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SumZlmary. Gossypol was examined in relation to its effect on certain enzymes and
enzyme complexes associated with the tricarboxylic acid cycle and the electron transport
system. Succinic dehydrogenase and cytochrome oxidase activity from sweet potato
was completely inhibited by gossypol at 7.5 X 10-s Ni and 2.0 X 10-3 M, respectively.
Succinoxidase activity of the sanme preparations was fully inhibited at a lower concen-
tration, 2.5 X 10-4 M. This concentration did not affect either succinic dehydrogenase
or cytochrome oxidase, the primary and terminal enzymes of the succinoxidase complex.
The nature of the intermediate step or steps inhibited at this concentration is not yet
known. Gossypol was further shown to inhibit phosphorylationi at concentrations having
nlo appreciable effect on oxidation. Inhibition in general was not reduced by increased
substrate concentrations in the enzyme systems examined, with the exception of cyto-
chrome c for cytocbrome oxidase. Bovine serum albumin was partially effective in
reducing gossypol inhibition, provided that
gossypol.

Gossypol, (1,1',6,6',7,7'-hexahydroxy-5,5'-diisopro-
pyl-3,3'-dimethyl [2,2'-binapthalene] -8,8'-dicarboxal-
dehyde), is a pigment produced in specific glands
distributed throughout the cotton plant.

Gossypol
Because of its toxicity to nonruminant animals and
therefore its significance to cottonseed products in-
dustries, it has been the subject of considerable inves-
tigation regarding its chemical, physical and toxi-
cological properties. Much of this work has been
reviewed and summarized (1, 12).
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it was present before enzyme exposure to

The specific action of gossypol on various meta-
bolic systems, as a basis for understanding the
physiological mechanism of its toxicity, has however
received little attention. It has been reported to
interfere with certain proteolytic enzymes (7).
Brief reference has beenl made to inhibition by
gossypol of endogenous respiration, xanthine oxidase,
succinic dehydrogenase, and cytochrome oxidase of
chicken liver homogenates (4). The present juniior
author reported that mitochondrial preparatiolns from
cotton seedling stems were nonfunctional with regard
to oxidation and phosphorylation unless bovine serum
albumin (BSA) was included in the isolation me-
dium (19, 20). It may be surmised that gossypol
an(l allied compounds were at least partially respon-
sible for this observed inhibitory effect.

This report presents results from determinations
of the effects of pure gossypol on activity of certaini
enzymes or enzyme complexes associate(l with the
tricarboxylic acid cycle and the electroll transport
pathway.

Materials and Methods

All assays were made on subcellular particulate
preparations from sources purchased in local markets.
Sweet potato and beef heart tissue was disrupted in
a Waring blendor and avocado tissue was ground
in a mortar. Blending times and speeds were 10
seconds at low speed and then 50 seconds at high
speed for sweet potato and 30 seconds and then 90
seconds for beef heart. The medium used contained
0.4 M sucrose and 0.1 M phosphate at pH 7.0.
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Tissue-volumie ratios wN-ere I :1.5 for sweet potato
1 :2.5 for avocado, an(l 1 :5 for beef heart. Ho-
mogeniates were first strained throughI cheesecloth
tlnd theni cleared of cellular delbris bv centriftigation
for 5 minutites at 500 to 1000 X g. Particulate frac-
tiOlls were ohtained by centrifugation as follows:
15 iiniuilltes at 15,000 X g for sweet potato avocado.
and beef heart (for -ketoglutarate. malate, pyruvate
anlid isocitrate oxidations) 1 hour at 104,000 X g
for beef heart (for sticcinoxidase, succinic dehydro-
g-eniase, ani(l cvtochromiie oxidase imeasuremiielnts). All
particulate fractions were washe(d by resuspension in
at least 40 nil niiediumii followed by recentrifugation.
Filial suspensioln wAas in appropriate quantities of
the saive ime(liuiii. A\11 procedures wvere carried out
.at niear freezing temperatures.

