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ABSTRACT: A survey of NADH, a-Kg, and lysine analogues has been undertaken in an attempt to define
the substrate specificity of saccharopine dehydrogenase and to identify functional groups on all substrates
and dinucleotides important for substrate binding. A number of NAD analogues, including NADP,
3-acetylpyridine adenine dinucleotide (3-APAD), 3-pyridinealdehyde adenine dinucleotide (3-PAAD), and
thionicotinamide adenine dinucleotide (thio-NAD), can serve as a substrate in the oxidative deamination
reaction, as can a number a@f-keto analogues, including glyoxylate, pyruvate;ketobutyrate,
o-ketovalerateg-ketomalonate, and-ketoadipate. Inhibition studies using nucleotide analogues suggest
that the majority of the binding energy of the dinucleotides comes from the AMP portion and that distinctly
different conformations are generated upon binding of the oxidized and reduced dinucleotides. Addition
of the 2-phosphate as in NADPH causes poor binding of subsequent substrates but has little effect on
coenzyme binding and catalysis. In addition, the 10-fold decrease in affinity of 3-APAD in comparison
to NAD suggests that the nicotinamide ring binding pocket is hydrophilic. Extensive inhibition studies
using aliphatic and aromatic keto acid analogues have been carried out to gain insight into the keto acid
binding pocket. Data suggest that a side chain with three carbons (frammki&i® group up to and including

the side chain carboxylate) is optimal. In addition, the distance between th€Zinit and the C5
carboxylate of thex-keto acid is also important for binding; tleoxo group contributes a factor of 10

to affinity. The keto acid binding pocket is relatively large and flexible and can accommodate the bulky
aromatic ring of a pyridine dicarboxylic acid and a negative charge at the C3 but not the C4 position.
However, the amino acid binding site is hydrophobic, and the optimal length of the hydrophobic portion
of the amino acid carbon side chain is three or four carbons. In addition, the amino acid binding pocket
can accommodate a branch at thearbon, but not at thg-carbon.

Saccharopine dehydrogenasi®-[glutaryl-2)-lysine:
NAD oxidoreductaset¢lysine forming) (EC 1.5.1.7)] (SDH)
catalyzes the last step of the-aminoadipate (AAA)
pathway for the de novo synthesisiofysine in fungi. The

reaction involves the reversible pyridine nucleotide-depend-
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1 Abbreviations: SDH, saccharopine dehydrogenase; AdxAmino-
adipate pathway; NAD(P)-nicotinamide adenine dinucleotide (phos-

phate) (the plus charge is omitted for convenience); NADH(P), reduced

fS-nicotinamide adenine dinucleotide (phosphate); NADD, reduced
nicotinamide adenine dinucleotide with deuterium in tifepbsition;
AMP, adenosine 'smonophosphate; ADP, adenosinediphosphate;
NMN, nicotinamide mononucleotide; 3-PAAD, 3-pyridinealdehyde
adenine dinucleotide; 3-APAD, 3-acetylpyridine adenine dinucleotide;
thio-NAD, thionicotinamide adenine dinucleotidé;2-cyclic NADP,
f-nicotinamide adenine dinucleotide2-cyclic monophosphate-Kg,
o-ketoglutaratep-Kb, a-ketobutyratejo-Kv, o-ketovaleratep-Kiv,
o-ketoisovalerateq-Km, a-ketomalonateg-Ka, o-ketoadipateq-Kp,
o-ketopimelate; OAA, oxaloacetate; OG, oxalylglycine; C, competitive;
UC, uncompetitive; NC, noncompetitive; Mes, [8-(norpholino)-
ethanesulfonic acid; Hepeld;(2-hydroxyethyl)piperazin®¥-2-ethane-
sulfonic acid; Ches, 2N-cyclohexylamino)ethanesulfonic acid; Taps,
N-[tris(hydroxymethyl)methyl]-3-aminopropanesulfonic acid; DCI, deu-
terium chloride; NaOD, sodium deuteroxide;@ deuterium oxide.
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ent oxidative deamination of saccharopine to generate
o-ketoglutarateq-Kg) and lysine using NAD as an oxidant
1, 2).
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The histidine-tagged SDH froi®accharomyces cerisiae

has been overexpressedBscherichia coliand purified to
~98% using Ni-NTA chromatographg). The SDH reaction
proceeds via an ordered kinetic mechanism in which NAD
is the first substrate bound followed by saccharopine in the
physiologic reaction direction, while in the reverse reaction
direction, NADH adds to enzyme first and there is no
preference for binding ot-Kg and lysine at pH 7.0. A
general mechanism for the oxidative deamination of sac-
charopine has been proposed on the basis efraké profiles
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Scheme 1: Proposed Chemical Mechanism for Saccharopine Dehydrogenase
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and isotope effects (Scheme #).(A group on the enzyme  MATERIALS AND METHODS
with a pK, of 6.2 is required to deprotonate the secondary
amine of saccharopine as it is oxidized to an imine ChemicalsL-Saccharopine.-lysine,p-lysine,L-ornithine,
intermediate, and this group ultimately functions to donate L-valine,L-norvaline,L-methionine.-leucine,L-isoleucine,
a proton to the-amine of lysine as it is released as a product. L-asparagine,-glutamine-arginine, adenosine, AMP, ADP,
A second enzyme group with &pof 7.2 acts to activate ~ADP-ribose, NMN, 2,3-cyclic NADP, 3-APAD, 3-PAAD,
water in the imine hydrolysis step and then shuttles protons thio-NAD, a-ketoglutarate ¢-Kg), pyruvate, glyoxylate,
between itself and reaction intermediates, giving the final a-ketobutyrate ¢-Kb), o-ketovalerate ¢-Kv), o-ketoma-
lysine ando-Kg products. A concerted hydride and proton lonate (-Km), a-ketoadipated-Ka), malonate, oxaloacetate
transfer to oxidize saccharopine to an imine and subsequen{OAA), glutarate, adipatey-ketoisovalerateo-Kiv), a-ke-
formation of a carbinolamine intermediate as the imine is topimelate ¢-Kp), pyridine 2,4-dicarboxylate, pyridine 2,3-
hydrolyzed contribute to rate limitation. dicarboxylate, pyridine 2,5-dicarboxylatepipecolic acid,
Saccharopine dehydrogenase fr@mncereisiae shows a yea;t lactate, alqohol, and aldehyde dehydrogenases were
high degree of coenzyme specificiy, ). NADPH is a poor obtained from S|gmaﬂ-NAD(P)H and S-NAD(P) were :
substrate and causes an increase inkihealues fora-Kg pUTCh?‘S.ed from USB. Oxaly_lglycme (OG) was from Frlont[e.r
and lysine, while it was reported that NADP is not a substrate Scientific. Oxalate and succinate were from Fisher SC|ent|f|_c.
in the direction of saccharopine oxidatid®).(The dehydro- Mes, Hepe_s, Che_s, and Taps were from Research Organics,
genase also exhibits stringent substrate specificity with 'N¢: Deuterium oxide (BD) (99 at. % D) and ethanak (99
respect to its keto acid substrae 7). Only pyruvate was at. % D) were purchased from Cambridge Isotope Labora-

shown to replacer-Kg as an alternative substrate, giving L©11€s: InC. AG MP-1 and Bio-Gel P-2 resins were from Bio-
¢-N-(L-propionyl-2)+-lysine @). In addition, the enzyme Rad. All other chemicals and reagents were obtained from

shows an absolute specificity for its amino acid substrate commercial sources, were reagent grade, and were used

