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ABSTRACT: Argininosuccinate lyase (ASL) is a homotetrameric enzyme that catalyzes the reversible cleavage
of argininosuccinate to arginine and fumarate. Deficiencies in the enzyme result in the autosomal, recessive
disorderargininosuccinic aciduria. Considerable clinical and genetic heterogeneity is associated with
this disorder, which is thought to be a consequence of the extensive intragenic complementation identified
in patient strains. Our ability to predict genotype-phenotype relationships is hampered by the current
lack of understanding of the mechanisms by which complementation can occur. The 3-dimensional structure
of wild-type ASL has enabled us to propose that the complementation between two ASL active site mutant
subunits, Q286R and D87G, occurs through a regeneration of functional active sites in the heteromutant
protein. We have reconstructed this complementation event, both in vivo and in vitro, using recombinant
proteins and have confirmed this hypothesis. The complementation events between Q286R and two
nonactive site mutants, M360T and A398D, have also been characterized. The M360T and A398D
substitutions have adverse effects on the thermodynamic stability of the protein. Complementation between
either the M360T or the A398D mutant and the stable Q286R mutant occurs through the formation of a
more stable heteromeric protein with partial recovery of catalytic activity. The detection and characterization
of a novel complementation event between the A398D and D87G mutants has shown how complementation
in patients withargininosuccinic aciduriamay correlate with the clinical phenotype.

Intragenic complementation is a phenomenon whereby
particular combinations of mutant alleles at a given locus
produce a less severe phenotype than the same alleles do in
the homozygous state, or in the presence of noncomple-
menting alleles. Intragenic complementation has been dem-
onstrated to occur in a number of human metabolic disorders,
includingargininosuccinic aciduria(1), propionic acidemia
(2, 3), andmethylmalonic aciduria(4), and is believed to
contribute to the extensive clinical heterogeneity observed
among patients suffering from these diseases. In all cases
examined, intragenic complementation has been found to
involve genes encoding multimeric enzymes. Mutant subunits
of these enzymes, each possessing distinct amino acid
substitutions that render the homomutant proteins inactive,
interact to form heteromutant multimers possessing partial
activity. Since intragenic complementation may occur in all
genetic diseases involving multimeric proteins, the accurate
prediction of genotype-phenotype relationships in these
diseases requires a complete understanding of the mecha-

nisms by which this phenomenon can occur. In this study,
the metabolic enzyme argininosuccinate lyase (ASL)1 is used
as a model system to investigate intragenic complementation.

Argininosuccinate lyase (ASL, EC 4.3.2.1), a homotetra-
meric protein of 50 kDa subunits (5-7), catalyzes the revers-
ible breakdown of argininosuccinic acid into arginine and
fumarate. This reaction is a required step in the urea cycle,
the major pathway for the detoxification of ammonia. Muta-
tions in the ASL gene causeargininosuccinic aciduria, an
autosomal recessive disorder with considerable clinical and
genetic heterogeneity (1, 8-10). The clinical heterogeneity
of the disease manifests itself in the variation of the age of
onset and the severity of the symptoms (8). Three distinct
clinical phenotypes have been identified: neonatal, subacute,
and late-onset. The biochemical basis of this clinical variation
is unclear, as there is only partial correlation between the
clinical phenotype and the residual enzyme activity detected
in cultured fibroblasts (1) and other tissues (8).
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The genetic heterogeneity at the ASL locus was character-
ized by complementation analysis of fibroblasts cultured from
28 unrelated patients withargininosuccinic aciduria(1, 9).
These studies showed that the fusion of certain pairs of cell
lines resulted in significant increases in ASL activity, which
could be attributed to intragenic complementation. Intrigu-
ingly, subsequent analysis demonstrated that patient strains
containing an ASL allele encoding a glutamine to arginine
substitution at codon 286 (Q286R) participated in almost all
of the observed complementation events (11). Intragenic
complementation could not be detected in most other
combinations of patient strains. In addition, fusions of the
Q286R-containing strains and those containing a mutant
allele encoding an aspartate to glycine substitution at codon
87 (D87G) resulted in 3-fold higher levels of activity than
that seen in any other complementation event. The existence
of intragenic complementation between the Q286R and
D87G mutants was directly demonstrated in COS cell
transfection experiments (11). Plasmids expressing normal
ASL, the Q286R mutant, and the D87G mutant were
transfected into COS cells in various combinations, and the
rate of conversion of14C-labeled fumarate into14C-labeled
argininosuccinate was measured. The D87G and Q286R
mutants showed little (∼4.5%) or no (<0.05%) activity,
respectively, when transfected on their own. However, COS
cells transfected with both the D87G and Q286R mutants
simultaneously were found to exhibit approximately 30% of
wild-type ASL activity.

The determination of the high-resolution 3-dimensional
structures of human ASL (12, 13) and the homologous eye
lens protein, duckδ-crystallin (14-17), has suggested a
mechanism for the Q286R:D87G complementation event (12,
18). Each of the four active sites of the ASL protein is located
in a cleft formed by three different monomers (12, 14-17).
Both D87 and Q286 lie in the active site region, but in any
one active site, each residue is contributed by a different
monomer. A homotetramer of D87G or Q286R would be
inactive since all four active sites would have an amino acid
substitution. Heterotetramers, containing subunits with either
the D87G substitution or the Q286R substitution, could have
0, 1, or 2 active sites with all wild-type residues depending
on the number and orientation of the different mutant
subunits in the tetrameric protein. If the subunits had equal
probability of associating, a mixture of five tetramers would
form with D87G to Q286R ratios of 4:0, 3:1, 2:2, 1:3, and
0:4 in a 1:4:6:4:1 distribution. By calculating the number of
active sites containing all wild-type residues in each tetramer
and assuming that these nativelike active sites are fully
functional and that both individual mutants are completely
inactive, the mixture of heterotetramers should have 25%
of the catalytic activity of the wild-type protein. This value
is consistent with the 30% of wild-type activity observed
for the Q286R/D87G heterotetramers in the COS cell
experiments described above (11).

