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Aspartoacylase catalyzes hydrolysis of N-acetyl-L-aspartate to as-
partate and acetate in the vertebrate brain. Deficiency in this
activity leads to spongiform degeneration of the white matter of
the brain and is the established cause of Canavan disease, a fatal
progressive leukodystrophy affecting young children. We present
crystal structures of recombinant human and rat aspartoacylase
refined to 2.8- and 1.8-Å resolution, respectively. The structures
revealed that the N-terminal domain of aspartoacylase adopts a
protein fold similar to that of zinc-dependent hydrolases related to
carboxypeptidases A. The catalytic site of aspartoacylase shows
close structural similarity to those of carboxypeptidases despite
only 10–13% sequence identity between these proteins. About 100
C-terminal residues of aspartoacylase form a globular domain with
a two-stranded �-sheet linker that wraps around the N-terminal
domain. The long channel leading to the active site is formed by the
interface of the N- and C-terminal domains. The C-terminal domain
is positioned in a way that prevents productive binding of poly-
petides in the active site. The structures revealed that residues
158–164 may undergo a conformational change that results in
opening and partial closing of the channel entrance. We hypoth-
esize that the catalytic mechanism of aspartoacylase is closely
analogous to that of carboxypeptidases. We identify residues
involved in zinc coordination, and propose which residues may be
involved in substrate binding and catalysis. The structures also
provide a structural framework necessary for understanding
the deleterious effects of many missense mutations of human
aspartoacylase.

N-acetyl-L-aspartate � x-ray structure � zinc-dependent hydrolase

N-acetyl-L-aspartate (NAA) is one of the most abundant amino
acid derivatives found in the vertebrate brain, second only to

glutamate (1–3). Proton magnetic resonance spectroscopic imaging
of spatial variations in the concentration of NAA within the brain
allows noninvasive diagnostics of several central nervous system
diseases, including multiple sclerosis and Alzheimer’s disease (3, 4).
NAA is synthesized from L-aspartate and acetyl-CoA in the neu-
ronal mitochondria of brain gray matter (5). NAA is released from
neurons to the cerebrospinal fluid and then transported to oligo-
dendrocytes (6, 7). Although the exact role of NAA in the brain
remains a matter of investigations (1, 2, 8–11), it is believed that
proper metabolism of this compound in the brain is important for
correct development and maintenance of the white matter (12, 13).

The enzyme hydrolyzing NAA, aspartoacylase (ASPA, also
known as aminoacylase 2), is found primarily in oligodendrocytes
of white matter (14). ASPA has been purified to homogeneity from
bovine brain (15). The enzyme has been proposed to act as an
esterase by means of a catalytic Ser–His–Glu triad (16). However,
recent sequence analyses have suggested that the enzyme belongs
to the zinc–carboxypeptidase family (17). It has since been estab-
lished that ASPA binds zinc, and that this metal is necessary for
activity (18).

A deficiency in ASPA is the established cause of Canavan disease
(CD, OMIM no. 271900), a fatal progressive neurodegenerative
disorder characterized by dysmyelination and spongiform degen-
eration of white matter in children (19–22). Clinically, CD is
characterized by megalocephaly, hypotonia of neck muscles that

results in poor head control, muscle rigidity, developmental delay
of motor and verbal skills, visual impairment, and feeding difficul-
ties (20–24). Lack of ASPA activity leads to a dramatic increase of
NAA concentration in the brain, spinal fluid, blood, and urine (19,
25). Measurement of elevated NAA levels in urine is used to
confirm the diagnosis of CD (24). A mouse knockout model
deficient in ASPA activity (13) and a rat model with a natural
deletion of the aspartoacylase gene (26) have been recently devel-
oped and serve as important tools in understanding biochemical
pathologies related to CD (10, 27–29).

CD is a recessive autosomal disorder. The carrier frequency
reported for the two most common mutations among Ashkenazi
Jews is high; estimates range between 1:40 to 1:59 (30–32). More
than 50 mutations in ASPA, including numerous deletions,
missense mutations, and premature terminations, have been so
far described in patients of diverse ethnic origins (16, 32–43).

