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Increased Translatable Messenger Ribonucleic Acid for
Argininosuccinate Synthetase in Canavanine-Resistant Human Cells'

Tsung-Sheng Su,* Arthur L. Beaudet, and William E. O’Brien

ABSTRACT: The level of argininosuccinate synthetase activity
in the human tissue culture cell line RPMI 2650 was 6-fold
higher when citrulline was substituted for arginine in the
culture medium. Canavanine-resistant (Can’) variants were
isolated and had enzyme activity up to 25 nmol min! (mg of
protein)~! or 180-fold higher than that of the wild-type cells
grown in arginine. The differences in enzyme activity were
paralleled by differences in the amount of enzyme determined
immunologically. The micrograms of enzyme per milligrams
of protein, determined by complement fixation, were 0.03 for
wild-type cells grown in arginine, 0.29 for wild-type cells grown
in citrulline, and 6.73 for a Can’ variant. In vivo labeling

Argininosuccinate synthetase (EC 6.3.4.5) and arginino-
succinate lyase (EC 4.3.2.1) are important enzymes in the urea
cycle, and genetic deficiencies can cause hyperammonemia,
mental retardation, and death. Through the reactions shown
in eq 1 and 2, these enzymes can synthesize arginine from

citrulline + aspartate +
synthetase L. .
ATP argininosuccinate + AMP + PP; (1)

Mg*

lyase

argininosuccinate —— fumarate + arginine  (2)

citrulline, a function which may be important in nonhepatic
tissues and in cultured cell experiments. The activity of the
urea-cycle enzymes in mammalian liver is increased with in-
creased dietary protein (Schimke, 1962; Nuzum & Snodgrass,
1971). Argininosuccinate synthetase and lyase are subject to
metabolite control in cultured mammalian cells. Schimke
(1964) observed that argininosuccinate synthetase and argi-
ninosuccinate lyase activities were repressed coordinately by
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studies suggested increased synthesis of argininosuccinate
synthetase in Can* cells, and in vitro translation of poly(ade-
nylic acid) [poly(A)] messenger ribonucleic acid (mRNA)
from wild-type and Can’ cells confirmed a quantitatively
compatible increase in translatable poly(A) mRNA for the
enzyme in Can' cells. No precursor for the enzyme was
recognized by using in vitro translation, and the poly(A)
mRNA for the enzyme had a sedimentation value of 16 S by
sucrose-gradient analysis. The levels of argininosuccinate
synthetase activity in the Can’ cells were similar to those found
in normal liver.

the presence of arginine in the growth medium of HeLa, KB,
and L cells. Conversely, when arginine was removed and
replaced by citrulline in the growth medium, the arginino-
succinate synthetase and argininosuccinate lyase activities
increased 4-20-fold in these cell lines. Irr & Jacoby (1978)
found that argininosuccinate synthetase in cultured human
lymphoblasts was increased when citrulline replaced arginine
in the medium, but that argininosuccinate lyase activity re-
mained constant.

Variation in argininosuccinate synthetase also is observed
in certain cell variants. Jacoby (1978) described the isoldation
of human lymphoblast cell lines which were resistant to the
arginine analogue canavanine. Canavanine is not a specific
inhibitor of argininosuccinate synthetase but rather is toxic
when incorporated into protein in place of arginine. The
canavanine-resistant cells had increased argininosuccinate
synthetase activity, and presumably were resistant to cana-
vanine because of an increased conversion of citrulline to
arginine. The canavanine-resistant lymphoblasts isolated by
Jacoby (1978) had lost the ability to respond to changes in
arginine concentration.

We have isolated canavanine-resistant variants of the human
cell line RPMI 2650. The amount of argininosuccinate
synthetase protein and its messenger ribonucleic acid (nRNA)
were increased in the variant cell lines.

© 1981 American Chemical Society
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Materials and Methods

Materials. Purified argininosuccinate synthetase from
human liver and rabbit antiserum to the purified enzyme were
prepared as described previously (O’Brien, 1979). [MC]As-
partate, [*“C]fumarate, and [**S]methionine were obtained
from Amersham.

