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GLOSSARY
TERMS

ADP:0O Ratio - The ratio of molecules of ADP esterified per
atom of oxygen utilized by the mitochondrial respiratory
chain. It is equivalent to the P:0 ratio, having maximum
observed ("theoretical®) values of three for NAD-linked
substrates and two for flavoprotein-linked substrates of

the electron transport chain (31).

Control and Modified Mitochondrial Preparations - The two
mitochondrial suspensions used in this study will be
designated “control” and "modified®. Control mitochondria
are prepared by a modification of the method of Chance
and Hagihara (76) using 3-4 g of heart tissue in 40 ml
medium giving a tissue wet weight/homogenizing medium
volume ratio of 1:10., Modified mitochondria are prepared
by the same technique using 250 mg heart tissue per 40 ml
medium giving a corresponding tissue wet weight/

homogenizing medium volume ratio of 1:160,

£

Coupling - "Coupling" of respiration and oxidative
phosphorylation refers to the dependence of the
respiratory rate on ADP. #Tightly coupled™ mitochondria

are those having high respiratory control ratios whereas

"loosely coupled” mitochondria show little or no




dependence of respiration on the presence of phosphate

acceptor (ADP).

External NADH - External NADH refers to NADH added to the
mitochondrial preparations, as opposed to that generated
within the mitochondria. The following terms will be
used interchangeably to designate external NADE;

exogenous, cytoplasmic, extramitochondrial and added,

Respiratory Control Ratio - The respiratory control ratio is
defined as the ratio of the rate of respiration in the
presence of phosphate acceptor (e.g. ADP) divided by the
rate of respiration in the absence of phosphate acceptor
(59).

ie2s it is given by the formula:

RCR = gtate 3 respiration
state 4 respiration

Slater®s Factor - Slater postulated an essential electron
transporting factor between diaphorase and cytochrome c
which represents a common pathway of electron transport
to cytochrome g from NADH or succinate (83). Cytochrome b

in the intact system appears to include Slater's factor.

State 3 Respiration - All required components of respiration

are present (oxygen, phosphate, phosphate acceptor,

substrate) and the respiratory chain itself is the rate-




limiting factor. This is the period of Y"active®

respiration in coupled mitochondria (59),

State 4 Respiration - This is known as the controlled or

resting state. Phosphate acceptor (e.g. ADP) is lacking

and respiration is slow in coupled mitochondria (59),




GLOSSARY
ABBREVIATIONS

ADP - adenosine-5%-diphosphate

ATP - adenosine-5'-triphosphate

EDTA - ethylenediamine tetracetic acid

GOT - glutamate:oxaloacetate transaminase (L-aspartate:
2-oxoglutarate aminotransferase, EC 2.6.,1.1)

MDH - malic dehydrogenase (L—malate:NAD+ oxidoreductase,
EC 1,1.1.37)

NAD' - nicotinamide adenine dinucleotide

NADH - nicotinamide adenine dinucleotide (reduced)

PHM - pigeon heart mitochondria

RCR - respiratory control ratio

Tris - Tris(hydroxymethyl)aminomethane

Tris-HCl - Tris(hydroxymethyl)aminomethane hydrochloride
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INTRODUCTION

Nicotinamide adenine dinucleotide (NAD' ) was
originally discovered by Harden and Young (1) as a coenzyme
in yeast juice. It has since been found in practically all
living tissues, but generally in low concentrations,
Biologically, NAD+ functions as a coenzymic hydrogen acceptor
associated with dehydrogenases - being converted from the

oxidized (NAD ) to the reduced form (NADH) (Fig. 1).

H HH
C C
SN\ 9 7\ 9
H"‘C C"V"I\IH? . . H"‘ C_C"NHZ +
N [ © o+ 2H = i + H
H-C C=H H-C C
\. \./
y .
R R
+ 4
NAD NADH
FIGURE 1., The intercohversion of oxidized and
reduced forms of nicotinamide
adenine dinucleotide
B = -ribose-diphosphate-ribose-~adenine

In the cytoplasm the reduced form of the coenzyme (NADH) is

formed principally by certain reactions of glycolysis

(Fig. 2). Increased production of NADH by active glycolysis
tends to decrease the cytoplasmic NAD+/NADH ratio, However,

under anaerobic conditions this decrease in the ratio is

minimized by the conversion of pyruvate to lactate
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FPIGURE 2, Glycolysis - indicating the production
and utilization of NADH in the cytoplasm
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(Equation 1) and by the formation of «K-glycerophosphate

(Equation 2).

lactate dehydrogenase

Pyruvate = Ve \\ > Lactate (1)
NADH + H' wap*
L-X=glycerophosphate
dehydrogenase
Dihydroxyacetonephosphate = \\ -

NADH + BT  NaDp”

L-=glycerovhosphate (2)

During aerobic glycolysis, decreased lactate
formation requires that an alternate route of NADH removal
be identified. In heart tissue, lactate does not accumulate
under aerobic conditions, indicating that the cytoplasmic
NADH has been reoxidized by & system other than lactate
dehydrogenase (e.g. K =glycerophosphate dehydrogenase).
Ultimately, however, the NADH produced during aerobic
glycolysis must directly or indirectly reach the
mitochondrial respiratory chain. This electron transport
system is illustrated in Fig. 3, showing the points of entry
of various substrates, the localization of inhibitor and
uncoupler activities and the phosphorylation sites for
energy production. Reoxidation of cytoplasmic NADH by the

respiratory chain must require direct or indirect

permeability of the mitochondrial membrane system to this
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nucleotide,

The concept that intact mitochondria are impermeable
to external NADH was originally suggested by Lehninger
(2, 3, 4). This conclusion has gained wide acceptance (5-9,
16-18) although there appears to be increasing evidence

{(10-15) that neither the in vitro nor the in vivo situation

can be classified as a case of complete permeability or
impermeability. Any discussion of the degree of
mitochondrial permeability in the oxidation of cytoplasmic
NADH must, therefore, recognize three major factors: (i) the
definition and significance of the term "impermeable?,

(11) the criteria used to define "intactness" of a particular
mitochondrial preparation in relation to its permeability to
NADH, and (iii) the relevance of (i) and (ii) to the
pertinent physiclogical date on the required minimum rate of
NADH removal from the cytoplasm by the mitochondria of a
given tissue. Much of the difficulty in'interpreting
permeability studies arises from the failure of most authors
to define their limits of permeability relative to the
existing physiological requirements of the particular tissue

exanmined.,
Permeability

-Several frames of reference exist for the description

of the permeability of a membrane to any particular substance.




o

In the instance of cytoplasmic NADH, permeability may be
stated simply in terms of the absolute rate of uptake and
oxidation of NADH by the mitochondria. Alternatively, the
relative permeability can be stated as the ratio of the
oxidation rates of external NADH relative to’the maximum
capacity of the respiratory chain to oxidize this substrate
(assuming that no intramitochondrial NADH accumulation
oceurs), or relative to the oxygen consumption observed
using other conventional mitochondrial substrates (e.go
pyruvate + malate). These criteria of permeability suffer
from one common failure: the lack of any obvious relationship
to physioclogical requirements.

Examining the possible physioclogical significance of
cytoplasmic NADH oxidation raises the problem; is direct
mitochondrial permeability to NADH necessary? Two
hypotheses exist.

(a) Assuming NADH must penetrate the mitochondrial
membrane directly, the question resolves itself to one of
rate of penetration and relstive permeability as defined
above, Slow rates of oxidation of externsl NADH by isolated
mitochondria cannot be unegquivocally interpreted as inplying
membrane impermeablility in vivo. Such rates, though slow,
mey merely reflect a minimal physiological requirement for

NADH removel., If the maximum reguired rate of NADH removal

from the cytoplasm is low, there would be little need to




have available the full NADH oxidizing capacity of the
respiratory chain. Control of the rate in vivo could be
exercised by appropriate changes in membrane permeability
induced by the intracellular environment, Certain studies
of pigeon heart mitochondria (11, 12, 13) have attempted to
examine the problem of NADH entry and oxidation in a more
physiological context,

The problem of interpreting data in a physiological
context will be considered in greater detail in the
Discussion. The relative physiological importance of NADH
transport into liver and muscle (particularly heart)
mitochondria will be considered in relation to the direction
and size of electron flow as well as the cellular
requirements for reoxidation of extramitochondrial NADH by
the respiratory chain.

(b) Assuming that direct NADH entry into the mitochondrion
does not occur, the removal of cytoplasmic NADE must bhe
accomplished by some alternative mechanism(s). A number of
shuttle systems (Fig. 4) which transfer the reducing
equivalents of the coenzyme across the membrane barrier have
experimental evidence. Such mechanisms require the presence,
in cytoplasm and mitochondria, of the necessary enzymes in

sufficiently high activity levels to carry out the reactions.

Also, the rate of transfer of the intermediate carriers




NADH -+

NAD

CYTOPLASM MITOCHONDRIA
oxidized oxidized
substrate wmee—ivmeee- substrate
)
H+ NADH + Hﬁ——»Respiratory
" Chain
(Eg) (Ey) /
NAD*
V
reduced reduced
substrate =—a=- S <= substrate
MEMBRANE
FIGURE 4. Generalized scheme of metabolite shuttle

systems for the transport of reducing
equivalents from the cytoplasm to the
mitochondrigl respiratory chain. The
oxidized and reduced substrates must
penetrate the mitochondrial membrane
freely

(Eg) and (Ey) represent the cytoplasmic

and mitochondrial forms respectively of

The enzymes required to interconvert the
oxidized and reduced substrates
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across the mitochondrial membrane must not be a limiting
factor., This latter consideration has often been ignored in
studying shuttle mechanisms. Recently however, Haslam and
Krebs (28), in characterizing a shuttle which has been

‘‘‘‘ proposed for heart mitochondria involving malate and oxalo-
acetate, observed a transport rate of malate which was only
3.5% of that required for the calculated minimum
physiological rate. Their work re-emphasizes the importance
of relating studies of permeability to the in vivo cellular
requirements in consideration of either direct NADH

permeability or transfer of intermediates in possible

shuttle mechanisns,

Intactness

The criteria used to define ¥intactness® of isoclated
mitochondria are an integral part of any interpretation of
date concerned with mitochondrial membrane permeability.

There are four main criteria which have been used to
designate the degree of mitochondrial intactness.

1. Electron Microscopy

The use of the electron microscope is an obvious
means of determining mitochondrial integrity. The technique
can be used to detect obvious damage or morphological defects

as well as contamination of individual preparations by

mitochondrial frasgments or other foreign material. However,
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there are specific limitations to electron microscopic
examination.

(a) The effects of fixation and staining processes on
mitochondrial morphology are difficult to predict,

(b) Metabolic defects may be undetectable
morphologically.

(c) Photomicrographs of selected areas of the embedded
material may provide an inaccurate analysis,
particularly in a heterogenous preparation.

2. Respiratory Control Ratios (RCR) (see glossary)

Tightly coupled mitochondris generally exhibit hizgh
respiratory control ratios since their state 3 respiration
is dependent upon the presence of phosphate acceptor (59).
Assuming that intact mitochondria are tightly coupled, high
HCR values have been used as an indicator of mitochondrial
integrity (31, 59).

However, RCR's may not be as definitive a criterion
of structural integrity as had been assumed., The factors
controlling respiratory control may be subject to
environmental alteration exemplified by the increases in RCR
which can be accomplished by addition of bovine serum
albumin to loosely coupled preparations (84, 85). Such
observations suggest that the mitcochondrial environment

(eog. the presence of fatty acids) may play a significant

role in determining the RCE and the observed coupling or
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lack of it may not beyg valid indicator of mitochondrial
structure,
3. ADP:0 Ratio (see glossary)
ADP:0 ratios which approach the theoretical value
(3.0 for NAD-linked substrates) have also been used as &
criterion of mitochondrial intactness. However, several
observations suggest this is a rather poor basis for
defining integrity of the preparation,
(a) Presence of high ATPase activity may produce low
ADP:0 ratios even in mitochondrial preparations
which are phosphorylating,
(b) Mitochondria with loose coupling (low KECE values)
do not always show low ADP:C ratios.
(c) Mitochondrial preparations which exhibit coupling
(see glossary) with some substrates (e.g.
pyruvate + malate) may appear uncoupled when
incubated with others. For example, “non-
coupling” has been observed in preparations using
NADH as substrate, even though phosphorylation
could be demonstrated in these same preparations
with pyruvate + malate (11).
4, NADH Utiligzation
This criterion is based on the assumpticn reiterated

by Lehninger (31) that "impermeability tec extramitochondrisal

NADH is a characteristic of virtually all mitochondris
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whether in vitro or in vivo". Observed oxidation of NADH
therefore is presumed to indicate damage to the mitochondrial
membrane, permitting access to the respiratory chain, or
alternatively, oxidetion by another pathway in the
mitochondrial preparation (e.g. shuttle systems) or by
fragments or other particles contaminating the preparation.

