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SUMMARY

YT diaphorase, which was frst purified from the soluble cvtoplasmic fraction of
r: t liver, hax been separated and purified from isolated mitochondria. The mito-
chondrial enzyme displays the same sensitivity to dicoumarol, reactivity with both
DPNH and TPXNH, and similar rates of reduction of various electron acceptors as
the soluble-cvtoplasmic enzvme. The residual mitochondrial fragments, free of DT
diaphorase, exhibit u DPNH oxidase activity which resembles that of the respiratory
chain of intact mitochondria in its sensitivity to amytal and antimycin A but which
lacks phasphorylating capacity. Vitamnin Kg (2-methyl-1,4-naphthoguinone) when
tested on the DT diapliorase-free submitochondriai particles induces ~o by-pass of
the amytal-sensitive site of the DPNH oxidase, in contrast to the case with intact
mitochondria. The addition of DT diaphorase to the particles is required for vitamin
K, in orider to accomplish such a by-pass. These and related findings are discussed
in view of the various proposed functions of the different diaphorases in the pathways
of mitochondrial oxidations.

INTRODUCTIOX

DT diaphs ase, a fiavo enzyme catalyvzing the oxidation of both DPNH and TPNH
by artificial electron accegtors, which was first detected in and isolated from the
soliuble fraction of rat-liver homogenates!—3, is also present in mitochondria. This has
raised the question of its relation to mitochondrial respiration and oxidative phos-
phorylation. As has becn previously suggested®.4 the similar properties of the vitamin
K reductase reported by MARKI axn MaRTIus® indicate that the two enzymes are
probably the same. MarTIUS ef @/.%-8 have proposced that this enzyme functions in
mitochondria as part of the phosphorylating respiratory chain between pyridine
nucleotide and the cytochromes. The high dicoumarol sensitivity of the cnzyme
oftered a basis for explaining the uncoupling action of dicoumarol on oxidative
phosphorviation.

Abbreviation DUPLP, ¢ t-dichlbrophenolindophenel.
° Present address: Public EHealth Research Institute of the City of New York, New York,
N.Y. (US.AL.
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Studies reported in a preceding paper® have shown that a dicoumarol-sensitive
enzyme can be demonstrated to functivn in respiration only provided that vitamin
K, (2-methyl-1,4-naphthoquinone) is added to accept and mediate electrons to the
respiratory chain and that amytal is present to black the normal respitation. The
maximal P/O ratio for the dicoumarcl-sensitive system was only two, in contrast
to values approaching three, usually observed with the amytal sensitive oxidation of
DPN-linked substrates. It has also been shown!® that liver mitochondria from
pigeon, an animal devoid of DT diaphorase, exhibit a normal extent of phosphoryla-
tion which is uncoupled by dicoumarol. These ubservations have led to the cun-
clusion that DT diaphorase has no function in the phosphorylating respiratory path-
way of mitochondna. 7

In this paper are reported the physical separation, recovery, and purification
of the mitochondcdal DT diaphorase from the amytal-sensitive DPNH oxidase
system of the mitochondna, together with studies of the properties and interactions
of the two enzymic entities.

Certain parts of this work have alreadyv been reported brieflyt1t,

EXPERIMENTAL PROCEDURE
Materials

Vitamins K,, K,, and I{; were obtained through the courtesy of Hotfman and
La Roche, Inc,, Basel, Switzerland. Cocnzyme (), was the generous gift of Professor
D. E. GreeN, Madison, and coenzyme Q,p of Dr. J. Lixks, Amsterdam. The remain-
der of the quinones were kindly supplied by Dr. L. RE10, Stockholm. All other
reagents were commercial products.

