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ABSTRACT: Argininosuccinate lyase (ASL) catalyzes the reversible breakdown of argininosuccinate to
arginine and fumarate, a reaction involved in the biosynthesis of arginine in all species and in the production
of urea in ureotelic species. In humans, mutations in the enzyme result in the autosomal recessive disorder
argininosuccinic aciduria. Intragenic complementation has been demonstrated to occur at the ASL locus,
with two distinct classes of ASL-deficient strains having been identified, the frequent and high-activity
complementers. The frequent complementers participate in the majority of the complementation events
observed and were found to be either homozygous or heterozygous for a glutamine to arginine mutation
at residue 286. The three-dimensional structure of the frequently complementing allele Q286R has been
determined at 2.65 Å resolution. This is the first high-resolution structure of human ASL. Comparison of
this structure with the structures of wild-type and mutant duckδ1 andδ2 crystallins suggests that the
Q286R mutation may sterically and/or electrostatically hinder a conformational change in the 280’s loop
(residues 270-290) and domain 3 that is thought to be necessary for catalysis to occur. The comparison
also suggests that residues other than R33, F333, and D337 play a role in maintaining the structural
integrity of domain 1 and reinforces the suggestion that residues 74-89 require a particular conformation
for catalysis. The electron density has enabled the structure of residues 6-18 to be modeled for the first
time. Residues 7-9 and 15-18 are in type IVâ-turns and are connected by a loop. The conformation
observed is stabilized, in part, by a salt bridge between the side chains of R12 and D18. Although the
disease causing mutation R12Q would disrupt this salt bridge, it is unclear why this mutation has such a
significant effect on the catalytic activity as residues 1-18 are disordered in all otherδ-crystallin structures
determined to date.

Argininosuccinate lyase catalyzes the reversible breakdown
of argininosuccinate to arginine and fumarate, a reaction
involved in the synthesis of arginine in all organisms and in
the urea cycle in ureotelic species. In humans, mutations in
ASL1 result in the clinical conditionargininosuccinic aci-
duria (1, 2), an autosomal recessive disorder that displays
considerable clinical and genetic heterogeneity. The clinical
heterogeneity is manifested by variations in the age of onset
and the severity of symptoms, with three distinct clinical
phenotypes having been identified: neonatal, subacute, and

late-onset. At present, the biochemical basis for this clinical
variation is unclear as there is little correlation between the
clinical phenotype and the residual enzymatic activity found
in cultured fibroblasts or other tissues. The genetic hetero-
geneity was identified by complementation analysis using
cultured fibroblasts from 28 unrelated patients (3). While
all strains mapped to a single complementation group (i.e.,
affected a single locus), 12 distinct subgroups were identified,
suggesting that extensive interallelic or intragenic comple-
mentation occurs (4). Intragenic complementation is a
phenomenon that occurs when a multimeric protein is formed
from subunits produced by two differently mutated alleles
of the same gene. On complementation, a partially functional
hybrid protein is produced from the two distinct types of
mutant subunit, neither of which individually have ap-
preciable enzymatic activity.

Analysis of the molecular basis of intragenic complemen-
tation at the ASL locus has identified the molecular defects
in two classes of ASL-deficient strains. The frequent
complementers, strains that participate in the majority of
complementation events, were found to be either homozy-
gous or heterozygous for a glutamine to arginine mutation
at residue 286 (Q286R),2 while the high-activity comple-
menters, strains in which complementation is associated with
the restoration of the greatest amounts of ASL activity, were
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found to be either homozygous or heterozygous for an
aspartate to glycine mutation at residue 87 (D87G) (5).
Kinetic analysis of both mutants individually in patient cell
lines (5) or COS cell transfection assays (6) or kinetic
analysis of purified protein from a recombinantE. coli
expression system (7) shows little to no ASL activity. The
complementation of these mutants and the recovery of ASL
activity have been demonstrated in COS cells transfected
with both the D87G and Q286R mutants (5, 6), by their
coexpression inE. coli, and also by mixing purified
recombinant protein in vitro (7). In all cases, the heterotet-
rameric protein was found to exhibit approximately 30%
wild-type ASL activity.

ASL belongs to a superfamily of homotetrameric enzymes
that includesδ crystallin, class II fumarase, aspartase,
adenylosuccinase lyase, and 3-carboxy-cis,cis-muconate lac-
tonizing enzyme. These enzymes all have similar three-
dimensional structures (8-13) and catalyzeâ-elimination
reactions involving the cleavage of a carbon-oxygen or
carbon-nitrogen bond with the formation of fumarate as one
of the products. Although the overall sequence similarity
between these proteins is low (only 15% sequence identity),
there are three regions of highly conserved residues, denoted
C1, C2, and C3 (Figure 1). These signature sequences are
spatially distant from each other in the monomer but cluster
together in the tetramer to form a multisubunit active site,
in which regions C1, C2, and C3 are each contributed by a
different monomer (Figure 2). ASL is directly related to
δ-crystallin (64-71% sequence identity), the major structural
component of avian and reptilian eye lenses. Modification
of gene expression, overexpressed the ancestral ASL in the
avian eye lens where subsequent gene duplication has
resulted in two crystallin isoforms,δ1 andδ2 (14, 15). While
the role of both crystallin proteins is to maintain the physical
properties of the lens (e.g., transparency and refractive index),
theδ2 protein has also retained ASL activity and is the ASL
ortholog in nonlens tissues. In contrast,δ1 crystallin has
evolved and is no longer enzymatically active.

