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Functional differences between dimeric and octameric mitochondrial

creatine kinase
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Mitochondrial creatine kinase (Mi-CK) consists of octameric
and dimeric molecules that are interconvertible. In the present
study, the kinetic properties of purified chicken heart Mi-CK
(Mi,-CK) dimers and octamers were investigated separately
under highly controlled conditions. Gel-permeation chromato-
graphy was performed before and after kinetic measurements in
order to clearly define the proportions of octamers and dimers.
‘Dimeric’ Mi-CK solutions consisted of > 90 %, dimers through-
out the experiment whereas ‘octameric’ Mi-CK solutions con-
sisted in the beginning of 909, octamers, but upon measuring
with the highest concentrations of creatine (Cr) and ATP
approximately one-third of the octamers dissociated into dimers.
These proper controls enabled us to pinpoint the observed
kinetic differences between dimers and octamers solely to the

oligomeric state of Mi,-CK. Both dimeric and octameric Mi-CK
displayed synergism in substrate binding (K, values are higher
than K values), meaning that binding of the first substrate
facilitates subsequent binding of the second substrate. Most
interestingly, K, (Cr) and K,(Cr) values are both 2-3 times higher
for octameric than for dimeric Mi-CK. Thus, at low Cr concen-
trations, the dimer is kinetically favoured for the forward
direction of the reaction (phosphorylcreatine synthesis) com-
pared with the octamer. The possible physiological significance
of the lower K,(Cr) value of dimeric versus octameric Mi,-CK,
as well as the apparent negative cooperativity of ATP binding at
higher [Cr], are discussed within the context of a possible
functional role for dimeric Mi -CK in vivo.

INTRODUCTION

Creatine kinase (CK, EC 2.7.3.2) isoenzymes catalyse the re-
versible transfer of the N-phosphoryl group of phosphoryl-
creatine (PCr) to ADP in order to regenerate ATP (for a review
see [1]). CK isoenzymes are expressed in tissues with high and
fluctuating energy demands, e.g. in skeletal and cardiac muscle,
brain, retina and spermatozoa. In most tissues, cytosolic and
mitochondrial CK isoenzymes are co-expressed. The three
cytosolic CK isoenzymes always exist as dimeric molecules
(MM-CK, MB-CK, and BB-CK) composed of two types
of subunits (M standing for the ‘muscle’ isoform; B standing
for the ‘brain’ isoform). They are found as soluble enzymes
in the cytosol, as well as in association with subcellular
structures, e.g. the myofibrillar M-line or the sarcoplasmic
reticulum in muscle, where they are functionally coupled to
the acto-myosin ATPase [2,3] and the Ca2?'-ATPase [4,5]
respectively.

In contrast, the mitochondrial CK (Mi-CK) isoenzymes form
either octameric or dimeric molecules [6,7], with the dimer as the
basic stable building block for the octamer [8]. Mi-CK is bound
to the outer side of the inner mitochondrial membrane [9] and
has been localized both along the cristae membrane and at
peripheral sites where inner and outer mitochondrial membranes
are in close proximity [10,11]. Mi-CK dimers and octamers are
readily interconvertible, with several factors influencing the
dimer/octamer ratio in vitro [12]. The octameric form is favoured
at high Mi-CK concentrations and at low pH [6,8,12,13]. On the
other hand, equilibrium substrate combinations (MgADP +
MgATP + Cr +PCr) or formation of a transition-state-analogue

complex (TSAC, composed of Mi-CK, MgADP, Cr and nitrate)
result in the complete relatively fast dissociation of octamers into
dimers within 20-30 min [12,14-16]. Reassociation of dimers
into octamers is only observed at protein concentrations higher
than 0.1 mg/ml and is rather slow (taking many hours to
complete) compared with the dissociation in the presence of the
TSAC substrates [15].

Imaging of Mi-CK by electron microscopy revealed a banana-
shaped structure for the dimer, while the octamer displays a
cube-like shape with a P422 symmetry, a side width of 10 nm,
and a central cavity or channel running through the molecule
along the fourfold symmetry axis [17]. Based on the membrane
interaction properties [12,18] and the molecule’s shape, the
octameric molecule would seem to be well suited to supporting
metabolite channelling [19] at the mitochondrial contact sites.
Studies on isolated mitochondria have shown that mitochondrial
oxidative phosphorylation and the Mi-CK reaction are
functionally coupled, that is Mi-CK preferentially utilizes ATP
synthesized through oxidative phosphorylation, for PCr synthesis
(for reviews see [20,21]).