Enzvmiic (letermiinatiolis were based on 0., uiptake
ait 30' in the presence of appropriate substrates, using
-tandard miianiomiietric techniques. Rates wel-e cor-
recte(d for eli(logeinous activity 1y subtracting activity.
if aly, of nionsubstrate blanks. The procedure for
measuring oxidation of tricarboxylic acid cycle in-
terme(liates wvas that reported for suiccinate (19).
Cvtochromie oxidase was measured in the presence
of cvtochrome c reduced vith hydroquinone. Suc-
ciniic dehvdrogenase activity was mneasured by the
plhenazine methosulfate method (17). Oxidative
phosphorylation was determined over a 30-minute
initerval, employing a hexokinase-glucose trapping
system (20). Inorganiic phosphate was measuired
b)y the metlhod of Fiske and Subharow (5). Gossv-
pol was mnacde uip in 0.5 N NaOl,-1 and theii (lilutted
alild adjtusted to abouit pH 7.5.

D)uplicate reaction vessels were tused in all experi-
ments, andl almiost all experimiients were repeate(l onle
or imiore times. Those (lone once only are so noted.
Resuilts from replicate experimiientls uisulally agree(d
to within about 15%; where differences bevond this
level were fotnid, addition!al experimients were done
for verificationi. Valuies reported are miealns of the
resuilts obtained.

Gossypol was sull)plied 1y the Southern Utiliza-
tion Research and Developmiient Divisionl of the
USDA, an(l estimiiated by themii to be 99 + % pure.
Biochemicals were obtailned frollm Nutritional Bio-
cheniiicals Corporationi.

Results and Discussion

The effect of gossvpol oln activity of sulccinioxi-
(lase, sticcinic (lehydlrogenase, and cytochromie oxidase
of preparationis frolmi sweet potato is shownl in figtire
1. At ssufficielntly ihiglh concenltratiols, gossypol was
coml)pletely inhibitory to eaclh en zvmie or complex.
IThis is in agreement wvith its reported inhibitiolu of
succinic dehydrogenase and cytochrome oxidase (4),
although concentrations were not reported. The fully
inhibitory levels found here were iabout 7.5 X 10-3
., 2.0 X 10-3 M, and 2.5 X 10-4 M for succinic
lehvdrogeniase, cytochrome oxidase, and succinoxi-

(lase, respectively. At 2.5 X 10 4 M1, which almnost
completely blocked succinioxidlase activity, nieither
succiniic dehydrogenase nor cytoehrome oxidase was
inhlibited. Decreasing concentrations were succes-
sively less inhibitory to succinoxidase no inihibition
was founid at less thani 8.8 X 10-6 M\. It is thus
evident that within a specific conicentration range
gossypol iiihibits some critical enzyme step between
the succinate substrate level and the terminial oxida-
tive enzymile, with no initerference of electron tranisport
on either side of the step.

The action of gossypol in this respect resembles
that of antimycin A ( 11, 1.5),) SN 5949 anid other
napthoquiinones (3), and 2-heptyl-4-hvdroxyquino-
line-N-oxide (9). Its action differs fromli that of
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O-C-CH-CH2-CH3

N,H CH3 CH3
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these mliaterials, however, in that both cvtochiromiie
oxidase and succinic dehydrogenase were inhibited
at a sufficiently high concentration and further that
cytochromie oxidase was more sensitive than was
succinlic dehydrogenase. Antimvcin A has been re-
porte(l to lhave no effect on cytochrome oxidase
(2, 11) and to inhibit succinic dehydrogenase at
only very high concentrations (2). Similar results
were reported for various napthoquinones (3).
Further, a higher concenitratioln of gossvpol is re-
quired for inhibitioin of succinoxidase than is required
for inhibition by antimycin A ain(l napthoquilnolnes.
The locationl iandl nature of the intermediate step
al)parently blocked by gossypol, at concentrations
n1onlinihibitory to sticciilnic delyd(lrogelnase anid cvto-
chrome oxidlase, has not yet been exanmined.

