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ABSTRACT. We previously demonstrated that the UV/visible spectrum of a chromophoric lidyamd;
3-indoleacryloyl-coenzyme-A (IACo0A), is red-shifted (due to polarization of its carbonyl group) upon
binding to pig kidney medium-chain acyl-CoA dehydrogenase (MCAD). The transient kinetic data revealed
that the overall binding occurred in two steps. The first (fast) step involved the formation of an MCAD
IACOA collision complex in which the electronic structure of IACoA remained unchanged (the “colorless”
complex), followed by a slow isomerization step with a concomitant red-shift in the IACoA spectrum
(the “colored” complex) [Johnson, J. K., Wang, Z. X., and Srivastava, D. K. (1B&&)hemistry 31
10564-10575]. To ascertain the energetics of the above two-step process, we investigated the temperature
dependence of the spectral changes, binding constant of the MOXTDA complex, and the rate constants

for the conversion between the colorless and colored complexes. The data revealed that as the temperature
of the incubation mixture of MCAD and IACoA ([IACoA}> [MCAD] > Ky) increases from 12 to 35

°C, the resultant spectral peak of the MCADACOA complex @max = 417 nm) decreases. However, in

this temperature range, the equilibrium constant for the second (isomerization) step remains unaffected.
Isothermal titration calorimetric studies for the binding of IACoA to MCAD reveal that the overall binding

energy at 25C (AG®

—7.4 kcal/mol) is contributed almost equally by the enthalfi¢if = —3.7

kcal/mol) and entropicTAS® = 3.7 kcal/mol) changes. As the temperature increases, Abthand

TAS decrease proportionately, resulting in a strong enthagptropy compensation effect.

The

temperature dependenceifi® yields aAC,° value of—0.24 kcal/mol. The data presented herein throw
light on the energetic consequences for the binding of IACoA to MCAD, the apparent similarity between
the van't Hoff and calorimetric enthalpies, enthalpic and entropic contributions during the polarization of
the carbonyl group of IACoA, and the overall structural-functional features of the erzigaad complex

as well as the enzyme catalysis.

In pursuit of delineating the kinetic mechanism of medium-
chain acyl-coenzyme-A (acyl-CoA) dehydrogenase (MCAD),
we introduced 3-indolepropionyl-CoA (IPCoA) as a chro-
mogenic substratel( 2). As noted with other acyl-CoA

enzyme is maintained via oxidation of the-EADH,—
IACoA complex by “organic” electron acceptors, such as
electron-transferring flavoprotein (ETF) or ferrocenium
hexafluorophosphate (FcRFluring the second half-reaction,

substrates, the enzyme catalysis was found to proceed viaeferred to as the “oxidative half-reaction” (eq 1B) of the

two discrete steps (for recent reviews, see Bf§; eq 1).
E—FAD + acyl-CoA== E—FADH,—enoyl-CoA (1A)

E—FADH,—enoyl-CoA+ ETF—FAD =
E—FAD—enoyl-CoA+ ETF—FADH, (1B)

The first step, referred to as the “reductive half-reaction”
(eq 1A) involves the reduction of the enzyme-bound FAD
to FADH, with concomitant oxidation of IPCoA ttrans
3-indoleacryloyl-CoA (IACoA). Due to a marked kinetic
and thermodynamic stability of the -H=FADH,—IACO0A

complex (against oxidation by the buffer-dissolved oxygen),

enzyme.
One of the major advantages of utilizing IPCoA as a

chromogenic substrate (visvés aliphatic acyl-CoAs) was

that the reaction product IACoA showed a strong absorption

band in the near visible regioifax = 367 nm,ez67 = 2.65

x 10* Mt cm™), and thus the enzyme catalysis could be

easily monitored without recourse to the spectral signals of

the “colored” electron acceptors, such as RGEBICPIP, etc.

(1, 6). Such a feature of IACoA allowed us to investigate

the structural-functional aspects of the enzyme catalysis and

1 Abbreviations: MCAD, medium-chain acyl-CoA dehydrogenase;
FAD, flavin adenine dinucleotide; IPCoA, 3-indolepropionyl coenzyme-

the latter predominates as a major enzyme species in thea; IACoA, trans-3-indoleacryloyl coenzyme-A, FcRFferrocenium
oxygenated buffer medium. The repetitive turnover of the hexafluorophosphate; ETF, electron-transferring flavoprotéikiy,

standard enthalpy changs$’, standard entropy chang(°, standard
free energy changeAC,°, heat capacity chang&S;, rotational and

T This work was supported by grants from the National Science translational entropy changdsS,, vibrational entropy change\Se,

Foundation (MCB-9507292) and the American Heart Association,
National Center (AHA-96008200).
* To whom correspondence should be addressed.

entropy change due to hydrophobic interactia®on;, conformational
entropy changek,, association constank, dissociation constant of
the collision complex; EDTA, ethylenediaminetetraacetic acid.
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the enzyme-ligand interactions under diverse experimental
conditions 7—9, 10, 11.

We previously reported that the binding of IACo0A to
E—FAD results in a red-shift in the electronic spectrum of
IACOA (1). Such a red-shift has been found with a number
of chromophoric acyl-CoA analogues such as furylacryloyl-
CoA (10), cinnamoyl-CoA 12), 4-(dimethylamino)cinnam-
oyl-CoA (10), 4-aminobenzoyl-CoA 13), and 4-thia-2-
octenoyl-CoA (4), upon binding to the enzyme site. With
precedents of the enzymological literature dealing with the
interaction of chromophoric ligands with their cognate
enzymes 15—17), the red-shifted spectra of the above CoA
derivatives have been attributed to polarization of their
carbonyl groups¥, 10. This conclusion is supported by
the X-ray crystallographic structure of the enzyneetenoyl-
CoA complex, which shows a strong hydrogen bonding
between the carbonyl oxygen of octenoyl-CoA and the 2
ribityl hydroxyl group of FAD as well as with the main chain
amide nitrogen of Glu-3761Q). The fact that the '2deoxy
derivative of FAD results almost in a complete loss of the
enzyme activity, utilizing octanoyl-CoA as a substrate, attests
to the functional role of the'Zibityl hydroxyl group of FAD
during the enzyme catalysi49).

