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ABSTRACT: Kinetic studies were carried out for histidine-tagged saccharopine reductase from Saccharomyces
cerevisiae at pH 7.0, suggesting a sequential mechanism with ordered addition of reduced nicotinamide
adenine dinucleotide phosphate (NADPH) to the free enzyme followed by L-a-aminoadipate-0-
semialdehyde (L-AASA) which adds in rapid equilibrium prior to L-glutamate in the forward reaction
direction. In the reverse reaction direction, nicotinamide adenine dinucleotide phosphate (NADP) adds to
the enzyme followed by addition of saccharopine. Product inhibition by NADP is competitive vs NADPH
and noncompetitive vs a-AASA and L-glutamate, suggesting that the dinucleotide adds to the free enzyme
prior to the aldehyde. Saccharopine is noncompetitive vs NADPH, o-AASA, and L-glutamate. In the
direction of saccharopine oxidation, NADPH is competitive vs NADP and noncompetitive vs saccharopine,
L-glutamate is noncompetitive vs both NADP and saccharopine, while L-AASA is noncompetitive vs
saccharopine and uncompetitive vs NADP. The sequential mechanism is also corroborated by dead-end
inhibition studies using analogues of AASA, L-glutamate, and saccharopine. 2-Amino-6-heptenoic acid
was chosen as a dead-end analogue of L-AASA and is competitive vs AASA, uncompetitive vs NADPH,
and noncompetitive vs L-glutamate. o-Ketoglutarate (a-Kg) serves as the dead-end analogue of L-glutamate
and is competitive vs L-glutamate and uncompetitive vs L-AASA and NADPH. In the direction of
saccharopine oxidation, N-oxalylglycine, L-pipecolic acid, L-leucine, a-ketoglutarate, glyoxylic acid, and
L-ornithine were used as dead-end analogues of saccharopine and showed competitive inhibition vs
saccharopine and uncompetitive inhibition vs NADP. The equilibrium constant for the reaction was
measured at pH 7.0 by monitoring the change in absorbance of NADPH and is 200 M~!. The value is in
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good agreement with the value determined using the Haldane relationship.

The biosynthesis of L-lysine occurs via the o-aminoadipate
(AAA)' pathway in euglenoids and higher fungi such as
basidiomycetes (/). The a-aminoadipate pathway is a
member of the glutamate family of amino acid biosynthetic
pathways (2). The AAA pathway has been reported in
Saccharomyces cerevisiae (3), Schizosaccharomyces pombe
(4), Penicillium chrysogenum (5), Neurospora crassa (6),
Magnoporthe grisea, which is a plant pathogen (7), and
human pathogenic fungi including Candida albicans (8),
Aspergillus fumigatus (9), and Cryptococcus neoformans (8).

Saccharopine reductase (SR) [saccharopine dehydrogenase
(L-glutamate forming), EC 1.5.1.10] catalyzes the condensa-
tion of L-o-aminoadipate d-semialdehyde with L-glutamate
to give an imine, which is reduced by NADPH to give
saccharopine (7).
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! Abbreviations: AAA, a-aminoadipate pathway; SR, saccharopine
reductase; NADP, nicotinamide adenine dinucleotide phosphate (the
+ charge is omitted for convenience); NADPH, nicotinamide adenine
dinucleotide phosphate (reduced form); OG, oxalylglycine; OAA,
oxaloacetate; a-Kg, a-ketoglutarate; HEPES, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid; C, competitive; UC, uncompetitive; NC,
noncompetitive; IPTG, isopropyl [-D-1-thiogalactopyranoside; LB,
Luria—Bertani; Amp, ampicillin; SEM, standard error of the mean.
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Crystal structures of saccharopine reductase from S.
cerevisiae and M. grisea have been reported (7, 10).
Structures of the M. grisea apo form and ternary, E-NADPH
—saccharopine, complex of SR were solved to 2.0 and
2.1 A, respectively. The enzyme is a homodimer with a
molecular weight of ~50000 and contains one binding
site for substrates per subunit. The amino acid sequence
of SR is highly conserved in C. albicans, A. fumigatus,
C. neoformans, and S. cerevisiae, and thus, SR is a
potential target for antifungals. In preparation for the
development of mechanism-based inhibitors, the kinetic
and chemical mechanisms of the enzyme must be known.
The pH optimum of SR from S. cerevisiae in the direction
of saccharopine formation is 7.0 (/1), while it is 9.5—9.75
in the direction of semialdehyde formation (/1, 12).
Apparent K,, values for L-saccharopine, NADP, and NAD
are 2.32 mM, 22 uM, and 54 uM, respectively (/1), with
NADPH a better substrate than NADH in the physiologic
reaction direction (72).

