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Abstract-L-Alanosyl-5-aminoimidazole-4-carboxylic acid ribonucleotide (alanosyl-AICOR) has been 
synthesized enzymatically using 4-(N-succinb)-5-aminoimidazole-4-&boxa&de ribonucleotide 
(SAICAR) synthetase in coniunction with 5-aminoimidazole-4-carboxvlic acid ribonucleotide and L-2- 
amino-3-(k-iydroxy-N-nitroioamino)propionic acid (alanosine). The product was characterized by 
chromatography, ultraviolet spectrum and NMR spectrum at 3OOMHz. Alanosyl-AICOR was not a 
substrate of adenylosuccinate lyase from rat skeletal muscle, but it was an apparent competitive inhibitor 
in both of the reactions catalyzed by the enzyme. The K, values for alanosyl-AICOR were -1.5 and 
1.3 PM in the SAICAR and adenylosuccinate cleavage reactions respectively. These K, values were 
essentially the same as the K, values for the two substrates of adenylosuccinate lyase. They compare 
with an accumulation of 70 ,uM alanosyl-AICOR in leukemic nodules of mice treated with alanosine 
[A. K. Tyagi and D. Cooney, Cancer Res. 40, 4390 (1980)]. Thus, inhibition of adenylosuccinate lyase 
may account for much of the inhibitory effect exerted by alanosyl-AICOR in uiuo. We confirmed the 
previous observation that alanosyl-AICOR is an inhibitor of adenylosuccinate synthetase. 

Alanosinet is an antitumor antibiotic found in Strep- 
tomyces afanosinicus [l]. Its pharmacology, metab- 
olism, and mechanism of action have been reviewed 
[2-41. Alanosine is an analog of aspartate, which it 
can replace in several enzymatic reactions [5]. For 
example, alanosine can be used in place of aspartate 
in the SAICAR synthetase reaction. The resulting 
product is alanosyl-AICOR, which has been 
reported to be a potent inhibitor of adenylosuccinate 
synthetase [5,6] (Scheme 1). Alanosyl-AICOR is 
believed to be the compound responsible for inhi- 
biting the de nouo synthesis of purine nucleotides [7] 
and the conversion of IMP to AMP [8] observed in 
cultured cells treated with alanosine. The toxic 
effects of alanosine can be prevented or reversed by 
addition to the culture medium of adenine, but not 
hypoxanthine or aspartate [6,8]. On the basis of 
these and other observations [2], it has been pro- 
posed that alanosyl-AICOR is the compound most 
likely to be responsible for the therapeutic and tox- 
icologic properties of alanosine [6]. 
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t Abbreviations and trivial names: Alanosine, L-2- 
amino-3-(N-hydroxy-Nnitrosoamino)propionic acid; ala- 
nosyl-AICOR, L-alanosyl-5-aminoimidazole-4-carboxylic 
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carboxylic acid ribonucleotide; AICAR, 5-aminoimida- 
zole-4-carboxamide ribonucleotide; SAICAR. 4-(N-suc- 
cino)-5-aminoimidazole-4-carboxamide ribonucleotide; 
HPLC, high performance liquid chromatography; and 
HEPES. N-2-hydroxyethylpiperazine-A”-2-ethanesulfonic 
acid. 
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Adenylosuccinate lyase is a bifunctional enzyme 
in the pathway of purine biosynthesis; it catalyzes 
the trans-elimination of fumarate from both aden- 
ylosuccinate and SAICAR (Scheme 1) [9]. It has 
been proposed that adenylosuccinate lyase modu- 
lates the concentration of alanosyl-AICOR in tissues 
by degrading this antimetabolite [2, lo], but the 
proposed cleavage of alanosyl-AICOR by adenylo- 
succinate lyase has been disputed [ll]. We now 
report a study of the effects of alanosyl-AICOR on 
pure adenylosuccinate lyase. 

EXPERIMENTAL PROCEDURES 

Purification of enzymes. Adenosylosuccinate syn- 
thetase and adenylosuccinate lyase were purified 
from high speed supernatant fractions of rat skeletal 
muscle extract by ion-exchange and affinity 
chromatography. $ The specific activities at 25” of the 
adenylosuccinate synthetase and adenylosuccinate 
lyase used in the experiments reported here were 2 
and 11 pmoles/mg protein/min respectively. 

SAICAR synthetase was purified by a modification 
of the method of Patey and Shaw [12]. The steps 
used by us included extraction of the enzyme from 
chicken liver acetone powder, preparation of a 30% 
to 60% (NHI)2S04 fraction, and chromatography on 
carboxymethyl cellulose. The specific activity at 25” 
of the enzyme so obtained was 0.17 pmole/mg 
protein/min. 

