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centrative,’and inwardly-directed NT system.

-2
| 504 ions.

> +
< ABSTRACT

*

The nucleoside transport {NT) inhibitor dipyridamole

_enhanced the antiproliferative activity of 2‘-deoxyadenoaine

 and 9-beta-D-arabinofuranosyladenine (araA) towards dultured

mousé l\ukemia'lelo/cz. Increased araA'antiproliferative -,

activity dbccurred with enhancement of ‘the cellular gontent

" and retention of araa and its 5'-triphoaphata (araATP) . Aral ‘

and araATP accumulation'was also induced by the NT in-

hibitors dilazep.and nitrobenzylthioinosine (NBMPR). These

effects arode from inhibition of non-concentrative, reverl-'

'ible NT systems, wi%hout effect ‘on a sodium~dependent, con-

P

The sodium-linked NT system of L1210/AM cells (1)

translocated some purine nucleosides and uridine, but not |

‘thymidiney (1i) was impaired when alkali metal or N—methyl-

D-glucammohium ions replaéed extracellular Na (Na o), or
transmembrane Na*t gradients were abolished, and (iii) was

unaffected by substitution of extracellular Cl~ by SCN or
t

Wﬁ\n\Na\ was 100 mM, the Ky and Vmax for adenosine
(Ado) transport were, respectively, 10 uM and 1.7 pmol/ul
cell water.sec. Ko_5 values for Ado-coupled Na* fluxes

decreased from 36‘mM to 3'mM when Ado was‘increased fro 0.5

uM to 100 uM. Hill analysis of the dependence of Ado fluxes ]

on Nat yielded an Na*:Ado stoichiometry of 1: 1.

Sodium-dependent Ado transport was inhibited.by‘N-
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etnylnaleimide, showdomycin and p-chleromerguri-
phenylsulphonate (pCMBs); Partial pfotSEtien of sodium-
driven Kdo transport fronm inhibition‘by pPCMBS occurred (i)
when Ado was present during cellsincubation with pCMBS or

(ii) by sequential cell treatment witz pCMBS and 2-' "~ . ,

mercaptodthanol. DCMBS possi-f[

essential tor transport activityf;“ )
A NT variant clone, L1210/823 1, was isolated fro
ﬂlZlO/MCS-l cells,(a NT mntant of wild type L1210 cells).

1 L1210/B23.1 cells,appdrently‘lack sodiumFdependent NT'ac-
tivity because (i) initialﬂfates of férmycin B (FB) influx:
were similar 'in cells suspended in Na —containing, and in
Nat -free medium (0-10 uM NBMPR present), and (ii) NBMPR in-
.duced FB accumulation in LlZlO/MCS-l,vbgt not in E3210/B23.
cells. o D

| Co-administration of NBMPR phosphate (NBMPR-P) and 2-
‘fluoro-araA phosphate (FAMP) to mice bearing L1210/C2

| leukemia enhanced (i) the;increase in 1life span of animals
that died leukemig'deaths, and (ii) Go-day survivorship.
Several leukemic mice-receiving FAMP developed fatal,
delayed neurotoxicity (evident as hind 1limb paralysis),

which was reduced or preventéd by NBMPR-P.

Vi
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e - INTRODUCTION
: E , co /é" . . . R o ‘;Mi
e 1. Nucleoside pesmeation in mammalian cells ‘

Nucleosides enter mammalian cells by passive diffu”fon”fj
and/or mediated permeation. Mediated permeation of }t :

ﬂ nucleosides, designated as transport (l), occurs via con-
centﬂative or facilitated diffusion mechanism51; The rela—.
tive contributions to influx of passive diﬁfusion, non-.
concentrative and,soncentrative transport of a nuc1e051de

vary depending on the cell type, the nature of the permeant

; and its concentration in the extracellular medium (2 3).

(l Lipophilic nucleoside analogues, such as 3'-deoxy-3'
azidothymidine and 2!, 3'~dideoxythymidiné permeate human
erythrocytes by non-mediated processes (2 4). In some cells,‘

| such as mouse erythrocytes infected w1th Plasmodfum YOelll
and in cultured HOC-? humé%hsvarian car01noma cells (5), a

?

substantial fraction of Ado permeation appears to occur by

RERIN : R , ,&gzﬂ

4 passive diffusion.,
' Pass1ve diffusion contributes 11tt1e to permeation of

: physiological nucleosides beCause the latter are hydrophilic

"],,.molecules and diffuse gborly across the llpid

1 NT down concentration gradients 1s des1gnated as
l“facrlitated diffu31on" or "non—concentrative" transport B

' throughout this study.k f

2 W. P. Gati and A R.P. Paterson, unpublished results‘ :
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‘bilayer of the plasma membrane. This has been demonstrated
in studies inﬁwﬁich inhibition of nucleoside transport (NT)
vprotected varioug.cell lines against the cytotoxioity of

- nucleos1de analogues (6~ 8) In addition, nucleoside permea-‘:

‘_tion in Ndeefioient muﬁ&nts of S49 mouse lymphoma and HCT-8

“A

vcar01noma cells is’ markedly lower than in the - parent 1ines

(9-11). o \?5’ )

Non-concentrative NT systems have been identified in

- human erythrocytes ‘and in’ various types of mammalian

_ nucleated cells. In the former, nuclepside permeation is.

,'mediated by a single system which fbﬁbn extensively6

studied Three types of non-concentrat&ve NT systems have
g been described in other mammalian cells, and .one of these
.:types may be s1milar to that present‘in human erythrocytes

(v1dev1nfra) Non-concentrative NT systems have been the.

;Asubject of several reViews (l 3 12 18)

Sodium-dependent, concentrative NT systems have been
jrecognized in various cell types, including rat enterocytes,‘
j rat renal epithelial cells, rabbit choroid plexus and mouse
:splenocytes. It would appear that many- sodium-dependent NT
‘systems in various species and tissues may have characteris-

":jticksubstrate specificity (vide infra).

2.\ﬁhe'simp1e carrier model for non-concentrativo NT
‘ : The kinetic behaviour of the non- concentrative NT sys-
"tem of the human erythrocyte is consistent with that \

'proposed for a simple carrier mechanism (19-21). The fea-
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tures of the NT system of human erythrocytes include

“”isaturability of permeation rate as a function of nucleoside’

&
doncentration, competition between permeating nucleosides,

.inhibition by specific agents, and trans phenomena, 'such as

_trans-acceleration of Urd fluxes induced by permeant

nucleosides like dThd, and counter-transport4 (19 21),;_

Saturability of permeation rates is not: observed when

Q;permeation occurs by passive diffusion;_however, R

saturability of permeation‘rates‘is not exclusive to

[

reported for ion movements through some channels (22)

S carrier-mediated permeant translocation and\has\ai:obeen

.

The phenomenon of trans-acceleration of the flux of a f,,

permeant induced by another permeant has been cons1dered 1n-

vdicative of*b:rrier-mediated translocation (22 23),valthough

\ “

P

3 By convention, the c1s face of the plasma membrane denotes

'the face from which transport is measure .,Thus, permeant

fluxes occur from the cis to the trans £ (22 23) Trans-

'acceleration is defined as the increa'e in the flux of a

-

permeant A from the cis face to the trans face of the

membrane, induced by the presence of another substrate B at

(v

'the trans face. A may pe an isotopically-labelled form of ‘B,

"or a structurally related permeant The trans—acceleration v

©

_ of A will occur if (i) both A and B use the same carrier,,

and (ii)the translocation rate of the empty carrier is lower
than that of the complex formed between the carrier and ‘B

(2224)"’, ,
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permeation is mediated by!a reversible.transport'system;

. p . . . . . . R v
[P K K ” . . . . . o . B ; . ENE N
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',the absed!e of this phenomenon does not neCessarily signify

that a putative permeant is not recognized by the

- transporter._For example, 2-chloroadenosine, which enters‘

- human erythrocytes v1a the?nucleoside-specific transport S

system, decreased Urd efflux from human erythrocytes that f}

were’ "loaded" with 3H-Urd (24) Trans inhibitron of Urd ef-

flux by 2-chloroaden%sine was attributed to a lower trans-

]1ocation rate of the 2-chloroadenosine-loaded carrier rela-

the tO\that 'of the Urd-loaded carrier

3. Nucleoéide transport in erythrocytes
a) Substrate spec1f1c1ty and kinetic properties
The NT system of human erythrocytes has broad substrate'

specifiCity, as’ shown by (i) influx measurements of

_radiolabelled nucleosides, (ii) inhibition of Urd influx by

other nucleosides, ‘and (iii) acceleration of Urd efflux by .
. ")
permeant nucleosgides (12)

Counterétransport of two substrates, observed only when

——

4

will occur‘if avnuq&ipside:A is allowed to achieve identical

- concentrations on both sides of the plasma membrane, and:a

nucleoside B is then added only to one side of the membrane.

NucleoSide B will flow down its concentration gradient in-

duc1ng uphill fluxes of A in the opposite direction. The

ycounter-flow of A and B indicates that these_permeants are

substrates for theé same carrier mechanism (19, 20)



The kinetic‘behayiour of the erythrocytebNT system has
been reported‘to change'upon storage. Thus, the‘maXimum
Veloqity for zero-trans efflux of Urd in stored erythrocytes
was four-fold higher%than that for aeroetrans influx; this
directional asymmetry of Urd fluxes was also observed under
‘equilibrium exchange conditions- (19) However, similar ex-
periments with fresh erythrocytes showed directionaﬁﬁsym-
meé@y of Urd transport in those cells (25 26) . e
‘ 'b) Inhibitors of NT in erythrocytes

Nucleoside permeation in human erythrocytes is selec-"‘ B
tively inhibited by p-nitrobenzylthiopurine nucleosides such
as NBMPR, NBTGR and sbme Ns-nitrobenzyl analogues of Ado and
-dAdo (13) at concentrations between h and 10 nM Inhibition \
k7Of NT .in erythrocytes by NBMPR is reversiblg and has been
correlated with high-affinity binding of WBMPR to sites in -
the erythrocyte plasma membrane. The number of NBMPR binding
~sitds in mammalian erythrocytes ranges between zero and
10, 000 per cell, with Kp values of about 1 nM (27, 28)

NBMPR . appears to bind to sites located on the outer

- face of the erythrocyte plasma membrane, as shown by studies
that measured the temperature-dependence of changes in rates,
of NBMPR binding to .membrane vesicles and unsealed ghosts.
- from pig erythrocytes (29). These studies demonstrated that
“the rate of NBMPR binding to inside-out menbrane vesicles .
‘was substantially reduced-by a decrease in temperature from
22°¢ to 4°C. However, temperature decreases did not affect

- the rate of NBMPR binding to inside-out vesicleg .ip the

- . E . ) '
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hpresence of the detergent saponin, or 2% preparations con-
mtaining either right side-out vesicles or unsealed ghosts.
These results were interpreted suggesting that NBMPR aiffu-
sion’ through the plasma membrane was reduced by lowering the
temperature in the absence of detergents. Accordingly, the '
"decrease in the rates of NBMPR. binding at 4°¢c to inside-out,
but not ¥o right side-out vesicles indicated that NBMPR-
. bindihg sites are lpcated on the outer face of:thp eryth~
rocyte plasma membrane (29). s | ' o
The binding of NBMPR to erythrocytes was found to be
vcompetitively inhibited by Ado and Urd, the k4 values for
inhibition of NBMPR binding by these nucleosides were
similar to their K, values for equilibrium-exchange influx
(19)36—32). Conwerselw, NBMPR was a competitive inhibitor of
 the 1nf1ux and equilibrium exchange efflux of Urd in eryth-
i'rocytes, but a non-competitive inhibitor of Urd efflux
| ( .9,32) . These findings were - inte{preted to mean that NBMPR
was\bound by sites associated with the permeation site and
locéted.on the outer face of the plasma membrane (17 30, 32)‘
The qature of the interaction between NBMPR and the |
nucleoside permeation site has been interpreted in terms lf
a model which proposes that the nucleoside permeation site
~and the inhibitor binding site are identical or share common
,regions (17) According to this model,. the permeation site
: and the NBMPR binding sits possess overlapping regions (17),1
_NBMPR binds to the permeation site when ‘the latter faces the

outer side of the plasma membrane, and this interaction is

Q
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strengthened by hydrophobic attraction between the nitroben-
" zyl moiety in NBMPR and a region in the transporter proximal
to the permeation site (17,30,33,34).

It has also been suggested that the relationship be-
tween the NBMPR binding site and the nucleoside permeation‘
site in erythrocytes may involve allosteric interactions be-
tween inhibitor and permeant sites. The asymmetric nature of
NBMPR binding to the erythrocyte plasma membrane, but the _
'directional symmetry of Urd influx in those cells, ‘have been -
considered as evidence supporting the concept that the NBMPR

,binding site and the nucleoside permeation site may be
‘physically dissociated (18) N
c) Structural properties of NT systems in erythrocytesv
. When the site-bound ligands, 3H-NBMPR or 3H-[N6-(4-
azidobenzyl)]-adenosine, were subjected to UV irradiation, a’
'polypeptide functiOnally, and perhaps phy31cally, assoc1ated
with the human erythrocyte NT system became covalently |
labelled (35, 36) NBMPR-binding polypeptides,<which.haVe an -
approximate Mr 55,000 (36,37l,;constitute,about 3%~of°the
"human erythrocyte band 4.5 proteins‘(Steck's‘nomenclature, -
ref..38)_417). The functional transporter may\be‘a dimer, ?
since radiation—inactivation studies have indicated a
molecular weight of 100 120 kDa for the functional transport
| systen (39). |

The NBMPR-binding polypeptides from human and pig

‘ erythrocytes.showed apparent molecular weights of 55,000 and
| 64,000,;respectiyely, and.gave rise to different products

N



after endoglycosidase F and endo-beta-galaotosidaso treat-
ment (40), indicating that the NBMPR-binding polypeptides
are extensivelyyglycosylated and that they may differ be-
tween species. Papain and Staphylococcus aureus vs proteasq t
f"treatments of [3H]NBMPR-labe11ed preparations of band 4. 5
polypeptides yielded fragments with My 33,000 (37).,

_ The nucieoside transporter in human grythrocytes ap-
pears to have essential thiol groups. Incubation with pCMBS
of inside-out vesicles at 1°C inhibited Urd inrlux and NBMPR
binding. Similar treatment with pCMBS of intﬁbt cells had no
"effect on Urd influx and NBMPR-binding. Because diffusion of
pCMBS across the plasma membrane appears to be reduced at -
1%¢, these results indicated that the groups modified by |
‘pCMBS may be located on the cytoplasmic face of the membrane
(41).?Inhibition of '"NT by pCMBS in erYthrocytes was reduced
‘when Urd was included in the medium during incubation with
the organomercurial; implying that reactive thiol groups
‘were involved in Urd permeation (41).

4. NonFconcentrative‘NT invmammalian nucleatad cells
a) Substrate spec1f.1city and kinetic properﬁw #

Non-concentrative NT systems in normal and ra;storsed

mammalian cells have been shown to recognize _
;nucleosides and . nucleoside analogues. K, value’j

flux into various types of’ mammalian cells. at root™
ture range between 10 uM and 120 uM, while Vhax‘values be-

tween 5 and 49 pmol/ul cell water.seo haye been reported
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(1,13,16,42~50). It should be noted, however, that the
‘values bfkkinetlc éonstants reporteé fh these~studies varied
depending on thg method utilized to measure nucleoside
.fluxps. ) \ | '
{ Various substituents on the purine or pYrimiding‘base‘
moieties of nucleosides are tolerated by the NT Syétem, as
‘are deletion or changes in the configuration of hydroxyl
groups at C-2 of‘the ﬁéntofuranosyi ring (1,13,42-50). In
some cell typeg, NT'systems_participate in the translocation
of nucleobases. For instance, in S49 mouse lymphoma cells,
inward fluxesvof hypoxanthine, guanine and adenine.were iﬁj
hibited by Ado, dThd, dipyridamole and NBMPR (51,52), -and
Urd t;ahsport in chinese hamster ovary cells was inhibited
.fby hypoxaﬁthine (53). Ionized substrates do no£ Eerve as
perﬁaants for non-cohcentrative NT systems (21,54,55).
| b) Inhibitors of non-c&nceﬁtrat%xe‘NT systems
A number of stfﬁcturally divergggggents inhibit'non-‘
.concentrétive NTJSystems“in different mammalian cell. types.
. These inhibitors include vaéodilators (dibyridamole,
. dilazep, liddflazine and hexobendine (13), papaverine (56),
cytochalasin B (57), colchicine (58), phloretin (59') ,
. phloridzin (59), and pOdophyllqtoxin (66).-
sb-perivatives of 6-thioinosine and 6-thioguano§ihe,

v'such_as iodohydroxinitrobenzylthioinosine, HNBTGR and NBMPR,
“selectively inhibit non-concentrative NT in some~nucliatéd
cell types (16;61), NT inhibition by NBMPR is réversible and
" binding of NBMPR has been'COrrelated with inhibition of

s -
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transport in several cell lines (15). The NBMPR-binding site
and the nucieoside<tran3porter of S49 collavappoar tb be
functionally related, since AE, célls, a mutant clone of S49
cells virtually devoid of NT activity, lack high-affinity
NBMBR binding sites (9). |

Kp values for NBMPR bindiné, measured in various cail
lines, range between 0.1 and 1 nM, and binding site den-
sities of 10° to 106 sites per cell have been reported
(3,13,62). substitution of the purine ring by a pyrimidine
moiety, as in 4-[(2-hYdroxy-5-nitrobehzyl)thio]uridine,
yieldeé a derivative with substantially reduced NT in-

- hibitory properties (62). y

- NBMPR and pCMBS have revealed heterogeneity in thé non-
concentrative NT sygteAS‘present in mammalian cells. For in-
stance, the NT systeﬂs of S49 and RPMI 6410 célls were com-
pletely inhibited byvloo nM NBMPR (42,45,63), wEereas NBMPR
concentrations greater than 10 uM were required to partially
inhibit NT in cells of'thé following cultured lines: Walker
256 rat‘carcinosarcoma, Novikoff UASJ-2.9, Morris 3924A and
Reuber H-3$ rat hepatoma (3,15,42,63).

Thé co-existence of NT systems with high and low sen-
sitivity to NBMPR has been shown in L1210 mouse leukemia
(50) and HeLa cells (62). The isolation of L1210 mutants
lacking the NT component of low sensitivity to NBMPR sug-
gested thgz the two systems may be different gene produCtss.
It has also been suggested that NBMPR-sensitive and NBMPR-

insensitive NT systems could be different conformations of
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the same polypeptide (64).

| The NBMPR-soniitiVo NT systems present in L1210 cells
and‘§;9 cells were inhibited by concenprations of pCMBS
greater;thai 200 uM (50,63), whereas the NT components of
low sensitivity to NBMPR present in L1210 cells and in
Walker 256 éeg}s were inhibited by less than 25 uM pCMBS

[4 .

(50,63). ( :

Dipyridamo}t»grﬁﬁdilazep inhibit non-concentrative NT
systems of high and’ldw sensitivity to NBMPR (35,45,65), al-
though NT systems h@ lbw'?ensitivity to both NBMPR and
dlpyridamole have been described (66). Since dipyridamole .
inhibits NT in some cell t&pes devoid of NBMPR binding sites
(63), the dég:Yminants for interaétion of dipyridamole with
the'tranéporter'may differ from those for NBMQB.

c) Structural studies )

The photoactivation of site:bound 3H-NBMPR resulted in
labelli¥ng of proteins from mouse lymphoma and leukemia cells
with M, 55,000-60,000 (67-69). Similar results have been ob-
tained with membranes from rat lung and guinea-pig heart,
lung and liver (70-72), suggesting that NT systems si;ilar
to the nucleoside transporter of humah erythrocytes may be
present in cells of those tissues:. Photoactivation of site-
bound JH-NBMPR covalently labelled»plasma membrane proteins
with'.Mr 60,000 from rat liver, and M, 55,000 from guinea-pig
liver (71,73). This variation probably arose from.

5 J.A. Belt, personal communication



12

L

differences in glycosylation, since treatment with en-
doglycosidase F yielded polypeptides with My, 45,000 in both
preparations. |

A polypeptide with My 72,000-80,000 was labelled by
photoaét}vation of site-bound JH-NBMPR to wild type Novikoff
rat hepatoma membranes (74). A cloned line of Novikoff
cells, the UASJ-2.9 clone, has been shown to have high-
'éffinity NB&PR binding sites, although NT in these cells has
low sensitivity to NBMPR, suggesting that the NBMPR binding
s;té énd the permeation site are not functionally coupled in
this cell line (18).

* 5. Becondary~-active NT systems
PPermeation of unmetabolized nucleosides against con-
centration gradients has‘beenpobserved in a number of celi‘
types, as outlined below.

1. 'Kessel and Shurin (75) reporggd that the presence of
uranyl ions in the. incubation medium of dcyd kinase-
deficient L1210 cells reqplted in a two-fold accumulation of
cellular araC, relative to the exﬁracellular concentration
~of that nucleoside analogue. While the presence of a con-
centrative NT system in L1210 cells was dismissed by the
authors, the present report demonstrates the activity of
such a system in L1210 cells (see "ﬁesults and Discussion").

2. Isoléted rat hepatocytes accumulated unmetabolized
dThd abobe‘extr?cellular levels via a high-affinity NT sys-

tem, although n6 further characterization of this system has

/N
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been reported (76). \

3. Le Hir and Dubach (77)'described a sodium-dependent,
concentr;tive NT system found in brush border vesicles from
proximal tﬁbules of rat kidney. This system, resistapt to
inhibition by NBMPR and NBTGR (78,79){ showed high affinity -
for Ado, dAdo, Ino and Guo (Kp values of 1.48, 8.61, 2.02
and 3.48 uM, respectively) and recognized Cyd, dThd and Urd
as permeants (80). -

4. During incubation of mouse\kidney slices in medium
containing:2'~deoxytubercidin, intracellqlar levels of the
free nucleoside reached 1eQ;15 2- to 3-fold greater thaﬁ the
concentration in the medium. The accumulation of 2'-
deoxytubercidin under these conditions was inhibited by
sodiﬁm azide (8l1). Although the cellular accumuletion of 2'~
deoxytubercidin in this preparation was not attributed to
the operation of nucleoside-specific transport systems, con-
centrative renal NT mechanisms appear to function in hﬁmansﬂ
and mice. It was reported that average renal clearancs
values for dAdo and Ado in humans were 5-fold larger and 5=
fold lower, respectively, than that of the creatlnine
cleared (61.9 ml/min/1.73 mz, ref. 82). In the same study,
it was’obee.’ that the renal clearance values for inulin,
dAdo and ad wg; 0.193 ml/min, 0.313 ml/min and 0.059
ml/min, reeﬁect y (82). Since creatinine and inulin are
not eignificantly secreted or reabsorbed by renal tubgles in

mice and humans, clearance of a substance above that o% a

creatinine or inulin indicates renallsecretion’of that

o
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substance, whereas clearance below creatinine levels is sug-
gestive of renal’ reabsorption (83). The results from dAdo
and Ado ciEarance measurements suggest the presence in human
and mouse kidheys of systems that actively secrete dAdo and

reabsorb Ado.

5. In isolated epithelial cells (qntorocytol) from

!

quinea-pig jejunum,-Schwenk et al. (84) measured a 13-fold\
agcumulation of free Urd above tgg external nucleoside con-
centration.‘Rates of Ado transport measured in this syaten
were saturable and nucleoside accumulation required a Na*

~\\gradient. The concentrative NT process in these cells was
inhibited by ouabain and by antimycin A, ®n inhibitor of
mitochondrial ATP production.

6. IEC-6 cells, a cultured line of rat intestinal
epithelial cells, concentrated FB in a sodium;dependent,
NBMPR-insensitive manner (85) . These cells also exhibited NT
activify that (i) had no sodium requiregent, (1i) was sus-
ceptible to NBﬁPR inhibition, and (iii) also appeared to
mediate nuclepside efflux from IEC-6 cells (85).

7. Rabbiz choroid plexus was shown to have at least two
different NT*syptpms (86-89). One of thesq systems was non-
concentngtive,qé;nsitive,to inhibition by 10 uM NBMPR, and .
probably involved in nucleoside effluk. The other NT system
was concentrative, insensitivg to NBMPR inhibition, ana
‘;nergy- and sodium-dependent. The sodium-dependent system

was inhibited by ouabain and NEM, but not by the non-

penetrating thipl-reactive agent, &,6'-dithiodinicotinic
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“acid, SUQGBBting that thiol groups located in the inner face" i
oot the plasma membrane were involved in m&cleoside permea-'.y

. tion."rhis concentrative NT system recognized dUtd, dThd,
7 ado- aug dcyd but not 3'-dAdo. Blockade of mediated efflux j’

fby NBMPR in choroid plexus resulted in- enhanced accumulationjym

fof permeant nucleosides by the active system (86 sfig |

: 8. Darnowski and Handschumacher (90) have shown that
'systems capable of. uphill translocation of nucleosides may

' _be present in’ various murine tissues. The activity of these .
' systems in miee was evident in the levels of free Urd fopnd

"ﬂrin intestine, liver, kidney and spleen, which were 4- to l?—
| fold higher than in plasma. - f : " i

‘9, Uphill transport‘of.Urd has also been demonstrated-

*15 dispersed mouse splenocytes Concentrative Urd influx in.

