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SUMMARY

A method is described for the assay of oxidative phosphorylation using intact
Escherichia coli B and based upon the initiation of respiration linked to phosphory-
lation by the addition of O, to anaerobic bacteria. Control experiments show that the
quenching time of reagents used to terminate reactions is negligible. Three different
methods of measuring the amount of inorganic phosphate (P;) esterified closely agree,
and the ratio of P; esterified to intracellular reduced pyridine nucleotide oxidized,
corrected for small amounts of other electron donors, is close to 3. The esterification
of P; is almost completely abolished in the presence of 2,4-dibromophenol, an
uncoupler of oxidative phosphorylation. Indirect evidence for the separation in time
of electron transport and phosphate esterification is presented. Previous attempts by
others to determine the efficiency of bacterial oxidative phosphorylation are discussed
and compared with the present method of direct assay.

INTRODUCTION

The observed efficiency of oxidative phosphorylation by subcellular preparations
from bacteria is considerably less than that of mitochondria oxidizing identical
substrates’. It is possible that this is due to damage sustained by respiratory
assemblies during preparation. However, it is also possible that the efficiency of
oxidative phosphorylation is intrinsically low in bacteria. A method of assay of
oxidative phosphorylation utilizing intact bacteria would be more likely to measure
the true phosphorylation efficiency of bacterial terminal electron transport. Such a
method is described in this communication. By taking advantage of the rapidity of
terminal electron transport the process of oxidative phosphorylation is isolated
kinetically, rather than physically, from contiguous interfering reactions. The results
provide the first direct demonstration that the oxidation of endogenous NADH in
intact Escherichia coli B is accompanied by oxidative phosphorylation as efficient as
that carried out by mitochondria from higher organisms.

* Present address.
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MATERIALS AND METHODS

Preparation of resting cells

E. colt B was maintained on nutrient agar slants and cultivated for experimental
purposes in Difco Tryptic Soy Broth at 37° on a rotary shaker (1 1 of medium in a
2-1 erlenmeyer flask). Cells were harvested 16-18 h after inoculation with a loopful of
cells from a 24-h broth culture. After centrifugation in the cold the cells were washed
once in 50 mM potassium phosphate buffer (pH 7.4) and then aerated in the same
buffer (0.2 growth volume) for 1 hat room temperature. The use of phosphate facilitated
the diminution of endogenous respiration. The cell suspension was centrifuged in the
cold and then resuspended and washed twice in 50 mM Tris-HCl buffer (pH 7.2).
Finally, cells were suspended in Tris buffer to a concentration of 15-25 mg dry wt. per
ml and placed on ice until the beginning of the experiment (within 1 h after completing
the preparation of resting cells).

Assay of oxidative phosphorylation

A series of 12-ml Pyrex centrifuge tubes was prepared, each containing 1.0 ml
of the bacterial suspension, and immersed in a water bath maintained at 28°. Each
tube was flushed vigorously with He or N, to ensure the absence of O,. After anaerobic
conditions were achieved (within 1 min after the flushing process began) the cell
suspensions were allowed to stand for 10 min under N, or He to permit maximal
reduction of endogenous NAD+ by endogenous substrate. The temperature of the
cell suspensions under these conditions was 24—25°. To initiate electron transport, 1.0
ml of air-saturated 50 mM Tris buffer was rapidly injected, and then 1.0 ml of a
terminating reagent (ethanol-KOH or HCIO,) was added by rapid injection at a
known time after the addition of O,. Injections were performed using 2.5-ml syringes
with 18-gauge hypodermic needles, and the period of exposure to O, was determined
by a second person operating a 1o-sec stop watch. The aim is to make reduced pyridine
nucleotides and terminal respiratory carriers the sole electron donors oxidized at
significant rates during the short time period examined (up to 10 sec after O,
addition). The method requires that endogenous electron donors be present in amounts
sufficient to reduce internal NAD+, NADP+ and terminal respiratory components, but
insufficient to serve as primary electron donors during and just after the anaerobic to
aerobic transition. The phosphorylation efficiency, or P/2¢~ ratio, is then the amount
of P; esterified divided by the amount of reduced pyridine nucleotide oxidized,
corrected for the comparatively small amounts of reducing equivalents from flavo-
protein and cytochrome b&,.