Here we report the x-ray structures of human ASPA (hASPA,
313 aa, UniProt entry P45381) and rat ASPA (rASPA, 312 aa,
UniProt entry Q6AZ03), identify important residues and structural
features responsible for the substrate specificity and selectivity,
propose a mechanism of action, and provide structural insights into
molecular pathologies of selected missense mutations. The struc-
ture of ASPA represents a sequence-to-structure target (with
�30% sequence identity to any structure in the Protein Data Bank
at the time of selection and deposition) determined under the
National Institutes of Health Protein Structure Initiative.

Results
Structure Quality. The structure of rASPA was determined by two
wavelength anomalous diffraction and refined to a resolution of 1.8
Å. rASPA has 86% sequence identity and 95% sequence similarity
to hASPA. The structure of hASPA was solved by molecular
replacement using rASPA as a search model and refined to 2.8 Å.
Data-collection, phasing, and refinement statistics are summarized
in Table 1. The final models describe residues 4–310 of two rASPA
molecules present in the asymmetric unit and residues 9–310 of two
hASPA molecules. The rASPA and hASPA molecules superpose
with a rmsd of �0.63 Å for �2,300 corresponding protein atoms.
The only notable difference between rASPA and hASPA involves
residues 157–163, which undergo a crank-shaft-like movement with
�180° rotation of Leu-161, which is displaced as much as 10 Å
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[supporting information (SI) Fig. 5]. It should be noted that the
structure of rASPA presented here contains missense mutations in
two surface residues (E128G and R131G). We did not find any
significant differences in the affected region between folds of
rASPA and hASPA; therefore, we believe that the mutations are
benign. Throughout the paper, we will use residue numbering that
corresponds to hASPA.

Protein Fold of ASPA. The structure of ASPA presents two distinct
domains: the N-terminal domain (N-domain) formed by residues
1–212 and the C-terminal domain (C-domain) formed by residues
213–313 (Fig. 1A). Several N- and C-terminal residues bring the two
domains of ASPA together in a two-stranded �-sheet anchor
formed by �-strands �1 and �13. Based on the CATH classification
(44), the N-domain belongs to the ��-class of proteins in a
three-layer ���-sandwich architecture with aminopeptidase topol-
ogy. The N-domain is formed by the central six-stranded mixed
�-sheet surrounded by eight helices of variable size and multiple
connecting loops. The C-domain belongs to the ‘‘mainly �’’ class of
proteins. Antiparallel �-strands �8 and �12 form a linker that wraps
around the N-domain and leads to the globular portion of the
C-domain (Fig. 1A).

Conserved Residues of ASPA. The Conserved Domain Database (48)
classifies ASPA as a member of the succinylglutamate desucciny-

lase/aspartoacylase family (AstE-AspA, Pfam04952, E � 8 �
10�52). There are four identical residues among the 33 seed
members of the family: Asn-70, Asp-114, His-116, and Glu-178.
Additional highly conserved residues include His-21, Gly-22, Glu-
24, Asn-54, Arg-63, Arg-71, and Phe-73. Most of these conserved
residues cluster within the area that likely represents the active site
of ASPA (Fig. 1A, blue sticks).

Oligomeric State of ASPA. The two rASPA molecules present in the
asymmetric unit of the rASPA crystal form an apparent dimer.
Similarly, hASPA forms a closely analogous dimer in crystals in
the different space group (Table 1). Dimers of hASPA and
rASPA superpose with a rmsd of 0.83 Å for 4,328 aligned atoms.
The dimer interface buries �1,200 Å2 of solvent accessible area
and involves 12 hydrogen bonds and two salt bridges (45). Gel
filtration of the rASPA sample suggested the presence of a
species with a molecular weight of 84 kDa (data not shown). The
rASPA dimer has an expected molecular weight of 71 kDa. The
observed difference of 13 kDa may be related to a larger
apparent hydrodynamic radius (and thus lower mobility) of the
ellipsoid-shaped dimer of rASPA (Fig. 1B). Altogether, our data
and other observations (18, 46) suggest that recombinant ASPA
forms a dimer in vitro. However, a recent report has indicated
that the active form of native rASPA is, in fact, a monomer (47).

