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ABSTRACT

Saccharopine reductase (SR) (EC 1.5.1.10) is thaltimate enzyme in the
a-aminoadipate pathway encoded by thé0 gene inSaccharomyces cerevisiae.
Saccharopine reductase (SR) catalyzes the condemsatt L-a-aminoadipated-
semialdehyde (AASA) with L-glutamate to form an mmiwhich is subsequently
reduced by NADPH to give saccharopine. Kinetic stsidwere carried out for
histidine-tagged saccharopine reductase f&accharomyces cerevisiae at pH 7.0,
suggesting a sequential mechanism with orderedtiaddof NADPH to the free
enzyme followed by AASA, which adds in rapid eduilum prior to L-glutamate in
the forward reaction direction. In the reverse tieacdirection, NADP adds to
enzyme prior to saccharopine. Product inhibition X§DP is competitive vs.
NADPH and noncompetitive vs. AASA and L-glutamatmsistent with addition of
the dinucleotide prior to the aldehyde; sacchampsnnoncompetitive vs. NADPH,
AASA and L-glutamate. In the direction of sacchanepoxidation, NADPH is
competitive vs. NADP and noncompetitive vs. sacopewe, L-glutamate is
noncompetitive vs. both NADP and saccharopine, avhASA is noncompetitive
vs. saccharopine and uncompetitive vs. NADP. Thyguesatial mechanism is also
corroborated by dead-end inhibition studies usingl@s of AASA, L-glutamate,
and saccharopine. 2-amino-6-heptenoic acid wasechas a dead-end analog of
AASA and is competitive vs. AASA, uncompetitive VvINADPH, and

noncompetitive vs. L-glutamate. KetoglutarateK(g) served as a dead-end analog

Xiv



of L-glutamate and is competitive vs. L-glutamatel aincompetitive vs. L-AASA
and NADPH. In the direction of saccharopine oxiolati N-oxalylglycine, L-
pipecolic acid, L-leucineg-ketoglutarate, glyoxylic acid and L-ornithine wersed

as dead-end analogs of saccharopine and showed etitwap inhibition vs.
saccharopine and uncompetitive inhibition vs. NARH. data are consistent with
the proposed ordered mechanism. The equilibriunstamt for the reaction was
measured at pH 7.0 by monitoring the change inrhlasee of NADPH when all
reactants were presentsHs 200M™. The value is in good agreement with the value

determined using the Haldane relationship.

An acid-base chemical mechanism has been propase8R on the basis of
pH rate profiles and solvent deuterium kinetic agat effects. A finite solvent
isotope effect is observed indicating that protbmi® in flight in the rate limiting
step(s) and likely the same step is limiting untéeth limiting and saturating
substrate concentrations. A concave upward prateentory suggests that more
than one proton is transferred in a single tramsitstate, likely a conformation
change required to open the site and release piodi@o groups are involved in the
acid-base chemistry of the reaction. One of theseps catalyzes the steps involved
in forming the imine between theamine of glutamate and the aldehyde of AASA.
The group, which has &g of about 8, is observed in the pH-rate profiles\fpand
V1/Kai, and must be protonated for optimal activity slaiso observed in thé and

Vo/Ksiee pH-rate profiles, and is required unprotonatece $cond group, which has

XV



a K, of 5.6, accepts a proton from theamine of glutamate so that it can act as a

nucleophile in forming a carbinolamine upon attatkhe carbonyl of AASA.

Site directed mutagenesis has been carried ouutidate the role of D125,
C154 and Y99 residues in the reaction catalyzedSBy Kinetic parameters for
single and double mutants show a sharp decreakg; fior the mutants suggesting
that these residues are important for the reactutirate profiles for D125A,
C154S, Y99F, D125A-Y99F and D125A-C154S mutantscete that these residues
do not play the role of general acid-base catatyshe reaction and further studies
are required to determine the identity of the gahacid-base catalyst. A possible
candidate for the general acid-base catalyst iptineary amine of saccharopine and

chemical modification needs to be carried out terine its role in the reaction.

Substrate specificity studies have been carried wsihg analogues of
saccharopine and nicotinamide adenine dinucleotd&rnative substrates have
been used for NADPH in the forward reaction di@ctat pH 7.0. Inhibition studies
using analogues of the dinucleotide show that nobghe binding energy comes
from the ADP of NADP. Replacement of the carbonydup of nicotinamide ring
with a thio group results in poor binding indicafithat the bulky and considerably
less electronegative sulphur results in steric fainde and prevention of hydrogen
bonding in the active site of SR, as shown by figa BppK,, value. The 2' phosphate
group plays a significant role in binding whichirglicated by the sharp decrease in

the V/IK value when NADH is employed as an alternative sabes in the forward

XVi



reaction direction. Dead end analogues of saccireaquggest that the carboxylate
groups need to be flexible and orientation of theboxylate groups is crucial to

binding of saccharopine to SR.
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CHAPTER 1

Introduction

1-1. Amino acid biosynthesis

Most living organisms use 20 different amino adidsorder to synthesize
proteins. Amino acid biosynthesis can be dividetb ithe following six major
families: 1) the aspartate family for the biosyrsikeof Asp, Asn, Lys, Met, Thr, lle;
2) the aromatic amino acid family for the biosyrsiiseof Phe, Tyr and Trp; 3) the
glutamate family for the biosynthesis of Arg, GEIln and Pro; 4) the biosynthesis
of histidine; 5) the pyruvate family for the bioglesis of Ala, lle, Leu and Val; and
6) the serine family for the biosynthesis of Cysy énd Ser ). Thea-aminoadipate
pathway is a member of the glutamate family of amanid biosynthesis/( 8). The

biosynthetic pathways for lysine will be considebekfly below.

1-2. Lysine biosynthesis

L-lysine is an essential amino acid for humans amdhals and can only be
obtained from protein in the diet. Two completelyffedent routes for the
biosynthesis of the essential amino acid L-lysim&ehevolved in nature: the
aminoadipate (AAA) pathway in phycomycetes, eugi@soyeasts and higher fungi
such as basidiomycete8 (9), and the diaminopimelate (DAP) pathway in baeteri
plants and lower fungi suchs the mucorales and blastocladial2s 22). Other

amino acids have similar synthetic pathways in famgl bacteria3).



1-2-1. Diaminopimelate pathway of L-lysine biosynthsis

In plants and bacteria the diaminopimelic acid path is used for the
synthesis of lysine and consists of seven enzyrteyead reactions (Fig. 1-18)
The diaminopimelate pathway found in most plantactéria and lower fungi
belongs to the aspartate family of amino acid mtisgtic pathway which also leads
to the synthesis of asparagimeethionine, threonine and isoleucirgy), The DAP
pathway has also been studiedEincoli (28). In addition to the lysine required for
protein biosynthesis, the DAP pathway is the soofdle diaminopimelate (DAP)
and lysine that is incorporated into bacterial cedlll peptidoglycans. The DAP
pathway begins with the phosphorylation of aspartay aspartokinase to give
aspartylp-phosphate (1; E.C. 2.7.2.4), followed by an NAD&pendent reduction
to give asparti¢i-semialdehyde catalyzed by aspartate semialdehgldgddogenase
(2; E.C. 1.2.1.11). In the next step aspdptwemialdehyde undergoes aldol
condensation with pyruvate to give 2, 3-dihydrocdgbtnate catalyzed by
dihydrodipicolinate synthase (3; E.C. 4.2.1.5&hich upon reduction by NADPH
gives A piperidine-2, 6-dicarboxylate catalyzed by dihydpicblinate reductase (4;
E.C. 1.3.1.26). The ring is opened in the next &tgsuccinylation with succinyl-
CoA to give N-succinyb-amino€-ketopimelate catalyzed by tetrahydrodipicolinate
acyltransferase (5; E.C. 2.3.1.117). In the neap,sthe acyl group is removed after
transamination using glutamate to produce L, L-dmnpimelate brought about by
N-succinyla-aminoe-ketopimelate-glutamate aminotransaminase (6; E&1.17).

The step involving removal of the acyl group isatyted by N-acyldiaminopimelate
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Fig. 1-1: The Diaminopimelic acid pathway in bacteia and the enzymes in the pathway are: (1)
Aspartate kinase (E.C. 2.7.2.4), (2) Aspartate sealdehyde dehydrogenase (E.C. 1.2.1.11), (3)
Dihydrodipicolinate synthase (E.C. 4.2.1.52), (4) ibydrodipicolinate reductase (E.C. 1.3.1.26),
(5) Tetrahydrodipicolinate acyltransferase (E.C. 23.1.117), (6) N-succinyk-amino-¢-
ketopimelate-glutamate aminotransaminase (E.C. 2.6.17), (7) N-acyldiaminopimelate
deacylase (E.C. 3.5.1.18), (8) Diaminopimelate epénase (E.C. 5.1.1.7), (9) Diaminopimelate
decarboxylase (E. C. 4.1.1.20).

deacylase (7; E.C. 3.5.1.18). This is followed W tracemization of L, L-
diaminopimelate to the meso compound catalyzed iagnidopimelate epimerase,
which on decarboxylation vyields the final productlysine catalyzed by

diaminopimelate decarboxylase.

1-2-2.a-aminoadipate (AAA) pathway of L-lysine biosynthess

The AAA pathway has been reported $accharomyces cerevisiae (10),
Schizosaccharomyces pombe (11), Penicillinum chrysogenum (12), Neurospora
crassa (13), Magnoporthe grisea which is a plant pathogeifl), and human
pathogenic fungi includingandida albicans (14), Aspergillus fumigatus (15) and

Cryptococcus neoformans (15). The Saccharomyces cerevisiae genome has been



completely sequenced@-18). Extensive genetic, enzymatic, regulatory, armahicig
studies of the lysine biosynthetic pathway are m@mg carried out its. cerevisiae
andN. crassa (14, 26). Some cloning and molecular studies have also beeied
out inC. albicans (19-21, 32).

The AAA lysine biosynthetic pathway is also used liacteria for lysine
biosynthesis and Kobaslat al. has reported a modified AAA pathway in the

bacterium,T. thermophilus, which is an extreme thermophild). The pathways

OH

Acetyl-CoA CoASH H;O _
\A{r LJ»OOC\/\\/\COO Lboc\/\/\coa S mc\AH\COB
- 3 _

coo co0o
o-ketoglutarate Homocitrate Homoaconitate Homoisocitrate
+
NAD(F] NAD(®P)H Glitamate KG NH; RSCoA CoASH NH-COR ATP ADP
_ boc\/\/L _
LA M coo M \A)\ coo LA [e{a]s] %2»
6
o-ketoadipate o-aminoadipate Nl-acetyl-L-aminoadipate

NH-COR

NH-COR
ho POOC\M NADPH NADF Clutamate KC NH-COR pcoon
& coo 5 ;OHC 5 \ :HNJ'V\/]\ f 3N\/\)\

N-acetyl-L-aminoadipyl-

N-acetyl-L-aminoadipate- N-acetyl-L-lysine L-lysine
diphosphate

semialdehyde

Fig. 1-2: Proposed lysine AAA biosynthetic pathwayn Thermus thermophilus

leading to the formation ofi-aminoadipic acid (AAA) are same in fungi and
bacteria, and the steps leading to the formatio-lgkine in Thermus thermophilus
are shown in Fig. 1-23]. Miyazakiet al. showed that iThermus thermophilus, the
enzymes involved in the conversion wketoglutarate to AAA are homologous to
the corresponding genes of fungi and that the paghtvom AAA to lysine is

dissimilar. InT. thermophilus, AAA is condensed with acetyl CoA to produlsé-



acetyl-L-aminoadipate. The following step involwes phosphorylation to givie*
acetyl-L-aminoadipyl-diphosphate which upon reduttiby NADPH givesN*
acetyl-L-aminoadipate semialdehyde. The next steplves the transamination by
glutamate to giveN*acetyl-L-lysine. In the last step, acetyl group resnoved
resulting in the formation of lysine.

BesidesT. thermophilus, a gene cluster for lysine biosynthesis via AAA has
also been reported Pyrococcus horikoshii which is similar to the gene clusters for
the leucine and arginine biosynthetic pathw&)sKour of the genes involved in the

AAA pathway ofP. horikoshii also participate in the leucine biosynthetic patiw

TPP + ch—(ﬁ—coé
o}

Pyruvate
Co,

H3C—6|—TPP
CH NADPH NADP" CHzH H,0 CH
oM CHs ) 3 P I 3 | B ’) | 3 )
mc—ﬁ—cooA,_, HaC—C—C—CO0—> HiC—G—C—C0D H3c—c—(|:—coo—-i>4 Hac—(lz—ﬁ—coo
1 2 3
g (l)H OH O OH OH H O
Pyruvate Acetolactate Dihydroxy-isovalerate ketoisovalerate
Acetyl-CoA CoA (|:H3 ?06 (|:H3 (|206 NAD' NADH+C0, CHs Glutamate KG (l:H3 T
) _ — Ha - Hy _
MHsC—?—?—CHz’COO? HaC—?—?—?H—COO%A Hac—?—C —ﬁ——COO%A Hac—?—c —?—‘COO
5 3
H OH H H OH H o H NH3
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Fig. 1-3: The Leucine biosynthesis pathway. The enzymes inweld are (1) Acetolactate
synthase, (2) Acetolactate mutase, (3) Reductase}) (Dihydroxy acid dehydratase, (5)a-

isopropylmalate synthase, (6)p-isopropylmalate dehydratase, (7) Isopropylmalate ehydrogen-
ase, (8) Leucine aminotransferase.

P. horikoshii, has existed on the earth for a long time, andstlieen suggested that
the biosynthetic pathways for lysine, and leucirngyrbe related to each other and

they might have been evolved from common ancestor) broad substrate



specificity 6). The leucine biosynthetic pathway has been shawiig. 1-3.

The lysine biosynthetic pathway in yeast is showFhig. 1-4. InS. cerevisiae

(1, 7, 13) andS lipolytica (12) eight gene loci have been shown to be presenhér

enzymes of the AAA pathway using complementatioth i@combination analyses.
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Fig. 1-4: The e-aminoadipate pathway in yeast. The pathway enzymeare (1) Homocitrate
synthase (E.C. 4.1.3.21), (2) Homoaconitase (E.C24.36), (3) Homoisocitrate dehydrogenase
(E.C. 1.1.1.87), (4)wa-aminoadpate aminotransferase (E.C. 2.6.1.39), (5&-aminoadipate
reductase (E.C. 1.2.1.31), (6) Saccharopine redusw (E.C. 1.5.1.10), (7) Saccharopine
dehydrogenase (L-Lys forming, E.C. 1.2.1.31).

The first step in the pathway involves the condgosaf a-ketoglutarate and
acetylCoA followed by the hydrolysis of the resoadfihomocitryl CoA to produce
homocitrate, catalyzed by homocitrate synthd€y. Homocitrate is then converted
to homoisocitrate by homoaconitas®)( Homoisocitrate then undergoes oxidative
decarboxylation to give-ketoadipate, catalyzed by homoisocitrate dehydrage
(21). The next step involves transamination with Ltginate to give lo-
aminoadipate catalyzed lyaminoadipate aminotransferask8), The first half of

the pathway occurs in the mitochondrion (homoa@tsinthase and aminotransferase



are present in mitochondrion and the cytoplast9).(The second half of the
pathway occurs in the cytoplasm wheraminoadipate reductase catalyzes the ATP
and NADPH-dependent reduction of tldecarboxylate toa-aminoadipic acid-
semialdehyde. Once the semialdehyde is formes,cbmndensed with L-glutamate to
give an imine, which is then reduced by NAD(P)HLtsaccharopine catalyzed by
saccharopine reductase. L-Saccharopine is then aibxédly deaminated by
saccharopine dehydrogenase (L-lysine forming) ve g+lysine.

A plausible reason for the pathway to be distridutgo the mitochondria
and cytosol is that the compartmentalization copldvide a better overall
regulation. Also, one of the reasons for the distion could be the availability of
the cofactors: NAD(P)H and ATP, allosteric regutatar the proper environment to
give the active site residues the correct protonastates so that they can catalyze
reactions in the pathway.

Lys9 mutants, which lack saccharopine reductase agtivdiccumulate
aminoadipate semialdehyde, confirming its particgpain the AAA pathway for
lysine biosynthesis2@). In N. crassa, lysine-requiring mutants have been used to
show that saccharopine is a precursor of lysi®. (The last two enzymes in the
pathway have very little sequence homology at thena acid level, but both
enzymes are fungal specific and catalyze the oxidaif saccharopine at adjacent
bonds. SR and SDH use NADBNnd NAD, respectively, as coenzymes so that a
high NADPH to NADH ratio may favor the forward réian direction, synthesis of

L-lysine from aminoadipate semialdehyde, whilepwa Fatio would favor the reverse
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Fig. 1-5. Lysine degradation pathway in mammalian liver. The erzymes of the lysine
degradation pathway in mammalian liver are as follavs: (1) saccharopine dehydrogenase
(NADP", lysine forming), (2) saccharopine dehydrogenaseNAD", glutamate forming), (3)
aminoadipate semialdehyde dehydrogenase, (4) amirdipate aminotransferase, (5)-keto acid
dehydrogenase, (6) glutaryl-CoA dehydrogenase, (fecarboxylase, (8) enoyl-CoA hydratase,
(9) B-hydroxyacyl-CoA dehydrogenase, (10) HMG-CoA synthse, (11) HMG-CoA lyase. Steps 1
and 2 are included in a bifunctional enzyme5§3).

reaction direction, degradation of lysine. In husiaand animals, L-lysine
degradation is favored whereas, in fungi L-lysirenfation is favored; lysine

synthesis does not occur in these organisms. Téieelydegradative pathway in

mammalian liver is shown in Fig. 1-5.



1-2-3. Significance of thar-aminoadipate pathway

Fungal infections are life threatening for thoseividuals who are immuno-
compromised: those with AIDS, those undergoing attberapy, and those who
have undergone a transplant. Opportunistic patroogerch asCandida albicans,
Aspergillus fumigatus and Cryptococcus neoformans cause candidiasis, aspergillosis,
and cryptococcosis respectiveB9]. Candida albicans causes oral candidiasis and
may also produce infections in the fingernails dodnails, and lesions in the
gastrointestinal tractCryptococcus neoformans is responsible for meningitis, a
central nervous system infection prevalent in tihemunocompromised host.
Aspergillus fumigatus mainly affects the lungs, but can also cause deseas$ the
skin, ear and central nervous system. The enzymeslved in the lysine
biosynthetic pathway are presentdnalbicans, C. neoformans, and A. fumigatus.

