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ABSTRACT. The kinetic mechanism of homoisocitrate dehydrogenase 8aotharomyces cerisiaewas
determined using initial velocity studies in the absence and presence of product and dead end inhibitors
in both reaction directions. Data suggest a steady state random kinetic mechanism. The dissociation constant
of the Mg—homoisocitrate complex (MgHIc) was estimated to be12 mM as measured using NIg

as a shift reagent. Initial velocity data indicate the MgHIc complex is the reactant in the direction of
oxidative decarboxylation, while in the reverse reaction direction, the enzyme likely binds uncomplexed
Mg?" and a-ketoadipate. Curvature is observed in the double-reciprocal plots for product inhibition by
NADH and the dead-end inhibition by 3-acetylpyridine adenine dinucleotide phosphate when MgHic is
the varied substrate. At low concentrations of MgHIc, the inhibition by both nucleotides is competitive,
but as the MgHIc concentration increases, the inhibition changes to uncompetitive, consistent with a steady
state random mechanism with preferred binding of MgHIc before NAD. Release of product is preferred
and ordered with respect to GQu-ketoadipate, and NADH. Isocitrate is a slow substrate with a rate
(VIE) 216-fold slower than that measured with Hic. In contrast to Hlc, the uncomplexed form of isocitrate
and Mg " bind to the enzyme. The kinetic mechanism in the direction of oxidative decarboxylation of
isocitrate, on the basis of initial velocity studies in the absence and presence of dead-end inhibitors, suggests
random addition of NAD and isocitrate with Mgbinding before isocitrate in rapid equilibrium, and the
mechanism approximates rapid equilibrium random. Kagfor the overall reaction measured directly

using the change in NADH as a probe is 0.45 M.

Homoisocitrate dehydrogenase (3-carboxy-2-hydroxyadi- Scheme 1: Reaction Catalyzed by HicDH
pate dehydrogenase, EC 1.1.1.87) (HIicbkEatalyzes the
fourth reaction of thex-aminoadipate pathway (AAA) for
lysine synthesis, the NAD-dependent conversion of
homoisocitrate toa-ketoadipate d-Ka) (Scheme 1) X).
Among the 20 common proteinogenic amino acids, lysine
is the only one known to have two diverse pathways for its
synthesis ). In bacteria, plants, and lower fungi such as
phycomycetes or algal fungi, lysine is synthesized via the “00¢ ~ooc
diaminopimelate pathway, beginning with the phosphoryla- homoisocitrate a-ketoadipate
tion of aspartate by aspartokinase. However, it is synthesized
via the a-aminoadipate pathway in euglenoids and higher fungi such asSaccharomyces cerisiae and human patho-
genic fungi such a€andida albicansCryptococcus neo-
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7182. HIcDH is a member of the family of pyridine nucleotide-

1 Abbreviations: HIcDH, homoisocitrate dehydrogenase; AAA, _ ; i At ;
o-aminoadipate pathway; 6-PGDH, 6-phosphogluconate dehydrogenase,dependenﬁ hydroxyacid oxidative decarboxylases which

ICDH, isocitrate dehydrogenase; IPMDH, 3-isopropylmalate dehydro- Includes, among others, ICDH, IPMDH, malic enzyme,
genase; TDH, tartrate dehydrogenase; NAD, nicotinamide adenine TDH, and 6-PGDH. The reactions catalyzed by these

for convenience); NADH, reduced nicotinamide adenine dinucleotide; . . . .
a-Ka, o-ketoadipate; Hic, homoisocitrate; MgHIc, ¥ig-homoisoci- of 6-PGDH which is metal ion-independent, all of the

trate complex; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic €nzymes require a divalent metal ion activator. The NAD-
acid; IPTG, isopropyp3-b-thiogalactopyranoside; LB, Luria-Bertani;  specific ICDH selectively binds the Mrisocitrate chelate

B-ME, mercaptoethanol; 3-AcPyADP, 3-acetylpyridine adenine di- ; ; _
nucleotide phosphate; C, competitive inhibition; NC, noncompetitive complex where M#" is coordinated to thet hydroxyl and

inhibition; UC, uncompetitive inhibition; Ni-NTA, nickel-nitrilotriacetic a-carboxylate .Of threo-Disocitrate 7). NAD-Malic enzyme
acid. and IPMDH bind the uncomplexed forms of the metal ion
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and substrate8( 9). In general, the overall kinetic mecha- at 72°C for 90 s, followed by one cycle of extension at 72
nisms of the enzymes that have been studied in detail are°C for 10 min. Pfu polymerase, which produces blunt end
random; enzymes include the NAD-malic enzyme from PCR products, was used. The amplified DNA fragment was
Ascaris suunt9, 10), the NADP malic enzyme from chicken  digested withNdd and Xhd restriction endonucleases and
liver (11), the NADP-dependent ICDH from pig heaftX subcloned into the similarly digested pET16b vector which
13) andEscherichia coli(14), 6-PGDH fromCandida utilis adds a 10-His tag to the N-terminal end of the protein. The
(15) and sheep liver1p), IPMDH from Thermus thermo-  sequence of the cloned gene was confirmed by DNA
philus (8), and TDH fromPseudomonas putidd 7). With sequencing carried out by the Laboratory for Genomics and
the exception of 6-PGDH, which has a rapid equilibrium Bioinformatics of the University of Oklahoma Health Sci-
random kinetic mechanism, all have a steady state randomences Center (Oklahoma City, OK). The plasmid was used
kinetic mechanism. In the case of HIcDH, the reporited to transformk. coli BL21*DE3 or BL21*DE3 RIL compe-
values for homoisocitrate and NAD are 20 and 0.33 mM, tent cells, which were grown in LB medium at 28, with
respectively, and the enzyme has a pH optimum-8f5 in gentle shaking until the OD reached.6. IPTG was added
the direction of oxidative decarboxylation of homoiso- to a concentration of 1 mM, and afta 5 hinduction period,
citrate and~7.0 in the direction of reductive carboxylation the cells were harvested by centrifugation at 4p00ells
of a-Ka (2). Nothing about the mechanism of this enzyme were then lysed in extraction buffer [20 mM Tris-HCI, 500
is known. mM NaCl, 10 mM MgC}, and 2 mMpB-ME (pH 7.5)] by