Table 1. Crystal parameters, x-ray data collection, phasing, and refinement statistics

rASPA Se-Peak rASPA Se-HRem hASPA

Space group C2 P42212
Unit-cell parameters, Å, ° a�92.6, b�135.8,

c�54.0, ��101.5
a�145.6, c�103.4

Data-collection statistics
Wavelength, Å 0.97928 0.95373 0.97926
Energy, eV 12,661 13,000 12,661
Resolution range, Å 41.75–1.80 (1.84–1.80) 40.49–1.80 (1.84–1.80) 48.72–2.80 (2.90–2.80)
No. of reflections, measured�unique* 410,617�58,208 430,447�59,112 363,519�27,367
Completeness, % 97.5 (86.6) 97.6 (87.1) 97.9 (81.4)
Rmerge

† 0.093 (0.470) 0.087 (0.500) 0.164 (0.582)
Redundancy 7.1 (4.2) 7.3 (4.4) 13.3 (6.2)
Mean I�� (I) 10.0 (2.2) 9.9 (2.0) 10.6 (1.9)

Phasing statistics‡

Phasing power,isomorphous�anomalous 0.0�1.90 1.99�0.76
Mean FOM, centric�acentric 0.45�0.63
Rcullis, isomorphous�anomalous 0.0�0.616 0.635�0.793

Refinement and model statistics
Resolution range 41.75–1.80 (1.85–1.80) 48.72–2.8 (2.87–2.8)
No. of reflections, work�test 58,208�2,955 25,931�1,374
Rcryst

§ 0.149 (0.208) 0.195 (0.354)
Rfree

¶ 0.194 (0.268) 0.243 (0.419)
rmsd bonds, Å 0.020 0.016
rmsd angles, ° 1.616 1.551
ESU from Rfree, Å 0.114 0.305
Average B factor, Å2 21.8 47.7
No. of protein molecules�all atoms 2�5,509 2�4,938
No. of waters�ions 558�2 Zn2�, 5 sulfates 36�2 Zn2�, 8 phosphates

Ramachandran plot by PROCHECK, %
Most favorable region 91.0 86.9
Additional allowed region 8.6 12.5
Generously allowed region 0.4 0.6

PBD ID code 2gu2 2i3c

*Values in parentheses are for the highest resolution shell.
†Rmerge � �h�i�Ii(h) � 	I(h)
���h�iIi(h), where Ii(h) is the intensity of an individual measurement of the reflection and 	I(h)
 is the mean
intensity of the reflection.

‡Phasing by SHARP in 40.5– 2.4 Å resolution range.
§Rcryst � �h�Fobs� � �Fcalc���h�Fobs�, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes, respectively.
¶Rfree was calculated as Rcryst using �5.0% of the randomly selected unique reflections that were omitted from structure refinement.
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Structural Homology Search. The structural homology search by the
VAST server (49) established similarity between the N-domain of
ASPA and a range of zinc-dependent hydrolases related to car-
boxypeptidase A. A superposition of rASPA and bovine car-
boxypeptidase A (50) is presented in Fig. 2A. The proteins show the
same connectivity between multiple aligned secondary structure
elements. Two major topological differences between the proteins
are also obvious: (i) Carboxypeptidases do not possess a domain
corresponding to the C-domain of ASPA. (ii) The N terminus of
mature carboxypeptidase A is longer by �60 residues compared
with ASPA and extends the central �-sheet by two �-strands. In
ASPA, the N- and C-terminal residues form a parallel two-stranded
�-sheet that stabilizes the overall fold of this protein.

Active Site of ASPA. A detailed comparison of the active sites of
several carboxypeptidases with the structurally corresponding re-
gion of rASPA revealed a remarkable similarity between these
proteins. Fig. 2B presents the structural overlay of rASPA and
bovine pancreatic carboxypetidase A in complex with a phospho-
nate transition-state inhibitor (51). Highlighted in magenta are
selected atoms of the phosphonate inhibitor that could topologi-
cally correspond to those of the putative transition state of the
ASPA substrate, NAA. We believe that this structural overlay

provides a very useful framework for understanding of NAA
binding in ASPA.

