MONTANA

STATE UNIVERSITY

Paradoxical uncoupling activity of tetradymol isolated from Tetradymia glabrata
by Andrij Holian

A thesis submitted in partial fulfillment . of the requirements for the degree of DOCTOR OF
PHILOSOPHY in Chemistry

Montana State University

© Copyright by Andrij Holian (1975)

Abstract:

Clinical studies on acute toxicity of tetradymol have substantiated previous research in the hepatotoxic
activity of tetradymol. Furthermore, studies herein suggest that tetradymol is modifying energy
metabolism, "In vitro" studies on whole mitochondria have established tetradymol as an uncoupler of
oxidative phosphorylation. Using submitochondrial particles, tetradymol behaved as an ATPase
inhibitor. This paradoxical behavior has been used to suggest that tetradymol does not cross over either
side of the mitochondrial membrane.

Using both mitochondria and submitochondrial particles, related compounds have been investigated
with respect to various parameters of coupled respiration. With the knowledge gained, a stereochemical
model of the active site has been proposed.
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Abstract

Clinical studies on acute’tokicity of tetradymol have

- substantiated previous research in the hepatotoxic activity of
' tetradymol° Furthermore, studies herein suggest that tetradymol-
is modifying energy metabolism.

"In vitro" studies on whole mitochondria have established
tetradymol as an uncoupler—of~oxidatiVe phosphorylation. Using
submitochondrial  particles, tetradymol behaved as an ATPase
inhibitor. This paradoxical behavior has been used to suggest
that tetradymol does not. cross over. either 51de of the .
mitochondrlal membranee : :

U51ng both mltochondrla and submltochondrlal partlcles,

" .related compounds have been investigated with respect to

various parameters of coupled respiration. With the iknow=
ledge gained, a stereochemlcal model of the actlve site has-:

‘been proposede




INTRODUCTION

This study has been directed towards pbtaining information
as to the toxicity of tetradymol. For a better understanding
of the research and 1mplications 1nvolved, a number of pertlnent
subjects will be reviewed and references given for addltlonal
information° Initially'a brief review.qf previoﬁs work oﬁ the
project will. be presented. For more iﬁdepth iﬁformation the
réader is referred to both S.  Holian' and ‘S. Reeder!'s? theéese

Tetradymol is a toxic.substance isolated from the'plant

~Tetradymi§ glabratae Reeder2 observed from whole plant feeding

expefiments'with‘sheep ﬁhat: 1) féeding 1% of body weight for

three‘aays resulted in death; 2) bromsulphalein (BSP) clearance

‘time was greatly 1engthened; }) blood serum ammonia levels

wefe eieVatea three to six fold in‘poisoned sheep. The latter

two obéervatiOns led to the conclusion of liver aysfunction.
Autopsies were performed on all sheep tha£ were poiéoned.

>

The results are summarized below:

le Liver tissue demonstrated panlobular necrosis
localized in the centralobular area.

2. Kidney tissue showed some general congestion and
swelling and hyperemia especially in the
medulary portion.

3, Varying degrees of congestion were reflected iﬁ
the lungs with some emphysema and Bronchiolar .
‘hemorrhages.

L, Cardiac tissue was not greatly different from
" normal revealing some congestlon and a few
,subeplcardlal ‘hemorrhages,
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It was coﬁcluded thét the.toxic principles were manifeéted
primarily in thé liver, .

Inforﬁatioﬁ obtainea from histolégy stﬁdieé on mice after
' being fed purified tetradymol established that onl& the'liver
was affected, Tetradymoi causés doée aépéndent centralobular
necfosis that is apfarent ét two hours By'swelling of the liver
cel}s and increases in severity ub t§ death (10 hours)., The
damage can be seén'és cytoplasmic vacuolar degeneration,
neérosi§~(complete loss of céll differéntiation), and nuclqar.
-fyknosis (shrinking of‘huclei) and:karyorrhéxis (sweiling ahd

disruption of nuclei)oAI

In addition, it was established that metabolite(s) formed -

from‘the_metabolism of tetradymol'by_fhe liver mixed fﬁnction
oxidase system was more toxic thén tetradymol;5 Furthermore;'
it was proﬁoSed that tetrédymol itself could still be toxic.’

" - To galn further general information on ‘the foxiéity of
tetradymol a number of clinical sgrum tests were conducted.
The purpose of these tests was to gain'additionaliinformation
concerning orgah involvement and tQ observe altered serum
metébolite concentrationé that might'impiicate a poséible mode
of action of tetradymoli“iﬁ yivo"{..A:clarification and
ﬁossible,inﬁerpretations of_those tes£é thét will be important
iﬁ the discdssion willl follow. More détail on these following

tests and others can be found in the following referenceso6-’7’8
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A test related to the BSP, clearance time (meutioned earlier)
: is determination oflbilirubin levelse In both cases (BSP and
bilirubin) the liver extracts the compounds and excretes them
in tho bile, Additionally, bilirubin is.conjugated,beforo it
.is-excfetedog | o |

‘ lwo kinds of bilirubin are medsurcd° Onc-is termed direct'
reacting bilirubin which has beer conjugated in the liver with
glucuronideol Incréases occur commonly iu'cases of obstructive
jaundice,,intrahcpatic obstruction or hepatocelluldr-damaéea
Betatotoxic'agents, such'as, erythromycin or chlorbromazine9
'will cause elevations dué to intrahepatic obstruction and
damages© The other form of bilirubin (which is of greater
interest iu'this rescafch) is termed indirect feacting (uncon—
juéated)'bilirubiu° ) Tﬂis form is‘bound.to serum élbumin
uﬁtil'extrécted by the liver'to be conjugated. Elevation of
tﬁis form is due to eitucr increases of'hemolytic anemia or
from deficiences in the liver conjugation processeso An'
agent, such as, methyltestosterone, will cause this type of
'damageolol ' '

The clinical manifestations of liver inaury can be.

related to the histological observations: (Table 1).%0" Since
tetradymol has beeén shown (stated earlier) to cause a zonal |

necrosis, clinical tests could be used to substantiate these

findings.




L
. Liver necrosis will produce high levels of serum glutamate
. oxaloacetate transaminase (SGOT) and serum glutamate pyruvate
transaminase (SGPT)O Slight increases of alkaline pﬁqsphatase
and variable levels of flocculation tests are,dépendeht on
different'types of necrosis, Jaundice has lower transaminase
lgvels and floccuiation tests are lowe- Choleétasis with
accompanied portal inflamation gives high alkaline phosphatase
levels; while, without inflamation alkaline phosphatase levels .
are normal; Agents,véuch asy, sulfonamide will produce various
combinations of the above by causing both dytotoxic néc;osis

. and cholesfasiso

Table 1

Relationship of Histology to Clinical Resultst®

Hisrorocic LisioN . BIOCHEMICAL ABNORMLITIES

i . .THYMOL' EXAMPLES OE. . .
SGOT ALK, TURB. AND HEepAaToTOXIC
AND SGIT Puos. CrrH. Frocc. AGENTS
I. k'.)l()l(i\i( Necerosis—Zonal 1\/t\¢1\ ' /r ' + cc14
Necrosis—Diffuse A4 A . 44 Iproniazid
Fatty Metamorphosis A4 ® * " Tetracycline
11, Cholestatic
A. With Portal Inflammation /M\ /1\»1«4\4\ - Erythromycin;

Chlorpromazine

B, Without portal inflammation (Bland) - A4 = — ~ Methyltest.

1 Mined Mivtuie of Cytotoxic A DAL 4~-§‘>4\¢¢« — 44 Sulfonamides

“and Cholestatic




Measurement'ef'bldod ammonia levels is not a routine
clinical.test bﬁt elefetions'in blood"eﬁmohia have been .im;
plicated in a numﬁer of different liver dysfﬁﬁctions; e,g,;'

hepatic coma,ll’12 13,14

Reye's Syndrome, .and alcoholic cirr-

‘ hosiset” ‘Hepatic coma can aecompany.Various forms of liver dys=
function as a complication. . The exact cause of the coma is not -
certain but accompanied increeses in_blood\ammonia levels have

, Been suspected; The recently importanf Reye's‘Syndrome has, as

a symptom, elevated blood ammonia levelso Administratioh of
'_émmonium salts hes BeeﬁAshewn to increase blood ammonia and caﬁse.‘
death°l6’%7 The cause for the rise'in blood ammonia can be due
te'a-number of factors where the uree_cycle is eoncernedo_-lﬁ
caseS:of ammonium salt polisoning, the-activify of the urea cyclelB'
(flgure 1) is not sufflcient to assimilate the ammonia 1nto ureao”
Otherw1se some deficiency in the urea cycle could be causing

‘poor assimilation of ammonia. Genetic def1c1ences in the urea
eycleienzymes have been reported to cause'increeses in blood_
,ammonlaolg »20 Lack of ATP has also;been suggested as a contri-
.buting factor since three ATP's (four high energy bonds) are
”requlred for each urea synthesiZedoal-
There are a ngmber of methods that have been tried:

" (somtimes successfully) for reducing bldod ammonia'levels°

These methods can be divided into two groups l) Administretion

of glutamic ac1d with the hope that ammonia w1ll be removed by




NH, + -
(::=O NH, + HCO,- + 2 ATP
NH,*
NHz | 5 Carbamate kinase
Urea (CH.), NH, O
| -] I 2 ADP + P,
H(E—NH_{ O=C——O—-I"—O‘
Arginase Co0o- O~
L-Ornithine Carbamyl phosphate
I:IH. HO Ormithine
J: 3 transcarbamylase
|=NH ;T[Hz
NH =0
| =
(EH;»); Urea cycle I:\JH
HC—NH,* (CH.),
00~ HC—NH,*
L-Arginine _ 00- \
Arginosuccinase Arginosuccinate bt
synthetase
NH, -CO0O~
ol T
(|:=N—C|IH $OO
f'\IH “CH, +NH;,——(':H
(CH,); COO- AMP ?Hz
+
H—C—NH* PP, . COO-
(IZOO‘ éOO' ' L-Aspartate
ICIH L-Arginosuccinate
CH
éOO“
Fumarate

Figure 1: Urea cycle
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formation of glutamine12 or 2) administration of urea cycle
amino acids with the hope of stimulating the cycle.12’22’23’24’25
Using the first method, results are short lived since glutaminase
will cleave glutamine back into glutamic acid and ammonia.26
Both methods demonstrated prevention of death from ammonium
salts.22 In actual clinical cases some successes have
been reportedah’25 but in general, since the symptom is treated
instead of the problem, blood ammonia rises to previous or
higher levels.27

Earlier, reduction of ATP levels was cited as a possible

cause for elevated blood ammonia levels. Part of the urea

cycle and most of the ATP production takes place in the mito-

chondria. Below is a crossectional diagram of a liver mito-

8

chondrion (figure 2).2

matrix space : : outer membrane

cristae

Figure 2: Representation of mitochondrion
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The outer membrane is fairly permeable permitting translocation
of such things as sucrose, other simple sugars, and most other
solutes of molecular weight less than 5000 daltons.29 Located
on the outer membrane are certain characteristic enzymes such as
monoamine oxidase, fatty acid thiokinase, kynurenina hydroxylase

30

and rotenone-insensitive cytochrome ¢ reductase. Between the

membranes, adenylate kinase and nucleoside diphosphokinase are

30

located. Found as a part of the inner membrane are enzymes

responsible for electron transport system (ETS) and oxidative

phosphorylation.30

The inner membrane is permeable to small
neutral molecules, the undissociated forms of some monocar-
boxylic acids, (such as, @-hydroxybutyric acid and acetoacetic
acid), and to ammonia. However, it is impermeable to H', OH™,
K+, Cl~, and most small :Lons.a9 In the matrix space most of
the TCA cycle enzymes along with glutamate dehydrogenase and
fatty acid oxidation enzymes can be found.30
Located on the inside of the inner membrane are stalk-like

structures associated with the oxidative phosphorylation

enzymes (figure 3)?1 When mitochondria are sonicated in a

matrix space
outside (inside)

Figure 3: Representation of cristae
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hypotonic medium the mitochondria rupture and the inner membrane

reforms in an inverted form (figure l+).31 During sonication

outside

Figure 4: Representatiem of submitochondrial particle

the cristae become pinched off to form the submitochondrial
particles. Both the mitochondria and submitochondrial particles
retain electron transport and oxidative phOSphorylationl
abilities.32 Various representations of the arrangement between
enzymes in the electron transport chain and oxidative phos-
phorylation have been presented; in figure 5 is one represent-
ation.53’34
Hanstein35 has been able to obtain five complexes from
mitochondria that are part of the ETS and oxidative phosphoryl=-
ation, Fgur of these complexes comprise the ETS and are the
traditional ones obtained by other workers.36 The fifth
complex contains the oxidative phosphorylation enzymes. A good
discussion of the first four complexes can be found elsewhere.B?
The fifth complex contains Fl which is the ATPase enzymes, F

o]
which is the oligomycin sensitive conferring protein (also sensi-




Succinate

\' Ascorbate
Succinate
dehydrogenase &\N'
L-malate (FAD) tetramethyl=-
glutamate HComplex - IIH p-phenylene diamine
NADH &= NADH dehydrogenase F;d Co Q, Cyt b, b.r ,_‘—> Cyt Cis © ‘__——’ﬁ Cyt a, az o— O
— Complex I —f F—— Complex || III] ——i Homplex IW
f+1 +I +I
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4 4 A
+X +X +X
-C -Ct ="
4 y
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X~P<
4
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aurovertin X
AT%
inside {bongkrekic acid
outside - Ratractyloside
ATP «—app
Figure 5: Electron chain and oxidative phosphorylation
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tive to-dicyclohexylcarbodiimide (DCGI)),'and a protein or
series of proteins that bind uncouplerso Activity.can be
restored upon recombination of all five complexeso Further disé
.cussion of uncoupler binding w1ll follow later, For a review of
‘the structure of ATPase containing Fl and F refer to Senior°36

. As will be illustrated in .the discussion,tetradymol affects
oxidative phosphorylation.‘ Tetradymol is.an uncoupler of »
oxidative phosphorylationﬂ in whole mitochondria and‘an inhibitor'
of ATPase in submitochondrial particles° The follow1ng dis—
vcussion will deal with various aspects_of compounds that can
affect oxidative'phosphorylationvand'thetETS. 'Four.groups of -
compounds will be considered: l)‘EIS inhibitorsf.Z) uncouplers;
3) ATPase inhibitors and '4) ionophores°

Electron transport inhibitors are compounds that act at a
specific s1te in the-ETS causing blockage of "’ electron flow past
~that point. A list of some traditional ETS inhibitors and a few -
recent findings is presented in Table 2o : i
‘The effects of these compounds w1ll manifest themselves

by a reduction of oxygen consumption.39 This reduction will not
be reversed by uncouplers.' No effect will be observed on ATPase
acti.v:itb;o If an ETS inhibitor acts at complex I (pg. 10) the
-reverse electron flow will be inhibited. Otherwise, it the ETS
inhibitor acts at eilther complex II, III, or. IV no'effectiwill-'

