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Introduction

Although it has been known for vears that higher
plants and yeast possess cytochromes of the a. b, and
c type (18), there is a paucity of information on the
respiratory chain of the algae. In particular, no-
thing is known about the terminal oxidase in this
large group of plants (11). 'There have been some
inhibitor studies on the respiration of algae with the
classical inhibitors, carbon monoxide and cyanide: by
Emerson on Chlorella, Anabaena, and Oscillatoria
(8.9): by Genevois and independently by Syrett on
Chiorella (10.30): and by Webster and Frenkel on
Anabaena (32). Chance and Sager, working with
a pale-green Chlamydomonas mutant, were able to
demonstrate the presence of b- and c-type cytochromes
by spectrophotometric methods, but they found no
evidence for cytochrome oxidase, nor could they find
evidence for a CO-combining pigment (6). How-
ever, Perini. Kamen, and Schiff did find spectral
evidence for the existence of both a- and b-type cyto-
chromes in an acetone powder for Euglena (23).
In addition they purified 2 c-type cytochromes from
the same organism. Cytochromes of the c-type have
also been purified from the Rhodophyta (17,33), and
from the Cyanophyta (15,16). Nonetheless. in no
report has the entire respiratory chain of an alga
been studied, and, except perhaps for Euglena, the
terminal oxidase identified. Neither has there been
any report of the preparation of mitochondria from
the higher algae (11, 22, 28).

This paper is concerned with the follow-
ing question: what is the nature of the respiratory
chain in algae, and specifically, what is the terminal
oxidase, if any, that is present in different groups
of algae? Students of plant respiration have classi-
cally used etiolated tissue to avoid the presence of
interfering photosynthetic pignients. The same ap-
proach has been used in this study by using colorless
members of 3 algal divisions. This paper reports
the results obtained for 2 of them: Chlorophyta and
Euglenophyta.

Materials and Methods

All algae used in this study were obtained from
the Culture Collection at Indiana University.

1 Received May 17, 1965.

Prototheca sopfii was grown on the medium de-
scribed by Anderson (1). 1f tap water were used to
supply trace elements, greater growth was obtained.
The cultures were grown at 30° on a shaker in 2.8
liter Fernbach flasks, each containing 500 ml. Cells
were harvested at the end of log phase by suction
filtration (Whatman No. 1 filter paper) and washed
with water. Polyvtoma uwvella, Polvtomella agilis, and
Astasia longa were grown on Polyvtomella medium
(29) (2 g sodium acetate, 1 g yeast extract, and 1 g
tryptone per liter of water). 500 ml in each Fern-
bach flask, without shaking and at room temperature,
When the cells were harvested by low speed centri-
fugation they were routinely examined microscopically
to determine what percentage were in motile forms:
for most experiments this was greater than 90 ¢,
When larger amounts of cells were needed (as for
the disintegration experiments described below)
Polytoma and Astasia, were grown in 9-liter bottles.
each containing 6 liters of medium. Purified. sterile
air was bubbled continuously through the medium.
The cells were harvested as described above or with
the Sharples super centrifuge. Cells were normally
washed with the appropriate buffer and recentrifuged
before use.

Respirometric experiments on P. sopfii, other than
CO inhibition, were performed using standard pro-
cedures and equipment. Cells were harvested as de-
scribed and suspended in 0.13 m phosphate, pH 7.0.
An aliquot of this cell suspension was added to the
Warburg flask together with water and phosphate
buffer to bring the phosphate to a final concentration
of 0.05 M. Glucose., when used, was present at a
final concentration of 19,. The final volume in
each flask was 3.2 ml including 0.2 ml of 10 9 KOH
in each center well. For the cyanide inhibition stu-
dies the KOH center well solutions were made up
according to Robbie (23). The temperature of the
bath was 30°.

All CO inhibition and light reversal respirometric
experiments were performed using the Gilson Model
GRP 14 differential respirometer. The gas mixtures
were flushed through the respirometer and out of the
venting plugs of the flasks until at least 20 times the
volume of the flasks had been flushed through. Con-
trol flasks were flushed with N,-O, mixtures of the
same O, content as the experimental flasks.