By employing the transient kinetic techniques, we probed

the sequence of events leading to the polarization of the

carbonyl group of IACoA upon interaction with the oxidized
enzyme site, 8, 9. Under pseudo-first-order conditions
([IACoA] > [MCAD]), the rate of increase in absorption at
417 nm (the absorption maximum of the MCADACOA
complex) conformed to a single-exponential rate law, and

Qin and Srivastava

revealed that at all temperature25 °C, the binding of
octenoyl-CoA to MCAD was dominated by favorable en-
thalpic changes with a large negative(.37 (kcal/mol)/K)
value of AC,°. The latter was suggestive of a strong
hydrophobic interaction between octenoyl-CoA and protein
(20). However, due to the lack of pronounced spectral signal
with the enzyme-octenoyl-CoA complex as well as due to
the inherent complexity of the overall binding step4,(22,

we could not discern the energetics of the individual
microscopic steps of the overall binding pathway. Since such
limitations were not evident with IACoA (being a chro-
mophoric reaction product of the enzyme), we hoped to
ascertain the thermodynamic contributions of the individual
steps by employing both spectrophotometric and micro-
calorimetric methods.

MATERIALS AND METHODS

Materials. Coenzyme A (sodium salt) and acetoacetyl
CoA (sodium salt) were purchased from Sigma. 3-Indole-
propionic acid andrans-3-indoleacrylic acid, were purchased
from Aldrich. Other reagents were of analytical grade.

Methods. All experiments were performed in 50 mM
potassium phosphate buffer (pH 7.6) containing 0.3 mM
EDTA and 100 mM KCI, unless stated otherwise. Steady-
state kinetic experiments and spectral acquisitions were
performed either on a Perkin-Elmer Lambda 3B or on
Beckman 7400 spectrophotometer.

The CoA derivatives, indolepropionyl-CoA (IPCoA) and
indoleacryloyl-CoA (IACoA), were synthesized and purified

the observed rate constant exhibited a hyperbolic dependenc&S described by Johnson et d). (The extinction coeffi(iients
on IACOA concentration, suggesting that the binding of Of IPCOA and IACoA were taken to be 18.2 miem ™ (at

IACoA to MCAD occurred following the formation of the
MCAD —IACOoA collision complex (). The latter species
underwent a slow isomerization reaction (presumably via the
protein conformational changes) with polarization of the
carbonyl group of IACOA. Since no absorption changes were
detected at 417 nm within the dead time of our stopped flow,
we proposed that the polarization of the carbonyl group of
IACoA occurred during isomerization of the MCABACO0A
collision complex L, 8, 9. Hence, the collision and the

259 nm) and 26.5 mMcm™ (at 367 nm), respectivelyi}.

Pig kidney MCAD was purified and routinely assayed in
the 50 mM potassium phosphate buffer (pH 7.6) containing
0.3 mM EDTA, utilizing 120uM IPCoA and 100 FM
ferrocenium hexafluorophosphate (FgPRs an electron
acceptor as described by Johnson et Bl. (The enzyme
concentration was determined by using an extinction coef-
ficient of 15.4 mM* cm! at 446 nm 23).

The steady-state kinetic experiments for the IPCoA-

isomerized complexes are referred to as the “colorless” anddependent reaction were performed by monitoring the

“colored” complexes, respectively (eq 2). In eq B¢

MCAD +
k
IACOA == MCAD—IACOA == MCAD—IACO0A*
Ke  “colorless” %2  *“colored”
collision complex  isomerized complex
&)

represents the dissociation constant of the MCABCO0A
collision complex, and, andk_, represent the forward and
reverse rate constants for the conversion of MCABCo0A
collision complex to MCAD-IACoA* isomerized complex,
respectively.

absorption changes at 367 nm on a Lambda 3B Perkin-Elmer
spectrophotometer. The temperature of the reaction mixture
was maintained by circulating water from a temperature-
controlled bath to the thermostated cuvette holder. The
reaction mixture was continuously stirred with the aid of a
magnetic stirrer installed at the bottom of the cuvette holder.
Transient Kinetic ExperimentsTransient kinetic experi-
ments were performed on an Applied Photophysics SX-17
MV sequential mixing stopped-flow system (optical path
length= 10 mm, dead time= 1.3—1.5 ms) in a single mixing
mode as described previousl, (9, 21, 22, 241 The
stopped-flow kinetic traces were analyzed by the data
analysis package provided by Applied Photophysics.

We became interested in the nature and magnitudes of the Spectrophotometric Titration of MCAD with IACoAhe

physical forces responsible for promoting the individual (i.e.,
ligand binding and isomerization) steps upon interaction of
IACoA with the enzyme. We recently investigated the
binding of octenoyl-CoA (the reaction product of the
physiological substrate octanoyl-CoA) to pig kidney MCAD
via isothermal titration microcalorimetr2(). These studies

binding constant of the MCABIACOA complex was
determined by spectrophotometric titration (at 417 nm) of a
fixed concentration of MCAD (approximately 8M) and
increasing concentrations of IACoA. The absorbance of
IACoA and MCAD at 417 nm were subtracted from the
absorbance of their mixture at the same wavelength following
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a dilution correction. The increase in absorbance at 417 nmdata were analyzed by the Origin software as described by
as a function of total concentration of IACoOA was analyzed Wiseman et al.45). All parameters (viz.n, K, andAH®)
according to eq 3. In eq ¥q, n, E, li, andAe, refer to the were allowed to vary during the curve fitting. Unless noted
otherwise, the standard errors were derived from the best fit
AA ;= of the single titration data.
2 1 The data analysis produced three parameters, viz., stoi-
Ae (NE + I+ Ky) — \/(nEt + 1+ Ky)” — 4nEl, 3) chiometry (1), association constankg), and the standard

