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ABSTRACT. 2,4-Hexadienoyl-coenzyme A (HD-CoA) has been used to investigate the redox and ionization
properties of medium-chain acyl-CoA dehydrogenase (MCAD) from pig kidney. HD-CoA is a
thermodynamically stabilized product analogue that binds tightly to oxidized MGAR € 3.5+ 0.1

uM, pH 7.6) and elicits a redox potential shift that is 78% of that observed with the natural substrate/
product couple [Lenn, N. D., Stankovich, M. T., and Liu, H. (1980chemistry 293709-3715]. The
midpoint potential of the MCAEHD-CoA complex exhibits a pH dependence that is consistent with the
redox-linked ionization of two key glutamic acids as well as the flavin adenine dinucleotide (FAD) cofactor.
The estimated ionization constants for Glu376-COOH,(g ~ 9.3) and Glu99-COOH {,0x~ 7.4) in

the oxidized MCADBHD-CoA complex indicate that while binding of thes @nalogue makes Glu376 a
stronger catalytic base Kp.ox ~ 6.5, free MCAD), it has little effect on thekpof Glu99 (Kaox~ 7.5,

free MCAD) [Mancini-Samuelson, G. J., Kieweg, V., Sabaj, K. M., Ghisla, S., and Stankovich, M. T.
(1998)Biochemistry 3714605-14612]. This finding is in agreement with the appardfigh 9.2 determined

for Glu376 in the human MCAB!-thia-octenoyl-CoA complex [Rudik, I., Ghisla, S., and Thorpe, C.
(1998)Biochemistry 378437-8445]. The fKss estimated for Glu376 and GIlu99 in the reduced pig kidney
MCAD-HD-CoA complex, 9.8 and 8.6, respectively, suggest that both of these residues remain protonated
in the charge-transfer complex under physiological conditions. Polarization of HD-CoA in the enzyme
active site may contribute to the observed,@nd redox potential shifts. Consequently, the electronic
structures of the product analogue in its free and MCAD-bound forms have been characterized by Raman
difference spectroscopy. Binding to either the oxidized or reduced enzyme results in locabiexiron
polarization of the hexadienoyl CE&0 and C(2-C(3) bonds. The C(45C(5) bond, in contrast, is
relatively unaffected by binding. These results suggest that, upon binding to MCAD, HD-CoA is selectively
polarized such that partial positive charge develops at the-E{3gion of the ligand, regardless of the
oxidation state of the enzyme.

Fatty acid acyl-CoA dehydrogenases (ACbae a class  saturated acyl-CoA thioesters, from 4 tal8 carbons in
of flavoenzymes that catalyze the two-electron oxidation of length. Medium-chain acyl-CoA dehydrogenase (MCAD),
having optimal activity for @ substrates, is the most
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tide; HD-CoA, 2,4-hexadienoyl-coenzyme A; ACD, acyl-coenzyme A s substrate, P is product, and ETF is electron-transferring

dehydrogenase; MCAD, medium-chain acyl-coenzyme A dehydroge- ; : 3 ; ; ;
nase; ETF, electron-transferring flavoprotein; E-FADoxidized flavoprotein. The reductive half-reaction, illustrated in eq 1,

medium-chain acyl-coenzyme A dehydrogenase; E-FARHtwo- involves abstraction of thero-R a-proton from substrate
electron-reduced medium-chain acyl-coenzyme A dehydrogenase; SH by Glu376 with concertegro-R -hydride transfer to N(5)

substrate (electron and proton donor); P, product (oxidized form of of the FAD (3—5). This results in the formation of a charge
substrate)En,, midpoint potential; SHE, standard hydrogen electrode; 6-5) 9

Kox, i0nization constant for oxidized medium-chain acyl-coenzyme A transfer (CT) complex between t\No'eleCtron'reduceq MCAD
dehydrogenasé;eq ionization constant for reduced medium-chain acyl- and thetrans-2-enoyl-CoA thioester. The enzyme is then

coenzyme A dehydrogenasi€ios, dissociation constant for oxidized  reoxidized by 2 equiv of ETF (eq 2) in two single-electron
medium-chain acyl-coenzyme A dehydrogenase-bound liggei transfer steps§( 7)

dissociation constant for reduced medium-chain acyl-coenzyme A ’ .
dehydrogenase-bound ligand; CHES, N2gyclohexylamino)ethane- Much of the current ACD research focuses on changes in

sulfonic acid. the thermodynamic properties of substrate and enzyme
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E-FADH,, ;P + 2ETF,, = E-FAD,-P+ 2ETF,+ (2)
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brought about by formation of the AGBcyl-CoA complex Chart 1: Acyl-CoA and Enoyl-CoA Analogues Described in
(8—14). When the thermodynamic properties of substrate and This Work
enzyme are examined individually, it appears that both 1

electron and proton transfers from substrates to ACDs are Q

quite energetically unfavorable. For example, the midpoint 1 8/7\6/N/3\2)1J\300A octanoyl-CoA
potential E) for FAD in uncomplexed porcine MCADH, o]

= —145 mV vs SHE, pH 7.6, 28C) (8) is 107 mV more 2 /\/\/VKSCM 2-octenoyl-CoA
negative thank, for the octanoyl-CoA/2-octenoyl-CoA o

couple (=38 mV; 15), corresponding to an energy barrier 3 WSCOA 2.4-hexadiency-CoA
for electron transfer of at least 4.9 kcal mbl Likewise, o ’

