Since the discovery of general or medium chain acylCoA dehydrogenase (MCADH) by Beinert's group in the midfifties [1], mechanistic aspects of the cata1yzed a,ßdehydrogenation have received rather 1itt1e attention.
However, interest in this enzyme and in the class of acy1CoA dehydrogenase has been revived dramatically in the recent
past due to the recognition of this enzyme being invo1ved in
a genetic disease.
Consequently all but one (isobutyry1CoA dehydrogenase) of the enzymes be10nging to this c1ass
have been c10ned and sequenced [2,3]. MCADH and long chain
acy1-CoA dehydrogenase (LCADH) have been expressed and
subjected to site-directed mutagenesis [3,4]. In addition,
the three dimensional structure of pig 1iver MCADH at 2.4 A
has been reported [5].
Based on this know1edge, we have
started a mechanistic study of a,ß-dehydrogenation. In this
contribution, we discuss the ro1e of specific amino acids and
functiona1 groups in the active center which are invo1ved in
cata1ysis.
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Since the discovery of general or medium chain acylCoA dehydrogenase (MCADH) by Beinert' s group in the midfifties [1], mechanistic aspects of the cata1yzed a,ßdehydrogenation have received rather 1itt1e attention.
However, interest in this enzyme and in the class of acy1CoA dehydrogenase has been revived dramatically in the recent
past due to the recognition of this enzyme being invo1ved in
a genetic disease.
Consequently all but one (isobutyrylCoA dehydrogenase) of the enzymes be10nging to this c1ass
have been c10ned and sequenced [2,3]. MCADH and long chain
acy1-CoA dehydrogenase (LCADH) have been expressed and
subjected to site-directed mutagenesis [3,4]. In addition,
the three dimensional structure of pig 1iver MCADH at 2.4 A
has been reported [5].
Based on this know1edge, we have
started a mechanistic study of a,ß-dehydrogenation. In this
contribution, we discuss the ro1e of specific amino acids and
functiona1 groups in the active center which are invo1ved in
cata1ysis.
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a) The stereochemistry of the dehydrogenation is proR,
proR trans [6,7] as shown in figure 1:
a,ß-Dehydrogenation is unique in that it invo1ves the
c1eavage of two kinetica11y stab1e C-H bonds. With regard
to its chemistry the fo110wing has been estab1ished:
Present Know1edge of the Chemica1 Events Invo1ved in a,ßDehydrogenation.
J.-

Scheme 1:
Reaction cata1yzed by acy1-CoA dehydrogenases.
MCADH is medium chain acy1-CoA dehyrogenase, F1 0x and F1 re d
are the oxidized and reduced forms of the enzyme bound
f1avin, and ETF is e1ectron transferring f1avoprotein. (1)
and (2) are the "reductive" and the "oxidative" half
reactions, respective1y.
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Cata1ysis by Acy1-CoA Dehydrogenases
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These mitochondria1 enzymes can be c1assified as
dehydrogenases/e1ectron transferases because they cata1yze
two reactions, the dehydrogenation of substrate and the
subsequent transfer of redox equiva1ents specifica11y to
e1ectron transferring f1avoprotein (ETF), according to the
equations of scheme 1.
The first half or "reductive half
reaction" (1, scheme 1) is a typica1 dehydrogenation.
The
second, the "oxidative half reaction" (2, scheme 1) leads to
reformation of oxidized enzyme, and is remarkab1e in that it
is very specific, i.e. essentia11y no reduction of oxygen or
of other natural acceptors occurs.
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are the oxidized and reduced forms of the enzyme bound
f1avin, and ETF is e1ectron transferring f1avoprotein. (1)
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Present Know1edge of the Chemica1 Events Invo1ved in a,ßDehydrogenation.
a,ß-Dehydrogenation is unique in that it invo1ves the
c1eavage of two kinetica11y stab1e C-H bonds.
With regard
to its chemistry the fo11owing has been estab1ished:
a) The stereochemistry of the dehydrogenation is proR,
proR trans [6,7] as shown in figure 1:
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Figure 2:
Schematic reciprocal orientation of Q-proton
abstracting base (Glu376 in MCADH), substrate Q- and ßhydrogens , and flavin N(S) acceptor orbital. The interaction
of the FAD ribityl-2'-OH function with the thioester is also
shown.
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This orientation poses particu1ar restraints on the mode of
cleavage of the Q- and ß-bonds: The two hydrogens ttleavett
the respective carbons in opposite directions. Consequently,
the functional groups interacting with these hydrogens also
must be located on opposite site of the substrate and of the
product for the reverse reaction.
b)
The Q-hydrogen of the acyl-CoA substrate is
abstracted as a proton [8,9]. Thus there must be a base at
the active center positioned in the extension of the Q-C-H
bond which attacks this group.
c) The ß-hydrogen is transferred to the flavin as a
hydride with the nitrogen N(S) of the flavin serving as the
point of entry [10]. The hydride is thought to interact with
the LUMO orbital of the flavin ring system (an empty 1('orbital) and hence the ß-C-H bond must be positioned
perpendicular to the flavin ring plane as shown in figure 2.

