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Acyl-CoA dehydrogenase forms a complex with a substrate analog, 3-thiaacyl-CoA,
exhibiting a charge-transfer (CT) band. The structure of a complex model of oxidized
lumiflavin with deprotonated 3-thiabutanoate ethylthioester designed for the above CT
complex was fully optimized by means of density functional theory (DFT), the spatial
arrangement being similar to the corresponding X-ray structure reported previously.
The electrostatic interaction between flavin and an anionic ligand, therefore, plays a
major role in determination of the arrangement of the CT complex. When the excitation
energies and oscillator strengths for the optimized structures of complex models
including oxidized 8-substituted lumiflavins were calculated, the obtained wavelengths
correlated well with observed values reported. Subsequently, we carried out DFT
calculations for new complex models redesigned for complexes of oxidized 8-substituted
FADs with an anionic ligand by introducing hydrogen bonds at the carbonyl group of
the ligand with the 2'-hydroxyl group of the N10-ribityl of FAD and with the
main-chain amide group of Glu376. The CT absorbing wavelengths of the new complex
models exhibited better correlation with those observed previously. Consequently,
comparison of substituent effects on the DFT calculations for the complex models will
lead to a deeper understanding of the CT interaction and the effect of the hydrogen-
bonding interaction on the CT framework.
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Abbreviations: ACD, acyl-CoA dehydrogenase; CT, charge-transfer; DFT, density functional theory; TD-DFT,
time-dependent density functional theory; MCAD, medium-chain acyl-CoA dehydrogenase.

The acyl-CoA dehydrogenases (ACDs) comprise a family of
flavoenzymes that catalyze the dehydrogenation of acyl-
CoA to the corresponding ¢rans-2-enoyl-CoA in the first
step of the mitochondrial B-oxidation cycle (1, 2). The dehy-
drogenation reaction consists of two processes; the abstrac-
tion of a-proton by a catalytic base and the transfer of
B-hydride to oxidized flavin, as shown in Fig. 1A. The
two processes proceed either in a stepwise manner with
a-proton abstraction preceding B-proton transfer or in a
concerted manner. Which reaction pathway is used
depends on the member of the ACD family, type of sub-
strate, or pH of the medium (3). According to the crystal
structure (4) of medium-chain acyl-CoA dehydrogenase
(MCAD) with a substrate, the carbonyl group of the sub-
strate interacting with the flavin ring is hydrogen-bonded
to the main-chain amide group of Glu376 and to the 2'-
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hydroxyl group of the N(10)-ribityl of FAD. These hydrogen
bonds play an important role in the dehydrogenation reac-
tion (5).

It is known that MCAD binds substrate analogs such as
3-thiaacyl-CoA and 3-ketoacyl-CoA and that the complexes
give rise to a charge-transfer (CT) absorption band in a
long-wavelength region (6—8). The above CT complex
is regarded to reflect one of the metastable states in
the dehydrogenation reaction, as shown in Fig. 1B. We
recently reported the crystal structure (PDB-ID: 1UDY)
of MCAD with deprotonated 3-thiaoctanoyl-CoA, abbre-
viated as MCAD-3-thia-C8-CoA (9). Only analysis
involving X-ray crystallography combined with density
functional theory (DFT) calculations, we concluded that
the 3-thiaoctanoyl-CoA is deprotonated by COO™ of
Glu376 and the negative charge of the ligand is delocalized
to the oxidized flavin ring. We also demonstrated that the
CT interaction plays an important role in determination of
the arrangement of the flavin ring with the anionic ligand
in the ACD active site. Spectroscopic studies of complexes
between MCADs reconstituted with 8-substituted flavins
and some substrate analogs showed that the CT interac-
tion, in concert with the hydrogen bonds at the carbonyl
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group of the ligand, lowers the pK, value of the ligand (10).
The DFT method supported the theoretical interpretation
of the correlation between the wavelength of the CT band
and the sum of the Hammet ¢ parameters (11) for the
substituents at the 7- and 8-positions of the flavin ring.

