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The 3D structure of the flavoprotein D-amino acid oxidase (DAAO) from
the yeast Rhodotorula gracilis (RgDAAO) in complex with the competitive
inhibitor anthranilate was solved (resolution 1.9 Å) and structural features
relevant for the overall conformation and for catalytic activity are
described. The FAD is bound in an elongated conformation in the core of
the enzyme. Two anthranilate molecules are found within the active site
cavity; one is located in a funnel forming the entrance, and the second is
in contact with the flavin. The anchoring of the ligand carboxylate with
Arg285 and Tyr223 is found for all complexes studied. However, while
the active site group Tyr238-OH interacts with the carboxylate in the case
of the substrate D-alanine, of D-CF3-alanine, or of L-lactate, in the anthrani-
late complex the phenol group rotates around the C2–C3 bond thus
opening the entrance of the active site, and interacts there with the second
bound anthranilate. This movement serves in channeling substrate to the
bottom of the active site, the locus of chemical catalysis. The absence in
RgDAAO of the “lid” covering the active site, as found in mammalian
DAAO, is interpreted as being at the origin of the differences in kinetic
mechanism between the two enzymes. This lid has been proposed to regu-
late product dissociation in the latter, while the side-chain of Tyr238 might
exert a similar role in RgDAAO. The more open active site architecture of
RgDAAO is the origin of its much broader substrate specificity. The
RgDAAO enzyme forms a homodimer with C2 symmetry that is different
from that reported for mammalian D-amino acid oxidase. This different
mode of aggregation probably causes the differences in stability and tight-
ness of FAD cofactor binding between the DAAOs from different sources.
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Introduction

D-Amino acid oxidase (DAAO, EC 1.4.3.3) was
one of the first flavoproteins to be discovered in
the mid-30s of the last century1 and has played a

prominent role in the development of present
concepts in mechanistic flavin enzymology. It is a
peroxisomal enzyme that catalyses the deamina-
tion of D-amino acid residues to their imino acid
counterparts with concomitant reduction of FAD
(see equation (1)). The reduced flavin is subse-
quently re-oxidized by molecular oxygen generat-
ing H2O2 (equation (2)), and the imino acid is
released into solvent where it spontaneously
hydrolyses to the corresponding a-keto acid and
ammonia (equation (3)):

R– CHð– NHþ
3 Þ– COO2 þ DAAO– FADox

!R– CðvNHþ
2 Þ– COO2 þ DAAO– FADredH2 þ Hþ

ð1Þ
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DAAO– FADredH2 þ O2 þ Hþ

! DAAO– FADox þ H2O2 ð2Þ

R– CðvNHþ
2 Þ– COO2 þ H2O

! R– CðvOÞ– COO2 þ NHþ
4 ð3Þ

In yeast cells, the flavoprotein DAAO is involved
in primary metabolism where the efficiency of
D-amino acid utilization is fundamental for cell
growth.2,3 Conversely, in higher organisms, where
its reaction occurs in selected organs, the physio-
logical function is not entirely clear. In kidney it is
probably involved in detoxification of exogenous
D-amino acid residues,4 and good arguments for a
role in neurotransmission regulation in brain have
been advanced recently.5 DAAO also has consider-
able biotechnological importance for the enzymatic
conversion of cephalosphorin C into 7-amino
cephalosporanic acid.6

Yeast and mammalian DAAOs share features
such as the basic catalytic mechanism. However,
they differ in important aspects such as catalytic
efficiency, substrate specificity, aggregation state,
stability, kinetic mechanism, and mode and effec-
tiveness of FAD binding. Thus, DAAO from the
yeast Rhodotorula gracilis (RgDAAO) has a kcat

value <20,000 minute21 compared to 600 minute21

for pig kidney DAAO (pkDAAO) with D-alanine as
substrate.7,8 This diversity arises mainly from a
different rate-limiting step in the catalytic cycle. It
is flavin reduction with RgDAAO,7 and product
release with pkDAAO.8 Yeast DAAO can utilize
large substrates such as cephalosporin C, this
being only marginally the case with mammalian
DAAO.9 While yeast DAAO exists in a stable
dimeric state, pkDAAO dissociates easily and
releases the FAD cofactor concomitant with loss of
activity. The understanding of the molecular basis
for these similarities and differences was the
rationale for the present work.

In 1996, the 3D structure of pkDAAO at a
2.5–3.0 Å resolution was reported.10,11 We have
subsequently obtained the structure of the yeast
enzyme, RgDAAO at 1.2–1.7 Å resolution and
have reported on some aspects of mechanistic
significance.12 This, together with site-directed
mutagenesis and mechanistic studies from our
groups,13 – 16 has resulted in the conclusion that
dehydrogenation by DAAO occurs via a hydride
transfer.12 The 3D structure of L-amino acid oxidase
(LAAO) also has been reported recently,17 and this
provides the basis for an understanding of the mol-
ecular factors leading to substrate D, or L-specificity.

