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ABSTRACT

O-acetylserine sulfhydrylase (OASS) catalyzes the last step in the cysteine
biosyrthetic pathway in enteric bacteria and plant, substitution oft#heestoxy group of
O-acetytL-seaine with inorganic bisulfide. The first half of the OASS reaction,
formation of thea-aminoacrylate intermediate, limits the overall reaction rate, while the
second haflfeaction is thought to be diffusidmited. The second halfeaction of
OASSA starts withbisulfide adding to g of the a-aminoacrylate intermediate to form
the extenal Schiff base with cysteine, which then released after transimination. The
second halfeaction is very fast with pseudefirst-order rate constant >1000;sandas
a result, limited information is available.  Rapstanningstoppediiow (RSSF)
experimentsvere used in an attempt to detect intermediates along the reaction pathway.
The pH(D) dependence of the second-nadiction ha been determined using the natural
substrate, bisulfide, and sulfide analogs. ThedpHendence of thérst order rate
constant for disappearance of iheaminoacrylate intermediate was measured over the
pH range (6.80.5) using the natural substrate bisulfide, and a number of nucleophile
analogs. The rate is p#ependent for substrates with a;pK7, while the rate constant
is pHindependent for substes with a pkK < 7 suggesting that the giKof the substrate
and enzyme group are important in this half of the reaction. @y Bt low pD values,
the amino acid external Schiff base is trapped, while i@ lthe reaction proceeds
through release of themano acid product, which is rateniting. A number of newg-
substituted amino acidwere produced and characterized by NMR spectroscopy.

Data are discussed in terms of the overall mechanism of @SS

Xiv



The O-acetylserine sulfhydrylas® (OASSB) was recently overexpresse@nd
purified to electrophoretic homogeity (>98% pure). Both the quantity and purity of the
enzyme permit more kinetic and structurally based studies to be conduSfexttral
studies were caedoutto characterizeéhe different enzyme forms of the-iBozyme and
to compare it to thosef the Aisozyme. UWvisible spectra ofOASSB were pH-
dependent over the pH range9pin the absence and presence of amino acid substrate,
O-acetylserine (OAS) Titrating the free enzyme witlhe substrate analogs,-derine,
andtheamino acid product, {cysteine show behavior opposite to that observed with the
A-isozyme. The pklependence of the pkg for both amino acids yieldsne enzyme
group on the acid side of the pH profile witpK; value 6.97.7. ThepH-dependence of
the OAS:acetate lyase acty of the a-aminoacrylate intermediatdecreases from a
constant value at high pH to a new constant values at low pH, giving af piout 8.9
The fluorescence speat of the Bisozyme differ from thoseobserved with the A
isozyme where the intensity of the trgphan emission peak does not change in the A
isozyme but a significant change is observed in theoByme. Also, the PLP emission
peak is more intense in the-idozyme than in the #ozyme. More experimental
evidence is needed to determine the kinetiechanism and to characterize the B

isozyme.
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CHAPTER

INTRODUCTION



Assimilation and Dissimilation of Sulfur.

Unlike most of the elements required by living systems, which undergo extensive
metabolic transformations, plant and entdvacteriautilize sulfur in its most highly
oxidized naturally occurring form, sulfatél'he reduction of inorganic sulfate to sulfide
and the oxidation of sulfide back to sulfate is known as the biologjitfalr cycle, which
contairs assimilatory and dsmilatory reduction pathway¢l). Assimilation and
dissimilation pathway reducesulfate to sulfide to be used in biological processEse
bulk of sulfur in living beings retusto the cycle in théorm of sulfide due to death and
decomposition by fungi and bacteriaThe following section will briefly cover the

assimilatory and dissimilatory pathwsin the sulfur cycle.

Sulfate Dissimilatory Pathway

The a&similatory sulfate reduction pathway iardely restricted to plants and
aerobic microorganisms where it provides reduced sulfur for the living sydterder
anaerobic conditions, sulfur reducing bacteria (SRB) use a variety of electron donors and
couple their oxidation to the reduction of stéfawhich is used as an oxidant in place of
molecular oxygen to produce bisulfide and ATP through oxidative phosphorylation in a
process known as dissimilatory sulfate reduction athanogenesigl, 2). The
dissimilatory pathway uses APS as the activated form of sulfate and the pathway

proceeds through the formation of free sulfite and sulfsdéme L



Scheme 1. Reduction of Sulfate via Assimilation/Dissimilation: Sulfate enters the cell
and is then reduced to sulfide to be incorporated into the cell through the assimilation
pathway or sulfate is used as oxidant in place of molecular oxygesw idighimilation
pathway. The following abbreviations are us@&d®PS @denosine 5phosphosulfafe

PAPS (3 phosphate Bphosphosulfate), (1) Sulfate permease, (2) ATP sulfurylase, (3)
APS kinase, (4) PAPS reductase, (5) Sulfite reductase, (6) APS reju@aBisulfite
reductase, (8) Trithionate reductase, (9) Thiosulfate reductase, (10) Serine

acetyltransferase, (10-acetylserine sulfhydrylase.
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Sulfate Assimilation Pathway

The assimilation of sulfate begins with the transpérihorganic sulfate into the
cell through active transport mediated by a carrier enzyme system, sulfate permease,
encoded byysA (3). The sulfate is then chemically activated by the follonorngrall
reaction (Scheme 2). Given a sufficient sulfate supply, sulfate uptake requires the
symport of two protons, equivalent to ttlurds of an ATP, and under sulfate limitation

it requires three protons, equivalent to one AZP

Scheme 2.

2ATP+SQ* ——— » 2P+ ADP + PAPS

Sulfate activation starts with the synthesis of adenoskph&sphgulfate (APS)
from ATP and sulfate through the action of ATP sulfurylase (sulfate adenylyltransferase,
EC 2.7.7.4) (Scheme 1(4). Since this reaction is energetically unfavorable, the
inorganic pyrophosphate produced by this reaction is hydrolyzed by inorganic
pyrophosphatase to drive the reaction toward APS formation. APS kinase
(adenylylsulfate kinase, EC 21725) then phosphorylates the®sition of APS to give
3’-phosphoadenosin®&’-phosphosulfate (PAPS) using ATP as phosphoryl ddapr
Reductive elimination using NADPH as ethreductant gives sulfite and -3’
phosphoadenosiné-phosphate.The resulting sielectron reduction of sulfite to sulfide
is carriedout by theMo-Fe containing sulfite reductase using reduced ferredoxin as the

electron donor.



Sulfur is incorporated into the cell via the synthesis efghlfurcontaining amino
acids(cysteine, cystine,ral methioningand the sulfucontaining growth factoréiotin,
lipoic acid, and thiamin(2). Cysteine is an importa@mino acid for all organisms due
to the role it plays in protein folding The formation of disulfide linkages between
cysteine residues helps to stabilize the tertiary and quaternary structure of proteins
Disulfide linkages are most common in secretamtgins, where proteins are exposed t
more oxidizing conditions thaare found in the cellular interior Most bacteria and
plants can synthesize all 20 amino acided enteric bacteria and plants are able to
synthesize cysteine and methionine usingaselfs the sole source of sulfuhich is
reduced through the assimilation reduction pathwa&n the other hand, mammals
synthesize about half the amino acids (nonessential amino acids) and the remainder
(essential amino acids) must be obtained fdvetry sources in the form of methime,
which is used as the source of sulfur for homocysteine and cysteine sy(ihe3isere
are two pathways of Lysteine biosynthesis: one is used by bacteria and plants and the
other is used by mammals

In mammals, Ekcysteine is synthesized frorhomocysteing a derivative of
methionine(5). Methionine is an essential amino acid for mammals, making cysteine
indirectly an essential amino acid as waltMethionine is converted to-homocysteine
by methionine adw®syltransferase (EC 2.5.1.6), various-adgnosylmethionine
methyltransferases (E€.1.1.) and Sadenosylhomocysteinase (EC 3.3.1.0)he last
stegs in cysteine synthesis in mammatgludesthe condensation of-homocysteine and
L-serine to form Ecystahionine through the action aystathioninep-synthase (CBS;

EC 4.2.1.22) a PLRdependent enzyme L-Cystathionineis then deaminated and



hydrolyzed to form cysteiney-ketobutyrateand ammonia&ia cystathioning-lyase (EC;
4.4.1.1)

In entericbacteria such aBscherichia coli and Salmonella typhimurium as well
as in plantsthe amino acid precursor of-dysteine is Lkserine, which undergoes a
substitution of it3-hydroxyl groupwith a thiol in a two step reactid8, 7). First, ®rine
acetyltransferase (SAT; EC 2.3.1.30)ieates serine by the addition of an acetyl moiety
to its B-hydroxyl to formO-acetytL-serine OAS) using acetylCoA as the acetyl donor
(8). O-Acetylserine sulfhydrylas€OASS; EC 4.2.99.8) is the terminal enzyme in the
cysteine biosynth&pathway in plans and microorganismswhere it substituteshé

acetyl group of OAS with sulfide and produceysteing(Scheme B

Scheme 3.
o) o o) 0
saT )K
— +
iM o + COAS)K = . M 5 CoASH
+NH, +NH,
L-Serine Acetyl-CoA O-Acetyl-L-serine
(0] ) (0]
Py onss PS
o ¢+ HS™ & — H o + o
+NH, +NH,
O-Acetyl-L-serine Bisulfide L-Cysteine Acetate

SAT andOASS are found in a multienzyarcomplex, cysteine synthetase, which
is composed of one homohexamer of SAT associated with two homodimesSd

The complex dognot channel the intermediate subsirésS, between the two enzyme



active sites, but does result in stabilizing the acetyltransgerand might plag role in

the metabolic regulation of the rate of cysteine formaf#yri0). The complex can be
resolved into free SAT an@ASS upon incubation witlDAS, and addition of sulfide
counteractshte action ofOAS (10, 11). The binding of OASS to SAT results in a
decreasen the turnover number of boun@®ASS by 50% and theK,, for OAS is
increased As a result,OASS in complex with SAT is considered unimportant as a

catalyst while fre®©ASS isactive(12).

Vitamin Bg Dependent Enzymes

Vitamin B6 in its biologically active phosphorylated derivatiygyridoxal 5-
phosphate (PLP) and pyridoxamine-gsiosphate(PMP) plays a major role in the
metabolism of amino acidsacemization, transaminatiof;elimination, 3-replacement,
decarboxylation, etc.) PLP-dependent enzymeare found ina variety of pathways
rangirg from the interconversion op-amino acids to the biosynthesid antibiotic
compoundg13). PLP dependent enzymes are found in four out of the six EC classes of
enzymes and they are part o andy families(13). Thea-family is the largest and was
given the name because the substratevalency changes occur at the & the amino
acid substrate The o-family comprises all aminotransferases (with the possible
exception of subgroup 11j14). The 3 andy families catalyze covalency changes at the
Cs and G on the amino acid substratespectively OASS is part of the or fold Il

family.



PLP dependent enzymes, witletexception of phosphorylase, which uses the 5
phosphate as a general base, catalyze their reaction via a number of covalent Schiff base
intermediate with PLP. In almost all case$LP forms an internaBchiff basewith the
g-amino group of a active die lysine residug€15). The internalSchiff base protonated
at the imine nitrogenysually exhibitsan absorption maximum at @330 nm attributed
to the resonance stabilizé@toenaminan which electrons from O3delocalize to the
imine nitrogen(15). In some asestheinternalSchiff baseabsorls in thenear ultraviolet
at 316340 nm a a result ofthe enolimineform where the above resance form is
disallowed, and aroton resides on O3f PLP. The first complex formed after the
nucleophilic attack of ther-amine of the substraten the internal Schiff basis the
geminal-diamine intermediatewherethe amine of the substrate and the lysine amine are
bothbonded aC4’ of PLP, Scheme 4

The lysine residue is displaced by de&mino group of the amino i@csubstrate
via transaldimination to generate the amino acid external Sudwst(13), where goroton
is transferred from the incoming-amine of the amino acid substrate to the departing
amine of the enzyme lysingl6). These steps are common to all Pdépendent enzymes
involved in amino acid metabolismA quinonoid intermediate ithenformed afterthe
abstraction of thew-proton of the externgbchiff baseand delocalization oflectrons into
the pyridine ringwhere PLP actsas an electron sirto stabilize the developing negative
charge The quinonoid intermediate absorbs at wemgth higher than the external
Schiff base(17). In order to form a quinonoid intermediate, N1tloé pyridinium ring
mustbe prdonatedor ion-paired to an enzyme side chain as the intermediate fd®hs

Formation ofa quinonoid intermediate is not aust for many PLRlependent enzymse



Scheme 4.GeneralChemicalMechanism for PLIDependentizymes for th@-Family.

The following are abbreviation for the enzyme forms used: E, internal Schiff base, GD,
geminal-diamine intermediate; ESB, external Schifade; Q, quinonoid intermediate;
AA, a-aminoacrylate intermediate; X, functional group of the amino adelchain Nu,

the nucleophilic substrate of the second-nadiction.

10
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and OASSA does not form one under adixperimentalconditions tested The a-
aminoacrylate intermediaie formedupon elimination of th@-substituenf theamino
acid substrateto mark the end of the first halfeaction The a-aminoacrylate
intermediate absorbs maximally between the wavelength of the substrate e&odiffal
baseand the quinonoid intermediateghe following section will briefly cover sne PLP

enzymeswhich arefound to be similar t©ASS, from the-family.

Tryptophan Synthase

The bifunctional enzyme bacterial tryptophan synthase multienzyme complex
catalyzes the last two steps in the biosynthesis-toypptophan Tryptophan synthasis
composed of 2a- and 2 B-subunits Thea-subunit catalyzes thed-reaction, the
reversible cleavage of indole glycercipBosphate to give glyceraldyhydepBosphate
and indole The B-subunit catalyzesthe PLP-dependeng-reaction, the irreversible

formation of L-tryptophan from kserine and indolél8, 19) (Scheme 5)

Scheme 5.
o)
.
NH,
HO, o N\ O
¥ N T NH; + H,0
N
o} H N
L-Serine Indole L-Tryptophan

Three-Dimensional Structure. The 3D structure of the tryptophan synthasg,

complex has an extendefpo arrargement with an overall length ofibout150 A (20)

12



with a 3, dimer located at the centef the complexand the twan-subunitsat opposite
ends of the complexl9). The a-subunit has am/p barrel fold in which a substrate
analog, indole $ropanol phosphate, binds in the predominantly hydrophobic pit of the
barrelFig. 1(21). The large-subunit (43 ba) has two domains of equal siz¢he N

and Gdomains, which have helix/sheet/helix structufegg 1 The PLP is sandwiched
between the two domains and is shown on the surface of each domain at one end of the
tunnel The 3D-structure ofthe internal Schiff base form of the witdpe enzyme and

the L-serine and ktryptophan external Schiff basef the K87T mutant enzym@0)
showedthe bnding environments of PLP are closely siméad the phosphate moiety of
PLP is located at nearly identical positioms all the structures withsome minor
differences when tptophan is bound to PLPThe conversion of the intern8khiff base

to the exernal Schiff baseresults in a tilt of the plangvyridinium coenzyme ring by
about 10.

A 30 A long hydrophobic tunnel, connects treandp-subunits, passes between
the N and Gdomains of eactB-subunitFig. 1 It has been shown that indole, the
product of the a-subunit, diffuses to th@-subunit active site through the tunnel to
prevent the escape of indole into solutiomhe tunnel has a diameter and length
sufficient to accommodate four molecules of indd8). The o, complex serves to
increase the rates of the and B-reactions up to 10fbld, increase substrate binding
affinities, and alter reaction specificitie¥hese changes are attributedconformational
changesccur upon assembly of tlmzymecomplex(22). Ligand binding to the active
sites of thea- andp-subunits stabilize theffa enzyme complex and reveals a large

movement of part of thB-subunit termed the “mobile region” (residues-989) toward

13



Figure 1. Ribbonrepresentation of the structure of WT tryptophan synthase &om
typhimurium. The structure shown is for the-aminoacrylate intermediate of tife
reaction(95), which was generated in the crystal under steady state conditions in the
presence of seringnd thea-site inhibitor 5fluoroindole propanol phosphate (FIPP.
molecular twefold axis of symmetry runs betweesfs subunit pairs.The FIPP (green)

and the PLP cofactor (pinkjyvhich are shown irspace filling representatipare bonded

to the actie site of thex- andp-subunis, respectively.The smaller-subunite (yellow)

is connected to th@-subunite (aquamarine) through a 25A tunnéthe following
residues from both subunits align the tunnel are shown in space filling representation
(yellow): “Phe54, PPhe32, Cys170,PSer178,PPhe204,’Phe280, and’Phe306 The

figure was prepared using DS Viewer 5.0 from Accelrys.
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the rest of the-subunit (21). The conformational changealso decrease the
volume of the tunnel and increase the buriedaserarea between the two donsain
of the B-subunit Ligands that bind to the-active site alter the reaction kinetics at
the B-active site over a 30 A distantFor example, the bindingf glycerol 3
phosphate to the-active site increases the affinity of fective site for the amino
acid substrate, and the activity at ihesubunit is affected by the binding of the
amino acid suktrate, L-serine, to th@-subunit(21, 23).

