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Cell suspensions of Campylobacter fetus subsp. intestinalis grown microaero-
philically in complex media consumed oxygen in the presence of formate, succi-
nate, and DL-lactate, and membranes had the corresponding dehydrogenase
activities. The cells and membranes also had ascorbate-N,N,N',N'-tetramethyl-
p-phenylenediamine oxidase activity which was cyanide sensitive. The fumarate
reductase activity in the membranes was inhibited by p-chloromercuriphenylsul-
fonate, and this enzyme was probably responsible for the succinate dehydrogenase
activity. Cytochrome c was predominant in the membranes, and a major propor-

tion of this pigment exhibited a carbon monoxide-binding spectrum. Approxi-
mately 60% of the total membrane cytochrome c, measured with dithionite as the
reductant, was also reduced by ascorbate-N,N,N',N'-tetramethyl-p-phenylene-
diamine. A similar proportion of the membrane cytochrome c was reduced by
succinate under anaerobic conditions, whereas formate reduced more than 90% of
the total cytochrome under these conditions. 2-Heptyl-4-hydroxyquinoline-N-
oxide inhibited reduction of cytochrome c with succinate, and the reduced
spectrum of cytochrome b became evident. The inhibitor delayed reduction of
cytochrome c with formate, but the final level of reduction was unaffected. We
conclude that the respiratory chain includes low- and high-potential forms of
cytochromes c and b; the carbon monoxide-binding form of cytochrome c might
function as a terminal oxidase.

Various subspecies of Campylobacterfetus are
pathogenic to humans and domestic animals;
they have a respiratory type of metabolism, but
as microaerophiles they only grow with oxygen
at low partial pressure (15). C. fetus cannot grow
anaerobically with fumarate or nitrate, whereas
other species, for example, Campylobacter spu-
torum, acquire energy for anaerobic growth by
coupling formate oxidation to the fumarate re-
ductase system (14). The formate-fumarate re-
ductase system has been investigated in detail
in the strict anaerobe Vibrio succinogenes and
involves low- and high-potential forms of cyto-
chrome b (11-13).

Intact cells of C. fetus subsp. jejuni respire
various substrates, and enzymes of the Krebs
cycle have been demonstrated in extracts (6, 15).
Also, cytochromes b and c have been identified
spectroscopically, but the terminal oxidase sys-
tem is unknown (6). Our work concerns respi-
ratory systems in C. fetus subsp. intestinalis and
was prompted by the exceptionally high concen-
tration of cytochrome c found in cells grown
microaerophilically. This paper describes some
of the characteristics of the membrane-associ-
ated cytochromes ofthe organism with attention

t Present address: Food and Drug Administration, Los
Angeles, CA 90015.

to their reduction by substrates under anaerobic
conditions. The ultimate object of the work was
to determine the function of the cytochromes in
electron transfer from substrates to oxygen and
to fumarate.

MATERIALS AND METHODS
Organism and culture conditions. C. fetus subsp.

intestinalis (Barr) was obtained from the culture col-
lection of Virginia Polytechnic Institute and State
University (Anaerobe Laboratory), Blacksburg. Stock
cultures were maintained in tubes offluid thioglycolate
medium (Difco Laboratories, Detroit, Mich.) at 350C
and subcultured every 3 to 4 weeks. Inocula for large-
scale cultures were grown in brucella broth (Difco)
supplemented with 0.025% FeSO4 7H20 and dispensed
in screw-cap tubes (16 by 125 mm) containing 10 ml of
medium. After inoculation with 1 ml of stock culture,
the tubes were incubated for 2 days at 320C with
gentle shaking; 4 ml of this culture was used to inoc-
ulate 400 ml of medium for mass cultures.
Growth and preparation of cell suspensions.

The medium was brucella broth with 10 ,uM FeSO4
(final concentration) added immediately before inoc-
ulation; stock solutions of FeSO4 (0.1 M in 0.1 N
H2SO4) were sterilized by autoclaving. The cultures
were in 500-ml flasks containing 400 ml of medium;
they were incubated aerobically at 32°C for 24 h with
gentle shaking and then with more vigorous aeration
for 18 h on a gyratory shaker at 150 rpm. This regimen
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gave reproducible cultures of actively motile cells; the
optical density at 540 nm was approximately 0.45,
equivalent to 170 ug of cell protein per ml.