Methods

Mitochondria were prepared from rtat liver by a modification of the procedure
of SCHNEIDER AND HoGeEBooOM described previousiyi2. Oxygen consumption when
deternined manometrically was measured in small (~35 ml) volume manometer
vessels. The final volume was 1.0 ml. Polarographic measurements of the oxygen
consumption were made with an open rotating cup and stationary platinium elec-
trode according to the procedure of CHANCE anND WiLriaMs!3 The volume was
again 1.0 mil. Spectrophotometric determinations were carried out with a recording
DK-z Beckman Spectrophotometer using cuvettes of 1-cm light path as was des-
cribed previously®. The reactions were tollowed by rccording either the reduction
of the acceptor at suitable wavelengths, such as with DCPIP, cytochrome ¢, and
ferricyanide, or the oxidation of the reduced pyridine nucleotides at 340 mg. The
following extinction coefficients (liter/mole/em) were used: 6.22-10% at 340 mp for
DPNH and TPNH (ref. 14). 21 - 10% at boo mye for DCPIP {ref. 15}, 18.5 - 1a® at 550 mu
for reduced minus oxidized cytochrome ¢:%; and 1.00 - 19% at 418 my for ferricyanide!?.
Protein determinations were made with the biuret method. Phosphate was measured
according to the modified MARTIN aND Doty procedure described by LINDRERG
AND ERNSTER'™.

Riochisn. Biophys. Acta, 67 (1963) 251267
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RESULTS

Extraction of DT diaphorase from tsolated mitochondria

After unsuccessful attempts to use various common methods of chemical and
physical discuption of mitochondria, a virtually complete extraction and recovery
of the mitochondrial DT diaphorase was obtained with an adaption of the procedure
used by KierLiey aNnp KIELLEY!® for the preparation of mitochondral adenosine
triphosphatase. Freshly prepared rat liver mitochondria, washed free of cytoplasmic
cuntamination by repeated washing with o0.25 M sucrose, were suspended in cold
0.003 M phosphate buffer (pH 7.5) and the suspension was homogenized in the cold
withh a Super-Thurrax blendor for 2 min. The treated suspension was centrifuged
at 20 000 x g for 10 min. The supernatant was saved and the sediment was resus-
pended in 0.003 M phosphate buffer and homongenized once again with the blendor.

TABLE1

DIAPHORASE ACTIVITIES OF MITOCHONDRIAL SUBFRACTIONS

Diaphorase activity
famales IXCPI P reduced!msig liver)

Frpr Fracliun Substrale & my
No X mg ro-¢ \f Tween-a0
addition Tuerm-20  dicoumarol + r0* M
dicanwmarod
1 Mitochondria DPPNH 3.93 3.93 3.57 2.69
TPNH 0.71 1.81 0.36 0.07
Final supernatant DPNH 0.57 1.18 0.20 .21
TPNH .70 1.25 Q.11 a.1t
Light pellet DPNH .86 ©.73 .86 .73
TI’NH 0.03
Heavy pellet DIPNH 1.34 1.0l 1.34 1.u1
TPNH 0.04
Recovery (final supernatant DPNH 2.77
— light and heavy particlea) TPNH 0.77
2 Final supernatant DPNH 0.30 0.54 o
TPNH 0.34 0.64 o
Light pellet DY NIl 0.43 0.43 .43
TPNH o o [+
3 Final supermatant DPNH 0.28 0.70 0.08
TPNH ©.30 0.71 .04
Light pelliet DPKNH 0.50 0.50 0.4t
TPNH ©.01 o.04 ©.01
4 Final supernatant DPNH 0.27 0.64
TPNH 0.28 .66
Tight pellet NDPNH 0.45 0.50
TPNH .03 o.cf
5° Final supecrnatant 1 DPNH 0.33
TDPNH 0.27
Light pellet | DPNH ©.39
TENIEL ©.01
Final supuernatant I DPNH o.15
TPNH o.1r
Light pellet 11 DPNH 0.13
TPNH o

* In this experimen:, the two low-speed supernatants, obtained after the two consecutive
Thurrax-treatments, were ‘1ot pooled but centrifuged separately.

Biochim. Biophys. Acla, 67 (1963) 254-267
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The centrifngation at 20 000 X £ was repeatedd and the sediment now obtained was
designated the "“heavy pellet”. The two supermnatant fractions were combined and
centrifuged at 105000 3 g for 30 min tG give a final supernatant fraction and a
“light pellet”. For subsequent studies the two sedimenied pollets were resuspended
in 0.003 M phosphate buiter. :

