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ABSTRACT: The flavin adenine dinucleotide (FAD) cofactor of pig kidney medium-chain specific acyl-
coenzyme A (CoA) dehydrogenase (MCADH) has been replaced by ribityl-3′-deoxy-FAD and ribityl-
2′-deoxy-FAD. 3′-Deoxy-FAD-MCADH has properties very similar to those of native MCADH, indicating
that the FAD-ribityl side-chain 3′-OH group does not play any particular role in cofactor binding or
catalysis. 2′-Deoxy-FAD-MCADH was characterized using the natural substrate C8CoA as well as various
substrate and transition-state analogues. Substrate dehydrogenation in 2′-deoxy-FAD-MCADH is≈1.5
× 107-fold slower than that of native MCADH, indicating that disruption of the hydrogen bond between
2′-OH and substrate thioester carbonyl leads to a substantial transition-state destabilization equivalent to
≈38 kJ mol-1. The RC-H microscopic pKa of the substrate analogue 3S-C8CoA, which undergoes
R-deprotonation on binding to MCADH, is lowered from≈16 in the free state to≈11 ((0.5) when
bound to 2′-deoxy-FAD-MCADH. This compares with a decrease of the same pKa to ≈5 in the complex
with unmodified hwtMCADH, which corresponds to a pK shift of ≈11 pK units, i.e.,≈65 kJ mol-1

[Vock, P., Engst, S., Eder, M., and Ghisla, S. (1998)Biochemistry 37, 1848-1860]. The difference of
this effect of≈6 pK units (≈35 kJ mol-1) between MCADH and 2′-deoxy-FAD-MCADH is taken as the
level of stabilization of the substrate carbanionic species caused by the interaction with the FAD-2′-OH.
This energetic parameter derived from the kinetic experiments (stabilization of transition state) is in
agreement with those obtained from static experiments (lowering ofRC-H microscopic pKa of analogue,
i.e., stabilization of anionic transition-state analogue). The contributions of the two single H-bonds involved
in substrate activation (Glu376amide-N-H and ribityl-2′-OH) thus appear to behave additively toward
the total effect. The crystal structures of native pMCADH and of 2′-deoxy-FAD-MCADH complexed
with octanoyl-CoA/octenoyl-CoA show unambiguously that the FAD cofactor and the substrate/product
bind in an identical fashion, implying that the observed effects are mainly due to (the absence of) the
FAD-ribityl-2′-OH hydrogen bond. The large energy associated with the 2′-OH hydrogen bond interaction
is interpreted as resulting from the changes in charge and the increased hydrophobicity induced by binding
of lipophilic substrate. This is the first example demonstrating the direct involvement of a flavin cofactor
side chain in catalysis.

The acyl-CoA dehydrogenases constitute a family of
enzymes that act in the desaturation of CoA-conjugated fatty
acids (1, 2). This family belongs to the large class of flavin-
dependent dehydrogenases (3-5). Most members of this
class catalyze the cleavage of one kinetically stable CsH
bond and one labile X-H bond, where X) N, O, or S. In
contrast, acyl-CoA dehydrogenases and a few other enzymes
such as dihydroorotate dehydrogenase (6) catalyze the

breakage of two kinetically stable CsH bonds of their
corresponding substrates. One of these bonds,RC-H in
Scheme 1, requires chemical activation by a flanking
functional group. In the medium-chain acyl-CoA dehydro-
genase-catalyzed reaction cleavage of this bond occurs via
abstraction of the hydrogen as a H+ by Glu376sCOO-, the
catalytically essential base (7-9). The âC-H is expelled
concomitantly as a hydride which, in turn, is transferred to
the oxidized flavin position N(5) (10). The two processes
are concerted (11) and result in the transfer of two reducing
equivalents to the (enzyme-bound) oxidized flavin, thus
reducing the flavin. This is referred to as the “reductive half-
reaction” and yields fully reduced flavin (3-5) as shown in
Scheme 1, a.

In the second process, the “oxidative half-reaction”
(Scheme 1, b), the electrons are transferred from the reduced
flavin to electron-transferring flavoprotein (ETF),1 and from
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there funneled into the mitochondrial respiratory chain via
ETF-oxidoreductase.

A crucial issue in the dehydrogenation reaction of acyl-
CoA dehydrogenase is the mode and extent of activation of
RC-H. For efficient catalysis, current concepts assume that
the microscopic pKa values of two partners involved in the
transfer of one H+ between them have similar values (12,
13). The microscopic pKa of Glu376sCOO- recently has
been determined to be≈6 in uncomplexed enzyme (14). It
is increased to 8-9 in the presence of ligands (4, 14), and is
probably still higher with good substrates such as C8CoA
(14-16). Thus, the microscopic pKa of the substrateRC-H
bond should be lowered from an estimated value of≈20
(17-19) toward≈9. In the substrate analogue 3S-C8CoA,
the use of which was introduced earlier by Thorpe’s group
(20), we showed that the microscopicRC-H pKa is lowered
from ≈16 in the free state to≈5 on binding to the active
center of hwtMCADH (14). Analogously, with the “chro-
mogenic transition-state analogue”p-nitrophenylacetyl-CoA,
the same pKa is shifted from≈13.6 to ≈5 (14). It was
recognized that the mechanism underlying these large effects
is due to tight H-bonds to the ligand thioester carbonyl
oxygen. Polarization of specific ligands, due to transfer of
charge toward the thioester carbonyl group has been deduced
using UV/Vis (18, 21, 22) and Raman spectroscopy (23-
25). At an early stage of the structure determination (and at
a low resolution), it was not clear whether 2′- or 3′-OH of
the ribityl group of the FAD was hydrogen bonded to the
thioester carbonyl group. To help resolve this point and to
assess the importance of the corresponding H-bond, we set
out to prepare enzyme reconstituted with both 2′- and 3′-
deoxy-FAD analogues. However, as we refined the structure
to a higher resolution (2.4 Å), it became evident that the
carbonyl group of C8CoA was hydrogen bonded to 2′-OH
of the ribityl chain of FAD as well as to the main-chain amide
nitrogen atom of Glu376 (26) (distances 2.8 and 3.0 Å,
respectively).

