
Volume 198, number I FEBS 3491 March 1986 

intact rat hekts 

P, Kingsley-Hickman, E.Y, Sake’, P.A. Andreone+, J.A. St. Cyr+, S. Michurski, J.E, Faker”, 
A.H.L. From*, M. Petein” and K. WgurbiI* 

Received 2 January 1986 

Using 31P NMR and the sat~~t~o~~~~ansf~ method, the un~d~r~ti~~al rate of ATP synthesis was measured 
in isolated, Langendorff-p~rfus~~~ isovolumic rat hearts operating at a rate pressure product of 25.6 f 2.5 
(SE) x lo3 mmHg . mini and consuming 0, at a rate of 35 + 2 pmol 0, * min-z~ (g dry wt))‘, at 37°C. This 
rate was 7.2kO.9 prnol. s-l * (g dry wt)-r and was related to the rate of oxygen atom consumption by a 
ratio of 6.3 f 0.9. These date show that in the intact heart the unidirectional rate of ATP synthesis exceeds 

the net rate of ATP synthesis and consumption by approximately a factor of 2. 

magnetization-transfer techniques of NMR 
spectroscopy provide the unique capability of 
measuring unidirectional reaction rates in intact 
tissues during steady-state canditions (reviews 
[l-3]). Since the first application to measure the 
unidirectional rate of ATP synthesis by the 
~~~~~~jc~~u csrfi H*-ATPase ]4], the method of 
saturation transfer has been used to measure the 
rate of ATP synthesis in perfused hearts ]5,6], 
kidneys [Z] and suspension of yeast cells ]7]. fn in- 
tact bearts ]5]* the ATPase rate measurements by 
NMR were used to conclude that the P : 0 ratio in 
the myocardium is equal to the ~~~~~ca1 value of 
3, excluding a suggestion by Hinkle and Yu [8] that 
the P : 0 ratio in intact cells should be 2. However, 
the unidirectional rates measured by NMR need 
not be related to the 02 consumption rate by the 
P: 0 ratio [3]. Furthermore, the measurements on 
the heart were not completely rigorous. 

* To whom correspondence should be addressed 

The c~~c~~~~~o~ of the ATPase rate requEres the 
determ~~t~on of two pa~eters~ first is the seduc- 
tion in the intensity of the cytosohc Pi resonance 
when ATP;. spins are saturated, and second is the 
Tr of Pi determined either when ATP, is saturated 
or in the absence of the ATPase exchange while all 
other intracellular conditions that influence spin- 
lattice relaxation processes remain unaltered, Mat- 
thews et af. [S] measured the Tr of the Pi resonance 
in hearts subjected to -30 min of global &hernia 
and assumed it to be the TZ in the absence of 
ATPase-catalyzed exchange between Pi and ATP. 
A~thougb the ATPase reaction is indeed halted in 
the absence of oxygen ddivery, ischemia drastical- 
ly alters the cytosolic conditions including 
cytosolic Pi concentrations, pH, and ionic com- 
position. Therefore it is difficult to assume that the 
TI obtained for Pi by this procedure can be used in 
the rate calculations as the spin-lattice relaxation 
time of this compound in the selective absence of 
the ATPase exchange in the myocardium, 

The rates reported by Bitt] and fngwah ]6] were 
obtained from a rigorous NMR determi~a~o~~ 
however, these investigators used an estimate for 
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the PI ~on~en~rat~on which, as will be presented in fashion by cycling 24 times through the entire set 
this paper, is not valid for isovolumic, of points, accumulating 12 scans per spectrum at 
Laagendorff-perfused rat hearts using glucose as each cycle. Two fully relaxed spectra without any 
the carbon substrate and operating at rate pressure selective irradiation were recorded before and after 
products (RPP) in the range -20 to -50 x 
lo3 mmHg/min. 

the kinetic measurements; these spectra were used 
to calculate the metabolite content of the hearts, 

Here we report 31P NMR saturation-transfer 
measurements of the ATP synthesis rate in 
isovolumic, Langendorff-perfused rat hearts, 
where all parameters required for the rate calcula- 
tions were obtained experimentally on each heart 
examined. 

3. RESULTS 

2. METHODS 

The procedure for the preparation of the ex- 
cised, isovolumic, Langendorff-perfused hearts 
was identical to that described (91, Male Sprague- 
Dawley rats weighing -300-400 g were used. Per- 
fusion medium was a modified Krebs-Henseleit 
buffer [9] with 1 I mM glucose as the only carbon 
source. For these experiments, the Pi was 
eliminated from the medium and replaced with 
equivalent amounts of KCl. The intraventricufar 
balloon volume was adjusted to obtain a diastolic 
pressure of 4-8 mmHg. Hearts were paced at 
300-330 beats per min if their spontaneous rhythm 
was slower than this rate. The intraventricular 
balloon contained a 100 mM solution of 
phenylphosphonate; the 31P signal from this com- 
pound together with the balloon volume was used 
to calculate metabolite content. Myocardial ox- 
ygen consumption CMVO~) was determined using 
an in-line, YSI oxygen electrode to monitor con- 
