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ABSTRACT. The mechanism by which acyl-CoA dehydrogenases initiate catalysis was studied by using
p-substituted phenylacetyl-CoAs (substituents ;N@N, and CHCO-), 3S-G-, and 3-dephospho-3S-
CsCoA. These analogues laclB€—H and cannot undergw,-dehydrogenation. Instead they deprotonate
ataC—H at pH= 14 to form delocalized carbanions having strong absorbancies in the neavitlble
spectrum. The IK.s of the corresponding phenylacetone analogues were determireti3as (-NQ),

~14.5 (-CN), and~14.6 (CHCO-). Upon binding to human wild-type medium-chain acyl-CoA
dehydrogenase (MCADH), all analogues undexgb-H deprotonation. While the extent of deprotonation
varies, the anionic products form charge-transfer complexes with the oxidized flavin. From the pH
dependence of the dissociation constaltg ¢f p-NO,-phenylacetyl-CoA (4ANPA-CoA), 3S«IC0A, and
3'-dephospho-3SHCoA, four Kas atxb, ~6, ~7.3, and~8 were identified. They were assigned to the
following ionizations: (a) K4 ~5, ligand (L—H) in the MCADH~ligand complex; (b) Ka ~6, Glu376-
COOH in uncomplexed MCADH; (c) K, ~7.3, Glu99-COOH in uncomplexed MCADH (Glu99 is a
residue that flanks the bottom of the active-center cavity; tiisigpabsent in the mutant Glu99Gly-
MCADH); and (d) K ~8, Glu99-COOH in the MCADH4NPA-CoA complex. Thel§; ~6 (b) is not
significantly affected in the MCADH4NPA-CoA complex, but it is increased iyl pK unit in that

with 3S-GCoA and further in the presence 0§-CoA, the best substrate. The&C—H pK.s of 4NPA-

CoA, of 3S-G-CoA, and of 3-dephospho-3S+CoA in the complex with MCADH are=5, ~5, and~6.
Compared to those of the free species thdsgvalues are therefore lowered by 8xd 1 pH units (50

to = 65 kJ mot™) and are close to theig of Glu376-COOH in the complex with substrate/ligand. This
effect is ascribed mainly to the hydrogen-bond interactions of the thioester carbonyl group with the ribityl-
2'-OH of FAD and GIu376-NH. It is concluded that th&gshifts induced with normal substrates such
asn-octanoyl-CoA are still higher and of the order of 93 pK units. With 4NPA-CoA and MCADH,
aC—H abstraction is fastkpp,~55 st at pH 7.5 and 25C, deuterium isotope effeet1.34). However,

it does not proceed to completion since it constitutes an approach to equilibrium with a finite rate for
reprotonation in the pH range®.5. The extent of deprotonation and the respective rates are pH-dependent
and reflect apparentifas of ~5 and~7.3, which correspond to those determined in static experiments.

Acyl-CoA dehydrogenases catalyze thgs-dehydroge- substrates selectively deuterated at theand -positions
nation of fatty acid acyl-CoA conjugates to their correspond- and at both of them@). The MCADH-catalyzed rate of
ing enoyl-CoA products; the redox equivalents formed in dehydrogenation (and thus-deprotonation) of the best
this reaction are transferred to electron transferring flavopro- substrate n-octanoyl-CoA, is~320 s*' at 5 °C (7) and
tein and further to the respiratory chath @). A peculiarity >1000 st at 25°C (unpublished results). The-proton is
of the a,5-dehydrogenation reaction is that it involves the only weakly acidic in an aqueous environment andka p
concomitant fission of two kinetically stable- bonds. value of~21 has been estimate8,©). Glu376, the general
In the past, studies with medium-chain acyl-CoA dehydro- base, on the other hand, is only weakly basic and hd§,a p
genase (MCADH)have led to considerable insight concern- close to neutral. To explain the high catalytic rate, consider-
ing the mechanism of this reaction. It proceeds via an anti able substrate activation, which effectively decreaseskhe p
elimination where thero(R)-o-proton is abstracted by the of the o-proton and is equivalent to the stabilization of an
active-site base Glu376, and th®&hydrogen 8, 4) is
transferred as hydride to the flavin N(5) positids).( This 1 Abbreviations: hwtMCADH, recombinant human wild-type medium-
process is most probably concerted, as inferred from the chain acyl-CoA dehydrogenase (E.C. 1.3.99.3); Glu99Gly- or E99G-

inlicati ; ; ; MCADH, Glu99Gly mutant of medium-chain acyl-CoA dehydrogenase;
multiplication of deuterium isotope effects observed using LCADH, recombinant human wild-type long-chain acyl-CoA dehy-
drogenase (E.C. 1.3.99.13); 4NPA-CoA, (4-nitrophenyl)acetyl-coen-
T Supported by grants from the Deutsche Forschungsgemeinschaftzyme A; 4CNPA-CoA, (4-cyanophenyl)acetyl-coenzyme A; 4AcPA-
(Gh 2/4-7, Gh 2/6-1) to S.G. Presented in part at the 10th Symposium CoA, (4-acetylphenyl)acetyl-coenzyme A; 3380A, 3-thiaoctanoyl-

on Flavins and Flavoproteins; Como (19928). coenzyme A; L-H, acyl-CoA ligand having an ionizableC—H
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enolate-like intermediate species, has to occur. In the past,Furthermore, the rates of deprotonation are sufficiently slow
similar arguments have been made for analogous enzymeas to be accessible by stopped-flow measurements, thus
systems that are involved in the deprotonatiormeafarbon permitting the assessment of deuterium isotope effects. A
acid substratesl(). preliminary account of this work has been presented else-
In the case of the acyl-CoA dehydrogenases, more than 3where @3).
decades ago Cornforthl]) postulated that a specific
interaction with the thioester functional group might increase MATERIALS AND METHODS
the acidity of thexC—H position. This mode of activation Materials. (p-Nitrophenyl)acetic acidN-hydroxysuccin-
has been verified in a series of different approaches. Engelimide ester, octanoyl-CoA, myristoyl-CoA, ant-@&phos-
and Massey 12) first demonstrated that acetoacetyl-CoA pho-CoA were purchased from Sigma; coenzyme A (sodium
binds in its anionic form to bacterial butyryl-CoA dehydro- salt) was from Pharma-Waldhof (D-40549"&eldorf-
genase. Various substrates and analogues undergo exchandgeberkassel, Germany), (4-nitrophenyl)acetone was from
of the aC—H with solvent-borne hydrogen isotopes in the Lancaster, and (4-aminophenyl)acetic acid was from Fluka.
presence of MCADHR, 13. The same enzyme catalyzes D20 with a degree of deuteration not less than 99.8% was
the rearrangement of double bonds in unsaturated acyl-CoAsfrom Merck. TributylphosphineN,N'-dicyclohexylcarbo-
(12, 14. Furthermore a number of substrate analogues thatdiimide, sodium acetylacetonate, aehydroxysuccinimide
are blocked in3-position and thus cannot undergo hydride were from Aldrich.

transfer are stabilized in thew-deprotonated form upon Synthesis of p-Substituted Phenylacetor{dsCyanophen-
binding to pig kidney MCADH. Compounds that fall under yl)acetone and (4-acetylphenyl)acetone were obtained from
this category ardrans-3-enoyl-CoA (5), 3-oxaoctanoyl-  the corresponding-substituted aryl bromides by a modifica-

