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Introduction

Although it has been knowiv for years that higher
plants andl yeast possess cvtochromes of the a. b, and
c type (18), there is a paucity of information on the
respiratory chaini of the algae. In particular, no-
thing is knowni about the terminal oxidase in this
large group of plants (11). 'There have been some
inhibitor studies onl the respiratioln of algae with the
classical inhibitors, carbon monoxi(le and cyanide: by
Emersoni on Chllorella, Aniabacica, and Oscillator-ia
(8. 9): by Genevois and independently by Svrett on
Chlorella (10, 30) and by \Vebster and Frenkel on
4u1iab(aena(1 (32). Chanice anid Sager, wvorking with
a p)ale-green Chllanvdomnonas miltitant, wvere able to
(lemnonstrate the presence of b- and( c-type cytochromies
by spectrophotometric methods, but they foulId no
evidence for cytochrome oxidlase, nior couldI they find
evideence for a CO-combiniing pigmient (6). How-
exver, Perini, Kamlieni, anid Schiff did find spectral
evidenlce for the existence of both a- anid b-type cyto-
clhromiies in an acetone powder for Eiuglena (23).
In a(ldition the- purified 2 c-type cytochromes from
the saimie organism. Cytochromes of the c-type have
also been purified from the Rhodophyta (17, 33), and
froml the Cvaniophyta (15, 16). Nonetheless. in no
rePort h1as the entire respiratory chain of an alga
been studied. and, except perhaps for Eitgleina, the
termiinal oxidase identified. N'either has there been
any rel)ort of the preparation of mitochonidria fron
the higher algae (1, 22. 28).

This paper is concerned with the follow-
ing quiestion: wvhat is the niature of the respiratory
chain in algae. and specifically. what is the terminal
oxi(lase. if any. that is present in different groups
of algae? Sttudents of planit respiration have classi-
callv used etiolated tissue to avoid the presence of
interferinig photosynthetic pign-.ents. The same ap-
proach has been usedl in this study bv usinig colorless
members of 3 algal divisionis. This paper reports
the restults obtainied for 2 of them: Clilor-ophita and
Eitglenioplhyta.

Materials and Methods

All algae used in this stud-y wvere obtained from
the Ctulture Collection at Indiana University.

Received MIay 17. 1965.

Pr-otothic( .vopfii was grown on the mie(lium (le-
scribed by. Anderson (1). If tap water were used to
supply trace elements, greater growth was obtained.
The cultures were gron at 300 on a shaker in 2.8
liter Fernibach flasks, eaclh containing 500 ml. Cells
wvere harvested at the end of log phase by suiction
filtration (\'hatman No. 1 filter paper) an;d wxashed
with water. Polvtoiun iz clla, Polvtorniella a,ilis, and
Astasia lontga were grown on1 Polytoniella meedium
(29) (2 g so(lium acetate, 1 g yeast extract, anid 1I
tryptone per liter of water). 500 ml in each Fernl-
bach flask, without shakinig and at room teml)erature.
\\Thenl the cells wvere harvested 1y lov- speed cenitri-
fugation they were routinely examinied microscopically
to determine wlhat )ercentage were in motile formits:
for mlost experiments tllis was greater thani 90 c/
When larger amounts of cells were nee(le(d (as for
the (lisinitegrationi exl)eriments descril)e(l below)
Poitvtoina and Astasia, were grown in 9-liter bottles.
each conitainiing 6 liters of mediuml. Puirified, sterile
air was bubbled conltiniuously through the miediumii.
The cells wvere harvestedl as descrilbed above or with
the Sharples super centrifuge. Cells were niormially
washed wvitli the appropriate buffer alnd recentrifuged
before uise.

Respiromiietric experimlents oni P. .vopfii, other thani
CO inhibitioni, were performed using stanldard pro-
cedures and equipmenit. Cells were harvested as de-
scribed and suspended in 0.15 Mu phosphate, pH 7.0.
An aliquot of this cell suspensioln w-as adlded to the
Warburg flask together with Nvater allnd phosphate
btuffer to bring the phosphate to a finial concenitrationi
of 0.05 mI . Glucose, when used, wvas present at a
final concentration of 1 %. The final volumie in
each flask was 3.2 ml includinig 0.2 ml of 10 % KOH
in each center well. For the cyanide inhibitionl stu-
dies the KOH center N-ell solutionis Nvere mla(le up
according to Robbie (25). The temperature of the
bath was 300.