Figure 1. Orientation of substrate Q- and ß-hydrogens during
Q,ß-dehydrogenation.
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the functional groups interacting with these hydrogens also
must be located on opposite site of the substrate and of the
product for the reverse reaction.
b)
The Q-hydrogen of the acyl-CoA substrate is
abstracted as a proton [8,9]. Thus there roust be a base at
the active center positioned in the extension of the Q-C-H
bond which attacks this group.
c) The ß-hydrogen is transferred to the flavin as a
hydride with the nitrogen N(S) of the flavin serving as the
point of entry [10]. The hydride is thought to interact with
the LUMO orbital of the flavin ring system (an ernpty 1('orbital) and hence the ß-C-H bond must be positioned
perpendicular to the flavin ring plane as shown in figure 2.
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Figure 2:
Schernatic reciprocal orientation of Q-proton
abstracting base (Glu376 in MCADH), substrate Q- and ßhydrogens , and flavin N(S) acceptor orbital. The interaction
of the FAD ribityl-2'-OH function with the thioester is also
shown.

The "driving force" of areaction (negative free energy
is the most important factor which determines the
direction in which a system such as that of scheme 2 will
react.
In general, the redox potential Eo of flavoenzymes
can be shifted to more positive values by an electrostatic
interaction between the reduced flavin, which carries a
negative charge in the pyrimidine ring with its highest
density at the N(1)-C(2)=O locus, with a positive charge or
-=
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Thermodynamic Considerations:
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FUNCTIONAL GROUPS AT THE ACTIVE CENTER INVOLVED IN CATALYSIS
AND THEIR SPECIFIC ROLES
3.

Scheme 2. Minimal set of equilibria connecting oxidized and
reduced enzyme with substrate and product.
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d) The cleavage of the a- and the ß-bonds occurs in a
concerted fashion. This has been deduced from the magnitude
of the deuterium isotope effect (K~D-28) observed using aand ß-dideuterated substrates. This kinetic effect is the
multiple (as contras ted to the sum) of those found for the
same substrates, which are deuterated only at the a- (-2.5)
or only at the ß-position (-14) [11].
e) The redox potential of the free MCADH (couple
E-F1 ox <=> E-Flred' scheme 2) is -136 mV, and that of the
acyl-CoA/enoyl-CoA couple (SH2 <-> S) -38 mV to -45 mV [12].
However, in the respective complexes these values are shifted
significantly to values which are closely similar to each
other and depend on the chain length of the substrate
[12,14].
This is reflected also by the rates of
dehydrogenation (k1 ) and of its reversal (k.1 ) , which are of
similar magnitude.
In the case of butyryl-CoA, these rates
are almost equal [13]. Thus, at a first approximation, and
on a subsecond time scale, the enzyme reaction approaches to
an equilibrium which consists of approx. equimolar species
of educt and product (left and right hand sides of scheme 2)
[13] .
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d) The cleavage of the Q- and the ß-bonds occurs in a
concerted fashion. This has been deduced from the magnitude
of the deuterium isotope effect (K~D-28) observed using Qand ß-dideuterated substrates. This kinetic effect is the
multiple (as contras ted to the sum) of those found for the
same substrates, which are deuterated only at the Q- (-2.5)
or only at the ß-position (-14) [11].
e) The redox potential of the free MCADH (couple
E-F1 ox <=> E-Flred' scheme 2) is -136 mV, and that of the
acyl-CoA/enoyl-CoA couple (SH2 <-> S) -38 mV to -45 mV [12].
However, in the respective complexes these values are shifted
significantly to values which are closely similar to each
other and depend on the chain length of the substrate
[12,14].
This is reflected also by the rates of
dehydrogenation (k1 ) and of its reversal (k.1 ) , which are of
similar magnitude.
In the case of butyryl-CoA, these rates
are almost equal [13]. Thus, at a first approximation, and
on a subsecond time scale, the enzyme reaction approaches to
an equilibrium which consists of approx. equimolar species
of educt and product (left and right hand sides of scheme 2)
[13] .
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FUNCTIONAL GROUPS AT THE ACTIVE CENTER INVOLVED IN CATALYSIS
AND THEIR SPECIFIC ROLES
Thermodynamic Considerations:
The "driving force" of areaction (negative free energy
ßG o ) is the most important factor which determines the
direction in which a system such as that of scheme 2 will
react.
In general, the redox potential Eo of flavoenzymes
can be shifted to more positive values by an electrostatic
interaction between the reduced flavin, which carries a
negative charge in the pyrimidine ring with its highest
density at the N(1)-C(2)=O locus, with a positive charge or

