiol groups

The numbers of reactive thiol groups present in
the enzyme and its matrix-bound derivatives were
measured by using Nbs2, by assuming an absorption
coefficient of 13.61itremmol ' em 1 for the Nbs2
anion at 412nm (Ellman, 1959). Nbs2 (final concn.
250/im) was added to a gently stirred suspension of
1ml of gel in 1ml of standard phosphate buffer, and
the stirring was continued for 15min at 20 C. The
suspension was then centrifuged at 1000g for 5min
and the of the supernatant measured. Control
experiments showed that small corrections were
necessary with the matrix-bound subunit and the
matrix-bound reassociated enzyme to take account
of the reaction of Nbs2 with residual dithiothreitol
from the renaturing buffer. The correction was
always less than 10% of the total observed absorb-
ance. In every case there was no further reaction
with Nbs2 over an additional 15min period.

The numbers of reactive thiol groups were also
determined by using iodo[l-"“CJacctamidc. A small
sample of the stock radioactive iodoacetamide
solution was added to a gently stirred suspension of
Iml of matrix-bound derivative in 1ml of 0.1m-
glycine/NaOH at pH 9.0. to give a final iodoacetamide
concentration of 0.476 mM. The mixture was stirred
at 30°C for 15min before the reaction was stopped
by the addition of 0.5ml of standard phosphate
buffer containing 10niM-dithiothreitol. The gel was
then transferred to a sintered-glass column (1cm x
10cm) and washed extensively with standard phos-
phate buffer (200ml) to remove unchanged iodo-
[I-14C]acetamide. Radioactivity of matrix-bound
derivatives was determined after hydrolysis of a
0.2ml sample of a 1:1 (v/v) gel suspension in
standard phosphate buffer in 0.5ml of 12m-HC1,
followed by addition of 0.5 ml of water and 15ml of
scintillation fluid (Bruch et at., 1976). Control
experiments showed that the presence of neither
Sepharose nor enzyme affected the observed radio-
activity (c.p.m.) of a standard solution of iodo-
[I-,4CJacetamide and that more than 99.9% of the
unchanged iodo[l-14Clacetamidc was removed from
the gel by washing with standard phosphate buffer
as described. Small corrections were necessary,
however, with the matrix-bound submit and matrix-
bound reassociated enzyme to account for the
reaction of iodo[l-14C]acetamide with residual
dithiothreitol from the renaturing buffer. The cor-
rection was always less than 15% of the total
observed radioactivity. The incorporation of iodo-
[I-14C]acetamide into soluble enzyme was monitored
by the general method previously described (Griffiths
ctal., 1975).

In all cases there was no further incorporation of
radioactivity after an additional 45min period of
incubation with the iodo[l-'4Clacetamide solution.
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Results

Protein content and enzyme activity o f derivatives

Typical protein contents and enzyme activity
values for the matrix-bound derivatives are shown in
Table 1. The previously reported lower specific
activities for these derivatives (Bickerstaff & Price,
1976«) were obtained under conditions that differed
with respect to both substrate concentration and
temperature from those used in the present work.
In addition, later work (Bickerstaff & Price, 1976b)
reveaied the extent of the acetate-induced activation
of matrix-bound enzyme derivatives. The results
shown in Table 1 indicate that the specific activity of
matrix-bound subunit (derivative B) is not increased
significantly (by less than 5% by the inclusion of
O.IM-acetate in the assay system, whereas the
activities of both matrix-bound enzyme (derivative
A) and matrix-bound reassociated enzyme (deriva-
tive C) are increased considerably (by 95 and 70%
respectively). These results suggest that acetate exerts
its activating effect via a subunit interaction and not
by a direct influence on the catalytic site of each
subunit. The activity of soluble enzyme is enhanced
by 17% on inclusion of O.IM-acetate in the assay
system (Table 1). If acetate exerts its effect via a
conformational change in the enzyme (Watts, 1973),
it would appear that immobilization of the enzyme
has affected the conformation in away thai isopposite
to the change caused by acetate.

pH optimum and kinetic parameters o f derivatives

The effects of pH on the enzyme activities of
soluble enzyme and the various matrix-bound
derivatives are shown in Table 2. In all cases there
was a broad peak in the pH-activity profile, with
maximum activity being observed at pH9.0. The

Table 1. Protein content and enzyme activity values of
matrix-bound derivatives

The preparation of the matrix-bound derivatives is
outlined in Fig. | and is described in the Materials
and Methods section. Enzyme assays were performed
in the absence and in the presence of acetate (0.1 m)
as described in the Materials and Methods section.
Soluble creatine kinase had a specific activity of
115units/mg in the absence of acetate and 135units/
mg in the presence of acetate. Protein contents are
expressed as //g ml of packed gel.