The presence of five enzymes of the pathway, narhelyocitrate synthase,
homoisocitrate dehydrogenaseaminoadipate reductase, saccharopine reductase,
and saccharopine dehydrogenase have been showh ah these organisms5y.
Candida albicans shows higher levels of homocitrate synthase, hooctgrsite
dehydrogenase, angtaminoadipate reductase comparedCtaneoformans, and A.
fumigatus; high enzyme activity inC. albicans may allow the detection of this
organism in clinical specimen®)( Lysine auxotrophs o€. albicans have been
reported by several investigator®0( 31, 33). Candida albicans use lysine and-
aminoadipate as sole nitrogen sourc&d3, (whereasS cerevisiae cannot use these

amino acids as they are growth inhibito8p). This property ofC. albicans may also



be exploited for its detection in specimens.

The diagnosis of fungal infections is time consugnamd cumbersome3Y).
The first step in the diagnosis involves the exatiam of those organs that are
readily accessible, notably the skin, eyes, nose€, throat. The most important
diagnostic tools for fungal infection are: detentiof fungal antigens such as
cryptococcal antigen, detection of genomic fungdllA) and staining using India ink
and calcoflour white. It has been reported that Iyflshe biosynthetic pathway is
required for fungal growth and pathogenicityvivo (38). The various antifungal
drugs currently available include the azoles, #ugponazole and itraconazole, and
amphotericin B 29). All of these antifungal drugs have some side@f which
include nausea, vomiting and diarrhoea. Hences itmportant to develop new
antifungal drugs which would be more effectiveneating the fungal infections and
would also be less toxic. Since tlweaminoadipate pathway and the enzymes
involved in this pathway are unique to fungi, tifine state analog(s) may be
developed to inhibit fungal growth by blocking tleynthesis of lysine. The
uniqueness of the AAA pathway and the fact thet gresent only in fungi may also
be exploited for the rapid detection of fungal pagns using its unique enzymes
and cloned genes as molecular probes for idertificg5). Hence, a detailed study
of the pathway and its enzymes is crucial to gaawedge of the metabolism and

molecular genetics of the pathogenic fungi.
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1-2-4. Regulation of thex-aminoadipate pathway
The pathway is highly regulated at both the gereatit enzymatic levels and

the regulation is described belo23J.

1-2-4-1. Regulation at the genetic level

The AAA pathway is regulated by the control of amarid biosynthesis as
well as transcriptional activation by the co-indisze-aminoadipateé-semialdehyde
(AASA) is a co-inducer for the transcription of tgenes of the pathway(@). The
transcription of the genes of the lysine biosynthpathway is brought about by the
protein encoded by tHeYS14 gene LYS14p) in the presence of its coinducer AASA.
The synthesis of saccharopine reductase is alsotaff by the induction mechanism,
which functions at the transcription level, togetheth the general regulation.
LYS14 protein plays the role of a positive factor remqgractivation by AAS which
renders the protein capable of stimulating the esgion of variou&YS genes 40).
Hence thd.YS14 protein plays a regulatory role in the expressibtheLYS genes.

In S cerevisiae, two genesLYSO (coding for saccharopine reductase) and
LYS14 (which encodes the protein that activates thené/gienes) are required for the
production of saccharopine $ cerevisiae (44, 54). An intactLYS14 is necessary for
the synthesis oLYS) mRNA. Mutant yeast strains that lack these genes show a
tendency to accumulate AASA and show a significaauction in saccharopine
reductase activity; sacchaorpine reductase actigitgbsent inLY-strains and is

significantly reduced in th&YSl4-strains. These results clearly indicate that the
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LYS14 gene plays an important role in the biosynthesisamicharopine reductase,
and thus, two distinct genes, representing twaeekfit gene loci, are required for the
biosynthesis of saccharopine reductd®). (Bhattacharjeet al. reported that SR is
composed of a single polypeptide chain indicatimat the enzyme is a product of a
single genelLYS, also indicating thatYS14 likely plays a nonstructural rol&9).
This result is supported by complementation andmdznation experiments, which
established thatYS® and LYS14 are distinct loci §8). In S cerevisiae, SR is
repressed by lysines@). The LYSO-strain accumulates AAS and is derepressed for
the lysine biosynthetic enzymes homocitrate symhasminoadipate reductase and
saccharopine dehydrogenase. The specific activitthese enzymes is 3-4 fold
higher than in the wild type straid(). TheLYS2-LYSO- double mutant which lacks
the a-aminoadipate reductase and saccharopine reduatdisgy does not exhibit
derepression, suggesting-aminoadipate reductase is required for depression.
Similarly, LYS2- andLYS5-mutants lack aminoadipate reductase BNM81-mutants
lack saccharopine dehydrogena) (

The first enzyme in the pathway, HCS is highly dated. L-Lysine, the final
product inhibits HCS by feedback inhibitior6lj. In addition to homocitrate
synthase, five other enzymes in the pathway, hoorotse, homoisocitrate
dehydrogenase,-aminoadipate reductase, saccharopine reductadesaacharopine
dehydrogenase are repressed by lysine when the asdl grown in a medium
containing lysine, with the maximum repression regb for homoisocitrate

dehydrogenase, saccharopine reductase, araininoadipate reductase53).
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Enzymes of the second half of the pathway respdiferently to the general control
of amino acids than those of the first half of {ehway, and during starvation
conditions, enzymes under general control are dspEg6).

In S cerevisiae, hydroxylysine acts as a short term growth inhibitmut the
inhibition is overcome after a short growth-inhdsit period, and cells grow rapidly
and produce lysined]. Cells are not able to use hydroxylysine as aientt and
hydroxylysine inhibit the pathway in cells resudfim the inhibition of the growth of
the organism@b). N-formyllysine gives a comparable effect. Theynes of AAA
pathway show a non-coordinate effect of hydroxylgsi with the level of
saccharopine reductase, but noteeédminoadipic acid reductase or saccharopine

dehydrogenase, being reduced significar)y (

1-2-4-2. Enzymatic regulation

The first enzyme of the pathway, homocitrate syaslkee(HCS) is highly
regulated. Lysine, which is the end product of gahway can feedback inhibit
HCS. Lysine inhibition has been reportedPinchrysogenum, T. thermophilus andS.
cerevisiae (50, 48, 61). In P. chrysogenum, the lysine inhibition is partiabQ), while
in S. cerevisiae, the inhibition is linear to 5 mM. Also, iR. chrysogenum, lysine
inhibition is pH dependent with no inhibition obged from pH 6.6 to 7.0 and g K
of 8 uM is reported at pH 8.050). In S cerevisiae, the competitive inhibiton by
lysine vs KG suggests that they compete for thevadtite of HCS. However, the

dissociation constant of KG from the E:KG binarymgex is independent of the
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presence of lysine suggesting that lysine likelydsito an allosteric sit&X). From
kinetic data the Kfor lysine is 55QuM, while from fluorescence titration studies the
value is 40uM. The difference in the Kvalues for lysine has been explained on the
basis of the existence of HCS in two conformatiath lysine binding with high
affinity to the inactive form and KG which is thelstrate binds to the active form of
HCS 61).

The monovalent cation Néinds to the free enzyme form. The effect of Na
depends on the concentration of acetyl CoA. At hagetyl CoA, N acts as an
activator, but at low acetyl CoA, Nacts as an activator at low concentrations and is
a linear inhibitor at high concentratior&d). It has been proposed that'Nahibition
occurs as a result of Néinding to the acetyl CoA site, while the activatiis a

result of sodium binding to a site other than tbiva site on the free enzyme.

1-3. Saccharopine reductase

Saccharopine reductase (SR) [saccharopine dehythsge (L-glutamate
forming), EC 1.5.1.10] catalyzes the condensatioh Lea-aminoadipateé-
semialdehyde with L-glutamate to form an imine whis subsequently reduced by

NADPH to give saccharopin@3).

1-3-1. Expression, purification, and characterizaton

Saccharopine reductase frofn cerevisiae consists of a single 50,000 Da
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polypeptide chain, on the basis of SDS PAGE.(The enzyme is stable in Tris, pH
8.0, 1 mM PMSF, 10 mM 2-mercaptoethanol and 5 mMTrEDor several weeks
when stored at -70 °C. Using gel filtration chrootaaphy, the molecular weight of
the enzyme was found to be 67,000 Ba),(which is close to the value reported
using sucrose density gradient centrifugatié).(A M.W. of 70,000-90,000 Da was
shown under native conditions, suggesting a dimsriecture for SREG3). SR from
Magnoporthe grisea, a plant pathogen, shows a M.W. of 84,000 fromfidfedtion
chromatography suggesting a dimeric structuregmeement with structural studies
(19, 64).

In S cerevisiae, the pH optimum for SR in the direction of sacclpane
formation is 7.0 §1), while it is 9.5-9.75 in the direction of d-aminoadipic acid-
semialdehyde formatior61-62). Enzyme activity decreases significantly if the is
varied by more than one unit from the optimum phtj ao activity is observed at 8
> pH > 10.5 §9). The enzyme is stable at temperatures below 34rfiCbecomes
denatured above this temperature; no activity vedsaied above 46 °@X).

The apparenK, values for L-saccharopine, NADRNd NAD are 2.3 mM,

22 pM and 54 pM, respectivelgl-62), with NADPH reported as a better substrate
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than NADH in the physiologic reaction directiatB( 62). Since one of the substrates
in the physiologic reaction directiong-aminoadipaté-semialdehyde is not
commercially available, the enzyme is typicallyaa®sl in the direction of formation
of the semialdehyde?).

Metal chelators such as 2, 2 -bipyridine and 1pth6&nanthroline inhibit the
enzyme, while carbonyl reagents such as hydroxylapand semicarbazide have no
effect on enzyme activity6(). Enzyme is completely inactivated in the preseoifce
HgCl, suggesting that a sulfhydryl group might be imaottfor enzyme activity
(61); similar results have been reported usimpydroxymercuribenzoate as an

inhibitor (13, 61). The loss of activity was attributed to bindimgQys155 27).

1-3-2. Structure of saccharopine reductase

The crystal structures of saccharopine reductasm . grisea and S
cerevisiae have been solve@T, 30). Magnoporthe grisea is a plant pathogen and is
responsible for large losses in the rice crop aliydae to the blast disease in which
the fungus invades the plant’s vascular systemkilgahe transport of nutrients and
water from the roots and produce lesions on aptadt parts 19, 66). The structure
of the apo form of SR and substrate bound ternanyptex, E:NADPH:saccharopine
were solved to 2.0 and 2.1 A, respectively.

The structure was found to be homodimeric for bib#h apo form and the
ternary complex with each subunit binding one NADRHd one saccharopine

molecule 27). A ribbon diagram of the enzyme fro&.cerevisiae is shown in Fig.
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1-6.

SR is a homodimer with each subunit consisting dbfains. Domain | is a
variant of the dinucleotide-binding Rossmann faldnsisting of a central parallel
seven strandefl sheets packed against three helices on one stiédoan on the
other. The dinucleotide, NADPor NADPH, binds at the carboxyl terminal of thie

sheet §67). Domain Il is ar/p fold known as the saccharopine reductase foldjand

Domain| Domainlll

Domainll

Fig. 1-6: Structure off5from S. cerevisiae. The red regions represent the
non-conserved amino asicelative to the structure fromM. grisea

involved in substrate binding. Domain Il is alllital and apparently moves upon
substrate binding. The active site is located ieap cleft between Domain | and
Domain Il 7). The dimer interface contains 45% polar and 5%#t-polar residues,

and is formed by domains | and IlI.
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SR from Magnoporthe grisea shows 63% sequence identity and 78%
sequence homology to the enzyme fr8nterevisiae (30). Superimposition of the
structure of SR fromMagnoporthe grisea and S. cerevisiae shows that all the
residues in the active site are completely conskereclose up view of the active
site is shown in Fig. 1-7 and 1-8.

Upon ligand binding, a conformational change isucetl that includes a
rotation of Domain Ill by 17.7° and a translatiof ©.93 A compared to the
structure of the apo enzyme. This conformationainge makes the active site less
accessible to solvent, protecting reactive intenated. Once the cofactor, NAD(P)H
binds to the Rossmann fold, the nicotinamide rieg teeply buried in the cleft and
is prevented from solvent attack in the relativielydrophobic interior of the cleft.
NAD(P)H is held in place in the active site by sayenain chain hydrogen bonds.
The reaction is stereospecific, and hydride tranisférom the A-sidero-R). The
other substrate, saccharopine, is held in the @asite by a combination of hydrogen
bonding, ionic and hydrophobic interactior®) Thr245, Arg224, Tyr100, Ser99,
Aspl26, Aspl30 and Cysl1l55 are present in the adlitee and are involved in
hydrogen bonding and ionic interactions with sacopi@e and stabilize the
substrate in the active sit27), Fig. 1-7. In addition to the residues shown ig. -

8, the nicotinamide ring is stabilized by hydropitoimteractions with Val399 and
Trpl74, hydroxyl group of nicotinamide mononucldetiribose is stabilized by
interactions with the main chain oxygen of lle7&eTpyrophosphate group forms

hydrogen bonds with the backbone NH of Vall4, Phah8 Serl7527). The
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adenine ring lies in a pocket formed by Arg 34, 58llle76, Pro77, and Phe80.
NADPH also forms hydrogen bonds with amide backbategen of Serll, Thr35,
and Arg34 resulting in stabilization in the actsite 7). The 2' phosphate group is

hydrogen bonded to guanidium group of Arg 34 residid is not obvious what

R247

C155

599

Fig. 1-7: Close-up view of the active site of sacatopine reductase fromM. grisea (PDB code
1E5Q). Residues that interact with saccharopine andheir hydrogen-bonding distances are
shown. The following color scheme is used: C, gree®, red, N, blue; and P, orange. This figure
was generated using the PyMOL molecular visualizabn program (website: http:/

pymol.Sourcefor ge.net/).

residues in the active site could serve as acid batalysts for proton transfers that
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must occur in the formation of saccharopine. Initalt there is an absence of helix
dipoles that might stabilize negative charges etgquem the transition state. It was
thus proposed that the enzyme provides its majereahancement by proximity and

orientation effects7).

Gly 12 Ser11

D126

Fig. 1-8: Close-up view of the saccharopine reducta fromM. grisea (PDB code 1E5Q) binding
site for NADP(H). Residues that interact with the ofactor and their hydrogen-bonding
distances are shown. The following color scheme ised: C, green, O, red, N, blue; and P,
orange. This figure was generated using the PyMOmolecular visualization program (website:
http:// pymol.Sourcefor ge.net/).
1-4. Summary

This dissertation describes the determination ef kinetic and chemical

mechanisms of saccharopine reductase feooerevisiae. In the second chapter, we

describe the determination of the kinetic mechanidn®R via initial rate studies,
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product inhibition studies, dead end inhibitiondsés, and isotope effect studies. The
determination of chemical mechanism of the reactiatalyzed by SR is discussed
for the first time in chapter three using pH rat®fites, solvent isotope effect
studies, and proton inventory study. Site directedtagenesis is employed to
determine the groups involved in binding and caialyn the reaction using initial
velocity studies, pH-rate profile studies, and salvisotope effect studies. Alternate
substrates and analogues of sacharopine, AASAargkie, and nicotinamide
adenine dinucleotide have been used to probe titbng of substrates in the active

site.
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CHAPTER 2

Overall kinetic mechanism of saccharopine reductase

“Reproduced with automatic permission fr@irochemistry [Vashishtha, A. K., West, A. H., and Cook, P. Z0{8) Overall
kinetic mechanism of saccharopine dehydrogenase Saccharomyces cerevisiae, Biochemistry 47, 5417-5423.] Copyright

[2008] American Chemical Society.”

2-1. Introduction

The biosynthesis of L-lysine occurs via tir@minoadipate (AAA) pathway
in euglenoids and higher fungi such as basidionegdl). The a-aminoadipate
pathway is a member of the glutamate family of amaeid biosynthetic pathways
(2). The AAA pathway has been reported 8accharomyces cerevisiae (3),
Schizosaccharomyces pombe (4), Penicillium chrysogenum (5), Neurospora crassa
(6), Magnoporthe grisea which is a plant pathoggi@), and human pathogenic fungi
including Candida albicans (8), Aspergillus fumigatus (9) and Cryptococcus
neoformans (8).

Saccharopine reductase (SR) [saccharopine dehythsge (L-glutamate
forming), EC 1.5.1.10] catalyzes the condensatioh Lea-aminoadipate-
semialdehyde with L-glutamate to give an imine, chhis reduced by NADPH to
give saccharopine’).

Crystal structures of saccharopine reductase f8ocerevisiae andM. grisea
have been reported,(10). Structures of théVl. grisea apo form and ternary, E-
NADPH-saccharopine, complex of SR were solved @bahd 2.1 A, respectively.
The enzyme is a homodimer with a molecular weight®®, 000 and contains one

binding site for substrates per subunit. The armanm sequence of SR is highly
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conserved irC. albicans, A. fumigatus, C. neoformans, and S. cerevisiae, and thus,
SR is a potential target for antifungals. In prepan for the development of
mechanism-based inhibitors, the kinetic and chelmmoachanisms of the enzyme
must be known. The pH optimum of SR fro& cerevisiae in the direction of
saccharopine formation is 7.0L1), while it is 9.5-9.75 in the direction of
semialdehyde formation (11, 12). Apparéft values for L-saccharopine, NADP
and NADare 2.32 mM, 22 uM and 54 pM, respectively)( with NADPH a better
substrate than NADH in the physiologic reactioredion (12).

Thus far, no information is available on the kingtiechanism of SR. In this
chapter, we present a detailed steady-state kiragtalysis of the saccharopine
reductase reaction in both reaction directionstl@nbasis of initial velocity studies
in the absence and presence of product and deadteibdtors, an ordered kinetic
mechanism is proposed for SR. This is the firsorepf the kinetic mechanism of a

saccharopine reductase.
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2-2. Materials and Methods
2-2-1. Chemicals

L-Saccharopine, L-pipecolic acid, glyoxylic acidnihine, L-glutamic acid,
L-lysine, L-leucine,o-ketoglutarate, oxaloacetate, 5-bromopentene, atbydmido-
cyanoacetate, sodium metal and chloramphenicol frene Sigma s-NADPH?, -
NADP, and LB broth were purchased from USB. The\NiA agarose affinity resin
was from Qiagen. IsopropytD-1-thiogalactopyranoside was from Invitrogen,
while ampicillin was from Fisher Biotechnologies)daethanol-gl (99 atom % D)
was purchased from Cambridge Isotope Laboratdnes AG MP-1 and Bio-Gel P-
2 resins were from Bio-Rad, and HEPES was obtaired Research Organichl-
Oxalylglycine was from Frontier Scientific. All checals were of the highest grade

available and were used as purchased.

