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Abstract
Lipoic acid and a range of sulfhydryl reagents
were tested for their effects on the fission number and

mating ability of Paramecium multimicronucleatum. Li-

poic acid was given specilal attention because of its
specific blological effects on many organisms.

It was found that the reagents affect fission
in the following order of decreasing effectiveness:
lipolc acid, mercaptoethanol, N-ethylmaleimide, reduced
glutathione, cysteine, iodobenzoic acld and mercapto-
ethylgluconamide. The effects of these reagents on
fission are immediately reversible after 24 hour treat-
ments with each concentration used, except for 10°1 M
mercaptoethylgluconamide and 10"2 M mercaptoefhanol.

The same concentrations of mercaptoethylglucona-
mide and mercaptoethanol which have a long-lasting
effect on fission inhlbit conjugation. The inhibition
of conjugation by lipoic acid increases with increas-
ing concentrations of the substance, starting at
5 x 10'4 M. The other sulfhydryl reagents have no

effect on conjugation.
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Introduction

Paramecium 1s a protozoan which is widely used
in research because of the ease with which it can be
cultured. In the present experimental work, we used

the species Paramecium multimlcronucleatum because of

its large size which facilitates manual isolation of
individual cells and observation.

Paramecium multimieronucleatum has a clgar-

shaped body, round in cross section with a somewhat
pointed posterior end. In our cultures, the body size"
was between 180 and 200 u in length and 40 to 50 p in
width in its largest part. The nuclear apparatus of
these paramecia is composed of one kidney-shaped ma-
cronucleus and three or four small, vesicular micro-
nuclel, Two contractile vacuoles are one at each end
of the body. The oral groove extends slightly beyond
the middle of the body and 1is continued by the mcuth
and cytopharynx.

The body of the paramecium 1s covered by a
semi-rigid pellicle which may serve as a barrier bet-
ween the cortical cytoplasm and the medium, The
pellicle is composed of three membranes: first, the
cell-membrane proper which i1s continuous over the
entire cell surface including cilia and all orifices,

and then the outer and inner boundaries successively
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of the balloon-like alveolus that lies close under the
cell membrane (Pitelka, 1965). The pellicular alveoll
form a surface pattern of hexagonal depresslons. The

center of each hexagonal area bears a cilium which has
the typical ciliary structure with nine pairs of fila-

ments surrounding two inner filaments.

Fission and Conjugation.

Parameclium multimicronucleatum like the other

rarameclium specles has two modes of reproduction. Bi-
nary fission occurs more often and is an asexual pro-
cess in which a fully grown specimen divides into two
daughter cells. Division of the cell body 1s preceded
by the division of the nuclel, The macronucleus
stretches and divides amitotically while the micronu-
clei divide by mitosis. The fission rate is influenc-
ed by environmental conditions. It 1s optlimum when
the food supply is abundant and when the temperature
and pH are respectively around 22° C and 7.00. A
change in the above conditions will accordingly pro-
duce a lowering of the fission rate.

The other mode of reproduction is a sexual pro-
cess, conjugation, which brings about a micronuclear
exchange (Barnett, 1964). Conjugation usually occurs
after a relatively long period of asexual reproduction

and is followed by another period of asexual
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reproduction, When paramecia of complementary mating
types are mixed together, conjugation takes place if
certain conditlions which we will describe later are
fulfilled. A few seconds after the introduction of in-
dividuals of the opposite mating type, clumps of para-
mecia begin to form. These clumps increase in size
during the following hour and can be comprised of se-~
veral dozens of indlividuals. Then, the clumps break
down gradually into smaller clumps about one and a
half hours after mixing, and pairs begln to appear.
Mating 1s brought about by specific mating-
type .substances borne oﬁ the cilia. These substan-
ces seem to be proteins (Metz et al, 1954) whose inter-
action would involve a steric fitting or antigen-anti-
body type of union at the contact of two paramecia of
complementary mating type (Cohen and Siegel, 1963).
These substances appear with diurnal periodiclity on the
ventral surface of the paramecia, malinly around the
oral cone (Cohen, 1965). The members of a palr usually
adhere at thelr antero-ventral portion. A cytoplasmic
bridge formed by breakage of the membrane of both cells
at the site of adherance allows the micronuclear exchan-

ge to take place.

Biological effects of sulfhydryl reagents.

Numerous studies have been made on the effects
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of sulfhydryl reagents on living cells and organisms

since 1t became clear that proteins are an essential
component of the structural framework of the cell and
that the enzymes are proteins. Most if not all proteilns
contaln cysteine and cystine, each of which contains

respectively a sulfhydryl and a disulfide group.

¥ i ;
CH2 ?HE CH2
H-C - NH, H - T - NH2 H - ? - NH2
COOH COOH COOH
Cysteine Cystine

The tertlary configuration of proteins is sta-
bllized to a large extent by disulfide bonds which
occur between two cystelne residues. Also, the actilive
slite of a large number of enzymes contains a sulfhy-
dryl group. For example, several oxidative enzymes
like lipoyl dehydrogenase have a sulfhydryl group
which is thought to participate 1in electron transfer.

Whether it is structural or enzymatic or both,
a protein has a particular steric configuration which
glves it its specific properties. A sulfhydryl rea-
gent which oxidizes sulfhydryl groups, such as cystine,
could affect the protein in several ways. Oxidation

of otherwise free sulfhydryl groups could denature the
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protein by binding different parts of the amino acid

chain through formation of disulfide bonds between two
cysteine residues. Oxidation of sulfhydryl groups with
a primary role in the catalytic activity of an enzyma-
tic protein could cause the loss of the catalytic acti-
vity of the enzyme. Oxldatlion of oxidizable metaboli-
tes such as ascorbic acid and glutathione might influen-
ce proteins indirectly.

Similarly, a sulfhydryl reducing agent such as
cysteine could agffect the protein. Breakage of proteiln
disulfide bonds could denature the protein by changing
its configuration. Reduction of catalytically active
disulfide groups could cause a loss 1in the activity
of the enzymatic proteins involved. Reduction of some
cell metabolites could Influence the proteins indirectly.

The role of disulfide linkages in the stablility
of the mitotic apparatus was demonstrated by Mazia and
Dan (1952) who reported that reduction of disulfide
linkages renders the spindle more soluble in detergent
while oxidatlon stabilizes the spindle. They proposed
that the formation of the mitotic apparatus might in-
volve the polymerization of small protein molecules
through a disulfide interchange reaction initiated by
glutathione. According to this hypothesis, a change

in the intracellular redox potential would be likely
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to affect the mitotic apparatus. Indeed, the cleavage

of fertilized eggs of Strongylocentrotus purpuratus

may be blocked reversibly by mercaptoethanol, a non-
toxic reducing sulfhydryl reagent. The resulting ap-
parent dlisorganisation of the mitotic apparatus was
interpreted as a loosening of the spindle structure
(Mazia and Zimmerman, 1958). Mitosis in the blasto-

meres of the crustacean Artemla saling is also inhi-

bited by mercaptoethanol and dithiodiglycol, the oxi-
dized form of mercaptoethanol (Fautrez-Firlefyn, 1963).
Homogenates of sea urchin eggs, ovaries, testes and
gut, contain a cleavage-retarding factor whose delay
may have a common basis with that induced by mercap-
toethanol (Wolfson, 1959). Agents which would be
expected to maintaln the sulfhydryl groups of the
extract in reduced form, such as reduced glutathione
and cysteine increase the delay in cleavage, while
agents which oxidize sulfhydryl groups such as oxidil-
zed glutathlone, lodobenzoic aclid and aeration, de-
crease the delay (Wolfson and Wilbur, 1960).