The value of this criterion depends solely upon the
validity of the initial assumption. If it is valid, then
the criterion is an excellent one; if not, then using
external NADH oxidation to gauge intactness becomes
meaningless. Since mitochondrial studies are generally
must be arbitrarily chosen and may not necessarily reflect
the true intracellular picture. They can, however, provide
a basis for some comparative information, particularly
between various mitochondrial preparations from the same
tissue.

In earlier experiments in this laboratory (11, 12, 13)
a direct uptake and oxidation of external NADH at
physiological substrate levels was shown in pigeon heart
mitochondria which exhibited the conventional criteris of
intactness, viz. high RCR's and ADP:0 ratios. The
mitochondria in those studies were isolated by the method of

Chance and Hagihara (76) in which 3-4 g of minced myocardium

are homogenized in 40 ml of medium, followed by the other
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steps described under Methods. The properties of
mitochondria prepared in this way have been well-defined,
In this thesis, such organelles are termed “control®
mitochondria. Their properties, with reference to NADH
oxidation and other metabolic parameters are compared in
this work with those of "modified" mitochondria which are
prepared by a procedure devised by Dr. X. Wrogemann
(unpublished data). The latter method is identicsl to that
used for control mitochondria except that only 0.25 g
(rather than 3-4 g) of myocardium is homogenized in 40 ml of
medium, Thus, in preparing modified mitochondria, the ratio
of myocardium (g) to medium (ml) was 1:160 whereas the ratio
in the control preparation was 1:10., It was recognized that
the term "control® might be taken to imply, incorrectly,
that such mitochondria were in some way prejudged to be
uperior to those of the other preparation. Similarly,
"modified” might erroneously be understood to indicate that
such preparations were a modification of the control
mitochondria. The term "modified" refers strictly to the
change in preparation of the organelles. In spite of these
disadvantages, the two terms were retained since no more
satisfactory ones could be found.

In preliminary unpublished studies Wrogemann

demonstrated that the modified mitochondria oxidized added

NADH much nmore slowly than control preparations but exhibited




lower RCR's and a slow oxygen consumption with pyruvate +
malate as substrate. The work described in this thesis
represents an attempt to determine the possible cause(s) of
the behavioural differences observed between the control and
modified mitochondrial preparations. The difference in
oxygen consumption with added NADH as substrate was utilized
as a basis for examining the requirements for and the

mechanism(s) of cytoplasmic NADH oxidation in pigeon heart

mitochondria.







LITERATURE REVIEW

Following the studies of Lehninger (2, 3, 4) in which
the factors influencing the mitochondrial oxidation of
externally added NADH were first examined, it has generally
been accepted that intact mitochondria are impermeable to
NADH. Lehninger's work on liver mitochondfia suggested that
extramitochondrial NADH does not penetrate to the internal
site of electron transport, but is largely oxidized by a
non~-phosphorylating, cytochrome c-requiring “external®
pathway. A variely of data has since been accumulated in
support of this original concept of impermeability to NADH
in intact mitochondria, Chance and Williams (5) observed
evidence of g permeability barrier to external NADH in
studies of guinea pig liver mitochondria. Low rates of
oxidation were observed until treatment in hypotonic
{(0.11 osM) medium was employed to swell the mitochondria,
This treatment produced a four to five fold increase in the
NADH oxidation rate.

The discovery by Ernster and his coworkers (6) that
Amytal (sodium amobarbital - an inhibitor of respiratory
chain NADH oxidation (see Fig, 3)) only partislly inhibits
the oxidation of externally added NADH (non-phosphorylating)

led these authors to postulate two alternative pathways in

their rat liver mitochondrial preparations.




ot
o

(a) Internal pathway Amytal-sensitive i.es the
- phosphorylating respiratory

chain

Amytal-insensitive

- non-phosphorylating

- non-mitochondrial cytochrome ¢
reductase

- bypasses Slater's factor (see
glossary)

- cytochrome c-requiring

(b) External pathway

§

The latter pathway (b) is similar to that first
suggested by Lehninger (3). A more detailed considerstion
of the external pathway will be presented later in this
review,

Evidence for a cytochrome c-stimuleted oxidation of
extramitochondrial NADH has also been observed by Humphreys
and Conn {32) in lupine mitochondria. Their results
indicated that an amount of NADH was oxidized equivalent to
the amount of cytochrome ¢ added., Their inhibitor studies,
however, established that the same pathway existed for the

xidation of internal or externsl NADH, and indicated that
the observed cytochrome ¢ stimulation is not necessarily
related to an external oxidative pathway,

In studies on rat liver mitochondria, Maley (33)
found both oxidation and phosphorylation with external NADH
as substrate, The addition of cytochrome ¢ to her
preparations resulted in increased oxygen consumption and a

corresponding decrease in phosphorylation (P/0 ratios).

Although these observations are compatible with permeability
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of the mitochondrizal membrane to NADH, Maley preferred to
conclude that the enhanced oxidation was related to the
extent of mitochondrial damage induced by the particular
isclation procedure. She favours the Lehninger concept of
an external pathway for NADH oxidation.

In preparations of beef heart and rat liver
mitochondria isolated in 0.88 M sucrose, Ziegler and Linnane
(35) could not detect oxidation of external NADH. They
concluded that the use of hypertonic preparation medis
ensures intactness of the mitochondrial membrane. They
subsequently concluded that no eguilibrium exists between
internal and external pyridine nucleotides in intact
mitochondria, However, it hzes been noted by several authors
(10, 11, 36) that the high tonicity of 0.88 M sucrose is
inhibitory to mitochondrial oxidations, including external
NADH oxidation. This observaticn constitutes an adequate
explanation for the low rates of added NADH oxidation
observed by Ziegler and Linnane (35).

Oxidation of reduced pyridine nucleotides (NADH and
NADPH) coupled to phosphorylation has been examined by
Joshi, Newburgh and Cheldelin (34). 1In & system consisting
of beef heart mitochondria and a soluble fraction from heart
they detected oxidative phosphorylation associated with

oxidation of both NADH and NADPE. This phosphorylation was

blocked by Antimycin A and 2,4-dinitrophencl (see Fig. 3).
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Joshi et al. (34) attributed three possible effects to the
soluble supernatant fraction; s permeability increase, a
transport of reduced pyridine nucleotides by some factor, or
a reduction of a supernatant compound which crosses the
mitochondrial membrane and is subsequently oxidized by the
electron transport system. This latter possibility is
related to an alternative type of oxidative pathway
postulated for the removal of cytoplasmic NADH (i.e. shuttle
mechanisms which mediate the transport of reducing
equivalents across the mitochondrisl membrane). One of the
better established of these mechanisms is the X-glycero-
phosphate shuttle (Fig. 5).

The X-glycercphosphate cycle of insect flight tissue
has been examined by Zebe et al. (19), Sacktor and Estabrook
(20), Estabrook and Sacktor (21), Vogell et al. (22) and
Sacktor and Dick (23). Their results indicated that the
enzymes necessary ror this cycle occur in insect flight
muscle in sufficient activity to account for the oxidation
of cytoplasmic NADH. Sacktor and Dick (23) used teased
muscle preparations which showed no oxidation with added
NADH alone as substrate but responded with rapid oxygen
consumption upon further addition of dihydroxyacetone-
phosphate, Other studies on the mechanism of the X-glycero-

phosphate shuttle were also performed by Delbrick et al., (24)

and Young et al. (25) in mammalian systems and by
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CYTOPLASHM MITOCHONDRIA
dihydroxyacetonephosphate<===+4t-~= dihydroxyacetonephosphate
A
N T +2
NADH + H Fe =——sRespiratory
\\\\ Chain

NAD'

‘(/’//(I) (II)\i?tochrome c (2 moles)
-  N\rety

{ .
L-~glycerophosphate —-ewadloaeaa ->L-g-glycerophosphate

MEMBEANE

FIGURE 5. {~Glycerophosphate shuttle

(I) L-KX-glycerophosphate dehydrogenase

(II1) L-sk~glycerophosphate oxidase




Klingenberg and Slenczka (26) in various tissues. The
latter authors demonstrated that this shuttle system was not
functional in heart tissue since the mitochondrial
L-K~glycerophosphate oxidase (L=glycerol-3-phosphate:
cytochrome ¢ oxidoreductase, EC 1.1.2.1), one of the two
enzymes required for cyclic operation, is not present in
sufficient quantity in heart muscle., Suranyi et al. (27)
reconstructed an K-glycerophosphate cycle for NADH oxidation
using subcellular fractions from rat skeletal muscle., The
system consisted of adding glycerol-3-phosphate and the cell
sap obtained from Tthe preparation of rat skeletzsl muscle
mitochondria to the mitochondrial suspension. The NADH
oxidation rates obtained with this system were the same asg
those observed when The cell sap was revlaced with an excess
of L-d~glycerophosphate dehydrogenase purified from rabbit
skeletal muscle., Their observation that this oxidation of
external NADI was insensitive to Amytal or rotenone
inhibition, but sensitive to Antimycin A provided additional
evidence to support the hypothesis of the operation of the
A-glycerophosphate shuttle in their system (see Fig. 3 for
inhibitor sites and points of substrate entry to the
respiratory chain).

On examining the role of mitochondria in intracellular

oxidetion of cytoplasmic NADH, Devlin and Bedell (7)

concluded that intact liver mitochondris are impermeable to
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external NADH. Addition of catalytic quantities of aceto-
acetate or A-hydroxybutyrate increased oxidation of added
NADH by rat liver mitochondria. A new "shuttle® mechanism
was postulated by Devlin and Bedell (7) involving the
transfer of reducing equivalents from NADE by B-hydroxy-
butyrate dehydrogenase (D-}«hydroxybutyratezmﬁ“+ oxido=-
reductase, EC 1.1.1.30) to@-hydroxybutyrate (Fig. 6).
Almost immediately, evidence refuting the vostulated cycle
was presented by Lehninger et al. (37) who demonstrated that
the D-gB-nydroxybutyrate dehydrogenase of rat heart and rat
liver mitochondria is unreactive with external NADH.
Furthermore, the enzyme was not detectable in significant
amounts in the soluble fraction of either rat liver or heart,
Lehninger et al. (37) suggested that the mitochondriz used
by Devlin and Bedell (7) had been damaged during their
isolation procedure,

The morphological relationship of isolated
mitochondria to the oxidation of extramitochondrial NADH has
been examined by Deshpande et al. (38) in preparations from
rabblit heart muscle. The authors noted = variety of
morphological differences between isolated mitochondria and
the organelles in situ. These authors reported a slow rate
of oxidation of extramitochondrial NADH by mitochondrial

preparations essentially free of fragments. Pathways of

oxidation such as the glycerophosvhate cycle and the
[ iy
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CYTOPLASM MITOCHONDRIA
acetoacetatlewm—mmmm—am A acetoacetate
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v
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FIGURE 6, Acetoacetate46-hydroxybutyrate shuttle

(E) D-B-hydroxybutyrate:NAD+
oxidoreductase (EC 1.1.1.30)
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acetoaoetateé@—hydroxybutyrate cycle were not found to be
functioning in their system. The data also indicated =

similar rate of oxidation of free NADH and of enzyme-bound
y

NADH by the mitochondrial suspensions. They concluded "in
view of the uncertainties as to the structural and

biochemical integrities"” of isolated mitochondria, that it
would be "unjustified to state that heart muscle mitochondria
are incapable of catalyzing the oxidation of cytoplasaic
NADH"Y,

Studies of intracellular hydrogen transport by Boxer
and Devlin (8) once again designate mitochondrial

0 NADH as a criterion of intactness in

<t

impermeability
liver mitochondria, attributing low NAD? 4 r to
damage inflicted during preparation. The higher rates of
oxygen consumption often observed in heart mitochondriazl
preparations implies, to RBoxer and Devlin, an increased
ability of the mitochondrial membrane of this tissue,
These authors re-~emphasize the significsance of mechanisms
such as the k-glycerophosphate cycle to account Tor
physiological oxidation of cytoplasmic NADH,
Diphosphopyridine nucleotides (NAD+ and NADH) were
shown to enter liver mitochondria at a measurable rate in
vivo and in vitro by Purvis and Lowenstein (39). However,

thelr comparisons of the transport rate and respiration

showed that the rate of transfer across the membrane could
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in no way account for any significant portion of the
respiratory rate. Lowenstein (9) reiterated the concept of
mitochondrial impermeability to NADH and suggested carrier
systems (shuttles) as the major mechanism of oxidation df
this reduced coengyme.