Enzyme assays. Adenylosuccinate synthetase was 
assayed as described elsewhere [13] except that 
HEPES buffer was used instead of imidazole-HCl 
and that the assay included 1 unit of pyruvate kinase. 
The cleavage of adenylosuccinate by adenylo- 
succinate lyase was assayed by the decrease in 
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Scheme 1. Steps in purine biosynthesis resulting in the use of aspartate as a nitrogen donor. 

absorbance at 282nm minus 320 nm using a dif- 
ference extinction coefficient of 10.0 mM_’ cm-’ 
[13]. The reaction mixture contained 20 mM potas- 
sium HEPES, pH 7.4,50 mM KCl, 0.2 mg of bovine 
serum albumin, adenylosuccinate, and enzyme in a 
total volume of 1 .O ml. The cleavage of SAICAR by 
adenylosuccinate lyase was assayed using the same 
reaction mixture except that SAICAR replaced 
adenylosuccinate, and the decrease in absorbance 
was measured at 267 nm minus 320 nm using a dif- 
ference extinction coefficient of 0.7 mM_’ cm-’ [14], 
SAICAR synthetase was assayed spectrophoto- 
metrically by measuring the decrease in absorbance 
at 282 nm minus 320 nm using a difference extinction 
coefficient of 7.0mM-‘cm-’ [15]. The complete 
reaction mixture contained 50mM Tris-HCl, pH 
8.0, 10mM MgC12. 250 mM KHC03, 2.4mM L- 

aspartate, 1.5mM ATP, 0.6mM AICOR and 
enzyme in a total volume of 0.6ml. The light path 
length was 1 mm. 

Preparation of compounds. AICOR was syn- 
thesized by the hydrolysis of AICAR in 6 N NaOH 
as previously described [16]. AICOR exhibits an 
absorption maximum at 248 nm [ 171 and migrates as 
a single spot with an Rr of 0.50 on silica thin-layer 
plates in solvent A (see below) [16]. SAICAR was 
prepared enzymatically from AICOR and L-aspar- 
tate. The reaction mixture contained 12pmoles of 
AICOR, 20 pmoles of L-aspartate, 30 pmoles of 
ATP, 150,~moles of KHC03, 30pmoles of MgCl,, 
150pmoles of Tris-HCl, pH 8.0, and 0.05units of 
SAICAR synthetase in a total volume of 2.7ml. 

After incubation at 37” for 18 hr, the protein was 
removed by centrifuging the mixture through a Cen- 
tricon 10 microconcentrator. The filtrate was diluted 
2-fold with distilled water and injected onto a column 
of AGMP-1 ion exchange resin (0.5 x 25 cm) [18]. 
After a 5 ml wash with distilled water, the adsorbed 
compounds were eluted with a 30-ml gradient from 
0 to 90 mM trifluoroacetic acid followed by 10 ml of 
90 mM trifluoroacetic acid. The flow rate was 1 ml/ 
min. SAICAR emerged with ADP at 26min. The 
solvent was removed by evaporation under reduced 
pressure, and the residue was dissolved in distilled 
water and streaked on a sheet of Whatman 3-mm 
paper. The chromatogram was developed in the 
ascending mode using solvent B (see below). In this 
system, the Rfof ADP is 0.45, while that of SAICAR 
is 0.15. The band containing SAICAR was cut out 
and the compound was eluted with water. SAICAR 
purified by this method had an absorbance maximum 
at 268 nm and migrated as a single spot with an Rr 
of 0.38 on paper chromatography in solvent C (see 
below) [19,20]. 

Alanosyl-AICOR was prepared by the same 
method as SAICAR except that the reaction mixture 
contained lOOpmoles of L-alanosine in place of 
aspartate. The product emerged from the AGMP- 
1 column (see above) at 25 min. The solvent was 
removed by evaporation under reduced pressure, 
the residue was dissolved in water, and the resulting 
solution was streaked in a line on a sheet of Whatman 
3-mm paper. The chromatogram was developed in 
the ascending mode using solvent C. In this system, 
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the &of ADP is 0.23 while that of aI~osyl-AI~OR 
is 0.33. The band containing alanosyi-AI~O~ was 
cut out and &ted with water. The compound was 
then rechromatographed on the AGMP-1 column, 
freeze-dried, and dissolved in distilled water. In 
order to take a proton NMR spectrum, the pH of 
the solution of alanosyl-AICOR was adjusted to 5 
with NaGH and the solution was passed through a 
column of Chelex 100 resin (0.7 cm x 5.Qcm) to 
remove metal ions, if any were present. The solution 
was freeze-dried, and the compound was dissolved 
in I&O. 