Thirteen additional mutations in the ASL gene associated
with argininosuccinic aciduriahave been identified (11, 19-
22). In contrast to the Q286R and D87G substitutions, which
are located in the ASL active site, the majority of these other
disease-causing substitutions are dispersed throughout the
ASL structure. Nevertheless, the Q286R mutation was found
to participate in complementation events with almost all of
these ASL mutants, regardless of their location in the tertiary

structure (1). In all cases, however, the recovered wild-type
ASL activity was only about one-third of that for the Q286R:
D87G complementation event (1).

The work presented in this paper is aimed at answering
three questions raised by the previous studies on intragenic
complementation at the ASL locus: (1) Why do most of
the ASL alleles fail to display intragenic complementation
in the fibroblast assay? (2) Why does the Q286R mutant
complement almost all other ASL mutants? (3) Why does
Q286R:D87G complementation result in much higher activity
than any other observed ASL complementation event? To
address these questions, we have characterized the effects
of the Q286R and D87G substitutions, as well as an alanine
to aspartate substitution at codon 398 (A398D) (11) and a
methionine to threonine substitution at codon 360 (M360T)
(21), on the recombinant ASL protein. The latter two
mutants were identified in patient strains that complement
with Q286R. The A398 and M360 residues are removed from
the active site of ASL. By coexpressing combinations of
these mutants, we have been able to purify mutant hetero-
tetramers and assess their complementation behavior in vitro.
We have also assessed the thermal stability of the homo-
and heteromutant proteins. The results of these experiments
have allowed us to identify two general mechanisms by
which intragenic complementation occurs at the ASL locus.
First, complementation can occur by the regeneration of
functional nativelike active sites in heterotetramers of two
distinct, stable, active site mutants. Furthermore, these stable,
active site mutants can also oligomerize with unstable mutant
subunits to form hybrid tetramers with enough stability for
catalysis to occur.

MATERIALS AND METHODS

Expression Vectors.A pET-3c vector (T7 promoter, ampr,
pBR322 origin) containing human ASL (pET-wtASL) was
obtained from Dr. M. Hershfield (23). The pET-3c D87G
(pET-D87G) and Q286R (pET-Q286R) expression vectors
were constructed using restriction digestion and the pESP-
SVTEXP expression vectors pESP-D87G and pESP-Q286R
constructed previously (11). The pESP-D87G plasmid was
digested withMluI andSpeI, and nucleotides 74-743 were
subcloned into the pET-wtASL plasmid, replacing the normal
sequence in this region. Similarly, the pESP-Q286R plasmid
was digested withSpeI andSfiI, and nucleotides 743-1211
were subcloned into the pET-wtASL plasmid. To simplify
purification, plasmids that expressed a C-terminal histidine-
tagged version of the protein were also constructed. The pET-
wtASL-his plasmid was constructed by amplifying the 5′ end
of the gene using PCR with the addition of a six-histidine
tag. The PCR product and the pET-wtASL were digested
with SfiI and BamHI, and the digested PCR product was
ligated into the analogous region of the pET-wtASL plasmid
to construct pET-wtASL-his. The pET-D87G-his and pET-
Q286R-his plasmids were constructed as described above
for the pET-D87G and pET-Q286R plasmids except that
pET-wtASL-his was used instead of pET-wtASL.

The pET-3c A398D-his (pET-A398D-his) and M360T-
his (pET-M360T-his) expression vectors were constructed
by site-directed mutagenesis using the Unique Site Elimina-
tion kit from Pharmacia. The oligonucleotides (Gibco BRL)
CC TCC GGA AAA GCT GTG TTC ATGGAC GAG ACC
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and CAA GAG AACACG GGA CAG GCC TTA AGC CC
were used to generate the A398D and M360T mutations,
respectively. The above mutagenic primers were used to
introduce both the desired codon (boldface) and a unique
restriction site (underlined),Kpn2I or BspTI, respectively,
in the region of the mutation. Screening for the presence of
the new restriction site by restriction enzyme mapping
identified positive mutants. All plasmids were sequenced to
ensure that each mutation had been correctly introduced and
that no additional mutations existed.

For the in vivo complementation studies, coexpression
vectors containing the full-length cDNA and T7 promotor
site for either the D87G-his, A398D-his, or M360T-his
mutant with the full-length cDNA and T7 promotor site for
the Q286R mutant were created. The pET-D87G-his plasmid
was digested withBglII and BamHI, and the resulting
1537 bp fragment was subcloned into theBglII site of the
pET-Q286R plasmid to generate the pET-D87G-his/Q286R
plasmid. The pET-A398D-his/Q286R and pET-M360T-his/
Q286R plasmids were generated as above.

