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INTRODUCTION

HISTORY

Studies on the radiatioﬁ damage‘to membranes started
only in early 1950's when Shepphard & Steward reported a
leakage of potassium ions from-the erythrocytes by the
direct effect of radiation., Later, in 1955, Bacq &
Alexander proposed thatvthe primary events responsible'
for cell death are the disturbances of the permeability
of certaiﬁ intracellular structures, notably the mito-
chondria and microsomes, The"membrane effect' defined
as a disturbance of a bafriér between enzyme and substrate
in the irradiated cells, was demonstrétedvin Rusulla
-'nigricahs tissue (Bacq:& Herve, 1952). The discovery of
lysosomes as é subcellular organellé, led Bééq and Alexander
(1961) to proposé the "Enzyme Release Hypothesis". which
‘suégested that radiation may act by breaking dqwn the
: lygoSomes<or other amembrane barriers thus allowing‘tﬁe
interaction of the proteolytic enzymes and nucleic acid
attacking enzymes with their substrates that are.ordinarily
keﬁt in an intact, viable cell, Cell membranes have, since
then, received more attention becaﬁse, like DNA, this‘
structure has an important property of being present as a
single copy»whose integrity is essential for normal cell
metabolism., Though many changes_have been observed in

membrane functions after irradiation, yet the cause~-effect

relationship with the survival has been difficult to interpret.



MEMBRANE STRUCTURE AND FUNCTIONS :

i

At this stage, it is necessary to cqnsider.the
structure and~functions_of the membrane briefiy so as
to get a preciseAundérstanding of the mechanism of ’
radiatién damage. Membranes have a number‘of roles to
play in cell metabolism. To fulfill all the functiéns,
Singer and-Nicolson (1972) proposed the fluid mosaic
model, As éeen from Figure (1),_it'has a lipid bilayei
.with proﬁéins inserted in between. Proteins arevqf bqth
\types; a) Jintrinsic and b)<extrinsic;- Many proteins
which are exposed to t@e'outer sqrche 0f the'membrane,
have carbohydrate moiéties.whiqhvhave an antigenic .
importance, 'Stérol-is‘anothervimporfant component of
eukaryotic >membranes whichAhas been shown to play an

‘important role in determining the fluidity of membranes0

The important functions of the membrane afe -
a) uptake of nutrients and solutes froﬁ the external medium
into fhe cell, b) removal of the residual'product in the
opposite direction enabling the cell to sustain'é definite
and.constant compésition. Membranes are also important
for cell to cell attachment and in many organisms e.g,

amoeba and paramecium, they help in their movement.

STRUCTURAL DAMAGE TO MEMBRANES :

Membranes are made of water, protein, lipid and carbo-
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t The thzd—globular protetn mosaic model with a quutd matrtx (the
fluid mosaie model). : |

1 26 polypeptides; 7 carbohydrates;_B_lipids.



hydrate., Let us briefly consider as to how these

individual components are damaged in vitro. Water:upon
radiolysis mainly gives hydrogen and hydroxyl free radicals
(,H and .Oerespectively). These may reconstitute to give
rise to hydrogen peroxide especially iﬁ aerobic condition.
On the other hand, protéins, which form 60% of the membranes
by mass, offer multiple loci for radiation-induced reactions‘
Loss of the function of proteins may be due to either
breakage of peptide bond or_oxidation of sulphydryl bonds

to disulphide bond and vice-versa or critical change in

the arrangement of side chains. All theée lead to a partial.
or total unfolding of the peptide chains thus producing a1
molecular disorganisation'that exposes several unwanted

amino acid side chains. This may change their active
conformation that ultimately alters theif properties, The
unfolding of the peptide chains could‘also}cause the different
proteins to aggregate hence produding‘a'decrease in solubility
and an increase in viscosity. The lipids, however, are

mainly attacked at the unsaturations, producing peroxides

in the presence of oxygen. Similarly, sugars in the absence
of oxygen produce highly cytotoxic, alpha-beta unsatufated

carbonyls.

In the membranes these four components are present in

close association with one another and hence the effect



préduced after the radiation attack is very. different.
One of the primary changes that occurs is the degrease

iﬁ electrophoretic mobility (EPM) of cel1s1 which was
shown in yeast (Rink énd-Teschendorf, 1977), erythrdcyfes
(Sato et al., 1979B; Sato et al., 1977A; Sato et al.,

'1977B), and thymocytes (Miyazawa et al., 1979).

The -ireduction in the EPM was suggested to be due to the

.féllowihg reasons:

1. Acidic sugars iike sialic.acid{mhyaluronic acid etc.
'whigh determine theAsurféce negati?e charge; were
dislocatedAthus decfeasing the‘surfacé eharge.

(Sato et al., 1977A; Sato et al., 1977B).

2. Presence of compounds like concanvalin A, phyto-
hemagglutinin (Sato and Kojima, 1974) or ion species
e.g. calcium ions (Sato et al., 1979B) or an enzymei
(Miyazawa et al., 1979) in the @edium, modified the
surface charge bylits binding;abilities.

3. Changes in fhe confo;mation.of the glycoproteins of
the membrane which led to translocation of the charges
from peripheral zones to deeper zones (Rink and
Teschendorf, 1977).

Along with the decrease in mobility, several other
 properties were affected by ionising radiations. Lipid

peroxidation (Yukawa, et al., 1979), free radical formation



(Flossmann and Westhof, 1978), iodinatioh'(Rodrigue and
Edelman, 1979), decrease in cell proliferation due to

the 1os$ of negative charge (Sato et ale, 1979A), oxidation
of membrane bound thiols in erythrocytes (Shapiro et al.,
1969; Sutherland and Pihl, 1968), thymocyte (Chapman-and
Sturrock, 1974), and yeast (Rink, 1975)..ioss of antigenic
propertiés”of lymphdcytes.(Facchini et al., 1976), chahges
in membrane potential (Baisch, 19?8) were the primary
events which_totally disturb the normal metabolism of the .

ceil‘whichvmay lead to cell death.

