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SUMMARY

PATERSON, ALAN R. P., SUH-ER YANG, EDA Y. LAU, AND CAROL E. CASS. Low
specificity of the nucleoside transport mechanism of RPMI 6410 cells. Mol. Phar-
macol. 16: 900-908 (1979).

The toxic effects of various nucleoside antimetabolites toward RPMI 6410 cells in culture
were eliminated or reduced when the growth medium contained 5 �tM nitrobenzylthioi-
nosine (NBMPR), a potent inhibitor ofnucleoside transport. When cells were “protected”
in this way from the growth inhibitory effects of trifluorothymidine, arabinosylcytosine

or 6-azauridine, the cellular content of these agents was much reduced relative to that of

cells cultured in the absence of NBMPR, indicating that NBMPR impairment of nucleo-
side transport was the basis of the protective effect. It is implicit in these results that the
toxic nucleosides against which protection is afforded by NBMPR are “substrates” for

the nucleoside transporter. The cytotoxic effects of a number of nucleosides of diverse
structure were ameliorated by NBMPR and these compounds were judged to be sub-
strates for the transporter. Because compounds as diverse as showdomycin, 5-azacytidine,
sangivamycin and nebularmne were permeants by this criterion, it was concluded that the

specificity of the nucleoside transport mechanism of RPMI 6410 cells is low with respect
to the base portion of nucleosides.

INTRODUCTION

In animal cells, nucleoside-specific trans-
port’ elements of the plasma membrane
mediate the movement of nucleosides

This studies were supported by the National Cancer

Institute of Canada and the Medical Research Council

of Canada.

I The passage of nucleosides across the plasma

membrane of animal cells is mediated by nucleoside

specific transport elements (“transporters”) of the

plasma membrane; there may be more than one type

of transport (transporter) mechanism. The term

“transport” refers to the transporter-mediated move-

ment of nucleosides across the plasma membrane and

does not include the subsequent metabolic events

which befall influent nucleoside molecules. The term

“uptake” includes both transport and metabolic

events.
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across the plasma membrane; simple diffu-
sion may also contribute to some extent to
nucleoside fluxes. The existence of “high”
Km, facilitated diffusion transport processes
with low specificity toward nucleoside per-
meants has been demonstrated in several
cell types (1-5). For example, Plagemann
and co-workers have shown the existence

in cultured Novikoff hepatoma cells of a
facilitated diffusion mechanism that me-
diated the permeation ofuridine, thymidine
and deoxycytidine; Km values for these per-
meants at 24#{176}ranged between 70 and 400
/.LM (5-7). Characterization of such trans-

port processes has depended upon (i) rapid
sampling technology that enabled measure-

ment of initial rates of nucleoside uptake,
and (ii) the use of cells incapable of ana-
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bolizing permeant (erythrocytes, kinase-de-
ficient variants or ATP-depleted cells). The

existence of high Km nucleoside transport
processes in animal cells has also been dem-
onstrated by others (8-11). It is recognized
that initial rates of nucleoside uptake’
measure transport rates in cells that metab-
olize nucleoside permeants (3, 5, 8), a con-
cept that has been demonstrated experi-

mentally (5).
Using transport methods based on meas-

urement of initial rates of penneant uptake,
the existence of “low” Km (about 10 jLM and
less) mechanisms for the transport of aden-
osine (10, 12-14) and of uridine (15) have

been shown. For example, in HeLa cells the
influx of adenosine and uridine is initiated

by NBMPR2-sensitive (see below) trans-
port processes for which Km values at 20#{176}
were 2.5 and 4.2 .tM, respectively (13, 15).
Strauss et al. (10) have shown the existence
in lymphocytes of both high and low Km

mechanisms for adenosine transport, and
Kolassa et al. (12) have reported a similar
finding with erythrocytes. Low Km values

for adenosine transport have also been re-
ported in other studies employing rapid
sampling technology (16, 17). The low Km
transport processes have not been charac-

terized as facilitated diffusion processes,
nor have specificities been adequately de-
fined. In view of the low concentrations of

nucleosides in blood plasma (for example,
see 18-20), the low Km nucleoside transport
mechanisms would appear to be of physio-
logical importance. Relationships between
the high Km and low Km transport processes
have not been explored, although in this

connection it may be noted that both are
profoundly inhibited by NBMPR (2, 6, 13,
15). Thus, more than one type of nucleoside
transport mechanism may exist, or the
mechanism may exist in more than one
form (perhaps kinase-coupled or uncou-
pled). The term “transport mechanism” is
used in this report in the general sense,
recognizing that more than one type or

