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Inhibition by pertussis toxin of the activation of
Na+-dependent uridine transport in dimethyl-sulphoxide-induced
HL-60 leukaemia cells
John A. SOKOLOSKI, Alan C. SARTORELLI,* Robert E. HANDSCHUMACHER and Chee Wee LEEt
Department of Pharmacology and Developmental Therapeutics Program, Comprehensive Cancer Center,
Yale University School of Medicine, 333 Cedar Street, New Haven, CT 06510, U.S.A.

The effects of pertussis toxin on the Na+-dependent transport of uridine were studied in HL-60 leukaemia cells induced
to differentiate along the granulocytic or monocytic pathways by dimethyl sulphoxide (DMSO) or phorbol 12-myristate
13-acetate (PMA) respectively. Pertussis toxin at 50 ng/ml completely inhibited the activation of Na+-dependent uridine
transport and consequently prevented the formation of intracellular pools of free uridine which occurs in HL-60 cells
induced to differentiate by DMSO. The inhibition of Na+-dependent uridine transport by pertussis toxin in cells exposed
to DMSO was associated with a 14-fold decrease in affinity, with no change in V.,ax. Pertussis toxin, however, had no effect
on Na+-dependent uridine transport in PMA-induced HL-60 cells. Furthermore, 500 ng of cholera toxin/ml had no effect
on the Na+-dependent uptake of uridine in DMSO-treated HL-60 cells. These results suggest that the activation of the
Na+-dependent transport of uridine in HL-60 cells induced to differentiate along the granulocytic pathway by DMSO is
coupled to a pertussis-toxin-sensitive guanine-nucleotide binding protein (G-protein).

INTRODUCTION

The entry of uridine and other nucleosides into mammalian
cells occurs via saturable transporter mechanisms that have been
widely studied. These transporters are generally considered in
two categories; facilitated diffusion [1,2] and Na+-dependent
active transport [3-7]. The facilitated diffusion mechanisms are

predominantly sensitive to inhibition by nitrobenzylthioinosine
(NBMPR) [8,9], but insensitive forms of these transporters have
been found [10-12]. The Na+-dependent process had been
reported to exist in polarized cell types such as renal and
intestinal epithelial cells that have brush borders [5,13,14]. Based
upon multisubstrate transport and inhibition studies, it has been
suggested that at least two forms of the Na+-dependent driven
transporter may exist [15]. These epithelial cells also express the
facilitated diffusion system, predominantly in the basolateral
membrane [13]. Previous findings in our laboratory have docu-
mented the presence of the Na+-dependent transporter in non-

polarized splenocytes and thymocytes [7,16-18]. Subsequently,
minimal amounts of the Na+-dependent mechanism have been
detected in some lymphoid neoplastic cell lines [12,19]; however,
in these neoplastic cells the activity is insufficient to generate a

concentration gradient of uridine. To our knowledge, these
nucleoside transport mechanisms do not normally result in active
concentration of purine nucleosides in any normal or neoplastic
tissues. In contrast, uridine achieves normal tissue concentrations
that range from 5 to 10 times that in plasma, while in neoplastic
cell lines and in a limited number of primary neoplasms,
concentrations of this nucleoside approximate that in plasma
[16].
We have shown that the entry of uridine into undifferentiated

HL-60 cells occurs predominantly by the NBMPR-sensitive
facilitated diffusion mechanism [20,21]. A very minor second
component of uridine flux that is Na+-dependent exists in
undifferentiated HL-60 cells. When HL-60 cells are induced to
differentiate into mature granulocyte-like cells by dimethyl

sulphoxide (DMSO) [20], or to monocyte-like cells by phorbol
12-myristate 13-acetate (PMA) [21], a decrease in facilitated
diffusion as well as in uridine metabolism is observed. At the
same time, however, the activity of the Na+-dependent uridine
flux is markedly enhanced in differentiated HL-60 cells. The sum

of these changes results in the generation of intracellular uridine
concentrations that are 10-15-fold higher than in the medium at
a physiological concentration of /LM-uridine. This gradient of
uridine is not present in undifferentiated cells. The increase in
Na+-dependent uptake activity that occurs in HL-60 cells differ-
entiated by DMSO is attributable to a 28-fold increase in
transporter affinity for uridine over that in undifferentiated HL-
60 cells, with no apparent change in V..ax. These observations
suggest that the Na+-dependent uridine transporter may be
regulated by an unknown factor(s) that is either absent or

functionally uncoupled in undifferentiated HL-60 leukaemia
cells.

