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1. ABSTRACT.
Cystathionine P-Synthase (CBS) catalyzes the pyridoxal 5'-phosphate (PLP)dependent condensation of L-homocysteine and L-serine to form L-cystathionine. A series
of expression constructs, in which human CBS (hCBS) is expressed with a 6-His affinity
tag, were created to facilitate the efficient and economical purification of this enzyme. It
was determined that a fusion protein partner is not required for the expression of soluble
hCBS and that the steady-state kinetic parameters were unaltered by the presence of an
amino-terminal, 6-His affinity tag. Site-directed mutants of the residue S289, which is
within hydrogen-bonding distance of position N-l of the pyridine ring of PLP, of the
model yeast enzyme were constructed to investigate the manner in which CBS controls
the chemistry of this versatile cofactor. The reduction in fluorescence energy transfer,
from tryptophan residues to the cofactor, suggests a change in the orientation of the
cofactor in both the S289A and S289D mutants. The ~800-fold decrease in the

kcJK^Ser

of the S289A mutant suggests that the CBS-catalyzed a, p-elimination of L-Ser occurs via
an Ei mechanism. Although both hCBS and yeast CBS (yCBS) comprise a carboxyterminal, regulatory domain, hCBS is reported to be allosterically activated by S-adenosyl
methionine (SAM), while yCBS is SAM-insensitive. A series of residues in the
regulatory domain of both enzymes were targeted for site-directed mutagenesis based on
sequence alignment and the structure of similar domains in other proteins. Residues F443
and D538 were postulated to mediate n-stacking and hydrogen bonding interactions with
the adenine ring and the hydroxyl groups of the ribose ring of SAM, respectively.
Although the specific activity of the D538A mutant is similar to the wild-type enzyme
and that of F443A is increased by 2.2-fold, neither mutant is activated by SAM.
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8. INTRODUCTION.
Throughout history, diseases have had been a focus of social concern and superstition.
Medical research has made great strides in eradicating, or reducing the prevalence of many
diseases of historical significance, such as the bubonic plague, tuberculosis, leprosy and polio,
particularly since the advent of antibiotics and vaccines. However, effective cures and/or
therapeutics for many diseases, particularly those with a genetic component, such as cancer,
Alzheimer's and Parkinson's, remain elusive.
Hereditary disorders can be divided into three groups: (1) mutations at the gene level,
causing point or frameshift mutations in the protein encoded by the affected gene; (2)
chromosomal abnormalities, resulting in a change in chromosome number and/or size; and (3)
multi-factorial disorders, where mutations in multiple genes are often coupled with
environmental factors. Phenylketonuria, sickle-cell anemia and homocystinuria are members of
the first group, while Down syndrome and some forms of cancer are well-known examples of the
second and third groups, respectively [Berg et al, 2002]. As our understanding of the genetic
basis for many diseases and the availability of genetic testing have developed, screening of
fetuses and newborn infants has increased. This is exemplified by phenylketonuria screening,
which is widely available in North America and Europe [Shapiro, 1994]. However, as effective
therapeutics are not currently available for many of the vast array of hereditary diseases,
increased research in this area is necessary to understand their underlying mechanisms.

1

8.1. Homocystinuria.
The plethora of the genetic disorders currently under investigation often seem to be vying
for the spotlight, both in terms of public awareness and research funding. Homocystinuria is one
such disorder and in recent years it has attracted attention due to its relationship with vascular
disease. The elevated concentration of the amino acid homocysteine in the plasma, that is
characteristic of homocystinuria, leads to the multi-systemic manifestations of this disorder,
which involve many organs and tissues, notably the cardiovascular system, central nervous
system and eyes [Kraus et al, 1999; McCully, 2001]. Homocysteine was discovered by Vincent
Du Vigneuad in 1932, although its significance in clinical medicine was not initially appreciated
and it was thought simply to be an obscure intermediate of amino acid metabolism [McCully,
2001]. Unlike methionine, its metabolic precursor, homocysteine is a non-proteinogenic amino
acid. It was not until 1962, when a group of investigators in Belfast began to screen for amino
acids in the urine of children with mental retardation, that the clinical relevance of homocysteine
was recognized. Several children, presenting symptoms including dislocated ocular lenses
{ectopia lentis), osteoporosis and skeletal problems, as well as vascular occlusions, were found to
have homocysteine in their urine [McCully, 2001]. The disorder, which is the most common inborn error of methionine metabolism, was eventually named homocystinuria.
The most common cause of homocystinuria is deficiency of cystathionine P-synthase
(CBS), the first enzyme of the reverse transsulfuration pathway [Kraus et al, 1999] The gene
encoding CBS has also been linked to Down syndrome, as it is located on the 21 st chromosome
in humans [Kamoun, 2001]. As is typical of a hereditary disorder, the incidence of
homocystinuria is highly variable and dependent on ancestry. A frequency of 1:344,000 is
estimated worldwide, but is much higher in specific populations [Mudd et al, 2001]. For
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example, incidences of 1:6,400,1:65,000 and 1:20,500 have been recently reported in Norway,
Ireland and Denmark, respectively, while a frequency of 1:349,000 has been estimated for the
Czech Republic and Slovakia [Refsum et ah, 2004; Yap and Naughten, 1998; Gallagher et ah,
1995; Kozich et ah, 1997; Janosik et ah, 2001b]. Although small case studies have been
conducted investigating the allele prevalence in Australia, Brazil, India, and the Middle East,
statistical reports are not yet available for these populations [Maclean et ah, 2002; Kaur et ah,
1995; Porta et ah, 2005; El-Said et ah, 2006; Al-Essa et ah, 1998].
More than 100 homocystinuria-associated mutations have been identified in the gene
encoding CBS [Kraus et ah, 1999]. Although several nonsense mutations, such as insertions,
inversions and deletions, have been identified, ~80% of homocystinuria-associated hCBS
mutations are missense and result in a change in a single amino acid in the protein sequence. The
majority of mutations are referred to as "private mutations" because they are either unique or
restricted to only a few families. However, particular mutation(s) are also prevalent in specific
populations. For example, G307S, one of the most common homocystinuria-associated
mutations of CBS, is prevalent in patients of Celtic origin, particularly in Ireland where it
accounts for >70% of homocystinuria alleles tested [Kraus et ah, 1999]. The prevalence of the
I278T and G307S mutations has resulted in their becoming the standard mutations screened for
in Northern European populations [Gaustadnes et ah, 2000].

3

8.2. Cystathionine fi-synthase.
Due to its position at the start of the reverse transsulfuration pathway, CBS plays an
essential role in homocysteine metabolism. It catalyses the pyridoxal 5'-phosphate (PLP)dependant condensation of L-serine (L-Ser) and L-homocysteine (L-Hcys) to form L-cystathionine
(L-Cth) (Figure 1), which is subsequently converted to L-cysteine (L-Cys), a-ketobutyrate and
ammonia by cystathionine y-lyase (CGL) [Aitken and Kirsch, 2005; Kraus et al, 2002].
The PLP cofactor, required by both CBS and CGL, is common to enzymes catalyzing
transformations of amino acids. Cystathionine p-synthase is typical of the phylogenetic group of
PLP-dependent enzymes referred to as fold type II, which generally catalyze oc,p-replacement
and elimination reactions of amino acid substrates [Christen and Mehta, 2001]. O-acetyl serine
sulfhydrylase (OASS) is the prototypical representative of this group of enzymes and the
mechanism of the Salmonella typhimurium enzyme has been thoroughly investigated [Christen
and Mehta, 2001; Tai and Cook, 2001; Cook, 2003].

8.2.1. CBS Structure.
The strong homology between S. tymphirium OASS (stOASS) and the catalytic core of
human CBS (hCBS) enabled the former to be used as a model for molecular replacement in the
determination of the 2.6-A resolution crystal structure of the truncated, dimeric form of hCBS
(Figure 2) [Meier et al, 2001]. The truncated form of hCBS comprises residues 1-413 and has a
subunit molecular weight of 45 kDa, while the full-length enzyme is 551 amino acids in length,
has a homotetrameric quaternary structure and a subunit molecular weight of 63 kDa. Each
subunit of the full-length enzyme is comprised of three domains (Figure 3): the N-terminal
domain (-75 residues); the highly-conserved catalytic core (-340 residues), which shares 47%
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sequence identity with stOASS; and the C-terminal, regulatory domain (-140 residues), which
contains the proposed binding site of the allosteric activator molecule, S-adenosylmethionine
(SAM) [Meier et al, 2001; Bateman, A., 1997]. Full-length hCBS is prone to aggregation, which
has hindered biophysical studies, thereby necessitating the removal of the C-terminal 138
residues to enable the production of crystals of this enzyme [Kraus et al, 1998; Kraus et al,
2000; Meier et al., 2001]. Therefore, no structure is available for the regulatory domain of CBS.
The PLP cofactor of hCBS is covalently bound, via a Schiff-base linkage, to Kl 19 in the
active site of the enzyme. Each subunit of hCBS also possesses a heme moiety, which is situated
in the N-terminal domain (Figure 2), where it is axially coordinated by residues C43 and H65
[Meier et al, 2001]. The presence of the heme-binding, N-terminal domain is uniquely
associated with mammalian CBS (Figure 3) [Kraus et al, 1996]. The role of the heme cofactor
of hCBS has yet to be elucidated, although the possibility of a redox-regulatory mechanism is
attractive as it could allow for regulation of the flux through the reverse transsulfuration
pathway, which produces the L-Cys required for the biosynthesis of glutathione, a key compound
in the maintenance of cellular redox stability [Jhee et al, 2000a; McLean et al, 2000; Burstyn et
al, 2004].
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Figure 1. The CBS-catalyzed condensation of L-Ser and L-Hcys forming L-Cth. [Aitken and
Kirsch, 2005]
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Figure 2. Schematic and cartoon representations of CBS structure. The domain structure of (A)
human and (B) yeast CBS are similar, although the latter lacks the N-terminal, heme-binding
domain [Jhee et al, 2000b]. (C) Cartoon and surface representation of the dimeric structure of
the truncated hCBS enzyme [Meier et al, 2001; PDB ID: 1JBQ]. The PLP and heme cofactors
are shown in yellow and red, respectively. One subunit of the dimer is shown in cartoon and the
other in surface representation. The catalytic domain of each subunit is pale blue and the hemebinding domain, N-terminal, is red.
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8.2.2. Mechanism of CBS.
The ping-pong kinetic mechanism of CBS, in which L-Ser binding and release of H2O
precedes L-Hcys binding and the release of L-Cth, has been established [Jhee et al, 2000b;
Banerjee & Zou, 2005]. However, the mechanism whereby this enzyme regulates the chemistry
of the versatile PLP cofactor has not been fully elucidated. Pyridoxal 5'-phosphate-dependant
enzymes represent approximately 4% of those recognized by the Enzyme Commission [Christen
and Mehta, 2001]. The PLP cofactor is derived from pyridoxine, also known as Vitamin B6
[Mozzarelli and Betati, 2006]. Oxidation of pyridoxine to the aldehyde form (pyridoxal) and
phosphorylation at the 5' position is required to produce the activated PLP form of the cofactor
[Toney, 2004]. Pyridoxal 5'-phosphate-dependent enzymes carry out a diverse array of reactions,
including transamination, decarboxylation, racemization, and side chain rearrangements of
amino acid substrates (Figure 3) [Christen and Mehta, 2001].
It is the electron-withdrawing capacity of the pyridinium ring of the PLP cofactor that
enables cleavage of the bond between C a and either the Ca-proton, side chain or a-carboxyl
group of amino acid substrates (Figure 4) as well as the stabilization of the ensuing carbanion.
The reaction specificity of PLP-dependent enzymes is provided by the protein component of the
enzyme, which controls the substrate specificity, modifies the electron-withdrawing nature of the
pyridinium ring and determines the orientation of both the cofactor and the substrate in the active
site [Eliot and Kirsch, 2004]. The effect of regulating substrate orientation with respect to the
aromatic ring of the cofactor is well understood, as it is the bond to the C a substituent, of the
amino acid substrate, in the position orthogonal to the pyridinium ring that is cleaved to generate
a carbanion during catalysis [Dunathan, 1966].
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Figure 3. The catalytic versatility of PLP is demonstrated by the breadth of reactions catalyzed
by this cofactor. The first step of all PLP dependent reactions is the formation of an aldimine
linkage with the amine group of the amino acid substrate. Thereafter, the reactions diverge as
shown [Toney, 2005].
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Other effects regulating reaction specificity, such as the nature of the active-site residues
interacting with the ring substituents of the cofactor, are more subtle and remain to be defined for
many PLP-dependent enzymes, including CBS.
The first step in catalysis, common to all PLP-dependent enzymes catalyzing
transformations of amino acid substrates, is a Schiff-base exchange reaction referred to as
transimination. The resting state of a PLP-dependent enzyme is the internal aldimine, in which
the cofactor is covalently bound, as a Schiff base, to the side chain of an active-site lysine
residue (Kl 19 of hCBS, Figure 2). The e-amino group of the active-site lysine is displaced by the
amine group of the substrate, resulting in the formation of an aldimine linkage with the substrate,
referred to as the external aldimine (Eliot and Kirsch, 2004). This reaction involves the formation
of a geminal diamine intermediate and occurs via a multi-step process that is generally very rapid
in comparison with the central steps in the reaction mechanism (e.g., deprotonation of Ca). The
external aldimine is the common central intermediate for all enzymatic and nonenzymatic PLPcatalyzed reactions and divergence in reaction specificity occurs from this point (Figure 4).
Reactions catalyzed by PLP-dependent enzymes occur via a number of steps that
generally involve the flow of electrons between the cofactor and the covalently-bound substrate.
As the extent of conjugation of the aromatic system of the cofactor is altered as the reaction
proceeds (i.e. by protonation and deprotonation of specific positions), PLP intermediates having
distinct spectral properties are observed. This property of PLP facilitates pre-steady state
investigations of enzymes dependent on this versatile cofactor. However, hCBS is exceptional in
this regard, as the Soret band of the heme cofactor masks the weaker absorbance of the PLP
intermediates. Since yeast CBS (yCBS) lacks the N-terminal, heme-binding domain that is found
in CBS from mammalian sources, and is expressed in >50-fold greater quantities than the human
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enzyme, it has proven a useful model for mechanistic studies (Bukovska et al, 1994; Shan and
Kruger, 1998; Jhee et al, 2000a; Aitken and Kirsch, 2003, Aitken and Kirsch, 2004).
The reaction catalyzed by CBS is typical of PLP-dependent, P-replacement reactions in
that it is comprised of two distinct stages [Miles et al, 2001] In stage I, a transimination reaction,
occurring via a geminal diamine intermediate, results in the formation of the external aldimine of
L-Ser (Figure 4). Subsequently, the C a proton of L-Ser is abstracted and the hydroxyl group of LSer undergoes p-elimination, resulting in the formation of the external aldimine of aminoacrylate
(E-AA). Stage II commences with a nucleophilic attack on the aminoacrylate intermediate by the
thiolate group of L-Hcys, followed by reprotonation at C a to generate the external aldimine of LCth. A final transimination reaction releases the product, L-Cth, regenerating the internal
aldimine form of the enzyme [Jhee et al., 2000a; Jhee et al, 2001; Miles et ah, 2001; Banerjee
and Zou, 2005]. Similar reaction mechanisms have been established for OASS and tryptophan
synthase (TrpS), which are also members of fold-type II of PLP enzymes [Miles et al, 1998;
Cook, 2003; Mozzarelli and Bettati, 2006; Christen and Mehta, 2001].
The particular PLP intermediates formed during the course of a reaction is an important
determinant of reaction specificity that is regulated in-part by interaction between ring
substituents and neighboring active-site residues. Investigations of aspartate amino transferase,
the archetypical PLP-dependent enzyme, have demonstrated that the nature of interactions with
the pyridinium nitrogen, at position N-l, and the hydroxyl group attached to C3 of the PLP ring,
are of particular importance in this regard [Goldberg et al, 1991; Yano et al, 1992]. The
residues interacting with the pyridinium nitrogen and the hydroxyl ring substituent in hCBS are
S349 and N149, respectively (Figure 5), which correspond to S289 and N84 of yCBS (Meier et
al, 2001).
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a,P-elimination reactions may proceed, dependent on the leaving group in the /^-position,
via an Ei or E2 chemical mechanism. Pyridoxal 5'-phosphate-dependent cc,P-elimination
reactions are generally thought to occur via an Ei mechanism in which the carbanion formed
upon abstraction of the C a proton is stabilized by resonance derealization in the quinonoid
intermediate, which would not be formed in a concerted, E2 reaction [Mayer et ah, 1984; Tai and
Cook, 2001]. A quinonoid intermediate, the formation of which requires either protonation of or
formation of a hydrogen bond to N-l of the PLP cofactor, is observed in both stages of the
Salmonella typhimurium TrpS (stTrpS) reaction (Jhee et ah, 1998a). In stTrpS, it is the serine
residue at position 377 (S377) that forms a hydrogen bond to N-l of the cofactor, thereby
enabling formation of the quinonoid intermediate in this enzyme. The S377D site-directed
mutant of TrpS displays a prominent band around 500 nm, typical of a quinonoid, in the presence
of the L-Ser substrate, that is not observed in equilibrium studies with the wild-type enzyme,
demonstrating that the presence of a carboxylate group in proximity to N-l of the PLP cofactor
forces protonation of the pyridinium nitrogen and stabilizes the quinonoid intermediate to an
greater extent than the wild-type enzyme [Jhee et ah, 1998a]. In contrast, no quinonoid
intermediate has been detected in pre-steady state studies of OASS, which follows an E2
mechanism, or CBS [Tai and Cook, 2001; Jhee et ah, 2001].
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Figure 4. The chemical mechanism of the P-replacement reaction catalyzed by CBS. Stage I
comprises the a,P-elimination reaction in which the C a proton is abstracted and the hydroxyl
group of the L-Ser side chain is eliminated, resulting in formation of the external aldimine of
aminoacrylate. The aminoacrylate intermediate is subsequently attacked by the thiolate group of
L-Hcys, producing L-Cth. The putative quinonoid intermediates are not shown, as they have not
been observed for CBS [Miles et al, 2001].
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Figure 5. View of the active site of hCBS [PDB: 1JBQ]. PLP (yellow) is shown in internal
Schiff base linkage with lysine 119. The 5'-phosphate is anchored to the glycine 256 to the
threonine 260 loop via several hydrogen bonds (not all are shown/indicated). Ser 349 is within
hydrogen bonding distance to N-l of the pyridine ring, and 0 3 ' of the pyridine ring is within
hydrogen bonding distance to Asn 149. Residues S349 and N149, which correspond to S289 and
N84 of yCBS are proposed to form hydrogen bonds (represented as solid lines) to the pyridine
nitrogen and 3'-hydroxyl group of the PLP ring [Meier et al, 2001].
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Tai and Cook have reasoned that formation of a quinonoid intermediate is disfavored in
the reaction catalyzed by OASS because the pK^s of the pyridine nitrogen of the PLP and the
adjacent S272 are unmatched, making unlikely that S272 unlikely to donate a proton to Nl of the
cofactor [Tai et al, 2003]. Alignment of the sequences of yCBS (or hCBS) with stOASS and
stTrpS demonstrate that while S289 of yCBS corresponds to S272 of stOASS, the corresponding
residue of stTrpS is a glutamate. Although S3 77 of stTrpS interacts with the N-l of the PLP ring,
this residue is not structurally equivalent to S272 of stOASS and S289 of yCBS. Therefore, the
role of S289 of yCBS is of particular interest because while this enzyme is more closely related
structurally to stOASS, which employs an E2 reaction mechanism that does not involve the
formation of a quinonoid intermediate, the first stage of yCBS catalysis is identical to that of
stTrpS, which employs an Ei mechanism [Cook, 2003]. The role of S289 in the regulation of
cofactor chemistry in yCBS will be investigated in this study.

