MAGNETIC AESONANCE IN MEDICINE

3P NMR Saturation Transfer Study of the Creatine
Kinase Reaction in Human Skeletal Muscle at Rest and

during Exercise

Jean-Frangois Goudemant, Marc Francaux, Isabelle Mottet, Roger Demeure,

Merence Sibomana, Xavier Sturbois

The creatine kinase reaction has been studied by *'P NMR in
exercising human calf muscle. Quantitative analysis of high
energy phosphates and saturation transfer study of the crea-
tine kinase flux in the direction of ATP synthesis (V,,,) were
performed at rest and during exercise. As expected, exerclse
induced a [PCr] decrease (from 28.5 = 0.9 to 21.9 = 1.5 mM,
P < 0.01) matched by a P, Increase {from 4.5 « 0.2t0 89 =18
mM, P = 0.06). pH, and [ATP] remalned unchanged. V,,, did not
change from rest (12.4 = 0.9 mM s~') to moderate exercise
and decreased at the highest exercise level (8.4 £ 1.4mM s,
P = 0.006). This observation differs from the prediction of the
creatine kinase rate equation, showing an increase in the flux
with exercise intensity, Computations suggest that this dis-
crepancy arises from metabolite compartmentalization
and/or from the reaction kinetics of a dead end complex
stabilized by planar anions.

Key words: energy metabolism; creatine kinase; human skel-
etal muscle.

INTRODUCTION

The *'P NMR has proven to be a helpful tool in the study
of energy metabolism in skeletal and cardiac muscle, by
allowing a noninvasive and continuous monitoring of
phosphorus compounds. In addition to Lhis classical ap-
proach, the NMR technigue can be used to study enzyme
kinetics in vivo, by the magnetization transfer method
(1). The creatine kinase (CK) reaction, which is inti-
mately implicated in energy metabolism. has been
widely sludied by this approach in cardiac cells (2-12).
In contrast. the kinetics of this enzyme has not been
investigated to the same extend in the skeletal muscle
{13-17).

Creatine kinase catalyses the reversible transfer of a
high energy phosphate group from phosphocreatine
(PCr) to adenosine diphosphate (ADP) (forward direc-
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tion), or from adenosine (riphosphate (ATP) to creatine
(Cr) (reverse direction) (Eq. [1)):

K,
PCr~ + Mg ADP~ + H' = MgATP* + Cr
k-,

(1]

where k, and &_, are the rate constants of the reaction in
the forward and reverse directions, respeclivelv. Because
of the high flux of CK with rospect (o0 lhose of ATPases,
the first role allributed to this reaction is energy buffer-
ing: it ensures a stable ATP conceniration by replenish-
ment from PCr pool, and allows energy storage by con-
version of ATP into PCr. Ancther possible role of CK is
related to its isozymes localized in muscle cells. Accord-
ing to the hypothesis of the Cr-Cr shuttic (2-4. 18-20).
the energy transfer from ATP production sites (mitochon-
dria) to ATP consumplion siles (myofibrils and ion trans-
porl sites) could be fucilitated by the presence of CK
isozymes at these sites. This concepl has been referred to
as a spatial buffering ol energy (19). Several authors
(5-10) demonsiratad the validiiy of this hypothesis in
cardiac muscle cells, by showing a coupling between the
reaction velocity and the energy production-degradation
processes: however. the shuttle hvpothesis is still con-
troversial since other investigators (11, 12) were unable
to see this coupling. In skeletal muscle, previous works
(13-15) have established that the creatine kinase reaction
Mux doss not change or even decrease with work. The
origin of this observation is unclear. The aim of this
stucly is to understand the lack of relationship between
ATP synthesis and creatine kinase kinetics in skeletal
muscle. The comparison of enzymatic flux predicted in
vitro (13) with experimental flux recorded in the com-
plex intracellular conditions found in vivo can improve
our understanding of energy metabolism during exercise.

We applied the NMR kinetics study 1o human muscle.
Although specitic problems are brought by human stud-
ies, including the Jimitation of maximum voluntary force
development and muscle heterogeneily, human investi-
gations are highly attractive due to the important impli-
cations in functional evaluation in pathology and exer-
cise physiology. In contrast to previous sludies {13, 14),
the present work is run at rest and at different levels of
exercise to delineate the pattern of the flux change with
the increase in work. Five series of CK fluxes and metab-
olite concentrations were recorded from rest to the high-
est exercise level sustainable for the period required by
the satvration transfer measurement. A complete time
dependent saturation transfer (TDST) sequence was used
to ensure the quality of the kinetics data. Experimental
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results were then compared with the prediction of the CK
rate equation delermined in vitro (21-24). The discrep-
ancy belween the experimental observations and the cal-
culations increased our understanding of metabalic
changes occurring during exercise.