In this paper, we use initial velocity studies in the absence sonication on ice using a MISONIX Sonicator XL device
and presence of product and dead-end inhibitors to elucidatefor 5 min (a 15 s pulse followed by a 15 s rest). The cell
the overall kinetic mechanism of HICDH froB cereisiae extract was loaded onto a 5.5 can2 cm Ni-NTA column
Data are also used to estimate the equilibrium constant usingequilibrated with 20 mM Tris-HCI, 500 mM NaCl, 10 mM
the Haldane relationship, which is compared to the value MgCl,, and 2 mM g-ME (pH 7.5). The same buffer
obtained directly. The kinetic mechanism for the slow containing imidazole at concentrations of 20, 30, 90, 120,
substrate, isocitrate, has also been studied and compared witd50, 200, 300, and 500 mM was then used to elute the

that using homoisocitrate (HIc). enzyme. The HIcDH eluted at 15@00 mM imidazole. The
enzyme solution was maintained aB80 °C in the elution
MATERIALS AND METHODS buffer with 10% glycerol.

i . ) Enzyme Assaylhe reaction was followed by assessing
Chemicals.Isocitrate, citrate, oxalate, and 3-ACPYADP e gppearance or disappearance of NADH at 340am (
were obtained from Sigmgi-NADH, -NAD, LB broth, 6220 Mt cm1) using a Beckman DU 640 spectrophotom-

and LB agar were purchased from USB. The nickel- eter. All assays were carried out at @5, and the temperature
nitrilotriacetic acid (Ni-NTA) agarose resin was from Qiagen. \yas maintained with a Neslab RTE-111 circulating water
Isopropyl f-p-thiogalactopyranoside (IPTGNde, Xhd, bath. A unit of enzyme activity is defined as the amount of

Turbo Pfu polymerase, and T4 DNA ligase were from onzyme catalyzing the production or utilization of«nol
Invitrogen. Ampicillin was from Fisher Biotech, and Hepes 4 NADH/min at 25°C.

was from Research Organics. Homoisocitrate was the gener- |, ihe direction of oxidative decarboxylation of Hic

ous gift of D. R. J. Palmer (University of Saskatchewan, (fonward reaction), rate measurements were carried out in
Saskatoon, SK). 0.5 mL of 50 mM Hepes (pH 7.5). Reactions were initiated
o-Ketoadipate was prepared according to a published by addition of 5uL of an appropriately diluted enzyme
procedure18). The Claisen condensation of diethyl glutarate solution to a mixture that contained all other reaction
with diethyl oxalate gave a 67% yield of ethytoxalylglu- components, and the initial linear portion of the time course
tarate, which was treated with concentrated hydrochloride was used to calculate the initial velocity. Since the diluted
acid to obtainu-Ka in 71% yield. The melting point of the  enzyme solution (protein concentration-e150 ug/mL) is

final o-Ka product was 126124 °C. Data from'H NMR not stable when kept on ice for approximately half a day, it
(300 MHz) in acetonek; gave the following) values inparts  was prepared fresh daily. In the direction of reductive
per million: 1.88 [p,J = 7.5 Hz, 2H, C(4)-H], 2.39 [t,J = carboxylation ofu-Ka (reverse reaction), rate measurements

7.5 Hz, 2H, C(5)-H], 2.98 [t,J = 7.5 Hz, 2H, C(3)-H], were carried out in 0.5 mLfol M Hepes (pH 7.0). The
10.8 (bs, COOH)!3C (75.5 MHz, CDC{) gaveo values of  reactions were initiated by adding4. of enzyme solution
195.9 (C2), 174.6 (C6), 162.2 (C1), 38.2 (C3), 32.9 (C5), (protein concentration of1.5 mg/mL). With isocitrate used
and 19.0 (C4). as a substrate, reactions were initiated by addingl50f
Molecular Cloning, Cell Growth, and Protein Expression. enzyme solution (protein concentration~et.5 mg/mL), and
Two primers, 5GGACTCCCATATGTTAGATCTGTTGC- all other conditions are as for assays with Hic.
TACTAG-3 and 3-CCGCTCGAGCTTCTATAATCTC- Determination of the Dissociation Constant of the Mg
GACAAAACGTCG-3, were designed for PCR to produce HIc Complex by*H NMR. The dissociation constant of the
a DNA fragment corresponding to thgs 12gene encoding ~ Mg—Hlc chelate complex was determined/NMR using
HIcDH from S. cereesiae The first primer introduced an  Mg?t as a shift reagent. A solution in,D of 10 mM Hic at
Ndd restriction site (underlined), while the second one pD 7.7 was prepared. Different concentrations of MgSO
introduced arXhd restriction site. A 1116 bp fragmentwas (0, 5, 10, 50, 100, 200, 300, and 500 mM) were added to
amplified by PCR using yeast genomic DNA as the template the Hlc solution. All NMR experiments were performed on
via the following protocol: one cycle of initial denaturation a Varian Mercury VX-300 MHz spectrometer with a Varian
at 95°C for 4 min, followed by 45 cycles of denaturation at four-nucleus auto-switchable PFG proBe. NMR spectra
95°C for 1 min, annealing at 68C for 1 min, and extension  were collected using the PRESAT pulse sequence supplied
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by Varian Inc. The spectra were collected with a sweep width
of 4803.1 Hz and 16 transients.

