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SUMMARY

An analysis of the intracellular distribution of the
enzyme that converts tryptophan to indoleacetic acid
has been made for the mung bean seedling. Cellular
fractions were separated by differential centrifugation
and their indoleacetate-forming activities were de-
termined by chromatographic resolution of the auxin.
It is concluded that the tryptophan-to-indoleacetate
enzyme system occurs as a soluble component of the
cytoplasm, and that it is in the group of heterogene-
ous macromolecules with sedimentation coefficients
between zero and four Svedberg units.

The participation of Dr. Clifford Sato at the start
of this investigation is gratefully acknowledged. I
also wish to thank Dr. Arthur L. Koch and Mr. Wil-
liam A. Lamont for their help in determining the sedi-
mentation patterns, and Mrs. Marcia Eib for her
technical assistance. A preliminary summary of this
work has appeared (3).
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OXIDATIVE PHOSPHORYLATION AND FUNCTIONAL CYTOCHROMES
IN SKUNK CABBAGE MITOCHONDRIA -2

DAVID P. HACKETT axp DARRELL W. HAAS
DEPARTMENT oF BiorLocy, UNIVERSITY OF BUFFaLo. BUFFaLo, NEW YORK

The extremely rapid respiration of the spadix of
certain members of the Araceae has attracted special
attention because of its insensitivity to such classical
inhibitors as cyanide and earbon monoxide. Although
it was concluded that a flavoprotein serves as the
terminal oxidase in such tissues (15), it is now clear
that they contain high concentrations of eytochromes
which probably function in respiration (2, 4, 12, 20,
22, 25). Following the demonstration that isolated
spadix mitochondria oxidize Krebs cycle acids very
rapidly (13), it was shown that most of the cyto-
chrome components are also localized on these parti-
cles (2, 4, 12). The mitochondria contain enough
cytochrome ¢ oxidase (22) and diphosphopyridine
nucleotide (DPNH) oxidase (12) to account for es-
sentially all of the tissue respiration. The conclusion

1 Received July 23, 1957,
2 This work was supported by a grant from the Na-
tional Science IFoundation.

that terminal respiration in the Aroid spadix, like
that in other plant tissues (11), is mediated by the
particle-bound cytochrome system is supported by
spectrophotometric observations of the intact tissue
(25).

The above findings do not indicate whether the
rapid consumption of oxygen by spadix tissue is as-
sociated with the supply of utilizable energy to the
cells. Is the respiration normally linked with phos-
phorylation and synthesis, or is it “uncoupled” and
used for some other purpose, such as the generation of
heat? To answer this question, it is first necessary to
know whether the mitochondria are able to couple
substrate oxidations to phosphorylations. Preliminary
determinations indicated a very low efficiency of oxi-
dative phosphorylation (13) and the present study
was undertaken to obtain further evidence on this
point. An attempt has also been made to examine
quantitatively some of the cytochromes involved in
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the reaction of the mitochondria with oxygen. The
effects of inhibitors were studied in order to explore
the mechanism of the cyanide-resistant respiration.

MATERIALS AND METHODS

Young skunk cabbage (Symplocarpus foetidus)
spadices were collected either before the stamens had
emerged from between the sepals or shortly thereafter
and stored in the refrigerator (4°C). Only the
flowers, cut away from the central axis, were used in
the experiments. Cell fractions were isolated by dif-
ferential centrifugation of tissue homogenates, pre-
pared by grinding in a glass mortar with sand, and all
operations were carried out at roughly 0°C. The
grinding medium contained 0.5M sucrose, 0.05M
TRIS (tris hydroxymethylaminomethane) buffer (pH
7.0), and 0.01 M neutralized EDTA (ethylenediamine
tetraacetate) when particles were to be used in the
manometric studies; otherwise, it contained 0.5 M
sucrose and 0.05 M phosphate buffer (pH 7.0). The
homogenate was strained through cheesecloth and
centrifuged at 1,000 x G for 5 minutes to remove sand
and cell debris. The mitochondrial fraction was iso-
lated by centrifuging at 10,000 x G for 15 or 20 min-
utes, and washed by resuspending in the isolation
medium and recentrifuging. Particles to be used in
the spectrophotometric studies were washed twice in
this manner. The washed pellet was suspended in a
small volume of 0.5 M sucrose (for manometric stud-
ies) or 0.5 M sucrose—0.05 M phosphate buffer.