Succilloxidase, succinic (lehy(lrogenase, aiud cvto-
chl-omc oxidase activities of a beef heart preparatioln
were also examine(d for their responise to I conlcen-
tratioln of gossypol. TIhe (Iifferenitial effect observe(l
for sllccinoxi(dase of sweet potato and its initial and(i
termiinal steps was1 exhibited also in this pre)aratioll.
Howev\,er, the general level of senisitivity in the beef
heart enzymiies was lower at ani equivalent gossypol
concentration. At 2.5 X 10- M, which severely
inhibited all 3 systems in the sweet potato fractions,
succinoxidase was fully blocked, cytochrome oxidase
was inhibited abouit 50 1/. anid sUccinic dehydrogenase

7(88



MYERS AND THRONEBERRY-EFFECT OF GOSSYPOL ON ENZYMES

apparently was stimulated about 50 %lo. This differ-
ence in response between the 2 tissue sources might
be related to permeability char.acteristics of the mito-
chondrial menmbranes, or possibly to tissue-inhibitor
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FIG. 1. Effect of various gossypol concentrations on

succinoxidase, succinic dehydrogenase, and cytochrome
oxidase activity in sweet potato particulate preparations.
Reactions were carried out in a final volume of 2.8 ml
containing 200 mM sucrose, 50 mm phosphate at pH 7,
and (a) 20 mm succinate, 1 mM MgSO4, 0.5 mm ATP,
and 32.5 atM cytochrome c for succinoxidase, (b) 20 mM
succinate, 50 mM KCN at pH 7, and 2.3 mM phenazine
methosulfate for succinic dehydrogenase, (c) 65 M cyto-
chrome c and 20 mm hydroquinone for cytochrome oxi-
dase. All flasks contained 0.2 ml 20 % KOH in center
wells.

ratio, as with antimycin A (11). No attempts were

made to test this possible relationship with this tissue
source. Further determinations with various gossy-

pol concentrations will be required to establish a level
for selective action on succinoxidase components in
this and other tissue. The stimulation of succinic
dehydrogenase, also observed occasionally with cyto-
chrome oxidase at certain gossypol concentrations, is
not readily explainable.

Oxidation of some other organic acid interme-
diates and NADH as affected by gossypol was also
examiiined. The results shown in table I indicate that
in general these systems were inhibited in about the
same manner as was succinoxidase, though probablv
to a lesser extent at equivalenit gossypol levels. No
attempts have been made to compare gossypol sensi-
tivity of individual enzymatic steps to that of the
entire complex. At tIhe highest gossypol concentra-
tion used, NADH oxidation was apparently less sen-

sitive than were the oxidations of the other interme-
diates. Such an effect was reported for malate but
not NADH oxidation with antimycin A inhibition
(11). Further work is required to determine if the
effect observed here with NADH is due to enzyme
source or to specific enzymatic mechanisms.

Table II shows the effect of gossypol on oxidative
phosphorylation. At gossypol concentrations which
had little or no effect on oxidation, phosphorylation
was suppressed about 50 % or more, resulting in
lowered P/O ratios. At higher concentrations, caus-

ing appreciable decreases in O2 uptake, phosphate
esterification was essentially completely inhibited.
Such partial dissociation of phosphorylation from
oxidation has been reported for antimycin A and
2-heptyl-4-hydroxyquinoline-N-oxide in sweet potato
mitochondria (6) and benzoquinones in beef heart
mitochondria (18). The results shown here also
agree in principle with the observation that phos-
phorylation in cotton stem particulate fractions was

more sensitive to apparent toxic materials in the
cotton tissue than was oxidation (20).

Since BSA has been shown to complex with
gossypol (10) and to have some protective action in
the extraction of mitochondrial fractions from cotton
seedling stem tissue (19, 20), the effect of added

Table I. Effect of Gossypol on Oxidation of Various Substrates by Particulate Preparationis
Reaction mixture: 2.8 ml containing 200 mM sucrose, 50 mm phosphate at pH 7, 1 mmi MgSOV, 0.5 mm ATP, 32.5

,uM cytochrome c, 20 mm substrate (0.94 nmr for NADH), 0.54 mm NAD (none for NADH, 0.43 mm NADP for
isocitrate), 0.77 mM TPP for pyruvate only, 0.7 mM "sparker" malate for pyruvate only, 40 m'Nr glutamate for malate
only. All flasks contained 0.2 ml 20 % KOH in center wells.