All CO inhibitioni and light reversal respirometric
experiments wvere performed using the Gilson MIodel
GRP 14 differential respirometer. The gas mixtures
were flushed through the respirometer and out of the
v-entinig plugs of the flasks until at least 20 timles the
volume of the flasks had been flushed through. Con-
trol flasks were flushed wvith N,,-O., mixtures of the
samiie O., content as the experimenltal flasks.

Spectra of whole cells and nmitochonidria, i)re-
pared as described below^, were taken uisinig the Carv
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M o(lel 14 with the scattered tranisillissioni accessory

and(l exl)anlded scale. Liquid nlitrogen differelnce
spectra were takeni usinig ani unisilvered D)ewar flask
)llilt inlto the scattered tranismissioni accessory; 3-iiiiii
plastic cuvettes were uised for these spectra. Sus-
pensions of cells anld cell fractionls were oxidize(d b1
eitller bubbling 0, illto the cu'vette for about 5 to 10
minilttes. or 1v addinlg a smiall (Irol) of 3 % H.,O, to
the cuvette. Cells were re(luced 1v slowly bubbling
nlitrogeni illto the cuvette (endogenouisly redutce(l) or
bv a(l(lillg a slliall amount of (lithioniite. CO differ-
enice spectra wvere performed b1y slowly b)ubbling CO
inito the saimiple cuvette anid nlitrogen into the refer-
enice cuvette. In all types of dlifferelice spectra a
biase line was first obtained with suspensions ill the
sanllple aildi cointrol cu'vettes ill tlhe saille redox state.
Tile coincentrations of cvtochromes N ere determiniedI
fromii the spectra usiilig the niletho(is (lescribed by
Hackett ( 12).

Thie various types of algae were disiiltegrate(d b)
blelldillg an approximlatelv 20 % cell suspension (wet
wt/volunle) with ani eqtual volullme of glass beads
(type 090-5005; of the MAinnesota Mining and Manu-
factuirinig Conlpany) in the Servall Ominimixer at
(V. The suispenldinlg nlle(litinl xi a 0.4 M. iulainniitol.
0.02 M\t potassilm p)llosplhate (pH 7 ). 0.005 M FD)T.\:
this will i)e referred to as niainiitol imie(litum. O)fti-
mumt1111 (lisilntegration tilile w-as (letermlille(l Illicroscop-
icallv, enzymaticallv (cvtochronie oxidase and
NADH oxidase activities) . ani(d by the almnotunt of
p)roteill solubilized. The extract wNas se(iilllellte(l for
about 10 ninutites at 500 to 1000 X g, the l)recipitate
(liscar(led aIld tile stuperilatait se(lilllente(l at 1(0,000
X g for 20 illinutes, tllell at 80.000 for 30 imiinlutes.
The 2 precipitates wvere wA-asie(l oilce with Illallnitol
llleditunl all(l recentrifu-ed.

'I'he cvtochrome oxi(lase assay wvas perforilled as
described by Hackett (12). The cvtochrome c uised
wvas Sigmila Type 11. T'he NA\I)fl oxidase assay
was l)erformedl eitlher in the imiainiitol nleditiumi or in
the imiedlitunl described bv Wiskich anldI Bolnnler (31).
The filnal coilceiltratioin of NADH ( Boehringer) was
1.67 X 10-4 ;M the reaction wxas starte(l by adding the
NADH to the reactioil ruvette. Assays were per-
forme(d at rooIll tenlperature uisillg eitlier the lBeck-
illan DU Spectrophotoilieter or the Carx AModel 14
1w followinig the (lecrease in (0) with tille at 340
miMt.. Antinmycin A, amlytal, rotellone. and di phellyl-
amiinle were (lissolved in ethaniol: s-hell these iilnibi-
tors were uised, tile correspondilng ethlallol conitrol was
also performiied.

Protein determillatioins were performed accordling
to the niethod of Lowry et al (21). Since mailnitol
interferes with this (letermiiinatioll. appropriate cor-
rections wvere ilmade.

Dry weights wvere determiined i)v eitiler cenitri-
fuging anld washinig the cells with water, transferring
them to sniiall tared flasks andi (drving overnii-lht at
90' or by sinlp, (Irying the suispension at 900 altl(l
correctig, for tlle weight contributed hv the salts.

