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ABSTRACT

DOWNEY, RONALD J. (University of Notre
Dame, Notre Dame, Ind.). Vitamin K-mediated
electron transfer in Bacillus subtilis. J. Bacteriol.
88:904-911. 1964.-Electron transfer enzymes were
obtained from log-phase cells of Bacillus subtilis
after aerobic and anaerobic cultivation. The cyto-
chrome content was found to be related to oxygen
tension, there being little, if any, cytochrome
operative in anaerobic cells. Vitamin K levels in
the two cell types did not vary as markedly. A
soluble diaphorase-type flavoprotein was obtained
from both types of cells which reacted with vita-
min K2, K3, and certain dyes but not bovine
cytochrome c. Almost 90% of this diaphorase ac-
tivity was leached from intact protoplasts without
the use of solvating agents or sonic oscillation.
Electron transport particles capable of coupled
phosphorylation were inhibited by light (360 m,u)
or 2,3-dimercaptopropanol (BAL), whereas these
had no effect on the diaphorase activity. Phos-
phorylation in a BAL-inhibited system was re-
stored after addition of the soluble diaphorase
from either aerobic or anaerobic cells. The results
suggested that soluble flavoprotein components
are linked to vitamin K in both fermentative and
phosphorylative pathways, and that this segment
is indispensable to aerobic and anaerobic respira-
tion in the bacillus.

The oxidation of reduced nicotinamide adenine
dinucleotide (NADH) by extracts of bacillus has
been demonstrated to occur in both particulate
and soluble systems (Doi and Halvorson, 1961;
Downey, 1962). Quinone-mediated oxidation of
NADH via electron transfer particles (ETP) from
Bacillus stearothermophilus was demonstrated to
bear a commensal relationship to the reaction
catalyzed by a soluble flavoprotein component
from the same cell (Downey, 1964a). The particle-
catalyzed oxidation was sensitive to light (360
mA) or extraction with organic solvents, or both,
and could be restored by the addition of certain
quinones. Phosphorylation in this system was ob-
served only when coupled to the vitamin K-de-

pendent oxidation of malate. Current studies with
the electron transfer system of B. subtilis have
disclosed that the naphthoquinone which is essen-
tial to electron transfer is a vitamin K2C35 and is
apparently synthesized to a similar extent by
anaerobically and aerobically grown cells
(Downey, 1964b).
In bacillus, vitamin K has thus far been dem-

onstrated to function only in the respiratory se-
quence essential to aerobic electron transfer. It
was of interest to investigate the role of vitamin
K in relation to the flavoprotein respiration which
is prevalent when bacilli are grown anaerobically
on a complex medium. Evidence suggesting that
vitamin K serves as a functional link between a
soluble diaphorase-type enzyme and a phos-
phorylating ETP is presented.

MATERIALS AND METHODS

Organism and growth medium. B. subtilis ATCC
957 was cultured on a complex medium containing
1% Tryptone (Difco); 1% yeast extract; 1%
glucose; 0.4% MgS04 7H20; 0.02% NaCl; 0.2%
FeS04 7H20; 0.02% MnSO4-4H20; and 0.4 ml
of HCl per liter. The salts were sterilized as a
separate solution and added aseptically to the
base medium. Special Pyrex carboys, with a
1.5-in. port near the bottom, were fitted with a
sintered-glass sparge head, a vent, and a ther-
mometer. The medium was aerated with filtered
air preheated to 37 C. For anaerobic growth, the
vessels were filled to the neck with warm sterile
medium and tightly stoppered. Upon inoculation
of 250 ml of a 10-hr log-phase culture of B. sub-
tilis, anaerobiosis was established quickly. All
cultivations were conducted at 35 C.

