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ABSTRACT. Glutaryl-CoA dehydrogenase catalyzes the oxidation of glutaryl-CoA to crotonyl-CoA and
CO; in the mitochondrial degradation of lysine, hydroxylysine, and tryptophan. We have characterized
the human enzyme that was expressefisoherichia coli Anaerobic reduction of the enzyme with sodium
dithionite or substrate yields no detectable semiquinone; however, like other acyl-CoA dehydrogenases,
the human enzyme stabilizes an anionic semiquinone upon reduction of the complex between the enzyme
and 2,3-enoyl-CoA product. The flavin potential of the free enzyme determined by the xanthimtéine

oxidase method is-0.132 V at pH 7.0, slightly more negative than that of related flavoprotein
dehydrogenases. A single equivalent of substrate reduces 26% of the dehydrogenase flavin, suggesting
that the redox equilibrium on the enzyme between substrate and product and oxidized and reduced flavin
is not as favorable as that observed with other acyl-CoA dehydrogenases. This equilibrium is, however,
similar to that observed in isovaleryl-CoA dehydrogenase. Comparison of steady-state kinetic constants
of glutaryl-CoA dehydrogenase with glutaryl-CoA and the alternative substrates, pentanoyl-CoA and
hexanoyl-CoA, suggests that thecarboxyl group of glutaryl-CoA stabilizes the enzyrsibstrate complex

by at least 5.7 kJ/mol, perhaps by interaction with Arg94 or Ser98. Glu370 is positioned to function as
the catalytic base, and previous studies indicate that the conjugate acid of Glu370 also protonates the
transient crotonyl-CoA anion following decarboxylation [Gomes, B., Fendrich, G., and Abeles, R. H.
(1981)Biochemistry 203154-3160]. Glu370Asp and Glu370GIn mutants of glutaryl-CoA dehydrogenase
exhibit 7% and 0.04% residual activity, respectively, with human electron-transfer flavoprotein; these
mutations do not grossly affect the flavin redox potentials of the mutant enzymes. The reduced catalytic
activities of these mutants can be attributed to reduced extent and rate of substrate deprotonation based
on experiments with the nonoxidizable substrate analogue, 3-thiaglutaryl-CoA, and kinetic experiments.
Determination of these fundamental properties of the human enzyme will serve as the basis for future

studies of the decarboxylation reaction which is unique among the acyl-CoA dehydrogenases.

Glutaryl-CoA dehydrogenase (GCDyatalyzes the oxida-
tion and decarboxylation of glutaryl-CoA to crotonyl-CoA
and carbon dioxide in the oxidative pathways for lysine,
hydroxylysine, and tryptophafi—23)

E,, T glutaryl-CoA= E,, —glutaconyl-CoA

E,.—glutaconyl-CoA+ 2ETF,, =
E.,, + 2ETF, + CO, + crotonyl-CoA

where ETF is the electron-transfer flavoprotein, the physi-
ological oxidant of the dehydrogenasB.(The decarboxy-
lation reaction is unique among the acyl-CoA dehydroge-
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nases. Mammalian GCD is a homotetramer of identical sub-
units (M, ~ 43 kDa) and contains 1 equiv of FAD per subunit
(2). Previously, the pig liver and human liver GCDs were
partially characterized by Lenich and Goodma); flowever,
all information regarding the redox behavior and catalytic
mechanism of this dehydrogenase has been obtained with
bacterial GCDs isolated froiseudomonas fluoresceasd
Paracoccus denitrifican$3—5).

A cDNA encoding the human dehydrogenase was recently
cloned, and the protein was expressedEstherichia coli
(6). Expression of the enzyme has permitted the preliminary
characterization of a number of mutations from patients with
glutaric acidemia type |, an inherited neurologic disease,
resulting from mutations in GCD7( 8). In this paper,
residues are numbered according to the mature protein
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sequence for reference to the three-dimensional stru@yre ( procedure. ThésonnfAsssnmratio of the Glu370Asp mutant
the 44 amino acid mitochondrial targeting sequence is notwas 5.2, and thégssnn{Asssnmratio of the Glu370GIn mutant
included in the numberingg}. The sequence similarity be- dehydrogenase was 5.9. The purity of all preparations was
tween human GCD and most other acyl-CoA dehydrogenasesassessed by absorption spectra and SBSGE. Although
suggests that Glu370 in the mature sequence is the base thahe Axssnn{Asasnmrratio was higher for the Glu370GIn mutant
abstracts thero-R a-hydrogen as a proton from the acyl- protein than the corresponding ratio for the other proteins,
CoA substrate 3). Also, X-ray crystallographic studies it was homogeneous as judged by SEFFAGE so that the
indicate that this residue is correctly positioned to act as the slightly higherAzegnn{Asssnmratio may indicate some loss of
catalytic baseq). On the basis of the mechanistic studies of FAD.
Abeles and co-workers, the conjugate acid of Glu370 also Enzyme AssayAssays performed to determine the relative
protonates the-carbon of the crotonyl-CoA anion following  activities of native and mutant glutaryl-CoA dehydrogenases
decarboxylation of glutaconyl-CoA, the presumed enzyme- were conducted in 10 mM potassium phosphate, pH 7.0. The
bound intermediate, to yield crotonyl-CoR)( dehydrogenase was assayed with phenazine methosulfate
In this study, we investigated the steady-state turnover of (PMS), 2 mM, and 2,6-dichlorophenolindophenol (DCPIP),
purified, recombinant, human GCD with glutaryl-CoA and 0.05 mM, as the terminal electron accept@odom = 2.1 x
alternate substrates and determined the redox potentials ofl0* M~* cm™) (17) or fluorometrically with human ETF, 5
the wild-type, Glu370Asp, and Glu370GIn dehydrogenases. #M (18). The enzyme was also assayed with RgFF00
The binding of several nonoxidizable substrate analogues wagtM, as the electron acceptor usiBgonm= 4.3 x 10° M~*
studied to obtain additional information regarding proton cm ! (19). Steady-state kinetic constants of wild-type de-
abstraction by the dehydrogenase. The effects of mutationshydrogenases with glutaryl-CoA, hexanoyl-CoA, and pen-
of the glutamate catalytic base of several acyl-CoA dehy- tanoyl-CoA as substrates were conducted in the same buffer
drogenases have been determin2@—(13). However, be- as above with the acyl-CoA esters as varied substrates and
cause of the dual role of the catalytic base suggested by the200 uM FcPF; as the electron acceptor. The steady-state
work of Abeles and co-workerg), we studied the properties ~ kinetic constants of Glu370Asp GCD with glutaryl-CoA were
of two site-directed mutants of the enzyme, Glu370Asp and determined with the same assay.
Glu370GIn. These studies were conducted prior to further ~Redox MethodsGlutaryl-CoA dehydrogenase was reduced
investigations of the decarboxylation of tiyecarboxylate ~ under anaerobic conditions with sodium dithionite or by
of glutaryl-CoA and protonation of the-carbon of the  irradiation in the presence of 10 mM EDTA and Qi

