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A Quenched-Flow Study of the Reaction Catalysed by Creatine Kinase
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The reaction catalysed by creatine kinase was studied in both directions by quenched-
flow techniques to follow the initial product formation in the millisecond range. In both
directions the amount of product formed increases linearly with time, and the turnover
number corresponds to the steady-state value. Extrapolation to zero time indicates the
absence of either a large transient phase or a large lag phase in both directions. This
indicates that the actual chemical reaction is rate-limiting, and that all possible isomer-
izations before or after the chemical step must be much more rapid.

The synthesis of creatine phosphate:
MgATP2-+Cr :± MgADP-+CrP2-+H+

catalysed by the enzyme creatine kinase (EC 2.7.3.2)
has been studied extensively by steady-state kinetic
methods. The results obtained point to a rapid-
equilibrium random mechanism (Watts, 1973, and
references therein) with the metal nucleotides as true
substrates. Isotope-exchange studies (Morrison &
Cleland, 1966) also showed the interconversion of
substrates into products to be rate-limiting. This
process may, however, still include isomerization
steps next to the chemical reaction. There is indeed
strong evidence, from immunological experiments,
chemical modifications and spectroscopic studies,
that conformational changes accompany or follow
the formation of the ternary complex (Watts, 1973,
and references therein).

Relaxation studies with pH indicators (Hammes &
Hurst, 1969) allowed the determination of the rate
constants associated with the initial association-
dissociation of the metal nucleotides and with some
subsequent isomerization steps. These were found to
be more rapid than the turnover of the substrates.

In the present study quenched-flow techniques have
been used to follow the initial product formation on
the enzyme. If a rate-limiting isomerization would
occur before the chemical reaction, a lag phase would
be found in the initial product formation (Gut-
freund, 1972). If, however, a rate-limiting step would
occur after the chemical reaction, but before product
release, a transient phase of product formation on the
enzyme would be found (Gutfreund, 1972).

Quenched-flow techniques allow the localization
of the rate-limiting step relative to the step of product
formation.
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Materials and Methods

Creatine kinase was prepared from rabbit muscle
by procedure B ofKuby et al. (1954). Fraction IV was
dialysed against 10mM-sodium glycinate buffer,
pH9.0, and freeze-dried. The enzyme had a specific
activity of 150 (±5)pmol min- 1mg-' (of protein)
when assayed at 37°C and pH 8.0 for proton release
in the pH-stat. A test solution of the following com-
position was used: 40mM-creatine, 4mM-ATP, 5mM-
magnesium acetate, 5mM-sodium acetate and 1 mm-
dithiothreitol. Protein concentration was determined
spectrophotometrically at 280nm by using El% =
8.8cm-'. A molecular weight of 81000 (Kuby et al.,
1954) was used in the calculations. The specific
activity is about 63% of the maximal value found
(Watts, 1973) for crystallized enzyme.
For the forward reaction [y-32P]ATP was used as

the radioactive substrate. It was prepared by the
method of Glynn & Chappell (1964) from 32p,
obtainedfromTheRadiochemicalCentre(Amersham
Bucks., U.K.). In view of the instability of creatine
phosphate, [/i-32P]ADP was preferred as the radio-
active substrate in the reversereaction. Itwas obtained
from [7-32PIATP and AMP with myokinase. Both
radioactive nucleotides were purified on Whatman
DE-52 DEAE-cellulose by using a gradient from 0 to
0.5M-KCI in 20mm-Tris-acetate buffer, pH8.0.
Nucleotide concentrations were determined spectro-
photometrically from e=1.54x 104M-1 cmnr at
259nm. The contamination of [y-32P]ATP with
32P1 and of L6-32P]ADP with [y-32P]ATP was lower
than 5 %.
The quenched-flow apparatus was described by

