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ABSTRACT. The active site residue, Glu-376, of medium-chain acyl-CoA dehydrogenase (MCAD) has
been known to abstract thee-proton from acyl-CoA substrates during the course of the reductive half-
reaction. The site-specific mutation of Glu-3#&In(E376Q) slows down the octanoyl-CoA-dependent
reductive half-reaction of the enzyme by about 5 orders of magnitude due to impairment in the proton-
transfer step. To test whether the carboxyl group of Glu-@8usiely serves as the active site base (for
abstracting thex-proton) during the enzyme catalysis, we undertook a detailed kinetic investigation of
the enzyme-ligand interaction and enzyme catalysis, utilizing octanoyl-CoA/octenoyl-CoA as a
physiological substrate/product pair and the wild-type and E376Q mutant enzymes as the catalysts. The
transient kinetic data revealed that the E376Q mutation not only impaired the rate of octanoyl-CoA-
dependent reduction of the enzyme-bound FAD, but also impaired the association and dissociation rates
for the binding of the reaction product, octenoyl-CoA. Besides, the E376Q mutation correspondingly
impaired the kinetic profiles for the quenching of the intrinsic protein fluorescence during the course of
the above diverse (i.e., “chemistry” versus “physical interaction”) processes. A cumulative account of the
experimental data led to the suggestion that the carboxyl group of Glu-376 of MCAD is intimately involved

in modulating the microscopic environment (protein conformation) of the enzyme’s active site during the
course of ligand binding and catalysis. Arguments are presented that the electrostatic interactions among
Glu-376, FAD, and CoA-ligands are responsible for structuring the enzyme’s active site cavity in the
ground and transition states of the enzyme during the above physicochemical processes.

The medium-chain acyl-CoA dehydrogenase (MCAD)
catalyzed reaction proceeds via abstraction of phe-R
a-proton from acyl-CoA substrate by the enzyme’s active
site residue, Glu-376, with concerted transfer of fhby-
drogen (in the form of hydride) to the N5 position of the
isoalloxazine ring of the enzyme-bound FAD (for reviews,
see 1-3). A combination of these steps results in the
formation of the two-electron-reduced flavin (FARHaNd
the corresponding enoyl-CoA product. The step involved in
the binding of acyl-CoA, followed by the reduction of the
enzyme-bound FAD with concomitant oxidation of acyl-CoA
to enoyl-CoA, is conventionally referred to as the reductive
half-reaction of the enzyme (Scheme 1).

One of the most interesting aspects of MCAD catalysis is
the marked similarity in the microscopic pathways for the
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enzyme’s active site. Kumar and Srivastavh 7) first

octanoyl-CoA-dependent reductive half-reaction and the demonstrated that the transient kinetic profiles for the

binding of the reaction product, octenoyl-CoA, to the
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octanoyl-CoA-dependent reduction of the pig kidney enzyme-
bound FAD were precisely the same (both qualitatively as
well as quantitatively) as the octenoyl-CoA-dependent
changes in the electronic structure of the enzyme-bound
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reactivity of the above ligands with the recombinant form
of human liver MCAD §). In the latter studies, Peterson et
al. provided evidence that the above similarity was also
extended to the binding of anotheg-CoA ligand, namely,
octynoyl-CoA, a mechanism-based inactivator of the enzyme
(5). The origin of the above similarity was ascribed to the
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1.1 and 3.78 A, respectively, from their original positions
in the “apo” structure upon formation of the “holo” structure
(5).

Unequivocal evidence that Glu-376 serves as an active
site base came from the Glu-3#&In substitution of the
human liver enzyme, which led to a drastic reduction in the
rate of enzyme catalysig,(3). In a qualitative manner, Bross
et al. @) demonstrated that Glu-378GIn substitution
decelerated both the reductive half-reaction and the enzyme
turnover to a level of about 0.02% of the wild-type enzyme.
Such an effect of the above mutation was attributed to the
inability of GIn-376 in abstracting thpro-R a-proton from
¢Tyr375“" octanoyl-CoA substrate during the reductive half-reaction.
Ficure 1: Spatial relationship of selected amino acyl residues in Howgver, based on our ovyn_data that the reductive half-
the vicinity (within 4 A perimeter) of the enzyme-boung-CoA. reaction of the enzyme was intimately coupled to the changes
The selected amino acyl residues have been derived from the X-rayin the protein conformation4(7), it was of interest to
crystallographic data of pig liver medium-chain acyl-CoA dehy- investigate as to whether the above mutation had any effect

drogenase in the absence (light shade) and presence-0b& on the microscopic environment of the enzyme’s active site

(dark shade). Note the swinging of the carboxyl group of Glu-376, . . L . .
from its original position in the ligand-free (“apo”) structure of the ~during the course of ligand binding and catalysis. As will
enzyme upon binding octenoyl-CoA (“holo” structure). be shown in the subsequent section, the carboxyl group of

Glu-376 is intimately involved in modulating the dynamics
coupling between the protein conformational and ligand of the protein conformational transitions during the above
structural changegl(5). In the case of octanoyl-CoA, itwas processes.
manifested in the form of the chemical transformation of
octanoyl-CoA to octenoyl-CoA, whereas in the cases of MATERIALS AND METHODS
octenoyl-CoA and octynoyl-CoA, it simply involved the
changes in the electronic structures of the interacting specie%Q

Materials.Coenzyme A was purchased from Life Science
esourcedrans2-Octenoic acid was purchased from Pfaltz

(4)- - . and Bauer. All other reagents were of analytical grade
It has been demonstrated that the binding of a variety of ' . . )
Methods.Unless otherwise stated, all experiments were

CoA-ligands to MCAD proceeded at least via a “two-step” : : .
performed in 50 mM potassium phosphate, pH 7.6, contain-

mechanism (eq 112-16) ing 10% glycerol and 0.3 mM EDTA (referred to as the
_ _ K standard buffer throughout this paper).
MCAD + ligand<= MCAD —ligand<> All molecular biology protocols were performed as
(MCAD—ligand)* (1) outlined by Sambrook et al4p). The Glu-376-GIn(E376Q)
substitution in MCAD was achieved as described by Peterson

