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Abstract
Aminoacylase 3 (AA3) deacetylates N-acetyl-aromatic amino acids and mercapturic acids including
N-acetyl-1,2-dichlorovinyl-L-cysteine (Ac-DCVC), a metabolite of a xenobiotic trichloroethylene.
Previous studies did not demonstrate metal-dependence of AA3 despite a high homology with a
Zn2+-metalloenzyme aminoacylase 2 (AA2). A 3D model of mouse AA3 was created based on
homology with AA2. The model showed a putative metal binding site formed by His21, Glu24 and
His116, and Arg63, Asp68, Asn70, Arg71, Glu177 and Tyr287 potentially involved in catalysis/
substrate binding. The mutation of each of these residues to alanine inactivated AA3 except Asn70
and Arg71, therefore the corrected 3D model of mouse AA3 was created. Wild type (wt) mouse AA3
expressed in E. coli contained ~0.35 zinc atoms per monomer. Incubation with Co2+ and Ni2+

activated wt-AA3. In the cobalt-activated AA3 zinc was replaced with cobalt. Metal removal
completely inactivated wt-AA3, whereas addition of Zn2+, Mn2+ or Fe2+ restored initial activity.
Co2+ and to a lesser extent Ni2+ increased activity several times in comparison with intact wt-AA3.
Co2+ drastically increased the rate of deacetylation of Ac-DCVC and significantly increased the
toxicity of Ac-DCVC in the HEK293T cells expressing wt-AA3. The results indicate that AA3 is a
metalloenzyme significantly activated by Co2+ and Ni2+.
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1. Introduction
The majority of eukaryotic proteins are Nα-terminally acetylated [1,2]. The catabolism of the
Nα-acetylated proteins releases N-acetylated amino acids that may be deacetylated by various
aminoacylases. Aminoacylase 3 (AA3) deacetylates the N-acetylated aromatic amino acids
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[3], which are present at relatively low frequencies in eukaryotic proteins [2], and the S-
conjugates of N-acetyl-L-cysteine (mercapturic acids). The deacetylation of N-acetyl-S-(1,2-
dichlorovinyl)-L-cysteine (Ac-DCVC), a metabolite of the glutathione conjugation pathway
of a common industrial contaminant trichloroethylene (TCE), catalyzed by AA3 has been
shown to be involved in mediating the cytotoxicity of Ac-DCVC in the mouse proximal tubule
cell line mPCT [4]. It is believed that the deacetylation of Ac-DCVC is involved in mediating
the nephrotoxicity of TCE in rodents and humans [5–11]. Aminoacylase 1 (AA1; EC 3.5.1.14),
similar to AA3 is involved in deacetylation of mercapturic acids and N-acetyl aliphatic amino
acids, whereas aminoacylase 2 (AA2; EC 3.5.1.15) strictly deacetylates N-acetyl-L-aspartate
(Ac-Asp). AA1, AA2 and AA3 are highly expressed in mammalian renal proximal tubules
[4,12–15] where they apparently deacetylate Nα-acetylated amino acids. The AA2 deficiency
in humans leads to Canavan disease, which is characterized by dysmyelinization of the white
matter in children apparently due to the impaired deacetylation of Ac-Asp, one of the most
abundant amino acid derivatives in the vertebrate brain [16–20].

AA1 has been shown to be a Zn2+ -metalloprotein containing stoichiometric amounts of this
metal per monomer [21–23]. Co2+ [24] and Mn2+ [25] can substitute for zinc ions in
mammalian AA1 without a substantial loss of activity. Nuclear magnetic relaxation studies of
the Mn2+ -substituted pig AA1 suggested that Zn2+ stabilizes the active conformation of AA1
without playing any specific role in catalysis [25]. In contrast, another study has shown that
zinc plays a catalytic role in human AA1 [26]. The crystal structure of the metal-binding domain
of AA1 has revealed two zinc atoms per active site [26]. Zn2+ removal significantly changed
the circular dichroism (CD) spectrum of AA1 [27] suggesting that zinc is involved in
stabilization of the native conformation of AA1. Zn2+, Mn2+, Mg2+ and Ca2+ have been shown
to activate AA2 [28]. Zinc detected in the active site of human AA2 was hypothesized to play
an important role in catalysis [17]. Rat and human AA2 expressed in E. coli contained 0.15
and 0.05 zinc atoms per monomer and 0.53 and 0.15 nickel atoms per monomer respectively
[17]. In contrast, human AA2 expressed in Pichi pastoris contained ~1.3 zinc atoms per
monomer that could not be completely removed after extended dialysis against o-
phenanthroline (OP); the content of zinc was proportional to the residual activity of AA2
[18]. The architecture of the hypothetical active sites of AE2 showed close similarity with
carboxypeptidases despite a very low sequence identity of these enzymes [17].

