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ABSTRACT: Canavan disease is a fatal neurological disorder caused by the malfunctioning of a single
metabolic enzyme, aspartoacylase, that catalyzes the deacetylation of N-acetyl-L-aspartate to produce
L-aspartate and acetate. The structure of human brain aspartoacylase has been determined in complex
with a stable tetrahedral intermediate analogue, N-phosphonomethyl-L-aspartate. This potent inhibitor forms
multiple interactions between each of its heteroatoms and the substrate binding groups arrayed within the
active site. The binding of the catalytic intermediate analogue induces the conformational ordering of
several substrate binding groups, thereby setting up the active site for catalysis. The highly ordered binding
of this inhibitor has allowed assignments to be made for substrate binding groups and provides strong
support for a carboxypeptidase-type mechanism for the hydrolysis of the amide bond of the substrate,
N-acetyl-L-aspartate.

Canavan disease (CD)1 is a fatal autosomal recessive
disorder that affects the central nervous system (1) and for
which there is currently no effective treatment. The symp-
toms for CD can be noticed as early as 3-6 months of age
and include rapid increase of the head circumference
(megalocephaly), lack of head control, reduced visual
responsiveness, abnormal muscle tone (i.e., floppiness or
stiffness), and mental retardation (2). CD patients usually
do not live past the first decade of their lives. Canavan
disease is caused by a defect in the capability of the brain to
metabolize N-acetyl-L-aspartate (NAA) (3), one of the most
abundant amino acids in the brain (4). Aspartoacylase, whose
function is to catalyze the deacetylation of NAA (Figure 1),
is located primarily in the white matter of the brain, more
specifically in the cytosol of the oligodendrocytes (5).
Analysis of the acy2 gene that encodes aspartoacylase taken
from DNA isolated from CD patients has revealed more than
50 different mutations, including numerous deletions, mis-
sense mutations, and premature terminations (6). In most
cases, the missense mutations result in nonconservative
amino acid substitutions, leading to an altered enzyme that

either is not expressed at all or is expressed but has little or
no catalytic activity (6).

Aspartoacylase was originally proposed to be member of
the esterase family since it was shown to be inactivated by
diisopropylfluorophosphate, a classic serine protease inac-
tivator (7). On the basis of these studies, conserved serine,
histidine, and glutamate residues were identified and pro-
posed to function as a catalytic triad. However, subsequent
alignment studies showed few similarities between aspar-
toacylase and the esterase family, instead suggesting that
aspartoacylase is a member of the zinc peptidase superfamily
(8). This classification is supported by recent work in which
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FIGURE 1: (A) Deacetylation reaction catalyzed by aspartoacylase.
(B) Structure of the putative reaction intermediate (I) that would
be formed in a carboxypeptidase-like mechanism for the deacety-
lation of N-acetyl-L-aspartate and structure of the phosphonamidate
analogue of this intermediate (II) that was cocrystallized with
human aspartoacylase.
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aspartoacylase was shown to bind one zinc ion per monomer
(9), consistent with its assignment to the zinc carboxypep-
tidase family. Recently, the crystal structures of the rat form
and the human form of aspartoacylase have been determined
at 1.8 and 2.8 Å resolution, respectively, by the Center for
Eukaryotic Structural Genomics (10). Both of these structures
are the apo form of the enzyme that was crystallized in the
absence of either substrates or products. These structures
confirm the presence of zinc in the enzyme, as well as the
identity of the zinc binding ligands which had been proposed
previously. In addition, the ligands that are potentially
involved in substrate binding have been suggested through
a comparison of the structure of aspartoacylase with those
of the carboxypeptidases (10). However, the sequence of
human aspartoacylase is only ∼10% identical with that of
bovine carboxypeptidase A (CPA) (8). A structural com-
parison of rat aspartoacylase with CPA found that the
C-terminal domain of aspartoacylase is not present in
carboxypeptidase, while the N-terminal domain of CPA is
approximately 60 residues longer than the corresponding
domain of aspartoacylase (10).

No structures had been determined for any complexes of
aspartoacylase with bound substrates, products, or analogues
to directly examine these active site assignments and their
proposed role in the catalytic mechanism. We have now
determined the structure of human aspartoacylase (hACY2)
complexed with a tetrahedral intermediate analogue bound
in the active site. From an examination of this structure, we
have made definitive assignments of the key active site
functional groups. These structural assignments, combined
with kinetic characterization of several active site mutants,
provide new insights into the catalytic mechanism of
aspartoacylase.