Protein Expression and Purification.Plasmids containing
C-terminal histidine-tagged proteins were overexpressed in
theE. coli strain BB101, genotypeara ∆(lac proAB)∆slyD
(kanr) nalA argEam rif thiF′[lacI q proAB+] (λDE3), using
the T7 polymerase system. Cells were harvested 3-4 h post-
induction (1 mM IPTG, 37°C) for wtASL-his, Q286R-his,
D87G-his, and D87G-his/Q286R, and 20 h post-induction
(1 mM IPTG, 25 °C) for A398D-his, M360T-his, and
heterotetramers containing either the A398D-his or the
M360T-his subunit. Cells were stored at-20 °C until
required. Expression of the full-length A398D-his and
M360T-his mutant proteins was confirmed by western blot
analysis (24) using the QIAexpressPenta•His antibody
(Qiagen).

The frozen cells for the homomutant proteins were lysed
by sonication in 20 mL of Buffer A (20 mM Tris-HCl, pH
8, 0.5 M NaCl) with 0.5 mM PMSF. Cells were sonicated
for a total of 10 min using a pulse sequence for 30 s
interspersed with 90 s of cooling on ice. The sonicated cells
were centrifuged (JA-20 rotor in a Beckman J2-21 centrifuge)
at 15 000 rpm for 30 min at 4°C. The pellet was resuspended
in 20 mL of Buffer A and sonicated and centrifuged as
described above. The supernatant from both spins was pooled
and applied to a Ni-affinity column (His-BindR resin,
Novagen) preequilibrated with Buffer A. The column was
washed with 30 mL of 5 mM imidazole in Buffer A and 12
mL each of 30 and 60 mM imidazole in Buffer A. The
protein was eluted with 15 mL of 100 mM imidazole in
Buffer A and the eluted fraction dialyzed overnight at 4°C
against 4 L of dialysis buffer (20 mM potassium phosphate,
pH 6.5, 1 mM EDTA, 1 mM DTT, 300 mM NaCl).

The frozen cell pellets from the coexpressed heteromutant
proteins were lysed and applied to the Ni-affinity column
as described above for the homomutant proteins. The column
was washed with 30 mL of Buffer A, 30 mL of Buffer A
with 5 mM imidazole, and 12 mL each of Buffer A with the
following imidazole concentrations: 10, 20, 30, 60, 100, and
200 mM. The fractions eluted with 30 and 60 mM imidazole
were pooled and dialyzed overnight at 4°C against 4 L of
dialysis buffer. All proteins were approximately 95% pure.

Circular Dichroism Spectroscopy.The CD spectra for all
proteins were collected in a cell with a path length of 0.1

cm on an AVIV Circular Dichroism spectrophotometer
(model 62A DS). The protein solution (0.15-0.20 mg/mL
in 20 mM potassium phosphate, pH 7.5, 1 mM EDTA, 1
mM DTT) was scanned from 200 to 260 nm in 1 nm
increments. To examine the thermal stability of each protein,
the loss of ellipticity at 222 nm was monitored as the protein
sample was heat-denatured. The temperature was increased
from 25 to 101 °C in 2 °C increments with 1 min
equilibration before each reading.

ASL ActiVity Assays.The ability of plasmid-borne ASL
mutants to complement anE. coli strain with its endogenous
ASL gene deleted served as a simple in vivo assay for ASL
activity. E. coli strain W3678 (∆galT, LAM-, IN(rrnD-
rrNE)1, ∆argH, F-) was obtained from V. L. Chan (25) and
lysogenized using Novagen’sλDE3 Lysogenization Kit. The
resulting∆ASL cells transformed with various ASL-express-
ing plasmids were assayed on plates containing M9 minimal
media (24) with and without arginine supplementation. The
streaked plates were incubated at 37°C for 48 h. The level
of growth of the transformed cells on M9 minimal media
was compared to that for cells transformed with the plasmid
carrying the wild-type ASL protein.

The in vitro ASL enzyme activity of the wild-type and
mutant proteins was determined spectrophotometrically; 10×
stock solutions of sodium argininosuccinate (Sigma-Aldrich)
in reaction buffer (20 mM potassium phosphate, pH 7.5,
1 mM EDTA) were prepared such that the final concentration
of substrate in the reaction ranged from 0.02 to 2.0 mM.
The reaction was initiated by adding 20-30µL of the protein
solution (10-20 µg of enzyme) to the reaction mixture for a
total reaction volume of 500µL. The reaction was monitored
by measuring the increase in fumarate (λmax ) 240 nm;
ε ) 2.44 mM-1 cm-1) concentration accessed by UV
absorption at 240 nm on a Milton Roy 3000 spectro-
photometer. All ASL assays were performed in triplicate at
room temperature. Initial velocities were used to determine
the kinetic parameters.

In Vitro Complementation Studies.Equal quantities of the
D87G-his and Q286R-his ASL mutants (0.2 mg/mL) were
mixed together and incubated at either 0°C or room
temperature (25°C). Aliquots (50µL) were taken from the
mixture at various intervals of time over a 6-day period and
diluted 10 times and allowed to equilibrate at room temper-
ature for 30 min prior to performing the activity assay. The
diluted sample (50µL) was assayed for activity in the
presence of 5 mM substrate. The enzyme activity of all
samples was assayed in triplicate at 25°C. The activities of
wild-type ASL, individual D87G-his and Q286R-his homo-
mutants, and the D87G-his/Q286R coexpressed protein,
incubated at both 0°C and 25°C, were monitored as controls.
The total protein concentration of the incubated mixtures was
0.4 mg/mL. The results obtained were expressed as the
percentage of wild-type activity recovered over time.

RESULTS

Production of Q286R/D87G Heterotetramers by in ViVo
Coexpression.To determine whether the ASL protein
expressed inE. coli could be used as a model system for
studying the phenomenon of intragenic complementation
observed at the ASL locus, we first established that mutant
heterotetramers would form when coexpressed inE. coli.

