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ABSTRACT. Saccharopine dehydrogenab-[glutaryl-2)+-lysine:NAD oxidoreductase {lysine forming)]
catalyzes the final step in theaminoadipate pathway for lysine biosynthesis. It catalyzes the reversible
pyridine nucleotide-dependent oxidative deamination of saccharopine to gemédfgtand lysine using

NAD™ as an oxidizing agent. The proton shuttle chemical mechanism is proposed on the basis of the pH
dependence of kinetic parameters, dissociation constants for competitive inhibitors, and isotope effects.
In the direction of lysine formation, once NADand saccharopine bind, a group withik,pf 6.2 accepts

a proton from the secondary amine of saccharopine as it is oxidized. This protonated general base then
does not participate in the reaction again until lysine is formed at the completion of the reaction. A general
base with a §, of 7.2 accepts a proton from,B as it attacks the Schiff base carbon of saccharopine to
form the carbinolamine intermediate. The same residue then serves as a general acid and donates a proton
to the carbinolamine nitrogen to give the protonated carbinolamine. Collapse of the carbinolamine is then
facilitated by the same group accepting a proton from the carbinolamine hydroxyl to gemd¢gtand

lysine. The amine nitrogen is then protonated by the group that originally accepted a proton from the
secondary amine of saccharopine, and products are released. In the reverse reaction direction, finite primary
deuterium kinetic isotope effects were observed for all parameters with the excepigkgin, consistent

with a steady-state random mechanism and indicative of a contribution from hydride transfer to rate
limitation. The pH dependence, as determined from the primary isotope efféd¥oand P(V2/Kyys),

suggests that a step other than hydride transfer becomes rate-limiting as the pH is increased. This step is
likely protonation/deprotonation of the carbinolamine nitrogen formed as an intermediate in imine
hydrolysis. The observed solvent isotope effect indicates that proton transfer also contributes to rate
limitation. A concerted proton and hydride transfer is suggested by multiple substrate/solvent isotope
effects, as well as a proton transfer in another step, likely hydrolysis of the carbinolamine. In agreement,
dome-shaped proton inventories are observe&/i@ndV./Kyys, suggesting that proton transfer exists in

at least two sequential transition states.

Saccharopine dehydrogenasi®-[glutaryl-2)--lysine: ao FOO
NAD oxidoreductaseLflysine forming); EC 1.5.1.7] (SDH)) R Hay
catalyzes the final step in the-aminoadipate (AAA) coor HeN'
pathway for the de novo synthesis ofysine in fungi (, + NAD + Hy0 , 0  NADH + H*
HNlln-éulH

[elele)

2). The enzyme catalyzes the reversible pyridine nucleotide-
dependent oxidative deamination of saccharopine to generate
o-Kg and lysine using NAD as an oxidant (eq 1).( coo” - ;

The histidine-tagged SDH fro®accharomyces cerisiae etmoone e ot o
has been overexpressedHlscherichia coliand purified to about 98% using a Ni-NTA resir8). The kinetic mechanism

of the SDH reaction has recently been determined from initial
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L Abbreviations: SDH, saccharopine dehydrogenase; A@ami- tion. In the reverse reaction direction, NADH adds to enzyme
noadipate pathwayy-Kg, a-ketoglutarate; Sacc, saccharopine; OG, first, and there is no preference for binding @fKg and
oxalylglycine; NAD, nicotinamide adenine dinucleotide [th€) Charge lysine at pH 7.0.

is omitted for convenience]; NADH, reduced nicotinamide adenine . . .
dinucleotide; NADD, reduced nicotinamide adenine dinucleotide with The presence of the AAA pathway for lysine biosynthesis

deuterium in the 4-A position; C, competitive; Hep#ls(2-hydroxy- has been demonstrated in several yeasts and molds including
ethyl)piperazineN'-2-ethanesulfonic acid; Mes, R{morpholino)- human pathogens such @andida albicansCryptococcus

ethanesulfonic acid, monohydrate; Ches, N2efclohexylamino)- ; ;
ethanesulfonic acid; Taps\-[tris(hydroxymethyl)methyl]-3-amino- neaformas and Aspergillus fumigatusind plant pathogens

propanesulfonic acid; DCI, deuterium chloride; NaOD, sodium deute- such asMagnaporthe g_risee(4, 5). The Uni_queness_Of the
rioxide; D;O, deuterium oxide. AAA pathway makes it a target for rapid detection, for
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growth control of pathogenic yeasts and molds, and for buffered. The reaction was allowed to proceed overnight,
antifungal drug design. Toward this end, it is important to several drops of CHGlwere added to the mixture to quench
determine the chemical mechanism of the enzymes in thethe reaction, and the aqueous layer was adjusted to pH 10.0
pathway. A first step in this process is the elucidation of the with KOH and removed for ion-exchange chromatography.
acid—base mechanism of SDH. The NADD eluted in a large single peak with baseline

Preliminary information on the mechanism of the SDH separation from NAD when eluted isocratically from an AG
has been obtained by other groups, and this will be MP-1 column wih 1 M LiCl, pH 10.0. The reported ratio
summarized briefly. Th&. cereisiaeenzyme has pH optima ~ of absorbance at 260 and 340 nm for A-side NADD was
of 10.0 in the direction of lysine formation and 7.0 in the 2.15+ 0.05 (12). The ratio obtained for the sample prepared
direction of saccharopine formatioR)( The pH dependence above is 2.2+ 0.05. The purified A-side NADD was
of VIKyys is bell shaped, giving I, values of 6.3 and 8.0, concentrated by rotary evaporation atZ5to about 5 mL.
while theV/K,—kq profile exhibits a single i§, of 8.4 on the The concentrated solution was then desalted via a<166
basic side ). TheV/KsaccpH—rate profile exhibits two K, cm Bio-Gel P-2 column. The concentrations of NADH(D)
values of 6.0 and 7.1 on the acid sid®).(A series of stock solutions were adjusted spectrophotometrically, using
chemical modification experiments have also been carried an ess of 6.22 mM™* cm™%.

