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Mitochondria couple the synthesis of ATP to oxidative reactions of the
electron transfer chain, and the understanding of this coupling has been a
major biochemical objective. The efficiency of ATP synthesis has been
reported in terms of phosphate esterified per oxygen consumed (P/O ratios).
Ratios of 3 for pyruvate, malate, glutamate, and 2 for succinate have been
observed in mitochondria from a wide variety of tissues and species. These
ratios have been considered to be the highest that can be achieved and have
thus been considered to be the "theoretical” P/0 ratios.

Hatefi and Lester (1958) and Hatefi et al. (1961) examined oxidative
phosphorylation in beef heart mitochondria and found phosphorylation efficien~
cies similar to those described by other workers. We have re-examined the
question of phosphorylation efficiency in beef heart mitochondria and
submitochondrial particles. P/O ratios as high as 5.7 have been observed,
and these high P/O ratios are dependent on the integrity of the preparation.

Methods: Oxidative phosphorylation was measured by conventional manometric
techniques at 30° as described previously (Hansen and Smith, 1964). After a
five minute thermal equilibration period in the presence of substrate and
phosphate the reaction was initiated by the addition of ADP and hexokinase.

Results: In our studies of phosphorylation in FIP (Hansen and Smith, 196k4)
it was noted that assay conditions greatly influenced the P/O ratio. We had
shown that the highest P/O values were obtained by allowing the particle to oxidize

substrate in the absence of ADP during the thermal equilibration period and
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then initiating synthesis of ATP by the addition of ADP and hexokinase. This
technique was employed to study oxidative phosphorylation in intact heavy beef
heart mitochondria (HBHM). As examples, P/O ratios of 4.4, 5.0, and 5.7 have
been obtained with pyruvate as substrate with three different preparations of
HBHM (see Table 1) that were prepared by treatment of heart muscle with the
proteolytic enzyme, Nagarse (Hatefi et al., 1961; Chance and Hagihara, 1961).
These high P/ O ratios have been obtained in every preparation of HBHM that has
been examined. Similarly, P/O ratios of 2.7 and 3.9 have been cbtained with
succinate as substrate. Although not shown in the Table, P/O ratios of from
I - 5 have been observed with glutemate as substrate. When mitochondria are
prepared by the large scale procedure of Crane et al. (1956) and the HBHM
isolated according to Hatefi and Tester (1958), the P/O ratio with pyruvate as
substrate is sbout 4.0." In these preparations the P/O ratio with succinate has
never exceeded 2.0. When the substrate was omitted dquring the assay there was
no disappearance of inorganic phosphate throughout the incubation period. The
phosphorylation in all the experiments reported 1s inhibited by dinitrophenol
(DNP) - an observation that excludes the possibility that the “extra" phospho-
rylation is substrate-level linked.

These observations of high P/ 0 ratios were extended to the submitochondrial
particle ETPH. We have previously reported that the highest P/ 0 values for
ETPy were cbtained at low oxidation rates (Hansen and Smith, 1964). The
oxidation rate of ETPH can be regulated by adjusting the DPNH generating system
(alcohol dehydrogenase and DPN). As shown in Table 2, when the DPNH oxidation
rate was reduced to approximately 0.1 patoms Og/min/mg protein, P/0 ratios of
b or greater were observed. The high phosphorylation ratiocs with EIPH are also

sensitive to the uncoupling agent DNP.

a Note: The observation of P/O ratios in excess of 3.0 has been observed in
20 ocut of 21 different preparations of HBHM and 6 out of 9 ETPy preparations.
These observations of high P/O ratios have been confirmed in two other
laboratories at this Tnstitute (Dr. David MacLennan and Dr. Sidney Fleischer).
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TABLE 1

Oxidative Phosphorylation of HBHM

Preparation 205 3 APy
Fnzyme Mumber Substrate (patoms) S.A.° (jmoles) P/0
HBHME 1 Pyruvate 6.2 0.22 27.2 bl
2 Pyruvate 5.7 0.20 28.6 5.0
3 Pyruvate L 5¢5 0.20 31.3 5.7
2 Pyruvate + DNP (107 M) 6.0 0.08 0.0 0.0
2 Succinate 3.2 0.0k 8.5 2.7
3 Succinate b2 0.05 16.5 3.9
HBRM® 1 Pyruvate 5.2 0.19 20,9 4.0
1 Pyruvate 5.9 0.21 22,2 3.8
1 Succinate 4.8 0.12 8.0 1.7
1 Succinate ) 0.11 6.8 1.6