. ‘be observed, Observations of ATPase actitity,'reversal"of'
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inhibitién by uncouplers and reverse electron flow will be

described in the following section dealing with uncouplers,

Table 2

Inhibitors of the Mitochondrial Electron Transport Chain

Compound . Inpibitory site Ref
' Dibromothymoquinone ~ Co Q - . 39
Hydroxy-substituted-l,4-§uinones b = C] 40
Funiculosin. , : Co @ == Cyt C - o4l
Rotenone,'Piericidin, | _ .
Amytal, Seconal FMN «» Co Q L2
Thenoyltrifluoroacetone  peptide => FAD =5 Co Q k2
Antimycin A Cyt b = Cyt ¢4 .42
HCN, ﬁNS, Cco | Gyt ¢ -» 0, : 42‘

In discussing uncoﬁpler action‘the effects -of ATPase
inhibitors are involved. Therefore, the two subjeét areas will
. be intermixed fdllbwqd by a brief discussion on the classes
of ATPase inhibitors. | |

Uncouplers are compounds that ;timuiéte.reépiration and :
allow ETS to function without concommittant ATP synthesis or
other work except heat production, A list of élasses of'com—'
‘pounds that are uncouplers is‘given in Table 3,43 These.com—
pounds have the ability by uncoupling to eiert their effects in

a number of different measurable ways. A list of qharactéristics”.
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Table 3

Various Classifications of Uncouplers43

Class
Antibiotics

Barbiturates
Benzimidazoles
Bile pigments
Carbonyl cyanide

phenylhydrazones

Coumarins

Halophenols
Hormones
Nitrophenols

Phenothiazines

Quinacrines
.Phlorobutyrophenones

Salicylanilides

‘ Salicylates

‘Unsaturated fatty acids

Example = -
Gramicidin
Thiopental: 5-ethyl ~5=(1l=methyl-

butyl)=-2-thiobarbituric acid

435,65 7=-Tetrachloro=2=-trifluoro=-
-methylbenzimidazole

Bilirubin
Carbonyl cyanide m-chlorophenyl-
hydrazone

Dicoumarol: 3,3’-methylenebis(i~
hydroxycoumarin)

Pentochlorophenol
Thyroxine
2,4=Dinitrophenol

Chlorpromazine: 2-chloro=10(3-
dimethylaminopropyl)-phenothiazine

Atabrine: 3=-chloro-7-methoxy=9-
(L-methyl=4=diethylamino=-butyl=-
amino) acridine

Desaspidin

Yomesan: 2'35-d1chloro-4'-nltro-
,sallcylanlllde

Salicylic acid

Oleic acid
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describing these effects and their general physical character-

istics has been compiled (Table 4).**

Table 4 -

Generalized Uncoupler Characterzl_sticsm+

lo Stimulate state 4 respiration
2e Aboiish respiratory chain-linked phosphorylation

3, Can increase respiration in particles inhibited by
ATPase inhibitors

Lo Stimulate latent ATPase and inhibit reverse
electron flow in both. mitochondria and sub-
mitochondrial ‘particles
5. Are usually highly lipid soluble weak aci&s {or -
anions of such acids)9 pKa between 3 to 9
L to 643
Uncouplers stimulate state 4 respiration which occurs
in the presence of substrate (such as,.glutamate, succinate,
TMPD with ascorbate) and inorganic phosphate and in the absence
of a terminal phosnhate aceeptor. State 3 respiration,f'
unaffected by uncouplers, occurs in the presence of substrate
and inorganic phosbhate along with a terminal phosphate
acceptor, usually ADP. The ratio of state 3 to state 4 rates
is referred to as respiratory control (RC)oL*_5 An uncoupler
usually causes a loss in RC, A decrease in the ADP to oxygen

consumption or P/0 ratio would be observed with abolished

respiratory chain=linked phosphorylationo According to Racker
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a compound that causes an increase in both RC and P/0 makes that

46

" compound a true unqouplgro An ATPase inhibitor, such as
oligomycih, will caﬁse complete reduction of state 3 respiration,
Adding an undoupiervshould stimulate the respiratioﬂ that has’
been inhibitéd without phosphorylétion taking pladéo

ATPase causes the hydrolysis of ATP whiéh is usuélly

48 Activity 6f this enzyme

meésured as amount of Pi liberated.
is usually stimulated by uncouplers and that stimulation is
inhiﬁited b& ATPase inhibitors. such as, oligomycin; the converse
is aléo true, <Reverse électron flpw is accomplished by the add-
ition of succinate as the substrate, ATP as the energy source and
NAD+ as the terminal electron and protbn acceptorok9 As the
name implies this activity is the reverse'of what normally
occurs. This. reaction cah be inhibited by uncouplers, ATPase
‘inhibitors or electron transport inhibitors (as described on'pg;
11),%7 |

bther than those characteristics 1isted; uncoupleré
affect other mitochondrial processes.. One of these is the ATPase
exchange reactions, Two of the exchange reactions ape very
rapid:so |

. 18 ) 18
ADP(PO5) + Hy "0 === ADP(P""0,) + H0

+ H.O

HPO, "2 + H 180-?===91n#ﬁ04‘2 1,

b 2.
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‘and two are slower

AMP~DP~P “+ 32Pi““—-“5AMP~P 22p P, + B,

Iho_ampep AMP~P~P;=::=51“C—AMPVP~P + AMP~P
These.exchange:reactions are a part of oxidative phosphorylation
:.and take place in F o All four of these exchange reactions are
1nh1bited by uncouplers and ATPase inhib1tors°59

Some of the mitochondrial transport processes.are linked to
the electron transport chain= By virtue of not allow1ng work
.production from the ETS those mitochondrial transport processes
linked to the ETS are inhibited by uncouplerso

Presently a number of these transport systems are being
) investigated by other workers, Mitochondrial uptake oi acetate,‘
malate and phosphate has been shown to'be inhibited by uncoupiers

ol,52

 such as’ the carbonyl cyanides, ,The'exchange of ADP in

. for ATP out of.the mitochondria has'also-been linked to the ETS
and 1is susceptible_to uncouplersu53i'La Noue53‘has_recent1y
'estabiished'that aspartate efflux is inhibited by cafbon§i

» cyanidess . | ‘

-One.ofathe‘urea cycle amino acids,.ornithine, has to go

" from' the cytosoi, where it is formed, into the_mitochondria to.
be_condensed.with carbamyi_phosphates This transport.process
has‘been,linked to' the ETS and is inhibited by nncouplers°28
| Uncoupier related processes such as stimuiation of both

state 4 and'ATPase activity are sensitive to high concentrations
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of uncouplers., It has been established that both processes are
inhibited at high concentrations of all uncouplers studied.sl*’55
Plots of uncoupler concentration vs state 4 respiration will
generally have a curve of the following nature (Figure 6).54
Uncouplers will increase the control state 4 activity pyut at

high concentrations inhibit all respiratory activitye.

100%

L
State 4 control
respiration

1\

=¥ concentration of uncoupler

Figure 6: Activity of state 4 respiration vs uncoupler
concentration
Uncouplers such as 2,4=DNP, pentachlorophenol, dicoumarol,
and m=chlorocarbonyl cyanide phenyl hydrazone, are considered to
be about equally effective at all three phosphorylation sites.56
However, Katyare, et aL57 have shown that 2,4-~DNP is virtually
ineffective at the second phosphorylation step. More inform-

ation will be presented later that show some new uncouplers may
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not act‘equally at all three sites,

The mechahism of action of uneojplers is iost_ih.the com-
plexity of oxidative phosphorylation, Often.timesonelnechanignie .
used to try to explain the others The most generalized agreement
of action is that uneoﬁplers function as proton carriers since
fhe rKa's of most of the classical uﬁcouplefs are relatively
close to neutrality (pKa 3;9)0 Exactly how they function as a. .

'broton carrier is uncleero For aJdetailed description of the
" theories involved.the reader is feferred elsewhere, 0379260561

" As steted earlier (pge 9) it is proposed that uncoupiers

bind to speciflc protelns that are a part of. complex five, Of
the five complexes 1solated only the fifth complex, contalnlng
ATPase, was found to contaln any specific uncoupler blndlng.
Work by Hanstein and Hatefi62 has shown 2-a2ido-q-nitropheﬁol
binds coﬁpetitively with 2,4~DNP, PCP, mCCCP, and 5-chloro=-3-t-
butyl—ag-chloro-u'-nitrosalicylanilideo They implied_tha£ these
uneoupler binding sites are the same sites that cause
uncoupling° AThe activity of 2-azido-4-nitrophehol'was found to
be unaffected by ATPase 1nh1b1tors, ETS 1nh1b1tors, or |
ionophores, _Bakker, et al,63 present contradictory evidence
concerning uncoupler biﬁding. They spow that a water.soluble.
uncoupler iike 244~-DNP doee not bind to mitochondria, therefore.
it coula ﬁot be\binding fo any uﬁcoupler binding sites in the

mitochondriao
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-Efforts have beenldirected toward éstablishing stefic
requirments of uncouplers and binding sites; and'whether,
changes in iipid SOiuﬁility or pKa's have any effect on uﬁcoupler
activifyo Using é sgrieé of pﬂenolic"compounds Hemker64'
observed that increasing,thellipophilicity increased uncoupling-.
'ability,.wheréas! increésing the size of alkyl'subétituents in
u-suﬁstituted 2,6-dini£rophenols had no effect on uncoupling

65

ability., The work of Terada and.Muraoka usiné B'fsubstitqted
mnalogues of.N-phenylanthranilic acid also has shown that |
increasing ‘lipid solubility increased uncoupling,ability, while
increasing the pKa from 4 to 7 also increased uncoupling ability.
Tollenaere66 studied three groups of uncouplers, substituted
saliqylanilides, é;trifluoromethylﬁenzimidazols, and pheno;sa'
The data were correlated by means of the Hansch freeeenefgy
relafionships involving the lipophilicity and.eléctronic sﬁb-.
stituent consténtso Steric effects seeméd,to'play é minor réleo
It was suggested thét the phenolic moiety adja¢ent to fhé amide
function may be partly responsible Tfor the high uncouﬁling
'activity of the salicylanilides, Coﬁtradictory evideﬁce Waé

67

presented b& Sto}y,_ét aly conéérning the effect of steric
requirements, Using 4‘-substituteq 3,S—dichlorosalicylanilidés
' it was determined that uncoupling activity was dependent'oﬁ the
size of'thé subbtituents, With the compounds they tested

increasing the size of the substituent increaéed the actiﬁitya
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Thus one can conclude both, lipophilicity and steric effects,
play a role in uncoupling activity,

It has been observed that defatted bovine serum albumin
(BSA) has the ability to readily bind most uncouplers.53 By
binding the uncouplers and thereby preventing the uncoupler from
interacting with the mitochondria, the effects are lost and
mitochondrial respiration is returned to normal.

New uncoupling compounds are appearing frequently in the
literature,s Since tetradymol will be discussed as a unique
uncoupler, some new compounds that are also unique in one fashion
or another from the classical uncoupler descriptions will be
discussed,

Rifampicin is a derivative of rifamycins isolated from

68

Se mediterranei, It is used as an antibiotic against both

gram-positive and gram-negative bacteria. Metaboliam of
rifampicin has been shown to produce three main metabolites
found in the urine (figure 7).69 Rifampicin and its three meta-
bolites were examined to observe any effect on respiration and
several energy transfer reactions in rat liver mitochondria.
Only one of the four compounds, 3-formyl rifamycin (3F-RFM-SV),
exhibited activitye NoO conclusions concerning the lack of
activity of the other three compounds were made (although the
only consistant difference is the absence of—CH:N-N:::jN-CH5

from 3F-RFM=SV) other than at the concentrations studied only
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CHy O

Rifampicin

25-Desacetylrifampicin

Rifampicin quinone
' 3-Formyl rifamycin. SV

Figure 7: Rifampicin and its three metabolites
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5F=RFM=SV had any uncoupling activity.

Chlordimeform is a novel acaricide, ovicide, and
larvicide.70 The oral LD50 to male rats is 162-170mg/kge. It is
lipid soluble and is reported to have a pKa of 6.8 (water/
methanol, 1:1 v/v)es At a concentration of 0.O4umoles/mg protein
chlordimeform uncouples 50% of respiratory-chain phosphorylation,.
The uncoupling activity depends on mitochondrial protein
concentration and can be reversed by the addition of BSA., ATPase
inhibition by oligomycin is reversed by chlordimeform while
the increased ATPase activity induced by chlordimeform was
inhibited by oligomycine The p=-nitro analog of chlordimeform
though is virtually devoid of uncoupling activitye. The lack of
uncoupling ability was attributed by the authors to decreased
lipid solubilitye.

When 2,4-DNP was applied jointly with a concentration of

chlordimeform, which represented 60-70% of the concentration

LCH

N=CH-N‘CH

Cl

Figure 8: Structure of chlordimeform




cH
N=CH=N_ 3
CH

Figure 9: Structure of the p=-nitro analog of
chlordimeform

having maximal effectiveness on the parameters of coupled
respiration, a clearly additive effect was observed on these
parameterss The joint application of uncouplers which were
lipid soluble bhases with chlordimeform at the same concentration
gave an antagonistic response. The conclusion Ado-Khatua and
Hollingworth reached was that chlordimeform ad 2,4=DNP acted at
different sites in the mitochondria; whereas, earlier it was
stated (pge 18) that Hanstein mnd Hatefi62 observed competitive
binding amoung various uncouplers at all sitese.