The primary goal of the present work was the elucidation
of the role of these H-bonds in substrate activation, and, if
possible, a semiquantitative estimation of the effect. Apo-

pMCADH was reconstituted with 2′-deoxy- and 3′-deoxy-
FAD (for structures, see Scheme 2). With 2′-deoxy-FAD-
MCADH, it was expected that substrate and analogueRC-H
activation and acidity would be reduced drastically due to
the absence of the 2′-OH-bond. 3′-Deoxy-FAD-MCADH
would serve as a necessary control and, in addition, provide
confirmation of the assignment of one of these H-bonds to
the ribityl-2′-OH. The extent of pK shifts induced at the
active center of 2′-deoxy-FAD-MCADH was estimated using
the transition-state analogues mentioned above. By compar-
ing these results with the pKa shift induced in hwtMCADH,
we can deduce the specific effect of the ribityl-2′-OH group
hydrogen bond. Preliminary reports on this work have been
presented (4, 21).

MATERIALS AND METHODS

Instrumentation.UV/Vis spectra, Kontron Uvikon 820 or
Uvikon 930 instruments; fluorescence spectra, Perkin-Elmer
MFP-44;1H NMR Spectra, Bruker 250 MHz (WM 250) or
JEOL 400 MHz (GX 400). Stopped-flow kinetic measure-
ments, home-built instrument described elsewhere (27, 28)
which has a dead time of≈3.5 ms and uses a diode array
detector and acquisition software from Spectroscopy Instru-
ments GmbH, Gilching, Germany. The software used for the
evaluation of kinetic traces was “program A”, a kind gift
from Dr. D. Ballou (University of Michigan, Ann Arbor).
Graphical work and fitting routines were done with the
program KaleidaGraph. Analytical and preparative high-
performance liquid chromatography (HPLC) was carried out
with a Kontron System equipped with a diode array UV/
Vis detector and a Kontron SFM 25 fluorescence detector.
HPLC columns were from Merck (250× 4 mm, Lichrosorb
RP-18), preparative cartridges from Waters.

Chemicals.CoASH (sodium salt) was purchased from
Pharma-Waldhof (D-40549 Du¨sseldorf-Oberkassel, Ger-
many), 4-nitrophenylacetone from Lancaster, and 4-ami-
nophenylacetic acid from Fluka. Substrates C4- to C16CoA
were either purchased from Sigma or prepared according to
refs 29, 30 and purified by preparative HPLC. 4-Nitrophe-
nylacetyl-CoA was obtained as described elsewhere (14).
4-Aminobenzoyl-CoA was synthesized starting from 4-ami-
nophenylacetic acid (Fluka) via its thiophenylester, transes-
terification with CoASH, and purified by preparative HPLC.

Synthesis.3′- and 2′-deoxy-FAD were prepared enzymati-
cally from 3′- and 2′-deoxyriboflavin using partially purified
FAD-synthetase essentially as described by Murthy and

1 Abbreviations: ETF, electron-transferring flavoprotein; MCADH,
medium-chain acyl-CoA dehydrogenase; pMCADH, pig MCADH;
hwtMCADH, recombinant, human wild-type MCADH; CxCoA, straight-
chain acyl-CoA, wherex is the length of the chain; FAD, flavin adenine
dinucleotide; 2′-deoxy-FAD-MCADH, pig kidney MCADH reconsti-
tuted with 2′-deoxy-FAD; 3′-deoxy-FAD-MCADH, pig kidney MCADH
reconstituted with 3′-deoxy-FAD; 3S-C8CoA, 3-thiaoctanoyl-coenzyme
A; 4NPA-CoA, 4-nitrophenyl-acetyl-coenzyme A; 4AB-CoA, 4-ami-
nobenzoyl-coenzyme A.

Scheme 1: Catalytic Cycle of Acyl-CoA Dehydrogenasea

a (a) Represents the reductive and (b) the oxidative “half-reaction”.
Note that the sequence is not formally balanced for protons.

Scheme 2: Chemical Structures of Normal FAD, of
2′-Deoxy-FAD, and of 3′-Deoxy-FAD Used in the Present
Worka

a The latter two were used for reconstitution of apo-pMCADH.
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Massey (31) and purified by preparative HPLC. The inter-
mediateN-ribityl-o-xylidine was obtained by catalytic H2
reduction of N-2′-deoxyribityl-3,4-dimethyl-6-phenylazo-
aniline (a generous gift from Dr. F. Mu¨ller, Novartis, Basel,
Switzerland). 3′-Deoxyriboflavin was synthesized starting
from 3-deoxyribose (Sigma), which was reacted with 3,4-
dimethylaniline, hydrogenated, and diazotized according to
refs32, 33. The condensation of diazotized 3′-deoxyribityl-
3,4-dimethylaniline with barbituric acid according to Tischler
et al. (34) yielded the crude product, which was purified by
HPLC. Thin-layer chromatography on silica gel inn-BuOH/
acetic acid/ H2O ) 7/2/1 (v/v/v). 2′-Deoxyriboflavin and 3′-
deoxyriboflavin, Rf ) 0.4; riboflavin, Rf ) 0.35. The
structures of 2′-deoxyriboflavin and 2′-deoxy-FAD were
confirmed by comparison with samples of the same materials
kindly provided by Murthy and Massey (31). pMCADH
reconstituted with 2′-deoxy-FAD obtained from Dr. V.
Massey is indistinguishable from that described here. The
1H NMR spectrum of 3′-deoxyriboflavin (DMSO, 400 MHz)
is consistent with the assumed structure. The spectrum shows
signals of C(6)-H, C(9)-H, C(7)-CH3, and C(8)-CH3 at
the same frequencies as those of normal riboflavin under
the same conditions and has a multiplet at≈3.0 ppm that is
not present in normal riboflavin but can be attributed to 3′-
CH2-; this is consistent with the assumed structure.

Reconstitution of apo-pMCADH with FAD Analogues.The
apoenzyme was prepared according to ref35 and had a
residual activity 1-2% that of the holoenzyme. To eliminate
any residual activity, the apoenzyme was incubated for 30
min at 4°C with 5 equiv (compared with residual holoen-
zyme) 2-octynoyl-CoA (36). Excess inactivator was subse-
quently eliminated by ultrafiltration. The apoenzyme obtained
in this manner has undetectable levels of activity. Recon-
stitution was carried out with≈1.2 equiv of modified FAD
according to ref35 and was followed by ultrafiltration. The
extinction coefficients of both modified MCADHs were
estimated to be within(5% those of unmodified enzyme,
based on the results of comparative titrations with tightly
binding ligands such as 3-thiaoctanoyl-CoA, i.e.,ε450 nm )
15 400 M-1 cm-1 (37).

