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ABSTRACT. Aspartoacylase catalyzes the deacetylatioN-afcetylaspartic acid (NAA) to produce acetate
andL-aspartate and is the only brain enzyme that has been shown to effectively metabolize NAA. Although
the exact role of this enzymatic reaction has not yet been completely elucidated, the metabolism of NAA
appears to be necessary in the formation of myelin lipids, and defects in this enzyme lead to Canavan
disease, a fatal neurological disorder. The low catalytic activity and inherent instability observed with the
Escherichia colexpressed form of aspartoacylase suggested the need for a suitable eukaryotic expression
system that would be capable of producing a fully functional, mature enzyme. Human aspartoacylase has
now been successfully expressedPichia pastoris While the expression yields are lower tharkEncoli,

the purified enzyme is significantly more stable. This enzyme form has the same substrate specificity but
is 150-fold more active than thHe. coli-expressed enzyme. The molecular weight of the purified enzyme,
measured by mass spectrometry, is higher than predicted, suggesting the presence of some post-translational
modifications. Deglycosylation of aspartoacylase or mutation at the glycosylation site causes decreased
enzyme stability and diminished catalytic activity. A carbohydrate component has been removed and
characterized by mass spectrometry. In addition to this carbohydrate moiety, the enzyme has also been
shown to contain one zinc atom per subunit. Chelation studies to remove the zinc result in a reversible
loss of catalytic activity, thus establishing aspartoacylase as a zinc metalloenzyme.

N-Acetyl-L-aspartate (NAA)is the second most abundant including numerous deletions, missense mutations, and
amino acid in the mammalian brain, yet its precise role has premature terminations have been reported from Canavan
not been definitively established. The levels of NAA in the patients with defects spanning all six exod} (n most cases,
brain must be tightly regulated, with abnormally low levels the missense mutations cause nonconservative amino acid
detected in multiple sclerosid)(and Alzheimer’'s disease substitutions, resulting in an altered enzyme that is either
(2) and abnormally high levels measured in Canavan diseasenot expressed or is expressed but has little or no catalytic
(3). A defect in the humaraspA gene that encodes for activity (5).
aspartoacylase, the enzyme responsible for metabolizing Aspartoacylase was first partially purified from rat brain
NAA, has been identified as the cause of Canavan diseasg6) and was then subsequently purified to homogeneity from
(3), a fatal neurodegenerative disorder for which there is bovine brain 7) to allow for the study of the isolated enzyme.
currently no effective treatment. Canavan disease is the onlyimmunostaining techniques had originally suggested that
identified genetic disorder that is caused by a defect in the aspartoacylase may be a membrane-bound enzynar(d
processing of a metabolite that is produced exclusively in soluble preparations have been obtained in the presence of
the brain. The enzyme aspartoacylase plays a critical role inlow levels of detergent. However, subsequent work has
brain metabolism, the deacetylation of NAA to produce shown that immunoreactivity to aspartoacylase antibodies
acetate and aspartate, and appears to be the only braiis seen in the cytosol but not in membrane fractions of rat
enzyme that can effectively metabolize NAA. Aspartoacylase brain tissue, demonstrating that aspartoacylase is not prima-
is encoded by six exons, and over 50 different mutations rily membrane-associate8)(as was initially hypothesized.

_ : Recently, studies have shown that aspartoacylase is distrib-
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alignments with the zinc-carboxypeptidase family led to the

suggestion that aspartoacylase is a zinc-dependent peptidase

(12). The overall sequence identity between the aspartoacy-

lases and the carboxypeptidases is 10% or less; however,

the essential metal ion ligands and active-site functional

groups of the carboxypeptidases are conserved in the pa—
aspartoacylases. Divalent cations are reported to activate the

enzyme, but the addition of these cations lead to only modest

increases in catalytic activity7). In contrast, assays con-

ducted in the presence of metal chelators did not result in a 50 kDa W
loss in activity. From these results, it was concluded that

aspartoacylase is not a metalloenzynig However, the

metal ion content of purified aspartoacylase and any cor- 35 kDa s
relation between the metal ion content and catalytic activity

have not been examined. In addition to the unanswered

question of metal ion regulation, the enzyme activity has f—
been hypothesized to be regulated both by glycosylation and

by phosphorylation/dephosphorylatioh0f. A putative N-

glycosylation site (Asn117) contained in an Asn-X-Thr/Ser 1 2 3 4
recognition sequence has been suggestay &nd this site