out, suggesting the presence of essential cysté)nhigtidine Enzyme AssaySDH activity was measured by monitoring
(8), lysine @), and arginine residuesl@) that may be  the increase or decrease in absorbance at 340 nm as NAD is
involved in substrate binding and/or catalysis. On the basis reduced or NADH is oxidized. Reactions were carried out
of the above, a chemical mechanism has been proposed fofn semi-micro quartz cuvettes with a path length of 1 cm in
SDH in which saccharopine is first oxidized to-N- a final volume of 1 or 0.5 mL containing 200 mM buffer
glutariminyl+-lysine. A general base then activates water and variable concentrations of substrates as indicated below.
for attack to form a carbinolamine intermediate, which |njtial velocities were measured with a Beckman DU640 UV/
collapses to give the productslysine ando-Kg via the  yjs spectrophotometer. All assays were performed &5
participation of a general acid and a general b&e ( and the temperature was maintained using a Beckman
Previous studies of the chemical mechanism of SDH are temperature controller. A unit of enzyme activity is defined
incomplete, and the identity of the groups involved is based as the amount of enzyme catalyzing the production or
on the observedi, values, their temperature dependence, utilization of 1umol of NADH/min at 25°C. Reactions were
and chemical modification studies. In this paper, the pH initiated by addition of 1QuL of an appropriately diluted
dependence of the kinetic parameters, dissociation constantgnzyme solution{1.4 uM) to a mixture that contained all
for competitive inhibitors, and isotope effects are used to other reaction components, and the initial linear portion of
probe the chemical mechanism of SDH. A proton shuttle the time course was used to calculate the initial velocity.
mechanism is proposed, and data are discussed in terms of pH Studies In order to determine whether the kinetic

potential rate-limiting steps along the reaction pathway. mechanism changes with pH and to obtain estimates of the
Km values of all of the substrates as a function of pH, initial
velocity patterns were obtained at pH 5.5, 7.0, 8.0, 8.5, and
ChemicalsL-Saccharopine,-lysine,L-leucine,a-Kg, and 9.5 by measuring the initial velocity as a function of NADH
baker's yeast alcohol and aldehyde dehydrogenases wergoncentration at different fixed levels afKg and a fixed
obtained from Sigm&-NADH and3-NAD were purchased  concentration of lysine. The experiment was then repeated
from USB. Oxalylglycine (OG) was from Frontier Scientific. ~at several different fixed concentrations of lysine. Initial
Mes, Hepes, Ches, and Taps were from Research Organicsyelocity studies were also carried out in the direction of
Inc. Deuterium oxide (E0) (99 atom % D) and ethanadl saccharopine oxidation at the pH extremes (6.0 and 9.6). In
(99 atom % D) were purchased from Cambridge Isotope this case, the initial rate was measured as a function of NAD
Laboratories, Inc. AG MP-1 resin and Bio-Gel P-2 resin were concentration at different fixed levels of saccharopine. The
from Bio-Rad. All other chemicals and reagents were pH dependence of and V/K for all substrates was then
obtained from commercial sources, were of reagent grade,obtained under conditions in which one substrate concentra-
and were used without further purification. tion was varied with the others maintained at saturation

Cell growth, SDH expression, and purification were carried (=10Kn). Inhibition constants were obtained for inhibitors
out as reported previoushB), Glycerol (50%) was added competitive witha-Kg and lysine at a fixed concentration
to the stock enzyme solution to minimize any activity loss, ©Of the other two substrates (K@) and different fixed levels
and the diluted enzyme solution used for activity studies was Of inhibitor including zero.
prepared fresh daily. The pH was maintained using the following buffers at

Synthesis of A-Side NADISDH is reported to bero-R =100 mM concentration: Mes 5:%.8; Hepes, 6.88.2;
specific for hydride transfer (A-side) from C-2 of the Ches; 8.2-10.0. Sufficient overlap was obtained upon
saccharopine glutaryl moiety to the nicotinamide ring of changing buffers to eliminate buffer effects (none were
NAD (6, 11). The A-side NADD was prepared according to observed). The pH was recorded before and after initial
refs 12 and 13. The reaction mixture contained 2.8 mM velocity data were measured with changes limitedt1
ethanolds, 5.6 mM NAD, 50 units of yeast alcohol dehy- pH unit. The enzyme is stable when incubated for 20 min
drogenase, and 100 units of yeast aldehyde dehydrogenasever the pH range 5:59.8. pH profiles were then evaluated
in 10 mL of 6 mM Taps, at pH 9.0 and 2&. The pH was graphically for quality of data by plotting log or log(V/K)
adjusted to 9.0 with KOH throughout the reaction since against pH, while the inhibition profiles for oxalylglycine
protons are being produced and the reaction mixture is lightly and leucine were evaluated by plotting lod{)/against pH.

MATERIALS AND METHODS
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Primary Substrate Deuterium Kinetic Isotope Effects. a Varian Mercury VX-300 MHz spectrometer with a Varian
Isotope effects were measured by direct comparison of initial 4-nuclei autoswitchable PFG probél NMR spectra were
velocities, with NADD used as the deuterated substPate. collected using the PRESAT pulse sequence supplied by
and®(V,/K\ys) were obtained in triplicate by measuring the Varian, Inc. The spectra were collected with a sweep width
initial rate as a function of lysine concentration at saturating of 1510.1 Hz, eight transients, and an acquisition time of
levels of either NADH(D) andx-Kg (10Knm).2 °(Vo/Knapp) 5.490 s and processed with 32K points resulting in a 0.09
andP(V2/K.-kg) Were obtained in the same manner, varying Hz digital resolution. Assignment of chemical shifts was
NADH(D) or a-Kg at saturating levels of the other two aided by gCOSY experiments. The gCOSY pulse sequence
substrates, respectivel§V, andP(V./K.,s) were also mea-  supplied by Varian, Inc., was used, and data were collected
sured as a function of pH. with 1 transient and 128 increments.

Sobent Deuterium Kinetic Isotope Effects and Proton  Data ProcessingData were fitted to appropriate equations
Inventory Experimentdnitial velocities were measured in  as discussed below using the Marquatidévenberg algo-
H.0 and DRO. For rates measured in.D, substrates rithm (18) supplied with the EnzFitter program from BIO-
(NADH, a-Kg, and lysine) and buffers were first dissolved SOFT, Cambridge, U.K., and the Fortran programs of
in a small amount of BO and lyophilized overnight to  Cleland (9). Kinetic parameters and their corresponding
remove exchangeable protons. The lyophilized powders werestandard errors were estimated using a simple weighting
then dissolved in BD to give the desired concentrations, method. Data for initial velocity patterns obtained at pH 6.0
and the pD was adjusted using either DCIl or NaOD. A value and 9.6 in the direction of lysine formation were fitted using
of 0.4 was added to pH meter readings to calculatel®.(  eq 2, while data obtained at pH 5.5, 7.0, 7.5, 8.5, and 9.5 in
Data were obtained with lysine as the variable substrate atthe direction of saccharopine formation were fitted using eq
fixed concentrations (X,) of NADH anda-Kg. The isotope 3. Competitive inhibition patterns were fitted using eq 4. Data
effects were obtained by direct comparison of initial rates for V and V/K deuterium isotope effects were fitted using
in HO and DO over the pH(D) range 6:68.3, around the  eq 5.
pH-independent region of thé and V/K pH—rate profile.

Reactions were initiated by adding 40 of enzyme solution . VAB
in H,O, such that the final percentage ofMis ca. 99%. v= KK, + KB+ KA+ AB (2)
In the direction of saccharopine formation, finite isotope

effects were observed, and proton inventory experiments ,, — VABQ[constantt+ (coefA)A + (coefB)B +

were carried out to measure the solvent deuterium kinetic
isotope effects more accurately and estimate the number of (coefC)C + KAB + KAC+ KBC+ABQ (3)

proton(s) in flight in the rate-determining transition state(s)
(15). V> and Vo/Kys were measured at pH(D) 7.1 in 100% . VA

H0, 25% DO, 50% DO, 75% DO, and~100% DO with VAT UK) F A )
lysine as the variable substrate at a fixed concentration of a S
NADH and a-Kg (10Ky,).