Crystallization, X-ray Data Collection, and Structure
Refinement.Reconstituted and purified 2′-deoxy-FAD-
MCADH was dialyzed against buffer containing 10 mM Tris‚
HCl, pH 7.5, and concentrated to a final concentration of
17.5 mg/mL. Crystallization was carried out by vapor
diffusion methods at 4°C using the sitting drop technique
(38). Diffraction quality crystals were obtained from crystal-
lization drops (8µL), each containing 52.5µg of the enzyme
in 50 mM Tris acetate, 50 mM NaCl, 4.5% poly(ethylene
glycol) (PEG) 8000, that had been equilibrated against a
solution containing 10% PEG 8000 and 0.1 M NaCl. Crystals
of the complex with C8CoA were obtained by soaking
preformed holoenzyme crystals in mother liquor containing
1.4 mM C8CoA for 18 h. No special precautions were taken
to keep the crystals in anaerobic conditions.

X-ray data sets were collected at 4°C, using an R-AXIS
IIC image-plate system with CuKR radiation generated from
a Rigaku RU200 rotating anode generator. The resolutions
were to 2.1 Å for the holoenzyme crystal and to 2.4 Å for
the complex data set. Each data set was obtained from one
crystal. The crystal-to-detector distance was 120 mm, the
oscillation angle was 1.2°, and the exposure time was 25

min per frame. Data reduction was performed using the
DENZO program package (39). The space group for the
holoenzyme crystals is C2221 and the unit cell dimensions
area ) 129.1 Å,b ) 136.6 Å, andc ) 106.0 Å. Crystals
of the complex are isomorphous to the holoenzyme crystals,
and both are isomorphous to the crystals of wild-type pig
MCADH (26).

The structure of holo 2′-deoxy-FAD-MCADH and that of
the C8CoA complex were solved by the difference Fourier
method using the structure of pig liver MCADH (PDB code,
1MDD) and that of the MCADH-C8CoA complex (PDB
code, 1MDE). Refinements were carried out using X-PLOR
(40) and TURBO-FRODO graphic software (41). Data
collection statistics and the refinement results are summarized
in Table 1. A difference Fourier map confirmed that the FAD
in the enzyme is indeed 2′-deoxy-FAD (see Figure 6, below).

Miscellaneous.Anaerobic solutions were obtained by
applying at least five cycles of evacuation/flushing with
oxygen-free argon, in the presence of glucose/glucose
oxidase/catalase (Boehringer) or protocatechuate dioxygenase
(a gift from Dr. D. Ballou, University of Michigan)/
protocatechuate in quantities sufficient to eliminate residual
[O2] in the micromolar range. Typically, such samples were
incubated in an anaerobic cuvette at 4-8 °C for ca. 12-16
h before the substrate was added from the side arm of the
cuvette to the enzyme solution. This procedure was necessary
to obtain reliable rate constants for the reaction of 2′-deoxy-
MCAD and C8CoA. Unless otherwise stated, all optical
spectra were recorded at 25°C using 50 mM potassium
phosphate, pH 7.5. Activity assays were carried out under
the same conditions using the ferricenium assay (42).

RESULTS

3′-Deoxy-FAD-pMCADH.The UV/Vis absorption spec-
trum of 3′-deoxy-FAD-pMCADH (Table 2) is essentially

Table 1: Data Collection and Refinement Statistics

2′-deoxy-
FAD-

MCADH

complex of 2′-
deoxy-FAD-MCADH

with C8CoA

data collection
resolution (Å) 2.1 2.4
number of reflections 187263 139919
number of unique reflections 46461 32693
completeness (%) 84.5 86.5
Rmerge(%)a 7.3 8.7

refinement
resolution range used (Å) 10-2.1 10-2.4
number of nonhydrogen atoms 6068 6182
number of water molecules 264 84
Rcryst

b (%) 18.3 19.1
Rfree

c (%) 24.8 26.6
〈overallB〉 (Å2) 25.0 30.7
〈main-chainB〉 (Å2) 23.2 28.0
〈side-chainB〉 (Å2) 26.9 32.5
〈FAD〉 (Å2) 26.3 37.5
〈C8CoA〉 (Å2) 55.5d

rms deviation from ideal geometry
bond lengths (Å) 0.006 0.006
bond angles (deg) 1.3 1.4

a Rmerge ) ∑h∑i|Ihi - 〈Ih〉|/∑h∑jIhj, where h are unique reflection
indices andi indicates symmetry equivalent indices.b Rcryst ) ∑||Fobs|
- |Fcalc||/∑|Fobs| for all reflections, whereFobsandFcalc are the observed
and calculated structure factors, respectively.c Rfree ) ∑||Fobs| - |Fcalc||/
∑|Fobs| for 7% of the reflections removed at random.d Mean values
for the fatty acyl pantetheine moiety of the molecule.
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identical with that of native pMCADH (37). To assess the
intrinsic activity of 3′-deoxy-FAD-MCADH, the <2%
residual activity present in apo-MCADH was eliminated by
inactivation with 2-octynoyl-CoA (36); this leads to protein
with undetectable MCADH activity in the ferricenium assay
(42). At saturating substrate concentrations, 3′-deoxy-FAD-
MCADH has the same catalytic activity as pMCADH (Table
3). The spectral changes observed upon reaction of oxidized
3′-deoxy-FAD-MCADH with C8CoA, and the corresponding
extent of reduction (Table 2), are essentially the same as
those described by Thorpe et al. (37) for normal pMCADH.
Also, the effects observed on binding of substrate analogues
(Table 2) are closely similar to those of the parent pMCADH.

2′-Deoxy-FAD-pMCADH, Preparation, Some Properties,
and Reaction with C8CoA.The optical properties of oxidized
2′-deoxy-FAD-MCADH (Figure 1, Table 2) are similar but
not identical with those of the parent MCADH (37).
Specifically, in the 2′-deoxy-FAD enzyme the main band in
the visible range is more resolved and blue-shifted by≈8
nm to ≈440 nm at pH 7.8. The 2e- redox potential was
determined potentiometrically to be-165 mV at pH 7.6,
based on the methods described in (43), and is thus 30-40
mV lower than that of pMCADH (44). This should be
compared with the 2e- redox potential of free 2′-deoxy-FAD
(31), which is also somewhat lower (≈-220 mV) than that
of free FAD (≈-207mV) (45).