CoA, and 3S-@CoA (16). The three-dimensional structure tion of the procedure by Sugai et &24j. The aryl bromide,
of pig kidney MCADH indicates that the substrate thioester 10 mmol dissolved in 40 mL of dry DMF under,Nwas
carbonyl oxygen participates in two hydrogen bonds, one heated at 100C with 10 mmol of Cu(l) iodide and 50 mmol
with the 2-OH group of the ribityl side chain of the FAD  of sodium acetylacetonate to afford the corresponding (3-
cofactor and one with the NH backbone of Glu376  arylacetyl)acetonate [3 h for (4-cyanophenyl)acetone and 15
(distances 2.8 and 3.0 AY17). When normal FAD is h for (4-acetylphenyl)acetone]. The formed product was
replaced with 2deoxy-FAD in pig kidney MCADH, no subsequently deacetylated by addition of 40 mL of 1 M
catalytic activity is detectable in the standard assay; in single- NaOH at ambient temperature and incubation for 3 h. After
turnover experiments, the rate of reduction of the flavin filtration and extraction with methylene chloride, the crude
cofactor, which is assumed to reflect substrat€—H product was purified by silica gel flash chromatography
deprotonation, is decreased.(0’-fold (18, 19. The stretch- (CH.Cly/ethyl acetate 9:1) and identified Bi4 NMR and
ing vibrations of the carbonyl moiety of bound 2-enoyl-CoA fast atom bombardment mass spectroscopy [(4-cyanophenyl)-
measured in Raman experimer2§)(and the effects in the  acetone mp 52C, yield 35%; (4-acetylphenyl)acetone mp
spectra of substrate analogu@$)(are fully compatible with 34 °C, yield 45%).
the proposed type of strong interaction. Thus, while the basic  Synthesis of the CoA Esters-Hydroxysuccinimide esters
mode of interaction seems to be unquestioned, the extent towere synthesized according to Bellhof and Mu{@s) from
which the substrate (and analoge&}—H is acidified upon the p-substituted phenylacetic acids. (4-Cyanophenyl)acetic
binding to the active site has not yet been addressed in aacid was obtained as described by Jaeger and Robi@épn (
quantitative fashion. The latter is the central aim of the starting from (4-aminophenyl)acetic acid. (4-Nitrophenyl)-
present work. acetyl-CoA (4NPA-CoA), (4-cyanophenyl)acetyl-CoA (4CN-
Our approach was inspired by the above-mentioned work PA-CoA), and (4-acetylphenyl)acetyl-CoA (4AcPA-CoA)
of Thorpe and colleagues, who have shown that substratewere obtained by transesterification of the corresponding
analogues carrying either an oxa or a thia function at the N-hydroxysuccinimide esters by a slight modification of the
[-position can undergo deprotonatioh6). However, in method described by Al-Arif and Blecher2q). One
these cases hydride transfer obviously cannot occur. Theequivalent of CoASH dissolved in 100 mM NaHG@®H
rate of formation of the postulated anionic ligand upon 8.0 was added to tetrahydrofuranfM(2/1), which contained
binding to MCADH is, unfortunately, too fast in these cases tributylphosphine (23 equiv) to prevent oxidation. Upon
to be studied reliably 270 st at 1 °C (22)], and the addition of 8-10 equiv of the succinimide ester dissolved
absorbance of the anionic species itself is obscured by thatin tetrahydrofuran, the pH was adjusted lw N KOH to
of the protein below 300 nmlg, 22. We have thus resorted pH 7.9-8.1 and the conversion was followed by analytical
to analogues that carry @substituted phenyl group at the HPLC. After consumption of the free CoOASH, the mixture
acyl s-position of the CoA thioester. These have proven to was acidified wih 1 N HCI to pH~3 and extracted twice
possess some crucial advantages: the formation of thewith diethyl ether (10 mL). The aqueous phase was
anionic species can be monitored directly by following its neutralized (pH=6) with NaOH and lyophilized. The CoA
absorption, and the acidity of teC—H can be modulated  esters were desalted over Waters Sep-Pak C18 Cartridges
by the nature of thep-substituent. As will be shown, (35 mL volume) and purified by preparative HPLC using a
deprotonation of these analogues leads to intensely coloredWaters RCM (25 mmx 200 mm) Prep Nova Pak HR C18
species, which allows the estimation of th&,pf the bound column [50 mM NHHCO; pH 6.3 (buffer A) and 95%
species and thus of the correspondiig ghifts induced upon  aqueous methanol (buffer B) with the following gradient:
binding. We thus consider this reaction to mimic the 0—5 min, 10% buffer B; 10 min, 20% buffer B; 40 min,
stabilization of the anionic transition state and have thus 40% buffer B; 45-50 min, 100% buffer B; 55 min, 10%
named the ligands “chromogenic transition-state analogues”.buffer B; flow rate 5 mL/min) with yields of 4565%. For
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analytical HPLC a Chromcart 25/4 Nucleosil C18 (Bn)
(Macherey-Nagel) column was used with the following
gradient system: 5 mM KPpH 6.0 (buffer A), and 95%
MeOH (buffer B); 0-3 min, 10% buffer B; 3-43 min, 50%
buffer B, 43-48 min, 100% (buffer B) 5358 min, 10%
buffer B. The following retention times at 30C were
found: (4-acetylphenyl)acetic acid, 10.2 min; (4-cyanophen-
yhacetic acid; 7.2 min; (4-nitrophenyl)acetic achdthy-
droxysuccinimide ester, 33.2 min; (4-cyanophenyl)acetic acid
N-hydroxysuccinimide ester, 29.7 min; (4-acetylphenyl)acetic
acid N-hydroxysuccinimide ester, 31.9 min; 4CNPA-CoA,
18.4 min; 4NPA-CoA, 19.2 min; 4AcPA-CoA, 19.5 min;
(4-nitrophenyl)acetone, 28.7 min; (4-cyanophenyl)acetone,
26.2 min; and (4-acetylphenyl)acetone, 29.3 min. The CoA
esters were identified byH NMR and by their U\-visible
spectra, which are characterized by a shouldetr &t 285

nM (ODyg01285~2.2). 3-Dephospho-3S-4CoA was synthe-
sized from 3-dephospho-CoA andSBoctanoate according
to the method of Goldman and Vageld8) and purified
over preparative HPLC. [2,24,]-(p-nitrophenyl)acetyl-CoA
was obtained by incubation gf-nitrophenyl)acetyl-CoA at

4 °C in deuterated buffer at pH 8 for 24 h. The molar
extinction coefficients were determined by the method of
Ellman 9) using thep-nitrothiophenol anion absorbance
(A6412= 13600 M1 Cm_l): ANPA-CO0A, e260= 20 800 M
cm 1 4AcPA-CoA, ex53= 28 800 Mt cm™%; 4ACNPA-Co0A,

€238 = 28150 Mt cm™ and €57 = 17390 Mt cmt
(shoulder).

Miscellaneous.The growth of theEscherichia colicells,
strain BL 21, transformed with the plasmid containing the
MCADH gene and the enzyme purification were as described
by Kieweg et al. 80). LCADH was obtained as described
elsewhere 31). MCADH and LCADH were routinely
assayed in 50 mM KPouffer, pH 7.6, with octanoyl-CoA
(100uM) and with ferricenium hexafluorophosphate (FgPF
as electron acceptoB®). Only enzyme with an activity
>1000 FcPEmin~! was used. For MCADH 46 = 14 800
M~ cmt was used30). Experiments as a function of pH
were done in the following 50 mM buffers, all containing
250 mM KCI: Hepes for pH 67.5, Tricine for pH 7.5
8.5, Tris for pH 8.5-9, and glycine for pH 99.5. The pH
was determined after each experiment in the reaction
solution. For HO/D,O mixtures the pH reading from the
glass electrode was corrected as outlined irBGf For the
determination of the Ig;s of the substituted acetonyl
analogues, aliquots 6¢0.8 mM stock solutions were added
to solutions of NaOH in BD (1 mM—5 M, pH 11-14.7)

and the absorbance spectra were recorded as quickly ai‘

possible. U\~visible absorption spectra were obtained using
a Kontron-Uvikon 920 spectrophotometer at 5.

Rapid Reaction StudiesAll experiments were carried out
at 25 °C. Unless otherwise noted, the concentrations
mentioned are those of the reagent after mixing, i.e., 1/1
dilution. For pH-dependent studies the enzyme was dis-
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FiIGURE 1: Absorbance spectra of 4-substituted phenylacyl chro-
mophores and pH dependence. In panel A the spectra of the anionic
forms of the acyl-CoA thioesters are displayed. 4NPA-COA,
4CNPA-CoA, and 4AcPA-CoAx25 uM (final concentration) in

5 mM KPR, pH 6.0, were reacted with 0.5 N NaOH in the stopped-
flow instrument at 25C (final pH ~13.7). The traces shown are
the first reliable ones, obtained within 10 ms upon mixing. All
absorbance bands at> 300 nm disappear within 10 s due to
hydrolysis of the thioester linkage. Due to this and to the variation
in the determination of the time elapsed between end of flow and
recording of the traces, the extinctions of the spectra shown have
only qualitative character. For better comparison the absorption
traces of 4CNPA-CoA and 4AcPA-CoA have been multiplied by
a factor of 3. Panel B shows the pH dependence of the spectra of
(4-nitrophenyl)acetone. (4-Nitrophenyl)acetone, 450f a 1.33

mM stock solution in HO/MeOH (1:1), was diluted into 98bL

of aqueous NaOH (pH values 12.4, 12.7, 13.1, 13.4, 13.7, and 14,
spectra from bottom to top). (4-Nitrophenyl)acetone isOHpH

