
[CANCER RESEARCH 36, 1428-1440, April 1976]

conclusion. Furthermore, alanosine inhibited the incorpo
ration of [â€˜4C]asparticacid into RNA in this yeast, and aspar
tic acid antagonized the growth inhibition by alanosine (5).
The finding that alanosine treatment of these cells resulted
in a stimulation of the incorporation of uridine into RNA
suggested that the analog also inhibits the aspartate carba
moyl transferase (EC 2.1.3.2) of this organism (5). It was
uncertain, however, whether these findings with yeast could
be extrapolated to mammalian tumor cells, and no evidence
was available to indicate whether an inhibition of the de
novo synthesis of adenine and possible pyrimidine nucleo
tides is the primary cause of the growth inhibition of tumor
cells by alanosine or which cellular processes are primarily
affected by an inhibition of nucleotide synthesis.

Because of the potential of alanosine in cancer chemo
therapy, we investigated in detail the effect of alanosine on
purine and pyrimidine synthesis, on protein, RNA, and DNA
synthesis by cultured Novikoff rat hepatoma cells, and on
the multiplication of these cells. The present results clearly
indicate that alanosine, even at very low concentrations,
rapidly inhibits the conversion of IMP to AMP without affect
ing pyrimidine nucleotide synthesis and causes a rapid inhi
bition of cell division and subsequently of DNA, RNA, and
protein synthesis. The inhibition of do novo synthesis of
AMP seems responsible for the inhibition of cell growth and
death of cells since the effects occur concurrent with a
depletion of the cells of ATP, but not of UTP, and because
all effects are completely reversed by the addition of ado
nine to the medium.

MATERIALS AND METHODS

Cell Culture. Novikoff rat hepatoma cells (subline N1S1-
67) were propagated in Swim's Medium 67 in suspension
culture as described previously (19, 23). The cells were
subcultured every 2 days by diluting populations in the late
exponential phase (between 1.7 and 2.5 x 106 cells/mI)
about 12-fold with fresh growth medium. The population
doubling time was 11 to 12 hr. Where indicated in the
appropriate experiments, exponential phase cultures were
centrifuged and the cells were suspended in Basal Medium
42 (BM42B; Ref. 17) or BM42B lacking aspartic acid. All
suspensions were incubated on a gyrotory shaker at about
200 rpm. Cells were enumerated and their size distribution
was measured by means of a Coulter counter (Model Z13
attached to Channelyzer I and X-Y Recorder II; Coulter

1428 CANCERRESEARCHVOL. 36

Alanosine Toxicity in Novikoft Rat Hepatoma Cells due to
Inhibition of the Conversion of Inosine Monophosphate to
Adenosine Monophosphate'

Jon C. Graft and Peter G. W. Plagemann

Department of Microbiology, University of Minnesota Medical School, Minneapolis, Minnesota 55455.

SUMMARY

2-Amino-3-(hydroxynitrosoammno)propionic acid (alano
sine), at a concentration as low as 2.7 @M,completely in
hibits the incorporation of hypoxanthine into adenosine
triphosphate by cultured Novikoff rat hepatoma cells. Alan
osine inhibits the first step in the conversion of inosine
monophosphate to adenosine monophosphate because
inosine monophosphate, but not adenylosuccinate, accu
mulates in treated cells. However, the alanosine inhibition
is not prevented by aspartic acid, even at a concentration
of 1 mM. Alanosine treatment results in the inhibition of
cell division, DNA synthesis, RNA and protein synthesis
(in this order), and a depletion of the cells of adenosine
triphosphate. Some of the cells accumulate in late G2 or
M, but the remainder become arrested in other stages of the
cell cycle. All effects are due to the inhibition of adenosine
monophosphate synthesis and the consequent depletion of
the adenosine triphosphate pool since they are completely
prevented or reversed by addition of adenine, but not hypo
xanthine, to the medium. Pyrimidine nucleotide synthesis is
not significantly inhibited by alanosine, since the uridine
triphosphate pool is not affected and uridine fails to reverse
the cytotoxicity of alanosine. Alanosine also inhibits the
transport of aspartic acid, but has a much lower affinity for
this transport system than aspartic acid.

INTRODUCTION

Alanosine [2-ammno-3-(hydroxynitrosoamino)propionic
acid], an extracellular product of Streptomyces, has been
shown to inhibit the growth of transplantable tumors in
newborn hamsters and to inhibit the growth of poliovirus
and vaccinia virus in cultured human diploid cells (10).
Subsequent work indicated that alanosine inhibits the in
corporation of labeled glycine and formate into AMP of RNA
of Ehrlich ascites cells growing in mice without affecting
the incorporation of these precursors into GMP of RNA (6).
This finding, coupled with the structural similarity between
alanosine and aspartic acid, suggested that alanosine acts
as an aspartic acid analog and inhibits the conversion of
IMP to AMP (6). Work with Candida albicans supported this

I This work was supported by Contract NOl-CM-43788 and USPHS Re
search Grants CA 16228, CA 13422, and CA 16959 from the National Cancer
Institute, NIH, Department of Health, Education and welfare.

Received October 6, 1975; accepted December 22, 1975.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2396516/cr0360041428.pdf by guest on 19 M

ay 2023



Alanosine Toxicity in Novikoff Rat Hepatoma Cells

ml of 0.2 N NaOH. The samples were incubated at 37Â°for 18
hr and then were mixed with 0.016 ml of 5 N trichloroacetic
acid at 0Â°.After 30 mm of incubation at 0Â°,the samples were
centrifuged, the supernatant fluid was mixed with 2.6 ml 100
mM Tris-HCI (pH 7.4), and the mixture was analyzed for

absorbance at 260 nm. The RNA concentration was esti
mated from the absorbance based on E@ = 280. The ab
sorbance was directly proportional to cell number between
0.5 x 10@and 5 x 106cells/sample.

Mengo Virus Replication. N1S1-67 cells were infected
with Mengo virus, and the virus concentrations were esti
mated by plaque assay as described previously (11).

Materials. Materials were purchased as follows. Unla
beled nucleosides, deoxynucleosides, purines, and pyrimi
dines and their nucleotides were from Sigma Chemical Co.,
St. Louis, Mo. ; [5..:IHjuridine [methyl-'H]thymidmne, [8-
:IH]adenosine , [8@:IH]adenmne, [8-'H]guan me , [8-'4C]hypo
xanthine, D-[U-'4C]gluCOse, and :IHlabeled reconstituted
protein hydrolysateâ€•were from Schwarz/Mann, Orange
burg, N. Y. ; L@[4,5@IH]Ieucineand L-[U-'4C]aspartic acid
were from New England Nuclear, Boston, Mass.