Howevér,'the above; mechanisms weré an .indirect
indication of membrane damége.' Direet evidence for a
possible radiation damagé came from fluorescent probe
‘studies, Lipophilic and amphiphilic flubrescent probes.
have played a usefﬁl fole in the study of certain |
properties of biological membranes such aé lipid phase
transitions, microviscoity and structural organisation
of 1ipid bilayer. The primary inferesf in many of thése
studies hés‘been to establish a relatioﬁ between changes
in the‘funétioﬁal state of a membrane and changes in its
»conformation and dynamics. Yonie and Kato (1978) studied
the effect of radiation on the membrane b& using a
fluorscent probe, 1-amino-8~napthalene sulfoéate (ANS),

Decrease in the micro-viscosity or increase in fluidity of



the membrane was recorded, which was due to the s
disorganisation of the proteo—lipid associations.
Furthef.investigations by intrinsie fluorescence probes
showed that the changes iﬁ fluorescence could resﬁlt’
from a change in the environment surrounding tryptophan
residues from being relatively pbnfpolar té being polar,
implying thgfcqnformatienal changes of the membrane.

‘proteins are brought about by low doses of X-rays.

Ultra-violet fadiations (254”nm)_weee also shown to
damage the membranes of erythrocytes (Konev et al., 1978;
Lordkipanidze et al., 1978; Roshchupkin et al., 1976).

Lipid peroxidation-(Lordkipanidzé et gi.. 1978; Roshchupkin
et al., 1976), sulphydryl and disulphide damage’(Roshchupkin
et gl.. 1976),, free radical formation (Azizora et al., 1978)
inhibition of enzymes of the membranes (Esteves et al., 1978;
Konev et al., 1978) were the changes due to ultra-violet

radiations.,

EFFECT OF RADIATION ON MEMBRANE FUNCTIONS :°

Most of the work done regarding radiation'damage has
been concentratéd on nucleic acids, Only in early 1950's,
scientists started observing thatgexposure df'cells to any
radiations i,.e. ionising or non-ionising, produced some
functional-démages in the membrane of prokaryotes as well

as eukaryotes,.



DAMAGE TO MEMBRANE FUNCTIONS IN PROKARYOTIC SYSTEMS :

Most of the studies of radiation effect: of
prokaryotés'were done in E. coli (Bhattacharjee and
Samanta, 1978; Sprott et al., 1976; Sprott and Usher,
1977; Joshi et al., 1977; Gholiopour and Yatvin, 1979).
Uitra-violet light, which is known’primariiy to attack
nucleic écids producihg drastie effects like formation
of pyrrimidine dimers (Zelle and Hollaender, 1958Y, was
also shown to affect hembrane processes (Sportt et al.,
1975; Kashket and Brodie, 1962; Jaggef, 1972; Brgggi 1971).
An ighibition of the active uptake of several.amino acids
. was dﬁsérved, which was different for different wave-
lengths in near ultra-ﬁiolet-and visibié}range. ﬁence‘
 presence of three or four-photosensitiiefs,-which may be
quinones or cytochromés, was suggéstéd by Sprott et al.,.
» (1976). Inhibition of oxygen ﬁpﬁake (réspiration)'was
also Qbservpd, which was probably due to sdﬁe chaﬁge in

4

ca?”, Mgz., ATPase activity. However, studies with a

ATPase mutant of E. coli proved that ATPase was not involved,

‘ Carbohydrate uptake'was also found to be inhibited
foliowing\UVBradiation; Doyle and Kubischek (1976) studied
sorbose uptake and'found that its inhibitioh by near ultra-
violet light was directly related to the inhibition of the

permease specific for its uptake.
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Bharadwaj and Lakhchaura (1976) reported no inhibition

of respiration by neér ultra—violet.light in Bacillus cereus
cells., Far ultra-violet light (254 nm), however, produced
cessation of respiration only in adequately aerated E. coli
cells. 'Specifie'activity of superoxide dismutase, which
_scavenageé superoxide anion (O;)’radical. was high in such
coﬁditions, but it was found to play ne role in the reduction
of reSpiration and cell'death. The inhibition of fespiration
was actually found to be due to the Synthésis of a protein
which produced cessation of respiration and whose synthesis
got delayed in inadequately aerated conditions (Joshi gt al.,
1977) . |

- Effect of ionising radiation on the membrane-bound
enzymes (Mitchell, 1979) and intracellular enzymes playing
a role in the uptake of molecules (Gholiopour and Yatvin, 1979)
in prokaryote was also studied. There was no effect of YUV
radiations on the activation energy of the exonuclease in
membrane bound as well as in soluble condition in Mibrococcus

radiouridans cells. However, some changes were brought about

in the intracellular enzyme involved in phospholipid metabolism

‘by iemnising radiation in E. coli.

DAMAGE TO MEMBRANE FUNCTIONS IN EUKARYOTIC SYSTEM :

YEAST :+ Yeast has not been a’ very pOpular organism with

" scientists for the study of radiation damage to membrénes
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inspite of its'having a sinmple eukaryétic strnucture.
Scarce data is available and most of it has relevance
to tﬁe role of sulfhydryl groups in radiation damage
(Rink, 1975; Brunborg, 1977), potassium and sodium ion
permeability (Rink et al., 1969; Rink et al., 1972; Rink
and Bergeder, 1976) which may léad té inactivation of
certain importaht intracellular enzyme, whmselactivity
depends on these ions, Even a small damage.to_potassium
ion permeability affected the potassium ion dependent

enzyme- aldehyde dehydrogenaée, in S. cerevisiae (Rink

and Bergeder, 1976). Alteratién in the uptaké of these ions
was very much dependent on the membrane bound sulfhydryl
groups. On protecting the sulfhydryl groups by reagents
liEe.glutathione, a simultaneous decrease in the abnormal

efflux of potassium ions was observed (Rink, 1975).