The reaction mixture contained in 3.0 ml: 35 pmoles K]?OLL of pE 7.%, 15 pmoles
MgCly, 100 pmoles glucose, 750 pmoles sucrose, 3.3 umoles of X pyruvate and X
malate or 25 umoles K succinate, and 4.0 mg HBHM. Five umoles ADP and 100 ug
crystalline hexokinase (Worthington, 430 units/mg) were placed in +the side arm
of the reaction vessel.

1 HBHM prepared with Nagarse protease procedure of Hatefi et al. (1961).
2 HBHM prepared as described by Habefi and Lester (1958).
3 S.A. patoms O, uptake/min/mg protein.

TABLE 2

DPNH Linked Oxidative Phosphorylation in ETPH

Enzyme Preparations 20y s.at APy s.A L ?/0
1 0.08 0.36 4,5
2 0.11 0.h42 3.7
3 0.10 0.39 3.9
L i 0.09 0.37 4.0
4L + DNP (1077 M) 0.13 0.0k 0.3

The reaction conditions were the same as in the legend for Table 1 with the
following exceptions: DPNH was generated with 500 pg alcohol dehydrogenase,
0.5 umoles DPN, 10 pmoles ethanol, and 15 pmoles semicarbazide. One mg of
ETPy was used in the assay.

1 g.A. = patoms 0, or umole P;/min/mg protein.
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Discussion: The observation of P/O ratios approaching 6 is dependent on
several sets of conditions. Firstly, the methods of preparation of the HBHM
and EI‘PH are highly critical. The mitochondria prepared from beef heart mince
exposed to the proteolytic enzyme Nagarse, consistantly exhibit the highest
observed phosphorylation efficiency. At this time, we cannot specify the
upper limit for the P/0 ratio. Lower P/0 ratios have been obtained when the
HBHM are prepared according to Hatefi and Lester (1958). This method of
breparation apparently yields particles which are partially demaged. The high
P/ O ratios have only been seen in ETPH which have been prepared in the presence
of Mg, Mn, ATP, and succinate (Hansen and Smith, 1964).

High P/O ratios were usually observed when the mitochondria or E‘I'PH are
assayed immediately following preparation. When the preparations were allowed
to stand at 0° for varying periods of time the phosphorylation efficiency
declines. The aging phenomenon is mogt noticeable in EI‘PH and has been
pointed out previously (Hansen and Smith, 196k4).

Another requirement for obtaining P/0 ratios in excess of the "theoreticall
value of 3 lies in the conditions which precede the actual measurement. If one
allows the particles to oxidize substrate in the absence of the hexokinase
trapping system (ADP and hexokinase) during the thermal eguilibration period
(5 min.), P/O ratios in excess of the “theoretical® of 3 for DPNH and 2.0 for
succinate can be readily observed in both intact mitochondria and the sub-
mitochondrial particle, ETPH. The incubation of HBHM and ETPy in the presence
of substrate, magnesium, and phosphate would appear to lead to restoration of
the phosphorylation mechanism. This "repair" may be via the generation of
various high energy intermediates. The nature of the "repair" process is not
known but has been observed in the restoration of ability of aged mitochondria

to accumulate Ca ions (Brierley et al., 1964).

The observation of increased phosphorylation efficiency can be interpreted
in several ways. The passage of 1 electron through each of 3 electron transfer
complexes (Green et al., 1963) could lead to the formation of 3 ATP molecules.

Since the oxidation of citric cycle substrates is a 2 electron process, one
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might expect to observe P/O ratios of 6. Boyer (1963) recently pointed out
that a phosphorylation mechanism of this type might be possible although no
experimental proof was provided. Another interpretation of these findings
is that there are more than three phosphorylation sites in the electron
transfer system. ZEach of the additional phosphorylation sites might have
coupling factors similar to those previously described (Green et al., 1963).
Further studies are in progress to determine which of these two possibilities

is more valide
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