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ABSTRACT: R-Amino-â-carboxymuconate-ε-semialdehyde decarboxylase (ACMSD) is a widespread enzyme
found in many bacterial species and all currently sequenced eukaryotic organisms. It occupies a key position
at the branching point of two metabolic pathways: the tryptophan to quinolinate pathway and the bacterial
2-nitrobenzoic acid degradation pathway. The activity of ACMSD determines whether the metabolites in
both pathways are converted to quinolinic acid for NAD biosynthesis or to acetyl-CoA for the citric acid
cycle. Here we report the first high-resolution crystal structure of ACMSD fromPseudomonas fluorescens
which validates our previous predictions that this enzyme is a member of the metal-dependent
amidohydrolase superfamily of the (â/R)8 TIM barrel fold. The structure of the enzyme in its native form,
determined at 1.65 Å resolution, reveals the precise spatial arrangement of the active site metal center
and identifies a potential substrate-binding pocket. The identity of the native active site metal was determined
to be Zn. Also determined was the structure of the enzyme complexed with cobalt at 2.50 Å resolution.
The hydrogen bonding network around the metal center suggests that Arg51 and His228 may play important
roles in catalysis. The metal center configuration ofPfACMSD is very similar to that of Zn-dependent
adenosine deaminase and Fe-dependent cytosine deaminase, suggesting that ACMSD may share certain
similarities in its catalytic mechanism with these enzymes. These data enable us to propose possible catalytic
mechanisms for ACMSD which appear to be unprecedented among all currently characterized
decarboxylases.

R-Amino-â-carboxymuconate-ε-semialdehyde (ACMS)1 is
an important intermediate in two metabolic pathways: (1)
the tryptophan to quinolinate pathway in eukaryotes and a

number of bacteria (1, 2) and (2) the newly discovered
2-nitrobenzoic acid biodegradation by certain microorgan-
isms (3, 4). ACMS is the end product of the five-step
tryptophan to quinolinate pathway. It then undergoes a
spontaneous transformation to form quinolinic acid (QA),
the universal precursor for the de novo biosynthesis of NAD
(1, 5). Alternatively, instead of being converted to QA and
entering NAD biosynthesis, ACMS can be decarboxylated
to give 2-aminomuconate semialdehyde (AMS) in a reaction
catalyzed by enzyme ACMS decarboxylase (ACMSD) (6-
8) (Scheme 1). AMS is then converted to acetyl-CoA through
a series of transformations and eventually enters the citric
acid cycle for complete oxidation and energy production.
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Scheme 1: ACMSD-Catalyzed Reaction
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Thus, ACMSD occupies a key position at the branching point
of two metabolic pathways and controls the final fate of the
metabolites in both pathways.

QA is not only the universal precursor for the de novo
synthesis of NAD but also a potent endogenous neurotoxin
via hyperstimulation of glutamate receptors that are sensitive
to N-methylD-aspartate (NMDA) and associated with a wide
range of neurodegenerative disorders such as epilepsy,
Alzheimer’s disease, and Huntington’s disease (9-11).
Elevated levels of QA have been observed in body fluids of
patients diagnosed with these disorders (9, 10, 12). Since
ACMS can be diverted to a benign metabolite AMS by
ACMSD, activation of ACMSD may direct the metabolic
flux to the citric acid cycle and thus prevent the progression
of these diseases.

ACMSD is widely distributed in both bacteria and eu-
karyotic organisms, including humans. The enzyme was
discovered five decades ago (13, 14). Only recently has its
catalytic cofactor, a mononuclear transition metallocenter,
been uncovered from thePseudomonas fluorescensenzyme
(PfACMSD) (15, 16). Since both bacterial and human
ACMSD proteins share a significant degree (40% identity)
of sequence similarity, they presumably also utilize similar
mechanisms for catalysis. Recently, bioinformatic analysis
of the ACMSD enzyme family and biochemical character-
ization of PfACMSD revealed that ACMSD belongs to a
large metal-dependent amidohydrolase superfamily (16).
Several members of this superfamily are structurally and
functionally well characterized (17-19). The members of
this superfamily of enzymes contain either a mono- or
dinuclear metal center embedded in a (â/R)8 barrel fold (18).
The conserved metal ligands were predicted for ACMSD
on the basis of multiple-sequence alignment analysis. Mu-
tagenesis and spectroscopic analysis of these mutants further
established their critical roles in metal binding and catalysis
(16). These studies represent important progress in our
understanding of ACMSD mechanisms and led to the
realization that the metal-dependent nonoxidative decar-
boxylation catalyzed by ACMSD appears to be unique
among all decarboxylases characterized so far (15, 16).