Thus far, no information is available on the kinetic
mechanism of SR. In this paper, we present a detailed steady-
state kinetic analysis of the saccharopine reductase reaction
in both reaction directions. On the basis of initial velocity
studies in the absence and presence of product and dead-
end inhibitors, an ordered kinetic mechanism is proposed
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for SR. This is the first report of the kinetic mechanism of
a saccharopine reductase.

MATERIALS AND METHODS

Chemicals. 1L-Saccharopine, L-pipecolic acid, glyoxylic
acid, ornithine, L-glutamic acid, L-lysine, L-leucine, a-keto-
glutarate, oxaloacetate, 5S-bromopentene, ethylacetamidocy-
anoacetate, sodium metal, and chloramphenicol were from
Sigma. f-NADPH, 5-NADP, and LB broth were purchased
from USB. The Ni-NTA agarose affinity resin was from
Qiagen. Isopropyl S-D-1-thiogalactopyranoside was from
Invitrogen, while ampicillin was from Fisher Biotechnolo-
gies, and ethanol-ds (99 atom % D) was purchased from
Cambridge Isotope Laboratories, Inc. AG MP-1 and Bio-
Gel P-2 resins were from Bio-Rad, and HEPES was obtained
from Research Organics. N-Oxalylglycine was from Frontier
Scientific. All chemicals were of the highest grade available
and were used as purchased.

Synthesis of a-Aminoadipic Acid O-Semialdehyde. The
semialdehyde was synthesized using a modification of the
method of Rodwell et al. (/3). All of the equipment used
for the synthesis was rinsed with acetone and dried overnight.
To ethylacetamidocyanoacetate in ethanol was added sodium
metal, and bromopentane was added dropwise over a period
of 1 h. The mixture was refluxed for 1 h at 75 °C. The
mixture was cooled to room temperature, and the ethanol
was removed in vacuo using a Buchi rotatory evaporator at
60 °C. One percent NaOH was added to the residue, the
mixture was refluxed at 102 °C for 15 h and cooled, and the
pH was adjusted to 1.8 using 12 N HCI, followed by
concentration by rotatory evaporation at 90 °C. The residue
was dissolved in a minimum amount of water, and the pH
was adjusted to 5.0 with pyridine, followed by addition of
absolute ethanol. The crude solution was rotatory evaporated,
dissolved in a minimum amount of water, and recrystallized
using activated charcoal in hot water to obtain the HCI salt
of 2-amino-6-heptenoic acid. Ozonolysis of the 2-amino-6-
heptenoic acid in water was then carried out using an OREC
Model V5-0 ozonator. The resulting aldehyde solution was
purged with N, to remove excess ozone in the mixture. NMR
spectra were obtained on a Varian Mercury VX-300 MHz
spectrometer with a Varian 4-nuclei autoswitchable PFG
probe. 'H NMR spectra were collected in D,O using the
PRESAT pulse sequence supplied by Varian, Inc. The spectra
were collected with a sweep width of 4803.1 Hz, eight
transients, and an acquisition time of 3.411 s and processed
with 108K data points resulting in a 1.0 Hz digital resolution.
Chemical shifts were assigned for all peaks and are as
follows: 0 9.7 [s, 1H, C(6)-H], 3.6 [t, 1H, C(2)-H], 1.78 [m,
2H, C(3)-Hz], 1.64 [t, 2H, C(5)-H.], and 1.38 [p, 2H, C(4)-
H,].

Vashishtha et al.

00C NHs

ooc

+ NADP + H,0

"”//

- 7

oocC H,N
th

The percent yield of semialdehyde was 95% for the
ozonolysis step on the basis of the concentration of
semialdehyde measured using end point assay using SR
and monitoring the change in absorbance of NADPH at
340 nm. A resonance for the hydrated form of the aldehyde
was not observed, suggesting that it lies under one of the
other resonances. The end-point assay exhibited a rapid
utilization of 65% of the aldehyde followed by a much
slower utilization of the remaining 35%. Thus, 35% of
the semialdehyde is present in the hydrated (or diol) form
and 65% in the aldehyde form. The o-amino group of the
semialdehyde is protonated at pH 7.0, and none of the
cyclic imine was observed. The overall yield based on
the starting material was 15%.

