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Summary. Whole cell difference spectra of the blue-green algae, Saprospira gran-
dis, Leucothrix mucor, and Vitreoscilla sp. have one, or at the most 2, broad a-bands near
560 myu. At —190° these bands split to give 4 peaks in the q-region for b and c-type
cytochromes, but no a-band for a-type cytochromes is visible. The NADH oxidase
activity of these organisms was shown to be associated with particulate fractions of cell
homogenates. The response of this activity to inhibitors differed from the responses of
the NADH oxidase activities of particulate preparations from the green algae and higher
plants to the same inhibitors, but is more typical of certain bacteria. No cytochrome
oxidase activity was present in these preparations. The respiration of Saprospira and
Vitreoscilla can be light-reversibly inhibited by CO, and all 3 organisms have a CO-
binding pigment whose CO complex absorbs near 570, 535, and 417 my. The action
spectrum for the light reversal of CO-inhibited Vitreoscilla respiration shows maxima
at 568, 534, and 416 my. The results suggest that the terminal oxidase in these blue-

greens is an o-type cytochrome.

As very little is known of the respiratory chain
of algae and virtually nothing is known of their ter-
minal oxidase (16), we have studied algae from 3
divisions with regard to respiratory characteristics,
cytochrome content, and the nature of the terminal
oxidase that is present. To avoid the presence of
interfering photosynthetic pigments, colorless algae
have been used in this study. The first paper of
this series gave the results for the Chlorophyta and
the Euglenophyta (30). This paper reports the re-
sults obtained for the Cyanophta. Preliminary re-
ports of this work have already been published (28,
29).

Materials and Methods

Saprospira grandis was kindly sent to us by Ralph
Lewin of Scripps Institution of Oceanography. It
was grown in Fernbach flasks at 30° with shaking.
The medium used (R. A. Lewin, personal communi-
cation) was made up as follows: potassium nitrate,
0.5 g; sodium glycerophosphate, 0.1 g; Tris buffer,
1.0 g; tryptone, 5.0 g; and yeast extract, 5.0 g; all
in 1000 ml filtered sea water. 'The medium was auto-
claved for 5 minutes, the precipitate removed by fil-
tering through Reeve-Angel No. 835 filter paper and
then reautoclaved for 15 minutes. Cells were har-
vested in late lpg phase by centrifugation at 2500 X
g in a Servall refrigerated centrifuge.

1 Died January 21, 1965.
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Vitreoscilla species and Leucothrix mucor were
gifts of R. Y. Stanier of this University. Leucothrix
mucor was grown on medium made up as follows
(R. Y. Stanier, personal communication) : 1.0 g yeast
extract, 1.0 g tryptone, 0.2 g beef extract, 1000 ml
synthetic sea water (20). The pH was adjusted to
8.0 to 8.3. Vitreoscilla species were grown on medium
of the following composition (R. Y. Stanier, per-
sonal communication) : 5.0 g yeast extract, 5.0 g
peptone, and 0.1 g sodium acetate in 1000 ml tap
water; the final pH was adjusted to approximately
7.5. Both Leucothrix and Vitreoscilla were grown
in Fernbach {flasks, each containing 500 ml, at room
temperature and were harvested by low speed cen-
trifugation as for Saprospira. When larger amounts
of Vitreoscilla were required for the disintegration
experiments, it was grown in 9 liter bottles as pre-
viously described for Polytoma and Astasia (30).

Saprospira was disintegrated using the method
which was successful for the higher algae (30), but
with a few modifications. Instead of mannitol me-
dium, potassium phosphate buffer (0.1 M, pH 7.0)
was used as the disintegration and suspending me-
dium (24). After blending for 5 minutes at 30 9,
maximum speed, the extract was poured through a
pre-cooled fritted glass filter into a vacuum flask to
remove the glass beads. The extract was then cen-
trifuged for 15 minutes at 2000 to 3000 X g and then
at 30,000 to 35,000 X g. The 2 precipitates were
washed and suspended in phosphate buffer. Both
suspensions were orange while the supernatant fluid
was practically colorless. All 3 fractions were as-



000 PLANT PHYSIOLOGY

sayed for NADH oxidase activity and protein. All
the above operations were performed at 0 to 4°, ex-
cept the assays. which were done at room tempera-
ture.

