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Abstract-Sublines of P388 and L1210 leukemia were rendered resistant to L-alanosine [L-2-amino-3- 
(N-hydroxy-N-nitrosamino) propionic acid] and designated P388iLAL and L1210ILAL. Assessments 
were made of certain biochemical and pharmacological determinants of the sensitivity or resistance to 
L-alanosine of these sensitive and resistant lines. It was observed that the antibiotic strongly inhibited 
adenylosuccinate synthetase and DNA synthesis only in the parent or sensitive lines; moreover, after 
a therapeutic dose of the drug, the concentration of L-alanosyl-AICOR (L-alanosyl-S-amino-4-imidazole 
carboxylic acid ribonucleotide), the putative active anabolite of L-alanosine, was dramatically higher 
in these parent lines as compared with the resistant variants. Enzymologic studies established that, in 
P388/LAL, the specific activity of the enzyme SAICAR synthetase (5-amino-4-imidazole-N-succino- 
carboxamide ribonucleotide synthetase), which is believed to conjugate r_-alanosine with the nascent 
purine AICOR (5-amino-4-imidazole carboxylic acid ribonucleotide), was depressed significantly; the 
same was not true for LlZlO/LAL. In both resistant lines, however, the enzymes of purine salvage were 
present at levels about 200 per cent higher than those measured in the native strains. These studies 
establish that resistance to L-alanosine is very likely pluricausal, but that the ability of susceptible cells 
to synthesize or retain L-alanosyl-AICOR is an element important to the process. 

It is a well established fact that parenteral doses of 
the antitumor antibiotic L-alanosine [L-2-amino-3- 
(N-hydroxy-N-nitrosamino)propionic acid] interrupt 
the biosynthesis of AMP and therefore of ATP, 
dATP and DNA [l-3]. A substantial body of evi- 
dence indicates that this interruption takes place at 
the level of adenylosuccinate synthetase, the pen- 
ultimate enzyme involved in the biosynthesis of 
adenine nucleotides [3,4]. It also seems clear that 
t_-alanosine itself is not the proximate inhibitor of 
this enzyme; an anabolite of the drug, resulting from 
its conjugation with AICOR (5-amino-4-imidazole 
carboxylic acid ribonucleotide), is the final antime- 
tabolite [3,5]. The enzyme accomplishing this unique 
reaction is SAICAR synthetase (5amino-4-imida- 
zole-N-succinocarboxamide ribonucleotide synthe- 
tase), and the product, L-alanosyl-AICOR (L-alan- 
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osyl-5-amino-4-imidazole carboxylic acid ribo- 
nucleotide) has been shown to be a powerful 
inhibitor of adenylosuccinate synthetase [3]; Fig. 1 
is a diagram of these interrelationships. This diagram 
also suggested the possibility that L-alanosyl- 
AICOR, by analogy to its natural homolog, SAI- 
CAR (5-amino-4-imidazole-N-succinocarboxamide 
ribonucleotide), ought to be susceptible to decom- 
position by adenylosuccinate lyase. Thus, it can be 
appreciated that three enzymes of de nouo purine 
biosynthesis are involved in the action of L-alanosine. 
To assess the relative importance of these enzymes, 
measurements have been made of their specific 
activities in several murine tumors known to be 
responsive to the antibiotic, and also in variants of 
these same tumors rendered resistant to L-alanosine 
by repeated subcurative treatments with the drug. 
Inasmuch as the correlations observed were imper- 
fect, a search has also been mounted for additional 
biochemical and pharmacological determinants, that 
might contribute to the refractory state. 
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Pig. 1. Interaction of r_-alanosine with the enzymes of purine biosynthesis. 
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L-Alanosine (NSC 153353) was obtained from the 
Drug Research and De~eloprne~~ branch of the 
~a~iona4 Cancer ~us~~~~~e, Bethesda, MD, Dt.-fl-‘“C] 
and ~3-~*C~A~nos~~e (sp. act. 7,44 and 
7.41 rn~~~rnmo4e resp~~~j~e4~) were supp4ied by the 
S&aufurd Research ~~s~~~~~~~ jMen4o Park, CA. This 
radioactive a4a~~s~~e was purified as described, ear- 
lier [4& ~-~~-‘~~]Asparr~~ 
19.5 m~i/mmo4e) WiiS 

o~~~~~. act, 
from 

A~~e~sbam~Seari~~ Arlington Heights, XL. [2- 
14~~~~~rnid~ne (sp. radioact. 53.2 rn~~/mrn~l~~ was 
purchased from the New England Nuclear Corp., 
Basron ~ MA. Adenos~I~e~5’-~~p~ospha~e, 
adenosi~~~5’-d~phosphate, g~a~os~n~~S’-tr~phos~ 
phare, ~uosiue-5’-monophosphate and ad~ny4osuc~ 
cinic acid were purchased from the Sigma Chemical 
Co., St. Louis, MO. ~i~hjo~hre~~oi (DDT) was the 
product of~a4~i~hern, ~a~~~ersb~rg? MD. AICOR 
was ~~~~~~si~~d by ~~k~~j~~ h~drof~s~s of 5-amino- 
4-imida~oi~ carboxamjd~ ~bo~u~4~a~ide f6] which, 
in turn, was sy~ihes~~ed from the corres~~d~~g 
r~bo~ncieosjde by treatment with POQ in trime- 
~hylp~osp~a~e at 5”, followed by hydrolysis in cold 
water j6J. Mosr of the rn~~ro~hernj~a4 and radio- 
~he~~l~~al analyses were carried ot.u in ~pp~~dorf 
16CX.I @ po4~propylene centrifuge vessels with secure 
snap-on lids procured from ~rinkman~ Kns~r~ments~ 
Inc.. Westbury, NY 171. 

An&&s, Mafe BDFr and CDFr mice, on an ud 
lib. diet of Purina mouse chow. were used during 
the course of these studies. 

~r~~~~ff~~~~ c.$ ~~3~~~~~ff~e~. f3DFr mice bearing 
- 4 cm sub&~~a~e~~s tumors were kihed by cervica4 
d~sjo~a~~on~ the rumors were removed, Rash frozen, 
and homageni~ed fl:3, w/v) in 0.1 M Tris-MI1 
buffer, pF-4 7.5, con~ain~ng 0.5 mM ethy4~~~d~arni~~ 
tetraacetic acid (EDTA) and 1 mM d~~~i~~~hreito4. 
homogenates were centrifuged at 42,000~ for 3 mm, 
and the sup~rnatant fractions were used for the 
analyses described below. 

