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ABSTRACT

Three methods for the synthesis_of hexenolactone
have been tested, and that of Haynes and'Jones; based upon’
the condensatlon of propylene oxide and sodium acetylide is
preferred. The uptake of glucose, galactose‘and arabinose
vby yeast cells under aerobic and anaeiobic cOnditioné has

, been stﬁdied, using thfee'strains of Saccharomydes,‘namely

Se carlbnrgen51s nos.74 and 355, S. cerevisiae no.'366. A1l

three strains Qhow the dame type of . response to hexenolactone,
althupgh no.74 1sAmout affected. Glucose uptake is inhlblted,,
siightly\during fi?st 20 minutes of contact, but more
markedly on longer contact with the lactones Uptake of
‘galactose orlarabtnose is unaffected, Uptake of inorgénicr
ﬁhosphate by yeast céll is appreciably inhibited by |
hexenolactone. Hexenolactone has been ‘shown to Teduce the

| rQSpiratibn:(Oxygen uptake) of mitoghondria freshly‘ﬁrepared
from céuliflower.» Six members of the tricarboxylic acid

‘cycle were used as substrate for respifation, and all were
affecte&; but the'inhibition was most marked,with‘ﬁhé most
weakly-respiring systems (cx-ketoglutaréte,'fumarate) énd‘
least with the ﬁoét Vigordus (sucéinéte). Inhibitibn of the
sﬁccinate'sysfem due to malonate ﬁas'enhanceé by hexenoiactqne,
the degree of enhancement increasing withﬂﬁimé of contact

with the lactone. :The phosphate~induced swelling of fresh

mitochondria in the presence of a'respiration—substrate is
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inhibited by hexenolactone. Hexenolactone has been shown to
produce changes in the ionisation pattern of certain proteins
as shown bng;sﬁgft in the iso-ionic point given by
electrometric fitration. The nitrogen distribution of
sections of pea~stem tissue exposed to hexanolactone has been
studlied. <he most notable effect.of the lactone is to céuse
e very coneiderable exosmoeis of the aminq—acids of the tissue,
Posaible reasons for the obéervations made‘aie discussed, and
it is suggested that all arc in angreement with the theory
fhat the effect of hexenolactone is chiefly due ;to its
influence on the permeability of tissue membrancs. In this
véonnection a comparison is made with certain fungistatie

antibiotice.,
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" IENTRODUCTION




It has been recognised for some time that certain
simple unsaturated lactones possess distinet physiological
activity, usually shown by their inhibitory effect on the
growth or on the development of tisaues. The.subject was
comprehensively reviewed by Haynes.(1948) who listed five
main types of activity exhibited by these compounds, namely,

1) Inhibition of the growth of animal tissues.,
2) Antibiotic activity.
3) Inhibition of the germination of seeds and of
the growth of plant tissues.
4) Insecticidel and fish poison sctivity.
' 5) Cardiac activity. | |

The first three of these aspects have some hearing
on the present work, and for this reason a summary of

- certain features thereof will be glven z2s an introduction.

1) Inhibition of the growth of animal tissues:

Henton (1926) showed that embryonic chick tissues
could be cultured in vitro, in a suitable nutrient medium,
end that in the presence of small amounts of malt ertract
the growth of commective tissue was markedly suppressed
while epithelial tissue continued to grow freely: he
concluded that the malt extract contained a "differentisl



growth inhibitor" of unspecificd chemical nature. Heaton's
observations were confirmed by Drew (1927) and Brues et al.
(1936), while ledawar (1937)'showed that a similar
inhibitory effect'was produced by»extracts of wheat, oats,
maize, barley, orange pecl, etec. His experiments also
suggested that the inhibitory action extended to all
mesenchyme derivatives in animal tissues. Further
inﬁeétigations were undertaken by Medawar, Robinson and
Rovinson (1943) who isolated from malt eXiract, by'vigorous
steam distillation, an inhibitory substance, apparently an
unsaturated lactone of the formnla,csﬂsbz., These authors
pointed out that a natural 1act6ne of this formula was
already knbwn, in the "parasorbic acid" isolated from the

berries of mountain ash, Sorbus ggpﬁparia, by Hofmann (1859),

The identity of this compound with D-&-hex—a—enolactone was
sugegested by Doebner (1394) and confirmed by Kuhn‘gz_g£.
(1943) who prepared the lactone syntheticélly from sorbic
acid, and also demonstrated the inhibitory effect of thei?‘

synthetic product. iledawar gt al. also prépared~in small

D-b-hex-a-cnolactone



- yield a éynthetic lactone from the condensation of aldol
. ond malonic ester in pyridine solution; its properties
resembled those of the malt extract distillate, but its
inhibitory activity was distinctly less than that of the
natural product. Yet another method of synthesis waa
employed by Haynes and Jones (1945), nomely semi-
hydrogenation of the acetylenic hydroxyacid obtained by
carboxyiation of the ethynylearbinol derived from
propylene oxide (see under "Syntheses of lactones"); %the
lactone was obtained in good'yield, and in pure form, but .
again its activity was appreciably less than that of.the
malt extract product. This diminisheq adtivity was
apparently not due to the fact that the synthetic product
is a DL-compoﬁnd, since Kuhn et als (1943) found the same

'dégree of activity in the natural compound and their DI-
compound, and it must be concluded that some other factor
is ﬁresent in fhe malt product. Nevertheless, synthetic
hexenolactone does possegs the differential inhibitory
capacity, and this capaecity is not common to all

L P-unsaturated lzctones (Haynes =nd Jones, 1946).

Some important observations were made by Heuschka
and his colleagues (1944, 1945) on the effect of hexenolactone
on the flatworm Dugesiz tigrina. When this agquatic




invertcbrate is eiﬁoéed to the lactone (5 x 10"5‘M. soln.)
for 12 40 20 hoﬁrs a very fypical degeneration of the

animal takes pléce. The first visible-effect ié a partial
~evisceration follbwéd b& disintegrétion’of the three branches
of the gut, and finally démageAis caused to the éxternal wall
overlying the‘gﬁt.‘ This effect’wasAnot produced by a number
oflother substances tested, including some cioseiy eimilar

in structure'to hexenolactone. Hauschka also found that this
rafher specific action of hexénolactoné was not shown in the
?resencg.of cysteine, glutathione,{-alanine or Q;-aianine,
also in'cOncentrations of the order of 5 x 10~ M., and from
this and other studics he concluded that hexénolactone owed
its activity to ité ability to condenseJWith, and thereby
inactivate,%certaih thiol groups qf eassential ehzymes; but’
as Haynes (1948) has»pointed oﬁt, reéctivity with SH groups
is a property common to most if not all X{-unsaturated
lactoneé, and.Since there is a marked structural specificity
in the gfowth—inhibitory activity shown by these’compouhdé

it seems unlikely that this simple explanation can be
considared,adequate;‘this point iS»discusse& in more detail

later.

In a further paper, Hauschka (1946) seems to tend
towards thé opinion that direct interaction with SH groups
may not be the only channel through which hexenolzctone

affects animel tissues., He again calls attention to the



remarkavle specificity of the effect on Dugesia tigrinas.
this effect iskapparently'uniqué to hexenoléctona, whereas
eighteen other growth inhibitors tested produced only what
he terms the "classical anterior-posterior gradient syndrome©,
ie€e, disintegration from the head downwards. He concludes
that “the hexenolactone-induced lesion pattern in D. tigrina
mzy be explaoined both on the basis of differential
penetration and tissues~differentisl susceptibility®,
possibly conditioned by the differeht distribution of enzyme
complexes dependent on free SH groups. ﬁeatty (1951) also
‘aseribed é majoy role to the combiﬁamion of hexenolactone
with SHe He studied the éffect‘of knowﬁ S inhibitors on the
development of amphiblan eggs aud in éh"analysié vathe
so-callea “blocked SH éyndrome“-in these eggs he :w
'diétinguishéd.eleven steps of which at léast S¢§eﬁlwere
affected by nexenolactone as well as’by'the well-known SH
inhibitor iodoacetic acid, Iadoaceta£Q i%self would geém o
to have é certain capacity for differéntial inhibition at
least in high concentratlons, since dorsal portlons of '(
frog embryo tissues were found by Rapklne and ﬁrachet (1951)
t0 be much more susceptlble to its action than the ventral |

portions.

Among other investigation into tha action of

hexenolactone on animal tissues the work of Briggs (1946)



may be mentioned. She found that the sensitivity of the

embryo of Rana pipiens was greatest at the beginning of

development, when an appreciable retardation was produced
by 5 x 16’5 M lactone. Sensitivity diminished until the
post-neurula stage, when it again increased, but wos
confined to certain organs which had by then become
differentinted - a further example of selective inhibition.

The nuclear mechanism was apparently undamageds

It will be clear from the sccount given above that
while various féatures‘offthe differential inhibition of
animal"tissues‘have‘been'iecprdad in some detail, 1little
. positive advanéé Eas\been made‘from these sfudies és to the
chemical;mechanism:underlying‘the phenomena. Apart from
the lactone - SH relation proposed by Hauschka, the only
proposal has been that made by Medawar et _azl. (1943), namely
thet hexenolactone interferes with the metabolism of
pentothenic acid; but Kuhn et al. (1943), Hauschka et al.
(1945') ané Roy (1948) found no evidence to support this

theory.

2) Inhibition of the growth of miecro-organisms:

'Quiteva number of simple unsaturated lactones 
have been found to possess rather feeble antibacterial

lactivity. Probably the simplest to show this aectivity is-



Protoanemonin

This acid is stated by Daer et al. (1946) to show no
antivacterial activity; but Moffat et al. (1946) claim that
its homdlbgue, @-propionylacrylic acid, inhibits growth
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£ =propionylacrylic acid.

of E. coli, Staphylococcus.aui'eus and Pseudomonas pyocyaneé. v

at concentrations of from 1 in 2000 to 1 in 4000; the activity
of the ethyl ester was much greater. The angelicalactones

(ot and (3) are inhibitory towards E. coli at a concentration

H3C_[ 0/,09 - v H3C-ﬂ Lo

&-aﬂgelicalactone ¢ ~angelicalactone




of 1 in 1000 (Baer gt al.), while hexenolactone itself was
shown by Kuhn et al. (1943) to inhibit growth of K. coli
but not of‘certain Lactobacilli - a further example of a
distinet differential capacity for inhibition. Similar
observations bn bacteria and yeasts were made by Brodersen
and Xjaer (1946) and on filamentous fungi by Buston and
koy (1949). ln_axfempte similar to those made by Hauschka
et al. (1545) to overcome the inhibition caused. by
hexenolactdné, Roy studied the effect of a number of
vitamins and amino-acids, but only b~alanine, in a

limited range of concentrations, was effective in |
counteracting the lactone (for Fusarium =2nd Phycomyces
species). The metsbolic function of {-alanine has often
beenAattributed to the fact that it is incorporated into
pantothenic.acid, itself an integral part of the»coeeﬁzyme
A molecule, However, neither pantothenic acid nor pantoyl
- lactone could replace p-alanine as an antagonist to
hexenolactone. #Hay (1952) showed that, dpart from
suppression of growth, hexenolactone has some inhibitory

effect on respiration and fermentation of‘Saccharogyces

cerevisiae. Cavallito and Haskell (1945) and Geiger and

‘Coun (1945) nave discusced the mechanism of inhibition of
bacterial growth by simple lactones such as anémonin,

and more complex types such as patulin and,penicillic'acid,
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and again have focussed their attention on the interaction

between the lactone and SH groups, but point out that

this simple explanation is not adequate to account for all



observed facts.

Further objections to the simple lactone — SH
theory were put forward by ey (1952). Since st least
one of the enzymes involved in the glycolysis pathway is
Sﬂedgﬁendent, it might be expected to show & sensitivity
to hexenolactone; in fact, neither oxygen uptake nor 002
oﬁtput by actively-fermenting cell-frac yeast éitracts
was aliected in the least by hexsnolactone in cbncentratiOns
2z high as 1.5 x 107 M. Similsr results were obtained
with other micro~organicsms; although inhihition of various
dehydrogenaseé of intact celle could bve démcnﬂtrated, in
no instance Was anY‘effect observed on a cell-free
preparation. Hay extended her studiez to examine the effect
of hexenolactone on other enzymes, some of which were
recognised to be of the SH-dependent class, but only one
enzyne was found to ve affected, namely urease. (Slight
inhibition of xanthine oxidase was occasionally observed,
but later work Iailed to confirm this effect). May was
therefore led %o conclude thet the inhibitory cffect of
hexenolactone was not dué to any siaple aotion‘on
intracellular enzynes, at any rate those concerned with
glycolysis and respirafion, awnd she sought to explain

the effect in terms of an alteration in the nature of the
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cell-surface which would affect the passage of materials
through the cell-wall. In an attempt to support this view
she studied the effect of the lactone on the agglutination
of cells of E. coli, and on the fragility and swelling of
erythrocytes, but her experiments did not provide really

convinecing evidence in support of her views,

3) Inhibition of the germination of seeds and of

the growth of plant tissues:

As early as 1910 Cameron had found that germination
of seeds was delayed or suppressed when the seeds were
treated with a dilute (1 in 10000) solution of coumarin.
The éame effect was studied by Kdckemann (1934) who gave
the name"blastocholine® to any substance which possessed
this property, and such substances were found to be widely
distributed in ripe fruits and seeds. Various attempts
were made to isolate the substance responsible for the
effect (Evenari, 1940; Cox, 1945; Konis, 1940; Akkermann
and Veldstra, 1947) but without great success. lHowever,
it has been found that many unsaturated lactones possess
blastocholine activity, and it appears that the aétivity
is not greatly dependent on the specific strufture of the
whole molecule. Kuhn g£~g£.’(1943) found that both natural

"parasorbic acid" from the mountain ash and the synthetic
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DL-hexenolactone completely suppressed germination of cress

seeds (Lepidium sativum) at dilution of 1 in 1000, and
checked growth of roots of seedlings at 1 in 10000.
Roy (1948) found that no protection against the action of

hexenolactone was given by (among other compounds) (b -alanine,

which was known (Hauschka, 1945) to protect Dugesia tigrina.

The inhibitory activity of certain unsaturated
lactones on plants Ls‘pot confined to the blastocholine
~effect on seeds. Apart frqm the effect of hexenélactone
Bn seediing roots mentioned‘above, Buston and Roy (1949)
found that the growth‘éf'excised tomato ropts in a synthetic
medium was completely sﬁppressed by hexeilacfone,
(1 in 10000) and that neither thiamin nér hicofinic acid
(both of which are required by tomato root cultures) gave

we protection.

A considerable amount of work has been done on
the interaction between plant growth-inhibitors ineluding
unsaﬁurateﬂ lactones and plént growth-substances (auxins).
ttuch of the early work bésed on the supposition that the
'natural auxins” (;a‘ and 'b' of K6gl) contained an
unsaturated five-membered ring, but‘in‘view of‘the doubtful
status of these "auxins" there is little point in

speculations along these lines. Linser (1940) showed that



an extract of leaves of Syringa was antagonistic to
heteroauxin ( Q-indolylacetic acid) both in the usual Avens

test and as régards'root development in Cochlearia amoracia.

Juel (1946) found that tomajo extraets could counterbalance
~the effect of "auxin" in maize extract, but also pointed
out that since the tomato extract resembles that of maize
“in retarding growth of roots of ﬁea the two ektracts are
not antagonistic in all their effects. ILarsen (1947) hes
_alao shown antagoniqm between the auxinq and certain -
“lactones, including hexenolactone, in the Avenq test, while
 Roy (1948) showed that this sntagonism was partly overconme
by b-alanine. Thié effeet of the amino-acid was only |
‘appareht within a limited ronge of concentrations, just

as wss the effect of 6(-alanine, Q:-alénine.'or cyeteine

noted by Hau schka for Dugesia tigrina.~ in the Avenn test

however, cx-alanine was without effect.

