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ABSTRACT: The enzymatic activity ofPseudomonas fluorescensR-amino-â-carboxymuconic-ε-semialdehyde
decarboxylase (ACMSD) is critically dependent on a transition metal ion [Li, T., Walker, A. L., Iwaki,
H., Hasegawa, Y., and Liu, A. (2005)J. Am. Chem. Soc. 127, 12282-12290]. Sequence analysis in this
study further suggests that ACMSD belongs to the amidohydrolase superfamily, whose structurally
characterized members comprise a catalytically essential metal cofactor. To identify ACMSD’s metal
ligands and assess their functions in catalysis, a site-directed mutagenesis analysis was conducted. Alteration
of His-9, His-177, and Asp-294 resulted in a dramatic loss of enzyme activity, substantial reduction of
the metal-binding ability, and an altered metallocenter electronic structure. Thus, these residues are
confirmed to be the endogenous metal ligands. His-11 is implicated in metal binding because of the
strictly conserved HxH motif with His-9. Mutations at the 228 site yielded nearly inactive enzyme variants
H228A and H228E. The two His-228 mutant proteins, however, exhibited full metal-binding ability and
a metal center similar to that of the wild-type enzyme as shown by EPR spectroscopy. Kinetic analysis
on the mutants indicates that His-228 is a critical catalytic residue along with the metal cofactor. Since
the identified metal ligands and His-228 are present in all known ACMSD sequences, it is likely that
ACMSD proteins from other organisms contain the same cofactor and share similar catalytic mechanisms.
ACMSD is therefore the first characterized member in the amidohydrolase superfamily that represents a
C-C breaking activity.

The enzymeR-amino-â-carboxymuconic-ε-semialdehyde
decarboxylase (ACMSD)1 plays a key role in two natural
metabolic events, i.e., 2-nitrobenzoic acid biodegradation in
bacteria andL-tryptophan catabolism in mammals (1). As
illustrated in Figure 1, this decarboxylase enzyme competes
with a spontaneous reaction that leads to nicotinamide
adenine dinucleotide (NAD) biosynthesis. The activity of
ACMSD essentially determines the final fate of the metabo-
lites in either pathway.

In the absence of ACMSD, ACMS is transformed to
quinolinic acid (QUIN). QUIN is not only the precursor for
NAD biosynthesis but also an excitotoxin (2-6). Elevated

QUIN concentrations in body fluids are observed in an
exceptionally wide range of neuropsychiatric disease states,
including anxiety, depression, and epilepsy as well as
neurodegenerative diseases such as Alzheimer’s and Hun-
tington’s diseases (3, 6). Since ACMSD competes with the
spontaneous QUIN-forming reaction, activation of this
enzyme may direct the metabolic flux to the citric acid cycle
and thus produce a rapid response for pharmacological
treatments of the above-mentioned psychosis and cognitive
symptoms. Conversely, it may be imperative to inhibit
ACMSD so that ACMS can undergo the spontaneous process
to synthesize QUIN and NAD under vitamin B6-deficient
conditions (7, 8). In animals with certain endocrine distur-
bances, particularly diabetes, there is a great increase in the
concentration and activity of liver ACMSD (9). In this case,
inhibition of ACMSD may help to alleviate the symptoms
of these disturbances. Therefore, ACMSD has been recog-
nized as an emerging drug target (9, 10).

A special aspect of ACMSD concerns the catalytic cofactor
in this enzyme. This decarboxylase has been studied for 5
decades since it was first isolated in 1956 (7, 9, 11-16).
For a long period of time, ACMSD was thought to have no
cofactor and may represent a new protein fold (14, 16). Very
recently, a pentacoordinate mononuclear metallocofactor has
been uncovered in the first spectroscopic study of ACMSD
from Pseudomonas fluorescens(Pf) (1). Several divalent
metal ions, including Co(II) and Fe(II), can be taken up by
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the enzyme in either cell growth or cell-free conditions to
activate the specified decarboxylation activity. The Co(II)-
containing enzyme has been shown to possess the highest
specific activity under standard assay conditions. Further-
more, the reaction is shown to be oxidant-independent and
proceeds in a nonoxidative fashion, demonstrating a novel,
metal-dependent, oxidant-independent, biological decarboxy-
lation (1).