In Table I is shown the diaphorase activity with DPNH and TPXH in the
various fractions from several experiments. It can be scen thet only the final super-
natant fraction contained appreciable TPNH diaphorase aciivity and this was accom-
panied by a nearly equal DPNH diaphorase activity. Both activities were stimulated
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Uig. 1. Comparnison of the sensitivity to dicoumarol of the hnal supernatant fraction and light
pellet fraction from mitochondria. Preparation of the submitochondrial fractions was as des-
cribed in text. Assay conditions were the same as in Table [.

by Tween and inhibited by 10 * M dicoumarol in a mahner typical of DT diaphorase?-3,
In contrast, the DPNH diaphorase activities of hoth the "heavy’ and “light”
particulate fractions were unaficcted by these agents. The sharp difference in di-
coumarol sensitivity between the DPNH diaphorase activity of the supernatant
fraction and the light pellet is shown in Fig. 1 where it may be seen that the activity
of the pellet was not inhibited by even 10-* M dicoumarol.

On the basis of specificity towards the pyridine nucleotides it would appear
that the recovery of the DT diaphorase in the final supernatant fraction as measured
by the activity with TPNH wa< 100%, and that of the residual DPNH-specific dia-
phorase in the particulate fractions aboui ;59.

This extraction procedure appears to be more selective than the sonication
procedure used by STEIN AND KapPLAN?® which sotubilized both diaphorases, accord-
ing to the chromatographic patterns obtained by these author:. The various other
methods of extraction which were tried in this laboratory, such as acetone treatment,
freezing and thawing, hypotonic extraction, and treatment with detergents, gave
either similarly non-selective extraction of both diaphorases or incomplete extrac-
tion of the DT diaphorase’.

® After precipitation of mitochondriz with acerone. and subsequent extraction of the pre-
cipitate with water, about 509, of the DT diaphorase, but no DPNH diaphorase, came into solu-
tion. After freezing and thawing and subsequent extraction, 70 -7539% of the DT diaphorase but
no DPNH diaphorase, came into solution. The DT diaphorase thus obtained, however, was not
stimulated to the usual extent upon addition of Tween. After treatment with water for z h at
30°, about 509%, of the DT diaphorase was cxtracted from the mitochondria together with about
40%, of the DPNH diaphorase.

Bicchim. Biophvs., dcia, 67 (1963) 254-267
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Purification and properties of mitochondrial DT diaphorase

DT diaphorase was purified from the final supernatant fraction of the homo-
genized rat-liver mitochondria by the method described for the purification of the
enzyvme from the soluble cytoplasm of rat liver®. When the mitochond ial supernatant
fraction was subjected to chromatography un a DEAE-cellulose column, a single
peak of -liaphorase activity was obtained which contained both TPNH and DPNH
diaphorase activity, as is shown in Fig. 2. This purified cnzyme cxhibited the saine
properties as the soluble-cytoplasmic enzyme, that is, inhibition by dicoumarol,
activation by albumin and Tween, and the <ame reactivity with various electron

L]
i

pmoles PNH oudized per min per ml

0 4 e » % oD MK 8 RN B 4L
tube no

Fig 2. Scparation of the mitochondrial D1 diaphorase on DEAE-celluluse column, Assay con-
ditions were the same as in Table 1. Each fraction was tested with hoth DPNH and TPNH and
the activities were cqual within the range of §7%.

acceptors. With regard to all the properties tested the two enzymes appear to be
identical. However, from a recent report of MArki AND MARTIUS?! it appears that
the twn enzyvmes nay differ in certain physico-chemical properties.

Reconstitution of the vitamin K-mediated pathway of electron transport in submilo-
chandrial particles

When the submitochondrial particles (the light pellet fraction) were incubated
acrobically with DPNH as substrate a respiratiue was obtained which was sensitive
to amytal {(and also to antimycin A). Added vitamin K,, as shown ‘n the oxvgen
electrode record in Fig. 3, could not overcome the amytal inhibition, in contrast to
the case previously described with isolated intact mitochondria®. However, further
addition of purified DT diaphorase fully restored the respiration, and the oxygen
uptake was now completely sensitive to dicoumarol.

