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The charge-transfer interaction in the complex of pig kidney medium-chain acyl-CoA
dehydrogenase (MCAD) with acetoacetyl-CoA was investigated by '*C-NMR spectroscopy
and molecular orbital treatment. The acyl carbons of acetoacetyl-CoA were separately
13C-labeled and '*C-NMR spectra of the complexes of MCAD with the '*C-labeled acetoace-
tyl-CoA were measured. Each '>C-carbon atom was observed as a distinct peak and easily
distinguished from the protein background. The chemical shift values for free acetoacetyl-
CoA were 198.5, 59.9, 208.8, and 32.8 ppm for C(1), C(2), C(3), and C(4), respectively, which
shifted to 181.3, 103.4, 192.3, and 29.9 ppm, respectively, when acetoacetyl-CoA was
complexed with MCAD. While C(4) underwent a small upfield shift, the other carbons
experienced significant shifts; both the C(1) and C(3) carbonyl carbons shifted upfield by
about 17 ppm, and the C(2) carbon was observed as a very broad peak at a position shifted
downfield by more than 40 ppm. These results were compared with *C-NMR spectra of the
keto-, enol-, and enolate forms of ethyl acetoacetate labeled with '*C at the acyl carbons, and
interpreted with reference to the charge-transfer model based on the optimum overlap
between the lowest unoccupied molecular orbital (LUMO) of flavin and the highest occupied
molecular orbital (HOMO) of the enolate state of the acetoacetyl moiety of acetoacetyl-CoA.
The C(2) carbon of acetoacetyl-CoA takes on the sp® configuration in the bound form,
indicating that one of the protons at C(2) of acetoacetyl-CoA is abstracted when bound to
MCAD. C(1)=0 is substantially polarized in the bound form of acetoacetyl-CoA, implying
the presence of a machinery that polarizes this carbonyl group at the binding site, which
thereby lowers the pK, value of the a-proton at C(2). This machinery is of fundamental
importance in the initial step of MCAD catalysis.
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Acyl-CoA dehydrogenase catalyzes the initial and rate
determining step in the mitochondrial 8-oxidation of fatty
acids, which by this step undergo dehydrogenation to the
corresponding trans-enoyl-CoA. The reductive half-reac-
tion (dehydrogenation of substrate and reduction of flavin)
proceeds via the concerted abstraction of the pro-R-a-
proton from the substrate acyl-CoA by a protein base, Glu
376, in the case of medium-chain acyl-CoA dehydrogenase
(MCAD), and the pro- R-8-hydride transfer to flavin (1- 3).
Several acyl-CoA dehydrogenases have been found to occur
in mammalian mitochondria, and shown to have overlap-
ping but distinct substrate specificities with respect to the
chain length and structure of the acyl moiety. Among these
enzymes, porcine MCAD, with high affinity to substrates
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with acyl-chain lengths of C6 to C10, has been most
extensively studied by various physicochemical methods,
including X-ray crystallography (4), and resonance Raman
(5) and NMR (6) spectroscopy. Porcine MCAD is a homo-
tetrameric flavoenzyme with FAD bound noncovalently to
each subunit of the molecular mass of 42 kDa (1).
Flavoenzymes are known to form charge-transfer com-
plexes with various ligands, including substrate analogs and
competitive inhibitors, and more importantly with reaction
intermediates during catalytic cycles. The charge-transfer
interactions observed during flavoenzyme catalysis have
mechanistic implications at critical stages (7). Acyl-CoA
dehydrogenases, including MCAD, form a complex with
acetoacetyl-CoA (AAC) characterized by a broad absorp-
tion band extending beyond 600 nm (Fig. 1). This complex
has been postulated to be a charge-transfer complex involv-
ing the enolate anion of AAC (7-10), and this was proved
by resonance Raman spectroscopy with excitation in the
charge-transfer band (5). AAC, a competitive inhibitor of
MCAD, is categorized as a 3-ketoacyl-CoA, which is not
only a substrate analog for acyl-CoA dehydrogenases but
also a product of an enzyme, 3-hydroxyacyl-CoA dehydro-
genase, catalyzing a process a few steps away along the
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B-oxidation pathway from the initial acyl-CoA dehydro-
genation,

In the present study, we investigated the interaction of
AAC with porcine MCAD at a submolecular level to gain a
more precise insight into the fate of the substrate with
respect to the reaction mechanism of the enzyme. The
methods employed included purely theoretical treatment
of molecular orbital calculation and experimental treat-
ment utilizing '*C-NMR spectroscopy. We have recently
applied similar molecular orbital treatment to a flavoen-
zyme D-amino acid oxidase, and obtained essential infor-
mation on the charge-transfer interactions with specific
reference to the electron-transfer in both the reductive and
oxidative half-reactions (11).