EXPERIMENTAL PROCEDURES

Materials. The N-methyl phosphonamidate derivative of
L-aspartic acid was synthesized by a modification of a
previously published procedure (11) starting from the di-
methyl ester of L-aspartic acid. Methyl methylchlorophos-
phonate (0.8 g, 6.2 mmol) in 10 mL of chloroform was added
dropwise to 1.0 g (5.1 mmol) of dimethyl L-aspartate-HCl
and 3 mL of triethylamine in 20 mL of chloroform. The
mixture was cooled and stirred for 3 h at room temperature,
diluted with 50 mL of chloroform, and then washed twice
with 2.0 N hydrochloric acid and then twice with a saturated
brine solution. After removal of the solvent, the compound
was purified by silica gel column chromatography via elution
with an ethyl acetate/methanol mixture (12/1). The dimethyl
N-methylmethoxyphosphinyl-L-aspartate product was ob-
tained as an oily product in a yield of 78% (1.0 g). The
trisodium salt of N-phosphonamidate-L-aspartate was ob-
tained (0.7 g isolated yield) by hydrolysis of the diester with
sodium hydroxide and was characterized by 1H and 31P NMR
and by ESI-MS. Chromatography resins were purchased from
Amersham Biosciences, and the crystallization screening kits
were obtained from Hampton Research and Jena Biosciences.

Cloning, Expression, and Enzyme Purification. The ex-
perimental details regarding the cloning, expression, and
purification of aspartoacylase have been described in previ-
ously published work (9). Briefly, the human acy2 gene was
cloned in pPICZ A and then transformed into the KM71H

Pichia pastoris cell line. The enzyme was expressed by
adding 1% MeOH to the expression medium. Aspartoacylase
was then extracted from the cells using a BeadBeater cell
disruptor and loaded on a HiTrap Chelating HP column for
the initial purification step. The enzyme was further purified
by anion exchange using a Source 15Q column on an Äkta
chromatography system, followed by a size exclusion step
(Superdex 200) to produce the final, highly purified enzyme.
The zinc content of the enzyme was determined by induc-
tively coupled plasma (ICP) emission spectroscopy as
previously described (9).

ActiVe Site Mutants and Kinetic Studies. The QuikChange
II site-directed mutagenesis kit (Stratagene) was used to
construct the mutants, and each mutation was confirmed by
sequencing. The vector containing each mutated gene was
linearized and inserted into the yeast genome of the KM71H
cell line and was then expressed and purified under the same
conditions as the native enzyme. Kinetic parameters for
the mutants were determined by a coupled assay wherein
the hydrolyzed L-aspartate product was converted to fumarate
using L-aspartase (12). The concentration of the substrate,
N-acetyl-L-aspartate was varied from 0.2 to 1.25 mM, and
the production of fumarate was assessed at 240 nm (ε240 )
2.53 mM-1 cm-1) by using a Cary 50 UV-visible spectro-
photometer. The inhibition constant (Ki) was determined at
constant NAA levels by varying the intermediate analogue
concentration (30–300 µM) and fitting the data using a Dixon
plot.

Crystallization and Data Collection. Initial crystallization
conditions were identified by sparse matrix screening of
hACY2 at a protein concentration of 8–10 mg/mL. Both
index screens (Hampton Research) and JB Screen Basic (Jena
Bioscience) yielded initial crystals for the apoenzyme. The
optimized conditions for the apoenzyme crystals consisted
of 50 mM sodium citrate (pH 6.0), 300 mM K2HPO4, and
15–19% polyethylene glycol 3350. Small crystalline rods
grew within 2–3 days at 20 °C. The crystals were cryopro-
tected by mixing the well solution with 20–30% ethylene
glycol. The crystals diffracted to ∼4 Å on an in-house Rigaku
FR-E rotating anode X-ray generator, with the data quality
limited primarily by the small crystal size. Somewhat
improved crystals were obtained from aspartoacylase that
had been treated with neuraminidase, which functions to
remove terminal sialic acid groups from glycoproteins. All
of the subsequent structural studies were conducted with this
neuraminidase-treated enzyme, which has kinetic parameters
identical to those of native aspartoacylase. The hACY2-
intermediate analog complex crystals were obtained by
cocrystallization, incubating the enzyme with 2 mM inhibitor
at 4 °C for 1 h prior to setting up crystallization trials.
Crystals of the enzyme-intermediate analogue complex were
grown under the same conditions as the apoenzyme and had
the same diffraction quality on our home source. Both crystal
forms, apo and complex, belong to space group P42212 with
similar unit cell dimensions. Full crystallographic data were
measured on beamline 23ID-B of the GM/CA Collaborative
Access Team at the Advanced Photon Source, using a
MARmosaic Charge Coupled Device detector with 16 tiled
chips in a 4 × 4 array and 300 mm2 sensitive area (MAR-
USA). HKL2000 (13) was used for indexing and integration
and Scalepack for scaling of all diffraction data. Data
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processing statistics for the apoenzyme and the enzyme-inter-
mediate analogue complex are summarized in Table 1.