Particulate preparations could be obtained from
I"itreoscilla by either blending a suspension of cells
in 0.1 M potassium phosphate buifer. pH 7.5, with
glass beads or by treating the cells with lvsozyme +
EDTA (3,10). The former method yielded particles
with a higher NADH oxidase activity than the lat-
ter method, but even after centrifugation at 80,000 X
¢ for 20 minutes there were still some cytochromes
present in the supernatant. The latter method pro-
duced an extract which on centrifugation at 33.000
X g for 20 minutes had all of the cytochromes in the
precipitate.

NADH oxidase assays on fractionated Saprospira
and Iitreoscilla cells were performed using 0.1 »
potassium phosphate, pH 7.0 and 7.3, respectively. as
the assay medium. C therwise, the procedure for this
assay, as well as the cvtochrome ¢ oxidase assay. dry
weight determinations, and protein determinations,
was the same as described in the first paper of this
report (30). Bovine serum albumin (Sigma) was
added as the standard for the protein determinations.
The spectral methods and the methods emploved for
the CO inhibition and light reversal experiments
were also described in this first paper.

The action spectrum for the light reversal of CO
inhibited [itreoscilla respiration was performed with
the action spectrophotometer similar to that described
by Trench and Myers (15) and the electrode assem-
bly and circulatory system described by Fork (13).
The circulatory system contained 60 ml of sterilized
medium. and the air space was flushed with about
1000 ml of the 19:1 CO: O, gas mixture. After this
initial flushing, the remaining gas in the mixing hot-
tle was circulated with an aquarium pump.

Results

Saprospira grandis Gross.  Differcnce Spectra of
W hole Cells and Cell Fragments. The cultivation of
S. grandis is somewhat more difficult than that of
the other algae studied because of the rapid death of
the cultures. Maximum growth is achieved in 2 days
at 30°, but by the fourth day, the characteristic
silky, nacreous appearance of healthy cultures has
disappeared. A suspension of healthy cells has a
bright orange color. Unlike Polvtoma, however,
there are multiple bands of carotenoid absorption in
Saprospira; these bands caused endless difficulty in
obtaining difference spectra. An absolute spectrum
(versus filter paper) shows absorption maxima at
633, 5376 (shoulder). 314, 481, 455, and 411 mp (cf.
14).

Whole cell difference spectra reveal bands at 560
(shoulder) and 333 myp and a Soret at 423 mp (cf.
fig 1, a difference spectrum of particles prepared
from S. grandis). 'There was no a-band visible in
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I'16. 1. Difference spectrum of 10,000 X g¢ particles

from S. grandis (dithionite reduced)-(oxidized). Pro-
tein concentration was 6.4 mg/ml in 0.067 M phosphate,
pH 7.0 and 33 ¢, glycerol.

the 600 mp region. CO difference spectra show
bands at about 570 and 340 mp. a Soret at 418 mp.
and a trough at about 430 mu. The same type of
CO difference spectrum has been observed for [en-
cothriv (fig 4) and Iitreoscilla (fig 0).
Disintegration and Sedimentation  Lixperiments.
The blue-green algae are cytologically quite unlike
the higher algac but resemble the bacteria in that
they are procaryotic and possess no mitochondria.
In the bacteria the cytochrome svstem has always
been found to he associated with the particulate frac-
tions of extracts (24). 'T'o sce if the respiratory ac-
tivity of Saprospira is indeed particulate, cells were
disintegrated and assaved as described  (table T).
Note that the specific activities of the 2 wazhed par-
ticulate fractions are identical while the specific ac-
tivity of the supernatant is much lower. Table 1
shows that over 80 ¢¢ of the total respiratory activity
is particulate even when the extract is sedimented at
relatively low velocity (30.000 X ¢). The effects

Table 1. Localization of NADH Ouxidasc Activity in
S. grandis Homogenates
Total *NADH %
protein oxidase **Ratio of of Total
Fraction (mg) activity  activities  activity
2000 X ¢ 38 58 0.98 39
precipitate i
30,000 X ¢ 16 39 1.00 25
precipitate
30,000 X ¢ 05 - 0 0.15 10
supernatant
- B,

mumoles per minute per mg protein.
#5 Activity of 30,000 ¥ ¢ precipitate arbitrarily defined
as 1.00. ' S T
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Table 1I. Effects of Inhibitors on the NADH Oxidasc
Activity of Saprospira grandis Particles
The average control rate was 76 mumoles/minute per
mg protein.

