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SUMMARY

The effects of the inhibitors of IMP dehydrogenase, tiazofurin (2-f3-D-ribofuranosylthia-
zole-4-carboxamide) and mycophenolic acid, on the synthesis of cellular glycoproteins
were evaluated in Sarcoma 180 cells. Both tiazofurin and mycophenolic acid decreased
the rate of incorporation of [2-3H]mannose and [2-3H]fucose into acid-precipitable
glycoproteins within 4 hr of exposure; this inhibitory activity was concentration de-
pendent and occurred in the absence of a significant effect on the incorporation of labeled
glucosamine and leucine into acid-insoluble material. Interference with the utilization of
[3H]mannose for the formation of glycoproteins was paralleled by an inhibition of [3H]
mannose incorporation into their lipid-linked oligosaccharide precursors following treat-
ment with cytotoxic concentrations of tiazofurin (100 �tM) or mycophenolic acid (10 SM);

these actions occurred within 3 hr of exposure to these agents, with maximal reductions
being observed at 12 hr. Under these conditions, intracellular GTP levels were reduced
by 80%, whereas ATP pools remained unaffected and UTP levels were markedly in-
creased. Guanosine (100 �zM) prevented the cytotoxic actions of tiazofurin and myco-
phenolic acid and reversed the drug-induced decrease in GTP pools and in the incorpo-
ration of mannose and other metabolic precursors into acid-insoluble material. Inhibition
of fucose and mannose incorporation into lipid-linked oligosaccharides and glycoproteins
were preceded by decreases in the labeling of their respective guanosine nucleotide sugars
and were followed sequentially by alterations in the plasma membrane as detected by
both the binding and the rate ofcell agglutination caused by the plant lectin, concanavalin
A. The findings that tiazofurin and mycophenolic acid produce alterations in the utili-
zation of [3H]mannose for the formation of glycoproteins and in membrane architecture
are indicative of metabolic lesions induced by agents that selectively depress guanine
nucleotide synthesis through inhibition of IMP dehydrogenase.

INTRODUCTION

Many of the properties of mammalian cells are ex-
pressed through macromolecules associated with the cell
surface. Consistent with such function is the demonstra-
tion of a variety of changes in the carbohydrate moieties
of surface membrane glycoproteins when cells assume a
malignant phenotype (1-3). Although the precise role of
these carbohydrate groups in surface glycoproteins and
the significance of transformation-associated changes
are not well understood, it is apparent that modifications
in the carbohydrate profile of cell surface glycoproteins
contributes to the regulation of several properties altered
by the neoplastic process, such as the regulation of cell
growth, the immune response and other cellular recog-
nition phenomena (4, 5), metastasis (6), and cell differ-
entiation (7, 8). In addition, other factors which modulate
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cellular replication, including growth factors and peptide
hormones, exert their effects by interacting with cell
surface glycoprotein receptors (9, 10). These actions sug-
gest that selective modification of glycoprotein structures
might alter the behavior of malignant cells and contrib-
ute to their demise. Consistent with such a concept are
the membrane alterations produced by the antileukemic
agent 6TG’ demonstrated in previous studies by this
laboratory (11, 12). These investigations have shown that
treatment of Sarcoma 180 ascites cells with 6TG in vitro
and in vivo produces changes in the plasma membrane
which can be detected by the plant lectin concanavalin
A as a decrease in the extent of its binding to cell surface
receptors and in the resulting rate of cell agglutination
produced by this agent. The changes in membrane gly-
coprotein composition detected by concanavalin A in

I The abbreviations used are: GTG, 6-thioguanine; PBS, phosphate-

buffered saline; HPLC, high pressure liquid chromatography; TAD,

tiazofurin adenine dinucleotide.
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6TG-treated cells were preceded by pronounced de-
creases in the rate of fucose and mannose incorporation
into cellular glycoproteins and of fucose activation to the
nucleotide sugar GDP-fucose (11, 12).

