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ABSTRACT: We previously reported that the kinetic profiles for the association and dissociation of
functionally diverse @CoA-ligands, viz., octanoyl-CoA (substrate), octenoyl-CoA (product), and octynoyl-
CoA (inactivator) with medium chain acyl-CoA dehydrogenase (MCAD), were essentially identical,
suggesting that the protein conformational changes played an essential role during ligand binding and/or
catalysis [Peterson, K. L., Sergienko, E. E., Wu, Y., Kumar, N. R., Strauss, A. W., Oleson, A. E., Muhonen,
W. W., Shabb, J. B., and Srivastava, D. K. (19®pchemisry 3414942-14953]. To ascertain the
structural basis of the above similarity, we investigated the kinetics of association and dissociation of
o-CH—NH-substituted @CoA, namely, 2-azaoctanoyl-CoA, with the recombinant form of human liver
MCAD. The rapid-scanning and single wavelength stopped-flow data for the binding of 2-azaoctanoyl-
CoA to MCAD revealed that the overall interaction proceeds via two steps. The first (fast) step involves
the formation of an enzymseigand collision complex (with a dissociation constantkgj, followed by

a slow isomerization step (with forward and reverse rate constants and k;, respectively) with
concomitant changes in the electronic structure of the enzyme-bound FAD. Since the latter step involves
a concurrent change in the enzyme’s tryptophan fluorescence, it is suggested that the isomerization step
is coupled to the changes in the protein conformation. Although the overall binding affiqityof the
enzyme-2-azaoctanoyl-CoA complex is similar to that of the enzyroetenoyl-CoA complex, their
microscopic equilibria within the collision and isomerized complexes show an opposite relationship. These
results coupled with the isothermal titration microcalorimetric studies lead to the suggestion that the
electrostatic interaction within the enzyme site phase modulates the microscopic steps, as well as their
corresponding ground and transition states, during the course of the enligared interaction.

Medium chain acyl-CoA dehydrogenase (MCALRpta- For the past several years, our research group has been
lyzes the insertion ofi— double bonds in fatty acyl-CoA interested in delineating the microscopic pathways for the
substrates to produce their enoyl-CoA derivatives (for binding/reactivity of different types of acyl-CoAs and their
reviews, seel—3). The overall catalysis of the enzyme is differently substituted/truncated analogues to MCAD-8,
comprised of the “reductive half-reaction”, during which the 12—18). In this pursuit, we noted that the binding/reactivity
oxidation of acyl-CoA to enoyl-CoA is coupled to the of shorter chain acyl-CoA substrates yielded somewhat
reduction of the enzyme-bound FAD to FARHand the different types of kinetic and thermodynamic profiles than
“oxidative half-reaction”, during which the enzyme-bound those obtained for the binding of their corresponding enoyl-
FADH; is converted back to FAD, with concomitant transfer CoA products to the enzymé,(13, 15, 19. On the contrary,
of the reducing equivalents to the external electron acceptorsthe binding/reactivity of medium chain acyl-CoAs, e.g.,
such as electron transferring flavoprotein or ferricenium octanoyl-CoA (the physiological substrate of the enzyme),
hexafluorophospat€( 3; eq 1).Depending upon the type of yielded precisely the same kinetic and thermodynamic
acyl-CoA substrate, the enzyme catalysis is limited either profiles as those obtained for the binding of octenoyl-CoA
by the forward rate constant of the reductive half-reaction (the physiological product of the enzym8; 12) These
or by the dissociation “off-rate” of the corresponding enoyl- similarities were also extended to the binding of octynoyl-
CoA product 4—7, 12. CoA (a mechanism-based inactivator) to the enzy&)0).

_ _ : : The question arose as to how such chemically diverse
Még%;&’ﬂl'%was supported by National Science Foundation Grant ,.4cegses yielded similar kinetic and thermodynamic char-
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FAD, flavin adenine dinucleotide; FcBFerricenium hexafluorophos-  electronic structure of the enzyme-bound FAD. If the kinetic
phate; ETF, electron transferring flavoprotein; RSSF, rapid-scanning profiles and the overall binding constants of all these ligands

stopped-flow; SWSF, single wavelength stopped-fl&v@°, standard (P ; it
free ‘energy changeAH®, standard enthalpy changas. standard are the same, it implies that the ground and transition state

entropy change; CoA, coenzyme A; Aza-CoA, 2-azaoctanoyl-Coa; €nergies of all the corresponding steps must be the same
Oce-CoA, 2-octenoyl-CoA. (7—8, 12. This inference initially appeared to be surprising,
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but it could be explained on consideration that a common
denominator in the overall binding/reactivity process, e.g.,
the protein conformational change, was the driving force for
altering the ligand structures (i.e., “chemistry” and/or the
“electronic structures” of FAD and CoA-ligandg; 12).

The above hypothesis prompted us to investigate the role
of slightly altered (but of an identical chain length) ligand
on the kinetic and thermodynamic profiles of the enzyme
ligand interactions. In this endeavor, we noted that the
substitution of aro-methylene group by an amine group in
octanoyl-CoA generates a redox inactive ligand, viz., 2-aza-
octanoyl-CoA 21), which induces a different type of
electronic structural change in the enzyme-bound FAD, as
compared to octenoyl-CoA (Scheme 1).

We considered that detailed kinetic and thermodynamic
studies for the binding of 2-azaoctanoyl-CoA and octenoyl-
CoA would throw light on the coupling between the protein . ) .
conformational changes and the changes in the ligand Fl(?tgﬁ(E)y::-:C fg?&%éi‘)‘ﬁ“ﬁnﬂ;gﬁj g?g?é’sﬂ‘fewﬂnmfﬁgzéﬂgeiﬁg'
st_ructures. Suc_:h studies deemed to be further important S[ncq(;f pig liver medium chain acyl-CoA dehydrogenase. The distances
2-azaoctanoyl-CoA had been argued to serve as the transitiofhetween the carbonyl oxygen ofCoA and the 2ribityl oxygen
state analogue of the enzym2). of FAD and the amide nitrogen of Glu-376 are shown by the broken

The X-ray crystallographic structures of both pig liver and lines.
recombinant human liver MCAD’s in the absence and ) )
presence of octenoyl-CoA have been solved to atomic features, as _WeII as the known spectroscopic pr(_)pertles of
resolutions 23—25). The structural data reveal that octenoyl- the enzyme-ligand complexes, we undertook detailed com-
CoA is bound in a somewhat “zigzagged ” pocket, and is parative studies for the b!ndmg of octenoyI—CoA and.2—aza—
primarily surrounded by the side chains of the hydrophobic 0¢tanoyl-CoA to recombinant human liver MCAD via the
amino acid residues. Except for the presence of a few polartransient kinetic and microcalorimetric methods.
side chains around the coenzyme-A binding region, the
carboxyl group of Glu-376 is pointed toward thecarbon MATERIALS AND METHODS

of Cg-CoA (and just poised to abstract theor y proton Materials.Coenzyme A was purchased from Life Science
from acyl-CoA substrates), and the carbonyl oxygen of acyl/ Resourcedrans-2-Octenoic acid was purchased from Pfaltz
enoyl-CoA is hydrogen bonded to theé-ribityl hydroxyl and Bauer, and-hexyl isocyanate was purchased from

group of FAD as well as to the amide nitrogen of Glu-376 Acros. All other reagents were of analytical grade.