Hanstein and Hatefi71 have studied a '"unique" uncoupler
of oxidative phosphorylation, viz, picrate (trinitrophenol),
Concentrations of picrate up to 2mM had no effect on state 4
respiration or P/O ratios in either whole mitochondria or
mitochondria depleted of their outer membranes (digitonin
particles) using §-hydroxybutyrate as the substrate. Using

submitochondrial particles, 93uM picrate caused 50% loss in the
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P/0 ratio using succinate as the substrate. The implication
was that picrate was impermeable to the mitochondrial inner
membrane and the uncouplér binding sites were on the inside.
Using their uncoupler 2-azido-4=nitrophenol (NPA) (described
previously) they observed competitive binding using submito-
chondrial particlese Since picrate probably did not cross the
inner membrane they felt this was strong evidence that it was
not uncoupling by being a proton carrier across the inner
membrane,

The following compound is of interest for two reasons. On
one hand the compound is a unique uncoupler which has two
opposing actions in mitochondrias On the other hand two groups
have generated two conflicting sets of data using clofibrate

72

as an uncoupler (Panini and Kurup and Mackerer and

73)_

Haetfinger

o
01—@0- (I;-CH3

LOOCZH5

Figure 10: Structure of clofibrate
(chlorophenoxyisobutyrate ethyl ester)
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Cldfibrafe is now being extensively used as an
antihypercholesferoléemic druge Toxicity has not been feported,
but adverse éhanges, in the liver, have been. These changes are
an increase iﬁ 1ivér slze énd an increase of ceiluiar content
of pérqxisomes’gnd ﬁitochondriao

Paﬁihi h;s detérﬁined that ch10r0phenoxyisobutyran-Na+
(QPB)-(at éonéentrations Lnmoles/mg of mitochondrial protein)l
stimulates state A respiration, abélishes RC, reduces P/0 at -
~all. three phosphorylation sites, and stimulates ATPase activity
in mitochondriao' ATPase.activity was maximal at a concentration
" _of 10 to 12 mmoles/mg protein theﬁ activity decrease& at higher
concentrations of CPB, Reverse electron flow in submitochondrial
particles was also inhibited by CPBs These results are common
and not.unekpected for an uncoupler (as déscribéd earlier),

‘Panini and Kurup conténd that unusual éctivity was
demonstrated by dPB's ability to inhibit 2,4=-DNP (200uM)
stimulated'ATPase_activity in both'mitocﬁondria and submito-
chondrial particles., Furthermore, CPB.at concentrations
>4°Qﬁmoles/mg protein inhibited respiration’in mitochondria.
It was cpncludgd.from this that CPB belongé to a rare class of
compounds termed "inhibitory uncouplers" by Rackere (4

Conflict Eetwéen the two groups, Panini, et, al, and
Mackerer, et.al, is apparent when the activity of CPB at the

three phosphorylation sites is examined. Panini reports that
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coupled phosphorylation at the first site was more sen51tive thah
site three which was more senstive than 51te two (3.0, 5.0, and
.~ 10.0umoles/mg protein, respectively)o~ Mackerer,”however,
deternined_that site one was completely resistant to uncoupling
action, At a concentration of Oganmole/mg p;otein, site two’
showed a 43% loss and site three a 72% loss of coupling activity;

Throughout, this discussion on uncouplers, ATPase inhibitons-3
were‘mentioned several timeso Three grouﬁs of ATPase inhibitors
exist,. In the first group there aie two true inhibitors of ATPase,
oligomyCin and DCCI,75 A second group of ATPase 1nhib1tors,-
rutamyCin,and aurovertin, appear to block a later step than
oligom§cin'and DCCI975 Oligomycin sensitive conferring protein
is necessary.to demonstrate either oligomycin or'DCCI inhibition
of ATPase°75. Solubilized ATPase is inhibited by the second group
while neithen oligomycin or DCCI cause any effect.,75 A thirgd
group of ATPase inhibitors are the compounds, atractyloside and
bongkrekic acide. Both are specific inhibitors of ADP=-ATP
exchange across the membraneo. 'Atractyloside inhibits the ex-

76

~ and bongkrekic acid inhibits .

7

change in whole mitochondria'only
the exchange in“Submitochondrial particles only.
The effect of an ATPase inhibitor can be observed in a
number. of different ways° Other than those already mentioned,
an ATPase inhibitor will have no effect on the P/O ratio,?8

Later tetradymol will he discussed as a possible ionophore,
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-Therefore;,the last-group‘df compounds_that affect:cxidative'
phosphorylation; ionophores, will be discussed.
. There are two - groups of 1onophores, neutral -and carboxylic°
EXamples of neutral 1onophores are. vallnomy01n, macrollde.
actins, enniatln B .and 18—-crown-6o79 Niger1c1n, monensin and
'aX-206 are examples of carboxyllc :Lon0phores.§O The effects of '
1onophores are the same as uncouplers on mltochondrla 1f elther'n
.'K 9 Rb s Or Cs is provlded. Ipnophores w1ll canse‘energy n.
“dependent accumulaticn-cf.thosé-ions; Only in the'presence'oful
‘one of these cations will an 1onophore stlmulate state 4 -
.resplration, decrease RC and P/O ratlos, stlmulate ATPase act1v1ty,
31nh1b1t reverse electron flow and reverse resplratlon 1nh1b1ted
',by an ATPase inhlbltor. The dlstingulshlng(feature between an
- uncoupler and an 1onophore is that the act1v1ty of an 1onophore
is dependent upon the concentratlon of a- catlon. The act1v1ty
of a true uncoupler 1s 1ndependent of catlon concentratlon. ‘The.
, PV

flgure below 1llustrates this 1on dependance for 2 7xlO M

79

vallnomy01n.

The follow1ng discuss1on w1ll descrlbe research done to

_ . determine the mode of actlon of tetradymol° Its uncoupllng

"activ1ty 1n wholefmltochondrla and 1ts paradox1cal behavior
in submltochondrial partlcles w1ll be descrlbed. Infcrmatlon '
from thls 1ntrcduction.will be drawnlupon,ln the‘subseQuent

‘discussion-and it is hoped that the resder will appreciate ‘some
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of the lack of agreement in this field of research.

10t
ado
dT2

5 4

) L) |}

10 20 30

(KC1)mM
Figure 11: Dependance on K+ concentration vs valinomycin

on respiration?9




RESULTS AND DISCUSSION

. As ‘was mentloned earlier in the Introductlon, the llver was .i
lepllcated by hlstology to be. the target .organ in tetradymol
.po:n.sonlng° "To further substantlate this and to gain p0ss1ble

}'1nformat10n about the mode of action of tetradymol, a, number
of cllnlcal tests were undertaken° In Table 5 are shown some o

‘selected results of a battery of 24 tests (the complete llst

1s in appendlx A)o

Table 5

Clinical Chiemistry

% T test

Control Mean Drugged Mean change P values,
Glucose mg% .- L11lo7#44450 65,0412,10, ~41.8 °15oo
Indirect. S B R X
'Bilirubin mg% . - 0 220,87 . ;78i0.25 +225.0 .0200

.Alkallne Phosphatase - : e o L ) o
units . C 34°5tl6°60; 60.7+£33.5 - +76 - °2990,,'.

" Serum Glutamic Pyru- . | ‘ : ‘

. vate Transaminase - - S I
. units- ' o - 13060£13.0  SL49 0 - - >+2k5> L0005

Lactate Dehydro-. . - o e
.- genase S - 102465 . )1147 ' >+12

The elevatlon of 1nd1rect bilirubln (unconjugated) could '
be due to llver dysfunctlon in the conjugatlon process._ Theﬂt
z_eleVatlon 1n the serum of the three enzymes 1s also indicatlve
i .of llver damage eausing the 1eakage of these enzymes 1nto the

‘blood strmam, The cllnlcal results can be correlated to the
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histological results (pg 3). SGPT is elevated more than'
alkaline phosphatase with no change in the fhymol turbidity
(appendix A). These clihical results agrée with a zonal
_necrosis. Since the pilirubin is als§ up, the toxic agent(s)
may be producing a mixture'onytofoxic and cholestatic damage.
.These results'along with the pfevious data from Reeder,8l who
démdnstrafed increased bfomsulphalein retention times in sheep
(also demonstrating damage to 1ivér éonjugatién mechanisms) gave
. further crédence fo_the liver being the target organ.

Since the blood glucose levels were deéreased, indicating
a loss of one of the sources of fuel, other aspects of energy
metabolism were investigated, Holianaz demonstrated that liver
glycoéen levels, another soprcé of fuel, were depleted.’ Total
blood lipid levels (appendix A) are not affected, This could .
be due to either no net oxidation of lipids or that lipid

mobilization from the fat cells is equal to.lipid removal

from the blood stream:résulting in no net change.

Administration of glucose was considered as a possible
remedy against dééth, The control-tetfadymél'mean'déath time
was 8.8ut1521 hours; whereas, glucose administration resulted
in a mean death time of 11.48%2,22 hours (p=OoQ46)o Since‘_
glucose administration "significantly protected" the mice'this
provided fufther evidence that 1) poisoned mice'are'sufferiné

from an "energy shortége".and 2) tetradymol may be.acting at
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some aspect of_energy metabolism,

ReederS;,earlier_ohserved that sheep poisoned with tete‘
rad&mol showed increased blood ammonia levelso Blood ammonia
'levels in control and drugged mice were measured Wthh gave'
mean values. of 3 3#0 6lug/ml and ll 61, 7ng/ml (p—.0024),

' respectlvely° Thls 252A increase in blood ammonia was con-
~ s1dered~as a.pos51ble cause of contrlbutlng cause of deatho To °
1nvest1gate these poss1b111t1es two approaches were used l)_

83

Eaton admlnlstered NHA salts 1ntraper1toneally to mice over
a perlod of 7 5 hours and measured blood ammonia levels from
8 to 35 mlnutes after the last 1nject10n. The ammonia levels

_in ‘those mice ranged from 13-50ug/ml. Since those mice did not

- die,  toxic levels of ammonia would be higher than those observed-

-with'the drugged'micea 2) Two whole'urearcycle.sparking methods“'.

_were. trieds . Administration of N-car.bam'yl‘-L-'-glutamate with
arginineza resulted 1n a mean death tlme of. lO 86%2, 51 hours
(p_.1416), two hours longer when compared to the control death
tlme° Arglnlne admlnistratlon resulted in a mean death tlme of
‘-lO 57&2 81 hours (p~5248). Whlle these.results,dld not glyera )
hlghly s1gn1flcant confldence level the& imply a-slight” .
protectlon dld occure Therefore, even though the ammonia
vlevels were not hlgh enough to cause death sllght protectlon“
'was afforded the p01soned mlce by the two urea cycle sparklng S

'pmethods. The increased ammonla levels could be contrlbutlng
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to the overall cause of.deatho
The possible cause for the elevafion of blood ammonia was
investigated, For this the effect of tetradymol on the urea
éyclé was iqoked‘at "in vitro's. In Table 6 it can been seen
thatfcitrulline'production from carbamyl phosphate éﬁd ornithine
. was decreased. The conversion of citrulline to ureé'though, was
ﬁot affected. - The conversion of citrul;ine to urea control mean
raté was.549o3¥l67oonmole/gm pfotein/hour while in theﬁpresence
of 2mM tetradymol the mean rate was 620.0i261°1‘ﬁm01e/gm protein/
. hour (p = .6114). Reduced citrulline production could be
résponéible-fof a decreased uread cygle activity; It could bé
poséible that the same effect might occur 'in vivé;i from
fetraéymoi toxicityIWhich.results in increased blood ammonia
levels, | | |
| ‘Since preceeding evidence suggeéts a defect in energy -
metabolism, thé'effects of tetradympi on mitochondrial oxidative
phoéphorylétion and electron trangport were examined to inspect
the core Qf.enefgy production. The remaihder of the discussion
is fécused:on thé;e experiments° The early experiments invol&ed
possible effeéts on: respiration. In Table 7 and figuré 12 the
results of varying the tetradymol concentration on state 4
respiration-cén bé seen. The curve increases lingarly at first,
: leveis off, and starts dro‘pping° This behavior is typical, as

described earlier, for uncouplers, Maximal uncoupling ability
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Table 6

Citrulline Production

. amol Cit/ T test - %
Condition mg.P/ hr . P values change-
Control 2.68+,125 .
1mM Tetradymol = Bell.l55. .1180 b7
ouM Totradymol — 2,538,187 © .0019  =3l.3

100pM 2, 4=DNP 20774,064 20012 . =247

és determined from figure 12 was 350uM énd half maximai uncoupling
bcqurred at ~100uM, Tetradymol, then follow;'the first
éharacteristic of uncouplers by increasing state 4 respirationo‘
By virtue of increasingtstate 4 respiration, tétradymol'
should also reduce respiratory contrbl (RC)o Thé results of
such'experiments are giVen.in Table 8 and figure 13, The_loss
of RC was rapid and complete loss occurred at 250uM tetrédymélo
The loss of P/O ratios was demonstrated in two ways. Oxy-
-graph experiments showed cthlete loss qf'phosphorylating
ability. The 1o§s‘of P/0 was slower than the loss of RC due to
the lesser susceptibility of F/O fatios;Bh- Total léss of P/0O
" otcurred approximately at maximal uncoupling ability (see
Table 9 and figure 13). In the second method the ATP formed
-from phosphorylation was engyﬁatically aséayed° Aggin,‘(see
Table 10), it can be éhown that tetradymol reduced the P/O

ratios in mitochondria. Higher concentrations were necessary
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Figure 12: Effect of tetradymol on state 4 respiration
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Tahle 7r

Fffect of Tetradymol on State & Respiration

ngm-atom O/min- .

Condition *n?‘_ State 4
‘:.LuM'Tetradymolu T 0
'iuM Tetradymol' ;- ‘-»h 'O :
10mM Tetradymol - - 9o80%he5
25uM Tetradymol 17.7047.8
BOpM'Tetradymgl L 2458304
100uM Tetradymol - 58, OO*l} 3
200uM Tetradymol - '94040#33,5
- 350uM Tetradymol o 108.00+10,0
. 500uM Tetradymol "”" 88, 10110 9

Succinate was: used as substrate

due to the method of assay, i.e€. any ATP formed was trapned.as
glucose-6-phosphate using glucose .and hexoklnase which. shifted
the equilibrlum toward phOsphorylatlons Although complete loss
was not demonstrated a s1gn1flcant drop was observedo In"
addltion, high concentratlons of dlcoumarol and.’ 2 h-DNP did. not g
cause complete loss of P/O ratios°. Therefore, both methods |
establlshed that tetradymol reduced the P/O ratlo and, con-_h.ﬁ
'sequently, fulfllled the second characteristic of uncouplerso -
Since most of the classlcal uncouplers act nearly equalLy

at the three sites of phosphorylatlon, 1t was of interést to -
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Figure 13: Effect of tetradymol on RC and P/O
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Table 8

Effect of Tetradymol on RC

_ T test _ )
Condition RC. Mean = P_values % change
.Control ' - 4653+ 450 j | |
- 1M fetradymol . :40561;556 o 2937 0
SuM Tetradymol . 4.50£.099 <902 0
10uM Tetradymol —hel32.635  .828 0"
25uM Tetradymol 30534,150 0023 -28
S0MM Tetradymol — 3e23#550 034 =37
1004M Tetradymol 2017+.193 002 67
2008M Tetradymol 1.26%,138 o001 -93
350uM Tetradymol 1,000 001 | ~100
500uM Tetradymol 1,0040 . L,00I =100

~Succinate was used as substrate

check the action of tetredymol at the three sites,"In Table 11
" the results of these experiments are glveno' At‘all’threé sitesg
200uM tetradymol almost completely reduced . the RC and partlally
reduced the P/O ratio° At 35QuM both the RC. and P/O ratlo

" were completely lostol At EOQnM the loss in the P/O ratio at
each of the three sites was determinedo The loss in the. ‘B/0O
ratio was 23%, 21%,- .and 27% for the flrst,.second,'and fhlrd
sitesy respectiv_el_y° Slhce_the acti%ity_at each site was

approximately'the'séme, the mode of action of tetradymol -at
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Table 9

Effect of Tetradymol on PZO Ratios

Condition
Confrol
luﬁ Tetradymol :
: 5uM“Tetradym61
10uM Tetradymol
25@M_Tetradymol‘
50uM Tetradymoi
100uM Tetradymol
200uM Tetradymol
350uM Tetradymol

500uM Tetradymol

P/0 T test :
Mean P values % change
1,92#,046 |
1.91%,028 «9245 . 0
1,874,071 43951 0
1,914,038 . .9245 o
1,904,060  .6705 o
1.91#4065 .8322 0
1,622,075 - 40055 1546
0,84%,040 90003 ., =56,3
0 . 0003 -100,0
0 0003 ~100,0

Succinate was used as substrate

the three sites must be approximately the same. This. indicates

that both the first and second characteristics of urcouplers.

are observed at all three sites of phosphorylation.

