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[4-Carbonyl-18O]-enriched lumiflavin, riboflavin, and FMN were prepared by incubating
each corresponding non-labeled flavin in 1 M Na18OH (H2

18O) at 2 5 C [4-Carbonyl-18O]FAD
was prepared from the corresponding riboflavin by using FAD synthetase. Isotope effects
by [4-carbonyl-18O]-labeling confirmed that the l,709-cm~l band in the IR spectrum of
lumiflavin and the 1,711-cm"' band in the Raman spectrum of FAD are mainly derived from
C(4)=O stretching vibrations! mode. The l,605-cm~' Raman band of the anionic reduced
flavin in the purple intermediate of D-amino acid oxidase (DAO) with D-proline or D-alanine
does not shift in DAO reconstituted with [4-carbonyl-18O]FAD, although it shifts with [4,
10a-"C2]- or [4a-13C]FAD. Thus the band is mainly due to the C<4a)=C(10a) stretching
vibrational mode and includes no contribution from C(4)=O stretching vibration. The band
frequencies cover a fairly wide range (1,602-1,620 cm"1) depending on the enzymes. The
frequencies of the reduced flavin in the purple intermediates of the dehydrogenases
(medium-chain acyl-CoA, short-chain acyl-CoA, and isovaleryl-CoA dehydrogenases) are
higher than those of the oxidases (DAO and L-phenylalanine oxidase). This indicates that
the C(4a)=C(10a) bond order of reduced flavin in the dehydrogenases with the low reactivity
for molecular oxygen is stronger than that in the oxidases with high reactivity. Therefore,
the band frequency of C(4a)=C(10a) stretching may serve as an indicator of the reactivity
of flavoprotein with molecular oxygen. Furthermore, strong hydrogen bonding of flavin at
the N(l) moiety with the hydroxyl group of Thrl36 in MCAD is probably responsible for the
strong bond of the C(4a)=C(10a) of reduced flavin in the dehydrogenase.

Key words: acyl-CoA dehydrogenase, D-amino acid oxidase, flavoenzyme, hydrogen bond,
Raman spectra.

Flavin can exist in three redox states, i.e., oxidized, reaction center of reduced flavin with molecular oxygen is
semiquinone (one-electron reduced), and reduced (two- at or near C(4a) (2) (Fig. 1), and ^--electron transfer from
electron reduced) states (Fig. 1, Ref. 1). Owing to this reduced flavin should be an important process in reoxida-
nature, flavin has unique properties, being able to function tion by molecular oxygen. Therefore, it is important to
in either a one- or two-electron transfer process: other study the structural details of the C(4a)=C(10a) double
redox-related compounds, metaloproteins and nicotin- bond of the reduced flavin in both types of flavoproteins by
amides, function only in a one-electron and two-electron using Raman spectroscopy.
transfer process, respectively. Raman spectroscopy has the potential to provide struc-

Reduced flavin free in solution is efliciently reoxidized by tural information on molecules, and during the past two
molecular oxygen. This property is generally retained in decades this method has been extensively adopted in
flavoprotein oxidases, but the reoxidation of flavoprotein investigations of flavins and flavoproteins. Among the three
dehydrogenases by molecular oxygen is significantly sup- redox states (Fig. 1), the oxidized state has been most
pressed (2). This difference in the reactivity with molecular frequently investigated, and many Raman bands have been
oxygen is one of the bases for versatile functions of flavin. observed. The observed bands have been assigned experi-
However, the mechanism underlying the difference be- mentally, i.e., on the basis of the band shifts with chemi-
tween oxidase-type and dehydrogenase-type flavoproteins cally (3-8) and isotopically (9-11) substituted flavins, and
is not clear. Information about the difference in the struc- also by normal mode analysis (12-14). Numerous Raman
ture of reduced flavin between the two types of flavopro- studies on flavosemiquinones have also been reported (25-
teins is critical for understanding this mechanism. The 24). Although normal mode analysis has not yet been done,

— isotope effects on the band around 1,615 cm"1 of neutral
•To whom ĉorrespondence should be addressed. semiquinone (25) and on many bands of anionic semi-
Abbreviations: DAU, D-amino acid oxidase: LUMO lowest unoccu- • /r>»\ i • , J i i-. ••
pied molecular orbital; MCAD, m e d i u m - ^ acyl-doAdehydrogen- Qumone (22) have been reported, and qualitative assign-
ase; RR spectrum, resonance Raman spectrum. ments of the Raman bands have been made on the basis of

isotope effects (21) and by comparison of resonance Raman
© 1998 by The Japanese Biochemical Society. (RR) spectra of semiquinone in different three ionic forms
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Fig. 1. The structures of the cationic, neutral, and anionic flavin species in the three redox states. Modified from MUller (2).

