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Introduction

From the mechanistic point of view, the dehydrogenation of fatty acids (as

CoA esters), and of a few other biologically relevant molecules, such as

succinate, is unique in that it involves the rupture of two kinetically

stable C-H bonds. This is contrary to the flavin dependent dehydrogenation

of most other substrates, as has been discussed elsewhere (1,2). Generally

a single C-H bond, which is flanked by a (kinetically) labile -X-H (or X-)

group (X 0

dehydrogenation

is as follows:

or NR), is broken during catalysis. The stereochemistry of

is pro-2R, pro-3R, trans (3,4), and its minimal formulation

H H
-C-C-COX
HH

+Flox -C=C-COX
HH

(X S-CoA)

With respect to its molecular mechanism the following questions are of

particular importance:

a) What is the mode of rupture of the two C-H bonds? (hydride transfer,

radical abstraction, carbanion mechanism or a combination of the same).

b) Is the mechanism sequential or synchronous/concerted? (do intermediates

occur?). What is the breaking sequence of the C-H bonds?

c) Which of the two hydrogens (if any) is transferred to the flavin?

d) By which mechanism are the redox equivalents transferred from the

substrate to the flavin acceptor (hydride or radical transfer, or

covalent catalysis)?

http://www.ub.uni-konstanz.de/kops/volltexte/2008/6627/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-66274
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Dehydrogenation is Initiated by Abstraction of the ~-Hydrogen as a Proton

The ~ C-H bond of fatty acid CoA derivatives is weakly a~idic due to the

presence of the thioester group; its pK might be close to that of ketones

(5). The similarity of thioesters to ketones is evidenced by the finding

that the latter function can be substituted to the former in a thioester

whichanalog,

dehydrogenase

enzyme active

retains full substrate activity for general acyl-CoA

(6). Deprotonation at position ~C-H will be assisted by an

center base, probably a carboxylate (7), and leads to a

carbanion, which is stabilized by mesomerisation to the enolate (Scheme 1).

It is important to point out, however, that the pK of the ~C-H group is

likely to be )16 (5). Even if the protein might affect it, the difference

between the microscopic pK's of the protein base and that of the ~C-H will

still be large. Consequently, the equilibrium of Scheme 1 will lie far to

the left, and the carbanion should be considered a transient species rather

than a true intermediate.

Scheme 1:

-B +
~ J;I ~O

-C-C-C
HH 'S-R

+
[

~ 'l0
-C-C-C
HH 'S-R

H ,0], '/
-C-C-C

" ,H H S-R

This consideration already suggests part of the answer to question a)

raised in the Introduction: Deprotonation of the ov C-H bond is a

thermodynamically feasible event. Contrary to this, the reactivity of the

G-C-H bond is essentially that of an alkane (pK»20). It might, however, be

affected by chemical modification at the oc:,carbon.

In the past evidence has accumulated in favour of a carbanion initiated

mechanism, and this is now accepted by general consent. This evidence has

been reviewed elsewhere and will only be summarized here:

Fendrich, and Abeles have shown (7), that vinylacetyl-CoA is tautomerised

to cronotyl-CoA (i, Scheme 2), and that fluoride is eliminated from

3-fluoro-thioesters (ii, Scheme 2) in the presence of butyryl-CoA

dehydrogenase (7). The allenic 3,4-Pentadienoyl-CoA is isomerised to the

2,4-diene by general acyl-CoA dehydrogenase (iii, Scheme 2)(8,9).

