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SUMMARY

The effect of the inhibitor z2-heptyl-4-hydroxyquinoline N-oxide on the reduction
by foriaate of fumarate, O, and cytochromes was studied in extracts of Vibrio
succinogenes. The inhibitor causes go % inhibition of the couple between formate
and fumarate but less than 10 9%, inhibition of the formic dehydrogenase or fumarate
reductase activity. Spectrophotometric studies showed that 2-heptyl-4-hydroxy-
quinoline N-oxide causes an appreciable delay in the reduction of both cytochromes
b and ¢ by formate. No effect of the inhibitor on the oxidation of reduced cytochrome &
by fumarate could be detected. With succinate as substrate, the inhibitor causes a
delay in the reduction of cytochrome ¢ but no delay in the reduction of cytochrome b
was detected. The effect of other inhibitory agents on the reduction of fumarate by
formate and H, was also studied.

Oxygen consumption with formate as substrate is not inhibited by z-heptyl-4-
hydroxyquinoline N-oxide, but a marked increase in H,0, formation occurs in the
presence of this inhibitor. The formate peroxidase system of this extract is partially
inhibited by 2-heptyl-4-hydroxyquinoline N-oxide.

The implications of these findings with regard to the role of cytochrome b as
an electron carrier between the formic dehydrogenase and the fumarate reductase,
and the role of the cytochromes in the oxidation of formate by O, are discussed.
It is suggested that the presence of the H,O,-producing formate oxidase system
and the formate peroxidase system explains the microaerophilic nature of this
organism when grown with O, as an electron acceptor.

INTRODUCTION

In the preceding paper!, enzyme systems which couple the oxidation of either H,
or formate to the reduction of fumarate were demonstrated in extracts of Vibrio
succinogenes. Data were also presented which were consistent with the hypothesis
that the cytochrome b of this vibrio is an intermediate electron carrier in these

Abbreviation: QO, 2-heptyl-4-hydroxyquinoline N-oxide.
* Present address: American Meat Institute Foundation, Chicago, 1. {U.S.A.).
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coupled systems since this cytochrome is reduced by H, or formate and is oxidized
by fumarate.

This present paper, through the use of the inhibitor QO, presents further evidence
for the role of the cytochrome b of the vibrio. This evidence is based on the observation
that this inhibitor inhibits both the reduction of the cytochromes and fumarate by
formate. The ability of certain other inhibitory treatments to inhibit the couple
between formate and fumarate is also described.

The inhibitory action of QO has also been used to characterize the mechanism
of formate oxidation with O, as an electron acceptor. The results suggest that an
unusual mechanism for O, consumption, which includes a formate oxidase system
which forms H,0, and a peroxidase systemx which destroys H,O,, exists in this
organism. Evidence regarding the role of the cytochromes in O, consumption is also
presented. Finally, an hypothesis is presented which suggests that it is the existence
of this unusual mechanism for O, consumption which explains the microaerophilic
type of growth which this organism manifests with O, as an electron acceptor.
Experimental data are presented to support this latter hypothesis.

MATERIALS AND METHODS

QO was kindly supplied by Dr. j. W. LicaTBOWN. It was dissolved in 0.01 N KOH.
When it was necessary to compare results with and without this inhititor, an equal
volume of 0.01 N KOH was added to the reaction mixture without inhibitor. H,0,
was determined as described in the preceding paper!.

Spectrophotometric studies of cytochrome reduction were conducted as pre-
viously described! in anaerobic cuvettes with a Cary automatic recording spectro-
photometer. It was possible to record the spectrum between 600 and 500 my within
Imin from the time of addition of substrate. Following this recording, the instrument
was reset at 600 my and another spectrum was recorded. This procedure was repeated
in order to follow the extent of cytochrome reduction at various time intervais after
substrate addition. .

Cell-free extracts of V. succirogesnics were prepared as described in the preceding
paper! from cells grown on formate and fumarate, and stored under H, at 0° until
used. Acetone-dried cells were prepared according to the method of Gu~nsaLus2 In
order to prepare cell-free extracts of these acetone-dried cells, 50 mg of cells were
suspended in 5 ml of 0.03 M K ,HPO, (pH 7.1) containing 0.5 mg B-mercaptoethanol.
The suspension was sonicated for 15 min and centrifuged at 4300 < g for zo min to
remove large debris.

