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The Respiratory System of Rhodotorula glutinis
II. Mechanism of Inhibitor Tolerant Respiration
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Summary. The mechanism of inhibitor-tolerant respiration in Rhodotorula glytionis
was studied. This inhibitor-toleranit respiratory pathway was not duie to the presence

of an excess of cytochrome c oxidlase, nor to the operation of an inhibitor-resistanIt

cytochrome c oxidase. Carotenoid(s do not appeatr to be involved in this respiratory
chain pathway; data are also presente(d which show that the inhibitors penetrate into
the cell. Althouigh the initial rate of oxygen uptake by intact cells was not inhibited
in the presence of cyanide or antinlycin A, inl the presence of these inhibitors the rate
of oxygen uptake decreased significantly whein the oxygen concentration fell below
100 jM. This change in rate of oxygen uiptake as a fuinction of pO,, stiggests that a

respiratory chain with a low affinity for oxygen operates in the presence of inhibitors.
The characteristics of this alternate pathway are (lescribed.

The respirator-y system fotund( in most cells is
characteristically inhibited by agents suich as cyanidle
or aintimvcin A. H owever, in the presence of an
inhibitor, ain insensitive respiratory system has been
d(emonstrated in a variety of cytochrome-containinlg
planIt tisstues (4). In general, 2 explanations have
1)een invoked to accouint for oxygein uiptake in the
preseince of respiratory chain inhibitors (e.g. cya-
nide ): A) the operatioin of an alternate inhibitor
insensitive pathway (1, 16); and 1B) the presenice
of an excess of a inormal cyanide-sensitive c to-
chrome c oxidase (2). Cyanide tolerant respiration
has also been demonstrate(d in tissuies of the dor-
maint Cecropia silkworm (14), aindI in the mi(lglit
of the mature silkworm (13). It was suggested
in the latter case that an alternative pathway oper-
ate(l and that cytochrome 17, could be acting as the
inhibitor tolerant terminlal oxidase.

Stulies Nvith cells of the bacterium Aclirot1to-
bo(1cter adlapted to growth in the preselnce of cyanide
revealed the presence of mutch higher concentrationis
of the terminal oxidlase (cytochrome a.,) in the
a(lapte(I cells than in the sensitive cells (10, 11)
the excess oxidase hypothesis therefore cani account
for the operation of this system. RZecent observa-
tions of inhibitor toleranit respirationi in the funiiguis

UOn leave from National Inistitute ol Agricultural Sci-
clces, Koniosu, Saitamn,, Japan.

2 This investigation was supported b\ grants from the
Public Health Service (GM-08565) anda National Science
Foundation (GB-2387).

Career Development Awardee, IUited States Public
Health Service, IK 3-GMI-8716.

Present Address: Departmenit of Microbiology, Unii-
versitx of Kentucky, Lexington, Kentuckx.

MIyrotheciin zverriucaria suggest the presence of 2
cytochrome c oxidases, one of which is resistalnt to
the actioni of some respiratory chain inhibitors (6).

Stutclies in ouir laboratory (9) have shown that
O., uiptake by intact cells of the yeast Rhodotoruil(a
glu?tintis is not affectedl by the presenlce of cyanide
or antimvcin A in conicenitrationis which completely
inhibit respiration of the yeast So ccliu ron1ilccs
cCrCeisise. R. glttimis was showni to contain flavo-
proteini anid cytochromes; resuilts with cell free
extracts suggested the presenice of a cyanidle anid
antimvccin A sensitive, cytochrome-link,ed( respiratory
clhaini (9).

The purpose of the presenit stud(ly is to charac-
terize and obtain information on the mechaniism of
inhibitor tolerant respiration in R. gltit iVs.

