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The mechanism underlying the recognition and activation of the substrate for medium-
chain acyl-CoA dehydrogenase (MCAD) was spectroscopically investigated using 3-thia-
acyl-CoAs as substrate analogs. The complex of MCAD with 3-thiaoctanoyl-CoA (3-thia-
C8-C0A) exhibited a charge-transfer (CT) band with a molar extinction coefficient of £8os =
9.1mM"1«cm"1. With increasing 3-thiaacyl-chain length, the CT-band intensity of the
complex decreased concomitantly with changes in the FAD absorption at 416 and 482 nm,
and no CT band was detected in complexes with chain-lengths longer than C15. Detailed
analysis of the absorption spectra suggested that the complexed states represent a two-state
equilibrium between the CT-inducing form and the CT-non-inducing form. "C-NMR
measurements with 13C-labeled ligand clarified that 3-thia-C8-CoA is complexed to MCAD
in an anionic form with signals detected at 163.7 and 101.2 ppm for I3C(1) and 13C(2),
respectively. In the MCAD complex with 13C(l)-labeled 3-thia-C12-CoA, two signals for the
bound ligand were observed at 163.7 and 198.3 ppm, and assigned to the anionic and neutral
forms, respectively. Only the neutral form signal was measured at 200.6 ppm in the
complex with 13C(l)-labeled 3-thia-C17-CoA. These results indicate that the CT band can be
explained in terms of an internal equilibrium between anionic (CT-inducing) and neutral
(CT-non-inducing) forms of the bound ligand. Resonance Raman spectra of the MCAD«
3-thia-C8-CoA complex, with excitation at the CT band, showed enhanced bands, among
which the 854- and 1,368-cm"1 bands were assigned to the S-C(2) stretching mode of the
ligand and to flavin band VII, respectively. Since the enhanced bands were observed at the
same wave numbers in complexes with C8, C12, and C14-ligands, it appears that the
CT-inducing form shares a common alignment relative to oxidized flavin irrespective of
differences in the acyl-chain length. However, with longer Uganda, the degree of resonance
enhancement of the Raman bands decreased in parallel with the CT-band intensity; this is
compatible with the increase in the CT-non-inducing form in complexes with longer
ligands. Furthermore, the pH dependence of the CT band gave an apparent pXa = 5.6-5.7 for
ligands with chain-lengths of C8-C12. The NMR measurements revealed that, like chain-
length dependence, the pH dependence can be explained by a two-state equilibrium derived
from the protonation/deprotonation of the CT-inducing form of the bound ligand. On the
basis of these results we have established a novel model to explain the mechanism of
recognition and activation of the substrates/ligands by MCAD.

Key words: acyl-CoA dehydrogenase, charge-transfer interaction, flavoenzyme, nuclear
magnetic resonance, resonance Raman spectra.
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drogenase; 3-thia-Cn-CoA, straight-chain 3-thiaacyl-CoA, where n
denotes the total number of carbon and sulfur atoms in the 3-thiaacyl-
chain.
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Mitochondrial acyl-CoA dehydrogenases (ACDs) are well-
known flavodehydrogenases and catalyze the dehydrogena-
t i o n o f acyl.CoA thioesters to the corresponding trans-2-
TOl-CoA-U-3). ACDs isolated from several mammalian
species are classified into four straight-chain (short-,
medium-, long-, and very long-chain) ACDs and three
branched-chain (isovaleryl-, 2-methylbutyryl-, and glu-
taryl-CoA) dehydrogenases according to substrate sped-

), which favorably catalyzes substrates with acyl-
chain lengths of C8-C10, is one of the most extensively
investigated. The reaction mechanism has been shown to
involve the abstraction of the pro-R a -proton by a catalytic

to FAD (5).
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The crystal structure of the complex with octanoyl-CoA (6)
provides a mechanistic view of the activation and recogni-
tion of the substrate in the active site cavity (Scheme 1).
Reaction intermediates of MCAD with suitable substrates
are spectroscopically characterized by a decrease in FAD
absorption at 450 nm as well as by the appearance of a
long-wavelength absorption centered at around 560 nm
(7). That the long-wavelength absorption is derived from a
charge-transfer (CT) interaction between reduced FAD and
the product enoyl-CoA (7) was fully confirmed by reso-
nance Raman spectroscopy (8). On the other hand, inter-
mediates formed with less favored substrates diminish the
spectral changes derived from the generation of reduced
FAD and product. The intensity of the CT band is reported
to be related to the kinetic parameter Vmax with respect to
the chain-length of the substrate (9).

It is well known that certain types of ligands or substrate
analogs show CT interactions, and the CT bands induced by
these ligands have been the subjects of extensive spectro-
scopic investigation. Thorpe and his coworkers have stud-
ied the spectral changes with reference to the chain-length
dependence of the substrate analogs, e.g. 3-ketoacyl-CoA
and 3-thiaacyl-CoAs (10, 11). The CT-band strengths
induced by the ligands were similarly related to the specific
activities of the substrates with corresponding chain-
lengths. A parallel relationship between the enzymatic
properties of the substrate and ligand can be explained by
the reasonable assumption that the abstraction of the a-
proton is a common step in the catalytic event involving
substrates and ligands as shown in Scheme 1. The degree of
a -proton abstraction seems to vary according to the acyl-
chain length of the substrate or ligand. As discussed
previously (12), the introduction of multiple states of the
complex, i.e. the equilibrium between the CT-inducing and
CT-non-inducing states, provides a reasonable interpreta-
tion for the chain-length-dependent behavior of the enzyme
complex with substrate or ligand.