Spectra of whole cells and mitochondria. pre-
pared as described below, were taken using the Cary
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Model 14 with the scattered transmission accessory
and expanded scale. Liquid nitrogen difference
spectra were taken using an unsilvered Dewar flask
built into the scattered transmission accessory; 3-mm
plastic cuvettes were used for these spectra. Sus-
pensions of cells and cell fractions were oxidized by
either bubbling O, into the cuvette for about 5 to 10
minutes, or by adding a small drop of 3 ¢, H,O, to
the cuvette. Cells were reduced by slowly bubbling
nitrogen into the cuvette (endogenously reduced) or
by adding a small amount of dithionite. CO differ-
ence spectra were performed by slowly bubbling CO
into the sample cuvette and nitrogen into the refer-
ence cuvette. In all types of difference spectra a
base line was first obtained with suspensions in the
sample and control cuvettes in the same redox state.
The concentrations of cytochromes were determined
from the spectra using the methods described by
Hackett (12).

The various types of algae were disintegrated by
blending an approximately 20 9, cell suspension (wet
wt/volume) with an equal volume of glass beads
(type 090-3005 of the Minnesota Mining and Manu-
facturing Company) in the Servall Ommimixer at
0°. The suspending medium was 0.4 x mannitol.
0.02 M potassium phosphate (pH 7). 0.003 xt EDTA:
this will be referred to as mannitol medium. Onpti-
mum disintegration time was determined microscop-
ically, enzymatically  (cyvtochrome oxidase and
NADH oxidase activities), and by the amount of
protein solubilized. The extract was sedimented for
about 10 minutes at 500 to 1000 X g, the precipitate
discarded and the supernatant sedimented at 10,000
X g for 20 minutes, then at 80,000 for 30 minutes.
The 2 precipitates were washed once with mannitol
medium and recentrifuged.

The cytochrome oxidase assay was performed as
described by Hackett (12). The cytochrome ¢ used
was Sigma Type III. The NADH oxidase assay
was performed either in the mannitol medium or in
the medium described by Wiskich and Bonner (31).
The final concentration of NADH ( Boehringer) was
1.67 X 107* m: the reaction was started by adding the
NADH to the reaction cuvette. Assays were per-
formed at room temperature using cither the Beck-
man DU Spectrophotometer or the Cary Model 14
by following the decrease in OD with time at 340
mp.  Antimycin A, amytal, rotenone. and diphenyl-
amine were dissolved in ethanol: when these inhibi-
tors were used. the corresponding ethanol control was
also performed.

Protein determinations were performed according
to the method of Lowry et al (21). Since mannitol
interferes with this determination. appropriate cor-
rections were made.

Dry weights were determined by either centri-
fuging and washing the cells with water, transferring
them to small tared flasks and drying overnight at
90° or by simply drying the suspension at 90° and
correcting for the weight contributed by the salts.
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Results

Prototheca sopfil.  Respiromcetric  Lxperiments.
The endogenous respiration of . sopfii is normally
2t0 6 ul O,/mg dry wt per hour while glucose sup-
ported respiration is 28 to 30 ul O,/mg dry wt per
hour. The effects of the classical inhibitors, cyanide
and CO on the glucose supported respiration are
given in table 1. Both are effective inhibitors of
glucose oxidation by P. sopfii. The inhibition by
CO is light reversible. The effects of these same 2
inhibitors on the endogenous respiration of Proto-
theca differs from the effects on glucose oxidation.
An experiment with 107 z cyanide gave a 48 9
stimulation of the control endogenous respiration.
CO, which contains 59 O, (ie. CO/0, = 19/1),
has only a slight and variable effect on the endogen-
ous respiration.

Table 1. Effects of Cyanide and Carbon Monoxide
on Prototheca zopfii Respiration

Qo, % Inhibition

Endogenous 50

Control (with glucose) 30 ..