The kinetic properties of the cytosolic CK isoenzymes have
been characterized in detail [1,22-24]. In contrast, for the Mi-CK
isoenzymes, only a few studies are available [13,25,26], and in
only one of these was the oligomeric state of Mi-CK taken into
consideration [13].

In order to define more clearly the functional properties of
dimeric and octameric Mi-CK, we carried out a series of
experiments for the determination of the kinetic constants of
dimeric and octameric chicken heart Mi-CK (Mi,-CK) under
identical, properly controlled conditions.

Abbreviations used: CK, creatine kinase; B-CK, cytosolic brain-type CK isoenzyme; M-CK, cytosolic muscle-type CK; Mi-CK, mitochondrial CK
isoenzymes; Mi,-CK, Mi-CK isoenzyme from chicken heart; Cr, creatine; PCr, phosphorylcreatine; 2-ME, 2-mercaptoethanol; TSAC, transition-state-
analogue complex; CK forward reaction, MgATP +Cr — MgADP + PCr +H*; CK reverse reaction, MQADP +PCr+H* - MgATP +Cr.
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MATERIALS AND METHODS
Protein preparation

Escherichia coli strain BL21(DE3)pLysS and expression vector
pET-3b [27] were used for the expression of Mi -CK as has been
described in detail previously [28]. Protein purification was
performed according to Furter et al. [26].

Enzyme assays

CK activity was determined using the pH-stat method by
measuring H* release in the forward direction of the reaction,
Cr+MgATP - PCr+MgADP +H*, and H* consumption in
the reverse direction of the reaction, PCr+MgADP+H* —
Cr+MgATP [2,29]. One enzyme unit corresponds to 1 gmol of
ATP or PCr transphosphorylated per min at 25°C. For the
reverse direction of the reaction (ATP synthesis), Mi,-CK activity
was determined in an assay mixture containing 65 mM KCl,
8.5mM MgCl,, 85uM EGTA, 1 mM 2-mercaptoethanol (2-
ME) and 4 mM ADP at pH 7.0. [PCr] was varied from 0.5 mM
to 20 mM to determine K, (PCr) and V,,, ... For the forward
direction of the reaction (PCr synthesis), the assay mixture
contained 75 mM KCl and 1 mM 2-ME at pH 8.0. In order to
determine K (MgATP), K, (MgATP), K (Cr), K,(Cr) and
Vax..tor» TATP] was varied from 0.1 mM to 8 mM and [Cr] from
6 mM to 45 mM. The concentration of Mg?* (added as mag-
nesium acetate) always exceeded that of ATP by 1 mM. For the
determination of all kinetic parameters, initial velocity data were
analysed using the program package written by W. W. Cleland
[30] as adapted for personal computers by R. Viola (the program
was obtained through R. Viola, Akron University, OH, U.S.A.).
For technical reasons, the pH-stat method is not suited for an
accurate determination of the K, (MgADP) of CK, since this K,
value is far below 100 xM (for a review, see [21]). Therefore, the
K, values for PCr were determined at a constant MgADP
concentration of 4 mM. Unless otherwise stated, the values are
given as mean+ S.E.M.

The pH-stat method produced most reliable results because it
measures directly the proton consumption (reverse CK reaction)
or production (forward CK reaction) of the CK reaction and in
contrast to enzyme-coupled colorimetric CK assays does not
involve auxiliary enzymes which are also sensitive to the con-
ditions used. In addition, for the analysis of the kinetic constants
we only used initial velocity data (30—60 s) in order to ensure that
changing concentrations of buffering substrates, which may act
as long-term buffers, had no influence on the measurements. The
measurements were done at pH 7.0 in the reverse direction of the
reaction, whereas in the forward direction of the reaction, they
were done at pH 8.0. There were two reasons for this, first the
pH optima in the two directions of the reaction are different [26]
and secondly in the forward reaction the reaction mechanism is
changing from pH 7.0 (rapid equilibrium ordered, [31,32]) to
pH 8.0 (rapid equilibrium random, [22,25]) which is the mech-
anism proposed for Mi-CK [13,25]. A temperature of 25 °C for
in vitro measurements was chosen as the actual body temperature
of chickens (42 °C) led to partial denaturation of Mi,-CK in
vitro.

