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ABSTRACT: DADH catalyzes the flavin-dependent oxidative deamination of b-amino acids to the correspond-
ing a-keto acids and ammonia. Here we report the first X-ray crystal structures of DADH at 1.06 A resolution
and its complexes with iminoarginine (DADH,.q4/iminoarginine) and iminohistidine (DADH,.q/imi-
nohistidine) at 1.30 A resolution. The DADH crystal structure comprises an unliganded conformation and
a product-bound conformation, which is almost identical to the DADH,.q/iminoarginine crystal structure.
The active site of DADH was partially occupied with iminoarginine product (30% occupancy) that interacts
with Tyr53 in the minor conformation of a surface loop. This flexible loop forms an “active site lid”, similar to
those seen in other enzymes, and may play an essential role in substrate recognition. The guanidinium side
chain of iminoarginine forms a hydrogen bond interaction with the hydroxyl of Thr50 and an ionic interaction
with Glu87. In the structure of DADH in complex with iminohistidine, two alternate conformations were
observed for iminohistidine where the imidazole groups formed hydrogen bond interactions with the side
chains of His48 and Thr50 and either Glu87 or GIn336. The different interactions and very distinct binding
modes observed for iminoarginine and iminohistidine are consistent with the 1000-fold difference in k¢,/ K
values for p-arginine and p-histidine. Comparison of the kinetic data for the activity of DADH on different
p-amino acids and the crystal structures in complex with iminoarginine and iminohistidine establishes that
this enzyme is characterized by relatively broad substrate specificity, being able to oxidize positively charged

Biochemistry 2010, 49, 8535-8545 8535

and large hydrophobic p-amino acids bound within a flask-like cavity.

All the standard amino acids except glycine can exist as either
L- or D-optical isomers. L-Amino acids are predominant in proteins
synthesized by all living organisms. p-Amino acids are important
for bacteria as fundamental elements of the bacterial cell wall
peptidoglycan layer (/). Several p-amino acids, b-leucine, p-met-
hionine, p-tyrosine, and D-tryptophan, were recently reported to
regulate disassembly of bacterial biofilms (2). Also, specific D-amino
acids have been discovered in many physiological processes
in vertebrates, including humans (3). Dunlop et al. identified
p-aspartate in the brain and other tissues of mammals and
suggested it may play a role in regulating the development of these
organs (4). p-Serine was identified at significant levels in rat brain,
at about a third of the level of L-serine (5). Moreover, p-serine in
the rat brain is distributed in close association with N-methyl-p-
aspartate (NMDA), and it may act as an endogenous agonist of
the NMDA receptor in mammalian brains (3).

Conversion of L- and p-amino acids in living organisms is
commonly catalyzed by racemases. Various amino acid racemases
have been identified in bacteria, archaea, and eucaryotes includ-
ing mammals. These racemases are classified into two groups:
pyridoxal 5-phosphate- (PLP-) dependent and independent
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enzymes (3). In mammals, p-serine racemases and D-aspartate
racemases are the most intensively studied enzymes due to their
involvement in cell aging and neural signaling (6, 7). In bacteria,
p-amino acids are deaminated by flavin-dependent dehydro-
genases (8), allowing the bacteria to grow using p-amino acids
as the sole carbon, nitrogen, and energy source, in a concentra-
tion-sensitive manner, since some D-amino acid analogues have
toxic effects on bacterial growth (9, 10).

Pseudomonas aeruginosa, an opportunistic human pathogen,
can grow with p-arginine as the sole source of carbon and nitrogen
(/1). p- to L-arginine racemization by two coupled dehydro-
genases serves as prerequisite of p-arginine utilization through
L-arginine catabolic pathways (/2, 13). One enzyme is an FAD-
dependent catabolic DADH,' and the other is an NAD(P)H-
dependent anabolic LADH. DADH catalyzes the conversion of
p-arginine into 2-ketoarginine and ammonia, and LADH con-
verts 2-ketoarginine to L-arginine. In order to understand the
reaction mechanism and substrate specificity of DADH, the crystal
structure of DADH was determined at the atomic resolution of
1.06 A, while the structures of DADH crystallized in the presence
of p-arginine and p-histidine were both determined at 1.30 A
resolution. Well-defined electron density for the noncovalently
bound FAD and imino intermediate of the reaction allowed

! Abbreviations: DADH, p-arginine dehydrogenase; LADH, L-argi-
nine dehydrogenase; DAAD, p-amino acid dehydrogenase; pDAAO,
porcine p-amino acid oxidase; hDAAO, human p-amino acid oxidase;
LAAO, r-amino acid oxidase; PMS, phenazine methosulfate; rmsd,
root-mean-square deviation.
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detailed analysis of the enzyme active site. A loop region with
alternative conformations was identified in the DADH structure
and is involved in substrate binding. Very distinct binding modes
were observed for iminoarginine and iminohistidine, in agree-
ment with detailed kinetic analysis on substrate specificity repor-
ted previously (/4) and in this paper. The structural character-
istics described here provide insights into substrate recognition
and the catalytic reaction mechanism of DADH.

EXPERIMENTAL PROCEDURES

Materials. p-Amino acids and L-amino acids were from Alfa
Aesar and Sigma-Aldrich (St. Louis, MO). Phenazine methosul-
fate (PMS) and phenylmethanesulfonyl fluoride (PMSF) were
obtained from Sigma-Aldrich (St. Louis, MO). All of the other
reagents were of the highest purity commercially available.