2 Abbreviations: NBMPR (nitrobenzylthioinosine),

6-[(4-nitrobenzyl)thio]-9-16-D-ribofuranosylpurine;

NBTGR, 2-amino-6-[(4-nitrobenzyl)thio]-9-$-D-ribo-

furanosylpurine; HEPES, 2-hydroxyethylpiperazine-

N’-ethanesulfonic acid. Structural formulae for other

compounds are given in Fig. 1.

form of nucleoside transporter may exist.
NBMPR and various related compounds

have been identified as potent and specific
inhibitors of uridine permeation in human

erythrocytes (2, 21); inhibition of this facil-
itated diffusion process which, in erythro-
cytes, proceeds in the absence of permeant
metabolism (1), demonstrated clearly inhi-

bition of nucleoside transport by NBMPR
and congeners. NBMPR and related com-
pounds are also potent inhibitors of nucleo-
side transport in various other cell types
(13, 16, 22, 23). For example, in HeLa cells,

the mediated component of adenosine en-
try was eliminated in the presence of 5 j�M

NBMPR, revealing a non-saturable com-
ponent which might represent simple dif-

fusion (13). HeLa cells possess sites to
which NBMPR binds reversibly, but with
high affinity (Kd� about 0.1 imi); NBMPR
occupancy of these sites resulted in inhibi-
tion of the uptake of various nucleosides
(24).

We have previously reported that
NBMPR and related compounds protected

mouse lymphoblastoid cells in culture from
the antiproliferative effects of several cy-

totoxic nucleoside drugs (25). Such protec-
tion implied that the cytotoxic nucleoside

entered the cells by the nucleoside trans-
port mechanism. In the present study, we
have demonstrated that RPMI 6410 cells,

a cultured line of human lymphoblastoid
cells (26), were protected by NBMPR from
toxic nucleosides of very diverse structure
(Fig. 1) and have concluded that these cells

possess a NBMPR-inhibited nucleoside

transport mechanism of low specificity.

MATERIALS AND METHODS

RPMI 6410 cells were cultured in RPMI
1640 medium supplemented with 10% dia-
lysed fetal calf serum, penicillin (100 units/
ml) and streptomycin (100 zg/ml); the 25
ml cultures, in loosely capped 50 ml bottles,
were incubated at 37#{176}in humidified, 5%
C02-air. Cell concentrations, initially about
1 x iO� cells/mi, were kept below 5 x i0�
cells by dilution with fresh medium, with
and without drugs. Cell concentrations
were determined with an electronic particle
counter.
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FIG. 1. Structural formulae

Cell culture materials were purchased
from Grand Island Biological (Calgary, Al-

berta). Dr. S. R. Naik of this laboratory
prepared NBMPR and NBTGR (27) from
6-thioinosine and 6-thioguanosine gener-

ously provided by the Division of Cancer
Treatment, National Cancer Institute, Be-
thesda, Md. Isotopically labeled nucleo-
sides were purchased from Moravek Bio-
chemicals (City of Industry, Calif.).

The time course of nebularmne uptake by
RPMI 6410 cells was measured by the
following procedure3 which employed
NBMPR to end intervals of uptake. Cells
from exponentially proliferating cultures
were resuspended in serum-free “transport
medium” consisting of RPMI 6410 medium
which lacked bicarbonate but was supple-
mented with 20 nmi HEPES (pH 7.4). Rep-
licate incubation mixtures were prepared
and intervals of uptake were started by the
rapid mixing of 0.75 ml of cell suspension
(4.5 x 106 cells/mI) with 0.75 ml of transport
medium containing 20 �zM [G-3H]nebularmne
(10 jtCi/ml); both components were at 4#{176}.
To end uptake intervals, a 0.75 ml portion
of 15 ��tM NBMPR in transport medium at
22#{176}was added to each assay mixture and
0.5 ml samples were immediately trans-
ferred to 1.5 ml plastic centrifuge tubes

3 E. R. Harley, E. Y. Lau, S. Yang, C. E. Cam and

A. R. P. Paterson, unpublished results.

containing 0.15 ml of oil4 and spun for 30
sec in an Eppendorf Model 3200 microcen-
trifuge to pellet cells under the oil layer.
The medium portions of the incubation
mixtures were removed by suction and tube
portions above the oil were rinsed with 1.0
ml water. For assay of cellular radioactivity
by liquid scintifiation counting, 0.75 ml of
0.5 M KOH was added with mixing to each
centrifuge tube (cells plus oil) and after
dissolution of cells, tube contents were

transferred to counting vials with rinsing

by scintillant (28).