To understand how complementation of the D87G and
Q286R ASL mutants leads to partial recovery of ASL activity
in a heterotetrameric protein, it is first necessary to under-
stand how the mutation affects the structure and function of
the homotetrameric protein. The low-resolution 4 Å structure
of the wild-type human ASL (12) and the high-resolution
structures of duckδ-crystallin (9, 16, 17) have enabled the
location of each mutation to be mapped. Q286 is part of
superfamily signature sequence C3 and is highly conserved
across the ASL/δ-crystallin family. Q286 is located on a
highly flexible loop in the active site in close proximity to
several residues (e.g., S281and K287) that have been shown
to be important for catalysis. D87 is also located in the active
site region, at the beginning of a short helix,R5, and close
to H89, a residue important for substrate binding (9). The
side chain of D87 also forms a cap on helixR5. In each of
the four independent active sites, D87 and Q286 are
contributed by different monomers. If both mutations are
present in one active site, the symmetry of the molecule

dictates that there will be at least one active site with no
mutations. It is these “wild-type” active sites that are
responsible for the recovery of ASL activity observed in the
hybrid protein. We have previously hypothesized (12) that
the conversion of the noncharged polar glutamine residue
into a larger positively charged arginine residue might enable
a salt bridge to be formed between Q286R and either D367
or E399 of a neighboring subunit. This additional interaction
was proposed to affect the conformation of the loop to which
Q286R is attached either by rigidifying it and/or by prevent-
ing a conformational change that may be necessary for
catalysis to occur.

We present here the structure determination and refinement
of the Q286R ASL mutant and its comparison to previously
determinedδ-crystallin structures. At 2.65 Å, this represents
the first high-resolution structure of human ASL. The results
suggest that the Q286R mutation may sterically and/or
electrostatically hinder a conformational change in the 280’s
loop (residues 270-290) and domain 3 that has been
suggested to be important for catalysis (17), that residues
other than R33, F333, and D337 play a role in maintaining
the structural integrity of domain 1 and reinforce the
suggestion that residues 74-89 require a particular confor-
mation for catalysis to occur. The structure has also enabled
the conformation of residues 6-18 to be modeled for the
first time, providing insight into the effect that the disease
causing mutation R12Q may have on the catalytic activity.

MATERIALS AND METHODS

Expression and Purification of the Q286R Human ASL
Mutant. The Q286R mutant was generated using the wild-
type human ASL cDNA in a pET-3c expression vector
(Novagen) (gift of Dr. M. Hershfield) and the Q286R cDNA
in a pESP-SVTEXP vector (gift of Dr. R. McInnes). These
vectors, referred to as pET-3c-ASL and pESP-Q286R,
respectively, were digested with the restriction enzymesSpeI
andSfiI (New England Biolabs). The R286 mutant fragment
and the pET-3c-ASL vector with the fragment containing
Q286 excised were extracted from agarose gels and dephos-
phorylated. T4 DNA ligase was subsequently used to ligate
the purified fragments and generate the pET3c-Q286R vector.
The presence of the Q to R mutation was confirmed by DNA
sequencing. The Q286R mutant was expressed inE. coli and
purified as described previously for the wild-type protein
(18).

Kinetic Analysis.The enzymatic activity of Q286R and
wild-type ASL proteins was determined spectrophotometri-
cally. The kinetic assay was as described in Yu et al. (19).
In brief, a stock solution of argininosuccinate (Sigma-
Aldrich) was prepared in reaction buffer (20 mM potassium
phosphate, pH 7.6, 1 mM EDTA) such that the final
concentration of the substrate in the reaction could range
from 0.02 to 2.0 mM. The reaction was initiated by adding
20-30 µL of the protein solution (10-20 µg of protein) to
the reaction mixture for a total reaction volume of 500µL.
The reaction was monitored by measuring the increase of
fumarate at 240 nm (ε ) 2.44 mM-1 cm-1). All assays were
performed in triplicate. Initial velocities were used to
determine the kinetic parameters (Table 1).