H NMR referenced to HDO (4.68 ppm) and collected at
pH 7 and 21°C with no added Mg gaved values of 3.82
[d, 1H, C(2)-H], 2.31 [dd, 1H, C(3)-H], 2.03 [t, 2H, C(5)-
H,], and 1.61 [m, 2H, C(4)-k]. As Mg?*" was added, the
resonance at 3.8 ppm [reflecting C(2)-H] of Hlc exhibited
the biggest shift, as expected. The Mglependence of the
change in chemical shift was fitted using eq 1 to estimate
the Kg.

— (YmadX 1
y= Ky + x (1)
where y is the chemical shift changex is the Mg"
concentration, and/max is the maximum chemical shift
change.

Initial Velocity Studies. Systematic Analysisthe direc-
tion of a-Ka formation, the initial rate was measured as a
function of NAD concentration (0.2, 0.3, 0.5, and 2 mM) at
different fixed concentrations of Hlc (15, 30, 50, and 150
uM) and a fixed concentration of Mg&€0.5 mM). The
experiment was then repeated at several additional MgCl
concentrations (1, 2, and 5 mM). Once it was determined
that MgHlc is the substrate, initial rate studies were carried
out using varying concentrations of MgHiIc at different fixed
levels of NAD.

Initial velocity studies were also carried out in the direction
of reductive carboxylation ofi-Ka. In this case, the initial
rate was measured as a functioroeKa concentration (2.5,

5, 10, and 25 mM) at different fixed levels of NADH (0.025,
0.05, 0.1, and 0.2 mM) and fixed concentrations of,G®O
mM) and MgC} (20 mM). The experiment was then repeated
at several additional COconcentrations (10, 20, and 45
mM). CO, was added as NaHG(and its concentration was
calculated using the HenderseHasselbach equation and a
pK of 6.1 for H,CQOs.

With isocitrate as the substrate, the initial rate was
measured as a function of NAD concentration (2, 5, 10, and
20 mM) and at different fixed concentrations of isocitrate
(1, 2, 5, and 10 mM) and a fixed concentration of MgCl
(0.5 mM). The experiment was then repeated at several
additional MgC} concentrations (1, 2, and 5 mM).

Pairwise Analysis Initial velocities were measured at
varying concentrations of one substrate at different fixed
concentrations of a second and with the third substrate
saturating. For the reaction in the direction of reductive
carboxylation ofa-Ka, the initial rate was measured as a
function of a-Ka at several fixed levels of CQ4, 8, 15,
and 45 mM) and with the NADH concentration fixed at 0.8
mM (10 Kp,). Because of the high absorbance at 340 nm,
data were collected at 363 nm using @ of 3.11 mM
cm L. The rate was also measured as a function of, CO
concentration at several fixed levels of NADH (0.025, 0.05,
0.1, and 0.2 mM) and with the-Ka concentration fixed at
60 mM (2Ky,). In all cases, the Mg concentration was
maintained at 20 mM.

Similar experiments were carried out for the isocitrate

reaction. For example, the initial rate was measured as a

function of isocitrate concentration at several fixed levels
of Mg?" (0.5, 1, 2, and 5 mM) and with the NAD

Lin et al.

concentration at a saturating level Kf). For the Mg"—
NAD pair, isocitrate was 20 mM (1Qy).

Product and Dead-End Inhibition Studidsitial velocity
patterns were obtained by measuring the initial rate at
different concentrations of one reactant, with the concentra-
tion of the other reactants fixed at their respechlygevalues,
and at different fixed concentrations of the inhibitor, includ-
ing zero. In all cases, an initial estimate of tkefor the
inhibitor was obtained by fixing the varied substrate at its
Km value and varying the inhibitor concentration. The ldpp
was initially estimated by Dixon analysis, a plot of ersus
[, with all reactants equal to theit,, extrapolating to /
equal to zero, and dividing the value bby 2.

Data Analysis.Initial velocity data were first analyzed
graphically using double-reciprocal plots of initial velocity
versus substrate concentration and suitable secondary plots.
Data were then fitted using the appropriate equation and the
Marquardt-Levenberg algorithm supplied with EnzFitter
from BIOSOFT (Cambridge, U.K.). Kinetic parameters and
their corresponding standard errors were estimated using a
simple weighting method.

Data obtained from the systematic analysis for the reaction
using MgHlc as a substrate were fitted using eq 2. For the
reaction using isocitrate as a substrate, data were fitted using
egs 3 and 4 for a terreactant kinetic mechanism (see the
Results and Discussion). For the reverse of the Hic reaction,
data were fitted using eqs 3 and 5 for a terreactant kinetic
mechanism. For the data sets obtained from a pairwise
analysis for the isocitrate reaction, two data sets for the
reverse reaction using-Ka as the substrate were fitted using
either eq 2 for a sequential mechanism, eq 6 for an
equilibrium ordered mechanism, or eq 7, with the constant
term absent. Data conforming to competitive, noncompeti-
tive, or uncompetitive inhibition were fitted using eqs 80.

Data obtained for oxalate inhibition against Hic or NAD were
fitted using eq 11.

