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The X-ray crystallographic structure of porcine kidney p-amino acid oxidase, which had
been expressed in Escherichia coli transformed with a vector containing DAO ¢cDNA, was
determined by the isomorphous replacement method for the complex form with benzoate.
The known amino acid sequence, FAD and benzoate were fitted to an electron density map
of 3.0 A resolution with an R-factor of 21.0%. The overall dimeric structure exhibits an
elongated ellipsoidal framework. The prosthetic group, FAD, was found to be in an
extended conformation, the isoalloxazine ring being buried in the protein core. The ADP
moiety of FAD was located in the typical gef dinucleotide binding motif, with the «-helix
dipole stabilizing the pyrophosphate negative charge. The substrate analog, benzoate, is
located on the re-face of the isoalloxazine ring, while the si-face is blocked by hydrophobic
residues. The carboxylate group of benzoate is ion-paired with the Arg283 side chain and
is within interacting distance with the hydroxy moiety of Tyr228. The phenol ring of
Tyr224 is located just above the benzene ring of benzoate, implying the importance of this
residue for catalysis. There is no positive charge or g-helix dipole near N(1) of flavin.
Hydrogen bonds were observed at C(2)=0, N(3)-H, C(4)=0, and N(5) of the flavin ring.
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D-Amino acid oxidase [D-amino acid:O, oxidoreductase
(deaminating), EC 1.4.3.3] (DAO), which catalyzes the
oxidative deamination of D-amino acids, is widely dis-
tributed in living organisrhs, ranging from microbes to
mammals. Despite the controversial roles of this enzyme in
each organism, DAO has been one of the most extensively
investigated flavoenzymes, since its discovery by Krebs
more than 60 years ago (1, 2). Despite the vast accumula-
tion of experimental results and the interpretations thereof
(3), the catalytic mechanism of DAO remains a matter to be
settled. The most influential information for mechanistic
reconciliation is the three-dimensional structure at atomic
resolution. We report herein the crystallographic structure
of DAO in its complex form with the substrate analog,
benzoate, at 3.0 A resolution.

The expression of porcine kidney DAO by Escherichia
coli, and the purification of the expressed enzyme and its
crystallization together with preliminary crystallographic
analysis have been reported elsewhere (4). The DAO-
benzoate complex was crystallized at pH 6.3, belonging to
space group, P2,2,2,, with cell dimensions of a=110.3 A,
b=92.9 A, and ¢=71.6 A, and containing two subunits
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(each with 347 amino acid residues) related by a non-crys-
tallographic two-fold axis in an asymmetric unit. Data sets
for the DAO-benzoate complex and its heavy atom deriva-
tives were collected with a Rigaku R-AXIS Ilc imaging plate
detector with graphite-monochromated Cu-Ka X-rays (40
kv, 100 mA), and processed with the R-AXIS software (T.
Higashi, Rigaku, Akishima).

The structure of DAO was determined for a crystal of the
benzoate-bound complex by the multiple isomorphous
replacement (MIR) method, using four isomorphous data
sets (Table I). The scaling of all data and map calculations
were performed with the CCP4 program suite of programs
(5). The difference Patterson map calculated for the m-
iodobenzoate derivative allowed clear interpretation of the
two iodine sites. The positions of the other heavy atom sites
were determined from difference Fourier maps based on
iodine phasing. Refinement of the heavy atom parameters
and calculation of the initial phases to 3.0 A were per-
formed with program MLPHARE (CCP4). The phases were
greatly improved by the process of solvent flattening (6)
and non-crystallographic symmetry averaging (7), using
program DM (CCP4).

A partial model of one subunit consisting of 270 out of the
347 residues and FAD was built with program O (8). One of
the other subunit was obtained by taking advantage of the
non-crystallographic twofold axis. The phases calculated
from this model were combined with SIGMAA (9) with the
MIR phases. This procedure allowed us to build a model of
the DAO-benzoate complex, which was complete apart
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TABLE 1. Data sets utilized for MIR phasing.