Preparation of extracts for metabolite assay

Following termination of reactions with 1.0 ml of 1.5 M HCIO, the acid-
treated suspension was allowed to stand at room temperature for 10 min and then
denatured material was removed by centrifugation in the cold. 2.0 ml of the resulting
supernatant solution were withdrawn and brought to pH 6.3-6.8 by the dropwise
addition of a previously determined amount of triethanolamine-KOH solution (1 M
triethanolamine-2 M KOH). Vigorous agitation of each sample while neutralizing
assured complete mixing. The neutralized extracts were centrifuged in the cold to
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remove KClO, and then assayed immediately or stored at —20° until assays were
performed, usually within 48 h after the experiment had been completed.

NADH and NADPH were extracted from another set of bacterial suspensions
by injecting 1.0 ml of 1.4 M KOH in 85 % ethanol (a mixture of 1 part of 10 M KOH
with 6 parts of absolute ethanol) to terminate reactions. The viscous mixtures were
placed on ice for 5-15 min and then immersed in water maintained at 50° (4 2°) for
exactly 10 min. At the end of the heating period the samples were again placed on ice
and then brought to pH 7.8-8.2 by dropwise addition of a solution of triethanolamine—
HCl saturated at room temperature. Continuous and vigorous mixing during
neutralization was essential for good recoveries. The suspension was then allowed to
stand on ice for at least 15 min before removing denatured material by centrifugation
in the cold.

Metabolite and cofactor assay

Adenine nucleotides and NAD+* were assayed as described previously?. NADH
was assayed by using pyruvate and lactate dehydrogenase; NADPH was assayed
in the same cuvette by using a-ketoglutarate, NH,* and glutamate dehydrogenase®.
Recovery of added adenine and pyridine nucleotides was in excess of 9o 9%,, but
comparable recoveries of NADH and NADPH could be made only if assayed within
2 h after extraction.

The preparations of NADH used in the estimation of ADP and AMP were freed
of contaminating AMP by treatment with alkaline phosphatase, using the method
developed by Hofer (see ref. 3).

Inorganic phosphate (P;) was estimated in neutralized HCIO, extracts within
24 h after extraction by the method of WAHLER AND WOLLENBERGER®.

All enzymes and substrates used in the assays were of the best grades obtainable
from the Sigma Chemical Co., St. Louis, Mo. and Calbiochem, Los Angeles, Calif., U.S.A.

Spectrophotometric studies

Oxidation of respiratory components in intact cells was measured during the
first few seconds after O, addition to anaerobic cells by using a dual-wavelength
spectrophotometer and a stopped-flow mixing device (see ref. 25). In such experiments
a suspension of E. coli B, treated as described, was flushed with He for 5 min at room
temperature. After mixing the anaerobic bacterial suspension with an equal volume of
aerobic Tris buffer by means of the stopped-flow apparatus the resulting changes of
absorbance at specific wavelength pairs were recorded using a storage oscilloscope.
The duration of mixing was approx. 15 msec and the light path was 1 cm.

A Phoenix Precision Instruments dual-wavelength scanning spectrophotometer
was used for the measurement of the amounts of respiratory components in intact
cells, and to measure NADH oxidation by pyruvate in the presence of lactate dehy-
drogenase as a means of testing the timing procedure for the sequential injection
experiments.