Cell-free extracts of Clostridium pasteurianum were used as the source of hydro-
genase. Cells were prepared as described by WiLsox et al.? and disrupted by sonic
oscillation for 45 min. The extract was centrifuged at 14000 ¥ g for 10 min to remove
remaining whole cells and large debris,

RESULTS

Inhibition of the couple between formate and fumarate by QO

Table I shows that QO has little effect on formic dehydrogenase activity,
measured with methylene blue or benzyl viologen, whereas the reaction between
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the formic dehydrogenase and the fumarate reductase is aimost completely inhibited.
Although inhibition of formic dehydrogenase activity was always less than 10 % in
extracts assayed within 2 or 3 days after preparation, occasionally a more marked
inhibition (20-40 %) of the formic dehydrogenase activity was observed in extracts
which had been aged for several days.

The ability of QO to inhibit the fumarate reductase activity of the extracts was
next investigated. The fumarate reductase was assayed by a modification of the
method of PEcK ef al.* which measures the uptake of H; in the presence of fumarate,
C. pasteurianum hydrogenase and benzyl viologen. Since the vibrio extract itself is
capable of reducing fumarate with H,, and since this reaction is inhibited by QO, it
was necessary to use very small amounts of vibrio extract in the presence of excess
C. pasteurianum hydrogenase. Under these conditions, approx. go % of the rate of
hydrogen uptake was dependent upon the presence of C. pasteurianum extract and
benzyl viologen. The results shown in Table IT demonstrate that QO causes consider-
ably less than 12 % inhibition of the fumarate reductase, especially since about 10 %
of the measured H, consumption can be attributed to the activity which was due
to the H,—fumarate couple of the vibrio extract itself and which would be expected

TABLE 1
EFFECT OF QO ON FORMATE OXIDATION WITH VARIOUS ELECTRON ACCEPTORS

The formate oxidation rate is expressed as ul CO, evolved/min/mg protein at 37° with N, as gas

phase calculated from CO, evolved between 5 and 1o min after addition of electron acceptor.

Warburg cups contained 111 mM K,HPO,; {pH 6.2), 0.15 mg f-mercaptoethanol, either 0.1 ml

of .01 N NaOH or 3.2 ug of QO and H,O to 3.15 ml. 10 gamoles of sodium formate and the electron

acceptor were added from the sidearm to start the reaction. 20 ymoles of methylene blue,
20 umoles of sodium fumarate or 40 gmoles of benzyl viologen were added.

Electron acczptor
Methylene blue Fumarate Benzyl viologen
— Qo + Qo — Qo + Qo —gQo +Qo
Formate oxidation rate 2.90 2.70 I.50 0.08 1.54 I.54
Inhibition by QO (%) _— 7 —_ 95 —_— o

TABLE 1I
EFFECT OF QO ON FUMARATE REDUCTASE

The rate of fumarate reduction is expressed as pul H, uptake/min/mg protein at 37° with H, as

gas phase. Warburg-cup contents as in Table I except that 5 gmoles of benzyl viologen and 3.2 ug

of QO were added. 0.5 ml of C. pasteurianum extract and 50 pg of V. succisiogeiies extract protein

were used. Fumarate was present in the sidearm and was tipped after 30 mi. equilibration to
start reaction. '

. Rate of fumarate
Additions mifu{!ion

V. succinogenes and C. pastewrianum extracts, benzyl viologen 32.8

V. succinogenes and C. pasteurianum extracts, benzyl viologen, QO 28.2

V. succinogenes and C. pasleurianum extract 3.9

V. succinogenes extract, benzyl viologen 1.9

V. succinogenes extract 2.3
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to be inhibited. From the results presented in Tables I and II, it can be concluded
that QO causes little inhibition of formic dehydrogenase or fumarate reductase but
causes marked inhibition of some intermediate site coupling the two enzymes.

Inhibition of cytochrome reduction and oxidation by QO

In order to examine the relationship of the cytochromes of the vibrio to the
inhibited site, we investigated the ability of QO to inhibit the reactions of the cyto-
chromes. These studies were conducted within 2 or 3 days from the time the extracts
were prepared.

Fig. rshows a typical recording of several time intervals following reduction with
formate. After 25 min, the extent of reduction of both cytochromes & and ¢ with
formate is about 809 cf that which can be obtained by addition of hydrosulfite.
It will also be noted that cytochrome b approaches 80 %, reduction more slowly than
cytochrome ¢. 1 ug per ml of QO causes a definite delay in the appearance of both
the cytochrome & and ¢ peaks. This marked inhibition of cytochrome reduction cannot
be due to inhibition of the formic dehydrogenase since it has been shown that the
dehydrogenase is inhibited less than xo %, by similar concentrations of QO.