Synthesis of A-Side NADPD. The A-side NADPD was
prepared using the method described by Viola et al. (/4).
The reaction mixture contained 5.6 mM NADP, 2.8 mM
ethanol-ds, 100 units each of alcohol dehydrogenase (Ther-
moanaerobacter brockii), and yeast aldehyde dehydrogenase.
The reaction was carried out in 10 mL of 6 mM Ches, pH
9.0, at 25 °C. The reaction was allowed to proceed overnight,
and the formation of NADPD was monitored by following
the absorbance at 340 nm. The pH was constantly adjusted
using KOH since the pH drops as the reaction proceeds. The
reaction was terminated on the following day by adding a
few drops of CHCl; to the reaction mixture with shaking,
followed by separation of the aqueous layer from the organic
layer. The aqueous layer was adjusted to pH 10.0 with KOH
and loaded onto an AG-MP column equilibrated with 0.2 M
LiCl (pH 10.0); fractions were eluted using 0.5 M LiCl (pH
10.0). The ratio of absorbance at 260 and 340 nm was 2.4
=+ 0.05 for the pooled NADPD fractions compared to a value
of 2.15 £ 0.05 reported preveiously (/4). The purified A-side
NADPD was then concentrated using rotatory evaporation
at 50 °C to about 6 mL, and the solution was loaded onto a
Bio-Gel P-2 column equilibrated with 50 mM KH,PO,. The
NADPD was eluted using the same buffers and used without
further treatment.

Cell Growth, Expression, and Protein Purification. The
gene from S. cerevisiae encoding for SR (LYS9) was cloned
into the pET-16b vector (/2). The vector containing the insert
was transformed into BL21x(DE-3) RIL Escherichia coli
cells using heat shock at 42 °C, followed by growth on
ampicillin plates. Colonies were picked, and cells were grown
overnight at 37 °C in LB media containing 100 ug/mL
ampicillin and 25 ug/mL chloramphenicol. The cells were
induced using 1 mM IPTG at an Agyp of 0.7—0.9 and allowed
to grow overnight. After centrifugation at 4000g, the
harvested cells were suspended in 100 mM Tris-HCI, pH
7.5, with 300 mM KCI.
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For protein purification, PMSF (1 mM) was added to the
cell suspension followed by cell disruption using a MISONIX
sonicator XL. Sonication was carried out on ice for 1 min
using a pulse-on time of 15 s followed by a 30 s rest period.
The cell debris was removed by centrifugation at 20400g
for 15 min, and the supernatant was loaded onto a Ni-NTA
column, washed with 30 mM imidazole, and then eluted
using buffer containing 400 mM imidazole at pH 7.5. The
enzyme elutes efficiently using 400 mM imidazole and is
about 98% pure on the basis of SDS—PAGE.

Enzyme Assay. The SR reaction was followed by monitor-
ing the appearance or disappearance of NADPH at 340 nm
(€340, 6220 M~! cm™") using a Beckman DU-640 spectro-
photometer. All assays were carried out at 25 °C. A typical
assay in 500 uL contained 100 mM HEPES, pH 7.0, and
appropriate concentrations of substrates. Reaction was initi-
ated by adding 10 uL of appropriately diluted enzyme in
100 mM HEPES, pH 7.0. All enzyme dilutions were made
fresh for each set of experiments.

Initial Velocity Studies. Studies were carried out in the
forward and reverse reaction direction at pH 7.0. The rate
of reaction in the direction of saccharopine formation was
measured as a function of the concentration of NADPH
(5—50 uM), at different fixed concentrations of L-glutamate
(5—50 mM), and a fixed concentration of L-AASA (5 mM).
The experiment was then repeated at different concentrations
of AASA (7.14—12.5 mM). In the direction of AASA
formation, initial rate data were collected as a function of
NADP (0.02—0.5 mM) at different fixed saccharopine
concentrations (0.1—10 mM).