DFT calculations of the a-proton abstraction (12) from a
substrate (analogs) bound to ACD and the CT interaction (13)
of ACD with the substrate (analog) have been performed.
The latter suggested that the CT band could be reproduced
by means of time-dependent DFT (TD-DFT) (14) with small
basis sets. In general, a TD-DFT calculation with a small
basis set cannot give results that coincide with those of a
corresponding experiment (15, 16). Care should be taken in
calculating the CT absorption band because of the small energy
gap, although the excitation energies of flavin-related molecules
(17, 18) determined on TD-DFT calculation agree with the
experimental values with moderately large basis sets.

In the present study, the structures of complex models
designed for MCAD-3-thia-C8-CoA with and without
hydrogen bonds were optimized by DFT calculations
with some large basis sets ignoring any solvent effect
and their CT absorption bands were calculated by
TD-DFT in order to determine the effect of the hydrogen
bonds on the CT interaction. After confirming the validity
of the TD-DF'T calculation for the CT band with the large
basis sets, DFT calculations for the models designed
for the complexes between MCADs reconstituted with
8-substituted flavins and 3-thiaacyl-CoA were performed,
the results being compared with the corresponding experi-
mental results (10). The substituent effects on the detailed
structures of the CT complexes were analyzed theoretically
on the basis of the DF'T calculations; these effects cannot be
observed experimentally but can only be analyzed by
means of calculations. Finally, we report the relationship
between the acyl-CoA dehydrogenation reaction and the
results of the DFT calculations.

EXPERIMENTAL PROCEDURES

Two calculation models designed for MCAD-3-thia-C8-CoA
(9, 10) were used in this work. One model is a simplified

one; a complex of oxidized lumiflavin (Fig. 2A) with depro-
tonated 3-thiabutanoate ethylthioester (Fig. 2C). The other
model is a hydrogen-bonding model obtained by extending
the simplified model to include the hydrogen bonds of the
carbonyl group of the substrate analog with the 2’-hydroxyl
group of the N10-ribityl and with the main-chain amide of
Glu376. In the hydrogen-bonding model, the model com-
pound, oxidized 2'-OH-flavin (Fig. 2B), was used for FAD
and N-methylacetamide (19) (Fig. 2D), which represents
the main-chain model corresponding to the Glu376 main-
chain amide. The 2'-hydroxyl and amide groups were
arranged so as to hydrogen-bond with the carbonyl
group of the ligand. If the hydrogen-bonding model is ener-
getically stabilized by the hydrogen-bond formations, the
spatial arrangements of the two groups should be decided
uniquely.

All DFT calculations were carried out with the Gaussian
03 program (20) on DELL Precision Workstation 450
machines. The structures of complex models were
fully optimized using B3LYP functional (21, 22) with
the 6-31G(d), 6-311G(d), 6-311+G(d), 6-311+G(d,p), or
6-311+G(2d,p) basis set. The wavelengths and oscillator
strengths for the optimized structures were calculated at
the same calculation level as for optimization on the basis
of the TD-DFT. At the limit of vertical transition, only 30
singlet states were calculated for excited states. Electronic
absorption spectra of complex models were generated from
the calculated values assuming that each band is a
Gaussian waveform with a bandwidth of 3,000 cm™.

RESULTS

Structure and Electronic Absorption Spectrum of a
Simplified Model—The structure of a complex of oxidized
lumiflavin (Fig. 2A) with deprotonated 3-thiabutanoate
ethylthioester (Fig. 2C) was fully optimized with B3LYP
functional and the 6-311G(d) basis set. This complex model
is designated as a simplified model. The optimized struc-
ture is shown in Fig. 3. The thioester plane is slightly tilted
above the flavin ring plane and the S(3) atom of the ligand
is located above N5 of the flavin at an atomic distance of
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Fig. 2. Chemical structures of molecules used for
the simplified and hydrogen-bonding models:
lumiflavin (A), 2-OH-flavin (B), 3-thiabutanoate
ethylthioester (C), and N-methylacetamide (D).
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Fig. 3. Stereoscopic view of
stereochemical structures for

~e the simplified model with
B3LYP/6-311G(d).