The first (fast) step involved the formation of an MCAD €t al. @5). The wild-type and E376Q mutant MCADs were
ligand collision complex (with a dissociation constantgf, ~ expressed and purified according to Peterson ebplafd

in which the electronic structures of both enzyme-bound FAD routinely assayed by monitoring the reduction of ferricenium
and ligand remained unchanged (the “colorless” complex), hexafluorophosphate (FcPFat 300 nm ¢ = 4.3 mM™
followed by a slow isomerization step (with forward and €M *; 17) in a reaction mixture containing 10 octanoyl-
reverse rate constants ¢ and k, respectively), with ~ COA and 35quM FcPFs. The purified enzyme preparations
concomitant changes in the electronic structures of the had anAxsdAsso ratio of about 5. The extinction coefficient
enzyme-bound specied). Such a two-step binding phe- ©of the wild-type enzyme-bound FAD was taken to be 15.4
nomenon has been noted with a number of enzymesMM™ cm™ at 446 nm 18). Since the Glu-376-Gin
including several flavoenzyme8§—41). We recently real-  Substitution had no effect on the absorption of the enzyme-
ized that our transient kinetic data for the binding/reactivity Pound FAD at 446 nm, the extinction coefficient of the
of octanoyl-CoA/octenoyl-CoA could also be explained by Mutant enzyme was taken to be the same as that of the wild-
a two (instead of three)-step modé).( type enzyme.

Although the X-ray crystallographic data of both pig and ~ Octenoyl-CoA was prepared by the mixed anhydride
human liver MCADs in the absence and presence of CoA- method of Bernhert and Spreché&®j and purified on a &
ligand do not provide evidence for major changes in the reverse-phase HPLC column, equilibrated with 20 mM
protein conformation, some subtle readjustments in the sidepotassium phosphate, pH 7.0, as described by Kumar and
chains of certain amino acyl residues have been noticedSrivastava4). All CoA-derivatives were stored as lyophi-
(9—11). Figure 1 shows the location of selected amino acyl lized powders at-20 °C. The extinction coefficient of
residues of the protein in the absence (light shade) andoctenoyl-CoA was taken to be 20.4 miMcm™ at 258 nm
presence of GCoA (dark shade) witm a 4 Aperimeter of (4.
the ligand. Of these, one of the most noticeable changes is Steady-State Spectrofluorometric StudiBEise excitation
the swinging of the carboxyl group of Glu-376, from its and emission spectra of the enzyme in the absence and
original position in the ligand-free (“apo”) structure of the presence of CoA-ligands were acquired on a Perkin-Elmer
enzyme upon binding octenoyl-CoA (“holo” structure). The LS-50B Luminescence Spectrometer as described by Peter-
carboxyl oxygens of Glu-376 (viz., OE1 and OE2) move son et al. §). For emission spectra of the enzyme’s
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tryptophanyl residues, the excitation wavelength was fixed Spectrophotometric Titrations for the Binding of Ligands
at 295 nm, and a 350 nm cutoff filter was placed in the to MCAD. Spectrophotometric titrations were performed
emission path@). either on a Perkin-Elmer Lambda-3B or on a Beckman 7400

Transient Kinetic ExperimentSingle-wavelength transient  diode array spectrophotometer. The difference spectra of the
kinetic experiments were performed on an Applied Photo- enzyme-ligand complexes were generated by subtracting
physics SX-18 MV stopped-flow spectrophotofluorometer the spectra of the individual components from their mixtures
(optical path length 10 mm, dead time +.8.5 ms). The (after dilution corrections). The dissociation constants and
stopped-flow could be configured either in the absorption the overall amplitude of the absorbance changes were
or in the fluorescence mode by changing the position of the obtained by analyzing the data by a complete solution of
photomultiplier tube (right angle in the case of fluorescence the quadratic equation (describing enzysfigand inter-
measurements) with respect to the incident light ( action) as elaborated by Qin and Srivasta/g) (

The rate constants for the association of the ligands to the  Comparison of the Structural Datdhe coordinates for
enzyme were determined by mixing the above species viathe X-ray crystallographic structure of pig liver medium-
the stopped-flow syringes (under pseudo-first-order condi- chain acyl-CoA dehydrogenase in the absence (3MDD) and
tions; [E-FAD] < [ligand]), and monitoring the time-  the presence of £CoA (3MDE) were downloaded from
dependent absorbance changes at specific wavelength®rookhaven Protein DataBank. The 3MDD and 3MDE
(4—6, 31, 32. The rate constants for the dissociation of structures have been referred to as the “apo” and “holo”
ligands from the enzyme’s active site were determined by structures, respectively, throughout this paper. The structural
the acetoacetyl-CoA displacement method as described bydata of the enzyme were manipulated on a Silicon Graphics-
Johnson et al.1@2). 02 molecular modeling workstation, with the aid of Insight-

All the transient kinetic experiments were performed at || (98) software, developed by Molecular Simulations, Inc.,
least in triplicate, and the resultant kinetic traces were as described by Srivastava and Petersai). (
averaged prior to analyses of the data by the SX-18MV 14 show the displacement of certain amino acyl residues
software (version 4.42) developed by Applied Photophysics. upon binding of G-CoA to the “apo” enzyme'’s active site,
The transient kinetic traces were analyz_ed u§ing the single e superimposed the MDD and MDE structures (with respect
(eq 2A) or double (eq 2B) exponential (biphasic) rate g their backbones), and then created a subset of all the amino

equations in the following formats: acyl residues withi a 4 Aperimeter of G-CoA in the above
(—t) structures by the aid of Insight Il software. For clarity, only
A= Ag'exp' " + offset (2A)  selected amino acyl residues of the above structures have

(—t) (—t/z been shown in Figure 1.
A= Arexp "+ Afexp + offset  (2B)
RESULTS
whereA is the absorbance at a given time. In eq 24and o ] ]
1/t are the total amplitude and relaxation rate constant, O guantitatively ascertain the influence of Glu-376In
respectively. In eq 2BA; and A, are the amplitudes of the substitution in medium-chain acyl-CoA dehydrogenase
fast and slow phases, andrland 1t are the relaxation ~ (MCAD), we compared the octanoyl-CoA-dependent reduc-
rate constants of the fast and slow phases, respectively. tive half-reaction and the steady-state kinetic parameters of
The ligand (L) concentration-dependent relaxation kinetic the wild-type and E376Q mutant enzymes. Since the above
data were analyzed according to either a one-step (eq 3A)Mutation considerably impaired the rate of enzyme catalysis,
or a two-step (eq 3B) binding model. In the case of the two- the spectral changes during the course of the reductive half-
step binding model, the first step (i.e., the formation of the reaction of the enzyme could be easily monitored on a diode
EL collision complex) was assumed to satisfy the rapid &may spectrophotometer. However, to avoid the interference
equilibrium condition {2), with the dissociation constakt. of the slow “oxidase” reaction (which could be comparable
In both modelsk: andk, are the forward and reverse rate 0 the rate of the flavin reduction), the above study was
constants, respectively. The relationships between the relax-Performed under strict anaerobic conditio@g)( Figure 2
ation rate constant (iy and the ligand concentration (under (Panel A) shows the spectral changes upon mixing A®14