Hiochim, Biophys. Acta, 67 (1903} 254207
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Fig. 3. Resworation of DPNH oxidation by submitochondnal particles in the prcu.n-_L of amvital
Ly vitamin Ky and DI diapborase The medinm containad o mM 12PN, o. 072, svrum allannin,
and 0035 M orthophosphate (pH 7 51 Submitochondrial particles {light pellet: from 200 mg
liver were used. The amounts of the additions were as follows: 2.0 pgmoles amytal, 5-10-? pmoles
vitamin K, DT diaphorase capable of reducing 3 gmoles DCPLEP/min, and 10- 3;.:1':*0](' (lu_ouln.sml

Final volume, 1.2 ml. Oxyuen consumption was foilowed polarographically, Tempoerature, z3°

Specific reguirement for vitamin K, in the reactivns of D diaphorase with the ves-
piratory chain of submitochondrial pariicles

The submitochondrial particles offered an opportunity to test the specificity
for the quinone required in coupling the DT diaphorase to the respiratory chain
free from the considerations of membrane permeability?.22. In Table [T is <shown
an experiment using TPNH as substrate, added DT diapghorase, and various qninones
to mediate electron transport to the light pellet fraction from liver mitochondda.
It may be seen that the camie specificity towards vitamin K is shown in this svstem
as wils observed in the intact mitochondria®.

Reactivity and amytal sensttivity of the respiralory ol.uin diaphoraese wilth varions elzctron
acceptors

Now that 1t secemed to be established that reduced vitamin K, can teadiy
react with the submitochondrial particles the question arose why vitamin ix, aione,
without further addition of purificd DT diaphorase, did not overcome the amytal
inhibition in the experiment shown in Fig. 3. 1roes not the DPN H-specific diaphorase
compunent of the particles react with vitamin K, or, if it does, ix this reacticn
sensitive to amytal? The two considerations are rele-:an® in view of receut reports
by RINGLER ef al.®? about the relative unabiiity of purifiecd DPMH dehvdrogenase
from beef-heart mitochondria to react with vitamin Kj, and by Stater ef af.?! who
have shown that the DPNH-vitamin I{; reductase of KEILIN annp HAKRTREE heart-
muscle preparations is partially amytal sensitive.

In Table I11 is shown the abilitv of a varietv of quinones and other electron
acceptors which have been used in the study of the DT diaphorase® to accept clec-
trons from the diaphorase of the residual respiratory chain. As was seen previously
{Tabk ) DCPIP reacted well with both diaphorases studied ; however, ferricyanide,
whlch reacted only slowly wit'» DT diaphorase, gave very high reaction rates with

Binckim. Biophvs. acta, 67 {1963} 254-267
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TABLE 11

THE EFFECT OF VARIOUS QUINONES ON THE OXiDATION oF TPNH
EY SUBMITOCHMONDRIAL PARTICLES IN THE PRESENCE OF DT DIAPHORASE

‘T'he basic svstem contained 150 umoles orthophosphate (pH 7.5). 0.3 gmolc TPNH, 2 mg serum
albumin, and submitochondrial particles from 1co mg rat liver. The amounts of the additons
were ¢.6 mg cytochrome ¢, excess purified DT diaphorass, and 2.5- 10-* umoles of quinone added
in z§ ul ethanol. Total volume was 3.0 ml. Temperature, zo®. Reaction followed at 340 myge

umales TPNH

Additions oxidized{min
* fo
None 6
Cyvtochrome ¢ 13
DT diaphorase b
Yitamin K, 11
DT diaphorase + vitamin K, 178
DT diaphorasc + 1,2-naphthoquinone 34
DT diaphorase + I1,4-naphthoquinone 26
DT diaphorase + 2-hydroxy-1.4-naphthoquinone 8
DT diaphorase + z-methyl-3-hydroxy-1,4*naphthoquinone 3
DT diaphorase 4 p-benzoquinone 5
DT diaphurase + 2-methvlbenzoquinone 5
DT diaphorase + 2,6-dimethylbenzoquinene 3
DT diaphorase + coenzyme {}, 5
DT diaphorase 4 vitamin K, 3
DT diaphorase 4 vitamin K, 3
DT diaphotase =— coenzyme 3

TABLE 111

CAPACITY OF VARIOUS QUINONES AND OTHER COMPOUNDS TO ACT AS TERMINAL ELECTRON ACCEZPTORS
IN SUBMITOCHOKDRIAL DPNH OXIDASE, AND THE »MYTA) SENSITIVITY OF THESE REACTIONS