2-2-2. Synthesis ofi—aminoadipic acid-d-semialdehyde

The semialdehyde was synthesized using a modtitadi the method of
Rodwell et al. (13). All of the equipment used for the synthesis wensed with
acetone and dried overnight. To ethylacetamidocyesiate in ethanol, sodium
metal was added, and bromopentane was added deopwés a period of 1 hour.
The mixture was refluxed for 1 hour at 75 °C. Thietare was cooled to room
temperature and the ethanol was remawegcuo usinga Buchi rotatory evaporator
at 60 °C. 1 % NaOH was added to the residue andhtkieire was refluxed at 102

°C for 15 hours, cooled, the pH was adjusted touki®g 12 N HCI, followed by
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concentration by rotatory evaporation at 90 °C. Tesidue was dissolved in a
minimum amount of water and pH was adjusted toviatl pyridine, followed by
addition of absolute ethanol. The crude solutiors watatory evaporated, dissolved
in a minimum amount of water and recrystallizedngsactivated charcoal in hot
water to obtain the HCI salt of 2-amino-6-heptera. Ozonolysis of the 2-amino-
6-heptenoic acid in water was then carried outgiaimOREC Model V5-0 ozonator.
The resulting aldehyde solution was purged withttNremove excess ozone in the
mixture. NMR spectra were obtained on a Varian MercVX-300 MHz
spectrometer with a Varian 4-nuclei autoswitchaBRG probe NMR spectra
were collected in BD using the PRESAT pulse sequence supplied by Wahme.
The spectra were collected with a sweep width @348 Hz, eight transients, and an
acquisition time of 3.411 s and processed with 188t points resulting in a 1.0 Hz
digital resolution. Chemical shifts were assigneddll peaks and are as follows:
9.7 [s, 1H, C(6)-H]s 3.6 [t, 1H, C(2)-H],0 1.78 [m, 2H, C(3)-Hl, § 1.64 [t, 2H,
C(5)-H], 6 1.38 [p, 2H, C(4)-H.

The % yield of semialdehyde was 95 % for the ozgsislstep on the basis of
the concentration of semialdehyde measured usidgpemt assay using SR and
monitoring the change in absorbance of NADPH at B40 A resonance for the
hydrated form of the aldehyde was not observedgestgng it lies under one of the
resonances. The end-point assay exhibited a raybihtion of 65 % of the aldehyde
followed by a much slower utilization of the remaip 35 %. Thus, 35 % of the

semialdehyde is present in the hydrated (or diotinfand 65 % in the aldehyde
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form. Thea-amino group of the semialdehyde is protonated-a7®, and none of
the cyclic imine was observed. The overall yielddzhon the starting material was

15 %.

2-2-3. Synthesis of A-Side NADPD

The A-Side NADPD was prepared using the methodrdest by Violaet al.
(14). The reaction mixture contained 5.6 mM NADP, 81 ethanol-¢g 100 units
each of alcohol dehydrogenade lfrockii), and yeast aldehyde dehydrogenase. The
reaction was carried out in 10 mL of 6 mM Ches, @B and 25 °C. The reaction
was allowed to proceed overnight and the formatbNADPD was monitored by
following the absorbance at 340 nm. The pH was temly adjusted using KOH
since the pH drops as the reaction proceeds. Taioa was terminated on the
following day by adding a few drops of CHQb the reaction mixture with shaking,
followed by separation of the aqueous layer from énganic layer. The aqueous
layer was adjusted to pH 10.0 with KOH, and loadedo an AG-MP column
equilibrated with 0.2 M LICl (pH 10.0); fractionsene eluted using 0.5 M LICl (pH
10.0). The ratio of absorbance at 260 and 340 ns 24 + 0.05 for the pooled
NADPD fractions compared to a value of 2.15 + :@dorted preveiouslyld). The
purified A-side NADPD was then concentrated usiotatory evaporation at 50 °C
to about 6 mL and the solution was loaded ontoa@e| P-2 column equilibrated
with 50 mM KH,PQO,. The NADPD was eluted using the same buffers asetlu

without further treatment.
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2-2-4. Cell growth and protein expression

The gene fromS. cerevisiae encoding for SRLYYS9) was cloned into the
pPET-16b vector 12). The vector containing the insert was transformetb
BL21*(DE-3) RIL E. coli cells using heat shock at 42 °C, followed by glowh
ampicillin plates. Colonies were picked and cellr@avgrown overnight at 37 °C in
LB media containing 10@ig/mL ampicillin and 25ug/mL chloramphenicol. The
cells were induced using 1mM IPTG at agyfof 0.7-0.9, and allowed to grow
overnight. After centrifugation at 40§0the harvested cells were suspended in 100
mM Tris-HCI, pH 7.5 with 300 mM KCI.

For protein purification, PMSF (1 mM) was addedthe cell suspension
followed by cell disruption using a MISONIX SonioatXL. Sonication was carried
out on ice for 1 min using a pulse on time of X6lwed by a 30 s rest period. The
cell debris was removed by centrifugation at 20g4@0 15 min, and the supernatant
was loaded onto a Ni- NTA column, washed with 30 mitlazole, and then eluted
using buffer containing 400 mM imidazole at pH 7The enzyme elutes efficiently

using 400 mM imidazole and is about 98 % pure enbsis of SDS PAGE.

2-2-5. Enzyme assay

The SR reaction was followed by monitoring the appece or
disappearance of NADPH at 340 ng.§, 6220 M'cm?) using a Beckman DU-640
spectrophotometer. All assays were carried oubat@ A typical assay in 500L

contained 100 mM HEPES, pH 7.0, and appropriatecaamnations of substrates.
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Reaction was initiated by adding fQ of appropriately diluted enzyme in 100 mM

HEPES, pH 7.0. All enzyme dilutions were made friegleach set of experiments.

2-2-6. Initial velocity studies

Studies were carried out in the forward and reveesction direction at pH
7.0. The rate of reaction in the direction of saropine formation was measured as
a function of the concentration of NADPH (5-50 pMat different fixed
concentrations of L-glutamate (5-50 mM), and adix®ncentration of L-AASA (5
mM). The experiment was then repeated at diffecententrations of AASA (7.14-
12.5 mM). In the direction of AASA formation, irgli rate data were collected as a
function of NADP (0.02-0.5 mM) at different fixedaccharopine concentrations

(0.1-10 mM).

2-2-7. Inhibition studies

Product inhibition studies were carried out by sugag the initial velocity
with fixed substrates equal to their respectidg values, and varying the
concentration of the other substrate aroun&itvalue (0.5-K,) at different fixed
concentrations of the inhibitor including zero. SEjran estimate of the inhibition
constant of an inhibitor was obtained by measduitiegnitial rate as a function of the
inhibitor concentration with all substrates fixedtheir respectiveK, values. The
apK; was then calculated from a plot ob2/s. | with the apld; the value equal to

the abscissa intercept divided by 2.
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2-2-8. Primary Substrate Deuterium Kinetic IsotopeEffects

Isotope effects were measured using NADPD as ¢gecated substrat@V;
and °(Va/Kguamar) Were obtained by measuring the initial rate asretion of L-
glutamate concentration with NADPH(D) andAASA maintained at 1R, and
5K, respectively. Similarly(Vi/Knaopr) Was obtained by varying NADPH(D)
with glutamate and AASA fixed at saturation. Albispe effects were measured in

triplicate and the S. E. M. is reported.

2-2-9. Data Processing

All data were plotted in double reciprocal formassess the quality of the
data and to determine the correct rate equatiomdta fitting. Initial velocity data
were then fitted to the appropriate equation u&ingfitter program from BIOSOFT,
Cambridge, U.K. Initial velocity data in the dirext of saccharopine formation were
fitted to egs 1 and 2, while data in the direcddMASA formation were fitted to eq.
3. Data adhering to linear competitive, uncompegitand noncompetitive inhibition
were fitted to eqs 4-6.

V,ABC

U= 1
constant- (coefA)A + (coeB)B + (coelC)C + K.AB + K,AC + K_BC + ABC )

V,ABC

2
K, + K KA +K.AB +K_BC+ABC @

U=
KiaKib
V,AB

U= (3)
K.K, + K,A +K,B+AB
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y=__DOVA ©
K, + A(1+ 'j
Kii
v= 2ppVA (6)

In eqs 1-6p represents the measured initial velocity, \app the maximum
rate, obtained with fixed substrate equakKtg Vi andV, are the maximum rates in
forward and reverse reaction directioAs,B andC are substrate concentratiois,

Kp and K. are Michaelis constants for substrates Aarigl G respectively, is the
inhibitor concentrationKj, andKj, are the dissociation constants for EA and EB
complexes, and K; and Kis are the intercept and slope inhibition constants
respectively. In eq. 1, the constant and coefficiemms are products of kinetic

constants, and are mechanism dependent.

2-2-10. Direct Determination of Keq

In order to determine the equilibrium constant, tbencentrations of
saccharopine, L-AASA, NADP and NADPH were fixedlamM, 5 mM, 0.5 mM,
and 0.1 mM, respectively, and the concentrationLaflutamate was varied in

separate reactions from 0.2-8 mM at pH 7.0. Swfitienzyme was added to each
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reaction mixture to bring the reaction rapidly tgudibrium. The absorbance was
recorded before and after adding the enzyme aridtaopAAbs vs. glutamate was
constructed. The concentration of L-glutamate gfaateAAbs of zero was then used

to calculateKequsing eq. 7.

[NADP][sacharopine]

=~ [NADPH][L - glutamatdAASA] @)

2-3. Results

2-3-1. Initial velocity studies

In the direction of saccharopine formation, the ladeureciprocal plots
obtained as described in Methods all intersechéoleft of the ordinate. A fit of the
data to eq 1 indicated the coef B, coef C, &gderms were indeterminate. Data
were then fitted to eq. 2, which suggest a kinetechanism with ordered addition of
A followed by rapid equilibrium addition of B, falved by addition of C. Values of
kinetic parameters are given in Table 1. Initidloegy patterns were also generated
in the direction of semialdehyde formation by vagyithe concentration of
saccharopine at different fixed concentrations ADR. An intersecting pattern was
obtained. The data were fitted to eq 3 and estsnafekinetic parameters are

summarized in Table 2-1.

2-3-2.Product inhibition studies

In order to obtain additional quantitative informoeaton kinetic mechanism
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Table 2-1. Summary of Kinetic Parameterfor SR at pH 7.0

forward reaction

reverse reaction

VA/E; (8 8+1 VL/E; (87) 1.06 + 0.02
Vi/KnaoprE: | (7.3 £1.8) x 10 | Vo/KnappE: (M'sh) | (5.67 + 0.01) x
(Msh 10°

Vi/KeiE: (2.9 +0.7) x 10 | VolKsacE: (M7's) | (1.6 +£0.3) x 16
(M7s™)

KnaDPH (HM) 11.4+2.6 Knapp (MM) 0.187 £ 0.006
K (MM) 28+6 Ksacc(MM) 6.6 +0.2
Kiaasa (MM) 44 +1.7 Kinaop (MM) 0.020 + 0.004
KinADPH (MM) 44+2.1

and test the mechanism proposed from initial vgjostudies in the absence of
inhibitors, product inhibition patterns were obtdnfor all products in both reaction
directions. Product inhibition by NADPH vs. NADP ¢empetitive, consistent with
addition of the oxidized and reduced cofactor teefrenzyme. AASA s

uncompetitive vs. NADP and noncompetitive vs. sacopine. All other patterns are

noncompetitive, and are consistent with the propasdered mechanism, Table 2-2.
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2-3-3.Dead end inhibition studies

To further test the proposed kinetic mechanism andiolmformation on the
reactant binding determinants, dead end inhibitxmeriments were also carried out.
All patterns are consistent with the ordered meidmanTable 2-3. The structures of

dead and inhibitors used are shown in Fig. 2-1.

2-3-4.Determination of Keq

The equilibrium constant for the reaction catalyzbyg saccharopine
dehydrogenase was determined at pH 7.0 by detergithie concentration of L-
glutamate that gave no change in absorbance at iaecentration of all of the other
substrates. The calculat&d, value is 200M™, in good agreement with 500, the

value determined using the Haldane relationshif8.eq

/ Glu iNADP
ef(wé;’i&iﬁ; )(K)M ®

2-3-5.Primary Substrate Deuterium Kinetic Isotope Effects

Isotope effect studies were carried out at pHusiag A-side NADPD as the
deuterated substrate. The isotope effects measueedll small:°v; = 1.2 + 0.1,
P(Vi/Kgutamard = 0.870 + 0.035°(Vi/Knappr) = 0.98 + 0.04. Values dfV; and

P(Va/Knappr) are near unity, while the values®V1/Kguama is inverse.
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2-4. Discussion

2-4-1.Initial Velocity Studies

In the direction of saccharopine formation, inéetsng patterns were
obtained using a fixed nonsaturating concentratadna-AASA and varying
NADPH/L-glutamate Intersecting patterns were aléamed in the direction of
saccharopine oxidation. Data are consistent wgcuential mechanism.

The initial velocity data in the direction of saecbpine formation obtained
as a function of the concentration of NADPH (5-5M)u at different fixed
concentrations of L-glutamate (5-50 mM), and adixencentration of L- AASA-(5
mM) were fitted to eq 1 for a fully random terreadt mechanism, the fitted
parameters showed that coef B, coef C, lipterms in the denominator of equation
1 were not defined. Data suggest that the EB (E-AA&1d EC (E-L-glutamate)
binary complexes are not present. The absenceed ks term in eq 2 indicates
that the binding of AASA must be in equilibrium, wh suggests it binds after
NADPH and before glutamate. Data were then fittedet] 2 for an ordered
mechanism with AASA adding in rapid equilibrium,daall kinetic parameters were
well defined, Table 1. On the basis of initial vty studies in the absence of
inhibitors, the mechanism is sequential with anaagpt requirement for NADPH
bound prior to AASA or glutamate. The maximum rigit¢he physiological reaction

direction is 8-times higher than that in the norygblogical reaction direction.
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Fig. 2-1. Structures of Saccharopine, glutamate andASA analogs tested in the
saccharopine reductase reaction.

2-4-2. Product Inhibition Studies

Inhibition studies can be used to further defime kinetic mechanism of an
enzyme catalyzed reaction. They provide informatiegarding the various enzyme
forms to which substrates bind and thus the ordexddition of substrates. In the
direction of saccharopine formation, product intidn studies were carried out using
NADP, and saccharopine as product inhibitors. NABRompetitive vs. NADPH
and noncompetitive vsa—AASA and L-glutamate, while saccharopine exhibited
noncompetitive inhibition against all the threeateats, NADPH,0—AASA and L-

glutamate. In the direction of saccharopine oxaigtiNADPH is competitive vs.
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NADP and noncompetitive vs. saccharopine. L-Glutanexhibited noncompetitive
inhibition vs. both NADP and saccharopine, whiteAASA showed noncompetitive
inhibition vs. saccharopine and uncompetitive iitioh vs. NADP. Data suggest
that in the direction of saccharopine formation,$%binds to the E-NADPH binary
complex in rapid equilibrium fashion followed byetladdition of L-glutamate, while
in the direction of saccharopine oxidation, NADPthe first substrate to be added

followed by saccharopine, which adds to the E-NAidary complex.

2-4-3. Dead-end Inhibition Studies

In the direction of saccharopine formation, dead mhibition patterns were
obtained using analogs of L-glutamate, ardASA. 2-amino-6-heptenoic acid was
competitive vs. AASA, uncompetitive vs. NADPH an@necompetitive vs. L-
glutamate, showing that 2-amino-6-heptenoic acndi (ay analogy AASA) binds to
E-NADPH. a-Ketoglutarate was chosen as the dead-end analbgghftamate and
exhibited competitive inhibition vs. L-glutamate damncompetitive inhibition vs.
AASA and NADPH consistent with binding of L-glutatedo the E-NADPH-AASA
ternary complex. In the direction of oxidation afcsharopine, dead-end analogs of
saccharopine are competitive vs. saccharopine ambnupetitive inhibition vs.
NADP in agreement with binding of the analogs tdlAPP. Product and dead-end
inhibition data are consistent with an overall sedekinetic mechanism for SR, as
shown by the agreement between the observed immbpatterns and those

predicted for an ordered mechanism, Tables 2-2aBdThe proposed mechanism is
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depicted in Scheme 2-1.

(aminoheptenoic (NOG, G-_Kg, !eu
acid) (-Kg) glyoxylic acid)
NADPH AASA L-glutamate saccharopine NADP

E E:NADPH E:NADPH:AASA (E:NADPH:AASA:L-glutamate == E:NADP:saccharopine) E:NADP E
Scheme 2-1. Proposed Kinetic Mechanism for SR. Deatd analogs of the substrates are shown

in parentheses

2-4-4 .Calculation of true dead-end inhibition constants

Inhibition constants obtained in product and dead-mhibition studies are
apparent values since the fixed substrate(s) asept at a concentration equal to
their K, value. In the case of dead-end inhibitors, truebition constant values can
be estimated by correcting for the presence offikesl reactant. The trul; value
will thus be independent of the substrate variesl, l@ang as it results from
combination to the same enzyme form(s). The ratgataan for the SR kinetic
mechanism in the direction of saccharopine fornmaigogiven in eq. 2. Each term in
the denominator of eq. 2 reflects an enzyme forhre Ki;KipK: and K.BC terms
represent free enzyme, whil§pK-A, KAB, and ABC terms represent the E-
NADPH, E-NADPH-AASA, and the central and productngmexes present at
steady state, respectively.

The equation for correction of the dfpralues can easily be derived and the
overall strategy is illustrated by an example beldiva competitive dead end

inhibitor of substrate B (L-AASA in the terreactatitection) is used, the presence of
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the inhibitor modifies the enzyme form(s) to whigrbinds, i.e., th&j,K-A term in
eg. 2, by a factor of (1 ¥K;) to give eq. 9, wher&; is the intrinsic dissociation
constant for the inhibitor.

e VABC )
K.K,K, +K,BC+ (Kich)(1+ K'jA +K.AB +ABC

ia' Nib
i

The double reciprocal form factoring out (1/B) giveq. 10

1 | K K, K., KK, KoK ) | 1 K, K, 1

—= + + — =1+ + +— (20)

v VAC VC VC K, )\B VA VC V

The expression for the slope term in eqisl@iven by eq. 11.