Generation of Mi,-CK solutions with defined proportions of dimers
and octamers

For dimeric Mi -CK solutions (90-100 %, dimers), concentrated
Mi,-CK (> 4.5mg/ml) was diluted with buffer A (50 mM
NaH,PO,, 0.5 mM EDTA, pH 7.2, 150 mM NaCl, 1 mM 2-ME,
at 4 °C) additionally containing the TSAC substrates (4 mM
ADP, 5 mM MgCl,, 20 mM Cr, 50 mM nitrate) to give a final

protein concentration of 50-60 xg/ml. After incubation for at
least 2h at 4°C to dissociate all octamers into dimers, the
solution was dialysed for 2 days against four changes of buffer A
at 4 °C in order to remove the TSAC substrates.

For octameric Mi -CK solutions (90-100 %, octamers), con-
centrated Mi,-CK was diluted to 50-60 xg/ml with buffer A and
used within a few hours.

Gel-permeation chromatography

Mi,-CK solutions were analysed for dimer and octamer contents
by gel-permeation chromatography on an FPLC Superose 12
HR 10/30 column (Pharmacia) at 4 °C, using buffer A as eluent.
The proportion of octamers and dimers was estimated by
measuring the area of the absorption peaks (280 nm) with a
digital planimeter (Placom KP-90, Japan).

Protein determination

Protein concentrations were determined by the method of
Bradford [33] using the Bio-Rad assay and BSA as standard. At
least three measurements were averaged to get a mean+S.E.M.

RESULTS
Gel-permeation chromatography of Mi,-CK

Mi,-CK consists of readily interconvertible octameric and
dimeric molecules that can be separated easily by gel-permeation
chromatography [6,12,16). Figure 1 shows a typical gel-filtration
run where elution of Mi,-CK octamers and dimers was monitored
by measurements of CK activity, of the absorbance at 280 nm
(A,g,), and of protein content by the method of Bradford [33].
The CK activity of all dimer fractions was measured by the
pH-stat method within 3 min of elution from the gel-permeation
column. This was crucial for the avoidance of any re-octa-
merization of Mi,-CK in the dimer fractions. The time point for
the activity measurements of the octamer fractions, instead, were
not so critical since the dissociation of octamers into dimers upon
dilution in the absence of the TSAC substrates takes place only
after prolonged incubation times [16]. As can be seen in Figure 1,
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Figure 1 Separation of Mi,-CK octamers and dimers by gel-permeation
chromatography

Mi,-CK was chromatographed on a Superose 12 FPLC column (Pharmacia), and 250 ul
fractions were collected. The CK activity ([J) was determined in the reverse direction of the
reaction (see the Materials and methods section), and the amount of protein (@) was measured
by the method of Bradford [33]. The absorbance (@) was monitored at 280 nm, and the
octamer and dimer peak areas were estimated by planimetry.
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the curves for the amount of protein, for CK activity and for
the absorbance (4) at 280 nm were almost perfectly super-
imposable. In the illustrated case (Figure 1), the octamer peak
included 70.99, of the A area, 69.59%, of the total amount of
protein measured, and 70.99% of the CK activity, while the
remainder of approximately 30 %, was found in the dimer peak.
These results indicate first, that octamers and dimers might have
the same specific activity and secondly, that the absorption
coefficients at 280 nm of both CK oligomers are in the same
range. Therefore, for purified Mi,-CK, the 4, is a good measure
for the amount of Mi,-CK protein (absorption coefficient,
€305 am = 3.8, [8]) as well as for the CK activity, provided that
the enzyme is fully active. This method for analysis allowed us to
determine the exact proportion of octamers and dimers present
in each sample before and after kinetic measurements.