VAB

"TK K, + KB+ KA+ AB )
. VABC
constantt (coefA)A + (coefBB + (coefCC
+ KAB+ K,AC + K,BC+ ABC .
3
. ABC 4
constantt+ (coefA)A + 0.2C

+ K,AC+ K,BC+ ABC

. VABC 5)
constantt (coefA)A + (coefCC

+ K,AC+ K,BC+ ABC

) VAB (6)

T KK, + KA+ AB
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. VAB e

KB+ KA+ AB
p=— A 8)

Kl1+—|+A

a( KiS)
Y= | VA | ©)
Kd(l + K_.s) + A(l + K_“)

p=— VYA | (10)

K,+ A(l + —)

ii
_ VA
U_K 1+ |2 +A1+I/Kidenum (11)
K2 1+ 1/Kipum

wherev andV are initial and maximum velocities, respec-
tively, A, B, andC are substrate concentratiohss inhibitor
concentration, andk, Kp, andK. are Michaelis constants
for substrates AC, respectively. In eq 2K is the
dissociation constant for dissociation of A from the EA
complex. In egs 35, the coef terms are products of kinetic
constants that are mechanism-dependent (sd@isiocassioi.

In egs 8-10, Kis and K; represent inhibition constants for
the slope and intercept, respectively. In eq Ki,is the
dissociation constant for dissociation of oxalate from the
E—oxalate and E(oxalate) complexesKin is the dissocia-
tion constant for binding of oxalate to the-BRIADH product
complex, Kigenum IS @ constant that contributes to the
hyperbolic nature of the intercept effect, and all the other
terms are the same as defined above.

Determination of K, and the Haldane Relationship for
the Reaction Using Hic as a Substrale.a 500uL reaction
mixture, the concentrations of Hic, NAD, NADH, GCand
MgCl, were fixed at 0.05, 0.01, 0.2, 0.5, and 10 mM,
respectively, and the concentrationcoKa was varied over
the range of 0.45 mM. The reaction was initiated by the
addition of enzyme. The difference iAs4 representing
displacement from equilibrium was plotted againstdhia
concentrationKeq is obtained using the concentrations given
above and the concentration @fKa that gave a\Asso of
zero according to eq 12.

_ [NADH][ o-Ka][COy]
"~ [NAD][MgHiIc]

eq (12)

KeqWas also estimated from one of the Haldane relation-
ships for a Bi-Ter kinetic mechanism according eq 13.

Vl

K KiNADH Kiot—Ka
NAD

V2
)KngHIc

K (13)

eq=

KCO

2,

RESULTS

Protein Expression and PurificatioillcDH is eluted from
the Ni-NTA column most efficiently with 156200 mM

Biochemistry, Vol. 46, No. 3, 2007893
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Ficure 1. Determination of the dissociation constant for MgHlc.
The difference in the chemical shift change of the peak at 3.8 ppm
(C2 of Hic) from the'H NMR spectra is plotted vs Mg

concentration. The points are experimental, while the solid line is
theoretical and based on a fit to eq 1.

imidazole, and the purity of the eluted HIcDH 1s98% as
judged by SDSPAGE. Approximately 2.5 mg of enzyme
is obtained per gram of wet cell paste. His-tagged HIcDH is
stored with 10% glycerol at-80 °C in elution buffer. The
protein is stable under these conditions for more than 1
month.

Determination of the Dissociation Constant of the Mg
Hlc Complex by*H NMR. The chemical shift at 3.8 ppm
[reflecting C(2)-H] showed the biggest shift with increasing
Mg?" concentration as expected since iigo one of the
coordination positions for Mg. A plot of the change in
chemical shift versus M{ concentration was used to
estimate aKy of 11 + 2 mM for the Mg—HIc complex
(Figure 1).

Identification of the True Substrate in Both Reaction
Directions. Since HIcDH requires a divalent metal ion for
activity, it is important to determine whether the uncom-
plexed metal and reactant or the metedactant chelate
complex is the true substrate. In the direction of reductive
carboxylation ofr-Ka, an attempt to measure the dissociation
constant of the Mga-Ka complex by'H NMR gave no
obvious complex formation over the range ef®ppm (data
not shown). Therefore, enzyme likely binds the uncomplexed
species. During the course of these experiments, it was noted
that Mgt catalyzed the rapid deuteration @fKa at C3 as
shown by loss of the C3 resonance.

In the direction of oxidative decarboxylation, an initial
velocity pattern was obtained by varying the Mgoncen-
tration at several different fixed levels of Hlc with the NAD
concentration fixed atl&,. Data were then plotted in double-
reciprocal form, with 1# plotted versus the concentration
of the Mg—HIc complex. If the Mg-Hlc complex is the
reactant, all 16 points should fall on a straight line, whereas
if the uncomplexed species bind to the enzyme, a series of
straight lines will be obtained. Data shown in Figure 2
indicate the Mg-HIc complex is the substrate for HICDH.
With isocitrate as the substrate, however, the uncomplexed
forms of Mg™ and isocitrate are the true activator and
reactant, respectively (data not shown).

Systematic Analysi3.he initial velocity was measured at
different concentrations of NAD and several different fixed
levels of MgHIc. The double-reciprocal plots intersected to
the left of the ordinate, suggesting a sequential mechanism
(data not shown). Data were fitted to eq 2, and kinetic
parameters are summarized in Table 1.

Data were also obtained in the reverse reaction direction
at pH 7.0. The initial rate was measured as a function of
NADH concentration at different fixed levels ofKa and a
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Ficure 2: MgHilc is the substrate for HIcDH. (A) Double-reciprocal
plots obtained upon varying the M¥ig concentration at several
different fixed levels of Hlc with the NAD concentration fixed at
2 mM. Rates were measured in 50 mM Hepes (pH 7.5) @5
(B) Double-reciprocal plot with 1/ plotted against the MgHIc
concentration calculated using tKg for MgHIc determined from
Figure 1.