The third characteristic of:dncoupiers is the ability"to

restore increased oxygen uptake rates of inhibited ATPase,

. Tetradymol reversed the inhibition by both oligomycin and DCCI

(Table 12). In both cases addition of varying conéentrationS'f

of tetradymol caused significant increases in rates of oxygen

uptake, From these observations one can conclude tetrédymol '
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Table'lO :

Effect of Tetradymol on P/O Ratios }

. . P/O. T test o
‘Condition .. Mean - P_values .
"COntrol _~ o 1;335=o°50'
N 5mM Tetradymol 2;015a,o21" © 0022
'1,omM'Tetradym01"-09935#.120 - 01460
.l.5nM Tetradymdl-a6q865#0321: 0046
* 2.0mM Tetradymol 0,72040.57 @ ° .0052
' 10uM Dicoumarol | 00520t°Q28 L0042
.ZOuM'Diooumarol‘,‘d°470¢0642 0020
50uM 2,4-DNP 10‘905*°935: © w0072

Succinate was used as .substrate

,has uncoupled the electron transport ehaln from the 1nh1b1ted o
’.oxidative phosphorylatlon Process ‘and. allowed 1ncreased oxygen‘
~uptake rates° Tetradymol, then. fulfilled ‘the third character-

 istic of uncouplerso | | .

The fourth characteristic contains two parts for both mlto-
'”chondria and submitochondrlal partlcles° Discuss1on of submltof.
chondrial partlcles isAgiven laters B |

| -7In'mitoChondria-it should he'denonstratedhthat.ATPase=caﬁ-
:]be stimulated and that reVerse electron flow can be 1nh1bited,
‘?if tetradymol behaves as a true uncoupllng agento The

‘:stimulation of ATPase activity as a function of- tetradymol con=: .
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Table.ll
Relative Uncoupling at 3 Sites
o ‘ ) T test
Conditioen " 'RC Mean P/0 Mean P values % lLoss
o ' Glutamate “
Control . 3,76 2o 74
] 0 1026 *1058
200uM Tetradymol 139 2,11 .0238 23 .
tq 21 *,12
350uM Tetradymol . 1,0 0 o0 100°
. 20 :
Succinate
Control 5037 1l.82
7 *046 *,06
200uM Tetradymol 2,07 l.43 . 0 . 21
] *032 i006 :
3501M Tetradymol 1,0 o 0 .~ 100
, +0 . ' ' '
Ascorbate/TMPD
Control 1637 - 0068
+,10 +*,07
' 200uM Tetradymol  1.13 0449 20064 27
+,06 +,08 '
350uM Tetradymol 1.0 0 0o 100

+0
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Table 1l2a

Reversal by Tetradymol of DCCI'InhiBited Mitochondrial ATPase

, . - - Mean T test
. Condition . ngm-atom O/min P values
Control  78.87+2.47 |
EOﬁuM Tetradymol 122,6+6.0 . 0011
Control 77.8+3,15
10uM Dicoumarol — 274e8+12,7 L0016
Table_laﬁl

Reversal by Tetradlmol_gi Oligomycin Inhibited Mitochondrial ATPase

Mean T test
Condition ngm-atom O/min P values
Control - 8lo2+9,38
200pM Tetradymol 117.4%20.30 «0491

LOOuM Tetradymol 184.9%10,60 0009

Succinate was used as substrate

céntrétion is shown in Table 13, The maximun stimulation .
'provided by tetfadymol was greater than.ﬁhat of 2,4~DNP, a
coﬁmon uncoupler, . |
In Table 14 the effect of teﬁradymol on reverse electron

flow can be seen., Much lower concentrations were sufficient,to
completely inhibif this reaction. Thé ATPase.inhibitor, oligo=-
myéin, also cépsed.complefe reduction of activitjr° Therefore, .
Sincé tetradymol causes both increased ATPase activity and

decreased reverse electron flow, the fourth characteristic of.
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Table 13

Mitochondrial ATPase Activity

ATPase Activify Mean T test

Condition . 'mg Pi/mg Protein/hr P values % change

Control . | 1,26+.010 “

»5mM Tetradymol - 1063£0,059 .0101 +29,1
 1mM Tetradymol ', 2o424,071 ,0014  *+91.1
-.2mMLTétradymdl . lto 9224040 . .0002 +289,0

100uM 2,4-DNP © Lo6l%,030 .0002 +265,0

200uM 2,4-DNP | Lol9%,129 0002 +23240 .

Table 14

Reverse Electron Flow in Mitochondria

NADH Fluoresence :
Arbitrary vertical . T test

Condi.tion .__units = Mean . P values
Control , '44o6£502
3§uM.Tetfgdymol o .0007
135uM'Tetradymol 0 : 0007
10uM 2,4~DNP 0o 0007
:1233M‘Oligomycin o0 o .0007

Succinate was used as substrate,

uncouplers in mitochondria was fulfilled,
The fifth and last characteristic of uncouplers applies to
the physical properties of the ﬁncoupler itself, i.e. weak acids

(pKa 3-9) and usually lipid soluble, -Tetradymol is organic
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.solubie (hexane, ether, ethanol, methanol and'etco) and -
practically insoluble in water. Therefore, it.does fit the
category of'lipid'solubilityo | |

Tetradymol should héve a relatively high pKa., The most
acidié'pfoton'should‘bg on thé tertiary h&droxyl group° Amoung
some known compounds, t-butyl alcohol has a pKa of 19, .ethanol
has a pKa Sf‘18, and methanol has a pKa of/_16085 ‘The next most
écidip proton on.tetradymol should be an ailylic proton which
should have a pKa of 21 or highér°85 The relative acidity of
tetradymol was compared to 4-chloro-é—ﬁitr0apiline having. a pKa-

86 These eXxperiments resultéd in Kegs favoring the

 of 17020
4-chloro-2-nitroaniline anion, Keq = 172 (log = 2,24). for the
-u-chlbro;a-nitroaﬁiiine anion with_tetrad&mol reaction, Keq = 94
(iog =1,97), for'the'q-chloro-z-nitrOaniline with tetra&ymol
aﬁion reatipn; The reliability of thése types of'experiments
© is no greater thén pKa differénces of two°87 Therefdré, the pKa
of tetradymol is greater than 17,2 and probably close to the pKa
-of 19 predicted for the proton of a tertlary hydroxyl group.
Tetradymol, then, has a pKa well outside of the 3-9 range found
for classicalluncouplefs; This.is the one disfindtidn-that'
"tetradymol is unlque as an uncoupler by having a dlfferent
phy51cal propertyo |

It is ;mportant.to point out'thét previouély~no£ed

dbservations indicate that tetradymol has uncoupler like activity
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in mitochondriao Earlier in the.discussion of urea:cycle
activity it was_estabiished that conversion of ornithine and
carbamyl pnosphate to eitrulline was.reduced. There are two
possible explanationsa Actual 1nh1b1t10n of ornithine trans-
carbamylase or alternatlvely 1nhib1t10n of orn1th1ne transporto
The latter has been noted for the uncoupler, ,q-DNPogg The
transport process is linked to the electron transport chain,
With the evidence presented here no definite conclusion can be
drawn as to which of the two alternative explanations is more
correct, but it could be the_nncoupliné proberty of tetradymol
which caused the ultimate reduction of citrulline productione.

Tt is important to establish, having a relatively weak
.uncoupler (compared to classical'nncouplere like dicoumarol,.
carbonyl cyanides and'etc.), that the uncoupling ability that is
present is not due to a detergent effect on,the'mitochondfial'
membrane. A detergent would so;nbilize the membrane.causing
a change in-the optical bropertiee ot a'euspensiOn of
" mitochondriae The ‘effect of 2,4~DNP, DS, tetradymol in
ethanol, and an equivalent amount of ethanol on the optical
density of a dilute suspension of mitochondrla can be seen
1n Table 150: SDS was the only compound'of the four that
caused a significant change in the~opticai.properties of the
mitochondria. What change tetradymol'did have was.attributed |

to ethanol. A concentration of 2,4-DNP, sufficient to caiuse
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Table 15

Effect of Tetradymol on Mitochondria

S Mitochondria Mitochondria T test
Condition (OD) . & Affector (OD) P values
25uM 2,4=DNP © 0,984,046  0.9320.25  ,2002
100uM SDS 0.997#0.47 0,867,038 .0214
100uM Tetradymol 0,9874,050  00935%0,48 . 2685
;é% Ethanol 0497745029 069384,019 01263

near maximal uncoupling, exhibited a’s}ight effect, At .100uM SDS

(Table 16) no uncoupling ability could be demonstrated; whereas,

150uM tetradymol had approximately the same uncoupling ability

. as LOOuM SDS. Coﬁsidering these observations, it is not.likely

that tetradymol's'uncoupling effect is aue to a detergent-like

action on the mitochondriéo

Table 16

Comparison of SDS and Tetradymol Uncoupling

State 4 - Uncoupler

T test

Condition’ ngm=atom O/min ngm~atom O/min P values
100uM SDS ’ :~ " 65.45%2,05 65. 452,05 1.0
100uM Tetradymé; | 64.§1¢u°25 990233425 0043
400uM SDS " 62650%2,12 113.5%4,10 20028
15QQM ietradymol 5602%6093 | i14,95¢2005 00053

Succinate was used as substrate
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- Many 1onophores eXhlblt uncoupllng act1v1ty.(pg 27)3
however, -this actlvity 1s enhanced by 1ncrea51ng the K con-
centratlon° If tetradymol had any 1onophor1c propertles then
.a 81m11ar behav1or in the uncoupling abllity would be observed-
as a function of K concentratlone Ianable 17 it can be seen
_that'varying the,K concentration from O 20mM had no signlflcant
effect on ac‘:tivity° Slnce there was no change 1t can be con-

hcluded that tetradymol was not functlonlng as an’ 1onophore°

Table 17

Varying Ef-Concentration

_Uncoupled rate . .
. '.ﬁtate L . T test .
" Condition ngm-atom O/min P values

“omit K 41.647.83

SuM K’ . 34.146,88. - znes
v'1OmM“K+'L”'36,0*8°o ; f':",=3589‘
smi K 29,941.85 - L0547
. 20mM K “;39,5*6,6 :  1,;7192

Succinate was used as substrate

Slnce the pKa of tetradymol is con51derably removed from
the range of 3= 9 there should not be any 31gn1f1cant change
in the uncoupling abillty in Varying the pH . of the mediumo In
iTable 18 and flgure 14 the effect of varying the pH .of the’

medium on,state 3,~state_4, and the unconpllng-ablllty of 200uM
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tetradymol can be seen. State L4 remained relatively conétént‘
while both state 3 and RC were optimal around pH 7.0-7.5. The
‘uncoupling ability of tetradymol followed the same pattern w1th
1ts maximal act1v1ty at pH 7 0 and drops off on both sidesa - The_
change in uncoupllng abillty that dld occur has been attrlbuted
by Wilsona.8 as 1ntr1n51c mitochondrial uncoupllng abllltyo

Tetrddymol does not ahow any change in uncoupllng ability -with

pH as would be predicted for a classical uncoupler,

Table 18

Tetradymol Uncoupling vs pH

_Control - Control
State 3 State 4 Uncoupled State L Control
PE  ngm-atom O/min ngm-atom O/mln ngm-atom O/mln : RC '
6.0  273.5%5.65 82.741.62  165.541.63 3,31
605 . 345,9411,57 | 7B.0£1.67 203,1#4o91 hoh3
7.0 397;6x9;si' | B1.8£2,80 227,5%25.45 -+ LeB6
7.5 18.3%4.3 | B9.3:1.62 . - 202.1421329 . 468
8.0 . 345.0815.52 . 79,080 195.5225.45 437
805 284.0410,19 - 77.1#1,07 = 193.6%26.23 . - 3;65»

Succinate was used as substrate

To obtain the maximal binding ratio of tetradympl to mito-
.chondria, - the uncoupling ability was observed as thé mitoe
. chondrial protéin was varied (Table 19 and figure 15).

' At 1ow mitochondrial protein -concentrations the graph was
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Q control State 4 rate

o Uncoupled=state 4 rate
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Figure 14: Tetradymol uncoupling vs pH
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Table 19

Tetradymol Uncoupling vs Protein .

'State 4

mgAP ngm-atom 0/min nggf;:gﬁlgjmln ng;fiig;nf;mln ‘
1,07 13.0%3.146 50.0%458 - 37.0%6.25 -
‘ioéa © 43.0£1.73 10000*3046‘, 57,013,6

2014 . 44oO£6,25-  110,0410.35 66,045, 20

2,68 61.556.36 1420546036 81040

3021 79.0%3.46  172,0%3.46 93,020

4e28  110,0#1,73 220,0%3,46 110,044.58

5.35  139.049.16 249294940 110,0#16452 .
6o42  177.047.9% 204004709k 117.087094

Succinate was used as substrate
liheargthen leyeled off at higher:eoneentratfone;_ Thie'leveiing .
off indicated'that.the amount of binding'siteetwaé'saturatiné' '
withvrespect'to tetradymolo The point'at which it started to
level off then, would be the opt1ma1 ratlo of tetradymol b1nd1ng
for uncoupler act1V1ty° ThlS value was Q. lBBnmole/mg protelno

1BSA has the property of adsorblng uncodplers and returnlng:-'
uncoupled mitochondria to their nermai state 4 reEpiratieho"in"
. Table 20a and b, the -effect of BSA on elther 2 4-DNP or
:{tetradymol uncoupled mltochondria and the effect of pretreatlhg

: with BSA can be seen°‘ BSA added after 2y 4—DNP returned the

mltochondria back to the normal state q rateso On the other hand,




Condition
200uM 2,4~DNP
200uM Tetradymol
150uM Tetradymol

A400uM Tetradymol
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Table 20a

Effect of BSA

B rate after @ C rate after Bvs C

.. Uncoupler 1% BSA T test
ngm-atom O/min ngmeatom O/min P values
| 410o3*8020 69085t4o2' . 0004
ll9°3t4;l0 . 139,744,110 20348
109,649,38 129,0%8.43 40559
254 0 6+1h oLt 3590 4%2,06 0070 -

Succinate was used as substrate

Table 20D

Effect of BSA

D ‘ Bvs D
. Uncoupled rate T test
Condition . ngm=atom O/min P values
EOOMM Tetradymol ?50 65 , 00662
© LOOMM Tetradymol 139.7 © 7 .0076

Succinate was used as'substrate

BSA added after tetradymol actually 1ncreased the oxygen uptake

rates significantlyo'

If BSA was added before tetradymol there

'was a significant protection afforded against uncoupling but not

'complete protectiono'

