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Particles from both Saprospira grandis and Vitreoscilla species, obtained by high-
pressure extrusion and sonic treatment, respectively, actively catalyze the oxidation
of reduced nicotinamide adenine dinucleotide (NADH) and succinate with O,.
These activities are inhibited by cyanide but not by antimycin; Saprospira is also
amytal- and rotenone-insensitive. Vitreoscilla preparations were unable to oxidize
mammalian ferrocytochrome ¢ and reduced tetramethyl-p-phenylenediamine,
whereas the Saprospira preparations did so actively. Low-temperature (77 K) differ-
ence spectroscopy of Vitreoscilla cells and particles indicates the presence of three
maxima in the cytochrome alpha-region at 554, 558, and 562 nm. All three cyto-
chromes are active in NADH and succinate oxidation, but none is ascorbate reduc-
ible. Cytochrome o is the only CO-binding pigment present and is probably the
terminal oxidase; it has properties similar to the cytochrome o isolated in solubi-
lized form from this organism. Saprospira cells and membranes exhibit. four cyto-
chrome absorption bands whose maxima are at 550, 554, 558, and 603 nm at 77 K.
The latter component has not been noted previously. NADH and succinate reduce
all four cytochromes, but ascorbate reduces only the 550- and 603-nm pigments.
CO spectra indicate the presence of cytochrome a,a; which is probably the oxidase.
A second CO-binding pigment is present which is not a peroxidase but may be a cy-

tochrome.

Saprospira grandis and Vitreoscilla species are
both considered to be members of the Flexibac-
teriaceae, a group which shares several properties
with the blue-green algae and is often considered
to be homologous with them (17, 21). Both of
these procaryotes are filamentous, exhibit gliding
motility, and are obligate aerobes (15, 19). In a
survey of respiration in colorless algae, Webster
and Hackett (23) obtained difference spectra of
the cytochromes of three flexibacter species, S.
grandis, Vitreoscilla sp., and Leucothrix mucor.
Carbon monoxide spectra showed that all three
possessed cytochrome o. Our previous report was
a detailed study of the oxidase system of L.
mucor (2). Membrane preparations exhibited
reduced nicotinamide adenine denucleotide
(NADH) and succinate oxidases which were in-
hibited by antimycin, 2-leptyl-4-hydroxyquin-
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oline-N-oxide, and cyanide. The cytochrome
chain was shown to be composed of cytochromes
bsez, Css2s4sy, and bsss which was shown to be
cytochrome o and also the oxidase.

Virtually nothing is known of the carbon me-
tabolism of Vitreoscilla and Saprospira; however,
it has been suggested that S. thermalis does have
an operative Krebs cycle (16). The present report
presents data on the nature of the respiratory
electron transport chain of these two flexibacteria
as derived from measurements of low-tempera-
ture difference spectra and of oxidative activities
and inhibitor interactions. In light of the postu-
lated homology of flexibacters and blue-green
algae, this study may be of additional value in
understanding respiration in the latter organisms.

MATERIALS AND METHODS

Growth of organisms. Both S. grandis (no. 23116)
and Vitreoscilla sp. (no. 13981) were obtained from the
American Type Culture Collection (ATCC).

Vitreoscilla was maintained on slants of the medium
suggested by the ATCC. Cells for study were grown in
10-liter batches in a fermentor (MF 14, New Brunswick
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Scientific Co., New Brunswick, N.J.) at 25 C, stirred at
300 rev/min, and sparged with sterile air at 7.5 liters
per min. Each liter of the medium contained: 4.0 g of
yeast extract, 4.0 g of tryptone, 2.0 g of beef extract,
2.0 g of sodium glycerophosphate, 1.0 ml of HoLe trace
metals solution (2), and 50 uliters of antifoam SAG
5441 (Union Carbide Corp., New York, N.Y.) per liter.

S. grandis was cultured at 30 C in 2-liter flasks con-
taining 500 ml of medium on a rotary shaker (200
rev/min). The growth medium was that of Webster and
Hackett (23) with the exception that artificial sea water
(Triton Marine Salts or Neptune Salts) was used. The
organism was maintained on slants or semisolid plates
of the same medium.