Oxidation of external WNADH was studied in human and
rat skeletal muscle mitochondria by Hedman, Suranyi, Luft
and Ernster (40) who observed a cytochrome ¢ stimulation of
aeroblic oxidation of NADH by mitochondria prepared in the
Tris-KCl medium of Chappell and Perry (86). The cytochrome
effect was completely suppressed by rotenone in the rat
muscle preparation, but only partiaslly affected in human
muscle mitochondria. Finding no evidence that NADH oxidation
proceeded by any of the proposed shuttle pathways (viz.
PB~hydroxybutyrate, malate/oxaloscetate or A-glycerophosphate
shuttles), these authors concluded that skeletal muscle
mitochondria contain an oxidative pathway for external NADE
whose operation is dependent upon added cytochrome ¢ and
which 1s sensitive to inhibition by Amytal, rotenone and
Antimycin A. Furthermore, certain water soluble Cof
homologues could be substituted for cytochrome ¢ in some
instances (see Fig. 3).

Borst (41), in his studies of NADH oxidation in

Ehrlich ascites tumour cells, summarized four different

types of pathways which had been postulated to that date
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(1961) for the aerobic oxidation of WADH by the mitochondria
of animal cells,

1. "Internal” pathway - Antimycin A-, Amytal-sensitive

phosphorylating

~ does not oxidize externsl NADH in
intact mitochondria

[

2, "External™ pathway I - Antimycin A-, Amytal-insensitive
- non-phosphorylating
- involves extramitochondrial
cytochrome ¢
3. "External” pathway II - Amytal-insensitive
-~ Antimycin A-sensitive or
~insensitive
- involves guinones and in sone
cases cytochrome ¢

4, Indirect oxidation by means of a substrate cycle {(e.g.
K~-glycerophosphate cycle or B-hydroxybutyrate cycle)

In the Ehrlich cells, Borst found that none of the above
pathways could satisfactorily account for the oxidation of
extramitochondrial NADH, and concluded that this process
involved an as yet unknown metabolic cycle,

Inhibitor studies by Ernster, Dallner and Azzone (42)
demonstrated that oxidation of extramitochondrial NADH by
rat liver mitochondria could be inhibited by rotenone
(a partial inhibition dependent upon the presence of added
cytochrome ¢). This observation provided further evidence
for a separate cytochrome gc~requiring external vathway of
NADH oxidation,

Conover and Ernster (43) have studied the flavoenzyme

DT diaphorase (reduced NAD(P):(acceptor) oxidoreductase,
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EC 1.6.99.2) with respect to possible coupling of extra-
mitochondrial NADH oxidation to the mitochondrial respiratory
chain, They indicated the possibility that this vitanin YS—
requiring enzyme, found in rat liver cytoplasm, could mediate
electron transfer from cytoplasnic NADH to the respiratory
chain., The problem with this system, noted by the authors,
lies in relating it to the physiological context since
vitamin KB is an artificial electron acceptor. An evaluation
of the possible physiological significance of this enzyme
will necessitate icdentification of the natural substance
which accepts electrons from this enzyme.

In 1963, Smith, Cheldelin and Newburgh (44) continued
their earlier studies (34) on the effects of a soluble
fraction from heart homogenates on oxidation and
phosphorylation of external NADH by heart mitochondria.

They examined the relationship of this soluble fraction to
the permeability of mitochondria and the significance of
NADH to this process. From the heat lability of the soluble
fraction, the authors postulated the existence of an "active®
protein component which implied & possible enzymatic
alteration of an existing permeability barrier.

Blanchaer (10) reported studies of mitochondrial
respiration from red and white guinea pig skeletal muscle.

The findings in these experiments indicated that in white

muscle, The ~glycerophosphate shuttle probably could couple
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the oxidation of NADH in the cytoplzsm to the mitochondrial
respiratory chain., In contrast, the properties of the red
muscle mitochondria suggested that 2 direct oxidation of
NADH by the respiratory chsin was more probable than a
shuttle mechanism. This date is compatible with previous
reports by Blanchaer et al. (45) and Van ¥Wijhe et . (48)

IQJ

on the quantitative and histochemical characteristics of red
and white skeletal muscle, The authors zlso noted that the
presence of both K-glycerophosphate oxidase (L-glycerol-3-
phosphate:cytochrome ¢ oxidoreductase, EC 1l.1.2.1) and
dehydrogenase (L—glycerol-—}—phosphate:NAD+ oxidoreductase,
EC 1.1.1.8) in white fibres provided evidence for the
coupling of the oxidaticn-reducticn reactions of cytoplasmic
glycolysis and mitochondrial respiration in this fibre type,
Margreth and Azzone (47) re-emphasized this
distinguishing feature between red and white muscle types.
They suggested that continually active muscles (i.e. red)
may reoxidize NADH through the respiratory chain by either s
substrate shuttle or some alternative unknown mechanism,
The same suthors published further evidence that
glycolytically-generated, external NADH is oxidized by the
mitochondriel respiratory chain through the same electron
transfer pathway as that involved in the oxidation of

intramitochondrial NADH. They discounted the possibility in

their preparation of increased NADH oxidation as a result of
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increased permeability caused by membrane damage,
Furthermore, the inhibition of NADH oxidation demonstrated
by the addition of oligomycin indicated that, for their
system, the oxidative process may be compulsorily-linked to
the formation of high energy intermediates. However, some
difficulties arise in the interpretation of their oligomycin

effects in homogenates. Drastic homogenization conditions

or the addition of potassium chloride (10 mM) to the

incubation medium greatly reduced or abolished the oligomycin
inhibition. The presence and degree of inhibition also
depended on the tissue used. These considerations suggest
that the results of this type of experiment must be
interpreted cautiously.

In a report on the mitochondrial NADH oxidase from
brain mitecchondrial extracts, Di Prisco et al. (48) proposed

that some of the available experimental dats on external

NADH oxidation were not readily explained in terms of a

permeabllity barrier to exogenous nicotinamide nucleotides.

They refer to data from Ernster et al. (6), Vignais and

Vignais (49) and Maley (33) in which NADH genersted
continuously by dehydrogenases added to the incubation media

external to the mitochondria was readily oxidized by the

Antimycin A-sensitive respiratory chain. The studies of

brain mitochondrial extracts (48) provide evidence for the

cccurrence of component(s) which modify the NADH oxidative




rate by the respiratory chain.
characterized as a heat stable,

mitochondrial component,

Do
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This Yactivating factor® was

soluble, non-dialyzable,

Disruption of the mitochondria

releases the unknown Ffactor into the soluble fraction.

Recombination of particulate and soluble fractions produced

increased NADH oxidacse activity.

Fal

The role of

magnesium in the oxidation of sxternal
fe

NADH by rat liver mitochondria has been examined by Cereijo-

Santalb (14),

in mitochondrial

permeability to external NADH

He emphasizes the possibility that variations

occur in the

living cell and therefore deserve further consideration.

Santalb (14) observed that rat liver mitochondria incubated

L
e

with Mg

(2 mM) did not oxidize added NADH.

In comparing

Santalb's dats with the conditions utilized by Lehninger (2,

3),
mitochondrial NADH oxidation in

presence of

preparations by the

o

of’ MgCl, in the Warburg medium,

the incubation media used in
33)
mitochondrial impermeability to

Mg+2

in

(16, could also account for

consumpbion rates found by other

- we T2
absence of added lg

rapidly oxidized by liver mitochondria.

it is thus possible to expla

in the lack of extra-

Lehninger®s rat liver
an inhibitory level (5 mM)
5] -y Fa jiv ‘}_ 2’ Py
The presence of g (>2 mi)
experiments of other workers
£

their reports of

added NADH. However, the

concentration cannot account for the low oxygen

(39). In the

workers

+ . V4 - - WT A TN
, Santald found external NADE could be

The author attempts
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to relate these observations to a possible mode of Mg 2
control over cellular NADH oxidation under physiological
conditions. Magnesium, a known protector of mitochondrizl
structure, may be an important factor in the control of
mitochondrial permeability. Whatever the mechanism,
Sentalbfs data indicates that the free magnesium
concentration in the medium is critical. The estimated
concentration of total cellular megnesium (bound and free)
in mitochondria is 3 mliM and in cytoplasm is lower. The free
magnesium concentration in the cytoplasm and its relationship
to mitochondrial structure and to the magnesiumn-ATP binding
is a significant aspect of the possible regulation of NADH
entry into mitochondria.

Additional studies by Santald (15) were reported on
the respiratory-dependent swelling of rat liver mitochondris
in sucrose and in potassium chloride media. He observed a
maximal swelling rate at pH 7.0 in both sucrose and potassium
chloride with NADH as substrate. The onset of swelling was
delayed, however, in the potassium chloride medium. The

NADH-induced swelling was resistant to rotenone, which was
interpreted to indicate that the reduced pyridine nucleotide
acts as a substrate of the respiratory chain. Santald tried
£

to relate the susceptibili of mitochondria to swelling to

a proton pressure on the mitochondrial membranes exerted by

the flow of electrons through the respiratory chain. He
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suggested that respirs could be inhibited by an
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increased H' binding capacity (increased alkalinity or
increased molarity), thus implying a link between electron
Ttransport and swelling through intramitochondrial proton
production. However, insufficient evidence was onresented to
define a mechanism by which the proton pressure initiates
the mitochondrial swelling.

An additional challenge to The theory of mitochondrial
impermeability tTo external NADH was also reported by Cereljo=-
Santald (50) in studies of aserobic glycolysis and
mitochondrial swelling. He suggested glycolytically-induced
mitochondrial swelling may render mitochondria permeable to

NADH, A causal relsationship was detected between

]

mitochondrial swelling i the failure of glycolytic lactate
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formation. Cere ntald postulated that swelling

increases vermeability to WADH, inducing a2 competition for
the cytoplasmic reduced coenzyme and conseguently inhibiting
lactate production.,

Blanchaer, Lundguist and Griffith (11), using heart

mitochondria, published further evidence compabtible with

direct mitochondrial permeablllity to external contrary
to the generalization provosed by Lehninger (31), Studying
pigeon heart mitochondris, Blanchaer and his coworkers found
that physiological concentratiocns (l»lO/uM) of NADH could be

oxidized in preparations of scceptable metabolic integrity
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(see Introduction). The oxidative process was modified by
ATP, ADP, N&f+ and Pio The oxidation of external NADHE
observed which was sensitive to Amytal and Antimycin A,
implied that the reaction pathway was that of normal
respiratory electron transport. Further studies on the
control of NADH oxidation in pigeon heart mitochondria were
published by Blancheer and Griffith (12) which indicated
that NADH oxidation might be a normal feabure of intact
heart mitochondria. In these experiments, the authors
demonstrated that accessibility of the added NADE to the
mitochondria 1s dependent, at least in part, on the
concentrations of g ~, P ADP, ATP? and NAD+0 Blanchaer
and Griffith (12) also proposed that access of physiological
concentrations of NADH (<10/pw to the respiratory chain may
be controlled at the enzymatic level, They suggest that
higher non-physiological NADH concentrations (0.1-1.0 mi )
used in earlier studies may be a significant factor in the
differences evident from work performed subsequently in the
lower physiological range. The experimental evidence of
Blenchser et al. (11) and Blanchaer and Griffith (12)
indicated that in pigeon heart mitochondria oxidation of
ytoplasmic NADH could be a property of intact preparations.

Griffith and Blanchaer (13) presented additional kinetic

[@]

evidence for this system which is in agreement with 2

possible physiological role for direct oxidation of external
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NADH Dby mitochondria. Their report described a potential
regulatory mechanism for this oxidative process by the
cellular ATP which was an effective inhibitor at

concentrations within its reported intracellular range (72).

The mode of inhibition is unlikely an effect on permeability
since sonicabtlon did not alter the sensitivity to the
nuclectide. Furthermore, the insensitivity of the inhibition
To oligomycin or 2,4-dinitrophencl aopears to eliminate an

J._

effect via the coupling enzymes of oxidative phosphorylation.