———
-

‘nemnn

; ; iatid Ficure 1: SDS-PAGE gel. Lane 1, molecular-weight markers;
is located adjacent to one of the proposed histidine metal lane 2, SolubleP. pastoris cell lysate; lane 3, IMAC-purified

ion ligands. aspartoacylase; lane 4, purified aspartoacylase after ion-exchange
We have now cloned and expressed human aspartoacylasehromatography.

in Pichia pastorisand have examined the properties of this

highly purified and fully active enzyme. The metal ion and MM phenylmethanesulfonyl fluoride (PMSF). The cells were
carbohydrate contents were characterized, and roles havdysed using a Bead Beater, and the soluble lysate was loaded
been proposed for these entities in the functioning of this onto a 5 mLHiTrap Chelating HP column (Amersham

enzyme. Biosciences) equilibrated with buffer A using ankta
Explorer 100 chromatography system for immobilized metal-
MATERIALS AND METHODS affinity chromatography (IMAC) purification. The enzyme

) . was eluted with a linear gradient with buffer A plus 500

Gene CloningThe gene encoding for human aspartoacy- my imidazole. The active fractions from the purification
lase, aspA was amplified by PCR with an attached C- \yere combined and dialyzed against buffer B [50 mM Hepes
terminal polyhistidine tag. The amplified gene was ligated 4 b1y 7 4 and 1 mM dithiothreitol (DTT)]. The final polishing
into th_e pPICZ A vector, using akcoR I/Xho_l insert. step was a 10 mL anion-exchange Source 15Q (Amersham
Plasmid DNA was transformed into XL1Bscherichia coli  gjgsciences) column, with the pure enzyme eluted by a linear
cells for plasmlc_j amp_llflcatmn, with the pells plated onto gradient using buffer B containing 500 mM NaCl. The purity
low-salt LB medium with 5Qug/mL of zeocin. The plasmid ¢ the enzyme at each step was analyzed by sodium dodecyl
construct was Ilnearlzed witBacl to insert the gene |_nt€_. sulfate-polyacrylamide gel electrophoresis (SDBAGE)
pastoris genomic DNA by homologous recombination. (gjgyre 1), and the protein concentration was determined by
Several yeast strains, X-33, GS115, and KM71H, were o gradford assay. The active fractions were then dialyzed
examined for chemical transformation, and the KM71H strain j+5 50 mm Hepes at pH 7.4 containing 100 mM NaCl and
was selected for Its optimal expression. _ 1 mM DTT, for long term storage. Typical purifications yield

Enzyme ExpressioThe enzyme was expressed in the 10 mg of highly purified aspartoacylase findl L of minimal
KM71H P. pastoriscell line following the guidelines of the  methanol cell culture with a specific activity of £A5 units/
Easy SelectPichia Expression Kit manual (Invitrogen).  mg.
Colonies were grown on yeast extrageptone-dextrose- Kinetic Assay.The enzyme activity was assessed by a
sorbitol plates (30C for 2—3 days) with the antibiotic zeocin  newly developed coupled assay in which the aspartic acid
included for colony selection (1Qdg/mL). Colonies picked  product from the aspartoacylase reaction is deaminated by
from these plates were used to inoculate 10 mL of minimal L-aspartase](4)_ Assays were performed on a Cary 50 YV
glycerol media, and the cells were grown at 30 until vis spectrophotometer by monitoring the increasing concen-
reaching an Oy of ~4. A total o 1 L of minimal glycerol  tration of fumarate at 240 nne & 2.53 mMt cm™2) in an
media was inoculated with this cell culture, and the cells assay buffer of 25 mM Hepes at pH 7.2 containing 1 mM
were grown until an 0&9 qf ~4. The cells were centrifuged  Mg(OAc),, 0.1 mM p-mercaptoethanol, varying levels of
and resuspended in minimal methanol (1% methanol) for NAA, and excess-aspartase, with the reaction initiated by
protein expression, and the media was supplemented withthe addition of aspartoacylase. During the protein purifica-
1% methanol every 24 h. After-34 days, the cells were tjon, the aspartoacylase activity was followed with the NAA
harvested and the cell paste was stored-&d °C prior to concentration fixed at 0.75 mM.
purification. DeglycosylationThe enzyme was deglycosylated under

