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CHAPTER 1 INTRODUCTION

1.1 The de novo Pyrimidine Biosynthetic Pathway and the Mammalian

Mulitifunctional Protein CAD

Pyrimidine nucleotides play a central role in cellular regulation by contributing not
only to the synthesis of nucleic acids, but also to nitrogen, carbohydrate, lipid, and
membrane metabolism. Most cells have two pathways to fuffill their pyrimidine
nucleotide requirements. The de novo pathway begins with glutamine, ATP, and
bicarbonate and through six enzymatic reactions catalyzes the formation of uridine
monophosphate (Figure 1.1) (1). The salvage pathway is a two step process involving
transport of uridine through the cell membrane followed by phosphorylation of uridine to
yield UMP.

The six reactions in the de novo pyrimidine pathway are catalyzed by glutamine-
dependent carbamoyl phosphate synthetase (CPSase I, EC 6.3.5.5), aspartate
transcarbamoylase (ATCase, EC 2.1.3.2), dihydoorotase (DHOase EC 3.5.2.3),
dihydroorotate dehydrogenase, orotidylate phosphoribosyl-transferase and orotidylate
decarboxylase. The metabolic intemediates in the pathway are identical in eukaryotic
and prokaryotic cells. However, compared to the monofunctional bacterial proteins, the
eukaryotic enzymes have a more complex structural organization and a more
sophisticated mode of control.

In mammals, the first three enzymatic activities in the de novo pyrimidine
pathway are carried on a single 240 kDa polypeptide chain called CAD (2-4). This
multifunctional protein has the glutamine-dependent carbamoyl phosphate synthetase
(CPSase), aspartate transcarbamoylase (ATCase) and the dihydroorotase (DHOase)
activities. George Stark and colleagues first demonstrated the multifunctional nature of

CAD in 1978 (4). A series of mutant resistant strains were isolated by treating cultured
1



Figure 1.1 The de novo Pyrimidine Biosynthetic Pathway of Higher
Eukaryotic Organisms

In mammals, the initial three reactions are catalyzed by the muitifunctional protein CAD.
The three enzymatic activities of CAD are glutamine-dependent carbamoyl phosphate
synthetase (CPSase), aspartate transcarbamoylase (ATCase), and dihydroorotase
(DHOase). Among the three enzymes, only the CPSase is allosterically regulated. The
CPSase is inhibited by the end product uridine triphosphate (UTP), activated by
phosphoribosyl-5-pyrophosphate (PRPP), and  undergoes cAMP-dependent
phosphorylation. In mammals, the last two steps of the pathway are catalyzed by a
bifunctional protein UMP synthetase, which has the orotidylate
phosphoribosyitransferase and orotidylate decarboxylase activities.
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Syrian hamster cells with increasing concentrations of PALA, a potent bisubstrate
inhibitor of aspartate transcarbamoyfase (5). It was shown that PALA resistance
resulted from a 150-fold overproduction of the intracellular concentration of CAD. The
native protein was a mixture of higher oligomeric forms, primarily of trimers and
hexamers (6). Padgett et al subsequently showed that the overproduction of the protein
resulted from a proportional increase in the intracellular concentration of a specific 7.8 kb
mRNA that could direct the synthesis of CAD both in vivo and in vitro (7). From this
mRNA, a partial cDNA clone was made which complemented an E. coli pyrB mutant
lacking the ATCase activity (8).
1.2 Controlled Proteolysis of CAD

The controlled cleavage of CAD by proteases has provided evidence for the
domain structure of CAD. In vitro, controlied proteolysis of CAD resulted in
enzymatically active fragments, suggesting that regions of the polypeptide were folded
into separate structural domains that carry the different functions of the molecule (8-17).

The molecule was susceptible to digestion by elastase and trypsin (9,11). When
purified hamster CAD was digested with low concentrations of elastase, the molecule
was cleaved into a small number of well-defined fragments. Digestion kinetics obtained
by a time-dependent concentration of each species showed that the parent molecule
was subsequently cleaved into 200, 150, 140, 80, 60, 44 and 40 kDa species. Partial
fractionation of the digest by sucrose gradient centrifugation and subsequent isolation of
some of these fragments showed that the 40 and 44 kDa proteolytic fragments
corresponded to the fully active ATCase (12) and DHOase domains respectively. The
CPSase activity was rapidly lost since the larger fragment underwent a series of
subsequent cleavages. Similar results were obtained when CAD was treated with
trypsin. Based on early controlled proteolysis studies, CAD was postulated to have a

complex domain structure. Mally, Grayson and Evans proposed that CAD consisted of
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Figure 1.2 Domain Structure of CAD and its Proteolytic Fragments

The domains of CAD, starting from the amino end to the carboxyl end are organized in
the following order: GLNase, GLN-CPSase linker, CPS-A, CPS-B, DHO, DHO-ATC
linker, and ATC Controlled proteolysis showed that CAD is sequentially cleaved into a
number of distinct fragments, the arrowheads representing the start and end of each
proteolytic fragment. The 36 kDa ATCase domain is the first fragment to be released by
cleavage of the linker connecting the ATCase and DHOase domains. The next species
to be cleaved is the 44 kDa DHOase domain leaving behind the 150 kDa fragment that
has the GLN dependent CPSase activity. The active 150 kDa fragment is very labile
and undergoes a rapid cleavage at its carboxyl end resulting in a 140 kDa inactive
protein. The 140 kDa is then cleaved at the end of CPS-A into a 60 and 80 kDa species.
The 60 kDA is further cleaved into 40 and then into 28 kDa proteins. The 80 kDa is
further cleaved into a 30 kDa and 50 kDa protein. The 50 kDa was subsequently cieaved
into a 30 kDa protein.
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six functional domains (Figure 1.2):
1) The giutamine amidotransferase or glutaminase (GLNase) domain that
catalyzes the hydrolysis of glutamine to ammonia for the synthesis of carbamoyl
phosphate
2) The carbamoyl phosphate synthetase (CPSase) domain that accepts the
amino group from glutamine, binds bicarbonate and two moles of Mg-ATP
catalyzing the formation of carbamoyl phosphate.
3) The aspartate transcarbamoylase (ATCase) domain that catalyzes the
formation of carbamoyl aspartate form carbamoyl phosphate and aspartate.
4) The dihydroorotase (DHOase) domain that catalyzes the reversible
condensation of carbamoyl aspartate to dihydroorotate.
5) A uridine 5'-triphosphate (UTP) domain that binds the inhibitor UTP, and
relays the allosteric signal to the CPSase active site
6) A phosphoribosyl-5'-pyrophosphate (PRPP) domain that binds the allosteric
activator PRPP.
All the proteolytic fragments have been isolated and partially sequenced in our
laboratory.

1.3 The CAD gene, mRNA and cDNA

The 25 kb hamster CAD gene was cloned and found to contain 37 intervening
sequences (5,18). The recombinant plasmid pCAD142, a gift from George Stark,
containing 6.5 kb CAD cDNA insert encoding most of CAD, but lacking the 5’ end of the
molecule was sequenced by Simmer et al in our laboratory (16). Sequence homology to
other known CPSases, DHOases and ATCases provided the strongest evidence for the
definition of the individual domains and allowed the identification of the four major
domains in the CAD sequence. Starting from the amino end of the protein, these are the

GLNase, CPSase, DHOase, and ATCase. It was also shown that these three regions



Figure 1.3 The CAD Gene, mRNA and Domain Structure

The genomic CAD DNA is 28 Kb and has GC boxes in the control region upstream of
the coding sequence. The CAD mRNA is 7.5 Kb with the black region representing
coding sequences and the clear areas representing untranslated regions. pCAD142,
has the CAD coding sequence but lacks the amino half of the molecule (about 519 bp).
PKB11 contains the entire first haif of the gene including the start codon. The bottom
shows the structural organization of the CAD protein. The giutaminase domain is
divided into two subdomains, the amino and carboxyl terminal domains. A linker
connects the GLN and CPS domains. The CPS domain consists of two highly
homologous subdomains, the CPS-A and CPS-B that contain the two ATP binding sites.
There is a phosphorylation site at the extreme carboxyl end of CPS-B. The DHO-ATC
linker contains the second phosphorylation site of the molecule. The ATC domain is
further divided into carbamoy! phosphate and aspartate subdomains.
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were connected by stretches of non-homologous regions termed linkers.

As mentioned earlier, the cDNA clone pCAD142 lacked the region corresponding
to the 5’ end of the CAD mRNA. In our laboratory, Dr Kiflai Bein used primer extension
and RNaseH mapping techniques, to clone the cDNA encoding the amino end of the
molecule, resulting in the partial clone, pKB11. A fuil length CAD cDNA clone was then
constructed that expressed functional CAD when transfected into hamster cells (19).
Recently, another full-length clone, CAD cDNA clone, pCKCAD10, has been constructed
by Dr. Hedeel Guy in our laboratory for expression in E. coli (20).

1.4 The Carbamoyl Phosphate Synthetase Domain

Carbamoyl phosphate synthetase (CPSase), the first enzyme in the de novo
pyrimidine pathway catalyzes the formation of carbamoyi phosphate using two
molecuies of ATP, bicarbonate, and glutamine (21-28). Glutamine is the nitrogen donor
but ammonia added exogenously in the form of ammonium ion, can aiso be used as a
substrate. Monovalent and divalent cations are required for the enzymatic activity of
CPSase.

The chemical mechanism for the synthesis of carbamoyl! phosphate has been
postulated to occur in four partial reactions via the formation of two reactive
intermediates, a highly unstable carboxy phosphate and an acid stable carbamate.

Glutamine + H,0 — glutamate + NH;

HCO; + ATP — carboxy phosphate + ADP
Carboxy phosphate + NH;  — carbamate + Pi
Carbamate + ATP — carbamoyl phosphate

Carbamoyl phosphate is an essential precursor in the metabolic pathways of
arginine, urea and pyrimidine nucleotide biosynthesis. The carbamoyl phosphate
produced in the de novo pathway is subsequently utilized in two separate biosynthetic

pathways. The molecule may react either with aspartate in a reaction cataiyzed by
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aspartate transcarbamoylase for the eventual synthesis of pyrimidine nucleotides or,
altematively, the carbamoyl phosphate reacts with omithine for the subsequent
synthesis of arginine and/or urea. In lower organisms, a single CPSase catalyzes the
synthesis of carbamoyi phosphate for both pathways, whereas in higher organisms there
is a separate enzyme for each pathway, one CPSase belonging to the arginine pathway,
and the other to the pyrimidine pathway. in both lower and higher organisms, ammonia
is used but in most cases glutamine is the physiological donor. The glutaminase activity
may be on a separate subunit or combined with the ammonia-dependent synthetase
activity on a single polypeptide chain.

E. coli CPSase catalyzes the synthesis of carbamoyi phosphate for both the
pyrimidine and the arginine pathway and undergoes regulation by intermediates of both
pathways (29,30). In mammals, the mitochondrial CPSase (CPSase |, E.C. 6.3.4.16) is
specific for the arginine pathway (31-36) while CAD CPSase Il is a pyrimidine specific
domain. This allows the arginine and pyrimidine pathway to be separately regulated.
(Figure 1.4). CPSase lll is present in a number of elasmobranchs where it functions in
the synthesis of urea for osmoregulation, and in fresh water teleostats (37-40).

E. coli CPSase

E. coli carbamoyl phosphate synthetase initiates both de novo pyrimidine and
arginine biosynthesis (41,42) and is regulated by metabolites from both pathways. The
enzyme consists of a small 40 kDa GLNase subunit that hydrolyzes glutamine, encoded
by carA, and a large 120 kDa subunit (CPS subunit) (43,44) encoded by carB, which
catalyzes the synthesis of carbamoyl phosphate from ammonia derived from the
hydrolysis of glutamine or added exogenously in the form of ammonium ion, two
molecules of ATP and bicarbonate (Figure 1.5). The carA and carB genes have been
cloned, and the amino acid sequences of the small and the large subunits were deduced

from the corresponding nucleotide sequences (45,46).
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Figure 1.4 Comparison of the De novo Pyrimidine Biosynthesis in E. coli
and Mammalian Cells

In E. coli, only one CPSase provides carbamoyl phosphate for both arginine and
pyrimidine pathways (A). [n addition to being inhibited by the pyrimidine product UMP,
the E. coli CPSase undergoes activation by omithine, an intermediate of the arginine
pathway and by IMP, an intermediate of the purine pathway. The E. coli ATCase is also
an allosteric enzyme that responds specifically to ATP, UTP, and CTP in the pyrimidine
pathway.

In mammalian celis, there are two CPSases, CPSase | and CPSase Il (B). The
mitochondrial CPSase | provides carbamoyl phosphate for the arginine pathway.
CPSase Il of CAD is specific for the pyrimidine pathway and is feedback inhibited by
UTP and activated by PRPP, an important intermediate for both the pyrimidine and the
purine pathway. The ATCase of CAD unlike in E. coli is not under allosteric control.
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Sequence homology demonstrated an evolutionary relationship between the
carA gene that codes for the glutaminase and other amidotransferase genes. This
subunit has been shown to consist of two subdomains: the amino and carboxyi
subdomains (45,47). The amino terminal of carA is unique to the carbamoyl phosphate
synthetases and is not found in other amidotransferases. The recently solved crystal
structure of the E. coli CPSase (48) shows that the amino terminal domain delineated by
Leu1-Leu153, is composed primarily of four major a-helices and two layers of B-sheet,
one of which contains four antiparallel and the other four parallel B-strands. These
layers of B-sheet are oriented nearly perpendicular to each other. The carboxy terminal
domain of carA contains the active site for the small subunit and is termed the catalytic
domain (49). The COOH terminal is dominated by a ten strand mixed B-sheet, flanked
on either side by two and three alpha helices respectively. Cys 269 and His 353 were
identified as essential amino acid residues in the active site (42,50,51). Cys269Ser and
His 353Asn mutant proteins cannot hydrolyze glutamine but can bind the substrate
enhancing the rate of ATP hydrolysis within the carboxyphosphate domain significantly
(51,52). It is suggested that there are conformational changes associated with the
binding of glutamine that serve to prevent the release of the substrate, ammonia, into the
solvent, preventing protonation to NH,*, and thereby maintaining catalytic efficiency.

Nyunoya and Lusty (45) sequenced the E. coli carB gene and found significant
sequence similarity between the amino and carboxyl-terminal haives of the large
subunit, suggesting that the carB gene may have arisen by intemal duplication of a
smaller ancestral gene, possibly, a carbamate kinase (53), an enzyme which produces
ATP and carbamate from carbamoyl phosphate and ADP in the arginine deiminase
pathway (Aabdelal 1997). Recently, a novel type of ammonia-dependent CPSase,
consisting of a single 34 kDa chain, has been found in the thermophilic marine archaea

P. furiosus (Durbecgb 1997) and P. abyssi (54) that could constitute an evolutionary
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Figure 1.5 Partial Reactions in Carbamoyl Phosphate Synthesis

The GLNase domain hydrolyses glutamine to ammonia which is used for carbamoyl
phosphate synthesis. CPS-A is known to be invoived in bicarbonate activation by using
one mole of ATP to produce carboxy phosphate. Ammonia is then channeled into the
carboxy phosphate domain where it reacts with the carboxy phosphate to form
carbamate. The CPS-B or carbamoyl phosphate synthetic domain uses a second mole
of ATP to catalyze the formation of carbamoyl phosphate from carbamate.
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intermediate between carbamate kinase and other known CPSases.

The crystal structure of £. coli CPSase (48) revealed that the large subunit, as
expected from the amino acid sequence analysis, is folded into two similar haives
related by a nearly exact two-fold rotational axis and is defined by Met1-Ala553 and
Asn554-Lys1073. These halves referred to as the carboxy phosphate and the
carbamoyl phosphate synthetic components, share forty-percent sequence identity.
Both the components have been envisioned as consisting of four well-defined
subdomains labeled A-D according to Raushel et al. The first three subdomains labeled
A, B, and C, in the carboxy phosphate synthetic component (defined by Met1-Gly 140,
Leu 141-Leu 210 and 211- Glu 403 respectively) are topologically identical to the first
three subdomains (Asn 554-Lys 686, Leu 687-Leu 756, and Asp 757-Asn 936) of the
carbamoyi phosphate synthetic component. Interestingly, the first three subdomains
A-C in each half of the large subunit are homologous to those (residues 1-327) in biotin
carboxylase, an enzyme that utilizes both ATP and bicarbonate and whose catalytic
mechanism is thought to proceed via a carboxyphosphate intermediate. Amino acid
sequence analysis demonstrates a forty seven percent similarity and a twenty four
percent identity between biotin carboxylase and the first haif of the CPSase large
subunit. The D-domain in both halves is significantly different. From biochemical studies,
it is known that the D-domain in the carbamoyl phosphate synthetic component is
responsible for binding UMP and omithine (55-57), the allosteric effectors of E. coli
CPSase.

Several studies have shown that there are two physically distinct sites on the
carbamoy! phosphate synthetase domain that bind the two moles of ATP utilized in the
overall reaction (25,26,42,58-63). It was postulated that one of the nucleotide binding
sites is responsible for the phosphorylation of bicarbonate in the synthesis of carboxy

phosphate, while the other site is responsible for the phosphoryiation of carboxy
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phosphate to form carbamoy! phosphate (64). Site-directed mutagenesis of conserved
glycine residues in the CPSase domain, demonstrated that mutants in the N-terminal
half were impaired in the bicarbonate dependent ATPase reaction while the ATP
synthesis reaction was not disrupted. Conversely, mutations on the C-terminal half were
defective in the ATP synthetase reaction while the ATPase activity occurred at wild type
rates (64). These results were interpreted to suggest that the N-terminal domain is
primarily responsibie for the phosphcrylation of bicarbonate to carboxy phosphate while
the C-terminal domain is primarily responsibie for the phosphorylation of carbamate to
form carbamoyl phosphate.

CAD CPSase

In mammails, the glutamine-dependent carbamoyi phosphate synthetase activity
is catalyzed by two distinct functional domains of CAD. The 40 KDa GLNase and the
120 KDa CPSase domains are connected by a 29 amino acid residue GC-linker which is
resistant to proteolysis, but is cleaved if digestion is allowed to proceed long enough
(17).

The GLNase domain in CAD is homologous to the small subunit of E. coli
CPSase and catalyzes the hydrolysis of the substrate glutamine resulting in the transfer
of the ammonia thus produced, directly to the carbamoyl phosphate synthetase active
site. The CAD GLNase domain has been cloned and expressed in E. coli (65). The
purified GLNase domain can form a stable hybrid complex with the E. coli CPSase
subunit. It was shown to consist of two subdomains, a catalytic subdomain that
hydrolyzes glutamine to ammonia, and an interaction subdomain that is necessary for
the interaction of the GLNase domain with the CPSase domain, and in suppressing the
intrinsically high activity of the catalytic subdomain (49).

The GLNase and CPSase subunits are joined by a linker temed GC. The linker

appears to serve as a spacer, that allows the GLN-CPS complex to cycle between two
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conformations: an open low activity form in which the ammonia site on the CPS domain
is accessible, and an activated conformation, in which, the ammonia generated in situ
from glutamine hydrolysis is directly channeled to the CPSase active site, and access to
exogenous ammonia is blocked. (66)

Sequencing studies have revealed that the CPSase domain of CAD has three
major levels of significance (16). First, by alignment with seven other analogous
sequences it was evident that the CAD CPSase was homologous to CPSases from
different organisms. Based on this homology, the borders of the CPSase domain in
CAD were identified. Second, as in the E coli CPSase, the deduced amino acid
sequence showed that there existed a significant homology between the amino (CPS.A)
and carboxy! (CPS.B) halves of the CPSase domain of CAD, suggesting that CPS.A and
CPS.B ewvolved from gene duplication of an ancestral kinase gene (53). Third, each half
was found to have an ATP binding region, identified by strong homology to other ATP
binding proteins.

The presence of two ATP binding sites in carbamoyl phosphate synthetases has
been documented in the E. coli CPSase (23,59-60,67) and the mitochondrial CPSase
(106). Evidence for the existence of the two ATP binding sites that exists in CAD, came
from the FSBA modification experiments (Figure 1.6). FSBA, 5’-p-fluorosulfonyl benzoyl
adenosine, is an ATP analog that covalently modifies the amino acid residues invoived
in ATP binding. In order to study the ATP binding sites, CAD was labeled with “C
labeled FSBA. Sequencing studies of the isolated " FSBA labeled peptides generated
from the controlled proteolysis of FSBA modified CAD, mapped to the proposed ATP
binding sites in CPS.A and CPS.B (68). The fact that the CPSase domain consists of
two homologous halves, and that each half contains an ATP binding site, led to the
proposal that each of the CPS.A and CPS.B subdomains can independently catalyze

one of the two ATP dependent partial reactions involved in the synthesis of carbamoyl
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Figure 1.6 Mapping of the ATP Binding Sites in CAD

The two solid bars indicate the proposed ATP binding region based on sequence
homology. The vertical arows represent the position of the FSBA labeled tryptic
peptides. The numbering corresponds to the amino acid numbering in CAD.
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phosphate. In the case of E.coli CPSase, mutational studies have demonstrated that the
N-terminal haif uses ATP for the phosphorylation of bicarbonate while the C-terminal half
uses ATP to phosphorylate carbamate (69).