DL-Alanosine (NSC 143647) and L-alanosine (NSC 153353
Na-salt, Batch 313) were suppled by the Division of Cancer
Treatment, National Cancer Institute. Stock solutions of 1
mg of alanosine/mI were prepared in distilled H2O and
stored at â€”20Â°.The purity of the DL- and L-alanosine was
over 99.5 and 91%, respectively, as estimated by chromato
graphic analysis with a Beckmann amino acid analyzer.
Based on the absorption at 570 nm, 1 and 8% of the L
alanosine preparation represented 2 minor contaminants
eluting slightly in advance of alanosine and NH3, respec
tively. The DL-alanosine preparation contained a trace of the
1st contaminant, but no detectable amounts of the 2nd. The
contaminants have not been identified, but differed in elu
tion pattern from any of the standard amino acids.

RESULTS

Effect of Alanosine on Cell Multiplication. Chart 1 shows
that L-alanosine, even at very low concentrations, rapidly
inhibited the multiplication of Novikoff rat hepatoma cells in
culture. The degree of inhibition was about the same
whether the analog was added to cultures at a low cell
density (Chart 1A) or at a 5 times higher density (Chart 1B).
A concentration of 2.7 @M(0.4 pg/mI) of alanosine com
pletely inhibited cell multiplication. Repeated detailed stud
ies showed that cell division ceased between 1 and 2 hr after
addition of alanosine (see Chart 4B). At concentrations be
low 2.7 @M,the degree of inhibition was proportional to the
concentration of alanosine, and after prolonged incubation
a partial recovery occurred (Chart 1A). Similar results were
obtained with DL-alanosine (data not shown), but all subse
quent experiments were conducted with the L-isOmer.

Effect of Alanosine on Purine Nucleotide Biosynthesis.
The effect of alanosine on the synthesis of purine nucleo
tides was investigated by measuring the incorporation of
labeled hypoxanthine into total cell material (acid soluble
plus acid insoluble) and acid-insoluble materials (Chart 2.4),
and into individual nucleotides of the acid-soluble pool

Electronics, Inc., Hialeah, Fla.), and cell viability was as
sessed by staining with trypan blue as described previously
(23).

Incorporation of Labeled Precursors. Suspensions of
cells in BM42B were supplemented with labeled precursors,
as indicated in the appropriate experiments, and incubated
at 37Â°.At various times thereafter, duplicate 0.5- or 1-mI
samples of suspensions were analyzed for radioactivity in
total cell material (acid soluble plus acid insoluble) by wash
ing the cells once in balanced salt solution (12) or for
radioactivity in acid-insoluble mater@aIas described previ
ously (12). The acid-soluble pools were extracted with per
chloric acid, and RNA and DNA hydrolysates were prepared
and analyzed for radioactivity as described previously (12,
17).

Chromatography and Electrophoresis. All materials were
analyzed by ascending chromatography on Whatman No.
3MM paper as described previously (12, 17). The chromato
grams were developed with the following solvents: Solvent
28, 30 ml of 1 M ammonium acetate (pH 5) plus 70 ml of 95%
ethanol; Solvent 9, 79 ml saturated ammonium sulfate, 19
ml 0.05 M phosphate buffer (pH 6), and 2 ml isopropyl
alcohol; Solvent 6, 50 ml 1-butanol, 25 ml glacial acetic
acid, and 25 ml H2O;Solvent 27, 100 ml isobutyric acid, 60
mIl NNH4OH,and0.8mlO.2MEDTA;Solventl8,65m1
isopropyl alcohol, 16.7 ml concentrated HCI, and H2Oto a
total volume of 100 ml.

The chromatograms were developed at room temperature
for 18 hr. The developed chromatograms were cut at right
angles to the direction of migration into 1-cm segments and
these were agitated with 1 ml H2Ofor 15 mm, and the paper
and eluate together were analyzed for radioactivity. IMP,
ATP, and GTP in acid extracts of [â€˜4C]hypoxanthine-labeled
cells were also separated by thin-layer chromatography on
precoated sheets of polyethyleneimine-impregnated MN
300 cellulose (Brinkmann Instruments, Inc. , Westbury, N. Y.)
that had been pretreated with a 10% (w/v) aqueous solution
of NaCI (20). Samples of 2 or 4 @Iof acid-extract mixed
with the above nucleotides as standards were applied. The
plates were washed twice with H2Oand once with methanol
and then developed at room temperature for about 1 hr
with 1.5 M LiCI. The plates were dried, the position of IMP,
ATP, and GTP were localized by examining the plates under
UV, and the areas corresponding to these nucleotides were
cut out and analyzed for radioactivity.

Nucleoside monophosphates in RNA hydrolysate were
separated by high-voltage electrophoresis (Model HV
5000A; Savant Instruments, Inc., Hicksville, N. Y.) at 40 V/cm
for2 hratpH 3.5.

Radioactivity Determinations. All samples were mixed
with 8 ml of a modified Bray's solution (19), and the radioac
tivity was measured with Packard or Beckmann liquid scm
tillation spectrometers.

Chemical Determinations. Replicate samples of (a) 0.5 ml
and (b) 3 ml of cell suspension were centrifuged and the
cells were washed once in balanced salt solution. Samples
of a were analyzed for protein content by the method of
Lowry et al. (8). Cells of b were analyzed for RNA content.
The cells were washed twice in 0.5 N trichloroacetic acid
and once with ethanol:ether (1:1) and then suspended in 0.4
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Chart 1. Effect of L-alanosine on the replication of Ni Si -67 cells. Samples
of cultures in the early (A) or midexponential phase of growth (B) were
supplemented with the indicated concentrations of L-alanosine. The suspen
sionswereincubatedon a gyrotoryshakerat 37Â°andmonitoredfor cell
density by enumerating i-mI samples in the Coulter counter.