Generation of defined dimeric or octameric Mi,-CK preparations

For measurements of the kinetic parameters of the CK oligomers,
well-defined dimeric or octameric Mi -CK solutions had to be
generated. Conditions were needed where at the same Mi -CK
protein concentration and in the absence of CK substrates, the
protein solutions mainly consisted either of dimers or of octamers.
Octameric Mi-CK is rather stable upon dilution, even at
concentrations of less than 50 ug/ml, and it dissociates into
dimers only after prolonged incubation times [16], if no substrates
are present. In the case of dimeric Mi,-CK, it was somewhat
more difficult to obtain homogenous dimer preparations because
Mi, -CK dimers tend to re-associate quickly into octamers in the
absence of the TSAC substrates, unless the protein concentration
is less than 0.1 mg/ml [15]. Therefore, dimeric Mi,-CK was
prepared by diluting concentrated Mi,-CK stock solutions to
50-60 ug/ml with buffer A containing additionally the TSAC
substrates. After incubation for at least 2 h at 4 °C, the TSAC
substrates were removed by dialysing extensively against buffer
A (see the Materials and methods section). Analytical gel-
permeation chromatography of this ‘dimeric’ Mi,-CK solution
immediately before and after the kinetic measurements revealed
negligible amounts of TSAC substrates left and an Mi, -CK
octamer content in such pure preparations of only 10.1+1.0%,.
To obtain octameric Mi -CK at the same protein concentration
as dimeric Mi,-CK (see above), concentrated Mi,-CK stock
solutions were simply diluted to 50-60 xg/ml just before use,
resulting in a solution consisting of 89.6+1.29, octamers. For
pH-stat measurements, 6.8+0.2 ug (n=18) and 3.0+0.3 ug
(n = 6) of ‘octameric’ Mi,-CK, and 5.5+0.1 ug (n = 18) and
2.540.1 pg(n = 6) of ‘dimeric’ Mi,-CK were used in the forward
and reverse directions of the reaction respectively (in a total
volume of 3 ml). Following these procedures, we were able to
generate highly enriched octameric and dimeric solutions at very
similar final protein concentrations and under the very same
buffer conditions. This was a prerequisite for a direct kinetic
comparison of octamers versus dimers.

Changes in the proportions of Mi,-CK octamers and dimers during
the pH-stat measurements

In the pH-stat assay, Mi,-CK had to be used highly diluted
(0.8-2.3 ug of protein/ml) and the enzyme was additionally
exposed to CK substrates, conditions which are known to
significantly shift the dimer/octamer equilibrium towards the
dimer. Therefore, it had to be considered that part of the
octameric Mi,-CK dissociates into dimeric Mi,-CK during the
kinetic measurements in the pH-stat, although only initial
velocities were taken into account (first 30 s). As a control, after
the pH-stat assay, aliquots of the assay mixture were directly
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Figure 2 Eadie—Hofstee plots for the forward CK reaction (PCr synthesis)
catalysed by dimeric (a) and octameric Mi,-CK (b)

CK activity measurements were performed at pH 8.0 and 25 °C as described in the Materials
and methods section. [ATP] was varied from 0.1 to 8 mM at [Cr] of 6 mM (@), 9 mM (7).
12 mM (), and 45 mM (QO). The concentration of Mg?* (added as magnesium acetate)
always exceeded that of ATP by 1 mM. For each experimental value, six independent
measurements were averaged. From such complete sets of data the K, as well as the K, values
both for ATP and Cr could be calculated (see Table 1, and the Materials and methods section).

analysed by gel-permeation chromatography. In assay mixtures
containing 6 mM Cr and 0.1 mM ATP, ‘octameric’ Mi,-CK still
consisted of 89.6 + 1.2 %, octamers (n = 4), indicating that under
these conditions, and within this short period of time, dissociation
was negligible. If, however, 45 mM Cr and 8 mM ATP were
used, the proportion of octamers dropped to 62.0+2.99%
octamers (n = 4). It is important to point out that the conditions
used for gel-permeation chromatography [i.e. highly diluted
protein, time scale (elution of Mi -CK after 20-25 min), and, in
the beginning, the presence of substrates] were generally rather
favouring dissociation of octamers into dimers during the gel-
filtration run. Therefore, the octamer percentage values indicated
represent the absolute lowest limit levels for the proportion of
octamers present at the end of the pH-stat measurements. Thus,
during the first 30 s considered for initial CK velocity deter-
mination the octamer content must have been significantly
higher than 62.0%,.