Cell division in the microorganisms Escherichia

colli and Saccharomyces cerevisie which are not likely

to have a mitotic apparatus is also inhibited by
mercaptoethanol and dithiodiglycol. It seems there-

fore, as suggested by Limbosch-Rolin (1963), that any
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modification in the sulfhydryl-disulfide equilibrium

has as a necessary consequence the inhibitlon of cell
division and growth.

Aside from cell division and growth, sulfhydryl
reagents affeet the morphogenesis of developing embryos.
Mercaptoethanol blocks gastrulation movements and nu-
cleic acid synthesié in amphibian embryos. Both mer-
captoethanol and dithiedliglyecol inhibit closure of the
medullary plate (Brachet and Delange-Cornil, 1959).
Other examples of effects of sulfhydryl reagents on
morphogenesis include observations on amphibian embryos
treated wlth several oxidizing agents such as alloxan,
oxidized glutathlone and iodobenzoic acid. Only gluta-
thione inhibited morphogenesis (Lallier, 1951). Mono-
iodoacetamide and chloropicrine which are sulfhydryl
inhibitors, brought a loosening of the blastoporal lip
and medullary plate of the amphibian embryos (Rapkine
and Brachet, 1951).

Workers in the laboratory of Jean Brachet have
studied the effects of mercaptoethanol, dithiodiglycol
and mercaptoethylgluconamide, the latter of which does
not penetrate into the cells, on the development of
amphibian embryos, cap production in the alga Acetabu-

laria mediterranea, regeneration of the tall in amphi-

bian tadpoles and regeneration of the head in planarians.
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In all cases, mercaptoethanol inhibits morphogenesis
at concentrations which do not kill the organisms.
Qithiodiglycol has slight stimulatory effects, especial-
ly in the case of Acetabularia, while mercaptoethylglu-
conamide causes a fallure in lens formation of amphlbian
embryos and produces very abnormal caps in Acetabularia,
Thus, a general conclusion 1s that morphogenesis in
very different biologilcal systems 1s dependent on a
system involving the sulfhydryl-disulfide equilibrium
(Brachet, 1959).

Lipoic acid.

Lipoic acid has speciflc blologlcal effects such
as a growth-promoting action on many microorganisms and
an inhibitory action on the growth, morprhogenesis or
regeneration of other organisms. Some of these effects
may be at least partly due to its role in the oxidative
decarboxylation of X-keto acids., Lipolc acid also has
liposoluble properties. The preceding characteristiecs
led us to consider lipolc acld In greater detall than
in the case of the other sulfhydryl reagents used.

Lipoic acid was discovered independently in
four laboratories. Snell et al (1937) found that two
unknown factors were necessary for luxuriant growth of

Lactobacillus delbruckii and that an accessory factor
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was essential for growth of fourteen species of lactie
acld bacterlia. This accessory factor was concentrated
from Brewer's yeast by Guirard, Snell and Williams
(1946), and was found to be a water-soluble substance
which replaced acetate for its growth-promoting func-
tion in some lactic acld bacteria. Guirard et al
called it the Lactobacillus bulgaricus factor (LBF),
as it 1s essentlal for growth of this strain in par-
ticular., Kitay and Snell (1950) studied concentrates
of the LBF factor and demonstrated that a single
unidentified factor was responsible for the growth
effects it gave. They also found that the LBF factor
existed 1in several chromatographically distinct forms,
one of whilch could be in elther a thiol or a corres-
ponding disulfide form.

Dewey (1941 and 1944), while studying the nu-
trition of Tetrahymena geleil also noted that at least

two unknown factors were required for optimal growth
of the cultures, which he called Factor I and Factor
II. Factor IT was further subdivided into Factor IIA
and Factor IIB, Factor IIA consisted of two forms of
the same unknown substance, and was called Protogen in
1949, PFactor IIB was composed of Factor IIB' which
could be, for a large part, replaced by increased pyri-

doxine, and Factor IIB'' which could be replaced by
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Cu™ and Fet™™ ions in relatively high concentrations.
O'Kane and Gunsalus (1947 and 1948) studied the

pyruvate oxlidation by Streptococcus faecallis and re-

ported that an accessory factor was requlred by the
cells for this process. This factor which they called
the Pyruvate Oxidation Factor (POF), was found in yeast
extract,

Kline and Barker (1948) reported that a new fac-

tor was required for the growth of Butyribacterium

rettgeri, The active substance which they called the

’

B.R.Factor seemed to be a weak acid.

It is Snell and Broquist (1949) who presented
experimental evidence 1ndlcatling that the acetate-
replacing or ILBF factor, Protogen, the Pyruvate Oxida-
tion Factor and the B.R.Factor were identical. This
encouraged research toward the 1isolation and identifi-
cation of the unknown factor.

Reed et al (1951) were able to erystallize the
active substance, calling it KX-lipoic acid because of
i1ts high solubility in lipid solvents, 1ts acidlc na-
ture and its involvement in the formation of acetate
through the oxidative decarboxylation of pyruvate which
/is an «{-keto acld, They extracted ¥-lipoic acid from
diverse biological sources such as acid-hydrolized

liver residue and yeast extract. Due to its presence
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in a wide variety of blological sources and the fact
that 1t has an extremely high blological activity and
possesses g catalytilic role in the oxidative decarbo-
xylation of X-keto acids, they considered «(-lipoic
acid as a member of the B-vitamins. Their analysis
showed the presence of a disulfide linkage, of easily
reduclible groups which they did not relate to the di-
sulfide linkage, and of an acidlic group. Moreover,
in addition to lipoic acid, they found several distinct
compounds possessing acetate~replacing activity in
biologlcal preparations. These compounds were mixed
disulfides formed from reduced lilpoic acid and natu-
rally-occurring thiols such as glutathione., Acid
hydrolysates also contained a substance chemically
related to lipolc acid, but more polar. Lipoic acid
was always partially converted to this more polar
substance which led Reed et al to suggest that it could
be an oxidatilon product of lipoic acid.

After desulfurization of lipoic acid, Reed EE_El
(1952) established that its carbon skeleton is a straight
eight-carbon chain and that the lipoic acld molecule
is the intramolecular disulfide of a mercaptooctanolc
acld unsubstituted in the &« and P position. In the

same year, Brockman et al suggested the following struc-

ture:
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CHp - (CHp)x - CH - (CHp)g_x - COOH

S — S

They proposed the name.thioctic-acid for x = 2,
as this value gave the mofe:stablelring in constfucted.
models. Bullock et al (1952) supppgpeq_the hypothesis
that the value of 2 for x‘might'béithé ﬁrﬁé value by
determining the relative pyruvate oxidation activity

of the three possible 1somerS°

Isomer R Relative POF activity

DL-6 Thioctic acid . 100. 0.
DL-5 Thioctic acid‘vif74:;;,',-o.3 |
DL-4 Thioctic acid 0.1

l These workers also,synthesiéed lipoic_acidvas
a yellow oil, but stillrcould noﬁ'sfetemthe:position
of the secondary sulfur unequivocally._ It was Mislow
and Meluch (1956) who established the absolute confi;
guration of (+) x-1lipoic acid as following

s—--—s
;::>'“(CH2)4 f.oooﬁ‘

The optical activity of 1lipolc acid was descri-

——tet——

bed in detail by Walton et al (1955)., They synthesized
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(+)s (-)s and DL % 11poic acid and showed that in the
"lpyruvate oxidase assays, the activity of the (+)- form
'.was double that of DL-D( lipoic acid, while the acti-
vity of the (= ) cx lipoic acid was essentially zero.