Sope= KiaKich + Kich + Kich | (11)
VAC VC VK.C

Setting the slope equal to zero and solving fapiX) gives eq. 12.

appK, = —Ki(1+ '1'\6‘] (12)

Thus, the intrinsid; is calculated using known values of &pfi, and A. A similar

treatment gives eq. 13 when 1/A is factored owpfl0,

E: KiaK_ich +& 1 +—KibK° 1+|— +KC +1 13)
v VBC vV A VBC K. VC V

appK, =K, {1+ (%Iu KED (14)
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Using this kind of analysis, estimates of intrinkiovalues are calculated, and these
are shown in parentheses in Table 3. Binding ofeadeend analog to a given
enzyme form, whatever substrate is varied, showle the samd; when the apl; is
corrected for the presence of the fixed reactartf® agreement in the intrinsiG
values for dead-end analogs estimated under differenditions is consistent with

the proposed ordered mechanism.

2-4-5. Primary kinetic deuterium isotope effects

The values of primary deuterium isotope effectsam@d by direct
comparison ofV andV/K values in the direction of formation of sacchanepare
small, suggesting that the hydride transfer stemtsslow in the overall reaction. In
an ordered mechanism, the isotope effects oVtKeof all but the final substrate to
add to enzyme, in either reaction direction isyn agreement with the proposed
ordered mechanismt(V/Knaper) is within error 1. The inverse isotope effect
observed foP(V/Kgmtamata suggests the hydride transfer step is close tdiledqum
in the steady state. The equilibrium isotope effectreduction of an imine reflects
the difference in fractionation factor for deutenitat C4 of NADPD and C6 of
saccharopine. The value BKeqwas estimated as 0.87 from glutamate and alanine
dehydrogenases (16), and this is equaID(t‘dlKgmtamata. Thus, (a) step(s) after
reduction of the imine limits the overall reactidikely the conformational change to
open the active site to release saccharopine. ather suggest the deuterium

isotope effect oV is unity and not a small finite value, since aténisotope effect
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other than unity should be inverse as observeB(Kng|utamata.

2-4-6.Comparison of kinetic mechanism of SR with similaenzymes

Enzymes that catalyze the pyridine nucleotide ddeen oxidative
deamination of an amino acid fall into two clasgésse that function with primary
amines and those that function with secondary asnifiee best studied examples of
the primary amine dehydrogenases are glutani&dq) and alanine 16, 20, 21)
dehydrogenases, while saccharopine dehydrogenasiee isnly secondary amine
dehydrogenase2@-24) that was characterized with respect to its kinetechanism
prior to this study.

The primary amine dehydrogenases catalyze a rélersoxidative
deamination of an amino acid to give ammonia andi-aeto acid with NAD(P)
serving as the oxidant. The kinetic mechanism afaghate dehydrogenase (GDH)
from bovine liver has been best studied, and hasdom kinetic mechanism on the
basis of steady state and pre-steady state stadéessotope effectsl$-19). On the
other hand the kinetic mechanism of alanine delgeltase from thermophilic
Bacillus sphaericus, andBacillus subtilis, is orderedZ40, 21).

Kinetic mechanisms of other amine dehydrogenases also been reported.
Leucine dehydrogenase fronNatronobacterium magaddi (25), a halophilic
thermophile Bacillus licheniformis TSN9 @6), andBacillus stearothermophilus (27)
also have a sequential ordered kinetic mechanidmenyalanine dehydrogenase

from Thermoactinomyces (28), Rhodococcus maris (29), andRhodococcus sp. (30),
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diaminopimelate dehydrogenase frofacillus sphaericus (31), and valine
dehydrogenase (which is specific for branched cla@mno acid substrates) from
Sreptomyces cinnamonensis (32) all show a sequential ordered mechanism, with the
exception of the valine dehydrogenase fr@xtaligenes faecalis (33), which
apparently has a random mechanism. Thus, althouggt of the enzymes from this
class exhibit an ordered mechanism there is noersus.

The kinetic mechanism of saccharopine dehydroge(latgsine forming)
from Saccharomyces cerevisiae, catalyzes the final step in the lysine biosynthet
pathway in yeasandcatalyzes the reversible oxidative deaminationagttharopine
to generater-Kg and lysine using NAD as an oxidad).(The last two enzymes in
the pathway, saccharopine reductase and sacchardgeirydrogenase bind the same
substrate, saccharopine, and catalyze oxidatioadEfcent bonds in the secondary
amine. SR and SDH have little or no similarity heir primary, secondary, and
tertiary structure, with the exception of the Roasmfold which binds the
dinucleotide {0, 34). The kinetic mechanism of the two enzymes is \@&nyilar,
with ordered addition of NAD(P) and saccharopineal aelease of the reduced
dinucleotide last. The addition of L-AASA and glotate are ordered in the case of

SR, while addition ofi-Kg and lysine is random for SDI2Z, 24 and this study).
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CHAPTER 3

Chemical mechanism of saccharopine reductase

“Reproduced with permission froBiochemistry [Vashishtha, A. K., West, A. H., and Cook, P.20¢9) Chemical Mechanism
of Saccharopine Reductase froBaccharomyces cerevisiae, Biochemistry 48, 5899-5907] Copyright [2009] American
Chemical Society.”

3-1. Introduction

L-Lysine is biosynthesized byhe a-aminoadipate (AAA) pathway in
euglenoids and higher fungi such as basidiomycetas,it is thus a potential target
for the development of new antifungaly.( The presence of the AAA pathway has
been reported irBaccharomyces cerevisiae (2), Schizosaccharomyces pombe (3),
Penicillium chrysogenum (4), Neurospora crassa (5), and Magnoporthe grisea,
which is a plant pathoge(6), and human pathogenic fungi includif@andida
albicans (7), Aspergillus fumigatus (8) and Cryptococcus neoformans (7). The
amino acid sequence of saccharopine reductase iESRighly conserved irs
cerevisiae, A. fumigatus, C. albicans and C. neoformans. In order to develop
mechanism-based inhibitors that may serve as leatpounds for new antifungal
drugs, the kinetic and chemical mechanisms of tizgrae must be known.

The reductase (saccharopine dehydrogenase (L-ghtgarforming), EC
1.5.1.10) catalyzes the penultimate step in the Apathway in yeast, the
condensation of le-aminoadipaté-semialdehyde with L-glutamate to give an
imine which is reduced by NADPH to give saccharep®).

Histidine-tagged SR frorBaccharomyces cerevisiae has been overexpressed
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in Escherichia coli and purified to about 98% using a Ni-NTA res®). (An ordered
kinetic mechanisninas been proposed f&R on the basis of initialelocity studies
in the absence and presence of product and deadieiitors (L0). The reduced
dinucleotide substrate binds to enzyme first foowby Le-aminoadipate-
semialdehyde (AASA), which adds in rapid equililbniuprior to L-glutamate;
saccharopine is released prior to NADP. The pHhoph of SR fromS. cerevisiae
in the physiological reaction direction is 711), while it is 9.5-9.75 in the direction
of semialdehyde formatiorig, 12).

Recently, a chemical mechanism was proposed forchsagpine
dehydrogenase (L-lysine forming) fro8accharomyces cerevisiag, an enzyme that
catalyzes a chemical reaction identical to thahefreductase, oxidative deamination
of saccharopine, but at an adjacent bdi). ( The structures of the two enzymes are
dissimilar 6, 9, 34), and it is thus of interest to determine the cisahrmechanism
of SR, which has a different regiochemistry comgae SDH. In this chapter, we
present a detailed analysis of the pH dependenciheofkinetic parameters and
solvent kinetic deuterium isotope effects of theckaropine reductase. This is the

first report of an acid-base chemical mechanism@m sdccharopine reductase.

3-2. Materials and Methods
3-2-1. Chemicals and Enzymes
L-Saccharopine and L-glutamic acid were from SignfaNADPH and -

NADP were purchased from USB. Mes, Mops, ChesHeykes were obtained from
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Research Organics. Deuterium oxide (99 atom % [3) puschased from Cambridge
Isotope Laboratories, Inc. All other chemicals evef the highest grade available
and were used as purchased.

Cell growth, expression, and SR purification weegried out as reported

previously @0).

3-2-2.Enzyme assay

The SR reaction was monitored by the appearancdisappearance of
NADPH at 340 nm ds 6220 M'cm?) using a Beckman DU-640
spectrophotometer. All assays were carried o0@puL total volume containing
200 mM buffer, and appropriate concentrations distiates. The reaction was
initiated by adding 1@L of appropriately diluted enzyme, and all enzynilatibns

were made fresh for each set of experiments. 8hgs were carried out at 25 °C.

3-2-3.Initial Velocity Studies at pH 9.0

In order to determine whether the kinetic mecharstanges with pH, initial
rate studies were carried out in the directionavfrfation of L-glutamate at pH 9.0.
Initial rate data were collected as a function DN (0.02-0.5 mM) at different

fixed concentrations of saccharopine (0.1-20 mM).

3-2-4.Inhibition Studies

Product and dead-end inhibition studies were chroet at pH 9.0 by
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measuring the initial velocity with fixed substmtequal to their respectiviéy
values and varying the concentration of one sutestteound it value (0.5-%K)

at different fixed concentrations of the inhibitocluding zero. First, an estimate of
the inhibition constant of an inhibitor was obtali®y measuring the initial rate as a
function of the inhibitor concentration with alllsstrates fixed at their respectike,
values. The appareRt was then calculated from a plot obiss. | with the apparent
Ki value equal to the abscissa intercept. Produdbiiidn patterns were obtained
using NADPH as a product inhibitor vs. NADP andckeropine. Glyoxylate was
chosen as a dead-end analog of saccharopine adeeddanhibition patterns were

obtained for glyoxylate vs. saccharopine and NADP.

3-2-5.pH Studies

The pH dependence dandV/K for all reactants in both reaction directions
was obtained by measuring the initial rate as atfan of one reactant with all
others maintained at saturation1QK,, unless otherwise specified). The pH was
maintained using the following buffers for the pldnge indicated at a final
concentration of 200 mM: Mes, 5.0-6.5; Mops, 6.5:Hepes, 7.5-8.5; Ches, 8.0-
10.5. The pH was measured before and after thatioaaand no significant change
in pH was detected. In order to ensure that neceffof buffer were observed, data
were obtained at the same pH when buffers weregdthmo effects were observed.
The enzyme is stable when incubated for at leaghitbover the pH range 5.0 to

10.5.
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3-2-6.Solvent Deuterium Kinetic Isotope Effects

Initially, the pH and pD dependence of the kingazameters was measured
and the isotope effect was estimated as the réttbeopH(D) independent values.
Solvent kinetic deuterium isotope effects were theasured by direct comparison
of initial rates in HO and DO in the pH(D) independent range of the pH(D)-rate
profiles (8.5-9.5). 2%V, and”?9(V,/Ks.) were obtained by measuring the rate as a
function of saccharopine with NADP maintained dtisaion (1&y,). All substrates
and buffers were initially dissolved in a small ambof DO and lyophilized to
dryness. The dried substrates and buffers wererthelissolved in BD to give the
desired concentrations. The buffers were titratedhe desired pD using DCI or

NaOD. The pD value was obtained by adding 0.séopH meter readind8, 17).

3-2-7.Proton Inventory

In the direction of glutamate formation, finite seht deuterium Kkinetic
isotope effects were observed, and proton inverggperiments were carried out to
measure the solvent deuterium kinetic isotope &ffetore accurately and estimate
the number of proton(s) in flight in the rate-detering transition state(s)3%).
V1/Kgy was measured at pH(D) 7.0 in 100%CH 20% DO, 40% DO, and 85%
D,O with glutamate as the variable substrate at fis@mucentrations of NADPH (10

Km) and AASA (5Kr).
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3-2-8.Effect of Solvent Viscosity

In order to determine whether the finite solventutdeum isotope effect
included an effect of increased solvent visco$typ glycerol (w/v) was used as the
viscosogen, which generates the same relative sitycas 100% BO at 25°C 85).
For viscosity dependence studies with L-glutamate aubstrate, thé andV/K for
L-glutamate were measured in the absence of gly@ o in the presence of 9%

glycerol as a viscosogenic agent.

3-2-9.Primary Kinetic Deuterium Isotope Effects

The initial rate was measured as a function of wtayhate with NADH(D)
and a-AASA maintained at 0.7 mM (0K3,) and 1&., respectively. Saturation by
NADH was not achieved, so the isotope effect \0iKg, was the only effect

measured. All isotope effects were measured phicate, and the SEM is reported.

3-2-10.Data Analysis

Initial velocity data obtained in both reactionaditions were fitted to egs. 1
and 2 using the Enzfitter program from BIOSOFT, ®Gadyge, U.K., and programs

developed by Cleland4). Initial velocity data at pH 9.0 were fittedeq. 3.

VA
K, +A

1)

VAB

U= (2)
K, K, +K,A+K_B+AB
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VAB

U=

B 3

1+—
1B

K.K, +K,A+K_B +AB(

|

In egs 1, 2 and 3, andV are the observed initial rate and the maximum rate,
respectivelyA andB are substrate concentratiois,andKy are Michaelis constants
for substrates A and B, respectiveKi, is the dissociation constant for the EA
complex andgis the substrate inhibition constant for B.

pH-rate profiles were generated by plotting W& and logV/KE; values as
a function of pH to assess data quality and tordetes the appropriate rate equation
for data fitting. pH rate-profiles that exhibitadslope of 1 at low pH and -1 at high
pH were fitted using eq. 4, while those that exetbia slope of 1 at low pH were
fitted using eq. 5. pH-rate profiles with a slogeloat low pH and a slope of -2 at

high pH were fitted by using eq. 6, or 7.

logy = log C/(1+i+%ﬂ (4)
L 1
| H
logy =log C/(1+K—H 5)
L 1
logy=log|C/ 1+Ki+&+%ﬂ (6)
L 1
I H K2
logy=log|C/| 1+ —+—= (7)
1
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In eqs 4-6y is the observed value of the parametén( V/K) as a function
of pH, C is the pH-independent value gfH is the hydrogen ion concentratidy,
Kz andKsrepresent acid dissociation constants for functignaups on the reactant
or enzyme required in a given protonation stateoftirmal binding and/or catalysis;
Kois an average value for two acid dissociable groups

The proton inventory data were fitted using therfoof the Gross—Butler

equation given in eq. 8%)

"k="Ck(L-n+ng')? (8)

In eq. 8,k is the ratio of the rate constantsdr V/K) measured in different
fractional concentrations of ;O compared to 100% £, °*%k is the solvent
deuterium isotope effect, i.e., the ratio of the reonstants in 100%2,8 and 100%

D,0, n is the fractional concentration of,D, and ¢T is the fractionation factor for

protons of import in the transition state.

3-3.Results

3-3-1.Initial velocity studies at pH 9.0

In order to determine whether the kinetic mechanigpends on pH, initial
velocity patterns were obtained at pH 9.0. In theddion of glutamate formation the
initial rate was measured as a function of sacghaeo at different fixed

concentrations of NADP. An intersecting patterrswéatained. Substrate inhibition
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by saccharopine is observed that is uncompetitvéADP. Data were fitted to eq.

3, and estimates of kinetic parameters are sumgathiizTable 3-1.

Product inhibition by NADPH is competitive vs. NADEhd noncompetitive
VS. saccharopine, consistent with addition of thiactor to free enzyme. Glyoxylate
is competitive vs. saccharopine and uncompetitive NADP consistent with the
ordered mechanism reported previoud)( Inhibition constants are summarized in

Table 3-2.

3-3-2.pH Dependence of Kinetic Parameters

The pH dependence of kinetic parameters provideEsnration on groups
required in a given protonation state for optimumding of reactant and/or catalysis
(17). The pH dependence of kinetic parameters ofSfRereaction was determined,
and the results are shown in Figures 3-1 and 342the direction of saccharopine
formation, Vi/E; exhibits a slope of +1 at low pH with &pof 5.7and decreases at
high pH with a K, of 7.9, Fig. 3-1A.

NADPH is the first reactant bound in an ordered maecsm, and
V1i/KnappHE: IS the on-rate constant for NADPH binding to eneynihe pH
dependence of1/Knappn reflects groups important for binding the dinucidet The
pH-rate profile has limiting slopes of +1 and -Riigg pK, values of 6 on the acidic
side, and an averag&yof 8.2 on the basic side, Fig. 3-1B. The groughwaifi, of
6 likely reflects the 2’-phosphate of NADPH, whiaflust be ionized for optimum

binding 36). The groups with an averag&pof 8.2 likely represents an enzyme
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group that must be protonated for optimum bindifighe dinucleotide, probably
interacting with the 2’-phosphate and the groupeobesd in theV/,/E; pH-rate profile,
i.e., the protonation state of a catalytic groufe@b the binding of the nucleotide
substrate. Th¥1/KE; for glutamate exhibits a slope of -2 at high pijrg pKas of
7.8 and 8.5 and a slope of 1 on the acid pH side aviK, of 5.6, Fig. 3-1C. Theky,
of 7.8 likely reflects the same enzyme side chdiseoved in thevy/E; pH-rate
profile important for catalysis and/or binding ahis will be considered in detail in
the Discussion section. Kp values are summarized in Table 3-3. Estimatahef

pH-independent values of the kinetic parameterssifellows:Vi/E;, 1.9 + 0.1 &,

Table 3-1: Kinetic Parameters for SR in the Directbn of AASA Formation at pH 7.0

and 9.0
pH 9 pH®7

VL/IE; (s 13+1 1.06 +0.02
Vo/KnaopE: (M s (85+1.2) x 16 (5.67 £0.01) x 10
VolKsaccEr (M7's™) (1.7 +£0.3) x 16 (1.6 +0.3) x 16
Knapp (MM) 0.15+0.01 0.187 + 0.006
Ksace (MM) 0.77 £0.12 6.6+0.2
Kinapp (MM) Undefined 0.020 + 0.004
Kisace (MM) 12+2

#from ref. (10).
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Va/KnaoprEs, (7.1 + 0.5) x 1OM st andVi/KgEs, (52 + 5) M's™.