intermediate crotonyl-CoA anion. 5-deaza-3-propylriboflavin2Q). Dithionite was standardized
immediately before use by titration of cytochrome
EXPERIMENTAL PROCEDURES The redox potentials of wild-type GCD and the Glu370Asp

and Glu370GIn mutants were determined by the xanthine

Materials. Indigo disulfonate, ferrocenium hexafluoro- o hihine oxidase metho@1). Reaction mixtures contained
phosphate (FcRJ; and valeric anhydride were purchased 50 mM potassium phosphate at pH 7.6, 7.0, or 6.4, 10%

from Aldrich. Thiodiglycolic anhydride was purchased fror_n glycerol, 250uM xanthine, 2uM benzyl viologen, 1Q:M
Lancagter. CoASH, hexanoyl-CoA, crotonyI—CoA, qut.arlc dehydrogenase, 90 M xanthine oxidase, angMidndigo
anhydride, and acetoacetyl-CoA were obtained from Sigma. gjgjifonate. Reduction of indigo disulfonate was followed
Other reagents were purchased from commercial sources and; 516 nm. and the reduction of the enzymes was followed

were the best grade available. at 454 nm, an isosbestic point for the dye.

Human ETF was purified as previously describad)( Literature values for the potentials of indigo disulfonate
Milk xanthine oxidase was the gift of Dr. Russ Hille, Ohio ¢ pH 7.6 [F0.121 V @2)], and 6.4 [-0.059 V @)] were
State University. assumed. The potential of the dye at pH 70,108 V, was

Synthetic Procedure&lutaryl-CoA, pentanoyl-CoA (valer-  determined by cyclic voltammetry in 50 mM potassium
yl-CoA), and 3-thiaglutaryl-CoA were synthesized by reac- phosphate, pH 7.0, using a gold electrode and an Omni 90
tion of their anhydrides with CoASHLE). All synthetic acyl- potentiostat with a scan rate of 0.1 V/s at room temperature.
CoA esters were purified by high-performance liquid  Titrations with Substrate and Substrate Analoguks.
chromatography on a semipreparative reversed-phase C-18itrations of GCDs with substrate, the enzymes, in 10 mM
(10 x 250 mm) column with 50 mM potassium phosphate potassium phosphate, pH 7.2, and 10% glycerol, were made
buffer, pH 5.3, and methanol (95:5 v/v) and desalted on a anaerobic by 20 cycles of alternate evacuation and purging
column (1x 100 cm) of Sephadex G-10 eluted with water. with argon; 2 units of glucose oxidase and 36 units of cata-

CoA esters were quantitated usieigonm= 16.4x 10°M~* lase were added to remove residual oxygen. The enzymes

cm (16). were then titrated with an anaerobic solution of glutaryl-
Purification of Glutaryl-CoA Dehydrogenasdduman CoA.

wild-type GCD was purified as previously describeg), ( Spectrophotometric titrations of wild-type GCD and

except that an additional chromatography step was included.mutant GCDs with 3-thiaglutaryl-CoA and acetoacetyl-CoA
In this final step, the protein was chromatographed on a were performed at the indicated pH values at Z3.
Source 15Q (Pharmacia) column 18 cm) equilibrated in Difference molar extinction coefficients at suitable wave-
50 mM potassium phosphate, pH 7.0, and 5% glycerol. The lengths (see text for details) were determined by curve fitting
enzyme was eluted with a 50 mL linear gradient to 250 mM absorbance changes as a function of total ligand concentration
potassium phosphate, pH 7.0, and 5% glycerol. This proce-to a hyperbolic equation. Using this extinction coefficient,
dure yielded a protein with aAseonn{Asa7nm ratio of 5.0 the binding data were calculated and analyzed by curve fitting
5.1. The mutant dehydrogenases were purified by the sameto the equationZ3)
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n L 03 T T T T T
y= [ ]free (1)
Kd + [L] free
0.25
wherev is the moles of ligand bound per mole of flavim,

is the maximum number of binding sites, akd is the 02

dissociation constant. The pH dependencesef. for the u
interaction of GCD with 3-thiaglutaryl-CoA was further 2
analyzed to yield K, values by curve fitting to the equation g o ]
(24) ?
[
<
+ 0.1 .
. epalH'] +ea Ky @)
o=
K,+ [H+] 0.05 §

where € is the molar extinction coefficientK, is the
association constantkp = —log Ky), and [H] is the proton
concentration (pH= —log [H*]). The subscripts H, HA, and
A~ refer to the observed value at a particular pH, the value
for the un-ionized state, and the value for the singly ionized FiGURe 1. Visible absorption spectra of the oxidation states of wild-
state, respectively. All titration data were analyzed using type glutaryl-CoA dehydrogenase flavin. Spectra were determined

. : o ~ with 14.5uM GCD in the oxidized {-), semiquinone (- - -), and
KaleidaGraph version 3.08 software. The binding of aceto dihydroquinone ¢ —) forms. The semiquinone was produced by

acetyl-CoA to the wild-type dehydrogenase at pH 6.4 was anaerobic reduction of GCD in the presence of a 10% molar excess
analyzed similarly from spectral data at 322 nm. of crotonyl-CoA; the complex was irradiated in the presence of 10
Site-Directed Mutagenesishe mutations, Glu370GInand MM EDTA and 0.5uM 5-deaza-3-propylriboflavin. Maximum
Glu370Asp GCDs, were generated using the Quickchangedlhydroqumone was produced by complete anaerobic reduction of
. ’ . the uncomplexed wild-type GCD by irradiation in the presence of
mutagenesis system (Strategene) according to the manufa

2 ; ; X CEDTA and the deazaflavin as above.
turer’s instructions. The mutagenized plasmid was sequenced

in the region of the mutation to verify introduction of the 514 446 nm (5.2:0.58:1.0). The absorption spectrum of the
mutation. Cassettes containing the mutated site were removegs|,370GIn mutant exhibited absorption maxima at 268, 369,
by digestion withPst and Hindlll and ligated into the wild- and 448 nm (5.9:0.73:1.0) Withusgnm = 13.2 x 103 M1
type plasmid that had been digested with the same endonu 1.