Cultures were harvested by centrifuging for 20 min
at 4,000 x g and washed in 0.1 volume of 40mM Tris-
hydrochloride buffer, pH 7.5, saturated with argon.

The cells from 400 ml of culture were finally suspended
in 4 to 5 ml of the same buffer and used immediately
for measurements of respiration or stored at -20°C
for preparation of cell extracts.

Preparation of extracts and cell fractions. Ex-
tracts were prepared by two passages through a
French pressure cell (12,000 lb/in2) with the addition
of DNase and RNase (10 ,tg/ml). The homogenates
were centrifuged for 10 min at 12,000 x g to remove
large debris, and the supernatant was then centrifuged
for 4 h at 70,000 x g. The supernatant from the high-
speed centrifugation was removed and designated as
cytoplasmic fraction. The pellet was rinsed with 40
mM Tris-hydrochloride buffer, pH 7.5, and suspended
in this buffer containing 20% (vol/vol) glycerol (2.5 ml
for material derived from a 400-ml culture). This frac-
tion, designated as membrane, was kept at 0°C under
argon, and enzyme activities were measured within 24
h.
Cytochrome spectra Cytochromes were exam-

ined spectroscopically with an Aminco DW-2a spec-
trophotometer in the split-beam mode with a band
pass of 1 nm. The concentration of total cytochrome
c was calculated from the dithionite-reduced minus
ferricyanide-oxidized spectra (548 to 537 nm), using
17.3 mM-' cm-' (16). Difference spectrum measure-
ments were also made with membranes reduced with
8 mM sodium ascorbate-0.8 mM N,N,N',N'-tet-
ramethyl-p-phenylenediamine (ascorbate-TMPD).
Carbon monoxide spectra were measured with dithio-
nite-reduced preparations in anaerobic cuvettes; the
(dithionite-reduced plus CO) minus (dithionite-re-
duced) spectra were recorded after the attainment of
maximum absorbance, usually within 3 min.
Measurement of oxygen uptake. Oxygen uptake

was measured with a Clark oxygen electrode (Rank
Brothers, Bottisham, Cambridge, England). The re-
action chamber contained cells, equivalent to 1 to 3
mg of protein, in 1 ml of air-saturated 40 mM potas-
sium phosphate buffer, pH 7.5, and 20 mM substrate
(sodium salt). Ascorbate-TMPD oxidase activity was
measured in the presence of 20 mM sodium ascorbate
and 2mM TMPD. The cells showed no oxygen uptake
without substrate, or with ascorbate or TMPD alone.
Activities are expressed as nanomoles of oxygen per
minute per milligram of protein.
Enzyme activities. Fumarate reductase was as-

sayed with reduced methyl viologen as the electron
donor in anaerobic cuvettes in an atmosphere of argon.
Each cuvette contained in a final volume of 2.5 ml:
membranes (approximately 0.3 mg of protein) in 40
mM Tris-hydrochloride buffer (pH 7.5), 0.16 mM
methyl viologen, and 0.8 mM sodium dithionite
(freshly prepared and added after the cuvettes had
been flushed with argon). The reaction was started by
the addition of 4 ,umol of sodium fumarate from the
stopper, and the decline in absorbance at 578 nm was
measured (X 9.7 mM-' cm-'). Succinate and lactate
dehydrogenase activities were measured with phena-

zine methosulfate and 2,6-dichlorophenolindophenol
as the acceptor and 20 mM sodium succinate or DL-
sodium lactate as the substrate (9). The same assay
system with the omission of cyanide was used to assay
formate dehydrogenase. Succinate and formate dehy-
drogenase activities were also assayed with ferricya-
nide as the acceptor, as described by Kroger and
Innerhofer (12). Ferric iron reductase activity was
measured with ferrozine as the trap for ferrous iron
and with formate or succinate as the reductant (3).
Isocitrate dehydrogenase activity was measured with
NADP as acceptor in 40mM Tris-hydrochloride buffer
(pH 7.5) containing 3mM MnCl2. Malate dehydrogen-
ase was assayed with oxaloacetate and NADH. Ascor-
bate-TMPD oxidase activity was assayed in the mem-
branes by measuring oxygen consumption as described
above for whole cells. Enzyme activities are expressed
as nanomoles of product formed or oxygen consumed
per minute per milligram of protein.

