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INTRODICTION

One of the important functicns of the cell mem-
brane is maintenance of selective permeability in hoth
the temporal and physiological sensee. The 1ipid bi.
layer impermeable to hydrophilic substances surround-
ing the cell retains all matriemts within the confines
of the cell (Lieb and Stein, 1974). Metabolic waste
products leave the cell, cells comunicate with one
another via chemical messengers and cells utilize a number
of essential and useful nutrients present in the extra-
cellular space. To make use of nutrients from extra-
cellular space, cells have evolved mechanisms for the
uptake of nutrient molecules which are unable to
permeate through a lipid bilayer.

Eukaryotes possess two general types of mechanism

for bringing small nutrient molecules into the cell:

1) an energy-dependent transport system able to esta-
blish a concentration gradient across the cell menmbrane
{Christensen, 1975) and 2) a non concentrative trans.
port system coupled with phosphorylation or phosphori-
bosylation of the substrate, by which the metabolic

alteration prevents the matrient from exiting the celil

{(Plagemann and Richery, 19747 Berlin and liver, 1975).



Among the many studies of mutrient uptake the Studyof
nucleic acid precursors has acjuired a new signifi.
cance. This followed the discovery of specific
menbrane bound "carrier systems® (Berlin and Olivér.
1975) and the possihle relationship of the uptake of N
nucleic acid precursors with cell growth or p:ol.tf.éra-
tion (Holley, 1972). In many'mstances, it has besen
observed that the rates of nut.:ient-«uphake have been
related to the availahuityigxogeneous subhstrate,
effect oOf :lnhihito:s. and temperature. There are _
many ohservations that the rate of ytake of particular
nutrient responds to the physiological demand. 'i‘hzua.
for example, the uptake of uridine in quiescent cells
is increased soon after stimulation with serum or
hormones (Cunningham and Pardeg, 1969; Hake. 1972;
Jimenss de Asua et al., 1974). The correlation between
enhanced nutrient uptake and stimalation of cell growth
or proliferation showed that modulation of anutrient
uptake is mainly involved in the regulation of cell
proliferation (Holley, 1972; Bhargava, 1977 ). Further
4t was observed that modulation of uptake is ecsen-
tially a membrane phenomenon i.e. the messages are
making impact on the cell membrane directly and
‘causing altered permeability of the membrapne toward
specific mutrients. On the other hand, there is



c'chside:ahle evidence that intracellular phosphofye
lation determines the rate of uptake of nucleosides
and nuclecbases under variety of conditions (Wohl;
hueter et al., 19767 Rozengurt e,z_g al., 1977; Marz
et al., 1979). -

The control of purine utilization presents
some wnique problems since the avallability of corr-
esponding nucleotides depends on the interaction
of two converging pathways 3 1) the de povo synthesis
of nuclectides (Bucl‘ianan and Hartman, 1959). and
2) The reutilization pathway through which free
nuclecbases are transferred to the phosphoribosyl
moiety of. S~phosphorihosyl= l.pyrophogphate which
builds up the level of nucleoside monophosphate
(Kornberg et al., 1955). These micleoside mono-

- phosphates are interconvertible among each other

and this interconvegsion is itself under stringent
enzymatic control (Berlin and Stadtman, 1966).
Nucleoside monophosphates are also interconvertible
with both the corresponding ﬁucleoside diphosphates
and triphosphates through the action of phogphoctrans-
ferases as well as by different kinases. Firther-
more, the ribonuclectides are convertible to de-
axycibonuclectides through their ~ -~ 22 r =3
vyl L w2 nucleoside diphosphates. Thus, there

are a number of structurally related ccampounds (they



all share phosphoribosyl moieties) which are the

"end products® of nucleobage pathways and which could
conceivably act in retroinhibition. The conversion
of free purines to their mononuclectide derivatives
involves a transfer of the phosphoribosyl moiety

of S-phosphoribosyl-l-pyrophosphate to the purine
base and 1s catalyzed by purine phosphogribosyltrans.
ferases in yeast (Mager and Magasanik, 1960), mamma.
lian tissues (Murray, 1966) and bacteria (Berlin

and Stadtman, 1966) (Fig. 1).

Uptake of Nycleogideg

(a) In animal cells - The uptake of nucleo-
sides has been studied in a variety of cultured animal

cells e.g. Chick fibroblagts (Scholtissek, 1968 Steck
et al., 1969), s2a urchin egg cells (Piatigorsky and
whiteley, 1965 ), Ehxlich ascites tumor cells (Jacquez,
1962 ), erythrocytes (Templeton and Chilson, 1981),
Novikoff rat hepatoma cells (Plagemann, 1971 : Plﬁgemmn
and Erbe, 1972; Plagemann et g., + 19783 Vohlhueter |
et al., 1978; Marz et al., 1977, 1978), Chinese
hamster ovary cells (Wohlhueter et gl., 19783

Prasad et ale., 1981) and Balb 3T3 cells (Hochstadt
and Quinlan, 19767 Quinlan and Hochstadt, 1976;