~hr~~~r~g~u~~~c methods. HPLC system I was 
the AGMP-1 system described for the purification 
of SAICAR. HPLC system 2 consisted of a Varian 
Micro-Pak AX-S anion exchange column, 
0.4 cm x 30 cm, equilibrated with 150 mM potassium 
phosphate, pH 2.1. Samples were injected onto the 
column at pH 2.1 and were elnted with a 20-ml linear 
gradient from 150 to 750 mEi- potassium phosphate, 
pH 2.3. Paper and thin-layer chromatography sol- 
vents were as follows: (A) n-butanol-acetic acid- 
Hz0 (5:3:2); (B) isobutyric acid-NH,OH-H,10 
(66:1:33); (C) n-butanol-acetic acid-H@ (10:4:7); 
and (D) ter#-am 1 alcohol-formic acid-Hz0 (3:2:1). 

O&Y metho fls. NMR spectra were taken on a 
Varian XL-300 spectrometer. HPLC analyses were 
carried out on a Beckman model 334 gradient system 
using an Hitachi model 100-40 spe~trophotom~t~r at 
268 nm. A Perk&-Elmer model 557 dual wavelength 
spectrophotometer was used for all other speetro- 
photometric studies. Purine compounds on paper 
and thin-layer chromatograms were visualized under 
ultraviolet light; amino acids were visualized by 
spraying with 0.2% ninhydrin in ethanol 

Wz~erials. L-Alanosine was obtained from the 
National Cancer Institute. AGMP-1 (ma~roporous 
Dowex-1) was a gift of Bio-Rad Laboratories. Chelex 
100 was obtained from Bio-Rad. Cellulose thin-layer 
plates (Eastman 13254) were obtained from Eastman 
Kodak. Centricon IO micro~oncentrators were 
obtained from Amicon. Deuterium oxide 
(99.96 atom %) was obtained from Aldrich. All 
nucleotides were obtained from Sigma. 

RBLJLTS 

~~~r~~~er~~~~~~~ of a~a~~~~~-~~~U~. The com- 
bination of HPLC system 1 and paper chrama- 
tography for the purification of alanosyl-AICOR 
resulted in an apparently pure compound without 
any contamination by ADP. Alanosyl-AICGR so 
obtained had a broad absorption maximum from 261 
to 265 nm and migrated as a single spot on cellulose 
thin-layer plates in solvent D and as a single peak on 
HPLC systems 1 and 2. The extinction coefficient was 
11 .O mM_’ cm-’ at 263 nm, based on the chemically 
assayed content of ribose [21] after hydrolysis of the 
compound in 0.05 M H$O1 [22]. This is much lower 
than that of 57.5 mM-’ cm-’ reported previously [6], 
but is in reasonable agreement with that recently 
reported for the chemically synthesized dephospho 
alaaosyl-AICOR of 15.6 mM-’ cm-l 1231 and with 
the extinction coefficients of a number of compounds 
of the 5-am~noimid~ole-4-~arboxam~de type 
t24.251. The proton NMR spectrum of the afanosyl- 
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Fig. 1. Inhibition of adenylosuccinate cleavage by alanosyl- 
AICOR. Assays were conducted in 20mM HEPES, pH 
7.4, 50mM KCX, 0.02% BSA, 0.5 to 32 pkI adenylo- 
succinate, and alanosyt-AICOR as indicated. The recipro- 
cal of the initial velocity {~oles/mg protein/min~ is plotted 
versus the reciprocal of adenylosucci~ate concentration. 

AICOR prepared enzymati~ally by us was consistent 
with that obtained for the chemically prepared 
dephospho compound [23]. The assignments were: 
6 3.81, 3.95, 4.40, and 4.65 (5H, multiplets, ribose 
hydrogens), S 4.33 and 4.48 (2H, m~~tiplets, C, 
hydrogens), 6 4.82 (lH, multiple& C&H), 6 5.53 
(IH, d, I = 6Hz, ribose I’H), and 6 7.43 flH, s, 
imida~ole-H). 

