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ABSTRACT We have analyzed cultured skin fibro-
blasts derived from patients with argininosuccinate
synthetase deficiency for alterations in gene structure,
mRNA content, and protein structure. Genomic DNA
was digested with the endonucleases EcoR1 or HindIII,
and the fragments were analyzed by Southern blotting
and hybridization with a cDNA probe for arginino-
succinate synthetase. The blot pattern is complex be-
cause there are at least 10 copies of argininosuccinate
synthetase-like genes scattered over multiple human
chromosomes. All nine patients studied showed pat-
terns of DNA fragments that were indistinguishable
from the normal control cell lines, and despite the
possibility that the complexity could mask some
changes, major deletions of the active gene(s) were not
present. Blot hybridization of RNA indicated the pres-
ence of hybridizable mRNA of approximately normal
size in seven of seven individuals examined with a
suggestion of some heterogeneity. Analysis of enzyme
antigen by protein transfer from NaDodSO, contain-
ing polyacrylamide gels revealed considerable heter-
ogeneity. This analysis revealed no cross-reacting ma-
terial (CRM) in nine cell lines, CRM of normal mo-
lecular weight in one cell line, and CRM of reduced
molecular weight in one cell line. These findings sug-
gest that the genes for argininosuccinate synthetase in
most citrullinemia patients are transcribed and pro-
duce stable mRNA. These mRNA either are not trans-
lated, or the translation product (enzyme) is rapidly
degraded or is immunologically nonreactive. Defec-
tive gene expression in this disorder appears to involve
abnormal mRNA, which may be altered by point mu-
tations, frame shift mutations, deletions, insertions or
particularly by abnormal RNA processing.

This work was presented in part in abstract form at the
Annual Meeting of the American Society of Human Genet-
ics, Dallas, TX. (1981. Am. J. Hum. Genet. 33: 36a.).
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INTRODUCTION

Citrullinemia is an inborn error of metabolism result-
ing from the deficiency of argininosuccinate synthe-
tase (E.C. 6.3.4.5) (see reference 1 for review). The
enzyme is present in all tissues, but the level of enzyme
activity is highest in the liver where the enzyme func-
tions in the urea cycle for elimination of ammonia.
Patients exhibit profound elevations of ammonia and
citrulline in the blood. There is clinical heterogeneity
within the reported cases. The majority of Caucasian
patients have severe disease and present in the neo-
natal period with hyperammonemic coma. This form
of disease usually was rapidly fatal prior to the recent
development of improved dietary therapy (2). There
are cases in which a later presentation with less clinical
difficulty is associated with partial enzyme deficiency,
and these patients are particularly frequent in the Jap-
anese population (3, 4). Tedesco and Mellman (5) and
Kennaway et al. (6) reported changes in the Michaelis
constant (K,,) values for citrulline and aspartate for
the enzyme from two different patients suggesting fur-
ther genetic heterogeneity within the neonatal citrul-
linemia group.

The availability of a specific antibody (7) and cloned
cDNA probe (8) offers the opportunity for more de-
tailed analysis of the citrullinemia mutation at the
protein and nucleic acid levels. The DNA and mRNA
analyses that have been carried out for the human
hemoglobin abnormalities are now possible for this
inborn error of metabolism. It is known that there are
multiple argininosuccinate synthetase-like genes in the
human genome (8), and these genes occur on at least
10 different human chromosomes (9). Since citrulli-
nemia is a single gene recessive disorder, the multiple
argininosuccinate synthetase-like genes may represent
one or a few expressed genes and multiple pseudo-
genes. We report here the results of analysis of the
enzyme antigen, messenger RNA, and genomic DNA
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for argininosuccinate synthetase in cultured cell lines
derived from patients with citrullinemia. The data in-
dicate the presence of stable, altered mRNA in most
citrullinemia patients.