Tissue Culture Conditions. RPMI 2650 was obtained from
the American Type Culture Collection (Hay et al., 1979)
where it is designated CCL 30. This human cell line has a
near diploid karyotype (Moorhead, 1965) and is not a deriv-
ative of HeLa (Hay et al., 1979). Cells were cultured in
minimal essential medium supplemented with nonessential
amino acids (Gibco), with 10% fetal calf serum (Rehatuin)
and with 0.6 mM arginine or citrulline as indicated. Cultures
were examined regularly for mycoplasma by using culture
(Hayflick, 1965) and fluorescent staining (Del Giudice &
Hopps, 1978) techniques.

Canavanine-resistant cell lines were obtained without mu-
tagenesis by culturing cells in medium with arginine replaced
by 0.6 mM citrulline and an initial concentration of canavanine
of 10 uM. The vast majority of cells initially placed in this
medium died, and clonal growth was detected after 10-14
days. Dependent upon the rate of growth of subcultures, the
concentration of canavanine was increased to 20 uM and then
40 uM over a 10-week period. Two separate clones were
further purified by single-cell isolation and were designated
as Can’l and Can2.!

Cell Harvest, Enzyme Assays, and Complement Fixation.
Cells were harvested from 150- or 100-mm plates by removing
the medium, washing 3 times with 0.9% NaCl, and scraping
the cells with a Teflon policeman into 0.6 mL of 50 mM
Tris-HCl, pH 7.5, containing 1 mM citrulline. This cell
suspension was frozen and thawed 3 times and centrifuged at
12000g for 20 min. The supernatant fluid was recovered as
the cell extract.

Argininosuccinate synthetase activity was determined by
using a method based on the conversion of ['*Claspartate to
[*4C]argininosuccinate (O’Brien, 1979), but modifications were
necessary to avoid interference from asparagine synthetase
activity. Reactions were stopped by the addition of 0.70 mL
of cold H,0, and the mixture was applied to 0.4 X 4 cm
columns of Dowex 1-X8 acetate equilibrated with 10 mM
Tris—acetate, pH 7.4. Two 1-mL volumes of the same buffer
were used to rinse the reaction tubes and also were applied
to the column. The effluent was discarded, and arginino-
succinate was eluted with 4 mL of 0.05 M HOAc. A I-mL
aliquot of the effluent was added to 6 mL of Aquasol (New
England Nuclear) for scintillation counting.

" Argininosuccinate lyase activity was determined by meas-
uring the conversion of ['“C]fumarate into ['*C]arginino-
succinate. Reactions contained 100 mM potassium phosphate
at pH 6.8, 12 mM [2,3-4C;)fumarate (500 dpm/nmol), 50
mM arginine, and enzyme, in a total volume of 0.1 mL.
Reactions were incubated at 37 °C and were terminated by
the addition of 0.05 mL of 1 M HOAc. Reactions then were
heated for 30 min at 90 °C to convert argininosuccinic acid
to its anhydrides (Ratner & Kunkemueller, 1966). After being
heated, 0.85 mL of H,O was added, and the entire 1 mL was
applied to a 0.5 X 4.0 cm column of Dowex 1-X8 acetate
prevously equilibrated in 50 mM HOAc. Two washes of 1
mL of 50 mM HOAc were used to rinse the tube and were

! Abbreviations used: HOAC, acetic acid; EDTA, ethylenediamine-
tetraacetic acid; NaDodSQ,, sodium dodecy! sulfate; Can*l and Can'2,
the RPMI 2650 cell lines selected for resistance to the arginine analogue,
canavanine.
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applied to the column. The anhydrides of argininosuccinate
acid were totally eluted in the 3-mL volume, and 1 mL was
removed and placed into 6 mL of Aquasol.

The microcomplement fixation procedures for quantifying
the amount of total synthetase protein in the cell extracts were
performed as described by Levine (1978). Purified human
liver argininosuccinate synthetase was used as the standard.

Incorporation of [3S]Methionine into Intact Cells. For
radioactive labeling, cells in 150-mm plates were incubated
for 5 hin 12 mL of serum-free medium containing as the sole
methionine source 1 mCi of [**S)methionine (specific activity
1075 Ci/mmol), and extracts were prepared as described for
the enzyme assay.