Materials and Methods

The materials anid metho(ds uisecl in this stud(ly
have been dlescribed (9). Cytochrome c oxi(lase
activity of cell free extracts wvas measuired by the
methodl of Ktuboyama and King (7), using a Clark
oxygen electrode; Sigma horse heart cytochrome c
(Type III) was used in the assay. Inorganic phos-
phate incorporation into intact cells was measuired
by incorporating inorganic 3-p (30 ,uc) into the fol-
lowing reactioni mixture; 10 ml of yeast cells (200
mg (Iry wt) in distilled water, 5 ml of 0.1 M phos-
phate butffer (pH 7.0), andI 4 ml of 0.2 M gluicose.
The reaction mixtuire was brought to 30 ml with
dlistilled water and incuibated with aeration at 250.
After incuibation in the preseince or absence of
inhibitor, 5 ml of the reaction mixtuire was cen-
trifuged and the cells thoroughly wvashed with 0.1 At
phosphate buffer. The cells wvere brotught back to
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volume, and duiplicate 0.1 ml samples of the suspeni-
sion were spread and dried on aluminum planchets.
Incorporated radioactivity was determined using
conventional procedures.

Results

The Relationships Between Carotenoid and Cya-
nide Insensitivity. Older cells of R. gluitinis have
a higher content of carotenoids, and their respira-
tion is more tolerant to cyanide than younger cells
(9). Difference spectra (endogenoutsly reducedl
minus aerated) of intact cells revealed spectral
changes in the carotenoid region (560, 520, 485 m,n)
which were not inhibited even in the presence of
cyanide (fig 1). Since these observations suggested
that carotenoids might be involved in cyanide tol-
erant respiration, we tested the cyanide sensitivity
of normal cells, and carotenoid-deficient cells (pre-
pared by growing cells in the presence of diphenyl-
amine). As shown in table I, the absence of
carotenoids did not result in cells which were sensi-
tive to cyanide.

Carbon Monoxide Difference Spectrumz. In
order to determine if there were significant differ-
ences in the amount of terminal oxidase in youing
and old cultures, CO difference spectra were ob-
tained. As shown in figure 2, the CO spectra of
young and old cells are quite similar. The spectra
suggest the presence of cytochrome a. (trough at
445 mu) and another CO-binding pigment (peak at
418 mu) in this yeast. These spectra suggest that
the difference between young and old cultures in
their sensitivity to cyanide is not correlated with
large changes in the amount of CO-binding pigment.
It is assuimed that significant alteration in the
amount of terminal oxidase would be reflected in
the CO difference spectra.

C,vtochroine c Oxidase and its Sensitivity to
C.yanide. Since cyanide insensitive cytochrome
oxidases have been observed in some microorganisms
(6, 12), the sensitivity of the cytochrome c oxi(lase
of R. gluttinis to cyanide was tested. Cells were
disrupted in a French press operated at 15,000
lb/'sq in. The mater;al was then centrifuged at
3,000 X g for 10 minutes and the supernatant frac-
tion was tested for cytochrome c oxidase activity.
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FIG. 1. Difference spectrum of pigmented cells in the
presence of cyanide. Upper curve ( ), without
cyanide; lower curve ( - - -), with 1 X 10-2 Al cyanide.
The reference cuvette was shaken vigorously for 2 min-
utes before scanning. Concentration of cells, 6.0 mg dry
weight/ml.

This preparation had a specific activity of 0.22 to
0.40 p.moles 0/sec mg protein/ml. Cytochrome c
oxidase activity was completely inhibited in the
presence of 1 x 10-4 M cyanide as shown in figure 3.

The Effect of Oxygen Concentrationt in the Re-
action Mixtutre. Polarographic measurements of

Table 1. Cyanide Tolerant Respiration in Normal and Carotenoid Deficicnt Cells
Reaction mixtture: yeast, 22 mg (dry wt) ; 0.1 M phosphate buffer, pH 7.0; 0.033 M glucose; total volume 3.0

ml. Measured polarographically at 230 using a Clark oxygen electrode.

Concentration Normal cells Carotenoid deficient cells
of cyanide 002 inhibition* Oo inhibition*

(M) % -

u
1 X 10-4
1 X 10-3
1 X 10-2

18.5
21.3
20.6
17.1

- 15.1
- 11.4

7.6
* A negative value inidicates a stimulation of respiration.