3-Ynoyl-thioesters inactivate acyl-CoA dehydrogenases, probably via

isomerisation to the 2,3-allenyl-derivatives (iv, Scheme 2) (5,10).
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Scheme 2:

H ~
i) ~ .'H2C=CH-CH-COSR- ~ H2C-HC=CH-COSR-

ii)
..~

R-CH=CH-COSR- - + H+R-CH-CH-COSR- ~ + F
.et."

f., ~~ H
iii) H2C=C=CH-CH-COSR- ----;;.. H2C=C-HC=CH-COSR-

iv) ... /'
-C=C-CH-COSR-

H
-C=C=CH-COSR- (Inacti vation)

Possible Modes of Transfer of Reducing Equivalents

between Substrate and Flavin

As discussed above catalysis is likely to be initiated by abstraction of

the oc-proton (Scheme 1). For the transfer of reducing equivalents from the

transient carbanion to the oxidized flavin (and for the reversal of this

reaction) several routes are conceivable, as shown in Scheme 3, and as

pointed out elsewhere and by others (2,11,12,13).

The simplest alternative consists in the expulsion of a hydride from the

carbanion transient, and its addition to the flavin position N(5) (Scheme

3, A). While this mechanism indeed appears most reasonable, the contention

should be kept in mind, that oxidised flavin is a poor hydride acceptor

hydride mechanism might be verified by demonstrating

labelled B-hydrogen from substrate, as will be discussedof

This

incorporation

below.

Oxidation of the transient carbanion by transfer of one electron to the

(12,14).

flavin to form a radical pair could proceed by two routes, as shown in

Scheme 3, (B,a), and (B,b). This is similar to the very first mechanistic

proposal for the oxidation of activated fatty acids put forward by

Cornforth in 1959 (15). It also is a reasonable mechanistic alternative,

since radical oxidation of carbanions is a feasible reaction (11).
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Depending on whether such a reaction would proceed via a neutral (Scheme 3,

B,a), or a radical anion (B,b), incorporation of the ~-or of the

B-hydrogen into the flavin might result. Collapse of the radical pair, on

the other hand, would lead to covalent intermediates (Scheme 3, C). A

(negative) test of such a radical transfer mechanism might involve the use

of S-deaza-S-carba-flavin analogs, for which a radical transition state

would be very unfavourable energetically (16). Formation of flavin radicals

upon addition of substrate to acyl-CoA dehydrogenase has been recently

claimed (17).

Scheme 3:

A

B

, (t

(t-
':' ,

- BI." H.a ~.." ~
-.- -C-C-COSR
~ 11

H H + -HC=CH-COSR

c
JQrN:cN'I"Oo NH

N •/0
~ H

-C-C-COSk
I I

H H

, t'

:c:-r:-
1:1 HT"

-C-C-COSR
..... I

-BI .... H H

-HC=CH-COSR
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In general, transfer of reducing equivalents via covalent intermediates is

an attractive mechanism which has been postulated to function in the the

dehydrogenation of ex. -hydroxy- and 0<. -amino acids Cl, 18,19). Covalent

catalysis, as shown on Scheme 3, (C,a,b) has been explored by Venkataram

and Bruice for the reaction of reduced flavins with maleimides, as models

for the o<.,B-dehydrogenation reaction (13). In this model system it is

clear, that flavin C(4a)-adducts are intermediates, while N(5)-adducts do

not seem to occur (13). While this route might be viable for the oxidation

of succinate, in which the B-hydrogen also is relatively acidic, in the

case of fatty acid derivatives the low acidity of the B-C-H group in

adducts such as those depicted in Scheme 3 (C), might be a difficult

problem to overcome. The intrinsic acidity of this group is not likely to

be strongly affected by formation of the bond to the flavin N(5), since

this nitrogen does not carry a positive charge. The pK of B-C-H is likely

to be comparable to that of the same function of (N-unprotonated) amino

acids. An experimental test of covalent mechanisms also might involve the

use of 5-deazaflavins. This is a reasonable expectation since substrate

analogs, such as 3,4-pentadienoyl-CoA, have been found (8,9) to react with

normal, as well as with 5-deaza-FAD reconstituted general acyl-CoA

dehydrogenase. In both cases a covalent, N(5) or C(5) adduct was formed,

which, in the second case was stable and could be isolated (8,9). Quite in

general, intermediates such as those in Scheme 3, middle vertical row,

should be accessible to detection by spectroscopic methods if they were to

occur in appreciable concentrations during catalysis.