The novel antitumor c-nucleoside tiazofurin (2-f3-D-

ribofuranosylthiazole-4-carboxamide) has been shown to
cause a marked suppression of the formation of guanine
nucleotides in a variety of experimental neoplasms as a
consequence of pronounced inhibition of IMP dehydro-
genase by a nicotinamide adenine dinucleotide metabo-
lite of tiazofurin (13-16). Subsequent decreases in the
formation of DNA and RNA, that are believed to be
responsible for the cytotoxicity of this antimetabolite,
occur in the absence of significant effects on protein
synthesis. However, since intracellular GTP levels are
also essential for the activation of both fucose and man-
nose to their respective nucleotide sugars, which in turn
provide the precursor pools required for the formation of
cellular glycoproteins and their dolichol-linked oligosac-
charide precursors (17), it is conceivable that specific
lesions affecting glycoprotein assembly may be involved
in the cytotoxic actions of tiazofurin. For this reason, we
have measured the effects of tiazofurin and the related
inhibitor of IMP dehydrogenase, mycophenolic acid (18),
on the incorporation of 3H-labeled sugars into the gly-
coproteins of Sarcoma 180 tumor cells. The results of
this study demonstrate that cytotoxic concentrations of
inhibitors of IMP dehydrogenase cause alterations in the
biosynthesis of cellular glycoproteins in these cells. Fur-
thermore, these changes in glycoprotein metabolism,
which represent early events in the expression of the
cytotoxicity of these agents, affect the organization of
cellular membranes as detected by concanavalin A bind-
ing.

MATERIALS AND METHODS

Cell culture. Sarcoma 180 cells in exponential growth were propa-

gated in Fisher’s medium supplemented with 10% horse serum (Grand

Island Biological Co., Grand Island, NY) and penicillin/streptomycin

(Grand Island Biological Co.) in a 5% CO2 humidified atmosphere at

37’ . Cells used in these experiments were maintained in suspension

culture by subdividing stock cultures twice weekly. For cytotoxicity and

biochemical studies, Sarcoma 180 cells were incubated in the presence

of varying concentrations of tiazofurin (generously donated by Dr.

David G. Johns of the National Cancer Institute, Bethesda, MD) or

mycophenolic acid. Cell numbers and size were recorded with a Coulter

model ZB1 particle counter equipped with a Channelizer (Coulter Elec-

tronics, Inc., Hialeah, FL). Cell stocks were periodically checked for

the presence of mycoplasma using the Hoecht staining method (19).

Analysis of ribonucls�otide pools. Sarcoma 180 cells were suspended

at levels of 0.5 to 1 x 106 cells/ml of fresh complete medium containing

the appropriate inhibitor. At selected intervals, duplicate portions

containing 2 x 106 cells were removed, and cells were washed with ice-

cold PBS and then extracted with cold perchloric acid (4%, v/v) for 20

mm. The acid-soluble material was collected by centrifugation and

neutralized with 4 N KOH. The potassium perchlorate precipitate was

removed by centrifugation and the sample was stored at -20’ before

analysis by HPLC. Cell extracts were fractionated using a micropar-

ticulate Partisil-lO SAX (Whatman, Inc., Woburn, MA) anion-ex-

change column and a Rainin gradient HPLC system equipped with a

WISP 710A autoinjector (Waters Associates, Milford, MA). Nucleoside

triphosphates were sequentially eluted using a 0.4 M NH4K2PO4 iso-

cratic buffer system (pH 3.7) maintained at a constant flow rate of 1.5

ml/min. The ultraviolet absorbance of eluants was monitored using an

Altex (Berkeley, CA) model 153 detector set at 254 nm, and the peak
areas were determined with a Shimadzu (Kyoto, Japan) C-R1A Chro-

matopac integrator and compared with appropriate standards.