Zinc Coordination. Inductively coupled plasma metal analysis of the
rASPA and hASPA samples used for crystallization revealed the
presence of 0.15 mol of zinc and 0.53 mol of nickel per mol of
protein, and 0.05 mol of zinc and 0.11 mol of nickel per mol of
protein, respectively. Crystals of hASPA were soaked during cryo-
protection in solutions that contained 0.5 mM ZnSO4. The struc-
tures of both rASPA and hASPA revealed that the conserved
residues His-21, Glu-24, and His-116 coordinate a metal ion (Fig.
2C). Analysis of anomalous signal in the hASPA diffraction data

Fig. 1. Ribbon diagrams of the rASPA monomer and dimer. (A) N-domain of
rASPA is color-coded in cyan and red. C-domain is color-coded in yellow and
green. Residues His-21, Gly-22, Glu-24, Asn-54, Arg-63, Asn-70, Arg-71, Phe-73,
Asp-114, His-116, and Glu-178 (blue sticks) are highly conserved in the AstE-AspA
family and delineate the active site. Zn2� is shown as a pink sphere. (B) The rASPA
dimer observed in the asymmetric unit of the rASPA crystals is shown in ribbon
representation. Both the N-domain (red) and C-domain (green) of the rASPA
monomers are involved in formation of the dimer interface. Residues His-21,
Glu-24, and His-116 (blue sticks) coordinate Zn2� (pink sphere).

Fig. 2. Details of the ASPA active site. (A) A stereo representation of structural
superposition of rASPA (red) and bovine carboxypeptidase A (cyan; PDB code
1m4l). (B) A stereo representation of structural superposition of the active sites of
bovine pancreatic carboxypeptidase A (cyan, PDB code 6cpa) and rASPA (red).
Red and cyan lines represent the C�-trace of the enzymes. Important residues
involvedinZn2� (sphere)coordination, substratebinding,andcatalysisareshown
in sticks and are annotated for hASPA (corresponding carboxypeptidase A resi-
dues are listed in Table 2). A transition state inhibitor (blue lines) is bound in the
active site of carboxypeptidase A. Selected atoms of this inhibitor that topolog-
ically correspond to those of putative NAA transition state are highlighted
(magenta) for clarity. Sulfate bound in the active site of rASPA is show in orange
sticks. Arg-71 of rASPA adopts two alternate conformations. (C) The 2Fo � Fc

electron density map (blue) of rASPA is shown at contour level of 1.8�. rASPA
residues are shown in sticks, the metal ion (magenta) coordinated in the active
site and waters (red) are depicted by three-dimensional crosses. (D) The 2Fo � Fc

electron density map (blue) of hASPA is shown at contour level of 1.5�. The
anomalous difference map (red) is shown at contour level of 6�. Black dashed
lines represent coordination bonds from protein residues and phosphate to Zn2�

(magenta) bound in the active site of hASPA.
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confirmed the presence of an anomalously scattering atom in the
active site (Fig. 2D). Diffraction experiments performed both 100
eV below and above the K-edge of zinc established the identity of
this atom as zinc (data not shown). No additional zinc sites were
observed in the active site. In addition to protein residues, a
phosphate was coordinated to Zn2� in the hASPA structure
(Fig. 2D).

Access to the Active Site. In carboxypeptidase A, the active site is
accessible to large substrates and a deep cavity in the protein
accommodates the bulky C-terminal residue of polypetides. In
ASPA, the C-domain sterically hinders access to the active site from
the same direction. Instead, the N-domain and C-domain of ASPA
form a deep narrow channel that leads to the active site. The access

channel is formed in a direction �90° away from the one seen in
carboxypetidase A (Fig. 3). The entry of the channel shows a
distinct positive electrostatic potential (due to the presence of
Arg-71, Lys-228, Lys-291, and Lys-292) that may help to guide a
negatively charged substrate to the active site.