The first monovalent cation site to be determined for a-&pendent enzyme in
the p-family (14) or fold type 11(24) was that of tryptophan synthas€he following are
PLP-dependent enzymes that aeetivated by monovalent catiordiakylglycine
decarboxylase pyruvate kinase, RNase T1, dgine phenalyase, tryptophanase,
dialkylglycine decarboxylase, and tryptophan synth@s¢ The monovalent cation in
tryptophan synthase binds to a site in thee@ninal domain of th@-subunit about 8 A
from the phosphate of PLP and tdstant from the active site to play a direct role in
catalysis(26). The cation is stabilized by interaction with the carjdaxygens of three
to six enzyme residues and with two water moleculBse interacting enzyme residues
are located in a long loop (residues ZH®) that connects strand 8 whibklix 10 and in a
short loop (residues 23234) between strand 7 and he3iX20). Residues in this region
make several contacts with thesubunit and contribute to the wall that lines the indole
tunnel Since the monovalent cation binding sites arelocdted in the active site, the
bound cation should be a@$sified asan allosteric effecto(25). The allosteric effector
may activate the enzymigy stabilizing the active confornmiah or may play a dynamic

role. The presence of cations markedly improves the catalytic efficiency @factve
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gite as revealed by the 24D-fold increase of k/Kn. Also, the apparent affinities of the
a-amino&rylate intermediate for indelin the Michaelis complex is increased in the
presence of metal ionsy about 23-fold. On the other handhe activity ofthe a,f3;
complex is reducecdhithe absence of thmonovalent cation, and the allosteric crtak
between the:r- andB-subunits is lost

The Chemical Mechanism of the f-reaction. The B-subunit of tryptophan
synthasecatalyzes th@-replacement of théydroxyl group of Lserine with an indole
group to produce H{ryptophan in a PLP dependent reactidme 3-replacementeaction
involving indole differs from most other PL-Bependeng-replacementeactions in that
a GC bond is cleaved Furthermore, idole would be expected to be a very poor
nucleophile forp-replacement reactions The g-amino group offLys-87 forms an
internal Schiff baseH; Amax410 and 330 ninwith the active sitd°LP. In the firsthalf of
the B-reaction, the free enzyme is in apen conformation tollaw binding and
nucleophilic attack othe L-serine amino group on the4C of PLP. The a-amineof L-
serine displaces theamineof BLys-87 via transaldimination and fornasserine external
Schiff base Amax 424 nm) viageminaldiamine intermediate (Amax 340 NmM)(27). Serine
external Schiff base accumulates as a stable intermediate before the slowest step in the
first half-reaction, the maoval of the G proton of L-serineexternal Schiff bas€27).
The a-aminoacrylate intermediaie formed after the elimination of the/droxyl group
of L-serineto end the first halfof the B-reaction The a-aminoacrylate intermediate
yields acomplicated final spectruni(ax 340 nn) with a broad envelope of absorbanc

extending out td25nm. The 340nm bandrepresergthe enolimine tautomgd9, 27).
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Direct evidence for the presence of theaminoacrylate intermediate comes from
isolation of phospbpyridoxyl alanine from theyB, enzyme complex treated with
sodium borohydridén the presence of-kerine(27). Conversion of the iserine external
Schiff baseto the a-aminoacrylateintermediateis accompanied by a change in fhe
subunit conformation from an open to a clossmformation with acess tosolution
blocked(28). Kinetic studies indicate that conversion of external Schiff basesgfrine
to the a-aminoacrylate intermediate in th@-subunit activates thea-reaction
significantly, and conformational changes in this step pkynajor rolein allosteric
interactions between the andp-subunits(23, 29).

The second half of th@-reaction is fast and is largely irreversibli starts with
the activation othe a-subunitproduct,indole to facilitate the attack on the Schiff base
of the a-aminoacrylateand forms quinonoid intermeidte (\max at 420 nm) via indole
tautomerg19). An external Schiff base of-tryptophanis formed after the protonation
of the G, of the quinonoid intermediat®llowed by tansimnation with the e-amino
group of BLys-87 leadingto the release of tryptophan and theonversion of thes-
subunit back tots open free form, whicls ready for a new cycle of cataly$%’). The
reaction of Lserine athe 3-active site activates indoleg@ycerol phosphate cleavage at
the a-active site by 250ld such that indole is not produced untikerinehas reacted to
form the a-aminoacrylate intermediate in tiflesubunit over a dstance of 304 (21).
The rate of indole diffusion from the- to theB-active site is very fast (> 1,000"% and
this explains why indole does not accumulate during a single turnover i toed (3-

reactiors. The removal of the Cproton of L-serinein the first half of the3-reactionis
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rate limiting with tre B-subunit alone but not when it is found inthe a3, enzyme
complex Association of theo- and B-subunit shifts the ratkmiting step from the
removal of the € proton of Lserine external Schiff base to a much later step,
protonation of the quinonoidf L-tryptophan(19). The major effect of the--subunit on

the catalytic power of th@-subunit is to accelerate the rate of abstraction of the C
proton of L-serine(19). Therefore, thd.-serineexternal Schiff base accunaigsin the
first half of theB-reactionunder steadsgtate conditions with th@-subunit but not with
the axP32 complex(27). A quinonoid intermediate has not bedetected in the first half

of theB-reaction but was detected in the second diaiie 3-reaction upon addition of-L
tryptophan to the interngbchiff basewith Anax at 474 nm(27). A quinonoid with
absorbance at 474 nm is not common among PLP enzymes, which usually give quinonoid
intermediates with bands >500 r{80, 31).

The replacement of the hydroxyl group of serine hyola in the tryptophan
synthetase reaction proceeds with retention of configuration3atfCthe amino acid
substratg32, 33). Tryptophan synthase mediates group transfer only on one face of the
coenzymesubstrate complex, the face where thepro-S proton at G4’ of the PLP is
removed and added back to thieface of the quinonoid intermediate, to yield the L
amino aa external Schiff baseand the reaction proceed with retention of the

steeochemistry of the {amino acid32-34).

Cystathionine f-Synthase
Cystathionine B-syrthase (CBS EC 4.2.1.22) is the first enzyme of the
transsuluration pathwayn higher eukaryotewhere thepotentially toxic homocysteine is
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converted to cysteinevia two PLRdependent enzymes First, CBS condenses
homocysteine and serine to give cystathioniwkich undergoa y-elimination reaction
catalyzed bycystathioniney-lyase in which cystathionine is cleavetb L-cysteine,a-

ketobutyrate andmmonia(35, 36) (Scheme b

Scheme 6
NH," Nk NH;
HO o} 3
vK’( . HS/\/I\’(O CBS J\(\ /\)\’( + H,0
—_—
O 0O NHg
L-Serine Homocysteine Cystathionine

i y-Cystathionase

NHa Q
HS o o
NH; + +
O O
L-cysteine a—Ketobutyrate

In microbes, the transsulfurah pathway operates in the forward direati that
is, in the degradatioaf methionine In mammals, methionine is an essential amino acid,
which can be converted vimomocysteine to cysteine by th&nssulfuratiornpathway
where elevated blood levelsfohomocysteine are a risk factor for the development of
cardiovascular diseaséne of the causes of elevated homocysteine is a genetic lack of
CBS and excess methionine intake may be another explana@iontrol of methionine
intake and supplementirtge dietwith folic acid and vitamin B in the diet are used to

lower homocysteine levels.
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Three-Dimensional Sructure. The human CBS is a homotetranvath 63kDa
subunits in whicheach subunit binds two cofactors, PLP and hé#e Recent studies
have shown thahe heme moiety does not playdirectrole in catalysisrather it plays a
regulatory role Each subunit is composed of two domainsaNd C-terminal domais,
where the isolated #&erminal domain of CBS is more active than the-lietigth enzyme
suggesting that the-@rminal domain regulates enzyme activiffhe coenzyme PLI®
deeply buried in a clebetween the two domains, whehe active site iaccessiblenly
via a narrow channel The dimer interface in human CBS is mainly hydrophobic in
character(37). The Gterminal regulatory domain includes thealed ‘CBS domain’,
which gets displaced from the active site upon binding of the allosteric act&ator
adenosylL-methionine. The CBS domain is named after cystathiorfir@/nthase witra
highly conserved 53 amino acid motif found in a wide variety of proteins of diverse
biological function including inosine monophosphate dehydrogenas&yiB-activated
protein kinase, chloride channels and a variety of other prq@8hsin all proteins, with
the exception of CBS, this motif is present in multiple copies but no functiorehbsgn
attributed

The nitrogen of the pyridine ring of PLP formdiabond to the hydroxyl of Ser
349 similar to the other FR-enzymes of th@-family (37). AnotherH-bond is formed
between the 3iydroxyl group of PLP and the®Mf Asn149. The phosphate binding
loop is located betweefi-strand7 and a-helix 7. Residues Gly25@hr260 form an
extendedH-bonding network with the phosphate moiety of PLP, thus anchoringLthRe
to the protein matrix In addition, the positive pelof a-helix 7 dipole compensates for

the negative charge of tlLP phosphate grouf37). The conformation of the residues
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surrounding the cofactor is highly conserved between CBSOK®ISA in which an
asparagine loop adopts two slightly different conformations, indicating its flexibility and
ability to bind the carboxylate group of theino acidsubstrate by local conformational
changes In OASS-A, this conformational change includes atom movements ok >7
upon substrate binding

Chemical Mechanism. CBS catalyzesa pingpong kinetic mechanism witthe
first hdf of its reaction idental to that of the tryptophan synthgseeactionthat is, the
conversion of Lserine to thea-aminoacrylate Schiff basg9, 40). The first half
reaction results in the removal of theproton of L-serine and th@-elimination of its
hydroxyl group formthe a- aminoacrylate intermediateThe B-elimination of the poor
leaving group (OH) of L-serire requires enzyme assisted protonatiodddition of L-
serire to the CBS internabchiff base(Amax 412 nm)results inthe formation of an
external Schiff base(Amax 416 nm)via a geminal-diamine intermediate Xmax 320nm),
where an a-aminoacrylate intergdiate Emax 460 nm)is formed at the endf the first
half of CBSreaction(38). The formation of the extern&chiff baseof L-serine is faster
than the formation of the-amnoacrylate intermediate, arthe rate constant for the
aminoacrylate interediate formationis about 2€fold greater than the overall reaction
rate Thus, formation of the-aminoacrylate intermediate is nibie ratelimiting step as
it the case vih OASSA.

The second half of CB&action involveghe nucleophilic attack ahey—thiol of
L-homocysteine on the-aminoacrylate intermediate givethe L-cystathionine external
Schiff base The enzyme lysine groufnitial found in Schiff base lirkge to PLP}hen
displaces Lcystathionineby transimination to regenerate the free enzyoren. The
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accumulation of cystathioninexternalSchiff basan the second halfeactionindicates
that the product release ithe ratelimiting, and the rate of eéhoverall reaction is rate
limited by the conversion dhe a-aminoacrylate to icystathionineexternal Schiff base
(41). In contrast, formation dhe a-aminoacrylate intermediate limiting in the OASS

A reaction, whereas product release is thought to be thimn@tiag step with tryptophan
synthase(40). Quionoid intermediates werenot observedn either half of the CBS

reactiors (41).

Threonine Deaminase

Control of branche@hain amino acid biosynthesis in plantsl anicroorganisms
is achieved in part bthe biosynthetic threonine deaminase (TEgthway in whichTD
catalyzes the PLEependent dehydration/deamination ethkeonine (or kserine) to 2

ketobutyrate (or pyruvat€scheme y(42).

Schemer.
NH3 0
o o
TD " NH;
OH O O
Threonine a—Ketobutyrate

The endproducst of the threonine deaminaspathway isoleucine orvaline,
control carbon flowthrough the pathway in order to maintain a proper balance of

metabolites for efficient protein syntheqd2). Neither isoleucine nor valine sho
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appreciable affinity for the active site of TD, rather they bind to the allosteri¢48jte
Binding experiments with ®Hlisoleucine clearly confirmed the existence of two
structurally different allosteric effectdminding sites per TD monomé44). Isoleucine
binds preferentially to a low activity T state of TD as an allosteric inhibitor, resulting in
an increase in the sigmoidiciof the rate profile Valine, on the other hand, activates the
enzyme by preferentially binding the high activity R state of TD, thereby giving rise to
virtually hyperbolic kinetics Isoleucine bindingto a highaffinity site induces a
modification of the conformation at the level of the regulatory domain, allowing the
second effectebinding sitewith lower affinity to interact with a second isoleucingénhe
binding of thesecond isoleucinkads to a second modification of the conformation in
the catalytic domain, leading to the observed inhibifié4). Also, the highaffinity
binding site interacts with both regulators, isoleucine and valirl®wever, valine
interaction induces different conformational modifications leading to reversal of
isoleucine binding and reversal of inhibitiomD, like some PLPdependent enzymes,
has been shown to be stimulated by monovalent cad&ns

Three-Dimensional Structure. TD is ahomdetramer(M; 224 kDa)of identical
514residue chains in which each polypéptichain adopts two roughly egstedN-
and Gterminaldomains(46). Each subunit folds into a largertdrminal domain, which
contains the active site with one PLP bound per sulgdéit The Nterminal domain is
composed of twe/p fold units, whereeach unit consists of four parallgistrands, with
helices on either side of the shedhe PLP site ibetween the twa/p folds (42). The
N-domain shows a striking similarity to tBesubunit ofthe tryptophan synthasThe G

terminal domainalso called the regulatory domais,only slightly smaller in size and
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has ano/p organization, with three helices flanking eight antiparditstrands The N
and Gterminal domains constitute two globular domains connectedl lielix and there
are no contacts between the domains within each supt)it The four Nterminal
catalytic domains form the core of ti® tetramer, whereas the-t€rminal regulatory
domains form the endmdproject out from a core of catalytic-tdrminal domains The
subunits, and especially the regulatory domains, associtgasesely to form dimers,
and the dimersassociate less extensively to form the tetram€&he tetramer can be
considered a “dimr of dimers, where nteractions are weak, and involve contacts
between catalytic domainsThus, most of the interactions involved in the quaternary
structure take place between the regulatory domains of each "dqd6er"

TD is part of the3-family or type Ilfold family utilizing the same overall fold
with many of the catalytic active site residues conservélde following residuesre
important in catalyzing the TD reaction, S5 interacts with the pyridinium nitrogen of
PLP, Phe51 and Gly-241 provides van der Waals interaction witle aromatic pyridine
ring, a tetraglycine loop (Gly18&ly191) forms H-bonds with the3’-hydroxyl and the
amino acid substrates, and thé¢ddminusof helix 7neutralizethe negative charge of the
phosph& group ofPLP (46). Out of the several hundred Pidependent enzymes of
known sequen&threonine deaminase is one of the few cooperative, feedégualated

allosteric enzymes that utilize PLP as a cofa@ta).

O-Acetylserine Sulfhydrylase
Sulfur-containing amino acids play an important role in a variety of cellular

functions such as protein synthesis, methylation, and polyamine and glutathione
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synthesis Sulfur containing compounds, and especiaigteine and methionine, are
essential for the graw and activities of all cell§48). Methionine initiates the synthesis
of proteins, vinereas cysteine plays a critical role in the structure, stability, angtmatal
function of many proteinsin addition, cysteine is a precursor to glutathione, which is an
important antioxidant In enteric bacteria, two isozymes GASS, -A and -B, are
produced under aerobic and anaerobic growth conditions, respe¢ti9ed}). The A

and Bisozymes areboth homodimeric with MWs of about 68.9 and 70.8 kbPa

respectively, and ehdas one tightly bound PLber subunit.

O-Acetylserine Sulfhydrylase-A (OASS-A)
Kinetic Mechanism. The kinetic mechanism dDASS-A is Bi Bi ping pongas
shown by inital velocity studies in the absence and presence of products and dead end

inhibitors, isotope exchange at equilibrium, and equilibrium spectral st{e$3)

(scheme 8
Scheme 8
OAS Acetate Bisulfide L-Cysteine
Y
E (E:OAS=—= FASg F ESB E

OAS binds to the internabchiff baseform of the enzyme (E), and acetate is
released as the first produtit yield the a-aminoacrylate (F) form of the enzyme
Bisulfide then adds as the second substra{é)tto produce theysteire exteral Schiff
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base (ESB) L-cysteine isreleased as the final produgbon transiminatian The initial
velocity pattern obtained in the absence of added inhibitors exhibits competitive
inhibition by both substrates, which is normally diagnostic for a pimg poechanism,
resulting from substrates binding to the incorrect enzyme oS to F and bisulfide to
E. In the present case, however, the inhibition results from the binding of substrates to an
inhibitory allosteric site\ide infra, (54)). Substrates binding to the allosteric site affect
substrate ocupancy and reaction at the active site, and the end result is apparent
competitive substrate inhibition.