'cTheir conclusion was that (+) X ~lipoic acid is iden—

fgiitical with the natural compound

o As mentioned earlier, 1ipoic acid received se-
'cVeral-names Brockman et al (1954) have suggested
'that to clarify the nomenclature, the name Thioctic
acid should be used for the synthetic material,-and
the names Protogen and Lipoic acid reserved for
naturally~occurring materials possessing the appro~c,

priate biological activity.,.

Biological effects'of-linoic.acid;
As noted previously;'microorganisms such as

Tetrahymena geleii, Butyribacterium rettgeri, nd many

lactic acid bacteria including Lactobacillus bulgari-

'cus exhibit an absolute requirement for 1ipoic acid

:lfOthers such as Streptococcus faecalis and. Lactobacillus

’delbruckii, require 1ipoic acid as a growth stimulant.

According to DeBusk and Williams (1955), lipoicv
acid stimulates growth and food utilization in chicks
and rats. This was negated‘by Jowsey (1959).
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In contrast with the faet that 1lipoic acid is

necessary for the growth of several microorganisms and
might influence positively the growth of other organisms
as réts and chicks, it also has several specific inhi-
bitbry‘effects on growth and morphogenesis,

.“A_marked antimitotic effect on the cells of the
ohion'Allium cepa 1s obtained using lipoic acid (DiCarlo,
1957).v This effect consists of.a brophasic block accom-
panied by]a.pre-prophésic‘blpck. Growth of the filamen-
tous fdﬁéus Allomyces nécrogymus is‘also Inhibited by

remarkably low concehtréﬁions of lipoiec acild (Machlis,
1957). o -

Morphogenesis of amphibian embryos is affected
by.lipoic'acid which strdng1y ihhibits gastrulation
and'theclosﬁre of the neural tube . (Brachet, 1962 and
1963). Tts morphostatic effect is 100 times stronger
than that of mercaptoethanol, ‘Tail elongation is also
inhibited;v'Thisveffect which 1s specific to lipoic
acld is also 6b$erved in the frog as well as in the
Xénopus embryo,

The gastrulation and neurulation of chick em-
bryos also is inhibited by lipoic acid (Pohl and Brachet,
1962), The embryos become fragile, éuggesting a possi-

ble modification of the cellular membranes.
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In sea urchin eggs, an animalizing effect is in-
duced by oxidized lipoic acld and to a lesser extent
by reduced lipoic acid (Runnstrom, 1956). During gas-
trulatlon, the morphogenetic movements of the echino-
derm embryos are abnormal if earller stages had been
treated with lipoic acid (Wolfson and Fry, 1965).

Lipoic acid acts as an'inhibitor of the regene-
rative‘capaéity of Hydra and Planaria. In Hydra, .the
blockage of regeﬁeratidn induced-bleipoic acid may bé'
reVersed.by compounds which cause an increase in the
" number of tentacles (Spahgenbérg and Eakin, 1961). 1In
Plahafia; regenerétion:of tﬁe head 1s permanently
blocked by lipoic acid, which does not affect the re-
 generét1on of the tail (Eékin and Henderson, 1959).
| Aslde from its effects on growth, morphogenesis
- and régeﬁeratibn, 1ipoic acid also has a role in the-
rapeutics as it protects against ilonizing radiations
(Gehazzani’gﬁ_gl,_1958-and-i§59); 'Furthermore, lipoic
‘écid has a pfdtective actlon agalinst potassium}cyénide
poisoning in ﬁice (Cutélo»and Reduzzi, 1956), muscular
and liver damage by CClu in mice and guinéa pigs
(Hashimoto, 1961), and heavy-metal intoxication in
mice and dogs (Grumert, 1960).
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Role of lipolc acld iIn the oxidative decarboxylatlon

of & -keto acids.

In the course of metabolism, o¢-keto acids are
decarboxylated. 1In the case of pyruvic acid, the de-
carboxylation ylelds acetyl CoA which 1s an essential
component of the Cltric Acid Cycle and 1s also used in
the synthesis of fatty acids and cholesterol and for
acetylation reactions. The decarboxylation of each

molecule of pyruvic acid ylelds four molecules of ATP

The decarboxylation of pyruvic acid takes place '1"

in a multienzyme complex which contains lipoic acid
in a protein-bound form. Due to its ability to inter- 
change between the oxidized and the reduced form, li-

polc acld acts as a coenzyme for the acetylation

reaction:

-(CH,), - COOH + Hydroxyethyl Thiamine
24
S -8 Pyrophosphate
(Oxidized lipoic acid)

-(CHp)y - COOH + Thiamine Pyrophosphate
HS S-COCH
(Acetyl 1lipoie acid)

The acetyl group is then transferred to CoA to
give Acetyl ColA, and the reduced form of lipoic acid
is reoxidized by FAD (Schmidt and Freiburg, 1965).
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Materials and Methods

| Cultures;,.

The co plementary mating types A and B of Para-

meclium multimicronucleatum used in‘these investigations

were obtained from the CarolinafBidlogicai Supply

:Company.

The paramecia Were grown in . hay infusion made
as follows: 5 grams of dry timothy hay were boiled

for 10 minutes in a pyrex beaker containing 1 000 cc

of glass-distilled water._ This infusion was then 1eft o

uncovered for three days to allow bacterial growth
Enough glass-distilled water was then added to compen- .
sate for evaporation. The pH was subsequently adjust-
ed to 7.0 with 1.0 and 0,1 N NaOH when necessary, and
an inoculum of approximately 1 OOO pahamecia Was intro—
duced into the medium. The cultures were usually
flourishing after 8-10 days and remalned so'for appro-

ximately 10 days before declining.

Light Cycle,

In order to getl a strong mating reactlon around
noon, we maintained the paramecia cultures 14 inches
from 100 watts of fluorescent light on a rhythm of 14
hours of light and 10 hours of darkness at 230 C. TUnder

these conditions, mating competence appeared around the
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middle of the 1ight-pepiod;_which we adj@stedxﬁo occur
at‘noon. In‘ordef'tb be sexually'activé'the paramecis
mﬁst also be starved.fob~ét‘1easﬁ fhfeé'dayé. In our
cultures, mating competence appeared around the twelfth

~ day after‘inbculatibn'and remained for about five days.

Procedure.

_ Fission number. -

Plastic boxes measuring 11.5‘3'10.5 cm were used
-Tas moisture chambers in all the experiments. These
boxes contained three pyrex glass depression siides,
each with three 1 ml depressions.

Prior to an experiment, a stock solution of the
reagent to be tested was made and the deslred concen-
trations prepared from it. In all cases, three day
old hay infuslon was used as the solvent as it presu-
mably contained enough bacteria to sustain good growth.
Paramecia from a flourishing culture were then washed
three times in one of the concentratiqhs of' ‘reagent
(by successive transfers of single parémecia with'a mi-
cropipet in three depressions containing 0.8 ml of
washing fluid). After washing, nine paramecia were
isolated, each in a depression containing 0.8 ml of the
same concentration of reagent as the washéngs. With

this procedure, the initial concentration of reagent



19

was maintainéd in the depression even after the intro-
duction of the cell.

The paramecia in éach spot were counted 24 and
48 hours after‘isolation and the fission number was
recorded, dsing the formula m = 2* where X is the fis-
- slon number and n is the number of paramecia counted
per depression. All the experiments were performed ,
twice (therefore involving 18 cells), except the lipoic
acld experiments which were performed four times (36
cells). o

To test the reversibllity of the effects in-
duced by the different concentrations of a reagent,
nine cells (usﬁally one from each depression) were
removed after 24 and 48 hour treatments of the rea-
gent concentration to be tested, washed by successive
transfer in three depressions contaiﬁihg 0.8 ml of nor-
mal medium and isolated, each in 0.8 ml of normal
medlum., The fission number was recorded after 24 and
48 hours in each case. The effects of a concentra-
tion of a reagent were considered revefsible when the
fission number of the cells was statistically compara-
ble to that of the control. The control consisted of
nine non-treated cells which were washed and isolated

in the same normal medium as that used for the treated

cells,
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Statistical methods.