Circular Dichroism Spectroscopy.The CD spectra of the
Q286R and wild-type proteins were measured on an AVIV
circular dichroism spectrophotometer (model 62A DS) as

2 Please note that the amino acid numbering throughout this paper
corresponds to ASL/dδc1. dδc2 has a two-residue inset at amino acid
5. The numbering of the dδc2 mutant structures has been maintained
in order to facilitate referencing to previously published papers.
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described in Yu et al. (19). The protein solution (0.15-0.2
mg/mL in 20 mM potassium phosphate, pH 7.6, 1 mM
EDTA, and 1 mM DTT) was scanned from 200 to 260 nm
in 1 nm increments. The thermal stability of each protein

was also examined by measuring the loss of ellipticity at
222 nm as the protein sample was heat-denatured. The
sample was heated from 25 to 101°C in 2 °C increments
with 1 min of equilibration before each reading.

FIGURE 1: Amino acid sequence comparison of the ASL/δ-crystallin family. Amino acids residues that show 100%, 80% or greater, or
60% or greater conservation are shaded in black, dark gray, and light gray, respectively. The figure was prepared using the program
GeneDoc (36). Abbreviations: ARLY, argininosuccinate lyase; CRD1,δ1 crystallin; CRD2,δ2 crystallin. The following letters represent
the species names abbreviated according to the SWISS-PROT nomenclature (e.g., ANAPL corresponds toAnas platyrhynchosor the
domestic duck). The sequence alignment was performed using Clustal X (27).
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Crystallization, Data Collection, and Structure Solution.
The mutant Q286R ASL was crystallized using the hanging-
drop vapor diffusion method. The crystallization conditions
were as described for wild-type human ASL (12). Diffraction
data were measured at room temperature using a Mar345
imaging plate detector mounted on a Rigaku RF rotating-
anode generator (λ ) 1.541 Å) and processed using the
DENZO/SCALEPACK software package (20) (Table 2). The
structure of Q286R ASL was solved by molecular replace-
ment (21, 22) using a monomer of H91N duckδ2 crystallin
(9) as the search model. This model was used as at the time
it represented the highest resolution structure of an active
ASL/δ-crystallin available. Data between 8 and 4 Å resolu-
tion were used in all rotation and translational searches. Initial
rotation searches produced two solutions, 7.3 and 6.2
standard deviations above the mean and 3.5σ higher than
the next peak. The final molecular replacement solution for
the two monomers in the asymmetric unit gave a correlation
coefficient of 61% and anRfactor of 37.5%.

Structure Refinement.The structure was refined using CNS
(22-24) with a maximum likelihood target function, a flat
bulk solvent correction, and no low-resolution or sigma cutoff
applied to the data. Ten percent of the structure factor
amplitudes were randomly selected and excluded from the
refinement and used to compute a freeR (Rfree). After each
refinement step,σA-weighted 2|Fo|-|Fc| and |Fo|-|Fc|
electron density maps were computed. Corrections to the
model were made between each round of refinement with
the program TURBO-FRODO (25). Initially, the orientation
and position of each monomer were refined. Each monomer
was then further divided into four sections, consisting of
residues 17-112, 113-361, 362-431, and 432-463 which
correspond to the three structural domains of the protein and
the C-terminal helix, respectively, and additional rounds of
rigid-body refinement were performed. The structure was
then refined by performing 5 cycles of torsion-angle refine-
ment followed by 3 cycles of Cartesian refinement. At the
end of each round of refinement, grouped and individual
B-factor refinement was performed. The refinement protocol

reduced the crystallographicRfactor and Rfree to 17.5% and
23.5%, respectively.

Noncrystallographic symmetry (NCS) restraints were ap-
plied separately to each section of the monomers (as defined
above) with weights chosen to minimize theRfree. As the
Rfactor andRfree decreased, the NCS restraints were gradually
relaxed. The initial round of refinement used the H91N dδc2
model without modification of the amino acid sequence. Prior
to the second round of refinement, the residues of the initial
model were annotated in accordance to the amino acid
sequence of human ASL and theσA-weighted electron
density maps. In the subsequent rounds of refinement, the
N-terminal segment of monomer B (residues 6B-16B) and
missing C-terminal residues were inserted. The peptide
linkage between residues Ser 321 and Thr 322 was also
modeled as a cis peptide. This peptide linkage was modeled
as a trans peptide linkage in the low-resolution 4 Å structure
of wild-type ASL (12). The conformation of this peptide
bond does not appear to be related to the enzymatic activity
as both the inactive dδc1 and the active dδc2 isoforms have
a cis peptide at this position (17). A total of 222 ordered
water molecules, obeying proper hydrogen bond geometry
with electron densities greater than 1.0σ and 2.5σ on σA-
weighted 2|Fo|-|Fc| and|Fo|-|Fc| maps, respectively, were
gradually included. The stereochemical quality of the model
was analyzed by PROCHECK (26). The Ramachandran plot
shows that 92% of the residues lie in the most favored region
with no residues in the disallowed regions. The final
refinement statistics are shown in Table 3.