~~~e~uc~io~ of a~a~~s~~-~~~U~ with adenylo- 
succinafe &use. The ability of purified rat skeletal 
muscle adenylosu~cinate lyase to use alanosyl- 
AICOR as a substrate was tested as follows. Ala- 
nosyl-AICOR (200 nmoles) was incubated with 
1.3 pg of purified ad~nylosu~~~nate lyase in 200 ~1 of 
20 mM potassium phosphate, pH 7.4, at 25” for I hr. 
In a parallel experiment, alanosyl-AI~OR was 
replaced by 200 nmofes of SAICAR. Controls were 
run which lacked enzyme. The reaction mixtures 
were analyzed for the release of AICAR using HPLC 
system 1 (see Experimental Procedures). All of the 
SAICAR was cleaved to AICAR during the incu- 
bation period. However, none of the alanosyl- 
AICOR was cleaved and no AICAR production was 
observed under these conditions. All of the alanosyl- 
AICOR starting material eluted from the column in 
the same position as in the control experiment which 
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Fig. 2. Inhibition of SAICAR cleavage by aianosyl- 
AICOR. Assay conditions were as in Fig. 1, except that 
the SAICAR leveis were varied from 4 to 32cL;vI and 

atanosyl-AICOR was present as indicated. 
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Table 1. Summary of kinetic constants obtained for the 
reactions catalyzed by adenylosuccinate lyase 

Activity 

k; 
Alanosyl-AICOR 

(,N 

SAICAR 
cleavage 

Adenylosuccinate 
cleavage 

-1 -1.5 

1.4 1.3 

lacked enzyme. Moreover, replacement of SAICAR 
by 50pM alanosyl-AICOR in the spectrophoto- 
metric assay for adenylosuccinate lyase in the pres- 
ence of 5 ,ug of the purified enzyme resulted in no 
change in the absorbance spectrum of the mixture 
over a period of 3 hr. We conclude that alanosyl- 
AICOR is not a substrate for adenylosuccinate lyase 
from rat skeletal muscle. 

Inhibition of adenylosuccinate lyase by alanosyl- 
AZCOR. Initial velocity measurements conducted in 
the presence of alanosyl-AICOR revealed that this 
compound inhibited the cleavage of adenylosuc- 

O=N coo- 

cinate (Fig. 1) and SAICAR (Fig. ?) by adenylo- 
succinate lyase. Alanosyl-AICOR appeared to be a 
competitive inhibitor, and V,,,,, values determined 
in the absence and presence of the inhibitor were 
approximately the same. Table 1 shows K, values for 
the inhibition of both SAICAR and adenylosuccinate 
cleavage by alanosyl-AICOR. as well as Km values 
determined for both substrates. The values for the 
SAICAR cleavage reaction are approximate, 
because the small difference extinction coefficient 
between SAICAR and its cleavage products does not 
permit running points at SAICAR concentrations of 
less than 4 PM. 

Inhibition of adenylosuccinate synthetase by ala- 
nosyl-AICOR. It has been reported that alanosyl- 
AICOR is a potent inhibitor of adenylosuccinate 
synthetase [6,26]. and that this inhibition is com- 
petitive with respect to IMP [6]. Initial velocity meas- 
urements of the rat skeletal muscle adenylosuccinate 
synthetase reaction with IMP as the variable sub- 
strate gave an apparent Ki of 0.5 PM for alanosyl- 
AICOR and an apparent K,+, for IMP of 0.4mM 
(data not shown). 
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Scheme 2. Effect of alanosyl-AICOR on the pathway of purine biosynthesis. Key: (1) SAICAR 
synthetase: (2) adenylosuccinate lyase; and (3) adenylosuccinate synthetase. 
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DISCUSSION 

The finding that alanosyl-AICOR is not cleaved 
by purified adenylosu~~inate lyase from rat skeletal 
muscle led us to examine whether this impound 
inhibits adenylosuccinate lyase. Alanosyl-AICOR 
was found to be an inhibitor of both of the reactions 
catalyzed by adenylosuccinate lyase. In agreement 
with previous reports [6,26], alanosyl-AICOR was 
also found to inhibit adenylosuccinate synthetase. 
The effects of the incorporation of alanosine into 
alanosyl-AI~OR on purine biosynthesis are summa- 
rized in Scheme 2. 

When mice bearing L5178Y/AR leukemic nodules 
are treated with DL-[l-14C]alanosine, the level of 
alanosyl-AICOR in the nodules rises to 70 PM [6]. 
Given the KI values for the inhibition of both of the 
reactions catalyzed by adenyiosu~~nate lyase (Table 
l), and the fact that the intracellular concentrations 
of adenylosuccinate and SAICAR are in the sub- 
micromolar to micromolar range [27,28], the con- 
centration of alanosyl-AICOR that accumulates can 
be expected to cause a strong inhibition of aden- 
ylosuccinate lyase and of purine biosynthesis in uiuo, 

Inhibition of adenylosuc~inate lyase by high levels 
of AICAR in mice produces skeletai muscfe dys- 
function [29]. Deficiency of adenylosuccinate lyase 
in a number of organs of several autistic children is 
associated with severe psychomotor delay [30,31]. 
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