~

Facilitation of a-hydrogen abstraction as
H+
i. e.
acidification can be achieved by inductive effects e.g. via
a hydrogen bond (or acharge) acting as shown in scheme 3
[8,18]:
Activations of Acyl-CoA Substrate; on the Role of 2'-OH of
the Flavin-Ribityl Side Chain.
Possible functional groups having different interactions
with the substrate, as opposed to the product, have not yet
been recognized in the three dimensional structure. On the
other hand, as demonstrated by the occurrence of an intense
charge transfer absorbance, the product enoy1-CoA, as a
planar ~-system, close1y interacts with the w-system of the
reduced flavin, and probably "sits" on its plane. Clearly
e1ectronic effects a1one, such as those reflected by the
charge transfer absorption, are not sufficient to account for
the tighter binding of product. A further factor influencing
an equilibrium situation such as that of scheme 2 is the
selective removal of some of the components. In conclusion,
it appears that the major factor driving the reactions of
scheme 2 to the right is removal of E-Flred via reaction with
ETF [2, scheme 1] and of enoyl-CoA via transformation to ßOH-acyl-CoA by the action of hydratase. This overall setup
might be important in the regulation of a, ß-dehydrogenase
activity, as also pointed out by Stankovich and Soltysik
(1987).
s.
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a, p-Dehydroeenation by MCADH 1131

an appropriately oriented a-helix dipole [15,16]. Although
the potential of MCADH is shifted to -133 from the -210 mV
of free FAD [17], an interaction with the protein as
described above is not evident from the three dimensional
structure. The flavin N(l) appears to be hydrogen bonded to
136Thr-OH, (-2.8 .Ä), and the flavin C(2)-=O is possib1y
interacting with the same -OH as weIl as with 136Thr-NH
(amide).
These interactions probably contribute to a
stabi1ization of a negative charge at N(l) -C(2)-O of the
reduced f1avin. The second factor that is ab1e to shift the
position of an overall equi1ibrium such, as that of scheme
2, is the relative magnitude of the dissociation constants
1inking the species on both sides of the
equation of scheme 2 [13,17]. In fact, in the case of MCADH,

Kd,ox and Kd,red

an appropriately oriented a-helix dipole [15,16]. Although
the potential of MCADH is shifted to -133 from the -210 mV
of free FAD [17], an interaction with the protein as
described above is not evident from the three dimensional
structure. The flavin N(l) appears to be hydrogen bonded to
136Thr-OH, (-2.8 .A), and the flavin C(2) ..O is possib1y
interacting with the same -OH as weIl as with l36Thr-NH
(amide).
These interactions probably contribute to a
stabilization of a negative charge at N(l) -C(2)-O of the
reduced f1avin. The second factor that is ab1e to shift the
position of an overall equilibrium such, as that of scheme
2, is the relative magnitude of the dissociation constants
Kd,ox and Kd,red 1inking the species on both sides of the
equation of scheme 2 [13,17]. In fact, in the case of MCADH,
Kei.red is approximately one order of magnitude lower than Kei.ox.

Kct.red is approximate1y one order of magnitude lower than Kct.ox.
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Possib1e functiona1 groups having different interactions
with the substrate, as opposed to the product, have not yet
been recognized in the three dimensional structure. On the
other hand, as demonstrated by the occurrence of an intense
charge transfer absorbance, the product enoy1-CoA, as a
p1anar ~-system, c1ose1y interacts with the w-system of the
reduced flavin, and probably "sits" on its plane. C1ear1y
e1ectronic effects a1one, such as those ref1ected by the
charge transfer absorption, are not sufficient to account for
the tighter binding of product. A further factor inf1uencing
an equilibrium situation such as that of scheme 2 is the
se1ective removal of some of the components. In conc1usion,
it appears that the major factor driving the reactions of
scheme 2 to the right is removal of E-F1 red via reaction with
ETF [2, scheme 1] -and of enoy1-CoA via transformation to ßOH-acy1-CoA by the action of hydratase. This overall setup
might be important in the regulation of a, ß-dehydrogenase
activity, as also pointed out by Stankovich and Soltysik
(1987).

Activations of Acyl-CoA Substrate; on the Role of 2'-OH of
the Flavin-Ribity1 Side Chain.
Faci1itation of a-hydrogen abstraction as
H+
i.e.
acidification can be achieved by inductive effects e.g. via
a hydrogen bond (or acharge) acting as shown in scheme 3
[8,18]:

In the three dimensional structure of the MCADsubstrate/productcomp1ex(MCAD-octanoy1/octenoy1-CoA),there
is a hydrogen bond between the thioester carbony1 group and
the 2'-OH group of the f1avin ribityl side chain. Such an
interaction (cf figure 2 and scheme 3) could contribute to
a 10wering of the substrate pK for deprotonation at the Qposition up to -4 pK units, but c1early wou1d not account for
the magnitude of the observed shift.
In order to assess specifica11y this ro1e, we have
substituted normal FAD with the analogs 2'-deoxy-FAD and
3'-deoxy-FAD (figure 3) in pig kidney MCADH, the 3'-deoxy
analog serving as a comparison.
.-:

iii) The transition state analog acetoacety1-CoA (cf scheme
3, R - CH3-CO-) binds to the active site in its anionic form
[20] .
5-
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ii) p-NH2-Benzoy1-CoA binds to the enzyme in a ttparaquinoidtt
form, i.e. in the bound form the free e1ectron pair of the
amino group appears to be de1oca1ized towards the thioester
moiety [19].
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i)
The substrate analog p-N02 -pheny1acety1-CoA (c.f.
structures in scheme 3, R ~ P- N02-pheny1-), which has a pK
~14-15 for deprotonation of the Q-position in its free form
which cannot be dehydrogenated, binds to MCADH in its anionic
form with a ~ - 2.3 x 10-5 M and gives rise to a strong
charge transfer interaction [19].
Its pK must thus be
lowered by at least 7 pK units or the equiva1ent of -10 kca1.

H

S-R

~

VV'BH+

..

Scheme 3. General mode of abstraction of the substrate ahydrogen as a proton and concurrent activation of the
thioester (see also figure 2).
That the protein does stabilize a negatively charged species
such as that shown in scheme 3 follows from the following
experiments:

That the protein does stabi1ize a negative1y charged species
such as that shown in scheme 3 fo11ows from the fo11owing
experiments:

i)
The substrate analog p-N02 -phenylacetyl-CoA (c.f.
structures in scheme 3, R ~ p-N02-phenyl-), which has a pK
~14-l5 for deprotonation of the a-position in its free form
which cannot be dehydrogenated, binds to MCADH in its anionic
form with a ~ - 2.3 x 10-5 M and gives rise to· a strong
charge transfer interaction [19].
Its pK must thus be
lowered by at least 7 pK units or the equivalent of -10 kcal.

Scheme 3. General mode of abstraction of the substrate Qhydrogen as a proton and concurrent activation of the
thioester (see also figure 2).
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ii) p-NH2-Benzoyl-CoA binds to the enzyme in a ttparaquinoidtt
form, i.e. in the bound form the free electron pair of the
amino group appears to be delocalized towards the thioester
moiety [19].
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iii) The transition state analog acetoacetyl-CoA (cf scheme
3, R - CH3-CO-) binds to the active site in its anionic form

[20].
In the three dimensional structure of the MCADsubstrate/productcomplex(MCAD-octanoyl/octenoyl-CoA),there
is a hydrogen bond between the thioester carbonyl group and
the 2'-OH group of the flavin ribityl side chain. Such an
interaction (cf figure 2 and scheme 3) could contribute to
a lowering of the substrate pK for deprotonation at the Qposition up to -4 pK units, but clearly would not account for
the magnitude of the observed shift.
In order to assess specifically this role, we have
substituted normal FAD with the analogs 2'-deoxy-FAD and
3'-deoxy-FAD (figure 3) in pig kidney MCADH, the 3'-deoxy
analog serving as a comparison.

~

3'-Deoxy-FAD-MCADH (synthesis of the analog and preparation
of the modified enzyme from pig kidney to be described
e1sewhere) has spectra1 and cata1ytica1 properties c10se1y
simi1ar to those of native pig kidney MCADH (see Tab1e I).
The same behavior of native and modified MCADH 1s found also
in the reactionwith the analog p-NH2 -benzoy1-CoA which binds
to both active centers in its "paraquinoid" form.
The
pre1iminary
observation
that
2'-deoxy-FAD-MCADH
is
essentia11y devoid of activity whi1e the activity of 3'deoxy-FAD-MCADH is una1tered as compared to the wild type.
This finding is entire1y consistent with the proposa1
depicted in figure 2 that 2'-OH serves in the activation of
CoA-substrates and possib1y also in setting up their
orientation at the active center. The contribution of this
hydrogen bond to a 10wering of the substrate pK might be up
to 3-4 pK units. This is not sufficient to account for the
observed pK shifts, and further interactions shou1d be
observed, which will concur in bringing about the effect.
.~
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3'-Deoxy-FAD-MCADH (synthesis of the analog and preparation
of the modified enzyme from pig kidney to be described
e1sewhere) has spectra1 and cata1ytica1 properties c10se1y
simi1ar to those of native pig kidney MCADH (see Tab1e I).
The same behavior of native and modified MCADH is found also
in the reaction with the analog p-NH2-benzoy1-CoA which binds
to both active centers in its "paraquinoid" form.
The
pre1iminary
observation
that
2'-deoxy-FAD-MCADH
is
essentia11y devoid of activity whi1e the activity of 3'deoxy-FAD-MCADH is una1tered as compared to the wild type.
This finding is entire1y consistent with the proposa1
depicted in figure 2 that 2'-OH serves in the activation of
CoA-substrates and possib1y also in setting up their
orientation at the active center. The contribution of this
hydrogen bond to a 10wering of the substrate pK might be up
to 3-4 pK units. This is not sufficient to account for the
observed pK shifts, and further interactions shou1d be
observed, which will concur in bringing about the effect.