Takashi and Kobayashi (1977) reported an increase in

permeability of S. cerevisiae cells, which was due to the

attack of singlet oxygen and this led to an imbalance
of the intracellular substances which was followed by -

death without apparent chromosomal damage. -

In general, the yeast cells ére cehparatively more
resistant than mammalian cells to the lethal effects of

radiations (Myers, 1970).
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MAMMALIAN SYSTEM : Erythrocytes have been used extensively

‘to'see the effect of various radiations since they pdsses a
functional membrane but no nucleus and other intracellular.
organelles, Hence, it offers a beautiful system to follow o
the effect of rédiation on membranes alone, vIncrease’in-.
potassium ion efflui and,uptake of sodium ion were the

first effects. of radiations to benoticed By Shepphard and
"Steward (1952), Buchsbaum andVZirkle (1949), Maeys and %ide
(1966), Kankura et al. (1969). They noticed a shrinking,
then a swelling followed by haémolysis of the erythrocytesb
after exposure to X-rays; Bresciani et al. (1962) suggestéd
that ieakage of potassium jons and upfake of sodium ions.
was due to the reduction of active transport; however,
Shapiro et al. (1966) later observed that there was no .~
reduction in active transport but probably sulfhydryl daﬁage

was the main cause of the effect.

-

Uptake of amiﬁo acids were shown to be stimulated in
the rat liver cells following whole body expoéure to.gamma-
radiations (Flory and Neuhaus, 1978; Neuhaus and Flory, 1976;
Shihabi and. Neuhaus, 1971; Yang and Neuhaus, 1971; Kilberg,
_and Neuhaus, 1975). Only the sodium dependent aminooacids
L-system) were found to be stimulated e.g. alpha-amino
isobutyrie acidb(AIB), N-methyl AIB, cycloleucine, L-methionine
and glycine, These five amino acids were also mutually inhibitofy

‘to each other in normal and irradiated tissues. Hence, this
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Eonfiégd the presence of a single, stimulatable transport
system in the rat liver which was controlled by hormones

like glucogan (Kilberg and\yeuhaus, 1978).

Ienising radiations were shown to decrease Na+K+
dependent.AIB tranéport system in rat thymocytes (Kwock
end Wallach, 1974). 'ProEablyvthe coupling factor was
radiosensitive which affected either the rate of substfate

turnover or the number of carrier sities.

A decrease {n.the absorption of glucose and proline
- by exteriorized ileum (Mohiud@in et g;., £978) and different
amino acide like, lysine, £ -AIB, methioenine, alanine and |
glycine by an intestinal preparation from rats (Timmermans
et al., 1977), were also.some of the membrane changes

observed following X-rays.

Ultra-vielet radiations were also shown to produce
mémbrane permeability changes in both plants (Daughty
and Hope, 1976; Roy and Abboud, 1978) and animals
(Putvinsky et al., 1977; Konev et al., 1978; Sontag, 1977).

In Chara corallina (Daughty and Hope,’1976), a dlfferentlal

effect of wavelengths was observed on membrane properties
e.g2. hyperpolarized state, action potentlal and action
spectra. The parameter considered for these properties
was the active and'passive\chloride ion permeability. A

model was proposed where 254 nm radiation was suggested to
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attack proteins with sulfhydryl groups while the
_possible targets of 285 nm radiation were the aromatic
amine acids. Cation permeability (Ca++ énd Sr*+) was
also shown to decrease by 900 J/mz'of ultra-violet

radiation in Phaseolous vulgaris (Roy and Abboud, 1978).

This effect was reported to be correlated to loss of
active transport of the ions as a result of respiratory

unéoupling.

The receptor’functions_of the ﬁembréne of lymphocytes
(Facchini éi'g;., 1976), known to be one of the most radio-
sensitive cell tyﬁeé (Vogel and Ballin, 1955; Saivin and
Smith, 1969) and fibfoblasts (Koteles, 1976), were also

_shown to be damaged on exposure to ionising radiation.

POSSIBLE MECHANISM OF RADIATION DAMAGE :

As for the mechanism of radiatibn_damage to'membranes,
.péroxidation of 1lipids has often beeniimplicated. When
cells are>irradiated in'aeroxed liquid media, ,OH and .H
4radi¢als and also hydrated eléctron (eaq-) are froduced
with radiolysis of water.

H,0 ---=--> H. + OH.

;G e J— 3 Héo++ e
e + Hy0 --=3 e aq
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However, when oxygen is present, the following reactions

possibly occur -

H. + O  =m=m=mm-—- > HOZ' (peroxyl radical)

_ ‘ e + . '

HOZ. + HOZ' ‘ > 0, H202 (hydrogen perox1de)
" e” ag + Oy ==m=- ———— > 0, (superoxide anion)

The lethab action of oxygen may be prevented by the action
of superoxide dismutase (Petakau and Chelack, 1976) which

scavenges 0.

in thié context, the &irect and indirect effects of
radiation need to be mentioned., Indirect effect is thmough
the radiolysis of water when the H. and QH; radicals attack
any macromolecules of the cell, while &hen the radiation
direcfly attacks the macfomoleéules of the cell, it is the

direct effect_dfvradiation (Fig. 2).

In the study of the radiation effects of membrane, the
two primary macromolecules_éffected are lipids and proteins.
In this context, the role of oxygen in mediating lipid .
peroxidation due to its reactivity with the radiation
induced free radicals, is.relevant (Mead, 1952; Raleigh
et al., 1977). The reactions which have been presumed to

occur during the autooxidation of lipids are shown in Fig. 3.

The peroxidation of the membrane lipids was shown

to cause destruction of many susceptible membrane and
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Indirect< Tonization and Direct
" Excitation ‘K//
) __ Primary!
y ‘Radicals
N
Aqueous system
HZO radicals \
ey H., OH., P Mntermediate
H. O ' Radicals
2 2
N
Lecondary
o 7 Radicals

) NG
\ Macromolecular .

- Damage

Fig. 2: Figure to demonstrate that a number of reactions

take place and a variety of products ‘are formed

when a macromolecule of the cell is exposed to

ionising radiations.,



Initiation
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—H. llnitiotor

Propogution

RO,-RH —# ROOH + R.

Termination
2R,/ RR
2 ROp—=ROOR+0;7 > Polymers
RO2.+ R—=ROOR |

Fig.3. Auto oxidation of Linoleic acid
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tytoplasmic constituents such as oxidisable small
molecules, certakn ehzymes (Bernheim et al., 1952) and
other membrane structures such as lysomomal membranes

(Tappel, 1968) and cytoplasmic proteins (Tappel, 1966).