Specific activity

Protein (/imol/min per mg)
content
Matrix-bound Acetate Acetate
derivative (Irg/ml)  (95) absent present
Derivative A 400 100 50 98
Derivative B 200 50 48 50
Derivative C 380 95 50 80
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results obtained with the soluble enzyme over the
pH range 7.5-9.0 are comparable with those reported
under slightly different conditions (Noda et al.,
1960).

A double-reciprocal plot of the initial velocities
observed for the matrix-bound enzyme at various
concentrations of MgATP in the presence of fixed
concentrations of creatine is shown in Fig. 1(a).
Corresponding plots were obtained for the soluble
enzyme and the other matrix-bound derivatives, and
all showed the same intersecting pattern, charac-
teristic of synergism, in the binding of the two sub-
strates to the enzyme (Watts, 1973). Kinetic para-
meters were estimated from secondary replots of the
intercepts and slopes of the primary double-
reciprocal plots, as described by Florini & Vestling
(1957) and shown in Fig. 1(Z>). The kinetic parameters
for the soluble enzyme and the matrix-bound
derivatives are collected in Table 3.

The results show that in the presence of 0.1m-
acetate the values of Kmax for matrix-bound enzyme
and matrix-bound reassociated enzyme are very
similar to that of the soluble enzyme. The matrix-
bound subunit form has a lower Vm,. (75% of the
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value for soluble enzyme). There are some small
variations in the values of Km for MgATP, with
those for the matrix-bound enzyme being raised by
approx. 2.5-fold compared with soluble enzyme

Table 2. Effect ofpH on the activity ofsoluble and matrix-

bound derivatives of creatine Kinase
The activity of the soluble and matrix-bound
derivatives (see Scheme 1) was determined in the
following buffers: 0.1M-Tris/acetate at pH7.5 and
8.5; 0.1 M-glycine/NaOH at pH9.0, 9.5 and 10.5.
The results in each case are expressed as a percentage
of the maximum activity, which in all cases was
observed at pH 9.0.

Relative enzyme activity

M atrix-bound derivative

Buffer Soluble
pH enzyme A B C
7.5 78 74 72 72
8.5 98 96 94 92
9.0 100 100 100 100
9.5 88 92 80 88
10.5 67 52 60 68

I/|Creatinel (mM )

Fig. 1. Double-reciprocal plot and secondary-replot data for the reaction catalysed by the matrix-bound enzyme
(a) Effect of varying the [MgA TP) in the presence of several fixed concentrations of creatine, which were: ,40mMj

AOmw 1 IOmM' «, 5mM. ih) Secondary replot of the data in ta) showing the variation of maximum initial
velocity (o) and gradients < ) of the primary plot as a function of the reciprocal of the creatine concentration.
The assays were performed in 0.1 M-glycine/NaOH al pH9.0 and 30 C in the presence of 0.1 M-sodium acetate.

Table 3. Kinetic parameters for soluble and matrix-bound derivatives of creatine kinase
The kinetic constants were estimated from data of the type presented in Fig. 1. When [MgATP] was varied,
[magnesium acetate] was adjusted to maintain the free [Mg2+] at 1mM

Apparent kinetic constants (mM)

MgATP Creatine

M atrix-bound derivative Fm,. (/imol/min per mg) Km K, Km

5.0

Derivative A 145 0.9 ;i oo

Derivative B 115 1.2 2.5 8.5

Derivative C 142 1.0 . 10.0

Soluble enzyme 150 0.4 11 .
Vol. 173
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(Table 3). It is also apparent that the ratio KJKmfor
each substrate (which gives a measure of the extent
of synergism in substrate binding) is decreased in all
the matrix-bound derivatives compared with soluble
enzyme. The difference in the ratio KJKm for the
monomeric and dimeric forms of the enzyme is small
and probably within experimental error. These
studies show that immobilization of the enzyme has
not drastically affected the integrity of the active
site, although small changes in its three-dimensional
structure cannot be excluded. The phenomenon of
synergism in substrate binding does not appear to
depend on the presence of a dimeric structure in the
enzyme.