Structure Determination, Refinement, and Analysis. The
structures of apo-hACY2 and its complex with the interme-
diate analogue were refined with REFMAC5 (14) using the
atomic coordinates of hACY2 from the Protein Data Bank
(entry 2I3C) as a starting model. A single cycle of rigid body
refinement at 3.5 Å was followed by restrained refinement
at the highest resolution, with TLS refinement used in the
final cycles. Revisions of the protein model, water molecules,
and inhibitor placement were done with COOT (15). All
peaks in the 2Fo - Fc map higher than 1σ and within
hydrogen bonding distance of polar protein atoms were
examined using the water placement procedure in COOT.
Occupancies for the ligand in the complex structure were
assigned to 1.0. In the apoenzyme structure, phosphate
molecules A and B were assigned occupancies of 0.7 and
0.3, respectively, to accommodate the close contacts between
them. The aligned structures were analyzed and the figures
rendered with the PyMOL Molecular Graphics System (16).

RESULTS AND DISCUSSION

Verification of a Carboxypeptidase-Type Mechanism. Both
sequence alignment (8) and structural analysis (10) have
placed aspartoacylase among the members of the carbo-
xypeptidase family. To test this hypothesis, aspartoacylase
was examined using a stable analogue that was synthesized
to resemble the intermediate that would be produced during
a carboxypeptidase-like catalytic cycle. In this proposed
reaction scheme, a zinc-bound hydroxide, generated by
proton abstraction, would serve as the nucleophile to attack
the acetyl group of NAA and generate a tetrahedral inter-

mediate. Subsequent collapse of this intermediate (Figure
1B, compound I) would lead to the products. A methylphos-
phonamidate analogue of this putative catalytic intermediate,
N-methylphosphono-L-aspartate, has been synthesized (Fig-
ure 1B, compound II) and tested as a possible inhibition of
aspartoacylase. This analogue was found to be a potent
inhibitor, with a Ki value of ∼300 nM, providing strong
evidence in support of a carboxypeptidase-type mechanism
for the hydrolysis of NAA catalyzed by aspartoacylase. To
gain further insight into the catalytic mechanism, aspartoa-
cylase was cocrystallized in the presence of saturating levels
of this inhibitor with the aim of forming and subsequently
determining the structure of a tetrahedral intermediate
analogue complex.

Structural Analysis of the Aspartoacylase-Intermediate
Analogue Complex. Diffraction quality crystals of human
aspartoacylase belonging to the P42212 space group with two
molecules in the asymmetric unit were obtained from a
potassium phosphate/PEG 3350 grid screen. After optimiza-
tion, the enzyme in both forms, apo and in complex with its
intermediate analogue, yielded crystals that diffracted to 2.7
Å resolution. Fluorescence scans around the zinc absorption
edge confirmed the presence of zinc in the hACY2 crystals.
However, the anomalous signal in the MAD data was not
sufficient for de noVo phasing. As a structure of hACY2
(PDB entry 2I3C) (10) became available, these coordinates
were used in the initial refinement stages. The resulting
electron density maps allowed a complete model to be
built for residues 10–310, while no interpretable density
was observed for either the first nine amino acids at the
amino terminus (residues 1–9) or the final three amino
acids at the carboxyl terminus (residues 311–313). The
structures of the apoenzyme and the intermediate analogue
complex were refined to crystallographic R factors of 21.6
and 20.2%, respectively. The essential data collection
parameters and refinement statistics for both structures are
presented in Table 1.

OVerall Structure of Human Aspartoacylase. Each of the
structures of aspartoacylase that has now been determined
shows that this enzyme is a dimer with extensive contact
surface area between the two subunits, supporting the
previous biochemical studies (12). The structures of the
hACY2 apoenzyme and the intermediate analogue complex
have a nearly identical overall fold, with a rmsd for 301 CR
atoms of only 0.3 Å. Since the protein was incubated with
the inhibitor prior to crystallization, the absence of significant
conformational rearrangements suggests that side chain
movements must be the predominant mode used to accom-
modate intermediate binding, and presumably substrate
binding as well, without requiring substantial structural
rearrangements.

