
J.Bwchem 128,73-81(2000)

Three-Dimensional Structure of the Purple Intermediate of Porcine
Kidney D-Amino Acid Oxidase. Optimization of the Oxidative Half-
Reaction through Alignment of the Product with Reduced Flavin1

Hisashi Mizutani,* Ikuko Miyahara,* Ken Hirotsu,* Yasuzo Nishina,1 Kiyoshi Shiga,1
Chiaki Setoyama,* and Retsu Miura*1*
'Department of Chemistry, Faculty of Science, Osaka City University, Sugimoto, Sumiyoshi-ku, Osaka 558-8585; and
Departments of'Physwlogy and *Biochermstry, Kumamoto University School of Medicine, Honjo, Kumamoto
860-0811

Received March 13, 2000; accepted April 26, 2000

The three-dimensional structure of the purple intermediate of porcine kidney D-amino
acid oxidase (DAO) was solved by cryo-X-ray crystallography; the purple intermediate is
known to comprise a complex between the dehydrogenated product, an imino acid, and
the reduced form of DAO. The crystalline purple intermediate was obtained by anaero-
bically soaking crystals of oxidized DAO in a buffer containing excess D-proline as the
substrate. The dehydrogenated product, 41-pyrrolidine-2-carboxylate (DPC), is found
sandwiched between the phenol ring of Tyr 224 and the planar reduced flavin ring. The
cationic protonated imino nitrogen is within hydrogen-bonding distance of the back-
bone carbonyl oxygen of Gly 313. The carboxyl group of DPC is recognized by the Arg
283 guanidino and Tyr 228 hydroxyl groups through ion-pairing and hydrogen-bonding,
respectively. The +HN=C double bond of DPC overlaps the N(5)-C(4a) bond of reduced
flavin. The electrostatic effect of the cationic nitrogen of DPC is suggested to shift the
resonance hybridization of anionic reduced flavin toward a canonical form with a nega-
tive charge at C(4a), thereby augmenting the electron density at C(4a), from which elec-
trons are transferred to molecular oxygen during reoxidation of reduced flavin. The
reactivity of reduced flavin in the purple intermediate, therefore, is enhanced through
the alignment of DPC with respect to reduced flavin-
Key words: D-amino acid oxidase, flavoenzyme, oxidative half-reaction, purple interme-
diate, X-ray crystallography.

D-Amino acid oxidase [EC 1.4.3.3] (DAO) catalyzes the de-
hydrogenation of a substrate D-amino acid into the corre-
sponding imino acid, forming an intermediate comprising
the reduced form of DAO and the dehydrogenated product,
2-imino acid. Reduced flavin in reduced DAO is reoxidized
by molecular oxygen, thereby closing the catalytic cycle,
while the product, 2-imino acid, is released from the active
site and nonenzymatdcally hydrolyzed to 2-ketoacid and
ammonia when 2-imino acid is acyclic. Scheme 1 illustrates
the reaction of DAO with D-proline, in which the product

1 This study was supported in part by the following grants Grants-
m-Aid for Scientific Research from the Ministry of Education, Sci-
ence, Sports and Culture of Japan, Nos. 11133254 (Priority Areas
(A)) (K.H.) and 10146103 (Priority Areas (A)) (R.M), a Research

project of Tsukuba Advanced Research Alliance (K.H.). Preliminary
results were presented at the 13th International Congress on Fla-
vins and Flavoproteins, Aug. 27-Sept 4,1999, Konstanz.
s To whom correspondence should be addressed. Phone +81-96-
373-5062, Fax- +81-96-373-5066, E-mail: miura©gpo.kumamoto-

^ . .. _ . . . . . , , _„, .. , . , „
Abbreviations: DAO, n-amino acid oxidase; DPC, 4'-pyrrohdine-2-
carboxylate, HOMO, highest occupied molecular orbital; LUMO,
lowest unoccupied molecular orbital.

© 2000 by The Japanese Biochemical Society.