.these cells was sodium- and energy-dependent .and was 1n-'

"Hihibited by purine nucleosideqf but not bY pyrimidine

nucleosides, NBMPR, glucose, dipyridamole or nucleobases In

\

’ these cells,,an NT system that mediated non-concentrative

- transport inhibitors.'

| permeation of bothapurine and pyrimidine nucleosides was o

- also demonstrated (91)

6. Modulation ot nuoleoside analogue toxicity by ,'h'

Inhibitors of NT have been shown to ;:duce the anti-
-‘proliferative activity of tox1c nuc1e051demanalogues towards,
Various types of cultured neoplastic cells. For instance,
.rj’RPMI,6410;cells,werezprotected from the;growth inhibitory}

N v

. -
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: effects of 5~ azathidine, -azauridine, araC, 2= E—Ado and

showdomycin ‘when 5 uM NBMPR was included in culture media

(8. ‘The presence of ;LO WM NBMPR.in the growth media of
| L5178Y lymphoma cells also protected these cells from the

antiproliferative activity of formycin or tubercidin (7),
and the 1nhibitory effects of araC on HL-60 cell prolifera-
'tion were decreased when cells were cultured in the presence

;, of dipyridamole (l uM ref. 8). The protection ot’ﬂtured |

| cells against the antiproliferative activity of ' n cleoside

drugs by NBMPR or dipyridamole has been. attributed to in-
hibition of cellular NT. systems with consequent decrease in
the influx of nucleoside drugs. '

NT inhibitors have also been shown to decrease'the :
tOXlC effects of some nucleoside analogues in animals. For yh

instance, protection ‘f normal mice from the lethal effects_

of nebularine tubercidin and toyocamycin was achieved by

o—administration with NBMPR, NBdAdo or dilazep. Such

=

‘ protection likely derives from decreased permeation of the.,

. nucleQSLde drugs int cells of dose-lﬁtiting tissues, sub-'ﬂF

sequent to inhibition of nucleoside influx by NT inhibitors
(15) | |

The inclusio of NBdAdo in therapy regimens in which

e‘otherwise lethal doses of nebulari were administered in-

creased the number of - long-term surviving mice implanted

w1th Ehrlich ascites carcinoma (13). Iq§ieases in life-span '

5 were also observed when L1210 leukemiaqpearing mice were

treated with nebularine and dilazep (13). In these experi-

A
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ments, NT inhibitors may have increased,the therapeutic ef-
| fectiveness of'nehglggin!’by decreasing the influx of the
””“toxio nucleoside into host tissues to a greater extent than
into the tumours.

o In another’ application of the "host-protection"
strategy, treatment of P. yoelii infected mice with poten-
" tially lethal doses of tubercidin and host-protective doses
of NBMPR-P did not produce long-term survivors, but in-l "
_creased median survival times (92). NBMPR was also shown to '
increase the therapeutic effectiveness of tuberc1din 1n the

"5ment of mice infected with s. japonicum (93). In a

similar therapeutic tactic, treatment regimens including
‘ nebularine and NBMPR or dilazep were effective in the treat-
ment of mice infected with Schistosoma mansoni\§94). NBMPR

fféq;iveness

ﬁbf tubercidin .and nebularine by selectively reduc1ng the 1n- |

and dilazep may have increased‘the therapeutic

flux and toxicity of the nucleoside drugs into ho\t tissues :
Selective host protection was probably achieved because

'nucleoside analogue permeation in erythrocytes infected w1th_

conditions' (i) effective concentrations of the NT 1nhibitor"“
.must reach target tissues,_and (ii) a significant proportion
of nucleoside entry in those tissues must be mediated by an-

'NT system sensit%ye to that NT inhibitor. In view of the
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: heterogeneity of NT systems, host protection in this context
: is likely to occur only in particular circumstances that
"provide the foregoing conditions. | ‘

L4

In~seeming contrast to the host protection phenomenon,
inhibition of NT enhanced the cytotoxicity of certain‘
nucleoside analogues. For example, the presence of
dipyridamole increased the antipro}iferative activity of
dAdo/dCF combinations towards cultured L1210 cells (95).
This effect of dipyridamgle likely resulted from selective '
inhibition in L1210 cells of a. route for dAdo efflux without
blockade cf dAdo influx (see "Results and Disoussion")._In

another example of enhancement of nucleoside dnblngue

toxicity by NT inhibitors, araC inhibition of L5178Y cell

proliferation was increased when incubation with that

nucleoside analogue was follou addition &f dipyridamol
(96). Dipyridamoléﬁwmay have reduced the efflux\ of araC fro
these cells, maintaigiﬁg cellular levels of ar;F and .its 5'-
phosphates and, thereby, increasing arac cytotoficity. |
Decreases’ in the toxicity of nucleoside analogues by NT
- inhibitors have not always been observed in animals.yOne
.study reportednthat the toxicity»of aracy S-F-Qrd and 5=
azacytidine administered to rormal mice was unaltered by
ﬁBMPR. It was also reported that the toxic activities of 5-
"azacytidine and 5=-F-Urd were(increased by co-administration
w1th dilazep (15); perhaps because the latter agent in- o
hibited efflux of nucleoside drugs from dose-limiting

:tissues. This hypothesis has yet to be tested.

y
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7. Cellular metabolism of dAdo; araa and‘zer-arah.
A portion of the present study‘é§yolved experiments _
that measured the antiproliferative activity or .
chemotherapeutic effects of dAdo, araA and. 2-F-araA A sum-
mary of the metabolic fates and apparent mechanisms of ac-
tion of thes%'nucleo;ide analoguesiis given below.
2'-DeoxYadenosine is a substrate of'enzymes involved in
Ado metabolism. The general features of dado metabolism are
outlined in the scheme of p. 54. Adenosine deaminase (ADA)
hconverts dAdo into.deoxyinosine. Formation of the»latter can
be substantially reduced by dCF or EHNA, potent ADA in-.
»
hibitors with Ky values of'2 5 x 10712 M and 1.6-x ib'g M,
,respectively (97). " «
_ 2'-Deoxyadenosine is phosphorylated by both Ado and
_AdCyd Xkinases in various mammalian cells (98- 100) The 5'~
'tmonophosphate‘is ‘converted to dADP, which, in turn, gives'
rise to dATP as the final phosphorylation product ' (98-100).
- The mechanisms of dado cytotokicit;rare not clear,'although
‘contributory effects .appear to be feedback inhibition of
‘fribonucleotide reductase by dATP (101,102) and dAdo inhibi-
_tion of SaH hydrolase, the latter effect may halt some
- methylation reactions (103 104).
Accumulation of dAdo and its S'fphosphates.in genetic
‘or pharmacologically-induced ADA defiCiency_was éiéompanied
by ATP depletion in erythrocytes,‘lymphooytes\and CEMDcul-
tured cells (105). In CEM cells, dJATP formation resulted in

ATP degradation to ADP and AMP. The dATP so produced

19
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f | .

stimulated AMP deamination to IMP. The ‘degradation of AMP to

IMP, and the utilization of ATP to produce dATP in thgse |

cells resulted in ATP depletion (105) The cellular metabo-

lism of dAdo has been the subject of several reviews (106~ -

w09). . o

The nucleoside analogues; araA and 2-F-aralA, are sub-
strates for some of the enzymes that metabolize dAdo in mam-
.malian cells. AraA is phosphorylated by dcyd kinase, Ado ,
_kinase and, possibly, by a deoxyribonucleoside kinase (110~
‘112) -AraAMP and araADP are phosphorylated by adenylate:
kinase and”nucleoside diphosphateikinaSe,_respectively‘
(113) . AraA is deaminated by ADA, and the product, araH, has
little biological activity (114). Inhibition of ADA greatly
enhances formation of araA 5'-phosphates in cells (115)

2- F—AraA is converted to FAMP primarily by dCyd kinase
(116). The enzymes involved in subsequent phosphorylation
stéps have not been characterized but ‘2- F-araATP is a major )
metabolite. -F—AraA is not as susceptible to deamination as
" araA (117 118), although deamination products have been
detected after administration of [3H]2-F-araA to mice, dogs
‘and monkeys (119). | =
| AraA and 2-F-araA appear’ to have multiple mechanisms of
action, including inhibition of DNA synthesis. AraATP and 2=
,F-araATP have been reported to ‘inhibit DNA polymerase alpha/
but not DNA polymerase beta, by eting with the natural
»substrate, dATP. The affinity/g;9:§§ATP for mammalian DNA .

* 'polymerase alpha is similar to,that of dATP (110,1}8-122).

<
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Ribonucleotide reductase is inhibited by‘araATP and its
.2#fluoro:derivative (123,124). Such inhibitionfwouldtreduce .
dATP levels which, in'turn, would probably enhance the ef-
fectiveness of both 5'-triphosphates to interfere with DNA
synthesis (120). ,

The clonogenic viability of cultured L1210 cells has
been related to the extent of araA incorporation into - DNA -

- (125). similarly, the incorporation of 2-F-araA residues
iinto the DNA and RNA of HL-60 cells has also been correlated
" with loss o’bélonogenic viability (126). .

‘AraA and, toga lesser extent, 2-F-araA inhibit saH
ihydrolas\ in several mammalian'cell types, although the con-
tribution of this effect to cytotoxicity has not been
demonstrated (104,123,127-129).

8. Research proposal.

Permeation of nucleosides and theirhanalogues'across
.Aplasma}membranes of mammalian~cells occurs mainly via
'nucleoside-specific transport systems. Consequently, NT ac-
tivity is a determinant of nucleoside analogue cytotoxic1ty ,
QE; various cell types. as discussed in Section 6, inhibition'

‘ NT activity in cultured cells or in vivo may increase or
decrease the toxicity ‘of nucleoside analogues, depending on

.'the cell type, inhibitor and analogue used (6-8, 15 92-96) .

" Protection of cells from nucleoside analogue toxicity by NT

' inhibitors appears to derive from reduction of mediated
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nucleoside influx. In contrast, blockade of mediated - | \
; ,nucleoside efflux,by‘NT~inhibitors may induce‘cellular‘ace
cumulation.of.nucleoside analogues and/or their metabolites,
and, thereby, enhance the toxicity of those analogues. For
instance, the NT inhibitor, dipyridamole, enhanced the an-
‘tiproliferative effects and cellular concentrations of dAdo
and its anabolites in. ,cultured L1210 mouse leukemia cells
(95), probably by blocking transporter-mediated dAdo efflux.,v

The-diversity of NT inhibitor effects on the biological

\

~~activity of nucleoside analogues in various cell types sug-

gests that the pharmacokinetics and'pharmacodynamics of

nucleos'de drugs may be modulated’by inhibition of NT in
vivo._in ibition of NT activity‘miQ§t'be exploitable
therapeutically if blockade of nudleoside efflux, with con- -
sequent nhancement of nucleoside drug toxicity, could be
selectiv'ly achieved in target cells. | ‘ |
| The resent study.initially aimed at (i) determining
ythe effect of’ NT inhibitors on nucleoside efflux, (11) in-
vestigating if cellular retention and cytotoxicity of .
MnucleOside analogues could be: enhanced or modulated by NT
inhibitors, and (iii) evaluating the antineoplastic activity’
~of nucleoside analogues when administered in combination

with NT- iﬁhibitors. The model system first selected for this
project,,the L1210/C2 clone, offered the possibility to in-

o vestigate if the effects of nucleoside analogues ‘observed in

‘cultured cells could also be obtained in therapeutic experi-'

ments with animals, since these cells proliferate both



in vivo and in culture.
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'\ METHODS

I. CHEMICALS ) ’

\

2'-Deoxycoformycin, 2-F-araA, 2-FAMP, arac and L-Ado

were generous gifts from the Division of Cancer Treatmont
National Cancer Institute;/ Bethesda, Maryland (USA) . NBMPR
was prepared'in this labératory (130), and NBMPR-P and
kN?dAMP were prepared by the Research Laboratory, Yamasa
Shoyu Ltd., Chosi 9Japan) AraA\was purchased from
Pfantstiehl-Laboratqries, Waukegan, Illinois (USa).
Tricaprylylamine‘}alamine 336) and 1,1, 2-trichloro-
trlfluoroethane/(#reon TF), were obhtained, respectively,
from the Henke%VCo., Kankakee, Illinois (USA), and from
Dupont, Maitland, Ontario (Canada). Dilazep was a gift -from
Hoffman-LaRoche, Basel (Switzerland). EHNA was klndli
provxded by Dr H J. Schaeffer, Wellcome Research
Laboratories, Research Triangle Park, North Carolina (USA)
- Cell culture materials were purchﬁsed from GIBCO, Bur-

,‘llngton, Ontario (Canada) . PEI-cellulose_TLC sheets were:
purchased from Brinkmann Instruments' Westbury, New York
(Usa) . Tritium-labelled nucleosides were obtained from
Moravek Biochemicals, Brea, California (USA){ Proteinase K
was purchased from Boehringer Ingleheim, Dorval, Quebec
(Canada) [l 2~ 3H]polyethyleneglycol (2fhpi/g) and 22NaC1
(>100 Cl/g) were obtained from NEN, Lachine, Quebec

(Canada) . DNP and paraffin oil (Saybolt viscosity 125-135)

24
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were obtain‘d from Fisher SGientitic,‘Fair Lawn, New Jersey,
(YSA) . sinicoﬁc 550’011 was purchased from Dow Corning, Mis-
sissauga, Ontario (Canadai. FB was a génerous gift'from the
late Professor Hamao Umezawa, Institute for Microbial

Chemistry, Tokyo (Japan). . ‘ P

IX. CELﬁ CULTURE PROCEDUREB

l. Cell lines )

This study utilized cells derived from cultured lines
of mouse leukemia L1210. The original L1210 cell line was
" isolated from the spleen and lymph nodes of a DBA/2 mouse
following treatment with meﬁhylcholantrene by skin painting
(131).

'The L1210 sublines used in thié study are described
below. Stocks of these lines frozen in growth medium with
lo%.dimethylsulfoxide were stored under liquid nitrogen.
.Cultures started from the frozen stock were not passaged oy
more than 35 sub-culture generations. The results reported
in this study wera obtained with cells from cultures in r
which cell proliferation was exponential; this was achieved( .K’o
by ensuring that cell densitles in cultures did not exceed 6

x 105 cells/ml.

Vi

a) L1210/C2
This cloned line, capable of proliferation in vivo and
in vitro (132),'was obtalged from Dr. C.E. Cass, McEachern

-Labo:atory, University of Alberta. L1210/C2 cells were
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*
»

cultured in Fischel's med#um with 10% horse serum. The cells
were maintained in exponential growth by dilution to 0.0% x
106 cells/ml with fresh medium every 2-3 days. The ddublinq

/

timg of L1210/C2 cells under these conditions was 15-18\h.
b) lelo)araC/MeMPR (L1210/AM)
This clone, designatéd here as L1210/AM, was kindly
- provided bnyf. L. L. Bennett Jr., Southern Research In-
stitute, Birmingham, Alabama (USA). L1210/AM cells were
developed in a two-step selection procedure in culture, the
first of which established a lihe resistant to araC. The
second step involved selection“gt cells capable of
proliferation in culfure medium contgining MeMPRS. L1210/AM
cells are deficient in Ado, dAdo‘and dCyd kinase activities
(133) and were cultured as described for L1210/C2 cells. Ex~

ponentially growing L1210/AM cells doubled in 12-14 h.

c) L1210/MC5-1

L1210/MC5~-1 cells were kindly provided by Dr. J.A.
Belt, St; Jude Children's Regearch Hospital, Mémphis, Ten-
nessee (USA). L1210/MC5-1 cells, which were selected from a
mutagenized popﬁlation of L1210/Bz7 cells for resistance to
- ¢
6 1.1. Bennett Jr., personal communication
7 L1210/B2 cells are a cloned line derived'from*wild-type

cells from the Southern Research Institute, Birmingham,

Alabama (USA) (J.A. Belt, personal communication)
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araC and tubercidin in the presence of 1 uM NBMPR, possess
NTmcharactoristics that differ from those of the parent
11:‘1‘2, and from those of L1210/C2 and L1210/AM cells (vide
infra). L1210/MCS5-1 cells were propagated in RPMI 6410
growth medium with 10% horse serum, and were sub-cultured as
" described for L1210/C2 ceils to maintain exponential growth.

Doubling times during exponentia)l growth ranged between 12

and 14 h,

d) L1210/B23.1
| This cloné was selected from a population of
mutagenized L1210/MC5-1 cells for resistance to a combina-
tion of araA, EHNA and NBMPR. The NT characteristics of
L1210/B23.1 cells differ markedly from.those of the parental
cells, as shown in the following chapter.vThe culture condi-
tions for L1210/B23.1 célls were similar to those for the
parent line. L1210/B23.1 cell population doubling timcs were

12-14 h during exponential growth.

2. Measurement of clonogenic viability (134)

Cells were cultufed witﬁ!b;ugs for 24 h and clonogenic
viability was measured in drug-free, soft-agar ﬁediuh as
follows. Cells ;ere suspended at gréded densities between 16
and 200 célls/ml in drug-free cloning<iédium containing
Fisher'c medium with 0.13% agar, 10% horse serum, 10% condi-
tioned medium (filtered crowth medium from 24-h cultures)

and 50 ug/ml gentamicin. Five-ml portions of the cell
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suspensions were cultured in 10 mm x 130 mm test tubes at

b

37°C and, after 10-14 days, the content of each tube was
poured into a Petri’dish for enumeration of colonies under a

dissecting microscope.

3. Measurement of proliferation rates
Cell proliferation rates were assayed as described by

Cass et al. (13

Replicate cultures yere prepared to con-
tain 105 cel | nd graded concentrations of test agents
in growth me h 100 units/ml penicillin G and 100
ug/ml streptomy . Cell densities were determined aftef.4€
h of culture at 37°c using an electronic particle counter.
Cell population doublings (méanc from replicate samples)
were'expres;ed as percentages those in drug-free cul-

#
tures.

4. Mutagenesis and mutant isolation techniques
in the‘selection of the L1210/B23.1 clone, a suspension
of L1210/MC5-1 cells containing approximately 4.4 X 108
cells in 270 ml of growth medium was incubated with MNNG (3
ug/ml) at 37°C for 1 h. The cells were washed once with 200
ml of growth medium and cultured at 37°C under non-selective
conditions to allow expression of mutanﬁ phenotypes. Judging
from the cell concentration 24 h after treatment with MNNG,
and assuming unaltered cell populaﬁion doubling times, 20-

p :

30% of the cells survived the mutagenic treatment. After ap-

proximately 10 doublings, cells from the mufaqenized culture
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- were treated for 1 h with 1. 5 uM 'EHNA and suspended at 10°
;'glcells/ml in 350 ml of soft-agar cloning medium (v1de supra)
ycontaining 1. 5 uM\EHNA, 7 uM araA and 10 uM NBMPR or 5 uM ‘ l f}
.dipyridamole. Five-ml portions of this suspension were . e
"poured into 60~mm culture dishes and were - incubated at 37°c.
i;The selection‘pﬁocedure yielded 34 macroscopic colonies,-

v‘which when about l mm in diameter, were individually

’fsuspended in drug-free growth medium (RPMI 6410) to estab-

Vﬂ)lish 34 clonal cultures. After 4.6 weeks i cul;j;w

e proliferation rates of these clone_‘} growth.medigg,con-' :

l;taining 7 uM araA, 1 5 uM EHNA and 5 uM dipyriaamole were h .
;determined to verify resistance to the drug combination. ’

| :Ii. ANALYTICAL PROCEDUREB

"l. Purification of,radiochemicalsn

dTritium-labelled nucleos1des were purified prior to use_a

u,

\by HPLC using a Spectra Physibs SOOOA instrument equipped

T et e Ry

with a variable wavelength detector. Nucleosides were eluted
&y e

'from a Cla reversed-phase column (Whatman PartiSLl OBS 3) by ; .

Ye

_.7a linear methanol-water gradient which flowed at 1 ml/min'

A ﬁand changed from 0 to 25% methanol in 35 min. Retention

‘f;times of the. nucleosides and nucleoside analog%es puxified

. ei«‘

B

5fg,are listed in Table SONCEE A

° ®

2 Preparatioh of PEI(borate)

PEI cellulose sheetS\Were wash_ ;With lp% NaCl dried

e
R N,
o R



Table 1

e T e L e e e
HPLC elution times of nucleosides and nucleoside analogues -

R TN S JU R . L
Compounds wefe purified by”HPLC on a Whatman Partisil,ong-3
column using as eluant a methanol-water gradient (0 to'25%
© methanol in 35 min) at 1 ml/min. : o ..
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3y
(99 ¢ boric aci&* 112 ml triethylamine and water to give a

"final volume of,l l) The plates’ Weré drained, then immersed

e\(without drying) ! £irst in water (1 min) and hen in - !
methanol (l min), and dried overnight.;

P . .
~ v = . Y

3 Analysis of 1ntracellular anabolites of nucle051des
a) Preparation of cell extracts “' E | |
Suspensions of cells,in growth media.with a 3He

nucleoside were.codged'toﬂ4oc, centrifuged (150 x g, 2 min;‘
i_4°C), and the‘bell pellet was washed once with 1ce-cold
nucleoside-free growth medium. After centrifugation, cell .~

uf pellets were mixed with 0.1 ml of" 0. 4 M TCA and kept for 20-

ﬁ 30 min in an ice bath. The TCA—containing suspens1on -was |

centrifuged (150 X g, 2 min, 4 C),-acid extracts were trans-

o}
' ferred to microcentrifuge tubes containing 0. ml of 0.5 M
alamine in oh TF and the two solutions were thoroughly
;‘mixed. The . uppei, neutralized aqueous layers were stored at

- =20°C unéil analy d (within 12 24 h). . o s T

f\\\~;3 b) Effects-of ADA inhibitors on nucleOSide deamination

'

Cells vere incubgted in growtn medium containing 1.1 uM

dcF or l 5 uM EHNk q?r 1 h at 3/°C prior to the 7ddition of
e &
’ éo ortaﬂ-araA and then were turther incubated under'

?’ s
' vmﬁffure conditQOns for 20 h. cell extracts obtained as’
| described in Section 3a were analyzed by TLc on PEI cel-
plulose chromatograms developed with water. ‘R values for

r_dAdo and dIno: in this system Wegggo 50 and 0.64, respec-

k:’
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tively. | , ,

To determine if araH was formed from 3H-araA deamina-'"
tion, cell extracts were analyaed on washed PEI cellulose
sheets with development in scetic acid 2-propanol water -
(65:22:13 v/v/v) This solvent system resolved aralA

\\\v(Rf—o 42) from araH (Rf=0.27). Less ‘than 5% of the radioac-

7y .. ,4;;','(,'*'}«3 o
’” ko the chromatograms co-migrated with authen-

AP

tic dIno 'f’dr&ﬂ

. :YC)'Thé analysis of.gAdO'and araA'anabolites
’yormation of 5'-phosphates of 3H-dAdo or 3H-araa was
.assayed by TLC analysis of cell extracts using a ptocedure
described bY‘Schwartz and Drach (136) and modifie “Lauzon
’et al. (137). Samples of cell extracts (5ul)  and appropriate
: . car;ier compounds_wereuapplied'to PEIncellulose sheets. The~
-'chromatoérams were first fun with=0 66 M acetic acid nntil
the solvent front was 2 c% above the origin. Without drying,ﬂ
"the chromatograms were develoEWifin a second solvent system,
. 0.33 M Licl in 0. 66 M acetic acid, advancing the solvent
_ front a further 6 cn. Again without drying, the
‘;chromatograms.were developed a further 9 cn in® the final
~ solvent system, 0 66 M Licl in 0.66 M acetic aciad. This pro-
'L'cedure resolved nucleosides and their tri-, di-, and monoi\~/
~phosphates. Rf values are 1isted in Table 2.
'“ Sections (0.5 cm) of the chromatograms were‘eitracted\ b,l
| with 0 5 M ‘NaOH at room temperature for at least 3'h and |

after neutralization (HCl),_3H-activity in each section was ffﬂ%

L
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‘Table 2 | | )

Mobilities of nucleosides and nucleoside 5'-phosphates on
PEI- cellulose thin-layer chromatograms.

L

PEI-cellulose. chromatograms wvere developed sequentlally with
0.66 M acetic acid, 0.33 M LiCl in 0.66 M acetic acid and
~0.66 M Licl in 0,66 M acetic acid. . R -
. ] ) . e \‘ | . t :
o ' compound Rf S “;?<¥ y
: : T ’.\4’ ’ : ",
dAdo .. 0.87
o > :
dAMP : 0.66
W ; '
T.y dADP | 0.20 - \
R ’ .
z % dATP. : 0.03 AN
»  arak 0.90
# : e “ :
A L .’“3"\
araAMP i 0.68
t ! . ' o
araADP 0.23"°
araATP ' : - 0.04 °
arac ' 0.91

aracTP ' ©0.03
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determined by liqumd scintillation\counting. To establiah
‘the efficacy of the NaOH extraction htep, S-ul samples of
cell extracts’ were added to scintillation vials containing a
blank chromatogram ‘segment and 3y~ -activity was measured Ex=
- traction efficiencies were > 95%, and at 1east 95% of the

applied 3H-activity was accounted for on the ch;:matograms.
4; Extracellular products‘derived from nucleoside
anabolitesf
During'incuhation at 37°c in growth medium oontaining |

3H-dAdo, 3H-araA or 3H-arac for intervals specified in in-
dividual experiments, Ll1210/C2 cells accumulated pools of
3H-labelled dATP, araATP or araCTP. Monophosphate and
'/diphosphate derivatives of the 3H-nucleosides together rep-~
- resented 17% or less of the total cellular 3H-activity; The
| cells were pelleted, washed once withecold growth medium_and
incubated at 37°C in nucleoside-free medium for\3 h. To
identify extracellular products derived from catabolism of
the 3H-1labelled nucleoside 5'-triphosphates; samples of cul-
ture medium were;first freezefdried to yield residuesvwhich
were then,extracted with 0.4 M TCA; after'neutralization,
the extracts were analyzed by TLc;or HPLC. The following TLé :
analysis systems were used: (i) PEI (borate) cellulose“
developed with water, or ‘with acetic acid 2-propanol'water
i (65’25‘12 v/v/v), (ii) PEI cellulose developed with water,
| and- (iii) silica gel developed with methanol: chloroform 3%

acetic acid-(2:3: 1 v/v/v) HPLC analysis was performed as



- described in Section III.1 for the purifécation of”

radiochemicals.

5. Isolation of nucleic acids (1384141)8
a) Congosition of eolutions utiliced.
I. Wgshing PBS, pH 7.4 1
137.0 mM Nacl
16.0 mM Na,HPO,
1.2 mM KH,PO,

. . . g 2
II. Tris~EDTA-SDS, pH 8.0 : ‘QEL‘ “
10 mM Tris.HCl
10 mM EDTA
10 mM Nacl

0.5% SDS

“1III. Tris-EDTA, pH 8.0 :
50 mM Tris.HCl
10 mM EDTA

10 mM NaCl

‘Yarkawi and the guidance of Dr..

