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To investigate the structural modulation of ligands and their interaction in the active-
site nanospace when they form charge-transfer (CT) complexes with D-amino acid oxi-
dase (DAO) in three redox states, we compared Raman bands of the ligands in complex
with DAO with those of ligands free in solution. Isotope-labeled ligands were synthe-
sized for assignments of observed bands. The COO- stretching of ligands observed
around, 1,370 cm™ downshifted by about 17 cm™ upon complexation with oxidized, semi-
quinoid and reduced DAOQO, except for the case of reduced DAO-N-methylisonicotinate
complex (8 cm™ downward shift); the interaction mode of the carboxylate group with
the guanidino group of Arg283 and the hydroxy moiety of Tyr228 of DAO is similar in
the three redox states. The C=N stretching mode (1,704 cm™) of Al-piperideine-2-carboxy-
late (D1PC) downshifted to 1,675 and 1,681 cm™! upon complexation with reduced and
semiquinoid DAO, respectively. The downward shifts indicate that the C=N bond is
weakened upon the complexation. This is probably due mainly to charge-transfer (CT)
interaction between D1PC and semiquinoid or reduced flavin, i.e., the partial electron
donation from the highest occupied molecular orbital (HOMO) of reduced flavin or a
singly occupied molecular orbital (SOMO) of semiquinoid flavin to the lowest unoccu-
pied molecular orbital (LUMO), an antibonding orbital, of D1PC. This speculation was
supported by the finding that the magnitude of the shift is smaller by 5 cm™ (observed at
1,680 cm™') in the case of reduced DAO reconstituted with 7,8-CL-FAD, whose reduced
form has lower electron-donating ability than natural reduced FAD. The amount of elec-
tron flow was estimated by applying the theory of Friedrich and Person [(1966) J. Chem.
Phys. 44, 2166-2170] to these complexes; the amounts of charge transfer from reduced
FAD and reduced 7,8-CL,-FAD to D1PC were estimated to be about 10 and 8% of one elec-
tron, respectively, in the CT complexes of reduced DAO with D1PC.
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Except when radiation participates, all biological activities
involve contact interactions between constituents (I). In en-
zyme reactions, specific interactions between enzyme and
substrate take place during the course of the reaction. The
interactions are responsible for the substrate recognition/
specificity and the remarkable acceleration of the reaction.
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late, D1PC, A'-pipendeine-2-carboxylate; D2PC, A?-piperideine-2-
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molecular orbital, NMIN, N-methylisonicotinate; OAB, o-aminoben-
zoate; RR spectra, resonance Raman spectra, SOMO, singly occu-
pied molecular orbital.
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Thus, information about the interactions, eg., the origin
and strength of the interacting force, is essential for eluci-
dation of the molecular mechanism of the catalytic reac-
tion.

Porcine kidney D-amino acid oxidase [D-amino acid:O,
oxidoreductase (deaminating), EC 1.4.3.3] (DAO), which
has FAD as the prosthetic group, is one of the most exten-
sively investigated flavoenzymes. DAO catalyzes the dehy-
drogenation of the substrate D-amino acid to the cor-
responding ketimino acid; and the ketimino acid is sponta-
neously hydrolyzed to 2-ketoacid and ammonia. From the
three-dimensional structure of DAO-ligand complexes (2-
5), several reaction mechanisms for the reductive-half reac-
tion of DAQO have been proposed (3, 4): (i) the electron-pro-
ton-electron transfer mechanism (4), (ii) the ionic mecha-
nism (4), and (i1i) the hydride transfer mechanism of the a-
hydrogen (3). However, which mechanism operates has not
yet been established. In addition to the three-dimensional
structure, information about the interaction of substrate/
ligand with DAO in three redox states is valuable for inves-
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tigation of the molecular mechanism, DAO can exist in
three redox states (Scheme 1), ie, oxidized, semiquinoid
(one-electron reduced), and reduced (two-electron reduced)
states, and CT complexes of DAO in the three redox states
are known. Each complex is a very useful model for the
investigation of the catalytic mechanism; the complex of
oxidized DAQ is a model of an ES complex for the forward
reaction, the complex of semiquinoid DAO is a model of an
intermediate in the pathway of the electron-proton-electron
mechanism, and the complex of reduced DAO (purple inter-
mediate) is equivalent to an ES complex in the reverse
reaction.

Recently, we reported a study of the substrate recogni-
tion and activation mechanism of DAO by spectrophoto-
metric and thermodynamical analyses using substrate
analogs, and discussed electrostatic, steric, and charge-
transfer (CT) interactions as factors that affect the affinity
of substrate/ligand for DAQ in three redox states (7). It is of
obvious nterest to investigate in more detail the nature of
the interaction between substrate/hgand and the active
site, because the interaction should be truly responsible for
the catalytic reaction. The purpose of the present study 1s
to discuss the interactions qualitatively and quantitatively,
based on the results of resonance Raman (RR) spectroscopy.

Vibrational spectroscopy is a useful method for studying
molecular interactions as well as structural details. The
vibration frequency obtained 18 a measure of the force con-
stant between the atoms constituting a bond, and the con-
stants are related to bond orders and electronic distribu-
tions between these atoms. RR spectroscopy is a practical
tool for observing selectively the vibrational bands of the
chromophoric groups of biomolecules. We have employed
this method to determine the structures of CT complexes of
flavoenzymes and the interactions among flavin, apoen-
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Scheme 1 The structures of neutral and anionic flavin species
in the three redox states. Modified from Miiller (6)
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zyme, and substrate/ligand in the active-site nanospace.
The following information about CT complexes of DAO has
been obtained. (i) In the RR spectrum of the oxidized DAO-
o-aminobenzoate (OAB) complex excited at the CT absorp-
tion band, Raman bands at 1,583 and 568 c¢cm™, derived
from flavin and OAB, respectively, were observed. This
result shows that the CT band is induced by the direct
interaction between oxidized flavin and OAB (8), (ii) RR
spectra with excitation at 632.8 nm of the anionic semi-
quinoid DAO complex formed in the presence of pyruvate
and methylamine indicate that the complex consists of the
anionic semiquinoid DAO and the zwitterionic form of N-
methyl-a-iminopropionate produced from pyruvate and
methylamine (9), (iii) The purple intermediate of DAO pro-
duced in 1its reaction with the substrate comprises a CT
complex between anionic reduced flavin and the zwitter-
ionic form of ketimino acid (10-14).