Cells of both organisms were harvested during the
late log phase by centrifugation, washed with deionized
water, and stored as a pellet at — 15 C. For in vivo stud-
ies, freshly harvested cells were resuspended in sterile
growth medium and aerated.

Cell free extracts. Vitreoscilla cells, suspended in 50
mM potassium phosphate (pH 7.0)-0.4 M sucrose, were
broken either by sonic treatment (10 kc) or by grinding
with sand. Membrane fragments were sedimented, after
a preliminary centrifugation at 6,800 x g for 10 min, by
successive centrifugations at 27,000 x g for 10 min and
48,000 x g for 30 min. In each case a gray pellet and a
milky supernatant fluid resulted. The latter was clari-
fied by centrifugation at 144,000 x g for 2 hr, which
gave a pale-yellow supernatant and a pinkish pellet. The
combined 27,000 x g and 48,000 x g pellets were used
in the experiments described.

Cell homogenates of Saprospira, suspended in 50 mm
tris(hydroxymethyl)aminopropane sulfonic acid TAPS
(pH 8.5)-0.4 M sucrose-1 mM ethylenediaminetetraacetic
acid, were prepared by extrusion in a French pressure
cell (20,000 psi). After preliminary centrifugation at
12,000 x g for 10 min., the homogenate was further
fractionated by centrifugation as described for Vitreo-
scilla.

Biochemical assays. NADH oxidase, succinate oxi-
dase, and ascorbate-tetramethyl-p-phenylenediamine
(TMPD) oxidase were measured by using a covered
Clarke oxygen electrode (Yellow Springs Instrument
Co., Yellow Springs, Ohio). The oxidation of both
NADH and ferrocytochrome ¢ as well as succinate
dehydrogenase (EC 1.3.99.1) were measured spectro-
photometrically as previously described (2). Peroxidase
activity was measured by the method of Gregory (10)
with ascorbate as substrate. Any increase in the rate of
absorbance change, at 550 nm upon the addition of 18
uM (final concentration) H;O, to membranes which
were already oxidizing ferrocytochrome ¢, was assumed
to be a measure of cytochrome ¢ peroxidase activity (29).

Equine cytochrome ¢ and NADH were obtained
from the Boehringer Mannheim Corp., New York,
N.Y.; 2,6-dichlorophenol-indophenol, antimycin A,
and rotenone were from Sigma Chemical Co., St.
Louis, Mo.; and TMPD was purchased from Eastman
Organic Chemicals, Rochester, N.Y. Amytal was a gift
from B. Chance of this University.

Protein was assayed by a modified biuret procedure
(13).

Difference spectroscopy. Both room and liquid ni-
trogen (77 K) temperature difference spectra were car-
ried out by using the modernized version of the split-
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beam spectrophotometer which was used in our pre-
vious study (2). The samples for low-temperature
spectra were injected into precooled plexiglass cuvettes
(2-mm light path); the temperature was maintained
close to 77 K in an unsilvered glass Dewar. Pyrex cu-
vettes of 1.0-cm path length were used for room tem-
perature spectra.

The “trapped” steady-state technique was utilized to
assess the role of the cytochromes in the respiration of
these two flexibacters. This technique has been shown
faithfully to represent the room-temperature steady
state (7). Particles in isolation medium or whole cells in
growth medium were kept aerobic before use by bub-
bling with air; anaerobiosis was attained by incubation
for several minutes under a layer of mineral oil.

Carbon monoxide spectra were obtained by bubbling
CO gas into a dithionite-reduced sample for a few min-
utes. When respiratory substrate was used as reductant,
the reference sample was bubbled with nitrogen.

All spectra shown are uncorrected for the baseline
which was flat from 650 to 500 nm; however, it curved
upwards below 500 nm.

RESULTS

Oxidative activities. NADH oxidation cata-
lyzed by particles from Vitreoscilla had a pH op-
timum of 7.0. When measured immediately after
the addition of the preparation to buffers of var-
ious pH values, S. grandis particles exhibited a
very high pH optimum (9.5) for the same ac-
tivity. Incubation of these particles for 30 min at
room or ice temperatures before assaying caused
the optimal pH to drop to 8.5. NADH oxidase
rates were very much lower when the assays were
run in tris(hydroxymethyl)aminomethane buffer.
Subsequent work with Saprospira preparations
was, therefore, carried out with TAPS buffer at
pH 8.5.