-These latter results could indicate that

tetradymol could not readily bind to BSA or that it has a -

greater affinity for mitochondria than BSA. The results from

'.post addition of BSA suggested thatthe-latten~hypothesis was




Figure 15: Tetradymol umcoupling vs protein
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correct since there. was no reversal. Oﬁerall, the bindiné of
tetradymol to mitochondria éppeared'tO‘be’very tight, 1n fact,
when BSA was added after tetradymol the rate increased, this
.suggeéted BéA was removing something-that allowed.tetrédqul
to be more efficient és an uncoupler. .Possibly BSA may remove
1ipid matefial froﬁAthejmitochondria allbwing increased,binding
of t_‘,etradymol° 'Howéver, these obeervations are not‘wellAunder-
_stood at this times '

.-:It wbuld be expgcted that an uncouplef would stimulate -
the ﬁricarboxylic acid cycle éinée it would feducé the NADH/
.NAD+ ratio. .Experiménts to demonstrate a stimulated TCA éycle~
with tetfadyﬁolaﬁd}knOWn uncouplers following the conversion of
p&ruvate'laﬁeled on the first or sécond carbon ‘to T4CO, were

2
89,90,91,92 using labeled sub-

unsuccessful, 'Various workers
strates have shown conflicting results on TCA cycle stimulaﬁibn
by uncouplérso
The fourth characteristic of -uncouplers is that ATPase

activity in bofh mitochondria and sﬁbmitoqhondrial particles is
‘stimulated. Alsa, re&erse electron flow in both particles and
mitochondria should be inhibited. Tetradymol does inhibit -
reverse electron flow (Table 21) to at least 85% in submito~
' chondrial particlese Inéreasinglthe concentration of tetradyﬁol

increased the inhibition. Dicoumarol and 2,4-DNP also inhibited

'reVerse electron flowe, The ATPase inhibitors oligomycin and




53
Table 21

Reverse Electron Flow in -Submitochondrial Particles

Rates C T test’

_Condition }wTNADH/min % change P values
Control . 87.1%3.15 | | L
3%uM Tetradymol 6304%2019 =273 09023

- 66uM Tetradyhol T 37.2%1,.13 =57.3 00003
133uM Tetradymol  31,7%2.26 =63.6. 40003
266uM Tetradymol — 12,7#2.26 =85.4 0002
33uM 2,4=DNP 20,343,359  =66.4 . 0003
66uM 2, 4=-DNP 18.2+3039 O =79.1 | °odcz
133uM 2,4=-DNP ) 162,26 '-9802 ~ 20001
33uM Dicoumarcl', 24 55¢1.06  =71.8 *,0002
125ﬁM Oligomycin = 3,240 —96.3 . . 0001

98uM DCCI ' 19,8%10,0 77,3 - L,0011

) DCCI‘also inhibited reverse electron flow. Therefore, tetradymol,

by inhibiting reverse electron flow in submitochondrial
particles,. followed that part of the fourth characteristic.

The last part of the fourth characterlstic gave confllctlng

'results (Table 22)° Instead of the expected 1ncrease of ATPase

activity,-as.with 24 4=DNP, tetradqul inhlbited'ATPase gctivityg'

Tetradymol also 'inhibited 2,4-DNP stimilated ATPase activity.

'Thus tetradymol did not parallel expected uncoupler activity '

in this instance.
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Table 22

Submitochondrial ATPase Activity

, mg Pi liberated/ . T test’
Condition ~ mg protein/hr % _change P values
Control 4oOkeo 611 | ' .
1mM Tetradymol —  Oo46%,311 -89 - .0002 -
200mM 2,4=DNP . 6o15%,416 6 ,0024
lmM Tetradymol . - C :
+ 200uM 2,4=-DNP  1,00%,78 . .. . =76 0062

Further sunportlfor ATPase inhibition in submitdchondrial
particles came_from naving Iooked_at oxygen -uptake rates (see .
Tabie'ZB)o By increasing the tetrad&mol.concentration/they'
oxygen uptake ty submitochondrial particles was decreased, not .
increased..‘The inhinition provided‘by 250uM tetradymol;wae
completely reversed'by 10uM dicoumarol.' Therefore; thie,act;
:ivity’of'tetradymol‘was also like that of an ATPase inhibitor,’

The second characteristic of uncouplers which states that

‘respiratory chain linked phosphorylation is mhibited should be _
' followed in.submitochondrial particleso_ The effects of tetradymol
, and known effectors on ATPase actiVity are listed in Table 24o :‘
"A loss of_P/O ratio couid be shown with 2’4°DNE and dicoumarol
.as'enpecteda Tetradymoig though"shoned'no loes of'P/O ratiooiidui'
fOligomycin also showed no Significant loss of P/O ratioo Thls‘.
indicated that in this experiment tetradymol again Was not actiné

as an uncoupler but rather as an ATPase inhibitor. . This could
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Table 23

Effect of tetradymol en Submitochondrial
' Oxxgen Gonsumption Rates

P P/0 P Y%

Condition A* §9 values dec _(_)_+ values rev -
250nM Tetradymol 25103 20007 <0179 60 253.0 .0040° 100
- 41702 #1407 S S
500uM Tetradymol ' 257.3 13603 0009 47 149.0 .2211 11
o %8, 3 o 3 © &5, .
750uM Tetradymol 2543 66+0 .0006 74 - 1107 0011 24

" %1865 406 - . #5.1
_ Succinate was used as substrate

% R ) : .

ngm-atom O/min State 4

“ngm-atom 0/min after tetradymol

fngm-atom'b/min 1QnM dicoumarol

- be the same interpretation‘of the resuIts'of'rererse electron:“
flow, sihce ATPase 1nhibitors could produce the same resultso -
| In. appendlx B the structures of a number of related com-n.'
;fpounds-are showno These were investigated with respect to a .
.number of mitochondrial activities to see how they acted and
e'if any polar or’ stereochemical agreement concerning activity_‘

. could ‘be made,. It can be seen in. Table 21 that tetradymadiola'd*
"monoisobutyrate had no effect on P/O in submitochondrial '
: particlesoA ‘While this did not suggest any activity 1t did show“.

‘that up to 2uM 1t did not exhibit this kind of uncoupling :

ability in submitochondrial particleso
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Table 24

_P/O in Submitochondrial Particles

o : : _ ) " T test
Gondition géo_values P values

Control © o51%,063
1mM Tetradymol 26152050 .olll5
2oM Tetradymol — o538£,054 5370

- 1mM Tetradymadiol = - s
Monoisobutyrate o557%.32 | 2990

2nM Tetradymadiol =~ - S
Monoisobutyrate o.545%.64 ~ ° 5590

" 186aM Oligomycin 465,007 .~ <3960

| 100uM- 2,4=DNP - 22545007 - .0051
200uM.2,4=DNP 41574, 035. . 40008
" '20uM Dicoumarol  .220#0. . ,0048

When the submitochondrial ATPase activity was 1nvestigated

'(Table 25) tetradymadiol monOisobutyrate did exhibit ATPase ;-”

. inhibition but to a lesser extent than tetradymol° Menthofuran;'----

inhibited ATPase to a greater extent than the estere Mentho—_"'
";furan also inhiblted 2, 4-DNP stimulated ATPase activity. '

ﬁ-Since the RF (appendix B) values in 70% ether-}O% hexane 1n-'ﬁ

{creased in going from tetradymol to tetradymadiol mon01sobuty--,_“‘

.'i-f rate to menthofuran, there may be a similar pattern in the_7' ;

'”‘ATPase inhibitory propertieso In reality tetradymadiol mono-»f'

»;isobutyrate has the least activity, the bulky isobutyl ester
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‘Table 25

Submitochondrial ATPase Activity

mg- Pi liberated/ T test

Condition ._mg protein/hr . ~ P values % change
Coﬁtrol ' Lo,0L4+,611
1mM Tetradymol Oolibt,311 .0002 -89
1mM Teﬁradymadiol :
Monoisobutyrate 20 7h£:558 0230 _ -35
lmM Menthofuran 1427 4,019 .0010 =70
200uM 2;4-DNP 6,158,416  .0024 . +46

1mM Menthofuran .

+ 200uM 2,4-DNP 3.63%.035 0 2748 -14
reduced some Of its-activityo‘ This cédld indicate some stereo-
chemical requirement of the inhibitory site rather than |
"~activity'dependent‘on.TLC mobilityg | |

Fur£her suppoft for stereochemiéal‘requirement was gained.
by 160king at mifochondrial ATPasé activity (Table 26). The
'same'pattern'for activatinglmitodhdndrial AfPase can be seen.
Again tetradymadiol monoisobutyrate exhibited the 1owes£
éctivity and menthofuran was slightly lower than tetradymol.
qleéving the ester to giye tetrad&madiol I élightly increased
the_acti&ity even though it has a much lower Rf value., .There-
fore, removing part of the group improves the §fepeochemistry
._for_the binding.site. - Oxidizing the diol I to the‘ketoné'or

conversion to the other diolII, reduced the activity consider-
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. "Table 26

Mitochondrial ATPase Activity

mg Pi liberated/ - . . T test
Condition . mg protein/hr_ % change P values

’C§ntrol . : - 'Oo37*o6#9"
" 1mM Tetradymol. 2,07%,340 r,-*fqgg" ©e0161

16M. Tetradymadiol - T
© Monoisobutyrate. :'0,90%,140 . +ly5 . L0337

1mM Tetradyma _ . L o
Diol I o 1.11#,092 - '+202 20072

1mM Tetradyma L , S
Diol II 0:6820230 - +86 . L1953

1lmM Tetradyma ' I : L
Ketone . - . 0059%.177 +60 | 02330

1mM.Oxidized e s S
Tetradymol . 0651%,707 C*¥38 00 elyl3 o

1mM Reduced - S
Tetradymol I .  1.37%.092. - = +275. -  ,0038

1mM Reduéedf SR S . o
Tetradymol IT «0395¢4007 . 73 . o4866 -

" .1mM Reduced . - . . I
Tetradymol III *  Oel2#.042 ° - IS B $3560 .

1mM Menfhofuran 1,662,270 4349 . 0192

. 1mM Benzofuran 0,604,071 . = . +62 ;'..” .0592.

‘1mM Péperic acid b°355¥;oai.° : ;b-ﬂo;“,:j '¢8Q933'ﬁ-

" 200mM 2,4-DNP - . 2,894,049 +690 .. 50005 .
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ably even though the R, value had increased slightly. Tt

’ became apparent that thlS movement of the oxygen must affect the o

binding ability (stereoohemlcal spec1fity) to the uncoupler
site. The CrO; oxidation product of tetnadymol, having a very
~‘low R -value, eXhibifed very low activify, Peperic acid,nfhe,
_(?'rQ5 oxidation product of‘menthofuran? had no activity. In
these okidized products part of the unsaturation of'thelfuran
.ning wae iost. If the furan ring was reduced as-in the three
reduced products, loss of ATPase stlmulatlon was also produced°
‘The f;:st reduced produet has an R just below tetradymol W1th
oniy about half of the‘adtivity.v The other two compounds had
ainosh no aotivify., Therefore, it appeared as though saturation
of the furan ring may'decrease'the‘activity, On the other hand
Benzofuran,.having more unsafuration, did not have a higher
activity than'tetradymol,of menthofurane_ Therefore, either
satunation of the B ring may be important or benzofufan mayl
not be a goodfmodeio' |
.These compounde were'also‘exanined with_respeot,to:

' ‘incfeasing sfaté,u fesbiration (Table 27)s In this experiment.f
nery similar patterns were obsehveoe Tetradymadiol monoiso;:
butyrate activity was lower than tetradymol. Diol”I nas.MOre_
ctive than the ketone and diol II, . Oxidlzed tetradymol and
peperic acid had very low act1V1ty, Benzofuran had a small

amount of activity. Tetradymol reduced compounds' activities
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Table 27

Relative Uncoupling Ability of Tetradymol-like Compounds

Condition ~ -Increase of iaﬁef: . Rel, raée to

" 500uM each over State 4 : Tetradymol . -
qurédymol‘ 3030L 2l - 1600

" Tetradymadiol - ' i

Monoisobutyrate 192,00 _ E 0.63
Tetradymé . L

Diol I ) . . ,3600*402‘# ‘0012
Tetradyma . . ) . ',

Diol II ’ _405*0 s T 00015
Tetradyma ' _nl oo P

Ketone ’ l5oO=EO . ) 0905
Tefradymol _ : - .

R.e-duced I - o ' .5’-{-00*’-{-02’-}. . . 0018

- -Tetradymol SR , ' V
"~ Reduced II . . 66.0xho24 - 0.22
" Tetradymol . [ o : :

Reduced III -63005’:0' 0021
Oxidized N .

Tetradymol , 28,5636 - - . 0609
Menthofuran. 399°Oi38,2  R l.12
Benzofuran 33,060 o O,Il"
Peperic Acid 15,020 0405

“Succiﬁate-WQ$ ﬁsed;as substrate
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were greatly reduced but the,distinction between the first and
the other two was lost. This further emphasizes the,10ss of
activit& uith saturation of the furan ringo lhe mejo} diff~-
erence was that menthofuran was stfonéer in increeslng state L
reepiration than tetradymol. Thus menthofuran may be a more
potent'uncoupler than tetradymol,

‘Sihce‘menthofuran had high uncoupling activities, the
toxicity of menthofuran was investigatedo_'lt wes found.that
oral adminiétration of 300mg/kg resulted in a mean death time
of 13%3.5%0.5 hours. Histologically'theliver showed damege
similar to tetradymol poisoning encept much milder,

93 administered 300mg/kg of the three reduced compoundsl

Lee
and observed that none of the mice diedo Mice givenZBQOmg/ké of
tetradymediol monoisobutyrate orally resulted in a'nean death
time of 10,7%1.253 hours° Hlstologlcally the damage to the liver '

was mild centralobular necrosis. -

Conclu31on - The cllnical findings in thls report further
vsubstantlate earlier observations that injestioh of tetradymol
causes a zonal (centralobular) necrosis in- the liver, Addi- .
tionally, mild choleostasis accompanles these necrotlc changeso-
In intact mltochondria tetradymol followed all the character-
istics of an uncoupler except hav1ng a pKa too far removed from:'
the 3-9 range° This high pKa would account for the lack of

uncoupling actlvity dependence as a functlon of pH Also,
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éihce menthofhrén’hadfsihilar uncoupling activi£y to tetradymol
énd its most acidic-proton (allylic) wou;dAbe expected to be

a weaker acid thén the hydroxyl protoh on tetrédyﬁél, there is
even less reason td suspec£ any protonophoric mechanigm of
uncogpling for tetradymol in which a.low pKa would be neéeésaryo
Thérefofe, either the'éKa characteristic of uncoﬁplers should

be treatea loosely or tetradymol is a unique uncoupler. The
uncoupling activity in mitochondria would explain the reduced
'glucoée lévels in animals iﬁgesting'tetradymol° Uncouplers
inhibit ornithine.transport and thgs inhibit citruiline
production, This would-account‘for the increased ammonia
levels. bne can also argue that'amhonié levels may have
contributed to the death of the aniﬁal;however,thiswaSprobably
not afprimary cause of death, it is proposed here'that the
cause éf death could be due to the uncoupling ap£ion of
tetradymol. Uncouplers should feduce the AT? levels byApreJ
venting ATP synthesis and.increasing ATP hydroiysis (ATPase .
' activity)o Lack of ATP has been shown to cause membrane

94

disruption Whiqh could prdduce the observea liVer necrosise
-Réduced-ATP levels would impair all:ATP réquiring reactiohso,"
In submitochondrial particles the evidence preéented on
the action of tetradymol is contradictpry to the action of

uncoupléfso Tetradymol, instead, behaved as an ATPase inhib-

itor., Tetradymol reduced ATPase activity, reverse electron
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flow, and oxygen uptaké.faﬁes that could be reversed by-an
uncoupler. and had no efféct qh P/0 ratios, all'of which are
characteristic of ATPasegmhibitorso |

The.expefiments'with'BSA'suggesfs that'tetradymol is a very
tight binder to mifochondriao .Thérefore, because the effects of
tefradymol are‘oppdsité onlthe tWo sides oftheuinnef membrans‘
" of fhe mitochondria if may bind tightly to oneAside or the
.'bther, exeft its effect, and not cross over. This would
fur#her suggest thaﬁ tétradymol's uncoufler-binding site:is on
the. . outside and not the inside of the mitochohdrial membrane
‘a5 suggested for other uncouplerso‘

Together with all evidence it'is suggested that tetradymol
.15 unique and should be put into a new,classification of
uncouplers, it is;poésible that a lafge-number of other toxic
hydrocafbon natural.product compounds_that‘have not'Been
: inVéstigated could“fall into this class of ﬁnéouplerso This
could_become an important class of uncouplers since:mdst of the
unooﬁplers'gvailablg are not natural pfoductso Tﬁis new glaséA
would then represeﬁt a more natural situation,

Inveétigations with'related coﬁpouﬁds‘have shown that
uncoupling ability can not be correlated to TLC. mobility (Rp)e
'Therefore,.cdnclusions wére draﬁn concerning the_stereochemidal
specificify of the.tetfadymol binding sitess 1) The unsaturated

furan ring seems to be important. 2) A group on the sik
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position reduced the activity and further 3) putfing a group '
down on that carbon even further reduces the activity, :4) The
A ring andhydroxyl group of tetradyﬁol are not essential sinde

menthofuran has similar activities.