Comparison of the vibrational spectra of a substrate/
ligand bound in an active-site nanospace with the spectra
of the same species free in solution is expected to yield
information not only on the structure but also on the elec-
tron distribution in substrate functional groups and on the
molecular interaction between the substrate/ligand and the
active site We have measured the RR spectra of enoyl-CoA
bound to reduced acyl-CoA dehydrogenase and free 1in solu-
tion, and showed that the C(1)=O moiety of enoyl-CoA is
strongly polarized by hydrogen bonding at the C(1)=0 and
that the hydrogen bonding is important for acceleration of
the reaction (15).

In the present article, we focused on the Raman bands of
ligands, and compared the bands of the ligand bound to
DAO and free in solution, in order to elucidate the struc-
tural modulation and the interaction of substrate/ligand in
the active-site nanospace. Isotope-labeled ligands were syn-
thesized for assignments of the bands observed. Quantita-
tive data on the CT interaction in CT complexes of DAO
are scarce. We therefore estimated the magnitude of elec-
tron flow between flavin and ligand in CT complexes of
DAO, by applying the theory about frequency shift of
stretching vibration in CT complexes (16) to the CT com-
plexes of DAO.

MATERIALS AND METHODS

1. Enzymes—Porcine kidney D-amino acid oxidase was
purified as described elsewhere (17-19). Benzoate was
removed from the holoenzyme purified in the form of its
benzoate complex by the method reported previously (20).
The concentrations of natural DAO and DAO reconstituted
with 7,8-Cl,-FAD were determined spectrophotometrically,
using the molar absorption coefficient of 11,300 M~! cm™ at
455 nm and 9,500 M cm™! at 460 nm (21), respectively. L-
Amino acid oxidase (LAQO) and catalase were purchased
from Sigma, USA.

2. Chenucals—I[a-*C]Toluene (99 atom%), ca. 15 M ['6N]-
nitric acid (99 atom%), sodium [1-1*C]-, [2-3C]-, or [3-°C]-
pyruvate (99 atom%), DL-[1-*C]- and DL-[2-*C]lysine 2HCI
(99 atom%), and DL-[e-*N]lysine 2HCI (99 atom%) were
purchased from Isotec, USA. Other chemicals were of high-
est grade available from commercial sources and used with-
out further purification.

OAB: To obtain {carboxyl-'*C]- and [*N]JOAB (D), [«-'3C]-
toluene and [*N]nitric acid were used as starting materi-
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als, respectively. A mixture of 14 g of concentrated H,SO,
and 10 g of 15 M HNO, was slowly added with vigorously
stirring to 2 g of toluene at 20-25°C. The reaction mixture
was kept at 25°C for 5 min and then at 30°C for 15 min.
Then 1ce was added, and the reaction mixture was neutral-
ized with solid Na,CO,. The mixture was extracted with
CH.CL, and the CH,Cl, phase was dried over Na,SO, and
evaporated to dryness. The oily product was taken up in
petroleum ether (bp. 30—60°C) and appled to a silica gel 60
(130-270 mesh, Nacalai Tesque, Kyoto) column (1.5 x 20
cm). After washing the column with petroleum ether, o-
nitrotoluene and p-nitrotoluene were eluted with petroleum
ether containing 1% (w/w) ethyl ether. o-Nitrotoluene was
eluted faster than p-nitrotoluene. The purity of the two
components was monitored by thin-layer chromatography
on a silica gel plate (Silicagel 70F,;, plate, Wako Pure
Chemical, Osaka) with petroleum ether containing 1% (w/
w) ethyl ether as the mobile phase. o-Nitrotoluene was con-
verted 1nto o-nitrobenzoate by refluxing for 3 h in 15 ml of
H,O containing KMnO, (1 g). Excess KMnO, was reduced
by H,O,. The filtrate collected under hot conditions was
concentrated to a volume of ca. 2 ml by evaporation, and
crystals were deposited by addition of concentrated HCl
and washed with cold H,O. o-Nitrobenzoic acid was re-
duced to OAB in 12 ml of methanol with H, at 100 atm and
90°C for 2 h in the presence of Raney’s nickel catalyst pre-
pared from 1.5 g of the alloy (50%). The catalyst was
removed by filtration, and the filtrate was evaporated. The
product (OAB) was extracted twice with CH,Cl,, and the
CH,C), phase was dried over Na,SO,, evaporated to dry-
ness in a rotary evaporator, and left overmight in a vacuum
desiccator over NaOH pellets.

AECK: Non-labeled aminoethylcysteine-ketimine (AE-
CK) (II) was prepared from bromopyruvic acid and cys-
teamine in glacial acetic acid by the method of Cavallini et
al. (22). ¥C-labeled AECK was prepared from *C-labeled
bromopyruvic acid and cysteamine by the same method.
The concentration of AECK was determined spectrophoto-
metrically, using the molar absorption coefficient of 6,200
M- cm™ at 296 nm (22). 3C-labeled bromopyruvic acid was
synthesized from *C-labeled sodium pyruvate by the meth-
od of Busch et al. (23) with some modification. Firstly, 1*C-
labeled sodium pyruvate was transformed into pyruvic acid
by acidifying 1t with hydrochloric acid and extracting with
ether The resultant pyruvic acid was dried at 20°G/3
mmHg for 20 min. Bromine, dried over concentrated sulfu-
ric acid, was gradually added with stirring to the dried
pyruvic acid. A drop of concentrated sulfuric acid (5 pl) was
added to the reaction mixture as a catalyst. The reaction
was carried out at room temperature (ca. 28°C) for 2 h,
then at 50°C for 1 h. The reaction products were left over-
night in a vacuum desiccator over NaOH pellets and puri-
fied by re-crystallization from chloroform.

D1PC- Non-labeled and isotope-labeled A!-piperideine-2-
carboxylates (D1PC) (VI) were synthesized enzymatically
by oxidation of non-labeled and isotope-labeled DL-lysine by
DAO and LAO. DL-Lysine 2HCI (80 mg) was dissolved 1n 20
mM sodium pyrophosphate buffer (pH 8.3, 12 ml) and
adjusted to pH 10.0 with a small volume of 1 M NaOH: the
catalytic activity is strongly inhibited by the product at pH
8.3 (24). DAO (2 mg), LAO (4 mg), and catalase (ca. 1,000
units) were added to the solution and the reaction was con-
tinued under aerobic conditions for 7 h at room tempera-
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ture (about 25°C). D1PC was isolated by the method of
Chang et al. (25).