Oxygen uptake was measured at 30° C using con-
ventional Warburg manometric techniques. The sub-
strate, usually o-ketoglutarate, was tipped in after 10
minutes of equilibration. Phosphate esterification
was measured by determining the disappearance of
inorganic phosphate from the reaction mixture, to
which glucose and hexokinase had been added. Fluo-
ride was included to prevent hydrolysis of ATP (ade-
nosine triphosphate) and malonate to block oxidation
at the level of succinate. The cofactors added were:
DPN, ADP (adenosine diphosphate), DPT (diphos-
phothiamine), and CoA (coenzyme A). The reaction
was stopped after the appropriate interval by tipping
in 0.5 ml of 20 9 trichloracetic acid. Inorganic phos-
phorus was determined by the method of Bernhart
and Wreath (3).

For the spectrophotometric measurements, an ap-
propriate volume of mitochondrial suspension (equiv-
alent to roughly 5 g of initial tissue) was transferred
to a Lazarow and Cooperstein cell (17); buffer was
added to give a final concentration of 0.025 M phos-
phate and 0.25M sucrose in 3 to 4 ml. Substrate
and/or inhibitor were added as the solid sodium salts
of citrate, cyanide, or azide. The cell was then gassed
for 10 minutes with nitrogen and the stopcocks
closed. The absorption spectrum of the turbid sus-
pension was determined in a Beckman DU spectro-
photometer, equipped with photomultiplier attach-
ment, using filter paper as the blank. Typical slit-
widths were 0.05 mm for 400 to 500 myu, 0.02 mm for
500 to 600 mg, and 0.03 mm for 600 to 630 mp; these

values would give representative band widths of 1.5
my at 450 mp, and 1 my at 550 my. The spectropho-
tometer was calibrated against mercury emission lines
(Beckman mercury lamp). Following a determina-
tion of the spectrum either above or below 500 my,
the cell was gassed for 10 minutes with oxygen, and
another spectrum recorded. Difference spectra were
obtained by subtracting the absorbance in oxygeno
from that in nitrogen. During the measurement of S
the spectra there was a slight decrease in absorbancem
at all wavelengths, p0551bly due to swelling or aggre-
gation of particles; since the time of measurement—w
(roughly one half hour) after gassing with N, or 023
was essentially constant, this factor probably does not=

affect the difference spectra greatly. §
REsuLTs §
OXIDATIVE PHOSPHORYLATION : Washed skunk cab-§

bage mitochondria show essentially no endogenouss
respiratory activity, but they take up oxygen rapidly 2
in the presence of Krebs cycle acids; with a-keto-2

glutarate, like succinate (12), the rate tends to fall°
off after the first 15 minutes. Table I shows the re-u
sults of four experiments in which the oxygen uptake:
and phosphate esterification were determined in thew
presence of a-ketoglutarate. Although there is someS
variation in the results, phosphate/oxygen (P/0O) ra-%
tios of greater than three were obtained in each ex-
periment. In two other experiments, all the P/O=
values were between two and three. In general, the™
lower P/O ratios were correlated with higher oxygeno
uptake, suggesting that these preparations may have3
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Contents ob complete reaction mixture (in micro-
moles) : substrate—60, phosphate—30, MgSO.—1.8, ADP
—3, DPN—12, DPT—0.2, CoA—0.1, NaF—30, malo-
nate—6, glucose—60, and hexokinase—1 mg in a total of
3 ml. pH=70. Each vessel contained mitochondria
from approximately 33 g of tissue. Temp-—30°C; gas
phase—air; duration of experiment—30 minutes for 1
and 2, 20 minutes for 3 and 4.
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TasLE 11
Errects or DNP, AzibE, AND CYANIDE 0N OXIDATIVE PHOSPHORYLATION
- . N UMBER OF INHIBITOR Q: UPTAKE P, ESTERIFIED

EXPERIMENT VESSELS M conc L ATOMS * 1 ATOMS * P/0
3 0 93 21.00 2.19
1 2 10° DNP 74 3.78 0.53
2 10* DNP 6.5 2.08 0.33
3 0 2.76 10.12 3.67
2 2 102 Azide 19 484 2.54
2 10* Azide 10 2.52 2.52
3 0 563 14.51 2.58
3 2 10 Azide 391 7.36 1.89
1 107? Azide 331 561 1.69
2 0 1.73 6.10 3.4

4 3 46x10™*
Cyanide ** 2.15 3.39 1.58

For contents of reaction mixture, see table I.
* Average value per vessel.

* WCN in main compartment and appropriate KCN-KOH mixture in center well.

been partially uncoupled. Omission of malonate from
the medium in one experiment did not significantly
alter the ratio. The average value for the P/O in all
the experiments was 3.17, with a maximum of 3.78.