The involvement of metal ions in AA3 mediated catalysis has not been documented in previous
studies. AA3 has ~40% amino acid identity with AA2 [4], and all three amino acid residues
(His21, His116 and Glu24) that have been hypothesized to participate in Zn2+ coordination
[17] and which mutations inactivated AA2 [18], are conserved in AA3 [4,14]. Therefore in the
present work we determined whether mouse AA3 contains zinc/other metals; whether Zn2+ or
other metal ions activate mouse AA3; and whether His21, His116 and Glu24 are necessary for
metal binding. In addition, using 3D modeling we determined the amino acid residues of mouse
AA3 that may be potentially important for substrate binding/catalysis and performed
mutational analysis of them.

2. Materials and methods
2.1. Cloning, expression and purification of wt- and mutant mouse AA3

Mouse wt-AA3 and mutants were expressed in E. coli using the pRSET vector (Invitrogen,
Carlsbad, CA, USA) and purified as described before [4,14]. The mutations were made using
a QuickChange site-directed mutagenesis kit from Stratagene (La Jolla, CA, USA). Sequences
of all constructs were confirmed by a bi-directional sequencing using an ABI 310 sequencer
(Perkin Elmer, Foster City, CA, USA). The purity of mouse AA3 preparations was >99% as
was estimated by SDS-PAGE. Protein bands were visualized with Coomassie brilliant blue R
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(Sigma, Milwaukee, WI, USA). The His6-tag was cleaved off using an enterokinase cleavage
kit (Novagen), and enterokinase was removed according to the manufacturer protocol.

2.2. AA3 activity assay
AA3 activity was determined with N-acetyl-L-tyrosine (Ac-Tyr) and Ac-DCVC [4,14] by
measuring the deacetylated product in fluorescence assay [29]. The calibration curves were
created with L-tyrosine and DCVC. The experiments were performed at least in triplicate.

The Km and Vmax values were calculated by fitting data to the Michaelis–Menten equation
using the OriginPro 7.5 software (OriginLab Corp., Northampton, MA, USA). All values are
means ± S.E. of measurements of at least three separate experiments.

2.3 Metal ion removal from mouse AA3
Metal ions were removed from the mutant and wt-AA3 using dialysis against 5 mM OP in 50
mM Tris-HCl, pH 7.5, for 18 h at 4°C. OP was separated from mouse AA3 by gel-filtration
on a PD-10 desalting column equilibrated with 50 mM Tris-HCl, pH 7.5.

2.4. Metal content of mouse AA3
The content of metals in mouse AA3 was determined using inductively coupled plasma mass
spectrometry (ICP-MS). To a 50 µl AA3 sample, 100 µl of ultrapure nitric acid (Optima, Fisher,
CA, USA) was added. The samples were heated to 90°C on a 48 well digestion block (CPI
International, Santa Rosa, CA, USA) with a digital temperature controller and allowed to digest
until no particulates or color change was observed. The temperature was then raised to 110°C
and the samples were allowed to evaporate to ~50 µl. After cooling, the samples were diluted
to 2 ml with ultra pure water, and the final nitric acid concentration was adjusted to 2%. External
calibration solutions were diluted from a 100-ppm multi-element stock solution (CPI
International) and scandium, gallium, and indium were added to a final concentration of 50
ppb to all samples and calibration standards. Samples were analyzed on an Agilent 7500ce
Quadrupole ICP-MS equipped with an H2/He/Xe Octapole Reaction/Collision Cell. The
instrument parameters were as follows: 1550 RF power, 1050 ml/min carrier gas, 0.1 rps
nebulizer pump, 2°C spray chamber temperature; 4 ml/min and 4.5 ml/min of H2 and He
respectively were used when the analysis required interference removal by the collision cell.
The means ± S.E. are shown for three independent mouse AA3 isolations.

2.5. Metal induced secondary structure changes in mouse AA3
Changes in the secondary structure of mouse AA3 induced by metal ions were studied using
circular dichroism (CD) spectra measurements of 10 µM AA3 solutions in 20 mM Tris-HCl,
pH 7.5, with and without metal ions. After 30 min incubation at 20°C with a 0.1 mM metal
ion, CD spectra were measured in a JASCO J-715 Circular Dichroism spectrophotometer with
a Peltier temperature control (JASCO, Easton, MD, USA) at 20°C.