(24; Figure 1). The latter interactions have been implicated Methods.Unless otherwise stated, all experiments were
in the polarization of the carbonyl group of the acyl/enoyl- performed in 50 mM potassium phosphate, pH 7.6, contain-
CoA species, which has been demonstrated to be responsibléng 10% glycerol and 0.3 mM EDTA (referred to as the
for the stabilization of the ground and transition states of standard buffer throughout the manuscript). Recombinant
the enzyme during catalysiS)( In light of these structural  human liver MCAD was expressed and purified according
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to Peterson et al 8], and routinely assayed by monitoring Spectrophotometric Titrations for the Binding of Ligands
the reduction of ferricenium hexafluorophosphate (R§PF to MCAD. Spectrophotometric titrations were performed
at 300 nm é = 4.3 mMt cm™%; 26) in a reaction mixture  either on a Perkin-Elmer Lambda-3B or on a Beckman 7400
containing 10uM octanoyl-CoA and 35@M FcPF. The diode array spectrophotometer. The difference spectra of the
purified enzyme preparation had Agsd/Asso ratio of about enzyme-ligand complexes were generated by subtracting
5. The extinction coefficient of the enzyme-bound FAD was the spectra of the individual components from their mixtures

taken to be 15.4 mM cm™* at 446 nm R7) (after dilution corrections). The binding isotherms for the
Octenoyl-CoA was prepared by the mixed anhydride enzyme-ligand interactions were constructed by titration of
method of Bernhert and Sprech@8) and purified on a & the enzyme with 2-azaoctanoyl-CoA and octenoyl-CoA at

reverse-phase HPLC column, equilibrated with 20 mM 438 and 442 nm, respectively. The dissociation constants
potassium phosphate, pH 7.0, as described by Kumar andand the overall amplitude of the absorbance changes were
SrivastavaT). The ligand, 2-azaoctanoyl-CoA, was prepared obtained by analyzing the experimental data by a complete
essentially as described by Trievel et &) A solution of solution of the quadratic equation (describing enzytigand
n-hexyl isocyanate, dissolved in THF, was added to a solution interaction) as elaborated by Qin and Srivasta®g).(
of coenzyme A (in 0.25 M NaHCgunder a nitrogen stream. Isothermal Titration Microcalorimetric Studiesothermal
The reaction mixture was stirred under nitrogen for 30 min, titration microcalorimetric experiments were performed on
after which the pH was adjusted to 5.5 with acetic acid. The an MCS isothermal titration microcalorimeter from Microcal
resultant product was purified on ageverse-phase HPLC  |nc. as described by Srivastava et dl0) The sample cell
column, equilibrated with 20 mM ammonium acetate, pH was filled with 1.8 mL (1.36 mL effective volume) of the
5.5, as described above. All CoA derivatives were stored aspyffer (COﬂtl’O|) or the enzyme solution (experiment)_ The
lyophilized powders at-20 °C. The extinction coefficients injector was filled with 25QuL of the appropriate ligand.
of octenoyl-CoA and 2-azaoctanoyl-CoA were taken to be The titration was initiated by a preliminary first injection of
20.4 mM*cmt at 258 nm and 16.0 mM cm™'at 260 nm, 1 4L followed by 59 injections of 4L each. During the
respectively T, 2J). experiment, the enzyme solution was stirred at a constant
Rapid-Scanning Stopped-Flow (RSSF) Kinetic Studies rate of 400 rpm.
RSSF kinetic studies were performed on an Applied Pho- Aol calorimetric data were presented after correction for
tophysics SX-18MV stopped-flow system, equipped with @ the hackground. Since the titration produced small turbidity
photodiode array (PD-1) assembly. A 150 W arc Xenon lamp i, the enzyme solution, the background heat was somewhat
was used as the light source. The mixing of reagents and|grger than that obtained for dilution of the ligand in the
data acquisitions were automated via the software developed,tfer medium. Thus, the heat produced at the end of the
by Applied Photophysics. _ o titration, where the enzyme was saturated with the ligand,
Steady-State Spectrofluorometric StudiBse excitation  \yas taken as a measure of the background heat. The experi-
and emission spectra of the enzyme in the absence andyental data were analyzed according to Wiseman 4. (

presence of CoA-ligands were performed on a Perkin-Elmer The data analysis produced three parameters, viz., stoi-

LS-508 Lumm’escence Spectrometgr. Eor emission SpeCtrachiometry @), the association constaity), and the standard
of the enzyme’s tryptophan, the excitation wavelength was

: . .~ enthalpy changeAH°®) for the binding of the ligand to
fixed at 295 nm, and a 350 nm cutoff filter was placed in MCAD. The standard free energy changsQ) for the
the emission path.

. e . . . binding was calculated according to the relationshis°

e o Moy o =11 K Gven e magniuds diC* and A e

hvsics SX-18 MV stopped-flow svstem (optical path lenath standard entropy (_:hang*éA(S°) for the binding process was
physIcs . PP WSy (optical p 91 calculated according to the standard thermodynamic equa-
10 mm, dead time 1:31.5 ms). The stopped flow was tion: AG® = AH® — TAS
configured in a single mixing mode, in which the contents ’ '
of both syringes A and B were diluted by 50%. The stopped- ResyULTS
flow system had the capability to acquire the time course of
the fluorescence changes by configuring the photomultiplier ~ To ascertain the nature and magnitude of the electronic
tube at the right angle of the incident light. The excitation structural changes during the (transient) course of binding
wavelength (295 nm) was selected by the monochromator.of 2-azaoctanoyl-CoA to the oxidized form of the enzyme
A cutoff filter of 335 nm was placed prior to the entrance of (MCAD—FAD), we employed the rapid-scanning stopped-
light to the photomultiplier tube. flow (RSSF) system as described under Materials and

The rate constants for the association of the ligands to theMethods. Figure 2 shows the RSSF data for the mixing of
enzyme were determined by mixing the above species via40uM MCAD with 400 uM 2-azaoctanoyl-CoA (premixing
the stopped-flow syringes [under pseudo-first-order condi- concentrations), in the standard phosphate buffer, pH 7.6, at
tions ([E-FAD] < [ligand])], and monitoring the time- 5 °C, via the stopped-flow syringes. Note that the binding
dependent absorbance changes at specific wavelengths. Thef 2-azaoctanoyl-CoA to MCAD results in an increase in
rate constants for the dissociation of ligands from the enzyme absorbance at 390 and 490 nm, and a decrease in absorbance
site were determined by the acetoacetyl-CoA displacementat 347 and 438 nm, respectively. These spectral changes
method as described by Johnson et &b)( become more pronounced in the difference spectra, which