8.2.3. Regulation of CBS activity.
Homocysteine is formed in vivo upon cleavage of S-adenosylhomocysteine (SAH), which
is produced following loss of the methyl group of S-adenosylmethionine (SAM), a key methyl
donor in cellular metabolism and precursor of a variety of compounds, including nucleotides.
The transmethylation and reverse transsulfuration pathways compete for the branch-point
metabolite L-Hcys, converting it to L-Met, the immediate precursor of SAM, and L-Cys,
respectively (Figure 6) [Selhub, 1999; Skovby et ah, 1995]. The relative flux through these two
pathways is roughly equal and is controlled, via allosteric regulation, by SAM [Kraus et al.,
1994]. Allosteric activation of hCBS by SAM increases the flux of L-Hcys through the reverse
transsulfuration pathway when the cellular methionine pool exceeds the level required to
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maintain homeostasis, a concentration that may vary depending upon the metabolic state of the
cell [Finkelstein et al, 1975; Kraus et al., 2001]. Human CBS is activated 2- to 3-fold by SAM,
which is proposed to bind to an, as-yet uncharacterized, site within the regulatory domain
[Finkelstein et al, 1975].
The C-terminal regulatory domain of CBS contains two hydrophobic sub-domains,
referred to as CBS1 and CBS2 (Figure 2). This motif, known as a CBS domain because it was
first observed in CBS, is also found in other proteins, including inosine-5'-monophosphate
dehydrogenase (IMPDH) and AMP protein kinase (AMPK), in which it has been demonstrated
to contain a binding site for adenosine-containing ligands, such as SAM and adenosine
triphosphate (ATP) [Bateman, 1997; Ignoul and Eggermount, 2005]. Proteolytic cleavage,
expression of the truncated enzyme form, thermal activation and specific homocystinuriaassociated mutations have also been observed to result in an elevation of hCBS activity
[Banerjee et al, 2005]. These findings demonstrate that it may be possible to develop drugs that
interact with the C-terminal domain of CBS to treat elevated homocysteine in humans.
The yeast and human CBS enzymes have similar domain architectures, although the yeast
enzyme lacks the N-terminal, heme-binding domain of hCBS. However, while the yeast enzyme,
unlike hCBS, is reported to be unresponsive to SAM, removal of the regulatory domain of both
hCBS and yeast CBS (yCBS) results in a truncated, dimeric form of the enzyme that is activated
~3-fold compared to the full-length tetrameric form [Jhee et al, 2000b]. Therefore, as no
allosteric activator of yCBS has been reported, the role of the regulatory domain within the
context of this enzyme is unclear.
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Figure 6. The metabolism of homocysteine. Homocysteine is formed upon cleavage of Sadenosylhomocysteine (SAH), following demethylation of S-adenosylmethionine (SAM).
Homocysteine can be remethylated, via the action of methionine synthase (MS), a vitamin I n dependent enzyme. In this reaction, methyltetrahydrofolate (CH3THF), which is formed from
methylene tetrahydrofolate (CH2THF) through the action of methyltetrahydrofolate reductase
(MTHFR), serves as the methyl donor. Alternatively, L-Hcys can be shunted down to the reverse
transsulfuration pathway, where it is condensed with L-Ser, through the action of CBS, to form
L-Cth, which is subsequently hydrolyzed by cystathionine y-lyase (CGL), forming L-Cys, aketobutyrate and ammonia. Additional enzymes in the remethylation pathway include MAT Methionine adenyltransferase, MTs - Methyltransferases, and SAHH - S-adenosyl homocysteine
hydrolase [Adapted from Hajjar, 2001].
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8.3. CBS domains.
CBS domains have been found in proteins from archaebacterial, eubacterial and
eukaryotic sources [Bateman, A., 1997]. Point mutations in the CBS domains of a range of
proteins are linked to hereditary diseases: IMPDH with retinitis pigmentosa, CBS with
homocystiniuria, AMPK with familial hypertrophic cardiomyopathy and Wolff-Parkinson-White
syndrome, and the different isoforms of chloride-channel protein (CLC-2, CLC-5, CLC-6) with
various disorders including Dent's Disease, congenital myotonia, idiopathic generalized
epilepsy, hypercalciuric nephrolithiasis [Kennan et al, 2002; Nozaki et al, 2001; Blair et al,
2001; Maduke et al, 1999]. Although their specific role likely varies with the nature of the
protein each is a component of, involvement in oligomerization and the binding of adenosinecontaining ligands are common properties of CBS domains [Ignoul and Eggermont, 2005; Scott
et al, 2004]. Their role as determinants of the oligomeric status of CBS is demonstrated by the
observation that removal of the 141 or 154 residues comprising the C-terminal, regulatory
domains of human and yeast CBS, respectively, converts the quaternary structure of these
enzymes from homotetrameric to homodimeric [Kery et al, 1998; Miles et al, 2000].
CBS domains are comprised of a conserved Pi-ai-P2-P3-«2 motif and generally occur in
pairs, as observed in both human and yeast CBS, CLC proteins and IMPDH, or double pairs, as
exemplified by AMPK and its yeast homolog, Snf4. Structures of CBS domains from IMPDH,
AMPK and Snf4 demonstrate that dimerization of CBS domain pairs results in the formation of a
symmetrical unit [Zhang et al, 1999; Tong et al, 2006; Hardie et al, 1998]. Although the two
amphipathic a helices of each monomer contribute to the inter-domain surface, dimer formation
is largely driven by interactions between the P-sheets of the two domains, resulting in the
formation of a characteristic cleft at the interface (Figure 7). Several reports indicate that the
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regulatory domain is the site of SAM binding in hCBS [Kraus et al, 1998, Kruger et al., 2001;
Kraus et al., 2001; Banerjee et al, 2002]. For example, deletion of the 145 C-terminal amino
acids of CBS abolishes activation of the enzyme by SAM [Kraus et al, 2004]. A selection of
homocystinuria-associated mutations resulting in insensitivity to SAM binding have also been
identified. These mutations, including C431A and 143 5T, D444N and S466L (corresponding to
V382,1390, D399 and R421 of yCBS), are situated within the regulatory domain and may
provide clues to the location of the binding site of SAM or the mechanism of allosteric activation
[Kluijtmans et al, 1996; Kruger and Cox, 1995; Shan et al, 2001]. The S466L and I435T mutant
enzymes are constitutively activated and bind SAM without further activation [Janosik et al,
2001b], suggesting that these residues may not be directly involved in SAM binding. In contrast,
biophysical characterization of the D444N mutant revealed that although it is conformationally
locked in an activated state, its affinity for SAM is reduced by 15-fold [Hardle et al, 2004;
Banerjee et al, 2005]. Similarly the C431S mutant is constitutively activated, but does not bind
SAM [Kraus et al., 2006], suggesting the possibility that this residue may be involved in a
disulfide bridge that maintains the appropriate structure of the SAM-binding site. Another clue to
the location of the SAM binding site was provided by an experiment employing 'H^H-exchange
and peptide mass mapping to identify residues protected from exchange upon SAM binding. A
single peptide, extending from residues 511-531, was identified as being sensitive to the
presence of SAM [Banerjee et al, 2005].
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Figure 7. Structural organization of CBS domains. (A) The cartoon representation of a
generalized CBS domain, comprising two a-helices and a P-sheet comprised of three strands
[Bateman, 1997]. (B) generalized and (C) surface views of the CBS domain dimer of
Streptococcus pyogenes IMPDH (PDB ID: 1ZFJ) [Zhang et al, 1999]. Helices are shown in dark
grey and p-sheets are in light grey. The cleft marks the location of the dimer interface.
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8.3.1. Nucleotide binding in other CBS domain proteins.
The tendency of full-length CBS to aggregate has hindered structural investigations of
this enzyme, necessitating removal of the regulatory domain to solve the crystal structure of
residues 1-413 of hCBS [Meier et al, 2001; Kraus etal., 2000]. Therefore, detailed structural
information is not available for the C-terminal regulatory domain and clues to its structural
organization, the location of the allosteric site and the role of selected amino acids in the
allosteric activation and oligomerization of the enzyme must be obtained from biochemical
observations and modeling studies based on the structures of CBS domains in other proteins.

8.3.1.1. Inosine-5 '-monophosphate dehydrogenase.
IMPDH is a key enzyme in the de novo synthesis of guanine nucleotide biosynthesis
[Morris et al, 1975]. The native enzyme is a homotetramer, the core of which is formed by the
interaction of the catalytic domain of each subunit, while the four pairs of CBS domains are
situated at the periphery and are approximately 35 A from the active site [Zhang et al, 1999].
Binding of ATP, the allosteric activator of IMPDH, results in increased cooperativity of substrate
binding, which is eliminated by the naturally-occurring R224P mutation found in retinitis
pigmentosa patients [Scott et al, 2004; Bowne et al, 2002].
8.3.1.2. Chloride-channel protein.
Chloride channels (C1C) are membrane proteins and are involved in a wide variety of
cellular functions including membrane excitation potentials, cell volume regulation and cell
proliferation [Jentsch et al, 1990; Jentsch et al, 1996; Maduke et al, 2000; Jentsch et al, 1999].
All mammalian C1C proteins possess cytoplasmic CBS domains [Ponting, 1997]. Their role in
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C1C channel function remains unresolved, although several reports indicate that CBS domains
may be involved in the regulation of protein function by intracellular nucleotides like ATP, ADP,
and AMP [Scott et al, 2004; Bennetts et al, 2005; Wellhauser et al, 2006; Meyer et al, 2007].
Scott et al. [2004] showed that isolated CBS domains from C1C proteins are able to bind
nucleotides. Similarly, Wellhauser et al. [2006] shows low affinity binding of ATP at the C
terminus of C1C-5 that could be competed by 1 uM AMP. Moreover, Bennettes et al. [2005]
demonstrated that the activity of C1C-1 is regulated by intracellular ATP and other nucleotides.
A 5 mM ATP concentration shifted open the gate by ~+50 mV and this effect was enhanced by
acidification of the intracellular solutions [Benettes et al, 2007; Tseng et al, 2007].
The recent structure of C1C-5 in complex with ATP provides insight into the ligand
binding site of CBS domains [Meyer et al, 2007]. As expected, ATP binds at the interface in the
cleft opening of the two CBS domains forming several hydrogen bonds. The adenine base is
stabilized, in a predominantly hydrophobic binding pocket, via a ^-stacking interaction with
Y617 on one face and by contacts with the aliphatic side chains of an isoleucine and a leucine
residue on its other face (Figure 8) [Meyer et al, 2007]. The point mutation Y617A, which
eliminates the stacking interaction with the adenine base, and the mutation D727A, which
removes the side chain interactions with the two hydroxyl groups of the ribose moiety, both
abolish ATP binding [Meyer et al, 2007]. In contrast, the mutation S618A, which removes the
interaction of the side chain with the y-phosphate, does not alter the binding affinity. Infact, the
binding affinities, K&s (-100 uM), remain consistent among AMP, ADP, and ATP
demonstrating the predominant contributions of the adenosine moiety and the ribose sugar in
C1C-5 [Meyers al, 2007].
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Figure 8. Binding interactions formed between adenine ligands and the CBS domains of CLC-5
(A) and AMPK (B). Coloring: a-helices - dark grey; P- sheets - light grey; loops - white; carbon,
nitrogen, oxygen and phosphorus atoms - cyan, blue, red, and purple, respectively; H-bonds
represented by dotted lines.

(A). CLC-5 in complex with ATP (PDB: 2J9L; Meyer et al, 2007). ATP stacking interaction of
the adenine ring with Y617 of the CBS1 domain and hydrogen bonds between hydroxyl groups
of the ribose moiety and D727 of the CBS2 domain. The corresponding residues are F439 (F443)
and D501 (D538) in yCBS (hCBS).
Residue T596 of CLC-5 forms a pair of hydrogen bonds with the 6'-amino group and the 1 '-aza
group of the adenine ring and S618 and K726 interact with the a- and y- phosphate groups,
respectively, of the ATP ligand. The equivalent residues to S618 are D399 (D444) in yCBS
(hCBS).

(B). Complex of AMPK with AMP (PDB ID: 2J9L; Day et al, 2007). Residue V225 of the
CBS1 domain packs against the adenine ring, in place of the stacking interaction observed in the
CLC-5-ATP complex (A), and hydrogen bonds are formed between S316 and the cc-phosphate
and between D317 and hydroxyl groups of the ribose ring. The ribose sugar-binding motif in
CBS2 stabilizes the hydroxyls of the ribose ring and the side chain of D317. The corresponding
residues are F439 (F443) and D501 (D538) in yCBS (hCBS).
Residues A205 and A227 of AMPK form hydrogen bonds to the adenine ring of the AMP ligand
and S226 interactions with the a-phosphate. Residue S226 of AMPK corresponds to D399
(D444)inyCBS(hCBS).
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Residues Y617, S618 and D727 correspond to F439, D399, and D501, respectively, of yCBS and
the corresponding F443, D444, and D538, of hCBS. The phenylalanine at position F439 of yCBS
and F443 of hCBS offers the prospect of a conserved stacking interaction to the adenine ring in
SAM. Coincidentally, though, D444 is a residue associated with the patient-derived D444N
mutation of hCBS that results in a 15-fold decrease in SAM affinity.

8.3.1.3. AMP-Activated Protein Kinase.
The AMPK cascade functions as a sensor of cellular energy and plays an important role
in restoring the cellular ATP balance following periods of metabolic stress [Kahn et ah, 2005;
Kemp et ah, 2003]. Activation of AMPK, which occurs when the cellular energy balance drops
(low ATP, high AMP concentrations), requires both binding of AMP and phosphorylation by
AMPK kinase [Hardie et ah, 2003]. Once activated, AMPK alters metabolic flux, via
phosphorylation of regulatory metabolic enzymes, increasing the flux through catabolic
pathways and decreasing that of anabolic pathways in an effort to raise the cellular ATP level
[Hardierah, 2003].
AMPK is a heterotrimeric protein, composed of alpha, beta and gamma subunits [Hardie
et ah, 1998]. The gamma subunit is comprised of four CBS domains, forming two pairs: CBS1
and -2 and CBS3 and -4 [Hardie et ah, 1998]. The structure of a CBS3/4-domain pair from
human AMPK-1 in complex with the physiological activator AMP was recently solved (Figure
8B) (Day et ah, 2007). The nucleotide-binding site of AMPK is situated in the inter-domain
cleft, as observed in the C1C-5 complex with AMP [Day et ah, 2007; Metzler et ah, 2007]. It is
bounded by strands pi and 07 of CBS4 and P2 and p3 of CBS3 and the side chains of residues
of Thr200, Ile204, Val225 and Ile312 contact the AMP ligand [Day et ah, 2007]. The adenine
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ring of moiety of ATP interacts with V225, the residue corresponding to Y617 of C1C-5. The
hydroxyl groups of the ribose moiety are coordinated by the side chain of D317 (Yon et al,
2007). This also aligns with D727 of CLC-5, D501 in yCBS, and D538 in hCBS.