Spectral Course of the Reaction of General Acyl-CoA Dehydrogenase (GAD)

with the Substrate Butyryl-CoA

The method of choice for the spectroscopic study of reaction intermediates

occuring in flavin catalysis is repetitive scanning, since in most cases

sufficient spectral changes can be expected. With general acyl-CoA

dehydrogenase the oxidized (20), semiquinone (21), and reduced species (20)

are well characterized (see also Fig. 1). Under standard conditions (pH

7.6, 250
, octanoyl-CoA as substrate) reduction is, however, much too fast

to be followed with conventional spectrophotometers. We succeeded in

slowing it down sufficiently by running it at _20 to 0
0

, pH 6.1, and by

using fully deuterated butyryl-CoA as a substrate (22).



~o

Fig. 1 shows such an experiment. Immediately upon addition of substrate the

spectrum of the oxidized enzyme is perturbed in a fashion typical for its

complexation with CoA derivatives (6,20). Thereafter the reaction proceeds

strictly isosbestic in the region 310-500 nm. As will be detailed later,

this reaction is typically triphasic (22,23). In the range 510-700 nm a weak

charge transfer absorption, which is characteristic of the reduced

enzyme/product complex develops first, and subsequently decays biphasically

(23). The final spectrum is identical to that reported by Thorpe et al. for

the reaction with (protio) butyryl-CoA (20). The rates of reduction at pH

7.6 and at pH 9.0 are faster, as observed also for the pig liver enzyme

(24). The spectral course of the reaction, however, was qualitatively the

same at all pH values studied. It is important to note that in no case could

evidence for intermediates be obtained. Also, no indications were found for

the occurrence of intermediates of the type proposed by Reinsch et al. (24)

to occur in the reaction of pig liver enzyme with the same substrate.

Studies with General Acyl-CoA Dehydrogenase

and Selectively Deuterated Butyryl-CoA

Deuterated substrates have been used at various occasions for the study of

~,B-dehydrogenation. With the bacterial enzyme butyryl-CoA dehydrogenase,

small isotope effects (kH/kH~1.2-2) were found in turnover and single

turnover experiments (25). For the medium chain length specific

dehydrogenase Murfin (26) reports values of 3.5, 5.8, and 17 for~, B- and~

+B deuterated substrates. Reinsch et al (24) report values of 30-50 for

perdeutero butyryl-CoA. In view of these inconsistencies, we have

investigated the reaction of general acyl-CoA dehydrogenase from pig kidney.

This enzyme is different as compared to other acyl-CoA dehydrogenases

investigated earlier (27,28), in that it does not show the typical

long-wavelength absorbance in its native state (20). This spectral effect is

due to tight binding of a CoA-persulfide to the oxidized enzyme (29). Thus

kinetic complications due to interaction with this ligand should not arise

with pig kidney GAD.

1) Turnover studies.

The results of turnover studies carried out by Pohl (21) under standard

conditions (20) using selectively deuterated substrates are summarized in
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Figure 1: Spectral course of the anaerobic reaction of

General Acyl-CoA Dehydrogenase with Butyryl-CoA

The enzyme (20 ~M in 50 mM phosphate buffer pH 6.1) was reacted at 00 with
perdeutero butyryl-CoA (200 ~M). The figure is composed from two identical
experiments in which the spectral ranges 720-520 (right hand side), and
540-310 nm (left hand side) were scanned. The curves shown were recorded at
progressively increasing intervals (Beginning each 40 s; end each 10 min).
Examples: Curves 1: 11.3 sec at 446 nm and "V 8 s at 560 nm; curves 2: 47 s
and 26 sec (446 resp. 560 nm); curves 7: 3.9 min and 5.5 min (446 resp.
560 nm); curves 13: 8.8 and 18.2 min (446 resp. 560 nm) and curves 19: 24.5
and 54 min (446 resp. 560 nm). For detailed conditions we refer to (23).
Note that the signal at ~600nm is due to an instrumental artefact.
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Table 1 .. They indicate that substantial isotope effects are connected with

the cleavage of the ~- and of the B-C-H bonds. In their magnitude they are

comparable to those found by Murfin for the "medium chain" dehydrogenase

(26).