Using the ferricenium assay (42) at a concentration of C8-
CoA sufficient to achieve saturation (50µM, i.e., ≈15 ×
Km of pMCADH), no catalytic activity of 2′-deoxy-FAD-
MCADH could be detected. However, C8CoA undergoes a
chemical transformation upon binding to 2′-deoxy-FAD-
MCADH as shown by the experiment depicted in Figure 1A.

Aerobic or anaerobic addition of C8CoA to the enzyme
induces a marked perturbation of the oxidized flavin
spectrum. This is typical for the formation of CoA complexes
with either slowly reacting substrates (11, 46) or with
substrate analogues such asn-alkyl-CoA thioethers (47),
which do not undergo chemical conversion. The use of 2′-
deoxy-FAD-MCADH appears to be a simple method for
assessing spectral effects induced by ligand binding. The
difference spectrum between 2′-deoxy-FAD-MCADH (un-
liganded) and 2′-deoxy-FAD-MCADH complexed with C8-
CoA (Figure 1B) is essentially identical with that obtained
on binding C8CoA to Glu376Gln-hMCADH (9). This active
site mutant has a very low level of flavin reduction activity
due to the absence of theR-proton abstracting base Glu376-
COO-. We interpret the close similarity of these difference
spectra as strong evidence for identical modes of substrate
binding in both 2′-deoxy-FAD- and native MCADH.

The spectrum of trace 1 in Figure 1A remains essentially
unaltered in the presence of oxygen. However, under strictly
anaerobic conditions, a very slow decrease of the visible
absorbance ensues (see also Figure 1A, inset). This leads
monophasically, with at1/2 ≈3.8 h (kobs ≈5.1 × 10-5 s-1),
to the final species represented by curve 4, Figure 1A. This
species is a mixture of approximately 60/40 oxidized/reduced
2′-deoxy-FAD-MCADH (complexed to either substrate or
product). Admission of oxygen leads to rapid (re)formation
of oxidized enzyme corresponding to curve 1. The fact that
complete reduction is not attained, i.e., the extent of flavin
reduction is≈40% of that observed with pMCADH, prob-
ably is not caused by the presence of residual oxygen, by
heterogeneity of the preparation, or by modified kinetic
behavior. This extent of reduction was observed reproducibly

Table 2: Comparison of Spectral Properties of Native, of 3′-deoxy-FAD- and of 2′-deoxy-FAD-MCADH Complexed with Various Acyl-CoA
Ligands

native pMCADH 3′-deoxy-FAD-MCADH 2′-deoxy-FAD-MCADH

ligand λmax (nm) ε (mM-1 cm-1) λmax (nm) ε (mM-1 cm-1) λmax (nm) ε (mM-1 cm-1)

no ligand 448/372 15.4 (448) 448/372 15.4 (448)a 441/372 15.4 (441)a

C8CoA 572 ≈2.5b 572 1.9c d d
3-ketooctanoyl-CoA 560/300e ≈3.5/≈8.6e,f nd nd -/306 ≈1.5g/9.5f

4NPA-CoAf 740/489 2.9/9.0 740/499 3.1/7.9 d d
3S-C8CoA 804h 8.7h nd nd d d
octyl-CoAf 493 ≈4 nd nd 488 ≈2.2
4AB-CoAf 366 22.2 366 25.0 354 19.2
a Estimated to be within(5% that of pMCADH (see Materials and Methods).b Estimated from ref37. c Estimated with a 2.1-fold excess of

substrate.d No long wavelength absorption observed.e Estimated from Figure 1 in ref53. f Estimated from the difference spectra between fully
complexed and uncomplexed enzyme.g At λ ) 560 nm (long-wavelength absorption has no maximum).h From ref20. nd: not determined.

Table 3: Comparison of Selected Parameters of 3′-deoxy-FAD- and 2′-deoxy-FAD-MCADH with Those of pMCADHa

ligand parameter
native

pMCADH
3′-deoxy-

FAD-MCADH
2′-deoxy-

FAD-MCADH
pMCADH/

2′-deoxy-FAD-MCADH
∆∆Gapp

(kJ mol-1)b

C8CoA turnoverc 100( 5% 100( 5% <0.1
k2 (s-1) 320d 2.1× 10-5 e ≈1.5× 107 ≈38

3-ketooctanoyl-CoA Kd (µM) 0.055f 3.2 ≈0.017 ≈9
4NPA-CoA Kd (µM) 93g 100g ≈60 ≈1

pKa (RC-H) ≈5h nd >10 >30
3S-C8CoA Kd (µM) 0.47g,i nd 3.0

pKa (RC-H) ≈ 5h nd ≈11 ≈35
octyl-CoA Kd (µM) 4.0f nd 21 ≈0.2 ≈1.0
4AB-CoA Kd (µM) 12.8 17 6 ≈2 ≈-0.4
a All parameters were determined in 50 mM KPi buffer, pH 7.8 and at 25°C, if not indicated otherwise.b Differences in Gibbs activation

energies∆∆Gapp were estimated from the ratios pMCADH/2′-deoxy-FAD-MCADH. c Refs9, 42. d Ref 52, determined at 5°C. e Determined at 1
°C. f Ref 53. g Kd,app, this value includes the equilibrium constant for deprotonation, cf. (ref14) for details.h Estimated for hwtMCADH (14). i Ref
20.
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in several experiments, whereas the usual extent of reduction
was found with MCADH reconstituted with normal FAD
(37). As a comparison, we also used Glu376Gln-MCADH,
a mutant that exhibits a very slow rate of substrate reduction
(9) similar to that of 2′-deoxy-FAD-MCADH. With this
mutant, the extent of reduction is 80-90% of the maximally
attainable value, i.e., similar to that of normal pMCADH
(37). From these results it appears that the different extent
of flavin reduction in 2′-deoxy-FAD-MCADH is induced by
the different properties of 2′-deoxy-FAD itself.