3.121 A. (The numbering for the ligand and flavin atoms is
given with in and without parenthesis, respectively,
throughout the text.) The short distance of S(3)-N5 sug-
gests that the B-hydride of the substrate can be transferred
to the N5 atom of the flavin on the dehydrogenation of
acyl-CoA (Fig. 1A). The atomic distances for C(2)-C4a
and C(1)-C10a were calculated to be 2.898 and 3.128 A,
respectively. However, they are shorter than the corre-
sponding atomic distances, 3.71 and 3.74 A, respectively,
which are the average values observed for the tetramer of
the MCAD-3-thia-C8-CoA crystal structure (9). The differ-
ence may have arisen from basis-set dependence, incom-
plete design of the complex, the ignoring of the solvent
effect, etc.

For the simplified model, the wavelengths and oscillator
strengths were calculated by TD-DFT. The wavelength and
oscillator strength of the CT absorption band of B3LYP/6-
311G(d) were calculated to be 696 nm and 0.2417, respec-
tively. The calculated wavelength is shorter than the 808
nm observed for MCAD-3-thia-C8-CoA (7). Taking into con-
sideration that the shorter wavelength is ascribed to the
small basis set, we recalculated the structure and the elec-
tronic absorption for the simplified model by TD-DFT with
various basis sets. The simulated spectra are shown in
Fig. 4. The spectral features of the simulation are the
same but depend on the basis set. The CT absorption

Vol. 139, No. 5, 2006

band of the simplified model was calculated to be 747
nm with B3LYP/6-311+G(2d,p), the highest basis set
used in this work, and its calculated oscillator strength
was 0.1953. Note that the wavelength difference between
B3LYP/6-311G(d) and B3LYP/6-311+G(2d,p) is 51 nm. The
atomic distances of C(2)-C4a and C(1)-C10a calculated
with BSLYP/6-311+G(2d,p) were 2.970 and 3.188 A, respec-
tively. The calculated values with the large basis set are
closer to those of the MCAD-3-thia-C8-CoA crystal struc-
ture than those with the 6-311G(d) basis set. The overall
arrangement of the model agreed with the corresponding
crystal structure except for a slight difference in the atomic
distance.

Electronic absorption spectra of complexes between
MCADs reconstituted with artificial FADs, i.e., 8-cyano-,
7,8-dichloro-, 8-chloro, 8-methoxy-, and 8-amino-FADs,
and 3-thiaoctanoyl-CoA have been measured (10). DFT
calculations for simplified models designed for the com-
plexes were carried out with B3LYP/6-311G(d) taking
advantage of the computational efficiency. The abbrevia-
tions for the simplified models designed for the complexes
between MCADs reconstituted with 8-cyano-, 7,8-dichloro-,
8-chloro, 8-methyl-, 8-methoxy-, and 8-amino-FADs, and
3-thiaoctanoyl-CoA are cyano, dichloro, chloro, normal,
methoxy, and amino, respectively. The Cartesian coordi-
nates of the optimized structures are given in Table S1 of
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Fig. 4. Dependence of simulated
electronic absorption spectra of
the simplified models on the
basis sets, 6-31G(d), 6-311G(d),
6-311+G(d), 6-311+G(d,p), and
6-311+G(2d,p), wusing B3LYP
functional. The observed absorbing
wavelength of the CT band (Ref. 10)
is represented as a bar.