Inhibitor Conc () 9% Inhibition
Anaerobic .. 100
KCN 1.0 X 10# 57
HOQNO 7.7 X 10 56
Antimycin A 22 X 10¢ 0
Rotenone 6.0 X 1073 0

of various inhibitors on the NADH oxidase activity
of the 2 particulate fractions were the same; the aver-
age of 6 determinations of the effects of inhibitors
on the NADH oxidase activity of Saprospira particles
is given in table II. Diphenylamine gave an ano-
malous result: a concentration of 3.3 X 10* M
caused about a 60 ¢% stimulation in the rate of
NADH oxidation by these particles (cf. 1). EDTA
(20 X 10* M) also gave a stimulation (42 9).
There was no cytochrome c oxidase activity present
in any of the fractions.

A difference spectrum of a particulate preparation
is given in figure 1, which shows the same absorp-
tion maxima that are present in whole cell differ-
ence spectra.  The supernatant contained a relatively
small amount of cytochromes.

CO Inhibition of Respiration. The best test for
a heme protein terminal oxidase is light reversible
CO inhibition (27). That the terminal oxidase of 5.

Oxygen uptake, microliters

”

180 210

Fic. 2. CO inhibition of S. grandis respiration.
Each flask contained 4.8 mg dry weight of cells in 3.0
ml of boiled sea water 4+ 0.01 M phosphate, pH 7.0.
CO/0, = 9/1. The control flasks contained N, instead
of CO. The temperature of the water hath was 30°.
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Fi1c. 3. Dilference spectrum of L. mucor at —190°
(dithionite reduced)-(oxidized). Cell concentration was
18.6 mg dry weight/ml of 0.1 M phosphate, pH 7.5.

grandis clearly meets this specification is demon-
strated in figure 2. In this experiment the lights
were turned on and off successively at the end of
each hour for 4 hours. It is clear that light reverses
the CO inhibition and that light has no effect on the
nitrogen control. From many such experiments an
average value of 48 9, inhibition is obtained for CO
which contains 10 % O.,.

Leucothrix mucor. Differcnce Spectra of 1Whole
Cells. Room temperature difference spectra were
quite similar to those of Saprospira, with bands at
583 and 560 mp and a Soret at 426 myu. With the
hope of unmasking an a-type cytochrome and to re-
solve the 550 to 560 mpy region of the spectrum, liquid
nitrogen difference spectra werc tried with excellent
results (fig 3). Four bands are now visible in the
a-regions for h- and c-type cytochromes, but still no
band is visible in the @-region for a-type cytochromes.
The shoulder on the Soret peak is 10 my too low to
be the Soret band for cytochrome oxidase.
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) Fic. 4. CO difference spectrum of L. mucor (dithion-
ite + CO)-(dithionite). Cell concentration same as
figure 3.
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Fi6. 5. Difference spectrum of [@itreoscilla sp. at
--190° (dithionite reduced)-(oxidized). Cell concen-
tration was 21.3 mg dry weight/ml of 0.1 a phosphate,
pH 7.5.

A CO difference spectrum is shown in figure 4,
and, as in Saprospira, the spectrum is quite unlike the
CO difference of cytochrome oxidase.

Vitrcoscilla  specics.  Difference  Spectra  of
I"hole Cells.  As for Leucothrix it was necessary to
use low temperature spectrophotometry to resolve
the a-region of the spectrum because room tempera-
ture difference spectra of I'itrcoscilla revealed only
a broad a-band at 560 mp and a Soret band at 427
mp.  Four a-bands are visible in low temperature
difference spectra of this organism, but there is no
evidence for an a-type cyvtochrome (fig 3). [itre-
oscilla has the same type of CO binding pigment that
is present in Saprospira and Leucothriv, but this pig-
ment is apparently present in larger amounts in [itre-
oscilla than in the other 2 organisms (fig 6). CO
difference spectra of Iitreoscilla, such as figure 6, are
characterized by 2 symmetrical a-bands of the same
intensity.
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Fic. 6. CO difference spectrum of Vitreoscilla sp.
(dithionite + CO)-(dithionite). Cell concentration
same as figure 5.