TIME (HOURS)

(Charts 2B and 3) and of RNA (Table 1). The results in Chart
2.4 indicate that within 30 mm of addition of 2.7 or 68 @M
alanosine, the incorporation of hypoxanthine into total cell
material became completely inhibited, whereas its incorpo
ration into acid-insoluble material continued at a reduced
rate over the 60-mm incubation period. The acid-soluble
pools were extracted from labeled cells and analyzed chro
matographically. Previous results have shown that, upon
incubation of N1S1-67 cells with labeled inosine or hypo
xanthine (14, 17), most of the radioactivity in the acid
soluble pool is associated with ATP. The present more
detailed analyses show that about 80% of the radioactivity
was associated with ATP and about 20% with GTP (Charts
2B and 3, A and D). When labeling was conducted in the
presence of alanosine, the distribution of radioactivity
changed drastically, and 1 additional labeled compound
accumulated. Several solvent systems were used to identify
this compound as IMP and to quantitate the various labeled
components. Typcial chromatographic profiles are illus
trated in Chart 3. In Solvent 27, ATP and IMP comigrated,
but GTP was separated (Chart 3A); in Solvents 6 and 28, ATP
and GTP comigrated,butIMP was separated(Chart3,B and
C); and in Solvent 9, GTP and IMP comigrated, but ATP was
separated (Chart 3D). The profiles also show that little Ia
beled hypoxanthine accumulated intracellularly and that
significant amounts of labeled adenosine, adenine, inosine,
AMP, GMP, and adenylosuccinate did not accumulate
either, whether the cells were treated with alanosine or not
(Chart 3). The time courses of incorporation of hypoxan
thine into ATP, GTP, and IMP by untreated and alanosine
treated cells as estimated from the combined chromato
graphic analyses in the 4 solvent systems are summarized in
Chart 2B. The results were confirmed by thin-layer chroma
tographV of the acid extracts on polyethyleneimine-cellu

lose sheets (see â€œMaterials and Methods' â€˜)which clearly
separated ATP, GTP, and IMP (data not shown). The results
demonstrate that, even at a concentration as low as 2.7 @tM,
alanosine completely inhibited the labeling of ATP within 15
mm of addition of the analog. As expected, the complete
inhibition of ATP labeling occurred more rapidly with 68
than with 2.7 @Malanosine. In contrast, the labeling of GTP
was slightly increased (20 to 30%). Therefore, the relative
distribution of radioactivity in the acid-soluble pool of alan
osine-treated cells was markedly different from that in un
treated cells. For instance, after 60 mm of labeling with
hypoxanthine in the presence of 68 j.@Malanosine, 65% of
the radioactivity in the acid-soluble pool was associated
with GTP, 23% with IMP, and only about 10% with ATP
(Chart 2B).

Alanosine also rapidly inhibited the incorporation of
[â€˜4C]hypoxanthmneinto AMP of RNA and dAMP of DNA,
whereas its incorporation into guanine nucleotides was
slightly increased (Table 1). As shown previously (17), after
short periods of labeling of untreated cells with
[â€˜4C]hypoxanthmne,70 to 80% of the radioactivity in RNA and
50 to 60% of the radioactivity in DNA is associated with
guanine nucleotides (Table 1). In alanosine-treated cells, on
the other hand, the proportion of radioactivity associated
with guanine nucleotides in RNA or DNA was aobut 90% or
higher (Table 1).

In the experiment illustrated in Chart 2, labeling was
conducted in BM42B lacking aspartic acid. However, very
similar results were obtained in several additional experi
ments of this type in which labeling was conducted in
complete BM42B containing 0.15 m@iaspartic acid (data not
shown).

Reversal of Alanosine Effect by Adenine but Not Aspar
tic Acid. The above results indicate that aspartic acid did
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Chart 3. Chromatographic analyses of acid extracts from untreated and alanosine-treated (68 @M)cells labeled with (â€˜4C]hypoxanthine for 60 mm. The
details of the experiment are described in the legend to Chart 2. Samples of 50 @lof acid extract were chromatographed with the various solvents, as
described in â€œMaterialsand Methods.' AS, adenylsuccinate; Ino, inosine, Hyp, hypoxanthine, Ado, adenosine.
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TIME (MIN)

Chart 2. Effect of L-alanosine on the incorporation of [â€˜4C]hypoxanthine into total cell material and acid-insoluble material (A) and into individual
nucleotides of the acid-soluble pool (B). Samples of a suspension of 1.5 x 10e cells/mI of aspartic acid-free BM42B were supplemented with the indicated
concentrations of L-alanosine and at the same time with 4.4 @M[â€˜4C]hypoxanthine((@CJHyp) (460 cpm/pmole) and incubated at 37Â°.At various times, duplicate
1-mI samples of suspension were analyzed for radioactivity in total cell material and in acid-insoluble material (A). All points represent averages of the
duplicate samples. At various times, the acid-soluble pools were extracted from samples of about i07 cells and the acid extracts were chromatographed as
illustrated in Chart 3. The radioactivity in various nucleotides and hypoxanthine (B) were estimated from the combined chromatographic analyses. The
percentage values indicate the distribution of radioactivity among the nucleotides (% of total) in acid extracts from 60-mm labeled cells. Hyp, hypoxanthine.
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Table I
Effect of alanosine on the incorporation of(1@CJhypoxanthineinto adenine and guanine nucleot ides

of RNAand DNA
Thedetails of the experimentaredescribed in the legendto Chart 2. RNAand DNAhydrolysates

were preparedfrom 1 x 1O@cells after the indicated times of labeling with [â€˜4C]hypoxanthineand
analyzedby electrophoresis and chromatography (with Solvent 18), respectively,as described in
â€œMaterialsand Methods.â€•

not significantly antagonize the inhibition of adenine nu
cleotide synthesis by alanosine. Aspartic acid also had only
a minimal antagonistic effect on the inhibition of cell multi
plication by alanosine (Chart 4A). N1S1-67 cells were propa
gated in aspartic acid-free BM42B supplemented with 5%
(v/v) dialyzed calf serum and where indicated (solid sym
bols) with 1 mM aspartic acid. The cells grew to a lower
maximal cell density in this medium than in complete Me
dium 67 (compare Charts 1 and 4A), but the presence of
aspartic acid did not affect the growth of these cells (Chart
4.4).Aspartic acid partially reversed the growth inhibition by
0.68 @Malanosine but did not allow cell multiplication in
medium containing 2.7 or 13.6 pM alanosine, even though it
slightly decreased the toxicity of 2.7 @Malanosine.

Although the results presented so far indicate that alano
sine inhibited the conversion of IMP to AMP, they do not
prove that this effect was the cause of the inhibition of cell
multiplication. Strong evidence supporting this view, how
ever, is shown in Chart 4B. The addition of 200 @Madenine
to the medium completely relieved the growth inhibition by
2.7 @Malanosine, whereas the same concentration of hypo
xanthine was without effect. Adenine is rapidly taken up by
mammalian cells, including N1S1-67 cells (24), and con
verted to AMP by the adenine phosphoribosyltransferase
reaction (EC 2.4.2.7) which bypasses the IMP-to-AMP path
way, whereas hypoxanthine can only be utilized via the
alanosine-poisoned pathway. As will be discussed later,
uridine also did not prevent the effect of alanosine (Chart
4B).