Expression and Purification of DADH and SeMet-
DADH. Hexahistidine-tagged DADH was expressed in
Escherichia coli TOP10 and purified as described previously (13).
No FAD was added during expression and purification. The
selenomethionine (SeMet) DADH protein was prepared follow-
ing a protocol with slight modifications as described in a previous
study (/5). DTT (10—20 mM) was incorporated in the buffer
throughout the purification steps in order to avoid oxidation of
selenium. Mass spectrometry confirmed that about 88% of the
eight methionines were replaced by Se-Met.

Crystallization and X-ray Data Collection. Purified
DADH and SeMet-DADH were concentrated to 6 and 3 mg/
mL, respectively, in 50 mM Tris at pH 7.5. Crystals were grown
by the hanging drop vapor diffusion method using a well solution
of 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) pH 6.5—
7.0, 5% glycerol, and 6—10% (w/v) PEG6000. Crystals can grow
to a size of 0.1—0.2 mm® within 2 weeks. DADH was cocrys-
tallized with p-arginine or p-histidine under similar conditions
using a 1:10 molar ratio of the enzyme (~0.15 mM) to substrate.
The crystals were soaked in the reservoir solution with 20%
glycerol as cryoprotectant for ~1 min and frozen immediately in
liquid nitrogen. X-ray data were collected at 100 K on beamline
22-ID of the Southeast Regional Collaborative Access Team
(SER-CAT) at the Advanced Photon Source, Argonne National
Laboratory. Single-wavelength anomalous diffraction (SAD)
data for SeMet-DADH were collected at the wavelength of
0.97182 A (high energy remote) on beamline 22-BM of SER-
CAT at Argonne National Laboratory.

Structure Determination and Model Refinement. The
X-ray data were integrated and scaled using HKL.2000 (/6).
Program SGXPRO was used to perform phasing and automatic
tracing with scaled but unmerged SeMet-DADH data (/7). With
this approach, 331 of the 381 residues (375 amino acids residues
of the enzyme and the N-terminal hexahistidine tag) (~87%)
were successfully built. This model was then used for automated
model building by ARP/WARP (78), in which 96% of the
structure was fit. The structure of SeMet-DADH was then
employed to solve the native DADH data set (1.06 A) by
molecular replacement using PHASER (/9) in the CCP4i suite
of programs (20). Notably, all of the FAD atoms were distinctly
visible in the electron density maps. FAD was refined with 100%
occupancy. The structure of DADH was used to solve the
structures of DADH cocrystallized with p-arginine or p-histidine
by molecular replacement. Crystal structures were refined with
SHELX97 (21). Manual adjustments and rebuilding were per-
formed using the molecular graphics program COOT (22). The
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structures of DADH cocrystallized with p-arginine and p-histi-
dine showed difference density for iminoarginine and iminohis-
tidine, respectively, bound at the enzyme active site, as observed
for p-amino acid oxidase crystallized in the presence of
D-tryptophan (23). The p-amino acids are converted enzymatically
to imino acids (R—C=NH), which then dissociate from the
enzyme and are hydrolyzed to the final keto acids (R—C=0)ina
nonenzymatic reaction. The iminoarginine was refined with
100% occupancy, while two alternate conformations were visible
for the iminohistidine that refined to relative occupancies of 60%
and 40%. Further analysis showed that the structure of DADH,
which was crystallized without added p-amino acids, contained
extra density for a low occupancy iminoarginine adjacent to a
disordered loop showing two alternate conformations. This
structure was refined with two conformers corresponding to
70% occupancy of a ligand-free, open conformation DADH and
30% occupancy of iminoarginine bound to a closed conforma-
tion of DADH. Higher peaks in the 2F, — F, electron density
(>50) were observed for the two main-chain oxygen atoms of
iminoarginine, while smaller density peaks (~1.30) were visible
for other atoms. Therefore, in the ligand-free conformation, two
water molecules were refined near the carboxylate oxygen atoms
of iminoarginine. Solvent molecules were inserted at stereoche-
mically reasonable positions based on the peak height of the
2F, — F. and F, — F, electron density maps, hydrogen bond
interactions, and interatomic distances. Anisotropic B-factors
were refined for all of the structures. Hydrogen atom positions
were included in the last stage of refinement using all data.

Sequence similarity searches were performed using BLAST
(24). Protein structures were superimposed on Ca atoms by using
the secondary structure matching (SSM) module in COOT (25).
Figures of the structures were generated with PYMOL (http://
www.pymol.org).

Enzyme Assay. The determination of the apparent steady-
state kinetic parameters was carried out by measuring initial rates
of reaction with an oxygen electrode at varying concentrations of
the p-amino acid substrate and a fixed concentration of 1 mM for
PMS as electron acceptor. The reaction mixture (1 mL) was first
equilibrated with organic substrate and PMS at the desired
concentrations before the reaction was started by the addition
of DADH. Enzyme assays were conducted in 20 mM Tris-HCI,
pH 8.7, 25 °C. All reaction rates are expressed per molar
concentration of enzyme-bound flavin.