Fig. 5. Simulated electronic
absorption spectra of the
simplified models including
8-substituted flavins with
B3LYP/6-311G(d). cyano, 8-cyano-;
dichloro, 7,8-chloro-; chloro, 8-
chloro-; normal, 8-methyl-; methoxy,
8- methoxy-; and amino, 8-amino-
lumiflavins. The observed absorbing
wavelengths of the CT band (Ref. 10)
are represented as bars.
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the supplementary material. Although the calculated
wavelengths are shorter than those observed, the CT
absorption bands of the simplified models were success-
fully reproduced with B3LYP/6-311G(d), as shown in
Fig. 5. The calculated wavelengths of the CT bands
show good correlation with the observed ones, although
the CT bands may all be calculated at a shorter wave-
length, by 51 nm, due to the small basis set. Accordingly,
the simplified models sufficiently reflect the substituent
effect of flavin at the 8-position in MCAD-3-thia-C8-CoA
on the CT band.

Structure and Electronic Absorption Spectrum of a
Hydrogen-Bonding Model—The structure (Fig. 6) of the
complex of oxidized 2'-OH-flavin (Fig. 2B) with an anionic
3-thiabutanoate ethylthioester (Fig. 2C) and N-methylace-
tamide (Fig. 2D) was fully optimized with B3LYP/6-
311G(d), and exhibited a CT band at 785 nm with
TD-DFT at the same calculation level. In the case of a
hydrogen-bonding model, we did not select the large
basis set, 6-311+G(2d,p), because of the great computation

time. It was ascertained that the spatial arrangements of
the 2’-hydroxyl and amide groups are only determined by
the hydrogen bonding. The calculated atomic distances for
C(2)-C4a and C(1)-C10a were 3.011 and 3.381 A, respec-
tively. The introduced hydrogen bonds reduced the devia-
tion from the atomic distances of MCAD-3-thia-C8-CoA in
comparison with the simplified model. Moreover, the
distances of the two hydrogen bonds at the carbonyl
group of the substrate analog with the nitrogen atom of
N-methylacetamide and with the oxygen atom of the
N10-ribityl were calculated to be 2.935 and 2.690 A, respec-
tively. The corresponding average atomic distances for the
tetramer of MCAD-3-thia-C8-CoA are 3.13 and 2.66 A. The
hydrogen-bonding strengths, therefore, are in good agree-
ment with those in the hydrogen-bonding model. Taking
into consideration that a small basis set, 6-311G(d), gives
rise to a shorter CT-wavelength, by 51 nm, than that
obtained with a large basis set, 6-311+G(2d,p), TD-DFT
calculation with B3LYP/6-311+G(2d,p) is expected to
give the wavelength of 836 nm for the CT absorption
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band. This expected wavelength is slightly longer than the
observed one, 808 nm. The slight disagreement of the CT
band may arise from overestimation of the hydrogen-
bonding strength with N-methylacetamide. Regardless of
the slight difference, the DFT calculation with the large
basis sets reflects the CT interaction in the experimental
electronic spectrum even though no solvent effects were
considered, as reported previously (13).

DFT calculations for hydrogen-bonding models of cyano,
dichloro, chloro, normal, methoxy, and amino in the same
way as for simplified models were carried out with BSLYP/
6-311G(d). The Cartesian coordinates of the optimized
structures are given in Table S1 of the supplementary
material. The simulated spectra are shown in Fig. 7.
The tendency of the CT absorption bands for the hydrogen-
bonding models with respect to wavelength and oscillator
strength is coincident with that of the simplified models
(Fig. 5). It was found that the substituent effect on the CT
interaction is independent of the formation of the hydrogen
bonds and the effect of the hydrogen bonds on the CT inter-
action is ~83 nm (~1530 cm™ in wavenumber).