Effect of Alanosine on Adenine and Uracil Nucleotide
Content of Cells and on Adenine and Guanlne Incorpora
tlon. As shown previously(14), exponentially growing N1S1-
67 cells contain sufficient ATP (4 to 5 mM) to support the de
novo synthesis of stable RNA for at least one-half of a
generation (5 to 6 hr). To determine the effect of alanosine
on the adenine and uracil nucleotide pools, N1S1-67 cells
were labeled with [3H]adenosine or [3H]uridine for 45 mm,
then were washed free of unincorporated nucleosides and
further incubated in fresh medium with and without alano
sine. At various times during the chase period, samples of
all suspensions were analyzed for radioactivity in acid-insol
uble material or in the culture fluid, and acid extracts were
prepared from samples of cells and analyzed chromato
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Chart 4. Effect of aspartic acid (A) and adenine (Ade), hypoxanthine
(Hyp), and uridine (Urd) (B) on the inhibition of cell replication by alanosine.
In A, cells from an early exponential phase culture in Swims Medium 67 were
collected by centrifugation and suspended to the original density in aspartic
acid-free BM42B plus 5% (v/v) dialyzed calf serum. Samples of the suspen
sion were supplemented with the indicated concentrations of alanosine and
i mM aspartic acid (solid symbols) or no aspartic acid (open symbols). In B,
samples of a midexponential phase culture in Swims Medium 67 were
supplemented as indicated with 2.7 @Malanosine, 200 @iMadenine, 200 @M
hypoxanthine, or 200 @.tMuridine. All suspensions were incubated at 37', and
samples thereof were enumerated by means of a Coulter counter.

graphically. The results in Chart 5A show that, in untreated
cells, about 60% of the labeled ATP was lost from the acid
soluble pool during 5 hr of incubation. Over 90% of the lost
radioactivity was chased into acid-insoluble material and
little appeared in the culture fluid (Chart SB). Chromato
graphic analysis with Solvent 9 showed that the radioactiv
ity in the culture fluid was associated with adenosine, mo
sine, and hypoxanthmne (not shown). Treatment with alano
sine resulted in a more rapid loss of ATP than from un
treated cells (Chart 5A). Two processes were responsible for
the increased loss of ATP. First, labeled ATP was more
rapidly incorporated into acid-insoluble material (Chart 5B)
and 2nd,beginningbetween1 and 2 hr,some AlP became
degraded to AMP (Chart 5A), although no additional degra
dation to purine nucleosides or bases and their release into
the culture fluid occurred (Chart 5, A and B). In contrast,
alanosine had no effect on the level of uracil nucleotides
during 5 hr of incubation (Table 2), in spite of the fact that
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Chart 5. Effect of alanosine on the ade
nine nucleotide content of cells. An exponen
tial phase culture at 1.4 x 10@cells/mI was
supplemented with 10 @M[3H]adenosine (40
cpm/pmole). After 45 mm of incubation at
370, the cells were collected by centrifuga

tion, washed once in BM42B and suspended
to the original density in aspartic acid-free
BM42B containing the indicated concentra
tions of L-alanosine (0 time). The suspensions
were incubated at 3@ and, at various times,
duplicate 0.5-mI samples were analyzed for
radioactivity in acid-insoluble material and in
the culture fluid (B). Allpoints represent aver
ages of duplicate samples. In addition, sam
pIes of 7 )( i0@cells were extracted with per
chloric acid and the relative distributions of
radioactivity among ATP plus ADP, AMP, and
adenosine (Ado) plus hypoxanthine (Hyp)(A)
were estimated by chromatographic analyses
of 50 @lof acid extract with Solvent 28 (13).

Acid-in
Alanosine Time Totalcell soluble

(MM) (hr) material material
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Table2
Effect of alanosine on uridine nucleotides in the acid-soluble pool

An exponential phase culture at 1 .4 x 106 cells/mI was supplemented with 2 @Ci[â€˜Hjuridine (23
Ci/mmole) per ml and incubated at 37Â°for 45 mm. Then the cells were collected by centrifugation,
washedonce in BM42Band resuspendedto the original cell density in BM42Bcontaining, where
indicated, 68 @ML-alanosine. The suspensions were incubated at 37Â°and duplicate 0.5-mI samples
of suspensionwereanalyzedfor radioactivity in total cell materialand acid-insoluble material.The
acid-solublepoolswere extractedfrom samplesof 7 x 1O@cells and the acid extractswere
chromatographed with Solvent 28 as described in â€œMaterials and Methods.â€•

3H/106cells (cpm x@ of total â€˜Hin acid-soluble pool
10@@) ___________________________

UTP + UDP
sugars

the cells contain only about one-fourth as much UTP as ATP
(14).

The increased chase of ATP into nucleic acid in alano
sine-treated cells was probably a consequence of the rapid
inhibition of the do novo synthesis of AMP. In untreated
cells, the absolute concentration of ATP would be expected
to remain relatively constant (14) because of continuous de
novo synthesis of ATP. The specific radioactivity of the ATP
therefore decreases progressively at an exponential rate. In
alanosine-treated cells, on the other hand, the only process
contributing to dilution of the labeled ATP could be RNA
turnover. Consequently, the specific radioactivity must de
crease less than in untreated cells. The rate of RNA turnover

in this experiment is not known and cannot be measured
accurately, but probably caused only a minor dilution effect,
since the unstable type of RNA in mammalian cells does not
present more than 3 to 4% of the total RNA (4). Thus in
treated cells the amount of labeled ATP was probably
roughly equivalent to the absolute amount of ATP or some
what less because of RNA turnover. The results therefore
suggest that the cessation of cell division after 1 hr of
alanosine treatment occurred when the ATP concentration
had decreased only about 20% or less (compare Charts 4B
and 5A).

That the increased chase of ATP into RNA was due to a
decrease in the size of the nucleotide pool supplying ATP
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for RNA synthesis is also indicated from the following ex
periment. The results in Chart 6 show that, within 1 hr of
alanosine treatment, the incorporation of adenine into acid
insoluble material was about 30% higher than in untreated
cells, in spite of the fact that the time course of incorpora
tion of adenine into total cell material (acid soluble plus acid
insoluble) was about the same in treated and untreated
cells. A maximal stimulation of about 50% was attained after
2 hr of alanosine treatment. In contrast, the incorporation of
guanine into acid-insoluble material was decreased 30 to
60% (Chart 7). It is not clear, however, to what extent this
decrease reflected an increase in absolute pool level of
guanine nucleotides or an inhibition of nucleic acid synthe
sis. It was not due to a decrease in the incorporation of
guanine into the nucleotide pool since its incorporation into
total cell material was little, if at all, affected by alanosine
(Chart 7). In labeling with either adenine or guanine, it made
little difference whether the cells were treated with 2.7 or
13.5 @.tMalanosine (Charts 6 and 7).

