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Abstract

The de novo biosynthesis of L-cysteine in enteric bacteria and higher plants is a
two-step pathway. The first step is catalyzed by serine acetyltransferase (SAT), which
converts acetyl CoA and L-serine to O-acetyl-L-serine and CoA via a sequential kinetic
mechanism. A crystal structure of SAT with cysteine bound in the serine subsite of the
active site shows that both H154 and H189 are within hydrogen-bonding distance to the
cysteine thiol (Olsen, L. R., Huang, B., Vetting, M. W., and Roderick, S. L. (2004)
Biochemistry 43, 6013-6019.). In addition, H154 is in an apparent dyad linkage with
D139. The structure suggests that H154 is the most likely catalytic general base, and that
H189 and D139 may also play important roles during the catalytic reaction. Site-directed
mutagenesis was performed to mutate each of these three residues to Asn, one at a time.
The Vi/E; value of all of the single mutant enzymes decreased, with the largest decrease
(~1240-fold) exhibited by the H154N mutant enzyme. Mutation of both histidines,
H154N/H189N, gave a Vi/E; ~23700-fold lower than that of the wild type enzyme. An
increase in Kgr was observed for the HI189N, DI139N and HI54N/HI189N mutant
enzymes, while the H154N mutant enzyme gave an 8-fold decrease in K. For all three
single mutant enzymes, V1/E; and V1/Kg(E; decrease at low pH and give a pK, of about 7,
while the Vi/E; of the double mutant enzyme was pH independent. The solvent deuterium
kinetic isotope effects on V;and Vi/Kgr decreased compared to wild type for the HI54N

mutant enzyme, and increased for the HI89N mutant enzyme, but was about the same as
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that of wild type for DI39N and HI154N/H189N. Data suggest that H154, H189, and
D139 play different catalytic roles for SAT. H154 likely serves as a general base,
accepting a proton from the B-hydroxyl of serine as the tetrahedral intermediate is formed
upon nucleophilic attack on the thioester carbonyl of acetyl CoA. However, activity is not
completely lost upon elimination of H154 and thus, H189 may be able to serve as a
back-up general base at a lower efficiency compared to H154; it also aids in binding and
orienting the serine substrate. Aspartate 139, in dyad linkage with H154, likely facilitates
catalysis, by increasing the basicity of H154.

O-acetylserine sulthydrylase (OASS) is a pyridoxal 5’-phosphate (PLP)-dependent
enzyme that catalyzes the second and last step of the biosynthesis of L-cysteine, the
conversion of O-acetylserine and bisulfide to L-cysteine and acetate via a ping-pong
kinetic mechanism. Enteric bacteria have two isozymes of O-acetylserine sulfthydrylase,
A and B, which have different substrate specificity. The A- and B-isozymes are found
under acerobic and anaerobic growth conditions, respectively. The *'P chemical shift of
PLP is very sensitive to change in environment as intermediates along the reaction
pathway are formed. The *'P chemical shift of the internal and external Schiff bases of
PLP in OASS-B are further downfield compared to those of OASS-A, suggesting a
tighter binding of the cofactor in the B-isozyme. The chemical shift of the internal Schiff
base (ISB) of OASS-B is 6.2 ppm, which is the highest chemical shift reported for the
internal Schiff base of a PLP-dependent enzyme. In the A-isozyme, for comparison, the

chemical shift is 5.2 ppm, previously the highest reported (Cook, P. F., Hara, S., Nalabolu,
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S., and Schnackerz, K. D. (1992) Biochemistry 31, 2298-2303.). Considering the
similarity in the binding sites of the PLP cofactor for both isozymes, torsional strain of
the C5-C5" bond (O4'-C5'-C5-C4) of the Schiff base is proposed to contribute to the
further downfield shift. The chemical shift of lanthionine external Schiff base (ESB) of
OASS-B is 6.0 ppm, upfield from 6.2 ppm of unliganded OASS-B, while that of serine
ESB is 6.3 ppm, which is further downfield. The movements of chemical shift may
suggest that torsional strain of PLP is changing as the formation of the ESBs. The line
width of ISB is very similar to those of ESBs for OASS-B, indicating that there are no
multiple conformers in ESBs of B-isozyme, consistent with the results obtained from
UV-visible spectra studies (Chattopadhyay, A., Meier, M., Ivaninskii, S., Burkhard, P.,
Speroni, F., Campanini, B., Bettati, S., Mozzarelli, A., Rabeh, W. M., Li, L., and Cook, P.
F. (2007) Biochemistry 46, 8315-8330.).

A method was developed to prepare the apoenzyme of OASS-B, using
hydroxylamine as the resolving reagent. Apoenzyme can be reconstituted to holoezyme
by addition of PLP. Reconstitution is pseudo first-order and exhibits a final maximum
recovery of 81.4%. The apoenzyme shows no visible absorbance, while the reconstituted
enzyme has a UV-visible spectrum that is nearly identical to that of the holoenzyme.
Steady-state fluorescence spectra (with excitation at 298 nm) gave emission of the
apoenzyme that is 3.3-fold higher than the emission of either the native or reconstituted

enzyme, suggesting that PLP is a potent quencher of tryptophan emission.
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Chapter 1

Introduction

C1.1 Biosynthesis of Cysteine

Sulfur exists in its elemental state and a wide range of oxidation and reduction states.
Interconversion between oxidized and reduced forms of sulfur occurs in various
organisms and the pathways for these interconversions are different among species,
scheme C1-1. Cysteine, an important sulfur-containing amino acid, is closely related to
those pathways with respect to the route for its synthesis. In mammals, L-cysteine is
synthesized from homocysteine, a derivative of methionine (1). Methionine is an
essential amino acid for mammals, which makes cysteine an indirectly essential amino
acid, while in bacteria, plants and fungi, L-cysteine can be obtained by de novo synthesis
from inorganic sulfur (2-6).

The de novo synthesis of L-cysteine has an essentially identical pathway for all the
sulfate-assimilating organisms (7). The sulfur source for this process is inorganic sulfate,
which is taken up by cells and reduced to sulfide via the sulfate reduction pathway (3).
Sulfide then reacts as a substrate for the final enzyme-catalyzed reaction to produce
L-cysteine. The genes participating in all steps of the pathway (the cys regulon) have
been described in detail for both Escherichia coli and Salmonella enterica (3).

C1.1.1 Sulfate Reduction Pathway in Enteric Bacteria



Bacteria, plants and fungi

Cysteine » Homocysteine

Inorganic sulfate Methionine
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Scheme C1-1. Sulfur interconversion among species.

The sulfate reduction pathway for enteric bacteria begins with the uptake of sulfate
and ends with the generation of sulfide. The sulfate uptake process is carried out by
sulfate permease, which is an efficient enzyme for transport of both sulfate and
thiosulfate into the cell (8). The contiguous genes, cysP, cysT, cysW and cysA, and the
unlinked gene, sbp encode the components of sulfate permease from E. coli and S.
typhimurium(3). The products of cysT and cysW genes span the membrane to form a
channel for the transport of sulfate and related ions, the CysA gene encodes a hydrophilic
membrane-associated ATP-binding protein, and in the periplasm, two separate binding
proteins for sulfate and thiosulfate are encoded by the sbp gene and the cysP gene,

respectively (9-11). Each of these two binding proteins has a leader sequence to aid in ion

transport from the inner membrane into the cytoplasm (12).
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Activation and reduction reactions for sulfate are carried out following its uptake,



which is necessary for sulfate to be utilized for metabolic purposes, scheme C1-2. Once
sulfate is in the cell, it is activated by ATP sulfurylase by forming a mixed anhydride
with AMP (13). ATP sulfurylase is a heteroctamer of four catalytic subunits and four
regulatory subunits(14). It uses MgATP and sulfate as substrates to produce adenosine
5'-phosphosulfate (APS) and PPi. The equilibrium constant for this conversion is
approximately 10” in solution (13). Since the equilibrium constant is very low, which
means the reaction is energetically unfavorable; the inorganic pyrophosphate produced is
hydrolyzed by inorganic pyrophosphatase to help drive the reaction toward APS
formation, and the hydrolysis of GTP by the Ras-like regulatory subunit is coupled to
form an AMP-(ATP sulfurylase) complex, the intermediate that gives APS once attacked
by sulfate (15-18). The APS is then phosphorylated by dimeric APS kinase to produce
3’-phosphoadenosine 5'-phosphosulfate (PAPS) via a second MgATP-dependent
phosphorylation; a phosphoenzyme intermediate is thought to be important for this
reaction (19, 20). Sulfite is then generated by PAPS sulfotransferase, which is a
homodimeric enzyme (21). This enzyme catalyzes the transfer of the sulfonyl moiety of
PAPS to one of the thiols of thioredoxin to form —S-SOs acceptor, which generates
oxidized thioredoxin and sulfite (22, 23). The final step of the sulfate reduction pathway
is catalyzed by sulfite reductase, which reduces the sulfite to sulfide via a six-electron
reduction. The sulfite reductase reaction is complex; the enzyme has two different
subunits, @, a flavoprotein with either FMN or FAD bound, and 3, a hemoprotein with a

Fe4S4 cluster and siroheme components (24). The overall stoichiometry of the enzyme
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complex is Oth4, with four FMN and four FAD bound to the eight o subunits. Electron
transfer for this reduction reaction is from NADPH - FAD = FMN > FesS; =2
siroheme -> sulfite (25, 26). The sulfide is thus generated and ready for the final
biosynthesis of cysteine in enteric bacteria.

1.1.2 Cysteine Biosynthesis in Enteric Bacteria

The biosynthesis of L-cysteine in enteric bacteria proceeds via a two-step pathway,
scheme C1-3. Serine acetyltransferase (SAT) catalyzes the first step. It acetylates the
B-hydroxyl of L-serine using acetyl CoA as the acyl donor and produces O-acetyl-
L-serine (OAS) and CoASH (27). In the second step, OAS and sulfide are converted by
O-acetylserine sulfhydrylase (OASS) to L-cysteine and acetate (28). In addition to the
two-step biosynthetic pathway, L-cysteine can also be obtained from more reduced forms
of sulfur, such as thiosulfate .

The regulation of cysteine biosynthesis in enteric bacteria, E. coli and S.
typhimurium, has been well documented. There are several means for regulating cysteine
biosynthesis, which includes gene regulation, feedback inhibition by the end product,
cysteine, and enzyme degradation (3). A regulon is formed by the genes in S.
typhimurium that encode the enzymes for the cysteine biosynthetic pathway. The
following genes are included in the cysteine regulon: cysSPTWA and sbp (sulfate
permease), CySND (ATP sulfurylase), cysC (APS kinase), cysH (PAPS sulfotransferase),
cyslJ (sulfite reductase), cysG (siroheme synthesis), cysK (O-acetylserine

sulthydrylase-A), cysM (O-acetylserine sulfhydrylase-B), CysE (serine acetyltransferase),
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and cysB (regulatory protein). Overall, the genes are sorted into positively regulated

operons, the negatively autoregulated cysB gene, and the nonregulated cysE and cysG

genes.
Serine
Acetyl CoA
Serine acetyltransferase
(cysE)
CoA
Sulfide ‘
(from sulfate reduction pathway) O-Acetylserine

! | |

O-Acetylserine Sulthydrylase -A (cysK) or -B (cysM)

L-cysteine + Acetate

Scheme C1-3. Two-step pathway for L-cysteine biosynthesis in enteric bacteria

Three factors are required for high level expression of the cysteine regulon: sulfur
limitation, the presence of OAS to give NAS as inducer and the cysB protein (3). The
cysB protein acts as a tetramer to facilitate transcription initiation by binding upstream
from the positively regulated promoters and it also regulates its own synthesis by binding
to the promoter of the cysB gene and inhibiting transcription (3). The cysE and cysG
genes are not regulated by the cysB protein although cysE is required for OAS synthesis.
Thus these two genes are not considered as parts of the cysteine regulon. Increased levels

of sulfate, sulfide, cysteine or cystine decrease the activities of the enzymes in the
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pathway, while the maximum derepression was shown by djenkolic acid and reduced
glutathione. O-Acetyl-serine is not only the precursor of cysteine; it can also form
N-acetyl-serine by intramolecular rearrangement, which enhances transcription of the
cysteine regulon by binding to the cysB protein, and this binding action is opposed by
sulfide (29).

Serine acetyltransferase is inhibited by the end product, cysteine, which is the major
physiologically significant form of kinetic regulation in the pathway. The K; of cysteine
for SAT is about 1 uM at 0.1 mM acetyl CoA, whether enzyme is free or in complex with
OASS (30). Multiple SAT isoforms exit in plants in at least three cellular compartments,
cytosol, chloroplast and mitochondria with differential sensitivity to the inhibition by
L-cysteine (31, 32). Regulation of cysteine biosynthesis also differs depending on the
subcellular compartment via feed back inhibition of SAT (33). A good example of these
differences is demonstrated in Arabidopsis thaliana. The SAT isoforms in the chloroplast
and mitochondria are insensitive to the feedback inhibition, while the cytosolic isform
shows high sensitivity to inhibition (34). Research on SAT from Haemophilus influenzae
(HISAT) indicates that L-cysteine is a competitive inhibitor against both substrates in the
direction of L-serine acetylation (35) and the crystal structure of HiSAT in complex with
L-cysteine reveals the structural basis for the competitive inhibition (36). All of the above
evidence proves that cysteine is a potent and diverse inhibitor that regulates its own
biosynthesis.

On the other hand, OASS is partially inhibited by its substrate, sulfide, with a K; of
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about 10 uM (27, 29, 37, 38). This substrate inhibition is proposed to control the runaway
cysteine biosynthesis when the concentration of cysteine is low (38).
1.1.3 Cysteine Synthase

A multienzyme complex called cysteine synthase is formed in vivo by physical
association of SAT and OASS (30). Only 5% of the total cellular OASS activity comes
from the complex, while the remaining 95% of the OASS activity comes from
uncomplexed OASS (30). The cysteine synthase complex dissociates to free SAT and
OASS when the concentration of OAS is greater than 10 M, but in the absence of OAS,
the resolved SAT and OASS can be reconstituted by combining the component enzymes
(30). The cysteine synthase complex is composed of a single ~160,000 Da hexamer of
SAT (39) and two 69,000 Da dimers of OASS-A (40). Unlike tryptophan synthase,
cysteine synthase does not channel its intermediate product, OAS, between the active
sites of the two component enzymes. In contrast, OAS is released into solution and must
reassociate with OASS to produce L-cysteine (41).

The role of the cysteine synthase complex is still not fully understand and is under
investigation. Some mutant and truncated forms of SAT have been studied to provide
more insight into the function of the complex. An M2561 SAT mutant enzyme from E.
coli SAT shows lower susceptibility to cysteine inhibition but it can still associate with
OASS to form the cysteine synthase complex (42). A truncated E. coli SAT, missing the
last twenty amino acid residues from the C-terminus, will not form a complex with

OASS-A, although it is still active and shows a sensitivity to cysteine inhibition similar to

8



the M2561 mutant enzyme (42). Further studies have shown that the 20 amino acids of
the truncated SAT are at least partially responsible for the interaction with OASS-A to
form the complex (43). An investigation carried out via the yeast two-hybrid system,
suggests that the interaction of SAT from A. thaliana with OASS results from the
C-terminus of SAT (44). For the mitochondrial isoform of SAT, however, the C-terminus
has a bifunctional role, and is important for both the transferase activity and the
interaction with OASS (45).

The C-terminal region of SAT is well conserved (44) in bacteria and plants, and an
aspartic acid residue and a glutamic acid residue, located less than 10 residues from the
C-terminus, are considered key amino acids for the interaction between SAT and OASS
(46). Studies of the C-terminal deletion mutants of E. coli SAT indicate that the last ten
amino acid residues of SAT are involved in complex formation, but not involved in
regulation, while studies of residues 11-20, indicate this region is partially responsible for
the sensitivity to L-cysteine’s feed back inhibition (46). In addition, several amino acids
around Met256 are also thought to be related to the feed back inhibition by participating
in the conformational change involved in the inhibition (43, 47).