Prasad et al., 1981). 1In the case of animal cells



Fig. 1. METABOLIC PATHWAYS - PURINES
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both mediated process (Plagemann and Richery, 1974) as well
as group translocation (Quinlan and Hochstadt, 1976) have

heen shown t¢ operate for the uptake ¢of miclecosides,

Medisted process ~ It has been escablished that
~the transport of nuclecsides in several mammalian cell
lines involves a satursble, non-concentrative mechanism
consistent with carricr-medisted permeation. Such trane-
port has been repcrted in Novikoff rat hepatoma cells and
Chinese hamster ovary cells, for thymidine, uridine, deoxy-
cytidine, cytosine arabinoside (Wohlhueter g_g ale, 1976,
1979; Plagemann et al., 1978). All these studies were
focused on the initial uptake of substrates rather on the
longer time intervals, where the uptake process has been
shown to depend on cellular metabolism. Kinetic data
cbtained by rapid sampling technique revealed that the
cells incapable of metahbolizing the transport substrate had |
low affinity (high Kp) as campared to the metabolizing cells.
Kinetic analysie of thymidine transport in Novikoff cells
provided evidence for the existence ¢f a single carrier
having broad specificity for purine nucleosides, pyrimidine
nucleosides, deoxynucleosides and a number of nudleoside
analogues. This broad specificity of cacrrier is based

on inhibition of thymidine transport by other nuclec

sides and analogues {(Wohlhueter g;_ ale, 1979). The



decrease in nucleosides uptake was reported in Novikof‘f
rat hepastoma cells during the time intervals of 1 to
10 minutes. It was cancluded that the decrease

was Mainly due to the metaholic unstability of
nucleoside transporters (Plagemann et als, 1975).
However, by using a newly developed ®rapid sanpling
techn.ique“ Marz gi:_ Q., (1978 ) have ghown that the
thymidine and uridine pucleosides transport increases
linear:ly upto 10 g2conds and gtart decreasing at
later time points. It is concluded that intracellular
phosphorylation determines the rate of upi:ake of thy=
midine and uridine for later time points ile. after
10 seconds. Fu:the:mcre.. in contrast to the earlieg
observation of Plagemann et al., (1975), it has been
shown that the nuclecside transporters are metabolie
cally stable and the decrease in the rate of nucleo.
side yptake beyond the time poiats longer thén 10
seccnds are mainly due to the decreased protein
synthesis which reflected loss of nucleoside kinase
activities (Marz eg al., 1977 and 1978). These kinases
rather than the membrane associated transport appara-
tus are the most likely sites for :egulation of
nucleoside uptake (Marz et al., 1978).

Scholtissek (1968) first suggested the role cof



kinases in nucleosides uptake, and proposed a model
*micleoside - kinase complex® in which nucleosides
uptake is mediated by the nucleoside~kinase complex

in the membrane. But studies of thymidine uptake in .
normal and thymidine-kinase defficient hamster cells

- provided evidenca that thymidine kinase regulates trans-
port by interacting reversibly or irreversibly with
membrane carrier (Schuster and Hare, 1570). However,
its wae ochserved that the kinase is rather limiting for
. intracellular utilization of nucleosides and not for

its transport across the membrane (Hare, 1970).

Group translocation -~ Though it is not clear
whether the cleavage of purine nucleosides is obligatory
or even, the studies by using isolated vesicles f£ram
a variety of animal cell lines have provided'evidence
that the cleavage cccurs to a significant extent (Hoch'stad't.
1974; Hochstadt and Quinlan, 1976 Quinlan and Hochstadt,
1974, 1976; Li and Hochdadt, 19%96p Prasad et al., 1981),
Studies of inosine uptake by membrane veslcles from
mouse £ibroblast cells indicated that the uptake of
inosine involved a concomitant cleavage to ribose - 1 -
phosphate and hypoxanthine. ‘This mechanism involved a mem-
brane localized purine nuclecside phosphorylase acting in

a reaction during which hypoxanthine was released on the



exterior membrane sucrface while the ribose moiety was
phosphorylated in the process of being traasported
acrcss the membrane (Quinlan and Hochstddt 1976)., This
mechandsm supported- *group translocation®. In membrane
vesicleé_ from pol yoma-transformed hamster kidney cells,
two distinct n;echanians for inosine uptake were founds
carrier mediated diffusion as well as group transloCae

tion mechanism (Powd et al., 1977).

Quinlan and Hochstadt (1976) proposed various
models to demonstrate that the riboge molety of inosine
is accumulated as ribose w 1 - phosphat:e by i)iasma
membr ane vesicles isalated from SVe40 transformed °
Balb/C 3T3 cells, First model representg that ths
phosphorolysis takes place prior to the tramsbo:t, such
that ribose - 1 - phosphate itself serves as the aciual
transport substrate. " Second model represents a mechae
nism in which phosphorolysis is carried out in a single
step, referred to as a group translocation event. Here
plasma membrane assccisted purine nucleoside phosphorye
lase vhich mediates the intravesiculation of ribose - 1=
phosphate subsist the group translocation reaction.
Third model expiaina the poste.transport phosphorolysis.
That is, inosine is transported intc the vesicle intact

axid then is acted upon by intravesicular purine nucleoside



phosphorylase., The ribose « 1 -« phosphate remains inside
the vesicle, vwhere _as the hypoxanthine is diffused out
of the vesicle. The existence of this mechanism could
mean that two separate molecules are there for transg-
port event and metabolic event, uhich have different
characteristics in terme of effector sensitivities and
kinetic constants (Fig. 2).