Here we address the questions mentioned above
pertaining to the similarities and differences
between the yeast and mammalian DAAOs. In
this context we present the crystal structure of
RgDAAO in complex with the competitive inhibi-
tor anthranilate (o-aminobenzoate). This molecule
has attained mechanistic significance, since it was
found to form the so-called “purple complexes”

upon binding to pkDAAO,9 and has been used
widely as a model inhibitor. The structures of
pkDAAO and LAAO in complex with anthranilate
have also been solved;17,18 it was thus expected
that comparisons of the modes of interaction of
this ligand with the three enzymes would provide
insights into similarities and differences of struc-
ture–function relationships of these flavoenzymes.
We also address the factors that determine catalytic
efficiency and the stability of the dimeric forms of
DAAO.

Results

Overall structure and topology

The RgDAAO used here is a chimeric protein
containing six additional residues (MARIRL) at
the N terminus19 in addition to the 368 amino acid
residues of the native form.20 The 3D structure of
the complex obtained in the presence of anthrani-
late is depicted in Figure 1. Secondary structure
elements have been adapted and named according
to the topology described by Mattevi et al.10 and
some important elements are indicated. While
there is correspondence between the FAD-binding
domain (denoted with F) for the RgDAAO and
pkDAAO, the interface domains (denoted with I)
are different, leading to a different mode of dimer
formation (see below). For simplicity and ease of
comparison we have nevertheless retained the
original nomenclature10 for the interface domains.
The secondary structure topology, consists of 11
a-helices and 13 b-strands; it is overall analogous
to that of pkDAAO.10,11 The polypeptide chain has
an irregular disposition and frequently crosses
between the two domains whose main structural
elements are central antiparallel b-sheets.
Compared to pkDAAO, in the “head” region of
RgDAAO there are three additional short a-helices:
based on the terminology used by Mattevi et al.10

these can be named aI10 (between bI1 and bI2),
aI30 and aI300 (both after aI3). Two main topological
differences are also evident: the presence of a
significantly shorter (six residues in RgDAAO
versus 11 residues in pkDAAO) active site loop con-
necting bI5 and bI6 (Figure 1), and the presence of
a long C-terminal loop (21 amino acid residues
connecting bF5 and bF6), not present in other
known DAAO sequences (see highlighted seg-
ments in Figures 1, 4 and 5). The functional effects
of these structural differences will be discussed in
detail below.

By structural overlay, the RgDAAO structure
was compared to that of other flavoprotein oxi-
dases (see Table 1). On the basis of structural and
sequence homologies,20,21 RgDAAO can be classi-
fied as a member of the large glutathione reductase
(GR) family (all the family members adopt the
Rossmann fold22,23), and therein into the subgroup
GR2 which was reported to show sequence simi-
larity mainly within 30 residues in the N-terminal
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region.23 Our superimposition procedure identifies
significantly larger structurally homologous
parts. However, in the case of the comparisons
of RgDAAO and pkDAAO, the r.m.s. deviation of
1.38 Å for 281 superimposable Ca atoms (within a
3.5 Å cut-off) is surprisingly high and reflects the
evolutionary distance between the mammalian
and the yeast enzyme. On the other hand, it is
in accord with the relatively low percentage of
identical residues (31.8%) in the superimposed
regions.

The closest structural relative of DAAO within
the GR2 family is sarcosine oxidase. Indeed the
two enzymes have identical topologies. In this
case, the superimposed regions encompass
sequence sections that are disposed over the
whole sequence, whereas the other members of
the GR2 family mainly superimpose in their
N-terminal region.23 No correlation between the
r.m.s. deviation and the percentage of super-
imposed residues is evident from comparing

RgDAAO with other GR2 family members. This
might hint at the large mutual evolutionary dis-
tance of members within this family, their broad
range of substrate specificities and concomitant
mechanistic peculiarities. High topological simi-
larity is found within the GR2 family in the
“flavin-binding domain” (Figure 1). In contrast
only parts of the “interface domain” can be super-
imposed in pair-wise fashion.