RESULTS

Overall Structure of DADH. The DADH was crystallized
without the addition of FAD or p-amino acid, and the structure
was solved in the orthorhombic space group P2,2,2; with one
molecule per asymmetric unit using single anomalous dispersion
(SAD) phasing and automated tracing. The structure was refined
to an R-factor of 13.2% at 1.06 A resolution. Structures were
obtained also for DADH crystallized with substrates p-arginine
or p-histidine under similar conditions. The structures were
solved in the same space group P2,2,2; by using molecular
replacement with the DADH structure as a template and were
both determined at the resolution of 1.30 A and refined to R-
factors of 13.4% and 12.8%, respectively. The crystallographic
data and refinement statistics are summarized in Table 1. In the
three structures, all 375 DADH residues and N-terminal hexa-
histidine tag were defined clearly in the electron density map.
Further analysis of the N-terminus of the structure revealed that
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Table 1: Crystallographic Data Collection and Refinement Statistics

SeMet-DADH DADH DADH/p-Arg DADH/p-His
data collection statistics
redox state of flavin mixed” reduced reduced
wavelength (A) 0.97182° 0.99999 1.00000 1.00000
space group P212]21 P21212] P212|21 P2|212]
a(A) 62.65 62.18 62.17 62.10
b (/QX) 78.21 78.08 78.43 78.15
¢ (A) 89.47 89.72 89.95 89.59
resolution range (A) 50—1.50 50—1.06 50—1.30 50—1.30
total observations 1016247 1258212 600949 627618
unique reflections 70270 190545 98021 97110
completeness 99.7 (98.0)° 96.2 (69.1) 90.6 (53.9) 90.4 (54.7)
{Jo(D)) 27.6 (16.6) 26.5(2.3) 18.5(2.7) 31.8(3.2)
Rgym (%) 7.6 (18.1) 6.2 (41.4) 8.2 (37.3) 4.9 (30.6)
figure of merit 0.72
A —4.2234
f" 3.7853
refinement statistics
resolution range (A) 10—1.06 10—1.30 10—1.30
Ryork (%) 13.2 13.4 12.8
Riree (%) 15.9 16.6 16.3
mean B-factor (A% 16.0 15.9 17.5
protein 14.4 14.6 16.1
FAD 7.3 6.5 8.3
ligand 29.5 37.0 16.3
water 27.9 29.7 31.8
no. of atoms
protein 3102 2961 2971
FAD 53 53 53
ligand 12 12 22
water 467 358 367
rms deviations
bond length (A) 0.017 0.013 0.012
angle? 0.035 0.031 0.030

“The DADH structure contains both ligand-free and product-bound conformations. *The SeMet-DADH data were collected at the wavelength of high

energy remote. “Values in parentheses are given for the highest resolution shell. “The angle rmsd in SHELX97 is indicated by distance in A.

the His-tag residues form several direct or water-mediated polar
interactions with residues from symmetry-related molecules,
which stabilize the flexible terminus. Overall, the three structures
are almost identical with pairwise rmsd values of 0.10—0.11 A for
381 Ca atoms. The protein folds into two domains: an FAD-
binding domain and a substrate-binding domain (Figure 1). The
FAD-binding domain includes residues 1—82, 147—217, and
309—375. It consists of a central six-stranded -sheet surrounded
by five a-helices on one side and a three-stranded antiparallel /-
sheet with two a-helices on the other side. The substrate-binding
domain is formed by residues 83—142 and 218—297 and consists
of an eight-stranded S-sheet and two short antiparallel S-strands
forming a sandwich surrounded by four o-helices. The substrate-
binding site was identified near the re face of the FAD 7.8-
dimethylisoalloxazine ring at the interface of the two domains.
FAD-Binding Site. DADH contains a noncovalently bound
FAD cofactor as identified in the X-ray crystal structures. All
non-hydrogen atoms of the FAD were clearly visible in the
electron density map (Figure 2A). The flavin adopts an elongated
conformation with the adenine ring buried inside the FAD-
binding domain and the isoalloxazine ring located at the interface
of the two domains. The adenine portion of the cofactor points
toward the flavin binding domain and the 7,8-dimethylisoallox-
azine ring is directed toward the interface of the two domains,
similar to the FADs observed in other flavin-dependent enzymes,
such as L-proline dehydrogenase (26), p-amino acid oxidase (27),

FiGure 1: Overall structure of DADH with iminoarginine. The
DADH structure is shown in cartoon representation. Iminoarginine
and cofactor FAD are shown as sticks and colored magenta and red,
respectively. Loops that contribute to the active site are colored
green.

and L-amino acid oxidase (28, 29). Asillustrated in Figure 2B, the
ribose ring moiety has hydrogen bond interactions with the side
chain of Glu32, two water molecules, and the main-chain atoms
of Arg33 and Alal71. Numerous hydrogen bonds are present
between the phosphate groups and the peptidyl atoms of Alal4,
Thr42, Gly331, and four water molecules. The central part of the
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FIGURE 2: (A) The 2F, — Felectron density map of FAD contoured
at 20 illustrates the high quality of the 1.06 A resolution structure.
FAD (colored by element type) adopts an elongated conformation.
(B) Schematic diagram of the flavin—apoprotein interactions in the
product-bound DADH conformation. Hydrogen bonds are indi-
cated by dashed lines. The flavin cofactor is colored blue. For clarity,
H atoms are not shown.

conserved glycine-rich sequence GXGXXG in the N-terminal
region of the polypeptide is part of an a-helix (residues 13—25)
that points toward the phosphate group and is assumed to
contribute to the stabilization of the two negative charges of
the diphosphate (30). The 2'-OH and 4’-OH of the ribityl moiety
of the cofactor establish hydrogen bond interactions with Ser41,
Thr42, and Ser45. The 3’-OH group interacts with peptidyl atoms
of Gly331 and Gly334.

