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In this study, we have structurally characterized the amidase of a nitrile-degrading bacterium, Rhodococcus
sp. N-771 (RhAmidase). RhAmidase belongs to amidase signature (AS) family, a group of amidase families,
and is responsible for the degradation of amides produced from nitriles by nitrile hydratase. Recombinant
RhAmidase exists as a dimer of about 107 kDa. RhAmidase can hydrolyze acetamide, propionamide,
acrylamide and benzamide with kcat/Km values of 1.14±0.23 mM−1s−1, 4.54±0.09 mM−1s−1, 0.087±
0.02 mM−1s−1 and 153.5±7.1 mM−1s−1, respectively. The crystal structures of RhAmidase and its inactive
mutant complex with benzamide (S195A/benzamide) were determined at resolutions of 2.17 Å and 2.32 Å,
respectively. RhAmidase has three domains: an N-terminal α-helical domain, a small domain and a large
domain. The N-terminal α-helical domain is not found in other AS family enzymes. This domain is involved
in the formation of the dimer structure and, together with the small domain, forms a narrow substrate-
binding tunnel. The large domain showed high structural similarities to those of other AS family enzymes.
The Ser-cis Ser-Lys catalytic triad is located in the large domain. But the substrate-binding pocket of
RhAmidase is relatively narrow, due to the presence of the helix α13 in the small domain. The hydrophobic
residues from the small domain are involved in recognizing the substrate. The small domain likely
participates in substrate recognition and is related to the difference of substrate specificities among the AS
family amidases.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Nitrile compounds are widespread in the environment. In nature,
they are present mainly as cyanoglycosides, which are produced by
plants [1]. Plants also produce other nitrile compounds, such as
cyanolipids, ricinine and phenylacetonitrile. Chemical industries
make extensive use of nitrile compounds in the manufacture of a
variety of polymers and other chemicals. Some microbes can grow on
nitrile compounds. Microbial degradation of nitriles proceeds through
two enzymatic pathways. Nitrilase catalyzes the direct cleavage of
nitriles to the corresponding acids and ammonia, whereas nitrile
hydratase catalyzes the hydration of nitriles to amides. Both nitrile-
converting enzymes have attracted increasing attention as catalysts
for processing organic chemicals [2–7]. Nitrile hydratase (NHase) is
hodococcus sp. N-771 amidase;
by Ala; MAE2, Bradyrhizobium
ophilica peptide amidase
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used as a catalyst in the production of acrylamide and is known as one
of the most important industrial enzymes [8,9]. Generally, the NHase
gene operon consists of the genes for the alpha and beta subunits of
NHase, the NHase activator and amidase. The amides produced by
NHase are degraded to their corresponding free carboxylic acids and
ammonia by amidases [10].

Amidases (EC 3.5.1.4) have been classified [11–13] into two
groups: the nitrilase superfamily and the amidase signature (AS)
family. This division is based on the amino-acid sequence and
structural similarities. Nitrilase superfamily enzymes exist as homo-
tetrameric or homohexameric complexes in solution and have a
conserved Glu, Cys and Lys catalytic triad in the catalytic center [14].
AS family enzymes form homodimeric or homooctameric complexes,
and are characterized by a highly conserved stretch sequence of
approximately 130 amino acids, the AS sequence, containing the Ser,
Ser and Lys catalytic triad [10,11]. The biological functions and
substrate specificities of AS family enzymes have been studied in
detail [15–23]. However, only a few structures of AS family enzymes
have been reported. The crystal structures of a Glutamyl-tRNA (Gln)
amidotransferase subunit A [16], a fatty acid amide hydrolase [24], a
peptide amidase (Pam) [25] and malonamidase E2 (MAE2) [26,27]
have been determined. The structures of the AS sequence regions are
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Table 1
Diffraction data collection and refinement statistics.