< 11, is colorless. (Inset) Plot ef,g4 versus pH. The line through
the data points is the fit for a single ionization witk$=13.6,

nd an extrapolateegs ~21 500 M1 cm™* for the fully ionized
pecies.

ments). Rapid reactions were routinely recorded in the range
300-650 nm using the “normal scan mode”, which has a
scan time of 10 ms/spectrum with a resolution of 2 pixels/
nm. Experiments with 4ANPA-CoA were recorded using a
so-called “fast access” routine in which only selected

solved in the pH buffers described above that had twice the wavelength (494.5504.5 and 73%744.5 nm) were evalu-
indicated final concentration. The solutions of the substratesated. For these experiments the normally used BG24A filter

were buffered only slightly with 10 mM KPpH 6.0. The

was removed in order to enhance the light intensity.

flow spectrophotometer has a thermostated 2 cm path length Data Processing.For the static experiments, the absor-

cell (34) and is equipped with a diode array detector bance changes were plotted against the ligand concentration
(Spectroscopy Instruments GmbH, D-82205 Gilching) in- and fitted to an appropriate equation such as described by
terfaced with a Maclintosh llcx computer. Data were Fersht 85). For the evaluation of kinetic experiments, the

acquired using POSMA 2.3k software (Spectroscopy Instru- arithmetical mean of at least three kinetic traces was formed
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Table 1: Spectral and Thermodynamic Properties of 4-Substituted Phenylacetyl-CoA;@8\Cand 3-Dephospho-3S-£CoA Ligands and
of Their Complexes with Human Wild-Type and E99G-MCADH and LCADH

ligand structure parameter free ligand MCADH complex Glu99Gly-MCADH complex LCADH complex
4NPA-CoA Ka (aC—H) 13.56 4.9 5.2 nd
Amax (NmM) anion, CT 533 497, 740 504, 730 ~497, 660
Kd,app(uM) at pH 7.6 ~25 ~25 ~170
K. (M), extrapolated K., pH~6) 20 K., pH < 4) 150
(K", pH > 10) 80 K., pH>7) 30
4CNPA-CoA Ka (@C—H) 14.50¢ nd nd nd
Amax (nm) anion, CT 368 376, 753 381, 742
Kd,app(uM) at pH 7.6 ~46 ~17 ~240
4AcPA-CoA Ka (aC—H) 1459 nd nd np
Amax (Nm) anion, CT 393+ 392, np 407780
Ka,app(uM) at pH 7.6 ~153 ~60 ~200
3S-GCoA pKa (0C—H) ~16.5 5.2 nd np
Amax(nm) anion, CT <300,— <300, 804 nd <300, 660
Kd,app(uM) at pH 7.6 2 nd ~13
K. (M), extrapolated K., pH < 3) 25 nd np
K/, pH>T7)2
3'-dephospho- Ka (C—H) ~16.54d 6.15 nd np
3S-GCoA Amax (Nm) anion, CT <300, — <300,~805 nd
Kd,app(uM), pH 7.6 2 nd
K. (M), extrapolated Ki, pH <3) 3.5 nd
K/, pH>7)2

2 The extrapolated Kvalues are those obtained from the fits to the data in Figures 5 and 6. nd, not determined; np, determination was not
possible due to the instability of the enzyme under the particular conditidiie values are those obtained using the corresponding acetonyl
derivatives.¢ Values from refl6. ¢ It is assumed that the absence of thgBosphate does not affect this ionization.

and the resulting trace was fitted using program A (Dr. D. ment of the K, values. To circumvent this dilemma we
P. Ballou, University of Michigan). The dependence of have thus resorted to the corresponding acetonyl model
velocities on the concentration was fitted to the equations compounds in which the -COS-R functionality is replaced
described, e.g., by Strickland et &6}, which are based on by -CO-CH; (cf. structure in Figure 1B). Recently Amyes
the assumption of a two-step equilibrium involving formation and Richard &) experimentally determined th&pvalue of

of a proteirr-ligand complex K211y = ko/ki), followed by a the a-proton of ethyl thioacetate to e21. This compares
reversible reaction where both stégandk, are finite. The to a value of~19 for acetone 37) and indicates that the
pH dependence of various parameters was fitted using thea-proton of thioesters is less acidic than that of ketones by
equations described by FersB5). With the exception of  ~2 pK units. Thus, the determinedKp values for the

the analysis of rapid reaction traces, analyses were performeg-substituted phenylacetones can be taken as a lower estimate
using appropriate fit routines and KaleidaGraph 3.0 for of those of the corresponding CoA analogues. Figure 1 panel

Maclntosh. B shows the pH dependence of the spectraN®,-phenyl-
acetone; the estimatedKpis 13.6 (extrapolate@sgs, anion
RESULTS ~21 500 Mtcmtat pH> 16). Slightly higher [, values

Physicochemical Properties of the Acyl-CoA Ligandéie of ~14.5 and~14.6 were found forg-cyanophenyl)acetone
main chemical feature of the chromogenic transition-state 21d P-acetylphenyl)acetone. The absorbance properties and
analogues selected for the present work is the presence ofKa values of the analogues are listed in Table 1. Thg
an acidic but kinetically stableC—H bond combined with values of the anionic species are strongly de_pendent on the
the absence of hydrogens in {Beosition of the acyl chain. ~ SPlvent. Thus, compared to aqueous solutjgNO,-phe-
This precludes hydride transfer, and thus it is anticipated nylacetonate in methanol and acetpnltnle exhibits a red §h|ft
that aC—H deprotonation will yield a highly delocalized O 4max~500 and~540 nm, respectively (not shown). This
anion (cf. structures in Figure 1). In the case of 4NPA- prop_erty is useful for assessing the polarity at the locus of
CoA, deprotonation is in fact observed when the pH is raised Pinding.
above 13, by the formation of a transient red species, which Reactions with the Enzyme: Formation of Colored Com-
disappears completely within seconds{~2 s in 0.5 N plexes in Static ExperimentdJpon addition of 4ANPA-CoA
NaOH). It was thus of primary importance to determine the to MCADH large changes in the visible absorption spectrum
spectroscopic properties of the anionic species andkhe p of the latter occur, which are proportional to the concentration
for aC—H deprotonation of the analogues used. Figure 1 of the ligand and show saturation behavior (Figure 2). The
panel A shows the spectra obtained upon mixing the acyl- absorbance in the 45620 nm region is approximately
CoA analogues with 0.5 M NaOH (final concentration) in doubled at saturation and thgaxis shifted towardl = 466
the stopped-flow instrument. The anions are characterizednm. In addition a new long-wavelength band withx~740
by intense absorbancies in the near-tisible region, nm is formed. The absorbance increase at45I0 nm is
which are not present in the colorless neutral species. Theattributed mainly to formation of anionic, enzyme-bound
above-mentioned instability, which is most likely attributed 4NPA-CoA with some contribution from the perturbation
to hydrolysis of the thioester bond, precludes direct measure-of the flavin chromophore. The long-wavelength band is
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FIGURE 2: Spectral changes upon titration of MCADH with 4ANPA-  Ficure 3: Spectral changes accompanying binding of 4AcPA-CoA
CoA. The lowest trace-{*) is the spectrum of MCADH, 8.24M to MCADH and Glu99Gly-MCADH. Conditions: [MCADH}

in 50 mM Hepes and 250 mM KClI, pH 6.0,= 25 °C. Subsequent 12.0uM, [Glu99Gly-MCADH] = 10.3uM, 50 mM KPR, pH 7.6,
traces in ascending order are obtained upon addition of 1.04, 2.07,T = 25 °C. Main figure: Difference spectra between fully com-
4.14, 8.26, 14.0 and 39.4 equiv of 4NPA-CoA. All spectra were plexed and uncomplexed forms of MCADH+) and Glu99Gly-
recorded versus an equal concentration of ligand in the referenceMCADH (—). The inset shows a comparison of the spectra of
cuvette and are corrected for dilution. The inset shows difference uncomplexed Glu99Gly-MCADH and the Glu99Gly-MCADH
spectra for complexed minus uncomplexed enzyme extrapolated4AcPA-CoA (anion) complex (lower and upper traces, respectively).
to full complexation, at 28C and at the pH values indicated. The

absorption band that forms 4t~490-500 nm is that of anionic Wavelength (nm)

ANPA-CoA, and that with dmax ~740 nm results from the charge-

transfer interaction between the 4ANPA-CoA anion and the oxidized 25 T T
flavin.