Effect of Alanosine on Macromolecular Synthesis and
Glucose Metabolism. The following experiments were con
ducted to determine the effect of the depletion of the cells
of ATP (and probably of dATP) on the synthesis of RNA,
DNA, and protein. The results in Chart 8, B and C, demon
strate that the net synthesis of RNA and protein as deter
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Chart 7. Effect of alanosine on guanine incorporation into total cell mate
rial and acid-insoluble material. The experiment was conducted as described
in the legend to Chart 6, except that the culture contained 1.4 x i 0@cells/mI
and the labeling medium contained i @M[â€˜H]guanine (i60 cpm/pmole)
instead of [3H]adenine.

mined by chemical analysis became inhibited between 2
and 3 hr after treatment with alanosine. The inhibition of cell
division seemed to be slightly more rapid than the inhibition
of macromolecular synthesis (compare A with C, Chart 8),
which was probably related to the arrest of some of the cells
in G2or M (see below) and the reason for the slight increase
in average cell volume of the cells, compared with that of
the untreated cells (Chart 9). For comparison, treatment of
cells with hydroxyurea was included in this experiment be
cause hydroxyurea has been shown to cause unbalanced
growth. Hydroxyurea inhibits the synthesis of purine deoxy
ribonucleotides and thus DNA synthesis without affecting
RNA and protein synthesis for at least a cell generation (see
Ref. 17; Chart 8, B and C). The average volume of hydroxyu
rea- and alanosine-treated cells increased similarly during
the 1st 3 hr of treatment. Thereafter the volume of hydroxyu
rea-treated cells continued to increase while no further
increase was observed with alanosine-treated cells (Chart 9,
A and B).

Results from labeling experiments with [3H]uridine and
labeled amino acids to assess the rates of RNA and protein
synthesis, respectively, in alanosine-treated cells were not
consistent with an almost complete inhibition of RNA syn
thesis and protein synthesis by 3 hr of treatment as mdi
cated by the chemical analyses. Chart 10 shows that the
incorporations of uridine into total cell material and acid
insoluble material per ml of culture were not affected by
alanosine for at least 4 hr. When the incorporation was
expressed on the basis of cell number, there was no sign if i
cant difference between treated and untreated cultures
even after 6 hr of treatment. Results from such labeling
experiments, however, do not allow unequivocal conclu
sions as to the rate of RNA synthesis, since uridine transport
and/or phosphorylation seems to be rate limiting in the
incorporation of uridine into nucleic acids, and the rate of
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Chart 6. Effect of alanosine on the incorporation of [3H]adenine into total
cell material and acid-insoluble material. Samples of an exponential phase
culture at 1.0 x 10. cells/mI were supplemented with the indicated concen
trations of L-alanosine. After 0, 1, 2, and 3 hr of incubation at 37Â°,the cells
were collected by centrifugation from samples of suspension and suspended
to the samedensityin BM42Bcontaining0.5 @&M[3H]adenine(530cpm/
pmole). The suspensions were incubated at 37Â°and duplicate 1-mI samples
were analyzed for radioactivity in total cell material (open symbols) and acid
insoluble material (solid symbols). Allpoints represent averages of the dupli
cate samples.
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Chart 8. Comparison of the effects of alanosine and hydroxyurea on cell division (A), and on RNA (B) and protein (C) content of cells. Samples of an
exponential phase culture were supplemented as indicated with alanosine and incubated at 37Â°.AT i-hr intervals, duplicate samples of suspension were
analyzed for cell density and RNA content and triplicate samples for protein content as described in â€œMaterialsand Methods.â€•All points are averages of the
replicate samples.
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Chart 10. Effect of alanosine on the incorporation of [3H]uridine into total
cell material and acid-insoluble material. Samples of an exponential phase
culture at 1.2 x i0@cells/mI were supplemented (0 time) with 6.8 @Malano
sine or remained untreated. The suspensions were incubated at 37' and, at 1,
3, and 5 hr, samples of each suspension were centrifuged and the cells were
suspended to the same density in BM42B containing i @M[3H]uridine (60
cpm/pmole). These suspensions were incubated at 37Â°and duplicate 1-mI
samples thereof were analyzed for radioactivity in total cell material (open
symbols) and acid-insoluble material (solid symbols). All points are averages
of the duplicate samplos. At 5 hr of incubation, the control and alanosine
treated suspensions contained i.8 and 1.4 x i0@cells/mI, respectively.

uridine incorporation may, therefore, be unrelated to the
rate of RNA synthesis (see Ref. 18). Nevertheless, these
results combined with those from the ATP chase (Chart 5)
and from the adenine-labeling experiment (Chart 6) are
consistent with the view that RNA synthesis per se was little
affected by alanosine and that the lack of increase in the
RNA content of treated cells was due to a continual turnover

.â€˜ of RNA in these cells.
Similarly, the results of Chart hA demonstrate that the

rate of incorporation of labeled amino acid (â€˜â€˜reconstituted
protein hydrolysateâ€•)into hot acid-insoluble material per
ml of culture remained relatively constant during 6 hr of
incubation with 13.5 p.M alanosine, whereas the rate of

\
\ ...â€˜ \
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\ â€˜@.

\ .â€”
.â€˜

.â€˜

3000
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Chart 9. Effect of alanosine and hydroxyurea on volume distribution of
cells. The details of the experiment are described in the legend to Chart 8. At
3 (A) and 6 (B) hr of incubation, cell volume distributions were determined
with a Coulter counter.
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Chart 11. Effect of i-alanosine on the incorporation of amino acids into
hot acid-Insoluble material (A) and on polysome content of the cells (B).
Samples of an exponential phase culture at 1 x 10' cells/mI were supple
mented with the indicated concentration of L-alanOsine (0 time) and incu
bated at 37Â°.At 1, 3, and 5 hr of incubation, samples of each suspension were
centrifuged and the cells were suspended to the same cell density in BM42B
containing 1 pCi of 3H-Iabeled reconstituted protein hydroylsate per ml.
These suspensions were incubated at 37Â°,and duplicate 1-mI samples were
analyzed for radioactivity in hot acid-insoluble material as described previ
ously (23). All points represent averages of the duplicate samples. At 5 hr of
incubation, the untreated and alanosine-treated suspensions contained 1.5 x
10' and 1.2 x 10. cells/mI, respectively. In B, Samples of an exponential
phase culture at 1.2 x 10' cells/mI were supplemented (0 time) where
indicated with 13.5 pM i-alanosine or 13.5 @.tMalanosine plus 200 @Made
nine. The suspensions were incubated at 37Â°for 3 hr. Then cytoplasmic
extracts were prepared from 1.2 x 10' cells, supplemented with 1% sodium
deoxycholate (w/v), and analyzed by zone sedimentation in linear 0.5 to 1.2 M
gradients of sucrose in B4 as described previously (11). Conditions of centrif
ugation: Beckmann Model U ultracentrifuge, SW 27 rotor, 24,000 rpm, 2 hr,
40,