(Fig. 1: anionic, neutral, and cationic forms) (23). Recently,
C=O stretching bands of anionic semiquinone were ob-
served and assigned (24). In contrast, no Raman spectrum
of reduced flavin is available, except for those of reduced
flavins in the purple intermediates of flavoproteins, where
purple intermediates are charge-transfer complexes be-
tween the product from each substrate and the reduced
flavin in the flavoproteins such as D-amino acid oxidase
(DAO) (25-28), L-phenylalanine oxidase (29), medium-
chain acyl-CoA dehydrogenase (MCAD) (30, 31), short-
chain acyl-CoA dehydrogenase (32), and isovaleryl-CoA
dehydrogenase (31). The Raman bands derived from the
reduced flavin of the purple intermediates were observed
around 1,610 cm"1 in all the purple intermediates: the
frequencies cover a fairly wide range (1,602-1,620 cm"1)
depending on the enzymes. The 1,605-cm"1 band in the
purple intermediate of DAO with D-proline shifted to 1,585
and 1,601 cm"1 for DAO reconstituted with [4,10a-13C2]-
FAD and [4a-13C]FAD (27), respectively. But the band
scarcely shifted with [2-13C]-, [5-15N]-,or [1,3-16N2]FAD.
Based on these isotope effects, we concluded that the bands
around 1,610 cm"1 are associated with the C(10a)=C(4a)-
C(4)=O region of reduced flavin in the purple intermediates
(27). Although the bands must be a vibrational mode
containing C(4a), it is not known how much C(4a)=C(10a)
or C(4)=O stretching vibration contribute to the bands.

In this paper, we assigned the band around 1,610 cm"1 to
a C(4a)=C(10a) stretching vibrational mode by measuring
the RR spectra of purple intermediate of DAO reconstitut-
ed with [4-carbonyl-l80]FAD or a 1:1 mixture of [4-13C]-
and [10a-13C]FAD. Furthermore, we discuss the correla-

tion between the oxygen reactivity of the reduced flavin in
the flavoproteins and the bond structure of C(4a)=C(10a),
aiming at a first step to resolving the different mechanisms
involved in the reactions of oxidase- and dehydrogenase-
type flavoproteins with oxygen.

MATERIALS AND METHODS

The holoenzyme and apoenzyme of porcine kidney DAO
were purified as described by Shiga et al. (32, 33) and Tojo
et al. (34), respectively. The reconstitution of isotope-
enriched FAD to the apoenzyme was carried out following
the procedure previously reported (27). The concentration
of the reconstituted or the native enzyme was based on the
molar absorption coefficient of 11,300 M"1 •cm"1 at 455
nm. The purple intermediate of DAO with D-proline was
prepared by mixing DAO with the substrate (26). The
purple intermediate with D-alanine was obtained by addi-
tion of pyruvate, ammonium sulfate, and D-alanine to the
enzyme solution (26).

Potassium cyanide-13C (99 atom%) and H2
18O (99.1

atom%) were purchased from Isotec, USA. Other chemicals
were of the highest grade available from commercial
sources and used without further purification. One molar
Na18OH in H2

18O was prepared by the reaction of metallic
sodium with H2

18O.
A 1:1 mixture of [4-l3C]- and [10a-13C]riboflavin was

synthesized by the method of Tishler et al. (35). Due to the
structural symmetry of the starting materials, separate
synthesis of [4-13C]- or [10a-l3C]riboflavin is impracti-
cable. [l-l3C]Malonic acid was prepared from potassium
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[13C] cyanide following the procedure described elsewhere
(36). Diethyl [1-13C] malonate was synthesized by reflux-
ing for 15 h a dichloroethane solution containing [1-13C]-
malonic acid, ethanol, and small amount of H2SO<. [4- 13C] -
Barbituric acid was prepared from diethyl [1- 13C] malonate
and urea as described elsewhere (37).

Isotope-labeled FADs and lumiflavins were prepared
from the corresponding riboflavins as described previously
(27, 38).