105 a1 HON 20 33

10t at HCXN 17 43

19/1 N,/0, 30 ..
I

19/1 CO/0, 20

The respiration of Prototheca in the presence of
glucose is also inhibited by low concentrations of
antimycin A\ (fig 1). Since antimycin .\ is added
as an ethanolic solution, it is necessary to periorm
the ethanol control; ethanol gives an increased O.
uptake over the glucose control. Figure 1 shows that
antimycin .\ at a concentration of 3 ug/ml (5.5 X
107 ar) reduces glucose oxidation by Prototheca to
3¢, of the ethanol control value.
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F16. 1. The effect of antimycin A on glucose sup-
ported respiration of P. sopfii. Experimental conditions
given in text. The antimycin and ethanol flasks con-
tained 50 ul ethanol.
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Table II. Effects of 2, 4-DNP on the Endogenous and Glucose Respiration of P. zopfii

% Inhibition ()

DNP conc (»1) Qo, or stimulation (7T)
Endogenous 0 34 -

+ 10 X 107 44 29 ¢

+ 3.0 X 1073 6.9 103 0

+ 1.0 X 10¢ 8.9 162

+ 30 X 10 66 95 1
Glucose 0 28 ...

+ 10 X 10 31 10 1

+ 3.0 X 1078 43 53

+ 1.0 X 10¢ 12 59 1

+ 27 X 107¢ 5 81

The results of the effects of 24-DNP (2.4-dini-
trophenol) on the endogenous and glucose respiration
are given in table II. In these experiments the final
buffer concentration was 0.05 M phosphate + 0.03 M
potassium phthalate, pH 5.0.

Difference Spectra of Whole Cells. An endogen-
ously reduced minus oxidized difference spectrum of
starved cells (aerated 3 days in 0.05 M phosphate,
pH 7.0, at 30° after harvesting) is shown in figure
2. This difference spectrum has the same appear-
ance as difference spectra of higher plants; the ab-
sorption bands for cytochromes b, ¢ and a-a, are
definitely present. CO difference spectra of cell
suspensions show positive peaks at 391, 540, and 430
my and the Soret trough at 444 my; these are the
same bands observed in higher plants and animals,
in both of which cytochrome oxidase is the terminal
oxidase. There is also, however, a shoulder at about
416 mp on the 430 mu CO Soret band which will be
discussed later.

The complexity of the b-region of the spectrum
can be shown by antimycin difference spectra, which
reveal q-bands at 562 and 358 mpu. and by low tem-
peratire difference spectra. Figure 3 is one of the
latter. Two bands are visible in the q-region for
b-type cytochromes in this spectrum (554 and 558
my) ; further, the Soret band for cytochrome oxidase
has split into 2 bands (440 and 446 mp). Figure 3
is for dithionite reduced cells; endogenously reduced
cells show the same bands but with the 547, 554, and
558 mp bands of approximately the same intensity.

550

003

—002

-—00I

400 450 500 550 600 650
Wavelength (m)
Fic. 2. Difference spectrum of P. sopfii (endoge-

nously reduced)-(oxidized). The cell concentration was
200 mg wet wt/ml.

Disintegration and Sedimentation Experiments.
Many methods were employed in an attempt to ob-
tain mitochondria from P. zopfii. Such methods in-
cluded hand grinding with alumina, freezing-thawing,
use of the Hughes press, sonication both with and
without abrasives present with the Raytheon (10KC)
and with the MSE ultrasonic disintegrator. Finally
it was discovered that the cells could be broken and

Table II1. Owidase Activities of Disintegrated and Sedimented P. zopfii Cells

Total Cytochrome oxidase
Total Cytochrome oxidase* cytochrome activity in digitonin/ NADH**
protein activity in 0.1 % oxidase cytochrome oxidase oxidase
Fraction mg digitonin activity activity without digitonin activity
10,000 X g 24 207 500 7.7 72
precipitate
80,000 X ¢ 2.5 40 100 4.5 8
precipitate
80,000 X ¢ 180 0.8 150 . 1.5 0
supernatant

#*  Expressed as the first order rate constant, k, in

**  mumoles/min per mg protein.

ml/min per g protein.
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Fi6. 3. Difference spectrum of /°. zopfii at —190°
(dithionite reduced)-(oxidized). The cell concentration
was 41 mg dry wt/ml.

particles isolated by shaking the cell suspension with
glass beads in a Mickle shaker. I'he Mickle shaker
was superseded by the Servall Ommimixer which has
the advantage of convenience and much larger capac-
itv. Harvesting P. sopfii cells 24 hours before use
and storing them in the refrigerator as the cell paste
resulted in better breakage. Table III gives the re-
sults for 8.5 g of cells (wet wt) disintegrated for 15
minutes at one-quarter maximum speed. The ratio
of cytochrome oxidase activity in the presence of
0.1 % digitonin to the cytochrome oxidase activity
without digitonin is used as a rough quantitative
measure of the integrity of the particles (12,24).
The effects of inhibitors on the NADH oxidase ac-
tivity of the 10,000 X g particles are given in table
IV. A considerable apparent NADH oxidase was
present in the supernatant; this activity was inde-
pendent of O, (as determined using an anaerobic
cuvette flushed with helium) and is thus not a true
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Table IN.  Effects of Inhibitors on the NADH O.xidasc
Actizitics of the 10000 X ¢ Particles from P. zopfii

Control rate = 72 mumoles/min per mg protein.