Since lipids were shown to play an important role
in the membrane permeability (Gutknecht and Walter, 1979;
Suckling et al., 1979) their structural alteration was
bound fo bring gﬁout functionai changes. Decrease inv
microviscosity or increase in the fluidity of the membrane
were the primary effects observed following irradiation
(Lekyo et al., 1979). However, thése processes were v
seen to be repaired to a small extent by the rapid uptake
of some lipids and also_due to the presence of an aﬁti-
oxidant «l-tqcopherol in the membranes (Hansen et g;.._

1978; Patternson, 1979).

A change inlthe composition of the membrane lipids
by growing the E, coli in diffefent média containing
different 1ipids was ‘shown to affect the radiosensitivity
of the organism (Redpath and Patterson, 1978; Yatvin, 1976;
Suzuki and Akamatsu, 1978; Baldassare et al., 1977). Most
of thg experiments done to study thé role of lipids were
done on liposomes (Mandal et al., 1978). Whereas Suzuki

(1978) said that the unsaturation was directly related to
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radioresistance with respect to K¥ permeability, Yonie

and Kato (1978) repofted that it was the disturbance in

the proteo-lipid association thatvalteréd'the functional
capabilities of the membrane. Ultra-violet radiations were
also shown-to produce perbxidation in such systems and
this was direptiy correlated to leakage of chromate:

" (Cr,0;) trapped in the liposome (Mandal et al., 1978).

Forgoing discussion revealskthat severél repbrts
haﬁe appeared to deanstrate that membranes are the
target. of various kinds of radiations. However, the role
of various membrane components e.g, lipid, proteins etc.
in terms of providing radioprotection or'radiésensitivity
to membrane is far from ciéar. "In fact literature shows
almost’paucity in this respecf. The work presented in
this thesis was initiated with this objective i.e. to
aésess'the effeét of radiation (in this case gamma-
radiation) damage following altered composition-df plasma

membrane,

ks

Earlier work from this laboratory on'Candida albiééns,
a pathogenic yeast, characterizes the different amino acid

permeases. Thus, Candida albicans has been selected for

present study to follow the effect of v -radiation on its
cellular permeability (amino acid uptake), This yeast has

also been shown to grow in different-hydrocarbons (alkanes)
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and that results in gross membrane lipid compésition.
This thesis embodies the results pertaining to the
effect of v-radiation on its sUrvival and amino acid
‘transport. An attempt has also been made to alter
meﬁbrane lipid composition and follow the effect of

v -radiation on amino acid transport in such cells,



MATERIALS AND METHODS - : 20

Organism and Growth Conditions:

Wild type Candida albicans strain was obtained
.froﬁ National Chemical Laboratories, Poona, India. The

cultures were grown for 48 hours on slants containing -

Yeast extract - 1.0%
Peptone - 2.0%
Sucrose - 2.,0%

Agar - 2.0%

Distilled water

100 ml

© After growth slants were stored at 4 C for 3-4 weeks.

| Of these, agar, peptone and yeast extfact were
obtained from ﬁifco, USA. Bovine serum albumin (BSA),
Folin reagent, cycloheximide, Dithionitrobis (DINB),
2,5~-diphenyloxazole (PPO), 1,4 bis 2-(5-phenyloxazolyl
benzené) (POPOP) and amino acid kitaweré obtained from
Sigma Chemical Company, St. Louis; U.S«As Trichloroacetic
acid was from Merck Co., Germany. Uniformly 1hc_1abelled
amino acids were obtained,from Bhabha Atomic Research
Centre, Bombay, India. Millipore filters £22 cm., 0.45 um
pore size) and maxflow filters Were obtained from Millipore

Corporation, USA and Maxflow, Bombay, India, respectively.

The yeast cells were transferred from a slant into

a synthetic minimal medium containing glucose 0.5% (w/v);
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KH PO, 0.3% (w/v); (NH,),S0,, 0.3% (w/v); MgSO,, 0.025%
(W/v); CaClz,v0.025% (w/V)Jana biofin, 0.001% (W/V), |
Cells were grown at 3000 for about 14-18 hrs and -
inoculum,(é ml for 100 ml) was then transferréd to the
same medium. Cell gfoﬁth was monitored turbidimetrically
by reading the absorbancé at 460 nm in a Bausch and Lomb
Spectronic 20 speétrophotometer,- For various studies
namely uptake of amiho acids'and O2 ﬁptake, cells growing
in the mid éxponen%ial.phasevof growth were harvested

(7 hours after incubatioh) by centrifugation (150d X g
for 10 minutes), washed three times with sterile,distilled'

water and suspended in the same.

Irradiation pfocedure -~ 3 ml of cells, adjusted to

0.3 0.D. at 460 nm by Eéusch and Lomb‘Spectronic 20 were

_ takén in small petri dishes and then exposed to gamma
radiation in a 5600 Ci 6OCG-gamma éhamber (BsA.RJCs~- Bombay,
India) at the dose‘rate'of 4y r/sec. (temperature - approxi-
mately 250C). The dose-rate was determined by ferrous

sulfate dosimetry.

Survival studies - The cells wefe_diluted to 103 times

in sterile distilled water by the simple dilutionvtechnique.
0.1 ml of such diluted cells were plated in the agar'mediumv
‘containing 1% yeast extract (w/v); 2% sucrose (w/v); 2%

peptone (w/v); 2% agar (w/v). The platés were then incubated




22

at BGOC for 24 hours and then the_humber‘of cohonies in

- the plates were counted.

Uptake bf,different amino acids - Reéction-mixture
containing normal or irfadiated or prbline grown cells were
preincubated at 30°C for 10 minutes after the addition of
cycloheximide in a rotary shaker. The reaction mixture
had 0;7 ml of cells (40-50 ug’pfotein),'0.05 ml\cyclohexi-
mide (final concentration 200 ug/ml).- The reaétion was

initiateﬁ_by the addition of Mc_1abelled L-amino acids
| (proline 1 mM; glycine 0.55 mM; lysine, 1,66 mM; glutamic
acid, 0.83 mM) to the éssay mixture, At pre-set time
intervais 0.1 ml aliquofs &ere removed with an Eppendorf
pipette and immediately diluted'in 2 ml of chilled distilled
water., The diluted suspension was rapidly filtered through
0.45 mM millipore filter and washed two times. The filters
were dried and radioactivity retained was counted in a
Packard Scintillation Counter, using a scintillation fluid
containing - 4 gm PEO (2;5 diphenyloxazdle)and 0.1 gm POPOP

(1,# bis 2-(5-phenyioxazolyl benzene» per litre of toluene.