Although these results showing that the CPS.A and CPS.B had distinct functions
were convincing, the separately expressed mammalian and E. coli CPS.A and CPS.B
subdomains showed a surprising result. Each subdomain catalyzed the overall reaction
leading to the synthesis of carbamoyl phosphate (70). The recombinant molecules were
dimers but reversibly dissociate into monomers when subjected to a pressure of 1500
bars. The monomers could catalyze both partial reactions, but only the homodimer
could catalyze the overall synthesis of carbamoyl phosphate. This introduced a novel
finding that not only are the CPS.A and CPS.B half domains functional, but that they are
functionally equivalent (Figure 1.7). The overall CPSase reactions were catalyzed by
both mammalian and bacteriai CPS.A and CPS.B subdomains, suggesting that this
finding may be a general characteristic of all CPSase molecules.

1.5 Allosteric Regulation

CAD is the major locus of control in the de novo pyrimidine biosynthetic pathway
(1). The CPSase domain catalyzes the first committed rate-limiting step and is subject
to feedback inhibition by UTP and activaton by PRPP, a purine precursor that
coordinates purine and pyrimidne biosynthesis (107,108). Allosteric effects do not occur
in either the ATCase or DHOase.

In addition to allosteric regulation, Carrey et al/ showed that CAD is
phosphorylated by cAMP-dependent protein kinase (71). The effect of phosphorylation
is to activate the CPSase and in particular, to relieve the feedback inhibition by UTP.
Two sites of phosphorylation have been documented (72). Site 1, a serine 1406 residue
in the carboxyl region of CPS.B, and site 2, a serine 1859 residue in the interdomain

linker between the DHOase and ATCase. Limited proteolysis of CAD cleaves
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Figure 1.7 Functional Model of Whole CPSase and CPS.A/CPS.B
homodimers

The scheme represents a tentative model for the function of the wild type carbamoyl
phosphate synthetase (GLN-CPS.A-CPS.B) and the recombinant half molecules (GLN-
CPS.A and GLN-CPS.B). Only GLN-CPS.A is shown, but GLN-CPS.B is presumed to
function in a similar fashion. In the wild type protein, CPS.A activates bicarbonate, while
CPS.B phosphorylates carbamate and forms carbamoyl phosphate. For the
recombinants, the model assumes that 1) the noncovalently associated dimer is
essential for activity, 2) both subunits in the dimer A and A’, in this schematic, are
functionally equivalent, and 3) in some catalytic cycles glutamine binds to the GLN
domain associated with the A subunit, which then catalyzes the ATP-dependent
bicarbonate activation, and carbamoyl phosphate formation is catalyzed by the A’
subunit, by default. In other cycles, glutamine first binds to the GLNase domain
associated with A’, and the roles of A and A’ are reversed.
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predominantly at interdomain regions releasing catalytically active fragments
corresponding to the ATCase and DHOase domains (17). Phosphorylation of CAD
markedly activates the rate of proteolysis. This suggested that phosphorylation causes
a conformational change, probably involving interdomain movements to an ‘open” form
of the CAD complex in which the CPSase has higher activity with a high affinity for Mg
and ATP, but one that is susceptible to proteolytic attack. UTP favors the conversion to
a ‘closed’ conformation that is a less active form of the CPSase and less susceptible to
proteolytic attack as UTP protects the hinge region between the CPSase and DHOase
from proteolysis. In the phosphorylated enzyme, the open conformation is stabilized to
an extent that abolishes both the effects of UTP (73). These observations suggest that
the regulatory signals generated from the binding of effectors are transmitted to other
domains of CAD, so that a giobal conformational change may be induced in the CAD
molecule.
Localization of the Regulatory Domain

Carbamoyl phosphate synthetases from different organisms show a high degree
of sequence homology but are controlied by different effectors. Although the overall
sequence identity of these CPSases is 37- 67%, the extreme carboxyl end of the CPS.B
domain, ie. the B3 region is poorly conserved with a sequence homology of
only 24-58%. The significantly lower homology found in the B3 region may be a
reflection of the different types of allosteric effectors that regulate these enzymes.

Several lines of evidence confirmed that the allosteric effectors bind to the
carboxyl end of CPS.B. Photoaffinity labeling studies by Rubio and associates
(57,74,75), have clearly established the UMP binding site in E. coli CPSase. They have
shown that UMP, an allosteric inhibitor of E. coli CPSase, and IMP, an allosteric
activator, bind specifically and label the protein within 15 kDa (about 140 amino acids) of

the carboxyl terminus of the large subunit (74). This observation, along with earlier
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studies by Rodriguez-Aparacio et al (76) demonstrating that the activator
acetyigiutamate bound to the same region of ureotelic CPSase, strengthened the
proposal that the carboxy! terminal domain of carbamoyl phosphate synthetases was the
region involved in allosteric control and effector binding. Scanning calorimetry studies of
a truncated mutant lacking 171 residues of the carboxyl end of the £. coli synthetase
subunit suggested that omithine also bound near the end of CPS.B (55). Another study
involving the deletion of the last 119 residues, produced mutants that lacked UMP
inhibition but retained sensitivity to omithine (77). These results suggested that the UMP
and omithine binding sites are distinct. To further narrow down the UMP binding site in
the E.coli CPSase subunit, Rubio and associates demonstrated that photolabeliing of the
enzyme by ['“C] UMP was due to the formation of a covalent adduct between UMP and
lysine 992 (57). Analysis of the sequence around this lysine residue in the
E. coli enzyme, and in other CPSases, supports the existence of a nucleotide-binding
fold located entirely within the COOH-terminal domain of the protein. In CAD, further
evidence implicating the carboxyl terminal domain in allosteric regulation comes from the
finding of Carrey et al that phosphorylation of the pyrimidine-specific hamster enzyme at
Ser 1406 located within the COOH-terminal domain decreases inhibition by UTP.
Ancther set of experiments in which a series of CAD deletion mutants involving
truncation of the carboxyl end of CPS.B were created. These mutants lost UTP
inhibition while sensitivity to PRPP increased (78). These results suggested that the
binding sites for both effectors in mammalian CPSase are near the carboxyl end of
CPS.B, that the UTP and PRPP sites are distinct, and that the UTP site is downstream
of the PRPP binding site. One of the most convincing experiments involved domain
swapping between the E. coli and the pyrimidine-specific hamster carbamoyi phosphate
synthetase (56). The E. cofi region of carB gene encoding the 20-kDa putative

regulatory domain was replaced by the corresponding sequence of the CAD cDNA. The
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resulting chimeric protein consisted of E. coli catalytic domains and the putative hamster
CAD regulatory region. The protein was fully active but was no longer regulated by the
E. colj effector UMP. Instead, the protein was under the control of mammalian effectors
UTP and PRPP.

Although the evidence for the location of the putative regulatory domain
converges on the carboxyl end of the CPS.B, the carboxyl domain has yet to be shown
to exist as an independent functional domain. My dissertation research focuses on
further characterization of the regulatory domain of CAD, specifically to determine the
following:

1. Can a replacement of A3 by B3 in the CPS.A domain place the CPS.A under
allosteric control?

2. Can the regulatory domain function independently as an autonomously folded
functional stable subdomain that binds the allosteric ligands, UTP and PRPP?

3. Can the regulatory domain form a stoichiometric complex with the isolated CPS.A

domain and transmit the allosteric signals to the catalytic subdomain A2 of CPS.A?

1.6 De novo Pyrimidine Metabolism and Aspartate Transcarbamoylase of
P. aeruginosa

Aspartate Transcarbamoylase catalyzes the formation of carbamoyl aspartate from
carbamoyl phosphate and aspartate in the de novo pyrimidine biosynthetic pathway.
Previously, Bethel and Jones (79) identified three classes of bacterial ATCases that
differ in size and regulatory properties. Class A ATCases are the largest, sensitive to
allosteric effectors and are dimeric. Pseudomonas fluorescens ATCase, a class A
protein originally characterized by Adair and Jones (80) was found to be dimeric and
composed of two 180-kDa subunits. Class B ATCases are trimeric. A typical class B
protein is the E. coli ATCase consisting of two catalytic trimers and three regulatory

dimers. Class C ATCases are smaller, insensitive to allosteric effectors and exemplified
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by Bacillus. B. subtilis ATCase which has been shown (81) to be a trimer composed of
33.5 kDa subunits with a tertiary structure that is very similar to the E. coli catalytic
subunit.

The class A ATCase are large molecular mass enzymes (470-600kDa) and were
thought to be dimeric until the studies of the Pseudomonas fluorescens ATCase by
Bergh and Evans (82). They demonstrated that the P. fluorscens ATCase exists as a
timer, with a 34-kDa catalytic chain in a dodecameric associaton with a
45-kDa chain of unknown origin and function. Sequencing studies of the P. putida (83)
and the P. aeruginosa (Dr. J.F. Vickrey) ATCase genes further confirmed that the genes
consisted of two distinct open reading frames encoding two polypeptides with a
molecular weight of 34 kDa and 45 kDa. Gel filtration and non-denaturing
polyacrylamide gel electrophoresis revealed that the molecular mass of the complex was
about 474 kDa. Based on the mass of the constituent subunits and the stoichiometry of
the complex, the Pseudomonas putida and aeruginosa proteins are dodecameric
complexes composed of six copies of the 34 kDa catalytic chain and six copies of the
45 kDa polypeptide, with a calculated molecular weight of approximately 474 kDa.
Given the stoichiometry of the complex, the class A ATCases are actually dodecamers,
a structural organization analogous to that found in class B.

Based on the above evidence, the ATCases may be reclassified into two groups
according to stoichiometry: trimers and dodecamers. However, in both classes, a
common theme is that the catalytic activity is associated with the 34-kDa domain that
associates to form trimers.

1.6.1 E. coli Aspartate Transcarbamoylase

In E. coli, ATCase catalyzes the first committed step in pyrimidine biosynthesis, the

synthesis of carbamoy! aspartate from carbamoy! phosphate and aspartate, and is the

major locus of control. E. coli ATCase is an allosteric enzyme which binds both
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aspartate and carbamoyl! phosphate cooperatively and is inhibited by CTP and activated
by ATP. It consists of two distinct functional units: 33 kDa catalytic subunits which are
enzymatically active, but which exhibit no allosteric transitions, and 17 kDa regulatory
subunits which bind allosteric effectors, but are inactive. X-ray studies (84-86) showed
that two catalytic trimers are stacked above each other in nearly an eclipsed
configuration and are held together by three regulatory dimers, which remain clustered
around the periphery of the molecule.

1.6.2 Pseudomonas Aspartate Transcarbamoylase

The pseudomonads are ubiquitous, gram negative obligate pathogens. The genus
Pseudomonas is known at this time to consist of at least ten species including
Pseudomonas aeruginosa, P. acidovorans, P. fluorescens, P. maftophilia and P. putida.
initially, the pseudomonads were divided into five distinct groups based on rRNA/DNA
hybridizations. Many former species have now been reassigned to new genera based on
physiological tests.

Although the pyrimidine metabolism pathway remains conserved in Pseudomonas,
it differs significantly from that found in well-characterized species. The aspartate
transcarbamoylase (ATCase) of Pseudomonas is unique, requiring the recruitment of a
duplicated inactive dihydoorotase-like chain (DHOase-like or pseudo DHOase) possibly
for catalytic activity. A comparison of the sequence of the first three pyrimidine enzymes
in Pseudomonas with other organisms led to the identification of a new class of
ATCases having unique properties and important evolutionary implications. This class
and four other major classes of ATCase are shown in Figure 1.7. The Pseudomonas
ATCase genes are arranged in an operon with two open reading frames: a 5° ORF
corresponding to the pyrB gene, with a 40 percent (87) sequence homology to the
ATCase gene from E. coli, and a downstream ORF with a significant sequence

homology to pyrC gene encoding DHOase. In P. aeruginosa, the pyrB gene encodes a
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Figure 1.8: Structural Organization of GATase CPSase, ATCase, and
DHOase genes in the pyrimidine pathway

The amrangements are shown for genes encoding the first three enzymes from
pyrimidine biosynthesis from E. coli, S. marcescens, S. typhimurium, P. vulgars,
P.subtilis, B. caldolyticus, D. melanogaster, M. auratus, S. cerevisiae, D. discoideum,
P aeruginosa and P. putida
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polypeptide of 34 kDa and the downstream ORF, with 30% homology to the E.coli
DHOase, codes for a 44.1-kDa protein. The coding region for the downstream ORF
overiaps the 3’ end of the pyrB gene by 4 base pairs such that translational coupling can
occur. Such an overlapping reading frame assures a stoichiometric expression of both
the polypeptides.

Although the downstream ORF has significant sequence homology to the pyrC
gene encoding for the dihydroorotase, the product of this downstream pyrC’ is devoid of
dihydroorotase activity. Purified ATCase holoenzymes associated with the DHOase-like
chain, from several Pseudomonas species, including P. aeruginosa and P. putida have
no DHOase activity. Moreover, in addition to the pyrBC’ operon, there exists a separate
pyrC gene that encodes for a catalytically active DHOase. This pyrC gene encoding for
an active DHOase maps to a locus neighboring, yet distinct from the pyrC’.

The P. putida ATCase has an amino terminal carbamoyl phosphate domain and a
carboxy terminal aspartate binding domain, as found in the E. coli ATCase. In E. coli, the
ATCase domain is active only after assembly into a trimer since the active site is formed
from two discrete polypeptides (88). In Pseudomonas, the pyrB and pyrC’ ORF have
been separately cloned into expression vectors. The pyrB clone by itseif does not
complement ATCase deficient pyrB mutant strains of £. coli nor produces measurable
ATCase activity. However, when cotransformation of £. coli pyrB mutant strains with two
different plasmids, one carrying a functional pyr8 and another carrying pyrC’, enabled
the cells to grow in the absence of uracil. These complementation studies suggested
that the expression of a functional ATCase requires the presence of both pyrB and pyrC’
gene products. A functional dodecameric large molecular weight enzyme was
assembled by both pyrB and pyrC’ polypeptides suggesting that the DHOase-like
subunit is essential for catalytic activity of the ATCase (Dr. John Vickrey, personal

communication). This role has been proposed as the Pseudomonas ATCase trimer
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preserves many of the same C1-C3 contacts known to exist in E. coli and is known to be
involved in bringing the catalytic half sites together to form the active sites (89). Despite
the homology, however, the Pseudomonas ATCase trimer, encoded by pyrB, has not
been shown to be catalytically active, the activity is presumed to be restored by the
pseudo DHOase polypeptide.

The Pseudomonas ATCase has a functional nucleotide effector-binding region
proposed to be at the amino terminus of the ATCase catalytic chain (Gerry O’Donovan).
This theory is based on three lines of evidence: 1) Bergh and Evans demonstrated that
labeled ATP bound to the 34 kDa catalytic polypeptide of the ATCase holoenzyme from
Pseudomonas fluoroscens (82). 2) A deletion of 34 amino acids from the amino terminus
end of the P. putida pyrB polypeptide resulted in a mutant that still had ATCase activity
but lost sensitivity to ATP. 3) A weak consensus ATP/GTP nucleotide binding motif was
located on the amino terminus end (83).

In prokaryotes, DHOases are monofunctional proteins but in higher eukaryotes,
DHOase is part of the first three enzymes of the pyrimidine pathway that exist as a
multifunctional enzyme encoded by the CAD gene. However, there is a low degree of
similarity between the muitienzyme eukaryotic CAD DHOase sequences and the
DHOase sequences in E. coli, S. typhimurium, and the URA4 gene in S. cervisiae.
Simmer et al (15) have speculated on whether the genes encoding the two families have
diverged from a common ancestor, or have arisen by convergent evolution. With
respect to divergence, they proposed that after the fusion of the genes encoding the
CPSase and ATCase in the CAD precursor, a linker region was left between them. The
next event was the insertion of a DHOase sequence into this region, produced by the
duplication of a monofunctional E. coli-like DHOase gene. In case of CAD, this gene,
following several changes, became fully functional, while the other copy of the gene

would become redundant and eventually extinct. Failure of the inserted gene to become
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fully functional could explain the situation in the yeast URA2 gene, where the linker
region between the CPSase and ATCase encodes an inactive DHOase, while the
functional DHOase is encoded by the monofunctional URA4 gene.

In the case of Pseuodmonas, a careful examination of the pyrC’ amino acid
sequence shows that the sequence homology to other DHOases is not conserved at
critical residues. In all known active DHOases, five histidine residues are found at the
active sites and thought to be involved in substrate binding (15). In the P. aeruginosa
and P. putida DHOase, only one of the five critical histidines is present. Detailed kinetics
studies of the Pseudomonas aeruginosa ATCase are being caried on by Dr. John
Vickrey in our laboratory. Velocity-substrate plots give Michaelis-Menten kinetics for
both the substrates carbamoy! phosphate and aspartate. The results obtained have
shown that micromolar concentrations of ATP, UTP and CTP strongly inhibit the
enzyme, despite the fact that the intracellular concentrations are in the millimolar range.

This prompted the search for metabolites that may reverse the nucleotide inhibition.



CHAPTER 2 METHODS

2.1 Plasmids and Strains

See Table 2.1 for E. coli strains and Table 2.2 for plasmids used.
2.2 Buffers and Reagents
Preparation of Neutralized Phenol

BRL ultrapure phenol (ca # 5509 UA/UB, 100 g bottle) stored at -20°C was
thawed to room temperature. The cap was loosened and the bottle placed in a 68°C
water-bath until it became completely liquid. Filter sterilized 1M Tris-HCI, pH 8.0 was
added up to the neck of the bottle, to about 80 mi, while the solution was warm. An
antioxidant, 8-hydroxyquinoline (0.1% w/w, typically 0.1g) was added and the solution
mixed by inverting the bottle. The mixture was stored ovemight at 4°C to saturate the
phenol with buffer. The phenol was warmed to room temperature and then poured into a
separatory funnel and the lower yellow layer was extracted three times with 100 mM
Tris-HCl in the hood in the dark. The phenol was stored in an amber bottle with about
an equal volume of 100 mM Tris-HCI, pH 8.0 at 4°C. The neutralized phenol was used
within a month.
Preparation of [*C]-Carbamoy! Phosphate

Radioactive carbamoyl phosphate was purchased from American Radiolabeled
Chemical Inc. Non-radioactive dilithium carbamoyl phosphate (200 mg), purchased from
Sigma, was dissolved in ice-cold sterile water to 218 mM. The [“C] carbamoyl
phosphate (1.5 mg, 50 uCi) was dissolved in a known volume (about 1 ml) of the
218 mM stock solution added directly to the vial. A small aliquot of the dissolved stock
solution, about 5 ul, was counted at this point. Since the contaminants were
insignificant, the specific radioactivity could be calculated and used to determine the final

concentration of the carbamoyl phosphate. The final concentration was then adjusted to
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50 mM. Aliquots of 0.5 ml were then transferred to capped vials and stored at -20°C.
Under these conditions, the carbamoy! phosphate is indefinitely stable. The specific
activity of the [“C}-CP prepared by this procedure, typically 75,000 cpm/umole, was
measured by adding 0.01 ml to 10 ml of ACS (Amersham) scintiliation fluid and counting
in a Tri CARB 460 scintillation counter ('*C program).
Column Buffer A

This is the CAD storage buffer. It consists of 0.02 M Tris-HCI pH 7.4, 0.05 M
KCl, 4 mM aspartate, 4 mM glutamine, 0.1 mM EDTA, 5% glycerol, and 30% DMSO.
SDS PAGE Buffer
Stacking gel buffer

1.0 M Tris-HCI, pH 6.9
Running gel buffer

1.5M Tris-HCI, pH 8.8
Sample Buffer

This is a 5X buffer consisting of 0.78 ml 1M Tris-HCI, pH 6.9, 0.625 mi of
B-mercaptoethanol, 0.5 mi of glycerol, 0.25 mi of 1% bromophenol blue, 0.125 ml of
0.1 M EDTA and 10% SDS.
TAE Buffer for Agarose Gel Electrophoresis

This buffer contains 40 mM Tris-HC!, pH 8.0, 1 mM EDTA. Normmally it is
prepared as a 50X buffer and diluted with water just prior to electrophoresis.
2.3 Media
LB Medium

This media contains 10 g tryptone, 5 g yeast extract and 10 g sodium chloride
per liter of media prepared. The solution is sterilized by autoclaving for 45 min at 121°C.