Mechanisms for Intragenic Complementation in ASL Biochemistry, Vol. 40, No. 51, 200115583



To facilitate purification of wild-type and mutant ASL
proteins, the proteins were expressed with C-terminal 6-His
tags. 6-His-tagged wild-type ASL and Q286R and D87G
ASL mutants (wtASL-his, Q286R-his, and D87G-his, respec-
tively) were expressed inE. coli and yielded approximately
10-20 mg of 95% pure protein per liter of cultured cells
(Figure 1a). Plasmids were constructed to coexpress various
pairs of mutants within the sameE. coli cell. On each
plasmid, only one of the mutant ASL genes encoded a
C-terminal 6-His tag. The objective of this approach was to
produce heterotetramers in vivo, which could subsequently
be purified by Ni-affinity chromatography. There are five
different heterotetramers that can be formed from the
combination of two different monomers (mutants 1 and 2).
These tetramers would contain mutant 1 and mutant 2
polypeptides in the following ratios: 0:4, 1:3, 2:2, 3:1, 4:0.
Since only one of the two mutants has a 6-histidine tag, the
tetramers produced are expected to have varying affinities
for a Ni column based on the number of histidine-tagged
subunits present.

Putative heterotetramers, produced in cells where the
Q286R and D87G-his mutants were coexpressed, were
purified by Ni-affinity chromatography. ASL-containing
fractions were found to elute at imidazole concentrations
between 30 and 60 mM (Figure 1b). These fractions were
presumed to contain heterotetramers of tagged and untagged

ASL monomers because homotetramers of 6-His-tagged
ASL elute at 100 mM imidazole (Figure 1a). A homotetramer
with none of its subunits tagged does not bind to the column
(data not shown). Isoelectric focusing gels were used to
confirm the presence of heterotetrameric enzymes. Since the
additional histidines will increase the isoelectric point of a
tagged monomer, the isoelectric point of heterotetramers will
increase with the number of histidine-tagged subunits present.
Homotetramers containing only Q286R or D87G-his homo-
tetramers should migrate as single bands at distinctly different
positions on an isoelectric focusing gel (Figure 1c). To date,
we do not know why the Q286R tetramer appears to run as
a doublet, although this observation is not unique to this
study. In previous immunoblot experiments, two bands of
∼51 and∼49 kDa were seen for patient strains that carried
the Q286R substitution (9). In contrast, ASL purified from
the Q286R/D87G-his coexpression strain migrates in multiple
bands with mobilities that are intermediate between the pure
mutant homotetramers. These data demonstrate that hetero-
tetramers with varying ratios of tagged to untagged mono-
mers are present in this enzyme preparation.

Coexpression Studies with the M360T and A398D Mutants.
Unlike the Q286R and D87G mutants, both the M360T-his
and A398D-his mutants were found to accumulate in
insoluble aggregates when expressed inE. coli at 37 °C.
Western blot analysis confirmed that the full-length proteins
were expressed at high levels similar to wild-type (data not
shown), but remained in the pellet after cell lysis. Pure
soluble M360T-his mutant protein (2 mg per liter of cultured
cells) was obtained when the mutant protein was expressed
at room temperature (Figure 1d). Varying the temperature
at which the A398D-his protein was expressed, from 15 to
37 °C, failed to produce any soluble protein, preventing
further investigation of this homomutant protein in vitro.

The solubility of the M360T-his and A398D-his mutants
dramatically increases when they are coexpressed with the
Q286R mutant. Most remarkably, soluble subunits of the
A398D-his mutant protein were observed when coexpressed
with Q286R, even though the A398D-his protein accumulates
exclusively in insoluble aggregates when expressed on its
own (data now shown). These results indicate that the M360T
and A398D substitutions cause defects in protein folding
which result in precipitation inside the cell. Coexpression
with the Q286R mutant leads to a rescue of these insoluble
mutants by the formation of more stable heterotetramers.
Consistent with this scenario, coexpression of the two
putative unstable mutants, M360T and A398D, did not
increase the solubility of the proteins (data not shown).

Stability of Wild-Type and Mutant Proteins.To determine
the effects of these substitutions on the structure and stability
of the protein, the wild-type and mutant ASL proteins were
analyzed by circular dichroism (CD) spectroscopy. All the
ASL proteins in the present study have a typicalR-helical
spectrum with the characteristic minima at 208 and 222 nm
(Figure 2). The variations in the total amount of ellipticity
may reflect subtle alterations in the structure of some
mutants. In this regard, it is notable that the homotetramer
of the unstable M360T-his mutant displays the least ellip-
ticity.

The unfolding of each protein was monitored by the
change in ellipticity at 222 nm as the temperature of the
sample was increased. All transitions were found to be