MATERIAL AND METHODS
General

"'P NMR spectra were recorded on a Bruker Biospec
spectrometer (horizontal bore) working at 4.7 Tesla and
81 MHz for *'P, equipped with a 530-mm diameter surface
coil appropriate for both 'H and **P. Six 22- to 28-year-
old healthy male volunteers were placed in a supine
position with their legs in the magnet. The left calf mus-
cle was firmly immobilized on the coil by means of a
specially designed setup that allowed us to study mainly
the gastrocnemius muscle, with probable contribution
from neighboring muscles. The subjects were studied at
rest during dynamic exercises consisting of plantar flex-
ions at 0.5 Hz frequency. The fool was placed in a pedal
connected to a weight by means of a pulley system (Fig.
1). The linear displacement of the pedal (~8 cmn) was
continuously monitored to be certain that the work per-
formed was proportional to the weight applied. Exercise
intensily was varied by using weights of 2.5. 5. 7.5. and
10 kg. Experiments were run in several sessions. No
changes in [P,;]/|PCr) and pH; were observed before exer-
cise, confirming that the recovery period between exam-
inations was sufficient to ensure the restoration of param-
eters hofore starting a new exercise. These experiments
were approved by the commitiee on the ethical use of
human subjects of our institution.

Quantification and Intracellular pH Measurement

Afer the fine tuning of the probe with the subject prop-
erly instglled, magnetic field homogeneity was opti-
mized on the free induction decay (FID) of water protons.
The linewidih at half height of the water signal was
typically ~50 Hz. *'P signals were acquired after a pseu-
do-90° pulse on 1024 points with a 6000-Hz speciral
width. The pseudo-90 used (130-ps pulse duration) is
equal to 2 1imes the pulse duration required Lo achieve a
90° pulse in the center of the coil. This pulse is the
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FIG. 1. Experimental setup used for ihe exarcise protocal on tha
human calf muscle.
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FIG. 2. Sample of the NMR spectra acquired during the saturation
transter experiment (repetition time = 8 s, pseudo-90°, number of
scans = 12, saturation of the [y-PJATP). The lines are from left to
nght: P. PCr, [y-P)ATP, [a-PJATP, and [3-PJATP. The saturation
durations applied on the [y-PJATP are 0, 0.5, 1.2, 3,5, and 7.5 s.
The first spectrum, recorded without saturation of the |y-PJATP, is
repeated after the last spectrum to highlight the decrease of the
PCr peak.

optimum irradiation necessary to yield to the maximum
signal intensity and allows the recording of a signal
mainly originating ~3 cm deep in the muscle. Quantifi-
cation of peak areas was performed by fitting in the time
domain (25). The Fourier transform of the data presenied
in Fig. 2 was calculated on 8192 points aficr zero filling
and exponential multiplication (line broadening — 5 Hz).

A relative quantification of PCr, ATP, and P, was
achieved at rest and during exercise Irom the first spec-
trum recorded for each kinetics mensurement. This spec-
trum corresponds to the data recorded without irradia-
tion of the [y-PJATP line. and it was acquired after a
pseudo-90° pulse with a repetition time of 8 s. A factor
was calculated to relate the area of the {3-P]ATP peak in
the rest spectrum of each subjccl to the concentration of
8.2 mM classically reported for this compound in the
skeletal muscle at rest (26. 27). The quantification during
exercise was achieved by calculating the ATP conceuntra-
tion from this factor and from the area of the (B-PJATP
line. Similarly, the P, and PCr concentrations at rest and
during exercise were estimated by comparing the area
under their peaks with that of the [3-PJATP resonance.
To reduce errors due to changes in the quality of the
spectra caused by leg movements, the spectra were
scaled by comparison to the signal of a reference (meth-
vlene phosphonic acid, Merck, B-1900 Overijse. Bel-
gium) contained in a small tube located at the center of
the coil. Thus, this reference was not used for absolute
quantification bul to ensure the correspondence between
spectra recorded on different subjects and at various
exercise levels.

Since the quantification was performed on slightly sat-
urated spectrit (repetition lime = 8 s). 8 correction of peak
areas was needed. Saturation faciors were calculated

from the apparent longitudinal relaxation times (T, ,,)
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of the phospharus compounds. T, ., were measured in
separate experiments by the progressive saturation
method. According to this lechnique. several spectra
with different repetition times (RT) between successive
pseudo-90° pulses wore recorded. and the peak areas of
the resonances were plotted against the RT. A monoex-
ponential fit (Eq. [2]) of these data to the three parameters
a. Ty ., and M, (the maximum magnetization observed,
carresponding ta the fully relaxed condition) allowed the
T, .op to be calculated:

M) = My[1 — o exp #1771 we] (2]

For this measurement, 9 speclra of 16 or 32 scans were
recorded on each subject. with RT ranging from 0.1 to
20 s.

