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The interactions of acyl-CoA with medium-chain acyl-CoA dehydrogenases (MCADs)
reconstituted with artificial FADs—i.e. 8-CN-, 7,8-Cl2-, 8-Cl-, 8-OCH3- and 8-NH2-FAD—
were investigated by UV-visible absorption and FT-IR measurements. Although
8-NH2-FAD-MCAD did not oxidize acyl-CoA the wavelength of the absorption maxi-
mum of the flavin was altered by acyl-CoAs binding. Thus, 8-NH2-FAD-MCAD is one
of the attractive materials for investigation of enzyme–substrate (ES) interaction in
ES complex (the complex of oxidized MCAD with acyl-CoA). FT-IR difference spectra
between non-labelled and [1-13C]-labelled acyl-CoA free in solution and bound to
oxidized 8-NH2-FAD-MCAD were obtained. The broad 1668-cm�1 band of free octa-
noyl-CoA assigned to the C(1) = O stretching vibration appeared as a sharp signal
at 1626 cm�1 in the case of the complex. The downward shift indicates a large polar-
ization of C(1) = O, and the sharpness suggests that the orientation of the C(1) = O in
the active-site cavity is fairly limited. The hydrogen-bond enthalpy change responsi-
ble for the polarization on the transfer of the substrate from aqueous solution to the
active site of MCAD was estimated to be �15 kcal/mol. The 1626-cm�1 band is notice-
ably weakened in the case of acyl-CoA with acyl chains longer than C12 which are
poor substrates for MCAD, suggesting that C(1) = O is likely to exist in multiple orien-
tations in the active-site cavity, whence the band becomes obscured. A band identical
to that of bound C8-CoA was observed in the case of C4-CoA which is a poor sub-
strate, indicating the strong hydrogen bond at C(1) = O.

Key words: artificial flavin, enzyme–substrate complex, FT-IR spectroscopy, hydro-
gen bond, medium-chain acyl-CoA dehydrogenase.

Abbreviations: CT, charge-transfer; IVD, isovaleryl-CoA dehydrogenase; MCAD, medium-chain acyl-CoA
dehydrogenase.

Medium-chain acyl-CoA dehydrogenase (MCAD) is a
member of the flavoprotein acyl-CoA dehydrogenases
(ACDs) family that catalyses the dehydrogenation of
acyl-CoA thioesters to the corresponding trans-2-enoyl-
CoAs. Nine members are known to comprise the family,
five of which are involved in fatty acid oxidation and four
in amino-acid oxidation (1). The catalytic mechanisms of
these enzymes share common features (2), namely, the
reductive half-reaction has been established to occur by
removal of the pro-2R hydrogen as a proton by a general
base (Glu-COO–) and pro-3R hydrogen as a hydride to
the N(5) locus of the isoalloxazine ring. The crystal struc-
ture of porcine MCAD complexed with octanoyl-CoA
revealed that C2–C3 bond of the bound ligand molecule
is sandwiched between Glu376-COO– and the isoalloxa-
zine ring, and the carbonyl oxygen of the substrate is

hydrogen bonded to the ribityl-20-OH of FAD as well as
to the main-chain amide N-H of Glu376 (3). The pre-
sumed mechanism of MCAD reductive half-reaction is
shown in Scheme 1. These hydrogen bonds are not only
responsible for proper orientation of the substrate, but
also crucial for polarization of the substrate and the low-
ering of the pKa of the C-2 proton for abstraction by the
catalytic base, Glu376 (2). By the same token, removal
of the 20-ribityl hydroxyl induced downward redox-
potential shift, as revealed by binding study with product
analogs (4).