Two important questions have risen from the finding of a
metallocofactor in thePf ACMSD. The first is the chemical
nature of the cofactor. Despite quite distinct specific activities
with different metal ions, thekcat/Km obtained are in the same
range, implying that the metal cofactor functions as a Lewis
acid catalyst rather than a redox center (1). To decipher
whether the metal ion is a protein-bound cofactor, molecular
characterization on ACMSD is required to identify the metal
ligands. Second, it is not clear whether other ACMSD
enzymes, especially those from the eukaryotic organisms
involved in tryptophan catabolism, also contain a metallo-
cofactor. If the metal ligands are identified from one ACMSD
protein, the presence of the metallocofactor in the enzyme
from other organisms can then be reliably predicted from
sequence alignments.

In the present study, a comprehensive protein sequence
analysis indicates a strong link between ACMSD and the
metal-dependent amidohydrolase protein superfamily. A site-
directed mutagenesis analysis is followed to experimentally
assess the protein family categorization and identify protein
ligands. The results described here reveal for the first time
detailed information on the ACMSD catalytic center and
eventually suggest that ACMSD is a prototypic member for
an emerging subset of decarboxylase enzymes in the ami-
dohydrolase superfamily.

EXPERIMENTAL PROCEDURES

Construction of Pseudomonas fluorescens ACMSD Ex-
pression Plasmids. Standard methods were used for DNA
manipulations. Construction of wild-type nontagged ACMSD
encoded by thenbaDgene ofP. fluorescensin Escherichia
coli has been described previously (16). In this work, an
expression system of His10-tagged ACMSD was constructed
to facilitate the site-directed mutagenesis analysis of the
enzyme active site. ThenbaD gene encodingPf ACMSD
was amplified by PCR with forward primer 5′-GGA ATT
CCA TAT GAA AAA ACC GCG GAT TGA TA-3′ and
reverse primer 5′-CCC TCG AGA CCA TTA AAC ATT
GAT ATT G-3′. The PCR product was purified from 0.8%
agarose gel, digested withNdeI and XhoI, and ligated into
the equivalent sites of pET16b.

Mutagenesis of Pf ACMSD.The plasmid containing His10-
tagged ACMSD was used as a template for construction of
all of the mutants. ACMSD single mutants except H9E were
constructed by the PCR overlap extension mutagenesis
technique (17). The following forward primers were used
for construction of site-directed ACMSD mutants of H177A,
H228A, H228E, and D294E: H177A-F, 5′-ATA TTC CAA
TCT TGG TTG CCC CAT GGG ACA TGA TG-3′; H228A-
F, 5′-CAA GAT CTG TTT CGG GGC GGG TGG GGG
AAG TTT CG-3′; H228E-F, 5′-CAA GAT CTG TTT CGG
GGA AGG TGG GGG AAG TTT CG-3′; and D294E-F,
5′-TGA TGC TTG GAT CGG AAT ACC CGT TCC CGC
TGG-3′. The reverse primers used for the creation of the
above mutants were the complement of the forward primers.
H9E was constructed by PCR using the mutagenic primer
5′-GGA ATT CCA TAT GAA AAA ACC GCG GAT TGA
TAT GGA ATC GCA CTT CTT CCC CC-3′ and T7
terminator primer. The insert for each of the above constructs
was verified by DNA sequencing to ensure that base changes
had been introduced correctly and no random change had
occurred. After sequencing, the positive clone was used for
high-level expression inE. coliBL21(DE3) by isopropylâ-D-
thiogalactopyranoside (IPTG) induction.

Bacterial Growth with Supplemented Metal Salts. E. coli
strains BL21(DE3) encoding native and His10-tagged AC-
MSD (wild-type and mutants) plasmids were inoculated into
autoclaved LB medium containing 100µg/mL ampicillin and
cultured at 37°C. For ACMSD induction, IPTG was added
to a final concentration of 0.5 mM at ca. 0.6 OD at 600 nm.
The culture was allowed to grow continuously for an
additional 4 h at 28°C before harvesting.