The intracellular pH (pH,) was calculated from the
chemical shift of the P; peak (5) with respect to the PCr
peak (28) according to the classical equation (Eq. [3])
(13):

pH=6.75 + lng

"85 — 3.27
i —) (3}

. 5.69 — 8y,

ADP conceniration was determined from the apparent
equilibrium constant (K,.app = K., [H")) of the creatine
kinase reaction (Eq. [4]):

[Cr][ATP]
(ADP]= , [4]
[PCrIK,[H']

A value of 166 at 38°C and pH 7 has been reported by
Lawson and Veech (29) for the K ,app (ionic strength
0.25 mole kg~ " and [Mg*™) = 1t mM). [H"] is calculated
from the pH, measured on NMR spectra. The Cr concen-
tration is calculated from the concentration of the total Cr
pool. generally reported lo be 42.5 mM in the human
skeletal muscle (26, 27).

Kinetics Measurements

The kinetics measurements aim to estimate the pseudo-
first order rate constant kg, (forward direction) of the
phosphorus exchange between PCr and (y-PJATP (Eq. [5],
derived from Eq. (1]).

k(nr= k\[MgADP_][H+:I [5]

The flux of the reaction (Vy,,) is calculated from this
pseudo-first ocder rate constant (k;,.) and the PCr con-

centration by means of Eq. [6]:

Vior = kind PCr] (6]

The pseudo-first order rate constant k,,, was measured by
the TDST method (28). Saturation pulses were applied
on the [y-PJATP peak. and different spectra were re-
corded after the saturation duration () (Fig. 2). The pseu-
do-first order rate constant was calculated by fitting the
area of the nonirradiated exchanging resonance (PCr
peak} against this duration according to Eq. [7]:

Mty = M1 + kg Ty exp @ 70m] |71

Goudemant et al.

where M, is the magnetization remaining after a long
saturation period. T, is the intrinsic relaxation time of
the exchanging unsaturated nucleus, and [T, )" =
(T,)7" + k.. This T, app 18 the apparent T, value involv-
ing the effect of the exchange on the relaxation mecha-
nism generally recorded by inversion recovery or satura-
tion recovery (see above). The parameters fit to Eq. [7] are
M. (keoe Ty and T, e

In these experiments, the saturation is achieved by a
DANTE pulse sequence (30) consisting of a train of short
pulses (10 us) separated by a 490-ps delay. Mirrored
irradi:tions (Fig. 3) in double irradiation experiments
proved that the selectivily of this sequence was adequale:
the nonirradiated spectrum (noted A in Fig. 3) is not
different from the mirrored irradiation spectrum (C) as
assessed by the difference spectrum F = A-C. Figure 3
also shows that a small shift (20 Hz) of the irradiation
frequency (spectrum D). likely to occur with leg move-
ment for example. has no effecl on the magnetization
transfer of the P nucleus from PCr to (vP]-ATP (difference
spectrum E = B-D). These measurements prove the ac-
curacy of the saluration transfer in the exercising human
calf muscle. Finally. the saturation transfer technique
used is appropriated for kinetics measurements with a
surface coil, as used here, since full resonance saturation
was obtained in spite of the inhomogeneous B, field of
the coil. Moreover, similar methods have been previ-
ously used by others (24, 31).
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FIG. 3. Validation of NMR measurement of the CK kinetics on
human calf muscle. Spectrum A is the control spectrum recorded
without irragiation (repetition time = 8 s, pseudo-90°, number of
scans = 12). Spectra B-D are acquired during saturation transfer
experiment {saturation duration = 7.5 sj with change of irradiation
frequency as indicated by the arrow position. Difference spectra
(E-G) are presented to highiight the changes betwean spectra
A-D.
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A set of seven saturation durations was used for the
kinelics study: 0-s (spectrum wilhout saturation. also
used for the relative quantification), 0.5-, 1-, 2-, 3-, 5-, and
7.5-s satlurations were applied in random order, to aver-
come time-dependent change in signal inlensity. In this
protucol, the exorcise was started 3 min before measure-
ments to cnsure a stable metabolic condition during the
experiment (~12 min), Dummy scans werc not used to
avoid excessive lengthening of the experiment duration.
unless they would be preferred due to the partial satura-
tion of our NMR data. However, Lhe error resulting from
this omission js very small. since only slight (PCr and P,)
or no (ATP) saturation occurs in our experimental con-
ditions (see below). Possible fluctuations of the meta-
bolic condition and of metabolite concentrations were
overcome by parlitioning the 12 acquisitions required for
each saluration duration into 3 blocks of 4 scans accu-
mulated discontinuously. This acquisition in several in-
terleaved blocks allowed the recording of the nicon value
of concentration and kinetic parameters over the entire
duration of the experiment and reduced the influence of
an imperfect steady state of the exercise on the NMR
measgurenient.