The turnover number of the enzyme is 28pand the first halfeactionlimits the
overall reaction The second halfeaction is very fast and kky diffusion limited with a
first-order rate constant >1000" sneasured at 5 pM bisulfide at pH §%6). In a
classical onesite ping pong mechanism, the individual halctions are independent of
the concetration of the other substratdhis is not the casforOASSA, and the V/gas
values were not identical when bisulfide {0™s™) or 5thio-2-nitrobenzoate (TNB; 37
Ms?) was the nucleophilic substraf®3). The V/K valles for the seconHalf reaction
were within a factor of two of one another when differeamire acid substrates were
used These data are reconciled as a result of a decrease in activity of the enzyme
dependent on occupancy of the allosteric atimling site {ide infra). The rate with
TNB is 1¢-fold lower than that obtained with bisulfideWith TNB as the nucleophilic
substrate, only one third of theaminoacrylate intermediate is converted to the amino
acid product, §3-carboxy4-nitrophenyl}L-cysteine, while the remaining two thirds is

converted to pyruvate and ammonia.
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Three-Dimensional Structure of OASS-A. OASSA is an example of a fold type Il
enzyme, containing two domains of mixed3 structure withone PLP moiety bound
between the two donres (24). Other PLP enzymes with known structure share the same
fold type as OASSA are: tryptophan synthas€0), threonine @aminase (56),
cystathionine B-synthase (37) and aminocyclopropane deaminagé7). The CBS
structure is very similar to that @ASSA that when asuperposition between CBS and
OASSA vyields a root mean square daon (r.m.s.d.) of only 1.38, while the
differences between the structures are mainly located in the loop regionsese3tu
104, 282298 and 359369)(37).

The 3D structure ofOASS-A without ligands bound has been solved2td A
resolution(46). The enzyme isa homodimer of 315 amino atiresidues per subunit
The dimer is arranged such that entry to the two active sites is on the samegside, Fi
The subunits interact with one another only at the dimer interface and each of the active
sites is made up of amino acids from a singleusitb The recently identified allosteric
anionbinding site, located at the dimer interface, provides a reason for the overall
dimeric structure other than stabil({§8). Each subunit is composed of two domains, an
N-terminal domain, comprised predominantly of residue$43, and a €erminal
domain, comprised predominantly of residues-346. A portion of the Nterminal
domain sequence, residues348 crosses over into thet€rminal domain, forming the
first two strands of its centrii-sheet Each domain is composed of arf fold with a
central twisted3-sheet surrounded hy-helices, Fig2. The active site is located at the
interface of the two domains, deep within the protdihe PLP cofactor is in Schiff base

linkage with thes-amino group otys-41, Fig 3. The pyridine ring fits into a shallow
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Figure 2 Ribbon representation dfe structure oOASSA. Left. The dimer 0DASS

A with PLP in spacdilling representation. A molecular twiold axis runs from the
lower left to the upper right of the molecule. Right. A monomeéASSA is shown.
The twedomain nature of the struze is shown with the central, twistBesheet in both
domains surrounded by helic€¥). The entry to the active site is on the left of the

monomer. The figure was prepared using DS Viewer 5@ fkocelrys.
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Figure 3 Stereo view looking into the active site of OAS8324). There face of the
cofactor is visible at the bottom of the active site cleft. The Schi#f lnalsage is shown
between C4’ of PLP and Ly&l. Serine 272 is within HHonding distance to N1 of the
pyridine ring. The asparagines loop, which interacts withuticarboxylate group of the
amino acid substrate, is shown on the right and the threonine loop, which interacts with
the 5-phosphate is on the left. The side chain of N71 interacts with O3’ of the cofactor.

The figure was prepared using DS Viewer 5.0rfrAccelrys.
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crevice and is supported at the back by-¥#&l The 5phosphate of PLP is anchored by
8 H-bonds contributed by main chain and side chain functional groups in theTG806
loop, Fig.3 (59).

The 5-phosphate is dianionic, as suggested'ByNMR (60, 61), and its charge
is partially neutralized by the dipole of helix 7, in thee@minal domain, one ahree
helix dipoles directed toward the active site. The phenolic O3’ of the cofactor is within
H-bonding distance of the amide nitrogen of &s171 side chain and the Schiff base
nitrogen Asn71 is part of a loop structure (G2) called the asparags loop, and
along with Glul42, binds the substrate carboxylate group in the external Schiff base and
subsequent intermediates along the reaction pathway3FigA second helix dipole,
contributed by helix 2, is directed at the asparagines loop alg Gkntributes to charge
neutralization when substrate is bourfinally, the pyridine nitrogen of the cofactor is
within H-bonding distance to S272, and the dipole of helix I the basis of the
proximity of the helix dipole, it is unlikely that N1f ehe PLP is protonatedA view
looking into the active site indicates the face of the PLP imine is exposed to the
incoming amino acid.
Replacement of the Schiff base lysine, 44js with alanine, resulted in isolation of a
yellow enzyme suggesting PlWPas bound in Schiff base linkage with a free amino acid,
and this was shown to be methioni(@2). Unlike the free enzyme, which is
instantaneously reduced by NaBHhe Lys-41A mutant enzyme was resistant to
reduction, suggesting the enzyme was in a closed confamalihe structure of the
Lys-41A mutant enzyme of OAS8 revealed an external Schiff base between the

enzyme and imethionine(59). An overlay of the overall structure of the free enzyme
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and that of the Lygl1A mutant enzyme shows a large conformational change in-a sub
domain of the Nlerminal domain in which the centrpisheet has relaxed, closing the
active site, Fig4. The closed form has the methiongwstrate analog buried withime
protein, and the active site cleft is no longer accessible to bulk solvent with only a narrow
channel remaining to allow the passage of small molecules such as acetdiest(the
product) or bisulfide (the second substrate). In the open form, -teenthal is less
ordered than the ferminal with higher thermal factor in the open conformatian,ib
becomes more ordered in the closed form of the enzyme.

Formation of the external Schiff base with methionine results in a rotation of the
cofactor and subsequent movements of the pyridine nitrogen toward the protein interior
and the external Schiffdse linkage closer to the active site entrance, 3zigThe a-
carboxylate group of the amino acid substrate is in a strebgnding network with
residues of the asparagines loop (residue38 Asn-69 moves 7A compared to its
position in the open coafmation to make two new-Honds, one with the-carboxylate
of amino acid substrate and the other with O3’ of PLP. The interaction between the
asparagines loop and tlhecarboxylate is the trigger that causes the movement of the
subdomain consisting off-strands 4 and 5 angthelices 3 and 4, reducing the twist of
the centraB-sheet and closing the site. Active site closure serves to expel bulk solvent
and to properlyposition functional groups for catalysis. The cofactor pyridine ring, the
Schiff base linkage, and thecarboxylate group are all g@anar, while G of the amino
acid substrate lies outside this plane. Modeling in the Schiff base lysind1Lghows
superposition of it3-methylene with Aladl of the mutant enzyme and the lysine

directed toward tha face of the external Schiff bas@he side chain of methionine is
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Figure 4 Overlay of a monomer of the open and closed conformatio@ASSA in

ribbon represeation (24, 62). The open form is in yellow and the closed form is in
aquamarine. PLP is shown as a sgdieg model in the active site. The change in
position of one of the loops in the two stuwres is shown to illustrate the large
conformation change that occurs upon formation of the external Schiff base. The figure

was prepared using DS Viewer 5.0 from Accelrys.
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Figure 5 Overlay of the active sites of the wild tyfree enzyme (aguamarine) and the
methionine external Schiff base of the t4/BA mutant enzyme (yellow(p4, 62). Note

the change in position of N69 of the asparagines loop as it moves to intefa¢chavit
substrate carboxylate and O3’ of the coenzyme. The side chain of methionine is directed
out of the figure toward the eance to the active site. Thendicates the open form of

the enzyme. The figure was prepared using DS Viewer 5.0 from Ascelry
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directed toward the entrance of the active site and away frone thee of the imine, i.e.
the amino acid’si-proton and its side chain aamti.

Chemical Mechanism. The ping pong kinetic mechanism elucidated for the
OASSA indicates its reaction is catalyzed in two steps as an eliminatidition
reaction to give the overglsubstitution reaction. Ultravioletisible spectral studies are
consistent with an internal Schiff base.{x = 412 nm) present as the resting form of the
enzyme and the-aminoacrylate external Schiff basen{x = 330, 470 nm) present after
elimination of thep-acetoxy group(52, 60, 61, 63). The pH dependence of V#s,
which reflects free enzyme and the free amino acid substsdidits a pK of 7.0 on the
acidic side, while values of 6.7 on the acid side and 8.3 on the base side were measured
with B-chloro-L-alanine (BCA) as the amino acid substi@4). The pH dependence of
V/K+ng, Which reflects thex-aminoacrylate external Schiff base and free TNB, shows
pKa values of 6.97.1 on the acidic side and 8.3 on the basic. sideere are no ionizable
groups in the active site @ASS-A that could be responsible for the p&f 7.0, Fig 3,
and there is noged for a general base in the elimination of acetate (@Ahwas used
as substrate) or chloride (when BCA was used as substrate), in which both are stable
leaving groups All pK; values are summarized in Tabl¢cd).

The basic pKobserved in the V/ica profile is that of thex-amine of the amino
acid substrate, required to be unprotonated for nucleophilic attack 'onfGde PLP
Schiff base The basic pK observed in the V/igg profile is attributed to the-amino
group ofLys-41, which act as a general acid to pratenC, as the product external
Schiff base is formedThe enzyme also exhibitspaelimination reaction in the absence
of the nucleophilic substrate, in which trammation of thea-aminoacrylate external
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Table 1: Summary of the pR/alues for OASSA (64).

pKa Acidic Side pK, Basic Side

OAS/Sulfide
VI/E; 7.1 ND
VIK oas 7.0 ND
V/K sulfide 7.3 ND
OAS/TNB
VI/E; 9.0
VIK oas 7.45 ND
V/IKtnB 7.1 8.2
BCA/TNB
VI/E; 9.0
V/IKsca 6.7 7.4
V/K 1ne 6.9 8.3
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Schiff base occurs giving free enzyme and fweaminoacrylate, which decomposes in
solution to pyruvate and ammon{@0). The pH depndence of the first order rate
constant for disappearance of tiaminoacrylate external Schiff base gives a pk3.2,
which reflects the-amino group of Lystl. The value agrees very well with the basic
side pK; in the V/Kmyg profile for the overalB-replacement reactiowifle supra).

The group with a pKof alout 7.0 observed in both hateactions reflects the
same enzyme group that must be unprotonated for optimum actihty lack of a need
for additional aciebase or nucleophilic catalysis and the absence of ionizable group in
the active site suggest tlggoup is required unprotonated to stabilize the optimum
catalftic conformation of the enzymdn agreement with this suggestion a,pi about
7.0is observed in the following processesxcitation ofOASSA at 280 nm gives two
emission maxima, one at@4m due to Trp emission, and a second at 500 nm resulting
from tripletsinglet energy transfer between Trp 51 and the PLP, and the latter thus
reflects the relative orientation of the two fluorophoreBhe pH dependence dhe
enhancement of long wavebgh fluorescence by acetate gives a,p&f 7.0.
Phosphorescen¢65) and timeresdved fluorescencé66, 67) studies have identified two
conformers, and their interconversion exhibits a, piK7.0. The proposed ptdependent
conformational change may be the one required to close the active site prior to chemistry.

On the basis of the above information, the following general mechanism is
proposedior OASS-A using the natural substrat€@AS and bisulfide Scheme9. The
resting enzyme is in the open conformation and above.@Hs7’component to undergo
the conformational change to the closed conformatibime amino acid substrat®AS,

binds as th monoanion withts a-amine unprotonated to carry out a nucleophilic attack
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on C4' of the internal Schiff baseE]. As the external Schiff bas&$B, observed
transiently in the prsteady state witlDAS as the substra{é8)) is formed viageminal-
diamine ntermediates@D) the active site closes triggered by the interaction of substrate
a-carboxyhte with the asparagines loopys-41, initially in internal Schiff base linkage
with PLP, serves as a general base to deprotonaESB) in thep-elimination eaction
responsible for the releaséacetated end the first halfeaction Acetate diffuses away
from the active site as it opens partially to release product and allow entry of bisulfide
The difference in conformation of the external Schiff ba&SB) and the o-
aminoacrylate external Schiff bas@&A) forms of the enzyme is clearly shown by
differences in theif’P NMR chemical shift$69). At the beginning of the second half
reaction AA), Lys-41 is protonated and bisulfide diffuses into the active site and attacks
Cs of a-aminoacrylate to give the cysteine external Schiff baBke active site then
opens to expel the cysteine product ugransaminatiorusing Lys41.

On the basis of the external Schiff base structure,3rithe a-proton is directed
away from thes face of the cofactor, while the methionine side chain is directed away
from there face toward the entrance of the active site in anticipation of its expulsion.
The structure is consistent withanti-elimination, and an E2 reaction is preferred
comparedto an E1 reaction in the case where no protonation of the leaving group is
required as is the case for tIASSA reaction(70). In an E1 reaction, a quinonoid
intermediate should be produced as thproton is abstracted by Lykl acting as a
general base. Sineeproton abstraction is ratemiting in the direction of formation of
the a-aminoacrylate intermediate (vide infra), the quinonoid intermediate would not be

observed in the direction of its formation, but should be in the direction of formation of
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the OAS external Schiff base from the-aminoacryate intermediate and acetate.

Consistent with an E2 reaction, no quinonoid intermediate is observed under these

conditions, even in the presence gD which slows down protonation at, (Z0, 71).
Schere 9. MinimalChemicalMechanism of OASS.
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In addition, as suggested above, the dipole of helix 10 is in close proximity to and
directed toward the pyridine nitrogen of the cofactor makingnitkely that N1 is
protonated Finally, changingSer-272to alanine, which eliminates any possibilityf
bonding to N1, or aspartate, which should stabilize a quinonoid intermediate, has no
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effect on V/Koas (72). Taken together, data are consistent withaatitE2 reaction, or
concerted elimination of ther-proton and the acetoxy graupMeasurement of the
primary *20 kinetic isotope effect on acetoxy elimination in the absence and presence of
deuterium at §is planned If the *20 kinetic isotope effect measured WIS remains

the same or increases whareasured wittOAS-2D, results will support a concerted
elimination, while a decrease in th#® kinetic isotope effect wittDAS-2-D would be
consistent with a stepwise, or E1, reaction.

The primary deuterium isotope effect measured uSik§-2-D in the seéady state
is pH dependent, increasing from a value of 1.7 at neutral pH to a limiting value of 2.8 at
low pH (55). Data indicate thaDAS is a sticky substrate with a stickiness factor of 1.5,
that is onceOAS binds to enzyme it goes on to product, theaminoacrylate
intermediate, 1.5 times fastdran it dissociates from enzymé\n isotope effect within
error identical to the value of 2.8 obtained in the steady state is also measured monitoring
the appearance of the-aminoacrylate intermediate at 4%0n in the presteady state
The value of 2.8 is thus the intrinsic isotope effectigproton abstraction The frame of
reference for primary kinetic deuterium isotope effects on the basis of semiclassical
considerations is-8 for a symmetric transitiostate, and the value of 2.8 thus suggests
an early or late transition stgf£3).

Substitution of deuterium at C2 @AS allows measurement of a secondary
kinetic deuterium isotope effeciThe frame of reference for sewary kinetic isotope
effects in theOASSA reaction is the secondary isotope effect on the equilibrium
constant for formation of thex-aminoacrylate intermediat€74). This secondary

equilibrium isotope effect is 1.8 as measured experimentally, while the Yauthe
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secondary kinetic isotope effect is quite modest with a measured value of 1.1, suggesting
very little hybridization change atgGn the transition state Assuming an artE?2
reaction data are consistent with an asynchronous transition statacim Mtle bond
formation has occurred between th@amino of Lys41l and theo-proton of theOAS
external Schiff base and even less bond cleavage has occurred betyvaad Ge
acetoxy oxygen.

Regulation of OASS-A. Cysteine is a reducing agent and tiaupotentially toxic
to the cell and its regulation is critical for the survival of the. cEfsteine biosynthesis
is regulated at two levels, at the gene level and by direct modulation of enzyme activity
by metaboliteg75). The cysteine regulon @&almonella typhimurium consists of 14 or
more genes necessary for the synthesi®A$, the uptake and reduction of sulfate to
sulfide, and the reaction of sulfide witBAS to form L-cysteine Derepression of the
cysteine regulon requires a comdtion of sulfur starvationl.-cysteine precursor and
coinducerOAS (76, 77). OAS is not only a direct precursor ofdysteine but also serves
as an internal inducer, which required for derepression of all the enzymes in the cysteine
biosynthesigathway except for serine acetyltransferase (SWhpse expression is not
subject to this form of regulationOn the other hand)ASS is regulated directly by its
substrate Sulfide gives partial competitive substrate inhibitolG#SSA to prevent an
uncontrolled increase in cysteine biosynthesis and SAT is feedback inhilyitéd
cysteine with apparent;kf 1x10° M (49).

A new structue was reported recently, shoashloride ion is bound at the dimer
interface(46). The structure of the enzyme differs from that of the open, or resting form,

and the closed, or external Schiff base form, in that the asparagines loop is moved up and
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away from a position wheré c¢ould interact with the substrgtecarboxylate group. Fig
6A shows an overlay of the structures of the closed and inhibited forms of the enzyme.