A

Blanchaer (51), in later kinetic experiments on the effects
of adenine nucleotides on the respiratory chain, has found
using beefl heart electron transport particles, that the ATP
inhibition occurs in the respiratory chain at the NADH
dehydrogenase level, but is more complex than a simple
competitive mechanism,

Stopkie and Weber (52) studied the control of NADH

oxidstion using membranes from Nycoplssma 1aidlawii.

fot
[

Farlier experiments by Poll et al. (53) had localized an

U

NADH oxidase activity in the membrane fraction. The more

recent experiments of this group (52) demonstrate an

(‘Q

inhibitory effect of ADP observed on WNADH oxidation which

They interpret as a mode of control over the membrane-~

localized oxidase activity. The suppression of activity

o

effected by ADP was to be associated only with the membrsne

fraction. There was no nucleotide effect observed on the
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NADH oxidase in the in situ soluble fraction,

Substrate utilization (including NADH) has been
examined by Papa et al. (1&) in calf retina mitochondris,
These preparations did not oxidize NADH directly, nor
through the B-hydroxybutyrate or of-szlycerophosphate cycles
The authors proposed the possibility of an oxidative
mechanism involving an active NAD(P)H dehydrogenase in
retina mitochondris in the presence of added Z-methyl-1l,4-
naphthoguinone (vitamin K3)' The enzyme studied by these
authors apoears similar to the DT diaphorase examined by
Conover and Ernster (43). However, as has been noted above
in relation to the work of the latter authors, vitamin KB is
not a normally occurring electron acceptor. In both
instances, the failure to relate the function of the enzvme

to a natural electron acceptor casts somne doubt on the

physiological significance of the findin

@
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The validity of The cytochrome c~reguiring externsl

pathway of extramitochondrial NADH oxidation discussed
earlier has been challenged by several workers including
Schneider (54) and Schollmeyer and Xlingenberg (55). Their

Tindings indicated the absence of any cytoplasmic
cytochrome ¢. This discovery should exclude the existence
of any vhysiological cytochrome c-stimulated extra-
mitochondrial vathway for NADH oxidation. That such an

o

rternal system does or does not exist has yet to b

O]

firmly
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established, sirce both views have received additional
support. There is also some controversy as to whether the
external pathway i1s, in fact, mitochondrial or resides in &
contaminant present in the mitochondrial preparations.
Thus, Sottocasa (56) has reported some of the bicchemical
properties of inner znd outer mitochondrial membrane
preparations from rat liver in which enzyme distribution
data of the membrane sub-fractions indicated that the outer
mitochondrial membrane contains the NADH-cytochrome ¢
reductase system responsible for the "external® pathway of
cytoplasmic NADH oxidation. Localization of the rotenone-
insensitive NADH-cytochrome ¢ reductase has been used by
others as a marker for the outer mitochondrisl membrane
(579 73“75)»

However, very recently (1968) this assumption has
been seriously questioned by work from the laboratory of
D.E. Green (58). They present evidence that the rotenone-
insensitive NADH-cytochrome ¢ reductase activity is not an
intrinsic property of the outer mitochondrisl membrene.
They attribute the "erroneous® conclusicns in previous
reports to incomplete separation of the various membrane and
particulate sub-fractions examined biochemically. Green
et al. (58) have concluded that the rotenone-insensitive

NADH=cytochrome ¢ reductase activity is a consequence of

microsomal contamination of mitochondrizal membrane
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preparations, and is not a nitochondrial property. The
findings reported in the present thesis are in agreement
with this view on the localization of the cytochrome c-
stimulated rotenone-insensitive pathway.

The problem of external NADH oxidation has also been
dealt with in a variety of non-animael tissues. Ikums and
Bonner (60), using mitochondria isolated from mung bean
hypocotyls, found that in contrast to many of the reports on
animal mitochondria, NADH was oxidized at a substantial rate
and exhibited respirstory control (RCR = 3-4,5), Ohnishi
et al. (6l) also reported coupled oxidation of NADH added to
yveast mitochondria. The active oxidation of external NADH
exhibited respiratory control and ADP:0 ratios of about 1.9
The latter finding, and the insensitivity of respiration to
Amytal and rotenone, suggested that phosphorylation site I
(see Fig. 3) was absent from yeast mitochondria studied by
Ohnishi. Oxidation of added NADH has been observed by
Watson and Smith (62) in mitochondria isolated from

Aspergilius niger. Both phosphorylation and respiratory

control were reported. The oxidation was relatively
insensitive to Antimycin A and oligomycin, butb surprisingly
could be uncoupled by 2,4~dinitrophenol. In a later report,
Watson and Smith (63) proposed a mechanisnm involving a

bypass of phosphorylation site I and hence of the rotenone

i

and Antimycin A sites. The authors suggest that coupled
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oxidation of exogenous NADE proceeds vis a2 non-
phosphorylating pathway from NADH to cytochrome b and thence
through the normal respiratory chain. Although their

mitochondria showed respiratory properties similar to those

of intact yeast and mammalian preparations, the external

pathway for Aspergillus niger suggested by Watson and Smith

(63) exhibits a distinctive feature in that it displays both

coupling and phosphorylation. This peculiarity, which has

never been demonstrated in animal mitochondria, suggests the

A

Aspergillus pathway is not necessarily analogous to the
currently described mammalian systen.
The problem of mitochondrial membrane permesability to

reduced pyridine nucleotides also arises in circumstances

<

requiring the production of increased quantities of
cytoplasmic reducing equivalents (i.e. during active
gluconeogenesis NADH is required as the hydrogen donor for
several cytoplasmic reactions and thus 2 Preverse’ flow of
NADH (or reducing eguivalents) is required from the
mitochondria to provide the reducing power to the extra-
mitochondrial system). An examination of the mode of

f

generation of this cytoplasmic reducing power for

gluconeogenesis by Krebs, Gascoyne and Notton (64) in kidney

cortex slices contains reference to the impermeability of

the mitochondriel membrane to pyridine nucleotides. Although

their studies examined transport of NADE from the




(WY,
68

mitochondria to the cytoplasm, the malate/oxaloscetate
shuttle system they propose (Fig. 7) may have some relevancy
to the reverse situation (i.e. removal of cytoplasmic NADH),
Borst (65), discussing this pathway, indicated a ma jor
disadvantage to the malate/oxaloacetate system, viz. the sum
equation (Eguation 3) is zero, unlike that for the A=glycero-

phosphate shuttle which is hizhly exergonic (Eguation 4),.

)

NADHE + NADT NADT + NADE 03)
NADH + fp + H'S==—===NAD" + fpil, (%)

Under these conditions the malate/oxaloacetsate cycle could
only function when a marked concentration difference can be
maintained between the cytoplasm and the mitochondria for
one of the mebtabolites in the cycle. This concentration
gradient is required to provide the #push® necessary to
overcome the thermodynamic disadvantages of the proposead
mechanisw. Sacktor et al. (87), studying rat leg muscle in
8itu demonstrated elevations in lsctate (3-fold), dk-glycero-
phosphate (4-fold) and L-malate (1.5-~fold) during 100
contractions of the muscle., They suggest these three
substrates contributed to increased oxygen consumption, 2
large proportion of which was mediated through the a«-glycero-

phosphate cycle, Uhether the increase in L-malate

concentration observed is sufficient to provide tThe
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CYTOPLASH MITOCHONDRIA
Aspartate gee————-; b e e e e e e e o Aspartate
TCA cycle
Arsenite
2-0Oxoglutarate ¢wmm=tlm=u> 2-Oxoglutarate
(I) (I)

Glutamate —=——w- L L e e -=Glutamate

A0xaloacetate Oxaloacetate
1 .

NADH + E® /AVADH + H-—=~Respiratory
. +ﬁ:)(II) (11) Chain
NAD \vAD*

V
Malate =wwm—m—e—- i -=Mglate
MEMBRANE

FIGURE 7. Malate/oxaloacetate shuttle

(I) Glutamate:oxaloacetate
transaminase
(L-aspartate:2-oxoglutarate
aminotransferase, EC 2.6,1.1)

(II) Malate dehydrogenase
(L-malate:NAD"
oxidoreductase, EC 1.1.1.37)

To demonstrate the shuttle, it

.1s necessary to add arsenite to

block the side reaction of
2-oxoglutarate (¢~ketoglutarate)

into the tricarboxylic acid cycle (17).




thermodynamic “push” required to operate the malate/

oxaloacetate shuttle is not known. However, doubt in this
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m

‘d 1s raised by the results of Williamson (88) who

(

2
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has shown that incubation of perfused rat heart with

pyruvate led to an increased mitochondrial WADH concentration
and an increased cytoplasmic NAD/NADH ratio. This
information suggests that the direction of movement of NADH

(thermodynamically) would be from mitochondria to cytoplasm,

rather than in the other direction. Williasmson®s data are

Therefore coupatible with the proposal by Krebs

B

al. (b)),
discussed earlier, that the malate/oxaloacetate shuttle
functions to transfer reducing equivalents from mitochondris
To the cytoplasm during active gluconsogenesis,

More extensive studies on the role of various
substrate cycles as hydrogen carriers in the transport of
extramitochondrial NADE into mitochondria during aserobic

metebolism have been published by Hassinen (17) using rat

liver mitochondria. This work revealed that neither the

acetoacetate/B-hydroxybutyrate pair nor the dihydroxyascetone-

phosphate/Kk~zlycerophosphate pair functioned as the mechanism

for exogenous NADH oxidation in these preparations. However,

Hassinen (17) reported evidence compatible with the operation

of the malate/oxaloacetate shuttle (Fig. 7) in his
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preparations, The addition of asp

the mitochondrial suspension had no e
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with external NADH as substrate., However, in 2 systenm

containing mitochondria, malate dehydrogenase (analate:N}T+
oxidoreductase, EC 1.1.1.37) and glutamate:oxaloacetate
transaminase (L-aspartate:Z-oxoglutarate aminotransferase,

-

EC 2.,6,1.,1) he observed a five-fold stimulation of NADH

b

oxidation upon addition of oxalozcetate and aspartate, the
substrates of the externzal enzymes. Arsenite was also
present in the system to prevent removal of oxaloacetate
through the tricarboxylic acid cycle.
attributed this increase to the oxidation of malate Tormed
extramitochondrially from oxaloacetate and NADH by the added
malate dehydrogenase and concluded that the malate/
oxaloacetate cycle plays a significant role in the transport

01 reducing equivalents from NADH in The cytoplasm into the

=

mitochondria of rat liver., In spilte of this evidence, the
immediate acceptance of a physiclogical role for the melate/
oxalozscetate shuttle as a mechaniswm of hydrogen transfer has
been rendered somewhat more difficult by the recent data
reported by de Hean and Tager (66). These workers
demonstrated direct evidence for a permeability barrier to
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2-oxoglutaraste (R~-ketoglutarate) in reb liver mito
Such a barrier had earlier been suggested by the studies of

Meijer and Tager (67) and Chappell et al. (68) in which a

specific membrane transport system for 2-

L

xoglutarate was

o}

discussed., This obstacle to the passage of a shuttle
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intermediate could establish a serious rate-limiting step in
the function of the malate/oxsloscetate system. FHowever, it

was also observed (66) that L-malate increases mitochondrial

v to Z-oxoglutarate, The concentration o

ke
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L-malate in the cytoplasm might be sufficient to stimulste
2 -

oxoglutarate passage and maintain the operation of the

*‘Q

shuttle mechanism. Azzi et al. (69) have revealed the

existence of two more carrier systems involving L-glutamate

and L~aspartate respectively. The latter system reguires the

Py

presence of L-glutamate Tor its operation.