TIME (MINUTES)

Chart i2. Effect of L-alanosine on the incoi'poration of [3H]thymidine into
total cell material and acid-insoluble material. Samples of an exponential
phase culture of i .3 X i0 N1S1-67 cells/mI were supplemented (0 time) with
6.8 @tML-alanosine (t@and A) or 6.8 MMalanosine plus 200 @Madenine (V
and V); a 3rd sample remained untreated ( 0 and â€¢).The suspensions were
incubated at 37Â°,and. at i , 2, and 4 hr of incubation, samples of each
suspension were centrifuged and the cells suspended to the same density in
BM42B containing the appropriate inhibitors and 0.2 @M[3Hjthymidine (3000
cpm/pmole). These suspensions were incubated at 37Â°and duplicate 1-mI
sa@ples were analyzed for radioactivity in total cell material (open symbols)
and acid-insoluble material (solid symbols). All points represent averages of
the duplicate samples. At 5 hr of incubation, the control (or alanosine plus
adenine-treated) and the alanosine-treated suspensions contained about 1.9
and 1.5 x i0' cells/mI, respectively.

incorporation by untreated cells increased concomitantly
with an increase in cell number. Similar results were ob
tamed in several additional experiments in which the incor
poration of [3H]leucine or [â€˜4C]aspartateinto hot acid-insol
uble material was determined (data not shown). The poly
some content of 3-hr alanosine-treated cells was also only
reduced about 30 to 40% with a concomitant increase in
80S ribosomes (Chart 11B).

Thymidine incorporation into both total cell material and
acid-insoluble material was inhibited more rapidly and to a
greater extent by alanosine than uridine or amino acid
incorporation, but the effect still did not become apparent
until 2 hr of treatment, and the inhibition at 4 hr was only
60% (Chart 12). As with RNA, however, unequivocal conclu
sions as to the rate of DNA synthesis in these cells cannot be
drawn from such labeling experiments, since thymidine
transport and/or phosphorylation and DNA synthesis are
interrelated (15). The decreased incorporation of thymidine
into DNA could reflect an inhibition of DNA synthesis, and
the decreased incorporation of thymidine into the nucleo
tide pool could be a consequence of this inhibition of DNA
synthesis as observed with other inhibitors of DNA synthe
sis, such as cytosine arabinoside and cycloheximide (15).
On the other hand, the decreased incorporation of thymi
dine into DNA could be simply due to a decreased transport
or phosphorylation of thymidine. Nevertheless, the pres

once of 200 @Madenine in the medium completely pre
vented the inhibition of thymidine incorporation by alano
sine (Chart 12).

We regularly observed that the pH decreased less rapidly
in alanosine-treated than in untreated cultures as indicated
by the change in color of the phenol red in the medium.
However, studies on the metabolism of D-[U-'4C]glucOse,
showed that the effect of alanosine on lactate production
was a relatively late one. The presence of 2.7 or 6.8 j.@M
alanosine had no effect on the incorporation of D
[â€˜4C]glucoseinto total cell material or acid-insoluble mate
rial, or on its conversion to lactate, pyruvate, and CO2.After
4 hr of incubation with 500 @MD-gIuCOse,80% of the glu
cose was used by the cells; 7.5 and 10% were incorporated
into the acid-soluble pool and acid-insoluble materials, re
spectively, and 40, 10, and 10% were converted to lactate,
pyruvate, and C02, respectively.

Inhibition of Aspartic Acid Transport. When present at a
concentration of 5 @Min the medium, the incorporation of
aspartic acid into total cell material and acid-insoluble ma
terial was inhibited by alanosine in a concentration-depend
ent manner (Chart 13A). The incorporation into total cell
material and into acid-insoluble material was inhibited to
about the same degree. The inhibition was completely re
versed by collecting the cells by centrifugation and resus
pending them in fresh medium (data not shown). Chromato
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Chart 13. Effect of alanosine on the incorporation of [â€˜4C)asparticacid into total cell material and acid-insoluble material. Samples of a suspension of 1.4 x
we cells/mI of aspartic acid-free BM42B were supplemented with the indicated concentrations of L-alanosine and at the same time with (A) 5 @M[â€˜@C]aspartic
acid (200,000 cpm/ml), or (B) with 5 @.tM[â€˜4C}asparticacid (200,000 cpm/mI) plus unlabeled aspartic acid to 200 @&M.The suspensions were incubated at 3r,
and duplicate 1-mI samples were analyzed for radioactivity in total cell material (open symbols) or acid-insoluble material (solid symbols). Allpoints represent
averages of the duplicate samples. After 120 mm of labeling, acid extracts were prepared from i x 10@cells and analyzed chromatographically with Solvent 28.
C is a composite of the chromatograms of acid extracts from alanosine-treated and untreated cells labeled with 5 @.tM[â€˜4C]aspartate.
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graphic analysis of acid extracts from labeled cells showed
that alanosine had no effect on the intracellular conversion
of aspartic acid (Chart 13C). Peak II has been identified as
free aspartic acid and Peak I probably represents nucleo
tides, since it comigrated with ATP and other nucleotide
triphosphates and most ofthe radioactivity was adsorbed by
activated charcoal. Peaks Ill and IV have not been identified.
With higher concentrations of aspartate, on the other hand,
no effect by the same concentrations of alanosine was
observed. Combined, these results indicate that the inhibi
tion of aspartic acid incorporation reflected an inhibition of
aspartic acid transport. Alanosine seems to have a lower
affinity for the transport system than aspartic acid, since the
initial rate of uptake of 5 @Maspartic acid was inhibited only
about 10 and 85% by 6.8 and 68 @Malanosine, respectively,
and 68 @Malanosine had no effect on the uptake of 200 @.tM
aspartic acid.

The data in Chart 13, A and C, also indicate that aspartic
acid was accumulated by the cells against a concentration
gradient, indicating the presence of an active transport
system. After 2 hr of incubation with 5 j.@Maspartate, the
intracellular concentration of free aspartate was between 6-
and 8-fold higher than that in the extracellular medium (on
the basis of an overall cell volume of 2 .d/106 cells).