8.4. Locating the allosteric-binding site in hCBS.
It is apparent that the disease-associated point mutations in the CBS domains of diverse
proteins likely exert their effect by reducing the binding of nucleotide-based allosteric activators,
including, ATP, AMP and SAM, or altering the structure of the CBS domains, thereby resulting
in regulatory disturbances. The structures of CBS domains from other proteins, particularly those
in complex with the nucleotide ligands, offer valuable insight for the localization of the allosteric
binding site of CBS and identification of residues involved in SAM binding. Analysis of multiple
sequence alignments and the mapping of naturally-occurring mutations, that compromise ligand
binding or allosteric activation, provide complementary clues. For example, the homocystinuriaassociated D444N mutation of hCBS (corresponding to D399 of yCBS), which reduces the
binding affinity of the SAM allosteric activator, aligns with S226 of AMPK-yl, a residue that
forms a direct hydrogen bond to the phosphate of AMP (Figure 10). Assuming that nucleotide
molecules bind in the same pocket in CBS domains from diverse proteins, as observed in the
C1C-5-ATP and AMPK-AMP complexes, hCBS residues corresponding to those observed to
form H-bonding and hydrophobic interactions in C1C-5 and AMPK likely interact with SAM.
The AMPK-AMP structure revealed a ribose binding motif (GhxS/TxS/T, where x is any
amino acid and h is a hydrophobic residue) that is conserved in the CBS4 domain of the y chains
of AMPK from many species (Yon et al, 2007). Analysis of the full sequence of the y subunit of
human AMPK demonstrated the presence of a similar sequence in the CBS1 domain
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(GMLTITD). The CBS domain pairs from human, rat, mouse, rabbit CBS and IMPDH all show
these putative motifs in the second CBS domain (Figure 9) and the structure of the C1C-5-ATP
complex confirms the interaction of the ribose hydroxyl moieties with residues D727 (D501 yCBS and D538 - hCBS) of this motif (GIITKKD). The two CBS domains of both hCBS and
yCBS possess putative ribose-binding motifs, although that of CBS 1 (GLVTLSE) demonstrates
greater conservation than that of CBS2 (HIVTKMD) in the yeast enzyme, while that of CBS 1
(GMVTLGN) demonstrates less conservation than that of CBS2 (GVVTAID) in the human
enzyme. However, despite the conservation of this motif, the yeast enzyme, unlike hCBS, is
reported not to be allosterically activated by SAM (Jhee et al, 2000b). The ability of SAM, or
other adenine-containing ligands, to bind to yCBS has not been rigorously investigated and the
reported lack of activation does not necessarily indicate that SAM does not bind to the regulatory
domain of yCBS. The identification of a putative ribose-binding motif in CBS1 of yCBS offers
the opportunity to investigate the role of these residues within the context of the model yeast
enzyme.
Interestingly, the ribose-binding motif in CBS2 of hCBS is immediately adjacent to the
peptide protected by SAM binding that was identified by peptide mass mapping following
'FL^H-exchange (Figure 9) [Sen et ah, 2005]. The nature of the other residues involved in
binding, depends on the nature of the allosteric activator as, for example, positively-charged
residue(s) may be required for binding of phosphate-bearing nucleotides, as observed both
AMPK and IMPDH (R224P). Alternatively, negatively charged residue(s), may interact with
positively-charged groups of the SAM ligand, as may be the role of D444 of hCBS (Figure 10).
Due to the role of the regulatory domain of CBS in the oligomerization of the enzyme, it can be
inferred that any change, whether within the CBS domains or residues interfacing with the
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domains may result in changes in the quaternary structure of CBS, in addition to its allosteric
activation.
8.5. Hypotheses and Objectives.
The goal of my M.Sc. project was to investigate the mechanisms of regulation of CBS
activity. The main objectives of this project were:
1. Development of an improved expression system for hCBS. This work was carried out in
collaboration with Muluken Belew (M.Sc, 2008), who developed two of the five hCBS
expression constructs described in section 9 of this thesis.
2. Characterization of the role of active-site residue S289 of yCBS in regulation of the chemistry
of the versatile PLP cofactor. Construction of the S289A and S289D mutants and their pH
titration were performed by Dr. Susan Aitken.
3. Investigation of the regulatory domain of yCBS and hCBS, with emphasis on the identification
of residues involved in the allosteric activation of the enzyme.
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Figure 9. Sequence alignment of CBS domains. Putative ribose binding motifs are shown in
bold. Both pairs of SNF4 (the yeast analogue of AMPK) CBS domains (CBS 1+2 and CBS3+4)
are aligned with mouse CBS, rabbit CBS, rat CBS, yCBS, and hCBS. Residues involved in
interactions with AMP in AMPK-1 (CBS3+4) are underlined and bolded. Residue 444 of CBS,
which is substituted by asparagine (D444N) in homocystinuria, is shown in underlined italics.
The hCBS peptide (511-531) protected by SAM from 1H/2H-exchange is shown in bold italics
[Sen et al., 2005].
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Figure 10. Structures of SAM and ATP. Atoms numbers, symbols, and stereochemistry are
shown in SAM.
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9. Kinetic Characterization of Recombinant Human Cystathionine P-Synthase Purified
from E. coll
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9.1. Abstract.
Cystathionine

(3-synthase (CBS) catalyzes the

pyridoxal-5'-phosphate-dependent

condensation of L-serine and L-homocysteine to form L-cystathionine in the first step of the
transsulfuration pathway. Although effective expression systems for recombinant human CBS
(hCBS) have been developed, they require multiple chromatographic steps as well as proteolytic
cleavage to remove the fusion partner. Therefore, a series of five expression constructs, each
incorporating a 6-His tag, were developed to enable the efficient purification of hCBS via
immobilized-metal-ion affinity chromatography. Two of the constructs express hCBS in fusion
with a protein partner, while the others bear only the affinity tag. The addition of an aminoterminal, 6-His tag, in the absence of a protein fusion partner and in the absence or presence of a
protease-cleavable linker, was found to be sufficient for the purification of soluble hCBS and
resulted in enzyme with 86-91% heme saturation and with activity similar to that reported for
other hCBS expression constructs. The continuous assay for L-Cth production, employing
cystathionine p-lyase and L-lactate dehydrogenase as coupling enzymes, was employed here for
the first time to determine the steady-state kinetic parameters of hCBS, via global analysis, and
revealed previously unreported substrate inhibition by L-Hcys (K,L'Hcys = 2.1 ± 0.2 mM). The
kinetic parameters for the hCBS-catalyzed hydrolysis of L-Cth to L-Ser and L-Hcys were also
determined and the kca/KmL~Cth of this reaction is only ~2-fold lower than the kca/KmL~Ser of the
physiological, condensation reaction.
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9.2. Introduction.
Cystathionine [3-synthase (CBS) catalyzes the condensation of L-serine (L-Ser) and Lhomocysteine (L-Hcys), a toxic metabolic intermediate of L-methionine (L-Met) metabolism, to
produce L-cystathionine (L-Cth). Mammalian CBS is the only enzyme known to contain both
pyridoxal 5'-phosphate (PLP), the catalytic cofactor, and heme [Kery et al, 1994], which is
bound by the ~70-amino-acid, N-terminal domain [Meier et al, 2001; Taoka et al, 2002]. In
contrast, CBS from yeast (Saccharomyces cervisiae) lacks the N-terminal domain and does not
bind heme [Jhee et al, 2000b; Maclean et al, 2000]. The gene encoding CBS is located on the
21 st chromosome in humans and is linked to the genetic disorders of homocystinuria and Down
syndrome [Munke et al, 1988; Kraus et al, 1999; Kamoun, 2001]. Homocystinuria is an
autosomal recessive disease, characterized by elevated plasma L-Hcys levels, with clinical
manifestations including atherosclerosis-like vascular damage, mental retardation, osteoporosis,
and skeletal abnormalities [Kraus etal, 1999; McCully, 2005].
As the substrate of the transmethylation and transsulfuration pathways, L-Hcys is situated
at a metabolic branch point. The flux of L-Hcys through these competing pathways is regulated,
via allosteric regulation, by the ubiquitous methyl donor S-adenosylmethionine (SAM) [Selhub
and Miller, 1992; Finkelstein et al, 1975]. Human CBS is activated 2-3-fold by SAM, thereby
increasing the flux of L-Hcys through the transsulfuration pathway when the cellular methionine
pool exceeds the level required to maintain homeostasis [Finkelstein et al, 1975; Janosik et al,
2001b; Prudova et al, 2005]. The ultimate product of the transsulfuration pathway, L-Cys, is the
immediate precursor of glutathione, the major compound responsible for maintaining cellular
redox homeostasis. It has been proposed that the heme cofactor of hCBS plays a redoxregulatory role, thereby providing a potential feedback link between glutathione and the
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transsulfuration pathway [Banerjee and Zhou, 2005]. However, recent evidence suggests that a
simple regulatory mechanism is unlikely and that heme-mediated regulation would be both
temperature and pH-dependent [Pazicni et al, 2004; Pazicni et al, 2005; Cherney et al, 2007].
Purification of hCBS from mammalian tissues is complicated by its susceptibility to
proteolysis and tendency to aggregate [Kraus et al, 1978; Kraus and Rosenberg, 1983].
Therefore, recombinant systems were developed for the expression of hCBS in Escherichia coli.
For example, Bukovska et al. [1994] developed a system, in which hCBS is expressed as a
fusion protein with P-galactosidase ((3-gal). Alternative E. coli expression systems, in which
hCBS is expressed in conjunction with glutathione-S'-transferase (GST), were subsequently
developed by Shan and Kruger [Shan and Kruger, 1998] and by Janosik et al. [2001], although
the hCBS produced retains an 11- or 23-residue extension at the amino-terminus, respectively,
following proteolytic cleavage. Recently, a modified GST-hCBS expression construct was
reported, which reduced the tag remaining at the amino-terminus of hCBS, following proteolytic
cleavage, to a single glycine residue [Frank et al, 2008]. Expression of hCBS as a fusion protein
with GST in E. coli has allowed yields of 2-11 mg/L and the variability in yield of purified hCBS
reported is largely due to the aggregative tendency of the full-length enzyme [Janosik et al,
2001a; Frank et al, 2008; Taoka et al, 1998].
Each of the hCBS expression systems currently employed rely upon GST-based affinity
purification and share a requirement for protease cleavage to remove the fusion partner, followed
by an additional purification step. In contrast, the addition of a 6-His affinity tag to the carboxyterminus of truncated yeast CBS (ytCBS, residues 1-353) enabled its purification via a single
chromatographic step and, as the kinetic parameters of this enzyme are identical to wild-type
ytCBS, subsequent removal of the 6-His tag is not required [Aitken and Kirsch, 2004].
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Therefore, to investigate the feasibility of employing Ni-nitrilo triacetic acid (Ni-NTA) affinity
chromatography to purify hCBS, a 6-His tag was incorporated in a series of expression
constructs: 6-His-GST/hCBS, 6-His-GFP/hCBS, 6-His-linker/hCBS, 6-His/hCBS and hCBS/6His. The constructs bearing an amino-terminal 6-His tag were found to be optimal for the rapid
purification of active, soluble hCBS with heme saturation of ~90%. Steady-state kinetic
parameters for the physiological condensation of L-Ser and L-Hcys were determined via global
fit analysis, enabling quantification of substrate inhibition by L-Hcys.

44

Figure 11. Schematic representation of the five hCBS expression constructs: (A) 6-HisGST/hCBS, (B) 6-His-GFP/hCBS, (C) 6-His-linker/hCBS, (D) 6-His/hCBS, and (E) hCBS/6His.
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9.3. Materials and Methods.
9.3.1. Reagents.
8-Aminolevulinic acid (8-ALA), L-lactate dehydrogenase (LDH), P-nicotinamide adenine
dinucleotide (P-NADH, reduced form), Tris-HCl, thrombin, dithiothreitol (DTT), isopropyl P-D1-thiogalactopyranoside (IPTG), DNase I, lysozyme, L-Cth, L-Ser and L-Hcys thiolactone were
purchased from Sigma-Aldrich. L-Hcys was prepared from the thiolactone via the method
described by Kashiwamata and Greenberg [1970]. Protease inhibitor tablets were a Roche
product and nickel-nitrilotriacetic acid (Ni-NTA) resin was from Qiagen. Potassium phosphate
(monobasic and dibasic), 5, 5'-dithio-bis-(2-nitrobenzoic acid) (DTNB) and imidazole were
Fisher Scientific products. The 6-His-tagged cystathionine p-lyase (CBL) coupling enzyme,
employed in the CBS assay, was expressed and purified as described previously [Aitken and
Krisch, 2004]. Oligonucleotide primers were synthesized by Integrated DNA Technologies Inc.
All restriction endonucleases and T4 DNA ligase were obtained from New England BioLabs.
The pGEX4T-hCBS expression construct was the generous gift of Dr. Warren Kruger (Fox
Chase Cancer Center, Philadelphia).

9.3.2. Preparation of the 6-His-GST/hCBS Expression Construct.
The 6-His-GST/hCBS expression constructed was produced by Dr. Susan Aitken. The
sequence spanning both the GST and hCBS coding regions was amplified from the pGEX4ThCBS vector with the GSTf-His-Ncol (CAT GCC ATG GCC CAC CAC CAT CAC CAC CAT
TCC CCT ATA CTA GGT TAT TGG) and hfCBSr-Xbal primers (GCT CTA GAT CAC TTC
TGG TCC CGC TCC TGG GCG GCC ACG), which comprise a Ncol restriction endonuclease
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site and 6-His tag and aXbal site, respectively, and introduced at the corresponding sites of the
pTrc-99a expression vector, under control of the IPTG-inducible trc promoter, to produce the 6His-GST/hCBS expression construct [Shan and Kruger, 1998].

9.3.3. Preparation of the 6-His/hCBS and 6-His-GFP/hCBS Expression Constructs.
The 6-His/hCBS and 6-His-GFP/hCBS expression constructed were created by Muluken
Belew. The eGFP-1 gene was amplified from the pEGFP-1 plasmid (Clontech) using the GFPFc-Ncol-His (5'-TAG ACC ATG GCG CAT CAT CAC CAT CAC CAT ATG GTG AGC AAG
GGC GAG-3') and GFP-Rc-Kpnl (5'-GGC ATG GAC GAG CTG TAC AAG TAA-3') primers
and inserted between the Ncol and Kpnl sites of pTrc-99a. A 6-His tag was incorporated
immediately following the start codon of GFP, in the GFP-Fc-NcoI-His primer. The pTrc99aGFP construct was subsequently modified to introduce a linker sequence, encoding a thrombin
proteolytic cleavage site, at the Kpnl site at the 3' end of the eGFP-1 gene. The linker was
designed to incorporate a unique Spel restriction site, not present in the vector, such that
digestion with Spel endonuclease, followed by re-ligation of the vector, would enable selection
of a construct containing a single copy of the linker. The Kpnl site, at the 3' end of the linker,
was subsequently converted to a Ndel site via whole-plasmid, Z)p«I-mediated mutagenesis
[Weiner et al, 1994; Kery et al, 1995]. The pTrc99a vector contains a Ndel site, outside of the
multiple cloning site, which was subsequently converted to a Bglll site. The hCBS gene was
amplified from the pGEX4T-hCBS vector with the hCBS-Fc-Ndel (5'-GAC AAA CAT ATG
CCT TCT GAG ACC CCC C-3') and hCBS-Rc-Sall (5'-GGA TCC GAT CGA CTT CAC TTC
TGG TCC CGC-3') primers. The pTrc99a/GFP-linker vector contains a pair of Ndel sites, one
situated at the junction of the 6-His tag and the GFP gene and the second at the 3' end of linker
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sequence. Therefore, insertion of the amplified hCBS sequence between the Ndel and Sail sites
of this plasmid substituted the GFP-linker sequence with the hCBS amplicon to produce the 6His/hCBS expression construct. The Ndel site between 6-His tag and GFP of the pTrc99a/GFPlinker plasmid was subsequently changed to a Bmtl site via whole-plasmid, iD/wI-mediated
mutagenesis and insertion of the amplified hCBS sequence at the Ndel and Sail sites of this
plasmid produced the 6-His-GFP/hCBS expression construct.

9.3.4. Preparation of the hCBS/6-His and 6-His-linker/hCBS Expression Constructs.
Whole-plasmid, jDpwI-mediated mutagenesis was employed to replace the Ncol site of the
pTrc-99a multiple cloning site with a Ndel site and to remove the existing Ndel site to produce a
modified pTrc-99a vector. The hCBS sequence was amplified from the pGEX4T-hCBS vector
with the hCBS-Fc-Ndel (GGG AAT TCC ATA TGC CTT CT GAGA CCC CC) and hCBS-RcHis-Sall (TAT ATG TCG ACA TGA TGA TGA TGA TGA TGT CAC TTC TGG TCC CGC
TCC TGG GCG GC) primers, the latter encoding a 6-His tag, and inserted at the Ndel and Sail
sites of the modified pTrc-99a vector to produce the hCBS/6-His expression construct. The
modified pTrc-99a expression vector was also altered to incorporate a sequence encoding a 6-His
tag and a Factor Xa protease site at the 5' end of the poly-linker. A mixture of 1 nmol of each of
the linker-top (5'-TAG CCA TCA TCA TCA TCA TCA TAG CAG CGG CCA TAT CGA
AGG TCG TCA) and linker-bottom (5'-TAT GAC GAC CTT CGA TAT GGC CGC TGC TAT
GAT GAT GAT GAT GAT GGC) oligonucleotide primers were incubated at 70°C for 5 min,
annealing buffer was added (to a final concentration of 100 mM Tris HC1, pH 7.5, 70 mM
MgCb) and the mixture was incubated at 70°C for 5 min prior to gradual cooling to 25°C, over a
period of one hour. The annealed linker was inserted at the introduced Ndel site of the modified
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pTrc-99a plasmid, the translation initiation site was subsequently reintroduced via wholeplasmid, D/wI-mediated mutagenesis and the hCBS sequence, amplified from the hCBS/6-His
construct with the pSECseqO (GGC GTC AGG CAG CCA TCG GAA GCT G) and hCBS-RcSall vector and gene-specific primers, respectively, was inserted at the Ndel and Sail sites to
produce the 6-His-linker/hCBS expression construct.