Wild-type RhAmidase S195A/benzamide

Temperature (K) 100 100
Resolution (Å) 2.17 2.32
No. of measured refs. 239,364 184,861
No. of unique refs. 34,490 29,155
Rmerge

a 0.065 (0.296)b 0.052 (0.347)b

Io/σ(Io) 21.1 (5.4)b 16.9 (4.8)b

Completeness (%) 96.7 (99.0)b 99.5 (100)b

Space group P41212 P41212
Cell dimensions

a (Å) 92.672 92.272
b (Å) 92.672 92.272
c (Å) 162.305 161.799

Structure Refinement
Resolution range (Å) 50.0–2.17 50.0–2.32
No. of refs. 34,490 29,155
Rc 0.201 0.199
Rfree

d 0.232 0.233
Number of atoms

Protein 3749 3749
Solvent 170 220
Ligand 9

r.m.s.d. bond lengths (Å) 0.005 0.006
r.m.s.d. bond angles (°) 1.3 1.3

a Rmerge=ΣhklΣi|Ii(hkl)-〈I(hkl)〉|/ΣhklΣIi(hkl), where Ii(hkl) is the ith intensity mea-
surement of reflection hkl, including symmetry related reflections, and 〈I(hkl)〉 is its
average.

b The values for the highest resolution shell are given in parentheses, b(2.17-2.25 Å
resolution for wild-type RhAmidase, 2.32-2.40 Å resolution for S195A/benzamide).

c R=Σhkl (|Fo|-|Fc|)/Σhkl|Fo|.
d Rfree was calculated on 5% of the data omitted randomly [28].
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conserved, and their unique feature, the Ser-cisSer-Lys catalytic triad,
is observed.

We have studied the structure and reaction mechanism of NHase
from Rhodococcus sp. N771, which was used for the industrial
production of acrylamide [8,28–30]. The NHase gene operon from
Rh. sp. N771 contains the amidase gene. The amidase from Rh. sp. N-
771 (RhAmidase) has all of the conserved amino acid residues in the
Ser-cisSer-Lys catalytic triad (S195-S171-K96) and the AS sequence.
The sequence of the NHase operon from Rh. sp. N771 is identical to
those of Rh. sp. N774 and Rh. sp. R312. Amidases of Rh. sp. N774 and
Rh. sp. R312 have been expressed, purified and characterized [31,32].
They hydrolyzed propionamide efficiently, but their activities for
acetamide, acrylamide and indoleacetamide were weak.

In this study, we have characterized RhAmidase and determined
the crystal structure of RhAmidase at a resolution of 2.17 Å. We also
determined the structure of the inactive mutant S195A complex
with benzamide (S195A/benzamide) at a resolution of 2.32 Å. Based
on the structures, we propose a molecular mechanism for substrate
recognition.

2. Materials and methods

2.1. Construction of the expression plasmid

From the genomic DNA of Rhodococcus sp. N771, the gene for
RhAmidase was amplified using Pfu polymerase with the primers, Fwd
(5′-CATAGGCGACAATCCGACCT-3′) and Rev (5′-GAATTCCTAG-
GCGGGGCT-3′). These primers contain the restriction sites for Nde I
and EcoR I, respectively. The PCR products were subcloned into a pT7
Blue T vector (Novagen,Madison,WI). The plasmid for the expression of
RhAmidase, pETAmi, was constructed by subcloning the Nde I/EcoR I
fragment into the Nde I/EcoRI site of pET23b (Novagen). The inactive
mutant S195A was constructed using the QuikChange Site-Directed
Mutagenesis Kit (Stratagene, La Jolla, CA) and theplasmidpETAmi as the
template. The oligonucleotides that were used to produce the S195A
mutant were as follows, Fwd (5′-GATCAAGGAGCCATCCGGATCCCGGC-
3′) and Rev (5′-GCCGGGATCCGGATGGCTCCGCCTTGATC-3′). The con-
structs were verified by DNA sequencing.