cleases. The mutant cassette and digested wild-type plasmid Reqox Behaior and Oxidation-Reduction Potentials of

were purified by electrophoresis prior to ligation. The he pehydrogenaseReduction of the dehydrogenase flavin
resulting expression vectors were then sequenced acrosgith sodium dithionite proceeds without formation of detect-
junctions and through the mutated cassette to demonstratepje amounts of a flavin semiquinone. The isosbestic point
the mutations and absence of unwanted mutations. NOgt 339 nm (Figure 2) is maintained throughout the titration,
unwanted mutations were detected. DNA was sequenced by rther indicating that only the oxidized and dihydroguinone
the dideoxynucleotide metho@%) using the Alf Express  oyidation states are present during the titration. Reductions
System (Pharmacia). of Glu370Asp and Glu370GIn mutant GCDs proceed identi-
RESULTS cally (data not shown). LikeP. denitrificans GCD and
medium chain acyl-CoA dehydrogenagk 28), wild-type
Absorption Spectrerigure 1 shows the absorption spectra GCD stabilizes an anionic semiquinone when the enoyl-CoA
of the three oxidation states of wild-type human GCD. The product, crotonyl-CoA, is bound (Figure 1). Figure 3 shows
maxima of the oxidized enzyme are 269, 369, and 447 nm the reduction of the wild-type dehydrogenase flavin in an
(5.0:0.6:1.0). The extinction coefficient of the bound, anaerobic titration with glutaryl-CoA. The isosbestic point
oxidized flavin at 447 nm is 14.5< 10® M~! cm?, at 335 nm is maintained throughout the titration, and the
determined by release of the flavin from the protein with absorbance at 560 nm increases in parallel with flavin
0.1% sodium dodecyl sulfat@€). The near-UV transition  reduction due to formation of a charge-transfer species
(369 nm) of the wild-type dehydrogenase shows some between the enoyl-CoA intermediate, glutaconyl-CoA, and
resolution with a small shoulder to lower wavelengths. The the reduced flavin. Addition of substrate, equimolar with
unliganded protein does not stabilize a significant amount flavin, results in the reduction of 2326% of the dehydro-
of semiquinone (see below); however, the dehydrogenase genase flavin at pH 7.0. Addition of a 10-fold excess of
crotonyl-CoA complex does stabilize an anionic semiquinone substrate reduces 63% of the flavin at pH 7.0. The Glu370Asp
(e388nm=19.8 x 1* M~ cm ! andess7nm= 6.5 x 1 M™* mutant behaved similarly.
cmY) (see below). Although it is difficult to determine with The oxidation-reduction potentials of the wild-type GCD
absolute certainty(), the absorption spectrum of the two- flavin were determined at pH 7.6 and 7.0 for comparison
electron reduced state suggests that human GCD stabilizesvith medium-chain acyl-CoA dehydrogenag®,(29) and
a neutral dihydroquinonesfs7nm = 1.9 x 10* M7t cm™?). at pH 6.4 for comparison with previous experiments with
The spectrum of oxidized Glu370Asp GCD is almost P. denitrificansGCD (4). A published value for the oxida-
identical to that of the wild type except that the maximum tion—reduction potential,-0.125 V, of indigo disulfonate
in the visible region is slightly shifted to 446 nrayfenm = at pH 7.0 B0) appeared inconsistent with literature values
14.3x 10° M~*cm™1). The absorption maxima are 269, 369, of the potentials of the dye at pH 6.40.059 V @)] and
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Ficure 2: Reduction of wild-type human glutaryl-CoA dehydro-
genase with sodium dithionite. (A) Spectra of wild-type GCD during
the titration with sodium dithionite. (B) Data from the titration of
wild-type GCD in panel A showing the dependence of absorption
at 447 nm as a function of dithionite added; the dithionite was
standardized by titration of cytochronee

pH 7.6 [-0.121 V @2)]. Therefore, we determined the
potential of indigo disulfonate in 50 mM potassium phos-
phate, pH 7.0, by cyclic voltammetry. The experimentally
determined potential,-0.108 V at pH 7.0, was used to
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Ficure 3: Anaerobic titration of glutaryl-CoA dehydrogenase with
glutaryl-CoA. The oxidized dehydrogenase, 8.9 nmol (ox), was
titrated with glutaryl-CoA, (1) 4.3 nmol, (2) 8.6 nmol, (3) 17.2
nmol, (4) 34 nmol, (5) 70 nmol, (6) 130 nmol, and (7) 310 nmol.

Table 1: Oxidatior-Reduction Potentials of Wild-Type and Mutant
Glutaryl-CoA Dehydrogenases

Em (V)
enzyme pH 6.4 pH7.0 pH7.6
wild-type GCD  —0.090+ 0.003 —0.132+0.008 —0.156+ 0.003

Glu370Asp GCD ND —0.1314+0.005 NI
Glu370GIn GCD ND —0.127+£0.001 ND¥

aMean and standard error of two to four determinatidriEhese
potentials were not determined.

Table 2: Activities of Wild-Type, Glu370Asp, and Glu370GIn
Glutaryl-CoA Dehydrogenases with Artificial and Physiological
Electron Acceptors

activity (s™)

electron wild Glu370Asp Glu370GIn

acceptor type (mutant/wild type) (mutant/wild type)
PMS-DCPIP 4.8 0.16 (0.033) 0.0038 (0.0008)
FcPR 75 0.32(0.042) <0.03 (=0.004)
ETF 5.7 0.39 (0.068) 0.0026 (0.0004)

a Activities are expressed as turnover under the standard conditions
described in Experimental Procedures.

indigo disulfonate as the indicator. The potentials-@f131
and—0.128 V at pH 7.0 for the Glu370Asp and Glu370GIn
mutants, respectively, were essentially the same as those of

calculate the dehydrogenase flavin potentials at pH 7.0. Thethe wild-type protein, indicating that the mutations affect the

potentials of the wild-type dehydrogenase flavin are given
in Table 1. The values shown in Table 1 are similar to, but

slightly more negative than, those determined for other acyl-

CoA dehydrogenase9, 31), including human long-chain
acyl-CoA dehydrogenase;0.124 V (32), determined at pH
7.6, and the potential d?. denitrificansGCD, —0.059 V,
determined at pH 6.44]. The data in Table 1 for wild-type
GCD show a slope 0f-0.054 V/pH. Although this is a
relatively narrow pH range, the slope indicates a/2el*

flavin potential very little (Table 1).

Steady-State KineticFable 2 shows the activity of wild-
type GCD and the GIlu370Asp and Glu370GIn mutants at
pH 7.0 assayed with different electron acceptors. Activities
were determined at 30M glutaryl-CoA substrate and are
consistent with the assignment of Glu370 as the catalytic
base in GCD. The residual activity of the Glu370Asp mutant
is comparable to that previously reported for the similar
Glu376Asp mutant of medium-chain acyl-CoA dehydroge-

transfer as was the case with pig liver medium-chain acyl- nase 83). When assayed by the sensitive fluorometric assay

CoA dehydrogenase9).
The potentials of the Glu370Asp and Glu370GIn mutant

with ETF as the electron acceptor, the residual activity of
the Glu370GIn mutant is 0.04%, similar to that of the

dehydrogenase flavins were also determined at pH 7.0 with corresponding mutant (Glu261GiIn) of long-chain acyl-CoA
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Table 3: Steady-State Kinetic Constants of Wild-Type
Glutaryl-CoA Dehydrogenade

Keal Km
substrate Km («M) Keat (571 (stuM™Y
glutaryl-CoA 2.5+ 0.7 8.1+ 1.1 3.2
hexanoyl-CoA 25.6: 3.9 126+ 2.1 0.49
pentanoyl-CoA 49.% 4.2 12.0£ 1.2 0.24

a Assayed with 20QtM ferrocenium hexafluorophosphate as elec-
tron acceptor at pH 7.0, 2%C.