The incorporation of [3H]fucose and [3Hlmannose into nucleoside

diphosphate sugars was measured with a similar system, using a linear

gradient of buffer A (0.05 M NH4H2PO4, pH 3.5) and buffer B (0.4 M

NH4H2PO4, pH 3.3). Buffer A was initially pumped isocratically for 3

mm prior to the establishment of a linear gradient consisting of 0 to

100% of buffer B over 45 mm; 1.0 ml fractions of the column eluant

were collected and the radioactivity therein was measured by liquid

scintillation spectrometry.

Incorporation of kibeled sugars into glycoprotein and dolichol oligo-

saccharides. The effects of tiazofurin and mycophenolic acid on total

cellular glycoproteins were analyzed as previously described by Lazo

et aL (11, 12) using either D-[2-3H}mannose (2.25 mCi/ml; 14.5 Ci/

mmol), L-[5,6-3H]fucose (1.0 mCi/ml; 56 Ci/mmol), or D-[6-3H]gluco-

samine hydrochloride (1.0 mCi/ml; 30 Ci/mmol) obtained from New

England Nuclear (Boston, MA). Dolichol-containing oligosaccharides

were isolated by selective organic extraction (20). Cultured Sarcoma

180 cells (2 x 106 cells/ml), pretreated with the appropriate inhibitor

for 2 hr, were exposed to 2.0 �sCi/ml of either [3H]glucosamine or [3H]

mannose for various periods of time. Incorporation was terminated by

washing cells three times with ice-cold PBS, followed by extraction

with 2.0 ml ofchloroform/methanol (2:1, v/v). The insoluble pellet was

washed three times with water and dried under nitrogen, and the

dolichol-linked oligosaccharides were extracted using chloroform/

methanol/water (1:1:0.3, v/v). The remaining pellet, which contained

cellular glycoproteins, was hydrolyzed in 1 N NaOH and neutralized,

and an aliquot in Aquasol was counted by liquid scintillation spectrom-

etry.

Cell agglutination and lectin binding studies. Cell agglutination by

concanavalin A was carried out according to the method of Hwang et

al. (21). Briefly, washed Sarcoma 180 cells (1 x 106 cells/ml) in Ca2’,

Mg�-free PBS were added to 1-ml quartz cuvettes containing 100 to

200 mg of concanavalin A. After gentle mixing, cell agglutination was

measured at 546 nm using a Beckman model 25 recording spectropho-

tometer thermostated at 37’. Cells preincubated with the haptenic

inhibitor a-methyl-D-mannoside were used to determine nonspecific

agglutination and cell settling.

The direct binding of [3H]concanavalin A (specific activity 42.4 Ci/

mmol) to intact cells was assayed as previously described (21). Cells

were washed and resuspended in Ca2’, Mg�-free PBS (pH 7.4) con-

taming 0.5% bovine serum albumin. Concanavalin A (100 to 200 �tg/

ml) was added and the reaction mixtures were gently shaken for 30

mm at ambient temperature. Concanavalin A binding was terminated

by the addition of 2.0 �zl of ice-cold PBS containing 0.5% bovine serum

albumin followed by the immediate centrifugation of the glass reaction

tube. Washed cells were lysed with 1 N NaOH and the radioactivity

present in an aliquot was determined in Hydrofluor. Specific binding

was calculated as the difference between total and nonspecific binding,

with nonspecific binding being determined in parallel samples contain-

ing 50 mM a-methyl-D-mannoside (Sigma Chemical Co., St. Louis,

MO). The nonspecific binding of [3H]concanavalin A to Sarcoma 180

cells was less than 10% of the total observed binding.