Inhibitor Conc % Inhihition
Antimycin A L1X 10 100
KCXN 1.0 X 107 95
Rotenone 4.0 X 107 42
Rotenone 4.0 1079 62
Amytal 1.0 X 107% 40

oxidase activity but a NADH dehydrogenating ac-
tivity. It was also insensitive to cvanide and antimy-
cin A, The oxidase activities of the particulate frac-
tions were totally dependent on the presence of O,.

The yields of the particulate fraction in the ex-
periment described above were extremely low. One
could get much larger yields of both total protein
and total activity by disintegrating the cells for
longer times, usually 30 minutes. However, longer
disintegration times changed the distribution of ac-
tivities so that the 80,000 X ¢ particulate fraction
often had more cytochrome oxidase and NADH
oxidase activity (specific and total) than the 10,000
X g particulate fraction. The following experiment
demonstrates that the particles derived from 30-
minute disintegrated cells are polydisperse: The ex-
tract after disintegration was centrifuged at 1000 X
¢ for 10 minutes and the precipitate discarded. 'The
supernatant fraction was then centrifuged succes-
sively at 5000 X g, 10,000 X g, and 20,000 % g for
20 minutes, and at 41,000 X ¢ and 80,000 X ¢ for
30 minutes. Each precipitate was drained, suspended
in mannitol medium, and assayed for cytochrome
oxidase activity and NADH oxidase activity. The
results are given in table V.

Difference spectra of particulate preparations
from Prototheca were very similar to whole cell dif-
ference spectra. An estimation of the amounts of
cytochromes present in a 10,000 X ¢ particulate
fraction as calculated from NADH and Na.,S,0,
reduced difference spectra is given in table VI

Table V. Distribution of Oxidasc Activities in 30-Minutc Disintegrated P. zopfii Cells
Ratio:
activity in digitonin NADH** Y Inhibition
Cytochrome oxidase activity* activity without oxidase by 1.1 X 10% A

Fraction in 0.1 % digitonin digitonin activity Antimycin A
5,000 X ¢ precipitate 207 8.5 16 86
10,000 X ¢ precipitate 234 3.5 25 87
20,000 X ¢ precipitate 240 4.5 31 93
40,000 X ¢ precipitate 237 5.2 39 94
80,000 X ¢ precipitate 39 3.9 32 92
80,000 X ¢ supernatant 5.4 2.4 3.1 ek

k in ml/min per mg protein.
mumoles/min per mg.
Control rate was too low to test for inhibition.
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Table VI. Amounts of Cytochromes Present in
10,000 X g Particles from P. zopfii
Cyto- mumoles/mg Relative
Method chrome protein amounts
a-a, 0.088 1.00
NADH-Oxidized b 0.043 0.49
c 0.071 0.81
a-a, 0.113 1.00
Na,$,0,-Oxidized b 0.215 1.90
c 0.170 1.50

Polvtoma uvella. Difference Spectra of Whole
Cells. Although P. uwvella lacks chlorophyll and is
nonphotosynthetic, carotenoids are present in large
enough concentration to give a suspension of cells a
bright orange color. The absorption of the carote-
noids extends from below 400 my to above 560 mpy
with an essentially flat absorption maximum from
450 to 490 mpy. There is, therefore, considerable
overlap with absorption bands of the cytochromes,
which makes their observation and determination of
relative amounts rather difficult. Nonetheless, whole
cell difference spectra of P. uwella reveal the
presence of cytochromes b, ¢, and a-a, as manifested
by a-bands at 604, 560, 550 mp. and Soret bands at
444 and 426 mp.