ACTIVITY, sec”

dehydrogenasel®). Also, the rate of flavin bleaching by
substrate of the Glu376GIn mutant of medium-chain acyl-
CoA dehydrogenase was 0.02% of that of pig kidney
medium-chain acyl CoA dehydrogenaséd), Thus, the
activities of the two GCD mutants are comparable to those
reported for similar mutations in other acyl-CoA dehydro- . 5 R 7 s ° 10
genases and are consistent with the hypothesis that Glu370
is the catalytic base in human GCB)(

The steady-state kinetic constants of wild-type GCD with
glutaryl-CoA as substrate and with the alternative substrates, B
hexanoyl-CoA and pentanoyl-CoA, at pH 7.0 are shown in e
Table 3. The values d¢.o;andK, for glutaryl-CoA of wild- 25 8/ 1
type GCD are similar to those reported for the pig liver :
enzyme with pig liver ETF as the electron acceptjr The 2 F a/m ] ]
data in Table 3 also show that oxidation and decarboxylation
are not obligatorily coupled because thalkyl acyl-CoA
esters are reasonably good substrates. Khesalues for
pentanoyl-CoA and hexanoyl-CoA also suggest that the
y-carboxylate of glutaryl-CoA contributes significantly to 1F . .
substrate binding. As shown in Table 2, the Glu370Asp
dehydrogenase has only-3% of the wild-type activity when
assayed with all three of the conventional enzyme assays at

ACTIVITY, sec”

05 -

pH 7.0 and with 3QuM glutaryl-CoA as the substrate. At e

pH 7.0 with FcPE as the electron acceptor, thg, of the 0 ' ) '

Glu370Asp dehydrogenase for glutaryl-CoA is 2uM, s s ! s s "
which is essentially identical to the wild-type dehydrogenase; pH

keatis 0.56 s, about 7% of the wild-type value. Ficure 4: Dependence of the activities of wild-type and Glu370Asp

The activities and difference between the activities of wild- GCD on pH. The activities expressed as turnover numbers of wild-
type GCD and the Glu370Asp mutant are pH dependent. type (A) and Glu370Asp GCD (B) were determined over a pH range

- : of 5.2—9.5 in the presence of 2QM glutaryl-CoA with FcPk as
The pH dependence of activity of the two enzymes is Shown yhe"ieminal electron acceptor. Reaction mixtures contained the

in Figure 4 and is expressed as a turnover number becausgoliowing buffers, each at a final concentration of 10 mM containing
assays were conducted with 200 glutaryl-CoA. TheKy, 100 mM NaCl: pH 5.2, sodium citrater; pH 5.6, MES K (@);

of the wild-type dehydrogenase for glutaryl-CoA is almost PH 6-7.2, bis-Tris-HCI @®); pH 7.6-8.2, HepesM); pH 7.5~

8.2, Tris-HCI (a); and pH 8.5-9.5, AMPD-HCI ©). For the wild-
constant between pH 6 and pH 8. However, Kyeof the type dehydrogenase, the data were best fit to eq 2 between the limits

wild type increases to 3GM at pH 9, so that the  5f17and12.63 to calculate a i, of 6.3 and between 10 and
concentration of substrate is still about 6-fold greater than 17.8 s to calculate a i, of 7.9. For the Glu370Asp mutant protein
K in this pH region. As shown in Figure 4A, wild-type GCD the (X, of 7.6 was calculated using the limits of 0.1 and 2:9. s
exhibits maximal activity (17°¢) at pH 8.8. The data were
best fit by assuming two ionizable groups witk of 6.3 are increased absorption at 322 nm and in the 550 nm region
and 7.9. In contrast, the Glu370Asp dehydrogenase hasand decreased absorbance at the maximum, 447 nm, with a
maximal activity (2.5 s%) at pH 8.5 with a single ionizable  slight red shift to 451 nm. The 322 nm absorbance is likely
group (K, = 7.6) (Figure 4B). The decrease in activity at due to formation of the enolate of acetoacetyl-CoA on the
pH 9 is not due to instability of the enzyme or FeRRder enzyme since the pH of the buffer is at least 3 pH units below
steady-state conditions; however, the enzyme is unstablethe (K, of the o-proton of acetoacetyl-CoA in solutioB).
when held below pH 6 and above pH 9 for more than 15 The absorption at 550 nm is attributed to formation of a
min. charge-transfer complex between the negatively charged
Binding of Substrate Analogues and Proton Abstraction. enolate and the electron-deficient oxidized flav@)( The
Abstraction of thex-proton of acyl-CoAs by the GCDs was apparenty of this binary complex is 0.4gM, calculated
analyzed by titration of the enzymes with the nonoxidizable from the increase of absorbance at 322 nm, with 1 equiv of
substrate analogues, acetoacetyl-CoA and 3-thiaglutaryl-CoA.the 3-oxoacyl-CoA bound per flavin site. Essentially identical
Figure 5 shows a titration of the wild-type enzyme with results were obtained whey was calculated from the
acetoacetyl-CoA. Prominent spectral features in the titration change in absorbance at 440 nm. The Glu370Asp dehydro-
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FiIGurRe 5:  Spectrophotometric titration of wild-type glutaryl-CoA
dehydrogenase with acetoacetyl-CoA. Wild-type GCD (8\8)
was titrated with acetoacetyl-CoA in 50 mM potassium phosphate, B
pH 6.4, at 25°C. The acetoacetyl-CoA concentrations were (1) O, J
(2) LuM, (3) 2uM, (4) 3uM, (5) 5uM, (6) 7uM, (7) 10uM, (8)
13 uM, (9) 15.5uM, and (10) 18uM.

08 b

genase does not exhibit a discrete absorption maximum in
the 320 nm region when titrated with acetoacetyl-CoA;
however, &y = 0.69uM was calculated from the difference

in absorbance at 440 nm due to the perturbation of the flavin
upon ligand binding. Subtraction of the spectrum of the free
enzyme from the spectrum of the enzyme in the presence of
a 32-fold molar excess of acetoacetyl-CoA showed a peak
at 310 nm, presumably due to the enol&®) (This suggests
that the environment of the enolate is different in the
Glu370Asp dehydrogenase and wild-type GCD. We refer
to Kgs calculated from the charge-transfer bands as apparent
Kgs because Tamaoki et aB7) have shown that analogues
capable of forming enolates exist as the anion (charge-
transfer-inducing form) and a neutral species (charge-transfer-FIGURE 6:  Spectrophotometric titration of wild-type GCD with
noninducing form) on the surface of medium-chain acyl- 3:thiaglutaryl-CoA. (A) Absorption spectra of 143/ wild-type

CoA dehvd Th f . ilibri GCD titrated with 3-thiaglutaryl-CoA in 50 mM potassium
OA dehydrogenase. These two forms are in equilionium on yhosphate, pH 7.0. (B) Data from the experiment in panel A plotted

the enzyme, and the charge-transfer absorbance does nafccording to eq 1 in Experimental Procedures to determine the
result directly from ligand binding. stoichiometry of ligand binding (0.94) ari, (19.3 uM).