The mean fission number of the paramecia sub-
Jected to a certaln concentration of a reagent was

calculated by the following formula:

X =rl12fixi

where X 1s the mean fission number, n is the total
flssion numbers recorded (usually 18), 2 ls the sum
of fi’ the frequency of each fission number, times 1ts
value, Xy

The standard deviation (S.D.) of the mean was

then calculated by the following formula:

S.D. =\/ﬁ%-_[ % (x; - X)2 1,

The mean fission number of the treated cells

was then compared to that of the corresponding con-
trol to see 1f the difference was random or due to the
reagent. The results were considered significantly

different at the 5% level (Ps 0.05).

Conjugation,

Before an experiment, the populatlion density of
the cultures of mating types A and B to be used was
determined by the following method: several 0.1 sam-

ples of the well-mixed cultures were fixed with one
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drop of 2% formaldehyde, and the number1of paramecia.

counted. The population density‘per ml was calcuiatedh

from the mean number of paramecla present in the sam—,:
ples. Then, the_population-density of the cultures A
and B wére.madé approximately equal by concehtratibn
of the less dense culture through cehtrifugation-éf
this culture and removal qf the necessary amount of
fluid from the supernatant; followed by the resuspen-
sion of the cells in thg'néw volume of fluid.

Our aim was‘tovfind the effects of different
concentrations of>each reagent on the mating reaction
in the following éonditions:

1. Reagent added to the paramecila two Hours
before conjugation,

2. Reagent added to the paramecia Jjust before
conjugation.

We placed a deslred number of.4,5 mi aliquots
of each culture A and B in 15 ml centrifuge tubes. One
tube of each culture(A; and Bl) was kept without rea-
gent, belng the control. To a'second tube of each
culture (A2 and B2) we added 0.5 ml of the reagent to
be tested, in a concentration ten times the desirea
one., The tubes were immediately.mixed.and the 1:10

dilution brought the concentration to the desired one.



ThiSfWéS?dohélaf'IO:OO a.m., and the tubes were left
until nobn;' A third tube of each culture (A3 and B3)
was kept without reagent until noon, and the reagent
was added as above at noon,

It 1s to be noted that all these procedures were
carried under the same light which was used to keep the
light cycle going.

At noon, the tubes were centrifuged at 1,000 rpm @éO%J
for 1.5 minutes, and the cells collected from the bottom
of the centrifuge tube in 0.5 ml of fluld. The cells
were placed in depressions determined in advance.

Then, a number of drops known to contain appro-
xilmately 500 paramecia was taken from cultures A and B
having received the same treatment (Al and Bl’ A2 and
Bo> A3 and B3), and these animals were mixed in a new
depression.

The paramecla were examined every 15 minutes.

The observations were recorded concérning the percen-
tage of conjugation in each depression. This percen-

tage was recorded using the following quahtitative

system:
Grade of the reaction Percent of conjugation
I 0O - 25
1I 25 - 50
IIT 50 - 75

Iv 7S - 100
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Reagents.

The following sulfhydryl reagents were used in

the present investigations'”"

Lipoic acid in the oxidized form (Mann Research

Laboratory). |
_ Reducing reagents- ‘ _
 Cysteine (Mann Research Laboratory), reduced |

glutathione (General Biochemice1s3Inc.), mercaptoethaf -
nol (Calbiochem) and mercaptoeth&lgluconamide (Cyclo_'
Chemical Corp.). | )

Oxlildizing reagents:

Cystine (General Biochemicals Ine.), oxidized
glutathione (General Biochemicals Inec.), dithiodigly-
col (Calbiochem) and iodobenzoic acid (Columbia Organic
Chemicals Co.).

Alkylating reagent:

N-ethylmaleimide (Columbia Organic Chemicals
Co.).

Among the above substances, cysteline, reduced
glutathione, mercaptoethanol and mercaptoethylglucona-
mide are freely soluble in distilled water and hay
infusion. The other substances had to be dissolved
in 0.2 ml of 1.0 N NaOH. This stock solution was then
neutralized with HC1l and diluted with hay infusion to



" the desired concentration. .The,pH was‘adJusted to
7.0 + 0.2 with a Metrohm pH meter. All solutions

wererpreparéd immediately prior to use.




Results

The effects of sulfhydryl reducing reagents on the

fission number.

As shown in Tables I and II,'cysteine and re-
duced glutathidne affect the fissign number at simi-
lar concentrations. At 10™° M which is the highest
non-lethal concentration for thh,'fission is inhibit-~
ed. No significant inhibition of fission is caused
by lower concentrations. The iﬁhibition caused by
the two reagents at ZI.O'2 M. is cdmpletely reversible
after 24 and 48 hour treatments. |

Mercaptoethanol also inhibits fission at 10"2 M.
But the inhibltion 1s tofal, and the fission number
remains lower than in the control aftef removal of the
cells from the reagent (Table III). At 1077 M, fission
is also inhiblted but in a completely reversible manner.

Mercaptoethylgluconamlde is a substance which
presumably does not penetrate the cells because of the
gluconamide group. Table 1V shows that this substance
inhibits fission at 101 M and 5 x 10°2 M. The rission
number of the cells subjected to 10~! M remains signi-
ficantly lower than that of the control after removal
from the reagent while the cells subjected to 5 x 10"2 M

recover completely when placed in normal medlum. No
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vlisible effects are noted when the cells'are“subjedted

2

to a concentration of 10™° M, contrary to‘results for -

the above reducing reagents.

The effects of sulfhydryl oxidlzing reagents on the

Pission number.

Among the four oxldizing reagents used, cystine,
oxidized glutathione and dithlodiglycol did not affect
the fission number at concentrations below and includ-
ing 1()'4 M (Tables V, VI, and VII). Higher conecentra-
tions could not be usged because of the difficulty of
dissolving these substances.

Todobenzole acid inhiblts fission at 10-2 M
(Table VIII). After 24 hour treatments, the cells
placed in normal medlum recover completely while the

cells treated for 48 hours remain significantly inhi-

bited after removal from the reagent.

The effects of an alkylating reagent on the fission

number.

N-ethylmaleimide inhibits fission at 5 x 107> M
(Table IX). This inhibition is reversible after 24
hour treatments while the fission number of cells treat-
ed for 48 hours remains significantly lower than that

of the control after removal from the reagent.
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" The effects of lipoic acid on the fission number.

'_ A 1ow concentration of lipoic acid (2 x 10 -5 M
'or U-pg/ml) 1ncreases the fission number of the cells |
while higher concentrations»(S x'lo‘ékM_or_lOO,pg/ml ‘v
and more) heve the opposite effeeﬁ (Fig.fi);e_The'inhi—
biting action of lipoic acid increaSee‘Wifn_increaeing
concentrations from 5 x 10°* M to 1. 75.x 10‘3 M (350
ng/ml). The concentrations of 1.75 x 10"3 M and 3 x
107> M (500 mg/ml) block fission completely.

After 24 hour treatments, the’effectgware'fever+i"‘u

sible for all the concentrations, but the cells-which;"
had been subjected to 1.75 x 10-2 M and 35:10"3 M
recover completely only after the first 24 hours
(Fig. 2).