Recent studies show that guanine-nucleotide-binding proteins
(G-proteins) regulate many cellular processes, including receptor-
mediated signal transduction [22-24] and stimulation of K+
channels [25] and certain Ca2+ channels [26], and possibly some
amiloride-sensitive Na+ channels [27]. G-proteins also participate
in a variety of intracellular processes, including membrane
transport, exocytosis and secretion [28-30]. Thus it is conceivable
that a G-protein may be involved in the activation of the Na+-
dependent uridine transporter in DMSO-induced HL-60 cells.

In this report, we demonstrate that pertussis toxin abolishes
the activation of Na+-dependent uridine flux and consequently
the formation of a uridine concentration gradient in HL-60 cells
induced to differentiate along the granulocytic pathway by
DMSO. The inhibitory effect ofpertussis toxin on Na+-dependent
uridine transport was reflected in a marked reversion in the
affinity of this carrier for uridine to values comparable with those
present in undifferentiated HL-60 cells. Pertussis toxin, however,
had no effect on Na+-dependent uridine uptake in HL-60
leukaemia cells induced to differentiate to monocyte-like cells by

Abbreviations used: PMA, phorbol 12-myristate 13-acetate; DMSO, dimethyl sulphoxide; NBMPR, nitrobenzylthioinosine; G-protein, guanine-
nucleotide-binding protein; NBT, Nitro Blue Tetrazolium.
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PMA; this result suggests that the phorbol ester may cause G-
protein-independent changes in transporter activity, presumably
due to the activity of protein kinase C [31]. The finding that the
Na+-dependent uridine transport system is functionally coupled
to a pertussis-toxin-sensitive G-protein provides a useful model
to investigate further the regulation of this transporter, as well as

to determine the importance of the uridine transporter to the
differentiated phenotype.

MATERIALS AND METHODS

Chemicals
[5-3H]Uridine (20 Ci/mmol) was purchased from Moravek

Biochemicals Inc. (Brea, CA, U.S.A.). 3H20 (18,uCi/mmol) was

obtained from New England Nuclear (Boston, MA, U.S.A.) and
['4C]inulin (10 mCi/mmol) was purchased from Amersham
(Arlington Heights, IL, U.S.A.). DMSO, cholera toxin and
pertussis toxin were obtained from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). All other reagents were of analytical grade.

Cell culture
HL-60 promyelocytic leukaemia cells were kindly provided by

Dr. Robert C. Gallo of the National Cancer Institute, Bethesda,
MD, U.S.A. The HL-60 cultures used in these experiments were

expanded from stocks frozen in liquid nitrogen, and were

maintained in continuous culture in RPMI 1640 medium (Gibco,
Grand Island, NY, U.S.A.) supplemented with 15% (v/v) heat-
inactivated (50 'C for 30 min) fetal bovine serum (Gibco),
50 units of penicillin/ml and 50ug of streptomycin/ml (Sigma)
until passage 65. Cell stocks were routinely monitored for
mycoplasma contamination by the gene probe method (Gen

Probe Inc., San Diego, CA, U.S.A.).
Cultures were maintained at 37 'C in a humidified atmosphere

containing 5 % CO2 in air. Cellular differentiation was induced
by suspending cells at an initial density of 2 x 105 cells/ml in
175cm2 Corning plastic tissue culture flasks in the presence of
inducinL agent for 6 days. Cell numbers were determined with a

Coulter particle counter equipped with a Channelizer (Coulter
Electronics, Hialeah, FL, U.S.A.).