EXPERIMENTAL

I. Reagents
For the citrulline assay 2,3-butanedione-2-oxime (Eastman)
was used as the color reagent, Iﬁ was recrystallized thfeev
times from Wgtér'before'gse° |
For the urea assay l,2-propanedibns-l-pﬁenylﬁz-oxime was
used as a. color reageﬁfo It was prepared éccording to‘the
procedure in Organic Synthesis Collected Volume 2,92

For the determination of the pKa of tetradymol, hfchloro;’
2-nitroaniline (Chem Service) was recrystalized twice from 106%

ethanol before use as a standard.’ | |

Tetradymol was isolated fslloWing-the psocsdure described
by Dr. Reedéroa Tetradymadiol mbnbisobutyrate, tstradymadisI'
I, -diol II and -ketone were isolated or prepared according ts
 the brocedure described by Dr. Hurie&o3

A1l other reagents were used as obtained without further
pﬁrification.

N-haxane (Northwsst) was used as carrier for feeding
experiments, tetra&ymo; purification, and thin layér phrdman
tography. Anhydrous diethyl ethe; (Baker) was alsd_gsed fof,

" tetradymol purification and thin layer chroﬁatograph&o -

Ethanol, 95% ‘and 100%, (us Industrial) was used as solvent

for various solutionso N |
' Potassium monophosphate, potassium dlphosphate (Baker),

~and Tris (hydroxymethyl) aminomethane (Sigma) were used for
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'preparationlof Various buffers.

Compounds used as standard uncouplers were 2 - dinitro-
phenol (244=DNP) (Eastman), and bis-hydroxy coumarln (dicou-',
marol) (Sigma) e

Menthofuran (Eastman and benzofuran (Aldrlch) were. studied
as poss1ble uncouplers° Reduced tetradymol compounds,.ox1dized :u
:tetradymol and peperic acid were studied as obtained by Dro
-:Reedera as pohs1b1e uncouplers.f

Oligomycin (Calbiochem) and dicyclohexylcarbodiimide (DCdI)
.'(Aldrich)A were used as inhibitors of ATPase.

Rotenone (K&K) and potassium cyanide (Baker) were used as
bite I and III inhibitors, respectively, in varlous studles.

Sucrose (BakerL mannitol (Baker), ethylene ‘diamine
tetraacetic acid (EDTA) (Eastman) were used'for isolation of;-
mitochondrlao' o . | |

L-(+)-arginine HC1 (Calbiochem), carbamyl phosphate (Sigma),
L-(+)-orn1thine (NBC), L-(+)-01tru111ne (NBC), aspartic ac1d ‘
Z(CalbiochemL urea (Baker), and arglnosuccinic acid. (Calbiochem)
were used as standards and substrates 1n urea cycle experimentso;”

Nicotine adenine dinucleotide, reduced (NADH) (Calblochem),

“=ketoglutaric acid (Baker) and glutamic zid dehydrogenase.'
T (Calbiochem) were used in blood ammonia assays°‘ :
' mdenosine-B'-diphosphate (ADP) (Sigma) was used as . a

‘ substrate 1n oxygraph experiments° Adenosine-5'-triphosphate
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(ATP) (Sigma_was used as a substrate for:various experinients°

Glucose (Baker), nicotine adenine dinucleotide phosohate
(NADP) (Calbiochem), hexokinase (sigma), and glucose-6-phosphate
dehydrogenase (Calbiochem) were used for phosphate aoceptor/ox&-'
gen ratio experiments. Sodium dodecyl sulfate (SDS) (MANN
Research Lab.,) was used as a standard detergento'.

Nicotine adenine dinucleotide (NAD') (Calbiocheﬁ) was used
as a substrate in reverse electron flow experiments, |

Phospho(enol)pyruvate (Sigma) and pyruvate kinase (Slgma)
were used ror the ATP regenerating system in -the ATPase
experiments, |

Bovine serum albumin (BSA) (Boehringer Mannheim) was used for
- the protein standard curve. Bovine serum albumln, recrystalliZed,.~
lypholyzed, defetted (éigma) was used for oxygraph experiments. |

‘Trichloroacetic acid (Baker) and perchloric acid (Allied
Chemical) were used to terminate varioos reactions. | |

N-carbamyl-L-glutamate (Sigma) was used for ammonia
protection experiments vwith miceo

Chromerge (ManostatoCorp) was used for development of thin_
" layer chromatography plateso ‘ .
t-butyl lithium (Aldrich) was used to make lithlum salts:'

in the pKa experimentsq
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-IT. Instruments

The Gilson Medical Electronic model KM oxygraph was used
for all oxygen uptake studies with either mitochondria or .
submitochondrial.particleso

"VariouS'spectral experiments wefe done on either the-Cary.l

. 14 or the Varian- Techtron Model 635 using matched quartz cells'
or,.in the v1sible region, glass cells.

Dr. Callis' fluorimeter was used.for nitochondrial reverse
eiectron flow. |

The SOrvall R02-B centrifuge. was used for mitochondr1a1
isolationo' 'The Beckman Model L~-2 ultracentrifuge was used for
‘isolation of submitochondrial particleso_.' o

' The Potter-Elvehaem homogenizer was used in homogenlzing

all liver tissueo o o |

: The Bronwell Sic; Biosonik sonicator.was used for
SOnication-of nitochondria in the .preparation of submitoe.
.chondrial particleso ' | ". ‘
| The New Brunswich Sci. Coe., Inc. metabolite ‘water bath
,shaker was uséd for various 1ncubations.
IIL, Mice |

Dub/ICR mice either purchased from Flow Laboratories or
Araised and maintained in our colony were used° The mice were'“,
housed in. plywood and metal cages and maintained on Purina Lab

'chow and water "ad 1ib1tumﬂo
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. In feeding experiments, tetfadymol was administered via

stomach tube using'hexahe as the caprier (4mg/0o1ml)o

IV, Histology slides . .
.Upoﬁ death or affer scrifice by decapitatioﬁ-smaillpieées
of the liver wefe remo&ed and placéd in 10% neutrgl formaliﬁ
obtainéd from Bozéman Déaconéss Hoépital° They were given to
Gayle Callis for preparation of histological slides. .All'slides

were stained with hematoxylin-eosin.

Vo Isolation_ggnmitochondria and submitochondrial particles

|  Mitochondria were isolated in 0025M sucrose according to.
Schneider’® for oxygraph work and in 0,25M sucrose in 1lmM EDTA
for all other ﬁitochondrial-workol éubmitochondrial partibléé‘ |
.wére isolated from mitochondria isolated in OOZSM,suciese.in'
1mM EDTA- according to Kielly and Bronk97-and suspended.in'either
0.3M phosphate buffgf, pH 7.0, or 0,3M Trié-acetate buffer, pH

7.0, depending upon use.

VI, Standard determinations

Ao,-Prdtein détermihatiqg - Protein content of various -
preparatio#s was determined by the method of Folin and
98 |

Ciocolteau’® using bovine serum aibumin for the étandard

curve,

Bo 3lgorganic phosphate assay. - Inorganié;phosphate.Wés
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‘.assayed according to the ‘method of Fiske and Subbarow as”
'modified by ‘Kaplan and del Carmen99 using anhydrous mono-
Z.potassium phosphate for the standard curve, |
Co Urea ggggx - Urea was quantitated follow1ng the

1oo

'procedure of Brown and a standard curve was first preparedo

Do Citrulline ggsax - Citrulline was’ quantitated by the
_color reaction of ArchibaldlOl and a standard curve was prepareda

- Eo Ammonia 25521 - Ammonia was quantitated u51ng the |
enzymatic procedure of Rubin, et,alologll : .

.Fs ATPase assay - ATPase activity was determinedlaccording‘~
to Pullman and Penefskyh, for both whole mitochondria and sub- )
mitochondrial particles with the exception that with whole mito—‘
chondria 092ml of a.l°25Mtsucrose in 0.25M Tris-acetate buffer,‘
PH 7ok, was used'instead of Oolml of_O.5M’Triseacetatedbuffer,

' pH _7o4f - | |
| .hGo gég - The phosphate acceptor/oxygen uptake (P/O).ratio ‘

was determined two ways for both mitochondria and submitochondrialf

",particleso One procedure was directly from the oxygraph uSing

. - and Leeo

' the method of Chance and Williams°4§, The other was ‘the measure- ;'];.f

: ment of ATP produced using the enzymatic method of Beyer0193

" He Reverse electron flow - Reverse electron flow from's

'succinate to NADH was determined for both mitochondria and

submitochondrial particles following the procedure of Erneter
49 : :
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I, ﬁrea cycle activity = Ornithine transcarbamylase

ctivity was determined using the procedure of of Brownlphi

w1th
the modification that a 1:100 dilution of liver homogenate was

used instead of a l.lOOQ dilution.

VII. Experiments

Histology and toxicity - Mice were dosed with either 350
mg/kg tetradymol, 300mg/kg menthofuran, or 800mg/kg tetradyma-
diol monoisobutyrate. The mice dosed with tetradymol died in'.
7.1y 8.1, 953, 9.7, and 10,0 hours at which time their livers
were removed, Histology'slides revealed necrosis around the
central vein being uniform in appearance with some vascuolar
disruption and inflamation of the liver° Mice given tetradyma-'
diol monoisobutyrate died in 8. 755 11 5, and 12,75 hours at
which-time their livers'were removed° Histology slides revealed
the same damage as with tetradymol except mildero Mice dosed
with menthofuran died in 13:75 1307, lh 25, 13 O, and 1208 hours
at which times their livers were removedo Histology slides
Irevealed similar‘damage as with tetradymol except it'naslmuch
milders, | "

Clinical chemistri'— a) Blood annoniao “Blood was removed .
by'rectal orbital puncture from three mice and'from three-mice .
close to death (six hours) after having been given 350mg/kg

tetradymolo The blood was allowed to coagulate then the serum
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was used. for blood'ammonia aésaysol The three control mice
gave values of 2.9, BQO; and 4.Ong/ml serum; while, the drugged
mice gave values of 1l.4, 10,0, and'13;3ng/ml serum,

b) Blood chemistry - Ninetyaéix mice were divided inf&,
three'controlAand'thrée drugged groups of sixteén micé each,
The three:drﬁgged groups were given 350mg/kg tetradymol. Blood
was removed by rectal orbifal puncture from alljgrqups five to
seven hours later. Blood from'éach gfopp-ﬁas pooled and allowed
to coégulate then centrifuged to remo?g'whole cells. At least
5ml of serum was takep qff éﬁdAfrozeﬁ in test-tubeso The six
samples were thén placed in dry ice and sent to Met Path in'.

: Hackenééck, New Jérsey where they conducted a blood screen of

24 tests. Results are given in Appehdii Ao

Urea Cycle Activity - The liver from one mouse was homo-

genized in 10 volumes (w/v) of distilled water, filtered through’
cheese cloth thén'diluted five fold for measurement‘of brﬁithiﬁe
transgarbaﬁylase activit? which was_déscribéd iﬁ'Stgndard_
procedures, For each determination O.1lml (dohhmg pro%ein) was
uéea (described earlier). Readfions were done at 25°C. Results
are giﬁen iﬁ Table 28, |

AAmixture (0Oe5ml) containing 0.005M MgSO, 0.,02M ATP, OodzM

L
citrulline, 0.02M aspartic acid, and 0.05M phosphate buffer, pH

- 7.4y was placed in 12=-3ml test tubes. The liver froﬁ One mouse
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Table 28

Ornithine Transcarbamxiase:Activitz

Condition . pmol Cit./mg P/hr
Control 3055, 3.80, 3,69

1mM Tetradymol. 3.15, 3.59;.2.68 |
Z2mM Tetradymol 2650, 2036, 2073
100uM 2, 4=-DNP 2082, 2,80, 2,70

was homogenized in 10 volumes (w/v)‘éf distilled w;ter, filtered
through cheese cloth and O.5ml quantities (1p8@g protein) placed
into each of the tubes, .Blanks were prepared by adding 2m;

do5M perchloric acid. The -tubes were all éentfifuged and éml‘
of the supernatant used for the urea assay, which was described

in Standafd procedures, . The results are in the following Tableo

Table 29

Urea Production -

Conditions umol/gm P/hr

Control 382, 778, 546, 491

2uM Tetradymol 889, 491, hhb, 656

Qéggg Times = Twénty méle miée ﬁéré starved fop“eiéhteen :
hours‘and divided into fqur grnupsol'The control group received
BOOmi/kg téfrad&molo Another‘groﬁp received BOOmg/ké tetréd&moi,'
then after 1.5 hoﬁrs, 4 hours, ghd}6@5 hours ZmMole/ké.glucose'

in water was édministered intraperitoneally, - The third groﬁp




. o 7. s
' was pretreated with lmMOle/kg_each Nécarbamfl-L-glﬁtamate.(NCG)
Qand'L-arginine 20 Minntes hefore receiving BOomg/kg tetradynol-
and I hoursiafter the tetradymole The.last group was pretreated‘l
h with amMole/kg L-arginine 20 minutes before receiving BOOmg/kg '
3p'tetradymol and 4 hours after° The mice were observed and the
~time of their death recordede The tetradymol control times
were 7.1, 8, 19 9e 3, 9o 7, and lO hourso The tetradymol plus
glucose times were 8.7, 9o 9, 11, 7, 1209, and Lio 2 hours° The
:'tetradymol plus NCG w1th arginine times were 8; O, 8o 25, 12075’:
.13 O, and 14 3 hours. ' The tetradymol.plus arginine-times were
7. 9, 8o by 1209, and 13,1 hours (one died upon oral administra-.