Discussion
Substrate Binding. Active site residues of ASPA that could be
involved in the substrate binding include Arg-63, Asn-70, Arg-71,
Arg-168, and Tyr-288. The putative roles of these and other
selected residues of ASPA, which we base on the close structural
alignment of the rASPA active site to that of carboxypetidase A,
are summarized in Table 2. It is of interest that many of these
residues were found to be mutated in patients with CD, thus
further stressing their importance in hASPA and corroborating
our hypothesis about the close analogy of substrate binding in
carboxypeptidases and ASPA. Arg-168 is well positioned to
provide specificity for a negatively charged �-carboxyl of NAA.
The corresponding residue in bovine carboxypeptidase A, which
specifically hydrolyzes polypeptide chains with large hydropho-
bic C-terminal residues, is Ile-255. Carboxypeptidases B, which
are specific for positively charged C-terminal residues, have a
negatively charged aspartate (Asp-255) at this position. Tyr-288

H
N

-O O

O

-O O

CH3

Zn++
Arg168

Arg63

Arg71

Tyr288

His21 His116

Glu24
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Glu178

Asn70 Tyr288
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Fig. 4. Proposed mechanism of action of ASPA.
Fig. 3. Comparison of the substrate binding cavities. Lines represent C�-
traces of the rASPA (red) and carboxypeptidase A (cyan). Both proteins were
superposed and are shown in the same orientation. Solvent accessible elec-
trostatic surfaces of both proteins are clipped to reveal internal pockets
responsible for binding of substrates (black sticks, see Fig. 2B for details).
Arrows indicate direction in which substrates enter binding pockets of both
proteins. Zinc ions are shown as spheres. (A) The substrate binding cavity is
formed at the interface of the N- and C-domains of rASPA. (B) The substrate
binding cavity recognizes the terminal hydrophobic and a portion of the
penultimate residue of the substrate in bovine pancreatic carboxypeptidase A
(PDB ID code 6cpa).

Table 2. Proposed role of selected residues of hASPA catalytic site

Residue in
hASPA

Conservation in
AstE-AspA

family
Corresponding residue
in carboxypeptidase A Proposed role*

Familial mutation in
humans

His-21 High His-69 Coordinates zinc His21Pro
Glu-24 High Glu-72 Coordinates zinc Glu24Gly
Arg-63 High Arg-127 Stabilizes substrate binding. Interacts with the terminal

carboxyl of NAA
Asp-68 Minimal Asp-142 Participates in formation of the hydrogen bond network

of the active site. Forms hydrogen bonds to His-21,
Arg-63, and backbone of Asn-70

Asp68Ala

Asn-70 Absolute Asn-144 Stabilizes substrate binding. Forms a hydrogen bond with
the terminal carboxyl of NAA

Arg-71 High Arg-145 Stabilizes substrate binding. May guide NAA to the active
site, then interact with the terminal carboxyl of NAA

Arg71His

Asp-114 Absolute Ser-194 Participates in formation of the hydrogen bond network
of the active site. Forms hydrogen bonds to His-116 and
Thr-20

Asp114Glu

His-116 Absolute His-196 Coordinates zinc
Arg-168 Minimal Ile-255 Stabilizes substrate binding. Provides specificity for the

�-carboxyl of NAA
Arg168Glu, Arg168His,

Arg168Cys
Glu-178 Absolute Glu-270 The general acid�base residue. Activates catalytic water

coordinated to zinc, protonates leaving group during
collapse of the tetrahedral intermediate

Tyr-288 NA Tyr-248 (functional) Stabilizes substrate binding. Forms a hydrogen bond with
the terminal carboxyl of NAA. May act as a general acid
during collapse of the tetrahedral intermediate

Tyr288Cys

*Proposed roles are based on the structural alignment of the active sites of rASPA and carboxypeptidase A. See text for details.
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is well positioned to functionally mimic a conserved Tyr-248
found in carboxypeptidases. The phenyl oxygen of Tyr-288 of
rASPA resides within hydrogen bonding distance of the putative
terminal carboxyl of NAA and the amide nitrogen of NAA (Fig.
2B). Interestingly, this residue is located in the C-domain, which
is not present in carboxypeptidases, and enters the active site
from the opposite direction to Tyr-248 in carboxypeptidases.