2.2. Preparation of RhAmidase

To produce RhAmidase, the expression vector (pETAmi) was
introduced into Escherichia coli BL21 cells. The cells were grown at
37 °C in LB-broth for 18 hours. The harvested cells were suspended in
buffer A (50 mM Tris-HCl, pH 8.0) and lysed by sonication. The cell
debris was removed by centrifugation. The supernatant was applied
to a DEAE-Toyopearl column (2.8×20 cm) (Tosoh, Tokyo, Japan) and
the enzyme was eluted using a linear gradient of 0-500 mM NaCl in
300 mL of buffer A. The eluted enzyme was applied to a Butyl-
Toyopearl column (2.8×10 cm) (Tosoh, Tokyo, Japan), and the
enzyme was eluted using a 20-0% saturated ammonium sulfate
gradient in 200 mL of buffer A. After dialysis against buffer A, the
enzyme was loaded onto a Resource Q column (GE Healthcare,
Buckinghamshire, UK) and eluted with 0-400 mM NaCl in 50 mL of
buffer A. The inactive mutant, S195A, was purified in the same way as
for wild type RhAmidase.

2.3. Size exclusion chromatography with multiangle light scattering
(SEC-MALS)

The molecular mass of RhAmidase was determined in solution by
SEC-MALS measurements using a JASCO HPLC system connected with
a multiangle light-scattering detector (miniDAWN; Wyatt Technolo-
gy, Santa Barbara, CA) and a differential refractive index detector
(Shodex RI-101; Showa Denko, Tokyo, Japan). A TSKgel G3000SWXL

column (Tosoh) was used with 50 mM Tris-HCl, pH 6.8 and 100 mM
NaCl at a flow rate of 0.5 ml/min. Sample volumes of 100 μl were
injected at a concentration of 1.0 mg/ml. The signal at the 90° angle
was analyzed to obtain the weight-average molecular weight using
the Astra software (Wyatt Technology).

2.4. The effects of pH and temperature on RhAmidase activity

The buffers used to determine the pH dependence of RhAmidase
were: 200 mM sodium citrate (pHs 4.6 to 5.9), 200 mM potassium
phosphate (pHs 5.8 to 7.7) and 200 mM Tris-HCl (pHs 6.8 to 8.8). Fifty
microliters of purified RhAmidase, diluted to 0.15 mg/ml in the
appropriate buffer, was mixed with 50 μl of 500 mM acrylamide, and
themixturewas incubated for 5min at 50 °C. Then, 100 μl of 1 MH3PO4

was added to stop the reaction. After centrifugation at 12,000 rpm for
10 min, 20 μl of the supernatant was injected into a C18 reverse-phase
Spherisorb ODS-80TS (Tosoh) column on a HPLC system. Elution was
donewith 0.1% H3PO4 at a flow rate of 1.0ml/min, and the formation of
the corresponding carboxylic acids was detected by the absorbance at
210 nm. RhAmidase activities for the temperature dependence
experiments were done at pH 5.9 over the temperature range from
20 to 70 °C. The kinetic parameters were determined using measure-
ments made in triplicate for each set of conditions.

2.5. The amide hydrolysis activity assay

Amide hydrolysis activities for acetamide, propionamide, acryl-
amide and benzamide were determined by quantification of the
carboxylic acids that were produced. We mixed 50 μl of purified
RhAmidase with 50 μl of various concentrations of substrate in
200 mM sodium citrate pH 5.9 and incubated the mixture at 55 °C for
10 min. Then, 100 μl of 1 M H3PO4 was added to stop the reaction. The
corresponding carboxylic acid products were separated and detected
by HPLC with monitoring the absorbance at 210 nm. The kinetic
parameters were obtained by applying the data to Michaelis-Menten
equation directly using the KaleidaGraph program (Synergy
Software).



Fig. 1. Biochemical characterization of RhAmidase. (a) The SEC MALS measurement of
RhAmidase. The average molecular mass per unit volume and the normalized refractive
index (solid line) are shown. The theoretical mass of a dimer of RhAmidase is indicated
by the dashed horizontal line. (b) The dependence of the hydrolytic activity of
RhAmidase on pH. The assays were carried out as described in the text. The buffers that
were used were: potassium citrate (pH 4.6-5.9; filled triangles), potassium phosphate
(pH 5.8-7.7; filled squares) and Tris-HCl (pH 6.8-8.8; filled circles). (c) The temperature
dependence of the hydrolytic activity of RhAmidase at pH 5.9. The maximum relative
activity is indicated as 100%.