To approach the inherent nature of MCAD with respect
to substrate recognition, we studied complexes between
MCAD and 3-thiaacyl-CoAs by NMR and resonance Raman
spectroscopy. Resonance Raman spectroscopy with excita-
tion at the CT band was used to detect molecular vibrations
of the moiety participating in the CT interaction. Since
resonance enhancements of the Raman bands reflect the
alignment between the CT counterparts, spectral compari-
son among complexes with different ligands yields valuable
information about the CT-interaction mode. NMR spectro-
scopy generally allows the direct detection of 13C-labeled
ligands in all complexed states of the ligand, and the

FAD ceo FAD

FAD reduction
Acyl-CoA o H \ H

CoAS —C — C-7-C—R

CT Interaction

3-Thiaacyl-CoA O rH
CoAS-C—C S— «

\
r

Scheme 1. Mechanism of the activation of substrate and ligand
in MCAD.

observed signals reveal the ionization states and multiplic-
ity of the complexed states. The combination of absorption,
resonance Raman, and NMR spectroscopic data reveals the
overall behavior of the MCAD complex with 3-thiaacyl-
CoA in relation to 3-thiaacyl-chain length. Furthermore,
the spectral investigation was extended to the pH-depen-
dent features of the complex to clarify the linear relation-
ship between CT-band intensity and deprotonation from
the bound ligand. On the basis of the results obtained, as
well as previously reported data on MCAD, we propose a
plausible model for the mechanism of the substrate/ligand
recognition and substrate activation.

MATERIALS AND METHODS

Preparation of MCAD and 3-Thiaacyl-CoAs—MCAD
was purified from porcine kidney as described elsewhere
(13, 14). The concentration of porcine MCAD was esti-
mated spectrophotometrically using e446 = 15.4 mM"1-
cm"1 (15). 3-Thiacarboxylic acids were synthesized accord-
ing to Uyeda and Reid (16). 3-Thiaacyl-CoAs were synthe-
sized from the corresponding 3-thiacarboxylic acids by the
method of Kawaguchi et al (17). The isotopically-labeled
3-thiaacyl-CoAs were synthesized from chloroacetic acid
labeled with 13C at carbon-1 or -2 (99.6 or 99.7 atom%
enriched, respectively, Isotec, USA). The final products
were purified by reversed-phase HPLC on a C4 column
(Cosmosil) eluted with a linear methanol gradient in 10
mM ammonium acetate, pH 5.3. Eluates containing the
products were desalted by passage through a Sephadex
G-10 column in water. All products were stored as lyophi-
lized powder at — 20'C. Mass spectra of the purified
products were measured with a matrix of sinapinic acid on
a Kompact MALDI III (Shimadzu/Kratos) spectrometer.
The observed molecular mass of each product was identical
to the value calculated from its molecular formula within an
accuracy of 0.7 mass unit. 3-Thiaacyl-CoA concentrations
were determined from the molar extinction coefficient of 16
mM-'-cm'1 (IS).

Preparation of MCAD Complexes—For the measure-
ment of the absorption, Raman, and NMR spectra, the
MCAD solutions were applied to a Sephadex G-50 column
equilibrated with the desired buffer. The eluted solutions
were used after concentration through an ultra filtration
membrane, Centricon 30 (Amicon). The pHof each solu-
tion was measured by a microelectrode (Horiba) before and
after measurement.

Spectroscopic Measurements—Absorption spectra were
recorded with a Hitachi U-3210 spectrometer equipped
with a thermostatted cell holder. Measurements of reso-
nance Raman spectra were performed at an excitation
wavelength of 632.8 nm using a He-Ne Laser (NEC
GLG5900) on a JASCO NR-1800 spectrometer. "C-NMR
spectra were measured with a Varian Unity-Plus 500
(operating at a 13C frequency of 125.7 MHZ) spectrometer
with a pulse width of 30 degrees and a relaxation delay of
4 s. Each sample contained 10% D2O for field locking and
the chemical shift was externally referenced to sodium
trimethyl(silyl)propanoate-d,. The spectra were obtained
by applying the Fourier transformation with a line broaden-
ing factor of 20 Hz. All spectroscopic measurements were
carried out at 25'C unless otherwise specified.
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RESULTS

Dependence of the CT-Band Intensity of MCAD-3-Thia-
acyl-CoA Complexes on the Acyl-Chain Length—Figure 1A
shows the absorption spectra of MCAD and its complexes
with 3-thiaacyl-CoAs with various acyl-chain lengths. In
the MCAD complex, the new long-wavelength absorption
band centered at 808 nm, i.e. the CT band, can be ascribed
to the CT interaction between an anionic ligand and the
oxidized form of FAD (11). Of the ligands used here, 3-
thia-C8-CoA yielded the greatest CT-band intensity. With
longer 3-thiaacyl-CoAs, the CT band intensity decreased
with a drastic decrease observed between complexes with
acyl-chain lengths of C l l and C12. No CT band was
detected in the MCAD complex with 3-thia-C15-CoA.
Similar observations concerning the chain-length depen-
dence of the CT band have been reported by Lau et al.(ll).
The difference spectra of the complexes, where the MCAD •
3-thia-C21-CoA spectrum is subtracted from each spec-
trum, show significant changes in flavin absorption at 416
and 482 nm in addition to the appearance of the CT band
centered at 808 nm (Fig. 1, B and C). These spectral
changes are unique in that the spectral changes are identi-
cal, although with different intensities, regardless of the
acyl-chain length of the ligand. All the spectra are reminis-
cent of a two-state equilibrium as characterized by four
isosbestic points. A similar two-state equilibrium with
regard to acyl-chain length has been observed for the
complexes of acyl-CoA oxidase with 3-ketoacyl-CoAs (12),
where one of the species in the two-state equilibrium is a
CT-inducing species, the other species inevitably being a
CT-non-inducing species. Here, an identical CT-interaction
mode is shared by complexes with CT bands; the equiva-
lency of the CT interactions will be demonstrated later by
similar resonance enhanced Raman bands observed by
excitation at the CT band for the C8, C12, and C14

complexes. These chain-length-dependent spectral changes
resemble changes observed at different pHs as shown in
Fig. 5. However, it should be noted that the chain-length-
dependent two-state equilibrium provides a correlation
among the spectral behaviors observed with individual
ligands and permits a generalized discussion of ligand
recognition and substrate activation.