Mechanism of Action of ASPA. The structures of rASPA and hASPA
establish that ASPA shows structural similarities to a range of
carboxypeptidases from different species despite very low sequence
identity (10–15%). The structures thus provide structural confir-
mation that ASPA is a member of the zinc hydrolase superfamily
(52). In addition, the structures revealed a remarkable similarity of
the active site to that of carboxypeptidase A. This allows for the
formulation of hypotheses about what residues are involved in
substrate binding and/or catalysis. We hypothesize that this enzyme
may follow a ‘‘promoted-water pathway’’ mechanism widely ac-
cepted for carboxypeptidase A (53, 54). If this hypothesis is correct,
we expect that Glu-178 acts as a general base that activates a water
molecule coordinated to the catalytic zinc ion. The activated
hydroxyl attacks the carbonyl group of NAA polarized by Arg-63
and possibly by Zn(II) (Fig. 4A). The negative charge on the oxygen
of the resulting tetrahedral intermediate is stabilized by coordina-
tion to Zn(II) and electrostatic interaction with Arg-63 (Fig. 4B). In
the last step of the catalysis, the tetrahedral intermediate collapses,
the carbonyl group is reformed and aspartate is eliminated as the
leaving group. Glu-178 (or possibly Tyr-288) acts as a general acid
during this step and provides a proton to the leaving group (Fig.
4B). We propose that phosphate the coordinated to Zn2� in the
active site of hASPA resembles the initial attack complex, where the
coordinated oxygen of phosphate mimics the activated hydroxyl.

Role of the C-Domain. The structure of ASPA provides important
insight into the role of its C-domain. The central roles of this domain
seem to be selecting against larger polypeptides and providing
specificity for the acetyl group of NAA. A narrow channel that leads
to the active site is formed at the interface of the N- and C-domains
of ASPA. Due to the geometry of the active site, a polypeptide that
enters this channel cannot bind productively to undergo hydrolysis.
This is because the C-domain sterically hinders access to the active
site in a direction from which the enzyme would have to bind the
penultimate residue of the polypeptide (Fig. 3). ASPA can there-
fore reside and function in the cytosol of glial cells without
interfering with protein degradation pathways. In the case of
carboxypeptidases, a similar logistic issue is solved by synthesis of

inactive zymogens. Interestingly, procarboxypeptidases are inhib-
ited by a mechanism similar to the one just described for ASPA: the
globular portion of the N-terminal prodomain sterically hinders the
access of polypeptides to the active site. The prodomain is con-
nected to the rest of the protein by a long linker helix. (The
procarboxypeptidases are activated in the duodenum by trypsin,
which cleaves off the prodomain at the end of the linker helix.) A
structural overlay of the human procarboxypeptidase A2 (55) and
rASPA revealed that the globular portion of the prodomain reaches
the area above the active site from a direction opposite to that of
the C-domain of rASPA.

Determinants of Substrate Specificity. The C-domain forms a pocket
that accommodates the acetyl group of NAA and puts severe
restriction on the size of this portion of substrate (Fig. 3A). The tight
pocket is formed by residues Thr-118, Gln-184 (His-183 in rASPA),
Phe-282, Glu-285, Ala-287, and Tyr-288. Compounds with acyl
groups longer than acetate (i.e., short or long fatty acids) are
unlikely to bind productively in the active site of ASPA. In fact, it
has been reported that substrate derivatives with larger groups
including N-t-butylacyl, t-butoxyacyl, and guanidine groups are very
poor substrates of hASPA (46). hASPA also shows a high specificity
for the aspartate portion of NAA (46). Arg-168, which may be
responsible for this specificity, may form a hydrogen bond to and
provide electrostatic stabilization of the �-carboxyl group of NAA.
The loss of one or both of these interactions can explain a loss of
activity toward N-acetylasparagine, -valine, -leucine, and -alanine
(46). A lack of activity against N-acetylglutamate may be related to
a shift of the whole compound in the active site leading to a binding
nonconducive to efficient catalysis. Interestingly, three familial
mutations have been reported that target Arg-168 (Table 2).