In the case of dimeric Mi,-CK, a possible re-octamerization
during the pH-stat assay, normally taking place in a significant
way on this time-scale only at protein concentrations above
0.1 mg/ml, might have influenced the kinetic measurements,
although this is very unlikely at the low Mi -CK protein
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Table 1 Kinetic constants of dimeric and octameric Mi,-CK in the direction
of PCr synthesis (A, forward CK reaction) and in the direction of ATP
synthesis (B, reverse CK reaction)

CK activity measurements in the forward direction were performed at pH 8.0 and 25 °C (see
the Materials and methods section). [ATP] was varied from 0.1 to 8 mM, and [Cr] from 6 to
45 mM. The concentration of Mg?* (as magnesium acetate) always exceeded that of ATP by
1 mM. All values represent the mean + S.E.M. of six independent sets of measurements. CK
activity measurements in the reverse direction were performed at pH 7.0 and 25 °C. [PCr] was
varied from 0.5 to 20 mM at constant [ADP] of 4 mM. The values given represent the
mean + S.EM. of 15 and five independent measurements for dimeric and octameric Mi,-CK
respectively.

A MgATP + Cr — MgADP + PCr + H*

Dimeric Mi-CK Octameric Mi,-CK
K, (Cr) 3.6940.40 mM 10.1+£08 mM
K4Cr) 9.56+1.28 mM 183+21 mM
K (MgATP) 0.39+0.03 mM 0.56 +0.04 mM
K{(MgATP) 1.01+£018 mM 1.01£011 mM
Voaxtor 64.7 +1.3 units/mg 72.9+1.9 units/mg
B MgADP + PCr +H* — MgATP +Cr

Dimeric Mi,-CK Octameric Miy-CK
K(PCr) 1.1240.03 mM 1694014 mM
Viaxsev 111.0 4 0.9 units/mg 121.04 3.3 units/mg

concentrations (0.8-2.3 xg/ml) used [15]. Nonetheless, aliquots
of ‘dimeric’ Mi,-CK were also analysed by gel-permeation
chromatography directly after the pH-stat measurements. In an
assay mixture containing 45 mM Cr and 8 mM ATP, no octamers
could be detected at all (0%; n=>5), indicating that at these
substrate concentrations the small percentage of octamers
(~ 109%,) present before dilution had dissociated completely into
dimers during the assay.

Similar findings were made in the reverse direction of the
reaction. In assay mixtures containing 0.5 mM PCr and 4 mM
ADP, dissociation of octameric Mi -CK was negligible, i.e. the
proportion of octamers was still 89.3+0.3% (n = 3). In assay
mixtures containing 20 mM PCr and 4 mM ADP, 78.6+0.7%
octamers were measured, demonstrating that under the most
extreme conditions only a small proportion of octameric Mi,-
CK dissociated into dimers during the time of the pH-stat
measurements in the presence of high concentrations of PCr and
ADP.

Determination of kinetic constants of dimeric and octameric
Mi,-CK

In a rapid-equilibrium random mechanism of substrate binding,
as proposed for cytosolic CK [22,24,31] and Mi-CK [13,25] at
pH 8.0, the CK substrates have equal access to the respective
binding sites within the enzyme. If the K, values are higher than
the K, values [K, > K] for any of the substrates, this indicates
‘synergism’ in substrate binding. In such a case, as shown to be
true for MM-CK [23,24] and Mi,-CK [26], binding of the first
substrate facilitates binding of the second one.

In Figure 2 the results of the kinetic measurements in the
forward direction of dimeric and octameric Mi,-CK are shown
as Eadie-Hofstee plots and by using the kinetic analysis program
of Cleland ([30], see also the Materials and methods section)
V..., K, and K, values could be calculated (Table 1A). Dimeric

max.?

as well as octameric Mi,-CK displayed synergism in substrate

binding, that is, in both cases, the K, values for MgATP and Cr
were higher than the corresponding K, values. Interestingly,
both the K, and K, values for Cr (2-3 times) and the K, value
for ATP (1.5 times) were higher for octameric compared with
dimeric Mi,-CK, pointing to a significant kinetic difference of
octameric versus dimeric Mi,-CK in the binding of Cr as a
substrate. As judged from the slopes of the Eadie—Hofstee
plots (with the slope representing —1/K,; Figures 2a and 2b) it
can be seen that, since the data are very accurate, the Mi-CK
enzyme kinetics is not as simple as suggested because the
K_(MgATP) at 45 mM Cr is obviously lower than that at 6 mM
Cr. This fact, indicating an apparent negative cooperativity, is
true for dimeric as well as octameric Mi, -CK and therefore seems
to be characteristic for Mi-CK activity.