RESULTS

To determine the growth-inhibitory potency of tiazo-
furin and the related IMP dehydrogenase inhibitor, my-
cophenolic acid, on Sarcoma 180, cultured cells were
exposed to concentrations oftiazofurin ranging from iO�
to 10_6 M or to mycophenolic acid from iO� to iO� M

continuously for 24 hr. Under these conditions, a con-
centration-dependent inhibition of cellular replication
occurred, with mycophenolic acid (ID50 = 0.4 �M) show-
ing considerably greater cytotoxicity than tiazofurin
(ID50 7.0 �tM) (Fig. 1). Previous studies have linked the

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


I00

80

60

-C

0
I.-

0

0

C
0

.0

-C
C
II

40

20

.1 I.0 10 100

B. Mycophinolic Acid
C

.2
0

C

U
C
0

0

.C

.�

�0

In
0

U

C
0

.0

INHIBITION OF GLYCOPROTEIN BIOSYNTHESIS 569

Drug, �4.M

FIG. 1. Inhibition of the proliferation of Sarcoma 180 cells by tiazo-
furin and mycophenolic acid

Sarcoma 180 cells were incubated with various concentrations of

tiazofurin (0) or mycophenolic acid (0) for 24 hr. Results are given as

the per cent inhibition of cell growth from a typical experiment run in

duplicate.

TABLE 1

Effects of tiazofurin and mycophenolic acid on nucleoside triphosphate

levels of Sarcoma 180 cells

Sarcoma 180 cells (8 to 10 x i0� cells/ml) were exposed to various

concentrations of tiazofurin or mycophenolic acid for 2 hr. Duplicate

aliquots were removed, washed with ice-cold PBS, and analyzed as

described in “Materials and Methods.” Each value represents the mean

of results from a typical experiment analyzed in duplicate. Average

control nucleotide concentrations in nanomoles/106 cells were: CTP,

0.20; UTP, 0.63; ATP, 3.08; GTP, 1.86.

Inhibitor Concentration Pe rcentage of control

CTP UTP ATP GTP

�sM

Tiazofurin 0.1

1.0

10.0

100

100

96

96

134

112

114

120

160

86

85

87

90

78

66

65

44

Mycophenolic 0.1 108 118 92 55

acid 1.0

10.0

200

221

183

208

91

95

37

25

cytotoxicity of tiazofurin and mycophenolic acid to the
selective depletion of intracellular guanine nucleotides
resulting from inhibition of IMP dehydrogenase (13-16,
18). To examine these effects in Sarcoma 180 cells,
changes in the concentrations of acid-soluble nucleotides
were examined. After exposure to tiazofurin and myco-
phenolic acid for 2 hr, a concentration-related reduction
in GTP levels occurred (Table 1). A greater reduction in
intracellular GTP was observed in cells treated with
mycophenolic acid, which presumably is a reflection of
the higher potency of this metabolic inhibitor. The de-
crease in GTP levels produced by these agents occurred
with minimal or no reduction in intracellular concentra-
tions of ATP, supporting the reported selectivity of these
inhibitors on the purine nucleotide biosynthesis path-
ways. In contrast, the content of pyrimidine nucleoside
triphosphates increased concomitantly in response to

these inhibitors, with mycophenolic acid causing more
pronounced increases in CTP and UTP levels than those
caused by tiazofurin. A similar increase in pyrimidine
nucleoside triphosphate levels has been noted in other
cell lines in response to tiazofurin and may reflect an
increased availability of 5-phosphoribosyl-1-pyrophos-
phate (22). The time course of the depletion of intracel-
lular GTP relative to other nucleoside triphosphate pools
of Sarcoma 180 cells was examined over an 8-hr period
of exposure to either 10 MM mycophenolic acid or 100 �M

tiazofurin. As seen in Fig. 2A, exposure to tiazofurin
produced a rapid reduction in GTP levels. This decrease
in intracellular GTP content was maximal at 1 hr and
was maintained for the duration of the experiment with
both inhibitors of IMP dehydrogenase. Under these con-
ditions, drug treatments caused a marked increase in
UTP levels and minor perturbations in the concentration
of ATP.