Results

PJrototlheca v-opfii. Rcspiromctric Iixp.erpicwnt s.
The enldogelnouis resp)irationl of P. zopfii is 07orniallv
2 to 6 ,ul OC/mig d(ry vt per hour while glucose suIp-
ported respiration is 28 to 30 ,ul O.,/mg drv xt per
lhonr. The effects of the classical iinhibitors. cvanti(de
anid CO oln the glulcose supl)ortedl respliratioll alre
given in table I. B3otlh are effective inllhibitors of
glucose oxidation by P. .sopfii. The inhil)ition by
CO is light reversible. The effects of these samiei 2
inhibitors oni the eiitlogenous respiratioll of Piroto-
tlieca (liffers fromii the effects oli glucose oxidation.
AnI experimilenlt withi 10-)' m cvani(le gave a 48 %
stimlulatioll of the coiltrol enclogeilous resl)iratiMon.
CO, whichi coiltaills 5 % O., (i.e. CO/O., - 19/1).
has only a slight and variable effect Oil the eildoloen-
Otis respiratioil.

Iable I. Effects of (Cvanidc and Carbont Mlono.ridc
0)1 Prototheca zopfii Respiration

Qo., (I/, Inhlibition

Endogenious
Conitrol ( with glucose
10-( m HCN
10O-- 'm HCN
1 9/1 N .,/O,
19/1 (c0/O.

5.0
30
20
17
3()
2(0

.

I I

45;

33

Ilie resp)iration of IPrototheca in the p)resellne of
glucose is also illhibite(d by low concentrations of
ailtililyciii A (fig 1) Sillce anltimivcin \ is a(ld(led
as ani ethancolic soluitioll. it is ilecessarv to Iperiori
the etilaniol coiltrol; etllallol gives aii illcreasedl O.
uptake over tile gltucose coiltrol. Figure 1 shows that
alltilllycini A at a collcelltratioli of 3 ;,g/nml (5.3 X\
10-6 m) redluces glucose oxi(latioll iw Pr-otollicca( to

2 % of tile etilallol coiltrol valuie.

300 Ethanol

Control
0)

u 200
E

o Antimycmn A (3 pLg in

0
0 30 60 90 120 140

Minutes
FIG. 1. Thie effect of antiinycill A oli glucose cup-

iorted respiratioll of P. zopfii. Experimenital collditionis
givell ill text. Ifie aIltlIlnvcill and etianlol flasks con!-
taiiiecl 50 ul etilaniol.
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Table II. Effects of 2, 4-DNP ont the Enidogeni-ou01s anid Glucose Respiratiotn of P. zopfii

DNP conc (m)

0
+ 1.0 X
+ 3.0 X
+ 1.0 X
+ 3.0 X

0
+ 1.0 X
+ 3.0 X
+ 1.0 X
+ 2.7 X

10 o
10
10-4
10-4

10
10-5
10-4
104

Qo.
3.4
4.4
6.9
8.9
6.6
28
31
43
12
5

% Inhibitioni ( I )
or stimulation T )

. . .

29
103
162
95

10
53
59
81

I

11

N 11

The results of the effects of 2,4-DNP (24-dini-
trophenol) oni the eindogenous 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.
Differeiice Spectra of W[hlole Cells. An endogen-

ously reduced minius oxidized difference spectrum of
starved cells (aerated 3 days in 0.05 M phosphate,
pH 7.0, at 300 after harvesting) is shown in figure
2. This difference spectrunm has the same appear-

ance as differenice spectra of higher plants; the ab-
sorption band(ls for cytochromiies b. c anid a-a- are
definitely- present. CO (lifference sl)ectra of cell
suispenisionls show positive l)eaks at 591, 540, and 430

,U and the Soret trough at 444 n,u; these are the
same bands observed in higher plants and animiials,
in both of which cytochrome oxidase is the terminail
oxidase. There is also, however, a slhoulder at about
416 muM on the 430 nmu CO Soret band whlicll will be
di.scussed later.

The complexity of the b-region of the spectrum
can be shown by antimycinldifferenlce spectra, which
reveal a-bands at 562 and 558 muM. and by low temii-
peratutre-differen-ce spectra. Figure 3 is one of the
latter. Tvo bands are visible in the a-region for
b-type cytochromiies in this spectrum (554 andl 558
M1p) ; further. the Soret band for cytochrome oxidase
has split into 2 bands (440 and 446 m,u). Figure 3
is for dithionite reduced cells; endogenously redtuced
cells show the same bands but with the 547, 554, and
558 m,u bands of approximately the same intenisitv.

-10.04
0

0

003

+-0.02

0.02,

400 450 500 550
wavelength (mow)

FIG. 2. Difference spectrum of P. Zopfii (enidoge-
nously reduced) -(oxidized). Tlle cell concentrationi as

200 mg wet wt/ml.