Messenger RN A Isolation. Poly(adenylic acid) [poly(A)]
RNA from cultured cells was isolated as described by Wahl
et al. (1979) with a modification to include proteinase K
treatment. The RNA was further purified by two sequential
fractionations by using oligo(dT)—cellulose chromatography
as described by Aviv & Leder (1972), and the poly(A) mRNA
was stored at =70 °C.

Sedimentation Analysis of RNA in a Sucrose Gradient. An
aliquot of the oligo(dT)—cellulose-purified RN A was dissolved
in 10 mM Tris-HCl at pH 7.4 with 1 mM EDTA, heated at
68 °C for 10 min, and then cooled rapidly to 4 °C. NaDodSO,
was added to 0.5% (w/v), and the sample was loaded onto a
10-30% (w/v) linear sucrose-density gradient containing 10
mM Tris-HCI at pH 7.4, 1 mM EDTA, and 0.5% (w/v)
NaDodSO,. The gradient was sedimented in a Beckman SW
41 rotor at 35000 rpm (147500g) at 20 °C for 14 h. Fractions
of 0.75 mL were collected, concentrated by ethanol precipi-
tation, and translated in vitro.

In Vitro Protein Synthesis. Rabbit reticulocyte lysate was
prepared according to the method of Allen & Schweet (1962),
and the mRNA-dependent protein-synthesizing system was
prepared essentially as described by Pelham & Jackson (1976).
The incorporation from [**S]methionine in reactions of 250
ul was determined by using 2-uL aliquots, and portions of
the remainder of the in vitro products were analyzed by im-
munoprecipitation and gel electrophoresis.

Immunoadsorption and Gel Electrophoresis. Immunoad-
sorption was conducted with formalin-fixed Staphylococcus
aureus as described by Kessler (1975) with modifications.
Volumes of 100~150 uL of [**S)methionine-labeled cell extract
or in vitro synthesized protein were preabsorbed by addition
to a conical centrifuge tube containing 10 uL of packed
1gGsorb (The Enzyme Center). After the solution was mixed
and incubated for 10 min at 4 °C, the cells were removed by
centrifugation, and the step was repeated with the supernatant
fluid. The final supernatant fluid was removed and mixed with
either immune serum or preimmune serum and incubated for
15 min at 4 °C. To this solution was added 100 uL of a 10%
suspension of IgGsorb, and a 10-min incubation was allowed.
IgGsorb was removed by centrifugation, and the resulting
pellet was washed as described by Kessler (1975). The final
pellet was suspended in 75 uL of 4% NaDodSO, containing
0.7 M §-mercaptoethanol and heated at 95 °C for 6 min. A
50-uL aliquot of the supernatant was applied for electropho-
resis in 15% acrylamide gels as described by Laemmli (1970),
and autoradiography or fluorography (Bonner & Laskey,
1974) of the dried ge! was carried out by using Kodak SB-5
film.

Results

Enzyme Activity. As shown in Table I, the arginino-
succinate synthetase activity of the RPMI 2650 cells was
increased approximately 6-fold when cells were grown in
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Table I: Enzyme Activity in Wild-Type and
Variant RPMI 2650 Cell Extracts

Table II: Determination of Immunoreactive Argininosuccinate
Synthetase in Cell Extracts by Microcomplement [Fixation

activity [nmol min™*
(mg of protein)~']¢

arginino-  arginino-

culture succinate  succinate
cell line condition synthetase lyase
RPMI 2650 arginine 0.14 1.27
RPMI 2650 citrulline 0.86 0.94
Can*1 arginine 25.1 1.38
Can*1l citrulline 25.0 1.66
Can'2 arginine 8.5 1.23
Can*2 citrulline 4.7 1.24

@ These data are the average of two determinations made on
each of two cultures.