Enzyme PurificationThe cell paste was resuspended in native conditions by treating 20g of aspartoacylase with
20 mM potassium phosphate at pH 7.4 containing 500 mM 2500 units of proteinN-glycosidase (PNGase F, New
NaCl, 20 mM imidazole, and 5% glycerol (buffer A) with 1 England Biosciences) in 0.5 M sodium phosphate buffer at
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pH 7.5 containing 1 mM DTT. ZnGlwas added to the 50 mM Hepes at pH 7.4 containing 100 mM NaCl, 1 mM
reaction mixture in an equimolar ratio to the ethylenedi- DTT, 5% glycerol, and 5 mM orthophenantroline (OP) at 4
aminetetraacetic acid (EDTA), which is present in the storage °C. Aliquots were removed at various times to assay for
buffer of PNGase F to eliminate any inhibitory effects of catalytic activity and metal ion content. As a control, the
this metal chelator on enzyme activity. The reaction was enzyme was dialyzed into the same buffer but without OP.
incubated fo 1 h at 37°C, with a control reaction incubated The metal content of the enzyme was determined before and
under the same conditions in the absence of PNGase F. after dialysis by inductively coupled plasma (ICP) emission

For mass spectral studies, aspartoacylase was deglycosyspectroscopy. Different concentrations of ZnGblutions
lated under denaturing conditions by dissolving in 100 were used to construct a standard curve to determine zinc
of a digestion buffer (100 mM sodium phosphate at pH 7.6 levels within the enzyme. Zinc analysis was conducted at
containing 5 mM DTT) and heating in boiling water for 10 213 nm, and the buffer solution was analyzed as the
min. After the mixture was cooled to room temperature, 0.1% background.