9.3.5. Protein Expression.
All hCBS constructs were expressed and purified using the same procedure. A 100-mL,
overnight culture of E. coli strain DHlOb (Amersham), containing the hCBS expression
construct, was grown in LB media containing 100 ug/mL ampicillin. Three liters of LB media,
containing 75mg/L 8-aminolevulinic acid (8-ALA), were inoculated with the overnight culture
media (at a 1:50 inoculant-to-media ratio) in baffled, 2.8-L Fernbach flasks (1 L per flask) [29].
Cells were grown at 30°C and IPTG was added to a final concentration of 0.2 mM when the
OD600 reached 0.5. The cells were grown at 30°C for a further 16 h and harvested by
centrifugation at 4000 rpm for 10 min at 4°C. The cell pellets were washed by resuspension in
100 mL of 0.85% NaCl followed by centrifugation at 4000 rpm for 10 min. Cell pellets were
resuspended in 40 mL of lysis buffer (50 mM potassium phosphate, pH 7.8, 10 mM imidazole,
20 uM PLP), containing one "EDTA-free" protease inhibitor tablet (Roche), 1 mg/mL lysozyme
and 10 ug/mL DNase I, and incubated at room temperature for 20 minutes prior to sonication (8
cycles of 30 sec at 50% duty cycle; Vibra Cell sonicator, Sonic and Material, Inc.). The cell
lysate was centrifuged at 15000 rpm for 45 minutes at 4°C and the supernatant was loaded on a
2-mL Ni-nitrilo triacetic acid (Ni-NTA) column, equilibrated with lysis buffer. The column was
subsequently washed with at least 40 column volumes of lysis buffer and the protein was eluted
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with a 200-mL linear gradient of 10-200 mM imidazole in lysis buffer. Fractions containing pure
hCBS protein were pooled, concentrated and dialyzed against hCBS storage buffer (50 mM
potassium phosphate buffer, 20 uM PLP, and ImM EDTA), glycerol was added to 20% (v/v)
and the aliquoted enzyme was stored at -80°C. The protein concentration was determined by the
Bradford method (BioRad), using bovine serum albumin (BSA) as a standard [Bradford, 1970].
The heme content of each enzyme was quantified using the pyridine hemochromogen method
using hemin hydrochloride as a standard [Frank et al, 2008; Morrison and Horie, 1965]. The
purified 6-His-GST/hCBS and 6-His-GFP/hCBS proteins were treated with thrombin to remove
the fusion partner. The protein was incubated for 6 h with 1 unit of thrombin (Sigma-Aldrich)
per mg of hCBS fusion protein in hCBS storage buffer and the cleavage products were separated
via Ni-NTA chromatography prior to measurements of activity and heme saturation. Similarly,
the 6-His-linker/hCBS enzyme was digested with 20 jxg of Factor Xa protease (New England
BioLabs) per mg of hCBS protein in protease buffer (20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 2
mM CaCli) for 6 h to remove the amino-terminal 6-His tag and linker sequence.

9.3.6. Enzyme Assays.
Enzyme activity was measured in a total volume of 100 |J.L at 25°C with a Molecular
Devices Spectramax 390 spectrophotometer. The assay buffer comprised 50 mM Tris, pH 8.6,
and 20 uM PLP. A background rate, for all components except the hCBS enzyme, was recorded
for each sample before initiating the reaction by the addition of hCBS. Data was fit by nonlinear
regression with SAS (SAS Institute, Cary, NC). The reverse-physiological hydrolysis of L-Cth to
L-Ser and L-Hcys by hCBS was detected via the reaction of 5, 5'-dithiobis-(2-nitrobenzoic acid)
(DTNB) with the free thiol of the L-Hcys product [Aitken and Kirsch, 2003]. Reactions were
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carried out in assay buffer containing 2 mM DTNB and 0.01 - 6.3 mM L-Cth and 0.44-0.53 uM
hCBS. Absorbance changes were monitored at 412 nm (AS412 = 13,600 M^cm"1). Values of kcat
and Km were obtained by fitting the data to the Michaelis-Menten equation, and kcat/Km was
obtained independently from equation 1.

Kent,

The CBS-catalyzed condensation of L-Ser and L-Hcys to produce L-Cth was assayed via the
continuous CBL-LDH assay [Aitken and Kirsch, 2003]. Reactions were carried out in assay
buffer containing 1.5 mM NADH, 1.6 pM CBL, 1.4 pM LDH, 0.1-11.3 mM L-Hcys and 0.2-30
mM L-Ser and were initiated by the addition of 0.88-1.06 pM hCBS. Kinetic parameters were
determined, via global analysis, from the fit of the data to equation 2, in which K,L'Hcys is the
inhibition constant for substrate inhibition by L-Hcys [Jhee et al, 2000b].
v

kJLL-Ser\[L-Hcy$
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9.4. Results.
9.4.1. Evaluation of hCBS expression constructs.
Five constructs were developed and compared in an attempt to create an hCBS
expression system enabling Ni-NTA affinity chromatography to be employed for purification
and to investigate the need for co-expression with a fusion partner (Figure 11). The constructs all
include a 6-His tag, but differ in its location and the presence of a fusion partner and linker. The
6-His-GST/hCBS and 6-His-GFP/hCBS constructs bear the affinity tag at the amino-terminus of
the GST or GFP proteins, respectively, which are expressed in fusion with hCBS. In contrast, 6His/hCBS and hCBS/6-His include only a non-cleavable, amino- or carboxy-terminal 6-His tag,
respectively. The 6-His-linker/hCBS construct, which also encodes an amino-terminal 6-His tag,
is distinguished from the 6-His/hCBS construct by the presence of a 9-amino-acid linker,
containing a Factor Xa cleavage site, between the affinity tag and the hCBS sequence (Figure
11).
Purification of 6-His-GST/hCBS and 6-His-GFP/hCBS, via Ni-NTA chromatography,
resulted in 60 and 40-fold increases in specific activity, respectively (Table 1), compared to the
crude lysate, and yielded the predicted fusion protein of ~90kDa, as estimated by SDS-PAGE
(Figure 12). Thrombin treatment of both proteins resulted in loss of the ~90-kDa protein band
with concomitant production of the expected 26 or 28 and 63 kDa bands, corresponding to GST,
GFP and hCBS, respectively (Figure 12). The 6-His/hCBS and 6-His-linker/hCBS proteins have
molecular weights of ~63-kDa and purification with Ni-NTA resin resulted in 70 and 50-fold
increases in specific activity, respectively (Table 1), compared to the crude lyase, and produced
protein that is >90% pure, as demonstrated by SDS-PAGE (Figure 12). Treatment of the 6-Hislinker/hCBS protein with Factor Xa, protease effectively removes the 1.8-kDa amino-terminal
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sequence (MHHHHHHSSGHIEGR) to produce hCBS enzyme bearing only a single histidine
residue extension at the amino terminus (Figure 12). Expression of the hCBS/6-His construct,
with the carboxy-terminal, 6-His tag, did not produce soluble protein, suggesting that the
presence of the affinity tag in this location destabilized the oligomeric structure of the enzyme.
The yield of hCBS, for each of the four soluble constructs, was in the 0.5-2.2 mg/L range and the
heme saturation was between 76-96% (Table 1).
The four soluble enzymes were assayed using the continuous CBS assay, following
thrombin cleavage to remove the GST and GFP fusion partners of 6-His-GST/hCBS and 6-HisGFP/hCBS, respectively, and before and after removal of the affinity tag and linker from 6-Hislinker/hCBS [Aitken and Kirsch, 2003]. Comparison of their kinetic parameters at 25°C
demonstrates that the kcJKJt'Ser and kca/KmL-Hcys are between 150-250 and 1200-3500 M'V 1 ,
respectively (Table 2). Although thrombin cleavage of the GST and GFP fusion proteins results
in a residual, amino-terminal tag of 11 (GSPEFPGRPAG) and 3 (GSH) amino acids,
respectively, the kca/KmL'Ser and kca/KmL~Hcys of these enzymes differ only marginally. The
kca/KmL~Ser of the affinity tagged enzymes, 6-His/hCBS and 6-His-linker/hCBS, was similar to
that of hCBS from the cleaved GST and GFP fusion proteins, while the kca/KmL'Hcys of the tagged
enzymes was 2-3-fold greater. Removal of the 6-His tag and linker from 6-His-linker/hCBS did
not alter the kinetic parameters of the enzyme, demonstrating that proteolytic cleavage is not
required for kinetic characterization (Table 2). Therefore, the two tagged enzymes, which require
only a single chromatographic step to produce homogeneous enzyme, were selected for further
characterization.

54

9.4.2. Steady-state characterization ofhCBS.
The presence of substrate inhibition by L-Hcys is evident in Figure 13. Therefore,
global analysis, in which both substrates are varied simultaneously, was employed and the data
was fit to equation 2, which incorporates a substrate inhibition term (KjL~Hcys), as described by
Jhee et al. [2000b] for the model yCBS enzyme . With the exception of a 1.6-fold difference in
KmL'Hcys, the kinetic parameters of the P-replacement reaction catalyzed by 6-His/hCBS and 6His-linker/hCBS are identical, within their experimental error (Table 3), demonstrating that the
addition of the 9-residue linker between the 6-His tag and hCBS does not alter activity. The
ability of 6-His/hCBS and 6-His-linker/hCBS to catalyze the hydrolysis of L-Cth, producing LSer and L-Hcys, was also measured and the kcat and KmL'Cth of the hydrolysis reaction are -70fold and ~40-fold lower than the kcat and KmL"Ser, respectively, of the condensation reaction
(Table 3).
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Specific activity of hCBS was measured using the CBL-LDH continuous assay and one unit of activity is defined as one
umol of L-Cth product per hr [Frank et al., 2008; Aitken and Kirsch, 2003].
Heme saturation was quantified using the pyridine hemochromogen method using hemin hydrochloride as a standard
[Frank et al, 2008, Morrison and Horie, 1965].
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Table 1. Comparison of the purification of hCBS expression constructs.

0.6 ±0.1

1.5 ±0.1

6-Hislinker/hCBS
(cleaved)c
1.15 ±0.07
5.6 ±0.6
250 ± 20

1200 ±400
1400 ± 300
3500 ± 600
2500 ± 200
2300 ± 300
kcaiL-Hcys/KmI"Hcys(MV)
a
Kinetic measurements were carried out in 50 mM Tris (pH 8.6) containing 20 uM PLP, 1.6 uM CBL, 1.4 uJVI LDH, 1.5 mM
NADH, 0.1-11.3 mM L-Hcys at 15 mM L-Ser or 0.2-20 mM L-Ser at 2 mM L-Hcys and 0.88-1.06 uM hCBS at 25°C. Kinetic
parameters were determined from the fit of data to the Michaelis-Menten equation and equation 1.
The GST and GFP fusion partners were removed via thrombin cleavage prior to measuring hCBS activity.
c
The kinetic parameters of the 6-His-linker/hCBS construct was determined pre- and post-cleavage with Factor Xa protease.

0.25 ± 0.05

0.88 ±0.05
0.52 ± 0.07

1.1 ±0.7

KmL-Hcys(mM)
0.4 ±0.1

1.30 ±0.07

0.52 ± 0.05

1.3 ±0.4

(Sl)

fCca^

0.39 ±0.01
2.6 ±0.3
150 ±10

0.99 ± 0.04
5.0 ±0.6
200 ± 20

kcat^'is1)
KmLser(mM)
kcatL-Se'/KmL-s"{M\-1)
0.84 ± 0.04
4.6 ±0.6
190 ±20

6-Hislinker/hCBS
(uncleaved)c
1.23 ±0.07
6.0 ±0.7
190±10

6-His6-His6-His/hCBS
GST/hCBS* GFP/hCBS*

Kinetic Parameters"

Table 2. Comparison of the kinetic parameters of hCBS purified from the four amino-terminal, 6-His expression systems.

Table 3. Steady-state kinetic parameters of 6-His/hCBS and 6-His-linker/hCBS.
Kinetic Parameter
6-His/hCBS
6-His-linker/hCBS
fl
L-Ser + L-Hcys -> L-Cth
1
1.67
±0.07
1.69 ±0.06
kcat (S" )
er
5.1 ±0.5
Km^ (mM)
5.0 ±0.5
0.43 ± 0.04
0.27 ± 0.03
Km^Hcys (mM)
er
1
330 ±30
kca/Km^
(M's )
340 ± 30
1
kcJK^
(MY )
6400 ± 400
3800 ± 200
L Ucys
2.0 ±0.3
Ki (mM)
2.1 ±0.2
L-Cth-v L-Ser+ L-Hcys*
0.0291 ± 0.0008
0.0240 ± 0.0006
kCat (S )
0.13 ±0.02
0.19 ±0.02
K^'" (mM)
160 ±20
kca/KmL-cth WW1)
180 ±20
"Kinetic measurements were carried out in 50 mM Tris (pH 8.6) containing 20 \\M PLP,
1.5 mM NADH, 1.6 \xM CBL, 1.4 uM LDH, 0.1-11.3 mM L-Hcys, 0.2-30 mM L-Ser and
0.88-1.06 |^M hCBS at 25°C. Data were fit to equation 2.
*Kinetic measurements were carried out in 50 mM Tris (pH 8.6) containing 20 |oM PLP,
2 mM DTNB, 0.01-6.3 mM L-Cth, and 0.44-0.53 uM hCBS. Data were fit to the
Michaelis-Menten equation and equation 1.
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Figure 12. SDS-PAGE analysis of purified recombinant hCBS. Lanes: 1 and 9, protein
molecular weight ladder (Benchmark, Invitrogen); 2, 6-His-GST/hCBS; 3, thrombintreated 6-His-GST/hCBS; 4, 6-His-GFP/hCBS (5 u.g); 5, thrombin-treated 6-HisGFP/hCBS; 6, 6-His/hCBS; 7, 6-His-linker/hCBS; 8, 6-His-linker/hCBS treated with
Factor Xa. The 10% polyacrylamide gel was loaded with 5 jag protein per lane and
stained with Coomassie brilliant blue.
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Figure 13. Steady-state initial velocity kinetics for hCBS showing the dependence of the
reaction on [L-Hcys]. The concentration of L-Hcys was varied at fixed concentrations of
L-Ser (1.5 mM, O; 3.0 mM, • ; 6.0 mM, X; 10 mM, A; 20 mM, O ; 30 mM, + ) and the
fit of the entire data set to equation 2 is represented by the lines. The fitted parameters are
given in Table 3. Reactions were in a total volume of 100 uX, at 25 °C and were
monitored at 340 nm. Conditions: 50 mM Tris (pH 8.6), 1.5 mM NADH, 20 uM PLP, 1.6
u.M CBL, and 1.4 uM LDH. Reactions were initiated by addition of 0.88 u.M hCBS.
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9.5. Discussion.
9.5.1. Evaluation of hCBS expression constructs.
The purification of hCBS from source is complicated by its tendency to aggregate
and its susceptibility to proteolysis [Kraus and Roseburg, 1983]. Bukovska et al. [1998]
developed a recombinant expression system, in which hCBS is expressed as a fusion
protein with P-gal in E. coli, to circumvent this problem. However, proteolytic cleavage
within the E. coli host cells was observed during expression of the P-gal/hCBS construct,
thereby limiting the feasibility of affinity purification [Bukovska et al, 1998]. Two
alternative systems were subsequently developed in which hCBS is expressed as a fusion
protein with GST and cleaved with thrombin or Factor Xa protease [Shan and Kruger,
1998; Janosik et al, 2001a]. However, following protease cleavage of the GST/hCBS
protein a 11- or 23-residue tag remains attached to hCBS, which was reported to alter the
kinetic parameters of the enzyme [Frank et al, 2008]. Frank et al, [2008] effectively
summarized the challenges involved in the purification of hCBS, from source or via
recombinant expression, and developed a modified GST/hCBS expression construct that
reduced the tag remaining at the N-terminus of hCBS, following cleavage with
PreScission protease, to a single glycine residue.
The three effective recombinant hCBS expression systems reported to date all rely
upon expression of hCBS in fusion with GST and at least one step of affinity purification
with glutathione-Sepharose affinity resin [Shan and Kruger, 1998; Janosik et al, 2001a;
Frank et al, 2008; Taoka et al, 1998]. Therefore, in this study a 6-His tag was added to
the N-terminus of the GST/hCBS coding sequence, producing the 6-His-GST/hCBS
construct, with the goal of reducing the cost of purification. The imidazole required for
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elution in Ni-NTA chromatography is ~ 10-20-fold less expensive than the glutathione
used for elution/regeneration of glutathione-Sepharose affinity resin. However, although
purification and thrombin cleavage of the 6-His-GST/hCBS enzyme was successful, the
homogeneity of the hCBS produced was less than 90%, as judged by SDS-PAGE, and the
yield was ~ 20-fold lower than the 11.5 mg/L reported for the corresponding untagged
GST/hCBS construct (Figure 12, Table 1) [Taoka et al, 1998]. This reduction in yield
and purity may be due to the difference in plasmid and cell line used for expression;
pTrc-99a in E. coli strain DHlOb in this study vs. the pGEX-4Tl vector in E. coli strain
BL-21 employed by Taoka et al. [Shan and Kruger, 1998; Taoka et al, 1998].
To investigate the possibility that interaction with the glutathione ^-transferase
fusion partner may compound the tendency of the homotetrameric hCBS enzyme to
aggregate, a new expression system was developed employing the green fluorescent
protein (GFP), which has a similar subunit size as GST [Rufer et al, 2005; Yang et al,
1996]. The sequence of the linker between the GFP and hCBS proteins was designed to
reduce the number of amino acids remaining at the amino-terminus of hCBS, following
thrombin cleavage, to only three residues, and a 6-His tag was added to the aminoterminus of GFP to allow purification via Ni-NTA affinity chromatography. Although the
purification of 6-His-GFP/hCBS was successful, the yield was ~ 2-3-fold lower (Table 1)
than the 3-6 mg/L recently reported, for the GST-hCBS construct with the re-engineered
linker region, by Frank et al. [2008]. The similar yields of the 6-His-GST/hCBS and 6His-GFP/hCBS expression constructs, 0.5 and 1.8 mg/L, respectively (Table 1), suggest
that the quaternary structure of GST or GFP does not impact the yield of soluble hCBS.
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All of the recombinant systems reported to date have relied upon expression of
hCBS in fusion with a protein partner and require protease cleavage to release hCBS.
Development of a purification procedure that eliminated the need for this step would
result in savings in both cost and time. The effectiveness of the recently-described
GST/hCBS expression construct, which incorporated a sufficiently long linker between
the GST and hCBS fusion partners to allow independent folding [Frank et al, 2008],
suggests that hCBS does not require the GST fusion partner to promote folding in E. coli.
Therefore, expression constructs were designed in which only an N-terminal or Cterminal 6-His tag (Figure 11), in lieu of the P-gal, GST or GFP fusion partners employed
to date, were added to enable Ni-NTA affinity chromatography. The hCBS/6-His
construct, bearing the C-terminal affinity tag was insoluble. The carboxy-terminal ~140
residues of hCBS comprises the regulatory domain, removal of which was required to
reduce aggregation in order to solve the crystal structure of the dimeric catalytic core of
hCBS [Meier et al, 2001; Taoka et al, 1998]. Therefore, addition of an affinity tag to
the regulatory domain of hCBS may destabilize its oligomeric structure, resulting in
aggregation. In contrast, the 6-His/hCBS construct yielded enzyme of >90% homogeneity
with a single chromatographic step (Figure 12, Table 1). This is the first report of the
expression and purification of recombinant hCBS from E. coli with an affinity tag instead
of a protein fusion partner. An expression construct bearing a protease-cleavable, 6-His
tag at the N-terminus (6-His-linker/hCBS) was also tested, as the ability to remove the
affinity tag may be required for specific applications. Similar to the GST/hCBS construct
described by Frank et al. [2008], which retains a single glycine residue following
PreScission protease cleavage, 6-His-linker/hCBS is designed to retain only a single
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histidine residue at the amino-terminus after treatment with Factor Xa protease. The
>85% heme saturation of 6-His/hCBS and 6-His-linker/hCBS are similar to that reported
by Frank et ah [2008] for GST-hCBS and the yield is within ~2-3-fold. Therefore, these
constructs provide an alternative hCBS expression system with the advantages of
decreased cost and time required for purification. When corrected by a factor of 2.4, to
compensate for the 12-degree temperature difference between the 25°C measurements
described here (Table 2) and those reported at 37°C, the kcat of 6-His/hCBS (~ 2.1 s"1) and
6-His-linker/hCBS (~ 3.1 s"1) are similar to the values of 2.8 s"1 (Vmax = 159 umol/h/mg)
and 3.7-4.7 s"1 reported by Taoka et ah [1998] and by Frank et ah [2008], respectively,
for different GST/hCBS constructs. The kinetic parameters in Table 2 were determined
under conditions of saturating one substrate while varying the other. Although this
method does not allow for consideration of substrate inhibition, and can therefore result
in the underestimation oikcat, it was selected for comparison of kinetic parameters with
reported values, which have been consistently determined in this manner for hCBS to
date. The kinetic parameters of the 6-His-linker/hCBS enzyme are not altered by removal
of the affinity tag and linker (Figure 12, Table 2). Therefore, the reduction ofKmL'Hcys
observed for the GST-hCBS construct of Janosik et ah [2001b] that retains a 23-residue
N-terminal extension following proteolytic cleavage, compared to that expressed from
the P-gal/hCBS construct [Bukovska et al., 1994; Frank et al., 2008] is not observed for
6-His-linker/hCBS.
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9.5.2. Steady-state characterization ofhCBS.
The continuous CBS assay, which relies on CBL and LDH as coupling enzymes,
was employed for the first time in this study to determine the steady-state kinetic
parameters of hCBS. Reports of kinetic parameters for hCBS show a wide range of
variation. For example, reported values ofKmL'Ser, KmL'Hcys and kcat range between 1.15 —
4.9 mM, 0.17 - 7.17 mM and 3.5 - 6.2 s"1, respectively [Janosik et al, 2001b; Kraus et
al, 1978; Bukovska et al, 1994; Frank et al., 2008; Taoka et al., 1998]. While the use of
various expression systems may be a contributing factor in the large variation in reported
kinetic parameters, the 14C-L-Ser endpoint assay employed to measure hCBS activity also
merits consideration. The laborious nature of this assay has precluded the collection of
large data sets necessary for the global analysis required for a bi-substrate system.
Therefore, all kinetic parameters reported have been under the assumption of saturating
concentration of either L-Ser or L-Hcys and the data fit to the Michaelis-Menten equation.
Substrate inhibition has not been previously reported for the wild-type human enzyme,
although yeast CBS is known to be similarly inhibited at elevated L-Hcys concentration
[Jhee etal, 2000b].
Frank et al. [2008] determined the steady-state kinetic parameters of hCBS,
bearing only an amino-terminal glycine residue following proteolytic cleavage form
GST, using the 14C-L-Ser-based endpoint assay at 37°C, and reported Kml'Hcys and KmL'Ser
values of 1.04 ± 0.24 mM and 1.41 ± 0.35 mM, respectively. Although the KmL'Ser and
KmL-Hcys of 6-His/hCBS and 6-His-linker/hCBS are ~5-fold greater and ~3-5-fold lower,
respectively (Table 3), than those reported by Frank et al. [2008], they are within the
broad range of values reported for hCBS (KmL-Ser = 1.15 - 4.9 mM and KmL-Hcys = 0.17 -
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7.17 mM) [Janosik et al, 2001b; Kraus et al, 1978; Bukovska et al, 1994; Frank et al,
2008; Taoka et al, 1998]. When corrected by a factor of 2.4, to compensate for the 12degree temperature difference between the 25°C measurements described here (Table 2)
and those reported at 37°C, the value of 4.0 s"1 for the kcat of both 6-His/hCBS and 6-Hislinker/hCBS (Table 9.3) is not significantly different from the distinct values oikcatL'Hcys
(4.66 ± 0.67 s"1) and kj^er