Calculation of the Predicted CK Flux from the Rate
Equation of the Creatine Kinase

The predicted velocity of the creatine kinase reaction
was calculated from the rate equalion determined by
Morrison and James (21) and Morrison and Cleland (22),
depicted in Eq. [8]:

,_ Vii[MgADPI(PCr]
for = K'ADP) E-FC" D (8]
where
D= (MgATP] ([Cr] [MgADP] [PCr]
=1+ KATE) K\Co KIADP) KSPCr)
{Cr)IMgATP) [PCr)[MgADP)
_K(ATPDMCU K(ADFI PCo)

This equation requires on the reactant concentrations
(IMgATP], (MgADP], [PCr). and [Cz]). the maximum ve-
locity of the creatine kinase reaction in the skelctal mus-
cle (Vr ) and the dissociation constant of the hinary and
tecnary complexes of enzyme-substrate, K; and K|,. To
consider the ternary dead end complex formation en-
zyme-MgADP-Cr and enzyme-MgATP-PCr in the control
of enzyme kinetics. the following terms (Eq. (9]) have to
be added to the parameter D. The inhibitory constant
implicated in dead end complexes lurmation are K.

[Crl[MgADP] [PCrl{MgATP]
K{COKADP) ) K< gATP)

Finally. the stabilization of the enzyme-MgADP-Cr com-
plex by planar anions {32-34) requires the replacement
of the corresponding term in Eq. [9]) by (Eq. (10]):

19)

[anion][_Cr][MgADP]

~anlon pAADP) pACr)
}‘I Km [\I

(10]
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where K3"°" is the anion inhibilory constani.
The K,,,. K;. and K, values used are those of McFarland
et al. (32) for the skeletal muscle, and are listed in Table
1. The maximal velocity of the reaction in tbe forward
direction (V) is derived from the concentrotion of
creafine kinase in human muscle (35). known to be 2588
U g™ ". Since 1 U is defined as the formation of 1 umole
ATP per minute (pH 7.4 and 30°C) and the Q, 4 of creatine
kinase is 2 (5. 32, 36), it can be concluded that V3% in
human muscle is 60 pmole s™' g™ '. Furthermore. since
the cytosolic water content is classically reported ta be
40-60% of muscle wet weight, V" must be close to
100-150 mM s~ '. Using the cytasolic water content of
67% of wel weight used by Rees ef al. (13) leads to a V2L
value of 90 mM s~'. A V©' value close to 100 mM 5!

thus seems appropriate for human skeletal muscle.

Statistical Analysis of the Results

Results are expressed as means * standard error of the
mean (SEM). Repeated measures ANOVA was used to
test the effect of exercise leve). When a significant effect
was found, a contrast analysis was performed to deter-
mine the differences among work levels. The limit of
significance was taken to be P = 0.05. All statislical
analyses were performed by using the SYSTAT soflware
(Systat lnc, 60201 Livanston, IL).

RESULTS

The apparent longitudinal relaxation time measured on
the six subjects gave the following results: 2.5 * 0.4 s for
P, 2.5 = 0.2 s for PCr and 1.0 = 0.1 s for the [3-P|ATP.
Since the corresponding saturation factors calculated
from acquisition conditions are 0.96 for PCr and P; and 1
for ATP, so the large repetition time relative to the T,
leads only 10 a slight saturation of the PCr and P; reso-
nances.

Results of the relalive quantification are listed in Table
2. As expected (37), a [PCr] decrease (—23 = 6%. P <
0.01) is observed during exercise, and is matched by a
possible increase in the P; content (104 * 44%, P = 0.086).
The ATP concentration is not significantly modified by
exercise, whereas the calculated ADP level at maximum
workload shows a significant enhancement with respect
10 the rest value. The sum of phosphorylated compounds
calculated from the NMR spectra is not significantly al-
tered by exercise. indicating that no loss of phosphate
occurs. The exercise protocol did not significantly mod-
ifv the intracellular pH.

Kinetics measurements clearly demonsirate the phos-
phlate transfer between PCr and (v-P]ATP (Figs. 2 and 3).
The pseudo-first order rate constant kg, ond the inirinsic
T, of PCr ore presented in Table 2. T, and k,, are not

Table 1
Ky K., and K, values (mM) Used in tha Predicted V.,
Calculation (32)

MgADP PCr MgATP Cr Anion
K,  0.04 111 0.057 38
K, 0.135 3.9 3.5 554
K, 0.015 39 3.2 58 0.1-04
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Table 2

Goudemant et al.

Results of the Relative Quantificalion (Concentrations n mM), pH,, Kinetics (k. in s, T, in 8), Flux (V,,, in mM s~ ") Calculations

during Rest and durning Four Different Levels of Exercise

rest 2.5 kg 5 kg 7.5 kg 10 kg Anova
[Pl 45 =02 52 +0.4 6.3=04 81 =22 8818 NS®
[PCr] 28.5 = 0.9 287 + 1.5 28.9 > 1.2 26.0 = 2.0 219 = 1.5° P=0.008
[ATP] 8.2 3.1 +05 8.7~ 0.6 8208 78 =07 NS
[ADP) 0.027 = 0.003 0.028 = 0.004 0.035:0.006 0.033 = 0.004 0.048 = 0.006 P=0.02
[PI1PCH 0.158 = 0.008 0.180 = 0.009 0.24 = 0.02° 0.32 = 0.08 0.39 = 0.06* P=0.015
Sum [P] 57.6 = 0.9 613 = 3.2 594 =29 58.7 =52 546 =53 NS
pH, 7.04 = 0.01 7.04 = 0.01 7.05 = 0.01 7.02 = 0.02 702 = 0.04 NS
Kior 0.44 = 0.03 0.41 = 0.02 0.48 =~ 0.01 0.47 = 0.05 0.38 =~ 0.04 NS
T, PCr 3.8 +03 42 =02 3.4=02 4004 48 - 04 NS
measured V,,, 12.4 = 0.9 118=10 13.1 =06 2115 84 = 1.4° P=0.006
predicted V,,, (A) 20.4 = 0.8 208 = 1.0 225=1.2 211 > 1.1 24119 NS
predicted V,,, (B) 12.0 = 0.7 121 =12 138 = 1.1 133+ 1.4 16.7 = 1.9 NS