Spores were obtained by growing the organism
on a nutrient agar (Trypticase; BBL) surface for
2 weeks at 40 C. Spores were washed from the
agar and examined microscopically for the pres-
ence of vegetative cells.
Measurement of oxygen tension. The concentra-

tion of oxygen in the cultivation medium was
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monitored amperometrically with a Clark elec-
trode (Beckman model 160 physiological gas
analyzer). The macroelectrode was exposed to
ultraviolet light for 3 hr prior to insertion into the
low port in the growth vessel. The fluid mass was
rotated with a large magnetic stirring device in
both anaerobic and aerobic cultivation to assure
a continuous renewal of the surface at the elec-
trode.
Enzyme assay. The oxidation of NADH was de-

termined in a manner described previously
(Downey, 1962). Diaphorase activity was meas-
ured in the same manner, except the reaction was
allowed to proceed anaerobically, and 6 ,moles of
menadione or 2, 6-dichlorophenol indophenol
were added to serve as electron acceptor. Phos-
phorylation, respiratory rates, and flavin analyses
were determined as described previously (Dow-
ney, Georgi, and Militzer, 1962; Downey, 1962).

Cytochromes. A somewhat crude estimate of
cytochromes in various cell-free extracts was
achieved by the difference in absorption of the
reduced minus the oxidized hemeprotein at 550
my for cytochrome c and 600 m,u for cytochrome
a3 . The heme was reduced with a few crystals of
sodium hydrosulfite. The differences were deter-
mined in supernatant fluids (20,000 X g for 30
min) of sonically disrupted cells, and were ex-
pressed per 100 mg of Folin protein in the frac-
tion.
ETP from B. subtilis. The cells were grown at

35 C for 14 hr and washed three times in cold dis-
tilled water. The final sediment was dispersed in
0.1 M NaCl, and the pH of the suspension was
adjusted to 7.0 with tris(hydroxymethyl)amino-
methane (tris) buffer. The turbid suspension was
subjected to sonic oscillation (Downey, 1962), and
the mixture was centrifuged at 20,000 X g for 30
min. The resulting supernatant fluid was then
centrifuged at 60,000 X g for 60 min. The sedi-
ment was suspended in 5 ml of a mixture con-
taining 0.1 M KCl, 0.01 M tris-Cl, and 0.02 M
MgCl2, and was centrifuged again at 60,000 X g
for 60 min. The sediment was suspended as be-
fore, and the fraction was referred to as the
ETP1. The supernatant fluid of the first sedi-
mentation at 60,000 X g was centrifuged at
140,000 X g for 90 min. The supernatant fluid
was referred to as the So1I fraction, and contained
NADH oxidase, diaphorase, and a heat-stable
soluble factor, which is essential for optimal
phosphorylation. The sediment was resuspended

and washed as above. The washed particles
(ETPII) oxidized succinate but were incapable of
coupled phosphorylation.

Isolation and indentification of vitamin K2. The
physiologically active vitamin K2 homologue was
isolated from vegetative cells of B. subtilis by
saponification and extraction into petroleum
ether (Gale et al., 1962). The golden-yellow
residue resulting after vacuum drying was taken
into a small volume of petroleum ether and chro-
matographed on a column (2 by 20 cm) of mag-
nesium alumno silicate. After elution with 2%
ether in petroleum ether, the fractions were
air-dried and resuspended in a small volume of
absolute ethanol. Upon overnight storage at 6 C,
yellow crystals formed.
The ultraviolet absorption spectrum of a sus-

pension of crystals in isooctane exhibited maxima
at 243.5, 247.5, 259, 268, and a broad peak at
325 m,. Such a spectrum agreed quite closely with
that of synthetic vitamin K2(C35). Such spectral
peaks were typical of vitamins of the K2 series.
When chromatographed with other vitamin K
isoprenologues on silicone-impregnated paper
(Whatman no. 3), the quinone from the bacillus
displayed an RF equal to that of vitamin K2(C35).

Iron analysis. Heme and nonheme iron in the
ETP and diaphorase were determined in the
manner of Doeg and Ziegler (1962).

Protein. The method of Lowry et al. (1951) was
used for protein.

Vitamin K isoprenologues. Vitamin K2(C35) was
a gift of 0. Isler, Hoffman-La Roche, Inc., Basle,
Switzerland; vitamin K2(C30) and vitamin
K2(C45) were a gift of A. F. Brodie, University of
Southern California Medical School. Other
chemicals were obtained as previously reported
(Downey, 1962).