b) :M@.MLSM « & few gtudies
have been carried out in yeast and other fungi detaile
ing posaible mecha'niame of nucleic acid precursors
transport. Various studies on transport mechanisms of
nuclecsides have demonstrated the lack of ‘group transe
location' mechanism in various yeasts and other fungi.
There are reports that two distinct nucleoside transport
systems are generated during the germination period of
Neugospora ggassa conidia: one was specific for purine
nucleosideg and other was common for both purine and
pyrimidine nuclecsides (John and Terry, 1970)s In
@W antibioticus the transport of adenosine
was reported without cleavage which suggested mediated
diffusion process. In Saccharctyces cegevisiae, however,
the uptake of uridine mucleoside was shown to be an active
process tnédiated via a specific permease (lLosson @ ale,
1978). Studies on nucleosides transport in vacucles
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isolated from &gg_t_;,a_r_wge_g m&a‘g showed that
guanosine and adencosine transporting systems were
gaturable while the inosine transport was concentration
dependent (Nagy, 1979).

Initially the accumilacion of various purine
campounds in yeast cells was chserved by ultraviclet
microscopy (Svihla gg_ al., 1963 ). ‘Tese ohservations
demonstrated the presence of purine pools. The purine
bases and nucleosides may all enter theae_pﬁrine pools
prior to their utilization (Svihla et gl., 1963). The
éxistenqe of two distinct intracellular pools of purines
i.e. a main pool, characterized by a rapid ti:rnovez, and
a slowly metabolized storage pool was later confizngd
by Cumming and MitchiCson (1967). Tepending on the
yeast species, the differences in the pool oontents
were also observed (Cumnine and w.t:uh.t;ison. 1967).

Uptake of Nuclecbages

Exoceneous purine hases are utilized efficiently
by cultured cells. In manmalian cells the salvage
pathways comprise of }) mediated permeation thraugh
the cell membrane folloﬁe& by phosphoribosylation,
which yields directly punine riboside monophosphates
{Hochstadt and Dowd, 1973; Quinlan and Hochstadt, 19743
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Prasad g;g; é;l;., 1981) and 2) Carrier mediated, saturable,
non-concentrative transport system vhere there is no
change in transported substrate (Hawkins and Berlin, 1967;
Plagemann and Erbe, 19723 Templetén -and Chilson, 1981J.

(a) In animal cells - Kinetic properties were
observed for purine transport by rapid kinetic teéhn&ques
in Novikoff rat hepatoma cells, Chinese hamster ovary cells
and P.388 murine Leukemia cells (Zylka and Plagemann, 1973;
S4:ma «_s;t,_ g}_-, 1973). ‘Tese studies were done in both cells,
incapable of metabolizing the transport substrate, as well
as":those for steady-state purine uptake in metabolically
active cells, It was observed that the epparent K and
Vmax values of the transport were generally in the same
order of magnitude, but somewhat higher than those of nue
cleosides, Furthegmore, the affinity for carriers was
very less (high Ky) in cells incapable of metabeolizing the
transport substrate than active metaholic cells. Canpetie
tive inhibition among thé nuclecbases implicated two differe
ent carriers: one specific for hypoxanthine and gusnine,
the other for adenine (Zylka and Plagemann, 19753 Sixma
et al., 1573). I scme cell lines differential inhie
biticn by nitrobenzylthioinosine indicated that both
purine and pyrimidine hase carriers are kinetically

distinct from the nuclecside transporters (Wohlhueter
. 2‘. &00 1978). ’
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As mentioned eariier g:i:‘e %/he uptake of. nucleic
acid precugrsors is dependent (on their utilization in
nucleic acid syntheecis or on their metabolic transformas
tions. It secms _that. in some cases this is due to the
£act that the uptake system is subject to feedback inhi.
bition th its product (ae:iin and stédunanq_, 1966
Grenson, 196%). In other cases, the first metabolic
enzyme might be directly involved in transport across the
’menﬂavrane. Similar conclusion was drawn hy Hochet adteOzer
and Stadtman (:1973.)' for adenine uptake in Escherichdis
goli., which appeared to be medisted by the adenine
phosphoribosyltransferase.

(z) In ﬁ' e,sﬁ 'g ila' - Purine transport gsystems
have been demomstrated in the yeast mmmgg_
poabe and Samgg’m yoes cepevisiae. Verious studies in
yeast and other fungi detalling possible mechaniems of
purine bases have demmse'zated the lack of 'gkeup trande
location®™ mechanism. 1Two purine “"permeages™ were demone .
strated in the exponential growth phase of Sacchapomycesg

erevisines 1) adenine permease . 2) guanine permeasey |
either recognizing hypoxanthine and scme cother analogues
(Pickering and Woods, 1972). In Schizosacchagomvees
pombe, an aétive transport system common fof adenine,
_guanine and hypoxanthine was described (Pourquie, 1970).



o the other hend, it was shown that purine phosphori.
bosyltrensferase activities have a positive effect on the
rate of purine uptake in g&__gggm pombe .
(Housset. and Nagy, 1977)., Iowever, it dces not support

“graip translocation. ™

A specific cytosine uptake system distinct £rem
both uracil and uridine uptake systems has been charae
cterized on the has:xa of genatic. physiological and kinetdic
evidences in _ggg};gg_wa m_u_@(czensm. 1969).
The presence of & common uptake system shared by adenine,
cytcemé and hypoxantmhe has been shown in Candida
albjcens and Sagcharawyces gerevisige which does not
appear to be medisted by the phosphoribosyltransferase
system {Palak and Grensom, 1973).