Difference Spectra of Acetone-Extracted Cells.
It was found that 1009, acetone at 0° would extract
completely the carotenoids from P. wuweclla. The
amounts of b and c-type cytochromes calculated from
difference spectra of such cells—in 0.06 M phosphate,
pH 6.0, and 33 9 glycerol—agree well with the
amounts estimated from spectra of unextracted cells.
However, the a-band for cytochrome oxidase has
shifted from 604 my to 595 myp in the extracted cells.
CO difference spectra of extracted cells are very
puzzling (fig 4); there are absorption maxima at
570, 540, 430 (shoulder), and 414 my and a trough
at 444 mp.

Disintegration and Sedimentation  Experiments.
Cells were disintegrated and particulate fractions and
a supernatant material were obtained as for Proto-
theca. 'Table VII summarizes the results of enzy-
matic assays on these 3 fractions, which were ob-
tained by starting with 800 mg (dry wt) of cells in
22 ml mannitol medium and using a disintegration
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Fic. 4. CO difference spectrum of acetone-extracted
P. uwella. Dithionite reduced cells, 12.5 mg dry wt/ml.

time of 5 minutes at one-quarter maximum speed.
Like the results for Protothcca there was a NADH
dehydrogenating activity in the supernatant which
was independent of the presence of O,, insensitive to
2.2 X 10°% M antimycin A, and inhibited only 32 9%
by 1073 M cyanide. The cytochrome oxidase activity
of the 10,000 X g particles was inhibited completely
by 107 M cyanide and 47 9, when tested in an ana-
erobic cuvette containing a CO/0, = 9/1 muxture.
Wiskich and Bonner (31) have described an assay
medium for higher plant mitochondria (sweet potato)
which gives higher oxidation rates and better inhibi-
tor response. In agreement with their work, 10,000
X g particles from P. uvella, which had a NADH
oxidase activity of 40 mumoles/min per mg protein,
had an activity of 98 mpmoles/min per mg protein
when assayed in the assay medium described by them.
The effects of inhibitors on this activity as assayed
in this medium are given in table VIII.

Table VIII. Effects of Inhibitors on NADH Oxidase
Activity of Polytoma uvella Mitochondria

Control rate

98 mumoles/min per mg protein.

Inhibitor Conc (M) % Inhibition
KCN 1.0 X 10°® 97
Antimycin A 1.1 X 10°¢ 97
Rotenone 3.0 X 107 97
Diphenylamine 3.3 X 10+ 97
Amytal 1.0 X 107 84

Table VII. Localization of NADH Ouxidase and Cytochrome ¢ Oxidas: in Polytoma uvella Homogenates

Total NADH oxidase Cytochrome ¢ oxidase*
protein (mg) mumoles/min per mg % of total k(ml/min per mg) % of total
10,600 X ¢ 27 43 90 27 92
particles
80,000 X ¢ 16 8 10 42 8
particles
80,000 X g 69 0 0 0 0
supernatant

*  Assayed in 0.1 % digitonin.
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Table IX. . Admounts of Cytochromes Present in 10,000
X g Particles from P. uvella
Cyto- mumoles/mg Relative
Method chrome protein amounts
a-a, 0.16 1.00
NADH-Oxidized b 0.16 1.00
c 0.17 1.06
a-a, 0.12 1.00
Na,S,0,-Oxidized b 0.38 3.16

¢ 0.13 1.08

The amounts of a, b, and ¢ type cytochromes pre-
sent in these 10,000 X g particles as calculated from
difference spectra is given in table IX. A CO dif-
ference spectrum of these particles is given in figure
5; 2 reduced CO Soret bands are clearly present in
this spectrum.

Polytomella agilis Aragao. Difference Spectia
of Whole Cells. Cells were grown as described from
a 19 innoculum for 2 days. At the end of this
time more than 98 9, of the cells were in motile form.

0.01 | ] I

590

414 426

5 -0.0! —
o
< _o.02 —

-0.03

—-0.04

400 450 500 550 600 650
Wavelength, millimicrons

F16. 5. CO difference spectrum of P. wuvella mito-
chondria (dithionite + CO)-(dithionite). The final
protein concentration was 3 mg/ml.