Vibrational spectroscopy is one of the most useful
methods for investigating molecular interactions such
as hydrogen bonding. Raman and FT-IR spectroscopic
studies have provided information on the hydrogen
bond at the C = O groups of flavin in flavoproteins
(5–11). In addition, the polarization of carbonyl group
of ligands such as 2-enoyl-CoA (product) and hexadie-
noyl-CoA (product analog) upon binding to MCAD was
also demonstrated by Raman spectroscopic studies
(4, 12, 13). The information on C = O stretching vibration
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of ligand is enormously useful for estimating the
hydrogen-bonding strength of the ligand at the C = O in
the active site of MCAD. However, the aforementioned
ligands are not the best probes for the substrate-active-
site interaction in investigating the molecular mecha-
nism of MCAD reductive half-reaction. This is because
these ligands lack the hydrogen atom that is to be
abstracted in the reductive half-reaction, and have a
double bond at the C(2) = C(3) unlike a substrate acyl-
CoA (Sch. 1). It is desirable that a normal substrate be
used as an active-site probe for detailed studies on the
reductive half-reaction.

The midpoint potential of FAD in free MCAD is
�118 mV (14) against standard hydrogen electrode
while that of the octanoyl-CoA/octenoyl-CoA couple is
�6 mV (14). (In the reference (14), the midpoint potential
values at pH 7.6 were reported. In this article, we use
corrected values to pH 7.0 for clarity of the discussion.)
Thus, the electron transfer from acyl-CoA to flavin is
thermodynamically unfavourable. The binding of sub-
strate/product significantly alters the midpoint potential
of the enzyme, i.e. the midpoint potential of FAD bound
to MCAD shifted positively by 110 mV upon binding sub-
strate (the midpoint potential of FAD of MCAD com-
plexed with substrate is �8 mV), in favour of electron
transfer from acyl-CoA to flavin (14, 15). This indicates
that both potentials of substrate/product and MCAD com-
plexed with substrate/product are comparable in magni-
tude. When we take these notions into consideration, we
expect that MCAD reconstituted with 8-NH2-FAD, which
has a more negative midpoint potential (�330 mV) (16)
than natural FAD (–208 mV) (17), forms a stable ES com-
plex. In this case, the enzyme can bind a substrate but is
not capable of oxidizing the substrate.

In the previous work we investigated the molecular
mechanism underlying the drop in the pKa of a substrate
analog 3-thiaoctanoyl-CoA bound to MCAD by taking
advantage of artificial FADs—i.e. 8-CN-, 7,8-Cl2-, 8-Cl,
8-OCH3 and 8-NH2-FADs—reconstituted into MCAD
(18). A distinct linear correlation between the transition
energy of the long-wavelength band of MCAD-
3-thiaoctanoyl-CoA complex and the Hammett s param-
eter of the substituent was recognized, suggesting that

the modification of FAD does not affect the mode of CT
interaction between the flavin and the ligand (18).
Therefore, it is expected that the binding mode of a sub-
strate to MCAD remains intact in the reconstituted
MCADs.

We can presume from Scheme 1 that appropriate
orientation of the pro-2R and pro-3R hydrogens in the
active site and the strong hydrogen bonds of the sub-
strate at the C(1) = O oxygen are essential for smooth
reaction. We have a strong interest in the molecular
mechanism of substrate specificity of MCAD, which
accommodates substrates with a broad range of fatty
acyl chain lengths with C8- and C10-CoA showing the
highest rate (19–21). It may be useful for elucidating
the molecular mechanism to determine the strength
of the hydrogen bond with each substrate. Previously,
we reported the resonance Raman study on the hydrogen
bond of the ligand at C(1) = O in the ‘purple complex’ (the
complex of reduced MCAD with 2-enoyl-CoA) of MCAD
(12). The purple complex can be considered to be an
ES complex in the backward reaction, where E is the
reduced form of dehydrogenase and S is an enoyl-CoA.
Recently, we reported the investigation on the electronic
state of FAD by FT-IR spectroscopy by using the C(2) = O
and C(4) = O stretching vibrations as probes; FT-IR dif-
ference spectra between non-labelled and isotope-labelled
FAD were very useful for band assignments (11). In this
article, we compared the strength of hydrogen bonds of
substrate at the C(1) = O in both complexes of MCAD
with good and poor substrates by using the C = O stretch-
ing vibration as probe by FT-IR spectroscopy. The
complex prepared by using MCAD reconstituted with
8-NH2-FAD can be considered to be an ES complex in
the forward reaction.