Protein determination. Protein was determined
by the modification of the Lowry method with bovine
serum albumin as the standard (4).

Materials. Solutions of 2-heptyl-4-hydroxyquino-
line-N-oxide (HQNO) were in ethanol. This com-
pound, TMPD, and p-chloromercuriphenylsulfonate
were obtained from Sigma Chemical Co., St. Louis,
Mo.

RESULTS
Observations with intact cells. Freshly

harvested cells consumed oxygen with formate,
D- and L-lactate, succinate, and ascorbate-
TMPD (Table 1). Except with formate, respi-
ration was abolished by 0.2 mM KCN. Oxygen
uptake with formate was unaffected by 2 mM
KCN and was only slightly inhibited by 5 mM
KCN. Apparently, reductant derived from for-
mate may not be obligatorily mediated by the
terminal oxidase used with the other hydrogen
donors.
The respiratory activities with succinate and

lactate decayed within 24 h of storage at 0°C in
air or argon, whereas oxygen consumption with

TABLE 1. Respiratory activity offreshly harvested
cells'

Respiratory activity

Substrate Without With 0.2
cyanide iriM cya-

nide

Formate .................... 132 132
DL-Lactate .................. 18 0
L-Lactate ................... 10 0
D-Lactate ................... 19 0
Succinate ................... 11 0
Ascorbate-TMPD .... 78 0

a The reaction vessel contained cells equivalent to
1.5 to 3 mg of protein per ml; cyanide was added after
a linear rate of oxygen consumption was attained (30
to 60 s). The activities are expressed as nanomoles of
oxygen per minute per milligram of protein.
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of freshly har- copy of the dithionite-reduced membranes (Fig.
ninance of cyto- 2A and B). The carbon monoxide difference
ximum at 548 to spectrum of the membranes had maxima at 410,
inus ferricyanide 530, and 561 nm, with troughs at 432 and 548
n was shown in rim. The carbon monoxide-binding form of cy-
TMPD, but the tochrome c was predominant, but the presence
iximately 70% of of minor amounts of other carbon monoxide-

binding pigments could not be excluded.
tions. Crude ex- The cytochrome c in the cytoplasmic fraction
igation into cyto- could not be distinguished spectroscopically
i; approximately from that in the membranes. At least 60% of the
was found in the total was reduced by ascorbate-TMPD but not

by ascorbate alone (Table 2). Also, the cytoplas-
nes by difference mic cytochrome gave a carbon monoxide-bind-
ninance of cyto- ing spectrum similar to that found in the mem-
548 nm), with a branes.
)proximately 558 Enzyme activities in cell fractions. Var-
cytochrome b in ious enzyme activities were assayed in the mem-
gure 1 shows the brane and cytoplasmic fractions (Table 2).
teasured against Ascorbate-TMPD oxidase activity was found
cyanide (trace a) only in the membrane fraction and was com-
d with ascorbate- pletely inhibited by 0.01 mM KCN and by 0.1
spectrum is pre- mM sodium azide. Succinate, formate, and lac-
ial forms of cyto- tate dehydrogenase activities were also found
le by ascorbate- only in the membrane fraction, as were fumarate
membranes, the reductase and ferric iron reductase with formate
ich was reducible or succinate as the reductant. Malate dehydro-
)ximately 60% of genase (NAD) and isocitrate dehydrogenase
spectrum mea- (NADP) activities were located in the cytoplas-
no evidence of mic fraction.

Fumarate reductase and succinate dehy-
drogenase activities. The fumarate reductase
of V. succinogenes is a membrane-associated
flavoprotein which also has succinate dehydro-
genase activity (11-13). The reductase has a
high affinity for fumarate and is associated with
an iron-sulfur protein which is inhibited by p-
chloromercuriphenylsulfonate. Our observations
indicate that membranes of C. fetus have a sim-

t0.02 A ilar enzyme, responsible for the fumarate reduc-
tase and succinate dehydrogenase activities. The
dehydrogenase activity measured with phena-
zine methosulfate and 2,6-dichlorophenolindo-
phenol or with ferricyanide as the electron ac-
ceptor was strongly inhibited by fumarate. In
the presence of 10 mM succinate, 60 and 86%
inhibitions were observed with 1 and 2.5 mM
fumarate, respectively. Succinate dehydrogen-
ase activity with ferricyanide as the acceptor