The base whieh abstracts the Q-hydrogen as a proton is
Glu376 in MCADH [8,9,4,5] (figure 2).
This is in full
agreement with the properties of the Glu376Gln mutant, whieh
has an aetivity of ~ 0.02% eompared to that of wt-MCADH
[4,19] .
In this context, two aspects are of partieular
interest:
a) There are preeedents for glutarnie acid funetioning
in enzymatie proton abstraction [8,21].
A pK of -7.4 is
refleeted in the pH dependent rate of dissoeiation of
eomplexes of MCADH [22].
This is eomparable with a
earboxylate pK and would imply that the pK of Glu376 is
inereased from -4.5 to -7.4.
A elose inspeetion of the
immediate surroundings of Glu376-COOH in the threedimensional strueture reveals that it is eneapsulated by
hydrophobie residues: the phenyl ring of Phe252 is at -3.lA,
a CH3 - of Leul03 is at -3.4A; and a CH3 -of Va1259 at -3.5A.
Hydrophobie residues also appear to be fairly eonserved at
these positions. An inerease of pK values of organie acids
upon transfer into hydrophobie solvents is a weIl known
effeet in organie ehemistry. The elosest positively eharged
residue is beyond this shell (Arg 256 at 4.5A), and should
thus not have a major effeet on the pK of Glu376. From the
rate/pH profile mentioned above [22] , it is unlikely that
Glu376 is negatively eharged in the uneomplexed, oxidized
enzyme at pH>pK, where the binding poeket ean be assumed to
eontain water.
Thus the existing hydrophobie poeket and
binding of the relatively hydrophobie substrate might eoneur
in inereasing the hydrophobieity of the Glu376-COO·
environment, and this would lead to the pK inerease referred
to above.
b) The residual, 0.02% aetivity of the Glu376Gln mutant
(Table I) rises the question about the identity of a putative
proton abstraeting funetional group in this enzyme poeket.
Most interestingly, the 376Gln mutant behaves very mueh like
wt-MCADH with the exeeption that all the reaetions
investigated so far are slower by approx. 3 to 4 orders of
magnitude as eompared to wt-MCADH (Table I). This allows the
monitoring
of
most
processes
in
a
eonventional
speetrophotometer, as illustrated by the experiment of figure
4.
Binding of substrate is fast and results in a Michaelis
eomplex, whieh is eharaeterized by a red shift of the long
wavelength band of the oxidized flavin (figure 4, eurve 2).
This is followed by reduetion, whieh has a half time of -84
minutes at 5°C as eompared to milliseeonds für pig kidney
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Proton Abstraction
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The base whieh abstracts the Q-hydrogen as a proton is
G1u376 in MCADH [8,9,4,5] (figure 2).
This is in fu11
agreement with the properties of the G1u376G1n mutant, whieh
has an aetivity of ~ 0.02% eompared to that of wt-MCADH
[4,19] .
In this context, two aspects are of partieu1ar
interest:
a) There are preeedents for glutamie acid funetioning
in enzymatie proton abstraction [8,21].
A pK of -7.4 is
ref1eeted in the pH dependent rate of dissoeiation of
eomp1exes of MCADH [22].
This is eomparab1e with a
earboxy1ate pK and wou1d imp1y that the pK of G1u376 is
inereased from -4.5 to -7.4.
A e10se inspeetion of the
immediate surroundings of G1u376-COOH in the threedimensional strueture revea1s that it is eneapsu1ated by
hydrophobie residues: the phenyl ring of Phe252 is at -3.1A,
a CH3- of Leul03 is at -3.4A; and a CH3-of Va1259 at -3.5A.
Hydrophobie residues also appear to be fair1y eonserved at
these positions. An inerease of pK va1ues of organie acids
upon transfer into hydrophobie solvents is a weIl known
effeet in organie ehemistry. The e10sest positive1y eharged
residue is beyond this she11 (Arg 256 at 4.5A), and shou1d
thus not have a major effeet on the pK of G1u376. From the
rate/pH profile mentioned above [22] , it is un1ike1y that
G1u376 is negative1y eharged in the uneomp1exed, oxidized
enzyme at pH>pK, where the binding poeket ean be assumed to
eontain water.
Thus the existing hydrophobie poeket and
binding of the re1ative1y hydrophobie substrate might eoneur
in inereasing the hydrophobieity of the G1u376-COO·
environment, and this wou1d lead to the pK inerease referred
to above.
b) The residual, 0.02% aetivity of the G1u376G1n mutant
(Tab1e I) rises the question about the identity of a putative
proton abstraeting funetiona1 group in this enzyme poeket.
Most interesting1y, the 376G1n mutant behaves very mueh 1ike
wt-MCADH with the exeeption that all the reaetions
investigated so far are slower by approx. 3 to 4 orders of
magnitude as eompared to wt-MCADH (Tab1e I). This a110ws the
monitoring
of
most
processes
in
a
eonventiona1
speetrophotometer, as i11ustrated by the experiment of figure
4.
Binding of substrate is fast and resu1ts in a Michaelis
eomp1ex, whieh is eharaeterized by a red shift of the 10ng
wave1ength band of the oxidized f1avin (figure 4, eurve 2).
This is fo110wed by reduetion, whieh has a half time of -84
minutes at 5°C as compared to mi11iseeonds for pig kidney.
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The spectrum of the mutant enzyme 1.6 x 10-5 M in 0.1 M
phosphate buffer pH 7.6 and at 5°C is shown by curve 1.
Addition of 25 equivalents octanoyl-CoA leads to the
Michaelis complex (curve 2, recorded immediately after
Figure 4.