pseudo-first-order conditions; [Ek [L]) are given ineq 3  E376Q mutant enzyme with 34fM octanoyl-CoA via the
for the individual models: anaerobic titration assemblgX). For clarity, only selected

spectral traces are shown in this figure. As observed in the
one-step model: case of wild-type enzymeg& (2 4, 5,7, 14, 16), the reductive
half-reaction of the mutant enzyme is characterized by
E+L é EL reduction of the enzyme-bound FAD at 450 nm, and the
ki formation of the reduced enzyme-enoyl-CoA charge transfer
1t =k][L] +k. (3A) at 568 nm. The time-resolved spectral changes are consistent
with two clean isosbestic points at 363 and 505 nm,
respectively.
Figure 2B shows the difference spectra, i.e., the spectra
E+L—EL é EL* at a given time minus the first spectrum (generated from the
Ke ke data of Figure 2A). The data of Figure 2B reveal that the
kL] reaction of the mutant enzyme with octanoyl-CoA results in
Ir=———+k (3B) maximal increase in absorptions at 320 and 568 nm, and
Ke +[L] decrease in absorptions at 390 and 450 nm, respectively. The

two-step model:
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octanoyl-CoA (34Q:M) were separately acquired for 60 min,
and the sum of their absorptions was reconstituted at 450
nm. The horizontal (linear) trace of the top right-hand panel
(A4s0) is representative of the cumulative absorption of the
reacting components (without reaction). When this trace is
018 Aao extrapolated (solid line) to zero time, it corresponds to the
016} initial absorption of the reaction mixture (i.e., the zero time
absorption of the observed relaxation phase at 450 nm).
These data clearly suggest that no flavin reduction occurred
0.18 Aso within the mixing time (dead time) of the enzyme and
octanoyl-CoA. In other words, the observed absorption
change during the relaxation phase is the sole representative
014t of the total absorption change during the course of the
reductive half-reaction of the enzyme. In addition, the overall
observed absorbance change at 450 nm conforms to the
012} single (rather than double) exponential rate equation. It
should be noted that the single-exponential fit of the 450
nm data yields a total amplitude of 0.059. This corresponds
to about 31% reduction of the enzyme-bound FAD (by 340
uM octanoyl-CoA). In the presence of a saturating (about
0032 | 900 uM) concentration of octanoyl-CoA, we calculate that
about 49% of the enzyme-bound FAD is reduced. The latter

s - value is comparable to about 48% reduction of the wild-
0 T:mszo(sesooo type enzyme-bound FAD by the saturating concentration of
o octanoyl-CoA 82). These data suggest that the lack of 100%
reduction of the enzyme-bound FAD is presumably because
c of the attainment of a finite internal equilibrium between

0 300 600 500 the enzyme-bound FAD-octanoyl-CoA and FARéttenoyl-
[Octanoyl-CoA] (uM) CoA species. Such a situation is facilitated due to enormously

FiGure 2: Octanoyl-CoA-dependent reductive half-reaction of tight binding of octenoyl-CoA to the reduced enzyme’s active
Glu-376—~GIn substituted enzyme. Panel A shows the spectral site (7).
changes upon mixing 12.4M mutant enzyme with 34Q:M We determined the magnitudes of the relaxation rate
octanoyl-CoA via anaerobic titration assembly, in the standard constants of the reductive half-reactiond16f the mutant

phosphate buffer, pH 7.6, at 2&. Panel B shows the difference - .
spectra, obtained by subtracting the first spectrum from the €NZyme as a function of octanoyl-CoA concentration (under

subsequent spectra of the enzyreetenoyl-CoA complex. For  the pseudo-first-order conditions, [enzyme] [octanoyl-
clarity, only selected spectral data are shown in panels A and B. CoA]). Figure 2C shows the hyperbolic dependence of 1/
The right-hand panels show the time course of the absorption g octanoyl-CoA concentration. Such a hyperbolic profile

changes at selected wavelengths. The solid smooth lines are th . . . : .
best fit of the data according to the single-exponential rate equationeCOUId not be observed either with pig kidney or with

(eq 2A). The horizontal trace of the top (right-hand) panel (450 recombinant human liver (wild-type) enzyme due to satura-
nm) is the sum of the absorptions of the reacting species (control tion of these enzymes at much lower concentrations of
experiment; under identical experimental condition) without the octanoyl-CoA &, 5). The solid smooth line is the best fit of
reaction. The rate constants of the kinetic traces at different tna gata for the hyperbolic dependence of dit octanoyl-

wavelengths are as follows: 450 nm, 0.002;390 nm, 0.0025 : .
s 482 nm, 0.0023<: 568 nm, 0.0018 <. Panel C shows the ~CCA concentration by eq 3B. The magnitudes ofml

octanoyl-CoA concentration dependence of the relaxation rate ("elaxation rate constant at saturating concentration of
constant (1) for the reductive half-reaction, measured at 450 nm. octanoyl-CoA) k: (relaxation rate constant at zero concentra-
The solid smooth line is the best fit of the data (by eq 3B) for the tjon of octanoyl-CoA), and. (the concentration of octanoyl-

hyperbolic dependence oftlén octanoyl-CoA concentration, with CoA required to achieve half of the maximum saturation)

the magnitudes of t}ax (relaxation rate constant at saturating 1 1
concentration of octanoyl-CoAl (relaxation rate constant at zero  Were found to be 0.003% 0.0003 s*, 0.00001 s, and

concentration of octanoyl-CoA), anH. (the concentration of 182+ 23 uM, respectively.