If the cells are left in lipoic acid for 48
hours, it 1s again those which were subjected to 1. 75 x:
1072 M and 3 x 102 M which show a 1ong-1asting,effeet;
About 19% and 50% of the cells from 1.75 x 1072 M and
3 x 10~2 M respectively die during the 24 firet.hours.
The others remain inhibited during the same 24 hours.
Subsequently, they divide at different rétes. Approxi-
mately one third of the paramecia of each group remains
inhibited. Another third of the cells of each group

recovers completely and has a fission number of the
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same order as the control, while the last third of the
cells divides at a higher fission number than the con-
trol. Because of this difference of response 6f:ﬁhe
cells, the mean fission‘numbef of the 1ive_cells:in
the two groups is compéréble to that of the c6ntrol‘
but with a'larger'standard'deviation'(Fig. 3).

Figure 5 summarizes the résults.of thié secti§n
and shows the reagents which sigﬁificaﬁtly:éfféét  :
fission in order of decreasing effectiveﬁess;ﬁthly":
the effective concentrations of each reagéht'éré}piot-

ted with thelr corresponding control.

Effects of the sulfhydryl reagents on conjugation.

Mercaptoethanol at 10'2 M and mercaptoethylglu-

conamide at 10~! M inhibit conjugation. In the two

cases, inhibition of conjugation is total during 24
hours. Lower concentratiqnsrof the two réagénﬁs do
not affect-éonjugatiﬁn (Table X). o

'Lipoic acld has no effect on conjugation at-COn- ;
centrations below and including 5 x 10'4 M. Above this
concentration, 1nhibition of conjugatlion increases with
increasing concentrations of lipoic aéid (Fig. L),

Paramecia subjected to the abové reagents for
two hours before conjugation and paramecia to which the

reagents were added Just before conjugation showed no
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difference in the effects observed.
None of the other sulfhydryl reagents used had
any effect on conjugation.
- In all the experiments, the control had é mating
rééction of Grade IV (75 - 100%:cohjugation); Each con-

centration of each reagent was'testedvat least fwice.
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Table I. Animals were isolated in depres-
"sions containing diffefént éohcentrations |
ofvcysteine. The total number of indivi-
duals were counted in each depreésion after
24 and 48 hours. The mean fission number
and its standard deviation are given for
each conéentration énd périod of expdsure.
The asteriék indicates a significant diffe-
rence from the control at the 5% level.

| MThe.recherj after the treatment was
 followed by transferring éingle cells to
new médiuﬁ‘affé}?éu and 48 hours ekposure
to the reagent, and observing the fission

as above,



Table I. 31

. omrission

- The effect of sevéfal*concentrations_offcySteine R

‘ Fission'number: .
Time of - . T
R Concentration of cysteine .
count Control , b 3 5
' . 1070 M- 1077 M 107° M
24 h 1.19 1.20 '1.15 *0.72
+ 0.14 + 0.20 + 0.12 ~ + 0.19
48 n 2.71 2,75  2.57°  *1.78
+ 0.18 + 0.24 + 0.17 + 0.24

Recovery after 24 hour treatments.
Fission number
Time of ,
Concentration of cysteine
count Control ;N -3 5
107" M 10 ° M 107" M
24 n 1.35 1.37 1.40 1.35
+ 0.19 + 0.22 + 0.18 + 0.21
48 h 2.32 2.29 2.45 2.32
+ 0.24 + 0.26 + 0.21 + 0.25
Recovery after 48 hour treatments.
Fission number
Time of
o ‘ Concentration of cysteine
count Control - 4 _3 5
10 M 107 M 107 M
24 n - 1.29 1.31 0 1,22 1,35
+ 0.17  + 0.18 + 0.20 . t‘0,164
48 h 2,81 2.0 2,78  2.69
+ 0.23 + 0.25 + 0.22 + 0.18




Table II, Animals were isolated in depres-

sions contalning different concentrations
of reduced glutathione. The total number
of individuals were counted in each depres-
sion after 24 and 48 hours. The mean fission
number and the standard deviation are given
for each concentration and period of exposure.
The asterisk indicates a significant diffe-
rence from the control at the 5% level.

The recovery after the treatment was
followed by transferring the organisms to new
medium after 24 and 48 hours exposure to the

reagent, and observing the fission as above.




Table II. 33
The effect of several concentrations of
’redﬁcedvglutathione on‘fissibﬁ -
| Fission number
Time of ~ Concentration of
‘ , reduced glutathione
eount Control 4 _ 3 ' LD
_ 107" M 1072 M 107 M
24 n 1.29 - 1.31 1.22 %0.85
+ 0.15 ~+ 0.20 + 0.19 + 0.12
48 h 3.81 3.70 . 3.78 *2 59
+ 0.18 - + 0.24 + 0.22 + 0.18
Recovery after 24 hour treatments.
Fisslion number -
Time of Concentration of
reduced glutathione
count Control 4
10°F M 10-7 M 10"2 M
24 h 1.92 1.78 1.89 1.83
+ 0.20 + 0.20 + 0.22 + 0.19
48 n 2.97 2.87 2.92  3.04
‘ + 0.25 + + 0.25 0.22

0.23

Recovery after

48 hour treatments.

Fission number

| Time of Concentration of
reduced glutathione
count Control i 3 : 5

' 107" M 107" M 107" M

24 n 2.04 2.10 2.15 2,12
+ 0.17 + 0.18 + 0.21 ° + 0.19

48 n .66 .59 3.70 3.54

+ 0.21 + 0.20 + 0.23 + 0.24
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Table IITI. Anlmals were isolated in depres-

sions contalning different concentrations of

mercaptoethanol. The total number of indi-

viduals were counted in each depresslion after
24 and 48 hours. The mean fission number
and the standard deviation are given for each
concentration and period of exposure. The

asterisk indicates a significant difference

from the control at the 5% level.

The recovery after the treatment was
followed by transferring the cells to new
medium after 24 and 48 hour exposure to the

réagent, and observing the fission as above.



Table III. 35
The effect of several concentrations of
mercaptoethanol on fission
Fission number
Time of Concentration of
mercaptoethanol
count Control _i -3 _o
10 M 10 M 10 M
24 n 2.04 1.92 *]1,16 *0,00
+ 0.19 + 0.17 + 0.11 + 0.00
48 n 35.19 5.%2 *2.3%5 *0,00
+0.22 + 0.21 + 0.18 + 0.00
Recovery after 24 hour treatments.
Fission number
Time of Concentration of
mercaptoethanol
count Control I 3 5
10" M 107 M 107 M
24 h 2.04 2.00 1.95 *1.,32
+ 0.14 + 0.10 + 0.18 + 0,09
48 h 3.00 35.07 3.15 *] .62
+ 0.17 + 0.20 + 0.22 + 0.15
Recovery after 48 hour treatments.
Fission number
Time of ‘ Concentration of
mercaptoethanol
count Control l i 3 o
10 M 1077 M 10 _ M
24 n 1.92 2.00 1.81 *#0.00
+ 0.19 + 0.00 + 0.15 + 0.00
48 h 2.87 2.81 2.57 *0,26
+ 0.21 + 0.11 4 0.23 + C.09
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Table IV. Animals were isolated in depres-

sions containing different concentrations
of mercaptoethylgluconamide. The total num-
ber of individuals were counted in each
depression after 24 and 48 hours. The mean
fission number and its standard deviation
are given for each concentration and period
of exposure. The asterisk indicates a signi-
ficant difference from the control at the 5%
level,

The recovery after the treatment was
followed by transferring the cells to new
medium after 24 and 48 hours exposure to the

reagent, and observing the fission as above.



Table IV. 27

The effect of several concentrations of

mercaptoethylgluconamide on fission

Fission number

Time of Concentration of
mercaptoethylgluconamide

count Control

10°M 102M 5x102M 101N

24 n 2.00 2.00 1.95 *1.55 *¥0.53
+ 0.00 +0.00 +0.16 + 0.20 +0.24
48 n 3.97 3.96 5.86 *1,96 *Q,82
+ 0.06 +0.15 +0.21 + 0.18 +0.19

Recovery after 24 hour treatments.