Inhibition Studies. Product inhibition studies were carried
out by measuring the initial velocity with fixed substrates
equal to their respective K, values and varying the
concentration of the other substrate around its K,, value
(0.5—5 K, at different fixed concentrations of the
inhibitor including zero. First, an estimate of the inhibition
constant of an inhibitor was obtained by measuring the
initial rate as a function of the inhibitor concentration with
all substrates fixed at their respective K, values. The
apparent K; was then calculated from a plot of 1/v vs I
with the apparent K; value equal to the abscissa intercept
divided by 2.

Primary Substrate Deuterium Kinetic Isotope Effects.
Isotope effects were measured using NADPD as the deu-
terated substrate. PV, and P(Vi/Kguamae) Were obtained by
measuring the initial rate as a function of L-glutamate
concentration with NADPH(D) and a-AASA maintained at
10K, and 5K, respectively. Similarly, P(Vi/Knappy) Was
obtained by varying NADPH(D) with glutamate and AASA
fixed at saturation. All isotope effects were measured in
triplicate, and the SEM is reported.

Data Processing. All data were plotted in double reciprocal
form to assess the quality of the data and to determine the
correct rate equation for data fitting. Initial velocity data were
then fitted to the appropriate equation using the Enzfitter
program from BIOSOFT, Cambridge, U.K. Initial velocity
data in the direction of saccharopine formation were fitted
to eqs 1 and 2, while data in the direction of AASA formation
were fitted to eq 3. Data adhering to linear competitive,
uncompetitive, and noncompetitive inhibition were fitted to
eqs 4—6.
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In eqs 1—6, v represents the measured initial velocity, app
V is the maximum rate, obtained with fixed substrate equal
to K, Vi and V, are the maximum rates in forward and
reverse reaction directions, A, B, and C are substrate
concentrations, K,, Ky, and K. are Michaelis constants for
substrates A, B, and C, respectively, I is the inhibitor
concentration, Kj, and Kj, are the dissociation constants for
EA and EB complexes, and Kj; and Kjg are the intercept and
slope inhibition constants, respectively. In eq 1, the constant
and coefficient terms are products of kinetic constants and
are mechanism dependent.

Direct Determination of K., In order to determine the
equilibrium constant, the concentrations of saccharopine,
L-AASA, NADP, and NADPH were fixed at 1, 5, 0.5, and
0.1 mM, respectively, and the concentration of L-glutamate
was varied in separate reactions from 0.2 to 8 mM at pH
7.0. Sufficient enzyme was added to each reaction mixture
to bring the reaction rapidly to equilibrium. The absorbance
was recorded before and after adding the enzyme, and a plot
of AAbs vs glutamate was constructed. The concentration
of L-glutamate that gave AAbs of zero was then used to
calculate K4 using eq 7.

_ [NADP][saccharopine]
¢4 [NADPH][L-glutamate][AASA]

RESULTS

(N

Initial Velocity Studies. In the direction of saccharopine
formation, the double reciprocal plots obtained as described
in Materials and Methods all intersect to the left of the
ordinate. A fit of the data to eq 1 indicated the coef B, coef
C, and K, terms were indeterminate. Data were then fitted
to eq 2, which suggest a kinetic mechanism with ordered
addition of A followed by rapid equilibrium addition of B,
followed by addition of C. Values of kinetic parameters are
given in Table 1. Initial velocity patterns were also generated
in the direction of semialdehyde formation by varying the
concentration of saccharopine at different fixed concentra-
tions of NADP. An intersecting pattern was obtained. The
data were fitted to eq 3, and estimates of Kinetic parameters
are summarized in Table 1.

Product Inhibition Studies. In order to obtain additional
quantitative information on the kinetic mechanism and test
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Table 1: Summary of Kinetic Parameters for SR at pH 7.0

forward reaction

reverse reaction

8§+1
(7.3 +£1.8) x 10°
(2.9 +£0.7) x 10?

ViE, (s
Vi/KnapprE M7 s71)
VilKenE: M1 s7h

1.06 £+ 0.02
(5.67 £0.01) x 103
(1.6 £0.3) x 10?