the substrater-proton is only weakly acidic (. ~ 21;9) 4 /WJ\SCoA £ hexenoyl-CoA

while Glu376, the proposed-proton abstractors( 16, 17,
is not a particularly strong baseKp~ 6—6.5; 10, 12. N o o
Overcoming this 20 kcal mot energy barrier, as well as ~ Stabilizes the oxidized form of HD-CoA, allowing it to be
the one imposed by redox potential difference, requires studied in association with both ox@lzed and_ redl_Jced
significant thermodynamic modulation of the enzyme and/ MCAD. The work presented here provides the first direct
or substrate. evidence forselectve polarization of a product analogue in
From previous spectroelectrochemical studies, it has beenthe active site of oxidized and reduced pig kidney MCAD.
found that substrate/product binding induces a 120 mV
positive shift in theE,, of pig kidney MCAD (L5). Similar ~ WATERIALS AND METHODS
shifts have also been observed in Megasphaera elsdenii Materials. Medium-chain acyl-CoA dehydrogenase was
short-chain acyl-CoA dehydrogenasks). Until the 2.4 A purified from pig kidney as described previoust),(with
crystal structure of MCAD was solved, the possible cause- the addition of an octyl-Sepharose column to aid in the
(s) of the potential shifts was uncle&k7j. removal of contaminating enoyl-hydratase activiBo6)
In the enzymesubstrate complex, the substrate thioester Pig kidneys were purchased from Lindenfelsers Meats
carbonyl is within hydrogen-bonding distance of theOH (Albertville, MN) and stored at-80 °C prior to enzyme
of the ribityl chain of the flavin and the amide-NH of purification. A detailed account of the materials and methods
Glu376 (7). It is proposed that this hydrogen-bonding used for MCAD purification in the Stankovich laboratory
network polarizes substrate/product to create partial positive has been publishe@7).
charge near the flavin rindl@—21) and, as a result, raises Preliminary experiments were performed with 2,4-hexa-
the En, of the enzyme. H-bonding to the carbonyl oxygen is dienoyl-CoA (HD-CoA) that was the generous gift of Dr.
also thought to lower thelq, of the substrater-proton by Vernon Anderson (Case Western Reserve University, Cleve-
9—13 K units (11). Desolvation of the enzyme active site land, OH). For subsequent experiments, HD-CoA and
by substrate binding may provide an additional means of isotopically labeled HD-CoA were synthesized and charac-
thermodynamic regulation. Previous work has shown that terized by the methods described by Tonge et28, 8.
the K, of Glu376 in oxidized MCAD can be raised at least Hexadienoic acid, 1,icarbonyldiimidazole, acetaldehyde,
3 pK units by the binding of several different product [1-'3Clacetyl chloride, and coenzyme A (lithium salt) were
analogues (10, 11, 14). purchased from Sigma Chemical Co. [138-]Malonic acid
Much of the previous evidence for substrate/product (99%3C), [2-13C]malonic acid (99%4°C), and B0 (95—
polarization in ACDs has come from resonance Raman (RR) 98%0) were purchased from Cambridge Isotope Labs. All
and NMR studies of reduced MCAR-octenoyl-CoA and HD-CoA ligands were lyophilized and stored-a0 °C.
oxidized MCAD 3-thiaacyl-CoA complexedlB, 21, 22. In Electrochemical experiments were performed at@5n
these RR studies, CT bands formed between the analoguepotassium phosphate and CHES (Sigma) buffer prepared with
and flavin were excited to generate resonance-enhancedjlass-distilled water. The following dyes were used: methyl
Raman signals. Although the studies have provided someviologen (Sigma), indigodisulfonate (Aldrich), and pyocya-
of the most critical evidence for substrate polarization to date, nine [photochemically synthesize®9) from phenazine
the RR approach is limited to complexes that form long- methosulfate (Sigma)]. Sodium dithionite was purchased
wavelength CT bands. Oxidized MCAD does not form a CT from Fisher Scientific.
band with 2-enoyl-CoA product analogues, and consequently, EquipmentUV —visible spectrophotometric measurements
these complexes cannot be studied by RR spectroscopy. were made on a Perkin-Elmer Lambda 12 spectrophotometer,
Off-resonance Raman studies of ACDs are now possibleand Perkin-Elmer Computerized Spectroscopy Software
because of the development of a sensitive Raman systen(PECSS), version 4.31, was used for spectral acquisition and
that utilizes red laser excitation, thereby avoiding problems manipulation. The spectrophotometer contained a thermo-
associated with sample fluorescen@8,(24. This system stated cell compartment and stirring mechanism. An argon
has been used in the past to investigate spegHatectron gas line that included an online oxygen scavenger, Riddox
reorganization occurring in several other coenzyme A- (Fisher Scientific), and a connected vacuum system was used
dependent enzymes, including enoyl-CoA hydratase andfor degassing all samples. A Bioanalytical Systems (BAS)
4-chlorobenzoate-CoA dehalogenas,(29. In the current BAS-100 or a BAS 50CV electrochemical analyzer was used
study, Raman difference spectroscopy is used to characterizéor coulometric and potentiometric titrations.
the electronic structure of a product analogue, 2,4-hexadi- The Raman spectra presented here were acquired on an
enoyl-CoA (HD-CoA; compound3, Chart 1), bound to  instrument described recenth 4, 23, 24 in which the
MCAD. The extendecdt-electron conjugation in the ligand components have been optimized for operation in the near-
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IR to reduce problems associated with large fluorescenceto determine the midpoint potential of the enzyme:
backgrounds that can interfere with Raman studies of

biological systems. Near-IR excitation (752 nm) was pro- T. [oxidized]

vided by a Model 890 Ti:sapphire laser operated at 700 mwW E=E,+ 2-30% log —[reduced] (4)
(Coherent, Santa Clara, CA) and pumped by an Innova 308C

argon ion laser (Coherent). whereE is the measured equilibrium potential at each point

General MethodsM_CAD used _for all experiments was iy, the titration,R is the gas constant (8.31441 J mioK 1),
>95% pure as determined by sodium dodecy! sulfate (SDS) T s the experimental temperature in kelvins, aRdis
polyacrylgm|de gel electrophoresis. The activity of MCAD Faraday's constant as defined previously. A Nernst fEot (
was rputmely assayed by use of the DCIP/PM'S system ¢ log [oxidized]/[reduced]) is constructed argh, the
described by Thorpe and co-worket.(Concentrations of  miqngint potential of the half-reaction, is given by the
uncomplexed oxidized MCAD were determined Spectropho- v intercept. The number of electrons transfernedcan be
tometrically with an extinction coefficient of 15.4 MM (50jated from the slope of the Nernst plot. Typical error

cm* at 446 nm {). Isotopically labeled and unlabeled HD- ¢, experimentally determined midpoint potentialsig—5
CoA analogues were quantified with an extinction coefficient .\, ).

of 19.5 mM cm™! at 260 nm 80). The binding constant S . . .

for HD-COA to oxidized MCAD was determined by spec- Midpoint potentials were acquweq over a wide pH range
trophotometric titration of MCAD with HD-CoA1). The  and [Kavalues were determined by fitting the data to a redox-
change in absorption at 490 nm was followed as a function INked ionization model described by ClargY):

of the concentration of HD-CoA. Nonlinear regression

analysis of the titration was performed using GraphPad Prizm E,, = E, — 0.0592pH+ 2,3of_T|og

version 3.00 for Windows, GraphPad Software, San Diego, nF

CA |(WWW.Eraphp|ad.C?1m()j. | q [H+]3 + [H+]2Kred,l+ [H+] Kred,lKred,2+ Kred,lKred,J<red,3

Electrochemical Method€oulometric and potentiometric 3 2 +
redox experiments were performed in a spectroelectrochemi- [H17+ [H 1 Koxs + [H 1Ko Kok 2 T Kox iKox K
cal cell as described previousl$Z—34) at 25 °C unless ®)
otherwise indicated. For coulometric reductive titrations, a ) .
concentration of 1820 M protein in 50 mM potassium  WhereEois a calculated constant correspondindeipat pH
phosphate buffer at pH 7.6 was used with 0.1 mM methyl 0 and [Hf] is the hydrogen ion concentration. The various
viologen added to mediate MCAD reduction. Ks are assigned in the text ak.