The asparagines (substrii@ding) loop is labeled to illustrate the change in its
position in the two stictures. A close up of the structure of the inhiblimding site
with chloride bound is also shown in FigB6 The chloride ion participates in five-H
bonding interactions, three with protein residues (the amide nitrogen of N7, the
guanidinium group d Arg-34, and the peptide nitrogen of L-268 of the other
monomer), and two with water molecules that contribute to tHmordling network
around the chloride binding site. As chloride binds, it collides with the carbonyl oxygen
of Pro-36 causing conforn@mnal changes in which the peptide bond of-Bédflips and
a cascade of side chain reorientations then take place resulting in the movement of the
asparagines loop to a new location. The new conformation of the asparagines loop
prevents any Hbonding irteraction with thex-carboxylate of the amino acid substrate.
One of the largest movements within the asparagines suHsitndieg loop is that of
Asn69. The new position of AsB9 is away from thex-carboxylate of the amino acid
substrate, and HHonding interactions areot allowed. The inhibited form thus would
produce a destabilization of the external Schiff base, and lead to the rel€#s®. of

The physiologic inhibitor is likely bisulfide, which is a substrate inhib{ts,
53), and is similar in diameter (1.7 A) to chloride (1.67 A) that was observed in 3D
structure of the inhibited conformation. A number of small anions, including divalent
ions such as sulfate, also inhibit by binding to the allosteric(S#&e Inhibitors can
apparently bind to all enzynferms, i.e. free enzyme, the external Schiff base and-the

aminoacrylate intermediate, to give an enzyme with reduced activity. The allosteric
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Figure 6 (A) Overlay of the structures of the closed and inhibited forms of the enzyme
in ribbon epresentatio(d6, 62). The asparagines loop is in aquamarine in the inhibited

form (yellow is used for the open form). Note the position of N69 in the inhibited

structure. (B) A close up of the stture of the inhibitebinding site with chloride bound

in the dimmer interface. N69’ is in the inhibited form of the enzyme. The figure was

prepared using DS Viewer 5.0 from Accelrys.
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inhibition is thought to regulate runawaystgine synthesis, which is possible when the

concentration oOAS and sulfide are high.

O-Acetylserine Sulfhydrylase-B (OASS-B)

The OASSB isozyme is thought to bexpressed undeanaerobicgrowth
conditions andit appears to be less substrate selethimathe OASS-A isozymeto both
the amino acid and nucleophilic substsdi®). OASSB canutilize more reduced forms
of sulfur, for examplejt can utilizethiosulfate as a physiological substratedits uptake
provides an alternative means for cysteine biosynthesis and elimih&teneed for
sulfate reduction(79). The kinetic and chemicamechanisms of the two isozymes of
OASS aresimilar but not identica64, 80).

Kinetic Mechanism. OASSB hasa ping-pong kinetic mechanismn thebasisof
initial velocity patternsobtained in the absence othibitors Both substrateexhibit
competitive inhibition, which is normally diagnostic f@a ping pong mechanism,
resulting from substrates binding to the incorrect enzyme f@A&S to F and bisulfide to
E (64). In a classical onsite ping pong mechanism, the individual hal&ctions are
independent of the concentration of the other substrdtas is not the case for the
OASSA reaction with V/Koas 4006fold higher when sulfide is the nucleophile
compared to that measured with T\NtBe V/K for the nucleophile are in agreement
regardless of the amino acid substrate uS&). In the case of the #o0zyme,the
V/K oas is only 3-fold higher when sulfide is the nucleophdempared tahat of TNB,
and the V/Kuyrige is only 6-fold higher when OAS is the substratempared to that of

BCA (78). Thesubstratenhibition observedwith the Aisozyme is a result of binding of

49



substrates to an inhtbry allosteric site\ide infra, (54)). On theother hand, thabsence
of inhibition with the B-isozymemay suggesthe absence of thallosteric aniorbinding
site present irthe Aisozyme

The kinetic mechanism of OASB appearsqualitatively identical to that of
OASSA (78). OAS binds to the internal Schiff base form of the enzyme (E), and acetate
is released as the first product to yield ta@minoacrylate (F) form of thenzyme
Scheme 8 Bisulfide then adds as the second substrate to (F) to produce the cysteine
external Schiff base (ESB)Cysteine is released as the final product upon transimination
by the active site lysingGcheme 8chapter).

Chemical Mechanism. The OASSB reactionis catalyzed in twdalf-reactiors as
an dimination-addition reactionto give an overall B-substitution reaction The pH
dependence of Vs, which reflects free enzyme and the free amino acid substrate,
exhibits pk; values of 6.0 and 7.0 on the acidic side, wNilK gca profile exhibit pky
values of 7.6 on the acid side and 9.0 on the baigke (64). All pK, values are
summarized in Table.2The basic pK observed in the V/kca profile is that of theo-
amine of the amino acid substrate, required to be unprotonataddi@ophilic attack on
C4’ of the PLP Schiff base The pH dependence of V{kKs, which reflects theo-
aminoacrylate external Schiff base and free TNB, showsvpKies of 7.6 on the acidic
side and 8.-8.9 on the basic sideThe group with a pKof about 76 observed in both
half-reactions reflects the same enzyme group that must be unprotohladdd to
stabilize the optimum catalytic conformation of the enzymikere is participation s

importantin openng and closinghe active site The pkK;, of 8.7-8.9in the V/Kmns pH
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Table 2: Summary of the pR/alues for OASSB (64).

pKa Acidic Side pK, Basic Side

OAS/Sulfide
V/E;
VIKoas 6
7
V/IK suffide
OAS/TNB
V/E; 6.7 8.2
VIK oas 5.9
VIK B 8.7
BCA/TNB
V/E; 6.5
VIKsca 7.6 9.0
V/IK tng 7.6 8.9
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profile reflects the protmation state of the-amino group of Lysi2 that is originally in
Schiff base linkage with PLPA pKj, of 7, reflecting the protonation of H® H,S, is not
observed probably as a result of the slow transaldimination of the final amino acid
product. Thesfore, the pK of sulfide is perturbed to a lower pH value. The V profiles
reflect pkss of groups on enzyme in the ritaiting steps in both halfeactions when
reactants are saturating. The V profiles for the OAS/TNB and BCA/TNB substrate pairs
yield pK, values of 6.%.7 on the acidic side and 820 on the basic side. Both gK
observed are likely for Ly42 that is required to be unprotonated in the firsttedttion

to accept a proton from,Cof the OAS external Schiff base complex to form the
aminoacrylate intermediate (IV) (Scheme 9, chapter Dys-42 is required to be
protonated at the beginning of the second half of the GB&ction to donate a proton

to the G of the a-aminoacrylée intermediate to form the amino acid product external
Schiff base.

OASSB hasa chemical mechanism that similar to that observed witthhe A-
isozyme The amino acid substrat®AS, bindsin the monoaniole form with its o-
amine unprotonated to carrytoa nucleophilic attack on C4’ dlie internal Schiff base
In the OASSB isozyme, an enzyme group is required to be protonated and likely
interacts with thea-carboxyl group The OAS external Schiff base is formed via
geminal-diamine intermediatesandLys-42, initially in internal Schiff base linkage with
PLP, serves as a general base to deprotonaite tGe 3-elimination reaction responsible
for the release of acetate to end the first-hediction The preliminary data for OASB
are consistent wh a mechanism in whiclka generalacid is not needed teliminae

acetate (Whe@AS was used as substrate) or chloride (when BCA was used as substrate)
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both are stable leaving group#\cetate diffuses away from the active site as it opens
partially, and dow entry of the second substratbisulfide. At the beginning ofthe
second half reaction, Ly42 is protonated and bisulfide diffuses into the active site and
attacks @ of the a-aminoacrylatantermediateto give the cysteine external Schiff base
The active site then opens to expel the cysteine praghart transnination via Lys42

and the free enzyme is produced for new cycle of catalysis

Research Carried Out in This Dissertation and Publications.

In this dissetation studies are directed towaglucidation of the mechanism of the
second half of the OASSA reaction In addition, OASSB has been cloned, over
expressed and characterizelost of the introduction ahbackground on OASS& has

been published.

Rabeh, W M. and Cook, P F. (2004) “Structure and Mechanism @-Acetylserine

Sulfhydrylase.”J. Biol. Chem. 279, 2680326806.

53



CHAPTERII

MECHANISM OF THE ADDITION HALF OF THE O-ACETYLSERINE

SULFHYDRYLASE-A REACTION
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The first half of the OASSA reaction, formation of thex-aminoacrylate
intermediate, limits the overall reaction rate, while the seconeréattion is thought to
be diffusionlimited. The second hatkeaction of OASSA is, formally, the reversal of
the first halfreaction with the nucleophilic substrate, bisulfide, adding gaiCthe a-
aminoacrylate intermediate to form the external Schiff base with cysteine. The amino
acid product is then released after transimination. €bergl halreaction is very fast
and the nucleophilic substrate is thought to diffuse into the active site and form the
product upon collision The pH dependence of the V/K for TNB (an alternative
substrate) when BCA is used as the amino acid substiates Pk, values of 6.9 and 8.3
with these pK reflecting the pHlependent conformational change and the Schiff base
lysine (Lys41) that must protonate,®f the a-aminoacrylate intermediate to form the
product external Schiff bagé4). The rate of the second ha#action is at or very near
the diffusion limit, and as a result, lited information is available on the second -half

reaction of OASSA.

In order to characterize the second tnatiction, the pH dependence of the
pseudefirst order rate constant for disappearance ofdkeminoacrylate intermediate
was measured over thédprange (6.60.5) using the natural substrate bisulfide, and a
number of nucleophile analogsin this study, rapiegscanningstoppedfiow (RSSF)
experiments are used in an attempt to detect intermediates along the reaction pathway.
The pH(D) dependence tie second halfeaction has been determined using the natural
substrate, bisulfide, and sulfide analogshe rate is pHlependent for substrates with a
pKa > 7, while the rate constant is phtlependent for substrates with a pK 7

suggesting that thpK,s of the substrate and enzyme group are important in this half of
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the reaction. In BD, at low pD values, the amino acid external Schiff base is trapped,
while in HO the reaction proceeds through release of the amino acid product, which is
ratelimiting. A number of newp-substituted amino acid were produced and
characterized byH NMR spectroscopy. Data are discussed in terms of the overall

mechanism of OAS®.

MATERIALSAND METHODS

Chemicals and Enzyme. 2-Mercaptoethanol, mercaptosuccinic acid; 2
mercaptopyridine, hiosalicylic acid, mercaptoacetic acid, and cyanide were obtained
from Aldrich Chemicals, while 1,2;#tiazole, O-acetytL-serine, 5,5dithiobis(2
nitrobenzoic acid)and formic acid were obtained from Sigma. Phenol was from Fisher
scientific, and bffers (Ches, Hepes, Tris, and Taps) were from Research Organics. All
other chemicals and reagents were obtained from commercial sources and were of the
highest purity available O-Acetylserine sulfhydrylas@ (OASSA) was purified from a
plasmidcontaining @erproducing strain using the method of Hara et(&l) adapted to
HPLC (53).

Enzyme Assay. The acivity of OASSA was monitored using -Bhio-2-
nitrobenzate (TNB) as the nucleophilic subst{&®). TNB was prepared fresh daily by
the reduction ob,5’-dithiobis(2nitrobenoate) (DTNB) with dithiothreitol (DTT) The
disappearance of TNB was monitored continually at 412 g#h2( 13,600 M cmi?)
using a Beckman DU 640 spectrophotometer and a circulating water bath to maintain the
temperature of the cell compartment at@5All assays were carried out in 100 mM
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Hepes, pH 7.0, at 26 with an OAS concentration of 1 mM and a TNB concentration of
50 UM.

Rapid-Scanning-Stopped-Flow.  Presteady state kinetic measurements were
carried out using an OLIBSM 1000 stoppeflow spedrophotometer in the multiple
wavelength mode. Sample solutions were prepared in two syringes at the same pH with a
final buffer concentration of 100 mM. The first syringe contained enzyme at a final
concentration no lower than 15 pM and enough OAS vdaledto convert the free
enzyme to thex-aminoacrylate intermediate. The second syringe contained sulfide or a
sulfide analog at twice the final desired concentration. Data were collected with a
repetitive scan rate of5lms for the wavelength range@@600 nm and the number of
scans collected was dependent on the rate of the reaction. The disappearance of the
aminoacrylate external Schiff base was monitored at 470 and 330 nm, and the appearance
of the internal Schiff base was monitored at 412 nithe reaction temperature was
maintained at Z& using a circular water batht 25°C, the pH was varied from 5.0 to
6.5 for sulfide, fixed at 7.0 for the following nucleophilic substratejercaptoethanol,
mercaptosuccinic acid,-ercaptopyridine, phenohydroxylamine, and formateand
varied from 5.5 to 9.5 for the following nucleophilic substratéspsalicylate,
mercaptoacetate, 1,2tdazole and cyanide The pH of the reaction was measured at the
beginning and end of the reaction, and the followbn{fers were used for the pH ranges
indicated Mes (pH 5.06.5), Hepes (pH 7-8.0), and Taps (pH 8:8.5). Experiments

were also carried out at 8, 15, and@5
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The rapidscanningstoppedfiow (RSSF) spectral data were fitted using the
software provided by OLIS. To obtain the first order rate constapt) (for the

conversion of thee—aminoacrylate intermediate to free enzyme, eq. 1 was used.

A = At + By (1]

In eq. 1, Ais the absorbance at any time ,i8 the absorbance at time zero, and
By corrects for the background absorbance. Thedndgr rate constant {lg obtained at
different nucleophile concentrations wefitted to a linear function to obtain the second

order rate constant (k/Kesg):

K. = %[Nucleophié] 2]

obs
ESB

In eq. 2,kmafKs is the second order rate constant for the conversion adi-the
aminoacrylate external S¢hbase and sulfide (or sulfide analog) to free enzyme and
amino acid product. The second order rate constant was measured at different pH values
and the resultinglata were fitted to eq. Bith a Basic version of a FORTRAN program

developed byCleland(82):

logy = log 3)

C
1+ K/H
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In eq. 3, y is the observed value @gfa¥Ks at any pH, C is the plhdependent
value of y, H is the hydrogen ion concentration, and K is the acid dissociation constant of
a group on enzyme. The second ondge constant was plotted vs. reciprocal
temperature at pH 7.0 and the enthalpy of activatias estimated graphically accardi

to the (eq. 4).

E 1
log(kmax/ Ks) = 2 38(13? (?) [4]

In eq. 4, B« is the energy of activation of the reaction andsTabsolute
temperature in K.

Sopped-Flow Solvent Isotope Effect Sudies. The pD dependence for the second
half of the OASSA reaction was measured using cyanide, it2a%ole, and
mercaptoacetate as nucleophilic substrates. All buffers and substrates were prepared in
D,O and the pD value was adjusted with DCI or KOD as needed. The pD value was
measured using a pH meter, walniwas previously equilibrated in,© for 30 minutes.
The pD value was calculated by adding 0.4 to the pH meter reading to correct for the
isotope effect on the pH electro(®3). The OASSA stock solution was exchanged into
D,O by concentrating the enzyme to about 0.1 mLgisin Amicon ultrafiltration cell.
The enzyme was diluted with 5 mL of buffer ind) concentrated to 0.1 mL, and diluted
with 1 mL of buffer in BO. Sample solutions were prepared in two syringes at the same
pD value with a final buffer concentration 80 mM as described above. Experiments
were then carried out at 25 and 8°C. The pD value for each reaction mixture was
obtained before and after each run in which the pD change during the reaction was not
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significant. The RSSF spectra were collected data at 412 nm and 470 nm were fitted
using eqgs. 1 and 2 as described above. The pD profile was obtained by plotting the
second order rate constant vs. pD.
Ultraviolet-Visible Spectral Sudies. Absorbance spectra of ti@thioacetyiL-

serine externagbchiff base of OAS& were recordeditilizing a Hewlett Packard 8452A
photodiode array spectrophotometaver the wavelength range 600 nm. The
temperature was maintained at@5n a reaction cuvette of 1cm path length and 1 mL
volume at pD 6.0 usin00 mM Mes The blank contains all components minus enzyme.
The a-aminoacrylate intermediate was generated by adding OAS equal to the enzyme
concentration. Mercaptoacetate was added to a final concentration of 10 mM tbegield
O-thioacetytL-serine eternal Schiff base

NMR Spectroscopy. A number of amino acids were prepared using 10 mM OAS,
10 mM nucleophile, and 0.5 mg OASS All substrates and enzyme were prepared in
D,0 as described above and the pD value of the reaction was maintained atgo Qs
mM phosphate buffer. The enzyme was added last to initiate the reaction, and the
reaction was incubated at room temperature overnight. The structural identity of the
products was confirmed using NMR and spectra were collected on a Varian Mercury
VX-300 MHz NMR. The spectra were referenced to the residual HDO peak at 4.69 ppm.
The proton spectra were collected using a presaturation pulse sequence to minimize the
water peak with an acquisition time of 2 seconds and 16 scans. The carbon spectra we
collected in 10,000 scans with a delay of 1 second. Assignment of NMR resonances
employed atom numbering system starting with & the amino acid substrate.

Assignments of'H and *C NMR resonances were confirmed by tdimensional
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spectroscopy (COSY The gCOSY sequence supplied by Varian was employed with
128 increments and 1 transient. Data for thenaracids studied are as follow:

O-acetyl-L-serine, '"H NMR (D,O, 300 MHz) gave’s 4.34 (m, 2H, Qf)-H2), 3.92
(M, 1H, C()-H1) 1.97 (CH). C NMR (DO, 75 MHz) gaves 171.5, 171.6 (C=0),
63.1 (C@)), 53.5 (C)), 19.5 (CH).