FIGURE 1: Expression and purification of ASL proteins. (a)
Purification of wtASL-his by Ni-affinity chromatography. Lane 1,
flow-through; lanes 2-6, washes with 5, 60, 100, 100, and
200 mM imidazole, respectively. The protein was eluted in the
100 and 200 mM imidazole fractions (lanes 4-6). (b) Purification
of the coexpressed Q286R/D87G-his heterotetramers by Ni-
affinity chromatography. The protein was eluted with increasing
imidazole concentrations. The protein eluted with 30 and 60 mM
imidazole was pooled and run on an isoelectric focusing gel. (c)
Isoelectric focusing gel illustrating the heterogeneous mixture of
the coexpressed protein. Lane 1, D87G-his homotetramer; lane 2,
Q286R homotetramer; lane 3, Q286R/D87G-his-coexpressed
heterotetramers. (d) Purification of M360T-his mutant ASL by
Ni-affinity chromatography. Lane 1, flow-through; lanes 2-7,
washes with 5, 30, 60, 100, 100, and 200 mM imidazole,
respectively. The protein eluted in the 100 mM imidazole fractions
(lanes 5 and 6).
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cooperative and irreversible. Although no thermodynamic
parameters can be obtained from irreversible reactions,
monitoring the loss of structure as a function of temperature
serves as a simple method for comparing the stability of the
different proteins. The wtASL-his, Q286R-his, and D87G-
his proteins were all found to have comparable thermal
stability with the midpoint of the transition ranging from
approximately 56 to 58°C (Figure 3a). Similarly, there was
no change in the transition for the D87G-his/Q286R-
coexpressed heterotetramers (Figure 3a). In contrast, the
M360T-his protein exhibited a dramatic decrease in stability
with the midpoint of the transition at approximately 42°C
(Figure 3b). The transition for the M360T-his/Q286R-co-
expressed heterotetramers was less cooperative but exhibited
greater resistance to thermal denaturation than the M360T-
his homomutant protein. The thermal stability observed for
the A398D-his/Q286R-coexpressed heterotetramers was near
wild-type (Figure 3b).

Enzymatic ActiVity of Wild-Type and Mutant Proteins.To
characterize the effect that the individual amino acid
substitutions have on the function of the ASL protein, the
enzyme activity was assayed. The in vivo catalytic activity
of the mutant proteins was tested by assessing their ability
to support growth of a∆ASL E. coli strain on minimal
media. These cells do not carry a functional gene for ASL
and therefore require an external source of arginine for
growth on minimal media. In the absence of arginine, human
wild-type ASL was found to complement growth of thisE.
coli strain. To determine the minimum level of catalytic
activity required to complement the∆ASL strain, cells were
transformed with a number of duckδ2 crystallin mutants
(26). δ2 crystallin is an enzymatically active ASL homologue
found in birds and reptiles (27). Using wild-type duckδ2
crystallin and the previously characterizedδ2 crystallin
mutants, the∆ASL strain was found to require a minimum
threshold of 3% ASL activity to be able to grow on minimal

media without an external arginine source (data not shown).
The level of catalytic activity above or below this threshold
could not be quantified by the screen. Compared to wild-
type ASL, cells transformed with either M360T-his or Q286R
exhibited slower growth as seen by the small colony size
(Table 1). The A398D-his and D87G-his mutants were
completely unable to support growth on minimal media.
Strikingly, cells transformed with a plasmid coexpressing
A398D-his with D87G could support growth, indicating that
partial enzymatic activity was restored. This result demon-
strates that intragenic complementation has occurred between
these mutant alleles. Moreover, when transformed with any
coexpression plasmid, with the exception of M360T-his/
A398D, enough arginine was produced by the cells to permit
growth on minimal media at levels similar to wild-type
(Table 1). These data demonstrate that intragenic comple-
mentation between ASL alleles can be observed in vivo in
E. coli, and that all pairs of mutants except M360T-his/
A398D are able to complement.

The in vitro activity of the purified proteins was deter-
mined spectrophotometrically by measuring the rate of
fumarate production. All active enzymes obeyed Michaelis-
Menten kinetics with no evidence of negative cooperativity.
The Michaelis-Menten plots for wild-type ASL and the
Q286R-his mutant are shown in Figure 4a and b, respec-
tively. A comparison of native and histidine-tagged wild-
type proteins confirmed that the tag does not affect catalysis

FIGURE 2: Circular dichroism spectra of wild-type and mutant ASL
proteins. Proteins (0.15-0.20 mg/mL) were scanned from 200 to
260 nm, and the resulting spectra were superimposed. Key to plot:
([) wtASL-his homotetramer; (0) Q286R-his homotetramer; (4)
D87G-his homotetramer; (O) M360T-his homotetramer; (2) Q286R/
D87G-his heterotetramer; (b) M360T-his/Q286R heterotetramer;
(9) A398D-his/Q286R heterotetramer.

FIGURE 3: Temperature denaturation of ASL proteins monitored
as a function of the circular dichroism signal at 222 nm. The curves
were normalized for comparison of data. (a) Temperature dena-
turation of ([) wtASL-his, (O) Q286R-his, (0) D87G-his, and
the coexpressed protein (2) Q286R/D87G-his. (b) Temperature
denaturation of ([) wtASL-his, (O) Q286R-his, (0) M360T-his,
and the coexpressed proteins (2) M360T-his/Q286R and (×)
A398D-his/Q286R.
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(data not shown). A summary of the kinetic parameters
obtained is presented in Table 1. The D87G-his mutant
protein was inactive, while the Q286R mutant exhibited
3.0( 0.3% residual wild-type activity. The coexpression of
any two mutants resulted in an increase in ASL activity
relative to either of the expressed homomutants. The largest
increase was observed when the Q286R and D87G-his
proteins were coexpressed, consistent with in vivo data
(1, 11). A recovery of 35.2( 2.9% activity was observed.
The A398D-his mutant, which is insoluble on its own,
produced heterotetramers with either the Q286R or the D87G
mutant with 15.5( 0.4% and 12.3( 1.7% wild-type activity,
respectively. In contrast to the low level of in vivo activity
described above, the M360T-his mutant exhibited no enzyme
activity in vitro. However, heterotetramers of the inactive

M360T-his mutant with either Q286R or the inactive D87G
mutants recovered 10.3( 0.9% and 6.3( 2.5% wild-type
activity, respectively.