The 7,8-dimethylisoalloxazine is sharply bent between the two
planes containing the benzene and pyrimidine moieties, defining
a 15° angle along the N5—N10 axis. This conformation is in
agreement with several other crystallographic structures of
flavin-dependent enzymes in which the flavin is in the reduced
state (37). The pyrimidine portion of the 7,8-dimethylisoallox-
azine ring interacts through several hydrogen bonds with back-
bone atoms of the protein (i.e., C2=0 atom with N atom of
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I1e335, GIn336, N3—H atom with the O atom of His48 and a
water molecule, and C4=0 atom with the N atom of His48). The
benzene portion of the 7,8-dimethylisoalloxazine ring is excluded
from solvent and forms van der Waals contacts with Argd4,
Arg222, Trp301, Gly303, and Arg305.

Interactions of DADH with Iminoarginine. In order to
investigate the structural basis for the substrate recognition of
DADH, the enzyme was crystallized with p-arginine that was
converted to iminoarginine. Iminoarginine binds with the plane
formed by its Co atom, carboxylate group, and imino group
approximately parallel to the re face of the flavin, while the side
chain points away from the FAD (Figure 3A). The a-carbon of
the iminoarginine is 3.3 A away from the FAD NS5 atom, which is
compatible with direct involvement of these atoms in the arginine
oxidation catalyzed by DADH. The iminoarginine imino group
is pointed out of the plane of the carboxylate atoms and can form
a 2.9 A long hydrogen bond interaction with the FAD O4 atom
(Figure 3B). Several DADH residues form extensive polar
interactions with the two main-chain carboxyl oxygen atoms of
iminoarginine that anchor the ligand in the active site. One of the
iminoarginine carboxyl oxygen atoms forms hydrogen bonds
with the side-chain hydroxyl of Tyr53, the guanidinium side
chain of Arg305, and the carbonyl oxygen of Gly332. The other
ligand carboxyl oxygen forms hydrogen bonds with the side-
chain nitrogen of Arg222 and side-chain hydroxyl of Tyr249.
Two water molecules are located near the ligand imino group and
form a hydrogen bond network extending to the imidazole side
chain of His48. The side chain of iminoarginine forms hydro-
phobic interactions with the Val242 side chain and a hydrogen
bond interaction with the hydroxyl of Thr50. A strong ionic
interaction (2.5 A distance between pairs of O and N atoms) was
observed between the guanidinium group of iminoarginine and
the carboxylate group of Glu87. Hence, Glu87 may play an
important role in the high specificity of DADH for p-arginine, in
agreement with the kinetic analysis on substrate specificity of
DADH reported previously (/4) and performed in this study
(vide infra).

Interactions of DADH with Iminohistidine. The structure
of DADH was also determined for crystals grown in the presence
of p-histidine, thereby yielding a DADH,4/iminohistidine com-
plex. The iminohistidine binds to the DADH active site in two
discrete conformations with clear density for the overlapping Cou
atoms and carboxylate groups and weaker density for the
alternate positions of the side chains (Figure 3C). The two
iminohistidine conformations are related by a rotation of
approximately 180°. In fact, there might be two additional
conformations that are indistinguishable in this structure due
to the potential 180° rotation of the imidazole ring. The imidazole
orientation showing more hydrogen bond interactions with
DADH is illustrated in Figure 3D. The main-chain atoms of
conformation A (60% occupancy) lie nearly parallel to the
isoalloxazine ring of FAD, whereas its imidazole side chain is
rotated by about 30°. The iminohistidine atoms of conformation
B (40% occupancy) all lie on the same plane. DADH residues
Tyr53, Arg222, Tyr249, Arg305, and Gly332 form conserved
polar interactions with the ligand main-chain oxygen atoms in
both conformations (Figure 3D). The imino group of the ligand
forms a polar interaction with Gly332 in conformation A and
with the hydroxyl of Tyr249 in conformation B. In both
conformations the side chain of iminohistidine forms hydrogen
bonds with the side chain of His48 and the hydroxyl of Thr50.
The imidazole group also interacts with the side chain of Glu87
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FiGuRrE 3: DADH interactions with iminoarginine (A, B) and iminohistidine (C, D). Carbons are colored yellow for DADH active site residues
and green for the imino acids. FAD is represented by its isoalloxazine ring in magenta. The F, — F. omit map of the ligand is indicated as blue mesh
and contoured at 30. Dashed lines represent hydrogen bonds and ionic interactions.

and the O4 of FAD in conformation A and the side chain of
GIn336in conformation B. When the imidazole is rotated by 180°
the interactions with His48, Thr50, and GIn336 are retained for
conformation B. The interactions of conformation A with Glu87
and FAD are lost, however, suggesting they are not critical since
they appear in only one of four possible conformations of
iminohistidine.