OASS-A is only 50% active in the cysteine synthase multienzyme complex
compared to its free form (3). The presence of OASS-A, however, is in a large excess to
SAT in higher plants (48-50) and bacteria (27), which ensures the formation of the
cysteine synthase complex and the overall synthesis of L-cysteine (46). SAT from A.

thaliana shows a high propensity to form high-molecular mass aggregates and tends to be
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unstable in solution, while the presence of OASS can prevent this aggregation (34). The
maximum production of L-cysteine in this pathway is achieved with < 60-fold excess of
OASS.

Recently, the crystal structure of OASS in complex with a C-terminal peptide
required to form the cysteine synthase complex has been determined (51). This
10-residue peptide binds to the active site of OASS from H. influenza (HIOASS) and its
C-terminal carboxyl group occupies an anion binding pocket, which is also the binding
pocket for the a-carboxylate group of O-acetyl-serine, the amino acid substrate for OASS
(51). These results provide a reasonable explanation for the dissociation of cysteine
synthase complex to its component enzymes caused by OAS as well as the partial
inhibition of OASS activity when it is in complex. Evidence, using pyridoxal
5'-phosphate fluorescence as a probe, indicates that binding of SAT by its C-terminal
decapeptide to the d-carboxyl subsite of HIOASS triggers the conformational change
from the open to closed conformation of OASS (52). To better understand the
mechanisms involved in the cysteine synthase complex formation, gel chromatography
and surface plasmon resonance technique were employed to study ECSAT (SAT from E.
coli) mutant enzymes. Several C-terminal residues of ECSAT, 1le273, Glu268 and
Asp271, appear to be essential for the complex formation (53).

Although studies of site-directed and truncation mutants of SAT have provided
useful information on the formation of the cysteine synthase complex, the only significant

advantage for complex formation appears to be an increase in stability of SAT; complex
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formation protects the SAT from cold inactivation and proteolysis (54). However, it is
still unknown why there is an excess of OASS-A to SAT (30, 55). Another finding is that
sulfide inhibits the dissociation of the complex by binding tightly to the interaction site
(38, 53). So the increased stability of the complex to OAS in the presence of sulfide may
be part of the regulation of the L-cysteine biosynthetic pathway (56) and is an interesting

topic for further investigation.

1.2 Serine Acetyltransferase

Serine acetyltransferase catalyzes the first step in the two-step pathway for
L-cysteine synthesis in bacteria and higher plants (27, 57). SAT is encoded by the cysE
gene and not considered a component of the cysteine regulon. It can form a multienzyme
complex, cysteine synthase, with OASS (30). SAT catalyzes the rate-limiting step in the
two-step pathway and the amount of SAT is low relative to OASS (30, 57).
1.2.1 Structure of SAT

SAT belongs to the hexapeptide acyltransferase superfamily. This family is known to
have imperfect tandem repeats of a hexapeptide sequence described as
[LIV]-[GAED]-X,-[STAV]-X (58-60). These repeat sequences encode the folding of an
unusual left-handed parallel B—helix (LBH) domain (61), which is a large left-handed coil
as if wound around the surface of an equilateral prism. Three to five -stands, depending
on the enzyme, form the B-sheets and three of these flat parallel B-sheets form the faces

of the helical prism.
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Figure C1-1. HiSAT with cysteine bound. Two trimers, (green, yellow and red) and
(purple, orange and cyan), form a dimer. The binding sites of cysteine are shown. This
figure was created using Pymol from DeLano Scientific LLC. The structure used in

this figure has access number of 1SSQ in the Protein Data Bank.

The X-ray crystallographic structure of SAT from H. influenzae has been determined
by two independent groups. The crystal structure of HISAT apoenzyme and its binary
complexes with cysteine and CoA were obtained by Roderick et al. at a resolution of 2.15
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A, 1.85 A, and 2.00 A, respectively (36). A structure of the apoenzyme of HiSAT was

also solved to 2.7 A by Shapiro et al. (62).

Figure C1-2. A HiSAT monomer. The a—helical N-terminal domain is in yellow.
The other two domains, left-handed parallel B-helix domain and C-terminal
segment, are in red and blue, respectively. This figure was created using Pymol
from DeLano Scientific LLC. The structure used in this figure has access

number of 1SSQ in the Protein Data Bank.

Most enzymes containing the P-helix domain are reported to have a trimetric
structure (63-65). However, HiSAT displays a hexameric structure, arranged as a dimer

of trimers, Fig. C1-1. There are three domains in each of the 267 residue subunits: a
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largely o—helical N-terminal domain, a left-handed parallel B-helix domain and a
C-terminal segment, Fig. C1-2. In the third coil of the LBH domain, residues 179-189
extend out to form a loop located between two adjacent LBH domains, one from each of
the two subunits. The C-terminus residues 258-276, are not visible in any of the HISAT
structures, although the crystals were composed of protein with full length, indicated by
the analysis of mass spectrometry (36, 62).

Interactions to form the trimer of HiSAT are extensive, from the B-helices and
a—helical N-terminal domains. The interactions between B-helices are mainly polar, while
interactions between the oO-—helical N-terminal domains are mostly hydrophobic, and
includes Met22, Leu23, Phe26 and Tyr100 of one subunit and Pro 52, 1le53, Pro55 and
Try127 of the related subunit (62).

In the hexameric structure of HiSAT, the two trimers are positioned head to head,
with a staggered orientation such that one subunit of each trimer interacts with two
subunits from the related trimer. This twofold symmetry interface is assembled by ionic,
hydrophobic and hydrogen-bonding interactions. As a result of the formation of the
twofold and three fold interfaces, a cavity is formed in the center of HIiSAT, with
dimensions of 40 A from top to bottom (parallel to the threefold axis), and 18 A across
(perpendicular to the threefold axis) (62).

All of the residues involved in the interactions at the trimer-trimer interface are from
approximately 80 amino acids from the N-terminal extension, which is only formed in a

subset of SATs. It is possible to separate the SATs into two categories: those that have
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the N-terminal extension and adopt a hexameric structure and those that do not and are

most likely to be trimeric (62).
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Scheme C1-4. The interactions of HiSAT with its feedback inhibitor, L-cysteine.
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The A and B here indicate two adjacent subunits, respectively.

The binding pocket for the feedback inhibitor, cysteine, is formed by the extended
LBH loop from one subunit (A) and two other loops from an adjacent subunit (B). One of
these two loops is from N-terminal domain, joining helices a5 and 06, and the other one
is an LBH loop inserted at the T2 turn of coil 2. Detailed interactions between HiSAT and

L-cysteine are shown in scheme C1-4. Two histidine residues, H154(A) and H189(B), are
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located on either side of the cysteine thiol and within hydrogen-bonding distance to it; the
H154(A):D139(B) hydrogen-bonded pair forms a dyad. Three other residues, R188(B),
D88(A) and D153(A) interact with cysteine as shown to neutralize charge on the a-amine
and a-carboxylate. The side chain of R188(B) interacts with carboxyl group of cysteine;
whereas D88(A) and D153(A) are responsible for the interactions with cysteine’s amino
group. R188(B) interact with E162(B), too. Alignment of the amino acid sequences of
fifteen SATs (62) indicates that all of these residues, with the exception of D139(B), are
completely conserved; D139(B) can be replaced by glutamate.

The CoA binding site in HiSAT is in a crevice between [-helices of two adjacent
subunits. Carbonyl groups of the pantothenyl arm of CoA form hydrogen bonds with
A200(A) and A218(A). Its amide groups form hydrogen bonds with the peptide oxygen
of the extended loop residues, G180(B) and T181(B). The position of the CoA thiol
group is close to the H154(A) 3.6 A. A superposition of the cysteine and CoA binding
complex structures shows that the distance between thiol groups of cysteine and CoA are
within 2.9 A and both thiol groups are very close to the N, of H154(A). The proximity of
the cysteine binding site to the CoA thiol group as well as the structural similarity
between serine and cysteine suggests that the cysteine binding site is the active site for
serine. This conclusion is supported by both the kinetic and microcalorimetric data
obtained using serine analogs (66) and the structures of four other hexapeptide
acetyltransferases (63-65, 67). The substrate binding sites of these four enzymes are

located between two adjacent LBH domains and are close to the CoA thiol group, which
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is identical to the binding characteristics of the cysteine pocket of HISAT.

Superposition of the cysteine and CoA binding complexes indicates that with
cysteine bound, the CoA site is no longer available, i.e., there is a competition for binding
to the extended LBH loop by the C-terminal segment in the cysteine complex and the
pantothenyl arm of CoA. Specifically, residues 254(A)-257(A) of the C-terminal segment
occupy the same position as the pantothenyl arm of CoA, with the hydrophobic side chain
of F256(A) occupying the adenine binding site of the cofactor. In the cysteine binding
complex, the amide nitrogen of G180(B) forms a hydrogen bond with the cysteine thiol
and the side chain of T181(B) forms a hydrogen bond with the peptide group of Q254(A)
of the C-terminal segment. In the CoA complex, the interactions of G180(B) and T181(B)
are different; two hydrogen bonds are formed between the peptide oxygen of these two
residues and two pantothenyl amide groups of the cofactor. In addition, the
solvent-accessible surface area of HISAT is reduced by 93% upon binding of the cysteine
inhibitor, leaving no apparent diffusion path from the enzyme.

The structures of the HiSAT:cysteine and HISAT:CoA binding complexes provide
an explanation for the potent inhibition by cysteine. In addition to the direct competition
between cysteine and serine, binding of cysteine also locks the C-terminal segment and
the extended LPBH loop by the interactions between them, which blocks access to both
substrates of HISAT. Kinetic and calorimetric studies of ECSAT (27, 30, 66) and HiISAT
(35) are consistent with this explanation. In these studies, the reduced affinity of serine

and acetyl CoA are both observed upon binding of cysteine. Data from
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cysteine-desensitized mutant HiISATs are also consistent with the above explanation. All
of the mutant enzymes exhibit an activity loss, and the mutations are either at active site
residues near the loops that close to generate the active site, or in the C-terminal loop,
which is supposed to stabilize the closed conformation (46, 47, 54, 68).

A crystal structure of SCSAT is also available (69) and is very similar to that of
HISAT. Both enzymes are hexameric and share a 70% sequence identity with each other.
Although several SAT structures have now been solved, no structure of a SAT with
serine or acetyl CoA bound has been obtained. These would be invaluable, and would aid
in studies of the mechanism of SAT.

1.2.2 Kinetic Mechanism of SAT

A steady-state random kinetic mechanism was proposed for ECSAT on the basis of
initial rate studies on both reaction directions (70). The results of equilibrium isotope
exchange experiments as well as the pre-steady-state analysis ruled out a ping pong
mechanism for ECSAT. The random mechanism for ECSAT is also in agreement with the
results obtained from substrate analogue and microcalorimetric studies (40, 66). It is also
consistent with the sequential mechanisms found for all of the other LBH acyltransferases
(40, 64, 67, 71).

Recently, a sequential kinetic mechanism was also proposed for HiISAT (35). The
mechanism is equilibrium ordered at pH 6.5, with AcCoA binding prior to serine, while
at pH 7.5, a steady-state ordered mechanism is observed, showing a near parallel initial

velocity patterns.
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The change in mechanism of HISAT as a function of pH is thought to result from pH
dependent change in reactant affinity. Such pH dependent mechanism changes are also
found in creatine kinase. At low pH, the kinetic mechanism of creatine kinase is
equilibrium ordered, with MgATP binding prior to creatine (72), while at neutral pH, a
steady-state random mechanism is shown (73), and this mechanism changes again to
rapid equilibrium random at high pH (74).

Though Keerine and Koas are 13 mM and 24 mM at pH 6.5, respectively, the HISAT
is a good enzyme in both reaction directions, with Kea values of 1080 + 170 s in the
forward reaction direction and 300 + 30 s in the reverse reaction direction (35). The
equilibrium constant for HiSAT, as calculated by the Haldane relationship at pH 6.5 is in
agreement with the pH independent equilibrium constant of 15 measured directly (35,
75).

1.2.3 Rate-limiting Steps

Detailed studies of rate-limiting steps were carried out for HiISAT using solvent
deuterium isotope effects (SKIEs) and proton inventory methods (76). The SKIEs are
measured as 1.9 and 2.5 to V and V/Kgrine, respectively, and a linear proton inventory
suggests a single proton is in flight in the rate-limiting step of the reaction (77). This
rate-limiting step is likely the nucleophilic attack by the serine hydroxyl group on the
acetyl thioester, with a general base accepting a proton. However, this step is not the only
rate limiting step for the overall reaction, since the SKIE on V is larger than that on

V/Kserine. If SKIE of V is assumed as the intrinsic solvent kinetic isotope effect, the

19



relative rate of 1.5 would be calculated for the release of CoA compared to the proton
transfer.
1.2.4 Chemical Mechanism of SAT

pH-rate profile studies have been utilized to probe the chemical mechanism of
HISAT (76). The pH dependence of V/K reflects the protonation state of group(s) on free
enzyme and/or reactant responsible for binding and/or catalysis, while the pH dependence
of V reflects groups required for catalysis. A group with a pK of 6 is shown in the
V/Kaccoa pH-rate profile. Since the V/K for the first substrate bound in the ordered
mechanism, it is the on-rate constant for AcCoA, and this group is thought to reflect a
binding group for AcCoA. However, no ionizable residues with a pK around 6 are found
in the CoA binding site. The closest one is the 2’-phosphate group of CoA, which may be
the binding group for AcCoA but still need to be further investigated.

The V1/Kserine and Vo/Koas pH-rate profiles decreases at pH below a single pK value
of ~7, which suggests a single residue may acts as a general base to accept a proton in
both reaction directions and the identity of the pKs indicate that there is no perturbation
of the pK from the environment. The pK value of 6.8 observed in V; profile is slightly
lower than the pK of 7.2 observed in the V1/Kgerine profile, which reflects the slow release
of CoA. The release of AcCoA from the HiISAT:AcCoA complex may also be a rate
limiting step due to the difference in pKs observed for the V; and V;, pH-rate profiles, and
the difference in pKs observed for the V, and Vo/Kops profiles.

Finally, a chemical mechanism for HISAT is proposed on the basis of the pH-rate
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profiles and the solvent deuterium isotope effect studies (76). A single enzyme residue is
proposed as a general base to catalyze the reaction. Once both substrates are bound, a
nucleophilic attack by the B-hydroxyl group of serine on the thioester carbonyl of AcCoA
occurs, with the general base accepting a proton from the side chain hydroxyl group. The
carbonyl group is proposed to be stabilized through the reaction by positive dipoles from
peptide backbone or side chain hydrogen bonds (78). The resulting tetrahedral
intermediate then collapses as the general base donates a proton to the sulfur of CoA, to
give the final products, OAS and CoA.

Although the chemical mechanism has been proposed, the general base residue and
other active site residues important for binding have not yet been identified. Fortunately,
the crystal structures of HiSAT, especially the one with cysteine bound, shows several
potential active site residues, which could be responsible for substrate binding and
catalysis (36). From the structure, two residues, H154(A) and H189(B), are likely to be
the general base and H154(A) is of primary interest due to its dyad linkage with D139(B),
which is mechanistically similar to other LBH enzymes (60). The structures also show
four possible residues for serine binding, R188(B), E162(B), D88(A) and D153(A).

The general base mechanism of HIiSAT is similar to the general mechanism
proposed for the other hexapeptide acyltransferases that catalyze a direct attack. This
enzyme superfamily shares a number of mechanistic similarities (60), including a
common active site location, separate subsites in the active site for substrates, and a

histidine residue important for catalysis, which is also in a dyad linkage with a
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carboxylate side chain.