Disintegration and Sedimtentation Experiments.
Many methods were employed in an attemiipt to ob-
tain mitochondria froml P. Zopfii. Such methods in-
cluded hand grinding with aluminla, freezinlg-tlhawing,
use of the Hutghes press, sonication both with and
without abrasives present with the Raytheon (10KC)
and with the MISE, ultrasonic disintegrator. Finally
it was discovered that the cells could be broken and

Table III. Oxidase Activities of Disintegrated antd Sediniented P. zopfii Cells

Total Cytochrome oxidase
Total Cytochrome oxidase* cytochrome activity in digitonin/ NADH*"
p)rotein activity in 0.1% oxidase cytochrome oxidase oxidase

Fraction mg digitonin activity activity without digitonin activity

10,000 X 9 2.4 207 500 7.7 72
precipitate

80,000 X g 2.5 40 100 4.5 8
precipitate

80,000 X g 180 0.8 150 1.5 0
supernatant

HExpresse(I as the first order rate constant, k, in ml/mimi per mg protein.
m,umoles/min per mg protein.

Endogenous

Glucose
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T- T 1 ITable IV. Effccts of Inhihitors oil. thl .AI)II ().Oxidas
IIi Actizitics of tf/c 1O00) X yg Particles frlomll P. zopfii

Control rate = 72 niuimioles/miiim per mg p)rotein.

Inihibitor

-1002
Antiniycin A

KCN

Roteinone
-001 Rotenone

Anivtal

-0 02-

400 450 500 550
Woveength (mpA)

FI;. 3. I)ifference spectrum of l.)(
(dithionite reduced I) - (oxidized) The cel
was 41 mg dry xvt/ml.

lparticles isolated by shklinilg the cell st
glass beads in a \iickle shiaker. 'T'he
\was stl)erse(led by the Servall. )mninii.

the alvanitage of convenience and( miuilticl
ity. H-arvesting P. vopfii cells 24 lhot
ani(d storing themil in the refrigerator as

restilted in better breakage. Table III
stilts for 8.5 g of cells (xwet wt) (lisinti
milntites at onie-quiarter miiaximumii spee
of cytochrome oxidase activity in th(
0.1 % digitonini to the cytochromile ox

withiout digitoniin is tised as a roug

miieastire of the integrity of the parti
The effects of inihibitors on the NADI
tivitv of the 10,000 X glparticles are

IV. -A considerable apparent N-ADH
present in the stipernatant this activ
l)penlent of 0), (as (leterminied uising
ctuvette fluislhled with llelium1ll) anid is tl

oxi(lase activitv but a NADIH dlelhv(lrogenating ac-

tivitv. It was also insensitive to cy'anide and(l antinliv-

c- A. The oxidase activities of the plarticulate frac-

tionls were totally (lel)endent on the presence of ).,.
T15he vields of the p)articulate fractioni in the ex-

--003 periment described above were extremely low. Onie
could get mtuch larger vields of both total protein

600 - 650 and total activity 1y disintegratinig the cells for
longer times, usually 30 miinutes. However, longer

opfii at -190 d(lisinltegrationi times chanlged the dlistribution of ac-
11 concenitration tivities so that the 80,000 X g particulate fraction

ofteni had imiore cvtochromiie oxidase anid NADH
oxi(lase activitv (specific ani(l total) than the 10.(0()

isplension with X g particulate fractioni. The following experimllenit
Mfickle shaker demonstrates that the l)articles derivecl fromli 30-

xer which has miiiiite (lisinltegrate(d cells are l)ol(lisl)erse: 'T'lih ex-

larger capac- tract after (lisinitegratioln \\was cenitrifuiged at 1000()
Lirs lefore uise for 1(1 miniuittes ai(l the l)recip)itate (liscar(le(l. 'I'hc
the cell l)aste snpernatant fraction was theni cenitrifuged sticces-
gives the re- sivelv at :500 X , 10,000 X g, aicl 20,000 X g for

egrated for 15 20 minutites, and at 41,000 X g anid 80,000 X q for
,-l. The ratio 30 imiinutes. Eiach precipitate was (draine(d, stispeni(led
e preseiice ofpin miiannitol miiediumli, anid assaye(d for cvtochromlie
:idase activity- oxidase activitv anid \NADH oxildase activity. Tlie
,h quantitative
idles (12, 24). restilts are given in table V.
H oxidase ac- Differenice spectra of 1)artictilate preparationls
givenl inl table fromii P,otothlica were very simililar to whole cell dif-

I oxidase was ferenice spectra. An estimation of the amotiuits of
-ity- wvas iil(le- cytochromes p)reseilt in a 10.000 X g particulate
ani anaerobic fraction as calculated fromi NAD)IJ and(I 1Na. .8()

ins not a true redtice(d (lifferenlce slpectra is given in table VI.