Potentiometric titrations were performed under similar ~ Dissociation constants for the reduced MCAID-CoA
conditions as coulometric titrations, but in addition to methyl complex,Kgeq Were calculated from the dissociation constant
viologen, indigo disulfonateH, = —0.118 V at pH 7.635) of the oxidized enzyme compleXdox and the midpoint
and pyocyaninel,, = —0.019 V at pH 7.635) were added potentials for both the free and bound MCAD. To determine
(2—5 uM) to facilitate equilibration between the protein and Kgreq the following equation was used:
working electrode. Equilibration typically took-122 h and
was defined by a change in potential®f mV/10 min. All
potential values reported herein are versus the standard

hydrogen electrode (SHE). However, under some of the conditions used in this work,

Experiments at pH 6:58.2 were performed in 50 mM : ) ;
potassium phosphate buffer. A 50 mM potassium phosphate/the enzyme was not fully satur_ated ‘.N't.h HD-CoA. Equation
7 was derived to calculate dissociation constants for the

20 mM CHES buffer was used for titrations at pH 8.5, 9.0, reduced enzvmelD-CoA complex under nonsaturatin
and 10.0. The ionic strengths for all buffering systems in conditions an)d/ when the conceﬁtration of HD-CoA is on t%e
the pH study were maintained at 100 mM as redox potentials : :
have been shown to be ionic strength-depend@®t ( same order of magnitude as the enzyme con.centratlo.n. From
Calculations for Coulometric and Potentiometric Titra- Egic:n?r,a}gdorgdl(ca)m I?ea S’lpl\;ﬂ ?:E)r?ggn?r);?%rrzmtﬁgfnall‘ 'I'EI?S”"
tions.If necessary, spectra were corrected for turbidity before ' T 19: ) ration | uitl
enzyme saturation conditions is substituted into eq 7, the

quantitation 87). For coulometric titrations, the number of idpoint potential for th sand lex is ob
reducing equivalents), was calculated on the basis of the midpoint potential for the enzyniigand complex is ob-

ox,1 0x,1 0x,3

= ~[([Em(bound Em(iree]NF)/(2.30R
Kared = Kgox X 10 [([Emoundy~Em(ree]nF)/( b)) 6)

moles of enzyme in the sample: tained.
L — [EL
n=%: (3) . 1+ T [ ]red
E.[L] = E, (free)+ 2'30% log |—— [*E“L] 7)
where Q is the amount of charge added to the system in i x
coulombs N is the number of moles of species in solution, Kox
and F is Faraday's constant (96 485 C mbl Since where
complete reduction of oxidized FAD to hydroquinone
requires two electrons, an = 2 for flavin reduction is [EL] oy =
expected. 2
By use of spectral data and the measured potential at each (Kaox T Ly + Ep) — \/ (Kgox T Ly + E)” — 4L,E; 8)

point during the titration, the Nernst equation can be applied 2
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and
[EL] red

(Kdred+ I-T + ET) - \/(Kdred+ I-T + ET)2 - 4I-TET
2

C)

Under conditions wherér is significantly greater thakr,
eq 7 collapses to

Ly
1+
E,[L] = E,(free)+ 2.30%1 log|—"*| (10)
1+

0oX

The variables in eqs-710 that have yet to be defined are
En[L], the enzyme midpoint potential in the presence of a
defined concentration of ligandr, the total concentration
of enzyme in all oxidation and binding states; the total
concentration of ligand in all binding states; [EL]the
concentration of oxidized enzyme complexed with ligand;
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Ficure 1: Spectra of MCAD (14.3tM) in the absence—{) and
presence (---) of HD-CoA (9&M). Spectra were recorded at 25
°C in 50 mM potassium phosphate buffer, pH 7.6. Inset: Plot of
change in absorbance at 490 nm upon titration of MCAD with HD-
CoA (O). Fit to Kgox Of 3.5+ 0.1 uM (—).

725

titration of MCAD (14.3 uM) with 1 mM HD-CoA. The
change in absorption at 490 nm was followed as a function
of the concentration of HD-CoA (inset, Figure 1), ank@x«

of 3.5+ 0.1 uM was obtained from a nonlinear regression
fit of the data.

and [ELJeq the concentration of reduced enzyme complexed  Coulometric Titrations of Hexadienoyl-CoA-Complexed

with ligand.

Raman Spectroscopiraman measurements of oxidized
MCAD were made by adding 606L of enzyme (206-400
uM) to a 2 mm by 2 mmrectangular quartz cell. Spectra
were then collected for 8 min before addition of HD-CoA
(typically 1 or 2uL of about 10 mM product analogue) to

MCAD. Coulometric reductions were performed to determine
if the oxidation state of HD-CoA remains unperturbed
throughout the majority of the reduction of the enzyme. The
stabilization of a single ligand form to both oxidized and
reduced enzyme is ideal for interpretation of potentiometric
titration and Raman data. The coulometric titration shown

the same cell; care was taken not to perturb the optical in Figure 2A was performed at a HD-CoA concentration such
alignment or cell position. The reduced enzyme spectra werethat 95% of the oxidized enzyme was in complex with the
generated by adding approximately 1 molar equiv of de- analogue. The titration appears to consist of two reductive
gassed dithionite solution to the enzyme before addition of events. The absorbance at 456 nm decreased shawly:(
HD-CoA. All the reduced spectra were acquired from a —0.20) during the first part of the titration due to reduction
specially designed anaerobic Raman cell. Raman differenceof the flavin. An increase in absorbance at 570 nwA =
spectra were calculated by performing a computer subtraction0.030) accompanied flavin reduction, consistent with forma-
of the spectrum of the enzyme in buffer alone from the tion of a CT complex between the dienoyl ligand and reduced
spectra of MCAD in the presence of HD-CoA. An appropri- MCAD. The absorbance at 570 nm reached a maximum
ate scaling factor was applied to remove any residual proteinbetween 2.6 and 3.0 reducing equivalents, with the majority
signals. The difference spectra presented here are wavenumef the 456 nm absorbance decrease occurring during this part
ber-calibrated against cyclohexanone and are accurdtg to  of the titration as well. Froon &~ 3.0 ton ~ 11.8 the
cm L. All spectral manipulations were carried out with Win-  absorbance due to the CT band decreased somewhat linearly
IR software and data acquisition was with WinSpec (Prin- (AA = —0.025), consistent with the formation of a complex
ceton Instruments). The resolution of the Raman system isbetween reduced MCAD and a ligand saturated at the-€(2)
approximately 10 cmt under the conditions used for C(3) position. After 11.8 reducing equivalents had been
acquiring the reported spectra. added, reduced methyl viologen was thermodynamically
stabilized, indicating that all species with redox potentials

RESULTS more positive than-449 mV had been reduce8).