570 590 was completely inhibited by 0.5 mM p-chloro-
mercuriphenylsulfonate, but no inhibition was

mbranes reduced observed with phenazine methosulfate and 2,6-
de-oxidized mem- dichlorophenolindophenol as the acceptor sys-
te-TMPD-reduced tem. Fumarate reductase activity was also in-
tration was 2 mg/ hibited by the mercurial at the same concentra-

tions. In these various respects, the enzyme ac-

VOL. 144, 1980



920 HARVEY AND LASCELLES

400 410 430 450
wavelength. rn

470 530 550 570
wavelength. nrn

FIG. 2. Carbon monoxide difference spectra of membranes reduced with dithionite (----) and dithionite-
reduced minus air-oxidized membrane difference spectrum (-). The protein concentration was 2 mg/ml.

TABLE 2. Enzyme activities and cytochrome c in
cell fractionsa

Component Cell fraction Protem(U/mg)"
Ascorbate-TMPD oxidase ....... Membrane 473
Fumarate reductase ............ Membrane 627
Formate dehydrogenase ........ Membrane 934
Succinate dehydrogenase ....... Membrane 307
Lactate dehydrogenase ......... Membrane 61
Formate-iron reductase ......... Membrane 6
Succinate-iron reductase ........ Membrane 7
Isocitrate dehydrogenase ........ Cytoplasm 215
Malate dehydrogenase .......... Cytoplasm 18
Cytochrome c, total ............ Membrane 3.2

Cytoplasm 1.9
Cytochrome c, ascorbate-TMPD

reducible .................... Membrane 1.9
Cytoplasm 1.3

a Assays were done as described in the text, and the values
are the average of at least three determinations on prepara-
tions from different batches of cells.

b Units of enzyme activity are expressed as nanomoles per
minute; units of cytochrome are expressed as nanomoles.

tivities in C. fetus resembled those in V. succin-
ogenes.
Reduction of membrane cytochromes by

substrates. The reduction of membrane cyto-
chromes by formate and by succinate was deter-
mined under anaerobic conditions by difference
spectroscopy with air-oxidized membranes as
the reference. With freshly prepared mem-
branes, the reduced cytochrome spectrum was
evident within 1 min of the addition of substrate
and had reached maximum levels within 5 min.
More than 90% of the total cytochrome c was
reduced with formate as the electron donor,
whereas approximately 60% of the total was
reduced with succinate (data not shown). The

reduction level attained with succinate was sim-
ilar to that attained with ascorbate-TMPD.
The observations with substrate-reduced cy-

tochromes together with those described above
with the chemical reductant (Fig. 1) suggested
that the membranes contained two forms of
cytochrome c. One form, designated as high
potential, is accessible to the reductant derived
from formate and from succinate, whereas the
second form is reduced only by formate. Exper-
iments with HQNO supported the notion of
multiple cytochromes. With succinate as the
reductant, the development of the cytochrome
c maximum at 548 nm was greatly diminished
by HQNO, and the absorbance maximum of
reduced cytochrome b at 558 nm became evident
(Fig. 3A). With formate as the reductant, the
final level of reduced cytochrome c was not
affected by HQNO (Fig. 3B). However, the at-
tainment of the final level was delayed for sev-
eral minutes, and during this period the absorb-
ance maximum of cytochrome b at 558 nm was
observed (data not shown).

DISCUSSION
In Fig. 4, a scheme of electron transfer in

membranes of C. fetus subsp. intestinalis under
anaerobic conditions is outlined. We suggest that
the membranes have low- and high-potential
forms of cytochrome c, and possibly two forms
of cytochrome b, which are reducible with for-
mate as the electron donor. Succinate is able to
reduce the high-potential forms of cytochromes
b and c, and ascorbate-TMPD can also reduce
the latter. Reduction of cytochrome c by succi-
nate was prevented by HQNO, and the spectro-
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FIG. 3. Effect of HQNO on reduction of membrane cytochromes by succinate (A) and by formate (B).
Substrates were added in anaerobic cuvettes under argon, and measurements were made against air-oxidized
membranes. HQNO (final concentration, 40 WM) was added 1 min before the substrate, and the spectra were
recorded when no further increase in absorbance was observed, ( ) Control without HQNO; (----) control
with HQNO. The protein concentration was 2 mg/ml.