Fission number

Time of Concentration of
mercaptoethylgluconamide

count Control

10° M 1002M 5x102M 10'm

24 h 2.59 2.64 2.50 2.58 *¥1.00
+ 0.18 + 0.17 + 0.17 + 0.22 + 0.00
48 n 4.05 4,00 5.95 5.85 *2,09
+ 0.09 + 0.00 + 0.10 0.20 + 0.04

1+

Recovery after 48 hour treatments.

Fission number

Time of Concentration of
mercaptoethylgluconamide

count Control

10° M 10°M 5x10°%M 10°twM

24 h 1.48 1.59 1.32 1.45 *0, 00
+ 0.18 + 0.23 + 0.14" + 0.21 + 0,00
48 n S 2.81 2.92 2.73 2.92 *0,00

+ 0.14 4+ 0.09

1+

0.15 + 0.09 + 0.00
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Table V. Animals were isolated in depres-

sions containing different concentrations
of cystine. The total number of indivi-
duals were counted in each depression
after 24 and 48 hours. The mean fission
number and its standard deviation are
given for each concentration and perilod

of exposure.



Table V.

The effect of several concentrations of cystine

on fission

Fisslon number
Time of
couné Control | Concentration of cystine
l 1072 M 1074 u
24 h 1.64 1.74 1.67
+ 0.21 + 0.20 + 0.19
48 h 2.69 2.59 2.56
+ 0.25 + 0.29 + 0.26




Table VI. Animals were isolated in depres-
sions containing different concentrations

of oxidized glutathione. The total number
of individuals were counted in each depres-
sion after 24 and 48 hours. The mean fis-
sion number and its standard deviation are

given for each concentration and period of

exposure.




The effectrof'seVeralleoncéntrations of

oxldized glutathione on fission

Fisslon number
Time of Concentration of

count Control oxidized glutathione
1072 M 1074 M

24 h 1.83 1.86 1.74

+ 0.24 + 0.16 + 0.21

48 h 2.52 3.20 3.39

+ 0.26 + 0.25 + 0,29




42

Table VII., Animals were isolated in depres-
sions containing different concentrations of
dithiodiglycol. The total number of indivi-
duals were counted in each depression after
24 and 48 hours. The mean fission number
and 1ts standard deviation are given for

each concentration and period of exposure.
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Table VII,

The effect of several concentrations of

dithiodlglycol on fission

o 'FiSsion.numberl”fo'
Time of o 1 .- . Concentration of
count - | . Control ~ dithicdiglycol
105 10'4 M
o4 nh | 1.52 . 1.58 41
48 h 3.40 3.58 3,26
+0.23 + 0.27 + 0,24
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Table VIII. Animals were isolated in depres-

slons containing different concentrations of
lodobenzoic acid. The total number of indi-
viduals were counted in each depression after
24 and 48 hours. The mean fission number and
its standard deviation are given for each
concentration and period of exposure. The
asterisk indicates a significant difference
from the control at the 5% level.

The recovery after the treatment was
followed by transferring the cells to new
medium after 24 and 48 hour exposure to the

reagent, and observing the fission as above.



Table VIII,

The effect of several éoncentrations of

5 7iodobenzoic aclid on fission

' . Fission number
Time of Concentration of
lodobenzoic acid
count Control y 5
100t M 100 m 102 M
24 h 1.64 1.64 1.64 *1,00
+ 0.24 + 0.24 + 0.24 + 0.00
48 h 3.15 3.18 3.42 *2 .64
+ 0.17 + 0.17 + 0.23 + 0.13
Recovery after 24 hour treatments.
Flssion number
Time of Concentration of
iodobenzoic acid
count Control ; 5
. 104 M 10-2 M 102 M
24 n 1.32 1.32 1.43 1.22
|+ 0.12 + 0.11 + 0.12 + 0,16
48 h 2.81 2.83 - 2.98 2.60
+ 0.20 + 0.15 + 0.09 + 0.20

Recovery after 48 hour treatments.

Fission number

Time of Concentration of
iodobenzoic acid

count Control _h 3 -0

‘ 10 M 107" M 10 M

24 n 1.32 1.22 1.36 *0,81

+ 0.11 + 0.14 + 0.13 + 0.08

2.76 2.83 2.59 %2 .09

+ 0.16 + 0.13 + 0.21 + 0.17
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Table IX. Animals were isolated in depres-
sions containing different concentrations
of N-ethylmaleimide. The total number of
individuals were counted in each depression
after 24 and 48 hours. The mean fission
number and its standard deviation are given
for each concentration and period of expo-
sure. The asterisk indicates a significant
difference from the control at the 5% level.

The recovery after the treatment was

~followed by transferring the cells to new

medium after 24 and 48 hours exposure to the

reagent, and observing the fission as above.
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Table IX,. : b7

The effect of several concentrations of

. N-ethylmaleimide on fission

' Fission number

| Time of T Concentration of
oo - " N--ethylmaleimide
count Control R 4“ : '3' ;
100" M 100 M 5x 1072 M
24 h 1,92 2.15 2.00 *1,22
+ 0.18 + 0.17 + 0.00 + 0.16
48 n 3.51 3.59 3.66 *2,00
+ 0,28 + 0.25 + 0.22 + 0.00

Recovery after 24 hour treatments.

Fission number

Time of Concentration of
N-ethylmaleimide

count Control

10°% M 1003 M 5 x 103 M

24 n 2.22 2.16 2.32 2.15
+ 0,20 + 0.19 0.20 + 0.19

48 h 3.42 3.40 3.52 3.42
+0.23  + 0.24 + 0.26  + 0.17

1+

Recovery after 48 hour treatments.

Time of ' Fission number
Concentration of
count N-ethylmaleimide
Control Y
107" M 100 M 5 x 102 M
24 h . 2.20 @ 2.32 2.15 %1,59
+ 0.21 + 0.20 + 0.18 + 0.21

48 h | 3.92 4.00 3.81 %215
' + 0.11 + 0.05 + 0.23 + 0.18
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Table X. Cells of mating type A and B
were put in the desired concentration
of the reagent to be tested before mix-
ing. The sign "-" indlcates an absence
of effect of the corresponding concen-
tration of the reagent, while the sign
n,n

+" indicates an inhibition of conjuga-

tion by the reagent.



Table X,

The relation between the effects on fission and conjugation

of six sulfhydryl reagents

Effect on

Reagent Concentration Effect on Concentration
allowing total conjugation having a long- conjugation
recovery after lasting effect _
24 hour treat- on fission
ments after 24 hour
treatments
Cysteilne 10"2 M -
Reduced o
glutathione 107" M -
Mercapto- 2
ethanol 10-2 M - 107° M 4
Mercaptoethyl- o -1 '
gluconamide 5 x 107 M - 10 M +
Iodobenzoic o
acid 107= M -
N-ethyl- _3
malelmide 5 x 10 M -

&h
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Figure 1. Anlmals were 1isolated in depres-
slons containing different concentrations

of lipoic acid. The total number of indivi-
duals were counted in each depressions after
24 and 48 hours.

The vertical bars represent the stan-

dard deviation.
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Figure 2. Animals subjected to. several
concentrations of lipoic acid for 24
hours were transferred to new medium.
The total number of individuals were
counted in each depression after 24 and

48 hours.