14.8
15.9
14.7
13.0

- 7.6
7 0.7

12.2
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As shown, the concenltration of °2 at which the
rate of uptake is half-maximal is 4 Mum in the ab-
sence of cyanide, and 23 Mm in the presence of 1 X
10-3Al cyanide. This phenomenon was observed
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FIG. 3. Sensitvity of cytochrome c oxidase to cy-
anide. The reaction mixture contained in phosphate
buffer (0.1 M, pH 7.0); ascorbate 15 mm, EDTA 0.6
mM, cytochrome c 20 ,UM and cell free extract (5.9 mg

protein) in a total volume of 3 ml. Reaction temperature,
240. Activity was calculated from the slope of the traces
recorded polarographically using a Clark oxygen elec-
trode.

WAVELENGTH (m,U)

FIG. 2. Carbon monoxide difference spectrum of cells
at difference ages. Hydrosulfite was added to both
sample and reference cuvette, and carbon monoxide was

bubbled through the sample cuvette for 3 minutes. Cell
concentration, 7.0 mg dry weight/ml. Numbers indicate
the age of the culture in hours.

.x gen tuptake by intact cells showed that the
vel icity of oxygen uptake was constant down to
very low levels of oxygen (fig 4a) inidicating the
operation of a respiratory system with a high
affinity for oxygen. In the presence of cyanide,
although the initial rate of 02 uptake was not
inhibited, the rate of oxvgen uptake decreased
significantly when the oxygen concentration fell
below 100 Mum (fig 4a). This change in rate as a

ftunction of pO2 indicates the operation of a respira-
tory chain with a low affinity for oxygen. The
-respiratory velocities, calculated from the tangent
of the trace curves, were plotted against concentra-
tion of oxygen in the reaction mixture (fig 4b).
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FIG. 4a. Trace of 02 uptake by intact cells in the
presence of inhibitor. Reaction mixture contained in
phosphate buffer (pH 7.0, 0.1 M): glucose 3 mm, and
yeast cells (16.0 mg dry weight) in a total volume of
3.0 ml. Reaction temperature, 240. CN: 1.0 mm cv-

anide; A-A : 10 mg/l antimycin A. Yeast cells were

added at the time shown by the small arrows.
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FIG. 4b. The effect of oxygen concentration on the
velocity of oxygen uptake by intact cells. The velocity
of oxygen uptake was calculated from the tangent of
curves similar to those shown in figure 4a. (0-0)
no inhibitor, (0- ) 1 m-i cyanide, (A-A), 10 ppm
antimycin A.

over a wide range of cyanide concentrations (1 X
10' -1 X 10-2M) and to the same extent indicating
that this phenomenon did not result from a simple
competition between 0'2 and cyanide for cytochrome
oxidase.

Aeration of the sample, after the cells had
reached zero oxygen concentration, restulted in a
02, uptake curve indistingtuishable from the initial
one suggesting that the decreased rate of 02 uptake
at low levels of oxygen concentration did not result
from a gradtual inhibition of the cells by cyanide.
The effects of antimycin A (fig 4a,4b), and CO
were similar to those prodtuced by cyanide. Rote-
none as well as 2 heptyl- and 2 nonyl-4-hydroxy-
quinoline-N-oxide did not inhibit O. tuptake and
did not affect the rate of O2 uiptake at low levels
of O, concentration.