In the reverse direction of the reaction, K, for PCr and V.
for dimeric and octameric Mi,-CK were determined at pH 7.0,
since, at pH 8.0, the activity in the reverse direction of the
reaction is approximately three times lower than at pH 7.0 ([26],
see also the Materials and methods section). K (PCr) and V.
values were determined by averaging several sets of independent
measurements (see the Materials and methods section) and were
lower for dimeric compared with octameric Mi,-CK (Table 1B).

DISCUSSION

The kinetic constants measured in this study under defined
conditions concerning the octamer/dimer ratio were lower for
dimeric compared with octameric Mi -CK, with the binding
constants for creatine [K_(Cr) and K,(Cr)] differing by a factor
of 2-3. Since the kinetic measurements in the pH-stat were done
under absolutely identical conditions for dimers and octamers,
i.e. identical protein concentrations, pH, temperature and sub-
strate concentrations, except for the oligomeric state of Mi,-CK,
the observed kinetic differences most likely originated from the
different oligomeric state of Mi,-CK.

Synergism in substrate binding was found for both oligomers,
and ¥V, of dimeric and octameric Mi,-CK were very similar,
being in agreement with earlier findings [12]. The kinetic constants
K_(PCr), K (MgATP), K (Cr), and K, (Cr) derived from sets of
experiments shown in Figure 2 are 1.5-3 times lower for dimeric
than for the octameric Mi -CK (Table 1), meaning that dimers
have higher affinities for the substrates than octamers. This
difference, albeit rather small, may become physiologically rel-
evant especially at low, local substrate concentrations in the cell.
The difference of the kinetic constants relating to the substrate
Cr in the forward CK reaction is especially interesting, since Mi-
CK was shown to be coupled to oxidative phosphorylation via
ATP/ADP translocase, a process enhancing the forward CK
reaction [34,35]. In addition, from the Eadie-Hofstee plots
(Figure 2) it can be seen that both for dimers and octamers, the
K_(MgATP) is lower at high [Cr]. This fact would indicate that
in a low-energy state (low, that is at a high Cr/PCr ratio) Mi-CK
has a higher affinity for ATP transported through the inner
mitochondrial membrane by the ATP/ADP translocase. Such
behaviour of Mi-CK would favour the production of ‘high-
energy’ phosphate, e.g. PCr by mitochondria in cells which are
in a state of low phosphorylation potential. This apparent
negative cooperativity of CK could also be a hint that the ATP-
and the Cr-binding sites are somehow structurally connected,
which allows communication with each other.

Lipskaya et al. [13] found similar K, values compared with our
results, but did not determine the K, values for the substrates
and, in addition, these authors determined the kinetic constants
of octameric and dimeric Mi-CK each under very different
experimental conditions. In theory, the enzyme concentration
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used in the pH-stat assay should have no influence on the kinetic
values, but in practice we noted that it was necessary to use very
similar protein concentrations of dimeric and octameric Mi -CK
to be able to directly compare their K, values (P. Kaldis and
T. Wallimann, unpublished work). Based on our experience,
differences in kinetic constants obtained by using protein concen-
trations which were 25 times higher for the octamer compared
with those taken for the dimer [13] should therefore be interpreted
with caution.