B Andus and Quastel (1947) made a fa irly detoiled

'°tudy of {he action of coumarln and qhowed that for 2

Ci
iea
/90

Cournrine.
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Variety of plpnt species root~grovth Waa mors senﬂitivé than
m.ed«—ge1,."111'}.:1_4;«;&:}.on.' and also that the ection of coumarin was
z. differential one, carrot being mﬁch more sensitive than
crese o coumarin_althoughVaffecﬁé to an eguel extent by

2:4~dichlorphenoxyacetic necid. Protoznemonin was found

c1 ~0—CiHz—CO0H

cl1

2:14-dichlorophenoxyacetic Acid.

10" be ébnéiderabiy‘more éctive fhan coummrin, Veldstra‘ 
and Havinga (1943) nad also noted sn antagonism between

coumarin and oC«naphthaleneacetic acid, a growth promoter

CHE—-COOH‘

: oC-ngphthaleneacetic Acid.

of the suxin type= and Veldqtra has favoured the idea that
the growth—promotnrs and prowth~inhib1torq exert their"
influence by affecting the permeability of verious cell

membranes.
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Further investigations into the action of
he%enolactone and closely related compounds on plant
metabolism were carried out by kichards (1953) and lehta
(1954), bv methods’rather similar to those used by Thiﬁann
and his colleagues»in studying the effeet of iodoacetate,
ersenite and fluoride on the plant tissues.(Christiansén

and Thimenn, 1450).

Using the techniques devised by Thimann, kichards
studied the carbohydrate balance in sections]of‘stem of

4nna (Pisum sativum) and found that the uptake of water,

under controlled conditions, was decreased to the extent of
6l by 4.5 x :LO"'3 i1 lactone, and that this decrease{ water-
‘uptake was accompanied by a loss of materials from the
stems, so that the dry weight of the stem:sections showed

a decrease of gsome 1.647 as compared witﬁ 0;83ﬁ for stenms
treéted with water alone. Respiration, as meaqured by
oxygen uptake of the stem ticsues, was 1nh1b1ted by some
15/ during the first four hours of treatment nith 1actone,
and to a much greater e>tent during the 16 -~ 20 hour perlod..i
‘All these observa*ion are in agrecment with those of
Chrigtlansen and Thimann on the effect of iodoacetlc ‘acid.
These authors also reported that 1odoacetate, alone of the‘
growth inhibitors tested, cause.: a marked loss of easily

diffusible c¢11—contents into the surrounding nmedium, and
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stated that this loss could be stopped immediately by
transferring the stems from the iodoacetate solution to an
auxin solution. Richards observed that a similar exudation
of simple subotances from the stems was produced by
hpxenolactone, but while Chrlstlansen found that fructose was
the only sugar present in the exudate, Richards detected only
glucose. Chfistiansen (1950,:), in discussing the results of
his experimeﬁts on pea stem sections, concluded that many of
the effects obsérved could be éxplained on the'assumption that
membrane permeability is in some way modified both by auxin
and by iodoacetic acid, the two being éntagonistic owing to a
similarity of structure. He did not uugge t that any spnclfic

enzymes, SH-dependent or other, were concerned.

1t is evident from the above summary that
hexenoléctone is a suﬁstance capable‘of influencing a wide
range of activities in many different:animal tissuea,'plants
and micro;organisms; but it is not easy to formulate in
biochemical termé Qnrexplanation fof its inhivitory activity;
The simplesi explanatién, and one to some exfent supported
by some experimental findings, is that due to Hauschks
outlined above - that the lactone acts by direct combination
with the SH—groups of some essential enzymes, but that |
amino-groups ( of enzymes ) may also be involved. This

simple explanation however does not account for all



thé phenomsane obrperved., It scemso unlikeiy that the
differenticl effect on connective ond epithelinl tissues
could be thue explained, for SH enzymes concerned with |
growﬁh are hérdly likely to be restricted 4o connective
ticsue; nor to embryonic tissues at o particuiér stoge of
growthis  Hor dis it clear why the reversal of the action
of the laetone by cysteine or @-elanlne is never complete
{in fact never exceeds about T0%) even in the presence of
s considerable ecxcess of these amino~scids. >But the
greatest objection is thot test on isolated enzymes, éven
those known to be SH-dependent, haVe, with the exception
of those on urease, given negative results; in none of thé
syctems exemined has a cell-free preparation been found |
senaitive to the laétone. A roiher detailed study of urease
xnhlbltion was made by Spoc*or (1956), who cempared the
effoct of hexenolactone on the one hand and iodoacetate,
mercuric =saldts and p-chloromercuribenzoate on the other.
In no case was any indication obtained that these well-known
SH~reactive compounds were éoncerﬁed with the come active
centres of the engyme ae was hexenolaeﬁoné; The inhibition
produced by mercuric'chlqridé was coﬁpletely reversnible by
cysteilnes that produced by the 1aétone ﬁgé note Titration
of the five SH groups of the urease molecule by p-chloro-

mercuribenzoate was unaffected by the presence of
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hexenolactone, nor was the amperometric titration of
silver-nitrate-urease. Iodoacetamide which "spares"
p=-chloromercuribenzoate by combining with the "surface SH"
groups of ureaée, had no such sparing effect when
hexenolactone was the inhibitor. All these facts led Spector
to conclud~ that although hexenolactone may react with
simple SH compounds such as cysteine in agucous solution,
its inhibitory effect on urease is not to be explained in
such simple terms, and this view was strengthened by the
observation that it has no effect on papain, which is known
to0 be SH-dependent. on the other hand a careful study of
the eleétrophoretic behavior and of the electrometric
titration curves of urease before and after treatment with
the lactone led Spector to suggest that treatment resulted
in a‘changé in the‘"numbery;distribution or ionic strength®
of the polar groups present in the ehzyme—protéin, probably
'by a suppression of certain acidic groups, but this

suggestion was not further studied.

8cope of the present work.

Prom the later months of 1955 work on hexenolactone
remaiﬁed in abeyance until the present writer commenced
these reséarches in January 19549, A review'of the situation
at that time suggested that the following points shouid be

considersd:
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1) The possibility of direct investigations into
pefmeability changes in membranes that.might be produced
by hgxenolactone. |

2) The need for a further investigation of the
fermentétion—reépiration system in cells (yeast and other)
(see on the next page). |

3) The desirability of studying dhanges in the
bitrOgenous metabolism produced by hexenolactone in plant
tissues, ‘thus completing the comparison (begun by Richards)
of the effect of iodoacetate and of the laclone on thé
major conétituents’of pea stems.

4) The pousibility of studying changes in the
distribution of various polar groups in proteins, as

suggested by Spector.

1) HMembrane permeability.

Direct investigations into permeability of
cell-walls and membranes are without doubt most satisfactorily
undertaken with the aid of isotopicully labelled compounds

148 glucose and 32

such as P phosphates. However no
facilities were available for using guch technigues and
other methods had to be sought. The most promising methods
seemad to be, for sugars, that of Purger, ﬂelmova and

“leinzeller (1Y59) and for phosphzte that of Goodman and
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Rothstein (1957)., These method:z are deécribed in detail

in the "Experimental"’section.

2) Cellular respiration.

iay's investigation (1952) into the respiration

and fermentation of glucose by Saccharomyces cerevisiase \as

some xhat quperflclal, and her methods are opon to criticism,
The sample of hexenolactone which che used was synthesised
from sorbviec acid by the method of Jolj and Amiard (1947),
and undoubtedly contalned a certain dmount of unchanged
sorbic mecid (see synthesis of lactones). At the time it was
considered that this acid possessed,none of the inhibithy'
activity shovn by the lactones, since Haﬁsbhka'(l944) had

found it to have no effect on lugesia tigrina. -However, .

a direct test dufing the present work showed that sorbic
acid’markedly inhibits the respiration of yeast, ond a
search of the more recent literature diﬂélosed fhe'faci

that its fungiotat1c activity has recently been revealed
‘(balunkhe, 1956, %hingawa, 1957) For iu it clpar that May ‘
‘ﬂlutinguished sufflciently between the carbon dioxide
arising from anqeroblc fermentat1on and: that from aerobic

‘ respiration* her experiments with cell-free yeast |
'pr9parat10ns showed quite clearly that glycoly is was
unaffected by‘hexenolac?one but d1d not ;pe01flcally cover

the aerotic production of carbon dioxide. With intact yeast
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cells she found that oxygen uptake was inhibited to the
extent of between 207 and'40f during four-hour period,
but to obtain this degree of 1nh1b1t10n required dn

-2 fi.) of

:exceptlonally nigh concentration (ca. 2 x 10
13ctone.- in view of the association of aerobic respiration
with the mitochondria of cells, it seemed of interest to
study the effect of lactone on these particles. It has
_baen suggested (Chappell and Greville; 1958, 1959, 1960)
that there may be a direct relation betWeen the physical
state of the mitochondria, as evidenced by theif capacity
for swelling,'and their activity in sustaining the electron-
transport system of cellular oxidation. Thus it was hoped
that if ﬁexenolactone did affect/aerobic;respiration some
o§idénce might bve forthcoming not only as to an inhibition
of one or more stages in the tricarboxylic acid cycle but
also as to some physical change in the mitochondria - and
such a phyulcal‘change might be the result of a modification
of the mitochondria proteins, as suggested by Spector as an
explanation of the‘urease-hexenolactone interaction. It has
in fact been suggested by Chari—Bitron ahd Avi--Dor (1959)
that some inhibitors of respiration aet by causing priméry
damage to the mitochondrial strueture" rather than by |
afféoting a épecific enzyme. The experiments now deseribed

were therefore undertaken with these considerations in mind.
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3) Hitrogen distribution in plant tissues.

The investigations into changes in distribution
of nitrogenous substances present in pea stem tissue caused
by ex‘posure to lactone were planned to complete & survey of
the gross effect on the major components of the tissues; the
analytical methods used are all well-known and call for no

special comment here,

4) Polar groups in enzyme-proteins,

Spector's study of the action of hexenolactone on
urease - the only enzyme definitely known to be affected by
the lactone - was largely concerned with an attempt to
discover whether enzyme-3H groups were directly involved in
the inhibition, and all eviqence seemed to be against this
view. Spector inclined towards the idea that the inhibition

was caused by some alteration in the distribution of polar
.groups in the protein structure, and in support of this
suggestion drew attention to an apparent change in thé
electrometric titration curve of urease following exposure

to the lactones indioatibns were also obtained of a change

in the electrophoretic behaviour of the treated enzyme. o
detailed or‘extensiVe étndy of these preliminary observations
wag attempted. hecently certain refinements in the methods

of electrometric titration have been introduced in this



lavoratory by Dr. hucsell, and it scems worth while to

‘a2pply these methods in the present instance.
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SYNTHESES OF LACTONES
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?hree methods of synthesis were investigated but
only that described by Haynes and Jones (1946) gave a
satisfactory product in sufficient yield. The method
deseribed by iledawar, Robinson and Kobinson (1943) was not

attempted.

1) The method of Kuhn and Jerchel (1943).

Sorbic aeid (Light & Co.) was finely powdered in
a ball-mill a2nd 8.7 ge. of the acid was added to 400 ml. of
hydrobromic acid, previously saturated with HBr gas. The
mixture was agitated thoroughly and stirred continuously
throughout the reactidn. Dry hydrogen bromide. gas was
passed through the reaction mixture at intervals tb koep
the hydrobromic acid fully saturated. At the cend of six
weeks crystals of 2:5-dibromohexoic acid were collected.

The acid wag recrystallised from carbon disulphide.

30 ge 0of 2:5~dibromohexoic¢ acid and 350 ml. of
water were heated undexr reflux for -3 hours. The solution
was cooled and then extraéted with ether. 4Yhe ether extrécts
were dried over anhydrous sodium sulphate and the ether was
distilied off. The residue left behind wac distilled underv
reduced pressure (12 mm.) and the fraction distilling at

110° wae collected.
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c. CH—CH CH—CH COOh ———é§£—> H3C CHBr.CHZ.CHBr.CHZ.COOH

H3

Sorblc acid’ .
. - boiling with

water

D=-d-hex-a-enolactone

The objections to this method are firstly that

the preparatidn of the dibromo-acid is an extremely tedious

process. Sorbic acid is not appreciably soluble in
concentrated hydrobromic acid, and although the reaction
cén be assiéted by pbwdering the acid very finely,
broﬁ;nation still needs t0 be continued for six weeks or so.
Further; the second stage of the process (removal of
bromine) gives a poor yield of the lactone, and some
amount of sorbic acid is re-formed. After two attempts

this method was abandoned.

2) The method of Joly and Amiard (1947).

30 g« of crotonaldehyde, 45 g« of malonic acid
and 45 g« 0of pyridine were refluxed together on an electric

‘mantle. As the reaction commnences, carbon dioxide is
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evolved and thisAprogressivoly diminishes towards the end
of the reaction (12 - 15 hours). The rezection mixture was
cooled in an ice-bath =znd 1:1 sulphuric acid added slowly
while shaking till the solution was acid toc congo red. A
heavy, white precipitate of sorbic acid in the form of
needles geparated. The acid was recrystallised from a
boiling mixture of 2 volumes of water and 1 volume 6f

aleohol. ‘The'pure’acid melted at 135°.

The acid mother liquor and the washings from fhe
sorbic acidvﬁpgcipitatioh were then éxtrécted four times
with ethéi., The ether extracts were neutraiised.by washing
with a solution of sodium carboﬁate, followed by sodium
bisulphite and finally water. The ethereal solution was
then dried over calcium chloride and the ether removed by
diotillation. The residue was fractionally distilled under

reduced pressure. Hexenolactone is a colourless, dily

liquid with =2 sweetish smell, bep. 105°-108° at 12 mm.

HBC.CH CH.CHO -+ CH2(COOH)2

l | pyridine

X

H,C Co
3 el

D=f-hex—~a-cnolactone
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The authors of the method claimed that it was
possible to obtain o 1% yield of the lactone by adjusiing
the temperature of the crotonaldehyde/malonic.acid reaction,
70 = 720 being the optimum. In repéated tests the yield
now obtained never exceeded 5. 1t may be noted that Joly
and'Amiard do not mention any physical or chemical tests
(other than a rather indefinite statement on boiling point)
by whieh they checked the identity or purity of their
product; fhey refer only to a test for biological activity.
The chief objection to the method (which otherwise would be
quick and simple) is that it is impossible satisfactorily
to remove the last traces of sorbic acid from the product;
~even the appropriate fraction of the distillate yielded
appreciable amounts of ‘erystalline sorbic aecid on standing
for a few days at low temperature. Eisner, Elvidge and
Linstead (1953) also rejected the method on the grounds

that "purification of the produet is difficulte.

3) The method of Haynes and Jones (1946).

Freshly diﬁtilled propylene oxide (725 g.) was
added during one hour to a solution of sodium acetylide in
liquid ammonia, prepared from ©30 g. of sodium in one litre
of liguid ammonia. The acetylene flow of 10U ml. per ﬁinute
was maintained for a2 further two hours and then stopped.

The reaetion mixture was then stirred for 24 nours after

et



which the reaction was interrupted by the gradual addition
of ammonium chioride (600 ¢.) during one hour. After the
addition of two litres of ether the mixture was stirred for
another half un hour to complete the decomposition of the
codio-derivative. The ammonia vac allowed %0 evaporate
thoroughly vwith ether. The sthereal solution was dried
over anhydrous sodium sulphate uznd evaporated. The residue

wage then distilledwin nitrogen, yield 305 g., b.p.‘74.6°/

16

100 mm., n,”

1.4406.