300 400 500 600 700 800
T T T T T T T 45

attributed to a charge-transfer absorption between the same 20
anion and the oxidized flavin. This is illustrated by the dif-
ference spectra shown in the inset of Figure 2, which also
document the effect of pH on the spectra. Note the larger
extent of anion formation occurring at pH 6 compared to
pH 9.

There are marked differences in the interaction of 4ANPA-
CoA as compared t@-CN- and p-COCHs-phenylacetyl-
CoA: with the latter, there appears to be very little if any
formation of the anionic species, as can be deduced by the
absence of absorption attributable to its anionic form in the 0
400 nm area and in the charge-transfer region (Figure 3).

To understand the peculiar pH effect, we have used Wavelength (nm)

Glu99Gly-MCADH (38). Glu99 flanks the bottom of the  Ficure4: Reaction of Glu99Gly-MCADH with 4CNPA-CoA. The
active-site cavity of MCADH with its -COOH group at a  spectrum of Glu99Gly-MCADH, 11.24M, in 50 mM KPR, pH
distance where it could interact with ligands (cf. below). 7:6;andat23C is depicted by the dotteet() trace. Upon addition

. of 0.96, 1.91, 3.81, 8.52, 17.77, and 26.80 equiv of 4ACNPA-CO0A,
Indeed with Glu99Gly-MCADH, bottp-CN- and p-CH- the traces in the ascending order (at 400 and 750 nm) are obtained.

CO-PA-CoA do form appreciable amounts of their anions The inset shows the difference spectrum between fully complexed
upon binding. The difference spectra (complexathus and uncomplexed enzyme. Note that the band wijth = 381 nm

uncomplexed enzyme) obtained wifRCHs-CO-PA-CoA is due to the anionic ligand (see structure), and that centered around
and hwt-, or Glu99-Gly-MCADH are significantly different A ffé_75% rf]lm is due to the CT interaction of the latter with the
in the 500 nm region (Figure 3). We attribute this to the oxidized flavin.

difference in charge: Binding of ligands carrying a neutral to the case of 4ANPA-CoA, wheresa30 nm hypsochromic
acyl substituent to MCADH induces a positive (difference) shift is observed. Again the perturbation of the flavin lowest
absorption in this spectral ared9, 15, 16, thus p-CHs- energy transition has a negative difference spectrum in the
CO-PA-CoA is in its neutral form with hwtMCADH. On 500 nm area, consistent with the interaction with a negatively
the other hand, the negative difference observed with charged species (Figure 4, insert). The spectroscopic and
Glu99Gly-MCADH, depicted in Figure 3, is consistent with  physical properties of the complexes at different pH values
the presence of anionic ligand in the complex. are listed in Table 1.

With p-CN-phenylacetyl-CoA, full deprotonation appears  Analogous experiments with the same ligands were carried
to occur both with hwtMCADH (not shown) and with the out also with LCADH, in which there is no charged group
Glu99Gly mutant (Figure 4). In this case the absorbance of corresponding to Glu99 in MCADH3(). Surprisingly,
the anionic, enzyme bound ligand is red-shifted~il0 nm while binding can be monitored by the typical perturbation
compared to that of the free species (Figure 1), as opposedf the oxidized flavin spectrum, with 4CNPA-CoA, and
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4AcPA-CoA there are no effects suggesting ligand (an)-
ionization. With 4ANPA-CoA, a small absorbance increase
in the 500 nm regionege; ~2.3 mM* cm™1) and a very
weak long-wavelength bane{o~0.3 mM~1 cm™) suggest
formation of ligand anion and of the corresponding CT
complex. The extent of anion formation increases with pH
(not shown), similar to the observations made with Glu99Gly-
MCADH, but never exceeds 15% of the amount of bound
anion observed with MCADH. Th& s for L—H binding

to LCADH (Table 1) are about 1 order of magnitude higher
than those for MCADH.

pH Effects on the Binding of ANPA-Co/Aigure 5 panel
A shows the pH dependence of the maximally attainable,
apparent extinction coefficientcr in the charge-transfer
region. The data were obtained from titration experiments
such as that shown in Figure 2. With 4NPA-CoA and
MCADH, the absorbance changes due to anion formation
are maximal at pH 66.5; at pH < 6 the absorbance
decreases toward zero and reflects an apparentp5. The
pH dependence cannot be measured reliably akpbidue
to the instability of the enzyme. At pk 6 a decrease of
ect is followed by a plateau and the behavior reflects an
apparent f,» ~7.3. The fit of the data shown in Figure
5A also yields an estimate of the apparept of the two
species linked by the equilibrium governed bBg.p. They
areecr1 #5200 Mt cm™L; ecrz ~3800 ML cmL; ecr for
the species at pH: pK, 1 was assumed to be 0 M~ cm™?,
and ecr-ggos #6800 M1 cm™. When the absorbance
changes at ~500 nm are used for similar plots, the same
pK.s are obtained, and the relative difference between the
corresponding, estimategy ; andesgp 2 Values is larger. In
contrast to the two Ig, values found with MCADH, only
one K, ~5.2 is observable with the Glu99Gly mutant
(Figure 5A). It is noteworthy that, qualitatively, the same
behavior is observed with MCADH using 3S@OA as the
ligand (compare to Figure 6A).

The pH dependence of th&kgs for binding of 4NPA-
CoA to MCADH and to the GIlu99Gly mutant are plotted
according to Dixon 40) in Figure 5B. While at pH< 6.5
both MCADH and the E99G mutant exhibit a similar
behavior, at pH> 7 only MCADH shows an increase of the
apparenKy. This is consistent with the effect being due to
the ionization of Glu99-COOH, i.e., the weaker binding with
native MCADH at pH > pK 7.3 resulting from the
repulsion of the charges of Glu99-COGnd of 4NPA-
CoA~. The theoretical titration curves were generated using
the Dixon equation:

K K
pK = —log K, + log (1 + [HEi;) —log (1 + [HE+1]) —
K K
log (1 + [HEf]) + log (1 + [HEi;) (1)

where K. is the dissociation constant of neutral ligand
(L—H) from the neutral form of the enzymeH. Accord-

ing to the rules of Dixon 40, 41, pKg: and Kg . are
ionizations of the enzymeligand complex (E-L—H) and
pKe1 and Kg; are ionizations of uncomplexed enzyme (or
ligand). (See also Table 1 for values.) For the simulation
pKe 1 was fixed as 5.2, i.e., thapobserved for the formation
of anionic 4NPA-CoA in the EL complex and obtained
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Ficure 5: pH dependence of the interaction of 4ANPA-CoA with
MCADH and Glu99Gly-MCADH. (A) Interactions with 4NPA-
CoA. The data points®, ) are the extrapolateetr values § =

740 nm for MCADH andi = 735 nm for Glu99Gly-MCADH)
obtained from titrations as described in Figure 2 at the pH values
indicated (buffer systems detailed in Materials and Methods). At
pH < 5.5, titrations could not be carried out due to the instability
of the proteins; in this case the extent of ligand anion formation
was estimated by addition of an excess (660) of 4ANPA-CoA

to enzyme at concentrations ranging from 13.5 talb The solid
lines through the data points are for fits to one or two ionizations,
as appropriate; the dotted line shows dependence of the effects for
MCADH calculated for a hypothetical case in whickxis absent
(and using Ka1 = 4.9 andect; = 5200). The extinctions of the
complexes at pH< 3 were set constant at 08 MCADH; (#)
Glu99Gly-MCADH. ect are the extinction coefficients estimated
for high pH. (B) pH dependence oKg s, for binding of 4NPA-
CoA to MCADH (#) and Glu99Gly-MCADH [0) plotted according

to Dixon (40). The segments 1) have slopes= 0 or 1. The curves
were generated using eq 1 and, for MCADHK, p= 3.9, K; =

5.2, K, =16.0, K3 = 7.3, and K, = 8.0; for Glu99Gly-MCADH,

pKL = 3.8, Ky = 5.2, and K; = 6.0. See text for further
explanations.

from the plots of Figure 5A; Ke2 was similarly taken as
7.3, i.e., the apparentpfor ect formation derived from the
same plot (Figure 5A). The (apparenfif ~6 and Kg.»
~8 are the values resulting from the fit of the data points in
Figure 5B. Use of the extended equation for mutually
affecting ionizations 41) did not improve the simulation.
For E99G-MCADH, only the Kg; and [Kewa terms of eq 1
were required for generating the curve fits.

pH Effects on the Binding of 3SCoA and 3-Dephospho-
3S-G-CoA. The effects observed with these ligands and
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Ficure 6: pH dependence of the interaction of 3g=06A and 3-
dephospho-3S«CoA with MCADH. (A) pH dependence of the
spectral effects induced upon binding of the two ligands. The curves
are the best fits for one ionization. The data points atpBl.5 are
the extrapolateds;; nm values for the fully complexed enzyme
obtained from titration experiments, and those atpH4.8 and 5.5
were obtained by addition of excess (@) 3S-GCoA to 12uM
MCADH. For the titrations at pH 5.5, 10 cm cuvettes were used.
(B) pH dependence ofHy app for binding of 3S-GCoA (O) and
3'-dephospho-3S+CoA (¢) to MCADH, plotted according to
Dixon (40, 41). The curves were generated using eq 1 and, for
3S-GCoA, K. = 4.6, K; = 5.25, and K, = 6.3; for 3-
dephospho-3S«CoA, pK. = 5.45, (K; = 6.1, and K; = 6.3.
See text for further explanations.