41-pyrrolidine-2-carboxylate (DPC) does not undergo non-
enzymatic hydrolysis. Reactions of flavoenzymes generally
consist of two half-reactions, L&, reductive and oxidative
half-reactions. The former is the process by which a sub-
strate is oxidized at the expense of flavin reduction, while,
in the latter, reduced flavin is reoxidized by yet another
substrate or an electron acceptor, which is oxygen in the
case of oxidases. Accordingly, the formation of the purple
intermediate and reoxidation of reduced flavin by oxygen
are the reductive and oxidative half-reactions of DAO, re-
spectively. This enzyme was discovered in animal tissues by
tLA. Krebs in the 1930s and later recognized as the first
FAD enzyme to be discovered (i, 2). Among DAO species
found widely distributed in the biosphere, porcine kidney
D A 0 has b ^ n the most extensively investigated and thus

^ group. The three-dimen-
sional structure of DAO was recently solved by us (3) and
independently by Mattevi et al. (4), and we have subse-
quently introduced a new reaction mechanism for the re-
ductive half-reaction based on the explicit active-site geom-
etry (5). hi the present study, we solved the crystal struc-
^ o f <*» P ^ intermediate of DAO with D-prohne as
the substrate and deduced the mechanism underlying the
oxidative half-reaction of DAO.

The purple intermediate of DAO has been recognized as
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Fig. 1 Absorption spectra of DAO and the purple intermedi-
ate with r>-proline or D-alanine as the substrate. The concentra-
tions were (a) DAO 55 jiM, (b) DAO 55 jiM, D-prohne 91 mM; (c)
DAO 55 |xM, D-alanine 91 mM, ammonium sulfate 0.16 mM, sodium
pyruvate 55 mM.

an intermediate observed during catalysis and is character-
ized by a broad absorption band in the long wavelength
region extending beyond 700 nm {6-9) (Fig. 1), the broad
long-wavelength band being referred to as a charge-trans-
fer band. Although the purple intermediate had generally
been regarded as a charge-transfer complex between re-
duced flavin and imino acid (10, 11), it was our resonance
Raman and 13C-NMR studies that unequivocally demon-
strated the purple intermediate comprises a charge-trans-
fer complex between anionic reduced flavin and the zwit-
terionic form of imino acid (12-15). The importance of the
purple intermediate with respect to the kinetic mechanism
lies in the fact that reoxidation of reduced flavin by oxygen
proceeds by way of this particular intermediate prior to
release of the product imino acid (Scheme 1). This notion
was substantiated by the considerably greater reaction rate
constant of the purple intermediate with oxygen than that
of free reduced DAO (16). This experimental evidence indi-
cates that the reactivity of reduced flavin to oxygen is
markedly enhanced in the purple intermediate. We have
ascribed this enhanced reactivity to increased electron den-
sity at C(4a) of reduced flavin in the purple intermediate on
the basis of 13C-NMR spectroscopic observations with 13C-
labeled FAD reconstituted into DAO (75). However, we did
not know the molecular basis underlying the electron-den-
sity augmentation at C(4a) of reduced flavin in the purple
intermediate, because detailed structural information on
the active-site was not available then. The aim of the pre-
sent study was to reveal this molecular basis and we
indeed made it clear by crystallographic analysis of this
particular intermediate with D-proline as the substrate.

MATERIALS AND METHODS

DAO was obtained as previously described from Eschen-
chia coli into which an expression vector carrying DAO
cDNA had been introduced (17). Chemicals used were of
the highest grade commercially available and were used as
supplied.

Visible absorption spectra were obtained with a Hitachi

U-2000 spectrophotometer thermostated at 25*C. Molecular
orbital calculation of 41-pyrrolidine-2-carboxylate (DPC)
was carried out on Cerius2 provided by Molecular Simula-
tions, San Diego, using MOPAC6 (18). The three-dimen-
sional structures m Figs. 3 and 5A were constructed with
the program MOLSCRIPT (19).