Conformational Flexibility of the Active Site. No sub-
strate or other ligand was added to the protein solution during
crystallization of the DADH. However, the solved ligand-free
structure contained weaker density at the substrate-binding site
that was fit by 30% occupancy of the iminoarginine reaction
product. It is possible that the ligand was trapped during the
bacterial expression of the protein, as observed for other enzymes;
for example, a tetrahedral reaction intermediate was discovered in
the crystal structure of bacterial Est30 (/5). The iminoarginine
lies adjacent to residues 50—56 of loop L1 with two alternate
conformations that were refined with 0.7/0.3 relative occupancy
(Figure 4A). This loop had a single well-defined conformation in

the electron density for structures of DADH with iminoarginine
and iminohistidine that corresponds to the lower occupancy
conformation in the ligand-free structure. Therefore, the crystal
structure of DADH contains both ligand-free and product-bound
conformations, which suggests that a conformational change
occurs in the adjacent loop regions upon binding of the substrate.
Comparison of the two conformations of DADH revealed distinct
changes in two regions of loop L1: residues 50— 56 adjacent to the
imino product and residues 45—47 near the flavin ring of FAD.
One of the major conformational changes between the ligand-
free and the product-bound conformations in the DADH
structure was observed at the substrate-binding site for residues
50—56 of loop L1 region (Figure4B). Four loops (L1, residues
33—56; L2, 244—248; 1.3, 261-276; L4, 329—336) form a flask-
like substrate-binding pocket. The binding pocket has a small
entrance but expands at the bottom near FAD. The iminoargi-
nine product binds to DADH in a similar manner as observed in
the structures of pPDAAO/iminotryptophan (23) and hDAAO/
iminoserine (32). In the ligand-free conformation, the side chain


http://pubs.acs.org/action/showImage?doi=10.1021/bi1005865&iName=master.img-002.jpg&w=500&h=444

8540  Biochemistry, Vol. 49, No. 39, 2010

Fu et al.

ligand-free conformation

(A)

)

Active site lid
Loop-1

Ficure 4: Conformational flexibility of DADH structure. (A) The DADH structure comprises two conformers: a 30% occupied population with
iminoarginine product and a 70% one without ligand. The iminoarginine and its adjacent loop region with low occupancy (product-bound
conformation) are shown as green sticks. The F, — F, omit map of this region (red mesh) is contoured at 2.50. The corresponding loop region with
high occupancy (ligand-free conformation) is shown as blue sticks. (B) Comparison of ligand-free conformation (green) and product-bound
conformation (magenta) atloop L1 (residues 33—56) and L2 (residues 244—248) regions in DADH structure. Ala46, Tyr53, and iminoarginine are
represented as sticks. A hydrogen bond (black dotted line) is formed between Tyr53 and iminoarginine in the product-bound conformation.
(C) Conformational change of residues Ser45-Alad6-Ala47 at the si face of flavin ring. Ser45 in the ligand-free conformation (green carbon atoms)
formsa 3.0 A hydrogen bond with the FAD N5 atom (gray carbon atoms). Ala46 forms a 3.3 A long hydrogen bond with the N5 atom of FAD in

the product-bound conformation (yellow carbon atoms).

of Tyr53 points away from the active site and forms a hydrogen
bond with Thr137, whereas in the structure of the product-bound
enzyme, the aromatic ring of Tyr53 moves into the active site and
forms hydrogen bonds with the carboxyl oxygen of the imino
acid and also the side chains of Glu246 and Arg305. Other
residues also form different interactions in the two conformations
of this loop. In the ligand-free conformation, the side chain of
Thr50 forms hydrogen bonds with Asp39 and Ala52, while Gly54
and Thr55 both form polar interactions with Arg59. In the
product-bound conformation, Thr50 interacts with Glu87 and
GIn336, and its main-chain peptidyl oxygen forms a hydrogen
bond with the main-chain amide of Tyr53. The hydroxyl side
chain of Thr55 forms a hydrogen bond with Asp312. The
interactions of Tyr53 and Thr30, in particular, stabilize the
ligand bound in the active site, suggesting that this flexible loop
L1 region may act as a lid controlling substrate accessibility to the
active site. The shape and flexibility of the active site enable
DADH to control the entrance of substrates and accommodate a
variety of substrates.

The second region showing significant differences in the
ligand-free and product-bound conformations comprised resi-
dues 45—47 at the N-terminal end of loop L1, which is located at

the si face of the flavin ring (Figure 4C). This region possesses two
conformations in the DADH structure and shows a single well-
defined conformation in the structures of DADH with high
occupancy products. In the ligand-free conformation, the Ser45
hydroxyl group forms a hydrogen bond with the flavin N5 atom,
and the side chain of Ala46 is pointed away from FAD. In the
product-bound conformation, this region is flipped about 90°
with the side chain of Ser45 pointed away from FAD and the
Ala46 side chain approaching closer to the FAD. This structural
change causes the loss of the hydrogen bond interaction between
Ser45 and FAD, and instead, a new hydrogen bond is formed
between the main-chain amide of Alad6 and the NS of FAD. A
similar interaction was reported between the Ala49 of pDAAO
and its FAD N5 atom (23, 27). Due to the conformational
changes of residues 50—56 and 45—47 in the loop L1 region, the
active site of DADH shrinks by about 3.8 A when the product is
bound. The distances between the Ca atoms of Ala46 and Tyr53
are 17.5and 13.7 A in the ligand-free conformation and product-
bound conformation, respectively (Figure 4B). Loop L2 also has
a slight conformational change and moves about 0.7 A closer to
loop L1 based on the distances between the Ca atoms of loop L1
Tyr53 and loop L2 Asp245.
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Table 2: Steady-State Kinetics of DADH“

substrates keat/ K M7 571 keats 87" K, mM
D-arginine (3.440.3) x 10° 204 £3 0.06 £ 0.01
D-lysine (5340.2) x 10° 141 +£3 0.26 + 0.01
D-tyrosine 27600 £ 3800 23+1 0.8+0.1
p-methionine 14800 £ 600 154 +3 10 £+ 1
p-phenylalanine 6900 £ 300 7543 I1+1
p-histidine 3140 + 30 35+1 11+1
D-leucine 515 £ 60 6.4+£03 2+1
D-proline 420 + 10 —b -
D-tryptophan 245+ 3 - -
D-isoleucine 195+3 - -
D-valine 47 £ 1 - -
D-alanine 41 £ 1 - -
D-glutamine 186 + 3 - -
D-asparagine 161 - -
D-serine 38£0.1 - -
D-threonine 0.75 £ 0.01 - -
D-glutamate - - -
D-asparate - - -
L-arginine - - -
glycine - - -
D-cysteine nd* nd nd