}

Haslam and Krebs (28, 70) and Criffiths and Haslam
(71) have presented a thorough examination of the penetration

of L-malate and oxaloacetate into mitochondriz. They have

reported (70) that zlthoush the mitochondrizl membrane is

permeable To both these substances, the diffusion rate of

» very slow. The authors (71) propose that

3

oxaloacetate i

la

oxaloacetate and L-malate penetration is an energy-

facilitated process, reguiring special permeability

o

mechanisms. In correlating the rate of L-mals
mitochondria with the rate of oxygen consumption

heart preparations, Haslam and Krebs (28) found that the

observed rate was only 3.5% that of the calculated minimun
physiological requirement for transport of reducing

equivalents into the mitochondria. It would appear that on

the basis of these results (28, 66-71), the requirements for




3

a fTeasible malate/oxaloacetate cycle become much more

xd

J_.
avc

;4.
D

complex. The simple cycling of metabolites is complic
by the imposition of barriers and metabolic controls over

the individual components of the system. The possible

operation of the malate/oxaloacetate shuttle for the transfe

h

of reducing eguivelents from the cytoplasm to mitochondria

Eal

could therefore involve a complex interplay of a variety of

o o

trols. Some of These relationships are

1.

physiological con
illustrated in the system proposed by Chappell (18) for the
oxidation of cytoplasmic NADH by mitochondria (Fig. 8). The

movement of some or all of the substraste snions is linked to

Chappell’s report (18) is compatible with the present
status of shuttle systems as the mode of reoxidation of
cytopleasmic NADH., Although it is doubtrul that the aceto-
acetate/B-hydroxybutyrate shuttle has any physiological
relevance (37), there 1s a variety of evidence %o support
The contention that the ~glycerophosvhate shuttle may

function as the pathway of oxidation in tissves such as

liver (8) and skeletal wmuscle (1C, 27), both of which

ochondrial K-glycerophosphate oxidase (26), the malete/

.
 aaid
or

oxaloacetale system has been suggested as a possible

alternative (17, 64). Significant objection has been reised
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FIGURE 8. The role of some transporting systems
in the oxidation of NADH by
mitochondria (taken from Chappell (18))

I : malate transporter

IT : glutamate transporter
III : aspartate transporter
(glutamate~activated)
oxoglutarate transporter
(malate-activated)

IV

ve

(1) Malate dehydrogenase
(2) Aspartate aminotransferase

Activating effects of compounds on
carriers are indicated by wavy arrows
with positive signs.
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MATERIALS

Chemicals

The following chemicals were obtained from the Sigma Chenmical
Company :
Adenosine=5°=triphosphate (ATP) from equine muscle,
disodium salt {(crystalline)

Antimycin A from Streptomyces kitazawaensis mycelisa,

crystalline, Type III

Bovine serum albumin, crystalline

Glutamic:oxaloacetic transaminase, ammonium sulphate,
ketoglutarate, maleate suspension

Lactic dehydrogenase from rabbit muscle, crystalline
suspension in ammonium sulphate, Type I

L-malic acid

D-mannitol, recrystallized from 0.1 mM EDTA before use

Nicotinamide adenine dinucleotide (reduced), disodium
salt, Grade 111

Pyruviec acid, sodium salt

Trizma base, Tris{hydroxymethyl)aminomethane, reagent
grade

Trizma-HCl, Tris(hydroxymethyl)aminomethane

hydrochloride, reagent grade

The following chemicals were obtained from British Drug




Houses Ltd,:
Ethylenediamine tetracetic acid, disodium salt,
Analar reagent
Potassium chloride, Analar reagent

Sucrose, Analar reagent

The following chemicals were obtained from the companies
indicated:
Adenosine=5*-diphosphate, sodium salt (P-L
Biochemicals, Inc,)
Bovine albumin powder, IFraction V from bovine plasma
(Armour Pharmeceutical Co.)
Amobarbital sodium U.S.P. (Eli Lilly and Co. (Canada))
Calcium chloride, dihydrate, granular (Baker Chemical
Co.)
2,4=Dinitrophenol (Matheson, Coleman and Bell)
Malate dehydrogenase, suspension (Boehringer Mannheim
Corporation)
Nagarse, crystallized lyophilized bacterial proteinase
(Nagase and Co. Ltd., Osaka, Japan)
Rotenone (K + K Laboratories)
Sephadex, G-25, coarse (Pharmacia Ltd., Uppsala,
Sweden)

Sodium dithionite, sodium hydrosulphite powder

(Mallinckrodt Chemical Works Ltd,)
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Composition of Media

The following media are those routinely used
throughout this study in the preparation of pigeon heart
mitochondria. Variations of these media or other special
preparations will be described as part of the particular
experiment(s) in which they occur. In each case final
concentrations are given,

1, Stock medium (pH 7.4 at 22° C)
- 0,21 M mannitol
- 0,07 M sucrose
- 0,10 mM EDTA
2, Homogenizing medium
- 40 ml stock medium
- 0.01 M Tris-ohosphate (pH 7.6 at 22° Q)
- 20 mg Nagarse
3. Suspending medium
- 25 ml stock medium
-~ 0,01 M Tris-HCL (pH 7.4 at 22° C)
b, Cuvette medium (pH 7.2 at 22° Q)
- 0,23 ¥ mannitol

0.07 M sucrose

i

0,02 M Tris-HC1 (pH 7.2 at 22° C)

0.02 M EDTA

§

5.0 mM phosphate




Pigeons

The pigeons utilized in these experiments represented
a random population. Only birds which were healthy in
appearance and without visible heart defects were used. No

attenpt was made to classify the pigeons on the basis of age,

sex or species, and all were used in unfasted condition.




METHODS

Preparation of Mitochondria (composition of reagents is

given in Materials section)

Pigeon heart mitochondria were prepared according to
the method of Chance and Hagihara (76). The pigeon was
decapitated and the heart rapidly removed and placed in ice-
cold stock medium. All subsequent manipulations were
performed in the cold (0 - 49 Q) using equipment and
solutions pre-cooled on ice. After a second rinsing in ice-
cold stock medium, the heart was thoroughly minced with
scalpels (blade No. 22, Bard-Parker Co. Inc.).

In the preparation of control mitochondria (see
glossary), 3-4 grams of minced tissue were used while the
modified mitochondria were prepared with only 0.25 g of
mince in 40 ml homogenizing medium.

The mince was incubated for 8 minutes in 40 ml of
homogenizing medium in a size C glass grinding vessel (A.H,
Thomas Co., Philadelphia, Pa,). The sample was then
homogenized with six passes of a loose~-fitting Teflon
pestle (0.33 mm clearance). Following a second 8 minute
incubation, the homogenate was diluted with 40 ml of stock
medium and rehomogenized using six passes of a tight-fitting

Teflon pestle (0.10 mm clearance). The resulting homogenate

was then centrifuged at 480 x g (2000 rpm) for 5 minutes in




LA
l.‘,&

a Sorvall BCZ2-B refrigerated centrifuge with an SS-34 head.,
The supernatant was removed by pipette from the sedimented
cellular debris and centrifuged again at 12,100 x g
(10,000 rpm) for 10 minutes. The supernatant was discarded
and the fluffy white layer rinsed from the crude
mitochondrial pellet by swirling with 1-2 ml of suspending
medium. The rinsed pellet was then resuspended in an
aliguot of suspending medium using a Vortex mixer and
centrifuged at 7,710 x g (8,000 rpm) for 5 minutes. The
pellet remaining after the supernatant had been discarded
was resuspended in suspending medium to give the protein
concentration desired for that particular experiment., A
flow scheme of the preparation technique is illustrated in
Fige Qe

Respiration is a major function of mitochondria,
involving the transfer of electrons along the respiratory
chain to the terminal acceptor, oxygen. The measurement of
oxygen consumption with various substrates represents a
convenient method of comparing mitochondrial preparations,
Furthermore, other aspects of mitochondrial behaviour are
readily calculated from measurements of oxygen consumption.
A variety of techniques exists for determining respiration
rates, including manometric and polarographic methods. The

latter system was used extensively in the present study

because of its convenience and simplicity,.
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Decapitate pigeon

Remove heart - rinse thoroughly
in 40 ml ice-cold stock medium

Mince with scalpels and weigh

Incubate 8 minutes at 0° C in 40 ml
homogenizing medium (with proteinase)

Homogenize (6 passes) with locose-fitting Teflon pestle
Incubate 8 minutes at 0° C
Dilute with 40 ml stock medium (no proteinase)
Homogenize (6 passes) with tight-fitting Teflon pestle

Centrifug? (480 x g)

& [}
Discard cell , Supernatant
debris etc.

Centrifuge (12,1OQ¥X g)

v
Crude mitochondrial pellet Diséard
supernatant

Wash and resuspend with
suspending mediun

Y
Centrifuge (7,710 x g)

v ¥
Mitochondrial pellet Discard
supernatant
¥
Resuspend

FIGURE 9. Flow scheme showing preparation of
pigeon heart mitochondria by the
method of Chance and Hagihara (76)




It was desgsirable in certain experiments tTo determine
the relationship of substrate (NADH) utilizabion and oxygen
censumption., Using & vibrating platinum electrode (American

Instrument Co.,) for oxygen measurements and s fluorometer

(American Instrument Co.) for NADH oxidation, the two
parameters could be monitored simultaneously and compared,.

Kinetic studies were performed with physiological
NADH concentrations (1-10/¢M), To detect the oxidation of
these low concentrations of NADH, the sensitivity available
through fluorometric measurement is required, Parallel
determination of oxygen consunmption was not necessary in
these experiments.

The experimental details of the oxygen and NADH

measurements are given in the following sectilons.

Meagurement of Oxygen Consumption

1. Polarographic

The application of the pclarographic oxygen
electrode technique to the study of respiration and oxidative
phosphorylation was first described by Chance and Williams
(77)s They reported that a linear relationship existed

between the current generated at the electrode and oxygen

consumption (+ 10%).

Polarographic measurements in the present experiments
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were made at 28° C on a Model KN Oxygraph (Gilson Medical
Electronics) using a Clark (78) electrode assembly (Yellow
Springs Instrument Co.) with a Teflon membrane and a
polarizing voltage of 0.8 volts, A measured quantity of
temperature~equilibrated cuvette medium was added to the
reaction vessel with constant mixing by a Cole-Parmer

Micro V magnetic stirrer and magnetic flea bar. The chart
drive was adjusted to give the correct time scale for the
measurements and the ordinate of the chart calibrated such
that 36 divisions (18 cm) were equivalent to 250/uM O,
(uncorrected for barometric pressure). Mitochondria
containing 0.350 - 0.800 mg protein were added to the cuvette
and the ground glass stopper was fixed in place in the cell.
All further additions were made through the capillary tube
in the cuvette stopper using Hamilton Microlitre SyTringes.
The reacticn vessel and electrode assembly are shown in

Fige 10. The recordings from typical control experiments

with pyruvate + malate and NADH as substrates are illustrated

in PFig. 1la and 11b.




Capillary opening

Ground glass stopper

Water jacket . H20
y % .// Clark
| ‘ Electrode
e i ———n
Bar magn;il(v : | | Luou ring K

Magnetic stirrer
Teflon membrane

FIGURE 10. Reaction vessel and electrode assembly
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2, Calculations (see Fig, 11)

(1) Oxygen consumption (polarographic)

(O?>(X) 0 ¥ ®
36 1000

o 1000

il

Respiration rate

1
Z

= mmoles O,/minute/g protein

!

where X slope of recorder tracing (divs/min)

(e
il

total volume in cuvette (ml)

N
i

mitochondrial protein in cuvette (mg)

0, = oxygen concentration (ul) at 100%
saturation (28° C), corrected for
barometric pressure

total number of chart divisions
(ordinate)

i

36

(1i) Respiratory control ratio (see glossary)
The respiratory control ratio is calculated by
the formula:

RCR = BRate of state 3 respiration (divs/min)
Rate of state 4 respiration (divs/min)

(1ii) ADP:0 ratio (see glossary)

The ADP:0 ratios were calculated using a program
prepared for the Programma 101 desk computer (Olivetti
Underwood). The program was based on the following formuls,
assuming 36 ordinate chart divisions represent 100% oxygen

and 10/“1 ADP are added,

ADP:0 = (0,01L)(X)(36)
(Y)(02)(2)(2)

where X = concentration of ADP (ml) added
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total number of divisions (ordinate)
traversed in utilizing the ADP added

[
i

Z = total volume in cuvette (ml)

0, = oxygen ooncentgation (1) at 100%
saturation (28% C), corrected for
barometric pressure

total number of chart divisions

36

2 = conversion factor for oxygen from
molecules to atoms

il

0,01 = volume of ADP solution added (ml)

Combined Measurement of Oxygen Consumption and NADH Oxidation

As was indicated previously, it was desirable in
certain experiments to monitor the oxygen consumption and
NADH oxidation simultaneously. ‘The former rarameter was
determined using a vibrating platinum electrode (American
Instrument Co.,). Both measurements were carried out at 28° ¢
and recorded on a self-balancing potentiometric recorder
(Texas Instruments Inc.). Mitochondria containing 0.500 =
1.50 mg protein were suspended in cuvette medium in 1 om
fluorometer cells, With the oxygen electrode in place, the
vibration amplitude was set at 60 on an arbitrary scale of
100, and the sensitivity adjusted to give a chart span of 90
divisions (10.3 cm) equivalent to 250/uM O, (uncorrected for
barometric pressure). All further additions were performed

through the top of the electrode assembly using Hamilton

Microlitre syringes with manual stirring for a few seconds




after each addition. Oxygen consumption rates, RCR's and
ADP:0 ratios were calculated as described previously in
these Methods.