Disintegration and Sedimentation  Experiments.
As for Saprospira, the respiratory activity of Vitre-
oscilla was found to be associated with the particulate
fractions of cell homogenates. It was observed that
the untreated cells were capable of oxidizing NADH
(cf. 31). If the cells were treated with EDTA alone
(+ X 107" a in 0.02 » phosphate, pH 7.5) for ap-
proximately 1 hour at room temperature, no protein
was solubilized. but therc was a large increase (2-8-
fold) in the NADH oxidase activity of the cells.
Furthermore, EDTI'A at a concentration of 107 to
10* M stimulated the NADH oxidase activity of cell
particles prepared from cells disintegrated in the
omni-mixer for 15 minutes at 30 ¢, maximum speed
or of cells treated with ED'T'A-phosphate buffer and
then washed with phosphate buffer. The effects of
inhibitors on the NADII oxidase activity of both of
these 2 systems was treated and the results are given
in table II1. The results obtained for EDT A-treated
Vitreoscilla cells are similar to those obtained with
particulate preparations from [7itreoscilla, but are
somewhat different from those observed with Sapro-

spira (cf. table 11).

Table 111.  Effects of Inhibitors on the N ADIH Ouxidase
Activity of Vitreoscilla Particles

The control rate was 38 mumoles/minute per mg pro-
tein.

Inhibitor Conc () % Inhibition
Anaerobic . 100
KCN 1.0 X< 10 % 48
HOQNO 77 X 10°¢ 49
Antimycin A 22 X 10¢ 10
Rotenone 0.0 X 10° 68
Diphenylamine 33 X 10 ¢ 27
NaN, 1.0 X 10 0
Amytal 1.0 X

10°3 53

CO Inhibition of Respiration. Unlike Saprospira,
which has a very high endogenous respiration, both
Leucothrix and Vitreoscilla have a very low endogen-
ous respiration (ca. 2 pl O,/hr per mg dry wt), and
in both genera it is stimulated about 80 9% by a 19:1
CO: 0, gas mixture. However, the respiration of
Iitreoscilla in the presence of exogenous growth me-
dium (0.5 9, veast extract + 0.5 9, peptone) is very
high, and this high rate of O, consumption is in-
hibited by CO as figure 7 shows. In this experiment
the lights were on continuously, and the dark CO
flask was wrapped in aluminum foil. CO inhibits the
respiration and light clearly reverses this inhibition,
although not completely. The control was the same
in the light or the dark.

Action Spectrum for Light Rewversal of CO Inhi-
bition of Vitrcoscilla Respiration. Is the CO-binding
pigment, whose CO difference spectrum is shown in
figure 6, responsible for the light reversible inhibition
of respiration by CO (fig 7)? This question can
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Fic. 7. Light reversal of CO inhibition of Vitre-
oscilla respiration. Each flask contained 1.24 mg dry
weight of cells in 3.0 ml Vitreoscilla medium. A 19:1
CO: O, gas mixture was employed. The dark CO flasks
were wrapped in aluminum foil. The control flasks
contained a 19:1 N,: O, gas mixture. The water bath
was at 25°.

be answered by performing an action spectrum for
the light reversal of the CO inhibition.

The reversals of the CO inhibition obtained with
monochromatic light are shown in figure 8. The
maxima of figure 8a were found at 534 and 568 mpy
with light from the monochromator. The (), uptake
in relative units, corrected to equal incident quanta,
is plotted on the ordinate and the wavelength on the
abscissa. As the monochromator does not function
below 430 mpy, owing to short-wavelength absorhing
materials in the optical system, the action spectrum
in the Soret region was measured using interference
filters (fig 8b). Light at 416 my is most effective
for reversal of the CO inhibition; the band is some-
what broad, probably because of the rather wide half-
width (average about 15 mpy) of the filters. Parts
a and b of figure 8 are plotted in different relative
units and are not directly comparable,
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Fi1c. 8. Action spectrum for the light reversal of CO
inhibition of respiration in Vitreoscilla cells. A 19:1
CO:0, gas mixture was employed. The experiment
was performed at room temperature. Experimental de-
tails given in text.

Control experiments showed that the respiration
of cells exposed to air (without CO) was not affected
by the light emerging from the 565 and 416 my filters.
The light energy impinging on the electrode assembly
after passing through these filters was an order of
magnitude greater than light emerging from the
monochromator.

The similarity of the CO difference spectrum of
the CO binding pigment (fig 6) and the action spec-
trum (fig 8) supports the view that this pigment is
indeed functioning as a respiratory enzyme.