Cellular differentiation
The capacity of HL-60 leukaemia cells to undergo functional

maturation was assessed by Nitro Blue Tetrazolium (NBT) dye
reduction [32]. Approx. 2 x 106 cells were collected by centri-
fugation and resuspended in 1.0 ml of RPMI 1640 complete
medium containing 0.1 % NBT and 1.0,tg of PMA/ml. The cell
suspension was incubated at 37 'C for 30 min, and the percentage
of cells containing blue-black formazan deposits, indicative of a

PMA-stimulated respiratory burst, was determined by micro-
scopic analysis.
Transport studies

To prepare cells for transport studies, a cell suspension was

centrifuged atI000 g for 5min in a Sorvall GLC-4 centrifuge
(Sorvall Instruments, Wilmington, DE, U.S.A.). The resulting
cell pellet was washed with 50 ml of Na+-free (choline re-

placement) Hanks' balanced salt medium plus 5.5mM-D-glucose
and 4mM-Hepes buffer (pH 7.4), and centrifuged at 1000 g for
5min. The resulting pellet was resuspended with an appropriate
volume of transport medium to give a final cell density of
(6-7) x107 cells/mI. This procedure decreased the extracellular

Naa content from 140 mm to less than0.1 mm, as measured by
flame photometry.
The uptake of 5,uM-[3H]uridine was initiated by mixing 30,1

of the cell suspension, containing 2 x106 cells, preincubated with
or without 10 gem-NBMPR for 5 min, with 60 /ul of radioactive

substrate in a 1.5 ml Eppendorf Microfuge tube at 22-24 'C.
Uptake of uridine was measured using the 'oil-stop method'
previously described [21]. Na+-dependent uridine uptake was

operationally defined as the difference between the intracellular
content of [3H]uridine in cells treated with 10,uM-NBMPR to
block facilitated diffusion in the presence and the absence (choline
replacement) of Na+. Facilitated diffusion was measured as the
influx of [3H]uridine in the absence of Na+ (choline replacement),
corrected for the influx in the absence of Na+ and the presence of
NBMPR. The approximate initial rate of Na+-dependent uridine
transport was determined using a 6 s time interval. Control
experiments showed that no significant metabolism of uridine
occurred within the first 15 s of uptake. Time zero values for
uptake, attributed to radioactivity trapped in the cell pellet, were

determined by centrifuging 20,ul of cell suspension through a

layer (40,ul) containing radioactive uridine layered over the oil in
an oil-stop tube. These values were subtracted from measure-

ments of uridine uptake by HL-60 cells. The intracellular volume
of HL-60 cells was calculated in all experiments, using 3H20 to
determine total water space and [14C]inulin to calculate extra-
cellular space [7]. Kinetic constants for Na+-dependent uridine
transport were determined by non-linear least-squares fit of the
Michaelis-Menten equation using the computer program

ENZFITTER [33].

Intracellular free uridine

Cells were incubated with 5,uM-[3H]uridine at 22 'C for 15 and
300 s intervals, and reactions were terminated by the oil-stop
method described above. The cell pellets from identical time
points were pooled and extracted with an equal volume of1 M-
trioctylamine in Freon [21]. The form of 3H radioactivity from
uridine in the cell pellet was assessed by h.p.l.c. using aCl.
reverse-phase column. The mobile phase consisted of 10 mM-
phosphoric acid and 30 jtM-heptane/sulphonic acid (pH 3.3),
with a flow rate of1 ml/min at 13 'C. Under these conditions,
the following retention times were observed: void volume, 3 min;

uracil nucleotides, 4-5 min; uracil, 10 min; uridine, 16 min.

RESULTS

To develop an understanding of the functional controls on the
Na+-dependent transporter induced in HL-60 cells by DMSO,
the effects of bacterial toxins with relatively specific targets were

investigated. Initial experiments assessed the overall utilization
of uridine during extended time periods to establish the physio-
logical significance of changes in transport mechanisms. Total
uridine uptake in undifferentiated HL-60 cells (Fig. la) is rapid,
and associated with extensive nucleotide formation [20,21]. The
primary mode of entry is via a non-concentrative process, since
intracellular free uridine concentrations do not exceed those in
the medium [20] and uptake is virtually abolished by the presence

of NBMPR. In addition to facilitated diffusion, a very minimal
level of Na+-dependent uridine flux can be detected in undiffer-
entiated HL-60 cells (Fig.Ia). The Na+-dependent uptake was