Gossypol conc (M)

Substrate Enzyme source 9.2 X 10-3 2.2 X 10-4 2.2 X 10 2.2 X 10-6

Ketoglutarate Beef heart -100 % -68 % -33 % -10 %
Pyruvate " " -100 % -69 % 0 % 0 %
Isocitrate " " -100 % -24 % -20 %

Avocado -94 % -70 % -6 % 0%
NADH " 58 % -26 % 11 %
Malate* Beef heart -100 % -86 % -69 % -11%
* Only I experiment.
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Table II Effect of Gossypol on Oxidatiz'c Phosphorylation bY Particutlate Preparatiois
Reactioni imiixture: 2.8 ml containing 200 mnm sucrose, 25 mM phosl)hate at pH 7, 20 m-r substrate, 1 mnr IgSO4,

0.5 nimA ATP, 32.5 u\i cytochro:ne c, liexokinase (approximately 60 uinits/flask), 20 i-nm -lucose, 0.54 nmi NAD for
a-ketoglutarate only. All flasks containied 0.2 ml 20 % KOH in ceniter wells.

Substrate

Succinate
(Swx-eet potato)

a-Ketoglutarate
( Beef heart)

Gossypol
COlnc (M )

0

4.4 X 10-;
4.4 X 10--

0
2.2 X 1Oz
2.2 X 10-4

,uatoms
0.,

uptake

16.7
13.6
5.6

18.6
19.4

9.3

,umoles
phosphate
esterified

8.4
4.6
0.2

P/O

0.50
0.35
0.04

25.8
12.9
1.8

1.39
0.66
0.19

BSA oln gossypol, inhibition of succinioxidase activity
was (letermined. BSA redtuce(d inhibitory actioil whell
present before gossypol was added (table III). It
did not afford complete protection, however, even at
the highest (4 /c) BSA concentrationi. No reversal
of inhibition was found where BSA was added 30
minutites after enzyme exposure to gossypol. Reif
alnl Potter reported that about half protection from
anitimvcin A inihibition was obtaine(d with crystalline
BSA (14), about the same extent of protection foutnd
here for gossvpol. They also foun(d that inhibitioni
b anitimiivcini A was reversed by BSA added 10
m.inutes after rea(dinigs were begun ( 14). No such
reversal wvas evidelnt in the present wrork with gossy-
pol0 but lenigth of exposure of enzymlle to inhibitor as

well as puiritv of BSA used here (fraction V powder)
are factors which should be considered in comparing
the restults. It is possible. however, the site anid tvpe
of inihibition by gossv-p(l i.i (lifferenit than that of
;iLtiyxcin \ (8, 13).

Tnhibition 1y gossyl)ol of cyvtochroie oxi(lase of
(ligitonlin -treate(d and(l iionitreate(l particulate prepara-
tionis fromii sweet potato was examiiiie(l. Digitonlini
treatmilent, a(lal)te(d frolmi that of Similoin (16), was ac-

Table lII. Effect of Bovine Serum . Iibuiniini on Inhti-
b)itiont of Sucitlcinvidase of Sweet Pot(ato ly Gossypol

Reactioni miiixture: Samiie as in figure 1 for succiioxi-n
(lase, wvith BSA added as ind(licatedl.