Visible absorption spectra were measured with Hitachi
220A and U-2000 spectrophotometers at 25'C. Raman
spectra were obtained with a JASCO NR-1800 spectrom-
eter (Japan Spectroscopic) with a He-Ne laser (NEC GLG
5900) as a light source, at room temperature (ca. 25'C).
The wave number axis of the Raman spectra was calibrated
for indene. The RR spectra were measured in 50 mM
sodium pyrophosphate buffer (pH 8.3). FT-IR spectra were
measured in KBr tablets with a JEOL 6500W FT-IR
spectrometer. El and FAB mass spectra were measured on
JEOL JMS-BU20 and JMS-DX303HF mass spectrom-
eters, respectively.

RESULTS

Synthesis of [4-Carbonyl-lsO] -Enriched Flavin—[4-
Carbonyl-18O]-enriched lumiflavin was prepared by dis-
solving lumiflavin in 1 M Na18OH in H2

18O. Approximately
1 mg of lumiflavin was dissolved in 50 p\ 1 M Na18OH
(H2

18O) in a small tube with a cap and was allowed to stand
at 25"C. Aliquots of 5 //I were removed at various times,
and 0.7//I of acetic acid was added to each aliquot to
prevent further reaction. Each sample was extracted with
CH2C12, the solution was dried with Na2SO4, and CH2C12

was removed with a stream of N2 gas. The resulting l8O-
enriched lumiflavin was analyzed by mass spectroscopy.
The mass spectrum of non-labeled lumiflavin has a molecu-
lar ion at m/z 256; the molecular weight of lumiflavin is
256.26. Depending on the incubation time, the ion at m/z
256 decreased and the ion at m/z 258 increased. But the
molecular ion at m/z 260 was not significant, even after
incubation for 5 d. This indicates that " 0 is exchanged at
only one of the two oxygen atoms in lumiflavin. As de-
scribed later in detail, the oxygen atom exchanged with 18O
under the conditions employed is the C(4)=O carbonyl
oxygen.

§100

^- 80

C60

.9 4 0

| 20

- 0 20 40 60 80 100 120 140
Time / h

Fig. 2. Time course of "O incorporation of lumiflavin in 1 M
Na"OH (H,"O) at 25'C. The proportion of "O incorporation is
plotted against incubation time. The curve shows the simulated time
course for pseudo-first order kinetics with a reaction rate *=4.1x
10-' h"1.

Figure 2 shows the time dependence of the incorporation
of 180. The ratio of [4-carbonyl-180] -labeled lumiflavin was
obtained by ^ss/C^se + ^ss ) , where A2ifi and A2ss are the
abundances of molecular ion at m/z 256 and 258, respec-
tively. Approximately 17 h is needed for 50% incorpora-
tion.

Similar incorporation also occurs in the cases of both
riboflavin and FMN, the incorporation being confirmed by
mass spectroscopy. As FAD is easily hydrolyzed to FMN
under the conditions, [4-carbonyl-18O]FAD cannot be
prepared directly from non-labeled FAD by the same
procedure. Thus, the FAD was prepared from [4-carbonyl-
I8O] riboflavin with FAD synthetase complex by the method
previously reported (27).

FT-IR Spectra of Non-Labeled and Isotope-Labeled
Lumiflavin—Infrared spectra of non-labeled and some
isotope-labeled lumiflavins were previously observed (39),
and the observed bands were assigned by normal mode
analysis (13). Figure 3 shows the FT-IR spectrum of
[18O] -labeled lumiflavin prepared by incubation for 120 h
as described in the foregoing section, together with those of
non-labeled lumiflavin, [4,10a-13C2]lumiflavin, and the 1:1
mixture of [4-13C]- and [10a-13C] lumiflavin for compari-

E
CO

CO

8

I
I
CO

8

1
i

/

/
' /

I

. ; i ,

r—

ID
C
c

£
E
(0
c

Tr
a

1800 1600 1400 1200 1000 800

Wavenumber / cm-1

600 400

Fig. 3. FT-IR spectra of (a) non-labeled lumiflavin, (b) [4-
carbonyl-"O]lumiflavin, (c) [4,10a-"C]lumiflavin, (d) a 1:1
mixture of [4-"C]- and [10a-llC]lumiflavin. The spectra were
measured in KBr tablets.
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son. These spectral patterns are identical with the previous
results (39). It was pointed out that the doublet in the
highest band may arise from Fermi resonance of the C(4)=
0 stretching vibration including the N(3)H deformation
mode (39). Upon [18O]-labeling, the 1,709-cm"1 band,
which is the C(4)=O stretching vibration slightly coupled
with C(2)=O stretching mode (13), downshifted by 23
cm"1, while the l^O-cm^band, which is mainly due to the
C(2)=O stretching mode coupled with the N(3)-H bending
and C(4)=O stretching mode (13), did not shift (Table I).
This indicates that 18O is located solely at C(4)=O carbonyl
oxygen. The 1,709-cm"1 band was shifted to 1,672 cm"1