2 enthalpy changesAH°®), for the binding of IACOA to

MCAD. The standard free energy chang®Q°) for the

dissociation constant of the enzymCoA complex, binding was calculated according to the relationsi°
stoichiometry of the enzyme ACoA complex, total enzyme = —RTIn K, Given the magnitudes afG° andAH?®, the

concentration, total IACoA concentration, and the difference standard entropy changes$’) for the binding process were

in molar extinction coefficients of the complex minus its  calculated according to the standard thermodynamic equation,
individual components, respectively. The association con- AG°® = AH° — TAS.

stant K,) of the enzyme-IACoA complex was taken as the
reciprocal of the dissociation constam).

The enzyme-IACOA titration data were fitted by eq 3 using
the nonlinear regression analysis method (based on the
Levenberg-Marquardt algorithm) by Grafit (Erithacus,
Software Ltd., U.K.) software. The curve fitting was
accomplished in two stages. The first step involved fixing
the total concentration of the enzynig)(and stoichiometry
of the enzyme-IACoA complexnj to be 1.0. The magni-
tudes ofAe and Ky derived from the above analysis were
used as initial estimates for the final curve fitting. During
the latter stage, except fdE (which was fixed), other
parameters of eq 3 were allowed to vary, and the iterations
were continued until the convergence (minimyfwvalue)
was achieved. Such analysis yielded the magnitudes: of

RESULTS

Johnson et al.1) described that the absorption spectrum
of pig kidney medium-chain acyl-CoA dehydrogenase
(MCAD) is drastically altered in the presence of indole-
acryloyl-CoA (IACoA) as a chromophoric reaction product.
The difference spectrum (i.e., the spectrum of the mixture
minus the individual components) is marked by major
positive and negative absorption bands at 417 and 355 nm,
respectively, and a minor positive band at 486 nm. With
precedents of the spectral features of several different
chromophoric enoyl-CoA analogues (see Introduction), the
spectral band at 417 nm has been ascribed to originate (at

Ks andn. The standard deviation was obtained from the €ast in part) due to polarization of the carbony! group of
best fit of the single titration data. IACOA.

Isothermal Titration Microcalorimetry All calorimetric Effect of Temperature on the Magnitude of the 417 nm
experiments were conducted on an MCS isothermal titration Absorption Band.We investigated the effect of temperature
calorimeter (ITC) from Microcal, Inc. (Northampton, MA). ~ on the magnitude of the spectral band at 417 nm. During
A Comp|ete description of its predecessor instrument, this eXperiment, the temperature of the incubation mixture
OMEGA-ITC, experimental strategies, and data analysis arecontaining 10.5uM MCAD and 92 uM IACoA was
given by Wiseman et al26). The calorimeter was calibrated  increased from 12 to 35C in the spectrophotometric cell
by known heat pulses as described in the MCS-ITC manual. (équipped with a Peltier temperature controller), and fol-
During titration, the reference cell was filled with 0.03% lowing the attainment of the desired temperature, the
azide solution in water. Prior to the titration experiment, spectrum of the mixture was recorded. As a control, the
both enzyme and IACoA were thoroughly degassed under Spectra of MCAD and IACoA were |nd|V|duaIIy recorded
vacuum. The sample cell was filled either with 1.8 mL at the corresponding temperatures. Figure 1 shows the
(effective volume= 1.36 mL) of buffer (for control) or with ~ temperature dependence of the spectral changes (i.e., the
appropriately diluted enzyme. The contents of the sample SPectrum of the mixture minus its individual components).
cell was titrated with 40 aliquots of IACoA. During the Since, during these experiments, we employed a high
titration, the reaction mixture was continuously stirred at 400 concentration of IACOA (so as to saturate the enzyme at all
rpm. The enzyme concentration was adjusted by 2% (astemperatures), the background absorption of the reaction
recommended by the manufacturer) to include a dilution Mixture was considerably high, particularly at lower wave-
effect of the enzyme solution, which occurs following a length regions. Hence, the difference spectra have been
buffer rinse. presented only in the 396 and 510 nm region. The inset of

All calorimetric titration data were presented after sub- Figure 1 shows a temperature dependenck/Afiz. Note a
tracting the corresponding background. The background decrease in the magnitude Af17 with an increase in the
titration profiles, under identical experimental conditions, incubation temperature. A similar trend is also apparent at
were obtained by injecting IACOA into appropriate buffer 486 nm, although the magnitude of the spectral changes is
solutions. The raw data were presented as the amount offot as pronounced (due to a lower extinction coefficient) as
heat produced per second following each injection of ligand that at 417 nm. Assuming that the spectral band at 417 nm
into the enzyme solution (minus the blank) as a function of is primarily due to polarization of the carbonyl group of
time. The amount of heat produced per injection was |ACOA, the data of Figure 1 suggest that the extent of
calculated by integration of the area under individual peaks Polarization decreases with an increase in temperature.
by the Origin software, provided with the instrument. Final  Binding of IACoA to EFAD. (A) Spectrophotometric
data are presented as the amount of heat produced peStudies.By utilizing the signal for interaction of IACoA to
injection versus the molar ratio of IACoA to MCAD. The MCAD at417 nm, we could determine the binding constants
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Ficure 1: Effect of temperature on the spectral properties of the enzyA@0A complex. These spectra were generated following a

rapid change of temperature of the reaction mixture containing 4.5 CAD —FAD and 92uM IACoA. The contributions of MCADB-

FAD and IACoA at corresponding temperatures were subtracted from the spectra of the mixture. The inset shows the absorption changes
at 417 nm as a function of temperature.