Table 2
Kinetic parameters of RhAmidase.

Compound Km (mM) kcat (s−1) kcat/Km (s−1 mM−1)

Acetamide 19.0±6.3 20.2±2.9 1.14±0.23
Propionamide 34.2±1.2 155.3±8.2 4.54±0.09
Acrylamide 24.1±11.9 2.10±1.04 0.087±0.02
Benzamide 1.03±0,05 157.7±3.4 153.5±7.1
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2.6. Crystallization and X-ray data collection

A crystal of RhAmidase was grown at 20 °C using the hanging drop
vapor diffusion method by mixing 2 μL protein solution (14 mg/ml in
10 mM Tris-HCl, pH 8.0) and 2 μL reservoir solution (15% (w/v)
polyethylene glycol 4000, 100 mM magnesium chloride, 100 mM
calcium chloride, 100 mM MES (pH 6.0)). A crystal of S195A/
benzamide was obtained using the co-crystallization method, a
protein solution containing 10 mM benzamide and the same reservoir
solution. The diffraction data were collected at 100 K using an ADSC
CCD detector system on the BL5A beam line (wild type RhAmidase) at
the Photon Factory and the MAR CCD detector on the BL38B beam line
(S195A/benzamide) at SPring-8. The diffraction data were processed
using the HKL2000 program [33].The statistics that resulted from the
data processing and scaling are listed in Table 1.

2.7. Structure determination and refinement

The structure of wild type RhAmidase at 2.17 Å resolution was
determined using the molecular replacement method and the Molrep
program in the CCP4 program suite [34]. We used the partial structure
of Thermotoga maritime Glutamyl-tRNA amidotransferase subunit A
(residue 65-300 and 351-460, RCSB [35] PDB code 2gi3) as a probe
model. The partial model that we used for molecular replacement
shares 38% amino acid sequence identity with the corresponding
region of RhAmidase. Further model building was performed using
the X-fit program in the XtalView program system [36], and the
structure was refined using the CNS program [37]. The models were
corrected on the (2Fo-Fc) electron density map, and we constructed
the structure without solvent molecules using maximum resolution
data. Solvent molecules were gradually introduced where peaks that
had intensities that were greater than 4.0 σ in the (Fo-Fc) electron
density map were in the range of a hydrogen bond. To avoid over
fitting the diffraction data, a free R factor was monitored with 5% of
the test set excluded from the refinement [38]. The refinement
statistics are shown in Table 1. After several cycles of refinement, we
obtained a model with an R-factor of 0.201 (Rfree=0.232).

The structure of S195A/benzamide was determined by molecular
replacement using the structure of wild type RhAmidase and refined
at a resolution of 2.32 Å. Before adding the water molecules, the
benzamide molecule was placed in the active site. Water molecules
were added, and the structure was refined in the same manner as for
wild type RhAmidase. Finally, the structure of the S195A/benzamide
complex was refined to an R-factor of 0.199 (Rfree=0.232). The
atomic coordinates and structure factors for RhAmidase and the
S195A/benzamide complex have been deposited in the PDB under
accession codes 3A1 K and 3A1I, respectively.

3. Results and discussion

3.1. Properties of recombinant RhAmidase

Because members of the AS family are known to exist as
homodimeric or homooctameric oligomers, we investigated the
oligomeric state of RhAmidase in solution using size-exclusion
chromatography combined with multiangle light scattering (SEC-
MALS) (Fig. 1(a)). SEC-MALS measurement of RhAmidase provides a
molecular mass (MM) of 107.0 kDa, which is in good agreement with
the MM of the dimer as calculated from the deduced MM of the
monomer, 54.7 kDa.