The carboxylation of pent-l-yn-4-ol.

Bthyl magnesium bromide was prepared‘from one
gram mol. of magnesium in efhereal solution and the excess
ether was evaporated during the addition of sodium dried
benzene (200 ml.). 'A'solution of pent-l-yn-4-0l1l (half grom
mol.) in benzene (100 ml.).was added to the ice-cold
solution during 14 hours and:the mixturé refluxed for two
hours. The Grignard complex solution‘was poured¢jhto a
large excess of solid carbon dioxide (ca. 200 £.) in a steel
autoclave of z2bout one litre capacity which was then sealed
and shaken at room temperature for 24 noufs. Thé resulting
éomplex was hydroiysed with ice and a 20: excess over the |

caleulated cuantity of 15, sulphuricvacid at 0° Ce

The agueous solution was then .saturated with salt
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and extracted with ether. The etheresl solution was washed
thoroughly with saturated bicarbonate solution. After
extraction of any non-acid material with ether, the
bicarbqnate washings were acidified with 159 sulphuric acid,
saturated with salt and extracted with ether. After drying.
over anhydrous sodium sulphate, the ethereal sslution was
evaporated giving the acétylenic hydroxy acid, usually as

an 0il, which solidifies on leaving at 0% ¢.

Reduction and lactonisation.

A solution of pent-l-yn-4-ol-carboxylic acid
(42 g.) in methanol (110 ml.) was shaken with hydrogen in
the presence of a palladium~barium svlphate catalyst (1.5 g.
57 palladium; Schmidt, 1919 and Shriner and Adams, 1924).
The hjdrogenation was stopped after the absorption of 646
‘litres of hydrogen. The catalyst was filtered off and the
solvent evaporated from the filtrate after the addition of
50 ml. of benzene;. Distillation of the residue gave the
lactone of pent-l-£§:4-01~l~carboxyl;c acid (18.5 g.),

bep. 110°¢/15 mm., n%g 1.4730.

CH H.CH2_ + HC=CH

3+08 S l

CH3.CHaCH2.CECH
H
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CH .?H.CH .C=C.CO0H

3Ty
COH .
| I 4
CH3.Q§2,CH2.CH—7CH.COOH
OH
\
CH
HQC CH
| |
H,C.HC co

D-&-hex~-a-enolactone

This is a straightforward reaction provided
precautions are taken at two siages. Firstly, in making
the Grignard complex, all the apparatus and reagents to be
used must be absolutely dry since the presence of moisture
interferes with the formation of the complex. Secondly,
it is essential that adequate pressure should be maintainedk
in the stecl autoclave during the carboxylation process.
This is achieved by putting sufficient excess of solid
carhon dioxide to allow for any loss during locking down

the autoclave.
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Physiological activity of the synthetic lactone.

As a check on the physiological activity of the
synthetic lactone, the inhibitory effect on seed germination
has been employed (cf. Joly and Amiard, 1547), Table I,
which shows the resulte of such a test on a sample of
herzenolactone prepared b& the method of Haynes and Jones
(1946), is typical; a parallelitest on angelicalagtone

(L. Light & Co.) is included for comparison

25 clean'seeds of mustard (Carter's Ltd.) were
washed thoroughly with distilled water, and then allowed
%o remain for 2 hours in contact with the lactone solution
10 be tested; in a control experiment, the sseds were lei't
for 2 hours in distilled water. The seeds were then
tranéferréd to filter-paper pads wetted with sufficient
of the same solution and contained in petri dishes and
allowed to germinate at room temperature. . A visible
breaking of the seed-coat by the radicle was taken as the
eriterion of germination. The results indicqte'that a

suituble concentration of the lactone would probably be

5 x 1073 1.
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Toble T

Effect of Hexenolactone and Angeliczlactone

on the germination of mustard secds.

25 seeds were taken for each experiment and the figures

- represent the number and percentage of germinated seeds..

_ : ‘ Days
Solution ..“.....I.....C.“......‘.'.V..............'
: 1st. . 2nd.,.- 3rd.- 4th.
S 18 19 21 24
vControl T 76 84 96
Hexenolactone nil nil nil nil
1x10™%n R o 0 0 G
‘Hexenolactone - R 1 1 1
5xl0'3m 7 4 4 4 4
Hexenolactone ' o 6 18 20 25
1x1073 g 24 72 80 1100
- Hexenolactone 15 17 18 22
5x10~4: g 60 6 T2 88
Angelicalactone 1 3 4 5
C1x107%., y 4 12 16 20
Angelicalactone T 13 17 19
5x1070 ¢ 28 52 68 6
Angelicalactone 14 18 19 22
1x107%% S 56 72 76 88
Angelicalactone | 15 ‘ 20 23 24

5x10™ %1 & 60 80 g2 96
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Uptake of sugars ond phosphate ions by yeast cells.

As stéted in the Introduction, it seemed possible
thet 2 study of the passage of solutes into a tissue from a
surrounding medium might yvield information concerning
permeabllity changes taking place in the tissue membranes,
and for this purpose the passage of sugars and of phosphate
ions into yeast cells was examined. It is true that some
other metibolite or simple ion might be more directly
concerned in a metabolie process affected by an inhibitor
whose action results from some change in membrane structure,
but these particular metabolites are easily eatimated; and
with reasonable accuracy, by methods not involving the use
of isotopic tracer technigues. Yeast cells héve been found

(eeges Burger et al.,1959) suitable for such studies.

Three strains of yeast have been used in the

present work, namely Saccharomyces carlsbergensis No. 74

and Fo, 355, and S. cerevisiae No. 366 - all from the
Nutfield collection, and kindly supplied by Dr. V.P. K. Findlay.
The first-mentioned was chosen because it was found to

possess a type of cell-wall exceptionally readily removable

by the . %~glucosidase of Helix pomatia (Eddy and Wiliiamsdn,
1957, 1959), and it therefore seemed possible that this

< taall
strain might more readily showAdifferences in permeability
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induced ekperimentally. o

The yeasts were: maintained on mult agar slopes,
and to prepare experimental material fresh cultures were

made by 1noculating £from the loPep into portions (100 ml,.)

- of 3% malt extract (Oxo Ltd. ) and incubating at 30° for

18 =~ 24 hours in a shaker. At the end of this pericd the
cells were removed at the centriﬁugev'and'washéd fhree times
with ice-cold 0.15M. sodium éhloride, and finally re-suspended
in the same medium. A measured)aliquot of this suspensioh

- was taken, the cells‘were wauhed three times at ‘the
centrifuge'Wifh éold Water and flnally dried to conufant
weight at 980, in order‘to obtain an estimate of the dry
weight of cellé per ml. of suspension. ‘The average yield of
yeast éells under standard conditions was 0.250 Ee per‘lOO ml.
of culture medium, and the suspension in sodium chloride

was adjusted to contain 25 mg. dry weight cells per ml.

In stud&ing the influx of sugar into the cells,
the following procedufe was adopted. 8 ml. portions of the
stock suspension were diluted to 50 ml. with 0.1l M. phosphate
buffer, pH 5.5 (final) (Gomori, 1955), so that the working

suspension in the vuffer contained 4mg. dry wt. cells/ml.

stwze It has been held by some workerg(e.ge
Rothstein, 19%56) that the entry of a sugar into yeast cell
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is not a simple diffusion, but is an,energy-requiring

process involving a phosPhorylating'system. It seemed
possible, therefore, that ‘some differences might exist

between aerobic and anaerobic influx and experiments wefe

nade acoordingiy._ For the‘former, four 100 mle conical
flasks, one containing»S ml, of the. 0.1 M. phoSPhate buffer

as a oontrol and three containing 'mls of a eolution |

(5 x 1073 m.) of the inhibitor, were taken for the experiments.
Tﬁelihhibitors studied were'hexenolaetone; angelicalactone' |

nad. iodoace*ic acid. In addition the flasks contained 10»m1.

'"iof the standard yeast suspension (40 mg. dry wt. of cells)

vand 5 ml.vof a 20% (w/v) solution of the sugar to be tested.
Burger et sl. investigated the 1nf1ux of a number of sugars,
but as:typical of those not metabolised, or only,slowly
| fassimilated, by'yeast they usedfgalactose'and arabinosej
the}latter:they'consideied to‘be,inCapable'of fermentation |
by yeast under any circumstaneeé,i The eeme sugars were
therefofe used in the pfesent wWOTkKe

The flaeks were incubated at 30° in a shaker, and
2 ml., sample were withdrawn at intervals of 10, 20, 30 end
60 minutes from the moment of addition of yeast. The samples
were centrifuged at 2°, and the sedimented celis were quiokiy
washed with ice-cold 0,15 M eodium chloride solﬁtion; it has

been shown (Burger et al.,1959) that no efflux of sugar from
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the cells takes ploee under this treatment during the first
six minutes at least. After washing, the cells wsre suspended
in 2 ml, water and ﬁisintegrated by being placed in a bath

of boiliﬁg vater for 20 minutes. This procedure results

in the totzl liberation of the sugar content of the cells,

The cellular debris was removed at the centrifuge, and the
supernatant, made up to an appropriate volume, was used

for the estimaztion of sugars.

For the snamerobic oxperiments, a stream of
oxygen~free nitrogen was passed through the flasks before
the‘éddition of the yeast suspension and throughout the

period of the expetriment, but otherwlse the procedure was

similar,

- Burger gﬁ;gg, have also shown that if two sugars
are present in the medium surrounding the cells, there may
be a competitionrbetwéen them at some stage in the prbcesa

| of influx eand thet neither is taken up to the normal extents
thus in thé presence of glucoue the_uptake of gnlactose is
notably diminisheds Since glucose is apparently metabolised
within the cells at a rate at 1eést equal to- the rate of
influx, only gslactose can be detected intracellularly, and
the competition is manifested only by a lower meximum intake
of this sugare. If however glucose metabolism is inhibited

eeZe by iodoacetic acid, this sugar also accumulates within
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the cells, and it is-poasible to follow uptake both of
’glucose and gals ctose snd thus to gain further insight into
- the abuorption processe. Lxperiments in which both glucose
and a nonmetabolisable sugar were present in the medium

were therefore undertaken.

Analytiecal Methods:
For the estimation of sugar in the cell-extract
it was sufficient, when only one sugar w2e being absorbed,
to employ dzrect method of determination, and the
coloriMetric method of Somogyi (1952) based on that of Nélson
(1944) was usod. Al ml. portion of the extract prepared
as described above waa diluted to 2 mle, and 2 ml. of the
»Somogvi's copper reagent was added; the mirture was heated
in a boiling waier bath fqr 10 minutes. After cooling, 2 ml,
of yelson's éhromogénic réagénﬁ #ere added, and the cuprous
- oxide was brought into solution by mild agitation. The volume
Qas made up to 25‘¢1. and fhe optical density of the solution
" was read in a‘ﬂilger photoelectrie colorimeter using a red
filter., Stendard solutions of the same sugar were used in |

constructing a reference curve for determining concentrations.

Vhere two sugars were uaed‘in combination, attempts
were mide to distinguish between them and estimate them

individually by chromatographic methods based on that employed
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bty Green and Stonc (1952). The method is as follows:

A large sheet of Whatman No. 1 paper is creased
ot 4 cms. intervals to give an accordion pleat effect, The
two edges of the paper were c¢lipped together so as to form
2 pleated cylind=r. The advantage of this method is that a
relatively large sheet of paper can be placed in a

comparatively small ecylinder. ‘he folds in the paper were
made in the machine direction of the paper so that the

solvent ascenda in this direction.

The solvent employed vwag the one suggested by
" Albon ond Gross (1950) and consisted of 3

~n=-Butanol " 5 parts,
| Pyridine 3 parts,
- Bengzene 1 part,

Water o 3 pérts.

The mixture was shaken in = sepafating funnel and
the top layer drawn off and used. About 1 cme layer of the
solvent’was put in the bottom of the cylinder., The samples
were applied to the‘puper by means of a capillery pipette,
usually'in incerements of 0.0l ml. with intermidiate drying
in order to obtain spots with a dicmeter of about 1 cm, The
pleated paper with the spots along the bottom edge wzs placed

in the solvent, which was allowed to ascend the paper at room
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temperature. The chromatograms were run overnight and the
paper was then taken out and dried. The ranning vas

sufficient to give o good resolution of the sugars.

‘Albon and Gross suggest the use of three different
solutions one aftér another for the‘developmenf of the
chromatograme. The dried paper is first dipped into an
acetone solution of silver nitrate and after drying it is
dipped into an alcoholic solution of sodium hydroxide.
Finelly, the paper.is immersed into 6 N ammonium hydroxide
solution until the excess silver nitrate is dissolved and
then washed in running water for one hour and dried on

class plates. .

In tho modified method of Barger et al., which was
praferred to that of Albon dnd Grose, the paper is first |
'dlpppd into & uolution prepared by adding 2.7 ml. of a’
‘saturdted solution of ailver nitrate to a litre of dry,
redistilled aoetone. h-ter drying the paper is immersed
'into 1.3% w/v aumonia solution for clearing the backgronnd :
of the chromatograma. This solution is prepared fresh on
each océésion..ﬂFor a final clearing of the background,

the paper is dipped into 20% qodium thiosulphate solution.

Difficulty was experienced with the method simce

it was always found that the spots on the chromatogram were



- 42 -

too dull for anj accurate assessment to be made, and it
seened therefore preferable to use the Somogyl's method in
all casess this naturally gave figures only for "total |

- rednuecing sugars", and estimates of galactose (e.g.) alone

hzd to be made by indirect methods.

The results of these experiments are summarised

in Tables 11 - Ve,

Phosphate uptake by yeazst cells.

Phosphate uptake by yeast cells has been studied
by Goodman and Rothstein (1957) by a method depending upon
direct estimation of inorganic phoophate remaining in 2
n6n~nitrogen6us medium in whicﬁ yeast cells have béen, 
'suépended for various periods of time. (These authours have
checkad their method by the use of labelled 32p P also.)
Following their technique, a quantity of commercial bakers!
~yeast was allowed to remain in suspension in-distilled water

for 24 hours, during Whlch time it was aerated,

The reells were then removed at the ceutrifuge und
re-suspended in vtrig® buffer ( 0.,02M, pH 4.5 - 5.0 with-
the addition of 30.02M. KCl1 )s The suspension was adjusted

to contain 100 mg. dry cells per ml. of medium, Goodman and -
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Table I1

The influence of tHexenolactone, Angelicalactone and
Iodoacetic Acid on the influx of aravinose into yeast

cells under aerobic conditions..

Conditions as dstailed in the description above.

Yeast strain: Saccharomyces carilsbergensis No. T4.

Figures represent ug. of sugar uptake per mge. dry yeast cells.,

_ Time of uptake (minutes)
Inhibitor V '..'....IP'VQ...'.'.......?.'...'. LK BE BN BN B BN BN R[]
10| 20 30 | 60 90
None 22.00] 37.00 | 46400 | 59.00 | 63.00
flexenolactone 20.00] 36,00 | 44400 | 59.00 | 62,00
5X10™H | ~ -
Angelicalactone 22,06| 37.00 | 45.00 | 58.00 | 62.00
Csx107m | - | ~
lodoacetic Acid | 14.00{25.00 | 34400 | 44.00 | 48.00
510 “i , "

A1l results represent mean of not less than four

deterninations,
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Table II

The influence of iHexenolactone, Angelicalactone and

4

Iodoacetic Acid 6n the influx of galactose into yeast

cells under aerobic conditions.

Conditionn as detailed in the description above.

Yeast strains: (a) Saccharomyces carlsbergensis No. 74,

b) Succharomyces carlsbergensis No. 355
! = & ?