METHODS

Cell lines. Fibroblast cell lines designated GM1679,
GM63, GM1684, GM1044, and GM3056 and lymphoblast
line GM235 were obtained from the Human Genetic Mutant
Cell Repository (Camden, NJ). Fibroblast lines 933, 1173,
and 1263 were from Roderick Mclnnes (Hospital for Sick
Children, Toronto, Canada); lines BS and family members
from Louis Elsas and Dean Danner (Emory University
School of Medicine, Atlanta, GA); and line MV from Douglas
Kerr (Case Western Reserve University - Cleveland, OH).
Fibroblast lines AC and CG were established in our labo-
ratory. Except where indicated, patients are unrelated. After
completion of these studies, we became suspicious that cell
lines GM1679 and GM3056 might be related. We have now
confirmed that, unknown to the Human Genetic Mutant Cell
Repository, these two lines were taken from the same patient
at 1 d and 3 yr of age, respectively. Patient C.G. is the
product of a first-cousin mating, and patient AC has one
Caucasian parent and one Japanese parent. Cells were cul-
tured in Dulbecco’s modified Eagle medium with 10% fetal
calf serum.

Enzyme assay, antigen analysis, and incorporation of
[*C] citrulline into intact cells. Argininosuccinate synthe-
tase was assayed as described previously (10). Antibodies to
human liver argininosuccinate synthetase were prepared as
described (7), and protein transfer to diazobenzyloxymethyl
(DBM)! paper was conducted according to Symington et al.
(11). For incorporation of radioactive amino acids, cultured
skin fibroblasts were seeded with 5X10° cells/60-ml plate.
After 48 h of growth, the medium was removed, and the
cells were rinsed twice with Earle’s balanced salt solution
followed by addition of 1 ml of radioactive medium. The
radioactive medium was composed of serum-free minimal
Eagle’s medium without arginine and leucine. 1 ml of me-
dium contained 0.5 uCi of ['*Clcitrulline (sp act 54 mCi/
mmol) and 10 uCi of [*Hlleucine (sp act 51 Ci/mmol). At
the indicated times, duplicate plates were harvested and ra-
dioactivity was determined as described previously (12).

RNA and DNA analyses. DNA was isolated from cultured
cells as described by Wigler et al. (13) and total RNA was
prepared as described by Wahl et al. (14). Nucleic acids were
separated on agarose gels by electrophoresis and transferred
to nitrocellulose filters for DNA analysis, or to DBM paper
for RNA analysis using standard methods (8). DNA frag-
ments and RNA molecules were detected by hybridization
to the 2P-labeled 1.5 kb insert from pAS1, the plasmid con-
taining the cDNA for argininosuccinate synthetase (8). Un-
published sequence data indicate that this clone contains
only seven bases of the poly(A) tract. Restriction endonu-
cleases were used as recommended by the supplier (New
England BioLabs, Boston, MA, or Bethesda Research Lab-
oratories, Rockville, MD).

RESULTS

Enzyme activity. The range of enzyme activity in
extracts of normal human cultured fibroblasts was 1.0—

! Abbreviations used in this paper: CRM, cross-reacting
material; DBM, diazobenzyloxymethyl.

4.0 nmol/min per mg of protein. The method of assay
measures the conversion of [!*Clasparate to ['*C]-
argininosuccinate. Under the conditions of assay, all
citrullinemia cell lines included in these studies had
an activity of <0.02 nmol/min per mg of protein. This
was true for cell line GM63, which was reported by
others to be a kinetic mutant using different methods
of enzyme assay (5). Analysis of both parents and a
sibling (M.S.) of patient B.S. indicated that all three
individuals had enzyme activities ranging from 0.1 to
0.3 nmol/min per mg, i.e. only 5 to 10% of normal.
In vivo incorporation of ["*Clcitrulline into protein.
The incorporation of [**C]citrulline into protein was
measured with simultaneous determination of the in-
corporation of [*H]leucine for purposes of constructing
a ratio (Table I). The absolute incorporation was ap-
proximately linear over 4 h, and the ratio of ["*C]cit-
rulline incorporation to [*H]leucine incorporation
remained within a narrow range for control fibroblasts.
The incorporation by the fibroblasts of two heterozy-
gotes was close to the normal range despite a level of
enzyme activity in the range of 5 to 10% of normal.