The vertical. bars represent the

standard deviatiomn.
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gure 2. Animals subJjected to several
concentrations of lipoic acid during 48
hours were transferred to new medium.
The total number of individuals were
counted in each depression after 24 and
48 hours. The percentage of dead cells
found after 24 hours was also counted.
The vertical bars represent the

standard deviation.
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Figure 4. Cells of mating type A and B
were subjected to several concentrations
of lipoic acid and mixed. The percentage
of conjugation was recorded. A reaction
of Grade 1 represents a percentage of
conjugation between O and 25. Similarly,
Grades II, III and IV represent respecti-
vely a percentage of conjJugation of 25 to

50, 50 to 75 and 75 to 100.
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Figure 5, This figure is an attempt to

summarlize the effects of the sulfhydryl
reagents tested on fission. Only the ef-
fective concentrations of the reagents
are plotted, together with their corres-

ponding control,
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DiséussiOn

' m'Fission{F“ﬁ7i *' :
\-‘In”nOrmai conditions”of temperature and pH, the

fission number of Paramecium muitimicronucleatum varies

between -one and two per 24 hours, depending on the
vamounﬁ.of fdéd available. The following sulfhydryl
reagents affect the fission number of the cells, and
are listed in order of decreasing effectiveness: lipoic
acid, mercaptoethancl, N-ethylmaleimide, reduced glu-
tathione, cysteine, lodobenzolic acid and mercaptoethyl-
gluconamide, The decreasing effectiveness of these
reagents may be partly due to the degree of permeabi-
1lity of the cell membrane to each one of them. 1In
fact, the less effective reagent, mercaptoethylgluco-
namide, presumably cannot enter the cell because of
the gluconamide group of its molecule, while the more
effective reagent, lipoic acid, being a liposoluble
substance, is likely to penetrate easily into the cell.
The firstISite which comes in contact with the
reagents is the cell membrane which covers the body of
the papamecium; ‘Like ofher membranes, the cell mem-
brane is a complex of 1lilpids and proteinS'(Sjostrand,
1967), the latter containing sulfhydryl groups
.(Rothsteih and Weed, 1963). Sulfhydryl reagents are
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known to disturb cell membrane functions. For example,
mercury and chlormerodrin cause an inhibition of sugar
transport, a specific increase in K* permeability with
no change in permeability to Na+, a general increase
in cation permeability and a non~specific increase in
péfmeability (Rothstein and Weed, 1963). Although no
two reagents necessarily attack the same sulfhydryl
groups because of the iarge difference of reactivity
of these groups, 1t 1s posslible that each of the
sulfhydryl reagents we used in the present work affect
the paramecium membrane by altering 1ts permeability
to one or more species of ions or molecules,.

If these alterations occur in paramecium, they
seem to be immediately reversible in all cases except
with 10-1 M mercaptoethylgluconamide and 10"2 M wmer-
captoethanol where the effects of the reagents last
during at least 48 hours following the treatment. In
the case of mercaptoethylgluconamide where the effects
of" the reagent are primarily if not entirely on the
cell membrane, the long-lasting effects may be due to
the high concentration of the molecules which could
react with sluggish sulfhydryl groups after saturation
of the reactive sites. Disturbance of the sluggish
groups would be more difficult to reverse. Mercapto-

ethanol at 10‘2 M might also attack masked membrane
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sulfhydryl grbups; but the 1ong-1asﬁing effects bf

this reagent may be due to a similar intracsllular
action as well. Lipoic acid, aside from its action
as a sulfhydryl reagent, could affect the membrane by
dissolving in its lipld phase.

Alfteration of membrane permeabilify would in-
fluence the cell metabolism indirectly by allowing
free penetration in the cell of some ions or moiecules
which are usually kept outside selectively. By the
same mechanism, ions or molecules which might be ne-
cessary for the cell would be able to cross out the
membrane or might be prevented from getting into the
cell. A change in cell membrane permeability of am-
phibian blastulae and gastrulae 1s induced by mercap-
toethanol which causes a collapse of the blastocoele
(Brachet and Delange-Cornil, 1959). In paramecium,

2 change 1n membrane permeability, by influencing
indirectly the cell metabolism, would disturb life
processes in general, and therefore also fission.

When they have crossed the cell membrane, the
reagents may attack numerous sites inside the cell. R
The role of disulfide bonds in the stability of thé.
mitotic apparatus was demonstrated by Mazia and Dan

(1952). Introduction of reducing substances such as
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cystelne, glutathione or mercaptoethanol in the.cyto-
plasm might inhibit the spilndle fofmationrbyvpreven£~
ing the formation of the spindle disulfide linkages
or breaking these linkages if they are formed, thereby

causing a disorganization of the spindle. In Parame-

cium multimicronucleatum, four spindles form during
prophase. Although the spindle size is small, it is
possible that blockage of the four spindles would
influence fission. Studies at the microscopic level
of treated paramecla might tell us if spindle disor-
ganizatlion occurs in the cells under the influence of
the reducing reagents used. In sea urchin eggs, where
the spindle size 1s very large as compared to the mi-
cronuclear spindles of paramecium, mercaptoethanol
inhibits mitosis. 1Its effect seems to involve a loosen-
ing in the spindle structure which appears highly di-
sorganized at the mlcroscople level (Mazia-and Zimmer-
man, 1958). This disorganization is completely rever-
sible for the sea urchin eggs and might be so in the
case of paramecium, where the effects of glutathlione
and cysteine at 10’2 M and mercaptoethanol at 10'3 M
are reversible.

Other possible mechanisms by which the sulfhy-
dryl reagents might influence cell division are: re-

duction or oxidation of otherwise oxidlized or reduced
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sulfﬁydryl groups on enzymes having a cecatalytic func-

tion in providing the energy necessary for the mito#ﬁf  9=7-“f-

tic process; inhibition of enzymes requiring a redox
potential within fixed limits for normal activity.
Inhibition of these enzymes might induce a distur-
bance in the general metabolism and influence mitosis
indirectly. Interference with the balance between
the oxidized and the reduced forms of coenzymes such
as DPN, TPN and lipolc acid might also influence mito-
sis indirectly.

These effects are likely to be reversible by
the reestablishment of the normal redox potential, and
may partly account for the reversible inhibition of
fission induced by glutathlione and cysteine at 10'2 M,
mercaptoethanol at 10"3 M and lipoic acid above 10‘4 M.
TIodobenzolc acid and N-ethylmaleimide might also affect
the cells by the same mechanisms. The difference in
the reactivity of the cellular sulfhydryl groups may
account for the slow reversibility of the effects of
48 hour treatments of the two reagents: the molecules
of iodobenzolic acld and N-ethylmaleimlde might attach
to hindered sulfhydryl groups which would be indispen-
sable to the cell on a long range basis. These groups

might be unattainable by the other sulfhydryl reagents

cited above.
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‘ff ';;NQetthmaleimidé which is an1a1kyla£ing agent

v-;and;presgmab1y~remgih$;gttached towthe;blocked sites

- was expe¢ted'to'have_Strbnger effects than iodobenzoic

acid which may detach from the binding sites. The
lack of difference may be due to the slowness of the
alkylation reaction or to the dissociation of the
N-ethylmaleimide complex in vivo.

Oxidized lipoic acid, in addition to the mecha-
nisms discussed above, 1s likely to affect the fission
indirectly by causing a disequilibrium between the
free and bound form as well as between the oxidized
and reduced form of the substance within the oxidative
decarboxylation complex.

Lipoic acid might also influence nucleic acid
incorporation. Heilporn-Pohl and Quertier (1964)
studied the metabolism of nucleilc acids under the in-
fluence of lipoic acid, using labelled precursors, in
amphibian and chick embryos. They reported that lipoic
acid inhibits 20 to 50% of uridine and cytidine incor-
poration but does not influence the incorporation of
desoxyuridine in the embryos. According to the authors,
lipoic acid might 1nhibit pentose reduction. The thy-
midine incorporation appears to be complementary to

that of uridine and cytidine. A profound disturbance



of DNA metabolism seems to occur. Autoradiographic
studies using the same labelled precursors as those
of the above work would tell us whether lipoic acild

influences nuclele acid incorporation in Paramecium

multimicronucleatum.