Sigpificance

Mammals do not have & nutritional requirenent
for nuclechases and-micleosidesn because of the mammalian
celle and tissues have the capacity to synthesize purine
and pyrimidine nuclectides de noyo. However, certain
tizeucs lack the synthetic pathways for purines and 3aTe
apparently dependent op external sowoee. The gource
may be either dletary or endogeneocus production by other
tissuer (Pritchard ¢t gls.. 19709 Murray ¢t al.,1970;



Roux, 1973). _%ther Gapehle of gg nove gynthesis or
not, most of the tissues and cellsg appear toO be able
to tutilize purimes, oyrisddines snd nucleosgides via
salvage pathwsys, FHven though, the cultured cell lines

pessess the deg novo synthetic pathways, the energy cost to

a cell to synthesize such nutrients d__e_ novo d4& enormous
and would lead a markedly slowed ¢growth rate., If exoe
genlecus Sources are available, they are utilizea to
apparent advantage, sc that the cells can save comparable
‘amount of energy which 1s necessary £or dg m gynthesis.

Studies on transport of nuelelc acld precurscrs

in yeest "fre mostly cone by using Ssccheromyees gere-

xém/( mw@a&%m calle., In a2ddition,
not enocuch work on nuclede scid precursor ‘s transport

has been repoxted hy using the rapid sampling technique
in yeast. Studies in ocur laboratory have heen directed
towards the characterization of various transport
gysteme of Candida alkicans, a pathogenic yeast
ayakumar et al., 1978, 1979, 1981). Im the pretent
investigation, we have characterized the mechanicm of
uptoke of guanine and inesine. Studies have been undere
taken to elucidate the mechanism of 'uptake by analyzing
the dntrecelliuvier products at ghort time and long time

16



intspvals, It is demonvtrated thet both the gubastirstes
{guanine and incsdn=) sre trapsported by a carrier
madisted,; saturabise procusg and tick hy & group Lraintie

locaticn mechanism.,

17



MATERIALS AND METHODS

Agar, Peptone and yeast extract were cbtained
£rom Difco, Michigan, U.S.A. Purine bases, nuclec-
sides, é-auormruuribenzehg sulfonic acid (p-qM8s),
N-ethylmaleimide (B4), 2,5 - diphenyloxazole (PPO),
1, 4 bis 2~ {5-phenyloxazolyl) benzene (PCPCP) were
cbtained from Sigma Chemical Company, St. Louis,

U.S.As All other reagents were from canmercial sources
in the highest purity availabile. Uniformly 146 labes
1lled inosine {524 m Ci/m mol) and 8 - 14(: lasbelled
guanine (51 m Ci/m mol) were cbtained fram Radiochemi.

cal Centre, Amersham, England. Maxflow f£ilters (C.45 /an ‘

pore size) were cbtained from Masf low, Bonbay, India.
Opganiem ang Growth Conditions

Wild type Candida albicans 3100 strain was
obtained from National Chemical Labhoratory, Poona,
India. The cultures ware grown for 48 hrs on slants
cantaining

Yeast extract - 1.0%
Peptone - 2:0%
Sucrose - 2.0%
Agat - 2.0%

All slants were stored at 4°C for 3-4 weeks.

18
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The yeast cells were transfegred from a slant into a
synthetic minimal medium containing glucose 0.5% (w/v);
KHPO,, 0.3% (w/v)p (NH ),50,, 0.3% (w/v)s MgsO,,
0.025% (w/v)y CaCly, 0.025% (w/v) and biotin 0,001%
{wv ).v The cells were grown at 30°%. Cell growth

wag monitored turbidimetrically by reading the absor
bance at 460 nm in a Bausch and Lamb Spectronic.20
Spectrophotameter. For _uptake measurements cells
growing in mideexponential phase were harvested by centrie
fugation (1500 x g £or 10 minutes ), washed twice with
sterile distilled water and suspended in the same

before use.
TEansport Assay

Yeast cells (180.250 Jg protein/ml) in 16 /m
Phosphate buffer (pH 6.5) were incubated in a reaction
misture of 0.25 ml. The reaction was initiated by the
addition of 0.06 mM radtcactive (8-1%C) guanine
(1 }uei/mal) or 2mM radiocactive {(U-}%c) inosine |
(1 pCi/umcl). At different time intervals, the reaction
mi:;ture was immedistely diluted to 10«12 folds with
chilled distilled water. The diluted suspension was.
£iltered rapidly through a 0.45 /um maxflow filter disc

(Maxflow, Bombay, India) and quickly washed three times
with 12 ml of cold water. Total time took for washing



was approximately 10 gsec. Constant waehing procedures
were maintained to prevent differences in uptake
measurements. The filters wege dried and radiocactivity
retained was counted in a Packard Scintillation Counter
(Mcdel 3381) using a Scintillation liquid containing
0.4% PPO (2,5 - diphenyloxazaole) and 0,01% PCPOP

(1,4 = bis 2 (5-phenyloxazolyl benzene)).