“Enzyme activity was measured at varying concentrations of substrate
and 1 mM PMS in 20 mM Tris-HCI, pH 8.7, at 25 °C. “Cannot be saturated
with the substrate; thereby k., and K, values are not reported. “Not
determined. PMS was reduced by cysteine.

Substrate Specificity. The steady-state kinetic parameters
were determined by measuring initial rates of reaction with
various D-amino acids in 20 mM Tris-HCI, pH 8.7 at 25 °C.
With both p-arginine and p-histidine as substrates for DADH,
the K, value for PMS is ~10 uM at pH 8.7; moreover, with both
substrates the enzyme displays a ping-pong bi-bi steady-state
kinetic mechanism (H. Yuan and G. Gadda, unpublished
results). The concentration of the electron acceptor PMS was
kept fixed at | mM PMS, ensuring saturation of the enzyme
during steady-state turnover. The k., values determined in this
study were larger than those previously reported (/4), which were
expressed per molar concentration of protein rather than enzyme-
bound flavin. As illustrated in Table 2 the enzyme showed
substrate preferences for amino acids with positively charged side
chains, of which p-arginine appears to be the best substrate.
D-Lysine, D-tyrosine, and p-methionine were also good substrates.
In contrast, p-glutamate, p-aspartate, L-arginine, and glycine
were not detectably oxidized by the enzyme. Cysteine could not
be assayed due to its nonenzymatic reaction with PMS in the
enzyme reaction mixture.

DADH Recognition of Iminoarginine and Iminohisti-
dine. Comparison of the structures of DADH in complex with
iminoarginine and iminohistidine reveals the molecular basis for
the relatively broad substrate specificity of this enzyme. The
internal cavity of the substrate-binding site has a triangular cross
section with a narrow entrance at the top, as shown in Figure 5
(DADH residues Tyr53, Gly332, and GIn336 were removed to
view the internal site). The bottom of the cavity extends about
14.9 A from loop L1 to loop L3 and 14.1 A from loop L2 to loop
L4. The depth of this substrate-binding pocket is about 10 A from
the Caatom of Gly54 in loop L1 to the FAD O2 atom. The main
chain of iminohistidine is located almost on the same plane and
parallel to the isoalloxazine ring of FAD; however, the side chain
of iminoarginine lies almost perpendicular to the isoalloxazine
ring of FAD. The main-chain atoms of iminoarginine are very
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FIGURE 5: Comparison of DADH structures in complex with imi-
noarginine and iminohistidine. DADH active site residues (green
sticks) line the interior of the substrate-binding pocket (Thr53,
Gly332, and GIn336 were omitted for clarity). Iminoarginine (red)
and iminohistidine (blue) bind to the active site in very distinct
conformations. FAD is represented by its isoalloxazine ring in green.

close to those of iminohistidine and form similar polar interac-
tions with the DADH residues Tyr53, Arg222, Tyr249, Arg305,
and Gly332. Since the binding pocket interactions with the main
chain of the substrate are conserved, DADH has a broad
substrate specificity for a variety of p-amino acids, as shown in
Table 2 and reported previously (/4). The different side-chain
interactions with DADH are presumed to be responsible for the
specificity differences. The longer p-arginine side chain fits well in
the large substrate-binding pocket of DADH, while the smaller
p-histidine cannot fill the cavity, which is consistent with the
differences in catalytic activity for the two substrates.

Structural Comparison with Related Proteins. Determi-
nation of the crystal structure of DADH allows a detailed
comparison with other mechanistically related flavin-dependent
oxidoreductases. Analysis of the sequences and structures
showed that DADH shares low sequence identity (<20%) but
similar three-dimensional structures with the L-proline dehydro-
genase S-subunit (18.5% sequence identity, rmsd 2.2 A for 342
Cocatoms (26)), heterotetrameric sarcosine oxidase (18.4% sequence
identity, rmsd 2.2 A for 339 Ca atoms (33)), pDAAO (17.2%
sequence identity, rmsd 2.4 A for 270 Ca.atoms (27)), and LAAO
(16.4% sequence identity, rmsd 3.0 A for 245 Ca atoms (29)). For
a detailed comparison of the overall structure and active site
geometry, we have chosen the structures of the enzyme complexes
with dicarboxylate ligands: pDAAO from pig kidney in complex
with iminotryptophan (PDB entry 1DDO (23)) and LAAO from
Rhodococcus opacus in complex with r-alanine (PDB entry
2JBI1 (29)).