tinuously the 02 content of the effIuent [9]. 

Fig.l illustrates two spectra recorded with and 
without selective saturation of the ATPy from a 
typical kinetic measurements The pulse-repetition 
time was 2,8 s in fig.la and 5 s in fig.fb. The Tl 
of Pi when ATP, is not saturated is -1 s; it 
decreases typically to -0.6 s upon saturation of 
ATP,. Therefore, the Pi resonance is fully relaxed 
in both fig,la and b. However, other resonances 
such as the reference signal and ATP, are not. 
Therefore, a reduction in their intensity is observed 
under the rapid pulsing condition of fig.lb. The 
reduction in creatine phosphate (CP) resonance is 

CP 

The generai procedure for the saturation- 
transfer measurements was essentially identical to 
that described [9], except that only a single, low- 
power irradiation was used to saturate selectively 
ATP,. The progressive-saturation method was 
used to determine the Tl of the P, resonance while 
ATP, magnetization was nulled. It is important to 
note that, in order to minimize systematic errors 
due to frequency offset and imperfect 90” pulses, 
the spectrometer frequency was set within 
-300 Hz of the P, signaf, and a composite 90” 
pulse was employed [lo]. 

The points on the progressive-saturation 
measurement and the Pi intensity in the absence of 
ATP, saturation were obtained in a time-averaged 

Fig.1. 146.1 MHz 3’P NMR spectra of a perfused rat 
heart recorded while ATP, resonance was selectively 
saturated (a), and while the selective irradiation 
frequency was moved downfield of the P, resonance 
symmetricaliy opposite from the ATP, peak (b). Spectra 
were recorded using 90” pubes and 2.8 s repetition time 
for (a)* and 90’ pulses and 5 s repetition time for (b)* 
Note that the P, resonance is fully retaxed in both cases 
since saturation of ATPY reduces the Pi Ti to less than 
0.6 s. These spectra were taken from a series of spectra 
accumulated in a time-averaged fashion as described in 
section 2 for the measurement of the Pi --+ ATP rate. 

Peak R is the reference contained in the balloon, 
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group of Bitt1 and Ingwall (61 and somewhat 
higher than the 20 f 1.2 ,umol 02.min-’ . (g dry 
wt)-’ reported for the study by Matthews et al. [5]. 
It is seen that at this RPP and MV02, the unidirec- 
tional flux (which is simply the product of the Pi 
content and the pseudo-first order rate constant ki 
determined by NMR) is related to the rate of con- 
sumption of oxygen atoms with a ratio of 6.3 f 0.9 
(table 1). This is approximately twice as large as 
the ratio of 3.5 k 0.8 reported by Matthews et al. 
[5]. The difference is predominantly due to the TI 
values used in these calculations; the fractional 
reductions observed by us and Matthews et al. [5] 
in the Pi intensity upon saturation of ATP, are 
essentially the same (0.34 +_ 0.03 (table 1) vs 0.36 
f 0.02 [5)). Similarly, the Pi content of the hearts 
is also comparable (11.9 & 1.1 (table 1) vs 9.7 f 1.1 
[5]). However, as previously mentioned, Matthews 
et al. [5] measured a TI of Pi in ischemic hearts and 
assumed this to be the TI of Pi in normoxic hearts 
in the selective absence of the ATPase exchange. 
Our TI determination was performed in normoxic 
hearts while ATP, was saturated; this is a rigorous 
procedure in saturation-transfer studies. From our 
data it is possible to calculate a TI for Pi in nor- 
moxie hearts in the selective absence of Pi % ATP 
exchange; this turns out to be approx. 1 s, as op- 
posed to a TI of 2 s determined at 30 min post- 
ischemia [5]. It should be mentioned that subse- 
quent to a 30 min ischemic period, we also ob- 
tained Tl values ranging from 1.6 to 2.5 s for the 
myocardial Pi resonance. 

Comparing our data with those of Bitt1 and 
Ingwall [6], it is seen that the Tl of Pi while ATP, 
is saturated and the pseudo-first order rate con- 
stants are similar. However, the Pi content 
estimated by these investigators is approximately 
one-half of the Pi content directly measured by us 
under virtually identical workload conditions. It 
has been noted previously that the Pi/ATP ratio in 
a Langendorff-perfused heart using glucose as the 
substrate is -0.4 [12]. The ATP content in the 
hearts used in our experiments was 26 + 3 pmol . (g 
dry wt))’ (table 2). This is essentially the same as 
the previously reported values of 26-27 prnole (g 
dry wt)-’ [9,12]. Using the Pi/ATP ratio of 0.4 
and ATP content of 26-27 ,umol.(g dry wt))‘, the 
calculated Pi content is 10-l 1 ,umol. (g dry wt))‘. 
This number, calculated on data from other 
studies, is essentially identical to the experimental- 
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ly determined Pi level in this study (table 2). 
In the saturation-transfer measurements of the 

P, - ATP rate, y-phosphates of ATP (cytosolic 