To ascertain the effects of depletion of GTP pools on
glycoprotein biosynthesis, Sarcoma 180 cells were ex-
posed to a variety of concentrations of tiazofurin or
mycophenolic acid and the incorporation of several
monosaccharide precursors of glycoprotein was meas-
ured. Such treatment produced concentration-dependent
reductions in the rate of utilization of 3H-labeled fucose
and mannose (Table 2). Thus, at a level of 100 zM

tiazofurin and 10 �zM mycophenolic acid, the highest
concentrations of each of these inhibitors employed, a 40
to 50% reduction in incorporation was observed; in con-

Time (h)

FIG. 2. Changes in acid-solubk nucleoside triphosphate concentra-

tions in Sarcoma 180 cells treated with tiazofurin and mycophenolic acid

Sarcoma 180 cells (8 x 10� cells/ml) were exposed in culture to 100

j�M tiazofurin or 10 �zM mycophenolic acid. Duplicate aliquots were

removed at the indicated times, washed with ice-cold PBS, and ex-

tracted with 0.2 ml of 4% perchloric acid. The supernatant fractions

were neutralized with 2 N KOH and analyzed by HPLC as described
in “Materials and Methods.” Each value represents the mean of typical

results obtained from duplicate samples from two separate experiments:

., UTP; #{149},ATP; 0, GTP. Average control nucleotide concentrations
in nanomoles/106 cells were: UTP, 0.63; ATP, 3.08; GTP, 1.86.
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Hours (total)

TABLE 2

Effects of tiazofurin and mycophenolic acid on the incorporation of 3H-labeled precursors into glycoproteins

Sarcoma 180 cells were preexposed to various concentrations of tiazofurin or mycophenolic acid for 2 hr; 3H-radiolabeled precursor (2.0 �Ci/

ml) was added and incubations were continued for an additional 2 hr. Samples were extracted and analyzed as described in “Materials and

Methods.” Results for each labeled precursor are the means of the percentage of control ± standard error from at least three independent

determinations. Average control radioactivities (cpm/2 x 106 cells) were: mannose, 2.5 x i0�; fucose, 1.6 x i0�; glucosamine, 6.7 x i0�; leucine,

4.1 X iO�.

3H-labeled

precursor

Tiazofuri n (SM) Myc ophenolic acid (�tM)

0.1 100 0.1 1.0 10.0

Mannose 93.5 ± 5.7 85.7 ± 1.9 70.4 ± 11.7 55.9 ± 7.3 72.6 ± 2.5 62.0 ± 4.1 49.7 ± 3.1

Fucose 90.6 ± 15.1 79.2 ± 5.6 66.6 ± 7.6 60.5 ± 9.5 80.8 ± 3.6 72.0 ± 11.1 50.2 ± 3.7

Glucosamine 113.7 ± 10.2 111.3 ± 11.4 110.1 ± 6.4 92.5 ± 8.1 109.0 ± 15.0 87.9 ± 2.0 80.5 ± 4.5

Leucine 103.4 ± 0.4 99.2 ± 1.0 100.2 ± 0.7 87.6 ± 0.4 126.4 ± 0.7 99.4 ± 7.2 86.7 ± 14.7

trast, incorporation of glucosamine, a sugar precursor
not activated by GTP, was decreased at most only mm-
imally. Furthermore, under these conditions, the basal
rate of protein synthesis, as measured by the incorpora-
tion of [3H]leucine into acid-insoluble material, was rel-
atively unaffected, despite the marked perturbations in
the formation of cellular glycoproteins produced by these
agents.