The help of Mr. H. El-
'L W. Brox in the extraction of cellular nucleic a01ds by the
 phenol method is gratefully acknowledged .

s
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Iv. Tris-buffered phenol (TBP):‘m;

Equal Volumes of DNA-grade phenol and 1.0 M Tris (pH
8.0) were thcroughly‘mixed and let stand a tew ninutes.
The upper agqueous layer was remove:/ﬂnd another portion
of 1.0 M Tris was mixed. The aqueous layer was again
removed and an eqﬁfl’volume of 0.1 M Tris was added.
After s\EKing, the mixture was allowed to stand over-‘
night at 4°C..The uppe® layer was then replaced with
0.25 volumes ofvl.o M Tris. This solution was stored at
+0a. _ . | -
V. TBP-Chloroform:

.This is a 1:1 (v/v) mixture of egual volumes of HPLC-

grade chloroform and TBP which was stored at 4°c
E 44441.7
a'w'

VI. Buffered Cesiun Sulphate Solution

65 g Cs,50,

10 ml DMSO |

Tris;EDTA buffer (ph 8.0) was added to give a final
<'volume offloo ml. The density of this solution is ap-

‘proximately 1.50 g/ml. The presence of urea or a polar

solvent such as DMF or DMSO prevents RNA aggregation

1nduced by cesium sulphate. > -

&L

b) Procedure ‘
Following culture in medium containing 3H-araa,

L1210/C2 cells were uashed once with cold PBs (4°c),
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‘'suspeyded in polypropylene tubes oontaininqwswml~Tris-EDTA-
BDS bufter and treated overnight with proteinase K (50
ug/ml) at 37°C. The digest was extracted once with 5 ml cold
_TBP and then extracted two or three times with 5 ml cold
TBP-chloroform. To the resulting solution (5 ml), 0.5 ml of
2.5 M sodium acetate and 10 ml of cold ethanol (-20°C) were
~ added and the mixture, placed in 30-ml Corek centrifnge
tubes, was sto:ed‘overnight at -20°C to indhee.nucleictaoid
precipitation. After centrifugation (8500 x g for 10 nin at
4°0), the pellets were dissolJLd in 0.5 ml of Tris-EDTA,
- warmed to 80°C for 10 min to denature the nucleic acids and
-cooled in ice-water. The solutions so obtained were layered
over 4 ml of buffered cesium sulphate solution; 0.5 ml
paraffin oil were added and the samples were centrifuged in
a Beckman VTi 65 vertical rotor at 7°C (150 000 x g for 50
h). These conditions established a cesium sulphate gradient
that separated mactomolecules according to thegg buoyant
densities.‘RNA; DNA and proteins were located in gradient
regions with densities of 1,62-l.68 g/ml, 1.42-1.48 g/ml,
.and <1.35 g/mlﬂ nespectiVely. To analyze the gradients, the
centrifuge,tnbes were perforatedcaa;the bottom with a
syringe needle, paraffin oil was added from the top at a
rate of 1.0 ml/min (conttolled by a peristaltic pnmp), and
’ Q.z-ml'fractions were céllected from the bottom into
microcentrifuge tubes..Fraction densities were determined
pycnometrically. Nucleic acids in gradient fractions were

prifipitated by addition of 25 ul of 4.0 M TCA and resovered
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by centrifugation. This.was necassary to preclude praoipitaé'
tion of the scintillation cocktail by cesium sulphate during
measurement of'3H-activity in nuclaic‘acid isolates.
nucleic acid pellets were dissolved in 0.5 ml of 0.5 M NaOH
and after neutralization (HCl), the 3H-activity of the
sapples was'determined by liquid scintillation counting:
6V‘Measurement of intracellular sodium.®
Incubation mixtures containing approximately 1.6 x 106
éicells were centrifuged (150 x g, %Kmin) and ‘cell pellets
were suspended in 0.35 ml of 0. 4 M TCA. After 10 min, the
mixtures were centrifuged and 0 3-ml portions of the ex-

tracts were transferred to polypropylene test tubes. Water

(6.7 mf‘éwas added to the sample extracts and ch‘sodium
content ﬁf each was determined bypatomic emigsion
spectrophotometry. Sample emissions of 589.4 nm light were
amplified by adjusting photomultiplier voltage to 394.8 VvV
and signals were integrated for 3 sec¢. Under these condi-
tions, emission readings from 0-01f0-05 mM NaCl solutions
were linear (Fig. 1l). The sqdium content\of cell extracts
was determined from the standard emission plot.ASOIutions in
these‘experiments'were prepared using 18-Mohm water, which
? The help of Dr. J.D. Harrison and the Department of
Chemistry in the atomic.emission. spectrophotometry and in
the use,pf the Varian Techtron 70 instrument is gratefully

acknowledged
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Na* (mM)

Fig. 1. Standard plot for determination of sodium by
atomic emission spectrophotometry. The emission of 589.4 nm
light by sodium-containing solutions was determined adjusting
the photomultipiier'voltage of the spectro-photometer 394.8
VvV, to givevlinear readings between 0.01 and 0.05 mM Na¥. A />
linear regression plot is fitted to the data shown, which are
means of triplicate readings. Standard deviations were less
than 5% in each of the triplicate measurements.
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gave a background of 3-5 emission units. Péilai volnmaa w":'
determined by adding 3H-water to incubation mixturcs that

were then extracted in the same manner as in th%&’sta

tion of sodium. Extracellular pellet space was dotarm;

using 3H-PEG in place of 3H-water.

7. Measurement of cellular ATP concentrations
’ Cellular ATP was determined by HPLC analysis of
neutralized TCA extracts (0.13 ml) from cells prepared as
described in Section 3a. In the HPLC analysis, 0.l-m1

samples of cell extract were'applied to a Whatman Partisil

10 SAX anion exchange column. The samples were elute'
ml/min with the solvent gradient system defined in.Ta
(142). ATP eluted with a retention time of 24.13 min.

| Iv. EXPERIMENTS USING CULTURED CELLS

1. Cellular adcumulation of nucleosides or nucleosiae

analogues and theif anabolites. |

_After ce}i suspensions were incubated,in growth medium
containing 1.1 uM dCF or 1.5 uM EHNA for 1 h at 37°c, (3H-
" dAdo or 3H-araa was added to each mixture, with or without
an NT inhibitor, and incubation was then continued under
culture conditions. At specified time intervals, neutralized
TCA extracts of thq%cells were prepared and analyzed by TLC,

as described previously (Section III. 3) .
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A ' g Table/3

. HPLC elution system for ATP analysis

The composition of the elution buffer used in the linear
gradient for HPLC analysis of ATP is expressed as the
percentage of eéach'constituent in the final solution, and as
a function of time. A

v N .
0.75 M NH,H,PO, 0.005 M NH H,PO,

time (min) | PH 3.7 (%) " pH 2.8 (%)

20-

35
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2. cellular retention of nucleoside 5'-tripnosphates.

Cells cultured as described in Section IV.1 and con-
taining a 3H-nucleoside“and its corresponding 5'-
triphosphate were separated from culture medium by centri-
fugation (100 x g, 4 min, 4°C), washed once with ice~-colqg,
: drug-free medium and suspended in medium with or without an
NT inhibitor. After incubation under culture conditions tor
specified intenvals, cell samples were extracted .and
prepagfd for T}C analyeiiuggnthe acid-eoluble'fraction, as
already described (Section III.3).

‘3. Cellular depletion of ATP. ' *
Suspensions of L1210/AM cells in Tris:medium (p.43) '

containing 0.5 x lqﬁ c lls/ml wére incubated at\g7°c with 25

T uM rotenone or 250 uM DNP fotr 15 min Neutralized TCA ex-

tracts prepared from the cells were analyzed by HPLC for ~
their ATP content. Water spaces in pellets and cells were
determined as described in Section III.S. The effects of

these treatments on cellular ATP levels have been summarized

in Table 4.

4. Transport meS;urements

aﬁ Composition of transport media

Cell‘suspension media differed dependingzon the
transport assay performed. The pH value of all solutions ‘was
adjusted to 7.4 at 22°C and, unless otherwise indicated, all

transport assays were conducted at 22°c.
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‘ o Table 4
5“ . . .
ATP concentrations in LlZlO/AM cells after treatment
o with ‘rotenone or . DNP T S

b .
’ ey
SR

JCell suspensions were incubated at 37°e~for 15 mln under the

conditions indicated and. neutralized TCA extracts were
analyzed by HPLC using the: system shown in. ﬁable 3.

- Intracellular. water space, hecessary to express ATP content
. in concentration units, was determined as. described in
*lSection III.6., . . . ISR - - -

’,»Treatment:j e

= Cellular ATP 5 o
:concentration '
o (mM)

‘

ngnt : ;:,anéentrdtion

+

1+

0.1

"+

Oo'é, RENS

1 Mean + S.D. ofuj determinaticnsu;}"

i



sodium bicarBonate

= II;‘Sodium.medium:

2.6 M KCl'

gt
RS

‘1.4 mM KH2P04 | ‘ | |
1.0 mM- cacl, R PRTRI
138.0 mM Nacl | |
ghs,o mM NaZHPo4‘
55;0 mM glucosei;
: , P
o This medium is Dulbecco s salts medium . (144), modified
- by the addition of. glucose (5 mM final). In spme experi-~
. ments, NaCl was replaced by equimolar amounts of NMG+ | ‘
| chloride (NMG medium) or KCl (potassium medium) NMG+ has

sed as an "inert" cation in Na -free cell suspension‘

' media (145 146) In the present study, the di:;erence in the
: volumes of cells suspended in sodium or in NMG medium did

‘;‘not exceed 5% In those media, NazHPO4 was replaced by 8. 0 o

77,,"mM KZHPO4.fIn experiments where the sodium concentrationqwas.

,varied mannitol was added to adjust the osmolality of the
solutions to 300 * 10 mOsm (determined with a Wescor vapour

pressure osmometer, Model 5500)

IIl Transport oil

@

Prepared by mixing 75 ml paraffin oil with 425 ml »f

- e 5 - :
« :} e - ' - ¢ o : B [P
P R 3y R . )
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RN 132'mM Tris.HCl

B i
‘ . . ) 73 . ‘ " “ /r K . ’ ’
silicone 550 oil, to give.a final density of 1.02-1.03 g/ml

LY

Y ST
R
.

- IV. Tris medium:

LA

somMkal &
1 gM MgCl, a_%d 1 nM eac12 , ;
.o o L ° ’
V. Tris/ NaCl medium° | :
_‘112 mM Nacl
© 30mM kel g ,
r20 mM‘Tris.HCl
‘Solutions IV'and‘V were utilized in'experiments‘neasur-
"_‘inq 22Na fluxes. Cells were suspended in medium IV in ex- ‘k'u;i
aperime;tSvmeasuring cellular ATP content prior to and fol-bb
. lowing treatmest with metabolic inhibltors ‘a' ,

,b) Transport assay protggg} R
Ce&ﬂs were suspended in a transport medium w. th or

without an 'NT inhibitor at 1-2 x 107 cells/ml Un ess other-

"wise stated ,cell suspensions were maintained at room tem-

A1 h preserved cell viability and NT function. Po'tions (0.1

;pérature for 10- 35 min prior to- transport assays Incubation

ok cells under these conditions for periods not xceeding

’ mi) of such cell suspensions were layered over 0 10 ml of

transport oil in 1. 5-m1 microcentrifuge tubes and sets of‘

i

e five tubes were placed in the rotor of an Eppend rf Model




5412 microcentrifuge. To start intervals of permeant influx,
0:1l=ml: volumes of 3H-permeant solution were added counting
metronome signals or using a stop-watch (for influx inter-
c‘vals greater than 30 Sec) Since specific inhibitors of . |
;.sodium-linked NT in_ L1210 cells have not been identified
'periods of. nucleoside influx were erided by centrifugal pel-
leting of cells under the Oll Cellular permeant ug%ake .
during pelleting was considered to be equivaf%nt\to permeant
tinflux during an interval of 2 sec (143) In. rapid sampling
‘1:'assays, 2 sec were added to nominal uptake intervale, that
‘HlS, ‘between permeant addition and centrifuge switchaon.
The "oil—stop"”method for measurement of cellular per-’
.meant uptake does not.. enable dirsct determination of the
cellular permeant content at time -zero (permeant association
.';w1th the cells arising from adsorption to the plasma
H~membrane or ahy process other than interaction with NT ‘
‘systems) Time-zero nucleoside uptake was determined by ad—:;w
. ding cell suspension to permeant solutions (in the»preseﬁce '
lof 10-20 M dipyridamole),at 0°C to -2 (o followed by A= :
mediate centrifugation This tactic was supported by the ex- .

- . .
7periment of Fig. 34, which showed that Ado transport via the'

.sodium-dependent system in LlZlO/AM cells was, viliually

.

dabolished at 5°c Thé”pﬁgsence of dipyridamole eliminated

- nucleoSide permeaﬁf 1 dﬁa non-concentrati&e systems. In
W .
figures illustrating time courses of nucleoside/influx, cel-

tlular nucleoside content dt time-zero is shduﬂ nd‘has not

been subtracted from. celfular nucleoside content at indivi-f_g"

L



‘,gportions of scintillation flu

’activity was measured.

. cate and experiments were repeated 2 4 times.

47
) T ‘

dual time intervals. ' v -'Tf o A,

Aqueous layers in the assay ‘tubes were removed by

‘aspiration and tube walls above the oil layers were washed h

with diltilled W, ter. The aqueous and oil layers were then
7removed and cellﬁpellets were dissolved in 0.2 ml 5% Triton

X-100. THe tubes Were placed in scintillation vials, -mln

(1477 were added and 3p-

Intraqellular water voXmes were estimated by subtract—

'iméggpe extracellular space (dete ’ined with- 3H-—PEG in place

=of permeant) from total pellet water. The intra&ellular

water constituted 80 90%. of the pellet space. Time courses

*'01 nucleoside influx plotted in.é.bropriate figures show

nucleoside content associated with the intracellular spaces.

“In the present.study, nucleoside influx mediated by

.sodium-driven systems in LlZIO cells were approx1matg@y

' linear for at least 10 sec (e g. Fig. 30), and trangport

rates was readily determined from the slopes of time courses

of nucleoside influx. Transport assays were done in tripli-

. ;.J

y /

5. Blnding assays
a) Time courses of 3H-NBMPR binding

Portions (0 5 ml) of cell suspensions (4 x lo6

’celld/ml) in sodium medium were added to microcentrifuge

: containing,transport'oil (0-15 ml)-and 0.5 ml of<3HvNBMPR\'

(20 nM, final)'in_the presence or absence of 20 uM NBTGR._

| " v
i | ' R
. o r,l‘d
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These reaction mixtures were kept at 22°c for specified in-

" tervals until cells were pelleted under oil. Subsequont

sample work-up to determine the 3H-content of cells was

;v‘ similar %o ihat described fo transport experiments. Site- :
specific, bi ding of NBM%R/;;:‘;:termined by subtracting the

cell content of 3H-NBMPR obtained in the presence of NBTGR

("non-specific binding") from that in the absence of NBTGR
("total binding")

b) Equilibrium binding of 3H-NBMPR

Binding assays were performed as described in the _

‘_preceding section, except that NBMPR concentrations were

varied (0 04- 40 nM) and all ‘samples were incubated for 30

- min before centrifugation. COncentrations of free (unbound)"

ligand were determined'from the 3H-N-BMPR content’of’the~

'3-cell-free medium. The cell content of(3H-NBMPR bound

| specifically and non-specifically was estimated as described

in the preceding section.
V. CHEMOTHERAPY EXPERIMENTB

For chemotherapy experiments, 21-25 g female B6D2F,

| mice (Fl hybrids between DBA/2 males and 05781/36 females)

‘ were obtained from the Health Sciences Small Anim 1 Program,_

University of Alberta. The animals were intraperitoneally

”implanted each with 106 L1210/c2 cells (0 2 ml of a suspen-

Asion containing ‘5 x 1@6 cells/mlj_n 0.9% NaCl) obtained from.

';dissolved in 0. 9%' |
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NaCl (pH 7. 4, ‘unless otherwise indicated) and administered

) zﬁfter tumour implantation by i.p. injection. me
‘fo es of drug solutione administered were proportional to
0 1 fhl per 10 g body weight. Chemotherapy treatments fol-

lowed ;hidules specified in individual experiments.
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N , ., RESULTS AND DISCUSSION

N

%’\‘ .EFFECTS8 OF NT INHIBITORB ON THE TOXICITY AND CBLLUMR ':
METABOLISM OF NUCLEOB*IDE ANALOGUEBJN LlZl”CZ CELLS. 10 .

‘Q@ 1. Enhanceqent by dipyridamole of the antiproliferatiVe
activity, accumgﬁation and reEention of dAdo and dATP in
L1210/C2 cells, . ) T T |
| , The presence of dAdo in the culture medium of ‘Ll210/C2
cells decreasdd cell proliferation ratee in a concentration-
dependent mﬁﬁher, with an Iéso value of 26 UM (Fig. 2). The
antiproliferative effects of dAdo increased when dipyridamole -
was included in the medium. Icso values for the inhibition of
cell proliferation by dAdo in the presence of 1l or lo UM
dipyridamole were 9 and 1.5 uM, respectively (Fig. 2)

Kang and Kimball (85) reported that in L1210 cells, the
acellular accumulation of dAdo and its 5'=-phosphates was
1ncreased by dipyridamole, an effect accompanied by

o enhancement of dAdo antiproliferative activity. To examine

" the effect of dipyridamole on the accumulation of dAdo and
‘dATP in 11210/C2 cells, cells were_cultured at 37°C in medium

mcontaining 40 uM 3H-dAdo with or wifhout 10 uM dipyridamole

»10 Unless otherwise indicated, dCF (ﬁ:i uM, final) was added

to cell suspensions at least l1h ””ior to the addition of
d.fidhdonor;araA~in these experiments ;he data‘reported in
T'Section I -are means of replicate 8! les; All experiments

. were repeated two or three times 1 'a variation of 5-7%.



: ~Pathwayi%ofhaAdo,metaboltsmvin~mammalian«éells

o la 2 3 4
«dA‘d'°,out hn dAdOin = dAMP «+ dADP <« dATP

I 5 . N

o
dIno '
\
Step o " Enzymel2 o | Ref.
ST B NT systems:
| (a) non-concent;atite 148-150
: " (b)ﬂbipYridamole-ibsensitive
2 Ado kinase, dCydlkinase, |
. deoxyribenucieoside kihase ';.,151_153~
3 o fDeoxy;ibonucleotide kinase 154,155
4 | DeexyribonucleoSide» | gﬁgt“ i |
. 5'=diphosphate kinase 154!155
5 '~ 5'-Nucleotidase : . 156-159
;(% 6 ' _Adenosine deaminase f | 160

12 Many of the enzymes involved 1nf§toxyr1bonucle051de
. -]
' metabolism have not been chaéacterized While these
.activites are recognized, their presence in L1210

cells has not been demonstrated for all. . 2

5la -
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"Fig. 2. Enhancement by ‘dipyridamole of the anti-
proliferative effect of dAdo towards L1210/C2 cells. Cultures
(10° cells/ml) were incubated with dCF (1.1 yM, final) for 1
h prior to the additi‘on of dAdc; and dipyridamole. In growth
medium without additives, the cell population doubling time
was 19.2 h. Fi"nal concentrations of dipyridamole were . (O)
0,(a) L yM, or (O) 10 uM. ° o
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Figure 3 shows that, after 3 h of iﬁéubatidn,‘cellulaf leyels
of dAdb and dATPl! were increased about 12-fold by the %
preselce of dipyridamole in the culture medium. The
metaholism of dAdo in.L1210/cz cells under these conditions
probably involved the reaction sequences oulinéd in the
scheme of p. 51. In this scheme,'the passgge of dAdo across
the plasma membréne is primarily transporter-mediated,:a
concept supportéd by this study. It is a conclusio;'of this
study that multiple NT systems parﬁicipate in dAdo 3
translocation, one such system being a non-concentrative
transporter. In the scheme outlined on p. 51, cytoplasmic
dAdo may be phosphorylated,'gr, because of reQersibility of
the facilitated difELsion system, may leave the cell.
- Blockade of dAdo effluk would be_expected to increase
cellular accumulation and retention of dAdo and its 5'-
phosphates. Accordingly, the accumulation of dAdo and dATP in
the presence of dipyridamdlé'in L1210/C2 cells shown in Fig.
’43 may be attributable to inhibition of dAdo efflux. ) »;
The metabolic scheme of p. 51 suggests that, if qellé
contaihing dAdo and ité 5'-phosphatés were in dAdo-free
medium, cytoplasmic dAdo would leavé the cells down a |
11 with the exception of cells cultured’in the preéehcelgf
dipyridamole for 3 h, in whic¢h the ambuﬁt:of dAMP%dADP”
constituted 17% of total ?H-labelied material, cellular
levels of AAMP+dADP did not exceed 9% of.tofal 3p-

activity (data not showh)

W
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Fig. 3. Enhancement by dipyridamole of ‘the_ cellular
content of dado (Panel A) and dATP (Panél B) in Ll1210/C2
cells. Cells suspended at a density of 5 x 10° cells/ml were

cultured at 37°C in medium containirg 40 uM 3H-dAado. dCF (1.1 "

uM, final) was added to cultures 1 h prior to addition of
dado and dipyridamole (10 uM,. f'inal.-) . Cultures were prepared
with (A ) or without (0O) dip ;'fidamole. After indicated in-
~tervals, celis were pelleted and TCA extracts- were prepared
for TLC analysis of Cellula_r dAdo and dATP content as.
described in "Materials and Methods".
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conceg;ration gradient. Loss of cytoplasmic dAdo might be
Qollowed by dephosphorylation of dAMP, dADP and dATP, which

"would result in further outward movement of dhdo down its -

¥
P

K

When L1210/C2 cells containing 3H-dATP wera suspanded in
dAdo-free medium, QATP levels diminished with time, with a
halj-life of 87 min (Fig. 4). Such decreases were accompanied

by he appearance in the extracellular medium of 3H-activity,

. w“ich was shown by HPLC and TLC analysea to be mainly dado

(Fig ‘5 Table 5). Thus, appearance of 3H-dAdo in the

suspension medium coordinately related decreases in cellular

4;ﬂudATP with dAdo efflux.
L

z,‘j;“ The presence of 10 uM dipyridamole during incubation of

cells containing ?H-dATP in dAdo-free medium increased theP ¢

ahalﬂilife ef dATP to 140 min (Fig. 4), and decreased the '

. fraction oﬁ 3H—actiVity appearing in the medium (data not

:shown) ‘Thuq,tthe increase in cellular retention of dATP was
,icdnsiétent with blockade by dipyridamole of dAdo exit from
‘the cells, but did not preclude the possibility of

L]

: dipyridémole effects on dAdo phosphorylaticn and/or on

'dephosphorylation pathways ' oy
2. Effect of NT 1nh1b1tors on accumularion; retention
and antiproliferative activity of araA and ataATP.
To further explore the enhancepent of nucleoside
anabolism and retention in L1210/C2 cells, experiments ‘

‘

similar to those described in the preceding section were
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S q.‘ 4. - Enhancement by dipyridamole of dA‘I‘P retentlon -
i ’:210/<’:2 cells. Cell suspensions (5 x 105 cells/ml in rol-
"_fler bottl\es (1\5 rpm)) were 1ncubated at 37°c w th 13 1 uM dCF
- for'l h prior tojthe jd&ition of VH-tAdo (40 WM, ¢inal)- »
S Afler incubating for¥Ya further 3.3 h, the cellular dAT.P con—”

: {v:tent was‘ 100 nmcl/109 cells.. Cells were then washed once w:.th
fice—cold growth medium witho',_'- iddit»iVes, suspended in warm e
';,I,».“;medium with (A) or wi:thgxt (Q)V10 uM dlpyrldamole and‘ 1n-— e
._“:_T"cubated at’ 37°C. A,t the t;mes ‘ndicated, cells were collected I
_ _"'ang‘_”_' "utralized TCA cell extrac"s were prepared, dATP con- - ‘
o cg&t ;ations in ,the extracts were etermined b% TLC analysis. BN
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’fig.vs.‘ éﬁtracellular decay products of cellular 3Hf o
_T:dATP L1210/cz cells containing 3H—dATP, prepared as. Nf‘
o described in Fig 4, were washed ~once, suspended in grcwth

5medium and 1ncubated at 37°c for '3 'h. Meqpﬁm samples were

'freeze-drled, the residues were extracted with ice-ccld 0 4 M

o QpA and ‘after neutralizations the- extracts wefé analyzed by -

HPLC S aded areas r ent 3H-aetivity above bacquound.~ J

gnated as’ dXdo'(retention time, 28.6
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g : '-Table 5

TLC analysis of medium from suspensions of

 3p- dATP-containing L1210/c2 cells }

fséggles of suspension medium from cells containing 3H-dATP
were freeze-dried and extracted with O 4 M TCA. After
v‘nedtralization with alamine/Freon, cell extracts were‘

i analyzed by TLC.,3H-Ac€ivity ompanying added non-

'”isotopic dAdo ("carrier") is expressed as a percentage of

_7%he total 3H-activity applied to chromatograms._'“

¢

: .,.i' %_ : .

SO DeVeloping 3H-activ1ty

icellulose'~“v‘ - :,pI'Water o ‘1@3316~%i37;

+

PEI(borate) cellulose", oo, 1M §3303‘4_v 94,0 £ -

PEI cellulose "', , '.»e_Water »i 91.4 3 f‘vm

" S o - g 0

Moy

Stationary phase o - . so}jvent - accﬁhpanying dAdo \,.f”



| undertaken with araA and the NT inhﬁﬁitors, NBMPR dilazep R

and dipyridamole. Dipyrid;””wdialtﬁrs cellular‘processes

.

other than NT (161, 162)

;l , the inclusion of NBMPR and
dilazep tested the possibility that thevenhancement of “%““ i

-,-nucleoside accumuﬂation “and retention (Figs. 3 and 4) was a
particular property of dipyridamole. The inhibitor ‘

'aconcentrations used (10 UM dipyrihamole, 15 uM dilazep, 8 uM-
HNBMPR) were thought to decrease nucleosyde influx in L121Q/Cz PR

i'cells to about the same extent (however, ee Section II 1) s '»if

* In cells’cultured at 37°C in mediuﬁ*containing 20 uh 3H- '
2'"

" araA (withoyt NT inhibitors),oaraA and araATP reached pef:

,"approxiﬁately 5 nmol/lo9 cells anF ls‘ﬁ
C in 21'n’ (Eig 6) AraAMP and araADP ere not ’

3foeng in these cells, likely because theit cellulaﬂ levels .’\ .-.
‘,were below the detection limit of the analytica% technique _ |

/ used o Lo ; “‘ o '.k? | o ;

oo The presence of 10 uM dipyridamole in cell suspension -

medium containing 3H-a%aA, increased cellular araA‘and araATP

as 12-

and B.6F

suspension'fl f';- rdilazep were similar to those {eached
,in dipyriddhole-containing cultures. However, cells cultured*
“in me!!&m containing dilazep maintained high levels GT araA _f,f
_,and araATP for shorter time intervals (Fig. 6), and by the . :"
ﬁ?& end of the 21-h incubation period, the concentration bt : -‘F‘f SR

afaATP in these cells was not significantly different from

LA

L !

that in inhibitor-free cultures. Decreases in cellular levehs
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'f'contants of araA or araATP wére measured by %ﬁc analysis of

R SRR O

N

: ?,Qellylar araA
gignol/ 109 cells) |

b

H .,b‘ .
"
oo

EF
< & 40
80’ Q.
-

s
3.2%0
= E

' Fig. 6. Accumulation of aral (Panel z) and araATP ' o

" (Panel B). in L1210/c2 cells. Cells suspended at a density of
5 x 105 cells/ml were incubated a\,37°c with 1.1 uM dCF fcr 1

h prior to addition of 3H-araA (20. ul\(’fmali alone (6)7 or ~m.' e

i in combina%on with 10 uM dipyridamole (a ) , 15 *uM dilazep

neutralized TCA ex,tractqs B o oo HEEE R , ° a
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of araA and araATP, which probably reflected araA e lux from

| ! the cells, were not attributable to degradation of dilazep

duﬁ%ng the. interval of culture. The stability of that ug

inhibitor was evident in parallel experiments with 3H- f &

‘dilazep, which howed that 90% of the 3H-activity in‘the

e
1ncubation miﬂture co—migrated with authentic dilazep on

. : :hteraction of uncharged dilazep . :}fﬁ
L molecules with ;ﬂff T»system of “fhese cells:,*dsince culture
%‘: of L#flo/cz cells for periods of over 4 h significantly R
,,acidified the growth medium (in the experiments of Fiqs 6‘, , ‘
and 7y, ‘the fraction oﬂ d’*P iwlecules capable of . :‘ »
‘inhibiting NT may have beeﬁ?reduced Accordingly, a pH- ‘4 ﬁ}':A.',‘

relatéa reduction iarthe inhibition by dilazep of araA efflux

mediated by non-concentrative systems may haVe influenced the

-

a%khtics of araA

\ . X The increase in cellular accumulation of»araA and araATP

Ce » v

observed in- the presence of B'pM NBMPR was markedly smaller

retention in those cultures,(Figs. q/ang 7).