MATERIALS AND METHODS

Porcine kidney MCAD was purified as described previously
by Gorelick et al. (12) and Lau et al. (13). The concentra-
tions of MCAD and AAC were based on the molar extinc-
tion coefficients of 15.4 mM~'-cm™' at 446 nm (14) and 16
mM~'-cm™' at 260 nm (15), respectively.

13C-labeled acetoacetyl-CoAs were prepared as described
elsewhere (16). Ethyl [1,3-!3C,]acetate (99 atom%), ethyl
(2,4-3C,)acetate (99 atom%), and ethyl [3-'*C]acetoace-
tate (99 atom%) were purchased from Cambridge Isotope
Laboratories. Other chemicals were of the highest grade
available and used as supplied.

3C-NMR spectra were measured in Wilmad 5-mm NMR
tubes with a Varian UNITY 400 spectrometer operating at
100.6 MHz or with a Varian UNITY Plus 500 spectrometer
operating at 125.7 MHz under proton irradiation. The flip
angle was 50° for MCAD-AAC complexes with a relaxation
delay time of 2 s, and 60" for free ethyl ['*C]acetoacetate
with a relaxation delay time of 4s. The NMR samples
containing MCAD were in 50 mM potassium phosphate
buffer, pH 6.0, at which the hydrolysis of AAC is negligibly
slow during NMR measurements. All the NMR sample
solutions contained 10% deuterium oxide for field locking.
The **C-chemical shift was scaled in ppm downfield relative
to the methyl carbon signal of external 3-(trimethylsilyl)
propionate-d,. The concentration of MCAD in NMR experi-
ments was 0.7 mM. Some of the chemical shift values
reported elsewhere were relative to tetramethylsilane. For
comparison of such chemical shift values relative to tetra-
methylsilane with those in the present study, 1.6 ppm was
added to each of the values referenced to tetramethylsilane
(6). MCAD-AAC complexes for NMR measurement were
prepared by adding a slight molar excess of lyophilized
AAC powder to the MCAD solution, followed by standing
for 30 min at room temperature prior to NMR measure-
ment. On the basis of the dissociation constant of 12 M for
the MCAD-AAC complex (17), and the concentrations of
MCAD and AAC, MCAD in the NMR samples was saturat-
ed with AAC. The '*C-NMR spectra of ethyl [**C]acetoace-
tate were measured at a concentration of 30 mM in either 1
M potassium phosphate, pH 7.4, or 1 N NaOH.

Extended Hiickel molecular orbital calculations were
performed with a program provided by Nishimoto et al.
(18) run on an NEC PC9801-Vm personal computer. The
principal molecular parameters used for 5-thiahexan-
2,4-dione were: r(C,-C,;)=1.53 4, r(C,-C;)=1.466 A,
r(C,-C,)=1.36 A, r(C,-Ss)=r(Ss-Cs) =1.81 A, r(C-H)=
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1.074A, «(C,C;0)=a(CsC,0)=a(C,C,0)=a(S;C,0)=
120°, a(CeSsC,)=105".