RESULTS

Measurement of the period of exposure to O,
In order to determine whether the method used for initiating and terminating
reactions was capable of resolving times of exposure to O, of as little as 0.5 sec the
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oxidation of NADH by pyruvate was initiated by the addition of lactate dehydro-
genase by two methods. The time-course of NADH oxidation was followed with a
dual-wavelength spectrophotometer and fast-response recorder, which enabled the
observer to begin measurement of the absorbance change within 1 sec after adding
lactate dehydrogenase, and, in a parallel series of determinations, the rate of NAD+
appearance was measured by injecting amounts of lactate dehydrogenase to give
concentrations identical to those used in the spectrophotometric rate determinations
and then terminating the reaction by the rapid addition of HCIO, (final concn.
0.5 M). The results, shown in Fig. 1, demonstrate that the sequential injection proce-
dure is capable of establishing reasonably accurate rates of reaction over at least a
2-sec interval after addition of the enzyme. The rate of NADH oxidation was 8.6
uM-sec™! (average of three determinations) while the rate of NAD+ formation,
measured by sequential injection, was 7.8 uM-sec!. The lower rate obtained by
the latter method is not considered significant when differences in temperature
of reaction are considered (26° in the sequential injection estimations and 2g° in the
spectrophotometric determinations).
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Fig. 1. Comparison of the measurement of rates of NADH oxidation with pyruvate-lactate
dehydrogenase by spectrophotometric means and the sequential injection method. Initial
conditions in the cuvet (spectrophotometer): 0.1 mM NADH and 5 mM sodium pyruvate in 2.0 ml
of 100 mM Tris-HCI buffer (pH 7.5). Reaction initiated by rapidly stirring in 10 gl of Sigma
lactate dehydrogenase, activity 100 units-ml-1. Increase of NAD+ ( } calculated from de-
crease of absorbance (340 minus 374 nm), and extrapolated to zero time from 0.9 to 1.1 sec after
mixing. Initial conditions in tubes used in the sequential injection method: 0.2 mM NADH and
10 mM sodium pyruvate in 1.0 ml of 100 mM Tris—HCI buffer (pH 7.5). Reaction initiated by
rapidly injecting 1.0 m! of lactate dehydrogenase, activity 1.0 unit-ml-!, and terminated at the
times shown by injecting 1.0 ml of 1.5 M HCIO,. Increase of NAD+ (@----@) determined by
enzymatic assay.

Quenching time of HCIO,

Although the method used to determine times of exposure to O, was reasonable
accurate, it was possible that a significant delay in quenching could be introduced by
the use of intact bacteria. To determine if the quenching time of HCIO, was significant
and could therefore introduce an error, anaerobic and aerobic HCIO, solutions were
injected into separate but identical suspensions of anaerobic cells and the amounts of
ATP, ADP, AMP, and NAD+ were measured. As shown in Table I, no significant
differences were detected between the two solutions of HCIO,, indicating that HCIO,
quenched oxidative processes linked to phosphorylation before significant oxidation
of NADH could occur dependent upon the O, present in aerobic HCIO,. It was
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concluded that the quenching time of HCIO,, even though unknown, was negligibly
small in these experiments. The concentrations of acid-stable metabolites and cofactors
present in anaerobic cell suspensions (‘‘zero time” values) were therefore measured in
extracts obtained by injecting aerobic HCIO, before injecting aerobic Tris buffer.

TABLE I
INSIGNIFICANCE OF THE QUENCHING TIME OoF HCIO,

10.6 mg dry wt. of E. coli B per ml after mixing with HCIO,, which had been kept anaerobic by
flushing with He or aerobic by equilibration with air. Other conditions in text.

Nucleotide Amount of nucleotide (nmoles|ml)
Aerobic HCIO, Anaerobic HCIO

ATP 6.8 6.6

ADP 17.3 17.9

AMP 27.6 27.4

NAD+ 47.5 46.6

Cellular content of adenine and pyridine nucleotides

The sum of NAD* plus NADH recovered from E. coli B using the two extraction
procedures described was a linear function of cell concentration up to at least 16 mg
dry wt. per ml in a volume of 2z ml. The average value of NAD+ plus NADH was
6 4+ 1 umoles per g dry wt. The observation that the sum of NAD+ plus NADH is a
constant reproducible value is consistent with the conclusion that the quenching
time of ethanol-KOH is negligibly short, and it is also ignored.

The sum of AMP, ADP and ATP averaged 4.4 umoles per g dry wt. with less
than 15 94 variation from preparation to preparation,

Oxidation of components of the respivatory chain in intact cells

The approximate amounts of reduced carriers in starved, anaerobic E. colt B
prepared in the manner described are as follows: NADH, 1.6-2.2 ymoles-g~!; reduced
flavoprotein, 0.6-0.9 umole-g~!; and ferrocytochrome 4,, 0.30-0.35 umole-g-1.

Fig. z shows the time-course of oxidation of these components following mixing
of aerobic buffer with anaerobic cells in the stopped-flow apparatus. In this experiment
the calculated maximal rate of activity of the respiratory chain is 31 electrons-sec—*
per cytochrome b, heme. At 1.5 sec after mixing the following amounts of each carrier
have been oxidized: reduced pyridine nucleotide, 7.3 uM; reduced flavoprotein,
2.1 uM; and ferrocytochrome &,, 1.9 uM. This is in accordance with several other
experiments.