plus mitochondrial) were saturated and the conse- 
quences on the Pi resonance were monitored. This 
P, resonance arises predominantly from the 
cytosolic pool. Therefore, the observed effect is 
dependent on the activities of both the mitochon- 
drial H+-ATPase and Pi mitochondrial transport. 
The rate of incorporation of Pi into ATP by 
glycolysis is very slow compared to oxidative 
phosphorylation [l I], and it is assumed that the 
cytosolic ATPases such as the myosin ATPase 
Na+/K+-ATPase operate predominantly in the 
ATP hydrolysis directions. If the exchange be- 
tween cytosolic and mitochondrial Pi is rapid, 
these saturation-transfer measurements yield the 
unidirectional rate of ATP synthesis by the 
H+-ATPase. Recent measurements of Pi transport 
rates in suspensions of mitochondria suggest this 
to be the case (Ogawa, S. and Lee, T.M., personal 
communications; 1985). 

The P, - ATP rate determined by saturation 
transfer need not be related to oxygen consump- 
tion by the P : 0 ratio which is normally assumed 
to be 3. This follows from the fact that the 
saturation-transfer technique measures unidirec- 
tional rates. It is the net rate of ATP synthesis (i.e. 
the difference between the P, -+ ATP and ATP 
- Pi unidirectional rates of the mitochondrial 
H+-ATPase) that is related to oxygen consumption 
by the P: 0 ratio. Therefore, it is erroneous to 
assume that the saturation-transfer experiments 
can be used to determine the P : 0 ratio. The P : 0 
ratio cannot be greater than the ratio of the 
unidirectional rate determined by NMR and the 
rate of oxygen atom consumption (designated as 
the flux/MVO ratio in table 1). However, only in 
the limit where ATP synthesis by the H+-ATPase 
is occurring unidirectionally (i.e. there is no ATP 
-+ Pi conversion by the H+-ATPase) is the rate 
determined by saturation transfer indeed equal to 
the net rate of ATP synthesis and the flux/MVO 
ratio equal to the P:O ratio. 

Our data demonstrate that in the intact heart 
operating at a moderate workload and 02 con- 
sumption rate, the turnover of the H+-ATPase is 
faster than the net ATP synthesis and consumption 
rate in the heart. Therefore, it is not possible to 
determine the P : 0 ratio in the intact myocardium 
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from NMR measurements conducted at this 
workload. If the P : 0 ratio in the myocardium is 
between 2 and 3, then the unidirectional rate of 
ATP synthesis is approx. 3-2-times as fast as the 
net rate of ATP synthesis and consumption. This 
conclusion has an interesting implication concern- 
ing the H+-ATPase rates at different workloads. 
The RPP of -25.6 x lo3 mmHg s min-’ (table 2) 
attained by the hearts used in our measurements 
corresponds to the lower end of the physiologic 
range. A rat heart can operate at higher RPP 
values and a correspondingly high MVOz. Given 
the high unidirectional rate of the H+-ATPase 
relative to the net ATP synthesis rate, this enzyme 
can meet up to 2- or 3- (corresponding to P:O 
ratio of 3 or 2, respectively) fold increase in the 
ATP demand of high workloads without having to 
increase its unidirectional flux. In other words, the 
Hf-ATPase activity need not be regulated by the 
workload and MVOz up to an MVO2 of -70 or 
100 pmol - min-’ . (g dry wt)-’ depending on 
whether the P: 0 ratio is 3 or 2, respectively. In 
this range, the increased ATP demand of the 
myocardium can be met as the unidirectional Pi 
---+ ATP rate of the H+-ATPase stays constant 
but the reverse rate in the ATP ---+ Pi direction 
diminishes to zero. This indeed appears to be the 
case, because preliminary data obtained at an 
MVOt of 74 it 3.3 (SE, N = 4) pm0102 - mm-i. (g 
dry wt)-’ yielded essentially the same unidirec- 
tional Pi --+ ATP flux (7.2 I 1.7 [SE, N = 41) as 
that obtained at an MVOz of 35 cmol 
02 0 min-’ + (g dry wt)-‘; at the higher level 02 con- 
sumption the fluxlMV0 ratio was reduced to 2.9 
r?l: 0.6 (SE, N = 4). It should be noted that ATP 
--+ Pi activity of the mitochondrial H+-ATPase 
does not constitute a futile ATP consumption. 
This reaction is coupled to electrogenic H” extru- 
sion; the overall coupled reaction of proton 
translocation and ATP hydrolysis does not 
dissipate energy or the ATP pool since it is the pro- 
ton electronmotive force that drives the ATP syn- 
thesis by this enzyme. 

In summary, we conclude that the saturation- 
transfer measurements yield a unidir~tion~ rate 
of ATP synthesis which is -(i-fold higher than the 
rate of consumption of oxygen atoms at an RPP of 
25.6 x lo3 mmHg.min-‘, indicating that the 
ATPase turnover of the H+-ATPase must be 
2-3-fold higher than the net rate of ATP con- 
sumption synthesis in the myocardium at this 
workload. 
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