~r~~e~?~ ~st~rn~~~~~. Prorein was es~~~~~d using 
the Rio-Rad kit for protein detern~~l~a~~o~ [S]& Thus, 
IO&4 ahquots of a suitably diluted su~~rnatant sol- 
ution were added to I ml of the dye solution, pre- 
pared and diluted according to the rna~~fa~~~rer’s 
directions. The ahsorp~~on at 5% nm was then meas- 
ured witbin 5-60 min. Aiiquots of a s~lu~~o~ of bow 

ine albumin, 4%. S (4 mgitnt), were used as standards. 
~~~~~~~x.y~~~~~~~ ~~~~~~~, The d~~arbox~lat~on 

reagent of ~~4rna~ and Cooney fo] was used. The 
reagent contained ~-ke~o~utara~e (0.005 n/t> and zinc 
sulfate JO.03 M) in 0.66 M sodium acetate buffer, pW 
5.0; to this solution, 40 I.U.iml of t.~~lu~arn~re oxalo- 
acetate ~ransaminase was added at the time of use. 

~eveiu~rne~t of s~lbiines of P38H ami L 12 10 iw- 
kemia res~t~nt to wdannsine. Resistant sublines 
were developed by the intraperitoneal (i.p.) trans- 
plantation of lo” cells of L.1240 or IV celis of P38cU 
into (~A~~~c x DBA/~fFi mice {~~~~nrn~~nl~ known 
as CDFr) that were treated daily with 4U rns I_-alan- 
osinelkg. T~~at~e~F was con~~~~ed unfil Sortd ascites 
was evident, at which time tumor cetts were collected 
from two animafs and pealed. Tnocula of 10 or If)’ 
ceI4s in the case of PI%-% or LEII). respectiveiy. were 
then implanted i.p. in another group of mice, and 
treatment with L-atanosine was repeated. At every 
second to fifth transplant generation, c&i 
fromdrug-~r~a~~d animals (4_i210/4”_A4” lX 
P3g~/LALc~lls) were ~rnpla~l~ed in groups of’ six 
(~A~B/~ x D~A~~)~, mice, as were the parental cell 
lines. These ar~~ma4s were treated with 1,-~~4~1n(~si1~e 
on days 1, 5, and 9 at 600, 4W. and 267 mg!kg. i.4’~ 
increase in survival time at the max~ma44~ tolerated 
dose of ~-a4anos~n~ was de~er~~l~~ed to indicate 
whether resistance to the drug had arise. After 
resistance to t-alanosine had been clearly demon- 
strated,* the sublines were seriafty tr~~~sp4i~~3~~~~ for 
many generations in ~nrrea~ed mice to show whether 
resistance to L-alanosine was a stable ~h~lr~~ct~~.~s~~~ 
of L~~l~!~A~ or P3WLAL. 

The sens4t~vj~y of LI24OILAL to a variety of 
antjtumor agents was aXso compared with that of 
L1210. Drugs were administered i.p. on days 1-U or 
days I, 5, and 9 after i.p. i~lplantar~on of 40’ leu- 
kemia cells in groups of six (BALBic x DBA::)F, 
mice. Rrugs were ~dm~n~st~r~d at four i~)~lr~thI~~i- 
taffy spaced dose Xevels. and activity was d~t~i-~n~ued 
by mean survival time reladve to untreated controfs. 
Similar comparisons were done with P38K and 
P3$~~~A~,, The ~ll~~culurn tevei for these rumors 
however, was 10” ceI4s. ~..-~4a~os~~e was tested in al4 
experiments in which other drugs were evaiuated. 
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of P388 and P388/LAL were separately implanted 
subcutaneously into the right and left flanks, respec- 
tively, of twenty BDFi mice. After 10 days, a group 
of ten animals received L-alanosine (5OOmg/kg), 
while another group of ten animals received an equal 
volume of saline. After 4 hr, all twenty animals were 
given 5 &i of [2-14C]thymidine, i.p. One hr after the 
injection of thymidine, animals were killed and the 
tumors were removed immediately. A group of 
twenty animals was treated exactly in the same man- 
ner with the L1210 or L12101LAL cells, except that 
only lo5 cells were implanted in this case. The rest 
of the treatment was the same as in the case of the 
P388 line. 

Tumors were homogenized in 5% trichloroacetic 
acid (TCA), and the homogenates were centrifuged 
at 12,000g for 3 min; the pellets were washed thrice 
with 1.0% TCA, after which it was verified that the 
supernatant fraction from a 1.0% TCA suspension 
of the resulting pellet was free of radioactivity. After 
decanting this supernatant fraction, l.Oml of 10% 
TCA was added to the pellets and mixed well; then 
the suspensions were heated at 9.5” for 1 hr in closed 
Eppendorf tubes. After cooling and centrifugation 
at 12,000 g for 3 min, 100 ~1 of the supernatant frac- 
tion was taken, and its radioactivity was measured 
by scintillation spectrometry. A suitable aliquot was 
also taken for the spectrophotometric measurement 
of DNA [lo]. 

Effect of L-alanosine on protein synthesis in P388 
and L1210 tumors sensitive and resistant to L-alan- 
osine. Groups of sixteen BDFi male mice were 
injected with lo6 cells of P388 or 10’ cells of L1210 
into the left flank and lo6 cells of P388/LAL or lo5 
cells of L1210/LAL into the right flank. Eight days 
later, the animals were fasted overnight, and divided 
into two groups of eight animals each. The first group 
of animals received an i.p. dose of L-alanosine 
(500 mg/kg); the second group received saline. Four 
hours later, 4 ,Ki of L-[2-i4C]va1ine/mouse was 
administered i.p. After 1 hr, tumors were removed, 
frozen on solid COz, and later homogenized in 
freshly prepared 10% trichloroacetic acid. The hom- 
ogenate was centrifuged at 12,000 g for 5 min, the 
supernatant fraction was discarded, and the pellet 
was washed twice with 1.0% TCA; 250~1 of 40% 
NaOH was then added to the final pellet and the 
samples were heated at 95” for 10min. After dis- 
solving the proteins, 750~1 of water was added to 
each vessel, and a suitable aliquot was taken for the 
measurement of radioactivity and protein using the 
method of Lowry et al. [ll]. 

Measurement of L-alanosine and its catabolicprod- 
ucts in sensitive and resistant tumors. To groups of 
ten BDF, mice, lo6 cells of P388 or lo5 cells of L1210 
were implanted subcutaneously into the right flank 
and lo6 cells of P388/LAL or lo5 cells of L1210/LAL 
were implanted subcutaneously into the left flank. 
After 10 days, the animals received DL-[~-‘~C] alan- 
osine (10 &i/mouse) plus L-alanosine (500 mgkg). 
Four hours later, the animals were killed, the tumors 
were removed and homogenized in 1 N acetic acid 
(1: 3, w/v), and the homogenates were centrifuged 

* HEPES = 4-(2-hydroxyethyl)-l-piperazine-ethanesul- 
phonic acid. 

at 12,000 g for 12 min. Five microliters of the result- 
ing supematant fraction was then electrophoresed 
using 0.05M soduim phosphate buffer, pH 7.2, at 
25 V/cm. All samples were overspotted with a mix- 
ture of L-alanosine, “or-decarboxy-L-alanosine” [l- 
amino-Z(iV-hydroxy,N-nitrosamino) ethane] and 
“or-hydroxy-L-alanosine” [Zhydroxy,3-(N-hydroxy, 
N-nitrosamino) propionic acid] [12]. The spots of 
t-alanosine and its derivatives were identified by U.V. 
absorption and excised for the measurement of their 
radioactivity [ 121. 

Estimation of SAICAR synthetase. SAICAR syn- 
thetase was estimated as described by Tyagi et al. 

bl. 
Adenylosuccinate synthetase. In a total volume of 

20 ~1 were admixed: 5 ~1 of L-[4-14C]aspartic acid 
(6.37 nmoles, 125 nCi) , 5 ~1 of GTP-MgC12 
(150 nmoles each), 5 ~1 of IMP (150 nmoles); or 5 ~1 
of Tris-HCl buffer, pH 8.0 (250 nmoles); 5 ~1 of 
supernatant fraction was added last to initiate the 
reaction. After 30min at 37”, the reaction was 
stopped by adding 50 ~1 of decarboxylation mixture 
and incubating at 37” for 3 hr or at room temperature 
overnight [9]. Residual radioactivity was then 
measured by scintillation spectrometry. 

Adenylosuccinate lyase. Adenylosuccinate lyase 
was measured as described earlier [ 131. 

Concentration of L-alanosyl-AICOR in P388 and 
L1210 sensitive and resistant tumors. Measurements 
of the concentration of L-alanosyl-AICOR were car- 
ried out as described earlier [3]. Mice bearing P388 
and L1210 sensitive and resistant tumors were 
treated with 50 &i of m_-[l-‘4C]alanosine/mouse, 
along with 500 mg/kg L-alanosine. After 2 hr, the 
animals were killed, and the tumors were removed, 
frozen, homogenized in 1 N acetic acid, and centri- 
fuged for 12 min at 12,000 g. A 0.8 ml aliquot of the 
resulting supernatant fraction was loaded on a 
0.8 x 15.0cm column of Hamilton HA-X4 resin 
equilibrated with 0.015 M lithium-citrate-chloride 
buffer, pH 2.65 [14], and operated at a flow rate of 
0.67ml/min. After loading the sample, the column 
was developed with the equilibrating buffer for 
90min at 37”, followed by 0.0375, 0.075, 0.15 and 
0.225 M lithium-citrate-chloride buffers (pH 2.72) 
applied for periods of 60, 60, 75 and 60 min respec- 
tively [14]. L-Alanosyl-AICOR eluted from this col- 
umn as a single symmetrical peak at 260 min. Radio- 
activity of peak fractions was counted in a Beckman 
LS-230 liquid scintillation spectrometer and the con- 
centration of L-alanosyl-AICOR was calculated 
using the specific activity of the final injectate. 

Adenosine kinase. Five microliters of [8-14C] 
adenosine (7 nmoles, 455 nCi), 5 ~1 of 0.05 M Hepes 
buffer* (pH 6.8), 5~1 each of ATP and MgC& 
(20nmoles and 6nmoles, respectively, in 0.05 M 
Hepes buffer, pH 6.8), and, to initiate the reaction, 
5~1 of enzyme extract were added into Eppendorf 
test tubes. Control vessels contained only Hepes 
buffer instead of ATP and MgCl*. The reactants 
were incubated for 15 min at 37”, at which point 20 ~1 
of 2 N HCl containing 0.01 M AMP was added to 
arrest the reaction. Aliquots (5 ~1) of the resultant 
reaction mixtures were then spotted on Whatman 
3M paper. Ascending chromatography was per- 
formed using isopropanol-EDTA (saturated sol- 



utiorr-toluene-14 M NH&H (320: 44: 40: 4, by 
vol.) as solvent for 16 hr [ 151. ~ltra~~iolet-absorbing 
spots of AMP at the origin were excised, and their 
radioactivity was measured by s~jntjl~at~on 
sp~ctrometry. 