Guanine bheing less soluble in water usually
sticks to the filters. Therefore, the uptake
measuremants are difficult to study due to its trappe
ing. To avoid this difficulty several washing
procedures were attempted:

3.-'. Prewashed water filters followed by
cold water washings. |

2. Prewashed water filters followed hy 37
water washings. ,

3. P_:eﬁashed guanine (500 j#1 to 660 }xM)
gilters-followed by cold water (4-6°C) washings.

4. Prewashed guan:lqe {500 ,AM to 660 fﬂ)
£ilters followed by room temperature water (22.25°C)
washings.

S. Prewashed guanine (500 M to 660 ,m)
f£ilters followed hy eoid guanine (500 M to 660 ,\M)
waéer washings.

20
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The trapping was mainly dependent on the
radioactivity and concentration of guanine. Qut
of several methods, prewashed guanine filters
followed by quick washings of room temperature
water was found to be satisfactory wvhich had minimam
background. The same washing procedure was followed
to prevent further variation.

Chamet.caraphic analvels of Intgacsiluler Contents

After filtrations of reaction mixtures, the
£ilters were transferred into 2 ml of boXling distilled
water to elute the intracellular radioactivity. After
boiling for 10 minutes the £ilters were removed, the
procedure was repeated twice and the eluates were
pooled to be lyophilized. Iyophilized samples were
dissolved in 40 to 50 ,.n distilled water for
chromatographic analysis.

CG=llulose thin layer sheets (Eastman Chramae
gram with fluor?aoent indicator No.6065) were used to
geparate the intracellular accumilated products by
using Butanol: Water : Propionic acid (12.5 3 8,7 6.2
v/v) solvent system. The spojts were visualized under -
UV lamp. The marked gpots were cut into Scintillation

vials which were counted in a Packard Sciintillation
P~




Counter, using toluene based scintillation £1luid,
w&%m&m

For competition experiments cells were pree
incubated with ten folds concentration of unlabel led
bases and nucleosides for 10 minutes. The reaction
was then Jinitiated by adding the radioactive guanine
or inosine. The reaction was terminasted after 20
éeccnds for inosine and after 4 minutes for guanine,

Brotein Bstimation

Protein vas estimated by the method of Bradforad
(Braﬂfo:d;w‘m). Yeast cells were balled in 10% Ca
for 30 nﬂ.mztea.- After cooling, suspension was centrie
fuged and the supernatant discarded. After canplete
gemoval of TCA £rom the precipitate, it was digsolved
in O.IN NaOHe To suitable aliguctes (containing |
$0-100 pg protein) 5 ml of Coamassie Brilliant Blue - G
solution (stock solution prepared by dissolving 100 mg
of Coomassie Brilliant Hue in 50 ml of 95% ethanol and
100 ml of 85% phosphoric acid (v/v) is added in a f£inal
200 ml volumey working solution prepared hy 'adding
4 parts of distilled water to 1 part of stock and
filtered) was added. Colour intensity was read after
10 minutes at 595 nm. Bovine serum albumin was used
as standard protelin.



RESULTS

uptake of Guanine in Candida albicans Cells

As can be seen in the Pigure 1, an increase
in the uptake of guanine was cbserved with time,
Initially the rate of uyptake was linear over a period
of 2 minutes. TO avoid any complications due to
intracelliular metabolism, the initial samples eere
" taken aut within: seconds.

Intcaceliwler products Of guspdme - . .
Intracellular products were identified duwring guanine
tzansporé as described in Materials and Methods by
using Eéstman chroanat ogram sheét:a {Fig. 1). The
results showed that intracellular product which
accumil ated during the guanine t:ansport was as guanine.
‘The rédxoactivity recovered was hetween 90 and 95%
upto first 2 min during the uptake, after that the
concentration of guanine decreased with time. The
decrease in concentration of guanine after 2 min
indicated that it might be metabolized by hypaxen-
thine-—guanine. phosphorihosyltransferase linked system.
It aléo appeared that intracellular metabolism starts
only after few mimites.



Fig. 1 UPTAKE AND INTRACELLULAR ACCUMULATION

UPTAKE (nmolés/mg protein)

OF GUANINE IN CANDIDA ALBICANS CELLS

Assay conditicns were similar to those
described in 'Materials and Methods.'

180+ O—O TRANSPORT

A—~4 ACCUMULATION
OF GUANINE

60

TIME (min)
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Acwj .g}la.tg@. of quanine at divffegegg;_gl_:_g_c_,gg
- of ggdv& - In order to ascertain if there was any
difference in the accumlation of guanine during
variocus phases of gg;_gg gl_gg.,gg_n__g growth, the uptake
of guanine was followed st various stages of cell
gwwh'ﬁ }Fig. 2 inget A, B and C)s It was choerved
that the actively growing cells of mid-exponential phase
accumulated more guanine as compared to the cells of
other phases {(Fig. 2 inset B). However, there was no
noticeable difference in guanine accunulation between
stationary and lag phase cells (Fig. 2 inset A and C).
For all cther st:udies mid-exponentially gkovd.ng cells

were uged,

Effect of M@W@. ~ The
uptake of guanine was followed at various pH values
using various buffers., It was found that initially
at lower pH the uptake of guanine was increased with
increasing pH but at high pH values (beyond pH 5) its
accumalation decreased with increaeing pHe The optimum
pH was 5 for guanine uptake (Fig. 3).

dge of take ~ The apparent Ky
value for guanine uptske was found to be 10 uM. The
W&nax value was 33 n moles/mg protein/min. "rhg ¥m
value for guanine uptake in Candida albicans was much

A



Fige.