(¢) saccharomyeces cerevisiae Ho. 366,

Flgures representgth of sugar uptake per A5 dry yeast cells.

" rd o - Wlme of uptake (minutes)
Inhibitor , Yeast iv."......lﬂ"..'..r.‘..‘..l..........‘
T 10 20 30 | 60
A L 104500 | 20,00 | 29.50 | 42.00
None b 5.00.| - 7.00 | 10.00 | 15.00
e 4.75 | 6450 | 10.50 | 14475
| a. .50 | 19,00 | 28.00 | 40.00
dezenolactone | 'y 5000 | % 6450 | 9450 | 14400
5¥10 © | 4450|5450 | 550 | 14,50
a | 16.0p 19450 | 26.50 | 41.00
Anghllca1;°t°ne b 3.ﬂp' 7400 | 10400 | 14.00
PELC il c 4.50 6400 | 9.75 | 14475
| a 3¢5o N -6450 | 10,00 | 17.00
IOdOﬂce?i% Acid N T(\EO 6 0U 7.00 10.50
5x10 it c 2.50 36?5 ‘ [rok)b 5¢25

A1l resultez represent mean of gbﬁ lese thaﬁ\IOU”

determinations.
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The influence of Hexenolactone, Angelicalactone and
Todoacetic Acid on the influx of galactose into yeast

cells under anaerobic conditions.

Conditions as detailed in the description above.

Yeast strains: (a) Saccharomyces carlsbergensis Fo. 74,

(b) Saccharomyces carlsbergensis No. 355,

(¢) Saccharomyces cerevisiae 0. 366,

Figures represent mg. of sugar uptake per mge. dry yeast cells.

‘ Time of uptake (minutes)

Inhibitor Yeaot .....'..f'......-.‘"..... LK BN BE BN BN BN BN BN )

| 10 20 30 60

a 17.00 | 29.00 | 42.00 | 56400

None b 4'25 6.25 9000 130U0

c 1 4.25 700 .75 | 15.75

i a 16000 27000 40.00 53000

Hexenolactone | 4.00 | 5.50 | 8450 | 12.00

510~ :

. 5x1 c 3.50 | 6.50 | 9.50 | 15.00

| . a 17.00 | 28450 | 41.00 | 54.00

Angelicalactone ) 4,00 | 6,00 | 9.0¢ | 12.50

Px10- i c 3.75| 6475 | 9475 | 15.25

Todoacetle Acid |y 3,00 | 4400 | 7.00 [ 16.00

5x10 i ¢ 2450 4.0U 5450 7.00

All results represent mean of not less than four

determinations.
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Table IV.

The. influence of Hexenolactone, Angelicalactdne and

Iodoacetic APld on The influx of ~1ucoqe 1nto Veast'

cells under aerobic conditions.

Conditions as detailed in the description above.

Yoaqt strﬂlns. (a) qaccharomyces carlsbergpnqls lioe T4,

(b) Saccharomyces carlsber gensis Ko. 355.

‘Figures representiug. of sugar uptake per mg. dry yeast cells.

. , , Time of uptake*(minutes)f
Inhibitor . Yeas_t Senssasspeaseren --oaoo‘oo-'-.po-oudo
n | 10 | 20| 30 | 60
a 4,50 | 5.00| 5.50 | 5.00
lone ’ '
o b | 2400 | 2,00 | 1.50 | 1.50
llexenolactone a | 5.0 | 7.0 4.00 | 1.50
5x107 | v 2400 | 2450 | 1.50 | 1.00
Angeliealactone a 450 6400 | 3.50 ‘»2;00
5%10™3H b 2,00 | 2,00 | 1.00 | 1.00
lodoacetic Acid | . a | 7450 | 14.50 | 19.00 | 25.00
5%10 ™5 b 3.00 | 6.50 | 8.50 | 10.00

A11 results represent mean of not less than four

determinations.



Table 1IVa.

The influence of Hexenolactone, Angelicalactone and

Iodoacetic Acid on the influx of glucose into yeast

cells under asnaerobice conditions.

Conditions és detailéﬂ in the description zbove.

Yeast strains: (a) Saccharomyces’carlsbergensis MO

(b) Saccharomyces carlsbergencis No.

T4,
355,

Figures represont gig. of sugar uptake per mg. dry yeast cells.

Time of uptake (minutes)

Inhibitor Yeast b % " 08 &P SSERD YRS RN RO PSS e AN

10 20 30 60
: a - 3.50 44GC 5400 500

Bone T
b 2450 z e 50 3.00 3.00
Hexenolactione a 5«00 5450 6450 TelO
5310k b 3000 | 3.50 | 3.50 | 4400
Angelicalactone a 400 5450 6,00 6400
521071 b 2,50 | 2450 | 3.00 | 3.50
Todoagetic Acid a 22,00 | 28400 | 33.50 | 38.50
5x10731 3450 | 7400 | $.00 | 11.00

All results represent mean of not less than four

determinations.
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Table V.

The infiuence of Hexenolactone, Angelicalactone and
iodoacetic Acid on the influx of galactose in the

presence of 1% glucose into yeast cells under aerobic

conditionse.

‘Conditions as detailed in the description above:

Yeast strains: (a) Saccharomyces carisbergensisANo; T4,

(p) Saccharogyceé car1sbérgensis‘Nd. 355.~,’

~PFilgures répresent}ng.'of éugar uptake per mg. dry yeast cells.,

B Time of uptakex(minutes)A
Inhibitor . Ye&st ....-....f“..".,lol...O'...l"..‘.'v..P
| 10 20 30 - 60
| 8 1.50 4,50  3.50 2,00
Control o : , ,
- b 1.00 2,00 2,50 3,50
Hexenolactone a | 1.50 . 4.50 . 3.00 1.50
5¢107m b 1.50 3.00  3.50 4,00
Angelicalaétone a 1.00 4.50 3.50° 2450
5x10734 b 1,00 ° 2,00 2400 3.50
Todoacetic Acid a 1.00 2,00 2,50  3.00
5x1073M b 13,00 4,50 6,00 9.00

All results represent mean of not less than four

determinations.
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Table Va,

The influence of Hexenolactonse, AngeiicalactOne and
Iodoaéetic-Acid on the influx of'galactose-in the presence

of 1% glucbse into:yeast cells under anaerobic conditions.

Conditions as detéiled in the description above.

Yeast stralns- (a) Saccharomyces carlsbergen51s No. Td,

(b) Saccharomyces carlsbergensis Hos 355.

R

Figures répresent}ug. of sugar uptake per mg. dry yeast cells.

Time of uptake (minutes)
Inhibitor ] Yeast .no---p-ooo.u-..-.-..-oco‘-.-oo.oc-
| 10 20 30 60
| a 3,50 7450 4,00 . 2,25
Control N
Hexenolactone a ©3.50 7.00  3.50 2,00
5%10™3M b 2,00 2,00 - 2,00 3,00
Angelicalactone a 3,50 T.50  4.00. 2,50
 5x10™ M b 2,00  2.00 2450 . 3.50
Todoacetic Acid a 5.50 7,00 9,00 10.50
510~ b 2,00 © 3.50 6400  8.00

All results represent mean of not less than four

determinations.



-~ 50 -

Roth=tein confirmed the observation of Hevesy et zl. (1937)
that in the absence of an exogenous substrate only &
negligible uptake of phosphate occurred with "starved" yeast
cells, and further that =among seven likely substrates glucose
wags most effeetive in promoting influx of’phOSphate; Glucose
was therefore included in the medium at g concentration of
O.3M. After bubbling a stream of air through the suspension
 for 30 minutes at room temperature to establish a uniform
rate of metaboliqm, orthophosphoric acid was addedd to give
an intial concentration of 0+02M,, and taklng the moment of
the addition of phosphate as zero, samples were withdrawn

for analysis at intervals up to 120 minutes.  Each sample
was rapidly centrifuged, the supernatant liquid decanted off,
and inorgsnic phosphorus estimated by the method of Fiske
‘and Subbarow {1929) modified‘by the addition of 15% of
aleohol (v/v) before colour dévelopment,,asvrecommended by
‘Goodman and Hdthsteina When the effect of an inhibitor was
to be examined, it was added in suitablé concentration

immediately before the addition of the inorganic phosphate.

Pable VI summariees the observations made,
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Table VI,

The effect of Hexenolactone on the Phosphate uptake by

Bakers'! yeast under aerobic conditions,.

Conditions as detailed in the description above,.

Firures represent mg. of Phosphate uptake per 100 mg.

{fresh weight) of yeast cells.

Time Hexenolactone

( m.{m °s) | Gontrol 5210" 3
15 28,63 | 24439
30 ‘ | 52;07 | 45.48
45 | 67.94 | | so.oé
60 | 78.99 ‘ | 68475
90 | 90.84 e

4'\ -L) "VL:Q() c f\,kwp
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The effeet of hexenolactone on cellular respiration,

The. experiments of May (1952) on the influence of
nexenolactone on oxygen uptake and carbon dioxide output by
intact yeast cells indicated that a moderate inhibition:(up
%o 20 with 2.5 x 107 2K, lactone) could be observed.

However, as already noted, this effect was not found with
cell-gree extracts of yeast (or of certain bacteria). These
-observations hayé been confirmed, using the -three stréihs of
yeast now being studied. In addition, carbon dioxide output -
under anagrobiciéonditions was investigated, for which purpose
the Warburg flasks wefe connected to.é supply of'oxygeh-free
nitrogen throughout the test, The gas wae>alloWed to pass
through'the flasks for 15 minutes, after which connection

wag ‘made to the manometers, the N, supply out off, and the
usual readings for CO, output were made. However, as shown
in Table VII under these conditions no inhibition results

from the presence of lactone.

May did not consider the aerobic phases of glubose
metabolism, although under hér,experimantal conditions these
Awould have contributed to the gas exchange of the intact
cells., Aerobic respiration involving the citric acid cycle
is considered to be 10catedlmain1y if not entirely in the
mitochondria, but the techniques used by May in preparing
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Table VIiI.

The influence of Hexenolactone on‘the production of 002

by yeast cells under anaerotic conditions.

Conditions as detailed in the description above.

Yeast strains: (a) Saccharomyces carlsbergensis No. 74,

(b) Saccharomyces carlsbergensis No. 355.

Pigures represent ul. of 602 production per 3 ng. dry

yeast cells,

Time & : ' b -
(minutes) Control Hexenoligfone antrol Hexenoligtone
~ 5x10 M : 5x10 “1
5 5.82 5,22 4433 4,10
10 35.55 32.90 13.51 12,92
15 66,11  63.22 25,22 24053
25  122.92 122,10 | 45.60  45.07
35 191.31 189.97 70496 73.12
45 248,19 250427 114.96 119.87
55 308479 310.76 166.99 172465

65 | - - 229,22 235413

75 - - 286.00 300.54
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extracts were such that the survival 6f any mitochondria
would have been most unlikely, and the carbon dicxide
produced by these extracts would thus have arisen by
glycolysis alones Thus these extracis would not have been
sultable for studying mitochondrial activity, nor indeed did
liay attempt any such study. This:aépect of the problem has

now been investigated,

Yeast éells are not the most convenient material
from which to @repare ﬁitochondria1 suspension, which are
in fact most commonly obtained from animal tissues such as
liver etce PFor =z few experiments rat liver was used but
difficulty in obfaining supplies of this tissue led to the
use of plant material for routine tests. Not many workers
have used plant muterial for this purpose, largely because
of the sensitivity of the.plant‘mifochondria and the extreme
care which must be taken if they are to be isolated with
their vital proPertiés unimpaired, Laties (1953§) has made
a detailed study of the effects of the physical environment
on the oxidative znd phoé@phorylitive capacities of | |

mitochondria from immature inflorescences of,Brassicaz oleracea
and has drawn attention to the need for pressrving: the of
tonicity of the surrounding medium within rather harrow limits,
The malic, o~ketoglutaric and succinic oxidase systems are

all damaged in hypotonic suspensions; thic damuge, which
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is rapid and irreversible, is associuted with a swelling
which Latvles considers may be a prerequisite to such injury.

When mitochondria are suspended in distilled water in the -7

'\ ahsence of other protoplast components the malic'and

kedoglutaric systems suffer the most damage, while the
suecinoxidase system ls relatively unaffectad. The indury

is lessened by the presence of dilute solutions of nsutral
salts, or avoided by the une of slightly hypertonic solutions
of mannitol or sﬁcrose containing small amounts of phosphafe.
James et 8l.(1957) while working on the raspiration of.

chlorophyllous cells from young leaves of Vieia faba found

that the most suitable preparative and experimeﬁtal medium
was one containing O.BM;gsucrose, 0.6TH. phosphate buffer

PH 743, 1.8 x lO“BM. Mg804 and 2 x 10“3m. versene.
Cauliflower inflorescencé was fqand +0 be a very satisfactory

source of active mitochondriaz.

Cauliflower heads,‘as fresh;g as possible, were‘-‘
obtained commercially; these were washed with tap watér,
rinsed with distilled water and tlotted as dry as possible.
Théy were then cooled in o refriger&tor‘ﬁo bring them to 2°.M
The topmost 2 - 3 mm. of the flower was cut off with a
chilled knife, and the remainder of the heed discarded. The
buds were homogenised with an approximétely equal quantity of

pre~cooled medium prepared 28 above described. After
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macerating to a smooth paste the homogenate was strained
through a single layer of muslin. The strained liquid was
 centrifuged at 2400 x g at 0° for 10 minutes to throw down

~ cell debris etce., after which the supernatant was

| reeentrifugéd at 10,000 x g (MSE angle head centrifuge) at 0°
for 20 minutes. The mitochondrial pelletsvthus throwan down
were re-suspended and recentrifuged at 10,000 x g for 20
miﬁutes, and finally suspended in the aucroeenphosphate
medium. The following tests were performed on this

| suSPensionz Nitrogen_ééntent - thic was eafimated,by the
usual micro-kjeldshl method. Absorption spectrum - the
suspension was examined in the Beck micro-spectrometerj on
the addition of a few crystals of sodium dithionite two
‘distinct bands were viaible, namely at 603 and 563-552 m u.
Staining test - staining for 5 minutes with Janus Green B

(1 in 8000) gave a green-black staining of active mitoehondria;
Only préparations which gave a satisfactory response to the
absorption and staining tests were used in the manometiic
experiﬁents, or in the 1atei experiments on mitochondrisl |

swelling.

Oxygen uptzke by cauliflower mitochondria,.

A freshly prepared suspension, containing 1l mge N

per ml, was used to study the bxygen uptake of mitochondria,
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the respiration substrate being one or other of ‘the members
"jof the citric acid cycle, namely citrate; cis-aconitate,
q{-ketoglutarate,'succinate,‘fqmmrate or melate, Oe5 ml.

' portibne of thetéuspehaidn wére’takeniin the Wéiburg flasks,
| ‘and to each was added le4 mle of the usual medium, O.@ ml,
oﬁAthe substratef(usﬁaily 0.02M. ) wés piacéa in the side érm
of'fhe flask, and-thercentfe cup contained 0.2 ml, of 10%
'KOH, ‘In oxder to retain the correct tonicity, the substrate
was: dissolved in the standard susPensionnmedium, as was: also
“the inhibitcr (hexenolactone or other when used). The |
solution of the inhibitor was added to the mitochondrial
suspensicn; all componentu were kept in. a tray of ice until
'1mmediately before use, The manometer bath was kept at 30 y
~and for equilibration 10 miﬁﬂtea period was allbwed, After
this time the t&psiweré closed and the subatrate‘fipped 1nto
the ‘reaction chamber; manometric measurements were talken
'ovor a suitable pnriod of time. The observations are- ' *fn

eummarised in Tahles VIII - X1V .