upon [4,10a-13C2]-labeling. In the FT-m spectrum (Fig. 3)
of the 1:1 mixture of [4-13C]- and [10a-13C]lumiflavin, the
1,709-cm"1 band splits into two bands: one remains at
almost the same position and the other appears at 1,676
cm"1. As the original 1,709-cm"1 band is from the C(4)=O
stretching vibration mentioned above, the 1,672-cm"1 band
is derived from [4-13C]lumiflavin, and the. remaining band
at 1,711cm"1 is derived from [10o-13C]lumiflavin. The
1,660-cm"1 band downshifted by only 7 and 3 cm"1 in
[4,10a-13C2]luminavin and the 1:1 mixture of [4-13C] - and
[10o-13C]lumiflavin, respectively.

Raman Spectra of Non-Labeled and Isotope-Labeled
FADs Excited at 632.8 nm—Previously we reported
Raman spectra of non-labeled and some isotopically labeled
FADs ([4,10a-13C2], [4a-13C], [2-13C], [5-16N], and

[1,3-IBN2]) (11). Here, we measured Raman spectra of
[4-carbonyl-18O] FAD and the 1:1 mixture of [4-13C]FAD
and [10a-13C]FAD in H2O. The band positions of the
spectra (Fig. 4, a, b, and c) in the 1,650-1,750 cm"1 region
were determined from the difference spectrum (not shown)
of non-labeled FAD minus [4-carbonyl- " 0 ] FAD or the 1:1
mixture of [4-13C]- and [10a-13C]FAD. The 1,711-cm-1

band, which is assigned to C(4)=O stretching vibrational
mode of the isoalloxazine nucleus, is downshifted to 1,678
cm"1 with [4-carbonyl-18O]FAD (Fig. 4 and Table I). This
confirms that the FAD prepared is indeed labeled with 18O:
4-carbonyl-18O is maintained even after the preparation
procedure for the labeled FAD from [4-carbonyl-18O]-
riboflavin. The large shift (33 cm"1) supports that the band
is mainly associated with the C(4)=O stretching vibrational
mode (11, 40). No other bands appreciably shifted with
[4-carbonyl- 18O]FAD. The 1,711-cm"1 band is downshift-
ed to 1,660 cm"1 with [4,10a-13C2]FAD (11). As the FAD
is labeled by 13C at the two positions, it is difficult to
distinguish the individual effect of single isotope labeling on
the basis of the shift. In the Raman spectrum (Fig. 4) of the
1:1 mixture of [4-13C]FAD and [10a-13C]FAD, the
1,711-cm"1 band splits into two bands: one remains at the
same position and the other appears at 1,668 cm"1. This
indicates that the shift of 1,711-cm"1 band with [4,10a-
13C2]FAD is mainly due to [4-13C]-labeling, and [10a-
I3C]-labeling has practically no effect. This is consistent

TABLE I. Isotopic frequency shifts of 1,710- and 1,660-cm"1 bands of FT-ER spectra of lumlflavin and 1,710-cm"1 band of Raman
spectra of FAD. In parentheses are the values of isotopic shifts (cm"1).

Non-labeled [4a-"C] [4,10a-"C,]
1:1 nurture of

[4-"C] and
[10a-"C]

[4-carbonyl-
"O]

Lumiflavin 1,708", 1,709 l ,708'(- l) l,672(-37) l,706"(-3) 1,711(2) l,708*(-l) l,707"(-2) l,707"(-2) l,686(-23)
l,676(-33)

1,662s, 1,660 1,664'(4) l,653(-7) l,630"(-30) l,657(-3) 1,661'(1) l,656*(-4) l,651"(-9) 1,660(0)
FAD l,711bl,710b(-l) l,660b(-51) l,708b(-3) 1,711(0) l,711b(0) l,708b(-3) l,678(-33)

l,668(-43)
'ER data from Abe and Kyogoku {13). bRaman data from Hazekawa et al. (11).