TABLE 1
Incorporation of ["*C]Citrulline into Protein
by Cultured Fibroblasts®

[MCCitrulline incorporation Ratio:

Cell line CPM X 107 citrulline/leucine
2h 4h 2h 4h

Control
TXK. 44,23 11.1,53 85, 57 99, 70
C.C. 5.8, 4.4 13.9, 13.8 95, 63 120, 90
M.N. 4.6, 3.7 9.6,9.1 79, 48 88, 77
Heterozygote
M.S., sib of B.S. 4.6 9.6 81 81
J.S., mother of B.S. 50 10.3 86 100
Citrullinemia
GM63 0.07 0.13 13 1.3
GM1044 <0.01 0.01 0.1 02
GM1679¢ 0.03 0.06 0.5 1.1
GM3056% 0.05 0.13 0.8 1.5
BS. 0.01 0.02 0.2 0.1
A.C. <0.01 <0.01 <0.1 <0.1
M.V. 0.02 0.03 0.2 0.2

* All values are the average of duplicate plates. Two sets of numbers
indicate repeat experiments at different times on the same cell
lines. The ratios in columns three and four were constructed by
dividing the [**CJcitrulline incorporation by the [*H]leucine incor-
poration and multiplying by 1,000.

{ Different cell lines from the same patient.
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All citrullinemja cell lines showed almost no incor-
poration of [**C]citrulline. The differences among the
deficient cell lines may be significant. For example,
line GM1044 yielded a ratio only 0.1 to 0.2% of the
control ratio, whereas cell line GM63, a reported ki-
netic mutant, yielded a ratio of 1 to 2% of the control
" value.

Blot hybridization of cellular DNA. Genomic DNA
was prepared from cultured fibroblasts and was ana-
lyzed by digestion with restriction endonucleases and
blot hybridization. For interpretation of this analysis,
it is important to know that there are multiple copies
of argininosuccinate synthetase-like genes in human
DNA (8) and that the genes map to at least 10 different
human chromosomes (9), including chromosome 9, X,
and 6. Expression of argininosuccinate synthetase ac-
tivity has been mapped to human chromosomes 9 (15),
and although we have considered this assignment open
to some question (9), we believe that it is correct. We
have assigned the largest 31-kb fragment in the EcoRI
blot pattern and also the 3.9 kb and 2.7 kb fragments
in the HindIII digest to chromosome 9. The results of
this analysis for multiple citrullinemia cell lines using
the restriction enzymes EcoRI and HindIII are shown
in Figs. 1 and 2, respectively. Results for cell lines CG,
MV, and GM235 are not shown, but were similar. In

CITRULLINEMIA

FIGURE 1 Autoradiograph of a blot hybridization of EcoRI
cleaved DNA from citrullinemia and normal fibroblasts.
Genomic DNA (5 ug) from one control and seven citrulli-
nemia cell lines was digested with restriction endonuclease,
EcoRlI, and electrophoresed in 0.8% agarose. The DNA was
transferred to nitrocellulose paper and hybridized for 40 h
at 66°C with nick-translated [**P]cDNA (4 X 10° cpm, 1.5
X 10® cpm/ug) prepared from the 1.55-kb insert of pAS1.
Dots at the left margin indicate 31- and 4.2-kb bands dis-
cussed in the text. Note that, as explained in Methods and
relevant to Figs. 1 to 4, cell lines GM1679 and GM3056 are
from the same patient.
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FIGURE 2 Autoradiograph of a blot hybridization of HindIII
cleaved DNA from citrullinemia and normal fibroblasts.
Conditions were as described for Fig. 1. Dots at the left
margin indicate 3.9- and 2.7-kb bands discussed in the text.

all cases, the pattern of fragments observed was similar
to that observed in normal individuals. Certain dif-
ferences were observed. A 4.2-kb fragment in the
EcoRI analysis was present in lines GM1679, GM3056,
GM1044, and BS, but was absent in lines AC, GM63,
and GM1684. This fragment was observed in all male
individuals and was absent in all female individuals
(16). Another difference was the occurrence of a re-
striction fragment length polymorphism in the HindIII
analysis in Fig. 2. There were two allelic fragments
at 2.7 and 3.9 kb. The normal cell line is 3.9*/2.77;
AC was 3.9%/2.7*; and GM1679 was 3.97/2.7*. All
forms of this polymorphism have been observed in
normal individuals. These results suggest that large
deletions of the structural gene are not the basis of the
disease in these patients. The possibility of some dif-
ferences in the pattern of DNA fragments cannot be
entirely eliminated because of the complexity of the
blotting analysis.