GROWTH A 460

ACCUMULATION OF GUANINE AT DIFFERENT STAGES

2
OF GROWTH OF CaANDIDA ALBICANS CELLS
Cells were grown as described in ‘Materials
and methods™ and harvested at indicated
times. The assay conditions for uptake
studies were similar to as described in
Materials and Methods'. 1Insets A, B and C
show the uptake of guanine at lag phase,
mid-log phase, and stationary phase res-
pectively.
£
g c
Ssob
E
~
$
€
anb °
w
-4
- -
1.4 -3 L ]
» 0 4 8
a TIME {min)
2 B
I.Z-Ezo- T
g
< [+
4 6op-
1.0 w A
ot
5 | \
81 o 7 5
Time (min)
.5 §
4 A
g 1]
4 $
. 3 Z
£ 30}
Sao
.2 v
2
Qo | {
2 4 8
t 1 1 L lTIME(mijn)
0 2 4 6 . 8 10 12
TIME (hrs)

26



Figo 3

N w &H
o o o

o

UPTAKE (n moles/mg protein/min)

EFFECT OF pH @Y GUANINE UPTAKE BY
CANDIDA ALBICANS CELLS,

Cells were suspended in citrate-phosphate
buffer (24 mM) of indicated pH values.
The uptake of guanine was then assayed
as described in 'Materials and Methods,'
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higher than the one reported for @_hizoggécha;m
pome {(Housset and Nagy, 1977). The inset of FPig. 4
shows the plot of V/S for guanine uptake.

Competition e j 1@355_ -~ In order to
ascertain if the gﬁanine uptake is mediated via a common
or specific permease, the uptake was followed in
presenc® of various other bases and nucleosides. It
was cbeerved that adenine and hypaxanthine atfected
the uptake of guaniné maxdmally, vhere the inhibjition
in guanine uptake was between 90 and 92%. Thymine,

a pyrimidine base and inosine, a purine mcleoside,
had however, inhibiteé guanine accumilation between
56 and 69% only. On the other hand, uracil had no
effect on its uptake, infact it showed 26% stimulation
(Table 1).

uptake of Inosine in Candida albicons Cells

To avold any complicetion due to intracellular
metaboliam the uptake of inosine was alsc done at
earlier time points. As can be seen from the figuwre
(Fig. 5) that the uptake of inosine was linear for firast
two minutes. However, at later points, it showed slight
gaturation. The total accumlation of 'inosinve‘ was
60 n moles/mg protein/15 minutes.



Fig. 4

LINEWEAVER-BURK PLOT. OF GUANINE UPTAKE
IN CANDIDA ALBICANS CELLS.

All the assay conditions were similar to as
described in 'Materiale and Methads' with
the exception that different concentrations
of guanine was used. The reaction was ter-
minated after 30 seccnds during which time
it was linear. Ky and Vhax values were cal-
culated from Lineweaver-Burk plots (1/v vs
1/s). Inset shows plot of v/s.
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TABLE = 1

THE EFFECT OF ADININE, HYPOXANTHINE,
INOSINE, THYMINE AND URACIL QN
GUANINE TRANSPORT

Sinimey

Inhibitor - - % inhibition % stimalation
Adenine | 92.4 "
Thymine 56,7 -
Inosine 69

Uracdl - 26




Figo 5

UPTAKE AND INTRACELLULAR ACCUMULATION
INOSINE IN CANDIDA ALBICANS CELLS.

Assay conditions were similar to those
described in 'Materials and Methods.'
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Intracellular preducts of inosine wptake - On
analysing the intracellular products during accumula.
tion of inosine, it was ohsetvéd that for fev minutes
most of the radiocactivity could he zecwe:éd 3,.n’ the
form of free inocsine (90.95%). However, at later
points the percentage of radioactivity recovered was
reduced between 60 and 704, Ribose - 1 - phosphate
‘which i1s formed due to the action of nucleoside
phosgphorylase, did not have any noticoable increase
in radicactivity during the couree of uptake {(Pig. S).

Accgr_l_g: 1a§,1_.m' ogb ;g-oé -ge. ‘ .g;- Q':ifg'e ;ﬁeg;i . -ggé@_é_
of growth - FPig. 6 (inset A, B and C) chows the
uptake of inosine in lag, midlog and stationary phese
of Q_a_gggg.g gl_k_:;g;ggg cells growth. Aas campared to
guanine uptake, the uptake of inosine was not affected
by the growth stages of Candida alblcans. It wae

ohgerved that uptake of inosine was more or less similar

in all phases. For further studies, the mideexponen.
tially growving cells were used.