The test Ssystem contained submitochondriai preparaticns (“light pellet’’) from zoo mg liver,

c.1 mM DPNH, o.0z M phousphate bufter (pH 7.5). The acceptors were added in final concentra-

tione of 0.04 mM, except ferricvanide which was added in final concentration of r mM, Oxvgen

uptake was blocked with 0.3 mM cyanide. Final volume 3 ml. The oxidation of DPNH was
followe:d at 340 myu in a recording Beckman DK-2 spectrophotameter.

uwoles DPNH oxtdizscd!minfg liver

Electron acceplor T v

Witk amprat  WOSTHM o
Oxygen 0.13 0.03 8
Vitamin K, 0.16 o.08 52
2-Methyl-benzoquinone ©.35 o.12 b4
Caoenzywe QO 0.30 0.22 40
1,4-Naphthoquinone 0.40 0.30 12
2-Benzoquinone 1.22 1,16 5
t.z-Naphthoquinone 1.28 1.06 18
DCPIP 0.45 0.37 18
Ferricyanide .10 0.90 18

Biochkim. Biophys. A:ta, 07 (1963) 254-267
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the DPNH diaphorase of the respiratory chzin. This is in agreement with the obser.
vations of SINGER e @f 222 on their purifierd PPN dehydrogenase.

The reactivity of the vanous quinones was yuite vanable. Vitamin K; showed
little reactivity with the respiratory chain as compared with either DCPIP or 1,4-
naphthoquinone. It is of interest to observe, ‘2 fact. that the 2-methyl-substituted
quinones tested had markedly luwer rates of reaction than the analogous unsub-
stituted compounds. A distinction of the z-methyl-sub: tituted quinones can also
bc seen from the sensitivity of the reaction to amvtal. The reduction of z-methyi-
substituted quinones appears to be more seusitive to amytal in terms of per cent ini-
hibition than that of the unsubstituted quinones. This is more clearlv shown in
Fig. 4 with vitamin K, and 1.4-naphthoquinone where the inhibition of witamin K,

190,
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Fig. 4. Comparison of the amytal sensitivity of vitamin I, and 1.4-naphthojuinonc as terminal

electron acceptors for the submitochondrizal DPNH oxidase. Conditions were the same as in

Tabte I, In the rcaction with the quinones o.04 mM vitamin K, or 1.4-naphthoqguinone in the
prescnce of 0,33 mM KON was added.

reduction reached a level of 53%, as compared with only 20%; with the 1,4-naphtho-
quinone. The respiratory chain itself was inhibited g0%, as measured with oxygen
under these conditions.

It thus appesrs that the lack of effect of vitamin Ky alone in overcoming the
amytal inhibition of the DPNH oxidase of the submitochondirial particles may be
the resultant of a relatively poor reactivity of the DPNH specific diaphorase with
vitamin K, and a partial sensitivity of this reaction towards amytal. i, adilition,
the structural state of the preparation proved to be of importance for both its ability
to react with vitamin K, as terminal electron acceptor and its sensitivity to amytal
In the experiment shown in Table IV, for example, the oxidation rate with vitamin
K; was cnly 259%, of that with oxygen; however, the former could be increased
roughly to the level of the latter by freezing and thawing. The same treatment al<o
largely abolished the sensitivity of the DPNH oxidase to amyvtal

Some further propertics of the submitochondrial DPNH oxidase

The light pellet from the mitochondrial fractionation resaspended in 0.003 M
phosphate bufier, exhitits, as has already been mentioned, a DPNH oxidase activity.

Brockim. Biophys. Acta, 67 (1963) 253-267
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TABLE 1V

EFFECT OF FREEZING AND THAWING ON THE ACTIVITY
OF THE SUBMITOCHONDRIAL DDPNH oxiDasg

Conditions weoe the same as in Table [T, The amounts of the additions were as follows: 1.0 mM
amvytal, 0.33 mM KCN and o.o4 mM vitamin K,

gmoles DENH ocidizediminip Hivar

Additeans
Fefore After
freenng freezing
None 0.143 0.113
Amyrtal 0.033 0,090
KCN 0.033 0.040
Vitamin K, + KON 0.047% 0,009