Protein Preparations.The frozen cells containing over-
expressed ACMSD or site-directed mutants were resuspended
in a 50 mM potassium phosphate buffer, pH 8.0, containing
10 mM â-mercaptoethanol and 0.1 mg/mL lysozyme. The
cell slurry was sonicated, and the debris was removed by
centrifugation at 27000g for 30 min at 4°C. The cell-free
extract of histidine-tagged ACMSD was purified by either
Ni-NTA superflow (Qiagen) resin or prepacked HisPrep FF
columns (GE Healthcare) using an A¨ KTA FPLC protein
purification system. The major fractions with ACMSD
activity were pooled, concentrated, and desalted by gel
filtration on a HiPrep 26/10 desalting column (GE Health-
care). For apoprotein preparations, the pool was mixed with
5 mM EDTA for overnight with gentle shaking in a cold
room before the gel filtration process. This process ensured
that any metal ions from the metal-affinity resin were stripped
off from ACMSD proteins. The protein concentration was
determined by using Coomassie Plus protein assay reagent

FIGURE 1: The enzyme ACMSD controls the flow of metabolic intermediates to either acetyl-CoA or NAD/NADP in both 2-nitrobenzoic
acid biodegradation andL-tryptophan’s kynurenine catabolic pathways.
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(Pierce) according to the manufacturer’s protocol. The
expression level and enzyme purity were determined by
SDS-PAGE on 12% polyacrylamide gels.

Preparation of ACMS.A stock solution (0.4 M) of
3-hydroxyanthranilic acid was freshly prepared in DMSO.
It was diluted 100 times with O2-saturated 25 mM HEPES,
pH 7.0, and 5% glycerol before mixing with 3-hydroxyan-
thranilate 3,4-dioxygenase, which contained no free transient
metal ion. ACMS production was monitored by measuring
absorbance at 360 nm (ε360nm ) 47500 M-1 cm-1) (18).

Steady-State Kinetic Analysis of ACMSD Mutants.Specific
activities of the wild-type and variant ACMSD proteins were
determined aerobically by a spectrophotometric assay on an
Agilent 8453 diode-array spectrophotometer. When the
substrate concentration was equal to or lower than 25µM,
absorbance at 360 nm was used to calculate the reaction rates.
Due to the high extension coefficient of ACMS, the
absorption maximum at 360 nm was not suitable to measure
for determination of rate constants with most of the mutant
experiments since greater than 25µM substrate concentra-
tions were required. In the latter case, absorbance at 320
nm was used to measure rate constants. The steady-state
experiments were conducted at 22( 1 °C in 25 mM HEPES
buffer, pH 7.0, containing 5% glycerol. Initial velocities were
calculated from the raw data subtracted from those of control
reaction mixtures in the absence of ACMSD. Kinetic
constants were determined from the Lineweaver-Burk
double reciprocal plots.

Reconstitution of Apoprotein with Metal Ions.Apo AC-
MSD and mutants were reconstituted with one equivalent
amount of CoCl2 from a freshly prepared stock solution.
Reconstituted wild-type ACMSD had an activity of 6000
nmol min-1 mg-1 in HEPES buffer, pH 7.0. The metal-
recharged ACMSD was either added to a freshly generated
ACMS solution for enzyme assay or transferred to a quartz
tube for EPR measurements.

Structure-Based Sequence Alignment.The sequence ofPf
ACMSD (gi 28971629) was used as a query to search the
NCBI Conserved Domain Database with rpsblast (19), the
Pfam database (20), and NCBI nonredundant protein se-
quence database with PSI-BLAST (21). The sequences of
ACMSD homologues obtained from the PSI-BLAST search
were aligned using program PCMA (22). Secondary structure
prediction for ACMSD was performed with the PSIPRED
protein structure prediction server (23).

Spectroscopic Analysis.UV-vis spectra were obtained in
25 mM HEPES buffer, pH 7.0, and 5% glycerol at 22°C.
X-band EPR spectra were obtained at 10 K on a Bruker EMX
spectrometer. HEPES buffer (25 mM, pH 7.0) containing
5-10% glycerol was used in the EPR sample preparations.
Spin quantitation was performed by comparing the double
integration using the wild-type enzyme as a standard to
determine the relative metal contents in the point mutants.
EPR simulation was conducted as described previously (1).