} The step in the eitric aéid cycle which has -
-raceived the most detailed study is perhaps that involving
the oxidation of succinic acide The enzyme concerhed with
this stage seem to be unusually resistant to changes in the
physieal environment,such as ocecur during the preparatidn of

tissue extraets, and also to chemical inhibvdétors., However
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Table VIII.

Respiration of mitochondria: The effect of Hexenolactone

on the uptake of oxygen by mitochondriu.

Each flask contains 3.0 ml. of liguid ineluding 0.2 ml.

of 107 Potassium Hydroxide in the centre cup.
Substrate: 0.02 i Sodium Citrate.

Pigurec represent ml. of O, uptake by cauliflower

mitochondria per ng, of total K.

nine ' Hexenolactone  Hexenolactone

(minutes) Gontrol 1x10“3w~ 5x10-4m

5 5.80 : 4 .00 2450

10 14430 | Se20 - 6.90
15 20.70 15.20 . 12.20
2 28.50 Co21.30 18.00
0 40450 | 33440 | 29,20
40 49454 29,70 36480
50 54,80 45.20 43,00
60 61430 50440 . 47.70
0 65,00 | 54,70 51.50
80 ' 68,70 58450 - 55400

90 72.40 61420 58430
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Effect of Hexenolactone on the uptake

of oxygen by mitochondria.

[ Substrate: Sodium Citrate.
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| C: 5xlO'4M Hexenolactone
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Table IX,

Eespiratioa of mitochondria: The effect of Haxonolactone

on the uptake of oxygen by mitochondria.

Fach flask contzins 3.0 ml. of ligquid including 0.2 ml.

of 105 Potassium Hydroxide in the centre cup. .
Substrate:s 0.02 i cis-aconitic ceid.

Figuras represent ml. of 0? uptake by cuouliflowerw

mitochondria per mg. of total If.

Pime ' Hexenolactone  Hexenolactone
(minutes) Gontrol 1x10"3ﬁ 5x10-4M
5 250 3,50 4.25
10 10.25 : 2.00 - | G480
15 . 18.55 14,00 17050
20 28,85 22,22 S 26,60
25 36.92 29,50 . 35.00
30  43.00 35.50 42,00
40 53.50 45.73 51400
50 61.50 53,10 | 59,05
60 69400 59,02 66410
70 1523 64445 T1.59
80 O BG.ST 68.67 76450

40 - 85,17 - 72,50 o GUe50
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Effect of Hexenolactone on the uptake

of oxygen by mitochondria.

Substrate: cis-Aconitic Acid.

A

B

" C

A: Control
A B: 5x10‘4M Hexenolactone
d . . - C: 1x1077M Hexenolactone
10 20 30 40 50 60 70 80 S0 100

Time (minutes)
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Table .

Kespiration of mitocnondria: fhe efreet ol idexenolactone

on the uptake of oxygen by mitochondria.

Fraeh flask contains 3.0 ml. of licuid including 0.7 ml.

of 10% Potassiuvnm Hydroxide in the centre cup.
Substrates Ca02 il pl=ketoglutaric acid,

Figares represent ml., of 02 uptalze by cauliflower

mitochondria per mg. of total .

Time ’ Hexenolsctone Hexcnolactone

(minutes) Control 1x10™x 5x10~ 1
5 1.50 0.50 1,00
0 © 5.00 . 2.00 3450
15 9450 3,40 6450
20 14.20 6,80 10480
X0 28,80 16450 23400
40 44,10 31.00 38,00
50 51,50 36460 46400
50 55440 42430 48466
e 5950 Catuso 51.25
8o 62.20 L 47.00 54400

50 65460 50400 57400 °
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Effect of Hexenolactone on the uptake
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Table X1.

Respiration of mitochondria: The effect of Hexenolactone

on _the uptake of oxygen by mitochondria.

Each flask containg 3.0 ml. of liguid including 0.2 ml.

of 10 Potessiuvm Hydroxide in the centre cup.
Subhstrate: 0.025 i Scdium Succinate.

Figures represent ml. of Op uptake vy cauliflower

mitochondria per mge. of total H.

Time Hexenolactone Hexenolaetone

(minutes) Gontrol 1x10™ % 5%10™411
5 | 25.0 2240 2340
10 52.5 4745 5040
15 - 83.0 7345 76.5
20 . 115.0 101.0 10540
25 145.7 128.0 133.0
30 173.2 157.0 162.5
40 241.6 . 215.0 - 221.3
50 300.6 265.0 278,0
60 348.5 1 305.0 32449
0 397.2 34745 37540
80 £35.2 38447 41144

S0 47649 423,2 452.6
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Effect of Hexenolactone on the uptake

500 ™
of oxygen by mitochondria. A
Substrate: Sodium Succinate.
450 1 B
C
400 +
350 71
300 1
250 L 3
200
150 ¢ ' //
/4
100 t
01 4 A: Control
/// B: 5x10~u Hexenolactone
V4 C: 1x107 3w Hexenolactone
\ 0 10 20 30 40 50 60 70 80 50 100

Time (minutes)
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Teble XIT.

Kespiration of nitochondria: - The eliect of ilexcuoluactone

"~ on tne uptake of oxygen vy mitochondria,

“aeh flask containg 2.0 mle of liguid ineluding 0.2 ml.

of 104 Potassiun Hydroxide in the ceatre cup.

Substrate:

0.02 I Sodium Fumaratc.

Pigures represcnt ml. of 02 uptake by canliflower

mitochondria per mg. of total W,

Tine Hexenolactone Hexenolactoné
(minutes) Control C1x1073m. 5x10'4m '
5 2450 1.00 1.50

10 16,00 3420 - 450
15 10,50 5450 7450
20 16400 9.00 11450
25 21.00 12,80 15,50
30 26.50 15470 19.50
40 35,00 23.50 27,00

50 £1.70 30,00 » 34,00
60 46450 34420 39.10
70 150490 39,00 43400
80 5590 42.50 47420
50 60.00‘ 46.80 50450
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Effect of Hexenolactone on the uptake
of oxygen by mitochondria.
Substrate: Sodium Pumarate.

Control.
B: 5x10-4M Hexenolactone.
C: lxlO-3M Hexenolactone.

. N .

T ¥

0O 10 20 30 40 50 60 70 80 90

Time (minutes)
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Table XIII.

Resolrztion of mitochondris: The offact of Hexenolactone

on the uptake of oxysen by mitochondria,

Each flask contains 3.0 ml. of liquid ineluding 0,2 ml,

of 10% Potassium Hydroxide in the ceutre cup.
Subctrate:  0.02 1 Sodiuvm Hyérogeﬁ\ﬁalgte.

Figures represent al. of O? upteke by cauliflower

mitochondrise per mgs. of total N.

Time . ' Hexenolactone., Hexenolsotone

{minutes) Control ©o1x07m v5x10“4m
5 3400 1450 2,00
10 7420 4.50 5450
15 _ 144,00 10400 11,20
20 22,20 18450 19,20
25 30.50 23450 | 27 40
30 38,70 30400 33460
40 51.30 40.00 43450

5G 61450 48400 52,50
50 59450 54440 - 59,00
70 76400 58050 63430
80 82420 63400 654 40

90 85430 5710 72420



ual,. of 02

- 70 -

Effect of Hexenolactone on the uptake

100 4
of oxygen by mitochondria.
Substrate: Sodium Hydrogen Malate.
90 4
A
80 ¢+
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70 4
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50 .
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A: Control
B: 5x10”%m Hexenolactone
A C: 1x1073M Hexenolactone
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Table XIV.

Respiration of mitochondria: The effect of Hexenolactone

on the uptake of oxygen by mitochondria.

0, uptake (ul./hr./mg.N)
Substrate Molarity Control Hexenolactone
1x107%m | sxo”tm
Rodium . 0,02 61.30 50440 47.70
Citrate
cis-aconitic 0.02 69,00 59,02 66,10
Acid ' |
-ketoglutaric | , o, 56440 42430 4867
Acid '
Succinate
Sodinm .02 639.50 54440 - 59,00
Hydrogen ialate
Sodium 0.02 46.50 34.20 39,10
Fumarate '
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Table XV1.

Reopiration of mitochondria: The effect of lHzlonate on -

the uptake of oxygen by mitochondria.

Tach flask contains 3.0 ml. of liquid including O.QHml.
of 10%'Potassium‘Hydroxidéfiﬂ/the centré CUpe |
 Substrate:  0.025H Sodium Succinate. |

LFigufes répréﬂentwﬁl. of.Oé uptéké,byyéaulifIOWer :

fmitoehohdria,pef'mg. of total N

lialonate -  Malonate ‘Méldnatei‘ .

Time o .

(mimutes) ~ COPPTOL . 0,00025M  0.0005% - 0.00LH
5 5.0 zo;d 15,0 | io{o '
10 56,0 . 44.0 365 275
15 9T 0.0 600 48,0
20 144.0 9840  :="A85.0, Y 5-

25 19240 127.0 . 112,5 90,0

30 2415 160,00 1420 . 115.0
35 84,0 19040 170.0 134.0
40 325,06 2015 197.0 15540
45 366.0  255.0  225,0 . | 177;0A
50 400.0 . 290.0  260.0 196.0 -
60 46545 © 342.0 3015 22645
0 525.6 396.0  350.0  273.0
8o 58G.0  440.,0 36245 310.0‘

S0 63040 485,0 43540 345.0
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Effect of Malonate on the uptake

of oxygen by mitochondria.
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Table XVII.

Respiration of mitochondria: The effect of Hexenolactone

and ilalonate on the uptake of oxygen by mitochondria.

Each flask contains 3.0 uml. of liquid including Oe?2 -ml,

of 107 Potassium Hydroxide in the centre cup.
Substrates 0.025 K Sodium Succinate.

Figures represent mal. of 0, uptake by cauliflower

mitochondria per mge of total H.

Hexenolactone
Time - 1x10™u . Malonate
(minutes)  Conmtrol Malonate 11073
1x1073% . |
5 19, 40 6400 : 7.00
10 40400 . 12.50 15,00
15 . 65.20 22,00 26440
20 95.80 33.50 - 4l.20
36 . 170.00 " 55450 75.90
40 235,30 9310 110.80
50 302.50 121,80 144400
60 352,70 153.50 . 185.60
70 400.10 178.30 210430
80 429440 200,70 245,10

50 469450 220,10 268410
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Effect of Hexenolactone & Malonate on
the uptake of oxygen by mitochondria. A
Substrate: Sodium Succinate.

A: Control

B: 1x107 M Malonate

C: 1x10_3M Hexenolactone
and 1x10™°M Malonate.
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it has long been known that a competitive inhibition at
substrate 1evelvexistsbetween‘succinate aﬁd malonate, and it
therefore seemed of inierest to test‘whethér tﬁis particular
iﬁhibitidn wag further affected (enhanced) by the presence
of hexenolactone_tpgether with malonate, since it might be
that different active centres of the enzyme would be
concerned. The results of such an experiment are shovn in

Tables XV - XVII.

itochondrial swelling.

A considerable amount of work has been recorded
‘concerning changes in the physical condition of isblaxed
mitochondria resulting from contact with eertain»subétanceé,
‘which, it has been suggésted, influencé the structure of the
mitochondrial membrane in some manner. This aensitivity
to the composition of the surrounding medium was\apparently“
first noted by Harris (1943), who observed a marked swelliﬁg
of the particles in the presence of certain inorganic,iohs.
Later investigations showed that this swelling was not a
simple osmotic phenomenon, although the osmolarity of the
medium played some part in governing the degree of swelling
but that chemical activity such a3 respiration wasg

necessarily involved. A complete explanation of the
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phenomenon is still not forthcoming, however, but since
various inhibitors such as‘amytal and antimycin have been
shown to influence the course of swelling it was thought

worth while to carry out some tests with hqxenolactone.

cieland (1952) used a simple optical~density

" technique for following the course of the swellingy his
method has been commonly adopted and waé finally used here.
.Géuliflowefymitochondria, prepzred as previously deseribed,
" were used with the dlfferenee that the suspansion was made
in 0.3M, suerose in O, QM. Tris buffer pH. 7.4 (Chappell and
Groville, 1959); N 0.3 mg./ ml.

In some early experiments 1 ml. portions of this
suspension were placed in small test~tubes (60 mme x 7 mm.),
and at = noted time portions of 0.04M.;Phbsphate (pH 7.4)
were added, to give a final concentrations of phosphate |
ranging from 0.001M, to 0,02M,., & control was free from'
added phosphates The tubes were held either at room
temperature or in an incubator at 300. According to Hunter
et &a¥. (1956), whose experimental conditions were similar
to those described here, the degree of swelling can be
estimated by obsérving visually thé decrease in turbidity
of the suspenéion, but although obéeivations were made
over a period of 120 minutes no visibla change could be

detected, Hunter gﬁ‘gg. do not state the duration of their
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‘of their tests, but Chappell and Greville (1959) indicate
that 30 minutes should be ample for maximum swelling %o ocou: s
It was noted however that in all thectubes to which phosphate
had been added the mitochondria had settled out overnight, the
aOmpacinesa of the sediment varying with the amount of
phosphate present; there was no precipitate in ihe control
(phosphatéAfree) suspension, vlt seemed evident therefore
that a'phosphaxeéindu¢ad swelling had indeed fﬂgen place, but
that visual observation was not suffioiently sensitive to
detect the changes taking place during the first two hours

of exposure. 3ince Knnter et ol. used rat-liver mitochondria,
the expériment*waa-repeaxed with this material, kindly
supplied through the Department of Zoology of this College
but no difference in behaviour could be found, and no
explanation‘ia éffered as to why the observations of Hunter )

et al.could not be reproduced.
The technique of-Chappell and Greville (1959) in
which estimations of turbidity are made by means of an
e;actt&iapeotrophotometer;aeemed to offer a more
sétiatactory method and was therefore adopted in further
experiments, The suspensions %o be examined were helé in the
optical cell of a Hilger "Uvispek® spectrophotometer

throughout the whole course of an experiment, as-this found
& more satisfactory procedures than transferring portions of
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s suspension from another vessel. Each cell contained 1 ml.
of the suspension (0.3 mg./m;.); td"the control cell was
added 1 ml. pf the tris buffer, and to the other cell a
suitable amount of'hexenolgctqne'dianolvad in 1 ml. of buffer.
To each was added 0.5 ml. of phosphate to give a final
concentration 0.02M., and the bptical density of each cell

| measured as quickly aé possible, using a 520 m u filter
(1ight path 1 cm.). Readings were taken at suitable intervals
for a period of 90 minutes in order to follow the change in
tranalucency resulting from phoaphate~1nduced swelling during
that period. In other experiments, the mitocﬁéAdria were
‘held in contact with the hexonolactone (1 x 10 3!.) vefore
the addition of phosPhaxe. to see whother changes 1n the
phyeico-ahamieal nature of the: mitodhondria involved e time

:agtor. mhe rasulta of these tentn aru shown on page no. 82.,w

A In theaa e:parimnntn oare was takon to uao frashly
»prapared suapenaiona of mitochondria. since theae are known

to undergo very definite ohangea during even a few honra at

‘ , temperaturaa ae 1ow as 0°, It appeara (Chappell and Greville,;

1959) that the particlae themselves contain certain amounta
of materials which aerveas substraxes tor reapiration, and

that exhaustion of these, which takes placa fairly rapidly,
leads to diminished aqtivity of the mitpchondria. However,
to a great extent the énzymes of the mitochondria are still
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capable of functioning, and the provision of a suitadble
respiratory substrate will restore much of the original
activity including the capacity tb respond to phosphate ions,
A particularly suitable substrate has bbeﬁ found in

{ ~hydroxybutyric acid (Na salt) at a concentration of 2 mM.
| The addition of this substrate may cause even freshly prepared
mitochondria to show an increased sensitivity to phosphate,
as shown on page no. 823 possibly even the unavoidable delay
involved in preparation of the suspensions reé%g;u in o
certain wastage of the endogenous metabolites conteined in the
mitochondria in vivo. Chappell and Greville performed some
experiments in'which mitochondria were allowed to “age® by
being maintained for 24 hours at 0°, after which their
activity was restored by'the addition ot‘@-hydrozybntyrate
| and their sensitivity to phosphate studied. Bim;lar

veprrimants in whichtcgn;iflower‘mitcchohﬂria ﬁare allowed to
“age® showed however that these paftieles‘did not respond to
the restorative treatment, and had_gpparantly irreversibly
lost their capacity to swell -~ a further exampls perhaps of
the greater sensitivity of plant presmarations compared with
animale (see page no. 83).
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Effect of Hexenolactone & Hydroxybutyric Acid
on the swelling of mitochondria.