MATERIALS AND METHODS

Enzymes—MCAD was purified from porcine kidney
as described by Gorelick et al. (22), and Lau et al. (23).
The apoenzyme was prepared by the method of Mayer
and Thorpe (24) and was reconstituted with artificial
FAD following the method of Mayer and Thorpe (24) or
Engst et al. (25).

N
HN

O

NNO

SCoA

OH

H

C

O

Glu376

NH

2′

O
H

R

1

5
N

HN

O

NNO

SCoA

O

C

O

Glu376

NH

2′

O
H

R

H

2

4

9a
9

7
8

6
5a

10

3
4a

10a

H

O O

Scheme 1. Presumed mechanism of MCAD reductive half-reaction.
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Chemicals—Artificial FADs were prepared by the
method previously reported (11, 18). Non-labelled and
[1-13C]-labelled acyl-CoAs were prepared as reported pre-
viously (12). The corresponding labelled aliphatic acids
(>99 atom%) were purchased from Isotec, USA.
The molar absorption coefficients (mM�1cm�1) used for
FAD and artificial FADs are: e450(FAD) = 11.3,
e450(8-CN) = 11.4, e448(7,8-Cl2) = 10.4, e448(8-Cl) = 10.6,
e448(8-OCH3) = 22.0 and e482(8-NH2) = 44.0—(18) and the
references cited therein.

Spectrophotometric Measurements—Absorption spectra
were measured with a Hitachi U-3310 spectrophotometer
thermostated at 258C. FT-IR spectra were obtained by
a Nicolet NEXUS 670 FT-IR spectrometer. The FT-IR
instrument was purged with Ar gas to avoid the presence
of atmospheric water vapour. Spectra were recorded at
room temperature (ca. 258C) at 4-cm�1 resolution by
averaging 100 scans. The samples were prepared in
D2O solution to avoid the interference from H2O signal.
The 8-NH2-FAD-MCAD for FT-IR experiments was pre-
pared with an enzyme concentration of approximately
1 mM in 100 mM potassium phosphate buffer in D2O,
pD 7.6. This was achieved by washing the enzyme sev-
eral times with the above buffer through a Centricon
YM-30 centrifugal filter. Each non-labelled or labelled
acyl-CoA in D2O was added in the MCAD solution. For
FT-IR measurements, the sample solution was sand-
wiched by CaF2 disks which were spaced with a 50-mm
thick Teflon spacer.

RESULTS AND DISCUSSION

Interaction between Acyl-CoA and MCAD Reconstituted
with Artificial FADs—Figure 1 shows the visible absorp-
tion spectra of natural MCAD and MCAD reconstituted

with artificial FAD in the absence and presence of sub-
strate octanoyl-CoA. The ‘purple complex’, an intermedi-
ary state characterized by a CT interaction between a
product and reduced flavin, is formed in the reaction of
some artificial FAD-MCAD; the spectra of natural and
8-Cl-FAD-MCAD are identical to those previously
reported (26). The enzyme was almost fully reduced in
the case of MCAD reconstituted with artificial FAD that
has at the 8-position an electron-withdrawing group
(CN or Cl) as well as in the case of natural MCAD.
Meanwhile, in the case of artificial FAD that has an
electron-donating group (OCH3 or NH2), the extent of
flavin reduction was quite different: flavin was reduced
only partially in 8-OCH3-FAD-MCAD and the flavin was
not reduced at all in 8-NH2-FAD-MCAD. These findings
demonstrate unequivocally that the oxidizing property of
the enzyme depends on the electron-drawing or electron-
donating property of the substituent and hence on the
midpoint potential of FAD bound to the enzyme. The
split of the absorption band of 8-OCH3-FAD-MCAD in
the presence of octanoyl-CoA (Fig. 1) is probably due
to the vibronic structure of flavin, suggesting that the
environment surrounding flavin is hydrophobic.