After centrifuging and washing, they were suspended
in 0.1 M phosphate, pH 6.0 and glycerol was added to
a final concentration of 33 9. In all 4 spectra pre-
sented the final cell concentration was 16.7 mg dry
weight per ml. Figure 6 is a dithionite reduced
minus oxygenated difference spectrum. This spec-
trum shows a marked increase in the amount of h-
type cytochromes as compared to an endogenously re-
duced minus oxygenated difference spectrum. Al-
though this spectrum shows 2 bands in the b-region,
they are more clearly visible in the antimycin differ-
ence spectrum given in figure 7. It should be noted
here that the dithionite reduced minus endogenous re-
duced difference spectrum appears essentially identi-
cal to figure 7. Two CO difference spectra are
given in figure 8; one is an endogenously reduced CO
difference spectrum and resembles the spectrum ob-
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tained with yeast and animal tissues. The second
was performed on dithionite reduced cells and shows
distinct differences from the first spectrum: the peak
at 590 mpy has broadened to 570 to 590 mp, the (OD

0.12 }— 430
0.08|— |44
— -
o 550 556
o‘ 0.04 — 0.02
q —_
o
or— 0 O
L 4
—0.04 |— —0.02
A
400 450 500 550 600 650
Wavelength, millimicrons
F16. 6. Difference spectrum of P. agilis. (dithionite

reduced) - (oxidized). See text for cell concentration.

+.08 730 T i T
(Oxidized + 61g Antimycin A/ml)-(Oxidized)
+.06 |- ~
+.04 4
+.02} q
566
+011 |
529
\

0 L [ —
01+ s
-02 .

L Il 1 It
400 450 500 550 600 650
Wavelength (my.)
F16. 7. Antimycin difference spectrum of P. agilis

(oxidized 4+ 6 pg antimycin A/ml)-(oxidized). Cell
concentration given in text,.



WEBSTER AND HACKETT—RESPIRATORY CHAIN

T H T T

+.04 —— Endogenously Reduced Cells +.02
— ——— Dithionite Reduced Cells
+.02 q+o1
0
a
o
o 002 1-01
-0.04 1-02
-0.06 1-03
: 1 1 .
400 450 500 550 600 650

Wavelength (mpu)

F1c. 8. CO difference spectra of P. agilis. Cell
concentration given in text.
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Fic. 9. Difference spectrum of 4. longa at —190°
(N,)-(oxidized). Cell concentration was 37 mg dry
wt/ml.

at 430 mp) minus (OD at 444 my) difference has de-
creased, and the Soret maximum has shifted from
428 to 423 mp.

Astasia longa Pringsheim. Difference Spectra
of Whole Cells and Mitochondria. Room temper-
ature difference spectra of whole cells show a Soret
band at 424 mp, a large broad band at 560 mp. and
an a-band for an a-type cytochrome at 608 mp.
Liquid nitrogen difference spectra are more revealing.
Figure 9 is such a difference spectrum of endogen-
ously reduced cells. The position and shape of the
a-band for the a-type cytochrome in this spectrum
differ from the position and shape of the q-band of
cytochrome oxidase in similar spectra of higher
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plants, yeast, and the colorless green algae. An ex-
cess of b-type cytochromes is manifested in dithionite
reduced difference spectra as figure 10 shows: this
figure also shows the splitting of the 556 mp band
into a 554 and a 557 my band. Mitchondria were
isolated by blending 1.52 g (dry wt) of washed cells
in 22 ml of mannitol medium as described for 2 min-
utes at one-quarter maximum speed. The 10,000 X
g precipitate was washed and homogenized in 3 ml of
mannitol medium, each ml containing 2.9 mg protein.

554

557
552 606

547
563

(a]
o |e0 (Na,5,0,) - (Oxidized)
g

— (N,) - (Oxidized)

I I I
500 550 600 650 700

Wavelength, millimicrons

Fi1c. 10. Difference spectra of A. longa at —190°.
Cell concentration was 37 mg dry wt/ml.

The shoulder visible at 448 my on the 440 my re-
duced Soret band for the a-type cytochrome in the
endogenously reduced difference spectrum (fig 9)
is more clearly seen in the NADH reduced minus
oxidized difference spectrum of these mitochondria
(fig 11). Like whole cells, reduction of the mito-
chondria with dithionite reveals the present of b-type
cytochromes which remain oxidized in the endogen-
ously reduced state. CO difference spectra of whole
cells revealed only a small peak near 420 my and a
small broad trough near 440 mp. A CO difference
spectrum of these mitochondria, shown in figure 12,
shows a trough at 444 my and a peak at 431 mp which
are characteristic for cytochrome a-a,, but the (OD
at 430 mp) minus (OD at 444 mp) difference is
much too small. The presence of an additional CO
combining pigment is manifested by bands at 417, 540,
and 568 mg.
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Fi6. 11. Difference spectrum of 4. longa mitochon-

dria at —190°. Protein concentration given in text.
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Fic. 12. CO difference spectrum of A. longa mito-
chondria at —190°. Protein concentration given in text.