Here we report high-resolution crystal structure of native
ACMSD from P. fluorescensas well as the structure of the
cobalt-substituted enzyme. The identity of the native active
site metal was determined to be Zn, and the catalytic
efficiency of Zn-boundPfACMSD was shown to be com-
parable to that of the cobalt-reconstituted enzyme. As
predicted, the structure ofPfACMSD reveals a (â/R)8 barrel
fold. The active site configuration ofPfACMSD shares a
significant degree of similarity with that of the Zn-dependent
adenosine deaminase (ADA) and the Fe-dependent cytosine
deaminase (CDA). Taken together, these data enable us to
propose possible catalytic mechanisms of ACMSD which
may serve as working hypotheses to guide future biochemical
and mechanistic investigation of this important enzyme.

MATERIALS AND METHODS

Expression and Purification of NatiVe PfACMSD. The
cloning and expression of nativePfACMSD have been
described previously (4, 15). A different purification scheme
was developed to produce purePfACMSD for crystallization
experiments. Briefly, the clarified cell lysate containing

overexpressedPfACMSD was first loaded onto a Q-
Sepharose HP column (GE Healthcare Life Sciences, Pis-
cataway, NJ) pre-equilibrated with 50 mM Hepes (pH 7.5)
and 1 mM dithiothreitol (DTT). The bound proteins were
eluted with a gradient of NaCl (from 0 to 1.0 M). Fractions
containingPfACMSD were pooled, and a 3 M (NH4)2SO4

stock solution was added dropwise to thePfACMSD pool
to a final concentration of 1.25 M (NH4)2SO4. The mixture
was then loaded onto a Phenyl Sepharose column (GE
Healthcare Life Sciences) pre-equilibrated with 50 mM
Hepes (pH 7.5), 1.5 M (NH4)2SO4, and 1 mM DTT and
eluted with a linear gradient of (NH4)2SO4 decreasing from
1.5 to 0.0 M. The fractions containingPfACMSD were more
than 95% pure as judged by SDS-PAGE. They were pooled
and dialyzed at 4°C overnight against a buffer containing
50 mM Hepes (pH 7.5), 150 mM NaCl, and 1 mM DTT.
The dialyzed sample was concentrated to a final concentra-
tion of 28 mg/mL for crystallization. The selenomethionyl
PfACMSD was expressed in minimal medium supplemented
with selenomethionine and other nutrients according to the
established protocol (20) and purified by the same procedure
as the native protein.

Crystallization and Data Collection.The initial crystal hit
was obtained from the Wizard Sparse Matrix screening kit
(Emerald Biostructures, Bainbridge Island, WA) using the
hanging drop vapor diffusion method at 20°C. This initial
condition was optimized, and larger tetragonal and bipyra-
midal crystals were obtained. Under the final crystallization
conditions, the reservoir solution contained 0.1 M Tris (pH
8.75), 15% PEG 5000, and 0.2 M MgCl2. An equal volume
of protein and reservoir solution was mixed and equilibrated
in the hanging drop vapor diffusion setting. The crystals
typically appeared within 1 week. These crystals belong to
space groupP42212 and diffract to∼2.8 Å resolution with
the following unit cell dimensions:a ) b ) 91.89 Å andc
) 168.47 Å. These crystals were not very stable and started
deteriorating after∼2 weeks. In some of the drops, large
plate crystals appeared after 3-4 weeks, which diffracted
to much higher resolution (∼1.65 Å). These plate crystals
belongs to space groupC2 with the following unit cell
dimensions:a ) 153.57 Å,b ) 48.11 Å, c ) 110.70 Å,
andâ ) 127.31°. The tetragonal selenomethionylPfACMSD
crystals were obtained under conditions similar to those for
the native protein. The crystals ofPfACMSD grown in the
presence of 5 mM CoCl2 (Co-PfACMSD) were also
obtained under similar conditions, and they belong to the
sameP42212 space group as the native tetragonal crystals
and diffract to 2.5 Å resolution.

All PfACMSD crystals were flash-frozen in liquid propane
after being transferred stepwise to cryoprotectant solutions
containing all the ingredients of the crystallization reservoir
solution and 10%, 20%, and finally 30% PEG400. All data
used in the structure determination was collected on beamline
19BM, Advanced Photon Source, Argonne National Labora-
tory, Argonne, IL (Table 1).