RESULTS

Molecular Orbital Treatment of the Charge-Transfer
Interaction between Anionic Acetoacetyl-CoA and Flavin—
It has been demonstrated that AAC forms a charge-transfer
complex with MCAD, as mentioned earlier (Fig. 1), and
that AAC bound to MCAD is the deprotonated anionic
form. As it was confirmed that the MCAD-AAC complex
involves a charge-transfer interaction between oxidized
flavin and the acyl-moiety of AAC (5), we evaluated the
overlap between the molecular orbitals of flavin and AAC.
Since the flavin moiety in MCAD accepts electrons from
substrate acyl-CoA, oxidized flavin serves as the charge
acceptor and AAC as the charge donor. Therefore we
calculated the highest occupied molecular orbital (HOMO)
of the enolate anion of 5-thiahexan-2,4-dione, a model
compound for anionic acetoacetyl-CoA, by the extended
Hiickel molecular orbital method, and aligned it with the
lowest unoccupied molecular orbital (LUMO) of oxidized
flavin reported by Nishimoto et al. (19). Since the aceto-
acetyl portion in the enolate form is planar, there are four
possible conformations for the enolate anion of the model
compound. Figure 2 represents the HOMO of the model
compound in the particular conformation that overlaps best
with the flavin LUMO with respect to both the magnitude
of overlap and the symmetric arrangements of atomic
orbitals. Note that the maximum overlap was observed
between orbitals corresponding to C(2) of acetoacetyl-CoA
and N(5) of the flavin nucleus. This is in accordance with the
specific '*N-chemical shift change of flavin N(5) in the
MCAD-AAC complex (6), and agrees with the resonance
Raman results showing that the C(4a)=N(5) moiety of
flavin participates in the charge-transfer interaction with
acetoacetyl-CoA while the dimethylbenzene moiety does
not (5, 16). The resonance Raman studies (5, 16) were
performed with excitation at 632.8 nm, which is within the
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Fig. 1. Absorption spectra of medium-chain acyl-CoA dehy-
drogenase (MCAD) and its complex with acetoacetyl-CoA.
Spectra were measured in 50 mM potassium phosphate, pH 7.6. The
concentrations were: MCAD, 23.7 M (a) and 23.2 mM (b); acetoace-
tyl-CoA, 135 uM.
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charge-transfer band (Fig. 1).

BC.NMR of the MCAD-AAC Complex—'*C-NMR spec-
tra of the complexes of MCAD with AAC labeled with '*C
at carbonyl carbons C(1) and C(3) are shown in Fig. 3. The
peaks of each '*C-labeled carbon for the free and MCAD-
bound forms were clearly discernible, as indicated in the
figure. Though the *C(1) signal for the MCAD-bound state
is conspicuous when the two spectra taken at 100.6 MHz in
Fig. 3 are compared, the signal is within the protein
background peak. For confirmation of the '*C(1) resonance
peak, a "*C-NMR spectrum of the same sample was
measured at 125.7 MHz. The signal was confirmed, as
shown in the inset. Both the carbonyl carbons exhibited a
large upfield shift by about 17 ppm when AAC was bound to
MCAD (Table I).

Figure 4 shows the *C-NMR spectra of the complexes of
MCAD with AAC labeled with *C at the methylene C(2)
and methyl C(4) carbons. While the methyl *C(4) signal
marked a slight upfield shift by about 3 ppm, the methylene
8C(2) signal was observed at a remarkably lower field, by
44 ppm, as a very broad peak, the half width being approxi-
mately 160 Hz. This exceptional width may reflect the
specific nature of the C(2) position in the interaction with
flavin and may be relevant as to the great overlap of the
atomic orbital at this position with the flavin N(5) atomic
orbital, as described in the preceding section. The chemical
shift values for the individual carbons are summarized in
Table I.

BC-NMR of Ethyl |'*C]Acetoacetate—In order to better
interpret the chemical shift differences of AAC in the free
and MCAD-bound forms, we measured '*C-NMR spectra of
ethyl acetoacetate labeled with '*C at the acyl carbons at pH
7.4 and in 1 N NaOH (Figs. 5 and 6). The assignments for
the *C(1) and '3C(3) resonance peaks shown in Fig. 5 were
confirmed by comparison with the spectra of ethyl [3-'3C]-
acetate at pH 7.4 and in 1 N NaOH (data not shown). The
3C(2) and '*C(4) resonance peaks shown in Fig. 6 are within
the regions expected for methyl and methylene carbons,
respectively, and are assigned as such in the upper spec-
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trum. The signals expected for methyl resonance in the
lower spectrum were assigned as C(4) and thereby the
other peak was assigned as C(2). The thioester bond in
acyl-CoA is not stable in alkali, and acetoacetyl-CoA is
rapidly hydrolyzed to acetoacetate and CoA-SH in an
NaOH solution; therefore, the observation of '*C-signals
for anionic acetoacetyl-CoA was not possible. In fact, even
ethyl acetoacetate was hydrolyzed in 1 N NaOH at 20°C, at
which NMR spectra were taken, with a half life of about 30
min, as observed during NMR measurement; Fig. 6 shows
the presence of hydrolyzed species, acetoacetate (asterisks
in the lower trace), even a few minutes after the mixing of
ethyl acetoacetate with 1 N NaOH. Ethyl acetoacetate in 1
N NaOH is in the anionic form, since the pK, value of the
methylene proton at C(2) is 10.7 (20). The chemical shift
values are summarized in Table II, which also contains
those in chloroform of the keto and enol forms (21) for
comparison. Two sets of chemical shifts were observed at
pH 7.4 and in 1 N NaOH. This can be ascribed to different
conformations, the details of which were not pursued here
since the conclusions obtained below are not specifically
dependent on the conformational differences.