15

Dataset Soak Maximum Unique Completeness Reegn Rae® No. of Phasing
condition® resolution reflections (%) (%) (%) sites power®

Native 3.0 14,054 94.9 8.25

EMTS 1.0mM, 5d 3.0 15,010 98.1 9.32 18.1 6 1.5

HgCl, 1.0mM, 1h 4.0 6,552 98.9 6.15 9.2 4 1.2

CH,HgCl 2.0mM, 1h 3.0 14,912 97.4 10.28 19.8 8 1.2

m-1C,H,COOH 1.0mM, 5d 3.0 12,086 81.6 6.01 12.1 2 0.7

*The soak time is given in hours (h) and days (d). ® Ry =S} Fpu| — | Fpj/ 2| Fr|, where |Fpy| and || are the derivative and native structure-factor
amplitudes, respectively. ‘Phasing power is the ratio of the root mean square (r.m.s.) of the heavy atom scattering amplitude and the lack of

closure error.

from residues 341-347. The structure was refined by
simulated annealing and energy minimization with non-
crystallographic restraints using program XPLOR (10).
The entire structure was scrutinized by successively omit-
ting 5-residue segments of the model from the phasing
calculation and inspecting the resulting map. The electron
density map for FAD calculated from the model is shown in
Fig. 1. The final crystallographic R-factor was 21.0%, and
the free R-factor was 28.7% for the data between 8.0 and
3.0 A. The structure lacks the C-terminal seven residues
for which no convincing density was obtained. The r.m.s.
deviations from ideal bond lengths and bond angles are
0.011 A and 1.8", respectively. Analysis of the stereo-
chemistry with PROCHECK (11) showed that 99.7% of the
main chain atoms fall within the allowed regions of the
Ramachandran plot.

Figure 2 shows the overall dimeric structure of the
DAO-benzoate complex with an elongated ellipsoidal
shape. The two subunits, which are related through a non-
crystallographic twofold axis, do not intrude into each other
extensively. Each subunit comprises two regions, though
the inter-region boundary is not entirely clear. One region
is characterized by an o /g structure with an open twisted
B-sheet of six 8-strands, which are all parallel except for
the terminal one, and four «-helices. The other region
forms a pseudo S-barrel structure consisting of two twisted
f-sheets, i.e., one antiparallel 8-sheet with five strands and
another with three strands, and two parallel 8-strands at
the junction of the two sheets. The prosthetic group, FAD,
is in an extended conformation; the adenine moiety is
located in the former region, while the flavin ring resides in
the latter. The active site of the enzyme is located in the
cleft made up by the pseudo barrel and the boundary of the
former region mentioned above. The barrel wall seems to
limit the size of the substrate-binding pocket. The N-
terminal region, which is a part of the open a /8 structure,
makes up the Baf motif characteristic of a dinucleotide
binding site (12), the a-helix, as a helix dipole, being
situated so as to stabilize the negative charge of the
pyrophosphate moiety (Fig. 3). The loop starting from the
C-terminus of the Saf motif goes along the pyrophosphate
and ribityl moieties, and reaches the si-face of the flavin
ring. The consensus GXGXXG sequence is located in the 8-
a junction. The hydrophobic stretch, Val47-Ala48-Ala49-
Gly50, covers the si-face, with respect to N(5), of the
isoalloxazine nucleus, blocking the access of substrates to
the si-face. This is consistent with the hypothesis that the
catalytic event occurs on the re-face of flavin (13).

Figure 4 shows the geometrical arrangement of flavin,
benzoate, and the residues constituting the active site and
those in its neighborhood, together with the hydrogen-
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bonding network associated with flavin and benzoate. The
benzoate ring lies on the re-face of flavin in accordance with
the re-face specificity of DAO (13), as stated above. The
planes of the benzoate molecule and flavin ring are parallel
but not in a true face-to-face manner. This is in accord with
the observation that benzoate forms a non-charge-transfer
type complex with DAO (14). The side chain of Arg283
extends above the xylene portion of flavin. The carboxylate
group of benzoate interacts with the guanidino moiety of
Arg283, forming a side-on type ion-pair (15). This arginine
residue is conserved in DAOs from different sources (16,
17), and our finding is consistent with the argument of
Gadda et al. (17) that Arg283 may act as the carboxylate
recognition site on the basis of the results of chemical
modification studies with DAO from Rhodotorula gracilis.
The hydroxyl oxygen of Tyr228 is 2.8 A from one of the
carboxylate oxygens of benzoate, suggesting strongly that
Tyr228 acts as the carboxylate binding site in cooperation
with Arg283. Tyr224 lies just above the plane of the
benzene ring of benzoate, the two planes facing in a parallel
orientation. Taking into account the orientation of Tyr224
with respect to the substrate analog, benzoate, we speculate
that this residue plays a critical role in the early stage of the
reductive half reaction, though it is still too early to draw a
definite conclusion as to the role of Tyr224. Note that the
three planes, i.e., flavin, benzoate and the phenol moiety of
Tyr224, are parallel, with interplanar angles ranging from
5° to 11°, whereas the ring system of Tyr228 makes an
average angle of 109° with the three parallel planes. That
the two tyrosine residues, Tyr224 and Tyr228, are in direct
contact with the substrate analog, benzoate, is consistent
with the recent observations (18) that mutations at these
positions affect the catalytic activity of the enzyme. There
i8 one other tyrosine residue, Tyr55, not very far away
from the binding site. This residue is situated on the other
side of Tyr224 facing benzoate, so direct interaction with
benzoate is improbable. Tyr55 had been implied to be
involved in the active site by a chemical modification study
(19), but its involvement has been ruled out by a mutation
study (20). Being not very far away from the active site,
this residue may have an indirect effect on the catalysis.
Other residues which have been postulated to be near the
active site, based on either chemical modification or
mutation studies, are not found at or near the active site.
One such residue is His307 which is affinity labeled by
D-propargylglycine accompanying the loss of activity (21),
and the mutation of which to leucine totally abolishes the
activity (22). However, this residue is located toward the
periphery of the protein (not shown), ruling out the
possibility of direct interaction of His307 with the sub-
gtrate.
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Fig. 1. A view of the electron density for
FAD. A (|F,|-|F.) difference map calculated
from the final model and contoured at the level of
1.5¢ is shown.