Sequence Alignment and Structural Comparison.Sequence
alignment of the ASL superfamily was performed with
Clustal X (27). Reconstitution of the mutant Q286R ASL
and dδc1 tetramers was carried out in TURBO-FRODO
(25) using the properties of space groupsP3121 andC222,
respectively. Structural alignment was carried out by super-

Table 1: Kinetic Parameters of Wild-Type and Q286R Argininosuccinate Lyase

protein
Vmax

(µmol min-1 mg-1)
Km

(mM)
Kcat

(s-1)
Kcat/Km

(M-1 s-1)
relative catalytic
efficiency (%)

wild type 10.36( 0.90 0.12( 0.01 34.5( 3.0 (2.98( 0.19)× 105 100( 6.4
Q286R 0.18( 0.01 0.07( 0.01 0.60( 0.02 (8.98( 0.84)× 103 3.0( 0.3
R12Q 0.63( 0.03 0.08( 0.02 2.10( 0.11 (2.93( 0.11)× 104 9.82( 2.12

Table 2: Summary of Data Collection and Processing Statistics

space group P3121
cell dimensions a ) b ) 104.2 Å,c ) 183.02 Å,

γ ) 120°
no. of molecules/asymmetric unit 2
resolution limits (Å) 17-2.65
no. of overall reflections 79294
no. of unique reflections 33242
mean redundancy 2.4
completeness (%) 97.8 (99.2)a

averageI/σ(I) 8.1
% reflections withI > 2σ(I) 72.6 (43.7)a

Rsym
b 0.10 (0.46)a

a Last resolution shell 2.74-2.65 Å. b Rsym ) ∑|I - 〈I〉|/∑I whereI
is the measured intensity for symmetry-related reflections and〈I〉 is
the mean intensity for the reflection.

Table 3: Summary of Refinement Statistics

resolution range (Å) 17-2.65
Rfactor (%)a 17.5
Rfree (%)b 23
no. of reflections used in refinement 31478
no. of reflections used to computeRfree 3208
no. of non-hydrogen atoms

protein 7122
solvent 222

meanB-factor (Å2)
protein 44.7
per monomer: A/B 44.3/45.0
solvent 42.7

rms deviation from ideal values
bond lengths (Å) 0.006
bond angles (deg) 1.1
dihedral angles (deg) 18.9
improper angles (deg) 0.73

a Rfactor ) ∑(|Fo| - |Fc|)/∑|Fo|. b Rfree ) ∑(|Fos| - |Fcs|)/∑|Fos| where
‘s’ refers to a subset of data not used in the refinement, representing
∼10% of the total number of observations.
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imposing the tδc1, dδc1, and dδc2 and the mutant H91N
and H162N dδc2 structures on the Q286R ASL tetramer
using the RIGID option in TURBO-FRODO. In the first
step, a rigid-body alignment based on the coordinates of 10
structurally equivalent atoms located at the beginning and
the end of each central helix in domain 2 was performed.
From this initial superimposition, an iterative least-squares
fitting procedure was carried out between all CR atoms lying
at a distance progressively decreasing from 10.0 to 0.1 Å.
The root-mean-square deviation (rmsd) of all the CR atoms
was subsequently calculated in TURBO-FRODO.

RESULTS AND DISCUSSION

Kinetic Characterization of the Human Wild-Type and
Q286R Mutant ASL Proteins. The effect of the Q286R
mutation on the thermodynamic stability and enzymatic
activity of ASL was determined from kinetic and spectro-
scopic analysis of the mutant and wild-type proteins. CD
spectra of the wild-type and Q286R mutant proteins were
measured from 200 to 260 nm. The spectra displayed minima
at 208 and 222 nm, as is characteristic of proteins comprised
of largelyR-helical secondary structure [see Figure 2 of the
following paper (19)]. Superposition of the spectra revealed
that the Q286R mutation does not significantly alter the
secondary structure of the protein. The unfolding of both
proteins was monitored by the change in ellipticity at 222
nm as the sample has heat-denatured. The transition from
folded to unfolded protein was found to be cooperative and
irreversible, and the wild-type and Q286R mutant proteins
were found to have comparable thermal stability [see Figure
3 of the following paper, Yu et al. (19)] with the midpoint
of the transition at approximately 57°C. The spectroscopic
data indicate that the Q286R mutation does not affect either
the overall structure or the stability of the ASL protein.