Stability ofderivatives

In common with the findings of studies on other
enzymes (Fukui et at., 1975; Goheer et a!., 1976), it
was found that immobilization of creatine kinase led
to an enhancement of stability towards either thermal
inactivation (Fig. 2a) or unfolding by guanidine
hydrochloride (Fig. 2b). In both types of study the
order of stabilities observed was: soluble enzyme
<derivative B <derivatives A and C. Fig. 2(a) shows
that the first-order rate constants for inactivation at
45 C are 0.028, 0.020 and 0.011min * for soluble
enzyme, derivative B and derivatives A and C
respectively. The concentrations of guanidine hydro-
chloride that cause a 50% loss of activity for these
samples are 0.52m, 0.57m and 0.64m respectively
(Fig. 2b). It should be noted, however, that with both
soluble enzyme and the mitrix-bound derivatives it
proved impossible to achieve an equilibrium limiting

10 20 30 40
Time (min)

G. F. BICKERSTAFF AND N. C. PRICE

value of the remaining enzyme activity at a given
concentration of guanidine hydrochloride; a pro-
gressive loss of activity was observed over a period
of several hours. For this reason experiments were
conducted with a fixed incubation time (20 min) at a
given concentration of guanidine hydrochloride, so
the results obtained presumably represent acombina-
tion of kinetic and thermodynamic aspects of the
unfolding of the protein structure. Any detailed
analysis of the relative thermodynamic stabilities of
the soluble enzyme and the various matrix-bound
derivatives by using an approach such as that sug-
gested, for example, by Tanford (1968) would be
inappropriate.

Inhibition by iodoacetamide

The reactivity of a thiol group in each subunit of
creatine kinase towards iodoacetamide has been
widely used as an index of the conformational state
of the enzyme, and in particular as a means of
detecting ligand-induced conformational changes in
the enzyme (Watts, 1973; Milner-White & Kelly,
1976). The results of studies on the reactivity of the
thiol group of soluble creatine Kkinase and its
matrix-bound derivatives are shown in Table 4. These
results were obtained by measuring the rate of
inactivation of the enzyme by iodoacetamide, since
it is known that the modified enzyme is completely
inactive or very nearly so (Watts, 1973).

The data in Table 4 show that the reactivity of the
thiol group in the various forms of the enzyme is
quite similar, suggesting that immobilization has not
significantly affected the conformation of the enzyme

> 40
# 20t
0 02 04 06 08 10

IGuanidine hydrochloride I (m)

Fig. 2. Stability of creatine kinase derivatives

(a) Semi-logarithmic plot comparing the rate of thermal inactivation of soluble and matrix-bound derivatives of
creatine kinase. . Soluble enzyme; A. matrix-bound subunit: , matrix-bound dimer. The studies were made in
0.1 M-glycine/NaOH at pH8.5 at 45 C in a final volume of 2ml. The enzyme concentrations was approx. 30/tg/ml
in all cases and samples were transferred from the inactivation mixture at the times shown and assayed directly for
residual enzyme activity during the standard assay procedure, (b) Effect of guanidine hydrochloride on the activity
of soluble and matrix-bound derivatives of creatine kinase at pH7.5 and 30 C. , Soluble enzyme; a. matrix-bound
subunit, . matrix-bound dimer. The concentration of guanidine hydrochloride-inactivated creatine kinase was
approx. 30/rg/ml in each case and the period of incubation was 20min. The standard assay system was used and
supplemented with trypsin (15//g) as described in the Materials and Methods section.
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Table 4. Second-order rate constants (k) for inactivation of soluble and matrix-bound derivatives of creatine kinase by
iodoacetamide
Inhibition of the soluble and the matrix-bound derivatives by iodoacetamide in the absence and in the presence of
substrates or substrate complexes was studied at 30 C in 0.1 M-glycine/NaOH at pH 9.0. The iodoacetamide con-
centration was 0.476mM and the enzyme concentration was approx. 1,5/M-subunits in all cases. Substrate concentra-
tions used were: ADP, Im»; magnesium acetate, 10mM; creatine, 40m\i; NaN 03, 0.1m. Values in parentheses
are percentage changes in k. Each value of k was determined at least three times and was reproducible to within 5%.