Reconstruction of the Complementation of D87G and
Q286R in Vitro.ASL has been reported to undergo reversible
cold dissociation (28, 29). This phenomenon was exploited
to reconstruct the complementation event in vitro using
purified protein. When equal amounts of Q286R-his and
D87G-his were mixed and incubated at room temperature,
no increase in catalytic activity was observed (Figure 5).
However, when the proteins were mixed and incubated at
0 °C, the amount of ASL activity increased over time,
indicating that at 0°C a reassortment of subunits occurred
to form active heterotetramers. The level of activity for the
Q286R/D87G-his-coexpressed proteins or the individual
homomeric proteins by themselves did not vary with the
temperature at which they were incubated. The final percent-
age of wild-type activity recovered after the 6 day incubation
is represented in Figure 5b. The final level of activity
recovered by the mixture of individually purified Q286R-
his and D87G-his corresponded to that of the Q286R/D87G-
his-coexpressed proteins. These experiments show that
the purification procedure used to obtain the coexpressed
heterotetrameric proteins did indeed produce a mixture of
heterotetramers.

DISCUSSION

The Q286R Substitution in Frequent Complementing
Strains.Walker et al. (11) identified the Q286R substitution
in patient strains classified as frequent complementers. These
strains participated in the majority of complementation events
seen at the ASL locus (1). We have studied the effect of the
Q286R substitution on the recombinant ASL protein, both
by itself and with other mutant subunits in heteromeric
proteins, to determine how it is able to participate in most
complementation events.

Structural analysis by circular dichroism reveals that there
are no gross alterations in the secondary structure or any
difference in the thermal stability of the Q286R mutant
compared to wild-type ASL. The loss of activity seen in the
Q286R mutant has previously been attributed to the location
of the substituted residue in the active site of the protein
(12). Q286 is adjacent to K287, a residue that appears to
be crucial for stabilizing the enzyme-substrate complex
(15, 30). To understand the structural basis for the loss of
activity in the Q286R homomutant protein, its 3-dimensional

Table 1: Kinetic Properties of Wild-Type and Mutant ASL Proteins

protein
in vivo
activitya KM (mM)

Vmax

(µmol min-1 mg-1) Kcat (s-1) Kcat/KM (M-1 s-1)
% of in vitro
wt activity

wt ASL ++ 0.12( 0.01 10.36( 0.90 34.5( 3.0 (2.98( 0.19)× 105 100( 6.4
Q286R-his + 0.07( 0.01 0.18( 0.01 0.60( 0.02 (8.98( 0.84)× 103 3.0( 0.3
D87G-his - inactive
M360T-his + inactive
A398D-his - inactive
Q286R/D87G-his ++ 0.06( 0.01 1.90( 0.09 6.34( 0.30 (1.05( 0.86)× 105 35.2( 2.9
A398D-his/Q286R ++ 0.11( 0.01 1.52( 0.04 5.05( 0.13 (4.62( 0.10)× 104 15.5( 0.4
M360T-his/Q286R ++ 0.06( 0.01 0.51( 0.02 1.71( 0.05 (3.07( 0.25)× 104 10.3( 0.9
A398D-his/D87G ++ 0.03( 0.01 0.37( 0.02 0.12( 0.05 (3.67( 0.50)× 104 12.3( 1.7
M360T-his/D87G ++ 0.06( 0.03 0.29( 0.09 1.02( 0.32 (1.89( 0.74)× 104 6.3( 2.5
M360T-his/A398D + inactive
a Measured as the protein’s ability to recover growth of∆ASL E. coli cells on M9 minimal media.++, growth of cells similar to wild-type;+,

growth of cells slower than wild-type;-, no growth.

FIGURE 4: Michaelis-Menten plot of kinetic data for (a) wtASL
and (b) Q286R-his homotetramers.
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structure has been determined by X-ray crystallography [see
preceding paper (13)]. While we are unable from this
structure to determine unambiguously why the Q286R mutant
is inactive, it is likely that the substitution hinders a
conformational change, which is thought to be required for
catalysis to occur. The loss of enzyme activity is therefore
primarily due to the location of the amino acid substitution
in the active site region of the protein.

Fifteen naturally occurring mutations in the ASL gene have
been identified to date (10, 11, 19, 21, 22). The majority of
mutations occur in buried positions outside the active site.
Substitutions of these residues are likely to affect the stability

and/or the conformation of the protein (31). The effect of
most of these substitutions on catalysis will therefore be
indirect since a change in monomer stability and/or subunit
association would decrease the amount of active tetramer.
Our investigation of two such mutants, M360T and A398D,
confirms they have considerably less stability than wild-type
ASL. The A398D substitution likely prevents folding of the
protein since no stable, soluble tetramers are present in vivo
in E. coli to rescue growth of the∆ASL cells on minimal
media (Table 1). The A398D mutant accumulated in inclu-
sion bodies even when expressed at 15°C. The M360T
mutant protein was found to have enough residual in vivo
activity to permit slow growth of∆ASL cells on minimal
media. The purified protein, however, was completely
inactive (Table 1). In thermal denaturation experiments
monitored by CD, the M360T-his mutant aggregated near
40 °C, approximately 20°C below the wild-type protein
(Figure 3b). This result is consistent with our observation
that the M360T mutant was completely insoluble inE. coli
when expressed at 37°C, but was partly soluble at room
temperature. The lack of in vitro activity for the M360T
mutant is perplexing since the assays were preformed at room
temperature, conditions under which this protein is folded
(Figure 3b) and soluble. In addition to its destabilizing effect,
the M360T substitution must cause some other conforma-
tional alteration that results in loss of activity. The low level
of in vivo activity detected for the M360T mutant (Table 1)
likely reflects some difference in the intracellular environ-
ment. The fact that aggregation occurs near physiological
temperatures explains why the mutant protein aggregates
when expressed at 37°C and why substitution causes ASL
deficiency in humans.