The media can be stored at 4°C with or without any antibiotic.
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Strain Genotype Phenotype Growth
Requirements

L673 HfrH, carA50, thi-1 lacks both CPSase arg (100 pg/mi)
(30) relA1, lon-10, lac122 subunits, Lon uracil (100 ug/mi)

I, spoT1 protease deficient thiamine (2 pg/ml)
EK1104 F, ara, thi, A-lac, lacks ATCase uracil (50 ug/mi)
(91) ApyrB, pyrF*, rpsL catalytic and

regulatory chains

RCS50 carA 50, thi-1, malA1, lacks E. colicar A 0.1% glucose
(91) xyl-7, rspL135, A", A and car B genes

tsx-273
BL21(DE3) F ompThsd Sg(frs mg ) expression host,

gal dcm (DES3)

A DE3 lysogen
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Plasmid Vector (kb) Insert Protein
Encoded
pEK81(91) pUC119 (6.0)) 2800 (1-2800) E.coli ATCase
pCK-CAD10(20) pPEK81 (10.8) 6863 (-2-6863) CAD
pHN-12(50) pUC19 (6.8) 3219 (1-3219) E.coli CPSase
pHL-2(56) pHN-12 (6.1) 2679 (1-2679)° A123B12°B3™
603 (3780-4383)" hybrid
pHE-A12°B3™ pHL2 (4.3) 1077 (1-1077)° A12°B3™
491 (3892-4383)"
pNS-A12°B3™A pHL2 (4.2) 1077 (1-1077)¢ A12°B3™A
313 (3892-4205)"
pJB-B3 pEK81 (4.0) 570 (3795-4365) CAD-B3
pRSET puUC18 (2.9)  — His-tag vector
pNS-R27 pRSETA (3.5) 5§70 (3795-4365) CAD B3
pHL-1 pEK81 (7.8) 4362 (-2-4362) GLN-CPS™
pHN-AB pRSETC (6.1) 2267 (10954362) CPS-AB
pNS-A72 pHN-AB (4.7) 1790 (1095-2885) CPSA

e= E. coli. m=mammalian
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2XYT Medium

This medium consisted of 8 g tryptone, 5 g of yeast extract, and 5 g of NaCl in
500 ml of Milli-Q water. The solution is sterilized by autoclaving at 121°C for 45 min.
Minimal medium for induction of plasmids in L673/EK1104 E. coli strains

For 1 liter, a solution consisting of 6 g Na,HPOQ,, 3 g KHzPO,4, 1 g NH4CI, 0.5 g
NaCl, 5 g Casamino acids (DIFCO 0230), 965 ml H,O was autoclaved and allowed to
cool below 50°C. The following filter sterilized stocks were added to the cooled
broth: 20 ml of 20% glucose, | ml of 50 mg/100 mi ZnS0,4.7H,0, 1 ml of 0.5% vitamin
B1, 1 ml of 1.0% of tryptophan. This medium which contained all the supplements
necessary for growth except for uracil and ampicillin, was stored at 4°C. Appropriate
amounts of uracil (12 ug/m) and ampicillin (100 pg/ml) were then added to the desired
amount of medium for induction.
2.4 Plasmid Isolation
Isolation of Plasmid DNA by the mini-prep method

The RPM Kit from BIO 101 was used for the isolation of DNA on a small scale. A
10 mi ovemight culture in 2XYT/LB containing 100ug/ml ampicillin was grown from a
single colony at 37°C. The cell cuiture was pipeted into epitubes, 1.5-2 ml per epitube,
and the tubes centrifuged for 1 min at 3000 rpm in a micro-centrifuge. The supematant
was decanted and any remaining media carefully pipeted out. Each pellet was
resuspended in 50 ul of a kit supplied Pre-Lysis buffer. The cells were treated with
100 wi of the Lysis Buffer for 5 minutes. The increasing viscosity followed by a clearing
of the solution was an indication of complete lysis. Following lysis, 75 ul of the
Neutralizing buffer was added and the solution mixed by gently inverting the epitube.
This allowed precipitation of the genomic DNA. In order to pellet the precipitated
genomic DNA, the tube was centrifuged at 14,000 rpm, at room temperature for

2 minutes. The clear supematant containing the plasmid DNA was then carefully
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pipetted out on to a fresh, sterile spin filter provided with the kit and 250 wl of glassmilk
was added. The contents were mixed by gently resuspending and then centrifuged for
1 minute. After the flowthrough was discarded, 350 pl of the Wash Buffer was added to
the spin filter and incubation continued for 5 minutes. The epitube holding the spin filter
was centrifuged for 2 minutes at 14,000 rpm and the flowthrough discarded. The spin
filter was then transferred to a fresh, sterile epitube. The DNA was eluted by the addition
of 50 ul of sterile water or TE to the center of the spin filter and the tube centrifuged at
14,000 rpm for 30 seconds. A more concentrated DNA could be obtained by using only
30 wl water or TE. The DNA was stored at 4°C. The quality of the plasmid prep was
assessed by running about 0.5-1 ug on a 0.8% agarose gel as described below.
Large scale Plasmid Isolation

The QIAGEN plasmid purification kit was used for preparations of up to 500 ug of
plasmid. QIAGEN plasmid purification protocols are optimized for use with cultures
grown in standard Luria-Bertani (LB) medium at a cell density of approximately 1 X 10°
cells per ml (approximately 1-1.5 Asgo units/ml). A single colony of cells harboring the
desired plasmid was inoculated in 5 ml LB containing 100 pg/ml ampicillin and grown
ovemnight at 37°C. The overnight culture was used to inoculate 100 ml of media in a
1 liter flask. When the cells reached an absorbance of 0.8-1.0 at 600 nm, they were
chilled on ice for about 5 min and harvested by centrifugation in a refrigerated benchtop
centrifuge at 4000 rpm, 4°C, for 30 minutes. The pellet was resuspended in 4 ml of
buffer P1. Buffer P2 (4 ml) was added, mixed by resuspending, and incubation
continued for 5 minutes at room temperature to ensure complete lysis of the cells. The
genomic DNA was precipitated with 4 mi of chilled buffer P3. Foliowing a 15 minute
incubation on ice, the precipitate was pelleted by centrifugation at 14,000 pm for
30 minutes at 4°C. The supematant containing the plasmid DNA was applied to a

QIAGEN-tip 500, previously equilibrated with 4 mi of buffer QBT. The QIAGEN-tip 500
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was washed with 2 X 10 ml of buffer QC. The DNA was eluted with 5 ml of buffer QF
and precipitated with 0.7 volumes of isopropanol. The precipitate was pelleted by
centrifuging at 15,000 xg at 4°C for 30 minutes. The DNA pellet was washed with 5 mi
of cold 70% ethanol, air dried for 5 minutes and redissolved in a suitable volume of water
or TE buffer. Typically, 200-300 ug DNA could be obtained from a 100 ml culture.

2.5 Polymerase Chain Reaction

The PCR reaction was carried out in a Perkin Eimar Cetus DNA Thermal Cycler
(Cetus Corporation) according to the procedure included in the Bohringher Mannheim
PCR Kit.

A typical reaction mixture (50 pl) contained 100-250 uM of each dNTP, 0.5-1 uM
of each primer, 10 ng of template DNA, 1.5-2.5 units/50 pl Pfu DNA Polymerase
(Stratagene), and 10X reaction buffer (Stratagene). The 5 and the 3’ primers, typically
15-30 bases, with mismatches at the 5’ end resulting from engineered sequences, were
ordered from IDT Technologies or GIBCO BRL. For ease of cloning, restriction sites
were engineered at the ends of both primers. To ensure complete restriction digestion
at both ends of the PCR product, 4-5 bases were added to the extreme end of both
primers. The concentration of the primer was quantitated by absorbance at 260 nm
using the conversion value O.D.xg (1) = 33 ng/ul. The primers were then diluted to a
10 mM stock solution from which 2.5 ul was used for each PCR reaction. Standard PCR
amplification reactions typicaily required 25-30 cycles to obtain a high yield of the PCR
product. Because high fidelity was a concem in case of expression cloning, a minimum
number of cycles for Pfu DNA polymerase-based PCR were used. The PCR cycle
contained the following segments:

Denaturation for 1 min @ 94°C
Annealing for 1 min, @ 40-60°C

Extension for x min @ 72°
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Where x depends on the size of the DNA fragment to be amplified.
The annealing temperature was calculated by the following empirical equation
Ta = 4X (number of G, C bases) + 2X (number of A, T bases)
Ta=Td-5°C
where Ty and T, are the temperatures of denaturation and annealing respectively.
The reaction was carried out for 25-30 cycles followed by a final elongation for 10 min at
72°C. Once the optimal conditions for the PCR was determined, the reaction volume
was scaled up to 100 ul per reaction. Typically, a 5X 100 pl PCR yields enough DNA for
subcloning purposes.

The amplified DNA was extracted using the QIAquick PCR purification Kit from
QIAGEN. One volume of the PCR reaction was treated with 5 volumes of Buffer PB
(QIAGEN). The sample was then applied to a QlAquick spin column placed in a 2 mi
collection tube. After centrifuging for 30-60 sec, the flow-through was discarded and the
spin column placed back in the same collection tube. To wash, 0.75 ml of Buffer PE
(QIAGEN) was added and the column centrifuged at 14.000 rpm for 30-60 seconds.
The flow-through was discarded and the spin column spun for an additional 1 min at
maximum speed. The QIAquick column was then placed in a sterile 1.5 ml microfuge
tube. The DNA was eluted with 50 ul of TE or H,O added to the center of the filter, let
stand for 1 min and centrifuged at 14,000 rpm for 1 minute.

2.6 Electrophoresis
Agarose Gel Electrophoresis

The HOEFER mini DNA electrophoresis apparatus was used for electrophoresis
of DNA samples. Agarose (0.8 g) was dissolved in 100 ml TAE electrophoresis buffer
containing 40 mM Tris-acetate, pH 7.7, 1 mM EDTA and heated in a microwave for 1 5
minutes. The agarose gel concentration ranged from 0.4-3% (w/V) depending on the

size of the DNA fragment to be resolved. Fragments in the 1-20 Kb range can be
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separated on 0.5% gels, while 2% gels are suitable for 0.1-1 Kb fragments. Typically,
0.8% agarose gels were run. The boiled agarose was cooled down to about 50°C. 1
of 0.5 pg/mi ethidium bromide was added. The cooled agarose solution was then
poured into the gel casting apparatus. A 1.5 mm thick comb with 5 mm wide teeth was
clamped vertically about 2 mm above the plate. The gel was allowed to set for about an
hour. The gel surface was dampened with electrophoresis buffer, the comb removed,
and the gel plate placed in the gel tank with enough buffer to cover the gel.

Samples were prepared by mixing the DNA with 1/5 the volume of sample buffer
prior to loading. Gels were electrophoresed at 10 V/cm for 1-2 hours until the dye front
reached about 1 cm from the bottom of the gel. The DNA fragments separated on the
gel were then viewed and photographed on a short wave UV- transilluminator using an
MP4 camera fitted with suitable ultravoilet filters.

Three forms of the plasmid DNA can be resolved by gel electrophoresis (92).
Migrating the fastest through the gel is the supercoiled form while the siowest is the
linear form. The nicked form has intermediate mobility.

Preparative Gel Electrophoresis

Samples were run on a 0.8% agarose gel containing ethidium bromide as
described previously and visualized using longwave uitravoilet rays. The desired DNA
fragments were cut out using a scalpel as ciose to the edges of the band as possible.
The ultravoilet exposure was kept to a minimum in order to avoid any damage to the
DNA. The DNA was extracted from the agarose gel using the QIAGEN Gel extraction
Kit.

Sterile 1.5 mi epitubes containing the gel pieces were treated with 3 volumes of
Buffer PB and incubated at 50°C for about 10 min, inverting every 2 min till the gel
completely dissolved. One gel volume of isopropanol was added to the mix and the pH

mantained below 5.5 with 10 ul of 3NaAc solution in order to ensure efficient biniding of
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the DNA to the QlAquick spin filter. The sample was then added to a QlAquick spin
column placed in a 2 mi collection tube. After centrifuging for 30-60 sec, the flowthrough
was discarded. As the spin column is equipped to only handle 0.8 mi sample, muitiple
loading of the column was necessary in case of larger sample volumes. The filter was
washed with 0.750 mi of Buffer PE and centrifuged 30-60 sec to discard the flow
through. The QIAquick column was spun at maximum speed an additional 1 min to
remove any excess wash buffer. The QIAquick column was placed in a clean sterile 1.5
mi microfuge tube. The DNA sample was eluted by the addition of a 50 wl 10 mM Tris-
HCI, pH 8.5 or H,0 to the center of the QlAquick column and centrifuging for 1 minute.
Altematively, for increased DNA concentration, the elution volume may be reduced to
30 pl and let stand for 1 min prior to centrifugation. The DNA was stored at 4°C until
further use.
SDS-Polyacrylamide Slab Gel Electrophoresis

The Laemmli system, which uses a discontinuous buffer system, is the most
common electrophoresis protocol for SDS-denatured proteins (93). The Mighty Small (i
Gel SE 250 electrophoresis unit from HOEFER consisting of 10 X 8 cm gel slabs were
used. The running gel was usually 10% acrylamide, 2.7% crosslinker (bis-acrylamide)
which resulted in a medium pore size. The stacking gel was 4% acrylamide with 2.7%
crosslinker. The acrylamide stock solution was 30% (w/v) acrylamide (BIO-RAD.
electrophoresis grade reagent) and 0.8% (w/) N, N-methylene-bis-acrylamide (BIS).
The gel was polymerized by the additon of 0.03% (viv)y N, N, N, N
tetramethylethylenediamine (TEMED) and 0.03% (w/v) ammonium persutfate (BIO-
RAD). The electrode buffer contained 0.192 M glycine, 0.025 M Tris-HCI, pH 8.3 and
0.1% SDS. The electrophoresis was carried out at a constant current of 40 mA. When
the dye front reached the bottom of the gel the electrophoresis unit was disassembled.

The gel was stained in 0.05% (w/v) Coomasie Brilliant Blue R reagent in 45% (viv)
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methanol and 9% (v/v) acetic acid, and destained in 30% (v/v) methanol and 7.5% (v/v)
acetic acid.
2.7 Immunobloting

SDS-polyacrylamide gel electrophoresis was carried out according to Laemmili.
The gel was allowed to run until the tracking dye front disappeared. The stacking gel
was then carefully cut out and discarded. The running gel, a piece of nitrocellulose cut
the same size of the running gel, and the filter paper blotters (HOEFER TE22) to be
used in the next step, were soaked in Towbin buffer (25 mM Tris, 192 mM glycine, 0.1%
SDS, 20% viv methanol, pH 8.3) for 15 minutes. A sandwich was then assembled (foam
sponge, blotter, gel, nitrocellulose, biotter, foam sponge) taking care to exclude air
bubbles. The sandwich was placed in the transfer tank filled to the required mark with
chilled Towbin buffer, with the nitrocellulose sheet facing the anode ensuring the transfer
of proteins from the gel to the nitrocellulose. Transfer was carmied out at constant
current of 0.4 A, and the voltage maintained at 100 volts for one hour.

Foliowing transfer, the unit was disassembled and the gel stained with
Coomassie stain in order to check the efficiency of the transfer. The immunoblot was
incubated in TBST (10 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.1% Tween 20) containing
3% non-fat dry milk for 30 minutes to block any non-specific binding, then rinsed well in
TBST to remove the milk. The membrane was incubated with primary antibody (1:5000
for Anti Xpress antibody from invitrogen) in TBST for 1 hr at room temperature.
Sensitivity was increased by increasing the antibody concentration (1:2500) or by
increasing the duration of incubation with the antibbody. The membrane was then
washed three times for 5 min each by gentle shaking in TBST at room temperature. It
was then incubated with a suitable secondary antibody diluted in TBST (1:1000) for 30
minutes at room temperature. Following several washes with TBST, the antibody

tagged bands were visualized by a substrate color development with 30 mg 4-chloro-1-
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napthol (4CIN) in 10 mi methanol, ~50 ml TBS, and 20 W H,O,. With 5-100 ng total
protein, strong purple signals appeared within 15 minutes. Development of color
continued for at least 4 hours. The reaction was stopped by soaking the membrane in
water and stored moist in plastic at 4°C.
2.8 Protein Determination

The Micro BCA Protein Assay Reagent Kit from PIERCE was used for the
quantitative colorimetric determination of total protein in dilute aqueous solutions. The
reagent system utilizes bicinchoninic acid (BCA) as the detection reagent for Cu*’, which
is formed when Cu* is reduced by protein in an alkaline environment. The purple-
colored reaction product is formed by the chelation of two molecules of BCA with one
cuprous ion (Cu*). This water-soluble complex exhibits a strong absorbance at 562 nm,
which is linear with increasing protein concentrations. The macromolecular structure of
the protein, the number of peptide bonds and the presence of four amino acids
(cysteine, cystine, tryptophan and tyrosine) are reported to be responsible for color
formation with BCA.

Protein standards were prepared by diluting the 2.0 mg/ml BSA standard stock in
the same diluent as the sample. The BCA Working Reagent was prepared by mixing 25
parts of Reagent MA (containing sodium carbonate, sodium bicarbonate, sodium
tartarate in 0.2N NaOH) and 24 parts of Reagent MB (containing bicinchoninic acid 4%
in H20) with one part of Reagent MC (containing 4% cupric sulfate, pentahydrate in
water). Upon the addition of reagent MC to the solution of the other reagents, turbidity
was observed, that quickly disappeared upon mixing to yield a green working reagent.

Each standard or unknown sample (1 mi) was pipetted into appropriately labeled
test tubes, while one ml of the diluent was used for the blank. The working reagent
(1 mi) was added to each tube and mixed well. All the tubes were incubated at 60°C for

60 minutes. Following incubation, the tubes were cooled to room temperature. The
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absorbance at 562 nm of each tube versus a water reference was measured. The
average 562 nm readings for the bianks were subtracted from the 562 nm reading of
each standard or unknown sample. A standard curve was plotted with the average
blank corrected for each BSA standard versus its concentration in pg/ml. Using the
standard curve, the protein concentration for each unknown sample was determined.
2.9 Enzyme Assays
Aspartate Transcarbamoylase Assay

The method relies on the enzymatic conversion of radioactively labeled
carbamoy! phosphate to acid stable carbamoyl aspartate. The stock assay buffer
(common buffer A) consisted of 0.25 M Tris-HCI, pH 8.0, 0.25 M KCI, 0.0625 M
MgCi2.6H,0. 18.7% v/v DMSO, 6.25% v/v glycerol. The working assay buffer prepared
fresh each time was made by adding 20 ml of common buffer A, 2.5 mi of 20 mM DTT,
and 2.5 ml of 240 mM aspartate, pH 8.0. The assay mixture consisted of 0.5 mi of the
working assay buffer and 0.490 ml of sample and water. The mixture was pre-
equilibrated at 37°C for about 5 minutes. The reaction was initiated by adding 10 ul of
the substrate ['“C] carbamoyl phosphate (75,000 cpm/umole, 50 pmole/ml). After 15
min the reaction was terminated with 1 mi of 10-40% trichloroacetic acid (TCA) which
converted the unreacted [“C] carbamoyl phosphate to ['“C] carbon dioxide. The acid
was added under the hood. The samples were then transferred to glass scintillation
vials and heated uncovered, at 100°C to dryness. The precipitate was resuspended with
250 pl water. High fiash point cocktail safety-soive scintillation fiuid (10 mi) was added
to each vial. Each vial was mixed thoroughly and counted in a Packard Tri CARB model
460 liquid scintillation counter. Since carbamoyl phosphate is acid labile, the counts
represent the acid stable carbamoyl aspartate produced during the 15 min assay.
Carbamoyl Phosphate Synthetase Assay

The assay measures the incorporation of radioactively labeled sodium
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bicarbonate into carbamoyl phosphate. The working assay buffer was prepared by
adding 10 ml of Common Assay Buffer A (described above for the ATCAse assay), 2.5
mi of 10 mM DTT, 1.25 mi of 70 mM glutamine for the GIn-dependent CPSase assay, or
0.266 ml of 2 M ammonium chioride, pH 8.0, for the ammonia-dependent CPSase
assay, and 5.03 ml of water. To trap the carbamoyl phosphate generated during the
course of the reaction as an acid stable carbamoyl aspartate, 0.1 ml of 1 mg/mi purified
E. coli ATCase and 2.10 mi of 240 mM aspartate, were also added to the working assay
buffer. The assay consisted of 0.375 ml of the working assay buffer and 0.075 mi of the
sample and water. The reaction was initiated by 0.05 ml of an initiation mixture
consisting of 480 ul H,O, 480 ul 250 mM unlabeled reagent grade NaHCO; and 40 pl
[14C]-NaHCO; [NEN #NEC-086H, 50 mCi/mmole, 1mCi.ml] with a final NaHCO,
concentration of 12 mM. The total assay volume was 0.5 ml. The assays were typically
carried out at 37°C for 20 minutes (109), then quenched with 0.5 ml of 10-40% TCA and
processed as described for the ATCase assay.
2.10 Immunoprecipitation Using Protein A Sepharose