Multiple Sobent Deuterium/Substrate Deuterium Kinetic
Isotope EffectsThe multiple isotope effect was obtained by
direct comparison of initial rates inJ and QO with lysine o ) N
varied and NADD andx-Kg fixed at 1K, It was also In eqs 2-5, v andV are initial and_ma_xw_nur_n_velomhes;\,
measured by comparison of initial rates using NADH and B. andC are substrate concentrationss inhibitor concen-
NADD in D,O with lysine as the varied substrate. Rates were tration, andKs K, and Kc are Michaelis constants for

measured at pH(D) 7.1, the pH-independent region ofthe ~Substrates A, B, and C, respectively, while constant and coef
andV/K pH—rate profile. terms are products of kinetic constants that depend on the

mechanism. In eq 4K represents the slope inhibition
constant. In eq 5 is the fraction of RO in the solvent or

. VA
K{1+ FEy) + Al +FE)

(5)

Measurement of the Saccharopine Secondary Amine pK
by NMR The K, value of saccharopine was determined by ) .
measuring théH NMR chemical shifts of protong to the .deLtJtenun:cflaE)el n thel SL‘;?;tratz\?Eﬂ,K an?_ EVI are the
secondary amine nitrogen of saccharopine as a function of!SOtOPE Elfects minus L OWK andV, respectively.
pH at 21°C. Solutions in RO of 20 mM saccharopine and Data for pH-rate profiles that decreased with a slope of
20 mM K;HPQ, buffer were prepared. The solution was 1 atlow pH and a slope of 1 at high pH were fitted using
adjusted to different pD values (5:01.9) using either DCI  €q 6. Data for pH-rate profiles with a slope of 1 at low pH
or NaOD. A value of 0.4 was added to pH meter readings Were fitted using eq 7, while data for pHiate profiles with
(14). All 1D and 2D NMR experiments were performed on @ slope of—1 at high pH were fitted using eq 8. Data for

pH—rate profile that decreased with a slope of 2 at low pH
2Nomenclature: Isotope effects are expressed using the nomenclaturWere fitted using eq 9. In the direction of saccharopine
developed by Nor-throplﬁ) and Cook and ClelandLy). Primary and ?Ormatlon’ data for the loyy PH_rate prOf_'Ie over the pH
solvent deuterium kinetic isotope effects are written with a leading range 5.6-7.0 were fitted using eq 7, while data fofrfor

superscript D and ED; e.g., a primary deuterium isotope effect on the pH range 6.510.0 and data for the leucin&pprofile
V/K is writtenP(V/K). Multiple isotope effects are written with a leading were fitted using eq 10
superscript to depict the isotope varied and a following subscript to '
depict the fixed isotope; e.g., a solvent deuterium isotope effect

measured with A-side NADD would be writtéhP(V/K)p. A “sticky”

substrate is one that reacts to give product as fast as or faster than it logy =log
dissociates from the enzyme complex.

C/(l TRl E2) ©6)

K; H
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Iog y= Iog C/(l + Kﬂ)] (7) Table 1: Results of Saccharopine gCOSY Experiments
L chemical shift correlation
K, 3.62 C(2)-H 1.78 C(3)-H2
= _Z 3.48 C(8)-H 1.95 C(9)-H2
logy = log C/(l + H )] (8) 2.93 C(6)-H2 1.64 C(5)-H2
2.26 C(10)-H2 1.95 C(9)-H2
H H? 1.95 C(9)-H2 3.48 C(8)-H, 2.26 C(10)-H2
logy=log|C/|1+ — + (9) 1.78 C(3)-H2 3.62 C(2)-H, 1.38 C(4)-H2
Ky KK, 1.64 C(5)-H2 2.93 C(6)-H2, 1.38 C(4)-H2
1.38 C(4)-H2 1.78 C(3)-H2, 1.64 C(5)-H2
| | Y, + Yy(K,/H) -
ogy=logl—————
gy g 1+ (Ky/H) (10) one with NADH binding first, followed by rapid equilibrium

addition of a-Kg before lysine. In the direction of lysine
In egs 6-10,y is the observed value of the parameter as a formation, initial velocity and dead-end inhibition patterns
function of pH ¥, VIK, or 1K), C is the pH-independent  obtained at the pH extremes (6.0 and 9.6) are consistent with
value ofy, H is the hydrogen ion concentratiok; andK, a sequential ordered mechanism in which NAD is the first
represent acid dissociation constants for enzyme or substratesubstrate bound and saccharopine binds second (data not
functional groups important in a given protonation state for shown).
optimal binding and/or catalysis, aivd andYy are constant The pH dependence of the kinetic parameters for SDH
values ofV or 1K; at low and high pH, respectively. was determined, and the results are shown in Figures 2 and
3. In the direction of lysine formation/,/E; andV1/KnapEt

RESULTS decrease at low pH with a limiting slope €f1, giving a

pK of the Saccharopine Secondary Amine: Determination PKa value of about 7.37.4 (Figure 2A,B), whileVi/KsacE:
by NMR H NMR spectra of saccharopine were obtained at decreases at low pH with a limiting slope 2, giving Ka
pH 6.86 and referenced to HDO (4.68 ppm). Chemical shifts values of 6.2 and 7.2 (Figure 2C). Th&gof the saccha-
are as follows:d 3.6 [t, 1H,J = 6.7 Hz, C(2)-H],0 3.5 [t, ropine secondary amine is 10.1, outside the pH range used
1H, J = 5.8 Hz, C(8)-H],0 2.9 [t, 2H,J = 7.9 Hz, C(6)- for the Vi/KsacE: pH—rate profile. NAD is the first reactant
H,), 6 2.3 [t, 2H,J = 7.2 Hz, C(10)-H], 6 1.95 [dd, 2H,J bound, and the pH dependence \OfKnapE: (the on-rate
= 7.2, 5.8 Hz, C(9)-H, 6 1.78 [m, 2H, C(3)-H], 6 1.64 constant for binding NAD) reflects a group important for
[p, 2H,J = 7.9 Hz, C(5)-H], 6 1.38 [m, 2H, C(4)-H]. The binding NAD. Since NAD and saccharopine have i, p
IH NMR chemical shifts of saccharopine were assigned by values over the pH range that was studied, tkeqf 7.2
gCOSY at pH 6.86 and 11.9. The correlations at pH 6.86 7.4 exhibited inVy/E;, Vi/KnaoEr, andVi/KsacE: may reflect
and 11.9 were identical. The correlations at pH 6.86 are listedthe same enzyme side chain important in catalysis and
in Table 1. binding (see Discussion below). The group on the enzyme