RESULTS
The extent to which the cytochromes c and a3

were synthesized by vegetative cells of the bacil-
lus depended upon the oxygen tension in the
cultivation medium. In experiments where oxy-
gen tension was varied in the broth cultures, the
comparative levels of the above hemeproteins
were appreciably affected (Table 1). Aeration
rates exceeding 2.5 liters per min resulted in
maximal levels of cytochrome per unit dry weight
of vegetative cells. Since higher rates of aeration
retarded growth on complex medium, the oxygen
tension approaching that necessary for maximal
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aerobic growth on complex medium was taken as

the base line of aerobiosis during each cultivation.
The respiratory rates of washed cells from each
log-phase culture grown at a lessened oxygen ten-
sion declined in a nonlinear fashion. No oxygen
consumption was detected during 20 min of
glucose dissimilation by washed anaerobic cells.

The vitamin K2(C35) concentration in the
various cell types (anaerobic vs. aerobic) was not
as markedly affected by aeration. In no case was

it observed to be less than 75% of the concentra-
tion in normal aerobic cells (Table 1). Spores of
B. subtilis grown in the manner described con-

tained no detectable quantities of vitamin K or

cytochromes.
High-speed supernatant fluids (140,000 X g

for 90 min) of sonically disrupted cells exhibited
NADH oxidase activity which was not sensitive
to light (360 m,A) and not stimulated by vitamin
K1 or K2. This oxidase activity was removed by
passage on diethylaminoethyl (DEAE) cellulose
(Peterson and Sober, 1956). A diaphorase-type
enzyme prevalent in the eluate catalyzed rapid
oxidation of NADH with vitamin K2, K3 (mena-
dione), or 2,6-dichlorophenol indophenol as elec-
t-ron acceptor. The vitamin K level in the above
supernatant fluids (<0.001 m,umoles/mg of pro-
tein) was not sufficient to support the oxidative
rates which were obtained with or without added
menadione as acceptor. The diaphorase activity
was isolated from both aerobic and anaerobic
cells. It was not sensitive to light (360 m,u) or

TABLE 1. Influence of oxygen tension on oxidative
components of Bacillus subtilis

yen

tensiong dur- Cyto~rome Cytoing growth h(Cs)chrome Qo2
period ae

(mm of Hg)

160 0.81 20.0 1.7 135.0
80 0.76 14.6 1.1 46.3

40 0.60 3.1 0.1 2.2

0 0.64 0.1 0.1 0

aExpressed as micromoles per gram (dry
weight) of cells.

b Asso-A$74 per 100 mg of Folin protein in fraction
upon reduction with Na2S204 .

c A600-A610 per 100 mg of Folin protein in frac-
tion upon reduction with Na2S204.

d Glucose oxidation by vegetative cells; ex-

pressed as microliters of 02 per milligram of pro-
tein per hour.

TABLE 2. Iron and flavin content of particulate and
soluble oxidative components from mid log-phase

cells of Bacillus subtilis

Iron in fraction* Flavin
in

Fraction frac-
Heme Non- Total tion*
Fe hemeFe Fe

ETPi ................ 3.0 5.4 8.4 1.31
ETP ............... 1.2 4.0 5.2 0.72
Diaphorase (+0)t. 0 26.1 26.1 0.25
Diaphorase (-0)t.O 24.2 24.2 0.19

* Expressed as millimicromoles per milligram of
Folin protein.

t Aerobic cultivation; oxygen tension, 160 mm
of Hg.

t Anaerobic cultivation; oxygen tension, 0 mm
of Hg.

acetone-ethanol extraction. No evidence of vita-
min K was found in the soluble fraction from B.
subtilis. The diaphorase preparation did not react
with reduced nicotinamide adenine dinucleotide
phosphate (NADPH) as substrate or with cyto-
chrome c as electron acceptor. Its reaction with
vitamin K prompted examination of the iron
content, since many oxidases, reductases, and
diaphorases bear metal components along with
the flavin moiety.