The crystalline form of the purple intermediate was pre-
pared by soaking crystals of oxidized DAO in a solution
containing excess D-proline under anaerobic conditions as
followa Yellow crystals of the DAO-benzoate complex,
which had been obtained as previously described (17), were
freed of benzoate soaking in 100 mM sodium citrate buffer,
pH 6.3, containing 200 mM sodium acetate, 30% (w/v) poly-
ethylene glycol 4000, and 5 mM D-alanine. The yellow crys-
tals then became colorless, indicating that DAO was in the
free reduced state. The colorless crystals were then im-
mersed in the same buffer from which D-alanine was omit-
ted, allowing the reduced DAO to be reoxidized by dis-
solved oxygen. Shortly afterwards the colorless crystals re-
gamed the yellow color indicating that DAO had returned
to the oxidized state. Following the procedure for preparing
the purple intermediate with D-prohne as the substrate
(12), we soaked the yellow crystals of reoxidized DAO in a
buffer, 0.1 M sodium citrate, pH 6.5, containing 40% (w/v)
polyethylene glycol 4000 and 50 mM D-prohne, under an-
aerobic conditions. The crystals gradually assumed a pur-
ple color (Fig. 2), indicating formation of the purple inter-
mediate. That DAO in the crystals was in the purple inter-
mediate was confirmed by microscopic spectroscopy of the
crystals (H. Mizutani et al., unpublished results). The pur-
ple crystals were quickly scooped and immersed in liquid
nitrogen, and then kept until use for diffraction analysis.
The crystalline state of the crystals did not deteriorate,
since polyethylene glycol 4000 present in the buffer served
as an antifreeze.

X-ray diffraction data were collected at 100 K by flash
cooling with synchrotron radiation at SPring 8 (Harima) on
a beam line 41XU (Proposal No. 199A0075-NL-np). The
data were processed with software provided by Rigaku.

The crystals of the purple intermediate of DAO were iso-
morphous as to those of the DAO-benzoate complex with
two subunits correlated by a non-crystallographic twofold
axis in an asymmetric unit Structure refinement of the
DAO purple intermediate was carried out with the coordi-
nates of the DAO-benzoate complex at 2.5 A resolution
(refined from the initial structure (3)) from which benzoate
and water molecules were removed for the initial model.
Simulated annealing and subsequent several rounds of
least-squares refinement using XPLOR (20) further refined
the structure. After each round of refinement, the model
obtained was refitted to the electron density against 2Fo -
Fc omit difference map using program O (21). Electron den-
sity corresponding to 41-pyrrohdine-2-carboxylate (DPC),
the dehydrogenated product from D-proline, was clearly
identified within the active site. At this stage, the restraint
on the twofold non-crystallographic symmetry was removed
and water molecules were picked up on the basis of the
peak height and distance criteria from the difference Fou-
rier map, and further inspected against 2Fo - Fc difference
Fourier mapa Water molecules with thermal factors of
greater than 80.0 A2 after refinement were excluded from
the list The C-terminal seven amino acid residues were
invisible in the electron density map as in the case of the
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DAO-benzoate (3) or DAO-o-aminobenzoate (5) complex.
The quality of the final model was assessed by means of a
Ramachandran plot and by analysis of the model geometry
with program PROCHECK (23) from the CCP4 program
package (24). The Ramachandran plot showed that Gin 28
and Ser 300 of each subunit fell outside generously allowed
regions, but these residues are unequivocally discernible in

the electron density map. The final R and Rf^. factors for
all reflections between 10.0 and 2.5 A resolution for the
purple intermediate were 0.232 and 0.298, respectively. The
mean positional error of the atoms from a Luzzati plot (22)
was 0.33 A. The detailed crystallographic data set for the
purple intermediate is given in Table I. The coordinates of
the structure have been deposited with the Brookhaven
Protein Data Bank under PDB ID code 1EVI.

RESULTS

77ic Crystal Structure of the Purple Intermediate of
DAO—The overall structural feature of the purple interme-
diate is similar to that of the DAO-benzoate complex (3)
with respect to the dimeric structure and the folding pat-
tern of each subunit. The RMS difference in Cot between
the two structures is 0.454 A; the deviation seems to be
greater toward the periphery than in the core of the pro-
teins. This indicates that the overall structure is unaltered
when the enzyme is in both the resting oxidized state and
the intermediary stage during the reaction sequence. The
subunit three-dimensional structure of the purple interme-
diate is shown in Fig. 3. The active site resides in the
boundary region between the two domains, i.e., the a/3 and
pseudo-barrel domains (3). The dehydrogenated product of
D-proline, DPC, is found within the active site, and is sand-
wiched between the phenol ring of Tyr 224 and the reduced
flavin ring (Figs. 4 and 5). Although N and Cp of DPC can
not be assigned unequivocally to the electron density corre-

Fig. 2. Photograph of DAO crystals of the purple intermedi-
ate (see text for the method of preparation). Approximate di-
mensions of the crystals: 1 x 0.4 x 0.2 mm.