We also investigated-proton abstraction by titration of
the GCDs with 3-thiaglutaryl-CoA (Figure 6). The figure Table 4: Effect of pH on the Binding of 3-Thiaglutaryl-CoA to
shows a broad band at 86850 nm and isosbestic points at  Wild-Type Glutaryl-CoA Dehydrogenase at 26

MOLES OF LIGAND BOUND/MOLE FLAVIN

0 50 100 150 200
FREE LIGAND (uM)

432 and 500 nm. At pH 7.0, an apparéqtof 19.3+ 0.8 pH Ka (M) pH Ka (M)
uM was determined for the complex of 3-thiaglutaryl-CoA 6.0 5.7+ 0.6 8.0 32.5L2.4
with human wild-type GCD. Th&y was determined from 6.5 10.7+0.5 8.5 45.4+ 4.6
the increased absorbance at 825 nm, which, by analogy with 7% 19.3+08 9.0 69.0 10.0
7.2 22.4+ 0.6 9.5 97.6+ 28.3

the medium-chain acyl-CoA dehydrogena8ethiaoctanoyl-
CoA complex 88, 39), reflects formation of a charge-transfer
complex between the-carbanion anion of the deprotonated
analogue with the oxidized flavin. Within experimental error,
the number of binding sites, was unity with respectto the  plot it is evident that at least two ionizable groups influence
flavin content at all pH values and with the Glu370Asp €s2snm These two [, values were estimated as 7.68.04
mutant determined at pH 8.0. TKg of the wild-type protein and 8.22+ 0.02. The data point at pH 9.5 was not included
was also calculated from the change in absorbance at 391in evaluating these K values due to instability of the
nm at pH 7.0. The value, 15.& 0.9 uM, may not be enzyme and ligand.

significantly different from the value calculated from the Additional evidence suggesting that Glu370 acts as the
charge-transfer band at 825 nm. The appafgmtetermined base catalyst in human GCD was obtained by investigating
from egzsnmincreases with increase in pH (Table 4). A plot the effect of addition of a 10-fold molar excess of 3-thia-
of egzsnmas a function of pH is shown in Figure 7. From the glutaryl-CoA to the Glu370Asp mutant enzyme, assuming

7.5 28.8+ 0.9
aKg = 15.3+ 0.9 uM for data analyzed at 391 nm at pH 7.0.
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Ficure 7: Dependence af,s,mon pH. Wild-type GCD was titrated 0.015 . . . .
with 3-thiaglutaryl-CoA at the pH values indicated, and the maximal B .
change in absorbance at 825 nm was plotted as a function of pH. SRR
The buffers, all 50 mM, used in the titrations were MES, pH 6.0

and 6.5 §), potassium phosphate, pH 6-3.5 @), Hepes, pH 7.5 0.01
and 8.0 #), and AMPD-HCI, pH 8.5-9.5 @). A

saturation (Figure 8A). The charge-transfer band at 825 nm 0.005 [ ]
is formed (Figure 8B), but with very low intensitygbsnm~

121 Mt cmt at pH 8.0), which is 2.4+ 0.5% of the wild-

type value at pH 8.0. Th&y at pH 7.0 was determined to

be 60.5+ 8.4uM by analyzing the titration data at 391 nm,
where maximum absorbance changes were observed. Thus,
the mutant binds the analogue with-8-fold lower affinity

than the wild-type enzyme at pH 7.

The steady-state kinetic data and the binding of nonoxi-
dizable substrate analogues by Glu370Asp supported the ' 700 750 800 850 900
hypothesis that Glu370 functions as the catalytic base in
human GCD §, 9). However, Figure 9 shows that 3-thia-
glutaryl-CoA binds to the Glu370GIn mutant GCD at pH 7 Ficure 8: Binding of 3-thiaglutaryl-CoA by Glu370Asp GCD. The
with formation of a charge-transfer species as indicated by spectrum of 136.2M Glu370Asp GCD {-) and Glu370Asp GCD
the increased absorbance at 820 nm. From the data in Figuré(n the presence of a 10-fold molar excess of 3-thiaglutaryl-CoA
9, we calculated an apparent dissociation constant of-1.8 L) Was determined in 50 mM Hepes buifer, pH 8.0. The complete

’ ’ e pp . spectra are shown in (A), and spectra showing only the spectral
0.3uM, a single binding site per FAD, angzonm= 1311+ region of the charge-transfer band are shown in (B).

24 M~ cm™L. These results indicate that Glu370GIn GCD

is still able to deprotonate the 3-thia analogue. However, the intervals (Figure 10A), there was a decrease in absorbance
equilibrium constant for formation of the charge-transfer- at 448 nm. However, in contrast to wild-type GCD, there
inducing species, the-carbanion, is not as favorable as with  was no isosbestic point at 515 nm, and the spectra were
the wild-type GCD, as judged by the magnitudeegfsnm continually blue shifted to a maximum of 5 nm, characteristic
Consistent with these results, a charge-transfer species wasf substrate binding in medium-chain acyl-CoA dehydroge-
also observed at pH 6.4 when a 30-fold molar excess of nase 84). Also, there was no long-wavelength absorbance
acetoacetyl-CoA was added to the mutant enzyme. However,characteristic of a charge-transfer species observed in the
in contrast to the wild-type enzyme, no change in absorbance550 nm region as found with wild-type GCD and other acyl-
was observed at 322 nm; rather, subtraction of the spectrumCoA dehydrogenased(). In this experiment (Figure 10B),
of the free enzyme from the spectrum of the enzyme the decrease of flavin absorbance was very slow compared
acetoacetyl-CoA complex shows a maximum at 304 nm, with the rapid reduction of the wild-type enzyme. The rate
consistent with formation of the enolate of the 3-oxoacyl- constant for the decrease in absorbance for the Glu370GIn
CoA (not shown). A charge-transfer band was also detectedmutant was 0.0278, and the decrease in absorbance at 448
when acetoacetyl-CoA was bound to the Glu261GIn mutant nm was constant after 40 min. Finally, glutaryl-CoA was
of long-chain acyl-CoA dehydrogenase at pH 7L8)( about added equimolar with flavin under anaerobic conditions, and
2 pH units below the I§, of the 3-oxoacyl-CoA. Glu261is  the decrease of flavin absorbance was allowed to reach
the catalytic base in long-chain acyl-CoA dehydrogenase. equilibrium (80 min) (Figure 10C). FcRRvas then added
When the Glu370GIn mutant enzyme was mixed with a in a 10-fold molar excess over flavin. Approximately half
10-fold molar excess of glutaryl-CoA under anaerobic of the initial flavin absorbance was immediately recovered,
conditions at 25C and the spectra were determined at 5 s suggesting that only half of the absorbance decrease was due

ABSORBANCE

-0.005

WAVELENGTH (hm)
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FiGure 9: Spectrophotometric titration of Glu370GIn GCD with
3-thiaglutaryl-CoA. (A) Absorption spectra of 3Q.81 Glu370GIn
GCD titrated with 3-thiaglutaryl-CoA in 50 mM potassium
phosphate, pH 7.0. (B) Data from panel A were plotted according
to eq 1 in Experimental Procedures to determine the stoichiometry
of binding (0.90) and th&y (1.8 uM).