53

than the %ﬁpreases observed in the presence of dilazep or ‘ _
dipy idamole.‘The maximum concentration of araA achieved in . 3
thesspceil suspensions was approximately 3-fold qreater than ,
that in inhibitor-free cultures.,AraATP concentrations in the [,jh

presence and in the absence of NPMPR were similar (Fig. 62

! .
. ) L,
B o 9
N : n . : : M @ S b :
o - ‘ e ) ° . ." . . : o .
. e . . - - L e e s “
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| riq. 7. ﬁccuEulation of araA (Panel aA), and araATP I

(Panel B). in L1210/C2 cells. Cell suspensions were inculsated =

~with® 3H-w§m (20 u‘u, final) as’ desc;ribed in Fig. 6, except o

o .vthat EHNA (1.5 ul( final) replaced dCF. Cultures contalned
AT "'.; aral, &lone, (o ), ]or~araA with* 10 uM. lepyrldamole a( A ) ”

M dnazep (o) or 8 uM NBMPR (D)Q .
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(f;%mhe diffqronces in the effects oﬁ NT inhibitors on nucleoside

¢ accumulation in L1210 cells ari\gﬁﬂgsted in section II. 1.
f SR .»‘The experiment of Fig. 6 was tﬁterpreted to. mean that |
| the indﬂced cellular accumulation -} phrine nucleosides arose‘
grom alterations‘}n*ﬁT function ~‘£i’“ 5

Assays of nucleosidegpccumulation wete conducted in, the

Kl

N 1nvo1ved in the enhancement of cel @lar argp.apd araATP
«m:ﬁ,‘: ~,'A

®
levels, experiments similar to%those of Fig 6, but in which

o

g A,Jt

2‘l 5 uM EHNA replacé.thF were undertaken (Rig. 7)w_" ~ “ ‘

Comparison of Figs. 6 and 7 indicates that in the presence

py damole, dilazep or NBMPR, cellular levels of free
ﬂ‘ere slightly higher when EHNA replaced dcF. Maximum .
levels of cellular araATP, however, were substantially highervv“
© in media containing BHEA,® irrespective of the absence or !
' presence of ah NT inhibitor. TLC analysis o} the cell
| extracts revealed that less than 5% of the .cellular 3H9 ‘
| ‘content wasg: associated with araH in cul"res containing‘c; R
either APA inhibitor\(data hot shown?” Thus, the large ‘
itferences between the effects of EHNA and dcCF are not
' | attributable to variation in the extent of ADA inhibition.
The énh;ncement in ¢etlular araA .and araATP levels fn EHNA- ;
” treated cells’ relative to those in dCF-treated cellspremains',
Af, unexplained. _r ’ 'f~ R “ SR }
e ‘ The largest increases ﬁn cellular levels ot araA and

araATP occurred in46u1tures containing dipyridamole and pHNA.f} /
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‘AraA and araATP levels reached 97 nmol/10% cells and 700 -
| ,nmol/log cells, respectively, after 21 h of incubation at v
37°C with 20 M arak (Fig. 7) .. Peak concentrations of araA in

L

A ‘t;hese cultures were equivalent to abow.gt 100 uM since water

ol A

& ,‘pgpdl' in‘ L1210/C2 cells incubated wivx 20 uMaraA increased

. ﬁzighanvsy m1/1a9 cells to 0.9 m1/109 cells atter 21 hofy

: :l*

s 1“‘ eded that of tha mediun (20 1), implying the presence of .}
..’“‘ N
R "'cdcenc/ratiVe nucleoside 'uptake mechanisms in L1210/C2 cells
p e L IR S
! I ‘ : E

¥

-x\..j‘ L 7 Thétcoﬂcentrati ns of araA and aral metabolites achieved

in the &aukemic cells were apparently the resultant of

;'r : various prdCesses, including t,_ ans-mEmbrane fluxes of the o
.. * \L»,‘. N - \‘ . 1y
"fz:e WcLeJSide in both inward. a ftward directions, i
N h7‘ *‘_”.’ . .

¥

‘med,'iated by more than one NT system as well w %

B

vphosphorylation. As discussed in the precedinﬂsection,
\ 'increases in araA and araA'rP accumulation in theSe cells may

have arisen ‘from a net inhibition ‘of araA efflux. R w

. /‘* o R 1 -
L. - . . .
e e A ;. ,

3. Effect of NT inhibitors on retention of c\ejllulara,

X

. i

 araArP N e .
. Irn't'he_absencé Of JADA activity, a metabolic scheme N -

o simila_’r to that of p. 54 may’also bﬁappr__opriate for &raA.



‘medium\with 10 M dipyridamole, the half-l e of cellular
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AraA,,¢ > arad;, :f araAMP s araADP «. araATP

£ L |
- ¥
AU ’ ,

In this scheme, efflux df araA into araA-free medium ‘

"gff‘would likely ca‘e a_decrease in cellu’&r araATP levels
f}wrough phbéphorylat”on-dephosphorylation eqﬁfiibria. When

iR
i

egsracellular levels of ‘araA are low, deaﬁy of cellular “

LaT

araATP levels would be exppcted to correlate with outward -

.movenment of aralA molecules. To test this idea, L1210/c2 cells
were "Ioaded" with 3H~araATP by incubation with 20 uM 3H-araA |
’at 37°¢ for‘3 h. After a single wash with cold medium, thqse

.,cells were susgpnded in araA-free medium and timﬁ'dependent o

changes in 3H—content of the oelfs and medium werevtollowed

1
with a half-life of 73 min under these conditiohs\{?ig. 8).

1

When\izils co_taining 3H-araATP were susp ed in arai-free

araATg increasedfz\ﬁ-fold ‘to 190 min (Fig. 8). The presence

of 15 HM dilazep resul ed' in a-1l.7=fold increase in araATP

_Hhalf 1ife (124 min), whereas 8 uM NEMPR dtd not siqnificantly

alter the celMilar retention of araATP relative to inhibitor-
vfree culturee (Fig ,8) ; ’ _ .] :

The decline in cellular 3H-araATP pools was accompanied

by the appearance\in the extracellular medium of

-

Lcorresponding amounts of 3H~1abelled material which as sh&un

‘by TLC and HPLC analyses, consisted mainly o: arah (Fig. 9

| - - %
any‘able 6). . ’ ¢ ‘ . *

Y.

o

o
ity
L

L

It wasg found that cellular concentrations of araATP declined §§B

’f‘

Y

e
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‘ _ Fig. 8. Decay of céllular levels of araA'I'P iﬁ the
presence ‘of NT inhibitors. Suspensions of L1210/C2 cells (5 x
105 cells/ml) in roller bottles (1.5 rpm) were maintained at
37°c. One hour after addition of dCF (1.1 uM final) , 3H-AraA

« (20 uM,” final) was added dnd cells were collected 3 h’later.

~ '~ .<4ells wer¥ washe@'once with ice-cold medium and aﬁspended in
qrowth medium without (0), or with NT inhibitors: 10 uM *

\dipy;-idmole a), /i uM dilazep (@), or 8 uM NBMPR ( p) '

P

s quantiﬁaiod by TLC. At time zero, Qe
of 3 araATP‘waa, 85 nmol/l cells
A '\

s
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1ncubated at 37°c for 3. ‘h. Medi sampl were analyzed asul'

time, 26 min) was pre.sent only when .
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TLC analysis of medium from suspensions

| of [3H]araATP-containing cells

Cells containing 34-araATp, prepared as in Ff’

Table 6 .

incubated at 37°C for 3 h, and samples- of the incubation

modium samples were then analyzed by TLC as described in w

......

Table 5

3H-Activity accompanying added "carrier" araA is

egtressed as a percentage of total 3H-activity applied to

cq;nmatograms. .
]
” ‘. -9,
. N" . ! - :;‘,‘\, s | L4 ' "‘ ’ . . (] ) : )
YRR % e Dedéloping 3H-act ty
_‘Fationary phase - solvent - accompanying aral
Cellulose Water 93.5 % -
' PEI(borate) cellulose 0.1 M HyBO5 88.4 %
~ PE{ cellulose Water 89.4 %
! - Silica gel L * “ 85.0 %
) —
R Methanol?chloroform-bk adetic acid 2:3%1 (v/Q/v);
f-;‘ . ‘ ’ 1 . R 4; ':.:.’ . «,,‘ E . , . 1\
;'-}’ ' o, { . * VR ‘i‘g:_{-/?:-‘; f‘? ‘.f, ﬁ'
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' induting accumulation of araA and araATP, and retention of

| v—

. ,!' - R e gg
" The siﬁilar relative éfficacien of the NT inhibitors in
.
the latter (10 uM dipyridamole > 15 uM dilazep > 8 uM NBMFR)
suggested that NT effects were responsible for both the

inggeased“anaboliem of araA and the decreased catabolism of

araATP.

4. influence of dipyridamole and‘araA on cell
proliferation rates and viability in cultures of L1210/c2
cells | '

AraA cytotoxicity towards lymphoid cells has been
correlated with cellular fornation of araATP and (araA)DNA
(114’125). The enhanced cellular accumulation and retention
of araATP in ipyridamole—containing L1210/C2 cultures (Figs.
6 and 7) sug§§;§ed that araA cytotoxicity might be increased
in dipyridamole~containing medium. y

The antiproliferative activity of araA in cudtures with

or w1thout 5 uM dipyridamole was measured jh the experiment

of Fiq 10. The ICgj values for inhibitfon by araA of cell
proliferation during 48 h of culture in the presence of 1.1
uM dCF were 8 uM or 2.3 uM, respectively, in the abseace or
gfresence of dipyridamole . ,
The antiproliferative effects of araA in the presence of
EHNA were also measured (Fig. 1!) Since araATP levels in

cells cultured in medium containing dipYridamole and EHNA

‘ were ten-foldngreater than those in simjlar experiments with

-~ dCF (Figs. 6 and 7), it was expected that the inhibitory



[] ~ ‘ ’N' ” ) )l ' “k\;‘:
a EARSTIN Y N ’ 70
(‘ ‘6‘ " "w t [ < - \ ) ’ l‘ r‘l ". °, g
A “{“ i‘ .
N
=100 -
e '. o*‘\r
: r _
. &
g% R
N i Gl -
. o.: .
. 331557‘50 1
O C
== .
) ™
o S
a S r * - . B
' ‘8 T AN 5uM Dipyridamole ]
Y O o - . - B , . - ,
. - 2 .r -t
] 1 ] l
0 2 s R [ Vo
araA (uM) L
s o , o ' \ ' |

vFig;‘loz ProLiferation rates of L1210/C2 cells in

growth medium containing araA alone (c)) or araA plus 5 uM o

dlpyridamole (a). Cells (105 cells/ml) were incubated for 1
h with 1.1 uM dcF prlor to addition of araA with or without
'dipyridamole. ‘The cell population doubling time in medium
‘without, additives was 14.5 h. - ‘
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effects of" ‘araA on cell proliferation would be substantially
larger in EHNA than in dCF—containing cultures. However, thef
'Icso values for araA inhibition of cell proliteration in.
nEHNA-containing cultures were 3.8 uM or 1. 9 uM ih the
presence or absence or dipyridamole, respectively (Fig. ll)
~This suggested that (i) large increases in araaATp 1evels were
. not prop@htional to increases in. the a;tiproliferative |
=,activity of arai, dr (ii) dipyridamole-induced increases in .
céllular araATP levels under the Experimental conditions or
Fig. 11 differed from tnose observed in experiments measuring

éraA and araATP accumulation (Fig. 7) ." e

The clonogenic viability of cells cultured with.dcCF and

graded concentrations of araA in the presence or absence of
10 uM. dipyridamole for 24 ﬁ wvas: also measured As shown in
“Table .7,* the clonogenic capacity bf cells: incubated with arah
‘was.only_slightly decreased by dipyridamole.-These results
"show that culture conditions with‘major e:fects on cellular.
levels of araATP did not induce corresponding changes in arai
"cytotoxicity. These experiments did not measure repair of
araA—induced damage after cells were transferred to drug-free

cloning medium. / \

S

5. Relationship between cellular formation of ‘araATP and

. incorporation of‘araA into DNA ‘$'
. Kufe et al. (125) have reporged that araA incorporation‘*
‘into the DNA of LlZlO cells is accompanied by loss of

clonogenic viability. Since, in the present study, the

. \‘\'

,
"
i,



‘e

W , . " mab]\e 7 ’
. ‘ v .
- Effect. or exposure to araA, ch‘and dipyridamole on the
clonogenic via?@lity of L1210/C2 cells.

1 : ‘;"“

Cells were cultured with graded concentrations of araA in the

presence oy abgence of 10.-1M dipyridamole for' 24 h at 37°c.

Cell so treated were washed, suspended in. tubes with soft

.agar cloning medium and incubated for 10 days before v,
.enumerating colonies formed.

ERr

iy

Dipyrid-' ~cells Colonies

2.

Average of ten tubes

e b , Rel. cloning
. amole - dGF \ * per tube - per tube? efficiency
(uM) (uM) S . (%) '
0 0.0 ._O.doi‘k( 200 134 100 - -
0 0.0 1.00 - 80 41 76
0. 0.0 . ,2.00 200 104 78
0 0.0 5.00 200 90 67
0" 1.1 0.00 200 129 96 -
0 1,1 52 . 160 67 62
0 1.1 050 - 160 49 . 45
+ 0 1.1\\~/ 1700 240 " 49 30 .
0 1.1 2.00 1000 © 95 14
0 1.1  5.00 1000 " 62 I
10 0.0 .0.00_ 200 123 92
10 0.0. 1.00 80 s 35 65
10 0.0 2.00° 200 4 138 103
10 ' 0.0 5.00° 200 ] 111 83
10 ..1.1 0.25, 240 ! 67 41
10, 7 1.1  0.50 240 54 ‘. 133
10 1.1 1.00 240 40 24
10 1.1 2.00 1000 104 15
10 1.1 5.0 1000 34 5
1 Apperent number of cells per tube; ten tubes per group

7
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ind%Ftion E§ dipYridanole ofwhigh leveisVot‘araATP cells did‘\
ﬁot coordinately énhance antiproligerative effects of araA,
the relationship ‘between araATP‘concentration and (araA)DNA
formation in leio/cz cells was: investigated To this end,

» cells were incubated with 0. 5; l 0, 2 0, 4.0 or 6.0 uM

" 3f-araA in the presence or absence‘of 10 uM dipyridamole for

1-24 h. . ' | | |

AraA incorporation into nucleic .acids was estimated
after isolation of Cellular DNA and RNA by phenol extraction

and cesium sulphate gradient centrifugation (138-141). ;n

- this procedure, RNA and DNA distribute in'bands with
densities 1. 62-1 68 and 1.42-1.48 g/ml, respectively,‘while
proteinaceous material remains at the top of the gradient In
the present study, following incubation of L1210/C2 cells

" with 2 M 3H-araa for 3 h, 90% of the 3H-actiyity associated
“with polynuclectides was found in DNA (Fig. 12). The data of
Fig. 13 show that in ngio/cz cells exposed to araA under .
conditions that introduced graded amounts of araA {nto DNa,

“the relationship between (araA)DNA formation and cellulari
araATP was‘complex. The increases in cellular araATP were not
directly proportional to araa incorporation into DNA, and the
presence of dipyridamole appeared not to alter this relationj f
ship The lack of correlation between the e;tent of cellular

;araATP accumulation and araA cytotoxicity, evident in the
;foreg01ng experiments, may have been due to (i) insufficient~
faraA_incorporation into cellular DNA to interfere with DNA

replication or expression of genetic information under the
- ‘ : , .
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Fig. 12. AraA incorporation into DNA and RNA in
'L1210/Cz cells. After incubation of 5 x 10% cells (5 x 105
cells/ml) with 2 M 3H-araA for 3 h at 37°¢ (1 uM d4CF
present), nucleic acids were isolated by phenol extraction
and cesium sulphate gradiént cenf;ifugation; as described in
"Materials and Methods“. The density range of the gradient
was 1.64-1.31 g/ml RNA and DNA were located in fractions 3-5
(1.62-1.64 g/ml) and 14-16 (1.40-1.42 g/ml), respectively.
3H-activity above background is shown.
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\\\\\\N Fig. 13, Relationship between cellular araATé4con4 ‘
centrations and araA incorporation into DNA in L1210/C2
cells. Cells were incubated at 37°C in growth medium contain-
ing 1.1 uM dCF for 1 h prior to the addition of 3H-araa (0.5,
1.0, 2.0, 4.0 or 6.0 uM) W¥th' (@) or without (0O) 10 uM
dipyridamole. Incubation proceeded at 37°c for 1, 3, 6 or 24
h. AraA incorporation into DNA was measured as described in
Fig. 12. Cellular araATP in these cultures was measured by

TLC analysis of neutralized TCA extracts.
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culture conditions used, or, (i1) excision/replacemgnt of araA

residues in (araA)DNA. . *

... 6. Enhancement by dipyridamole of the antiproliferative
bk, ’ , .
ac ity of purine nucleoside analogues

Since it was likely that dipg
.“thg cellular hetabqliam of nucleoéis‘iif";r‘than
araA, the effects of dipyridamole on the antlproliferat
activfty of 2-halo-nucleosides in cultured L1210/C2 cells
were explored. Dipyridamole increased several-fold the
antiproliferative'effect;\of dAdo'and araA (Figs. 2, 8 and
9),_bu§ those‘nﬁcleosides exhibited iow toxicity towards
L1210/C2 cells. It was reasoned that nucleoside aﬁalogues
with relatively greater toxicity towards the leukemic cells
might enable exploration of relationships between modulation
of analogde aﬁabélism and cytotoxic or therapeutic effects.
Agaihst this background, - the effect of 10 uM dipyridamole on
2-F-araA’inhibitipn of the pqpyiferation of leld/cz cells in
culture was investigated. The ICg, values obtained in the
absence and presence of the NT inhibitor were, respectively,
8.4 UM and 2.7 uM (Fig. 14).

' 2-F-Ar§A and araA/dCF comginations were equally toxic 'to
cultured CCRF-CEM cells (118). Comparison of Figs. 10 and 14
indicatq that tﬁis observation magkbe extehded to include
culturedilelo/cz cells, since ICg, values for inﬁibition of
cellvproliferation by'araA-dCF combinations in L1210/C2

cultures were 8 and 2.3 uM in the absence and presence of

A
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(105 cells/ml) were cultured in media containing 2-F-araa '
with (A ) or without (O) 10 uM dipyrtdamole. The cell popu-
lation doubl’ing time in medium without additives was 14.5 h.
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d@pyridamolo, r-lpcctivoly (Fig. 10). However, the
| phnrmacoloqic proportiol of araA/dCF combinations and 2-F-
araA appear to differ: (i) 2~F-araA shows qﬁpgtcr anti-

an limilar oses of araA co-administered with dCF
e
(163), and (1) 2-F raA exerts host neurotoxicity in humﬁnu

nooplalti ctivity in mice implanted with P388 or L1210
leukomia )[

\

(164) and‘mico (vide infra) - 3

The presence of 10 1M dipyridamoln did not {
-ignificantly alter the antiproliferative activity of 2- Br-J
2'-dado tbwards L1210/C2 cells (Fig. 15). ICg, values for
inhibition of cell proliferation by this qqensiwere 0.58 uM
and 0.45 uM, respectively, in cultures without or with
dipyridamole. It is not known if dipyridamole ﬁodulatedé
cellular anabolism of this agent. - ‘

When L1210/C2 cells were cultured in'medium éontaining
2-Cl-2'-dAdo, the inclusion of dipyridamole (10 uH, fiﬁal)
decreased the ICg, for inhibition of cell proliferation more
than 50-fold, from 0.28 uﬁ to 0.005 uM (Fig: 16). It is not
known if the anaboligm of 2-Cl-2'-dAdo was enhanced in the

presence of dipyridamole. ' . s
. é . .

\
7. Modulation by dipyridamole of araC cytotoxicity and

N

araCTP retention in L1210/C2 cells -
" While the antiproliferative activities of several purine
2'-deoxyribonucleosides towards L1210/C2 .cells were enhanced -

in the presence of dipyridamole, that of araC w g Yeduced.
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tiproliferative effects of 2-Br-2'-dAdo on L1210/C2 cells.
Cells suspended at a density of 109 cells/ml were cultured in
growth medium containing 2-Br-2'-dAdo with (a) or without
(6) 10 uM dipyridamole. The cell population doubling time in
medium without additives was 17.1 h.
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dAdo' with (&) or without (©) 10 yM dipyridamole. The cell
population doubling time in medium without additives was
16 h.
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Thus, 1Cgj, valuu for aracC inhibitlon of c\ll p:olifcuticn .
1ncr¢a|-d (trom 10 nM) to 16 nM or 32 nM, roipoctivoly. in
tho presence of 1 or 10 .M dipyridamole (Fig. 17).¢sim11nr
results were obtained when cultures were troatod with 100 M
dThd for 5 h prior to the addition of araC (data not shown) .
N Prot(ct!on from the antiproliferative effects of araC by
»—~\gipyriaamolc likely derived from inhibition of tran-portor-
mediated influx of arac. ‘
The influence of NBMPR, dipyridamole and dilazep on the
etention of, araCTP in-L1210/C2 cells was next evaluated in
the experiment of Fig. 18. After bo&ng "loaded". with IH-
araCTP by 8 h of culture in medium containiq 5 M 3H-ar&c, ‘
L1210/C2 cells were washed ojce with cold medium and

suspended in araC-free medium with or without an NT _

",

inhibitor. The Qalf-lifo of araCTP in cells cultured in
. medium without additives was 33 min, and was increased to
68 min in Cells suspended in medium containing 8 M NBMPR |
(Fig. 18). Cells in medium containing 10 uM dipyridamole or
15 uM dilazep retained 70%‘and 56%, respectively, of their
« initial araCTP content after 120 min of incubation in arac-
free medium (Fig. 18). The decrease in cellular H-araCTP was
.accompaniedlby the appearance of extracellular 3H-activity.
The rank order of potency for the enhancement of araCTPai
retention by NT inhibitors (8 hM NBMPR < 15 uM dilazep < 10
uM dipyridamble) was the same as that for enhan;;mant of
araATP retention (Fig. 8). The effects of dipyridamoio on the

cytotoxicity, accumulation and retentioh of nucleoside

¢ -
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‘Fig. 15. Enhancement of cellular reéﬁ/ioh of araCTP by
NT - 1nh1bitors L1210/C2 cells (5 X lqs cells/ml) were in=- o
cubated for 8 h in growth medium contaifing 5 puM 3H-arac,
washed once with ice-cold growth mediUm;and suspended in
Warm,‘arac-free growth medium in the /absence (p) or presence
rkof 10 uM dlpyridamole (a), 8 uM NB PR (U))or 15 uM dilazep
(.) TCA extracts we prepared at the lndicated intervals
and 3H-araCTP was quantified by TLC. At time zero, the cel~-
lular araCTP content was 70 nmol/lo9 cells.
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‘Analogues‘are"summariiéd in Table 8. o ‘ S
Because the depletion of cellular pools of 4ATP, araATP
and araCTP correlated with the extracelluldxuaﬁéearance of
" the corresponding nucleosides, and since dipyridamole
coordinately reduced both.brocesses, it/anpeafed;that a
dlpyridamole-sensitive nuoleoside efflux system was“involved
In contrast, the enhancement by dipyridamole of the cellular
accumuf;tion and/or antiproliferative activities of some
nucleoside analogues suggested participation of an inhibltor— _“
insensitive NT component in the influx of - araA dAdo and

‘certain of their 2-halo-derivatives, but‘not in that of araC.

ﬂfollowing section.v




Table 8

Summary: modulation by dipyridamole of antiproliferative
activity and accumulation of nucleoside analogues in L1210/C2
cells ‘ e

/E

Dipyridamole modulation?

X
4

R | ; \fffigroliferative . - |
~ Analogue tivity Accupulation Retention
azad . I o e 44
“dAdo- -‘A ++ etn o
2;Br-dA&B _ + | g .
2-¢1-dkﬁo _ L e nd, ‘ - nd
2-F-araA + . o | y
arac : - ~ nd et
1 +, enhancement =~ VY ‘ o
reduction .

nd not determined '
The multiple signs indicate the extent of the increase
(or .decrease) of a particular effect relative to the:
other nucleoside analogues tested.



II. NUCLEOSIDE TRANBPdRT'IN L.‘I.\ZJ.O CELL813’ | |

1, Influx of FB and araA in L1210/C2 cells | v .

The experiments of Figs. 6 and 7 ghowed that, in the/////
‘presenoe of NT inhibitors, L1210/cg‘gells acquired internél
‘concentrations of free araA several- fold ‘higher than'in the
suspending medium,’and suggested the operation of a
‘concentrative NT mechanism. This idea was explored with the
inosine analogue, FB, which is poorly metabolized in these
cells. TLC analyses of extracts of cells incubated with 50 uM
3H—FB for 5 min at 22°C showed that 97% of cellular 3g-
activity co-migrated with. FB in chromatogréﬁs (Table 9).

Early time courses of FB (50 uM) influx ln LlZlO/Cz
cells at 229 were curved and - cellular FB levels aproached a

steady-state‘value of about 70 uM w1th1n_1 mip (Fig. 19).

Initial rates of FB influx were significantlf# reduced in the

presence of lﬁ uM dipyridamole (Fig’ 19}; owever, levels of
cellular FB increased progressively and feached about 170 uM
after 5 min of uptake in dipyridamole-containing cultures.
Thus, a dipyridamole-insensitive NT system mediated uphill
’influx of FB in L1210/C2 cells.