This behavior can be explained by comparison with the
variable extent of reduction of oxidized MCADH observed
with various substrates (37, 48) and of MCADH reconstituted
with FAD analogues with different redox potentials (49). As
discussed elsewhere (11, 37, 46) the reaction of MCADH

with substrates approaches to the equilibrium ofEox∼S and
Ered∼P as represented in Scheme 3, where the overall
equilibrium between oxidized and reduced MCADH species
reflects the ratio ofk2/k-2, i.e., the internal redox equilibrium
and the equilibria of S and P binding toEox andEred. With
pMCADH k2/k-2 ≈9/1 (50), the effect observed with
2′-deoxy-FAD-MCADH is thus reasonably attributed to the
rates of (de)hydrogenation, stepsk2 and k-2 being ap-
proximately equivalent. The smaller ratiok2/k-2 in the 2′-
deoxy-FAD enzyme is in accordance with its 30-40 mV
lower redox potential compared with pMCADH.

From the relationshipkobs) k2 + k-2 (51), a value of≈2.1
× 10-5 s-1 for k2 can be estimated.

For the reduction of native pMCADH with C8CoA, a value
of k2 ) 320 s-1 at 5 °C was reported by Kumar and
Srivastava (52). The removal of the FAD-2′-OH group that
results in the elimination of the corresponding H-bond to
the substrate thioester carbonyl, thus causes a≈1.5 × 107-
fold decrease in the rate of substrate dehydrogenation. It is
noteworthy that no charge-transfer band is observed atλ >
500 nm upon reduction, whereas this is a prominent feature
of the reduced MCADH-product complex (37). This could
be due to either a preferential displacement of the reduced
enzyme∼enoyl-CoA complex by excess substrate or, more
likely, the absence of the charge-transfer effect itself in the
Ered∼P complex. The absence of the CT absorbance would
be in keeping with the concept that hydrogen bonds to the
thioester carbonyl are important for the manifestation of the
charge-transfer interaction, as suggested by resonance Raman
spectroscopy (23).

2′-Deoxy-FAD-MCADH and 3S-C8CoA. This analogue
(structure, see Scheme 4, A) was first introduced by Lau et
al. (20) for the study of the interactions with oxidized acyl-
CoA dehydrogenases. It has an estimated pK for deproto-
nation at positionRC-H of ≈16. Upon binding to MCADH
it forms a deeply colored complex with aλmax in the 800 to
820 nm region, due to a charge-transfer transition (20)
(Figure 2). This absorption is caused by the interaction of
the enzyme-oxidized flavin (acceptor) and the analogue
anionic form (donor) that results from deprotonation of the
ligand RC-H [pK ≈5.2 when bound to MCADH (14)]. In
addition, the oxidized flavin visible band is perturbed and
blue-shifted by≈8 nm. 3S-C8CoA also binds tightly to 2′-
deoxy-FAD-MCADH (Table 3), however, in the pH range
6 to≈9, the spectral effects are strikingly different from those
found with hwtMCADH. The visible band of the oxidized
flavin is more resolved and red-shifted, and no long
wavelength absorbance is found. These characteristics indi-
cate that ligand deprotonation at theR-position has not
occurred (Figure 2) (14, 20). More importantly, however, at
the higher pH of 10, addition of excess 3S-C8CoA leads to
formation of a faint and broad absorbance band in the 800
nm region, which at its maximum has≈8% the intensity of

FIGURE 1: Binding of the substrate octanoyl-CoA to 2′-deoxy-FAD-
MCADH, and the spectral course of the reaction. (A) An anaerobic
solution of the enzyme, 10.5µM in 50 mM KPi, pH 7.8 (curve
- - -) was reacted at≈1 °C with 500µM C8CoA, and the ensuing
spectral changes were recorded. Curves 1, 2, and 3 were taken after
30 s, 100 min, and 275 min, respectively. Curve 4 was recorded at
the end of the reaction (t ) 24 h). Curves 1-4 are corrected for
dilution. The arrow denotes an isosbestic point between substrate-
complexed, oxidized MCADH, and its reduced form. The insert
depicts the time dependence of absorption decrease at 454 nm
measured in a companion experiment under anaerobic conditions
using 5.5µM 2′-deoxy-FAD-MCADH and 500µM C8CoA in 50
mM KPi, pH 7.8 and at 0-1 °C. The full line through the data
points is the best fit for a monophasic relaxation process. (B)
Difference spectra between uncomplexed (curve - - -, panel A) and
C8CoA-complexed 2′-deoxy-FAD-MCADH (curve (1), panel A)
are derived from the curves of Figure 1A. The corres-
ponding difference spectrum obtained with Glu376GlnMCADH
(curve - - -, Figure 1B) (Kieweg, V., and Ghisla, S., unpublished)
is shown for comparison.

Scheme 3: Kinetic Scheme for the Reductive
“Half-Reaction” of MCADH with Substratea

a Eox ) oxidized; Ered ) reduced MCADH; S) substrate; P)
product.k1 andk-1 represent substrate binding/dissociation,k2 andk-2

) substrate dehydrogenation and hydrogenation, respectively.
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the corresponding band obtained with MCADH (Figure 2).
At this pH, a titration cannot be carried out because of the
instability of the system. It is clear, however, that this
absorption reflects partial ionization of the ligandRC-H.
From the extent of charge-transfer absorption, a pKa of 11
is estimated, based on the assumption that at pH. pK the
extinction of the CT-complex in 2′-deoxy-FAD-MCADH is
the same as that with hwtMCADH, i.e., 8600 M-1 cm-1 (14,
20).

2′-Deoxy-FAD-MCADH and 4-Nitrophenylacetyl-CoA
(4NPA-CoA).The properties of this analogue (structure, see
Scheme 4, B) and of similar ones derived from phenylacetyl-
CoA, as well as their interactions with hwtMCADH and its
mutants, have been reported in detail elsewhere (14). In the

present context it is important to reiterate that upon binding,
4NPA-CoA (RC-H pKa of free analogue≈13.6) deproto-
nates with an apparent pK ) 5. The anionic form has a
characteristic absorption maximal around 490 nm and induces
a charge-transfer absorption with a maximum around 750
nm. This is demonstrated for pMCADH in Figure 3A. In
marked contrast, binding of 4NPA-CoA to 2′-deoxy-FAD-
MCADH induces only minor perturbations of the spectrum
of the oxidized flavin (Figure 2A). Although these changes
indicate tight binding (Table 3), the absence of the specific
absorbance band at≈490 nm clearly demonstrates that
R-deprotonation does not occur. Increasing the pH to 9 results
in no spectral effects indicative of 4NPA-CoA anion forma-
tion. With 3′-deoxy-FAD-MCADH, the same complex is
observed as with native MCADH (not shown, Table 2).
Attempts to obtain crystals of 2′-deoxy-FAD-MCADH
complexed with 4NPA-CoA by either soaking or cocrystal-
lization have not been successful. Several data sets were
collected but no ligand was found in the structure (data not
shown), suggesting that the complex of 2′-deoxy-FAD-
MCADH with 4NPA-CoA is apparently not stable under the
crystallization conditions.