Formation of Medium-Chain Acyl-CaAexadienoyl-CoA
ComplexFigure 1 ) shows the spectrum of free MCAD,
which has an extinction coefficient at 446 nm of 15.4 miM
cm (1). This flavin band was red-shifted and the intensity
was slightly quenched to an extinction coefficient of 15.1
mM~tcm ! at 456 nm (Figure 1, ---) when the enzyme was
96% saturated with HD-CoA. This behavior is typical for

Since more than 2 reducing equivalents could be added
to the system, it became apparent that both the flavin and
HD-CoA were undergoing reduction. To determine if one
or both double bonds of HD-CoA were reduced, coulometric
reduction of MCAD was performed at several different HD-
CoA concentrations. A plot afi total versus the number of
moles of HD-CoA per mole of enzyme is shown in Figure

the binding of analogues to oxidized ACDs and is attributed 2B (O) and clearly indicates that the reduction of the HD-

to desolvation of the enzyme active sitg 0, 38-40). No

CoA is a two-electron process (one double bond is reduced),

long-wavelength CT band was observed after incubation of with an additional two electrons required to completely

oxidized MCAD with HD-CoA for 24 h at £C (data not

reduce the enzyme-bound FAD. The decay of the charge-

shown), indicating that the enzyme does not have hydratasetransfer band in Figure 2A suggests that the two-electron

activity toward HD-CoA. The binding constant for HD-CoA
to oxidized MCAD was determined by spectrophotometric

reduced product remains unsaturated at the =€¢{p)
position (compound!, Chart 1) rather than the CEJC(3)
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Ficure 2: Coulometric reductions of MCAID-CoA complexes.
Titrations were performed under anaerobic conditions &t@th
50 mM potassium phosphate buffer, pH 7.6. (A) Coulometric
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Ficure 3: Potentiometric titration of MCAD (10.ZM) in the
presence of HD-CoA (184M). Methyl viologen (10QuM) serves

as a redox mediator. Redox indicators are pyocyanine #{Mp

and indigo disulfonate (2.zM). Titration was performed under
anaerobic conditions at 2& in 50 mM potassium phosphate buffer,
pH 7.6. Intermediate spectra have been removed for clarity. The
spectrum of the oxidized MCAIHD-CoA complex is shown by
curve 1. Curves 26 show the complex & = —30, —44, —51,
—62, and—79 mV vs SHE. Curve 7 is the spectrum of the fully
reduced MCAD bound to HD-CoA. Inset: Nernst plot indicating
anE, = —0.052 V and am = 1.6.
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Table 1: Midpoint Potentials of Free MCAD and HD-CoA-Bound
MCAD at Indicated pH Values

reduction of MCAD (14.7uM) in the presence of HD-CoA (80 Em (V)

uM) and methyl viologen (10Q«M). Only selected spectra are HD-CoA-MCAD HD-CoA-MCAD

shown for clarity. Curves47: n= 0.0, 1.0, 1.8, 2.6 (bold), 4.7, pH MCAD2free  (uncorrected) (corrected)  AEL (V)
8.2, and 11.8, respectively. Inset: Plot of absorbance at 456 nm g5 _ 083 —0011 ~0.009 0.074
(O) and 570 nm M) as a function of the number of reducing 71 —-0.114 —0.047 —0.043 +0.071
equivalentsrf) added during the titration. (B) Correlation between 7.6  —0.145 —0.054 —0.052 +0.093
the total number of reducing equivalenty @nd the amount of 80 —0.168 —0.073 —0.070 +0.098
HD-CoA in solution. Datum at @M HD-CoA (®) was obtained 8.2  —0.180 —0.083 —0.079 +0.101
from ref 37. All other data ©) were obtained from coulometric ~ 85  —0.189 —0.098 —0.094 +0.095
titrations in this work. Concentrations of HD-CoA were varied from 1%8 :8%%% :81‘7% :832 igggé
14.3 to 80uM. Enzyme concentrations were kept between 13.8 : : : - :
and 14.8uM. Theoretical fits are shown for two—() and four- aFrom ref 8.> Comparison of free MCAD and corrected HD-CoA-
(---) electron reduction of HD-CoA. bound MCAD.

position. A CT-complex between reduced MCAD and
2-hexenoyl-CoA would be expected if only the G&J(5)
bond was reduced.

Equation 6 can be used to calculate a dissociation constant
for the analogue and reduced enzyrig.{y) of 2.5 nM, a
1400-fold difference betweedfyox (3.54M) andKgres Tighter

Two important conclusions can be drawn from the binding of product or a 2-enoyl-CoA product analogue to
coulometric titrations. First, these titrations show that HD- reduced enzyme is consistent with previous work on ACDs
CoA remains oxidized throughout the enzyme reduction and (20, 31).
should therefore serve as an excellent analogue for other Potentiometric titrations of MCAD in the presence of HD-
electrochemical and Raman studies with both oxidized and CoA were performed at pHs between 6.5 and 10.0 to
reduced MCAD. Reduction of the product analogue occurs calculate K.s of key amino acid residues in the enzyme
only after MCAD has been reduced. The second notable active site. Precipitation of the enzyme at pHs below 6.0
finding is that HD-CoA reduction is limited to the C&) and enzyme denaturation above pH 10.0 precluded studies
C(3) portion of the chain. The C#)C(5) bond is stable in  under more acidic and basic conditiodd), Table 1 shows
the presence of MCAD to at least449 mV. the Ens determined at each pH for free MCAD and the