The distribution of NADH oxidase activity of
these two organisms (Table 1) shows the same
general pattern for both. The final, 144,000 x g,
supernatants did not scatter light and, in Sapro-
spira, possessed no detectable carotenoids; this
indicates that these fractions were essentially free
of membrane fragments. Rates of NADH oxida-
tion by Vitreoscilla homogenates decreased
sharply in fractions sedimented at higher forces,
indicating that the activity is either very labile,
requiring a high degree of membrane integrity, or
requires a loosely bound component.

Table 2 lists electron transport reactions car-
ried out by these membranes. Vitreoscilla parti-
cles are much more active in NADH oxidation
than those of Saprospira, whereas respiration
rates involving succinate are similar. Vitreoscilla
exhibits a fundamental difference between it and
other flexibacters (2) in that mammalian ferrocy-
tochrome ¢ or the ascorbate-TMPD couple will
not act as electron donors.

High cyanide concentrations were needed to
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TABLE 1. Distribution of NADH oxidase in cell-free
homogenates of Saprospira and Vitreoscilla

Rate®
Fraction Sapro-  Vitreo-
spira  scilla
27,000 x g, 10-min pellet (Py) 37 386
48,000 x g, 30-min pellet (P;) 31 160
144,000 x g, 120-min pellet (P,) 26 15
144,000 x g, 120-min supernatant (S,) S 3

SAPROSPIRA AND VITREOSCILLA RESPIRATION

@ Expressed as nanomoles of NADH oxidized per
minute per milligram of protein.

TABLE 2. Oxidative activities of Saprospira and
Vitreoscilla particles

. Rate®
Electron donor Electron acceptor m
spira  scilla

NADH® ............ 0, 81 278
Succinate ........... PMS¢/DPIP® 36 64
Succinate ........... [0 X 30 25
Ascorbate/TMPD ...|O;® 39 2
Ferrocytochrome ¢® . .| O, 24 2
NADH .......... ". .| Ferricytochrome c® 733

Succinate ........... Ferricytochrome c® 14

@ Expressed as nanomoles per minute per milligram of pro-
tein.

® Indicates that which was measured.

< PMS, phenazine methosulfate.

inhibit electron transport to oxygen; 1.2 mM cya-
nide inhibited respiration of S. grandis and Vi-
treoscilla particles 73% and 88%, respectively.
Diaphorase activities were stimulated and oxygen
uptake was completely abolished by 10 mM cya-
nide. Antimycin was noninhibitory in both orga-
nisms at concentrations and inhibitor-protein ra-
tios higher than needed to elicit complete respira-
tory inhibition of Leucothrix (2). Additionally,
Saprospira NADH oxidase was not inhibited by
either amytal or rotenone; insensitivity to ro-
tenone has been shown in Vitreoscilla particles
(23).

Difference spectroscopy. A low-temperature
reduced-minus-oxidized difference spectrum of
Vitreoscilla cells is shown in Fig. 1. Three cyto-
chrome alpha bands are resolved at 554, 558, and
562 nm. At room temperature, these bands over-
lap, making a single peak at 557 nm with a
shoulder at 563 to 565 nm. In the blue region of
the spectrum, a cytochrome Soret band at 421 to
422 nm and a broad trough centered at 450 nm
due to reduced flavines was observed. Thus, the
psoitions of the alpha-maxima indicate the pres-
ence of both b- and c-type cytochromes.

The low-temperature difference spectrum of S.
grandis (Fig. 2b) showed four absorption peaks in
the wavelength span characteristic of the alpha
absorption bands of cytochromes, at 550, 554,
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FIG. 1. Dithionite-reduced minus ferricyanide-oxi-
dized difference spectrum (77 K) of Vitreoscilla cells in
growth medium, 13.9 mg dry weight/ml. The numbers
on the abscissa are wavelength in manometers.

@ 424 580 .