L-lysine. Inhibition studies with lysine substrate analogues Without further purification.

suggest that a hydrophobic interaction between the side chain Synthesis of 4R-NADDIhe 4R)-NADD was prepared

of an amino acid and the enzyme is important in the binding according to the method described in #efThe reaction

of the amino acid reactant)( mixture contained ethanal, NAD, yeast alcohol, and
As a result of studies of the kinetic and chemical aldehyde dehydrogenases and was titrated to pH 9.0 with

mechanism of SDHZ, 4), and a consideration of previously KOH throughout the reaction. Once the reaction was

published data5-8), a number of questions were raised. duénched with several drops of g, the aqueous layer

For example, it is extremely unlikely that NADPH is a Was subjected to ion exchange chromatography on an AG

substrate but NADP is not. The specificity determinants MP-1 column (4 cmx 25 cm). The chromatogram was

for binding saccharopine are not clear, nor are those for déveloped wit 1 M LiCl (pH 10.0), and the 4)-NADD

substrate specificity in either the oxidative deamination Was then desalted via a Bio-Gel P-2 column (1.6 xn60
or reductive amination reaction direction. In this study, ©M)- Concentrations of the NADD stock solutions were

we show that a number of NAD analogues, including estimated spectrophotometrically usingeas of 6.22 mM
NADP, can serve as a substrate in the oxidative deamination®™

reaction, as can a number of-keto acid analogues in Cell growth, SDH expression, and purification were carried
the opposite reaction direction; the enzyme is specific for out as reported previously). Glycerol (50%) was added
lysine. In addition, a survey of inhibitory substrate analogues to the stock enzyme solution to minimize any activity loss,
has been carried out to map the specificity of the active and the diluted enzyme solution used for activity studies was
site of SDH. prepared fresh daily.



Substrate Specificity of Saccharopine Dehydrogenase Biochemistry, Vol. 46, No. 25, 20077627

Enzyme Assay$he SDH-catalyzed oxidative deamination and varying the inhibitor concentration. The &ppis
reaction was followed by monitoring the increase (or estimated by Dixon analysis, a plot of vlhersus I,
decrease) in absorbance at 340 nm as NAD(P) is reduced oextrapolating to 2/ equal to zero, and dividing by 2.
NAD(P)H is oxidized and by monitoring the increase in Double-Inhibition StudiedDouble-inhibition studies were
absorbance at 363, 358, and 395 nm as 3-APAD, 3-PAAD, performed to determine whether synergism of binding occurs
and thio-NAD are reduced, respectively. The following between analogues of-Kg and lysine. In the direction of
extinction coefficients were used for NAD(P)H, reduced saccharopine formation, initial rates were measured as a
3-APAD, 3-PAAD, and thio-NAD: 6.22, 9.1, 9.3, and 11.3 function of OG concentration (60.2 mM) or pyridine 2,4-
mM~1 cm™3, respectively 9). Reactions were carried out in  dicarboxylic acid concentration {24 mM) at different fixed
semi-micro quartz cuvettes with a path length of 1 cm in a levels of ornithine (6-15 mM), with the concentration of
final volume of 1 or 0.5 mL containing 100 mM buffer (Mes NADH kept at a saturating level (X&), while the levels of
for pH 5.5-6.8, Hepes for pH 688.2, and Ches for pH  a-Kg and lysine were maintained at their respectkig
8.2-10.0) and variable concentrations of substrates asvalues.
indicated below. Initial velocities were measured with a  pK; Profile of AMP. Data were obtained according to the
Beckman DU640 UV-vis spectrophotometer. All kinetic  method described in ref. The inhibition constant of AMP
assays were performed at 26, and the temperature was was obtained as a function of pH by measuring the initial
maintained using a Neslab RTE-111 circulating water bath. rate as a function of NADH concentration wititKg and
A unit of enzyme activity is defined as the amount of enzyme lysine concentrations fixed at thédr, values. The experiment
catalyzing the production or utilization of Lmol of was then repeated at different fixed levels of AMP, including
dinucleotide substrate (or analogue) per minute af@5 zero. Data were obtained with 100 mM Mes at pH-5658,
Reactions were initiated by the addition of a small amount Hepes at pH 6.88.2, and Ches at pH 8:2.0.0 used to
(10 or 20uL) of an appropriately diluted enzyme solution maintain the pH. Sufficient overlap was obtained upon
to a mixture that contained all other reaction components, changing buffers to determine whether the buffer effects the
and the initial linear portion of the time course was used to reaction; no effects were detected. The enzyme is stable when
calculate the initial velocity. incubated for 20 min over the pH range of 5%.8. The

Systematic Initial Velocity Studiegvhen NADPH was pK; profile was then evaluated graphically for the quality of
used as the coenzyme in the direction of saccharopinedata by plotting log(X;) against pH.
formation, a systematic initial velocity study was performed  Product Identification by NMRWhen keto acid analogues
at pH 7.0 according to the method described irBréBriefly, were used as slow substrates, products were identified by
the initial rate was measured as a function of the NADPH measuring, at 21C, the'H NMR chemical shifts of protons
concentration and at different fixed levels @fKg and a j to the secondary amine nitrogen of the new products.
fixed concentration of lysine. The experiment was then Reaction mixtures containing 2 mM NADH, 20 mM keto
repeated at different lysine concentrations. The concentrationacid analogues, and 2 mM lysine were prepared in 20 mM
ranges for NADPHp-Kg, and lysine are 0.050.3, 1-10, K HPO, buffer and were adjusted to a pD value of 7.4 using
and 2-20 mM, respectively. Systematic initial velocity either DCI or NaOD before SDH was added. The purified
studies were also carried out when pyruvate served as theSDH was dialyzed against 20 mMLKPQO, at pD 7.4. Once
keto acid substrate. In this case, initial rates were measuredhe enzyme was added, the reaction mixtures were kept at 4
as a function of the pyruvate concentration-g mM) at °C overnight, allowing sufficient time for the reaction to
different fixed levels of lysine (36300 mM), with NADH reach completion (monitored spectrophotometrically). Once
fixed at 0.2 mM at pH 7.0. The amount of enzyme used for the reactions were complete, several drops of Ghire
each reaction was 6.5 times that used in SDH reactions withadded to the mixtures to precipitate the enzyme, and
the natural substrate8)( sufficient heat acid-activated charcoal was then added to