Measurement of Oxvegen Uptske:

The rate of oxidation by normal or irradiated cells
Was measured polarographicélly at 300C with an oxygen
monitor (yellow spring instruments Co., Ohio) according to

Estabrook (1967). The oxygen uptake was assayed in a final
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volume of 3 ml, .The vedsel contained 1 ml of cells

(60-70 ug protein) and 2 ml of distilled water.,

-Alkane Grown cells:

For such cells, glucose of:the synthetic minimal
medium was neplabed by 0.25% (V/V) alkanes of different.
- chain lengths in the growth media. Suqh cells were grown _
for 48 hours to reach the.mid exponential phase and then

harvested for further studies.

Preincubation With Proline:

Proline solution wag added to the exponentially
growing cells at 6th heﬁr and cells harvested after an
hour of preincubation. Such cells were;irradiated'and

then used for further studies.

-Protein was éstimated by the method of‘iowry et al.
(1951). Yeast cells were boiled in 10% TCA for 30 minutes
to release tightly bound protéins. After cooling, suspension
was centrifuged and the supernatant discarded, After
complete removal of TGA from the precipitate, it was
dissolved in 0.1N NaOH. To suitable aliguots (containing
50-~200 ug protein) 5 ml of protein reagent (mixed 0.5 ml
of 0.5% CuS0y.5H,0 and 0.5 ml of 1% Na-K tartarate'in
50 ml of 2% Na2GO3 (made in 1.0 N NaOH), was‘added. GColor
inténsity was read:” aftef 30_minutes af 560 nm using bovine

serum albumin as standard.
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Sulfhydryl Estimation:

The sulfhydryl groups of the membrane were determined
by Ellmann's method (1952). The reaction mixture consisted
of 5 ml cells; 2 ml of 0.1M thSphate buffer (pH 8.0), 2.5 ml
sterile water and 0,5 ml of 5-5' dithiobis (2 nitro benzoic
acid) (éontaining 39,6 mg of reagent in 10 ml of 0.1M POLF
buffer, (pH 7.0). After centrifugation (1500 x g, 10 minj,
“the color intensity.of the supernatant was measured in

Bausch and Lomb Spectronic 20 at 420 nm.
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'EFFECT CF“Y-RADIATIONS ON CANDIDA ALBICANS CELLS SURVIVA;
) Before_investigating any stwnctufal or functional
al@efations following exposure of cells to gamma radiations.
fheir survival or colony forming'ability was studied. Candida
albicanslrcélls, grown on minimal media, were exposed f@
different doses of v-radiations (5, 10, 20 and 60 hh)‘as
described in Materials andeethods section., As can be seen
from Fig. %A, the LD-50 dose (a dose required to kill 50%
cell popﬁlation) for such cells was 6 kR. As cbmpared to
initial rapid drop in per cent survivors, the sur?ival

drop was rather slow at higher doses of radiations (Fig. 4A).

As discussed in the introduction section of the
thesis Candida albicans cells can grow on various hydro-
carbons (alkanes) of varying chain lengths and as a
consequence to this, membrane_lipid compositiongof such

cells was altered.

Lipid contents of alkare-grown cells - In all the
n-alkanes used, the growth rate of yeast cells was five
to sii times slower than the cells grown on glucose medium
(data not shown). The cells were allowed to grow to mid o
log phase, harvested and then total lipids extracted. With
the increase in chain_length df n-alkanes (C-13 to Cb18),
there was a gradual increase in the total lipid contents

(Table I). Furthermore, there was about 4-fold increase



Fig. 4 SURVIVAL OF CANDIDA ALBICANS CELLS FOLLOWING
EXPOSURE TO GAMMA-RADIATIONS

- Colony forming ability of the célis was followed
as described in Materials and Methods.
-(A) (x) survival of glucose grown cells,
(o) survival of proline preincubated cells,
(B) Survivél-of cells grown insdifferent alkanes;
(0) C-13;  (®) C-1k; (4) C-15;
(4) C-16; (2) c-18.
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TABLE I
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TOTAL LIPID CONTENTS OF GLUCOSE AND N-ALKANE-

GROWN CANDIDA ALBICANS CELLS

Total Lipid Fold

Phospholipid

,Carboh

source (mg lipid/mg protein) increase

Gluciase 0.01 - - 15
Tridecane 0.16 - | -196 36
Tetradecane 0. 20 2 ' 35
Pentadecane 0.25 2.5 22
Hexadecane 0.38 - | | ‘3.8 1k
Heptadgcane 0.45 B 8
Octadecane O.Q7A : ‘ 4,7 12

Lipid extraction was done as described by Singh et al. (1978).
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in the total lipid content in C-17 and C-18 grown cells

as compared to glucose grown cells.

There was no significant change in-total efgosterol
in cells grown 6n C-17 and.C-18 n-alkanes, However, it
was 20-40% more in n-alkanes of lowerbthain_lengths _
(C-13 to C-16) (Table II), as compared to glucose grown
vcélls. There was also no significant difference in total

glyceride content (Table II).

-

a Phosghdlipid composition in alkane grown cells - In
contrast with C;ié,AC-17'and C18 grown ceils) The total
phospholipid contents Were ébout 2-fold higher in C-13,
C-14 and C;15 cells as compared with the gluccse grown
cells (Table i), The differencés observed in tbtai
phospholipid contents became more clear “when the-lipids

of alkane grown cells were analyéed for their individual

phospholi;ids (data not shown).