1.3 O-Acetylserine Sulfhydrylase

Pyridoxal 5'-phosphate (PLP) is one of the active forms of vitamin B6. It acts as a
coenzyme to participate in a variety of reactions related to the metabolism of the amino
acids. O-acetylserine sulthydrylase (OASS) is a PLP-dependent enzyme, which catalyzes
the last step of the de novo biosynthesis of L-cysteine in bacteria and higher plants (27).
In this step, OASS converts O-acetylserine (OAS) and sulfide to L-cysteine and acetate
via a ping-pong kinetic mechanism (29). The active site PLP in OASS forms a Shiff base
linkage with a lysine residue, playing important roles in enzyme catalysis and other
aspects, such as enzyme stability and dynamics (79-81). OASS has two isozymes,
OASS-A and OASS-B, existing in enteric bacteria. These two isozymes are expressed
differentially, with the A-isozyme found under aerobic and the B-isozyme found under
anaerobic growth conditions (82). OASS-B is less substrate selective than OASS-A to
both amino acid and nucleophilic substrates (29). The B-isozyme can especially use more
reduced forms of sulfur, like thiosulfate, a physiologic substrate and thus provides an
alternative way for cysteine biosynthesis without the need for sulfate reduction (83).

OASS is a prospective target for the design of herbicides and antibiotics due to its
function in L-cysteine biosynthesis (84). Also, the broad substrate specificity of OASS,
especially the B-isozyme, makes the enzyme suitable for the production of the novel

B-substituted amino acids, which can then be used for the synthesis of pharmaceuticals
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and agrochemicals (85-88). As a result, mechanistic studies of OASS are drawing a lot of
interest.

1.3.1 Structure of OASS

1.3.1.1 Structure of OASS-A

The crystal structure of StOASS-A without ligands bound has been solved to 2.2 A
(89). The enzyme is a homodimer with an active site for each monomer. There are 315
amino acids in a monomer and the homodimer has a M.W. of about 68900 Da. Two
monomers interact with each other on the dimer interface and the dimer is arranged as the
entries to the two active sites are on the same side.

There are two domains in each monomer, an N-terminal domain, containing residues
1-145 and a C-terminal domain with residues 146-315. A central twisted B-sheet is
surrounded by a-helices for each monomer, showing a structure of o/p fold. The active
site is deeply buried in the cleft between two domains with a PLP cofactor forming an
internal Shiff base with the e-amino group of K41. The pyridine ring of the PLP cofactor
is supported on the back by V40 and fits into the shallow crevice of the active site. Eight
hydrogen bonds are formed between the 5’-phosphate of PL P and the functional group of
the main chains and side chains of the G176-T180 loop. Thus the 5'-phosphate is tightly
anchored in the active site by the hydrogen-bonding network. *'P NMR data suggest that
the 5'-phosphate of PLP is dianionic (90) and its charge is neutralized by H152 and the
dipole of helix 7. The phenolic O3’ of PLP forms hydrogen bond with the amide nitrogen

of the side chain of N71 and the Schiff base nitrogen. N71 is also a part of the asparagine
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loop, which includes residues 68-72. This loop, along with Q142, is proposed to bind to
the substrate carboxylate group of the external Shiff base and subsequent intermediates in
the reaction pathway. The pyridine nitrogen of PLP is within hydrogen-bonding distance
to S272 and the dipole of helix 10, which makes the N1’ of PLP most likely unprotonated.
The 3-D structure also reveals that the re face of the PLP imine is accessible to the amino
acid substrate.

A crystal structure of the K41A mutant enzyme of OASS-A shows an external
Schiff base of PLP cofactor with methionine in the active site (91). The mutant enzyme
was resistant to the reduction of NaBHy, suggesting that the mutant enzyme is in a closed
conformation (79). A large conformational change was shown by the structure overlay of
the free OASS-A and the K41A mutant enzyme, where a subdomain of N-terminal
domain closes the active site by the relaxation of its central B-sheet. The cleft of the
active site turns into a narrow channel, only allowing the passage of the small molecules,
such as the first product, acetate, and the second reactant, bisulfide. Thus the deeply
buried external Shiff base is no longer accessible to the bulk solvent and molecules.

The PLP cofactor rotates 13° along its longitudinal axis when forming external
Schiff base with methionine in K41 A mutant enzyme, which results in a movement of
C4' of PLP toward the entrance of the active site. The side chain of methionine also
moves closer to the entrance in the structure of mutant enzyme. A strong
hydrogen-bonding network is formed between the asparagine loop and the carboxylate

group of the amino acid substrate. Therefore, the closure of the active site is important to
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properly position the functional groups for catalysis.

A crystal structure of StOASS-A with chloride bound at an allosteric site and sulfate
bound at the active site has also been solved (92). A new inhibited conformation is shown
for this structure, which is different with the open and closed conformation of OASS-A.
The allosteric site locates at the dimmer interface, indicting that the dimeric structure of
OASS-A is not solely responsible for the enzyme stability. The moveable domain,
including residue 87-131, positions differently from that in the open and closed forms.
The conformational change of the moveable domain prevents the interaction between the
asparagine loop and carboxylate group of amino acid substrate, and hinder the formation
of the external Schiff base and subsequent chemistry. This structure clearly indicates that
OASS-A is regulated by small anions.
1.3.1.2 Structure of OASS-B

The crystal structure of StOASS-B without ligands bound has been solved to 2.3 A
and overall is very similar to the structure of the A-isozyme (93), Fig. C1-3. It is a
homodimer with a M.W. of 64000 Da. For each monomer, there are 303 residues and a
PLP, forming a internal Schiff base with the e-amino group of K41. It has N-terminal and
C-terminal domains, too. And it exhibits a o/f fold structure for each monomer, also very
similar to that of OASS-A. The average temperature factors of the structure of OASS-B
are higher than those of the structure of OASS-A, which indicates that B-isozyme has a
higher protein flexibility.

The binding site of PLP cofactor for OASS-B locates in the cleft between two
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domains with the re face of the internal Schiff base facing the active site entrance. The
phosphate group of PLP is proposed to be dianionic, neutralized by the dipole of helix 7
and H150. It interacts with the phosphate binding loop, residue 174-178. T176 is the only
different residue in the binding loop of OASS-B compared with the loop of A-isozyme. It
replaces a glycine residue in OASS-A, but the side chain of T176 doesn’t contribute to
the interaction of phosphate. The NI nitrogen of the pyridine ring of PLP forms a
hydrogen bond with the side chain of S255 as observed for OASS-A (5272). The amide
nitrogen of the side chain of N71 is within hydrogen-bonding distance with O3’ of the
PLP cofactor. In addition, V40 supports the si face of the pyridine ring of PLP, which is
also found in OASS-A.

OASS-B has a less hydrophobic active site in comparison to OASS-A, due to the
presence of two ionizable residues, D281 and C280. D281 is above the re face of the PLP
cofactor and forms hydrogen bond with Y286. It replaces S300 of the A-isozyme. While
C280 is a replacement of P299 in OASS-A, contributing a more acidic group to the active
site of B-isozyme. Both isozymes have two arginine residues, R99 and R285 at or near
the active site.

OASS-B does not show an apparent allosteric binding site at the dimer interface,
although it can be inhibited by chloride ion (29). The lack of an allosteric site is due to
the replacement of C42 in OASS-A by D42 in OASS-B, which results in a negative
charge in the interior of the B-isozyme. The transduction of the allosteric signal is thus

less possible in B-isozyme in comparision with A-.
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Figure C1-3. Homodimeric structure of StOASS-B. PLP cofactor is shown in spheres.
This figure was created using Pymol from DeLano Scientific LLC. The structure used in

this figure has access number of 2JC3 in the Protein Data Bank.

A subdomain of OASS-B with residue 86-130 is proposed to be the movable domain
to close the active site upon binding of the carboxylate group of the amino acid substrate
and the asparagines loop (substrate-binding loop) of OASS-B (residue 68-71), which is
similar to OASS-A. The position of the substrate-binding loop suggests that the structure

of StOASS-B without ligands bound is in open conformation. It is consistent with the
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open conformation reported for wild type OASS-B from E. coli (94). A mutant enzyme
of ECOASS-B (CysM-rke), interestingly, shows a closed conformation with the
asparagines loop positioned as that of the closed conformation for A-isozyme. Therefore,
S69 of StOASS-B is expected to be one of the main residues, responsible for the ligand
binding based on the structure similarities of the asparagine loops in two isozymes.

1.3.2 Kinetic Mechanism of OASS

Both isozymes of OASS, OASS-A and OASS-B, have a ping pong Bi Bi kinetic
mechanism based on initial velocity studies in the absence and presence of product and
dead-end inhibitors (29). Both isozymes exhibit competitive inhibition by both substrates.
The first substrate OAS binds to the enzyme in external Schiff base form to release
acetate as the a-aminoacrylate intermediate form of the enzyme is formed. Bisulfide then
adds as the second substrate to the a-aminoacrylate intermediate, and cysteine is released
as the final product upon transimination by the active site lysine.

The Kcat of OASS-A is 130 st using OAS and bisulfide as substrates, and it is limited
by the first-half reaction. The second-half reaction of OASS-A is likely diffusion limited,
with a first-order rate constant of >1000 s obtained at 5 uM bisulfide at pH 6.5 (95).
TNB is an alternative substrate for bisulfide. The turnover number of OASS-A is
decreased to 0.56 s when OAS and TNB is used for rate assay and in this case, the
second half reaction would be rate-limiting. The K¢t of OASS-B is 115 s'and 8 s! for
substrate pair of OAS/bisulfide and OAS/TNB, respectively. The first-half reaction is

supposed to limit the overall reaction for OAS/bisulfide substrate pair and the second-half
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reaction is the rate-limiting step for OAS/TNB pair, which is qualitatively identical to
A-isozyme.

An individual half-reaction is independent of the concentration of the substrate for
the other half-reaction in a classical one-site ping pong mechanism. But it is not true for
OASS, as OASS-A shows a 4000-fold higher value for V/Koas when sulfide is the
nucleophile compared to that obtained with TNB (29). However, regardless of the amino
acid substrates used, the V/K values for nucleophiles are in agreement. As for OASS-B,
3-fold higher value of V/Koas is obtained for bisulfide in comparision with that of TNB,
and the V/Kgyisige values is 6-fold higher when OAS is the amino acid substrate compared
to that of BCA.

The AA form of OASS is not stable. It decomposes to free enzyme, pyruvate and
ammonia in the absence of nucleophilic substrate. This reaction occurs by the
transimination of K41 to displace the AA, which then decomposes into pyruvate and
ammonia by a B-elimination reaction. The pH-independent rate of decomposition is 0.1
s for OASS-A, about 40-times lower than that of OASS-B, consisting with its more than
10-fold lower Kcqt value in comparision with B.

1.3.3 Chemical Mechanism of OASS
1.3.3.1 Chemcial Mechanism of OASS-A

OASS-A catalyzes its reaction in two steps, exhibiting an elimination-addition
reaction based on its ping pong kinetic mechanism. The resting enzyme is an internal

Schiff base form with Ap,x at 412 nm in UV-visible absorbance spectrum (90, 96-98).
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After elimination of the B-acetoxy group, the enzyme shows a a-aminoacrylate external

Schiff base form, absorbing maximumly at 330 and 470 nm.
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Scheme C1-5. Minimal chemical mechanism of StOASS-A.

The pH-rate profile of V/Koas exhibits a pK of 7 on the acidic side, different with the

pH-rate profile for V/Kgca, which has pK of 6.7 on the acidic side and 8.3 on the basic

side (99). A pK of 6.9-7.1 on the acidic side is observed on the pH-rate profile of V/Kryg,

along with a pK of 8.3 on the basic side. Since no ionizable groups in the active site of
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OASS-A have a pK of ~7 and the elimination of acetate or chloride does not need general
base catalysis, the group with a pK of ~7 on the acidic side is proposed to be responsible
for stabilizing the optimum catalytic conformation of the enzyme when it is unprotonated.
The pK of ~7 is also observed in the following process. Excitation of OASS-A at 298 nm
results in two emission peaks. A peak at 340 nm comes from Trp emission and the other
peak at 500 nm is given by the triplet to singlet energy transfer between W51 and the PLP
cofactor. The 500 nm peak thus reflects the relative orientation of the two fluorophores.
A pK of 7 is shown in the pH profile of the enhancement of the 500 nm emission by
acetate (100). The pH-dependence of interconversion of two conformers of OASS-A also
gives a pK of 7 in both phosphorescence (101) and time-resolved fluorescence studies
(102-104). The above data of the pK of ~7 suggests that the pH-dependent
conformational change may be the closure of the active site prior to chemistry. The basic
pK in V/Kgca profile is assigned as the a-amine of BCA, which needs to be unprotonated
for nucleophilic attack on C4' of the PLP Schiff base. The basic pK in V/Kryg profile is
proposed to the e-amino group of K41, acting as a general acid to donate a proton to Ca
as the product external Schiff base is formed. The first-order rate constant for
decomposition of AA is also pH-dependent, giving a pK of 8.2. This pK is attributed to
the e-amino group of K41 and is in agreement with the pK value shown in V/Kryg profile
(90).

A general chemical mechanism is proposed for OASS-A using the natural substrate

OAS and bisulfide based on the above information, scheme C1-5. In resting enzyme, the
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active site lysine, K41, forms an internal Schiff base with the PLP cofactor. The enzyme
is in open conformation and changes to a closed conformation when the pH is above 7.
OAS, the amino acid substrate, binds as a monoanion with its a-amine unprotonated to
attack the C4' of the internal Schiff base. The external Shiff base is then formed via
geminal-diamine intermediates and the active site is closed by the interaction between the
substrate-binding loop and the a-carboxylate of the amino acid substrate. K41 serves as a
general base to accept a proton from Ca, which generates acetate in the elimination
reaction and ends the first half-reaction. The enzyme now is in o-aminoacrylate Schiff
base form in a closed conformation. The active-site is only partially open, but allows
diffusion of acetate and the entry of bisulfide. In the second half-reaction, K41 is
protonated as bisulfide attacks CP of the a-aminoacrylate. The cysteine external Schiff
base forms and is followed by a transimination reaction, which gives the cysteine as the
final product.

The crystal structure of the K41A mutant of OASS-A indicates that the a-proton of
the ESB is directed away from the si face of the PLP cofactor and the side chain of
methionine is directed away from the re face toward the entrance of the active site, which
suggests an anti-elimination mechanism for AA formation. Since there is no requirement
for protonation of the leaving group for OASS-A, an E2 reaction is suggested compared
to an E1 reaction (105). No quinonoid intermediate is observed along the reaction
pathway, even using D,0 to slow down the protonation at Ca, which is consistent with

the proposed E2 mechanism since a quinonoid intermediate should be produced in an E1
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reaction (105, 106). In addition, the presence of the dipole of helix 10 and S272 makes
the pyridine nitrogen of the PLP cofactor unlikely to be protonated as mentioned above
under structure.

At neutral pH, a primary deuterium isotope effect of 1.7 is obtained at steady-state
using OAS-2D. This isotope effect is pH-dependent, increasing to a limiting value of 2.8
at low pH, which indicates stickiness of OAS (107). The stickiness factor is calculated to
be 1.5, suggesting that the rate of OAS producing AA is 1.5 faster than the rate of OAS
dissociating from the enzyme. An isotope effect on the appearance of AA at 470 nm in
the pre-steady state is, within error, identical to the value of 2.8 measured at steady state.
Thus the value of 2.8 is the intrinsic isotope effect on the abstraction of the a-proton,
indicating an early or late transition state in comparison with the value of 6-8 for primary
deuterium isotope effects in a symmetric transition state (108). A secondary kinetic
deuterium isotope effect is measure to be 1.1 with deuterium labeled at C3 of OAS. The
value is less than a value of 1.8 predicated for the secondary isotope effect on the
equilibrium constant for formation of AA and thus suggests very little change on
hybridization at CP in the transition state (109). An asynchronous transition state is
proposed based on the above data, with little bond formation occurring between the
g-amino of K41 and the a-proton of the OAS external Schiff base, and even less bond
cleavage taking place between CP and the acetoxy oxygen.
1.3.3.2 Chemical Mechanism of OASS-B

OASS-B catalyzes a two-steps B-substitution reaction, similar to the reaction of A
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isozyme. The internal Schiff base is the resting enzyme, and absorbs maximally at 414
nm in UV-visible absorbance spectra (93). Once OAS binds to the enzyme, the AA
external Schiff base is given by elimination of the B-acetoxy group, exhibiting Amax values
at 327 and 472 nm.