medium with 0.6 mM citrulline compared to cells grown in
medium with 0.6 mM arginine. The argininosuccinate lyase
activity was not significantly different in the two conditions.
The increase in synthetase activity upon transfer to medium
containing citrulline occurred over a 96-h period. Analysis
of the canavanine-resistant variants indicated that the activity
of argininosuccinate synthetase in Can'1 cells was increased
to about 180-fold; activity for Can™2 cells was increased about
50-fold. Argininosuccinate lyase activity of the Can' cells was
not altered. Unlike the wild-type cells, the level of arginino-
succinate synthetase activity in the Can" cells was not influ-
enced significantly by the substitution of citrulline for arginine
in the culture medium. The difference in the activity in the
Can"2 cell line was not consistently observed and was not
thought to be significant. The data from multiple experiments
showed similar relative activities to those shown in Table I
although the absolute activities varied slightly between ex-
periments, probably related to culture conditions and cell
density (Hudson et al., 1980). The Can’l cell line consistently
yielded argininosuccinate synthetase activity in the range of
20-30 nmol min™' (mg of protein)~'. This is in comparison
to a level of 10-20 nmol min™! (mg of protein)™ for analogous
extracts of human autopsy liver and 4200 nmol min™! (mg of
protein)™! for the purified enzyme from human liver (O’Brien,
1979). If one assumes that argininosuccinate synthetase in
the Can'l cells has a specific activity identical with that of
the liver enzyme, it can be calculated [(25/4200) X 100] that
argininosuccinate synthetase was approximately 0.6% of the
soluble protein in the extracts from Can'l cells.

The activity of argininosuccinate synthetase in the variant
cell lines was very stable. After maintenance for almost 1 year
in two culture conditions, (1) normal medium with arginine
and (2) medium without arginine but containing citrulline and
40 uM canavanine, there was no significant change in argi-
ninosuccinate synthetase activity. In addition, arginino-
succinate synthetase activity did not change when variant cell
lines were grown in concentrations of canavanine up to 150
uM.

Immunologic Quantitation of Argininosuccinate Synthetase.
In order to investigate various possible mechanisms for in-
creased enzyme activity, we used an antibody to the human
argininosuccinate synthetase (O’Brien, 1979). The antibody
had indistinguishable affinity for immunoadsorption of enzyme
from human liver or from the Can’ cell lines (data not shown).
Analysis by microcomplement fixation indicated a 10-fold
increase in antigenic material in wild-type cells grown in ci-
trulline as compared to wild-type cells grown in arginine (Table
IT). In addition, there was a greater than 200-fold increase
in antigenic material in Can’l cell extracts. Thus, between
0.6 and 0.7% of the protein in the extract from Can’l cells

ug of
antigen/ relative
culture mg of  amount of
cell line condition protein? antigen
RPMI 2650 arginine 0.03 1
RPMI 2650 citrulline 0.29 10
Can’l arginine 6.73 225

@ The data are the average of independent determinations on
two culture plates,
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FIGURE |: Autoradiograph of NaDodSQ, gel analysis of immuno-
precipitates of [3*S]methionine-labeled cell extracts. Cell extracts
were diluted to give 150000 cpm/pL. Lanes B, G, and M are extracts
from RPMI 2650 cells grown in arginine; lanes C, H, and N are from
the same cells grown in citrulline; lanes D, I, and O are from Can’l
cells, and lanes E, J, and P are from Can'2 cells. A 50-uL sample
of extract was reacted with preimmune serum for lanes B-E or with
immune serum for lanes G-J. Lanes M-P represent 1 uL of extract
drectly applied for gel analysis. Lanes A, F, and K are marked to
indicate the location of the purified human liver argininosuccinate
synthetase, and lane L is marked to indicate the migration of molecular
weight markers of 68000, 60000, 45000, 39 500, and 23300 as
determined by Coomassie Blue staining of the gel prior to autora-
diography. The gel was exposed 174 h for autoradiography.