N and C termini

At the N terminus only two (RL) out of six of the
additional amino acid residues (MARIRL) can be
modelled into the electron density, the remaining
four apparently possessing a flexible conformation.
This segment appears to be a significant com-
ponent in crystal formation and growth, since we
have failed to obtain crystals of wild-type (368
amino acid residues) protein. The backbone of
residues Leu1 and Met1 (the original N-terminal

Table 1. Comparison of structural features of RgDAAO with other members of the GR2 family23

Protein
(PDB accession code)

Number of residues
within 3.5 Å cutoff

r.m.s. deviation of residues
within 3.5 Å cutoff

Sequence identity of residues
within 3.5 Å cutoff (%)

pkDAAO (1aa8) 281 1.38 31.8
Sarcosine oxidase (1b3m_a) 193 1.66 18.7
Phenol hydroxylase (1foh) 121 1.75 17.4
p-Hydroxybenzoate hydroxylase (1bf3) 120 1.65 19.2
L-Amino acid oxidase (1f8r) 120 1.70 24.4
Cholesterol oxidase (1b4v) 110 1.87 20.4
Glucose oxidase (1cf3) 108 1.83 18.7
Polyamine oxidase (1b37_a) 99 1.47 22.4
Fumarate reductase (1d4c_a) 97 1.58 26.8

Figure 1. Ribbon representation of RgDAAO–anthranilate complex. The picture depicts the proposed dimer (see
also Figure 3). In the monomer on the left-hand-side the “flavin-binding domain” is depicted in blue and the interface
domain in green. The same terminology as introduced by Mattevi et al. for pkDAAO10 has been used in order to facili-
tate comparison between the two proteins. The segments in red denote two additional loops not present in pkDAAO;
the bF1–aF1–bF2 secondary elements corresponding to the bab motif of the Rossmann fold22 (the dinucleotide-
binding motif25,26) are shown in dark blue. Arrows indicate the peptide bonds sensitive to proteolytic attack.24,34 The
carbon atoms of the FAD cofactor are in yellow and those of the two anthranilates inside the active site in magenta.
The monomer on the right is represented using a color scaling for temperature factors: blue corresponds to a low
B-factor and red to a high value.
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residue of the wild-type protein) makes H-bonds
with two backbone residues Ala296 and Arg298 of
the b-strand F5 of a symmetry-related protein
molecule. Furthermore, the backbone carbonyl of
His2 is H-bonded to Arg358, and Met1 is also
in van der Waals contact with Val351 and Tyr359
of a-helix aF5 of the same symmetry-related
molecule. Buried surfaces have been calculated
using both the complete coordinates and a mod-
elled protein lacking the additional N-terminal
sequence. In this latter case, the buried surface
area between the monomers in crystal contact is
decreased by ,700 Å2 in comparison to the value
determined using the complete coordinates.

Flexible parts

In the long loop connecting bF5 and bF6
(Figure 1) the electron density for eight amino
acid residues (Arg312–Gln319) is weak, indicating
that part of the loop is very flexible. As was the
case with pkDAAO,10,11 the C-terminal residues
Ala362–Leu368 are also not visible in the electron
density. This region contains the SKL tripeptide,
corresponding to the PTS1 targeting sequence for
peroxisomal proteins. This observation highlights
the importance of the flexibility in the targeting
signal for interaction with the PAS8-like receptor,
the peroxisomal membrane protein that selectively
binds the SKL peptide of peroxisomal proteins on
the cytosolic face of peroxisomes. This part of the
RgDAAO sequence is highly susceptible to pro-
teolysis in vivo. The enzyme purified from
R. gracilis cells consists of three isoforms when
analysed by isoelectrofocusing.24 The microhetero-
geneity stems from the association of two polypep-
tide chains differing in the C-terminal tripeptide,
giving rise to three different holoenzyme dimers.24

FAD binding

The FAD-binding patterns of RgDAAO and
pkDAAO share an overall similarity while exhibit-
ing some substantial differences. In both DAAOs
the domain contains the conserved consensus
Rossmann fold22 bab motif (bF1, aF1, bF2),
known as the dinucleotide-binding motif,25,26

common within FAD and NAD(P)H-dependent
oxidoreductases.23,27 The central part of this con-
sensus motif is the sequence GXGXXG (Gly11, 13
and 16 of helix aF1) with the N-terminal end of
helix aF1 pointing toward the FAD pyrophosphate
moiety. This serves in charge compensation, as
observed for other dinucleotide-binding proteins.25