Table 1. Kinetic constants for the reaction of General Acyl-CoA

Dehydrogenase with selectively deuterated Butyryl-CoA Substrates

Substrate
K

m

( IlM)

CH 3-CH2-CH2-COSCoA 78 50 10.0

CD
3

-CH
2

-CH
2

-COSCoA 78 50 nd

CH
3

-CH2-CD
2
-COSCoA 33 2.4 50 5.5 1.8

CD3-CD2-CH2-COSCoA 22 3.5 50 0.7 14.3

CD3-CD2-CD2-COSCoA 9 8.7 33 0.35 28.6

CH3-C(R)D,H-C(R)D,H-COSCoA nd nd nd 0.35 28.6

*The rate k
obs

is that of the first rapid reduction phase, compare with
Fig. 2.

2) Single turnover (stopped flow) studies

When oxidized enzyme is reduced anaerobically with the butyryl-CoA

derivatives listed in Table 1, a triphasic decrease of the absorption of

the oxidized flavin is observed (Fig., 1 and 2). The third phase of this

process has a t
1

/
2

of 2-3 min, it is independent from deuteration and, at

first approximation, also from the concentration of the substrate. Similar

to this is the slowest phase of absorbance decay at 560 nm. This slow phase

cannot be involved in catalysis since it is slower than Vmax by several

orders of magnitude; it might be related to slow dissociation of

crotonyl-CoA from the reduced enzyme complex and its replacement with

butyryl-CoA, as proposed by Thorpe et al (20), and as shown in Scheme 5.

The kinetic traces were analyzed as shown in Fig. 2.B, the rate constants



393

0

50

E
c

<J:) 100......
w
<..> 150z
<{
ro
Cl:
0
lfl 200ro«
<l

250

A

X 0.45

)(1.0 mm

... .....
ENOf'OlNT ..

1OOr---------------,

B
50

2

TIME

6 B 10

12 .. 20 TIME IsI

10 TIME '''''''J

Fig. 2A: Kinetic course of the reaction of General Acyl-CoA

Dehydrogenase with Butyrvl-CoA.
-sThe enzyme (3xlO H in ~S mH phosphate buffer, pH 7.6) was reacted

with butyryl-CoA (7.SxlO H) at 2S
o
anaerobically in the stopped-flow

spectrophotometer.

Fig. 2B: Semilogaritmic analysis of spectral changes occurring during the

reaction of general acyl-CoA dehydrogenase with butyryl-CoA.

The conditions were as in Fig. 2A,
however perdeutero butyryl-CoA was used. Curve (.) shows the slowest phase
of the reaction (t l /

2
= 4.6 min, lower time scale). Curve (.): rapid

phases plotted on the faster time range. Curve(1:f.-) represents the plot of
the previous curve (.) after subtraction of the slowest phase (.)
(t] j'7 = 3.3 s). Curve (0): Plot of the preceding curve (-A-) after
suBstraction of the slow phase of curve (.) (t

1
/

2
= 1.9 s).