All the transient kinetic experiments were performed at are generated by subtracting the first spectrum from the
least in triplicate, and the resultant kinetic traces were subsequent (time-dependent) spectra (Figure 2B). The data
averaged prior to analyses of the experimental data by theof Figure 2A,B reveal that the overall spectral changes
software developed by Applied Photophysics. conform to the isosbestic points at 313, 373, 399, 467, and
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Ficure 2: Rapid-scanning stopped-flow (RSSF) spectral data for 0 | N
the binding of 2-azaoctanoyl-CoA to MCAD. The spectral acquisi- o 200 w0 oo

tion was performed in 50 mM potassium phosphate buffer, pH 7.6,
containing 0.3 mM EDTA and 10% glycerol, at“&. Panel A [2-azaoctanoylCoAl (uM)

shows the spectral changes upon mixingA0 MCAD with 400 FIGURE 3: Single wavelength stopped-flow (SWSF) kinetic data
uM 2-azaoctanoyl-CoA (the premixing concentrations) via the for the association and dissociation of 2-azaoctanoyl-CoA with
stopped-flow syringes. Panel B shows the difference spectra, MCAD. The other experimental conditions are the same as in Figure
obtained by subtracting the first spectrum from the subsequent2. Panel A shows a representative stopped-flow trace for the
spectra of the enzymdigand complex. For clarity, only a selected  association of 4uM MCAD with 400 uM 2-azaoctanoyl-CoA

set of the spectral data is shown in sequence of increasing time(premixing concentrations) at 438 nm. The solid smooth line is
interval (e.g., 1, 3, 5). The right side panels show the time slices the best fit of the data according to the single-exponential rate
of the spectral changes at selected wavelengths. The solid smootfequation with a relaxation rate constantrjléf 143+ 2 s'1 and
lines are the best fit of the experimental data according to the single-an amplitude of 0.05 absorption unit. Panel B shows a stopped-
exponential rate equation. The rate constants of the kinetic tracesflow trace for the dissociation of 2-azaoctanoyl-CoA from the

at different wavelengths are as follows: 347 nm, 114 890 nm, enzyme site. The above trace was obtained by mixing:ND

162 s*; 416 nm, 142 s'; 438 nm, 123 s% 490 nm, 196 s enzyme + 40 uM 2-azaoctanoyl-CoA (syringe 1; premixing
concentrations) with 2 mM acetoacetyl-CoA (syringe 2; premixing

499 nm. As observed with other CoA-ligands 8, 19, no concentration), and measuring the absorption changes at 545 nm.

e 4 The solid smooth line is the best fit of the experimental data
spectral changes occurred within the dead-time of our RSSFaccording to the single-exponential rate equation with a rate of 0.18

system upon initial binding of 2-azaoctanoyl-CoA to the g 001 st and amplitude of 0.044 absorption unit. Panel C shows
enzyme (data not shown). the 2-azaoctanoyl-CoA concentration-dependence of the relaxation
As noted herein, as well as by others, a prolonged rate constant () for the enzyme-ligand association, measured

incubation of 2-azaoctanoyl-CoA with the enzyme results at 438 nm. The solid smooth line is the best fit of the experimental
: . : data for the hyperbolic dependence of bh 2-azaoctanoyl-CoA
in a further decrease in absorption at 450 n22~23). concentration with offset, with the magnitudes of the relaxation