defined as that portion of uridine utilization detected in the
presence of sodium and NBMPR after correction for that found
in Na+-free (choline replacement) NBMPR-containing medium.
When HL-60 cells were ipduced to differentiate along the
granulocytic pathway by1I.J % DMSO, a marked decrease in
uptake dependent on the facilitated diffusion of uridine was

observed (Fig. lb); this effect corresponded to a comparable
decrease in NBMPR-binding sites and specifically documented
transport by the facilitated diffusion transporter [21]. However,
the induction of differentiation by DM$O was also accompanied
by a substantial increase in the rate of uridineuptake by aNa+-
dependent process. The increase in theNa+-dependent process
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Fig. 1. Time course of uridine uptake in HL-60 cells induced by DMSO to differentiate to granulocyte-like cells

Cells at an initial concentration of 2 x l05 cells/ml in RPMI 1640 medium were incubated in the absence (a) or presence (b, c, d) of 1.3% DMSO
for 6 days. During the final 18 h of incubation, cells were treated with vehicle (a, b), 5.0 ng of pertussis toxin/ml (c) or 500 ng of cholera toxin/ml
(d) for 18 h. Cells were then harvested, washed and incubated with (@, 0) or without (E, OJ) 10 1sM-NBMPR for 5 min before exposure to
[3H]uridine (5/uM final concentration) in the presence (-, *) or absence (0, O) of Na+ (choline replacement). At appropriate time intervals,
uptake was terminated by the oil-stop method described in the Materials and methods section. Data are from an experiment representative of at
least three experiments. Values are the means +S.E.M. of triplicate determinations; where absent, the S.E.M. was smaller than the symbol.

was further enhanced when the efflux of uridine by facilitated
diffusion was blocked by NBMPR. Under these conditions, the
capacity of differentiated HL-60 cells induced by DMSO to
utilize exogenous uridine was eliminated by the absence of Na+
(Fig. lb). Pertussis toxin (5.0 ng/ml) present during the final 18 h
of the 6th day of exposure to DMSO completely abolished the
uptake of uridine by the Na+-dependent process (Fig. lc). Under
identical conditions, cholera toxin had no effect on uridine
utilization (Fig. ld).
To relate the toxin effects directly to the Na+ transporter, all

subsequent experiments measured specific transport and in-
tracellular concentrations of free uridine as determined by h.p.l.c.
The initial rate of transport was linear over 15-20 s and is
presented as total flux at 15 s. The facilitated diffusion component
was totally insensitive to pertussis toxin and somewhat greater
than the Na+-dependent system. The Na+-dependent system,
however, produces a large gradient of free uridine at subsequent
time periods (5 min) and is highly sensitive to pertussis toxin,
with an IC50 (concn. causing 50% inhibition) of < 1 ng/ml.

Treatment of differentiated HL-60 cells induced by the polar
solvent (day 6) with either 50 ng of pertussis toxin/ml or 500 ng
of cholera toxin/ml for 18 h did not significantly affect the
expression of NBT-positivity by these cells, a marker of the
mature phenotype (results not shown). To determine the sen-

sitivity of uridine transport to pertussis toxin, DMSO-
differentiated HL-60 cells were exposed to various concentrations

of pertussis toxin for 18 h. Concentrations of pertussis toxin as
low as 1 ng/ml inhibited Na+-dependent uridine transport (Fig.
2a) and consequently interfered with the accumulation of in-
tracellular pools of free uridine (Fig. 2b). Maximum inhibition of
Na+-dependent uridine transport was observed at pertussis toxin
concentrations of 5 ng/ml. The onset of inhibition by this
concentration of pertussis toxin was apparent within 8 h of
exposure of the DMSO-induced cells, and was essentially com-
plete within 18 h (Fig. 3a); consequently, the accumulation of
free uridine gradients within the cell was eliminated by more than
12 h of exposure to pertussis toxin (Fig. 3b).
The inhibitory effects of pertussis toxin on the Na+-dependent