- Table 1: Effect of Temperature on Association Const&a} 6f the
MCAD —IACoA Complex
006 [—

temp (K) n 105K, (M)
N 286 0.69+ 0.012 1.9+ 0.05
5 o004 |- 288 0.68+ 0.013 1.94+ 0.06
293 0.56+ 0.016 1.76+ 0.07
B 298 0.65+ 0.016 1.61+ 0.05
002 301 0.76+ 0.038 1.614+0.11
’ 306 0.79+ 0.018 1.39+ 0.04
- 308 0.72+ 0.020 1.18+ 0.04
0 | | | a Determined by the spectrophotometric titration method.
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FIGURE 2: Representative binding isotherm for the interaction of constant of the MCAB-IACoA complex, we performed the
:ﬁg?ﬁtﬂi“ﬂgggtaéfiﬁ;%igiﬁzﬂ§ 8\/-\%'\ghg‘sessgi'ﬁigmgg;gtam above titration experiments at different temperatures. The
of (1.61+ 0.05)x 1C° M1 and stoichiometry of 0.65 0.02 mol asso_matlon constants and_ st0|9h|ometrles derived from such
of IACoA/mol of MCAD subunit. titration data are summarized in Table 1. Note that as the
temperature of the incubation mixture increases from 13 to
of the above species as a function of temperature. A typical 35 °C, the association constant decreases from k9P
binding isotherm for the association of IACOA to MCAD at  t0 1.18x 10° M™%,
25 °C is shown in Figure 2. During this experiment, 8.0  Figure 3 shows the van't Hoff plot for the binding of
uM MCAD was titrated with increasing concentrations of IACOA to MCAD. The solid smooth line is the best fit of
IACOA, and the net increase in absorption at 417 nm (after the data according to the linear van't Hoff equation in the
dilution correction) is plotted as a function of total concen- following format (eq 4), wher&,, A, AHw, andR are the
tration of IACoA. Since the concentration of IACOA was
comparable to the concentration of MCAD, the dissociation
constant of the MCADB-IACoA complex Ky and the
stoichiometry of the MCADB-IACoA complex were deter-
mined by analyzing the data by eq 3. The solid smooth line association constant of the enzyme-IACoA complex, the
is the best fit of the data for a dissociation constd&y) of entropic factor, the van't Hoff enthalpy, and the universal
6.2 £ 0.2 uM and stoichiometry of 0.65: 0.02 (mole of gas constant, respectively.
IACOA/MCAD subunit), respectively. The association con-  The van't Hoff enthalpy AH,4) calculated from the linear
stant K,) derived from the above datK{= 1/Ky) was (1.61 dependence of I, on 17T yields a value of—3.43 kcal/
+ 0.05) x 10° M1, mol. However, the correspondence between the data and

HvH
RT (4)

INnK,=InA-—
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Ficure 3: van't Hoff plot for the binding of IACoA to MCAD.
The association constant for the MCADACoOA complex as a g O0r 7
function of temperature was determined as described in Figure 2. (&} |
The solid and broken smooth lines are the best fit of the data <
according to linear (eq 4) and integrated (eq 5) van't Hoff equations. 5 1 7
The magnitudes of Il andAH,4 derived from the best fit of the %
data according to eq 4 were 6.18 and.43 kcal/mol, respectively, €
and those off;, AH,, AC,, andK; derived from the best fit of the 3 2 T
data according to eq 5 were 295.5+K3.07 kcal/mol,—0.303 (kcal/ )
mol)/K, and 1.75x 10° M~%, respectively. 3 . L

T2 4 6 8
the fitted line is not so great & 0.946). It should be noted 0 [IACOAJ[MCAD]
that the above analysis relies on the fact that the heat capacity

changes AC,°) during the enzyme-IACOA interaction is Ficure 4. Microcalorimetric titration of MCAD by IACoA at 25
L . °C. Panel A (top) shows the raw data, generated by titration of 1.8

qugj.ll to Zfe;fc Toljl[s |tshc|early not the case mew,tgor.th?h mL of 9.8uM MCAD by forty (first injection= 1 uL, subsequent

Inding 0 OA 10 the enzyme, measured via the ISONEr- 39 jnjections= 4 uL each) injections of 59aM IACOA. The area
mal microcalorimetric method, shows a strong temperature under each peak was integrated and plotted against the molar ratio
dependence (see below). In light of this consideration, we of IACoA to MCAD in panel B (bottom). The solid smooth line is
analyzed the data of Figure 3 by an integrated form of the the best fit of the data for the stoichiometry of the MCAIAC0A
van't Hoff equation, which incorporates thC,® term (26; complex (moles of bound IACoA per mole of MCAD subunit) of

) L 0.65, association constar€4) of 2.6 x 10°* M1, and the standard
eq 5), whereT, is an arbitrarily chosen reference temperature enthalpy changes\H°) of —3.7 kcal/mol.

NK. =InK + AH, — TAC, (i _ }) + ﬁ) In T 5) shows the plot of the amount of heat generated per injection
a ' R T T R T, as a function of the molar ratio of IACoA to the enzyme.
The solid smooth line is the best fit of the data according to
and K; and AH, are the temporarily assigned association Wiseman et al.Z5), yielding values for the stoichiometry
constant and van’'t Hoff enthalpy, respectively, at that of the MCAD—IAC0A complex, association constarj,
temperature.AGC, is the heat capacity change. The broken and the standard enthalpy changeH() of 0.65+ 0.028,
line of Figure 3 represents the best fit of the data according (2.6 + 0.17) x 10° M™%, and —3.67 &+ 0.19 kcal/mol,
to eq 5, for the van't Hoff enthalpy of3.07 kcal/mol at respectively. Assuming a standard state of 1 M, the free
295.5 K andAC, value of—0.303 (kcal/mol)/K. Although energy of interactionAG°) of IACoA to MCAD can be
the fitted line is somewhat better than that obtained via linear calculated to be-7.4 kcal/mol. Given the magnitudes of
van't Hoff analysis (eq 4), it is, by no means, the best. We AG°® andAH°, TAS® can be calculated to be 3.7 kcal/mol.
believe the lack of correspondence between experimental andAn examination of these data suggests that unlike the binding
theoretical lines is due to small errors in determining the of octenoyl-CoA to MCAD, which is enthalpically driven
temperature dependence of the association constants of th€20), the binding of IACoA to MCAD is dominated by both

enzyme-lACoA complex. enthalpic and entropic contributions, albeit the entropic
(B) Microcalorimetric Studies.We investigated the in-  contribution decreases with an increase in temperature.