Mishina et al. (1977) have recently anélysed_lipids
qf C. tropicalis and C. lipolytica grown on n-alkanes and
vgiucose, The increase in total 1lipid contents in C. tropicalis
cells have been due to an increase in the phospholipid content.
But in C-16, C-17 and C-18 cells, the increase in total
lipids may bé due_to different reasons as the contents of

ergosterol and glyceride are not enoughf to explain the
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TABLE _II

ERGOSTEROL AND GLYCERIDE CONTENT OF CANDIDA ALBICANS
CELLS GROWN IN GLUCOSE AND N-ALKANE CONTAINING MEDIUM

Carbon Ergosterol Content Glyceride Content

sources . (mg ergosterol/mg'protein) (mg glyCeride/mg_protein)
Glucose ‘  015 _' . | .01
Tridecane | ;022 : o | .09_,‘
lTetradecénev | - .020 1 ' .012
_Pen£adecane | .017 | o1t
'Hexédec;nev ." 018 o | | .09 .
Heptadecane ;015 , .013
chadecane | ;015; : .012

‘Ergosterol and glycéride contents were estimated as .

described by Singh et.al. (1978).
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observed lipid accumulation. - Therefore, the differences
observed between the two strains of Candida @smay reflect
thoir Véryihg metabolic capacities. The préparation of
membrane vesicles from.glucose and alkane gfown cells
have revealed tﬁat such_lipid changes observed with‘the.
whole cells are mainly aSSOCiated with membrane lipids.
Theréforo; altered lipid composition of whole cells
indirectly reflects chéhges associated'with the plasma
'meﬁbrahe, justifying our app;oach to use.Such cells to

assess their radiosensitivity.

In order to assess if afor?Aentionéd lipid changes
in alkano‘grown cells would in any way affect the survival

of‘Candida albicans cells, these cells were also irradiated

to y -radiations at similar doses. It'was observed that
ILD-50 dose for different alkane grown cells was significanfly
higher (LDH50, 12-20 kR) as compared to giucosé'grown cells
(Fig. 48)., This would sﬁggest that probably the lipid
accumulation or changes in alkane‘growﬂ cells offers a

slight protection towards Y-radiation exposﬁre effect as

was'judged by cell survival.

Effect ofY-Radiations on Amino Acids Transporti

Uptake of various solutes is an index of cellular
metabolism of a normal cell. Therefore, any change in
cellular permeability would indirectly reflect subsequent

' metabolic changes‘too. Recently, membranes have been
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discﬁssed as a,primary_sifé-of radiation interactionr
”(introduction part of fhis thesis), therefore uptake of
various amino acids was selected as.an_indei of membrane
function to faéllow the damage'to ﬁransport'after exposing .

the cells of ¥-radiations.

Uptake of L-proline,.glycine, L-lysine and L-glutamic
_acid was studied in glucose;and'alkane grown Candida o
albicans cellé»exposed to Y-radiations. These amino acids
"have already been'shOWn to be tfansportéd by carrier medidted
active uptake system (Jayakumar et alg, 1978) Fig.. 5 (A-D),
raveals the uptake of four different amino a01ds in normal
Candida alblcans cells. Follwwing Y-irradiations, a decrease
in the transpoert of all amino'aéidslwas 6bserved. Howevef.
the inhibitionrwas more for proline and 1ysine (80-85%_

) inhibitién), as compared to glycine and glutamic acid uptake
(70% and 60% 1nh1b1tlon reSpectlvely) For each amino acid
dlfferent dose of Y—radlatlons was requlred to get 50%

reduction in their total accumulatlon,

Amino Acids - ' Dose

Proline 6

Glycine 25 Data taken from
. | Fig. 5 (A-D)

Lysine ' 17 : '

Glytamic acid 23



*ig. 51 TRANSPORT OF PROLINE, GLYCINE, LYSINE AND
GLUTAMIC ACID IN CANDIDA ALBICANS CELLS GROWN
IN GLUCOSE CONTAINING MEDIUM

Uptake of amino acids was followed as described
in Materials and Methods.
(*) wuptake of aminoe acids in glucose grown cells.

(o) wuptake of proline in proline preincubated cells.
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It had been earlier shown that Candida albicans
tobk up less proline and lysine when grown in alkanes as
combared to‘glucose grown célls (Singh et al., 1978).
However, there was né effect on fhe uptake of glycine
and glutamic acid. It was, therefore, suggested fhat
different amino acidé permease respond differently to
changed lipid environment. 1In order to investigate, if
the lipid changes observed in alkane grown cell7khd any
' efféét on the amino acid uptake systems fdilowihg-exposure
to ¥ -radiations, the transport of.proliﬁe, glycine, glgtamic
acid and lysine was followed in these ceils (Fig., 6 A-D).

The transport after low and high doses of radiations in

alkane grown Candida albicans cells is shown in Table III.
As shown there, the transport 6f.pr01ine ahd glutamic

acid was less severely affecfed in alkane grown cells as
comparéd to glucose grown célls,‘ In other words, a

_ resistaﬁce was observed in proline and glutamic acid uptake
by alkane gréwﬁ Céils at all doses. However, when the
transport of lysine was studied, éuch resistance was

seen only at high doses. Glycine uptake on the other hand,
exhibited a wide variation within the different élkanes at

all doses étudied.

Effect of Y-Radiations on Oxygen Uptake:

'As observed from the above results, the transport of
four amino acids was sighificantly affected by Y-radiations.

Earlier étudies, from this laboratory have demonstrated that



Fig. 6: TRANSPORT OF PROLINE, GLYCINE, LYSINE AND
| GLUTAMIC ACID IN CANDIDA ALBICANS CELLS GROWN
IN ALKANE MEDIUM

Uptake of.amino acids was done as described
in Materials and Methods. \

(0) C-13; () C-1k (8) C-15;
(a) C-165 (m) C-1%.
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TABLE III

' PERCENTAGE TRANSPORT OF AMINO ACIDS FOLLOWING GAMMA-IRRADIATION OF CANDIDA
ALBICANS CELLS.

Medium | | % Transport _
Proline Glycine @ __ __Lysine Glutamic acid
5 kR 60 kR 5 kR 60 kR’ 5 kR V6O kR 5kR 60 kR
Glucose 52 15 75 25 80 ' i5 77 ' 34
C=13 74 67 : 71 34 84 - 52 90 67
C-14 78 63 80 52 54 w785 67
C-15 66 60 46 .15 78 s 79 62
C-16 89 64 71 3% 80 63 92 64

C-18 69 57 62 20 70 ho 80 70

The above values are calculated from Fig. 6.

88
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oxidation is a prerequisite for the amino acid uptake.
Studies'were, therefore, undertaken to examine 1if there

was any effect of ¥-radiations on qéllular oxidation.