TABLE I. Crystallographic data set for the purple intermedi-
ate of DAO.

Space group
Cell constant

a (A)
b (A)
c(A)

Temperature
Wavelength (A)
Z (mol/unit cell)
Resolution range (A)
No. of observed reflections
No. of unique reflections (>2o<F))
Completeness (%)
« _ • ( % )
No. of protein atoms
No. of water atoms
No. of heterogen atoms
Residues not well denned in electron density

#•(%)

Rms deviations from ideal geometry:
Bond lengths (A)
Bond angles (deg.)
Dihedral angles (deg.)
Improper torsion angles (deg.)

P2,2,2I, No. 19

107.73
91.37
71.24
100 K
0.708

8
10-2.5
86,285
23,434
95.4
6.7

5,458
307
122

341-347
741-747

23.2
29.8

0.006
1.39

24.21
1.08

».-» *\I*. Vj\W+). R Z\\F*.\-\FaSc\\/l\Fa.\ and
lFobal and \Fak:\ are the observed and calculated structure factor
amplitudes, respectively. 'Free R was calculated using 10% ran-
domly selected reflections.

Fig. 3. The subunit three-dimensional structure of the purple
intermediate of DAO with D-proline as the substrate. FAD
and DPC are presented as ball-and-stick models.
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sponding to DPC solely from the present crystallographic
data obtained at 2.5 A resolution, we assigned them as
shown in Fig. 6 on the following grounds. The hydrogen-
bonding distance (3.0 A) between N/Cp of DPC and the car-
bonyl oxygen of Gly 313 nicely fits with the assignment
represented. We have shown previously, by means of molec-
ular mechanics simulation based on the DAO-substrate
analog complex structure, that the substrate amino group
forms a hydrogen bond with Gly 313 O O in the MichaeUs
complex prior to the electron transfer from the substrate to
flavin with the substrate a-proton pointing toward N(5) of
flavin (5). Therefore, D-proline binds to the active site, form-
ing a hydrogen bond between NH of D-proline and Gly 313
C=O. Electron transfer as well as proton transfer from D-
proline to flavin then results in the orientation of DPC, as
shown in Fig. 6, without cleavage of this hydrogen bond.
Taking the alternative orientation of DPC with Cp close to
Gly 313 C=O would require surmounting a great energy
barrier for 180' rotation along the Ca-COO" bond, thus
making the alternative orientation essentially impossible.
It is noteworthy that the reduced flavin ring system is in a
planar conformation, rather than in the butterfly conforma-
tion found for the free reduced form of flavin due to the sp3

hybridization at N(5) and N(10). The carboxylate group of

DPC is recognized by the Arg 283 guanidino and Tyr 228
hydroxyl groups through ion-pairing and hydrogen-bond-
ing, respectively. The protonated catdonic nitrogen of DPC is
within hydrogen-bonding distance (3.0 A) of the Gly 313
backbone carbonyl oxygen, which is also hydrogen-bonded
to a neighboring water molecule. Gly 313 is within the loop
located on the N-terminal side of the C-terminal a-helix,
which has a kink towards the N-terminal end (Fig. 3). The
N-terminal end of this a-helix points toward the O=C(2)-
N(l) moiety of reduced flavin in such a way that the a-helix
dipole stabilizes the negative charge of the reduced flavin,
although the dipole moment may be somewhat weakened
by the kink. Figure 5 shows the mutual geometrical align-
ment between reduced flavin and DPC. An important char-
acteristic of this alignment with respect to DAO catalysis is
the overlapping between the +HN=C double bond of DPC
and C(4a)-N(5) of reduced flavin^ which positions the cat-
ionic nitrogen of DPC close (3.3 A) to C(4a) of reduced fla-

vin.
Charge-Transfer Interaction between DPC and Reduced

Flavin—We previously demonstrated that the purple inter-
mediate of DAO with D-proline as the substrate is associ-
ated with a charge-transfer interaction between the anionic
reduced form of flavin and zwitterionic DPC by means of