Our apoenzyme structure is similar to the previously
determined apoenzyme structure (PDB entry 2I3C) of
hACY2 (10), with a rmsd of 0.4 Å between subunits A and
0.36 Å between subunits B. The primary difference between
these two structures is the conformation of the loop from
amino acid 158 to 164 (Figure 2A). This loop in the 2I3C
structure is more solvent-exposed than in our structure, with
the position of L162 at the end of the loop undergoing the
largest shift of ∼10 Å in the CR atom position between these
two structures (Figure 2B). In our structure, this 158–164
loop adopts a more compact and less solvent accessible

Table 1: Data Collection and Refinement Statistics

apoenzyme
inhibitor
complex

Collection Statistics

wavelength (Å) 1.033 1.283
space group P42212 P42212
cell dimensions

a ) b, c (Å) 143.79, 104.08 143.08, 104.6
R, �, γ (deg) 90, 90, 90 90, 90, 90

resolution (Å)a 50.0–2.7 (2.8–2.7) 50.0–2.7 (2.8–2.7)
no. of reflections 23564 27490
redundancya 3.9 (2.5) 10.7 (5.3)
completeness (%)a 87.3 (47.2) 95.3 (62.7)
Rsym (%)a,b 6.2 (30.6) 9.4 (35.4)
I/σI

a 17.8 (2.8) 20.7 (2.9)
�2a 0.96 (0.91) 0.99 (0.97)

Refinement Statistics

Rwork, Rfree (%)c 21.6, 26.9 20.2, 27.1
Wilson B factor (Å2) 65.3 72.7
rmsd for bonds (Å),

angles (deg)
0.013, 1.47 0.012, 1.64

ESU (Å)d 0.361 0.321
no. of atoms (protein,

metal, ligand, water)
4860, 2, 10, 30 4842, 2, 26, 69

B factor (Å2) (protein,
metal, ligand, water)

44, 58, 49, 55 60, 83, 70, 62

a Values in parentheses are for the highest-resolution shell. b Rsym )
∑h∑i|Ii(h) - 〈I(h)〉 |/∑iIi(h), where Ii(h) is the intensity of an individual
measurement and 〈I(h)〉 is the mean intensity of the reflection. c Rwork )
∑h|Fobs| - |Fcalc|/∑h|Fobs|, where Fobs and Fcalc are the observed and
calculated structure factor amplitudes, respectively. Rfree was calculated
for 5% of the randomly selected unique reflections omitted from
structure refinement. d Dispersion precision indicator based on Rfree.
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conformation. The new loop position is stabilized by a water-
mediated hydrogen bond between the backbone carbonyl of
L162 and the ε-amino group of K228. In the 2I3C structure,
this position is occupied instead by a phosphate ion.

A phosphate group is bound in the active site in both
hACY2 apoenzyme structures (phosphate A in Figure 2B),
with additional electron density indicating the presence of a
second phosphate with partial occupancy (phosphate B)
adjacent to the active site phosphate. Given their proximity,
it is unlikely that both phosphates A and B can be bound
simultaneously. These same phosphate binding sites are also
present in the 2I3C hACY2 structure along with two
additional phosphate groups in this structure located near
the flexible loop (Figure 2, phosphates C and D). These
additional bound phosphates are a consequence of the higher
phosphate concentration (1.4 M) used under these crystal-
lization conditions, compared with our apoenzyme structure
which was crystallized from 0.3 M potassium phosphate. The
difference in loop conformations observed between the two

human apoenzyme structures is likely a consequence of the
presence of these additional phosphate ions in the 2I3C
structure. One of the extra phosphates in the 2I3C structure
(phosphate C) forms a hydrogen bond with the side chain
of H159 in this loop, along with an additional interaction
with the ε-amino group of K228. The other phosphate is on
the opposite side of the loop (phosphate D), interacting
through a water molecule with the main chain amide of Y164
and also with the side chain of D104. Together, the binding
of these additional phosphates prevents this loop, which may
serve an important function in controlling access to the active
site as described below, from adopting the closed conforma-
tion observed in our apoenzyme structure. Except for this
difference in loop conformation, these apo-aspartoacylase
structures are essentially identical.

PutatiVe Glycosylation Site. A number of recent experi-
mental results have supported the earlier suggestion that
human aspartoacylase is glycosylated at a consensus NxT
glycosylation motif at position N117 (7). Our studies of
hACY2 showed that this carbohydrate plays a role in
maintaining the stability and catalytic activity of the enzyme
(12). However, surprisingly, there is no evidence for the
presence of a carbohydrate moiety at this position in either
of the hACY2 apoenzyme structures. The failure to observe
a glycosylated enzyme in the 2I3C apoenzyme structure was
not unexpected, since the enzyme was expressed in a
prokaryotic organism (Escherichia coli) that does not have
the capacity to support such glycosylations. However,
there was also no density observed for this glycan in our
structure even though the enzyme was produced from the
same eukaryotic organism (P. pastoris) that was used
previously to produce human aspartoacylase for the carbo-
hydrate characterization studies. Furthermore, the putative
glycosylation site, N117, is not situated near the surface of
the protein as would be expected but instead is buried within
the interior of the protein (Figure 3). This side chain amide
forms several hydrogen bonds with side chain and backbone
functional groups and also caps the dipole of a helix. In
addition, no unassigned density sufficient to fit a carbohydrate
moiety was found elsewhere in the electron density maps.