The chemical shifts of peaks corresponding to C(2)-H, With a pK, of 6.2 in theVi/Ksac&: pH—rate profile likely
C(8)-H, and C(6)-H changed significantly as the pD was contributes to the binding of saccharopine, since it is not
increased (Figure 1A). The largest changes were seen inobserved in theVy/E; pH-rate profile. K, values are
C(8)-H and C(6)-H (reflecting the protong to the secondary ~ summarized in Table 2. Estimates of the pH-independent
amine) which moved 0.59 and 0.58 ppm, respectively, upfield values of the kinetic parameters are as follows/E; (9.5
as the pH was increased from 6.86 to 11.90. A plot of the + 0.9) s, Vi/KnapEy, (8.6 + 1.6) x 10* M~* s7%, andVy/
chemical shift vs pH was used to estimate tig palue of ~ Ksac&:, (4.4+0.4) x 100 M~ s,
the secondary amine of saccharopine (Figure 1B). Data were In the reverse reaction directioNy/E; decreases at low
fitted by eq 10, which gave an estimateidmf 10.5+ 0.2. pH with a limiting slope of+1 giving a K, value of about
The K, in HO is 10.1+ 0.2 [obtained by subtracting 5.8 and decreases at high pH to a new constant value
0.4 14)] in the range of 16-11 from model compounds exhibiting a K, of about 8.4 (Figure 3A). Thelq of 5.8
(20). suggests an enzyme group important for catalysis, while the

pH Dependence of Kinetic Parametefihe pH depen- group with a K, of about 8.4 suggests an enzyme group
dence of kinetic parameters potentially provides information important, but not essential, for catalysis. TW&KE; values
on the optimum protonation state of enzyme and/or reactantfor NADH and a-Kg both decrease at high pH with a slope
functional groups required for enzyme conformation, binding, of —1 giving pK, values of 9.6 and 8.9, respectively (Figure
and catalysis. To be certain the kinetic mechanism of the 3B,C). V./Knapn is the on-rate constant for NADH, and the
enzyme does not change with pH and to obtain estimates ofpK, of about 9.6 reflects a group on the enzyme important
the K, values of all of the substrates as a function of pH, for binding the reduced cofactor. (Note that the group with
initial velocity patterns and diagnostic dead-end inhibition a pK, of 7.2 important for NAD binding is not observed in
patterns were obtained at pH 5.0, 7.0, 8.0, 8.5, and 9.5. Inthe V./KnapnE: profile.) TheV./KE; for lysine exhibits a bell-
the direction of saccharopine formation, initial velocity shaped pHrate profile, which decreases at low pH with a
patterns and leucine dead-end inhibition patterns are con-slope of+1 and at high pH with a slope efl (Figure 3D).
sistent with the kinetic mechanism proposed previoud)y (  Because the difference in these twid,pralues is less than
NADH binds first to free enzyme, and this is followed by 0.6, they were considered identical, and an averdggeop
random addition ofo-Kg and lysine at pH 7.0, and the about 7.2 was estimated{pvalues are summarized in Table
mechanism also applies at pH 8.0. However, the mechanism2. The pH-independent values of kinetic parameters are as
changes at the pH extremes (5.0, 8.5, and 9.5) to an orderedollows: VJ/E;, (58 &+ 3) s%, Vo/KnaprE:, (1.414 0.06) x
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A CoMH C®-H COH, 10, CORH, CQ)M, M, G,
pH=11.9
pH = 11.0
pH = 10.5
pH=9.7
pH = 8.4
4.0 3.5 3.0 25 2.0 1.5 1.0
B 4- C ICOO
H
£
» 3.5 1 H3N
&= 3
= 1 -
= 34 4 COO
Bt
E 510
5 2.5 1 6 9
HNIIIlt-g ll””H
2 T T T T T 1 7 _
6.5 7.5 8.5 9.5 10.5 11.5 12.5 CoOo
pH saccharopine

Ficure 1. pH dependence of thiél NMR spectrum of saccharopine. (A NMR spectra of saccharopine measured at the indicated pH
values. Chemical shifts are referenced to the carbons of saccharopine. (B) pH dependence of the chemical shift@t@th®oescondary
amine of saccharopine. Data are presented for the C(@)Hu(d C(6)-H (A) positions. (C) Structure of saccharopine with main chain
atoms labeled.

16 M1 5L, VolKokgE: (2.16+ 0.08) x 1P Mt s7%, and (IE minus 1) (Figure 5) to better estimate thi,dor the
VolKiysEr, (1.44+ 0.07) x 1P Mt st process.

pH Dependence of the; Kor Oxalylglycine and Leucine Sobent Deuterium Kinetic Isotope Effects and Proton
The pH dependence of the dissociation constant for competi-Inventory StudiesThe pH(D) dependence of kinetic param-
tive inhibitors vsa-Kg and lysine was determined in order eters was measured over the pH(D) range—85 to
to obtain an estimate of intrinsickpvalue(s) of group(s)  determine whether a solvent deuterium kinetic isotope effect
required for optimum binding of reactants. Oxalylglycine was is observed o, andV./K\ys. The pH(D) independent values

utilized as a dead-end analoguecaKg to measure its I of V2 andV2/K.ys gave values oP0V, andPOVy/Kyys of 2.2
profile. At pH 5.45 and 9.58, OG is competitive usKg, + 0.1 and 1.9+ 0.1, respectively.
and its @K profile is shown in Figure 4A. It shows an Proton inventoriesl(5) measured at pH(D) 7.1 are shown

increase in itsK; as the pH is decreased below 6 and in Figure 6. The proton inventories can be described as dome-

increased above 8. Over the pH range studied, leucine is ashaped or bulging upward far, and V,/Kys, as shown in

competitive inhibitor against lysine. ItsKp decreases  Figure 6. The concavity is pronounced in the cas¥.adind

from a constant value below pH 6 to another constant value shallow in the case 0¥./K|ys.

above pH 9.0 (Figure 4B). Alfy, of about 6.2 is estimated Multiple Sobent Deuterium/Substrate Deuterium Kinetic

for the enzyme complex ENIADH-a-Kg, and this [Xa is Isotope Effects.Multiple isotope effects allow one to

perturbed to about 9.2 in the ENADH-o-Kg-leucine  determine whether two isotope effects reflect the same or

complex (Table 2). The pH-independent dissociation constantdifferent steps. A multiple kinetic deuterium isotope effect

for leucine is 0.09t 0.01 mM for EHNADH-a—Kg-Ieucine is obtained when A-side NADD is used in bo[hz@{ and

and increases to 3® 6 mM in the ENADH-a-Kg-leucine D0 (80%) withP0(V,)p = 1.76 + 0.08 and®°(V4/Kys)o

complex. = 1.86+ 0.08. The multiple kinetic deuterium isotope effect
Primary Substrate Deuterium Kinetic Isotope Effects. obtained by using NADH(D) in BD (90%) gives(V2)p,0

Primary deuterium kinetic isotope effects were measured by = 1.50+ 0.15 and®(Vo/K\ys)p,0 = 1.55+ 0.14.

direct comparison of initial rates at pH 7.1 with A-side

NADH(D) used as the labeled susbstrate. Finite effects werepscyssion

observed on all parameters, with the exceptioNBKnapH-

PV, = 1.45+ 0.07,°(Va/Knapn) = 0.92+ 0.08,P(Vo/Ko—kg) Isotope EffectsThe study of deuterium isotope effects has