Though the enol form of ethyl acetoacetate can assume
two tautomeric forms (Scheme 1(1); II and III), the tauto-
mer (II) predominates in chloroform (21), in which a C=0
double bond preferentially occurs at C(1) rather than C(3).
This conclusion is based on the chemical shift differences of
C(1) and C(3) between the keto and enol forms; C(1) shifts
moderately downfield when going from the keto to the enol
form, whereas C(3) shifts considerably upfield by about 30
ppm (lower two rows in Table II). The most prominent
difference between the keto and enol forms is seen in C(2);
C(2) of the enol form is at 40 ppm downfield from that of
the keto form (lower two rows in Table II). This change is
well within the range expected from the hybridization
dependence on the '*C-chemical shift (22). The hybridiza-
tion of C(2) of the keto form (I) is 8p®, whereas that of the
enol form (II/III) is sp®. The latter hybridization gives a
low-field resonance position compared to the former (22).

5-Thiahexan-2,4-dione (anionic)

Fig. 2. Optimum overlap between LUMO of lumiflavin (R=CH,) (13) and HOMO of the enolate form of 5-thiahexan-2,4-dione. Out
of the four possible conformations for 5-thishexan-2,4-dione enolate, the one with the best overlap in terms of magnitude and symmetry is

presented.
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TABLE 1. !'*C-chemical shifts of '*C-labeled acetoacetyl-CoA
free and bound to medium-chain acyl-CoA dehydrogenase.

Positions
1 2 3 4
Free 198.5 59.9 208.8 32.8
MCAD-bound 181.3 103.4 192.3 29.9
Bound-free —17.2 4435 -—16.5 —-2.9

The chemical shift values for ethyl acetoacetate at pH 7.4
parallel those of the keto-form in chloroform, indicating
that ethyl acetoacetate exists as its keto form (Scheme
1(1); I) in a neutral aqueous medium. In 1 N NaOH, ethyl
acetoacetate is in its anionic form, as described above.
Though three tautomeric forms are possible for the anionic
ethyl acetoacetate (Scheme 1(2); IV-VI), enolate forms (V
and VI) are expected to predominate due to the extended
conjugation. This agrees with the chemical shift of C(2),
which was observed in the sp? carbon region at a lower field
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by about 35 ppm (Table II, upper two rows). Furthermore,
though C(1) of the anionic form was observed at a slightly
lower field compared to that of the keto form at pH 7.4,
C(3) experienced an upfield shift of about 20 ppm when
going from the keto to the enolate form (Table I1, upper two
rows). These results indicate clearly that the enolate form
of ethyl acetoacetate i8 predominantly in the tautomeric
form (V), where the CO bond at C(1) is a double bond and
that at C(3) is a single bond. On the basis of the above
interpretation, the following three conclusions can be
drawn from Table II. (i) C(1) of ethyl acetoacetate links
oxygen preferentially in a double bond whether ethyl
acetoacetate is in the enol or enolate form, and C(3) links
oxygen in a single bond in either the enol or enolate form.
(1) When a carbonyl carbon becomes an enol or enolate
carbon, as in C(3) of ethyl acetoacetate (II or V), the
13C.chemical shift decreases by 20-30 ppm. (iii) When the
sp*® C(2) carbon in the 1,3-diketone system of ethyl aceto-
acetate takes the sp? hybridization as the result of enoliza-
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-T— Fig. 4. *C-NMR spectra of the

complexes of MCAD with [4-*C]-
acetoacetyl-CoA (upper trace)
and [2-'*C]acetoacetyl-CoA
(lower trace). The observation
frequency was 100.6 MHz. The num-

(4-13Clpoyng bers of scans were 6,500 (upper)

Y and 25,000 (lower). A window func-
tion corresponding to 40 Hz was
applied to each spectrum.
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tion or enolate anion formation, the carbon undergoes a
downfield shift by 30-40 ppm.