~~~OX~~~~~~~~ and a&nine p~lusp~~r~~~~~y~ Iruns- 
ferases. For measuring the activity of hypoxanthine 
phosphorib~sy~transferas~ (~~PRTase) the follow~;l~ 
were pipetted in Eppendorf tubes: 10~1 of f8- 
14C]hypoxanthine (6 nmoies, 332 nt‘i), 10 ~1 of phos- 
phorjbosylpyrophosphate (PRPP) and MgClr (60 
and 180 nmoles, respectively, in 0.2 M Tris buffer, 
pH 8.0), and 10 yl. of enzyme extract to initiate the 
reaction. In control vessels, PRPP was replaced by 
10 ,ul of 0.2 M Tris buffer, pH X.0 The reaction was 
started by a brief centrifugation, and incubation at 
37” was carried out for 30 min, whereupon the 
reartion was stopped by adding 20 pt of 2 N HCI. 
After a 3-min centr~fng~tion at I2,OoO g_ 5 pl of the 
supernatant fraction was spotted on Whatman 3M 
paper and overspotted with S ELI of a mixture of IMP 
and hypoxanthine (0.01 M each). Ascending chro- 
matograms were developed using ammonium acetate 
(1 M, pH 7,0)-ethanol (30:70, v/v) as solvent for 16 
hr. The IMP spots were excised, and their radio- 
activity was measured. For calculation of enzyme 
activity, radioactivity in the vessels lacking PRPP 
was subtracted from that in the vessels receiving 
PRPP. 