= 1.9+ 0.1, and’(V/K.ys) = 1.56+ 0.05. Isotope effects  enabled investigators to obtain information about the nature

on V, and Vo/K.ys were also obtained as a function of pH of the transition state in reactions catalyzed by specific

and are shown in Table 3. Since the isotope effects tend todehydrogenases, e.g., formate dehydroger2Beafd ala-

unity as the pH is increased, data are also plotted as the lognine dehydrogenase€?). In many cases, it has given an
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Ficure 2: pH dependence of kinetic parameters for the SDH
reaction from S. cereisiae in the direction of saccharopine
formation. Data were obtained at 28 for Vi/E; (A), Vi/KnapE:

(B), andV1/KsacE: (C). The points shown are the experimentally
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Ficure 3: pH dependence of kinetic parameters for the SDH
reaction fromS. cereisiae in the direction of lysine formation.
Data were obtained at 28C for VJ/E; (A), Vo/KnaprnE: (B), Vof

determined values, while the curves are theoretical based on fitSKa_KgEt (C), and Vo/K ysE; (D). The points shown are the

of the data using eq 7 fov,/E; and Vi/KnapE: and eq 9 forVvy/
KSac(Et-

indication of the relative rates of the catalytic steps in the
mechanism compared to the overall rate of the reaction.

Primary Substrate Deuterium Kinetic Isotope Effetise
kinetic mechanism of SDH in the direction of saccharopine
formation at neutral pH can be written

EAB (ksC
L EA% I}Z\\
N ?\% EAC%

k ks
13 EQ 15

k
EABc—k“- EPQ
12

E
an

where A, B, C, P, and Q represent NADH;Kg, lysine,
saccharopine, and NAD, respectively. The rate constants
andk; are for binding and dissociation of A, ks, k7, and

ks are for binding and dissociation of-Kg, andks, ks, ko,

and ko are for binding and dissociation of lysink;; and

ki» are the forward and reverse net rate constants for the

experimentally determined values, while the curves are theoretical
based on fits of the data using eq 8 M¥KyaprE; andVa/K—kgEt

and eq 6 folVo/K ysE;, while theV,/E; profile was fitted as described

in Materials and Methods.

catalytic pathway, whilek;s and k;5 are for release of
saccharopine and NAD, respectively.

The substrate deuterium sensitive step, hydride transfer,
contained inky;, the net rate constant for catalysis, may
exhibit an isotope effect upon deuteration of NADH at the
C-4 pro-R hydrogen of the dihydronicotinamide ring if it
contributes to rate limitation. Conditions for measurement
of VIK for a given reactant require all other reactants to be
present at saturation. Thus, the expression¥f&f/Ky, and
V/IK. are given by egs 1214, while V/K, is equal tok;.

Vv _ kzki1/Kg _ kzky1/kg
Ky, 1+K/kg+kfkis 1+¢,+c

(12)
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Ficure 4: pH dependence of the reciprocal of the inhibition
constant for OG (A) and leucine (B). The points shown are the
experimentally determined values, while the curve in (B) is
theoretical based on the fit of the data using eq 10.

Table 2: pH Dependence of Kinetic Parameters for SDH fm
cerevisiae

pKa+ SE

parameter acid side basic side
Vi 7.3+0.2
V1/Knap 74+0.2
Vi/Ksace 6.2+ 0.3

7.2+0.2
Vs 5.8+ 0.2 8.4+ 0.5
Vol KnapH 9.6+0.2
ValKq-Kg 8.9+0.1
VolKiys 7.2+ 0.3
pKio
PKiLeu 6.2+ 0.7

9.2+ 0.3

a Average value® pK, for the EH complex¢ pK, for the EHleucine
complex.

\Y/ ksky1/Kg ksky1/Kg

K;=1+k11/k6+k12/k13:1+cfc+cr (13)
V= Kig kg
1+ (kykys + Klkyg) + kokyg 14 Gy + %14)

In egs 12-14, ¢y, andcy (forward commitments to catalysis
for B and C) arekii/ks andkyi/ks, respectively ¢, (reverse
commitment to catalysis) isJ/kis, andcy (the catalytic ratio)
is k11/k13 + k11/k15 (16)

Substrate Dependence of Primary Deuterium Kinetic
Isotope Effectsin an ordered kinetic mechanisii/K, is

the on-rate constant for binding of the first substrate and is

not sensitive to substitution of deuterium for protium, and
thus the isotope effect oW/K, is unity. The magnitude of
D(VIKp) andP(V/K.) provides information on the preference
of the two pathways in eq 11. The larger the valu€@#/

K), the lower the value of the commitment factarsandc..

Biochemistry, Vol. 46, No. 3, 200877

Table 3: pH Dependence of the Primary Deuterium Kinetic Isotope
Effect for SDH

pH DV2 D(VZ/ KLys)

5.6 1.20+ 0.07 1.66+ 0.12
6.1 1.44+0.13 1.76+ 0.10
7.1 1.45+ 0.07 1.56+ 0.05
7.9 1.3+ 0.05 1.20+ 0.08
8.4 1.16+ 0.03 1.03+ 0.04

pathway in a random mechanis28f. For example, iP(V/

Ke) > P(VIKp), Cic < G, B is stickier than C, and the pathway
preference is E to EB to EBC. K(V/Ky,) = P(VIK.), there

are two possibilities. First, neither substrate B nor substrate
C is sticky, suggesting that the kinetic mechanism is rapid
equilibrium random. Second, both substrate B and substrate
C are equally sticky, indicating a steady-state random
addition of B and C, withks = k7 (24).

For the SDH reactiorf(Vo/Knapr) is 0.92+ 0.08 at pH
7.1 and 25°C, within error, identical to 1, consistent with
the proposed ordered addition of NADH befareKg and
lysine @). SinceP(Vo/Kq-kg) andP(V2/K\ys) are both finite,
their order of addition must be random, consistent with the
proposed mechanism, and sirk¥-/K.«g) is greater than
P(V,/K\ys), the preferred pathway issEADH to E-NADH-

Lys to ENADH-Lys-a-Kg at pH 7.1. Sincé’V, ~ P(V,/
Kus), the off-rate for lysine from BENADH-Lys-a-Kg is
likely about the same as that of NAD fromMAD. That
E-NAD exists in the steady state is known as a result of
uncompetitive substrate inhibition loyKg (3). The off-rate

for a-Kg from E-NADH-Lys-a-Kg is greater than that of
lysine from the same complex.

pH Dependence of Primary Deuterium Kinetic Isotope
Effects. Kinetic parameters depend on pH as a result of
titration of groups responsible for reactant binding, catalysis,
or maintaining the correct conformation of the enzyme.
Information on the kinetic and chemical mechanism can be
obtained if the isotope effects are measured at the optimum
pH and a pH where the kinetic parameter is decreasing by a
factor of 10 per pH unitZ4). In the case where the isotope-
sensitive step is not solely rate-determining and substrate is
sticky, the observed isotope effect can be enhanced by
changing the pH and eliminating substrate stickiness by
making the catalytic pathway slow. For the SDH reaction,
the maximum isotope effect is observed at low pH {1.7
1.8), and the effect decreases as the pH is increased above
the K, observed in th&/./K. s pH—rate profile.