400 450 500 580 600 62Q

WAVELENGTH (nm)

FIG. 2. Difference spectra of S. grandis particles. a,
Dithionite-reduced minus untreated, room temperature,
3.2 mg of protein/ml. Broken line indicates baseline. b,
Dithionite-reduced minus ferricyanide-oxidized (77 K),
4.3 mg of protein/mi.

558, and 603 nm. As Webster and Hackett found
(23), the high carotenoid content of this organism
made measurement in the blue region difficult;
however, it was less so when the spectra were
recorded at room temperature. At this tempera-
ture (Fig. 2a), a Soret maximum at 424 nm is
observed which has a prominent shoulder at 443
to 445 nm. Saprospira thus seems to possess not
only cytochromes b and ¢ but also type a.

All of the cytochromes of both organisms are
firmly bound to membrane since none could be
detected in the 144,000 x g supernatant, nor were
the relative proportions of the cytochromes in the
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various membrane fractions significantly dif-
ferent from those of whole cells. Table 3 gives the
cytochrome concentrations in particles of both
organisms. They were calculated from the ab-
sorbance difference of reduced-minus-oxidized
spectra by using a millimolar extinction of 20
cm~! for each pigment and a low-temperature
absorbance-intensification factor which was em-
pirically determined; concentrations are uncor-
rected for the contributions of band overlap. The
concentrations for both organisms are in the
range of values found for other bacterial prepara-
tions and for mitochondrial fragments (20).

Our observations differ from those of Webster
and Hackett (23) not only in the detection of an
a-type cytochrome in Saprospira, but also in the
positions of some of the alpha-maxima in both
organisms. These disparities may have arisen
from differences in strains of experimental orga-
nisms and in the growth conditions employed,
especially the rate of culture aeration. Our pre-
liminary observations on both these flexibacters
indicate, however, no cytochrome variations be-
tween log- and stationary-phase cells and between
cells grown in flasks and those grown in a fer-
mentor with high aeration. This contrasts with L.
mucor which showed a high dependence of cyto-
chrome concentration and ratios on aeration (2).

Table 4 presents steady-state data on S.
grandis particles. All four absorbance entities are
due to separate cytochromes, all of which are
reduced by NADH and succinate. However, only
cytochromes 550 and 604 are reduced by ascor-
bate, indicating high redox potentials. With suc-
cinate as electron donor, the 558-nm pigment is
the most reduced in the aerobic steady state,
whereas the 603-nm pigment is the most oxidized.
In the presence of NADH, however, the 550-nm
pigment also becomes very much reduced. The
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TABLE 3. Cytochrome composition of Vitreoscilla and

Saprospira particles
Cytochrome composition®
Organism 550 554 558 562 603
nm® nm® nm® nm® nm®
Saprospira . . ..... 0.60 047 041 0.12
Vitreoscilla . . . . . .. 0.26 021 0.17

@ Expressed as nonomoles per milligram of protein.
® Alpha-region wavelength maxima.

high level of reduction of the 603-nm pigment may
be indicative of both the presence of a nonautoxi-
dizable component and the low concentration of
this cytochrome relative to the rest of the chain.

When cyanide was added to a sample of Sap-
rospira particles, an additional absorbance peak
at 590 to 592 nm appeared. This resembles
closely the CN complex of cytochrome oxidase
from mitochondria (28).

Steady-state data obtained with Vitreoscilla
cells and particles is shown in Table 5. About
80% of all three cytochromes was reduced by
NADH and succinate but none was reduced by
either the ascorbate-TMPD couple or ascorbate
alone. The reduction levels of all the cytochromes
are high and lack a clear correlation with their
position in the chain. In comparison with Sapro-
spira, the cytochrome concentration is low, yet the
rates of substrate oxidation are the same or
higher, indicating a more rapid turnover of the
whole respiratory chain.