In the case of adenine phosphoribosyltransferase 
(APRTase), ~$“l~~]hypoxanthjn~ was replaced by 
10 yt of ~g-l~C]aden~ne (6.0 nmotes, 315 nCi); the 
chron~atograms were overspotted with adenine and 
AMP, developed, and processed as described above. 

hsine ~~o~~~oryluse. For the n~easurenlent of 
inosine pbosp~l~~lase, 10 ~1 of ~$-‘~C]hypox~nthi~~~ 

(8 nmoles, 442 nCi), 10 ~41 of ribose- I-phosphate 
(300 nmoles in 0.1 M, Tris-EXCl buffer, ptf 7,1)), and 
lO#! of the enzyme extract were in~ubatei~ at 37” 
for 15 mm. Controi vessets received ii) put of 0. I M 
Tris buffer, pH 7.0. in place of ribose-i-ph~~sphate. 
The reaction was stopped by adding 20 !tl of 2 N 
WCI. For the separation of hypoxanthine and ino- 
sine, 5 /&I aI~qnots of these reaction mixtures were 
spotted on Polygram CEL 3(X) PE1 plates and uver- 
spotted with 5 ~1 of a mixture of inosine and hypo- 
xanthine (0.01 M each). The plates were developed 
in distiited water for 2 hr [lcij, and the spots of inosine 
were excised for scintillation spe~tr~~i~~etr~. 

~~e~us~~~ ~~~~~~2~~~~~~~~~ Five nli~ro~iters of 
[S-‘%Z]adenosine (7 nmoles, &5 Ki). 5 ~1 of 0.2 M 
Hepes buffer, pH 7.0, 5 JLI of 0.05 M sodium phos- 
phate solution, pH 7.0, and 5 ftl of enzyme extract 
were mixed in ~p~ndorf test tubes. Control vessels 
received 5 ,ul of Hepes buffer in place of phosphate. 
The vessels were incubated at 37” for ISmin, and 
the reaction was stopped by adding 20 ,qf of 2 N HCl: 
5 fl1 aliquots of these reaction mixtures were spotted 
on Whatman 3M chromatography paper and over- 
spotted with 5 ~1 of a mixture of adenine and adeno- 
sine @.Oi M each). The chromat~3graphs were devei- 
oped in an ascending manner using ~~jnmon~um 
acetate (1 M, pH 7.0)-alcohol(X) : 70, v!v) as solvent 
for 16 hr. The U.V. spots ofadenine were excised and 
their radioactivity was measured by scintillation 
spectrometry. 

LlZlO.LAL 

5 10 20 30 40 50 60 
&AL Exposure Transiiianr Generettor? 

Fig. 2. Development and stability of a subline of LIZ0 leukemia cells resistant to t-alanosine. Each 
point represents the maximum increase in lifespan reiative ta untreated contra1 ruicc bearing i.p. 
L12101LAL or LIZlO. Tumors were evaluated in parallel at three dose kvels of t.-&no&e: 600, &Xl 
and 267 mgikg, i.p. given on days I, 5, and 9. L1210ILAL was transplanted for 16 generations in mice 
vvhcih were treated i.p. with 401ng r_-alanosine/kg daily. L12lWLAL was carried in untreated mice 

thereafter. 
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viously heated at 95” for 30min, and the reactants 
were incubated at 37” for 4 hr. In another set of 
experiments, the following were admixed: 20~1 of 
L-al~osyl-ARBOR (20 nmoles, sp. act. 7.14 
ncifnmole) and 100 ~1 of freshly prepared mouse 
muscle extract [sp. act. 720.25 nmoles hr-‘* 
(mg protein)-‘]; controls received enzyme heated at 
95” for 30min. Incubations were carried out at 37” 
for 4 hr. The reaction was stopped by the addition 
of 200 ~1 of 0.015 M lithium-citrate-chloride buffer, 
pH 2.65. The volume was made up to l.Oml with 
H20, and an aliquot of 800@ was loaded on a 
0.8 x 15cm column of Hamilton HA-X4 resin, 
pre-equilibrated with 0.015 M lithium-citrate-chlor- 
ide buffer, pH 2.65. The elution was performed as 
described earlier [14]. t_-Alanosyl-AICOR and the 
presumptive fumaryl analog of L-alanosine [3-(N- 
nitroso-~-hydroxy) propenoic acid] eluted from this 
column at 260 and 135 min respectively. Radioactiv- 
ity in all fractions was measured using a Beckman 
LS230 liquid scintillation counter. 

* The variable response of L1210 leukemia to r,-alanosine 
is most likely due to the variability of animals and tumor 
popuIations and is in agreement with the results obtained 
with other agents. The maximum response of L1210 to L- 

alanosine in the thirteen trials shown in Fig. 2 averages 
73 2 26 (S.D.) per cent ILS; thus, the coefficient of vari- 
ation (cov) in maximum ILS is 36 per cent. In comparison, 
in our large analog comparison program in the L1210 
model, the maximum ILS to cis-platinum was 56 2 22 per 
cent ILS (cov = 39 per cent, 77 dose responses); to dimethyl 
triazino imidazole carboxamide, 52 ?z 19 per cent ILS 
(COY = 37 per cent, 19 dose responses); to &mercaptopu- 
rine, 50 2 16 per cent ILS (cov = 32 per cent, 153 dose 
responses). . 

120 

0 

The same procedure was followed to determine 
the rates of decomposition of r.-alanosyl-AICOR by 
adenylosuccinate lyase from P388, P388/LAL, L1210 
and L1210ILAL tumors, except that the incubations 
in this case were carried out for 30 min, during which 
time the reaction remained linear. 