Lipoic acid has been reported as a growth factor
for many microorganisms. In fact, very low concentra-
tions of the substance (4 mg/ml) enhance growth of our
cells. Lilpoic acid might therefore be a growth factor
for paramecium as well, This effect of lipoic acid
may be related to 1lts role as a cofactor in the oxida-
tive decarboxylatlion complex: enhancement of the
functioning of thls complex would result in an in-
crease in the rate of general metabolism, and there-
fore in the fission rate. The enhancing effect of
lipoic aclid on growth does not last after removal of
the célls from the medium containing 4 mg/ml of lipoie
acid. This indicates that a continuous supply of the
factor must take place in order to allow lncreased
growth,

In considering the results glven by the diffe-
rent reagents discussed on the fission number of para-
mecla, we must noct forget thiat the cells we are dealing

ﬂith are not synchronized, as no successful methods for

synchronizing paramecia have yet.beén fouhd-(Whitson,‘
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1964) At any given moment, each cell was at its own:
mitotic phase. Although we tried to deal W1th cells )
of approxinately the same size during the initial sin— u”
“gle isolations, we may have isolated in»adjacent spots,
"a cell which was in prophase and one which was in o
' interphase. . It is evident that after o hours,<the
"first cell would probably have a higher fission number
than the second cell. This would have some 1nf1uence 4:“
on the standard deviations of fission numbers.i':
Because of the non—synchrony of the cells, we
were not able to determine the sensitive period of the
cell cycle at which the effects of sulfhydryl reagents
were strongest. In synchronized cultures of Tetrahyme-

na pyriformis, the effects of mercaptoethancl on cell

division are Strongest during'a sensitive peak which
occurs aroung 40 minutes after the last heat shock
(Mazia and Zeuthen, 1966). |

Other sources of variation include the bacterial
flora of the cultures which may have influenced the i
sulfhydryl- disulfide balance of the experimental milieu
_ Also, the amount of bacteria varying from an experiment
to another, the fission number may have been'influenced
by the amount of bacteria which served as food. It is
also probable that the reducing reagents were increasing-

ly oxlidized by air during the experiments, although the
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redox potential was not measured,

- Conjugation.

" At concentrations which affect fission in an
immediately reverSible maﬁner; none of the sulfhydryl
reagents except 1lipoic acid has an influence on conju-
gation. This is supported by the conclusions of Metz
(1954) who reported that oxidizing and reducing
substances do not affect mating reactivity in Parame-

cilum calkinsi. He concluded that matling type subs-

tances probably contained proteins but that sulfhydryl
and disulfide groups were not essential to their acti-
vity. The effects produced on conjugation by mercap-
toethylgluconamide and mercaptoethancl at concentra-
tions having a long-lasting effect on fission, and by
lipoic acid above 5 x 10‘4 M, must therefore be due
to action on another site than the mating substances.
As discussed in the section on fission, sulfhy-
dryl reagents may alter the permeability of the cell
membrane. We hypothesized that mercaptoethylglucona-
mide and mercaptoethanol at high concentrations would
react with sluggish sulfhydryl groups. 1t is possible
that reaction with sluggish sulfhydryl groups would
cause a larger disturbance of membrane functions and
a more profound alteration of membrane permeabllity

than reaction with reactive sulfhydryl groups. As a
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mating inhibitor Substance is known to be present in
the parameciai(Mété and Butterfield, 1950), alteration
of the membraﬁé”pérmeability by mercaptoethylglucona-
mide and mercaptdethanol might allow the inhibitor mo-
lecules to move fo the outside of the cell membrane :
where they would combine with the moleculesvof.the“mafll
ting substance and prevent mating. Convérseiy,'the .
molecules of the mating substance, instead.of étéyingA B
on the c¢illa of the cells, might migrate inside{ there-
by inhibiting mating. The mating substances'contain
proteins and are therefore complex molecules of relati-
vely large size. The inhibitor molecules may also be
proteins, although their chemical properties have not
yet been described. Here appears the necessity of a
profound alteration of the membrane permeability which
would enable these molecules to cross the membrane.

The reason why the other reagents used, as well as low-
er concentrations of mercaptoethylgluconamide and mer-
captoethanol, do not affect conjugation would therefore
be an insufficient increase in membrane permeability.
The increasing inhibition of conjugation by in-
creasing concentrations of lipoic acld may also be
explained in regard of an alteration of membrane per-

meability.

If lipoic acid affects the membrane structure by
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’ dissolving in its lipid phase, the structural change
would be proportional to the amount of lipoic acid
dlssolved in the lipid phase of the membrane. If the
increase in permeability of the membrane 1s proportion-
~al to the structural change ihduced by lipoic acid, the
number of molecules of'the matihg substance able to
cross in or the nﬁmber of inhibitor molecules able to
move out of the membrane would be proportional to the
permeability, and theréfore to Fhe lipoic acid concen-
tration.

Alteration of membrane permeability would then
appear to be a relatively fast process,'as no diffe-
rence 1s seen between the percentage of conjugation
of the paramecla treated for two hours before conjuga-
tion and the paramecia placed in the reagent just before
conjugation.

To test our interpretation of mating inhibition,
it would be necessary tc have a method which would
enable us to locate the mating type and the inhibitor
molecules in the cell. But this direct approach is
still impossible as no structural of specific histoche-
mical methods are yet known for the mating type and
inhibitor molecules. To overcome this difficulty, one
could induce the formation of labelled antibodies spe-

cifie for the mating-type and inhibitor molecules, and
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sub ject the paramecia to each of these labelled énti;.
bodies before and‘after‘the-treatment'Wifh thé:rea;'
gents which inhibit conjfugation. The location of
these antibodies would teli ﬁs iffﬁhé méfihgrtype or
the inhibitor molecules have migrated through the
membrane under the influence of the reagents tested.

If our interpretation is negated by the above
experiments, orie could attempt to relate the effects
of the inhibiting reagents with a disturbance of the
nucleic acid metabonllism, such as has been reported in
thé case of lipoic acid (Heilporn-Pohl and Quertier,
1964) and of mercaptoethanol (Quertier, 1962). The ef-
fects of mercaptoethylgluconamlde which presumably
cannot penetrate into the cell are unliikely to be
due to an intracellular mechanism, although they may

have an indirect influence on metabolism,.
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- Summary

Lipoic acid and a range of sulfhydryl reagents .
were tested for their effects on the fission number

and conjugating ablility of Parameclum multimlcronuclea-

tum. Lipoic acid was glven specilal attention because
of its specific biologlecal effects on many organisms.

It was found that the reagents affect fission
in the followling order of decreasing effectiveness:
lipoic acid, mercaptoethanol, N-ethylmaleimide, reduc-
ed glutathione, cysteine, iodobenzoic geid and mercap-
toethylgluconamide. The effects of these reagents
on fission are immediately reversible after 24 hour
treatments with each concentration used, except for
1071 M mercaptoethylgluconamlde and 102 M mercapto-
ethanol. The significance of these results is dis-
cussed in relation to the possible sites of cellular
action of these reagents.

Conjugation is inhibited by the same concentra-
tion of mercaptoethylgluconamide and mercaptoethanol
which has a long-lasting effect on fission. The inhi-
bition of conjugation by lipoic acid increases with
increasing concentrations of the substance, starting

at 5 x 1074 M. The cther sulfhydryl reagents have no



(]
effect on conjugation. It is hypothesized that the

common site of action of the three reagents which »
inhibit conjugation is the structure of the cell mem-
brane. The implications of this hypothesis are

discussed.
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