The residues interacting with the pyrophosphate
oxygen atoms are more conserved compared to
other segments,20 highlighting the importance of
this interaction for cofactor recognition.20,23 The
FAD in RgDAAO is found in an extended confor-
mation typical of this GR family.23 The whole
cofactor is buried inside the protein (Figure 1) and
is not solvent accessible in agreement with
previous deductions based on the absence of reac-

tivity of enzyme reconstituted with modified
FAD analogues with solvent-born reagents.28 The
isoalloxazine ring is located at the interface of the
two domains, with the re-side facing the inner
part of the substrate-binding cavity. The large
majority of the potential FAD H-bonds are with
the protein, thus resulting in a tight net, as shown
in Figure 2. The three rings of the isoalloxazine
system form an almost perfect plane, wherein
only the C(2)vO and C(4)vO groups occupy a
slight “out-of-plane” position. As reported,12 the
oxidized and reduced forms of the flavin do not
differ significantly in their structural features and
position. The flavin ring is held in position by a
H-bond pair from its N(3)H–C(4)vO to the Asn54
amide while N(5) is within H-bond distance to
Gly52a–NH (both residues are located on the
loop region connecting b-strand F2 with a-helix
aI1). The flavin N(1) is within H-bond distance
with Ser335(vO), such an interaction being absent
in pkDAAO. The environment of the O(2) position
is substantially different between RgDAAO and
pkDAAO: in the latter the partial positive charge
of a dipole induced by helix aF5 is assumed to
concur in the stabilization of the negative charges
of the reduced flavin. Such a feature is absent in
RgDAAO: O(2) forms two tight H-bonds with the
backbone NH groups of Gln339 and Tyr338, both
residues belonging to helix aF5, while in pkDAAO
O(2) interacts with a threonine10 (Figure 2). The
hydrophobic part of the isoalloxazine ring makes
van der Waals contacts with a pocket formed by
the antiparallel b-strands I6 and I7 and interacts
specifically with residues Ala51, Trp50, Gly183,
Gly199, Thr201, Tyr223, and Arg285. The FAD
diphosphate group forms H-bonds with Ala47,
Ser48 and additionally with Ile15, the residue
located at the beginning of the helix aF1, and the
helix dipole is assumed to contribute to the stabili-
zation of the two negative charges of the diphos-
phate, as found with other members of the GR
family.23 Four water molecules are found at opti-
mal distance for H-bond formation with three of
the phosphate oxygen atoms (Figure 2). This is
different from pkDAAO, where only three water
molecules interact with two of the phosphate
oxygen atoms.10,11 The highly conserved Asp34 of
the mononucleotide-binding domain interacts via
two strong H-bridges with two OH groups of the
AMP ribosyl moiety. One of these is also H-bonded
with the backbone N of Ser12, while the adenine
moiety interacts with the backbone of Val162 and
Arg35, and this gives the rationale of the obser-
vation that RgDAAO cannot productively use
FMN28 (Figure 2). Thus, although different amino
acid residues interact with AMP in yeast and the
mammalian enzyme, the overall picture is similar
in the two DAAOs.

Mode of dimerization

Native DAAO from R. gracilis is a stable 80 kDa
dimer of identical subunits, independent of the
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protein concentration.29 Each monomer contains
one non-covalently bound FAD molecule.29 In con-
trast to this, the apoprotein form of RgDAAO is
monomeric and rapidly converts to dimeric
holoenzyme upon addition of FAD.30 Considering
that the FAD cofactor is involved in many protein
core contacts (see above), it is deduced that dimeri-
zation follows holoenzyme reconstitution. The
dimer molecular mass estimated by dynamic light
scattering is ,79 kDa and thus in accordance with
a theoretical value of 82 kDa for the recombinant
RgDAAO.19 This is consistent with RgDAAO
forming a roughly spherical homodimer in solu-
tion. All crystals of RgDAAO have the tetragonal
space group I422 and approximate cell axes
a ¼ b ¼ 121 Å and c ¼ 136 Å. The mode of
dimerization cannot be derived directly from
space group crystal symmetry under these
circumstances.

In the 3D structure, the monomer of the asym-
metric unit makes crystal contacts to give three

symmetry-related dimers, indicating different,
possible modes of monomer–monomer interaction
(see Figures 1 and 3). For all the resulting potential
dimers, the surface buried by the contact area was
calculated using the CNS software package.31 For
the “side to side” dimer, the buried surface area at
the interface of two monomers was calculated as
678 Å2 (Figure 3(a)). In analogy to the case of
pkDAAO, also for RgDAAO a “head to head”
mode of dimerization has to be discussed
(compare Figure 3(b) and (c)). In this case the
monomers would be related by a 2-fold axis with
approximately 15% (1492 Å2) of the monomer
accessible surface buried upon dimerization,
yielding an elongated dimer of cylindrical shape
(112 Å £ 45 Å £ 31 Å). This value is nearly the
same as that reported for the pkDAAO dimer,
where the buried surface area is 1512 Å2 (Figure
3(c)).10 The largest buried surface (3049 Å2) is, how-
ever, obtained for a “head to tail” monomer orien-
tation with 2-fold symmetry (Figure 1) leading to