uridine transporter in differentiated HL-60 cells induced by
DMSO can be attributed to a decrease in transport affinity from
a Km of 1.4 /aM for the DMSO-differentiated cells to a Km of
21.4+4.8,M in the presence of pertussis toxin. This value is
similar to that observed in the undifferentiated cell population
(Km 44/SM). There was no change in the apparent V...
(0.16 + 0.02 pmol/s per ,lt). Treatment of differentiated HL-60
cells with 500 ng of cholera toxin/ml had no effect on the activity
(Fig. Id) or the Km and Vm.ax values of the Na+-dependent uridine
transporter (results not shown).
When HL-60 cells were induced by PMA to differentiate along

the monocytic pathway, the effects of pertussis toxin on the Na+-
dependent transport system were not significantly affected (Table
1). The decrease in Na+-dependent uptake caused by 500 ng of
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Fig. 2. Effects of pertussis toxin concentration on uridine transport and
accumulation of intracellular uridine in HL-60 cells induced by
DMSO to differentiate to granulocyte-like cells

HL-60 cells exposed to 1.3 % DMSO for 6 days were incubated with
various concentrations of pertussis toxin (0-20 ng/ml) for 18 h.
Cells were harvested and washed, and [3H]uridine (5/M final
concentration) uptake by facilitated diffusion (A; uptake in the
absence of Na+) and Na+-dependent transport (A; uptake in the
presence of Na+ and 10 uM-NBMPR) at 15 s (a) and 5 min (b)
intervals were measured. Intracellular free [3H]uridine concen-
trations were determined by h.p.l.c. as described in the Materials
and methods section. Data are the means + S.E.M. from a rep-
resentative experiment consisting of triplicate samples from three
independent experiments.
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Fig. 3. Effects of the duration of exposure to pertussis toxin on uridine
transport and accumulation of intracellular uridine in HL-60 cells
induced by DMSO to differentiate to granulocyte-like cells

HL-60 cells exposed to 1.3% DMSO for 6 days were incubated with
5 ng of pertussis toxin/ml for between 0 and 18 h. At the indicated
times, cells were harvested and washed, and [3H]uridine (5/SM final
concentration) uptake by facilitated diffusion (A; uptake in the
absence of Na+) and Na+-dependent transport (A; uptake in the
presence of Na+ and 10 /SM-NBMPR) at 15 s (a) and 5 min (b)
intervals were measured. Intracellular free [3H]uridine concen-
trations were determined by h.p.l.c. as described in the Materials
and methods section. Data are the means + S.E.M. from a rep-
resentative experiment consisting of triplicate samples from three
independent experiments.

cholera toxin/ml in HL-60 cells induced to differentiate by PMA
(Table 1) may reflect the increased cytoxicity that has been
observed with this toxin under these conditions (results not
shown).

DISCUSSION

This paper presents findings that suggest a role for G-protein-
modulated signal transduction systems in the regulation of active
nucleoside transport processes. The specific inhibition by per-
tussis toxin of the Na+-dependent uptake of uridine is consistent
with the lack of an effect on the facilitated diffusion mechanism
in HL-60 cells induced to differentiate along the granulocytic
pathway by DMSO. Individual G-proteins are distinguished by
their characteristic a-subunits, which are responsible for the
binding and hydrolysis of GTP, and for activating specific
effector functions. The a-subunit also contains the specific site
for NADI-dependent ADP-ribosylation, which is catalysed by
several bacterial toxins, including cholera, diphtheria and per-
tussis toxins [34]. Pertussis toxin catalyses the ADP-ribosylation
of the a-subunits of G, and G. [35]. In contrast, cholera toxin is
known to ADP-ribosylate the a-subunit of G. [36]. Each of these
a-subunits contains a highly conserved cysteine residue near the

Table 1. Effects of bacterial toxins on uridine transport in HL-60 cells
induced to differentiate to monocyte-like cells by PMA

Untreated HL-60 cells or those treated with 200 ng of PMA/ml for
48 h were exposed to 5 ng of pertussis toxin/ml, 500 ng of cholera
toxin/ml or vehicle during the final 18 h of incubation. [3H]Uridine
(5 4tM) uptake by facilitated diffusion (uptake in the absence of Na+)
and by Na+-dependent transport (uptake in the presence of Na+ and
10 1tM-NBMPR) were measured for 5 min as described in the
Materials and methods section. Data are the means + S.E.M. of three
independent experiments, each performed in triplicate.