In the direction of saccharopine oxidation, initial rates were remove the dinucleotides. The remaining reaction mixture
measured as a function of the concentration of the coenzymewas then analyzed biH NMR.
analogues, NADP, 3-APAD, 3-PAAD, and thio-NAD, with All NMR experiments were performed on a Varian
saccharopine fixed at 6 mM; the pH was maintained at 7.55 Mercury VX-300 MHz spectrometer with a Varian four-
or 9.2. Since the concentration of saccharopine used wasnucleus auto-switchable PFG probe. NMR spectra were
relatively low (~Ky,), Kia values of oxidized dinucleotides collected using the PRESAT pulse sequence supplied by
were obtained; these values are dissociation constants folarian, Inc. The spectra were collected with a sweep width
enzyme-bound dinucleotide in an ordered mechanism. Toof 4803.1 Hz, eight transients, and an acquisition time of
estimate the appareHt, values of the keto acid substrates, 1.998 s.
glyoxylate,o-Kb, a-Kv, a-Km, ando-Ka, initial rates were Deuterium Kinetic Isotope Effect®rimary deuterium
measured as a function of the concentration of keto acid kinetic isotope effects were measured for the reaction in
substrates, with NADH fixed at 0.2 mM, and lysine at 20 or which pyruvate was substituted farKg by direct compari-

40 mM, at pH 7.0. son of initial rates with NADH and NADD. Initial rates were

Product and Dead-End Inhibition Studiesnhibition measured as a function of one substrate concentration at fixed
patterns were obtained by measuring the initial rate at concentrations of the other two. The fixed concentrations
different concentrations of one reactant, with the concentra- used for NADH(D), pyruvate, and lysine are 0.2 mM
tions of the other reactants fixed at th&i, values, and at  (~3Ky), 50 mM (~12.%K,), and 300 mM 5K, respec-
different fixed concentrations of the inhibitor, including zero. tively.

In most cases, an initial estimate of tefor the inhibitor Isotope effects are expressed using the nomenclature
was obtained by fixing the varied substrate atktsvalue developed by Northrop1Q) and Cook and Clelandl().
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Table 1: Kinetic Parameters for Alternative Coenzyme Substrates 2,4-dicarboxylic acid/ornithine were fitted using eq 6. Data

of SDH in the Direction of Saccharopine Formation for V and V/K deuterium isotope effects were fitted using
Kia (MM) Vaop (2M/min) eq 7, and data for the AMPKp profile were fitted manually
® using eq 8.
NAD 1.1+ 0.3 Kip)? ND¢
0.9+ 0.1 Knm)?
NADP 2.3+ 0.4 25402 Y= VABC (1)
57+0.9 KiKipK; + KipKA + KK B + K K,C +
3-APAD 8.9+ 1.7 63+ 7°
84+ 1¢ KAB+ K, AC+ K BC+ ABC
3-PAAD 0.88+ 0.08 104+ 0.2
21+ 04 VA
thio-NAD 0.484+ 0.03 11.5+ 0.6 v= (2)
0.6+ 0.1° Kot A
aValue from ref3 at pH 7.0; the values dfi; andK, are from a
systematic analysis where the initial rate was measured as a function VAB 3
i . v =
of both substrate.Data obtained at pH 7.55. AKi, values are KK, + KB+ KA+ AB 3

essentially the dissociation constant for thedinucleotide complex.
¢ Data obtained at pH 9.2. AKj, values are essentially the dissociation

constant for the Edinucleotide complex? Not determined. VA
VE— 4)
Table 2: Kinetic Parameters of SDH in the Direction of Ka(l + K_) +A
Saccharopine Formation at pH 7.0 1S,
NADH?2 NADPH VA
KcoenzymdMM) 0.019+ 0.002 0.48+ 0.17 N R (5)
Ka-kg (MM) 0.11+0.03 12+ 4 L
Kiys (MM) 1.1+0.2 2249 Kat ALF Ki
Kicoenzyme(MM) 0.018+ 0.004 0.04+ 0.01
Kia—kg (MM) 0.6+0.1 6.0+ 1.4
KiLys (MM) NAC 9.4+2.0 Vs
VIE (s 20+1 22+ 6 v= (6)
ViKcoonzymE (M1s7Y)  (1.6+£0.2)x 10F  (4.6+ 2.0) x 10° S RRLITIN A
VIKa-kgEi (M~1s79) (28+0.7)x 106 (1.8+0.8) x 10° Ki K aKK;
VIKyysE: (M1 s79) (2.5+0.4)x 10¢  (1.0+ 0.5) x 10° ! !
product and inhibition VA )
dead-end inhibitor varied substrat&; (mM) at pH 7.0  pattern v=
! K1+ FE,W +AL1+FE)
NAD NADH 1.56 £ 0.03 C
NADP NADPH 3.5+ 0.6 C
L-leucine NADPH 5.6+ 0.3 uc Yy H\2
L-leucine NADHP 69+ 2 uc K + Y K.
2 1
2Value from ref3 at pH 7.0.° For the pyruvate reactioi.Not 1+—
applicable. logy = log H\2 (8)
. N o 1+ (i
Primary deuterium kinetic isotope effects are written with a Ky

leading superscript D, e.g., a primary deuterium isotope effect
on V/K is written P(V/K). In egs -7, v andV are initial and maximum velocities,
Data Processinglnitial velocity patterns were plotted in  respectively A, B, andC are substrate concentrationiss
double-reciprocal fashion to assess data quality and determinghe inhibitor concentrationk,, K, and K. are Michaelis
the appropriate equation for fitting. Data were then fitted to constants for substrates A, B, and C, respectively, wkjle
appropriate equations as discussed below, using the MarKj,, andK. are defined as inhibition constants for A from
quardt-Levenberg algorithm supplied with the EnzFitter EA, B from EAB, and C from EAC, respectively; these
program from BIOSOFT (Cambridge, U.K.). Kinetic pa- constants are also dissociation constants for the respective
rameters and their corresponding standard errors werecomplexes. In egs 4 and Kjs andK; represent inhibition
estimated using a simple weighting method. Data obtained constants for the slope and intercept, respectively; the values
from systematic initial velocity studies usingKg substrate obtained from competitive inhibition are dissociation con-
analogues in the direction of saccharopine formation or using stants for the EI complex. In eq K; andK; are dissociation
NADPH as the coenzyme substrate were fitted using eq 1 constants for El and EJ complexes, respectivedyis the
for a terreactant kinetic mechanisn3).( When NADP, rate in the absence of inhibitors, awndis the interaction
3-APAD, 3-PAAD, and thio-NAD were used as the coen- constant that estimates the influence of one inhibitor upon
zyme, in the direction of saccharopine oxidation, data were binding of the other. In eq F,; is the fraction of deuterium
fitted using eq 2. When concentrations of pyruvate and lysine label in the substrate arte,x andEy are the isotope effects
were varied at a fixed NADH concentration, data obtained minus 1 onV/K andV, respectively. In eq 8;is the observed
were fitted using eq 3 for a bireactant mechanism. Competi- value of the parameter ) as a function of pHH is the
tive inhibition patterns were fitted using eq 4, while hydrogen ion concentrationK; and K, represent acid
uncompetitive inhibition patterns were fitted using eq 5. Data dissociation constants for enzyme or substrate functional
for double-inhibition studies by OG/ornithine and pyridine groups important in a given protonation state for optimal
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Ficure 1: Substrate and inhibitory analogues of NAD. Structures given in boxes exhibit substrate activity when they are used in place of

NAD, while the other analogues are inhibitory.

binding and/or catalysis, and andYy are constant values
of 1/K; at low and high pH, respectively.