1 1 mixture of
[4-13C]and[1Oa-13C]

1800 1600 1400 1200 1000 800 600 400
Raman Shift/cm"1

Fig. 4. Raman spectra of (a) non-labeled FAD, (b) [4-car-
bonyl-"O]FAD, (c) a 1:1 mixture of [4-llC]- and [10a-13C]FAD.
The spectra were observed in H2O. The concentrations were: (a) 26
mM; (b) 30 mM; (c) 30 mM.

300 400 500 600

Wavelength / nm
700

Fig. 5. Absorption spectra of D-amino acid oxidase (DAO) and
the purple intermediate of DAO with D-proline or D-alanine as a
substrate. The concentrations were: (a) DAO (55 //M); (b) DAO (55
//M), D-proline (91 mM); (c) DAO (55 ̂ M), ammonium sulfate (0.16
M), sodium pyruvate (54.5 mM), D-alanine (91 mM).
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TABLE H.
(cm-).

Substrate

D-Proline

D-Alanine

Isotopic frequency shifts of 1

Non-labeled"

1,605

1,606

[4a-"C]'

1,601
(-4)

1,602
(-4)

,606-cm"1 band of DAO purple intermediates.

^.lOa.-'C,]*

1,585
(-20)

1,591
(-15)

C

[2-"C]'

1,606
(1)

1,605
(-1)

1:1 mixture of
[4a-"C] and

[lOa.-C]
1,605

(0)
1,585
(-20)
1,606

(0)
1,590
(-16)

Y. Nishina et al.

In parentheses are the values of isotopic shifts

[5--N]'

1,606
(1)

1,607
(1)

N

[1,3-"N,]'

1,606
(1)

1,607
(1)

"O

[4-carbonyl-

1,605
(0)

1,606
(0)

"Resonance Raman data from Miura et al. (27).

1658 1605

1658 1605

1658
05
1585

I

1359
AA

_ K
1359

A

..X
1359

Jl
i

non-labeled
1126

[4-carbonyl-18OJ
1126

^ J ^ ,
11 mixture of

[4-l3C]and[1Oa-13C]
1126

a

b

c

1800 1600 1400 1200 1000
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Fig. 6. Resonance Raman spectra of the purple intermediate
with D-proline and native D-amino acid oxidase (DAO) or
reconstituted with FADs isotoplcally enriched in the flavin
moiety. Positions enriched in the flavin moiety are indicated in the
figure. Concentrations were: (a) DAO (810 //M), D-proline (50 mM);
(b) DAO (730 MM), D-proline (50 mM); (c) DAO (810 //M), D-proline
(50 mM).

with the above conclusion from IE spectra.
Resonance Raman Spectra of DAO Puttie Inter-

mediate—Figure 5 shows visible absorption spectra of the
purple intermediate produced in an anaerobic reaction of
DAO with D-proline or D-alanine. Previously we showed by
RR studies that the purple intermediate is a charge-trans-
fer complex of reduced DAO with 2-imino acid derived
from the substrate (25). This conclusion is based on the fact
that the Raman bands of both the reduced flavin and the
2-imino acid are observed by excitation at 632.8 nm (25-
27). Furthermore, the flavin is in the anionic reduced form
as shown by NMR (41). The Raman band derived from the
reduced flavin is observed at ca. 1,605 cm"1 and is down-
shifted by 15-20 cm"1 and 4 cm"1 upon [4,10a-13C2]- and
[4a-13C]-labeling, respectively (Table II). On the basis of
the isotope effects, the band was tentatively assigned to the
vibrational mode associated with the C(10a)=C(4a)-C(4)=
O moiety of reduced flavin. However, exact assignment was
not possible, because the individual effect of [4-13C]- and
[10a-13C]-labeling was masked. That is, it was unknown
how much C(4)=O stretching vibration contributes to the

band. Therefore, we measured the RR spectra of the purple
intermediate of DAO reconstituted with [4-carbonyl-18O] -
FAD or 1:1 mixture of [4-13C]- and [10a-13C]FAD to
estimate the contribution of C(4)=O stretching to the
1,605-cm"1 band.