Normal cell exhibited a respiration rate of OJ67/pmoles‘
.of oxygen per mg of cellular protein per minute- whlch was
decreased to 54% (0.074 umoles/mg proteln/mlnute) follow1ng
5 kR.of'Y-radiation exposure. There was even more décrease.u
in oxygen utilization at higher doses of irradiation. The
oxygen uptake was reduced tp 22% (0.037 umoleé/mg protein/

minute) of its normal rate at 60 kR of ¥-dose (Fig. 7).

When Candida albicans.cells grown on different alkane
media were irradiated, it was obéefved that there was no
change in the oxygen uptake between normal versus irradiated
bcells at low doses (Fig. 7). However, at higher doses
(60 kxR), Slight decrease in éxygen uptake was observed and
this decrease varied for different alkanes (0.02 umoles/mg
protein/minute). It is pertinent to mention here that

oxygen consumption of alkane grown cells is drastically

reduced as compared to glucose.grown normal Candida albicans
cells kSingh et al., 1978). The effect of radiation on
oxidation reported here, are oﬁ the left over oxidation
rate.

Effect of Radiation on SH Groups:

. &
The sulfhydryl groups form one of the most reactive

and ubiquitous ligands in biological systems, It is



Fig. 7:

OXYGEN UPTAKE IN CANDIDA ALBICANS CELLS GROWN

~ IN GLUCOSE AND ALKANE MEDIUM.

.Details regarding the measurement of oxygen

uptake'are described in Materials and Methods.
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involved in many membrane functions. .Differént sulfhydryl
reagents €., N—ethylmaleimide (NEM),.p-chloromercuribenzene
sulphonic acid (pCMBS) have, been shown to alter proline
uptake and oxygen consumption at different ooncentratlons
(Jayakumar et als, 1978) which suggested the involvement

of SH groups in the transport processe Candida albicans
cells were exposed to -r-radiations and the molar concentra-
tion of exposed SH groups was determined. No significant
variation_in SH concentration was observed following
irradiation at all doses. The normal unirradiated cells

had 0.375 x 10 4M of -SH groups that were slightly decreased

-k

to 0. 325 X 10°°M per mg protein.,

" Preincubation Studies:

Apart from the constitutive system of uptake an

L

inducible proline transport system has also been shown to

be present in Candida albicans cells (Jayakumar et al. 1979).

The inducer was found to be proline and no other amino acids
was able to induce the system. Such induced cells were

irradiated and their survival and proline transport studied.

‘The LD-50 value for such cells was shown to be 10 kR
(Fig. 44), which was higher than the normal glucose grown

cells suggesting a slight resistance towards radiation

exposure. Such resistance for prollne uptake was also

Nhn?
observed at all studied doses (Flg. S5A). Table IV shows the

percent transport in normal_and preincubated cells following

5 kR and 60 kR of radiatidn exposure,
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TABLE IV

'PERCENTAGE TRANSPORT OF PROLINE FOLLOWING GAMMA-
IRRADIATION OF CANDIDA ALBICANS CELLS

Dose ' v Iransport
: Normal cells Preincubated cells
-5 kR 52 76
60 kR - 15 i . 38

- The above values are calculated from Fig. 5.



DISCUSSION

There is overwhelmingvekﬁerimental data to readily -
implicate the radiation-induced lesions of DNA in ﬁringing
about the abserved»lé§s of survival, chromosomal aberrations,
mutations and cell death. The éxperimental datalsﬁowing'
that the chemicals which affect the replication and
trahscription of DNA also modify the radioseﬁsitivity,

"lend massivevéupport to the view that DNA is the primary
target, -The_demonstfatioh of a relationship between the
interphase chromosomal volume (ICV) and radiosensitivity

is also an additionai-suppért for implicating DNA as the

ma jor target of the action of radiation. In }ecent years,
however, the possibility that the radiation damage to
membranes could be és‘much important and relevant in
-élucidating the mechanism(s) of radiation damage and then
acheiving a control éver radioprotection and rédiosensitiza-
‘tion, is becoming increasingly evident., One evidente in
this regard is that membrane fractions exhiﬁit ia much |
“higher oxygen enhancement ratio (OER) than the DNA. Not
'withstanding a'feWISCanty reports (Rink, 1975; Myers, 19765
Sprott, et al., 1976; Mitchell, 1979) in the literature,
theré is still no clear'demdnstration of radiation effects
on membrané‘strﬁcture and function and conséquentiy the

role of membranes in radiobiological damage.
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- In this dissertation, an attempt has been made using
a péthogenié yeast, Candida albicans, as a model system,
to‘follow qhanges in membrane related phenomena e.g.
ubtaké of amino acid, cellular oxidation, conformation
of splfhydryl groups etec, folléwing the exposﬁre of celis

to ¥-radiations.

One ‘of the first things studied was the ﬁoséible
relationéhip between the loss of survival (Fig. 4A) and
the uptake of four amino acids (Fig.‘E). It was ébserved
that following irradiation, the accumulation of theée—'
amino acids was reduced but the exfent of inhibition of
accumulation of these a@ino acids was variable. These
amino acids have been shown to be transported via different
permeases present in the'hembraﬁé;'lConformational changes -
of the permease by UV fadiations has been shown in E.‘gg;;
by Doyle and Kubitschek (19769.and the same could possibly
happen with regard fo"—radiations. The observed variations
with regard to the inhibitipn of accumulation of these
amino acids may be due to the difference in the acqggﬁigﬁlity)?
Qf the different permeases to‘r-radiatiqné and hence this
asymmetric localization of various permeases may affect

their radiosensitivity towards v-radiations.

Loss of -SH-groups may be one of the primary reasons
for the molecular disorganisation of proteins of the membranes:

which leads to tranéport changes as shown by Rink (1975), in
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Saccharomycés cerevisiae. - However, our results do not

demonstrate any noticeable change ir&.‘cotallan}'«vailabl(-:-~

-SH groups during and after irfadiation of Candida
albicansg cells to different doses, Hence, unlike E. colil
(Doyle and Kubitschek, 1976), the decrease in the accumu-
lation may not be,solelyidué to change in conformation'of
prgteins but may depend on the breakage of certain weak
bonds like hydrogen bonds and the disturbance of the
proteolipid associations as also suggeéted by Yonie and

Kato (1978).