Immunoprecipitation was carried out as described by Davidson et al. About 0.2
ml of cell extract (4 mg protein), was used for each assay. The cell extracts were
dialyzed before incubation to remove any DTT present, in order to prevent cleavage of
the disulfide bonds present in the IgG heavy and light chains. To avoid this dialysis step,
most of the time reducing agents were not added in the resuspension buffer. The
Protein A Sepharose resin which is supplied as a dry powder (Sigma P-3391) was
suspended for 15 minutes in 0.1 M phosphate pH 7.0 (2 mi per 250 mg resin). It was
then washed with 10 volumes 1X PBS (10 mM phosphate, 130 mM NaCl, pH 7.2) to
remove the lactose and dextrans. The resin was recovered after each wash by filtration
using a 250 um filter. After washing, the resin was retumed to the original bottle and

resuspended (1 ml per 250 mg resin). Sterile solutions were used throughout resin
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preparation. The sonicates were incubated overnight with primary antibody on a rotating
mixer at 4°C. The resin was then added and the incubation continued for about 1 hour
in the cold with gentle mixing. The resin was then washed 3 X with 1X PBS and spun
down for 10 min, 6000 rpm each time. At this point, the enzyme attached via the
antbody to the resin was assayed for catalytic activity or analyzed by SDS-
polyacrylamide gel electrophoresis. For electrophoresis, 5X-sample buffer was added to
the resin, and the tubes heated for 15-20 min at 70°C. They were mixed once during the
incubation. The resin was removed by centrifugation at 14,000 rem, 10 min at room
temperature, and the supematant loaded an SDS-gel. The enzyme-antibody complex
dissociates from the resin during denaturation in sample buffer. In some instances, the
gradient gels resulting in higher resolution were used. Rabbit IgG heavy chains
migrating at about 50 KDa, and the light chains at about 23-29 KDa are visible as
prominent bands on the gel.
2.11 DNA Sequencing

Sequencing was performed by the Sanger Dideoxy chain termination method,
following the Sequenase version 2 method developed by United States Biochemical
(USB). Double stranded DNA templates were prepared. The alkaline denaturation
method (NKd-97) was used to denature the double stranded DNA. The double stranded
DNA was denatured by adding 0.1 volumes of 2 M NaOH, 2 M EDTA and incubating the
reaction mix for 30 min at 37°C. The mixture was neutralized by adding 0.1 volume of
3M sodium acetate (pH 4.5-5.5). The DNA was precipitated with 2-4 volumes of ice-cold
ethanol for 30 min at -70°C and centrifuged at 14,000 rpm, 4°C for 30 minutes. The
pellet was dried, resuspended in 7  sterile water, 2ul of Sequenase 5X Reaction buffer,
and 1 ul of primer were added. This annealing mix was placed in a 65°C heat block for
2 min, then allowed to cool to room temperature over a 30 min period. The tubes were

then transferred to ice. The 5X labeling mix was diluted to a | X concentration. The
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Sequenase T7 polymerase enzyme was diluted 1:8 with ice-cold enzyme dilution buffer
containing 10 mM Tris-HCI, pH 7.5, 5 mM DTT, 0.5 mg/mi BSA. A mixture of 1 pl of 0.1
M DTT, 2 ui diluted labeling mix (1.5 uM dGTP, 1.5 MM dCTP, 1.5 uM dTTP), 2ul (20
uCi) [PSHATP, and 2 i diluted Sequenase T7 Polymerase were added to the
template-primer (10 ul) reaction. The reaction mixture was mixed well and incubated at
room temperature for 2-5 minutes. Four sequencing reactions: A, C, G and T, were
carried out in 1.5 mi Eppendorf tubes. To each of the tubes labeled A C,Gand T, was
added 50 mM NaCl, and 2.5 p! of the respective 80 uM dNTP. The tubes were warmed
at 37°C for 1 minute, and 3.5 pl of the labeling mix was then transferred to each of the
four sequencing reactions and the reactions mixed well. Incubation at 37°C was
continued for 3-5 minutes, and the reactions were stopped by the addition of 4 pl stop
solution containing 95% formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05%
xylene cyanol FF. The tubes were placed on ice and could at this point be stored
overnight at -20°C.

The sequencing reactions, 3 pl each, were analyzed by electrophoresis on 6%
polyacrylamide urea gels (33 cm X 40 cm) containing 22.5 mi of 40% acrylamide stock
solution, 75 g of urea and 15 mi of 10X TBE buffer (121.1 g Tris, pH 8.3, 55 mi boric
acid, 7.4 g EDTA to a liter). The gel solution was filtered using a Whatman filter paper
#1 and degassed for 10 min using a vaccum pump. Ammonium persulfate (1 ml of a
10% solution) and 10 ul of TEMED were added to initiate polymerization. The gel was
polymerized at room temperature ovemight. The gel was placed in a BRL DNA
sequencing electrophoretic unit. Before loading, each lane was washed with 1X TBE
electrode buffer and the gel pre-run at 60W for 30 min at 50°C. The samples were
heated at 80°C for 2-3 min prior to loading. For loading, 3 ul of ddATP, ddCTP, ddGTP,
and ddTTP reactions, respectively, were used. The gel was run at 60 W till the dye ran

off the gel. Muitiple loadings were performed to extend the length of the sequence. After
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the dye in the first run reached the middie of the gel, the same set of samples were
loaded in other adjacent lanes and the electrophoresis continued until the tracking dye of
the second load ran off the gel.

The gel unit was disassembled with the sequencing gel resting on the lower
plate. The lower plate was placed in the fixing solution (5% acetic acid and 5%
methanol) for 30 minutes. The fixing solution was drained and the gel carefully
transferred to a Whatman 3mm filter paper by placing the paper on top of the gel and
inverting. The sequencing gel was then dried on a Hoefer drying unit, at 80°C for 1-2
hours. The dried gel was then placed on an X-ray cassette with a Polaroid X-ray film.
The film was exposed for 16-32 hours. The gel was removed from the cassette and the
film placed in a GBX film developer for 5 minutes. It was then placed in warm water for

1 min and in GBX fixer for 15 minutes.



CHAPTER 3 Regulation of an E. coli-Mammalian Chimeric
Carbamoyl Phosphate Synthetase

3.1 Overview of the CPSase Domain
E. coli CPSase

E. coli carbamoyl phosphate synthetase is a monofunctional 160 kDa protein
consisting of two subunits, a 40 kDa glutaminase subunit and a 120 kDa synthetase
subunit. The glutaminase (GLN) subunit hydrolyzes giutamine resuiting in the transfer of
ammonia to the synthetase subunit. The synthetase subunit consists of two homologous
subdomains, CPS.A and CPS.B (33,45) that catalyze carbamoyl phosphate formation
from bicarbonate, ATP and ammonia. CPS.A catalyzes the ATP dependent activation of
bicarbonate. The intermediate carboxy phosphate reacts with ammonia forming
carbamate, which is subsequently converted to carbamoyl phosphate in a second ATP
dependent reaction catalyzed by CPS.B. The enzyme provides carbamoyl phosphate
for both pyrimidine and arginine biosynthesis, and is allosterically regulated by
metabolites from both pathways. UMP is a feedback inhibitor, while omnithine, IMP and
NH; activate the enzyme.

Mammalian CPSase

Mammalian glutamine-dependent carbamoyl phosphate synthetase catalyzes the
first committed step in the de novo pyrimidine biosynthetic pathway. The enzyme is a
part of the multifunctional protein CAD. The CPSase activity of CAD is the major locus
of regulation of pyrimidine biosynthesis. UTP is a feedback inhibitor, while PRPP is an
allosteric activator. The CPSase activity and the effect of the allosteric ligands is
modulated by cAMP-dependent protein kinase phosphorylation.

CPS.A and CPS.B are functionally equivalent

There is ample evidence indicating that the two homologous halves of the

CPSase synthetase subunit are specialized to camry out the two different ATP-dependent
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partial reactions. CPS.A catalyzes the initial ATP-dependent activation of bicarbonate,
whereas the synthesis of carbamoyl phosphate from carbamate occurs on CPS.B.
Although the CPS.A and CPS.B have different specific functions when fused together in
the wild-type protein, the isolated domains have been shown to be functionally
equivalent (70). When CPS.A and CPS.B were separately cloned, the half molecules,
very surprisingly, could each catalyze both partial reactions and the overall synthesis of
carbamoyl phosphate from bicarbonate, ATP and ammonia. Moreover, when CPS.A
was fused to the glutaminase domain, the isolated domain could catalyze giutamine-
dependent carbamoyl phosphate synthesis. Similar results were obtained for the
isolated CPS.B domain except in this case, unlike the CPS.A, the activity was inhibited
by UTP and activated by PRPP. One requirement for the isolated half domains CPS.A
and CPS.B of CAD and E. coli CPSase to catalyze the overall synthesis of carbamovl
phosphate was the formation of a homodimer. While the monomeric CPS.A or CPS.B
could catalyze both ATP dependent partial reactions, the formation of a homodimer
(CPS.A); or (CPS.B),;, seemed essential to catalyze the overall synthesis of carbamoyl
phosphate. In this model, one monomer assumes the role of bicarbonate activation, and
the other catalyzes the phosphorylation of carbamate to form carbamoyl phosphate,
presumably mimicking the two fused domains CPS.A and CPS.B in the intact molecule.

Function of the A2 and B2 subdomains

The CPSA and CPS.B domains are in tum comprised of subdomains.
Sequence homology (15,17,45,94) and controlled proteolysis studies (11,13,17,69,110-
112) suggest that each of the synthetase domains CPS.A and CPS.B, consist of three
subdomains, designated A1, A2, A3 and B1, B2, B3, respectively. The recently solved
X-ray crystal structure of E. coli CPSase (48) has confirmed the presence of
subdomains. The authors identified four subdomains A-D in each half of the synthetase

subunit. Subdomain A corresponds to the A1 or B1 in the CAD nomenclature and
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subdomain D is equivalent to A3 or B3. The domains A2 and B2 appear to be comprised
of two subdomains B and C, each of which participate in catalysis and bind ADP.

The regions A2 and B2 have been implicated in ATP binding. Consensus
sequences for the nucleotide binding sites (45,61) and the active site of homologous
kinases (16,45,74) are located in the central regions of CPS.A and CPS.B. Chemical
modification of CAD (68) and mammalian CPSase1 (60-62,95,96) as well as site-
directed mutagenesis of E. coli CPSase (64) showed that ATP bound to A2 and B2
subdomains. Recently, Guy and Evans cloned the A2 and B2 subdomains (97) and
demonstrated that the catalytic sites are located entirely within the 27-kDa central
catalytic subdomains A2 and B2. The intrinsically high catalytic activity of A2 and B2 are
suppressed by interactions with an 11-kDa attenuation subdomain A1 or B1 (97). These
interactions have been proposed to be a component of a functional linkage that
coordinates the two ATP-dependent partial reactions occurring on CPS.A and CPS.B.
Subdomains A1 and B1 are necessary for the physical association and functional
linkage between the glutaminase and the CPSase domains. The 20-kDa A3 and B3
subdomains are not required for catalytic activity. A3 has been termed the
oligomerization domain (48) although its function is quite undefined at this time. B3 is
known to bind allosteric effectors and modulates the activity of the catalytic domains
(56).

3.2 The Regulatory Subdomain (B3)

Allosteric effectors are now known to bind to the carboxyl end of CPS.B (B3) of
all CPSases. Rubio and his associates (57 ,74,75) clearly established the location of the
E. coli nucleotide binding site by photoaffinity labeling with UMP. They initially
demonstrated that the label was incorporated into a 20 kDa proteolytic fragment derived
from the carboxyl end of the synthetase subunit and subsequently narrowed down the

modification to smaller regions of the polypeptide. Scanning colorimetry studies (55) of
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a truncated mutant lacking 171 residues of the carboxyl end of the synthetase subunit
suggested that omithine also bound near the end of the CPS.B and confirmed the
assignment of the nucleotide binding site. Subsequent studies (77) also localized the
binding sites for E. coli CPSase allosteric ligands to the carboxyl end of the synthetase
subunit using a combination of deletion and site-specific mutagenesis (77)] and
controlled proteolysis (69). The deletion of the last 119 residues or the replacement of a
conserved threonine residue was found to produce mutants that lacked UMP inhibition
but retained omithine sensitivity. This suggested that the UMP and omithine sites were
distinct The biochemical studies were confirmed by locating the UMP and omithine
binding sites in the X-ray structure (48) of the E. coli enzyme. Phosphorylation studies
by Carrey et al have demonstrated the existence of two sites in CAD, one of which is
located within the carboxyl end (B3) of the CPSase molecule. Alignment of the E. coli
(57) and mammalian sequences, showed that the target serine residue in CAD,
responsible for modulating the CPSase activity, was located 30 residues downstream of
the crucial UMP binding residue Lys * in the E. coli enzyme. cAMP-dependent
phosphorylation of Ser 1406 in CAD resuited in loss of UTP inhibition (71). This
suggested that the UTP and phosphorylation sites overlapped or were in close proximity.
Ancther study involved a series of CAD deletion mutants in which the carboxyl end of
CPS.B was truncated, lost sensitivity to UTP, but had increased sensitivity to PRPP.
(78). This suggested that the binding site for both ligands was near the carboxyl end of
CPS.B, that the UTP and PRPP sites were distinct, and that the UTP site was
downstream of the PRPP binding site. Liu, Guy and Evans have shown that allosteric
effectors bind to the B3 region of CAD by constructing a chimeric protein in which the
putative E. coli CPSase regulatory domain was replaced by the B3 of CAD (56). The
chimera was inhibited by UTP, but not by the E. cofi effector UMP and was activated by

PRPP, a metabolite that has no effect on the E. coli enzyme.
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Kinetic studies, which determined the function-linked thermodynamic parameters,

suggest that the major target of allosteric regulation is the second partial reaction,
namely the ATP-dependent phosphorylation of carbamate. Thus, the allosteric effectors
directly modulate the activity of CPS.B, the domain to which they bind. Any changes in
the CPS.A are likely to be indirect and result from global conformational changes in the
overall molecule. However, there has been no differentiation in the structure or the
function of the CPS.B domain that has rendered it subject to allosteric control. Only the
tertiary structure of the B3 regulatory subdomain of CPS.B is distinctly different from that
of the A3 subdomain of the CPS.A. Binding of allosteric ligands to the regulatory domain
B3 triggers an allosteric signal that is transmitted to the active site. In case of the CPS.B
homodimer, binding of ligands to B3 leads to the transmission of allosteric signals to the
catalytic subdomain B2, leading to a modulation of the catalytic activity. Due to the
absence of B3, the CPS A homodimer is unresponsive to allosteric ligands.
Our proposal is the following: If the CPS.A and CPS.B are functionally equivalent,
differing in that CPS.B is normaily the regulatory locus due to the presence of the B3
ligand binding subdomain, then CPS.A may be placed under allosteric control or that a
chimera A12B3 consisting of the CPS A1 and A2, and a B3 instead of A3, could possibly
mimic the allosteric signal transmission in CPS.B.

To test the above hypothesis, a chimera was created that consisted of the E. coli
CPSA1A2 and mammalian B3 subdomain (Figure 3.1). If the above hypothesis is true,
the chimeric A12°B3™ should be functional as a CPSase, and respond to allosteric
effectors UTP and PRPP.

3.3 Cloning, Expression and Purification of CPSA12°B3™chimera

The 7.3-kb plasmid pHL-2 containing the coding sequences for a hybrid molecule

consisting of E. coli CPSase catalytic domains and the mammalian reguiatory

subdomain, was constructed previously by Liu et al (56). The plasmid pHE-A12°B3™



Figure 3.1: Subunit and domain structure of CAD, E. coli CPSase, and the
Chimera CPSA12°B3™

This scheme shows the structural organization of CAD and E. coli CPSase. The
superscripts indicate the origin of the CPS domain, m signifying mammalian, e E. coli.
The residue numbers are from the CAD sequence [Simmer 1990] for the CAD domain
and from the E. coli sequence [Nyunoya 1983] for the E. coli domain. The chimera
CPSA°B123B3™ consists of the entire E. coli CPSase with the B3 domain at the carboxyl
end repaiced with the comresponding segment of CAD. The chimera CPSA12°B3™
consists of the regulatory domain of CAD directly fused to the E. coli CPSase A1-A2
subdomains.
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(Figure 3.1), encoding the E. coli CPSA1A2 (residues 1-364) and mammalian B3
subdomain (residue 1297-1464), was constructed (Dr.H.I Evans) by reacting the plasmid
PHL-2 with Nsp V (site in the E. coli sequence, 2730) and Stu | (site in the CAD
sequence, 3892). The 5° extensions were filled using the kienow fragment of DNA
polymerase, and the 4.3-kb fragment was gel purified prior to the blunt end religation
with T4 DNA ligase. The resulting construct was called pHE-A12°B3"™ (Figure 3.2) and
was confired by restriction analysis and sequencing.

Expression and Purification of the Chimeric A12°B3™

The chimeric plasmid pHE-A12°B3™ was transformed into an E. coli strain RC50,
(kindly provided by Dr. Carol Lusty, The Public Health Research Institute of the City of
New York, New York) which lacked the carA and carB genes encoding the small and
large subunits of E. coli CPSase, respectively. The transformants grew on a high
ammonia medium lacking uracil, suggesting that a functional CPSase was expressed
which complemented the host defect in the E. coli synthetase subunit. The chimeric
protein is constitutively expressed under the control of the car AB promoter. A 20 pl
ovemight culture was typically inoculated into a 200 ml 2XYT media supplemented with
0.1% glucose and 125 pg/ml ampicillin at 37°C. Cells were grown 18-20 hours, then
harvested at stationary phase by centrifugation at 4000 rpm, 4°C, for 30 minutes. SDS-
gel electrophoresis revealed a new 58-kDa species not present in extracts of
untransformed cells. The recombinant protein constituted approximately 10% of the total
soluble protein.

Purification of the chimeric 58-kDa CPS-A12°B3™ was carried out by ion-
exchange chromatography. A 200-ml celi culture was harvested at stationary phase. The
cell pellet was resuspended in 2 mi of a 50 mM Tris, pH 7.5, 1 mM DTT, 1 mM EDTA,
5% glycerol buffer containing 2 mM PMSF. The cells were broken by sonication 5X 15

seconds on ice. The cell sonicate was centrifuged at 14,000 Xg, 4°C for 30 minutes.



Figure 3.2 Construction of the Recombinant CPS-A12°B3™

The plasmid pHE-A12°B3™ encoding E. coli A1 and A2 subdomains fused to the
mammalian B3 subdomain was constructed by reacting the plasmid pHL2, with Nsp V
(site in the E. coli sequence, 2730) and Stul ( site in CAD sequence, 3892). The 4.3 kb
fragment was religated using T4 DNA Polymerase following treatment with the Klenow
fragment of DNA polymerase.
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The supematant containing the 58.6 KDa recombinant was loaded on a fast flow 15 X 3-
cm Q-Sepharose column equilibrated with 50 mM Tris, pH 7.5, 1 mM DTT, 1 mM EDTA
and 5% glycerol. Purification was carried out at 4°C. The column was washed with two
column volumes of buffer at a flow rate of 1 ml/min. The protein was then eluted with a
two and a half column volume 0-1 M linear gradient of NaCl at a flow rate of
0.8 mV/min. Fractions containing the CPS-A12°B3™ were identified by CPSase activity
assays and were analyzed by SDS-PAGE (Figure 3.3).

Protein concentrations were determined using the micro BCA protein assay
reagent kit form PIERCE and by scanning Coomassie blue stained polyacrylamide gels
using an HP Scan Jet 4C, UN-SCAN-IT gel Automated Digitizing System. The gels
were scanned and the concentration of the isolated proteins determined from the
scanned gel by measuring the ratio of the peak density to the total density in a given
lane and the total amount of protein applied to the gel. The background density was
subtracted and all measurements were made within the linear range of the densitometer.
The concentration of the partially purified 58-KDa A12°B3™ was 0.16 ug/pl.