The purified RhAmidase could hydrolyze acrylamide between pH
5.0 and 8.8, and the optimum was at pH 5.9 (sodium citrate buffer,



Fig. 2. Crystal structure of RhAmidase. (a) A topological diagram showing the arrangement of the secondary structure units of RhAmidase. The β-sheet andα-helices in the AS family
signature sequence and the other β-sheet and α-helices in the α/β domain are shown in light green, magenta, green and red, respectively. The N-terminal and small domain are
shown in blue and yellow, respectively. The overall monomer structure of S195A/benzamide showing (b) the side view and (c) the top view and (d) the dimer structure, as
illustrated using MOLSCRIPT [40] and Raster3D [41]. RhAmidase, with a space group of P41212, has one molecule in the asymmetric unit. The biologically active dimer is derived by
applying crystallographic symmetry rules. A single monomer is shown and colored as described in panel (a). The symmetrical molecule is shown in grey. Note the extendedα-helical
N-terminal domain interacting with the other monomer. The bound benzamide is shown by the CPK model.
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Fig. 2 (continued).
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Fig. 1(b)). The activity was determined between 40 and 60 °C, and the
maximum was at 55 °C. Above 60 °C, the activity decreased sharply
(Fig. 1(c)).

The kinetic parameters of RhAmidase for the amide compounds
(acetamide, propionamide, acrylamide and benzamide) were calcu-
lated (Table 2). The Km values of three small amide compounds
(acetamide, propionamide and acrylamide) are relatively high
compared with that of benzamide. The kcat values are significantly
different among these substrates. The kcat/Km values were calculated
to be 1.14±0.23 mM− 1s− 1, 4.54±0.09 mM− 1s− 1, 0.087±
0.02 mM−1s−1, and 153.5±7.1 mM−1s−1, respectively. The most
preferable substrate is benzamide, and acrylamide was poorly
catalyzed. These results are similar to those of the amidase from
Rh. sp. R312 [31].

3.2. Structural determination of RhAmidase

The crystal structure of wild type RhAmidase was determined at
2.17 Å resolution. We then attempted to determine the structures of
the RhAmidase complexed with acrylamide, propionamide or benza-
mide using an inactive variant in which Ser195 was replaced by Ala
(S195A). The S195A mutation impairs the hydrolysis activity for each
substrate completely. Although we were able to obtain crystals of the
complexes with acrylamide and propionamide and diffraction data,
we were unable to interpret the electron density maps of the
acrylamide and propionamide due to the ambiguous electron density.
The problem appears to result from the small side-chains of these
substrates. On the other hand, the electron density map of benzamide
was visible in the structure of S195A complex with benzamide
(S195A/benzamide), andwe could determine the positions of the side
chains and the amide accurately. Finally, we could determine the
crystal structure of S195A in a complex with benzamide at 2.32 Å
resolution.

The crystal structures of RhAmidase and S195A/benzamide, with
a space group of P41212, both have one molecule with 508 residues
(2-509) of the 521 residues in the asymmetrical unit. The first
N-terminal residue, Met1, was probably deleted by processing in
E. coli, and the last C-terminal 12 residues appear disordered. The final
(2Fo-Fc) electron density maps of both crystal structures (contoured
at1 σ) showed that all atoms of the proteins, benzamide and solvent
molecules were well fitted. We analyzed the stereochemical quality of
the models using the program PROCHECK [39]. The structures were
refined to an Rwork/Rfree [38] of 0.201/0.233 (RhAmidase) and
0.199/0.232 (S195A/benzamide).
3.3. The overall structure of wild type RhAmidase and S195A/benzamide