1/v (min/mM)

Table 1: Kinetic Parameters of HIcDH Using Homoisocitrate and
Isocitrate as Substrafes

Oxidative Decarboxylation of Hic

Knap (MM) 0.45+4+0.08
KwmgHic (MM) 0.00424 0.0009
Kimghic (MM) 0.002+ 0.001
VI/E; (s79) 13+1

V1i/KnapEt (M -1 Sfl) (28:|: 02) x 10
V1/KMgH|cEt (M71 571) (31:|: 02) x 108

Reductive Carboxylation af-Ka

Knaot (MM) 0.090+ 0.001
Ka-ka (MM) 3.2+0.1

Kco, (MM) 16.3+0.3
constant (mM) 0.29+ 0.09
coefA (MMVP) 26+ 2

Vo/E, (1) 2.840.2
Vo/KnapnE: (M~ s71) 3.1+ 0.2)x 1¢°
Vo/Ko—kaEt (M1 s7Y) 88+ 5

Vo/Keo,E: (M7t s7Y) 17+3

Oxidative Decarboxylation of Isocitrate

KNAD (mM) 2.5+0.8
Kisoc (MM) 2.6+0.6
coefA (mMF) 0.6+ 0.5
coefC (mMP) 16+ 4
constant (mM) 35+ 6

VJE (579 0.0624+ 0.004
V1/Knap Et (M -1 S_l) 26+ 2
Vi/Kisod (M1 579 2542

a Data were obtained in the direction of oxidative decarboxylation
at pH 7.5 and 25C and the direction of reductive carboxylation at pH
7.0 and 25°C.

fixed concentration of C@(added as HC®) and Mdg+.
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Ficure 3: Pairwise analysis of the HIcDH reductive carboxylation
reaction using MgHIc as the substrate. Double-reciprocal plots
obtained when one substrate was varied at different fixed concen-
trations of a second and with the third substrate at a saturating level.
Rates were measured in 50 mM Hepes (pH 7.0) &25A) Initial
velocity pattern obtained with the-Ka—CO, pair with NADH at

0.8 mM (1&K). (B) Initial velocity pattern obtained with the
NADH —CG; pair with thea-Ka concentration at 60 mM (2Q,).

The points are experimental, while the solid lines are theoretical
and based on a fit to eq 2 in panel A and to eq 7 in panel B.

and the data were then fitted to this new equation. Values
of the remaining kinetic parameters determined were identical
to those obtained using eq 3 and are summarized in
Table 1.

Initial velocity patterns were obtained for the reaction using
isoctitrate as a substrate and varying the concentrations of
NAD and isocitrate at different fixed concentrations of ¥lg
The crossover points for all double-reciprocal plots were to
the left of the ordinate (data not shown). All of the initial
velocity data were fitted to the equation for a fully random
terreactant mechanism (eq 3) to determine which terms in
the denominator of the rate equation are absent Kthierm
was undefined, which suggests a kinetic mechanism with
rapid equilibrium addition of M. Kinetic parameters are
summarized in Table 1.

Pairwise AnalysisTo further define the terreactant kinetic
mechanism for the reserve reaction, initial velocity patterns
varying one substrate at different fixed concentrations of a
second and with the third substrate saturating were obtained
and are shown in Figure 3. An intersecting initial velocity
pattern was obtained for the-Ka—CQO, pair (Figure 3A),
while the NADH-CO, pair gave a parallel pattern (Figure
3B). These patterns are consistent with several kinetic
mechanisms, including a fully ordered one and one that

The experiment was then repeated at several different levelsrequires ordered addition of NADH, followed by random

of CO,. Estimates of all of the kinetic parameters in this

addition of CQ anda-Ka. Kinetic parameters were obtained

reaction direction were obtained by fitting the data to the by fitting the data to egs 3 and 4. The values of kinetic
equation for a fully random terreactant mechanism (eq 3). parameters were in good agreement with those obtained via
The constant term (not possible in a sequential mechanism)the systematic analysis discussed above.

and coefB terms were undefined. From a graphical analysis To define the terreactant kinetic mechanism for the

of the data, the values &f and coefC were very well defined.

isocitrate reaction, the same experiments were carried out

Numeric values of these terms were fixed to generate eq 4,as for Hic, and the results are shown in Figure 4. The initial
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2500 1 N NADH, mM
A Mg®, mi 350 04
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1/lsocitrate (mM™) 1/MgHIc (uM™")
1000 - NAD® mM FIGURe 5: Product inhibition by NADH against MgHIc at pH 7.5.
-~ B . The concentration of NAD is fixed at it&y,, and the MgHlc
E 800 - . ) concentration is varied as indicated. Solid lines are a composite
€ o0 ¢ 4+ obtained from a fit of the data for 1-3.3 uM MgHIc to eq 8 and
E 5 4.2—-21 uM MgHilc to eq 10. Points are experimental values.
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Ficure 4: Pairwise analysis of the HIcDH oxidative decarboxy- % 300 x 0 C
lation reaction using isocitrate as the substrate. Double-reciprocal= 200 e 5 - -
plots obtained when one substrate was varied at different fixed 499 o % 100
concentrations of a second and with the third substrate at a saturating [ ; . . . , £ o
level. Rates were measured in 50 mM Hepes (pH 7.5) at@5 04 02 03 04 05 s
(A) Initial velocity pattern obtained with the isocitratég?™ pair ’ ) P ’ ’ o 2 4 e
with NAD at 40 mM (20<,,). (B) Initial velocity pattern obtained 1MgHlc (uM~) Moexaite (mh

with the NAD—Mg?* pair with isocitrate at 20 mM (IK). The FIGURE 6: S-Parabolic I-hyperbolic noncompetitive inhibition by
points are experimental, while the solid lines are theoretical and gyg|ate against MgHlc. (A) Primary plot exhibiting the S-paraboiic