RESULTS AND DISCUSSION

In the present study, the ability of
NBMPR to protect proliferating RPMI
6410 cells against cytotoxic nucleosides was
used to explore the permeant specificity of
the NBMPR-sensitive nucleoside transport
mechanism. The following rationale was
employed: (i) cytotoxicity would signal that

cellular uptake of the toxic agent had taken
place, (ii) NBMPR protection against that
toxicity would indicate that transport (the
initial step of the uptake process) of the
agent was inhibited, and (iii) protection
would imply that the agent was a substrate
for the transport mechanism. This rationale
depends upon the sensitivity of nucleoside
transport in RPMI 6410 cells to inhibition
by NBMPR5. The inhibition of nucleoside
transport by NBMPR has been demon-
strated in a variety of cell types and, ac-
cordingly, the generality of the inhibition is
not at issue. Previous reports have demon-
strated that NBMPR occupancy of specific,
high-affinity binding sites for NBMPR on
cells resulted in inhibition of nucleoside
transport (6, 24, 30). The experiments of

Fig. 2 and 3 demonstrated, respectively,
that (i) RPMI 6410 cells possess such high
affinity binding sites for NBMPR and (ii)
NBMPR inhibited transport of the toxic
nucleoside nebularmne by RPM! 6410 cells.

4 Dow Corning 550 silicone oil (84 volumes) plus

light paraffin oil (Fisher 0-119, 16 volumes); final spe-

cific gravity, 1.03 g/ml at 22#{176}.

5 Another possibility, that NBMPR protection ef-

fects might derive from blockade of kinase activities

which initiate anabolism of the toxic nucleoside, is

unlikely in view of other reports (15, 16, 29).
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The experiment of Fig. 2 measured the
site-specific binding of [G-3H]NBMPR by
RPM! 6410 cells at 37#{176}using a previously
established method (24). Mass law analysis
of the binding data by the method of Scat-
chard (31) indicated that RPMI 6410 cells
possess about 3.3 x iO� binding sites per

cell and that the NBMPR dissociation con-
stant at these sites was 0.48 n�i (Fig. 1B).
The characteristics of high affinity

NBMPR binding by RPMI 6410 cells and
HeLa cells (24) are similar.

In the experiment of Fig. 3, the uptake of
[G-3H]nebularine by RPMI 6410 cells dur-
ing intervals of a few seconds was measured
by a method employing (i) NBMPR as a

rapid stopping agent and (ii) rapid separa-
tion of cells from permeant-containing me-
dium by centrifugal pelleting under an oil
layer. It is seen that the time course of
nebularine uptake was linear and inter-

sected at the ordinate with the time course
for uptake by cells pretreated with the
transport inhibitor. It is apparent that the

method measured the initial rate of nebu-
larine uptake and that NBMPR virtually
eliminated nebularine uptake.

These results (Figs. 2 and 3), taken to-

gether with the established role of NBMPR
as a potent, tightly bound inhibitor of nu-

cleoside transport, indicate that NBMPR
inhibited nucleoside transport in RPMI
6410 cells.

Protection of RPMI 6410 cells by
NBMPR against toyocamycin toxicity is

fflustrated in Fig. 4; in cultures containing
15 ni�i toyocamycin, cell numbers dimin-
ished, but in the presence of 5 �LM NBMPR

and 15 nM toyocamycin, the cell prolifera-
tion rate was 90% of that in the absence of
additives. The cell proliferation rate was
not changed by the presence of 20 �LM

NBMPR in the growth medium (data not
shown). Because of the foregoing argu-
ments, inhibition of toyocamycin transport

by NBMPR was the apparent basis of the
protection demonstrated. This conclusion
was supported by the data of Table 1 which
are from an experiment in which RPMI
6410 cells were cultured in medium contain-

ing toxic concentrations of 3H-labeled nu-
cleoside drugs (trifluorothymidine, 6-azaur-