DFT calculations of models designed for the complexes of
2'-deoxy-8-chloro-FAD or 2'-deoxy-8-cyano-FAD with the

Vol. 139, No. 5, 2006

3-thiaoctanoyl-CoA were also performed. The structures
of the complexes of 8-chloro- or 8-cyano-lumiflavin with
an anionic 3-thiabutanoate ethylthioester and with
N-methylacetamide were fully optimized with B3LYP/6-
311G(d), and their wavelengths and oscillator strengths
were calculated by TD-DFT at the same level. The calcu-
lated wavelengths and oscillator strengths of the complex
models including 8-chloro- and 8-cyano-flavin were 724 nm
(0.2122) and 690 nm (0.2801), respectively, the calculated
oscillator strength being given in parenthesis. The calcu-
lated wavelengths are not in good agreement with the
observed values, 770 and 747 nm, respectively, but the
differences from the corresponding hydrogen-bonding
models, 31 and 37 nm, are close to the experimental values,
32 and 41 nm (10), respectively. This suggests that the
hydrogen-bonding model suffices to reflect the hydrogen
bond at the carbonyl group of the ligand with the 2'-ribityl
group of the N10-ribityl in MCAD-3-thia-C8-CoA.

DISCUSSION

The Charge-Transfer Absorption Bands of the
Simplified and Hydrogen-Bonding Models—Figure 8
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Fig. 8. Correlation between the excitation energies of the CT
absorption bands for the complexes including 8-substituted
flavins with 3-thiaacyl-CoA and the sum of the Hammet ¢
parameters for the substituents at the 7- and/or 8-positions.
For observed (A) and calculated values for the simplified (B) and
hydrogen-bonding models (C), least-squares fitting lines were cal-
culated. Data numbering: 1, 8-amino-; 2, 8-methoxy-; 3, 8-methyl-;
4, 8-chloro-; 5, 8-cyano-; 6, 7,8-dichloro-; 4’, 2'-deoxy-8-chloro-; 5/,
2'-deoxy-8-cyano-flavins. Solid and open symbols represent calcu-
lated and observed data, respectively.

shows the correlation between the excitation energies of
the CT absorption bands for the complexes including the
8-substituted flavins and the sum of the Hammet ¢ para-
meters for the substituents at the 7- and/or 8-positions. The
features of the calculated values for the simplified and
hydrogen-bonding models are similar to those of the
observed ones. The similarity substantiates the validity
of the two calculation models used for the DFT calcula-
tions. The slopes of the least-squares fitting lines of the
two calculations are slightly different from that observed
but are coincident with each other. The coincidence of the
slopes suggests that the substituent effect is independent
of the hydrogen-bonding and that the simplified model is
sufficient for investigating the substituent effect of MCAD-
3-thia-C8-CoA without the use of the hydrogen-bonding
model, which is too heavy to compute. The difference
in the slopes may be ascribed to the hydrogen-bonding
interactions at other positions of flavin, which are not
taken into account in this work. In other words, the
electron-accepting ability of the flavin ring may be main-
tained via the hydrogen bonds with surrounding amino
acids, which might act as a means of feedback in the active
site when the electron-withdrawing ability of the substi-
tuent in the flavin is too high. In addition, the effect of the
hydrogen bond at the carbonyl group of the ligand with
and without the 2'-hydroxyl group of N10-ribityl on the
CT interaction is reproduced in the DFT calculation.
Note that the data points for 4’ and 5’ in Fig. 8 are for
2'-deoxy flavin derivatives in which the ligand C(1)=0(1)
is only hydrogen-bonded with the amide hydrogen of
Glu376 or N-methylacetamide. As previously stated
under Results, the hydrogen-bonding model is sufficient

T. Tanaka et al.

to reflect the hydrogen bond with the 2'-hydroxyl group
of N10-ribityl and can reflect the effect of the hydrogen
bond with the main-chain amide group of Glu376 on the
CT interaction. Consequently, the good agreement of the
DFT calculations with the experimental results, as shown
for the 2'-deoxy substituents in Fig. 8, confirms the validity
of the calculated values obtained for the complex model.