Quantification was performed by assuming a value of 8.2 mM for ATP concentration at rest. The predicted V,,, was calculated from the rate eguation of the
CK by using the experimental metabolite concentrations, the constants presented in Table 1 and a VI, of 100 mi s '. Predicted V,,,. (A} refers to Ihe
calculation of the rate equation with no dead end complex formation, while predicted Vi, (B) refers to the calculation involving ternary dead end complex

formation.

7 Denotes statistical difference between the measurament conducted Guring exercise and rest condition {P < D.05, ANOVA analysis ang contrast analysis)

© NS, nonsignificant.

significantly modified with exercise in comparison to
rest. V. calculated from PCr concentration and k. re-
mained idenlical a1 the three lowesl exercise levels and
significantly decreased at the highesl exercisc level.

DISCUSSION

The relative quantification shows the well-knawn pat-
tern of concentration changes with exercise. This patiern
supports the transfer function proposed by Chance et al.
(38). since a plot (not presented) of the workload versus
the (P,)/[PCr| ratio shows the classical hyperbolic behav-
ior. Since exercise induced no changes in either ATP
concentration, the sum of phosphorylaled compounds,
or the pH,, the energy production still relies on aerobic
metabolism. and the protocol used here is consistem
with a mild exercise that never led to exhaustion.
Clearly, the work range used here is limited. since only
the 10-kg exercise values are statisticallv different from
the rest value. However, the heaviest weight (10 kg) is the
maximum load possible considering the duration of the
experiment required for saturation transfer measurement
(12 min): voluntary contractions with a heavier Joad
would be achicvable for shorter experiment durations.
but onlv with a subsequent temporal reduction of (he
NMR measurement and thus the quality of the spectro-
scopic data.

The validity ol kinetics measurements as performed
here is widely recognized (39). including when surface
coils are used (24, 31). and the accuracy in the forward
direction has proven to be adequate. Moreover, the in
vivo flux of CK is high enmigh 1o ensure the equilibrium
condition of the reaclion {13}, which is a prerequisite for
the NMR measurement. However. it musl be noted that
Wallimann (40) reported that the accuracy of the NMR
measurcment of CK flux has 10 be reconsidered. since
experimenis on mice expressing reduced levels of myo-
fibrillar creatine kinase (M-CK) showed that the NMR
detectable flux through the CK reaction is dependent on
the M-CK Jevel expression. The flux was only detectable

if the M-CK level was above half ihat of normal muscle.
This suggests that the bounding of the enzyme 10 subcel-
lular structores may impair (he NMR detection of the
flux. However, this suggestion remains hypothetical and
remains to be confirmed. In cardiac muscle, creatine
kinase is substantially bounded. according 1o the shultle
hypothesis, and fluxes of these functionally coupled en-
zymes have been observed (2—4. 18 -20). In skeletal mus-
cle, half of the CK poo! is bound 1o myofibrils and to
mitochondria. and the rest of the enzyme pool is likely
bound to other structures (41). In both cases. a significant
flux is observed hy NMR. Therefore, in accordance wilh
our present knowledge, the in vivo {lux recorded by the
NMR approach can be considered to adequately reflect
the unidireclional flux of muscle cell CK.

The exercise levels used here show little effect an CK
kinetics. since ki, is not significantly modified in com-
parison to rest values, and since V,,, is only significantly
decressed at the highest work level. This observation is
in agreement with the findings of Rees et al. (13) and af
Le Rumeur et al. (14). who demonstrated a decrease in
CK flux with exercise. In addition 1o these works, where
only one exercise intensity was investigated, our proto-
col demonsirates that the flux decrease is only detectable
al the highest workload. and rules out a simple depen-
dence on global substrate concentrations of the muscle
cells (which showed progressive changes with exercise
intensity, Table 2).