based on a fit to eq 2 in panel A and to eq 7 in panel B. I-hyperbolic noncompetitive inhibition by the magnesium oxalate
complex vs MgHIc with the NAD concentration fixed at is,.
Table 2: Product Inhibition Patterns for HicDH with Hic as the (B) Secondary plot of the slope vs oxalate concentration. (C)
Substrate Secondary plot of the intercept vs oxalate concentration. Rates were
variable fixed Ko K measured in 50 mM Hepes (pH 7.5) at 26. The points are
substrate  substrate inhibitor (mIR/I (mIIIVI) pattern experimental or from a graphical analysis, whereas the solid lines
are theoretical and based on the kinetic parameters from a fit to eq
NAD MgHIc NADH 0.324+0.05 1.1+0.2 NC 11.
MgHIc (low)  NAD NADH 0.244+0.03 — c
',\\I"gg'c (high) ’\’;‘ASI NiDH - 0-73% 8-21 bJ(C: inhibitor of Hlc, it is C versus MgHIc and NC versus NAD.
MgHic NAD  aea - E8i0s UG Citrate, another dead-end analogue of Hic, is also C versus

MgHIlc and NC versus NAD. Using oxalate as a dead-end
aData were obtained at pH 7.5 and 26.  Fixed substrates are 9 9

maintained at their respecti¥,. ¢ Kis represents the inhibition constant inhibitor, a unique inhibition patt_em_ IS observed. The
for the sloped K; represents the inhibition constant for the intercept. Secondary slope replot for oxalate inhibition versus MgHic
(Figure 6) or NAD (data not shown) is parabolic, while the
velocity pattern for the isocitrateMg?" pair intersects on  intercept replot is hyperbolic, indicating S-parabolic I-
the ordinate, which indicates equilibrium ordered addition hyperbolic NC inhibition (Figure 6).
of Mg?* before isocitrate. The Mg—NAD pair gave a 3-AcPyADP was used as a dead-end analogue of NAD
parallel pattern, suggesting isocitrate adds between NAD andand is C versus NAD. It gave a pattern similar to that
Mg?*. On the basis of these results, data from double- inhibited with NADH as a product inhibitor when the MgHIc
reciprocal initial velocity studies were then fitted to eqs 3 concentration is varied; i.e., it is C versus MgHIc at low
and 5, and values of the kinetic parameters determined usingevels of MgHIc but UC at high levels (Figure 7). All dead-
eqg 5 were similar to those obtained using eq 3. end inhibition constants are summarized in Table 3.
Product Inhibition Studies?roduct inhibition data for the For the isocitrate reaction, citrate was chosen as a dead-
reactions using Hlc or isocitrate as the substrate in the end analogue of isocitrate and is C versus isocitrate and NC
direction ofo-Ka formation are summarized in Table 2. In  versus NAD. Oxalate, another dead-end inhibitor of iso-
the Hlc reaction, NADH is NC versus NAD. When the citrate, is also C versus MgHIc and NC versus NAD.
MgHlc concentration is varied, curvature is observed in the 3-AcPyADP was used as a dead-end analogue of NAD and
double-reciprocal plots in the presence of NADH. At low is C versus NAD and NC versus isocitrate. All dead-end
levels of MgHIc, NADH was competitive versus MgHIc, inhibition constants are summarized in Table 4.
while at high levels, inhibition became uncompetitive (Figure ~ Determination of K, Values.With all reactants, with the
5). Data are suggestive of steady state random addition ofexception ofa-Ka, fixed as discussed in Materials and
MgHlc and NAD. a-Ka is UC versus NAD and MgHlc. Methods, the change iAs4 (at equilibrium after enzyme
Dead-End Inhibition Studies:or the Hlc reaction, when  was added) was plotted against théa concentration. The
isocitrate (slow substrate, Table 1) is used as a dead-endAAgy is an indicator of displacement from the equilibrium




896 Biochemistry, Vol. 46, No. 3, 2007 Lin et al.

Table 3: Dead-End Inhibition Patterns for HIcDH with Hic as the Substrate

variable fixed inhibition
substrate substrate inhibitor Kis¢d (mM) K;i4¢ (mM) pattern
MgHIc NAD isocitrate 5£01(5+1) - C
NAD MgHIc isocitrate 6+ 1(1.94+0.3) 7+1(3.5+£0.7) NC
MgHIc NAD citrate 11+ 2(11+ 2) - C
NAD MgHlc citrate 54+ 13 (17+ 3) 85+ 15 (42+ 8) NC
MgHilc (low) NAD AcPyADP 5.7+ 0.5 (1.84 0.3) - C
MgHlc (high) NAD AcPyADP - 9.9+ 0.5 (5.0+ 0.5) uc
NAD MgHIc AcPyADP 2.5+ 0.4 (2.54 0.4) - C
Kdenom
variable substrate fixed substrate inhibitor Kif (mM) Knom(MM) (mM) inhibition pattern
MgHIc NAD oxalate 20+ 3 9+5 4+1 S-parabolic I-hyperbolic NC
NAD MgHlc oxalate 28+ 2 22+ 6 6+1 S-parabolic I-hyperbolic NC

2 Data were obtained at pH 7.5 and 5. P Fixed substrates are maintained at their respedtive Kis represents the inhibition constant for the
slope.? The values in parentheses are corrected for the fixed substrates where apglikabspresents the inhibition constant for the intercept.
f Averagek; for binding of two molecules of oxalate to the enzyme.