3.4 Catalytic Activity of the Chimeric CPS-A12°B3™ protein

The ammonia-dependent carbamoyl phosphate synthetase activity of the partially
purified chimeric CPS-A12°B3™ was measured as a function of ATP concentration. The
rate of the carbamoyl phosphate synthetase reaction was measured by initiating the
reaction with [“C] NaHCOs; and trapping the radiolabeled carbamoyl phosphate as
stable carbamoyl aspartate. ATP saturation curves (Figure 3.4) of the chimeric enzyme
showed that the steady state kinetic parameters (Table 3.1) were very similar to that of
E. coli CPSase. The E. coli enzyme is much more efficient than the mammalian
CPSase. The K, for ATP is 5 fold lower and the K. is 10-fold higher than the
corresponding values obtained for CAD. While the chimeric protein was insensitive to

UMP, the E. coli CPSase inhibitor, mammalian effectors modulated its catalytic activity.
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Figure 3.3 Expression and Isolation of the Chimera CPS-A12°B3™

The cell pellet from 200 mi of induced culture was resuspended in 2 ml of 50 mM Tris pH
7.5, 1 mM EDTA, 1 mM DTT and 5% glycerol buffer that contained 1 mM PMSF, and
sonicated 4 X 15 seconds on ice. The cell extract was centrifuged at 10000 x g for
20 min at 4°C. The clear supematant was applied on top of a Q-Sepharose column
equilibrated in the same buffer. The column was washed with the buffer until the A,so
was negligible. The protein was eluted at 0.35 M NaCl buffer in a 0-1 M NaCl gradient.
The peak fractions were determined by an ammonia-dependent CPSase assay and by
SDS-PAGE and were pooled, and stored at -20°C.
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In the presence of 3 mM UTP, the K, for ATP remained unaffected, while the k., was
decreased 2-fold. In the presence of the 200 uM activator PRPP, the Keat increased 1.5
fold while the K, for ATP remained unaffected. However, in the wild type proteins, the
effect of allosteric effectors is mainly on the K, and not on the V,,, The assays were
conducted as described in the Materials and Methods.

The extent of activation and inhibition of the chimeric protein (Figure 3.6) as a
function of the effector concentration was also very similar to that of mammalian
CPSase. The apparent dissociation constant K; obtained for UTP, at a fixed ATP
concentration of 0.75 mM was 0.74 mM, compared to a value of 0.64 mM obtained for
CAD CPSase. Moreover, saturating concentrations of UTP inhibited the chimera to
nearly the same extent as CAD, 72% and 91% respectively. In the case of PRPP, the
apparent dissociation constant K, for the chimera at a fixed ATP concentration of 0.75
mM was 78 uM versus 13.5 uM for CAD. The maximum activation was approximately
the same, 251% for the chimera and 238% for CAD (Table 3.2).

3.5 Phosphorylation of the Chimera

CAMP-dependent protein kinase A phosphorylation was performed as described
in Materials and Methods. Phosphorylation has no effect on the E.cofi CPSase, but the
kinetics of the chimeric protein CPS-A12°B3™ was significantly affected by the
phosphorylation (Figure 3.5). In CAD, protein kinase A mediated phosphorylation alters
the activation of bicarbonate and the effectiveness of allosteric effectors (71). The
phosphoenzyme is activated slightly, but the most striking effect is a complete loss of
UTP inhibition (Table 3.1).

In the phosphorylated chimera, the K, and K., remained the same as the
unphosphorylated protein in the absence of any allosteric ligands, while the extent of
inhibiton by UTP decreased significantly on phosphorylaton. The effect of

phosphorylation on the allosteric regulation of the chimeric CPS-A12°B3™ is very similar



Figure 3.4: ATP saturation curves of the Chimeric protein

The ammonia-dependent carbamoyl phosphate synthetase activity was measured as a
function of ATP concentration as described in Materials and Methods. 3.2 pgs of the
chimera CPS-A12°B3™ were used. The activity is measured in the absence of ligands
(-@-), in the presence of 200 uM PRPP (-O-), and 3 mM UTP ()
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Figure 3.5: Effect of Phosphorylation on the ATP saturation curves of the
Chimera

Phosphorylation was performed as described by Liu et al (56). The ammonia-dependent
carbamoyl phosphate synthetase activity of the phosphorylated chimera was measured
as a function of ATP concentration as described in Materials and Methods. 3.0 ugs of
the phosphorylated chimeric protein CPS-A12°B3™ were used. The activity was
measured in the absence of ligands (-@-), in the presence of 200 uM PRPP (-J-), and
3 mM UTP ().
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Figure 3.6 Effector Response curves of the chimeric protein

The effect of increasing concentrations of PRPP (-@-) and UTP (i) on the ammonia-
dependent carbamoyl phosphate synthetase activity of 3.2 ug of the unphosphorylated
chimeric protein was determined. The ATP concentration was maintained at 0.75 mM
and all other substrates were at saturating concentrations. Again, the effect of
increasing PRPP (-O-) and increasing UTP (-J-) on 3 pug of the phosphorylated chimera
was compared to that in the unphosphorylated protein.
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to that of CAD. UTP inhibition is effectively abolished. The maximum activation with
saturating PRPP was not altered appreciably, but the apparent affinity of the chimera for
PRPP was significantly decreased. Phosphorylation resulted in a four-fold increase in
the concentration of PRPP required for half maximal activation.

Thus, the catalytic activity of the chimera closely resembled that of E. coli
CPSase, while the regulation and the effect of phosphorylation was essentially
characteristic of the mammalian protein.

3.6 Binding of Allosteric Ligands to the Chimeric CPS-A12°B3™ protein
Synthesis of [2P] PRPP
*PRPP was synthesized enzymatically based on the following reaction:

ATP + ribose 5’-phosphate —» AMP + PRPP
A procedure of Khorana et al (98) was used for the enzymatic synthesis of radiolabeled
PRPP. The 1-ml reaction mix consisted of 22 mM potassium phosphate, pH 7.4, 11 mM
ATP (500 uCi [y-32P] ATP, Amersham), 2.8 mM ribose-5-phosphate, 2.2 mM MgCl,,
0.4 mM EDTA, 0.11 mM DTT. The reaction was initiated by the addition of 0.15 mg
PRPP synthetase, kindly provided by Dr. Robert Switzer. This enzyme was purified to
homogeneity from B.subtilus and studied extensively by Switzer and co-workers (99).
The enzyme was stored in a 6 mg/ml potassium phosphate solution, pH 7.5. The specific
activity of the enzyme was 52 umol/min/mg at pH 7.4 in potassium phosphate buffer.

The reaction was incubated for 30 min at 37°C and then stopped by the addition
of 0.130 ml of 30% Norit A charcoal solution. Norit A was cleared by centrifugation at
14,000 X g for 2 minutes. The supematant was passed through a 1-mi syringe-filter to
ensure removal of the charcoal. *PRPP synthesized was quantitated as below.
Determination of the *PRPP concentration

A PRPP assay was performed using an orotidylate phosphoribosyl transferase

(OPRTase)-orotidylate decarboxylase (ODCase) coupling system. In this assay, orotic



acid is converted to UMP in two steps:
Orotic acid (carboxyl *C) + PRPP —» OMP + PPi
OMP - ** CO, + UMP

The final concentrations in the 1-ml assay mixture were 0.1 M Tris-HCI, pH 7.5, 2 mM
MgCl, 100 pM [“C] orotate. The reaction was initiated with 1-10 units of PRPP
transferase-OMP decarboxylase mixed enzyme. The reaction was carried out in a
modified 10 ml Erenmeyer flask containing a glass center well, an air-tight rubber
stopper, and a side amn reservoir (Figure 3.7). Prior to the initiation of the reaction,
0.2 mi of CO, trapping solution containing a mixture of ethylene giycol and ethanolamine
(2:1, viv) was added to the center of the well. In addition, 0.2 mi of 4-M perchioric acid
was added to the side arm. Following incubation for 1 hr at room temperature, the
reaction was quenched by tilting the flask to allow the mixing of the acid solution in the
side arm of the flask with the reaction mixture. The [*C] carbon dioxide generated in the
reaction was trapped in 200 pl of an ethylene glycol/ethanolamine solution placed within
the center-well of the flask for another hour. Previous study by Shoaf and Jones showed
that the absorption of CO, was complete in 60 min at room temperature. The CO,
trapping solution was transferred to a scintillation vial. High flash point cocktail safety-
solve scintillation fluid (10ml) was added to each vial. After mixing thoroughly, the vials
were counted in a Packard Tri-Carb model 460 liquid scintillation counter. The
concentration of the synthesized PRPP was determined by the amount of ["“C] carbon
dioxide produced in the assay. Up to 25 nmoles of PRPP can be accurately assayed by
this method.

The result of a PRPP assay is shown in Figure 3.7, where it can be seen that
there is a very good linear relationship between the amount of PRPP and the amount of

['“C] CO, generated. The linear range of this standard curve is 1-25 nmoles of PRPP.
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Figure 3.7 PRPP Assay Flask and a PRPP standard curve

The PRPP assay was carried out in a modified 10 mi Erdenmeyer flask. As indicated in
the figure, the flask contained an air-tight rubber stopper, a glass center well for holding
the CO, trapping solution, and a side arm for adding the acid quench solution. The
assay was done as described in the text. After the incubation, the 200 ul CO, trapping
solution was transferred to a scintillation vial and counted. A standard curve was
obtained by plotting the radioactivity "*C counts versus the PRPP concentrations.
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PRPP Binding by the Microcolumn Procedure

The binding of PRPP to the chimeric protein was determined using the
microcolumn procedure (100) which separates free ligand and protein bound ligand.
The protein sample was incubated with increasing concentrations of 2PRPP in a 150 ul
reaction mix at 37°C for 15 minutes. The reaction was then transferred to the top of a
0.7 X 2.8 cm bed G-50 Sephadex NICK spin column (Phamacia). The columns were
pre-treated by washing with 50 mM Tris, pH 7.5, 1mM DTT, 5% glycerol. The bed was
prepared by centrifuging the column at 1000 X g, 4 min, 4°C. After adding the reaction
mix carefully to the center of the bed, the column was centrifuged at 1000 X g.
4 min at 4°C. This separates the free ligand from protein-bound ligand. Under these
conditions, the volume of the effluent collected varied from 145-155 pl and the recovery
of the protein was 98-100%. The effluent containing PRPP-bound chimera was
transferred to a scintillation via, 5 ml of scintiliation fluid was added to the vial and the
amount of bound PRPP was determined by liquid scintillation counting.
Binding of Allosteric Ligands to the Chimeric Protein

The binding of PRPP to the chimeric protein was determined by the microcolumn
procedure as described above. The data obtained by piotting PRPP bound per mole of
protein as a function of the PRPP concentration was fitted to a Michaelis Menten
equation. (Figure 3.8). PRPP bound to the chimeric protein with a dissociation constant,
K, of 46 uM as compared to a value of 10 uM for the CAD complex. A Scatchard plot
was generated (Figure 3.8) using the following equation:

v/ [L]=n/K-v/K

where v is the mole of ligand bound per mole of protein, [L] is the concentration of free

ligand (uM), n is the total number of binding sites, K is the dissociation constant (uM).
The Scatchard plot of the binding data was linear and gave a dissociation constant

(Table 3.3) that was 5-fold higher than the value determined for CAD. The Scatchard
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Figure 3.8 PRPP Binding to the chimeric protein

The binding of [2P] PRPP (18,000 cpm/nmol) to 12 pg of the chimeric protein (-@-) was
measured by the microcolumn method. A plot of PRPP bound per mole of protein as a
function of PRPP gave a Kd of 46 pM. In the Scatchard plot, V represents the ratio of
PRPP-protein complex/protein and PRPP represents free PRPP. The effect of
5 mM UTP on the binding of PRPP (-O-) was also measured. Kinetic parameters
obtained by a least square fit of this Scatchard plot is shown in Table 3.3
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plot gave an intercept corresponding to an n value of 1 + 0.04, indicating that there is
one binding site for PRPP per molecule of the chimera. This fits the previous
determination of one PRPP site per molecule of CAD.
Effect of UTP on PRPP Binding to the CPS- A12°B3™

A similar binding experiment could not be used to determine the dissociation
constant for UTP as the K, for UTP of CAD is as high as 1 mM and therefore would
require an extremely high concentration of protein. However, the displacement of the
bound PRPP by the addition of UTP indicates that the nucleotide effector also binds to
the chimeric protein. In the presence of saturating UTP (5 mM), the K4 for PRPP
increases 3-fold. Using the same equation as above, a Scatchard plot was calculated
(Figure 3.8). The plot shows that aithough the total number of sites was not changed
significantly, the dissociation constant increased to 133.5 pM (Table 3.3). Thus the
presence of UTP reduces the affinity of the chimera for PRPP suggesting that UTP is
also binding to the chimera. Similar results were obtained for CAD.

3.7 Basis for Construction of a deletion mutant CPS-A12°B3™A

Rubio and his associates’ (57) identified a region within the regulatory domain,
which they proposed to be crucial for allosteric regulation in E.colii A photoaffinity
labeling experiment identified lysine 992 in the interaction with the £. coli inhibitor UMP.
On the basis of the identification of lysine 992 and the analysis of sequences
surrounding the residue, the UMP binding fold was proposed. The fold comprises two
contiguous regions. The first region surrounding lysine 992, extending downstream to
the cluster of conserved residues containing an invariant asparagine 1014 (by alignment
Asn 1394 in CAD). This region presumably interacts with the pyrimidine ring of the
inhibitor. The second region extends from the invariant asparagine 1014 to an invariant
arginine 1029 (by alignment arg 1416 in CAD) and possibly interacts with the phosphate

moiety of the nucleotide, at least in the enzymes that are inhibited by UTP. This was



83

Figure 3.9 Schematic representation and construction of the deletion
mutant CPS-A12°B3™A

The chimera CPS-A12°B3™ was restricted by Sal [ (site in CAD, 4205) and EcoR | (site
in vector pUC 119 muiltiple cloning region). The ends were made flush with the Klenow
fragment, prior to religation of the 4.2 kb plasmid. The 4.2 kb plasmid pNS-A12°B3™A
encodes the E. coli CPS A1A2 subdomains and a truncated mammalian regulatory
domain. The chimeric deletion mutant lacks 59 of 163 residues from the carboxyl end of
the wild type chimera CPS-A12°B3™.
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further supported by previous mutagenesis studies (77) involving a deletion of 91 and
119 residues representing about two thirds of the E. coli regulatory domain, which
abolished UMP inhibition although the enzyme was still sensitive to omithine.

On the basis of sequence alignment, in CAD, the two regions comespond to
tyrosine 1364 to asparagine 1384 and asparagine 1384 to arginine 1416. To examine
the effect of a deletion that would disrupt the sequence proposed to be crucial by
Cervera et al, a deletion mutant was constructed. The truncation was at Glycine 1402
within the B3 subdomain of CAD. The mutant lacked 59 of the 163 residues from the
carboxyi end of the B3 subdomain of the chimera (Figure 3.9), and by alignment {0 the
E. coli sequence, lacked 14 amino acid residues from proposed UTP fold.
Construction of the plasmid pNS-A12°B3™A

The plasmid pHE-A12°B3™ was reacted with Sa/ | (site in CAD, 4205) and Eco RI
(site in vector). The ends were made flush using the Klenow fragment of DNA
polymerase. The 4.2-kb fragment was gel purified and religated using T4 DNA ligase.
The 4.2 kb plasmid pNS-A12°B3™A encodes the E. coli CPS A1 and A2 subdomains
(residues 1-364) and a truncated mammalian CAD regulatory subdomain
(residues1297-1402). The segment-encoding residue 1402 to 1461 was excised from
the plasmid pHE-A12°B3™ (Figure 3.9).

Expression and Purification of the Deletion mutant CPS-A12°B3™A

The plasmid was transformed into the E. coli strain RC50 that lacked the carA
and carB genes encoding the small and large subunits of E£. coli carbamoy! phosphate
synthetase. The deletion mutant was constitutively expressed under the control of the
car AB promoter. A 20-ul ovemnight cuiture was typically innoculated into a 200 ml 2XYT
media supplemented with 0.1% glucose and 125 pg/ml ampicillin at 37°C. Cells were
grown 18-20 hours, and harvested at stationary phase by centrifugation at 4000 rpm,

4°C, 30 minutes. SDS ge! electrophoresis revealed a new 51-kDa species not present in
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extracts of untransformed cells. The truncated protein was partially purified by a fast
flow Q-Sepharose column, using the same approach as for the wild type chimera.
However in this case, there were several contaminants in the preparation. The
concentration of the recombinant truncated protein was estimated by scanning
densitometry of a Coomassie stained SDS gel as described previously.
3.8 Kinetics of the Deletion Mutant CPS-A12°B3™A

The ammonia-dependent carbamoyi phosphate synthetase activity of the partially

purified deletion mutant CPS-A12°B3™A was measured as a function of ATP

concentration. The rate of the carbamoyl phosphate synthetase reaction was measured
by initiating the reaction with ['“C] NaHCO; and trapping the radiolabeled carbamoyi
phosphate as carbamoyl aspartate. The deletion mutant was slightly more active than
the full-length chimeric protein (Table 3.4) when the protein amount was taken into
consideration, and the mutant had reduced sensitivity to allosteric effectors. The ATP
saturation curves (Figure 3.10) obtained in the absence and presence of allosteric
effectors were almost indistinguishable. At low concentrations of ATP, 3 mM UTP had
no significant effect on the activity, aithough slight inhibiton was observed at ATP
concentrations above 1 mM.

3.9 Effector binding to the Deletion Mutant

PRPP binding to the deletion mutant was carried out by the previously described

microcolumn method. The data obtained by plotting PRPP bound per mole of protein as
a function of the PRPP concentration was fitted to a Michaelis Menten equation. PRPP
binds to the deletion mutant with a dissociation constant of 79 uM, which is almost 2-fold
higher than the value obtained for the parent chimera. In the presence of 5 mM UTP,
the K4 increased to 152.6 pM, suggesting that UTP still binds but with a much lower
affinity relative to the parent chimera as the effect on the PRPP binding is at least 1 fold

lower than in the wild type chimera (Table 3.4). A Scatchard was plotted in order to



87

Figure 3.10 ATP Saturation Curves of the Deletion Mutant

The ammonia-dependent CPSase activity of 3.8 ug of the deletion mutant was assayed

as a function of ATP concentration in the presence of 200 uM PRPP (-@-) and
3 mM UTP (). The effect of the same concentrations of PRPP (-O-) and UTP (-O-) on

3 ug of the phosphorylated protein was also determined.
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Figure 3.11 Binding of PRPP to the deletion mutant

The binding of labeled PRPP to 9.8 ug of the deletion mutant CPS-A12°B3™A was
measured by the microcolumn method in the absence (-@-) and the presence (-O-) of
5 mM UTP. In the Scatchard plot V represents the ratio of PRPP-protein
complex/protein and PRPP represents free PRPP. The kinetic parameters obtained by a
least squares fit of the Scatchard plot are given in Table 3.5
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determine the number of binding sites in the deletion mutant (Figure 3.1 1).

Thus, the carboxyl end residues that were truncated in the deletion mutant seem
to be essential for signal transmission, but are not crucial for ligand binding.
3.10 Discussion

Previous studies by Liu, Guy and Evans have demonstrated that the catalytic
activity of E. coli CPSase can be placed under the control of the mammalian allosteric
effectors by swapping the putative E. coli regulatory domain for the corresponding region
of CAD. In the original construct, the borders of the regulatory domain of CAD were
defined (15,17) by sequence homology and controlled proteolysis experiments. In the
new construct pHE-A12°B3™, additional 25 residues were deleted from the amino end of
the mammalian regulatory domain so that it corresponded more closely to the size of the
regulatory domain described in the X-ray structure of the E. coli CPSase (48). The A2
and A3 junction was identified as the CPS.A and CPS.B sequence was sufficiently
similar to allow an unambiguous alignment.

The chimera consists of two E. coli subdomains A1 and A2. The 31-kDa A2
subdomain (97) is the catalytic domain that alone can catalyze ammonia-dependent
carbamoyl phosphate synthetase activity, at a rate that is ten times faster than either the
CPS.A or the intact CPSase. The 9-kDa A1 subdomain is an attenuation domain as it
modulates the hyperactivity of the A2 subdomain. The CPS.A and CPS.B halves can
carry out the overall synthesis of carbamoy! phosphate only in the form of a homodimer.
In case of the chimeric CPS-A12°B3™, the dimeric structure was confirmed by chemical
cross-linking. The functional studies of the isolated components (97) suggest that the
A3 domain is not required for catalytic activity. This may explain why the K, and K for
the chimeric protein lacking the A3, is so similar to the values obtained for the E. coli
CPSase.

The response of the chimera to allosteric ligands shows that CPS A, like CPS.B,
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can be allosterically regulated. The binding of ligands to the regulatory domain triggers
an allosteric signal that is transmitted as efficiently to the CPS.A catalytic site, as to the
CPS.B. Changes in the catalytic activity may result from a global change in the tertiary
structure of the regulatory domain resulting in an aiteration in the way it interacts with the
catalytic subdomain. For instance, all activators are likely to induce the same
conformational change in the regulatory domain, which modifies its interaction with the
catalytic domain in the same way and promotes catalysis. Again the conformation
produced by all inhibitors would be expected to be similar.

Since the E. coli catalytic subdomains in the chimera A12°B3™ as well as in the
pHL2 A123B12°B3™ can be regulated by mammalian effectors, it is indicative of the fact
that the signaling mechanism is virtually identical in £. cofi and mammals. Although the
sequence of the regulatory domain in E. coli and mammalian CPSase is quite dissimilar
(21% sequence identity), the domains in each case must have a similar tertiary fold and
a similar interaction with the catalytic domains.