Table V shinws the DPNH oxidase and succimic oxidase activities of this fraction,
and, in addition, the DPNH-cytochrome ¢ reductase and succinic-cvtochrome ¢
reductase activities. The succinie oxidase activity was low, only about 309%,; of the
DPNH oxidase activity. The succinic—cytochrome ¢ reductase activity was even
weaker when compared o the very high DPNH-cytochrome ¢ reductase activity.
The DPNH oxidase activity was sensitive, besides amytal, also to antimycin A

TABLE V

COMPAKISON Or NPNH AND SUCCINATE AS SUBSTRATES FOR THE LIVER SUBMITOCHONDRIAL
FRAGMENT S rriePARKED ACCORDING TO KIELLEY AND IWIELLEY WITH OXYGEN AND
WITH CYTOCHROME ¢ AS ELECTRON ACCEPTURS

The medium for oxvgon measurement contained 1.0 mM DPNH or 10.0 mM succinate, o.o3 M

arthophosphate (pH 7.5}, and sunbniilochondrial preparation (light pellet}) from 200 ing Jiver.

Final voleme, 1.0 ml. Oxygen consumption was followed polarographically. The medium for

cytachrome ¢ reductase measurcinent contained o.t mM DPNH or 10.0 mM succinate, o og mM

cvtochirome ¢, 0.05 M orthophosphate {pH 7.5). and submitochondrial preparation (Jight pellet)

from zo0 my hiver Final volume. 3.0 ml. Cytochrome ¢ reduction was followed spectrophoto-
metrically at 550 ma in the presence of cyanide. Temperature, 25°.

Achody, 2 o fminig liver

Kuistrale -— [E— .

Oxvgen Cstochrome ¢
DIPNXH o 10t 0.300
Succinate .059 o.016)

{Table V1). The addition of cytochrome ¢ to this system stimulated the respiration
three or teur fold, and the stimulaticn of the respiration was largely unaffected by
amytal and z ‘timycin A. This suggests the presence of an “external’ type of DPNH-
cvtochirome ¢ reductase, earlier described in mitochondria®é-a,

The preparation exhibited no phosphorylation under any of the above condi-
non:, addition of DT diaphorase, with ur withouvt viramin K,, did not alter this
state of affairs. [t did exhibit a high adenosine triphesphatase activity (see Table VII.

Bsochim. Biophys. duia, 67 {1963) 254-207
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TABLE VI

PROPERTIES OF DPNP OXIDASE ACTIVITY OF LIVER-MITOCHONDRIAL FRAGMENTS
PREPARED ACCORDING TO WIFLLEY '3 KIELLEY (10353)
Conditions were the same as in Table 11T, The amounts of the additions were as tollows: 1 mii
amytal, 0.8 gg/ml antimyvein A, 0,33 mM IKCN, c.ot mM evtochrome ¢

pdes PPN cvadicedmenig Liver

Adddifion 1% ethaat btk

cebarfrone svtecaPoe €
Nune [FRTa 0. 400
Amytal Vg3 o023
Antimycin A SN ¥ 022
KON O.an noLo

Eflect of desaminothyroxine

Desaminothyroxine, which is an inhibitor of the DT diaphorase®, was also found
to strongly inhibit the submitochondrial DPNH oxidase. As is shown in Fig. g, this
inhibitor, in contrast to amytal, inhibited the diaphorase activity of the particles as
measured with DCPIP as acceptor to the same extent as the oxidase artivity.
Interestingly, however, the DPNH rytochrome ¢ reductase activity was only slightly
inhibited by desaminothyroxine in these concentrations. Furthermore, when measured

0o -,

‘\‘\k“- 0T ﬁ_‘.*}'\
R Tl eyte
= : iy
= N (scyt.c)
k3 50 Ty 02 I
bt ~
L] e
3t .
; ~. CCPI2
< ®
C
~t2
0% [+}]

desaminothyroxine, mM

YL o o

Fig. 3. St of desaminuthyroxine on the oxidation of i2#NH by submitochondrial frragments

with oxvgen, cvtachrome ¢, and DHPIP as electren acceptors. Conditions were the same as