Phasing and Refinement. The initial phases ofPfACMSD
crystal were determined by the multiwavelength anomalous
dispersion (MAD) phasing method using SOLVE 2.06 (21)
with data collected from a selenomethionylPfACMSD
crystal at four wavelengths corresponding to the peak, the
inflection point, a high-energy remote, and a low-energy
remote point near the selenium K edge. TwoPfACMSD
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monomers were predicted to be in the asymmetric unit (ASU)
of the tetragonal crystals, given a Matthews coefficient of
2.39 Å3/Da and a solvent content of 48%. Twenty-four of
twenty-six Se sites from the twoPfACMSD monomers were
located. Density modification was performed using RE-
SOLVE 2.06 (21), which resulted in a clearly interpretable
electron density map with a final figure of merit of 0.72.
The PfACMSD polypeptide chain was manually built into
this map using O (22). This unrefined model was used as
the initial search model for finding the positions of the
PfACMSD molecules in the monoclinic unit cell of the native
crystal. The molecular replacement method of Molrep (23)
was used in the search. TwoPfACMSD molecules were
located in the asymmetric unit, and model refinement was
carried out using CNS (24) with a simulated annealing
protocol. The final rounds of refinement were performed with
refmac5 (25) in the CCP4 package (26). The refined native
PfACMSD model was then used as the starting model for
the refinement of the Co-PfACMSD complex structure. The
crystal data and refinement statistics are listed in Table 1.

Enzyme ActiVity Assay.The coupled enzyme activity assay
on the recombinantPfACMSD in its native form was
performed according to the procedures described previously
(15, 16). The reaction mixture contained 0-40 µM ACMS
and 0.1µM ACMSD protein in 25 mM Hepes buffer (pH
7.0). The specific activity was calculated from the initial rates
of ACMS decay monitored at 320 and 360 nm.

RESULTS AND DISCUSSION

Description of the PfACMSD Structure.As predicted from
protein sequence analysis (16), the overall fold of ACMSD
contains a distorted (â/R)8 closed barrel and a small insertion

domain between strandâ1 and helixR1 (Figure 1). This
insertion domain is not found in other characterized amido-
hydrolase structures and appears to be a unique feature of the
ACMSD structure. It contains a short helix (R1′) and a small
three-strandedâ-sheet comprising strandsâ1′-â3′. As will
be discussed later, this small insertion domain is thought to
play a role in substrate binding. A short extension after the last
helix, R8, of the barrel contains two short helices (R9 and
R10), which caps the bottom (N-terminal ends of the strands)
of the barrel. A single metal ion coordinated by several
protein residues is located at the opening of the barrel near the
C-terminal ends of severalâ-strands. The detailed configura-
tion of this metal center will be described in the next section.

There are twoPfACMSD monomers (monomers A and
B) in the asymmetric unit of the native crystals (Figure 2).
Given the high resolution of the data (1.65 Å), both
monomers are refined independently. The two monomers are
very similar except in three surface regions: residues 17-
46 (the unique insertion domain), 149-156 (loop between
â4 andR4), and 178-187 (loop betweenâ5 andR5). If these
three regions are excluded, the average root-mean-square
deviation (rmsd) in the CR positions of the two monomers
is 0.41 Å. Notably, these three regions are largely disordered
in monomer B as indicated by the highB-factors and poorly
defined electron densities. The disordering of these regions
may contribute to the relatively highRfactor and Rfree for a
structure refined at such resolution (Table 1). The dimer
interface buries a surface area of∼2529 Å2 on each
monomer. The elution profile ofPfACMSD from a size
exclusion chromatography column indicates that the protein
exists in solution as a mixture of both monomer and dimer
forms (data not shown).