octanoyl-CoA required to achieve half of the maximum saturation)  We previously concluded that, depending upon the sub-
being equal to 0.003% 0.0003 s*, 0.00001 s*, and 182+ 23 strate type, MCAD catalysis was limited either by the
#M, respectively. forward rate constant of the reductive half-reaction or by
right-hand panels of Figure 2 show the time slices of the the rate constant for the dissociation of the reaction product
spectral changes at selected wavelengths. The solid smootl{4, 7, 22—26). In the case of wild-type enzyme, the octanoyl-
lines in these panels are the best fit of the data by the first- CoA-dependent turnover rate of the enzyme has been shown
order rate equation (eq 2A). The relaxation rate constantsto be limited by the dissociation “off-rate” of the reaction
(1/r) derived from such analyses were found to vary between product, octenoyl-CoA4, 5, 7). Since the E376Q mutation
0.0018 and 0.0025%, with an average value of 0.0023's drastically impaired the octanoyl-CoA-dependent reductive
To ascertain whether additional absorption changes occurrechalf-reaction of the enzyme, it appeared likely that the latter
prior to the observed relaxation phases, we performed astep (rather than the product dissociation step) would limit
control experiment. In this experiment, the time-dependent the enzyme’s turnover. To probe this, we compared the
absorption changes of the mutant enzyme (12v) and steady-state kinetic parameters of the wild-type and E376Q
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Table 1: Steady-State Kinetic Parameters of the Wild-Type and

Glu-376—GIn Mutant Enzymes 0.3
enzyme type Km («M) Keat (571 ©
|51
wild-type MCAD 3.3+0.14 17+ 0.2 §
mutant MCAD 2.140.15 0.0024+ 0.00004 5 02
=)
<

aDetermined in 50 mM phosphate buffer, pH 7.6, containing 10%
glycerol and 0.3 mM EDTA at 25C in the presence of 35M FcPF.

04 ' -

[Cetenoyl-CoA] (M)

1 | L

350 400 450 500

mutant enzymes (Table 1) with the corresponding forward
rate constantsk( ; eq 3B) of the reduction of the enzyme-
bound FAD. Given thaki = 1/tmax — k- (€q 3B and Figure Wavelength (nm)
2C), the magnitude df is calculated to be 0.003% which
is similar to the steady-state turnover rate of the mutant 015
enzyme (0.002478). Hence, unlike the wild-type enzyme
(4,5, 7, 14, 16), the rate-limiting step of the E376Q mutant
enzyme is conformed by the rate of reduction of the enzyme-
bound FAD. This appears to be achieved by impairment of
the reductive half-reaction of the enzyme by about 200 000- 0.05 P
fold upon substitution of Glu-376 by GIn. ' [ | (ocrmco b
Effect of Glu-376-GIn Substitution on the Transient
Kinetics of Association of Octenoyl-Covior to undertaking
a detailed kinetic comparison for the binding of octenoyl-
CoA to the wild-type and mutant enzymes, we compared 0.05
the spectral properties of the enzyrmctenoyl-CoA com-
plexes. Figure 3A and Figure 3B show the spectral changes
for the binding of different concentrations of octenoyl-CoA
to the wild-type and E376Q mutant enzymes, respectively.
The spectral data of both Figure 3A and Figure 3B are 09

0.1

Absorbance

350 400 4850 500
Wavelength (nm)

AAbsorbance
(=}

ol | L

characterized by an increase in absorbance at 390 and 490
nm, and a decrease in absorbance at 370 and 440 nm, with 350 400 450 500
isosbestic points at 333, 379, and 407 nm, respectively. Wavelength (nm)

Figure 3C compares the difference spectra of the wild-type FIGURE 3: Spectral changes upon binding of octenoyl-CoA to the
and E376Q mutant enzym@ctenoy'_CoA Comp|exes_ These wild-type and Glu-376-GlIn substituted enzymes. The experimental
; .., conditions were the same as in Figure 2. The concentrations of the
spectra were generated by subtracting the spectral (,;Omrlbuwild-type (panel A) and mutant (panel B) enzymes were 21 and
tions of both enzyme and octenoyl-CoA from the mixtures 313 ,Mm, respectively. For clarity, only selected spectral data are
of the individual enzymeligand complexes. The spectral shown. The insets of panels A and B show the binding isotherms
data of Figure 3C reveal that although the overall spectral for the interactions of octenoyl-CoA with the corresponding
features of the enzymeoctenoyl-CoA complex remain ~ €nzymes. The solid smooth lines of panels A and B are the best fit
) L . of the data according to Qin and Srivasta®8)( The dissociation
unaffecteq upon Glu-376GIn substitution, there are slight constant and the stoichiometry of the wild-type enzyroetenoyl-
changes in the spectral peaks at 394, 439, and 491 nmcoA complex (inset of panel A) were determined to be 0291
respectively. We believe the origin of these changes lies in 0.10uM and 0.9+ 0.02, respectively. The corresponding param-
the difference in microenvironment of the enzyme’s (wild- eters for the mutant enzymectenoyl-CoA complex (inset of panel

; ; B) were determined to be 0.44 0.06 uM and 0.85+ 0.03,
type versus E376Q mutant) active sites(29. respectively. Panel C shows the difference spectra (i.e., the spectra

To determine the extent that Glu-37€In substitution  of the enzyme ligand complexes minus the individual components)
alters the binding affinity of octenoyl-CoA, we performed of the wild-type (solid line) and E376Q mutant (broken line)
spectrophotometric titrations for the binding of octenoyl-CoA enzyme-octenoyl-CoA complexes. The concentrations of the
to wild-type and mutant enzymes. The absorption maxima €nzymes and octenoyl-CoA (for the data of panel C) were 20 and
for the binding of octenoyl-CoA to the wild-type and mutant 54 uM, respectively.
enzymes were determined to be 442 and 439 nm, respecassociation of octenoyl-CoA to both wild-type and E376Q
tively. The insets of Figure 3A and Figure 3B show the mutant enzymes. Although we previously performed the
binding isotherms (at 28C) of the wild-type-octenoyl-CoA above studies involving the wild-type enzynt®,(for the
and E376Q-octenoyl-CoA complexes, respectively. These sake of explicit comparison, we repeated these experiments
data were generated by titrating fixed concentrations of the involving both the enzymes. Figure 4 shows the comparative
wild-type and mutant enzymes with increasing concentrations stopped-flow kinetic traces for the association of octenoyl-
of octenoyl-CoA as described previousl§5|. The solid  CoA with the wild-type (Figure 4A) and E376Q mutant
smooth lines are the best fit of the data for the dissociation (Figure 4B) enzymes under an identical experimental condi-
constants of the wild-typeoctenoyl-CoA and E376Q mutant tion. To facilitate comparison, the kinetic traces have been
octenoyl-CoA complexes as being 0.910.01 and 0.44 normalized with respect to the enzyme concentration. This
0.06 uM, respectively 15). has been achieved by dividing the time course of the

Utilizing the spectral signals of the individual enzyme  absorbance changes by the initial concentrations of individual
ligand complexes (Figure 3), we investigated the kinetics of enzymes. The solid smooth lines are the best fit of the data
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tion of the a-proton from acyl-CoAs during the reductive
half-reaction of the enzyme(3, 8, 30). No effect of Glu-
376—GIn substitution on the kinetics of association of
octenoyl-CoA to the enzyme’s active site was previously
envisaged. We believe the latter effect of the E376Q mutation
is due to the changes in the microscopic environment of the
enzyme’s active site (see Discussion).