Figure 2. Schematic representation of the flavin–apoprotein interactions in RgDAAO. View on the si-face of the
flavin. Residues interacting with donor or acceptor atoms of the cofactor are depicted. The hydrogen bonds are marked
as dotted lines (distances are in Å).
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the suggestion that this is the dimer form present
in solution. Notably, loop bF5–bF6 of yeast
DAAO is not conserved in other DAAO
sequences.20 The mean overall B-factors of
RgDAAO are <15 Å2, i.e. low (Figure 1). Only a
few loop regions show slightly higher values such
as residues 303–313 of the long loop connecting b-
strands F5 and F6. However, the residues of this
loop that are involved in crystal contact and con-

tribute to dimer formation in the head to tail
dimer have B-factors comparable to the mean.

The active site cavity

The active site of RgDAAO is a cavity delimited
by the two long b-strands I4 and I8 bent around
the isoalloxazine ring of the flavin and the two
short b-strands I5 and I6 situated close to the

Figure 3. Possible, alternative modes of monomer–monomer interaction of DAAO from crystal contacts. (a) The
“side to side” mode of dimer formation. This has the smallest buried surface area (see the text). (b) RgDAAO in the
alternate head to head mode of dimerization. (c) The head to head mode of dimerization proposed for pkDAAO10,11

is shown for comparison. The head to tail mode of dimer formation proposed for RgDAAO is depicted in Figure 1.

Figure 4. (a) Ligand–active site interactions of RgDAAO. The ligand bound is CF3-D-Ala (shown in magenta).
Broken lines denote hydrogen bonds. Note the absence at the active site of functional groups that could participate in
chemical events. (b) The active site region of RgDAAO in complex with anthranilate showing the channeling of two
molecules of anthranilate (shown in magenta) into the active site cavity (Wat72 is no more present).
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substrate-binding site (see Figure 4(a)). The flavin
forms the “bottom” of the cavity. All these
b-strands have an antiparallel orientation and are
connected to each other by H-bonds resulting in a
rather rigid arrangement. At the re-side of the
flavin, the loop connecting b-strand F2 and helix
aI1 is involved in backbone H-bonds with flavin
functional groups (see above). On the si-side, the
N-terminal end of the long helix aF5 forms the
boundary of the active site (see Figure 4). Interest-
ingly the loop found in pkDAAO, which was
proposed by Mattevi et al. to act as a “lid” control-
ling access to the active site32 is absent in RgDAAO
(see below). This loop contains an important
residue, Tyr224, that is probably involved in sub-
strate/product fixation33 and interacts with the
substrate a-amino group and an active site water
molecule. In RgDAAO the Tyr238 side-chain is
placed at a similar position (Figures 4 and 5).
Tyr238 is, however, located on a different segment
of the chain, the loop connecting bI7 and aI3.

The side-chains of the residues involved in
substrate binding and fixation, including Wat72,
retain the same positions in three of the complexes
studied, CF3-D-Ala, L-lactate and D-alanine (Figure
4(a)). The interactions can be described as follows:
(a) Arg285 forms a pair with the a-COO2 of the
substrate, and both Tyr223-OH and Tyr238-OH
interact with one of its oxygen atoms probably
preventing rotation; (b) Ser335a-NH and Wat72
(held in position by Asn54 and Gln339) fix the
ligand aNH2/OH via a short and symmetric pair
of H-bonds (both 2.72 Å); (c) the fourth, and
frequently largest ligand aC substituents, occupies
the space provided by the active site cavity and
extends towards its entrance. We have compared
the substrate-binding modes by superimposing
the 3D structures of RgDAAO (complexed
with D-alanine or anthranilate), pkDAAO (with
anthranilate)10,11 and LAAO17 (with anthranilate)
while keeping the flavin moiety constant. The
superposition of the active centre of pkDAAO and

RgDAAO in complex with anthranilate is shown
in Figure 5 and will be discussed below.