At low pH, the isotope effect onV,/K.s increases
compared to that measured at neutral pH and becomes equal
to P(Vo/Ka—kg). It thus appears that lysine is sticky, while
o-Kg is not. The stickiness factok;i/ks, can be estimated
using the value of 1.8 for the maximum isotope effect and
the equation:

P(VIK) s+ €

D _
V) =75

(15)

Substituting 1.56 and 1.8 fd{(V/K) and °(V/K)max @ Gt
of about 0.4 is calculated, suggesting that at neutral pH, once
lysine is bound, it dissociates from the enzyme 2.5 times
faster than the rate of the catalytic pathway. The maximum

The lower commitment factor indicates the less favored value of 1.8 is not the intrinsic isotope effect, since the
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A 0- increase. If substrate and solvent deuterium isotope effects
= 05, do not reflect the same step, deuteration of the substrate
T a decreases the observed solvent isotope effect by making the
& 1 deuterium-sensitive step more rate-limiting. Two kinds of
N 15 4 muItlpI_e isotope effects are used in _these studies, a s_olvent
= deuterium isotope effect measured with NADD and a primary
= . . . . substrate deuterium isotope effect measuredJ0.Orhere

5 6 7 8 9 is no significant decrease in the solvent deuterium isotope

effect on V, and V./Ks when obtained using NADD

vl compared to that using NADH. In addition, there is no
B 0 - change in the isotope effect upon measufiivg and P(V/
Kis) in 90% D,O compared to that in ¥. These data
:'0'5' ./‘/—.\'\- suggest a concerted proton and hydride transfer that is
é 1 completely rate-limiting for the overall reaction. However,
& the isotope effect oWo/Kq—kg iS greater than that observed
&-1.51 for Vo/Kiys at pH 7.1,P(Vo/Kis) increases as the pH is
2 decreased, ant®(V,)p is decreased compared R&(Vy)p.
) _ ) ;i Thus, hydride transfer cannot be the sole rate-limiting step.
5 6 7 8 9 . : .
oH The data can be reconciled by suggesting proton transfer in

. ) _ . the hydride transfer step and in some other step. The one in
Ficure 5: pH dependence of primary substrate deuterium kinetic C}he hydride transfer step results in an increase in the primary

isotope effects of saccharopine dehydrogenase. Data were plotte - ; : .
as the logarithm of the isotope effect minus 1. $&JKLys. (B) Va. deuterium isotope effect, while the one in another step causes

The points shown are the experimentally determined values, while it to decrease, giving no net change in the isotope effect. In
the curves are theoretical based on fits of the data using eq 8 foraddition, the lack of change in the solvent deuterium isotope

ValKiys and eq 6 forVs. effect indicates that the effect is likely reflected differently
) ) o by the two solvent-sensitive steps with NADH and NADD,

hydride transfer step is not completely limiting for the overall pyt the weighted average is the same in both cases. The origin
reaction (see below). of the proton transferred in the hydride transfer step is likely

The value of°(V2/K\ys) decreases to about unity as the a proton transferred from the protonated secondary amine
pH increases over the pH range wh¥b#Kyys is decreasing  of saccharopine to an enzyme base as the hydride is
by a factor of 10 per pH unit, does not vary significantly  transferred. There are several possibilities for the (an)other
as the pH is decreased to 6.1, nor d8¥s However, the  proton transfer step(s), including hydrolysis of the imine that
isotope effect does decrease toward unity as the pH isresults from the oxidation of saccharopine.
increased, as do€§V./K.ys), even thoughv, decreases only Proton Irventory StudiesAn estimate of the number of
slightly as the pH increases. In additidtV, decreases as  protons important to the overall reaction and the number of
the pH is decreased below 6.0. Data suggest that the pH-proton transfer steps that contribute to rate limitation can be
and isotope-dependent steps are not the same in the directiogptained from the proton inventory methdtb). If a single
of saccharopine formation2f) and that an isotope-  proton is transferred in the rate-limiting transition state, a
independent step contributesV at low pH. Data will be  pot of the rate constant versus atom fraction of deuterium
discussed in the context of the mechanism below. (n) will be linear. If more than one proton is transferred in

Sobent Deuterium Kinetic Isotope Effects and Proton a single transition state, the plot will be bowl-shaped
Inventory StudiesThe pH(D) dependence of kinetic param- (concave upward), while if protons are transferred in multiple
eters was measured for lysine with NADH amrdKg transition states, the plot will be a dome-shaped plot (concave
maintained at saturation, over the pH(D) range-85 to downward). Dome-shaped proton inventories require offset-
determine whether a solvent deuterium kinetic isotope effect ting normal and inverse contributions to the solvent isotope
was observed. As predicted, the profile in@is shiftedto  effect and can have several mechanistic origits).(The
higher pD as a result of the equilibrium solvent deuterium replot ofV, versus the percentD at pH 7.1 gives a bulging
isotope effect on thel, values (4) (data not shown). The  dome-shaped plot (Figure 6A), suggestive of contribution
solvent kinetic deuterium isotope effects, obtained as the ratiofrom proton transfer with a significant inverse contribution
of the pH(D)-independent values of the kinetic parameters, effect likely from a medium effectls). However, the slight
are significant, with estimate®°V, and ®°V,/K\ys values curvature observed in the casevdK is more consistent with
of 2.2 + 0.1 and 1.9+ 0.1, respectively, suggesting a isotope effects in two or more sequential transition states,
significant contribution from proton transfer step(s) to rate but with the absence of significant medium effect (Figure
limitation of the overall reaction. 6B) (15). Data are thus consistent with the multiple isotope

Multiple Sobent Deuterium/Substrate Deuterium Kinetic effects and suggest that rate-limiting proton transfer exists
Isotope EffectaMultiple isotope effects potentially allow one in at least two sequential transition states, for example,
to define the interrelationship between two isotope-sensitive substrate (de)protonation, hydride transfer, water elimination,
steps 26). Isotope effects that reflect the same transition state or an enzyme conformational change. Of these, hydride
are independent of one another, since they reflect the samdransfer and formation of the imine from the carbinolamine
step. If the step is completely rate-limiting, the isotope effect are most likely. The medium effect seen\ify, but notV,/
will not change in the presence of the second isotope, while Ky, suggests that it is caused by a step(s) not included in
if it is not completely rate-limiting, the isotope effect will  V./K s under conditions of saturating substrate concentration,



Chemical Mechanism of Saccharopine Dehydrogenase Biochemistry, Vol. 46, No. 3, 200879

A 3 mechanism at low and high pH for SDH allow the pH

profiles to be interpreted in terms of enzyme forms or species

that predominate under any given conditions. In the direction

of lysine formation, free enzyme and NAD predominate for

- the Vi/Knap profile, while the ENAD enzyme form and

24 saccharopine predominate for thg/Ksac profile. Finite

- primary deuterium and solvent deuterium kinetic isotope

effects and proton inventory studies suggest that central

1.5 1 complexes (primarily ENAD-Sacc and ENADH-imine,

where imine is the oxidized form of saccharopine) predomi-

nate for theV; profile. In the reverse reaction direction, the

free enzyme and NADH predominate for th&/Kyapw

profile, while ENADH:-lysine anda-Kg predominate for the

05 . . . VolKq—kg profile at 5.0< pH < 8.5, and at pH values lower

0 0.25 0.5 0.75 1 and higher, ENADH and a-Kg predominate. In the case of

n the V./K\ys profile, ENADH-0-Kg and lysine predominate,
2.5 while central complexes and-RAD, E:NADH, or E:

B NADH-a-Kg predominate for th&, pH profile (see discus-

sion of isotope effects above).