We recently reported that the electronic structural changes
during the course of the enzymectenoyl-CoA interaction
followed the same time course as the changes in the enzyme’s
intrinsic fluorescence, under an identical experimental condi-
tion (6). This observation was supportive of our hypothesis
that the enzymeoctenoyl-CoA interaction involved changes
in the protein conformation4( 5, 7). Since the E376Q
mutation impaired the kinetics of association of octenoyl-
CoA (deduced via the absorption method) by about 150-
0.0215 - B fold (see Figure 4), it was of interest to examine whether
the above mutation also impaired the rate of quenching of
0.021 the intrinsic fluorescence of the enzyme. To probe this, we
determined the kinetics of fluorescence changes upon mixing
0.0205 of 600uM octenoyl-CoA with 4uM E376Q mutant enzyme
via the stopped-flow syringes (Figure 5A; at®). The solid
0.02 smooth line is the best fit of the data according to the single-
exponential rate equation (eq 2A) for the rate constant of
0.0195 - 3.7 s'¥. Note that the latter value is similar to the kinetics of
the electronic structural changes of the enzyme-bound FAD
0.019 |- upon interaction with octenoyl-CoA (4.6%5 Figure 4B).
Clearly the microscopic event associated during the course
of the electronic structural changes of the enzyme-bound

Time (sec) FAD (upon interaction with octenoyl-CoA) also involves the
FIGURE 4. Transient kinetics for the interaction of octenoyl-CoA quenching of the intrinsic fluorescence of the enzyme.
with wild-type and Glu-376-GIn mutant enzymes. The stopped-  Gjven the above results, it was tempting to determine

flow traces for the interactions of octenoyl-CoA with wild-type (442 whether the octanoyl-CoA-dependent reductive half-reaction
nm) and mutant (439 nm) enzymes at® are shown in panels A

and B, respectively. The solid smooth lines are the best fit of the Of the E376Q mutant enzyme also proceeded concomitant
data according to the biphasic (panel A, eq 2B) and single- With the quenching of the intrinsic enzyme fluorescence. To
exponential (panel B, eq 2A) rate equations, respectively. The after- ascertain this, we monitored the changes in the intrinsic
mixing concentrations of the enzyme and octenoyl-CoA, and the protein fluorescence upon mixing:®1 enzyme with 2 mM

derived relaxation rate constants«($) for the data of panels A ) ; . ;
and B, are summarized as follows: panel A, [wild-type enzyme] octanoyl-CoA (Figure 5B; at 23C). It should be pointed

0.0215

0.021

0.0205
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= 6 uM, [octenoyl-CoA]= 128uM, 1/t; = 676+ 72 L, 1hrs = out that during this experiment, particularly on a longer time
100 + 9.2 s'%; panel B, [E376Q mutant enzyme} 10 uM, scale, the enzyme started developing a small turbidity.
[octenoyl-CoA]= 600uM, 1/t = 4.56+ 0.4 s, Although such turbidity had no influence on the absorption

signal (during the course of the reductive half-reaction), it
of Figure 4A,B by the double (eq 2B) and single (eq 2A) had discernible influence on the fluorescence signal. As a
exponential rate equations, respectively. The fast and slowconsequence, the fluorescence changes accompanying the
rate constants derived from the data of Figure 4A were 676 octanoyl-CoA-dependent reductive half-reaction of the en-
and 100 s?, respectively. The only (single-exponential) rate zyme showed a rapid single-exponential decay phase, fol-
constant in the case of the E376Q mutant enzyme (Figurelowed by a steady-state phase. Assuming that the latter phase
4B) was determined to be 4.6'sEvidently, the slower rate  was due to slow precipitation of the enzyme, it was not taken
constant (whose origin has been attributed to some unknowninto account during the data analysis. The solid smooth line
secondary proces8) is not apparent in the case of the mutant of Figure 5B is the best fit of the data according to the single-
enzyme. However, upon comparison of the fast rate constantexponential rate equation (eq 2A), with a rate constant of
for the binding of octenoyl-CoA to the wild-type enzyme 0.0068 s®. Note that the latter value is only about 2-fold
vis avis the rate constant observed for the E376Q mutant higher than the forward rate constakg) for the reductive
enzyme, it is evident that the above mutation impairs the half-reaction of the enzyme in the presence of saturating
rate of association of octenoyl-CoA to the enzyme by about concentration of octanoyl-CoA (0.0031.0.0003 s*; Figure
150-fold. Hence, besides impairing the proton transfer step, 2B). Considering the difficulties in measuring the fluores-
during the course of the octanoyl-CoA-dependent reductive cence changes during the course of the octanoyl-CoA-
half-reaction (see Figure 2), the E376Q mutation impairs the dependent reductive half-reaction (arising due to precipitation
kinetic profile for the binding of the reaction product, of protein), as well as the small magnitude of quenching of
octenoyl-CoA, to the enzyme’s active site. This result was the intrinsic enzyme’s fluorescencé)(we believe that the
unexpected since the carboxyl group of Glu-376 has beenabove 2-fold difference in the rate constants is not significant.
widely regarded to beekclusiely) involved in the abstrac-  However, if the above discrepancy is deemed to be signifi-



4644 Biochemistry, Vol. 41, No. 14, 2002 Gopalan and Srivastava

2
7
C
o
£
=
L.
o
o
| |
0 0.25 0.5 0.75 1 0@ : : :
Time (sec) 0 50 100 150
[Oce-CoA] (uM)
290 B
4
2
3 I
§ 280 s
=
E| “a
TN :’ )
Z i =
2 2r
1
| | |
0 2 4 6 0 | \ B
Time (min) 0 200 400 600
Ficure 5: Transient kinetics for the changes in the intrinsic [Oce-CoA] (uM)

fluorescence of the enzyme upon interaction/reaction wigh C
CoA’s. The excitation wavelength was set at 295 nm, and the
emission light was passed through a cutoff filter of 335 nm. Panel
A shows the stopped-flow kinetic trace for the decrease in the
tryptophanyl residue’s fluorescence of the Glu-3#GIn substituted
enzyme upon binding octenoyl-CoA at *&. The after-mixing
concentrations of the enzyme and octenoyl-CoA were 6 and 400
uM, respectively. The solid smooth line is the best fit of the data
according to the single-exponential rate equation (eq 2A) with a
relaxation rate constant @/of 3.69+ 0.3 s'1. Panel B shows the
kinetic trace for the decrease in the intrinsic fluorescence of the
Glu-376—GIn substituted enzyme upon reaction (reductive half-
reaction) with octanoyl-CoA at 25C. The after-mixing concentra-
tions of the enzyme and octanoyl-CoA wereuBl and 2 mM,
respectively. The solid smooth line is the best fit of the data
according to the single-exponential rate equation with a rate constan
of 0.0068=+ 0.00005 s1.