The simultaneous oxidation of NADH was measured by
the use of the fluorescent properties of this reduced
pyridine nucleotide, Excitation of NADH by light of 365 U
produces a fluorescence spectrum at longer wavelengths.,
Since NAD" does not exhibit this property, the oxidation of
NADH can be followed by the decrease in fluorescence emission
at 436-466 s A non-linear response to the concentration
of NADH was observed and therefore a calibration curve
(Fig. 12) over the range of NADH concentrations studied was
prepared for each experiment. The sensitivity, dark current,
zero and blank subtract adjustments were all made with
0,500 = 1.500 mg of mitochondrial protein suspended in
2e5=3,0 ml final volume in the reaction cuvette, After
setting the chart speed, depending on the rate of oxidation,
NADH was added to the cuvette by Hamilton Microlitre syringe
with manual stirring for a few seconds. The rates of
oxidatiocn were calculated by replctting the observed rates
using the calibration curve to give a linear function
(Fig. 13). The calibration curve shows a plot of the actual

NADH concentration &MM) versus the number of ordinate chart

divisions. The number of ordinate chart divisions at

arbitrary points on the recorder tracing are used in
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conjunetion with the calibration curve to obtain the
corresponding NADH concentration pmM) at these points,

These values can be replotted directly below the fluorescence
tracing by converting the vertical scale into concentration
units. Using the appropriate factors for dilution and
mitochondrial protein, the.NADH rate 9umoles/minute/g
mitochondrial protein) can be calculated from the straight

line plot of concentration changes (see Figs. 12 and 13).

Fluorometric Measurement of Oxidation of Physiological NADH

Concentrations

All studies of NADH kinetics in the control and
modified pigeon heart mitochondrial preparations were
performed on the fluorescence atbtachment of the Eppendorf
1100M photometer., The decrease in fluorescence as NADH was
oxidized was recorded on a Honeywell Electronik 19 recorder
(50 mv). In all experiments, the primary exciting wavelength
was obtained using a Hg 313 + 366 mpe filter in conjunction
with a secondary filter of 470-3000 LMo

¥itochondria (0,300 - 0.500 mg protein) were added to
cuvette medium (28° @) (total volume 3,0 ml) in a quartz
cuvette and a baseline established on the recorder chart.
NADH (1—1O/MM final concentration) was added by Hamilton

Microlitre syringe, followed by brief rapid mixing. The

reaction was followed until the NADH had been completely
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utilized,

For inhibitor experiments with ADP (12, 13), the
nucleotide was added to the reaction vessel before the
mitochondria. After addition of the mitochondria, the
reaction mixture was incubated for 1 minute before addition
of NADH; The method of initial velocity calculation is

described in section I of the Appendix,

Swelling Measurements

1. Turbidity

Measurements of mitochondrial swelling were made
using the Beckman DU spectrophotometer at a wavelength of
520 @p.where an inverse relationship exists between optiecal
density and volume (92).,

Suspensions of mitochondria (0050 - 0,300 mg protein)
were added to 3.0 ml of cuvette medium (28° C) and the
optical density read at 526 %y.against a blank containing
cuvette medium only. Comparisons between samples were only
valid when the protein concentrations, measured subseguently

by the method of Lowry et al. (79), were similar (+ 5.0%).

2. Volume changes

The absorbancy difference at the two wavelengths

Al = 540 o and %2 = 630 e on the Aminco-Chance dual
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wavelength spectrophotometer was used to follow mitochondrial
swelling changes during various states of respiration. The
operating theory of this instrument has been described by
Chance (93), Preliminary experiments performed by Miss B.
Jacobson (personal communication) had indicated that the
absorbancy difference with the wavelength pair 540-630 9u,
reflected mitochondrial volume changes without interference
from resplratory chain redox effects., All measurements were
made at 28° C. Variations in mitochondrial volume were
indicated by a deflection of the recorder tracing during the

reaction after the initial baseline adjustment,

Cytochrome ¢ Hstimation (spectrophotometric)

Estimation of the cytochrome ¢ concentration in
mitochondrial preparations was performed on the Aminco-
Chance dual wavelength spectrophotometer with the wavelength
pair 550-540 €¢L(59), The operating theory of this
instrument has been described by Chance (93).

Mitochondria (0,350 ~ 1.500 mg protein) were added to
cuvette medium (28° C) in a 1 cm glass cuvette. Following
addition of an appropriate substrate, the mitochondria were

permitted to respire to anoxia. At 0% oxygen, deflection of

the recorder tracing indicated the reduction of cytochrome c.

To ensure complete reduction of the cytochrome ¢ present, a

small amount of dithionite was added to the reaction vessel
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complement of cytochrome ¢ in the cuvette., On the basis of

reduction, the concentration of cyvtochrome ¢ in the

gsection III).

the mitochon:

iley with sonic

R _
Vold heat

ocrnondrial suspensions

were sonicated for periods of 15 seconds each,

separated by intervals of 15-30 seconds durine

were cooled on ice, The

PROYR. oy A ) .
sonicat 'or all experiment

n

The protein concentration of 211 mitochondrial

breparalions was determined by the method of Lowry et al.

(79). Standards were prepared in duplicate for each

RPN Lo I )
¢stlmation in The
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mitochondrial suspensions prepared in triplicate. Both
standards and samples were incubated overnight with 1.0 N
NaOH before the estimation was carried out. The error

between replicated readings by this method was + 2,0%.

2., NADH concentration

Assay of the NADH concentration used in the
experiments was carried out enzymatically using the
conversion of pyruvate to lactate by lactic dehydrogenase.
The extent of reaction was determined by measuring the
decrease in optical density at 340 %%Lin the Beckman DU
spectrophotometer., At pH 7.2, the equilibrium of the
reaction is far toward the production of lactate and NAD+g
and it is therefore assumed that the reaction proceeds to
completion, oxidizing all the NADH to NAD " (94). The samples
(duplicates) and blank were prepared according to the scheme
in Table I; The sample cuvettes were read at 340 9u.against
the blank., After addition of 0.03 ml of 1 M pyruvic acid to
211 cuvettes, the samples were again read against the blank
at 340 ke The NADH concentration was determined by the

following calculations:

(0.D, reading 1 - 0.D. reading 2)(mean of duplicates) =

At 340 9»,&1 mM NADH has an absorbancy of 0.622 (82).
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Table T

Composition of blank and sanple
cuvettes for enzymatic assay of NADI,

Addition Sample Blank
Double distilled water 2,65 ml 2.66 ml
1 M K.PO@ buffer (pH 7.2) 0.30 0.30
Lactic dehydrogenase 0.01 0,01
NADH (approximately 25 mi) 0,01 -

Total wvolume 2697 ml 2.97 ml
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Including the factors for dilution, the concentration is

determined by the formula:

O.D.qu m X 3000 x 0.1 = NADH (mM)
0.622 10

3. ADP assay

The concentration of ADP used in respiration
experiments was estimated by ultraviolet assay on the
Beckman DU spectrophotometer at 260 e (81). A 5‘”1 sample
of ADP (50 mM by weight) was added to 6 ml of 0.02 M
K.PO@ buffer (pH 7.2). The diluted samples were read in
duplicate against a blank of 0.02 M K.POLL buffer, The ADP
concentration was calculated as follows. From the data on
the ultraviolet absorption spectrum provided by P-IL
Biochemicals Inc., 1t can be calculated that 6305)uM ADP
produces an 0.D. reading of 0.99 at 260 %/L(SZ)« Ad justing
for dilution (5 ml in 6 ml), the concentration is calculated
by the formulas:

x 63:5 x 1200 = ADP (mM)

0.D.
260 mu 1000

0,99 7
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RESULTS

mitochondria were examined polarographically to determine

their metabolic bhehaviour with pyruvate + malate (final
concentrations 9.,5-10.5 mi and 1.9-2.1 mil respectively) and
NADH (final concentration 150- ZOO/MM\ as substrates. The

parameters measured were oxygen consumption, RCE's and ADP:0

ratios (these terms are defined in the Glossary). Fig. 14

illustrates a typical Oxygrapvh experiment using the above
substrates.

Oxyvzen consumpbion measurements gumoles Op/minute/g
mitochondrial protein) can be used as a comparastive basis to
determine (a) the accessibility of the substrate to the

mitochondrial tricarboxylic acild cycle and/or to the

ro

Lo in, and (b) the ability of
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oxidize the added substrate., Comparisons of the rates of

oxygen consumption were used to assess permeability and/or

oxidative abhility of the control and modified mitochondrisl

preparaticons,
RCR's and ADP:0 ratios (see IFig. 14) can also be used

as criteria for comparing the relative structural integrity

of the mitochondrial preparations (see Introduction). In

RCR's are

the experiments reported in

taken as indicative of 2 high degree of structural integrity.
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ADP(300 uM)

PHM PoM
Period I = 200 =
RCR 55 8.0
(200)
ADP (300'uM)
(25) l
Q \ app/o= 300 -8
53.5x 2
- Period II
53.5 upM ()2
ADI(300pM)
| Period Il
PRM NADH
5; | o,
Exhausted
!
0O (60)
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The ADP:Q ratios, which are representaltive of the

o
=

phospherylating efficiency of a mitochondrizal prepsratio:

P

can be used as supporting evidence for structural intactness
suggested by high BCRB's. However, high ADP:C retios do not
appear to be as definitive a criterion as RCR's (sce
Introduction).

Data on oxygen consumption with pyruvate + malate as
substrate are presented Throughout this thesis with reference
to respiration periods I, II and III., This terminology
refers to three periods of state 3 respiration (see Clossary)
induced by the additions of ADP to Tthe reaction vessel, The
addition of a2 limiting amount of phosphate acceptor (ADP) to
coupled mitochondria in the presence of orthophosphate and
substrate (pyruvate + malate) results in a rapid burst of
respiration which continues until the ADP has heen exhausted,
Three successive additions of ADP were routinely made,
resulting in the three bursts of oxygen consumption that are
designated respiration periods I, II and I1II. The rsate of
oxygen consumption, ECB's and ADP:C ratios were calculated
for each of these periocds.

In all comparisons of control and modified

a1,

ndrie, both preparations were isolated from the mince

&L
of a single pigeon heart or from the pooled myocardial mince

of two hesrts,

The differences bhetween duplicate estimations nade




occasionally during the course of the work are presented in

Table IT as an indication of the precision (reproducibility)

R Hetabolic Characteristics of Control and Modified

Preparationsg of Pigeon Heart Mitochondrig

The raw data obtained from polarographlc studies of

[\

control and modifisd mitochondrial preparations is presented

in Tables IIIa, IIIb and IV. These measursments represent
the data from palired control and modified preparations
isolated from single pigeon hearts or a pooled Tiszsue sample
from two hearts. The material summarized in these Ttables
was calculated from results of the polarographic studies

+ tly vy s el
CO Lnose S

gen

fos)

The means and standard deviations of oxy
consumpbion, ECR's and ADP:0 ratios for the control and
modified preparations are presented in Table V. As
indicated by the results of these tables, the measursments

studied showed a wide range of variability. Only oxygen

consumption was recorded in the NADH experiments since
respiratory control could not be demonstrated with eithex

= (11).

s
ct
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preparation using added WADH as notsd in the 1
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Table IIID

Ozygen consumption (mmoles O?/minute/g mitochondrial
protein), RBCE's and ADP:0 rafios of modified vnigeon heart
mitochondria with pyruvate + malate as substrate (final
concentrations, 9.5-10.5 =ul pyruvate and 1.9-2.1 nl malate).

Experiments with U1 »igeons are presented.
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Underwood Programme 101 desk computer. The results of these
alculations are summarized in Table VI, They indicate that

q

the modified mitochondria isclated

-
o
o
)
ford
<J
;»4
0
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0
ot
|..J
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0]

tissue wet weight (g)/honogenizing medium {(ml) wsre

(Rl

s active {(PL0.01) in &l aspects of

©

aviour examined, and particulaxly in the
pog

oxidation of NADH (Table V). The difference in RCRYsg,

although apparent in 2ll three

became less obvious during

It ie apparent from Table
significaently different (F¥0.01) during

they become so following TtThe second and third additions of
ADP as shown in the analysis of naired data (Table VI).
However, such differences could not be detected by an

exanination oi the pooled (i.,e. unpaired) data in Table V

because of the variability of the measurements in the

7 b’ T ¢ 3 A sy + NS e ~
preparations from different pigeons.