Table V. 1)istriltihon of ().xidasc Activitics ill 30-.lMinutc Disintc( rated P. zopfii Ccl/s

Fractioin

5,000 X f/ precipitate
10,000 X (.( precipitate
20,000 X y precipitate
40,000 X g precipitate
80,000 X g precipitate
80,000 X sl supernatant

Cytoclronme oxidase activity*
in 0.1 '/ digitoniin

207
234
240
237
39
5.4

Ratio:
activity in digitoin
activity without

(digitonin

8.5

4.5S
'.2
3.9
2.4

NADH **
oxidase
activity

16
_5

31
39
32
3.1

(/c Inhibition
by 1.1 X 10 'i Mi
Antimycin A

86
87

93

94
92

k in mnl/ininm per 111g protein.
nutmoles/min per mg.
Control rate ws-as too loxk to test for inhibition.

+008-

+006-

+0.04'-

+0.02-
c0
0

0.00o-

Colnc

1.1 X 10-6
1.0 X,0-10
4.0 X 10-'i
4.0 X 10 '
1.0 X 10o-

'(/ Inhibition

(95
42
62
40

109)(4
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Table VI. Amttounitts of Cvtochromties Presenit in
10,000 X g Particles fromii P. zopfii

Cyto- m,moles/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-a3 0.113 1.00
Na.,S204-Oxidized b 0.215 1.90

c 0.170 1.50

Polvtomia uivella. Diffcf-erece Spectra of Wlhole
Cells. Although P. voella lacks chlorophyll and is
noniphotosynithetic, carotenoids are present in large
enough conicentration to give a suspenisioll of cells a
bright orange color. The absorption of the carote-
noids exten(ls from below 400 nmu to above 560 m,u
with an essentially flat absorption miiaximum from
450 to 490 m/L. There is, therefore. conlsi(lerable
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. tivella reveal the
presence of cytochromes b, c. and a-a3 as maniifested
by a-bands at 604, 560, 550 m,I, and Soret bands at
444 and 426 mu.

Differenice Spectra of Acetomc-Extracted Cells.
It was found that 100% acetone at 0( wouldl extract
completely the carotenoids from P. nvclla. The
amounts of b and c-type cytochromes calculated from
differenice spectra of such cells-in 0.06 M phosphate,
pH 6.0, and( 33 % glycerol-agree well with the
amounts estimated from spectra of unextracted cells.
However, the a-band for cytochromiie oxidase has
shifted from 604 muM to 595 mi in the extracted cells.
CO difference spectra of extracted cells are very
puzzlinig (fig 4): there are absorption maxima at
570, 540, 430 (shoulder), and 414 m,u and a trough
at 444 m,u.

Disinttegrationi an-id ScIidmen tation IExperinI cuits.
Cells were disintegrated anld particulate fractionis and
a supernatalit material were obtainied as for Proto-
theca. Table VII summarizes the results of enzy-
matic assays on these 3 fractiolls, which were o0)-
tainie(l by startinig with 800 mig (dry wt) of cells in
22 ml manlnlitol me(liumii an(d uising- a (lisinltegratioll

0

0

+0.15 414

+0.10

+0.05

0.00 - \

-0.05

445
400 450

1+004

+0.02
540 570

+0.01

-O.oo
0.01

-0.02

500 550 600 650

FIG. 4. CO difference spectrum of acetone-extracted
P. uvella. Dithionite reduced cells, 12.5 mg dry wt/ml.

time of .; mliinutes at onie-quarter miiaximiiumii spee(l.
Like the results for Prototlhcca there was a NADII
dlehydrogenatinig activity in the supernatant whicll
was independent of the presenice of 02,, insenisitive to
2.2 X 10-6 M antimycin A, and inihibited onily 32 %
by 10-3 M cyanide. The cytochrome oxidase activity
of the 10,000 X g particles was inhibited completely
b)y 10-5 M cyaniide and 47 % wheni teste(d in ani ana-
erobic cuvette containing a CO/O.. = 9/1 mixture.
WViskich an(l Bonner (31) have described ani assay
medium for higher plant mitochondria (sweet potato)
wvhich gives higher oxidation rates and better inhibi-
tor response. In agreemenit with their vork, 10,000
X g particles from P. uvella, which hadl a NADH
oxidase activity of 40 munmoles/min per mg proteini,
had an activity of 98 n,umoles/miin per mg protein
when assave(l in the assay mlediumii described by themn.
The effects of inhibitors onl this activity as assaye(d
in this nlle(litinmi are given in table VIII.

Table VIII. Effects of Inihibitors o;t NADH Oxidase
Acti-zity of Polytoma uvella Mitochondria

Control rate = 98 m,umoles/min per mg protein.