Figure 6 shows the RR spectra of the purple intermedi-
ates prepared with D-proline as a substrate and the DAO
reconstituted with FAD, where designated positions of
flavin are enriched. Similar results were obtained when
D-alanine was used as a substrate (Table II). The 1,605-
cm"1 band did not shift in the case of DAO reconstituted
with [4-carbonyl-180]FAD in buffer solution in H2O. These
results indicate that the band is not sensitive to [4-car-
bonyl-18O] -labeling, i.e., this band includes no contribution
from a C(4)=O stretching vibration. Furthermore, the band
also did not shift or split in the case of non-labeled DAO in
the buffer solution containing 50% H2

18O (not shown).
It is unlikely that 4-carbonyl oxygen of DAO-bound FAD

is exchanged with 18O of H2
18O since 18O of 4-carbonyl

oxygen of [4-carbonyl-180]isoalloxazine is retained during
the synthetic procedure in buffer solution in H2

1SO. How-
ever, the possibility of the 18O exchange between the bulk
H2

18Oand 4-carbonyl oxygen of DAO-bound FAD remains.
In this case, the band should shift in 50% H2

18O. The
experimental result that the 1,605-cm"1 band did not shift
in 50% H2

18O is consistent with the lack of C(4)=O contribu-
tion to the 1,605-cm"1 band.

The 1,605-cm"1 band splits into two bands at 1,605 and
1,585cm"1 in the 1:1 mixture of [4-13C]- and [10a-13C]-
FAD (Fig. 6 and Table II). This indicates that only one of
the labels affects the band frequency. The band is down-
shifted by 4 cm"1 upon [4a-13C]-labeling (27), but is not
shifted upon [4-carbonyl-18O] -labeling or [1,3-1SN2]-label-
ing (Table II). Furthermore, the band frequency is too high
to be associated with a single bond. Therefore, we conclude
that the band is mainly due to the C(4a)=C(10a) stretching
mode and that the 1,585-cm"1 band observed in the
mixture is from the enzyme reconstituted with [10o-13C]-
FAD.

DISCUSSION

Resonance Raman Band and Oxygen Reactivity of
Reduced Flavin in Purple Intermediates—We previously
reported RR spectra of purple intermediates produced by
the reaction with the substrate in some classes of flavoen-
zymes (25-27, 29-31), and confirmed that the purple

J. Biochem.

 at Islam
ic A

zad U
niversity on O

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

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


Resonance Raman Study of Flavoenzyme Reaction Intermediate 205

intermediates are charge-transfer complexes between
reduced flavin and the product derived from the substrate.
That the reduced flavin in the purple intermediate is in the
anionic form has been confirmed only in DAO (41).
Although it was shown by NMR (42) that the flavin in free
reduced MCAD is also in the anionic form, the ionic form of
reduced flavin in MCAD purple intermediate has not been
unequivocally identified. The present report confirms, as
described below, that all the reduced flavin in the purple
intermediates discussed here is in the anionic form. The
bands derived from the reduced flavin in the purple inter-
mediates are commonly observed around 1,610 cm"1

(Table HI), and these bands are considered to be C(4a)=
C(10a) stretching vibration from analogy with DAO. The
band frequencies cover a fairly wide range (1,602-1,620
cm"1) depending on the enzymes examined. Interestingly,
all the dehydrogenases show higher frequencies than the
oxidases (Table III). This indicates that the C(4a)=C(10a)
bond order of reduced flavin in the dehydrogenases is
stronger than that in the oxidases. Therefore, the band
frequency of C(4a)=C(10a) stretching may serve as an
indicator of reactivity with molecular oxygen.

There is strong hydrogen bonding between N(l) nitrogen
of reduced flavin and the hydroxyl group of Thrl36 (2.55
A) in MCAD-substrate complex (43). As Thrl36 is con-
served in short-chain acyl-CoA and isovaleryl-CoA dehy-
drogenases (44), similar strong hydrogen bonding is also
expected in these two enzymes. On the other hand, DAO
contains no such strong hydrogen bonding at N(l) nitrogen,
although there are a -helix dipoles in the vicinity of N(l) to
stabilize the negative charge in the anionic reduced flavin
(45, 46). Thus, the strong hydrogen bonding at N(l) is
probably responsible for the high frequency in the dehy-
drogenases.