Succinate Ascorbate-TMPD

Formate L P cyt k HP cyt b HP cyt c

HQNO

LP cyt c

FIG. 4. Scheme for electron transfer in membranes
of C. fetus subsp. intestinalis. LP, Low-potential form
of cytochrome c; HP, High potential form of cyto-
chrome c. cyt b and cyt c, Cytochromes b and c,
respectively.

scopic observations indicated that electron
transfer from reduced cytochrome b was in-
hibited. Reduction ofcytochrome c with formate
as the electron donor occurred in the presence
of HQNO, indicating that the reductant from
this substrate can bypass the form of cyto-
chrome b involved with succinate as the reduc-
tant. Electron transfer from formate may involve
low-potential forms of cytochromes b and c (Fig.
4), but the observations would also be consistent
with a bypass involving cytochrome c only.
The membranes had high formate dehydro-

genase and fumarate reductase activities, raising
the question of why C. fetus fails to grow anaer-
obically in media supplemented with formate
and fumarate. Growth of other species of Cam-
pylobacter occurs under such conditions, al-

though at a slower rate and with a lower growth
yield than with oxygen present (14, 15). Possibly,
oxygen may be concerned in the biosynthesis of
an essential metabolite which is unavailable to
the organism even in a rich medium. Heme is
one such possibility; in some bacteria and in
mitochondria, the oxidation of coproporphyri-
nogen III to protoporphyrin occurs only in the
presence of oxygen (7). Another possibility is
that oxidation of cytochrome c by a terminal
oxidase has an essential role in energy conser-
vation in the organism.
The ascorbate-TMPD oxidase activity in the

membranes and in whole cells of C. fetus was

sensitive to low concentrations of cyanide and to
azide and thus resembled that found in aerobes
such as Azotobacter spp. (8). In addition, the
microaerophile may also have a cyanide-insen-
sitive terminal oxidase, since formate oxidation
by intact cells was not inhibited by cyanide at
concentrations which completely abolished res-

piration with other substrates (Table 1). How-
ever, the presence of an alternative oxidase
needs to be established by more detailed kinetic
studies of oxygen utilization. The CO-binding
form of cytochrome c may serve as a terminal
oxidase. This pigment was observed in the mem-
branes and in the cytoplasm and apparently
comprised a major proportion of the total. Sol-
uble forms of CO-binding cytochrome c have

B
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been found in many bacteria (19). In Beneckea
natriegens, the cytochrome is located in the
periplasm and is the major CO-binding pigment
detectable; the high redox potential (Eo' plus 320
mV) is consistent with a terminal oxidase func-
tion (10, 17). Methylotrophic species of Pseu-
domonas and Hyphomicrobium also contain
CO-binding forms of cytochrome c which me-
diate in electron transfer from methanol dehy-
drogenase to a cytochrome a-a3 terminal oxidase
(1, 5, 18). The apparent abundance of the pig-
ment in C. fetus subsp. intestinalis warrants a
detailed study of its function. In C. sputorum,
CO-binding cytochromes have been reported,
but whether the pigment was of the b or c type
could not be determined from the spectroscopic
data (14). (This pigment has now been identified
as cytochrome c [H. G. D. Niekus, E. Van Doom,
W. De Vries, and A. H. Stouthamer, J. Gen.
Microbiol. 118:419-428, 1980.])
Our work does not clarify the reasons for

oxygen toxicity in Campylobacter spp. Evi-
dently, in an atmosphere of air at a low cell
density, the terminal oxidase(s) is insufficient to
maintain the concentration of dissolved oxygen
below the inhibitory level. Possible loci of oxy-
gen damage might be iron-sulfur proteins which
participate in electron transfer reactions at low
redox potentials and which are readily auto-ox-
idizable (20). One such protein might be that
associated with fumarate reductase which is sen-
sitive to p-chloromercuriphenylsulfonate. The
auto-oxidation of iron-sulfur proteins could give
rise to radicals such as peroxides or superoxide
anions, which are likely to contribute to the
complexities of oxygen toxicity (2, 15). The ob-
servation that iron salts and certain ferric iron
chelates improve the tolerance of C. fetus to
oxygen (2) might possibly be attributable to
interactions with iron-sulfur centers, and in this
context further investigation of the iron reduc-
tase system in the membranes could provide
some insight.
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