FIGURE 2: (A) Comparison of the human apoenzyme structure of
hACY2 (green) with the recently determined structure (PDB entry
2I3C) (10) of the same molecule (gray). The overlay was created
by a least-squares superimposition of the CR atoms of the complete
polypeptide chain. The only major difference between the two
structures is the position of the loop comprising residues 158-164,
shown with black arrows. (B) Close-up view of the 158–164 loop
in both structures. The difference in loop conformations between
the two molecules is likely caused by the presence of additional
phosphate ions (phosphates C and D) bound in the previously
determined structure.

FIGURE 3: View of the region around the putative glycosylation
site. The buried nature of the proposed glycosylated amino acid,
N117 (yellow sticks), is shown in the hACY2 structure. The
surrounding residues are shown in a space-filling representation
with the spheres drawn at 80% of the van der Waals radii to allow
a view of N117.
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To determine if the hACY2 enzyme form that was crystal-
lized is fully active, several crystals of the apoenzyme were
washed with buffer and then tested using the previously
published assay (12). The catalytic activity of the crystallized
enzyme was found to be comparable to that of the freshly
purified P. pastoris-expressed hACY2.

Despite the failure to observe the glycan at this position
in the crystal structure, there is ample evidence supporting
the presence of a carbohydrate in the fully mature, functional
form of human aspartoacylase in solution. The enzyme
expressed in P. pastoris is significantly more stable and more
active than the E. coli-expressed enzyme (9). Treatment of
this active enzyme form with protein N-glycosidase F, an
enzyme that cleaves glycans at the point of attachment to
the side chain amide group, causes aspartoacylase to revert
to a less active and less stable form with properties similar
to those of the enzyme which is produced in E. coli (9). In
addition, the carbohydrate moiety was removed from P.
pastoris-expressed aspartoacylase, chromatographically iso-
lated, and structurally characterized by mass spectrometry
(9). Also, a conservative Asn to Gln mutation (N117Q)
produced an enzyme form that will not be glycosylated at
this position and was found to have significantly lower
catalytic activity (9). Glycosylation obviously changes the
catalytic properties of aspartoacylase in solution and would
necessitate a significant structural rearrangement to expose
this putative site for modification. It is not clear why the
expected carbohydrate moiety is not observed in these
structures. The treatment of the enzyme with neuramini-
dase that led to improved crystals is expected to remove only
the terminal sialic acid moiety but should not affect the
remainder of the glycan structure. There are a number of
other solvent-exposed asparagine residues on the surface of
aspartoacylase, several of which have somewhat disordered
side chains. While none of these residues are located within
a typical glycosylation sequence, the incorporation of a
highly flexible glycan at any of these positions would resolve
this apparent discrepancy between the solution properties and
the crystal structure of aspartoacylase.

ActiVe Site Structure and Mode of Intermediate Binding.
The active site of hACY2 appears to be already formed in
the correct conformation for substrate binding, since a
comparison of the apoenzyme and the inhibitor complex
structures does not indicate any dramatic domain movements
associated with intermediate analogue binding. There is,
however, a phosphate molecule already bound in active site
of the apoenzyme structures, occupying the same position
as the phosphonate group of the intermediate analogue in
the complex structure. This phosphate molecule interacts
directly with the catalytic zinc and is within hydrogen
bonding distance of R63, Y288, and E178, the same
interactions observed in the complex structure with the
phosphonate group of the intermediate analogue. Thus,
these apoenzyme structures are not truly in the “apo” form
since a portion of the active site is already occupied, and
any significant domain movements that might be required
to accommodate substrate binding may have already occurred
in response to phosphate ion binding.