The wild-type ASL and the Q286R mutant both exhibit
Michealis-Menten kinetics with no evidence of negative
cooperativity. The results of the kinetic analysis show that
the catalytic efficiency of the Q286R mutant is only 3% that
of the wild-type protein (Table 1). An approximate 2-fold
decrease inKm and a 60-fold reduction inKcat are observed,
suggesting that the mutation has less affect on substrate
binding than it does on catalysis. The loss of activity
observed in the Q286R recombinant ASL protein correlates
well with previous results on patient cell lines, as less than
3% ASL activity was observed in a neonatal onset patient
homozygous for the Q286R mutation (28). In contrast, less
than 0.05% ASL activity was observed for the Q286R mutant
in COS cell assays (5). Although all results indicate a
significant reduction in the catalytic activity, there is some
discrepancy regarding the extent of this loss. The small
variations observed in the quantification of the activity of
the mutant protein are most likely due to the indirect methods
used to determine protein concentration in the COS cell
assays.

OVerall Fold. Q286R ASL has the same overall fold as
wild-type ASL (12), wild-type and mutant duckδ2 crystallins
(9, 16, 17), and duck and turkeyδ1 crystallin (8, 17). The
ASL/δ-crystallin family also has the same overall topology
asE. coli and yeast fumarase (10, 29, 30), E. coli aspartase
(11), andThermotoga maritimaadenylosuccinate lyase (13).
Each of the monomers present in the asymmetric unit of the

Q286R ASL structure consist of 452 amino acids, corre-
sponding to residues 15-464. Eight additional N-terminal
residues (residues 6-14) are defined in monomer B. The
N-terminal residues (1-14) of monomer A could not be
modeled owing to the poor quality of the electron density in
this region of the structure. The secondary structure of each
monomer is predominantlyR-helical with each monomer
consisting of three distinct structural domains (Figure 2a).
Domains 1 and 3 have a similar overall topology and consist
of two helix-turn-helix motifs arranged mutually perpen-
dicular to each other. Domain 2 consists of nine helical
segments, five of which form a central five-helix bundle with
an up-down-up-down-up topology. ASL is functional
as a tetramer, and while only two monomers (A and B) are
present in the crystallographic asymmetric unit, the symmetry
of the space group can be used to generate the active
tetramer. The tetramer is formed by two dimers of closely
interacting monomers (A/C and B/D). Three of the five

FIGURE 2: Structure of ASL. (a) Schematic diagram of the three-
dimensional topology of the ASL monomer. The three structural
domains are indicated, and the conserved amino acid regions C1,
C2, and C3 are shown in gray. (b) Schematic diagram of the tertiary
structure of the tetramer of Q286R ASL. The numbers denote the
location of the four active sites. The location of residues 6-18 of
monomer B is also indicated. Monomers A, B, C, and D are colored
in green, red, blue, and yellow, respectively. Monomers A and B
are present in the asymmetric unit.
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helices of the central five-helix bundle participate in the
association of two monomers. Two pairs of closely associated
monomers interact to form the tetramer. Each monomer
contributes one helix to form a four-helix bundle at the core
of the protein. The overall structure of the tetramer exhibits
222noncrystallographic symmetry (Figure 2b). The structural
comparisons between the Q286R ASL and wild-type ASL,
and wild-type dδc2 and tδc1 show rms deviations between
CR positions of 0.56, 0.87, and 0.98 Å, respectively,
suggesting that there are no major structural differences
between these models. There is, however, an rms deviation
between CR positions in Q286R ASL and dδc1 of 1.7 Å.
This large difference is related to the conformational changes
in domain 3 and the 280’s loop seen in the duckδ1 crystallin
structure that have been suggested to be important for
catalysis (see below) (17).

The ActiVe Site and the Q286R Mutation.The active site
region was initially identified in the structure of tδc1 (8)
and subsequently confirmed by structures of the H162N (16)
and S283A dδc2 (31) mutants with bound argininosuccinate
as well asE. coli fumarase C with bound inhibitors and
substrates (10, 29, 30). The conserved superfamily sequences
C1, C2, and C3 (Figure 1) define the four independent active
site clefts located at each ‘corner’ of the tetramer (Figure
2b). Residue 286 belongs to the signature sequence C3. This
signature sequence forms part of a highly flexible loop, called
the 280’s loop, which consists of residues 270-290. Residue
286 is located close to the tip of this loop. Residues in this
loop are typically difficult to model, as the quality of electron
density is often poor in this region and variable numbers of
residues in this loop are missing from both the H162N dδc2
(16) and theT. maritimaadenylosuccinate lyase structures
(13). In the Q286R ASL structure, while the position of the
main chain atoms of this loop in both monomers in the
asymmetric unit can be clearly seen in the electron density
map (Figure 3a), little to no electron density exists for the
side chains of residue R286 in monomers A and B, or S281
in monomer B. R286 was therefore modeled as a glycine
although the nucleotide sequencing data clearly indicate that
the glutamine residue has been substituted with an arginine.
The superposition of Q286R ASL with thoseδ-crystallin
structures in which the 280’s loop has been modeled (8, 9,
17) reveals that the loop is in a very similar conformation
in both monomers in the asymmetric unit and in all structures
examined except the dδ1c structure (Figure 3b). This finding
suggests that no significant conformational changes result
from the Q286R substitution. The conformation of the 280’s
loop in the dδ1c structure deviates considerably from all
other structures determined to date and is the result of a
sulfate anion bound in the active site region of this protein
(see below).