(3.67 ± 0.67 s"1) reported by Frank et al [2008]. The ability

of hCBS to catalyze the reverse-physiological hydrolysis of L-Cth was also investigated
(Table 3) and the kcat and KmL'Cth values are 5-fold and 2-fold lower, respectively, than the
corresponding values for the model yeast enzyme [Aitken and Kirsch, 2003]. Similar to
yCBS, the kcat of the hCBS-catalyzed condensation reaction is ~70-fold greater than that
of the L-Cth hydrolysis reaction.
In summary, the 6-His/hCBS and 6-His-linker/hCBS constructs provide costeffective and efficient expression systems for the purification and subsequent kinetic
studies of wild type and mutants of hCBS. Characterization of hCBS expressed from two
constructs demonstrated that, similar to the yeast enzyme, hCBS is substrate inhibited by
L-Hcys and has the ability to catalyze both the physiological reaction in which L-Ser and
L-Hcys are condensed to form L-Cth and the reverse-physiological hydrolysis of L-Cth.
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10. Characterization of S289A,D Mutants of Yeast Cystathionine (3-Synthase.
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10.1. Abstract
Cystathionine p-synthase (CBS) catalyzes the pyridoxal 5'-phosphate (PLP)dependent condensation of L-serine and L-homocysteine to form L-cystathionine in the
first step of the reverse transsulfuration pathway. Residue S289 of yeast CBS, predicted
to form a hydrogen bond with the pyridine nitrogen of the PLP cofactor, was mutated to
alanine and aspartate. The kca/KmL'Ser of the S289A mutant is reduced by a factor of -800
and the P-replacement activity of the S289D mutant is undetectable. Fluorescence energy
transfer between tryptophan residue(s) of the enzyme and the PLP cofactor, observed in
the wild-type enzyme and diminished in the S289A mutant, is absent in S289D. These
results demonstrate that residue S289 is essential in maintaining the properties and
orientation of the pyridine ring of the PLP cofactor. The reduction in activity of ytCBSS289A suggests that ytCBS catalyzes the a,P-elimination of L-Ser via an Ei mechanism.
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10.2. Introduction.
Cystathionine P-synthase (CBS; E.C. 4.2.1.22.) catalyzes the condensation of Lserine (L-Ser) and L-homocysteine (L-Hcys) to form L-cystathionine (L-Cth) [Borcsok and
Abeles, 1982]. The enzymes tryptophan synthase (TrpS) and O-acetylserine sulfhydralase
(OASS), also members of the P-subfamily of PLP-dependent enzymes, catalyze similar
P-replacement reactions in the synthesis of tryptophan and cysteine, respectively [Cook
and Wedding, 1976; Miles, 2001; Mehta and Christen, 2000]. The first half reaction of
these enzymes is an a,P-elimination that consists of abstraction of the C a proton and Pelimination of the acetate moiety of O-acetyl-L-serine (OAS) by OASS or the hydroxyl
group of L-Ser by TrpS and CBS, resulting in formation of PLP-bound aminoacrylate.
The reaction of this intermediate with H2S, indole or L-Hcys comprises that second half
reaction of OASS, TrpS and CBS, respectively [Cook and Wedding, 1976; Miles, 2001;
Jheeefa/.,2000a].
While a,P-elimination reactions may proceed by either an Ei or E2 mechanism,
depending on the nature of the leaving group, those dependent on pyridoxal 5'-phosphate
(PLP) are generally thought to follow an Ei mechanism in which the carbanion formed
upon abstraction of the C a proton is resonance stabilized in the quinonoid intermediate
[Dunathan, 1971; Saunders, 1976; Tai and Cook, 2001]. This is exemplified by the
reaction catalyzed by the P-subunit of TrpS, in which P-elimination of the hydroxyl
group of L-Ser occurs in a stepwise manner [Drewe and Dunn, 1985; Jhee et al, 1998b].
In contrast, no quinonoid intermediate is observed during the P-elimination of acetate
from OAS by OASS, and a concerted E2 mechanism has been demonstrated for this
reaction (Figure 14) [Tai and Cook, 2001; Daum et al, 2003].
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The interactions between active-site residues and the PLP cofactor modify the
electronic properties of the latter and maintain its catalytically-productive orientation in
the active site [Eliot and Kirsch, 2004]. The pyridine nitrogen of the PLP ring is within
2.9,2.8 and 3.0 A of the oxygen atom of the hydroxyl side chain of an active-site serine
residue in TrpS (S377), OASS (S272) and human CBS (S349, which corresponds to S289
of yeast CBS), respectively [Hyde et al, 1988; Meier et al, 2001; Burkhard et al, 1998].
However, while the structurally-conserved S349 and S272, of human CBS (hCBS) and
OASS, respectively, are located at the si face of the cofactor, S377 of TrpS is structurally
distinct and situated at the re face [Hyde et al, 1988; Burkhard et al, 1998; Taoka et al,
2002]. The transient quinonoid intermediate of TrpS is stabilized under equilibrium
conditions and the pKa of the imine nitrogen of the internal aldimine, which is pH
independent in the wild-type enzyme, is shifted to -7.7 in the S377D mutant of this
enzyme [Jhee et al, 1998a]. The near-native catalytic efficiency of the OASS-S272A,D
mutants, contrasts with the drastic reduction in the activity of the corresponding S377A,D
mutants of TrpS, providing further evidence of the E2 mechanism of OASS [Jhee et al,
1998a; Daumet al, 2003].
The reaction catalyzed by CBS shares distinct features with those of TrpS and
OASS, but also has several unique characteristics. For example, only a transient geminal
diamine and the external aldimine of aminoacrylate are observed upon reaction of yeast
CBS (yCBS) with L-Ser (Figure 14) [Jhee et al, 2001]. In contrast with TrpS and OASS,
the external aldimine of the L-Ser substrate is not detected and there is no primary isotope
effect for abstraction of the C a proton by yCBS [Drewe et al, 1985; Jhee et al, 2001;
Woehl et al, 1996]. This, in combination with the lack of a detectable quinonoid
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intermediate for yCBS, in contrast with TrpS, suggests that either the quinonoid does not
accumulate or that abstraction of the C a proton and p-elimination of the hydroxyl leaving
group are concerted, as in OASS [Jhee et al, 2001; Cook, 2003].Although, the CBScatalyzed P-elimination of hydroxide from L-Ser likely occurs via the Ei mechanism of
TrpS, residue S289 of yCBS is structurally conserved with S272 of OASS and neither
yCBS or OASS form an observable quinonoid intermediate under presteady-state
conditions [Tai and Cook, 2001; Jhee et al, 2001; Woehl et al, 1996]. Therefore, the
S289A,D site-directed mutants were constructed to probe the mechanism of yCBS. The
yeast enzyme is employed as it lacks the heme prosthetic group of hCBS, which masks
the absorbance of the PLP cofactor and precludes pre-steady state investigations [Jhee et
al, 2000b]. Analysis of the S289A,D mutants suggests that, like TrpS, the cc,Pelimination catalyzed by yCBS follows an Ei mechanism.
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Figure 14. Proposed mechanism of the a,P-elimination half reaction of ytCBS
demonstrating possible Ei and E2 reaction pathways, which are employed by TrpS and
OASS, respectively [Jhee etal, 2001, Cook, 2003]. The labeled intermediates
correspond to the (1) internal aldimine (412 nm), (2) geminal diamine (320-340 nm), (3)
external aldimine of L-Ser (410-420 nm), (4) quinonoid (-480 nm) and (5) external
aldimine of aminoacrylate (320 and 460 nm) [Jhee et al, 2001].
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10.3. Methods.
10.3.1. Reagents.
L-Cth [£-(2-amino-2-carboxyethyl)-L-homocysteine], P-NADH (P-nicotinamide
adenine dinucleotide, reduced form), L-Ser and L-Hcys thiolactone were purchased from
Sigma. Dithiothreitol (DTT), ampicillin, 5,5'-dithio-bis-(2-nitrobenzoic acid) (DTNB)
and imidazole were obtained from Fisher Scientific and L-lactate dehydrogenase (LDH)
and protease inhibitor (Complete EDTA-free) tablets were from Roche Diagnostics.
Restriction endonucleases and T4 DNA ligase were from New England Biolabs. Nickelnitrilotriacetic acid (Ni-NTA) resin was from Qiagen. L-Hcys was prepared from the
thiolactone according to the method of Kashiwamata and Greenberg [Kashiwamata and
Greenberg, 1970]. Cystathionine P-lyase (CBL) was expressed and purified as described
previously [Aitken and Kirsch, 2003].

10.3.2. Construction, Expression and Purification ofytCBS-His mutants.
The S289A and S289D site-directed mutants were constructed by Dr. Susan
Aitken. Overlap-extension polymerase chain reaction (PCR), with the pSECseql (CGG
TTC TGG CAA ATA TTC TGA AAT GAG CTG) pSECseq7r (GCC CGC CAC CCT
CCG GGC CGT TGC TTC GC) flanking primers and either the S289Af (CTT GGT
GGG TGG TGC CTC CGG TTC TGC CTT CAC) or S289Df (CTT GGT GGG TGG
TGA TTC CGG TTC TGC CTT CAC) mutagenic primers and their reverse
complements, was employed to introduce the S289A and S289D site-directed mutations
in the pTSECb-His plasmid, which contains the gene encoding the truncated yCBS
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(ytCBS; residues 1-353), lacking the regulatory domain, with a C-terminal, 6-His affinity
tag [Aitken and Kirsch, 2004; Higuchi, 1990]. The amplification product was digested
with BamHl and Pstl, inserted at the corresponding sites of the pT-SECb-His vector and
transformed into the Escherichia coli strain DH10B (Gibco BRL) via electroporation
(Gene Pulser, BioRad). The S289A and S289D site-directed mutants were expressed and
purified via Ni-NTA affinity chromatography (Qiagen), as previously described for the
heterologous expression of 6-His tagged ytCBS [Aitken and Kirsch, 2004].

10.3.3. Steady-State Kinetics.
Enzyme activity was measured in a total volume of 1 mL at 37 °C with a model
HP8453 spectrophotometer (Agilent). The assay buffer comprised 50 mM Tris, pH 8.6
and 20 uM PLP. A background rate, for all components except the ytCBS enzyme, was
recorded for each sample before initiating the reaction by the addition of ytCBS. Data
was fit by nonlinear regression with the program SAS (SAS Institute, Cary, NC). The
continuous CBL-LDH assay, in which formation of L-Cth is detected continuously, was
employed to monitor the ytCBS P-replacement activity. The P-replacement assay was
done by Dr. Aitken. The LDH and 5,5'-Dithiobis-(2-Nitrobenzoic Acid) (DTNB) assays
were employed to monitor the P-elimination of L-Ser, producing pyruvate and NH3, and
the hydrolysis of L-Cth to L-Ser and L-Hcys, respectively [Aitken and Kirsch, 2003;
Aitken and Krisch, 2004]. The kcatE and KmEL'Ser and the kcatR and KmRL'ah for the pelimination and the L-Cth hydrolysis reactions, respectively, were determined from the fit
of the data to the Michaelis-Menten equation. The E and R subscripts denote the P-
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elimination and reverse-physiological reactions, respectively. The kca/Km for each
reaction was obtained independently from equation 3.
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The kinetic parameters of the p-replacement reaction were determined from the fit of the
data to equation 4, where the F subscript denotes the physiological, P-replacement
activity [Aitken and Kirsch, 2004; Jhee et al, 2000b]. Equation 4 was rearranged by
dividing all terms by KmFL'Ser or KmFL'Hcys to obtain independent values for kcatF/KmFL'Ser
and kcatF/KmFL~Hcys, respectively.
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10.3.4. Fluorescence Spectroscopy.
Fluorescence spectra were acquired with a Cary Eclipse spectrofluorimeter
(Varian) at 37 °C in 50 mM Tris, pH 8.6. To investigate the possibility of energy transfer
from one or more of the four tryptophan residues of ytCBS to the PLP cofactor of ytCBS
the fluorescence spectrum (Xex = 298 nm) of 20 uM enzyme was recorded from 320-650
nm at 2 nm resolution with excitation and emission slit widths of 8 nm in the absence and
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presence of 50 mM L-Ser [McClure and Cook, 1994]. The apparent dissociation constant
for the E-AA complex due to L-Ser association with free enzyme (Kd(app)L'Ser) was
determined by the protocol described by Jhee et al. [2000b], where a 1.0 uM solution of
ytCBS enzyme was titrated with aliquots of L-Ser, and the increase in fluorescence at 540
nm (A-ex = 460 nm), due to formation of the aminoacrylate (AA) intermediate, was
monitored. The change in fluorescence at 540 nm was plotted versus [L-Ser] and fit to
equation 5 [Jhee et al, 2000b].

f-k-s*]

(5)

The method of Adams [1969] was adapted for determination of the PLP saturation
of wild-type and mutant enzymes. The enzymes were diluted (to 0.8-1.2 uM) in 200 (xL
in 5mM phosphate buffer, pH 7.4. Following the addition of an equal volume of 11 %
TCA and incubation for 15 min at 50°C, 140 uL of 3.3 M K 2 HP0 4 and 50 uL of 0.02M
KCN were added and samples incubated at 50°C for a further 25 min prior to the addition
of 70 uL of 28% H3PO4 and 640 uL of 2 M potassium acetate, pH 3.8. The PLP
concentration of the samples was determined from comparison of the fluorescence
intensity at 425 nm (A,ex = 325 nm) to a standard curve of 0-20 uM PLP. The PLP
saturation of each enzyme was determined from the ratio of PLP concentration to the
concentration of enzyme monomer.