Vo/E, (s
ValKnappEy M1 s71)
VZ/KSaccE[ (M71 Sil)

Kxappa (M) 114+26 Knapp (mM) 0.187 £ 0.006

Kgn (mM) 28+ 6 Ksace (mM) 6.6 +0.2

KiAASA (mM) 44 +1.7 KiNADP (mM) 0.020 £ 0.004

KinappH (UM) 44421

Table 2: Summary of Product Inhibition Data for Saccharopine Reductase
inhibition pattern
varied substrate fixed substrate inhibitor Kis (mM) Kii (mM) observed predicted”

NADPH L-glutamate (Ky,),” L-AASA (2Kip) NADP 0.015 £ 0.002 N/A C C
L-AASA NADPH (Kp), L-glutamate (Kn,) NADP 0.055 £0.012 0.042 £ 0.004 NC NC
L-glutamate NADPH (Kn), L-AASA (2Kjp) NADP 0.038 £ 0.004 0.09 + 0.01 NC NC
NADPH L-glutamate (Kp), L-AASA (2Kip) saccharopine 20£04 1.6 £0.1 NC NC
L-AASA NADPH (Kp,), L-glutamate (Kp,) saccharopine 0.55 +0.07 22 +12 NC NC
L-glutamate NADPH (Ky), L-AASA (2Kip) saccharopine 1.9+03 1.00 &+ 0.07 NC NC
NADP saccharopine (Km) NADPH 0.07 £ 0.01 N/A C C
saccharopine NADP (Kn) NADPH 0.008 + 0.001 0.020 +£ 0.003 NC NC
NADP saccharopine (Km) L-glutamic acid 0.14 £ 0.01 139+ 10 NC NC
saccharopine NADP (Km) L-glutamic acid 57+0.2 86 + 10 NC NC
NADP saccharopine (Km) L-AASA ucC ucC
saccharopine NADP (Kp,) L-AASA“ NC ucC

“ Patterns predicted for an ordered kinetic mechanism. ” Concentration of the fixed substrate. “ AASA shows weak inhibition. Qualitatively, the
inhibition pattern for AASA vs saccharopine is noncompetitive, suggesting that there may be some randomness in addition of AASA and glutamate.

Table 3: Summary of Dead-End Inhibition Data for SR

inhibition pattern

varied substrate fixed substrate inhibitor Kis (mM)* K (mM)* observed predicted enzyme form”

NADPH L-glutamate (Kp), L-AASA (2Kj,) o-Kg N/A 7.0+£04 (1.4+0.1) ucC UC E—NADPH—AASA
L-AASA NADPH (Ky), L-glutamate (K,) o-Kg N/A 94+054.6+£0.2) ucC UC E—NADPH—AASA
L-glutamate ~ NADPH (Kyn), L-AASA (2Kip) a-Kg 82+04(4.0+£03) NA C C E—NADPH—-AASA
NADPH L-glutamate (Kn), L-AASA (2Kj,) aminohept- N/A 336 + 41 (67 £ 8) ucC UC E—NADPH

enoic acid
L-AASA NADPH (Ky), L-glutamate (K;,,) aminohept- 65 +7 (47 £5) N/A C C E—NADPH

enoic acid
L-glutamate ~ NADPH (Ky,), L-AASA (2Kip) aminohept- 325 &+ 134 (96 +38) 250 £ 36 (50 = 7) NC NC E—NADPH

enoic acid
NADP saccharopine (Km) NOG N/A 10004 (5.0+0.2) UC ucC E—NADP
saccharopine NADP (Km) NOG 7.0£08 (6.0£0.7) N/A C C E—NADP
NADP saccharopine (Km) L-pipecolic N/A 87+ 6 (43 +£3) ucC ucC E—NADP

acid
saccharopine NADP (Ky,) L-pipecolic 38 =7 (34 £ 6) N/A C C E—NADP

acid
NADP saccharopine (Kp) L-leucine  N/A 3832(19+£1) ucC ucC E—NADP
saccharopine  NADP (Kn) L-leucine 172 (15£2) N/A C C E—NADP
NADP saccharopine (Kp) o-Kg N/A 144+05(7.0+£03) UC UC E—NADP
saccharopine NADP (Ky,) a-Kg 11.1 £ 0.6 (10.0 £ 0.5) N/A C C E—NADP
NADP saccharopine (Kp) glyoxylic  N/A 142+0.7 (7.0+04) UC UC E—NADP

acid
saccharopine  NADP (Kn) glyoxylic  8.74+0.6 (8.0£0.6) N/A C C E—NADP

acid
NADP saccharopine (Kn) L-ornithine N/A 13.7+04 (7.0+£0.2) UC UC E—NADP
saccharopine NADP (Kn) L-ornithine 11.6 + 1.2 (10 £ 1) N/A C C E—NADP