Table 1: Crystal Data and Refinement Statistics ofPfACMSD

SeMet

peak inflection high remote low remote native cobalt

wavelength (Å) 0.97904 0.97918 0.97818 0.98034 0.97951 0.97945
resolution (outer shell)

(Å)
30-2.8

(2.85-2.8)
30-2.8

(2.85-2.8)
30-2.8

(2.85-2.8)
30-2.8

(2.85-2.8)
30-1.65

(1.70-1.65)
30-2.5

(2.6-2.5)
total no. of observations 148978 148517 148131 149113 330133 199589
no. of unique observations 33974 33890 33594 33846 72711 25447
completeness (%) (outer shell) 99.8 (100.0) 99.8 (100.0) 99.8 (100.0) 99.7 (100.0) 93.0 (63.5) 99.4 (100)
Rsym (outer shell)a 0.053 (0.481) 0.054 (0.442) 0.053 (0.495) 0.049 (0.472) 0.032 (0.309) 0.062 (0.446)
I/σ (outer shell) 26.5 (3.8) 25.9 (3.2) 29.0 (4.5) 30.2 (4.2) 24.6 (2.6) 45.0 (5.3)
figure of merit 0.72

Refinement
Rwork

b (%) 19.6 18.9
Rfree

c (%) 24.0 23.8
no. of protein atoms 5190 5190
no. of waters 467 127
no. of ions 2 Zn, 1 Mg 2 Co
rmsd for bond lengths (Å) 0.016 0.012
rmsd for bond angles (deg) 1.58 1.35

AverageB-factor (Å2)
protein atoms 43.2 66.5
water 49.7 61.2
ions 47.3 55.4

Ramachandran plot
most favored region (%) 89.3 91.6
additionally allowed region (%) 9.8 8.2
generously allowed region (%) 0.5 0.2
disallowed region (%) 0.4 0.0

a Rsym ) ∑hkl[(∑j|Ij - 〈I〉|)/∑j|Ij|]. b Rwork ) ∑hkl|Fo - Fc|/∑hkl|Fo|, whereFo andFc are the observed and calculated structure factors, respectively.
c Rfree is the value calculated for a randomly selected 5% of the reflections that were omitted from the refinement.
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The search for similar structures in the Protein Data Bank
(27) with DALI ( 28) found among its top hits several
members in the “metal-dependent hydrolase” superfamily of
the “TIM R/â-barrel fold” as classified in the SCOP database
(29). These include isoaspartyl dipeptidase (PDB entry 1onw;
Z-score) 15.6) (30), adenosine and cytosine deaminases
(PDB entries 1a4m and 1k6w, respectively;Z-score) 14.5)
(31, 32), phosphotriesterase (PDB entry 1psc;Z-score)
13.4) (33), and urease (PDB entry 1fwb;Z-score) 12.7)
(34). The overall rmsd values of the superimposable CR

positions (∼220 residues out of 334 inPfACMSD) between
PfACMSD and these structures range from 3.0 to 4.3 Å, and
the levels of sequence identity range from 10 to 15%. From
both the structure similarity and the sequence conservation
pattern (16), ACMSD clearly belongs to this metal-dependent
amidohydrolase superfamily and represents the only decar-
boxylase activity in this superfamily.

ActiVe Site of NatiVe PfACMSD.The clear electron density
map of thePfACMSD structure revealed a single metal ion
located near the C-termini of severalâ-strands of the (â/R)8

barrel core (Figure 3). To determine the identity of the metal
ion, we performed an X-ray fluorescence scan on a native
PfACMSD crystal at Advanced Photon Source synchrotron
beamline 19BM. The result indicated that the endogenously
bound metal ion was Zn (data not shown). The same
experiment was also conducted on a Co-complexedPfAC-
MSD crystal and confirmed the presence of Co in the crystal
and the disappearance of the Zn fluorescence signal.

The Zn-containing nativePfACMSD was initially found
to be enzymatically inactive. Later, when the ammonium
sulfate fraction was dropped from the original purification
protocol, the as-isolated enzyme exhibited a specific activity
of 800-1900 nmol min-1 mg-1 (numbers varied depending
on sample preparations) under standard assay conditions
described in Materials and Methods. In contrast, the Co-
reconstituted enzyme exhibited an activity of 6000 nmol
min-1 mg-1 under the same assay conditions (15). The

FIGURE 1: Ribbon diagram of thePfACMSD monomer (A) and topology diagram showing thePfACMSD fold (B). Two orthogonal views
of PfACMSD are shown. The secondary structure elements of the (â/R)8 barrel core are labeledâ1-â8 for strands (colored magenta) and
R1-R8 for helices (colored cyan). The mobile insertion domain consists ofR1′ andâ1′-â3′ (colored orange). The bound Zn ion is drawn
as a purple sphere, while the protein residues ligated to Zn are shown in ball-and-stick representation. Amino acid numbers are indicated
at the starting and ending points of the strands and helices in the topological representation. The positions of several important active site
residues are also marked. This figure was generated using Molscript (39) and Gl_render (L. Esser, personal communication).