Gutfreund (1969). The general procedure was as
follows: 1.5 ml of enzyme solution, containing
creatine or creatine phosphate concentrations as
specified in the Results section, was mixed in the
quenched-flow apparatus with an equal volume of
radioactive nucleotide solution and ejected in a
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glass vial through capillary tubes of different lengths.
The glass vial contained 2ml of quenching solution
consisting of 20% (w/v) HC104 and 20mM-EDTA.
Immediately after quenching, 1 ml of a solution of
4M-sodium acetate-O.I M-KH2PO4 was added to
raise the pH to 3.4, and the protein precipitate was
filtered off by passing the solution through a What-
man glass-fibre paper filter GF/D fitted at the bottom
of a plastic syringe. The clear solution was immedi-
ately frozen in an acetone-solid CO2 mixture. For
analysis the samples were thawed and 20,1 portions
were applied to a polyethyleneimine-cellulose thin-
layer plate and developed in 0.75M-KH2PO4
adjusted to pH3.4 with HCl. The radioactive bands
were cut out and eluted with 0.5ml of 1 M-HCI. After
15min 15ml of scintillation fluid (made from 3 litres
of toluene and 30g of 5-(4-biphenylyl)-2-(4-t-
butylphenyl)-1-oxa-3,4-diazole (Koch-Light, Coln-
brook, Bucks., U.K.) were added, and radioactivity
was counted in a Nuclear-CWhicago Unilux II counter.
Corrections for background were applied and the
labelled ATP or creatine phosphate formed was
expressed relative to the total radioactive isotope
content for each assay. The specific radioactivity was
always about 4x 101c.p.m./mol.

Zero-time points were obtained by mixing the
protein with the quenching solution before the
addition of the labelled ATP or ADP. Radioactive
creatine phosphate runs in the same place as Pi, so
that its acid hydrolysis, occurring after mixing with
the quenching solution, has no influence on the
measurements. ATP and ADP are much less acid-
labile. Their hydrolysis is minimized by the procedure
explained above.

Results and Discussion

In the direction of creatine phosphate synthesis the
formation of the radioactive product (and the
disappearance of [y-32P]ATP) was measured. The
results of two experiments, carried out at room
temperature (22°C), are shown in Fig. 1. For the first
experiment (o) the mixing-chamber concentrations
of enzyme and substrates were as follows: 60pM-
creatine kinase (the concentration of creatine kinase
refers to site concentration), 1.8mM-ATP, 20mM-
creatine, 10mM-magnesium acetate, 10mM-sodium
acetate and 1 mM-dithiothreitol, in 50mM-Tris-
acetate buffer, pH 8.0. Although this high concentra-
tion of Mg2+ is slightly inhibitory, it is preferred to
give a complete conversion of ATP into MgATP. In
the second experiment (-), the conditions were the
same except for 134,uM-creatine kinase and 2.3mM-
ATP. The enzyme saturation can be estimated by
using the overall dissociation constant of 7.4mM2
(Morrison & James, 1965), and was 83 and 86%
respectively in the two experiments.

As is clear from Fig. 1, the production of radio-
active creatine phosphate is linear with time. The
slope of the line corresponds to a turnover number of
33 s- (o) and 41s-1 (0) respectively. When the
enzyme was assayed in the pH-stat under the same
conditions an average specific activity of 60pmol-
minI1 mg- (of protein) was found, equivalent to a
turnover number of40s-1. The values agree very well.
The least-squares procedure gives correlation co-
efficients of 0.97 for both, and standard deviations of
the ordinate of 5 and 11 uM respectively. The con-
centration present at zero time corresponds to the
contamination of the original substrate. Although,
owing to the limited accuracy of the results, a small
transient or lag phase cannot be excluded, the results
indicate that there is no rate-limiting step between
product formation and product release. This is in
sharp contrast with a number of enzymes, where a
rate-limiting isomerization occurs before product
release. This is the case with lactate dehydrogenase
(Holbrook & Gutfreund, 1973) and myosin (Bag-
shaw & Trentham, 1973).