Analyses of the iron content of phosphorylating
(ETPI) and nonphosphorylating (ETPII) parti-
cles revealed differences in heme iron on a weight
basis (Table 2). Whereas no heme iron was
evident in the diaphorase, appreciable quantities
of nonheme iron were detected. The ratio of iron
to flavin in the ETP was approximately 4:1.
The vitamin K2 isolated from the bacillus was

tested along with other electron acceptors to de-
termine the relative specificity of the diaphorase
for these compounds (Table 3). The greatest
oxidative rates were observed in the presence of
vitamin K2(C3s). A comparatively high rate of
NADH oxidation was observed with the enzyme
from anaerobic cells and with menadione or 2,6-
dichlorophenol indophenol as acceptor.
The question arose as to whether the diaphorase

represented a normally soluble system or merely
a modified flavoprotein fragment of the particu-
late complex which was released during sonic os-
cillation. Although flavoprotein bypass reactions
are prevalent in facultative anaerobes, the reac-
tion with vitamin K has not yet been elucidated.
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Vitamin K seems to be bound to the particulate
fraction from which it can be extracted with or-
ganic solvents.
Approximately 90% of the diaphorase activity,

in which vitamin K2 and K3 serve as electron ac-
ceptors, was leached from protoplasts by washing.
Protoplast suspensions were washed three times
in 4 volumes of a mixture containing 0.1% KCI,
0.01 M ethylenediaminetetraacetic acid (EDTA),
and 0.67 M phosphate buffer (pH 7.0). Few, if
any, active ETP were obtained by centrifugation
(120,000 X g; 60 min) of these washings.
When the washed protoplasts were osmotically

disrupted by sudden stirring in 4.0 volumes of
distilled water and centrifuged, as above, very
little diaphorase activity was detected in the
supernatant fluid. If the washed protoplast frac-
tion was subjected to prescribed periods of sonic
oscillation, the magnitude of NADH oxidation
catalyzed by the supernatant fluiid was a function
of the time under sonic treatment (Fig. 1).

Oxidation of NADH by the soluble diaphorase

TABLE 3. Effect of various electron acceptors on the
oxidation of NADH by the diaphorase

from Bacillus subtilis*

NADH oxidationf
Addition Concn

Aerobic Anaero-
bic

pmoles

None ................ 2 0
Q6............... 2.3 0 0
Qio ............... 2.0 4 1
Kl(20) ............... 1.8 18 20
K2(30) ............... 1.4 40 16
K2(35) ............... 1.4 93 84
K 2(45) .............. 1.4 14 12
K3 ................ 2.5 9 153
2,6-Dichlorophenol
indophenol .......... 3.0 13 189

TTC ............... 3.0 4 10

* Each cuvette contained 1.0 ml of 0.1 M phos-
phate buffer (pH 7.0), 0.05 ml of enzyme, 0.45 mg
of protein, quinone or dye as stated, in 0.2 ml of
absolute ethanol and water to a volume of 2.8 ml.
After bubbling with N2 for 3 min, the reaction
was started by addition of 0.72jumoles of NADH
and was followed anaerobically at 37 C. The
cuvettes were not gassed or evacuated for the
aerobic reaction.

t Expressed as micromoles per minute per
milligram of protein.

160

120

D 40 /

O 1 2 3 4 5 6
MINUTES

FIG. 1. Rate release of bound NADH oxidase
upon sonic oscillation of washed protoplasts from
Bacillus subtilis. Units = millimicromoles of
NADH oxidized per minute. Each cuvette contained
1.0 ml of 0.1 m phosphate buffer (pH 7.0), 1.0 ml of
electron transfer particles (20 mg of protein), and
water to a volume of 2.5 ml. The reaction was started
by addition of 0.72 ,umole of NADH. The AA,40 was

recordedfor min at 85 C. The control cuvette lacked
substrate.