Assignment of the 13C-NMR Signals of 3-Thia-C8-CoA
in Complex with MCAD—To identify the state of the ligand
in complex with MCAD, we measured 13C-NMR spectra of
MCAD complexes with 13C(1)- and 13C(2)-labeled 3-thia-
C8-C0A (Fig. 2). The I3C(2) signal at 101.2 ppm of the
bound 3-thia-C8-CoA decreased with increases in the
amount of non-labeled C8 ligand added, indicating that the
ligand binds to MCAD reversibly. With high concentrations
of non-labeled ligand, natural abundance signals were
observed and the 13C(2) signal at 101.2 ppm disappeared
(Fig. 2C). The "C(l) signal of the bound ligand was
observed at 163.7 ppm, as shown in Fig. 2D, judging from
comparison with spectra of the complex with 13C(2) -labeled
ligands under the same conditions. In the spectra obtained
for the two labeled ligands, signals from the free ligands
were observed at 203.3 and 44.3 ppm for 13C(1) and l3C(2),
respectively. The signals at 181.2 and 39.4 ppm derive
from the corresponding fatty acids produced by hydrolysis
of the ligands during measurement because the chemical
shifts coincide with those of the corresponding acids and
their intensities increase with longer measurements. The
cause for ligand hydrolysis is unknown at present. The
chemical shift difference between the free and bound
ligands suggests that the ligand is converted from the
neutral form to the anionic form when it is bound. The
high-field shift in the 13C(1) signal is derived from the
increase in the electron density at the C(l) position, while
the low-field shift of the 13C(2) signal is consistent with a
change in the orbital hybridization from sp3 to sp2. As
discussed later, enzyme-bound 3-thia-C8-CoA was con-
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Fig. 1. Absorption spectra of the MCAD-3-thiaacyl-CoAs com-
plexes. Spectra of MCAD-3-thiaacyl-CoA complexes with acyl-chain
lengths from 8 to 21 (A), difference spectra between MCAD-3-thia-
acyl-CoA andMCAD-3-thia-C21-CoA (B), and plots of the absorption
of the difference spectra at 808, 482, and 416 nm (C). The dashed line
in figure A indicates the spectrum of uncomplexed MCAD and the
absorbance was scaled as the extinction coefficient on the ordinate. For

each complex, a 20-fold excess of each ligand was used to saturate to
the 50 fiM MCAD and the absorption below 400 nm of each ligand was
subtracted. Saturation was confirmed by comparing the spectra
measured with a 100-fold excess of ligand. The inset in C indicates the
difference extinction coefficients at 808 nm (relative values in paren-
thesis) estimated from figure B. All measurements were carried out in
50 mM potassium phosphate buffer, pH 7.6, at 25'C.
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^^MJ* WWWA^W W^*^ ^
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3 mM Non-labeled ligand

13C(2) Signal of
Bound Ligand

3 mM I3C(2) Labeled Ugand F r e e

13C(2) Signal of
Bound Ligand

3 mM 13C(2) Labeled Ugand
27 mM Non-labeled ligand

D
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3 mM I3C(1) Labeled ligand

13C(1) Signal of
Bound Ligand

3-thia-C8-CoA
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Form

3-thia-Cll-CoA
Anionic
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Form
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Fig. 2. Assignment of the "C-NMR signals of enzyme-bound
ligands. NMR of the complex between 1 mM MCAD and 3 mM
"C(2)-labeled 3-thia-C8-CoA (A); NMR of the complex after adding
the same molar amount of non-labeled 3-thia-C8-CoA to sample A
(B); and NMR after further addition of non- labeled ligand to reach a
total ligand concentration of 30 mM (C). The signal of 13C(2) of the
ligand was assigned based on an exchange experiment of labeled
ligand with non-labeled ligand (A-C) and by the comparison with the
NMR spectra of a complex of 1 mM MCAD with 3 mM "C(l)-labeled
3-tbia-C8-CoA (D). A signal due to free ligand was observed in each
spectrum; • indicates the signal of the fatty acid by hydrolysis of the
corresponding ligand. All measurements were carried out with proton
decoupling in 50 mM potassium phosphate buffer, pH 7.0, at 25*C. All
spectra were means for 8,000-20,000 transients.

220 210 200 190 180 170 160 150 140
Chemical Shift (ppm)

Fig. 3. Chain-length dependence of the 13C(1) signals of en-
zyme-bound 3-thiaacyl-CoAs. "C-NMR spectra were measured
without proton decoupling for the MCAD complex with 3-thiaacyl-
CoAs with acyl-chains of C8 (A), Cll (B), C12 (C), and C17 (D) in 50
mM potassium phosphate buffer, pH 7.0. All Bpectra were obtained at
25'C except the lower spectrum in C (10*C). Sample concentrations
were 1 and 3 mM for enzyme and ligand, respectively, for all except
the lower spectrum m D. The lower spectrum in D was recorded on
sample following the removal of free ligand by gel-filtration of the
sample for upper spectrum of D. Measurements were continued for
20,000-40,000 transients and * indicates the signal due to fatty acid
caused by the hydrolysis of the corresponding ligand.

3-Ketoacyl-CoA
H+

CoAS~C—C~C~R y —

Neutral form

CoAS-i=C-5-R
H

Enolate form I

-C-C-R •«—*• CoAS-C-C=

Carbanionic form Enolate form II

3-Thiaacyl-CoA

OH
S-H-J-S-RCoAS-C-C-S-R

Neutral form

CoAS-C=C-S-R

Enolate form

S-C-C-S-RCoAS-C-C-S-R

Carbanionic form

Scheme 2. Canonical struc-
tures of anionic ligands, 3-keto-
acyl-CoA and 3-thiaacyl-CoA.
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firmed to exist predominantly in an anionic state (Scheme
2)-

Dependence of the i3C-NMR Signals of 3-Thiaacyl-CoAs
Bound to MCAD on Acyl-Chain Length—NMR signals of
13C(1)-labeled ligands were measured for complexes of
MCAD complexes with ligands of chain-length C8, Cl l ,
C12, and C17 (Fig. 3). The 13C chemical shifts of the free
and bound ligands are summarized in Table I. In MCAD
complex with 3-thia-C8-CoA or 3-thia-Cll-CoA, a signal
from the enzyme-bound anionic ligand was observed at
163.7 ppm (Fig. 3, A and B). In contrast, the complex with
3-thia-C12-CoA produced a new signal at around 198.3
ppm that appeared concomitantly with the decrease in
intensity of the signal at around 163.7 ppm (upper trace in
Fig. 3C). From ite chemical shift, the signal at 198.3 ppm
appears to be derived from the neutral species of the bound
ligand. Compared with the shape of the band at 163.7 ppm
observed in the complex with 3-thia-C8-CoA, the two
bands appear broadened, probably due to multiple states of
the neutral or anionic bound forms. Indeed, measurement
made at 10*C produced sharper band shapes (compare the