S-2-pyridyl-L-cysteine, *H NMR (D,O, 300 MHz) gave’ 8.22 (ddd, 1H, = 5.1,
1.5, 1.0 Hz C(6H), 7.50 (m, 1H, C(4H), 7.24 (dt, 1HJ = 8.3, 1, 1, G§)-H), 7.04 (ddd,
1H,J = 8.0, 5.0, 1.0 Hz, C(8), 3.58 (d, 1H,J = 15 Hz, CB)-H2), 3.33 (d, 1H,) = 15
Hz, C@)-H2).

S-2-hydroxyethyl-L-cysteine, *H NMR (D,O, 300 MHz) gaves 3.6 (td, 2H,J =
6.0, 1.1 Hz, G{)-H2), 2.96 (m, 2H, QY)-H2), 2.61 (t, 2H,) = 6.0 Hz, C§)-H2).

B-1,2,4-triazole-L-alanine, *H NMR (D,O, 300 MHz) gaves 8.32, 7.93 (s,2H,
C(3)H, C(5)H), 4.5 (m, 2H, gF)-H).

B-cyano-L-alanine, *H NMR (D;O, 300 MHz) gaves 2.86 (d, 2H,J = 6.0 Hz,
C(B)-H).*C NMR (D;0O, 75 MHz) gaves 173.6(C=0), 117.6 (CN), 50.3 (@)), 20.41
(CR)).

A time course was obtained for the cyanide reaction using the presaturation pulse
sequence with a variable preacquisition delay time and eight scans averaged per data
point. Fortyone data points were colled over a period of sixteen hours. These points
were collected every 250 seconds in the first hour, every 900 seconds for the next three
hours, and one point each hour for the last twelve hours. It was possible to monitor the

reaction using both the irease of thé-cyaneL-alanine product @)-H2 (2.86 ppm)
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and the appearance of acetate (1.77 ppm) versus time. The rate of the appearance of the

first product acetate was fitted to (eq. 5).

[ Acetate] = ae™ [5]

RESULTS

Rapid-Scanning-Stopped-Flow Studies. RSSF measurements were carried out to
obtain information on the identity and the rate of appearance and disappearance of
intermediates in the prgteady state for the second half of the OASfaction. Thex-
aminoacrylatenitermediate exhibits maximum absorbance at 330 and 47®8)m The
intermediate was pfrmed in one syringe and reacted with different concentrations of
sulfide or sulfide analogs in the second syringe. Reaction with sulfide gives a rapid
disappearance dhe a-aminoacrylate intermediate and appearance of free enZyme (

412 nm) within the RSSF instrument dead time of about 4 ms, (data not shown). Only at
pH 5.0 with a total sulfide concentration of usl was the last portion of the time course

for disappearance at 470 nm observed, with a psérsiarder rate constant of about

100 §' estimated.

Since the rate of the second hahction was too fast with the natural substrate,
bisulfide, attempts were made to monitor the reaction using nucleopinialogs of
sulfide. Different nucleophiles containing sulfur, nitrogen, carbon or oxygen were tested
as possible substrates, Talle Reaction of all nucleophiles show in Taldewas

conducted at pH 7.0 and the nucleophiles are split into classesddgpeon the
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Table 3 Kinetic Data for Nucleophilic Substrafenalogs.
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nucleophile functional group. The rate of disappearance ofaHaeninoacrylate
intermediate was measured as a function of nucleophile concentration using the-stopped
flow method bymonitoring the reaction at 412 and 470 nm. As an example, data
obtained with 12,44riazole are shown in Fig.. 7The spectral time course exhibits two
clear isosbestic points, which suggests that the two tautomeric forms odi-the
aminoacrylate intermedie, Amax at 470 and 330 nm, are converted to the internal Schiff
baseAmax at 412 nm, with no detectable accumulation of additional intermediates. The
time courses for the increase in absorbance at 412 nm and the decrease in absorbance at
470 nm give iéntical rate constants, FigB/as expected for interconversion of two
species. The first order rate constantdkobtained using the RSSF method at different
nucleophile concentrations is a linear function of analog concentration, and its slope
repregnts the second order rate constapt{Ks), Fig. 8 A summary of data obtained

for a variety of nucleophilic substrates is given in Table 3. In addition to the nucleophiles
listed, others that gave no detectable reaction rate are thiophanelcapbimidazole,
2-mercaptobenzoxazole, pyridine;bromophenol, benzoin, benzimidazole, benzoate, 4
nitrothiophenol, 4chloro-2-phenol, 2mercaptobenzimidazole, anecBloroaniline.

'H NMR Spectroscopy. To confirm the structure of the amino acid producaited from

the reaction of OAS® with different sulfide analogs, time courses were measured using
'H NMR. Fig. %A shows an example of NMR spectra for the reaction of GASBth

10 mM OAS and 10 mM cyanide at pD 6.5 as a function of time. Spectra btarsenl

at time zero before any enzyme was added, and then as a function of time. The time
course for production of acetate was fitted to eq. 5 to yield a first order rate of 0.0076

min. From Fig.9B, the following assignments are made: the 1.77 pgonance is due
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Figure 7 Rapidscanningstoppedflow spectra of the conversion of theaminoacrylate
intermediate of OAS®\ to free enzyme using 1,2tdazole as the nucleophilic substrate.

(A) Spectrum 1 represent tkeaminoacrylate intermedia with Amax at 470 and 330 nm,

and spectrum 9 represent free enzyme (internal Schiff basehgtlat 412 nm. The

time interval between spectra is about 13 s. The enzyme concentration was 80 uM and
1,2,4triazole was 1 mM. Data were measured at g 500 mM Mes, and 26. (B)

Time courses obtained from data in 1A at 412 and 470 nm. The rate constant calculated
from both wavelengths is identical. No other intermediates are detected under these

conditions.
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Figure 8 Plotof the observed first order rate constant for the second half of the-BASS
reaction (measured as in Fif).against the concentration of 1,2razole. All data were
collected at 2%, and pH values of 6.0, 6.5, 7.0, 7.5, and 8.0 represent lises 1
respectively. The second order rate constant,/tks) is the slope of the line, and was

calculated using eq. 2.
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Figure 9 'H NMR spectra of the OASS catalyzed reaction using 10 mM OAS and 10

mM cyanide at pD 6.5, 100 mM phosphdtuffer as described in Methods. All spectra
were referenced to the residual HDO peak at 4.69 ppm. (A) Time course obtained using
cyanide as the nucleophilic substrate. A presaturation pulse sequence was used with a
variable preacquisition delay timedamight scans per data point. Feotye data points

were collected over a period of sixteen hours. These points were collected every 250
seconds in the first hour, every 900 seconds for the next three hours, and one point each
hour for the last twelve durs. It was possible to monitor the reaction using the
appearance of acetate (1.77 ppm) versus time with a first order rate constant of 0.0076
min™®. (B) NMR spectra collected at the beginning of the reaction (t= 0) before adding
any enzyme and at diffent time intervals as labeled on the spectra. At t= Oltthe

NMR spectrum is identical to the OAS spectrum in whicHHtNMR (D,O, 300 MHz)
gave 6 4.34 (m, 2H, })-H2), 3.92 (M, 1H, C4)-H1), and 1.97 (Ck). The final
spectrum of the reaction mixeiis identical to that gf-cyaneL-alanine in which itgH

NMR (D20, 300 MHz) gavey 2.86 (d, 2H,J = 6.0 Hz, Cf)-H). Thea-proton is not

observed since the position is deuterated as a result of running the reactin in D
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to the CH of the product acetate, the 1.8pm resonance is due to the £éf the
acetoxy group of OAS, the 2.86 ppm resonance is dug wf 8-cyancL-alanine (the

amino acid product), the 3.92 ppm resonance is due,tof ©AS, and the 4.34 ppm
resonance is due tos@f OAS. B-cyanceL-alanine vould also have a resonance at 3.78
ppm due to ¢, but this position is deuterated in the product as a result of carrying out the
reaction in RO. The 4.34 ppm resonance of thed® OAS is shiftedo 2.86 ppm as a

result of replacement of the acetoxy graaf OAS by a cyanide group in tisecyanclL-

alanine product. The 1.97 ppm resonance of the KDAS is shifted to 1.91 ppm as it

is released as the first product, acetate. The spectrum of the final product of this reaction
agrees with the spectrum abted with the commercially availalflecyancL-alanine.

The structure identity of the different amino acid products was identified using
NMR spectroscopy. The proton chemical shifts for the amino acid substrate, OAS, were
significantly different than thee of the amino acid product, as a result of the electron
deshielding effects of the surrounding nu¢gt). An example is the reaction of the
aminoacrylate intermediate with mercaptoethanol, where the nucleophilic group could be
either its oxygen or thiol group. The NMR spectrum of the amino acid pro8det,
hydroxyethytL-cysteine, shows th@g-protons (2.96 ppm) are shifted upfield (towar@
ppm) from its position of 4.34 ppm in the OAS spectrum. This allowed the distinction
between O and S attack, indicating that sulfur was the attacking group. Oxygen is more
electronegative than sulfur and pulls electrons away fromptpeotons causip a
significantly larger chemical shift value than in the amino acid products, wherge C

bonded to sulfur, which has an electronegativity identical to that of carbon. In
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comparison, if the oxygen had been the attacking groug-tretons of the aminacid
product would have been located between 3.6 and 4.5®pm

pH Dependence of the Second Order Rate Constant. To further investigate,
whether functional groups on enzyme and/or nucleophilic substrate are involved in
catalysis, the second order rate constapifKs) was measured as a function of pH
using several of the nucleophiles including cyanide, 4r#a4ole, mercaptoacetate and
thiosalicylate. The second order rate constant was measuretCab\&5 the pH range
5.5-8.0. Data were not collected above 8.0 because of the high rate of decomposition
of the a-aminoacrylate intermediate to free enzyme, ammonia, and pyri@¢teln the
case of mercaptoacetate (Fig) and thosalicylate (data not shown), the second order
rate constant is pkhdependent. On the other hand, theq#thendence of the second
order rate constants at 5 measured with cyanide (FiglB) and 1,2,4riazole (not
shown) were qualitatively very similarith a limiting slope of +1 and an apparentmf
about 7.2 £ 0.2 for both substrates. To decrease the rate of decompositionuef the
aminoacrylate intermediate, the second order rate constant for cyanide artdelz@ld
were measured af®. Thus,data could be collected at pH values higher than 7.5. The
pH-dependence of the second order rate constant for cyanidel@iy.and 1,2,4
triazole (not shown) at’8 are similar with a limiting slope of +1. A pkalue of 8.1 +
0.7 was observed in bofiH profiles at 8C.

The pH dependence of the second order rate constant for the second half of the
OASSA reaction was further measured with cyanide at 15 aii@ 3big. 11A), and
gave a limiting slope of +1 with pKvalues of 7.2 + 0.2 and 7.6 = 0.7spectively. An

Arrhenius plot, Fig. 2, is nonlinear with a transition at around@8 Heat of activation
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Figure10. pH (o) and pD ¢) dependence of the second order rate constant measured
with mercaptoacetate at ‘Z5as described in Method$2oints are experimental values,
and the line is the average value. Inverse solvent deuterium isotope effect is observed

with P?9(kmadK¢) value of about 0.2.
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Figurell. pH(D) dependence of the second order rate constant meadthrezyanide.

(A) The pH dependence of the second order rate constant collecsedl&fC, and A )

35°C, gave pK values of 7.2 + 0.2 and 7.6 + 0.7, respectively. (B) The pH(D)
dependence of the second order rate constant collectetCair2fe) H,O, and (o) D,O,

gave pk, values of 7.2 £ 0.2 and 7.9 + 0.7, respectively. (C) The pH(D) dependence of
the second order rate constant collected@tig (o) H,O, and ¢) D-O, gave pK values

of 8.1 £ 0.7 and 8.9 + 0.7, respectively. An inverse solvent isatffipect was observed

at all temperatures tested with a calculdt&ifkma/Ks) value of about 0.45 af8. The

rate data were fitted using eq. 3. Points are experimental values, and the curve is

theoretical based on the fit to eq. 3.
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Figure 12 Arrhenius plots of the second order ratamstant of the second hadaction
of OASSA at pH 7. Arrhenius plot obtained shows a biphasic pattern, with a transition
at around 18C. The E value was calculated from theagh giving values at

temperature >1€ 0f10.2 kJ/mol andl70kJ /mol at temperatures <18.
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was calculated using the slope of the line at low and high temperature according to eq. 4.
The energy of activation at temperatures *€18s abait 10.2 kJ/mol but increases
approximately 17fold at temperatures <18 (AEact = 170kJ /mol).

Spectral Sudies in D,0O. If protonation of ¢ in the second half of the OASS
reaction to give the external Schiff base, ESB(ll), is-liatéing, a solventkinetic
deuterium isotope effect is predicted. All RSSF spectra obtainedOneRhibit two
clear isosbestic points, similé&m those shown in water, Fig. 7However, the enzyme
spectrum obtained after the reaction of the nucleophilic substrate witha-the
aminoacrylate intermediate in,O hasimax at 418 nm compared to that of the free
enzyme in RO, Amax at 412 nm. The reaction of mercaptoacetate with dhe
aminoacrylate intermediate in,O yields theO-mercaptoacetyl-serine external Schiff
base fornof the enzyme, Figl3A, where spectrum 1 is the absorbance spectrum of the
a-aminoacrylate intermediate obtained in() spectrum 2 and 3 are the absorbance
spectra of th&®-mercaptoacetyl-serine external Schiff base at pD 6\@.4 at 418 nm)
and 7.9 Imax at 412 and 418 nm), respectively. At pD 7.9, @venercaptoacetyl -
serine external Schiff base spectrum suggests an equilibrium between the free and the
external Schiff base form of the enzyme. Addition of 1 mM OAS to the enzyme with a
Amax at 418nm gives thex-aminoacrylate intermediate, which was detectetlat 470
nm. On the basis of the above, the final enzyme form obtained upon the reaction of
different nucleophiles with ther--aminoacrylate intermediate in,O is the product
external Schiffoase, as opposed to that of the internal Schiff basgn Ho determine
whether the external Schiff base formed yODs stable; its spectrum was recorder using
a photodiode array spectrophotometer described in the methods section. In E8B,
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Figure 13 (A) RSSF spectra for the reaction of thaminoacrylate intermediate with 10
mM mercaptoacetate in,D. Plot 1 is the absorbance spectrum of the starting complex,
the a-aminoacrylate intermediate; plot 2 and 3 are the absorbance spectrum@f the
mercaptoacetyl-serine external Schiff base@d 6.0 fmax at 418 nm) and 7.9.{ax at

412 and 418 nm), respectively. (B) bNsible spectra collected usimdnotodiode array
spectrophotometer at pD 6.(lot 1 is the absorbance spectrum of free OAS&nd

plot 2 is theD-mercaptoacetyl-serine exg¢rnal Schiff base measured in
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spectrum 1 is the absorbance spectrum for free enzyme measured at pD 6.0, and spectrum
2 is the absorbance spectrum @mercaptoacetyl-serine external Schiff base at pD
6.0. Thee is no shift in thé.,« of free enzyme in ED compared to }O.

Sopped-Flow Solvent Isotope Effect Sudies. In order to determine whether a
solvent deuterium isotope effect is observed, the pD dependence of the second order rate
constant was measured as above using cyahjdgttriazole, and mercaptoacetate. The
second order rate constant af @5using mercaptoacetate is fii2lependent (Figl0)
and yields an inverse solvent isotope effect Ritf(kma/Ks) of about 0.2. The second
order rate constant is pfependent ar the pD range 6:8.5 measured at 25 with
cyanide (Figl1B) and 1,2,4riazole (not shown), which exhibit a slope of +1 with g pK
value of 7.9 + 0.7. The data in,O® nearly superimpose on the data obtained 40,H
even though a shift to a higher p@lue is expected as a result of the equilibrium isotope
effect on the pKof the group titrated83). The pD profile obtained for both substrates
has large errors at pD higher than 8.0. As a result, the value of the solvent isotope effect
was not calculated but is inverse amebr 0.4, on the basis of the expected shift in the
pKa. The pD dependence of the second order rate constant for cyanide andaz@@
were also measured afG3 to lower the rate of the--aminoacrylate intermediate
decomposition. The pD profile aihed at 8C for cyanide (Figl1C) and 1,24riazole
(not shown) are similar with a limiting slope of +1, and superimpose on the data obtained
in H,O. A pKy value of 8.9 + 0.7 was obtained from the pD profile of cyanide. An
inverse solvent isotope effewith °??(kna/Ks) of about 0.45 was calculated from the

pH(D) cyanide profile.
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DISCUSSION

Rapid-Scanning-Stopped-Flow-Sudies (RSSF).  Very little is know about the
second half of the OASA reaction in which thex-aminoacrylate intermediate and
bisulfide are converted to-tysteine and free enzyme. Previous studies indicated the
second halfreaction to be very rapid and the only species observed upon reacting
enzyme with OAS and sulfide are theaminoacrylate intermediate and free enzyme
(68). It was thus proposed that the second-tedttion is diffusion limited. In
agreement, the VIE: is 8 x 16 M™s* (11). In the present studies, the only condition
that allowed a measurable gteadystae rate of disappearance of tlieaminoacrylate
intermediate, 1005 was obtained with a total sulfide concentration of ji\V5 at pH
5.0. Sulfide has two pKvalues, 6.8 and 13.8, so that at pH 5.0 most of the sulfide is
H,S, and bisulfide, the true sstbate for OASSA, is only 24 nM.