The kinetics of radiolabeled precursor incorporation
into cellular glycoproteins and dolichol-linked oligosac-
charides of Sarcoma 180 cells, preexposed to 100 j�M

tiazofurin or 10 �M mycophenolic acid for 2 hr prior to
addition of radiolabeled precursors, was ascertained (Fig.
3). After a total period of 3 hr of exposure to 100 �tM

tiazofurin or 10 �zM mycophenolic acid, an approximately
40% decrease in the rate of incorporation of [3H]mannose
into glycoproteins occurred. Further reductions in the
degree of incorporation of mannose into glycoproteins
took place with time and these leveled off at a maximum
of 60% inhibition by 6 hr. In contrast, [3H]glucosamine
incorporation into glycoproteins was only slightly af-
fected at the earliest time measured; by 6 hr, however,
the utilization of [3H]glucosamine for the formation of
glycoprotein diminished in a manner analogous to that
seen with [3H]mannose. Incorporation of [3H]leucine

into protein was also inhibited at the latest time points
measured, which presumably is a reflection of the meta-
bolic toxicity of the inhibitor in treated cells. A corre-
sponding decrease in the utilization of 3H-labeled sugars
for the formation of dolichol-linked intermediates of
glycoprotein biosynthesis also occurred.

Since the antiproliferative effects of tiazofurin and
mycophenolic acid are believed to result from the select-
ive depletion of guanine nucleotides consequent to the
inhibition of IMP dehydrogenase, the simultaneous ex-
posure of cells to inhibitor and guanosine, employed as
a source ofpreformed guanine to circumvent the blockage
of IMP dehydrogenase, was measured to determine
whether the physiological purine nucleoside was capable
of preventing cytotoxicity. The continuous exposure of
cultured Sarcoma 180 cells to 20 �tM tiazofurin for 24 hr
resulted in greater than a 40% inhibition of cell growth
(Fig. 4). Increasing concentrations of guanosine progres-
sively decreased the cytotoxicity of tiazofurin, with com-
plete reversal being attained at 100 �zM guanosine. Gua-
nosine at this concentration by itself had little effect on
cellular proliferation; however, 200 �tM guanosine was
inhibitory to Sarcoma 180 cells and for this reason did
not rescue cells from the cytotoxic actions of tiazofurin.
Under identical conditions, exogenous guanosine pro-

FIG. 3. Inhibition of the synthesis of gly-
coproteiris and lipid-linked intermediates by
tiazofurin and mycophenolic acid

Sarcoma 180 cells (1 x 106 cells/ml) were

treated with 100 �sM tiazofurin or 10 �LM

mycophenolic acid for 2 hr. 3H-radiolabeled

precursor (final concentration 1.0 �sCi/ml)

was added and incubations were continued

for various periods of time. Triplicate sam-

ples were removed at selected intervals and

dolichol-linked oligosaccharides and cellular

glycoproteins were extracted as described in

“Materials and Methods.” Data represent

the means of two or more experiments in

each treatment group: D, leucine; �, gluco-

samine; U, mannose.
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TABLE 4

Effects of tiazofurin and mycophenolic acid on the specific binding of

concanavalin A and on the resulting agglutination of Sarcoma 180 cells

Binding of [3Hjconcanavalin A to Sarcoma 180 cells was measured

4 hr after treatment with 100 �zM tiazofurin or 10 zM mycophenolic

acid as described in “Materials and Methods.” Each value represents

the average of at least three experiments with three determinations of

concanavalin A binding in each experiment. Cell agglutinations are

representative A� values from one of four experiments measured from

2 to 10 mm as described in the text.

10 50 100 l50 200
Treatment Specific binding

(�Lg Con A/b6

cells)

Percentage

of control

Cell

agglutination

(�A�)

None 1.35 0.085

Tiazofurin 0.87 64.5 0.020

Mycophenolic 0.64 47.2 0.015

acid

Guonosine, 1��M

FIG. 4. Prevention of tiazofurin toxicity to Sarcoma 180 cells by

exogenous guanosine

Sarcoma 180 cells were incubated with various concentrations of

guanosine (10 to 200 �tM) in the presence (0) or absence (is) of 20 �M

tiazofurin for 24 hr, and cell numbers were determined at 24 hr. Results

are the average ofthree independent experiments, each run in duplicate.