The Vi/Knap is equal to the on-rate constant for NAD
binding, and the i, of 7.4 reflects a group that must be
deprotonated for optimum binding of NAD. Thé/Ksacc
pH—rate profile exhibits §, values of 6.2 and 7.2, while
the V; pH—rate profile shows alf, of 7.2. The K, of 7.2
likely reflects the same enzyme group ifNAD and central
complexes, which likely serves as a general base in the
overall reaction needed to activate water in the hydrolysis
of the imine formed upon oxidation of saccharopine. The
second group in th¥1/KsaccpH—rate profile with a |, of

2.5 4 -

0.5 T T T 6.2 which needs to be deprotonated likely contributes to the
0 0.25 0.5 0.75 1 binding of saccharopine only, since it is not observed in the
n Vi1 pH—rate profile. Since neither NAD nor saccharopine
FIGURE 6: Proton inventories for saccharopine dehydrogenase. have (K, values in the pH range studied, th&pmust
Solvent deuterium dependence’@f>) (A) and"(V2/Kyys) (B) (ratio represent ionization of a group on the enzyme. Therefore,
of V2 and Va/Kyys atn fraction of D,O to that at 99.9% BD) on  there are two groups on the enzyme witk,values of 6.2

the fraction of deuteriumn] in solvent. Velocities were measured L .
at a pH(D)-independent \r/gme of 7.1 in 100%0H 25% DO, 50% and 7.2 that must be deprotonated for binding of saccharopine

D.,0, 75% DO, and~100% D,O. Points are experimental values, and catalysis, respectively. A group on the enzyme with a
and curves are drawn by eye. The dotted line in (B) is theoretical pK, of about 7.2-7.4 is likely the same one that affedfs,

for a linear proton inventory. Vi/Knap, andVi/Ksaee @ catalytic group that also affects the
i.e., either product release or a conformational change oncebinding of NAD. The protonation state of this group does
substrates are bound, e.g., isomerization eNAD, E-: not affect binding of NADH, and it is thus likely to be a
NADH, or E:‘NADH-0-Kg. This will be further discussed cationic acid located in the vicinity of the positively charged
below. nicotinamide ring of NAD.

Interpretation of the pH Dependence of Kinetic Param-  In the direction of saccharopine formation, the SDH has

eters.The pH dependence of 10g(K) versus pH is obtained a random kinetic mechanism with NADH bound to free
at a limiting concentration of one of the reactants and enzyme first, followed by random addition of-Kg and
saturating levels of all others, with free substrate and the lysine at neutral pH. Th&./KnapnE: decreases at high pH
enzyme form to which it binds predominant in the steady with a slope of—1 giving a K, value of 9.6+ 0.2. Since
state. The logV versus pH profile is obtained at saturating NADH is the first substrate bound, and considering that the
concentrations of all substrates with the enzyme form(s) that pK, of the pyrophosphate moiety of NADH is about2, it
build(s) up in the steady state predominant. Mherofile is suggested that the group on the enzyme witKaqgf 9.6
will thus reflect groups on the enzyme required for catalysis, likely contributes to the binding of NADH and must be
while the V/IK profile will reflect the protonation state of  protonated for optimal binding, likely interacting with the
group(s) on the enzyme and/or reactant responsible in a givemegatively charged phosphoryl oxygens of NADH via an
protonation state for binding and/or cataly€3)( In the case  ionic interaction. This group was not seen in ¥gKyap
of an ordered mechanism, théK for the first substrate is  pH—rate profile in the forward direction reaction, because
the rate constant for binding reactant to enzyme and will the parameter was not measured above pH 9.0 in that reaction
thus reflect groups important for binding, which may also direction; theK, for saccharopine has become about 10 mM
contribute to catalysis, for example, if a catalytic group at pH values above 9.
hydrogen bonds to or is in the vicinity of the substrate. The VJ/K,—kg profile shows a single group with &g of

The determination of a steady-state partial random mech- 8.8 that must be protonated for optimum binding. In addition,
anism at pH 7.68.0 and a rapid equilibrium ordered V, decreases to a new constant value at high pH exhibiting
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a pK, of about 8.4. Thesely, values are identical, within  a K, of 6.2 must be protonated for optimal binding of
error. The kinetic mechanism of SDH changes from random leucine. This is the sameKg observed in th&/1/KsaccpH—

to rapid equilibrium ordered when the pH is above 8.0 or rate profile that must be unprotonated to bind saccharopine.
below 5.5. TheV,/K.-«g pH—rate profile is independent of  The group must also be unprotonated to accept a proton from
pH from 5.5 to about 8.0, but the rate constant decreasesthe e-amine of lysine. The difference between lysine and
when the pH is increased above 8.0, at the point where theleucine is that one has a positive charge and the other is
mechanism changes. Between pH 5.5 and 8.0, the predomihydrophobic. Since the group must be protonated to allow

nant enzyme form is fNADH-Lys, while above 8, the £
NAD form predominates. The decreaseMgK,—kq likely
reflects a kinetic f, resulting from the change in kinetic
mechanism due to a slower pathway wiihKg binding
before lysine. In agreement with thé/K, kg, V> also
decreases at high pH, giving a partial change in activity,
likely reflecting the same kinetic mechanism change. The
group with a K, of 7.2 in theVJ/K s profile is not observed

in the Vo/K—«g pH—rate profile. Under these conditions
lysine is bound, and the group with &pof 7.2 is likely
locked in its correct protonation state. Since the group seen
on the acid side functions to deprotonate the lyshaenine,

it is reasonable the group would not be observed with lysine
bound. Overall, data are consistent with the steady-state
random nature of the mechanism with theNBDH to E-
NADH-Lys pathway preferred and faster than that with E
NADH-o-Kg.