The decrease of Vi, also argues against a major role for
energy channeling (the shuttle hypothesis) for the creat-
ine kinase roaction. A functional coupling between en-
ergy praduction and the CK reaction for energy transfer
betwesn production and consumption sites would lead
to an increase in Vg, with increasing aerobic energy
synthesis. In cardiac muscle, 67% (3) and 42% (7) in-
creases of the CK tlux have been reported for workload
enhancemenis of 2.3 and 2.8 (imes, respectively. This
coupling between creatine kinase flux and ATP synthesis
has been interpreted as the shuttle hypothesis (7. 8). In
muscle, since V,,, does not increase with exercise. enzy-
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matic control of the creatine kinase reaction appears 1o be
unrelated to a shuttle function. This conclusion was also
reached by Shoubridge ef al. (15). Rees ef al. (13), and Le
Rumeur et gl. (14), but differs from the view of Mever et
al. (18). Alternatively. if the shuttle function of CK is not
the major role of this reaction in skeletal muscle, its
function must be energy buffering. In this view, the de-
crease in flux recorded with exercise is surprising, but it
should be emphasized that its amplitude (-32%) is not
sufficient to reduce the buffering function of the enzyme,
since its velocity remains well above the ATPases fluxes
(known to be in the range of 0.5-1.6 mM s, (15)).

The absence of a direct functional coupling beiween
creatine kinase flux and ATP synthesis rate implies that
the enzymatic control of the reaction simply relies on the
concentration of reaclants in the vicinily of the enzyme
and does not involve a local control by a multi-enzymatic
system. This assumption can be tested by comparing the
experimental flux of the CK reaclion to a calculated flux
estimated from in vilro experiments. Accordingly, this
calculuted forward flux of the CK reaction is the flux
predicted by the rate equation delineated by Morrison
and James (21) and Morrison and Cleland (22) in aqueous
solutions. As McFarland et al. (32) did in cat muscle
experiments, we used this approach and considered
three cases of enzymatic control of the reaction: (a) no
dead end complexes formed; (b) dead end ternarv com-
plexes formed: or (c) a particular dead end quaternary
complex formed, implying anions fixation on the enzyme
(32-34).

It appears from the rate equation of Morrison and
James (21) and Morrison and Cleland (22) that ADP is the
most significant reactant implicaled in the control of the
reaction, since its intracellular concentration is close to
or smaller than its K,,, value. In contrast, the PCr, Cr, and
ATP are present at high concentration with respect 10
their K, values. To emphasize the role of these reactanis
on enzymatic control. Fig. 4 (top) presents a simple
mode! of changes in metabelite concentration with a [P))
increase (42, 43) as observed during exercise. When work
and Iherefore [P,] increase, the energy stores of [PCr] are
depleted to maintain normal ATP content. Additionally,
these changes in the eneray balance lead to an increase in
[ADP). Figure 4 (botlom) uses these calculalions to
present the relalionship betwcen the predicted flux and
the [ADPL. In (he simplest casc of enzymatic control
considered (a). an increase in the flux is first predicted
with the increase in [ADE], hui high [ADP] (above 0.2-
0.3 mM) leads 10 a further decrease in predicted Vi, .. This
decrease has been observed by Shoubridge et al. (15) in in
vilro experiments above an |[ADP] of 0.18 mM. When
considering the dead end complexes formation (b), the
pattern of predicted flux change is similar, with a small
reduction in flux iniensity. These pictures of the pre-
dicted flux contrast with the stability of the measured
flux observed for the three moderate exercise levels and
with the significant decrease of V,, recorded at the high-
est exercise level. With involvement of anions in the
enzyme-Cr-MgADP deud end complex (c), the prediclion
of flux changes with exercise is completely different,
since the predicied V, . decreases with [ADP] increases.
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FIG. 4. (Top) Theoretical estimation of metabolite concentration
changes with exercise. (Bofiom) Efiect on the predicted V,, (Eq.
(8]. according to Morrison et al. (21, 22), McFariang et al. (32)).
Predicted V,,, is calculated (A) with the rate equation without dead
end complexes, {B) with dead end complexes, and (C) with dead
end complexes stabilized by ptanar anions. The model corre-
sponds to the resolution of Eq. [11]-{14), as a function of (P)
ranging from O to 30 mM (the value used in Eq. [11] is determined
from our quantification, whereas the value used in Eqs. [12)-[14]
are derived from the Iterature (26, 27) and (29) respectively):

[PCr] + [P]+ 3[ATP] + 2(ADP] = 57.7 mM, [11]

[Cr] + [PCr) = 42.5 mM. hel

[ADP] + [ATP] = 8.2 mM, 123)
[ATP]Cr]

[aDP)PCr) 0° [14)
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This pattorn is thus closer 10 the experimental observa-
tion.

To clarify the discrepancy between predicted kinetics
and experimental observations, the following three sec-
tions will examine: (i) the effect of substrate concentra-
tion, (ii) the effect of changes in CK kinetics. and (iii) the
involvement of dead end quaternary complex as pro-
posed by McFarland el al. (32).

Change in Substrates Concentrations

Because of the significani role nf [ADP] in the enzymalic
control of the CK reaction, a decrease or a very large
increase in the concentration of this compound could
account for the decrease of CK flux with exercise.