The protonation of anionic reduced flavin at N(l) streng-
thens the C(4a)=C(10a) bond by breaking the electron-
delocalization between C(4a)=C(10a) and N(1)-C(2)=O
regions. In fact, the bond length of C(4a)=C(10a) of

1800 1600 1400 1200 1000
Raman Shift/cm'1

Fig. 7. Correlation between Raman shift for the C(4a)-C(10a)
stretching vibration of flavin and the chemical bond length
calculated by the ab initio molecular orbital method. Points: (1)
the purple intermediate of DAO with D-alanine or D-proline (27); (2)
the complex of anionic semiquinoid DAO with picolinate (21); (3)
anionic semiquinoid riboflavin (23); (4) oxidized riboflavin in the
neutral form (13). The bond lengths used here are those calculated for
lumiflavin by the ab initio molecular orbital method (47). The line is
expressed as (Bond length) (A)= —2.839xlO"4 (Raman shift) +
1.839. The arrows show the positions predicted from the calculated
bond length (47): (a) neutral semiquinone; (b) cationic semiquinone;
(c) neutral reduced form.

reduced flavin in the neutral form is shorter than that in the
anionic reduced form, as shown by ab initio molecular
orbital calculation for lumiflavin (47). The hydrogen
bonding at N(l) partially modulates the structure of the
anionic reduced flavin toward that of the neutral reduced
flavin, and then the C(4a)=C(10a) bond becomes strong
(Fig. 1). The reaction rate of neutral reduced flavin with
molecular oxygen is smaller than that of anionic reduced
flavin (48). Thus, the strong hydrogen bonding at N(l) may
be at least partly responsible for the low reactivity of the
dehydrogenases with molecular oxygen.

Vibrational bands associated with C(4a)=C(10a) or
C(4a)-C(10a) stretching have been also observed for an
anionic flavosemiquinone or a neutral oxidized flavin. The
l.Sie-cm"1 band of anionic semiquinoid DAO complexed
with picolinate (21) corresponds to the 1,498-cm"1 band of
anionic semiquinoid riboflavin free in solution (23). The
band has been assigned to a C(4a)=C(10a) stretching
vibrational mode (21, 23). A band associated with a C(4a)-
C(10a) stretching of oxidized flavin was observed at 1,272
cm"1 in the IR spectrum (23). Recently the structures of
lumiflavin in different redox and protonation states (Fig. 1)
have been investigated by ab initio molecular orbital
calculation, and some geometrical parameters have been
reported (46). According to the report, the bond lengths of
C(4a)-C(10a) are 1.4706, 1.4023, and 1.3724 A for oxid-
ized, anionic semiquinoid, and anionic reduced forms,
respectively. So, we examined the correlation between the
frequency of an observed band of C(4a)-C(10a) stretching
and the bond length calculated for the C(4a)-C(10a) of
lumiflavin (Fig. 7). Namely, the band frequencies for
C(4a)=C(10a) [or C(4a)-C(10a)] stretching of DAO pur-
ple intermediate (anionic reduced flavin) (26), the complex
of anionic semiquinoid DAO with picolinate (21), anionic
semiquinoid riboflavin (23), and oxidized riboflavin in the
neutral form (23) were plotted against the calculated bond
lengths (47) of C(4a)-C(10a) of lumiflavin in each redox
and ionized state. In order to examine the relationship
between the Raman frequency and the bond length, the
value of the same molecule in the same conditions should
inherently be used. However, although vibrational fre-
quencies are affected by the molecular interactions, the
shift is generally smaller than that in a reconstitution of a
chemical bond, e.g., from a double bond to a single bond.
For example, the shift range of the band of C(4)=O stretch-
ing of oxidized flavin is within 30 cm"1 among various
enzymes (11), and the difference in frequency of the band
around 1,500 cm"1 of anionic flavosemiquinone is only 18

TABLE III. Band positions of the 1,610-cnr1 band of purple
intermediates of some flavoenzymes (cm"')

Enzyme
DAO

PAC*
MCAD*

SCAD"
IVD'

Substrate
D-Proline'
D-Alanine*
D-Lysine"
D-Phenylalanine
Octanoyl-CoA
Isovaleryl-CoA
Butyryl-CoA
Isovaleryl-CoA

Raman frequency
1,605
1,606
1,609
1,602
1,614
1,620
1,615
1,612

•After Nishina et al. (26). 'After Nishina et al. (52). CL-Phenylala-
nine oxidase: datum from Suzuki et al. (29). dMedium-chain acyl-
CoA dehydrogenase. 'Short-chain acyl-CoA dehydrogenase. 'Iso-
valeryl-CoA dehydrogenase. d"fData from Nishina et al. (30, 31).
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+ 1 80H" H 3 C

_18 O H - H3C

Fig. 8. Simplified reaction coordinates of "O Incorporation.