DISCUSSION

The charge-transfer complex model for MCAD-AAC, as
deduced on molecular orbital treatment (Fig. 2), exhibits a
maximum overlap at flavin N(5) and thus explains the
specific interactions at N(5) of the flavin ring system
manifested in the large '°N-chemical shift change when
MCAD forms a complex with AAC (6). The mutual orienta-
tion between flavin and the ligand in Fig. 2 enables the
interaction of C(1)=0 of the substrate with the ribityl side
chain of FAD; the crystal structure of the MCAD - octanoyl-
CoA complex exhibits a hydrogen-bonding interaction
between C(1)=0 and 2'-OH of the ribityl side chain of FAD
(4). The extensive overlap between the C(2) atomic orbital
of the AAC model and that of flavin N(5) may constitute the
basis for the markedly broad signal of the C(2) of AAC
when bound to MCAD (Fig. 3). The line width of the
resonance signal for '*C(2) of the enol or enolate form of
ethyl acetoacetate is within the normal line width range (21
and Fig. 6). There may be a unique relaxation mechanism
through the overlapping orbitals, resulting in a shorter
relaxation time responsible for a broad peak. Alternatively,
some yet unknown exchange phenomena may have resulted
in the unusual line width.

Ethyl acetoacetate represents a good model for AAC,
since both compounds have the acetoacetyl portion in
common, and the sulfur atom in AAC is replaced by a
homologous oxygen in ethyl acetoacetate, making it more
durable in an alkaline medium, so that its epolate anion can
be analyzed by NMR. Comparison of the chemical shift
values of free AAC in Table I with those of ethyl acetoace-
tate at neutral pH (Table II) clearly demonstrates that the
free AAC is in the keto form (Scheme 1(3); VII). Though
the chemical shift values of C(3) in the keto forms of AAC
and ethyl acetoacetate in aqueous solution agree well with
each other, C(1) for AAC was observed at a lower field by
26 ppm (first rows in Tables I and II). This difference
should be found in the ethoxy oxygen in ethyl acetoacetate
in place of the sulfur atom in AAC at the corresponding
position. The n-orbital for the lone pair electrons of the
ethoxy oxygen can overlap with the p-orbital of C(1)=0,
endowing a fractional single bond character on the C(1)=0
double bond. This manifests itself in the relatively high
field position (172.4 ppm) of the C(1) carbonyl carbon of
ethyl acetoacetate. In contrast, the overlap of the sulfur
n-orbital with the carbonyl z-orbital is less extensive
because the sulfur n-orbital utilizes the 3p-orbital and the
carbonyl z-orbital uses the 2p-orbital, hence more double
bond character of the thioester carbonyl explaining the
lower field position (198.5 ppm) for C(1) of free AAC than
that for C(1) of ethyl acetoacetate. -

oJ. Biochem.
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Fig. 5. 3C-NMR spectra of
ethyl {1,3-*C,]acetoacetate in 1
M potassium phosphate, pH 7.4
(upper trace), and 1N NaOH
(lower trace). The number of
scans was 32. The observation
frequency was 125.7 MHz. A win-
dow function corresponding to line-
broadening of 4 Hz was applied to
each spectrum. The lower spec-
trum was taken immediately after
mixing the compound with 1N
NaOH.

Fig. 6. “C-NMR spectra of
ethyl [2,4-*C,)acetoacetate in 1
M potassium phosphate, pH 7.4
(upper trace), and 1N NaOH
(lower trace). The number of
scans was 32. The observation
frequency was 125.7 MHz. A win-
dow function corresponding to
line-broadening of 4 Hz was
applied to each spectrum. The
lower spectrum was taken imme-
diately after mixing the com-
pound with 1 N NaOH. The aster-
isks indicate the peaks of the
hydrolyzed species, acetoacetate
(see the text).