two traces in Fig. 3C), probably because more stable forms
predominate at lower temperatures. In the complex with
excess 3-thia-C17-CoA, only one broad signal was observed
at 200.8 ppm, a similar chemical shift to that of the free
ligand. Removal of the excess free ligand by gel-filtration
sharpened the signal at 200.6 ppm. Thus, enzyme-bound
3-thia-C17-CoA is concluded to be exclusively in the
neutral form. To confirm that the signal observed at 200.6
ppm is due to the neutral bound form, 13C-NMR measure-
ment was made of the MCAD complex with 3-thia-C17-
CoA labeled with 13C at the C(2) carbon. The bound form
was observed at 44.6 ppm as anticipated for an sp3-carbon
of the neutral form (results not shown). The signal intensity
at 163.7 ppm showed a linear correlation with the corre-
sponding CT-band strength for the complex with 3-thia-
acyl-CoAs. The decrease in the signal at 163.7 ppm in-
creased the signal assigned to the neutral form in the case
of 3-thia-Cl2-CoA or 3-thia-C17-CoA. Therefore, the
observation of two "C(l) signals reveals that the enzyme-
bound ligands exist generally in two forms, i.e. neutral and
anionic forms, and that the relative population of the two

TABLE I.

laC(l)

"C(2)

"C chemical

Free
Bound
Free
Bound

shifts of free and MCAD-bound 3-thiaacyl-CoAs.

Acetoacetyl-CoA1

198.5
181.3
59.9

103.4

3-Thia-C8-CoA
203.3
163.7
44.3

101.2

Chemical shift (ppm)
3-Thia-Cll-CoA

203.1
163.7
nd
nd

3Thia-C12-CoA
203.1
163.7b, 198.3b

nd
nd

3-Thia-C17-CoA
200.8
200.6*

44.6
44.6°

"Chemical shifts are from Ref. 24. bChemical shifts were measured at 10*C. 'Measured after gel-filtration to remove free ligand. nd: not
determined.

A =
Non-Labeled e "*

3-Thia-C8-CoA

632.8nm excitation

1600 1200 800 400
Raman Shift (cm1)

0 1500 1400 1300
Raman Shift (cm1)

1600 1200 800 400
Raman Shift (cm'1)

Fig. 4. Resonance Raman spectra of MCAD-3-thlaacyl-CoAs
complexes. Some enhanced Raman bands in the MCAD-3-thia-C8-
CoA complex were assigned using "C-labeled ligands or FAD (A and
B). The chain-length dependence of the resonance enhancement of
complexes with 3-thia-C8-CoA, 3-thia-C12-CoA, and 3-thia-C14-CoA
is shown (C). All measurements were carried out in 50 mM potassium
phosphate, pH 7.6, at 25'C. (A) and (B): Concentrations were 1.1 mM

MCAD and 3.5 mM ligand; (C): concentrations were 1.1, 2.8, and 4.5
mM for MCAD complexes with C8, C12, and C14-ligands, respective-
ly. Each complex was measured in the presence of 1.5-2.0-fold excess
ligand. The spectrum for uncomplexed MCAD was recorded under the
same conditions (1.1 mM enzyme). Preparation for Raman measure-
ment (C) contained 1% of ammonium sulfate. The SGV~-stretching
signal at 981 cm"1 was used for normalization of the intensity.
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forms varies with the acyl-chain length of the ligand.
Resonance Raman Spectra of Complexes of MCAD with

3-Thiaacyl-CoAs—Excitation within the charge-transfer
band of the complex causes certain Raman bands to exhibit
resonance enhancement. Of these enhanced bands, some
were assigned based on the isotope shifts of the ligand or
FAD (Fig. 4A). In the complex between MCAD and

13C(l)-labeled 3-thia-C8-CoA, the spectral pattern in the
range 1,300-1,500 cm"1 shows subtle differences compared
with the complexes between MCAD and non-labeled or
13C(2)-labeled ligand (Fig. 4B). However, we were unable
to identify the band for the C(1)=O [or C(l)-O"] stretching
mode in the difference spectrum between the bound forms
of the 13C(1)-labeled and non-labeled ligands (data not

8
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2

0
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440 I
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/
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s.i \ /m
5.6 \ V
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from pH 8.0
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6,—.—,—.—,—.—,—.—,—.
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D pH5.2
pH5.7
pH6.2
pH6.7
pH7.1

-2
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from pH 8.0

475
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Wavelength (nra)

300 400 500 600 700 800
Wavelength (im)

300 400 500 600 700 800
Wavelength (nm)

10

J 8

r 6
*u

S 4
U
o•a 2
u

3-thia-C8-CoA

3-thia-Cll-CoA

D

3-thia-C12-CoA -

6 7 8 9 10 11
pH

Fig. 5. pH and chain-length dependence of the CT-band intensities
of MCAD complexes with 3-thiaacyl-CoAs. Spectra obtained at
different pH are shown for complexes with 3-thia-C8-CoA, 3-thia-Cll-
CoA, and 3-thia-Cl2-CoA (A, C, and E); the dashed lines represent
simulated spectra of the acidic state at low pH. B, D, and F show difference
spectra (spectrum — spectrum at pH 8.0 or 8.2) to clarify the subtle
differences between ligands. Three kinds of buffer were used; 50 mM
sodium acetate (pH<5.5), 50 mM potassium phosphate (pH 5.5-7.8), and
50mM Tris-HCl (pH>7.8). All experiments were obtained in the
presence of 20-fold excess ligand at 25*C. The enzyme concentrations were
in the range of 53-60//M, and the absorbance was normalized as the
extinction coefficient on the ordinate. The CT-band intensities at 808 nm
were plotted for the complex with each ligand, C8 (c), Cll (A), C12 (~)
(G). Solid lines in G were drawn on the basis of the two-state model.
Estimated pK. values are 5.6±0.1, 5.7±0.1, and 5.7±0.1 for complexes
with C8, Cll , and C12-ligands, respectively.
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Model for Substrate Recognition and Activation of MCAD 291