In an attempt to slow down the second ‘maHction, a number of nucleophiles
were used as analogs of the second substrate, bisulfide. For all the nucleophiles tested,
no nucleophile was found to have a second orderc@tstant equal to that obtained
with bisulfide. On the other hand, one can relate nucleophilicity of the analogs to their
pKa values, Table .3 Nucleophiles with low pKvalues have a lower second order tate
constant (ka/Ks) when compared to those witigh pK; values, in agreement with the
proposed direct nucleophilic attack of the nucleophile on d¢haminoacylate
intermediate. In Table, Jucleophiles from the carboxyl class show that size does not
play a major role in determining the rate of theosel halfreaction. However,

nucleophiles from the carboxyl class have a lower second order rate constant than all
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other classes because they have a lower nucleophilicity. N&sthas demonstrated
in Table 3 the high turnover number for OASS along with its acceptance of a wide
variety of nucleophilic substrates, makes it a good tool for the preparation of a number
of new-substitutedx-amino acids, even when the rate constant is low.

pH Dependence of the Second Order Rate Constant. Enzyme kinetic parameters
and/or microscopic rate constants are a function of pH because of ionization of protic
positions on the enzyme andkubstrate. In a piAgong kinetic mechanism, the V/K pH
profile for the substrates reflects the individual fralictions(85). The V/Kmns pH
profile obtained with BCA as the amino acid substrate yieldsvaKies of about 7 on¢h
acid side and 8.2 on the basic s{@d). The enzyme group with a pkf 7 must be
unprotonated to stabilize the optimum catalytic conformation of the enzyme, while the
enzyme grop with pK; of 8.2 is attributed to theamino group of Lysi1, which must
be protonated to donate a proton tpdf the a-aminoacrylate intermediate as the amino

acid external Schiff base, ESB(ll), is formed, Schefhe 1

In the presteady state,le/Ks for the sulfide analogs reflects the slow step(s) in
the conversion of the-aminoacrylate intermediate and sulfide analog to free enzyme
and amino acid product. In this study, the pH profiles for thiosalicylate and
mercaptoacetate at Z5 are pHindependen Both nucleophiles have low pKalues of
4.0 and 3.5, respectively. The phtlependence ofk/Ks indicates neither enzyme nor
substrate functional groups are titrated over the pH rang®.8.5In both cases, the pK

of the nucleophile is not obsed because it is lower than pH 5.5.

The behavior of nucleophiles with high pkalues is different. The pkate

profiles at 25 for cyanide (Fig. 1B) and 1,2,4trizole (not shown) are pidependent
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Scheme 10. Proposed Chemical Mechanism for GASSE, the internal Schiff base;
GD(l), geminal-diamine intermediate; ESB(I), OAS external Schiff base; AA, dhe
aminaacrylate intermediate; ESB(Il), cysteine external Schiff base; GDyéinal-

diamine intermediate with cysteine.
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with the requirement for a group on the acid side with a pKabout 7, while cyanide
and 1,2,4triazole have pKvalues of 9.1and 10, respectivelyIf the pHrate profiles
could beextended to high enough pH one would expggi/Ks to decrease above the
pKa of the nucleophile Data suggest that reverse protonation states exist between the
nucleophile andhe enzyme group wita pK; of 7. The group with a pKof 7 is required
protonated, whiléhe nucleophile is required unprotonate&t 35°C, Fig. 11A, although

the pH range is agaimmited, data are similar to those obtained at 25fata at 15°C,

Fig. 11A, however, indicee a pH independent region above 7.5 to about 9, in agreement
with the above explanation; @K, of about 7.6 is now observed on the acid side of the
profile. As discussed above the group with g,pK7 must be protonated, opposite to the
interpretation a the basis of the pH dependence of the steady state parametgs. VK

the steady state the starting point is tir@aminoacrylate external Schiff base and free
TNB, andthe group with a pKof 7 must be unprotonated to stabilize the closed
conformation(64). In the presteady state the slow step is the conformational change to
open the active site amdlease product, and the group with g pK7 must be protonated

to stabilize the opeoconformation.

At 8°C, a condition that exhibits a large & pH7, a higher pKis observed in the
log(kmaxKcen) vs. pH profile. The pKa is near 8, 0.5 pH units higher than that observed at
the higher temperatures. In addition, the rate appears to be decreasing above pH 9,
consistent with the pKa of cyanide. Thetpdlogkma/Kcn) at pH 7 vs. 1/T is biphasic,
suggesting a change in rate itimg step with a break at about’C3 Data support a rate

limiting conformational change accompanying product release requiring an enzyme
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group with a pK of 7 protonated, as suggested above. At lower temperature, however,
the conformational is very sho

pD dependence of the Absorbance Spectra. In H,O, the enzyme form present after
reaction of thex-aminoacrylate intermediate with nucleophile is the internal Schiff base
(free enzyme, E). In D using cyanide, 1,2;#iazole, or mercaptoacetate as the
nucleophilic substrate the amino acid external Schiff base (ESBgH)418 nm) is the
final form of the enzyme at pD 6.0, Fig.31 Reaction of thea-aminoacrylate
intermediate (AA) with different concentrations of the nucleophilic substrateGngave
the ESB(I) without releasing the amino acid product, while free enzymg412 nm) is
present at the end of the reaction igOH Data indicate the conformational change to
open the active site is very slow in@ At pD 7.9, the second haktactionin D,O
yields an equilibrium between the ESB(ll) and the free enzyme forms, Scheme 10. Thus
the pH and pD profiles cannot be directly compared to give a solvent deuterium isotope
effect. In HO, chemistry limits only at low temperature while productasg¢elimits at
high temperature. In {0, product release does not occur in the time scale of the assay
and thus a large solvent deuterium isotope effect is observed, suggesting the involvement
of a group on protein to open the active site, consistentthdttabove discussion. The
observed pD independent rate is faster 0 Ehan the pH independent rate iBHas a

result of the very slow conformational change y®©Dk, in Schemel 1.

Scheme 11.

K
AA+SH ———» ESB ——»> E +L-Cys
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The Chemical Mechanism of the OASS-A Reaction. The amim acid substrate,
OAS, binds as the monoanionic form with tisamine unprotonated to carry out a
nucleophilic attack on C4’ of the internal Schiff base (E). As the OAS external Schiff
base (ESB(l), observed transiently in the-gteady state with OAS dlse substraté68))
is formed viageminal-diamine intermediates, GD(l), the active site closes triggered by
the interaction of the substratecarboxylate with the asparagines lo@®). Lys41,
initially in internal Schiff base linkage with PLP, serves as a general base to deprotonate
C. in theo,B-elimination reaction responsible for the release of acetate and the formation
of the a-aminoacrylate intermediate (AA) to end the first half of the OAS®@action.

The active site opens partially to release the first product, acetate, awdealiry of
bisulfide, the second nucleophilic substrate. The difference in conformation of the
external Schiff base and tleaminoacrylate external Schiff base forms of the enzyme is
clearly shown by differences in thétP NMR chemical shift¢59).

At the beginning of the second ha#faction, Lys4l is protonated and the
nucleophilic subsate diffuses into the active site and attackso€ the AA to give
ESB(ll). The nucleophile has no binding site as a substrate and likely adds Ac\the
directly upon diffusion into the active si(68). The ESB(ll) is formed upon addition of
the nucleoph@ to the AA as was indicated by the shift in gy from 412 to 418 nm
upon adding cysteine to OASSIn the reverse direction of the second hrakiction(63).

The ESB(ll) is rapidly formed and does not accumulates in thstpagly state but is
seen transiently when cysteine adds to free enzyme to form tleeneysiternal Schiff
base(68). A geminal-diamineintermediate, GD(ll), is expected to precede ESB(ll),

where thes-amino group of Lystl and the amino acid product are bonded to C4’ of
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PLP. Nogeminal-diamine intermediate was visualized under the experamheanditions
used in this study and the addition of cysteine to free enzyme in tstejidy state also
does not show the presence aeminal-diamine intermediatés8). The presence of one
or moregeminal-diamine intermediate is important to release timena acid products,
thus the formation and decay of GD(ll) must be very rapid, and the equilibrium between
this intermediate and the free enzyme must be far toward the [&tieractive site then
opens to expel the cysteine product upon transiminatidrty$yl. This step requires an
enzyme group with a pKof 7.0 to be protonated to open the active site as was observed
in the knaxKs pH profile for cyanide and 1,2#iazole. No quinonoid intermediate was
detected in the second half of the OA&S3eacton under the experimental conditions
used. Data are in agreement with the absence of a quinonoid intermediate in the first half
of the OASSA reaction under all the experimental conditions ugg® 68). The
chemical step, represented by the proton transfer step, is not rate limiting; rather, the
enzyme conformational changes to open the active siterelrdse the amino acid
substrate is the rate limiting step in the secondrealftion. The second hakaction in
D,0 yields the ESB(ll) form of the enzyme, which is the locked conformation as a result
of the requirement for a proton transfer stepperothe active site and release the amino
acid product. On the other hand, at pD 7.9, the enzyme ESB(ll) complex was found in
equilibrium with the free enzyme form (E) as a result of having the enzyme group that is
important to open the active, unprotaetit

In conclusion, the second half of the OA&BSreaction is limited by the
conformational change needed to open the active site and release the amino acid product.

No quinonoid orgeminal-diamine intermediates were detected; rather, the amino acid
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exterral Schiff base of the enzyme was found to be very stable when the reaction was run

in D.O.
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Chapter 111

Spectral Characterization of O-Acetylserine Sulfhydrylase-B from

Salmonella typhimurium
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The OASSB isozyme is thought to be expressed undeaeswbic growth
conditions, and it appears to be less substrate selective thanisbeyfe to both the
amino acid and nucleophilic substratés8). OASSB has a pingpong Kkinetic
mechanism on the basis of initial velocity patterns obtained in the absence of inhibitors.
Both substrate exhibit competitive inhibitioand the kinetic mechanism of OASS
appears qualitatively idewtl to that of OASSA (78). The OASSB reaction substitutes
the acetyl group of OAS with thiol group to yield cysteine in [&substitution reaction.
The Bisozymehas chemical mechanism that is similar to that observed with the A
isozyme in which OAS bindeth its a-amine unprotonated to carry out a nucleophilic
attack on C4’ of the internal Schiff base.

Little data were colicted on the Bsozyme as a result of the poor expression
system. A new expression system is developed and yields high ammbenkzyme with
purity 98%. Both the quantity and purity of tha€®zyme now permit more kinetic and

structurally based studi¢s be conducted.

MATERIALSAND METHODS

Chemicals. O-AcetylL-serine, DTNB, L-cysteine andchloramphenicolwere
obtained from Sigma. Theuffers Ches, Hepes, Mes, Caps, Taps, and imidazole were
obtained from Research Organics. Ampicillin was obtaifnech Midwest Scientific.

IPTG was obtained from Reselrroduct International, andderine was obtained from
Aldrich. All other chemicals and reagents were obtained from commercial sources and

were of the highest purity available.
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Enzyme. The OASSB genecysM, was subcloned intthe pET16B vector by PCR
using the pRSM17 vector(86), which contains thecysM gene as the template.
Conditions for PCR cycling were as follow: denaturation atC94or 40 s, primer
annealing at 4% for 45 s, and primer elongation at°68for 90 s. The cycle was
repeated35 times, and the reaction was incubated for 10 min 4 & complete any
immature PCR products. The primers used in the PCR have up $ldeanand down
stream Xho | restriction sites and the primers sequences in which the bold letters

represent theestriction site, are as follow:

Forward primer: 5GGCTTTTTTACGAGCTGAACATATGAATACATTAGAAC -3’

Reverse primer: SGGCCACTCGAGCGGTTAAATCCCTGCCCCCTG&’

The new plasmid, pWR, adds a-H@ tag to the Nerminus of OASSB. The
PWR vector was then transforchénto the BL21-Star (DE3)RIL E. coli strain, which
uses a T7 promotdrased expression system. Taeoli strain contains the RIL plasmid
(PACYS) that confers chloramphenicol resistance and contains genes for rare tRNAs.
The pWR plasmid confers amgloi resistance for selection. A chloramphenicol
concentration of 5Qug/mL was used in the overnight culture. The induction culture was
grown at 30C in LB medium containing ampicillin (100 pg/mL) and chloramphenicol
(35pg/mL). When the induction culeireached an QR of 0.7— 0.9, it was induced by
the addition of 0.5 mM IPTG and allowed to grow for 5 h. The pH was maintained at 7.0
during growth using 10 N KOH and 20 N HCI. After centrifugation at 8@@0r 30
min, the cell pellet was resuspedda sonication buffer that contains 50 mM phosphate,

pH 7.8 and 300 mM NaCl. The cells were sonicated for 3 min with a 30 s rest time
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between each minute of pulse. 0.05 g of PLP was added to the supernatant, which was
stirred for 1 h at 4°C. The supatant was loaded onto a’NNTA agarose affinity
column, 15 mLbed volume that was prequilibrated with sonication buffer, and the
column was washed with 10 bed volumes of 50 mM imidazole. The chromatogram was
then developed in steps of 50 mM imidazo&ng 10 bed volumes, and OA8Seluted
between 0.15 and 0.2 M imidazole. The enzyme was dialyzed against 4 L of 5 mM
Hepes, pH 8 and stored étC1 SDSPAGE showed the enzyme to be more than 98%
pure.

Molecular Mass of OASSB. Mass spectraocf OASSB were recorded on a
Micromass QTOF quadrupole timef flight mass spectrometer equipped with-apfay
electrospray ionization (ESI) source. The software controlling the instrument was
MassLynx version 3.5. A Harvard syringe pump (Harvard Apparatus, Siatittk, MA,

USA) was used to deliver the sample solution to the elecarpsgmurce at a flow rate of
5 uL/min. A 5 pLsolution of 0.1 mghL OASSB was injected and eluted with 0.1%
formic acid in 50% aqueous methanol. The electrospray capillary voltageet at 30D
V, the cone voltage was set 20 V and the source temperature was@0 The mass
spectrometer was calibrated over the mass rang580 amu using a 0.05 pg/pL Csl
and 2 pg/puL Nal in methanol. The molecular weight is calculated usengrémsform
tool in MassLynx 3.5 (Waters) software.

Enzyme Assay. OASSB activity was monitored usingthio-2-nitrobenzate (TNB)
as a substrate analog of bisulfi@?). The TNB was prepared fresh daily by reduction of
DTNB by thedisulfide reducing agent DTTThe disappearance of TNB was monitored

continualy at 412 nm €412, 13,600 M cm’) using a Beckman DU 640
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spectrophotometer. All assays were performed in 100 mM Hepes, pH 7Caivi2b an
OAS concentration of 10 uM and a TNB concentration of 15 uM.

Ultraviolet-Visible Spectral Sudies. Absorptionspectra were measured utilizing a
Hewlett Packard 8452A photodiode array spectrophotomé&tee. absorbance spectra of
OASSB were recordedver the wavelength range 3800 nm at 2%C in reaction
cuvettes of 1cm path length and 1 mL volyrre all caseshe blank consisted of all
components minus OASB. Spectra were measured as a function of pH frorl5.5
using the following buffers at a final concentration of 200 mM: Mes (pF6%) Hepes
(pH 7-8), Taps (pH 8.®), Ches (pH 9.40), and Caps (pH 10H5l). The pH of the
solutions was confirmed by measuring the pH before and after spectral measurements.
To determine the pH dependence of the spectra of the free enzyme awrd the
aminoacrylate intermediate, absorbance spectra were recorded in the ahsdnce
presence of 2 mM OAS as function of pH. The OAB&oncentration was maintained at
20-30 puM for all spectra.

The absorbance spectra of OABSn the presence of different concentration ef L
cysteine or kserine were obtained as descrilpedviously(63). Amino acid substrates
were added in a stepwise mangearing final concentrations of-cysteine of 1100 mM,
and L-serine of 16200 mM. The pH was varied from 5.5 to dtllizing the same buffers
listed above.Absorption spectra were measured at zero substrate concentration and after
each substrate additio To findAmax for the reactiona difference spectrum at saturating
cysteine (or serine) andeke enzyme was obtained giving a maximum absorbance at 457
nm. All spectra were corrected for dilution and changes in the baseline absorbance

(using the diffeence in absorbance at 550 nm). T#457 was then plotted vs. the
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amino acid concentration to generate an estimate g, Kvhere ESB represents the
amino acid external Schiff base. A plot ofgagkvs pH was fitted teq. 8to obtain the
pKa values of emymeand/or substrate functional groups that are involved in formation of
the ESB form of the enzyme.

OAS acetate Lyase Activity. The firstorder rate of degradation of the-
aminoacrylate intermediatgas measured utilizing a Hewlett Packard 8452A phottsd
array spectrophotometer as described previd@ly OASSB was maintained at a final
concentration of 20 uM and it was converted to dhaminoacrylate intermediate by
adding a concentration of OAS OASSB. The first order rate constant for
disappearance of theaminoacrylate intermediate was calculated7& and 325 nm and
the rate constant for the appearance of free enzyme wasatadcat 414 nm. A fit of the
data to a first order rate law gave the first order rate constagt (Khe experiment was
carried out over the pH range @3 utilizing 200 mM buffer, as described above. A
plot of log kps vsS. pH provided an estimatd the pK, of the group involved in the
deacetylase activity.