The proportion of dimeric Mi-CK present in vivo in the
mitochondrial intermembrane space was estimated, by extraction
experiments, to be at least 109, of the total Mi-CK for chicken,
depending on the species and the tissue [12,21]. Considering the
fact that in resting muscle, the concentration of Cr is between 5
and maximally 10 mM (see [20]), the observed differences in
K,(Cr) and K, (Cr) for Mi,-CK dimers and octamers (9.56 versus
18.3 and 3.69 versus 10.1 mM, respectively) seem to be
physiologically relevant. That is, at resting levels of [Cr] during
early phases of muscle activity, only Mi, -CK dimers, but not
octamers, might be saturated by Cr. Thus, owing to their higher
affinity for Cr, the low proportion of Mi -CK dimers (10 %) may
be responsible for approximately 20 %, of the reaction flux from
Cr to PCr at 1 mM Cr, but only for 109, of the reaction flux at
20mM Cr. This estimation indicates that besides Mi -CK
octamers, the dimers may also play a role in PCr synthesis and
in energy metabolism in general, as already postulated [16,20],
especially at early phases of activation or at low workloads when
[Cr] still is or remains low, respectively. However, at high cellular
workload, when [Cr] may rise to 20-25 mM, Mi,-CK octamers
will also be mostly saturated by Cr. As octamers are able to
induce contacts between mitochondrial membranes [18] and are
postulated to form *functionally coupled channels’ with porin of
the outer mitochondrial membrane [36] and ATP/ADP-trans-
locator of the inner mitochondrial membrane, they will probably
enhance the efficiency of substrate channelling and vectorial
transport of PCr more than dimeric Mi,-CK [19]. Since, in vitro,
(i) the dimer/octamer equilibrium is governed in part by pH, by
nucleotides, and by Cr and/or PCr levels; (ii) a pH-dependent
differential interaction of octamers and dimers with the inner
mitochondrial membrane has been demonstrated [12,37]; and
(iii) a clear difference in important kinetic parameters between
octamers and dimers has been shown here, it is reasonable to
speculate that such a dynamic equilibrium between dimers and
octamers, as well as between free and membrane-bound Mi, -CK
observed in vitro, may also be of some physiological importance
in modulating cellular energetics in vivo (see [20,21]). However,
the in vivo conditions, e.g. the high Mi-CK concentrations and
the temperature in the intermembrane space seem rather to
favour a strong prevalence of Mi-CK octamers.

In the present study, we show for the first time that under
properly controlled conditions, Mi,-CK dimers differ sig-
nificantly in the K(Cr) and K_(Cr) values from Mi -CK
octamers. Based on the facts presented here, we postulate that
dimeric Mi,-CK may, nevertheless, also play an important
physiological role in contributing to the generation of PCr by the
mitochondria, especially at rest or during early phases of cellular
activity. Secondly, the apparent negative cooperativity of Mi-
CK, showing a lower K (MgATP) at higher [Cr], would favour
PCr production by mitochondria in cells which are in a low-
energy (high-Cr/PCr) state.

M. Wyss is gratefully acknowledged for discussion on every step of this work and
for intensive review of the manuscript. We also thank H. M. Eppenberger for

Received 14 November 1994/30 January 1995; accepted 2 February 1995

continuous support, R. Furter for helpful discussion and advice concerning the
enzyme kinetics, and Eddie 0'Gorman for critically reading the manuscript. This work
was supported by a graduate student training grant from the ETH Ziirich (for P.K.),
by a Swiss National Science Foundation grant (No. 31-33907.92) and by the Swiss
Foundation for Muscle Diseases (both to T.W.), and by the Swiss Heart Foundation
(to P.K.).