10.3.5. Single Turnover Measurements.
The reaction of 20 uM S289D with 150 mM L-Ser in 50 mM Tris, pH 8.6, at 25
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°C was monitored for formation of the external aldimine of aminoacrylate at 320 and 460
nm for 40 min [Jhee et al, 2001]. The reaction of 20 uM S289A with 5-200 mM L-Ser
was monitored at 320 nm and 460 nm, under the same conditions, and the 460 nm data
were fit to equation 6 to obtain k0bS for the formation of the aminoacrylate intermediate at
each concentration of L-Ser.

10.3.6. Spectrophotometric Titration of the ytCBS Internal Aldimine.
The experimental data for the pH titration study was obtained from Dr. Aitken.
The internal aldimine of wild-type ytCBS and the S289A and S289D site-directed
mutants were titrated versus pH. The pH of a solution of 20 |JM enzyme in 5 mM TAPS
(pKa 8.4, pH 7.2), containing 0.5 M KC1, was varied by successive additions of 0.5 M
AMPSO (pKa 9.0, pH 10.6) below pH 9.0; 0.5 M CAPS (pKa 10.4, pH 11.5) between pH
9.0- 10.5; and 1.0 M NaOH above pH 10.5. The enzyme solution was drawn through a
0.2-um filter to reduce light scattering from precipitate, and the pH of the solution was
determined prior to each absorbance measurement. Spectra were recorded from 250 to
500 nm on a UVIKON 360 double-beam spectrophotometer (KONTRON Instruments).
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10.4. Results.
10.4.1. Steady-state kinetic parameters.
The protein expression levels of the S289A (77 mg/L) and S289D (78 mg/L) sitedirected mutants were comparable to wild-type ytCBS (36 mg/L). The P-replacement
activity of ytCBS-S289D is undetectable and the kcatF/KmFL'Ser of the S289A mutant is
reduced by ~800-fold, compared to the wild type enzyme (Table 4). The Kd(apP)L~Ser value
of S289A is the same as wild-type, suggesting that the L-Ser binding site of this mutant is
unperturbed. The lack of aminoacrylate formation precluded measurement of Kd(app)L'Ser
for S289D (Table 4). The KmFL-Hcys of S289A is unchanged, while the KmFL-Ser is increased
~40-fold. The reverse-physiological L-Cth hydrolysis reaction is undetectable for S289D
and the -1400-fold reduction oikcatR/KmR~Cth for S289A is dominated by a 230-fold
decrease in kcatR. Although the S289A mutant possesses a marginal P-elimination activity
(kCat£/KmEL~er

= 0.11 M'V 1 ), the S289D mutant, like the wild-type enzyme, does not

catalyze the conversion of L-Ser to pyruvate and ammonia (Table 4).

10.4.2. Formation and stability of the aminoacrylate intermediate.
The degree of PLP saturation of the wild-type, S289A and S289D enzymes is
96%, 44% and 41%, respectively, demonstrating that binding of the cofactor to the
mutants is impaired, but not precluded. Formation of the aminoacrylate intermediate is
not observed for the S289D mutant at L-Ser concentrations up to 150 mM. Unlike the
S377D mutant of TrpS, for which a stable quinonoid is formed under equilibrium
conditions following reaction with L-Ser, no quinonoid is detected for the corresponding
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ytCBS-S289D. Addition of 5-150 mM L-Ser to the S289A mutant, results in a decrease in
absorbance at 412nm, corresponding to the internal aldimine, with a concomitant increase
in intensity at 460 and 320 nm consistent with formation of the external aldimine of
aminoacrylate (Figures 14 and 15) [Jhee et ah, 2001]. The rate of formation of the
aminoacrylate intermediate is drastically reduced in the S289A mutant, compared to
wild-type ytCBS (Figure 15). As reported by Jhee et ah [2001], the reaction of free
ytCBS enzyme (E) with L-Ser to form AA follows the sequence of equation 7,

k

k

E + L-Ser<^>E*L-Ser<^E-AA

(7)

where k4* = £4[H20] and K2i = k2lh. The rate (hob,) of AA formation of S289A at 25 °C
was determined (eq 6) at 5-150 mM L-Ser and the resulting k0bs values were plotted vs. LSer concentration (Figure 15) and fit to equation 8 [Jhee et ah, 2001].

kbs=
obs

*3[VSer]

1+

K2l+ [L-Ser]

£,
4

(«)

The values of £3 ((1.3 ± 0.1) x 10"3 s"1) and K2l (25 + 0.4 mM) for S289A are reduced
approximately 1.4 X10'5 and 5-fold, respectively, compared to those reported at for the
wild-type enzyme (k3 = 177 ± 8 s"1 and K2\ = 4.6 ± 0.8 mM) at 25 °C [Jhee et ah, 2001].
The aminoacrylate intermediate of both wild-type ytCBS and the S289A mutant is stable
over 360 min at pH 8.6 (Figure 16) and 10.5. This contrasts with the aminoacrylate of
OASS, and the corresponding S272A mutant, which decays almost completely during the
same period and for which the rate of decay is increased at pH >7.5 [Daum et ah, 2003].
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10.4.3. Equilibrium spectroscopic studies.
Absorbance spectra of the S289A and S289D site-directed mutants were recorded
over the pH range of 7.1-12.3. Similar to the wild-type enzyme, the 412 run absorbance
of the internal aldimine of S289A and S289D mutants, is pH independent below pH 11
[Aitken and Kirsch, 2003]. Fluorescence spectra (X«x = 298 nm and X,em = 320-650 nm) of
the wild-type and mutant enzymes were recorded in the absence and presence of 20 mM
L-Ser (Figure 16). Upon excitation at 298 nm, a peak is observed at -500 nm in the
emission spectrum of the wild type enzyme that is likely the result of Forster energy
transfer from tryptophan residue(s) of the enzyme to the PLP cofactor. A similar effect
has been observed for OASS, in which the residue was identified as W162 [McClure and
Cook, 1996]. In contrast, while the ~500-nm peak of the S289A mutant is less
pronounced than the wild-type (Figure 16) enzyme, it is not detectable for the S289D
mutant, suggesting that the orientation of the cofactor is altered as a result of these
mutations. Addition of L-Ser to the wild type and S289A enzymes results in a shift in the
fluorescence emission to 540 nm, corresponding to the external aldimine of
aminoacrylate, and a decrease in its intensity (Figure 16).
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Table 4. Steady-state kinetic parameters for ytCBSa.
ytCBS6
S289AC
L-serine + L-homocysteine —»• L-cystathionine
1
17 ± 1
0.85 ± 0.08
kcatF (S" )
KmFL-Ser(mM)
0.7 ±0.2
27.1 ±5.1
L Hcys
0.21 ± 0.04
KmF (mM)
0.16 ±0.03
1
4
kcatF/K^-^CM-'s" )
31 ± 4
(2.5 ± 0.6) x 10
kcatF/K^'^CM-y 1 )
(6.3±0.9)xl0 3
(8±l)xl04
1.0 ±0.4
2.9 ±1.3
KiFiL-Hcys ( m M )
KiF2L-Hcys(mM)
3.6 ±1.2
15±7
L Ser
rf
KdraDP) - (mM)
13.6 ±0.2
15.1 ±0.6
L-serine —> pyruvate + NH3
n.d.
0.0061 ± 0.0002
kcatE^^s"1)
L 5er
KmE - (mM)
56.4 ± 4.5
n.d.
kcatE/KmE^CM^s" 1 )
n.d.
0.11 ±0.06
L-cystathionine —* L-homocysteine + L-serine
1
1.03 ±0.02
0.0045 ± 0.0002
kcatR (S" )
L utn
KmR - (mM)
0.14 ±0.01
0.9 ±0.1
3
1 1
kcatR/KmR^CM" ^ )
5.3 ± 0.7
(7.5±0.4)xl0
"Kinetic parameters for the P-replacement, P-elimination and L-Cth hydrolysis activities
are denoted by the subscripts F, E and R, respectively. Kinetic measurements were
carried out in 50 mM Tris, pH 8.6, containing 20 uM PLP at 37 °C. n.d. denotes that
activity was not detectable.
*From reference [Aitken and Kirsch, 2004].
c
p-replacement conditions: 0.4 uM CBL, 1.4 uM LDH, 200 uM NADH, 0.03-8.8 mM LHcys, 0.25-100 mM L-Ser, and 9.4-18.8 uM S289A. Data were fit to eq 4. p-elimination
conditions: 300 uM NADH, 2.3 uM LDH, 2.7-270 mM L-Ser and 13 uM S289A.
Hydrolysis of L-Cth to L-Ser and L-Hcys conditions: 2 mM DTNB, 0.01-6.3 mM L-Cth
and 27.4 uM S289A. P-elimination and L-Cth hydrolysis data were fit to the MichaelisMenten equation and eq 3.
d
Kd(app)LSer values were determined by the increase in fluorescence at 540 nm (tax = 460
nm), due to the formation of AA, resulting from a titration of 1.0 uM ytCBS enzyme with
aliquots of L-Ser [Aitken and Kirsch, 2004]. Data were fit to eq 5.
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Figure 15. Dependence of the observed first-order rate constant (k0bS) for aminoacrylate
formation, monitored at 460 nm, on [L-Ser] for the S289A mutant. The S289A (16 JJM)
mutant was incubated with 5-150 mM L-Ser in 50 mM Tris, pH 8.6 at 25 °C. The line
represents the fit of k0ts vs. [L-Ser] fit to eq 6. Inset A: Spectra of 16 uM S289A after 200
s reaction with 0 (solid line), 15, 50, 75, and 150 mM L-Ser (dotted lines) show
increasing intensity at 320 and 460 nm, corresponding to the aminoacrylate intermediate,
with increasing [L-Ser]. Inset B: Stability of the aminoacrylate intermediate of S289A.
The S289A mutant (16 uM) was equilibrated in 50 mM Tris, pH 8.6, for 15 min prior to
addition of an equimolar concentration of L-Ser and the 460-nm absorbance,
corresponding to the aminoacrylate intermediate, was monitored over 360 min
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Figure 16. Fluorescence spectra (X,ex = 298 nm) of S289A and (Inset) wild-type ytCBS
alone (solid line) and in the presence of 50 mM L-Ser (dashed line). Conditions: ytCBS or
S289A (20 uM) in 50 mM Tris, pH 8.6.
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10.5. Discussion.
A quinonoid intermediate is observed in a, P-elimination reactions when
elimination of the leaving group is slow, as exemplified by TrpS [Drewe and Dunn, 1985;
Daum et al, 2003]. In contrast, the elimination of acetate from O-acetylserine by OASS
proceeds via a concerted, E2 mechanism that does not involve a quinonoid [Tai and Cook,
2001; Woehl et al, 1996]. Although the a,P-elimination of hydroxide from L-Ser, which
comprises its first half reaction of CBS, is identical to that of TrpS and contrasts with the
stable acetate leaving group of OASS, the transient quinonoid of TrpS has not been
detected for ytCBS, suggesting that either this intermediate of ytCBS does not
accumulate or that the enzyme follows an E2 mechanism [Jhee et al, 2001]. Formation of
a transient quinonoid in the Ei mechanism of TrpS relies upon the presence a hydrogen
bond between the hydroxyl group of the side chain of S3 77 and Nl of the PLP cofactor.
Stabilization of this intermediate in Trp-S377D, enabling its detection under equilibrium
conditions, coupled with the observed mechanism-based inactivation of this mutant,
demonstrates the role of S377 in controlling cofactor chemistry in TrpS [Jhee et al,
1998a; Jhee et al, 1998b]. The presence of a serine residue within hydrogen-bonding
distance of Nl of the PLP cofactor is a common feature of TrpS (S377), CBS (S349 of
hCBS corresponds to S289 of yCBS) and OASS (S272). However, S377 of TrpS is
situated at the C-terminus of a P-strand and is structurally distinct from S349 of hCBS
and S272 of OASS, which are both located at the N-terminus of an a-helix [Hyde et al,
1988; Burkhard et al, 1998; Taoka et al, 2002]. Therefore, as ytCBS shares distinct
features of TrpS and OASS, the S289A and S289D mutants were constructed to probe the
mechanism of this enzyme.
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The S289D mutant of ytCBS lacks detectable P-replacement, P-elimination or LCth hydrolysis activity. This contrasts with the weak residual activity of the
corresponding TrpS-S377D site-directed mutant. As the PLP saturation of S289D is
approximately half that of the wild-type enzyme, the inactivity of this mutant is likely
due to improper orientation of the cofactor within the active site. The wild-type enzyme,
and to a lesser degree the S289A mutant, exhibit fluorescence emission at -500 nm,
which shifts to ~540 nm in the presence of L-Ser, due to Forester energy transfer from
tryptophan residue(s) of the protein to the PLP cofactor (Figure 16). Similar Forester
energy transfer, from W162 to the cofactor, has been observed in OASS [McClure and
Cook, 1994; Strambini etal, 1996]. The lack of 500-nm fluorescence, in combination
with the pH independence of the internal aldimine of the S289D mutant, in contrast with
the pH dependence (pKa = -7.7) of the imine nitrogen of the TrpS-S377D internal
aldimine [Jhee et at, 1998a], provide evidence that the orientation of the cofactor in the
ytCBS-S289D active site is nonproductive. Subtle changes in the orientation of the PLP
cofactor within the active site, compared to the wild-type enzyme, were also observed for
the S289A,D mutants of OASS, which retain activity similar to the wild-type, and a key
role for S377 in maintaining cofactor orientation has been proposed in TrpS [Cook, 2003;
Jhee et at, 1998b].
The S289A mutant of ytCBS reacts with L-Ser to form a stable aminoacrylate
intermediate (Figure 15). Therefore, unlike the corresponding S272A mutant of OASS,
the rate of decay of this intermediate cannot be employed to determine the pKa of the
active-site lysine (K53) of ytCBS. Presteady-state analysis of aminoacrylate formation by
S289A demonstrates that the equilibrium constant, K21, for formation of the E»L-Ser