As discussed in Tthe Introduction, relative rates of

oxyzen consumpbion of two substrates night be used as &

wvate + malate

The lowey ratio in

from the control value which was observed in the rate of
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oxidation and

Introduction):

P i 7 3 Tyt g .
1 with Ycoupled® substrates (8.2,

decrease in perme

these mitochondria were legs

~

reflection of Un the basis of

evidence from eariier studies of pigeon heart mltochondria

&a

mitochond
valid criterion of st

The rTemainder




Morphological Characteristics of Contzol and Modified

Preparations of Pigeon Heart Mitochondria

difference in metabolic

].J-

It is conceivable that the

O]

o

T

o
H
I

e
©

performaence of the two mitochondrial ations might be

5

attributable to gross morphological dissimilarities, visible
differences in structural integrity or to varying degrees of
contamination by mitochondrial fragments and other particles,
The morphological characteristics of the two preparations
were therefore examined.

1, Electron Hicroscopy

Control and modified pigeon heart mitochondria were
and prepared for electron microscopy. Photo-
micrographs of the two preparstions are illustrated in Figs.
152 and 15b. There is no evidence in the preparations of
engive degree of contamination by either mitochondrial

fragments or microsomes., In both prepasrations, the inner

and outer membrane gsystems appear to be intact,

D

The two photographs do, however, reveal certain

morphological differences hetween tThe two preparstions. The
L ,,L' "

cristae of the modified preparation (Fig. 15b) are more

irregular than Those of the control and are associated with
L

orominent intramitochondrisl vacuoles. The apparent







o

20




(o8
ASS

of cristae structure and morphology to fenergized”™ and
fnon-energized” forms of mitochondria (95, 96), but was not
examined further in this study.

The electron micrographs also 1llustrate & difference

in cross-~sectional dismeters between the Two preparations.
There is a2 distinct heterogeneity of this varameter in the

control mitochondria, while the modified preparation appears

to be a more homogeneous population of larger cross-sectional
< oy E <

L

diazmeters, Since the electron micrographs represent a
section through the preparation in which the mitochondria
are probably rendomly oriented, the average cross-sectional
diameter may be indicative of The acltual mitochondrigl size

in the two preparations. It was of interest, therefore, to

examine the possihbi relationship between size and

s.—h
b
tad
ot
55
C
behy
o

2. Segregation of mitochondrisl populstions

Ag discussed above, electron microscopy revealed a

possible size difference hetween the two tyves of

o

mitochondria based on observations of their cross-sectional

diameters. The existence of & gize/function relationshigp

was examlined by differe al centrifugstion. Pelter and Lee

(80) have observed that higher speeds in the initial

centrifugation used to remove cellular debris can result in

a significaent loss of mitochondris It seemed possible

IS

therefore that centrifugation of the nyoca 21 homogenste




at 480 xz g might produce a partisl fracticnation of a
heterogeneous mitochondrial population and that this nmight
Py s s
be affected by the olation conditicns (e.g. the amount of
ny o

.

muscle tissue homogenized). This hyvothesis wes tested by

o

varying the centrifugal force used for the initisl

centrifugation of the myocardial homogenates. The effect o

FaS

changing the usual 480 x g centrifugation to 270 % & or

£

e
T

755 x g was tested on both control and modified mitochondri
55 2

preperations., The remainder of the isolation procedure was

H

unchanged. The oxidative activity of the resulting
preparatiocns was examined polarographically at 280 ¢ with

2s substrates, The results of

<t
D
O
-

VII) indicate that the ra

A

n part some of The properties

odified mitochondria isolated

with different rates of initial centrifugation Sugge

that this type of mitochondrial preparation consisted of a
more homogeneous population. The observed differences in

oxygen consumption, RCRB's and ADP:C ratios with pyruvate -+

nelate ag substrate wer

[

not significant (see Table II).

Similarly, no change in the rate of NADH oxidatiocn was

_t_
o

produced by centrifugation of the modified preparation at

755 ¥ g. The use of percentage change comparisons csn be

misleading in cases where the original messurements are low

f

al
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Table VIT

varying the initisl
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th of pyruvate -+ nmalate

mo tochondria,

Pa gsons are madeo fo~n a.chn

he ual procedure (4 bid bl

{2 5% g), 'The CODLTOW ! 1f

joiy re not paired. Oxygen consumption is given
it ninute/g mitochondrial protein.
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and variable since a relaltively small absclute difference

can produce a large percentasge variation. Conseguently, the

centrifugation changes on modified mitochondria are,
therefore, compatible with previocus data which suggested a
homogeneous preparatlion.

The observed differences in oxygen consumption, RCR's
and ADP:0 ratios with pyruvate + malate between the control
(480 % g) and control (270 x g) preparations were not
significant. The latter preparation was characterized by
the generally sccepted criteria of mitochondrial intactness,

ADP:C ratios and oxidation of pyruvate +

4

malate, However, the concomitant increase in the rate of
NADH oxidation (67%) was, in this instance, not attributable
to experimental error alone {(see Tabhle II). These
observations suggested that the lower rate of initial
centrifugation used in the isolztion of control (270 x g)
mitochondria had resulted in a preparation containing 2 hizh
proportion of intact mitochondria, Furthermore, they are

compatible with previous proposals in the literature (11, 12,

13) that direct oxidation of added

intact pigeon hea mitochondriz,.

&

control (755 x g) preparation experiments provided additional




<
~J

support to the possibility that the control (480 x g)

prevaration was a helterogeneous populaticn which could be

fractionated by differential centrifugation. With pyruvate
+ malate as substrate, the significant decrease in the rate

f the control

C
=
;:1—
|t
C
€2}
G

of oxygen consumption, RBCR's and ADP

~J

755 x g) vreverstion suggested the proportion of intact
mitochondria in the preparation was lower., It is unlikely,
therefore, that the concomitant slower rate of NADH oxidation

by the control (755 x g) preparation conld be attributed to

structural integrity. The differences between the control

Lo

(480 x g) and the control (755 x g) preparations are similar
to the relationshio observed between control and modified
mitochondria, i.e. the control (755 x g) and modified

<

preparations exhibit decreased rates of cn consumption

with pyruvate + malate and NADH, and lower RCE's and ADP:O
ratios than the control mitochondria. It is possible,

therefore, that modified mitochondris might be the product
of the segregation of a specific homogeneous fraction from
The heterogeneous control populatiom,
3. Spectrophotometric estimation of relative
mitochondrial volume
It seemed possible that the faster rate of oxidation

of NADH by control mitochondriza noted above misht be a

consequence of mitochondrial swelling during the isolation
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procedure such that penetration of the menbrane by NA

facilitated., Since direct measurements oif mitochondris

volume are difficult in the cuantities availlable in these

A

preparations, an indirect method dependent

d"
<

dengity measursment at 520 @p.va nged, AU this wavelength
the opticsl density of a mitochondrial suspension is
decreased 1f the mitochondris are made to swell, ¥While this

appears to be a valid assunption in seguent

(‘i
I.Jc
W
H
Q
@]
?ﬁ
b3
AV
}_-I
(03}
<
1]
§2l

of a single preparation, or of different preparations

containing the sane nunmber of mit

|

ccnondria, The electron

micrograyhs in this stud;

¥
£

though the optical densi

e
it
e

similar vrotein concentra

a difference in the nuanber

larger, it would be expeche

measurements at 520 @p.would be lower in such prepay

independent of any swelling which might have occecurred

the data of Table VIIT can be considered, Analysis of the

paired data indicates that, in fact, the modified

mitochondria had a significantly lower (PL0.01) optical

-~
<

density at 520 A In accordance with the above

considerations, it follows that

due to the presence of fewer mitochondris




upwc al dens
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Meas

Table VIIT

pensiong#®

urements ave given in 0.D. units.
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risons were only made when the control and
ied mitochondrial »rotein concentrations were
i The data represents paired preparations

*HEhigher OQD,f ; reflects a smaeller mitochondrial
) t)20 T
volume




1

original state, are larger than fthose o

nreparstion and/or swollen mitochondria. The relative

a -

contribution of these two factors cannot bhe assessed from

wr
9]

cl—
J‘
1.,.).
93]
ko]
=
O]
w
@
5
ot
@
{

®

the available data. The original hypo

the beginning of this section atiributed the faster rate of
ADH oxidation by the control mitochondris to mitochondrial

swelling in this preparation. That the latter wes not The

case was shown by the optical density velues at

J_

20 %p in the control preparations (Table VIII).

4, Volume changes

o

P

The discussion abhove considered the possible

contribution of a volume di to the rates of NADH

)

o)
=
)
>
Q
®

oxidation in control an ied mitochondria. The purpose

=l

of these experiments wWas

et
I}
=
(‘
D
i<
o

ocecurred during ilsolaltion.

oxidation observed in the Two preparstions

might be due to a different degree of swelling induced by

oxidation of this substrate in the control mitochondria.

Therefore, swelling/contraction cycles were followed on the

Aminco-Chance dual wasvelength spectrophotometer using the

o

transnission difference at The

6530 gu.(see Methods). PFlgs. 16a and 16D i1illustrate two of
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NWADH, the modified mitochondrias underwent a volume chang

approximately two Times that of the control
preparation with no concomitant change in the rate of NADE
oxidation. Although the extent of the o

varied in di ent experiments, the exanms

re typical of The comparative relationship found in 211

dependent upon a mitochondrial swelling durins isolation

(see discussion of Table VIII) or during respiration with

Chargcterization of the Pathway of Oxidation of HExtra-

o

Mitochondrial NADH by Control and Modified Preparstions

Borst (41), in reviewing the

3

the oxidation of extranitochondrizl

following types of mechanisus:

1. Internal phosphorylating pathway - respiratory chain

o

~phosphorylating, cytochrome c-

Il, guinone involvement
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Ly Hetabolite shuttle systems

In view of these possibilities, some characteristics
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of The pathway of oxidation of
and modified preparzstions were compared, Three aporoaches
to this problem were undertaken; (a) studies with

Peffectors” that alter respiratory chain =zctivity, (b)

<
o
fud
D
]
o}
4y

(l—l@}ﬁﬂ), and {c) studies of metabolite shuttle systens.

—
4]
g
iTJ
Pty
HJ
®
]
o
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n
o
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0

on the respiratory chain (see Fig. 3, Introduction) were

tested on the control and modified mitochondrial preparastic
These efTectors represented tThree operaltional classes of
substances; inhibitors (Antimycin A, Amytal, rotenone),
activators (cytochrome ¢) and uncouplers (2,4%-dinitrophenocl).
The action of such compounds on t©

mitochondria can be used to identify the pathway of oxidation

rate, All experiments were performed

and modified mitochondria was sensitive to Amytal,

Antimycin A and rotenone, indicating that the pa

gidation was the mitochondrial resviratory chain.

O
(1

Cytochrome ¢ addition almost doubled

en consumption in




=

N

8 0 QUWCIUDCGAAD
adXo SOPNTOULy

UO T e TN

T T4
UT SQUBWTI

I52.J8 DopPPe svM slolUsl0d

(1) | (47) vquav

& TousydeIa TULg=~H*¢

- ;
1
i
-1

=3
-~
=
:
L
™
Raa
59
<
N
=
1
:
I
~
[@2N
=y
.
=
]
i
f
=

%0 +
i\oﬁ

WOIYD00 LD

(S

ON

o~
A\~
e

o

S
o]

GLG+ 9T ¥ 0 QLT

0T) (i €-2)
A

z, BUOULL0H

!
\
%001~ C L+ 02 %001~ O ST

() (w 2=1)
%001~ 0 gz + K% ¥ utofwtauy

%00T~ 0 0T * AT

(1) | Amw. (Ww &)

(@]
O
I
=
4
%0
o
(]
!