Blot hybridization of cellular mRNA. Total RNA
was isolated from cultured fibroblasts, denatured with
glyoxal, and fractionated by electrophoresis in agarose
gels. RNA was transferred to DBM paper and detected
by hybridization with [*3P]DNA probe. In five disease
cell lines (lines GM1679 and GM3056 are the same
patient) shown in Fig. 8 and in cell lines CG, BS, and
GM235 (not shown), there was a radioactive band that
indicated the presence of hybridizable mRNA for ar-
gininosuccinate synthetase. In all cases the mRNA
migrated with a retardation factor (Ry) similar (see
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FIGURE3 Autoradiograph of a blot hybridization of total
RNA from citrullinemia and normal fibroblasts. Total RNA
(20 pg) from two control and five citrullinemia cell lines was
denatured with glyoxal and applied to a 1% agarose gel for
electrophoresis. The RNA was transferred to DBM paper and
hybridized with nick-translated [32P]cDNA (1.5 X 108 cpm/
ug, 1.4 X 107 cpm total) for 45 h at 42°C.

below for minor differences) to the control cells and
was ~1,700 bases in length, which agrees with the
previously determined size of the argininosuccinate
synthetase mRNA (8). Since equal amounts of total
cellular RNA rather than poly(A)*RNA were applied
for analysis in Fig. 3, the relative intensity of bands
should not be interpreted quantitatively. The detec-
tion of hybridizable mRNA supports the interpretation
that large structural gene deletions have not occurred
in these patients.

Slight differences in the migration of some RNA are
visible in Fig. 3. The bands may migrate more rapidly
or be broader with a faster moving component for AC,
GM1679, GM3056, and GM63. In contrast, GM1044
appears indistinguishable from the normal. Although
we are reluctant to overinterpret these data, prelimi-
nary Sl nuclease mapping studies suggest the differ-
ences are significant. The presence of somewhat
greater relative intensity of radioactivity with the faint
suggestion of bands in the region above the mature
RNA (compare control 2 and AC in Fig. 3) could be
compatible with defects in mRNA processing with ex-
cessive accumulation of processing intermediates. In
other experiments, a larger minor RNA specie similar
to that observed previously (8) was visible in some
RNA preparations from control and disease cell lines.
The nature and significance of the minor RNA com-
ponent is unknown at this time, and it is at the limits
of detection with RNA from cultured fibroblasts.

Immunological analysis of argininosuccinate syn-
thetase. The presence of immunologically cross-re-

acting material (CRM) in cell extracts was determined
after electrophoresis in NaDodSO, containing gels and
transfer to DBM paper (Fig. 4). CRM was readily de-
tected in all control lines but was not detectable in 9
of 11 citrullinemia cell lines examined. Only two ci-
trullinemia cell lines (Fig. 5) gave clear evidence of
the presence of an immunologically detectable pro-
tein. In cell line MV, multiple experiments revealed
that the cross-reacting protein was smaller than the
normal gene product, but the CRM was present in
normal quantity. Cell line 11783 had less cross-reacting
protein than the normal, but the product was of the
same molecular weight. We were able to detect 5-10%
of the normal amount of cross-reacting protein found
in control fibroblasts with this analysis. One hetero-
zygote, M.S., is shown in Fig. 4 and only a very small
amount of CRM was evident. The parents of M.S. and
B.S. also showed very small amounts of CRM that cor-
related with the low levels of enzyme activity in these
cell lines. Although this study is not quantitative, it is
clear that the amount of CRM present in these het-
erozygotes was considerably less than 50% and may
be as little as 5%.

DISCUSSION

Analysis of citrullinemia cell lines at the DNA level
using restriction endonuclease techniques did not re-

FIGURE 4 Autoradiograph of a protein transfer blot of ex-
tracts from citrullinemia and normal fibroblasts. Each lane
contains 200 ug of protein as crude cell extract. Cell line MS
is a heterozygote, and other cell lines are affected with ci-
trullinemia. 100 ng of purified argininosuccinate synthetase
(AS) from liver was applied. The migration of the enzyme
antigen is indicated by the arrow marked AS. Radioactive
bands above and below the enzyme are thought to represent
immunoglobulin reacting with '**I-protein A. Each 13 X 13
cm DBM paper was exposed to 2 X 10° cpm of '**I-protein
A. Autoradiography was for 18 h.
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FIGURE5 Autoradiograph of a protein transfer blot of ex-
tracts from citrullinemia and normal fibroblasts. 50 ug of
extract protein or 100 ng of purified argininosuccinate syn-
thetase was applied for each lane. Detection was as described
in Fig. 4.