Evaluation of error introduced by oxidation of endogenous substrate

Since only the disappearance of NADH and NADPH is used as the measure
of electron flow in the sequential injection experiments some estimate must be made
of the rate of pyridine nucleotide reduction during the period of exposure to O,.
Unfortunately this cannot be done directly, since the endogenous electron donors
available for the reduction of pyridine nucleotide are unknown. Hence, several
approaches to an indirect estimation of the magnitude of error have been made:
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(1) the rate of steady-state O, consumption by the starved cell preparations (measured
with the Clark electrode) is always less than 0.5 % of the rate of endogenous NADH
oxidation occurring upon the anaerobic to aerobic transition; (2) the rate of reduction
of endogenous pyridine nucleotide following exhaustion of O, in the absence of added
external substrate does not exceed 2 % of the rate of endogenous NADH oxidation
occurring upon the anaerobic to aerobic transition; (3) no more than 1.8 gmoles of
O, per g dry wt. is consumed when aliquots of starved, anaerobic bacteria are mixed
with aerobic buffer (O, consumption is more than 9o % complete by 3 sec after mixing
as measured with a collodion-covered Pt-Ag electrode); (4) the values found for
P/2¢~ appear to be minimal (i.e. unwashed and inadequately starved cell preparations
uniformly show P/ze— ratios well in excess of those reported here).

Based on these results, it is concluded that the oxidation of endogenous
substrate does not significantly contribute to electron flow in these short-term
experiments.

Esterification of P

The overall apparent P/ze~ ratio can be estimated by measuring the amount
of P; which disappears following O, addition to anaerobic bacterial suspensions. The
time-course of changes of P;, ATP, NADH and NADPH is shown in Fig. 3. At 2 sec
after O, addition 15.5 nmoles of NADH have been oxidized, NADPH has not changed,
and 53 nmoles of P; have been consumed, corresponding to a P/ze~ ratio of 3.4.
The formation of ATP is not the sole means of P; esterification, since only 22 nmoles
of ATP are produced. A discrepancy exists between the time of cessation of ATP
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Fig. 2. Oxidation of respiratory components after mixing anaerobic E. coli B with aerobic buffer.
3.3 mg dry wt. of bacteria per ml (final concentration after mixing equal volumes). Flow approx. 15
ml-secl. Amounts of oxidation of each component determined as follows: reduced pyridine
nucleotide at 340 minus 374 nm (ref. 23) (emm = 4.7); reduced flavoprotein at 510 minus 465 nm
(ref. 23) (emm = II); and ferrocytochrome b, at 560 minus 540 nm (ref. 24) (emm = 16). Other
conditions as described in text. Abbreviations: PNH, reduced pyridine nucleotide; FP, reduced
flavoprotein; b,, ferrocytochrome b,.

Fig. 3. Esterification of P; and associated nucleotide changes after mixing anaerobic E. co/i B with

aerobic buffer. 11.7 mg dry wt. of bacteria per ml after mixing. Total P; concentration shown.
Other conditions as described in text.
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increase and the time of cessation of P; consumption. The slow release of P; following
cessation of the burst of respiration and the constancy of ATP indicates that no correc-
tion need be applied for ATPase activity during the period examined. It is possible
that turnover of P; may be appreciable, but in the measurement of net phosphory-
lation turnover is not considered. A marked decrease of the P/ze¢~ ratio is observed
if more than 100 mM K+ is included in the cell suspension (W. P. HEMPFLING,
unpublished observations).

Since NADPH was not oxidized within z sec after O, addition no measurements
of that compound were made in succeeding experiments.

Changes of adenine nucleotide concentrations

The discrepancy discovered between the amount of P; disappearing and the
amount of ATP formed prompted a further experiment in which changes of AMP,
ADP and ATP were measured following the initiation of electron transport by O,
addition. Representative results are shown in Fig. 4. During the first 0.5 sec the
concentration of ATP increases, that of AMP decreases, while that of ADP remains
relatively constant. These initial changes are explained by assuming that adenylate
kinase is active and operates to reattain equilibrium simultaneously with the phospho-
rylation of ADP, which appears to be the sole acid-stable P; acceptor in oxidative
phosphorylation®. ADP decreases significantly only after nearly half of the available
AMP has been consumed. Electron transport ceases after about 1.5 sec, in substantive
agreement with the results obtained using the stopped-flow technique (Fig. 2).
No further changes of adenine nucleotide concentration are observed up to at least
5 sec after O, addition.