In the direction ofATP synthesis, the formation of
[/5-32P]ATP (and disappearance of [,f-32P]ADP) was
measured (Fig. 2). The concentrations ofenzyme and
substrates in the mixing chamber were as follows: for
the first experiment (o) 73puM-creatine kinase, 1.3mM-
ADP, 10mm-creatine phosphate, 10mM-magnesium
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Fig. 1. Initial formation of radioactive creatine phosphate
after mixing in the quenched-flow apparatus

o, The mixing-chamber concentrations were 60juM-
creatine kinase sites, 1.8mM-ATP, 20mM-creatine, 10mM-
magnesium acetate, 10mM-sodium acetate and 1 mm-
dithiothreitol in 50mM-Tris-acetate buffer, pH 8.0.
0, The concentrations were the same except for 134pM-
creatine kinase sites and 2.3mM-ATP. The origin of the
ordinate is taken at the average amount of radioactivity
due to contamination with radioactive phosphate.
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Fig. 2. Initialformation ofradioactive ATP after mixing in
the quenched-flow apparatus

o, The mixing-chamber concentrations were 73prm-
creatine kinase sites, 1.3imM-ADP and lOmM-creatine
phosphate. The same buffer system was used as in Fig. 1.
The second experiment (0) was designed as a pulse-chase
experiment (see the text). The average amount of radio-
activity due to contamination with radioactive ATP is
taken as the origin of the ordinate.

acetate, 10mM-sodium acetate, 1mM-dithiothreitol,
in 50mM-Tris-acetate buffer, pH8.0. From the
overall dissociation constant of0.46mM2 (Morrison&
James, 1965) the degree of saturation is estimated at
96%. A straight line was obtained, giving a turnover
number of 48s-1 (correlation coefficient = 0.98 and
standard deviation ofy = 9,M). In the pH-stat assay
a specific activity of 72#mol min-1*mg'1 was
measured, which is equivalent to 48s-1. The second
experiment was designed as a pulse-chase experiment.
Here the enzyme solution (109,UM in creatine kinase)
contained non-radioactive ADP up to 2mM and it
was mixed in the quenched-flow apparatus with a
solution of 20mM-creatine phosphate and 2mM
radioactive ADP. The degree of saturation is esti-
mated at 98%. (Although these high degrees of
saturation were calculated, the activity is markedly
higher in the conditions of the test solution.)
As shown in Fig. 2, again a straight line is produced

(M) with a slope corresponding to 64s-1 (correlation
coefficient = 0.97, standard deviation = 10pM). There
is no pronounced lag phase apparent in the formation
of radioactive products, indicating that the intially
bound ADP was completely exchanged with the
radioactive nucleotide before the substrates are

turned over, as expected for a rapid-equilibrium
mechanism.

Although, in all the graphs, the correlation lines go
through the origin, pointing to the identification of
product formation as the rate-limiting step in both
directions, the value of the standard deviation (10%
of the active sites or 16% of the overall enzyme con-
centration, when the limited activity is taken into
account) does not allow the exclusion of a small
transient phase (in the case ofa positive deviation) or
a small lag phase (negative deviation). The value of
the possible transient phase, however, allows one to
say that, if product formation and the rate-limiting
step are not identical, they are at least within the same
order of magnitude. For a lag phase the same can be
said for the rate-limiting step preceding the formation
of the products. Hammes & Hurst (1969) found only
isomerizations that were much faster than the turn-
over of the enzyme, which again points to the identi-
fication of the product formation as the rate-limiting
step. It must be considered, however, that relaxation
techniques based on the use of pH indicators only
detect those steps that are accompanied by an
exchange of protons.

It is clear that these conclusions are only valid at
and aroundpH8. In a more acid medium the reaction
rate in the direction of ATP synthesis increases very
much. It is not impossible that under these conditions
the conformational change becomes rate-limiting.
The reaction under these conditions is, however, too
fast to be studied by quenched-flow techniques.
The behaviour ofcreatine kinase is in contrast with

an increasing number of enzymes which were found
to have a rate-limiting conformational change in their
mechanism (Gutfreund, 1975). Sucha conformational
change is an excellent site for indirect control of
activity and for the linkage of different enzyme sys-
tems. The fundamental role of creatine kinase seems
to be to phosphorylate ADP rapidly so as to buffer
the ATP concentration during its consumption in
muscle contraction.
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