ABSORBANCE

to flavin reduction by substrate. On the basis of the crystal
structure of GCD 9), the mechanism of deprotonation of
3-thiaglutaryl-CoA and acetoacetyl-CoA by Glu370GIn GCD
is not clear since there are no other potential base catalysts 800 350 400 450 500 550 600 650 700

in the substrate binding site. Theproton of the analogue WAVELENGTH (nm)

would be expected to be more acidic than theroton of Ficure 10: Reaction of glutaryl-CoA with wild-type and Glu370GIn
the substrate3g, 39). Although the equilibrium of the base-  GCD. (A) Absorption spectra of Glu370GIn GCD and (B) change
catalyzed removal of the-proton from the analogue by N absorbance at 447 nm of 1M wild-type (@) and 10.4uM

Glu370GIn GCD ). Some points are omitted for clarity. In the
Glu370GIn GCD proceeds to a greater extent than that experiment shown in (A) and (B), the proteins were mixed with a

catalyzed by Glu370Asp GCD, the rate of proton abstraction 10-fold molar excess of glutaryl-CoA at 26 in 10 mM potassium
is very slow with the Glu370GIn mutant, as judged by the phosphate, pH 7.6. The solid line in (B) indicates the fit of the

data in Figure 10. data with Glu370GIn GCD to a single exponential. (C) Absorption
spectrum of oxidized Glu370GIn GCD, %M, (—); spectrum of
DISCUSSION the mutant protein after addition of equimolar glutaryl-CoA re-

corded after 80 min (- - -); spectrum of the mutant protein reacted
The redox properties of human GCD are similar, but not with 1 equiv of glutaryl-CoA for 80 min and after the addition of

. . . a 10-fold molar excess of FceBver dehydrogenase flavin-(—
identical, to other acyl-CoA dehydrogenases. The wild-type ). All reactions were conducted under anaerobic conditions, and

human GCD does not stabilize a neutral semiquinone whenanaerobic substrate and oxidant were added to the mutant enzyme
reduced photochemically or with sodium dithionite, unlike as indicated.
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medium-chain acyl-CoA dehydrogenad&)(and recombi-
nant rat short-chain acyl-CoA dehydrogenakie medium-
chain acyl-CoA dehydrogenasgj, the enzyme stabilizes

Dwyer et al.

second-order rate constakt{Km). The relative stabilization
of the ES and EScomplexes with glutaryl-CoA may result
from interaction of they-carboxylate of both glutaryl-CoA

an anionic semiquinone in the presence of the enoyl-CoA and the presumed intermediate, glutaconyl-CoA, with Arg94
product. Anaerobic reduction of the enzyme with glutaryl- and, perhaps, Ser98, which lie at the “bottom” of the substrate
CoA yields neither a neutral nor an anionic semiquinone. binding site 0). Arg94 in glutaryl-CoA dehydrogenase is
The extent of anaerobic reduction with substrate indicates unique among the acyl-CoA dehydrogenases. The corre-
an equilibrium between oxidized and reduced states of thesponding residues in human medium-chain acyl-Cé3),(
flavin and acyl-CoA that is poised somewhat differently from rat short-chain acyl-CoAl(l), and human isovaleryl-CoA
most other acyl-CoA dehydrogenases. Addition of an equimo- dehydrogenased4) are GIn95, Gly89, and Gly94, respec-
lar concentration of glutaryl-CoA results in 226% reduc- tively. Arg94 may also stabilize the transient crotonyl-CoA
tion of the flavin; addition of a 10-fold excess of substrate anion, which must be protonated by the conjugate acid of
reduced 63% of the flavin. In contrast, addition of equimolar Glu370 glutamate after decarboxylatioB).( Mutation of
substrates t®. denitrificansGCD, rat short-chain acyl-CoA  Arg94 to glycine is pathogenic and causes glutaric acidemia
dehydrogenase, pig kidney medium-chain acyl-CoA dehy- type | (7). In contrast to the results with the alternate
drogenase, and human isovaleryl-CoA dehydrogenase resubstrates, the Glu370Asp mutation does not affect substrate
duced 59%, 61%, 53%, and 31% of the FAD prosthetic binding because thi€,, for glutaryl-CoA is identical to that
group, respectively4, 11, 19, 13). In this respect, the redox  of wild-type GCD. Rather, the-16-fold decrease df. at
equilibrium of human GCD appears similar to that of human pH 7, relative to the wild-type enzyme, indicates that the
isovaleryl-CoA dehydrogenase. The potential of free GCD Glu370Asp mutation affectAG* (42).

is similar to, but slightly lower than, other dehydrogenases.  The activity of wild-type GCD exhibits triphasic behavior
Also, enoyl-CoA binding may not regulate the potential of within the pH range 69.5 in which the enzyme is stable
the flavin in the human GCD to the same extent as other during steady-state kinetic assays. This behavior is quite
flavoprotein dehydrogenase$ 22, 31). For example, enoyl-  unlike the pH dependence &f, of human and porcine
CoA product binding increases the potential of medium-chain medium-chain acyl-CoA dehydrogenases and human long-
acyl-CoA dehydrogenase and bacterial short-chain acyl-CoA chain acyl-CoA dehydrogenase reported by Kumar et al. and

dehydrogenase by 0.06 and 0.110 V, respectivel 81,
41). Byron et al. showed that the potential®fdenitrificans

GCD increases 0.030 V in the presence of equimolar butyryl-

CoA and crotonyl-CoA4). However, the bacterial enzyme

Ghisla et al. 45, 46). Thekg:0f those dehydrogenases shows
a single ionizable group K ~ 8.2) over the pH range
6—10.5 with little change ik, to at least pH 9.145). This

pH dependence does not reflect the rate of flavin reduction

possesses significant enoyl-CoA hydratase activity, and thereor oxidation in medium-chain acyl-CoA dehydrogenase.

is significant hydration of crotonyl-CoA to 3-hydroxybutyryl-

Rather, the off rate of the octenoyl-CoA product appears to

CoA. Therefore, although the substrate/product ratio can limit ke, (45). The steady-state turnover of GCD is more

modulate the redox potential of the bacterial GCD flavin,
the estimate of 0.03 V is considered qualitativi. (
Steady-state kinetic experiments with glutaryl-CoA, hex-
anoyl-CoA, and pentanoyl-CoA suggest that thearboxy-
late of glutaryl-CoA contributes to the free energy of binding

complex. In addition to the steps common to other acyl-

CoA dehydrogenases, steady-state turnover of GCD also
requires tight binding of the intermediate oxidized product,

glutaconyl-CoA. The investigations of the pH dependence
of GCD activity were conducted with 2QM glutaryl-CoA

to the dehydrogenase. The degree of destabilization of theso that the measured activity probably reflelkis because