A number of the residues that can potentially be involved
in substrate binding or catalysis have been inferred by
sequence alignment studies (8), as well as by analysis of
the apoenzyme structure of aspartoacylase (10). Now the

identity of these residues and their roles can be assigned with
greater certainty, based on our structure of the complex of
hACY2 with a catalytic intermediate analogue that was
cocrystallized with the enzyme. The Fo - Fc omit map shows
the catalytic intermediate analogue bound in both active sites
of the functional dimer (shown in Figure 4) with ap-
proximately the same occupancies. However, when the active
sites of monomers A and B are overlaid using the CR atoms
for positioning, the atomic coordinates of the bound inter-
mediates do not exactly superimpose. There is an average
difference of ∼0.4 Å for the positions of the 13 atoms in
the intermediate analogue, with a maximum displacement
of 0.7 Å for the position of the R-amino nitrogen. The
positional difference within the two active sites can be
approximated by a rotation around the center of the phos-
phonate group resulting in a displacement of the R- and
�-carboxylate groups. These differences in positions are
relatively small (although larger than the estimate of
coordinate errors in Table 1), and they can easily be
accommodated by rearrangements in the positions of the
active site binding groups as described below. Aspartoacylase
shows sigmoidal kinetics at low substrate concentrations
(<0.3 mM NAA) that are diagnostic of cooperative substrate
binding between the subunits (9). This difference in the
binding orientation of the intermediate analogue between the
two subunits may be related to the cooperative binding of
substrates in the dimer, although a definitive correlation to
cooperative substrate binding will require additional structural
studies.

The intermediate analogue forms an extensive network of
interactions with the enzyme. In addition to direct coordina-
tion between the phosphonamidate oxygens and the catalytic
zinc, there are several hydrogen bonding interactions to this
functional group. One of the oxygens of the phosphonamidate
forms an electrostatic interaction with R63, while the other
oxygen is within hydrogen bonding distance to the E178 side
chain (Figure 4). The nitrogen of the intermediate analogue
interacts with the p-hydroxyl group of Y288, while the
R-carboxylic group interacts with both N70 and Y288, in
addition to forming a bidentate interaction with R71. The
�-carboxylic group of the analogue forms a bidentate
interaction with R168 and also interacts with the p-hydroxyl
group of Y164. Thus, every heteroatom of the intermediate
analogue is engaged in one or more favorable contacts, with
a total of at least 14 well-defined electrostatic and hydrogen
bonding interactions between this intermediate analogue and
the enzyme (Table 2). Similar types of interactions are
observed in the active site of the second monomer, with only
a variation in the orientation of a single side chain leading
to an ∼150° rotation around the Cδ-Nε bond of the
guanidino group of R71. This different orientation prevents
R71 from forming the same bidentate interaction with the
R-carboxylate of the intermediate analogue in this subunit;
however, this side chain is still capable of forming a single,
well-ordered hydrogen bond with the carboxylate group.

In addition to these polar interactions with each functional
group, the methyl group of the analogue binds in a pocket
in the active site through hydrophobic interactions with the
side chains of F282 and A287 as well as to the methyl group
of T118, with distances of 4.4-4.8 Å. The size of this
hydrophobic pocket is such that it can easily accommodate
the monochloro- and dichloroacetyl analogues that were
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previously found to be alternative substrates for aspartoa-
cylase (12). However, the depth of the pocket is insufficient
to allow the binding of dipeptides or larger substrates,
including the trichloromethyl analogue of NAA that was
shown not to be a substrate for aspartoacylase (12).

Conservative mutations of any of these substrate binding
groups have a significant impact on the catalytic efficiency
of aspartoacylase. The Y288F, Y164F, and R168K mutants
each have less than 1% of the catalytic activity of the native
enzyme (Table 3), while the R71K mutant has ∼6% of the
native activity. Despite replacement of these functional
groups that directly participate in substrate binding, the Km

for NAA is essentially unaffected in each of these mutants,
except for a relatively modest 6-fold increase in the Y164F
mutant (Table 3). This result is not unexpected given the
extensive network of interactions that exist between the
intermediate analogue and the enzyme. Disruption of any
single binding interaction can lead to changes in substrate
orientation and rotomer distribution that can have an impact
on catalytic efficiency without significantly altering the
Michaelis constant for the substrate.

Structural Changes upon Intermediate Analogue Binding.
The apoenzyme and the intermediate analogue complex have
nearly identical backbone structures; however, a detailed
examination of the active sites does show significant move-
ments in the side chain positions of two amino acids, R71
and Y164. Tyrosine 164 had not been previously suggested
as a possible substrate binding group, and there are no clinical
mutations identified at this position. There is very low

FIGURE 4: (A) Overlay of the active sites of the apoenzyme (blue gray)
and the intermediate analogue complex (green) structures. The catalytic
zinc is colored magenta, and the phosphate molecule from the apo structure
(light orange representing the phosphorus atom) is located 0.7 Å from
the position of the phosphonate group of the catalytic intermediate analogue
in the complex structure. Well-defined difference density (omit Fo - Fc
map, contoured at 3σ) allows accurate positioning of the intermediate
analogue into the active site. There are only minor changes in the positions
of the substrate binding groups, except for the conformational rearrange-
ments of the side chains of R71 and Y164 which are now stabilized by a
cation-π interaction (dashed line). (B) The heteroatoms of the intermediate
are involved in multiple binding interactions with the active site functional
groups, with dashed lines showing each interaction and the distances in
angstroms listed. The active site mutants produced to examine the role of
these functional groups are shown in parentheses. (C) The four-coordinate
tetrahedral binding site of zinc with the metal–ligand distances annotated
and the position of the catalytic E178 shown.