In order to verify the fact that the measured
changes are due to oxidative phosphorylation, the ef-
fect of the uncoupling agent 2,4-dinitrophenol (DNP)
was tested. Table II shows that low concentrations
of DNP cause a drastic inhibition of phosphorylation,
even though oxygen uptake is only slightly reduced.
The small amount of phosphorvlation remaining may
be linked to substrate oxidation, since this step is not
sensitive to DNP. This inhibitor is known to un-
couple only the three phosphorylations associated with
the oxidation of DPNH by O, (14).

The effects of two agents, azide and cyanide, which
are used to block electron transport in the cytochrome
system were determined. It has been shown that
organic acid oxidations by spadix mitochondria are
relatively insensitive to cyanide (12, 16, 22). Simi-
larly, citrate and «-ketoglutarate oxidation by skunk
cabbage particles are only inhibited approximately
30 9% by 103 M azide. Table II shows that azide, at
10-3 and 102 M, inhibits phosphate esterification con-
siderably more than O, uptake, so that the P/O
value is lowered by roughly one unit. This was true
whether the control value was less than or greater
than three. A concentration of cyanide which had
no effect on the oxygen uptake markedly inhibited the
phosphorylation (table II); the decrease in P/O ra-
tio suggests that two phosphorylative steps have been
uncoupled. Although the cyanide results represent a
single experiment, the replication was very good.

SPECTROPHOTOMETRIC OBsERvaTIONS: The absolute
absorption spectrum of a mitochondrial suspension
shows a high absorbance between 400 and 500 my and
relatively little at longer wavelengths. There are
three mijor absorption bands, at 420 to 430, 440 to

450, and 475 to 480 mp; the position and height of
the first two bands are altered on going from the re-
duced to the oxidized state. A slight elevation in the
absorbance at 550 to 560 my can be detected when
the particles are in nitrogen. These spectra are very
similar to those obtained with deoxycholate-solubilized
skunk cabbage mitochondria (12).

To reveal the nature of the components which are
involved in the reaction with molecular oxygen, dif-
ference spectra (N,-0,) were calculated and a typi-
cal curve from 400 to 500 my is shown in figure 1.
In this region there are two major peaks, at 426 to
428 and 443 to 445 my; in both cases, the slight asym-
metry suggests that more than one component may be

DIFFERENCE SPECTRUM

CYTOCHROME N,-0,

OPTICAL DENSITY INCREMENT

400 4I0 420 430 440 450 460 ATO 480 490 500
WAVELENGTH mp

Fic. 1. The difference spectrum of a mitochondrial
suspension gassed initially with N: and then with O..
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represented. The first peak probably represents the
combined bands of cytochromes of the b and e type,
whereas the second corresponds well with the eyto-
chrome oxidase (a3) maximum. A smaller band at
480 mp, with two apparent peaks, is also present in
the difference spectrum. Although its nature has not
been established, the fact that carotenoids absorb
strongly in this region suggests that they may be
altered when O, is added.

Figure 2 shows a difference spectrum from 500 to
630 my, plotted on a wider optical density scale. The
band centered around a peak at 525 my, with shoul-
ders on each side, can be attributed to the combined
B-bands of eytochromes ¢ and b. There is a broad
band from 543 to 565 mp, with a maximum at 5533;
this band shows marked asymmetry towards the longer
wavelengths, including humps at 558 and 562 mp.
These peaks represent the g-bands of cytochromes of
the ¢ and b type, with at least two b’s suggested. The
third band, with a peak at 602 to 605 mp, corresponds
well with the « maximum of cytochrome oxidase (a-
az). Using values for the absorption maxima and
isobestic points (reference wavelengths) determined
for similar animal cytochromes (9), the amounts of
the various ecytochromes involved in the reaction with
oxygen were computed (table III). The concentra-
tions of functional cytochromes are of the order of
106 M; since the volume of suspension employed
corresponded roughly to the volume of tissue from
which the particles were obtained, similar intracellular
concentrations are indicated. Bendall and Hill (2)
have described a cytochrome b;, with absorption
maximum at 560 my, in mitochondria isolated from
the sterile portion of Arum maculatum spadices. If
this value of 560 my is substituted for the 564 mpy
maximum of b, the calculated cytochrome concentra-

EFFECT OF I09M CYANIDE ON
DIFFERENCE SPECTRUM

(N2-03)

o (o] o
o) Se_ 3 ®

o
L8

OPT/ICAL DENSITY INCREMENT
o ‘ .
e}

CONTROL

500 520 540 560 580 600 620 640
WAVELENGTH mp

Fic. 2. The effect of cyanide on the difference spec-
trum of a mitochondrial suspension. The absolute
spectra for the control in N: and O: were recorded, after
which NaCN was added and the recordings repeated.
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TasLE 111