A cytochrome oxidase assay on a crude cell ex-
tract from 4. longa gave negative results. Since it
is possible that an inhibitor of cytochrome oxidase
was present in the extract, the assay was repeated
on the purified mitochondria described above.
Again there was no activity.

Discussion

Chlorophyta. The Qo,’s found for the endogenous
and glucose supported respiration of Prototheca are
very similar to those found by Genevois (10) for
Chlorella.  Also, the effects of cyanide and CO on
the respiration of Chlorella (8.9) are the same as
those observed in this report for Prototheca. 'The
responses of the endogenous respiration of Prototheca
and Chlorella to these 2 inhibitors lead one to the
conclusion that either the endogenous respiration is
mediated by a cyanide-insensitive pathway or that the
terminal oxidase is not the rate limiting component.
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Besides combining with iron-containing terminal
oxidases, cyanide and CO are known to act as mild
uncoupling agents (14). If the endogenous respi-
ration were uncoupled so that the uncoupled rate
were approximately the same as the simultaneously
inhibited terminal oxidation, this could explain the
results with these 2 inhibitors. In agreement with
this, it was observed that although CO had little ef-
fect on the endogenous respiration of Prototheca,
the rate in the light was usually slightly higher than
the dark rate. Thus. light should remove the inhi-
bition of the terminal oxidation allowing the respi-
ration to increase slightly until the partially uncou-
pled oxidative phosphorvlations become rate limiting
again. The system is more complicated than this,
however, as the results with the uncoupling reagent,
24-DNP, show. If oxidative phosphorylation werc
always completely rate-limiting, one would expect
the uncoupled endogenous respiration to approach
glucose respiration. but this does not occur (table
IT). 'This suggests that perhaps some other step in
endogenous substrate utilization becomes rate limit-
ing.

The effects of 24-DNP on the O, uptake of
Prototheca are similar to those observed for higher
plants and animals (27) in which one sees an increase
in respiration with increasing DNP concentration un-
til a maximum is reached, then the respiration de-
creases as the DNP concentration is increased fur-
ther. The most informative respirometric experi-
ment, however, is the inhibition by antimycin A.
Since the inhibition is more than 90 9. essentially
all of the electrons are passing through the respira-
tory chain for the oxidation of glucose by Prototheca.

Difference spectra of the 3 Chlorophyta studied
in this report resemble difference spectra of higher
plant preparations, especially with regard to the pres-
ence of excess b-type cytochromes (3). The split-
ting of the Soret band of cytochrome oxidase in low
temperature difference spectra of Prototheca has also
been observed by Bonner (4) in low temperature
spectra of higher plant mitochondria.

The properties of the 10,000 X ¢ particles allow
their being called mitochondria. Their sediment-
ability, the amounts of cytochromes present. their
high NADH and cytochrome ¢ oxidase activities,
and the responses of these 2 activities to inhibitors
are almost identical to the same properties of mito-
chondria isolated from higher plants (7,13,24).
The NADH dehydrogenating activity observed in
the supernatants obtained after high speed centri-
fugation is also often observed in similar preparations
of higher plants (D. P. Hackett. unpublished re-
sults).

The CO difference spectra of all 3 Chlorophvta
studied show the presence of an additional CO com-
bining pigment with a Soret band for the CO complex
near 420 my. This pigment is usually more promi-
nent in dithionite reduced preparations where its ab-
sorption bands overlap those of cytochrome oxidase,
causing a distortion in the appearance of the latter
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(fig 8). The CO difference spectrum of Polvtoma
mitochondria (fig 5) shows a distinct band at 414
mp which corroborates the results observed in Proto-
theca and Polytomella and gives some validity to the
CO difference spectrum of acetone-extracted Poly-
toma cells (fig 4). However, this latter spectrum
must be interpreted with caution because of the fact
that cytochrome a-a; has definitely undergone some
spectral change as evidenced by the shift of its a-
band from 604 to 595 my in difference spectra of
acetone treated cells and also by the fact that b-type
cytochromes are known to combine with CO when
denatured (2). Nevertheless, similar CO binding
pigments have been recently found in mung bean
mitochondria (5), potato mitochondria (D. P.
Hackett, unpublished results) and anaerobically
grown yeast (20).