200

I I 1 � 1 1 1
0 � 2 3

BOUND NBMPR (molecules/cell) x 1O�

FIG. 2. The presence ofhigh affinity binding sites

for NBMPR on RPMI 6410 cells

Preliminary experiments established that the time

course of [G-3H]NBMPR binding to RPM! 6410 cells

at the lowest initial NBMPR concentration to be

employed (0.5 flM) was complete in 10 mm; thus, cell-

bound NBMPR was in equilibrium with free NBMPR

in the medium after this interval. Incubation mixtures

contained 1.5 x 106 cells in 6.0 ml of serum-free RPM!

1640 medium with or without 5 �M NBTGR; these

mixtures, prepared in duplicate and containing graded

concentrations of [G-3H]NBMPR, were incubated at

37#{176}for 10 mm. Cell pellets from the incubation mix-

tures were dissolved in alkali and assayed for [G-

3H]NBMPR content by liquid scintillation counting

(28); the medium fraction of each incubation mixture

was assayed under the same conditions for [G-

3H}NBMPR content. Specifically-bound NBMPR was

determined as the difference between the cellular con-

tent of [G-3H]NBMPR in the presence and absence of

5 fIM NBTGR (Panel A) and mass law analysis of

these data by the method of Scatchard (31) (Panel B)

gave these constants: number of sites per cell, 3.3 x

iofl; � 0.48 nM.

idine and arabinosylcytosine) with and
without 5 ,iM NBMPR. Cell proliferation in
the presence of NBMPR was associated



cell proliferation was inhibited and cellular

concentrations of the toxic drugs were sev-
eral times higher than in the presence of
NBMPR. Similar results with nebularine
have been reported (32).

The data of Table 2 also support the
� conclusion that NBMPR protection of cul-
� tured cells against cytotoxic nucleosides de-
� rived from inhibition by NBMPR of the
� transport of these agents. NBMPR pro-

� tected RPMI 6410 cells against toxic con-
-� centrations of several nucleosides, but not

-J against toxic concentrations of the corre-
sponding aglycones. Table 2 presents data
for only a single concentration of each

TABLE 1

Correlation between NBMPR inhibition of drug
uptake by RPMI 6410 cells andprotection against

drug cytotoxicity

:: � � � NEBULARINE !�!!�

! : �� o WITHOUT NBMPR

:�i �� � . 5AM NBMPR

05

0 � � � � � � I I I I I I I

0 2 4 6 8 10 12

SECONDS

FIG. 3. NBMPR inhibition of nebularine trans-

port by RPMI 6410 cells

Cellular uptake of[G-3H]NBMPR during the inter-

vals indicated was determined as described in detail in

MATERIALS AND METHODS. Intervals of uptake were

started by the rapid mixing of equal volumes of cell

suspension and 10 ,�M [G-3H}-nebularine in transport

medium, both at 4#{176}.Intervals of uptake were ended

by the rapid addition of NBMPR (final concentration

5 jIM). Cells from triplicate samples of the incubation

mixture were immediately pelleted under oil and as-

sayed for 3H content. In some incubation mixtures

(S), cells were exposed to 5 �&M NBMPR for 5 mis

prior to the uptake assay. Error bars indicate average

deviation from the mean.
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FIG. 4. Protection ofRPMI 6410 cells against toy-
ocamycin toxicity

RPM! 6410 cells were cultured in the presence of

15 nM toyocamycin (Toyo) with and without 5 �tM

NBMPR, or without additives (control).

with low cellular concentrations of the toxic
drugs throughout the period of culture.
Conversely, without NBMPR protection,

�-15 �M
5 AM NBMPR

Cells were cultured in medium containing the spec-

ified concentrations of [G-3H]trifluorothymidine, [5-

3H]6-azauridine or [5,6-3Hjarabinosylcytosine, with or

without 5 �M NBMPR. At the times specified, samples

were taken for determination of cell concentration and

known numbers of cells were collected on 0.45 �t nitro-

cellulose filters. The filters were washed with cold 0.15

M NaCl containing non-isotopic drug at 10 X the

concentrations listed, and then were assayed for 3H

content by a combustion-liquid scintillation procedure

employing a Packard Model 306 Sample Oxidizer.