TABLE 4. Effects of inhibitors on NADH oxidation
by a soluble and particulate fraction

from Bacillus subtilis

ND-NADH-
Inhibitor Concn v2itam

ETPI K2*l

None ............. 121 153
NaCN ............ 3.0 X 10-3 120 149
NaN3 ............. 1.5 X 10-2 37 150
Antimycin A...... 2.5 X 10-3 120 153
BALt ............. 1.5 X 10-3 0 144
Amytal Na. 2.0 X 10-2 2 141
p-CMBt.......... 2.0 X 10a-2 48 126

* Expressed as millimicromoles per minute per
milligram of protein.

t 2,3-Dimercaptopropanol.
t p-Chloromercuribenzoate.

was not sensitive to respiratory inhibitors, some
of which proved effective against the activity of
the particulate fraction (Table 4). A smaller con-
centration of amytal than that shown in the table
partially inhibited the diaphorase; however, it
also stimulated NADH oxidation by the ETP.
The oxidation of exogenous NADH by the ETP,
was inhibited by 2,3-dimercaptopropanol (BAL),
whereas the oxidation of malate was not. No
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phosphorylation was observed in the presence of
BAL with malate as substrate.
The inhibition with BAL was not reversed

by washing in buffer, dialysis, or addition of
oxidants such as potassium feriicyanide or mena-
dione. The concentration of ETP was varied in
proportion to the concentration of the diaphorase
to test the affinity, if any, of the latter for BAL.
If the diaphorase restored activity by exchanging
with the ETP for BAL, then pretreating the
diaphorase with an excess of BAL, prior to mix-
ing with the ETP, should retard restoration of
the activity which is unique to the ETP.

Phosphorylation was used as an indicator of
the integrity of the ETP to assess the extent of
restoration or support rendered by the added
diaphorase. Phosphorylation was also used to test
the possible circumvention of the quinone locus
upon addition of the diaphorase. An ETP suspen-
sion was irradiated (Brodie and Ballantine, 1960)
to establish vitamin K dependency prior to treat-
ment with B

C, 1.2

z

E 0.8
S
0
-= 0.4
0

FIG. 2. Effe
phorylation i?
reaction vessel
20 mg of prote
15 ,umoles of
MgCl2, 1.0 m

TABLE 5. Restoration of phosphorylation in 2,3-
dimercaptopropanol-inhibited particles by the
soluble diaphorase from Bacillus subtilisa

Phos- Phos-
Fraction ph?ryi Oxidationb

lationb oiation/

So1i(+0)c ...... .... <0. 1 0 0
So1ii(_O)d ............ 0 0 0
ETPI ................ <0. 1 1.28 0
ETPI + Sol1I .......... 0.35 1.52 0.23
ETPI + So1II ......... 0.11 1.40 0.08
ETPI + Soli + K2 ... 2.37 1.26 1.87
ETPI + So1II + K2... 2.13 1.96 1.09

a The reaction vessel contained additions as in
Fig. 2 plus 1.44 Amoles of vitamin K2(C3s) where
indicated.

bExpressed as microatoms consumed per 15
min at 35 C.

c Diaphorase from aerobically grown cells.
d Diaphorase from anaerobically grown cells.

'AL. The photo-lability of coupled phosphorylation in the ETP, is seen in experi-
ments where particles exhibiting a P/O of 1.85
were subjected to light (360 mu; Fig. 2). Such
particles possessed a demonstrated dependence

_£A on vitamin K2, since the latter restored at least
75% of the original phosphorylative capability.
The diaphorase which was treated with BAL

prior to addition to the BAL-blocked ETP mix-
ture restored oxidative and phosphorylative ac-
tivity to the ETP (Table 5). The restoration was
effected by a diaphorase from either aerobic or

\; anaerobic cells. If vitamin K was omitted from
the irradiated, BAL-blocked ETP preparation,
the activity was not restored.