Reaction mixture Soluble enzyme
E (enzyme only) 1100 —
E + MgADP 1200 (+9)
E + MgADP + creatine 850 (-23)
E + MgADP + creatine+ N 03" 80 (-93)

in the region of the thiol group. The value of the rate
constant for inhibition of the soluble enzyme by
iodoacetamide is comparable with that reported by
Milner-White & Kelly (1976) under similar conditions.

The effects of the ligand combinations Mg2+ +
ADP and Mg24 + ADP + creatire on the reactivity
of the thiol group were also very similar for all the
derivatives (Table 4). Of particular interest are the
results obtained on addition of Mg2++ ADP +
creatine + nitrate, a combination that is thought to
produce a transition-state analogue complex in which
the nitrate occupies the position of the transferable
phosphoryl group in the catalytically active complex
(Watts, 1973; James & Cohn, 1974; Milner-White &
Kelly, 1976). In each case a decrease of more than
90% in the rate constant for the inactivation reaction
was observed (Table 4).

These results indicate that the conformational
responses of the various forms of the enzyme of the
ligands do not require a dimeric structure. In this
connection, it might be noted that the monomeric
arginine kinase isolated from the lobster Homarus
americanus is also capable of forming a transition-
state analogue complex on addition of Mg2++ ADP
+ L-arginine + nitrate to the enzyme (Buttlaire &
Cohn, 1974).

Determination of reactive thiol groups

The numbers of reactive thiol groups in the matrix-
bound derivatives of creatine kinase were initially
determined by reaction with Nbs,. This reaction is
easily applicable to such derivatives, since the yellow
Nbs2" anion product is released into solution and
can be readily measured spectrophotometrically in
the supernatant after the gel suspension has been
centrifuged (500g for 5min). The results obtained
with the various derivatives are shown in Table 5
and indicate that the soluble enzyme, matrix-bound
enzyme and matrix-bound reassociated enzyme all
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k (m-1 min"1)

Matrix-bound derivative

B
800 — 1000 — 850
900 (+12) 1000 (0) 1000 (+17)
600 (-25) 700 (-30) 600 (-30)
50 (-94) 90 (-91) 70 (-92)

possess one reactive thiol group per subunit, whereas
there are two reactive thiol groups in the matrix-
bound subunit form.

Because the absorbance changes in the reaction
with Nbs2 were relatively small at the protein con-
centrations obtainable with the matrix-bound
derivatives, a check on these results was performed by
using iodo[l-‘4Clacetamide as a thiol-modifying
reagent. The results (summarized in Table 5) confirm
the pattern observed with Nbs2 i.e. one reactive
thiol group per subunit for soluble enzyme, matrix-
bound enzyme and matrix-bound reassociated
enzyme and two reactive thiol groups per subunit
for the matrix-bound subunit form.

It should be noted that the derivatives that had
been treated with iodo[l-14C]acetamide to the
limiting extents shown in Table 5 did not react
further with added Nbs2, indicating that the two
reagents are reacting with the same thiol group(s)
on the enzyme.

Further experiments with carbamoylated enzyme
derivatives

The interconversions of the various carbamoylated
enzyme derivatives are illustrated in Scheme 2.
Derivatives A and B represent the matrix-bound
enzyme and matrix-bound subunit respectively
(cf. Scheme 1); derivative E is the carbamoylated
matrix-bound dimer (reacted to the limiting extent
of one thiol group per subunit); derivative F is the
monocarbamoylated matrix-bound subunit form
obtained from derivative E by a denaturation-
renaturation sequence analogous to that used in the
preparation of derivative B from derivative A
(Scheme 1); derivative G is the dicarbamoylated
matrix-bound subunit form obtained either from
derivative F or directly from derivative B by reaction
with iodoacetamide in a fashion analogous to that
described in the Materials and Methods section.
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Table 5. Measurement of reactive thiol groups in soluble and matrix-bound derivatives of creatine kinase
Reactive thiol groups were measured by two methods: release of the anion Nbs2- and incorporation of [1-4C]-
acetamide. The protein concentration refers to the final concentration of protein in the reaction mixture and not to
the protein content of the packed gel. Experimental conditions are described in the Materials and Methods section.

Results are means of six measurements.