Fig. 2 illustrates the oxidation of the reduced cytochromes by fumarate in the
presence and absence of QO. There is no doubt that fumarate causes the oxidation
of reduced cytochrome b, since only the peak due to cytochrome ¢ remains after the
addition of fumarate. Due to the overlapping of the i and ¢ peaks, it is difficult to
estimate if any of the cytochrome ¢ has been oxidized by fumarate. Since QO, at
a concentration three times greater than that used in the experiment of Fig. 1 has
no visible effect on cytochrome oxidation, it can be concluded that inhibition by
QO of cytochrome & oxidation by fumarate was not detected by this method. It is
of interest to note that in Escherichia coli no effect of this inhibitor on the reduction
of cytochrome b, by formate was detected, although the oxidation of reduced cyto-
chrome b, by NO,~ was inhibiteds.

Fig. 3 shows a typical recording at varinus time intervals following addition of
succinate. On comparing this reduction with the total reduction obtained with hydro-
sulfite, it would appear that a little more than 1/2 of the cytochrome c is reduced by
succinate and about 1/3 of the cytochrome & is reduced. The effect of QO on the course
of cytochrome reduction by succinate is also illustrated. Although the reduction of
cytochrome b is again only partial, no obvious difference in the extent or rate of
reduction of cytchrome » can be detected whether or not the inhibitor is present.
On the other band, the inhibition of cytochrome ¢ reduction is obvious, The technique
used has the disadvantage that the rate of cytochrome reduction cannot be followed
since the cytochrome, in the absence of inhibitor, is usually more than 50 % reduced
before the first spectrum can be taken. Therefore, these data should only be interpreted
to indicate that the inhibition by QO of cytochrome b reduction by succinate cannot
be detected under conditions where QO inhibition of both cytochrome b and ¢ re-
duction by formate and of cytochrome ¢ reduction by succinate can be readily detected.
This criticism also applies to the experiment illustrated in Fig. 2 where no inhibition
of cytochrome b oxidation by fumarate was detected. If QO is used at a concentration g
times higher than shown in Fig. 3, there is still no detectable inhibiiion of cytochrome &
reduction by succinate.

It was necessary to evaluate the effect of QO on the succinic dehydrogenase itself.
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Nitroblue tetrazolium was used to assay succinic dehydrogenase activity since it
is one of the few electron acceptors which is reduced by succinate with these extracts?.
The succinic dehydrogenase was not found to be inhibited by QO since there was no
inhibition of nitroblue tetrazolium reduction by succinate in the presence of QO.

NO_Gw WiTH GO
o} ! MIN 1TMIN{O.
2
0.0fF— = =00
ot 4 MIN amn{ Q1
> __/\\ 5
o
. . . 0.0
E 8? 11 MIN 1iMIN {O.1 5
© ]
x \/\_\ 1
2 SSF 26 MIN eMiN]oT @
Q.0 > > [aXe]
[0 o 40.1
Ne,S;0, NayS,0,
1 1
0.0 550 575 550 579‘0

WAVELENGTH, my

Fig.1. Reduction of cytochromes by formate.
Anacrobic cuvettes (prepared as in MATERIALS
AND METHODS) contained 110 mM K,HPO,
(pH 6.2), 0.15 mg f-mercaptoethanol, 20 mg
extract protein and H,O to 3.15 ml total
volume. The inhibited series contained 3.3 ug
of QO. 10 gumoles of formate were added from
sidearm. The time intervals indicate the time
clapsed from addition of substrate to com-
pletion of spectrum. The lines were traced
directly from the recorded spectrum. Aerated
reaction mixtures without formate were used

as blanks.
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Fig. 2. Oxidation of reduced cytochromes by
fumarate. Anaerobic cuvettes as in Fig. 1 with
19 mg extract protein. 2 umoles of formate
were in the siderarm. After evacuation, the
formate was tipped in order to reduce the
cytochromes. The sidearms were replaced with
new sidearms, containing either o.r ml of
0.01 N NaOH or o.r ml of a solution of QO
{100 ug/ml), with a minimum of aeration. The
cuvettes were again evacuated and the side-
arms tipped. The sidearms were then replaced
with sidearms containing o.1 ml of o.z M
fumarate and again evacuated. The spectra
shown at the top of the figure were recorded
before the addition of fumarate.