The chemical mechanism of OASS-B is proposed to be qualitatively identical to that
of OASS-A. The pH-rate profile of V/Koas exhibits pK values of 6 and 7 on the acidic
side, while on V/Kgca profile, two pKs with values of 7.6 and 9.0 are shown on the acidic
side and the basic side, respectively (99). The basic pK on V/Kgca profile is attributed to
the a-amine of BCA, which needs to be unprotonated for nucleophilic attack on C4’ of
the PLP cofactor. The pH-rate profile of V/Krng exhibits a pK of 7.6 on acidic side and
another pK of 8.7-8.9 on basic side. The pK of ~7.6 is proposed to be an enzyme group
that needs to be unprotonated to close the enzyme active site for optimum catalysis as a
counterpart to the pK of ~7 for OASS-A. The pK of 8.7-8.9 on basic side of the V/Krng
profile is attributed to the g-amino group of K41, which needs to be protonated at the
beginning of the second-half reaction to donate a proton to the Ca of the AA. The pH-rate
profiles on V for OAS/TNB and BCA/TNB substrate pairs exhibit a pK of 6.5-6.7 on the
acidic side and another pK of 8.2-9.0 on the basic side. K41 is responsible for both pKs
since it acts as a general base in the first half-reaction to accept a proton from Ca of the
OAS external Schiff base and acts as a general acid in the second half-reaction as
mentioned above. The pK of 8.2-9.0 is also consistent with the basic pK of 8.7-8.9

observed on the V/Kyg profile.
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1.4 Research Carried Out in This Dissertation

In this dissertation, roles of H154, H189, and D139 in the active site of HISAT were
investigated using initial velocity studies, pH-rate profiles and solvent deuterium kinetic
isotope effects. H154 was proposed to be the general base, accepting a proton from the
B-hydroxyl group of serine as the tetrahedral intermediate is formed. H189 was proposed
to aid in binding and orienting of the substrate serine. As to D139, it was proposed to
facilitate catalysis by hydrogen bonding the proposed general base, H154 to give a
catalytic dyad. Data were interpreted in term of the mechanisms of HiSAT.

P NMR studies were carried out to probe the conformational dynamics of
StOASS-B. Binding of the PLP cofactor in StOASS-B was proposed to change as
different intermediates are formed along the reaction pathway. Changes in the orientation
of bound PLP are reflected in *'P NMR spectra of those intermediates; NMR spectra are
proposed to exhibit differences in chemical shift and line width. In addition, NMR data of
StOASS-B were proposed to be similar to those obtained for StOASS-A, due to the
structural similarity of the PLP binding sites of these two isozymes. Data were interpreted
in term of the overall mechanism of StOASS-B, particularly with respect to binding of
PLP in the ISB and ESB forms of the enzyme.

A method was developed to prepare apo StOASS-B, using hydroxylamine as the
resolving reagent. The apoenzyme is important to furture studies on fluorescence

spectroscopy of StOASS-B. The properties of the apoenzyme and its reconstitution with
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PLP were also studied.

Other research carried out in this dissertation includes fluorescence studies of
StOASS-B, subcloning and expression of StOASS-A, obtaining a pKigysteine) profile for
HiSAT, and UV-visible and fluorescence studies of K120Q and H152A mutants of
StOASS-A.

The fluorescence properties of three tryptophans of StOASS-B were investigated
using site-directed mutagenesis to change each to tyrosine or histidine alone or in pairs.
Mutant enzymes were characterized using kinetic and spectroscopic methods, including
intial velocity studies, rapid-scanning stopped-flow, UV-visible spectra, steady-state
fluorescence spectra, and fluorescence lifetime mesurment. The three tryptophans of
OASS-B were proposed to have different contributions to the total fluorescence emission
and engery transfer to the PLP cofactor. It was hypothesized that each of the tryptophans
has different fluorescence lifetimes and fractional intensities due to their different
positions in enzyme and their specific environments and mobilities. The values of
lifetime and fractional intensity of these three tryptophans were proposed to change as
intermediates are formed along the reaction pathway, reflecting the dynamics of the
enzyme during catalysis. Studies on tryptophans in OASS-B will provide detailed
information of the conformational dynamic of the enzyme, and thus results in better
understanding of the mechanism of the enzyme.

Subcloing and expression of StOASS-A were performed to prepare the enzyme for

future studies of the A-isozyme. A pKigysteine) profile of HiSAT was investigated to
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explore the binding of cysteine in the enzyme as a competitive and dead-end inhibitor.
Data were discussed in term of the different binding of the substrate serine and the
inhibitor cysteine in term of the mechanisms of HiSAT. In addition, two StOASS-A
mutant enzymes, H152A and K120Q, were studied using UV-visible absorption spectra
and steady-state fluorescence spectra to provide the roles of these two residues. Data

were published in two papers and will not be discussed in this thesis.
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Chapter 2
Roles of H154, H189, and D139 in the Active Site of Serine

Acetyltransferase from Haemophilus influenzae

“Reproduced with permission of [Guan, R., Roderick, S. L., Huang, B., and Cook, P. F. (2008)

Biochemistry 47, 6322-6328.] Copyright [2008] American Chemical Soceity”

C2.1 Introduction
Serine acetyltransferase (SAT) catalyzes the conversion of acetyl CoA and L-serine
to CoA and O-acetyl-L-serine (OAS), the first and rate-limiting step of the biosynthesis

of L-cysteine in bacteria and higher plants (27, 57).

(0] 0] (0] 0]
SAT
+ — + CoA
OH (0} CoA (6) O
NH;" NH;"

(L-serine) (AcCoA) (OAS) (CoA)

SAT is a member of the hexapeptide repeat acyltransferase superfamily, which have
imperfect tandem repeats of a  hexapeptide sequence described as
[LIV]-[GAED]-X,-[STAV]-X (58, 59). The repeat sequences generate an unusual
left-handed parallel B-helix (LBH) domain (61), that generates an equilateral prism-like
structure. All of the enzymes are trimeric (SAT is a dimer of trimers) with the LBH
domains forming a triangular structure. The active site is found at the interface between

two LPH domains.
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A sequential kinetic mechanism was proposed for serine acetyltransferase from
Haemophilus influenzae (HiSAT) with AcCoA bound first followed by L-serine, and with
release of OAS prior to CoA (35). On the basis of the pH dependence of kinetic
parameters and solvent isotope effects, a chemical mechanism has been proposed, Fig.
C2-1 (76). The reaction begins with nucleophilic attack of the B-hydroxyl of serine on the
thioester carbonyl of acetyl CoA catalyzed by a general base to give a tetrahedral
intermediate. The general base then functions as a general acid, donating a proton to the

sulfur atom of CoA, once the tetrahedral intermediate has collapsed to give the products,

OAS and CoA.
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Figure C2-1. Proposed chemical mechanism of HiSAT. (A) E-AcCoA-serine complex. (B)

Tetrahedral intermediate. (C) E-CoA-OAS complex.

The crystal structure of HISAT with cysteine bound at the L-serine subsite of the
active site shows H154 and H189 within hydrogen-bonding distance to the cysteine thiol,

H154 is in dyad linkage to D139, Fig. C2-2 (36). The SAT exhibits mechanistic
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similarities to other LBH enzymes, which have a His-Asp (Glu) catalytic dyad (60).
Amino acid sequence alignments of fifteen SATs (62) indicate complete conservation of

H154 and H189, while D139 can be either Asp or Glu.

Figure C2-2. Close-up of the active site of HISAT with cysteine bound. Locations of two

subunits of the trimer of HiSAT are shown in yellow and green, respectively. The dashed
lines represent potential hydrogen bonds and the numbers close to dashed lines are
distances in A. The (A) and (B) next to numbered residues indicate the subunit that
contributes the residue. The figure was created using Pymol from DeLano Scientific
LLC. The HiSAT structure with cysteine bound has an access number of 1SSQ in the

Protein Data Bank.
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In this paper, the roles of H154, H189 and D139 were investigated. Site-directed
mutagenesis was used to make three single mutant enzymes by changing these three
residues to Asn, one at a time, and a double mutant enzyme, changing H154 and H189 to
Asn at the same time. Initial velocity studies, pH-rate profiles and solvent deuterium
kinetic isotope effects were carried out to characterize the mutant enzymes. Data are

discussed in terms of the overall mechanism of SAT.

C2.2 Materials and Methods
C2.2.1 Chemicals

L-serine, DTNB, and AcCoA were from Sigma. The buffers Mes, Tris, Hepes, and
Ches were from Research Organics, Inc. Deuterium oxide (99.9 atom % D) was from
Cambridge Isotope Laboratories, Inc. All other chemicals and reagents were obtained
from commercial sources, were reagent grade, and were used without purification.
C.2.2.2 Plasmid construction and site-directed mutagenesis

The cysE gene encoding HiISAT (GenBank accession number P43886) was cloned
into a pET28a vector via the Ndel/BamH1 sites (36). Site-directed mutagenesis was
performed using the QuikChange® method to make three single mutant enzymes by
changing H154, H189 and D139 to Asn, one at a time, and a double mutant,
HI154N/H189N, by mutating H189 to Asn in the HI54N mutant enzyme. The templates

for the single and double mutant enzymes were the recombinant HiSAT plasmid and the
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mutated H154N plasmid, respectively. The oligonucleotide primers to generate the
mutations were listed in Table C2-1. The resulting mutant genes were sequenced at the
Laboratory for Genomics and Bioinformatics of the University of Oklahoma Health
Science Center to be certain that no mutations other than the one desired were present;
none were found. All constructs encoded an N-terminal 6-His-tagged enzyme. Plasmids

were transformed into E. coli BL21-(DE3)-RIL cells for expression.

Table C2-1. Sequence of oligonucleotide primers

H154N¢ GGCCACGGAATTATGTTCGACAATGCAACAGGTATTGTTGTGG
H154N, CCACAACAATACCTGTTGCATTGTCGAACATAATTCCGTGGCC
HI18IN;* CGGGAAAAGAATCAGGCGATCGTAATCCCAAAGTACGCGAGGGTG
HI189N,* CACCCTCGCGTACTTTGGGATTACGATCGCCTGATTCTTTTCCCG
D139N¢ CAGTAGCTTTCGATGTAAATATTCACCCAGCGGCG

DI139N, CGCCGCTGGGTGAATATTTACATCGAAAGCTACTG

Codons for mutation are in bold. Subscripts f and r represent forward and reverse
primers, respectively.
* These two primers were used to make H154N/H189N double mutant, and the plasmid

of H154 is the template.

C2.2.3 Enzyme

The strain containing the mutated plasmid was grown overnight at 37 °C in 50 mL of

LB medium with 30 pg/mL kanamycin. This culture was transferred into 1 liter of
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LB/kanamycin medium on the morning of the next day and the cell growth was continued
at 30 °C until the Ay reached 0.7. IPTG was added to a final concentration of 1 mM to
initiate expression. After 4 hours of induction at 30 °C, the cells were harvested by
centrifugation at 4,500 g for 30 min. The cell pellet was suspended in 50 mM phosphate,
300 mM NaCl and 10 mM imidazole, pH 8.0 and sonicated on ice for 3 min with a 30 s
pulse followed by a 1 min rest, using a MISONIX Sonicator XL. The supernatant was
obtained by centrifugation at 20,000 g for 30 min and then loaded onto a Ni-NTA column
with a 6 mL bed volume. The column was washed with 6 volumes of 20 mM imidazole at
pH 8.0 and enzyme was eluted with 3 volumes of 250 mM imidazole, pH 8.0. The
purified enzyme was then dialyzed against 20 mM Tris, 50 mM NaCl and 10% glycerol
at pH 7.5, and stored frozen at —80 °C. The wild type and mutant enzymes, with the
exception of DI39N, were purified in the same way. For D139N, 10% glycerol was
added to sonication, wash and elution buffers and the dialysis buffer was 20 mM Tris,
600 mM NacCl and 50% glycerol at pH 7.5.
C2.2.4 Enzyme assays

In the forward reaction direction, the appearance of CoA was coupled to the
production of TNB via a disulfide exchange reaction with DTNB (110). Initial rates were
calculated using an extinction coefficient of 14,150 M 'em™ for TNB at 412 nm (111).
Reactions were carried out at room temperature in 1 cm pathlength cuvettes in a final
volume of 0.3 mL. Reaction mixtures contained 100 mM buffer, 0.45 mM DTNB,

variable amounts of AcCoA and L-serine, and an appropriate amount of enzyme.
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Reaction was initiated by addition of enzyme. A unit of enzyme is defined as the amount
of enzyme required to produce 1 pmol of product in 1 min at 25 °C. The wild type HiSAT
was stabilized by adding 100 pg/mL BSA when diluted for use in assays (35). Rates were
measured using a Beckman DU 640 spectrophotometer to monitor the change in
absorbance at 412 nm.
C2.2.5 pH studies

The initial velocity was measured as a function of AcCoA concentration (0.5-5 Ky)
at different fixed concentrations of serine (0.5-5 K,). These experiments were carried out
as a function of pH to determine the kinetic parameters, Vi, V1/Kser and Vi1/Kaccoa. The pH
was maintained using the following buffers at a concentration of 100 mM in the forward
reaction direction: Mes, pH 5.5-6.5; Hepes, pH 6.5-8.5; Ches, pH 8.5-10.0. The pH was
measured before and after the reaction with observed changes smaller than 0.1 pH unit.
C2.2.6 Solvent deuterium Kinetic isotope effects

Initial velocity studies were carried out as discussed above in H,O and D,0O at the
pH(D) independent region of the Vi, Vi/Ksr and Vi/Kaccoa pH(D)-rate profiles. The
solvent deuterium kinetic isotope effect (SKIE) was then estimated as the ratio of the pH
and pD independent values of the parameters. The SKIEs were then more accurately
obtained by direct comparison of initial rates at a single pH(D) in the pH independent
region of the curve.
C2.2.7 Data processing

Data were fitted to appropriate rate equations, using the Marquardt-Levenberg
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algorithm (112) supplied with the EnzFitter program or the programs developed by
Cleland (113). All of the initial rate data were fitted using equations C2-1 and C2-2,
which conform to sequential and equilibrium ordered kinetic mechanisms, respectively.
Data for pH-rate profiles that decrease with a limiting slope of 1 at low pH were fitted
using equation C2-3, while those that decreased with limiting slopes of 1 and -1 were
fitted using equation C2-4. The SKIEs data were fitted using equation C2-5, which allows

the SKIEs on V and V/K to be equal to one another.

V= VAB (C2-1)
K.K, + K,B+K,A+AB
v-__VAB (C2-2)
K.K, + K,A+ AB
C
logy =log H (C2-3)
1+—
1
C
logy = log 0 K (C2-4)
I+ +-—-2
K, H
VA (C2-5)

' T K.+ A+FE,)

In equations C2-1, C2-2 and C2-5, v and V represent initial and maximum velocities,

respectively, A and B represent substrate concentrations, K; and Kj, are Ky values for
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substrates A and B, respectively, and Kj, is the dissociation constant for E-AcCoA. In
equation C2-5, F; is the fraction of D,O in the solvent, and E, is the isotope effect minus
1 when the isotope effects on V and V/K are the same. In equations C2-3 and C2-4,y is
the value of V or V/K at any pH, while C is the pH-independent value of y, H is the
hydrogen ion concentration, and K; and K, are the acid dissociation constants of

functional groups on enzyme or substrate.