shown); the difference spectrum shows a weak and diffuse
pattern in the range 1,300-1,450 cm"1 where C(1)=O or
C(l)-O~ stretching is normally expected to appear. In the
complex with the 13C(2)-labeled ligand, a down shift in the
854-cirr1 band by 13 cm"1 indicates that this band makes a
large contribution to the S-C(2) stretching mode. Further-
more, a band from FAD was observed at 1,368 cm"1 that
undergoes a 12 cm"1 down shift upon reconstitution with
[13C-4,10a]FAD. On the basis of the normal mode analysis
of lumiflavin (29, 20), the 1,368-cm"1 band was assigned to
flavin band VII, which is derived from the stretching modes
of the C(5o)-C(6) andN(10)-C(10o) bonds. The remaining
bands were insensitive to isotopic exchange by 13C in the
ligand or FAD. The three intense bands observed at 351,
270, and 209 cm"1 seem to be related to the bending mode
of the isoalloxazine ring, since the corresponding fre-
quencies were calculated in the normal mode analysis of the
isoalloxazine ring {20). Changing the ligand to those with
longer 3-thiaacyl-chains caused the intensities of the reso-
nance enhanced Raman band to decrease (Fig. 4C) in
agreement with the decrease in the CT-band intensity.
However, the wave numbers of these enhanced bands were
independent of the chain-length of the ligand. In particular,
the wave numbers and their intensity ratios remain con-
stant, although the intensities of the three resonance
enhanced bands at 351, 270, and 209 cm"1 decrease in
ligands with longer acyl-chains. Normalization of the band
intensities to the internal reference of the SC\,2~-stretching
band enabled a direct comparison of the resonance enhance-
ments of the three complexes. Based on the band intensities
at 351, 270, and 209 cm"1, the resonance enhancements of
the three complexes were estimated to decrease with a
ratio 1:0.28:0.04 according to the difference in the chain-
length of ligands C8, C12, and C14, respectively. Since this
ratio is similar to that of the CT-band intensities, 1:0.29:
0.03 for complexes with C8, C12, and C14, respectively
(values in Fig. 1C), the CT-band intensity is directly
correlated with the enhancement of the Raman bands. It is
also concluded that the anionic form of the ligand and
oxidized FAD interact in the same charge-transfer mode in
all complexes regardless of the chain-length of the ligand.

pH Dependence of the CT-Band of MCAD Complexes
with 3-Thiaacyl-CoAs—As described in the preceding
sections, the spectroscopic measurements revealed the
presence of two forms of bound ligand at neutral pH. In this
section, we demonstrate the pH dependence of the CT-band
strength can be interpreted as the acid-base equilibrium
between the enzyme and the ligand. Figure 5A shows the
absorption spectra of the MCAD complex with 3-thia-C8-
CoA at various pHs. Since all spectra correlate with four
isosbestic points at 540,440, 390, and 360 nm, the spectral
behavior is consistent with a two-state model. The plot of
the CT-band strength as a function of pH yields pK* — 5.6 ±
0.1 and an extrapolated maximum extinction coefficient
£=9.1±0.2mM-1-cm"1 (Fig. 5G). Similar pH depen-
dencies were observed for complexes with 3-thiaacyl-CoAs
with acyl-chain lengths of Cl l and C12. In other cases,
despite similar apparent pKe values, the extinction co-
efficients of the CT bands reached individual maximum CT
intensities at higher pH. The values of the maximum
extinction coefficients are in the order of their acyl-chain
lengths, i.e. £aoa = 9.1, 7.4, and 2.7mM~1-cm"1 for chain-
lengths C8, C l l , and C12, respectively.

Based on the assumption that the pH dependence of the
absorption spectra can be explained by a two-state acid-
base model, we simulated the spectrum of the acidic state
at lower pH from the spectra at pH>5.5 by least squares
treatment. The simulated spectrum, shown by the dashed
line for each complex in Fig. 5, A, C, and E, was obtained
with a standard deviation within 0.5 mM"1-cm"1 for each
complex. These three simulated spectra indicate similar
patterns; however, substantial differences were noted in
the wavelengths of the spectral peaks and troughs of FAD
around 455, 380, and 410 nm.

To gain better insight into the origin of pH-dependent
CT-band intensity, NMR measurements were applied to
MCAD complexes with 13C(1)- or 13C(2)-labeled 3-thia-C8-
CoA at different pHs. Figure 6 shows the decrease in the
intensities of the 163.7 and 101.2 ppm peaks derived from
the anionic form of the bound ligands with decreasing pH.
After the measurements at pH 5.8, NMR spectra of the
same enzyme solutions were obtained after changing the
pH. Since the spectra obtained at pH 7.3 display similar
patterns to those obtained at pH 7.0, we conclude that the
pH-dependent behavior is reversible. For the absorption

D pH5.8 Free

13C(1) Signal of
Bound Ligand

13C(2) Signal of
Bound Ligand

E PH6.3 Free

I3C(1) Signal of
Bound Ligand

I3C(1) Signal of
Bound Ligand

13C(2) Signal of
Bound Ligand

220 200 180 160 140 120 100 80 60 40 20
Chemical Shift (ppm)

Fig. 6. pH dependence of the "C-NMR signals of the MCAD
complex with 3-thia-C8-CoA. Spectra A-C (without proton decou-
pling) and D-F (with proton decoupling) were measured using 15C(1)-
and "C(2)-labeled ligands, respectively. The same enzyme sample
was used repeatedly for each spectral series (A-C and D-F). Sample
concentrations were 1 and 3 mM for enzyme and ligand, respectively.
All measurements were carried out in 50 mM potassium phosphate
buffer at 25'C. All spectra are means of 40,000 transients and *
indicates the signal of the fatty acid caused by the hydrolysis of the
corresponding ligand. The signal intensities of the anionic ligands
observed at 163.7 and 101.2 ppm correlate with the pH dependence
of the CT-band intensity shown in Fig. 5, A and G.
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spectra, this reversibility was confirmed by changing the
pH of the solution of the MCAD complex with 3-thia-C8-
CoA from 4.5 to 8.0 (data not shown). The absence of an
increase in the 13C signal of the neutral form is possibly due
to exchange behavior derived from the combination of the
on and off rates of the bound neutral form and the free
ligand. A fast exchange between the bound and free ligands
should result in an averaging of the two chemical shifts. In
this context, in the complex of enoyl-CoA hydratase with
cinnamoyl-CoA, the addition of excess ligand resulted in a
shift of the broad signal assigned to the bound ligand
without the appearance of the new signal expected for the
free ligand (21). Further studies are needed to reach a final
conclusion in the present case.