E. coli CPSase is not phosphorylated by cAMP-dependent protein kinase. In
CAD CPSase, the phosphorylation site has been identified within the regulatory domain
(71). In the chimera where the regulatory domain B3 replaces the A3, phosphorylation
has the same effect on the E. coli catalytic domain as in case of CAD CPSase. The
effect is consistent with the previous observation that the conformational changes
induced by both allosteric effectors and phosphorylation occur entirely within the
regulatory domain, and its response is mediated by a change in its juxtaposition relative
to the catalytic sites.

Rubio and his associates (57) clearly established the location of the UMP site in
E. coli CPSase using photoaffinity labeling. This specifically modified a Lysine 992.
Analysis of the sequence of several CPSases around this residue supported the

existence of a nucleotide-binding fold located entirely within the carboxyl terminal
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domain. Previous mutagenesis studies (74,75,77) showed that a deletion of 91 or 119
residues from the carboxyl end of the regulatory domain abolished allosteric regulation
by UMP but not omithine. In order to study the function of the carboxyl end of the
regulatory domain, a deletion mutant was constructed which lacked 59 of the 163
residues from the carboxyl end of the regulatory domain in the chimera A12°B3™. This
site was selected because it disrupted the sequence proposed by Cervera et al to be
essential for UMP. The mutant CPS-A12°B3™A was truncated four residues on the
amino aide of Ser1406 in CAD, the residue phosphorylated in CAD CPSase. Thus, the
deletion mutant lacked the phosphorylation site. The results obtained demonstrated
that, as predicted, the CPSase activity of the mutant was aimost insensitive to the
effectors PRPP and UTP. Aithough, interestingly, a binding study indicated that both the
effectors were still bound to the mutant but with a significantly higher dissociation
constant as compared with the wild type chimera. Thus, we propose that the residues
deleted from the carboxyl end must be involved in the transmission of the signal to the
catalytic subdomain or that because of a change in the conformation of the deletion
protein, the transmission of the allosteric signal to the catalytic subdomain is being
disrupted.

The UMP binding site has not yet been identified in the crystal structure of the
E.coli CPSase structure it has been tentatively identified by mutagenesis and
photoaffinity labeling. In the crystal structure, inorganic phosphate has been shown to
bind through interactions with Lys954, Thr874, Thr977 and Lys992. Site-directed
mutagenesis at Thr877 abolishes UMP inhibition while Lys992 has been shown to be
photolabeled by UMP. in CAD, the residues corresponding to E. coli Lys954 and Thr977
are conserved, while Thr974 is replaced by a serine, and Lys992 by a tryptophan. The
fact that UTP still binds to the deletion mutant that is truncated downstream from

Gly1402 (in CAD), suggests that in addition to the above corresponding residues, most
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of the other ligand interaction residues must be located upstream of Gly1402. in case of
PRPP, the deletion mutant binds with a Ky that is two-fold higher than in case of the wild
type chimera. Aithough the affinity for PRPP is lower, the activator binding site must be
located in the amino half of the regulatory domain. This is consistent with the CAD gene
deletion studies of Davidson et al that suggested that PRPP binds closer to the amino
end of the regulatory domain than does UTP.

The results with the chimera and the deletion mutant demonstrate that the
reguiatory domain behaves as an exchangeable module, which has differentiated in
different species to bind a diverse amray of allosteric effectors. The allosteric ligands and
phosphorylation induce conformational changes exclusively within the regulatory
domain, thereby altering its interaction with the catalytic subdomains resulting in
activation or inhibition. The response of the chimera to effectors has shown that
although typically, the CPS.B domain is the regulatory locus, CPS.A can be placed
under allosteric control. Deletion studies demonstrate that the PRPP and UTP binding
sites are in the amino half of the regulatory domain. A deletion of the carboxyl residues
disrupted signal transmission suggesting that the carboxyl end, which interfaces
between the catalytic and regulatory domains is essential for mediating interdomain

interactions.
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CHAPTER 4 Cloning, Expression and Characterization of the

Regulatory Domain of CAD

4.1 The Regulatory Subdomain Hypothesis

Carbamoy! phosphate synthetases from different organisms have similar catalytic
mechanisms and amino acid sequences, but their structural organization, subunit
structure, and mode of regulation can be very different (Table 4.1). The CPSase domain
of CAD is the locus of allosteric control in the de novo pyrimidine pathway. It undergoes
feedback inhibition by UTP and activation by PRPP and cAMP-dependent protein
kinase. A second distinctly different carbamoyl phosphate synthetase CPSase | found in
the liver and small intestine of ureotelic animals, is localized in the mitochondrial matrix,
where it catalyzes the first step in urea synthesis. Arginine specific CPSase | is
regulated by N-acetyl glutamate (AGA), which acts as an allosteric activator (101). Mg**
in excess of that required for the formation of MgATP (102), and K* (103) are also
essential activators. The E. coli CPSase provides carbamoyl phosphate for both
pyrimidine and arginine biosynthesis and is therefore regulated by metabolites from each
pathway. It is activated by L-omithine, NH; and IMP and inhibited by UMP. Binding
studies have demonstrated the presence of one site for each of the ligands UMP and
IMP (104). Recently, with the elucidation of the crystal structure of E.coli by Rayment
and Thoden (48) two omithine sites have been located. In yeast, the arginine specific
CPSase, the product of the CPA2 gene does not appear to be regulated (63) whereas
the pyrimidine specific CPSase, a part of the yeast URA2 protein is inhibited by UTP.

Although the overall sequence identity of these CPSases is 37-67%, the extreme
carboxyl end of the protein, i.e. the B3 region, is poorly conserved (Figure 4.1). The

significantly lower homology of only 24-58 percent in the B3 region of all CPSases may

98
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Figure 4.1 Comparison of the Amino Acid Sequence at the COOH terminal
end of different CPSases

Identical residues in CAD (HAM), rat mitochondrial (CPSI), Drosophila (DROS), yeast
URAZ2, yeast arginine specific CPSase (CPA2), and E. coli CPSase (carB) are boxed.
The two vertical arrows indicate the end of the 140-kDa fragment and the 150-kDa
fragment of CAD, respectively. The horizontal arrow indicates the beginning of the CAD
DHOase domain.
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be a reflection of differences in the types of allosteric ligands that regulate these
enzymes. A comparison of the amino acid sequence homology among different
CPSases and their allosteric effectors (Table 4.1) indicates that a higher homology
exists in the B3 region of CPSases requiated by the same allosteric effector. For
example, the CPSase of the URA2 protein in yeast, can be aliosterically regulated by
UTP, which, is also an allosteric inhibitor of CAD CPSase. Accordingly, the B3 region of
both the ura2 CPSase and CAD CPSase, shows a homology of 48 percent. On the
contrary, the mammalian mitochondrial CPSase (CPSase I), which is activated by
N-acetyl glutamate, shows only a 36 percent homology with CAD in the B3 region
despite a 53 percent overall homology between the two CPSases. The lower homology
is also evident in case of the CAD CPSase in comparison to the yeast arginine specific
CPSase and E. coli CPSase.

Controlled proteolysis studies of CAD have demonstrated that the 150 kDa
fragment corresponding to the whole GLN-CPS domain immediately cleaved at the
carboxyl end, releasing a 140 kDa and a 14 kDa species, suggesting that the 14 kDa
carboxyl end represented a separately folded subdomain.

Chemicail modification and photoaffinity labeling studies by Rubio and associates
(76) demonstrated that the carboxyl end of mitochondrial CPSase | contained the
binding site for the activator N-acetyl giutamate. UMP was used to photoaffinity label the
allosteric inhibitor site in E.coli CPSase. UMP was observed to incorporate into the
COOH temminal of the large subunit of the enzyme (74). More recently, Rubio et al have
specifically identified lysine 992 as a residue in the carboxyl end of E. coli CPSase that
covalently attached to UMP (57). The identification of lysine 992 as the site of
photochemical addition of UMP, and the analysis of sequences surrounding this lysine
provided strong evidence for the location of the binding fold for the nucleotide inhibitor at

the carboxyl end of the E. coli CPSase.
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CAD is activated by phosphorylation. The phosphorylation site believed to
regulate CAD CPSase activity (71) is located within the B3 region of the mammalian
multifunctional protein.

Since all the evidence for the location of the allosteric binding sites were
converging to the carboxyl end of the CPSase domain, an E. colimammalian chimera
was constructed by replacing the regulatory region of the carB gene of £. coli with the
corresponding cDNA of CAD (56). The resulting recombinant protein was a chimera
consisting of E. coli CPSase catalytic domains and the mammalian CPSase regulatory
domain. The protein was fully active, and no longer sensitive to the £. coli CPSase
specific inhibitor UMP. Instead, the recombinant protein responded to the mammalian
effectors PRPP and UTP. ATP saturation kinetics in the presence of UTP increased the
Kam for ATP to 2.5 mM from a value of 1.66 mM while the activator PRPP decreased this
value to 0.5 mM. This domain swapping experiment clearly established the carboxyl end
of the CPSase as a regulatory domain.

The reguiatory subdomain B3, in the £. colF-mammalian hybrid described above,
has been shown to contain the allosteric binding sites. The results obtained and
described in Chapter 3 demonstrate that the subdomain B3 behaves as an
exchangeable module by replacing the A3 subdomain of CPS.A, and efficiently
transmitting regulatory signals to the £. coli CPS.A active site thereby placing CPS.A
under allosteric control.

Considering the evidence described above, an interesting question was “could
the regulatory subdomain exist as an independent autonomously folded functional
subdomain that binds allosteric ligands in the absence of the CPSase catalytic sites?”
To answer this question, the cDNA encoding the mammalian regulatory subdomain was
cloned into an overexpression vector to obtain a recombinant protein for allosteric

binding studies.
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4.2 Cloning and Overexpression of the Regulatory Domain
Construction of pJB-B3

The 190-residue mammalian regulatory subdomain was defined according to Liu
et al [Liu 1994] and by a significantly lower sequence homology at the carboxyl terminal
end of the CAD CPSase compared to other CPSases. The 570-bp cDNA encoding CAD
residues 1265 to 1455 was amplified by PCR using the plasmid pCKCAD10 (20) as a
tempiate. The &' primer incorporated an Nde1 site and the 3’ primer an EcoR1 site with
a stop codon. The amplified PCR fragment contained at its 5' and 3’ ends restriction
sites Nde1 and EcoR1, respectively. The 570-bp fragment was cleaved with Nde1 and
EcoR1, gel purified, and cloned into the Nde1 and EcoR1 sites of a vector derived from
PEKS81 (91). which consists of a pUC 119 with a 2.8 kb insert encoding the entire pyr Bl
operon including the upstream regulatory region. The pyrB and pyr | genes code for the
E. coli ATCase catalytic and regulatory subunits, respectively.
Expression of pJB-B3

The recombinant pJB-B3 was transformed into L673 and grown on minimal
media containing limiting amounts of uracil (Materials and Methods) in order to induce
expression of the regulatory protein. A single colony of pJB-B3/L673 was inoculated into
10 ml LB media containing 100 pg/mi ampicillin and grown ovemight at 37°. The
ovemight culture was then used to inoculate a 100-mi media that contained 100 ug/mi
ampicillin and 12 pg/ml of uracil in a one-liter flask. The cells were grown at 37°C for
18-20 hours at which time, the protein was induced. When uracil is exhausted after 16-
18 hours, the protein is induced following derepression of the pyr Bl promoter.

The cells were harvested by centrifugation at 4000 rpm, 4°C for 30 minutes. The
cell pellet was resuspended in 2 mi of 50 mM Tris/HCI, pH 8, 1 mM DTT,
1mM EDTA and 5% glycerol and 1 mM PMSF was added immediately prior to lysis. The

cells were lysed by sonicating on ice, 5X for 10 seconds each. SDS-Page



Figure 4.2: Construction of the Regulatory subdomain

The 570 bp cDNA insert encoding the mammalian regulatory domain was excised from
the pJB-B3 recombinant by cleaving the plasmid with Ndel, the 5' overhang made flush
using the Klenow fragment of DNA Polymerase, followed by an EcoRI digestion. The
PRSETA vector was prepared for cloning of the insert by treatment with BamHl, its 5’
ends made flush with Klenow, and finally cleaved with EcoRI. Following gel purification,
the insert and vector were ligated.
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electrophoresis revealed the presence of a new species with a molecular weight of 20
kDa. This species was confirmed to be of mammalian origin by immunobilotting using
anti-CAD antibodies. However, expression of the regulatory protein was very low and
insufficient for further binding and kinetic studies. In order to improve the yield of the
regulatory recombinant, another overexpression vector was used as described below.
Cloning of the Regulatory Domain coding sequences into the pRSET
expression vector

The 570 bp cDNA insert in the recombinant pJB-B3 was excised by treatment
with Nde1, the 5’ overhang was made flush using the Klenow fragment, followed by an
EcoR1 digestion. The pRSET vector is a 2.9 kb pUC based vector. Sequences inserted
into the muitiple cloning sites are expressed as a fusion protein containing an N-terminal
poly-histidine tag. The pRSETA vector was prepared for cloning of the insert by
treatment with BamH1, its 5 ends made blunt with Kiencw, and finally restricted with
EcoR1. Both the insert and the vector DNA were gel purified and ligated using T4 DNA
ligase. The resulting recombinant pNSR27, was confirmed by restriction analysis to
contain the CAD regulatory coding sequences.
Overexpression and Purification of the pNSR27 recombinant

The recombinant pNSR27 was transformed into BL21 (DE3) host cells. The
BL21 (DE3) strain is a ADE3 lysogen carrying the T7 RNA polymerase gene under
lacUV control and is therefore a suitable host for expression from T7 promoters. A one-
liter culture was typically grown from a 10 ml ovemight culture grown in Luria Broth
containing a 100 ug/ml ampicillin at 37°C. The culture was grown for about 3 hours till
the O.D. at 600nm was 0.6-0.8. Isopropyl-1-thio-B-D-galactopyranoside (IPTG) was
added to a concentration of 0.4 mM and the induction continued for an additional two
hours. The culture was then placed on ice and the cells were harvested at 4000 xg for

20 min at 4°C. At this point the cell pellets could be frozen at -20°C and stored until



108

further use.

Prior to purification, the cell peliets were thawed and resuspended in ice-cold

5 ml of 50 mM Tris, pH 8.0, 150 mM NaCl, 10 mM B-mercaptoethanol and 5% glycerol.

1 mM PMSF was added just before lysis. The celis were lysed by sonication 5 times on
ice, 15 sec each. The sonicate was centrifuged at 14,000 X @, 30 min at 4°C. The
supernatant and the pellet fractions were analyzed on a 10% SDS-PAGE gel.

Analysis of the cell lysates showed that the BL21 (DE3) cells transformed with
the recombinant pNSR27, contained a new species with a molecular mass of 26.7 kDa,
which was absent in untransformed cells. Although the majority of the recombinant
protein was found in the pellet, a significant amount remained soluble. Solubility was
enhanced to an optimum level by inducing with 0.1 mM IPTG and shifting the cells from
37°C to 30°C for two hours following induction by IPTG.

Purification of the recombinant regulatory domain was carried out using a batch
procedure. The batch procedure entails binding of the protein to the Nickel resin forcing
the equilibrium towards binding of the tagged protein and the exclusion of other naturally
occurring His-proteins which bound much weaker. Again, the purification process was
optimized by closely matching the amount of tagged protein to the capacity of the resin
used. Since the 6X His-tagged regulatory recombinant would presumably have a higher
affinity for the nickel resin, if it filled all the available binding sites on the resin, fewer
background proteins would be retained on the resin.

Purification was performed at 4°C. The supematant was added to 3 mi of Nickel
resin (Invitrogen) previously equilibrated in 50 mM Tris/HCI, 10 mM mercaptoethanol,
10% glycerol, pH 8.0. The protein-resin was stirred gently on ice for 1 hour following
which it was loaded on to a 10 mi BIORAD column and the flow-through collected. The

3-ml bed volume resin was washed with 5 X bed volume of the above Tris buffer, pH 8.0,
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Figure 4.3 Expression and Purification of the Regulatory Domain of CAD

The cell pellet from 1 liter culture was resuspended in 10 mi of 50 mM Tris/HCI, pH 8.0,
150 mM NaCl, 10 mM -mercaptoethanol and 5% glycerol. 1 mM PMSF, freshly
prepared was added prior to lysis. Cells were lysed by sonication 5 x 10 seconds each.
The cell extract was centrifuged at 14,000 X g, 30 min at 4°C. Purification was carried
out by a batch procedure. The supematant was incubated with the Nickel resin
(Invitrogen) for one hour. The protein-resin complex was loaded on to a column to form
a 2-ml bed. The column was washed with the above buffer, followed by a wash with the
Tris/HCI buffer containing 30 mM imidazole until the absorbance at 280 nm was
negligible. The his-tagged protein was eluted with 50 mM Tris/HC! pH 8.0, 150 mM
NaCl, 10 mM mercaptoethanol, 5% glycerol containing 200 mM Imidazole.
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until the absorbance at 280 nm was less than 0.05. The resin was then washed with five
times the bed volume of the above Tris/HCI buffer containing 30 mM imidazole until the
Az was less than 0.05. Finally, the histidine tagged protein was eluted with 0.250 M
imidazole. Fractions were collected and analyzed on SDS-PAGE. The elution fractions
containing the purified 26.7 kDa protein were pooled and stored at -70°C. The identity of
the 26.7 kDa his- tagged regulatory domain was confirmed by westem-blotting using
anti-His antibodies (Invitrogen). The protein was passed through a NICK-spin column
(Pharmacia) equilibrated with 50 mM Tris, pH 8.0, 1 mM DTT and 5% glycerol in order to
remove the NaCl and imidazole.

Protein concentration was determined using the Micro BCA detection system by
PIERCE., and by scanning Coomassie-blue stained polyacrylamide gels. The gels were
scanned and the concentration of the purified protein determined by measuring the ratio
of the peak density to the total density in a given lane and the total amount of protein
applied. The background density was subtracted and all measurements were made
within the linear range of the densitometer. A one-liter culture gave approximately
500 ugs of purified protein, sufficient for binding studies.

4.3 Binding of Aliosteric ligands to the Regulatory Domain

£PRPP was synthesized and assayed, as described in Chapter 3. The binding
of PRPP to the isolated regulatory domain was determined using the spin column
procedure, which separates free ligand from protein-bound ligand. The regulatory
domain (12.5 ug) was incubated 15 min, at 37°C with increasing concentrations of
#PRPP in a 150 i reaction. The reaction was then transferred very carefully to the top
center of a G-50 Sephadex bed of a NICK spin column (Pharmacia). The column was
then centrifuged at 1000 X g for 4 min at 4°C. The effluent containing the protein-bound
PRPP was transferred to a scintillation vial and counted in a Tri-Carb Scintillation

counter. The data obtained by plotting PRPP bound per mole of protein as a function of
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Figure 4.4 PRPP Binding to the Regulatory Domain

The binding of [2P] phosphoribosyl-5-pyrophosphate to 12.5 ug of the regulatory
recombinant (-@-) was measured by the microcolumn method as described in Chapter 3.
Data obtained for PRPP bound per mole of the protein as a function of the PRPP
concentration was fitted to a binding isotherm. n the Scatchard plot, V represents the
ratio of PRPP-protein complex/protein, and PRPP represents free PRPP. The kinetic
parameters obtained by a least squares fit of this Scatchard is shown in Table 4.2.
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the PRPP concentration was fitted to a binding isotherm. PRPP binds to the regulatory
domain with a dissociation constant (K;) of 83.5 uM, as compared to 10 uM for
CAD and 46 pM for CPS-A12°B3™ chimera. A scatchard plot was generated
(Figure 4.4) using the equation v/ [L] = n /K - v / K, where v is the mole of ligand

bound per mole of protein, [L] is the concentration of free ligand (uM), n is the total
number of binding sites, K is the dissociation constant (uM). The Scatchard plot of the
binding data was linear and gave a dissociation constant (Table 4.2) that was 8-fold
higher than the value obtained for CAD. The Scatchard plot gave an intercept
corresponding to an n value of 0.89 indicating that there is one site for PRPP per
molecule of the reguiatory domain. This fits the previous determination of one PRPP
site per molecule of CAD as well as in the chimera CPS-A12°B3™.
Effect of UTP on PRPP Binding to the Regulatory Domain

The value for the dissociation constant for UTP cannot be determined by a direct
binding experiment as the K, for UTP is as high as 1 mM and would require a relatively
high concentration of protein. An effect of the nucieotide on PRPP binding to the
regulatory domain indicated that UTP does bind to the domain. In the presence of a
saturating concentration of 5 mM UTP, the affinity for PRPP decreased more than two
fold. The data was used to produce a Scatchard plot. A plot with and without UTP
showed that although the total number of sites did not change significantly, the
dissociation constant increased significantly thereby reducing the affinity of the
regulatory domain for PRPP (Figure 4.5).
4.4 Cloning of the CAD whole CPSase and CPS.A domains

The recombinant clone, pHL1, encoding for the CAD GLN CPSase

domains (70) was used to construct a recombinant containing only the CPSase
domains. The 3.2 kb fragment encoding the CAD CPSase domain (10954362 bps) was

excised using Smal and EcoR 1. Following treatment with calf intestinal alkaline
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Figure 4.5 Effect of UTP on PRPP binding to the Regulatory Domain

The binding of UTP was measured by determining the effect of the nucleotide on PRPP
binding to the regulatory domain. A Scatchard plot of PRPP binding to the regulatory
protein in the presence of (-@-) 5 mM UTP showed that although the number of PRPP
binding sites remained unchanged, the affinity of PRPP decreased significantly.
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Figure 4.6 Construction of the whole CPSase and the CPS.A domain

The 3.2 kb fragment encoding the CAD CPSase domain (residue 365-1454) was
excised using Sma | and EcoR |, then treated with calf intestinal alkaline phosphatase
(CIAP). The vector pRSETC was prepared for the cloning of the 3.2 kb insert by
treatment with Pvu |l and EcoR | and calf intestinal phosphatase (CIAP). The insert and
the vector were ligated to form the 6.1 kb recombinant pHN-mAB. pHN-mAB was then
cleaved with BspE | and EcoR |, the 5§’ end made flush using the Klenow fragment, and
the 4.7 kb fragment encoding the CAD CPS.A domain extending from residue 365 to
961 was religated to produce pNS-A72.
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phosphatase (CIAP), the fragment was gel purified using the QIAGEN gel extraction kit.
The pRSET C vector was prepared for cioning the 3.2 kb insert by treating with Pvu II
and EcoR 1, followed by treatment with calf intestinal phosphatase (CIAP). The insert
and the vector were ligated using T4 DNA Ligase resulting in the 6.1 kb recombinant
pHN-mAB.