2.6. Metal induced aggregation of mouse AA3
The aggregation of mouse AA3 induced by metal ions was studied using measurements of the
turbidity and dynamic light scattering (DLS) of mouse AA3 solutions. Transmission electron
microscopy was used in addition to the above-mentioned methods to characterize the size and
shape of mouseAA3 aggregates.

The dynamics of aggregation was recorded by measuring the turbidity of mouse AA3 solutions.
In these experiments, the absorbance of 15 µM mouse AA3 solution in 20 mM Tris-HCl, pH
7.5, was measured without or in the presence of 0.1 or 1 mM metal ion on a Genesys 10 UV
spectrophotometer (Thermo Fisher Scientific, Pittsburg, PA, USA) at 350 nm.
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The DLS measurements were used to characterize the size, shape and polydispersity of mouse
AA3 particles formed in the presence of a metal ion. In all experiments Co2+, Zn2+, Fe2+,
Ni2+, Cu2+ or Fe3+ was added to a final concentration 0.1 or 1.0 mM into 15 µM solution of
mouse AA3 in 20 mM Tris-HCl, pH 7.5, and measurements were performed on a Dynamic
Light Scattering Analyzer-N4 Plus (Beckman Coulter, Fullerton, CA, USA) during 2 min at
20°C.

For transmission electron microscopy, Co2+ or Fe2+ was added to a final concentration of 0.1
mM into 15 µM solution of mouse AA3 in 20 mM Tris-HCl, pH 7.5. After incubation at 20°
C for 2 min, a 2 µl aliquot was diluted in 98 µl of 20 mM Tris-HCl, pH 7.5, containing 0.1 mM
Co2+ or Fe2+ and negatively stained with 1% uranyl acetate as described before [30].
Micrographs were taken on a JEM-1200EX transmission electron microscope (JEOL, Tokyo,
Japan) operated at 80 kV. Images were recorded with a BioScan 600W digital camera (Gatan,
Pleasanton, CA, USA).

2.7. Cytotoxicity experiments
Cytotoxicity experiments were performed using HEK293T cells. These cells did not express
human AA3 and the extracts from these cells did not significantly deacetylate Ac-DCVC. To
express mouse AA3 in HEK293T cells, the coding sequence of mouse AA3 inserted into the
multiple cloning site of an Invitrogen pcDNA3.1(+)/Zeocin vector [4] was used. The cells were
transfected with the plasmid using LipofectAMINE 2000 (Invitrogen) per the matufactorer’s
protocol. Mock-transfected HEK293T cells were generated by transforming the cells with the
vector. The cells (0.5–10·106 cells/ml) were seeded into 96-well plates with Dulbecco’s
modified Eagle’medium containing 5% fetal bovine serum, 1 mM Ac-DCVC and different
concentrations of Co2+ for 2 h at 37°C. The mock-transfected cells were used as a control. Cell
viability was estimated using a CytoTox96 cytotoxicity assay (Promega, Madison, WI) as was
described before [4].

2.8. Expression of human AA3 in HEK293T cells
The coding region of human AA3 was inserted into the BamHI-XhoI site of a pcDNA3.1-His
vector (Invitrogen, Carlsbad, CA) was expressed in HEK293T cells. The cell extracts were
analyzed by SDS-PAGE and immunoblotting using our rabbit anti-human AA3 antibody HR-
C1 specific for ten C-terminal amino acids of human AA3.

2.9. 3D modeling of mouse AA3
The 3D model of mouse AA3 was generated using the structure of the highly homologous
protein rat AA2 (PDB accession code 2GU2) by the program SWISS-MODEL [31]. A cobalt
atom was substituted for the zinc present in the rat AA2 structure based on biochemical
observations in this manuscript. The substrate, Ac-Tyr, was generated using the program
Discovery Studio ViewerPro 5.0 from Accelrys [www.accelrys.com]. The amino acid side
chains were remodeled by hand using the program Coot [32] based on the biochemical
observations in this manuscript. The model was energy minimized using Refmac [33].