MCADH are shown in Figure 6A. They resemble those of
ANPA-CoA with E99G-MCADH described above (cf. Figure
5A). This indicates that the ionization of Glu99-COOH only
affects that of the ligand.C—H when the resulting charge
can delocalize beyond C(3) of the ligand chain. The same
type of spectral changes as with 3ga0A (16) occur upon
binding of 3-dephospho-3S+CoA (not shown), albeit with
lower ect values. The behavior of this ligand, in which the
adenosine '3phosphate group with ap~6.5 (42) is absent,
was studied in order to differentiate whether th&p~6

(cf. above) is an ionization of (free) enzyme or of (uncom-
plexed) ligand. The (apparentKp reflected by the spectral
changes occurring upon binding of 3S-C8CoA ahdéphos-
pho-3S-GCoA are~5.2; and~6.15, respectively (Figure
6A). As with 4NPA-CoA, they are attributed to the ioniza-
tion of enzyme-bound ligand. The highdf pbserved with

Vock et al.

The pH dependence of the apparkpfor binding of these
ligands is plotted according to Dixor@) in Figure 6B.
Reasonable simulations of the observéd ps pH data for
binding of both ligands are obtained usinggp = 5.2 and
6.1, i.e., the values obtained from the plots of Figure 6A,
and the same value ofkg = 6.3 for both ligands. The
values for the estimated dissociation const#atsit the pH
extremes are also listed in Table 1. According to the Dixon
rules @0, 41 and in analogy to the case of 4ANPA-CO0A, the
apparent fs are assigned as indicated on Figure 6Kg p
= 6.3 thus corresponds to th& p=6 derived similarly from
the pH dependence of binding of 4ANPA-CoA (Figure 5B).
The apparenKy for binding of the 3-dephospho analogue
shows little effect on pH (Figure 6B), it has the same value
as that of 3S-@CoA at pH> pKg_~5.2, indicating that the
3'-phosphate as such does not affect binding. Ksys pH
behavior, i.e., the absence of an apparent pH dependence, is
readily explained by the coincidences &g ~6.1 and K
~6.3. If the second ionization were to be absent with the
3'-dephospho ligand, an increase ¢fjprs pH at pH> 6.1
with a slope= 1 should be observed at pH pKg_ ~6.1
(40, 4. On the basis of these considerations the apparent
pK ~6—6.3 is attributed to an ionization of uncomplexed
enzyme as opposed to one of free ligand.

Kinetics of Enzyme Interaction with the Ligands: (A)
[a-2H;]-4NPA-CoA and Solent Isotope Effects[o-?Hg]-
ANPA-CoA was used for a kinetic verification, via measure-
ment of a deuterium isotope effect, of the assumption that
the observed spectral changes are directly connected with
the abstraction of the ligandC—H. Incubation of 4NPA-
CoA in D,O buffered with 10 mM NapR pD 7.1, leads to
>90% exchange of theC—H with deuterium within 20 min,
as can be verified biH NMR spectroscopy (data not shown).
While this rate is insignificant compared to the enzyme-
catalyzed rate of deprotonation, it does not allow experi-
mentation with deuterated substrate igCHdue to the time
required for sample preparation. We have thus estimated
the isotope effect by studying the reaction in a 50% mixture
of buffered BO/H,O (10 mM sodium phosphate, pD 7.1).
For this purpose, enzyme and-fH,]-4NPA-CoA were
dissolved in HO and DO, respectively, and the two
solutions were mixed in the stopped-flow instrument. To
discriminate between the primary isotope effects and solvent
isotope effects, the solvent isotope effect was determined
by studying the rate of reduction of MCADH with myristoyl-
CoA in D;O/H,O mixtures ranging from 0% to 50%:D.

The rate of enzyme flavin reduction is 6.1'sn pure HO
and 5.5 s, i.e., ~90%, in 50% DO, and the dependence
on the DO fraction is linear (not shown). From this a rate
~5.0 s! can be extrapolated for 100%,D (at a constant
[myristoyl-CoA] = 100uM). Thus the rates measured with
[0-?H]-4NPA-CoA in 50% DO and used to estimate the
intrinsic primary isotope effects (cf. below) have been
corrected by the factor 1.1.

(B) Reaction of 4NPA-CoA with MCADHThe time
course for the spectral changes occurring upon mixing 4NPA-
CoA with normal enzyme is essentially monophasichas
the same rate at 495 and 720 nm (Figureaid the reaction
is complete within 200 ms. The plots kf,,versus [4NPA-
CoA] shown in Figure 8 exhibit the dependence typical of a

the 3-dephospho analogue suggests a less optimal bindingprocess in which binding is followed by a reversible event

of the latter, resulting in an inferior stabilization of the anion.

leading to an equilibrium as described in eq 2 (E is oxidized
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FicURe 8: Rates and concentration dependence for reaction of
[a-H]-4ANPA-CoA and fx-2H]-4NPA-CoA with MCADH at pH
6.5 and 9.5. Conditions were as described in the caption to Figure
0 ' . ; 7, with the exception of the use of varying buffer systems at
0 0.05 0.1 0.15 0.2 different pH values (see Materials and Methods). The [4ANPA-CoA]
Time (s) was in the range 451000«M (final concentrations)kapy, is the
FiGURE 7: Time course of the reaction of 4NPA-CoA with Velocity estimated from experiments such as those shown in Figure
MCADH. (A) Three typical kinetic traces at two wavelengths /- In the case ofd-?H]-ANPA-COA, the experiments were carried
showing spectral changes occurring upon mixing 4NPA-CoA with Ut by mixing MCADH in RO, with [a-H]-4NPA-CoA dissolved
MCADH in the stopped-flow instrument. Conditions: [MCADH] N 100%°HzO. The corresponding values are corrected for the
= 6.2 4M in 50 mM Tricine buffer, pH 7.5, containing 250 mM deuterium solvent isotope effect (factor 1.1; see text for details).
KCI: [4NPA-CoA | = 700 4M in 5 mM KP,, pH 6.0, at 25°C The solid lines represent the best fits obtained using the method
(final concentrations). (B) The arithmetic means of the traces shown réPorted by Strickland et al36).
in panel A are represented b)Y and () for changes at = 740
and 495 nm. The lines through the points are for single-exponential Table 2: Kinetic Parameters and Isotope Effects for the Reaction of
fits with estimated rates of 29.3 and 299 st A = 495 and 740 4NPA-CoA with MCADH?
nm, respectively.

pH
MCADH, L—H is phenylacetyl-CoA ligandz, 11 —n)' = kof parameter  <6.5 6.5 7.5 9.5 >9.5
ki, binding step, ank; andk, represent de- and reprotonation  k [o-H]- 76+5 7543 5541 21+3 19+ 3
of bound ligand): ks[o-?H]- 534+5 52+3 41+2 22+3 1843
H/D 1.43 1.44 1.34 ~1 ~1
K ! K ks [o-1H]- 16+1 11+02 1241
21L—H) 43 ke [o-2H]- 8+1 6+1 6+1
H/D 2 1.8 2

kl k3 —

E+L-H Y E~L—H Y E~L ) aThe values for §-2H]-4NPA-CoA are corrected for the solvent
isotope effect; those at pH 6.5 and pH> 9.5 are extrapolated values
This type of behavior has been ana|yzed in extenso by obtained from the pIOtS of Figure 9. See text for further details.
Strickland et al. 86) and is characterized by an abscissa
intercept ofkapp at [L—H] = 0, which corresponds to step for ks ~130 s!. The second, slow phase might reflect
ks in eq 2 and by &app = ks + ks at [L—H] = . By this secondary processes and was not included in the analysis.
analysis, values foKz 11w, ks, andk, for the [o-*H] and From these data it is concluded that the interaction of 4ANPA-
[a-?H] forms of 4NPA-CoA were obtained between pH 6.5 CoA with E99G-MCADH is essentially of the same type as
and 9.5 (Table 2); the corresponding isotope effects are alsowith MCADH.
listed in Table 2. It should be pointed out that, with 4NPA-CoA and