To obtain the CAD CPS.A domain extending from residue 365 to 961, pHN-mAB
was cleaved with BspE 1 and EcoR 1. This resulted in the removal of the CPS.B coding
sequences. The 5§’ end of the remaining 4.7 kb fragment was made flush using the
Klenow fragment, and the ends religated resulting in the 4.7 kb recombinant, pNS-A72
(Figure 4.6).

Expression and Purification of CPS.A

The 4.7 kb pNS-A72 was transfomed into BL21 (DE3) cells. A one-liter culture
was grown from a 1:1000 dilution of an overnight culture grown in Luria Broth containing
100 ug ampicillin, at 37°C. Cell growth was monitored spectrophotometrically. When the
celis reached an ODexo of 0.60-0.8, isopropyl-1-thio-B-D-galactopyranoside (IPTG) was
added to a final concentration of 0.4 mM. At this time, the cells were shifted to a lower
temperature of 30°C, and the induction continued for two hours. Celis were harvested
by centrifugation at 4000 X g, 30 min at 4°C. The cell pellets were stored at -20°C until
further use.

The cell pellets were thawed and resuspended in 10 mi of 50 mM Tris,/HCI pH
8.0, 150 mM NaCl, 10 mM B-mercaptoethanol and 5% glycerol. PMSF was added to a
final concentration of 2 mM. Cells were disrupted by sonication on ice, 5 X, 10 sec each.
The cell sonicate was then centrifuged at 14000 X g, 30 min at 4°C. The supematant
and pellet fractions were analyzed on a 10% SDS-PAGE gel. Cells transformed with the
PNS-A72 recombinant contained a new species with amolecular mass of 72.8 kDa,

which was not present in untransformed cells. Although the majority of the protein was
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Figure 4.7 Expression and Purification of the CPS.A domain of CAD

The cell peliet from 1 liter culture was resuspended in 10 mi of 50 mM Tris/HCI, pH 8.0,
150 mM NaCl, 10 mM B-mercaptoethanol and 5% glycerol. 2 mM PMSF, freshly
prepared, was added prior to lysis. Cells were lysed by sonication 5 x 10 seconds each
and centrifuged at 14,000 X g, 30 min at 4°C. Purification was carried out by a batch
procedure. The supemnatant was incubated with the Nickel resin (Invitrogen) for an hour,
following which the protein-resin complex was loaded on to a column. The column bed
was washed with the above buffer, followed by a wash with buffer containing 30 mM
imidazole until the absorbance at 280 nm was negligible. The his-tagged protein was
eluted with 50 mM Tris/HCI pH 8.0, 150 mM NaCl, 10 mM mercaptoethanol, 5% glycerol
and 200 mM imidazole.
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present in the pellet, a small, but significant amount remained soluble. Due to the
presence of the His-tag, the protein could be easily purified over a nickel column.

The CPS.A recombinant protein was purified using the batch purification method
as described earlier for the regulatory domain. The 10 ml cell free lysate was incubated
with 3 mi of Nickel resin previously equilibrated in 50 mM Tris, pH 8.0, 150 mM NaCl, 10
mM B-mercaptoethanol and 5% glycerol. The protein-resin was then loaded into a 10 mi
BIORAD column and the protein purified as explained in Section 4.2. After washing off the
contaminants with buffer containing 30 mM imidazole, the CPS.A recombinant was eluted
using 50 mM Tris/HCI, pH 8.0, 150 mM NaCl, 10 mM B-mercaptoethanol, 5% glycerol,
200 mM imidazole.

Fractions (1 ml) were collected and analyzed by SDS-PAGE (Figure 4.7).
Fractions containing the purified CPS.A were pooled. NaCl and imidazole, were
removed by passing the purified protein through a NICK spin column from Pharmacia
equilibrated in 50 mM Tris/HCI pH 8.0, 1 mM DTT, 5% glycerol and the protein stored at
—70°C.

4.5 Steady State Kinetics of the CPS.A recombinant

The overall ammonia-dependent carbamoyl phosphate synthetase activity of the
CPS.A recombinant was assayed by initiating the reaction with [“C] NaHCO; and
trapping the radiolabeled carbamoyl phosphate as carbamoyl aspartate as described in
Materials and Methods. CPS.A exhibited typical hyperbolic ATP saturation kinetics for
the ammonia-dependent carbamoyi phosphate synthetase activity (Figure 4.8). The Ko,
of 1+ 0.15 mM for ATP is lower than the value of 2.1 mM obtained (11) for intact CAD,
but higher than 0.482 + 0.084 mM obtained for GLN CPS.A (70). The Vi for CPS A is
0.216 + 0.007 umol/min/mg as compared to 0.102 + 0.003 umol/min/mg for GLN-CPS.A

and 0.194 umol/min/mg for native CAD. As expected, the ATP saturation curves of

CPS.A in the presence of 2 mM UTP or 200 uM PRPP, were indistinguishable from the
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Figure 4.8 Titration of the CPS.A with the Regulatory Domain in the
presence of constant concentrations of the activator PRPP and the
inhibitor UTP

A fixed amount (4 ug) of CPS.A was titrated with increasing amount (0.36-7.2 pug) of the
regulatory domain in the presence of saturating concentration of the activator PRPP or
inhibitor UTP. The effect of PRPP and UTP on the CPSase activity was determined as
the concentration of the regulatory domain was increased. CPS.A showed no activation
or inhibition in the absence of the regulatory domain. However, with a gradual increase
in the amount of the regulatory protein, an activation or inhibition effect was seen in the
presence of 200 uM PRPP (-@-) or 4 mM UTP (-O-) respectively. The allosteric effect
reached saturation when the molar ratio of CPS.A to the regulatory domain was 1:1, the
molar ratio calculated using a molecular mass of 26.7 kDa for the regulatory domain and
72.8 kDa for CPS.A.
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curve obtained in the absence of both allosteric effectors, as CPSB and not CPSA s
the locus of allosteric control.
4.6 Titration of the CPS.A domain with the Regulatory Domain B3 of CAD

In native CAD and other CPSases, the CPS.B is the normal locus of allosteric
control, while the CPS.A remains unaffected by UTP and PRPP. As discussed
previously in this chapter, the isolated regulatory domain was fully functional and bound
the allosteric effectors PRPP and UTP. In order to examine whether the regulatory
domain B3 can interact with the amino terminus half of the CPSase (CPS.A),, a titration
experiment was designed. Titration was done by incubating a fixed concentration of the
CPS.A with increasing concentrations of the purified regulatory subdomain in the
presence of saturating concentrations of the activator PRPP or the inhibitor UTP and the
effect of activation or inhibition on the ammonia-dependent carbamoyl phosphate
synthetase activity measured. Addition of the regulatory domain to the CPS.A did not
significantly affect the activity of CPS.A. As expected, the CPS.A activity showed no
activation or inhibition in the absence of the regulatory domain. However, with a gradual
increase in the amount of the regulatory domain (0.36-7.2 ug), an activation and an
inhibition effect was observed in the presence of constant saturating concentration of
PRPP (200 uM) and UTP (4 mMm), respectively. The allosteric effect reached saturation
when the molar ratio of CPSA/Regulatory domain was 1:1 (Figure 4.8). This
demonstrated that the mammalian CPS.A and the regulatory domain formed a functional
one to one stable stoichiometric hybrid complex (CPS.A-REG).
4.7 Steady State Kinetics of the CPS.A-REG Hybrid

The effect of allosteric ligands on the ammonia-dependent CPSase activity of the
CPS.A-REG hybrid, prepared by mixing equimolar ratios of the purified CPS.A and the
regulatory domain, was measured as a function of ATP concentration (Figure 4.9).

Allosteric effectors had little effect on the K, for ATP. Kn decreased from a value of
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Figure 4.9 ATP Saturation curves of the CPS.A-REG Hybrid

The ammonia-dependent carbamoyl phosphate synthetase activity of the CPS.A-REG
hybrid was measured as a function of the ATP concentration in the absence of ligands
(-@-), in the presence of 200 uM PRPP (-3Q-) and 4 mM UTP (-O-).
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Figure 4.10 Effector response curves of the CPS.A-REG hybrid

The ammonia-dependent CPSase activity of the CPS.A-REG hybrid was assayed in the
presence of increasing PRPP (-O-) and increasing UTP (-@-). ATP concentration was
maintained at 0.75 mM and all other substrates were at saturating concentrations.
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1+ 0.15 mM in the absence of effectors to 0.89 + 0.11 mM in the presence of 200 uM
PRPP. In the presence of 4 mM saturating UTP, Km increased to 1.19 + 0.3 mM. The
predominant effect was on the K., and not on the Km-. The Vpa increased from
0.216 + 0.007 to 0.355 + 0.013 umol/min/mg in the presence of 200 uM PRPP, and
decreased to 0.124 + 0.01 with UTP (Table 4.3).

The extent of activation and inhibition of the ammonia-dependent carbamoyi
phosphate synthetase activity of the CPS.A-REG hybrid (Figure 4.10) was tested.
The hybrid complex was activated 175 percent as compared to 238% for the native
CAD. The apparent dissociation constant K, for PRPP was 85.7 uM for the CPS.A-REG
hybrid, the affinity of the activator being 7-fold lower than the value (13.5 uM) obtained
for CAD. Saturating UTP inhibited the hybrid 51% as compared to 91% in CAD. The
apparent dissociation constant Ki for UTP was found to be 0.5 mM compared to a value
of 0.64 mM obtained for CAD.

The steady state kinetic parameters suggest that the CPS.A and the regulatory
domain form a stable functional 1:1 stoichiometric complex. The physical interaction of
the regulatory domain with the CPS A confers allosteric properties to the CPS.A domain
by allowing transmission of regulatory signals to the catalytic subdomain A2 of CPS.A.
4.8 Discussion

Carbamoyl phosphate synthetases involved in pynmidine or arginine
biosynthesis, have very similar amino acid sequences, but the sequence differs
significantly at the carboxyl terminal of the CPS.A and CPS.B domains. Mammalian and
E. coli CPSase share an overall 40% sequence identity, but only a 22% identity in the B3
region. Similarly, mammalian CPSases | and Il involved in urea and pyrimidine
biosynthesis, respectively, have an overall identity of 53%, but only 36% in the B3
region. The sequence homology in the B3 region is higher in CPSases that have

common allosteric effectors. The divergence in sequence at the carboxyl terminal end of
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all CPSases may be a reflection of the differences in allosteric effectors that regulate
these molecules.

Multifunctional proteins like CAD are proposed to originate by fusion of exon-
encoded contiguous domains which can fold and function independently. Controlled
proteolysis studies of CAD (17), showed that proteases generally cleave at interdomain
junctions and provided the initial support for the existence of a discrete reguiatory
domain. The CPSase domain of CAD undergoes a series of proteolytic cleavages
indicative of a complex domain structure (10,11,13,17). Following cleavage at the
junction between the CPSase and the DHOase domain, a 20-kDa fragment
corresponding to the B3 region is excised. Similar cleavage pattems were observed for
E. coli CPSase and mitochondrial CPSase.

Several concrete evidences support the proposal that the B3 region of all
CPSases is the regulatory domain. Rubio et al (74) demonstrated that photoaffinity
labeling of E. coli CPSase resulted in the incorporation of the labeled UMP in the 20 kDa
carboxyl terminal end of the CPSase molecule. Recent studies have identified lysine
992 residue as a critical residue within the UMP binding site (67). IMP, UMP and
omithine induced reversible transitions in the £. cofi CPSase endotherm obtained by
differential scanning calorimetry (55). The transition did not occur in a mutant lacking
171 residues of the carboxy terminal domain, suggesting that the effectors bind to this
carboxyl region. The obligatory activator N-acetyl-L-giutamate also binds to the
corresponding carboxyl terminal end of the mammalian CPSase (76). in CAD, the
CAMP-dependent phosphorylation site 1 (71) is located in the B3 region. Since
phosphorylation severely abolishes UTP inhibition, the phosphorylation site and the UTP
site must be close to one another (105). B3 was positively identified as the regulatory
domain in CAD by the domain swapping experiments of Liu, Guy and Evans (56). This

experiment involved the construction of a chimeric molecule consisting of 83% of the E.
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coli CPSase, including both the ATP binding catalytic domains, fused to a 190-residue
segment corresponding to the B3 domain in CAD. The sensitivity of the chimera to UTP
and PRPP clearly indicated that the effectors bound to the B3 region of the mammalian
protein.

Although all the evidence demonstrates that the B3 subdomain can bind
allosteric effectors and has the phosphorylation site, it was yet to be shown that B3 could
exist as an independent functional domain. In order to address this question, residues
1265-1455 encoding the B3 domain was cloned into a His-tag over-expression vector
and the domain expressed as a 26.7 kDa his-tag recombinant. Although the majority of
the protein was insoluble, a significant amount remained in solution. The protein was
purified in a single step over a nickel affinity column. Binding studies with the purified
recombinant protein have shown that PRPP does bind to the isolated domain. However,
the affinity of the activator to the isolated regulatory domain is about 8-fold lower as
compared with CAD and less than two-fold as compared to the CPS-A12°B3™ chimera,
the Kq values being 83.5 uM, 10uM and 46uM respectively. The binding of the inhibitor
UTP was studied indirectly by its effect on PRPP binding. UTP changed the K, for PRPP
by aimost two-fold. Scatchard plots demonstrated the existence of one binding site for
PRPP, which was in agreement with results obtained for native CAD (Liu, Sahay, Herve
and Evans, unpublished results). Thus, binding studies with both allosteric effectors
demonstrate that the regulatory domain is an autonomously functional domain. The
decreased affinity of the effectors may be attributed to differences in the conformation of
the regulatory domain when existing independent of the rest of the CPSase molecule.

Deletion studies of the CPS-A12°B3™ chimera discussed in Chapter 3, suggests
that the 59 residues at the carboxyl end of the regulatory domain may be invoived in
transmission of the allosteric signal to the CPSase active sites A2 and B2. An

interesting question then emerges: “Can the independently foilded regulatory B3 domain
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interact with the CPS.A domain (A1-A2-A3) and allow the transmission of the allosteric
signal to the A2 catalytic site?” To test this idea, the CPS.A domain was cloned and
expressed as a His-tag recombinant. The expression of a functional mammalian CPS.A
that catalyzed the overall carbamoyl phosphate synthetase reaction was in agreement
with the recently discovered novel finding that both the halves of the CPSase molecule
are functionally equivalent (70). Measurements of the steady state kinetic parameters of
CPS.A showed that it catalyzed the overall reaction nearly as well as the native enzyme.
The K, for ATP was found to be 1 £+ 0.15 mM compared to 2.1 mM obtained for intact
CAD and 0.482 + 0.084 mM for the GLN-CPS.A recombinant. ATP saturation curves of
CPS.A in the presence of UTP or PRPP were indistinguishable from the curve in the
absence of the allosteric effectors.

With the expression of a functional mammalian CPS.A recombinant, the following
questions were addressed: “Can the CPS_A domain physically interact with the isolated
regulatory domain forming a CPS.A-REG hybrid?” And if so, “can the allosteric signals
generated by ti'ae binding of the effectors to the B3, be transmitted to the CPS.A active
site?” Titration of CPS.A with increasing concentrations of the regulatory domain B3
resulted in a 1:1 stoichiometric complex. Steady state kinetics of the CPS.A-REG hybrid
shows that PRPP and UTP alter the catalytic activity of the hybrid to approximately the
same extent as the parent mammalian protein. However, the effect is mainly on the Vg
and not on the Kn,. The apparent dissociation constant and the maximum UTP inhibition
seen in the CPS.A-REG hybrid is comparable to that in CAD. This suggests that the
UTP site is contained entirely within the B3 region, and that the signal is almost as
efficiently transmitted to the CPS.A active site in the hybrid as it is in the parent CAD
molecule. Although PRPP activates to nearly the same extent for the CPS.A-REG
hybrid (175%) and CAD (238%), the apparent affinity for the activator is almost 7-fold

lower.
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In an attempt to explain the transmission of regulatory signals to the catalytic
subdomain A2 of CPS_ A generated by the binding of allosteric effectors to the regulatory
domain in the CPS.A-REG hybrid compiex, a displacement model is proposed.
According to this model, the presence of the isolated B3 subdomain causes the A3
subdomain of CPS.A to be displaced by B3, thereby allowing B3 to complex with A1 and
A2. The effect of allosteric ligands that bind to the B3 subdomain are then transmitted to
the A2 subdomain causing an activation or inhibition effect on the CPSase activity of the

molecule.
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CHAPTERS S Phosphoribosyl 1-pyrophosphate Binding to Aspartate
Transcarbamoylase of Pseudomonas aeruginosa

5.1 Overview of Purine and Pyrimidine Nucleotide Metabolism

Purine and pyrimidine nucleotides are critically important metabolites that
participate in many cellular functions. These functions range from serving as monomeric
precursors of nucleic acids, to serving as energy stores, effectors, group transfer agents,
and mediators of hormone action. The nucleotides are formed in the cell, de novo, from
amino acids, ribose, formate and CO,. The de novo pathways for the synthesis of
nucleotides require a relatively high input of energy. To compensate for this, most celis
have very efficient “salvage” pathways by which the preformed purine or pyrimidine
bases can be reutilized.

Because of the manner in which nucleotides are synthesized and salvaged, the
purines and pyrimidines occur primarily as nucleotides in the cell. The concentrations of
free bases or free nucleosides under normal conditions are exceedingly small. The
levels of nucleotides in the cell are very finely regulated by a series of allosterically
controlled enzymes in the pathway. Nucleotides are the regulators of these reactions.
Quantitatively, the major purine derivatives found in the cell are those of adenine and
guanine. Other purine bases encountered are hypoxanthine and xanthine. The
pyrimidine nucleotides found in highest concentrations in the cell are those containing
uracil, cytosine, and thymine. Uracil and cytosine nucleotides are the major pyrimidine
components of RNA, whereas cytosine and thymine are the major pyrimidine
components of DNA.

5.2 Role of 5-Phosphoribosyl 1-Pyrophosphate in the cell: Synthesis and
Utilization

The intracellular concentration of 5-phosphoribosyl 1-pyrophosphate (PRPP)

139



140

plays an important role in regulating several important pathways. The synthesis and
utilization of PRPP by the cell determines the steady state concentration of PRPP and
hence affect the metabolic pathways that compete for PRPP.

PRPP is synthesized in the cell in a reaction catalyzed by PRPP synthetase
which utilizes ribose 5-phosphate and ATP, in the presence of Mg*2 ions. The ribose 5
phosphate is generated from glucose 6-phosphate metabolism via the hexose
monophosphate shunt or from ribose 1-phophate via a phosphoribomutase reaction. As
expected for such a critical reaction, the PRPP synthetase is tightly regulated. The
enzyme has an absolute requirement for Pi ions. At the concentration of Pi normally
found in the cell, the activity of PRPP syhthetase is markedly depressed.