Reaction of MCADH Glue376Gln mutant with the
substrate octanoyl-CoA.
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MCADH [11,13].
The interaction with the transition state analog p-N02 phenylacetyl-CoA leads to complexes which are spectrally
essential1y identical to those obtained with wt-MCADH. With
the mutant, however, the presumed proton abstraction proceeds
with a t1/2-3. 3 min, while with wt-MCADH it is in the
millisecond range. Interestingly enough, the ~ for binding
of this analog to the 376G1n mutant is approx. one order of
magnitude tighter than to wt-MCADH (2.4 x 10~ compared to
2.3 x 10-~) [19].
Because the basicity of an amide function is most
probably not sufficient to account for the observed residual
activity of the 376G1n mutant, we consider it a likely
possibility that they reflect the intrinsic rate of (not
specifically or through solvent HO- catalyzed) deprotonation
of bound acyl-CoA at position Q.
Several further mutants at position 376 have been
constructed and expressed, but they still await detai1ed
characterization.
The preliminary data obtained for the
Glu376Asp and Glue376G1y mutants (Table I) are in agreement
with the interpretations put forward above.
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the mutant, however, the presumed proton abstraction proceeds
with a t1/2-3. 3 min, while with wt-MCADH it is in the
millisecond range. Interestingly enough, the Kd for binding
of this analog to the 376Gln mutant is approx. one order of
magnitude tighter than to wt-MCADH (2.4 x 10~ compared to
2.3 x 10-~) [19].
Because the basicity of an amide function is most
probably not sufficient to account for the observed residual
activity of the 376Gln mutant, we consider it a likely
possibility that they reflect the intrinsic rate of (not
specifically or through solvent HO- catalyzed) deprotonation
of bound acyl-CoA at position Q.
Several further mutants at position 376 have been
constructed and expressed, but they still await detailed
characterization.
The preliminary data obtained for the
Glu376Asp and Glue376Gly mutants (Table I) are in agreement
with the interpretations put forward above.
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Figure 4.

Reaction of MCADH Glue376G1n mutant with the
substrate octanoy1-CoA.

The spectrum of the mutant enzyme 1.6 x 10-5 M in 0.1 M
phosphate buffer pH 7.6 and at 5°C is shown by curve 1.
Addition of 25 equiva1ents octanoy1-CoA leads to the
Michaelis comp1ex (curve 2, recorded immediately after
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VQLHGGWGYMWEYPIAKAYVDARVQPIYGGTNEIMKELIAREIVFDK
IQCLGGNGYINDFPMGRFLRDAKLYEIGGGTSEVRRLVIGRAFDANFR
IQILGGMGYVTEMPAERYYRDARITEIYEGTSEIQRLVIAGHLLRSYRS
IQILGGMGYVTEMPAERHYRDARITEIYEGTSEIQRLVIAGHLLRSYRS
VQIFGGYGFNTEYPVEKLMRDAKIYQIYEGTAQIQRLIIAREHIEKYKN
VQILGGNGFNTEYPVEKLMRDAKIYQIYEGTSQIQRLIVAREHIDKYKN
VQVFGGNGFNTEYPVEKLMRDAKIYQIYEGTAQIQRIIIAREHIGRYKN
RMACGGHGYSHSSGIPNIYRTFTPACTFEGENTVMRLQTARFLMKIYDQ
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Figure 5. Comparison of C-terminal sequences of LCADH from
rat (RL) , and human (HL); isovaleryl-CoADH (IV); SCADH from
rat (RS), and human (HS); MCADH from rat (RM), human (HM) and
pig (PM); and acyl-CoA oxidase (OX). The arrows (1t) denote
Tyr375 and Glu376.
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350

addition). The progressive reduction of the enzyme flavin
is reflected by curves 3 and 4, which are recorded at 75 min
and 975 min, and leads to a charge transfer complex with a
maximum at 570nm. Curve 5 represents the maximal extent of
reduction at 25°C. The insert shows the decrease of the
absorbance of the flavin at 450 nm as a function of time.