However, the latter effect is not due to the reduction of the rate constants at zero ¢44,) and saturating (hay) concentrations
enzyme-bound FAD, since it occurs both under anaerobic of 2-azaoctanoyl-CoA, and the concentration of 2-azaoctanoyl-CoA
as well as under aerobic conditions, and the “apparently” required for achieving the half of the total changes in the relaxation
bleached enzyme is not oxidizable upon exposure to oxygenratg ?gg‘?”tiﬂ((c) being '?qll‘al _tr‘l’qoj& 0.001s%, 205+ 108",
(data not shown). Since all the transient kinetic experiments gp 2-az.aocta¢10§/|r-eCSgAect§Z§ )l;'eenetaféi F;?(')?; ?Léeé?sgggf;ig;aﬁgf?_
reported herein have been performed prior to the onset of ate” measurement of the ligand from panel B.
the slow spectral changes (as noted above), our overall
conclusion remains unaffected by the latter event. as presented in Figure 2) provide a reasonable (albeit qual-
The side panels of Figure 2 are the time slices of the RSSFitative) measure of the association parameters of the enzyme
data at selected wavelength regions. The solid smooth linesligand complexes, the latter are quantitatively determined
are the best fit of the experimental data according to the by performing the single wavelength stopped-flow (SWSF)
single-exponential rate equation, with the rate constantsexperiments. Figure 3A shows a representative SWSF trace
ranging from 114 to 187°S. (monitored at 438 nm) upon mixing 40M enzyme with
Association and Dissociation Kineticalthough the time 400 uM 2-azaoctanoyl-CoA (premixing concentrations), in
slices of the RSSF data at different wavelength regions (suchthe standard phosphate buffer, pH 7.6, et The solid
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smooth line is the best fit of the experimental data for the 5-fold lower than that of octenoyl-CoA from the correspond-
rate constant of 143- 2 s™%. The latter value falls in the  ing enzyme-ligand complex. Clearly, like the association
range of the (qualitative) rate constants derived from the rate constant, theCH—NH substitution in G-CoA impairs
RSSF data of Figure 2 (see above). the dissociation rate constant of the ligand by more or less
It should be mentioned that we could not reliably perform the same magnitude. These results lead to the suggestion
the RSSF studies for the binding of octenoyl-CoA to MCAD that the aoCH—NH substitution impairs the rapidity of
even at 5°C due to its higher association rate constant. binding of the G-CoA-ligand to the enzyme, but once the
However, in their detailed single wavelength stopped-flow ligand is bound, its dissociation is also impaired.
studies, Peterson et al8)(reported that the binding of To determine the sequence of steps leading to the binding
octenoyl-CoA to the enzyme (in the standard phosphate of 2-azaoctanoyl-CoA to the enzyme, we determined the
buffer, at 5°C, but without glycerol) was consistent with  magnitudes of the association rate constant, i.e., the relaxation
the biphasic kinetic profiles, with fast and slow relaxation rate constant (1), as a function of 2-azaoctanoyl-CoA under
rate constants of 676 72 and 384 6 s'!, respectively. the pseudo-first-order condition ([enzymek [ligand]).
These kinetic data (in conjunction with the numerical Figure 3C shows the hyperbolic dependence af dn
simulation studies) were previously explained to be consistent2-azaoctanoyl-CoA concentration. The solid smooth line is
with the formation of the enzymdigand collision complex, the best fit of the experimental data for the hyperbolic
followed by the two sequential isomerization steps, of which dependence of tbn 2-azaoctanoyl-CoA, with an offset (i.e.,
the first step had an equilibrium constant near urityl(?. the zero ligand concentration point). It should be mentioned
However, subsequent studies on the effect of deletion of thethat for accuracy the latter value was taken from the
3'-phosphate moiety of coenzyme Af) and the tempera-  dissociation “off-rate” measurement of the enzyn2e
ture-dependent analysis of the relaxation rate constafifs (  azaoctanoyl-CoA complex (Figure 3B). The analysis of the
as well as the tryptophan fluorescence data (see Figure 6)experimental data of Figure 3C yields the magnitudes of
led to the suggestion that the kinetic mechanism of the 1/tmax (the rate constant at a saturating concentration of
enzyme-octenoyl-CoA interaction could be reliably ex- 2-azaoctanoyl-CoA), thin (the rate constant at zero con-
plained without involving the slower relaxation phase. Be- centration of 2-azaoctanoyl-CoA, which is equal to the
sides simplifying the kinetic complexity, the above stratagem dissociation “off-rate” of the enzymdigand complex), and
facilitated a straightforward comparison between the micro- K. (the concentration of 2-azaoctanoyl-CoA required to
scopic parameters for the binding of octenoyl-CoA and achieve half of the maximum saturation) to be 28510
2-azaoctanoyl-CoA to the enzyme (see below). From a casuals™®, 0.18 4+ 0.001, and 76.6= 7 uM, respectively.
comparison between the single-exponential rate constant for Changes in Protein Conformation upon Ligand Binding
the binding of 2-azaoctanoyl-CoA to the enzyme (Figure 3A) Although the evidence for the isomerization of the enzyme
with the fast rate constant for the binding of octenoyl-CoA ligand complexes (see eq 2) has been suggestive of the
to the enzyme®), it is evident that the former is about 5-fold  protein conformational change, there has been no indepen-
slower than the latter. Hence, in qualitative terms, the dent experimental data to support such a possibility. This is
a-CH—NH substitution in G-CoA impairs the rate of particularly so since the signal for interaction between the
enzyme-ligand association. enzyme and ligand has been primarily derived from the
Figure 3B shows the stopped-flow kinetic trace for the electronic structural changes of the enzyme-bound FAD, and
dissociation of 2-azaoctanoyl-CoA from the enzyme site. not from the signal(s) associated with the protein structure
This experiment was performed by competitive displacement (8, 12, 15, 32 In pursuit of probing the latter signal, we
of the enzyme-bound ligand in the presence of a high and discovered that the fluorescence emission spectrum of the
saturating concentration of acetoacetyl-CoA, as elaboratedenzyme in the tryptophan region is quenched upon binding
by Johnson et al.16). As per this method, an enzyme of the CoA-ligands. By utilizing the fluorescence signal, we
ligand ([enzymeF [ligand]) complex is mixed with a high ~ performed the transient kinetics for the association of
(and saturating) concentration of acetoacetyl-CoA via the 2-azaoctanoyl-CoA and octenoyl-CoA with the enzyme, to
stopped-flow syringes, and the time course for the increaseprobe the similarity in the microscopic pathways for the
in absorption at 545 nm (due to the formation of the enzyme-ligand interactions as well as to determine the
enzyme-acetoacetyl-CoA complex) is monitoredi2, 15. intrinsic microscopic parameters (see below).
Since the formation of the enzymacetoacetyl-CoA com- Figure 4 shows the fluorescence emission spectra of the
plex occurs following the dissociation of the ligand, the enzyme fex= 295 nm) in the absence (trace 1) and presence
kinetic profile serves as a measure of the dissociation “off- of 5 uM 2-azaoctanoyl-CoA (trace 2) or 8M octenoyl-
rate” constant of the enzymdigand complex 12). The CoA (trace 3). Note that the fluorescence emission spectrum
kinetic trace of Figure 3B shows an increase in absorption of the enzyme is slightly blue shifted, and quenched by
at 545 nm upon mixing a solution of 4M enzyme+ 40 6—10% upon binding with the above ligands, respectively,
uM 2-azaoctanoyl-CoA with 2 mM acetoacetyl-CoA (pre- suggesting that the microenvironments of the enzyme-
mixing concentrations) via the stopped-flow syringes. The resident tryptophan residues are altered upon interaction with
solid smooth line is the best fit of the experimental data for the above ligands.
the dissociation “off-rate” of 2-azaoctanoyl-CoA which is By utilizing the fluorescence emission signals of Figure
0.18 &+ 0.001 s’ When an identical experiment was 4, we performed the transient kinetic studies for the binding
performed for the dissociation of octenoyl-CoA from the of 2-azaoctanoyl-CoA and octenoyl-CoA to the enzyme.
enzyme-octenoyl-CoA complex, a dissociation “off-rate” Figure 5A shows the time-dependent decrease in the
of 1.0 + 0.01 s* was discerned (data not shown). Hence, enzyme'’s tryptophan fluorescendg{(= 295 nm, cutoff filter
the dissociation “off-rate” of 2-azaoctanoyl-CoA is about = 335 nm) upon mixing (premixing concentrations) aflé
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Ficure 4: Tryptophan fluorescence emission spectra of MCAD
in the absence and presence of 2-azaoctanoyl-CoA and octenoyl-
CoA. The emission spectra were obtained following excitation at
295 nm, and using a cutoff filter at 350 nm. The concentrations of
different components and the corresponding fluorescence spectra
are as follows: [MCAD]= 1 uM (trace 1), [MCAD]= 1 uM +
[2-azaoctanoylCoAF 5 uM (trace 2), and [MCAD]= 1 uM + 0 | | { s
[octenoyl CoA]= 5 uM (trace 3). 0 60 120 180 240
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e{]zymed\?lllth 400.‘M 2 aztalggta_lrrlhoyl CIC.)(;A‘ (top Ft)ﬁrll.e') \(lattr]he Ficure 5: Transient kinetics for the changes in the tryptophan
S opp(_a -llow synnge; a : e soli Sm,°° Ine 1S . € fluorescence of MCAD upon interaction with 2-azaoctanoyl-CoA.
best fit of the experimental data, according to the single- The excitation wavelength and cutoff filters were 295 and 335 nm,
exponential rate equation, for the association rate constantrespectively. Other experimental conditions were the same as in

(1/7) of 130+ 3 s.. Note that this value is similar to the ~ Figure 2. Panel A shows the stopped-flow kinetic trace for the

association rate constant for the binding of 2-azaoctanoyl- decrease in the tryptophan fluorescence of the enzyme upon binding
1 . . . with 2-azaoctanoyl-CoA at 8C. The after-mixing concentrations

CoA to the enzyme (14F 2 %), determined via measuring  of MCAD and 2-azaoctanoyl-CoA were 4 and 24, respectively.

the changes in the electronic structure of the enzyme-boundThe solid smooth line is the best fit of the experimental data

FAD at 438 nm (see Figure 3A). We further investigated according to the single-exponential rate equation with relaxation

Eat. TS oAl CoA-dependent relaxation rate constant)1dr the enzyme-ligand
(under the pseudo-first-order condition; {EAD] < [2-aza interaction. The after-mixing concentration of MCAD wag¥!.