The kinetics of binding of 4NPA-CoA to the GIu99Gly MCADH, due to the highKy1q-w), Saturation with 4NPA-
mutant were measured at pH 7.6. Overall, the behavior is CoA could not be attained (cf. Figure 8); this leads to a
similar to that observed with MCADH; however, the time relatively high error in the estimation &% 1) The most
course of the reaction is somewhat biphasic (not shown). reliable results (71& 200uM) were obtained using{-H]-
The first, fast phase accounts for -988% of the total ANPA-CoA and at pH 6.9. For the majority of the other
observed changes. Its apparent rifg obtained by ex- sets of data at various pH values, and as shown in Figure
trapolation to [L—H] = o is approximately 3-fold (15& 9A, for Ky 1-n), Only an average value710 + 200 uM
10 s that found with MCADH (Table 2) and the apparent can thus be estimated. A pH dependence is not apparent; if
Kaaw-r ~70 uM, is =%, of what is found for MCADH occurring, its magnitude is probably smaller than the data
(see below). This is consistent with the assumption that the scatter. For the estimation of the majority of the values of
active-center cavity of E99G-MCADH can better accom- ks andk, at the various pH values, using fitting routines and
modate th@@NO,-phenyl-residue compared to MCADH. As  the approach shown in Figure 8&,:.-+) was thus held
with MCADH, with the mutant ligand deprotonatioks] is constant at 70&M. From Figure 8 it is apparent that the
reversible, i.e.k, (cf. eq2) has a finite value as deduced magnitude of both stedg andk, depends on the pH. The
from data analysis according to Strickland et &6)((not full dependence of these values on pH is depicted in Figure
shown). Thus a ratky ~20 (+ 10) s'!is obtained, which, 9B, from which an apparentvalue of~7.8 can be esti-
subtracted fronkap, = 150 s2, yields an estimated value mated forks. Forks, no significant pH dependence is appar-
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Ficure 9: pH dependence of the kinetic parameters obtained for
the reaction of ANPA-CoA with MCADH obtained from stopped-
flow experiments. (A) Dependence &% 1), the dissociation
constant for 4ANPA-CoA. (B) Dependence of the ratgsand k,.

Conditions were as described in the caption to Figure 7. The lines
through the data points are the fits obtained using the pH equation. . .
Siunctlon (A, C). In the case of 4ANPA-CoA, the anion formed (D) cannot

In the case of the deuterated substrates the fit was obtained usin
the same K values as found for thenf'H] substrates.

ent. The data reported in Table 2 fax-fH,]-4NPA-CoA
are corrected for the solvent deuterium isotope effestbfl

Vock et al.

Scheme 1: Comparison of the Interactions of Normal
Substrate (Left-Hand Side) and of 4ANPA-CoA (Right-Hand
Side) with Active-Center Functional Groujps
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2The H-bonds with the thioester carbonyl activate th€—H

eact further and is stabilized by delocalization into the aromatic ring
system and into the thioester carbonyl. With substrate, cleavage of the
aC—H and SC—H bonds is concerteds); however, deprotonation
precedes the expulsion gfC—H as hydride, generating a partial
negative charge (B), which delocalizes toward the activated carbonyl.

as explained above. Thus we consider the isotope effectSgee text for further details.

found at pH 6.5 and 7.5 (Table 2) as primary ones. Conse-

quently the spectral species described above can be attributedoncertedly, as opposed to via definite intermediates such

to the product resulting from fission of tleC—H bond, i.e.,
anionic 4NPA-CoA and its complex with oxidized MCADH.
Interestingly, the deuterium isotope effect kydisappears
at high pH while that orks remains fairly constant (Table
2). An interpretation of this finding has not been attempted,
since at high pH exchange reactions both atdfe-H and
involving active-site residues are probably relevant.

DISCUSSION

Formation of Anionic Ligands upon Binding to MCADH
The first salient point emerging from the present data is the
presence of the (an)ionized forms of thesubstituted

as the (delocalized) substratecarbanion. This was derived
from the observation that the (single) deuterium isotope
effects ku/kp) on aC—H (ku/kp ~2.5) and on3C—H bond
cleavage Ku/kp ~14) behave multiplicatively whemC-
(®H)BC(H) substrate is dehydrogenategl/k, ~28) (6). The
seeming contradiction of the occurrence of a carbanionic
intermediate versus that of a concerted reaction can be
circumvented by assuming that in the transition state bond
cleavage of theeC—H precedes that of theC—H; i.e., that

a partial negative charge develops on thearbon and that
the reaction profile is asymmetric as shown in Scheme 1B.
Such an asymmetry is consistent also with the magnitude of

phenylacetyl-CoA ligands at the active center of MCADH. the primary isotope effects mentioned above. The small
This can be deduced unequivocally from the spectral effectseffect onaC—H corresponds to a large amount of cleavage
occurring upon binding, in particular from the direct obser- of this bond in the transition state, while the very large one
vation of the absorption of the ionized ligand (compare on SC—H reflects a more symmetrical profile for transfer
Figures 2-4 with Figure 1A) and from the occurrence of a of gH to the flavin. This is also in accordance with the
primary deuterium isotope effect aC—H on the kinetics concept that a crucial factor o,S-dehydrogenation catalysis
of formation of these species. This justifies the concept that is the acidification of thexC—H due to specific interactions
this type of ligand can generate analogues of the transitionwith the thioester carbonyl functio®(43, 43. In the case
state occurring during.,3-dehydrogenation. This analogy of the analogues the negative charge formed is stabilized by
is shown in Scheme 1, in which structures A and B representdelocalization as shown by structure D.
the events initiating catalysis with substrate, and C and D  Assignment of Apparent pKs to Functional Grouhe
represent abstraction oftHrom the ligandoC—H. interpretation of the pH dependencies shown in Figures 5
From previous studies it has been concludgdtliat the and 6 is of primary importance for further discussion. From
fissions of the substrateC—H and SC—H bonds occur  the spectral effects observed upon binding of 4ANPA-CoA to
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Scheme 2: Steps Involved in the Reaction of LiganeH.
to MCADH or to Glu99Gly-MCADH
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aWith MCADH, L—H = 3S-GCoA; with Glu99Gly-MCADH,
L—H = 4NPA-CoA, see also Figure ¥, represents simple binding
to enzyme in which Glu376 is neutrd{,' is binding to the form in
which Glu376 is ionized,; it includes concomitant transfer of frbm
L—H to Glu376-COO. Kg.. -4 andKgus7e-coon are the microscopic
pKs for the ionizations of EH and Glu376-COOH in the complex.
The section in brackets shows the subdivision of &gpnto a binding
stepKz 1.1 followed by exchange of H The data for this latter
section were obtained with stopped-flow experiments. See text for
further details.

wild-type MCADH between pH 5 and 9, twoKpvalues at
~5.1 and~7.3 were identified. When Glu99-COOH, which
is located in the substrate binding pocket, is removed by
mutagenesis (E99G-MCADH) the “secondKp~7.3 is
absent. This ionization is therefore attributed to Glu99-
COOH, and according to the Dixon rules, thik [is an
ionization of an uncomplexed specid®(4]). The fact that

on binding of 3S-@CoA to MCADH this K ~7.3 is not
observed (Figure 5B) can be explained using available

structural data and will be addressed below. For the casesD

of MCADH/3S-GCoA and 4NPA-CoA/E99G-MCADH,
which exhibit only one detectablépvalue, the results can

be discussed on the basis of Scheme 2. There, the leftmos

segment (an&,) represents binding of neutral ligand-H

to enzyme in which Glu376 is protonated 4Blu376-
COOH). The central and right-hand side depict binding
to the corresponding deprotonated form of the enzyme
(E~GIlu376-COO0, K."). The value ofK_ (Table 1) is
obtained from the fits depicted in Figure 5B or 6B by
extrapolation to pH< pK. On the basis of two straightfor-
ward arguments, we assign thi€pt.9—5.2 to enzyme-bound
ligand (E~L—H) (lower branch in Scheme 2): First, from
the formation of absorption of anionic ligantl £490-500
and~380 nm for 4ANPA-CoA and 4CNPA-CoA, Figures 2
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and 4)and that of the CT interaction, the ionization must
involve bound ligand. Second, the upward curvature in the
Dixon-type plots corresponding t&Kp~5 (Figures 5B and
6B) requires this ionization to be associated witbhaund
species, i.e., with either an enzyme functional group or with
ligand L—H in their complex (EEH~L—H) (40, 4). The
finding of similar apparentgs ~5 for 4ANPA-CoA (Figure

5) and 3S-@CoA (Figure 6) is probably coincidental since
with 3'-dephospho-3S+CoA the correspondingipis shifted

to ~6.1 (Figure 6).