FIGURE 2: Ribbon diagram of thePfACMSD dimer. The two
monomers are colored cyan and magenta, respectively. The bound
metal ion and metal ligands are shown in ball-and-stick representa-
tion.
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enzymatic activity of the as-isolated Zn-containing native
enzyme was maximized to 4400 nmol min-1 mg-1 when the
protein was incubated with ZnCl2 for 3-5 h at 4°C prior to
the assay, making Zn the most active metal ion next to cobalt.
The fact that the specific activity increased with added Zn
suggests that the metal center was not fully occupied in the
as-isolated protein. This is consistent with the observation
that in the crystal structure, theB-factors for both Zn ions
in the PfACMSD dimer are lower than those of the
surrounding protein atoms (47 Å2 vs 30 Å2 in the A site and
58 Å2 vs 42 Å2 in the B site), indicating partial occupancy
at both sites. The steady-state kinetic measurement of Zn-
and Co-PfACMSD showed that thekcat values for the two
metals are quite comparable (Table 2), while theKm of the
Zn enzyme is less than half of that of the Co enzyme. As a
result, the Zn-PfACMSD complex actually has a slightly
higher catalytic efficiency (kcat/Km) than the Co enzyme. We
found that ammonium sulfate indeed had an adverse effect
on PfACMSD activity, with a stronger influence on the Zn
form than on the Co enzyme (data not shown).

In monomer A of the nativePfACMSD dimer, the Zn ion
directly coordinates the side chains of His9, His11, His177,
and Asp294 and an active site water molecule, w1 (Figure
4). A second water molecule, w2, may also ligate to the
metal, although the distance between this water molecule
and the metal ion is longer (2.43 Å) than that of a normal
Zn ligand (Table 3). TheB-factor for w2 is also higher than
that for w1 (49 Å2 vs 31 Å2). Therefore, w2 is not as well
ordered as w1 and may represent an alternative water ligand
position with a much lower occupancy. Another invariant
active site residue of the superfamily, His228 ofPfACMSD,
does not directly ligate to the Zn: the distance between NE2
of His228 and the Zn is 3.24 Å, too long for His228 to be
a metal ligand. Instead, His228 is hydrogen-bonded to water
ligand w1.

Interestingly, the configurations of the metal binding sites
in the two monomers of thePfACMSD dimer are somewhat
different (Figure 5). In monomer B, the active site Zn ion
directly coordinates to His9, His11, Asp294, and three water
molecules, all of which are within acceptable coordination
distances (Table 3). Unexpectedly, the side chain of His177
in monomer B swings away and is no longer directly
coordinated to the Zn. A third water molecule, w3, now
replaces His177 as a metal ligand. Additionally, His228
moves farther from the metal (4.49 Å compared to 3.24 Å
in monomer A). As a result, w1 in monomer B shifts its
position compared to the corresponding water molecule in
monomer A and remains hydrogen bonded to His228 (Figure
5). It should be noted that several regions surrounding the
active site of monomer B exhibit significantly more confor-
mational flexibility than the corresponding regions in mono-
mer A. TheB-factor of the bound Zn ion is also higher than
that of Zn in monomer A (58 Å2 vs 48 Å2), indicating a
lower occupancy or higher mobility.

Metal Center in the Co-PfACMSD Structure.Because
cobalt was previously shown to be a highly potent metal
ion for PfACMSD (15), we also determined the crystal
structure of PfACMSD complexed with Co at 2.5 Å
resolution. The substitution of Co for Zn in the protein was
confirmed by an X-ray fluorescence scan. Although there
are also two crystallographically independent monomers in
the tetragonal Co-PfACMSD crystal, the overall conforma-
tions of the two monomers are very similar with an average
rmsd for all CR positions of 0.47 Å. Unlike the native enzyme
structure, the configurations of the two active site metal
centers in the Co-PfACMSD crystal are essentially the same
given the resolution of the structure. Compared to the native
enzyme, the overall structure of the Co-PfACMSD complex
is particularly similar to monomer A of the native dimer,
with a rmsd of 0.37 Å among all CR atoms. Interestingly,
the metal center of the Co-PfACMSD complex displays
additional variations from those observed in the native
enzyme (Figure 5). Besides His9, His11, His177, and Asp294
that directly coordinated to the metal, His228 now moves
closer to the bound Co ion with a distance of 2.45 Å between
NE2 and the metal (compared to 3.24 Å in the A site of the
native enzyme) (Table 3). As a result, only one water ligand

FIGURE 3: Electron density map (2Fo - Fc) at the active site metal center in (A) monomer A of the nativePfACMSD dimer at 1.65 Å
resolution, (B) monomer B of the nativePfACMSD dimer, and (C) the Co-PfACMSD structure at 2.50 Å resolution. The maps are
contoured at a 1.2σ level.