A room-temperature CO difference spectrum
of Vitreoscilla cells (Fig. 3) shows maxima at
566, 533, and 414 to 418 nm and troughs at 550
and 430 nm. This spectrum is similar to that pre-
viously published for Vitreoscilla cells (23) and
for the two CO-binding pigments isolated from

TABLE 4. Aerobic steady-state levels of reduction of Saprospira respiratory pigments

Alpha-region wavelength maxima

Treatment
550 nm 554 nm 558 nm 603 nm
Per cent reduction relative to
anaerobic-minus-oxidized sample?®
NADH:aerobic............. ..., 60 59 56 81
Ascorbate-TMPD:aerobic........................... 78 0 0 100
Per cent reduction relative to
substrate: cyanide sample®
NADH :aerobic minus oxidized ...................... 88 103 123 56
NADH :aerobic minus untreated ..................... 92 72 84 72
Succinate: aerobic minus oxidized . .................... 37 42 80 22
Succinate: aerobic minus untreated .. .................. 13 37 80 0
Ascorbate-TMPD:aerobic minus oxidized ............. 79 0 nd 60
Ascorbate-TMPD:aerobic minus untreated ............ 93 0 nd 72

@ Data, calculated to the nearest per cent, are the averaged results of several independent experiments.
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TABLE 5. Aerobic steady-state levels of reduction of
Vitreoscilla respiratory pigments

Alpha region wavelength maxima

562 nm

Acrobic steady-state

554 nm 558 nm

Per cent reduction relative to
substrate : anaerobic sample®
NADH .......... 33 37 42
Succinate ........ 14 17 28

Per cent reduction relative to
anaerobic (whole cells) sample®
Aerobic.......... 56 43 64

Per cent reduction relative to
substrate: cyanide sample®

NADH .......... 59 56 117

Succinate ........ 20 25 48

SAPROSPIRA AND VITREOSCILLA RESPIRATION

@ Data, calculated to the nearest per cent, are the
averaged results from several independent experiments.

this organism (24) and is due to cytochrome o (6).

Figure 4 shows the Soret region of the CO dif-
ference spectrum of S. grandis particles at room
temperature; no consistent spectrum could be
obtained in the alpha-region because of interfer-
ence from the high concentrations of carotenoids
absorbing in the same region. A main peak at
414 to 420 nm with a shoulder at 433 nm and a
trough at 445 nm was observed when either di-
thionite or respiratory substrate was used as re-
ductant. Such a spectrum indicates the presence
of the CO complex of cytochrome a; (433 nm
peak and 445 nm trough; reference 28) and either
cytochrome o or another hemoprotein (6). How-
ever, when either ascorbate or ferrocytochrome ¢
was used as donor, no peroxidase activity was
observed.

DISCUSSION

Our data on activity and cytochrome distribu-
tion indicate that the respiratory chains of both
Saprospira and Vitreoscilla are membrane-
bound. Since no internal lamellae were observed
in micrographs of these flexibacters (15, 25), the
cell membrane is the probable source of the parti-
cles-

The ability of both flexibacters to catalyze the
oxidation of NADH and succinate may indicate a
conventional carbon metabolism. An active tri-
carboxylic acid cycle has been postulated for .
thermalis (16). It is not known at this time
whether the lack of an ascorbate oxidase in Vi-
treoscilla is reflected in the overall pattern of sub-
strate metabolism.

Like many other procaryotic respiratory sys-
tems (9), Saprospira and Vitreoscilla both are
insensitive to antimycin and require high cyanide
concentrations for complete inhibition. Another
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flexibacter, L. mucor (2), was shown to be anti-
mycin sensitive, however. The inhibitors amytal
and rotenone failed to elicit an inhibitory re-
sponse in Saprospira as was also the case in L.
mucor. Vitreoscilla, however, is known to be sen-
sitive to these two compounds (23).

Three distinct cytochrome components are ac-
tive in the respiration of Vitreoscilla. In agree-
ment with Webster and Hackett (23), no a-type
cytochrome was seen and cytochrome o is impli-
cated as the terminal oxidase. It is not known

AA=0,0!
533 l
566
550
r v v v ~
400 450 500 550 600
WAVELENGTH (nm)

F1G. 3. Room-temperature CO spectrum of Vitreo-
scilla cells in growth medium. Dithionite-reduced: CO
minus dithionite-reduced, 2.9 mg dry weight/ml.

(@) (b)

a5 420
AA=0,05
445 443
400 450 470 400 450 470

WAVELENGTH (nm)

Fi1G. 4. Room-temperature CO spectra of S. grandis
particles. a, Succinate (66 mm): CO minus succinate: N,;
b, dithionite-reduced : CO minus dithionite-reduced.
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whether the 558-nm pigment is, as in L. mucor,
cytochrome o.