tion of tetradymol)o

Effect of raryi;g tetradzmol concentration on state 4

res iration, respiratorx control (RC) and phosphate acceptor

';tg oxygen uptak -;atig gg[gl - Mitochondria were isolated as’

described earlier; 'For every run O, lml of the mitochondrial

':suspension (l l5mg protein) was used w1th 1o 87m1 of incubation'

‘mixture consisting of O 25M sucrose, Q OlM KCl Oe oosMMg012,

" and 0,01M. phosphate buffer, PH 7oy 2511 of 38hmM succinate,“'
and 5ul of 8xlO 4M rotenonee Varying concentrations of
tetradymol were prepared in 100% ethanol such that 5ul would

'result in the following final concentrations. l, 5,j10,-2§,.
_50, 100, 200, 350, and 5OQuMo Tetradymol was added.aiter,'a'

state 4, state 3, state 4 cycle on’ the oxygraph induced by g
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.-450nmoles ADP to observe any increases in state 4 respirationo
‘Tetradymol was added before the ADP to observe changes in the
P/O and RC ratiose All determinations were carried out at 25 C°

: The results of each determination are given in Table 300,1

P2/0 in mitochondria and submitochondrial particles

' 'dmeasured enzymaticallx - Mitochondria and submitochondrlal

: particles were isolated as described beforeol An incubation -
mixture (1o 7ml) containing Oy 25M sucrose, 0.04M. glucose, 0,01M:
phosphate buffer, PH 7olks Oo OOl6M MgCla,'and 3 units of hexo-'
kinase were placed in the oxygraph chambero Then 0, 2ml of the
:mitochondrial suspension (3, 78mg protein) or: 0, 2ml submitochon-'
.wdrial particles suspension (l Lhmg protein) was added along with .
| 10in of 384mM succinate and 5ul of 8x10 l+M rotenoneo' For |
';blanks, oxygen was allowed to be depleted, for control 25ul of
.'128mM ADP was added° otherwise, various affectors were added
before the ADP and oxygen were allowed to go to completion. Then'
.1m1‘was removed and placed 1n ‘a test tube contalning O 5ml
fof O 5M perchloric wid and P/O values were determined as:'_'
‘ described in-Standard procedureso For-a standard, 750nmoles
of ATP was placed in the oxygraph chamber and carried through

the experimental procedure,' All determinations were carried

out at 25%C.. The results are tabilated in Table 31°

, ;Reyersedelectron,flow ig7mitochondria'§:K.medium_(Bml) |
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- Table 30

Effect g; Tetradymol gﬁ Mitochondrial

Oxidative~Phosphorylation .

" Uncoupled rate
State 4

' ngm-atom'ogmin.

Control

' 1uM Tetradymol - ‘0,00
- ¢ 0600

. 0,00

S5uM Tetradymol 0,00

‘ ) 0,00
0,00

10uM Tetradymol 8,85

. 140,75

| 5690

25uM Tetradymol © . 23,60

' - 20065

_ , '8085

- 50uM Tetradymol- ' 26,55

: : . . 26055
20065

100uM Tetradymol bl 25
i i 70080

59,00

200uM Tetradymol - 118,00
ST 109,20

" 56,00

© 350aM Tetradymol =~ 98,00
. . ' N 108000
118,00

- 500uM Tetradymol = 99040
94040

7505
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Table 31

Mitochondrial P/O

Condition PZO ' . T test
Control 1030, 1,37

0o5mM Tetradymol 2,03, 2,00

‘1mM Tetradymol 1,02, 0.85 990
1.5aM Tetradymol 0,88, 0,85 9909
2uM Tetradymol 0,68, 0076 9940
10uM Dicoumarol  0.80, OoB 999
. 20uM bicpumarq;- Oolilyy 0450 9909
5OuM 2, 4-DNP 0.885 093 .~99°9‘

consisting of 4mM succinate, 1.6mM KCN, 0,07M sucrose,f0°23ﬁ
ménhitol ahd 0,02M Tris-acetate; PH'704, waé.piaégd in a ’
fluorimeter cell With;éolml of mitochondria (Zolmé p;bteini'
isolatéd‘as‘preQiously desbribed with EDTA andLQ¢25M“sﬁcrOS§o

The reaction was initiated by the addition of 50u1 of 3L.8mM

ATP to give control rates. The NADH fluoresehce‘was exciﬁédvat
3L,0nm a@d recorded at 466hmo 'Varying concentraﬁions of téfrad&mol,
| Z,A-ﬁNP, or oligémycin were added;béforé the ATP.and fiﬁorésf' |
ence monitored as beforeo All déferminatibns,were cafried out

at 24°C, The results are listed in Table 32,

Reverse electron flow in submitochondrial particles - A

medium (3ml) containiﬁg 0,18M sucfose, 0.05M Tris-acetate buffer, .
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‘Table 32

”1 Mitochondrial Reverse Electron Flow o

NADH Flourescence

}Condition B Vertical sg/min
B = (arbvitary units) -
‘Comtrol . . . 18,3, 38, 65 14659
. 3ZuM Tetradymol = 0,0, 0.0, 0.0
. 133uM Tetradymol; o,o;f Oeb, 040 .
10uM 2,4-—DNP"", : 0,0, 0,0, 0,0 -
 123uM Oligomycin 040, 'o;.o, 050

‘pH:705,~6uM Mgsou, 1.6mM KCN,1lmM Nﬁh+; and 5mM succinatefwas’ ;
. placed in'a'quartz‘cell'along with'25u1 of subnitochondrial
-particles (O°l8mé:protein)o ‘The reaction.was started by the
addition of 50ml of 180mM ATP and monitored at 340nmo' Varying
concentrations of tetradymol, dicoumarol 2 4-DNP, oligomycin,_
'or DCCI were added before the ATP and the reaction monitored as}
before° All determinations were Carried out at 24 Co The
‘_rates of NADH production were recorded and the slopes used to

calculate'nmoles NADH/minuteo Results are shown in,Table 33?‘

ATPaSe activity in mitochondria and submitochondrial

'partlcles - Mitochondria and submitochondrial particles were h

'.isolated as before° ATPase activity was measured as descrlbed

) previously; All determinations were carried out at 25 Cof

Results of these experiments are shown in Table 3# and 35o
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Table 33

- Submitochondrial Reverse Electron Flow

: -nmolés.NADH/ - ' oles N&
Condition: " _min : Condition - e ZgnNADH/
Control , ggog, 9715 3TM 2,4-DNP - 26,9, 31,7
3%iM Tetradymol 61.8, 64,9 - 66juM 2,4-DNP 20.6, 19,8
66pM Tetradymol — 36ok, 38,0  133uM 2,4-DNP 0.0, 302
133uM Tetradymol 30,1, 33,3 33uM Dicoumarol 23,8, 25¢3

‘2hipM Tetradymol . . 1h4o3, 11.1  12%M Oligomycin 3.2, 3.2

98uM DCCT 12,7, 2649

" Reversal of ATPasélinhibition in mitochondria - Mitochonw

dria were isblated as described previously. A medium (1l.8ml)
containing 0025M'sucrose; 0.01M KC1, 0,005M MgCl,, and 0,01M
phosphate buffer, pH 7.4, was placed in the oxygraph chamber
: with10°2ml mitochondria’(jo7mg protein), 25ul of 384mM 'succinéte,'
and- 531 of 8x10;4'r0téngneo Thien either 5»1‘0£'740hmM Sligomy¢iﬁ
or’5n1'of 5§04mM DCCI was added, ADP (Zﬁhl_of 128mM) was added
to make sure no increase in oxygen uptake occurred tﬁen
uncouﬁiers weré addedo A1l determinations were carried out at
ésoco Results are éiven'ih Table 360 | |

Effect gi B§A gﬁ ggggggxgg;‘uncoupling - A medium (l.7ml)

containing 0.25M sucrose, 0,005M MgCl29 0,01M KCl1, and 0,01M

phosphate buffer, pH 7.4, was placed in the oxygraph chamber
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Table 3l -

Mitochondrial ATPase

. o . mg Pi/ _
Condition LT omg: Proteln/hr
Cpntrol © - 16264 16 27

o5mM Tetradymol = 1o58, 1.67
 1mM Tetradymol — 2.36, 2.47
2mM Tetradymol - 4089, 4095
100uM 2, 4=DNP 14659, 4ob3
200uM 2,4=DNP *  4ol0, 4028

Mitochondrial ATPase

' mg Pi/ .
Condition mg Protein/hr
Control - - 0433y 0440 -
1mM Tefradymoi.-‘ o 1oB3y 2632
1mM Tetradyma: - | - ‘
Monoisobutyrate © 100, 0,80
lmM Menthofuran o j 1o46, 1085
lmM Tetradyma Diol I 1417, 1,04
1mM Tetradyma Diol II " 0o8l4y 0s52°
lmM'Tetradyma Ketone - . 0671y Oolb
1mM Oxidized Tetradymol. - 0046, 0056
1mM Reduced Tetradymol I Lal43, 1,30
1mM Reduced Tetradymol II = 0040, 0039
" 1mM Reduced Tetradymol III ~ 0,39, Oo45
'lmM Benzofuran . 055, 0,65
lmM'Peperic acid . - . 0Os 34, 0,37
200uM 2,4=DNP .. 2083, 2°92

- (structures of related compounds may be found in
- appendix B)
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Table 35

Submitochondrlal ATPase

R - " ng Pifmg .
Condition ' prote1n£hr3f
CComtrol. .. 437, 3.70°
| 5500, 3.75
" 1mM Tetradymol . Ook5, 0,88
f S o . 00145.0035
© 1mM Tetradymadiol . . 3,0k, 3,09
: . Monoisobutyrate 2010 '
1nM Mentho furan . 1,25, 1.25 .
. L ' 1030 o
200uM - 2, 4=DNP 568y 6069 . -
: '- o . ‘ - . 6025, 5_080
" 1mM Tetradymol 7 0e45, 1655
© .7+ 2001M 2 4=DNP SRR
‘imM‘Menthofuﬁan o . 3665, 3460

+.2003M.2,4-DNP"

‘}along w1th Oa lml mitochondria (2 15mg protein) isolated as beforea'
- fThen 25p1 of 384mM ‘succinate and 5u1 of 8xl® qM rotenone were _'
dded,i ADP (450nmoles) was added after state 4 was achieved°
TUncouplers were added and subsequently O 2ml of a lO% solution
I'bf fatty acid free BSAo. Alternatively, the BSA was added flrst
';then the uncouplersol Oxygen uptake rate was determlned under
"each of the dlfferent conditionsa All determlnatlons were[

}carried.out at.25 Cg Results are given 1n Table 37,.

. Effect ggfvarxihé k" on tetrad&m01'ﬁnéoﬁpliﬂg--fsivé:
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Table 36

Reversal by Betradymol:of DCCI.
.- Inhibited Mitochondrial ATPase.

: Rates
Condition , ngmratom Q/min,
Control . “ | 8105, 7805, 7606‘
* 200uM Tetradymol 11709, 129.4, 1205
Control 80.1, 75.6
10uM Dicoumarol 283,8, 265.0

Reversal by Tetradymol of Oligomycin
- Inhibited Mitochondrial ATPgse

. o Rates
Condition _ ngm-atom_QZmin
Control 19005, 85.1, 8840
200uM Tetradymol | 9309, 12902, 129.2
4O0uM Tetradymol '17302,‘19508, 187.8

different oxygraph reaction mixtures were prepared varying the'

K" concentration, All contained 0.25M sucrose, 0,005M MgCl

and 0,01M phosphate buffer, pH 7.4, The five concentrations ofa"

K" were'OmM, 5mMy, 10mM, 15mM, and ZCmM° Buffers (1-9m1) Were '
placed in the oxygraph chamber then O0.1ml mitochondria (2 13mg '
protein), isolated as previously stated, then 25nl of 384mM
succinate and Enl of 8x10 %Hrotenone, ADP (uSOnmoles) were
'added and respiration allowed to go from state 3 to state 40.

.Finally tetradymol was added to give a final concentration of
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Table 37 -

Effect of BSA on Tetradymol Uncoupling
A B .. o -
‘ Unaffected  Uncoupled "Rate after
. ngm-atom O/ - rate ngm- 1% BSA ngm=-
Condition . __min atom O/min -~ atom O/min

200uM 2,4;DNP '_6609, 72,8 416,1, 40405‘:'66$9, 72.8

"150MM Tetradymol 669, 640 1135, 116.4 1139, 119.3
.. 688 989 13359

200uM -Tetradymod' 64,0, 6609 11604, 122:2 13608,';4206
ubQuM}?etradymoi 6400, 6908 2hlolsy 264.8 352.9, 360.8

"Rate after D :
1% BSA ngm=  Uncoupled ngm-
Condition ..atom O/min  atom O/min
200nM Tetradymol 61400, 6208 6420, 8703

'AOOuM-Tetradymol-55035:6101 13369,y 14505

100uM. The increase in rates of respiration were then measuredo’
All determinations were carried out at 25°C. Results are listed’

'in Table 38.

Effect of va}zing oH on tetradymol uncoupling ablllty -

':Six different oxygraph reaction mlxtures were prepared by
"varying the pHo Each contained O. 25M sucrose, 0, OlM KCl, O, 005M

_MgCl ’ and O OlM phosphate buffero 50ml portlons were then

2
:adjusted wi.th 1M HCL or lM KOH to pH 6. 05 6o 5, 740y 7.5, 8o o,
and 8 50 Succinate (25nl of 384mM) was also adjusted to the

'same pHo For each determination 1. 9ml of one: of the buffers-,.,
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Table 38
Effect of Varzing K on Tetradxmol Uncoupling

: Uncoupled rate
State 4 ngm-

"Condition : atom Q/min
omM K* . 32,0, 4106
- ‘ 41069 5le2
5mM KT 32,0, 28,8 .
. . b4le6 o
lomM KT 2506, 380k
- . 4he8y 3502
15mM K" 28485 3200
o ' : 2808 )
20mM k* 32,0, 4106 -
: . Lho8

' was placed in the oxygraph chamber along with the 25ul of
Buccinate~of the smme pHo Then 0. lml mitochondria (l 98mg .

. protein) and 5nl of 8x107% rotenonea, ADP (450nmoles)-was

added'and state. 3 .rates determined. ln each case; after-state.