Table 2: Kinetic Properties of Zn- and Co-Containing ACMSD
Enzymes

ACMSD metal ion Km (µM ACMS) kcat (s-1)
kcat/Km

(×105 s-1 M-1)

Co(II) 23.2( 0.1 7.3( 0.1 3.1( 0.1
Zn(II) 9.6 ( 1.1 6.5( 1 6.9( 0.4
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can be located at the remaining coordination position of Co
(Figure 5). This active site configuration is slightly different
from the EPR results which point to a pentacoordinated metal
cofactor with a distorted trigonal bipyramidal geometry
determined in the frozen solution at a different pH, i.e., Hepes
7.0 (15). While the Tris-HCl buffer used for crystallization
in this work had a pH of 8.75, Co-reconstitutedPfACMSD
was found to be most active at pH 6-7. The observation
that His228 becomes a weak metal ligand in the Co-
PfACMSD structure may explain some unusual low-tem-
perature EPR properties as observed in the previous study
(15). For instance, nitrogen and cobalt hyperfine coupling
interactions can be observed at<6 K. However, mutational
analysis of His228 has established that the major role of this
residue is probably as an active site catalyst rather than a
metal ligand (16).

The observation that His177 can dissociate from Zn in
the crystal structure furnishes a rationale for the previous
observation that the H177A mutant retained ca. 6% of the

wild-type enzyme activity while other metal ligand mutants
preserved less than 0.5% of the activity (16). The optical
and EPR properties of the H177A mutant were also more
similar to those of the wild-type enzyme than those of the
other mutants. Apparently, His177 is a more flexible ligand
to the metal, which can transiently dissociate from the metal
under certain conditions. Nevertheless, the crystal structures
as well as previous mutational and spectroscopic analysis
clearly showed that His177 contributed critically to the metal
binding inPfACMSD. Both His177 and His228 side chains
exhibit considerable conformational flexibility, which may
correlate with the identity of the metal as well as the metal
ion occupancy in the active site. The difference in the metal
center configurations between the Zn- and Co-PfACMSD
complexes may be responsible for their slightly different
steady-state kinetic properties.

PutatiVe Substrate-Binding Pocket.Inspection of the
PfACMSD active site revealed a small pocket adjacent to
the metal center that is lined with residues Trp194, Phe297,
Pro81, and Arg51 (Figures 3 and 4). While Trp194 and Pro81
are uniquely conserved only in ACMSD protein sequences,
Arg51 and Phe297 are also invariant residues in a closely
related enzyme, isooratate decarboxylase (IDCase) (data not
shown). Further biochemical experiments are required to
establish the precise roles for these active site residues. There
are several ordered water molecules in this pocket that are
hydrogen-bonded to the metal-coordinating water molecule(s)
and to the surrounding protein atoms. These solvent mol-
ecules presumably occupy part of the substrate-binding site.
Of particular interest is residue Arg51, which resides on
strandâ3′ of the mobile insertion domain and intrudes into
the active site to interact with an active site water molecule
(Figure 4). Replacement of this arginine with other amino
acids in human andP. fluorescensenzymes resulted in a
complete loss or significant reduction of the decarboxylase
activity (A. Liu et al., unpublished data). The location of
Arg51 suggests that this residue is most likely involved in
the binding of substrate ACMS, presumably with one of its
negatively charged carboxylate groups. The likely involve-
ment of Arg51 in substrate binding suggests a role for the

FIGURE 4: Stereoview of the active site metal center of monomer A in nativePfACMSD. The Zn ion is shown as a purple sphere. The
active site water molecules are shown as red spheres. Solid lines represent direct coordination to the metal, while dashed lines represent
hydrogen bonds.