C2.3 Results
C2.3.1 Kinetic parameters of the mutant enzymes

Initial velocity patterns were obtained by measuring the initial rates at pH 7.3 using
variable concentrations of AcCoA and L-serine; data are summarized in Table C2-2. V1/E;
decreased by about 1240-fold, 19-fold, 11-fold and 23700-fold for H154N, H189N,
DI139N and H154N/HI189N, respectively, compared to wild type. The value of Kaccoa
decreased for the H154N, D139N and the H154N/H189N mutant enzymes compared to
wild type, while Ksr decreased about 8-fold for H154N, but increased by about 7-, 34-
and 6-fold for the H189N, D139N and H154N/H189N mutant enzymes, respectively. The
largest decrease in Vi/E; among three single mutant enzymes is observed for H154N,
suggesting it is important for catalysis, while H189 and D139, are likely important for

both binding and catalysis.
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Table C2-2. Kinetic parameters for HiSAT wild type and mutant enzymes at pH 7.3

Vi/E; Vi/KeerEt V1/KaccoaEt Kaccoa Kser
™) M's™) M's™) (mM) | (mM)
Wild type * 360 + 10 (7.53+0.07) x 10* | (5.1£0.8)x10° | 0.7£0.1 47+04
H154N 0.29 +0.02 470 = 80 1300 + 400 0.21+0.08 | 0.6=0.1
(fold change) -(1240 + 90)° -(160 + 30) -(390 + 140) 3+1) 8+1)
HI89N 18.7+0.9 590 + 70 N/A¢ N/A 32+4
(fold change) -(19+1) -(130 +20) +H7+1)
DI139N 34+1 200 = 10 (27+04)x10° | 0.12+£0.02 | 16010
(fold change) -(10.6 £ 0.4) -(380 + 20) -(1.9+0.4) -(6£1) +(34+4)
H154N/H189N | 0.0152 + 0.0004 0.57 +0.03 64+3 0.24 +0.02 27+2
(fold change) | -(23700+900) | -(132000+7000) | -(8000+1000) | -(2.9+0.5) | +(5.7%0.6)

*From Johnson et al. (35)
® Values are + S.E.
“ The symbols, - and +, represent decrease and increase, respectively.

4 N/A is not applicable; Kaccoa is zero in an equilibrium Kkinetic mechanism.

C2.3.2 pH dependence of kinetic parameters
The pH dependence of the kinetic parameters of the mutant enzymes were obtained
by measuring initial velocity patterns as a function of pH. All of the mutant enzymes are

stable over the pH range studied; the H154N/H189N mutant enzyme is inactive below pH
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Figure C2-3. pH dependence of Vi/E; (A) and V1/KE; (B) for the H154N, H189N and
H154N/H189N mutant enzymes. Points for the HI154N (@), HI8IN (A), and
H154N/H189N (m) mutant enzymes are experimental values, while the curves are

theoretical based on fits of the data using equation C2-3.
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Figure C2-4. pH(D) dependence of Vi/E; (A), Vi/KyrEt (B) and Vi/KacconE: (C) for
the D139N mutant of HiSAT. The points shown are the experimentally determined
values. pH and pD dependence are presented by (A) and (m), respectively. The
curves are theoretical based on fits of the data using equation C2-3 for the pH-rate
profile of V1/E; and equation C2-4 for the pH-rate profile of Vi/KacconEr. The curve
for the pD dependence of V1/KaccoaE: and the pH dependence of Vi/KgerineE: Were

drawn by hand.
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6.9. In the forward reaction direction, initial velocity studies indicate the kinetic
mechanism of the H154N, HI89IN and H154N/H189N mutant enzymes is ordered over
the entire pH range studied, similar to wild type (35), but is equilibrium ordered for
H154N below pH 6.3 and for HI89N below pH 7.3. However, the kinetic mechanism of
the D139N mutant enzyme is random with respect to binding AcCoA and serine, as
suggested by the noncompetitive inhibition pattern for glycine vs AcCoA and ATP vs

serine; glycine is uncompetitive versus AcCoA for the wild type enzyme.

Table C2-3. Summary of pK, values for wild type and mutant HiSAT

Vi Vi/Kser Vi/Kaccon
Enzyme
pKa £ S.E. pKa£ S.E. pKa £ S.E.
wild type * 6.8+0.2 72+0.2 N/A
H154N 6.7+0.2 74+04 N/A
H189N 7.5+0.2 8.0+0.3 N/A
72+0.3
DI139N 62+04 6.1+0.5
8.1+0.2
H154N/H189N N/A 7.8+0.1 N/A

* From Johnson et al. (76).

Vi/E; and V1/KgrE; decrease at low pH for all of the single mutant enzymes, giving a
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limiting slope of 1. A bell-shaped pH-rate profile with limiting slopes of 1 and -1 was
obtained for Vi1/KaccoaEt for D139. Vi/E; and V1/KacconE: are pH independent over the pH
range studied for H154N/H189N double mutant enzyme, while V1/Kg(E; decreases at low
pH with a limiting slope of 1. In the case of the H154N and HI89N mutant enzymes, data
for the V1/KaccoaEt pH-rate profile could not be collected at low pH, since Kaccoais zero.
pKa values are summarized in Table C2-3. pH-rate profiles are plotted in Fig. C2-3 for
HI154N, H189N and H154N/H189N mutant enzymes and Fig. C2-4 for D139N mutant
enzyme.

C2.3.3 Solvent deuterium Kinetic isotope effects

Table C2-4. Summary of SKIE values for wild type and mutant enzymes

Enzyme DOy, P20V /Kser) P0(V1/Kaccon)
Wild type * 1.9+0.1 25+04 N/A
H154N 1.64 £0.03 1.64 +0.03 N/A
H189N 34+03 34+0.3 N/A
D139N 23+0.1 2.3+£0.1 3.5°
HI154N/H189N 2.2+0.1 2.2+0.1 N/A

* From Johnson et al. (76).

P Estimated graphically as the ratio of the pH(D) independent values in Fig. 4.

Measurement of the V; and Vi/Kgr in H,O and D,0 gave about equal values of DOy,
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and P 2O(Vllee.r). Values are about the same as those of wild type for DI39N and
HI54N/HI89N, slightly lower than wild type for the H154N mutant enzyme and
significantly higher for the H189N mutant enzyme, Table C2-4. The pH(D) dependence
of kinetic parameters was measured over the pH(D) range of 7.3-8.5 to determine the
solvent deuterium kinetic isotope effects on Vi/Kaccoa for D139N, Fig. C2-4. An average

value about 3.5 was estimated for DZO(V1/ Kaccoa) of D139N.

C2.4 Discussion
C2.4.1 H154N mutant enzyme

Site-directed mutagenesis was used to change H154 to Asn, which cannot act as a
general base, but can still form a hydrogen bond with D139. The ~1240-fold decrease in
V1/E; and ~160-fold decrease in Vi/KgrE; indicate that H154 is important to catalysis, and
suggests it acts as a general base that accepts a proton from the f-hydroxyl of serine. This
result was anticipated given hydrogen-bond distance between H154 and D139,
suggesting the two residues might act as a catalytic dyad.

The rate-limiting step for wild type HiSAT is the formation of the tetrahedral
intermediate once the E-AcCoA-serine complex is formed (76). In this step, a
nucleophilic attack occurs on the carbonyl of the AcCoA thioester by the hydroxyl group
of serine, with the general base accepting a proton from the hydroxyl group, Fig. 1. The
difference in the values of ®*°V; (~1.9) and *(Va/Kser) (~2.5) suggested that the chemical

step is not the only rate-limiting step for the overall reaction, and that release of CoA also
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contributes to rate-limitation, with the rate of product release ~1.5 times faster than that
of the chemical step (76).

In the case of the H154N mutant enzyme, DZOV1 S DZO(V1/ Kser) = 1.6. Since the release
of CoA was only 1.5-fold greater than the chemical step(s), the 1240-fold decrease
observed for the HI54N mutant enzyme is a lower limit and is closer to 1860-fold when
correcting for the small contribution made by product release. Therefore, the observed
SKIEs are likely intrinsic values. However, the values are lower than those observed for
wild type. Considering that the elimination of H154 gives an enzyme that still has H189
in position to potentially act as a base, accepting a proton from the serine hydroxyl, we
believe the isotope of 1.6 reflects general base catalysis by H189.

The pH dependence of kinetic parameters provides information on functional groups
required on enzyme and/or reactant in a given protonation state for optimum binding
and/or catalysis (114). The V/K for a reactant is obtained at a limiting concentration of
one reactant and saturating concentrations of all others, and reflects the free form of the
enzyme the substrate binds to and the free reactant. V is obtained at saturating
concentrations of all substrates, and reflects the enzyme form(s) that are present in the
steady state.

The Vi/E; and Vi/KeerEr of the H154N mutant enzyme decrease at low pH, giving a
limiting slope of 1, and exhibit pKs of about 6.7 and 7.4, respectively, which are, within
error, equal to the pKs observed for the wild type enzyme. These data indicate that the

group that acts as a base in the mutant enzyme has a pK very similar to that of wild type.
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As suggested above, H189 may act as the general base in place of H154 in the mutant
enzyme and the pK of 6.7-7.4 would thus reflect this group.
C2.4.2 H189N mutant enzyme

In the case of the HI89N mutant enzyme, the mutation eliminates the possibility of
H189 acting as a general base. However, the 19-fold decrease in Vy/E; shows that H189 is
important but not essential to catalysis. The 130-fold decrease in Vi/KsE; and 7-fold
increase on K indicate that H189 also contributes to the binding of serine. Thus the
function of H189 may be that of orienting serine for efficient catalysis.

The observed values of ~3.4 for D20V1 and D2O(V1/ Kser) indicate chemistry limits the
overall reaction. The larger isotope effects suggest that when H154 acts as the base, it is
not optimally positioned compared to H189 in the H154N mutant enzyme [Recent
evidence from the Klinman lab (personal communication) suggests hydrogen transfer reactions
originate almost solely from quantum mechanical tunneling coupled to the breathing modes
(thermal motions) of the protein. Thus, the more compressed the reaction coordinate, the
smaller the isotope effect. Thus, HI89N with a SKIE of ~3.4 suggests H154 is not optimally
placed to act as the catalyst in the proton extraction reaction, while H154N, where H189 is the
catalyst, with an SKIE of ~1.6 is better positioned.]. The pH-rate profiles for HI89N, also
exhibit a limiting slope of 1 at low pH for Vi/E; and Vi/KsEi. However, the pK, values
have increased to ~7.5 for Vi/E; and ~8.0 for Vi/KsEi, compared to 6.8 and 7.2 obtained
for wild type. The increases in the pK, may result from removal of H189, which is likely

protonated in the wild type enzyme.
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C2.4.3 H154N/H189N mutant enzyme

The double mutant enzyme has eliminated H154 and H189 of HiSAT, so that neither
is able to act as general base. The activity of the double mutant enzyme is 23700-fold
lower, while V1/Ks(E; is 132000-fold lower than wild type values. The decrease in Vi/E;
is the product of the decreases observed for the H154N and H189N mutant enzymes. The
>10*-fold decrease is consistent with elimination of general base catalysis in HiSAT. In
addition, the >10°-fold lower value of Vi/KeE: likely reflects the ~10*-fold loss in
catalytic function and a ~10-fold loss in affinity for serine. The Vi/E; value of the
HI154N/H189N mutant enzyme is 19-fold lower than the value of H154N, which suggest
H189 is responsible for most of the activity observed for the H154N mutant enzyme. The
increase in Kgr observed for the double mutant enzyme is similar to the change observed
for H189N, consistent with the proposed role of H189 in serine binding.

Also consistent with the proposed roles of H154 and H189 is the pH dependence of
kinetic parameters. V1/E; is pH independent over the pH range 7.5-9.5 and only appears to
decrease at low pH (<7.0), where the enzyme is no longer stable. Elimination of both
imidazoles thus results in loss of the pK, for the catalytic group. A pKa of about 7.8 is
observed in the Vi/Kg(E; profile, but this likely reflects the protonation state of a group
that must be protonated for optimum binding of serine in the double mutant enzyme [An
alternative interpretation of the pH-rate profile would be selective-binding of the correctly
protonated forms of enzyme and substrate, such that when the enzyme-substrate complex is

formed, the protonation state of the enzyme and substrate functional groups are locked. Given
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the elimination of two active site residues, it is difficult to reconcile this as a reasonable
possibility.]. This may be the same group observed in the Vi/KacconE: pH-rate profile of
the D139N mutant enzyme.

A value of ~2.2 is observed for °V; and D(V1/ Kser) for double mutant enzyme, and
this is almost certainly an intrinsic effect. However, since it is not known whether
catalysis is by water or some other base, it is not possible to further interpret this effect at
this point.

C2.4.4 D139N mutant enzyme

Changing D139 to N changes the nature of the putative dyad linkage between D139
and H154 from a strong hydrogen bond between the negatively charged aspartate and N°
of H154 to a weaker bond to the amide carbonyl oxygen of the asparagine. The mutation
results in an 11-fold decrease in V1/E;, likely a result of decreasing the basicity of H154, a
possible general base catalyst. The biggest effect of the mutation is seen as a 34-fold
increase in K, resulting in a 380-fold decrease in Vi/KgerEr. The majority of the increase
in Ker is likely associated with a decreased affinity. The decreased affinity may be a
reflection of the weaker dyad linkage causing a repositioning of H154, but this will have
to await additional studies.

Since H154 is available to act as the general base in the D139N mutant enzyme, and
given the large decrease in Vi/Kg(E;, one would expect D 20(V1/ Kser) to approach a value of
~3.4, which is close to the observed value of D20(V1/ Kaccon). However, D20V1 and

D 20(V1/ Kser) are smaller with values of ~2.3.
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Finite SKIE values on all three kinetic parameters indicate the kinetic mechanism has
become random for this mutant enzyme, but it exhibits a steady state mechanism with
binding AcCoA before serine preferred. The relative off-rate of serine and AcCoA from
E-AcCoA-serine can be estimated from the isotope effect data and mechanism C2-6.

On the basis of the mechanism C2-6, expressions for Vi, Vi/Kaccoa and Vi/Kger and

the respective SKIEs are given in equations C2-7 to C2-9.

E-AcCoA %\
£

k k
/ E-AcCoA-serine —>» E-CoA —> E (C2-6)
A
P
L
E-serine 4/
POk + ks
vo KK poy K (C2-7)
ks + K, 14K
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kK s +t5
V/KAcCoA = — Po (V/KACCOA) = k ) (C2'8)
k4 + k5 1+75
K,
POk + s
VIK,,, =K o) = —— K (C2-9)
K, "+Ks 14K
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Using the value of »°(Vi/Kaccon) (3.5) for P2%s and the value of P22V = P0(Vi/Keer)
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~ 2.3, values of ks/kg and ks/k4' is approximate 0.9 and value of ks/ky is very close to zero.
The ratio of ks/ks and ks/ky' gives a value of ka/k4' (the off-rate constant for AcCoA and
serine) that would be a very large number. The change in mechanism is consistent with an
increase in the off-rate constant for AcCoA from the E-serine-AcCoA complex. Since
V1/E; was decreased by an order of magnitude, and the pathway with serine adding to
E-AcCoA gives isotope effects that are very similar to those of the wild type enzyme,
data suggest a decrease in the rate of all of the steps from addition of serine to release of
OAS in mechanism C2-6. This could result from a decrease in the amount of catalytically
active enzyme generated when serine binds, that is nonproductive binding of serine. The
large isotope effect observed on Vi/Kaccoa is consistent with an increase in the off-rate
constant for AcCoA from the E-serine-AcCoA complex resulting in rate-limiting
chemistry. The increased off-rate for AcCoA may result from an inability of AcCoA to
generate the catalytically active enzyme as a result of its binding modes as D139 is
changed. These two effects may be linked in that enzyme binding of AcCoA to give
E-AcCoA may result in a decreased amount of productive enzyme as serine binds. In
addition, when serine is bound to give E-AcCoA-serine, AcCoA is released rapidly to
give E-serine. It thus appears that D139 in dyad linkage to H154 contributes to generating
the catalytically competent E-AcCoA-serine complex.