Inhibitor Conc (ma) r4 Inhibition1
KCN 1.0 x 10-3 97
Antimycin A 1.1 X 10-6 97
Rotenone 3.0 X 10-5 97
Diphenylamine 3.3 X 10-4 97
Amytal 1.0 x 10-:: 84

Table VII. Locallization of NAI)H Oxidase and Cytochlromne c O.ridas in) Polytoma uvella Homtogenates

'Total
protein (mg)

1O,COO X g 27
particles

80,000 X g 16
particles

80,000 X g 69
supernatant

* Assayed in 0.1 % digitonin.

NADH oxidase
m,amoles/min per mg % of total

43

8

0

90

10

0

(Cytochromie c oxidase*
k(ml/min per mg) % of total

27 92

4.2

0

8

0

10)95



1L'LANT Ph-IYSIOLOGY

Cyto- m,umoles/mg Relative
chromiie prote:n1 amounts

tained vith yeast anid ailimal tissuies. 'rihe second(l
was performed oni dithioniite reduced cells aild shows
distiilct differences fromii the first spectrum: the peak
at 590 nmu has broadened to 570 to ;9( mnu the (()I)

NADH--Oxi(lized

N\a2S.,O -Oxidizecl

a-a.,
1)
c

a-a.,
h
c

0.16
0.16
0.17

0.12
0.38
0.13

1.00
1.00
1.06

1.00
3.16
1.08

'T'lhe amiiotlits of a, 1), anid c type cytochromiies pre-
sent in these 10,000 X g particles as calculated fromii
difference spectra is given in table IX. A CO dif-
ference spectrumi of these particles is given in figure
5; 2 redutced CO Soret hands are clearly presenit in
this spectrunm.

Polvtomiella agilis Aragao. Differentcc Spect;ra
of WV/lole Cclls. Cells were grown as described from
a 1% innoctilunm for 2 days. At the end of this
tinme more thani 98 % of the cells were in motile form.

0.12

0.08

0
O 004

0

-0.04

450 500 550 600
Wavelength, millimicrons

FIG. 6. Difference spectrum of P. aglis. (dithionite
reduced)-( oxidized). See text for cell concentratioin.

- 0.01

0

< 0.02,

Wavelength, millimicrons

FIG. 5. CO difference spectrum of P. uvella mito-
chondria (dithionite + CO) - (dithionite). The final
l)rotein conicentrationi was 3 mg/mIl.

After celntriftuginig and washinig, they were suspen(le(l
in 0.1 Ai phosphate, pH 6.0 anid glycerol was adde(d to
a finial concenitrationi of 33 %. In all 4 spectra pre-
sente(d the finial cell concentrationi was 16.7 mg dry
weight per nil. Figure 6 is a dithioniite reduticed
minusii oxygeniatetl (lifferenice spectrum. This spec-
trulmi showvs a marke(d inicr-ease in the amiiouniit of b-

type cytoclhroniies as comnpared to an end(logenlouislv re-

duice(c minutis oxygen<ate(d (lifferenice sI)ectrlnll. .

thotugh thiis spectruim shows 2 hands in the b-region.
they are mlore clearlv visible in the anitimvcini (liffer-
ence spectrum giveln in figure 7. It slhould be nloted
lhere that the dithionite re(luced minus endogenious re-

duced differenice spectrum appears essentially identi-
cal to figure 7. Two CO difference sp)ectra are

given in figure 8; oine is aIn endogenously reduticed CO
differenlce spectrtum ain(l resembles the s;pectrumn oh-

Wavelength (m,)

FIG. 7. Antimycin difference spectrum of P. aqilis
(oxidized + 6 ,ug antimycin A/ml) - (oxidized). Cell
concentration given in text.

Table IX. .41n,onnits of (Cytochrom.cs Prescnt in 10.000
X q Particles fromii P. uvella

M etho(l

0

b
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FIG. 8. CO difference spectra of P. agilis.
concentration given in text.
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FIG. 9. Difference spectrum of A. longa at -190°
N,) - (oxidized). Cell concentratioin was 37 mg dry

wt/ml.

at 430 m,u) minus (OD at 444 mu) difference has de-
creased, and the Soret maxiimiumii has shifte(d from
428 to 423 m,u.