We have aligned the sequences of human and rat LCADH,
IVADH (rat), SCADH (human and rat), MCADH (human, rat, and
pig) and of acyl-CoA oxidase [23], as shown in figure 5.
From this comparison, several interesting relationships
emerge.
It is important to note that the conservation of
Tyr375, which flanks Glu376 in the active center in 7 out of
9 proteins , acyl-CoA oxidase being possibly a relevant
exception. From the three- dimensional structure and from
chemical considerations, it is unlikely that the Tyr375 has
a direct chemical function.
On the other hand, in
glutathione reductase (GTR) , a tyrosine is present in the
active center of reduced, uncomplexed GTR, where it "covers"
the isoalloxazine moiety thereby protecting it from attack
by molecular oxygen [24]. In the complex of reduced GTR with
the NADH+, this tyrosine swings away to permit dissociation
of the nucleotide.
ON THE ROLE OF TYR375

We have aligned the sequences of human and rat LCADH,
IVADH (rat), SCADH (human and rat), MCADH (human, rat, and
pig) and of acyl-CoA oxidase [23], as shown in figure 5.
From this comparison, several interesting relationships
emerge.
It is important to note that the conservation of
Tyr375, which flanks Glu376 in the active center in 7 out of
9 proteins , acyl-CoA oxidase being possibly a relevant
exception. From the three- dimensional structure and from
chemical considerations, it is unlikely that the Tyr375 has
a direct chemical function.
On the other hand, in
glutathione reductase (GTR) , a tyrosine is present in the
active center of reduced, uncomplexed GTR, where it "covers"
the isoalloxazine moiety thereby protecting it from attack
by molecular oxygen [24]. In the complex of reduced GTR wi th
the NADH+, this tyrosine swings away to permit dissociation
ofcthe nucleotide.
ON THE ROLE OF TYR375

addition). The progressive reduction of the enzyme flavin
is reflected by curves 3 and 4, which are recorded at 75 min
and 975 min, and leads to a charge transfer complex with a
maximum at 570nm. Curve 5 represents the maximal extent of
reduction at 25°C. The insert shows the decrease of the
absorbance of the flavin at 450 nm as a function of time.
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Figure 5. Comparison of C-terminal sequences of LCADH from
rat (RL) , and human (HL); isovaleryl-CoADH (IV); SCADH from
rat (RS), and human (HS); MCADH from rat (RM), human (HM) and
pig (PM); and acyl-CoA oxidase (OX). The arrows (fl) denote
Tyr375 and Glu376.
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Figure 6.
Comparison of catalytic properties of wt-MCADH
with those of the Tyr375Phe mutant.
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A simi1ar role of Tyr375 in the acyl-CoA dehydrogenases
is an attractive hypothesis in particular, be~ause the
oxidase lacks the tyrosine residue and, hence, the protection
towards oxygen as described above (figure 5).
The
crystallographic data show that, in uncomplexed MCADH, Tyr375
occupies part of the active center cavity. In the comp1ex
with acetoacetyl-CoA this side chain moves away and rotates
along its axis, and TyrOH375 is hydrogen bonded to Thr-OH96,
to Tyr-OH372 and to Gln2l7.
It is likely that
substrate/product binding will affect this network of
hydrogen bonds. The Tyr375Phe mutant of human MCADH was thus
constructed,
expressed
in
E.
coli,
and
partial1y
characterized in order to verify the above hypothesis.
5

The absorption spectrurn of oxidized Tyr375Phe MCADH and
the €4~ nm are essentially identical to those of wt-MCADH.
The mutant is readily reduced by octanoyl-CoA and the
spectrurn of the product is similar, but not identical, to
that of wt-MCADH in that the charge-transfer band at -570 nm
is less intense. This clearly indicates that the mutation
does not affect significantly the ~'s for binding of
substrate and product nor their ratio ~,oxl~,red (cf, scheme
2) .
Remarkably, the catalytic activity is approximately
twice that of wt-MCADH, while Km is increased from 5.5 ~M
(wt) to 45 ~M (Table I).

The absorption spectrum of oxidized Tyr375Phe MCADH and
the €4~ nm are essentia1ly identical to those of wt-MCADH.
The mutant is readily reduced by octanoyl-CoA and the
spectrum of the product is simi1ar, but not identical, to
that of wt-MCADH in that the charge-transfer band at -570 nm
is less intense. This c1ear1y indicates that the mutation
does not affect significantly the I<e1' s for binding of
subs trate and produc t nor their ratio I<e1,oxlI<e1,red (cf, scheme
2) .
Remarkab1y, the cata1ytic activity is approximate1y
twice that of wt-MCADH, while Km is increased from 5.5 ~M
(wt) to 45 ~M (Tab1e I).
5

A similar role of Tyr375 in the acyl-CoA dehydrogenases
is an attractive hypothesis in particular, be~ause the
oxidase lacks the tyrosine residue and, hence, the protection
towards oxygen as described above (figure 5).
The
crystallographic data show that, in uncomplexed MCADH, Tyr375
occupies part of the active center cavity. In the complex
with acetoacetyl-CoA this side chain moves away and rotates
along its axis, and TyrOH375 is hydrogen bonded to Thr-OH96,
to Tyr-OH372 and to Gln2l7.
It is likely that
substrate/product binding will affect this network of
hydrogen bonds. The Tyr375Phe mutant of human MCADH was thus
constructed,
expressed
in E.
coli,
and
partially
characterized in order to verify the above hypothesis.
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Figure 6.
Comparison of cata1ytic properties of wt-MCADH
with those of the Tyr375Phe mutant.