pDAAO and LAAO both are homodimeric enzymes formed
by two subunits interacting through their helical domain or
substrate-binding domain, respectively (27—29). Structural
superimposition indicates that the overall structure of DADH
resembles the monomer structures of pDAAO and LAAO
(Figure 6). DADH and LAAO share the same topology for the
FAD-binding domain in which a central S-sheet is surrounded by
a-helixes on one side and a three-stranded antiparallel S-sheet on
the other side. However, in the FAD-binding domain of
pDAAO, an a-helix is observed instead of the three-stranded
antiparallel S-sheet located in DADH (Figure 6A). All three
enzymes contain a large -pleated sheet in the substrate-binding
domain, while the orientation of this pS-sheet in LAAO is
significantly different from those in DADH and pDAAO. Two
extra (-strands are observed for LAAO at the Gly57—Cys70
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FIGURE 6: Structural comparison of DADH with pDAAO (A) and
LAAO (B). DADH is shown in green cartoon representation while
pDAAO and LAAO are colored in light blue with red regions
indicating their major structural differences compared to DADH.
FAD is represented by sticks in green and light blue corresponding to
the compared structures. The ligands are iminoarginine in DADH
(magenta), iminotryptophan in pDAAO (orange), and L-alanine in
LAAO (orange).

region (Figure 6B). Furthermore, the helical domain involved in
dimerization of LAAO is absent from the structures of DADH
and pDAAO.

The substrate-binding sites of these three enzymes are all
located near the re face of the FAD isoalloxazine ring at the
interface of the FAD-binding and substrate-binding domains.
Despite the opposite orientation of r-alanine bound to LAAO
compared to the binding mode of ligands in the DADH and
pDAAO complexes, similar protein—ligand interactions are
retained among the three enzymes. The specific arrangement of
active site residues is suggested to be responsible for the strict
enantioselectivity of each enzyme (23, 27—29). In the pPDAAO/
iminotryptophan complex, the carboxylate group of the ligand
forms a salt bridge with the guanidinium side chain of Arg283
(Figure 7A). Similar interactions are formed between r-alanine
and Arg84 in the structure of LAAO/L-alanine (Figure 7B).
However, in the DADH,.q4/iminoarginine complex, this ionic
interaction is replaced by interactions between the ligand and two
arginines: Arg222 and Arg305. The carboxylate oxygen atoms of
the ligands also form polar interactions with Tyr53, Tyr249, and
Gly332 of DADH and Tyr224, Tyr228, and Gly313 of pDAAO,
respectively. L-Alanine forms similar interactions with the polar
residues GIn228 and Tyr371 of LAAO. The side chains of these

(A)

Alad66

o Ared0s

FiGURE 7: Comparison of the active sites of DADH, pDAAO, and
LAAO. The active site of DADH (yellow) is superimposed on that of
pDAAO (A, light blue) and LAAO (B, light blue) along the FAD
isoalloxazine ring. Iminoarginine in DADH (magenta carbon atoms)
and iminotryptophan in pDAAO (cyan carbon atoms) and L-alanine
in LAAO (cyan) are shown as sticks. FAD is represented by its
isoalloxazine ring.

ligands form distinct interactions with enzyme residues. In
DADH iminoarginine forms strong ionic interactions with
Glu87 and a hydrogen bond with Thr50. In contrast, in pDAAO
the indole side chain of iminotryptophan is surrounded by several
hydrophobic residues (Ala49, Leu51, le215, 11230, and Tyr228).
The short side chain of r-alanine interacts with several hydro-
phobic residues, Trp426, Ala466, and Trp467 of LAAO. These
similarities and differences in interactions are presumed to be
important determinants of their different substrate specificities.

DISCUSSION

An “Active Site Lid” Controls Substrate Accessibility.
Interestingly, the atomic resolution DADH crystal structure
demonstrates two conformations corresponding to the ligand-
free and product-bound forms. A loop covering the active site
shows a substantial conformational change between the two
forms. A similar loop region described as an “active site lid” was
reported in the structure of pDAAO (residues 216—228 (27)). Itis
hypothesized that this lid switches between closed and open con-
formations to allow substrate binding and product release (27). A
similar “loop-and-lid” structure has been assigned in some of the
glucose—methanol—choline (GMC) family members, including
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glucose oxidase (residues 76—97 (34)), cholesterol oxidase
(residues 95—109 (35)), pyranose 2-oxidase (residues 452—
456 (36)), and the flavoprotein domain of cellobiose dehydro-
genase (residues 289—299 (37)). Besides its role as a gate in
opening and closing the enzyme active site, the active site lid may
be important in determining the substrate specificity of DADH.
The conformational change of the lid, especially for Tyr53, may
allow DADH to accommodate bulky residues like p-phenylala-
nine or D-tryptophan. Similar interactions have been observed in
pDAAO (Tyr224 (23)) and flavocytochrome b, (Tyr254 (38)).
Furthermore, closing of the lid shields the active site and the FAD
from solvent. An increase of the overall active site hydrophobi-
city caused by loop closure may facilitate the hydride transfer step
leading to substrate oxidation in pDAAO (23). Similar phenom-
ena have been described in several NAD(P)H-dependent dehy-
drogenases (39). Further insight into the function of this active
site lid may be obtained by protein engineering studies on
DADH.