DISCUSSION

Complexes of MCAD with several classes of substrates and
ligands have been studied both thermodynamically and
kinetically in order to understand the mechanisms under-
lying the recognition and activation of substrates (10, 22).
In complexes with 3-ketoacyl-CoAs, the CT interaction,
which induces an absorption band at about 550 run, was
investigated by absorption (10), resonance Raman (8, 23),
and l3C-NMR (24) spectroscopy. The band was demon-
strated to derive from the charge-transfer interaction
between the anionic ligand and oxidized flavin. These
spectral observations imply that the enzyme-bound form of
the ligand is anionic and stabilized by the resonance of three
canonical structures (Scheme 2). The C(3)=O group partici-
pates in the delocalization of the negative charge produced
by a -proton abstraction; the site of delocalization extends
from C(l)-O~ to C(3)-O~. Since the delocalization site does
not involve S(3) in the case of the anionic form of 3-thia-
acyl-CoAs, the anionic form is expected to make a relative-
ly large contribution to a canonical form of enolate -C(2)=
C(l)-O", as compared to 3-ketoacyl-CoAs. The differences
in the resonance structures are reflected in the I3C-NMR
resonance position of the 13C(1) signal. The localization of a
negative charge at the enolate oxygen results in a high-field
shift of 39.6 ppm at the 13C(1) signal from the free ligand
(Table I), while the corresponding shift in 3-ketoacyl-CoA
is only half as much, i.e. 17.2 ppm (24). Conversely, the
low-field shift in the 13C(2) signal seems to arise primarily
from the change in hybridization from sp3 to sp2 at C(2). In
fact, the 13C(2) signals of the anionic form were observed to
have similar chemical shifts, i.e. 101.2 and 103.4 ppm for
3-thiaacyl-CoA and 3-ketoacyl-CoA, respectively, despite
a larger chemical shift difference between the two free
ligands (44.3 and 59.9 ppm, respectively). Thus, we can not
estimate the contribution of the canonical form of carb-
anion -C(2)~-C(1)=O based on the chemical shift values of
the 13C(2) signals.

Lau et al. (11) reported a correlation between chain-
length dependence of the CT-band strength of ligands and
the catalytic activity of the substrates. However, the origin
of the acyl-chain length dependence was unclear in their
report since the bound forms of the ligands had not been
unequivocally identified. In the present work, we measured
the "C-NMR spectra of 3-thiaacyl-CoAs bound to MCAD,
and succeeded in identifying two forms of the bound ligand,
i.e. an anionic form and a neutral form. As shown in Fig. 3,
the intensity of the signal due to the anionic form of the

bound ligand decreases as the chain-length of the ligands
increases from C8 to longer acyl-chains, and the signal
corresponding to the anionic form is completely missing in
the C17 derivative. The critical change in the signal inten-
sity of the anionic form occurs between chain-lengths C l l
and C12; this change is consistent with changes observed in
the absorption spectra as shown in Fig. 1. The ratio of the
two forms varies depending on acyl-chain length; in the
case of 3-thia-C8-CoA, the most favorable ligand, the
equilibrium is shifted far to the anionic form, while in the
case of other less favorable ligands the equilibrium is
shifted more to the neutral form; the equilibrium in the
C17 derivative is almost exclusively in the neutral state.
The fact that the relative activities of the substrates exhibit
a similar chain-length dependence as seen for spectral
changes in the complex with ligands can be explained by the
degree of a -proton abstraction, which is shared equally
during the catalytic event by a substrate and ligand. That is,
in the case of a favorable substrate, the equilibrium of the
two-state is directed to the formation of the product
initiated by a-proton abstraction of the substrate. A
similar feature of the spectral changes was observed for the
complex between acyl-CoA oxidase and 3-ketoacyl-CoAs,
and we postulated a similar two-state model for the bound
ligands, i.e. an "active" form (a productive binding mode)
and an "inactive'' form (an abortive binding mode) (12).
Thus, our previous hypothesis was experimentally confirm-
ed in MCAD, which belongs to the same family as acyl-CoA
oxidase (4). The productive binding mode provides a
CT-inducing complex in contrast to the abortive binding
mode as shown in Fig. 7. The ratio of the two modes is in
internal equilibrium (K,m) when the ligand is bound to the
enzyme. The generation of the two binding modes seems to
result from a conformational change in the enzyme, as
discussed below, that is induced by the interaction between
the acyl-chain of the ligand and the active site cavity of the
enzyme.

Excitation at the CT-absorption band induces resonance
enhancements of the Raman bands of the vibrational modes
that include molecular motions of the moieties participat-
ing in the CT interaction. In the MCAD-3-thia-C8-CoA
complex, resonance Raman spectra were observed in the
range of 1,800-100 cm"1. The 1,368-cm"1 band was as-
signed to band VII of flavin, i.e. the stretching band of the
C(5a)-C(6) and N(10)-C(10o) bonds, and the 854-cm"1

band to the stretching of the S-C(2) bond of the ligand.
Most of the prominent bands were detected at the lower
wave numbers of 351, 270, and 209 cm"1, although their
assignments await further studies. These three bands were
insensitive to the 13C isotopic label of the ligand at C(l) or
C(2). In complexes with 3-thia-C12 and 3-thia-Cl4, the
three bands were also observed without any band shifts.
With regard to chain-length dependence, it is notable that
the degree of resonance enhancement of the three bands is
parallel to the individual intensities of the CT bands of the
complexes (Figs. 1C and 4C). The coincidence observed in
the Raman and absorption spectra supports the notion that
the CT complexes share a common interaction mode
between the anionic ligand and the oxidized flavin regard-
less of the 3-thiaacyl-chain length. The decrease in band
enhancements in complexes with longer 3-thiaacyl-chains
can be explained by the decrease in the CT complex as the
result of an increase in the non-CT complex. Similar
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CoAS

-Glu376

Abortive conformation
(Non-CT)

= (4
Glu376'

Neutral form
(Non-CT)

CoAS"

-Glu376 '

Anionic form
(CT)