obtained for the first rapid phase are listed in Table 1. Similar isotope

effects were observed also on the second, slower phase. A main feature of

kinetic traces, such as those shown in Fig. 2, is the dependence of the

"extent of reduction" (i.e. the ~ OD of phase 1 + phase 2) from the

concentration of the substrate. This dependence saturates at concentration

5xlO-4 M (not shown). Importantly, the end point of phases 1 + 2 was

constant when the same concentration of protio and deuterated butyryl-CoA

substrates was employed. Such a saturation behaviour is compatible with the

fully and rapidly reversible equilibria of Scheme 4.
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k

l k
3

Scheme 4: A '> B > C..
k2 k4

In such a system it would be required that the ratio k3/k4 is close to I

for butyryl-CoA as a substrate. Furthermore, this indicates that step k
4

must have an isotope effect similar to that on k3 • This interpretation is

in line with the proposals of Thorpe et al. (20), and in particular with

the observations, that the extent of reduction depends on the chain length

of substrate (20), and on the redox potential of the flavin bound to the

enzyme (30). Also, simulations of the kinetic traces using the kinetic

scheme shown above (Scheme 4), requires step k4 to have a similar isotope

effect as k3 , in agreement with a small equilibrium isotope effect. The

finding of such an isotope effect on k4 suggests that no (rapid) hydrogen

exchange can occur at the level of C, and that the base(s) functioning in

H-abstraction are monofunctional. A general discussion of the kinetic

behaviour of this enzyme will be published elsewhere (23). The data

presented in Table I were selected in order to illustrate the main points

emerging from the investigations. First, the breaking of both the (X- and

the B-C-H bond take place concomitantly with flavin reduction. The

observation that ~ and B isotope effects are multiplicative is compatible

with a concerted mechanism as proposed by Murfin (26). Secondary isotope

effects, if present, could not be detected with our system. The difference

in isotope effect between rates of turnover, and rate of enzyme reduction

indicates that the rate of reoxidation (ks ' Scheme 5) is partially rate

limiting. The rate of ks can be estimated using the appropriate turnover

equation as 3.8-5 s-l and is largely independent from the butyryl-CoA

used. It thus does not show a relevant isotope effect (NI.3). Consequently

this rate ks does not depend on the rupture of an X-H bond the -H of which

resulting from the substrate. Km values calculated for the various

deuterated substrates using the equation Km = (k2k4 + k2ks + k3ks)/k l (k3 +

k4 + ks) and kinetic rates used for the simulation of stopped-flow results
2 2are 76, 86, 140, and 97 ~M for protio, (X H2 , B H2 , and perdeutero

butyryl-CoA respectively. They compare with corresponding Km values of 50,

50, 50, and 33 ~M estimated graphically from double reciprocal plots of

turnover studies (22).
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We consider this a reasonable agreement, in particular in view of the

difficulties involved in the evaluation of multiphasic kinetic traces (cf.

Fig. 2). The kinetic data can thus be described by the sequences of Scheme

5, as also proposed by others (20).

EFl d-Sre

Scheme 5:

EFlox + s

p

EFl -p
ox

Jt=

No attempt is made here to explain the biphasic kinetic behaviour observed

in pre steady state experiments (Fig. 2). This will be attempted in a

forthcoming publication (23).

Exchange of Protons of Butyryl-CoA Catalyzed by Butyryl-CoA Dehydrogenase

The exchange of the ~- and of the B-H of butyryl-CoA has been demonstrated

by Gomes et al. to occur in the presence of bacterial butyrl-CoA

dehydrogenase (31). However no further details were reported on this

reaction. We have studied the incorporation of solvent 3H under anaerobic

conditions in the presence of the same enzyme and have found that two

equivalents of label are incorporated in each substrate molecule (32). The

time dependence of incorporation is monophasic over 5-6 half lives,

indicating that the two hydrogens are exchanged at the same rate. This rate

of exchange is ~300 substrate molecules exchanged/min/molecule of enzyme

and thus at least as fast as the rate of turnover (,.... 200 moles

substrate/min/mole enzyme (27». 1NMR analysis of the substrate after

anaerobic incubation in 2H20 shows that one hydrogen has been exchanged at

each of the positions ex, and B (32).
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Exchange of Protons of Butyryl-CoA Catalyzed by General Acyl-CoA

Dehydrogenase

While the exchange catalyzed by the bacterial dehydrogenase is fast, in the

presence of pig kidney dehydrogenase only a slow exchange of the cx,-H could

be demonstrated by direct IHNMR analysis (32). In the presence of an 500

fold excess substrate the half time of exchange was approx. 45 min (32).