Reversibility of Alanosine Toxicity. The following experi
ment was conducted to determine whether cells could re
cover from prolonged exposure to alanosine and might
become synchronized. Samples of an early exponential
phase culture were treated with alanosine for 1, 3, or 6 hr.
Then the cells were collected by centrifugation and sus

pended in fresh medium with and without adenine. The
results in Chart 14, A to C, show that the growth inhibition
by alanosine was completely reversed by removal of the
alanosine from the medium even when no adenine was
added. However, a lag period was required before cell divi
sion commenced. No synchronization of cell division was
observed. On the other hand, a more rapid rate of cell
division than in control cultures occurred when the medium
was supplemented with adenine after reversal (Chart 14, B
and C). These results, combined with thQse shown in Chart
9, are consistent with the view that a portion of the cells
became arrested in G2or M and divided synchronously after
the addition of adenine. The cells did not grow to as high a
density in the adenmne-supplemented medium as in unsup
plemented medium, but this effect was due to the presence
of adenine per se, since the same effect was observed in
cultures that had not been treated with alanosine (Chart
14A). High concentrations of adenine have been shown to
be toxic for other types of cultured cells (2, 9), probably
because of an excess formation of ATP in these cells and a
consequent inhibition of pyrimidine biosynthesis.

Even the effect of 1 hr of exposure to 68 @Malanosine was
reversed by suspending the cells in fresh medium (Chart
14D). However, the lag period was extremely long (about 40
hr), whereas immediate reversal occurred when adenine
was also added. Treatment with 68 @Malanosine for longer
periods of time, however, was irreversible and the cells
started to die unless the reversal medium was supple
mented with adenine (data not shown).

Lack of Inhibition of a Single Cycle of Replication of
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bition of the do novo synthesis of AMP by alanosine. This
conclusion is also indicated by the finding that the incorpo
ration by hypoxanthine into ATP is completely inhibited by
alanosine concentrations which also inhibit cell multiplica
tion. Although the primary effect of alanosine in these cells
seems to be the inhibition of the conversion of IMP to AMP,
the mechanism of this inhibition is not known. The finding
that IMP, but not adenylosuccinate, accumulates in alano
sine-treated cells (Chart 3) suggests that the 1st step in the
conversion of IMP to AMP is inhibited, rather than adenylo
succinate lyase (EC 4.3.2.2). Our finding that aspartic acid,
even at high concentrations, does not alleviate the effect of
alanosine on cell replication or AMP formation suggests
that alanosine does not act as a competitive inhibitor of
aspartic acid in the adenylosuccinate synthetase reaction
(EC 6.3.4.4). Alanosine also failed to inhibit the activity of
adenylosuccinate synthetase purified from Escherichia coli
(7). The possibility has been suggested previously (7) that
alanosineperse might not be inhibitory, but may need to be
converted intracellularly to an active component. Another
hypothesis that may account for the failure of aspartic acid
to reverse the inhibition by alanosine is that alanosine may
act as noncompetitive inhibitor of adenylosuccinate synthe
tase, irreversibly binding to the active site of the enzyme. In
contrast to our results, however, it has been reported that
the growth inhibition of yeast by alanosine is antagonized
by aspartic acid (5).
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Chart i4. Reversibility of the prolonged inhibition of cell multiplication by
alanosine. Samples of an exponential phase culture of N1Si-67 cells were
supplemented where indicated with 6.8 @M(A to C) or 68 @M(D) alanosine.
Afteri hr(A and D),3 hr(B),or6 hr(C)ofincubationat37@samplesofeach
suspension were centrifuged and the cells were suspended to the original
volume in fresh Medium 67 or in fresh medium containing 200 @Madenine.
0, control cells not treated with alanosine; â€¢in A, a control culture supple
mented with 200 @Madenine (Ade) but no alanosine;@ in A and 0, alano
sine-treated cells not reversed. All suspensions were monitored for cell
density.

6

TIME AFTER INFECTION (HOURS)

Chart 15. Effect of alanosine on Mengo virus replication in NiSi-67 cells.
Cells were infected with about 20 plaque-forming units per cell and sus
pended to a 2 x i0. cells/mI in BM42B. The cells were incubated at 37@,and
at 30 mm after infection, samples of the suspension were supplemented with
the indicated concentrations of alanosine. All suspensions were supple
mented with 1.25@ actinomycin D per ml at 30 mm and with iO @M
[3H]uridine (30 cpm/pmole) at 45 mm after infection. At various times thereaf
ter, duplicate i-mI samples were analyzed for radioactivity in total cell mate
rial and acid-insoluble material. The suspensions were also monitored for
cell viability (curve with vertical bars) and, at 6 hr, samples of each suspen
sion were titrated for virus concentration (see text). The proportion of nonvia
ble cells was about the same in all 3 suspensions and the approximate ranges
of observed values are indicated by the vertical bars. INCORP., incorporated.

1438 CANCERRESEARCHVOL. 36

Mengo Virus by Alanosine. The time courses of the follow
ing processes were determined in actinomycin-treated in
fected cultures: the incorporation of [3H]uridine into total
cell material, viral RNA synthesis as measured by the incor
poration of uridine into acid-insoluble material, and viral
induced cell death as measured by trypan blue stainability
of the cells. None ofthese processes was affected by 13.5 or
68 @tMalanosine added 30 mm after infection (Chart 15). In
addition, the viral yield at 6 hr after infection was about the
same (2 x 108 plaque-forming units per ml of suspension)
whether or not alanosine was present during virus replica
tion.

DISCUSSION

The finding that adenine alone completely relieves the
inhibition of cell replication and the cytotoxicity caused by
alanosine indicate that these effects are related to the inhi
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Whether or not alanosine also inhibits the do novo syn
thesis of pyrimidine nucleotides by inhibiting the aspartate
carbamoyltransferase, as suggested by the work with C.
albicans, is not known unequivocally for N1S1-67 cells. The
finding that alanosine treatment had no effect on the UTP
concentration in cells (Table 2) and that the inhibition of cell
replication by alanosine was not reversed by the presence
of high concentrations of uridine in the medium strongly
argues against such inhibition in N1S1-67 cells. At least the
results indicate that an inhibition of pyrimidine nucleotide
synthesis does not significantly contribute to the inhibition
of replication of Novikoff cells. On the other hand, the
finding that alanosine failed to stimulate the incorporation
of uridine or thymidine into the acid-soluble pool or nucleic
acids, as observed in yeast, cannot be taken as proof
of the absence of such inhibition, because of the lack of
effect of alanosine on the UTP concentration in cells. An in
creased uridine incorporation due to UTP depletion can be
demonstrated in animal cells, but only when the UTP pool
has been largely exhausted, as for instance after incubation
with high concentrations of glucosamine (21) or KCN (16).
Further attempts to investigate this question by measuring
the incorporation of [â€˜4Cjaspartatewere complicated by the
finding that alanosine inhibits aspartic acid transport and
by the fact shown previously (12) that aspartic acid is mainly
(to over 80%) incorporation into protein by N'1S1-67 cells
rather than nucleic acid. It was reported in the study with
yeast (5) that alanosine inhibits the incorporation of
aspartic acid into RNA. This finding needs to be interpreted
with caution, since the effect might have been simply a
consequence of the inhibition of aspartic acid transport by
alanosine.