FuxcrioNnaL AMouNTs oF CYTOCHROMES DETERMINED
FROM DIFFERENCE SPECTRUM

Cytochrome a b ¢
Maximum A\ 605 564 550
Reference A 630 575 540
@)
OD. (em™) 026 019 06 <
Conc (micromoles) *  1.62 95 84 2
]

* Computed from AZ(em™ x millimoles™) values of 16,2
20, and 19 for cytochromes a, b, and c respectively (9)

tion is 1.4 micromoles; this suggests that there may be3
considerably more b; than b in the particles. If the_.
wavelength maximum at 553 mp is used for the calcu—\
lation of the amount of c-type cytochrome a value of ¥
1.42 micromoles is obtained. This may give an indi-%
cation of the content of eytochrome c,, which has an§
absorption maximum at 554 mp (24), assuming itS
shows the same molecular extinction change 8

The effect of 103 M ecyanide on the dlfferenceg
spectrum (N,-O,) is also shown in figure 2. The3
change in the a-band of ecytochrome oxidase indicatesg
that cyanide has largely blocked its reaction with O,;2
the inhibition averaged about 80 %. The shape of the %
550~ to 565-mp, band is markedly altered, the major=:
peak now being at 560 to 562, rather than at 553 mp.©
This means that although oxidation of the e-type cyto- §
chrome is largely inhibited (80 %), some cytochromeB
b is relatively unaffected (oxidation only about 20 ¢, X N
inhibited). Similar results were obtained with threeg
separate preparations. This suggests that when the ©
cytochrome c—oxidase system is largely inhibited, most S
of the cytochrome b can still be oxidized by O,. TheZ
3rd absorption band in this region also shows a slight
shift towards a longer wavelength, suggesting a rela-
tively greater participation of b, with its peak around §
530 mu. The cause of the change in the difference

spectrum around 500 my is not known, although flavo- 3
proteins do absorb in this region. In the Soret region, S
cyanide caused a marked reduction of the 445-my o
peak (az) and changes in the 410- to 430-my peak &
which suggest less inhibition of c¢ytochrome b than ¢; 2
this evidence was limited to a single difference spec- @
trum. @

Preliminary experiments were carried out with o

other inhibitors. In two cases, 10-2 M azide reduced >
the functional amount of cytochrome oxidase by 55 &
and 72 9, as calculated from the absorbance at 445 Z
minus 455 mpg. Carbon monoxide was bubbled €
through an anaerobic suspension of mitochondria and
the absorption determined. The difference spectrum
(N3 +CO) - (N,) showed a peak around 428 my,
which is close to the correet position for the cyto-
chrome az-CO complex (6).

3

ccoeIs

DiscussioN

The maximum P/O values that have been obtained
for a-ketoglutarate oxidation by animal mitochondria
approach four (14). In recent work, P/O ratios
greater than three have been reported for mitochon-
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dria isolated from etiolated peas (23), sweet potatoes
(18), and castor bean endosperm (1), although the
values for plant particles are generally lower (11).
The unusuallv high values reported here (average
3.17, maximum 3.78) suggest that the phosphoryla-
tion mechanisms in skunk cabbage mitochondria are
az efficient as those in other comparable plant and
animal particles. The very low values obtained pre-
viously with Arum maculatum (13) probably resulted
from the use of inadequate isolation methods. The
demonstration that isolated particles possess a high
capacity for phosphorvlation does not prove that they
operate with maximum efficiency in vivo, although
this is a reasonable hypothesis. Assuming that the
mitochondria are the normal respiratory centers, the
results suggest that the very rapid respiration of the
Aroid spadix can be coupled to energy-requiring proc-
esses.

The difference spectra show clearly the participa-
tion of eytochromes of the a, b, and ¢ tvpes in the re-
action of skunk cabbage mitochondria with oxygen.
The positions of the peaks in the o and Soret regions,
the reaction with CO, and the previous demonstra-
tions of eytochrome oxidase activity (12, 22, 23) all
suggest that a typical cytochrome a-az complex is
functioning in these particles. As vet, no other a-
type oxidase has been found. The difference spectrum
in the 560 my region suggests that more than one
cytochrome b is involved, in agreement with the spec-
troseopic observations of Bendall and Hill (2). The
fact that the major peak in the a-region is at 553 my,
rather than at 350 my, suggests that the particles
may contain both eytochromes ¢ and e, with a pre-
ponderance of the latter. A recent report indicates
that this may also be the case in other plant mito-
chondria (20). Like the comparable animal particles
(9), skunk cabbage mitochondria contain more cyvto-
chrome a than b and ¢ (table III). However, they
apparently differ by having relatively high concen-
trations of other components, described here as eyvto-
chromes b; and ¢;; the total concentration of b’s is
probably greater than a. Although the exact roles of
the various components have not been defined, they
are almost certainly involved in the oxidative phos-
phorylations. The fact that the P/O ratio can ap-
proach four suggests that the normal electron trans-
port proceeds from the level of cytochrome b to ¢ to
a to oxvgen, as in animal mitochondria (8).