A: Control.
! B: 2x107°M Hydroxybutyric Acid
and 1x10'3M Hexenolactone.
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Effect of Hexenolactone on the swelling

1.30,
of fresh mitochondria.
1.20 A: Control.
B: 1x10'3M Hexenolactone.
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Investigations on the metabolism of stem tissues.

I) Preparation of materials.

For this investigation sections of the stems of

seedlings of Pisum sativum (Moteor) were used, as by

previous workers in this and other laboratories. Certain .
difficultiss were encounteresd at the beginuing in obtainiﬁg.
uniformly growing and healthy seedlings. These difficulties
were 21so experienced by eaflier wvorkers (Richards, 1953

and Mehta 1954). For sterilizing the pea-seedlings,
Richards used 0.2} Hercuric Chloride solution whereas liehta
used 1l.0% Chloramine T solution. However, bothrnoticed a
certain amount of fungal contamination even after
sterilizing the seeds. Taking these facts into cdnsideration
the methods of sterilization were changed; Seeds were
sterilized by éxposing them to Ultra-violet lignt for half-
an hour from each tgide, and then soaked in sterilized water
for 15 to 18 hours. It waé; noticed, however, that this
exposure of seeds to Ultra—?iolet.lighf often caused .
inhibition of the growtn, and as a result of many attempts’
the vwiriter concluded that it is impossible to get ceedlings
free from fungal contamination. Finally, the following
procedure wae addnted. Pea—-seeds were soaked in freshly

boiled and cooled water and then kept in an ineubator for
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15 -~ 18 nours. At the end of this period they woere washed
thoroughly, first with tapnwdter and then with sterilized
water. The geeds were then ?laced over filter'papers
(previousiy soaked in sterile water) in petri dishes znd
kept in an'incubator and allowed to germinate fof 48 hours,
during which neriod the rédicles srow to a length of 2 to 3
case. The seedlings were then placed on the specially
perforated 1id of 2 plastic box containing sterilized water
in such = way that their radicles would pass through the
ennall perforations 2nd become immersed in the water., The
ﬁeedlings were then grown in the incubator maintained at
25°‘in a dark room. Through‘all the stages of their growvth
—vfrom the beginuning to the end of the experiments - the
seedlings were kep€>in darkness or in a mninimun red light

vnen inspection ox manipulation was necessary.

For experimental purposes only unaffected and
heslthy seedlings were chosen. 3Seedlings were harvested after
12 = 14 days when those stems having a well-developed third‘
internode, but which had not developed 2 fourth internode
longer than 1 « Z mm. were selected for expeoriments. Sections
exactly 20 ﬁm. long were cut from the mosgt apleal part of the
~third internode. Sections thus prepared formed the teet
naterial for'all erxperiments. Otem-sections were divided into

random samples of 10 to 15 cections according to different
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experiments. These sections were washed with distilled water
and blotted dry quickly. They were transferred to black
weighing bottles and weighed. -

I1) The influence 0of hexenolactone and other

compounds on the growth and dry weight of pea-setm sections.,

Christiasnsen and Thimann (1950,I) have shown that
a close parallel exists between the elongation of pea-stem
secfions and the increase in fresh weight when sections
were allowed to grow for 24 hours floating on the surface
of thg teast solutions. The following test sélutions were
takgn - Water; Auxin - 1 mg./lltre.(ﬁn—indolyl acetic acid
from Light & Co. was used as a source of auxin.);
Hexenolactone, 1 x 10'3M.; Angelicaldc$one, l1x 10"3M.; and
Iodoacetic acid, 6 x 10'4ﬁ. Hexenolactone, angelicalactone
and iodoacetic acid were made in solution containing 1 mg./l.
auxin. All-theltest solutions were adjusted to pH 6.5 with
H2804 or KOH. Sections of the pea-stems prepared as above
were transferred into 10 ml. of each test solutions
separately and then incubuted for 24 hours. This treatment
was carried in small open crystallizing dishes (5 cm. diameter)
80 that stem éections flotted on the surface of the solutions;
this has been shown essential since the presence of oxygen |

is necessary for the growth to take place. At the end of
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this growth périod‘the'sections were blotted dry and weighed
againe. From the difference in‘weight percentage increase
in Jfresh weight was calculated. The résults are shown in

Table XVIII.

For estimation of changes in dry weight, samples
of the sections grown for 24 hour periods in different test
solutions as mentioned earlier were immediately dried to
constant weight for 48 - 60 hours at 95°. The dry weight

results are expressed in Table XIX.

It is evident from these results that any increase
in fresh weight was cccompanied by a loss in dry weight and
that the decrease in water uptaeke was accompanied by a -

propbrtionally greater loss of cell-wall materials.

III) Influence of Hexenolactone and other

compounds on a nitrogen distribution.

-

‘{(a) Total nitrogen : Total nitrogeh was
defermined in samples of 10 sections each. At the end of
24 hour growth period the sections were blotted dry and then
transferred to 30 ml. ¥jeldahl flasks and the procedure

according to Pregl ot al. (1945) was followed. -

(b) Determination of non-protein nitrogen : -

Afﬁer 24 hour growth period the samples of sections ( in
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batches of 15) were macerated with cold water and treated
with equal volume of 5% trichloroacetic acid in order to
precipitate all the proteins. The mixture was filtered and
the‘residue'wés washed thoroughly; the combined filtrate
was washings were evaporated to a suitable vo;ume and then
incinerated with concentration H,50, in usual manﬁer for

determination of nitrogen.

(c) Total protein : - Phis was estimated
indirectly by subtracting the values of non-protein nitrogen
from the values of total nitrogen and the difference so

obtained was multiplied by the factor 6.25.

(&) Gellawali protein : - Samples of 20 sections
each weré grown for 24 hours in different feét solntions and
thenmécerated with sufficienﬁ\quaﬁtity of cold water; after |
filtering, the puip wés~washed three fimes with Qo1d water.
,fhé water extract was discarded and the pulp was re-extracted
with hot 2% sulphuric acid. The sulphuric acid extract was
used for determining nitrogen content and eell-wall protein

was calculated acQOrdingly by mltiplying by the factor 6.25.

(e) The piasma—protein : - This was obtained by
subtracting the values of cell~wall protein from that of

total protein.
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(f£) Total Amides s - After 24 hours samples
of 20 sections each, grown in different test solutions, were
ground with sufficient cold water to a fine paste. This was
extracted three or four times with cold water and then
treated with 5% trichloroacetic acid to precipitate all
protein, which was then removed by filteration. The filtrate

[ -

was hydrolysed with 53 H,80, under reflux for 1 hour, v
After cooling, the solution was diluted to 50 mls 10 ml. of
this solution were used for each nitrogen estimation by

micro~distillaetion into boric acid solution.

(g) PFree Amino-acid ¢t — This was calculated by
subtracting the values of nitrogen of the total amides from
that of non-protein nitrogen. The presence of small amoﬁnt
of bases etc., as shown by Christiansen and Thimann (1950,1II),
ié of minor importance; and therefore the above difference in
nitrogen is considered to represent amino acid. The amino
acid nitrogen was multiplied by 6.25 to give the quantity

of free amino acid.

(h) GChromatographic analysis of amino acids.

Attempts were made to separate the free amino acids
by using high-voltage paper electrophoresis in one direction
followed by chromatographic separation at right angle as

suggested by Dixon et al.(1958) and Efron (1959).



-9l -

Vhatman No. 1 paper was first vetted with formic
acid-acetic aeid bufferlpH 2 (Gross; 1956) and the edges'were
placed between paper wicks fed from the small cell containing
the electrodes immersed in the same buffer. A potential
differenée of 12 kv. wac thenfapplicdiﬁq‘the'electrodas}' 
‘praducing a gurrent of a@proximately 9AmA.,for 1% minutes,
The amino-acids trevel towards the sathods. The papér was
dried in ar oven. The dried-ﬁapar_was then used for
chromatography in the right angle direction, using phenol
‘28 a solvent. After drying, the paper was sprayed with

Ou 25 ninhydrin.

This combined electrophoresiséchromatography‘:
method seems quite satisfactory, but the lack of suitable
equipment, especially efficient cooling device forced the

writer to abandon the method.

Two-way chromatographic separation of amino-acids.

"Alternatively, the following two-way chromatography
method was used. A sufficient amount of the extract was
applied to‘one‘éorner of the Whatman Hos. 1 paper (size
247 x 24v) and the chromatogram waé ran in 2 descending
direction, Tirst in a solvent containing butanol, acetic
acid and water in the proportion : 250 3 60 : 250 (Yoiwod,

1949) in oue direction ond then in phenol in right angle
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directions. The paper was dried and sprayed with 0.2%

ninhydrin solution.

Teble FTVITL.

The effect of Hexenolactons and other compounds on the

growth of pea-stem sections, eXpressed 28 o change in

.

initial fresi weigat.

6510~ + 15.92

Per cent Average Number of
Treatment change in change in & in expériments.
fresh weight. fresh weight,

Yater ‘ + 17.50 e 43
Aux:il’l, l.mg./l. ‘

(centrol) + 32.00 + 32400 37
Hexenolactone ,
Angelicalactone

1&10"3Q + 26455 - 17400 20 -
Iodoacetic Acid
| - 37475 20

The solutions of Hexenolactone, Angeliczlacitone and

Iodoacetic Acid were made in a solution containiag

Auxin (1 mge. per litre).
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. Table XIX. -

The effect of Hexenolactonce and other compounds on the
- pnd

dry waight of pea-stem sections, expressed 2s a change

Lo g

in initiel fresh vieighte.

Lry vite & Average i- Humber of

Treatment of initis change in experiments
freeh wts  dry weight. performed.
Initisl . PREAS L e S 15
foter 54614 -8.68 - 12
Auxin ~ o :
(l¢mg/’l.) 90469 "11004 10
Hexenslactons ’ : ,
lxlc".?)ﬁii 5e663 - 7c88 10
tagolicalactone -
Todozcetic Acid o
5652 - 3,10 8

510~

The solutions of Hexenolactone, Angslicalactone and
- ilodoacctic Acid were made in a solution containing

faxin (1 mge per litre).




Table XXa.

The influence of Hexenolactone and other'compounds on

the nitrogen distribution in pea-stem sections.

. Protein
Treatment Total Non-protein Nitrogen by
: Hitrogen. Hitrogen. difference
Initial 6.998 4-845 2»153
Vater 64608 44030 2.578
Auxin 6 ‘
(l mg. /l.) 0795 30974 , 2.821
Hexenolactone . ‘
Angelicalactone
lodoacetic Acid

The solutions of Hexenolactone, Angelicalactone and
Iodoacetic Acid were made in a solution containing

Auxin (1 mg, per litre)
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Table XXb.

The influence of Hexenolactone and other compounds on

the nitrogen distribution in pea-stem sections.

Calculated Cell-well Cell-wall Flasma

Treatment protein. nitrogen. protéin. protein.
Initial 13.446 04516 S 3.?31 10,215
Water ' 16.112 0.627 36917 © 12.195
Auxin
Hexenblactone _
1X10—3M 160419 00555 3*471 12.948
Angelicalactone
1x10f3M 16.956 0.572 3.596 7 13.360
Iodoacetic Acid - ‘ ‘
6x10"4m 13,687 0.544 3.399 10,288

The solutions of Hexenolactone, Angelicalactone and
Iodoacetic Acid were made in a solution containing

Auxin (1 mg. per litre),

Figures represent per cent of the initial dry weight.
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Table ¥Xc.

The influence of Hexenolactone and other compounds on

the nitrogen distribution in pea—stem sectioas.

‘ Amide Non-protein  Amino-acid
i . ‘
ireatpent Nitrogen.  Nitrogen. Nitrogen.
Initial 0.905 44845 34940
vater  0.885 4.030 - 3.144
Auxin o ‘ B |
Hexenolactone ' ' o
- |Angelicalactone ' |
Iodoaeetid Acid ' |

The solutions of Hexenolactone, Angelicalactone and
Iodoacetic Acid were made in a solution éontaining

tuxin (1 mg. per litre).

Figures represent per cent of the initial dry weight,
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Table XXI.

Summary of changes in nitrogen distribution in pea-steﬁ

sections produced by Hexenolactone and other compounds.

Treatment

Initial
level

6998 4,845 2,153

0.516

0.905 3.940

Loss in
water

0390 -0.815 +0.425

404111

+0,019 -0,796

Loss in
Auxin

(1 mge /1)

-0.203 -0.871 +Oo668:

+0.049

-0,022 -0.903

Loss in
Hexenolactone
1x1073H

~1.088 -1.562 +0.474

0,039

-0.126 -1.436

Lose in
Angelicalactone
1x10™ 3y

‘00279 '00839 *0:560

+0,056

0,058 -0.781

Loss in
Todoacetic Acid
6x10~ 4

-04500 -0.737 -0.037

+0,028

-0.156 -0.581

Figures represent per cent of the initizl dry weight.

A : Total Nitrogen, B : Non-protein Nitrogen,

C : Protein Nitrogen, D
E : Amide Nitrogen, F

*e

Cell-wall Nitrogen,

Amino-acid Ritrogen.
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© Table XXII.

Chromatographic analysis of the amino-acids of sections

of pea-stems.

HL AL IAA

Valine

Amino-snecid Initial Water Auxin

A =zlanine S * + + +
Asparagine + + +* + +
Aspartic acid + -+ “+ + +
Glutamine + - - - -
|Glutamie Acid + * + + +
- |Glutathione “+ * - - +
Glye int—; + - + - +
Leucine + + - - -
Serine‘ + * + - +
Thresonine + + - - -
Tyrbsine + + - - -
- -* - - —

L e lx10"3m Hexenolactone,

AL :- 1x10™2 Angelicalactone,

IAA:= 6x10™*M Todoacetic Acid:
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Influence of hexenolactone on the polar groups

of enzyme proteins.,

The electrometric titration curve of a protein
is capable 0of furnishing information concerning the
ionising groups present in the molecule, and from such
data it is possible in favourable cases to detect changes
in ionic.condition brought abput by external means. Since
" ionisation is undoubtedly concerned with the distrivution
of “active centres" in an enzyme protein, Spector was led
to examine %he electrométrﬁb titration curve of urease
vefore and after treatﬁent with hexénolactone, but‘thé
differences which she observed were too slight to permit
of any notable deductions, Since Spector's investigations,
Russell (private communication) has made 2 detailed study
of the techniques of;electrbmetric titration, and has evolved
a procedufe whereby the accuracy and sensitivity of the
titration is appreciably increased. This is doné by
conducting the titration in such a way that the reagent
(aecid or alkali) is added in equal amounts (by volume) at -

brief regular intervals of time. Russell considers that

his method more readily gives information concerning

ionising centres on the protein surface and these centres

- night reasonably be regarded as primarily involved in the

initial stages of enzymic activity. Russell‘s nethod was
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therefore, useld to construct titration curves of egg-
albumin and of urease, as iypical examples of a soluble
non-engynic profein and of a lactone-sensitive engyme
protein, The procedure was as follows:

Egg-2lbumin: 5 mle of distilled water was added to 5 ml. of

a 2% egg-albumin (B.D.H. crystalline)-solution. To this was
added 1 ml. of 043N (approximately) NaOH and thoroughly
mixed., After 5 minutes O.1 ml, of 0.1N:HCl was added from
a burette, mixed well and the pH was noted immediately (PYE
pH meter). Further 0.1 ml. portions of HCl were added by
adjusting the time in such a way that ten ceconds were
_allowed for adding HCLl, ten seconds for mixing and ten

ceconds for taking the pH readings.