It seems likely that alanosine enters the cells via the
aspartic transport system. Therefore, one would expect that
aspartic acid inhibits the transport of alanosine into the cell.
The partial protective effect of high concentrations of as
partic acid for cells exposed to low concentrations of alano
sine (Chart 4A) may reflect such inhibition of alanosine
uptake. However, this effect is not of any practical signifi
cance in inhibiting the growth of tumor cells with alanosine
since, even at a concentration of 1 mM, aspartic acid has
only a minimal protective effect, or none at all when higher
concentrations of alanosine are present (Chart 4A). At these
concentrations, sufficient alanosine may enter the cells by
simple diffusion, which would not be affected by aspartic
acid.

Although the results unequivocally show that the arrest of
cell division and growthis due to an inhibition of adenine
nucleotide synthesis by alanosine, it is less clear how and in
what sequence this inhibition affects other cellular proc
esses. Cell division seems to become more rapidly inhibited
than either RNA or protein synthesis (Chart 7) causing some
unbalanced growth (Charts 8 and 9).

The reversal experiments (Chart 14) suggest that a small
proportion of the alanosine-treated cells accumulate in late
G2or M, but the remainder of the cells seem to be arrested
in other stages of the cell cycle, probably because net RNA
and protein synthesis also cease soon after the arrest of cell
division. The finding that, on the other hand, the cells con
tinue to incorporate labeled precursors into RNA and pro

tein at an undiminished rate could be accounted for by an
increased general RNA and protein turnover in alanosine
treated cells or by a more specific degradation of newly
synthesized RNA and protein. An impairment of RNA proc
essing, for instance, could result in the rapid degradation of
newly synthesized heterogenous nuclear and ribosomal
precursor RNA. As pointed out already, however, the inter
pretation of such incorporation studies presents certain
problems, and other factors could explain this observation.
DNA synthesis seems to be more rapidly affected than RNA
synthesis, probably because the cells become depleted of
dATP more rapidly than of ATP. This would be expected,
since the concentrations of the deoxynucleotides are 2 to 3
orders of magnitude lower than those of ribonucleotides. In
the present experiments we have not separated ATP from
dATP (Chart 5), but because of its relatively low concentra
tion the amount of radioactivity in dATP in the ATP fraction
is insignificant. An inhibition of DNA synthesis, however,
cannot by itself account for the arrest of cell growth by
alanosine as indicated by the comparison of the effects of
alanosine and hydroxyurea. Hydroxyurea-treated cells be
come depleted of dATP and dGTP (1, 22) and become
arrested solely in S phase since net protein and RNA synthe
sis continue (Chart 8; Ref. 17). Upon removal of hydroxyu
rea, DNA synthesis in N1S1-67 cells commences immedi
ately and the cells divide synchronously about 5 hr after
reversal (17). Therefore, the differences in the effects of
hydroxyurea and alanosine indicate that the inhibition of
cell multiplication by alanosine is related to a depletion of
ATP rather than dATP, although a depletion of the latter may
be responsible for the inhibition of DNA synthesis.

The reason for the preferential inhibition of cell division
by alanosine is not known, but it must be related to the
decrease in ATP content of the cells, since the cells arrested
in late G2 or M divide synchronously a short time after
addition of adenine to reverse the effect of alanosine (Chart
14). The question arises as to why cell division is inhibited
when the absolute concentration of ATP in the cells has
decreased not more than 20%. One possibility is the exist
ence of a small separate pool of ATP required for cell
division which becomes rapidly exhausted when the de
novo synthesis of AMP is blocked. Another possibility is that
a critical concentration of ATP is required for cell division to
occur. The GTP pool, on the other hand, seems to be in
creased in alanosine-treated cells. This conclusion is mdi
cated by the increased conversion of hypoxanthine to GTP
(Chart 2) and the decreased incorporation of guanine into
nucleic acid (Chart 7) in these cells.

Our results also emphasize the difficulties encountered in
estimating the rates of RNA synthesis by measuring the
rates of incorporation of nucleic acid precursors into nu
cleic acids. Not only is the rate-limiting step in the incorpo
ration generally their transport into the cell (18), but the rate
of incorporation also depends on the absolute intracellular
nucleoside triphosphate concentrations. In alanosine
treated cells, the rate of uridine incorporation into RNA is
unaltered, whereas the rates of adenine and guanine incor
poration are increased and decreased, respectively, simply
as a consequence of changes in the levels of the respective
precursor triphosphates.
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Whether alanosine inhibits the replication of RNA viruses
probably depends on the length of the virus replication
cycle, the initial ATP concentration of the cells, and the ATP
demand during alanosine treatment. Our results show that
N1S1@67cells possess sufficient ATP to support the produc
tion of a normal yield of Mengo virus RNA and mature virus
in a single cycle of replication when host RNA synthesis is
inhibited by treatment with actinomycin D. It seems possi
ble, on the other hand, that virus replication may become
impaired in the absence of actinomycin D, that is, when host
cell RNA synthesis competes with viral RNA synthesis for
the available ATP, or when multiple cycles of virus replica
tionare measured.

Our results also seem to rule out the possibility that the
mode of action of alanosine involves its incorporation into
proteins as a substitute for aspartic acid, thus affecting the
function of these newly synthesized proteins. The synthesis
of Mengo virus RNA is dependent on the do novo synthesis
of a replicase which is coded for by the viral genome (3).
Our finding that viral RNA synthesis is not affected by alano
sine indicates that the induction and function of the repli
case is not affected by the analog.

Alanosine might be a useful drug in cancer therapy since
it should be preferentially effective against rapidly growing
cells. This conclusion is indicated by the fact that the great
est requirement of cells for nucleotides is for the net synthe
sis of nucleic acids which is minimal in quiescent cells.
However, relatively high concentrations of alanosine are
required to cause outright cell killing. At low concentrations
in the medium, alanosine seems to be cytostatic rather than
cytotoxic and the cells begin to recover after 10 to 30 hr of
treatment (Chart 1). It is not clear whether this reversal is
due to a slow degradation of alanosine or the ability of the
cells to synthesize sufficient adenylosuccinate synthetase
to overcome the alanosine effect. The ready reversal of the
alanosine toxicity by adenine and most likely adenosine
might also present a problem in cancer therapy. Although
the levels of these substances in blood are extremely low,
localized concentrations of adenosine in necrotizing tu
mors might be quite high due to the degradation of nucleic
acids from degenerating cells.
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