Fig. 3. Reduction of cytochromes by succinate.

Conditions as in Fig. 1 with 25 mg extra:t

protein and 0.2 ml sf 0.4 M succinate added
to start the reaction.

Effect of iron chelators on the couple between formate and fumarate

In an attempt to reveal the nature of the intermediate site which is inhibited
by QO, other reagents were tested for their ability to inhibit the couple between
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formate and fumarate. Iron-chelating agents were investigated since QO is known
to form a coordination compound when reacted with ferric chloride®, and since
T AsCcELLES AND STILL? reported that the reduction of fumarate by H, in Esckerichia
coli is much more inhibited by o-phenanthroline at a concentration of 2-10-3 M than
is the reduction of methyvlene blue by H,. We therefore tested the ability of an iron
chelator such as a,&’-dipyridyvl to inhibit the couple. We have also tested other iron
chelators such as o-phenanthroline and tiron (disodium-r1,2-dihydroxybenzene-3,5-
disulfonate monchydrate} on the formic dehvdrogenase and on the formate— fumarate
couple. The results were essentially the same as they were with «,a’-dipyridyl.
Table III compares the inhibition pattems of QO and «,«’-dipyridyl.

TABLE 111

INHIBITION OF FORMATE OXIDATION BY (00 AND 2,4 -DIPYRIDYL

Inhibitor

Electron acceptor Inkibitor concentration Inhibition®
(M) o)
Methylene blue Q0 4-io™" 7
Fumarate QO 4-107¢ a5
Methylere blue 2,2 dipyridyl®* r.1-1073 20-30
Fumarate a,0-dipyridvl™” r.1-107% 40

* Gas evolution measured as in Table I.
** a,a’-Dipyridyl was dissolved in 1.259, ecthanol. An equal amount of 1.25%, ethanol was
added to the cups without x,2’-dipyridyl.

The results demonstrate that «,o’-dipyridyl does not exhibit the same pattern
of inhibition that QO does. QO is a relatively specific inhibitor of the formate—
fumarate couple and a relatively poor inhibitor of the formic dehydrogenase at the
concentrations used. On the other hand, when compared with QO, the ordinary
iron-chelating agent is a much poorer inhibitor of the couple. In fact, it is difficult
to decide whether or not the ordinary iron-chelating agent has any specific effect
on the couple since the per cent inhibition with fumarate as acceptor is not a great
deal higher than the per cent inhibition with methylene blue. FeSO, (10-* M} does
not reverse the inhibition of the couple by QO, while it does cause some reversal of
the inhibition of the formic dehvdrogenase by QO and of both the formic delydro-
genase and the couple by «,a’-dipyridyl. Preincubation of enzyme with formate under
N, prior to the addition of QO does not relieve the inhibition of the couple by QO,
although it does prevent the small amount of inhibition of the formic dehydrogenase
caused by QO. The inhibition of the formic dehydrogenase of E. colZ by iron-chelating
zgents has been discussed by PECK AND GESTS.

Effect of QO on the couple between H, and fuiurate

In order to determine whether or not the QQ-inhibited site which coupled
formate to furmarate is similar to the one coupling H, to fumarate, the effect of QO
on the reaction between H, and fumarate was studied. This reaction can be studied
with much lower enzyme concentrations because the hydrogenase and the fumarate
reductase are in much higher concentration in extracts than the formic dehydrogenase.
QO at 1.2-10~3 M caused no inhibition of the hydrogenase as measured by methylene
blue reduction. At the same concentration, it caused 87 % inhibition of fumarate
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reduction by H,. These experiments were conducted under approximately the same
conditions as shown in TableI of the preceding paper!. 1 ug per ml of Antimycin A
or 1 pmole per ml of amytal did not inhibit the reduction of fumarate by hydrogen.

We have also investigated one other procedure which will preferentially uncouple
the hydrogenase from the fumarate reductase. If the cells are first made into an
acetone-powder (cells dried in cold acetone and ether) before being disrupted by
sonic oscillation, the cell-free extracts are unable to couple the hydrogenase to the
fumarate reductase. Methylene blue can still be reduced by H,, and the couple can
be restored with catalytic quantities of benzyl viologen. Neither the hydrogenase nor
the fumarate reductase is markedly inactivated in these extracts. It would appear
that the solvent treatment has preferentially inactivated some intermediate site(s)
necessary for the couple between the two enzymes.