Productive conformation

Fig. 7. Model for substrate/ligand recognition and activation
of MCAD. The upper panel depicts the pH and chain-length depen-
dence of the MCAD complex with substrate or ligand. KlM represents
the equilibrium constant between the productive and abortive confor-
mations. Kt is the apparent equilibrium constant between the anionic
and neutral ligand forms in the productive conformation. The lower
panel shows the active site structure of MCAD. The stereoview of the
tertiary structure was drawn based on the coordinates of the MCAD •

octanoyl-CoA complex (6) (chain A of 3MDE in PDB) with the
MOLSCRTPT program (36). FAD, octanoyl-CoA, and the residues
related to hydrogen bonding are depicted with a ball-and-stick model.
W5 indicates bound water, which also participates in the hydrogen-
bonding network at the bottom of the active site cavity. Note that W5
is absent in the homo-domain formed by chain B. Solid lines show
hydrogen bonds as estimated by the HBPLUS program (37).

insensitivity of the resonance Raman band positions to
ligand chain-length was reported for MCAD-3-kotoacyl-
CoA complexes (23). Although the extent of the band
enhancements was not determined, identical spectral fea-
tures were shared by complexes with 3-ketoacyl-chain of
C5-C16 in the region of 1,700-1,400 cm"1, in which the
prominent bands were assigned to the stretching band of
C(4o)-N(5) of flavin, and to the stretching bands of C(1)=O
and C(3)=O of the ligand (23). The stabilization induced by
the CT interaction should play a significant role in fixing the
configuration between the anionic ligand and the oxidized
flavin ring. Resonance Raman spectroscopic studies on the
MCAD complex with the ligands (3-keto and 3-thiaacyl-
CoAs) provide additional evidence for the two-state equi-
librium between the CT-inducing complex and CT-non-
inducing complex.

The tertiary structures of the MCAD complexes with
acyl-CoAs with different chain-lengths suggest that the
favorability of the substrate to MCAD is determined by the
hydrogen-bonding network located at the bottom of the
active site cavity (25, 26). When the chain-length of the
substrate is long enough to reach the bottom of the active
site cavity, the hydrogen-bonding network would be broken
by the terminal acyl-chain or the cu-end of the acyl-chain
would be turned back. This interpretation is compatible
with the change in the equilibrium between the two species
with chain-length dependence. On the basis of the crystal
structure of the MCAD-C8-Co A complex (6), we depict the

hydrogen-bonding network at the bottom of the active site
cavity (Fig. 7). One (W5) of the water molecules found in
the active site cavity of the substrate-free enzyme remains
in the MCAD'C8-CoA complex tightly hydrogen-bonded to
the hydroxyl groups of Tyr372 and Tyr375, and the y-
amide group of Gln95 (6). The hydroxyl group of Tyr375,
which neighbors the catalytic base Glu376, also participates
in the hydrogen-bonding network at the bottom of the site.
In addition, the carbonyl oxygen of the thioester is hy-
drogen-bonded to the ribityl 2'-hydroxyl group of FAD and
the amide nitrogen of Glu376. The two hydrogen bonds are
responsible for substrate activation by reducing the piC
value through polarization of the carbonyl oxygen. Ghisla et
al. (27) confirmed that hydrogen bonding to the ribityl
2'-hydroxyl group crucially reduces the piC value of the
substrate by comparing the reactivity of the normal en-
zyme with the enzyme reconstituted with ribityl 2'-deoxy-
FAD. In the case of the ligand, the two hydrogen bonds
observed in the complex MCAD«C8-CoA are also expected
to contribute to reducing the piC value of the ligand. In
fact, the pKa for the a-methylene proton of the enzyme-
bound 3-thiaacyl-CoA was observed to be 5.6-5.7 (Figs. 5
and 7), which indicates a drastic decrease from the p/G
value of 15-16 estimated for free 3-thiaacyl-CoA (11, 28).
Once the hydrogen-bonding network at the bottom of the
cavity is broken by interaction with the longer acyl-chain,
its influence is assumed to be propagated to the reaction
center around the catalytic base to induce the rearrange-
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ment of the spatial configuration. Based on the above
assumption, the two events, one at the bottom and the other
at the reaction center of the active site cavity, should be
linked to each other. The view of the active site cavity (Fig.
7) suggests that the phenolic ring of Tyr375 is located at a
key position for linking the two events. Polarization by
hydrogen bonding at the carbonyl oxygen is expected to
induce a low-field shift in the chemical shift of the 13C(1)
signal, as reported for the complex of enoyl-CoA hydratase
with cinnamoyl-CoA {21). However, in our experiment, the
13C(1) signals observed at 198.3 and 200.6 ppm for the
complexes with C12 and C17 ligands, respectively, indicate
a high-field shift in comparison with the corresponding free
ligands. This supports the conclusion that the abortive
conformation is concurrent with breaking hydrogen bond-
ing to the carbonyl group of the ligand.

The two-state model proposed here can be extended to
interpret the pH dependence of CT-band strength. Figure 5
shows that ligands with different chain-lengths have almost
the same apparent pK^ values, 5.6-5.7, implying that the
acid-base process between the catalytic base and ligand
proceeds similarly regardless of the chain-length. For each
ligand, the CT band reaches a maximum of different
intensity at higher pH (Fig. 5G). It is especially notable that
there is a large gap in the CT-band intensity between
chain-lengths of C l l and C12. 13C-NMR measurement
confirmed that the decrease in the CT band at low pH is the
result in a population decrease in the anionic bound form
(Fig. 6). According to the two-state equilibrium observed
for both chain-length and pH dependency, we propose the
novel model shown in Fig. 7. This model relies on the
assumption that the equilibrium between the productive
and abortive conformations is not influenced by pH. Thus,
the apparent pIQ values are the same for MCAD complexes
with 3-thia-C8, Cl l , and C12-CoA despite differences in
the maximum CT intensity. The multiple conformations of
the double mutant of human MCAD (Glu376Gly/
Thr255Glu) (29) would be consistent with the existence of
a productive ("active") alignment and an abortive ("in-
active") alignment. In the case of the mutant enzyme, the
"inactive" alignment results from the formation of a hy-
drogen bond at the glutamate residue which would other-
wise be responsible for the abstraction of the a -proton
from the substrate.