In another experiment 5 ml, of hexenolactone (5
(5x10"3m final concentration) were added to 5 ml. of a 2%
solution of egg=-albumine. After keeping in contact for two
hours, 1 ml, of 0.,3N NaOH was added. The solution was then
titrated, after five minutes, against 0.1F HC1 as'above;' The
controls of W&tér and hexenoclactone were algso treated in

the same manner.

Urease: Crystalline nrease obtained from Sigma Chemieal
Coey UsS,A. was used for these experiﬁents.- The experimental
procedure was the same as deseribed zZbove.

The curves are shown on pages 102 and 103.
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polar  groups of egg albumin.
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Effect of Hexenolactone on the

polar groups of urease.
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Thé first objective of the present work was to test
whether any positive experimental evidence could be obtained
to support May's theory that the inhibitory activity of
hexenolactone was due to an effect ¢n membrane permeablity
rather than to a direct sction on any enzyme system, May
attempted to investigate the permeablity of erythrocytes
treated with hexenolactone, but could not by chemical means
detect any changes. She did however notice appreciable
changes in cell-volume and in agglutination behavioﬁr, and
congidered that the lactone had in some way altered the
nature of the cell-surface -~ possibly by neutralisation
or redistribution of the surface charge. A sinilar.
phenomenon was noted with cells of E. coli, which flocculated
more readily after treatment with the lactone, and since the
effect was greater than could be accounted for by any change
of pH of the medium she consid-ared that here again the éurf&ce
had been modified in some way by the lactone with a cdénseguent
change in permeability. Except for a fruitless attempt to
detect an increased efflux of cell materials from
lactone=treated yeast, May did‘not investigate directly the
passage of solute molecules through any cell-walls or
membranes. This has now been done, and since the system
chiefly studied by Hay, namely fermentation by yeast, involves
primarily the uptake of glucose and of phosphate by the cells,

attention was focussed mainly on these metabolites,
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Since glucose is normally taken up into some
metabolic pathway (glycolytic or other) at a rate equal to
that at whiech it entexs the cell, it is not possible %o
estimate directly the rate of uptake except in the presence
of some metabolic inhibitor; however the influx of s sugar
which 1s not metabolised e.ge arabinose or (fof most strains
of yeaét), galactose can readily be followed, as was done |
by Burger et al. (1959), and the technique of these authors

has besn used.

The first requirement for the utilisation of a sugar
or other metabolite is that 1t should enter the cell, i.e.,
pass through the surrounding cell-wall and/or membrane. The
cell-wall of yeast is a complex structure; in fact its  *®
complexity is only now beiné fully appreciamed.r It appears
that the outer, mechanical structure consists of one or more
polysaccharides of the gluco-mannan types but if there is
any resemblance to many bacterial cellewalls dne may expect
also the presence of a polyol-phosphate~protéin complex,. v
Within the relatively thick polysaccharide layers lies a more
delicate membrane, that of the protoplast. While it,is |
possible that each structure plays a part in controlling the
transfer of solutes, it would seem likely that the major role
would fall upon the membrane of the protoplast and upon

the protein components of the outer wallj certainly it is not v
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eagy to imagine any sensitivity to externmal environment in N
a polysaccharide unit.‘ It has bneﬁ found possible to remove,
by the action of the\x-glu0091dasea of Helix, the outer
’cell-wall and leave the prot0plast 1ntact, and different
,straine of yeast have been found (Eddy and Williamson, 11959)
to ‘differ murkedly in the ease with which this can be done.

. This suggests that important differencea_exist,between-the

| oufer structure of the diffgrent‘strains, and for #his reason
more‘thén«one strain has been used in the présent,wbrk, 8.

‘darlsbergenSiszno. T4 41s reputed to be especially suitable

- for the preparrtion of protoplastq, and direct measurement

. of the influx of’ the non-fermentable sugar galactose does

indeed indicate that its cells ars more permeable than those

" of the other strains tested (nos. 355 and 366) = or else that
the cells are_able to accommodate a much higher pérmanent
iﬁternal coneentration of the sugar (Table IIIa), Strain
no;A74vseems‘&léb similarly permeable to arabinose -~ possibly
éven more so, sin6e tha.infldi &uringi60.minutes is, on a
;mdlar basis, ste'20% higher than for‘galaqtose; ' However

it appears that heienolactone (5 x 10"3M;)'exerts no
appreciable influence upon the ahility of the cells to
aceunulate galactose, or upon the rate of influx, since
although the intracellular concentration of the sugar { and of

arsbinose in the case of no, 74) is almost always lower in
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the lactone~treated cells¥ the decrease is too slight to bve
considered significant. With nos. 355 and 366, galactose
uptake was not appreciably lessened under anaerobic conditions
(atoqphera of nitrogen), either without or with hexenolaetone,
but the rather curiqus observation was made that anaerobie
conditions seemed to favour influx of the sugar in thé casge
of no.74, although here also hexenolactone was without effect.i
A possible, though unlikely, explanation, would be that
galactose 1s removed by an oyygenurequiring mechanism, and
that the higher level attained anaerobically more truly
represents the amount of intake, Galactose influx is
influenced by iodoacetate (5 b 4 10“3M.),\and3the degree of
inhibition now observed is »ml agreement with the work of

Burger gt al. (1959).

. »
.;,\ L I Tt

Only a very small intracellular accumulation of
‘_glucose can be detected, since this sugar ic metabolised as
rapidly as 1t is absorbeds a "steady state" level is attained
within a short timé {less than 20 minuces) and is maintained

- for at least 60 minutes - probabdbly much longer. The level

was found to be sppreciably higher for no.74 than for the
other stralns; with no. 355 anaerobic conditlions séem to »
favour a slightly higher "gteady state" level., 48 noted by
Burger et al., and shown also by the figures quoted in Table

Iv, iodoacetate, by checking the metabolism of glucose,allows



this sugar to sccumulete within the cells, the concentration/
time ratio giving the usual form of curve. Hexenolactone
however aeams‘to ceuse a different effect. During the initial
stages (up to 20 minutes) ite effect resembles at least
superfiéially that of lodoacetate, in that the glucose 1evel
begins to rise, although less repidly than in the presence

of iodoacetate. This difference may be due either to the

faet that iodohcetate'is a more efficient inhibito: of
fermentation ﬁhag.hexenolaetone, or that the lactone does in
fact cause a slower entry of glucose. (The(latter’explanation
would indicate a difference in the behaviour of the lactone
towards galactose and glucose). After this initial period,

| a marked difference in behaviour between the two inhibitors

is observed; whereas with iodoacetate the glucose level
conxinues stendily to rise, with hexenonlactone {and to a less
extent with angelicalnctone) the level falls sharpiy, to below
the "éteady state” level. Again thera‘is more than one.
possible explanation. The entry of fresh sugar may be more
strohgly inhibited} or the pérmeability.of the membrane‘may
have been so &hanged as to permit sn actual efflux of éugar
from the cell; or the lactone now actually stimalates the
metabolism of glucose, The first two possibilities. are
‘similar in‘thaf each would be connected with a permeability
change, and one taking place more markedly as the time of

contact between membrane and lactone lengthens, The effects



- 110 -

noted are more marked in the case of no.74, in keeping with
the apparently greéter susceptibility of this strain, but
still follow the same trend in no. 355. |

Under anserobic conditions, certain differences in
pattern can be seen., The glucose concentration in the
nsteady state® for no.74 is unaffected, but thét for no.355
is perceptibly higher, Iodoacetate allows a considerably
greator accumulation of glucose under anaerobic comditions, =
suggestingvthat an oxygen—requiriﬁg path of glucose metabolism,
insensitive to iodoacetate, exists. Anaerobically, in the
presence of hexenolactone, the glucose level for no.74 does
not show the marked rise and fall so noticeable in aerobic
conditions;instead the concentration continues.to.riae

steadily during the GO-minute test period (cf. iodoacetate).

The presence of gluzose (1%) together with galactoaef
(5%) has been shown by Burger et al. to inhibit almoat
entirely the uptake of the latter sugar into yeast cells,
the concentration attained in S0 mibutes: being.only gbout 6%
of that attained in the absence of glucose. A few experimenis
(TablesV and Va) largely c&nfirmed thic obae*vation, although
in the case of no. 355 the maximum level attained was
appreciably higher, being some 20% of that reached without
- glucose. In the present experiments attempts to distinguish

between glucose and galactose (quantitatively) in celle
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-extracts were unsucessful, and only "total reducing sugar®
wae estimated (and recorded in the Taﬁlee}; However, no
appreclable effeet on total suger influx éould be attributed
- to hexgnolactone. All that can be said is that, as with
glucose alone, iodoacetate allows g greater intracellular

- concentration of sugar to be built up anaerobically than

- "aeroblcally, and that this effect is not found with

hexenolactone

From a study of the literature it seems that there
is at present no. clear picture of the mechanism by which .
sugars enter living cells of yeasté or bacteria.  Entry may
take place merel& by physical means (diffusion), governed
by the relative concentrations on either side of the boﬁndry
and with the cell-wall or membrane acting purely as &
mechanical sieve., With a non-metabolised sugér this process
should result in a more or less equal distribution of sugar
molecules (assuming that these could pass the ﬁqres of the
"gieven) on either sidej and with a metabolis@ible sugdr, the
process would continue as the moledules within the cell were

broken down. In either case it 1s not easy to envisage an
influx against a concentration gradient, yet the figures of

Burger et al. show that this may indeed #3%ke place. No such

effect was found in the present experiments with galactose,
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but it was noted w1th arabinose, and this suggests that some
4po$itive transport mechanism must be involved. The existenee
of such systems has been postulated by many workers. Thus
Ro;thsteinv(l956) has arg§ed that glucose enters the yeast

- eell uhder the influence of a phosphorylating system located
within the cell-wall; Cohen and Monod (1957) suggest that
certain pefmeases are concerned with the entry of
oligosaccharides into cells of L. colij and Stein and ‘ 4
Danielli (1956) postulate a “facilitated diffusion™ mechanisme
The observation of Burger et al., of the inhibitory effect

of glucose on galactose influx, suggests that if an ehzyﬁe
system is involved it must be the same for both sugars,
although the enzyme may have a nuch greatar affinlty for .
glucose taan for galactose (Burger.g_ dl.suggest about 100
times greatnr) . The present work (Table III) indicates that,
ﬂwhatever the mechanism of 1nflux, that concerned with

galactoue in absence of glucose is insensitive to - .
hEXenblactone, while that>concerned with‘glucdse is sensitiva.
'If therefore the lactone acts by altering the phyéiCOQCEQmical |
state of the surrounding membrane, the alteration is not

gufficient to affect the galactose uptake system.

e
U
s

>

The 1dea that hexenolactone actually stimulates

aercbic utlligation of glucose is at entire variance with

all its‘recognised properties. The simplest explanation
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therefore of the effect of the lactone on glucose metabolism
under aerobic conditions would be that the sugar enters the
cell normally at first, and since its catabolism is slightly
inhibited by the lactone o somewhat incraased level can be

- observad during the first 20 minutes.’ However,.during this
time the lactone is in some way modifying the membrane or
cell-surface; by about 30 minutes its effect has become
evident so that mich less glucose now enters the‘cell, while
that already nreaent disappeara; thus the balance of eatry and
utilisation is altered; breakdown exceeda entry, and the
level falls below the ﬁsteady state®™ which pers;sts in the
absence of lactone. To summarise, the lactone acts by
inhibiting to a small degree aerobic catabolism, and more

" faarkedly by inhibiting entry of fresh glucose through some
action on the absorbing membrane. This lattef effect would
saem more readily explained if the uptake involves the
participation of a membrane-bound enzyme (or if the membrane
iteelf has engymic properties - of. muscle fibres); in this 7
case alteration of the membrane structure would.tesult in
loss of enzyme activity and thus the loss of capacity to
promote transport of metabolites. Finally‘in thie cornection
there is the observation that under anaerobic conditions
(Table IVa), there is slight but steady rise in the level of
glueosé in the presence of hexenolactonej this recembles the

effect of iodoacetate but is much less marked,
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1t is unfortunate that in the present no distinction
between intracellular galactose and glucoce was possible, in
the experiments in which both sugars supplied to the cells;
in the abéence'of this information discussion of the figures

~'in Table IV and IVa is unprofitable.

The experiments on phosphate uptake were less
extensive, and no numbered strain of yeast was used. However
the teats with commercial bakérfe yeast gave sufficient
“evidence that hexenolactone produced a small but consistent
"inhibitidn of phosphate uptake amounting to some 15% under
the conditions used, (5 x 107k lactone at 30° for 90 min.).
This seems o somewhat small degree of inhibition, but it is
not to be assumed that this alone represents the sum of the
activity of the léctone - depletibn of availble phosphéte
within the cell may be but one contributory factor, although
a signifiant one. The mechaﬁism which‘causes.the decreased
uptake is not certain. 4 small ion such as phosphate might
be expected to pass freely through a cell membrane without
the intervention of any energy-yielding metaboilc systenm
but evidence is avallable to show that this simple view is
not correct. It scems likely that the phosphate is
incorporated into one or more of the glycolytic intermediates
during ite passage through the membranec; 2:3—diphosphoglycérate
and ATP have been suggested., This has been demonstrated for

various animal tissues e.g+y erythrocytes (Gourley,1952),
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see-urchin eggs (Lindberg, 19%50), and for micro~organisms
(Kamén and Spiegelmen, 19493 Wiame, 1949). Further, the y
process'is affected by inhibitors, among which hexenolactone ’
mzy now be ineluded., Since thc fundamental reactione involved
in phosphate upta&e ssem 0 be Losed on surfﬂca—bounﬁ enzymes

gituated in the mes nbranss, there is nothing to contradict

the view that hexenolactone acts by modifying the nature or

gistribution of asctive centres on that surface.

As mentioned in the Introduction (p.lS8) no previous
investigation has dealt with the effeot of hexenolactone on
mitochondrisl systems, and fdr the reasons tﬁen«stated this
scemed a desirable line to follow. The stages in the
nitochondrisl-dependent tiicarboxylic acid (TCA) cycle which ]
were studied did mot comprise fhe whole sequence, but were |
representative as including both simple'oxidations .
(dehydrogenations) and oxidative deearboxylétidns. The
results (Table XIV) show that the different stages vary in
their sensitivity to the lactone, but that all are affected
to some extent. The degree of inhibition varies from about
12% when suecinate forms the substrate %0 over 27% in the case
of fumaraxe, the lactone concentratzon belng l p:4 10 3M. It
ie of interest to note that the succinate system, which shows
the greateat oxygen uptake, ies least affectqd; while the
relatively feeble d ~ketoglutarate system (and still more so
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the fumarate system) is most strongly inhibited. The
‘succinate enzyme is well-known to be one of the "toughest“'
of the respiratory enzymes, possibly because it is more
directly linkéd,to the cytochrome system than the{otheré

of the TCA cydle.’ These results indicate that the |

' bxidative-sjstems based on mitochondrial activity are

definitely sensitive to the action of hexenolactone.