RESULTS

Initial Velocity Studies with NAD/NADH Analoguds.
the physiological reaction direction, lysine formation, NADP,
3-APAD, 3-PAAD, and thio-NAD all can serve as the
oxidant in the oxidative deamination reaction (Figure 1),

Inhibition Studies for Determining the Kinetic Mechanism
with NADP. In the direction of saccharopine formation,
product inhibition by NAD is competitive versus NADH.
Similarly, product inhibition by NADP is competitive versus
NADPH when NADPH serves as the coenzyme, while dead-
end inhibition by leucine (lysine analogue) is uncompetitive
versus NADPH.

Initial Velocity Studies with Keto Acid Substrate Ana-

while in the reverse reaction direction, NADPH can substitute '0gues.In addition to pyruvate, five keto acids have been

for NADH. In the direction of saccharopine oxidation, initial

identified as alternative substrates for the SDH-catalyzed

rates were obtained as a function of the concentrations off€action in the direction of saccharopine formation (Figure
NAD analogues and a fixed concentration of saccharopine 2A). These include glyoxylateq-Kb, o-Kv, o-Km, and

(6 mM) at pH 7.55 and 9.2. Estimates of the kinetic
parameters are provided in Table 1.
Double-reciprocal initial velocity patterns in the direction

of reductive amination using NADPH as the reductant were

obtained by varying the concentrations of NADPH ankg

at different fixed concentrations of lysine at pH 7.0 and
25 °C. The crossover points for all double-reciprocal plots
are to the left of the ordinate (data not shown). All of the
initial velocity data were fitted to eq 1 for a terreactant
mechanism. Substrate inhibition lmyKg and lysine was
observed as the-Kg and lysine concentrations increased

a-Ka. Kinetic parameters obtained by measuring the initial
rate at fixed concentrations of NADH and lysine are
summarized in Table 3.

Initial velocity patterns obtained with pyruvate as the
substrate and by varying the concentrations of pyruvate and
lysine with the NADH concentration fixed at 0.2 mM 8K,
intersect to the left of the ordinate (data not shown),
consistent with the proposed sequential kinetic mechanism
(3). All kinetic parameters are listed in Table 3.

With glyoxylate as the substrate, a background rate was
observed when the absorbance at 340 nm was monitored in

above 50 and 100 mM, respectively (data not shown). Kinetic the absence of enzyme. The stock glyoxylate solution (500
parameters are summarized in Table 2 and compared to datanM) has a slight yellow color, and this was thought to

obtained previously with NADHJ).

account for the absorbance at 340 nm. Increasing the level
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FiGUurRe 2: Substrate and inhibitory analoguesooketoglutarate or the glutamyl portion of saccharopine: (A) substrate analogues and (B)
competitive inhibitors. The portion of saccharopine in the dotted box is mimicked by the inhibitors.

Table 3: Kinetic Parameters of SDH in the Direction of as alternative substrates, products were identified by measur-
Saccharopine Formation Using Keto Acid Substrates at pH 7.0 ing the*H NMR chemical shifts of proton to the secondary
substrate Ken (MM) VIE (s VIKE, (M-1sY) amine mtr_ogen in the products. A control spectrum with

lysine exhibits chemical shifts at 3.7 and 3.0 ppm, close to
g;:ﬁff;%émarate Of_ii 8:(2)3 z.égi 8.02 %ﬁi 2'7) x 10 product peaks at 3.5 and 2.9 ppm, corresponding to C(8)-H
giyoxylate 6.44+06  1.85+009 289+ 31 and C(6)-H of saccharopine, respectivel) (However, there
a-ketobutyrate 153+ 34 274+ 48 179+ 31 is no overlap of the chemical shifts of the keto acid analogues
o-ketovalerate 94+ 13 9.5+09 101+ 10 and products. Therefore, experiments were carried out with
a-ketomalonaté 24+ 1 12.5+ 0.5 521+ 21

the keto acid analogue in excess and with lysine limiting.
- . - : Completeness of the reaction was monitored using the
~ *Value from ref3. ® TheKn, value of lysine for the pyruvate reaction absorbance at 340 nm in a separate reaction using similar
is 62+ 1 mM. ¢ The lysine concentrations used are 225 and 40 mM - . . .
for the glyoxalate andi-Kv reactions, respectively, and 20 mM for ~ conditions. In all cases, the chemical shifts corresponding
the a-Kb, a-Km, anda-Ka reactions. to the product C(8)-H and C(6)-Hesonances were observed,
confirming product formation.
of D,O decreased the background rate, suggesting it is related Deuterium Kinetic Isotope Effect®Rrimary deuterium
to the dehydration of glyoxylate. A solvent deuterium isotope kinetic isotope effects with pyruvate in place@fKg were
effect has been observed for dehydration of glyoxylag.( measured by direct comparison of initial rates at pH 7.0 with
Thus, the SDH reaction in the presence of glyoxylate was A-side NADH(D). Finite effects were observed on all kinetic
corrected for the background rate. Kinetic parameters areparameters and are listed in Table 4.
listed in Table 3. Dead-End Inhibition by NAD/NADH Analoguéshibition
Although there appeared to be an OAA-dependent de- by dinucleotide analogues AMP, ADP, ADP-ribose, NMN,
crease inAgy in the presence of NADH, lysine, and SDH, 2',3-cyclic NADP, and NADP was competitive versus
the rate was due to pyruvate contaminating the OAA solution, NADH at pH 7.0. All inhibition constants are summarized
a result of nonenzymatic decarboxylation, as shown usingin Table 5, and structures are provided in Figure 1.
lactate dehydrogenase. pH Dependence of the; Kor AMP. The pH dependence
Confirmation of Product of Reaction with Alternagi of the dissociation constant of AMP was determined to obtain
o-Keto Acid Substrate$Vhen keto acid analogues were used an estimate of intrinsick value(s) of group(s) required for

o-ketoadipate 534+0.2 443+ 0.05 836+9
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Table 4: Isotope Effects for SDH at pH 7.0 Table 6: Inhibition Constants af-Kg Substrate Analogue
a-Kg? pyruvate Inhibitors at pH 7.0 in the Direction of Saccharopine Formation
B, 1.45+ 0.07 1,29+ 0.09 o-Kg analogue inhibitor Ki (mM)
P(VIKnapH) 0.92+ 0.08 2.2+0.1 oxalate 36+ 4
P(V/Kketo acid 19+0.1 1.9+ 0.1 o-keto dicarboxylic acids
P(V/IKLys) 1.56+ 0.05 2.3+ 0.2 o-ketomalonate 24+1
2 oxaloacetat¥! 6.4+ 0.5
Value from ref3. o-ketoglutarate 0.6+0.1
oxalylglycine 0.100+ 0.002
Table 5: Inhibition Constants of NAD Analogue Inhibitors at pH a—llzetoagllpel\té 5'3815: 2.2
6.9 in the Direction of Saccharopine Formafion _ a-ketopimelate 1
dicarboxylic acids
substrate or inhibitor Ki (mM) malonate 24+ 2
NADH 0.018 0.004 succinate 2t 1
adenosine 0.42- 0.04 glc;J_taratév 150(;:': (2)'1
AMP 0.055-+ 0.006 - pate
ADP 0.093 0.006 ot ® etoisoval 61
ADP-ribose 0.29+ 0.01 a-ketoisovalerate
NMN 72406 pyr!d!ne 2,4-d!carboxylate 1.14 0.01
NADP 1.2+ 0.4 pyridine 2,3-dicarboxylate 183 0.4
2',3-cyclic NADP 15+£0.1 aK, values fora-Km and a-Ka likely equal to the dissociation
NADP¢ 3.5+ 0.6 constants for the ENADH—lysine—keto acid complex given the
NAD 1.56+ 0.03 decrease iV/E; and the increase i, compared to data with--Kg.