The two-state model is still valid for the "purple"
complex between the reduced form of MCAD and the
product. The resonance Raman spectra of the MCAD
"purple" complex produced upon reaction with C4-C16-
CoAs showed very similar spectral patterns with the
C(1)=O stretching band of 2-enoyl-CoA appearing at 1,577
cm"1 (8, 30). In this case, reduced flavin acts as the charge-
donor and 2-enoyl-CoA as the charge-acceptor in the CT
interaction. This demonstrates that the same mode of CT
interaction is shared by all the complexes examined. The
CT band centered at 580 nm, which varies in intensity
depending on the chain-length of the substrate, shows a
good correlation with the corresponding turnover number
(9). The chain-length dependence of the CT band in the
MCAD-acyl-CoA complex is similar to that observed for
complexes with both ligand series, e.g. 3-thiaacyl-CoAs and
3-ketoacyl-CoAs. The coincidence observed in the chain-
length dependence of the ligands and substrate seems to
reconcile the common mechanism discussed above. Since

the abstraction of the substrate a -proton is concerted with
the /3-hydride transfer to flavin (5), only the productive
conformation in Fig. 7 allows the reductive half-reaction
with the substrate. The abortive conformation generated
by the interaction with longer acyl-chains remains com-
plexed with the substrate acyl-CoA, which is not converted
to 2-enoyl-CoA. The existence of a two-state equilibrium
depending on the acyl- chain length was also observed for
the mutant enzyme, human MCAD (Glu376Gly/Thr255-
Glu) (Fig. 3ofRef. 31).

Recently, Vock et al. (28) reported the pH dependency of
the CT band of the complex between recombinant human
MCAD and 3-thia-C8-CoA with an apparent pid - 5 . 2 . The
Dixon plot of the binding constants yielded pIQ values for
the ligand -Glu376 moiety in the complexed enzyme and
Glu376 in the free enzyme of about 5.25 and 6.3, respec-
tively. Their experiment demonstrated that the pH-depen-
dent behavior of the CT band can be interpreted as
reflecting the acid-base reaction between the a-methylene
group of the ligand and the catalytic base Glu376. The
microscopic pIQ of the catalytic base in the free enzyme
was shown to be similar, 6.2, as determined by the
microcalorimetric titration of octenoyl-CoA to pig MCAD
(32). In the case of enoyl-CoA, the reaction product, only
the catalytic base is responsible for the pH dependence of
the binding constant because the a -proton in the product is
unavailable. In experiments with the product, the MCAD
complex with 4-thiaenoyl-CoA revealed pH-dependent
spectral changes that were interpreted by the two-state
equilibrium as derived from the difference in the polariza-
tion states of the bound ligand, i.e. the unpolarized and
polarized forms (10, 33). The pH dependence of ligand
polarization is expected to reflect ionization of the catalytic
base Glu376 and to provide the apparent pid value, since
4-thiaenoyl-CoA is polarized in the complex in a pH-inde-
pendent manner with the mutant enzyme Glu376Gln.
Unlike in our experiments, the apparent pKn value of the
MCAD-4-thiaenoyl-CoA was found to be chain-length
dependent. Rudik et al. (33) suggested that the chain-
length dependence of the pIQ values results from the
difference in active-site desolvation by the ligand. Greater
desolvation by the favorable chain-length (C8) results in
the maximum piC value of 9.2-9.3, while the poorer match
between the enzyme cavity and ligands with longer chains
produces weaker desolvation and correspondingly lower
pKa values. In this case, however, the bridging mechanism
between the polarization of 4-thiaenoyl-CoA and the
protonation of Glu376 is unclear (33), and a longer product
decreases the extent of maximum polarization in compari-
son with the C8-product (10). Unfortunately, our experi-
ments did not allow us to detect the ionization of the
catalytic base Glu376. In the abortive conformation of the
MCAD complex with the longer 3-thiaacyl-chain, the
ionization state of Glu376 is unclear. However, in the
productive conformation, Glu376, which is responsible for
the abstraction of the a-proton, is thought to be in the
protonated carboxylic form over the pH range investigated.
Since the ionization depends on the electrostatic potentials
of the charge states of other charged groups (34), the
energetic disadvantage resulting from a negatively-charged
glutamate residue neighboring the anionic ligand at higher
pH is thought to increase the microscopic pif, value of the
glutamate residue in the hydrophobic active site cavity.
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The common apparent pXa = 5.6-5.7 observed for com-
plexes with 3-thiaacyl-CoAs results from the common
microscopic pKe values of the ligands regardless of the
3-thiaacyl-chain length. The difference in the chain-length
dependence ofpKn observed by Rudik et al. and us may be
due to the different types of ligands used or to a difference
in the ionization state of Glu376. To clarify this, the origin
of the polarization in the complex with 4-thiaenoyl-CoA as
well as the ionization state of the catalytic base in complex-
es with 3-thiaacyl-CoAs need to be confirmed. The con-
struction of a mechanistic model including the deprotona-
tion of Glu376 awaits further knowledge about ligand
polarization.

We have used spectroscopy to determine the species of
3-thiaacyl-CoAs bound to MCAD, i.e. the anionic or neutral
form in a two-state equilibrium. The population of the
anionic form as detected by NMR provides a reasonable
interpretation for the pH and chain-length dependencies of
the CT-band strength. If the complex exists in a single
conformation, then the variation in the CT-band intensities
can be interpreted as due to differences in alignment
between the ligand and the oxidized flavin. In fact, in
mutant MCAD Glu376Asp, the lowest-energy configura-
tion between the ligand and oxidized flavin successfully
explains the spectral and energetic observations for com-
plexes with octenoyl-CoA, acetoacetyl-CoA, and trans-3-
indoleacryloyl-CoA (35). In our case, however, NMR
measurements of MCAD'3-thiaacyl-CoA complexes prove
the existence of two bound forms of the ligand and lead us
to propose a novel model. On the basis of this acid-base
model, all known complexes between MCAD and various
kinds of ligands and substrates can be easily understood.
However, the rationale for the internal equilibrium of the
two forms of the ligand remains unknown. Further investi-
gations of conformational aspects of the enzyme are needed
to solve this issue. Crystallographic demonstration of the
two forms, abortive and productive, would directly prove
our two-state model.

The authors thank Dr. K. Sato of Kumamoto University School of
Medicine for stimulating discussion of our proposed model.
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