ES complex with hexanoyl-CoA or pentanoyl-CoA compared
to glutaryl-CoA calculated frolMAG = —RT In(Kglutary-CoA/
Kn@¥=CoA) is 5.7 and 7.4 kJ/mol, respectivel¢d). The
transition state for the overall oxidation of glutaryl-CoA is
likely to differ from those of pentanoyl-CoA and hexanoyl-
CoA because oxidation of glutaryl-CoA also involves tight
binding of the glutaconyl-CoA intermediate, decarboxylation
of glutaconyl-CoA, protonation of the-carbon, and dis-
sociation of CQ. Therefore, it is not possible to compare

the K, for glutaryl-CoA does not increase significantly
between pH 6 and pH 8, although tkg, increases to 35
uM at pH 8.8. In the experiments reported here with human
GCD, the first phase over the pH range 555 shows an
ionizable group with g, = 6.3. The second phase, pH 7.5
to ~9.0, indicates an ionizable group witKp= 7.9, which

is similar to the single I, observed with medium-chain and
long-chain acyl-CoA dehydrogenases), The lower X,

at 6.3, may reflect protonic equilibria involved in the

the changes in Gibbs free energies directly from the steady-decarboxylation that requires proton transfer from Glu370
state constants. However, it is possible to calculate relativeto the crotonyl-CoA anion?) and is not observed with other

destabilization of the respective transition states, EShe
overall oxidation of the acyl-CoA substrates. Destabilization
of the transition state complexes with hexanoyl-CoA or
pentanoyl-CoA is calculated frodMAG* = —RT In[(Keaf
Kn@YCoAY[(k o K ndutayi=CoAY] (42). This approach yields a
difference of 4.6 kJ/mol for the hexanoyl-CoA complex and
a difference of 6.4 kJ/mol for the pentanoyl-CoA complex
with respect to the transition state complex for glutaryl-CoA

dehydrogenases that catalyze oaly dehydrogenation.

In contrast to data with the wild-type dehydrogenase, a
single ionizing group is observed over the same range (pH
5—8.2) for the Glu370Asp dehydrogenase witk,p= 7.6.

In preliminary experiments, we showed that crotonyl-CoA
is also the product of the reaction catalyzed by Glu370Asp
GCD2 No glutaconyl-CoA was detected, indicating that this
enoyl-CoA intermediate is not released before decarboxy-

oxidation. Thus, GCD exemplifies an enzyme that uses the lation occurs in the reaction catalyzed by Glu370Asp GCD.
free energy of binding of the ES complex to increase the Thus, the overall steady-state pathway is apparently identical

2D. Zapien and F. E. Frerman, unpublished data.

3F. E. Frerman, unpublished data.
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to the reaction catalyzed by wild-type GCD. The monophasic equilibrium shown in eq 3. The charge-transfer bakghy(
pH dependence of the Glu370Asp GCD between pH 5 and
pH 8.2 may be due to differential effects of pH on the (3)
dehydrogenation reaction and decarboxylation reaction such

that the effects of pH on turnover with the mutant cannot be ~ 825 nm) is due to the interaction of the analogue anion,
distinguished. As pointed out above, the steady-state reactions —, with the oxidized flavin. The absorbance at 825 nm is,
of the two dehydrogenases are apparently identical. Thetherefore, more properly a measure of deprotonation equi-

E +LH=E —-LH=EH-L"

failure to distinguish two K,s with Glu370Asp GCD could
reflect one or more of the following differences between
wild-type and Glu370Asp GCDs. The difference in distance

librium. The K, of the corresponding enolate of 3-thiaoc-
tanoyl-CoA has been estimated at-5%27 when bound to
medium-chain acyl-CoA dehydrogenas¥,(49). The pH

between the caboxylate and the substrate in the two enzymeslependence afszsnmin the GCD-3-thiaglutaryl-CoA com-

is on the order of~1 A. Further, the orientation of the
carboxylate of Asp370 with respect to the substeafgroton
may be different from the orientation of thecarboxylate
of Glu370 GCD and the protod{), or there may be a small
difference (~0.5 pH unit) between thelf of the y-carboxyl
of glutamate and thg-carboxylate of aspartatd§).

The ionizable group with aky, of >9 was not estimated

plex indicates the participation of two ionizable groups with
pKas = 7.0 and 8.2. The value @fzsnmreaches a maximum

at pH~8 and then declines. These data suggest thatkhe p
of the bound glutaryl-CoA analogue may be 1.5 pH units
greater than the corresponding octanoyl-CoA analogue bound
to medium-chain acyl-CoA dehydrogenase. Because the
formation of the charge-transfer complex is exclusively due

because of the relative instability of the enzyme, substrate,to proton abstraction at the-carbon, an elementary step in

and indicator dye in this pH range. The activities of both

the reaction mechanisib4), the [Kzs, 7.0 and 8.2, can be

wild-type and Glu370Asp GCDs decrease above pH 8.5. This ascribed to either (a) abstraction of tgoroton of 3-thia-
decrease is not observed in the steady state with medium-glutaryl-CoA after binding to the active site of the enzyme
chain acyl-CoA dehydrogenases or long-chain acyl-CoA or (b) protonation of the base catalyst, Glu370. However, it

dehydrogenasél{, 45). However, rapid reaction experiments
showed that the rate of deprotonation of (4-nitrophenyl)-
acetyl-CoA by medium-chain acyl-CoA dehydrogenase
decreases at higher pHKp= 7.8) (49). Also, the polariza-
tion of cinnamoyl-CoA due to ionization of Glu376 decreases
at higher pH (&, = 8.5) (60). In the case of GCD,
polarization may be required not only to decrease tkg p
of the a-proton of the substraté{) but also to stabilize the
intermediate crotonyl-CoA anion by delocalizing negative
charge. It is also possible that Arg94 in human GCD may
titrate with an abnormally low I, (i.e., in the range of pH

is not easy to unequivocally assign this o either of these
processes. The-proton of acyl-CoAs is only weakly acidic
in aqueous solution with an estimatel of 20 + 2 (55—
57). The 3-thia sulfur of 3-thiaoctanoyl-CoA lowers thKp
of the adjacenti-proton by about 5 pH units compared to
octanoyl-CoA 87, 58). Thus, a K, of 15-16 for the
o-proton of 3-thiaglutaryl-CoA in solution is a reasonable
estimate because it is unlikely that thecarboxylate
significantly influences the ionization of the-proton. On
the basis of molecular modeling of glutaryl-CoA into the
crystal structure of wild-type GCDB} and by analogy with