To examine further how the Q286R mutation might affect
catalysis, the glycine at position 286 was modeled as an
arginine residue, and the different preferred rotamer confor-
mations of the arginine side chain were examined. Our
analysis suggests that in addition to the previously proposed
interactions of R286 with E399 or D367 of domain 3 of a
neighboring monomer (12), R286 may also potentially
interact with S365 of the neighboring monomer and with
residues Q272 and P285 on the 280’s loop of the same
monomer. Our inability to model the side chain of R286
in the Q286R ASL structure, however, provides no evi-

dence that any of these potential interactions are formed.

The effect of the Q286R mutation was therefore examined
in light of the conformational changes observed in the
structure of dδc1 (17). In this structure, a sulfate anion was
found in the active site region in a location similar to that of
the fumarate moiety of the argininosuccinate substrate
observed in the H162N dδc2 structure (16). Sulfate is an
inhibitor of dδc2/ASL (Sampaleanu and Howell, unpublished
results). Two conformational changes are seen in the dδc1
structure. The major structural change observed is an
approximately 8 Å shift of the 280’s loop. The shift of this
loop is coupled with a concerted rigid body movement of
domain 3 of a neighboring monomer. To determine what
effects these conformational changes may have on the
catalytic activity of the Q286R mutant, we modeled the
argininosuccinate substrate into the active site of the Q286R
mutant in the same position as that observed in H162N dδc2
mutant. The Q286R ASL and dδc1 structures were then
superimposed. The van der Waals surface of the two proteins
clearly shows that the conformational changes observed in
the dδc1 structure would sequester the substrate in the Q286R
structure from the solvent (Figure 4). Although these
conformational changes have currently only been observed
in the inactive dδc1 structure, they are changes that could
potentially occur during catalysis, as sequestration of sub-
strate from solvent is a common phenomenon observed in
numerous catalytic mechanisms. Replacement of Q286 with
a bulkier positively charged arginine side chain in the dδc1
structure would result in possible interactions not only with
residues M284, P285, K287, and K288 in the 280’s loop
but also with residues D367, A370, and T371 in domain 3
of the adjacent monomer. This suggests that the Q286R
substitution might sterically and/or electrostatically interfere
with the conformational change observed for the 280’s loop
and domain 3. The substitution could therefore affect
catalysis by preventing the conformational change from
occurring. This hypothesis is consistent with the results of
the kinetic analysis, which show that binding of the substrate
is less affected (∼2-fold reduction inKm) than the rate of
catalysis (60-fold reduction inKcat), and with the structure
of the argininosuccinate-S283A dδc2 mutant complex (31),
in which the 280’s loop is in the open, substrate-unseques-
tered conformation. Residues in the 280’s loop do not appear
to be involved in substrate binding but have been implicated
in catalysis. S2812 has been suggested to be the putative
catalytic acid (17) while K287 is thought to help stabilize
the carbanion intermediate (32).

The N-Terminal Residues.Residues in the N-terminal
segment of the protein appear to be important for catalysis
as an arginine to glutamine mutation at residue 12 has been
identified in a patient with the late-onset phenotype of the
disease,argininosuccinic aciduria(6). The R12Q mutant
exhibits less than 50% ASL activity in a qualitative
biochemical assay that used a crude enzyme extract and
monitored the formation of [14C]argininosuccinate (6). Amino
acid sequence comparison shows that R12 is strictly con-
served across all known ASL/δ-crystallin sequences and that
L8 and G11 are more than 80% conserved (Figure 1). The
N-terminal segment of the protein (residues 1-17) is,
however, highly flexible as indicated by the absence of
electron density in this region in allδ-crystallin and ASL
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structures determined to date. In the Q286R ASL structure,
the electron density in this region was strong enough to allow
residues 6-14 to be modeled in one of the two monomers
in the asymmetric unit (see Figure 5a for an example of the
quality of electron density for residues 11-18 of monomer
B). TheB-factors for these residues (72.5 Å2) are, however,
significantly higher than the average overallB-factor for the
structure (45.2 Å2). The N-terminal arm of monomer B
interacts with another monomer (monomer C) in the Q286R
ASL tetramer (Figures 2b and 5b). The lack of contacts
between this N-terminal segment and other symmetry-related
molecules suggests that the conformation of these residues
is not dependent on the crystal packing. Residues 7-9 and