The bell-shaped pH profile fo¥»/K.ys observed in the
reverse reaction direction shows that a group withKa qf
about 7.2 must be unprotonated and a group withiKags
about 7.2 must be protonated for binding lysine to the E
NADH-o-Kg complex and catalysis. Since lysine has no
ionizing groups corresponding to 7.2, they must reflect the
ionization of groups on the enzyme. A group on the enzyme
with a pK, of 7.2 exhibited inV;, Vi/Knap, and Vi/Ksace
profiles must be deprotonated for catalysis in the direction
of lysine formation. On the basis of the acidase chemistry
required in the oxidative deamination reaction, the group with
a pK, of 7.2 is believed to represent a general base required

binding of the hydrophobic side chain of leucine, it is likely
that it is a neutral acid (Asp or Glu). The perturbation of the
pKa observed in th&/,/K s pH—rate profile is in agreement
with the stickiness of lysine, as discussed above under the
pH dependence of primary deuterium isotope effect. Given
the large standard error on thEjvalues, the isotope effects
provide a better quantitative estimate of stickiness. In
addition, the K, perturbation likely reflects an environmental
change as lysine binds to the enzyme. Consistent with this
suggestion, when leucine is bound, the, pf the binding
group increases to about 9.2, consistent with a neutral acid
in a more hydrophobic environment.

The Kioc profile within the pH range 6.68.0 where the
overall kinetic mechanism is random and OG binds to E
NADH-Lys is largely pH-independent with an averalge
value of 10QuM. As the pH is increased above 8 and below
6 where the kinetic mechanism changes to equilibrium
ordered, the K also becomes pH-independent with an
averageK; value of about 50@M. The approximately 5-fold
change in theK; value (see the boxes in Figure 4A) over
these two pH ranges likely reflects the change in mechanism
itself and the difference in affinity of OG for‘RADH-Lys
and ENADH. There is a transition between the two pH-
independent regions, but the scatter in the data makes it
difficult to see where the transition occurs. The boxes drawn
in Figure 4A are simply to highlight the two pH-independent

regions.
Proposed Chemical Mechanisithe pH-rate profiles and

to abstract a proton from 4@ as it attacks the carbon of the isotope effect experiments discussed above are consistent
imine formed upon oxidation of saccharopine. In the opposite With a proton shuttle chemical mechanism as shown in
direction reaction, the same group, seen in\&ys pH— Scheme 1. Two groups serve as adhse catalysts in the
rate profile, must be protonated to donate a proton to the reaction, but one of them catalyzes most of the steps. In the
hydroxyl of the carbinolamine intermediate to facilitatgdH ~ direction of lysine formation, once NAD and saccharopine
elimination. The second group observed on the acid side ofbind (I, in Scheme 1), the group with &p of 6.2, likely
the VJ/Kiys profile with a K, of 7.2 is responsible for ~ Asp or Glu as suggested on the basis of the difference in
deprotonating the-amine of lysine, so that it can act as a V2/Kiys and Kieu pH—rate profiles, accepts a proton from
nucleophile to form an imine with the-oxo group ofa-Kg. the secondary amine of saccharopine as it is oxidized. This
In the slow reaction direction (formation of lysine), the protonated general base then does not function until lysine
observed K, in the Vi/Ksacc pH—rate profile is 6.2. This is formed at the completion of the reaction. The concerted
pK,is likely the intrinsic K, for the binding group, whileit ~ proton and hydride transfer is corroborated by the WD
is perturbed to higher pH in the opposite directi®/Kyys multiple isotope effect. The general base withkg pf 7.2,
pH—rate profile), suggesting lysine is sticky (sel€ip.). likely a cationic acid such as Lys or His (on the basis of the
V., also decreases at low pH with a limiting slope-of differences inVi/Knap and Vo/Knapn pH—rate profiles),
giving a K, value of 5.8, indicating that another group on accepts a proton from4@ as it attacks the Schiff base carbon
the enzyme must be deprotonated for optimum activity. Itis (Il') to form the carbinolamine intermediaté (). It is likely
possible that this g, reflects a pH-dependent conformational this step that reflects the solvent isotope effect on the step
change in the enzyme once all substrates are bound, perhapsutside hydride transfer. The same residue then serves as a
the same conformational change seen as a medium effect irgeneral acid and donates a proton to the carbinolamine
the proton inventory of/,. In agreement with this suggestion, nitrogen to give the protonated carbinolamin® ). The
the primary deuterium isotope effect decreases from 1.6 atcarbinolamine collapses, facilitated by the proton shuttle
pH 6.1 to 1.2 at pH 5.6, suggestive of a step other than theaccepting a proton from the carbinolamine hydroxyl to
hydride transfer becoming rate-limiting at low pH. generaten-Kg and lysine V). The amine nitrogen is then
Interpretation of pKProfiles The [K; profile for leucine, protonated by the group that originally accepted a proton
a competitive inhibitor of lysine, indicates that a group with from the secondary amine of saccharopilé)(
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Scheme 1: Proposed Chemical Mechanism for Saccharopine Dehydragenase
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a1, the formed central complex HAD-saccharopine once NAD and saccharopine Hindchiff base intermediatdl] , carbinolamine intermediate;
IV, protonated carbinolamin&/, the generated central complexXNADH-a-Kg-Lys; VI, protonated lysine. With the exception of saccharopine,
no stereochemistry is implied.

Isotope effect data suggest a difference in the pH- A couple of additional points should be mentioned. The
dependent and isotope-dependent step (hydride transfer) aproton to be transferred to the group with &,pof 6.2
high pH. Data most likely reflect a pathway in which the requires that there be a better match of tkg yalues of the
general base with aify of 7.2 becomes deprotonated along base and proton donor. The latter have solution values of
the reaction pathway, committing reactants to go on to 10—10.5 (saccharopine secondary amine and lysiamine),
products. A protonated carbinolamin/{ is formed from >4 pH units higher than the base. As a result, there must be
lysine anda-Kg (V). The base then accepts a proton from a shift in the X, of the base to a higher value and the proton
the carbinolamine nitrogen to generate the neutral carbino-donor to a lower value, likely by about 2 pH units for each.
lamine (Il ). Deprotonation of the base at this point causes The K, perturbation likely results from neutralization of the
the reaction to be committed to forming saccharopine. This charge of the binding groups in the active site (substrate
step precedes the hydride transfer step and would still requirecarboxylates and Arg), which will make the site more
protonation of the leaving hydroxide to generate the imine. hydrophobic, resulting in an increase in the putative enzymic

This proton could be generated by the imine itselfliror carboxylate K, and a decrease in th&pof the proton donor
from some other secondary proton donor. These details await(lysine e-amine or saccharopine secondary amine). TRe p
additional experiments to sort out. of 9.2 observed in thel.e, profile once leucine is bound

As we were completing this paper, the structure of apo- is consistent with the i, perturbation. Another important
SDH was solved (Albert M. Berghuis, McGill University, point is that although the group with aKp of 6.2 is
Canada, personal communication). The active site could beunprotonated at the beginning and end of the reaction, the
located using a binary complex of AlaDH with pyruvate group with a [K, of 7.2 is in opposite protonation states at
bound; AlaDH is the closest homologue of SDH.(On the the beginning and end of the reaction and must be depro-
basis of a superposition of the binary complex structures of tonated for a new round of catalysis, and the proton is most
AlaDH (E-NAD and Epyruvate) and the apo structure of likely exchanged with bulk solvent after the active site is
SDH, the active site of the two enzymes has significant open and products are released.
similarity. There are several Arg residues that may be in
proper position to ion pair the three carboxylates of saccha-ACKNOWLEDGMENT
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