The data of Fig. 19 provide evidence for the operation'
of NT systems of two types in L1210/C2 cells: (i) a
reversible, facilitated diffusion systen sensitive to 10 uM
13 the data.reported in éection II are means of triplicate

vsamples and all experiments-were repeated two or three

times with consistent results.
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Fig. 19. Dipyridamole-insensitive FB influx in Ll210/C2

cells, Time courses of FB (50 uM)- influx were obtained ‘with
cells suspended in transport medium (HEPES-buffered Fischer's
medium without serum) with (o) or without (0) 10 uM
_diﬁ&ridamgle at 22°c. Dipyridamole was. present in cell
suspensions 10~25 min prior ‘to transport measurements.
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, dipiridanole, and (ii) a concentrative influx systenm
insensitive to dipyridamole. This interpretation attributes
FB accumulation to (i) dipyridamole inhibition of outward FB
fluxes mediated by facilitated diffusion transporters, and
(i1) the dipyridamole-insensitive inward flux of FB mediated
by a concentrative NT system. The occurrence of steady-state'

' FB levels (about 70 uM) higher than the extracellular FB
ooncentration {50 uM) may be the resultant of concentrative
and non-concentrative inward fluxes, plus a downhill outward

.leak. | e |

The concentrative behaviour of the dipyridamole-
insensitive FB carrier in L1210/C2 cells suggested that this
system might be driven by downhill movenent of a co- |
substrate. The majority of eukaryotic secondary-active
transport systems are. coupled to downhill translocation of

| sodium ions or- protdne (165). Hence, the dipyridamole-
insensitive componeﬂt of FB inflﬂgﬂw;s\examined in L1210/C2
cells suspended in media of different ionic composition.
Replacement of Nat by K* (in the presence of 10 uM
‘dipyridamole) resulted in loss of cbncentrative,FB influx
(Fig. 20), indicating the operation.of,eﬂsodium-dependent NT )

system in these cells rn-addition to non-concentrative

systenms previously recognized (50).

- In cells with both facilitated diffusion and

concentrative transport systems, nucleoside_accumulation

would result if rates of influx exceeded those of efflux.

Nucleoside,efflux, which may occur bv”mediated,or non-
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Fig. 20. Sodium-dependence of dipyridamole-insensitive
influx of FB (100 uM) in L121 0/c2. cells. Cells were suspended
in sodium (o), or potassium (A) medium. Influx of FB was
measured at 22°C in the. presence of 10 uM dipyridamole, as
described in "Materials and Methods"
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[ﬂ mediated routes, is called "1eakage" when not mediated by the
iconcentretive carrier (165). The cellular nucleolide content

z\may be increased by reducing leakage pathways with specific

inhibitors (86-89,166). Cellular levels of nucleosides thus

;‘achieved should be related to the extent of inhibition of
revereible transporters, provided non-mediated nucleoside
,permeation is minor (166).

“ AraA and araATP accumulation in L1210/C2 cells cultured
with araA differed in suspeneions containing 8 uM NBMPR, 10
UM dipyridamole or 15 1M dilazep (Section II.2), suggesting
that the three agents did net. inhibit facilitated diffusion
of araA to the same extent, To‘teét this idea, time courses
of FB influx were compared in cells suspended in sodium
medium or in NMG medium with or without NT inhibitors. Under
the latter conditions, nucleoside.influx proceeded without
contribution from the sodium-driven carrier. In the
experiment of Fig. ziA, in NMG medium, non-concentrative FB
transport was meximall& inhibited by 10 uM dipyridamole and
least affected by 8 uM NBMPR:Athe effect of 15 M dilazep
being intermediate.

In L1210/C2 cells suspended in sodium medium in the ‘.
presence of NT inhibitors, FB levels exceeded the steady-
state level achieved in inhibitoréfree cultures (Fig. 21B).

‘. The accumulation of ?B“induced by each inhipitor was related
to the inhibitory effects of that agent on facilitated
‘diffusion (Fig. 21A), that is, FB accumulation and inhibition

of non-concentretive systems were greater with 10 uM
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Fig. 21. Effect of NT inhibitors on inward fluxes of FB
in L1210/C2 cells. Panel A: Influx of H-FB (80 \M) was
measured in cells suspended in NMG medium without NT in-
hibitors (o), or containing 10 uM dipyridamole (a),15 uM
dilazep (®), or 8 uM NBMPR (Q). ,

Panel B: Influx of >H-FB (60 uM) was measured in cells
suspended in sodium medium containing 10 uM dipyridamole
(4), 15 uM dilazep (@), or 8 uM NBMPR (O), or without
transport inhibitors (.0 ).
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dipyridamole than with 15 .M dilazep S 8 .M NBMPR.

Time courses of araA (20 uM) influx were also neasured
in L1210/C2 cells suspended in NMG mediu ith or withouy an
NT {nhibitor. As shown in Fig. 22, the rank order of potency
for inhibition of the non-concentrativ ptake of araA by NT
inhibitors was the same as that found for inhibitor induction
of araA accumulation in sodium-cqqtaininq mediumé
(dipyridamole > dilazep > NBMPR,I%igs. 6 and 7)?jThus, these
experiments corre ted in 11210/C2 cells the induCtion of
araA accumulation by NT inhibitors (Figs. 6 and 7) and the.
inhibition of araA fluxes via inhibitor-sensitive, non-
concgntrative systems (Fig. 22). The extent of nucleosido'
accumulation following inhibition of non-concentrative NT
systems suggested that the fatter mediate a substantial
proportion ofitﬁe leakage from nucleoside pools in these

cells.

2. Transport of:nucleosides in L1210/AM cells

It is evident 1in the foregoihg experiments with L1210/C2
cells and FB that a cell/permeant system in which the
permeant is not transformed simplifies demonstrations of
concentrative transport. This tactic avoids the need to
resolve the tandem pr eéses of transport and permean£1
"trapping" by phoquéjj:;tion. waever, not being a
physiological nucleoside, FB is not an ideal tool to explore
éhe sodium-linked NT system. An L1210 mutant clone, selected

by Bennett et al. for nucleoside kinase deficiencies (133),
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Fig. 22. Inhibition of araA uptake in L1210/C2 cells.
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provided an‘opportunity to explore the permeation of adenine
nucleosides in the virtual ab-ence of anaboliasm. Cells of
this clone (here designated L1210/AM) lack Ado kincce and
dAdo-dCyd kinase activities (133). TLC analysis of cell
extracts from L1210/AM cells incubated with JH-labelled FB,
dAdo, Ado, Urd and araA at 22°C for 5 min, showed that only
Urd was signiticantly metabolized (Table 9).
(a) Concentrative NT in L}zo/AM cells. A
' Time-courses for influx of 60 .M FB in L1210/AM cells in
sodium medium with or without 10 uM dipyridamole were
measured in the experiment of Fig. 23. Five-min time courses
showed that the cellular FB content reached a steady-state
level (80 uM) in the absence of dipyridemole; but progressed
beyond this level in dipyridamole-contalning medium. The
concentration -of FB achieved in L!:lO/AM cells in the
presence of‘dipyridamole after 5 min of influx (Fig. 23) was
slightly lowér than that reached in L1210/C2 cells (Fig. 19).
Fig. 24 shows the effect of Na* replacement by k' on
the influx of 20 yM dAdo in medium containing 1.1 yM dCF and
10 pM dipyridamole. The concentration of free dAdo after S
min of influx in cells scspendeﬁ in sodium medium was about
90 uM, that is, four-fold in excess. of th dAdo content of
cells in potassium medium.
These experiments sufgested that the sodium-driven
transport of several physiological nucleosides could be
- studied in L1210/AM cells, and that FB and dAdo were

substrates for this NT system.



g Cells of the designated lines (107 cells/ml in sodium

“Table 9"

Nuc1eoside_metabolism‘in.L1210 cells.*,‘ avatard
’ K ] * ) ' K .

2 B . b
24 [

medium containing a 3H-nucleoside at the concentration

' listed) were incubated at 22°C for 5 m1n prior to centrifugal

. pelleting into 0.4 M TCA containing 25% sucrose, The

volume of medium that accompanied the cells into the TCA
layers was estimated using 3H-PEG. The permeant content of :

that volume of medium was subtracted from total 3H-content

'a of the &ell pellet The intracellular 3H-labelled material

in the TCA extracts was identified and quantitated by TLC.

analysis.

SR R TR s FreeI%ucleoside_
‘Cell 1line  ~ Nucleoside ~ “Rf in cells -
e aeewy RORES
Ll210/C2 -~ FB (50) - 0,70 97
L1210/AM - .°  Ado* (20) -~ 0.56 93
EEL dado* (28) 1 0.65 92

W araA* (20) -~ 0.0 94
o . FB (50)  0.70 . 95
x © . . urd (40) = - 0.73 ‘54
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- Fig. 23. cOncentrative influx of 60. uM FB in L1210/AM ‘
cells. Influx of 34-FB was measured at 22°C in cells
suspended in sodium medium’ without NT inhibitors (o), or
with 10 uM dlpyrldamole (c;), as described in "Materials and
- Methods". .. .
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(b)'site—sfecific binding of NBMPR to L1210/AM cells.
NBMPR binding, which has-been correlated with inhibition

of facilitated diffusion mechanisms of NT in a riumber of cell
types (9 15,27, 28), was measured in L1210/AM cells, The time
rse for the-association of 20 nM 3H-NBMPR with L1210/AM:

cells at'22°c'(Fig 25) showed that site-specific binding of
ij-NBMPR to L1210/AM cells was not . prOgressive beyond 10 min
of incubation. The saturability of site-specific binding of |
Y'NBMPR at equilibrium to L1210/AM cellg was demonstrated in
‘the experiment of Fig. 26A. Mass law analysis of the data
~ shown in Fig.- 26A yielded the following binding constants-
Kp. 0 38 + 0. 04 nM, and Bmax' (2.49 + 0. 005) X lo5 sites/cell‘
..(Fig. 26B). - .

~ An analysis by the same procedure of NBMPK equilibrium
binding to LlZlO/Cz cells at 22°C yielded the following
constants. Kp:, 0.435 n;, Bmax' 2.7 x 10° sites/cell (data not

shown). The- NBMPR binding constants for L1210/AM and E1210/C2
’cells are similar, and within the range of values reported
for high-affinity NBMPR binding to various mammalian cells
;(3 13). The interpretation of NBMPR binding tO'L1210 cells is

vcomplicated by the presence in these cells of NT elements of

low sensitivity to such iﬁégbitor.,since a component of NT iny

LlZlO/AM cells is substantially inhibited by‘NBMPR concentra~ - .

‘tions similar to the KD for binding (Fig. 27 and ref. 50), it
may be reasonably assumed that the high-affinity NBMPR
binding sites are associated with those NT elements. The‘_"
'presence of high-affinity NBMPR binding sites in LlZlO/AM,

-
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Fig. 26, Site-specific binding of 3H-NBMPR to L1210/AM
cells. Panel A. Equilibrium binding of 3H-NBMPR to L1210/AM
cells. Cells were incubated at 22°C with graded concentra-
tions of 3H-NBMPR in sodium medium. Cell content of 3H-NBMPR
was measured after 30 min of incubation with 3H-NBMPR in the
absence (0) or presence (a) of 20 uM NBTGR. Initial,3ﬁ-
NBMPR concentrations are piotted. Panel B. Scatchard analysis
 of the,NBMPR—binding.data shown in Panel A. The fitted line
yielded By, gnd'KD values of (25 + 0.05) x ;05. '
molecules/cell and 0.38 + 0.04 nM, respectively. In this
. pPlot, equilibrium concentrations of free,(unboun&) NBMPR in
the medium were calculated ;gfter correcting for depletion of

the ligand bound to the cells.
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NBMPR of FB (50 uM) transport’in L1210/AM cells.
Transport was measured in sodium medium (O) or NMG #:  »
(A)' The control value (100%) represents transport -ra sa
measured in cells suspended in sodium medium wit
hibitors (1.2 pmpl/ul cell water.sec). Each point%
the mean of initial 'rate_s obtained from three shor®
courses similar to those of Fig. 30.
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L1210/C2 and in other L1210 clones (50) argues for the
presence of non-concentrative NT elemente #n the 11210 clones
examined to date.
i(c) eensitivity*of NT systems in L1210/AM cells to
NBMPR, dipyridamole and dllazep. -
| Concentration-effect relationships for the inhibition of
nucleoside’ permeation by NﬁMPR, dipyridamole and dilazep in
lelb/AM Cells-were'examined in the experiments of Figs. 27-
29. In these assays, rates of inward transport‘of 3H-FB or
3H-ado in sodium medium or NMG medium were compared. NT rates
were meaeured with a rapid samplingaassay that Yielded short
time courses of cellular uptake of 3H-permeant such as those
Ashown in Fig. 30. These time courses provided estimates of
initial rates of nucleoside influx which are, by definition,
transport rates. Plots of NBMPﬁ inhibition of FB'transport
(10 uM) revealed two NT'cemponepts, which were evident in
‘biphasic coneentration-effect plots both in sodium medium»and

dv' NMG medium (Fig. 27). Biphasic concentration-effect plots
(e )

- “for the NBMPR inhibition of Urd and Ado transport in L1210
cells have been reported previouely (3,50,167), and were also
observed in the present study when FB transport in Ll210/C2
cells was "titrated" with NBMPR (data not shown) Fig. 27
shows that, in LlZlO/AM cells, initial rates of FB influx in
‘sodiun medium were approximately 20% higher than in NMG
medium, irrespeetive of the concentration of NBMPR present.
These data'euggest that the sodium-dependenthT component in

L1210/AM cells contributed about 20% to the total cellular
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~ influx of FB (when the emtracellular concentration of FB was
: 10 uM) and'was little affected by NBMPR at concentratione as
;high as 10 uM.

The two NT comoonents.inhibited by NBMPR do not reqﬁiro
extracellular sodium and may be non-concentrative systens
(Fig. 27). NBMPR concentrations that inhibited each influx
component by 50% were about 1 nM and 1 uM. Examination of
| Fig. 27 shows that the NT systems of high and low seneitivity
to NBMPR each contributed about 40% to the inward flux,ongB
in this experiment.

Figuré 28 shows concentration-effect plots for the
inhibition by dipyridamole of Ado transport (10 yM) in
L1210/AM cells. Rates of Ado transport in NMG medium were
consistently 80% of those measured in sodium medium,
indicating that sodium-driven Ado transport systems
contributed about 20% of the Ado flux under these conditions.
In either medium, the concentration-effect plots showed only
one component (compare with Fig. 27), which was 50% inhibited
by 0.4 uM dipyridamole. Similar plots for the concentration-\
dependent inhibition of NT activity by dipyridamole have been
reported in a different L1210 line (168). Dipyridamole .
concentrations greater than 3 uM eliminated non-concentrative
Ado trensport in L1210/AM cells (data not shown). .

Transport of Ado (10 uM) in L1210/AM cells was inhibited

by dilazep with an IC5o value of 10 nM (Fig. 29). Plagemann

" and Kraupp (169) have reported that dilazep inhibited Urd

transport in L1210 cells with an IC5o value of about 30 nM.
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Fig. 28. Concentration-effect plots for the inhibition
by dipyridamole of Ado (10 uM) transport in L1210/AM cells.
Rates of Ado transport were measured as described in Fig. 27.
Media contained 1 uM dCF and cells were suspended in such
média 1 ‘h before the measurement of 3H-Ado permeation. Rela-
tive transport rates in sodium or NMG medium are plotted,
respectively, with the symbolsOand ®. The control value rep-
resents tranéport rates measured in cells suspended in sodium
medium without inhibitors (6.5 pmol/ul cell water.sec, 100%)
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Fig. 29. Concentration-effect plots of inhibition by

dilazep of Ado (10 uM) transport in L1210/AM cells. Media

contained 1 uM A4CF and cells were suspended in such media 1 h
before assays of 3H-Ado transport. The control rate (100%),
that of Ado transport in sodium medium without additives, was
8.0 pmol/ul cell water.sec. Relative transport rates in ‘
sodium or NMG medium are plotted, resp'evctively, with the sym-
bols O and e . o
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In the present study, plots of dilazep inhibition of Ado\
transport showed the presence of one transport component that
did not require sodium; influx rates in sodium medium again
we pproximately 20% n4gher than in NMG medium. Dilazep
i::gtrations near 100 UM were necessary for total
inhibition of non-concentrative Ado transport (Fig. 29).
‘Thcsol:auults show that (i) concentrations of NBMPR,

dipyridamole ans_/}aazep as high as 10, 20 and 100 uM,
respectively, had little e*fect on sodium-dependent NT in °
L1210/AM ce%ls,‘and (1i) facilitated diffusion systems-din
L1210/AM cells are similar to those present in sther L1210
lines. The relative contributions of concentrative and non-
concentrative systems to the total NT activity may vary
depending on the identity of the permeant'and its
concentration. In the present studies, in which the transport
of 10 uM FB ;} 10 uyM Ado was measured, the sodipm-driven NT
contributed about 20% to total nucleoside transport.

3. Dependence of the cqfcentrative NT system in L1210/AM:
cells on sodium electrochemical gradients

The experiments described here for characterizatisn of ’
the sodium-driven NT system in L1210/AM cells employed
solutions containing 1Q-20 uM dipyridamole to eliminate NT
-contributions from non-concentrative systems _

The dependence on extracellular Na® of the concentrative
‘NT system in L1210/AM cells was further expior;\ad by replacing g

Na‘t by Li*, cs* or MGt ions'in cell suspension media
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Fig. 30). When time courses of Ado influx (20 UM) were
obtained in dipyridamole-free sodium‘mndium, the steady-state
level of cellular Ado was about 30 uM. During § min of
incubation, the Ado level in cells suspended in sodium medium
with dipyridamole reached 86 Jgj“gagiéitution of Nat by Li*,
cs”t ortNMG+ ions in dipyridamole-containing mndia'o.-ontinlly
abolished céllular uptake of Ado during the. 20-sec assay
intervals, and cohcentfative uptake of Ado was not evident
even after 5 min of exposure to the permeant. Thus, a strong
Nat requirement by the concentrative NT system in L1210/AM
cells was indicated. Residual influx in the presence o._t/_lLi+
or Kt suggests that those ions may serve as poo? substrates
of the sodium-driven NT system.

The sodium-coupled transport of organic solutés is
driven by gradients of that ion across the cell membrane.
Twansmembrane sodium gradients may be dissipated by treatment
of ceils with appropFiate ionophores, such as. nystatin and
gramicidin (170,171). Incubation of L1210/AM cells for 15 min
in the presence of;SO ug/nml nystatin.l4 elevated the cellular
concentration of sodium»from 18 mM to 64.4 ?M (Table 10).
Sodium~linked Ado in}%ﬁx was significantly reduced in
nystatin-treated celis (Fig. 31). The results of_Figs. 30 and
31 suggest that a transmeﬁbrane sodium gradient is required
for concentrative Ado uptaké%\uf
14 20 mM sucrose was added to prevent cell swelling caused by

water entry following nystatin-induced ion movements (170)



S11a s

(Lt &
NMG -

o.
LS

! L ’
0o 3 6 10° 20
-, . Time (sec) B o
ki2i/am - S

pmol Ado / ul cell water -

. | (except o—0)
60 "~ i -
—o Na

N

T _
.
+

\

; Time .(m_i‘n)- o
rig. 30._ Sodium dependence of Ado permeation in -
LlZlO/AM cells in medium containing dipyridamole. Tlme
~"Burses of 3H-Ado uptake by LlZlO/AM cells That had been'
treated with 1. 1 uM dCF for 1h prior to. tr,ansport assays,
' were measured in sodium medium without dipyfidamole (o ), or '
in medium containing 10 uM dipyridamole with Na (D ) , Lit |
(A),Cs, (v),orNMG+1ons (.) :
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Table 10
Intracellular sodium-concéntrations

‘ "‘"“

,Cellslwere treeted"as Specified and the sodiuh-centent
of TCA extracts of the cells was measured by atomic emission

spectrophotometry.

R /

” Treatment . Time = N>

(min) - - (mM)

None = e — | 18.2
- 8% . S LasF o esa0
| Nystatin-(SO pg/ml) fv'15  T 64.4

Ouabain . (2 mM) 40 . 40.7
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Fig. 31. Effect of nystatln on Ado permeatlon in
L1210/AM cells in dipyrldamole-céntaining medium. Cells were

'incubated wiiih (v) oaithout (0)50 ug/ml nystatin at 22°C1 '

in the dark. for 15 min in sodlum medlum supplemented w1th 20
mM sucrose.v Cells were washed four tlmes wlth nystatln-free

‘_sodium medium and suspended in. sodium medium w1th 10 uM _
o dipyridamole. Cellﬁ; were exposed to 1.1 uM d4CF for 1 h prior

to assays of Ado uptake.



‘The energy requiremen(/:; the sodium=linked " NT system
was next examined to determine if this system was a
secondary-active carrier. Secondary-active systems do not
‘exhibit ATPase activity and mediate uphill permeant.
translocation through coupling to downhill ion movements.
Secondary-active systems are indirectly dependent on csllular
energy status,‘since ATP is required to maintain ionic
electrochemical gradients across the plasma membrane.
'HOWever, secondary-active carriers can function in ATP-

depleted cells in which the membrane potential has beeh °
clamped This may be achieved by incubating cells in sodiu =

“‘free media containing a metabolic inhibitor, x* andi“
y‘ ) ""5.»
valinomycin (a potassium ionophore, ref. 171). When cells

prepared in that way are suspended with Na®t -containing media,

es vlished-and‘Na+ enters
, one K+ ion will exit

EE T
for each Na* ion that entggs, thus maintaining electrical

an inward gradient for that ion is

the cells In valinomycinetreated ¢

Aneutrality This process will ‘sustain the function of a °
sodium-dependent system until the Kf content of. the cell is
exhausted or the Na gradient is dissipated. '

' Following (1) ~depletion of ATP (Table 4) by incubation

with 25 uM rotenone (to block mitochondrial ATP production),
and (ii) treatment with 1 ug/ml valinomycin, L1210/AM ‘cells
exhibited sodium-driven NT" activity, as indicated by the

progress curve for cellular uptake of Ado shown in Fig. 32.

- Ado was not concentrated in ATP depleted cells likely because :

transmembrane Nat gradients were rapidly,dissipated in the

&

114



115

T T T T '
0| | i
; L1210/AM
- : L ’
8 4o | " - : ]
= .
3 .
g 30 i
3
S 20 | ]
- " ' »
5 . . 10 uM Dipyridamole , |
£ 10 60 uM Ado = *
a . 56 mM Na* ”
1 ug/ml Valinomycin
oL | . _
| 1o | : '
3 0 6 10 20 - 30

» Time{sec)

Fig. 32. Dipyridamole-insensitive transport of 60 uM
Ado in ener§y~depleted L1210/AM cells. Cells were incubated,
first in growth medium with dCF (1.1 uM, final) for 1 h, and
then for 15 min at 37° in Tris medlum conta?\&ng 1 ug/ml
valinomycin and 25 uM rotenone. Suspensions were allowed to
cool to 22°Cc and dipyridamole (20 uM° final) was added. The’
permeant was dissolved in Tris/NaCl medium and mixed with the

1 cell suspension at time zero to complete the assay mlxtures
'(56 my Na*t, flnal) and to’ inltiate uptake assgys. :

<

r
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~absence of cellular energy sources. These results suggested

that: dipyridamole—insensitive NT in L1210/AM cells may be

coupled to downhill movements of Na® ions.

4. Anion requirements orf sodium—driven Ado transport

Maintenance of elqctrical neutrality il a requirement .
‘for Nat -solute coupled movements across the plasma,membrane;
~Electrical neutrality can be achieved by outward movement of
"a cationj(electrogenic transport), or by simultaneous entry
of an aniOn (electroneutral transport). To determine'whether
Co—transport offan anion was-required for sodium-dependent
NT, Ado influx was measured in L1210/AM cells suspended in
medium containing C1°7, SCN™ or S0, -2, Thiqcyanate ions .
penetrate biological membranes more readily than Cl1~, whereas
80'4;2 ions are largely impermeant (172-174). Accordingly,
. sodium-linked Ado transport ‘would be expected to increase in
" the presénce of SCN™ and to decrease with 804'2, if anion
movements were necessary for operation of the ‘concentrative
'carrier As shown in Fig. 33 dipyridamole-insensitive Ado .
- influx in L1210/AM cells was not affected by'substitution of
1T by SCN™ or So;‘?’in'the suspension medium, indicating the
lack of a specific anion requirement in sodium-dependent Ado '
.transport ' :

3

5. Temperature dependence of sodium-driven NT activity
. _

1n L1210/AM cells_

. Time courses of Ado influx (20 uM) in. LlZlO/AM cells in

EV N
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Fig. 33. Effect of chloride ion replacement on the
sodium-linked transport of Xdo (1 uM ACF, 10 uM dipyridamole)
in L1210/AM cells. Time courses of 3H-Ado (20 uM) uptake were
measured in cells suspended in media contalning 20 mM Trls, 5
mM glucose, 75 mM mannitol and 100 mM NaX, where X=Cl™ (0)
or SCN~ (a), or 70 mM Na,S0, (o), yielding solutions 300 +
20 mOsn.

4‘*
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sodium medium with 10 uM dipyridamole were obtained at 5°e,
22° or 37°c, and yielded respectively, the tollowing
initial rates of Ado influx (calculated from 30-sec time
,coursestof Ado influx similar to those of Fig. 30, data not

* shown): 0.03, 1.2 and»a.4 pmol/ul cell water.sec (Fig. 34).
At‘22°c; cellular levels of Ado.approached a steady-state
level of about 53 yM after 30 sec of Ado. influx in .
dipyridamole-free medium.'édncentrative Ado fluxes measured

- in the presence of 10 yM dipyridamole resuited in cellular
Ado levels of 53 uM and 120 M, respectively, in 0.5 and 4
min of incubation. Steady-state Ado levels at 3790 were
approx1mately‘86 uM (Fig. 34). The difference between steady-
statebcellular concentrations of Ado at 22°c and 37°c
suggests that, at the higher temperature, the concentrative
NT system in L1210/AM cells may contribute a larger fraction
to total Ado transport than at lower‘temperatures.

| Adenosine influiﬁin the presence of dipyridamole was
virtuallyrabolishedsat 5°C‘(Fig.'34){ The apparent lack of
sodium-dependent Ado|transport‘at‘5°c was possibly due to
temperaturefinducedfdissipation of transmembrane Na‘
gradients (videaigfra)‘and‘to direct effects of temperature
on transport activity Atomic emission spectrophotometric
analysis of extracts prepared from cells incubated at 5°C in
’-sodium medium fqr 15 min showed that intracellular Na levels
1ncreased from ia to 65 mM (Table 10). This change in
cellular Na+glevels, similar to that found in nystatin-

treated celrs (Table 10), would decrease the Na* gradient

Q
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Fig. 34. "Effe‘ct’s”af" temperature on sodium-~linked
i:ransport of 20 uM Ado. The cells were incubated for 1 h with
1.1 UM dCF and then incubated at the temperature indicated
for 15 min in sodium medium with (0O) or without (0O) 10 uM
dipyridamole prior to influx measurements.
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across the cell membrane, and, thereby, reduce rates of

\

sodium~dependent Ado transport.