RESULTS 

Therapeutic evaluation of L-alanosine-resistant 
stylizes of L1210 and P388 leukemia cells. Resistance 
to L-alanosine occurred readily in leukemic cells 
exposed to the antibiotic on a daily basis in vivo. As 
shown in Fig. 2, the maximum response of L1210 
leukemia cells to L-alanosine was rather variable. 
The greatest increase in lifespan (ILS) observed in 
these experiments was 106 per cent; in three other 
studies (not shown) the m~imum ILS achieved was 
only 30-40 per cent. After one transplant generation, 
during which treatment with t_-alanosine was contin- 
ued, this tumor remained fully sensitive to the drug; 
however, by the third transplant generation, resist- 
ance was evident with a maximum ILS of < 25 per 
cent. Resistance was confirmed on subsequent trans- 
plant generations. Treatment with t_-alanosine was 
terminated after sixteen transplant generations, but 
resistance proved to be stable for at least fifty addi- 
tional transplant generations in the absence of drug 
exposure. * 

An L-alanosine-resistant subline of P388 leukemia 
cells developed even more rapidly than L1210/LAL. 
Considerable resistance was evident after only one 
passage in drug-treated mice (Fig. 3); complete 
resistance was observed after the third and subse- 
quent transplant generations. As with L1210/LAL, 

-1 

---\ P388iLAL 

_ c*---i- _ _ 
-_,>*.-c 

_/__-------~____ 
I , 7 I 

10 20 30 40 50 60 
LAC Exposure 

Transpiant Generation 

Fig. 3. Development and stability of a subline of P388 leukemia cells resistant to L-alanosine. Each 
point represents the maximum increase in lifespan produced by r.-alanosine relative to untreated control 
mice bearing i.p. P388 or P388/LAL. Tumors were evaluated in parallel at three dose levels of L- 

alanosine: 600, 4M), and 267 mgikg, i.p., given on days 1, 5, and 9. P388iLAL was transplanted for 
fifteen generations in mice which were treated i.p. with 40mg L-alanosinelkg daily. P388/LAL was 

carried in untreated mice thereafter. 
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Table 1. Effects of treatment with L-alanosine on DNA synthesis in t-alanosine sensitive 
and resistant tumors* 

12-‘~C~Thymidine incorporation (nCi/mg DNA) 

Treatment 
Tumor Saline? r.-Alanosinet ? Inhibition 

LI21O 6.95 t 0.65 1.50 + 0.17$ 7X.50 
L1210ILAL 5.80 2 0.40 4.35 f 0.70 2s .oo 
P388 8.75 t 0.60 1.90 + 0.25$ 78.30 
P388iLAL 7.82 It 0.80 6.10 + 0.50 22.00 

* BDF, male mice bearing lo-day-old subcutaneous nodules of the tumors indicated 
were fasted overnight and treated with either L-alanosine (500 mgikg) or saline. Four 
hours later, the animats were given 5 ~Ci/mouse of lZ-‘4C]thymidine. After I hr. the 
tumors were dissected, frozen. and processed for the estimation of DNA content and 
radioactivitv as detailed in Materials and Methods. 

i Values’are means rt S.D. 
$ P < a.005. 

resistance to L-alanosine in the subline of P388 leu- 
kemia was a stable phenotype for at least forty trans- 
plant generations in the absence of drug exposure. 

In an attempt to gain insight into the mechanism 
of resistance of t-alanosine of these sublines. we 
evaluated the sensitivity of L1210ILAL and 
P38WLAL to a spectrum of antitumor agents. Each 
subline retained a sensitivity similar to that of the 
respective parental cell line to the L-glutamine antag- 
onists, azaserine, diazooxonorleucine, and AT-125, 
as well as to the purine antimetabolites, inosinedi- 
aldehyde, 2_aminothiadiazole, 6selenoguanosine 
and 6-mercaptopurine. The following drugs were 
tested and found to have similar activities in P388 
and P3881LAL: methotrexate, Wluorouracil, cyto- 
sine arabinoside. melphalan, cyclophosphamide, 
methyl-CCNU, adriamycin, and vincristine. Thus, 
the L-alanosine-resistant sublines appeared to be 
resistant only to r_-alanosine among a variety of 
antimetabolites and other agents tested. 