teraction of IACoA to MCAD via isothermal titration While investigating the temperature dependence of the

microcalorimetry. Figure 4 shows the titration of u#& MCAD + IACOA interaction, we realized that due to a

MCAD by increasing aliquots (first aliquot 1 uL, and smaller magnitude oAH° at lower temperatures, the above
subsequent 39 aliquots 4 uL each) of IACoA (stock titration could not be reliably performed below 20. Table
concentration= 0.59 mM) at 25°C. The top panel shows 2 summarizes the temperature dependence of the thermo-
the raw calorimetric data, denoting the amount of heat dynamic parameters for the binding of IACoA to MCAD.
produced (negative exothermic peaks) following each injec- From these data, it is apparent that as the temperature
tion of IACoA. The area under each peak represents theincreases AH® increases, andAS’ correspondingly de-
amount of heat produced upon binding of IACoA to MCAD. creases, resulting in a nearly invaria®®&°® value. Such a
Note that as the titration progresses, the area under the peakeelationship has been referred to as the enthagntropy
progressively becomes smaller due to an increased occupancgompensation effec2f—29), and the origin of this effect

of the enzyme by IACoA. The bottom panel of Figure 4 has been attributed to a significant difference betwk€g
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Table 2: Summary of the Thermodynamic Parameters for the AH® (open circles) oTAS®. The linear regression analysis
Interaction of IACOA with MCAD: of AH° versusTAS® data yields slope and intercept values

of 1.08 and—7.70, respectively.

105K, AH® AG® TAS
T(K) n MY (kcal/mol)  (kcal/mol)  (kcal/mol) Transient Kinetics for the Binding and Dissociation of
203 0.72+ 0.04 2.43+ 021 —1.89+ 013 —7.22+ 005 5.33 IACOA. To determine the magnitude of equilibrium constant
298 0.63+0.06 2.37+0.24 —3.52+0.38 —7.33+£0.06  3.81 for the isomerization step (see eq 2), i.e., the equilibrium
300.5 0.67+0.02 2.94+0.15 —3.76+0.13 —7.52+0.03  3.76 constant between the MCABIACOA collision complex and

302 0.57+0.03 2.07+0.15 —4.60+ 0.34 —7.37+0.04  2.77

305.5 0.60+ 0.04 2.40+ 0.22 —5.30+ 0.43 —7.524+0.06  2.22 the MCAD—IAC.:oA.|somer|.zed complex, we employed the
308 0.77+004 221+ 017 —5.31+ 031 —7.53+ 005 2.22 stopped-flow kinetic technique. The rate constant for the
; — ; . interaction of IACOA to the enzyme was determined by
aDetermined via isothermal microcalorimetfyAverage of two . . -
experiments under identical conditions. mixing these species ([IMCADk [IAC0A]) via the stopped

flow syringes. Figure 6 (top panel) shows the time courses
for the increase in absorbance at 417 nm upon mixing MCAD
and IACoA via the stopped-flow syringes at different
temperatures. The solid smooth lines are the best fit of the
data by a single exponential rate equation. As elaborated
previously (), the observed rate constants serve as a measure
of k, + k—,. From the data of Figure 6, it is evident that the
rate constant increases with an increase in temperature. This
is in marked contrast to a small (almost negligible) change
in the association constant of the MCAIDACO0A complex,
determined via both spectrophotometric and microcalori-
metric methods (see above).
292 296 300 304 308

TK) To extract meaningful information from the temperature
dependence of the observed rate constaits-(k-,), we
proceeded to determine the magnitudekof by the aceto-
acetyl-CoA (being a competitive inhibitor of IAC0A)
displacement method. In this approach, a reaction mixture
containing 2.5«M MCAD and 18uM IACoA was mixed
with a saturating concentration of acetoacetyl-CoA (1 mM)
via the stopped-flow syringes, and the time course for the
6 L decrease in absorption at 417 nm was monitored. During
this experiment, the acetoacetyl-CoA-dependent displacement
o P ) of IACoA from the MCAD—IACoA complex has been
-8 ' ' ' . ' ' ' envisaged to proceed via the following sequence of steps

2 3 4 5 6 (eq 6)

TAS (kcal/mol)

Ficure 5: Effect of temperature on the thermodynamic parameters ko .
of the MCAD—IACo0A complex. Panel A shows the temperature MCAD—IACoA* T MCAD—IACoA =

AH° (kcal/mol)

AGP or AH® (kcal/mol)

dependence oAH°. The solid smooth line is the best fit of the

data for aAC,° (slope) of —0.237 (kcal/mol)/K. Panel B shows MCAD + IACoA + acetoacetyl-CoA~

the enthalpy-entropy compensation plot. The dependences®@f MCAD —acetoacetyl-CoA (6)
andAH° on TAS’ are shown by solid and open circles, respectively.