Rapid-Scanning-Stopped-Flow Sudies. Presteadystate kinetic measurements
were carried out using an OLFBSM 1000 stoppeflow spectrophotometer. Sample
solutions were prepared in two syringgsthe same pH with a final buffer concentration
of 100 mM; the pH was varied from 5755 utilizing the buffers listed above. The first
syringe contained OASB at a concentration no lower than 30 uM, while the second
syringe contained different conceations of OAS at final concentrations ranging from
0.1 to 10 mM, Lserine at final concentrations of -200 mM, or L-cysteine at final

concentrations of 400 mM. Data were collected with a rape¢ scan rate of 15 ms
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from 300-600 nm and the number s€ans collected depended on the rate of the reaction.
The disappearance of free enzyme was monitored at 414 nm, the appearance- of the
aminoacrylate intermediate was monitored at 472 and 325 nm, and the external Schiff
base was monitored at 414 nihherate data werétted to eq.10 to obtain the first order
rate constant ¢g9. konsWas plotted vs. substrate concentration and fitted to Michaelis
Menten equation to obtain the second order rate constamdKkss). kna/Kess was
plotted vs. pH to olain the pH profile in the prsteadystate.

Fluorescence Sudies. Fluorescence spectra were recorded on a Shimads3®RIF
PC spectrofluorometer. The reaction temperature was maintained aiC26sing a
circular water bath Quartz cuvettes with a 3 mL volume and 1 cm path length were used
to measure the spectrum for sample and blank. The blank contains all the sample
components except OASH which was fixed at aifial concentration of 0.25 mg/mL
The spectra of free enzyme aneiminoacrylate intermediate were measured at pH 6.5
utilizing a final concentration of 100 mM Hepes. On the other hand, spectra for free
enzyme, and enzyme in complex wiB mM cysteine, 100 mM acetate, or 100 mM
serine were measured at pH 9 utilizing a final concentration of 100 mM Taps. The
excitation and emission slit widths were set to 1.5 and 5 nm, respectively. The emission
spectra were scanned from 3800 nm withthe excitation monochromator fixed at 298
nm. The excitation spectra were measured from-58D nm with the emission
monochromator fixed at 425, 500 and 550 nm.

Data Processing. Data were fitted using the appropriate rate equation and the
EnzFitter progam software (Elsevier Science, Amsterdam, The Netherlands). Initial rate

data were fitted to eq, &vhich describes double competitive substrate inhibition in a ping

98



pong mechanism. Thegks values for cysteine and serine were obtained using the

equatian for a rectangular hyperbola, eq. 7

- VAB [q
KaB(1+BJ+KbA(1+AJ+AB
KIb KIa
e (AATZL
sz = BAEL 7
KESB+L

In eq. 6 v and V are initial and maximum rates, respectiv&lgndB are reactant
concentrations, Kand K, are K, values for A ad B, respectively, and Kand K, are
substrate inhibition constants fok and B, respectively. In eq., 1 is ligand
concentration (cysteine or serinexdKis the dissociation constant for the external Schiff
base, and\A22 and AATZ* are observed and maximum changes at 457 nm as a result of
formation of the external Schiff base.

Data forKesg vs. pH were fitted to eq8.and9, when the pKsg vs. pH exhibited a
slope of +1 at low pH or decreased from a constantevat one pH to another constant

value, respectively.

|0gy=|ogm [B
_ Y +Ya(H/K)
gy = 1+H/K &
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In egs.8 and 9y is the kinetic parameter obtained at any pHs the hydrogen
ion concentration, Csia pH independent valug Y, Y. and Y5 are pH independent
values at high and low pH, respectively, and K is the acid dissociation constant of the
group whose ionization or protonation decreases the amount of the ESB formed.
Global fitting of the RSSF sp#&al data was carried out using the fitting program
provided by OLIS and fitted to eq0 to obtain first order rate constantsyk for the

conversion of the free enzyme to te@minoacrylate intermediate.

A, =A "  + B [10

In eq.10, A is the absorbance at time {; i the absorbance at time zero, agd&rects
for background absorbance. The rate constapt, Wwas then plotted against pH and

fitted to eq 8 to estimate the pkof the enzyme group involved in thedition.

RESULTS

Enzyme. OASSB was tagged with an adutinal ten histidine residues #ie N
terminal of the proteimnd purified using Ni*-NTA agarose affinity chromatography. A
large quantity (5&/5 mg/L) of purified OASSB was obtained, and accandi to SDS
PAGE, the recombinant enzyme was purified to electrophoretic homogeneity (>98%

pure) and had a molecular weight of 8%Da, which was confirmed by EShass
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spectrophotometryBoth the quantity and purity of this enzyme now permit more kinetic
and structurally based studies to be conducted.

Ultraviolet-Visible Spectral Sudies. UV-vis spectra for native enzyme were
collected for OASSB in the absence and presence @&SOover the wavelength range
300600 nm as a function of pH from-@0, Fig. 4. The free enzyme is bright yellow in
color and exhibits a typical PLP enzyme spectrum With for the internal Schiff base at
414 nm 414 0f 11.5 M* cm™) and AsdAs140f 3.5. The absorbance speaifahe free
enzyme were pHlependenbver the pHrangetested, Fig. 4. At pH 7.0, the free
enzyme spectrum (Figdl plot 1) has\max values of325 and 414 nmAt pH 10Fig 14,
plot 3 a slight enhancement in absorbamatell4 nmis observed at the expense of the
325 nm absorbanceAddition of OAS to free enzyme results in a decrease in absorbance
at 414 nm concomitant with an imase in absorbance at 325 and 472 gy 6f 15.6
mM™ cm™), which reflects the formation of theaminoacrylaténtermediatg88). The
absorbance spectrufar the a-aminoacrylatentermediates dso pH-dependent. At pH
7.0, thea-aminoacrylate intermediate spectrum (Fg filot 2) has.ax value of325 and
472 nm and at pH 1CFig 14, plot 4 an increase in the absorbanc&z nm anda
decrease atd72 nmis observed The a-aminoacrylate intermediateis unstable
throudhout the pH range tested as result of decompositigiveofree enzyme, pyruvate

and ammonig60).

UV-vis absorbance spectra for the reaction afykteine with OASS at pH 9.4
are shown in Fig.3A. Equilibrium measurements for the second-hedictionconsisted
of the addition of Lcysteine to OASS in an attempt to drive the second ha&laction in
the reverse direction, forming theaminoacrylateintermediate. Titration of OASSB
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Figure 14 pH dependence of the W¥sible spectrum of OAS8. Absorbance spectra

were measured on Hewlett Packard 8452A photodiode array spectrophotometer as
described under Material and Methods. The spdotréree enzymevere measured in

the absence and presenc&2ahM OAS at different pH 7 and 1Q1) free exyme at pH

7.0 (); 2) thea-aminoacrylatentermediateatpH 7.0 (—); 3) free enzyme at pH 10

(----); 4) thea-aminoacrylatentermediate at pH 16-¢-). OASSB concentration was 1

mg/mL
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Figure15. Spectral Titration of OASS with L-Cysteine. A) Titration of the enzyme
with L-cysteine. Absorbance spectra were measured with 16 uM of BAB$H 9.4
and 25C using the concentrations indicatednset. Difference for free enzyme and
enzyme with 100 mM cysteine spectfd) A plot of AAbss,s Vs. cysteine concentration:
the concentration of cystarat half the maximumAbs;ys is Kesg. C) A plot of pKesg
vs. pH. The curve has limiting slope of +1 on the acid side withvpKie of 6.9 + 0.3.

Points are experimental values, whhe curve istheoretical based on thetéiteq.8.
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with L-cysteine from zero to saturation causes a decrease in the absorbance at 414 nm
and shift to 422 nm as a result of formation of kkebenamingautomer of the external
Schiff base (F3. 15A). A shoulder at 325 nm, which signals the formation of the
enolimine tautomer of the external Schiff base is also observed with the -@ASS
isozyme (63). There is no increase in absorbance at 472 nm, indicating that no
significant elimination of SHto form thea-aminoacrylate intermediate has taken place
atequilibrium. The maximum fractional changes in absorbance upon addition of cysteine
was observed at 457 nm (FighA, inset), and\Abs,s7 were used to calculate thedg of

the external Schiff base (Fig5B). Experiments were repeated as a functiopH, and

aplot of pKesg vs. pH (Fig. 5C) has a limiting slope of +1 and yields a;Mélue of 6.9

+ 0.3. At high pH, the reaction of-tysteine with OASSB was pHindependent and
gave a dissociation constant value of 14 + 3 mM at pH 9.4.

The UV-visible ésorbance spectra of OAESwith different concentrations of
L-serine at pH 9.3 are shown in FIgRAL Addition of L-serine results in a decrease in
absorbance at 414 nm and shift to 422 nm with a shoulder at 325. The maximum
fractional changes in absarice upon addition ofesine was observed 85nm (Fig. b
A, inset), andAAbss7 were used to calculate the-dg of the external Schiff base (Fig.
16B). The ksg of L-serine external Schiff base formation was calculated as above Fig.
16B, and a plot opKesg versus pH was obtained (FigsQ@). A pK, value of 7.7 + 0.6
obtained from the pksg profile. At high pH, the reaction of-erine with OASSB was
pH-independent and gave a dissociation constant value af B&WM at pH 9.3. The
shift in absorbare is not accompanied with increase in absorbance at 472 nm when L

cysteine and iserine are used as substrates, indicatiag ttrere is no formation of the
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Figurel6. Spectral Titration of OASS with L-Serine. A) Titration of the enzyme with
L-saine; Absorbance spectra were measured with 30 uM of GRS$ pH 9.3 and
25°C using the concentrations indicatelhset. Difference fofree enzyme and enzyme
with 160 mM serinespectra B) A plot of AAbss7 vs. serine concentration: the
concentratiorof serire at half the maximumAbss; is Kesg. C) A plot of pkesg vs. pH.
The curve has limiting slope of +1 on the acid side with y#ue of7.7 + 0.6. Points

are experimental values, while the curve is theoretical based on the fit to eq. 8.
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a-aminoacrylatentermediate in the steadyate.

OAS Acetate Lyase Activity. Time-dependent absorbance spectra were collected to
monitor the disappearance of theaminoacrylate intermediate at 472 nm and the
appearace of the free enzyme at 414 nm as a function of pH. oFaeninoacrylate
intermediate was formed by mixing equimolar amowitenzyme and OAS. The 472
nm band disappears with time in a fistler process Fig.7A, indicating the presence of
an OAS/acedte lyase activity in whichthe product of the reaction is free enzyme,
pyruvate, and ammonia as was observed with the @QA&Bzyme(60). A plot of log
kobs Versus pH (Fig. 1B) has a limiting slope of +1 and yields an average @i3.9 +
0.90n the acid side. At low pH, the rate is-ptdependent and increases with pH.

Rapid-Scanning-Stopped-Flow Studies. RSSF measurements were carried out to
obtain information on the ahtity and rates of appearance and decomposition of
transients in the psteadystate. Kinetic parameters for the formation of the
aminoacrylate intermediate for the first half of the OABEeaction were obtained as a
function of pHwith free enzyme reacted with different concentrations of OAS and
varying pH (5.57.5). In Fig. BA, specta 1 and 9 are the absorbance spectra of the
internal Schiff base and-aminoacrylate intermediate, respectively. The spectra exhibit
two clear isosbestic points, which suggest that the internal Schiff bask.fkp( 414
nm) is converted to the-aminoacrylate intermediate with two tautomericnie with
Amax @t 325 and 472 nm. The rates observed ataddi4472 nm are identical, Fig8B,
suggesting that there is no additional detectable intermediate between the two forms of
the enzyme under the conditions used. The first order rate constgptsn@asured at

different OAS concentrations did not reach maximum, R8§,land data were fitted to
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Figure 17 A) Absorbance gectra of the decay of theaminoacrylate intermediate (AA,
Amax 325 and 472 nm) to free enzyme [&ax 414 nm) ammoia, and pyruvatat pH of
8.9. The spectra are labeled according to the enzyme spdméal time is 3.5 min with
first order rate of (1.2 + 0.1)x¥0s® measured at 414 nm and (9.5 + 1.0)%1¢"
measured at 472 nm.B) A plot of the pHdependence fothe decay of theo-
aminoacrylate intermediate. Points are experimental values, while theistirgeretical
based on the fit teq.8. The curve has a limiting slopé+1 on the acid side with a gK

value of 8.9 £ 0.9
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Figure 18 Rapidscannimg-stoppedflow spectra obtained upon reaction of OAB%nd
OAS at pH 6.3 A) Spectrum 1 represent free enzyme and spectrum 9 represent
aminoacrylate intermediate. The time between spést0.6 s. The ®ncentration of
OASSB is 10 puM and OASs 0.1mM. The reaction was carried oat 200 mM Mes
buffer at pH 6.3 B) The rate of the disappearancefi@fe enzyme measured at 414 nm
(2.8+ 0.1s%) is identical to the rate of appearance of dheminoacrylate intermediate
measured at 472 nm.C) A plot of the first order rate constant(l§ vs. OAS
concentrationThe slope of the line represstihe second order rate constani,{Kesg).

D) A plot of logkmadKesg) VS. pH: The points are experimental valuasdthe curve is
drawn by eye The curvehas limiting slope of +®n the acid side withn estimate@K,

>6.5
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the equation for a straight line, to obtain the second order rate congtafd{ks) as the
slope. A plot of log ka/Kesg versus pH, Fig. 8D, has a limiting slope of +2. Sia the

pH was not high enough to reach the-ipdependent value due to the fast rate of the first
half-reaction at high pH values, the average, g&r the groups titrated was not
calculated.

The RSSF spectra of thederine or Lcysteine external Schiffase show shift in
Amax form 414 to 422 nm in the dead time of the instrument of 4 ms (data no shown). No
formation of thea-aminoacrylate intermediate was observed,ak of 472 nm at all the
concentrations tested as a function of pH.

Fluorescence Sudies. The emission spectrum of free OABSat pH 6.5 with
excitation at 298 nm, exhibita maximumcentered at 335 nrand abroad shoulder
extending forrd25to >500 nm, Fig. 9A. At pH 9, an increase in fluorescence is shown
by the difference spectra FIPA inset, with bandscentered aB50, 490, and 52@m.
Addition of OAS to form thex-aminoacrylate intermediatesults ina decrease in the
intensity of the 335 and 425 nm peaks accompanied with the appearance of a low
intensity band at 550 nm, Fig.9B. The difference in theenzyme and thex-
aminoacrylate fluorescencgpecta Fig 1B inset show a major decrease in intensity
centered at 350, and rainor increase in intensity centeret 550 nm. The aetate
emission spectrum is similar to that of free enzywith theexception thathe intensityat
335 nm is lowewith minor enhancemeiat 425 nmFig. 2.

L-cysteine and iserine external Schiff base emission spectra show desr@ase

the intensity of the 335 and 425 nm peaks accompanied with the appearameaoaia

114



Figure 19. Fluorescence emission spectra of O/&SH the absence and presence of
ligands. A) Spectrum for free enzyme at pH 6.5 (100 mM Mes) and 9 (100 mM Ches).
Inset.Differencefor pH 6.5 and 9 spectra. B) Spectrum for free enzyme at pH 6.5, and
that after addition of 10 mM OAS. Inset. Differerfoe freeenzyme andi-aminoacrylate
Schiff base spectraExcitation was 298 nm and emission intensity was measured form

300 to 600 nm as described in methods. The temperature was maintaingzl at 25
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Figure 20 Fluorescence emission spectra of OASH the absence and presence of
ligands. A) Spectrum for free enzyme at pH 9 in the absence and presence of acetate,
serine and cysteine as indicated. B) Therescencespectra difference of enzyme in the
presence and absence 5 mM cysteine. C) fie fluorescence spectra difference of
enzyme in the presence and absence of 100 mM sefixeitation was 298 nm and
emission intensity was measured form 300 to 600 nm as described in methods. The

temperature was maintained af@5
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475500 nm, Fig 28. The difference fluorescence spectra of enzymtbe absence and
presence ofL-serine and icysteine, Fig 2B,C, showdecrease in intensity around
340nm, andincrease in intensity for bandsoand 3® and 500hm.

Excitation spectra collected with the emission monochromator fixed at 425 nm for
free OASSB, the a-aminoacrylate intermediate, andskrine external Schiff base show
one major band centered at 317 nm and aldko at 290 nm, Fig. 24, B, D. In the case
of L-cysteine external Schiff base, a lower intensity 317 nm band was observed with a
more promment shoulder at 290 nm, Fig.@1 The excitation spectmaith emission at
500 nm (Fig. 22 and 550 nm (data not shown) are identical.|] &lzyme spectra
collected show a major peak at 430 nm and a shoulder at 385 nm, with the intensity of the
430 nm peak differ depending on the enzyme form obtained. Terihe external

Schiff base spectrum exhibit a shift in the 430 nm peak to highszleragth.