2Data were obtained at pH 6.9, the pH at which AMP has its ~ value from ref3. ©The value fora-Kg is for the E-NADH—o-Kg

maximum affinity.” Value from ref3: the varied substrate is NADH. ~ complex; the, for a-Kg s 0.114 0.03 mM @). ¢ OAA and glutarate
¢ NADPH is the varied substrate. are NC inhibitors 8). The slope inhibition constant, which reflects

competitive inhibition vsa-Kg, is reported.

Dead-End Inhibition by Amino Acid AnalogueSDH
exhibits very strict substrate specificity toward its amino acid
substrate,L-lysine. A number of lysine analogues show
competitive inhibition versus-lysine, including.-ornithine
andp-lysine (Figure 4)L-Asparagine gave no inhibition at
a concentration of 50 mM. Sinaeleucine, a competitive
inhibitor of L-lysine, binds better at pH6, the K; values
for amino acid analogues with aliphatic side chains such as
L-valine andL-isoleucine were measured at pH 6.0 and 7.0.
All K; values are summarized in Table 7.

5 6 7 8 9 10 Double-Inhibition Studies.To determine whether the
pH .bin.di'n.g of Iysine anda—'Kg affect; one apqther, double-
Ficure 3: pH dependence of the reciprocal of the inhibition inhibition experlment_s with Compe_tlt_l\_/e inhibitors of the two
constant for AMP. The curve is drawn by eye witkiqvalues that ~ Substrates were carried out. The initial rate was measured at
fit the experimental data (points shown) calculated manually using @ saturating NADH concentration, withKg and lysine fixed
eq 8. An averagelf, of ~7.1 is estimated for the groups observed; at their respectiv&,, values, and by varying the concentra-

one group on the enzyme must be protonated, and two groups mustjons of OG and ornithine (Figure 5). The rate in the absence

be unprotonated, one from AMP and one from enzyme. Ofthetwo .. . . . : : ]
that must be unprotonated, one of these gives a partial change soOf inhibitors, vo, was 11.8+ 0.2 uM/min, Wh"e the apK;
that the value of |§; becomes constant at low pH. values for EENADH—OG and E-NADH—ornithine com-

plexes are 0.05& 0.002 and 4.6t 0.2 mM, respectively.
optimal binding of NADH. Over the pH range that was The interaction constand, was 0.7+ 0.1, indicating slight
studied, AMP is a competitive inhibitor against NADH, and synergism of binding between OG and ornithine. A double-
the Kiamp profile is shown in Figure 3. Thekp decreases  inhibition pattern obtained with ornithine and the bulky
from a constant value at pH 7.0 to another constant value atpyridine 2,4-dicarboxylic acid gave quite different results,
pH <6.0 and decreases as the pH increases above 7.5. Thevith K; values for EENADH —pyridine 2,4-dicarboxylic acid
decrease at low pH exhibits a slope of 2, indicating two and E-NADH—ornithine complexes of 1.9¢ 0.06 and 5.0
groups must be unprotonated for optimal binding of AMP, + 0.1 mM, respectively. A value of 2.4 0.4 for o was
while the decrease at high pH is with a slope -of, estimated, indicating antagonism of binding.
indicating a group must be protonated for optimal binding
of AMP. An average K, Vvalue of about 7.1 is estimated for DISCUSSION
all three of the groups.

Dead-End Inhibition by Keto Acid Analogues.number The substrate specificity exhibited by most enzymes is a
of a-Kg analogues exhibit competitive inhibition patterns hallmark of biological systems, which distinguishes them
againsta-Kg at pH 7.0 in the direction of saccharopine from nonbiological catalysts. A survey of substrate analogues
formation (Figure 2B and Table 6). In addition, pyridine 2,5- was undertaken to determine which substrate functional
dicarboxylate andL-pipecolic acid gave no observable groups are responsible for substrate binding, to determine
inhibition at a concentration of 50 mM. the stereochemistry involved in substratehibitor binding,
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Ficure 4: Inhibitory analogues af-lysine or the lysyl portion of saccharopine. The portion of saccharopine in the dotted box is mimicked

by the inhibitors.

Table 7: Inhibition Constants of Lysine Substrate Analogue
Inhibitors in the Direction of Saccharopine Formation

Ki (mM)

dead-end inhibitor pH 6.0 pH7.0
L-lysine 1.7+ 0.2 1.1+0.22
D-lysine NDF 55+04
L-ornithine 3.6+0.1 5.0+ 0.1
L-valine 62+ 5 140
L-norvaline 0.71£ 0.04 1.13+ 0.05
L-methionine 0.96+ 0.03 3.12+ 0.08
L-leucine 0.125k 0.002 0.444 0.03
L-isoleucine 102404 22+ 2.0
L-arginine ND 16.4+ 0.4
L-glutamine ND 16.0+ 0.8
L-asparagine NP no inhibition

aKm values for lysine from re8; values are equal tiy values for
the central complex (see the discussion of isotope effeétt@lues
from ref 3. ¢ Not determined.

and to potentially define the geometry of the substrate
binding site. These aspects are discussed below.

NAD/NADH Analogues

Kinetic Mechanism with NADP/NADRHnN contrast to
previously published result), NADP does serve as a
substrate, albeit poorly, in the direction of saccharopine

1.5 1
A
1-
2
0.5 1
0 —

0 2 4 6 8 10
[ornithine]

Ficure 5: Double inhibition by oxalylglycine and ornithine. Plot
of the reciprocal initial rate vs the ornithine concentratior-{8
mM) at different levels of oxalylglycine [Om), 0.05 @), and 0.1
mM (A)]. The points are experimental, while the solid lines are
theoretical and based on a fit to eq 6. Valuesgpthe apfK; values
for E-NADH—-OG and E-NADH—ornithine complexes, and
are 11.84+ 0.2 uM/min, 0.050+ 0.002 mM, 4.6+ 0.2 mM, and
0.7 £ 0.1, respectively.

12 14 16

the same extent as the increase in tg of NADPH
compared to that of NADH, suggesting that the presence of
the phosphate at C2 of the adenosine moiety of the coenzyme
decreases its affinity only slightly.