The linear regression analysis for the dataAdi° versusTAS’ As elaborated previoushi( 21, 23, in the presence of a

yields the magnitudes of the slope and intercept of 1.08-ah@98,

respectively. saturating concentration of acetoacetyl-CoA, the time-

dependent decrease in absorption at 417 nm, under the above
and AS values 80). It should be pointed out that the experimental condition, conforms to a single-exponential rate

stoichiometry of the MCAD-IACoA complex was found &, and the observed rate constant is equad-toof eqs 2

to fall in the range 0.570.77 via the microcalorimetry ~ @nd 6.

method. A qualitatively similar range (0.5®.79) of the Figure 6 (bottom panel) shows the reaction traces (decrease
MCAD—IACoA complex was obtained from spectrophoto- in absorbance at 417 nm) for the displacement of IACoA
metric titration of MCAD by IACOA (see Tables 1 and 2). from the MCAD-IACoA complex by acetoacetyl-CoA as
These values are in contrast to the stoichiometry of the a function of temperature. The data are best fitted (solid
MCAD —octenoyl-CoA complex equal to 2¢Q). We are smooth lines) by the single-exponential rate equation for the
currently investigating the origin of this discrepancy, and decrease in absorbance at 417 nm. Like the rate constant

we will report these findings subsequently. for interaction of IACoA to MCAD, the dissociation rate of
Figure 5 (top panel) shows the dependencAkf on T. IACpA from Fhe MCAD—IACo0A complex increases with

A linear regression analysis of these data yields the magni-an Increase in temperature.

tude of AC,° (slope) to be—0.24 (kcal/mol)/K. This value Having determined the magnitudes lof + k_, andk_,

is somewhat less negative than that obtained for the bindingfrom the data of Figure 6, respectively, we calculated the
of octenoyl-CoA to the enzyme(). The bottom panel of  magnitudes ofk, (k. + k-, minus k-;) as a function of
Figure 5 shows the dependenceXS&° (solid circles) and temperature. On examination kf andk_,, it appears that
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. FiGure 7: Arrhenius plots fork,, k-, andk.s. The temperature
Time (sec) dependence of Ik, In k5, and Ink.y; are shown by open circles,
open triangles, and open squares, respectively. A common solid
100 line represents the best fit of the data for the dependencelof In
and Ink_, on 1/T, with an energy of activation of 23.1 kcal/mol.
The energy of activation obtained from the best fit of thek{n
80 versus 1T data was 9.4 kcal/mol.
m
o)} E.
c Ink=InA—-— 7
S 60 RT @)
O
40 factor, R is the universal gas constant, aBglis the energy
°~’: of activation. The magnitudes of ks andE, derived from
¥ these data were 40.7 and 23.1 kcal/mol, respectively.
< 2 From the above Arrhenius parameters, the difference in
enthalpy AH*) and entropy AS) between the ground and
0 transition state of the isomerization reaction can be calculated
by the following equations (eq 8). In eq 8Es andh are
0 0.4 o.fz 1.2 1.6 2 AHF = E,—RT (8A)
Time (sec)
Ficure 6: Effect of temperature on the transient rate constants for A§ =RInA—-RIn(kT/h) — R (8B)

the interaction of IACoA with MCAD. Panel A (top) shows the , .
time course for the increase in absorption at 417 nm upon mixing the Boltzmann constant and Planck’s constant, respectively.

MCAD with IACoA (IMCAD] < [IACo0A]) via the stopped-flow Such calculations yield the magnitudes &f* (at 25 °C)
syringes at different temperatures. The reaction traces from right andASf as 22.5 kcal/mol and 20.3 (cal/mol)/K, respectively.
to left are representative of the reaction temperature of 10, 15, 20, We previously recognized an intrinsic similarity between
24, 30, and 35°C, respectively. The solid smooth lines are the : - L

best fit of the data for a single-exponential rate equation with th€ microscopic pathways for the binding of IACoA to
observed rate constants of 1.2, 2.2, 3.8, 8.1, 14.2, and 36&s MCAD and the IPCoA-dependent reductive half-reaction.
the above temperatures, respectively. Panel B (bottom) shows theBoth these processes involve the formation of the enzyme
time course for the displacement of IACoA from the MCAD Jigand collision complexes followed by slow isomerization
IACoA complex (measured at 417 nm) by a high concentration (1 reactions 9). We further elaborated that thes for the

mM) of acetoacetyl-CoA at different temperatures. The reaction . T
traces from right to left represent the sequence of temperature as P COA-dependent reaction is limited by the forward rate

for the data of panel A. The solid smooth lines are the best fit of constant (equivalent tk, of eq 2) for the conversion of the
the data for a single-exponential rate equation, with observed rateMCAD —FAD—IPCoA Michaelis complex to the MCAD

tc;g;tearrgtsurg; (r)éi%écltf\(/)élyz'gbrt%rig/'zt'hel g;:ftlasci):‘ ggﬁegbon:nd B FADH,~IACOA charge-transfer complex/(9). In view
are presemed as the percent ChangA:;Qf as a function of time. of these facts, we mvestlgate_d the temperature depepdence
of k.ot for the enzyme catalysis, by the steady-state kinetic

although these parameters individually increase as a func-method, utilizing saturating concentrations of IPCoA and
tion of temperature, their ratio is maintained at near unity at FCPF. The Arrhenius plot of these data is also shown in

all temperatures. These results imply that the overall Figure 7 (open squares). The solid line represents the best
association constant for the binding of IACoA to MCAD is  fit Of the data accoidlng to eq 7. From these data, the
primarily contributed by the first step, i.e., equilibration Magnitudes o, AH* (at 25 C), andAS were calculated

between MCAD+ IACOA and MCAD—IACOA collision (as described earlier) to be 9.4 kcal/mol, 8.8 kcal/mol, and
complex. —31 (cal/mol)/K, respectively.