In the direction of AASA formationV,/E; decreases at low pH with a
limiting slope of +1 giving K, value of 7.2, Fig. 3-2AV.2/KnappE: decreases at high
and low pH with limiting slopes of -1 and +1, gigipK, values of 10.6 and, 6.2 Fig.
3-2B. V., /KgcEt also decreases at low and high pH givikg palues of 7.6 and 9.9,

Fig. 3-2C. X, values are summarized in Table 3-3. The pH-indépenvalues of

kinetic parameters are as folloW&/E;, 7.8 + 0.4 &, Vo/KnaoeEs, (2.0 £ 0.2) x 16

M2s?, andVa/KsecEr, (2.9 £ 0.5) x 16M7s™,

Table 3-2: Summary of Product and Dead End Inhibition Dag for SR at pH 9.0 in the Direction

of AASA Formatio

n

(Km)

Varied Fixed Inhibitor Kis (mM) Kii Inhibition
Substrate substrate (mM) | Pattern
Observed

NADP Saccharopine NADPH 0.027 £ 0.001 N/A C

(Km)
Saccharopine¢ NADP NADPH 0.12 £0.02 0.20 £| NC

(Km) 0.03
Saccharopine NADP Glyoxylate| 14 + 2 N/A C

(Km)
NADP Saccharoping Glyoxylate 15+1 | UC

N/A is not applicable.
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3-3-3.Primary Kinetic Deuterium Isotope Effect with NADH a Slow Substrate
The primary deuterium kinetic isotope effects\oandV/Kg,, obtained with
NADPH(D) are 1 and 0.87 respectivelff0). In order to obtain an estimate of the
rate of the catalytic steps with the natural su#tes, the isotope effect on the hydride
transfer step was measured with the slow substh@#)H(D). An estimate of
V1/Knaon-Et Was obtained by measuring the initial rate as actfan of NADH
concentration with AASA and glutamate fixed aK}0Knapn is high and saturation
was not attained. Thé/KnaprE: is (24 + 0.9)M*s™. The ratio of2/KnappnE: and
Va/KnaprE: at pH 7.0 is (2.9 + 0.2) x f0The isotope effect oNy/Kgy at pH 7.0 is

1.9+0.7.

Table 3-3: Summary of (K, values for SR

Parameter I8y pK> pK3
Forward Reaction
Vi 5.7+0.2 7.9+0.1
V1/KnabpH 6.0+0.2 8.2+ 04
Vi/Kaiy 5.6+0.1 7.8+0.1 85+0.2
Reverse Reaction
V, 7.2+0.1
Vo/Knapp 6.2+0.1 106 +0.1
Vo/Ksace 7.6+0.1 9.9+0.2

& Average value.
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Figure 3-1: pH dependence of kinetic parameters iithe direction of saccharopine formation.
pH dependence of: AV./E; B. (Vi/Knaoer)Er; C. (Vi/Kg)E:. All data were obtained at 25°C.
Points are experimental, while curves are based amfit of the data to eq. 4 for (A), eq. 7 (B) or
eq. 6 for (C).
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Figure 3-2: pH dependence of kinetic parameters ithe direction of glutamate formation. pH
dependence of: A\V,/E;; B. (Vo/Knapp)Ei; C. (Vo/Ksa)Ei-  All data were obtained at 25°C.
Points are experimental, while curves are based anfit of the data to eq. 5 (A) or 4 (B, C).
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3-3-4.Effect of Solvent Deuterium and Viscosity

Initial rates were measured at saturating NADPyiwgr saccharopine over
the pH(D) range 6.5-10.5, Fig. 3-3. Solvent iset@ffects were calculated as the
ratio of the pH(D) independent values\6f andV,/Ks,.. Equal values of 1.8 + 0.1

were obtained fof?°V, and®?°V,/K see.
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Figure 3-3: pH(D) dependence oW¥,/E; and (V./Ksy)E; at 25 °C in the direction of glutamate
formation. A. V,/E; vs. pL (pH or pD) in H,O (¢) and in D,O (m). B. (Vo/Ksa) E; in H,O (¢) and

D,O (m). Points are experimental, while curves are basesh a fit of the data to eq. 5 (A) and eq.
4 (B).
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Glycerol was used as a viscosogen for SR. The ddtthe values oY; and
V1/Kgy determined in BO and at a relative viscosity of 1.24 are withiroerequal.
Therefore, the values of the observed solvent peoadfects®*?V, and?°(Va/Kec),
result from a classical isotope effect and not fraameffect of the increased viscosity

of 100% BO.

3-3-5.Proton Inventory

A proton inventory is obtained from the change WKg, with the
concentration of BD. At pH(D) 7.0, the proton inventory is shown iiglre 4. The
proton inventory is nonlinear and can be best desdras concave upward fit of
the Gross-Butler equation to the data gi%&% = 1.72 + 0.07, within error equal to
that estimated from the pH(D) profiles, agd = 0.70 + 0.04 for the two protons in
the rate-determining transition state in the reactatalyzed by SR in the direction

of saccharopine formation.

3-4. Discussion
3-4-1. Initial Velocity Studies at pH 9.0

In the direction of saccharopine oxidative deamamgta double reciprocal
plot of initial rate vs. saccharopine concentratadrdifferent fixed levels of NADP
exhibits substrate inhibition by saccharopine ieaincompetitive vs. NADP. The
substrate inhibition suggests binding of saccham@pdb the E-NADPH complex

which builds up in the steady stakggcc is 12 mM. Substrate inhibition by
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Figure 3-4: Proton Inventory. Dependence of \(/Kg,) on the fraction of deuterium ) in
solvent. Velocities were measured at a pH(D)-indepdent value of 7.0 in 100% KO, 20% D,0O,
40% D,0O, and 85% D,O. Points are experimental values, and the curvesidrawn through
predicted values. The dotted line is theoreticaloi a linear proton inventory.

saccharopine is complete since the initial rateddeto zero as the substrate
concentration tends to infinity. Values \8§/KnappE: andVa/KeeE: are 8.5 x 16M-
st and 1.7 x 1bMs™, lower than the diffusion limited rate constantl6f-10° M"
st suggesting little, if any limitation by diffusion

Product inhibition by NADPH is competitive vs. NADEhd noncompetitive
vS. saccharopine, suggesting NADP is the first satesto add to enzyme followed
by saccharopine, which adds to the E-NADP binaryngex. In agreement,
glyoxylate, a dead-end analog of saccharopinepispetitive against saccharopine
and uncompetitive vs. NADP, indicating binding ke tE-NADP complex. Overall,
data are consistent with the ordered mechanismrtexpcat pH 7.0 10). As
suggested above, the uncompetitive substrate tidnbby sacharopine suggests

release of NADPH contributes to rate limitation @t 9.0 in the direction of
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glutamate formation. An estimate of the contribntican be obtained from the
difference in K, values ofV./E; andV./KscEtr. The K, observed foVo/KgcE: IS
likely close to the intrinsipK, for an enzyme side chain (see below, Interpatati
of pH Dependence of Kinetic Parameters). Tg @oserved in th&/,/E; pH-rate
profile is perturbed to lower pH by about 0.4 pHtsinThe perturbation of tha,is
dependent on the ratio of the net rate constarth@fchemical steps to the rate
constant for release of NADPH; apl4= pKa-log (1+knhenfKorinappr) (15). A value

of 1.5 is estimated forckendKoinappr: SUggesting the release of NADPH is 1.5 times
slower than the rate of the chemical step. Thisld/give a value of about 8 mM for

theK, for saccharopine substrate inhibition correctetit0% E:NADPH.

3-4-2. Interpretation of Solvent Deuterium Kineticlsotope Effects

Isotope effects were previously measured using N (@B in the direction
of saccharopine formatiori@). A value near unity was observed fd¢;, while an
inverse effect of about 0.87 was observed™pf,/Kgy). Data were interpreted in
terms of a slow release of products, including Bacmpine. A primary deuterium
isotope effect of 1.9 £ 0.7 is estimated 8iiKg, using NADH(D). Although not
well defined, a finite normal isotope effect is eb&ed.

Solvent isotope effects probe proton transfer iengical reactions. As a
result, solvent isotope effects were measuredher3R reaction in the direction of
AASA formation as the ratio of the pH(D) independealues in the pH(D) rate

profiles. It is important to note that equilibriusnlvent deuterium isotope effects are
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observed on the Ky, values of acid dissociable groups of oxygen oroggn
containing acids and bases that result in an iser@athe K, by 0.4-0.6 pH units
(35). As seen in Fig. 3, the expected shift in th& B observed reflecting the
equilibrium isotope effect, and in addition, the pidependent value is lower in,O
than in HO, indicating a kinetic isotope effect. A normdieet of 1.8 is observed on
V7 andV,/Kse. The change in solvent viscosity that results farbstitution of RO
for H,O can account for solvent isotope effe(®3, 38). Kinetic parameters at
increased viscosity are identical, within error,th@se observed in &, strongly
suggesting the isotope effects are not a consequehdhe change in solvent
viscosity. The finite solvent isotope effect anchcave upward proton inventory are
consistent with the rate determining conformatiocladnge to open the site and
release products. An estimate of the number ofoptimportant to the overall
reaction and the number of proton transfer stegsdbntribute to rate limitation can
be obtained from the proton inventory meth88)( If a single proton is transferred
in the rate-limiting transition state, a plot oéthate constant versus atom fraction of
deuterium ) will be linear. If more than one proton is tragrséd in a single
transition state, the plot will be concave upwawtijle if protons are transferred in
multiple transition states, the plot will be coneagownward. A concave upward
proton inventory is observed f&fi/Kgy, suggesting that more than one proton is
transferred in a single transition state. The ieactatalyzed by SR involves two
protons and these protons have identical fractionatactors, suggesting equal

contributions to the transition state for both prit (Attempts to fit the data to other
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forms of the Gross-Butler equation, e.g., allowihg fractionation factors for both
protons to be independent, failed). Data sugggsbton transfer is involved in the
rate-limiting step in the reaction. Given the deswvith NADPH(D), the step(s)

must involve the conformational change to opensiteeand release products.

3-4-3. Interpretation of pH Dependence of Kinetic Brameters

The maximum rate,)V, is obtained at saturating concentrations of all
substrates, and the dominant enzyme form will dép@nthe location of the slow
step(s). As suggested above, the slow step ocdtes the chemical steps and
accompanies product release. TW& for a reactant is obtained at limiting
concentrations of one of the reactants and satgrdévels of all others, and free
substrate and the enzyme form to which the sulestratds are dominant in the
steady state. Th¥ profile reflects groups required in a given protooma state for
catalysis, while th&/K profile will reflect the protonation state of graipn reactant
and/or enzyme responsible in a given protonatiatesior binding and/or catalysis
(7). In an ordered mechanism, & for all of the reactants with the exception of
the last one to add is the on rate constant falibghreactant to enzyme, and its pH
dependence will thus reflect groups important fiodng.

In the direction of saccharopine formation, theefenzyme and NADPH
predominate for theVi/Knappn profile, while E-NADPH-AASA and glutamate
predominate for th¥1/Kg, profile. However, AASA adds in rapid equilibriumiqr

to glutamate, and as a resWliass is zero and thus &3/Kaasa profile was not
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obtained. In the non-physiologic reaction direatithe free enzyme and NADP
predominate for theV./Knapp profile, while E-NADP and free saccharopine
dominate for tha&/,/Kg profile, and the enzyme form that precedes the skep(s)
at saturating substrates dominates fothpH-rate profile.

The Vi/Knappr €Xhibits the requirement for a group withkg,@f 6 that must
be unprotonated and two groups with an averageop 8.2 that must be protonated
for optimum binding of NADPH.The V./Kyapp reflects the need for a group with a
pK, of 6.2 that must be unprotonated, and a secongpgaith a (K, of 10.6 required
protonated for optimum binding of NADP. The ionipat state of the 2’-phosphate
of NADP(H) is often an important binding determihaior NADP-dependent
enzymes, e.g., as seen for glutathione reducta®e Ih agreement, th&/K for
NADH is 10f-fold lower than that of NADPH. Thekqa of the 2'-phosphate is 6.1
(36), within error identical to the Ky, of 6-6.2 observed in th&1/Kyappy and
Vo/Knapp pH-rate profiles. A group that must be protonatedbserved in the pH-
rate profile of Vo/Knapp, With pK, value of 10.6. An arginine (R34) is within
hydrogen-bonding distance to the 2’-phosphate efdimucleotide substrate, Fig. 5
(6, 9). The group with a g, of 10.6 observed in the,/Knapp pH-rate profile may
reflect R34, which forms a salt bridge with thepkiesphate. One of the groups with
an average K, of about 8.2 observed in th&/Knappu pH-rate profile that must be
protonated is likely the same group seen inthandV./Kg, pH-rate profiles, and
this will be discussed below underoposed Chemical Mechanism. The function of

the second group with aKp of 8.2 is not known. If the pH-rate profile coube
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extended to higher pH, the group with lg,@f 10.6, thought to reflect R34, should
also be observed.

TheVi/Kgy profile exhibits the requirement for groups witk,p of about 7.8
and 8.5 that must be protonated, and a group wippKaof 5.6 that must be
unprotonated for optimum binding and catalysis. §heup with a K, of 7.8 is also
observed in the/; pH-rate profile, and likely reflects the catalygeneral acid
group, which protonates the carbonyl oxygen of AA&# the carbinolamine is
formed upon attack by theamine of glutamate. In agreement, a group onreezy
with a K, of 7.2-7.6 is observed in the andV,./Kg,. pH-rate profiles that must be
unprotonated for catalysis in the direction of glaate formation. In the reverse
reaction direction the group activategHas it attacks the imine carbon formed upon
oxidation of saccharopine and thus must be unpadéah In the non-physiologic
reaction direction (formation of glutamate), thesetved K, in the Vo/Ks,c pH-rate
profile is 7.6, probably the intrinsid for the catalytic group, is perturbed to higher
pH in the opposite directionV{/Kg, pH-rate profile). It is possible that the group
responsible is D125, which is in the vicinity okteaccharopine secondary amine in
the structure of the E-NADPH-saccharopine compléxSBR from Magnaporthe
grisea, a closely related homolog of thfe cerevisae SR ). This residue is
completely conserved in SR amino acid sequences finagi includingS. cerevisiae
and human pathogenic fungi suchGandida albicans (7), Aspergillus fumigatus (8)
andCryptococcus neoformans (7).

The group with a g, of 5.6, observed in the;/Kg, andV; pH-rate profiles
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is likely a base required to accept a proton frapwtamine of glutamate prior to its
nucleophilic attack on the semialdehyde carbonyle @ould also expect to see this
group in theV./Kge: pH-rate profile if it could be extended to lowet,psince the
same group is responsible for accepting a protom fthe saccharopine secondary
amine. The identity of this group is at presentnown.

The Vo/Ksec pH-rate profile exhibits alq, of 9.9, while theVi/Kg, pH-rate profile
exhibits a K, 8.5. These groups are not observed/dror V; pH-rate profiles, and
thus reflect binding groups for saccharopine andaghate, respectively. TheKp
value of the secondary amino group of saccharoigiri®.1 (6), while the X, of
thea-amine of glutamate is about 936]. Thus, the additional binding groups likely
reflect the substrate amineKpvalues, suggesting they must be protonated for
optimum binding.

It is also possible that substrates bind with thenine unprotonated, and that
they are in reverse protonation state with an emzgnoup, i.e., although the&pis
observed on the basic side, the group must be tor@t@d for optimum binding,
while the group observed on the acid side mustrbpated 15). Data are not in
agreement with this suggestion. Reverse protonatiag work in the direction of
saccharopine formation sinc&pvalues are observed on the acid and base sides of
the Vi/Kgy pH-rate profile and a general acid catalyst isunegl in this reaction
direction. However, in the opposite reaction di@tt reverse protonation states
would require that the saccharopine secondary amsnanprotonated and the

enzyme group is protonated. Since a general baseqgsired in this reaction
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Figure 3-5: Stereo view of a close-up of the saatopine reductase fromM. grisea (PDB code
1E5Q) binding site for NADP(H). Residues that inteact with the cofactor and their hydrogen-
bonding distances are shown. The following colocchkeme is used: C, green, O, red, N, blue; and
P, orange. This figure was generated using the Py®L molecular visualization program
(website: http:// pymol.Sourcefor ge.net/).

direction, data are not in agreement with revens#opation states. Thus, the
amine of glutamate and the secondary amine of sagpime must be protonated for
appropriate binding and catalysis and an enzymepgnoust act as a base to accept a
proton prior to reaction. The only group observediee acid side of thé,/Kg, pH-

rate profile is the one with &g of 5.6.

3-4-4. Proposed Chemical Mechanism of Saccharopifeductase

On the basis of the pH-rate profiles, an acid-besemical mechanism is
proposed as shown in Scheme 3Frlie reaction begins with all reactants bound (1),
which requires the-amine of L-glutamate protonated (Fig. 3-6), andDN#d bound
with its 2'-phosphate ion paired with R34 on enz\(fFig. 3-5). As seen in Fig. 3-6,
the a-carboxylates of L-glutamate and AASA are withindhygen bond distance to

arginine residues, while thecarboxylate of L-glutamate is within hydrogen bond
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distance to a tyrosine and serine. An enzyme gvatipa K, of 5.6-5.7, B, accepts
a proton from thei-amine of glutamate to generate the neutral anfiaedan act as
a nucleophile (Il). Theo-amine of glutamate attacks the carbonyl of the
semialdehyde to generate the carbinolamine, whsclprotonated by a second
enzyme group with aky of about 7.8-8, B which may be D125 (lll). The distance
between the closest oxygen of D125 and tharine nitrogen of saccharopine is
long enough (5.57 A) to accommodate a water maodediie protonation state of
this group apparently affects the binding of NADRt not NADP, since it is
observed in the/i/Knappn pH-rate profile. The reason for the effect on NADP
binding is not obvious, but may reflect optimizitige conformation of the Michaelis
complex.

A proton is accepted from the carbinolamine (Iip, give the neutral
carbinolamine (IV), which can then collapse, expgliwater with a proton donated
by B; (V). NADPH reduces the imine, generating the otqgmated secondary amine
(V1), which is protonated by B(VII), and saccharopine is releas€xh the basis of
the finite solvent deuterium kinetic isotope effébe release of saccharopine may be
coupled to a conformational change accompanyingpprtransfer to the secondary
amine nitrogenThe proposed mechanism is now being tested ustegdsected
mutagenesis. An important question is the idemityhe general acid that accepts a

proton from thex-amine of glutamate.
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Scheme 3-1: Proposed Chemical Mechanism for Sacebpine Reductase. |, the central E-

NADPH-AASA-glutamate complex formed upon binding of substrates; II, production of the
neutral amine of glutamate, which acts as a nucletjle attacking the carbonyl of the
semialdehyde; IIl, protonated carbinolamine intermaliate; IV, neutral carbinolamine
intermediate; V, the protonated imine intermediate; VI, neutral L-saccharopine formed upon
hydride transfer from NADPH; and VI, protonated saccharopine.