Ficure 6: Octenoyl-CoA concentration dependence of the relax-
ation rate constants for the binding of the ligand to Glu-37n
mutant enzyme. Panels A and B represent the data (collected under
pseudo-first-order conditions; [octenoyl-CoA] [enzyme]) at the
lower and higher range of [octenoyl-CoA], measured at 439 nm at
5 °C. Experimental conditions are the same as mentioned in Figure
4. The after-mixing concentration of the enzyme wasuf\b The
data at zero concentration of octenoyl-CoA have been taken from
the dissociation “off-rate” measurement. The solid smooth line of
panel A is the linear regression analysis of the data (eq 3A) for the
slope k) and intercept) of 0.014uM~1 s71 and 0.272 s,
respectively. The data of panel B have been analyzed for the
hyperbolic dependence of the relaxation rate constan)) @n
octenoyl-CoA concentration (eq 3B). The solid smooth line is the
tbest fit of the data for the relaxation rate constants at saturating
concentration of octenoyl-CoA (@4.y), zero concentration of
octenoyl-CoA k), and the concentration of octenoyl-CoA required
. . . to achieve half of the maximal saturatiok.() being equal to 5.0
cant, its origin may be attributed to the fact that the 4 0.16 s, 0.05+ 0.004 s, and 184+ 13.64M, respectively.
fluorescence changes “partially” (not completely) limit the
“chemistry” of flavin reduction. Hence, we propose that the constant for the binding of octenoyl-CoA to the E376Q
E376Q mutation impaired both the rate of the octanoyl-CoA- mutant enzyme (under pseudo-first-order conditions <4E]
dependent reductive half-reaction and the quenching of the[octenoyl-CoA]) increases linearly up to 15M ligand
intrinsic protein fluorescence by more or less the same concentration. This was in marked contrast to the “zero-
magnitude. Therefore, as observed in the case of theorder” dependence of the relaxation rate constant on octenoyl-
enzyme-octenoyl-CoA interaction, the octanoyl-CoA-de- CoA concentration in the case of wild-type enzyrde §).
pendent reductive half-reaction of the E376Q mutant enzyme The above difference initially led to the suggestion that the
also proceeds concomitant with the quenching of the binding of octenoyl-CoA to the E376Q mutant enzyme
enzyme’s intrinsic fluorescence. involved the “one”- (eq 3A) rather than “two”-step mecha-
Octenoyl-CoA Concentration Dependence of the Associa-nism (eq 3B;36, 37). However, we soon realized that at a
tion Rate Constant of the Ligand with the Mutant Enzyme. much higher concentration of octenoyl-CoA, the relaxation
To ascertain the effect of the E376Q mutation on the rate constant for the association of octenoyl-CoA to the
microscopic pathway for the enzymectenoyl-CoA interac- mutant enzyme exhibited a saturation profile (Figure 6B).
tion, we investigated the octenoyl-CoA concentration de- The analysis of the data according to the two-step model
pendence of relaxation rate constants for the enzyligand (eq 3B; solid smooth line) yielded the magnitudeskaf
interaction (deduced via the absorption method as describedl/tmay, andk: as being equal to 184M, 5.0 s%, and 0.05
in Figure 4). As shown in Figure 6A, the relaxation rate s, respectively. Of these parameteks(the dissociation
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Table 2: Rate and Equilibrium Constants for the Binding of Tor\’\_’ard k) and rever_sek() rate_c_onstants for the isomer-
Octenoyl-CoA to the Wild-Type and Glu-376GIn Mutant ization of the enzymeligand collision complex by 135-fold
Enzymes and 1388-fold, respectively. Hence, the isomerization equi-
parameters wild-type MCAD mutant MCAD librium (ki/k;) is, in fact, favored by 10.3-fold in the case of
Ke (M) 536429 1841 13.6 the; I_5376Q mutant enzyme. '_I'h_erefore, the impaired binding
k (59 675+ 72 5.0+ 0.16 affinity of octenoyl-CoA within the mutant enzyme
k (s 1.0+ 0.01 0.00072 octenoyl-CoA collision complex (8-fold) is nearly compen-
Ka (uM)® 0.094 0.052 sated by the favorable isomerization equilibrium (10.3-fold).

aFor the two-step binding model of eq 1 at°€. Unless noted Based on these microscopic parametersKihealues of the
otherwise (see below), the experiments were performed in 50 mM wild-type— and mutant enzymeoctenoyl-CoA complexes
phosphate buffer, pH 7.6, containing 10% glycerol and 0.3 MM EDTA  4Id be predictedky = Kki/k) at 5°C to be 0.035 and

at 5°C. b The experimentally determindglat 25°C was 0.05+ 0.004. . .
The magnitude ofk at 5 °C was calculated using the energy of 0.026uM, respectively. Thesk, values are within the-23-

activation €,) parameter of 32.3 kcal/motDetermined by spectro-  fold range of the experimentally determined values (albeit
photometric titration. Theéq values for the binding of octenoyl-CoA  recalculated at 5C, using the corresponding van't Hoff
to the wild-type and mutant enzymes at 25 were 0.7+ 0.1 and  enthalpies) via spectrophotometric titrations of Figure 3A,B.
0.44 + 0.1 uM, respectively. Theky values at 5°C were calculated
using the van't Hoff enthalpies for the binding of octenoyl-CoA to
wild-type enzyme {9.5 kcal/mol;6) and the mutant enzyme-(4
kcal/mol; unpublished results), respectively.