Table 4: Dead-End Inhibition Patterns for HIcDH with Isocitrate as the Sub&trate

variable substrate fixed substrate inhibitor Kis¢d (mM) Ki4¢ (mM) inhibition pattern
isocitrate NAD citrate 3.86 0.8 (3.8+0.8) - C
NAD isocitrate citrate 2+1(1.0+£0.4) 1.3+ 0.4 (0.6+0.1) NC
isocitrate NAD oxalate 3.+0.2(3.1+0.2) - C
NAD isocitrate oxalate 124(6+2) 7+ 1(3.5+0.6) NC
isocitrate NAD AcPyADP 1.6t 0.5 (0.8+ 0.3) 6+ 4 (1.5+0.3) NC
NAD isocitrate AcPyADP 0.64- 0.09 (0.55+ 0.07) - C

2 Data were obtained at pH 7.5 and 5. P Fixed substrates are maintained at their respedtive Kis represents the inhibition constant for the
slope.? The values in parentheses are corrected for the fixed substrates where apglikablpresents the inhibition constant for the intercept.

600 - 3-AcPyADP.mM relatior_lship using the kinetic constants given in Table 1 and
’5500 ] TS eq 13 is 0.68+ 0.03 M.
§4oo ) 3 DISCUSSION
E300 1 0 Reaction Catalyzed by HIcDH Using MgHIc as a
2200 1 Substrate. Initial Velocity Studieg\n intersecting initial
~ 300 1 velocity pattern was observed when the initial rate was
. . . , measured at different concentrations of NAD and different
02 04 06 0.8 fixed levels of MgHIc, suggesting a sequential kinetic
1/MgHIc (uM'?) mechanism. The mechanism could be either steady state
FiGURE 7: Dead-end inhibition by 3-AcPyADP vs MgHIic at pH  ordered or random.
7.5. The concentration of NAD is fixed at it&,, and the MgHIc In general, for a sequential terreactant mechanism, the

concentration is varied as indicated. Solid lines are a composite initial velocity patterns obtained by varying concentrations

obtained from a fit of the data for 1-8.3uM MgHic toeq8and  of any two substrates with the third fixed at a nonsaturating

4.2-21 uM MgHic to eq 10. Points are experimental values. concentration are all intersecting. If the second substrate to
add in an ordered mechanism is fixed at a saturating

0.06 7 concentration, the initial velocity pattern obtained by varying

0.04 < the first substrate at a different fixed level of the last becomes
g o.oz-\ parallel @9), while three intersecting patterns would be
< consistent with a fully random mechanism whatever the
< 0 ¥ . ;

2 a 6 concentration of the fixed reactant.

-0.02 1 In the direction of reductive carboxylation ofKa, the

-0.04 1 [o-Ka] mM data from the systematic analysis were fitted to eq 3 for a

-0.06 - fully random terreactant mechanism, where Bi¢éerm in

FiGurRe 8: Determination oKeqbased on the difference a0 vs the denominator of the rate equation is not defined, suggest-

a-Ka concentration (0:35 mM). The points are experimental, while  ing the EB (E-a-Ka) binary complex is not present. Data

the solid lines are theoretical and based on a fit to the equation for 5va consistent with a fully ordered mechanism or a random

a straight line. one with NADH adding only to free enzyme. Saturation with
o-Ka and varying C@NADH gave a parallel pattern. These

position (Figure 8). The concentration @fKa that gave a  data are also consistent with the two mechanisms described

AAgg Of zero is 2.3+ 0.1 mM. TheKeq calculated using  above.

fixed concentrations of the other reactants and 2.3 mka Interpretation of Product Inhibition Patternsln the

(eq 12) is 0.98 M, while th&q calculated from the Haldane  direction of oxidative decarboxylation of Hic, NADH and
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Scheme 2. Proposed Kinetic Mechanism for HIcDH with MgHIc as a Substrate

MgHIc NAD
CO, a-Ka NADH
E:MgHIc ? ? f
E:NAD " (E:MgHIc:NAD == E:NADH:a-Ka:CO,) E:NADH:a-Ka E:NADH E
NAD MgHIc

a-Ka were used as product inhibitors. When the MgHIc tighter binding than the first one and traps the first molecule
concentration is varied at a low concentration of NAQG), on the enzyme. This is a reasonable result, since each of the
the NADH inhibition pattern is complex with biphasic small oxalate molecules mimics part of the Hic structure,
double-reciprocal plots (Figure 5) (biphasicity is very slight likely binding to the carboxylate binding sites. The intercept
at zero NADH). At low concentrations of MgHIc, NADH  effect observed with either the MgHIc or NAD concentration
is competitive, likely indicating competition for free enzyme. varied likely reflects binding to the-ENADH complex. The
As the concentration of MgHIc is increased, the pattern hyperbolic intercept effect indicates oxalate cannot trap
becomes uncompetitive, suggesting NADH forms a dead- NADH on the enzyme and NADH can be released at a lower
end complex with EMgHIc. At low concentrations of  rate for the E-NADH-—oxalate complex than for the
MgHlc, free enzyme predominates, while at high concentra- E-NADH complex. Data thus suggest either there is some
tions, the E-MgHIc complex is predominant. Data are randomness on the product site witkKa able to bind to E
consistent with switching pathways in a steady state randomor the small oxalate can bind to the enzyme whether NADH
mechanism. The pathway with MgHIc being added before is bound. The rate constant for V at an infinite oxalate
NAD is slower than that with NAD being added first, and concentration will b&/1(Kigenum)/(Kinum) Which must be~3-
with synergism of binding between the two substra@®s (  fold lower thanV, (Table 3 and Figure 6). The complex
Inhibition by NADH is noncompetitive versus NAD when oxalate inhibition is only observed in the fast reaction
MgHlc is maintained at a low concentratiold(). Data are direction, since the system is rapid equilibrium in the opposite
consistent with binding to free enzyme before NAD, which direction.
binds with a higher affinity to MgHlc. An overall kinetic mechanism using MgHIc as a substrate
o-Ketoadipate is uncompetitive against both MgHIc and can be proposed and is shown in Scheme 2. On the basis of
NAD, consistent with its release after @@nd before this mechanism, the rate equation in the direction of Hic
NADH. Data are consistent with results of the pairwise formation (eq 4) can be defined in terms of kinetic constants
analysis; i.e., saturation with-Ka gave a parallel initial ~ as shown in eq 14.
velocity pattern, when the GCGand NADH concentrations

were varied. v= ABC (14)
Dead-End Inhibition.3-Acetylpyridine adenine dinucle- KiaKpK¢ + KipKA + 0.2C
otide (3-AcPyADP) was chosen as a dead-end analogue of + K,AC+ K,BC+ KAB+ ABC