2.10. Reagents
If not specifically indicated, the reagents of the highest purity were purchased from Sigma. N-
acetyl-S-(1,2-dichlorovinyl)-L-cysteine (Ac-DCVC) and S-(1,2-dichlorovinyl)-L-cysteine
(DCVC) were synthesized as described previously [4,34], purified using HPLC and their purity
(>95%) was confirmed by mass spectrometry (MS).
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3. Results and discussion
3.1. The initial 3D model of mouse AA3

3D modeling of mouse AA3 using the 3D structure of rat AA2 as a template showed structural
similarity of these proteins. A putative metal binding site formed by His21, Glu24 and His116
(Fig. 1A) was identified. The identical amino acids formed a metal binding site in the putative
active site of rat and human AA2 [17]. Therefore it is likely that these conserved amino acids
might be involved in metal coordination in mouse AA3. Several amino acid residues have been
hypothesized to participate in N-acetyl-aspartate binding/catalysis of rat and human AA2
[17,35,36]. These amino acids are conserved not only in AA2 but also in AA3 (Arg63, Asp68,
Asn70, Arg71, Asp114, Glu177 and Tyr287 in mouse AA3). Contrary to AA2, which
specifically deacetylates Ac-Asp [3,18], AA3 uses a wide range of substrates but not Ac-Asp
[3,4,37–39]. Therefore these common amino acid residues cannot be responsible for different
substrate specificity of AA2 and AA3 but rather may be involved in binding of common α-
carboxyl and N-acetyl groups and catalysis. Their location in the mouse AA3 model (Fig.
1A) supports this hypothesis.

3.2. Effect of metal ions and chelating agents and metal content in mouse wt-AA3 activity
Zn2+, Mn2+, Fe2+, Cd2+, Mg2+, Ca2+, K+ and Na+ did not significantly alter activity whereas
Co2+ and Ni2+ stimulated activity of mouse wt-AA3 several times (Fig. 2A). 5 mM OP added
into AA3 reaction assay partially inhibited mouse AA3 (Fig. 2A) whereas even 30 mM EDTA
has been previously shown not to inhibit mouse AA3 [4]. Overnight dialysis against 5 mM OP
completely inactivated mouse AA3 (Fig. 2A). Zn2+, and Fe2+ added to apoenzyme restored
catalytic activity to the level of holoenzyme; Co2+ and Ni2+ increased activity several times
above the holoenzyme level (Fig. 2B).

The results suggested that mouse AA3 requires for catalysis and may contain metal ions in
agreement with the hypothesized model (Fig. 1A). To test this hypothesis, we measured Zn,
Fe, Mn, Co, Ni and Cu content in mouse wt-AA3 before and after dialysis against 5 mM OP
(Table 1) using ICP-MS. Before dialysis, mouse AA3 contained ~0.35 atoms of Zn, ~0.1 atom
of Ni per monomer and 0.03–0.05 atoms of Fe, Mn and Cu. Therefore Zn was the predominant
metal present in mouse wt-AA3, but its amount was not equimolar to the number of monomers.
Incubation of wt-AA3 with 0.1 mM Zn2+ increased the content of bound zinc to ~4 atoms per
monomer (Table 1) but did not affect activity (Fig. 1A). Rat and human AA2 expressed in E.
coli also contained less than equimolar amounts of zinc, 0.15 and 0.05 atoms per monomer
respectively [17], whereas human AA2 expressed in P. pastoris contained ~1.3 atoms of zinc
per monomer [18]. It is possible that not all mouse AA3 molecules expressed in bacteria are
properly folded and active, and only the properly folded mouse AA3 contains metal. Dialysis
against OP completely removed metal ions from mouse wt-AA3 (Table 1) and inactivated
mouse AA3 (Fig. 2A). Therefore only the metal (zinc) containing mouse wt-AA3 is
catalytically active.