Fig. 4. Active-site stereoview
of the (2| Fol -1 Fcl) omit map.
The map was contoured at la
above the ne-face of flavin (top)
and above N(5) of flavin (bottom)
using program O (21)
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resonance Raman and NMR spectroscopy (12-15). Since
reduced flavin acts as an electron donor in redox reactions,
it should also act as an electron donor in the charge-trans-
fer interaction involving reduced flavin. In the charge-
transfer interaction in the purple intermediate, therefore,
anionic reduced flavin and zwitterionic DPC act as the elec-
tron donor and acceptor, respectively. As a result of this, the
charge-transfer interaction in the purple intermediate

should be framed through the overlapping between the
highest occupied molecular orbital (HOMO) of anionic
reduced flavin and the lowest unoccupied molecular orbital
(LUMO) of zwitterionic DPC. The mutual alignment be-
tween DPC and reduced flavin, as revealed by the crystal
structure (Fig. 5), indeed ensures the HOMO-LUMO inter-
action, as illustrated in Fig. 6; the HOMO-LUMO interac-
tion is optimum in terms of the orbital symmetry as well as

R283

B

o
H20

DPC

NH2

Fig. 5. The alignment between
reduced flavin and DPC. A: Ste-
reoview of the DPC binding-site
structure. B Illustration of the
DPC-bindtng moda

VoL 128, No. 1,2000

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


78 H. Mizutani et al.

the magnitude of the molecular orbital coefficients at the
overlapping positions. Note that the overlapping between
the N=C double bond of DPC with flavin C(4a)-N(5) is
slightly deviated, so that the overlapping of the DPC nitro-
gen extends toward C(4) of reduced flavin.

DISCUSSION

We have successfully applied the cryocrystallographic
method to elucidation of the detailed three-dimensional
structure of the purple intermediate of DAO. hi the present
study, polyethylene glycol 4000 used as a precipitant hap-
pened to act as an antifreeze and also protected the crystals

053 C =

Y228

Reduced Ravin
(HOMO)

Fig. 6. The charge-transfer interaction between LUMO of
DPC and HOMO of reduced flavin in the purple intermediate
of DAO. HOMO of anionic reduced flavin is cited from Hall et al.
(25).

from cracking in liquid nitrogen or at 100 K during diffrac-
tion-data collection. Since the purple intermediate is a reac-
tion intermediate with high reactivity toward oxygen, this
cryogenic method is appropriate for protecting the interme-
diate from further reaction with oxygen. The crystals of the
purple intermediate maintained the same purple color dur-
ing the diffraction-data collection, indicating that the crys-
tals stayed in this intermediary state throughout the crys-
tallographic procedure.

Imino acids produced on dehydrogenatdon of acyclic D-
amino acids, e.g., D-alanine, D-leucine, etc, undergo nonen-
zymatic hydrolysis after they are released from the active
site, leading to 2-ketoacids. The dehydrogenated product
from a cyclic D-amino acid such as D-proline, however, is
stable against hydrolysis even after it is released from the
active site into the bulk aqueous environment (Scheme 1).
The final product from D-proline, therefore, is DPC, while
those from acyclic D-amino acids are 2-ketoacids. (Since D-
proline itself is an imino acid, the product DPC cannot sim-

C-COJ-

H

E»FADH- o
\—r.-i

NH+

D-Prdlne E'FAD

-C-COr
[Purple intermediate]

E«FAD / N H +
\ "> C-COr

OPC
Scheme 1 Reaction catalyzed by DAO.

Scheme 2. Reaction of anionic re-
duced flavin with molecular oxy-
gen.
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Fig 7 '*C-Chemical shift correlation diagram
for the selectively "C-enrlched flavin with
various states of DAO. FMNH", DAOred, Purple
(D-Ala), and Purple (D-Pro) represent anionic re-
duced FMN, the free reduced form of DAO, purple
intermediate with D-alanine as the bubstrate, and
purple intermediate with D-proline as the sub-
strate, respectively Data are cited from Miura and
Miyake (15).
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Scheme 3 Resonance hybridization of anionlc reduced flavin.