A topological diagram showing the secondary structure of
RhAmidase is presented in Fig. 2(a). The r.m.s. deviation for the Cα
atoms betweenwild type RhAmidase and S195A/benzamide is 0.43 Å.
The binding of benzamide did not cause significant displacement of
the amino acid residues. Hereafter, we describe the structure of
RhAmidase using that of S195A/benzamide. The overall structure
of S195A/benzamide is shown in Fig. 2(b) and (c). The refined model
of RhAmidase has 15 α-helices and 18 β-strands. In the structure, 41%
of the residues occur in α-helices and 21% of the residues occur in β-
strands. The structure of RhAmidase can be divided into three
domains (Fig. 2(b)): the α-helical N-terminal domain, and the large
and small domains. The large and small domains form the core
structure. The large domain has a α/β structure, consisting of a
hydrophobic core of an 18 β-stranded β-sheet structure, with 8 α-
helices located on both sides of the β-sheet. The large domain contains
an AS sequence (residues 95-204), which forms the bottom of the
active site and is topologically homologous to known amidase
structures. The small domain has 5 helices (α9, α10, α11, α12 and
α13) located on the top of the large domain and 4 helices (α9-α12)
that are connected by short segments, forming a helix-turn-helix
motif-like structure. The α-helical N-terminal domain consists of
residues 2-53 and forms two α-helices. This N-terminus α-helix is
isolated from the core structure, but it interacts with the small domain
of the other monomer in the dimer, as discussed below.

3.4. The dimer structure of RhAmidase

The crystal structures of wild type RhAmidase and S195A/
benzamide in the asymmetric unit both form a dimer structure
related by the 2-fold crystallographic axis. The dimerization interface
is composed of two parts that interact through α−helices (interfaces
A and B, Fig. 2(d)). At the interface A, the N-terminalα-helical domain
(residues 2-53) participates in the main dimer interaction of
RhAmidase. Helix α2′ (residue 23-50) of the N-terminal domain of
its dimeric partner is covered by the groove that is formed by α9, α11
and α13 of the small domain. This helix hinders the exposure of the
solvent accessible surface. In addition, at the interface B, part of helix
α10 faces towards helix α2′ and α12′ of its dimeric partner. In the
dimer structure, the exposed surface area is 31,835 Å2 and the buried
surface area is 9,603 Å2. These results show that the N-terminal
domain and all helices of the small domain participate in forming the
dimer structure and that these interactions contribute to the
formation of a closely packed dimer structure. SEC-MALS measure-
ment of RhAmidase suggested that the quaternary structure of this
enzyme is a dimer structure, as mentioned above. This dimer
structure in the crystal is thought to be the same as the biologically
active dimer structure in solution. Every available amidase structure
has an α/β large domain that includes AS-specific sequence.
However, the position of the extended N-terminal domain in other
amidase structures is different from that of RhAmidase, in which it
forms a part of the core domain. The interaction of the N-terminal
domain in the core domain is thought to be the main driving force for
dimerization, which results in the novel amidase architecture.

3.5. The catalytic residues of RhAmidase

The active site is located in the middle of the core structure.
Structural and biochemical studies of AS family amidases have shown
that three residues are essential for substrate hydrolysis. In RhAmi-
dase, these residues are Ser171, Ser195 and Lys96. Fig. 3(a) and (b)
show the omit map for the binding of benzamide and the interactions
between the enzyme and the bound benzamide. Ser171 is in the
middle of the highly conserved Gly and Ser-rich loop region
(G169-G170-S171-S172-G173-G174). Ser171 is in an unusual cis



Fig. 3. The structure of the active site of RhAmidase. (a) The simulated annealing omit map of the bound benzamide in the S195A/benzamide complex. The contour level of the maps
is 4 σ (magenta) and 7 σ (blue). (b) A stereoview of the superposition of the Cα atoms at the active site of wild type RhAmidase (grey) and the S195A/benzamide (green) complex
structure, as illustrated using the programs MOLSCRIPT [40] and Raster3D [41]. Selected hydrogen bonds are depicted using dotted lines and the carbon atoms of the bound
benzamide and the three catalytic residues are shown in yellow and magenta, respectively.
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conformation (Fig. 3(b)), which is conserved in other AS family
enzymes [16,19,26,27]. Lys96 is in direct contact with the Oγ atom of
cisSer171 (2.9 Å). In addition, Lys96 makes hydrogen bonds with the
Oγ atom of Ser172 (3.0 Å) and the O atom of Gly190 (3.2 Å), which are
conserved in AS family enzymes. Thus, Lys96 and this hydrogen-
bonding network likely play a role in maintaining the orientation of
cisSer171. Superimposing the structures of the wild type and the
S195A/benzamide complex shows that the substrate amide carbon is
1.9 Å from the Ser195 Oγ atom (Fig. 3(b)). Therefore, Ser195 should
form a covalent bond with the substrate. This observation suggests
that Ser195 acts as the nucleophile and forms a covalent substrate-
enzyme intermediate in the course of the catalysis of RhAmidase. This
covalent modification of Ser is also observed in the structure of MAE2
[26,27] and GatAB [16]. Ser155 of MAE2 and Ser178 of GatAB form
tight covalent bonds with a pyrophosphoryl group and glutamine,
respectively.