7,8-Cl,-FAD: 7,8-ClL-Riboflavin was prepared by the
method of Kuhn et al. (26) with some modification. A sus-
pension of 4,5-dichloro-2-nitroaniline (0.1 g) and D-nbose
(940 mg) in methano! (3 ml) was refluxed for 2 h. The reac-
tion product was reduced with H, in an autoclave (80 atm,
60°C, 1 h) 1in the presence of Raney’s nickel catalyst pre-
pared from the alloy (50%, 1.5 g). After removing the cata-
lyst by filtration, the solvent was removed under reduced
pressure. The remaining syrup was immediately reacted
with alloxane (100 mg) in acetic acid containing boric acid
(30 mg), and the mixture was refluxed for 2 h. The precipi-
tated crystals were collected by filtration and washed with
ethanol. A part (10 mg) of crude product (40 mg) obtained
was applied to a column of alumina. A yellow portion was
applied to a C,; reverse-phase column (Nacalai Tesque,
15C,g, 20 x 250 mm) and purified with a linear gradient of
mobile phase (5 mM ammonium acetate, pH 5 3 to metha-
nol). The flavin was stored as lyophilized powder. 7,8-CL-
FAD was prepared from the corresponding riboflavin as
described previously (11)

3 Spectrophotometric Measurements—Visible absorp-
tion spectra were measured with a Hitachh U-3210 or U-
3310 spectrophotometer thermostated at 25°C Raman
spectra were obtained with a JASCO NR-1800 spectrome-
ter (Japan Spectroscopic) with a He-Ne laser (NEC GLG
5900) or an Ar 1on laser (INNOVA 70-2) as a light source.
The wave number axis of the Raman spectra was cali-
brated for indene. RR spectra were measured in 50 mM
sodium pyrophosphate or potassium phosphate buffer at
room temperature (ca. 25°C).

4. Vibrational Analysis—Vibrational frequency calcula-
tions were carried out using the Gaussian 98 package (27)
running on Microsoft Windows Me. The geometry of each
molecule was optimized, and then Raman activities were
calculated by the Hartree-Fock (HF) method with 6-31G{(d)
basis set. The calculated frequencies were converted by a
single scaling factor of 0.8929 (28).

RESULTS

DAO in three redox states forms CT complexes with suit-
able ligands. The absorption spectra of oxidized DAO and
the complexes of oxidized DAO with OAB (I) and AECK (II)
are shown in Fig. 1; the spectrum of DAO-AECK complex is
identical to that reported previously (29). The spectra of
complexes of DAO in three redox states with A!- or A%-pip-
erideine-2-carboxylate (DPC) are shown in Fig. 2; the
ligand is A%-piperideine-2-carboxylate (D2PC) (IV) with the
oxidized DAOQ (29) and A!-piperideine-2-carboxylate (D1PC)
(V1) with the reduced (13) or semiquinoid (present study)
DAO (see below). The spectrum of the complex of semi-
quinoid DAO (Fig. 2, spectrum c) was reported in this
paper for the first time. Other spectra were identical with
those reported previously (24).

1. Oxidized DAO—OAB: In the RR spectrum of oxidized
DAO-OAB complex with excitation at 632.8 nm within the
CT absorption band, Raman bands at 1,583 and 568 cm™
derived from oxidized flavin and OAB, respectively, were
observed (8). From these results, we concluded the CT
absorption band is induced by the direct interaction be-
tween oxidized flavin and OAB, and suggested that OAB
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lies along the N(5)-C(4a) bond and parallel to the flavin
face (8); the positioning was confirmed by X-ray crystallog-
raphy (4). To obtain further information on the complex,
more detailed RR spectra (Fig. 3) of the complex and
Raman spectra (Fig. 4) of non-labeled and isotope-labeled
OAB free in solution were measured.

The 1,709-cm™ band of the complex (Fig. 34, spectrum a)
is derived from the carbonyl C(4)=0 stretching of FAD (31)
The 1,617-cm™ band is due to the ring stretching of OAB,
but not the ring stretching of the o-xylene moiety of FAD,
because the corresponding ring stretching band of FAD in
DAOQO-OAB complex 18 observed at 1,625 cm™ with excita-
tion at 514.5 nm (8). The 1,583- and 1,544-cm™! bands are
considered to be associated with the C(4a)=N(5) moiety of
FAD, on the basis of their similarity to the corresponding
bands of the DAO-D2PC complex (13, 30). The 815- and
570-cm™ bands are probably a ring breathing and a ring
deformation of OAB, respectively; the corresponding bands
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Fig 1. Absorption spectra of complexes of DAO with OAB and
AECK. Spectra were observed in 50 mM sodium pyrophosphate
buffer, pH 8 3, at 25°C. The concentrations were (a) DAO (59 pM),
(b) DAO (59 pM), OAB (1 mM); (c) DAO (56 pM), AECK (0 29 mM)
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Fig 2 Absorption spectra of the complexes of DAO in three
redox states. Spectra were recorded in 50 mM sodium pyrophos-
phate buffer, pH 8.3, at 25°C (a) DAO (567 uM); (b) DAO (55 pM)
plus D1PC (10 mM), (c) after the addition of sodium dithionite (14
mM) to DAO (54 uM) solution containing D1PC (10 mM), (d) after
the addition of p-pipecolate (10 mM) into DAO (55 pM)
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of OAB free in solution are at 810 and 569 cm™, respec-
tively.