Difference Spectrufmii in the Presence of Anti-
mvtycin A. A normal difference spectrtum, showing
peaks of cytochrome b, c and 03 is evident when the
reference cuvette is aerated (fig 5). However,
when antimycin A is present in the sample cuivette
and both cuivettes are shaken, only the peaks duie to
cytochrome b appear, (560, 530 and 430 mu) indi-
cating that antimycin A blocks electron transport
between cytochrome b and c. Under these condi-
tioIns, a trotugh appears in the regon of cytochrome
c, stuggesting that cytochrome c is more oxidized
in the presence of antimycin A. When antimyc.n A
was added to both cuvettes, and only the reference
ctuvette was shaken, the peaks of cytochromes a3
(603, 444 mu) and c (550, 520, 417 m,u) were
greater than that observed in the normal difference
spectruim. These observations stuggest that in R.
glutinis antimycin A blocks electron transport be-
tween cytochrome b and c, just as it does in the
respiratory chain of S. cerevisiae.

The Effect of Cyanide Upon the Incorporation
of Inorganic Phosphate into the Cells. W'e have
shown that respiration of this yeast was not in-
hibited by 1 X 10-3M cyanide, whereas growth was
inhibited almost completely (9). It was tentatively
concluded that the electron transport chain involved
in 02 uiptake in the presence of cyanide does not
contribute to the prodtuction of ATP. In figLure 6
the time course of 32p incorporation into the cells
is shown. In the absence of cyanide, Pi was in-
corporated into the cells throughotut the experimental
periods. In the presence of cyanide the incorpora-
tion was almost completely inhibited, althotugh res-
piration was not affected.
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FIG. 5. Difference spectrum in the presence of anti-
mncin A. Solid line (--), endogenously reduced minus
aerated; dotted line (....), antimycin A (10 Ig/ml) in
both cuvettes, only the reference cuvette was aerated;
dashed line (-.-.-.-.), antimycin A (10 gg ml) only in
the sample cuvette, both cuvettes aerated. Concentration
of cells, 16 mg dry weight/ml.
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clhide that the carotenoids (lo iiot play a signiticant
role in the inhibitor toleranit respiratory chain of
this yeast. The differential effect of cyani(le on
the absorbancy changes duie to carotenoiols and(
cvtochrome fulrther stiggests that these pigments
are not oIn the same electron tranisport chaill.

The excess oxidlase hypothesis mailntaiiis that in
inhibitor tolerant systems, there is relative excess
of a cyaniide sensitive cytochrome oxi(lase over
other respiratory componenits. As show inin Achro-
mlobl)a(cter ('10, 11), which conitainis atn excess of
cvtochrome tt., as its terminal oxiclase, a consi(leral)le
inhibition of the ternminal oxidase (loes- not re,uiilt
in a dlecrease in the electroni flix. \Ve wished to
(letermine wN-hether this hypothesis couldl explaini the
CN tolerance of R. glutin2is. Since cyanide toler-
ance in R. fqliutiniis is somewhat affecte(d 1'h the age
of the cells, CO differenice spectra of the cells at
different ages wNere compared. As show-n in figure
2 significanit changes in the amoulnit of C(B)binding
oxidase (loes not accompany increase r (lecrease

0 30 60 90 in cvlanide tolerance.
Since some strains of bacteria cani o,xiidize CO

T I M E IN MINUTES to Co., ( 1.5), or assimilate it as a sole carbon
The effect of cyanide on 32p incorporation sorce, the possibility existed that R. ylutinis cani
In absence (@S-@ ), and in presence of 1 ldetoxify cyanide oI antimycin A. Since cyanide

de (0-0). Other experimental conditions toleranit respiration can be (lemonstrate(i less thani
bed in the text. 10 seconids after mixing yeast cells w-ith relatively

high concentrations of cyanide, it is (lilite improb-
able that enzymatic detoxificatioIn of c-anide is

Discussion involved in the toleraince mechanism. FLirtherimiore,
if detoxificationi of cxaniide plays a significanit role,

en tiptake b)y whole cells of the aerobic, the growth of the cells and the incorporation of P,
d-containing yeast R. glutinis exhibits a wouild not be inhibited by cyanide.
rance to cyalni(le andl antimycin A (9). The existence of a cytochrome c oxicase in R.
these cells possess a typical cytochrome glutimis which is tolerant to cyanide, is highly im-