90

enzyme-substrate complex (eq 7) is increased by only ~5-fold. Correspondingly, there is
less than 10% difference in the apparent binding constant of L-Ser {Kd(app)L'Ser) between
the wild-type enzyme and S289A mutant (Table 4). In contrast, the rate of conversion (£3
= (1.3 ± 0.1) x 10"3 s"1) of E»L-Ser to the aminoacrylate intermediate (E-AA; eq 7) is
reduced by five orders of magnitude, compared to the wild-type enzyme (Jt 3 =177±8s - 1 )
[Jhee et al, 2001]. The hyperbolic shape of the plot of k0bs for AA formation versus L-Ser
concentration indicates that binding of L-Ser is rapid and conversion of the ytCBS»L-Ser
complex to the enzyme-bound AA intermediate is the slow step in the first half reaction
of both the S289A mutant (Figure 15) and wild-type ytCBS [Jhee et al., 2001].
The S289A mutant of ytCBS catalyzes the P-replacement and L-Cth hydrolysis activities
observed for the wild-type enzyme, as well as a minor P-elimination of L-Ser. However,
the catalytic efficiency of this mutant is strongly reduced, as demonstrated by the -800
and -1400-fold decreases in kcatF/KmFL'Ser and kcatR/KmRL'Cth (Table 4) [Aitken and Kirsch,
2004]. A similar effect is observed for TrpS, as the specific activity of the TrpS-S377A,D
mutants is decreased to > 100-fold, compared to the wild-type enzyme, demonstrating that
removal of the hydroxyl side chain of S3 77 drastically reduces the catalytic capacity of
this enzyme [Jhee et al, 1998a; Jhee et al, 1997]. In contrast, while the kcat of the S272A
mutant of OASS is reduced by 80-fold, similar to the 20-fold decrease in the kcatF of the
corresponding S289A mutant of ytCBS, the catalytic efficiency of OASS-S272A is
reduced by only 3-fold because of the compensating 25-fold decrease in the KmOA of this
mutant [Daum et al, 2003]. The three-order-of-magnitude reduction in the catalytic
efficiency of the S289A mutant provides indirect evidence that the ytCBS-catalyzed a,(3elimination of hydroxide from L-Ser, like that of TrpS, follows an Ei mechanism.
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11. Nucleotide recognition by the C-terminal regulatory domain of human
Cystathionine P-Synthase.
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11.1. Abstract.
Human Cystathionine p-synthase is a Pyridoxal 5'-phosphate dependent protein
that catalyses the condensation of L-serine and L-homocysteine to L-cystathionine. The
enzyme is allosterically regulated and activated ~2-fold by S-adenosylmethionine (SAM)
that binds to the C-terminal regulatory domain. The binding site for SAM is unknown
due to the lack of a complete crystal structure of CBS. To identify interactions of SAM
binding in yeast and human CBS, sequence alignments, disease causing mutations and
structural comparison of similar nucleotide-binding motifs from other proteins, were used
to target residues for site-directed mutagenesis. Yeast CBS is not activated by the binding
of SAM or ATP and the D399A, T414A, S416A, E417A, T498A, and D501A mutants of
this enzyme do not display reduced stability or altered kinetic parameters. The &catL"Ser °f
the F443A, D444N and S466L mutants of human CBS were increased by 1.5-, 1.7-, and
1.8-fold, while that of D538A was unchanged. The specific activity with 200 uM SAM
increases by 1.6- to 2.2-fold in the wild type and S466L while it remains unchanged in
F443A and D538A. These results provide a basis for future work to establish the
mechanism of SAM binding and allosteric activation of human CBS.
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11.2. Introduction.
Elevated plasma levels of L-homocysteine (L-Hcys), a toxic metabolite, are an
independent risk factor for cardiovascular disease [Mudd et al, 2001]. L-Hcys
homeostasis is regulated by the flux of two key enzymes, Cystathionine P-synthase
(CBS), in the transsulfuration pathway, and methylene tetrahydrofolatereductase
(MTHFR), in the remethylation pathway [Hajjar, 2001; Figure 6]. MTHFR is inhibited
by SAM while CBS binds S-adenosylmethionine (SAM), an allosteric activator that
causes a -2-3 fold increase in the VmaK of the enzyme [Taoka et al, 1998; Mato et al,
1997]. The increase in S-adenosylmethionine (SAM) concentration, occurring
concurrently with elevated L-Hcys levels, results in decreased L-Hcys remethylation, via
inhibition of MTHFR to methionine, and an increase in production L-Cystathionine in the
transsulfuration pathway [Miles and Kraus, 2004; Banerjee and Zhou, 2005].
Each monomer of the homotetrameric human CBS (hCBS) enzyme is comprised
of 551 residues and has a modular domain organization consisting of a N-terminal heme
domain (~ 70 residues), a central catalytic core (~340 residues), and a C-terminal
regulatory domain (~ 140 residues) [Kraus et al, 1978; Miles et al, 2000; Kraus et al,
2001]. The C-terminal regulatory domain is proposed to contain the binding site of the
allosteric effector SAM, the binding of which results in a 2- fold increase in the kcat of the
enzyme [Taoka et al, 1998]. Removal of the regulatory domain, either via limited
proteolysis or expression of a truncated version of the CBS, results in a SAM-insensitive,
homodimeric form of the enzyme, the activity of which is two-fold greater than the wildtype [Taoka et al, 1998; Kery et al, 1998]. Yeast CBS (yCBS) is not activated by SAM
but truncation of the C-terminal domain results in activation of the enzyme [Jhee et al.,
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2000b]. A subset of the more than 100 homocystinuria-associated mutations of hCBS
also alters the responsiveness of the enzyme to SAM. For example, the Kact value, for
activation of hCBS by SAM, is increased ~60-fold (from 7.4 to 460 uM) in the D444N
regulatory-domain mutant, the first characterized regulatory domain mutation with
impaired SAM recognition [Kluijtmans et al., 1996; Evande et al, 2002]. In contrast,
hCBS-C431S is SAM-insensitive, but has an activity similar to that of the SAM-activated
wild-type enzyme [Frank et al, 2006]. Although the S466L mutant of hCBS binds SAM
with a Kd of 2.9 uM, compared to 11.4 uM for wild-type hCBS, its activity is not
increased by SAM binding [Frank et al, 2006]. Attempts to crystallize the full-length
form of hCBS have failed to date, due to the aggregative character of the enzyme, and the
only available crystal structures are of the truncated, homodimeric form of the enzyme,
lacking the regulatory domain [Meier et al, 2001; Taoka et al, 2002]. Therefore, the
location and nature of the SAM binding site, as well as its relationship with the residues
associated with homocystinuria-linked mutations, including D444N, C431S and S466L,
have not been determined.
The regulatory domain of CBS contains a pair of CBS domains, named after
parent CBS enzyme. These ~60 amino acid domains comprise a P1CC1P2P3OC2 secondarystructure motif, occur as tandem pairs of two-to-four CBS domains and typically bind
adenosine-containing ligands such as ATP, AMP, or SAM [Bateman, 1997]. Proteins
containing CBS domains include CBS, inosine 5'monophophate dehydrogenase
(IMPDH), AMP-activated protein kinase, and the chloride channel C1C-5. Mammalian
CBS is unique as its regulatory domain exclusively binds SAM, while others bind AMP
or ATP [Ignoul and Eggermount, 2005]. Although the structure of the regulatory domain
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of the CBS enzyme has not been solved, the structures of CBS domains from several
other proteins are available. The low sequence identity between the regulatory domain of
hCBS and the CBS domains of available structures present difficulties for homology
modeling and binding-site prediction (AMPK y-3+4, 30.6%; AMPK y-1+2,11%; CLC-5,
14%; IMPDH, 16%; SNF4-3+4, 37%; SNF4-1+2, 35%). Therefore, information
including sequence alignments, structural analysis and disease-associated mutations, of
hCBS and other proteins containing CBS domains, were combined to assist in selecting
residues, as targets for site-directed mutagenesis, with the goal of investigating the
regulatory domain and its interaction with the catalytic core of CBS.
Recent structures of ATP bound to CLC-5 [PDB: 2J9L; Meyer et al, 2007] and
AMP bound to AMPK [PDB: 2UV4; Day et al, 2007] reveal interactions with the
adenine and ribose components of the ligand, features that are shared with SAM [Figure
8]. The adenine ring in CLC-5 forms a 7t-stacking interacting with the side chain of
Y617, but is flanked by a network of hydrophobic residues in AMPK (T200,1204, V225
and 1312) [Figure 8]. The human and yeast CBS enzymes share a conserved aromatic
residue (F443 and F398 of hCBS and yCBS, respectively), which aligns with Y617 of
CLC-5, suggesting the possibility of a similar ^-stacking role for this residue in the
SAM-binding site of CBS [Figure 9]. A ribose-binding motif (G/zxS/TxS/TD, x is any
amino acid and h is hydrophobic) has been identified in AMPK [Day et al, 2007]. The
serine/threonine residues and the aspartate residue of the motif are observed to form
hydrogen bonds with the hydroxyl groups of the ribose ring and the phosphate moiety,
respectively, in AMP or AMP bound to AMPK and CLC-5 [Figure 8]. Putative ribose
binding motifs are conserved and present in yCBS: CBS1 (T414, S416, and E417) and
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CBS2 (T498 and D501) (Figure 9). These residues of yCBS (T414A, S416A, E417A,
T498A and D501A) were targeted for site-directed mutagenesis. Preliminary work didn't
reveal altered kinetic parameters or activation in yCBS. Therefore, other residues were
not targeted for a parallel study. In hCBS, the ribose-binding motif in CBS2 domain was
selected site-directed mutagenesis (D538A). To test for adenine stacking interactions of
SAM in hCBS, F443A was also constructed for site-directed mutagenesis. A single
peptide (residues 511-531 of the CBS2 domain) was identified, via mass spectrometry, as
protected from 'H^H-exchange by SAM binding [Sen et ah, 2005; Figure 9]. The amino
acid sequence of this peptide was aligned with the CBS sequences of higher eukaryotes
and four conserved glutamine residues were selected for site-directed mutagenesis
(Q515A, Q517A, Q526A, and Q528A) to investigate their role in the regulatory domain
of hCBS. The disease mutations of homocystinuria located in the CBS domains, C431S,
D444N and S466L, were also developed. The soluble enzymes were purified and their
kinetic parameters, activation by SAM, and protein stability were compared to the wildtype enzymes. Comparison of the effect of mutations in hCBS with the corresponding
mutants of the SAM-insensitive yeast enzyme provide insight into the regulation of CBS.
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11.3. Methods
11.3.1. Construction, Expression, and Purification of yeast and human CBS mutants.
Overlap-extension PCR, with the pSECseqO and pSECseq7r flanking primers and
the appropriate pairs of mutagenic primers (Table 5) was employed to introduce the
C431S, F443A, D444N, T459A, S466L, Q515A, Q517A, Q526A, Q528A, and D538A
site-directed mutations in the 6-His/hCBS construct (described in Section 9.3.3 of this
thesis) [Higuchi, 1990]. The amplification product was digested with Ncol and Sail,
inserted at the corresponding sites of the pTrc99a-6-His/hCBS vector and transformed
into the E. coli strain DH10B (Gibco BRL). The D399A, D474A, T414A, S416A,
E417A, T498A and D501A of yCBS were constructed using overlap-extension PCR with
the pSECseqO and pSECseq7r flanking primers and appropriate mutagenic primers from
a yCBS-His construct (Table 5), digested with Ndel and Sail, introduced into the
corresponding sites of the pTrc99a expression vector and transformed into E. coli strain
DH10B (Gibco BRL). The yCBS mutants (D399A, D474A, T414A, S416A, E417A,
T498A, and D501A) and hCBS mutants (F443A, D444N, T459A, and D538A) were
sequenced and verified. The mutant enzymes were expressed and purified via Ni-NTA
affinity chromatography (Qiagen), as described for the heterologous expression of 6-His
tagged hCBS and yCBS in Sections 9.3.5. and 10.3.2.
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Table 5. Primer sequences used for constructing C-terminal domain mutants in yCBS
and hCBS.
Oligo name"
Sequence 5' -> 3'
AGG
CAG
CCA TCG GAA GCT G
GGC
GTC
pSECseqO
GCC
CGC
CAC
CCT
CCG
GGC CGT TGC TTC G
pSECseq7r
CGA CCA TCA CCA GCG GGC ACA CCA TCG AG
hCBS 04318^
CTC GAT GGT GTG CCC GCT GGT GAT GGT CG
hCBSC431Sr*
CGG GAG AAG GGC GCG GAC CAG GCG
hCBS F443Af
CGC CTG GTC CGC GCC CTT CTC CCG
hCBS F443Ar
AGA AGG GCT TCA ACC AGG CGC CCG TG
hCBS D444Nf
CAC GGG CGC CTG GTT GAA GCC CTT CT
hCBS D444Nr
GAA TGG TGG CGC TTG GGA ACA TG
hCBS T459Af
CAT GTT CCC AAG CGC CAC CAT TC
hCBS T459Ar
GAA CAT GCT CTC GCT GCT GCT TGC CGG GAA
hCBS S466Lf
TTC CCG GCA AGC AGC AGC GAG AGC ATG TTC
hCBS S466Lr
GGT GCA CGA GGC GAT CCA GTA CCA C
GGT
hCBSQ515Af
GTG GTA CTG GAT CGC CTC GTG CAC CAC C
hCBS Q515Ar
GCA
CGA GCA GAT CGC GTA CCA CAG CAC C
hCBS Q517Af
GGT GCT GTG GTA CGC GAT CTG CTC GTG C
hCBSQ517Ar
CGG GAA GTC CAG TGC GCG GCA GAT GGT G
hCBS Q526Af
CAC
CAT CTG CCG CGC ACT GGA CTT CCC G
hCBS Q526Ar
GTC CAG TCA GCG GGC GAT GGT GTT CGG GG
hCBS Q528Af
CCC CGA ACA CCA TCG CCC GCT GAC TGG AC
hCBS Q528Ar
ACC GCC ATT GCG TTG CTG AAC TTC G
hCBS D538Af
CGA AGT TCA GCA ACG CAA TGG CGG T
hCBS D538Ar
GAC AAT GGC TTT GCG CAA TTG CCT G
yCBS-D399Af
CAG CGA ATT GCG CAA AGC CAT TGT C
yCBS-D399Ar
TCT GGT TTA GTT GCG CTC TCT GAG C
yCBS-T414Af
GCT
CAG AGA GCG CAA CTA AAC CAG A
yCBS-T414Ar
GTT
ACT
CTC GCG GAG CTT CTA AG
yCBS-S416Af
CTT AGA AGC TCC GCG AGA GTA AC
yCBS-S416Ar
GTT ACT CTC TCT GCG CTT CTA AG
yCBS-E417Af
CTT AGA AGC GCA GAG AGA GTA AC
yCBS-E417Ar
CAA AGC TAT CTG CGT TGA ATC GTT TC
yCBS-D474Af
GAA ACG ATT CAA GCG AGA TAG CTT TG
yCBS-D474Ar
CAT ATC GTT GCG AAG ATG GAT T
ATC
yCBS-T498Af
AAT CCA TCT TCG CAA CGA TAT GGA T
yCBS-T498Ar
GTT ACT AAG ATG GCG TTA CTG AGC
yCBS-D501Af
GCT CAG TAA CGC CAT CTT AGT AAC
yCBS-D501Ar
a
Primer names starting with h and y were employed in the construction of site-directed
mutants of human and yeast CBS, respectively.
b
C431S not constructed.
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11.3.2. SAM/ATP activation of yeast and human CBS.
Measurements of CBS activation by SAM or ATP were conducted in assay buffer
comprising 50 mM Tris, pH 8.6, 0.5 mg/ml BSA and 20 uM PLP. The enzyme was
incubated with 1000 uM SAM for two hours on ice minutes prior to assaying activity. A
background rate for the coupled-coupled CBL-LDH assay was obtained with 1.5 mM
NADH, 1.6 uM CBL, 1.4 |j.M LDH, 2 mM L-Hcys and 30 mM L-Ser and the reaction
was initiated by the addition of 0.8 - 1.5 |aM hCBS, preincubated with SAM. The final
concentration of SAM in the assay was 200 uM. A similar specific activity assay was
also done with 0-5M ATP for yCBS and hCBS.

11.3.3. Urea denaturation - yeast CBS stability.
The stability of the wild-type and site-directed mutants of CBS was compared
using fluorescence-monitored urea denaturation with a Cary Eclipse (Varian)
spectrofluorimeter. Preliminary studies indicated that a 24-hr incubation of 10-20 [iM
yCBS in 0-8M urea was sufficient to reach equilibrium between folded and unfolded
protein states. All samples were incubated in 10 mM Tris, pH 8.6 for 24 hrs at 4 °C and
measurements were taken at 25 °C (A,ex = 280 nm, A«m = 300-400 nm). Since the yield of
hCBS, wild type and mutants, is low, the stability data was collected in greater detail for
the yeast enzymes. Only measurements for wild type hCBS were limited to urea
concentrations of 0M, 1M, 2M, 3M, 4M, 5M, 6M and 7M (not shown) while the sitedirected mutants were prioritized for kinetics and preliminary SAM-binding studies.
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At each urea concentration, the fraction of unfolded protein, f, was calculated
using:

fjots-y

(9)

where I0bs is the observed fluorescence intensity, Iu is the fluorescence intensity of the
unfolded protein state, and IN is the fluorescence intensity of the native protein state [Liu
et al, 2001]

11.3.4. Steady-state kinetics of yeast and human CBS domain mutants.
Kinetic measurements were done out as described previously (Section 9, Table 2).
Assay conditions were 50 mM Tris (pH 8.6) containing 20 uM PLP, 0.5 uM CBL, 1.4
uM LDH, 1.5 mM NADH, and 0.63-1.7 uM yCBS at 25°C. p-replacement activity was
measured by varying L-Hcys concentrations, 0.1-7 mM, at 20 mM L-Ser and by varying
L-Ser concentrations, 0.2-35 mM, at 2 mM L-Hcys. For hCBS wild type and its sitedirected mutants, similar assay conditions were used (except for 1.6 uM CBL). 0.4 - 1.2
uM hCBS (3-replacement activity was measured by varying L-Hcys concentrations, 0.1 9 mM, at 30 mM L-Ser and by varying L-Ser concentrations, 0.2-50 mM, at 2 mM LHcys. kcat and Km values were obtained from the Kaleidagraph software by fitting the data
to the Michaelis-Menten equation, while kcJKm was determined independently from eq
10.
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11.4. Results
11.4.1. Purification and characterization of Wt and mutant yeast CBS.
The yeast model enzyme was initially selected for investigating the effect of
mutations on the CBS domains because the expression system for hCBS was under
development and optimization.
Seven site-directed mutants of yCBS were constructed (D399A, T414A, S416A,
E417A, D474A, T498A and D501A), expressed, and purified with yields ranging from
18-46 mg/L of media (Figure 17; Table 2). Only the D474A mutant did not fold
properly and was found in inclusion bodies of the cell pellet, as verified by running NiNTA chromatography, under denaturing conditions, and SDS-PAGE (gel picture not
shown). The urea denaturation curves show that the introduced mutations do not affect
the conformational stability of yCBS but E417A appears to be more stable than the wild
type and other mutants [Figure 18]. At substrate concentrations of 5 mM L-Ser and ImM
L-Hcys, ligand concentrations of 0-5 mM SAM, ATP, and ATP + methionine had no
effect on yCBS as the specific activity of the wild-type enzyme in the presence of 0-5
mM of adenine ligands was between 126 ±11 U/mg and 118 ± 23 U/mg for SAM, 130 ±
10 U/mg and 145 ± 13 U/mg for ATP, and 134 ± 12 U/mg and 145 ±11 U/mg for ATP +
Met. Since, the wild-type yeast enzyme was not activated by SAM, the kinetic
experiments on yCBS mutants were not conducted with SAM. The ATmL"Ser (~2 mM) and
kcatL~Ser (~3 s"1) values of the mutants are not altered, compared to the wild-type enzyme
[Table 6, Figure 19]. In contrast, comparison of the kinetic parameters for variation of LHcys at fixed L-Ser concentration reveals 2.7-4.3-fold increases in £mL"Hcys for the
E417A, T498A, and D501A mutants.
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11.4.2. Purification and characterization of Wt and mutant human CBS.
Seven site-directed mutants of hCBS (F443A, D444N, S466L, Q515A, Q526A,
Q528A and D538A) were successfully expressed and purified (Figure 17B). Their yield
was between 0.4-3.7 mg/L of media (Table 7). The T459A and Q517A mutants could not
be purified, likely due to improper folding, while the C431S mutant could not be
successfully constructed via overlap-extension PCR. A fluorescence assay was used to
measure SAM binding. This assay measures changes in the internal protonated aldimine
(^-ex - 420 nm) environment caused by conformational changes in the PLP
microenvironment [Frank et al, 2006]. However, no measurable changes in the
fluorescence of the PLP cofactor were detected. Therefore, specific activity assays were
used to assess SAM activation.
The steady-state kinetic parameters of the wild type and the seven site-directed
mutants of hCBS (F443A, D444N, S466L, Q515A, Q526A, Q528A and D538A) were
determined (Table 7). With the exception of F443A (£wL"Ser = 6.1 ± 0.4 mM), the KmL-Ser
values are within experimental error of the wild-type enzyme (KmL'Ser = 4.2 ± 0.5 mM)
(Figure 20). Similarly, the KmL"Bcys values of the site-directed mutants are within
experimental error of the wild type (0.32 ± 0.07 mM) (Table 7). The Q526A and Q528A
mutants, however, did not display detectable activity.
The specific activity of D538A is comparable to the wild type (221 ± 7 U/mg) but
is 1.9-fold in lower in Q515A (114 ± 10 U/mg). The F443A, D444N, and S466L display
2.2-, 2.2-, and 2.4-fold increase in specific activities compared to the wild type. Frank et
al. showed that 200 uM SAM is sufficient to effect a maximal activation [2008]. In the
presence of 200 uM SAM, the specific activities of D538A (205 ± 29 U/mg) and Q515A
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(111 ± 7 U/mg) remain similar. D444N, which was twice as active, does not change with
SAM addition (455 ± 33 U/mg). SAM, however, induces a 1.6-fold increase in the
specific activities of the wild type (345 + 42 U/mg) and the S466L (817 ± 81 U/mg)
mutant, respectively.
Interestingly, at 5 mM L-Ser and 1 mM L-Hcys substrate concentrations,
preliminary experiments show that in the presence of 5 mM ATP, the specific activity of
hCBS increases by 2.6-fold from 8 1 + 5 U/mg to 211 ± 6 U/mg. However, at 0 - 3M
ATP, hCBS activity remains similar.
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Figure 17. SDS-PAGE of 6-His-tagged yCBS and hCBS site-directed mutant enzymes.
(A) SDS-PAGE of fractions from purification of yCBS-D501A by Ni-NTA
chromatography. Lane 6 and 17: protein marker; lane 1: cell lysate supernatant; lane 2:
column flow-through following loading; lane 3: column wash, lanes 4,5, 7-16 and 1820: every fifth protein fraction from the elution, starting with the first fraction. (B) SDSPAGE of fractions from the purification of hCBS-D444N by Ni-NTA chromatography.
Lane 5 and 14: protein marker; lane 1: cell lysate supernatant; lane 2: column flowthrough following loading; lane 3: column wash; lanes 4,5-13 and 15-17: every third
fraction from the elution, starting from the first fraction. The 10% polyacrylamide gel
was loaded with protein fractions per lane and stained with Coomassie brilliant blue.