Drug Hours Drug up- Relative
of cul- take cell num-

ture (pmoles/ ber in
106 cells) NBMPR

in at these
NBMPR concen-
at these trations:
concen-
trations:

0 5 0 5
�LM �oM �LM �M

Trifluorothymidine 0 8 8 1.0 1.0

(1 fLM) 22 154 44 0.98 1.30

28 255 36 0.95 1.90

46 369 25 1.04 3.80
51 352 18 1.01 5.46

6-Azauridine (3 �M) 0 4 4 1.0 1.0

22 21 12 1.15 1.22

28 22 8 1.20 1.91

46 17 9 1.28 3.76

51 22 8 1.35 4.96

Arabinosylcytosine 0 1 2 1.0 1.0

(1 toM) 22 11 6 0.91 1.14

28 15 6 0.95 1.49

46 25 6 0.93 2.61

51 23 6 1.06 3.42

904 PATERSON ET AL.
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TABLE 2

NBMPR failure to protect RPMI 6410 cells against
cytoxic nucleobases

RPM! 6410 cells were cultured in medium contain-

ing the specified concentrations of the agents listed,

with and without 5 �M NBMPR. Cell concentrations

were determined daily and proliferation rates (popu-

lation doublings in 72 hr) are expressed as percentages

ofthose in control cultures (no additives); control rates

were between 3.25 and 3.95 doublings in 72 hr.

Cytotoxic agent Cell proliferation rate
(% of control)

Conc. Name Source” -NBMPR +NBMPR

�LM

2,6-Diamino- A -14 -24

purine

100 2,6-Diamino- B 29 65

purine ribo-

side

100 2,6-Diamino- A 51 78

purine de-

oxyriboside
100b Purine A 42 44

1 Purineribo- A 9 88

side (nebu-

lame)
10b 6-Methylpu- A 14 17

rise

0.2 6-Methylpu- B -13 97

rise ribo-

side

2” 5-Fluorou- A -24 -21

racil

0.02 5-Fluorou- A 62 95

ridine
0.005 5-Fluorode- A 29 74

oxyuri-

dine

a Sources: A, commercial; B,

Treatment, National Cancer Institute, Bethesda, Md.

b Tested with and without 5 �tM NBMPR at various

concentrations that produced graded inhibitions of cell

proliferation over a range that included 50% of control

rates; inhibition was not diminished in the presence of

NBMPR.

agent; however, in each instance, a range of
concentrations was tested (data not
shown). Since these concentrations were
not selected to maximize differences be-
tween cell proliferation in the presence and
absence of NBMPR, the apparent differ-

ences between the NBMPR protection
against different agents (e.g., nebularmne
and 5-fluorouridine, Table 2) may pertain
only to the experimental conditions speci-

Division of Cancer

fled. Such differences would be diminished
by (a) diffusional entry of the toxic nucleo-
side into cells and (b) cleavage of the toxic
nucleoside during the long interval of cul-
ture with release into the medium of a toxic
aglycone against which NBMPR would not
afford protection. Such possibilities might
account for the lesser protection by
NBMPR against the nucleosides of 2,6-dia-
minopurine and 5-fluorouracil relative to

that against nebularmne and 6-methylpurine
riboside (Table 2).

Of the many nucleoside analogues that
have been synthesized and tested as poten-
tial therapeutic agents, a number are toxic
to cultured cells and animals. The struc-
tural diversity of the toxic nucleoside ana-

logues has afforded a means of examining
the permeant specificity of the nucleoside
transport mechanism. To this end, we have
applied the criterion, discussed above, that

NBMPR protection of proliferating cells
from otherwise toxic concentrations of a
particular nucleoside implies that entry of
that nucleoside is mediated by the nucleo-
side transport mechanism. Table 3 sum-
marizes experiments in which a variety of
toxic nucleosides were tested in this man-
ner. A generalization which emerges from
these data is that the NBMPR-sensitive
nucleoside transport mechanism of RPMI
6410 cells is of low specificity with respect
to the aglycone portion of its substrates:
structures as diverse as showdomycin, 5-
azacytidine, sangivamycin, and Townsend’s
“tricyclic nucleoside” (33) (Fig. 1) are sub-
strates for the nucleoside transport mech-
anism by the “NBMPR protection” cnte-
rion. This apparent low specificity of the
transport mechanism for the nucleoside

base supports an earlier conclusion by
Taube and Berlin (14) that flexibility of the

adenosine transport mechanism of rabbit
polymorphonuclear leukocytes enabled a

variety of purine and pyrimidine nucleo-

sides to be accommodated as permeants.
The several examples in Table 3 of the

absence of NBMPR protection against
toxic nucleosides are noteworthy. Entry of
8-azainosine, 3-deazacytidine and 5-iodo-
deoxycytidine into the cultured cells would
not appear to be mediated by the NBMPR-
sensitive transport mechanism.