Because the midpoint potentials of free MCAD and free
acyl-CoA are �118 and �6 mV—corrected to pH 7 from
(14)—respectively, the reduction of free MCAD by free
acyl-CoA is thermodynamically unfavourable. However,
binding of substrate/product to MCAD induces a large
positive shift in the midpoint potential of MCAD
(�8 mV) and allows MCAD to oxidize substrate acyl-
CoA (14). Since the midpoint potential of FAD free in
aqueous solution is �208 mV (17), the potential is shifted
positively by 200 mV upon FAD binding to apoMCAD and
the binding of substrate/product to MCAD. If the poten-
tial of each artificial FAD would be shifted by the same
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Fig. 1. Absorption spectra of the reconstituted MCADs
with artificial FADs in the absence (dotted lines) and the
presence (solid lines) of octanoyl-CoA. Spectra were

measured in 50 mM potassium phosphate (pH 7.6) at 258C. The
concentrations of FADs, apoenzyme and octanoyl-CoA were
20–30, 57, and 120mM, respectively.
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amplitude (200 mV) in the reconstituted MCAD com-
plexed with substrate/product, the potential of each arti-
ficial FAD (27) would be shifted as follows: 8-CN-FAD,
from �50 mV of the FAD free in solution to +150 mV
in the reconstituted MCAD complexed with substrate/
product; 7,8-Cl2-FAD, from �126 to +74 mV; 8-Cl-FAD,
�152 to +48 mV; FAD, �208 to �8 mV; 8-OCH3-FAD,
�260 to �60 mV and 8-NH2-FAD, �330 to �130 mV.
If this holds true, 8-NH2-FAD-MCAD is anticipated to
be reduced only scarcely by octanoyl-CoA (Fig. 1). Even
though 8-NH2-FAD-MCAD does not oxidize octanoyl-
CoA, it does bind octanoyl-CoA, because the absorption
spectrum is changed in the presence of octanoyl-CoA
(Fig. 1). Spectroscopic studies using MCAD reconstituted
with artificial FADs suggested that the modification
of FAD at 8-position does not affect the mode of
CT interaction between flavin and substrate analog
3-thiaoctanoyl-CoA (18). The same is anticipated to be
true in the case of ES interaction. Thus, 8-NH2-FAD-
MCAD is expected to be a favourable material for inves-
tigation of the interaction between oxidized MCAD and
a substrate.

Figure 2 shows the absorption maximum wavelengths
of the complexes of 8-NH2-FAD-MCAD with various acyl-
CoAs. The chain-length dependence of the maximum
wavelength (Fig. 2) is similar to the dependence of cata-
lytic activity of natural MCAD (19–21), suggesting that
NH2 group exerts no influence on the substrate binding
mode. The 3D structures of porcine MCAD have been
solved in binary complexes with substrates or inhibitors
having C8-acyl chain, as well as in the uncomplexed form
(3, 28). The structures of human MCAD complexed with
C8-CoA, C12- and C14-CoA have also been determined
(29). The 3D structures of the porcine and the human
MCADs are essentially the same (29). The fatty acyl por-
tion of the thioester substrate is bound at the re-face
of the flavin, and the cavity is deep enough to accommo-
date substrate with an acyl-chain length of up to
12 carbons (3). The enzyme flavin in the complex is a mix-
ture of the fully reduced form produced in the catalytic
reaction, and semiquinone and oxidized forms produced
by secondary oxidation and the predominant form of the
bound ligand is probably enoyl-CoA (3). The 8-NH2-FAD-
MCAD only scarcely oxidizes acyl-CoA to corresponding
enoyl-CoA due to its low oxidizing power, thus the recon-
stituted MCAD has the potential to be one of the attrac-
tive materials for investigation of ES interaction in ES
complex (the complex of oxidized MCAD with acyl-CoA).
Figure 3 shows the chain-length dependence of the
8-NH2-FAD-MCAD dissociation constant with acyl-CoA
having various acyl-chain lengths. A plot of log Kd

versus acyl-chain length of acyl-CoA is linear from C3
to C8 carbons, and binding becomes tight by approxi-
mately 550 cal/mol for each methylene group added to
the chain. The dissociation constants between MCAD
and several alkyl-SCoA derivatives, which lack a carbo-
nyl group at the C(1), have been determined, and the free
energy of binding is estimated to be 390 cal/mol for each
methylene group (30). These results suggest that the
hydrogen bonds of acyl-CoA at the C(1) = O favourably
assist the hydrophobic interaction of the acyl-chain in
the active site.