: A
To.investigate the direct effect of low temperature on ‘

concentrative Ado transport cells were first incubated in
NMG medium at 5% for 15 min, and then time courses of 3H-Ado
influx were followed after initiating influx by addition of a
3H-Ado solution - xn sodium medium (60 uM Ado and 56 mM sodium,
final) This‘procedure provided a Na* gradient at 5°¢ in the
cell suspe?sion that would sustain sodium-dependent Ado
influx. Tna Na* oontent of Cells treated in this manner
reached e;tracellhiar levels after approximately 30 sec (data
not shownf.)Rates of Ado influx were low under these
,conditions (Fig. 35), suggesting that transporter function
was directly impaired at low temperature.

[N

6. Substrate specificity'

i
" . The. substrate specificity of the sodium-driven

nucleoside transporter of L1210/AM cells was explored by (i)
'comparing time courses for the influx of several 3H-labelled
permeants, and (ii) measuring inhibition of 3H-Ado influx (10
ungxby competing nucleosides. The latter tactic assumes
¢competition between non-labelled test nucleosides and 3H-Ado
at a transporter site. |

Time éburses of araA (20 yM) influx in L1210/AM cells in
the presence or absence of 10 M dipyridamole are illustrated
in Fig 36 In this experiment, the level of araA in cells .

suspended in dipyridamole-containing,medium was about 40 UM
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Fig. 35. Low rates of sodium-linked Ado influx in
L1210/AM cells at 5°C. After. incubation at 37°C in growth
medium with dCF (1.1 uM, final), cells were incubated in NMG

medium for 15 min at 5°C. The permeant (3H-Ado) solution con--

tained dipyridamole and 112 mM Na+, so that the mixing of
that solution with cell suspensions to begin intervals of
cellular uptake of Ado also provided a Na' gradient for
operation of the sodium-linked NT systen. Conce’nt’rations in
assay mixtures were: 3H—Ado, 60 uM; dipyridamole, 10 uM; Na‘t,
56 mM.
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Fig. 36. Concentrative influx of araA in dCF-treated
L1210/AM cells. Influx of 20 uM JH-araA was measured at 22°C
in cells suspended in sodium medium with (O0), or without
(0) 10 uM dipyridamole, as described in Fig. 19.
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atter S5 min of influx, a 0.6-fold excess relative to the
steady-state levels of araA found in the absence of
dipyridiiole. AraA is evidently a substrate for the sodium-
linked NT system present in L1210/AM cells (Fig. 36) and in'
L1210/C2 cells (Fig. 19).

Dipyridamole-insensitive nucleoside fluxes were also
observed in L1210/AM cell suspensions containing 40 uM Urd
" (Fig. 37A) or 10 uM ddado (Fig. 37A and 37B) . However, dThd
. (15 uM) did not enter cells in dipyridamole-containing medium
(Figs 37D), indicating that (1) dThd is not a substfate (or |
-is a poor one) for the sodium-linked NT system, and (ii) dThd
enters L1210/AM cells primarily by a dipyridamole—sensitlve,
likely a facilitated diffusion, syatem. _

The inhibition of Ado transport by other nucleosides was
explored by comparing initial rates of Ado influx ' (a measure
of transport) by L1210/AM cells in the absence or presence sf
graded concentrations of competing nucleosides. ICgq values
for inhibition of 10 uM Ado transport by several physio-
logical pyrimidine nucleosides-wera greater than 400 yM; mglp
these values ‘were several-fold higher than those for mostﬁ ul
purins nucleosides tested (Table 1ﬁii

Substitution of hydrogen by halogens at the c-2 position
of purine nucleosides produced increases in ICgo values for
inhibition of Ado (10 uM) transport: from 25 WM for 2'-dado,

- to 90 and 183 uM for 2-c1—2'-dAdo and 2-Br-2'-dado,
respectively, and‘from 140 uM for araA to >400 PM for 2-F-

araA (Table 1ll). Because the Van der Waal's radli ®f H, F, Cl

~,

N\
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Fig. 37. Per@cificity of the sodium-linked NT
system in L1210/AM cemj.me courses for the cellular up-
take of the following 3H-nucleosides were measured in sodium
-medium with (a,0) or without (0) 10 uM dipyridamole: 40 uM
Urd (Panel A), 10 uM ddAdo (Panel B), 10 uM D-Ado and 10 M
L-Ado (Panel C), and 15 uM dThd (Panel D).
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Inhibition of sodium-linked transport of Ado in L1210/AM
cells by purine and pyrlmidine nucle051des.A

- ‘Assays yielded time courses for uptake of 10 uM 3H-Ado by

- cells in media containing 10 uM dipyridamole with and w1thout‘
-graded concentrations of éompeting nucleosides. Initial. xates

- "of Ado- uptake (1.e.. rates of inward transport) were estimated
- from the time courses and were expressed as a percentage of
Ado transport rates: measyred in the absence of other =
nucleosides.,ICso values were determined from plots of Ado
transport rates Versus concentration of competing nucle051de
‘Initial rates of Ado influx: in the absence. of nucleosides
were 0.71=~ 0 95 pmol/ul cell water sec
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and;Br atoms are, respectively, 1.20, 1. 35 1. éo and “1.95 2
(175), these findings indicate that increases in the size cf
the c-2 substituents decreasednthe ability of substrates to
h interact with the transporter. Negative inductive effacts of
the halogens mightaalso play a role in the distinctions"
between these putative substrates. .
v The hydroxyl groups at the nucleoside 21- and 3'-
. pogitions appear not to be essential features in substrates
o for ‘the sodium-linked nucleoside transporter, since ddAdo was
v active as a substrate (Fig. 37A) However, ICSO ‘values for .
the inhibition of Ado transport by dAdo ‘and araA were,"" : \ﬁ
reSpectively&fzs*uM and '140 M~ (Table ll), suggesting that |

: 2'-hydroxyl groups do participate in- the permeantﬂtransporter
g

13
}

Y 1nteraction. ’ 4
b K

-1

.5 ) Figure 37C shows that‘ in medium with dipyridamole, 2H-

é :
-Ado (9-beta-D- ofuranosyladenine, "physiological" Ado) .

‘ red LlZlO/AM ce11s, whereas 3H- L—Ado (9-beta L-

75’ oncentratiphs of L-Qdo as high as 400 uM had no apparent
effect pf the sodium-dependent entry of D-Ado (Table ll)
TEnantioseleétivity in the interaction between permeant and
carrier ‘was expected since this is a feature of enzymatic
‘reactions and transport processes (176 177) The three-

dimensional structures of D-Ado and L-Ado are mirror imagesii{

~ of" each other. Although the hemical properties of these ‘;HLJ-_

' 1somers in solution are ide tical in the absence of chiral i

R
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reagents, the interactions of d-Ado (the physiological |
enantiomer) with three-dimensional, enantioselective15 sites
"~ in membrane NT systems may not be possible with L-Ado. In
"this instance,'the bioiogical properties of the two ( |
enantiomers will differ substantially.’Marked differences in
: the enzymatic reactivity of D~Ado and L-Ado have been
reported (176), ‘and the enantiomeric selectivity of Nat-
linked glucose transport systems, such as that found in rat
kidney brush-border membrane vesicles (177), has been
‘demonstrated. E

The possibility that L-Ado might have 1nteracted w1th

the permeation site in the sodiumelinked NT system-to form a.

complex incapable of translocation across the plasma membrane ,

~1s unlikely, since concentrations of L-Ado as high as 400 uM

" had no effect on sodium-linked transpdrt of D-Ado (Table ll)

O

The discrimination by the sodium-driven NT system in
‘L1210/AM cells between Ado and Urd (as substrates), and dThd

- (as .a non-substrate) contrasts with the hioad specificity of

’
non—concentrative NT systems (l 13 ls, 42- 50) - A sodium-linked

'NT system presentpin murine splenocytes also transports

purine nucleosides and Urd but does not accept dThd and R

. g
| s ,;" ! ‘? lq_ ;,,w . 1
15 Sit'»?hgntioselectivity is intended to. imply "handedness"

(hanégglove analogy) in permeant or substrate binding -

ijsites that will distinguish between enantiomenrs such as

rd‘ -

n s :
) :
K) s :

D-Ado and - L-Ado

AV
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several other pyrimidine nucleosides (90).

Substrate selectivity of the sodium-linked NT system of

'lelo/AM cells, indiCated from measurements of inhibition of

3H-D-Ado influx by putative permeants, needs to be confirmed‘

by direct,assays of permeant ‘fransport and‘kinetic studies.‘

P

7. Kineyic stques or . sodlum-linked Ado transport in

L1210/AM cells‘ “’!3 ?"
’,J H ' '
The kinetics of ion-linked solute movements may be

- complex because the two’ permeating species act as co-

Y

substrates. i#éing of the ion may modify intsraction of the

organic substrate with the permeation site and variation in

g

the extracellular concentration of the driving ion may al

alter substrate translocation rates (178 179).
Zero-trans inward fluxes of Ado in L1210/AM cells, when

measured in the presence of . 100 mM . Na , were a hyperbolic

’ function of the extracellular Ado concentration (Fig. 38A4).
‘Similarly, Ado influx rates, when the extracellular

'eoncentration of Ado was 100 uM, were a saturable function of

the extracellular Na*t concentration, which was increased from

5 mM to 100 mM in the experiment of Fig. 383.

A more extensive kinetic analysis, summarized in Tables

12A and lZB involved measurement of Ado fluxes (initial

rates derived from time courses of Ado uptake) as functions

- of:

a) Extracellular Ado,cdncentration, when the

concentrationnof extracellular’Na+*wascs,.lo, 20, 40 or

-

%



Fig. 38. Dependence of sodium-driven AdOctransport on

extracellular concentrations of Ado (Panel A) and. Na (Panel_
B). LlZlO/AM cells were. incubated with 1.1 uM dCF for 1 h

_prior to transport assays OSmolality was adjusted to 300 +

10 mOsm with mannitol. all measurements were made in the _
presence of 10 uM dipyridamole. Initial rates of Ado influx

‘were calculated from triplicate time. Courses of Ado uptake,

as described in Fig.,24.
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Table 12A |
. o Q
' The sodium-linked NT system of L1210/AM cells: dependence
of Ado transport characteristics (Kmr Vpay) ©on the extra- _

cellular concentration of Nat.

Rates of inward transport of 3H-Ado were measﬁred at 22° in
in cells that had been treatéd for 1 h with 1.1 uM 4cCF.
Initiél rates of Ado uptake by the cells were estimated as
described iﬁ Table 11,iin expgriments similar to that of :
‘”?ig; daA. Nat lconéentrhtiohs iﬁ the media were'grﬁded as,
noted and medium osmolality wa"s_maintained# 300 + 10 nOsm

by addition of mannitol.

" Kinetic constants for Ado transport

(Nag] - Kp Vmax

(mM) (uM) ’ (pmol/ul cell water.sec)
5 31,0 512.11 ©1.15 + 0.2

10 © 23.1+ 6.8 1.43 + 0.2

20 . 16.8 1’3.2 1.40 + 0.1

40 12.4 + 3.7 1.47 + 0.2

80 L  14.6 + 4.3 1.65 + 0.2
100 9.4 + 1.67 + 0.2

l “SCD‘.



Table 12B

The sodium-linked NT system of L1210/AM cells° dependence
of "Na¥/Ado" transport characteristics (Kg,5) on the extra-
cellular concen;ration of Ado.

Rates of inward transport cf 3H-Ado were measured at 22°%
in cells that had been treated for 1 h with 1.1 uM 4CF.
_Initia\\rates of Ado uptake (expressed as "Na¥ /Ado" fluxes)
by the cells were estimated as described in Table 11, in
‘experiments\similar to that of Fig. 38B.

(uM) (mM)
‘4:‘3""}\ [ ) ' _
..00.5 11.8 + 0.4

et e e
AEEPR X7
LAY

v
o
0
w
I+
o
©

10.0 5.9 % 2.7
20.0 . . 4.6 + 0.5
70.0 5.1 + 2.4
< . 100.0 3.1 + 0.1

ls.p.
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;%LBQ,mM,_anP of theqeﬂgxpéfiments waé similar to.that of Fig.
‘38A, except for the Na' content of the medium.
| ’ b) Extracellular Na*,"when initiél Ado concentrations
were 0.5, 5, 10, 20 or 70 uM (similar to the expefiment of
lFig. 38B). This part of the study was intended to evaluate
the dependence of inward sodium fluxes on extra¢é11ular
concentrations of Ado. Because the Ado-deéendént fraction of
Na*»fluxes occurring in these cells were not measurable, Ado
fluxes were measured in.place of Nat fluxes, and‘forAthis
particular purpose are designated as‘ﬂﬁa+/Ado fiuxesﬁ (see
"Table 12B). It is shown subsequently ih‘this study that the’
ubsodium-linked NT system of LiziO/AM cells appears to mediate
the inward paaéage of Ado and Na¥ molecules in a<1}1
stoichiometry. In all cases, rate-concentration relationships
. of the fluxés,of Ado were saturable and similar to those
shown in Figs. 38A and 38B. The hyperbolic nature of the
rate-conéentration relationships, evident at ail Na*
concentrations tested) was confirmed by the linearity of
double reciprocal pléts (data not shown). , e

.’Km'and Vmax Values for Ado fluies measured‘at different
levels of extracellular Na*t were calculated using Woolf-
Agustinsson-Hofstee piots. Apparent Ko'sls Qalues for
16 The Ko.s parqmeéer denotes the concentrationh of Na+,

ions at which "Na+/Ado" fluxes, assayed at particular

,extraceliular concentrations of Ado, were one-half

maximal
o
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"Na*/Ado" fluxes were calculated from similay plots,
considering that initial rates of Ado influx were
representative of Na* fluxes; such rates were pPlotted as a
function of the extracellular Na‘ concentrations. Ky values
for Ado influx decreased from about 30 uM to 10 uM when the
extracellular Na‘t levels were increased from 5 mM to 100 mM
{TableiQZA). Similarly, Ko,5 values for "Na+/Ado" fluxes
decreased from 12 mM to’g mM as extracellular Ado
conceﬂtrations were increased from 0.5 to 100 uM (Table 128)
-Although these experiments were conducted at 22°, they
suggest that, under physiological conditions (about 120 mM
Nat and 0.1-0.5 uM Ado)i the Na*-binding site of the
concentrative transporter would be saturated, thus maximizing

the efficie%a‘ of uphill transport. The increase in

transporter affinlty for Ado that is apparent as Nat levels

are increased may reflect Na'-induced shifts in equilibria
between different carrier conformations. For instance, Na*t
interaction with the transporter might enhance the
accessibility of the permeant binding sitelto Ado, without
necessarily facilitating ado binding per se. As another
nossibility, the ternary complex (Ado-Na+-earrier)_may be
more stable than a binary complex with Nat or Ado only. Ado
fluxes also increased from 1.15 pmol/ul cell water.sec to
1.67 pmol/ul cell water.sec as extracellular Na*t
_concentrations were increased. from 5 to 100 mM. Other sodium-
driven systems in which transporter affinity for a permeant

and transport rates increase with increasing levels of

I
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extracellular Na* include (i) a gamma-aminobutyric acid
transportet in Ehlrich ascites cells (180), (ii) a glycine
transporter from rate renal brush bordef vesicles (181), and
(i1i) a system involved in serotonin transport in platelets
(182).

Double reciprocal plots of (i) Ado fluxes versus Ado
concentration, §r (11) "N$+/Adoﬁ fluxes versus Na'
concentration, yielded grow?s of lines that intersected in
the second quadrant‘(daéa nbt shown). That.éharacteristic is
considered to be indicative of random order of the binding of
Na* and the organic substrate in sodium-linked transport
systems (165) and, in this instance, implies the existence of
independent binding sites for Nat aﬁd Ado in the transporter
(179).

&
% 8. Stoichiometry of sodium-linked Ado transport in
L1210/AM cells -
The coupling'stoichiomatry of the co-transport of an
'ofganic solute and an activator ion can provide information
about'(i) the mechanism of substrgté translocation, (ii) the
concentrative capacity of the system, and (iii) the energetic
cost of the process. ’
The concentrative capacity of a co-transport system is

directly related to the coupling stoichiometry of the solute

and the activator (183,184), as shown below.

S1/Sq < [Ag/Aj exp (FAy/RT)]™ ¢S

b 4 . R » *
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' whera R, T and F have their usual thermodynamie?inte:pnptt-
tion. The subscripts i and o represent intracellular and
extracellular; S and A are substrate and activator fﬁ?
activities; AVis the transmembrane potential, and n is the
ratio of activator ions to solute molecules co-transported
(transport stoichiometry). e

Equation 1 'shows that a large coupling steichiometry
will increase the capacitf of the system to concentrete a
substrate. Thus, under conditions in which an ion: solute
coupling ratio of 1 resulted in a 10-fold concentration of §
‘inside the cell, a 2:1 coupling ratio would result in
. concentration of substrate ioo-fold above medium levels, .
provided other variables remain unchanged.

The energetic cost of ion-coupled transport will be
determined by the work necessary to extrude activator ions
against their electrochemical gradient (183,185). Hence, the
operation of a system With.an activator:substrate coupling
ratio of 2:1 will require twiceeas @pch energy as a system
with a 1:1 stoichiometry. k

The coupling stoichiometries of solute:ﬁolecules and
activator ions in various co~transport processes have been
estimated by various methods, including (i) direct
measurement of activator and solute coupled fluxes, or (11)
analysis of the dependenee of substrate fluxes on activetor
cohcentration (186) .

Direct determinatign of the Na‘t:Ado stoichiometry was

attempted in experimentS'hsing 3H-Ado (60 uM) and 2?Na+

% o -

L

D

il
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(56 mM). Cells were incubated with 25 uM rotéﬁone at 37°C for
15 min in Tris medium, a procedure ﬁhat‘reduced cellular ATP
.levels by 90% (Table 4). Depletion ot«?ellular energy stores
was considered necessary to péLclude active extrusion of Nat
during transport assayvintervals, which would lead to
underestim;tion of Nat fluxes. Prior incubétiﬁn of cells in
sodium-freé, Tris medium established conditions in which an
inwardly-directed Nat gradient could be established at the
start of Adb uptgke7intervals, as in the:éxperimént of Fig.
35. Af;er clamping the transmémbrane potential with
valinomycin in potassium-rich medium; time courses of 3H-Ado‘
and 22Na* influx were obtained. After 30 seé of incubation.

under these conditions, the ogllular concentratidﬂsmpf Ado

A

Some animal cells, including lymphocyt s \fqés§sé~;i;

b
furosemide- and amiloride-sensitive Na*t fluye

5

. /:")' . : -

&

and Nat were, respectively, 38 uM and 43 mM (Fig. ﬁyT mgxé;:f”

.
FAN S
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Fig. 39. Ado and 22Na’ influx in sodium-depleted and
ATP-depleted L1210/AM cells. Cells were incubated with 1.1 uM
dCF in growth medium for 1 h, washed and uspended in Tris
medium containing -rotenone (25 uM, al) and valinomycin (1
Hg/ml, final), and incubation profeeded for a further 15 min
at 37°C. cellular contents of 22Na and I4-Ado were measured
after cells were exposed %er the indicated intervals to
medium containing 10 uM dipyridamole, 56 mM 22Nat (o), and
60 uM SH-Ado (a). Thus, upon mixing cell suspensions with
that medium to begin intervals of uptake, a Na*t gradient was

also established for operation of the sodium-linked NT sys-
tenm. -

22l
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stoioﬁiometry used the kinetic data described earlier (Fig.

38 and TableylZB) In the application of multi-site enzyme -

' “,',_‘kinetics to’ transporter models, conformity with simple
'Michaelis-Menten kinetics, that is, the existence of

hyperbolic relationships between transport rate and: permeant "

- concentration (i) signifies the absence of cooperativity in1-~

the int ‘actions between transporter, substrate, and-

--activator\molecules (189), and (ii) constitutes eV1dence for
R a 1: 1 coupl ng stoichiometry between substrate and activator
'(183 190) The dependence of substrate fluxes oﬂ activator

‘concentration may be analyzed by means of the Hill equation -

\

log [v/(Vmax-v)] = nlog [A] - log Ki ° (2)

A plot of log [v/(Vmax-v)] versus log [A]. is a straight

line with slope n, where n is the coupling st01chlometry of

’the substrates.

Hill analysis of Ado fluxes in lelO/AM cells measured

at graded Na concentrations (data from Fig. 383) yielded

data which Were fitted by a line ‘with slope l 067 (Fig 40) ;-

7.indicating that the Na™ 'Ado ratio is l Hlll analyses of

three experiments yielded a mean Na .Ado ratio of 1 06 bt 0 07

g(+ D ) As well,,a 1 St Na .Ado coupling stoichiometry was -

=indicated by the hyperbolic relationship between Ado- fluxeS»‘!

and extracellular Na* concentrations apparent 1n Fig 38B.'

Evaluations of stoichiometry by Hill analy51s do not

- distinguish between (i) co-transport of the activator ion
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 Log [Na*] (M)

L

,’ Fig. 40.’ Hlll ana1y81s of the dependence of Ado -
transport rates on the extracellular concentrations of Na
and Ado. Inltial rates of Ada (100 uM) influx in Ll210/AM

‘"cells were measured in medium that contained graded don- -
f_centrations of Na ’ as in the experiment of Fig. 38B. The
 slope of the lrne (ohxained py lﬁnear regression) is 1. 067,
' 1ndicating that the Na 'Ado couplingvstoichiometry is 1:1.

S '?ﬁ.”‘" R i
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‘ with the substrate, o¥ (i) bindiﬁg of the activator ion to /!

'the transport mechanism without translocation (183) ' B
P ‘y‘k'“*ﬁﬁf” S S, I A

9. Drug effects on sodium-dependent Ado transport

| Secondary-active transport systems may be affected

: directly or. indirectly by drugs.isince these systems require

. a transmembrane .gradient of activator ion, interference with

et

~ion movements may indirectly alter transport of the organic

substrate, by altering the transmembrane potEntial or the

By

-Vgradient for the activator ion. Some pathWays for Na

,permeation din cultured cells, erythrocyﬂes and lymphocytes ’

are sensitive to inhibition by agents such as furosemide,‘

‘opresence or absence of 2 mM-ouabain in L1210/AM cells that

)

| amiloride, and ouabain (187 188, 191 192)

Furosemide and ouabain inhibit respectively, concerted .
'(electroneutral) movement of Na+, Kt and Cl ~ions (l73),rand

the Nat/k* ATPase (191,192) . Fig. 41A illustrates ‘the
oA *

'w‘reduction of Ado (lo uM) - influx by 2 nM furosemide in the j; -

had been incubated in sodium mediﬁﬁmwith those drugs at 22°C

; for 40 min.ighorter incubation times or lower drug L.

concentrations had little effect on sodium—linked Ado
(A

transport (data not shown).,Incubation of cells w1th 2 mM

ouabain for 40 min increased cellular concentrations of Nat ,

L i

,‘from 18 mM to 4; mM (Table 10). 5. l-\f'i IR o ok

The experiment of Fig. 4lB was undertaken to distinguish

".b,between (1) the pQSSibility of direct inhibitory effects of PR

' furosemide and ouabain on sodium-driven NT and (ii) the R

rl ~
LY



Fig. 41. Effect»of agents that*influence don movements
on inward Ado fluxes mediated by the sodium-linked NT system -
in L1210/AM cells. Ado fluxes were measured at 22°C in media
containing 10 yM dipyridamble Cells were incubated in growth
media containing 1.1 WM dCF for 1' h at 37°9C prior to assays
of 3H-Ado (10 uM) influx Data from control cultures (without
additives other than. dipyridamole) are plotted as (0) in all“
- panels of this Figure. : o
. Panel A. Time ‘courses of Ado influx were measured in LlZlO/AM
;’cells after. incubation with 2 mM furosemide (D) or 2 mM _
;furosemide plus 2 mM ouabain (A) for 40 min at 22°c in
'sodium solution._ o

o

«
Panel B. Cells were subjected to treatment analogous to that -

described in. Panel A, except that NﬁG medium was employed
(a), 2 mM furosemide, (a), 2 mM ouabain '

' Panel. C. Time courses of Ado influx were measured in the

'presence of 1 mM amiloride (v), or 500 AM phloridzin
( v). 1n cells that ‘had' been exposed to those agents for 40
min. ' : ‘

4§

Panel D Time courses of Ado influx were- measured in ce;ls W*..,;"

‘depleted - of ATP (@) by incubation with 250 uM DNP‘for 15 min

at 37°%-in NMG medium without'’glucose. The permeaut was dis-‘

‘'solved in solutions containing 112 mM Na (final Na~ cbn-~vA
i centration was 56 mM) and mixed with the cell suspension.,-f

@

. .

-,
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L4 :
possibility that inhibition ‘of Ado fluxes by these agents
were a conﬁequence of alteration in cell ionic content. In
"this experiment cells were-first incubated in NMG medium
with 2 mM furose de or with 2 mM ouabain, as in Fig. 41Ar
The ‘permeant, 3H- do, was dissolved in sodium medium, and, ﬁ
- upon initiation of uptake intervals, concentrations of Ado
and Na‘t were, respectively, 10 uM and 56 mM. The effects of
‘this treatment og,Ado transportb shOWn ‘in Fig 413, indicated
little effect of ouabain and furosemide on sodium-dependent
Ado transport under incuhation conditions that precluded |
increases in cellular Nat during treatment of the cells with
the two agents
Phloridzin has been reported to inhibit facilitated
diffusion NT systems (59) and sodium-coupled glucose
transport (191) in various cell types, while amiloridek
1nterferes ‘with the Na /H+ antiporter (176) and other ion-
driven systems, including a, sodium~linked NT system in rat
vrenal brush-border vesicles (193, 194) Incubation of lelo/AM
cells. at. 22°c for 40 min in NMG medium with concentrations of
p@doridzin -or amiloride as high as 500 WM or 1 M,
respectively, had no effect on the sodium-linked influx of 10
uM Ado in these cells (Fig. 41C). ,
The effect of ATP depletion by DNP on sodium-linked. Ado
fluxes in L1210/AM cells was measured in the experimeﬂ‘EQOf
-Fig, 41D As with rotenone, DNP treatment reduced cellular
'ATP concentrations by about 90% (Table 4). Following

Q L5
‘incubation of L1210/AM celgﬂﬁw %h.zai;




. e

to that

' diffusion preeent .in %10 cells (Fig. 28) appear to differ |
'in'their relative sen&itivities to pCMBS and NEM (50) e

. B 145
for 15 min at 37°c, a 44% reduction in Ado transport relative‘

Jﬂruhtreated cells was observed (10 uM Ado and Q& mM

“D), confirming the influence of cellular energy
status onkseoondary-active transport.
10. Effect of thiol-modifying reagents

Chemical modification of proteins may provide

v-information about structure and function. Most amino acids

f“can be derivatized (195), but modification of cysteine R

residues in polypeptides is especially useful because the

‘ highly reactive thiol groups may be modified under non-

denaturing conditions (195, 196). Chemical modification of
thiol groups is known to alter the function of receptor and
transporter proteins (196). |

The hydrogen atom in sulfhydryl groups is acidic and:,

consequently, protein thiol groups are ionized,even at

‘ slightly alkaline pH values. The R-S~ moiety is a good

nucleophile that reacts with alkyl haiides and maleimide

v.dsrivatives, and forms stable complexes with Hg+2 and other

mstal ions. C g o

Modification of -SH groups in erythrocytes and Some .