2′-Deoxy-FAD-MCADH and 3-Ketooctanoyl-CoA.3-Ke-
tooctanoyl-CoA has a much lowerRC-H pKa (≈8.7-9.0
for free ligand) than other CoA substrates and analogues. It
binds in its anionic form to native pMCADH and forms a
typical charge-transfer complex (53). In this context it can
be regarded as a transition-state analogue. With 2′-deoxy-
FAD-MCADH, a comparable spectral behavior is observed
and ligand anion formation is indicated by the appearance
of a characteristic band at 306 nm (Figure 4). However, the
charge-transfer absorption band is of much lower intensity
and strongly shifted to the blue compared with that observed
with MCADH (53). This shift is in accord with the more

Scheme 4: Proposed Mode of Interaction of 3S-C8CoA (A),
4NPA-CoA (B), and 4AB-CoA (C) with the Active-Site
Functional Groups of MCADH, and Comparison with the
Interaction of the Substrate-Derived Transition Statea

a The induced polarization of the respective chromophores and the
resulting absorbances are also shown. The protonation state in (C) is
uncertain. The hydrogen bond(s) of the thioester carbonyl shown are
toward the FAD-ribityl-2′-OH and the Glu376-backbone-NH. Note that
the deprotonated acyl-CoA analogues in (A) and (B) can be regarded
as transition-state analogues because they mimic the partially negatively
charged species resulting during H+ abstraction from substrateRCsH.
During catalysis rupture of theRC-H bond is initiated before that of
the âC-H in a concerted mechanism (11).

FIGURE 2: Interaction of 2′-deoxy-FAD-MCADH with 3S-C8CoA
and comparison with hwtMCADH. The absorbance spectrum of
hwtMCADH, 11µM in 50 mM Tris/HCl buffer, pH 8.0, containing
250 mM KCl (14) was recorded in the presence and absence of 5
equiv 3S-C8CoA. Curve 1 is the difference spectrum between the
two. Curves 2 and 3 correspond to the difference spectra obtained
in similar experiments using 2′-deoxy-FAD-MCADH at pH 8.8
(Tris buffer) and pH 10.0 (50 mM glycine/KOH buffer), respec-
tively. Note that the spectrum of the complex with hwtMCADH
has been reduced by 1/10 for comparison. At pH 10 a full titration
could not be carried out because of instability of the enzyme.
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negative redox potential of 2′-deoxy-FAD-MCADH. Binding
of anionic 3-ketooctanoyl-CoA to 2′-deoxy-FAD-MCADH
is ≈60-fold weaker than binding to the parent MCADH
(Table 3). This finding supports the concept that the 2′-OH
hydrogen bond to the thioester contributes to the stabilization
of the anionic transition state.

2′-Deoxy-FAD-MCADH and 4-Aminobenzoyl-CoA (4AB-
CoA).The chromophore of this substrate analogue consists
of a highly delocalizableπ-electron system in which the
4-amino group has donor properties and the thioester group
has acceptor properties, as shown in Scheme 4 (C). Clearly,
interactions with the thioester carbonyl as a consequence of
binding are expected to significantly affect the polarization
of the π-system and thus the UV/Vis spectrum of the
analogue.

In this respect 4AB-CoA is anticipated to behave similarly
to the polarizable product analogues recently described by
Thorpe’s group (16). Binding of 4AB-CoA to pMCADH is
relatively tight (Table 3) and accompanied by marked
spectral effects. The band of the free chromophore (Figure
5, λmax ) 315 nm) disappears and is replaced by a band with
a λmax ) 366 nm (Figure 5) and a weak, long-wavelength
band extending beyond 600 nm. The latter absorption is
attributed to a charge-transfer interaction between the 4-ami-
nobenzoyl moiety as donor and the oxidized flavin as
acceptor. We attribute the new band with aλmax ) 366 nm
to the formation of a new, strongly polarized chromophore
as shown in Scheme 4, C, in which electronic charge is
displaced extensively toward the thioester moiety. The
observed effect is unlikely to originate in simple polarity
changes in the microenvironment of the chromophore: The
λmax of theπ-π* transition of 4-aminobenzoyl-thiophenyl-
ester, which was synthesized as a model compound, under-
goes a blue-shift on going from polar to nonpolar solvents,
i.e., opposite to what is observed in the enzyme complex
(MeOH, λmax ) 324 nm; CH2Cl2, λmax ) 312 nm; hexane,
λmax ) 299 nm, not shown). The effect also is not caused
by an interaction with Glu99-COOH. This residue flanks the
bottom of the MCADH active center and has been shown to
interact with 4NPA-CoA (14). Addition of 4AB-CoA to the

FIGURE 3: Effect of 4NPA-CoA on the absorption spectrum of 2′-
deoxy-FAD-MCADH and comparison with pMCADH. (A) 2′-
deoxy-FAD-MCADH, 17.3µM in 50 mM KPi, pH 7.8 and 25°C
(s). To this sample and to the reference cuvette 22 equiv of 4NPA-
CoA were added. The spectrum of the complex (- - -) is corrected
for dilution. The spectrum of the complex of unmodified pMCADH
with 4NPA-CoA is shown for comparison (s). (B) Difference
spectra between uncomplexed and complexed species. Note, the
curve (- - -) is a 10-fold magnification of the 2′-deoxy-FAD-
MCADH difference spectrum.

FIGURE 4: Spectral effects induced upon binding of 3-ketooctanoyl-
CoA to 2′-deoxy-FAD-MCADH. The spectra of the enzyme, 10.6
µM in 50 mM KPi, pH 7.8 and at 25°C in the presence of 0, 0.25,
0.5, 0.79, 1.08, 1.8, and 10.8 equiv are shown. The same amounts
of ligand were added to the reference cuvette. The inset shows the
difference spectrum between complexed and free enzyme.