Nonomoles of Nucieotide per ml

Seconds after Oxygen

Fig. 4. Changes of adenine nucleotides and NADH after mixing anaerobic E. col¢ B with aerobic
buffer. 6.8 mg dry wt. of bacteria per ml after mixing. Other conditions as described in text.

Calculation of the P[2e= ratio from changes of adenine and pyridine nucleotides

The amount of phosphate esterified can be calculated from the changes of ADP
and ATP or from the changes of AMP and ATP. Both methods of calculation should
agree within experimental error, and the value thus obtained should be identical to
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the P/2¢~ ratio obtained by measuring P; disappearance directly. To estimate P/2e~
by measuring ADP and ATP changes (Method 1) the following expression is used:

(z AATP + AADP)/— ANADH = Pjze- (1)

The second method of calculation of P/2¢- is predicated on the assumption that the
following reaction, catalyzed by adenylate kinase, is responsible for the disappearance
of AMP:

ATP + AMP = 2 ADP (2}

The disappearance of 1 mole of AMP is therefore accompanied by the disappearance of
1 mole of ATP and the appearance of 2 moles of ADP. Hence, the value of P/ze~
(Method 2) is given by:

AATP + (—AAMP)/—ANADH = P/ze- (3)

Method 2 has been chosen as the more suitable of the two presented since it takes
advantage of the doubled sensitivity of assay of AMP through adenylate kinase,
pyruvate kinase and lactate dehydrogenase® and since it tends to yield more con-
servative values for the amount of P; esterified. After 1.5 sec in the experiment
shown in Fig. 4, P/ze~ = 3.8 by Method 1 and P/2¢~ = 3.5 by Method 2.

Reproducibility of apparent Pl2e~

Because of the number of possible sources of variation of results it was deemed
most appropriate to express the overall P/2e~ ratio obtained for several different cell
preparations in order to evaluate the reproducibility of results. Data are given in
Table II. Wide variations occur from preparation to preparation in the amounts of
NADH oxidized but the amounts of phosphate esterified per unit of NADH oxidized
are relatively constant at P/2ze~ = 3.5 4- 0.3 (mean + S.E.).

Effect of 2,4-dibromophenol

As shown in Table III, the addition of 300 uM 2,4-dibromophenol to the cell
suspension prior to oxygenation abolishes the changes of adenine nucleotides but does
not affect the oxidation of NADH. Therefore the net esterification of P; measured

TABLE 11
REPRODUCIBILITY OF THE APPARENT P/2¢™ VALUE

The methods used for measurement of the amount of P; esterified and NADH oxidized are given
in parentheses: (2) AATP + (—AAMP); (3) decrease of P;; (4) decrease of NADH ; (5) increase of
NAD+,

Expt. No. P estevified NADH oxidized Appavent Plze-
(umoles- g~1) (umoles-g—1)
1 453 (3) 1.32 (4) 34
2 5.00 (2) 1.43(4) 35
3 4.82 (2) .34 (5) 3.6
4 3.08(3) 0.86 (4) 3.6
5 4-40 (3) 1.25 (4) 35
6 3.13(3) 1.04 (4) 3.0
7 5-33(3) 1.44 (4) 3.7
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in these experiments is due only to oxidative phosphorylation, although the possibility
that P; turns over in the presence of dibromophenol is not eliminated.

TABLE II1

EFFECT OF 2,4-DIBROMOPHENOL ON NUCLEOTIDE CHANGES AFTER MIXING ANAEROBIC E. coli B,
SUSPENDED IN A SOLUTION CONTAINING 300 /,LM 2,4-DIBROMPOHENOL, WITH AEROBIC BUFFER

7.1 mg dry wt. of bacteria per ml after mixing. NADH was calculated from the differences of
amounts of NAD+ present in each sample compared to a fully aerobic bacterial suspension at the
same cell concentration (44.1 nmoles NAD+ per ml).

Nucleotide Nucleotide conen. (uM) at specified seconds after O,
0 0.9 2.4

ATP 3.8 3.4 3.9

AMP 17.6 18.0 17.0

NADH 11.7 4.1 2.6

TABLE IV

CONTRIBUTION OF REDUCING EQUIVALENTS DERIVED FROM REDUCED FLAVOPROTEIN AND FERRO-
CYTOCHROME b; TO APPARENT P/2¢~ VALUE

Apparent P/2¢~, as measured by the sequential injection method, is the quotient of P; esterified
and reduced pyridine nucleotide oxidized; corrected P/2¢~ takes into account the reducing equiva-
lents arising from other electron donors in the respiratory system. Data derived from the experi-
ment shown in Fig. 2.