NAD. It shows competitive inhibition versus NAD and a
complex pattern versus MgHIc similar to one observed with A refit of all initial velocity data using eq 14 gave &,
NADH as product inhibition (Figure 7). At low concentra- value of 0.004A 0.003 mM, aKj, value of 1.7+ 0.2 mM,
tions of MgHlc, there is competition between MgHIc and and aKj value is 2.2+ 0.1 mM. All other constants are
3-AcPyADP for free enzyme, but as the concentration of given in Table 1.
MgHlc is increased, most of the enzyme is present as the Kinetic Mechanism of HIcDH Using Isocitrate as the
E—MgHlc enzyme and 3-AcPyADP becomes an uncom- Substrate.The kinetic mechanism with isocitrate, a slow
petitive inhibitor. substrate for HIcDH, was studied to compare to that
Isocitrate, a dead-end analogue of Hlc, is competitive suggested with Hic as the substrate. Slow substrates can
versus MgHIc with NAD at itsK,, while when the NAD simplify the kinetic mechanism as a result of a decrease in
concentration is varied, isocitrate is noncompetitive. This the rate of the catalytic portion of the mechanism. Intersecting
indicates either that isocitrate binds to free enzyme and NAD initial velocity patterns were obtained in the direction of
does not or that isocitrate binds to free enzyme competing oxidative decarboxylation using isocitrate as a substrate. In
with NAD and also binds to the-ENAD complex. The latter this case, the uncomplexed species {Mand isocitrate) bind
explanation is also consistent with the proposed randomto the enzyme, unlike the situation with MgHIc. When the
mechanism. Citrate, another dead-end inhibitor of Hic, gave data from the systematic analysis were fitted to eq 3 for a
qualitative data identical to those with isocitrate as the fully random terreactant mechanism, thkg term is not
inhibitor. defined, which suggests the addition of Mgin rapid
Using oxalate as a dead-end inhibitor, an inhibition pattern equilibrium. Saturation with NAD and varying isocitrate/
is obtained that differs from the others. The secondary slopeMg?" concentrations gave a pattern that intersected on the
replot for oxalate inhibition versus MgHIc and NAD is ordinate, suggesting equilibrium ordered addition of?Mg
parabolic, while the intercept replot is hyperbolic. The prior to isocitrate. A parallel pattern was observed forrMg
parabolic slope effect indicates the formation of an(@xa), NAD at a saturating concentration of isocitrate (Figure 4).
complex; i.e., two oxalate molecules bind to free enzyme Since Mdg" adds in a rapid equilibrium prior to isocitrate,
for inhibition to be observed. The second molecule has a the pattern is derived from isocitrate trapping ¥Mgn the
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Scheme 3. Proposed Kinetic Mechanism for HIcDH with 2.

Isocitrate as a Substrédte

/EC:ECB\EABC—> P
Lo

aA, B, and C are NAD, isocitrate, and Mg respectively.

enzyme prior to NAD binding. Data suggest ordered binding
of Mg?* followed by isocitrate, but with random addition of
NAD.

Citrate, oxalate, and 3-AcPyADP were chosen as dead-
end analogues of isocitrate and NAD. Citrate exhibits
competitive inhibition versus isocitrate, indicating that it

binds to the isocitrate binding site. It is a noncompetitive 7.

inhibitor versus NAD, indicating that it binds to the-#¥g

and E-Mg—NAD enzyme forms. Oxalate gives the patterns
qualitatively identical to those obtained with citrate. The
hyperbolic intercept effect is eliminated since none of the

E—NADH complex builds up in the steady state. The 9

parabolic slope effect with the isocitrate concentration varied
is not seen, suggesting only one molecule of oxalate binds
to the E or EENAD complex. Competitive inhibition by
3-AcPyADP versus NAD suggests that it binds to the same
enzyme forms as NAD. The noncompetitive inhibition versus
isocitrate indicates that it binds to the-Elg and E-Mg—
isocitrate complex. These dead-end inhibition patterns are
consistent with the proposed random mechanism shown in
Scheme 3. Indeed, use of the slow substrate simplified the 12
analysis, and the mechanism was reduced to one that at least
approximates rapid equilibrium random, not surprising given
the >200-fold decrease iV/E; for isocitrate compared to
MgHlc.

For dead-end inhibitors, the measured leplues must
be corrected for the fixed reactant concentrations to give the
true K; value. The dead-end inhibition data were quantita-
tively analyzed according to the method of &€

Although isocitrate and Hlc have a very similar structure,
the chelate complex, MgHlc, is the form that binds to the
enzyme, similar to Mg isocitrate for ICDH{). However,

uncomplexed isocitrate and metal ion are substrates for 16.

HIcDH. The kinetic mechanism for both substrates is random
in the forward reaction direction. The largky, value and
lower k.5t value with isocitrate as the substrate are consistent
with HIcDH being specific for Hic.

18.
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