Total intracellular
3H radioactivity (pmol/,ul)

Na+-dependent Facilitated
transport diffusion

Control (undifferentiated cells)
PMA (200 ng/ml)
+ pertussis toxin (5 ng/ml)
+cholera toxin (500 ng/ml)

5.4+0.4
27.7+0.7
30.0+ 1.0
10.0+0.4

106.2 +3.2
13.8+0.3
15.4+0.6
11.6+0.3
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C-terminus [37]. Since the C-terminus is also the receptor-binding
region, the inhibition of G-protein activity by bacterial toxins
has provided a useful tool to investigate the role of G-proteins in
various cellular functions. The G-protein involved appears to be
a Gi and/or Go subunit, since cholera toxin, a potent inhibitor of
the activity of the a-subunit of G., did not inhibit the Na+-
dependent uridine uptake in DMSO-induced HL-60 cells. Despite
the correlative nature of these findings, it is possible that
treatment with pertussis toxin resulted in the inhibition of inositol
lipid hydrolysis or of the inhibitory arm of adenylate cyclase,
which are sensitive to this bacterial toxin [23]. These effects could
in turn modulate the uptake of uridine.
The decrease in Na+-dependent uridine transport activity was

attributed to a marked decrease in uridine transport affinity, with
no apparent change in V.ax Most strikingly, the affinity of the
Na+-dependent transporter for uridine in the presence ofpertussis
toxin closely resembled the affinity found in undifferentiated HL-
60 cells. It is well-documented that the ADP-ribosylation of G-
proteins by pertussis toxin interferes with receptor coupling, but
does not modify the intrinsic GTPase activity, GTP binding or
subunit dissociation [38]. Thus the modulation of Na+-dependent
uridine uptake and the consequent accumulation of intracellular
uridine by pertussis toxin in mature HL-60 cells implies that the
cellular machinery which regulates the activity of this transport
system may be coupled to a G-protein signal transduction
pathway similar to that previously described for the production
of superoxide by neutrophils [39]. If such a mechanism is
operative, it is possible that the Na+-dependent nucleoside
transport system may be functionally coupled to a specific cell
surface receptor. One such receptor could be the fMetLeuPhe
receptor. Recent evidence has suggested that the formation of an
fMetLeuPhe receptor complex in differentiated HL-60 cells
results in the activation of a pertussis-toxin-sensitive GTP-
binding protein, believed to be G 2 from the G1 subfamily of
regulatory G-proteins [40]. Thus one might be able to enhance
Na+-dependent transporter activity by activating the fMetLeuPhe
receptor(s) that communicates through the pertussis-toxin-sen-
sitive G-protein. This in turn would modulate the activity of the
transporter.

In summary, we provide preliminary evidence that a pertussis-
toxin-sensitive G-protein coupled to a membrane receptor is
involved in the sequence of events leading to the activation of the
Na+-dependent uridine transporter. The physiological conse-
quences of this regulation remain to be defined.

This research was supported in part by U.S. Public Health Service
Grants CA-02817 and CA-45303 from the National Cancer Institute and
CH 67 from the American Cancer Society.

REFERENCES

1. Cass, C. E. & Paterson, A. R. P. (1972) J. Biol. Chem. 247,3314-3320
2. Cass, C. E. & Paterson, A. R. P. (1973) Biochim. Biophys. Acta 291,

734-746

3. Schwenk, M., Hegazy, E. & Lopez del Pino, V. (1984) Biochim.
Biophys. Acta 805, 370-374

4. Trimble, M. E. & Coulson, R. (1984) Am. J. Physiol. 246, F794-F803
5. LeHir, M. & Dubach, U. C. (1985). Eur. J. Physiol. 404, 238-243
6. Jarvis, S. M. & Young, J. D. (1989) J. Physiol. (London) 324, 47-66
7. Darnowski, J. W., Holdridge, C. & Handschumacher, R. E. (1987)

Cancer Res. 47, 2614-2619
8. Young, J. D. & Jarvis, S. M. (1983) Rev. Biosci. Rep. 3, 309-322
9. Paterson, A. R. P. & Cass, C. E. (1986) in Membrane Transport of

Antineoplastic Agents (Goldman, I. D., ed.), pp. 309-329, Pergamon
Press, New York

10. Plagemann, P. G. W. & Wohlheuter, R. M. (1984) Biochim. Biophys.
Acta 773, 39-52

11. Jarvis, S. M. & Young, J. D. (1986) J. Membr. Biol. 93, 1-10
12. Belt, J. A. & Noel, L. D. (1988) J. Biol. Chem. 263, 13819-13822
13. Lee, C. W., Cheeseman, C. I. & Jarvis, S. M. (1988) Biochim.