105

A.

1 2 3

4

5 #7

8

-it
"IS

60

"•

""•"

:

f

9 10 11

••

:

12 13 14 15 1 6 l | l 8 19 20

..:;••:':'-

^-'-^ : i i i :: ::::"•:-•

< :iHii;'-

' ;*#•

:,
2

0

#

-

•

11% iim
•: '/ill

106

Figure 18. Fluorescence-monitored denaturation of yCBS by 0-8 M urea. (A) The
denaturation curves of yCBS ( Q . D399A (O), E417 (X), and D501A (O) yCBS
samples were incubated overnight at 4 °C overnight in 10 mlvl Tris, pH 8.6 containing 08 M urea. The other mutants, T414A, S416A, and T498A have similar protein unfolding
equilibriums as the wild type and to maintain the pictures clarity, the data is not shown.
The fluorescence intensities (f) at 330 nm (A«x = 280 nm) were normalized by equation 9
and plotted versus urea concentration. B. Emission spectra (A,ex = 280 nm) of 20 uM
yCBS-T414A showing the increasing peak at showing the increasing peak at -350 nm
with increasing urea concentration (0,2,2.25,2.5,2.75, 3, 3.25, 3.5, 4,4.5, 5, and 7M).
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Figure 19. Michaelis-Menten plots demonstrating the dependence of the reaction
catalyzed by wild-type yCBS (<>) and the D399A ( • ) , and S416A ( X ) site-directed
mutants on (A) varying [L-Ser] at a fixed L-Hcys concentration of 2mM and (B) varying
[L-Hcys] at a fixed L-Ser concentration of 20 niM. The kinetic parameters are given in
Table 6. Reactions conditions were 50 mM Tris (pH 8.6), 1.5 mM NADH, 20 uM PLP,
0.5 uM CBL, 1.4 uM LDH and 0.6 - 1 . 7 uM wild-type or mutant yCBS.
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Figure 20. Kinetics of hCBS proteins showing the dependence of the reaction on A. [LSer] with concentration of L-Hcys fixed at 2mM and B. [L-Hcys] with concentration of LSer fixed at 30 mM. (O - hCBS; • - F443A; • - D538A).The fitted parameters are given
in Table 7. Reactions conditions were 50 mM Tris (pH 8.6), 1.5 mM NADH, 20 |LIM
PLP, 1.6 (J.M CBL, and 1.4 \iM LDH. Reactions were initiated by addition of 0.3 - 1.2
HM hCBS.
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4
3
4
4
4
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Yield (mg/ L of media)
a
Reaction conditions: 0.5 uM CBL, 1.4 uM LDH, 1.5 mM NADH, 0.6-1.7 \xM yCBS and 0.1-7 mM L-Hcys at 20 mM L-Ser or 0.2-35
mM L-Ser at 2 mM L-Hcys at 25°C. Kinetic parameters were determined from the fit of data to the Michaelis-Menten equation and
equation 10.
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Table 6. Comparison of the kinetic parameters of yCBS-His wild-type and its C-terminal domain mutants.

486 ± 24

221+7

468 + 57

4100 + 600
1.6

0.28 ± 0.03

1.61+0.06

310 + 30

4.7 ± 0.6

1.48 ±0.05

D444N

523 ±31

4000 ±600
3.3

0.29 ± 0.02

1.66 ±0.03

500 ± 80

4.4 ±0.5

1.58 ±0.07

S466L

114 + 10

1670 ±340
0.4

0.31 ±0.07

0.50 ±0.03

115 + 10

5.0 ±0.6

0.58 ± 0.08

Q515A

189 ± 5

1660 ±270
1.2

0.5 ±0.2

0.85 ±0.11

190 ±20

4.9 ±0.3

0.91 ±0.04

D538A

455 + 33
817± 81
345 ± 42
451 ±39
111 + 7
205 ±29
Fmax(U/mg) [ + 200 uM SAMf
"Reaction conditions: 1.6 uM CBL, 1.4 uM LDH, 1.5 mM NADH, 0.3-1.2 uM hCBS and 0.1-9 mM L-Hcys at 30 mM L-Ser or 0.2-50
mM L-Ser at 2 mM L-Hcys at 25°C. Kinetic parameters were determined from the fit of data to the Michaelis-Menten equation and
equation 10.
b
Specific activity assayed at OuM and 200 uM SAM at 30 mM L-Ser and 2 mM L-Hcys. Assay components remain unchanged as in a
but supplemented with 0.5 mg/ml BSA.
* - no activity was detected for Q526A (Yield - 0.41 mg/ L of media) and Q528A (Yield - 0.33 mg/ L of media).
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Table 7. Comparison of the kinetic parameters of his-hCBS and its C-terminal domain mutants.

11.5. Discussion.
The CBS-domain pair from cystathionine P-synthase has potential interacting
residues for SAM situated in the cleft between the two domains. Deletion of the CBS
domains in the yeast and human enzymes leads to formation of highly active dimers,
which are unresponsive to SAM, and highlights the autoinhibitory nature of CBS
domains [Shan and Kruger, 1994; Kery et al, 1998; Evande et al, 2002]. In the native
human enzyme, SAM binding is accompanied by a conformational change that increases
the activity of CBS by 2-to 3-fold [Kery et al, 1998; Taoka et al, 1998; Frank et al,
2006; Frank et al, 2008]. Since, the full-length crystal structure of CBS is unavailable, a
series of site-directed mutants of residues in the regulatory domain of CBS were
constructed to probe their roles in SAM binding. These residues were targeted based on
sequence alignments and the structures of CBS domains from other proteins, including
AMPK and C1C-5.

11.5.1. Characterization of F443A andD538A (hCBS).
Hydrophobic and hydrogen-bonding interactions with the adenine and ribose
rings of adenine ligands are observed for C1C-5 and AMPK. The Y617A mutant of C1C-5
abolishes ATP binding and changes the transport of CI" [Meyer et al, 2007]. Residue
F443 (hCBS), in the CBS1 domain, corresponds to Y617 of C1C-5, which interact via a
^-stacking interaction with the adenine group of ATP. The hCBS-F443A mutant has
increased activity, as evidenced by its 1.6-fold and 1.5-fold increases in &catL"Ser and £catL"
Hcys

, respectively (table 7). A 2.2- fold increase in specific activity, compared to the wild

type, is observed for the SAM-insensitive F443 A mutant. A previous study demonstrated

115

that the homocystinuria-associated D444N mutant of the adjacent residue is locked in an
activated conformation [Sen et al, 2005]. These results suggest that residues F443 and
D444 are involved in both SAM binding and the intersubunit communication required for
allosteric activation.

First characterized by Day et al, [2007] in AMPK, the putative ribose binding
domain is observed in both CBS domains of hCBS and yCBS. The conserved aspartate
residue at the C-terminus of this motif corresponds to D727, D317 and D538 of C1C-5,
AMPK and hCBS (CBS2 domain), respectively. In C1C-5, the D727A mutation
eliminates H-bonds with the hydroxyl moieties of the ATP ribose sugar and in the
structure of the AMPK-AMP complex D317 is observed to hydrogen bonds with the
ribose hydroxyl groups [Meyer et al, 2007]. The hCBS D538A mutant has a similar
specific activity (189 ± 5 U/mg) as the wild type enzyme, but is not responsive to SAM
(table 7), suggesting that residue D538 of hCBS is involved in SAM binding but not in
intersubunit communication.

11.5.2. Mutation of conserved glutamine residues impairs hCBSfolding/'activity.
The four targeted glutamine were chosen because of their conservation among
eukaryotic CBS and their situation within the SAM-protected peptide (VVHEQIQYHSTGKSSQRQMVF) identified from hydrogen exchange and peptide mass mapping
[Sen et al, 2005]. The mild reduction in both £catL~Ser (1.5 -fold) and £CatL"Hcys (1.7 -fold)
values, combined with the lack of activation by SAM of the hCBS-Q515A mutant
suggests that Q515 is involved in intersubunit communication, but not in SAM binding.
The yield of Q515A was similar to the Q526A (0.41 mg/ L of media) and Q528A (0.33
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mg/ L of media) mutants, but the latter two enzymes do not display measurable levels of
activity. The Q517A mutant was insoluble. The inactive mutants, Q526A and Q528A,
and the insoluble Q517A mutant suggest the critical role of these residues in maintaining
the structural integrity of the enzyme.

11.5.3. Characterization of D444N and S466L (hCBS).
Residue D444 of the CBS1 domain of hCBS aligns with S226 of AMPK and
S618 of C1C-5, residues that hydrogen bind to the a-, and y- phosphate, respectively, of
the adenine nucleotides [Figure 6; Meyer et al, 2007; Day et al, 2007]. In CLC-5, the
point mutation, S618A, has no effect on ATP binding [Meyer et al, 2007]. In contrast,
the SAM affinity of the D444N mutant of hCBS is reduced by ~ 15-fold, compared to the
wild-type enzyme [Kluijtmans et al, 1996; Scott et al, 2004].
The homocystinuria-associated D444N and S466L mutants of hCBS have been
previously investigated and were included to serve as experimental controls in the
expression and analysis of site-directed mutants of hCBS. The &catL"Ser values of the
D444N and S466L homocystinuria-associated mutations are increased by 1.7 and 1.9fold, respectively, while the Km values for both substrates are unchanged (table 7). The
specific activity of the D444N mutant is unaffected by 200 uM SAM, consistent with the
report by Evande et al, [2002] that the KactSAM value for the mutant is 460 ± 130 uM.
Therefore, the lower SAM concentration used in the assay was insufficient to observe any
change in activity. The S466L mutant is also constitutively activated, but was activated a
further 1.6-fold by 200 uM SAM (table 7). This contrasts the report by Janosik et al
[2001] that although the SAM-binding of the S466L mutant is unresponsive to SAM. The
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difference between the current results and those reported by Janosik et al, [2001] may be
due to the N-terminal 23-residue linker, retained after proteolytic cleavage of its GST
fusion partner, that is not present in the 6-His/hCBS enzyme.

11.5.4. Yeast CBS is SAM insensitive.
The observation that yCBS is not activated by SAM contradicts Ono et al. [1994],
but is in agreement with more recent studies [Jhee et al, 2000b; Maclean et al, 2000].
The yCBS mutants were constructed to assess the inter-domain communication between
the CBS domains and the catalytic core of the enzyme. The £catL"Ser(2.9 ± 0.2 s"1) of
yCBS-D399A, which corresponds to the D444N mutant of hCBS, is comparable to the
wild type enzyme. This contrasts with the 2.2-fold increase in specific activity of the
hCBS-D444N mutant and suggests how the yeast mutation does not induce structural
changes that result in enzyme activation. The other yCBS residues targeted correspond to
positions in the putative ribose-binding motif of the first and second CBS domains of
yCBS (CBS1 - T414A, S416A, and E417A and CBS2 - T498A and D501 A). With the
exception of D501 A, the &CatL~Ser and ATmL"Ser values are unaffected (Table 6). Urea
denaturation qualitatively shows the stability of the yeast mutants as similar, although
E417A has a slightly higher stability than the wild type yCBS enzyme.

11.5.5. Future work.
Although the specific activity of D444N is twice as high as the wild type, its
relation to homocystinuria is not based on cellular activity. Rather, fibroblast cell lines
show a 4-fold decrease in the steady-state levels of D444N CBS and unaltered mRNA
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levels [Evade etal, 2002]. Similarly, transgenic mice expressing hCBS-S466L elevated
mRNA levels but suffer from variably reduced steady-state levels [Gupta et al, 2008].
Interestingly, an unphysiological concentration of ATP (5 mM) was shown to increase
the specific activity of hCBS, but not yCBS, by ~2- fold. This suggests that saturating
concentrations of adenine and ribose sugar moieties of ATP are bound by the CBS
regulatory domain and induce conformational changes associated with enzyme activation.
Future work will determine the K^t and K& for this nucleotide, enabling comparison with
the corresponding values for SAM. The ability of the hCBS site-directed mutants to bind
SAM and the role of specific interactions will be investigated via isothermal titration
calorimetry.
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12. CONCLUSIONS.
The reverse transsulfuration pathway prevents the buildup of the toxic metabolite
L-Hcys in the cellular environment. Cystathionine P-synthase condenses L-Hcys and LSer in the first step of this pathway, which ultimately produces L-Cys, the precursor of
glutathione biosynthesis. The methionine pool is also maintained by L-Hcys
remethylation and the flux between the transsulfuration and remethylation pathways is
regulated by the ubiquitous cellular methyl donor, SAM.
The susceptibility of human CBS to proteolysis and aggregation hinders the
recombinant expression of this enzyme. Current methods employ multiple
chromatographic steps and a protease-cleavable fusion partner. The aim of Section 9 was
to reduce the cost and increase the efficiency of hCBS purification by the use of a single
affinity (Ni-NTA) chromatography step. Five expression constructs were made (6-HisGST/hCBS, 6-His-GFP/hCBS, 6-His-linker/hCBS, 6-His/hCBS and hCBS/6-His) and it
was determined that an affinity tag is sufficient for the purification of soluble hCBS,
thereby eliminating the need for a fusion partner. Furthermore, as the k^/Km "Ser and
kCas/Km "Hcys values are not altered by the presence of an N-terminal, 6-His affinity tag,
showing that its removal is not required. The steady-state kinetic parameters of the Preplacement activity of 6-His/hCBS and 6-His-linker/hCBS were determined using a
continuous assay that enabled global analysis and the detection of previously-unreported
substrate inhibition by L-Hcys. Future work will focus on further reducing the cost of
hCBS expression by eliminating the need supplementation of growth media with the
heme precursor, 8-aminolevulinic acid, by making an expression construct carrying genes
for both aminolevulinate synthase and 6-His/hCBS.
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The catalytic versatility of the PLP cofactor is regulated by the enzyme to which it
is bound and the properties of the cofactor are governed by interactions with active site
residues. Residue S289 of yCBS forms a hydrogen bond with N-l of PLP and the
importance of this interaction was determined by investigation of the S289A and S289D
site-directed mutants. The lack of activity of the S289D mutant and the ~800-fold
reduction in the kca/Km "Ser of S289A suggest that the yCBS-catalyzed a,P-elimination of
L-Ser occurs via an Ei mechanism. Fluorescence energy transfer from tryptophan
residues of the enzyme to the PLP cofactor is reduced in S289A and absent in S289D.
These observations demonstrate that S289 plays a critical role in maintaining the
properties and the orientation of the cofactor. Future studies will investigate the role of
other active-site residues in regulating cofactor chemistry in yCBS. For example, the ring
hydroxyl group of the PLP cofactor interacts, via a hydrogen bond, with the side chain of
N84, which likely also interacts with the a-carboxylate of the L-Ser substrate.
Investigation of site-directed mutants of N84 will enable the role of this residue in the
yCBS active site to be defined.
The CBS domains that are situated in the regulatory domain of CBS have also
been observed in other proteins with diverse functions. CBS domains, such as those of
IMPDH, AMPK and C1C-5, show a similar fold and capacity to bind adenine ligands,
despite low sequence conservation. Characteristic features of these CBS domains include
hydrophobic interactions with the adenine ring and a ribose-binding motif. A series of
site-directed mutants were constructed to identify residues involved in SAM binding and
inter-domain communication in the SAM-insensitive yCBS and the SAM-responsive
hCBS. The loss of responsiveness to SAM of the F443A, D538A and the
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homocystinuria-associated D444N mutants suggests diminished ligand binding. The
specific activity of the F443A and D444N mutants is similar to that of the SAM-activated
wild-type enzyme, suggesting that these residues also play a role in the intersubunit
communication involved in allosteric activation. In contrast, the D339A mutant of yCBS,
which corresponds to residue D444 of hCBS, has similar &CatL"Ser and &catL"Hcys values as
the wild type yeast enzyme. This demonstrates a difference in the intersubunit
communication between the yeast and human enzymes. Future work will investigate the
effect of these mutants on SAM binding via isothermal titration calorimetry.
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