Table 2: Interactions between Aspartoacylase and the Methylphosphon-
amidate Inhibitor

distance (Å)

inhibitor
atom

protein
atom subunit A subunit B

�-carboxyl
OD2 NH1 R168 3.3 3.3
OD1 NH2 R168 2.9 2.7
OD1 OH Y164 2.9 2.6

R-carboxyl
OG2 ND2 N70 2.6 2.7
OG2 NH1 R71 3.0 a
OG1 NH2 R71 2.8 2.7
OG1 OH Y288 2.7 2.9

R-amino
NH OH Y288 2.8 2.5

phosphonate
OAG NH1 R63 2.8 3.0
OAG NH2 R63 3.0 3.4
OAG Zn 2.5 2.2
OAD Zn 2.4 3.0
OAD OE2 E178 2.9 3.2
OAD OE1 E178 3.3 2.9

a This interaction is not present in subunit B.

Table 3: Kinetic Characterization of Aspartoacylase Active Site Mutants

mutant kcat (s-1) % kcat Km (mM) kcat/Km (M-1 s-1)

nativea 12.7 ( 0.05 100 0.12 ( 0.03 1.0 × 105

Y288F 0.130 ( 0.001 0.8 b
Y164F 0.020 ( 0.003 0.2 0.75 ( 0.18 2.6 × 102

R168K 0.13 ( 0.05 0.8 0.10 ( 0.03 1.3 × 103

R71K 0.73 ( 0.07 5.7 0.09 ( 0.04 7.7 × 103

E178A 0.46 ( 0.05 3.6 b
a Taken from ref 9. b We have been unable to obtain reproducible Km

values with reasonable errors for these mutants.
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electron density in the apoenzyme structure close to the CR
atom of Y164, suggesting a high degree of rotamer diversity
in the side chain in the absence of a bound ligand. In addition,
there are no specific interactions with either solvent or protein
atoms that contribute to stabilization of a single orientation
of this side chain. The R71 side chain is essentially
disordered in the apoenzyme structure, and what little density
is present in one of the monomers suggests that this side
chain is pointing away from the active site.

When the catalytic intermediate analogue binds, the side
chains of both of these residues become ordered and are then
oriented into the active site. The side chain functional group
of R71 shifts by 4–5 Å from its most likely orientation in
the apoenzyme into position to form an electrostatic interac-
tion with the R-carboxyl group of the intermediate analogue
(Figure 4). A rotation of ∼45° around the CR-C� bond of
the Y164 side chain is required to move this functional group
from the best positioning in the apoenzyme electron density
into position to participate in substrate binding. Such a side
chain rearrangement results in a 4 Å displacement of the
p-hydroxyl group to move into the position that it occupies
in the complex structure. In its new orientation in the
complex, the side chain of Y164 is well positioned to bond
with the �-carboxyl group of the intermediate analogue.
Removing the hydroxyl group of Y164 is the only mutation
that altered the Km for the substrate. The new positions of
R71 and Y164 are further stabilized in the complex through

the formation of a stacked cation-π interaction between
these two side chains at a distance of 3.7–3.9 Å between
the terminal nitrogens and the aromatic ring (Figure 4). This
type of electrostatic interaction can be quite strong (17), with
either a parallel or perpendicular geometry between binding
partners such as arginine or lysine and aromatic side chains
at an optimal separation of 3.6–3.8 Å (18). It is now clear,
on the basis of this intermediate analogue complex structure,
how even the conservative mutations made at either of these
positions would affect substrate orientation and catalysis by
eliminating hydrogen bond donating groups and by disrupting
this stabilizing cation-π interaction (Table 3).