Electron donoy Oxidized Plze Py esterified
(uM) (calculated)
(M)
Reduced pyridine nucleotide 7.3 3 21.9
Reduced flavoprotein 2.1 2 42
Ferrocytochrome b, .0 I 0.5

Total P; esterified : 26.6
Total electron pairs passing through the
equivalent of three phosphorylation sites:

(7.3 + 1.4 +0.2) = 8.9
Apparent P[2¢— = 26.6{7.3 = 3.6
Corrected Pf2e~ = 26.6/8.9 = 3.0

Correction of apparent P[ze-

A consistent error has been made in the calculation of P/2¢~ in the foregoing
description of results, since no account was taken of reducing equivalents arising from
reduced flavoprotein and ferrocytochrome ;. It is possible to estimate the magnitude
of this error by the use of the data shown in Fig. 2 and the appropriate calculation is
made in Table IV. Assumptions are made that electron pairs passed from flavo-
protein to O, proceed through electron transport steps linked with two sites of
phosphorylation, and that single electrons passed from cytochrome b, to O, go
through steps linked with one site of phosphorylation per pair of reducing equivalents.
Based on these assumptions failure to consider the oxidation of reduced flavoprotein
and ferrocytochrome &, leads to an overestimate in the apparent P/ze~ value. In the
example derived from Fig. 2 and shown in Table IV the apparent P/2e~ ratio deter-
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mined with that cell preparation would be some 20 % in excess of the true P/ze-
value. Variations in the flavoprotein content of different cell preparations suggest that
the range of correction necessary is some 15-25 %. Hence an apparent P/ze~ ratio of
3.5 leads to a corrected value of 2.6-3.0.

It is concluded that three sites of oxidative phosphorylation exist in the
terminal respiratory sequence of E. col B.

DISCUSSION

Measurement of the efficiency of bacterial oxidative phosphorylation

The preparation of subcellular fractions from bacteria with respiratory and
phosphorylating activities is relatively simpleS. Such preparations are useful for the
study of the effects of inhibitors, uncouplers and natural cofactors and metabolites on
respiratory processes, as well as for the dissection of the apparatus coupling phospho-
rylation to respiration’-8. Unfortunately, heterotrophic bacteria have consistently
given rise to preparations which exhibit P/2¢~ ratios considerably less than those
possessed by mitochondrial preparations oxidizing similar substrates. It seems likely
that these lower efficiencies are due to damage sustained by respiratory assemblies
during preparation rather than to an intrinsically lower efficiency of bacterial oxidative
phosphorylation, and that, at best, only a semiquantitative estimate of oxidative
phosphorylation efficiency is obtained by the use of subcellular preparations.

If low P/2e~ values are the result of damage to respiratory assemblies during
preparation of subcellular fractions an obvious way of circumventing this error would
be to design a method of assay of oxidative phosphorylation which did not depend
upon the comminution of cells. Several attempts at such an assay have been made
previously. ZAITSEVA ef al.® reported a maximal P/O ratio of 1.5 in Azotobacter
vinelandit in a modified Burk’s medium based on the rates of 32P; esterification and of
O, consumption. The possibility of energy expenditure due to ion transport and
substrate entry was ignored, and no information was obtained about the time
required for the equilibration of external 3P; with intracellular P;. In similar experi-
ments with E. cols B we have found that the 15-sec period of exposure of cells to
isotope used by ZAITSEVA et al. is inadequate to assure complete equilibration. Hence
the P/O value reported is probably appreciably lower than the true value.

The measurement of changes of intracellular acid-soluble nucleotides!® or net
P; esterification dependent upon the respiration of intact cells following initiation of
electron transport is probably more accurate than the 32P; uptake method, since
there is no dependence upon isotopic equilibration. The assumption that the measure-
ment of ATP alone accounts for all P; esterification, however, is a serious shortcoming
of such experiments. Microorganisms contain appreciable adenylate kinase activity,
and ATP measurements purporting to account for all P; must be accompanied by
data showing that AMP does not vary. For example, GIBSON AND MoRiTa!! have
shown that AMP does not change following exposure of Chromatium strain D to light;
under those circumstances it is reasonable to conclude that the observed increases of
ATP represent the net esterification of P;. It is best, however, to show that dis-
appearance of P; and changes of adenine nucleotides agree quantitatively, as has been
done in the present study.