Our results show that the M360T and A398D mutants
produce unstable proteins but when coexpressed with Q286R
are able to form heterotetramers with increased stability and
partial recovery of catalytic activity. Neither A398 nor M360
is positioned at the subunit interface, and both are removed
from the Q286 residue in adjacent subunits (Figure 6). The
flexibility of the loop (16, 17) on which Q286 is located,
the 280’s loop, allows the substitution to arginine to be
tolerated without any detectable loss of stability. We surmise
that the Q286R mutant is able to participate in comple-
mentation events with a variety of mutants because it is able
to associate with unstable mutant subunits and generate
heteromeric proteins with enough stability to be active. The
increased stability of M360T-his/Q286R heterotetramers
compared to M360T-his homotetramers (Figure 3b) confirms
that the association of stable and unstable ASL monomers
can produce a tetramer with intermediate stability.

No complementation was observed between the unstable
mutants, M360T and A398D (Table 1). Clearly, unstable
mutants must oligomerize with a stable mutant, like Q286R,
for complementation to occur. These observations may
explain why most of the ASL alleles failed to display
intragenic complementation in the fibroblast assay. The
location of most of the other disease-causing substitutions
in ASL suggests that these mutant proteins would have
reduced stability and therefore their inability to complement
one another is not surprising.

Complementation due to “stabilizing” mutant subunits was
previously observed in the hexameric nicotinamide adenine
dinucleotide phosphate-linked glutamic dehydrogenase

FIGURE 5: In vitro complementation between Q286R-his and
D87G-his. (a) Equal quantities of purified Q286R-his and
D87G-his mutant proteins were mixed together and incubated at
either 0°C (b) or 25 °C (O). The enzyme activity was measured
at various time intervals and compared to that for the wild-type
protein incubated under the same conditions. The Q286R/D87G-
his-coexpressed heterotetramers (4) incubated at 0°C were used
as a control. (b) The percentage of wild-type activity recovered
after the 6 day incubation at 25°C (striped) and 0°C (black) for
the wtASL-his, Q286R-his, and D87G-his homotetramers, the
Q286R/D87G-his-coexpressed heterotetramers, and the Q286R-his
+ D87G-his homotetramer mixture.
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(NADP-GDH) of Neurospora crassa(32). The mutant am1

appeared to be conformationally stable but unable to bind
NADP for catalysis (32), much like Q286R is conforma-
tionally stable but catalytically inactive. Initial investigation
of mutant am1 indicated that the mutant subunit comple-
mented with a variety of other am mutants, and heterohexa-
mers were active over a much wider range of conditions;
that is, they were more stable than the homomeric form of
the second am mutant (33). Complementation was observed
to occur in NADP-GDH only when a certain minimum
content of the “stabilizing” am1 subunit was present in the
heterohexamer (34). Mutant am14, which produced no
detectable NADP-GDH hexamers, was found to form active
heteromers with am1 (32, 35), mirroring the A398D:Q286R
complementation event in ASL.

The D87G Substitution in High-ActiVity Strains.In their
complementation analysis, McInnes et al. (1) found that two
of the positive complementation tests produced a 3-fold
higher increase in ASL activity than any other fusion. These
two fusions occurred between the frequently complementing
(Q286R-containing) strains and those that were classified as
high-activity strains, which were subsequently found to be
either homozygous or heterozygous for the D87G substitution
(11).

Like Q286R, the inactivity of the D87G mutant is due to
its location in the active site cleft (12). D87 binds the peptidic
end of the argininosuccinate substrate via a water molecule
(36). D87 is located at the end of a flexible loop and forms
a cap at the beginning of helixR5. Analysis of various
δ-crystallin structures has suggested that a specific confor-

mation of residues 74-89 is required for catalysis (17). The
absence of the carboxylic group in the D87G mutant could
therefore eliminate the interaction with the substrate as well
as cause conformational changes that prevent the substrate
from binding and hence render the enzyme inactive.

We hypothesize that the Q286R:D87G complementation
event results in higher activity than any other complemen-
tation event because both of these mutants possess wild-
type stability. A recovery of at least 25% wild-type activity
suggests that all possible heterotetramers containing these
two mutants have an equal probability of occurring. The
activity of the Q286R/D87G-his heterotetramers should
actually be slightly greater than 25% due to the residual 3%
activity seen in the Q286R mutant (Table 1). Complemen-
tation between either M360T or A398D mutant subunits and
the Q286R mutant does not produce as high activity in vivo
(1) or in vitro. Judging by their positions, M360T and
A398D, as well as the other amino acid substitutions that
causeargininosuccinic aciduria, likely cripple the enzyme
by reducing its stability in some way. The lower levels of
recovered activity seen during complementation with Q286R
could perhaps be due to the unstable subunits not being as
efficiently incorporated into heterotetramers as the stable
mutants, or the heterotetramers formed with unstable subunits
having aberrant active site conformations due to structural
alterations caused by the substitutions. These observations
are supported by results from immunoblot studies of ASL
in patient fibroblasts (9). The majority of the patient strains
exhibited cross-reactive material (CRM) of lower molecular
weight, indicating degradation. The lower weight CRM was

FIGURE 6: Schematic representation of the ASL (a) monomer and (b) tetramer. The highly conserved consensus sequences of the ASL
superfamily are colored green in each panel. In (a), the locations of D87, Q286, M360, and A398 in the monomer are shown in red. In (b),
the monomer shown in (a) is depicted in the active tetrameric form of the ASL protein. The green circles represent the location of the four
active sites.
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not present in patient strains containing the Q286R substitu-
tion. It was also observed that the amount of normal
molecular mass CRM (49-51 kDa) present in a patient strain
correlated strongly with the frequency in which that patient
strain participated in complementation. This correlation
agrees with our hypothesis that the more stable mutants are
better able to complement.