was argininosuccinate synthetase. This provided good
agreement regarding the relative and absolute amounts of
argininosuccinate synthetase in the various extracts, whether
determined immunologically or enzymatically. The data were
consistent with the view that variable amounts of normal
enzyme rather than alteration in the kinetic properties of the
enzyme accounted for the differences in enzyme activity.
Gel Electrophoretic Analysis of Immunoprecipitable Ar-
gininosuccinate Synthetase Synthesized in Vivo. As a first
step in examining the synthesis and degradation of the
synthetase enzyme, the cultured cells were pulse labeled with
[**S]methionine and the newly synthesized proteins analyzed
by immunoprecipitation followed by NaDodSO, gel electro-
phoresis. An autoradiograph of such a gel is shown in Figure
1. With the two Can’ cell extracts, a major radioactive
component was precipitated by immune (lanes I and J) but
not by preimmune serum (lanes D and E). This component
migrated in a position similar to but possibly larger than
purified human liver argininosuccinate synthetase (lanes A,
F, and K). This radioactive band was very intense for the two
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FIGURE 2: Gel electrophoresis of products of in vitro translation of
mRNA from cultured cells. Translation reactions contained 0.2 A5
unit/mL poly(A) mRNA from Can" cells (lanes B and C) or wild-type
cells (lanes D and E). The products of the in vitro synthesis were
reacted with immune serum (lanes B and D) or preimmune serum
(lanes C and E). Lane F is identical with lane B except 22 ug of
purified liver argininosuccinate synthetase was added to the extract
prior to immunoprecipitation. Lane A was from an immunopreci-
pitation of in vivo labeled extract from Can" cells for comparison. The
gel was exposed for fluorography for 6 h. Incorporation of [*S]-
methionine was 4.08 X 10* cpm/uL for wild-type mRNA and 3.39
X 10* cpm/pL for Can’l mRNA, and 4.5 X 108 cpm of each reaction
product was immunoprecipitated for each lane shown.

Can" cell lines (lanes I and J), was detectable but faint for the
wild-type cells grown in citrulline (lane H), and was not de-
tected in the wild-type cells grown in arginine (lane G).
Scintillation counting of the excised bands from the NaDod-
SO, gel analysis indicated that 0.07% of the radioactivity in
the soluble extract from Can'1 cells was in argininosuccinate
synthetase. This value was not corrected for any losses and
cannot be used to calculate the percent of cell protein which
is argininosuccinate synthetase, since we do not know the
methionine content of the enzyme. Comparison of lanes M,
N, O, and P in Figure 1 suggested no definite change in the
region where argininosuccinate synthetase would migrate in
the analysis of crude extracts. If the half-life of the enzyme
was similar in the different cell lines and conditions, and if
the half-life was long compared to the 5-h pulse duration, the
differences in the amounts of immunoprecipitated radioactive
enzyme would indicate major differences in the rates of syn-
thesis of the enzyme.

Translatable Argininosuccinate Synthetase mRNA Content
in the Cultured Cells. While analysis of in vivo synthesized
enzyme as shown in Figure 1 suggested that differences in
synthesis were important, more direct evidence was sought by
analysis of cellular mRNA. Poly(A) mRNA from both
wild-type and Can'1 cells was prepared, and the products of
the in vitro translation were analyzed by immunoprecipitation
and NaDodSO, gel electrophoresis as shown in Figure 2.
When similar amounts of poly(A) mRNA from wild-type cells
and Can'l cells were added to synthesis reactions, equivalent
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amounts of [**S]methionine were incorporated into proteins.
An intense band of immunoprecipitable product was found
with the mRNA from Can'l cells but not with the mRNA
from wild-type cells (land B vs. lane D, Figure 2). The im-
munoprecipitated products from the in vitro translation (lane
B) migrated identically with the products from the in vivo
synthesis (lane A). The similar migrations of the in vitro and
in vivo synthesized enzymes provided no evidence for a higher
molecular weight precursor of the enzyme in this cell line. The
specificity of the result was demonstrated in lane F (Figure
2), where purified human liver argininosuccinate synthetase
was used to compete with the radiolabeled enzyme and displace
it from the immunoprecipitate. The radioactivity in the region
of the gel corresponding to argininosuccinate synthetase was
quantified by scintillation counting. The immunoprecipitable
radioactivity with poly(A) mRNA from Can'l cells was
greater than 3000 cpm (3760 cpm in lane B minus 328 cpm
in lane C) while that with poly(A) mRNA from wild-type cells
was not measurable (185 cpm in lane D minus 198 cpm in lane
E). The immunoprecipitable radioactivity represented 0.1%
of the total with Can’l poly(A) mRNA, and this proportion
was similar to that for in vivo incorporation with Can'l cells.
In an experiment not shown, an equal mixture of poly(A)
mRNA from wild-type cells and Can’l cells gave an inter-
mediate level of synthesis of the enzyme, indicating that neither
inhibition nor nuclease activity explained the absence of syn-
thesis with the mRNA from wild-type cells. These data
demonstrated that the Can’l cell line contained a major in-
crease in translatable poly(A) mRNA for argininosuccinate
synthetase and that the increase was quantitatively compatible
with the differences in enzyme activity.