octanoyl-CoAJ), determined via the fluorescence method The solid smooth line is the best fit of the experimental data for
(Figure 5B). The solid smooth line is the best fit of the the hyperbolic dependence ofrlon 2-azaoctanoyl-CoA, with the
experimental data for the hyperbolic dependence ofoiv magnitudes of Yfnax lirmin, andK being equal to 182= 5 s,
2-azaoctanoyCoA with an offset (a measure of the dis- 0102 0000 51 a0 58 531 speetvey, Toe oo
sociation “off-rate” constan'g of the enzymhgz_and complex; ._were taken from the dissociation off-rate megsurement Inof the
see above). It should be pointed out that unlike the absorptionenzyme-2-azaoctanoyl-CoA complex.

method, we could not independently determine the dissocia-

tion “off-rate” constant of the enzymdigand complex by changes in the electronic structure of the enzyme-bound FAD
the fluorescence method. This is because the competing/are somehow coupled to the changes in the microenviron-
displacing ligand (e.g., acetoacetyl-CoA) had more or less ment of the enzyme’s tryptophan residues.

the same quenching property as the primary ligand, 2-aza- We previously failed to obtain the hyperbolic dependence
octanoyl-CoA or octenoyl-CoA. Hence, the increase in of 1/t (the relaxation rate constant for the association of
fluorescence due to displacement of the primary ligand was octenoyl-CoA with the enzyme, measured via the changes
compensated by the decrease in fluorescence due to bindingn the electronic structure of FAD) as a function of octenoyl-
of the competing ligand, acetoacetyl-CoA. Therefore, no CoA concentration, due to our inability to vary the ligand
change in the fluorescence signal was found to occur duringconcentration from subsaturating to saturating concentration
the experimental conditions of ligand dissociation from the regions, while maintaining the pseudo-first-order condition
enzyme site. Due to the above limitation, the magnitude of (7—8). Since the above limitation did not appear to pose any
the dissociation “off-rate” of 2-azaoctanoyl-CoA from the problem while utilizing the enzyme’s tryptophan fluorescence
enzyme site was taken from the absorption data of Figuresignal, we determined the octenoyl-CoA concentration-
3B. The hyperbolic plot of Figure 5B yields the magnitudes dependent relaxation rate constant for the enzyhgand

of 1/tmax 1/tmin, andK. to be 1824+ 5 s1, 0.18 4+ 0.001 interaction (Figure 6). Figure 6A shows the stopped-flow
s%, and 79.3+ 5 uM, respectively. Note that the above transient kinetic data for the decrease in the enzyme’s
values are similar to those determined from the changes intryptophan fluorescencédy = 295 nm, cutoff filter= 335

the electronic structure of the enzyme-bound FAD (see nm) upon mixing (premixing concentrations) of #M
Figure 3C). Such a similarity attests to the fact that the enzyme with 400uM octenoyl-CoA at 5°C. The solid
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Ficure 6: Transient kinetics for the changes in the tryptophan
fluorescence of MCAD upon binding with octenoyl-CoA. Other
experimental conditions were the same as in Figure 5. Panel A
shows the stopped-flow kinetic trace for the changes in tryptophan
fluorescence of the enzyme upon binding with octenoyl-CoA. The
after-mixing concentrations of enzyme and octenoyl-CoA were 2
and 200uM, respectively. The solid smooth line is the best fit of
the experimental data according to the single-exponential rate
equation for the relaxation rate constantr{1éf 577 + 20 s
Panel B shows the octenoyl-CoA concentration-dependent relax-
ation rate constant for the enzymkigand interaction. The after-
mixing concentration of octenoyl-CoA wag®1. The solid smooth

line is the best fit of the experimental data for the hyperbolic
dependence of #/on octenoyl-CoA concentration, with the
magnitudes of Thax 1itmin, andK. being equal to 628 20 s1,
1.0+ 0.01 s%, and 23.6+ 3 uM, respectively. The experimental
data point at zero concentration of octenoyl-CoA (i.erpmil) was
taken from an independent dissociation “off-rate” measurement of
the enzyme-octenoyl-CoA complex.

smooth line is the best fit of the experimental data, according
to the single-exponential rate equation, for the association
rate constant (1) for the binding of octenoyl-CoA, found

to be 628+ 20 s*. Note that this value is similar to the fast
rate constant for the association of octenoyl-CoA with
MCAD (676 + 72 s1), determined via measuring the
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Ficure 7: Binding isotherms for the interactions of 2-azaoctanoyl-
CoA and octenoyl-CoA with MCAD. The other experimental
conditions were the same as in Figure 2, except that the temperature
was 25°C. Panel A shows the titration of 18:8M MCAD as a
function of increasing concentrations of 2-azaoctanoyl-CoA at 438
nm. The solid smooth line is the best fit of the experimental data,
for a dissociation constant of 0.52 0.09u4M and a stoichiometry

of the enzyme-ligand complex of 0.63t 0.01 mol of ligand/mol

of MCAD subunit. Panel B shows the titration of 184 MCAD

with increasing concentrations of octenoyl-CoA at 442 nm. The
solid smooth line is the best fit of the experimental data for a
dissociation constant of 0.6& 0.16 uM and a stoichiometry of
1.03 £ 0.02 mol of octenoyl-CoA/mol of MCAD subunit. The
broken lines of panels A and B are simulated lines for the
dissociation constants (derived from the transient kinetic data) of
the enzyme-2-azaoctanoyl-CoA and enzymectenoyl-CoA com-
plexes, found to be 0.38 and 0.8M, respectively.

maxima for the binding of these ligands to the enzyme have
been determined to be 438 and 442 nm, respectively. Figure
7A and 7B show the effects of addition of increasing
concentrations of 2-azaoctanoyl-CoA and octenoyl-CoA to

changes in the electronic structure of the enzyme-bound FADa fixed concentration of the enzyme solution on the absorp-

(8). Figure 6B shows the octenoyl-CoA-dependent relaxation
rate constant (1) for the enzyme-ligand interaction. The
solid smooth line is the best fit of the experimental data for
the hyperbolic dependence ofrlon octenoyl-CoA concen-
trations with the magnitudes of ddax, 1/rmin, andK. being
equal to 628+ 20 s, 1.0+ 0.01 s%, and 23.6+ 3 uM,
respectively.