DISCUSSION

The data presented herein provide a new insight into the
role of the active site residue, Glu-376, of medium-chain
acyl-CoA dehydrogenase (MCAD) during the course of
ligand binding and catalysis. Contrary to the prevailing notion
that the carboxyl group of Glu-376 is exclusively involved
in abstracting ther-proton from acyl-CoA substrates during
the reductive half-reaction of the enzyn# 8 8), we provide
d evidence that it is also involved in structuring the enzyme’s
active site cavity and modulating the dynamics of the protein
conformational changes during the course of ligand binding
and catalysis. The carboxyl group of Glu-376 appears to
stabilize the ground state of the enzyniigand collision
complex, as well as the putative transition state leading to
the isomerization of the above complex. The latter step has
been demonstrated to be coupled to the changes in the
electronic structures of the enzyme-bound FAD and the
enoyl-CoA products, as well as facilitating the acyl-CoA-

“off-rate” of the enzyme-octenoyl-CoA complex) was
independently determined by the acetoacetyl-CoA displace-
ment methodX2). It should be noted that the magnitude of
K. for the binding of octenoyl-CoA (184M) is similar to

that obtained for the octanoyl-CoA-dependent reductive half-
reaction of the mutant enzyme (182M; Figure 2B),
suggesting that the affinity of both octanoyl-CoA an
octenoyl-CoA (within the collision complex) for the mutant
enzyme’s active site is remarkably the same. However, unlike
the wild-type enzymeX), the subsequent isomerization steps
for the above diverse processes (“chemistry” versus the
“electronic structural changes”) differ upon Glu-3#&In
substitution.

Table 2 summarizes the microscopic parameters for the
binding of octenoyl-CoA to the E376Q mutant enzyme
Zg&?;gd g; jgﬁn;\gr? stt?ii)zfllr:]grlr:;%mrgg(rjizl()n(,ev?/eiﬁz)vx? S dependeqt chemical transformation step (i.e., the reductive
the corresponding parameters for the binding of octenoyl- half-reaction) of the enzymet(5, 7).

CoA to the W||d_type enzyme. It should be pointed out that Itis interesting to note that the Glu-3765In substitution
except for the dissociation “off rate” of octenoyl-Cok)( not only impairs the octanoyl-CoA-dependent reduction of
from the mutant enzyme (determined at 25), all the the enzyme-bound FAD (during the course of the reductive
microscopic parameters of Table 2 have been determined afalf-reaction) but also impairs (by more or less the same
5 °C. So as to maintain the uniformity, we translated the magnitude) the concomitant changes in the intrinsic protein
magnitude ofk. from 25 to 5°C using our previously fluorescence of MCAD (see Figures 2 and 5). Likewise, the
determined energy of activatiole{ = 32.3 kcal/mol) for ~ above mutation equally impairs both the rates of the
the dissociation of octenoyl-CoA from the mutant enzyme €lectronic structural changes of the enzyme-bound FAD upon
(K. V. Gopalan and D. K. Srivastava, unpublished results). interaction with octenoyl-CoA and the concomitant changes
This stratagem yielded the magnitudelpfas being equal in the intrinsic fluorescence of the enzyme protein (see
to 0.00072 st at 5°C. Figures 4 and 5). Clearly, both these diverse processes (i.e.,

We recently reported that the van’t Hoff enthalpy for the the electronic structural changes versus “chemistry”) are
binding of octenoyl-CoA to the wild-type enzyme 9.5 directly (albeit independently) coupled to the changes in the
kcal/mol (6), and we determined the van't Hoff enthalpy for Microenvironment of the enzyme’s active site. Such changes
the binding of octenoyl-CoA to the mutant enzyme to be are ascribable to the changes in the protein conformation
—14 kcal/mol (K. V. Gopalan and D. K. Srivastava, Upon ligand binding and/or catalysis.
unpublished results). Given the above van't Hoff enthalpies, We previously demonstrated that in the case of both pig
we could translate th&y values of the wild-type and kidney and recombinant human liver (wild-type) enzymes,
mutant enzymeoctenoyl-CoA complexes, determined at 25 the kinetic and thermodynamic profiles for the octanoyl-CoA-
°C (Figure 3C), to 5C. These recalculateldy values (at 5 dependent reductive half-reactions were precisely the same
°C) are also summarized in Table 2. as the binding of octenoyl-CoAd4{( 5). However, such a

An examination of the microscopic parameters of Table marked similarity was unique for octanoyl-CoA/octenoyl-

2 lead to the conclusion that whereas E376Q mutation CoA as the physiological substrate/product pair of the
decreases the binding affinity of octenoyl-CoA within the enzyme, and it was not found with smaller chain acyl/enoyl-
collision complex K;) by about 8-fold, it decreases the CoA substrate/product pairs, such as butyryl/crotonoyl-CoA,
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Ficure 7: Effect of the Glu-376-GIn substitution on the free
energy profile for the binding of octenoyl-CoA to the enzyme. E,
L, EL, and EL* represent the free enzyme, Cellgand, enzyme-
ligand collision complex, and enzyméigand isomerized complex,

Gopalan and Srivastava

with the cognate enzyme’s active site residues, at different
stages of the enzymdigand interaction and enzyme ca-
talysis, is responsible for the above effects (Figure 8). The
structural data of the enzyme reveal that the carboxyl group
of Glu-376 is in the closest vicinity to the isoalloxazine ring
of FAD in the “apo” (ligand free) structure (Figure 1). Given
the K, of the carboxyl group of Glu-376 as being equal to
6.0 (34), it is expected to be fully negatively charged at the
experimental pH of 7.6. On the other hand, due to strong
hydrogen bonding between selected groups of the isoallox-
azine ring [viz., C(4F0O, C(2=0, and N1] of FAD with

the complementary amino acyl side chain residues of MCAD
(9—11), the enzyme-bound isoalloxazine ring becomes
electron-deficient43), and thus exhibits cationic (partially
positively charged) properties. Besides tight interaction of
anionic ligands (e.g., acetoacetyl-CoA, CoA-persulfide, etc.)
with the oxidized enzyme (MCAD-FAD), coupled with the

respectively. The free energies of the enzyme and ligand are takenformation of the “colored” charge-transfer bands-@), the

as being equal to zero.