In the direction of saccharopine formation, substitution of

oxidation. Under the conditions we examined, 6.5 times more NADPH for NADH results in the formation of saccharopine.
enzyme was needed with NADP compared to that for assay Systematic initial velocity studies were carried out by varying
conditions with NAD as the natural substrate at pH 7.55 and the concentrations of NADPH ar@-Kg at different fixed

9.2 ). TheKij, value of NADP increased 2-fold, which is

concentrations of lysine at pH 7.0 and 26. All of the
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double-reciprocal plots intersect to the left of the ordinate, of the dinucleotide analogues from the—&inucleotide
indicating a sequential kinetic mechanism. When data that complex, and apparef,.x values were obtained. TH&,
were obtained were fitted to eq 1 for the terreactant values obtained at pH 7.55 and 9.2 indicate that there is a
mechanism defined using NADH as a substr8jedll terms slight, if any, pH dependence over this range, which is true
in the denominator of the rate equation were present, andfor NAD (4). 3-PAAD and thio-NAD bind to free enzyme
all parameters were well-defined, consistent with a similar with the approximately same affinity as NAD, suggesting
mechanism with NADPH as the substrate. To further test that the amide NkKgroup of the nicotinamide ring does not
this hypothesis, inhibition studies were carried out and are contribute much in terms of coenzyme binding. Kagvalue

discussed below. for 3-APAD is increased 10-fold, suggesting that the binding
As a competitive inhibitor of lysine, leucine competes with pocket of the nicotinamide ring is relatively hydrophilic and
lysine for its binding site on the enzym&)( An uncom- cannot accommodate the hydrophobic methyl group of

petitive inhibition pattern is observed versus NADPH, 3-APAD very well.
indicating that leucine or lysine binds to an enzyme form  Inhibitory Nucleotide Analogues.jKalues for dead-end
that exists when NADPH is at a saturating concentration, inhibitors provide information about the importance of
suggesting that NADPH is the first substrate bound to the substrate binding since they occupy the same binding site
free enzyme in a sequential kinetic mechanism. The orderas the substrate. With NAD(P)H as the varied substrate,
of product release in the direction of saccharopine formation NAD, NADP, and 2,3-cyclic NADP all have the ap-
was examined using product inhibition by NADP. The proximately sameK;, suggesting little or no effect of the
competitive inhibition by NADP versus NADPH at lowKg 2'-phosphate on dinucleotide binding. NMN binds poorly to
and lysine concentrations indicates that NADP binds to the the dinucletotide-binding site, with a 5-fold lower affinity.
free enzyme, competing with NADPH, suggesting it is the Some of the lower affinity can be explained by the 75-fold
last product released in the direction of saccharopine forma-tighter binding of NADH than NAD, and the tighter binding
tion. of NAD at pH >7.2 (3). Consistent with this suggestion,
TheK; value for NADPH increased2-fold comparedto ~ ADP-ribose binds to free enzyme with a 5-fold increased
that of NADH. However, the presence of thepghosphate  affinity. This is still ~20-fold lower than the affinity for
resulted in an~1 order of magnitude increase in the NADH, indicative of the preference for the reduced nicoti-
Michaelis constants for all of the substratis, is equal to namide ring. Elimination of the nicotinamide portion of the
the product of the steady state concentration of the substratenolecule as in ADP gives a 3-fold increase in affinity
and the enzyme forms that are present at near-zero substrateompared to ADP-ribose, but it is still 5-fold lower than that
concentration divided by the concentration of enzyme forms with NADH; AMP has an only 3-fold lower affinity
that are present at saturating substrate concentrations. Thug;ompared to NADH. Nonetheless, AMP binds 30-fold tighter
the increase irKn, likely reflects either an increase in the than NAD. Adenosine binds with a 8-fold lower affinity than
off-rate for NADP, which would increase the concentration AMP, indicative of the importance of the-phosphate.
of enzyme forms at near-zero substrate, or a decrease in the Data suggest that the majority of the binding energy of
affinity of the E-NADPH complex for lysine andx-Kg. NAD comes from the AMP portion. In the case of ADP-
Given the data in Table 2, it is the latter that is affected; ribose, thgs-phosphate groups account for the lower affinity,
note the 10-fold increase iKi,—kg when NADPH is the suggesting that the binding pocket is slightly hydrophobic
substrate compared to that with NADH. Data are consistent and/or negatively charged. Since NAD binds with &
with a difference in the conformation of the-lNADH and order of magnitude lower affinity than NADH, data suggest
E—NADPH complexes. In agreemeri; o, also increases  distinctly different conformations generated upon binding of
by a factor of 10 as the cofactor is changed from NADH to the two dinucleotides.
NADPH. pH Dependence of the; Kor AMP. The [K; profile for
When initial rates were measured with NADPH as the AMP, a competitive inhibitor of NADH, indicates that two
coenzyme, the double-reciprocal plot exhibited substrate groups with K, values of~7.1 must be unprotonated, and
inhibition as the concentrations ofi-Kg and lysine one group with the approximately same appard& ipust
were increased above 50 and 100 mM, respectively. The be protonated for optimal binding of AMP. Since AMP has
observed substrate inhibition by-Kg suggests the  only one K, over the pH range of 510, a value of 6.2
existence of the dead-end—BRIADP—a-Kg complex, 6.4 for the 5-phosphate, one of the groups withlg,mf 7.0
which is true with NADH as the substrate3)( For that must be unprotonated and the group withka @f 7.2
formation of this complex, the ENADP form must exist  that must be protonated, must come from the enzyme. On
in the steady state, which suggests that the release ofthe basis of the proposed chemical mechanism of SDH, the
NADP from the E-NADP complex also contributes to the two groups seen in theKavpe profile may be the same
overall rate limitation. The substrate inhibition by lysine residues observed in the Kijs and VKsaccharopinePH-rate
suggests the existence of the dead-erd.¥s complex at profiles @). A group with a K, of ~6.2 is important for
high lysine concentrations, also observed with NADH as the binding of saccharopine and likely serves as a general base
substrate ). in the oxidation step, while a group with &pof ~7.2 is
Substrate Analogues of NAIh addition to NADP, the likely responsible for activating water in hydrolysis of the
dinucleotide analogues 3-APAD, 3-PAAD, and thio-NAD imine formed upon oxidation of saccharopine and is known
that contain modified nicotinamide rings all support the to affect the binding of NAD.
oxidative deamination reaction. Because the concentrations Dinucleotide Specificity for Amino Acid Dehydrogenases
of saccharopine used were roughly estimated to be equal tcSaccharopine dehydrogenase (SDH) belongs to the class of
Km, Kia Values, dissociation constants for dissociation of each pyridine nucleotide-linked amino acid oxidoreductases.
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Enzymes in this class include dehydrogenases that catalyze 4
the oxidative deamination of amino acids such-gtutamate

(GIluDH), L-alanine (AlaDH),L-leucine (LeuDH), and.- 3
phenylalanine (PheDH) dehydrogenases. The majority of the
enzymes ar@ro-S specific for hydride transfer, but SDH,
like AlaDH andL-lysine e-dehydrogenase, [@o-R specific.

An interesting aspect of coenzyme specificity within the
group is their discrimination between NAD(H) and NADP-
(H), i.e., for or against the presence of'gpRhosphate group.