Triton X-100 and PNGase F (dL, ~10 units) were added Quaternary StructureSolutions of purified aspartoacylase
and the mixture was incubated at 3C for 17 h. The  (0.7-1.0 mg/mL) were examined by dynamic light scattering
digestion mixture was then boiled for 3 min to complete the (DLS, DynaPro Titan DLS, Wyatt Technologies) at 20
deactivation of PNGase F and then applied to the porousto determine the average particle size in solution and the
graphitized columssolid-phase extraction (PGESPE) corresponding molecular weight.
column to remove salts and buffer.
The enzyme was also deglycosylated using two different RESULTS
glycosidases: neuraminidase (New England Biosciences) and . )
endoglycosidase H (endo H, New England Biosciences). For Aspartoacylase StabilityAspartoacylase had previously
neuraminidase, 0.18 nmol of aspartoacylase and 100 unitsP®en overexpressed to relatively high levelsEincoli but
of neuraminidase were mixed in 50 mM sodium citrate buffer Was produced primarily as inclusion bodies by these cells
at pH 6. The reaction was incubated for @plth at 37°C, (14). A refolding protocol was devel'oped to obtain an acti\{e
with a control reaction incubated under the same conditions @nd soluble enzyme; however, this enzyme form is quite
in the absence of neuraminidase. Aspartoacylase was als¢!nStable, losing a significant fraction of its catalytic activity
deglycosylated under native conditions by treating@f ywthm 24 h. The presence of a putative N-glycosylation site
aspartoacylase with 2500 units of endo H in 50 mM sodium N human aspartoacylasi(j suggests that some type of post-
citrate buffer at pH 5.5. The reaction was incubated for up translaﬂonal.modlflcatlon may be reqwred' to produce a stable
to 8 h at 37°C, with a control reaction incubated under the and fully active enzyme. Because bacterial cells do not have
same conditions in the absence of endo H. the capability to correctly glycosylate mammalian proteins,
Carbohydrate Characterizatioligested oligosaccharides human aspartoacylase has now been expressed fn a
released by PNGase F were purified by PERPE. The PGC ~ Pastoriscell line, which can support many of these glyco-
cartridge was washed with nanopure water at a flow rate of Sylation reactions. The purified enzyme expressedin
1 mL/min to remove salts, and the glycans were eluted by Pastoris(Figure 1) is significantly more stable than tee
washing with 10% acetonitrile in water (v/v), 20% acetoni- CO“_'e_Xpressed enzyme, losing less than 10% O_f its catalytic
trile in water (v/v), and then 40% acetonitrile in 0.05% TFA/ activity after 2 weeks when stored under conditions where
water (v/v). Each fraction was collected and evaporated in th.eE.. coli-expressed enzyme becomes completely inactivated
vacuo prior to matrix-assisted laser desorption ionization Within 24 h. TheP. pastorisexpressed aspartoacylase shows
(MALDI) analysis. Mass spectra were recorded on an sensitivity to oxidation over tlme and V\(ll_l precipitate if not
external source HiResMALDI (lonSpec Corporation, Irvine, K€pt under the proper reducing conditions. However, the
CA) equipped with a 7.0 T magnet and a pulsed YAG laser addition of DTT (1 mM) is sufficient to reverse the
(266 nm). 2,5-Dihydroxybenzoic acid and 2,5-dihydroxy- pre_C|_p|tated state of the enzyme with no significant loss of
acetophenone were used as a matrix (5 mg/&Q0in activity.
ethanol). For the positive mode, /A of 0.01 M NaCl in Aspartoacylase Adtity. The aspartoacylase expressed in
acetonitrile/water solution (50:50) was added to the probe P. pastorisis significantly more active as compared with
tip to enrich the Na concentration and produce primarily the enzyme that was expressedEn coli. Kinetic studies
sodiated species. The matrix solutioni(l) was followed were conducted with both the natural substrate, NAA, and
to the MALDI probe. The sample was dried under a stream N-trifluoroacetyl+ -aspartate (trifluoro-NAA), an alternative
of air and subjected to mass spectrometric analysis. substrate with the highest activityl4), to examine the
Mutation at the N-Glycosylation Sit€he mutation N117Q  substrate specificity of these enzyme forms. Comparishle
was constructed to study the unglycosylated form of human values were measured between Ehecoli and P. pastoris
aspartoacylase with the aim of understanding the role of thee€nzyme forms for each substrate, but a substantially higher
carbohydrate component. The QuickChange Il Site Directed Keat iS Observed for each with the. pastorisexpressed
Mutagenesis Kit (Stratagene) was used to construct theeénzyme (Table 1).
mutant, and the mutation was confirmed by sequencing. The While the yeast-expressed enzyme has higher catalytic
vector containing the mutated gene was linearized and activity, some unusual kinetic properties have been revealed
inserted into the yeast genome of the KM71H cell line and for this enzyme form. At low NAA concentrations, aspar-
then expressed and purified under the same conditions adoacylase shows the classical sigmoidal behavior that is
the native enzyme. generally ascribed to subunit cooperativity (Figure 2). At
Metal-Content DeterminatiofMetal chelation studies were  higher NAA concentrations, substantial substrate inhibition
conducted by dialyzing purified human aspartoacylase againstis observed, an indicator of the presence of an additional
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Table L Kinetics of Aspartoacylases Expresseétircoli and P. Table 2: Effect of Metal Chelation on Aspartoacylase
pastoris enzyme form metal content SA (units/mg) SA (%)
E. coli-expressed P. pastorisexpressed native enzyme 138 0.04 8.9 100
munne human treatment with OP for 48 h  0.3% 0.02 2.0 22
substraté  parameters aspartoacylase aspartoacylase treatment with OP for 72 0.23 0.01 12 14
- _ Keat (S7%) 0.083+ 0.006 12. 7+ 0.05 a
X =—CHs K (MM) 0.36+ 0.06 012+ 0.03 Atoms of Zn bound per 36 kDa.
X = —CFs Keat (571 1.2+ 0.09 116+ 13 12 -
Km (MmM) 0.21+0.04 0.15+ 0.05
2 Parent compound: 104
X
O:< 8 -
NH o Q