The resonance position of *C(2) of AAC in the MCAD-
bound form was observed at a lower field from that of free
AAC by 43.5 ppm indicating that C(2) of AAC bound to
MCAD undergoes sp? hybridization. This is in accordance
with the notion that AAC complexed with MCAD takes on

Vol. 119, No. 3, 1996

the anionic enolate form (7-10). The change in the hybridi-
zation of C(2) from sp® to sp* when bound to MCAD
requires labilization of the a-proton at the active site, the
prerequisite process in the reductive half-reaction of
MCAD. Equally important are the patterns of the chemical
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TABLE II. '*C-chemical shifts of the acetoacetyl portion of
ethyl acetoacetate.
Positions
1 2 3 4
pH 7.4 (Keto form) 172.4 52.6 209.8 32.9
52.2 32.5
1 N NaOH (Enolate) 176.9 88.8 193.7 29.8
173.6 85.6 191.0 26.6
Keto form® (Chloroform) 170.4 52.1 203.9 31.7
Enol form*® (Chloroform) 179.1 92.1 175.9 22.7
*Values taken from Breitmaier and Voelter (21).
shift changes of carbonyl carbons C(1) and C(3), particular-
ly that of C(1). Both '*C(1) and '*C(3) shifted upfield by
about 17 ppm. We should be reminded by the model studies CHy
with ethyl acetoacetate that the C(1) carbonyl retains its
double bond character when AAC is in the enol or enolate cn

form in an aqueous medium, while the C(3) carbonyl
preferentially becomes an enol(ate) single bond. This would
predict a slight downfield shift for C(1) and a considerable
upfield shift of 20-30 ppm for C(2) if AAC bound to MCAD
takes on the electronic state expected from the model study
for free ethyl acetoacetate. Both C(1) and C(3) of AAC
exhibited similar upfield shifts of about 17 ppm when
bound to MCAD, indicating similar degrees of a single bond
character for C(1)O and C(3)O bonds. The experimental
observations are in clear contrast to the expected behaviors
of these carbons. The upfield shift of C(1) for the bound
AAC provides explicit evidence that the C(1) carbonyl is
substantially polarized in the MCAD-bound state compared
to that free in an aqueous solution, where polarization of
C(1)=0 is slight, if any, as expected from the model study.
Namely, the tautomerization equation for enolate of AAC
(Scheme 1(3); IX and X) is shifted considerably to X in the
MCAD-bound state compared to the free form in an
aqueous environment. There exists, therefore, a machinery

3

Fig. 7. Reductive half-reaction of MCAD. The thick dotted line
represents the machinery for polarizing C(1)=0. The degree of
polarization is indicated by ¢~. The orientation of the substrate with
respect to the flavin system takes into account the HOMO-LUMO
interaction in Fig. 2.

in the acyl-CoA binding site of MCAD that polarizes the
C(1)=0 carbony! group. This polarizing machinery should
act on C(1)=0 of the substrate acyl-CoA and polarize the
carbonyl group, thereby lowering the pK, of the «-proton
and thus making the 8-hydride-transfer more feasible (Fig.
7). The polarizing effect in question is one of the focuses for
understanding the molecular mechanism underlying the
substrate activation (4, 23, 24). We have shown here that
the behavior of the '*C(1) signal constitutes a unique and
direct means of evaluating the polarizing effect.

The shift in the tautomerization of enolate of AAC

J. Biochem.

2102 ‘2 /8g0100 uo I(I!SB/\!Uﬂ pezy oluels| e /610'5|eu1no[p10,lX0'q [//:dllLI wioJ} pspeojumod


http://jb.oxfordjournals.org/

Interaction of Acetoacetyl-CoA with Acyl-CoA Dehydrogenase

toward X in Scheme 1(3) when AAC is bound to MCAD was
suggested by our previous resonance Raman studies (5).
The present results reinforce the conclusion drawn from
the resonance Raman experiments and provided compensa-
tory information for evaluating the polarization of C(1)=0
of the substrate. The chemical shift behavior of C(1)=0
should be explored with other acyl-CoA dehydrogenases,
using 3-ketoacyl-CoA with different acyl-chain lengths or
with different acyl structures. Experiments along these
lines are currently in progress.
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