RESULTS

Sequence Analysis Suggests That ACMSD Belongs to a
Large Metal-Dependent Hydrolase Superfamily. ACMSD has
been purified from cat, hog, rat, human,Caenorhabditis
elegans, andP. fluorescens, and the enzymatic decarboxy-
lation activities have been demonstrated in the corresponding

proteins (7, 10-15, 24, 25). Previously, 16 complete protein
sequences in GenBank and NCBI databases were annotated
as ACMSD or hypothetical ACMSD proteins. Alignment of
all 16 ACMSD protein sequences by ClustalW indicated 34
highly conserved residues, and it offered little help for
identifying metal-binding motifs (not shown). The putative
ACMSD sequences are growing rapidly in the protein
databases. We then used thePf ACMSD (gi 28971629)
sequence as a query to search various protein databases and
found that ACMSD comprises the protein family COG2159
in the COGs database (26) and PF04909 in the Pfam database
(20). Both databases predict that ACMSD is related to a large
metal-dependent hydrolase superfamily that includes urease,
adenosine deaminase, phosphotriesterase, and dihydroorotase,
among others (27). Many members of this superfamily are
well characterized functionally and structurally (28). En-
zymes in this superfamily adopt the (â/R)8-barrel fold with
eight strands of parallelâ-sheet flanked on the outside with
R-helices (known also as TIM-barrel fold) (28). The active
site of the enzymes in this superfamily contains either a
binuclear or mononuclear metal center, which is catalytically
essential. Protein residues that function as metal ligands
typically include an HxH metal-binding motif at the end of
the firstâ strand, one histidine at the end of the fifthâ-strand,
one histidine atâ-strand 6, and an aspartic acid from the
end of the eighthâ-strand (Figure 2).

A multiple sequence alignment of ACMSD from various
species along with eight representative members of the
amidohydrolase superfamily was created using the program
PCMA (22). This alignment reveals that all of the typical
metal ligands are conserved in ACMSD (Figure 2). InPf
ACMSD, the first two histidine residues (HXH) at the end
of the firstâ-strand are His-9 and His-11. For a mononuclear
metal cofactor, the third histidine ligand is typically con-
tributed by theâ5 or â6 strand. His-177 and His-228 are
the apparent candidates inPf ACMSD (Figure 2). A
carboxylate ligand is often donated by theâ8 strand, and
the invariant Asp-294 is in position to fulfill this role (Figure
2). There are no conserved glutamate or lysine residues in
the ACMSD sequences in the putativeâ3 andâ4 strands
that can function as a bridging ligand for a binuclear metal
center.

Functional Analysis of the ACMSD Mutants.Site-directed
mutants H9E, H177A, H228A, H228E, and D294E ofPf
ACMSD were constructed and expressed as soluble proteins.
Since His-9 and His-11 are located at the sameâ-strand and
they both are anticipated metal ligands, we chose His-9 as a
mutational target to examine the role of the HxH motif. All
ACMSD mutants were expressed at a very high level
comparable to that of the wild-type enzyme as judged by
SDS-PAGE (data not shown), indicating that the mutations
had not affected the overall folding of the protein. Alteration
of the putative metal ligand residues, His-9, His-177, His-
228, and Asp-294, significantly lowered the enzyme activity.
Table 1 summarizes kinetic properties of the enzyme variants.
Thekcat/Km numbers determined for the mutants are at least
one magnitude lower than that of the wild-type enzyme,
indicating a significantly reduced catalytic efficiency of the
mutants. Replacement of histidine to alanine at the 177 and
228 sites resulted in a small decrease ofKm in both mutant
proteins than that of wild type and His-9 as well as Asp-
294 mutants. In fact, D294E exhibited a small, but noticeable
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increase (ca. 4-fold) ofKm value as the consequence of
replacement of the putative carboxylate ligand with a longer
chain residue, i.e., glutamic acid over aspartic acid. The
slightly increasedKm value was also observed in H228E.
However, this change is likely due to a different mechanism,
i.e., the negative charge introduced to the active site in the
histidine-to-glutamic acid mutation. Nevertheless, theKm

values of the mutants are not significantly different from that
of the wild-type enzyme, indicating that limited effects on
the substrate binding were introduced by mutations.