“The values in parentheses are the corrected values for the fixed substrate where applicable. ” Enzyme form to which the inhibitor binds.

the mechanism proposed from initial velocity studies in the
absence of inhibitors, product inhibition patterns were
obtained for all products in both reaction directions. Product
inhibition by NADPH vs NADP is competitive, consistent
with addition of the oxidized and reduced cofactor to free
enzyme. AASA is uncompetitive vs NADP and noncompeti-
tive vs saccharopine. All other patterns are noncompetitive
and are consistent with the proposed ordered mechanism
(Table 2).

Dead-End Inhibition Studies. To further test the proposed
kinetic mechanism and obtain information on the reactant
binding determinants, dead-end inhibition experiments were
also carried out. All patterns are consistent with the ordered
mechanism (Table 3).

Determination of K., The equilibrium constant for the
reaction catalyzed by saccharopine dehydrogenase was
determined at pH 7.0 by determining the concentration of
L-glutamate that gave no change in absorbance at fixed
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concentration of all of the other substrates. The calculated
Keq value is 200 ML, in good agreement with 500 M, the
value determined using the Haldane relationship (eq 8).

K = (VIK 1,)(Kinapp)
(VKo (Kinapp) (Kiasa)

Primary Substrate Deuterium Kinetic Isotope Effects.
Isotope effect studies were carried out at pH 7.0 using A-side
NADPD as the deuterated substrate. The isotope effects
measured are all small: °V; = 1.2 + 0.1, P(Vi/Kguamae) =
0.870 £ 0.035, and P(Vi/Knappu) = 0.98 £ 0.04. Values of
PV, and P(V1/Knappu) are near unity, while the value of P(Vy/
Koiuamate) 1S inverse.

®)

DISCUSSION

Initial Velocity Studies. In the direction of saccharopine
formation, intersecting patterns were obtained using a fixed
nonsaturating concentration of 0-AASA and varying NADPH/
L-glutamate. Intersecting patterns were also obtained in the
direction of saccharopine oxidation. Data are consistent with
a sequential mechanism.

The initial velocity data in the direction of saccharopine
formation were obtained as a function of the concentration
of NADPH (5—50 uM), at different fixed concentrations of
L-glutamate (5—50 mM), and a fixed concentration of L-
AASA (5 mM). This experiment was then repeated at
different fixed concentrations of AASA and data were fitted
to eq 1 for a fully random terreactant mechanism; the fitted
parameters showed that coef B, coef C, and K, terms in the
denominator of eq 1 were not defined. Data suggest that the
EB (E-AASA) and EC (E-L-glutamate) binary complexes
are not present. The absence of the Kaasa term in eq 2
indicates that the binding of AASA must be in equilibrium,
which suggests that it binds after NADPH and before
glutamate. Data were then fitted to eq 2 for an ordered
mechanism with AASA adding in rapid equilibrium, and all
kinetic parameters were well defined (Table 1). On the basis
of initial velocity studies in the absence of inhibitors, the
mechanism is sequential with an apparent requirement for
NADPH bound prior to AASA or glutamate. The maximum
rate in the physiological reaction direction is 8 times higher
than that in the nonphysiological reaction direction.

Product Inhibition Studies. Inhibition studies can be used
to further define the kinetic mechanism of an enzyme-
catalyzed reaction. They provide information regarding the
various enzyme forms to which substrates bind and thus the
order of addition of substrates. In the direction of saccha-
ropine formation, product inhibition studies were carried out

Scheme 1: Proposed Kinetic Mechanism for SR“

(aminoheptenoic
acid) (0-Kg)
NADPH AASA L-glutamate
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using NADP and saccharopine as product inhibitors. NADP
is competitive vs NADPH and noncompetitive vs a-AASA
and L-glutamate, while saccharopine exhibited noncompeti-
tive inhibition against all three reactants, NADPH, a-AASA,
and L-glutamate. In the direction of saccharopine oxidation,
NADPH is competitive vs NADP and noncompetitive vs
saccharopine. L-Glutamate exhibited noncompetitive inhibi-
tion vs both NADP and saccharopine, while a-AASA
showed noncompetitive inhibition vs saccharopine and
uncompetitive inhibition vs NADP. Data suggest that, in the
direction of saccharopine formation, AASA binds to the
E—NADPH binary complex in rapid equilibrium fashion
followed by the addition of L-glutamate, while in the
direction of saccharopine oxidation, NADP is the first
substrate to be added followed by saccharopine, which adds
to the E-NADP binary complex.