"‘nucleated cells, including L1210 cells (50) has been shown to

inhibit hT gunction. The two components of facilitated

}Theﬂﬁffects:of;tﬂigsplfhyﬁgyiﬂreactive-agenti,




and, w1th ﬁree\amino groups (195, 196) Howev

‘»experiments may have been minimal (195 196

0 . .

“transport in L1210/AM cells were investigated in the

concentration-effect experiments summarized in Figs. 42-44.

Because initial reagent concentrations are reported here and
reagent depletion has not been taln into account, the Icso

6awyes for inhibitiqn of Ado transport presented in this

study may be overest*mated. In these experiments, cell

'suspensions were, incubated for 10 min at 22°C (unless

otherwise stated) with graded concentrations of a thiol—

reactive agent The cells were washed once, suspended in

medium with 16 wM”dipyridamole and incubated at 229¢ for at

least 10 min prior to assays of Ado influx. Incubation for
more than 20 min with NEM or pCMBS at concentrations greater
than 100 uM (NEM) or 60 uM (pCMBS) damaged cells, as shown by
tncreased cellular volumes and trypan blue intake.

Concentration-dependent. inhibition by NEM of Ado (10 uM)

transport is shown in Fig. 42. The Icéo value for NEM
inhibition of Ado transport (40 uM) did not change )
significanﬁly when L1210/AM cells weré incubated with the

alkylating agent in the presence of 40 un or 100 uM Ado

Failure of the permeant to protect sodium-dependent NT

'against NEM inhibition suggested that theireactive groups do

not participate in substrate recognition..Concentrations of

- NEM greater than 60 M abolished: sodium-linked Ado transport.

- NEM 1s known to react with the imidazole ring of histidine’

p modification

| of those groups under the mild conditions'employed in these
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; Fig. 42. Effect of NEM on the sodlum-dependent

. transport of 10 u‘Ado in L1210/AM cells. Cultures were in-

. cubatedgwith NEM at 22°C in the dark for 10 rin in the

-‘ ,:_v:_presence of 0 (O), 40 (a) or 100 (A) uM Ado. Cells wer@g&
. washed once and resuspended in medium wlth 10 pyM dipyridamole’ "
prior o -assay of Ado transport rates. The latter were deter-
mined as initial rates measured from short time courses of
Ado uptake by the cells, as in Fig. 27. Transport rates were

"’;j - ex\pressed as a percentage of control rates (O. ’i'mol/ul cell
water sec), measured in cells without prior tr

spended in medium containing 10 uM dipyrlda ‘

5 K
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Protection by NT inhibitors‘aqainst the anti-
proliferative effects of. showdomycin in cultures of RPMI 6410
and Lizw cells (6,197) suggested thdt the uptake of
showdomycin by these cells is transporter-mediated In the
present study, exposure ot L1210/AM cells to showdomycin'
reduced sodium—linked Ado (10 uM) transport in a
concentration-dependent manner (ICs50, 10 uM), 'as shown in
Fig. 43. Although the Icg0 value for showdomycin inhibition
of sodium-linked A@p transport yas four-fold lower than that
for NEM (Figs 42 and 43), showdomycin concentrations of
approximately sodﬁuM were necessery to eliminate Ado
transport. Tbe difference between the‘Icso values for NEM and
showdomycin inhibition of Ado transport may be related to
recognition of showdomycin by the permeation site

Treatment of L1210/AM cells with PCMBS at 22°C strongly
inhibited sodiun-dependent Ado transport (IC59 = 2.0 uM), as
shown in Fig. 44. The presence of Ado in incubation mixtures
containing pCﬁBS afforded concentration-related protection
against inhibition of NT,activity by the organomercurial
agent. Co-incubation with 40 yM Ado shifted the Icso for
DPCMBS inhibition to 6 uM, while in 100- yM Ado, the ICg was
18 uM (Fig. 44). ' . | .

| Inhibition of Ado transport by PCMBS was partially

reversed by treatment .with 100 uM z-mercaptoethanol

. confirming that thiol groups are involved in the Ado

-permeation process (Fig. 44). Treatment of L1210/AM cells

with 100 uM 2-mercaptoethanol alone did not significantly
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Fig. 43. Effect of prior incubation of L1210/AM cells
with showdomycin on sodium~linked Ado (10 uM) transport. Cul-
tures were incubated with shoﬁdomycin and effects of this
treatment on Ado transport were measured as in Fig. 42. The
initial rate of Ado influx in untreated cellé was 0.67 pmo‘l/‘
pl cell water.sec.
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. Fig.A44. Effect of pCMBS" on sodium-linked Ado transport
1n L1210/AM cells. Cells were incubated in sodium medium con-
taining graded concentrations of pCMBS for 10 min in the dark
at 5°C (a), or at 22°C in the presence of .0 (O), 40 (¥) or
100 uM Ado (Q). After these procedures, the cells were
washed ence and resuspended in dipyridamole-containing medium
prior to transport assajs Rates of Ado traneport (10 uM)
were obtalned as described in Fig. 24. A number of assay mix-
tures (@) were treated first  with' [é)gMBS, washed once, then
treated with 100 uM 2-mercaptoethanol for 15 min, and washed
once again prior to suspension in dipyridamole-containing
medium, as described above. Rates of Ado influx in untreated
cells were 0.8 + 0.06 pmol/ul cell water sec (mean + S.D. of
3 experiments). '
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alter ratos of Ado transport (dota not shown), sugqésting \%;
that disé@fide linkages in the sodium-dependent NT system '
were inacoéssible or not involved in transporter function.

When L1210/AM cells were incubated in medium with pCMBS
at 5°c, the IC50 value for inhibition of sodium-linked Ado
transport by the organomercurial increased to about 50 uM
(Fig; 44). This increase may stem from several factors,
includiqg (1) limited diffusion of pCMBS to reach susceptible
groups, possibly located within the plasma membrqne or in its
cytoplasmic face, (ii) reduction in the reactivity of pCMBS
~and/or thiol groups at low temperature, and (iii)
temparature-induced modification of oarrier conformation,
which could shield thiol groups from pCMBé. |

In L1210 cells, COncentrative nucleoside influx was
evident only in the presence of inhibitors of facilitated
diffusion sytems. Features of the sodium-dependent nuc1e051de

transporter in L1210/AM cells demonstrated in this study are

summarized in Table 13.

ot
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, & Table 13
s
Characteristics of the sodiuh-depandent
. NT system in L1210/AM cells ;
Q
. _ 7
Characteristic r Fig. Table
Co-suhstrate cation - . Na*t ) 24,31
Elettrochemical gradient required . 32
_ Trapsmembrane potential not required 33
b‘ aATP requ Tetent (direct) none 33,40
l Anién réquirement ‘ none 34
- \Température effects inactive at 5% 35
i;nhibitbry
. ﬁv * » . NBMPR ' -insensitive 28
o \SL, Dipyridamole insensitive 29
Dilazep insensitive 30
_ o «" Phloridzin .V insensitive 42
B a-’ﬁ‘“~‘*‘ Amiloride | ! - insensitive 42
' Substrata speciflcity . purine
,,j 4 by y . nucleosides < 23,24
S U T © and Urd 37,38 11
st ~Kjnetic béhaviour : Hyperbolic 39 12 7
“,.,»'Permeant binding sjites independent 39
: Permeant binding order random
‘.T,TnUCoupling stoichiohetfy 1:1 41
o 2 Fradtion of total NT . 20% 28-30
F%eé bSH groups essential 42-44

.t‘h
" .'.‘, . . - »
% 5. i T
oot N 1

i”?l'lq UM'Ado or 10 uM FB as permeant
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W w?tyzzx.vsznndhxon or A CLONE OF L1210 CELLB DEFICIENT IN SODIUM-

' *,Lxuxzn NUCLEOS{?E TRANBPORT.,4 | ‘ g;m”‘knp.j,_jy
' a)ﬂ A number of . cultured cell clones w1th aberrant"NT v*u‘\EV

“;»characteristics haVe been isolateﬁ, including those*derived

! - A

'from S49 mouse lymphoma (198 2 '), an: NT-deficient variant of )

»

the HCT 8 human colorectal carc noma (148), and an NT varf%nt7.‘
fdesignated\as L1210/Mc5 15 | \ o F' |
: The study of NT in L1210 clones defic1ent in sodium-~"
Zﬂl driven NT activity should help to understand the role of this‘
w]«“ffd_system in the cellulﬁg accumulation of . nucleosides,and their “i“
o "metabolites. Described below is the selection and S |
h.characterization of a clone of L1210 cells, L1210/323 l
,Ef }apparently devoid of sodium-dependent NT activ1ty |

. LlZlO/B23 1 cells originated from LlZlO/MCS 1 cells.‘The

-'1atte Mclone was sePEcted from a mutagenized population of.

pe lelO/Bz cells for reSistance to the combination,

M tubercidin, 1 0 uM arac and 5 0 uM NBMPR. L1210/Mt5 1
”71cells.differ from wild-type cells in the absence of a. '” |
_ c;facilitated diffusion NT mechanism\of ldw SenSitiv1ty to

i”ueNBMPR17 | 'f'fe presentnstudy, L1210/Mc5 1 cells were chosen :

¢

-;17 The.author wishes to e@knowledge the kind-provision by Dr, S

t - J A. Belt* of L1210/MC5 1 cells, the w1ld-type parent line

< /\

vfifi (lelO/?Z) and a maﬁ:script concerning the selection and E
1210/MC5= 1 cells in advance of

\‘\4‘ chhracterization.of
" ‘.\ ]

i, _:Wff? publijetion.;., L o "'”tiif‘ :fi:fﬂiliii?s;;‘f”'

B RN
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’:as the parental line in a mutagenesis/selec&ion experiment

'FB transport by NBMPR were explored in LlZlO/MCS l cells in

relationship was monophasic, in contrast to the. biphasic
" cells suspended in sodium medium,vrates of FB. tf&

L concentration of NBMPR present, siqnifie_

-'fmsodium-dependent nucleoside transporter;
v ;'-r

iexperiments Mith L1210/AM cells @q}g 27)

| fi54
K Q- .

B because their NI characteristics are simpler than those of

L1210/C2 celis. B

COncentrgtion-effect relationships in the inhibition of

-

‘the presence or absence of ?xtracellular Na (Fig. 45) . This

6" 4

nature of the 1nhibition of 'FB tranqurt by NBMPR“'obtained

.‘ " ' “‘.‘:\, .
s “1'-. L S
Ns-" E

‘ﬁ Fig,. ‘
poft*were

from similar experiments with L1210/ﬁﬁfcerl

reduced by 75-80% in the presence of 1Y

NBMPR. The

c

o reduction of FB fluxes in NMG mediumq irr spectiye46¥/the_

the presence of a’

¥

as in earlier

»

It was expected that accumulation of nucleosides above S
",‘( B # K 3 .

Apresence’of NT' inh!bitors, such as NBMPR These cells express'

;vnon-concentrative and sodium-driven NT components, and

j.route. Time courses of FB (20 uM) influx in szlo/mcs 1 cerls

"‘cells 1n‘§odium medium ach;eved an FR' cencentration of 250 pM s
'e‘ﬁin 5 min. When the suspending ﬁedium contained NMG+ in place/ |
'7gof Na+, little FB 1nfluk occurred during the same ingef

-}:%" The effectiveness of 10 uM’NBMPR intenhancfhg’xp

,permeant efqux (leakage) may take place via the formeu--.f

"10 UM NBMPR, are shown if

MY

A

; fsuspended in sodium medium or in NMG medium, with o¥ without

_g. 46 In tpe presence of NBMPR,_v:

¥

P "
¥ :]:.s .
XPREN

B R o
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K © 100 o - | -
: L1210 / MC 5-1
S g0} 10uM FB — .
‘U’»"E . . . -
5
> o
2 -
e
" 7
P m ™
B Na*
0 ‘ -
T
® NMG* -
| ~-Log [NBMPR] " .
Fig. 45._ Concentration-effect relatlonshlps for the in-"
L hibition by BMPR . of FB transport in mzlo/Mcs 1 cells. Cells
i wera suspende in sodium medium (C)), or NMG' medium (@ ) at -

o 22°c..Initial rjtes of 3H-FB (10 um)! uptake were derived fromign‘

—‘_’ ‘_\time coursesR a' in Fig. 27, and were expressed as a percent-
' ’ age of FB. uptake rates in cells suspended in sodlum medlum'u.“
" '[f without additives (1 7 pmol/ul cell water sec)
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accumulat?on in lelo/Mcs-l cells (Fig. h6) contrasted with .
that of 8 M NBMPR in similar experiments with L1210/cz cellsv
(Fig 215) The concentration of NBMPR (10 uM) utilized in

| experiments with L1210/Mcs -1 cells abolished the movement of

~FB by facilitated diffusion “Fig 45). However, in the

—

experiment of Fig. 21, the concentration of NBMPR employed (8

o

uM) dia not completely block; FB permeation by . the non-

~ concentrative route (Fig 21A) These observatiOps are -

e o 18 ,
consistent with the concept that "‘ accumulation of a ,," o
[ ) : ,V.'A‘\..‘ '

. #? ucleoside irRLJZlO cells is related to*the extent of

“hibition of nucleqside fluxes via non-concentrative systems .
"5“ ! ‘ 1 b ‘; / . Y
“in® those cells. L . - ﬁ -
’ ' . ‘
? The effect of ﬁ%'tghibition by dipyridamole on the .

antiproliferative{;ctivity of‘a;aA owards LlZlO/MCS -1 cells

.av« i

g ,é T
was examined in the experiment £ Fig. 47v c E were““f ,g

cultuh&d for 48 h with graded concentrations of araA -with or

| without 5 uM dipyridamole (1.1 uM dCF was present) Thei‘ﬁ s

%

o araA and~?raA metabolites.-In a similar experiment _ : oL

) ’.y

_presence . of dipyridamole decreased the Ic50 value for araA r. ‘:5Q.

) .
7). dipyridamole May have induced cellular accumulation of .-

dipyridamole enhanced the antiproliferative"Eti?uty‘pf araik o

towards L1210/c2 cells (Fig. 8). '
. The foregoing results indicated that L1210/Mcs 1 cells ,7

2

" possess both sodium-linked and non-concengjative NT systems f‘n'lf

L

fan

-
Pl
N LW

b

Because the NT‘S&operties of these cells were 1ess complex .
than those of wild-type cells, ansattempt was made to select :_g e
W . . X e i ) ) i ’s - - .\:‘;’ A,,

B PR e , IR A -
Co R " . . S . : - R R A
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Fig.,£7. Enhancement. by dipYridamole of the. an-
tiproll;er 7ive effects of araA’ towards L1210/MC5 1l cells. _
\;ammcerhquere cultured aﬁ described in Fig. 10. Qéll,populati&n -
_doubllngs in-48" h in cﬁltures without dipyridamole B,
(o), and with's UM dipyridamole (v) were expressed as a
ijpercentage of population douﬁlings in control Cultures that
1acked additivesﬁqa 1 dcublings) g S

v‘ ‘
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o ’ -~
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| ‘é‘“medium containing 7¢uM araA,uﬁ u’

clones‘degic&ent in sodiﬁm-linked NT activity gro

{~,flo cell generations'undeq’non-selective conditions. N-Qh.

*"isolatinq kinase-deficient mutants was reduaed.,m%f

'mutagenized population of L1210/MC5-I~sglls. A qglture :

ont&ihing 4. 4 X lo8 lelO/MCS 1 cells was treated with

.MNNGl7.(3 ‘ug/ml). for 1 h at 37°C -and the surviving cellaffzo-‘

h30%) were transferred to fresh medium and cultured for about

02 /r-:‘

he L1210/Bz3 clonei.gs isolated by positive selection>

rvconditions, which attempted to eliminate undesired phenotypesi
from the cell'popul&ﬂion. In the eipdtion conditions of this‘

.., i

réd culturedin soft-agar/

w
study, ‘the mutagene;reated cells
EHNA, and 5 pM. =
e o W .
dipyridamole or 10 ‘UM NBMPR. , o -

' AraA wvas chosen as the toxib aqent in the selection *

medium bec'we (i) it is a substrate for the ‘ium-dependent.
'{nycleoside transporter, anda(ii) as a substrate of both Ado-
"kinase and pdCyd kinase (151 153’, the probability of |

e

was

'freasoned that inﬂausion of’NT inhibitors in- the ag%ning

' expressed sodium-driven NT, é§ shown with cells of the parent';

line (Fig; 47) . . S S ﬂv, e

” _)b

5% .
s e - ' JT? B , &

‘g17 Mutagens suqh as MNNG enhance the fgequency of mutations
TR in a cell population by 10- to 100 fold (20%&§and produce

point mutatiohs, rather than chromosoma! preaks or

.oLe
” P - 3
- e,

rearrangements (201) a A _’f‘;zﬁya‘

P . 3 “ W

‘medium’ would increase the toxicity of araA towards cells that '

B



&“fﬁﬁays in soft-agar selection

*;QW 5%‘* 5n§§resented a surviving fraction or

o
. Y‘

160 .

- : O o st e,
(f) Becausehdipyridamole was: somewhat toxic to L1210/Mcs l
| .cells (10 UM dipyridamole alone dogfﬂa??d.vcellular
1fprolif§ration rates by 40% data net showno, NEMFR was
utilized as- NT inhibitor in some of the se&ection cultures.

Following cultuie os the mutadéhmﬂbeated cells for 14

”;jium, 34 clones were isolated

',from ebgut 35 x lo 7 cells (see "Matefials and Methods")
w;lo7 for a

¥t n'coapitions." .
‘#d.,\ }‘ “a’ﬂ ‘j’ﬁ

-These 34 clones were expanded enﬂ*t&sted for (i) grow ﬁ'in a
2 ‘
'secqndary selection meq‘ym containing f‘um arad, 1 uM dgF'and "
[t} ' ‘.

5 uM dipyridamole, and . (ii) absence of sodium-dependent NT

A>re brted in this study were carried out by Mrs %M Selner

1

.‘w\under the supervision of Dr.. A R P. Paterson and" Dr. C. E. e

' . e ' e : X . . - - . .
CaSS. . ) . s, o . - ! o R . C’ .
" @ BT - v ! - .. » . |
o - . . y

v NBMPR-sensitive uptake of FB in L1219/823 ‘1 cells in
CNMet hedium resulted in a- steedy-state level of FB, |
N

uggesting the Qperation of a non-ccncentrative NT system :
£

'7(Fig. 48)0 The steady-sta;e levels of cellular Fﬂ achieved in

S

sodium‘medium were similar to those in NMG medium. _
, _ The contribution of a conceﬁtrative NT system to FB

hptake in erlo/Mcs -1 cells in’ spdium medium became evident

only in the presence of NBMPR (?ig 46) Under that T )

3
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r
T T — T ——
'y )
— L1210/B23.1 , co -
s . 20 UM FB ¢ |
x é @ . 10 uM NBMPR (.,‘), . B
Lt i ‘{“ “t” . _~* : - . ‘.! ‘—

-

. Na-
NMG*

BN e

X S e e . .

b .gtg. 43.‘ Effect of NBMPR on the’ influx of 'FB. m ‘

o ’L1210/823 1’ cells. ‘Cells were suspended in sodium m,@ium

1 (R, @) or. NMG medium (a, A) in the presence. (filled R
s\qnbols) or absence (empty symbols) of ;o uM NBMPR. After ex-
pasure te 20 -uM-FB at 22°C under thGSe conditlons for the in~

tervalg specifiéd, the content gf FB n these tells was A

measured (data oﬁained by M. .

‘\
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condition, FB leakage was substantially reduced and the

162

concentrative capacity of the sodium-dependent system was

manifggted. The ‘almost total abolition of FB flux by

ﬂhsubstftution of’ NMG+ in place of Na (in the presance of

[

(i) the sodium-linked nucleoside transporter was absent from

"y

NBMPR) proved the pre‘fnce of the sodium-linbed transporter

in those cells. ; -

o

v

;ﬂlabsence of FB accumulation in L1210/Bﬁ3 1. cells .

suspended in NBMPR-containing sodium medium, - indicated that

that clone, or’(ii) a'sodium-linked NT component susceptible'

, ° . »
te inhibition by-NBMPR was present in those cells.

Concentration-effect relationships for NBMPR inhibition.4

»

‘.of FB transport in L1210/323 1 cells in sodium or NMG medium

were explored in the experiment of Fig. 49. Thé inhibitory

.effect of NBMPR on FB transport in these cells was not

significa tly different in' the two media, suppo ing the

above evide e that'L1210/Bz3 1 -cells lack sodiu -dependent

NT activity N

NT inhibitors miﬁht redsorably be expected to enhance

«

the antiproliferative actlvi

:} of nucleoside analogues _

it¥metabolites. Enhancement by dipyridamole of the

. . , . :
antiproliferative activity Of araA towards L1210/B23.1
would not be expected. Fig. 50 illustratesothe results
experiment in which proliferation rates of L1210/823 1

were mea ed in the presence,of,graded aoncentrations

?\\;

A

'towards L1210 cellsvin culture if the presence of the

]

.o \

cells

of an

cells

oQ;

K 2NN

&

itor enhances the cellular content of the analogue and *

e
-
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| ’
i | | I
.. L1210/B23 \ - |
- 10uM FB ' _

-Log [NBMPR]

.. . s
/ S

“rig. 49." Conceﬁ’cration-effect relationships fo#’NBMPR
inhibjtion of FB ,(50 uM) transport in L1210/B23.1 cells. The
\gel’ba Yere. suspenfied in godium (G), or NMG (@) medium and, ~
-after indubationfof the ells at 22°C with NBMPR for 20 min,
JH-FB Anflux. werg measured as described in .
rates ‘Qf FB influx .are expressed as per-

o
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Fig. @A\Effect of’ dipyridamole on antiprolhferative
activity of’ araA towards L1210/B23.1ells.
tured as de5cribed in Fig. 10 without

(O ), or with 5 uM dipyrid&mole (A)




SEE

experimgd% of Fig. 50 abolished NT in L1210/B23.1 cellsle,

the absence of a dipyridamole protectivn effect was

noteworthy, and suggested that non-mediated permeation

(simplu diffusion) of araA was sufficient to’ inhibit

'prou.te;ation of L1210/823 1 cells.

s

18 y. SQIner, C.E. Cass and A.R.P, Pdterson, unpublished :
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Iv. CKﬁ%ﬁO’I‘HERAP@“OF L1210 MOUSE LEUKEMIA WITH ARA-AMP OR FAMP
AND INHIBYTORS OF NUCLEOSIDE TRANJ;ZRT.
Enhancement by NT inhibitors of the anti-proliferative
activity of nucleoside apalogugs towards L1210 cells in
w};cultug& (Sections II andiIV) suggested that the therapeutic’
activity of some nucleoside drugs against L1210 cells in vivd
might be increased by co-administration of an'NT inhibitor.
Since araA served as a substrate for the lodium-iinkedWNT
s?stemlin L1210/C2 cells, experiments were undertaken in
which mice implanted with L1210/C2 cells were treated with
combinations of araAMPlg, dCF and dipyridamole. Fifteen min
prior to araAMP administration, mice were treated with 0.25

mg/kg dCF by the i.p. route, a dosage shown to inhibit ADA

tivity in host tissues and L1210 cells for several hours

fJAraAMR doses of 50, 100 or 150 mg/kg, with or without
3-50 mg/kg dipyridamole, were administered once daily;ﬂor 9

‘ consecutive days (QlD x 9) to normal and leukemic mide. These
treatment regimens, which were not toxic to nosmal mice (data
not shown), had poor antineoplastic activity, irrespective of

~'the presence or absence of dipyridamole (Teble 14). ’

2-F-araA (administered as the pro-drug, FAMPZO) ‘has »

’ 19 hgaAMP is a pro-drug form of araA with high aqueous
solubility (202) . AraAMP and FAMP are rapidly de-.
phosphorylated in vivo byxecto-S'-nucleotidase activity
(203-205) -7 v '

20 FAMP is_the 5'-monophosphate ester of 2-F-araA



L L Table 14 \ . S
‘:Treatment‘of mibewimplapted;with leukemia L1210/62‘celié'withn~
«combinations of araAMP, dCF and dipyridamole. =~ . ” '

I'd

planted i.p. with 106 cells and

B6D2F, -female mice wers _
njection) began 24 h later. -

' -treatment (QID x 9 by i.p.

v 8 L (@)

LEs - . s

 \Tréatmént'

— i T
Lo - Dipyrid- N o . Mice

AraAMP - “dCF~  amole . Inst -alive on

(mg/kg)  (mg/kg) . (mg/kg) (%) Day \60

0 es o g T g,
'-‘ 50 - ‘7"6.25;. o 18 ['O{sf
100 o.25 o a8, | o6
150 025 o e o6
50 o0.25  s0 - < o1g . o/
1100 - vj 0.25 .50 o :'59 -  “0/6

Tl . ’ . - L 4

‘«,,150 - 0.25 .80, . . 86 0/

; ILS (increase in life-span): The difference between median

- -survival times of treated and untreated ‘(control) animals
that died, expressed as a percentage of the control group
-survigal time. Median survival times in control, groups (6

- micef were 7-8 days. ‘ SR T TL s : _ :

2
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been shpwn/to be ‘more effective than araA/dCF combinations- B

against nl2lo 1eukemia in vivo when\the anﬁlogues
'dereadministered at similar molar dosages (118). The
f:diff nce in the therapeutic activities of the two

‘ nuclex\lde analogues may stem from\arah catabolism, which
iloccurs in animals even after administratif;fhf high doses of’

"dCF (202, 206,207) . FAMP, Currently ,(mdergoing Phase I and II

A

,'clinicaI//rials,‘appears to.pe useful in the therapy of acute .