A first hypothesis explaining V,,, changes is that the
(ADP| seen by the enzyme is lower than the global (ADP)
estimated from spectroscopic data. The rate equation in-
volving ternary dead end complexes formation shows
that the |[ADP) musl be decreased from 0.027 mM at rest
(calculated from experimental data) to 0.021 mM at the
highest exercise level 10 account for the 32% decrease of
CK flux. A decrease in [MgADP]. which is the effective
substrate of the enzyme (13), could be caused by a loss in
Mg?" during heavy exercise. However, this hypothesis
has been rejected because even a large loss in Mg?* will
not result in a decrease in [MgADP] since Lhe dissocia-
tion constant of MgADP is so small (13).

A local decrease in |ADP) could also be related to
intracellular heterogeneity. Since the {ADP] presented
here is calcvlated, errors in this parameter could origi-
nate from inaccuracy in the K app or in the crealine
(ICr),.,J and adenosine ([Al,,) pools. Changes in these
parameters, and their subsequent cffects on (ATP),
[ADP). [PCrl, (Cr] and predicted V,,,, are considered in
Table 3. It can be seen from these calculations that the
hypothesis of a decrease of ADP implies local changes of
~32%, +122%. and —87% for the [Cr),,,. K, app. and
[Alia. Tespactively. In our opinion, the changes in [Cr),,
and K, app are conceivable, whereas the —87% variation
of [A),,, seems to be excessive. For example, the K ,app
change could be easily explained by a local pH change,
since a pH variation of only 0.35 units leads to a K,,app

Table 3

Goudemant et al.

variation from 166 to 304 (Table 3). These changes could
result from changes in substrate distribution inside the
cell, rather than from global content changes. since na
adenosine or phosphate losses are tecorded in our mild
exercise protocol.

On the other hand. the second hypothesis of a large
increase in (ADP] above ~0.2 mM (Fig. 4) would imply
very large changes in |Crl,,. (Al and K, app. An in-
crease in the [Crl,,, leading to a very important increase
in [ADP] is not a viable hypothesis. because of the extent
of the [Crl,, requnired (ca 250 x) 10 fulfill the CK flux
reduction expected (Table 3). In addition. the hypothet-
ical increases of [A),,, or K, app adequately lead 10 high
[ADP]J, but fail to reduce the predicted V,, becauss of the
involvement of other reaclants in the control of the reac-
tion. Thus. the hypothesis of a large increase in |[ADP]
during exercise to explain the V,, decrease is irrelevant.
Only the first hypothesis of a local [ADP) decreass is a
valuable suggestion, since il could be achieved by the
intracellular heterogeneity.

The comparimentalization of metabolites presented
above could also be as a result of different muscular fiber
types. in which pH, or substrate pools differ (44, 45), or
display different evolution patterns with changes in en-
ergy turnover. However, studies on humans show similar
activities of CK in different fiber types (46). Similar
[ATP] and (PCr) have been reporied at rest and during
cyeling exercise (47) for the fast and slow twitch human
fibers. It should be noted that a different situation was
found in nonhuman mammalian muscle by Mever &f al.
{44), Pette ef al. (48), and Kushmerick et o/. (49). Even {f
different concentrations of CK subsirate exist in human
muscle, resulting in differences in CK flux with fiber
type. the global CK flux recorded should be related to the
global phosphate concentrations measured. This global
CK flux should thus be the weighted mean of the CK
fluxes found in the different fiber types. On the other
hand. recruitment of different fiber (ypes occurring with
modification of exercise intensity (the oxidative slow-
twitch fast fiber are first recruited at low workload. and
the fast-twitch glycolytic fibers are then mobilized at
higher workload (50)) could affect the guantitative CK
flux with exercise. However, the qualitative evolution of

The Effect of the Total Concentraton in Creatine ((Cr),,,), in Adenosine Compounds ((Al,.), Keapp. and Visr, on [ATP), [ADP], [PCH],

[Cr], and predicted V,,,

Clo Bl 0 VEL TR ROP) PCH (G Foad
(mM) (mmp) 9 (mM) (mM) (mM) (mM) {(mM) - M“;’ =
Experimental data (classical values of [Cr),oq [Al. OF K ,app are used)
Rest 42.5 8.2 166 100 8.2 0.027 28.5 14 12.0
Exercise 42.5 8.2 166 100 8.15 0.048 21.9 20.6 16.7
Hypothesis: calculations with changes in [Crly,,. (Al Kea8PP. 0r V2, during exercise
{Crl,., decrease 29.0 8.2 166 100 8.18 0.016 21.9 6.8 8.1
(Cr)y, increase 10798 8.2 166 100 2.05 6.15 21.9 10776 8.1
(Al decrease 42,5 1.12 166 100 1.11 0.006 21.9 20.6 8.1
K,,BPp increase 42.5 8.2 389 300 8.18 0.021 21.9 20.8 81
Vior  change 42.5 8.2 166 50 8.15 0.047 219 20.6 8.1

This table shows the changes in [Crlya:, [Alioy KuqBPP, And Vies, necessary to achieve the same 32% reduction in V,,, as observed during the highesi exercise
load as compared with rest (right hand column). Computations are run for rest and exercise conditions (top), and changes m parameters (in bold characters)

are applied to the exercise situation (botterm). The equations used for the calculations are: [Cr] + [PCr] =

[CHATPPCHK o2PP.