The next ionization that can be derived from the plots of
Figures 5B and 6B is the apparerf~6.3, which again
according to the Dixon rules belongs to a free species, thus
to either E=H or L—H. Cleatrly, ionization of the free ligand
oC—H has a much higher value around 13¥5. The
ionization of free CoA 3phosphate (i ~6.5) can be ruled
out on the basis of the experiments withd&phospho-3S-
CsCoA. We therefore assign thi&p~6.3 to a function in
uncomplexed enzyme. From the concatenation of thermo-
dynamic parameters as shown in Scheme 2 it appears logical
that this group is Glu376-COOH. While the arguments just
discussed cannot exclude rigorously other alternatives, this
crucial interpretation is fully supported by results obtained
with the Glu376His mutant of MCADH (Kieweg and Ghisla,
unpublished results). The latter is competent in substrate
dehydrogenation and turnover, as well as deprotonation of
ANPA-CoA and 3S-gCoA aC—H. From experiments such
as those depicted in Figures 5 and 6, thg pf the His376
imidazole is estimated a&€9.3 (Table 3); i.e., theK shift it
experiences is even larger than that of Glu376. On the other
hand, theaC—H pK, of 3S-GCoA bound to this mutant is
lowered to~7.6, i.e., by a substantially smaller amount
compared to MCADH.

The microscopic K, of Glu376-COOH appears thus to
e increased frorre4.3 (free) by 2 units te<6.3 at the active
center of uncomplexed MCADH (Table 3). On the basis of
§imilar arguments and from the plots of Figure 5, thé p
~7.3 (Figure 6) is assigned to Glu99-COOH in uncomplexed
MCADH and that K ~8 to Glu99-COOH in ligand-associ-
ated MCADH (see also Scheme 3). The equilibria of Scheme
2 (excluding the part in brackets) are therefore linked:

Ken KL =K Keo oy (3)

That this relationship is valid can be verified by substitution
with the experimentally derived values for the three ligands
listed in Table 1.

For theaC—H deprotonation of 4ANPA-CoOA in aqueous
medium, and on the basis of th&of the acetonyl model,

Table 3: K Values ofaC—H and Enzyme Functional Groups and Shifts Induced upon Complex Formation

ApKa free/act. center
(free species) active center (energ equiv, kJ mol) complexed ligand L) (energ equiv, kJ moP

pK (in presence of  ApK,free/complex

pK pK at
functional group

Glu-376-COOH 4.3 ~6.3
His-376-imidazole 6.0 9.3
Glu-99-COOH 4.3 7.3
3S-GCoA, ligandaC—H ~16 5.1-5.2
3'-dephospho-3S+CoA, ligandoaC—H ~16 6.1
4ANPA-CoA, ligando.C—H >13.6 5.1
CgCoA, substrate.C—H ~21 81

2 (12) ~6 (4ANPA-CoA) 2 (12)
>6 (3S-GCoA >2(>12)
>8 (substraté) >4 (=24)

3.3(20)

3(18) ~8 (4ANPA-CoA) ~4 (24)
=11 (=65)
>10 (=60)
>8.5 (=50)
9-13 (53-70)

a Estimated value? Values from Kieweg and Ghisla, unpublished results.
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Scheme 3: Steps Involved in the Reaction of Ligand
ANPA-CoA (L—H) with MCADH?

CoS-CoA

H—T-H

L-H =
NO,
/G|U37e H /Glu375
E ‘_—‘A~ E
Kaiuge-cooH AN
GluggH PK=7.3) GlUgge
Ko 1)* L-H Ko y)* ™ L-H
>0.7 mM <0.7 mM
/Glu376 " /G|u37?
E A L-H _A; E AN L-H
\G|U99H Kaiuge-coon Glug(;)
(E~L-H)
Ka [k Ka (pK =7.8-8) ka' [\ ke
Ky 3* ~0.25 Kss** [|=05
/Glu376H W GlugzgH
E ~n 10 _A; E~ ©
GlugH Kaiuse-coon \G|u9§
L €-LO) —

aFor L—H, see structure inset. Stelds)* and K,1)** represent
binding of L—H to enzyme in which Glu376-COQis present and
Glu99-COOH is either neutral (*, left branch) or ionized (**, right
branch). Step&,s* and K4 3** are the ratios of the microscopid{as
of Glu376-COOH and of bound tH. For the values of single
equilibrium constants see Tables 2 and 3, and see text for details.

a K, = 13.6 can be assumed. The 3-thia sulfur of 35-C
CoA lowers the K, of the adjacento-proton by ap-
proximately 5 K units compared tm-octanoyl-CoA (6),
for which a K, ~21 has been estimate8, (9). Hence, a
pKa ~16 for theaC—H of free 3S-GCoA appears to be an
educated guess. This leads to the estimation of khehifts
for the aC—H dissociation of these ligands experienced upon
binding to the active site of MCADH. These shifts are listed
in Table 3 along with their energetic equivalents.
Comparison of Static and Rapid Reaction Datdhe
equilibrium described byK,' in Scheme 2 consists of a
binding step for L-H, described by the ligand binding
equilibrium K 1¢ -+, and the transfer of Hbetween the
two partners (see Scheme 2, segment inside brackets). Th

Vock et al.

which, combined, yield the transfer oftHrom L—H to
Glu376-COO0O:

E-Glu376-COO + E~L—H —
E-Glu376-COOH+ E~L ™

(K3,4= KeL-1/Ke_giua7e-coor (4c)
where the equilibrium constant of eq 4c is equivalent to the
ratio of the corresponding microscopic dissociation constants.
The latter, however, is equivalent tokk/; = K, 3 (see eq 2)
andK_' is thus described by

K" = Ka10yKa 3= Kz 11y Ke-ciusre-cooH Ke~L -1 (4d)

For 4ANPA-CoA and Glu99Gly-MCADH and at pH 7.6,
K211y 50 uM andKe-—n/Kaiusze ~5; from this one obtains
a calculatedK,' of 10 uM, which compares with the value
of ~25 uM obtained from static titrations (Table 1). This
is a satisfactory coincidence in view of the difficulties
inherent to the rapid reaction studies. With simpler words
the microscopic Be-cius7e-coor in the complex with 4ANPA-
CoA is =6, i.e.,~0.8 unit higher than I§g~. -4y = 5.2, and
more precisely:

_ "y —6
Ke-cius76-coon= 0.1Kg =1 x 10

This value is essentially the same as th&g pstimated for
Glu376-COOH inuncomplexedMCADH and it means that
binding of this analogue does not markedly affect the latter
pKa.

The results obtained with 3SgCoA can be interpreted
in similar terms. However, in this case rapid reaction
analysis is difficult due to the very fast rates, and there is
no indication ofk, having a finite value. In this case, the
difference between the microscopkp(Ke-giuz7e-coonand
pKe~L-n) is thus larger and probabby1 pK unit, implying
a K > 6 for Glu376-COOH in the 3S4CoA complex.