As shown in Fig. 3B, the band intensity around 1,366
cm™! decreased in the complex with [carboxyl-1*CJOAB, and
was not influenced with ['**N]OAB. The difference spectrum

8nm pH83 570 A

17091617 1544 non-labeled w
§70
1-,q9‘317 1544 3 [carhoxyl-'3C)
354
1617(| 1544 |1 ['5N] LM
| R |
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Fig. 3 (A) Resonance Raman spectra excited at 632.8 nm of
the complexes of oxidized DAO with non-labeled and isotopi-
cally labeled OAB. The spectra were recorded 1n 50 mM sodium
phosphate buffer, pH 8.3. The concentrations were (a) DAO (ca 07
mM), OAB (2 mM), (b) DAO (ca. 0.7 mM), [carboxy]-*C]OAB (2 mM),
(c) DAO (ca. 0 7 mM), [*N]JOAB (2 mM) (B) Difference spectra.
The conditions for (a), (b), and (¢) are the same as (A). (a-b) and (a~-
¢) represent the difference spectra.
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1383
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a 1584 1253163 669 569
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Fig. 4 Raman spectra excited at 632.8 nm of non-labeled and
isotopically labeled OAB. Spectra were observed in sodium pyro-
phosphate buffer, pH 8 3 The concentrations were ca 300 mM (a)
OAB, (b) [carboxyl-"*C]OAB, (c) [*N]OAB
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(a-b) shows that the 1,368-cm™ band shifts to 1,355 cm™
upon [carboxyl-*C]-labeling. The 1,383-cm™ band of OAB
free 1n solution (Fig. 4) shifted to 1,362 cm™! upon [carboxyl-
13C]-labeling. The bands associated with C=0 stretching of
the COOH and COO- symmetric stretching of carboxylate
appear around 1,700 cm™ and in the 1,340-1,440 cm™!
region, respectively (32). Thus, the 1,368-cm™ band in the
complexed state and the 1,383-cm™ band in the free state
are clearly assigned to the COO- symmetric stretching, but
not to COOH.

This indicates that the carboxylate group of OAB re-
mains unprotonated when it binds to DAO. The band-shift
from 1,383-cm™ to 1,368 cm™ (15 cm™ downward shift)
shows that the bond strength of the carboxyl group in OAB
is weakened by the complexation.

AECK: Raman spectra of non-labeled and '*C-labeled
AECK (II) free in solution are shown in Fig 5 The 1,622-
cm! band shifted to 1,607 cm™ and 1,587 cm™ upon [2-*C}-
and [3-'*C]-labeling, respectively; only a small shuft oc-
curred upon [carboxyl-®C]-labeling. The 1,379-cm™ band
shifted to 1,355 ¢m™ upon [carboxyl-3C] labeling. These
indicate that the 1,622- and 1,379-cm™! bands are C(2)=C(3)
stretching and COO- symmetric stretching, respectively, be-
cause the bands for C(2)-C(3) single bond and for COOH
should be found around 1,000 and around 1,700 cm™, re-
spectively. Therefore, AECK is in the enaminic form, not in
the ketiminic form (Chart 1), and this is consistent wath the
results of NMR study by Cavallini et al. (22).

The RR spectra of the complex of DAO with non-labeled
and ®C-labeled AECK excited at 632.8 nm within the CT
absorption band are shown 1n Fig. 6. The carboxylate group
of AECK remains unprotonated when it binds to DAO This
18 shown by the 1,362-cm™ band observed in the complex.
The 1,606-cm™! band is derived from C(2)=C(3) stretching of
AECK, because the band disappeared upon [2-*C]-labeling
(the band probably shifts to low frequency and 1s concealed
behind the 1,578-cm™ band) and shifted to 1,568 c¢m™!
upon [3-1C]-labeling. The 1,578- and 1,544-cm™ bands (Fig
6) observed in DAO-AECK complex are typical of flavin
bands and correspond to those (1,583- and 1,544-cm™
bands) observed in the DAO-OAB complex Namely, the

514.5 nm 122

1379
pH8.3 non-abeled a
1617
1355
1807 (carboxyt-"°C] b

1380
1587 [2_130] [

13717
[3-*C] d

____‘,A/_\‘\\_M_‘_‘izo4 " e

1 1
1800 1700 1600 1500 1400 1300

Raman Shift / cm™

Fig 5. Raman spectra excited at 514.5 nm of non-labeled and
isotopically labeled AECK. Spectra were recorded 1n sodium py-
rophosphate buffer. The concentrations were (a) AECK (35 mM), pH
8.3, (b) [carboxyl-BCJAECK (60 mM), pH 8.3, (¢) [2-*C]AECK (18
mM), pH 8.4; (d) (3-*CJAECK (32 mM), pH 8.4, (e) H,0.
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resonance-enhanced Raman bands obtained are from FAD
and AECK. Therefore, the CT interaction occurs between
FAD and AECK. The bonds of the C(2)=C(3) and C-O of
COO- in AECK are weakened by the complex formation,
since the 1,622- and 1,379-cm™! bands of AECK shifted to
1,606 cm™ (16 cm™ downward shift) and 1,362 (17 cm™!
downward shift), respectively.

2. Semiquinowd and Reduced DAO—The visible absorp-
tion spectrum (Fig. 2, spectrum c¢) was observed after the
addition of dithionite to oxidized DAO solution containing
D1PC, and the spectrum did not change for hours; the spec-
trum is characteristic of an anionic flavesemiquinone (an
absorption peak around 480 nm). Previously, we reported
from RR studies that the ligand bound to oxidized DAO is
D2PC (IV) (30), and the ligand bound to reduced DAO is
D1PC (VI) in zwitterionic form (13). The ligand bound to
semiquionoid DAO (Fig. 2, spectrum ¢) is zwitterionic
D1PC as described below.

In contrast to AECK, DPC in solution is mainly in the
ketiminic form (V), not in the enaminic form (IV). Raman

enaminic form

Qcooe bl [:J\oooe
NH, H
OAB AECK

ketiminic form
() () ()

7y — L
(f_')\cooe Q\coc? E cod

enaminic form ketiminic form zwitterionic form
D2PC DtPC D1PC
(1) v) (V1)

Chart 1. Structures of ligands.