V1/Et and Vi/KgrEr pH-rate profiles give a limiting slope of 1 at low pH for the
D139N mutant enzyme, similar to wild type. However, a bell-shaped pH-rate profile is

observed for V1/KaccoaEt, with limiting slopes of 1 and -1. The predominant enzyme form
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for Vi/Ker and Vi/Kaccoa in this case are the E-AcCoA and E-serine complexes,
respectively, while for Vi, the E-AcCoA-serine and E-CoA complexes are likely present.
The pKas observed in Vi and Vi/Kgr are about 6.2 and 6.1, respectively, about a pH unit
lower than that observed for wild type, consistent with a decreased basicity of H154
when D139 is changed to N. The pKj on the acid side of the V1/KaccoaEt pH-rate profile is
~7.2, a pH unit higher than that observed in Vi/Ks(Ei, consistent with formation of a
hydrogen bond between H154 and the serine B-hydroxyl, as expected with H154 acting as
a base to accept the proton. The group with a pK, of ~8.1 shown on the basic side of the
V1/KaccoaE: profile was not observed for the wild type enzyme, and is likely important for
binding AcCoA since it is not observed in the Vi/E; pH-rate profile. This group may
reflect the protonation state of H189, or some other active site residue.
C2.4.5 Proposed roles of H154, H189 and D139 in HiSAT

The kinetic parameters, pH-rate profiles, and SKIEs discussed above provide a
picture of how the three catalytic residues might function in the active site of the HiSAT.
Optimum binding of reactants requires the dyad composed of H154 and D139. Since
these residues are donated to the active site by different subunits at the interface, Fig.
C2-2, it is not surprising in retrospect, that the catalytic conformation depends on a
functional H154-D139 dyad.

Once AcCoA and serine are bound, we propose that N° of H154, is hydrogen-bonded
to the B-hydroxyl of serine in preparation for accepting a proton as the tetrahedral

intermediate between serine and AcCoA is formed. In the ternary complex H189 is likely
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protonated and donates a hydrogen bond to the serine hydroxyl to properly orient it in the
site.

It should be stated at this point that it is possible neither H154 nor H189 serves as a
base, and some other enzyme side chain serves in this capacity. However, on the basis of
all of the data obtained, we believe this is only a remote possibility.

Interestingly, when H154 is mutated, H189 can serve as an alternative catalyst. The
lower activity of HI54N compared to wild type suggests there is likely no biological
significance to this back-up behavior. A similar back-up system was reported for fructose
2, 6-bisphosphatase (115). H256 acts as the nucleophilic catalyst for this enzyme and
becomes phosphorylated by fructose 2, 6-bisphosphate. A second imidazole side chain
(H390) facilitates phosphoryl transfer, and acts as a general base catalyst to activate water
as the phospho-imidazole is hydrolyzed. Mutation of H256 to Ala gives an enzyme that
retains 17% activity. In the H256A mutant enzyme, H390, acts as a general base to

directly catalyze the hydrolysis of the 2-phosphate of the fructose 2, 6-P;.
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Chapter 3
3'P NMR Studies of O-Acetylserine Sulfhydrylase-B from Salmonella

typhimurium

C3.1 Introduction

O-Acetylserine sulthydrylase (OASS) is a pyridoxal 5'-phosphate (PLP)-dependent
enzyme that catalyzes the final reaction of the cysteine biosynthetic pathway in bacteria
and plants, the conversion of O-acetylserine (OAS) and bisulfide to L-cysteine and
acetate (27). In enteric bacteria, there are two isoenzymes of OASS, A and B. The
B-isozyme of O-acetylserine sulfthydrylase (OASS-B) is expressed in Salmonella
typhimurium under anaerobic growth conditions (116), and it appears to be less substrate
selective than the A-isozyme for both the amino acid and nucleophilic substrates (29).
OASS-B adheres to a Bi Bi ping-pong kinetic mechanism on the basis of initial velocity
studies (29). The proposed chemical mechanism of OASS-B is similar to that observed
for the A-isozyme (99). The substrate, OAS, binds with its a-amine unprotonated to
facilitate a nucleophilic attack on C4' of the internal Schiff base (ISB) to generate the
OAS external Schiff base (ESB). The lysine (K41) that participates in internal Schiff base
linkage, acts as a general base to deprotonate C, in the B-elimination reaction, giving the
a-aminoacrylate ESB and acetate. The B-isozyme has a turn-over number 12.5-fold
higher than the A-isozyme and an approximately 10-fold lower value of Koas (29, 93).

The three-dimensional structures of OASS-A and -B from S. typhimurium have been
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solved to 2.2 and 2.3 A, respectively, in the absence of ligands as an open form (89). As
expected, these two homodimeric structures exhibit an overall fold very similar to each
other, given the 40% identity in amino acid sequences of A- and B-isozyme (93, 117).
The main difference between the two isozymes is the more hydrophilic active site of the
B-isozyme with two ionizable residues, C280 and D281, replacing residues S300 and
P299, respectively, in the A-isozyme (93). Aspartate-281 is above the re face of the
cofactor and is within hydrogen-bonding distance of Y286, which is within
hydrogen-bonding distance to O3’ of PLP, while C280 is located 3.4 A from the pyridine
nitrogen of the internal Schiff base. Structural data also suggest that OASS-B has a higher
degree of conformational flexibility along the reaction pathway in comparison with -A.

The cofactor PLP provides a valuable probe of protein dynamics and catalysis for
PLP-dependent enzymes, due to its localization at the enzyme active site and the
sensitivity to changes in enzyme structure along the reaction pathway. Considering the
tight link between electronic and conformational states, it is not surprising that >'P NMR
methods have been exploited for PLP-dependent enzyme to reveal the conformational
landscape of catalytic actions by focusing on the binding modes of the phosphate group
on PLP (90, 98, 118-121).

Resolution of the PLP cofactor and its reconstitution with the apoenzyme has been
used to study the binding site of PLP for several PLP-dependent enzymes, including the
A-isozyme of OASS (81, 122-125). Preparation of apo OASS-A by resolution of PLP

was shown to be crucial for the studies of enzyme stability and dynamics (80, 101, 104,
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126). A method for resolving PLP from the active site of OASS-B would thus be useful.
In this paper, *'P NMR studies of OASS-B were carried out to probe the
conformational dynamics of OASS-B. The binding of the PLP cofactor in StOASS-B was
proposed to change as different intermediates are formed along the reaction pathway and
this is reflected in the *'P NMR spectra of those intermediates, giving different values of
chemical shift and line width. Values of chemical shift and line width of StOASS-B were
proposed to be similar to those obtained for StOASS-A, due to structural similarity of the
PLP binding sites of two isozymes. Data are discussed in term of cofacotr dynamics of
OASS-B during catalysis as different enzyme intermediate are formed. In addition, we
report a method for resolution of PLP from OASS-B, using hydroxylamine as the
resolving reagent. The properties of the apo OASS-B and its reconstitution with the PLP

cofactor have also been studied.

C3.2 Materials and Methods
C3.2.1 Chemicals

L-Serine, L-cysteine and hydroxylamine were from Sigma. Deuterium oxide (99.9
atom % D) was from Cambridge Isotope Laboratories, Inc. Hepes and Mes were from
Research Organics, Inc. All other chemicals and reagents were obtained from commercial
sources, were reagent grade, and were used without purification.
C3.2.2 Enzyme

Recombinant OASS-B from Salmonella typhimurium was expressed and purified
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following the protocol of Chattopadhyay et al (93). The OASS-B used for NMR
experiments was purified with a slightly modified protocol. In this modified protocol,
PLP was not added to the crude enzyme (supernatant) before it was loaded onto the
Ni-NTA column, to avoid PLP other than that in the active site bound to enzyme. The
purified OASS-B was stored in 5 mM Hepes, pH 8.0, at —80 °C.
C3.2.3°'P NMR Spectroscopy

The Fourier transform *'P NMR spectrum of OASS-B without ligand bound was
collected at 121.5 MHz (Varian 300 MHz) and 160.9 MHz (Varian 400 MHz),
respectively, using a 5 mm multinuclear probe head with broadband 'H decoupling. *'P
NMR spectra of OASS-B in presence of L-cysteine and L-serine were collected using the
Varian 400 MHz instrument, also using a 5 mm probe head. All NMR samples were
maintained at 21.0 °C in a 5 mm NMR tube, with 10% D,O in the solution as a
field/frequency lock. A spectral width of 3004.8 Hz was acquired in 12288 data points
with pulse angles of 30° and 45° for the 300 MHz and 400 MHz instruments, respectively.
The acquisition time was 1.6 sec and a relaxation delay of 3.0 sec was applied. The
exponential line broadening used prior to Fourier transformation was 10.0 Hz. Positive
chemical shifts in ppm are downfield changes with respect to 85% H3PO,.

The application of higher frequency instruments leads to higher line width, because
the chemical shift anisotropy becomes the dominant relaxation mechanism (127). The
line width of *'P NMR spectra obtained with the 400 MHz spectrometer can be adjusted

to those obtained with a 300 MHz instrument, using the following equation derived from
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the frequency-dependent model in reference (127).

(LWapo = LW, 4) _ 9 (C3-1)
(LW400 - I—Wd—d) 16

In equation 1, LW3pp and LWago represent line widths (Hz) measured with the 300
MHz and 400 MHz instruments, respectively, LWgy.q (Hz) is the value of the field
independent contribution given by dipole-dipole mechanisms. In this study, LWg.q is
calculated to be 9.5 Hz using the line width data (LW3go and LW409) of OASS-B with out
ligand bound. The line widths of the *'P NMR spectra of OASS-B in presence of
L-cysteine and L-serine were corrected to those at 300 MHz for comparison to the data
obtained with OASS-A.

C3.2.4 Enzyme assays

OASS-B activity was monitored as described by Tai et al. (29) using OAS and TNB
as substrates. The disappearance of TNB was measured at 412 nm using a Beckman DU
640 spectrophotometer; the €42 for TNB is 14,150 Mlem™ (111). All assays were
performed in 100 mM Hepes, pH 7.0, with 0.2 mM OAS and 0.05 mM TNB at room
temperature.

C3.2.5 Resolution of PLP from OASS-B
OASS-B in 5 mM Hepes, pH 8.0 was dialyzed overnight against resolving buffer

containing 500 mM phosphate, pH 7.6, 1 mM hydroxylamine and 0.2 mM DTT. The
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resolved OASS-B was dialyzed against 100 mM phosphate, pH 7.0 with 0.1 mM DTT.
The apoenzyme obtained was stored frozen at —80 °C.
C3.2.6 Reconstitution of PLP with Apo OASS-B

Reconstitution of apo OASS-B with PLP (1:3 molar ratio) was carried out at 4 °C in
100 mM phosphate, pH 7.0 with 0.1 mM DTT. A background rate (1.3%) observed for
apo OASS-B was subtracted from all activity measurements. The reconstituted OASS-B
used in the UV-visible and fluorescence spectra was prepared by combining apo OASS-B
with PLP (1:1 molar ratio) at 4 °C in 100 mM phosphate, pH 7.0 with 0.1 mM DTT.
C3.2.7 Ultraviolet-visible Spectral Studies

Absorbance spectra of apo OASS-B and reconstituted OASS-B were obtained as
described by Schnackerz et al. (98) for OASS-A. Spectra were collected at pH 7.0, using
a Hewlett Packard 8452A photodiode array spectrophotometer. The blank consisted of all
components minus enzyme.
C3.2.8 Steady-state Fluorescence Measurement

Fluorescence spectra of apo OASS-B and reconstituted OASS-B were recorded
using a Shimadzu RF-5301 PC spectrofluorometer. Experiments were carried out at pH
7.0, 25 °C. The excitation and emission slit widths were set to 3 nm and 5 nm,
respectively. The excitation wavelength was set to 298 nm, and the emission
monochromator was scanned from 310 to 550 nm. The blank consisted of all components

except enzyme.
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C3.3 Results
C3.3.1°'"P NMR Spectroscopy

'P. NMR spectra obtained for the ISB of native OASS-B from Salmonella
typhimurium exhibits a *'P chemical shift of 6.2 ppm, Fig C3-1. This can be compared to
a chemical shift of 5.2 ppm for OASS-A (90). The line width of the *'P resonance of the
ISB of the B-isozyme was 19 Hz, similar to the value of 20.5 Hz measured for the
A-isozyme. The chemical shift is independent of pH over the range 7.0 to 8.9 (data not

shown), as observed for the A-isozyme (98).

14 12 10 8 6 4 2 0 -2
ppm

Figure C3-1.’'P NMR spectrum for OASS-B without ligand bound. A chemical shift of

6.2 ppm with 19 Hz line width is comparable to those of OASS-A (5.2 ppm, 20.5 Hz).

3P NMR spectra were also obtained for the B-isozyme in the presence of 30 mM
L-cysteine or 300 mM L-serine at pH 8.0, the pH independent region of the dissociation
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constant for release of amino acid from the ESB (93). In the presence of lanthionine
[Cysteine is rapidly converted to the a-aminoacrylate intermediate, which is attacked by the
thiol of a second cysteine molecule to generate the external Schiff base of lanthionine (95).], the
3P chemical shift moves upfield to 6.0 ppm, with a line width of 21 Hz. In the presence
of 300 mM L-serine, the chemical shift moves downfield to 6.3 ppm, with a line width of
23 Hz. In comparison, the chemical shift of OASS-A for the ESBs with lanthionine and
L-serine are 5.3 and 4.4 ppm, with line widths of 32.5 and 50.5 Hz, respectively,
indicating significant differences depending on which amino acid forms the external
Schiff base (98). Values of chemical shift () and line width are summarized in Table

C3-1, together with values obtained previously for OASS-A (98).

Table C3-1. *'P NMR-Chemical Shifts and Line Widths of OASS-B

OASS-A OASS-B
Ligand
o, ppm Line width, Hz o, ppm Line width, Hz
None 5.2° 20.5° 6.2 19
L-cysteine® 5.3 32.5° 6.0 21¢
L-serine® 52,44 50.5° 6.3 23¢

* from Cook et al. (90).

® from Schnackerz et al. (98).

¢ L-cysteine was 10 mM for OASS-A and 30 mM for OASS-B, while L-serine was 36.4 mM
for OASS-A and 300 mM for OASS-B.

¢ Numbers are line widths corrected to a 300 MHz spectrometer.
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C3.3.2 Resolution of PLP from OASS-B
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Figure C3-2. UV-visible absorption spectra of OASS-B. Spectra are for native
enzyme prior to preparation of apoenzyme (—), apoenzyme (=), and
reconstituted holoenzyme (----). The spectra of holoenzyme and reconstituted
enzyme were collected in 100 mM Hepes, at pH 6.5 and 7.0, respectively. The

spectrum of apoenzyme was collected in 100 mM phosphate, pH 7.0.

Several procedures were tested for the preparation of apo OASS-B, including
guanidine hydrochloride with OAS, which was effective with the closely related OASS-A

(81), L-cysteine with imidazole citrate buffer (128), OAS with a high concentration of
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inorganic phosphate, and high concentrations of inorganic phosphate at low pH. None of
these reagents were able to successfully resolve PLP from OASS-B. Treatment of

OASS-B with 1 mM hydroxylamine in 500 mM phosphate, pH 7.6, with 0.2 mM DTT,
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Figure C3-3. Steady-state fluorescence spectra of OASS-B. Spectra are for native
enzyme prior to preparation of apoenzyme (—), apoenzyme (), and reconstituted
holoenzyme (----). The spectra of holoenzyme and reconstituted enzyme were collected
in 100 mM Hepes, at pH 7.0, while that of apoenzyme was collected at pH 7.0, 100 mM
phosphate. The long wavelength fluorescence emissions are shown more detailed in

inset.
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followed by dialysis against 100 mM phosphate, pH 7.0 with 0.2 mM DTT generated apo
OASS-B (129).

The internal Schiff base of OASS-B absorbs maximally at 414 nm with a small
shoulder at 330 nm, suggesting the ketoenamine tautomer is favored, Fig. C3-2 (93). The
absorbance spectrum of apo OASS-B, Fig. C3-2, exhibits no absorbance at 414 nm and
only slight absorbance at 330 nm, consistent with removal of most of the PLP cofactor.
Fluorescence emission spectra were obtained by excitation at 298 nm. The holoenzyme
emits predominantly at 336 nm, Fig. C3-3, consistent with previously measured spectra
(93). A very low-intensity emission band is also observed for holoenzyme and is centered
at 500 nm. The long wavelength band results from resonance energy transfer from
tryptophan to PLP. Apoenzyme exhibits an emission band at 336 nm with an intensity
that is about 3.3 times greater than holoenzyme, while the 500 nm band is absent.