Surprisingly mouse wt-AA3 expressed in E. coli did not contain cobalt (Table 1), the most
significant metal-activator of this enzyme. To determine whether mouse AA3 can bind Co2+,
we incubated the apo- and holoenzyme with 0.1 mM Co2+. After separation of the unbound
metal, the enzyme contained ~0.9–1.5 atoms of cobalt per monomer. No zinc was detected in
the holoenzyme after incubation with 0.1 mM Co2+ indicating that zinc (0.35 atoms per
monomer) was replaced by cobalt. The results indicated that Co2+ and Zn2+ might bind to the
same site(s) in mouse AA3 and suggested that Co2+ might have a higher affinity than Zn2+ to
mouse AA3. Given that mouse AA3 binds more than 1 metal atom per monomer and only 1
metal binding site was identified using our mouse AA3 model (Fig. 1A), we compared mean
relative affinities mouse AA3 for zinc, cobalt, nickel, iron, manganese and copper. In this
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experiment the apoenzyme was incubated with the solution containing a mixture of Zn2+,
Co2+, Ni2+, Fe2+, Cu2+ and Mn2+ each used at 0.1 mM concentration. The amount of bound
metals were ~0.3, 0.6, 0.25, 0.15, 0.6 and 0.7 atoms of respectively Zn, Co, Ni, Fe, Cu and Mn
bound to one wt-AA3 monomer (Table 1). Therefore mouse AA3 has similar affinities for
these divalent metal ions (Table 1). Given that only 1 site is necessary for catalysis, similar
binding properties of these divalent cations to mouse AA3 apparently represent their binding
to the sites different than the active site. Although Co2+ and Ni2+ are the most potent activators
of mouse AA3, no cobalt was detected in the intact AA3 expressed in E. coli. It is likely that
the amount of metal ions bound to AA3 is determined by their relative contents in growth and
purification media. Indeed a very low concentration of cobalt was detected in the growth media
whereas zinc content was relatively high (data not shown).

3.3. Metal content and activity of H21D, H21A, E24A and H116A mutants of mouse AA3
H21A, E24A and H116A mutants of mouse AA3 were inactive with both Ac-Tyr and Ac-
DCVC (Table 2). Incubation with cobalt or other divalent metal ions did not restore activity
suggesting that the metal coordination mediated by His21, Glu24 and His116 is necessary for
catalysis. We expected that these mutants should have impaired metal binding properties.
Surprisingly, Zn content in the mutants was similar or even higher (H21D) than in wt-AA3
(Table 1). Given that ~4 and ~3 zinc atoms can be bound to the monomer of wt-AA3 and H21D
mutant respectively, the mutant can bind ~1 atom of zinc less than wt-AA3 (Table 1) that
correlates with the proposed impaired metal binding in the active site. Then different level of
zinc in H21D, H21A, E24A and H116A mutants and wt-AA3 just apparently reflects different
availability of zinc for active AA3 biosynthesis due to variations of zinc and other metal ions
levels in growth media. Similar changes in metal binding properties of H21E mutant of human
AA2 have been described by Hershfield et al. [40]. It is interesting to note that the incubation
of either intact mouse AA3 or apoenzyme with zinc is accompanied with binding of ~ 4 zinc
atoms per monomer but does not affect enzymatic activity. This fact suggests that 1) not all
mouse AA3 molecules expressed in E. coli are catalytically active, and 2) only those metal
ions that bound to the active site are important for catalytic activity. Contrary to Zn2+, Co2+

and Ni2+ significantly activate mouse AA3. The Co2+ -activated enzyme contains ~1 cobalt
atom per monomer and trace amounts of zinc and other metals indicating that cobalt completely
replaces them from the enzyme.

3.4. Metal induced aggregation of mouse AA3
Our data showed that more than 1 metal atom could be bound per AA3 monomer. The location
of the metal binding sites, except the putative active site, cannot be exactly predicted using the
3D model of mouse AA3 although it is likely that metal ions bind to AA3 periphery. In
agreement with this suggestion, further studies showed that metal ions might induce mouse
AA3 aggregation. In the absence of substrate, 1 mM Zn2+, Cu2+, Fe2+, Co2+ or Ni2+ induced
fast aggregation of wt-AA3 (Fig. 3A). At a lower concentration (0.1 mM), only Fe2+ caused
significant aggregation (Fig. 3B). The Zn2+, Co2+ -, Fe2+ - and Ni2+ -aggregated enzyme
retained catalytic activity (data not shown).

We further used dynamic light scattering (DLS) to determine the size and polydispersity of
mouse AA3 aggregates. The mean size of the aggregates after 2 min incubation with 1 mM
Co2+, Ni2+, Cu2+, Zn2+ or Fe2+ was 200, 845, 1100, 1950 and 2500 nm respectively (Fig.
3C). No aggregates were formed in the presence of 0.1 mM Co2+, Ni2+ and Cu2+, whereas in
the presence of 0.1 mM Zn2+ and Fe2+ the aggregates of 74 and 66 nm were detected (Fig.
3D). Iron (III) demonstrated even higher aggregating effect than Fe2+ inducing the formation
of the 590 and 2820 nm aggregates at 0.1 and 1 mM concentrations respectively (Fig. 3E).
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To further characterize mouse AA3 aggregation in the presence of 0.1 mM Fe2+ and to confirm
that 0.1 mM Co2+ does not induce aggregation, we used transmission electron microscopy of
negatively stained enzyme particles. Fig. 3F shows a representative micrograph of mouse AA3
without metal ions. The particles of 10–12 × 6–7 nm are seen corresponding to the mouse AA3
dimers described before [41]. No aggregation of mouse AA3 dimers was detected after the
incubation with 0.1 mM Co2+ (Fig. 3G). The aggregates of 60–80 nm were formed in the
presence of 0.1 mM Fe2+ (Fig. 3H). Their size was in a good agreement with the size determined
by DLS.