Specific Activity (U/mg)
(=]

(o}

site on the enzyme where substrate binding can occur. Similar ¢

sigmoidal behavior and substrate inhibition are also seen with 0 5 10 15 20 25
the more efficient trifluoro-NAA, in the same concentration Zn2+ (4M)
range as with the physiological substrate. Ficure 3: Effect of added zinc on the kinetics of aspartoacylase

Metal lon Content of AspartoacylasBarlier studies had ~ after }he enzyme was dialyzed against 5 mM OP for 72 h to remove
suggested that aspartoacylase could be a metalloenzyme’fnGta 1ons.
However, the addition of metal chelators, such as EDTA or ghserved upon the addition of zinc to the native enzyme that
OP, to purified aspartoacylase has no inhibitory effect on had not been treated with OP.
the catalytic activity of this enzyme. These results suggest 7o correlate these changes in catalytic activity with the
that either metal ions are not required or that they are presentmetal ion content of aspartoacylase, the enzyme was
and essential but are not easily remov_ed_. Subsequent dialysigxamined by ICP emission spectroscopy. The ICP measure-
of the enzyme against a buffer containing 5 mM OP leads ments showed a metal content for the native enzyme of 1.3
to a substantial loss of Catalytlc activity in 242 h (Table atoms of zinc per 36 kDa (Tab|e 2), which can be ap-
2), demonstrating that a more aggressive treatment is requirethroximated to 1 zinc atom per enzyme subunit. Upon
for the removal of metal ions from aspartoacylase. There is extensive dialysis against a buffer containing OP, the metal
no loss of activity in the control experiment in which the content decreases t00.2 zinc atoms per subunit and the
enzyme is dialyzed against the same buffer but without addedcatalytic activity shows a corresponding decrease to less than
OP. Direct addition of low levels of Zng(<3 uM) to the 2094 of the native aspartoacylase. Dialysis against low levels
OP-dialyzed enzyme leads to an increase in the zinc conteniof ZnCl, (0.1 «M) increases the zinc content of aspartoa-
of the enzyme and to a nearly complete recovery of catalytic cylase to 0.42+ 0.03 atoms per subunit, with a correspond-
activity. The addition of higher levels of zinc cause enzyme ing increase to 47% of the specific activity of the native
inhibition (Figure 3), and similar inhibition of activity is  enzyme.

Deglycosylation of Aspartoacylas&€he higher stability

0.06 and catalytic activity of the®. pastorisexpressed enzyme
is hypothesized to be the result of the post-translational
0.05 1 /‘ “‘ glycosylations that can occur in this yeast strain. The
/ AN presence of a carbohydrate component was established by
0.04 // \\ treating aspartoacylase with a deglycosylating enzyme. The
U/mL / AN addition of PNGase F, an enzyme that selectively cleaves
0.03 - /‘ \\ N-glycosidic bonds, to native aspartoacylase has no immedi-
/ \ ate effect on catalytic activity (curve A in Figure 4).
0.02 - / e However, after incubation in the presence of PNGase F for
. 1 h at 37°C, more than 80% of the aspartoacylase activity
0.01 / is lost and a substantial lag is also observed in the time course
of the reaction (curve B in Figure 4). A control sample
0.00 j incubated under the same conditions but in the absence of
00 02 04 06 20 40 PNGase F shows no change in catalytic activity (curve C in

Figure 4), suggesting that the removal of a carbohydrate
o component is responsible for this loss of activity. To

Ficure 2: Kinetics of aspartoacylase. At low substrate concentra- . .