Astasia loniga Pringshl cin. Difference.Src ectra
of W/hole Cells a(d JMIitochonl(lria. Rooml temper-
ature (lifferenice spectra of whole cells show a Soret
land(l at 424 mnA, a large broad band at 560 mA. an(l

an a-baand for an a-type cytochronme at 608 mju.
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 a-balnd of
cytochrome oxidase in similar spectra of higher

rilants, yeast, and the colorless green algae. An ex-
cess of b-type cytochromnes is manifested in dithionite
reduced difference spectra as figure 10 shows; this
figure also shows the splittinig of the 556 miy band
into a 554 and a 557 nlmu band. MIitchondria, were
isolated by blending 1.52 g (dry wt) of washed cells
in 22 ml of nmannitol me(lium as described for 2 miii-
utes at one-quarter maximum speed. The 10,000 X
g precipitate was washed and homogeniized in 3 ml of
mianinitol mediumiil, each ml containinig 2.9 mg protein.

500 550 600 650

Wavelength, millimicrons
I O FIG. 10. Difference spectra of A. longa at

650 Cell concentration was 37 mg dry wt/ml.

700

-190°.

The shoulder visible at 448 mj, on the 440 mnu re-

duced Soret band for the a-type cytochrome in the
en(logenously reduced difference spectrum (fig 9)
is more clearly seen in the NADH reduced miinlus
oxidized difference spectrum of these mitochondria
(fig 11). Like whole cells, reductioni of the mito-
chondria with dithionite reveals the present of b-type
cytochromes which remain oxidized in the enidogenl-
ously reduced state. CO difference spectra of whole
cells revealed only a small peak near 420 m,u an(l a

small broad trough near 440 nmu. A CO (lifferenice
spectrum of these mitochonidria. showni in figure 12,
shows a trough at 444 mju and a peak at 431 mu which
are characteristic for cytochrome a-a,, but the (OD
at 430 mu) minus (OD at 444 mu) difference is
much too small. The presence of an additional CO
combining pigment is manifested by bands at 417, 540,
and 568 mFu.

0

0

.-/\ ~~Endogeno'usly Reduced Cells --

---- Dithionite Reduced Cells

'I
V,1 1

A .f.

, s A r = AA ---

(Na2S204) - (Oxidized)

605

(N2) - (Oxidized)

I

..~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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] \440
00.04 556 0.02

<1 tM \|#448 A
605

<1

-0.04 / -0.02

400 A50 500 550 600 650
Wavelength, millimicrons

Fi(;. 11. Difference spectrum of .4. ion ga mitochon-
dria at -190°. Proteini concentrationi givel ini text.

C)
0

+.02 418

+.01
431

-.01 V
444

400

540 568

1

450 500 550
I

600 650

Wavelength (ms)

FI(. 12. CO differenice spectrum of A. lon!laimito-
choncIria at -1900. Proteini conicenitration given in text.

A cytochromile oxidase assay on a cru(le cell ex-

tract from A. loiogoi gave niegative restilts. Since it
is possible that an inhibitor of cvtochronie oxidase
was present in the extract, the assay wvas repeated
on the puri fied mitochionld(ria described above.

Akgain there was oio actixvity.

Discussion

Ch/loro/op fa. TI1he Qo., s found(I for the eni(logenous
and glucose supporte(d respiration of Prototheca are
very simililar to those found( by Genevois (10) for
Clliorcll(a. Also, the effects of cyani(le and(I CO on

the respirationi of Chloioella (8. 9) are the same as

those observe(d in this report for Prototheca. The
responses of the endogenious respiration of Prototheca
and Chlorella to these 2 inhibitors lead one to the
conclusion that either the endogenous resliration is
mediatedl by a cyanide-insensitive pathway or that the
terminal oxidase is not the rate limiting component.

Besides combining with iron-containing termiinlal
oxi(lases, cyanide and( CO are known to act as mil(d
uncoupling agents (14) . If the endogenouis resl)i-
ratioln were uncoul)ledl so that the tuncoul)led rate
were al)proximately the samiie as the sinmultaneously
inhibited terminial oxidation, this could(I exp)lain the
restults Nwith these 2 inhibitors. In agreemeilt with
this, it was observe(d that although CO ha(l little ef-
fect on the endogeiouts respirationi of Pr-ototlicca ,
the rate in the light wvas usually slighltly higher thani
the (lark rate. T'htis. light shotidl remove the inhi-
bition of the terminal oxi(lationi allowing the respi-
ration to increase slightly until the partiallv tinlcoui-
l)led oxidative phosphorylations become rate limitill-
again. The system is more conml)licate(l thani this.
however, as the restults with the uncotupling recagent.
2,4-DNP, show. If oxidative phosphorylation were
always completely rate-limitilng, onie wvould expect
the tincotupled endogenious respirati on to approach
glucose respiration., but this does lnot occuir (table
II). This suggests that perhaps somiie other stel) iii
endogeniouis substrate uitilization becomes rate limit-
inlg

The effects of 2,4-DNP on the O., uptake of
Pr-otothlecc are similar to those observed for higher
l)lants an(l animals (27) in whichl one sees ani increase
in respirationi wvith inicreasing DNP concenitrationl um-
til a maximumilm is reached, theni the respiration- (le-
creases as the DNP concenitrationi is increase(d fur-
ther. The milost inlforimlative resl)irometric experi-
ment, however, is the inhibition 1)v antimllvcini \.
Since the inhibitionl is more thani 90 %. essenltially
all of the electronis are passing throughii the respira-
tory chain for the oxidation of glucose by Prototiheca.