9) as observed in glyceraldehyde phosphate dehydrogenaseéhe medium-chain acyl-CoA dehydrogenasebstrate com-

andCandida albicanghosphomannose isomera$s4,(52).
In addition to a comparison of the steady-state kinetic
properties of the mutant with the wild-type enzyme (see

plex, it is expected that the thioester carbonyl of glutaryl-
CoA is hydrogen bonded to thé-Bydroxyl of FAD and the
backbone amide hydrogen of Glu370 and that the active site

below), we investigated the binding and deprotonation of will be desolvated43, 59). The resulting polarization of the
the substrate analogues, acetoacetyl-CoA and 3-thiaglutarylthioester carbonyl would further activate theproton for
CoA. These studies were undertaken because of the role ofabstraction. The-carboxylate of free glutamate has Kp
substrate deprotonation in the reductive half-reaction of the ~ 4.6 (60). When buried in the protein, theg-carboxyl of

flavin and subsequent transfer of the proton tojthearbon

of the crotonyl-CoA anion intermediat@)( The binding of
acetoacetyl-CoA was investigated at pH 6.4, 3 pH units
below the apparentiy for the enolization of 3-oxoacyl-
CoA in solution @5). The apparerky of the binary complex

Glu370 in GCD would likely experience an increase iup
(48, 49, 58), especially if the active site is desolvated upon
substrate binding6(, 62). At pH 8.0 the concentration of
the charge-transfer-inducing anionic form of 3-thiaglutaryl-
CoA is significantly reduced (2.4%) when bound to

is 0.48uM, calculated from changes in absorbance at 322 Glu370Asp GCD. The primary cause of the decreased extent
and 440 nm. The former absorbance is presumably due toof charge-transfer complex formation is very likely the

enolate formation and the latter due to flavin perturbation

increased distance for proton transfer. However, the lower

by acyl-CoA binding. The free enolate absorbs in the region pK, (0.5 pH unit) of the aspartatg-carboxylate 48),

of 303 nm; however, the molar extinction of divalent metal

relative to they-carboxylate of glutamate, may also be a

chelates of the enolate in solution increases, and thefactor. Proton abstraction at the-carbon appears highly
maximum red shifts by at least 7 nm. The absorbance of the concerted with hydride transfer to the flavin in medium-chain
enolate at 322 nm indicates that the environment of the boundacyl-CoA dehydrogenas®,(63). The decrease in turnover
enolate is different from those environments of aqueous of the Glu370Asp GCD may be due, at least in part, to the

solution @5), the medium-chain acyl-CoA dehydrogenase
binding site 63), and the Glu370Asp GCD mutant dehy-
drogenase.

The work of Tamaoki et al. 37) clearly shows that
3-thiaoctanoyl-CoA binding and deprotonation by medium-

unfavorable equilibrium for formation of the &-anion.

The kinetic experiments reported here with the Glu370Asp
and Glu370GIn GCDs strongly suggest that Glu370 is the
catalytic base of human GCD. First, as pointed out by Kim
et al. @, 64), Glu370 is positioned identically with respect

chain acyl-CoA dehydrogenase occur according to the to substrate as the glutamate residues suggested to function
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as catalytic bases in related acyl-CoA dehydrogenaseswild-type GCD. Finally, the decrease in absorbance at 448
Second, the steady-state rates of the Glu370GIn andnm due to complex formation and some flavin reduction upon
Glu370Asp GCD mutants are similar to those of the addition of substrate to the mutant enzyme is very slow, as
corresponding mutants in medium-chain acyl-CoA dehydro- previously demonstrated with the Glu376GIn mutant of
genase 35) and long-chain acyl-CoA dehydrogenade)( medium-chain acyl-CoA dehydrogena8d)( It is not clear
The Glu370Asp mutation apparently does not alter the how deprotonation by the mutant protein occurs, although
catalytic mechanisriiand theK, of Glu370Asp for glutaryl- the Glu261GIn mutant of human long-chain acyl-CoA
CoA is the same as the wild-type value. Further, direct dehydrogenase behaves similarly in the deprotonation of
observation of the rate of flavin reduction by substrate of acetoacetyl-CoAX2). The crystal structure does not indicate
the Glu370GIn GCD shows that it is very slow, similar to another catalytic base in the substrate binding site that could
that of the Glu376GIn mutant of medium-chain acyl-CoA participate in this reactiordy. In addition to Arg94 and Ser98
dehydrogenase3d). Third, like P. denitrificansGCD (5), at the bottom of the substrate binding site that may interact
wild-type human GCD is very rapidly and irreversibly with the carboxylate of glutaryl-CoA and Glu370 that likely
inhibited by the mechanism-based inhibitor, 2-pentynoyl- functions as the catalytic base, the active site is composed
CoA suggesting that the catalytic base is positioned as of side chains from Leu212, Val99, Leul03, Phel33, and
described for medium-chain acyl-CoA dehydrogenase andLeu246 Q). It is possible that a water molecule may serve
not in the positions occupied by the catalytic glutamate as an inefficient catalytic base in the turnover of Glu370GIn
residues in isovaleryl-CoA dehydrogenase [Glu2&4)](and GCD.

long-chain acyl-CoA dehydrogenase [Glu2@2){. Fourth, Despite the high sequence homolo@y &nd similarity of
titration of the Glu370GIn mutant with substrate shows no three-dimensional structures, 64), the experiments reported
development of a charge-transfer specigs,(= 560 nm), here show clear differences between GCD and medium-chain
although a low level of reduction is observed since addition acyl-CoA dehydrogenase, the best studied member in this
of FCPF results in some increase in absorbance in the 448 family of flavoprotein dehydrogenases. They also suggest

nm region of the flavin absorption spectrum of Glu370GIn the role of they-carboxyl of glutaryl-CoA in substrate
GCD. Some reduction of the flavin prosthetic group is binding and its proposed interaction with Arg9g, 64).
expected in view of the residual activity of the protein. Itis These studies serve to establish baseline properties of human
possible that other alterations within the active site could GCD for ongoing investigations of the decarboxylation
cause the decreased rate of catalysis by the two mutantsreaction catalyzed by the protein.

However, the fact that the flavin spectra are not significantly
altered, theK, of Glu370AspGCD for glutaryl-CoA is not
altered, and the redox potential of the mutants is not

significantly altered argues that the active sites of the two L

mutants are not significantly altered.
The spectral properties of the complexes of Glu370GIn
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GCD with acetoacetyl-CoA and 3-thiaglutaryl-CoA indicate REFERENCES

that another pathway of deprotonation is available in this
mutant protein. The maximum value @fsnm at pH 7
suggests that the equilibrium for deprotonation of 3-thiaglu-
taryl-CoA by Glu370GIn GCD is not as favorable as with
the wild-type enzyme. Substitution of Glu370 by glutamine
would not be expected to decrease the polarization of
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o-proton resulting from hydrogen bonding of the thioester
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