DISCUSSION

pH Dependence of the UV-Vis Spectra. The absorbance spectrum of free OASS
B is characterized by a band at 414 nm, which attribute to the internal Schiff base formed
between PLP and Ly2 as was observed for theigozyme, Scheme 1@hapter II
(60). The free enzyme spectrum isEpendent. At low pH, the enolimine tautomer
(Amax 325 nm) of the internal Schiff base predominates, while at high pH, the
ketoenaminetautomer Imax 414 nm) dominates, Scheme 12. The reaction of OAS with
OASSB leads to the appearance of two bands centered at 325 and 472 nm, attributed to

the enolimine and ketoenamine tautomers obtf@ninoacrylate Schiff bas&cheme 12
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Figure21. Fluorescence excitation spectra of OAB® the absence and presence of
ligands. A) Free enzyme at ph 6.5 and 9. B) Absence and presence of 2 mM OAS at pH
6.5. C) Absence and presence of 50 miykteine at pH 9. D) Absence and pregsenc

of 100 mM serineat pH 9.0 The excitation spe&rwere recorded from 25800 nm,

wih the emissionmonochromatofixed at 425 nm. The temperature was maintained at

25°C.
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Figure22. Fluorescence excitation spectra of OAB$n the absence and presence of
ligands as indicated on the figurdheexcitation spectrum was record#dm 256500
with the emissionmonochromatofixed at 500 nm. The temperature was maintained at

25°C.
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(16,60). At low pH, thea-aminoacrylate Schiff base favors tketoenamingautomer
(Amax472 nm), and at high pH, the enolimine tautomgg{325 nm) is formed. Thay it
appears the free enzyme active site, at low pH, is somewhgtatam and the uncharged
enolimine tautomer is formed, while the active site is more polar at high pH. On the
other hand, the situation is opposite for #haminoacrylate intermediatéAt low pH, the
oa-aminoacrylate intermediate has a polar active site environment and favors the charged

ketoenamingautomer, while at high pH, the site is more patar.

Scheme 12.
Enzyme Enzyme
(f /N///,/H ” /I‘\*']\H
I =
/O ’O -
/P\ i N © AR ©
5 0 | oo |
= N
Enolimine Ketoeneamine

The difference in enzyme spectra upon pH titration is an indicatiditrating
enzyme group in which the enzyme active site favors one tautomer of the Schiff base
over the other depending on the polar environment of the active site. In thef éase
enzyme, acationic enzyme group has been titrated a long the pgeran which the
group is uncharged atWopH (enolimine tautomer is faved), and at high pH the, the
same enzyme group is charged (ketoenamine tautorfearared). In the case of the
aminoacrylate intermediate, a carboxyiczyme group has been titrated; therefore, the

active site is charged at low pH and uncharged at high pHis behavior was not
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observed with the Asozyme, which showgH-independencaipon titration of free
enzyme andtheo-aminoacrylate external Schiff base

Amino Acid Titration Spectra. The addition of Lcysteineor L-serine to OASSB
(Amax at 414 nm) resudtin the formation of two new absorption bandélg at 325 and
422 nm) suggestg the establishment @ equilibrium between two tautomeric forms of
the external Schiff baseéScheme 10, Chapter .Ill Absorbance at 472 nm was not
observed, indicating that theaminoacrylate intermediate is not formed in stesidye
asfor the Aiisozyme. In addition the RSSF spectra with both amino acid substrates did
not show the formation of the-aminoacrylate intermediate. In the case of the A
isozyme, thex-aminoacrylate intermediate is formed with cysteine but it disappear very
rapidly as another cysteine residatack theo-aminoacrylate intermediate to form the
cystathionine complet68). The pH dependence of the dissociation constangsdjkor
both amino acid substrateschibit a slope of +1 and yield a pK values of 6.9 (L-
cysteine) and.7 (L-serine)on the aiml sideof the profilefor agroupthat is required to
be urprotonatedbut itsfunction is unknown

In the Bisozyme, the pKof the amino acidx-amino groupis not observedor
either amino acid pH profiles The a-amino group is required to be unpnoated to
facilitate attack on the internal Schiff base of the enzyme to form the external Schiff base
form of the enzyme. The pkshould be observed on the acid sidehe profilewith a
pK, value >8 The pHindependenc®f the Kegsg is not understood &his point, and
requires additional experiments to clarify groups that involve in catalysis and/or binding

of substrates
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OAS/Deacetylase Activity for the a-aminoacrylate Intermediate. The addition of
OAS to the free enzyme results in the formation ofctteeminoacrylate intermediate and
releases acetate. If the nucleophilic substrate that cagah@second halfeaction was
not available, thea-aminoacylate intermediate decomposdmck to free enzyme,
pyruvate and ammonia vteansimination by the active silgsine that is initially found in
Schiff base linkage withPLP (60). The free a-aminoacrylate nonenzymically
tautomerizes to iminopyruvate, which is then hydrolyzed to pyruvate and am@onia
The decomposition rate of theaminoacrylatentermediate increases as function of pH,
as the active site lysine is deprotonated at high pH to faciliteetransimination
reaction. The pH profile obtained Fig.7B, is pHindependent at low pH values,
suggesting that some other process that atpenerates free enzyme is observed once the
rate of the lyase has decreased by a factor of 20. Since the ratendepindent an
acidbase mechanism can be ruled out. It is possible that nucleophilic attack of a water
molecule on @ of the a-aminoacrylate intermediate occurs, forming the serine external
Schiff basg72).

Rapid-Scanning Sopped-Flow. The addition of OAS to free enzyme results in the
disappearance of the 4i4n band and the appearance3@b and 472 nm bands, which
are characteristics of theaminoacrylate intermediate. The f@teady state data do not
show the formation of any intermediates along the first-tea€tion and the two clear
isosbestic points observed in the RSSF spectra indicate the conversion of the two species.
The pH depetence of the RSSF spectra of the firstdna#cton has a slope of +2, which
shows the requirement for twgrous that must be unprotonated for reactiddince the

rate of formation of thex-aminoacrylate intermediate is very fast, limited data were
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collected at pH <7.0. As a result, the ;pkaluesof the groug observed weraot
calculated. If, as for the Aisozyme, formation of the:-aminoacylate intermediate is
slow, one of thegroups observed in the pH profile is likely Ly&, which found in Schif
base linkage with PLPA detailed analysis requsadditional experimental evidence.

Fluorescence Spectra. The emissiorspectrum of the holenzyme(no substrate
bound to enzyme only cofactor, PL&4citing at 298 nm exhibits a peak centered at 335
nm, which is typical for tryptophan, whicemit maximally at 350 nm in aqueous
environment, and at 325 nm in a Apolar environmen(89). The OASSB isozyme has
threetryptophan residueflrp-27, 158, and 211in which the 335 nm emission band is
for tryptophan residues that grartially exposed to solventAnother emission band was
observed at 425 nm, which attribute to a tautomer of the internal Schiff base that absorb
maximally at 325 nmlikely the enolimine tautoer of the internal Schiff base that is
stable in a nompolar environmentScheme 1290).

The addition of Ecysteine or Lserine to free OASS resuls in formation of the
external Schiff base, shawg a major peak at shortevavelength(centeed at 335 nm
due todirect tryptgphan emission, and a shoulder at longarelength centered at 425
nm attributel to the PLP enolimine tautomer that absartaximally at 325 nn(90). The
490 nm emission peak observed withe internal Schiff bag of the A-isozyme upon
excitation at 298 nm has been attributed to the emission &ktbhenamineautomer as a
result of energy transfer from a tryptophanthe cofactof90-92). An enhancement of
the long wavelength emission is observed ujpomation of the extamal Schiff base as a
result of conformational changéhat optimizes the orientation of the tryptophan with

respect to the cofactor. The Foérster energy transfer resultofremap of the tryptophan
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emission bandvith the ketoenamineabsorption band A similar triplet-singlet energy
transfer might occuwith the Bisozyme, as indicateldy the emission band centered at
490 nm(93). The 550 nm peak observed in the emission spectra is a characteristic of the
PLP Schiff base that is exposed to aqueous solvent, which reflects a fuller exposure of the
PLP Schiff base to water moleculedl), In PLPmodel compounds, the 85nm
emission band has been attributed to a dipolar Schiff base formed by imine proton
dissociation in the excited stat@l, 92), where the 550 nm emission band suggests a
more stable ketoenamine species, Scheme 12.

A significant quenchingof the tryptophan fluorescence emission maximuain
OAS- B is observedn the presence dDAS, i.e., the formation of the-aminoacrylate
external Schiff base, maye due to & exposureof one or moreryptophan residue®
solventas a result of confmatonal change A 550 nm emissn band was observed
upon formation ofthe a-aminoacrylate external Schiff baseggesinga more stable
ketoenamine tautomer and a more polar environment in agreement with thessé¢ady
absorption spectrum obtained at lpW, Fig. 4, spectrum 2.Acetateenhances the long
wavelength emission in the case of thésézyme presumably because of occupying the
a-carboxylate site of the external Schiff base, and causing a change in the orientation of
the cofactor(93). This is not observed in the case of thes@&yme in the presenad
100 mM acetate, Fig. 20

From the excitation specta OASSB, the emission peak at 425 nm is produced
by excitdion at 317 nm and 290 nmlhe 290 nm absorbing band is that of tryptophan
residues of the protein matrix, and the 317 nm absorbing band is that of the enolimine

tautomer of the internal Schithase(94). Emission peaks ta490 and 550 nm are
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produced upn excitation at 385 and 430 nm, which represent bands for diftestautor
tautomers. In conclusion, ligand binding affectthe emission spctrum at longer

wavelength with minor changas the shortewavelength region.
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APPENDIX A

A Three Dimensional Homology M odel of the O-Acetylserine Sulfhydrylase-B
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OASSB wasoverexpressedas discussed in Chapter lénd purifiedas the N
terminal Histagged enzyme. The enzyme has bemsstallized in the lab of DiPeter
Burkhardat the University of Connecticaind the structure is being solvedo date, no
3D structure is available foDASS-B, anda theoretical modebf the enzymevas buit
with the help of Dr Tim Mather from the Oklahoma Medical Research Foundation

Construction of the Model. Homology comparative modeling was used to build
the model of OAS® using three homology template©ASSA, cystathioninef-
synthase (CBS), anthe B-subunit oftryptophan synthase)The aminoacid sequence
alignment withOASSB shows a 40% identity and 71#@mologyto OASSA, 35%
identity to CBS, and 9%identity to the-subunit oftryptophan synthasé&ig. Al. As a
result the Aisozyme was el asthetemplate to build the theoretical model of OABS
and CBS and th@-subunit of tryptophan synthaseere used aa referenceto assist in
building theB-isozymemodel

Alignment of the 3D structures ofthe three homologytemplates yiels
strudurally conserved regions (SCRsepresentthe a-helices andp-sheetsof the
structurs) andvariable regions (VRsrepresent the loop regioms the structures Fig.
A2. The OASSA template wasused as the backbone atglamino acidresidues \ere
mutated to matchthe OASSB amino acid sequenceThe SCRsare conservedh the
three homologytemplatesand d amino acidadditions and deletions were done fie t
VRs. The conformations in the SGC#t the modehre the most reliablgince they contain
all the conserved regionsThe model was themmtroduced into an energy minimization
program to reliee steric contacts and to optimize the bond angles and torsional .angles

Main and Discover 3 were the@rograms used for energy minimization.
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FigureAl. Multiple amino acid sequence alignmasftOASSB, OASSA, CBS, and the
B-subunit of tryptophan synthas&he amino acid sequence alignment of OABshows
a 40% identity and 71% homology to OAB3$35% identity to CBS, and 19% identity to

the B-subunit of tryptophan synthase
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Figure A2.Overlay of themonomer ofOASS-A (redfor a-helix, aquamarine fgs-sheet,

and whitefor loopg, and CBS (orange ribbon representation. PLP is shown as a
spacefilling model in the active site.Both enzymes arexamples ofa fold type I

enzyme (24), where OASS-A has an overall fold that is similar to the CBS. Both
enzymes are homodimerwith N- and Gterminal domaindn eachmonomer. Each
domainhas an overalt/p fold with a central twiste@-sheetsurrounded byx-helices.

The Gterminal domain is identical in both structures. On the other hand,-teerfihal
domain, where all the conformational changes take place upon binding of substrate, does
not align vey well as in the @erminal domain. The-helices an@-sheets are th8CRs

and the loop regions are the VRs in both structuiidse figure was prepared using DS

Viewer 5.0 from Accelrys.
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Homology Model. The OASS-B modelhasanoverall fold thatis similar tothe A-
iIsozyme with the exception that OASB is missing helix8 (Fig A3 and Ad), andwith
minor differencegound in the loop regionsBoth isozymes arexampls of a fold type
Il enzyme(24), where QAASS-B is a homodimerontaining two domainper monomer
with one PLP moiety bound between the two domains. Each domain is composed of an
o/p fold with a central twiste@-sheet surrounded hy-helices, FigA4. The active site
is locatedat the interface of the two domains, deep within the protémzyme residues
involved in substrate and PLP binding, catalysis, and proper orientation of substrate and
cofactor are identical to those found in OAB&S

The PLP cofactoof OASSB is in Scliff base linkage with the-amino group of
Lys-42, Fig A5. Thechargeon the 5’-phosphate of PLP is partially neutralized by the
dipole of helix 7, in the @erminal domainFig. A4, and is anchored ky-bondsto main
chain and side chain functional gpsuin thethreonine loopFig. A5. The threonine loop
is similar in both isozymedutwith T177 in OASSB replacingG178in OASSA, Fig.

A5. As a result, thénteractions to neutralize the negative charge of thghbsphate of
PLP are the same in botkozymes. The phenolic O3" ofPLP is within H-bonding
distance tahe amide nitrogen adn asparagine side chgiN71 in OASSA and N72 in
OASSB) and the Schiff base nitrog€l41 in OASSA and K42 in OASSB), Fig. AS
The asparagine residi part ofa loop structurealled the asparagines loop, and along
with a glutamine side chaif@142 in OASSA and Q141 in OASS) binds the substrate
a-carboxylate group, FigA5. The dipole of helix 2 helps to neutralize charge of the
substraten-carboxylate and npvide part of the driving force for closing the active site.

The pyridine nitrogen dPLPis within Hbonding distance ta serine hydroxyS272in
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Figure A3. Topology diagram of OASA (left) and OASSB (right). The Bisozyme

has a fold snilar to that of OASSA, with the exception of the absence of helix 8.
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Figure A4. Ribbon representation of the structureadhonomer othe OASSB model
(right) and the monomer dDASSA (left). PLP is in spacélling representation. The
entry to the active site is on the left of the monomer. In CBSEstrand 8 and.-helix

8 are not observeda-Helix 8, observed in the #s0zyme, has been extended to a loop
structure to accommodate the amino acid deletions introduced by the-BAf8el. -
strand 8 is present as a loop regand more energy minimization may kequired to
align it with itsp-sheet. The dipole of helix 2 helps to neutralize charge of the substrate
a-carboxylate and providepart of the driving force for closinthe active site. The
charge on the §phosphate of PLP is partially neutralized by the dipole of helix 7, in the
C-terminal domain. The pyridine nitrogen of PLRnislose proximity to thelipole of a
helix (helix 10 in OASSA and helix 9 in OASSB). The figure was prepared using DS

Viewer 5.0 from Accelrys.
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Figure A5. Stereo view looking into the active site of OABSyellow) overlayed onto

the active sites of OASA (aquamarine). Thee face of the cofactor is visible at the
bottam of the active site cleft. The Schiff base linkage is shown between C4’ of PLP and
Lys-42. Sef256 is within Hbonding distance to N1 of the pyridine ring. The
asparagines loop, which interacts with thecarboxylate group of the amino acid
substratejs shown in the righinsetand the threonine loop, which interacts with the 5’
phosphate, is shown the leftinset The side chain of N72 interacts with O3’ of the PLP
cofactor. N69 in OAS®# changes position as the asparagines loop moves upon binding
of the amino acid substrate to allow it to interact with the amino acid substrate
carboxylate group and O3’ of the PLP. N69 (observed in GABIS replacedyS70 in

the Bisozyme. The figure was prepared using DS Viewer 5.0 from Accelrys.
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OASSA and S256 in OAS®), and the dipole ad helix(helix 10in OASSA and heix
9 in OASSB). In the OASSA, the pyridine ring of PLRs supported fronthe back by
Val-40, but this$ not observed in th8-isozyme

An overlay of the overall structiseof WT and K41A mutantOASSA isazyme
shows a large conformational change irub-domain of the Nlerminal domairto close
the active sitof OASSA (Fig. 3, Chapter 1) In OASSA, N69 moves 7A compared to
its position in the open conformation to make two nevbdAds, one with thex-
carboxylate of amino acid substrate and the athigr O3’ of PLP. It is thought that the
interaction between the asparagines loop anditbarboxylate is the trigger that causes
the movement of the suibomain consisting ofp-strands 4 and 5 angthdices 3 and 4
andas a resultreducing the twist ofnte centralp-sheet and closing thactive site. In
OASSB, N69is replaced with S70 taccommodatéhe OASSB amino acid sequence
S70is not expected tplay the same rolén the conformational changess doesN69 in
OASSA. As a result, the conformatal changes to close the active site in OM#SS

might not be the same in thei®zyme.
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