While the conformational differences of the 158–164
loop between the two apoenzyme structures (Figure 2B)
appears to be a consequence of the different phosphate
levels in the crystallization conditions, by virtue of its
location this flexible loop could serve to control access
to the active site of aspartoacylase. On the basis of the
conformational variation of this loop between the rat and
human apoenzymes, the recently published study has
speculated that this loop could play such a role (10). We
do not yet have a structure of the true apo form of hACY2
in which the active site is completely unoccupied.
However, in the absence of bound ligands, this 158–164
loop is likely quite flexible since even in the complex
structure the B factors in this region are higher than the
average values of the protein backbone. The same closed

FIGURE 5: Proposed catalytic mechanism of aspartoacylase. The putative interactions with the substrate binding groups are shown, as well
as the nucleophilic attack that must occur (A) to generate the tetrahedral intermediate (B) in the proposed carboxypeptidase-type mechanism
of NAA hydrolysis. Collapse of this intermediate leads to the production of L-aspartate and acetate (C).
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loop conformation is observed in both subunits of the
hACY2 structure with bound phosphate and in the
complex with the intermediate analogue, suggesting that
occupation of at least a portion of the substrate binding
site is required to trigger closure of this loop and is
consistent with a possible role in modulating active site
access. Thus, the binding of this intermediate analogue
(and substrate binding as well) likely triggers an enzyme
closure around the substrate with the conformational
change in the flexible 158–164 loop coupled with these
two mobile residues moving into position to help orient
the substrate for catalysis. Tyrosine 288 had been proposed
to play a role in substrate binding analogous to that
proposed for the highly mobile tyrosine (Y248) in the
carboxypeptidases (10). However, it now appears that
Y164, through its interaction with the carboxyl rather than
the amino group of the intermediate analogue, is actually
the corresponding mobile substrate binding residue that
plays this role in aspartoacylase.

Proposed Catalytic Mechanism of Aspartoacylase. On the
basis of a detailed analysis of the structure of hYCY2 in
complex with the tetrahedral intermediate analogue, we
can now propose specific assignments for the roles of the
active site functional groups. The identity of the zinc
ligands, H21, E24, and H116, has been previously
suggested (8) and recently confirmed both by structural
studies (10) and by mutagenic studies in which several
additional mutants of the zinc ligands in aspartoacylase
have been reported (19). These mutants, E24A, H21A,
and H116A, had no detectable activity, confirming the
essential role of zinc in the catalytic mechanism. A clinical
mutant has also been identified in which one of these zinc
ligands (E24) is replaced with a glycine (20). We
constructed this E24G mutant, but no protein expression
was observed, presumably a consequence of improper
folding and subsequent digestion of this mutated enzyme.
The more conservative E24D mutant is found to express
in soluble form but has no detectable catalytic activity
and slowly precipitates after purification. An ion-coupled
plasma emission study of this freshly purified E24D
mutant shows the presence of zinc bound to the protein,
but at less than stoichiometric levels (0.6 Zn atom/subunit),
suggesting that even this conservative mutation compro-
mises the structural integrity of the zinc coordination site.

On the basis of the interactions observed in the enzyme-
intermediate analogue complex, it is likely that the
R-carboxyl group of the substrate is positioned through
interactions with the side chain functional groups of N70,
R71, and Y288. The �-carboxyl group will be oriented
through a bidentate interaction with R168 and also a
hydrogen bond to Y164. The R-amino group of the
substrate would be positioned to hydrogen bond with
Y288, and this will orient the acetyl carbonyl oxygen
through a likely interaction with R63 (Figure 5). This
would then place the carbonyl carbon of the substrate in
position for attack by the zinc-coordinated hydroxyl group
formed by proton transfer from the metal-bound water to
E178 (Figure 5A). Hydroxide attack generates the tetra-
hedral intermediate, with the developing negative charge
stabilized by the positive charge on the guanidino group
of R63 (Figure 5B). It is this proposed intermediate that
is represented by our structure of the bound tetrahedral

intermediate analogue. Collapse of this intermediate and
cleavage of the C-N bond are catalyzed by protonation
of the amino group by E178, leading to formation of the
acetate and L-aspartate products (Figure 5C). Release of
these products and binding of a water molecule in the zinc
coordination sphere complete the catalytic cycle. Removal
of the functional group at position 178 by mutagenesis
leads to an enzyme form (E178A) which has been
expressed and purified but has less than 5% of the activity
of the native enzyme (Table 3). A more conservative
E178D mutant has recently been reported to have ∼10%
of the catalytic activity of the native enzyme (19),
confirming the need to correctly position this carboxyl
group to serve an acid–base catalytic function.

CONCLUSIONS

This new structure of human aspartoacylase complexed
with a catalytic intermediate analogue gives valuable insights
into the catalytic mechanism of this important brain enzyme.
Roles have been assigned to the residues that are involved
in substrate binding and in catalysis. Enzyme conformational
changes have been identified that are proposed to be an
essential component of the catalytic cycle of aspartoacylase.
This improved comprehension of the detailed mechanism of
human aspartoacylase can provide the basis for understanding
the defects in the clinical mutants that lead to Canavan
disease.
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