Effe@ of pH_on inosine ﬁ . ake ~ When the
uptake of inosine was followed at various pH values
using various buffers, it was found that the uptake
of inosine was increased with increasing H {r_alues
but at higher H Qalues (beyond pn.a) the uptake was

32
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ACCUMULATICN OF INCSINE AT DIFFEERE\IT STAGES

Fig. 6
OF GROWTH OF CANDIDA ALBICANS CELLS.

Cells were grown as described in ‘Materials
and Methods' and harvested at indicated time.
The assay conditions for uptake studies were
as described in ‘'Materials and Methods. '
Insets A, B and C show the uptake of inosine
at lag phase, mid-log phase and stationary
phase respectively.
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rapidly decreased (Fig. 7). The optimum g for inosine
uptake was 6.

gc_gétics of inosine __ggp_g_is_é - The apparent
Ky for inosine uptake was found to be 420 M. The
Vmax value was 27 n moles/mg protein/min. The insot
of Fig.8 shows the plot of V/S for inesine uptake.

go_r_:_metiti@ ém - .ggne;_'q_gg; - In order to asses
the miltiplicity of inosine trangport, the uptake _
of inosine was done in presence of ten folds concentra-
tion of adenine, hypoxanthine, guanine and thymine.
The uptake of inosine was inmhibited by all these four
bases, 1/V va 1/5 plct in presence of these bases
exhibited that the inhibition was associated with
changes in apparent K, values. The Kn for inosine was
420 ,ﬂ and in the presence of adenine, hypoxanthine,
guanine and thymine was increased to 1300 M, 800 uM,
1300 a4 and 650 uM respectively (Fig. 9 and 10). Thus
inosine uptake was competitively inhibited by all these

bases,
Effoct of sulfhydryl reagents on inosine uptake -
The SH grcup is one of the most reactive and uwbiquitous

ligands in the biological systems. It is involved in

many membrane functions. The various sulfhydryl reagents



Figo 7

EFFECT OF pH ON INOSINE UPTAKE BY CANDIDA
ALBICANS CELLS

Cells were suspended in citrate-phosphate
buffer (24 mM) of 4indicated pH values.
The uptake of inosine was then assayed
as described in 'Materials and Methods,. '
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Fig.8

36

LINEWEAVER-BURK PLOTT OF INOSINE UPTAKE
IN CANDIDA ALBICANS CELLS

All conditions were similar to those described
in 'Material and Methods' except different con-
centrations of inosine was used. The reaction
was terminated after 30 seconds. Ky and Vinax
were calculated from Lineweaver-Burk plots
(1/v vs 1/s). 1Inset shows the v/s plot.
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Fig. 9 LINEWEAVER-BURK PLOTS OF INOSINE UPTAKE IN
CANDIDA ALBICANS CELLS IN THE PRESENCE OF
ADENINE AND HYPOXANTHINE.

Competition experiments were done in a reaction
mixture containing cells (20-25 ug protein), 10 mM
buffer (pH 6), 20 mM adenine or hypoxanthine in a
final velume of O.1 ml. The reaction mixture incu-
bated for 10 minutes and reaction was initiated by
adding 2 mM U-l4C-inosine (1 uCi/1 jpmole ).
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Fig. 10 LINEWEAVER-BURK PLOTS OF INOSINE UPTAKE IN
CANDI DA ALBICANS CELLS IN THE PRESENCE OF
GUANINE AND THYMINE.

Campetition experiments were done in a reaction
mixture containing cells (20-25 png protein),
10 mM buffer (pH 6), 20 mM guanine or thymine
in a final volume of 0.1 ml. The reaction mix-
ture incubated for 10 minutcfi and reaction was
initiated by adding 2 mM U-=7C inosine (1 ).1C:l./1
}amole )e
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esge Neethylmaleimide (NEM), pe-chloranercuribenzene
sulfonic acid (p-CMBS) are effectively used in the trans-
port studies to demonstrate their invalvement in membrane
transport (Chan and Cossins, 1976). In order to ascerw
tain the involvement of -SH groups in inosine uptake,

the effect of both NEM and p-CMBS on inosine transport
was investigated. It was found that both NBM and

p-CMBS inhibited the uptake of inosine (Fig. 11). The
effective concentrations Sor NEM and p-CMBS vere found
to be 60 ,uM and 100’1M respectively (Fig. 12 A and B).



Fig.

11

UPTAKE (n moles/ mg protein)
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EFFECT OF NEM AND p-CMBS ON INOSINE UPTAKE
IN CANDIDA ALBICANS CELLS

Cells were preincubated for 10 mimites with
60 NEM and 100 pM p-CMBS. Radiocactive
inosine (2mM) (1 uci/i jmole ) was added to
study the uptake as described in ‘Materials
and Methods.
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Figo

12 A & B

EFFECT OF VARIOUS CONCENTRATIONS
OF NEM AND p-.CMBS ON INOSINE UPTAKE

Cells were preincubated for 10 minutes
with different concentrations of NBEM &
p~-CMBS before initiating the uptake.
Assay conditions were as described in
'‘Materials angd Methods'.
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DISCUSSION