Discussion

The difference spectra of the 3 organisms of this
division studied are all alike in that there is no evi-
dence for any a-type cytochrome. The respiratory
chain of these organisms thus appears quite unlike
the respiratory chain of higher plants, animals, and
the higher algae studied in the first report of this
series. This supposition is supported by the responses
of the particulate NADH oxidase activity to inhibi-
tors (tables IT, IIT). Although particles from Sapro-
spira and Vitreoscilla do not show identical responses
to inhibitors, both are inhibited by low concentrations
of 2-heptyl-4-hydroxyl quinoline-N-oxide while anti-
mycin A has little or no effect; this response is quite
typical of certain bacteria (19). Also, the relatively
low inhibition of the NADH oxidase activity by cy-
anide is quite unlike the responses of the NADH
oxidase activity of mitochondria from eucaryotic or-
ganisms to this inhibitor. Rotenone, an effective in-
hibitor of electron transfer in mammalian mitochon-
dria (9,12) and algal mitochondria (30) rather sur-
prisingly elicits different responses from particulate
preparations of the 2 Cyanophyta studied. Tt is an
effective inhibitor of Vitreoscilla particles but rather
ineffective on Saprospira particles. Also, diphenyl-
amine, which stimulated the oxidation of NADH by
Saprospira particles, proved to be an inhibitor of
NADH oxidation by Vitreoscilla particles.

The specific NADH oxidase activity of particles
isolated from both Saprospira and Vitreoscilla was
quite variable. For example, the specific NADH
oxidase activity of particles isolated from Saprospira
varied from 27 to 190 mumoles/minute per mg pro-
tein and the inhibition of this activity by HOQNO
varied from 35 to 76 9,. This variation in specific
NADH oxidase activity and the variation in response
of this activity to inhibitors could be due to lack of
careful enough control in the growth or harvesting
of the cells or to lack of control in the preparation
of the particles. Lack of control in the preparation
of the particles might also be responsible for the low
inhibitions by cyanide and HOQNO. Certainly not
enough is known about the necessary conditions and
controls needed for the isolation of respiratory par-
ticles from procaryotic organisms.

Neither the endogenous respiration of intact cells
of Saprospira nor the yeast extract and peptone medi-
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ated respiration of intact cells of [Titreoscilla was
tested for sensitivity to cyanide. 17 the respiration
of these intact cells were also inhibited only about
30 9 by cyanide and HOQNO it would give validity
to the integrity of the particles isolated.

The fact that the low endogenous respiration of
both Leucothriv and I'itreoscilla is stimulated by CO
may be explained in the same way that the similar
cffect of cyanide on the endogenous respiration of
Prototheca was explained (30) : at low rates of sub-
strate oxidation the CO-inhibited terminal oxidase
may not be rate-limiting.  ‘The slight uncoupling
effect of CO may thus increase the respiration.

Although there are no a-type cytochromes vis-
ible in difference spectra of the 3 Cyanophyta studied,
all 3 organisms possess what appears to be the same
type of CO-binding pigment. That this pigment is
functioning as the terminal oxidase, at least in [it-
reoscilla, is supported by the action spectrum ( fig 8).
Both the CO difference spectra and the action spec-
trum presented here are similar to those which have
been observed in certain bacteria by Chance (6,7).
Castor and Chance (4). and Chance, Smith, and
Castor (8). The pigment responsible for these
spectra has heen termed cytochrome o (5). This
cytochrome appears to have a wide distribution in
the bacteria, both as one of several terminal oxidases,
as in Escherichia coli, or as the only terminal oxi-
dase, as in Acetobacter suboxvdans (24). 1t has been
found in hydrogen oxidizing bacteria (23). in a
fruiting myxobacterium (11), in Hemophilus parain-
fluenzae (31), and in the nitrogen-fixing Rhizobium
(26).

Bartsch and Kamen (2) have purified a highly
auto-oxidizable, CO-binding heme protein, which they
have called RHP (Rhodospirilliim Heme Protein),
from the facultative photoheterotroph, Rhodospirillum
rubrum. This pigment, which appears to be localized
in the chromatophores (22), has a CO difference
spectrum which resembles that of cytochrome o, The
question of the identity of cytochrome o and RHP
has been considered by Kamen, who at first thought
them to be the same pigment (2,21). In support of
this, Horio and Yamashita (17) performed an action
spectrum for the relief of the CO-inhibited respira-
tion of dark grown cells of R. rubrion and found it
to be of the same type as had been found tor cyto-
chrome o (4). Later, however, Kamen began ques-
tioning the role of RHP as an oxidase (18). and
he has recently published strong evidence for the non-
identity of the 2 CO-hinding pigments (25).
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