T 1
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1008 A\ 154 nondabeled |2
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1008 [\ '%*2  [carboxyl-13C] b

1578 1542 [2-°C] 182

1m_1I5681542 ;B2
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1800 1700 1600 1500 1400 1300
Raman Shift / cm™

Fig 6 Resonance Raman spectra excited at 632.8 nm of the
complexes of DAO with non-labeled and isotopically labeled
AECK. Spectra were recorded in 50 mM sodium pyrophosphate
buffer, pH 8 3. The concentrations were: (a) DAO (1.1 mM), AECK
(1.1 mM), (b) DAO (1 3 mM), [carboxyl-CJAECK (1 3 mM), (c) DAO
(09 mM), [2-BC]AECK (0.9 mM), (d) DAO (1.4 mM), [3-*CJAECK
(1.4 mM).
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spectra of non-labeled and isotope-labeled D1PC in solution
are shown in Fig. 7. As the pK, value of D1PC at the N
atom is 8.0 (13), D1PC is in zwitterionic form at pH 6.0.
The 1,704-cm™ band (Fig. 7, spectrum a) is assigned to the
C=N stretching mode. This can be seen from its 24-cm™
and 34-cm™ downward shifts upon [*N]- and [2-'3C)-label-
ing, respectively (Fig. 7, spectra b and d). The COO-
stretching mode sphtting into two components at 1,387 and

pH 6.0
a 1282
non-labeled
1680
1451 1351
b
1338 [15N]
1704 1452 1381
WMWC:T:XYI‘HCI
1670 1385
[2-°c)
€ 1351 npon-labeled,
1658 pD 6.0
f
pH 9.0
1800 1600 1400 1200

Raman Shift / cm™

Fig 7. Raman spectra of D1PC excited at 514.5 nm.The spectra
were recorded 1n 50 mM sodium phosphate buffer in H;O and D,0
The concentration of D1PC was about 300 mM

T T T T T T T T T
1675 1609 1369 29
a M MA]\/\M d
reduced
1339
b o MM
semar,rm“\”
1665 1 1326
sem'xqunalte 2 1 L 1 1 N 1 n

1
1800 1700 1600 1500 1400 1300 1200
Raman Shift / cm™!

Fig. 8 Resonance Raman (RR) spectra excited at 632.8 nm of
the complexes between reduced or semiquinoid DAO and
D1PC. Spectra were recorded 1in 50 mM sodium pyrophosphate
buffer, pH 8.3. The concentrations were: (a) DAO (ca 08 mM), b-
pipecolate (63 mM); (b) DAO (ca. 1 mM), D1PC (150 mM), dithionite
(16 mM); (c) DAO (ca 1 mM), [*N]D1PC (150 mM), dithiomte (32
mM); (d) DAO (ca. 1 mM), p-pipecolate (70 mM); (e) DAO (ca 1 mM),
D1PC (108 mM), dithionmite (22 mM); (f) DAO (ca 1 mM), [carboxyl-
BCID1PC (110 mM), dithionite (22 mM).

Y. Nishina et al.

1,352 cm™ 1s assigned to a coupling with CH,, deformation
of C(3)H,. Both the 1,387- and 1,352-cm™! bands changed 1n
D,0 at pD 6.0 (Fig. 7, spectrum e). The cause of this change
is probably the exchange of hydrogen at the C(3) by deute-
rium; the ketimine-enamine equilibrium (IV, V) is responsi-
ble for the exchange (H to D).

The RR spectra of the complexes of reduced DAO with
D1PC have already been reported (13). The RR spectra of
the complexes of semiquinoid DAO with DPC are shown in
Fig. 8, together with those of the complex of reduced DAO
with D1PC for comparison (Fig. 8, spectra a and d). The
1,681-cm™ band (Fig. 8, spectrum b) is assigned to C=N
stretching vibration of DIPC (VI) based on the 16-cm™
downward shift (1,665 cm™) (Fig. 8, spectrum c) upon ['*N]-
labeling. The corresponding band in the complex of reduced
DAO is observed at 1,675 cm™ (Fig. 8, spectrum a); the
band has been assigned to be a C=N stretching of D1PC

12

10

e/ mM'cm™
[o)]
T

1 1 | 1 T 4

300 400 500 600 700 800 900
wavelength / nm
Fig 9 Absorption spectra of DAO reconstituted with 7,8-CL-
FAD. Spectra were recorded 1in 50 mM sodium pyrophosphate
buffer, pH 8 3, at 256°C The concentrations were (a) DAO (61 pM),
(b) DAO (60 pM), D1PC (2 2 mM), (c) DAO (60 pM), p-proline (99
mM).

1578

1646

1574

1645 1540

1700 1600
Raman Shift/ cm’

Fig. 10. Resonance Raman spectra excited at 632.8 nm of the
complexes of D2PC with DAO and DAO reconstituted with
7,8-CL,-FAD. Spectra were recorded in 50 mM sodium phosphate
buffer, pH 8 3. The concentrations were (a) DAO (ca. 1 mM), DPC (3
mM); (b) DAO reconstituted with 7,8-Cl,-FAD (ca. 0 8 mM), DPC (3
mM)
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(VI) by isotope effects (13). The frequency 18 lower than that
of the complex with semiquinoid DAQ. The 1,371- and
1,339-cm™ bands are associated with the COO- stretching
mode, judging from the downward shifts upon (carboxyl-
13Cl-labeling (Fig. 8, spectra e and f). The broad 1,339-cm™
band (Fig. 8, spectrum e) probably contains a band of
anionic semiquinoid flavin [the 1,331-cm™ band has been
observed in semiquinoid DAO-ligand complex (33)], thus
the band position and the amount of the isotope shift
involve some ambiguity. Nevertheless, the ligand is obvi-
ously in the ketiminic form in the complex of semiquinoid
DAO. Previously, the calculation of HOMO and LUMO of
some emaminic and ketiminic forms by the extended
Huckel molecular orbital method indicated that the enam-
inic form is a better electron donor than the ketiminic form,
and the ketiminic form 1s a better electron acceptor than
the enamime form (34). Thus, in the CT complex of semi-
quinoid DAO, D1PC acts as an electron acceptor as well as
m the case of the CT complex of reduced DAO, and the
D1PC is in the zwitterionic form (VI), because ligands capa-
ble of binding to reduced or anionic semiquinoid DAO are
in a zwitterionic form (6, 9, 35, 36).