Table 111, In the case of cxygen as clectron acceptor, vither no further additions were made
(ltne markead 1)) or v.oa; mM cvtochrome ¢ was ashded {line marked (3, 7+ oyt @)

in the presence of catalytic amounts of punfied cytochrome ¢, the DPFNH oxidase
activity of the particles was likewise only slightly inhitited. Tnat this effect of cyto-
chrome ¢ was not due to 2 binding or inactivation of the inhibitor is shown in Table V11
where the effect of desaminothyroxine on the adenosine triphosphatase activity of
the particles {which has bcen shown to be sensitive to d2saminothyroxine®®) was
measured in both the presence and absence of DPNH and cytochrome c. It may be
seen that the presence of DPNH and cvtochrome ¢ in the medium did not alter the
sensitivity of the adenosine triphusphatase activity to desaminothyroxine (nor did

Biochim. Biophys. dcta, 67 11903) 254-267
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TABLE V11

LoD ARISON OF EEFECTS OF DESAMINOTHYROXINE ox DPNH piarvorasz. DPNH-cvTacHroOME ¢
REDUCTASE AND ATI'ASE ACTIiVITIES OF MITOCHONDRIAL FRAGMENTS PREPARED
ACCORDING TO KWIELLEY AND KIELLEY??

AT activity was rdetermined as describad in ref. 330 Other experimental conditions as in
Fig. s

T o Ter cond

nhibnlics

Rew hon bv ja ¢ Af

dezaming-

thernetne
DI'NH (hapharase [in presence of ATP and Mg?*) 8t
PEPNH-cytochrome ¢ reductase (in absence of ATEP and Mg?-) 2.1
DN —cytochrome ¢ reductase (in presence of A1 and Mg®-) 4
ATPase (in absence of DPPNH and cytochrame ¢) 83
ATPase (in presence of DPNH and cytochrome ¢} 70

the presence of ATP and Mg?- alter the inscnsitivity of the DPNH-cytochrome ¢
reductase activity). {t may be added that all the quinones mentioned in Table 111,
and also ferricyanide, oxidized DPWH with this preparation in desaminothyroxine-
sensitive way, similar to DCPIP. These findings indicate that cytochrome ¢ on one
hand, and the quinones, ferricyanide and DCFPiF on the other, react with two
separate enzymes in the preparation.

DISCUSSION

In the course of investigating the properties and function of DT diaphorase, or
vitamin K reductase with which it appears to be identicai®-4, the possibility suggested
by MaRrTivs ef al.b-% of a function for this enzyme in the normal phosphorylating
respiratory chain of mitochondria was considered. Expetiments reported in the
preceding paper® on the sensitivity of DPN-linked mitochondrial respiration to
dicoumarol in the presence and absence of vitamin K, offered strong evidence
against the possibility of such a function of this enzyme. As was reported in the pre-
sent paper, it has now been possible to separate the respiratory chain as a DPNH
nxidase from the soluble DT diaphorase. The properties of amytal and antimycin A
sensitivity, nsually associated 'with the main phosphorvlating chain of mitochon-
drias.27.50,54.35 remained with the DPNH oxidase. Furthermore, with the DPNH
oxidase in the absence of soluble DT diaphorase it was no longer possibic to overcome
the amytai inhibition of DPNH oxidaticn by the addition of vitamin K,.

Study of the two diaphorases involved in these pathways suggested that while
the mitoclkondrial DT diaphorase had properties which were identical with the
cvtoplasmic enzyme?.?, that is, no specificity towards pyridine nucleotides, high
sensitivity to dicournarol, etc., the diaphorase of the vespiratory chain showed
properties which were in agreement with those observed by SINGEH ¢ al.2%2 for the
purified DPNH dehydrogenase, namely, specificity for DPNH, insensitivity towards
dicoumnarol, high reactivity with ferricyanide, and low reactivity with vitamin K,.
This is completely consistent with the function of the DPNH dehvdrogenase, rather