Table 3: Distances between the Active Site Metal and Metal
Ligands inPfACMSD Crystals

component site A (Å) site B (Å) interaction

nativePfACMSD
Zn-His228 3.24 4.49 H-bond/no interaction
His228-w1 2.50 2.71 H-bond
Zn-His9 2.17 2.18 ligand
Zn-His11 2.21 2.20 ligand
Zn-His177 2.10 4.25 ligand/nonligand
Zn-Asp294 2.16 2.14 ligand
Zn-w1 2.04 2.07 ligand
Zn-w2 2.43 2.29 ligand
Zn-w3 -a 2.28 ligand

Co-PfACMSD
Co-His228 2.45 2.44 ligand
His228-w1 2.95 -b H-bond
Co-His9 2.12 2.13 ligand
Co-His11 2.02 2.20 ligand
Co-His177 2.32 2.22 ligand
Co-Asp294 2.21 2.15 ligand
Co-w1 2.22 -b ligand

a Water w3 is not observed in the active site of monomer A in native
PfACMSD. b The density for this water is not well defined in monomer
B of the Co-PfACMSD complex.
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mobile insertion domain in ACMSD function. This mobile
domain probably undergoes conformational changes upon
substrate binding and switches between an “open” and a
“closed” conformation corresponding to the substrate-free
and substrate-bound states of the enzyme, respectively. In
the substrate-bound state, this domain would provide ad-
ditional active site residues such as Arg51 and shield the
active site from the surrounding solvent.

Comparison of ACMSD with Other Members of the
Amidohydrolase Superfamily.The structure solution of
PfACMSD and the observed active site configurations
validated our previous predictions (16), in particular, the TIM
barrel fold for the overall protein architecture and the
assignment of ACMSD to the amidohydrolase superfamily.
The diverse amidohydrolase superfamily currently contains
more than 2000 protein sequences as presented in the Pfam
database [accession numbers PF01979 and PF04909 (35)]
and includes∼17 characterized unique activities. Because a
decarboxylation reaction that cleaves a C-C bond is
unprecedented in this superfamily, ACMSD thus represents
an important addition that further enhances the functional
diversity of this large group of homologous proteins.

Comparison of the ACMSD active site with those structur-
ally characterized proteins in the amidohydrolase superfamily

reveals that the metal center configuration of ACMSD closely
resembles the subtype III metal center of the superfamily
(17). This type of mononuclear metal center is found in
adenosine deaminase (ADA) and cytosine deaminase (CDA)
(31, 32, 36). A superposition of active site A of native
PfACMSD with those of ADA and CDA is presented in
Figure 6. All five metal ligands, His9, His11, His177,
Asp294, and the water ligand (w1 inPfACMSD), as well as
the conserved nonmetal ligand histidine residue (His228 in
PfACMSD) superimpose very well among the three struc-
tures. The striking similarity between the metal center
configurations in these enzymes suggests that they may share
some common aspects in their catalytic mechanism, which
should help in developing a working hypothesis that may
lead to the unraveling of the mechanism of ACMSD.

Proposed Catalytic Mechanism.The key aspects of the
chemistry employed by ADA, CDA, and other enzymes of
the amidohydrolase superfamily are the addition of a metal-
bound hydroxyl group to a substrate carbon atom to give a
tetrahedral intermediate (17). It is likely that ACMSD also
utilizes similar chemistry in its catalytic mechanism. In
considering the potential mechanisms for ACMSD, one must
take into account that the substrate ACMS bears two carboxyl
groups, including the leaving carboxylate group at C3 and

FIGURE 5: Stereoview of the superposition of the metal centers in monomers A and B of the nativePfACMSD dimer (colored purple and
cyan, respectively), as well as in the Co-PfACMSD complex (colored yellow). The metal coordination and hydrogen bonds in the A site
of nativePfACMSD are represented by solid and dashed lines, respectively.

FIGURE 6: Stereoview of the metal center in nativePfACMSD (cyan) superimposed with that in adenosine deaminase (ADA, yellow) (31)
and cytosine deaminase (CDA, orange) (32). The metal coordination and hydrogen bonds inPfACMSD are indicated by solid and dotted
lines, respectively. The bound inhibitor or transition-state analogue of ADA (HDPR, 6-hydroxy-1,6-dihydropurine ribonucleoside) (36) is
also shown.
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the C2 carboxylate adjacent to an amino group (Scheme 2).
At present, a complex structure of ACMSD with a substrate
or substrate analogue is not yet available. The existence of
several isomeric forms of ACMS in solution (5) and the
flexibility of the active site conformation preclude reliable
docking of the substrate into the active site of the enzyme
by computer modeling. Nevertheless, two possible substrate
binding modes can be envisioned in which either carboxylate
group may be placed next to the metal center while the
second carboxylate would interact with the side chain of
Arg51. Thus, two drastically different potential mech-
anisms for ACMSD are proposed, and they are depicted in
Scheme 2.