Dissociation Constants of the Enzyriggand Complexes.
To determine to what extent theCH—NH substitution
affects the overall binding constant of the enzyrfigand
complex, we undertook a comparative spectrophotometric
titration for the binding of 2-azaoctanoyl-CoA and octenoyl-
CoA to the oxidized form of the enzyme. The absorption

tion changes at 438 and 442 nm, respectively. The solid
smooth lines are the best fit of the experimental data for a
complete solution of the quadratic equation (defining a one-
step enzymeligand interaction process) for the dissociation
constants of the enzyme-azaoctanoyl-CoA and enzyme
octenoyl-CoA complexes, found to be 0.520.09 and 0.68

+ 0.16 uM, respectively 29). Note a marked similarity
between these values. These results lead to the suggestion
that despite the disparity in the binding affinities of these
ligands within their collision/Michaelis complexeKd, as

well as a marked difference in their forwaid)(and reverse

(k;) dissociation rate constants (see Discussion), the overall
binding affinities of these enzymdigand complexes remain
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FIGURE 8: Isothermal microcalorimetric titration data for the interacti

[Octenoyl-CoA] / [MCAD]

on of 2-azaoctanoyl-CoA (left panels) and octenoyl-CoA (right panels)

with MCAD at 25°C. Panel A (top) shows the raw microcalorimetric data for titration of 1.8 mL of @2l™MCAD with 60 injections
(first injection 1uL, subsequent injections/A_ each) of 218M 2-azaoctanoyl-CoA. The area under each peak was integrated and plotted

against the molar ratio of 2-azaoctanoyl-CoA to the enzyme (bottom part of panel A). The solid smooth line is the best fit of the experimental

data forn = 0.894+ 0.01,K, = (1.96+ 0.16) x 10° M1, andAH° = —22.6+ 0.34 kcal/mol. The experimental conditions in panel B (top)
were the same as in panel A, except for the stock concentrations of MCAD and octenoyl-CoA being 10 ahd, 288pectively. The
solid smooth line in the bottom part of panel B is the best fit of the experimental date=f00.95+ 0.01,K; = (1.1+ 0.1) x 1 M1,

andAH® = —16.94 0.17 kcal/mol.

the same. It should be emphasized that the above difference€oA to the enzyme (the right bottom panel) were discerned

between the binding of octenoyl-CoA and 2-azaoctanoyl-
CoA to the enzyme site would have been elusive just by
performing the conventional spectroscopic and/or the ligand
binding experiments.

Isothermal Microcalorimetric Studies for the Binding of
Ligands to MCADTo discern the influence ai-CH—NH
substitution in G-CoA on the thermodynamics of enzyme
ligand interactions, we undertook comparative isothermal
microcalorimetric studies for the binding of 2-azaoctanoyl-
CoA and octenoyl-CoA to MCAD. Figure 8 shows the
isothermal microcalorimetric data for the titration of MCAD
with increasing concentrations of 2-azaoctanoyl-CoA (left
panel) and octenoyl-CoA (right panel) in 50 mM phosphate
buffer, pH 7.6, containing 0.3 mM EDTA and 10% glycerol
at 25°C. The top panels show the raw calorimetric data.
Note that the addition of each aliquot follows the emergence
of a negative (exothermic) peak due to the enzytigand

to be 0.95+ 0.01, (1.14+ 0.1) x 10° M™%, and—16.9 +

0.17 kcal/mol, respectively. From these data, the dissociation
constants 4 = 1/K;) of the enzyme-2-azaoctanoyl-CoA
and enzymeoctenoyl-CoA complexes could be calculated
to be 0.51+ 0.04 and 0.9H 0.01uM, respectively. Note
that these values are similar to the correspondingalues

of the above complexes determined via the spectrophoto-
metric titration method (see Figure 7). However, unlike the
marked similarity in the binding affinity of 2-azaoctanoyl-
CoA and octenoyl-CoA to the enzyme site, the enthalpic
change AH®) for the binding of 2-azaoctanoyl-CoA to the
enzyme site is about 5.7 kcal/mol more negative than that
obtained for the binding of octenoyl-CoA. Clearly, the en-
thalpic gain for the binding of the former ligand is compen-
sated by the entropic loss of an equal magnitude.

DISCUSSION

interaction. The area under each peak serves as the measure gefore elaborating on the effect @fCH—NH substitution

of the amount of heat produced upon ligand binding. Note o, the kinetic and thermodynamic parameters for the binding
that as the titration progresses, the area under the pealkys Cs-CoA-ligands (viz., octenoyl-CoA and 2-azaoctanoyl-
becomes smaller due to increased occupancy of the enzymezoa) to MCAD, it should be emphasized that all the transient

site by the ligand. The bottom panels of Figure 8 show the
plots of the amount of heat generated per injection as a
function of the molar ratios of the ligands to the enzyme.
The solid smooth line (in the left panel) is the best fit of the
experimental data according to Wiseman et 48) for the
stoichiometry ), the association constanKg), and the
standard enthalpic changesH°®) for the binding of 2-aza-
octanoyl-CoA to the enzyme being equal to 0-890.01
(moles of bound ligand per mole of MCAD subunit), (1.96
+0.16)x 10° M1, and—22.6+ 0.34 kcal/mol, respectively.
The corresponding parameters for the binding of octenoyl-

kinetic data conform to the two-step binding mod#b)( of
eq 2:

kf

T

(E-FAD-Ligand)*

E-FAD + Ligand E-FAD-Ligand @

Isomerized complex

c
Collision complex

According to the rapid equilibrium assumptioB1], the
formation of the enzymeligand collision/Michaelis complex

is much faster (likely to complete within the dead time of
our stopped-flow system) than the observed relaxation phase.
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Table 1: Summary of the Kinetic and Thermodynamic Parameters isomerization equilibriumk/k) is 2-fold in favor in the case

for the Binding of 2-Azaoctanoyl-CoA and Octenoyl-CoA to of the latter as compared to the former ligand. Such a
MCAD compensatory feature within the consecutive binding steps
. E—2-azaoctanoyl- E—octenoyl- results in a near—identity of the overall binding affinity (1/
experiments parameters CoA CoA Kg) of these ligands to the enzyme. (4) The forwdgl énd
stopped-flow ki (s71) 205+ 10 676+ 72 reverse k) rate constants for the isomerization step of the
absorption method k- (s™) 0.1840.001 1.0+ 0.01 enzyme-octenoyl-CoA collision complex are about 3- and
Ke (M) 76.6+7 ND 6-fold higher than those determined for the enzyifie
stopped-flow ks (s:) 182+5 628+ 20 azaoctanoyl-CoA collision complex, respectively. The above
fluorescence method (s~ ND ND difference is translated into a 1.6 kcal/mol higher transition
Ke (M) 79.3+5.3 23.6+ 3 . : o
_ state energy barrier for the isomerization of the enzyme
spectrophotometric Kq (4M) 0.52+0.09  0.68:0.16 2-azaoctanoyl-CoA complex as compared to the enzyme
titration _
. o octenoyl-CoA complex. (5) The enthalpic changasif) for
g:'rgrt?;rflo“met“c ﬁﬁj E'lﬁﬁimﬁg :gfgi 8-21 :2-6231 8-83 the binding of octenoyl-CoA to the enzyme are about 6 kcal/
TAS (kcallmol) —14.0+ 041 —8.66+ 0.16 mol less negative (i.e., less favorable) than those obtained

for the binding of 2-azaoctanoyl-CoA.