3-4-5. Comparison to Other NAD(P)-dependent Oxidatie Deaminases

The enzymes that are involved in pyridine nuclesti@épendent oxidative
deamination reactions can be roughly divided imto tlasses, those that carry out
the oxidative deamination of primary amines andséhthat function with secondary

amines. Of the primary amine dehydrogenases, ghat@aifh8-22) and alanine 109,
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23, 24) dehydrogenases are well studied. However, theesltorelative to SR is
saccharopine dehydrogenase (SDH), which catalylzesrd¢action following that
catalyzed by SR and results in the formation ohlysand saccharopine. Indeed, the
reaction chemistry is identical and occurs at a Gadd adjacent to the C-N bond
formed by SR ). The SDH fromS cerevisae was the only secondary amine
dehydrogenase that has been characterized witleatesp its chemical mechanism
prior to this study 16, 25-27). The mechanism of the closely related SDH will be
considered first.

Saccharopine is a common substrate for the lastemzymes of the AAA
pathway and as suggested above SR and SDH difteeinregio-chemistry. In spite
of the two enzymes having virtually no identity timeir primary, secondary, and
tertiary structureq, 34), they catalyze the same reaction. Both enzymiéigeuthe
same general acid-base catalytic strategy to @alyeir reaction. Beginning with
saccharopine and NAD(P), the enzymes both utilize bases to catalyze the
reaction. In both cases the secondary amine @hsagpine must be protonated for
optimum binding and reaction, as is true for dh@mine of glutamate (SR) and the
amine of lysine (SDH). A second base carries oustnod the chemistry in both
cases, i.e., beginning with sacchaopine, hydrolydisthe imine formed upon
oxidation. The identity of the catalytic groupsSIDH has not yet been determined,
but there is no paucity of groups in the active aihd in proximity to reactants that
can serve in this capacity. On the other handethez no obvious candidates, other

than D125, that can serve as a catalyst in theessite of SR. In addition, chemistry
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contributes to rate limitation in SDH, while prodluelease limits the SR reaction.
a-Amino acid dehydrogenases, such as glutamate d#miina dehydrogenase
generate ammonia, aketo acid, and reduced pyridine dinucleotide asipcts of

the oxidative deamination reactiaz8]. The glutamate dehydrogenases (GDH) from
bovine liverandChlorella sorokiniana have been studied, and an acid-base chemical
mechanism has been proposed on the basis of pHanatgK; profiles @9, 30).
Chemical mechanisms of other amine dehydrogenasesluding alanine
dehydrogenase fronBacillus subtilis (31), L-phenylalanine dehydrogenase from
Rhodococcus sp. M4 (@2), and leucine dehydrogenase fromBacillus

stearothermophilus (33) have also been studied.

R247 R247

599 S99

Figure 3-6: Stereo view of a close-up of the acBwsite of saccharopine reductase froml. grisea
(PDB code 1E5Q). Residues that interact with sacalopine and their hydrogen-bonding
distances are shown. Colors are as in the legemal Eig. 3-5. This figure was generated using the
PyMOL molecular visualization program.
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The chemical mechanisms of the above primary ardete/drogenases are
very similar to one another. They all employ geha@d-base catalysis and the
chemical mechanisms are similar overall, and vanylar to the strategy utilized by
the secondary amine dehydrogenases. The maimeattfe between the two classes
of dehydrogenase is the protonation state ofuthenine of the substrate, glutamate
or alanine. The secondary amine dehydrogenases s@cdharopine with its
secondary amine protonated, while the primary andeeydrogenases selectively
bind reactant with a neutral amin29( 31). Oxidation generates the protonated
imine, which is attacked by water, activated byaative site lysine. The same group
then functions to generate the ammonia and ketoogupts. The neutral ammonia is
then released, opposed to the protonateamine of glutamate or lysine in the
secondary amine dehydrogenases. Another differanceghe primary amine
dehydrogenases is the identity of the acid-basalystt L-Glutamate 29) and
phenylalanine 32) dehydrogenases utilizes a lysine as the basele vlanine
dehydrogenase uses a histidiB#&)( The identity of the base may also differ in the
secondary amine dehydrogenases, but this will baavait additional studies that

are now in progress.
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CHAPTER 4

Overall Discussion and Conclusion

Saccharopine reductase (SR) (EC 1.5.1.10) is thaljpmate enzyme in the
a-aminoadipate pathway encoded hyS9 gene inS cerevisiae. Saccharopine
reductase (SR) catalyzes the condensation @faminoadipic acid-semialdehyde
with L-glutamate to form an imine which is subseufiye reduced by NADPH to
give saccharopine. The last two enzymes in lysiimsyimthesis pathway namely
saccharopine reductase and saccharopine dehydesgénaysine forming) use the
same substrate saccharopine and catalyze oxidadionadjacent bonds in
saacharopine. These two enzymes have very litjaeseee homology at the amino
acid level so it is of interest to study how theseymes catalyze similar reactions

i.e. oxidation of adjacent bonds in saccharopine.

4.1. Kinetic Mechanism of Saccharopine Reductase.

Kinetic studies have been carried out for SR at pBl and a sequential
kinetic mechanism has been proposed for SR on #sés lof initial rate studies,
product inhibition studies, dead end inhibitiondstis, and isotope effect studies,
scheme 4-1. In the forward reaction direction, tiechanism involves the ordered
addition of reduced nicotinamide adenine dinuctetphosphate (NADPH) to the
free enzyme followed by k-aminoadipaté-semialdehyde (L-AASA) which adds

in rapid equilibrium prior to L-glutamate in therfeard reaction direction. In the
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reverse reaction direction, nicotinamide adenineucleotide phosphate (NADP)

adds to the enzyme followed by addition of saccbiae

(aminoheptenoic (NOG, O-Kg, leu
acid) (A-Kg) glyoxylic acid)

NADPH AASA L-glutamate saccharopine NADP

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

Scheme 4-1. Proposed Kinetic Mechanism for SR. Deatd analogues of the substrates are
shown in parentheses.

Primary kinetic deuterium isotope effect studiesvetthat °(V/Knaopr) is
within error 1 corroborating the proposed mechani3ime inverse isotope effect
observed foP(V/KgMamatg suggests the hydride transfer step is close tdilequm
in the steady state and step(s) after reductidhefmine limits the overall reaction,
likely the conformational change to open the actite to release saccharopirig.
This proposition is also supported by the solveatdpe effect and proton inventory
studies which suggest that protons are in flighh&rate determining steps along the
reaction pathway.

A comparison of the kinetic mechanism of SR withhest amine
dehydrogenases has been discussed with emphasitheorcomparison with
saccharopine dehydrogenase. The kinetic mechanistneotwo enzymes is very
similar, with ordered addition of the dinucleotialed saccharopine and release of the

reduced dinucleotide last. In the case of SR tltktiad of L-AASA and glutamate
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are ordered, whilex-Kg and lysine can add randomly to the E:NADPH bmna

complex for SDH T, 2, 3).

4.2. Chemical Mechanism of Saccharopine Reductase.

pH-rate profiles and solvent isotope effect studiuese carried out to probe
optimum protonation states of functional groupseozyme and substrates required
for binding and catalysis. On the basis of pH-f@i&files and solvent isotope effect
studies the chemical mechanism of SR has been gedpdScheme 4-2. The
mechanism involves binding of L-glutamate and AABAprotonated state along
with NADPH to the enzyme. A general basgdtcepts a proton from the primary
amine of glutamate generating a nucleophile whithcks the carbonyl carbon of
AASA. This is followed by the formation of the camblamine intermediate
catalyzed by a general acid-base catalysflBe next step involves the expulsion of
a water molecule to give protonated imine whicheduced by NADPH to produce
L-saccharopine. In the final step, the general &;idtH protonates the secondary
amine of saccharopine resulting in the formatioprotonated saccharopind) (The
proposed chemical mechanism of SR is very simdathat proposed for SDH/)
Both enzymes catalyze the oxidation of saccharopmeds at adjascent positions
and the proposed mechanisms of these enzymes sarevetly similar involving a
major acid-base catalytic group which carried ouismof the chemistry in the
reaction and another gropu which is participatdg omthe final step of the reaction

to protonate the secondary amine of saccharopine.identity of the general acid-
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base catalysts in both enzymes is presently uriddy.s

Site directed mutagenesis has been carried outSRrto determine the
identity of the general acid-base catalyst. Substraund active site structure of SR
from M. grisea and multiple sequence alignment results showthti®atesidues D125,

C154 and Y99 are in position to act as the genacal-base catalyst. Kinetic

o ) 0 9
:Bz H: Bz 2
_ +
0 NH NH3
/ 3
0=cC H
+ \+
NH3 E—— NH2 —_— N H ————
I
_ H‘\ OH
H Bl N H.Bl By
0 _ 0 NADPH O NADPH
0 = o)
(UNES (1 (1)
NH,
o o ? 0 ©
H BZ H:Bz H:BZ BZ +
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N \L H N\ N H
N H X —_ N /H —_—— |l|
QOH H20 \H H
H:B, B1 By 0 By
o _ NADPH ° - NADPH © - + o naDP
o) o o) NADP
(V) (v) (V1) (Vi)
Scheme 4-2. Proposed Chemical Mechanism for Saccbaine Reductase. |, the central E-

NADPH-AASA-glutamate complex formed upon binding of substrates; II, production of the
neutral amine of glutamate, which acts as a nucletjle attacking the carbonyl of the
semialdehyde; |IIl, protonated carbinolamine intermaliate; IV, neutral carbinolamine
intermediate; V, the protonated imine intermediate; VI, neutral L-saccharopine formed upon
hydride transfer from NADPH; and VI, protonated saccharopine.
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parameters for these single mutant enzymes andheofdouble mutants D125A-
C154S, D125A-Y99F and C154S-Y99F indicate thatelresidues are important for
the reaction but the pH-rate profiles show thatenoh these residues act as the
catalyst. Further studies need to be carried oidewtify the residue which plays the
catalytic role in the reaction catalyzed by SR. fikesthe structural dissimilarities
among these two enzymes, they show similarity ieirtlorder of addition of
substrates and release of products with littleatemn. The chemical mechanisms of
these enzymes are also strikingly similar sugggdtmat the imine dehydrogenases

employ similar catalytic strategies to catalyzartheactions.

4.3. Future Studies

Kinetic and chemical mechanisms for SR have beepgsed and described
in this dissertation. The apo structure of SR fr@ncerevisae and a ternary
E:NADPH:saccharopine complex of SR frdvh grisea were solved to 2.0 and 2.1
A, respectively %, 6). However, to date there is no substrate boundistre of SR
from S cerevisiae which is required to test the proposed chemicathamism.
Determination of ligand bound structures of SR wloulp to confirm the proposed
chemical mechanism and would shed more light omtleatation and binding of the
substrates in the active site.

Thus far, the identity of the general acid-basmlgat in the reaction is not
known. Site directed mutagenesis studies show@ia5, C154 and Y99 residues
are important but do not play a catalytic rolehe tmechanism. The primary amino

group of saccharopine is another candidate whicim ia position to assist in the
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reaction by anchimeric assistance and further etudie required to elucidate its role
in the reaction mechanism. Thr245 residue is inrbgein bonding distance to the
amino group of saccharopine, hence site directegenesis should be employed to

elucidate the role of Thr245 residue in the reactio
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APPENDIX |

Role of D125, Y99F and C154S in the reaction of sagwropine
reductase fromSaccharomyces cerevisiae

[-1. Introduction

Recently, a chemical mechanism was proposed fochsagpine reductase
from Saccharomyces cerevisiag, on the basis of pH dependence of the kinetic
parameters, primary deuterium kinetic isotope é¢$femd solvent kinetic deuterium
isotope effects (Scheme I-1D)( The reaction begins with all reactants boundcWhi
requires thea-amine of L-glutamate protonated and NADPH bounthwis 2'-
phosphate ion paired with R34 on enzyme. On theshafsthe substrate bound
ternary structure of SR froM. grisea (2), a plant pathogen, thecarboxylates of L-
glutamate and AASA are within hydrogen bond disgattcarginine residues, while
they-carboxylate of L-glutamate is within hydrogen bafistance to a tyrosine and
serine. Two groups are involved in the acid-basenustry of the reaction. An
enzyme group with aky of 5.6-5.7, accepts a proton from tr@mine of glutamate
to generate the neutral amine that can act as kapltle (II). The a-amine of
glutamate attacks the carbonyl of the semialdetigdgenerate the carbinolamine,
which is protonated by a second enzyme group wplaf about 7.8-8, which may
be D125 (lll). A proton is accepted from the caddamine (1), to give the neutral
carbinolamine (1V), which can then collapse, expgliwater with a proton donated

by B; (V). NADPH reduces the imine, generating the otgmmated secondary amine
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Scheme I-1. Proposed chemical mechanism of sacchpime reductase

(V1), which is protonated by B(VII), and saccharopine is released.

Crystal structures of saccharopine reductase ffooerevisiae and M. grisea
have been reported,(2). Structures of theVl. grisea apo form and ternary, E-
NADPH-saccharopine, complex of SR were solved @bahd 2.1 A, respectively.
Structure of théS. cerevisiae apo form was solved to 2.1 hile no structure has yet
been solved for substrate bound SR fi@roerevisiae. SR fromMagnoportha grisea
shows 63% sequence identity and 78% sequence hgyntiothe enzyme frons.
cerevisiae in terms of sequence conservation. Comparison ef dbtive site

superimposed structure of SR frdvtagnoportha grisea andS. cerevisiae shows that
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all the residues in the active site are completelyserved, Fig. I-1. A possible role
as general base was proposed for D125, C154 aN@®y in accepting a proton
from the water molecule to facilitate the hydrogysf imine (IV and V in Scheme I-
1). Multiple sequence alignment results show th@®,YD125 and C154 are highly
conserved in SR from various organisms (see appdigliand are in a position to
act as a general base in the reaction activatingerwanolecule to attack the
protonated imine intermediate. The distance betveemrlosest oxygen of D125 and
the 2 amine nitrogen of saccharopine is long enough7(®5to accommodate a
water molecule.

To date, the identity of the general acid-basalgstt of SR is unknown. In
this study, site-directed mutagenesis was usehange three active site residues,
and the resulting mutant enzymes were charactensed initial velocity studies,
the pH dependence of the kinetic parameters, artdpge effects. Data combined
with the available structures of SR fro&n cerevisiae and M. grisea suggest that
D125, C154 and Y99F residues are important in tection but none of these
residues function as a general base to deprottimateater molecule to facilitate the
hydrolysis of imine. It is thus possible that samipine shows anchimeric assistance
and the amino group of saccharopine acts as thergebhase to deprotonate the

water molecule.

I-2. Materials and Methods
[-2-1. Chemicals and enzymes

L-Saccharopine and L-glutamic acid were from SigfiaNADPH andp-
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NADP were purchased from USB. Mes, Mops, ChesHeyakes were obtained from

R247

285A 'll 272A
1
1

T245

R224

-~——
-

C155

Y100
D126

899

Fig. I-1: Close-up view of the active site of sacehopine reductase fromM. grisea (PDB code
1E5Q). Residues that interact with saccharopine andheir hydrogen-bonding distances are
shown. The following color scheme is used: C, gree®, red, N, blue; and P, orange. This figure
was generated using the PyMOL molecular visualizabn program (website: http:/

pymol.Sourcefor ge.net/).

Research Organics. Deuterium oxide (99 atom % ) pumchased from Cambridge
Isotope Laboratories, Inc. All other chemicals avef the highest grade available

and were used as purchased.

Cell growth, expression of wt, and mutant enzymeasfipation were carried

out as reported previouslg)(
I-2-2. Generation of mutant enzymes
The D125A, C154S, Y99F, D125A-C154S, D125A-Y99F @&b4S-Y99F

mutant enzymes were prepared using the Quick Chsitegdirected mutagenesis kit
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(Stratagene), in accordance with the recommendatbthe manufacturer.

Aspartate 125 was mutated to alanine utilizing fibllowing forward and
reverse primers: D125A5CGA AAT TGG GTT GGCTCC AGG TAT CGA
CC3) and D125A (5GGT CGA TAC CTG GAG CCA ACC CAA TTT CGB
Cysteine 154 was mutated to serine utilizing thbowang forward and reverse
primers: C1545(5'CTT GTC ATA CTCTGG TGG TTT ACC3 and C1545
(5GGT AAA CCA CCA GAG TAT GAC AAG3), while the tyrosine 99 to
phenylalanine mutation utilized the following priree Y99k (5CGT CAC TTC
CTC ITT CAT CTC ACC TGC3 and Y99F (5GCA GGT GAG ATG AAA GAG
GAA GTG ACGS3). The point mutation codons are underlined. Thigremutant
gene was sequenced for each mutant enzyme andutheotide sequences of the
mutant enzymes were confirmed. Initial velocity cds&s, pH studies, solvent
deuterium kinetic isotope effect studies and viggostudies were carried out as
described in chapter 2 and 3.

Initial velocity data at pH 7.0 and 9.0 for D1258154S, Y99F, D125A-
C154S, and D125A-Y99F, and Y99F-C154S mutants Witeel to eq. 1 and 2.

VA
U=
K, +A

(1)

VAB

v= (2)
K,K, +K,A+K,B+AB

pH rate-profiles that exhibited a slope of 1 at ok and -1 at high pH were
fitted using eq. 3, while those that exhibited@psl of 1 at low pH were fitted using

eq. 4.
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log y =log C/(1+Ki+%ﬂ 3)

logy =log C/(HKiH (4)

I-3. Results

In order to obtain information concerning the itignof the acid-base
catalysts in the proposed chemical mechanism of iBiRal velocity parameters
were obtained for D125A, C154S, Y99F, D125A-Y99Rd &125A-C154S mutant

enzymes and the pH dependence of kinetic paramegersletermined.

[-3-1. Initial Velocity Studies at pH 7.0 and pH 90

In the forward reaction direction, initial rates n@eobtained by varying one
substrate around its,, and saturating with the others. In the directibrglatamate
formation the initial rate was measured as a fonctf saccharopine at different
fixed concentrations of NADP. Estimates of kingiarameters for D125A, C154S,
Y99F, and D125A-Y99F, D125A-C154S mutant enzymessarmmarized in Table
I-1. Kinetic parameters obtained in the reverse readiggction are summarized in

Table I-2.

I-3-2. pH Dependence of Kinetic Parameters
The pH dependence of kinetic parameters providEsnration on groups

required in a given protonation state for optimunmdbng of reactant and/or catalysis
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(5). The pH dependence of kinetic parameters forDh&5A, C154S, Y99F, and
D125A-Y99F, and D125A-C154S mutant enzymes wasroheted, and the results
are shown in Figures I-2 and I-3.