A parallel,aecrease in respiration or oxygen uptake
and transport of amino acids by UV radiation has been
reported in E. coli (Sprott gﬁfgio3 1976). Earlier studies
" from our laboratory (Jayakumar et al., 1978) establ_ish'*@i
-the fact that cellular oxidation is necessary fbr active

‘aminc acid uptake in Candida albicans cells eventhough there

is no correlation between the two processes., So, we have
investigated the effect of‘quadiations on oxygen uptake.
Like survival and transport, this parameter has also been
found to decrease. This may be due to the inhibition of
the respiratory enzymes, However, this would not explain

the decrease in amino acid transport.

While discussing the mechanism of radiation damage

to the functions of membrane}we cannot leave aside the
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cellularrlipids which form almost ﬁalf of.ﬁhe massiof

the membraneso These materials, some of’whicﬁ contgin
allyl moieties with highly lsbile H atoms,‘are.particularly
sensitive to oxygen medieted radiatioﬁ damage (Tappel,
1973). Hence, lipid peroxidation may contribute to the;
radiatieﬁ-induced damage to membrane transport in Candida

albicans cells by disturbing the proteo@ipid associations.

It has been found in our laboratory that membrane
permeability changes on altering the lipid compositien of
- the membranes (Singh et al. {1978). Now by changlng the

llpld composition of Gandlda alblcans cells (Tables I

end I1), the question was asked if there was any‘effect.
of this alteration on the radiosensitivity of Candida
‘albicans cells., It is pertinent to mention here fhat
alkane grown cells transport these amino acids but the_
rate and level of accumulation was affected dlfferently
(decreases) in such cells whlch is Drlmarlly due to the
suppression of the functional protein related to the&
transport of amino acids. .Here, we have assumed the
data on membranestransportvto be a measure of structural
integrity of the membranes., The tenability of this |
assumption has been‘recently demonstrated by Hui jbers
et al. (1979) who %égfgerformed elecrro microscopic,
histochemical and cytochemical studies in liver tissue of

ducklings to study the structural damage to membranes
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following X-irradiation. This data confirms the fact
that alteration of memﬁraﬁe structure ig related to
permeabiiity changes on exposure to radiations. Our
studies reveal a resistance in the inhibition of glutamic
acid, - prollne and ly31ne (Flgo 6). The percéntage
reductlon of these amino acids was much less in alkane-
grqwn cells as compared‘to glucose grown cells»at similar
doses Qf radiation. However, a.differénge in the uptake
is ebsefved between the amino acids following irradiation
whicﬁ may be due to the fact that different darrier(s)
responsible for amlno acld tranSport respond differently
to the changes in the llpld ‘envlronment and become more

or less accessible to radiations. The difference in 11p1d

‘composition between the two cell types may account for the

differential radiosensitivity of cells grown in different
alkanes, The rate of oxygen utilization of alkane grown
cells swas only affected at higher doses of radiation

in contrast to glucose grown cells where the oxygen

uptake was severely reduced even at 1ower doses (Fig. 7).

Such a change in inhibition pattern of oxidation could
be attributed to lipid changes. The change in lipid

composition offers a kind of protection of oxygen utiiiiation.

It has been shown that oxidation of highly organised
lipid bilayers can damage DNA and the species of oxidising

lipid responsibge for this damage is unknown but it‘could
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be free radicals or non-radical compound (Pietrqnigro

et al., 1977). Moreoveé, the alteration of membrane
lipids has been shown to influence the damage to DNA
(Yaﬁvin, 1976; Redpath and Patterson, 1978). With

this in mind, we investigated the damage to survival

of aikane grown Candida albicans cells folloWing'exposure'
to Y-radiations. Like for transport, a resistance is
observed here also (Fig. 4B). Since fhe lipid éhanges

in such alkane grown cells are.mainly associated with

the plasma membrane fraction of Candida albicans cells,

therefore, a relationship between the DNA and memhrane
damage, owing to the changes in the membrane, is
implicated., Our results support the fact that alteration . (A

of membrane structure influences the rédiosensitivity 9;;:;,¥V”W;

of the Candida albicans cells to v-radiations. Hence, J*MJ\ ”YﬁP
: 4 Yo
the DNA dmage is mediated through membranes, \ﬂ%r5§) ol
. ,«/"Q [
) il ,.N‘-‘f
Survival and transport of proline have also been kﬁjﬁb?

studied in the proline preincubated Candida albicans
cells. The-ihduced uptake of proline is due io new
vsynthesis,of permease,responsiblé for proline uptake in

the membrane (Jayakumar et al., 1979). Effect of radiations

on such induced Candida albicans cells show a radioresistance

with regards to survival and proline transporte The

‘resistance may be due to the fact that the dose of radiations,
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which producéd_permeabiiity alterations by‘affecting a
_certaih'number'of.permeaSes in the normal membrénes;
now\act on enhanced namber of permeases. Hence, the
_radiainn‘effect gets diluted. However, such.changes
in thé membrahe also bring about a resistance ih the
survival asvéompared to glubose grown cells‘thus
confirming the suggestion, we discussed .above, thatA

BNA damage is correlated to the structura1 damage of

cellular membranes.

'However. oﬁr knowledge fegarding the radiation
effect on biopolymers such as lipoproteins,.lip%poly-
saccharides and 1ipopolysacchafide-protein of compleXes
which are important bonsituentsrof the cytoplasmic
Cmembfane and plasmalemmae, is very limited.Studies
are now underway in our laboratory to investigate any
other pbssible conformation change(s) following irradiation

with the use of various fluorescent dyes.

In the present study, the 1ipid.changes observed
are noé very specific, therefore, the involvement of a
specific lipid in radiosensitivity cduld not be ascertained,
"but it-is very clear that even such a gross lipid chénge

does affect Candida albicans radiosensitivity. During

the course of this work, a similar obseevation was reported

for E. coli cells (Y&tvin, 1978), where a change in lipid
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composition was demonstrated to affect the radio-

sensitivity of the organism. Efforts éré underway -
in our laboratory to sbecificallyAélter'the membrané
lipids by genetic or énviroﬁmental.manipulations'of

Candidavalbicans cells to elucidate the involvement

of various lipid components in radiosensitivity.
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