The oxidation of organic acids by isolated Aroid
spadix mitochondria is relatively resistant to cyanide
and azide. Although James and Elliott (16) observed
little or no inhibition by 10-3 M cyanide, subsequent
experiments have indicated that this concentration
reduces the oxidations between 30 and 60 % (12, 22);
in this study, there was no inhibition by 4.6 x 104 M
HCN (table II). This is in marked contrast to the
great sensitivity of the cytochrome oxidase activity,
which is essentially completely blocked by 10~ M
HCN (12, 22, 24). As suggested by Simon (22), a
possible explanation for this diserepancy is that there
iz an internal eytochrome oxidase, which is inaccessible

to added cytochrome ¢ and is not readily inhibited by
cyanide; in other words, there is a sufficient excess of
the oxidase to account for the cyanide-resistant parti-
cle (and tissue) oxidations. Some support for this
hypothesis may be gathered from the fact that the
difference spectra reveal onlvy an 80 9% inhibition of
the oxidase by 103 M HCN; the remaining 20 %
might maintain the maximal respiration rate. An
alternative explanation is that there is a separate,
cyanide-resistant respiratory pathway, which might
be functional only in the presence of the inhibitor.
This alternate, internal pathway would only be avail-
able to added organic acids and not to added cyto-
chrome c¢. In this connection, the relatively small
cyanide inhibition of the functional cytochrome b
(fig 2) suggests that it could participate in such a
pathway. One of the properties of the mitochondrial
cytochrome b, is its rapid autoxidation in the pres-
ence of eyanmde (2). It is not vet known whether
this reaction between cytochrome b and O,, which
may involve other components (7), is sufficiently
rapid to account for all the eyanide-resistant respira-
tion. Spectrophotometric observations on intact spa-
dix tissues have also shown that cytochrome b can be
oxidized in the presence of cyanide, and its possible
respiratory role has been considered (25). The strik-
ing similarity between the difference spectra obtained
with intact tissues and isolated mitochondria supports
the assumption that these particles are the normal re-
spiratory centers.

The effects of inhibitors on the oxidative phos-
phorylation may throw some light on the respiratory
pathways. Both azide and cyanide act as “uncoup-
ling agents,” reducing phosphorylation more than oxy-
gen uptake (table II). If the relative insensitivity
of the respiration to these agents were due solely to
an excess of cytochrome oxidase, it is not clear why
they should lower the P/O ratio. A possible expla-
nation is that they inhibit the phosphorylation mech-
anism itself, as well as the terminal oxidase. This is
probably the case with azide, which is known to in-
terfere with phosphorylation (19) and the exchange
of inorganic phosphate (P32) with ATP (21). No
comparable effect on phosphorylation has been re-
ported for evanide; it causes relatively little inhibi-
tion of the P32-ATP exchange (5). An alternative
explanation is that the inhibitor diverts the electron
transport from the normal pathway to an insensitive,
non-phosphorylating pathway, which does not play
an appreciable role in the absence of inhibitor. The
spectrophotometer evidence suggests that the “switch-
over” may take place in the region of cytochrome b.
Since there are probably two phosphorylative steps
between cytochrome b and O, (10), it is suggestive
that eyvanide apparently uncoupled two of the four
phosphorvlations associated with a-ketoglutarate oxi-
dation (table IT).

SUMMARY

The mitochondrial fraction isolated from skunk
cabbage flowers can couple the oxidation of a-keto-
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glutarate to the esterification of inorganic phosphate.
The high P/O ratios (average 3.17, maximum 3.78)
indicate that this oxidative phosphorylation is as
efficient as that shown with other plant and animal
mitochondria. The phosphorylation can be uncoupled
from respiration to a large extent by 2,4-dinitrophenol
and to a lesser extent by azide and cyanide. The dif-
ference spectrum (Ny-O,) of a whole mitochondrial
suspension shows maxima characteristic of ecyto-
chromes a, b, and ¢, with evidence of relatively high
coneentrations of by and ¢;. In the presence of cya-
nide, the spectrum shows a large inhibition of ¢ and
a, but b is relatively unaffected. The possible role
of a b-type cytochrome in the cyanide-resistant res-
piration is considered.
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