TABLE 3

Effects of tiazofurin and mycophenolic acid on the incorporation of 3H-

labeled carbohydrates into nucleotide sugar precursor pools of Sarcoma

180 cells

Sarcoma 180 cells were treated with 100 �sM tiazofurin or 10 j�M

mycophenolic acid for 2 hr. 3H-radiolabeled precursor (2.0 zCi/ml) was

added and the incubation was continued for an additional 2 hr. Cells

were pelleted and analyzed as described in the text. Data represent the

average percentage of control incorporation from two separate experi-

ments. Average control activities (cpm/2 x 106 cells) were: GDP-

mannose, 1.3 x i0�; GDP-fucose, 4.3 x i0�; UDP-N-acetylglucosamine,

2.0 x i0�.

Treatment Percentage of control

GDP- GDP- UDP-N-
mannose fucose acetylglucosamine

Tiazofurin 43.5 53.6 89.2

Mycophenolic acid 50.8 67.2 103.2

specific binding was paralleled by a decrease in the rate
of agglutination by the plant lectin. In contrast, the
specific binding of wheat germ agglutinin, a lectin spe-
cific for N-acetylglucosamine, remained unaffected un-
der these conditions (data not shown).

DISCUSSION

The activity of IMP dehydrogenase has been shown to
be directly correlated with tumor cell proliferation, lead-
ing to the suggestion that this enzyme is an important
target for cancer chemotherapy (23-25). IMP dehydro-
genase, which catalyzes the conversion of inosinic acid
to xanthylic acid, is the first enzyme uniquely involved
in the biosynthesis of guanine nucleotides; therefore,
interference with the activity of this enzyme leads to a
marked reduction in the level of guanine nucleotides.
Since guanine nucleotides serve as substrates and acti-
vators for a number of cellular metabolic processes, in-
cluding essential roles in DNA, RNA, and protein syn-
thesis, the inhibition of IMP dehydrogenase by agents
such as tiazofurin and mycophenolic acid would be ex-
pected to produce major alterations in the metabolic
behavior of malignant cells. Consistent with these expec-
tations, this laboratory demonstrated that the purine-
thiol inhibitor of IMP dehydrogenase, 6TG, interfered
with the biosynthesis of cellular glycoproteins, presum-
ably as a consequence of drug-induced depletion of intra-
cellular GTP (11, 12). Since this interpretation is corn-
plicated by the fact that 6TG causes a variety of other
metabolic lesions, including its incorporation into cellu-
lar DNA (26), we have measured the effects of the potent
IMP dehydrogenase inhibitors tiazofurin and mycophe-
nolic acid on glycoprotein biosynthesis in cultured Sar-
coma 180 cells. Consistent with previous reports (13, 18),
inhibition of cell growth by tiazofurin and mycophenolic
acid was accompanied by a marked suppression of gua-
nine nucleotide biosynthesis that preceded a substantial
inhibition of DNA and RNA biosynthesis. Furthermore,
exposure of Sarcoma 180 cells to tiazofurin or myco-
phenolic acid produced a concentration- and time-depen-
dent decrease in the rate of incorporation of 3H-labeled
mannose and fucose into cellular glycoproteins and their
dolichol-linked intermediates. These effects occurred be-
fore the detection of drug-induced changes in the incor-

vided only a partial rescue of cells from the toxicity
produced by 100 �M tiazofurin (data not shown). Rever-
sal of tiazofurin-induced cytotoxicity by guanosine was
paralleled by a complete reversal of the depletion of GTP
levels and the consequent inhibition of glycoprotein,
DNA, and RNA synthesis by this agent (data not shown).

To further establish the relationship between the ob-
served decrease in glycoprotein synthesis and the reduc-
tion in intracellular GTP concentration, the effects of
tiazofurin and mycophenolic acid on the incorporation
of3H-labeled sugars into nucleotide sugar precursor pools
was measured. Tiazofurin and mycophenolic acid caused
a selective reduction in the formation of both GDP-
fucose and GDP-mannose, whereas the incorporation of
N-acetylglucosamine into UDP-N-acetylglucosamine
was not depressed by these treatments (Table 3).