pH Dependence of the Redox Potential of Hexadienoyl- MCAD-HD-CoA complex. It should be noted that many of
CoA-Complexed MCADMidpoint potentials for MCAD the midpoint potentials were not determined at saturating
HD-CoA complexes were determined at several pHs. A HD-CoA concentrations. In most cases, only-80% of
representative potentiometric titration at pH 7.6 is shown in the enzyme was in the complexed form. To calculate
Figure 3. As a result of the formation of the long-wavelength under saturating conditions, eq 7 was applied in the manner
CT band, it is difficult to accurately quantitate the amount described under Calculations for Coulometric and Potentio-
of semiquinone that may have been stabilized during the metric Titrations. Both saturation-corrected and uncorrected
titration. Consequently, the midpoint potentials reported are potentials are given in Table 1. In the titration presented in
for the oxidized FAD/hydroquinone couple. Thg of —52 Figure 3, the potential of MCAD was determined under near-
mV (inset, Figure 3) for the MCAEHD-CoA complex is saturating conditions (98%) and validates the use of eq 7.
93 mV more positive than the midpoint potential of free The measured potential of52 mV is identical to the
MCAD (En = —145 mV; 20), indicating a significant  corrected value obtained from an average of four experiments
potential shift in the enzyme upon binding HD-CoA. run under subsaturating conditions at pH 7.6.
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S 02 ¢ Table 2: (K Values Assigned to FiE, Data Shown in Figure 4 for
i . I\{N Lo Oxidized (fKox) and Reduced {feq) Enzyme
L 01 Fooe 8 _~9a N.ioa
E e nw g ?I:I/KH pK assignment MCAB HD-CoA-MCAD
L Pt
=00 [ e AL A PKox 1 Glu376 (ox) 6.5 9.3
e A e, PKox.2 Glu99 (ox) 7.5 7.4
= 0.1 . PKox 3 N(3) flavin 11.5 115
% PKred 1 N(1) flavin 6.5 6.9
g -02 | PKred.2 Glu376 (red) 7.9 9.8
% PKred 3 Glu99 (red) 8.5 8.6
03 A . . 0 2From ref12.
pH

Ficure 4: pH vs midpoint potential for uncomplexed MCA®]
and HD-CoA-bound MCAD@®). Midpoint potential values are from
Table 1. Fits for uncomplexed MCAD~) and HD-CoA bound
MCAD (---) were obtained from eq 5. Inset: Numbering scheme
for isoalloxazine ring of FAD.

Corrected midpoint potentials at each pH were then fit to
the redox-linked ionization model described by eq 5.
Assignment of K.s for HD-CoA-complexed MCAD was
done with the Kas previously determined for uncomplexed
enzyme as a first approximatiohZ). Refinement of the I§,
values to fit the data in Figure @] yielded the K.s shown
in Table 2. As with the uncomplexed pig kidney MCAD
(12), pKoxz and pKeq,1 Were assigned to N(3) and N(1) of
the flavin, Kox1 and Keq2 Were assigned to Glu376, and 18

-1574

—1629

INTENSITY
—1642
—1585

PKox2 and fKreq 3 Were assigned to Glu99. - Q1
From the slopes of the fits, the number of protons 58

transferred over various pH ranges can be estimated. For D 3['

the HD-CoA-bound MCAD (---, Figure 4), the overall slope

of 47 mV/pH unit from pH 6.5 to 10.0 is between what is unlabeled

expected for a 2d1H" (30 mV/pH) and a 2&/2H" (59 mV/
pH) transfer. Uncomplexed pig kidney MCAD-( Figure
4) showed definite 2¢2H* transfer behavior over this same
pH region (2). More detailed analysis of the HD-CoA-

complexed MCAD data reveals that the slope from about FIGURE 5: Raman spectra of HD-CoA in 50 mM potassium
H 7p0 to 8.0 is consistent with 2BH* transfgr whereas  Phosphate buffer, pH 7.6. (AJC(5)-Labeled HD-CoA (8.6 mM);
prA /. : ' (B) 13C(3)-labeled HD-CoA (14.8 mM); (C}®0(1)-labeled HD-

the slope from pH 8.0 to around pH 9.5 shows /2&* COA (16.3 mM); (D) unlabeled HD-CoA (12.4 mM).
transfer characteristics.

For free MCAD, slight changes in the slope near pH 7.0 where the second proton is taken up by Glu99 upon enzyme
and 8.0 have been noted?). Indeed, several s are reduction.

assigned for the enzyme and flavin in this region (Table 2).  raman Difference Spectra of Hexadienoyl-CoA Bound to
For the HD-CoAMCAD complex, a slope change occurs — gyigized MCAD.Figure 5 shows the Raman difference

around pH 9.5 in addition to changes at pH 7.0 and pH 8.0. gnectra of HD-CoA and three isotopically labeled analogues
The K.s for GIu376 in bpth Fhe o>§|d|zed (9'.3)la.1nd reduced [180(1), 3C(3), and3C(5)] in aqueous solution. On the basis
(9.8) enzyme assigned in this region are significantly larger o oo rier isotopically labeled HD-CoA studiea3; 28, the
than the [.s calculated for the base in the free oxidized 5 most prominent Raman bands in unlabeled HD-CoA

(6.5) and reduced (7.9) enzymd2). These Ka shifts  noqr 1595 and 1637 crh have been assigned to normal
indicate that, upon analogue binding, Glu376 becomes ay,qes involving &C stretching in the hexadienoyl region.

stronger base, regardlegs of the enzyme oxidation'state. These G=C stretching modes are further influenced by
At pH 7.1, the reductive half-reaction can be written as jprational coupling with the thioester carbonyl group.

} ~ STy The Raman difference spectra of HD-CoA and the
E-FAD,+2e + 1H E-FADH,eq isotopically labeled analogues bound to oxidized MCAD are
E,=—0.043V (11) presented in Figure 6. The Raman spectra below 1500 cm
are composed of vibrational modes due to HD-CoA as well
as positive/negative features arising from flavin vibrational
modes that are perturbed on binding HD-CoA to MCAD.
' Further analysis of this region of the spectrum will provide
important information on the modulation in flavin structure
— et that occurs upon formation of the MCABD-CoA complex.
E-FADo, +2€ +2H = EH -FADH,o In the present study, the focus is on the polarization of the
E,=—-0.079V (12) product analogue by the enzyme active site as revealed by

1800 1600 1400 1200 1000 800 600
WAVENUMBER (cm™)

where the lone proton is transferred to the N(5) position of
reduced FAD. At this pH, Glu99 and Glu376 should be
protonated in both oxidized and reduced MCAD. However
at pH 8.2, the reduction occurs as
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A

Region for HD-CoA and Three Isotopically Labeled Analogues
[*80O(1), 3C(3), and*3C(5)] Free and Bound to Oxidized and
Reduced MCAD

% Table 3: Raman Band Positions in the Double-Bond Stretching
T

enzyme isotope HD bands (ci) flavin bands (cm?)
noné unlabeled 1637 1595 none none
180(1) 1642 1585 none none
13C(3) 1629 1574 none none
i 13C(5) 1627 1595 none none
> C-3 MCAD unlabeled 1639 1568 1605 1542
= (oxidized)
g c § 180(1) 1636 1546 1606 buried
= g7 (1567 sh)
= T 13C(3) 1637 1555 1602 buried
81 (1570 sh)
13C(5) 1625 1567 1603 1543
2 MCAD unlabeled 1641 (w) 1567 (vs) 1609 (vs) 1531 (vs)
b © (reduced)