H. Mizutani et al.

Fig. 2. ' The overall dimeric structure of the DAO-benzoate complex with the
non-crystallographic twofold axis running vertically, showing g-strands
(blue), a-helices (red), and loops (white). FAD (yellow) and benzoate (green) are
shown as ball and stick models. The figure was generated with programs Molscript (26)
and Raster3D (27).

Fig. 3. The FAD-binding site of DAO showing
the typical Safg motif for a dinucleotide-binding
gite, including the long loop(Asp37-Gly50) witha
short a-helix. The si-face of the flavin system is
blocked by the hydrophobic stretch (see the text). The
a-helices are in red, the §-strands in blue, the loop in
white, and FAD in balls and sticks.

One of the factors that control or influence the reactivity
of flavin is the hydrogen-bonding network including the
flavin nucleus (23, 24). The hydrogen bonds associated with
the isoalloxazine framework are shown in Fig. 4. C(2)=0 of
flavin forms strong hydrogen bonds with the backbone N-H
of Leu316 (3.05 A) and Thr317 (2.91 A), and with the

Fig. 4. A stereoview of the active site of the DAO-benzoate complex, involv-
ing Arg283 (red), Tyr 56, 224, 228 (magenta), Val47-Leu51 (green), and
Leu316-Thr317 (blue), in addition to flavin (yellow) and benzoate (cyan).
Hydrogen bonds are shown by dotted lines (white). This figure was generated with
MIDAS (28).

hydroxy group of Thr317 (2.97 A). Flavin N(3)-H is within
a strongly hydrogen-bonding distance (2.90 A) from the
backbone carbonyl of Leu51. A weak hydrogen bond may be
formed between C(4)=0 of flavin and the backbone N-H of
Leu51, as implied by the distance of 3.23 A. Another weak
hydrogen bond is suggested between N(5) of flavin and the
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backbone N-H of Ala49, the distance between the nitrogen
atoms being 3.21 A. If the mutual orientation of the two
nitrogens is taken into account, the hydrogen bond may be
of the H- » type rather than the normal N-H---:N type. The
strong hydrogen-bonding interaction at C(2)=0 and the
weak one at C(4)=0 in the DAO-benzoate complex are in
accordance with the proposal based on a '*C-NMR study
(24). We emphasize here that no hydrogen bond is observed
at N(1). Nor is there any positive charge in the vicinity of
N(1) to stabilize the negative charge generated in the
reduced form of flavin. In this context, we recently pos-
tulated that the negative charge of reduced flavin at N(1)
can be stabilized by the protonated positive imino nitrogen
of the imino acid in the purple intermediate (25).

The refinement of the structure at higher resolution, and
structure determination of DAQO without a ligand and with
ligands of other types are in progress. We are also perform-
ing structural elucidation of the intermediary states which
appear during the catalysis and can be stabilized under
certain conditions. The information provided in this report
and that expected from the studies in progress will offer
essential clues for elucidation of the reaction mechanism of
DAO, which has been and still is a focus in the field of
flavoenzyme catalysis in general.
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