In this regard, GIuDH may have a preference for NAD,
NADP, or both depending on cellular location and function F'GURES: Bg‘qi”? gﬁi”it%’hc’f k.‘ato a;l:id_ SUbsgatels N c'?ain '?”f?tth
(14). The bact'eriaL—Iysine e—dehydrqgenase is spe'c.ific for rggm are g;‘alal'?eixfj,(m?o A?A,S:x-?(g, Slr&ia;ng)gfp?boggg afe 0
NAD (15), while the yeast enzyme is NADP specifitg]. experimental values, and the curve was drawn by eye.

All known examples of LeuDHX7) are specific for NAD,

as are PheDHI1@) and AlaDH (19). fold (a-Ka) to 2700-fold (pyruvate), suggesting that the

Many of the dehydrogenases have been studied withy-carboxylate ofa-Kg is important for proper binding of
respect to alternative dinucleotide substrafés{19). 3-A- the a-keto acid substrate. However, OAA is not a substrate,
PAD is a better substrate for LeuDH (166%) and PheDH anda-Ka is a substrate, but with a 5-fold low®fE; value,
(241%) than NAD is, and thio-NAD (101%) is as good as indicating that the position of the side chain carboxylate is
NAD for PheDH. However, 3-PAAD (320%) is a poor important. TheV/E; for a-Kb is identical to that witho-Kg,
substrate for all of the amino acid dehydrogenases, and allwhile that of a-Kv is decreased by only-2-fold. Data
three of the alternative diuncleotide substrates are poorsuggest that the optimal length of the side chain is three
substrates for LysDH (3-APAD, 16%; 3-PAAD, 0.3%; thio- carbons (from ther-keto group up to and including the side
NAD, 0.2%). In the case of SDH, all of the alternative chain carboxylate). In addition-Km can serve as a substrate
dinucleotide substrates are poor substrates, but as for théout not OAA, suggesting that the binding pocket of the keto
other enzymes that were studied, 3-APAD is the best by aacid can accommodate a negative charge at the C3 but not
factor of at least 56. the C4 position. o

It is interesting to note that no studies of synergism of  Inhibitory Keto Acid Analoguedhe specificity of the keto
substrate binding have been carried out for other dehydro-2cid substrate-binding pocket was assessed using mimics of
genases. Double-inhibition experiments are relatively easy%Kg. Two classes of inhibitors, aliphatic and aromatic, were
to perform and can provide important information about chosen as probes of theKg binding site of SDH. With
binding of substrates in sequential kinetic mechanism. We the exception of pyridine 2,5-dicarboxylate angipecolic

are hopeful this technique will be utilized more frequently acid, which exhibit no inhibition at high concentrations, and
in the future. OAA and glutarate, which exhibit noncompetitive inhibition,

all other compounds are competitive inhibitors @fKg.
Glutarate and OAA give noncompetitive inhibition as a result
o . _ o . of combination with EENADH and E-NADH—Lys com-
Kinetic I\_/Iechamsm with Pymzate.The'klnetlc mechanism plexes 4). From these data (Table 6), the keto acid binding
of SDH with pyruvate as the keto acid substrate has beensite is assessed with respect to the spatial relationship and
fully characterized by initial velocity, dead-end inhibition, gistance between the CT2 unit and the C5 carboxylate.
and primary deuterium kinetic isotope effect studies. The  oxalylglycine, the tightest binding inhibitor discovered to
initial velocity pattern obtained by varying the concentrations gate, is structurally most similar to-Kg and suggests
of pyruvate and lysine at a fixed level of NADH intersects qptimization of the site for a five-carban-oxo dicarboxylic
to the left of the ordinate (data not shown), suggesting a gcid. Oxalatea-Km, OAA, a-Kg, OG, a-Ka, ando-Kp
sequential mechanism. Uncompetitive inhibition by leucine (Figure 2) constitute a series afketo dicarboxylic acids
versus NADH indicates that NADH is the first substrate and can be Compared ng as such. The |Og of the aff|n|ty
bound. Data suggest that the kinetic mechanism with constant for each of the keto acid analogues can be plotted
pyruvate is the same as that observed with the natural against the chain length corresponding to numbers of C atoms
substratep-Kg. (Figure 6). The binding affinities of OAA and-Ka, which
When both NADH and NADD were used for the pyruvate are a methylene group shorter and longer theiKg,
reaction, finite isotope effects were observed for all kinetic respectively, have decreased0-fold compared to that of
parameters. Given th&(V/Knaor), P(V/IKpyruvard, andP(V/ a-Kg. Similarly, the binding affinities obi-Km and a-Kp,
Kiys) are identical, within error, and initial velocity data with two methylene groups shorter and longer thakg,
suggest ordered addition of NADH before lysine and respectively, have decrease®00-fold, while in the case
pyruvate, data suggest an equilibrium mechanism. However,of oxalate, with three fewer methylene groups, the binding
the isotope effect orV is smaller with pyruvate as the affinity has been decreased by860-fold. Thus, binding of
substrate compared to theKg reaction, suggesting that a three-carbon chain is optimal, and the distance between
release of the product NAD still contributes to rate limitation. the C1-C2 unit and the C5 carboxylate is an important factor

Chain Length

Keto Acid Analogues

Substrate Analogues of Keto Aci@everalo-keto acids
can replace-Kg, including glyoxylatep-Kb, a-Kv, a-Km,
and o-Ka (Table 3). TheV/KE; values for all of the

alternative substrates relativedeKg are decreased by 300-

in determining the affinity of SDH for thex-keto acid
substrate. However, of the five-keto acid analogues of
o-Kg, only a-Km and a-Ka can serve as an alternative
substrate. The keto acid substrate binding pocket can thus
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accommodate the geometry ofKa, suggesting that the
flexibility of the a-Ka side chain allows binding of the

Biochemistry, Vol. 46, No. 25, 2007635

is not a substrate and binds with a 5-fold lower affinity than
L-lysine, consistent with the stereospecificity. To gain insight

o-carboxylate to the group on enzyme that interacts with the into the structural requirements for amino acid binding, lysine

y-carboxylate ofa-Kg, while in the case of-Km, the
a-carboxylate is sufficiently distant to eliminate its interac-
tion with the same group. In addition, tlkeoxo groups of
o-Ka ando-Km are oriented such that hydride transfer from
the nicotinamide ring of NADH is allowed.

analogues were tested for their effectiveness to inhibit the
reaction. The frame of reference is tg for lysine from

the central complex. The primary deuterium kinetic isotope
effects onV and /Kyys) at pH 7.0 are identical, within error,
and thus, thé&q value forL-lysine is identical to it¥,, i.e.,

Malonate, succinate, glutarate, and adipate, dicarboxylic1.1 + 0.2 mM (13). It is interesting to note that when
acids (Figure 2), can also be considered as a series. Glutaratpyruvate, a poor substrate, is used kxgefor lysine increases

has the lowesk; value, suggesting that a carboxylate at the

by ~50-fold, almost certainly reflecting a decreased affinity

1 and 5 positions provides the tightest binding, consistent of lysine for the E-NADH—pyruvate complex. This is likely

with the above consideration af-keto acid analogues.

a result if the inability of pyruvate to generate the proper

Increasing or decreasing the chain length by a methylene orconformation. Unlike a-Kg, pyruvate cannot form the

more decreases the affinity by more than 1 order of
magnitude. In addition, the inhibition constantsseKg and
o-Ka, which have ther-oxo group, are decreased compared

interaction of they-carboxylate.