In the direction of AASA formationy./Kg,E: decreases at low and high pH
for D125A, C154S, Y99F, and D125A-Y99F mutants, palues along with the pH-

independent values of kinetic parameters are suimethin Table [-3.

I-3-3. Effect of Solvent Deuterium and Viscosity

Initial rates were measured at saturating NADPyingr saccharopine over
the pH(D) 9.0. Solvent isotope effects were cakealaas the ratio of the pH(D)
independent values &/Kg,. for D125A, C154S, and Y99F mutants enzymes. The
values of solvent deuterium kinetic isotope effdois D125A, C154S, and Y99F
mutants enzymes are 1.9 + 0.6, 4.2 + 0.7, and 0.2 for°?V,/Kgyce.

Glycerol was used as a viscosogen for the mutarynees. The ratio of the
values ofVa/Kscharopine determined in BHO and at a relative viscosity of 1.24 are
within error equal. Therefore, the values of theseslled solvent isotope effects,
D20

(Vo/Kseo) for the mutants, result from a classical isoteffect and not from an

effect of the increased viscosity of 100%4D

[-4. Discussion

Initial velocity from Table I-1 suggests that thesidues D125A, C154S, YO9F are

important for the reaction as is indicated in tirarp decrease observed WE;
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Figure I-2. pH dependence of kinetic parameters irthe direction of glutamate formation for
D125A, C154S, and Y99F mutant enzymes. pH dependenof: A. (Vo/Ksso)E: for D125A; B.
(Vo/Ksao) Er for C154S; C. VoK) Er for YOOF. All data were obtained at 25°C. Points i@
experimental, while curves are based on a fit of thdata to eq. 3.
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Figure I-3. pH dependence of kinetic parameters irthe direction of glutamate formation for
D125A-C154S, and D125A-Y99F mutant enzymes. pH depence of: A. Vo/Kgxo)E; for D125A-
C154S; B. Y /Ksao)E: for D125A-Y99F. All data were obtained at 25°C. PFats are
experimental, while curves are based on a fit of #hdata to eq. 4 (A) or 3 (B).
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Table I-3. Summary of (K, values for logV./Ks.cE: profile for D125A, C154S, Y99F, and
D125A-Y99F, and D125A-C154S mutant enzymes in therBction of glutamate Formation.

Enzyme K1 pK2 pH Independent valug
M7s)
wt 7.6+0.1 9.9+0.2 (2.9 £0.5) x10
D125A 8.8+0.3 9.9+0.3 (1.0 £ 0.3) x10
C154S 8.1+0.2 10.3+0.2 73.7+7.5
YOOF 7.1+04 95+0.3 11.1+1.7
D125A-Y99F 9.3+0.2 10.3+0.5 85.5+223
D125A-C154S 85+0.2 N/A 56.1+7.8

N/A is not applicable.

values for the mutants. The pH dependence of kinsrameters for the D125A,
C154S, Y99F, D125A-Y99F, and D125A-C154S mutantyeres indicate that these
residues do not play the role of general acid-beatlysts in the chemical
mechanism of SR. Solvent isotope effects for D12&#d Y99F mutants are close to
that of the wild type enzyme indicating that prctoare in flight in the rate-
determining step corroborating the proposed chdmmmachanism. The solvent
deuterium kinetic isotope effect for the C154S muteés 4.2, higher than the
corresponding isotope effect observed for the wifte enzyme. This value is close
to the theoretical maximum value which can be ola@ifor the primary deuterium

kinetic isotope effect suggesting that the protamdfer step is greatly rate limiting
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for the C154S mutant. As proposed in the chemiaathanism of SR, this step is
most likely the conformational change involving opg the active site and release
of products.

Site directed mutagenesis studies showed thatefidues D125, Y99F and
C154 are important for the SR reaction but theselues do not act as the general
acid-base catalysts in the chemical mechanism ofitS3&possible that the substrate
itself provides anchimeric assistance to cataljeeréaction. Further studies need to
be carried out to test this proposition by chemroadification of the primary amino
group of saccharopine using formamidation and aagrgdead-end inhibition studies
using the formylated derivative. Alternate subgtistudies should also be carried out

in order to elucidate the role of the primary amgnoup of saccharopine.
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APPENDIX Il

Substrate specificity of saccharopine reductase

[I-1. Introduction

Extensive inhibition studies have been carried oging analogs of
saccharopine and nicotinamide adenine dinucledtdgain information about the
saccharopine and dinucleotide binding pocket anddétermine the substrate

specificity.

[1-2. Materials and Methods

[1-2-1. Chemicals

L-Saccharopine, L-glutamate, AMP, ADP, ADP-ribog¢MN, NAADP,
2',3-cyclic NADP, 2', 5 ADP, NAD3'P, thio-NAD, 3-APADPthio-NADP, a-
ketobutyrate,a-ketovalerate, glutarate, pyridine 2,4-dicarboxglapyridine 2, 3-
dicarboxylate, pyridine 2,5-dicarboxylate, benzameg camphoric acid, L-
pipecolinic acid, and isonicotinic acid were ob&dnfrom Sigmag-NAD(P)H and
S-NAD(P) were purchased from USB. Hepes, and Chese weom Research
Organics, Inc. All other chemicals and reagents eweised without further

purification.

[1-2-2. Alternate Substrate Studies
In order to check if we can substitute the dinuiteowith another substrate,

reduced thio-NADP was used as an alternate subdmatNADPH in the forward
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reaction direction at pH 7.0.

lI-3. Results
[I-3-1. Dead end inhibition studies Forward Reactio Direction

To gain information regarding the substrate bindingkat, and the reactant
binding determinants, dead end inhibition experitwenere carried out using a
variety of inhibitory analogues in the forward reac direction at pH 7.0 and in the
reverse reaction direction at pH 9.0. Some of thesapounds did not show any
inhibition in the forward reaction direction at ptD and are summarized in Fig. 1I-2,
Fig. lI-3. Those compounds that acted as inhibiborthe forward reaction direction
are summarized in Fig. II-1. The dead end inhibitmnstants for the dead end

analogues of L-glutamate and AASA are summarizethinle I1-1.

[1-3-2. Dead end inhibition studies Reverse ReactioDirection

Dead-end analogues of L-saccharopine and NADP erapoyed in order to
study the binding determinant. Analogues of NADRI dnsaccharopine which
showed inhibition are summarized in Table II-2 arable 11-3 along with their

apparenk; values.

[1-3-3. Alternate Substrate Studies

In the forward reaction direction, thio-NADP was @oyed as a substitute

for NADPH and the apfX, of thio-NADP was found to be 500V and saturation
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was not achieved with thio-NADP.

/ CO0 6 oc / (o10]0)
\ \Qj\ )
N co0 N CO00 co0
Pyridine 2, 3 dicarboxylate Pyridine 2, 5 dicarboxylate Phthalic acid
ooc oocC
CH;
+ +
CH,
ooc i}
00C
Camphoric acid Benzamidine Glutaric acid
coo
- + +
00C, NH, NH,
H,C | ooc coo
AN
CH, N
3-methyl-2-oxo-butyrate  Isonicotinic acid Diaminopimelate
ooc, ooc
+
NH, OH o
)\/\/ﬁm HO
ooc coo CH,
Ornithine meso-tartaric acid Ketobutyrate

Fig. II-1. Structures of compounds which act as inivitors for SR reaction at pH 7.0.
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Table 1I-1. Summary of L-glutamate and AASA analoges inhibition studies
in the forward reaction direction at pH 7.0

Inhibitor

Pattern vs. AASA

Pattern vs. L-glutamg

\te

Pyridine 2, 4-
dicarboxylic acid

NC
K_=26 +2.3mM

K, =75 + 10 mM
K. =205 + 65 mM

C
K_= 145 + 30 mM

K, =116 + 20 mM

Camphoric acid

NC
K, =28%1.7mM

K,=72+8mM
K. =63 +7.5mM

NC
K,=132+10 mM

K, =62 %10 mM
K. =55 +5mM

Glutaric acid

NC

K =19 +1mM
K,=10+1 mM
K, =46 + 14 mM

C
K =58.4%17mM

K,=12.5+0.3 mM

Pipecolinic acid C NC
K,=14 +£2mM K,=95+9mM
K =23+4mM K.=34+4mM
K,=93+18 mM
Pyridine 2, 5- ucC C
dicarboxylic acid K,=18+2mM K,=382mM
K,=13£09mM |K=23+1mM

[1-4. Discussion

[1-4-1. Dead end inhibition studies

Theapp K| value of 3-APADP reduced form is almost the samihasfor the
substrate NADPH which means that 3-APADP reduceun fbinds as well as
NADPH suggesting that most of the binding energgosiing from the ADRand the
pyridine ring and hence the replacement of amidegmwith acetyl group does not
result in much change in binding. The only diffeserbetween NADPH and 3-

APADP reduced form is the replacement of amino groy methyl group. Net
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Table 11-2. Summary of appK; values for L-Saccharopine
analogues in the reverse reaction direction at pt9.0

Inhibitor appK;
Glutaric acid 9 mM
Benzamidine 127 mM

Pyridine 2, 4 dicarboxylate 165 mM

Isonicotinic acid 70 mM

charge on both NADPH and 3-APADP reduced form ismdich is required for
binding. In AMP the nicotinamide portion is missiagd the charge is reduced to -2
which affects the binding resulting in an increasdahe app K; value by 4 times
indicating that the second phosphate is also reduor proper binding in the active
site. For ATP, the charge is -4 but instead of phosphate groups we have three
phosphate groups which might actually hinder thalinig. Also, the nicotinamide
portion is missing resulting in high value of tgp K; as compared to NADPH.
L-saccharopine and NADP analogues were used toepttod substrate binding
site of SR. Glutaric acid has appK; value comparable to the true dead-end
inhibition constants of ornithine, glyoxylic acidnd ketoglutarate, which are all
competitive inhibitors vs. saccharopirig.( Pyridine 2, 4-dicarboxylic acid and
isonicotinic acid have carboxylate groups whichdbia SR but the binding of these
compounds is poor as compared to the aliphaticrlueglic acid derivatives used

before (). The reason for poor binding of these analogweddcbe the presence of
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Fig. II-2. Structures of compounds which do not exibit any binding to SR
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Fig. II-3. Structures of compounds which do not exibit any binding to SR

Table 11-3. Summary of appK; values for NADPH/NADP analogues

Inhibitor appKi
ATP 200uM
2', 3' cyclic NADP 44M
AMP 42 1M
3-APADP (reduced) 1gM
B-NMN 15 mM
NAADP 45 uM
2', 5" ADP 2.5mM
B-NAD3'P 6 mM
Thio-NAD 2 mM
3-APADP 0.5 mM
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the bulky benzene ring in these inhibitors whicluldocause steric hindrance for
binding in the active site. Another plausible exgiion for high value of apparent
inhibition constant for pyridine 2, 4-dicarboxyliacid could be that the two
carboxylate groups are in a rigid non-optimal positand this might cause problems

with binding SR.

[I-4-2. Alternate Substrate Studies

Thio-NADPH is an analogue of NADPH in which the lwamyl group is
replaced by a thio group. Thio-NADPH has a venhlagp K., value as compared to
NADPH and the possible reason could be the presgin@enore polarizable sulphur
atom in thio-NADPH as compared to NADPH. Also, $ulpis much bigger than
oxygen and the electronegativity is considerablgsleAll these factors in
combination could result in hindering the binding thio-NADPH due to steric
hindrance and prevention of hydrogen bonding toréstédues in the active site of

SR.
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APPENDIX Il

Activation studies on saccharopine reductase

[1I-1. Introduction

In order to carry out inhibition studies to eludielgahe kinetic mechanism of
SR, several saccharopine, AASA, and glutamate gaaiere tested in both reaction
directions. Some of these potential inhibitors &armout to be activators of the

enzyme.

I11-2. Materials and Methods
I11-2-1. Chemicals

L-glutamic acid, adipic acid, 6-aminohexanoic acidkic acid, malonic acid,
oxamic acid, pyruvic acid, succinic acid, tartaaimd were from Sigmai-NADPH
and S-NADP were purchased from USB. Hepes was obtainedh fResearch
Organics. All chemicals were of the highest gradailable and were used as

purchased.

[1I-2-2. Activation studies at pH 7.0

The SR reaction was followed by monitoring the &ppece or
disappearance of NADPH at 340 ng.§, 6220 M'cm’) using a Beckman DU-640
spectrophotometer. All assays were carried oub&l2 Studies were carried out by

measuring the initial velocity with fixed substmtequal to their respectiviéy
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values, and varying the concentration of the ativaThe apBa« was then

calculated from a plot of dAss. 1.

[11-2-3. Studies using amino adipic acid at pH 7.0
In order to obtain information regarding the effe€ amino adipic acid on
kinetic parameters, patterns were obtained using@ORIA vs. AASA at fixed

different concentrations of amino adipic acid.

[1I-3. Results and Discussion

The appKct values for the activators are summarized in Talié bnd the
structures of these activators are summarizedgnIAi1l. Aminoadipic acid studies
show thatVux is not greatly affected but th&K,value isaffected (which represents
the free enzyme form) hence aminoadipic acid biodhe free enzyme suggesting
that there might be an allosteric site on the ermmyasulting in binding of
aminoadipic acid to that site and affecting YK, value while theV/Ky, value is not
affected, Table IlI-2.

The reason for the activation behavior of thesepmmds is not known, but
it can be suggested that these compounds probataytd the E:NADP binary form

of the enzyme and accelerate the release of tltripi®
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Table 1lI-1. Summary of apparent activaion constants in forward reaction direction

atpH 7.0

Structure appKact Fold Activation
Adipic acid 10 mM 15
6-aminohexanoic acid 8 mM 1.5

Citric acid 10 mM 1.9

Malonic acid 5 mM 1.8

Oxamic acid 8 mM 1.6

Pyruvic acid 5 mM 1.4

Succinic acid 8 mM 1.6

Tartaric acid 16 mM 15

Table 111-2. Summary of kinetic parameters usirg amino adipic acid in forward reaction

direction at pH 7.0

Adipate (mM) 0 10 20 40
KnaopH (LM) 35+6 39+4 30 £ 4 24 +3
Kiaasa (MM) 5+1 5.7+0.6 54+1 5.6+0.8
Vx10°(mM minh) | 19+2 20+ 2 20+ 4 205+1.4
V/Knappr (Min™) 0.55+0.01] 0.53+0.07 0.67+0.01 0.85z0.
VIK ansa X 10° 41+1.3 3.6+05 3.6+0.9 36+1.1
(min™)
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Fig. IlI-1. Structures of activators for the SR reaction at pH 7.0
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APPENDIX IV

Multiple Sequence Alignments

IV-1. Results and Discussion
Multiple sequence alignments were carried outstrcharopine reductase
(SR) from Saccharomyces cerevisiae, Magnoporthe grisea, Schizosaccharomyces

pombe, Aspergillus fumigatus, Candida albicans, and Cryptococcus neoformans

using CLUSTAL W sequence alignméptrogram.

| VWSLLPAPVHL RVAKHCL DHSRHLVTASYVSPEL QALHSQAI EKDVI FL

S A * * * *. k% . % .k

127

S. cerevisiae = @ ---------------------o-oo----- MEKNVLLLGSGFVAQPVI DT 20
M grisea = seeeememeeeeeeeeaaaaoooos MVKKVLLLGSGFVAKPTVDI 20
S. ponbe = el MATKSVLM_GSGFVTRPTLDV 21
A fum gatus 0 s MVKQ AGSKVLLLGSGFVTKPTVEV 25
C. albicans = = c-meeeemee e MPSI LLLGSGFVAHPTLEY 19
C. neof or mans HEWL GGKI EQWKT GGAVAPDSL KQEKL RKGGKKKVLLLGSA.VAGPAVDY 500
kL kkkk k. k% L.
34
S. cerevisiae LAANDDI NVTVACRTLANAQALAKP- SGSKAI SLDVTDDSALDKVLADND 69
M grisea LSEQPDI EVTVACRTLSKAKELAG- - DKAQAI SLDVTDAAQLDEQVAKHD 68
S. ponbe LT- DSGA KVTVACRTLESAKKL SAGVQHSTPI SLDVNDDAALDAEVAKHD 70
A. fum gatus LT- KADVHVTVACRTLESAQKL CQGFPNTKAI ALDVNDAAALDKALEQAD 74
C. al bicans LSRRKENNI TVACRTLSKAEAFI NG PNSKAI ALDVNDEAALEKAVSEHD 69
C. neof or mans FAARPDVHLI I ASNNLAEGQSHI RGRPNVEANMAL DVADDASMSEI VEEAD 550
. . * * . .. k%% * . . . *
9899
S. cerevisiae WI SLI PYTFHPNVVKSAI RTKTDVVTSSY| SPALRELEPEI VKAG TVM 119
M grisea LVI SLI PYTFHVNVVKSAI KNKKNWTTSYI NPQLKALEKEI EEAG TVM 118
S. ponbe LVI SLI PYTFHATVI KSAI RQKKHWTTSYVSPAMVEL DQAAKDAG TVM 120
A. fum gatus LAl SLI PYTFHALVI KSAI RTKKHWTTSYVSPAMVEL DEECKKAGQ TVM 124
C. al bicans LTI SLI PYTYHATVMKAAI KHGKHVCTTSYVNPKMVAEL EEAAI KAGSI CM 119
C. neof ormans 600
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125 129 154

NElI GLDPA DHL YAVKTI DEVHRAGGKLKSFLSYCGGELPAPEDSDNPLGY 169
NEI GLDPG DHL YAVKTI EEVHKAGGKI VSFLSYCGGLPAPENSDNPLGY 168
NElI GLDPA DHLYAI KTI EGVHAAGGEKI KTFLSYCGGELPAPESSDNPLGY 170
NEI GLDPG DHLYAVKTI SEVHAEGGKI TSFLSYCGGLPAPECSDNPLGY 174
NEI GvDPA DHLYAI KTI EEVHKAGGEKI KSFLSYCGGELPAPEDSNNPLGY 169
GECGLDPG DSMAAVRI LERAKRECKQVKSFVSWCGGEPELSASKVPLRY 650

* k. kkkkk PR S koL L kL kL kkkkk * k% %

KFSWESRGVLLALRNSAKYWKDGKI ETVSSEDLVAT- AKPYFI YPGYAFV 218
KFSVWESRGVLLALRNQAKYW.DGKVI DI SSEDLMAS- AKPYFI YPGYALV 217
KFSWSSRGVLLALRNAASFYKDGKVTNVAGPEL VAT - AKPYFI YPGFAFV 219
KFSWESRGVL LAL RNAAKFYCQDGKEFSVAGPDLVAT- AKPYY! YPGYAFV 223
KFSWESRGVLLALRNSAKFYENGKLVEI DGKDLVET- AKPYFI YPGYAFV 218
KFSVWEPKAVL TAAQNDASYKL EGKHVKI PGNELLARRFPEVKLWDGELPLE 700

*kkkk P N R S S . k% . k. .