Two CO-binding protohematin-containing pro-
teins have been isolated from Vitreoscilla (24).
Both have CO complexes whose spectra resemble
cytochrome o, but only one is autoxidizable and
not reducible by ascorbate. The presence of a
low-potential oxidase would mean not only that
the respiratory chain of this flexibacter spans a
narrow range of redox potential as our data indi-
cates, but also that the chain may contain a low-
potential cytochrome ¢, a feature not often ob-
served in strictly heterotrophic aerobes (9). Addi-
tionally, the low-temperature spectra of the re-
duced forms of the two Vitreoscilla components
are not entirely incompatible with a respiratory
chain made up entirely of b-type cytochromes.

Our data on the respiratory system of S.
grandis show that it is made up of four functional
cytochromes, one of which is an a-type cyto-
chrome, which disagrees with Webster and Hack-
ett’s observations (23). From the cyanide and
carbon monoxide spectra, this latter component
is similar to the cytochrome a, as of mitochondria
and several bacterial sources (6, 28). In the
aerobic steady state, this cytochrome was usually
the most oxidized and thus may function as a
terminal oxidase.

The CO spectra of Saprospira particles also
show a Soret band which resembles those exhib-
ited by the proteins isolated by Webster and
Hackett from Vitreoscilla. The presence of a
second oxidase cannot be eliminated by our data
on aerobic steady states. We have been unable to
demonstrate the presence of a peroxidase in these
preparations. It is conceivable, though, that a
portion of the 558-nm pigment may be able to
combine with CO and be autoxidizable in the
manner described for cytochrome b, from Ace-
tobacter suboxydans by Iwasaki (12).

Our conclusions concerning the nature of the
prosthetic group of the cytochromes await heme
analysis. Furthermore, our data on the aerobic
steady states in cells and particles of these flexi-
bacters need confirmation by kinetic experiments,
since the ‘“‘trapped steady state” technique is
unable to resolve kinetically distinct but spec-
trally similar cytochromes.

Little is known about the respiration of the
other procaryotes which are considered to be
flexibacters. Beggiatoa is known not to possess
cytochromes (4) but oxidizes H,S as an energy
source for the fixation of carbon dioxide. Some
of the aerobic flexibacters which have been
studied have been shown to possess the Embden-
Meyerhof pathway and other enzymes for the
generation of reduced pyridine nucleotide (22).

Flexibacters are often thought of as apochlo-
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rotic descendants of the blue-green algae (17, 21),
a contention which is supported by some bio-
chemical data. In a study of the deoxyribonucleic
acid base composition of several flexibacters and
blue-green algae, it was shown that base composi-
tion of deoxyribonucleic acid isolated from mem-
bers of the Oscillatoriales (filamentous) were very
similar to the filamentous gliding bacteria (8).
Willard and Gibbs (27) showed that the proper-
ties of aldolases isolated from Anacystis nidulans
and S. thermalis were similar; both were metal-
dependent enzymes similar to those found in
other procaryotes.

The respiratory chain of the blue-green algae is
membrane bound (3). Particle preparations from
Anabaena species have been shown to carry out
not only the oxidation of pyridine nucleotides but
also of ascorbate and hydroquinone; these oxida-
tions are inhibited by CO and cyanide (14, 26).
Biggins (1) demonstrated cyanide-sensitive oxida-
tion of succinate, malate, and ferrocytochrome ¢
by particles from Phormidium luridum. In a di-
rect comparison of the NADH oxidases of photo-
heterotrophically grown Anacystis nidulans and
Anabaena variabilis with that of L. mucor,
Horton (11) found that all were inhibited by cya-
nide, 2-heptyl-4-hydroxyquinoline-N-oxide, amy-
tal, and rotenone but not by antimycin. In all
cases the respiratory rates of the algae were
found to be much lower than those of the flexi-
bacters; this is most likely due to the autotrophic
habit of the algae. Although no cytochromes have
been directly implicated in blue-green algal res-
piration, the cyanide and CO sensitivities do
suggest a heme-containing oxidase.
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