Dead-End Inhibition Studies. In the direction of saccha-
ropine formation, dead-end inhibition patterns were obtained
using analogues of L-glutamate and o-AASA. 2-Amino-6-
heptenoic acid was competitive vs AASA, uncompetitive vs
NADPH, and noncompetitive vs L-glutamate, showing that
2-amino-6-heptenoic acid (and by analogy AASA) binds to
E—NADPH. a-Ketoglutarate was chosen as the dead-end
analogue of L-glutamate and exhibited competitive inhibition
vs L-glutamate and uncompetitive inhibition vs AASA and
NADPH, consistent with binding of L-glutamate to the
E—NADPH—AASA ternary complex. In the direction of
oxidation of saccharopine, dead-end analogues of saccha-
ropine are competitive vs saccharopine and uncompetitive
vs NADP, in agreement with binding of the analogues to
E—NADP. Product and dead-end inhibition data are con-
sistent with an overall ordered kinetic mechanism for SR,
as shown by the agreement between the observed inhibition
patterns and those predicted for an ordered mechanism
(Tables 2 and 3). The proposed mechanism is depicted in
Scheme 1.

Calculation of True Dead-End Inhibition Constants. In-
hibition constants obtained in product and dead-end inhibition
studies are apparent values since the fixed substrate(s) is (are)
present at a concentration equal to their K, value. In the
case of dead-end inhibitors, true inhibition constant values
can be estimated by correcting for the presence of the fixed
reactant. The true K; value will thus be independent of the
substrate varied, as long as it results from combination to
the same enzyme form(s). The rate equation for the SR
kinetic mechanism in the direction of saccharopine formation
is given in eq 2. Each term in the denominator of eq 2 reflects
an enzyme form. The K;,Ki,K. and K,BC terms represent free

(NOG, 0-Kg, leu
glyoxylic acid)

saccharopine NADP

E E:NADPH

“ Dead-end analogues of the substrates are shown in parentheses.

E:NADPH:AASA (E:NADPH:AASA:L-glutamate === E:NADP:saccharopine)

E:NADP E
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enzyme, while KjpK.A, KAB, and ABC terms represent the
E—NADPH, E-NADPH—AASA, and the central and prod-
uct complexes present at steady state, respectively.

The equation for correction of the apparent K; values can
easily be derived, and the overall strategy is illustrated by
an example below. If a competitive dead-end inhibitor of
substrate B (L-AASA in the terreactant direction) is used,
the presence of the inhibitor modifies the enzyme form(s)
to which B binds, i.e., the K;,K.A term in eq 2, by a factor
of (1 + I/K;) to give eq 9, where K; is the intrinsic
dissociation constant for the inhibitor.

VABC
K. K.K.+KBC+ (Kich)(l + %)A +KAB+ABC
©))
The double reciprocal form factoring out (1/B) gives eq 10

1 K KiK. KiK. KK\ 11]/1 K,
S = + + = (—)+ 2y
v VAC Ve vc I\k,)|\B) " \vaA
¢ 1)
vC * 1% (10)
The expression for the slope term in eq 10 is given by eq
11.

V=

i

(11)

1 (KiaKich Kich) Kich I
SoPe={Tvac T ve ) T \vke

Setting the slope equal to zero and solving for I (app K;)
gives eq 12.

Kia
app K, = —Ki(l + X) (12)
Thus, the intrinsic K; is calculated using known values of
app Ki, Ki,, and A. A similar treatment gives eq 13 when
1/A is factored out of eq 10.

K K. K. K K. K K
l:( ia™ ib™c _a)(l)+ ib C(l‘i‘%) c 1

v vec ' v)\A) " vBC vC 'V
(13)

_ B c
e (e g) oo

Using this kind of analysis, estimates of intrinsic K; values
are calculated, and these are shown in parentheses in Table
3. Binding of a dead-end analogue to a given enzyme form,
whatever substrate is varied, should give the same K; when
the apparent K; is corrected for the presence of the fixed
reactant(s). The agreement in the intrinsic K; values for dead-
end analogues estimated under different conditions is con-
sistent with the proposed ordered mechanism.