Lnd the NADH oxidase and cytochrome c probable since cytochrome c oxidase activity of cell
ictivity of cell free extracts is very sensi- free extracts w\as completely inhibited by 1 1 0) 4M
yanide. These restilts couild be duie to the cyanide. The fact that the respiration of whole
ibility of intact cells to cyanide or anti- cells of this yeacst is insensitive to antimvcin A as

Preliminary sttudies indicated that over wTell as CN flurther negates this possibility. The
ange of pH, aindl despite exten(led inctiba- situiationi in R. gllutinis is therefore not anialogouis to
ods, cyanide and aintimycini A did not in- those systems where ani inhibitor tolerant cvto-

hibit 02 tiptake by intact cells. We also have shown
(9) that concentrations of cyanidle which did not
inhibit respiration, completely inhibited growth.
These observations together with the change in rate
of 0) uiptake as a ftunction of pOC, and inhibition
of 3"P incorporation into cells by cyanide, further
substantiate the concltusion that cyanide can pene-
trate into the cells. The inhibition in whole cells
by cyanide of absorbancy, changes duie to cyto-
chromes fuirther indicate penetration (fig 1)..

Since oxygenatioin of cells induiced significant
absorbancy changes in the carotenoidIs of this yeast,
even in the presence of cyanide (fig 1), carotenoid
involvement in inhibitor tolerant respiration was
considered as a possibility. The cyanide tolerant
respiration of carotenoid-deficient cells, prepared
by growth in the presence of diphenvlamine, is so
similar to that of normal cells, that w c mlust conl-

chrome c oxidlase has been (lemonstrated ( 12, 16).
The main characteristics of the inhibitor toleranit

respirator- chaiin or R. gliutiniis are as follow-s: The
lowered rate of )2 utptake occuirs at lo\ concenitra-
tionls of oxx-geni ( < 100 ioi ), an(d only in the pres-
ence of cyanide. This decrease in the velocity of

0., uiptake occulrs over a relatively ide concentra-
tion of cyanide, and the rate is in(lepeni(lenit of
cvanidle concenitrationi. The (lecrease(d rate of
uptake at low coincenitrationis of ()., canl be b)rought
back to the initial rate by aeration. t an(l anti-
mycin A also produtice the sanie effects as cyanidle;
it was also notedI that with some cell suispensions,
the rate of 0.., iptake w\as somewhat stimuilate( l)y
the presence of cyanide.

It seems reasonable to postullate the following
mechanism to explain these ob)servations. A normal
cytochrome lin-ke(d cyanide and antimx Cir. A Sellsi-
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tive pathway, similar to that found in S. cerevisiae
and most other plant and animal tissue, is operative
in R. glutinis. Characteristically, this pathwav ex-
hibits a high affinity for oxygen, and is readily
demonstrable in cell free extracts. In the presence
of inhibitors, this normal respiratory chain is
blocked and an alternate pathway operates. The
alternate pathway is characterized by a low affinity
for oxygen. This pathway was demonstrable in
whole cells but not in disrupted cells presumably
because it is destroyed or diluted out when the cell
is broken. The junction of this pathway with the
normal respiratory chain must occur prior to the
antimycin A site, since antimycin A induces the
same effects as cyanide. Thus, the alternate path-
way could involve flavoprotein and cytochrome b,
but not cytochrome c or a3. It has been pointed out
(8) that tolerance to respiratory chain inhibitors
may reflect either operation or a respiratory path
not susceptible to inhibitors, or operation of an
alternative compensatory respiratory path brought
abouit by inhibition of the normal pathway by the
inhibitor. In the case of R. glutinis, the inhibitors
appear to exert their action on the normal respira-
tory chain, thereby resulting in the operation of a
compensatory respiratory system. Our data suiggest
that the cyanide tolerant electron chain is non-
phosphorylative and thus analagous to the situiation
in the mitochondria isolated from the skunk cabbage
spadix and aged potato slices where cyanide inhibits
oxidative phosphorylation but has no effect on
respiration (3, 5).
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