indolepropionyl/indoleacryloyl-CoA, etd, 23, 31). Neither
was the above similarity observed with Glu-378sp
substitution even involving octanoyl-CoA/octenoyl-CoA as
the physiological substrate/product pair of the enzy&®. (
Interestingly, a similar situation appears to prevail with the
Glu-376—GIn substituted enzyme. For example, the latter
mutation impairs the rate of isomerization of the enzyme
octenoyl-CoA collision complex only by150-fold, but it

evidence for the cationic nature of the isoalloxazine ring
comes from both NMR44) and resonance Raman spec-
troscopy 45). Hence, the negatively charged carboxyl group
of Glu-376 is likely to interact (electrostatically) with the
partially positively charged isoalloxazine ring of the enzyme-
bound FAD. We propose that such an interaction is respon-
sible for maintaining the enzyme’s active site cavity, which
is just apropos for the complementary interaction of tige C
CoA ligands, leading to the formation of the enzynfigand
collision complex. Since the Glu-376GIn substitution

impairs the octanoyl-CoA-dependent reductive half-reaction eliminates the above negative charge, the enzyme’s active
by about 200 000-fold. This is presumably because the ratesite cavity becomes somewhat unstructured, resulting in a
of proton transfer, in the case of the mutant enzyme, becameweaker interaction of the 3CoA ligands (8-fold in the case
significantly more impaired than the other physical processes of octenoyl-CoA) in the corresponding collision complexes.
(e.g., polarization of the carbonyl group, changes in the As demonstrated previousl27), the enzymeligand isomer-
electronic structure of the interacting species, etc.), which ization step (eq 1) accompanies polarization of the carbonyl
are common to both octanoyl-CoA and octenoyl-CoA group of the CoA-ligands (due to the formation of strong
species. Whether the above-noted similarity is dictated by hydrogen bonds between the carbonyl oxygen of the ligands
some energetic principle of the natural selection process forand the 2ribityl hydroxyl group of FAD and the main chain
the evolution of MCAD and its cognate medium-chain(C  amide nitrogen of Glu-37610, 11, and thus generates a
CoA) substrate/product pair, or it is merely a happenstance,partial positive charge at the carbonyl carbon atom of the
remains to be established. ligand. At the same time, the carboxyl group of Glu-376
By utilizing the microscopic parameters for the binding swings away (by about-44 A) from its original position in
of octenoyl-CoA to the wild-type and E376Q mutant enzyme, the “apo” enzyme (Figure 1). Now, the carboxyl group in
we could construct the comparative free energy diagramsits new position has potential to interact with the partially
(at 5°C) as shown in Figure 7. The energetic profile of positively charged carbonyl carbon atom of-CoA, pre-
Figure 7 reveals that whereas the E376Q mutation destabi-cluding favorable juxtaposition of the isoalloxazine ring of
lizes the ground-state energy of the enzyroetenoyl-CoA FAD and the cognate regions of thg-CoA moiety. Such
collision complex by 1.1 kcal/mol, it destabilizes the a scenario would obviate “maximal” polarization of the
subsequent transition-state energy (leading to the conversiorcarbonyl group of @CoA within the corresponding isomer-
into the isomerized complex) by 3.8 kcal/mol. Hence, the ized complex. Hence, as observed experimentally (see Figure
effect of the above mutation is more realized in destabilizing 7), the carboxyl group of Glu-376 is responsible for
the transition state than the intermediary ground state. Sincestabilizing the ground state of the enzymiggand collision
the above mutation has practically no influence on the complex in preference to that of the isomerized complex.
ground-state energy of the isomerized enzymoetenoyl- Since the Glu-376-GIn substitution eliminates the negative

CoA complex, it follows that the latter complex is stabilized
(vis avis the corresponding collision complex) by about 1.3
kcal/mol.

Just how does the carboxyl group of Glu-376 modulate
the energetics of the enzymégand interactions and enzyme
catalysis in conjunction with the dynamics of the protein
conformational changes? Although there is no definitive
answer to this question, we surmise that the differential
electrostatic contribution of the carboxy! group of Glu-376

charge, the above constraints are minimized, resulting in the
stabilization of the ground state of the enzyntigand
isomerized complex with respect to the preceding collision
complex. Such a preferential stabilization is manifested in
the form of marked spectral changes upon interaction of
chromophoric ligands to the mutant visves the wild-type
enzyme’s active site, and since the overall equilibrium in
the case of Glu-376-GIn substitution is significantly favored
toward the isomerized complex, no further effect of pH on
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Ficure 8: Proposed sequence of events during the course;:@0@ binding to the enzyme’s active site. The electrostatic interaction
between the carboxyl group of Glu-376 and the partially positively charged isoalloxazine ring of FAD maintains the enzyme active site
cavity, which is just apropos for accommodating @oA (top left). The structure of the enzyme as well as the ligand remains unchanged
within the enzyme-ligand collision complex (top, right). The conversion of the enzyitigand collision complex to the isomerized complex
involves polarization of the carbonyl group o-CoA, which proceeds concomitant with the changes in the protein conformation. The
carboxyl group of Glu-376 stabilizes the partially positively charged carbonyl group of the ligand in the transition state (bottom, right), as

well as in the enzymeligand isomerized complex (vis s the corresponding collision complex; bottom left).

the magnitudes of the spectral changes are evi&hiahd
our unpublished results).

In accounting for the effect of Glu-376GIn substitution
on the forward K;) and reverself) rate constants of the
enzyme-ligand isomerization process, we note that the
polarization of the carbonyl group of octenoyl-CoA would
generate a partial positive charge in the transition state, which
would be effectively stabilized by the carboxyl group of
Glu-376. Since Glu-37#6-GIn substitution eliminates such

a negative charge, the transition state, flanking between the 3.

enzyme-ligand collision and isomerized complexes, has a
higher energy barrier.

We believe that the structurdunction relationship derived
from the binding of octenoyl-CoA to the enzyme’s active
site is applicable to the reductive half-reaction of the enzyme
utilizing octanoyl-CoA as a physiological substrate, since
both these processes involve polarization of the carbonyl
groups of these CoA-derivatives, and proceed via similar
microscopic pathways4(-6). However, due to an added
involvement of the proton transfer step, the influence of
Glu-376—GlIn substitution on the octanoyl-CoA-dependent
reductive half-reaction is more profoundly realized than that
obtained during the enzymectenoyl-CoA interaction. In
this regard, it should be pointed out that even if GIn-376
had potential to abstract the-proton from the octanoyl-
CoA substrate as efficiently as Glu-376, it would not have
supported efficient catalysis due to diminution in the dis-
sociation “off-rate” of the reaction product. Hence, besides
serving as an efficient active site base, the carboxyl group
of Glu-376 is intimately involved in controlling the binding
and reactivity of ligands via modulating the dynamics of the

protein conformational changes, which are coupled to the
changes in the electrostatic interaction among cognate
enzyme-bound ligands.
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