15-18 are in type IVâ-turns while residues 10-16 form a
loop and are within hydrogen bond distance of residues R141,
T142, Y277, Q344, and S351 of the neighboring monomer,
monomer C (Figure 5b,c). R12 appears to be particularly
important in maintaining the conformation of the loop as its
Nε and Nη2 atoms interact with the Oδ1 and Oδ2 of D18
of the same monomer (Figure 5c). D18 is more than 60%
conserved in all ASL family members (Figure 1). The Nη1,
amide nitrogen, and carbonyl oxygen atoms of R12 also
interact with Oε1 of Q344, Oγ of S351, and Oη of Y277 of
monomer C, respectively (Figure 5c). Y277, Q344, and S351
are not conserved across the ASL family. For example, Y277
is frequently replaced by phenylalanine while S351 is

FIGURE 3: The 280’s loop. (a) Stereoview of theσA-weighted 2|Fo|-|Fc| final electron density contoured at 1σ for residues 277-293 of
monomer A. (b) Superposition of the 280’s loop (the 260-295 region is shown) from Q286R ASL (red), wild-type dδc2 (orange), dδc1
(blue), tδc1 (green), and the mutant H91N dδc2 (yellow) structures.
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replaced in several species with either aspartate or lysine
(Figure 1). Residues G10 and G11 are stabilized by the
interaction of their amide nitrogen atoms with the Nη2 of
R141, and Nη1 of R141 and Oγ1 of T142, respectively. The
aromatic side chain of W9 also packs against the side chain
of R146 while Nε1 of W9 makes a hydrogen bond with the
carbonyl oxygen of S351 (Figure 5c).

The role of the N-terminal arm in catalysis is unknown,
but it is interesting to note that this region of the protein is
in close proximity to the active site (Figure 2b), although in
its current conformation R12 would not interact with the
substrate. The intrinsic flexibility of residues 1-15 in all
other ASL/δ-crystallin structures and the lack of strict
sequence conservation of residues involved in stabilizing
residues 9-12 in the Q286R ASL structure suggest that the
conformation of this segment is unlikely to be conserved
across the ASL family. While the substitution of R12 with

a glutamine residue would undoubtedly disrupt the salt bridge
between R12 and D18, the consequence that this change has
on catalysis is hard to predict. One potential consequence
of the mutation may be that in the absence of the R12-D18
interaction, the N-terminal arm adopts an alternative con-
formation that in some way obstructs the active site, hence
interfering with substrate binding and catalysis. Alternatively,
the N-terminal segment might adopt a conformation in which
it interacts with the 280’s loop and residues in domain 3,
therefore affecting the mobility of these regions that have
been hypothesized to be important for catalysis (17). The
latter suggestion is in agreement with the kinetic analysis of
the R12Q ASL mutant that indicates the mutation produces
a 18-fold decrease inKcat and a more modest, 2-fold decrease
in Km (Table 1). These results suggest that the mutation
affects mainly catalysis, not substrate binding.

Conformational Changes in Domain 1 (23-32 and 74-
89 Regions).Superposition of the Q286R monomer A with
the equivalent monomers of the availableδ-crystallin
structures (Figure 6a) reveals significant structural differences
in two regions of domain 1, residues 23-32 and 74-89.
Domain swapping experiments have shown that domain 1
(residues 1-110) is crucial for enzymatic activity (33). ASL
activity was recovered in the enzymatically inactive dδc1
when domain 1 was replaced with the equivalent residues
from dδc2 (33). Previous structural comparisons have also
revealed the importance of residues 23-32 for substrate
binding and the effect that conformational changes in the
74-89 loop have on neighboring regions involved in
substrate binding (9, 16, 17). The Q286R ASL structure
reinforces the importance of the 23-32 loop for substrate
binding with its CR backbone clustering with that of the dδc2
structures (Figure 6). There are several amino acid substitu-
tions in this region (Figure 1). For example, K23 and Y30
in dδc2 are replaced by methionine and threonine, respec-
tively, in dδc1 and by isoleucine and threonine, respectively,
in tδc1. In contrast, most of the amino acid differences
between dδc2 and ASL in this region are conservative
changes (Figure 1).

We have previously suggested that residues R33, F333,
and D337 play an important role in maintaining the structural
integrity of domain 1 and the overall structure of the
δ-crystallin monomer (17). Although an∼4 Å shift in the
backbone is observed between residues 23-32 in theδc2
andδc1 structures, the salt bridge between the side chains
of R33 and D337 is maintained in allδ-crystallin structures.
Additional van der Waals interactions also occur between
R33 and residue 333 of domain 2 of the sameδ-crystallin
monomer (Figure 6b). Residue 333 is isoleucine and leucine
in dδc1 and tδc1, respectively, and a phenylalanine in dδc2
and ASL. The same∼4 Å shift is observed between Q286R
ASL and δc1 structures; however, in human ASL, R33 is
replaced by histidine. This substitution and the maintenance
of same relative conformation of residues 23-35 and 326-
337 suggest that other residues contribute to the stabilization
the ASL monomer in this region. For example, the H33 side
chain establishes favorable van der Waals interactions with
the side chains of F333 and R32 (Q32 in dδc2) (Figure 6b).
Additionally, a number of bulkier aromatic substitutions
occur in ASL (e.g., W35 is a serine in dδc2) leading to
favorable packing interactions with other neighboring hy-
drophobic or aromatic residues (e.g., W35, W74, and F79;