Characterization of ACMSD Mutants by EPR Spectros-
copy. Figure 3 shows representative EPR spectra obtained

at 10 K. A very broad high-spin (S ) 3/2) cobalt(II) EPR
signal has been characterized in the wild-type enzyme (1).
In the present work, the EPR signal was used as a benchmark
to examine the metal affinity and structure in the Co(II)-
reconstituted mutants. Among the reconstituted proteins, His-
228 mutants exhibited a high-spin (S) 3/2) Co(II) center in
the EPR spectrum which is remarkably similar to the wild-
type enzyme with only a 2 mTshift to lower field of thegx

component, suggesting rather limited changes of the metal
center’s electronic structure by mutation of the 228 residue.
In contrast, the EPR spectrum of D294E presented a high-
spin Co(II) center with a much increasedg-anisotropy and
principal g values of 1.99, 4.26, and 4.61. The hyperfine
coupling constant in theg⊥ region, obtained from spectral
simulation, was 387 MHz for the D294E mutant. The EPR
data also reveal the low metal occupancy in His-9, His-177,
and Asp-294. In this set of experiments, metal ions in
ACMSD were stripped by vigorous 5 mM EDTA treatment
from proteins. A gel-filtration process was followed to
remove EDTA and any unbound inorganic complexes. The
apo-ACMSD proteins were reconstituted with excessive
CoCl2 followed with a second chromatography desalting step
to remove unbound metal ions. The Co(II)-recharged AC-

FIGURE 2: Multiple sequence alignment of representative sequences of ACMSD (first four sequences in the upper block), IDCase (last two
sequences in the upper block), and representative members of the amidohydrolase superfamily with known structures (lower block). The
first and last residue numbers are indicated before and after each sequence with the lengths of insertions specified in parentheses and the
total sequence length of each protein following in square brackets. The invariant active site residues including metal ligands are indicated
and highlighted in black. Conserved small residues are highlighted in gray. Uncharged residues in mainly hydrophobic sites are highlighted
in light yellow. Predicted ACMSDR-helices (H) andâ-strands (E) are labeled at the top of the alignment. General locations of the secondary
structure elements are marked below the alignment. The sequences included in the alignment are ACMSD fromP. fluorescens(Pf, gi
28971629),Homo sapiens(Hs, gi 37999723),Rattus norVegicus(Rn, gi 18652911), andCaenorhabditis elegans(Ce, gi 15150701) as well
as IDCase fromAspergillus nidulans(An, gi 67515537) andNeurospora crassa(Nc, gi 51872137). Selected amidohydrolase enzymes with
known structures are as follows: ADA, mouse adenosine deaminase (PDB code 1a4m) (36); CDA, E. coli cytosine deaminase (1k6w) (43);
DAA, D-aminoacylase fromAlcaligenes faecalis(1m7j) (44); RDP, human renal dipeptidase (1itu) (45); DHO, E. coli dihydroorotase
(1j79) (35); URE, the C subunit ofKlebsiella aerogenesurease (1fwb) (46); IAD, E. coli isoaspartyl dipeptidase (1onw) (47); PTE,
Pseudomonas diminutaphosphotriesterase (1psc) (48).

Table 1: Kinetic Properties of ACMSD Mutantsa

ACMSD Km (µM ACMS) kcat (s-1) kcat/Km (s-1 M-1)

wild type 16.7( 0.1 6.65( 0.1 (4.0( 0.1)× 105

H9E 24.1( 4.0 0.025( 0.007 (1.0( 0.1)× 103

H177A 12.3( 4.0 0.28( 0.05 (2.3( 0.5)× 104

D294E 67.2( 24.1b 0.08( 0.03 (1.2( 0.7)× 103

H228A 7.5( 2.7 0.11( 0.12 (1.5( 0. 6)× 104

H228E 66.2( 12.1 0.019( 0.004 (2.9( 0.6)× 102

a See text for experimental conditions.b D294E was less stable
compared to the wild-type enzyme and other site-directed mutants. This
was the major reason for a relatively large standard deviation.
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MSD proteins were examined by low-temperature EPR
spectroscopy. The spin quantitation analysis revealed that
H9E typically had a 0.12-0.15:1 metal-to-protein ratio. The
variation of metal contents was due to the stripping and
chromatography efficiencies as well as the low metal ion
binding capacity of this mutant. The metal-to-protein ratios
in H177A and D294E were 0.22-0.26:1 and 0.33-0.35:1,
respectively. The mutants with added extra metal during the
reconstitution reaction or extra metal added to the assay
mixture did not apparently increase metal content or enzyme
activity. Therefore, His-9, His-177, and Asp-294, together
with His-11 that forms the HxH motif with His-9, are likely
the endogenous metal ligands. In contrast, the wild-type
ACMSD and both H228A and H228E mutants presented a
nearly 1:1 stoichiometric amount of Co(II) ion tightly bound
within the protein interior. These experiments revealed that
ACMSD’s metal-binding ability was not apparently reduced
in the two His-228 mutants. As described earlier, substrate
binding was not significantly perturbed in these two mutants
either. However, H228E was nearly an inactive protein while
H228A exhibited a very smallkcat, i.e., a few percent of the
wild-type number (Table 1). Therefore, we conclude that the
invariant His-228 is not a metal ligand but it plays an
important role in catalysis.