Biochemical characterization of resistance to L- 
~~~nos~~e. As noted earlier it has been reported that 
t,-alanosine exerts its antitumor effect by restricting 
the concentration of ATP and ultimately depressing 
the synthesis of DNA [l-3]. To characterize the state 
of resistance to L-alanosine biochemically we first 
studied the effect of the drug on the synthesis of 

DNA in P38g and LI210 tumors sensitive and resist- 
ant to it. A single dose of L-alanosine (SOOmgikg) 
given to mice bearing subcutaneous nodules of these 
transplantable tumors inhibited the synthesis of 
DNA by approximately 80 per cent in the sensitive 
lines of both tumors but engendered only approxi- 
mately 25 per cent inhibition in the resistant lines 
(TabIe 1). 

tnfiuence of L-alanosine on proteirz s~fit~esis. In 
contrast to its notable ability to inhibit DNA syn- 
thesis in susceptible ceils, and despite its structural 
similarity to t-aspartic acid, L-alanosine produced 
only negligible inhibition of protein synthesis (< 5 
per cent) in each of the four cell lines examined 
(Table 2). 

Transport of L-alanosine in sensitive and resistant 
tumors. The differential inhibition of DNA synthesis 
just discussed might have its origin in a depressed 
rate of drug transport in the resistant variants of the 
tumors studied. To examine this point. single cell 
suspensions were prepared from ascitic tumors and 
exposed to radioactive alanosine in vitro. It was 
found that the transport of the amino acid antibiotic 
was a saturable process which proceeded in a linear 
fashion for at least 10 min under the conditions used. 
No prominent differences, however, were observed 
in the Michaelis constants or the V,,, values for the 

Table 2. Effects of L-alanosine treatment on protein synthesis in L-alanosine sensitive 
and resistant tumors* 

[Z-‘QValine incorporation (nCi/mg protein) 

Tumor 
Treatment 

Saline? r_-Alanosinet % inhibition 

L1210 2.1 z? 0.1 2.0 t 0.9 4.7 
L1210ILAL 2.1 f 0.1 2.1 -r- 0.1 None 
P388 1.9 t 0.1 1.8 + 0.1 5.3 
P388/LAL 1.9 rt 0.1 1.9 + 0.1 None 

* BDF, mice bearing lo-day-old P388 and L1210 sensitive and resistant tumor 
nodules were given either L-alanosine (500 mg/kg) or an equal volume of satine. After 
4 hr, all the animals were given 4 @/animal of r_-[2-‘“CJvaline. One hour later, the 
tumors were dissected out, frozen, and anafyzed for ra~oactivity and protein content 
as detailed in Materials and Methods. 

t Values are means it SD. 
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transport of the drug in sensitive versus resistant 
lines, the &values being 6.67 and ll.lOmM for 
P388 and L1210 cells, respectively, and 10.00 and 
12.50 mM for their respective resistant variants. Cor- 
respondingly, the maximum velocities obtained 
under the conditions used were 36.3 and 
37.4 nmoles*min-’ -(million cells)-’ in the case of 
P388 and L1210 cells, respectively, and 35.0 and 
29.3 nmoles.min-’ *(million cells)-’ for their respec- 
tive resistant variants. Assuming that body water 
accounts for 70 per cent of body weight, it can be 
calculated that the instantaneous molarity of t-alan- 
osine achieved after a dose of 5OOmgikg would 
be -.5mM, a value lower than the K, values 
reported above. It follows that the transport of L- 

alanosine under these conditions would proceed at 
less than one-half of its V,,,. 

Concentration of L-alanosine and its catabolicprod- 
ucts in sensitive and resistant tumors. Consonant with 
the foregoing findings in vitro were the results of 
measurements made of the concentration of L-alan- 
osine achieved in tumors in uivo after therapeutic 
doses of the drug. 

As Table 3 documents, no significant differences 
were observed in the level achieved of unchanged 
L-alanosine or of its principal catabolic products in 
the sensitive as compared with the resistant tumor 
pairs. Thus, a barrier to transport of the drug does 
not appear to have been operative either in 
L1210JLAL or in P388iLAL. 

In~uence of L-ala~os~ne on the levels of L-aianosine 
metabolizing enzymes. Confronted with these nega- 
tive pharmacological results, attention was next 
directed to an examination of enzymological varia- 
bles that might be relevant to the state of resistance 
to L-alanosine. Two enzymes are known to be 
involved in the action of this antibiotic: SAICAR 
synthetase, which anabolizes the drug (Fig. l), and 
adenylosuccinic acid synthetase, which is inhibited 
strongly by the resultant metabolite (L-alanosyl- 
AICOR). In addition, it seemed reasonable to 
speculate that adenylosuccinic acid lyase (which 
decomposes both adenylosuccinic acid and 
SAICAR) would accept t-alanosyl-AICOR as an 
alternative substrate on the basis of its structural 
homology. Figure 4 documents for the first time 
that this, in fact, is the case: the adenylosuccinic 
acid lyases from muscle and yeast both catalyzed 
the decomposition of enzymati~ally synthesized 

L-alanosyl-AICOR at appreciable rates. Extracts of 
the neoplastic cell lines used in the present study 
also decomposed L-alanosyl-AICOR at appreciable 
rates; no significant difference, however, was 
observed in the rate of this process catalyzed by the 
crude lyase from sensitive versus resistant cells, the 
values being 38.54 + 8.82 and 42.46 rt 4.03 
nmolesa hr-‘n(mg protein)-’ in the case of P388 and 
Ll210,tumorq and 43.88 i 7.61 and 39.51 c 7.23 
nmoles.hr-‘*(mg protein)-’ in the case of their 
respective resistant variants. Although the nature of 
the product resulting from these decompositions was 
not established rigorously, it was observed to be a 
molecule with a rather strong net negative charge 
at pH 2.65 and to co-elute in close proximity to its 
presumed homolog, fumaric acid-135 v 139min 
under the chromatographic conditions used. In 
addition, adenylosuccinic acid (25 mM) inhibited the 
generation of this product.* 

In view of these results and of previously estab- 
lished determinants of the matabolism of L-alano- 
sine, attention was next directed to an examination 
of the specific activities of all three of the afore- 