Biophys. Acta 942, 139-149
14. Jarvis, S. M. (1989) Biochim. Biophys. Acta 979, 132-138
15. Williams, T. C. & Jarvis, S. M. (1991) Biochem. J. 274, 27-33
16. Darnowski, J. W. & Handschumacher, R. E. (1986) Cancer Res. 46,

3490-3494
17. Lee, C. W. & Handschumacher, R. E. (1989) Proc. Am. Assoc.

Cancer Res. 30, 495
18. Lee, C. W., Cheeseman, C. I. & Jarvis, S. M. (1990) Am. J. Physiol.

258, F1203-F1210
19. Dagnino, L., Bennet, L. L. J. & Paterson, A. R. P. (1987) Proc. Am.

Assoc. Cancer Res. 28, 15
20. Lee, C. W., Sokoloski, J. A., Sartorelli, A. C. & Handschumacher,

R. E. (1990) Proc. Am. Assoc. Cancer Res. 31, 10
21. Lee, C. W., Sokoloski, J. A, Sartorelli, A. C. & Handschumacher,

R. E. (1991) Biochem J. 274, 85-90
22. Spiegal, A. M., Brown, E. M., Fedak, S., Woodend, C. J. &

Auerbach, C. J. J. (1976) Cyclic Nucleotide Res. 2, 47-56
23. Gilman, A. G. (1987) Annu. Rev. Bi-ochem. 56, 615-649
24. Burch, R. M., Luini, A. & Axelrod, J. (1986) Proc. Natl. Acad. Sci.

U.S.A. 83, 7201-7205
25. Codina, J., Yatani, A., Grenet, D., Brown, A. M. & Birnbaumer, L.

(1987) Science 236, 442-445
26. Holz, -G. G. I., Rane, S. G. & Dunlap, K. (1986) Nature (London)

319, 670-672
27. Cantiello, H. F., Patenaude, G. R. & Aussiello, D. A. (1989)

J. Biol. Chem. 264, 20867-20870
28. Barrowman, M. M., Cockcroft, S. & Gomperts, B. D. (1986) Nature

(London) 319, 504-507
29. Gomperts, B. D., Cockcroft, S., Howell, T. W., Nusse, D. & Tatham,

P. E. R. (1987) Biosci. Rep. 7, 369-381
30. Burgoyne, R. D. (1987) Nature (London) 328, 112-113
31. Nishizuka, Y. (1984) Nature (London) 308, 693-698
32. Sokoloski, J. A., Blair, 0. C. & Sartorelli, A. C. (1986) Cancer Res.

46, 2314-2319
33. Leatherbarrow, R. J. (1987) Elsevier Biosoft, Cambridge, U.K.
34. Gilman, A. G. (1984) Cell 36, 577-579
35. Katada, T., Bockoch, G. M., Northup, J. K., Ui, M. & Gilman,

A. G. (1984) J. Biol. Chem. 259, 3568-3577
36. Moss, J. & Vaughan, M. (1977) J. Biol. Chem. 252, 2455-2457
37. West, R. E. J., Moss, J., Vaughan, M., Liu, T. & Liu, T. Y. (1985)

J. Biol. Chem. 260, 14428-14430
38. Smith, C. D-, Cox, C. C. & Snyderman, R. (1986) Science 232,

97-100
39. Nasm-ith, P. E., Mills, G. B. & Grinstein, S. (1989) Biochem. J. 257,

893-897
40. Gierschik, P. E., Sidiropoulos, D., Spiegel, A. & Jacobs, K. H. (1987)

Eur. J. Biochem. 165, 185-194

Vol. 280

Received 28 November 1990/9 April 1991; accepted 19 April 1991

519