cm"1 between riboflavin free in solution (1,498 cm ') (23)
and FAD bound to DAO (1,516 cm"1) (21). In other words,
the frequency is not greatly different as long as the flavin is
in the same redox and ionic states. Thus, to use the Raman
frequency of the flavin bound to flavoprotein instead of
lumiflavin may be allowed as an approximation. As shown
in Fig. 7, the plots of the band frequencies of C(4a)-C(10a)
stretching against the bond lengths of C(4a)=C(10a) gave a
linear relationship with this approximation. By using this
empirical linear relationship and the bond lengths calcu-
lated by ab initio MO method for lumiflavin (47), we can
predict the band frequencies for a neutral flavosemiquinone
(ca. 1,410 cm"'), a cationic flavosemiquinone (ca. 1,580
cm"1) , and a neutral reduced flavin (ca. 1,740 cm"1). The
bond lengths calculated for lumiflavin are 1.4316, 1.3794,
and 1.3301 A, respectively (47). The presumed frequency
(1,740 cm"1) for a neutral reduced flavin is much higher
than the frequencies (1,602-1,620 cm"1) observed in the
purple intermediates of the flavoproteins treated here
(Table HI). Thus, we conclude that the reduced flavin in the
purple intermediates is in the anionic form. The 1,507-
cm"1 band of a cationic flavosemiquinone, which is assigned
to contain a significant C(4a)-C(10a) stretching component
(23), is substantially lower than the frequency expected
(ca. 1,580 cm"1). The reason for this large deviation is
unknown at present. One possibility is that the 1,507-cm"1

band does not contain a large C(4a)-C(10a) stretching
component. This can be checked by examining the isotope
effects for the 1,507-cm"1 band of cationic flavosemi-
quinone. In addition, observation of Raman bands associat-
ed with C(4a)-C(10o) [or C(4a)=C(10o)] stretching mode
of neutral flavosemiquinone or neutral reduced flavin
should help to clarify the details of the relationship between
the band positions and the bond length of C(4a)-C(10a).

Incorporation of 18O into Flavin Ring by Exchange with
H2'

eO in Alkali—In this paper, we developed a simple
method to introduce 18O into the C(4)=O position of flavin.
Band assignment is a very important step to clarify the
details of the structure by vibration spectroscopy (Raman
or infrared), and isotopically labeled compounds have been
often used for the purpose. Thus, the present method
developed for the labeled flavin is valuable for the investi-
gation of flavins and flavoproteins, and the replacement
mechanism of the C(4)=O by 18O of H2

18O deserves discus-
sion. It is known that several functional groups contain
oxygen atoms that can undergo exchange with oxygen
atoms in the bulk H2O. For example, carboxylic acids can
undergo either acid- or base-catalyzed exchange with H2

18O
through the formation of an ortho acid intermediate (49).
Extensive incorporation of 18O at the 4-carbonyl group of
the pyrimidine nucleus also results from exchange between
H2

1SO and nucleosides or base in 1 M HC1 at 100'C (50). In
nucleosides such as uridine, the incorporation of 18O is

limited to position C(4)=O. On the other hand, bases such as
uracil with no sugar substituent at N(l) were found to
undergo exchange at C(2), but the exchange is only minor
(50). In the present case of flavin, extensive 18O-incorpora-
tion in 1 M Na18OH (H2

18O) occurs only at C(4)=O, not at
C(2)=O. The exchange of carbonyl oxygen held between
nitrogen atoms by 18O may be generally difficult. As the pi&
value of oxidized flavin is 10, the N(3)H proton is almost
dissociated in 1 M NaOH. But attack of OH" on the
4-carbonyl carbon is difficult in the anionic form, due to the
electrostatic repulsion for N(3)~. Therefore, we consider
that OH" attacks the carbon of the neutral form, which is
present in only a small amount. Incorporation of 18O by
exchange with H2

18O in Na18OH aqueous solution is pre-
sumed to proceed through equilibrium involving addition
and elimination of a hydroxyl group (Fig. 8). In general, the
lowest unoccupied molecular orbital (LUMO) is the most
liable to accept an electron of a nucleophilic reagent. As the
n orbital coefficient of LUMO for oxidized flavin at C(4) is
larger, than at C(2) (51), the C(4) is more acceptable
position for attack by OH". Therefore, only the C(4)=O
carbonyl may be susceptible to attack by OH" under the
conditions employed.
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