Substrate Specificity. DADH is characterized by a broad
substrate specificity, being able to oxidize basic and hydrophobic
pD-amino acids of various sizes (/4). In the crystal structures
iminoarginine forms a strong ionic interaction with the side chain
of GIu87 and a hydrogen bond with Thr50, whereas the side
chain of iminohistidine extends in a different direction and forms
hydrogen bonds with His48, Thr50, and GIn336. Indeed, the steady-
state kinetic data show a large ke,/Kar, value of 10°M 57!
that is 1000-fold higher than the kg,/Ky;s value (Table 2).
Kinetic data for other p-amino acids indicate that the negatively
charged side chain of Glu87 is the major determinant for the
specificity of DADH for positively charged substrates p-arginine
and p-lysine. Another example is seen in trypsin: residue Asp189
is responsible for its narrow selection for positively charged
arginine and lysine (40, 41). In addition, the hydrophobic walls
(Tyr53, Met240, Val242, and Tyr249) of the DADH active site
pocket create a favorable environment for the long aliphatic and
unbranched parts of the basic p-arginine and p-lysine. Further-
more, D-tyrosine, D-methionine, and p-phenylalanine, which are
good substrates of DADH, may form favorable van der Waals
contacts with the hydrophobic walls of the active site. In contrast,
DADH shows low or undetectable activities toward several
D-amino acids, especially the negatively charged p-glutamate
and p-aspartate.

The Ser|/Ala Switch in the FAD-Binding Site. The
Serd5—Ala47 region also has two conformations corresponding
to the ligand-free and product-bound conformations in the
DADH structure, while this region has a well-defined single
conformation in the structures of DADH,.4/iminoarginine and
DADH,4/iminohistidine. A hydrogen bond (Oger45—NSgap) in
the ligand-free conformation is replaced by another polar inter-
action (Nap46—NSpap) in the product-bound conformation
(Figure 4C). Furthermore, interactions of the FAD N5 atom
with a residue structurally equivalent to Ala46 of DADH are
conserved among different FAD-dependent enzymes, such as
pDAAO (Alad9 (27)), yeast p-amino acids oxidase (Gly52 (42)),
L-proline dehydrogenase (Gly48 (26)), flavocytochrome b,
(Alal198 (38)), and r-galactono-y-lactone dehydrogenase
(Alal13 (43)). Human DAAO shares the same sequence
(V47AAGLs;) with pDAAO near the si face of the FAD ring.
However, hDAAO shows a conformational shift in this region,
which has been suggested to be responsible for its low binding
affinity for FAD as well as the slower rate of flavin reduction (32).
Furthermore, substitution of the structurally equivalent Alal13
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with Gly in r-galactono-y-lactone dehydrogenase increased the
reactivity of the reduced flavin with oxygen by about 400-
fold (43). Therefore, the Ser/Ala switch in DADH might be
involved in structural stability and also the enzymatic properties
of this protein. Further studies are required to elucidate its
function.

Structural Comparison with Related Proteins. Structural
comparison of DADH with pPDAAO and LAAO revealed that
the active site residues of DADH are more similar to those of
pDAAO (Figure 7) in agreement with their specificity for
p-amino acids rather than r-amino acids (/4). The spatial
arrangement of active residues is critically related to the enzyme
enantiomeric selectivity. A mirror-symmetrical relationship of
active sites has been described among enzymes with opposite
stereospecificities, and two different modes have been reported.
One is observed between pDAAO and flavocytochrome b,, in
which the active sites of the two enzymes are mirrored through
the plane of isoalloxazine (on the re side in pDAAQO, on the
si side in flavocytochrome b,) (27). Another situation is that the
substrate-binding sites are mirrored through the plane perpendi-
cular to the isoalloxazine ring, which is observed in the compar-
ison between pDAAO and LAAO (28). The active site of DADH
is highly similar to that of pDAAO and mirror-symmetrically
related to that of LAAO (Figure 7). This observation is in
agreement with the kinetic study described previously (/4) and
in this paper showing that DADH can oxidize a variety of
D-amino acids but not L-arginine. A similar active site arrangement
has been observed in other flavoenzymes like glycolate oxi-
dase (44), L-glutamate oxidase (45) and L-aspartate oxidase (46),
suggesting these enzymes employ a common mechanism to
control enantioselectivity.

In addition to their specificity toward different enantiomers of
amino acids, DADH, pDAAO, and LAAO display other distinct
features. For example, the ligands are held in the active site by a
salt bridge formed with an arginine in pPDAAO and LAAO, while
two active site arginines are involved in DADH. The active sites
of DADH and pDAAO are covered by a loop termed the “active
site lid”. This feature was not reported in the structure of LAAO,
and a funnel-shaped entrance for substrate binding was proposed
instead (47). In addition to the polar interactions between the
ligands and the enzyme active site residues, a hydrophobic
environment has been observed in all three enzymes. In fact, all
of the enzymes interact with a wide range of hydrophobic amino
acids (14, 23, 48). Overall, the different composition and ar-
rangement of active site residues determine differences in sub-
strate specificity, while critical interactions for catalysis are
conserved among these mechanistically related enzymes.

Conclusions. Comparison of the crystal structures of DADH
and its complexes with iminoarginine and iminohistidine has
highlighted important structural differences that rationalize the
catalytic activities and substrate specificity of the enzyme. The
imino products of p-arginine and p-histidine bind to the active
site in very distinct side-chain conformations. Glu87 forms strong
electrostatic interactions with iminoarginine, which is likely
responsible for the high selectivity of DADH for positively
charged residues like p-arginine and p-lysine. A loop region
has been designated as an active site lid controlling the substrate
accessibility to the active site, similar to those reported in other
flavin-dependent enzymes. Structural comparison of DADH
with other related flavin-dependent enzymes reveals that the
spatial arrangement of active site residues is essential for the
differences in enzyme enantioselectivity, while some specific
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interactions needed for catalysis are conserved among the enzymes.
Opverall, the high-resolution structures for DADH described in
this study will provide new guidelines for future studies of similar
flavin-dependent enzymes.
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