Structural Insights into the Pathologies of hASPA Mutants. Approx-
imately 60% of known missense mutations of hASPA are located
within the N-domain. The most common mutations, A305E,
Y231X (X represents a termination codon), and E285A, are all
located in the C-domain. Table 3 categorizes currently known
missense mutations of hASPA into six categories and provides
hypotheses about the molecular defect of selected mutations.
Mapping of these mutations onto the structure of ASPA is pre-
sented in SI Fig. 6.

Materials and Methods
Protein Expression and Purification. The genes encoding rASPA and
hASPA were cloned, and selenomethionine-labeled proteins were
expressed and purified following the standard Center for Eukary-

Table 3. Categorization of missense mutations leading to CD

No. Type Mutations Possible structural explanation of defect for a selected residue

1 Zinc coordination�substrate
binding

H21P, E24G, R71H, R168E, R168H,
R168C, Y288C

E24G: loss of residue coordinating zinc

2 Alteration of hydrogen
bonding network

A57T, D68A, D114E, D114Y, E285A*,
A287T

E285A: loss of the active site hydrogen network that may lead
to destabilization of interaction between the N- and
C-domain

3 Hydrophobic core I16T, G27R, I143T, C152R, C152Y,
C152W, M195R, Y231C, P280L,
P280S, F295S, A305E

A305E: local unfolding due to placement of bulky, charged
residue into the hydrophobic core. Mutation likely results in
an unstable protein that undergoes degradation in vivo.

4 Early�late termination Y109X†, Q184X, E214X, C218X, Y231X,
X314W

Y231X: loss of the C-domain. Protein is likely degraded in vivo.

5 Apparent dimer formation‡ P183H, V186F, D249V D249V: destabilization of dimer interface due to loss of
salt-bridge to Arg-187 of the other monomer

6 Defect of unclear origin G123E, P181T, K213E, H244R, G274R H244R: surface residue affected, problem not clear

*Mutations shown in bold represent the most common mutations.
†X represents a termination codon.
‡Dimerization of rASPA is not required for activity (47).
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otic Structural Genomics pipeline protocols for cloning (56), pro-
tein expression (57), protein purification (58), and overall bioin-
formatics management (59). Protein purification of heterologously
expressed, nonglycosylated proteins from Escherichia coli did not
involve refolding steps and resulted in 18.6 and 2.5 mg of recom-
binant rASPA and hASPA proteins, respectively.

Structure Determination. Crystals of rASPA were grown at 293 K by
the hanging drop method from a 10 mg�ml�1 protein solution mixed
with an equal amount of well solution containing 1.9 M ammonium
sulfate, 100 mM HEPPS, pH 8.5. Crystals of hASPA were grown
using well solution containing 56 mM NaH2PO4 and 1344 mM
K2HPO4 and were cryoprotected in well solutions supplemented
with 0.5 mM ZnSO4 and up to 25% (v/v) ethylene glycol. X-ray
diffraction data for rASPA were collected at the General Medicine
and Cancer Institutes Collaborative Access Team 23-ID-D beam-
line at the Advanced Photon Source at Argonne National Labo-
ratory. Data for hASPA were collected at Southeast Regional
Collaborative Access Team 22-ID beamline at the same institution.
The diffraction images were integrated and scaled using HKL2000
(60). The selenium substructure of selenomethionine-labeled
rASPA was determined by using HySS (61). The structure was
phased using autoSHARP (62) with the help of auxiliary programs

from CCP4 suite (63). Initial phase information was improved by
density modification of phases from SHARP with 2-fold noncrys-
tallographic averaging, based on positions of anomalous scatterers
as implemented in RESOLVE (64). The starting model build by
ARP/wARP (65) was completed in cycles of iterative manual
building in COOT (66) and refinement in REFMAC5 (67). The
structure of hASPA was solved by molecular replacement in
MOLREP (68) using rASPA as a search model and refined using
a similar protocol to that described for rASPA. The figures were
prepared by using PyMOL (69).
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