tions, the enzyme shows sigmoidal behavior, which is characteristic determine the effect of selective removal of carbohydrates

of cooperative kinetics. At higher substrate concentrations, pro- 0N the activity of aspartoacylase, the enzyme was treated
nounced substrate inhibition is observed. with either neuraminidase or endo H. Neuraminidase ca-

[NAA] (mM)
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monosialylated, which, upon ionization with MALDI, co-
ordinates to a sodium atom and replaces the carboxylic acid
proton with a second sodium. A number of lower mass
components are also found and are likely fragmentation
products from the major peak. Minor components corre-
sponding to less than 10% of the base peak were also found
in this higher mass range. These peaksvat2503.805 and
2758.948 have putative structures, which are also shown in
Figure 5b (OS2 and OS3, respectively). All three of these
carbohydrate components correspond to complex-type oli-
gosaccharides.
Mutation at the Putatie N-Glycosylation SiteNow that
- i, a single, major carbohydrate component has been identified,
Ficure 4: Time course of aspartoacylase activity after treatment . : . )
with PNGase F to removi-glycosyl groups. (Curve A) Rate of It remains to be establlshed that Asnll? is the correct and
aspartic acid production after the addition of PNGase F to unique N-glycosylation site. A conservative N117Q mutant
aspartoacylase at time= 0. (Curve B) Rate of aspartic acid was prepared to eliminate the possibility of glycosylation at
gOd:r?g“é écf; ;::ééhga?gldi:iigna%ftisihlGézée 'r:\;eShé’)\’Vi(r:‘gnat‘POﬁ;etgdg? this site while retaining the same side-chain functionality.
asgpartic acid production gfta h of ir?é:uba;;on of aspartoacylase The fu_IIy purified N117Q mutant has a Cqmparable Catalytlc
in the absence of PNGase F. behavior to that of the deglycosylated native enzyme in terms
of the reaction time course lag and catalytic activity. This
talyses the hydrolysis dfi-acetylneuraminic acid residues unglycosylated N117Q enzyme also shows substrate inhibi-
from glycoproteins and oligosaccharides, while endo H tion (data not shown), with a maximum activity within the
cleaves within the chitobiose core of high mannose and somesame range of NAA concentration as the native enzyme.
hybrid oligosaccharides from N-linked glycoproteins. In each Sigmoidal kinetics is still observed at low NAA concentra-
case, the enzyme showed no measurable loss of activity whertions with the N117Q mutant; however, the mutant retains
incubated with high levels of these glycosidases for extendedless than 10% of its catalytic activity when stored for 1 week
periods of time. at 4°C, whereas the native enzyme shows no loss of activity
Carbohydrate Content of Aspartoacylag§éhe nature of ~ under these storage conditions.
the carbohydrate component of native aspartoacylase was To establish whether aspartoacylase contains only a single
examined by subjecting the glycan released by PNGase FN-glycosylation site, the N117Q mutant was treated with
cleavage to mass spectral analysis. A MAEDhass spec-  PNGase F under the same condition as the native enzyme.
troscopy (MS) of this carbohydrate fraction shows one major The activity of the unglycosylated mutant enzyme is unaf-
component ah/z 2544.836 and several minor components fected by incubation with PNGase F at 37. The calculated
at much lower abundances in this mass range (Figure 5a).mass of the histidine-tagged N117Q mutant is 36 435, while
This mass corresponds to an oligosaccharide with six the measured mass by MALBMS is 36 412. This slight
hexoses, siN-acetylhexosamines, and oNeacetylneuramin-  difference confirms that the mutation has eliminated glyco-
ic acid (sialic acid), which gives an excellent fit to the sylation at this site and also demonstrates the absence of
guasimolecular ion [M- H + 2Na]J" with a calculated mass  any additional glycosylation sites in aspartoacylase. These
of m/z 2544.871. The putative structure of this oligosaccha- results support the hypothesis that the absence of the
ride (OS1) is provided in Figure 5b. This oligosaccharide is N-glycosylated moiety at Asn1l17 is responsible for the

time (min)