Effect of QO on the formete oxidase system

It was shown that these extracts oxidized formate with O, (see ref. 1). In order
to examine the role of the cytochromes in this reaction, the ability of QO to inhibit
this formate oxidase system was tested. The results are shown in Fig. 4. It wiil be
noted that QO has little or no ability to inhibit the initial rate of O, consumption,
but QO does cause a more rapid decline in the rate of O, uptake. This decline in the
rate of O, consumption suggested the possibility that QO caused a more rapid accumu-
lation of an inhibitory end product such as H,O,. When the Warburg-cup contents
were assayed for H,0, it was found that in the absence of QO, about 0.5 pmole of
H,0, was formed during the consumption of 8.4 umoles of O, whereas in the presence
of QO about 3.3 pmoles of H,0, were formed during the consumption of 6.0 umoles
of O,. These values for the amount of H,0, are probably slightly low due to the
presence of reducing substances, such as S-mercaptoethanol, in the enzyme prep-
aration which could react with H,0,. There was also some variation in the ratio
of H,0, formed to O, consumed depending upon the batch of extract which was used.

The fact that more H,O, accumulated in the presence of QO suggested that
QO was at least partially inhibiting a reaction which could dispose of the H,0, which
was formed by the formate oxidase system. The obvious mechanism for H,0O, disposal
in this catalase-negative organism was the formate peroxidase system which was
described in the preceding paperl. It was found that this formate peroxidase system,
as assayed under the conditions shown in Table III of the preceding paper, was
about 50 % inhibited by 1 ug per ml of QO.

Since these data and the data presented in the previous paper suggested that
an important mechanism for O, consumption in these extracts involved a combination
of a formate oxidase system which formed H,O, and a formate peroxidase system
which destroyed H,0,, the possibility was corsidered that this unusual mechanism
for O, consumption explained the observation that this organism exhibits a micro-
aerophilic type of growth when grown with O, as an electron acceptor. Previous
studies have shown that this organism will utilize O, as an electron acceptor for
growth only if the O, concentration is below 4 %.

From the observation that H,O, is formed even in the absence of QO under the
conditions shown in Fig. 4, it was concluded that the peroxidase was not active
enough under those conditions to destroy all of the H,O, formed by the oxidase
system. If conditions could somehow be altered to reduce the activity of the oxidase,
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but not the peroxidase, the result should be that less H,0, should be produced per
mole of O, consumed. The most obvious method for achieving this result would be
to lower the O, concentration of the atmosphere.

———
e ®
175 = \\
/ UNINHIBITED\-Q-

Fig. 4. Effect of QO on O, uptake in 150
cell-free extracts. Each cup contained !
1o mM K,HPO, (pH 6. 2\ 11 mg extract / 1
protein, 0.15 ml of 209 }\OH in the :

N
n
o
.

\

center well, H,O to 3.0 ml total volume o
and 3 ug QO where indicated. After o S~ i
cquilibration under N, gas for 10 min, © T :
the cups were flushed with air for 8 min £ oo . WITH Q0>
before tipping 15 pmoles of sodium for- W ! / !
mate from the sidearm. A reaction mix- 2 g :
ture without formate was used as an / !
endogenous blank both for correcting 0, £ 7° s
uptake and H, O, values. After 35 min, / ‘»
aliquots were removed and diluted to ; |
4.0 ml with 59, trichloroacetic acid. Pre- s0} ]
cipitated protein was removed by cen- E
trifugation. The supernatant solutions i
were analyzed for H,0, by the procedure !
in MATERIALS AND METHODs. Standard 25 4 :
curves for H,0, were determined with the
same procedure using 30 %; H,0, (Fischer
Certified Reagent) as a standard o . . . .
S 10 15 20 25 30
MINUTES
2100 % O,
s 1 AR
0o T 4% %
2"5:_"3"'" Fig. 5. Formate oxidase activity by whole
80 cells at various O, concentrations. Cup con-
tents as in Fig. 4 with o.1 m! of a washed cell
suspension containing 0.31 mg cells (dry
60 |- / weight). The cup used to measure endo-
genous gas uptake and the cup under air
% ‘f;;'. w were allowed to equilibrate in air. The cups
el under 100% O, and 209, air-809%, N, were
a0}~ . e equilibrated for 2o min befores tipping 15 p-
/ /" moles formate from the sidearm. After
/ /-/ 165 min, the cup contents were analyzed for
20 ngz. msw H,0, as in Fig. 4. The endogenous cup was
. . . used as blank for calculation of O, con-
T ' sumption and H,0, production. The total
o 1 : i ! i pmoles of O, consumed and H,0, formed per
20 a0 €0 80 100 cup are shown on the figure.
MINUTES