Fig. 4. The surface of the active site of S195A/benzamide. An overview of the structure of
the surface of the active site of (a) themonomer and (b) the dimer of S195A/benzamide,
as illustrated using the program Pymol [42]. Helices α9 (residues; 320-344), α11
(374-389) and α13 (438-448) are shown using ribbon models. Helix α2′ from the
dimeric partner is shown in purple. The bound benzamide, located at the bottom of
active site, is shown using a ball-and-stick model.
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3.6. Benzamide binding to the active site

The active site is formed by residues in the loops between β3 and
β4 (residues 96-98), β7 and β8 (145-148), β9 and α5 (170-172), β10
andα6 (192-195) and β12 and β13 (222-224) from the large domain,
and a part of helix α13 (446-450) and α9 (328-338) from the small
domain. There are no hydrophilic residues in the active site, except for
the catalytic residues. Being surrounded by the hydrophobic residues
Phe146, Ile227, Trp328, Leu447 and Ile450, the active site is narrow
and hydrophobic.

Phe146, Ile227, Trp328, Leu447 and Ile450 make hydrophobic
interactions with the benzene ring of benzamide. In this binding
mode, the conformations of the side chains of Phe146 and Leu447 are
slightly different to those found in wild type RhAmidase; Phe146 is
close to the benzamide and Leu447 is apart from it, forming favorable
hydrophobic interactions. These residues may change their side chain
conformations to recognize the substrate, depending on the size or
shape of the substrate. The oxyanion hole, i.e., the four backbone
nitrogen atoms of Gln192 (2.9 Å), Gly193 (2.6 Å), Gly194 (3.3 Å) and
Ala195 (3.2 Å), interact directly with the amide oxygen of benzamide.
This suggests that these interactions stabilize the enzyme-substrate
intermediate during RhAmidase catalysis. Other residues that aid in
forming the active site cleft do not form contacts with benzamide.
These observations show that residues 192-195 are essential for
benzamide recognition.

3.7. The contribution of the N-terminal domain to the formation of the
substrate pathway in RhAmidase

Sequence analyses have shown that the N-terminal domain of
amidases is found in amidases from some Rhodococcus sp. and in
other bacterial amidases. However, a correlation between the N-
terminal domain and the functional properties of these amidases has
not been examined. The sequence of the N-terminal domain does not
share high homologywith any other proteins. We investigate here the
contribution of the N-terminal domain to substrate specificity using
structural analysis.

The substrate pathway formed by α9, α11 and α13, is observed
clearly on the surface of the structure of the RhAmidase monomer
(Fig. 4(a)). However, in the dimeric structures of wild type RhAmidase
and the S195A/benzamide complex, the N-terminal domain of the
dimeric partner is located far above the active site, covering the
substrate pathway (Figs. 2(d) and 4(b)). As a result of dimer
formation, the exposed surface area of the monomer interface
(2184 Å2) is reduced to 1044 Å2, and the width of the entrance of
the substrate pathway is reduced from 17 Å to about 8 Å. These
observations suggest that RhAmidase might show a preference for
small amide compounds as substrates. However, experimental results
show that RhAmidase has a low activity for short chain amides. As
shown in Fig. 3(a), the hydrophobic residues (Phe146, Ile227, Trp328,
Leu447 and Ile450) recognize the benzene ring of benzamide using
van der Waals (VDW) interactions. Using the S195A/benzamide
structure, we modeled the structures of the complexes with
acetamide, acrylamide and propionamide. In the modeled structures,
the methyl, ethylene and ethyl group of these amide compounds
made no VDW interactions with the hydrophobic residues, and this is
most likely the reason for the low activity of these three amide
compounds. Thus, RhAmidase may have very selective substrate
specificities that originate from its narrow hydrophobic pocket,
substrate pathway and recognition mechanism.