The results of these experiments are summarized in Table 2, where they are

also compared to exchange experiments carried out with acyl-CoA

dehydrogenases from other sources.

Table 2:

Exchange of ~- and B-Hydrogens Catalyzed by Acyl-CoA Dehydrogenases

Enzyme
(Source)

Exchange
(position)

ReI. rate
of exchange

References

Bu-CoA DH (pig liver) cx.and 13

Bu-CoA DH (Clostr. kluyvery) none

Enoate reductase (Clostr. Lal) none

Bu-CoA DH (M. elsdenii) 0.: and 13
Bu-CoA DH ()(,and B

GAD (ox liver) IXand 13

" (rat liver) 01.,

(pig kidney) Cfv

" (5-deaza-FAD enzyme) none

ex.» B

n.d.
ex. = B

00 B

Biellmann & Hirth (3)

BUhler (33)

BUhler (33)

Gomes et al. (31)
Ghisla et al. (32)

Murfin (26)
Ikeda & Tanaka (34)
Ghisla et al. (32)

Ghisla and Thorpe,
unpublished

Evidence for the Transfer of the B-Hydrogen from Butyryl-CoA

to the Flavin Position 5

The analysis of transfer of a labelled substrate hydrogen to the flavin

N(5) cannot be carried out with normal FAD. In 1,5-dihydroflavin N(5)-H is

likely to exchange fast with solvent. Furthermore, analysis of

dihydroflavins is difficult due to their sensitivity to O2 , Oxidation would

also remove the N(5) hydrogen. Therefore 5-deaza-FAD was used for this
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experiment; with this analog rapid exchange with the solvent does not

occur, and reoxidation is very slow. On the other hand, due to their low

redox potential 5-d-FAD bound to apo-GAD is not reduced by substrate (32).

The reaction was thus conducted in the reverse direction, i.e. starting

from reduced, C(5)-labelled 5-d-FAD-GAD and crotonyl-CoA:

Scheme 6:

*H-LABEL

*H

50 % CH3-9-CHZ-COS-COA
H

Labelled reduced 5-d-FAD enzyme was obtained either by direct reduction of

oxidized 5-d-FAD-GAD with NaB 3H
4

, or by reduction of free oxidized 5-d-FAD

with the same reagent and subsequent reconstituion of holoenzyme with

apo-GAD (Scheme 6). In the first case 0.9 equivalents were incorporated

into butyryl-CoA. This shows that BHZ reduction of enzyme bound flavin is

selective for the flavin side (Re or Si), which also interacts with

substrate. In the experiment using prereduced 5-d-FAD 50 % of the label

present in reduced 5-d-FAD-GAD was incorporated into butyryl-CoA, and the

residual 50% remained with the (oxidized) 5-d-FAD-enzyme (32). This is as

as expected for random labelling of C(5)-H 2 in reduced 5d-FAD. The butyric

acid position into which the *H label was incorporated was determined
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by incubation of the product with strong alkali at 1100 (26). Under these

conditions only the ~-H should exchange. Since only little label was

released, it must have been incorporated into the ft-position (Scheme 6).

In a companion control experiment, which was carried out using (2R3 , 3R3)

butyryl-CoA, 50 % of the label was released (32). The label introduced into

butyryl-CoA in this experiment (and originating from 5-d-FAD) was removed

completely when the butyryl-CoA was incubated in the presence of electron

acceptors with either GAD or butyryl-CoA from M. elsdenii. This proves that

these enzymes have the same stereochemistry for the substrate ft-position.