223 244 246

CYPNRDSTLFKDLYHI PEAE- - - TVI RGTLRYQGFPEFVKALVDMGMLKD 265
CYPNRDSTTYKELYNI PEAQ- - - TVI RGTLRFQGFPEFI KVFVDLGFLKD 264
AYPNRDSTPYKERYQ PEAD- - - NI VRGTLRYQGFPQFI KVLVDI GFLSD 266
AYPNRDSCPYRERYQ PEAQ- - - TVI RGTLRYQGFPEM KVLVDI GFLSD 270
CYPNRDSTVYQERYQ PEAE- - - Tl | RGTLRYQGFPEFI HCLVDMGFLDE 265
GLANRDSMPYAKKYGLGPAEG. TDLFRGTLRYQGFSSLLESFRLLGLLRS 750

*kkk . * . *. . kkkkk L kkk P

DAN- - - - El FS- - - KPI AWNEALKQYLGAKSTSKEDLI AS- | DSKATWKD 307
EPM - - - El FS- - - KPGPVWNKALAELVGAKSSSEQDI | DK- | NQLTKFKS 306
EEQ - - - PFLK- - - EAl PWKEAT(KI VKASSASEQDI VST- | VSNATFES 308
EAK- - - - DFLN- - - SPI PWKEATQKI LGATSSDEKDLEWA- | ASKTTFTD 312
TAQ - - - EYLSPEAPALPWKEVTARVI KAESSSEADL | KK- | SSI HKFKD 310

DPLPGSP- - ------- KSWIEFL SMI'VEREL GLSKGLKGEDVNSAVQDLV 791
* . . . .
DEDRERI LSGFAW.GLFSDAKI TPR- - - - - - - GNALDTLCARLEELMQYE 350
PEDQERI LAGFRW.GLFSENQ TPR- - - - - - - GNPLDTLCATLEELMQYE 349
TEEQKRI VAGLKW.G FSDKKI TPR- - - - - - - GNALDTLCATLEEKMQFE 351
NDSRNRLI SGCLRW GLFSDEQ TPR- - - - - - - GNPLDTLCATLERKMQYG 355
EDDKKRI LNGLKW.GVFSSKPVTPR- - - - - - - GNPLDTLCATLEELMQYE 353
GEGSKDVI RALKLFSLFPGSDTSLLPLPNLSTPSPI DFFAHLLSRKLAYL 841

.k . Pk *

DNERDMVWLQHKFG EWADGT TETRTSTLVDYGKVGG: - - YSSMAATVGY
KGERDLVI LOHKFGA EWANGTKETRTSTLVDYGDPNG- - - YSSMAKLVGY
EGERDL VM. QHKFEI ENKDGSRETRTSSLCEYGAPI GSGGYSAVAKFVGY
PGERDMVM.QHKFG EHKDGSKETRTSTLVEYGDPNG- - - YSAMAKTVGVY
EGERDMLI LQHKFEVETKEGKRQTRTCTLLDYGVPNG- - - YTSMAKLVGY
PDERDTCLLHHSFTI STPSGDTQKVTASLRHVATPTQ- - - - SSMSI TVEK

*k% P * . * % Lokl k%
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S. cerevisiae PVAI ATKFVLDGTI KGPGLLAPYSPEI NDPI MKELKDKYG YLKEKTVA- 446
M grisea PCAVATKQ LSGELSKKGLLAPMSSDI NDSI MKELKDKYDI YLVEKTI - - 444
S. ponbe PCAVAVKFVLDGT| SDRGVLAPNMNSKI NDPLMKELKEKYG ECKEKWVA- 450
A. fum gatus PCGVAVKLVLDGTI SQKGVLAPMIVDI CEPLLKTLKEEYG EM EKTV- - 450
C. al bicans PCGVATQQ LDGVI NTPGVLAPNDMVKLCGPLI DTLAKEG- | RLEEEI | DE 449
C. neof ormans TLAFAALRI ADGEVKVRGVTGPYEPEVWAGVL SSLEGAGVVI EEKWH- - - 934

* . * . *. * . .. *

%n the multiple sequence alignment,;, and * indicate that these corresponding

residues are semi-conserved, conserved, and iderggpectively.

Domain| Domainlll

Domainll

Fig. IV-1: Structure o8R from S. cerevisiae. The red regions represent the
non-conserved amino asicelative to the structure fromM. grisea

The multiple sequence alignment shows that teelues D125, C154 and
Y99F in the saccharopine bound active site streatdfirsaccharopine reductase from
M. grisea are completely conserved 8 cerevisiae, C. albicans, A. fumigatus, S.
pombe, andC. neoformans indicating that these residues are important éréaction

catalyzed by saccharopine reductase. These thsekies are possible candidates for
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the acid-base catalysts in the reaction and thesshown in bold in the alignment
results along with R34 residue which is believetital to the 2' phosphate group of
NADPH. The residues bound to the dinucleotide mdbtive site are also shown in
bold along with other residues which are completalgserved irf. cerevisiae, M.
grisea, C. albicans, A. fumigatus, S pombe, and C. neoformans. The tertiary
structure of SR fron%. cerevisiaeis shown in Fig. IV-1, the red regions in the figur
show the non-conserved amino acid residues betBeegrevisiae and M. grisea.
Andi et al. has reported that a total of 92 out of 446 anaicids (21%) are different.
In domain 1, 42 out of 176 residues differ, 24 otii67 residues differ in domain 11,
and in domain Il 26 out of 103 residues are défer(l). Domain Il shows the
maximum number of conserved residues, suggestiag tthis domain plays an
important role in substrate binding. All residuasthe active site of SR involved in
substrate binding are completely conserve&.inerevisiae, M. grisea, C. albicans,

A. fumigatus, S pombe, andC. neoformans. The non conserved residues in SR from

S cerevisiae andM. grisea are not present in the active site.
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APPENDIX V

Pipecolic acid oxidase and coupled assay of saccpire reductase
from Saccharomyces cerevisiae

V-1. Pipecolic Acid Oxidase

V-1-1. Introduction

L-Pipecolic acid oxidase (PIPOX) is a peroxisomalzyane found in
monkeys and humans that participates in lysineatkdion via L-pipecolic acidl{
6). L-pipecolic acid is involved in the major lysiogidation pathway in the braid-(
9). PIPOX belongs to the oxidoreductase class ofmmes. The reaction catalyzed
by PIPOX involves the oxidation of pipecolic acid producea-aminoadipate-
semialdehyde (AASA) and tha vitro activity requires oxygen, which is reduced to

hydrogen peroxidel().

OH 0 H0 NH;
PIPOX
N N
N /

CHO
Pipecolic acid Piperidine-6-carboxylic acid AASA

Piperidine-6-carboxylic acid is the product of thet step of the reaction and
under neutral conditions (pH 7-9), this product rdpoeously undergoes ring
opening to form AASA. The oxidation of pipecoliciddy pipecolic acid oxidase

produces hydrogen peroxide by the reduction of eryghe final electron acceptor,
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the enzyme activity is reduced significantly whatragen is bubbled through the

reaction mixture 10).

V-1-2. Significance of L-Pipecolic acid oxidase

Two different pathways for lysine degradation exist mammals, the
saccharopine pathway and the pipecolic acid pathwaich leads to the formation
of pipecolic acid via A'-piperidine-2-carboxylate reductasell{15). The
saccharopine pathway is the primary route of demggrad of lysine in most tissues
with the exception of the brain, when the L-pipetelpathway is most activé4).
L-pipecolate oxidase (PIPOX) an enzyme in the Lepglate pathway localized in
peroxisomes.

L-Pipecolic acid oxidase plays a significant rokethe lysine degradation
pathway in brain and liver in humans and the dastiaf this enzyme is reduced
significantly in patients with disorders of peraxmsal biogenesis, such as Zellweger
syndrome (an inborn genetic disordef),(17) in which L-pipecolic acid, the
substrate for PIPOX accumulates in the brain avet liand these disorders present
with severe neurological dysfunction and profounéntal retardation and are
associated with the loss of most peroxisomal méialdonctions (8). Zellweger

syndrome is associated with the complete lossBOXI activity.

V-1-3. Expression, purification, and characterizaton

In Penicillium chrysogenum, PIPOX is induced by pipecolic acid and the

132



induction is prevented in the presence of ammosiggesting that ammonium
prevents the uptake of pipecolic acid, as occuré wther amino acids irP.
chrysogenum (19). The molecular weight of the enzyme frd®hodotorula glutinis
has been reported to be approximately 43, 000 Dataronsists of a single subunit.
PIPOX purified from Rhesus monkey liver is a yellowonomer, has a molecular
weight of 46,000 by sodium dodecyl sulfate polyéamjide gel electrophoresis,
while using gel filtration it was calculated to @leout 28,000 Da and a PI of 81%).

In R glutinis, lysine biosynthesis occurs through the AAA pathw@®). The
pathway for the conversion of pipecolic acid tamgshas been elucidated onlyRn
glutinis. In Aspergillus nidulans (1), Euglena gracilis (21), andR. glutinis, pipecolic
acid plays a nutritional role in the biosynthesfslysine but not inS. cerevisiae.
PIPOX has also been reportedRnchrysogenum (19). In Metarhizium anisopliae
and Rhizoctonia leguminicola, pipecolic acid is formed by catabolism of lysinedan
is an intermediate in the biosynthesis of alkalmahpounds22—24). In R. glutinis
the enzyme is heat labile and pH optimum for tlaetien is 8.5.

The pipecolic acid oxidase reaction produces AA3Ajch is converted
enzymatically to saccharopine and lysir#s)( In Pseudomonas putida, pipecolic
acid is used as a carbon and nitrogen so@&e (Aspen and Meister, usir{C- and
1>N-labeleda-aminoadipic acid and{C] lysine, showed that iAspergillus nidulans
the carbon chain af-aminoadipic was the major precursor of pipecoticland not
lysine, and the nitrogen atom efaminoadipic acid becomes the nitrogen atom of

pipecolic acid {). Using saccharopine reductase mutants, it wasrstioat pipecolic
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acid enters the lysine pathway at the level ofdtta@ninoadipic acid-semialdehyde
since, saccharopine reductase catalyzes the caomveo$ a-aminoadipic acid-
semialdehyde to L-sacharopine which is then coedetd L-lysine by saccharopine
dehydrogenase.

Human L-pipecolate oxidase is cloned and the pmatentains an ADBef-
binding fold compatible with its identity as a ftgwotein. The human PIPOX has a
KAHL sequence at the carboxy terminus which suggésat PIPOX is a typical
peroxisomal proteinl6). PIPOX has also been purified from rabbit kidrasd it
was shown that besides L-pipecolic acid, it cao alslize sarcosine, and L-proline
as substrates. The enzyme is also called sarcosidase since the maximal velocity
was obtained with sarcosine as a substrate budatadytic efficiency of the enzyme
is highest with L-pipecolatel).

Kinzel et al., has reported that the enzyme does not requireeatsrnal
cofactor and the partially purified enzyme does sopport the presence of any
enzyme-bound metal or flavin group, while Mihadikal., reported that the enzyme
contains a covalently bound flavitQ; 14). The absorption spectrum of L-pipecolic
acid oxidase is typical of a flavoprotein with duaéxima around 340-380 and 450
nm. The shoulder around 480 nm suggests the presena tightly bound flavin.
Ruberet al. (27) has shown that the protein is indeed a flavopro#eid the FAD
binding site is present at the N-terminus contgranconserved histidine at position
49 which is believed to be the covalent attachns#tet of FAD @8). A cysteine

residue is also present in human PIPOX (C319) hisdrésidue is conserved among
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other oxidases and is believed to be the covaltatlament site for FAD in oxidases
rather than histidine 49. If this is the case, tHenhistidine residue may play a role
in flavinylation (16).

PIPOX is inhibited by the sulfhydryl agents p-clolerercuribenzoate and
mercuric chloride. Metal chelating agents suclx,as-dipyridyl, EDTA, and 1, 10-
phenanthroline do not affect the enzyme activityhilev the metal-complexing
compounds Z9) cyanide and sodium azide slightly inhibit the wne.

Hydroxylamine (1 mM) results in a 15% inhibitiontble enzyme activity7).

V-2. Materials and Methods
V-2-1. Chemicals

L-pipecolic acid, L-glutamic acid, were from SigmaNADPH', s-NADP,
and LB broth were purchased from USB. Amylose d#ffimesin was from New
England Biolabs. Isopropyl-D-1-thiogalactopyranoside was from Invitrogen, hi
ampicillin was from Fisher Biotechnologies, and HES was obtained from
Research Organics. All chemicals were of the higbesde available and were used

as purchased.

V-2-2. Cell growth, expression, and protein purifiation
pMal-PIPOX plasmid was a gift from Dr. Ronald WarsddéAmsterdam).
The vector containing the insert was transforméd BL.21*(DE-3) RILE. coli cells

using heat shock at 42 °C, followed by growth orpaitiin plates. Colonies were
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picked and cells were grown overnight at 37 °C Birhedia containing 10Qg/mL
ampicillin. The cells were induced using 1mM IPTGam Ay of 0.7-0.9, and
allowed to grow overnight. After centrifugation 4000y, the harvested cells were
suspended in 20 mM Tris-HCI, pH 7.5, 1 mM EDTA, ¥ B-mercaptoethanol and
200 mM NaCl. For protein purification, PMSF (1 mMWas added to the cell
suspension followed by cell disruption using a MMIR Sonicator XL. Sonication
was carried out on ice for 1 min using a pulseior tof 15 s followed by a 30 s rest
period. The cell debris was removed by centrifugyaat 20,408 for 15 min, and the
supernatant was loaded onto an amylose column,edasith equilibrating buffer,

and then eluted using buffer containing equilibrgdouffer with 10 mM maltose.

V-2-3. Determination of PIPOX activity using NMR spectroscopy

In order to determine the activity of PIPOX, NMResfroscopy was used to
monitor the appearance of the aldehyde peak arBugpm which is not present in
the spectra of L-pipecolic acid. NMR spectra webtamed on a Varian Mercury
VX-300 MHz spectrometer with a Varian 4-nuclei awitchable PFG probéH
NMR spectra were collected in,O using the PRESAT pulse sequence supplied by
Varian, Inc. The spectra were collected with a swesdth of 4803.1 Hz, eight
transients, and an acquisition time of 3.411 s pmodessed with 108K data points
resulting in a 1.0 Hz digital resolution. No peaksre obtained around 9.8 ppm.
Upon addition of PIPOX to the mixture, a single bearresponding to the aldehyde

group appeared around 9.8 ppm. A blank was usathé¢ok the appearance of the
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peak at 9.8 ppm. The blank contained PIPOX ap@ [ place of the substrate and

no peaks around 9.8 ppm were seen.

V-2-4. Time Course Study for AASA Formation

To determine the time course for the formation AASA, the reaction
mixture after addition of PIPOX was monitored evéryinutes for the peak at 9.8
ppm. The peaks at 9.8 ppm were integrated andntiegrials were plotted against
time, Fig. V-1. The plot shows an initial busrt admgildup of AASA followed by a
steady phase in which the concentration of PIPO3tabilized and upon taking the
NMR spectra after two days, no peak around 9.8 ppwbserved indicating that
AASA is unstable and is lost over time. When PIP@Xs assayed for activity as a
function of time, it was observed that PIPOX looaesvity over time when kept at
4 °C. Attempts to stabilize the enzyme using 20 Bceagol at -20 °C were

successful.

V-2-5. Enzyme assay

The SR reaction was followed in the forward reacttirection by monitoring the
disappearance of NADPH at 340 ng.§, 6220 M'cm?’) using a Beckman DU-640
spectrophotometer. All assays were carried oubat@ A typical assay in 500L
contained 100 mM HEPES, pH 7.0, and appropriatecenations of substrates
along with FAD which acts as the oxidizing agent aatalase which is used to

decompose the hydrogen peroxide produced as d ofshe PIPOX reaction.
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Fig. V-1. Time course for formation of AASA at pH 70. The spectra were collected on a Varian
Mercury VX-300 MHz spectrometer every 5 minutes tanonitor the appearance of the aldehyde
peak around 9.8 ppm. The aldehyde peaks were integfed and the integrals were plotted
against time.
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Fig. V-2: Coupled reaction scheme employed to studhe saccharopine reductase reaction in the
forward reaction direction. Pipecolic acid is conveed to piperidine-6-carboxylic acid using
PIPOX which spontaneously hydrolyses in the presemcof water to give AASA which is used in
a coupled reaction along with L-glutamate and NADPHto produce L-saccharopine. The
reaction is studies at 340 nm measuring the rate dlisappearance of NADPH.
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Reaction was initiated by adding 1@ of appropriately diluted saccharopine
reductase in 100 mM HEPES, pH 7.0. All enzyme tihg were made fresh for

each set of experiments. The coupled assay scleshewn in Fig. V-2.

V-3. Results and Discussion
The transformation of pMal-PIPOX plasmid in BL21HEB) RIL E. coli

cells was successful and the enzyme expressetidekpression was not very good.
PIPOX was purified using an Amylose affinity resind the SDS-PAGE showed
that the protein is not 100% pure and contains reéwather proteins in elute.
Activity assays were performed using PIPOX and jhepblic acid and the formation
of AASA was monitored using NMR spectroscopy. Theearance of peak around
9.8 ppm confirmed the formation of AASA and thisult is corroborated by the
controls employed to study the reaction. PIPOX Wasd to be unstable when
stored at 4 °C. Attempts to stabilize the enzymegu20 % glycerol at -20 °C were
successful. AASA was found to be stable over atsperiod of time which was
enough to perform the coupled assay for SR buptbhknged storage resulted in a
loss of the compound. Coupled assay was perfousedy PIPOX to generate the
AASA in situ and coupling this reaction to the SR reactionltegpin the formation
of L-sacharopine. Several attempts were made tong# the conditions for the
coupled assay but unfortunately, the coupled adshyot work. In order for the

coupled assay to work, the reaction conditions nedx optimized.
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