Sucrose-Gradient Analysis of Argininosuccinate Synthetase
mRNA. The poly(A) mRNA fraction from the canavanine-
resistant cells was further fractionated on a 10-30% sucrose
gradient containing 0.5% NaDodSQ,. The bulk of the argi-
ninosuccinate synthetase mRNA was found in fraction 8
(Figure 3) when the products of the in vitro translation were
immunoprecipitated and analyzed. This location in the gra-
dient indicated that the mRNA for argininosuccinate
synthetase has a sedimentation value of approximately 16 S.

Discussion

The experiments presented here are in good agreement with
previous work. The substitution of citrulline for arginine in
the culture medium for growth of RPMI 2650 cells caused
an increase in argininosuccinate synthetase but not in argi-
ninosuccinate lyase, similar to previous observations with
human lymphoblasts (Irr & Jacoby, 1978). These results
differ from previous observations with HeLa and KB cells,
where both the synthetase and lyase enzymes increased in
activity when cells were grown in citrulline. Canavanine-re-
sistant variants of RPMI 2650 were isolated readily, as oc-
curred with human lymphoblasts (Irr & Jacoby, 1978). In
both lymphoblasts and RPMI 2650, the resistance to cana-
vanine was associated with a marked increase in arginino-
succinate synthetase activity and with a loss of metabolite
regulation. The data presented here provide new information
about the underlying mechanism of alterations in arginino-
succinate synthetase activity. Immunological determinations
revealed steady-state increases of argininosuccinate synthetase
both in wild-type cells grown in citrulline and in Can" cells.
Immunoprecipitation of [**S]methionine-labeled cells sug-
gested an increase in newly synthesized enzyme in the variant
cells. This was confirmed by demonstration of increased
translatable poly(A) mRNA for argininosuccinate synthetase
in Can" cells. All of these observations support the conclusion
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FIGURE 3: Sucrose-gradient fractionation of poly(A) mRNA from
Can'l cells. Products of in vitro translation were prepared as described
under Materials and Methods, and 3 X 10° cpm of precipitable
material was applied to each lane for gel analysis. The numbered
pairs of lanes correspond to the gradient fraction reacted with either
immune serum (left) or preimmune serum (right). The arrow indicates
the position of in vivo synthesized argininosuccinate synthetase.
Fluorography was for 14 h. Fractions 6—11 include that portion of
the gradient containing molecules with a sedimentation coefficient
of 20-10 S.

that canavanine resistance is associated with increased syn-
thesis of argininosuccinate synthetase.

Three of the urea-cycle enzymes from mammalian sources
now have been synthesized in vitro. We could find no evidence
for a significantly larger precursor for argininosuccinate
synthetase as was observed for carbamoyl-phosphate synthetase
(Raymond & Shore, 1979) and for ornithine transcarbamylase
(Conboy et al., 1979). Thus, we do not find a precursor for
a known cytosolic enzyme, while the two enzymes for which
precursors were found are located in the mitochondria.

The exact mechanism of enzyme overproduction by cana-
vanine-resistant cells requires further study. Gene amplifi-
cation as a mechanism of enzyme overproduction and drug
resistance has been observed for dihydrofolate reductase
(Schimke et al., 1978) and for the early steps in the pyrimidine
biosynthetic pathway (Wahl et al., 1979). Gene amplification
is known to occcur physiologically for ribosomal RNA in
amphibians (Brown & Dawid, 1968; Gall, 1968) and for
chorion proteins during oogenesis in Drosophila (Spradling
& Mahowald, 1980). It should be noted from our data that
the level of enzyme activity found in the Can’ cells was within
the range of activity found for normal liver. At this time, it
is not known if the Can" cells achieve their level of overpro-
duction by a similar or different mechanism than that which

SU, BEAUDET, AND O’BRIEN

accounts for high levels of enzyme activity in liver. It is not
known if gene amplification is involved, but data on gene
dosage in the various cells should answer that question defi-
nitively.
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