(A) 0s1 (B) 051
100 Bu
H
90
._
80
704 082
604
40
304 082 053
204 \ (}33
104 2288 2438 40 2503 27332750
ol X i k N ‘Il*hiwl v d b g P! PR
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Mass/C harge

Ficure 5: Characterization of the carbohydrate component of aspartoacylase. (a) MMM ®Iof the carbohydrate fraction of human
aspartoacylase, with the spectrum expanded over the regionrf¥ard150 to 2950. (b) Putative structure of the major oligosaccharide
(OS1) with the best fit to the major peakratz 2544.836 obtained with a parent ion containing six hexoSean(®), six N-acetylhexosamines

(O andm), oneN-acetylneuraminic acid€), and two sodium ions (theoreticalz 2544.871). Other minor components (OS2 and OS3) are
also found in this mass range, each corresponding to complex-type oligosaccharides with these proposed structures.
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substantial loss of activity and decrease in stability of Scheme 1: Typical Core N-Linked Oligosaccharide Structure

aspartoacylase. X -Man |

DISCUSSION Man-GIcNAc-GIcNAc-Asn

|
X - Man X

Aspartoacylase is an essential enzyme whose catalytic |
Thr/Ser
|

activity is necessary for proper brain functioning; however,
neither its precise role nor that of its substrate, NAA, have
been definitively established. Aspartoacylase was expressed Each mannose branch can then be terminated by the
in a yeast strain that was selected for its capacity to carry addition of anN-acetylglucosamine or a-galactosyIN-
out post-translational glycosylations that are similar to those acetylglucosamine unit in various combinations along with
found in mammalian cells, while avoiding the hyperglyco- further structural variations1@, 20, 21). After this core
sylations seen in other yeast strains. TRe pastoris structure (Scheme 1) was taken into account, linking the
expressed enzyme is stable and fully soluble, confirming a remaining fourN-acetylglucosamines, three hexoses (man-
recent study that located aspartoacylase in the cytosol ofnose or galactose), and ohkacetylnuraminic acid of the
oligodendrocytes cell®f rather than as a membrane-bound fitted oligosaccharide will complete the glycan structure. The
enzyme as had been previously speculai®d ( putative structure of the major oligosaccharide component
Aspartoacylase Actity and Regulation by the Substrate. of aspartoacylase is given in Figure 5b, along with the
Mammalian aspartoacylase had been previously expressegroposed structures of two minor carbohydrate components.
in bacterial cells; however, both the activity and the stability ~ Aspartoacylase loses a substantial fraction (80%) of its
of this enzyme form are dramatically impairedd] because  catalytic activity upon removal of the carbohydrate at the
E. coli cannot do the necessary post-translational modifica- N-glycosylation site by treatment with PNGase F under
tions to produce a fully mature enzyme. A change in the native conditions. The N117Q mutant, in which this site is
expression system seemed necessary, and indeed, the activigltered to prevent glycosylation, has a similar activity-21
of human aspartoacylase expressed in yeast is 150-fold higheunits/mg) as the deglycosylated enzyme and also shows low
than theE. coli-expressed enzyme when examined with its stability. The ICP measurement of the Zrcontent gives
physiological substrate NAA. In fact, the specific activity 1.1 +£ 0.06 metal atoms per monomer, showing that the
of the yeast-expressed human enzyme (SAO0—-15 units/ absence of the carbohydrate portion does not affect metal
mg) is within the same range as that reported for the ion binding. Thus, removal of the carbohydrate moiety, either
mammalian enzyme isolated and purified from bovine brain by PNGase F treatment or through mutagenesis, leads to a
(SA ~ 20 units/mg) 7). less active and unstable enzyme. Selective removal of
The activity of human aspartoacylase is found to be portions of the carbohydrate had no effect on catalytic
exquisitely sensitive to the levels of its substrate, NAA. At activity, suggesting that the presence of some glycan at this
low substrate concentrations (0:08.2 mM), the enzyme  position is more important than the exact carbohydrate
shows pronounced sigmoidal behavior that is indicative of composition. Exposure of a hydrophobic region of the
positive cooperativity in substrate binding, suggesting the enzyme that is normally shielded by glycosylation could lead
presence of at least a functionally active dimer. DLS studies to protein aggregation and precipitation. A DLS analysis of
of the purified enzyme show a primary solution component the N117Q mutant gives a hydrodynamic radius for the major
with a hydrodynamic radius of a spherical particle that component, consistent with the molecular mass of an
corresponds to a molecular mass~of3 kDa, the expected  aspartoacylase dimer, but also shows a significant fraction
mass of an aspartoacylase dimer. At substrate concentrationsf this mutated protein in higher aggregation states. These
above 0.75 mM, significant substrate inhibition is observed, results support the idea that the low activity and poor stability
which is indicative of additional NAA-binding sites that of theE. coli-expressed enzyme, which is primarily expressed
adversely affect catalysis upon binding of the substrate atin inclusion bodies 14), is related to the inability of this
those sites. This same effect on enzyme activity is also bacterial host to carry out the post-translational glycosylation
observed with the alternative substrate trifluoro-NAA. The of aspartoacylase.
mechanism of regulation of NAA levels has not yet been A similar loss of activity has been observed in the case of
established, but this brain metabolite must be maintained a related enzyme, glutamate carboxypeptidase Il, which is
within fairly narrow limits. Low levels of NAA have been expressed in the central nervous system. The enzyme
observed in cases of multiple sclerosis, Alzheimer’s disease,catalyzes the cleavage of the neurotransmiexcetyl+-
and epilepsy 1, 15-17), while high levels of NAA are aspartyle-glutamate, releasing glutamate and NAZR), This
correlated with Canavan disea$. (The cooperative kinetics  enzyme is N-glycosylated at 10 different sites, and mutation
and substrate inhibition shown by aspartoacylase are likely of any of these glycosylation sites drastically impairs the
involved in the regulation of NAA metabolism in the brain. activity of the enzyme. In addition, when the native enzyme