Figure 7 shows the Arrhenius plots for the dependence of
In k2 (open circles) and Ik, (open triangles) on T/ The DISCUSSION
solid lines are the linear regression analysis of both sets of By utilizing indoleacryloyl-CoA (IACoA) as a chro-
the data according to eq 7, whefeis the preexponential mophoric reaction product for medium-chain acyl-CoA
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dehydrogenase (MCAD), we could determine the magnitudes|ACoA to MCAD (—3.7 kcal/mol at 25°C) is comparable
of the individual equilibrium constants for a two-step to that derived from the linear and integrated van't Hoff plots
enzyme-ligand binding process (see eq 2) as a function of (both yielding enthalpic changes in the rang®.4 to—3.8
temperature. Given that the forwarkb) and reversek(,) kcal/mol). Such a similarity has been puzzling to us, and
rate constants for the second (isomerization) step are equathus we are prompted to question the reliability of deduction
to unity at all temperatures, the overall observed binding of the van't Hoff enthalpy from small changes in the
constants (see Table 1) must be primarily contributed by the equilibrium constants as a function of temperature (see Table
first step, i.e., the formation of the enzymlkgand collision 1). Such a situation is likely to be encountered more
complex. ConsistenthyAG® for the second (isomerization) frequently under conditions where there is a strong enthal-
step would be equal to zerdG° = —RT In K), and thus pic—entropic compensation effect (yielding an invariAi@®
the enthalpic AH®) and entropic TAS®) contributions (of value).
the second step) would be balanced by each other. Under Temperature Dependence of the Thermodynamic Param-
such a situation, if the enthalpic contribution is favorable, eters for the Binding of IACoA to MCADAs observed with
the entropic contribution would be unfavorable, and vice a variety of protein-ligand complexes 0, 32-34), the
versa. calorimetric enthalpy for the binding of IACoA to MCAD
The question arises as to which of the above thermody- exhibits a linear dependence on temperature (Figure 6),
namic parameters is favorable during isomerization of the yielding aACp° value of —0.24 (kcal/mol)/K. This value
MCAD —IACOA collision complex. In attempting to answer is about 0.13 (kcal/mol)/K less negative than that observed
this question, we performed model building studies for the for the binding of octenoyl-CoA to MCADZ20). At this
interaction of IACoA with the MCAD site (data not shown) point, it should be mentioned that both octenoyl-CoA and
and observed that the carbonyl group of IACoA was IACoA are constituted of hydrophilic and hydrophobic
hydrogen bonded (as observed with octenoyl-Ca8), to residues, which are expected to interact differently with water
both the 2-ribityl hydroxyl group of FAD and the main chain molecules in the solution phase. Likewise, prior to the
amide nitrogen of Glu-376. Such hydrogen bondings have binding of these ligands, the enzyme site cavity is likely to
the potential to polarize the carbonyl group of IACoA, be filled/solvated by water molecules. Since no water
leading into an extended conjugation of the lone pair elec- molecules are retained at the interface of the MCAD
tron of the indole nitrogen to the carbonyl oxygen of the octenoyl-CoA complexX8), it follows that the binding of
thiol ester (see eq 2). This results in a red-shift in the octenoyl-CoA/IACOA to the enzyme must involve desolva-
electronic spectrum of IACoA upon binding to the enzyme tion of both CoA-ligand and the enzyme active site. Such
site (see eq 2). Since the red-shift in the IACoA spectrum desolvations are expected to contribute to the overall free
occurs during the isomerization of the MCADACO0A energy of the enzymeligand complexes.
collision complex, it is reasonable to assume that the above It has been frequently alluded to that a negathvép®
hydrogen bonds are formed exclusively during the isomer- value for the proteirligand complex is primarily due to
ization step. The latter is likely to result in a favorable burial of nonpolar surface areas from the aqueous pl&se (
enthalpic and an unfavorable entropic contribution, so that 41). Given that both IACoA and octenoyl-CoA molecules,
the AG® value of the second (isomerization) step is main- as well as their complementary enzyme site phase, contain
tained at zero. The above deduction is supported by the factseveral nonpolar residues, and such residues are buried
that the increase in temperature results in diminution of the (desolvated) from the agueous phase upon MCASCoA/
417 nm spectral band of the enzyme-IACoA complex (see octenoyl-CoA interaction, their negativeCp° values are not
Figure 2). surprising. However, it is unclear as to why th€,° value
van't Hoff and Calorimetric Enthalpies for the Binding obtained for the binding of octenoyl-CoA is more negative
of IACoA to MCAD. It has been widely recognized that than that obtained with IACOA. Is this due to the difference
unlike calorimetric enthalpy (which is a direct measure of in hydrophobicity between octenoyl-CoA and IACOA or is
the amount of heat produced or consumed during macro-it due to the difference in specificity between octenoyl-CoA
molecule-ligand interactions), van't Hoff enthalpy is a (a physiological reaction product of the enzyme) and IACoA
derived parameter, whose magnitude is based on the variatiorfor the enzyme site 34, 42? The latter possibility is
in the binding constants as a function of temperature. For asupported by the fact that the binding constant of octenoyl-
two-step binding process, such as the interaction of IACoA CoA to the enzyme site is about 40-fold higher than that
with MCAD (eq 2), both steps are likely to produce or obtained for IACOA (, 10, 20, 22
consume heat during the microcalorimetric titrations. Infact, From the data of Table 2 and Figure 5, it is evident that
since the second step involves the formation of a strong unlike AH°, AG® for the binding of IACoA to MCAD is
hydrogen bond (see above), it must contribute (at least inindependent of temperature. Such a situation yields a strong
part) to the observed enthalpic changes discerned viaenthalpy-entropy compensation effect, which has been
microcalorimetry. On the other hand, since the equilibrium observed with other proteirligand complexes20, 2729,
constant for the second step is maintained at unity at all 33, 43. The origin of the enthalpyentropy compensatory
temperatures, the van't Hoff enthalpy would be derived only effect has been attributed to lie in the relative magnitudes
from the first step (i.e., the formation of the MCABACO0A of AS* andAC,° (30). However, from the enthalpyentropy
collision complex). We expected such a situation would compensation plot, it is evident that unlike the binding of
cause a major discrepancy between the van't Hoff and octenoyl-CoA to MCAD R0), the binding of IACO0A to
calorimetric enthalpies, as observed in a number of casesMCAD involves a decrease in the magnitudeAdfl° (i.e.,
(26, 31). However, in contrast to this expectation, we becoming less negative) with an increas&ixS’. This is
observed that the calorimetric enthalpy for the binding of due to an increasing favorable entropic contribution to the