Our interpretation ofNBMPR protection



906 PATERSON ET AL.

For the provision of nucleosides we are grateful to

TABLE 3

NBMPR protection of RPMI 6410 cells against various cytotoxic nucleosides

RPM! 6410 cells were cultured in medium containing various concentrations of the agents listed in the

presence and absence of 5 �tM NBMPR. Cell concentrations were determined daily and proliferation rates

(population doublings in 72 hr) are expressed as percentages of those in control cultures (no additives). Data

selected to illustrate NBMPR protection against toxicity are presented.

Cytotoxic agent Cell�ro�iferatio�rate

Conc. Name Sourceb -NBMPR +NBMPR

�M

1 2-Azaadenosine C -13 98

3 8-Azaadenosine C 21 91

12 5-Azacytidine A 1 62

100 8-Azainosine C 6 6

3 6-Azauridine A -5 58

5 Carbocyclic adenosine D -10 84

100 3-Deazacytidine E 73 75

100 5-lododexycytidine A 73 87

0.5 2-Fluoroadenosine C 30 85

20 2’-Fluoro-2’-deoxycytidine F 40 59

6 Formycin G -18 98

100 FormycinB G -14 31

0.15 Pyrazofurin H 52 84

0.01 Sangivamycin I -13 87

75 Showdomycin A -25 97

0.015 Toyocamycin I 3.5 90

0.01 Tricyclic nucleoside B -1 98

0.1 Tubercidin A -27 88

80 Uricytin J 24 70

100 Ribavirin K 37 92

100 Xylosyladenine F 69 92

9’ Proliferation rates in the absence of additives (control) were between 3.62 and 3.97 cell population doublings

in 72 hr.

N Sources: A, commercial; B, Division of Cancer Treatment, National Cancer Institute, Bethesda, Md.; C, J.

A. Montgomery, Southern Research Institute, Birmingham, Ala.; D, Y. F. Shealy, Southern Research Institute,

Birmingham, Ala.; E, A. Bloch, Roswell Park Memorial Institute, Buffalo, N. Y.; F, G. A. LePage, University of

Alberta, Edmonton, Alberta; G, H. Umezawa, Institute of Microbial Chemistry, Tokyo, Japan; H, M. J. Sweeney,

Eli Lilly and Co., Indianapolis, Ind., I, L. B. Townsend, University of Utah, Salt Lake City, Utah; J, T. A.

Khwaja, LAC/USC Cancer Center, Los Angeles, Calif.; K, ICN Pharmaceuticals, Inc., Irvine, Calif.

of the cultured cells against toxic nucleo-
sides is that NBMPR impairment of the
nucleoside transport mechanism prevented
manifestation of cytotoxicity through re-

duction in rates of cellular uptake of the
toxic agents. Although blockade by

NBMPR of the transport of a variety of
nucleosides, both natural and synthetic,
does not necessarily imply that a single

type of transport mechanism mediates the
entry of all, it is apparent that transporta-
bility of a nucleoside analogue, that is, ac-
ceptabiity as a substrate of the nucleoside
transporter, is a determinant of cytotoxic-
ity. Protection of mice by NBMPR against

otherwise lethal doses of several individual
toxic nucleosides, (nebularine, tubercidin
and toyocamycin (32)), and against either
component of a 3-deazauridine-arabinosyl-

cytosine combination (34) has also been
demonstrated in this laboratory, suggesting

that NBMPR and related inhibitors of nu-
cleoside transport may afford a means of
altering the disposition in the body of nu-
cleoside analogues employed as therapeutic
agents and, perhaps as well, that of endog-
enous nucleosides.

ACKNOWLEDGMENT



NUCLEOSIDE TRANSPORT IN RPMI 6410 CELLS 907

the Division of Cancer Treatment, National Cancer

Institute, Bethesda, Md. and to the following investi-

gators: A. Bloch, T. A. Khwaja, G. A. LePage, J. A.