These results suggest that the site of BAL in-
30 60 90 120 hibition precedes the site of diaphorase coupling

MINUTES in the respiratory chain. The restoration was also
EXPOSURE TO LIGHT (3601p) vitamin K-dependent, since no phosphorylation

ect of light (360 mus) on coupled phos- was observed without the quinone. Observations
a the electron transfer particles. The in which a nonphosphorylating system can be
contained 0.5 ml of particles (ETP,), coupled to a BAL-inhibited ETP and a phos-
in, 0.5 ml of Soll , 15.6 mg of protein, phorylating entity result might well be an arti-
inorganic phosphate, 15 umoles of fact. In view of these data, a schematic diagram
g of yeast hexokinase, and water to a of the electron transfer chain of the B. subtilis

volume of 2.0 ml. The sidearm, contained 75.umoles
of iodoacetate, 30 Amoles of mannose, 10 umoles of
adenosine diphosphate, 10 ,umoles of NAD+, and
50 ,umoles of sodium malate. Oxygen uptake was
terminated after 15 min at 35 C with 10% trichloro-
acetic acid, and inorganic phosphate was deter-
mined. Symbols: A, nonirradiated control; 0.
irradiated.

system would seem premature.
In any case, certain vitamin K-linked respira-

tory components seem to be utilized by both
aerobic and anaerobic cells. The relationship of
the qliinone to the amino acid fermentation oc-
curring anaerobically in the absence of glucose is
presently under investigation.

908 DOWNEY



VITAMIN K IN B. SUBTILIS ELECTRON TRANSFER

DISCUSSION

The data suggest that under anaerobic condi-
tions B. subtilis exhibits a lower respiratory ac-
tivity and synthesizes little, if any, cytochrome.
This contradicts the report of Schaeffer (1952), in
which a cytochrome deficiency was noted in
anaerobically grown B. cereus, whereas no im-
pairment of glucose dissimilation was detected.
The same author reported that glucose dissimila-
tion remained as cyanide-sensitive in anaerobic
cells as in aerobic cells. Whereas B. stearother-
mophilus was shown to exhibit a cyanide-sensitive
respiration (Downey, 1962), the pathway in B.
subtilis appears to be insensitive to cyanide and
sensitive to azide. The same observations were
reported earlier with whole-cell preparations of
B. subtilis (Gary and Bard, 1952).
Although no general statement can be made

regarding the level of heme components in rela-
tion to oxygen tension in the aerobic sporeformers,
it would appear that availability of oxygen di-
rectly influences the synthesis of cytochrome. If
glucose is made available to anaerobic cultures of
B. subtilis, a homolactic fermentation ensues,
whereas in the absence of oxygen amino acids are
fermented with the subsequent production of
ammonia and no gas (Downey and Sundstrom,
in preparation). It is possible that the flavoprotein
oxidases function in the bacillus with or without
the cytochromes. Given the same medium and
inoculum, growth as measured by dry weight is
three times greater aerobically than anaerobically.
No ETP as such are attainable from anaerobically
grown cells. Whether or not cytochrome synthesis
in the bacillus is induced by oxygen remains to be
shown.
The presence of near aerobic levels of vitamin

K in anaerobic cells of bacillus would attest to
the importance of this compound in a role perhaps
different from the demonstrated flavin to heme
transfer in the ETP from aerobic cells. Although
naphthoquinone was not evident in the soluble
fraction from vegetative cells, its ability to act as
electron acceptor for the diaphorase suggested
that oxidations initiated in the soluble com-
ponents of the cell may enter the respiratory
chain through the quinone.
Although no evidence for vitamin K in the

soluble fraction was found, appreciable levels of
NADH oxidase activity were detected. Oxidation
of NADH by this fraction was observed to pro-
ceed via two systems after resolution on DEAE

cellulose. The first enzyme, a NADH oxidase,
was not stimulated by vitamin K and reacted
with mammalian cytochrome c. The second en-
zyme reacted only with NADH, was stimulated
by vitamin K1, K2, or certain dyes, and did not
react with mammalian cytochrome c. Since this
enzyme exhibited broad acceptor reactivity, it is
referred to in this report as a diaphorase, as op-
posed to a reductase. It is interesting to note that
a similar preparation from B. stearothermophilus
readily reduced beef heart cytochrome c.
The iron to flavin ratio of 4:1 in the ETP of