The experiments performed in this work demonstrate that
the D87G mutant complements unstable mutants, such as
M360T and A398D, almost as well as Q286R (Table 1).
This result was expected because we hypothesize that stable
active site mutants, such as D87G, should be able to
complement most nonactive site unstable mutants. The
D87G-containing fibroblast strains, however, were not found
to be frequently complementing strains. At present, it is
difficult to explain the very different behaviors of the D87G
and Q286R mutants in the in vivo complementation analysis
(1). Conformational changes that alter substrate binding
in D87G homotetramers may also affect the ability of the
D87G mutants to form active tetramers with unstable
mutants. The relatively efficient D87G-mediated comple-
mentation that we observed in this work may be the result
of much higher concentrations of protein being present in
vitro and in E. coli as compared to the levels present in
fibroblasts. The lower concentrations of ASL within fibro-
blasts could exacerbate any defects in multimerization
possessed by the D87G mutant.

The A398D mutation was identified by Walker et al. as
the substitution in the second allele in a patient strain
heterozygous for the D87G substitution (11). Walker et al.
suggested that the A398D allele had significant residual ASL
activity due to the mild clinical phenotype of the heterozygote
(late-onset) compared to a D87G homozygote (sub-acute)
(11). Our results suggest that this is unlikely to be true since
the A398D homomutant protein is completely inactive,
cannot be expressed in a soluble form, and does not support
growth of the ∆ASL E. coli strain. There has been no
reported case of an individual homozygous for the A398D
substitution, probably due to the severe nature of the amino
acid substitution on the homomeric protein. We hypothesize
that in this particular case, the difference in the clinical
phenotype observed is due to complementation between
D87G and A398D.

Mechanisms for Intragenic Complementation.We have
shown that intragenic complementation occurs in ASL
between stable, active site mutants by the formation of
nativelike active sites in the hybrid protein. Figure 7 shows
schematically how two distinct active site mutants of a
homodimeric protein could recover activity. This type of
complementation has also been observed in another member
of the ASL superfamily, adenylosuccinate lyase (37), as well
as in the homotrimeric enzyme aspartate transcarbamoylase
(38) and homodimeric proteins glutathione reductase (39),
thymidylate synthase (40), mercuric reductase (41), and
ribulose bisphosphate carboxylase/oxygenase (42).

The explanation that complementation occurred by the
formation of “native” functional active sites was first
suggested by Crick and Orgel in 1964 (43), but was
dismissed from their general theory of intragenic comple-
mentation since it could not account for the complexity of
most complementation maps. That is, the probability that
all mutant subunits that complement involve substitutions

of active site residues is too small to be the basis for a general
theory to account for all the complementation events
observed. Additionally, intragenic complementation has been
identified in enzymes, such as alkaline phosphatase, whose
active sites do not lie in subunit interfaces (44). Crick and
Orgel suggested that complementation generally occurs
between mutant subunits because a local misfolding in one
subunit is compensated for by the unaltered homologous
region of the adjacent subunit.

Our understanding of protein folding has advanced con-
siderably since Crick and Orgel put forward their hypothesis.
Protein folding and unfolding occur cooperatively (45).
Although there are several cases in which folding intermedi-
ates have been identified (46-48), it is unlikely that only a
local unfolding, caused by an amino acid substitution, could
occur and at the same time be corrected for by a neighboring
region on an adjacent subunit. Instead, the majority of amino
acid substitutions most likely affect the global stability of
the oligomeric protein. We have shown that complementation
can occur between thermolabile mutants and stable mutants
by stabilizing the active oligomeric form of the hybrid
enzyme as depicted schematically in Figure 7. In this case,
however, an intersubunit active site is not strictly required,
nor do the mutations have to lie near the subunit interface.

FIGURE 7: Schematic representation of the effects of different amino
acid substitutions on a homodimeric protein. (a) The wild-type
protein. The active site is represented by the dashed box and is
formed by residues (A and B) from both monomers. There are two
active sites per molecule. Residue C represents any amino acid
removed from the active site. (b) Two distinct stable homomutant
proteins. a* and b* represent substitutions of active site residues
A and B, respectively. (c) An unstable homomutant protein. c*
represents the substitution of nonactive site residue C. (d) The
regeneration of nativelike active sites in a heterodimeric protein
formed from two stable mutants. Hybrid 1 consists of monomer 1
from stable Mutant 1 and monomer 2 from stable Mutant 2 and
has one functional active site. (e) The regeneration of nativelike
active sites in a heterodimeric protein formed from one stable and
one unstable mutant. In Hybrid 2, the stable monomer from Mutant
1 oligomerizes with the unstable monomer from Mutant 3 to form
a hybrid protein with intermediate stability.
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This mechanism for complementation therefore extends Crick
and Orgel’s original theory by including global destabilizing
mutants. We propose that both mechanisms reported here
can be used to broadly explain all of the complementation
events observed at the ASL locus.
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