Difference spectra of the 3 Chlorophyta sttt(lie(d
in this report resemble (lifferenice spectra of higher
p)lant l)reparations, especially withl regar(d to the pres-
ence of excess b-type cytochromes (3). 'rhe split-
ting of the Soret band of cytochromile oxidase in low
teml)erature clifferenice spectra of Pr ototheclhas also
beeni observedl by oIHoniler (4) in low temiiperattlr-e
lspectra of highler plalat mitochondria.

The 1)roperties of the 10.001) X g p)articles allow
their being called mitochlondria. Their sediment-
ability, the amounits of cytochromiies presenit. their
high NADH and cytochlrome c oxi(lase activities,
and the responises ot these 2 activities to inihibitors
are alimiost idlentical to the same properties of mito-
chonll(ria isolated froil higiher p)laits (7, 13, 24).
The NADH (lehvclrogenatilig activity observed ill
the supernatanits obtained after high speed centri-
fugationi is also ofteni observed in simlilar preparatioins
of highier planits (1). P. Hackett. uipublished re-
sults).
The CO difference spectra of all 3 Chlorophytaf

sttudied show the presence of an additional CO conm-
bining pigmeint with a Soret band for the CO complex
near 420 m,u. This pigment is usually more promi-
nent in dithionite redluced preparations where its ab-
sorption band's overlap those of cytochrome oxidase.
causing a distortion in the appearance of the latter
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(fig 8). TI'he CO difference spectrum of Polytoma
mitochondria (fig 5) shows a distinct band at 414
m,u which corroborates the results observed in Proto-
theca and Polvtomitclla 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-a3 has definitely undergone some
spectral change as evidenced by the shift of its a-
band from 604 to 595 mu in difference spectra of
acetone treated cells and also by the fact that b-type
cytochromes are known to combine with CO wheni
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-bindinig
pigment of Polytonia might be a peroxidase since
the CO-Soret for horseradish peroxidase is at 423
my (19), but there is good evidence against this.
WVhen assaved 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 1 % 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 m,u CO band.

Eugleniophyta. 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 redulced
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 m,u, it does not predominate in
such difference si)ectra as does the i556 mu band in
Astasia.

Perini, Kamen, and Schiff (23) have isolated 2
cytochromes of the c-type from Euglena. Their cyto-
chrome c (556) has absorption maxima at 558 and(
5,54 mu in the purified state and is presumably the
same pigment observed in this report in Astasia which
has an absorption maximum at 556 my, which some-
times splits into 2 bands (554 and 557 mM) at -190°
(fig 10). Their cytochrome c (552) probably cor-
responds to the 552 mIA band observed in Astasia.
These same workers (23a) have also shown that the
0° uptake of sonicated cells of Euglena is inhibited
only slightly by CO-02 mixtures while cyanide is a
more potent inhibitor.

The 430 mju CO Soret band and the correspond-
ing 444 mu trough which are characteristic for cyto-
chrome oxidase are presenit 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 anid
minima of this second pigment with the CO absol-p-
tion maxima and minima of the a-type cytochrome or
a reduced binding capacity for CO of the a-type cyt3-
chrome could account for the small Soret maxima
and minima observed in the CO differenice spectra.

Summary

'Whole cell (lifference spectra of Protothcca
-op[ii, Polytoia czella, and Polytomella agilis reveal
the presence of cytochromes b, c. and a--a<,. A ex-
cess of b-type cytochromes is reveale(d by low temper-
ature difference spectra (-1900) and by antimycin
difference spectra. Particles sedimiielntinig at 10.000
Xg aned possessing high cytochrome c oxidase anld
NADH oxidase activities have been isolated fromii P.
.;opfii an(d P. uvella. These properties alnd 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 whole 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 differenice spectra of Ast(asia
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-tvpe
cvtochrome differs from similar spectra of the green
algae and higher plants. Furthermore muitochondria
isolated from Astasia are unable to oxidize rediuced
mammalian cvtochrome c.
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