B. subtilis appears closely related to that of
animal diaphorase (Slater, 1950). The role of
iron in the system with vitamin K as acceptor is
not clear. It is possible that iron may interact with
inorganic iron and iron-riboflavine chelates (Mah-
ler, Fairhurst, and Mackler, 1955; Weber, Len-
hoff, and Kaplan, 1954), in which case vitamin K
reactivity with the diaphorase would be an effec-
tive bypass. However, until a functional link be-
tween vitamin K and cytochromes can be at-
tributed to a specific enzyme, the role of quinone
in relation to inorganic iron remains an enigma.
An enzymatic reduction of the natural cyto-
chrome c in the ETP, from the bacillus has been
observed when incubated with malate or suc-
cinate. It is possible that exogenous beef heart
cytochrome is not available to the particle-bound
flavoprotein.

Although the greatest diaphorase activity was
observed with vitamin K2(C35) as acceptor, we
have recorded assays in which vitamin K2(C30) or
vitamin K1 have performed nearly as well. The
comparatively high activity with menadione or
2, 6-dichlorophenol indophenol as acceptor is
typical for these cell-free systems. Failure to nar-
row the acceptor reactivity by passage on DEAE
cellulose is puzzling. This would seem to be char-
acteristic of a diaphorase, as opposed to a reduc-
tase which might catalyze a closely allied reac-
tion.

It is difficult to assess the role of the quinone
bypass reactions if indeed they exist in the intact
cells. It is, however, interesting that the bulk of
diaphorase activity can be leached from proto-
plasts of B. subtilis. Although vitamin K2 remains
a functional acceptor for this soluble diaphorase,
it is nevertheless tightly bound to the ETP and is
distributed with it upon fractionation of physic-
ally disrupted cells or protoplasts. Sonic oscilla-
tion of washed protoplasts apparently released
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the membrane-bound NADH oxidase activity in
the form of discrete particulate material. Re-
peated attempts to fragment further the ETP
with deoxycholate (Crane and Glenn, 1957) and
digitonin (Cooper and Lehninger, 1957) failed to
yield an active flavoprotein or cytochrome com-
ponent.
The restorative behavior of the soluble dia-

phorase, as reported here, would support the no-
tion that normally soluble oxidative components,
which may contribute heavily to reoxidation of
NADH, possess the ability to interact with
particulate catalysts when metabolic circum-
stances warrant it.

Further investigation with other specific in-
hibitors may reveal the nature of the quinone-
mediated electron transfer in facultative micro-
organisms. A soluble fraction was shown to be
essential for oxidative phosphorylation in cell-free
systems from E. coli (Kashket and Brodie, 1963).
A particulate NADH oxidase isolated from My-
cobacterium tuberculosis was shown to require a
naphthoquinone for activity (Segel and Goldman,
1963). The enzymatic reduction of vitamin
K2(C45) by NADH, and the solubilization of the
enzyme system responsible for this reduction, was
reported by Kusunose and Goldman (1963). In
addition to the naturally occurring naphtho-
quinone, at least one additional factor is neces-
sary for restoration of oxidation of NADH in
ETP from M. phii (Weber and Rosso, 1963).
Evidence that vitamin K behaves as a func-

tional intermediate between flavoprotein oxidases
and the terminal members of the respiratory chain
is accumulating. It may logically be expected that
the study of soluble and particulate oxidative
phenomena in the cell will be intensified, because
the key to coupled phosphorylation in microbial
and animal systems will depend on it.

ACKNOWLEDGMENTS

The author expresses sincere gratitude for the
technical assistance of J. Sundstrom.

This work was supported by Public Health
Service research grant E 4626 from the National
Institute of Allergy and Infectious Diseases.

LITERATURE CITED

BRODIE, A. F., AND J. BALLANTINE. 1960. Oxida-
tive phosphorylation in fractionated bacterial
systems. II. The role of vitamin K. J. Biol.
Chem. 235:226-231.

COOPER, C., AND A. L. LEHNINGER. 1957. Oxida-
tive phosphorylation by an enzyme complex
from extracts of mitochondria. J. Biol. Chem.
224:561-578.

CRANE, F. L., AND J. L. GLENN. 1957. Studies on
the electron transport system. VI. Frag-
mentation of the electron transport particle
with deoxycholate. Biochim. Biophys. Acta
24:100-107.