A combination of the structural and spectroscopic data for
the binding of CoA-ligands to MCAD lead to the suggestion
that the atomic residues in the vicinity of the thioester region
of the ligands are in close proximity to the isoalloxazine ring
for the enzyme-ligand interaction can be given by eq 3 0 the enzyme-bound FAD (see Figure 1). Depending upon

* the type of CoA-ligands, as well as their spatial relationships
k[ligand] to t_h(_e enzyme-_bound FAD, the electronic structures of the
= "7 (3) individual species are differently perturbed. For example,
K. + [ligand] based on the spectroscopic, kinetic, thermodynamic, and
model building studies for the binding of structurally diverse

Equation 3 predicts a hyperbolic dependence ofal a ligands to the wild-type and E376D mutant MCADs, we
function of ligand concentration with an offset. According demonstrated that the spatial relationships between the
to eq 3, the magnitudes of the relaxation rate constant atenzyme-bound FAD and the CoA-ligands dictate, at least in
saturating (Ifmay) and zero (Imin) ligand concentrations are  part, their binding affinities to the enzyme sitesJ.
given byks + k. andk;, respectively, and the concentration Based on the structurafunctional data of MCAD ca-
of ligand required to achieve half of the maximal saturation talysis @, 9, 29, it is conceivable that the polarization of
serves as a measuref. Given this, the magnitudes &f, the carbonyl group of the CoA-thioesters would influence
k, and K. for the binding of 2-azaoctanoyl-CoA to the the charge distribution among the neighboring atoms. In
enzyme from the absorption kinetic data of Figure 3 can be comparison between the bound forms of octenoyl-CoA and
discerned to be 205 % 0.18 s¢, and 76.6:M, respectively. 2-azaoctanoyl-CoA to the enzyme, it is expected that the
The corresponding parameters derived from the fluorescenceelectrostatic field at thex-position of the former ligand
kinetic data of Figure 5 can be discerned to be 181318 (having a CH group) would be different than that obtained
s %, and 79.3uM. Hence, irrespective of the nature of the with the latter ligand (having an NH group). Hence, for an
reporter signal (i.e., the electronic structural changes of theidentical chain length, the relative charge distribution at
enzyme bound FAD or the intrinsic protein fluorescence), corresponding regions would influence the energetics of the
the microscopic parameters for the binding of 2-azaoctanoyl enzyme-ligand interactions. Such an expectation appears to
to the enzyme are similar. A similar conclusion can be be metupon comparison of the enthalpic changé4°j for
derived for the binding of octenoyl-CoA to the enzyme (see the binding of these ligands to the enzyme via microcalo-
Results), with the magnitudes &, k, andK. being equal rimetry. The experimental data of Figure 8 clearly reveal
to 628 s, 1 s, and 23.6uM, respectively. Table 1 sum-  the AH° for the binding of 2-azaoctanoyl-CoA to the enzyme
marizes the kinetic and thermodynamic parameters for theis about 5.7 kcal/mol more favorable than that obtained for
binding of 2-azaoctanoyl-CoA and octenoyl-CoA to MCAD. the binding of octenoyl-CoA. This is presumably due to

A comparative account of the transient kinetic and formation of an additional hydrogen bond involving the
thermodynamic data for the binding of octenoyl-CoA and amide nitrogen of 2-azaoctanoyl-CoA and some enzyme site
2-azaoctanoyl-CoA (thetCH—NH-substituted ligand) to  residue. However, since neither spectrophotometric (see
MCAD lead to the following conclusions: (1) The overall Figure 7) nor the microcalorimetric (see Figure 8) titration
binding affinity of octenoyl-CoA (reaction product) to the data show any difference in the binding affinity of these
enzyme is essentially identical to that of 2-azaoctanoyl-CoA, ligands to the enzyme, it follows that the favorable enthalpic
suggesting that the latter is unlikely to serve as the transition contribution for the binding of 2-azaoctanoyl-CoA to the
state analogue of the enzyme. (2) The enzyifigand enzyme (due teCH—NH substitution) is compensated by
isomerization step is intimately coupled to the changes in an unfavorable (e.g., rotational, translational, and confor-
the protein conformation, as evident by the perturbation in mational) entropic contribution of an equal magnitude.
the microenvironment of the enzyme’s tryptophan residues. The structural data of the pig liver enzyme reveal that there
(3) Whereas the intrinsic affinity of octenoyl-CoA within  are four tryptophan residues (namely, Trp-57, Trp-166, Trp-
the enzyme-ligand collision complex (K.) is about 3-fold 175, and Trp-317) per enzyme suburdt), Of these, Trp-
higher than that for 2-azaoctanoyl-CoA, the subsequent 166 is located within 5.9 A distance from the carbonyl carbon

The origin of the latter lies either in changes in the electronic
structure of the enzyme-bound FAD or in the enzyme’s
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of Cg-CoA, and it is slightly relocated (with respect to its 2-azaoctanoyl-CoA (vis a vis octenoyl-CoA) to the enzyme
position in the ligand-free form of the enzyme) upon binding site is presumably hindered due to the electrostatic repulsion
of Cg-CoA. Hence, it is not surprising that the fluorescence by the carboxyl groups of the two active site residues, Glu-
emission of tryptophan is quenched upon binding of both 376 and Glu-99. However, the same active site groups elec-
octenoyl-CoA and 2-azaoctanoyl-CoA to the enzyme (Figure trostatically stabilize 2-azaoctanoyl-CoA within the enzyme
4). Although we believe that the above quenching effect is site, once its carbonyl group is polarized (during the isom-
primarily associated with Trp-166, at this time, we cannot erization step), resulting in its impaired dissociability from
rule out the involvement of other tryptophan residues in the the enzyme site. Such a stabilization of the enzy@@za-
above process. We have already created a Trp=Ha& octanoyl-CoA complex is further supported by the fact that
mutation in the enzyme to test the above possibility, and we the formation of the above complex is enthalpically more
will report our findings subsequently. favorable as compared to that of the enzyroetenoyl-CoA

It should be emphasized that prior to this investigation, complex (see Figure 8). This is presumably due to formation
the only supporting evidence in favor of the protein confor- of an additional hydrogen bond between the amide nitrogen
mational change during the course of ligand binding and/or of 2-azaoctanoyl-CoA and some enzyme site residue. The
catalysis was the kinetic demonstration of the isomerization role of the electrostatic environment in modulating the flavin
of the enzyme-ligand collision complexes7(8, 12, 15. reactivity has been elaborated by other investigatis 45).
In this paper, we report for the first time (to the best of our  Since the enzymeligand collision complexes, involving
knowledge) that the transient kinetic profiles (during the both 2-azaoctanoyl-CoA and octenoyl-CoA, are converted
course of the enzymedigand interactions), discerned via the into their corresponding isomerized complexes, the relation-
electronic structural changes of the enzyme-bound FAD, ship between the overall dissociation constaktg é&nd the
precisely match with the concomitant changes in the microscopic parameters of eq 2 can be given by the
enzyme’s tryptophan fluorescence (see Figures 5 and 6).relationship: Kq = Kck/ki. Based on the above relationship,
Since the latter changes originate from the ligand-induced the dissociation constants of the enzyn2eazaoctanoyl-CoA
alteration in the microenvironment of the enzyme’s tryp- and enzyme octenoyl-CoA complexes can be predicted to
tophan residue(s), it is surmised that at least the local be 0.09 and 0.03xM (at 5 °C) from the transient kinetic
structure of the enzyme (in the vicinity of the ligand binding data of Figures 3C and 6, respectively. As will be published
site) is changed, a feature ascribable to the ligand-inducedsubsequently, the van't Hoff enthalpies (measured via the
protein conformational changes. Other investigators have microcalorimetric method) for the binding of 2-azaoctanoyl-
arrived at the same conclusion by performing the transient CoA and octenoyl-CoA to the enzyme ard2.7 and—9.5
kinetic studies for the binding of ligands utilizing tryptophan kcal/mol, respectively. Based on the latter parameters, the
fluorescence as the reporter signaB<{34). kinetically derived dissociation constants for the binding of