Figure 7. Comparison of reoxidation of wt-MCADH and of the
Try375Phe mutant: The oxidated enzymes, 9.3 x 10~ M, (0-0, wt), and 9.7 x 10~ M, (0--0, Tyr375Phe mutant) in 0.1 M
phosphate buffer, pH 8.0, were reactived aerobica11y with 1.4
equiva1ents octanoy1-CoA at 25°C.
Upon completion of the
reaction the reoxidation was fo11owed by monitoring the
absorbance changes at 450 nm.
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Turnover activity was measured in 50 mM phosphate buffer
containing 0.1 mM EDTA, pH 7.6 using ferricenium [200 pM] as
acceptor [25], enzyme concentrations of -10~, and the
substrate concentrations shown.
(1)

Of particular interest is the comparison of the
reoxidation of wt-MCADH with that of the mutant. The rate
of reoxidation is significantly faster for the mutant, t1~25
min as compared to -120 min for wt-MCADH (figure 7). On the
other hand, reoxidation of wt-MCADH shows a marked lag phase,
which is reasonab1y attributed to the presence of excess
substrate which has to be consumed before reoxidation ensues.
In contrast to the wt, this lag phase is comp1ete1y absent
in the Try375Phe mutant.
This might be taken as an
indication that oxygen reactivity is faster in the mutant.
The alternative of a faster release of enoyl-CoA to yield
oxygen sensitive, free reduced enzyme cannot be exc1uded at
present. It is neverthe1ess c1ear, that Try375 does playa
ro1e in substrate/product recognition. On the other hand,
the Try375Phe mutant does not affect significantly the
dehydrogenase half reaction but affects direct1y or
indirectly the reoxidation half-reaction.

Of particular interest is the comparison of the
reoxidation of wt-MCADH with that of the mutant. The rate
of reoxidation is significantly faster for the mutant, tl,/r25
min as compared to -120 min for wt-MCADH (figure 7). On the
other hand, reoxidation of wt-MCADH shows a marked lag phase,
which is reasonab1y attributed to the presence of excess
substrate which has to be consumed before reoxidation ensues.
In contrast to the wt, this lag phase is comp1ete1y absent
in the Try375Phe mutant.
This might be taken as an
indication that oxygen reactivity is faster in the mutant.
The alternative of a faster release of enoyl-CoA to yield
oxygen sensitive, free reduced enzyme cannot be exc1uded at
present. It is neverthe1ess clear, that Try375 does playa
role in substrate/product recognition. On the other hand,
the Try375Phe mutant does not affect significantly the
dehydrogenase half reaction but affects directly or
indirectly the reoxidation half-reaction.
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Figure 7. Comparison of reoxidation of wt-MCADH and of the
Try375Phe mutant: The oxidated enzymes, 9.3 x 10~ M, (0-0, wt), and 9.7 x 10~ M, (0--0, Tyr375Phe mutant) in 0.1 M
phosphate buffer, pH 8.0, were reactived aerobica11y with 1.4
equivalents octanoy1-CoA at 25°C.
Upon cornpletion of the
reaction the reoxidation was fo11owed by monitoring the
absorbance changes at 450 nm.
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In contrast to this, the mechanism by which the protein
"activates" the substrate by lowering its pK (deprotonation
at a position) only begins to emerge. The -OH function at
the position 2' of the flavin-ribityl side chain appears to
playa hitherto unrecognized role. It probably contributes
in lowering the pK of the substrate a-C-H via formation of
#,.

measured with the ferricenium assay [25].
measured with the PMS/DCPIP assay [26].
measured not under V rnu conditions with ferricenium
[25] .
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CONCLUSIONS:

a, p-Dehydro,enation by MCADH /139

The results reported here. although preliminary, clearly
confirm the role of Glu376 as the proton abstracting base.
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Table I:
Selected properties of wild type MCADH, of some
mutants, and of pig kidney MCADH reconstituted with FAD
analogs modified at the ribityl side chain.
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a hydrogen bond to the thioester carbony1, and might playa
ro1e in the orientation of substrate at the active center.
This wou1d be the very first time that anything "outside the
isoa110xazine ring" of f1avin nuc1eotides was recognized to
playa ro1e in cata1ysis. The ro1e of Tyr375 appears to be
important in affecting specificity and the interactions with
substrate and products.
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