Carbohydrate Content and Its Structural Rol&ycopro- was treated with PNGase F to remove all of the carbohy-
teins with N-linked carbohydrates have a core structure, drates, the resulting enzyme is unstable and precipitates. The
which typically consists of5-(1 — 4) linked N-acetylglu- same behavior is observed in the case of native asparto-

cosamines ¥8) coupled to the amide side chain of an acylase, with the deglycosylated enzyme undergoing a slow
asparagine that is located in a consensus N-glycosylationaggregation over several days when stored &€ 4
sequence. This core structure is then extended through a Metal lon Content and Its Role in CatalysiEhe deacety-
mannose branch and additional mannose units (Scheme 1)lation reaction catalyzed by aspartoacylase is similar to that
with each mannose providing an opportunity for further of the broader spectrum aminoacylase family. However,
branching through extension with additional mannog& ( previous studies have proposed a relationship between
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aspartoacylase and the serine proteases. Later sequences.
alignments suggested that aspartoacylase might be a member
of a zinc metalloenzyme family1l@). The experiments
reported here support this latter hypothesis by showing that
human aspartoacylase contains one bouné"Zan per
enzyme subunit and that the presence of this metal ion is
essential. Removal of the zinc atom results in a loss of
catalytic activity, which can be restored by replacement with
added zinc. The putative zinc ligands, His-21, Glu-24, and
His-116, are fully conserved in the aspartoacylase family and 11.
can be aligned with the well-established zinc ligands in the
carboxypeptidase family. A more complete analysis of the
primary sequence places the aspartoacylases in the carboxy-
peptidase H subfamily2@), on the basis of the conserved
consensus sequeneeHGNE—, which contains two of the
zinc-binding ligands. In analogy with the carboxypeptidases,
this zinc ion in aspartoacylase is proposed to function in
binding and promoting the ionization of a water molecule
to generate an active-site hydroxide nucleophile. A dual
functional carboxypeptidase/aminoacylase has recently been
characterized fronfPyrococcus horikoshi{24), suggesting

that carboxypeptidases and aminoacylases have a common
origin and catalyze a similar hydrolytic reaction mechanism.

9.

13.
14.

15.
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