DOEG, K. A., AND D. M. ZIEGLER. 1961. Simplified
methods for the estimation of iron in mito-
chondria and submitochondrial fractions.
Arch. Biochem. Biophys. 97:3740.

DoI, R. H., AND H. HALVORSON. 1961. Comparison
of electron transport systems in vegetative
cells and spores of Baciltus cereus. J. Bac-
teriol. 81:51-58.

DOWNEY, R. J. 1962. Naphthoquinone intermedi-
ate in the respiration of Bacillus stearothermo-
philus. J. Bacteriol. 84:953-960.

DOWNEY, R. J. 1964a. Phosphorylation in a par-
tially restored bacterial system. Proc. Soc.
Exptl. Biol. Med. 115:328-331.

DOWNEY, R. J. 1964b. Vitamin K2 mediated elec-
tron transfer in aerobic and anaerobic cul-
tivation of Bacillus subtilis. Bacteriol. Proc.,
p. 109.

DOWNEY, R. J., C. E. GEORGI, AND W. E. Mi-
LITZER. 1962. Electron transport particles
from Bacillus stearothermophilus. J. Bacteriol.
83:1140-1146.

GALE, P. H., A. C. PAGE, JR., T. H. STOUDT, AND
K. FOLKERS. 1962. Identification of vitamin
K2(35), an apparent cofactor of a steroidal-l-
dehydrogenase of Bacillus sphaericus. Bio-
chemistry 1:788-792.

GARY, N. D., AND R. C. BARD. 1952. Effect of
nutrition on the growth and metabolism of
Bacillus subtilis. J. Bacteriol. 64:501-512.

KASHKET, A., AND A. F. BRODIE. 1963. Oxidative
phosphorylation in fractionated bacterial
systems. X. Different roles for the natural
quinones of E. coliW in oxidative metabolism.
J. Biol. Chem. 238:2564-2570.

KUSUNOSE, E., AND D. S. GOLDMAN. 1963. The
enzymic reduction of naphthoquinone by
reduced nicotinamide adenine-dinucleotide.
Biochim. Biophys. Acta 73:391498.

LOWRY, 0. H., N. J. ROSEBROUGH, A. L. FARR,
AND R. J. RANDALL. 1951. Protein measure-
ment with the Folin phenol reagent. J. Biol.
Chem. 193:265-275.

MAHLER, H. R., A. FAIRHURST, AND B. MACKLER.
1955. Studies on metalloflavoproteins. IV.
The role of the metal. J. Am. Chem. Soc.
77:1514-1521.

910 DOWNEY



\ OL. 88, 1964 V'ITAMIN K IN B. SUBTILI

PETERSON, E. A., AND H. A. SOBER. 195(6. Chroma-
tography of proteins. I. Cellulose ion-ex-
change absorbants. J. Am. Chem. Soc. 78:751-
755.

SCHAEFFER, P. 1952. Recherches sur le mietabo-
lisme bacterien des cytochrome et des porphy-
rines. I. Disparition partielle des cytochromes
par culture anaerobie chez certaines bacteries
aerobies facultatives. Biochim. Biophys.
Acta 9:261-270.

SEGEL, W. P., AND D. S. GOLDMAN. 1963. The re-

quirement for a naphthoquinone in the re-

duced nicotinamide adenine dinucleotide

rS ELECTRON TRANSFER 911

oxidase system of Mycobacterium tuberculo-
sis. Biochim. Biophys. Acta 73:380-390.

SLATER, E. C. 1950. The components of dihydro-
cozymase oxidase system. Biochem. J. 46:484-
499.

WEBER, M. M., H. M. LENHOFF, AND N. 0. KAP-
LAN. 1954. The function of inorganic iron in the
reduction of cytochrome c. Biochim. Biophys.
Acta 14:298-299.

WEBER, M. M., AND G. Rosso. 1963. Role of an
unidentified factor involved in electron trans-
port in Mycobacterium phlei. Proc. Natl. Acad.
Sci. U.S. 50:710-716.