Regarding the validation of the DFT calculations, one
can estimate the contribution of the hydrogen bond at
the carbonyl group of the ligand with the main-chain
amide group to the CT interaction. The differences in
wavelengths for the complex models of 8-cyano- and 8-
chloro-lumiflavin with 3-thiabutanoate ethylthioester
and N-methylacetamide from the corresponding simplified
models are 37 and 50 nm, respectively. These values are
comparable to the contributions, 37 and 31 nm, respec-
tively, of the hydrogen bond with the 2'-hydroxyl group
of N10-ribityl. Since such values cannot be determined
experimentally, they are very valuable and theoretically
meaningful quantities only obtainable by such calculations
as those carried out in this study.

Substituent Effect in the Simplified Model—The stabili-
zation energies, bond lengths, atomic distances, and CT
band parameters of the simplified models obtained with
B3LYP/6-311G(d) are summarized in Table 1. Since all
the stabilization energies are negative, the flavin and
ligand are energetically stabilized due to the complex for-
mation. The absolute value of the stabilization energy,
|AE|, on the CT interaction increases in the order of
cyano > dichloro > chloro > methoxy > amino. C(1)-C(2),
C(1)-S(1"), and C(2)-S(3) exhibit the largest displacement
among all the bonds in the flavin and the ligand. Compar-
ison of the bond lengths of C(1)=0(1) for the simplified
models with those for hydrogen-bonding models will be
discussed in the subsequent section. It is noteworthy
that the bond lengths of C(1)-C(2), C(1)-S(1’), and
C(2)-S(3) of the ligand change appreciably due to the sub-
stituent effect via the CT interaction between the substi-
tuted flavins and the ligand. The smaller the |AE|, the
shorter the bond lengths of C(1)-C(2), and the longer the
bond lengths of C(1)-S(1’), C(1)=0(1), and C(2)-S(3). These
results reveal that the bond order of C(1)-C(2) of the anio-
nic ligand decreases with increasing electron-accepting
ability of the flavin ring (bond order: cyano < dichloro <
chloro < methoxy < amino), and the distortion through
C(1)-C(2) may be absorbed by compensatory displacement
in the neighboring bonds of C(1)-S(1’), C(1)=0(1), and
C(2)-S(3). For the atomic distances shown in Table 1, the
smaller the |AE|, the longer all the distances except for
C(1)-C10a and O(1)-C10a of dichloro. The exception indi-
cates that the electron-withdrawing ability of the 7-chloro-
substituent strongly affects the atomic orbital of C10a in
the flavin ring. For the CT band parameters, the smaller
the |AE |, the smaller the wavenumber and the smaller the
oscillator strength when the wavelength is transformed
into the wavenumber. Namely, the CT band parameters
exhibit good correlation with the stabilization energies.

Substituent Effect in the Hydrogen-Bonding Model—
The stabilization energies, bond lengths, atomic distances,
and CT band parameters of the hydrogen-bonding models
obtained with B3LYP/6-311G(d) are summarized in
Table 2. All the magnitudes of the stabilization energies
for the hydrogen-bonding models are larger than those for
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Table 1. Stabilization energies, bond lengths, atomic distances, and CT band parameters of the simplified models including

8-substituted flavins with BSLYP/6-311G(d).

cyano dichloro chloro normal methoxy amino

Stabilization energy / kcal mol™*

AE*! —21.22 -19.35 -14.83 -10.33 -8.77 -6.61
Bond length/A

C(1)-C(2) 1.409 1.406 1.402 1.398 1.395 1.393

C(1)-S(1) 1.866 1.871 1.877 1.884 1.888 1.892

C(1)=0(1) 1.229 1.230 1.231 1.233 1.234 1.235

C(2)-S(3) 1.747 1.751 1.754 1.759 1.763 1.765
Atomic distance/A

C(1)-C10a 3.099 3.096 3.113 3.128 3.138 3.145

0O(1)-C10a 3.197 3.191 3.201 3.206 3.210 3.206

C(2)-C4a 2.795 2.820 2.856 2.898 2.942 2.984

S(3)-N5 3.050 3.057 3.084 3.121 3.175 3.204
CT band parameter

Observed wavelength*%nm 788 789 802 808 840 861

Calculated wavelength/nm 653 655 674 696 737 767

Calculated oscillator strength 0.300 0.251 0.235 0.215 0.191 0.179

AR = E(complex) — E(8-substituted lumiflavin) — E(3-thiabutanoate ethylthioester). **The observation was reported in Ref. 10.