REFERENCES

1 Kenyon, G. L. and Reed, G. H. (1983) in Advances in Enzymology and Related Areas
in Molecular Biclogy (Meister, A., ed.), vol. 54, pp. 367—426, J. Wiley & Sons, New
York
2 Wallimann, T., Schidsser, T. and Eppenberger, H. M. (1984) J. Biol. Chem. 259,
5238-5246
3 Krause, S. M. and Jacobus, W. E. (1992) J. Biol. Chem. 267, 24802486
4 Rossi, A. M., Eppenberger, H. M., Volpe, P., Cotrufo, R. and Wallimann, T. (1990)
J. Biol. Chem. 265, 5258—5266
5 Korge, P., Byrd, S. and Campbell, K. B. (1993) Eur. J. Biochem. 213, 973-980
6 Schlegel, J., Zurbriggen, B., Wegmann, G., Wyss, M., Eppenberger, H. M. and
Wallimann, T. (1988) J. Biol. Chem. 263, 1694216953
7 Schnyder, T., Engel, A., Lustig, A. and Wallimann, T. (1988) J. Biol. Chem. 263,
16954—16962
8 Wyss, M., Schlegel, J., James, P., Eppenberger, H. M. and Wallimann, T. (1990)
J. Biol. Chem. 265, 15900—15908
9 Jacobus, W. E. and Lehninger, A. L. (1973) J. Biol. Chem. 248, 4803—4810
10  Kottke, M., Adams, V., Wallimann, T., Nalam, V. K., and Brdiczka, D. (1991) Biochim.
Biophys. Acta 1061, 215-225
11 Wegmann, G., Zanolla, E., Eppenberger, H. M. and Wallimann, T. (1992) J. Muscle
Res. Cell Motil. 13, 420435
12 Schlegel, J., Wyss, M., Eppenberger, H. M. and Wallimann, T. (1990) J. Biol. Chem.
265, 9221-9227
13 Lipskaya, T.Y., Trofimova, M. E. and Moiseeva, N. S. (1989) Biochem. Int. 19,
603613
14 Marcillat, 0., Goldschmidt, D., Eichenberger, D. and Vial, C. (1987) Biochim. Biophys.
Acta 890, 233-241
15  Gross, M. and Wallimann, T. (1993) Biochemistry 32, 13933—13940
16  Kaldis, P., Furter, R. and Wallimann, T. (1994) Biochemistry 33, 952—959
17 Schnyder, T., Gross, H., Winkler, H., Eppenberger, H. M. and Wallimann, T. (1991)
J. Cell Biol. 112, 95101
18  Rojo, M., Hovius, R., Demel, R. A., Nicolay, K. and Wallimann, T. (1991) J. Biol.
Chem. 266, 2029020295
19  Wyss, M. and Wallimann, T. (1992) J. Theor. Biol. 158, 129-132
20 Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K. and Eppenberger, H. M. (1992)
Biochem. J. 281, 2140
21 Wyss, M., Smeitink, J., Wevers, R. A. and Wallimann, T. (1992) Biochim. Biophys.
Acta 1102, 119-166
22 Morrison, J. F. and James, E. (1965) Biochem. J. 97, 37-52
23 Morrison, J. F. and Cleland, W. W. (1966) J. Biol. Chem. 241, 673—683
24 Maggio, E. T., Kenyon, G. L., Markham, G. D. and Reed, G. H. (1977) J. Biol. Chem.
252, 12021207
25 Saks, V. A, Chernousova, G. B., Gukovsky, D. E., Smirnov, V. N. and Chazov, E. I.
(1975) Eur. J. Biochem. 57, 273-290
26  Furter, R., Furter-Graves, E. M. and Wallimann, T. (1993) Biochemistry 32,
7022-7029
27  Studier, F. W., Rosenberg, A. H., Dunn, J. J. and Duebendorff, J. W. (1990) Methods
Enzymol. 185, 60-89
28 Furter, R, Kaldis, P., Furter-Graves, E. M., Schnyder, T., Eppenberger, H. M. and
Wallimann, T. (1992) Biochem. J. 288, 771775
29  Milner-White, E. J. and Watts, D. C. (1971) Biochem. J. 122, 727-740
30 Cleland, W. W. (1979) Methods Enzymol. 63, 103—138
31 Schimerlik, M. I. and Cleland, W. W. (1973) J. Biol. Chem. 248, 84188423
32 Cook, P. F., Kenyon, G. L. and Cleland, W. W. (1981) Biochemistry 20, 1204—1210
33  Bradford, M. M. (1976) Anal. Biochem. 72, 248-254
34 Jacobus, W. E. and Saks, V. A. (1982) Arch. Biochem. Biophys. 219, 167—178
35 Aliev, M. K. and Saks, V. A. (1993) Biochim. Biophys. Acta 1143, 291-300
36 Brdiczka, D., Kaldis, P. and Wallimann, T. (1994) J. Biol. Chem. 269, 2764027644
37 Kaldis, P., Eppenberger, H. M. and Wallimann, T. (1993) in New Developments in
Lipid-Protein Interaction and Receptor Function (Wirtz, K. W. A., Packer, L.,
Gustafsson, J. A., Evangelopoulos, A. E. and Changeux, J. P., eds.), NATO ASI Ser.
vol. 246, pp. 199-211, Plenum Press, New York and London