Medium-Chain Acyl-CoA Dehydrogenase

Biochemistry, Vol. 37, No. 10, 1998507

overall free energy at least in the temperature range betweerof “chemistry”, whereas that of eq 9C is coupled to the

20 and 35°C.

From the entropy-enthalpy compensation plot (Figure 5,
bottom panel), it can be calculated that wHexS® attains a
zero value,AH® would be equal to—7.4 kcal/mol. The
temperature at whichH°® becomes equal te-7.4 kcal/mol
can be calculated to be 43°& (316.5 K) from theAH® vs

oxidation/reduction process.

However, despite the above similarity, the energetics of
polarization of the carbonyl-group of IACoOA upon binding
to MCAD-FAD and during the IPCoA-dependent reductive
half-reaction are considerably different. For example, the
enthalpic changes between the ground and transition states

T plot (Figure 5, top panel). Hence, at the latter temperature, (AH*) during the conversion of MCABFAD—IACOA to

the entropic contributions for the binding of IACOA to
MCAD would be equal to zero. Sinc&S’ is composed of
both favorable and unfavorable entropic contributions, it
follows that at 43.5C the former is balanced by the latter.

MCAD —FAD—IACo0A* (eq 9A) is about 14 kcal/mol higher
(i.e., unfavorable) than that obtained for the conversion of
MCAD—FAD—IPCoA to MCAD—FADH,—IACoA* (eq
9C). In contrast, the corresponding entropic changesi)(

The favorable entropic changes include solvent displacementduring the former process is about 0.051 (kcal/mol)/K higher

(i.e., release of “frozen” water molecules in the bulk phase,

often referred to as the hydrophobic effedtS) and an
increase in vibrational modes (vibrational entro@s),

(i.e., favorable) than that of the latter. Hence, the transition
state during the reductive half-reaction (eq 9C) is more stable
enthalpically and less stable entropically than the corre-

whereas the unfavorable contributions include the loss in sponding transition state formed during the isomerization

rotationat-translational entropyAS:) and conformational
entropy Aong). If the contribution of the vibrational
entropy is considered negligibld4), ASe is expected to
be balanced by the sum &S; and A, at the above
temperature. On the other hand, AR, is taken to be
negligible, AS e and AS; would be balanced b\S;: (42).

(coupled to the polarization of the carbonyl group) of the
MCAD —FAD—IACOoA collision complex (eq 9A). Relying

on the fact that the ground state structures of the MCAD
FAD—IACo0A and MCAD—FAD—IPCoA complexes are the
same, the origins of the above energetic differences must
lie in the transition state structures of the corresponding

Hence, the calculation of the individual entropic changes at reactions. For example, on the basis that the attainment of
43.5°C would be dependent on the appropriateness of onethe transition state is entropically favorable during the

of the above assumptions.

polarization of the carbonyl group of IACoA within the

However, on the basis of all our data, suggesting that the oxidized enzyme site, we propose that IACOA is more

binding of ligands to MCAD involves obligatory conforma-
tional changes](, 2, 7—10, 21, 22, 2 the contribution of
ARont is unlikely to be negligible. Hence, we approxi-
mated the contributions of individual entropic changes
according to Spolar and Record4j and discerned the
magnitudes oASg, AS;, andARoneto be+63.5,—50, and
—13.5 cal/mol/K, respectively, at 43%&.

Energetics of Polarization of the Carbonyl Group of

constrained in the ground state than in the transition state.
The release of such a constraint (in the transition state) is
likely to result in an increase in the activation entropy. A
similar entropic gain is expected during the reductive half-
reaction, but its magnitude would be offset by the loss of
translation and rotational entropies of the reacting ligands
(due to concertedness in proton and hydride trans#sps;
within the transition state. We believe the latter is also

IACoA. On the basis of the spectroscopic and transient responsible for a lower enthalpic difference between the
kinetic data, we have proposed that the carbonyl group of ground and transition states during the reductive half-reaction

IACOA is polarized within both the oxidized and reduced

vis avis those obtained during the polarization of IACoA

enzyme active sites, via an identical microscopic pathway within the oxidized enzyme site. A further confirmation of

(1, 7-9). The polarized form of IACO0A also predominates
upon conversion of the MCABFAD—IPCoA Michaelis/
collision complex to the MCAB-FADH,—IACo0A charge-
transfer complex during the reductive half-reaction of the
enzyme 7, 9. Asshownineq9, all these processes involve

MCAD—FAD -+ IACOA =
MCAD—FAD—IAC0A == MCAD —FAD—IACO0A*
(9A)

MCAD—FADH, + IACOA =

MCAD —FADH,~IAC0A <
MCAD —FADH,—IACOA* (9B)
MCAD—FAD + IPCoA=
MCAD—FAD—IPCoA=

MCAD —FADH,—IACoA* (9C)

the formation of an enzymedigand complex, followed by

a subsequent isomerization step, which accompanies a red-

shift in the IACoA spectral band. The only difference

between these seemingly diverse reaction pathways is that 7.
the second (isomerization) steps of eqs 9A and 9B are devoid

these postulates must await structural investigations of the
reduced enzymeenoyl-CoA complex, as well as theoretical
predictions of the relevant transition states.
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