Table 2. Stabilization energies, bond lengths, atomic distances, and CT band parameters of the hydrogen-bonding models

including 8-substituted flavins with BSLYP/6-311G(d).

cyano dichloro chloro normal methoxy amino

Stabilization energy/kcal mol™

AE*! -39.59 -38.38 -34.51 -31.10 -29.78 -28.05

AAE*? -18.37 -19.03 -19.68 -20.77 -21.01 -21.44
Bond length/A

C(1)-C(2) 1.390 1.386 1.383 1.379 1.376 1.374

C(1)-S(1") 1.834 1.837 1.842 1.842 1.845 1.847

C(1)=0(1) 1.259 1.262 1.263 1.267 1.269 1.271

C(2)-S(3) 1.750 1.753 1.757 1.763 1.766 1.769
Atomic distance/A

C(1)-C10a 3.330 3.322 3.369 3.381 3.397 3.427

0(1)-C10a 3.469 3.461 3.510 3.510 3.526 3.548

C(2)-C4a 2.902 2.919 2.963 3.011 3.042 3.092

S(3)-N5 3.052 3.068 3.102 3.149 3.185 3.237

O(1)-H(2'-ribityl) 1.739 1.728 1.726 1.712 1.704 1.696

0O(1)-H(N-methylacetamide) 1.964 1.957 1.952 1.925 1.915 1.910
CT band parameter

Observed wavelength**/nm 788 789 802 808 840 861

Calculated wavelength/nm 727 728 755 785 816 871

Calculated oscillator strength 0.259 0.221 0.202 0.176 0.160 0.140

*IAE = E(complex) — E(8-substituted 2'-OH-flavin) — E(3-thiabutanoate ethylthioester) — E(N-methylacetamide). *?AAE = AE(hydrogen-
bonding model) — AE(simplified model). **The observation was reported in Ref. 0.

the simplified models. This suggests that the hydrogen-
bond formations contribute to the energetic stabilization
as well as the CT formation.

Moreover, the energetic stability on the hydrogen bond-
ing is represented by the absolute difference between AE
(hydrogen-bonding model) and AE (simplified model),
| AAE|, which increases in the order of cyano < dichloro
< chloro < methoxy < amino. The increases and decreases of
the bond lengths, atomic distances, and CT band para-
meters relative to the stabilization energy are the same
as those for the simplified models. C(1)=0(1) is affected
by the hydrogen bonds with N-methylacetamide and the
2/-hydroxyl group, and the bond length is longer with
greater |AAE|. This was ascertained from the atomic

Vol. 139, No. 5, 2006

distances of the hydrogen bonds. Namely, the greater
the |AAE|, the shorter the atomic distances of O(1)-
H(2'-ribityl) and O(1)-H(N-methylacetamide). The change
in the hydrogen-bonding strength gives rise to the large
displacement of the bond length of C(1)=0(1). Therefore,
the most different property between the simplified and
hydrogen-bonding models is the bond length of C(1)=0(1).

Effect of the Hydrogen Bonds on the Charge-Transfer
Interaction—As can be seen in Fig. 6, the hydrogen bonds
at the carbonyl group of the ligand with the 2'-hydroxyl
group of the N10-ribityl and with the amide group of
N-methylacetamide are seemed to anchor the ligand on
the flavin ring. However, since the ligand is bound to
the flavin ring without hydrogen bonds in the simplified
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Fig. 9. Relationship between the CT and hydrogen-bonding
interactions via the bond order of C(1)=0(1) and C(1)-C(2).