Montgomery, Y. F. Shealy, M. J. Sweeney, L. B.

Townsend, and H. Umezawa.

REFERENCES

1. Oliver, J. M. and A. R. P. Paterson. Nucleoside

transport. I. A mediated process in human

erythrocytes. Can. J. Biochem., 49: 262-270,

1971.

2. Cam, C. E. and A. R. P. Paterson. Mediated trans-

port of nucleosides in human erythrocytes. Ki-

netics of exchange diffusion of uridine and thy-

midine and specificity toward pyrimidine nu-

cleosides as permeants. J. Biol. Chem. 247:

3314-3320, 1972.

3. Berlin, R. D. and J. M. Oliver. Membrane trans-

port of purine and pynimidine bases and nucleo-

sides in animal cells. Internat. Rev. Cytol. 42:

287-336, 1975.

4. Plagemann, P. G. W., R. Marz, and J. Erbe. Trans-

port and countertransport of thymidine in ATP

depleted and thymidine kinase-deficient Novi-

koff rat hepatoma and mouse L cells: Evidence

for a high Km facilitated diffusion system with

wide nucleoside specificity. J. Cell. Physiol. 89:

1-18, 1976.

5. Plagemann, P. G. W., R. Marz, and R. M. Wohi-

heuter. Uridine transport in Novikoff rat hepa-

toma cells and other cell lines and its relation-

ship to unidine phosphonylation and phospho-

rolysis. J. Cell. Physiol. 97: 49-72, 1978.

6. Wohiheuter, R. M., R. Marz, and P. G. W. Plage-

mann. Properties of the thymidine transport

system of Chinese Hamster Ovary cells as

probed by mtrobenzylthioinosine. J. Membr.

Biol. 42: 247-264, 1978.

7. Plagemann, P. G. W., R. Marz, and R. M. Wok!-

hueter. Transport and metabolism of deoxycy-

tosine and 1-fl-D-arabinofuranosylcytosine into

cultured Novikoff rat hepatoma cells. Relation-

ship to phosphorylation, and regulation of tri-

phosphate synthesis. Cancer Res. 38: 978-989,

1978.

8. Koren, R., B. Shohami, 0. Bibi, and W. D. Stein.

Uridine transport properties of mammalian cell

membranes are not directly involved with

growth control or oncogenesis. FEBS Letters

86: 71-75, 1978.
9. Heichal, 0., D. Ish-Shalom, R. Koren, and W. D.

Stein. The kinetic dissection of transport from

metabolic trapping during substrate uptake by

intact cells. Uridine uptake by quiescent and

serum-activated Nil 8 hamster cells and their

munine sarcoma virus-transformed counter-

parts. Biochim. Biophys. Acta 551: 169-186,

1978.

10. Strauss, P. R., J. M. Sheehan, and E. R. Kashket.

Membrane transport by murine lymphocytes. J.
Exp. Med. 144: 1009-1021, 1976.

11. Mulder, J. H. and K. R. Harrap. Cytosine arabin-

oside uptake by tumour cells in vitro. Europ. J.

Cancer. 11: 373-379, 1975.

12. Kolassa, N., B. Plank, and K. Turnheim. pH and

temperature dependence of adenosine uptake in

human erythrocytes. Eur. J. Pharmacol. 52:

245-351, 1978.

13. Paterson, A. R. P., L. R. Babb, J. H. Paran, and C.

E. Cans. Inhibition by nitrobenzylthioinosine of

adenosine uptake by asynchronous HeLa cells.

Mol. Phannacol. 13: 1147-1158, 1977.

14. Taube, R. A. and R. D. Berlin. Membrane trans-

port of nucleosides in rabbit polymorphonuclear

leukocytes. Biochim. Biophys. Acta 255: 6-18,

1972.

15. Paterson, A. R. P., S. R. Naik, and C. E. Cass.

Inhibition of uridine uptake in HeLa cells by

nitrobenzylthioiriosine and related compounds.

Mol. Pharmacol. 13: 1014-1023, 1977.

16. Olsson, R. A., J. A. Snow, M. K. Gentry, and G. P.

Frick. Adenosine uptake by canine heart. Circ.

Res. 31: 767-778, 1972.