'4 was obtained, tetradymol was added to give a. concentration of

ZOQuM and the rate determined. This‘procedure was followed for

all six pH Valueeo' All determinatione were'carried.out.at.25°Co'

Results are-shown in'Table_39o

Effect of Varzing mitochondrial protein on uncoupling

'~:abilitx of tetradymol - Mitochondria were isolated as’ described‘ o

uearlier, Varyingamounts of (O 05-3 Oml) mitochondria (1o 07—

6o 42mg protein) were usedo The reaction mixture contained
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Table 39

 Effect of Varying pH ggtTetradymol Uncoupling’

bH
6.0

605

7.0
765
8.0

eesif

\

State 3
ngm-atom 0/
min

27942, 26749
.'2730

34,0
38603
1405, 423,0
4170k
31il;.,0

287 O

358 1, 335¢6

40303, 40307‘

'361,0, 3300

273055 293 5

-State 4

_ngm-atom O/

Uncoupled-rate -

min . ngm-atom O/ min
81.1, 81,1 1660k, 16306
8406 ' ) 16604 -
79.0, 76 I 20549, 197.4 -
7960 o 205,9 :
7900, 8la8 = 203:0, 225.6°
8he6 253.8 = -
9042, 9002- 18045, 222:8
87.4 : 205.,9
79:05 7900 .  297oL, 220,0
29,0 o n16962 L
760ly 7601 - xaaé é,A172,o, '
7950 '.186 10

0,25M sucrose, O, OlM KCl, O, 005M MgClZ, and 0. OlM phosphate buffer,

PH 7oh4e - An appropriate volume of this mixture was used such that

w1th the mitochondria the total was Zml which was placed inx the

.',OXygraph chambero.

rotenone and 450nmoles of ADP were introducede

Theh 25u1 of 384mM succinate, 5u1 of - 8xlO 4M

After state 4

.resumed tetradymol was added to give a. final concentration of

.250uM and rates were recordedo.

'Out.at.25.

Co ' Results are given in Table L0,

All determinations were carried

Effect of tetradymol 2 L+~DNP9 and SDS on Qs Do of a

'mitochondrial solution - A buffer (2°5ml) consisting of 0 25M o
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Table 140

Effect of Varying ﬁitochondrial Prot in

~————

State 4 Uncoupled
"ngm-atom O/ ngm-atom O/ - : .
- mg P- - min . . min . ‘ : Difference.
© . 1,07 | 9 '15;7'15 51, 45;_,54 42 .30, 39
1.82 - 42 '42, 45'. 102, 96, 102 . - 60, 5k, 57
214 39, 42, 51 99, 111, 110 60, . 69, - 69
268 57, 66 . 138, 7. 81, B8l
30217 81, 81, 75 17k, 174, 168 . 93, 93 93
4o28 111, 111, 108 . 222, 216, 222 B 111;'ios,’114_
5.35 129, 141, 147 258y 240, 249 129, 99, 102
. 42' | 171,'174, i863 285, 300; aé?f"} 114,'1265'i111'

sucrose, O OlM KCl, O OOSM MgCla, and 0. OlM phosphate, pH 7 L

was placed ina ml quartz cuvette, . Mitochondria.(EQul) (O 54mg

" protein) was addedo The optical density at 600nm was recorded.
"Either 25ul of 24 4-bNP for a final concentration of ZﬁuM, Zﬁul .
of SDS for a final concentration of 100nM, 5»1 of tetradymol in :
‘100% EtOH for a final concentration of 100nM or’ 5u1 of 100% EtOH -
were added and allowed to stand for five minutes before then" .
I'optical density was recordedo- The optical density of the bufferf;
i,alone and buffer'thh each of the four conditions was obtained:

‘and subtracted from the final raadingo All determinations were‘

carried Out at 25° "Co .Results are listed in Table‘hlof
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. Table 41 .

Effects on O.D of a Mitochondrial Solution |

) Optical'Density'
Optical Density - Mitochondria

Condition Mitochondria - _and affector .

25uM 2,4=DNP 00925, 1,000  0.905, 0,935
~ 1,010 . 0,955

100uM SDS . .0,960, 00980 - 0:840; 0,850

1,050 0,910 .

' 100uM Tetradymol 00940, 0,980. 0,880, 0,955
' 1,040 .. 0,970

02% Ethanol - 00960, 0,960 0.925, 0,930

o 1,010 - 0.960 -

Table 42
' 5DS Effect on State 4

State 4 Uhcoupled rate.

. ngm~atom 0/ ngm-atom O/
Condition min ‘ min

100uM SDS - ' 6400, 6649 6L4s0y 6609

400uM SDS 6460, 61o0 116ok; 11066

150uM Tetradymol 6l.1, 51.3 11604y 113.5

Table 43

Effect of Tetradymol on 0O, Uptake with Submito. Particles -

‘State 4 ‘ngm-atom 0/ Aftef 10uM
. » ngm-atome:0/ min after = . Dicumarol ~ -
_ Condition , min : Tetradymol ~ ngm-atom O/min

.7 250uM Tetradymol =248, 270, 236 202, 24, 186 25k, 254, 251
500uM Tetradymol 260, 248, 264 ,153;'133, 124 152, 152;'143

750uM Tetradymol 273, 254, 236 65, 71, 62 ‘112, 115, 105 -
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ihe same conditions as described eariierlto look‘at
increase of state q respiration with tetradymol were-used to 1ook
at increase of state 4 respiration with SDS, For each determin-
ation loémgzmitochondrial protein were. used, All determinations

‘were carried out at 25°C. Results are shown in Table 42,

Effect of tetradymol on O, uptake with submitochondrial

particles ~ Submitochondrial particles'were isolated as described
earlier, A mixture (1.8ml) contailning 0.25M sucrose, O-OlM-'
KCl, -0, 005M MgClZ, and 0,01M phosphate buffer, pH 7. h, was placed
in the oxygraph chamber along with O, 2ml submltochondrial o
particles (1. 54mg protein)° Twenty five microllters of 384mM
succinate and Spl of 8xle 4M rotenone was added and the oxygen
consumption rate determinedo ‘Various concentratlons of tetradymol
were added to give 250,'500, and 750pM and.axter sufficient time
dicoumarol was added to give a final concentration of 10uM, All
three'rates were measuredo All determinations _were carried out

at 25°C, Results are shown in Table 43.

Uncoupling ability of totradymol=like compounds = The
same conditions as described earlier to iook at increases of
state 4 respiration rate with tetradymol were used in these
experiments. Mitochondrial protein (Boémg) were used for - eachr
determination° All determinations were carrled out at 25 °c,

Results. are given in Table Lk,
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Table Ll

Uncoupling Ability of Tetradymol Like -Compounds

: - Uncoupled Rate
Condition = - State 4

200uM each -ngm-atom Ogmip
. Tetradymol , 300, 306
Tetradymadiol - | 192, 192
Monoisobutyrate
Tefradyma Diolll 33,. 39
‘Tetradyma Diol II o hos, L5
Tgtradyma Ketone. ' 15, 15

Tetradymol Reduced I 51, 57
Tetradymol Reduced II 69, 63
Tetradymol Reduced III 63, 63 .

Qxidized Tetradympl--‘. 2l . 33:l
Mentho furan o 366, 312
Benzofuran ‘. | 33, .33
Peperic acid 15, 15

'Efféét é; tetradymol on ggg:32;§g“phoéphorxlétioh sites -
Mitochondria wefe isoléted.ashdegpribed previépslyo For thé
three coupling Sitéé'laaml of the same reaﬁtioh.mixture éontainu-
‘ing 0,25M sucrose, 0,01M KC1, OQOOBMJMgClz; and 0,01M phosphate -
: buffer,:pH 704, Wéépﬁsed and Ooami mifbéﬁondria (i;9mg‘pro£ein)°
For site I 25ullof 384mM.glutamafe ﬁas hséd; ,qu‘site IIlaﬁﬁi

of 384mM succinate and Sul of 8x10"4M rotenone were usedo For_
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site II 25ul1 of 384mM ascorbatey, 10ml of 27mM TMPD, and 5ul-of
_8x10-4M rdtenone were used, Tetradymol concentrations of ZobuM
Bnd 35QuM were used to inspect thg relative uncoupling of each
sites ADP (450nmoles) was added and RC and P/0O values were
determined as described previously and comparéd to cnnfroi
values, All detenminations were done at 25°C, Results are

listed in Table 45

Determination of the pKa of tetradymol - The basic
spectrophotometer procedure of'McEwen' wéé followedo Both
. hexane and ether were redistilled frdm'lithium aluminium hydride
before useo All Preparative operations‘weré carrieq out nnder
nitrpgen purified by-being prassed through a éoiumn of BSTA
Cataiyét-and anhydrous calcium chloridé; All spectral deter=-
minations were‘carried out in seaied quartz. cuvettes, A BZQQuM
solution of 43ch10ro~2mnitro&niline‘in ether'rééulted in peaks .
at 403mu (A=01889, E=4o7=107) and 234mu (A=.755, €=2.29x10%).
To make the salt of hnchloro-a-nitréaniliné, 21°6mg‘to125nmolés)
of h;chloro-a-nitroaniline were placed in a SOmi tmo neck round’
bottom flask. One neck_waé sealed with a rubber septum and the
other conneéted to'n two way‘stnpnocko Thnse two parts of the
anparafns were connected to a thnee way étoncock; one way |
allowed evacuation with an éspirafor and fhe other
permitted entry of pnrified'nitnogén° Tne'apnnratus was then

evacuated and filled with nitrogen four times, Then 10ml of
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Table 45

Relative Uncoupling at 3 Sites

1,00, 1,00

Glutaﬁate
Condition RC . _ B/0
Control - 3071y 3038, 3093 3013, 257, 2.74
' 30729 4007 204'29 2-0389 3038
| o - 2,57
| 200pM Tetradymol 1,22, 1e32, 1062 2022, 212, 1099
350pM Tetradymol 1,00, 1,00, 1,00 O 0 . ©
Succinate o
Control 5061y 50455 5,14 1077y 1.8, 1.84
5033, 4091, 4o86 1o8L, 1090, 1,92
60.329 5036 _10799 1072 :
200pM Tetradymol . 1o63, 2038, 2012 lo3lhy lokB, lok5
| 2,16 145 '
 350pM Tetradymol 1,00, 1,00, 1,00 0 0 o
- Ascrobate/TMPD ' :
10349 10269 loll-l 00739 00649 0071
1026, lok2 0066, 0,71 |
200pM Tetradymol 109, 1019, 1o10° Oohl, 0058, 0049
350pM Tetradymol 1,00, 0 0 0

vhekane:and Ooiml'(o123mmoleé) of 1,23M t-butyl lifhium ﬁére
introduced through thé rubbed sppéum using:syrings;- Afterilo
minutes the‘aﬁparatué was‘évacuatéd,to'remqve hexane and |
2-metﬁyl propane. Thé ﬁwo way stbpcoqk'was then ciééedjand

transferred with the round bottom flask to a dry bag containing
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anhydrous'calgium chloride, ether, and all glassware necesséry
to accomplish all transfers. The dry bag was sealed.then
evacuated and filled with purified nitrogen four times. Ether
(25m1) was added to the round bottom flask and a-50 fold
dilution with- ether méde of that solution. Three mililiter
aliquots were transfered to three cuvettes, One cuvefte contained
5pl (O;fumdles) of a 60uM solution of tetradymol in ether. After
femovhi from the dry bag one drop of water was added ép one’
cuvette to convert the @alt back to the acid form of 4~chloro-
2—nitroanilineo A'spectrum-of the salt using the‘acid in the
reference beam resulted in a beak at 318mu (A=0.36) and a
troﬁgh a£405mp(A=0006)o The spectrum of the salt with tetradymol
using the acid iﬁ the reference beam resulted in a peak\at ‘
318mu (A=O;28) and a trough at405ﬁp(A=O°O)o A rough calculation ' -

of the keq was made for the following reactions:

l-chloro-2-nitroaniline™ (CNA™) + tetradymol (Tet) ——

ly=chloro-2-nitroaniline(CNA) + tetradymol™(Tet™)

Resulted -in:
keq = §cNA2§Tet'%-='gooozuM)(o°O7uM) = 507%1072
(CNA ) (Tet) - (0o93uM)(0.43uM)

The converse experiment (first making the salt of tetradymol)

: waé done -by reacting L4,56mg (Ool9hmoles)'of tetradymbi with

0015ml1 (0O.1l8mmoles) of 1,23M t-butyl lithium, The same




'dilutions-were carried out in‘the dry bage A 3ml aliquot of the
tetradymol salt was reacted w1th 0. 4§nmoles of 4-chloro-2—nitro-‘A
aniline in one cuvette while O, Aﬁnmoles of 4-chloro-2—nitro-
aniline was placed in another cuvette wlth 3ml ether, A spectrﬁm
. @f the tetradymol salt with u-chloro-a-nitroaniline using
u-chloro-z-nitroaniline in the reference beam resulted in A=0. 53

" at 318mu and A=0,12 at. 405mu.’ A rough calculation of the keq

_fwas made for the following reaction: -

tetradymol (Tet‘):+ 4-chloro-2-nitroaniline (CNAOQ ———

tetradymol (Tet) + u-chloro-afpitroaniline'(CNAT)

Resulted in:

~

keq = (Tet)(CNAT) = (1.37uM)(1.37uM) =.94
| TTE¥é§TENA§ (Boézﬁﬁ%{6Tf%Eﬁ%
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Clinical Tests
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~ BUN
Creat
BUN/Creat
Glucose
To Prote.
Alb,
A/G
Thyo, Turb,
Tot, Bili,
Dir, Bili,
SGPT
SGPT
Alk,
LDH
Amylase
Cholest,
Beta Lipo
- To Lipo
Sodium
Potasq
clL

Phose

Uric Acid

Units

. MG%

MG%
MG%

MG%

MG%
GM%
GM%

Units
MG%

MG%

Units
Units
Units
Units
Units
MG%

Units

- GM% '
MEQ/L
“MEQ/L

MEQ/L
MG%

1
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CLINICAL TESTS

3.7

2

_ (Normal)

906 9e¢4 .~ 10,0
807 7ol 769
2400 23,0 19,0
" b o6 ol
40,0 38033 . 4705
1163.0 88,0 84,0
5.9 5.8 603

304 2,9 3.2
1636 21,00 1,00

2,00 1,00 2,00

032 W17 17
, 01 L0l .20l

227 342 291
143 130 117
15,5 42 46
1562 967 1082

92 133 1yl
205 120 14
5,9 8.1 1040

053 051 o662

155 145 - 155

59  602. . 8ol
120 © 113 116
306 56

l.

5

. ) ‘5 ’
- (Dpugged) T
1004  906. 909
8.9 907 95
25,0 31,0 24,0
8 o3 1,0
31025 103633 2460
78,0 5400 6300
608 508 608
3,7 3,0 302
1,19 1,07 89
2,00 1,00 2500
069 1,06 59
W01 L0l .01
. 227 392 392
161 433 449
25 72 87
1541 1116 1179
90 162 136
233 125 . 162
602 5.0 7.l
o7 o448 059
149 151 149

8,5 - 101 11.8

118

: 119

124

397 15 3.7
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Structures of Related Compounds
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