C3.3.3 Reconstitution of PLP with Apo OASS-B

The holoenzyme form of OASS-B was reconstituted by adding PLP at a 3:1 molar
ratio to apoenzyme, as shown by regain of activity as a function of time. Reconstitution
of OASS-B was pseudo-first ordered, as shown in Fig. C3-4, and gave a rate constant of
about 0.035 min'l, a t;» of 20 min. Reconstituted OASS-B had 81.4% activity of the
native enzyme. The absorption spectrum of the reconstituted OASS-B (Fig. C3-2) is
nearly identical to that of the wild type, with the exception of a small broad-peak centered
at about 330 nm. The extinction coefficient at 414 nm is 6400 M'cm™, slightly lower

than the wild type value of 6800 M'cm™. The fluorescence emission spectrum of
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reconstituted OASS-B was also very similar to that of the native enzyme with excitation

at 298 nm, Fig. C3-3.

Rate (uM/min)

0 20 40 60 80 100 120 140 160 180 200

Time (min)

Figure C3-4. Kinetics of reconstitution of apo OASS-B upon addition of PLP. The points
shown are the experimentally determined values. The curve is theoretical based on a fit

of the data using the equation for a first order reaction.

C3.4 Discussion
C.3.4.1 Pyridoxal 5-phosphate binding site of OASS

The overall topology and the PLP binding site of OASS-A and -B are very similar,
which is not surprising given the 40% sequence identity of the two isozymes (93, 117).
The PLP cofactor is buried deeply between the large and small domains in both isozymes.
The 5'-phosphate group of PLP in OASS-B interacts with the positive end of the dipole of

helix 7 and the glycine-threonine (or phosphate-binding) loop (174-GTTGT-178) (93).
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The loop forms an extended hydrogen-bonding network, anchoring the phosphate moiety
of PLP to the protein matrix. The phosphate-binding loop in OASS-A is comprised of
176-GTGGT-180 (89); in OASS-B, threonine-176 replaces gylcine-178 in OASS-A.
However, the hydroxyl group of T176 points away from the 5’-phosphate and does not
participate in the hydrogen bonding network. For both isozymes, 6 hydrogen bonds are
donated to the 5'-phosphate by the phosphate-binding loop and 2 by active site water
molecules, Fig C3-5. The pattern and position of the 8 hydrogen bonds is nearly identical
for the two isozymes.

C3.4.2 *'P NMR Spectra

The *'P chemical shift of the ISB of native OASS-B is 6.2 ppm. The chemical shift is
about 1 ppm higher than that of OASS-A (90) and the highest reported for any
PLP-dependent enzyme. The 5'-phosphate is dianionic given data measured for the pH
dependence of the chemical shift of free PLP (119). The line width of 19 Hz is similar to
data obtained for OASS-A, indicating a tightly bound phosphate group, the motion of
which is determined by that of the protein (90, 98).

In OASS-B, PLP is in Schiff base linkage to K41 and deeply buried between two
domains (93). At first glance, the phosphate-binding sites of PLP in OASS-A and
OASS-B, especially around the 5'-phosphate group, are nearly identical, Fig. C3-5. The
higher chemical shift for B-isozyme must thus result from a tighter binding of the
5'-phosphate. The distance between the Schiftf base nitrogen of K41 and O4’ (the bridge

oxygen of the phosphate ester) is 4.37 and 4.17 A, respectively, in OASS-A and OASS-B,
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Figure C3-5. Superposition of the PLP cofactor in the phosphate binding site of OASS-A
(green) and OASS-B (purple) and their respective hydrogen bonding networks. The dashed
lines represent hydrogen bonds and the spheres represent water molecules. This figure was
created using Pymol from DeLano Scientific LLC. The structures used in this figure have

access number of 10AS for OASS-A and 2JC3 for OASS-B in the Protein Data Bank.

Fig C3-6. In addition, the torsion angle @ (0O4'-C5’-C5-C4), responsible for the rotation
around the C5-C5’ bond, is reduced from 67.8 degrees in OASS-A to 55.6 degrees in
OASS-B, Fig C3-6. A similar phenomenon was observed in *'P NMR spectra of aspartate

aminotransferase where the chemical shift of the cofactor is higher at high pH than at low
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pH (130). The reduction in torsion angle results @ priori in a decrease in the distance
between C4’ and O4’ (130). The torsional stain of OASS-B in PLP must be relieved by
small changes in bond angle, including those around the phosphorus atom. The *'P
chemical shift of phosphate esters correlates with even small changes in O-P-O bond
angle (131) and can thus result in higher chemical shift values for the 5'-phosphate.

The 6.0 ppm chemical shift of the lanthionine ESB of OASS-B is upfield from the
unliganded B-isozyme. This can be compared to OASS-A, where the chemical shift is
found further downfield (5.2 ppm for the ISB and 5.3 ppm for the lanthionine ESB) (98).
The slight upfield shift observed for the lanthionine ESB of OASS-B suggests a slight
relaxation of the torsional strain, while the opposite is true for OASS-A. The increased
strain in OASS-A was attributed to tight binding of the long lanthionine side chain, while
the relaxation observed in OASS-B may reflect the higher degree of flexibility of the
active site compared to OASS-A (93).

On the other hand, the further downfield shift of the 5’-phosphate of the serine ESB,
6.3 ppm compared to 6.2 ppm for the ISB, suggests an increase in torsional strain. This
would appear to disagree with the explanation provided for the lanthionine ESB, but the
serine side chain is much smaller and the orientation of PLP in serine ESB may be
somewhat different with that of lanthionine ESB. These factors could contribute to the
slight downfield chemical shift of serine ESB. Data for the serine ESB of OASS-A

exhibit two conformations in intermediate exchange, one with a chemical shift of 5.3
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Figure C3-6. Superposition of the internal Schiff base of OASS-A (green) and OASS-B
(purple). The torsion angle ® (0O4'-C5’-C5-C4) and the distance between K41Nz and
04’ of the phosphate group of PLP are labeled for each isozyme. The dashed lines
represent the distance between K41Nz and O4’'. Dihedral angles are also labeled. The
figure was created using Pymol from DeLano Scientific LLC. The ISB of OASS-A comes

from structure 10AS in the Protein Data Bank, while 2JC3 is for the ISB of OASS-B.
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ppm (slightly downfield to the 5.2 ppm chemical shift of the ISB) and another with an
upfield chemical shift of about 3.5 ppm. The *'P chemical shift of the serine ESB of the
A-isozyme has a line width of 50.5 Hz, suggesting relatively slow inter-conversion
between two tautomers of the serine ESB of OASS-A, the ketoenamine (9, 5.3 ppm) and
the enolimine (J, 3.5 ppm) (98). Given values of line width that are very similar for the
ISB and ESB of OASS-B, there is no evidence of multiple conformers of the serine ESB
in the B-isozyme. In agreement, the UV-visible spectrum of the serine ESB of OASS-B is
dominated by the ketoenamine tautomer (93). This appears to be true for the lanthionine
ESB as well.
C3.4.3 Characterization of apo and reconstituted OASS-B

Similarities in the PLP binding site and the overall structure of the A- and B-isozyme
suggested that the method used to resolve PLP from OASS-A might also be applicable to
OASS-B. However, OASS-B is not as stable as OASS-A in denaturing reagents and was
rapidly and irreversibly denatured in the presence of guanidine hydrochloride.
Hydroxylamine was an effective resolving reagent, although it does not work with the
A-isozyme (81). The difference may reside in the higher degree of conformational
flexibility of the active site of OASS-B compared to OASS—A, consistent with the
broader substrate specificity of the B-isozyme (93). The reconstitution of the PLP
cofactor with apo OASS-B was pseudo-first order as was observed for reconstitution of

OASS-A (81).
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The UV-visible spectra of the apo and reconstituted OASS-B clearly indicate that
both the resolution and the reconstitution of OASS-B were successful. Absorbance at the
414 nm Amax for the ketoenamine tautomer is only observed for the reconstituted enzyme,
while it is absent in the apoenzyme. The extinction coefficient at 414 nm for reconstituted
OASS-B is very similar to native enzyme as well. In addition, the activity of apo
OASS-B is very low and 81.4% of the activity is recovered upon reconstitution. The
low-intensity 330 nm band is attributed to the absorbance of a small amount of
unreconstituted PLP, which is about 18.6% of the total PLP used in reconstitution.

The quantum yield at 336 nm (excitation at 298 nm) of apo OASS-B is 3.3 times
higher than that of native enzyme. The difference in quantum yield indicates that the PLP
cofactor is a potent quencher of the tryptophan emission in OASS-B, consistent with the
presence of the 500 nm band of native enzyme that results from energy transfer (93). The
same phenomenon was observed for the A-isozyme (104). A ratio of about 2.5 was
observed for fluorescence of native enzyme to apoenzyme, similar to the ratio of 3.3
obtained for the B-isozyme (104). Fluorescence emission spectra of reconstituted
holoenzyme and native OASS-B are nearly identical. The 500 nm emission band is
observed in the spectrum of native and reconstituted holoenzyme, but not in that of
apoenzyme, indicating that there is no energy transfer from tryptophan to PLP in the
apoenzyme, consistent with resolution of the PLP cofactor. A reproducible method for
producing stable apoenzyme is important to future lifetime fluorescence studies of

OASS-B that will provide information in protein dynamics along the reaction pathway.
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Appendix I
Fluorescence Spectroscopy of O-Acetylserine Sulfhydrylase-B from

Salmonella typhimurium

AL1 Introduction

O-Acetylserine Sulfhydrylase (OASS) catalyzes the second step of the L-cysteine
biosynthetic pathway in bacterial and higher plants, converting OAS and bisulfide to
acetate and L-cysteine via a ping pong kinetic mechanism (27, 29). Two isozymes of
OASS, OASS-A and OASS-B, exist in enteric bacteria and are expressed under aerobic
and anaerobic growth condition, respectively (82, 116). The B-isozyme has broader
substrate specificity than A- and can utilize more reduced forms of sulfur as
psychological substrate (29, 83). A structure of OASS-B from salmonella typhimurium
has been solved recently and overall is very similar to that of OASS-A, while with a more
hydrophobic active site and higher degree of conformational flexibility during catalysis
(93). OASS-B exists as homodimer and an internal Schiff base is formed by a PLP
cofactor and the active site lysine (K41) for each monomer. There are three tryptophans
in one subunit of OASS-B in comparison with two tryptophans in that of -A, Fig. Al-1.
The fluorescence emission properties and the roles of tryptophans have been extensively
studied for StOASS-A (93, 102-104), but not for the B-isozyme. To complement studies
of OASS-A, three single and three double Trp mutants of OASS-B were prepared and

investigated in this study. Kinetic and spectroscopic methods were used to characterize
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W51

Figure AI-1. Overlay of StOASS-A and -B with their tryptophans of one subunit shown in sticks.
StOASS-A is green and cyan for each subunit, respectively, labeled with black script. StOASS-B
is yellow and orange for each subunit, respectively, labeled with red script. This figure was
created using Pymol from DeLano Scientific LLC. The structures used in this figure have access

number of 10AS for OASS-A and 2JC3 for OASS-B in the Protein Data Bank.

the mutant enzymes, including intial velocity studies, rapid-scanning stopped-flow,

UV-visible spectra, steady-state fluorescence spectra, and fluorescence lifetime
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experiments. Contribution to the total fluorescence emission and energy transfer to the
PLP cofactor were proposed to differ for each tryptophan. Values of fluorescence lifetime
and their fractional intensitiy were hypothesized to be different due to the specific
positions, mobilities and environments of the three tryptophans. Lifetimes and fractional
intensities were proposed to change as intermediates (ISB, ESB and AA) are formed
along the reaction pathway, reflecting the dynamics of the enzyme during catalysis.
These studies will give detailed information on the comformational dynamics of
StOASS-B along the reaction pathway and provide further understanding of the

mechanism of the enzyme.

AlL.2 Materials and Methods
AlL2.1 Chemicals

All chemicals and reagents were obtained from commercial sources, were reagent
grade, and were used without purification.
Al2.2 Site-directed mutagenesis

The cysM gene encoding StOASS-B was subcloned into a pET16b vector via the
Ndel/Xhol sites, using a pRSM17 vector (93). Site-directed mutagenesis was performed
using the QuikChange® method to make three single Trp-mutant enzymes, W28Y,
WI159H and W212Y, and three double Trp-mutant enzymes, W28Y/WI159H,
W28Y/W212F, and W159H/W212F. The template for the single mutant enzymes was the

recombinant StOASS-B plasmid. The templates for the double mutant enzymes were
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W159H mutant plasmid for W28Y/W159H and W159H/W212F, and W212F mutant
plasmid for W28Y/W212F. The oligonucleotide primers to generate the mutations were
listed in table AI-1. The resulting mutant genes were sequenced at the Laboratory for
Genomics and Bioinformatics of the University of Oklahoma Health Science Center to be
certain that no mutations other than the one desired were present; none were found. All
constructs encoded an N-terminal 10-His-tagged enzyme. Plasmids were transformed into

E. coli BL21-(DE3)-RIL cells for expression.

Table AI-1. Sequence of oligonucleotide primers

W28Y: CGGCAGTGAAATCTATGTCAAGCTGGAAGGC
W28Y, GCCTTCCAGCTTGACATAGATTTCACTGCCG
WI159H; CCGGCCCGGAAATCCACCGGCAAACGTCAGG
WI159H; CCTGACGTTTGCCGGTGGATTTCCGGGCCGG
W212F¢ GGCATTCGACGCTTCCCTGCGGAATATATGCC
W212F, GGCATATATTCCGCAGGGAAGCGTCGAATGCC

Codons for mutation are in bold. Subscripts f and r represent forward and reverse

primers, respectively.

Al.2.3 Enzyme Preparation
The strain containing the mutated plasmid was grown overnight at 37 °C in 50 mL of

LB medium with 100 pg/mL ampicillin. This culture was transferred into 1 liter of
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LB/ampicillin medium on the morning of the next day and the cell growth was continued
at 30 °C until the Ay reached 0.7. IPTG was added to a final concentration of 1 mM to
initiate expression. After 4 hours of induction at 30 °C, the cells were harvested by
centrifugation at 4,500 g for 30 min. The cell pellet was suspended in 50 mM phosphate,
300 mM NaCl and 10 mM imidazole, pH 8.0 and sonicated on ice for 3 min with a 30 s
pulse followed by a 1 min rest, using a MISONIX Sonicator XL. The supernatant was
obtained by centrifugation at 20,000 g for 30 min and 0.05 g PLP was added into it,
stirring at 4 °C for an hour. The supernatant was then loaded onto a Ni-NTA column with
a 6 mL bed volume. The column was washed with 10 volumes of 50 mM imidazole at pH
8.0 and enzyme was eluted with 3 volumes of 250 mM imidazole, pH 8.0. The purified
enzyme was then dialyzed against 5 mM Hepes at pH 8.0, and stored frozen at —80 °C.
All of the mutant enzymes were purified in the same way as described above.
Al.2.4 Enzyme assay

Enzyme assays were performed exactly as described in reference (93).
AIL2.5 Initial Velocity Studies

Initial velocity data were obtained by fixing TNB concentration at 0.05 mM and
varying OAS concentration around its Ky value. Data were fitted to Michaelis-Menten
equation using the Marquardt-Levenberg algorithm (112) supplied with the programs
developed by Cleland (113).
Al.2.6 Rapid-Scanning Stopped-Flow Studies

Experiments were performed as described in reference (93), but only using OAS and
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at pH 6.3. Global fitting of the RSSF spectra data were carried out using the fitting
program provided by OLIS to generate Kopss. The values of Kopss were then processed
according to reference (132) to give Kmax/Kess, where Kmax is the Kops value at saturating
OAS concentration and Kgsg 1s the dissociation constant for the external Schiff base. The
EnzFitter program was used for RSSF data-fitting.
AlL2.7 UV-Visible Spectral Studies

Absorbance spectra of OASS-B and its Trp mutant enzymes were obtained using a
Hewlett Packard 8452A photodiode array spectrophotometer, as described by Schnackerz
et al. (98) for OASS-A. Spectra of enzymes alone were collected in 100 mM Hepes, at
pH 6.5 and 8.0, respectively. Spectra of enzymes in presence of 30 mM L-cysteine or 300
mM L-serine were collected in 100 mM Hepes, at pH 8.0. Spectra of enzymes in
presence of 2 mM OAS were collected in 100 mM Hepes, at pH 6.5. The blank consisted
of all components minus enzyme for all spectra.
AlL2.8 Fluorescence Lifetime Studies

Fluorescence lifetime data were collected using an ISS Chronos time-resolved and
steady-state spectrofluorometer, which is a frequency-domain instrument using laser
diodes (LD) or light emitting diodes (LED) as light source. The Trp residues of OASSB
and its Trp mutant enzymes were excited using a 300 nm LD and the emissions were
collected for wavelenghts higher than 335 nm in 10 mM phosphate, at pH 6.3, 8.0, 9.5.
The emission data were processed by Vinci program provided by ISS and gave values of

fractional intensity (fi) and lifetime (t) for each fluorophoer.
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AlL3 Results and Disccussion

Al.3.1 Kinetic data

Table AI-2. Initial velocity and stopped-flow data of tryptophan mutants of StOASS-B

Enzyme

Initial velocity data

Stopped-flow data

VIKonsEr M's™)

kmax/KESB (M-ls-l)

wild type StOASS-B*

(3.5 + 1.3)x10*

4.45x10°

W28Y (8.1 +0.4)x10* (1.67 £ 0.02)x10*

W159H (5.1 +0.2)x10" (1.02 £0.01)x10*

W212F (3.08 + 0.08)x10° 1700 = 200
W28Y/W159H (8 + 1)x10* (1.59 + 0.04)x10*
W28Y/W212F (4.6 £0.1)x10° 1200 + 200
W159H/W212F (3.1+0.1)x10° 820 + 80

* Wild type StOASS-B data are from Rabeh (133).