Primary Kinetic Deuterium Isotope Effects. The values of
primary deuterium isotope effects obtained by direct com-
parison of V and V/K values in the direction of formation of
saccharopine are small, suggesting that the hydride transfer
step is not slow in the overall reaction. In an ordered
mechanism, the isotope effects on the V/K of all but the final
substrate to add to the enzyme in either reaction direction is
unity. In agreement with the proposed ordered mechanism,
D(V/Knappy) is within error 1. The inverse isotope effect
observed for D(V/Kglummm) suggests that the hydride transfer
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step is close to equilibrium in the steady state. The equilib-
rium isotope effect for reduction of an imine reflects the
difference in fractionation factor for deuterium at C4 of
NADPD and C6 of saccharopine. The value of PK.q was
estimated as 0.87 from glutamate and alanine dehydrogenases
(16), and this is equal to °(V/Kguamae)- Thus, () step(s) after
reduction of the imine limit(s) the overall reaction, likely
the conformational change to open the active site to release
saccharopine. Data further suggest the deuterium isotope
effect on V is unity and not a small finite value, since a finite
isotope effect other than unity should be inverse as observed
for D(V/Kglutamate)-

Comparison of the Kinetic Mechanism of SR with Similar
Enzymes. Enzymes that catalyze the pyridine nucleotide
dependent oxidative deamination of an amino acid fall into
two classes, those that function with primary amines and
those that function with secondary amines. The best studied
examples of the primary amine dehydrogenases are glutamate
(15—19) and alanine (16, 20, 21) dehydrogenases, while
saccharopine dehydrogenase is the only secondary amine
dehydrogenase (22—24) that was characterized with respect
to its kinetic mechanism prior to this study.

The primary amine dehydrogenases catalyze a reversible
oxidative deamination of an amino acid to give ammonia
and an a-keto acid with NAD(P) serving as the oxidant.
The kinetic mechanism of glutamate dehydrogenase
(GDH) from bovine liver has been best studied and has a
random kinetic mechanism on the basis of steady-state
and pre-steady-state studies and isotope effects (/15—19).
On the other hand, the kinetic mechanism of alanine
dehydrogenase from thermophilic Bacillus sphaericus, and
Bacillus subtilis, is ordered (20, 21).

Kinetic mechanisms of other amine dehydrogenases have
also been reported. Leucine dehydrogenase from Natrono-
bacterium magaddi (25), a halophilic thermophile, Bacillus
licheniformis TSN9 (26), and Bacillus stearothermophilus
(27) also have a sequential ordered kinetic mechanism.
Phenylalanine dehydrogenase from Thermoactinomyces (28),
Rhodococcus maris (29), and Rhodococcus sp. (30), diami-
nopimelate dehydrogenase from B. sphaericus (31), and
valine dehydrogenase (which is specific for branched chain
amino acid substrates) from Streptomyces cinnamonensis (32)
all show a sequential ordered mechanism, with the exception
of the valine dehydrogenase from Alcaligenes faecalis (33),
which apparently has a random mechanism. Thus, although
most of the enzymes from this class exhibit an ordered
mechanism, there is no consensus.

The kinetic mechanism of saccharopine dehydrogenase (L-
lysine forming) from S. cerevisiae catalyzes the final step
in the lysine biosynthetic pathway in yeast and catalyzes the
reversible oxidative deamination of saccharopine to generate
o-Kg and lysine using NAD as an oxidant (/). The last two
enzymes in the pathway, saccharopine reductase and sac-
charopine dehydrogenase, bind the same substrate, saccha-
ropine, and catalyze oxidation of adjacent bonds in the
secondary amine. SR and SDH have little or no similarity
in their primary, secondary, and tertiary structure, with the
exception of the Rossman fold which binds the dinucleotide
(10, 34). The kinetic mechanism of the two enzymes is very
similar, with ordered addition of NAD(P) and saccharopine
and release of the reduced dinucleotide last. The addition of
L-AASA and glutamate is ordered in the case of SR, while
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addition of a-Kg and lysine is random for SDH (refs (22)
and (24) and this study).
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