Fig. 5 illustrates an experiment in which O, consumption and H,O, production
with formate as substrate were measured under atmospheres of varying O, concen-
tration. This experiment was conducted with dilute suspensions of whole cells in
order to duplicate as closely as possible the conditions under which this organism
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grows, The results show that as the O, concentration of the atmos})hére is increased,
the ratio of H,0O, produced to O, consumed also increases. This increased amount

of H,0, is probably responsible for the more rapid decline in the rate of O, con-
sumption at higher O, concentrations.

DISCUSSION

The fact that QO inhibits both the reduction of cytochrome & by formate and the
reduction of fumarate by formate, lends further support to the suggestion that cyto-
chrome b functions as a quantitatively important electron carrier between the formic
dehydrogenase and the fumarate reductase in this ciganism.

It should be emphasized that the results obtained with this inhibitor do not
prove that cytochrome b is a required intemmeediate in this reaction since they only
establish that the inhibited site is necessary for both cytechrome 4 and fumarate
reduction by formate. Nevertheless, for purpoeses of discuassion we have constructed

mB, BV

FORMIC
DEHYDROGENASE )@W c
X \
oo; )
INHIBITION CYTODHROME p === _ SUCCINIC

DEHYDROGENASE
Fig. 6. Path of electrons from formate or hydrogen to cytochromes and fumarate.

an electron transport scheme (Fig. 6) which suggests a possible pathway of electron
flow which is consistent with the data presemted. Im this scheme, X represents the
site which QO inhibits. The scheme shows that, with formate as substrate, QO would
inhibit the reduction of cytochrome b, of cytochrome ¢, and of fumarate. With succi-
nate as substrate, QO would inhibit the reduction of cytochrome c, but not the re-
duction of cytochrome b. It is of interest to point ocat that, with the exception of
formic dehydrogenase, the scheme resembles that which has been postulated for
mammalian mitochondria. Both LicGHTBOWN AXD Jacksox® and CHANCE!? have shown
in mammalian mitochondria, with suocinate as sabstrate, the reduction of cyto-
chrome ¢ but not of cytochrome b5 is inhibited by QO. The scheme presented must
only be regarded as a tentative one sinoe several facts have not been experimentally
established which would be required before the scheme could be accepted in its
entirety. For instance, although we were unable to detect any inhibition of the re-
duction and oxidation of cytochrome % by succirate and fumarate by the methods
available, these reactiona should be followed kimetically in order to insure that QO
does not inhibit them to any degree. Also, the scheme assaumes without any experi-
mental verification that the dehydrogemases and the cytochromes are all inter-
connected and that only one site of action of QO exists in this organism.

The fact that QO is an effective inhibitor for both the couple between formate
and fumarate and the couple between H, and fummmarate suggests that the pathway
of electron transport between formate and fusmarate is similar to the pathwa: ! .een
H, and fumarate. The inability of Antimvcin A to substitute for QO as an inhibitor
is similar to effects observed with other sicrobial systems?!.
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The implications of the effect of QO on the enzyvme systems respcnsible for
oxidation of formate by O, will now be discussed. The results which have been pre-
sented indicate that in extracts QO does not inhibit O, uptake with formate but
that QO does cause an increase in H,0, production. It has also been shown that QO
causes a partial inhibition of the formate peroxidase system. The most obvious
interpretation of these data is that a mechanism which involves a combination of
Eqns. 1 and 2 is a quantitatively important mechanism for the oxidation of formate
by O, ’

HCOOH -+ O, - CO, + H,0, (1)

HCOOH + H,0, — CO, + :H,0 (2)

This interpretation is based on the fact that the formate peroxidase system in
the extracts is inhibited by QO and on the observation that an increased amount
of H,0, is formed during O, consumption in the presence of QO. The existence of
another formate oxidase system which does not form H,0, and which is not inhibited
by QO cannot be ruled out. However, the fact that at least 3.3 pmoles of H,0, were
formed during the uptake of 6.0 umoles of O, in the presence of QO suggests that
the mechanism illustrated by Eqns. 1 and 2 is responsible for at least half of the total
O, consumption.