§
o
o
[QN]
+

+
i

%0071~

o X000 I J0300IJH~ oP  T0Q08JIFL J0Q00 IJH
UC T TUPY

DPOTITPOU

T

*UTS40Id TETIPUOUD0G TH

E 7 eJe UucTadmusuoo
{ Io . aUq LB S38¥0BIg
UOATE 9I® SUCTLBIAUSOUOD TBUTL]

BAXO X0J ssule) Q@@suc
UT SIequnu @ﬂ% *5I0409JJe 2ATQ090SRT

ammopomwwm UTEYO LICABITASOI

TBI0ABS JO 20USHTIUT oY Jepurnt (UCTIEILUSOUCD TBUT s\oomsomaq YN
BTIPUOYOCA T 4I89Y U02PTd PeTJITPon pus ToOIQUCO JO ccﬂ+mc~ SUCo UeB LR

f—

PePPE ULt

XTI o1qel




both pre

L ey
=L menTs

o
Q(;E
o+
O
o
juy
4
=3
D

c-stinulated oxidation

T “ o3

. 1In all such instances
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is not necesss

function.,. These effector studies demonst
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megsurements were made

2.5 ml cuvetie medium.

were calculated (see

of NADH concentrations
Table X and

presented graphically £9) double

determined from the graphs are summaril

inhibitor constant (¥;) was calculated by The intercent

method (97) using the followi equation and solving Tor K

fs)
¥
3
o~
>
i
-
I~
~—

N

-
ft

where 1 = concentration of inhibitor

ADP (5 mM, 10 mii) exerts a strong inhibition on

both control (73-93%) and

mitochondrial oxidation of

modified (70-85%) preparations at the four substrate

nd K. value
and K5 ¥ lue
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the presence and absence of ADP, this would he

a competitive inhibnitio

; bhe vmax values were in

ing that the inhibition was of a

nixed type (97). This is compatible with previous evidence

.

in the litersture {(51) which has indicated = conplex

ietailed

e,
[t
{3

mechanism of inhibition by ADP exists
examination of the kinebtics of ADP inhibition was considered

beyond the scope of this study since the kinetics wer

0]

ormed for comparative purposes only, to detect
similarities or differences between the behaviour of control
ical conecentrations

che Two

sbably proceeding by the same mechanism in both

. type of mechanism described hy

Borst {41) to account

by mitochondria was

oxybutyvrats shuttle or
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Because modified mit

exhiblt relatively low memh:

DiLlity ©to the direct entry and oxidation of extra-

fluorescence attachment of

5
D
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Do
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the Aminco-Chance dual wavelength spectrophotometer to

oxidation and a vibrating platinum electrode

monitoring of oxygen consumption., The

Lews

latter parameters were examined in the presence and absence

4

externally added enzymes (ms

i~
c—i—
;
D

ok late dehydrogenase and

K_‘J
[0

glutanate:oxaloacetate transaminase) and the intermediates

(asvartate, glutamate + malate and 2~oxoglutarate) reguired




o

- ; ! 10U 9J0M 2T040 PsavInasod 8Uq JO UOTAJICAE TBIIPUOUOO) TUWBIQN:

By UT SUCTRBIQULOU PUWAZUS 1BY]Q SINSUS 09 S8T1TATa0® TeoldoTotsiAyd
T [ O SS90Xe UL peDPR odoM SoulzZUs yaoy  *9s8sn 8Jx0Isg

0
N

-

G}
<
!
-
=
S
=1
!
©
&3]
noSq
3

]
<

5

- (%
(ungpsw) Gg~n Xo U UOTQBIQTTL 188 Ag DeqTesep axom sSswizue sy
28BUSBOIDAUSD 22eTBW = HONW
PEBUTWESUEIY 94849080 TEX0I01BWEINTS = 0Dy
4 - i + - - 4 U
4 - - + - - - 3

i
i
S
_l.
'
T
i
+
Gy

i

-

+

;-

I

i
Q0T o

- RN e x« - = oo o \ﬂm

JU R
HW 470 -Jm goh WW heZ
©4BTEll

ageleQnIvoxNn~gz =sqvuEanTd  eaviaedsy

Y

gﬁxom WU G

£

. HAR eoUBIL JoY
00D AT 908 T

dNCT 24 TURELY

*SQUBSUOAUO O
ENOTIBA DU J0J PRIBOTPUT 848 TeESSa UCTLO0BaL 9U3 UT SUCTIBILUSOUOO TBUTY

oL

*BTAANUS ©9€700B0TRX0 /298TBE »UQ JO APngsS g UT SWOQSAS 4S99

T

J0o uctgtsoduod

IT¥ o1qsg







104

External Enzymes Absent External Enzymes Present

NADH | NADH
asp

C
NADH NADH

NADH NADH

(+arsenite)

g"m 02

i=%

NADH

(+DNP)

NADH
asp

2-0%X0

O

g | h
,////////////////NADH [/////////NADH

TIME (min)




ADF oxidation in any of the

experiments in the absence of added enzymes. The further

3-5 f0ld stimulation of oxygen consumpt:

even in thes absence of GCT and HMDH,.

again no change

¢

correspondis

latter rate, the

of transamination

<r
)
i
=
Al
';..J
[%9]
v
{F
o'
)

oxidation of the glutama

and the tricarboxylic acid cyecle. Fig. 192c¢c and e illustrates

:fTects of arsenite (3.5 ml) and 2,4-dinitrophenol

o 4o

Cormer substance blocks
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clutarate and therefore should

decrease the contribution to the oxygen consumpotion of the
oxicdation of glutamate + malalte and stimulation

of the oxygen ralte as a result of the cycle mechanism nore

.E‘A

arsenite by ianhibiting the oxidation o:

apparent,

ate of

H

be expected To increase the

2-0xoglutarate ni
diffusion of this substrate from The mitochondrion so that

t could

e

Althouzh These expeclted effaects of a2rsenite have been

obgerved with

v

absaent in the

oxidation by arsenite was observed.

The possible effect of 2,4~dinitrophenol on
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oxidation by the malate/oxaloacetate shuttle was teste

o

because this uncoupler has recently been shown (98) to

influence the rate of ocutward movement across The

mitochondrial membrane of 2-oxoglutarate., The 2,4-dinitro-

ey

phenol had no effect on the rate of oxygen consumption or on

d—
.3
;_J-
o
oy

glutarate after aspartate to the control system, con

mitochondria, aspartate, nroduced a 3-fo0ld
stimulation of

eitect observe

e additions was not unexpected since

i
bt
=
6]
3

T

malate/oxaloacetate s

operate without the addition of the two extsrnal enzymes to
the mitochondrial system. The test systems with GOT and

present are illustrated in Fig. 19b, 4, £ and h., The order

was the same as in experinment

eif'ect

oxygen consumnbion or ozidation. Glutamate + malate

‘»

sddition (Fig. 19b) elicited a response in hoth the rate of

oxygen consumption (3-fold) and the rate of

(3-fold). However, this cannot be assumed to indicabte the

s PR S
operation of the shut




no greater than that observ

ate in the ahsence of GOT

result of ifs extTernal reaction

PR » - R & - 1= ¢ ~ 4
transamination of the added aspartate with tarate
released from the mitochondyia as a rvesult of the internal

o
oxaloacetate
-

an increase in The oxygen consumption rate could
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experiments, by an extramitochondrial
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reaction and was not dependent on cyelic operation of
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be concluded that the malate/ozaloacetb:

he oxidation of extranitochondrial
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WADE by modified pigeon heart mitochondria observed in these
omparable experiments were not done on The controeol
i)

preparation bhecsuse the high direct entry of NADH into these

mitochondria would obscure any evidence of the shuttle

Spectrophotometric Estimation of

Prepsrations of Control and Hodified Pigeon Teart

vltmcqonﬂ iz

xogenous NADH oxidation in the two preparations observed in

the effector studies described above sug

imposed by the cytochrome ¢ level might be expected To be

greater in the modified preparation since the

oxidation was lower,




To test this hypothesis, the cytochrome ¢ content of

the

Ml e

inco-Chan

|
]
-
—
.

ey

statistical analysis was carried oult on the paired control

the difference in oxidation rates with added he

Levels since the concentration

modified mitochondyia,
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3
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S
3
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s
)
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Comparison of the Respiratory Chain Capacl

by Control and Modified Preparaltions of

The lower respiretion rate ohserved

may be assoclizted with a membrane and/or a respiratory chain

hetween thes
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comparisons showed essentially normsl oxidation rates with

yruvate + malate and exhibited RCR's of 4.5 or greater,

Pig. 21 shows the oxygen

minute/g mitochondrial protein)

1o amounts of myvoeocardium in a fixed volume o

trations of tThe control and

ol (Y

ng are indicated on the

granh, The initisl increases in tissue concentration

appeared to produce a linear response in the rate of oxygen

icher tissue concentrations (20 mz/ml),

the regsponse was non-linear and suggested an asymptotic plo

Lol

vlatesuing at soms higher rate ol oxy

ordinate., The resultant value of 117)mmﬂgs /nwnvuo/g
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oxyvgen consumption
bO/umoles
observation
minute/g
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mechanical

entratil

nyocardial

e o)
rarious gt ages
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of the method foll

unchanged

volarographically

te/e mitochondrial

the cal

nroperti

ndicated that a plateau in the rate of

migzht occur at scme noint higher than the

proftein. The additional
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fractions of a
homogenate were diluted 16-Told at

ing The isolation pro
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oWwing each particular dilution rensined
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mitochondyria, the following prevarations were isolsted:
& oo

{(2) Control (h): diluted 1/160 ratio of

(b} Control (2h): 41lut

{c) Control (2hs); diluted as in (b), followed hy 10
' utes of mechanlcal stirring

nyocardi

between The two homogenization steps (control (h) prepsration)
resulted in a preparation which was not significantly

dif7erent from the usuzl modified mitochondria in any of the

varameters measured. A gimilar sgi

the case of pyruvate + malate oxidation 1 he control (2h)

.
[
raves

erences wags relatved Lto dilution of the

muscle houmogenate., However, the oxidation
& H
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outlined in Table XVI. The four preparations described in

Table XVI were examined polarographiczlly using oyruvabte -

mslate

xoerinents are shown in Table XVIL.

in two pairs; control versus modified

versus modified. The control and modified (C) comparison

2 sinllar relationship with pyruvate + malete

-~ e

22 subatrate to that observed in the usual control and

lata that su

dilution. Since

in the ususl ratio

no change in

proteinase, relative fo the amount of tissue homogenized in

the modified preparation was nob responsible

lon ol »yruvate + malate

D

2

19Wo posslible interpretations were

ratio of Tizsue wet

used in these preparations (control and modifisd (J))
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Table XVI

used to prepare
the effects of the

O]
@ ok

Nagarse Tissue wet
2) (mg) (mg/ml) Nagsrse

i~
ct ¢
=

B =
ratlom wel

ontrol (M)# 3000 240 5,0 12,5/1
Medified 250 20 0.5 12.5/1

*control mitochondria vrepared with a tissue wet

welght/proteinase ratio of 12.5/1 usually used for
molif‘ﬁo mitochondria
“*modified mitochondria pre
“erht/prouewmfsa ratio o
contbrol mitochondria

= kS
©
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Table XVIL

of varying the ratio of tissue wet
welgﬂ ’,”’eﬁv“ e during homogenization on the Oxygen
coh“v i ¢ CH¥s and ADP:0 ratios with pyruvate -+

.
substrates,

Q Iygen consumption is given in/xmoles Os/minute/g
itochondrial protein. -
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icient enzyme to digest the Tissue, resulting

in increased mechanical Traums during homogenization and a

the structural

the te of oxidation of external 2
property of these intact mitochondria. A logical corollary

to this hypothesis would be That in the preparation of

modified mitochondria, the protelnase (acting on & smaller
ar demages Tthe mitochondrial membrane in such

the results would be complicated further,

comnpari s control (M) and modified mitochondria

O
s
G

ig also cshown in Table XWIL. 'he former prepars
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APPBNDIX

I. Caleulation of initial veloclty of WADE oxidation,

-~ {00
- 90 - (a)
- 70 - (c)

— | minute
" Fluorescence

units
- [O=mmd - ——(b)
- 0

The accompanying diagram illustrates a typical
Tluorometer tracing for NADH oxidation indicating the
fluorescence readings at the peak (a), baseline (b) and
after 1 minute (c).

The amount of NADH remaining after 1 minute (Y) is
calculated by the equation:

Y = (c) - (b) xA

(a) - (b)

where A = concentration of NADH
added ( M)

The linear logarithmic plot of a first-order curve (as in

the above diagram) is given by the equation:
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II. Full-scale copy of metabolite shuttle experiment
(corresponding to reduced copy in Fig. 19a).
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