3. DAO Reconstituted with 7,8-Cl,-FAD—The introduc-
tion of electronegative groups into the xylene moiety of the
180alloxazine ring affects the CT interaction between flavin
and hgand. The substitution with electronegative chlorine
strengthens the ability of oxidized flavin to accept electrons
and weakens the ability of reduced flavin to donate elec-
trons. Actually, in the case of DAO reconstituted with 7,8-
CL,-FAD, CT absorption band of the complex of the oxidized
DAQO with D2PC shifts to longer wavelength (Fig 9, spec-
trum b), and the band of the complex of the reduced DAO
with D1PC to shorter wavelength (Fig. 9, spectrum c¢) A
similar red shift has been reported in the complex of the
oxidized DAO with OAB (21). To investigate the shift of
Raman bands caused by CT interaction, we measured RR

T T T T T 1w9 T
1675
] 1608 1339 a
W
I 1370
M
, b
* 1359
1658 1605
C
1664
16211604
d
1364
’ 1 1 1 n ] 2
1700 1600 1500 1400 1300

Raman Shift / cm™

Fig 11. Resonance Raman spectra of the complexes of re-
duced DAO and reduced DAO reconstituted with 7,8-Cl,-
FAD. Spectra were recorded 1n 50 mM sodium phosphate buffer, pH
8 3 The concentrations were (a) DAO (ca. 1 mM), p-pipecolate (70
mM), (b) DAO reconstituted with 7,8-CL,-FAD (ca 1.3 mM), p-pipe-
colate (70 mM), (¢) DAO (ca. 1 mM), p-proline (48 mM), (d) DAO re-
constituted with 7,8-CL,-FAD (ca. 1.3 mM), pD-proline (48 mM).
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spectra of the complexes of DAO reconstituted with 7,8-Cl,-
FAD. In the case of oxidized DAOQ, the C(2)=C(3) stretching
(1,646 cm™) of D2PC (IV) is lower by merely 1 cm™ in the
case of the reconstituted DAO complex than in the case of
natural DAO (Fig. 10). On the other hand, in the case of
reduced DAQO, the 1,675-cm™ band of C=N stretching of
D1PC (V]) is higher by 5 em™ in the case of the reconsti-
tuted DAO than in the case of natural DAO (Fig. 11, spec-
tra a and b). Similar results were obtained for the purple
complex of DAO with D-proline (CT complex of reduced
DAO with Al-pyrrolidine-2-carboxylate) (Fig. 11, spectra ¢
and d); the band of C=N stretching of the ligand was ob-
tained at 1,658 and 1,664 cm™! for the natural and reconsti-
tuted DAO, respectively. The 1,609- and 1,605-cm™ bands
observed in natural enzyme (Fig. 11, spectra a and c) are
for the C(4a)=C(10a) stretching vibrational mode (7). The
corresponding band in the reconstituted DAO 1s not clear.
The band associated with COO~ was scarcely affected in
the complex with D1PC and upshifted by 5 cm™ in the com-
plex with Al-pyrrolidine-2-carboxylate upon the reconstitu-
tion.

DISCUSSION

We investigated in this report mainly the CT complexes of
DAO in three redox states and compared the spectrum of a
ligand in the free state and the complexed state. Previously
reported data and the present findings on COO- stretching
and the dissociation constants (K,) between ligands and
oxidized or reduced DAO are summarized in Table I. The
COO bands for the complexed state were observed around
1,370 cm™!) and the frequencies in the complex were lower
than those of the ligands free in solution. This indicates
that the COO~ remains unprotonated 1n all the complexes,
and the bond is weakened compared with the free ligands
Except 1n the case of reduced DAO-NMIN complex, the
magnitude of the shift is about 17 cm™, i.e., the band shift
upon complexation 1s almost the same regardless of the
redox state of DAO. This suggests that the interaction
modes of the carboxylate group with the active site are sim-
ilar in the three redox states. The interaction of the carbox-
ylates of ligands with Arg283 and the hydroxy moiety of
Tyr228 in oxidized and reduced states has been clearly
shown by studies of crystal structure (2-5). As a whole, the
carboxylate groups of various ligands probably behave sim-
ilarly in their interaction with DAO. The exceptionally
small shift in the case of reduced DAO-NMIN complex sug-

TABLE I COO- Raman frequencies of ligands free in solu-
tion and bound to DAO (cm™) and dissociation constants, K,

(uM).

Free (m) Complex (n) m-n K, (pM)
Oxidized DAO-AECK 1,376 1,362 17 0.33*

Oxidized DAO-OAB 1,383 1,368 15 20°
Reduced DAO-picolinates 1,393 1,376 17 084
Reduced DAO-NMIN¢ 1,385 1,377 8 500

Reduced DAO-D1PC* 1,387 1,369 18 6 3f
1,352 1,339 13

Semiquinocid DAO-D1PC 1,387 1,371 16 not

determined

1,352 ca 1,339 ca 13

*Value from Rica et al. (29). *Value from Massey and Ganther (37)

‘Data from Nishina et al. (35) ‘Data from Nighina et al. (7). *RR

data from Nishina et al. (13) Unpublished result
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gests that the electrostatic interaction of COO- with the
amino acid residues is weaker, although the reason 1s pres-
ently unknown, and the dissociation constant is conse-
quently larger than others (Table I).

On the contrary, the interaction mode of portions other
than the carboxylate group is different depending on the
ligand species, that is, the C(2)=C(3) band (1,622 c¢m™) of
AECK is largely downshifted, but the 569-cm™ band of the
ring deformation mode of OAB remains almost constant
upon the complexation with oxidized DAOQO. Previously, we
proposed that the CT complex of oxidized DAO has a struc-
ture with the ligand, an electron donor, lying parallel to the
flavin face, which is an electron acceptor, and with the
HOMO of the ligand overlapping with the LUMO of flavin
(34) Taking this proposition into account, we conclude that
the electron donation from HOMO of ligand to the LUMO
of flavin, which is the antibonding orbital (34), may be less
in the case of the OAB complex than the AECK complex.
This hypothesis is supported by the fact that the Raman
band of flavin of the complex is downshifted in the AECK
complex (1,578 cm™!) compared with that of the OAB com-
plex (1,583 cm™). These bands are associated with the
C(4a)=N(5) bond of flavin The difference in the interaction
mode can be seen, for example, 1n the case of the DAO-ben-
zoate complex, which does not show the CT interaction.
Recent studies of crystal structure of DAO-ligand com-
plexes (2-5) showed that the plane of benzoate or of OAB is
parallel to that of flavin, but the position of benzoate is
slightly closer to flavin than that of OAB. This result makes
it difficult to conclude that the m-electron orbital of ben-
zoate does not overlap with that of flavin. Therefore, the
reason why the benzoate complex does not form a CT com-
plex is probably due to the character of the ionization
potential of benzoate. We conclude from the discussions
above that 1n the interaction between DAO and ligands, the
carboxylate group interacts with DAO in a similar manner,
but the other portions behave differently from one another.
The interaction of the carboxylate in the active-site nano-
space is unequivocally important for the location of a sub-
strate 1n the active site, and the substrate specificity of
DAO is probably due to the interaction of the other portion.