Chemfcal Shift (ppm)

Fig. 8 Correlation between the "C(4a)-chemical shift of re-
duced flavin and the reaction rate constant of reduced flavin
to oxygen, a and b, purple intermediate of DAO with D-alanine as
the substrate, c, purple intermediate of DAO with D-proline as the
substrate, d and e, free reduced form of DAO; f, free reduced form of
medium-chain acyl-CoA dehydrogenase. The chemical shift data for
a-f are cited from Miura and Miyake (15), and those for f from Miura
et al (27). The rate constants for a and d are cited from Fbrter et al
(16), those for b, c, and e from Nishina et al. (28), and those for f from
Johnson et al (29) All the data were measured at 25'C.

ply be classified as an imino acid but is, strictly speaking,
an unsaturated cyclic imino acid.) Due to this non-hydro-
lyzable property of DPC, formation of the purple intermedi-
ate is easier with D-proline than with acyclic D-amino acids;
the intermediate can be prepared by incubating DAO with
excess D-proline under anaerobiosis (Fig. 2). The purple
intermediate obtained with D-prohne is stable for at least a
few days even at room temperature only if oxygen is suc-
cessfully excluded.

The purple intermediate of DAO is well quoted not only
by the peculiar purple color arising from the charge-trans-
fer interaction between reduced flavin and a dehydroge-
nated product but also particularly by its catalytic im-
portance, Le. the oxidative half-reaction of DAO proceeds by
way of this particular intermediate (16). This catalytic role
of the purple intermediate is achieved through t ie en-
hanced reactivity of reduced flavin toward molecular oxy-
gen. We previously ascribed this enhanced reactivity to the
increased electron density at C(4a) of reduced flavin in the
purple intermediate in comparison with that of free re-
duced DAO by means of "C-NMR spectroscopy applied to
selectively "C-labeled FAD reconstituted into DAO (15). It
is generally accepted that in the reaction of anionic reduced
flavin with oxygen, electrons are transferred from C(4a) of
the reduced flavin to oxygen (Scheme 2). The formation of
oxygenated flavin, 4a-hydroperoxy-l,5-dihydronavin (I),
cannot proceed through a single step, since this step is spin
forbidden; the ground state of molecular oxygen is in the

triplet state whereas that of reduced flavin is the singlet
state. Bruice et al. have proposed that the reaction proceeds
via two single-electron transfer steps from C(4a) to oxygen
intervened by triplet-singlet spin conversion (Eq. 1) to cir-
cumvent the spin-forbidden reaction process (26).

Fffl- + 0 2 > FlH-TT02--->FlH-TiO2--

-^U F1H-OOH > Flox + H A (1)
FlrT, F1H-, F1OOH, and Flox are anionic reduced flavin,
the neutral semiquinone form of flavin, 4a-hydroperoxy-
1,5-dihydroflavin (T), and oxidized flavin, respectively. The
initial electron transfer in Eq. 1 is from C4a of reduced fla-
vin to oxygen. Accordingly, the higher the electron density
at C4a of reduced flavin, the faster the reaction with oxy-
gen. Figure 7 shows the 13CJ-chemical shift correlation for
selectively labeled "C atoms in the isoalloxazine nucleus
with various states of DAO. The chemical shifts of C(4a) of
reduced flavin are remarkably upfield-shifted relative to
those of free reduced DAO or anionic reduced FMN in an
aqueous solution suggesting strongly that C(4a) in the pur-
ple intermediate has greater electron density than that in
free reduced DAO or anionic reduced FMN. This indication
is corroborated by the correlation between the 13C(4a)-
chemical shift of the reduced flavin and the reaction rate
constant with molecular oxygen (Fig. 8). The reaction of
reduced flavin is faster when the chemical shift of C(4a) is
at a higher field, and hence there is higher electron density
at C(4a). However, we did not know the molecular basis for
the augmentation of the electron density at C(4a) because
detailed structural information on the active site in the
purple intermediate was unavailable at that time. We can
understand the molecular basis, as explained below, of the
electron density increase now that we have obtained the
detailed three-dimensional structure of the active site in
the purple intermediate.