3.8. Comparison with other AS family amidases

RhAmidase exhibits low amino acid sequence homology with
other AS family proteins in the PDB (Bradyrhizobium japonicum
malonamidase (MAE2, PDB code; 1ock, 20% sequence identity) [26],
Stenotrophomonas maltophilica peptide amidase (Pam, PDB code;
1m22, 23% sequence identity) [25], Staphylococcus aureus glutamine
amidotransferase subunit A (PDB code; 2g5i, 25% sequence identity)
[16] and Thermotoga maritima Glutamyl-tRNA amidotransferase
subunit A (PDB code; 2gi3, 28% sequence identity). In spite of the
low amino acid sequence identity, the overall folding of these
enzymes was similar to RhAmidase except for the N-terminal domain.
As the large domain includes an AS sequence with high sequence
homology and structural similarities, the substrate specificities would
depend on the substantial variation in the number and composition of
amino acids in the small domain. In fact, in RhAmidase, three
hydrophobic residues (Trp328, Leu447 and Ile450) from the small
domain are involved in substrate recognition that are not conserved in
other AS family enzymes. Comparison of the structure of RhAmidase
with other AS family amidases (MAE2 and Pam) shows that the
substrate-binding pocket of RhAmidase is much narrower (Fig. 5(a)).
This is partly due to the presence of helix α13 (residues 438-450) in
RhAmidase. In both MAE2 (354-359) and Pam (463-468), this is a
loop region. This wide, open substrate-binding pocket of Pam
accounts for its substrate specificity for peptide amides, which are
large amide compounds. In MAE2, despite the small and hydrophilic
substrate (malonamate), the substrate-binding pocket remains wide
and open. However, the large hydrophilic residues, Arg113 and
Arg158 (MAE2 numbering), which are not conserved in the AS
sequence, protrude from the large domain, rather than helix α13 of
RhAmidase. Other large residues (Tyr183, His273 and Gln277) from



Fig. 5. A structural comparison between themembers of the AS family amidases. (a) A stereoview of the superposition of the Cαmodels of RhAmidase (pink), Pam (green) andMAE2
(cyan). Helicesα9 (residues; 320-344),α11 (374-389) andα13 (438-448) are shown using ribbonmodels, and the helices that occupy the equivalent positions toα9 (residues 356-
379 in Pam and 272-284 in MAE2) andα11 (402-415 in Pam and 299-311 in MAE2) of Pam andMAE2 are also shown using ribbon models. Helixα13 of RhAmidase is shown in red.
The bound benzamide is depicted using amesh-model. (b) A stereoview of the superposition of the Cα atoms of the oxyanion hole (residues 192-195) at the active site of the S195A/
benzamide complex (green) and the MAE2/malonamate complex (yellow) structure. The bound benzamide in the S195A/benzamide complex and the malonamate in MAE2/
malonamate complex structure are shown in grey and magenta, respectively. The residue number of MAE2 is labeled with “⁎”.
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the small domain form a hydrophilic, narrow active site that
recognizes malonamate, as shown in Fig. 5(b). Thus, the small domain
clearly participates in substrate recognition and is responsible for the
different substrate specificities in the AS family of amidases.

Here, we have reported the preliminary characterization and
crystal structure of RhAmidase, and we propose the substrate
recognition mechanism. However, we could not obtain detailed
information about the structure-function relationship, e.g., why the
hydrolytic activity of RhAmidase should be so different between
propionamide and acrylamide. Further biochemical studies are
necessary to provide more detailed information about the catalytic
mechanism and the substrate specificities of the AS family of enzymes.
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