mentioned enzymes in the parent and resistant line. 
Table 4 shows the results of these studies. It was 
observed that levels of adenylosuccinate synthetase 
and adenylosuccinate lyase did not differ in the L- 

alanosine- sensitive and -resistant tumors. The 
activity of SAICAR synthetase, however, was sig- 
nificantly lower in one of the resistant lines, P388. 
Conversely, no comparable depression was observed 
in the resistant L1210 lines. In parallel studies, it was 

* For dete~in~ng the effect of adenylosuceinic acid 
on the decomposition of L-alanosyl-AICOR by lvase, the 
following wer; mixed in a total volume of 800 iL1 in Eppen- 
dorf vessels: 200 ul of L-alanosvl-AICOR 150 umoles). 500 
~1 of fresh muscle lyase [sp.‘act. 689.2nmdle~.hr-~:(mg 
protein)-‘] and 100 .ui of 0.1 M, Tris-HC1 buffer (pH 7.4). 
In another vessel Tris buffer was replaced by loO$ of 
adenylosuccinic acid (20@moles, pH 7.4). The reactants 
were incubated at 37” for 2 hr; controls received enzyme 
heated at 95” for 30 min. The reaction was terminated by 
the addition of 200 ~1 of 0.015 M lithium-citrate-chloride 
buffer (pH Z&5), and analysis of the decomposition product 
of L-alanosyl-AICOR was performed as detailed in 
Materials and Methods. Under the experimental conditions 
used, adenylosuccinic acid inhibited the generation of the 
presumptive analog of fumaric acid by 66 per cent. 

Table 3. Concentration of L-alanosine and its derivatives in P388 and L1210 tumors sensitive and 
resistant to the drug* 

Compound P388? P388lLALf L1210? LlZlOr’LALt 

L-Alanosine 388.6 t 247.2 217.8 + 142.3 361.0 t 86.0 262.1 t 125.0 
a-Decarboxy-L-alanosine 99.6 zt 67.2 127.5 t 88.5 149.4 4 35.9 140.1 f 29.1 
&Iydroxy-L-aianosine 56.5 zt 49.1 56.0 2 40.0 49.2 + 39.1 43.0 f 20.5 

* Sensitive and resistant tumors were transplanted into opposite flanks. Six days later, the animals 
were fasted overnight and treated with alanosine (10 ,uCi of DL-[ l-‘“C]alanosine + 500 mgikg of L- 
alanosine). Four hours later, groups of five mice were killed. Tumors were homogenized in 1 N 
acetic acid (1:3) and centrifuged at 12,000g for 12 min; 5 4 of supernatant fraction was eiectro- 
phoresed using 0.05 M sodium phosphate buffer, pH 7.2. All samples were overspotted with L- 

alanosine, “cu-decarboxy-L-alanosine”, and “cu-hydroxy-L-alanosine”. The spots were then cut and 
counted for radioactivity. 

t Values are nmoles t: S.D./g tissue. 
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Fig. 4. Enzymatic decomposition of r.-alanosyl-AICOR. Panel A represents the elution profile of 
authentic enzymatically synthesized r_-alanosyl-AICOR; panels B and C represent the decomposition 
of L-alanosyl-AICOR by yeast lyase and muscle lyase respectively. The peaks at 260 and 135 min 
represent r,-alanosyl-AICOR and the presumptive fumaryl analog of I.-alanosine respectively. For the 
conduct of the assays, in a total volume of 800 ~1 were mixed: 201) ,uI of L-alanosyf-AICOR (20 nmoles. 
sp. act. 7.14 nCi/nmole) and either 600 pl of yeast lyase [sp. act. 540 nmoles.hr ‘-(mg protein)-‘] or 
100~1 of fresh muscle extract (sp. act. 720.25 nmoleshr-‘,(mg protein) ‘1. Controls received the enzyme 
heated at 95” for 3Omin, and the reaction mixtures were incubated at 37” for 4 hr. The reaction was 
stopped by the addition of 200~1 of 0.015 M lithium-citrate-chloride buffer. pll2.65. The volume was 
made up to 1.0 ml with H20, and, after centrifugation, an aliquot of 800 ~1 was loaded on a 0.8 cm s IS cm 
column of Hamilton HA-X4 resin, pre-equilibrated with II.015 M lithium-citrate-chloride buffer, pH 

2.65. The elution was performed as described in Materials and Methods. 

Table 4. Effects of treatment with r,-alanosine on L-alanosinc metabolizing enzymes in tumors 
sensitive and resistant to the drug* 

Specific activity 
[nmoleshr- .(mg protein) ’ t S.D.] 

Tumor Treatment 
SAICAR 

synthetase 
Adenylosuccinate 

lyase 
Xdenylosuccinatc 

synthetase 

P388 Saline 10.11 i 1.20 273.27 _t 18.54 I6 14 rt 2.05 
L-atanosine 10.47 f 2.01 262.94 t 23.02 -I,% -c O.Y?i 

P388iLAL Saline 6.63 f 1.02t 302.86 -f 19.21 10.27 rt I .13 
L-Alanosine 6.01 f 0.821 297.05 -c 15.3-1 x.74 -r- 1.27 

LIZ10 Saline 
L-alanosine 

6.58 t I.27 320.7’) f 2Y.21 7.YO * I .04 
4.72 + 1.22 340.23 -c II.72 I .X6 i 0.3.l; 

L1210/LAL Saline 6.31 t 1.32 296.J-1 t 19.24 x.32 _, 1.3’) 
L-alanosine 5.48 rl.10 310.67 L 14.22 6.42 f O.YX 

* BDF, male mice were implanted with I X IO” P388 cells/mouse or 1 X 10’ L1210 cells/mouse 
as described in Materials and Methods. Ten days later, animals were fasted overnight and injected 
i.p. with 500 mg/kg of r_-alanosine. The animals in the control group received the same volume 
of saline. After 4 hr, the tumors were removed. frozen, and later homogenized in 0.1 M Trrs-HCI 
buffer, pH 7.4, containing 0.5 mM EDTA and 1.0 mM DTT. The samples were analyzed for the 
activity of various enzymes as described in Materials and Methods. 

t Significance compared to sensitive group. P I; 0.005. 
$ Significance compared to control group. P i 0.005. 
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Fig. 5. Effect of L-alanosine on adenylosuccinate synthetase 
in sensitive and resistant cells. BDF, mice bearing L-alan- 
osine sensitive and resistant tumors were given a single i.p. 
dose of L-alanosine (5OOmgikg). Animals in the control 
group received the same volume of saline. At designated 
time periods, the tumors were removed, frozen and hom- 
ogenized. Adenylosuccinate synthetase activity was then 

measured as described in Materials and Methods. 

observed that parental administration of L-alanosine 
exerted no effect on SAICAR synthetase or on 
adenylosuccinate lyase in either the sensitive or 
resistant tumors. Adenylosuccinate synthetase was 
inhibited in both the sensitive and resistant lines, but 
to markedly different degrees. Thus, as Fig. 5 shows, 
inhibition reached approximately 80 per cent at 4 hr 
in L1210 and P388, but only - 25 per cent in either 
of the resistant lines. 

Concentration of L-alanosyl-AICOR in sensitive 
and resistant tumors. It has been reported earlier 