As described here, some Raman bands of substrate/
ligand were shifted by its binding into enzyme active-site
nanospace. It is desirable to clarify not only information on
the structural modulation of substrate/ligand, but also the
molecular mechanism of the modulation, on the basis of the
data of the band shifts. The forces that cause the shift of a
Raman band include CT interaction, hydrogen-bonding
interaction, electrostatic interaction, van der Waals force
etc. Here, we focus on the Raman band of zwitterionic
D1PC in the complexes of reduced and semiquinoid DAO.
According to studies of factors affecting the C=N stretching
1n protonated retinal Schiff base (38-40), the C=N stretch-
ng frequency is pushed to higher frequency by coupling
with the C=N-H bending vibration. and the frequency is

TABLE II. C=N Raman frequencies of D1PC free in solution
and bound to DAO (cm™). In parentheses are the difference from
the frequency in free state.

Free 1,704 (0)

Reduced DAO 1,675 (29)
Reduced DAO reconstituted with 7,8-CL-FAD 1,680 (24)
Semiquinoid DAO 1,681 (23)

Y. Nishina et al

shifted to lower frequency by weakening hydrogen-bonding
mteraction at the C=N-H moiety. However, it was recently
found that the cationic protonated ketimino nitrogen is
within hydrogen-bonding distance (3.0 A) of the backbone
carbonyl oxygen of Gly313 in the purple intermediate of
DAO with D-proline, which is the complex of reduced DAO
with Al-pyrrolidine-2-carboxylate, by the X-ray structural
analyses (5). D1PC, which is a similar ketirmno acid to A™
pyrrolidine-2-carboxylate, is expected to occupy a similar
position in the active-site nanospace and should also have a
fairly strong hydrogen-bonding interaction at the C=N-H
moiety. Thus, the weakening of the hydrogen bonding can-
not be responsible for the low frequency shift of the 1,704-
cm™ band CT interaction is also known to be an important
factor in the shift of a vibrational band. CT interaction is
largely dependent on the nature of both the HOMO of an
electron donor and the LUMO of an electron acceptor. CT
interaction is a chermical bond formed by the partial flow of
an electron cloud from the HOMO of a donor molecule into
the LUMO of a partner acceptor molecule. The CT interac-
tion 18 strong when the overlap integral between HOMO of
the electron donor and LUMO of the electron acceptor is
large and the energy gap (Eyomo—Evmo) between the donor
HOMO and the acceptor LUMO 1s small. The electron
donation occurs from the HOMO to the LUMO. Thus, the
higher the energy of the HOMO of a compound 1s, the bet-
ter electron donor 1t 18, and the lower the energy of the
LUMO of a compound is, the better electron acceptor it is.
Previously, we calculated the HOMO and LUMO of some
enaminic and ketiminic forms by the extended Huckel
molecular orbital method (34); the enaminic form is a bet-
ter electron donor than the ketiminic form and ketiminic
form 1s a better electron acceptor than the enaminic form.
The following 1deas were also supported. (i) In the CT com-
plex of oxidized DAOQ, the oxidized flavin is an electron
acceptor and the ligand is an electron donor. (ii) In the CT
complex of reduced DAQO, the reduced flavin is an electron
donor and the ligand 18 an electron acceptor. The partial
flow of an electron cloud from the HOMO of reduced flavin
to the LUMO of D1PC is important for CT interaction in
the complex of reduced DAO with D1PC. The coefficients of
atomic  orbitals in the LUMO of the ketiminic form are
opposite 1n sign and fairly large at the C and N atoms in
the C=N moiety (34). Thus, the low shift of the C=N band
in the complex is qualitatively explained as weakening of
the C=N bond by electron donation from the HOMO of
reduced flavin to the LUMO, anti-bonding orbital, of the
ketiminic form.

In the CT complex of semiquinoid DAQ, the electron
acceptor is D1PC (VI) as mentioned in “RESULTS.” Thus, the
electron donation from the SOMO of semiquinoid DAO to
the LUMO of D1PC is important for the CT interaction.
The smaller shift of C=N stretching of D1PC 1n the case of
semiquinoid DAO than in the case of reduced DAQO (Table
II) suggests that the electron-donating ability of semi-
quinoid flavin is weaker than that of reduced flavin; a simi-

TABLE III C=N Raman frequencies of N-methyl-a-iminopro-
pionate bound to DAO (cm™).
Reduced DAO* 1,671
Semiquinoid DAQ® 1,677
*Raman datum from Nishina et al. (13). "Raman datum from
Nishina et al (9).
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lar difference in the frequency shift was also recognized in
the case of N-methyl-a-iminopropionate as a ligand (Table
IID). In either case, the band shift of C=N stretching of
D1PC (VI) by complex formation with reduced or semi-
quinoid DAO is largely due to the CT interaction, not to
hydrogen bonding.

Friedrich and Person (16) referred to the following
notions with regard to the vibrational bands of ligands in
CT complexes. When the infrared spectra of CT complexes
are compared with those of isolated molecules which form
the complexes, three types of changes are found to occur: (i)
the vibrational frequencies in donor or acceptor (or both)
may be shafted, (i) the intensities of the bands may be
changed considerably, and (iii) new low-frequency bands
appear due to the vibrations of one molecule in the complex
against the other They discussed theoretically the first two
changes. Here, we apply the treatment for the frequency
shift of the vibrational mode of the ligand upon CT-com-
plexation to the CT complex of D1PC (VI) with reduced
DAO. When A and D represent an electron acceptor and
donor molecule, respectively, a wave function which repre-
sents CT interaction can be expressed by an approximate
wave function ¥ that 18 a linear combination of two reso-
nance structures (41).