The anionic reduced form of flavin exists as resonance
hybridization among the canonical forms, as shown in
Scheme 3. Of these, the contributor (II) with a negative
charge at C(4a) is responsible for the reaction with oxygen,
as depicted in Scheme 2. The crystal structure of the purple
intermediate clearly shows that the cationic nitrogen of
DPC is located close to C(4a) of reduced flavin (Figs. 5 and
6). Due to the electrostatic effect exerted by the positive
charge at N(l) of DPC, the canonical form (II) with a nega-
tive charge at C(4a) significantly contributes in the reso-
nance state of the anionic reduced flavin in the purple
intermediate, hence the increased electron density at C(4a).
This notion is supported by the results of our resonance
Raman study (30) on the purple intermediates (complexes
of reduced enzymes with dehydrogenated products) of fla-
vooxidases, in which the reaction of reduced flavin with
oxygen is enhanced, and flavodehydrogenases, in which the
reactivity of reduced flavin to oxygen is suppressed. It was
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found that the Raman bands for the C(4a>C(10a) stretch-
ing of reduced flavin were observed at lower frequencies
with oxidases including DAO, whereas the corresponding
bands with dehydrogenases were observed at higher fre-
quencies. In oxidases, the canonical form (II) greatly con-
tributes to the resonance hybridization (Scheme 3), leading
to a lower bond order for C(4a)-C(10a) as well as a higher
electron density at C(4a), thus resulting in the enhanced
reactivity to molecular oxygen. In dehydrogenases, on the
other hand, the canonical form (HI) or (IV) contributes con-
siderably to the resonance state (Scheme 3), resulting in a
higher C(4a)-C(10a) bond order and a lower electron den-
sity at C(4a), the reaction of reduced flavin with oxygen
consequently being suppressed. The large contribution of
(ill) to the resonance in the case of medium-chain acyl-CoA
dehydrogenase is attributable to a very strong hydrogen
bond (2.55 A) between N(l) of reduced flavin and the
hydroxyl group of Thr 136 (31). In contrast, no hydrogen
bond was found at N(l) of reduced flavin in the purple
intermediate of DAO.

We have revealed in the present study that the oxidative
half-reaction of DAO is optimized through the alignment of
the product, DPC, with respect to reduced flavin. This
mechanism is elegant and hitherto unknown for other fla-
voenzymes, and may well be one of the general mecha-
nisms underlying the oxidative half-reactions of flavoox-
idases.

A problem still remains, however, as to how molecular
oxygen can gain access to reduced flavin in the purple
intermediate. It has been revealed from the crystal struc-
ture that the st-face of flavin is shielded by a hydrophobic
stretch, V47-A48-A49-G50 (3), which makes oxygen ap-
proach from the st-face unlikely. Since the ne-face of the
reduced flavin in the purple intermediate is shielded only
partly by DPC (Fig. 5), the open space on the re-face above
the C(10a)-N(10) region can allow access of oxygen. In the
reoxidation of reduced flavin with oxygen, LUMO of oxygen
is required to overlap with HOMO of anionic reduced fla-
vin. Although we lack convincing structural evidence at
this stage, access of oxygen to the ne-face above the C(10a)-
N(10) region does not seem to interfere with this H0M0-
LUMO interaction. 4a-Hydroperoxy-l,5-dihydroflavin (I)
has not been detected in the reoxidation of DAO, let alone
its crystal structure in DAO, so there is still ambiguity as
to whether or not the reoxidation by oxygen proceeds via
4a-hydroperoxy-l,5-dihydroflavin (I), and the stereochemis-
try of 4a-hydroperoxy-l,5-dihydrofiavin (I) needs to be set-
tled if the reoxidation should involve this oxygenated form.
It would be worth the effort to attempt detection of 4a-
hydroperoxy-l,5-dihydroflavin (I) or the complex of the pur-
ple intermediate with oxygen by means of cryocrystallogra-
phy, a beneficial method for unstable states. This would
ultimately answer the remaining question as to how oxy-
gen approaches reduced flavin in the purple intermediate
during the oxidative half-reaction.
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