180(1) 1639 (w) 1553 (vs) 1608 (vs) 1526 (vs)
13C(3) 1638 (w) 1558 (vs) 1610 (vs) 1531 (vs)
13C(5) buried 1568 (vs) 1612 (vs) 1530 (vs)

aFrom refs 23 and 28. Band positions are given in wavenumbers;
(sh) shoulder, (w) weak band, (vs) very strong band.

unlabeled

1800 1600 1400 1200 1000 800 600
WAVENUMBER (cm-1)

Ficure 6: Raman difference spectra of oxidized MCAD complexed
with HD-CoA (0.8 equiv) in 50 mM potassium phosphate buffer,
pH 7.6. (A) MCAD (400uM) complexed with'3C(5)-labeled HD-
CoA; (B) MCAD (400 uM) complexed with!3C(3)-labeled HD-
CoA; (C) MCAD (380uM) complexed with'80(1)-labeled HD-
CoA; (D) MCAD (380uM) complexed with unlabeled HD-CoA.

changes that occur on binding in the double-bond stretching
region (1506-1800 cn1l). Two prominent bands are ob-
served at 1639 and 1568 chin the unlabeled bound HD-
CoA spectrum (Figure 6). The band at 1568 ¢iis sensitive

to both'80(1) and™*C(3) labeling but not t8°C(5) labeling,
identifying its assignment to the CEL(2)—C(1=0 enone
fragment of HD-CoA. The second prominent band at 1639
cm!is not sensitive to eithe®®C(3) or'80(1) labeling but
does shift to 1625 cnt on13C(5) labeling (Figure 6). Thus,
this band is assigned to a normal mode localized on the
terminal C(45=C(5) bond.

The other bands observed in this region at 1689, 1605,
and 1542 cm! are not sensitive to labeling of HD-CoA and uniabeled
are most likely associated with the flavin. A large body of . : . :
literature exists on the vibrational modes of flavins and 1800 1600 1400 1200 1000 800 600
flavoproteins 42). The band at 1689 cm can be assigned WAVENUMBER (cm-1)
predominantly to the C(4;0 mode of the bound flavir@, FiGURE 7: Raman difference spectra of reduced MCAD complexed
44). Detailed studies on a series of enzymes, including acyl- with HD-CoA (0.8 equiv) in 50 mM potassium phosphate buffer,
CoA dehydrogenases, containing isotopically labeled flavins pH 7.6. (A) MCAD (150uM) complexed with*3C(5)-labeled HD-
have revealed that the position of this band, which appearsC0A; (B) MCAD (200 M) complexed with'*C(3)-labeled HD-

. L CoA; (C) MCAD (380uM) complexed with'8O(1)-labeled HD-
around 1710 cmt in free flavin, is dependent on the strength CoA: (D) MCAD (380 uM) complexed with unlabeled HD-CoA.

of hydrogen bonding to the C(#)0 group @4). Similarly, In each case 1 molar equiv of dithionite was added to reduce the
these studies assigned a band in the range-16620 cnt? enzyme prior to addition of HD-CoA.

predominantly to a C(4&)C(10a) stretching mode. In our
data this band appears at 1605 ¢éniTable 3). The third isotopically labeled analogues bound to reduced MCAD are
flavin band in this region at 1542 crh can probably be  presented in Figure 7. The formation of a charge-transfer
assigned to a mode involving N(5C(4a), N(1)-C(10a), complex between HD-CoA and the reduced form of the
and C(4a)C(10a), which is sensitive to hydrogen bonding enzyme results in some dramatic changes in the Raman
at N(1) and N(5) 45). More accurate assignments will be spectra relative to those of the oxidized form. These changes
forthcoming from detailed isotope labeling studies of the are due to preresonance enhancement of those normal modes
flavin. that involve contributions from the specific vibrational
Raman Difference Spectra of HD-CoA Bound to Reduced coordinates of both the flavin and HD-CoA structures
MCAD. The Raman difference spectra of HD-CoA and the participating in the charge-transfer complex. This results in

INTENSITY
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a strong increase in the Raman band intensities of particularand 10.0 (Table 1). Thé-93 mV shift at pH 7.6 represents
normal modes upon complex formation. 78% of the shift 119 mV) reported for MCAD associated
For unlabeled HD-CoA bound to reduced MCAD, intense with a mixture of octanoyl-CoAfans-2-octenoyl-CoA 15).
bands are observed at 1609, 1567, and 1531 chine 1567 Much of the 26 mV difference may be attributed to chain-
cm™! band is sensitive to isotopic substitution, shifting to length differences between HD-CoAdXand octanoyl-CoA/
1553 and 1558 cnt upon*®0(1) and*C(3) labeling of HD- trans-2-octenoyl-CoA (G) as G substrates and analogues
CoA. However, no shift is observed f&iC(5)-labeled HD- have been shown to be optimal for MCAD activity, (9),
CoA (Table 3). Consequently, this band is assigned to the inducing (K, shifts (L0), as well as stabilization of reduced
hexadienoyl moiety and, on the basis of the similarity in the MCAD (20). For example, binding of 2-azaoctanoyl-CoA
isotopic shifts, is the counterpart of the band observed atto MCAD raised theE, of the enzyme by 74 mV, whereas
1568 cn1t in the oxidized spectrum (Figure 6). The isotope the four-carbon-shorter 2-azabutyryl-CoA only increaBgd
data reveal that this particular band arises from a normal by 33 mV (20). Therefore, it is likely that a £analogue
mode that involves contributions from the stretching motions such as 2,4-octadienoyl-CoA would induce an enzyme redox
of the hexadienoyl C(£O group and the C(2C(3) double potential shift much closer to that observed with octanoyl-
bond. Another HD-CoA band also appears as a shoulder neaiCoA/trans-2-octenoyl-CoA.
1640 cmrt. The weak Raman intensity of this band indicates The redox potential of the MCABID-CoA complex

that the vibrational coordinates contributing to this particular oyhipits a dependence on pH (Figure 4) consistent with
normal mode are not participating in the charge-transfer .o qox_linked ionization of three groups (eq 5). Thi&,p

complex. The sensitivity of the band #C(5) labeling  yetermined for these groups (Table 2) indicate that the
reveals it to be an HD-CoA mode similar to that observed jonization of two glutamic acids in the active site are
near 1640 cm* when bound to oxidized MCAD. influenced by HD-CoA binding as well as the oxidation state