17. Kessel, D. Transport of a nonphosphorylated nu-

cleoside, 5’-deoxyadenosine, by murine leuke-

mis L1210 cells. J. Biol. Chem. 253: 400-403,

1978.

18. Hughes, W. L., M. Christine, and B. D. Stollar. A

radioimmunoassay for measurement of serum

thymidine. Anal. Biochem. 55: 468-478, 1973.

19. Cohen, A., D. Doyle, M. A. David, D. W. Martin,

Jr., and J. J. Ammann. Abnormal punine metab-

olism and purine overproduction in a patient

deficient in punine nucleoside phosphorylase.

New Engl. J. Med. 295: 1449-1554, 1976.

20. Berne, R. M., R. Rubio, J. G. Dobson, Jr., and R.

R. Curnish. Adenosine and adenine nucleotides

as possible mediators of cardiac and skeletal

muscle blood flow regulation. Circulation Res.

28-29 (Suppl. I.): 1-115-1-119, 1971.

21. Paterson, A. R. P. and J. M. Oliver. Nucleoside

transport. II. Inhibition by p-nitrobenzylthio-

guanosine and related compounds. Can. J. Bio-
chem. 49: 271-274, 1971.

22. Eilam, Y. and Z. I. Cabantchik. Nucleoside trans-

port in mammalian cell membranes: A specific

inhibitory mechanism of high affmity probes. J.

Cell. Physiol. 92: 185-202, 1977.

23. Haslam, R. J. and G. M. Rosson. Effects of aden-

osine on levels of adenosine cyclic 3’,S’-mono-

phosphate in human blood platelets in relation

to adenosine incorporation and platelet aggre-

gation. Mol. Pharmacol. 11: 528-544, 1975.

24. Lauzon, G. J. and A. R. P. Paterson. Binding of

the nucleoside transport inhibitor nitrobenzyl-

thioinosine to HeLa cells. Mol. Pharmacol. 13:



908 PATERSON ET AL.

883-891, 1977.

25. Warnick, C. T., H. Muzik, and A. R. P. Paterson.

Interference with nucleoside transport in mouse

lymphoma cells proliferating in culture. Cancer

Res. 32: 2017-2022, 1972.

26. Moore, G. E., E. Ito, K. Ulrich, and A. A. Sandberg.

Culture of human leukemia cells. Cancer 19:

713-723, 1966.

27. Paul, B., M. F. Chen, and A. R. P. Paterson.

Inhibitors of nucleoside transport. A structure-

activity study using human erythrocytes. J.

Med. Chem. 18: 968-973, 1975.

28. Pande, S. V. Liquid scintillation counting of

aqueous samples using triton-containing scintil-

lants. Anal. Biochem. 74: 25-34, 1976.

29. Cans, C. E. and A. R. P. Paterson. Inhibition of

thymidine uptake in asynchronous HeLa cells

by nitrobenzylthioinosine. Exp. Cell Res. 105:

427-435, 1977.

30. Cam, C. E., L. A. Gaudette, and A. R. P. Paterson.

Mediated transport of nucleosides in human

erythrocytes. Specific binding of the inhibitor

nitrobenzylthioinosine to nucleoside transport

sites in the erythrocyte membrane. Biochim.

Biophys. Acta 345: 1-10, 1974.

31. Edsall, J. T. and J. Wyman. Biophysical Chemis-

try. Academic Press, New York, 1958.

32. Paterson, A. R. P., J. H. Paran, S. Yang, and T. P.

Lynch. Protection of mice against lethal dosages

of nebularine by nitrobenzylthioinosine, an in-

hibitor of nucleoside transport. Cancer Res. 39:

3607-3611, 1979.

33. Bennett, L. L, Jr., D. Smithers, D. L. Hill, L. M.

Rose, and J. A. Alexander. Biochemical prop-

erties of the nucleoside of 3-amino-1,5-dihy-

dro-5-methyl-1,4,5,6,8-pentaazaacenaphthylene

(NSC-154020). Biochem. Pharmacol. 27: 233-

241, 1978.

34. Paterson, A. R. P., E. S. Jakobs, G. J. Lauzon, and

W. M. Weinstein. Drug sequence-dependent

toxicity and small bowel mucosal injury in mice

treated with low doses of 3-deazaunidine and 1-

f�-D-arabinofuranosylcytosine. Cancer Res. 39:

2216-2219, 1979.