FT-IR Difference Spectra between Non-Labelled and
[1-13C]-Labelled Octanoyl-CoA Free in Solution and
Bound to Oxidized 8-NH2-FAD-MCAD—FT-IR absorp-
tion spectra of the complexes of 8-NH2-FAD-MCAD
with non-labelled and [1-13C]-labelled octanoyl-CoA and
the difference spectra are shown in Fig. 4A and B; the
difference spectrum of free octanoyl-CoA is also shown in
Fig. 4B. The broad 1668-cm�1 band of free octanoyl-
CoA shifted to 1633 cm�1 upon [1-13C]-labelling, being
assigned to the C(1) = O stretching mode. The correspond-
ing bands in the case of the complexes appear at 1626
and 1586 cm�1, respectively, with 42 and 47 cm�1 down-
ward shift upon complexation. The bandwidth of the
stretching absorption band of octanoyl-CoA bound to
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the MCAD is narrow, compared to those of octanoyl-CoA
free in solution. The sharpness suggests that the orien-
tation of the C(1) = O in the active-site cavity is fairly
limited. This phenomenon is explained by strong hydro-
gen bonds at the C(1) = O. The hydrogen-bond enthalpy
change for the transfer of the substrate from aqueous
solution to the active site of MCAD was estimated to be
�15 kcal/mol (�63 kJ/mol) by using the band shift
(42 cm�1), on the basis of the correlation data between
C = O stretch and enthalpy change upon hydrogen-bond
formation of various carbonyl compounds with alcohols
(31–33). Similar strong hydrogen bondings were demon-
strated in some ACD complexes with some ligands by
Raman spectroscopy, i.e. enoyl-CoA in purple complexes
of MCAD, short-chain acyl-CoA dehydrogenase and IVD
(12) and hexadienoyl-CoA bound to MCAD (4, 13). The
strong hydrogen bonding is due to strong electrostatic
interaction in the hydrophobic environment of the
active site as shown by crystallographic studies (3). In
the absence of bound substrate, the active-site cavity is
occupied by a well-ordered string of water molecules that
are successfully displaced as the length of the fatty acyl
chain increases up to C12, at which point all the water
molecules are expelled (1, 3). Thus the active site of
MCAD–substrate complex is in a hydrophobic environ-
ment and the electrostatic interaction responsible for
hydrogen bond is considered to be strong.

Hydrogen Bonds at C(1) = O of Various Acyl-CoAs
Bound to Oxidized 8-NH2-FAD-MCAD—Figure 5 shows
FT-IR difference spectra between the MCAD complexes
with non-labelled and [1-13C]-labelled acyl-CoAs with
various acyl-chain lengths. The difference spectra of
free acyl-CoAs are identical to those with octanoyl-CoA
(data not shown). The 1626- and 1586-cm�1 bands are
noticeably weakened in the case of acyl-CoA with
longer acyl-chain than C12. This observation is consis-
tent with the chain-length dependence of visible absorp-
tion maximum and the catalytic activity shown in Fig. 2
and the dependence of the CT absorption band of MCAD
complex with 3-thiaacyl-CoA (34). In each acyl-chain-
length dependency, be it on absorption maximum or

catalytic activity, a substantial change is found at
around C12. In the cases of acyl-CoAs with acyl-chain
longer than the depth of the active-site cavity of
MCAD—the cavity is deep enough to accommodate sub-
strate with an acyl-chain length of up to C12 (3)—the
hydrogen bonds at C(1) = O are probably disrupted by a
steric repulsion of acyl-chain experienced in the cavity.
Consequently C(1) = O of these acyl-CoAs probably exists
in multiple orientations in the active-site cavity and the
band becomes obscured. Meanwhile, a strong and sharp
band is observed in the case of C4-CoA, contrary to the
expectation driven from the chain-length dependences
(Fig. 2). The frequency (1626 cm�1) is the same as that
observed with C8-CoA. These observations indicate the
existence of strong hydrogen bonds at C(1) = O. When
the acyl-chain is short, the hydrogen bond at C(1) = O
exerts no steric influence, while hydrophobic interaction
of acyl-chain in the cavity is weak and the existence
probability of orientation other than the one suitable
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for the catalytic reaction probably increases. A likely
explanation is that the rotations around the axes of
C(1)–C(2) and/or C(2)–C(3) occur easily in the case of
C4-CoA. Then, the configuration in which pro-2R and
pro-3R hydrogens are directed to carboxylate of Glu376
and N(5) of flavin ring, respectively, is energetically
unfavourable. This explains the inefficiency of C4-CoA
as a substrate for MCAD.