It was suspected that the additional CO-binding
pigment of Polvtoma might be a peroxidase since
the CO-Soret for horseradish peroxidase is at 423
my (19), but there is good evidence against this.
When assayed for peroxidase activity with the o-
dianisidine assay (26) there was no correlation be-
tween the amount of pigment present, based on its
spectrum, and the peroxidase activity of the prepa-
ration; the activity was always less than 19, of
what one would expect if it were as active as horse-
radish peroxidase. Also, no difference spectrum was
observed with fluoride on a fraction which was
known to contain the 415 mu CO band.

Euglenophyta. Although Astasia possesses a. b,
and c-type cytochromes, the respiratory chain is quite
unlike that of higher plants and green algae. The
most obvious difference is in the position and shape
of the a-band of the a-type cytochrome. Another
significant difference is that unlike mitochondria
from the green algae, Astasia mitochondria are
unable to oxidize reduced mammalian cytochrome c.
Astasia exhibits a very complex spectrum in the
a-region for b and c-type cytochrome. A low tem-
perature difference spectrum of NADH reduced
Astasia mitochondria (fig 11) looks quite unlike
similar spectra of higher plant mitochondria (3).
Although higher plants do possess a pigment with
an a-band near 555 mp, it does not predominate in
such difference spectra as does the 556 mpu band in
Astasia.

Perini, Kamen, and Schiff (23) have isolated 2
cytochromes of the c-type from Euglena. Their cyto-
chrome ¢ (556) has absorption maxima at 558 and
554 my in the purified state and is presumably the
same pigment observed in this report in Astasia which
has an absorption maximum at 556 mp, which some-
times splits into 2 bands (554 and 557 mu) at —190°
(fig 10). Their cytochrome ¢ (552) probably cor-
responds to the 552 mp band observed in Astasia.
These same workers (23a) have also shown that the
O, uptake of sonicated cells of Euglena is inhibited
only slightly by CO-O, mixtures while cyanide is a
more potent inhibitor.
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The 430 mp, CO Soret band and the correspond-
ing 444 mp trough which are characteristic for cyto-
chrome oxidase are present in CO difference spectra
of Astasia (fig 12), but both peak and trough are
extremely small. As in the green algae, there ap-
pears to be another CO-binding pigment present.
Either an overlap of the CO absorption maxima and
minima of this second pigment with the CO absorp-
tion maxima and minima of the a-type cytochrome or
a reduced binding capacity for CO of the a-type cyto-
chrome could account for the small Soret maxima
and minima observed in the CO difference spectra.

Summary

Whole cell difference spectra of Protothcca
sopfii, Polytoma uwvella, and Polytomella agilis reveal
the presence of cytochromes b, ¢, and a-a;. A ex-
cess of b-type cytochromes is revealed by low temper-
ature difference spectra (—190°) and by antimycin
difference spectra. Particles sedimenting at 10.000
X g and possessing high cytochrome ¢ oxidase and
NADH oxidase activities have been isolated from P.
zopfii and P. uvella. These properties and the pres-
ence of cytochromes in amounts characteristic of
higher plant mitochondria indicate that these par-
ticles are algal mitochondria. Carbon monoxide dif-
ference spectra of both the whale cells and the par-
ticles reveal the presence of an additional carbon
monoxide-binding pigment besides cytochrome oxi-
dase. All the data suggest that the green algae have
a respiratory chain essentially identical to that of
higher plants.

Low temperature difference spectra of Astasia
longa are very complex in the a-region for b- and c-
type cytochromes. The appearance of these spectra
is quite unlike similar spectra of higher plants. Also,
the position and shape of the a-band for the a-type
cvtochrome differs from similar spectra of the green
algae and higher plants. Furthermore mitochondria
isolated from Astasia are unable to oxidize reduced
mammalian cyvtochrome c.
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