Interestingly, when ornithine was substituted for lysine,
the inhibition constant is increased byb-fold compared to

to those of glutarate and adipate, which have the same chainhe K, of lysine, suggesting that the length of hydrophobic

length, but noo-oxo group; then-oxo contributes a factor
of 10 in affinity. With malonate and-Km as the inhibitors,
there is no effect of ther-oxo group, suggesting that the
two carboxylates are likely bound to tleecarboxylate and
a-0xo binding sites ob-Kg. Similarly, with succinate and
OAA, an increase by a factor of 3 is observed for thexo
acid. Since thex-oxo contributes a factor of 10 in binding
energy, thgg-carboxylate of OAA must decrease the affinity
by ~3-fold. This is likely a result either of binding the
p-carboxylate to thet-oxo site or of the hydrophobic nature
of the site in the vicinity of C4 ofx-Kg.

portion of the amino acid carbon side chain is essential for
optimal binding.L-Arginine andL-glutamine are poor inhibi-
tors versus.-lysine, andL-asparagine causes no inhibition
at 50 mM, indicating that the amino acid substrate binding
site is hydrophobic, in agreement with previous resuljs (

The inhibition constants for aliphatic amino acidsjaline,
L-isoleucine, L-methionine, L-norvaline, andL-leucine as
competitive inhibitors against-lysine at pH 7.0, are
increased by at least 2-fold compared to the value at pH 6.0,
consistent with the previously reported pH dependence of
the (K; for leucine, which binds optimally at pH6.0 @).

The importance of the C5 carboxylate group can be further 1,4 pH dependence reflects the proximity of the leucine

illustrated by a series af-keto analogues with hydrophobic
side chains; th&; or K, values ofa-Kiv, a-Kv, anda-Kb

hydrophobic side chain to an enzyme carboxylate. Hydro-
phobic amino acids with a linear three- or four-carbon side

(Figure 2) are 36, 94, and 153 mM, respectively. However, -nsin are good inhibitors.

all are alternative substrates, likely as a result of a lack of

interaction with the group that binds thecarboxylate of
a-Kg.

Finally, pyridine carboxylates provide information about
the geometry of the bound-Kg. If one assumes that the
nitrogen atom of the pyridine ring mimics the oxygen atom
of the a-keto group, a carboxylate in the 2 position is
required. Addition of a second carboxylate, mimicking the
y-carboxylate of-Kg, can best be accommodated at the 4
position as in pyridine 2,4-dicarboxylate, which has the
lowestK; value (1.1 mM at pH 7.0). In addition, th& values
of pyridine 2,4-dicarboxylate and glutarate are identical,
within error, suggesting that the bulky aromatic ring does
not affect binding when properly positioned. The distance
between the two carboxylates of pyridine 2,4-dicarboxylate
is 3.77 A, very close to that of glutarate in its extended

L-Leucine binds to the amino acid binding site with an
affinity higher than that of the natural substratdysine,
suggesting the binding pocket can accommodate a branch
at they-carbon. Consistent with this ideamethionine, with
a large S atom substituent at tihecarbon, has the same
binding affinity as L-lysine. However, a branch at the
pB-carbon, which is present in-valine andL-isoleucine,
increases the inhibition constant dramatically, indicating a
tighter binding site at the C2 and C3 positions.

Double-Inhibition Studies

In the direction of saccharopine formation, the double-
inhibition pattern obtained with OG and ornithine is shown
in Figure 5. The inhibition by ornithine alone is observed as
the line at zero OG, reflecting the-BNADH—ornithine

conformation, 3.83 A (Cambridge Structural Database). complex, while the inhibition by OG alone (ordinate) reflects
Pyridine 2,3-dicarboxylate haskg value similar to those  the E-NADH—OG complex. The slope effect indicates the
of malonate and succinate, which is not unreasonable,enhancement of inhibition as a result of synergism of binding
because the aromatic ring of the pyridine may orient between OG and ornithine. A value of 0.7 obtained dor
these two carboxylates such that this part of the structuresuggests a 1.4-fold increase in the affinity of OG in the
mimics the three- and four-carbon dicarboxylic acids. Data presence of ornithine, compared to that in its absence. Since
suggest that the keto acid binding pocket is relatively large OG and ornithine are competitive inhibitors afKg and

and flexible and can accommodate the bulky aromatic ring lysine, respectively, the observed synergism of binding
of the pyridine. between OG and ornithine suggests a slight synergism of
binding betweena-Kg and lysine. However, when its
concentration was increased, OG began to compete with
ornithine for the lysine binding site (data not shown),
consistent with the previously proposed kinetic mechanism

Amino Acid Analogues

Inhibitory Keto Acid Analogue$SDH exhibits an absolute
specificity toward its amino acid substratdysine.p-Lysine
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(3). In contrast, results obtained with pyridine 2,4-dicar-
boxylic acid and ornithine double inhibition give a value of
2.4 for a, suggesting antagonism of binding. The difference
in the double-inhibition patterns of OG and pyridine 2,4-
dicarboxylic acid is due to a difference in the structure of
the bulky pyridine and the optimally bound OG. The bulky
aromatic ring of pyridine 2,4-dicarboxylic acid likely inter-
feres with the binding of ornithine, while in the case of OG,
structurally very similar tax-Kg, a better indication of the
interaction ofo-Kg and lysine is obtained.

CONCLUSION

Saccharopine dehydrogenase is the only enzyme in the
o-aminoadipate pathway for lysine biosynthesis in fungi for
which mechanistic data have been obtained and for which a
structure has recently been determined (A. M. Berghuis,
personal communication). This allows an elucidation of the
molecular basis for the specificity of SDH for all of its
substrates. A survey of NADHYy-Kg, and lysine analogues
has been undertaken to define the geometry of the active
site and to identify functional groups on all three substrates
that are important for substrate binding. The following can
be concluded.

(1) The majority of the binding energy of dinucleotides
comes from the AMP portion of the molecule.

(2) Distinctly different conformations are generated upon
binding of the oxidized and reduced dinucleotides, and upon
binding of NADH or NADPH.

(3) The binding pocket for the nicotinamide ring is largely
hydrophilic.

(4) A side chain with three carbons (from theketo group
up to and including the side chain carboxylate), with two
carbons between the €2 unit and the C5 carboxylate, is
optimal for binding of a-keto acids; thea-oxo group
contributes a factor of 10 in affinity.

(5) The keto acid binding pocket is relatively large and
flexible and can accommodate the bulky aromatic ring of
pyridine dicarboxylic acid and a negative charge at the C3
but not the C4 position.

(6) The amino acid substrate binding pocket is hydropho-
bic, and the optimal length of the hydrophobic portion of
the amino acid side chain is three or four carbons.

(7) The amino acid binding pocket can accommodate a
branch at the/-carbon, but not at thg-carbon.
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