FIGURE 4: Surface representation of the active site region of (a)
Q286R ASL (gray) with modeled argininosuccinate substrate
(orange). (b) Surface representation of the active site region of
Q286R ASL (gray) superimposed with the surface representation
for wild-type dδc1 (purple). The conformational change observed
in dδc1 sequesters the substrate from the solvent, which is present
in this panel but cannot be seen.
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see Figure 6b). These interactions help stabilize the 23-32
and 326-337 regions of the monomer, regions of the protein
that have been shown to be important for substrate binding
(16, 31).

The conformation of residues in the 74-89 loop appears
to be highly variable with structural differences occurring
not only between dδc1 and tδc1 but also between bothδc1
structures and the dδc2 and Q286R ASL structures (Figure

6a). The conformation of this loop in Q286R ASL is close
to that seen in dδc2 rather than eitherδc1 structures, which
suggests that although the 74-89 loop is flexible, a specific
conformation in this region may be required for enzyme
catalysis to occur. Several other observations support this
hypothesis. The mutation of D87 to glycine in ASL causes
the diseaseargininosuccinic aciduria(28), while mutation
of H89 to asparagine in dδc2 results in a protein with only

FIGURE 5: N-terminal residues. (a) TheσA-weighted|2Fo|-|Fc| omit map of N-terminal residues 11-18. The map is contoured at+1.0σ.
(b) Stereoview, in the same orientation as in panel a, of the N-terminal segment of monomer B. Depicted are residues 6-18 of monomer
B and residues from monomer C (red) involved in stabilization of the N-terminal segment. (c) Hydrogen bond (dashed green) and van der
Waals interactions (solid green) involving the N-terminal residues of monomer B. Distances are given in angstroms.
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10% activity (9). Both D87 and H89 interact with the
substrate (via water molecules) as shown in the H162N and
S283A dδc2 structures with bound argininosuccinate (16,
31). Mutations and/or conformational changes that affect
these side chains might therefore interfere with substrate
binding. Additionally, any large conformational variation in
the 74-89 loop will affect residues in the neighboring
regions, specifically residues 23-32 of domain 1 (Figure 6)
and the conserved sequence C1 of domain 2 (Figure 1). Both

of these regions contain residues that have been shown to
be important for substrate binding (16, 31, 34).

Intragenic Complementation.The structural, kinetic, and
thermodynamic data presented in this and the following paper
by Yu et al. (19) reveal that the Q286R mutation does not
affect the overall structure and/or stability of the protein.
Our current hypothesis is that the Q286R mutation does not
affect substrate binding but rather hinders a conformational
change in the 280’s loop and domain 3 that we believe is

FIGURE 6: Structural comparison of domain 1. (a) Comparison of domain 1 of Q286R ASL (red), wild-type dδc2 (orange), dδc1 (blue),
tδc1 (green), and the mutant H91N (yellow) and H162N (purple) dδc2 structures. Arrows indicate the largest conformational differences
that occur between the models, the 23-32 and 74-89 loops. (b) Close-up of the 23-32 and 74-89 loops and the neighboring region
including residues 326-337. The side chains of key residues are shown to illustrate the contacts that are involved in stabilizing these
regions of the monomer.
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necessary for catalysis to occur (17). The structural results
presented here therefore reinforce the hypothesis that com-
plementation between the Q286R and D87G mutant alleles
occurs through a regeneration of native “wild-type” active
sites (35). As can be seen in the following paper (19), while
this hypothesis can account for the complementation and
partial recovery of activity between two stable active site
mutants, it does not explain how complementation can occur
when one of the mutations lies outside the active site region.
In the following paper (19), we show that stable active
mutants such as Q286R can complement with destabilizing,
nonactive site mutants such as M360T and A398D by
increasing the stability of the heterotetrameric protein. The
recovery of activity seen in this type of complementation
was significantly less than that observed for the Q286R:
D87G complementation event. Between 6 and 15% ASL
activity was recovered versus∼35% for the Q286R:D87G
complementation event; however, even this level of activity
will probably ensure a milder phenotype than would other-
wise result when no complementation could occur.

The results presented in this and the following paper (19)
suggest that examination of genotype-phenotype relation-
ships in genetic diseases involving multimeric proteins will
not be straightforward. Correlation will require careful
characterization of the effects of individual mutations in order
to gain a thorough understanding of how the disease
manifests itself and what the consequences to the patient will
be.
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