In the above context, it has been observed that any factor2-azaoctanoyl-CoA and octenoyl-CoA would be 0.35 and
that alters the kinetic profiles of flavin reduction also alters 0.81uM (at 25°C), respectively. The latter values are similar
the corresponding profiles of the fluorescence changes. Forto the dissociation constants of the above complexes (at 25
example, the rate of the reductive half-reaction of the enzyme °C) determined both via the spectrophotometric (Gt52.09
(measured via the conversion of the enzyme-bound FAD to and 0.68+ 0.16uM, respectively; see Figure 7) and via the
FADH,) varies with the chain length of the aliphatic acyl- microcalorimetric (0.51+ 0.04 and 0.91+ 0.01 uM,
CoA substratesld). We have recently observed that the ki- respectively; see Figure 8) titration methods. The dotted lines
netic profiles of the above reactions can be precisely mim- of Figure 7 are calculated for the kinetically predicted dissoci-
icked by monitoring the changes in the tryptophan fluores- ation constants of the corresponding enzyigand com-
cence (data not shown). Likewise, certain mutations (e.g., plexes. Note a marked correspondence between the experi-
Glu-376—GIn) impair the rate of the electronic structural mentally determined (solid lines) and the calculated (dotted
changes (of the enzyme-bound FAD) upon interaction with lines) dissociation constant values. Such a similarity attests
octenoyl-CoA and 2-azaoctanoyl-CoA. Such kinetic profiles to the internal consistency of our proposed microscopic
are identical to those obtained by monitoring the changes in pathway for the enzymeligand interaction. At this point,
the tryptophan fluorescence, under an identical experimentalwe note that Thorpe and his collaborators reported the disso-
condition (data not shown). These experimental data strengtherciation constants of 2-azaoctanoyl-CoA and octenoyl-CoA
our proposition that the protein conformational changes are from pig kidney enzyme as being equal to 51 and 89 nM,
coupled to the changes in the ligand structures, e.g., “chem-respectively 21). We believe the discrepancy between our
istry” or electronic structures of the FAD and/or ligands.  results and those of Thorpe’s group is due to the biological

The experimental data presented herein reveal that theorigin (pig kidney versus recombinant human liver) of the
apparent association and dissociation rate constants for theenzymes. Several such discrepancies between the pig kidney
binding of 2-azaoctanoyl-CoA to the enzyme are lower than and human liver enzymes have been noted in our laboratory
those of octenoyl-CoA, suggesting that both binding and the as well as other laboratorie8,(18, 22, 30, 40, 41
release of the formeroCH—NH substituted) ligand are However, none of the kinetic and/or thermodynamic
energetically unfavorable. We believe that the origin of the parameters, derived from the experimental data presented
above difference lies in the charge distribution around the in the previous section, as well as the dissociation constant
carbonyl groups of these ligands. Taenitrogen of 2-aza-  data of Thorpe’s group2(), lead to the assignment of
octanoyl-CoA is (relatively) electron rich during the forma- 2-azaoctanoyl-CoA being the transition state analogue of the
tion of the enzyme-ligand collision complex, but it becomes enzyme. This conclusion is in a direct contradiction to the
electron deficient upon polarization of the carbonyl group proposal of Johnson et aR2), on the basis of their redox
during the isomerization step. The (apparent) binding of potentiometric studies. These authors have assumed that the
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transition state analogues shift the redox potential of the
enzyme similar to the substrate/product pair, and since the
magnitudes of the redox potential shift upon binding of
2-azaoctanoyl-CoA and 3-thiaoctanoyl-CoA were 65% and
20% of those obtained with octanoyl-CoA/octenoyl-CoA
pair, they ascribed the 2-azaoctanoyl-CoA to be the transition

state analogue.

In view of the above assignment, we must emphasize that
the transition state is a kinetically derived state, and its
existence is assumed to explain the rapidity of chemical
reactions 85). Following the proposal of Pauling that the
enzyme site structures must be complementary to the putative

transition states of the chemical reactio86)( the substrate/

product analogues exhibiting unusually higher binding af-
finities to their cognate enzymes have been customarily

assigned to be the transition state analogu®s, (39.

Invariably, the transition state analogues exhibit much higher
binding affinities to their enzyme sites vis a vis their

corresponding substrates and produ88.(Since the binding
affinity (cumulative or within the “collision” complex) of

2-azaoctanoyl-CoA to MCAD is either comparable to or
lower than that of octenoyl-CoA (the reaction product of the
enzyme), it is difficult to conceive that 2-azaoctanoyl-CoA

fits in the category of the transition state analogue.

The sequence of events associated with the binding of 17
ligands (substrate analogues) to their cognate enzymes canig,
be as complex as those involved during their catalytic
turnovers, and, thus, the complementary studies of the above 19.
processes are likely to throw light on the kinetic mechanisms
of enzymes. The comparative transient kinetic studies for
the binding of slightly altered ligands, presented herein, lead 54
to the suggestion that octenoyl-CoA is preferentially stabi-

lized within the enzymeligand collision/Michaelis complex,

and has to overcome a smaller transition state barrier during
the isomerization process as compared to 2-azaoctanoyl-CoA.
Since the latter process is kinetically equivalent to the
octanoyl-CoA-dependent reductive half-reaction (i.e., “chem-
istry”) of the enzymeT, 12), it appears that the introduction

of a “polar” residue at the-position destabilizes both the
ground and transition state structures during the enzyme
catalysis. In this regard, it should be pointed out that our
previous conclusion for the coupling between the protein
conformational changes and the changes in the ligand

structures (involving the functionally diverseg-CoA-
ligands) does not hold for the-CH—NH-substituted ligand
2-azaoctanoyl-CoA7, 8, 12, 13. A qualitatively similar

discrepancy was noted with smaller chain length ligags (

13, 15, 19, as well as for the binding/reactivity ofg€CoAs
with the Glu-376~Asp mutant enzyme39). Thus, it appears

evident that although MCAD has the potential to bind
structurally different types of ligands with high affinities,
its active site geometry is evolved to optimize the ligand

binding and/or catalysis with aliphatic medium chainGg)

CoA-ligands. Such a feature may be intrinsic to the functional

specificities of enzymes in general.
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