Electronic Spectra. In the wild-type Co(II)-containing
ACMSD, two absorption features are present at 355 and 420
nm plus a broad weak band at 550 nm. H9E did not display
these absorption features (not shown). In contrast, His-228
mutants exhibited absorption bands similar to that of the
wild-type enzyme (Figure 4). Clearly, His-228 has no direct
contribution to the ligand-to-metald-d transitions in AC-
MSD. Surprisingly, H117A also presented a similar absorp-
tion spectrum but with lower extinction coefficient constants,
offset by metal concentration determined from the EPR
experiments. One explanation is that His-177 is a weaker
ligand relative to the other metal-binding residues. Alterna-
tively, another histidine, such as His-228, becomes a metal

ligand in the H177A mutant, but such a ligand substitution
is less likely because the metal center’s geometry did not
change substantially in the EPR data obtained from this
mutant.

DISCUSSION

ACMSD is clearly stamped with the characteristics of the
amidohydrolase superfamily by the present experiments. The
concept of this protein superfamily was first introduced by
Holm and Sander (27), later elaborated by Gerlt, Babbitt,
Raushel, and others (28-32). The structural landmark of this
enzyme class is a catalytically essential mononuclear or
binuclear metal center embedded at the active site within
the confines of a (â/R)8-barrel structural fold (27-30, 33-
35). This enzyme group has engendered great interest because
its members are playing key roles in many fundamental
processes (28).

The sequence analysis in the current study included more
divergent members of the superfamily (Figure 2), and
allowed us to narrow down the possible important residues
essential for the metal cofactor and catalysis to only five
amino acid targets. Further experimental analyses have
identified that His-9, His-177, and Asp-294 are the endog-
enous metal ligands inPf ACMSD. His-11 is inferred to be
a metal ligand as well because of the conserved HxH metal-
binding motif with His-9. Therefore, the metal ion is
coordinated to four protein ligands (Figure 5). On the other
hand, the mutational analysis suggests that the invariant His-
228 residue does not play a role as a metal ligand. Rather,
His-228 is shown by the kinetic and EPR data to be a
catalytic residue. Identification of an active site histidine
catalyst is consistent with the general themes of the ami-
dohydrolase superfamily and represents a significant advance
in the mechanistic study of ACMSD.

The enzymatic activities of all metal ligand mutants are
drastically decreased along with a significantly reduced metal
content bound to the enzyme. This clearly indicates that these
metal ligands not only play a role for metal ion binding but
also help to maintain a proper metal center configuration
for the catalytic activity. Whether some of these ligand resi-
dues play other roles in catalysis remains to be determined.

FIGURE 3: X-band 10 K EPR spectra of the cobalt(II)-containing
ACMSD and representative mutants: (A) wild-typePf ACMSD,
(B) H177A, (C) H228A, and (D) D294E. The protein concentration
was 0.3 mM except for H228A, which was 0.44 mM. Dotted traces
are spectral simulations. Spectrometer conditions: temperature, 10
K; modulation amplitude, 0.3 mT; microwave power, 0.5 mW; time
constant, 40.96 ms; sweep time, 5.96 mT/s for the entire field
between 0.1 and 500 mT.