The anthranilate complex

Two molecules of anthranilate are found at the
active site in crystals soaked with this competitive
inhibitor (Figures 1, 4(b) and 5). One is placed in
the vicinity of the flavin N(5), at a position similar
to that occupied by D-alanine, and the second is
located at the entrance of the active centre cavity.
Comparison of the binding mode of the first
anthranilate with that of D-alanine, CF3-D-Ala, and
L-lactate (Figures 4 and 5) shows that all of these
ligands are located at similar positions, the
H-bond interactions and conformation of Arg285,
Tyr223 and Ser335 being essentially identical.
From this it follows that the substrate aC–H is
placed in the extension of the N(5) LUMO orbital
of the flavin on its re-side.12 However, two signifi-
cant differences are also evident: in the
RgDAAO–anthranilate complex, Tyr238 has
moved away from the ligand –COO2 and it is too
distant to make any discrete H contact(s) with the
latter. Furthermore, the active site water W72,
which forms an H-bond with the OH/NH2 func-
tion of the other ligands, is not found in the
DAAO–anthranilate complex. The aromatic ring
of anthranilate is in contact with the hydrophobic
residues (Ile225, Phe58, Tyr223) within the binding
pocket, possibly contributing to the overall binding
enthalpy (anthranilate binding, Kd < 2 mM, is
relatively tight compared e.g. to D-lactate, 16 mM).
Displacement of Wat72 in the DAAO–anthranilate
complex is due to the bulkiness of the ligand. The
second anthranilate molecule lies parallel with,
and in contact with, Tyr238, the latter having
modified its position compared to that in the
structures of the other complexes (Figures 4 and
5). The side-chains of Phe58, Ser215, Pro221, and
the backbone of Ser234 and Ser235 form
the entrance to the active site whose opening is

Figure 5. Comparison of the active site of RgDAAO and pkDAAO, both complexed with anthranilate. Features of
the RgDAAO structure are in green, those of pkDAAO in light blue. The two molecules of anthranilate bound to
RgDAAO are shown in magenta. The single anthranilate molecule bound to pkDAAO is in blue.
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controlled by the orientation of the phenolic ring of
Tyr238 (see above), and also provides a surface
suitable to interact with non-polar and aromatic
compounds (and substrates).

Discussion

On the basis of the data presented here, we pro-
pose that yeast DAAO dimerizes in a head to tail
mode (see Figure 1 and compare with Figure 3)
involving parts of loop 302–322 (bF5–bF6).
This would be in line with results from limited
proteolysis carried out with RgDAAO,24,34 which
show that disruption of this loop abolishes the
capacity to dimerize. The peptide bonds at Thr306
and Arg318 (Figure 1) of the mentioned loop are
susceptible to trypsin, chymotrypsin and thermo-
lysin proteolysis24,34 leading in all cases to active,
monomeric holoenzyme containing two polypep-
tides of ,34 kDa (Met1–Arg305 or Met1–Leu312)
and of ,5 kDa (Ala319–Ala362).24,34 This mode of
dimerization yields a quasi-spherical particle and,
due to the large contact area, should result in a
stable dimeric protein. This is different from the
head to head mode proposed for mammalian
DAAO,10 where the interaction is much weaker,
and activity depends upon the aggregation state
of the protein in solution.9

Flavoenzymes are often equipped with flexible
elements, which have a role in controlling the
accessibility of the active site.35 In pkDAAO a
loop, formed by residues 216–228, acts as a lid,
which swings between an “open” and “closed”
conformation to allow access/release of substrate/
product.32 This conformational change is compara-
tively slow and controls the overall rate of turnover
of the mammalian enzyme, where product release
is rate-limiting.8 In yeast DAAO a corresponding
loop that could exert the same function is not
present; however, Tyr238 in a rudimentary fashion,
appears to play a comparable role. The side-chain
of this amino acid is assumed to take the open
conformation in uncomplexed enzyme, and this
might initiate an interaction with substrate, leading
it into the bottom of the active site (Figure 6).
Then, concomitantly with a conformational change
positioning it further inside the active site, it
contributes to the fixation of the substrate –COO2

in a position suitable for catalysis (see the different
conformations of Tyr238 in Figure 4(a) and (b)).
This is in agreement with the results obtained
with RgDAAO Tyr238Phe and Tyr238Ser mutants,
indicating that the main function of this group is
in substrate/product exchange instead of in bind-
ing (the Km value for the D-amino acid, as well the
Kd value for ligand binding, are only slightly
altered by the substitutions) (L.P., unpublished
results).

A salient feature of the active site pocket is the
presence of a wide cavity where the side-chain of
the substrate can be accommodated (Figures 4 and
6). This provides a rationale for the preference of
RgDAAO for D-amino acid residues carrying an
aromatic and/or hydrophobic side-chain, com-
pared to polar ones,4,9 and for its capacity to
accommodate large residues, as in the case of
cephalosporins.6 It also explains the reluctance
of RgDAAO to act on amino acid residues carrying
a polar and, in particular, a charged side-chain. The
use of a single side-chain to control the accessibility
of the active site has been observed also in UDP-N-
acetylenolpyruvoyl-glucosamine reductase.36 In
analogy to LAAO, where three anthranilate
molecules are present in each protomer inside the
channel leading to the active site,17 the position of
the two anthranilate molecules found in RgDAAO
is taken to reflect the trajectory of the substrate
from the surface to the locus of the catalytic event
(Figures 4 and 6). The one anthranilate in contact
with the flavin occupies the position assumed by
normal D-amino acid substrates. The second one is
in contact with Tyr238, and its amino group is
positioned directly above the tyrosine ring. It is
tempting to hypothesize that D-amino acid resi-
dues entering the active site behave similarly:
their cationic ammonium group would undergo a
cation–p-interaction37 and this could contribute
substantially to the binding energy. Upon moving
to the second binding site at the bottom of the
active centre, depending on the pH the ammonium
group would deprotonate12 in order to undergo