The case of the interaction of 4ANPA-CoA with MCADH
is somewhat more complicated due to the presence of the
“additional” ionization of GIlu99-COOH at the active center.
The data are discussed referring to Scheme 3, in which the
equilibria below pH 7, i.e., those involving the ionizations
of Glu376-COOH and EH (cf. Scheme 2, left-hand side),
are omitted for clarity. Binding of ligand (£H) occurs to
enzyme in which Glu99-COOH is either neutral (left branch)
or ionized (right) with the two species being linked by the
corresponding dissociation Kgjue9-coon ~7.3). The ac-
curacy in the determination of the dissociation constants
K2, 1—my* and Kz 1q—ny** from the rapid reaction kinetic data
is not sufficient to detect a pH-dependent effect (cf. Figure
9A). The encounter complexes (center of Scheme 3) are
linked by the K of Glu99-COOH &8 from the static data

of Figure 5B); they then react further by deprotonation of

steps in brackets are the reactions measured in the rapid-—H Via ks (at low pH) andks' (at high pH). The pH

reaction studies (Figures 7 and 8). The second of these stepsd

in turn, consists of the two microscopic ionizations:

E-GIu376-COO + H* <> E-Glu376-COOH

(LKe—_giuz76-coor (4a)

E~L-H<E~L"+H"  (Ke,_y)  (4b)

ependence df; (Figure 9) is substantiak{4-fold, Table
2) and reflects a i ~7.8, which is also observed with
[a-?H2]-4NPA-CoA and is thus in good agreement with the
statically determined one e£¢8. The rapid reaction studies
depicted exemplarily in Figure 8 yield finite values for both
ks andk,, and according to the criteria discussed above for
eq 4 the ratioky/ks = K43 corresponds to the ratio of the
ionizationsKe—_gus7e-coodKe~L-n. 1IN other words the two
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microscopicK.s differ by a pH-dependent factor of-2.
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Chart 1: Mode of Binding of 4ANPA-CoA to the Active Site

This pH-dependent equilibrium is represented by the segmentof MCADH and Interaction with Glug9-COOH

in brackets in Scheme 3. The ionization of Glu-99-COOH
thus appears to increase the microscopioop 4ANPA-CoA
due to the repulsion of negative charges, and specifically,
the major effect is a decrease in the ratekof Thus, for
neutral Glu-99-COOHK, 3¢ ~0.25 and this is very similar

to that found with the Glu99Gly mutant<Q.17). There is

a fair correspondence between the kinetically estimated ratio
K4z and the ratio otcr; andecr,, the values estimated from
static experiments of Figure 5A for the species atpldnd

< 7.3, which should reflect the relative amount of anionic
ligand in the complex (see also Figure 2, inset, absorption
in the 500 nm area). A quantitative comparison, however,
is not possible since the ionization state of Glu99-COOH
also appears to affect to some extent the intriagiqFigure

2, inset, long-wavelength absorption).

Glu376

aThe structure of anionic (4-nitrophenyl)acet&emethyl ester was

The equilibria encompassed by the brackets of Scheme 3pptained using the geometry optimized routines MOPAC from the

should allow the estimation of thddor the fourth ionization
(bottom line), which should be that of Glu99-COOH in the
complex with negatively charged ligand (as opposed to
anionic Glu376C0O0). This K should be increased by
about 0.3 K units from K ~7.8—-8, that of Glu99-COOH
in the presence of the charge on Glu376-COQThe
experimentally observed effect of pH &nis not significant
(Figure 9B).

Interaction of 4NPA-CoA with Glu99-COQHThe be-
havior of the ligand 4NPA-CoA at the active center of

CAChe program (Textronix). The (4-nitrophenyl)acetyl molecule
fragment was then linked to the CoA moiety at the active center of
MCADH, the coordinates of which (complexed with product) are from
Kim et al. (17). The aromatic moiety of 4NPA-CoA was arranged
visually to optimize the interactions with amino acid side chains in the
substrate binding pocket. The glutamic acid at position 99, which rotates
almost 90 out of the active-site center upon binding of substrate/
product, has been returned to the position occupied in uncomplexed
enzyme to provide an interaction with the N@roup. The (not
optimized) distance between the oxygen atoms of Glu-99-COOH and
those of thep-NO, group isx2 A. This suggests that upon binding
some motion of the group(s) will occur in order to minimize this

MCADH can be rationalized on the basis of the active-site interaction. Note the short H-bond distances between the thioester
arrangement shown in Chart 1, which was modeled using @oonyl and the FAD20H (2.8 A) and the Glu376NH (3.0 A)

. . . groups. The further type of interaction shown is that between Glu376-
the 3D coordinates reported by Kim et &7). The ligand COOH and the analogue-position. The 4NPA moiety is positioned

occupies the same position as octanoyl-CoA, even thoughin parallel to the isoalloxazine ring of the oxidized flavin system, the
the fatty acid chain of the latter is flexible and the anionic arrangement expected to give the CT interaction of the anion with the
form of ANPA-COA is p|anar and |’|g|d The -[\@roup of flavin. The diagram was obtained using the “O for Morons” program.
4ANPA-COoA carries considerable negative charge density and
lies within 2-3 A of the carboxyl group of Glu-99 (Chart  octanoyl-CoA, the microscopiaC—H pK, value has been
1). Intriguingly, the X, attributed to the latter group does estimated as=20 (8, 9. The (K, shift induced upon binding
not show up with 3S-gCoA, at least not up to pH 9.5. The may thus be equivalent to or even greater thanthié pK
role of Glu99 is puzzling. While the group is too distant units observed with 3S4CoA since for the latter a similar
from the locus at which catalysis occurs to play a direct role, rate ofaC—H deprotonationk > 600 s')—which should
an interaction with Glu376 either directly or via water reflect the extent of activatienwas found 19). Similar
molecules could be envisaged. This could be analogous toarguments can be made for the substrate analtgne-3-
the case of the double mutant Glu376Gly,Thr255Glu- octenoyl-CoA studied by Thorpe and collaboratdrs)( for
MCADH, in which the catalytic Glu255 side chain is found which a K, of ~19 was estimatedl().
in two different conformations, an “active” and a “resting” General ConclusionsThe present data establish that the
form (45). In the former the carboxylate is positioned close pK, values of theaC—H of the acyl-CoA ligands 4NPA-
to the substrateelC—H, while in the latter it interacts with  CoA and 3S-@CoA are lowered by 812 K units upon
the carboxylate of GIlu99 via hydrogen bond)( The binding at the active center of MCADH (Table 3). Thi€;p
failure of LCADH to show appreciable anion formation with  of the Ht-abstracting base, Glu376-COOH, is increased by
these ligands as compared to MCADH is also puzzling, since, ~2 pK units at the active center and even further in the
if taken at face value, it would indicate a less efficient presence of ligand. The latter increase is estimated s
substrate activation. This finding, on the other hand, pK unitfor 3S-GCoA and is most likely largerx2 pK units)
corresponds to that of Hazekawa et &1)( who have for good substrates such agGOA, while it cannot be
deduced from the IR frequencies of the thioester carbonyl a quantified with 4ANPA-CoA (Table 3). It thus appears that
smaller extent of activation of acyl-CoAs bound to LCADH the effect is dependent on the nature of the ligand; indeed it
or IVDH as compared to MCADH or SCADH. That the might be “maximized at optimal chain length” as suggested
different position of the catalytic Glu in the two groups of by Trievel et al. 9) and by the pH dependence of activity
enzymes46) affects the extent of activation of the thioester on the substrate chain leng#i7j. With good substrates such
carbonyl is an attractive hypothesis. as GCoA and in the Michaelis complex the microscopiGe
The transition-state barrier for dehydrogenation of the of substraten C—H and E376-COOQOH thus appear to have
physiological substrate-octanoyl-CoA, based on an esti- similar values, and this is precisely what is required for
matedk ~1000 s* at 25°C, is ~56 kJ mot?. For free efficient catalysis 48).
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SubstratexC—H activation results from two short H-bonds
interacting with the thioester carbonyl: one stems from the
FAD ribityl-2'-OH and the second is from Glu376M (17).
With 2'-deoxy-FAD-MCADH the rate of enzyme reduction
is lowered ~10’-fold compared to normal, pig kidney
MCADH (18, 19. This would correspond energetically to
~41 kJ mot?; thus the effect due to the ribityl-@H function
would translate in a difference for the substrat€—H
microscopic K of ~7. It is thus most probable that these
two H-bonds are crucial in originating the effect, tHeCH
one being quantitatively more important. In view of this it
is reasonable to assume that the appar&m-g.2 @8, 49
observed in the turnover of MCADH reflects (also) the
ionization of Glu376-COOH in the Michaelis complex. This
would mean that the two microscopi&g in question are
shifted from the values of the free species, red,and~21,
to within 2 units! The mechanism underlying the observed
pK shifts is likely to involve the type of “low-barrier
hydrogen bond” recently discussed by Gerlt and Gassman
(50) and Cleland and Kreevoy ().
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