that inhibition of adenylosuccinic acid synthetase in 
vivo is exerted not by L-alanosine but by the anti- 
metabolite L-alanosyl-AICOR [3]. It was therefore 
reasonable to measure the concentration of this 
nucleotide reached in the sensitive and resistant 
tumors after a therapeutic dose of L-alanosine. As 
shown in Table 5, the concentration of L-alanosyl- 
AICOR was measured as 84 and 90pM in the case 
of the sensitive P388 and L1210 lines, respectively, 

Table 5. Concentrations of L-alanosyl-AICOR in P388 and 
L1210 tumors sensitive and resistant to L-alanosine* 

Tumor 

P388 
P388iLAL 
L1210 
LlZlO/LAL 

Concentration of L-alanosyl-AICOR 
(PM 2 S.D.) 

83.69 ? 9.12 
24.56 * 5.78t 
89.75 + 12.04 
26.77 % 6.79t 

* BDF, mice bearing lo-day-old tumors were treated 
with 50 &/animal of DL-[l-‘4C]ahnosine and L-alanosine 
(500 mgikg). Two hours later, the animals were killed and 
tumors were removed, homogenized in 1 N acetic acid, and 
centrifuged at 12,000 g for 3 min. The concentrations of 
L-alanosyl-AICOR were measured as described in the text. 

t Significantly different from native lines, P < 0.005. 

whereas a concentration of only 25 and 27 PM was 
present in P388 and L1210 resistant tumors 
respectively. 

Effect of treatment with L-alanosine on enzymes of 
purine salvage. By catalyzing the reutilization of 
bases, the enzymes of purine salvage might modulate 
sensitivity to L-alanosine to an important degree. 
Additionally, the state of adenine deprivation pro- 
duced by L-alanosine could conceivably induce the 
enzymes of adenine salvage. For this reason, we next 
examined the effect of L-alanosine on these pro- 
cesses. Table 6 documents that, while adenosine 
kinase, adenosine phosphorylase, inosine phos- 
phorylase, adenine phosphoribosyltransferase and 
hypoxanthine phosphoribosyltransferase were unaf- 
fected by a therapeutic dose of L-alanosine, the basal 
levels of adenosine kinase, APRTase, and HPRTase 
were approximately 200 per cent higher in P388/LAL 
and L12lO/LAL than in the parent lines. 

DISCUSSION 

It is believed that L-alanosine exerts its anti- 
tumor activity by inhibiting adenylosuccinate 
synthetase-the penultimate enzyme required for 
the biosynthesis of AMP [l, 31. An anabolite of the 
drug, L-alanosyl-AICOR, is thought to be respon- 

Table 6. Influence of L-alanosine on purine salvage enzymes in P388 and L1210 tumors* 

Specific activity [nmoles.hr-‘.(mg protein)-’ t S.D.] 

Adenosine Adenosine Inosine 
Treatment Animals kinase phosphorylase phosphorylase APRTase HPRTase 

Saline P388iLAL 43.80 ? 2.35t 12.20 r 3.67t 100.92 ” 27.01$ 11.68 t 2.70t 16.34 ? 2.0t 
P388 25.48 C_ 3.41 6.49 ‘_ 1.00 68.87 % 8.06 6.23 s_ 3.53 9.68 ? 2.79 

L-Alanosine P388/LAL 44.27 c 2.58t 13.37 + 5.49$ 95.93 r 14.00t 11.70 + 3.01t 15.98 2 3.15 
P388 24.48 ? 2.90 6.48 t 1.57 63.99 f 12.50 6.13 2 1.39 9.62 2 2.91 

Saline LlZlO/LAL 32.36 -c 1.41t 10.68 t 3.01$ 106.14 ? 16.01t 12.05 t 2.70$ 14.70 ? 3.20 
L1210 18.04 ? 2.40 5.98 rt 1.06 70.74 ? 9.24 9.20 ? 1.95 10.59 + 2.92 

L-Alanosine LlZlOlLAL 32.32 t 4.83$ 8.06 * 2.69 81.34 -c 9.03t 11.90 2 3.21 15.23 2 4.19$ 
L1210 16.79 r 1.94 5.27 ? 0.92 63.73 2 5.73 8.95 I 2.56 10.22 * 2.80 

* BDF, male mice bearing lo-day-old P388 and L1210 tumors, sensitive and resistant to L-alanosine, were treated with 
500 mg/kg of r_:alanosine i.p. The animals in the control group received the same volume of saline. After 4 hr, the tumors 
were removed and homogenized in 0.1 M Tris-HCI buffer, pH 7.4, containing 0.5 mM EDTA and 1.0 mM D’IT. The 
activity of various enzymes was measured as described in the text. 

t Significantly different from sensitive group, P < 0.005. 
$ Significantly different from sensitive group, P < 0.05. 
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sible for this activity in viuo 13). In the present 
investigation into the m~chauism of resistance of 
select mur~ne tumors to L-alanosine, it has been 
observed that refractory lines accumulate concen- 
trations of L-alanosy~-ACCRA signi~cant~y lower 
than their sensitive counterparts after a therapeutic 
dose of the drug. This ending correlates well with 
results on the iufluenc~ of t-alanosine on the syn- 
thesis of DNA and on the activity of adenylosuc~~n- 
ate synthetase in these lines (Table I and Fig. 5). 

SAICAR synthetase, the enzyme responsible for 
the generation of ~-alanosyi-A~C~R. was depressed 
in P388/LAL, suggesting that resistance in this line 
might be due to a depression in the specific activity 
of this enzyme; perpiex~~gly, no comparable depres- 
sion was demonstrably in Lt2lWLAL. Although an 
augmented activity of adenyl~~suc~inate lyase might 
explain the observed depression in the ~oucetltratjo~ 
of ~-alanosyl-A~COK reached in LlZl~/~“~AL in the 
face of apparently normal levels of SAXCAR syn- 
the&se, measurements of the lyase, in fact, felf 
within the narmal range. Thus, it remains to be 
determined why this variant fails to acculnulate the 
anab~lite to a ~o~~entrat~on comparable to that 
found in the parent tumor. One expIan~tion, not 
tested in the present study, is that the SAICAR 
synthetase from LI2lOILAL has a selectively dimin- 
ished affinity for t-alanosine and so cannot use it 
efficiently as an aberrant substrate. 

As Table 6 dem~nstrates~ the activity of the 
enzymes of purine salvage also seems to play an 
important role in the resistance of these murine 
tumor lines to r.-alanosine: the - 200 per cent elev- 
ation in their activity could be expected to counteract 
the depression of adenine ~ucieotides ~ruvoked by 
the drug. 

In conclusion, although other unde~ned factors 
are doubtless operative, two me~ha~~srns have been 
found to be dominant in the state of resistance to 
~-alanos~ue: a signi~cantly diminished ability to 
aec~rnuiat~ ~-aIanosyl-AiC~R and a s~gni~&antiy 
enhanced ability to reutilize preformed purines. As 
L-aIanosine enters clinica trials, it will remain for 
further studies to establish the relative importance 
of these mechanisms in human tumors. 
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