model and takes the same spatial arrangement as that in
the hydrogen-bonding model, the hydrogen bonds are not
necessary to fix the spatial arrangement of the ligand. In
addition, the longer wavelength of the CT absorption band
and the longer atomic distances for the hydrogen-bonding
model than those for the simplified model reveal that the
hydrogen bonds weaken the CT interaction. The role of the
hydrogen bonds is to lower the pK, of the ligand. This is
deduced from the following. The hydrogen bonds lengthen
C(1)=0(1) and shorten C(1)-C(2) in order to delocalize the
negative charge on the C(2) atom of the anionic ligand. As a
result, the pK, at the C(2) atom drops. The relationship
between the CT and hydrogen-bonding interactions via the
bond order of C(1)=0(1) and C(1)-C(2) is schematically
illustrated in Fig. 9. It is deduced from the energetic
stabilization, AAE, in Table 2 that the CT and hydrogen-
bonding interactions have a greater effect on lowering of
the pK, than the CT interaction without hydrogen bonds
because the CT complex becomes energetically stable state
due to the interactions even though the hydrogen bonds
slightly weaken the CT interaction.

Acyl-CoA Dehydrogenation Reaction—The stabilization
energies of the complex models are associated with the
stability of the complex of MCAD with the substrate
(analog) after the abstraction of the a-proton in the ligand.
The CT and hydrogen-bonding interactions promote the
a-proton abstraction since the two interactions make
the metastable state stabilized energetically. Moreover,
the substituent at the 8-position of FAD with an
electron-withdrawing group contributes to the promotion
of the a-proton abstraction, judging from AE in Tables 1
and 2. In addition, the atomic distances of S(3)-N5 for the
complex models indicate the possibility of B-hydride
transfer in the acyl-CoA dehydrogenation reaction. After
a substrate (analog) binds to the active site, the a-proton
is abstracted by Glu376-COO™~ accompanying fB-hydride
transfer to flavin in the case of the substrate and CT com-
plex formation in the case of 3-thiaoctanoyl-CoA. There-
fore, the B-hydride transfer and the CT complex formation
can be regarded on the same mechanistic level. Hence, the
CT interaction is a favorable measure of the B-hydride
transfer. However, the hydrogen-bond formations weaken
the CT interaction and lengthen the atomic distance of
S(3)-N5, as can be seen in Tables 1 and 2. The disadvantage
of the hydrogen bonds for the B-hydride transfer can be
overcome by reconstituting the 8-substituted FAD with
an electron-withdrawing group. For example, the differ-
ence in the atomic distances of S(3)-N5 for cyano between
the simplified and hydrogen-bonding models is negligible,

T. Tanaka et al.

and the decrease in the stabilization energy for cyano is
small when the hydrogen bonds are formed. Consequently,
the 8-cyano substituent can better promote the dehydro-
genation reaction than the others.

CONCLUSIONS

The CT interaction of an ACD with a substrate analog is
mainly ascribed to the electrostatic interaction of a flavin
ring with an anionic ligand based on DFT calculations of
the complex models. The DFT calculations of the hydrogen-
bonding model strongly support that the energetic stabili-
zation is due to the hydrogen bonds at the carbonyl group of
the ligand with the main-chain amide group of Glu376 and
with 2’-hydroxyl group of N10-ribityl. It is suggested that
the hydrogen bonds affect the CT interaction. DFT analysis
of the complexes including the 8-substituted flavins
revealed that the CT interaction and the hydrogen bonding
give rise to large displacement of the bond lengths not
in the flavin but in the ligand. Additionally, the effect of
the hydrogen bond at carbonyl group of the ligand with
the main-chain amide group of Glu376 on the CT inter-
action can be estimated through DFT calculations; this
effect cannot be observed experimentally but can be only
estimated by means of calculation. It should be emphasized
that DFT calculations can evaluate various interactions in
the ACD system and can analyze them individually. DFT
calculations will reveal hitherto undetected aspects and
lead to a deeper understanding of the ACD dehydrogena-
tion reaction.

Supplementary data are available at JB online.
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