The metal binding site in the putative active center was not involved in the metal-induced
aggregation of mouse AA3 because H21A, E24A or H116A mutants formed aggregates of
similar size and shape as mouse wt-AA3 (data not shown). The metal induced aggregation was
not restricted to mouse AA3 since similar metal induced aggregation was attributed to human
AA3 (data not shown).

Although it is unlikely that cobalt, nickel or zinc may induce aggregation of human AA3 in
vivo given their low physiological levels, the iron-induced aggregation may play a role in
mediating of the iron-induced toxicity in the liver, kidney and other organs/tissues where AA3
is expressed. The concentration of total iron in normal human liver is 20–40 µmol/g [42], which
is equal to ~20–40 mM. Iron is mostly bound to proteins and therefore it cannot induce
aggregation of human AA3 [43]. Pathological conditions that increase a free iron level to 100
µM, may lead to human AA3 aggregation, which in turn may induce cellular damage similar
to the amyloid diseases [44,45].

It is necessary to note that Co2+, Zn2+, Fe2+, Ni2+ and Cu2+ did not affect the CD spectra of
wt-AA3 and the mutants (data not shown) indicating that metal induced aggregation of mouse
AA3 does not involve changes in the secondary structure of AA3.

3.5. Effect of Cu2+

In contrast to Co2+, Ni2+, Zn2+, Mn2+ or Fe2+, 0.1 mM Cu2+ completely inhibited both the
intact and Co2+ -activated mouse AA3 even when was used at an equimolar concentration with
Co2+ (Fig. 4). Cu2+ is known to bind both N and S ligands [30,46,47]. Therefore its binding
for example to a cysteine residue(s) may affect the catalysis for example via affecting metal
coordination in the active site or by inducing unfavorable structural changes of mouse AA3,
which has 8 cysteine residues. Alternatively mouse AA3 may contain a cysteine residue(s)
important for catalysis. This hypothesis is supported by our previous finding that p-
chloromercuribenzoate completely inhibits mouse AA3 [4]. In the present study other thiol-
reactive compounds, [2-(trimethylammonium)ethyl]methanethiosulfonate bromide and 5,5’-
dithio-bis(2-nitrobenzoate) (DTNB) also completely inhibited mouse AA3 (Fig. 2A). Similar
effect has been shown for AA1 [48]. Nevertheless the hypothetical involvement of a cysteine
residue in catalysis is not supported by the 3D model of mouse AA3 (Fig. 1A).

3.6. Amino acids involved in substrate binding/catalysis
We performed a mutational analysis of the amino acid residues in mouse AA3 that may
potentially be involved in substrate binding/catalysis based on the homology with AA2 and
the 3D model of mouse AA3. The first model of mouse AA3 (Fig. 1A) suggested that Arg63,
Asp68, Asn70, Arg71, Glu177 and Tyr287 might be involved in the active site formation.
These residues conserved in mammalian AA2 and AA3, have been shown to be important for
catalysis/substrate binding in AA2 [17,18,40]. The results of the mutational analysis did not
completely confirm this model (Table 2 and Table 3): Arg63, Asp68, Glu177 and Tyr287 were
apparently involved in substrate binding/catalysis since the mutation of these amino acids to
alanine completely inactivated mouse AA3. The kinetics parameters of N70A and R71A were
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very similar to wt- AA3. Asn114 conserved in AA2 and AA3 formed in our model an H-H
bond with His24. D114A mutant retained a partial activity with both Ac-Tyr and Ac-DCVC
suggesting that this H-H bond is important for the architecture of the active site of mouse AA3.
Nevertheless D114A as well as N70A and R71A were significantly activated by Co2+ similar
to wt-AA3. Arg71 has been proposed to be involved in binding of α-carboxyl group of Ac-
Asp in the rat and human AA2 models [17,36] and was suggested to play a similar role in our
first 3D model of AA3 (Fig. 1A).