Theoretical studies on the electronic spectroscopic
properties of 8-NH2-flavin have shown that the band
around 480 nm corresponds to the transition from
HOMO to LUMO (35, 36). The absorption maximum
wavelength (492 nm) in the case of C4-CoA is shorter
than those (495 nm) in the cases of the acyl-CoAs with
chain length from C5 to C10 (Fig. 2). The difference
occurs independently of the existence of the hydrogen
bonds at the C(1) = O, because the hydrogen bond is
also strong in C4-CoA. When the interaction between
flavin N(5) and acyl-CoA pro-3R hydrogen, which is
important for the reductive half-reaction, is strong, the
absorption maximum may shift to longer wavelengths.

The difference spectra in the cases of isovaleryl-CoA
(IV-CoA) and the complex with 8-NH2-FAD-MCAD
are shown in Fig. 6. The broad band at 1672 cm�1 of
free IV-CoA C(1) = O stretch shifted to 1636 cm�1 upon
[1-13C]-labelling. The corresponding bands in the complex
with the enzyme are obtained as sharp peaks at
1628 and 1591 cm�1, respectively. IV-CoA, which has a
branched chain at the C(3), is a poor substrate for
MCAD, but the band of C(1) = O stretch shifted down-
ward by 44 cm�1 in the bound form. The large shift indi-
cates the existence of strong hydrogen bonds at C(1) = O
in the active site, as in the case of octanoyl-CoA (42 cm�1

downward shift). This implies that the low activity of
MCAD for IV-CoA is not due to the destruction of the
hydrogen bonds by steric hindrance of IV group in the
active site, but is explained by an inappropriate orienta-
tion of IV-CoA to the catalytic base and/or flavin in the
active site. The absorption maximum wavelength of

the 8-NH2-FAD-MCAD complex was short with IV-CoA
as well as with other poor substrates (Fig. 2). This may
reflect the interference of the interaction between flavin
N(5) and IV-CoA 3-hydrogen by the steric repulsion due
to the 3-methyl group. A negative peak around 1615 cm�1

in the difference spectrum of IV-CoA (spectrum a in
Fig. 6) is also observed, but we are not certain as to
the origin of this peak at this stage.

We previously reported that the 1626-cm�1 band of
C(1) = O stretch of 3-methylcrotonyl-CoA (the oxidation
product of IV-CoA) shifted to 1598 and 1581 cm�1 upon
binding to reduced MCAD and IV-CoA dehydrogenase
(IVD), respectively (12). The shift (28 cm�1) in MCAD is
smaller than that (45 cm�1) in IVD, which is explained by
a steric repulsion between phenyl group of Tyr375 and
3-CH3 located cis to C(1) = O in 3-methylcrotonyl-CoA in
the case of MCAD. The group corresponding to Tyr375
is replaced by Gly in the case of IVD (37), allowing the
3-methyl group of the substrate to fit snugly in the cavity
(38). As 3-methylcrotonyl-CoA has conjugated double
bonds of C(1) = O and C(2) = C(3), the rotations around
both the axes of C(1)–C(2) and C(2)–C(3) are prohibited.
The dislocation of C(1) = O by the steric repulsion can
be alleviated by the rotation in the case of IV-CoA,
but the resulting arrangement is not favourable for the
catalytic reaction. A steric repulsion between the phenyl
group of Tyr375 and 3-CH3 in IV-CoA probably hinders
the interaction between flavin N(5) and IV-CoA
3-hydrogen.
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