FIGURE 5: Interaction of MCADH and 2′-deoxy-FAD-MCADH
with the chromogenic ligand 4AB-CoA. (curve 1,s): spectrum
of 2′-deoxy-FAD-MCADH, 10.8µM, in 50 mM KPi at pH 7.8
and 25°C. (curve 2,s): same sample in the presence of 8 equiv
4AB-CoA. The negative absorbance with aλmax ) 315 nm is that
of free 4AB-CoA (λmax ) 318 nm) present in the reference cuvette
at the same concentration.‚‚‚, pMCADH (same concentration and
conditions) in the presence of 5 equiv 4AB-CoA; - - - -;
analogous experiment with Glu99Gly hMCADH. The spectra are
corrected for dilution.
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Glu99Gly mutant of hMCADH results in a complex that has
the band of the polarized transition at exactly the same
wavelength as with unmodified MCADH (Figure 5). Some
minor spectral differences mainly affecting the visible flavin
band (Figure 5) can be attributed to the differences between
pig and human MCADH. TheKd for binding to this mutant
(≈14 µM) is essentially identical with that for pMCADH
(Table 3), and this is compatible with the same mode of
binding.

Binding of 4AB-CoA to 3′-deoxy-FAD-MCADH induces
the same effects as binding to unmodified pMCADH (Table
2). With 2′-deoxy-FAD-MCADH the observed effects are
markedly different (Figure 5, Table 2). Thusλmax of the
bound 4-aminobenzoyl chromophore is still red-shifted
compared with the free chromophore, but only to≈354 nm,
i.e., some 12 nm less than with native pMCADH. The affinity
of this ligand to 2′-deoxy-FAD-MCADH is somewhat higher
than native pMCADH (Table 3).

The Structure of 2′-Deoxy-FAD-MCADH.The overall
three-dimensional structure of 2′-deoxy-FAD-MCADH is the
same as that of pMCADH. Figure 6 shows a 2Fo-Fc

difference Fourier map, clearly indicating that the enzyme-
bound flavin analogue is 2′-deoxy-FAD. Furthermore, re-
placing the enzyme-bound FAD with 2′-deoxy-FAD does
not change the polypeptide folding of the enzyme. The root-
mean-square (rms) deviation between the main chain atoms
of 2′-deoxy-FAD-MCADH and MCADH is 0.23 Å, and the
corresponding value between MCADH/C8CoA and 2′-deoxy-
FAD-MCADH/C8CoA is 0.32 Å. These values are close to
the values observed between two monomers in the pMCADH
structures, 0.21 Å, and among four monomers in the human
MCADH structures, 0.27 Å (54). Therefore, both

the free and ligand-bound structures of 2′-deoxy-FAD-
MCADH are essentially the same as those of wild-type
MCADH and its complex with C8CoA, respectively. The
occupancy of the C8CoA in the 2′-deoxy-FAD enzyme
complex is estimated to be 0.55 to 0.60, compared with 0.85
to 0.90 for the normal FAD enzyme complex, indicating that
the substrate binds to the 2′-deoxy-FAD enzyme somewhat
less tightly than to the normal enzyme. As in the pMCADH
structure, the active site of 2′-deoxy-FAD-MCADH is
occupied with water molecules, although not as well defined
as in the normal pig enzyme structure (26). It is noteworthy
that a water molecule is located at the position where the
carbonyl oxygen atom of the substrate would occupy and is
making a hydrogen bond with the amide nitrogen of Glu376.
However, the occupancy of the water molecule is lower than
that seen in the pMCADH structure, where the water
molecule makes two hydrogen bonds, one to 2′-OH of the
flavin and the other to the amide nitrogen of Glu376.

Substrate/Product Binds to the ActiVe Site CaVity of 2′-
Deoxy-FAD-MCADH in the Same Manner as the One
ObserVed in Normal MCADH. C8CoA binds to the active
site; however, at this resolution it cannot be determined
whether the bound ligand is C8CoA (substrate) or octenoyl-
CoA (product). The carbonyl group of the ligand is hydrogen
bonded to the amide group of Glu376 (3.1 Å), as in the wild-
type enzyme (Figure 7). However, no other interactions are
observed involving this carbonyl group. There is not enough
room for any water molecules (or any other solvent
molecules) to be present in the vicinity of the ribityl 2′-carbon
atom in the active-site cavity. Figure 7 also shows a 2Fo-
Fc map showing the densities of the bound C8CoA found in
the structure, along with some of the residues that form the
active site pocket. The conformations of the residues in the
active site are similar to those of the MCADH/C8CoA
complex. However, the conformation of the Glu376 side
chain in the deoxy enzyme is similar to that found in the
uncomplexed enzyme structures (both MCADH and 2′-
deoxy-FAD-MCADH), rather than the one found in the
MCADH/C8CoA structure (thin line, Figure 7).

DISCUSSION

The results of the present experiments are consistent with
the three-dimensional structure in which the 2′-OH group,
not the 3′-OH group, of the FAD ribityl side chain interacts
with the carbonyl group of the thioester substrate, forming
a tight hydrogen bond with a distance of 2.8 Å (26).
Furthermore, as seen in the three-dimensional structure, no
water molecule (albeit a poor substitute) can take the role
of the 2′-OH by bridging the ribityl chain (at either 3′-OH
or 4′-OH) and the carbonyl oxygen of the substrate. The
properties of 3′-deoxy-FAD-MCADH compared with those
of normal pMCADH demonstrate that the 3′-OH does not
play any particular role in catalysis, nor in FAD or substrate
binding to MCADH. Again, this is in full agreement with
the three-dimensional structure that shows the 3′-OH group
is not involved in any direct interaction with either FAD or
the substrate, but is pointing toward Gly352-Gly353 of the
neighboring monomer. MCADH is thus the first enzyme in
which a direct catalytic role has been demonstrated for a
functional group of the FAD cofactor other than the
isoalloxazine ring.