G(,ossypol BSA
conc (M) conc

4.5 X 10( :0

%

4%

2.5 X 10 4 0
"l 1%
" 2%

2%9
4%

1.0 >X 10-4 0

2%o
2%

Treatmlenit In]

k\dded b)efore gossyl)(

Ad(lded before gossypol

Added 30 miii after gossypol
1 c for-e gossypol

Ad(led before gossypol
30 min after gossypol

coml)lished dutrilng the final susl)ension step by h1o-
mnogenizing in the presence of 8.2 mxlm digitonini foi-
the specified period, followed by dilutioni withl suis-
penlding medituiml to 1.8 m.Ni (ligitonin. This treat-
mlent genierally resulted in about 20 °l greater cvto-
chrome oxidase activity than in comparable untreated
preparations. Inhibition by gossypol was consistently
less in the digitonin-treated preparations, even thotuglh
digitonini increases l)ermeabilitv of imiitochoid(lrial
membranes (table IN'). A Ipossible explanation is

Table IV. Effect of J)iqilonin T(catment ott Inhib)itionl
of Ciltochromec Oxidl(s.' of Shzceet Potato by Gossypol
Reaction mixture: Same as in figure 1 for cytochrome

oxidase, vith 0.9 m\i digitonin as indicatedl.

Gossyplx
Conic (xi1 )

8.8 X 10-4
6.6 X 10 4

8.8 X 10 4
6.6 X 1( 4
8.8 X 10-4
6.6 X 10-4

Inhibition

No (ligitoiliin treatnient Digitoninl treatmilenit

68 %
44%
47%
31 ZO'
53 %
31 %

( 30 sec) *

( ),
( 6() sec)
( 60 sec)
(1 20 sec)
( *! )

29 o%
20 %
24%
24 %
33 %
13 %

Tl'ime refers to period of expossure of particulate frac-
t.oli to 8.2 ini (ligitonliln before (liluitioni.

that digitonin treatmiienlt restulted in greater amomnlts
of cytochromle c penetrating the mitocliolndIrial miletil-
brane and that gossypol was loutind by this inicreased(
cytochlromiie c conitentt, perhal)s simllilar to cvtoclhr-omiie
c biniding of a, niaptlho(ltliinoie that xwas reporte(d by
Reif and Potter (14).

Attempts xvere mia(le to determiinle the influienice
of varying levels of substrate anid cytochrome c on
the response to gossypol. Increased concentrations
of succinate or cytochrome c did not alter inihibition
of succinoxidase of sxveet potato. nor did increased
amounts of succinate influence inhibition of succinic
dehydrogenase. Thus, there did not seem to be any
evidence of a competitive relationiship between gossv-
pol and these materials in the systems examlined.
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TI'Ilere was, however, ail apparent reductioni in level
of inhibitionl of cytochromine oxidase wheni the cyto-
chrome c conlcenitrationi was increased. This iight
l)e due to a binidinig actioni of cvtochromie c for
gossypol as has beenl reported for a napthoquinone
(14). The samiie effect was nlot evidelnt in succin-
oxidase inihibitioni by gossypol, however, where cyto-
chrome c was added also. Reduced enzyme con-
cenitrationis resulted in greater sensitivity of
succinioxidase anid succinic dehydrogenase to inhibition
by gossypol. This effect vas more proniounced for
succinoxidase than for succinic dehydrogenase. This
initeraction between gossypol and tissue level is
another characteristic in common with inhibition bv
anitimycin A (11, 14).

Certain aspects of inhibitioni by gossypol are
evident from the results presented here. The toxic
niature of this material might be explained by the
inihibitory actioni reported here and in prior literature.
Gossypol, to some extent like antimycin A and some
niapthoquiniones, apparently possesses the character-
istic of selective intervention at some enzymatic step
or steps in the electron transport pathway. W hile
somiie of the results obtained indicate that gossypol
causes inihibition of an antimycin A nature and
therefore inhibits at the same site, other results indi-
cate some basic differences between the 2 which
could indicate inhibition at a different site. Further
work is necessary to make a critical evaluation of
gossypol in this respect. In particular. the effect
of gossypol onl cytochrome-nmediated steps, inter-
mediate reductases and perhaps quinone or vitamin
K associated steps need to be examined to further
characterize the specificity of inhibition. Vhile the
present results offer some evidence that the mech-
anism of toxicity of gossypol is related to the potent
inhibition of electron transport through the succin-
oxidase complex. gossvpol might also possess certain
characteristics of value for the study of enzymatic
reactions associated with electron transport.
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