veal any detectable alterations. This analysis indicated
that deletion of the entire gene was not the cause of
enzyme deficiency in the cell lines examined. The
complexity of the blot hybridization pattern could
mask some changes, but analysis with two restriction
enzymes did not reveal any significant changes other
than variations also observed in normal individuals.
Although the multiple copies of the argininosuccinate
synthetase-like genes are distributed on at least 10
different human chromosomes, all of the available data
are consistent with the hypothesis of a single active
gene (located on chromosome 9) and multiple pseu-
dogenes. It will be of interest to determine if the
HindIIl polymorphism, which involves DNA frag-
ments assigned to chromosome 9, is tightly linked with
citrullinemia phenotype, and if patients born of con-
sanguineous matings will be homozygous for this poly-
morphism. Patient C.G. is the product of a first cousin
mating and is homozygous for the presence of the 3.9-
kb fragment. Throughout these analyses it is important
toremember that there is a substantial chance that the
citrullinemia patients may be compound heterozy-
gotes, except where patients are products of consan-
guineous matings.

The analysis of mRNA for the mutant cell lines was
consistent with the hypothesis that no major deletion
in the structural gene has occurred in these individuals.
Hybridizable mRNA was detected in all cell lines stud-
ied and was of near normal size in all instances. The
presence of mRNA in cultured fibroblasts from these
patients will facilitate the determination of the exact
molecular defect. The findings indicate that the genes
for argininosuccinate synthetase are transcribed and
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produce stable mRNA in these patients. These mRNA
either are not translated, or they encode a product that
is rapidly degraded or is immunologically nonreactive.
Taking into account the subtle differences in the RNA
blotting analysis discussed above, preliminary analysis
of mRNA by S1 nuclease mapping (unpublished data)
and ongoing studies that indicate that the expressed
gene is very large with multiple introns (17); we would
speculate that defects in RNA processing and base sub-
stitutions in mature normally processed mRNA will be
the two most common categories. The frequency of
processing defects may be somewhat proportional to
the number of introns, both possibly being high in
citrullinemia. Base substitutions in DNA can result in
altered processing with net insertions and/or deletions
in the improperly spliced RNA. Abnormal processing
of RNA is now documented in detail for many thal-
assemia mutations (18-20). Deletions, insertions, and
frameshift mutations at a DNA level are also possible
explanations for the findings reported here.

The results obtained from the immunological studies
provided clear evidence of heterogeneity within the
citrullinemia cell lines. Only 2 of the 11 cell lines tested
showed any evidence of CRM. Interestingly, one of
these cell lines (1173) has been shown to be a kinetic
mutant by Kennaway et al. (6). Cell line GM63, which
has also been reported to be a kinetic mutant (5, 6),
does not show any evidence of cross-reactive protein.
This apparent discrepancy may be due to the presence
of a very labile protein in this cell line or a mutation
that has altered the primary recognition site for the
antibody being used. Patient M.V. presents a different
mutation. The quantity of cross-reacting protein ap-
pears normal and is ~2,000-3,000 daltons smaller than
the normal argininosuccinate synthetase monomer.
We have no data on the parents of this patient.

Of the possible explanations for the absence of cross-
reacting immune material in the presence of mRNA,
rapid degradation is an attractive possibility, since it
might explain the unusually low argininosuccinate
synthetase levels in some heterozygotes studied here
and reported previously (21). Because human argini-
nosuccinate synthetase is a tetramer (7), the association
of a mutant subunit with normal subunits might result
in an unstable tetramer with a short half-life. This
would also explain the very low level of CRM observed
in our heterozygous cell lines. Such interactions can
occur even if the original mutant produces no detect-
able CRM, and the effect on wild type subunits pre-
sumably indicates that the mutant is capable of pro-
ducing subunits despite the failure to detect antigen.
For CRM" citrullinemia patients, it is possible that
enzyme composed of mixed tetramers would not be
degraded, and heterozygotes could have high or low
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levels of enzyme activity based on the catalytic prop-
erties of the mixed tetramers. Observations of this type
are well documented for the dimeric alkaline phos-
phatase from Escherichia coli (22) and for the octa-
meric glutamate dehydrogenase from Neurospora
crassa (23). Significantly less than 50% of normal levels
of activity have been reported for heterozygotes for
a number of human recessive disorders including
orotic aciduria (24), cystathionine synthase deficiency
(25), and adenine phosphoribosyl transferase defi-
ciency (26).
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