Evidence for the presence of altered glycoprotein struc-
tures on the external surface of Sarcoma 180 cells was
obtained through binding studies with the plant lectin
concanavalin A. The incubation of cells with 100 �M

tiazofurin or 10 �tM mycophenolic acid for 4 hr produced
a reduction in the specific binding of concanavalin A by
36% and 53%, respectively (Table 4). This decrease in

INHIBITION OF GLYCOPROTEIN BIOSYNTHESIS 571
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poration of glucosamine or leucine into glycoproteins
and proteins, respectively, supporting the concept that
the early effects on glycoprotein biosynthesis are due to
depletion of guanine nucleotides in drug-treated cells.
Such drug-induced depletion of guanine nucleotide pools
results in a decrease in the activation of both mannose
and fucose to their respective guanosine diphosphate
sugars. The observed reduction in labeled fucose and
mannose incorporation into GDP-fucose and GDP-rnan-
nose, respectively, in tiazofurin- and mycophenolic acid-
treated cells is consistent with this expectation. In sup-
port of the importance of these lesions to drug action is
the finding that exogenous guanosine completely pro-
tected Sarcoma 180 cells from the antiproliferative ef-
fects of relatively low levels of these inhibitors, and both
restored GTP levels to normal and reversed blockade of
glycoprotein biosynthesis.

The regulation of glycoprotein biosynthesis is poorly
understood at present, but qualitative and quanitative
alterations in the incorporation of labeled sugars into
glycoproteins may well involve the bioavailability of the
appropriate nucleotide-sugar precursors (27). Control of
the formation of glycoproteins by modulation of UDP-
N-acetylglucosamine metabolism has recently been re-
ported (28); however, studies utilizing this nucleotide
sugar are complicated by its distribution into cell surface
glycolipids and proteoglycans as well as into glycopro-
teins (29). Conversely, there is more specificity in the
utilization of mannose, since this sugar is found predom-
inantly on carbohydrate chains that are N-linked to
asparagine residues (30). The unique formation of aspar-
agine-linked glycopeptides by a pathway involving the
sequential addition of nucleotide sugar precursors to a
dolichol-linked oligosaccharide carrier which is trans-
ferred en bloc to the growing protein chain suggests that
potential regulation of this process may be obtained by
manipulating the availability of the endogenous nucleo-
tide sugar precursor pool (17).

Tiazofurin and the related nucleoside analog ribavirin
constitute an important group of antimetabolites, with
potential application in both antiviral and anticancer
chemotherapy. Tiazofurin is initially activated to the
monophosphate level, which is then adducted to NAD
by the action of NAD pyrophosphorylase to form the
active inhibitor of IMP dehydrogenase, TAD (16, 31). In
view of its capacity to interfere with a specific enzymatic
reaction in the purine nucleotide biosynthetic scheme,
tiazofurin, ribavirin, and the related IMP dehydrogenase
inhibitor mycophenolic acid are valuable tools to employ
in investigations of the metabolic events leading to cell
death following guanine nucleotide deprivation. The
findings described in this report suggest that tiazofurin
and mycophenolic acid produce structural and composi-
tional changes in the membranes of treated cells as a
consequence of the perturbation of glycoprotein synthe-
sis. The extent to which modifications in cell surface
properties, which can be detected prior to the time of
drug exposure required to produce cell death, contribute
to the cytotoxicity of these agents is not known.
However, if the alterations in membrane glycoprotein
composition that are produced by tiazofurin and myco-

phenolic acid cause disruption of the synthesis of cell
surface receptors, it is reasonable to speculate that such
changes might produce a variety of metabolic alterations
in the malignant cell, including modified immunogenic-
ity, adhesiveness, and membrane transport of nutrients,
all of which may play a role in the cytotoxic actions of
these agents.
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