VY(D-A) = a¥,(D, A) + bW, (DA7)

Here ¥((D, A) and W (D*A") represent wave functions of
no-bond and dative structures, respectively. The potential
for the X-Y (C=N in this case) bond is a function of distance
ryy For the no-bond state, this function can be loosely
approximated by the potential function for the free D1PC;
in the dative state, it is given closely by the function for the
free D1IPC- form with one electron accepted from reduced
flavin in DAO. The potential function for the X-Y bond 1n
the complex 18 given approximately by

Wy X-Y) = (@ + abS)W, (X-Y) + (b2 + abS)W,(X-Y)

Here S represents an overlap integral between ¥, and ¥,
the coefficients (a? + abS) and (b? + abS) are the weight of
the no-bond and dative structures, respectively, and W, and
W, represent potential functions for no-bond and dative
structures, respectively. The force constant for the X-Y bond
in the complex,

ky = (@? + abS)k,+ (b? + abS)k,

Here k, and %, are the X-Y stretching force constants in
free D1PC and D1PC-, respectively. Using the normaliza-
tion condition (a? + 22bS + b? = 1), the following equation
was obtained.

Ak/k = (ko — kyVky = [1 — (k JRIB? + abS)

This shows the approximate relationship between the fre-
quency shift of the X-Y stretching and the weight of the
dative state in the structure of the complex (b + abS). The
ratio Ak/k is given 1n good approximation by 2Av/v = 2(y,
~ Wy, = Ak/k for small frequency shift in weak complexes
(16, 40). We must estimate the frequency for the X-Y
stretch 1n D1PC- to obtain the ratio k,/k, We estimated the
frequency by using an ab initio molecular orbital method,
because estimation based on experimental methods is diffi-
cult. The bond lengths of X-Y (C=N or C-N) in D1PC and
D1PC- are 1273 and 1.406 A, respectively. This indicates
that the C=N bond is moderately weakened when D1PC
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accepts one electron The frequencies mainly associated
with X-Y in D1PC and D1PC- are calculated to be 1,688
em™ and 1,359 cm™, respectively. Thus, the ratio k/k, =
0.65. If the low frequency shift upon the complexation with
reduced DAO is due to only the CT interaction, the dative
structure can be approximately evaluated from the value of
b? + ab8S, using the following equation with the value of Av/
v experimentally obtained.

b2+ abS =5T7xAv/v

The amount of the charge transferred (the amount of the
dative structure) from reduced flavin to D1PC (VI) is esti-
mated to be 9.7% of one electron, the amount in the case of
DAO reconstituted with 7,8-CL-FAD to be 8 0%, and the
amount transferred from semquinoid flavin to D1PC in the
complex of semiquinoid DAO to be 7.7%.

Here, &, and &, are defined as the corresponding force
constants in free D1PC and D1PC-, respectively, but should
originally be chosen as the constants in the no-bond struc-
ture and in the dative structure, respectively The magm-
tude of the force constants in the no-bond structure or
dative structure should deviate from that in the free state
as a result of electrostatic interaction, van der Waals force,
etc. Thus, the present estimation may contain an ambigu-
1ty. However, this ambiguity can be reduced by the compar-
ison of natural DAO and DAO reconstituted with 7,8-Cl-
FAD; the geometrical structure of flavin, ligand, and amino
acid residues 1n the active-site nanospace is considered to
be the same in each case. The difference in electron dona-
tion of 1.7% between natural DAO and the reconstituted
DAO is due to the difference n electron-donating ability of
the two reduced flavins, and indicates that CT interaction
ig undoubtedly a large factor in the band shift

Furthermore, it 1s worthwhile to note the 1,574-cm™
band of the complex of oxidized DAO reconstituted with
7,8-CL-FAD with D2PC (Fig. 10): the band is associated
with the C(4a)=N(5) bond of 7,8-CL-FAD. Although the fre-
quency of the corresponding band in uncomplexed 7,8-CL-
FAD-DAO is not known, it 18 considered to be positioned
near the corresponding band in natural DAO, because the
corresponding bands of riboflavin and 7,8-CL-ribofiavin
bound to riboflavin binding protein were observed at the
same position (1,583 cm™) (42); the bands for those free in
solution were of similar frequency (43). Thus, the difference
between 1,579 cm~! (FAD) (Fig. 10, spectrum a) and 1,574
em™! (7,8-CL-FAD) (Fig 10, spectrum b) is probably due to
the difference in CT interaction; in the case of 7,8-CL-FAD,
which has higher electron acceptability than FAD, the elec-
tron donation from the HOMO of D1PC to the LUMO of
7,8-CL-FAD, which is an antibonding molecular orbital,
increases and the band shifts to lower frequency than in
the case of natural DAO. In this case, A~ in the dative form
is aniomic flavosemiquinone. The band associated with
C(4a)=N(5) stretching of anionic flavosemiquinone of DAO
has been observed at 1,331 em™ (33). Thus, we assumed
the frequencies of the corresponding bands in the no-bond
and dative structures are 1,583 and 1,331 cm™, respec-
tively, and also estimated the electron flow from D2PC to
oxidized flavin by the same procedure mentioned above.
The magnitudes were estimated to be 1.7 and 3.8% for the
natural and the 7,8-Cl-FAD-reconstituted enzymes, re-
spectively; the electron flow is ca. 2% larger in 7,8-CL-FAD-
DAO than in natural DAO
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The X-ray crystallographic structural analysis for both
CT complexes of oxadized and reduced DAOs have been car-
ried out and clarified the alignment between the flavin ring
and a ligand. The alignments are consistent with CT inter-
action; the overlap between HOMO of ligand and LUMO of
oxidized flavin become large in oxidized DAO (¢), and the
overlap between LUMO of higand and HOMO of reduced
flavin is large in reduced DAO (5). In this paper, we studied
the structural modulation of ligands and the interaction
thereof experienced in the active-site nanospace when they
form CT complexes with DAO in three redox states by
means of Raman spectroscopy. The COO- streching of
ligands observed around 1,370 cm™' downshifis by about 17
cm™ upon complexation with DAO, indicating that the
interaction mode of the carboxyl group in the active site is
similar in the three redox states. We could also estimate
the magnitude of the electron flow through the overlap
between HOMO and LUMO, on the basis of the frequency
shift of Raman bands of ligand upon the complexation with
DAO. A new bond between flavin and substrate/ligand is
formed by an intermolecular delocalization of electron, and
the delocalization functions toward weakening of an in-
tramolecular bond. The delocalization leads to a change in
bond along the reaction pathway and 1s a driving force for
propulsion of a chemical reaction. HOMO-LUMO interac-
tion is generally important for the delocahization of elec-
tron. Thus, the overlap between HOMO and LUMO, which
is recognized in CT complexes of DAOQ, is a candidate for
the pathway of electron and is probably important for redox
reaction of DAO.
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