Protein Nbs2~
Matrix-bound concentration released
derivative (y/M-subunits) o)
Derivative A 5.8 6.1
Derivative B 29 6.2
Derivative C 5.6 6.2
Soluble enzyme 5.8 55
SH SH
Denaturation/renaturation
S o [ —— *
TA bA

O O Denaturation/renaturation

Os

[I-,4C]Acetamide No. of reactive thiol groups/subunit

incorporated
otm) Nbs2 lodoacetamide
6.2 1.05 1.07
6.4 2.14 2.20
6.3 1.10 112
5.7 0.95 0.98

Ry

Scheme 2. Scheme depicting the relationship between the various carbamoy/ated matrix-bound derivatives ofcreatine kinase
Derivatives A and B were obtained as described in Scheme 1. Derivative E was prepared by treating derivative
A with a large excess of iodoacetamide (I-X). Derivative F was then derived from derivative E by the denatura-
tion-renaturation procedure outlined in the Materials and Methods section. Derivative G was obtained either
from derivative F or directly from derivative B by reaction with a large excess of iodoacetamide.

Conversion of derivative E into derivative F by the
denaturation-renaturation sequence was accom-
panied by the loss of 52% of the protein content and
54% of the radioactivity, confirming that in deriva-
tive E the iodo[l-14CJacetamide had reacted
uniformly with the two subunits of the matrix-
bound dimer.

The inactivation of soluble enzyme, matrix-bound
enzyme and matrix-bound reassociated enzyme is
accompanied by a proportional incorporation of
one acetamide moiety per subunit, whereas with the
matrix-bound subunit form complete inactivation
is accompanied by reaction of two thiol groups.
From studies of the rate of incorporation of radio-
activity from iodo[l -14C]acetamide into the matrix-
bound subunit form it appears that these two thiol
groups are of comparable reactivity, i.e. there is no
rapid reaction of one thiol group followed by a
slower reaction of the second. Thus it is possible
that reaction of only one thiol group (the same one as
in the dimeric forms) Is required for inactivation of

the matrix-bound subunit form and reaction of the
second thiol group does not affect the activity. This
possibility is supported by the observation that the
monocarbamoylated matrix-bound subunit form
(derivative F in Scheme 2) is inactive (=S2% of the
activity of derivative B).

Discussion

The results obtained in these experiments show
that there are considerable similarities between
soluble and matrix-bound creatine kinase in terms of
(i) the parameters of the enzyme-catalysed reaction,
(ii) the reactivity of a single thiol group per subunit
towards iodoacetamide and (iii) changes in the
reactivity of this thiol group in the presence of
various combinations of substrates and ligands.
These data indicate that neither the conformation of
the enzyme (at the active site and at the reactive thiol
group) nor the substrate-induced conformational
changes (monitored by changes in the reactivity of
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the thiol group) are grossly altered by immobilization
of soluble enzyme. Extrapolation from results
obtained with the matrix-bound enzyme derivatives
to the behaviour of soluble enzyme can thus be
made with reasonable confidence, although the
observed changes in the degree of synergism of
substrate binding and in the extent of acetate-
induced activation indicate that some small per-
turbations in structure do occur on immobilization.
The similarities between matrix-bound dimer and
subunit forms of the enzyme, as far as kinetic para-
meters and substrate-induced changes in thiol-group
reactivity are concerned, show that the dimeric
structure of the enzyme is not required for the
expression of catalytic activity or of substrate-
induced conformational changes. The greater stability
of the dimer form with regard to thermal dcnatura-
tion or to denaturation by guanidine hydrochloride
can be explained by the favourable subunit inter-
actions in the dimer form and iscomparable with the
pattern observed by Anosike el at. (1975) in their
studies on arginine kinases isolated from the sea-
cucumber Holothuria forskali and the lobster
Homarus vulgaris, which occur in dimer and mono-
mer forms respectively. As with these arginine
kinases, the differences in stability between the
matrix-bound dimer and subunit forms of creatine
kinase are only observed under non-physiological
conditions, and the relevance of these findings to
the properties of the enzyme in a physiological state
is open to question.

Perhaps the most noteworthy difference that we
have observed between the matrix-bound dimer and
monomer forms of creatine kinase is the presence of
an extra reactive thiol group in the monomer form.
It is tempting to suggest that this extra thiol group
may be masked in the dimer form, possibly by being
in close proximity to the subunit interface. This
possibility could be further investigated by deter-
mining the extent to which the unmodified, rtiono-
and di-carbamoylated forms of matrix-bound sub-
unit creatine kinase (derivatives B, F and G re-
spectively in Scheme 2) can reassociate with added
subunits of soluble enzyme.

We thank the Science Research Council for a student
ship (to G. F. B) and for general financial support.
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