Based on our model we performed mutational analysis of several conserved amino acids in
mouse AA3. Without cobalt the mutation of Tyr288 to alanine did not affect the deacetylation
rate of Ac-Tyr but severely decreased the deacetylation rate of Ac-DCVC (Table 2). In the
presence of cobalt, the mutant enzyme restored Ac-DCVC deacetylating activity. The mutation
of another conserved residue in this area, Glu289 to an alanine also did not have a significant
effect on mouse AA3. We expected that another conserved residue in this area, Lys290, might
be involved in substrate binding instead of Arg71. The results (Table 2 and Table 3) also did
not confirm our expectation.

It has been suggested that Arg168 in human AA2 provides specificity for the binding of the
β-carboxyl group of Ac-Asp [17]. The mutations of Arg168 to cysteine, histidine and glutamate
were found in patients with Canavan disease [17,45]. Mouse AA3 has in this position a
glutamate, therefore we determined 1) How E167R and E167A mutations affect the activity
with Ac-Tyr and Ac-DCVC; 2) Whether wt-AA3 and E167R mutant deacetylate Ac-Asp. In
the deacetylation of Ac-Tyr, E167R demonstrated an increased activity without Co2+ and
decreased activity in the presence of Co2+ in comparison with wt-AA3. Wt-AA3 showed no
Ac-Asp deacetylating activity with or without Co2+, whereas E167R mutant weakly
deacetylated Ac-Asp. Without and with Co2+, Km was 2.46± 0.51 and 9.71±2.33 mM, and
Vmax without and with Co2+ was 22.1±6.17 and 241±34 nmol·mg−1·min−1 respectively. In
comparison with the deacetylation rate of Ac-Tyr, the efficiency of the deacetylation of Ac-
Asp mediated by E167R mutant without and with Co2+ was 1.05 and 3.01% respectively. The
data indicated that Ac-Asp is not an efficient substrate of E167R mutant, and Glu167 is not as
important for substrate binding/catalysis in mouse AA3 as in AA2. It is possible that in mouse
AA3 the substrate binding is basically mediated by Arg63 and Tyr287 whereas no specific
interaction of the side groups of a substrate with the enzyme takes place. This hypothesis could
explain a wider substrate specificity of AA3 in comparison with AA2. Nevertheless the
architecture of the area near the substrate binding site restricts the use of certain N-acetylated
substrates that are used by AA1 but practically not used by AA3 [4].

The results indicate that almost all the conserved amino acid residues important for AA2, also
play important roles in the catalysis mediated by mouse AA3 (Arg63, Asp68, Glu177 and
Tyr287). Contrary to AA2, Arg71 and Asn70 do not play important roles in substrate binding/
catalysis in mouse AA3. Based on this data we revised correspondingly our first 3D mouse
AA3 model. In this model (Fig. 1B), Arg71 and Asn70 are not involved in substrate binding/
catalysis. Instead Arg63 and Tyr287 play key roles in the binding of α-carboxyl group of the
substrate in the revised model. A very high sequence and 3D homology of AA3 with AA2
suggests that AA3 utilizes the same catalytic mechanism as AA2. Nevertheless only a high-
resolution atomic structure of AA3 may prove or disprove this speculation.

3.7. Effect of Co2+ on the kinetic characteristics of mouse AA3 and the Ac-DCVC-induced
cytotoxicity in HE293T cells expressing mouse AA3

With both Ac-Tyr and Ac-DCVC, the addition of cobalt increased the Vmax several times and
decreased the Km of mouse wt-AA3 (Table 2 and Table 3). In general, Co2+ increases Vmax as
well as Km in the deacetylation of Ac-DCVC, whereas in the deacetylation of Ac-Tyr the
increase of Vmax in the presence of Co2+ was not accompanied by the increase of Km. As a
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result, the efficiency of deacetylation of Ac-Tyr and Ac-DCVC measured as the Vmax/Km value
was significantly increased in the presence of cobalt (Table 2 and Table 3). The results
demonstrated that Co2+ plays a crucial role in the activation of mouse AA3.