The two other intense bands at 1531 and 1609°aame ot the enzyme-bound flavin. Thes&pchanges can most
assigned to flavin modes with contributions from bonds that easily be understood by examining the structural and

are m_volved in the charge_—transfer cp_mplex. Th‘? 1531@“ electronic changes that occur in the active site during HD-
band is also found to be slightly sensitive to labeling, shifting CoA binding and FAD reduction
to 1526 cm? in 180(1)-labeled HD-CoA. This would seem ) , ' .
to indicate that there is some component from HD-CoA, but '€ active site of uncomplexed pig kidney MCAD
this point is unclear since a flavin mode, similar to the band €ONtains a string of five ordered water r.nc.JI,ecuIes held in
at 1542 cm? in the oxidized spectrum, is expected to place by hydrogen bonds formed with the ribity4QH group
contribute at this position. Thus, we assign this band to the ©f theé FAD and the carboxylate oxygens of Glu99 and
N(5)—C(4a), N(1)}-C(10a), and C(4a)C(10a) stretching Glu376 @7, 4. From previous electrochem!cal _work, a
coordinates with the possibility of some coupling with the PKox1” 6.5 has been assigned for the Glu376 in this enzyme
hexadienoyl carbonyl. The 1609 ciband is assigned to cqnformann 12). It was apparent, however, that a base of
the same flavin mode as appears in the oxidized form at 1605this K would be too weak to abstract theproton from an
cm L In contrast to the oxidized form of the enzyme, all €nzyme-complexed acyl-CoA thioesteKp~ 8—12; 11).
the spectral features below 1500 cirare positive. This ~ For efficient catalysis, theif of Glu376 must be raised
reflects the sharp increase in the Raman intensity of both Several units.
HD-CoA and flavin modes that occur on formation of the Four of the five waters were found to be displaced when
charge-transfer complex. octanoyl-CoAfrans2-octenoyl-CoA was soaked into MCAD
crystals 47). This observation, coupled with additional
DISCUSSION experimental evidence, suggested that protonated Glu376 is
This paper demonstrates the ability of HD-CoA to serve stabilized by ligand-induced active-site desolvatidf, (11,
as a product analogue for both electrochemical and Ramanl4). This notion is supported by our work as thigp; of
studies. As a result, direct evidence for substrate polarizationGlu376 is increased 2.8 units to 9.3 upon HD-CoA binding
and redox potential shifts has been obtained for the first time to oxidized enzyme. An identicalkp (apparent) has been
to our knowledge for the same analogue. In previous reported by Trievel et al9) for MCAD bound to the product
electrochemical studie0, 31), the effects of ligand binding  analogue, 4-thiaoctenoyl-CoA. However, in that study it was
on the redox potentials of MCAD were examined with only possible to follow the relative amounts of the polarized
analogues altered from natural substrate/product by substitu-and nonpolarized forms of the ligand bound dgidized
tion at either the C(2) or C(3) position, preventing electron enzyme, preventing estimates for ionization constants in
transfer between the analogue and enzyme during MCAD reducedMCAD complexes. Because tlf®, of the enzyme
reduction. Unlike 3-thia- and 2-azaacyl-CoA thioesters, HD- HD-CoA complex is influenced by the ionization state of
CoA maintains an electronic structure in the G{8)(2)— Glu376 in both enzyme oxidation states, we are able to assign
C(1)=0 region that is similar to naturédans-2-enoyl-CoA pKzs in reduced as well as oxidized MCAD. Th&; » of
products, allowing the analogue to engage in a CT complex Glu376 in the reduced enzyme was also found to increase
with reduced enzyme (Figure 2A). The only difference upon HD-CoA binding, from 7.9 to 9.8 (Table 2), indicating
between these natural products and HD-CoA is that the latterthat, at physiological pHs, the residue will remain protonated
has a second double bond at the &&€)5) position. This until product is released from the enzyme active site.
extended conjugation allows HD-CoA to remain oxidized Although this 1.9 unit i, shift is significant, it is 0.9 unit
under conditions that cause natural products to reduce.  smaller than the shift caused by HD-CoA binding to oxidized
Binding of HD-CoA to pig kidney MCAD resulted in  enzyme. This discrepancy warrants further discussion and
positive enzyme redox potential shifts at pHs between 6.5 will be addressed below.
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Somewhat surprisingly, thekp of the second carboxylate
in the active site, GIu99, does not change dramatically upon
HD-CoA bhinding to oxidized (7.5 to 7.4) or reduced (8.5 to
8.6) MCAD. Glu99 is located at the bottom of the enzyme
active site with the carboxylate bridging the last two of the
five water moleculesl(7, 46, 47. It would seem that ligand-
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Scheme 1
———FAD ~—Gluszs
o) . 0%
w é 2
X “SCoA A T

Kq

induced active-site desolvation should have the same effect

on the K, of Glu99 as it does on Glu376. Indeed, Vock et
al. (11) noted a slight increase in the&pof Glu99 (from
7.3 to~8) when human wild-type MCAD was titrated with
the product analogug-NO,-phenylacetyl-CoA. The lack of
a significant Glu99 K, shift in the system under current

study, however, may be the result of inadequate desolvation

of the enzyme active site by HD-CoA. Additional crystal-
lographic studies have shown that only three of the five wate
molecules are removed by binding hexanoyl-Co#is-2-
hexenoyl-CoA 46, 47, suggesting that two waters may
remain in close proximity to Glu99 when MCAD binds the
Cs-dienoyl molecule. If the protein and solvent environments
directly surrounding Glu99 are unaffected by HD-CoA
binding, the K, of Glu99 should remain unperturbed.

In addition to raising the I, of active-site carboxylates,
substrate/product binding is proposed to induce polarization
in the thioester carbonyl region of the ligan@®{22). The
extent of thesr-electron reorganization can be assessed by
Raman difference spectroscof@3( 25. The Raman spectra
of hexadienoyl-CoA bound to oxidized and reduced MCAD

r

(Figures 6 and 7) show several differences when comparedC

with that of free HD-CoA (Figure 5). Most notably, the
stretching mode in the C(3)C(2)—C(1)=0 region shifts
from 1595 cmt in the free form to 1568 and 1567 ctnin
complexes with oxidized and reduced MCAD, respectively
(Table 3). This decrease in band frequency is similar to the
1627 to 1577 cmt shift previously reported for 2-octenonyl-
CoA (natural product) binding to reduced MCAL21).
Nishina et al. 21, 29 suggested that, in this charge-transfer
complex, 2-octenoyl-CoA is polarized with appreciable
contribution from a resonance structure such asog3)H—
C(2)H=C(1)—O". The present results indicate that formation
of the CT complex is not necessary for such polarization.
The shift of the 1595 cm band is nearly identical for HD-
CoA binding to oxidized (no CT band) and reduced MCAD.