[Crlicr. [ADP] + {ATP) = [Aj,. and [ADF] =
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the metabolic: parameters should be similar in both fiber
types: to explain a decresse in flux in the whole muscle,
a decrease in [ADP) in some fibers during exercise should
be proposed but is highly improbable. Thus. although
further work is required to prove this assumptjon. fiber
heterogencity does not seem to be a valuable suggestion
for explaining the kinetics of CK during exercise. More-
over, McFarland et al. (32) workiug on the homogeneous
cat soleus muscle. consisling of slow oxidative fibers,
recorded CK kinetics close 10 ours.

Change in Creatine Kinase Kinetics or Activity

In addition 10 subsirate comparlmentalizaiion changes,
possible modification of the reaction kinetics should be
considered. Changing the kinetics parameters employed,
i.e., K. K, and K, by using constants proposed by others
(21. 24. 51), does not modify the averall pattern of flux
changes witb substrate conceniration. but only modifies
the amplitude of the predicted fluxes. For example.
chanses in the constants used for the rate equation are
therufore nat respounsible for the discrepancy between
experimental and calculated fluxes. Change in creatine
kinase activity (—50%) as proposed in Table 3 is un-
likely. since it would imply an enzyme loss. This might
be caused by membrane damage; however, this is not the
case in our mild exercise protocol where total phosphate
content remains unchanged. Allernatively, a decrease in
CK activity might be due (o P; accumulation; however,
this has been ruled out hy Williams et ol. (52).

Involvement of Anion in the CK Kinetics

Finally. enzyme kinetics can be influenced by increased
enzyme-Cr-ADP dead end camplex formation due to sta-
bilization by planar anions (33, 34). This idea was Te-
cently tested by McFarland et al. (32) on in vivo dala
recorded on cat skeletal muscle. Figure 5 shows that with
the K; of 0.25 mM and the anion concentration of 26 maf
proposed by these authors, the rest and low level exer-
cises observed experimentally agree well with the pre-
dicted V.. However, at the maximum exercise level
tested here, the predicted value is slightly increased
whereas the observed value undergoes a significant de-
crease in flux (Fig. 5, top). Using the K, values of 0.1-0.4
mM nroposed by McFarland ef ol. (32) gives (he same
result. The correspandence between predicled and mea-
sured flux (Fig. 3. bottom) is reached when a K value of
0.025 mM is used in the computation. Since this corre-
spondence occurs for a K; value not largelv ditferent than
that of the 0.1—0.4 mM rsnge previously reported from in
vitro analysis (32}, we conclude that the anion influcnee
on the in vivo CK kinefics is a possible explanation for
the CK flux pallern observed here with exercise. How-
ever, lhe precise value of K, or anion conceniratien used
arc unknown, since K, is derived from in vilro experi-
moents and since the precise nature of these anions re-
mains unclear. McFarland et o/. (32) presumcd that these
anions are chlorine and bicarbonate. and that their total
concenlration is about 26 mM.
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FIG. 5. Comparison between the experimentally measured fluxes
and the predicted fluxes predicted by the rate equation. (Top)
Absofute value of the creatine kinase flux (the calculated flux
including dead end complexes formation with stabilization by
planar anions is calculated for a Kj™"*" = 0.25 mi, and an (anion]
= 26 mM). (Boitom) Relative creatine kinase fluxes measured or
calculated for the dead end complex formation with stabilization
by planar anions (K" = 0.1. 0.4, or 0.025 mM, [anion] = 26 mM).

CONCLUSIONS

The kinetics measurements perforined on humaao skelelal
muscle at various exercise levels suggest that no direct
(unctional coupling exists between CK flux and ATP
synthesis rate. Therefore, during exercise, the shuttle
function is not the major role of this reaction in skeletal
rnuscle, its function being instead energy buffering. The
decrease in flux recorded with exercise is not sufficient
to reduce the buffering funciion of this enzyine. since its
velocity remains well above the ATPase fluxes, known to
be in the range of 0.5-1.6 mM s~ ',
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We investigated the confrol of the CK reaction by its
reaclants by comparing of rate equation calculation with
experimental data and with an equilibrium model of
intracellular concentrations. This analysis shows that lo-
cal changes in metabolite pools or in pH, are adequate to
explain the flux decrease through a decrease of |ADP].
We further show that an increase of |[ADP] is not likely.
Additionally, our dsta recorded on humans agree with
that of McFarland et al. (32) in isolated cat muscle. sug-
gesting an involvement of a qualernary dead end com-
plex formation in the reaction kinstics.

We conclude that our ulilization of rate conslants de-
termined in vifro is justified because of the close agree-
ment between the calculated and the observed CK flux.
According to the complex creatine kinase isozyme dis-
wribution (3, 53), our work emphasizes the discrepancy
between the organization of the CK sysiem and its func-
tional role in skeletal muscle.
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