In order to determine whether Co2+ may accelerate the rate of the deacetylation of Ac-DCVC
in the cells expressing AA3 and therefore increase the toxicity of Ac-DCVC, we studied the
effect of cobalt ions on the toxicity of Ac-DCVC in the HEK293T cells exogenously expressing
mouse wt-AA3. No human AA3 protein was detected in these cells (Fig. 5A) and no
deacetylation of Ac-DCVC was catalyzed by the extract from these cells (data not shown). The
toxic effect of Ac-DCVC in the cells expressing mouse wt-AA3 was significantly increased
in the presence of Co2+ in comparison with the same cells not treated with cobalt (Fig. 5B).
The maximum effect was induced by 0.25 mM Co2+ and then it was decreased. The decrease
of the toxic effect of Ac-DCVC present at higher concentrations (0.5–1 mM) of cobalt was
probably not resembled a real decrease and but rather reflected the Co2+-induced inhibition of
LDH. The results suggested that Co2+ increases the toxicity of Ac-DCVC in HEK293T cells
probably via activation of mouse AA3. Via affecting the rate of Ac-DCVC deacetylation,
Co2+ and other metal ions may play a role in the glutathione conjugation pathway of the TCE
metabolism in kidney and liver and therefore may play an important role in mediating the
cytotoxicity of Ac-DCVC.

Abbreviations
Ac-DCVC, N-acetyl-S-(1,2-dichlorovinyl)-L-cysteine
Ac-Tyr, N-acetyl-L-tyrosine
AA3, aminoacylase AA3
AA2, aminoacylase 2, aspartoacylase
AA1, aminoacylase 1
CD, circular dichroism
DEAE-cellulose, diethylaminoethyl cellulose
DLS, dynamic light scattering
DTNB, Ellman’s reagent, 5,5’-dithio-bis(2-nitrobenzoate)
EDTA, ethylenediaminetetraacetic acid
HPLC, high performance liquid chromatography
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LC, liquid chromatography
MTSET, [2-(trimethylammonium)ethyl]methanethiosulfonate bromide
MS, mass spectrometry
OP, o-phenanthroline
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SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis
TCE, trichloroethylene.
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Fig. 1.
3D modeling of mouse AA3. (A) The preliminary model of mouse AA3 created on base of the
homology with rat AA2 (PBD ID code 2GU2). (B) The corrected model of mouse AA3 based
on the mutational analysis of mouse AA3.
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Fig. 2.
(A) The effect of metal ions, OP, MTSET and DTNB on the rate of deacetylation of Ac-Tyr
mediated by mouse wt-AA3. The reaction was started by adding AA3 (1.2 µM) in the assay
of a total volume 0.1 ml, which contained 50 mM Tris-HCl, pH 7.5, 2.5 mM Ac-Tyr and 1
mM metal ion, or 1 mM MTSET, 1 mM DTNB or 5 mM OP. (OP dial) means mouse wt-AA3
dialyzed for 18 h against 5 mM OP. (Control) means mouse wt-AA3 without any treatment.
(B) The effect of metal ions on the rate of deacetylation of Ac-Tyr by the mouse wt-AA3
dialyzed against 5 mM OP; Co2+ (■), Ni2+ (●), Fe2+ (▼), and Zn2+ (▲) were added into the
reaction assay (see above).
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Fig. 3.
(A, B) The aggregation of mouse wt-AA3 induced by Fe2+ (▲), Co2+ (♦), Ni2+ (■), Cu2+ (●),
and Zn2+ (*). A 1 mM (A) and 0.1 mM (B) concentration of the metal ions was used. Typical
curves are shown. The aggregation of AA3 was determined by measuring the turbidity of AA3
solutions (A350)
(C–E) The DLS spectra of the wt-AA3 solutions in the presence of 1.0 mM (C) and 0.1 mM
(D) Co2+, Ni2+, Cu2+, Zn2+ or Fe2+, and in the presence of 0.1 and 1.0 mM Fe3+ (E).
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(F–H) Electron micrographs of wt-AA3 without metal ions (F), or with 0.1 mM Co2+ (G) and
0.1 mM Fe2+ (H) negatively stained with 1% uranyl acetate.
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Fig. 4.
The effect of Cu2+ on the rate of deacetylation of Ac-Tyr mediated by mouse wt-AA3. Copper
was added into AA3 reaction assay (see above) without (■) and with 100 µM Co2+ (●).
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Fig. 5.
(A) Immunoblotting of the extracts from mock-transfected (1,4) and transfected with His6-
tagged human AA3 (2,3) or mouse AA3 (5,6). The C-terminal human AA3 specific antibody
HR-C1 (1,2) or the same antibody pre-incubated with the immunized peptide (3) were used.
The C-terminal mouse AA3 specific antibody MR-C1 (4,5) or the same antibody pre-incubated
with the immunized peptide (6) were used. (B) The effect of cobalt ions on the toxicity of Ac-
DCVC in the HEK293T cells transiently expressing mouse wt-AA3 (●). Mock-transfected
HEK293T cells (♦) were used as a control.
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