Figure 6. Molecular surface representation of the
DAAO–anthranilate complex showing a magnified
view of the funnel leading to the active site. The protein
main-chain is shown as a coloured ribbon according to
the domain colouring shown in Figure 1. The anthranilate
and FAD molecules are depicted in magenta and yellow,
respectively. One anthranilate molecule is bound into the
active site in close contact with the flavin, whereas the
plane of the second is parallel with that of the aromatic
side-chain of Tyr238 (see also Figures 4(b) and 5). The sur-
face map was produced with the program DINO†.

† http://www.biozentrum.unibas.ch/~xray/dino
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catalysis. Such a p-interaction might be absent or
reduced in the product, since the imino/immo-
nium group readily hydrolyses (see equation (3)).
After catalysis, and if imino acid hydrolysis occurs
prior to dissociation, the product cannot be
retained by p-interaction and would thus freely
diffuse away. If this hypothesis holds, the “second”
substrate site at the entrance of the cavity would
act like a valve. The observed rotation of the
Tyr238 side-chain would simply be effected by an
induced fit mechanism, which optimally positions
substrate and tyrosine ring with respect to each
other.

An interesting feature of DAAOs and of flavo-
protein oxidases in general is their ability to
stabilize a negative charge on the flavin where it is
localized mainly in the pyrimidine ring. This is
the case, e.g. upon reduction (see equation (1)),
with semiquinones,29 with modified flavins,28 and
also in the case of sulphite binding.9,27 This stabili-
zation translates into an increase in redox poten-
tial, a feature of most flavoprotein oxidases.38 With
flavocytochrome b2 and related enzymes that
dehydrogenate a-OH acids, a lysine 1-NH3

þ located
near the flavin N(1) brings about this
stabilization.39 In pkDAAO an a-helix dipole has
been proposed to be involved in this stabilization.10

With RgDAAO, however, no arrangement of
(partial) positive charges that could have a similar
role is evident from the 3D structure. This thus
raises the question about the mechanism of stabili-
zation in RgDAAO: two cases can be differen-
tiated. In the first, substrate dehydrogenation
(equation (1)) contains the equilibrium of the two
Michaelis complexes at the levels of oxidized and
reduced enzyme as depicted in equation (4):

{DAAO , FADox , R– CHð– NH2Þ– COO2}

, {DAAO , FADredH2

, R– CðvNHþ
2 Þ– COO2} ð4Þ

(Note that a Hþ from the a-amino group is released
prior/concomitantly with the dehydrogenation, i.e.
the “NH2 form” of bound amino acid is the one
that reacts efficiently.12)

In equation (4) the stabilization of negatively
charged, reduced flavin is by the positively
charged a-imino (avNH2

þ) product.12 The latter is
positioned above the flavin pyrimidine ring and in
an ideal position to stabilize its negative charge.12

The second case occurs when the positive charge
associated with the ligand is absent: to account
for stabilization we proposed that Arg285 plays a
dual role.14 In the presence of a ligand having a
carboxylic group it serves in its binding. In its
absence, the guanidinium side-chain of Arg285
rotates around the C1 bond to come in close
proximity (,3 Å) to the flavin pyrimidine ring
and above its plane, where it can exert a neutraliz-
ing function. Modelling studies show that with
pkDAAO the equivalent Arg283 can do the same

(not shown). We would thus infer that also with
pkDAAO the stabilization of negatively charged
flavin species results primarily from the interaction
with this Arg, whereby the invoked helix dipole10

can play an ancillary role.
Comparison of the structures of DAAO and

LAAO17 demonstrates that the groups involved in
binding of the substrate aCOO2 and aNH2 groups
(interactions (a) and (b), see Results) form a mirror
plane intersecting the axis formed by the substrate
aC–H function and the flavin N(5) position. The
discrimination by DAAO and LAAOs towards D