The fact that OO does not inhibit the initial rate of O, consumption on formate
indicates that neither cyvtochrome & nor cytochrome ¢ participates in the formate
oxidase system because QO inhibits the reduction of cytochrome b and cytochrome ¢
by formate. Since this formate oxidase system does not involve cytochromes, and
since it forms appreciable amounts of H,0,, it may be similar to the one proposed
by HaUuGE!? to be operative in Aspergillus niger.

Ha02
- .
/ S

FORMATE e 0
~. -~

‘-\ CYTOCHROME (b or ¢)
=4

e

¥ig. 7. Pathway for oxygen utilization.

Although the formate oxidase system apparently does not involve cytochrome b
or ¢, the formate peroxidase system may involve cytochromes & or ¢ since this system
is partially inhibited by QO. A possible scheme of electron transport during formate
oxidation by O, is shown in Fig. 7. In this scheme, X is the site which is inhibited
by QO. The mechanism proposed by this scheme would predict that one molecule
of formate would be oxidized by O, without the mediation of cytochromes b or ¢
to yield a molecule of H,0,. A second molecule of formate would reduce cytochromes
b or ¢. The reduced cytochrome could then react with the molecule of H,0, to form
H,O through the mediation of a cytochrome peroxidase. A cytochrome peroxidase
system has been demonstrated in P. fluorescens {see ref. 13). The fact that QO inhibits
the formate peroxidase should not be interpreted as final proof that the cytochromes
are involved in this system for the same reasons which have already been discussed
with regard to the role of cytochromes in fumarate reduction.
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It seems reasonable to conclude that this unusual oxidase--peroxidase system
is responsible for the restricted use of O, as an electron acceptor for growth at low
partial pressures of O,. The amount of the toxic product, H,0,, which accumulates
during the oxidation of formate is dependent upon the ratio of the velocities nf
Eqns. 1 and 2. The experiment illustrated in Fig. 5 demonstrates that an increase
in O, concentration results in increased H,O, production presumably because the
velocity of Eqn. 1 is increased without a corresponding increase in the velocity of
Eqn. 2. Growth of the vibrio woald, therefore, be inhibited at higher Q, concentrations
due to the accumulation of toxic H,0,. Since this experiment was conducted with
a dilute suspension of whole cells, it is felt that the result can be used to explain the
extreme sensitivity to O, which this organism exhibits during growth.

ACKNOWLEDGEMENT

This investigation was supported in part by the National Institute of Allergv and
Infectious Diseases, U.S. Public Health Grant E-2363.

REFERENCES

! N. J. Jacoss anDp M. J. WoLIx, Biochim. Biophvs. Acta, 69 (1963) 63.

2 1. C. GunsaLus, in S, P. Corowick AND N. O. KapLaN, Methods in Enzvmology, Vol. 1, Academic
Press, Inc., New York, 1957, p. 571.

3 ). WiLson, L. O. KrampTiz AND C. H. WERKMAN Biochem. J., 42 (1948) 598.

* H. D. PecK, Jr., O. H. Smith aNp H. GEsT, Biochim. Biophys. Acta, 25 (1957) 14z.

S E. Itacarl, T. Fuyita anp R. SaTo, Biochim. Biophys. Acta, 51 (1961) 390.

¢ J. W. CorNFORTH AND A. T. JaMmEs, Biochem. J., 63 (1056) 124.

7 1. Lascrrres anp } L. Sticn, Proc. Linnean Sve. N.S. Wales, 72 (1547) 49.

8 H. D. Prck, Jr. axp H. Gesrt, J. Bacteriol, 73 (1957) 706.

° J. W. LicutBowN axD F. L. Jackson, Biochem. J., 63 (1956) 130,

10 B, CHANCE, [. Biol. Chem., 233 (1958) 1223.

11 L.. SMmITH, Bacteriol. Rev., 18 (1$54) 106.

12 1. G. HAuGE, Biochim. Biophys. Acta, 25 {1957) 148.

13 H. M. LENHOFF AND N. O. Karran, J. Biol. Chem., 220 (1956) 967.

Biochin:. Biophys. Acta, 69 (1963) 29-39