Also of interest is the lack of a large shift for the second
major HD-CoA band at 1637 cmi. For HD-CoA in solution
(Figure 5) this band is attributed primarily te=<C stretching
modes coupled with the carbonyl group as the position of
the band is sensitive t§0O(1), 13C(3), and'3C(5) labeling.
However, when HD-CoA binds to oxidized MCAD, the band
at 1639 cm? is only sensitive td3C(5) labeling (the band
is buried in the spectra for the reduced MCAD complex).
This suggests that the active site of MCAD is disrupting
m-electron conjugation in the hexadienoyl region of the
analogue. The normal mode involving G&J(5) stretching
becomes isolated from modes involving stretching in the
C(3=C(2)—C(1=0 enone fragment.

These results indicate not only that HD-CoA is polarized
in the active site of MCAD but also that the polarization is
limited to the C(37>C(2)-C(1=0 region. Only minor
m-electron rearrangement occurs in the €@&)5) bond due
to loss of conjugation. As a result, polarization of hexadi-
enoyl-CoA is likely to occur as shown is Scheme 1, with a
partial positive charge developing around carbon 3. A

decrease in electron density in this solvent-excluded region,
only 3.3 A from the isoalloxazine ring, could potentially
lower the thermodynamic barrier for flavin reductioh7(

20). The positive redox potential shifts presented in Table 1
are consistent with this model of polarization.

It is highly probable that the hydrogen bonds from the
amide nitrogen of Glu376 and théRydroxy group of FAD
play a major role in the polarization of HD-CoA. Similar
interactions are of prime importance in causing selective
ground-state polarization of HD-CoA in wild-type and mutant
enoyl-CoA hydratase2@). While these hydrogen bonds will
stabilize the accumulation of negative charge on the carbonyl
oxygen @0, 48, additional electrostatic interactions with the
hexadienoyl chain might be expected, to account for the
preferential stabilization of a partial positive charge on
carbon 3 (Scheme 1). Comparison of Raman data for HD-
CoA bound to oxidized and reduced MCAD indicates that
reduction of the flavin does not cause a significant change
in the wavenumber of the normal mode associated with the
hexadienoyl C(3FC(2)—C(1=0O group (1568 vs 1567
m~1). This is consistent with positive charge developing at
the C(3)-H region regardless of the oxidation state of the
enzyme. Thus, the enzyme-induced polarization of the ligand
likely does not involve strong electrostatic interactions
between the flavin and the ligand. Consequently, the
enzyme-ligand interactions responsible for the selective
polarization of the ligand, other than the hydrogen bonds to
the carbonyl group, remain to be identified.

It is also important to recognize that the size and electronic
structure of the analogue itself can affect the way that it is
polarized. Recent evidence obtained by Rudik and colleagues
(14) suggests that binding may not disruptelectron
conjugation in thioester product analogues containing phenol
ring substituents. Thel, of the phenol group of 4-hydroxy-
cinnamoyl-CoA is lowered from 8.9 to 7.8 upon binding to
E99G/E376Q human MCAD double mutaddy, indicating
that polarization induced by the H-bonds to the thioester
carbonyl is transmitted to the phenol ring system. If MCAD
disrupted conjugation such that only the G£&)(2)—C(1)=
O region was polarized, aKkp shift for the phenoyl group
would not be expected. Similar conclusions were drawn by
Vock et al. (L1) usingp-NO,-phenylacetyl-CoA as a ligand.

Currently there are no reports of enzyme ionization
constants determined for actual substrate binding to MCAD.
o-Proton abstraction by Glu376 prevents accurate measure-
ment of this residue’s i, when the oxidized enzyme is
associated with true substrates. However, betoq@oton
abstraction occurs i shifts similar to those caused by HD-
CoA binding are likely. Scheme 2 illustrates some of the
pKa and electron density changes proposed to result from
the binding and oxidation of octanoyl-CoA. Proton transfer
is shown for the system at pH 7.6 with shaded circles
representing water molecules.

Both Glu99 and Glu376 are deprotonated in the oxidized,
uncomplexed enzyme. Upon substrate binding (step 1), the
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active site is almost completely desolvated, causing e p
of Glu376 and possibly theKy of Glu99 to be raised.
Formation of an H-bond network with the thioester carbonyl
lowers the K, of theaC—H bond from~21 (9), to between
8 and 12 11, 17, 48-50). At this point, thea-proton can
be abstracted by Glu376 and tffenydride transferred to
N(5) of the flavin (step 2), leaving a polarized resonance
form of thetrans-2-octenoyl-CoA product in complex with
reduced MCAD. At pH 7.6, the reduced flavin is stabilized
in the anionic form [, for N(1) ~ 6.9]. Propagation of
this negative charge through the active site is likely to further
suppress the ionization of Glu99 and Glu376, causikg p

pKa>86 pKa>98

increases beyond what is attributed to desolvation. However,

as noted earlier, theKy shift of Glu376 observed upon
reduction of the flavin in the MCAEHD-CoA complex is
not as large as it is for free MCAD (1.9 vs 2.8 units).
Possibly, the partial positive charge stabilized on C(3)

compensates for some of negative charge developing on the

FAD such that net negative charge felt by Glu376 is
somewhat diminished. Consequently, th&, pf Glu376 in
the complex would not shift as much upon reduction as it

does in the uncomplexed enzyme. This same argument may

Biochemistry, Vol. 39, No. 45, 20003991

not apply to Glu99 as the distance between this residue and
the substrate C(3)~8 A) would limit the influence of
positive charge on ionization of this glutamic acld). Using
3-thiaoctanoyl-CoA as an analogue, Vock et all)(have
shown that the protonation state of GIlu99 only affects
ionization of the ligandxC—H when charge is allowed to
delocalize beyond C(3). This is unlikely to occur with natural
products that are selectively polarized. In any event, the
ionization constants are sufficiently large such that both
Glu376 and Glu99 should be protonated in the CT complex
at pH 7.6.

CONCLUSION

The electrochemical and Raman studies of the MEAD
HD-CoA complex provide additional support for mechanistic
hypotheses that include raising thi,pof a catalytic base
by substrate/product bindindl@, 11 as well as product
polarization (0, 13, 19, 5D Furthermore, these studies
reveal that the polarization is carefully controlled such that
an electron-deficient region is formed on the ligand, near
the FAD isoalloxazine ring. As a result, the energy barrier
for two-electron reduction of the FAD is lowered consider-
ably (+93 mV, pH 7.6). It will be of interest in the future to
identify and characterize the specific enzyntigand interac-
tions that lead to this selective polarization.
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