A third approach to the measurement of the efficiency of bacterial oxidative
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phosphorylation is through molar growth yield studies. The demonstration by
Baucnor aND Ei1sprN!? that Yare of a number of anaerobically-grown micro-
organisms is relatively constant at about 10.5 g dry wt. per mole ATP has prompted
a number of studies of the growth yield per mole of O, or NO;~ consumed as a measure
of the P/2e~ ratio under growing conditions. The elegant experiments of SToOUT-
HAMER and co-workers!3.14 have been shown that about 30 g (dry wt.) of Aerobacter
aerogenes is formed per pair of reducing equivalents passed to O, or NO,;~ during
growth at the expense of glucose. Objections have been raised that the “aerobic”
value of Y srp may differ significantly trom the “anaerobic’’ valuel®; however, the
results reported in the present communication support the conclusion of HAbJIPETROU
et al.1® that 3 moles of ATP are formed per pair of electrons transferred to O,. It is
also concluded, due to the similarity of results, that Yarp, at least in coliform
bacteria, is the same whether the cells are grown anaerobically or aerobically (see also
ref. 16) and that the three sites of oxidative phosphorylation present in E. coli B (a
coliform bacterium closely related to A. aerogenes) function in the growing cell.

Possible sources of error in the present method

Although some effort has been made to eliminate major sources of error as they
apply to the present method of assay of oxidative phosphorylation some difficulties
remain to be solved. For example, other electron donors not measured in this study may
serve as sources of reducing equivalents which are passed through phosphorylation
sites under other conditions of cell growth, preparation or incubation. A pigment!?
absorbing light maximally at 503 nm in the anaerobic state, is present in E. coli B
grown in minimal medium?? and may be oxidized at a rate sufficient to cause error in
the estimation of the P/2¢~ value. This pigment is present in only very small quantities
in organisms grown in tryptic soy broth and has therefore been neglected in these
studies.

Benzo- and naphthoquinones, shown by KASHKET AND BRODIE?® to participate
in electron transport by particles from E. coli, do not appear to be oxidized during the
2-sec transition period after O, addition to anaerobic cells. Attempts to measure
spectrophotometrically the oxidation of endogenous quinone upon the addition of
O, have shown that ultraviolet absorbance rises only slowly, and that no changes of
absorbance in the quinone regions of the spectrum occur within the first few seconds.
Therefore a further error in estimation of the number of electrons passed to O, due to
oxidation-of reduced benzo- and naphthoquinones during the time period studied is
unlikely. However, should the period of observation be lengthened for some reason,
quinone oxidation would have to be taken into account.

The levels of constituents of the tricarboxylic acid cycle have not been measured
in the cells employed, as the controls seem to indicate that they do not serve as major
sources of reducing equivalents or of ATP generation by substrate-level phosphory-
lation. Growth of cells under different conditions may significantly alter the enzyme
composition, thereby affecting the pool sizes of such compounds in “starved” cells.

Energy-linked changes (e.g. energy-dependent ion transport and volume
changes) will contribute to an underestimate of the true P/ze~ratio. K+ (refs. zand 19),
especially, and probably P; (ref. 20) are taken up in an energy-dependent manner so
as to intercept intermediates of oxidative phosphorylation or to bring about the direct
hydrolysis of ATP. In accordance with this point, the previous report?! of a P/2¢~ ratio
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less than 1 during NO;~ reduction by intact E. coli B is undoubtedly an underestimate
due to the inadvertent use of KNQOj; in those experiments.

Metabolites linked to substrate-level phosphorylation may change in such a way
as to bring about an overestimate of the P/2¢~ ratio. In the present cell preparations
the amounts of the components of the glucose 6-phosphate and fructose 1,6-diphos-
phate homeokinetic groups? are negligible, while the constituents of the 3-phospho-
glyceric acid homeokinetic group, although present in appreciable amount, change
only slowly after oxygenation. The ability of 2,4-dibromophenol to prevent essentially
all Py esterification while permitting NADH oxidation to proceed shows that substrate-
level phosphorylation does not contribute to the observed P/2e~ measurement.