.leukemias, chronic lymphocytic leukemia and malignant

lymphoma (208-211) ' Intraveno?s administration of FAMP

‘causes acute, dose-dependent ﬁoxicity deriv1ng mainly from

bone\marrow suppression. Thi; problem has been managed in the
: clinic by reducing dosage and duration of therapy Q208)

B FAMP, like certain other antimetabolites, may cause dose-

_ﬂ‘related neurological toyicity (208 212 214) The neurotox1c
'effe;:; of FAMP are characterized by delayed onset and by

-\

fthe central nervous,system that is affected (

'_°eneuronal injury that/is unique in nature and }n the region of
able 15)

‘_Substantial variation has been found in the neuropathology of

w-?AMP—(213). The xtent of neuronal damage appears to be

.related to thezinterval between onset of the symptoms and

death and the most extensive damage occurred in brain areas'"-

"with high mftabolic activity (e. g. the Visual system)
The mechanism{if FAMP neurotoxicity is unclear 2 F-araA
is incorporated into RNA in some cells (126), a fate that may -

'impair érotein synthesis. A cytotoxic metabolite of FAMP, ‘

/ ~
/ R
/ N
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- nence, dementia,

. Table 15 .
” i "'ﬁeﬁfo;ogical toxi&ity of antimetabolites?t
- L " clinical”  Neuropatholpgical®
‘Agent Onset ° manifestations ) ~ featurés . .
%,_ R N oo D - . '; L . B
— _ —— f;' ’Jl%
. ';7. e N '° ] N ' : y o o
MTX ' ‘Acute  Headache, ?ausea + " CSF pleiccytosis
o : fever, meningismus = = = ’ : ’
. MTX Late Confusion, tremors 'Demyelination,
. ‘ ) somnolence, -« coagulative- -
: dementia - . necrosis in’ peri— ;
. : ‘ventricular matter
‘ . ‘jgray matter spared,
5-FU Acute _Ataxia, nystagmus, , Loss of Purkinjet
. dysmetria cells and neurons
e in oliwvary and
K ‘ : .dentatennuclei ‘}
arac Acute Atéxia, nyétagmus; Loss of Purkinje K
' ... dysmetria cells Co
~FAMP fLate-4-bBiindhess,'incdﬁti— 'Occipitdl white

' matter mainly;

’ quadrapareiis Aextepsive de--
3 ‘ - ‘myelination with
. axonal damage
’ e
: l'MOdified'frqp ref. 208 !
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2—F-adenine, has been found in mice, dogs and monkeys - p
receiving 2-F-araA (119,215), and in some cells, 2~ F-adenine
: appears “to- give tise to 2-F-ATP (216) .

The present study assessed ‘the therapeptic effectiveness

- of EAMP administered Q1D x)? with ‘fﬂthout NT inhibitors

'against leukemia LlZlO/cz in vivo“=. .The LD, o for FAMP alqne
" in this.regimen is 275 mg/kg (164) Normal mice that received '
75 mg/kg °rji5° mg/kg FAMP Q1D x 5, with or without 3- 20

g mg/kg dipyridamole, did not lose weight or show other signs
of drug toxicity during a 60-day post-treatment 1nterval.

v Treatment of! leukemic mice with FAMP alone administered
. Q1D x 5 at dosages of 75-175 mg/kg/day, achieved dose- n
dependent increases in life—span (ILS) ranging from 60 to
'94% but yielded only one long-term survivor in loiltreated
-mice (Table 1ls6). Treatment with (i) 100 or 150. mg/kg FAMP for

-5 days, or- (ii) 100 or 150 mg/kg araAMP (with dcCF) ‘for 9

"'days, yielded similar increases in the 1ife-span of leukemic

mice, suggesting that FAMP is more effective than the
.araAMP/dCF combinations against leukemia L1210.

In evaluating the therapeutic activity of
FAMP/dipyridamole combinations, the two agents were co-

administered in the Q1D x 5 regimen,_starting 24 h after

¢/ o

21 some of the experiments with FAMP7described in this

————

section, and summarized in Table 16, were: conducted 1n

collaboration with Dr. A.A, Adjei

-



1eukemic ‘cell implantation. Leukemic,mice treated in this way.
with FAMP and dipyridamole at the respective dosages of 75 '
and"3 mg/kg/day achieved life span increases of about 55% N ;? \{j
(Table 14) which were similar to those in. animals treated

hwith FAMP aloneuat the same dosage. Treatment with FAMP and
' dipyridamole at 150 and 3 mg/kg/day increased the median
span of leukemic mice by 160% (Table 16). Dipyridamole is '

bound extensively to plasma proteins (217), and perhaps
, concentrations of free dipyridaﬁble achieved in vivo were too
qlow to-influence the toxicity of 2-F-araA towards the'
L1210/C2 cells. o ‘ |

Therapeutic reginens that combined NBdAMP at 25 .
'mg/ké}day with FAMP dosages of 100, ° 125 or 150 mg/kg/day were
.slightly more effective than those with FAMP alone (Table .
>l6)n In contrast the co-administration of NBMPR-P (a soluble i_ti
:pro-drug form of NBMPR) at 25 mg/kg/day and FAMP at the above
‘dosages was substantially more effective than that of FAMP .
alone.(Table 16). In mice that received NBMPR-P and FAMP,
increases in life span for mice that died leukemic deaths
were approximately two—fold'greater than in‘animals treated
‘with FAMP alone, and long-term survivorship was achieved by
- these treatments. Survivorship was related to FAMP dosage,
the optimal combination in this limited series, FAMP and _
f'NBMPR-P at 125 and 25 mg/kg/day, respectively, yielded about .
62% long-term survivors. '

While concentrations;of 2-F-araA and its anabolites

achieved in leukemié cells after co-administration with

7 [}



‘. | r
‘ 57
) ’ ‘\
TABLE 16

© Treatment of mice implanted with leukemia L1210/C2 cells
: : ' with FAMP and NT inhibitors. :

’,

BGDZFi'feméle mice were implanted i.p. with 106 cells and

“creatment (QID x 5 by i.pi injection) began 24 h later. °
. . I Lo . ‘ ' . of a\'
A

- Treatment A ’ .
]
L ) { o Mice .
FAMP . NT inhibitorl 11S2 alive on Toxic
(mg/k)g © (mg/kg) . (%) Day 60 deaths?
S I —
75 g 60 “o/6 0/6 .
100 0 63 -~ 0/20 4/204.
125 0 75 0/30 - 5/30%
150 0 . 88 1/35 26/41
175 0 94 0/10 ~ 5/10
75 , 3 55 "0/6 0/
150 - 34 160 0/6 . 5/6
100 253 94, ' o0/10 3/10
125 250 76 . 1/10 - 2/10
150 25 © 135 1710 3/10
100 257 136 5/20 - 3/20(1)5
125 ~ 25°¢ 150  25/40 - 4/40
150 25C 217 - -18/35 . - 12/35(2)5

175 -+ 28C€ 150. 6/10 2/10_

3 E : ' - ’
1 The NT inhibitors used were: (a) dipyridamole, (b) NBAAMP, -
(c) NBMPR-P o V - |
ILS (Increase in life span): The difference between median
. survival times of treated and untreated (control) animals .
> - that died, espressed as a percentage of the control grgup
- survival time. The pedian survival times of the contryp
groups were 7-9 days. - - , Lo : . ,
3 Neurological toxicity, evident initially (Days 15-30) as .
hind-11i aralysis, was progressive and fatal. :
Leukemic deaths may have obscured neurological toxicity.
Early treatient-related déaths, not due to neurotoxicity.
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NBMPR-P have not yet been measured, it is reasonable to
speculate that NBMPR-induced increases in,the cellular
accumulation ‘and retention of the nucleoside drug may be.the
. basis of the | enhancement by NBMPR-P of the therapeutic affect
Just noted. NBMPR may also have limited the influx of 2-F-
araA into host tissues. 5 ) ‘dj< S
Treatment of leukemic mice with FAMP pro osd a fatal
.delayed toxicity in some animals that ‘was judg to be
neurdlogical because the first symptom Was paralysis of the
: hind limbs Such paralysis became evident 15- 30 days
following tumour impl\ntation (9-24 days after ‘cessation of
therapy) The nature of the neurological damage in those
.animals remains to be established. '
NBMPR-P and,»to a lesSer extent, NBdJAMP afforded some
protéction against the FAMP-induced neurotoxicity.pThe '
nzprotective effects of the NT inhibitors were- difficult to
quantify because of the complexity of the system studied.
Neurotoxicity \ymptgms were evident only in tumour-bearing
mice treated with FAMP Untreated mice implanted with 106
L1210/C2 celIs lived approximately 8 days after implantation.
When FAMP was administered Q1D x 5, neurotoxicity symptoms
appeared at the earliest ‘15 days after inoculation. Thus,
-for the neurotoxicity to be apparent" the: treatment had to
‘1ncrease iife span by at least 88%. In some treatment groups,
many animals died from leukemia before day 15, that is,
before onset of neurotcxicity symptoms.

 The larger dosages of FAMP used (250 mg/kg/day)
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increaiﬁd the 11 pan of leukemic animals sufficiently thit

l

the naurotoxicity became evidant. For<example, about 63%

of =
mice treated with FAMP alone at 150 mg/kg/day exiy

neurotoxicity; whereas the incidence was 34% in grodi?-d
receiving'NBMPR-P (Table 16). These data suggest that NBMPR-P

may protect against the ‘neurotoxicity of FAMP in this mouse

-médel. Experiments attempting to optimize,dosages in the FAMP

aﬁa NBMPR-P combination regimen against the L1210/C2 leukemia

are in progress. To the author's knowledge, neurological
toxicity induced by FAMP has not'hitherfo been reported in

animals, and leukemic mice may representba model system that

‘would allow exploration of protection by NT inhibitors

S

against FAMP neurotoxicity.
Protection against FAMP neurotoxicity in animals treated
with NBMPR-P which is evident in Table 16, may have

e

originated from inhi ition oE\R\F-araA uptake by neurons

) and/or blockade of 2-F-araA passage across the blood-brain

barrier._Nucleosides appear to be transported across Jhe
blood-brain-barrier by a carrier-mediated process (218).
Studies witlr rat brain and bovine cortex capillaries have K
shown the presence of non-concentrative, dipyridamole-
sensitive NT systems (219,220). Dipyridamole and NBMPR have
been shown to inhibit Ado uptake in synaptosomes from rat and
guinea-pig cerebral and cerebellar cortex. (221), cultured

glial cells and primary neurons (222- 224)

The failure of dipyridamole,to protect against FAMP,

‘ /
_neurotoxicity may be due to low dipyridamole concentrations
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in ‘the vicinity of susceptible cells. Dipyridamole would not

cross the blood-brain-barrier while bound to plasma proteins.
Mice implanted with L1210/C2 leukemia cells represent a
'tqpt system in which poteptiation of nucleoside analogue
_ ,toxicity towards neoplastic cells. and selective protection of
the host have been demonsgrated. Thus, selective modulation
of the toxic effects of nucleoside drugs with NT inhibitors
-would appear to be achievable in yiyo. This approach to
chemotherapy with nucleoside drugs may also be applicable in
" the tneatment with dideoxynucleosides of viral diseases, such |
as hepatitis B and acquired immune deficiency syndrome.
Although 2' 3'-dideoxynucleosides appear to permeate some
cells by simple diffujion (2,225), some of these derivatives f
may enter other cells by mediated processes, as _shown in this :
study for the influx of ddAdo in LlZlO/AM cells. (Fig. 375)(
Dcse-relaéed toxicity of ddAdo has been reported in dogs and
rats (226),\and inclusion of NT inhibitors in therapy. |
regimens using didepxynucleosides_may protect dose-limiting
tissues in clinically relevant circumstances. '
| The results presented in this section indicate that
selective enhancement of nucleoside analogue toxicity towards
neoﬁlasms with concomitant protection of host tissues may be
possible with appropriate combinations of drugs and NT
inhibitors. . ’
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SUMMARY AND FUTURE DIRECTIONS

Three NT compenents are apparent'in L1210 cells: two

. non-concentrative s systens (distinguishable by their relative
'seneitivrties to inhibition by NBMPR ref. 50 and Fiq 27),
plus a System driven by extracellular Nat. Operation of the
sodium-dependent NT system in the L121 clones, L1210/C2,
L1210/AM, andAL1210/M05-1 was demonstrated in tne present
study. ;mhis system was examined in L1210/AM cells, which,
lacking Ado;{dAdo'and dCyd kinase activities, allowed study
of the perﬁéatien of the physioloéical nucleosides, Ado"ana
.dAdo, and of severalinucleoside analogues, in the absence of
penmeant metabolism.

In contrast to the non-concentrative systems present in
L1210 cells the sodlum-drfaen transporter (i) is resistant
to inhibition by NBMPR, dipyridamole and dilazep, (ii) re- )
quires a transmembrane Na gradient te operate, and (111)
does not appear ‘to translocate several pyr1m1d1ne nucleo-
sides, includihg dCyd or dThd, although Urd is a substrate.

When the influx of 10 uM FB or 10 uxM Ado was measured °
in L1210/AM cells.at 22°C in the presence of graded con-
centrations of NBMPR, dipyridamole or dilazep, the contr1bu-i~
tion of the sodium-driven system (given by the diéference

’

f“between the influx rates in sodium medium and in NMG medium)

Fi P

‘

to total nucleoside transport was approximately 20%, ir-
respective of the concentration of transport inhibitor

present (Figs. 27—29).F In the presence of dipvridamole at
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concentrations 2 3 uM, .the non-concentrative systems did n
conrriﬁute significan;ly to the transport of nucleosides'
| For this reason, charactérization q? the sodium-driven NT
system of L1210/AM cells was undertaken in the presence of

10-20 uM dipyridamole Rates ot dipyridegele-inseneitive
Ado (10 uM) influx decreasedfsubstantially when extracel-
lular Na%t was replaced Ly other alkali metal ions or NM6+.

Low levels of residual Ade influx wer® observed in the
presence of Li* or K' ions. These ions may serve as poor
subsfrates for the sodium-driveh NT'system.

The presence.of a tranmembrane Na+‘gradient was essen-
tial for the operation of this system, as demonstrated by
.(i) loss of dipyridamele-insensitice transport activitﬁ!in
cells treated with nystatin (a sodium ionophone), and (ii)
‘the presence of dlpyridamole-insensitive Ado influx in
energy-depleted cells in .which the membrane potential had
beenlclamped with Valinomycin. Ado influx in these cells
proceeded while a Nat gradient was present (Fig. 39).
Uphill Ado transport did not appear to require the presence
of a partlcular extracellular anion Together, these:
results suggegt that the sodlum-driven NT mechanigm zn
L1210/AM cells is electrbgenic.

The interaction between the sodjium-driven nucleoside
' transporter of L1210/AM cells ahd nucleosides was found to -

be enantioselective. L-Ado, the non-physiological enan-

tiomer of Ado (or "Déido"),(gid not appearlti enter L1210/AM
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cells via tbi/eodium-iinked NT system when present atvthe
extraqpllulaf concentration of 10 pﬁ, and concentrations of
that nucleoside as high as 400 uM did not ihhibit the (
transport of D-Ado (10 uM, Fig; 37 .and Table 11). The
sodium—dependent NT system of L1210/AM cells mediated the ‘
entry of Urd and of the purine nucleosides Ado, dAdo, araA:
‘and their 2-halo deriyatives. .‘
Sodium-dependent Ado transport was virtually abollshed'
,at 5°C. In the absence of dipyridamole and under saturat-
ing, or nearly‘saturating, conditions for the sodium-
dependent carrier (138:mM Nat and 20 uM Ado); ratiOS<of
intracellular to extraeellular Ado levels achieved 'in
' steady-state conditions were about 2:1 and 3:1, at 22°C aﬁd
37°C, respectively. ‘ A |
Kinetic studies of sodidﬁldependent NT in L1210/Aﬁ
cells revealed thaeithe affinity of the transporter for Ado
increased with increasing extracellular Na+5f_Thus, Kp
values for Ado transport decreased from about 30 uM fq 10 uM
wgen the extrecellular Nat was increased from 5 mM to 100 mM
(Table 12A). In a similar manner, Ky, s values for "Nat/ado"
fluxee (coﬁsidexed to be a measure of Nat fluxes, p. 133)

decreased from 30 mM to 3 mM, wheh extracellular Ado- was in-
. ~

creased from 0.5 uM to 100 uM (Table 12B). Hill analysis of

the dependenge of;Ado fluxes on the extracelluar Na* concen-

tration indicated that the Ne+/Ado coupling stoichiometry

C

. - - : ”
was about 1.

N
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. Agents known to irnterfere with ion movements or jon-°

coupled permeation of organic solutes (e.g. turouomido,

4

“amilorido,rouqeain, phloridzin) did nQt, affect lodium-drivon

Ado transport in L1210/AM cells. In contrast, the thiol
reactive agents, NEM, showdomycin, and pCMBS inhibited the

sodium-driven transport of Ado (10 #M) with IC4, values of

/40 uM, 10 uM, and 2 uM, respectively. The presence of Ado

l
in incubationAmedium containing pCMB§ afforded concentra-

tion-dependent protection of NT function against pCMBS (Fig.

44).

The physiological.significance of the sodium-dependent
NT system in L1210 caiis has yet to be established. The ex-
pression of this transport activity may have arisen as a
result of the neoplastic transformation process that gave
rise to L1210 cells,~ot méy have been prooent in the normal
cell th#t was the L1210 progenitor. L1210 cells were iso-
lated from the spleen and lymph nodes of a leukemic mouse
(131), and it is known tnot a sodium-driven NT system
similar to that present in L1210 cells is present in normal
mouse splenocytes (91). The sodium-dependent NT system of
mouse splenocytes io aloo tesistont to inhibition by NBMPR
and dipyridahole, an& mediates the translocation of purine
nucleosides and urldine, but does not transport dThd or dcCyd
(91), properties seen in L1210 cells in the present ctudy.

The substrate specificity of the sodium-dtiven nucleo-
side transporter of L1210 colls suggests that this system

probably fulfills a sp€cific function. Ado is a dood per-

»
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‘V_meant for this system and under phy51ological conditions,
;do from the circulation likely enters L1210 cel&s to some,
Vextent by way o the concentrative transporter. PhYSiologi-’

ﬁ‘cal advantages that would be attributable\to the jOint
‘presence of the three distinct NT systems in L1210 cells are '
'not apparent The operation of a concentrative transporter,
howev§¥ requires the erpenditure of cellular energy and may '

"only be justified if that system medlates a sagnificant ,
‘fraction of. substrate permeation under physiological condi—

tions The experamental eVidence obtained in the present

v

‘study is insuffic1ent to establish the rode of the sodium-

;driven NT system of L1210: cells. | )

e An L1210 clone defiCient in sodium-depdendent NT ac-’

"tivity, designated L1210/Bz3 1 .was isolated afte;,treatment
of. LlZlO/MCgfl cells with HNNG. cells of the latter clone

, appear to be devoid of the non-concentrative NT system of
low senSiti'ity td NBMPR5 : Follow1ng the mutagenic treat—

’ ment varian s were selected\in medium containing 7 pM araAk

.5 uM EHNA and'lo pM NBMPR. Eeatures of NT in L1210/BZ3 1

. cells that indicate the absence of sodium-dependent NT ac—f'

l_((@ 3

RPN

tivity, are (i) loss of FB influx in- the presence of 10 pM

iy

‘NBMPR or 7.5 BM. dipyridamole, irrespective of the presence

- or absence of extracellular Na , (id): Similarity of initial

Y

“‘rates of FB influx in sodium medium and in‘NMG medium in the‘

presence of 0 10 uM NBMPR and (iii) lack of enhancement by’

dipyridamole of the . antiproliferative actiVity of araA.A '
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/ Specific inhibitors or ligands for the sodium-driven

nuc1e051de transpbrter of L1210 cells have not been identi-

g fled | The pharmacological characterization of this system
|

has prov1ded 1nformatién about the mechanism of permeant

, —

translocation.’ However, purification of the transporter

o ,"poiypeptideés) w1lf be necessary to examine the molecular ‘f-“
’ 1

events involved in permeant translocation. Thus, future
\

studies should 1nc1ude (1) an_gxtended pharmacological

characterization of the sodium-linked NT system, including a
B \
search for selective ligands, (il) purification of the

e '/.‘

;
sodium-dependent transporter, and (iii) molecular studies. //
& _

\ Showdomyc1n was a more- potent inhibitor of sodium-///
dependent Ado transport than NEM, suggesting that the reac-
tive nucle051de might serve as a prototype molecule f ‘the .
.development of selective probes for the concentrativ47

transporter.‘ Treatment of cells with dipyridamolz/br NBMPR»

- during exposure to showdomyc1n might reduce inter tion of

- ., )
. .

showdomyc1n w1th non concentrative NT system components in
_‘L1210 cells. Since 1on-substrate cotransporters constitute

| a. minor fraction of the protelns present in the plasma
membrane, detection, purification and reconstitution of ele-
_.ments‘of the sodium-linked NT system into phospholipid
ve51cles w1ll be difficult. Specxfic ligands may §lay‘a key
role_lnfstudy_of the sodium-driven NT system} as ﬁﬁﬂfhland'_;‘

- congeners have done in molecular studies of the erythrocytic -

‘nucleoside transporter.

-
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In purification~and'reconstitntioniof the sodium- :
dependent NT system, additional problems may be encountered*
v'because the transporter polypeptide(s) must be solubilized

with detergents, which may affect functlon. The ‘use.of or-

o ganic solvents in the solubilization step may facilitate

i

removal of lipids and crystallization. An approach to }

-isolation of the sodium-dependent NT system of L1210 cells L e

i SR
_"r\ B A \ .
: ai N \

could 1nclude°'

3

(a) DNA—mediated transfer (transfection) of g”‘

that - activ1ty - This gene could be retrieved from _:erﬁrén‘;'*ik
formant if a marker gene, prev1ously cloned as a recombinant_gi
" DNA molecule (e. g. a plasmid), is also expressed in the-,i_y
transformant. Markers that have been used for this purpose -
include an engineered neomyCin-resistance gene that confers.‘ﬁgg
drug resistance to'any mammalian cell’(228), and}the'herpes' A

“virus dThd kinase gene (229) The use of - selection condi-

"“tions that permit survival of only those cells that express
Tboth sodium-dependent NT act1v1ty and the 'rotein coded by‘
‘the marker gene would bernecessary ‘ » 3

| (b) Following selection of a transfected clone that ex- )

pressed both the desired gene and the marker gene (primary

’__'transformant), the isoclation of a secondary transformant

- should be attemptedr ThlS could be done by transfection of

fthe wild-type cells that gave rise to the primary transfor-

:}mant with genetic material from the 1atter. A selection
rk I . ; ) SN AR o
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process identical to that used to isolat7~the primary trans-
probably be found by screening a genomic library from the
second transformant for sequences from the marker gene.

(c) Molecular cloning usihg a viral vector could then

R

HQ undertaken This step should lead to the identification‘ -

‘and sequence determination of the mRNA coding for the trans-

|
porter. Ana1y51s of the mRNA would give the amino acid se-

quence of the polypeptide.

The approach just,described does not require knowledge“

; about the structure of the-protein;for availability of
purified polypeptide (230) Inﬁaddition, once the gene
coding for the protein-is 1solated, a cell system capable of
expressingfthe transporter in large amounts, and more suit-
able to.ﬁirification of the NT system,‘might be found. With
the availability of pure protein, antibodies could then be‘-
. raised for the study of NT systems of other cell types
Although amino acid sequences can be used to predict

i the folding of pclypeptide chains in the lipid bilayer of
the plasma membrane,_they cannot.provide a~ptcture of the

' tra porter in operation. Crystallographic'séhdies have a
51m11a€ limitation,valthough useful information could likely
‘be derived from the crystal structures of loaded and un-
loaded carriers |

(R ,

| Like other 1on-substrate transportersg the~sodium-

[

dependent NT system of L1210 cells must have remarkable

prcPerties. ’Cbnformational changes liﬁfly cause_binding»
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' .
sites for Na* and nucleosiées to'become'accessihrﬁ*at alterna-
tive sides of'the'plasma,QEmbranes “These movements must in-

volve considerablevspatial.reorganization‘of some parthof the
transport{polypeptide. On the other hand the structure of

the,transp?rter must’ preclude ‘diffusion of other small solutes
‘across the membrane. through the protein domain The appllcaf

-tion of physical biochemical and genetic techniques w1L%

likely help formulate dynamic and static models, leadlhg‘t@ an
AN

understanding of the co-transport process. .“%‘ﬁ
The initial objectives of the present study, outlined 1n

the introductory chapter, were as follows: (i) to determing

if cellular retentlon and- toxic1ty of" nucleoside analogu
could be modulated by NT 1nh1b1tors, (11) to 1nvest1ga e the'
effects of NT inhibitors on nucleoside efflux, and (i 1) to
evaluate the antineoplastic activ1ty of comblnatlons of nucleo
.side drugs and NT inhibitors. This studyvshowed that,vln
"L1210/C2 cells, (i) NT inhibitors,lespecially-dipyridamole,
enhanced'the cellular retention of‘araATP araCTP and dATP.
probablyeby preventing efflux of nucle051des via non-concentra
vtive NT systems present in those cells, and (11) NT 1nh1b1tors
ghhanced the accumulation and/or cytotoxiclty.of nucleoside
analogues such as araA, dAdo and some of their 2-halo deriva-
.tives. Those nuc1e051des are substrates for the sodium-
dependent, concentrative NT - system present in L1210 cells.

The co—existence in L1210/C2 cells of three NT systems

with different properties allowed manipulatlon of nucleoside
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of cellular accumulation of nucleosides that wereﬁsutstrates
for the sodium-linked transporter likely r sulted from °
blockade of bi-directional nucleoside movement via non-

’

concentrative transport activity, while the inwardly=-directed
concentrative transport activity remained,unaffected. Thus,l
‘modulationfof the cytotoxicity of some.nucleoside analogues
byuNT inhibitors was- indeed possible inlezio cells.':How-.
ever; the possibility of such modulation does not appear,to
be a general prbperty of cells; but would appear to be con-
?ined to cells of an appropriate transporter.phenotype‘and to
| particular nucleosides.‘ These observations were -extended to
the treatment with'FAMP‘ofileukemia L1210/C2‘in mic:j/ja:;
resuIts indicated that NBMPR, but net dipyridamole, enhanceq;.
the therapeutic activity of FAMP against the leukemia cells,
while protecting the host. animals from neurological toxicity
~ caused by the uc1e051deodrug These effects possibly
resulted from (1) appropriate pharmacokinetics and distribu-'
tion of the drugs, and (ii) presence of NT systems in tumour

cells and ho t cells with different susceptibilites to in-

hibition by NBMPR in tumour and host cells.

Host protection by NBMPR against Fhﬁ?—induced neuro-
toxicity may be of some general significance in chemotherapy
with nucleoside drugs, because of'éhe impiication that thera-
peutic indices of nucleosides with potential or established

clinical value might be improved bv co-administration with
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Some time ago, it was stated that the "characterization
of nucleoside transport is as yet only rudimentary...[and]
it is not certain whether one or. several types of nucleoside

transporter exist" (16). Although‘it is,clear now that sys-

utems mediating,ndcleoside tranelocatioh across plasma .

membranes differ in varioﬁs cell types (and even within in-

dividual cells,aas shown in this study), the uhderstandin§

*®
of those systems is still very limited. An appropriate way .

to summarize the progness made in the NT field in recent

years may be found in a quotation that W. Thorpe described

as his favourite (231): "I have yet to see a problem,
however complicated which when you looked at it the right

way, did not become still more complicated "
. O

LA L
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