FIGURE 4: UV-vis spectra of ACMSD and selected mutants
isolated from the cell culture supplemented with 0.5 mM CoCl2.
Protein concentrations: wild-type ACMSD, 0.46 mM (solid trace);
H177A, 1.38 mM (dashed trace); H228A, 0.7 mM (dotted line);
H228E, 0.44 mM (dash-dotted trace).
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Establishing that ACMSD is a member of the amidohy-
drolase superfamily is a major advance for both mechanistic
and evolutionary understandings of this enzyme. This as-
sertion has now been confirmed by the crystal structure of
Pf ACMSD recently solved in one of our laboratories (Zhang
et al., to be submitted). The enzyme mechanisms of several
amidohydrolases have been very well understood, such as
adenosine deaminase, dihydroorotase, and urease (28, 33-
39). ACMSD may entail certain general aspects of the
catalytic paradigms found in this well-studied enzyme
superfamily. For example, the reaction mechanism for the
elimination of ammonia in adenosine deaminase utilizes an
active site histidine, which is equivalent to His-228 ofPf
ACMSD, as a general base catalyst to abstract a proton from
the water ligand to enhance its nucleophilicity (36, 37). The
metal-bound hydroxide then attacks the substrate to initiate
the catalytic reaction. The metal center and the active site
histidine catalyst in ACMSD can perhaps activate ACMS
in a similar manner. Four of the metal ligands in ACMSD
have been identified in the present work by a combination
of bioinformatics and mutagenesis, and their critical roles
in catalysis have been demonstrated with the exception of
His-11. From the sequence alignment and knowledge of the
characterized amidohydrolases, the fifth metal ligand in
ACMSD is proposed to be a water molecule derived from
solvent that forms a hydrogen bond with His-228 (Figure
5). In ACMSD, His-228 may play a role to abstract a proton
from the putative water ligand and generate a metal-bound
hydroxide to attack the C2-C3 double bond of the substrate.
Alternatively, His-228 may function as an active site
nucleophile; it directly interacts with the 2-amino group of
the substrate and abstracts a proton from it, so that a
substrate-based imine intermediate will be formed. This will
initiate the subsequent decarboxylation process. Obviously,
determining the precise role of this active site residue requires
more extensive characterizations in future work.

ACMSD proteins from other organisms share a high
degree of conserved residues with thePf enzyme; for
instance, human ACMSD not only possesses an equivalent
of His-228 and the residues essential for metal cofactor but
also shares an overall 40% sequence identity withPf
ACMSD. Therefore, the enzyme from different sources likely
operates according to the same general principles with respect
to a catalytic metallocofactor and an active site histidine
catalyst. Thus, if the underlying decarboxylation chemistry
in the nitrobenzoic acid degradation pathway can be eluci-
dated, it may also provide insight into the enzyme of the
kynurenine pathway.

Our bioinformatics study presented in Figure 2 suggests
that isoorotate decarboxylase (IDCase) and ACMSD are two
closely related enzymes. IDCase is an important enzyme in
the thymidine salvage pathway (40, 41). The overall chemical
composition of isoorotate (i.e., uracil-5-carboxylate) is similar
to ACMS, although the former is a phenyl ring-based
compound. IDCase has previously been noticed sharing over
59% identity/similarity with ACMSD in the region covering
residues 140-395 (41). The more comprehensive sequence
analysis presented here further suggests that IDCase is also
a metalloenzyme, with a conserved 3His-1Asp donor ligand
set resembling the metal-binding site described for ACMSD.
This enzyme shares ca. 25% overall sequence identity/
similarity with ACMSD. The estimated divergent time
between IDCase and ACMSD is 5.3 billion years according
to an estimation formula (42). Despite their far evolutionary
divergence, the present work suggests that the two enzymes
share a high degree of similarity in their catalytic mecha-
nisms. So far, IDCase has not been characterized at the
molecular level. However, we can widen the horizon to a
comparison at the genomic level as by now 16 complete
ACMSD sequences and two complete IDCase sequences are
annotated. Understanding how ACMSD operates sheds light
on the fundamental processes that IDCase may follow.

Enzymes in the amidohydrolase superfamily catalyze
hydrolysis of C-N, C-O, P-O, and C-Cl bonds, particu-
larly in the catabolic processes of nucleotides (28, 31, 32).
Notably, ACMSD and IDCase do not cleave a C-N, C-O,
P-O, or C-Cl bond of the substrate. The nitrogen atoms of
the substrates are retained unchanged from the decarboxy-
lation reactions catalyzed by ACMSD or IDCase. Since the
metallocofactor of IDCase has not been experimentally
assessed, ACMSD is therefore the first characterized member
of the amidohydrolase superfamily that catalyzes the cleavage
of a C-C bond. We propose that ACMSD, together with
the enzyme IDCase, constitutes an entirely new subset of
decarboxylases in the amidohydrolase protein superfamily.
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