Reduced 5-d-FAD-General Acyl-CoA Dehydrogenase and Reduced Native Enzyme

React at Similar Rates with Crotonyl-CoA

Reoxidation of reduced 5-d-FAD-GAD is essentially complete with one

equivalent crotonyl-CoA (32). This is contrary to the reaction of reduced

native butyryl-CoA dehydrogenase, where an internal equilibrium is attained

consisting of ~ 80 % oxidized and 20 % reduced enzyme (25). The rate of

reoxidation of native reduced GAD by Crotonyl-CoA is 2.6 sec-
l

a value

which is in good agreement with the rate of 3.7 s-l obtained by computer

simulation of the reduction of oxidized enzyme with butyryl-CoA (23). The

rate of the reoxidation of reduced 5-d-FAD-GAD by crotonyl-CoA is 11.1 s-l

(32) and that of the deutero 5-d-FAD enzyme 2.2 s-l, yielding an isotope

effect of 5.

Mechanistic Conclusions

The results discussed above clearly establish, that the B-hydrogen of

substrate is transferred to the flavin position S. The question whether

this transfer is direct, or proceeds via e.g. covalent intermediates, as

proposed by Venkataram and Bruice (13) cannot, as in many analog cases, be

answered directly. Intermediates could occur transiently, and thus escape

detection. In our opinion, however, there are two arguments that speak for

a direct hydride transfer: First, as already pointed out above, the

B-hydrogen in a covalent adduct should not be particularly acidic,

suggesting that covalent adduct formation might not be a convenient way for

lowering the activation energy of catalysis. Secondly, if the B-hydrogen is

transferred to the position 5 of the flavin via a covalent adduct involving
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position C(4a), then this hydrogen must be abstracted as a proton, and the

flavin position 5 should act as a base. This might be conceivable in the

case of normal flavin, however not with 5-d-flavin. This brings up the next

point, i.e. whether the reaction observed with normal and with

5-deaza-flavins occur by the same mechanism. This long disputed point (14)

has not yet been answered satisfactorily. However, in the present case, a

very important argument speaks in favor of the same mechanism. Both sets of

reactions proceed at closely similar rates. If they were to proceed by

basically different pathways, it is most likely, that different

orientations of substrate, active center bases, and flavin would be

required, and this would most probably also result in different reaction

rates. With respect to the mechanism of exchange of substrate Ct-, and

B-hydrogens, it is most probable that this occurs at the level of the

complex of reduced flavin and enoyl-CoA (Scheme 7).

Scheme 7:

Jr

EXCHANGE

EXCHANGE

EXCKANGE:

j[

"r8rNy,~yO
~N~NH

I "H 0

CH 3-~ =CH -COSR
H

-8 H$

If SLOW

TRANS I T I ON

STATE

, e

:©tNJCN'l'Oo I N
N H
, "
H 0

_BH IIl

EXCHANGE + CHrHC=CH-COSR
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Exchange of the ~-hydrogen at the level of the carbanion-oxidized flavin

complex is not supported by the kinetic results, and is also not

reasonable, since such a complex should be a true transient state, contrary

to the proposal of others (24). Exchange at the level of free reduced

enzyme also is improbable, at least in the case of pig kidney GAD, since

dissociation of product has been proposed to be slow (20), and exchange is

not influenced by the presence of oxygen. We (32) thus propose that

exchange occurs at the level of the reduced enzyme enoyl-CoA complex, and

that the

dehydrogenase

different

and GAD

patterns

result

of exchange observed with butyryl-CoA

from a different degree of exposure to the

solvent of the ~-proton, which has been abstracted by a base, and of the

B-proton, which should be bound to the flavin N(5) position (Scheme 8).

The mechanism of ~ ,B-dehydrogenation is thus proposed to proceed in a

concerted way, as shown in Scheme 8, i.e. in a complex in which the

substrate is placed between the flavin plane and a base functioning in the

abstraction of the ex-proton.

Scheme 8:

•

Ihlliams, C.H.,
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