The uptake mechanisms for nucleic acid pre.
cursors have been characterized to a greater extent
in bhoth eukaryotes and prckaryotes., The conclusions
made by Hochstadt and her group supports groups tranSe
location of purine bases mediasted by membrane bound
phosphoribogyitransferases. In addition, for varicus
nucleosides the cleavage of nucleosides by spevcific
nucleoside phosphorylases followed by translocation of
ribose moiety and base was described as a possible mechae
nism in bacteria and some of the manmalian ¢=21l lines
(Hochstadt and Stadtman, 1971 Hochstadt and Quinlan,
1976). However, by using rapid sampling method
Plagemann et al., (1978) suggested that in mammalian
calls no group translocation process exist, but rather
gaturable, carrier mediated transport procesces
were prevalent (Wohlhueter ¢t al., 1976, 1978, 1979,
1980; Plagemann et al., 1978). ‘This controversy
led many investigators to £ind ocut and support different
types of mechanisms in different cell lines, The
studies on intact cells, isoclated vesicles and organe.
lles, concluded three different types of mechanisms in
the case of animal cells. 1) non.mediated diffusion
2) facilitative diffusion 3) group translocation.



So far the uptake studies that have been done
in yeast cells did not support grfoup translocation.
There are several supporting observations for common
transport systems for some purine bases and nucleow
sides in yeast cells {(Grenson, 1969; Polak and
Grenson, 19733 Housset and Nagy, 19773 Foret and
Réichert, 1978). The transport of the purine bases,

pyrimidine bases and nucleosides described as saturable,

facilitative diffusion. However, the literature shows
paucity with reference to nucleosides and their bases
transport in le_;_q_gqg_ species. 8ince the aim of our
laboratory is to characterize various groups of transe
port systems in 'g_agd.tdé and other yeasts, to see their
involvement in growth control and cell division of
this organism, we have attempted to study a few
characteristics of guanine, a purine base and inosine,
a purine nucleoside uptake in gg dida a 1b;can§ cells,

. Our results of gixanine and inosine uptake con-
firms the mechanism of mediated transport taking place
 via a facilitative diffusion process, The mechaniem
is characterized by analysing the intracellular product
at rapid intervals of time. Fig. 1 showed the intra-
cellular accumalated product during guanine uptake
which was mostly ummetabolized during its transport.
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The recovery of the transported solute was between 95

and 100% for initial first one to two minutes. Howsver,

at later pdints, the radioactivity recovered in un-
met sholized solute was decreased. If one studies the
uptake of such bases during later tines; one wcn,xld‘
conclude erronecusly that a group translocation may
exist in Candida colls. However, since we terminated
the reactions within few seconds, the facilitated
diffusion could be demonstrated and confirmed.

Our results of inosine ‘transport also do not

support the cleavage of micleosgide’ by its phosphorylase

into riboge molety and its base, The results of intraw
cellular accumlation (Fig. 5) showed t.hat. inosine was
accumalated as inosine during its transport. As in
the case of guanine uptake, the level of accumilation }
of inosine was linear for first two minutes and radio.
activity recovered was between 90 and 95% within that
time, This cbservation siggested the following:

1) Transported inosine remaine as free inosine
upto 2 minutes,

2) It is clear that mucleoside phoéphor.ylase
is not acting om inosine during its transport i.e.
cleavage is not occuring in éandgda glbicans during the

1n631ne transport as suggested for eeveral mammalian
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cell lines and bacteria (Quinlan g§ al., 19767 Prasad
9& g__l.. 1981; Rader and Hochstadt, 1976)0

The :ihose-1~phasphate level during the trans.
port of inosine did not increase with time. This may
suggest that transported inosine did not undergo clea-
vage in the cell by phosphorylase 1.e. it is not
converting into

inosine ph”ph“?lase—} hypotanthine + ribose=le
' phosphate

However, the decrease in the level of accumie
lation at later time points could be due to its conver.
sion intoc its monophosphates e.g. AMP and GMP as given

helow
2MP
Fumaric acid
| Aenylo Suyccinic acid .
GTP Aspartic aciad
Mg++
mosiNe. A=kl 5 e -~
‘ NAD
NapH+HY
e
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‘ The results of ¢ompetition experinents showed

maximum inhibition of guanine uptake 'hy adenine

and hypoxanthine suggesting a coumon transport system

for all these purine bases, Similar common transgport
system has bheen reported for adenine, guanine, hypoe
zanthine and cytosine in gg_gl_*a_gg_umg_e_s_ cerevisdae

{Reichert et al., 1975; Chevallier et al., 1975), for
adenine, guanine and hypoxanthine in gc_h;zgggcchagmi
ponbe (Pourquié, 1976), for adenine, hypoxanthine and ctheg
. analogyes in Sacchapanyces geg.egi»sj.ae' (Pickering and
Woods, 1972). In additicn inhibition by thymine and inosine
also suggested that they might share the same permease.
Results of lnosine uptake suggested that adenine,
hypoxanthine, cuanine and pyrimidine base thymine compete
with it. It suggested a common transport system for

adenine, hypcxanthine, gauanine, thymine angd inosine.

Tt is clear from the results that Candida colls
have very interesting transport systems of purine
bases and nucleosides. This study is a first step
towards the characterization of various otheﬁ transport
systemé. We would like to make use of plasma merbrane
vesicles isclated from yéast cells for future studies

since the complicationg due to intraceliular matabolism



4%

could then be completely excluded, The gole of theae'
transport processes in cell growth and division is '

another interesting area of future research.
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