and L-enantiomers can thus be rationalized in
terms of a classical three-point attachment model
(interactions (a), (b) and (c), above). This also
would be equivalent to the four-location model
recently discussed by Koshland:40 the fourth site
being a direction, i.e. the orientation of the aC–H
orbital with respect to flavin N(5) HOMO orbital.
In LAAO and pkDAAO, the ligand amino group
interacts with the carbonyl oxygen atom of a con-
served glycine (Gly464 and Gly313, respectively),
which is located at the same position as Ser335 in
RgDAAO. Recently, the hydroxyl group of Ser335
has been proposed to play a role in transfer of a
Hþ to bulk solvent,16 a function possibly carried
out by His223 in LAAO.17 A further intriguing
difference between DAAO and LAAO is the
presence in the latter of a water molecule (W605)
H-bonded to the flavin N(5) and to the side-chain
of Lys326.17 It has been suggested that Lys326 is
involved in hydrolysis of the imino product by
Trp605. Clearly such a mechanism would not
appear to be viable in RgDAAO, due to the
absence of analogous groups.

Some interesting similarities exist also with
D-amino acid aminotransferase (D-AAT), a bacterial
enzyme capable of transaminating D-amino acid
residues and important for synthesis of D-gluta-
mate and D-alanine, which are components of
the bacterial cell wall. Also in this enzyme an
extended loop (Gly94–Pro109) is important for the
monomer–monomer contact (and provides resi-
dues to the cofactor-binding region and active
site).41 Both DAAO and D-AAT recognize D-amino
acid residues as substrates and possess a
“carboxylate trap” (Arg285 in RgDAAO and
Arg98 in D-AAT) and a “side-chain pocket” that
discriminates substrate species. This cavity forms
a pocket in which the side-chain of the substrate
can be trapped and provides a surface for
interaction with the side-chain.

In conclusion, comparison of the 3D structures of
yeast and mammalian DAAO suggests that evolu-
tive pressure has led to two enzymes that share
the same chemical process, but use different kinetic
mechanisms for catalysis. In the case of RgDAAO,
and as a consequence of catabolic requirements,
optimal catalytic efficiency has evolved leading to
the (chemical) step of hydride transfer being rate-
limiting. With mammalian DAAO we assume that
the necessity to regulate activity has caused
product release to be limiting. This diversity is
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implemented by the use of different types of “lids”
that cover the active site and are involved in
uptake and release of ligand.

Materials and Methods

Preparation of the protein and crystallization

Wild-type RgDAAO was expressed and purified in
Escherichia coli using the pT7-DAAO expression system
in BL21(DE3)pLysS E. coli cells. The purified DAAO is
stable in the 0.1–10 mg/ml protein concentration range
and has spectral and kinetic properties identical with
those of native enzyme.19 The purified protein was
concentrated up to 10 mg/ml and equilibrated in
20 mM Hepes buffer at pH 7.5 by gel-permeation
chromatography on a Sephadex G-25 (PD10) column.
The dynamic light-scattering analysis was performed
with model DynaPro 801 (Protein Solutions, Ltd).
The recombinant form of RgDAAO was crystallized by
vapour diffusion method at 20 8C, as reported.12 The
crystals obtained by this method were found to contain
L-lactate in variable amounts. The source of this ligand
was found to be a lactate contamination (<0.4 g/kg) of
commercial PEG1000 (FLUKA). The RgDAAO–anthrani-
late complex was obtained by soaking the crystals in the
pure cryo-protection solution containing 30 mM of the
ligand. Binding was followed by observation of the
crystal colour changes from yellow to reddish, this
being complete within one minute.

Solution of the RgDAAO crystal structure

The anthranilate dataset was collected under cryo-
genic conditions. Prior to flash freezing, the crystals
were transferred into the cryo-protectant solution, con-
sistent with the reservoir solution and 20% (v/v)
glycerol. Data collection was on a rotating anode source
(Schneider, Offenburg, Germany) using the MAR345
image plate system. Space group determination and
data reduction was carried out in XDS.42 The refined

model omitting L-lactate was the starting point for
solving the structure of RgDAAO in anthranilate
complex. The refinement employed a torsion angle
dynamics43 at a starting temperature of 5000 K. Refine-
ment was continued with SHELXL.44 The restraints
were set in accordance with the resolution of the data
and continuous control of the stereochemical quality of
the structures was done with PROCHECK.45 For details
of data collection statistics and refinement see Table 2.
Structure plots were produced with the programs
MOLSCRIPT46 and Raster3D47.

Comparison of GR family members

A superposition calculation was performed for each
member of the GR2 family using the program
Superimpose48 and parameters describing the super-
position were extracted with lsqman49 from the best
topological superposition.

Accession numbers

The coordinates and structure factors are deposited in
the RCSB Protein Data Bank under accession code 1c0i.
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