than the DT diaphorase, as the diaphorase of the primary respiratory chain of mito-
chondria.
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The presence of a third pathway of electron transport from DEPNH was also
observed, that of the DPNH-—cytochrome ¢ reducrase first observed by LEHNINGER?2S,
This pathway was characterized by insensitivity to the respiratory inhibitors, amytal
and antimycin A3, The enzymes involved in this pathway could now be further
differentiated by unreactivity with quinones and by relati.c insensitivity towards
dicoumaro! and desaminothyroxine. Although the DPNH-cvtochrome ¢ reductase
activity was found in the pellet containing the amyvtal and antimycin A-sensitive
DPNH oxidase activity, this does not rule out the poussibility of contaminarion wiih
the micrusoma!l enzyme® which might foliow the fractionation of the pellet. Attempts
to remove and recover the DPNH-cyvtochrome ¢ reductase activity from both mito-
chondria and the DPNH oxidase particle by the method of JACOBS AND Saxamdt
were unsuccessiul.

It may also be worthwhbile to note that the entire TPNH diaphorase activity of
the mitochondria can be attribated to the soluble DT diaphorase. In the residual
light pellet fraction very little activity with TPNH could be determined using
DCPIP, cytochrnme ¢, or oxvgen as the final electron acceptor. This sugrests that
the previously reported mitochondrial TPNH oxidase¥-% and TPNH—-ytochrome ¢
reductase4?-4% activities may result from the combined interaction of transhydre-
genase and the DPNH diaphorase of the respiratory chain®%, or from fortuitous
reaction of the DT diaphorase with the respiratury chain, possibly through the
means of a natmally occurring quinone.

Another aspect of the work reported here raises some question as to the nature
of the inhibition of the respiratory chain by amytal. Spectrophotometric studies on
intact mitochondria have suggested that amytal acts upon the respiratory chain
between DPNH and flavoprotein®®#, On the other hand, however, studics on sub-
mitochondrial svstems* have indicated that, in this case at least, amytal did not
block the reduction of flavin. Furthermore, amytal inhibits the mitochondral oxida-
tion of choline??, a systems which does not involve DPN%e Recently SINGER ef al.23.25
have reported that the purified DPNH dchydrogenase was completely insensitive tu
amytal.

The work reported here confirms this latier observation on the DPNH dia-
phorase of an intact amyvtal-sensitive DPNH oxidase using DCPIP, ferricyanide,
and various quinones as clectron acceptors. When, however, guinones substituted
with a methyl group in the 2-position of the ring were used as electiun acceptor, in-
hibition by amytal was observed, o the extent, at least, of 30 609, but in addition
the maximal rate of oxidation was low with these quinones. These data, therefore,
become open to iwo interpretations. The 2-methyl-substituted guinones may share
the property of reacting with the flavoprotcin in s manner which is sensitive to in-
hibition by amytal. Alternatively, it is possible that the 2-methyl-substituted qui-
nones lack the ability to react with the flavaoprotein in an amytal-insensitive manner;
that is to say, these quinones, in contrast to the unsubstituted quinones, can react
only via an amvtal-sensitive pathway rather than directly with the flavin. The latter
possibility is supported by the very low reaction rates of vitamin K, observed with
the purified DPNH dehydrogenase®:2s, [t is impossible, however, to clearly distinguish
between the two alternatives at this time. Nevertheless, in either case there may be
inferred a possible significance to the 2-methyl-substituted gquinones in the normal
function of the DPNH diaphorase.
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It must be concluded that while no evidence has been observed for the function
of the vitamin K reductase of MArTIUS & al.®~® in the phosphorylating clectron
transport chain, the possible function of vitamin K itself has not been eliminated.
A role of vitamin K in electron transport-coupled phosphorylation has been sug-
gested not only by MARTIUS ef al.7.8:8%, but also by work with irradiavion of both
bacterial systems®*2.83 and liver mitochondria®.85 This work suggests a peasible site
of vitumin K function between the respiratory-chain diaphorase aud cytochrome b.
Altkough vitamin K has been reported absent from heart sarcosomes®®, it has been
repurted present in warivus mitnchondrial preparations’?.*8. ‘The work reported here,
while open possibly to cther interpretations as well, is not in disagreement with
these concepts. Both the specificity in the oxidation of the reduced quinone and
the apparent requirement of z-methyl-substitution in the quinoneid ring for amytal
sensitivity in the reduction of the quinone by the diaphorase of the respiratory
chain would be in agreenient with the location of such a quinone at this site. The
question, however, must obviously remain open to further considcration.
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