In the first mechanism (Scheme 2, route A), the C2
carboxylate binds next to the metal center and the metal-
bound hydroxyl group functions as a nucleophile to attack
at C2. The subsequent protonation of C3 gives a C3
tetrahedral intermediate that would promote an electron flow
from C3 carboxylate to C2 and lead to the final decarboxy-
lation. In this mechanism, the candidate protein residues that
may function as the general base to help generate the catalytic
hydroxyl are Asp294 and His228, both of which are
hydrogen-bonded with w1 in the crystal structure (Figure
4). The candidate for the general acid in the scheme that is
required to protonate C3 is either His228 or His177 because
of the proximity of each to the substrate. In this mechanism,
Arg51 would interact with the C3 carboxylate of the substrate
and help to orient it in the active site, but it needs to be
dissociated from the reaction intermediate for the CO2

product to be released. The conformational flexibility of the
mobile insertion domain where Arg51 resides may provide
a mechanism for this requirement of Arg51 function.

In the second mechanism (Scheme 2, route B), the C3
leaving carboxylate binds next to the Zn with one of its
oxygens directly ligated to the metal. The water ligand (w1)
is activated by an active site base to become a more
nucleophilic hydroxide ion, which attacks the carbon atom

of the leaving carboxylate group. With the concomitant
protonation of C3, a tetrahedral intermediate different from
that in route A is generated. The HCO3

- group of the
intermediate is stabilized by the direct coordination to the
Zn ion in a manner similar to that found in carbonic
anhydrases (37, 38). The subsequent exchange of zinc-bound
HCO3

- with a water molecule facilitates the dissociation of
the product and restores the water ligand. In this route, Arg51
would interact with the C2 carboxylate group and position
the substrate correctly in the active site. One concern for
the mechanism presented in route B is that it might be
energetically unfavorable for a negatively charged hydroxyl
group to attack a negatively charged carboxylate group.
Presumably, interactions of the substrate with the surrounding
protein residues and in particular the interactions with the
metal ion will help to overcome this energy barrier. The
direct ligation of the C3 carboxylate of the substrate to the
metal ion will be a prerequisite for this mechanism to be
valid.

There are several important differences in the two proposed
mechanisms. First, the substrate binds to the active site
pocket in opposite orientations. The determination of the
crystal structure of the enzyme complexed with the substrate
or substrate analogues will be required to distinguish the
exact binding mode of the substrate. Second, the conforma-
tions of the tetrahedral transition-state intermediates are
different. Third, the final products from the two mechanisms
are also different. While the product from route A is CO2, it
is HCO3

- from route B. It should be pointed out that only
the key steps of the two proposed mechanisms are outlined
in Scheme 2. There are more detailed chemical processes
involved in each mechanism that are not possible to address
at the moment. For example, it is not clear whether the
hydroxyl group addition and C3 protonation occur sequen-
tially or simultaneously. The exact roles for the active site
protein residues also need to be further investigated so that
the putative acid-base catalysts can be identified unambigu-

Scheme 2: Proposed Mechanisms for ACMSD
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ously. Clearly, trapping the substrate- and inhibitor-bound
enzyme intermediates and characterizing their structures will
be most informative with regard to the mechanism of the
enzyme and is apparently the next critical step toward a better
understanding of ACMSD mechanism. Extensive mutational
and kinetic characterizations of the active site residues are
also required to understand the precise roles of the proposed
active site residues.

In summary, the high-resolution crystal structures of
PfACMSD reveal a detailed atomic arrangement of the active
site metal center and identify additional active site residues
such as Arg51 and His228 as well as a putative substrate-
binding pocket. Significant conformational flexibilities are
observed for active site residues His228 and His177 in the
crystal structures. The implication of such conformational
flexibility in substrate binding and catalysis remains to be
illustrated. The active site conformation of ACMSD is shown
to be very similar to that of adenosine deaminase and
cytosine deaminase, whose structures and mechanisms are
well understood. We have proposed two possible mecha-
nisms for the ACMSD-catalyzed decarboxylation reaction
that can be experimentally tested. Further structural and
biochemical studies are currently underway aimed at unrav-
eling the unusual mechanism of this important enzyme.
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