It has long beenlknown that maldnate exerts a

| substrate-—competitive inhibition of the succinafe system,
and Table XVII shows that the nction of héxenolaetdne can
be distinguished from that of malonate; it is in fact
superimposed on the malonate inhibition, but not in a2
stfictly additive sense. A point of interest‘iéythat the
'relative‘effect of the lactohe'in presence of malonate
seems 1o increase with time; during the first-five minutes
~ of contact the additionai inhibition amounts only to so@e
6; over the malonate level, but this rises steadily to
ébout 103 ih 30 minutes - agéin due possibly to a slow
bﬁt continued action of the léctone on the mitochondrial‘.

surface or structure.

The experiments on the phosphate~induced swelling
of mitochondria may be considered at this point, since théy'
2lso ‘indicate that hexenolactone affects the4activity of

the mitochondria. With fresh mitochondria, over a period
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. 0of 90 minutes, the 3welling is quite appreciably reduced A

-(1éctone*concentratibn lx10“3m) and the shapé of the time/
swelling cﬁrve resembiés that of the cyanide-inhibition
curves of Cheppell and Greville (1960).‘ The swelling is
glightly incereased in the presence of@)-hydroiybutyrate

| (found by Chappell and CGreville to be a very suitable"
oxidizable substrate for mitochondria) and in the presence
6f this substrates the lactone stiil‘suppreSSes‘the sWelling.'
These results‘were pnly'obtained when freshly prepared

j‘mitochondria were uséd; with‘mitbchondria that had‘been
stored overnight at o® {(called by Chappell and Grevilie

- "aged mitochondria") not even the addition of = -

iEEs-hydroxybutyrate permitted any‘detectablé phosphate—induced'
swelling. Chappell and Greville have shoﬁn that
mitochoﬁdrial swelling, however induced, is depenaent upon
the presence of an'oxidisabié'sﬁbstrate'(either added, or,
in the case of quite fresh mitochondria, endogenous) ahd
upon the maintensnce of activity in at 1éast part of the
electron~transport mechaniém of mitochondria. The oxidisable
substrate (which could be glucose, a member of the TCA
cycle orQamhyéroxybutfrate) would not be destroyed by the
lactohe,'hut the transport mechanism;vbeiﬁg particle-bound, ¥
would.be open to damage by any substance capable of
4disturbing the essential orieﬁtation of the particle~bound

enzymes. Such damage would be manifested by an inhibitibﬁ
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- both of oxidations and of induced swelling.

The picture of hexenolactone~induced inhibifion
which has been developed ian this Discussion, and which is
supported by the experiments herein described, seeks to
show that the.effect of the laofone is due to its capacity
for disorganising thoce meﬁbranes through which metabolites
" must necescarily pass or that in those cases where the
existénce of a definite boundary membrane is in doubt (e.g.
mitochondria) some similar disorganisation affeets the.
orientation of the partiecle-bound enzymes. Recently this
~bagis of inhibition has been suggested in the case of a
number of other substances such as certain polyene antibiotics
active against fungl and yeasts. Henis and Grossowilcsz
(1959) have found that heptamycin‘completely'and
. instantaneously inhlbits the gptake of inorganié‘phosphate

by Candida albicang, 3. cerevisiae and other yeaéts; although

it is without action on the carbon dioxide output of
cell-free extracts of yeast, or upon the esterfication of -
inorganic phosphate by the extracts. These,auﬁhors located
the site of activity on the cell surface. In a later paper
(196C)Ithey extended theilr observations, and again noted the
contrast betwéen'the inhibition of intact cells and |

insensitivity of cell-free extracts. They suggested that
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the fungistatie activity of heptamyein was‘due to its
preventing phosphate uptake. 'In this connection also,

. Marini, Arnow and Lampen (1961) have found evidence to
indicate that znother polyene antihiotic, nygtatin, directly
dnnarses coll nembranes causing irreversible changes. Thié'
view of the mdde of action is based upon indirect
observations, not upon any direét demonstration by physical
or chemical means of & change in'the nature of the céliuwéll
or membranc. However, some'slight evidence that the lactone
may cause some re~orientation of acidic or basic groups in

a protein molecule may be found in the electrometric
titration curves (pages 102 and 103).f0r egg albunin and
urease. The change in iso-ionic point is iﬁ'each case only
smell, but it may te significant. ZEgg albumin seems to be
more affected than urease, but there ia‘no rezson o suppose
that 2ll proteins (or all enzymes, or all protein-containingA
nembranes) are affebted to the seme degree, Indeed, the
faet that the lactone shows aifferential inhibition argues

againet such an idea,

The property which first directed attention to
hexenolactone is its capzacity for differential inhibition
of animal tissues, and in particular the fact that it has
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dittle influence on the growth of &he conneétive tissue,

If a purely chemical basis for inhibition is sought it would
seem that one must consider a region of sensitivity elsewhere
than in‘the metabolic pathways common to all types of tissue;
for instance, glycolysis is a‘pathway commom t0 nearly all
types of cell and it is difficult to imagine thet interference
with it would have more farvreaching results in one type of
tissue than in another. It .is therefore suggested that
hexenblactone does not affect directly the metabolic pathways
in the sense that any one step is ihhibited in the way that,
for instance, fluoride inhibits a single step in glycolysis.
Instead, this work has sought to find an explanation fofvthe
physiological'activity of heienolactone in some influence
which it has on cellular boundaries (cell-walls or membfanes)
or on some organs (if this woru,can be applied) which
although perhaps not bounded by a definit membrane yet (as
with mitdchondrig)‘ depend for their‘strucgugg?ws&ttention
has perhaps been focussed upon the protein components of
thése systems since these are undoubtedly the seat ¢f eniymic
activity. It has been widely held that the passage of |

: substances through a membrane, is an enxymic proqéss and not
merely one of physical diffusion. If hexenolactoﬁe does
indeed act by modifying the protien part of a membrane; why

does 1t not affect the protein of soluble enxymes such

as those concemmed in glycolgsis ? May it be because the



memhrané proteins, be they enzymes or not, are in close
association with non-protein meterial {esgey polyol phosphate,
-polysacéharide; lipid) vhich maintains them in o state more
senaitive to.éxternal‘infiuences ? It ic possible to imagine
a protein molecule held in a more or 1ess "expanded" condition
by a poiyol phosphate, whereby itc active groups would be as
it were spread out‘oﬁ a surface, open fo.attack by
physiologiéaily active materials in the surrounding medium,
If this view is valid, it might be rewarding to make a

- detailed comparison of the membraﬁes present in epithelfal

and connective tissues.

As stated in the Introduction, the experiments on
the growth of pea-stem sections were undertaken in order to
complete the work of Richards and Mehta conparing the effects
produeed by hexenolactone with those of iodoaceta$e, arsenite
and fluoride, as recorded by Thimann end his ¢colleagues., It
had been observed that the effects of the lactone resembled.
those of iodoacetate rather than of the other two inhibitors,
Thus during the growth period in water or in auxin solution,
soluble sugar in the bissue decreases, and a small proportion
of the decrease is accounted for by fresh synthesis of
cell;wail'material; in the rresence of any inhibitor the

decrease is accentuated but the increase in polysaccharide is
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relatively very slighte. A difference between iodoacetate

and lactone is thet while the main sugar that appears in

the surrounding medium is, with the former, fructose, with
the latter it is only glucose. Another effect of the lactone,
not seen with iodoacetate, is en enormous increase in
respiration'within‘a rather narrow of concentrations

o lactones énd further it seems from heasurements of
raegpiratory quotient that the normal transformation of fat:

t0 sugar is dépreseed‘by‘iodoacetate but not by hexenolactone,:

As regards n;trogen metabolism,-Christiénsen and
Thimann (1950) found that there was a very large decrease in
the amount of f£ree amino-acid in the otems during a 24-hour
period in the aﬁsenee of the imhibitors, and that this was
accompanied by a rise in protein and in asparagine, in
approximately equimolar amounts. Iodoacétaxe inhibited this
change, but did not alter the gemeral pattern thereof,
Protein synthesis always ran closely parallel to growth,
and Christiansen ahd Thimann observed that the conversion
of amino-acid to equal amounts of protein and asparagine was
an assential feature of growth ("eritieal for growth"),
They also found that lodoacetate causes an apprecisble
exosmosis of mitrogenous material, including a2 high
proportion of amino-acids, from the stems, and that this

exosmosis was characteristic of lodoacetate, not being shown
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by arseaite or fluoride. Variatidns in ammonia, glutaminei

- and protoin of the cell-wall were insignificant.

In the present work the most notable effect of

‘A hexenolac*one was to cause a very large decrease in the non-

-protein nitrogen of pea stems (Table XXI)s The loss amounted
to about 33¢% of that'initially present, coﬁpared with a loes

of aboﬁt 16¢ iﬁ a woter control and a slightly greater amount
in iodoacetate. Some of this loss was accounted for by protein
myntﬁesis but there was no indication of an equivalent
produétion of ssparagine as found by Christiansen and Thimenn,
The locs was in fact slmost entirely due to exosmosis of |
amino acids. It is evident that hekeﬁolactone and iodoacetate -
differ in some features of the type of effect‘thay produce,

and especially in the far greater excsﬁoeis produced by the
laetone. No e#idence was obtained that protein synthesis is
necessarily accompanied by an equivalent formation of |
asparagine:as postulated by éhristiansen and Thimann, Itimay~
be that the lactone causes 80 rgpid'and extensive g 1§ss df
eamino aclds that the asparagine forming mechanism cannot

~ function to an appreciamble degree. This fact seems also to

be in agreement with the view already put forward that thé
effect of the loctone is in some way centred upon the membranes
and bounﬁary tissue of cells. It it clearly desirable that

these structures should be more closely investigated.
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1) fThree methods for the s&nthesis of heXenélaCfohe |
have been tested, énd thet of Haynes and Jones,-bésed uﬁon .
fhe_condénsatidﬁ of’prbpylene oxide and sodium pcetylide is
- preferred. | ' |
' ' 2) The uptske of glucose, galactoce and arebinose

by yeast cells under merobic end snaerobic conditions has

been studied, uzing threc strains ol Saccharomyccs, nemely

Agg czrlsbergensis nos.T4 end 355, S. cerovisiae no. 366. All
~ three strains show the same type of response to hexenolactone,
alfhough no. T4 is most affected.‘ Glucose uptake is inhibited,
slightly durihg the first 20 minutes of‘dontact, but more
markedly on longer contact-wifh the lactone. Uptake of IH/
galactose or arabindse is unaffected. |
| ~3) Uptake of inorgsuic phosphate by yeast cells
io appreciably inhibited by hexenolactone. |

| 4) Hexenolactone has beeh shown to reduce the
respiration (oxygen uptake) of mitochondria freshly prepared
fromlcauliflower. 3ix members of the tricarboxylic acid
cywle were used as substrates for respiration, =snd all were
affecteds but the inhibition was most marked with the most
weakly-respiring systems (cﬁ;kétoglutarate; funarate) and
least with the most vigorous (sucecinate)s, | |

5) JInhibition of the succinate e&stéﬁ due to

malonate was enhanced by hexenolactone, the dégree of

enhancement‘increasing with time of contact with the lactone.



6) The phosphate-induced swelling of fresh
mitochbndria in the presence ofﬁa respiration-substrate is
inhibited by hexenolactone, |

| 7) #Hexecnolactone has been shown to produce changes
in the ionisation pattern of certain proteins, as shown by
a 8hift in the iso-ionic point given by &lectrometric
titration.

8) The nitrégen distribution of sections of
péa—stem tissue exposed to haxenolactone has been studied.
The most ﬁotablé effect of the lactone is to cause a very
considerable exoemosis of the amino-acide of the tissue.

9) Possible reasons for the observations made
are diacussed, and it ié suggested that all are in agreoment
with'thé theory that the effect of hexenolactone is chiefly
due to its influence on the permeability of tissue membranes,
In thie connection & comparison is mede with certain |
Mngistatic antibiotics. | |
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It was noticed that vhen hexenolactone, prepared
by the method of Joly and Amiard (1947), was allowed to
stand at low temperatures for a few days crystals of
sorbic acid separated from the preparation. The lactone
was more yellowish in colour than the pure sample. It
was then thought that this yellow colouration might be due
to the presence of sorbic acid, which, it was observed, was

difficult to remove completely from the lactone preparatione.

, The inhibitory effect of this lactone on various
tissues has been reported by Mehta and Richards (pea-steﬁ)
and by May (yeast). The fungistatic activity of sorbic
acid has recently revealed by Salunkhe and Shinkawa. In
ordér to see whether sorbic acid itself has any inhibvitory

effect on yeast, the follbwing experiments were undertaken.

The effect of sorbic acid on the oxygen uptake

by yeast.

The conventional Warburg Manometric Technliques
were used to measure the oxygen uptake by yeast. Each
manometer flask contained 0.2 ml. of 10% Potassium Hydroxide
in the centre cupj; 0.5 ml. of 0.5 glucose in the side arm;
1.0 ml. of yeast suspension containing yeast cells
equivalent to 3 mg. of dry weight of cells, 0.8 ml. of C,1M
phosphate buffer and 0.5 ml. of 5 x 10™3m (final concentration)
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sorbic acid solution were placed in the flask. The sorbic
acid solution was replaced by an equal volume of the
buffer solution in the control. All the solutions (except
poﬁassium hydroxide) were made in 0.1!M phosphate buffer,
pH 5.5. | ’

All the flasks were then transferred to the
Warburg bath maintained at 30° and equilibrated for 20
minutes while shaking at 115 strokes per minute. After
equilibration all the taps were closed and the solution from
the side arm was tipped into the flask and thoroughly mixed.
Oxygen uptaké was then measured at regular intervals of time,

The results are summarised in Table A,

The effect of sorbic acid on the carbon dioxide

production by yveast.

All the reactants used in the above experiment
were employed here in the same quantities except that the
potassium hydroxide solution in the centre cup was replaced
by an equal aﬁount of distilled water. The manometer
readings were taken at regulaf time intervals and the volume
of .carbon dioxide ﬁae calculated. The results are

ysummariséd in Table B,
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Table A.

Respiration of yeast: Effect of Sorbic Acid on the oxygen

uptake by yeast.

EBach flask contains 340 mle. 0f liquid including 0.2 ml.

of 10% Potassium Hydroxide in the centre cup.
Substrate: 0.5 ml. of 0.05 Il Glucose.

Figures represent nl. of 02 uptake by 3 mg. dry yeast cells.

Time * » Sorbic Acid

(minutes) Control | 5%10~ M
5 - 3.5 | _ - 2.0
10 - | 845 - 4.5
15 15.0 95
20 23.0 | 1645
25 34,0 2545
30 | 4740 _ 33.0
35 | | 6145 41,5
45 9040 | . 575
55 11545 ‘ T4.0

65 141.0 89,0



Table B.

Fermentation by yeast: Effect of Sorbic Acid on the co,,

production by yeast.

Bach flask contains 3.0 ml. of liquid including 0.2 ml,"

of distilled water in the centre cups

Substrate: >0.5 ml. of 0,05 1 Giucosé.f

Figures represent ml. of 302 produced per 3 mg. dry

yeast cells.

Time : " Sorbic Acid
(minutes) Control 5x10™°M
5 25,0 17.5
10 Cosa3 . 3ms
15 850 6148
20 - 115.0 90.0
25 48,0 116.0
30 . 17605 13840
35 205.5 16945
45 | 26240 220,0
55 321.0 | 275.0

65 37340 332.0
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