Although most preparations of cells treated in the manner described contain
sufficient endogenous material to bring about adequate NAD+ reduction, in some
cases starvation proceeds too far. Under those circumstances the addition of small
amounts of ethanol (1-2 mM) to the anerobic cell suspensions brings about slow
NADH formation which is complete (about 2 ymoles NADH per g dry wt.) within
5 min. The products of this slow ethanol oxidation have no noticeable effect on the
events subsequent to O, addition. The experiments reported here do not include those
in which ethanol was necessary for adequate NAD+ reduction.

The rapidity of the oxidation reactions observed tempt one to reduce the
temperature at which the experiments are carried out in order to make kinetic analysis
more accuratel®, ZAITSEvVA et al.® report that uncoupling of phosphorylation from
respiration in Azotobacter occurs in chilled samples. This phenomenon also occurs in
E. colz B using the present method when the cell suspensions are mixed with O, at 5°
(W. P. HEMPFLING, unpublished observations). Until a complete account is obtained
of the effects of temperature on bacterial oxidative phosphorylation indiscriminant
use of lowered temperatures to slow reaction rates should be avoided.

Variation of the P/2e~ ratio with time after O, addition
The P/z¢~ ratio, in all experiments so far carried out, increases with time up to
about 1.5-2.0 sec after O, addition. That pattern is shown in Fig. 5 for the experiments

~
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o] 02 04 06 08 10 1.2 1.4 1.6
Fraction of period required to reach maximum Froe-

Fig. 5. Change of P[2e¢~ ratio after mixing anaerobic E. coli B with aerobic buffer. Normalized
comparison of the experiments shown in Figs. 3 (@) and 4 (Q)-
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of Figs. 3 and 4. It is possible that such a phenomenon could be due to a transient
accumulation of intermediates of oxidative phosphorylation or to the formation
of an ionic gradient?® across membrane barriers associated with respiratory assemblies
during a fraction of the first second after initiation of electron transport. Estimates
of the amount of intermediate or gradient generated equivalent to the esterification
of P; can be made based on the amount of reduced pyridine nucleotide oxidized and
the deficit of phosphate esterification below the maximal P/2¢- ratio observed at
1.5-2.0 sec. These calculations show that the hypothetical intermediate rises
throughout the first 500 msec, reaches a maximum at 500~750 msec, and then falls.
The amounts are appreciable: 1.5-2.5 umoles per g dry wt. at 500-750 msec after
oxygenation. PINCHOT” has reported the existence of an intermediate of oxidative
phosphorylation in extracts of Alcaligenes faecalis, but only further investigation
will determine if this has any relationship to the phenomena reported here.

Applications of the method

The results reported in this communication demonstrate directly for the first
time that oxidative phosphorylation in a heterotrophic bacterium proceeds with
efficiency equal to that of mitochondria from higher organisms. These data do not
support the idea that all heterotrophic bacteria are capable of equally efficient
oxidative phosphorylation, since the ability to conserve energy will vary according
to the enzymatic apparatus available to a given organism.

The addition of an uncoupler of oxidative phosphorylation does not increase the
rate of endogenous NADH oxidation, although phosphorylation is abolished.
Nevertheless, during steady-state formate oxidation by E. coli B an increase of some
50-100 %, of the rate of respiration is observed following addition of 2,4-dibromophenol
(W. P. HEMPFLING, unpublished observations), indicating that some form of
respiratory control dependent upon oxidative phosphorylation does exist under
steady-state conditions. A rapid relaxation method, such as the sequential injection
procedure described here, does not appear to be suitable for the solution of the problem
of respiratory control in bacteria. However, the measurement of intracellular
nucleotide concentrations?? in the presence and absence of uncouplers under steady-
state conditions may be appropriate.

Application of the methods of microbial genetics to the problems of oxidative
phosphorylation has so far been restricted to eucaryotic microorganisms. Given the
ability to assay the number of phosphorylation sites in a bacterial respiratory system,
the search for mutants deficient in one or more of those phosphorylation sites, using
organisms capable of genetic recombination, becomes feasible. Furthermore, the
study of the adaptive characteristics of the energy-conservation system from the
point of view of P; esterification can be examined in systems perhaps quite different
from the mitochondrion in organization and development.
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