FIGURE 6: A 2Fo-Fc difference Fourier map of the 2′-deoxy-FAD-
MCADH structure fitted with a model of 2′-deoxy-FAD. The
density at the 2′-position clearly lacks the hydroxyl group compared
with the densities at 3′- and 4′-positions. The electron density was
contoured at the 1.0-s level.
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The main point emerging from this study is the large
difference in the rate of substrate dehydrogenation between
normal MCADH and 2′-deoxy-FAD-MCADH. This corre-
sponds to a factor≈1.5× 107, which can be translated to a
difference in activation energies∆∆Gq for C8CoA dehydro-
genation≈38 kJ mol-1. It should be recalled that upon
binding to hwtMCADH, 4NPA-CoA and 3S-C8CoA experi-
ence a shift of their microscopicRC-H pK from ≈13.6 and
≈16, respectively, to≈5 (14). Based on this, it has been
deduced that the corresponding shift with the substrate C8-
CoA should be of the order ofg10 pK units (14). With 2′-
deoxy-FAD-MCADH, the decrease of the microscopic pK
values ofRC-H of the same, bound ligands is much smaller,
as expected. TheRC-H pK of bound 3S-C8CoA can only
be estimated to be≈11 with a considerable error range
(Figure 2). Even if this number is a mere approximation,
this would correspond to a shift of≈5 pK units, i.e., to an
energetic equivalent of≈30 kJ mol-1. If 3S-C8CoA and C8-
CoA are assumed to bind in a thermodynamically equivalent
fashion, it can be concluded that the 2′-OH hydrogen bond
serves not only to promoteRC-H deprotonation, but,
together with Glu376-NH, probably also to attain proper
substrate orientation for catalysis (26).

TheKd values of ligands for binding to MCADH compared
with 2′-deoxy-FAD-MCADH (cf. Table 3) also yield infor-
mation on the interaction at the active centers. Thus the
affinities of the six ligands studied do not vary to large
extents, with two exceptions, that of 3-ketooctanoyl-CoA and
that of 3S-C8CoA. 3-Ketooctanoyl-CoA is the only ligand
that interacts in its anionic form with the active site of 2′-
deoxy-FAD-MCADH, and the only one for which aKd could
be estimated. The difference in binding energy between 2′-
deoxy-FAD-MCADH and pMCADH (≈10 kJ mol-1), cor-
responds to the strength of a normal hydrogen bond, and
this reflects mainly the forces involved in the stabilization

of negative charge of the ligand. This would be in line with
the concept of less efficient ground-state stabilization
compared with that occurring in the transition state, in which
a negative charge develops and strengthens the H-bonds in
a hydrophobic environment, as discussed below. In the
charge-transfer complex between 3-ketooctanoyl-CoA and
MCADH, a strong hydrogen bond to the thioester-carbonyl
group has recently been implied by IR/Raman spectroscopy.
The energetic content of a hydrogen bond agrees with the
present data (23). For the binding of neutral 3S-C8CoA to
yield anionic ligand in the hwtMCADH complex, it is
difficult to estimate the binding energy, because the observed
Kd for binding to hwtMCADH is the product of binding as
such and of the involved ionization (ratio of the microscopic
pK values ofRC-H and Glu376-COO-) (14). The behavior
of octyl-CoA, a CoA thioether lacking the thioester carbonyl
group, is also of interest. As expected, with this analogue
the presence of the 2′-OH has little effect on binding, as
shown in Table 2.

Interpretations of the binding behavior of 4AB-CoA
require due caution because, in analogy with 4NPA-CoA
(14), one could expect thep-NH2 function of this ligand to
interact with Glu99-COO-, as shown in Scheme 4 for 4NPA-
CoA (structure B) and as demonstrated elsewhere (14). 4AB-
CoA, however, is one methylene group shorter than 4NPA-
CoA. Therefore, it is not surprising that 4AB-CoA is not
interacting directly with the carboxylate of Glu99. Thus with
Glu99Gly-MCADH and 4AB-CoA the same spectral effects
are observed as with native MCADH (Figure 5). In MCADH,
the≈50-nm shift of the 4-aminobenzoyl chromophoreπ-π*
transition (from≈315 to≈365 nm, Figure 5) is therefore
attributed to a strong polarization as shown in Scheme 4, C,
and as observed with other ligands derived from product (18).
With 2′-deoxy-FAD-MCADH, the corresponding red shift
is ≈40 nm and the difference can thus be attributed to the

FIGURE 7: Stereodiagram of a model of C8CoA fitted in the final 2Fo-Fc map of 2′-deoxy-FAD-MCADH complexed with C8CoA. The
electron density was contoured at the 0.9-s level. The ligand (C8CoA), FAD and active site residues from MCADH/C8CoA (thin lines) and
2′-deoxy-FAD-MCADH/C8CoA (thick lines) are superimposed. For clarity, only C8CoA and Glu376 of the MCADH/C8CoA structure are
shown. Other residues have essentially the same conformations as those of the 2′-deoxy-FAD-MCADH/C8CoA complex. The conformation
of the Glu376 side chain in the 2′-deoxy-FAD structure is similar to that of the native uncomplexed structure.
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absence of the 2′-OH-thioester hydrogen bond. Intuitively
one would expect the absence of the 2′-OH interaction to
result in a shift smaller than the observed 40 nm, if the two
H-bonds were to contribute equally to the polarization. These
observations suggest that a single H-bond is sufficient for
inducing polarization with this analogue.

In conclusion, the present results provide the first example
of a direct involvement in catalysis of the ribityl group of
the flavin coenzyme. These results are the basis of an
estimation of the energetic contribution to catalysis by
MCADH of the H-bond(s) provided by the 2′-OH (and, to a
lesser extent, by Glu376N-H), via (mainly) the acidification
of the RC-H of the ligand. Because the contributions of
the two single H-bonds are approximately equivalent, the
overall effect results from the additive individual contribu-
tions. Taking this and recent estimates of the microscopic
pKa values of Glu376-COOH in free (14) and ligand bound
enzyme (52), together with the pK shift in theRC-H of the
ligand upon binding (14), a semiquantitative picture of
MCADH catalysis can be drawn in which several basic
enzymological concepts are realized. An important concept
in proton transfer is the matching of the pK values of acceptor
and donor (19). A second one is the increase of hydrogen
bond strength induced by decreasing the dielectric constant
and concomitant formation of transient charges (16). It
appears that this aspect of MCADH is an example for what
was suggested recently by Shan and Herschlag (13, 55). A
third concept is the combined effect of H-bonds, dielectric
changes, and charge rearrangements on the redox potentials
of substrate and flavin (i.e., the redox partners,43).
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