The initial velocity and RSSF data were collected for the first-half reaction of Trp
mutant enzymes of OASS-B. Data are summarized in table AI-2. These kinetic data
suggest that the mutation of Trp residues in OASS-B somewhat affects the enzyme
activity. Mutation of W212 to F, whether in single or double mutant enzymes, results in a

~10-fold decrease in both V/KoasE: and Kmax/Kess compared with those of wild type,
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which suggests that this residue is slightly relate to the enzyme catalysis. Since W212 is
not close to the active site, it may be involved in a conformational change along the
reaction pathway.

Al.3.2 UV-Visible Spectra
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Figure AI-2. UV-visible absorption spectra of StOASS-B. Spectra are for StOASS-B

at pH 6.5 (—), at pH 8.0 (—), with 30 mM cysteine at pH 8.0 (----), with 300 mM

serine at pH 8.0 (-=**) and with 2 mM OAS at pH 6.5 (----). All spectra were

collected in 100 mM Hepes.

The UV-Visible spectra of ISB of OASSB at pH 6.5 and 8.0 are nearly identical,
exhibiting a peak centered at 414 nm, Fig. Al-1. This peak results from the predominant
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ketoenamine tautomer of PLP. In the spectra of the serine and lanthionine ESBs of
OASS-B, the peak at 414 nm shifts to 427 and 422 nm, respectively, with a slightly
increase in absorbance at 325 nm, attributed to the enolimine tautomer of PLP. Addition
of OAS causes disappearance of the 414 nm peak and appearance of peaks at 472 and

327 nm, representing the ketoenamine and enolimine tautomers of AA. The absorption

Table AI-3. Extinction coefficient at 414 nm of tryptophan mutant enzymes

Enzyme gq14 (M 'em™)
wild type StOASS-B 6800
W28Y 6576
WI159H 5771
W212F 5851
W28Y/WI159H 5461
W28Y/W212F 6034
WI159H/W212F 6772

spectra of the ISB of wild type OASS-B and all the Trp mutant enzymes were very
similar, and the spectroscopic changes of wild type OASS-B were observed for all the
Trp mutant enzymes. These spectral data suggest that similar intermediates were formed
along the reaction pathway for all the Trp mutant enzymes compared to wild type. The

extinction coefficient at 414 nm for the wild type OASS-B and the mutants are slightly
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different and are summarized in Table AI-3.
AlL3.3 Fluorescence Lifetime Studies

Steady-state fluorescence spectra of wild type OASS-B and its Trp mutants were
collected by Prof. Andrea Mozzarelli’s group at University of Parma (unpublished data).
Data suggest that W28, W159 and W212 are responsible for about 90%, 10%, and 2% of
the total emission at 333 nm, respectively, when excited at 298 nm. W212 is
predominantly responsible for the emission-energy transfer to the PLP cofactor. These
conclusions were then used to analyze the lifetime properties of three Trps in OASS-B in
this study.

Fluorescence lifetime data at pH 8.0 are summarized in table Al-4. W28 in
W159H/W212F mutant exhibits two life times of 0.7 and 3.0 ns with intensity fractions
of ~0.4 and ~0.6, respectively. W212 in W28Y/W159H mutant also exhibits two
lifetimes; one is 0.6 ns with ~80% intensity, the other is 3.3 ns with ~20%. However,
W159 in W28Y/W2I12F mutant enzyme only has one lifetime of 0.8 ns. The two life
times observed for W28 and W212 may suggest two different conformations of the
enzyme. The results of single Trp mutant enzymes are consistent with the life times and
fractional intensities obtained for the double mutants. In wild type OASS-B, only W28
was observed as a fluorophore, exhibiting two lifetimes similar to that obtained from
W159H/W212F mutant enzyme. Since W28 contributes about 90% of the total emission,

it is not surprising to see above result. In apo OASS-B, three lifetimes are observed and
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Table AI-4. Fluorescnece lifetime data of tryptophan mutant enzymes of StOASS-B

Enzyme T (ns) f; T, (ns) f, 73 (ns) f3 XZ
wild type StOASS-B 0.59 2.86
42% 58% 1.80
(W28, W159, W212) (W28) (W28)
apo StOASS-B
0.43 32% 2.96 22% 8.41 46% 0.99
(W28, W159, W212)
W28Y 0.79 1.33
77% 23% 1.94
(W159, W212) (W159) (W212)
WI159H 0.62 3.40
50% 50% 2.73
(W28, W212) (W28) (W28)
W212F 0.69 2.77
38% 62% 1.21
(W28, W159) (W28, W159) (W28)
W28Y159H 0.60 3.29
79% 21% 1.81
(W212) (W212) (W212)
W28Y212F 0.82
100% 3.73
(W159) (W159)
WI159H212F 0.69 3.01
39% 61% 1.09
(W28) (W28) (W28)

In the first column (enzyme), the tryptophan in parenthesis is the tryptophan available in the
enzyme. In column 2 (t;) and 4 (t;), the tryptophans in parenthesis are those that contribute to
lifetime studies. W28, W159 and W212 are in blue, green, and red, respectively. The identities of
the tryptophans for the lifetime of apo StOASS-B are unknown. 7; of W212F may be attributed
to a combination of the lifetimes of W28 and W159, on the basis of their emission intensities and

their lifetime values obtained from the double mutants.

their identity can not yet be identified. The longer life time with a value of 8.4 ns could
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be attributed to a fluorophore that is quenched by PLP in holoenzyme.

Fluorescence lifetime data were also measured at pH 6.3 and pH 9.5 for three double
Trp-mutant enzymes. These three tryptophans (W28, WI59, and W212) show
pH-independent values of lifetime and intensity faction, indicating that their emission

properties are not affected by pH.
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Appendix II
Subcloning and Expression of O-Acetylserine Sulfhydrylase-A from

Salmonella typhimurium

The cysK gene encoding StOASS-A was subcloned into a pET16b vector via
Ndel/Xhol sites, using a pCKM3 vector (134). This vector is the template for PCR of the
cysK gene and the primers used in PCR are listed in table AIl-1. PCR conditions were as
follows: (1) 95°C for 1 min, (2) 95°C for 30 s, (3) 50°C for 1 min, (4) 68 °C for 2 min
and 30 s, (5) cycling 30 times from (2)-(4), (6) 68 °C for 10 min. pET16b vector and the
amplified DNA fragment were digested with Ndel and Xhol, respectively, and then
ligated to obtain the new construct. This new construct encoded an N-terminal
10-His-tagged enzyme and was transformed into E. coli BL21-(DE3)-RIL cells for

expression.

Table AII-1. Sequence of oligonucleotide primers

StOASS-Ar | GGAATTCCATATGAGTAAGATTTATGAAGATAACTCGC

StOASS-A, CCGCTCGAGTCACTGTTGCAGTTCTTTCTC

Subscripts f and r represent forward and reverse primers, respectively. Ndel site in

forward primer and Xhol site in reverse primer are in bold.

Enzyme expression and purification are identical to those described for StOASS-B in
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appendix I, except the purified enzyme was dialyzed against 10 mM Hepes at pH 8.0, not
5 mM Hepes as for the B-isozyme. The molecular weight of a monomer of the

recombinant enzyme was measured to be 35.4 kDa using ESI mass spectrometry.
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Appendix 111
PKi(cysteine) Profile of Serine Acetyltransferase from Haemophilus

influenzae

AIIlL.1 Introduction

In bacteria and higher plants, de novo biosynthesis of L-cysteine proceeds via a
two-step pathway (27). Serine acetyltransferase (SAT) catalyzes the first step, converting
AcCoA and serine to CoA and OAS. In the second step, OAS and bisulfide are catalyzed
by O-acetylserine sulthydrylase (OASS) to give acetate and L-cysteine (28). The end
product, L-cysteine, regulates its own synthetic pathway by competitive inhibition of
SAT, suggested by inhibition studies and crystal structure of SAT:cysteine complex (30,
35, 36). Since L-cysteine and L-serine occupy the same active site and are nearly
identical in structure, serine is expected to be able to bind to the free SAT as the cysteine
does (60). However, the kinetic mechanism of SAT is determined as sequential and
AcCoA is the first substrate to bind, indicating that there is no SAT:serine complex
existing (35). Above data suggests that there must be some difference in the binding of
these two amino acids to SAT. In this study, the pH-dependence of the inhibition constant
of L-cysteine was investigated. Data were discussed in terms of the binding of L-cysteine

in comparison to that of L-serine in the active site of HISAT.

AIIlL.2 Materials and Methods
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AIIL2.1 Chemicals

All chemicals and reagents were obtained from commercial sources, were reagent
grade, and were used without purification.
AIlIlL.2.2 Enzyme Preparation

Wild type HiISAT was purified according to reference (135).
AIlIL2.3 Enzyme Assay and pKicysteine) Profile

Enzyme assays were performed as described in reference (35) for initial velocity
measurements in the presence of L-cysteine. In the direction of serine acetylation,
disappearance of absorbance at 232 nm was measured in 100 mM phosphate using 1
cm-pathlength cuvettes with a € of 4500 M'cm™ (35), representing the disappearance of
the thiolester bond of AcCoA. Inhibition data for L-cysteine at different pH (6.5-9.0, in
100 mM phosphate) were obtained by measuring the initial velocity at variable
concentration of AcCoA with the concentration of L-serine fixed at about 5K, and at
several concentrations of L-cysteine (competitive inhibitor) including zero. Inhibition
data were fitted to equation AIII-1 to obtain the inhibition constant of L-cysteine at
different pH. These inhibition constants were then fitted to equation AIII-2 to give the pK

value for the binding group shown in the pKiysteine) profile.

= VA (ATIL-1)

|
K.+—)+A
()

IS
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logy =log (AIII-2)

In equations AlII-1, v and V represent initial and maximum velocities, respectively, A
represents substrate concentrations, K, is Ky value for substrates A, and Kjs is the
competitive-inhibition constant for L-cysteine. In equations AIII-2, y is the value of 1/Kis
at any pH, while C is the pH-independent value of y, H is the hydrogen ion concentration,

and K is the acid dissociation constant of functional group on enzyme or inhibitor.

AIIL.3 Results and Disccussion

The pKiysteine) profile of HISAT exhibits a limiting slope of 1 on the basic side, Fig.
Alll-1, indicating a group that needs to be protonated for optimum binding of cysteine
with a pKj, value of 8.4 + 0.1. This group can either be from the inhibitor, L-cysteine, or
the enzyme. Since this group is not observed in the pH-rate profile of V/Ksyr, which only
exhibits a general base group on the acid side (76), it is unlikely that this group is from
the enzyme, given the structural similarity of serine and cysteine. This group thus could
represent the thiol of L-cysteine, which has a pK; value of 8.37 when it is free in solution,
nearly identical to the value of 8.4 obtained in the pKjcysteine) profile.

Above data suggest that the protonated thiol group of L-cysteine is essential for its
binding to the free enzyme and the difference between the thiol group of cysteine and the

hydroxyl group of serine may be responsible for the nonexistence of SAT:serine complex.
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The hydroxyl group of serine is already protonated as the optimum binding form of
cysteine, indicating that the protonation state of serine should not contribute to its
inability of binding free enzyme. The length of the C-O bond in hydroxyl group is about
1.4 A, while the length of C-S bond in thiol is about 1.8, 0.4 A longer then the C-O bond.
In addition, the orientation of the thiol group of cysteine and the hydroxyl group of serine
could be slightly different when they bind. These two factors, bond length and orientation,

may be the key to explain why serine can not bind to the free HiSAT.

pKi
()]
L 4

Figure AIII-1. pH dependence of pKiystine) values of HiSAT. Points (@) are
experimental values, while the curve is theoretical based on fits of the data using
equation AIII-2.

Recently, roles of H154, H189 and D139 in the active site of HiSAT were
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investigated and the mutation of D139 to N was reported to result in a change of kinetic
mechanism from sequential to random (135), which suggests that serine can bind to the
free HISAT by a single mutation of D139 although D139 has no direct interaction with
serine, and thus indicates that even small change in the active site can lead to the change
of serine binding. This confirms that the difference of bond length and orientation of thiol
and hydroxyl group may cause the inability of serine binding to the free HiSAT.
Although serine cannot bind to free enzyme, it can bind to the SAT:AcCoA complex,
suggesting a structural difference between free enzyme and the complex. There must be a
conformational change responsible for this structure difference when AcCoA binds to the

enzyme.
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Appendix IV

Other research

Two mutant enzymes of StOASS-A, H152A and K120Q, were constructed using
site-directed mutagenesis (QuikChange® method) and purified as described for wild type
OASS-A in appendix II. The template for mutagenesis is the OASS-A plasmid
constructed in appendix II. The oligonucleotide primers to generate the mutations are

listed in table AIV-1.

Table AIV-1. Sequence of oligonucleotide primers

HI152A¢ CCTGCCAACCCGGAAATCGCCGAAAAAACCACC

HIS52A, GGTGGTTTTTTCGGCGATTTCCGGGTTGGCAGG

K120Qr | CGAAGGGGCGAAAGGGATGCAAGGCGCTATTCAGAAAGC

K120Q: GCTTTCTGAATAGCGCCTTGCATCCCTTTCGCCCCTTCG

Codons for mutation are in bold. Subscripts f and r represent forward and reverse

primers, respectively.

The UV-Visible and fluorescence emission properties of these two mutant enzymes
were investigated and published in the following papers and will not be discussed further

in this thesis.
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Tai, C.-H., Rabeh, W. M., Guan, R., Schnackerz, K. D., and Cook, P. F. (2008) Role of
Histidine-152 in cofactor orientation in the PLP-dependent O-acetylserine sulfhydrylase

reaction, Arch. Biochem. Biophys. 472, 115-125. (136).

Tai, C.-H., Rabeh, W. M., Guan, R., Schnackerz, K. D., and Cook, P. F. (2008) Effect of mutation

of lysine-120, located at the entry to the active site of O-acetylserine sulfhydrylase-A (OASS-A)

from Salmonella typhimurium, Biochim. Biophys. Acta, Proteins Proteomics 1784, 629-637. (137).
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