The levels of PRPP synthetase are elevated in celis undergoing rapid cell
division and decrease to basal levels in cells that have reached confluence. Factors that
lead to increased flux of glucose 6-phosphate through the hexose monophosphate shunt
pathway can result in increased intracellular levels of PRPP. Pyrroline 5-carboxylate (an
intermediate in the interconversions of amino acids, omithine, glutamate and proline)
stimulates the hexose monophosphate shunt via the generation of NADP* in the
pyrroline 5-carboxylate reductase catalyzed reaction. This can lead to elevated
intracellular concentrations of PRPP.

PRPP formed in the cells is a required substrate for many key metabolic
reactions depending on the cell type. The reactions and pathways in which PRPP is
utilized are as follows:

1. De novo purine nucleotide synthesis

PRPP + glutamine — 5-phosphoribosylamine + glutamate + PPi
2. Salvage of purine bases

PRPP + hypoxanthine (guanine) — IMP (GMP) + PPi

PRPP + adenine —» AMP + PPj
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3. De novo pyrimidine nucleotide synthesis

PRPP + orotate — OMP + PPi
4. Salvage of pyrimidine bases

PRPP + uracil -UMP + PPi
5. NAD'synthesis

PRPP + nicotinate  — nicotinate mononucleotide + PPi

PRPP + nicotinamide — nicotinamide mononucleotide + PPi

PRPP + quinolinate — nicotinate mononucleotide + PPi
The direction in which PRPP would be consumed would depend on several factors,
including the relative K., values of the competing enzymes for PRPP, the availability of
the second substrate and the concentration of the effector for the particular reaction. In
addition to PRPP acting as a substrate in the above reactions, PRPP is an allosteric
activator of carbamoy! phosphate synthetase, the locus of regulation in the mammalian
de novo pyrimidine biosynthetic pathway.
5.3 Aspartate Transcarbamoylase holoenzyme of P. aeruginosa

Although the pyrimidine metabolic pathway remains conserved in Pseudomonas,
it differs significantly from that found in other well-characterized species. The aspartate
transcarbamoylase of Pseuodomonas is unique. The ATCase gene is arranged in an
operon with two open reading frames: a 5’ ORF corresponding to the pyrB gene, with a
40 percent homology to the ATCase gene from E. coli, and a downstream ORF with a
low homology to the pyrC gene of DHOase. The coding region of the downstream ORF
overlaps the 3’ end of the pyrB gene by 4 base pairs such that a translational coupling
occurs. In P. aeuginosa, the pyrB encodes a 34 kDa polypeptide while the downstream
pyrC’ encodes a 44.1 kDa protein that bears 30 percent homology to the E. coli
DHOase.

Although the downstream ORF has significant homology with the pyrC gene
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encoding for the active dihydroorotase, the product of the downstream pyrC’ is devoid of
DHOase activity. Purified ATCase holoenzymes from several Pseudomonas species
including aeruginosa and putida, show no DHOase activity. Instead the DHOase activity
maps to a pyrC locus neighboring yet distinct from the pyrC’ gene.
Cloning, Expression, and Purification of the ATCase holoenzyme

The P. aeruginosa ATCase pyrBC' gene was sequenced by Vickrey and
Donovan (Accession # L19649, L19648). The 3.2 kb gene locus was cloned into the
PRSET vector, overexpressed to 40 percent of the total cell protein, and purified to
homogeneity (Vickrey, Herve, Evans, manuscript in preparation). The holoenzyme had
a molecular mass of 474 kDa and consisted of a 34 kDa catalytic chain and a 45 kDa
DHOase-like chain.
Catalytic Activity of the purified ATCase holoenzyme

Steady state kinetics showed that the enzyme had a K., of 1.3 mM for aspartate
at saturating carbamoyl phosphate concentration of 5 mM, 0.4 mM for carbamoyl
phosphate at saturating (20 mM) aspartate, and a Vi, of 20,000 umol/hr/mg. The
enzyme is strongly inhibited by very low concentrations of nucleotide triphosphates ATP,
UTP, GTP and CTP. The extent of inhibition measured as a function of the effector
concentration gave apparent dissociation constant (K;) values of as low as 1 um for ATP,
UTP and GTP while CTP had a K; of 1 mM. (Vickrey, Herve and Evans, unpublished)

Within the cell, the concentrations of nucleotide triphosphates are significantly
higher than the K; values observed for the ATCase holoenzyme. An interesting question
then arises: “If the enzyme is inhibited by such low concentrations of nucleotide
triphosphates, how can it function within the cell?” This prompted the search for
metabolites that may reverse the nucleotide inhibition.
5.4 Binding of PRPP to the ATCase holoenzyme

Radiolabeled PRPP was synthesized enzymatically and assayed as described
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previously. A fixed concentration of the purified ATCase holoenzyme (50 pg) in 50 mM
Tris/HCI, pH 8.5, 10% glycerol, was incubated with increasing (0-150 uM) concentrations
of [2P] PRPP for 15 minutes at 37°C. The reactions were then carefully transferred to
the top of a NICK spin column (Phamacia) equilibrated with the same buffer. The
column was centrifuged at 1000 x g for 4 min. The eluent containing protein bound
PRPP was counted in a scintillation counter.

PRPP bound per mole of protein was plotted as a function of the PRPP
concentration and the plot fitted to a Michaelis Menten equation. PRPP binds to the
ATCase holoenzyme with a dissociation constant of 34 uM (Figure 5.1). A scatchard
plot was generated using the equation v/[L] =n/ K—-v/ k, where v is the mole of ligand
bound per mole of the protein, [L] is the concentration of free ligand (uM), n is the
number of binding sites and K is the dissociation constant The scatchard plot of the
binding data was linear and gave an intercept comesponding to an n value of 6,
(Figure 5.1) indicating that there were six sites per molecule of the enzyme. Based on
the mass of the constituent subunits of the holoenzyme and the stoichiometry of the
complex, the holoenzyme is dodecameric, consisting of six copies of the 34 kDa catalytic
chain and six copies of the 45 kDa polypeptide chain. An n number of six signifying six
binding sites for PRPP may then suggest that either the sites are located exclusively on
the catalytic chain, or on the DHO-like chain or the site may be shared between the two
polypeptides.

Specificity of PRPP as a radioactive ligand

As the binding of PRPP to the ATCase holoenzyme was quite a novel result, an
experiment was carried out to eliminate any error in concluding that PRPP was a ligand
and not a radioactive contaminant. The radiolabeled PRPP is converted to PPi by an
orotidylate phosphoribosyl transferase (OPRTase)—orotidylate decarboxylase (ODCase)

coupling reaction.
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Figure 5.1 PRPP Binding to the ATCase Holoenzyme

The binding of [P] phophoribosyl-5'pyrophosphate (22,000 cpm/nmol) to 50 ug of the
purified ATCase holoenzyme (-@-) was measured by the microcolumn method. In the
Scatchard plot, v represents the PRPP-protein complex/protein, and PRPP represents
free PRPP.
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Orotic Acid + ?PRPP — OMP + PPi
OMP — CO, + UMP

The reaction was carried out as described in Chapter 3, but the reaction volume was
reduced from 1 mi to 25 ul. A set of reactions was incubated for 1 hr in the presence of
increasing concentrations of the OPRTase-ODCase mixed enzyme to allow the
enzymatic conversion of PRPP to PPi. The reactions were then incubated with 50 pg of
the ATCase holoenzyme in a reaction volume of a 100-ul and binding carried out by the
microcolumn method. A 25 pl control reaction was set up without any OPRtase-ODCase
mixed enzyme. As before, it was incubated with 50 ug of ATCase holoenzyme and the
100 ul reaction centrifuged through the NICK spin column. In case of the control
experiment, the eluent containing the intact PRPP bound to the protein gave
significantly high counts. For the set of the reactions in which PRPP was converted to
PPi prior to incubation with the holoenzyme, the eluents did not show counts significantly
above background (Figure 5.2). This confirmed that the counts obtained in the eluent
when intact PRPP bound to the protein were due to the 2P label in PRPP.
Effect of UTP and ATP on the PRPP binding to the ATCase holoenzyme

As micromolar concentrations of ATP and UTP inhibited the ATCase holoenzyme
activty, it was interesting to determine what effect if any, the nucleotides had on PRPP
binding. The effect of 100 uM ATP and 100 uM UTP were determined on the affinity of
the holoenzyme for PRPP. In the presence of 100 uM UTP, the K, for PRPP increased
from 34 pM to 65 pM aithough the Vi, remained unaffected. This suggests that UTP
lowers the affinity of the holoenzyme for PRPP, but does not affect the moles of PRPP
bound per mole of protein. In the presence of 100 uM ATP, K4 remains unaffected but
the mole of PRPP bound per mole of protein is reduced 4-fold (Figure 5).
5.5 Effect of PRPP on the catalytic activity of the ATCase holoenzyme

The effect of increasing PRPP on the ATCase holoenzyme activity was
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Figure 5.2 Specificity of *PRPP as a Ligand

ZPRPP was first converted to PPi in a set of reactions (25 pl each) containing increasing
concentration of the OPRTase-ODCase mixed enzyme, and constant orotate. Following
a one hour incubation, the binding reaction was initiated by the addition of
50 pugs of the ATCase holoenzyme in a 100 pl reaction. Binding was carried out using
the microcolumn procedure. A control experiment was set up without any mixed
enzyme. 50 ug of the holoenzyme was added and the effluents in each case counted in
a scintillation counter.
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Figure 5.3 Effect of ATP and UTP on PRPP binding to the ATCase
Holoenzyme

PRPP binding to 50 ug of the holoenzyme was assayed in the absence (-®-), and
presence of 100 uM ATP (-O-) and 100 pM UTP (-0). Typically, 100 uM concentrations
of ATP and UTP inhibit the enzyme over 80 percent. The binding curves are plotted as
moles of PRPP bound per mole of protein versus PRPP concentration. A scatchard plot
shows the effect of UTP and ATP on the K4 of PRPP.



PRPP/Holoenzyme (mols/ mols)

H

N

150

.
-
;

i
—
!

i
-
i

i

i
r

30

40 50

PRPP (uM)

Ligand

K, (uM)

PRPP/protein

PRPP

33.1+/- 3.1

7.52 +/- 0.66

PRPP,UTP

74.9+/-9.68

9.16+/-0.75

PRPP.ATP

28.7 +/-8.8

2.10+/- 0.31




151

determined as a function of PRPP concentration. At a fixed concentration of 5 mM
aspartate and 2 mM carbamoyl phosphate, the effect of increasing PRPP displays an
erratic effect on the ATCase activity without a marked activation or inhibition. At 0.5 mM
aspartate and 1 mM carbamoy! phosphate, there was a two fold activation effect with
increasing PRPP (0.025-5 uM).

5.6 Cloning, expression, and purification of the DHO-like chain

The 1.2 kb pyrC’ gene encoding the DHO-like chain was cloned by PCR into the
his-tag expression vector, pRSETC. The 5’ primer incorporated a Xho | site while the 3’
primer incorporated an EcoR | site. The 3’ primer was designed such that the first two
bases of EcoR | were part of an engineered stop codon TGA. The 1.2 kb PCR product
was purified using PCR QlAquick (Qiagen), double digested with Xho | and EcoR |. The
1.2 kb insert was gel purified and ligated into the Xho | and EcoR | sites of the pRSETC
vector to obtain pNS-D47 (Figure 5.4).

The clone was transformed into BL21 (DE3) cells. A single colony was used to
inoculate a 3 ml LB ovemight culture containing 100 pg/mi of ampicillin. The ovemight
culture (0.5 mi) was used to inoculate a 100 mi culture, and the cells grown at 37 °C.
When the cells reached an absorbance of 0.6-0.8 at 600 nm, expression was induced
with 0.4 mM IPTG. Induction was continued for 2 hours at 37°C. Cells were harvested
at 4000 x g, 20 min at 4°C.

The pellet was resuspended in 2 ml of 50 mM Tris/HCI, pH 8.4, 150 mM NaCl, 10
% glycerol, 1 mM PMSF. The celils were lysed by sonication 5 X, 10 seconds each. The
cell extract was centrifuged at 14,000 x g for 20 minutes. SDS-gel electrophoresis
revealed a new 47 kDa species not present in extracts of untransformed cells. The
47.7 kDa his-tagged DHOlike recombinant overexpressed to 35% of the total soluble
protein and could be purified in a single step using the Nickel column (Invitrogen).

The supematant was added to a 2 ml nickel bed equilibrated with
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50 mM Tris/HCI, pH 8.4, 10 mM B-mercaptoethano!l, 150 mM NaCl and 10% glycerol.
The column bed was washed with buffer containing 50 mM imidazole until the
absorbance at 280 nm was negligible. The His-tag recombinant was finally eluted with
buffer containing 200 mM imidazole. The one-ml fractions collected were analyzed on a
10% SDS-gel (Figure 5.5). Fractions containing the purified protein were pooled and
dialyzed three times, one hour each, against 50 mM Tris/HCI, pH 8.4, 1 mM DTT and
10% glycerol in order to remove NaCl and imidazole. Protein concentration was
determined using the Micro BCA kit from Pierce. A 100 mi culture gave almost 20 mg
purified protein. The purified protein was used for PRPP binding studies and for
crystallization setups.
5.7 PRPP Binding to the purified pseudo DHOase chain

PRPP binding to the DHO-like chain was studied using the microcolumn
procedure as described previously. When a fixed concentration of 2PRPP was
incubated with increasing concentrations of the pseudo DHOase protein, there was a
linear increase in the moles of PRPP bound per mole of protein. This suggested that
PRPP did bind to the pseudo-DHOase. In a second set of experiments, 250 ug of the
protein was incubated with increasing concentrations of 2PRPP for 15 min at 37°C. A
piot of the mole of PRPP bound per mole of the protein as a function of the PRPP
concentration showed sigmoidal kinetics with a K, of 112.4 + 8.6 uM (Figure 5.6). As the
PRPP bound was quite low relative to the ATCase holonzyme, one possibility may be
that the PRPP site is not contained entirely within the Pseudo-DHOase chain or that the
site may be shared between the catalytic and the pseudo DHOase chains. Another
possibility is that the protein is aggregated and the PRPP site is not easily accessible. In
order to determine the oligomeric structure of the pseudo-DHOase, the protein was
applied to a 1 X 35-cm Superose 12, HR10/35 (Phamacia FPLC system) gel filtration

column calibrated with protein standards (29 kDa carbonic anhydrase, 66 kDa bovine
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Figure 5.4 Cloning of the pyrC’' gene into the overexpression vector
pRSETC

The ORF of 1269 base pairs was cloned into the overexpression vector pRSETC by
PCR. The primers were designed such that a Xho | site was engineered into the 5’
primer, and an EcoR | site overlapping a stop codon in the 3’ primer. The PCR product
was double digested with Xho | and EcoR |, gel purified and ligated into the Xho | and
EcoR | sites of the pRSETC vector.
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Figure 5.5 Expression and Purification of the Pseudo DHOase

The pellet from a 100 m! induced cuiture was resuspended in 2 mi of 50 mM Tris/HCI,
pH 8.4, 10 mM B-mercaptoethanol, 150 mM NaCl, and 10% glycerol. PMSF (1mM) was
added prior to lysis and the cells lysed by sonication 5 X 10 seconds each, on ice. Cells
were harvested by centrifuging at 4000 x g, 20 min, 4°C. The supematant fraction was
added on to a 2 mi nickel-resin bed. The contaminants were washed off using the above
buffer containing 50 mM imidazole until the absorbance at 280 nm was negligible. The
histidine tagged pseudo-DHOase recombinant was eluted from the nickel beads by
competition with buffer containing 150 mM imidazole. The SDS-gel (10%) shows lanes
with the supematant (1), molecular marker (2), pellet (3), 50 mM wash fraction (4),
followed by 150 mM imidazole elution fractions (5-13) containing the 47.7 kDa his-
tagged recombinant. The top gel shows elution fractions of the ATCase holoenzyme
consisting of the 34 kDa catalytic chain and the 45 kDa pseudo-DHO chain (expression
and purification by Dr. J. F. Vickrey)
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Figure 5.6 PRPP Binding to the recombinant pseudo-DHOase protein

PRPP binding to 250 pg of the pseudo DHQase protein was carried out by the spin
column method. The number of moles of PRPP, bound per mole of protein, was plotted
as a function of the PRPP concentration.
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serum albumin, 150 kDa alcohol dehydrogenase and 600 kDa blue dextran). The
column elution pattemn showed that the pseudo DHOase existed as an aggregrate of 12
polypeptide chains with an overall molecular mass close to 600 kDa. Since the pseudo-
DHOase protein is aggregated, the PRPP binding site may not be as accessible as it is
in the holoenzyme, where the oligomeric structure consists of six polypeptide chains of
the catalytic subunit surrounded by six pseudo DHOase chains. This finding may explain
the weaker binding of PRPP to the isolated pseudo-DHOase. In order to determine
whether PRPP can bind to the ATCase catalytic chain, the pyrB gene was subcloned
into the overexpression vector pRSET.

5.8 Cloning, Expression and purification of the ATCase catalytic chain

The 1 kb pyrB gene encoding the catalytic chain of the ATCase holoenzyme was
cloned into the pRSETA vector by PCR. Restriction sites were engineered within the 5’
and 3’ primers for ease of cloning. The 5’ primer incorporated a Xho | site while the 3’
primer contained an EcoR | site overlapping a stop codon. The 1008 base pair PCR
fragment was purified, double digested with Xho | and EcoR |, gel purified, and ligated to
the 2.9 kb Xho | and EcoR | fragment of the pRSETA vector to obtain pNS-ATC
(Figure 5.7).

The clone pNS-ATC was transformed into BL21 (DE3) cells. The overnight
cuiture (0.5 mi) was used to inoculate 100 ml LB containing 100 ug/m ampicillin and the
cells grown at 37°C. Cell growth was monitored spectrophotometrically. When the cells
reached an absorbance of 0.6-0.8 at 600 nm, expression was induced with 0.4 mM IPTG

and induction was continued for 2 hours at 37°C. Cells were harvested at 4000 x g, 20
min at 4°C and the pellets frozen at -70°C.

The cells were thawed and the pellet resuspended in 2 mi of 50 mM Tris pH 8.4,
150 mM NaCl, 10 mM B-mercaptoethanol, 10 % glycerol, and 1mM PMSF. The cells

were lysed by sonication 5 X 10 seconds each. The cell extract was centrifuged at
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14,000 x g for 20 minutes. SDS-gel electrophoresis revealed a new 40.4 kDa species
not present in extracts of untransformed cells. The 40.4 kDa histidine tagged ATCase
catalytic recombinant was confirmed by immunoblotting with anti-Xpress antibodies
(Invitrogen).  Although the protein expressed in the soluble fraction, the level of
expression was very low and insufficient for binding studies.

Immunoprecipitation was used to purify the histidine tagged ATCase recombinant
from the supematant fraction. The procedure involved an incubation of the 2 mi of the
supemnatant containing the histidine tagged recombinant with the Anti-Xpress antibody
(Invitrogen) for 2-3 hours at 4°C. Protein G Sepharose (Santa Cruz Biotechnology,
cat# sc-2002) was added to the reaction and incubation continued for 3 hours at 4°C.
The reaction was then gently centrifuged to pellet the enzyme-antibody-bead complex.
Following two washes with the ATCase assay buffer, the beads were resuspended in
50 pl of the assay buffer.

Although a PRPP binding experiment could not be performed, an interesting
paradox regarding the catalytic activity of the ATCase catalytic chain without the 45 kDa
pseudo-DHOase chain could be tested. Cumently, it is thought that the
34 kDa catalytic chain of the ATCase holoenzyme, requires the association of the
45 kDa pseudo DHOQase chain for catalytic activity, and hence the transiational overlap
of the two. In case of the E. coli ATCase, however, it has been demonstrated that the
34 kDa catalytic chain is active without the 17 kDa regulatory dimers. Based on this fact,
it may be envisioned that the P. aeruginosa ATCase 34 kDa catalytic chain may also be
active without the 45 kDa pseudo DHOase chain. An ATCase activity assay, as
described in Materials and Methods, was performed using the enzyme-antibody-bead
complex. Activity was plotted as a function of the aspartate concentration. As the BL21
(DE3) cells contain background ATCase activity, the untransformed cells were used as

blank. The recombinant histidine tagged ATCase demonstrated activity above
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Figure 5.7 Cloning of the catalytic chain pyrB in to pRSETA

The ORF of 1008 base pairs was cloned into the overexpression vector pRSETA by
PCR. The primers were designed such that a Xho | site was engineered into the 5’
primer, and an EcoR | site overlapping a stop codon in the 3’ primer. The 1 kb PCR
product was double digested with Xho | and EcoR | , gel purified, and ligated into the
Xho | and EcoR | sites of the pRSETA vector.
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background. However, the results need to be verified further in order to state that the
ATCase catalytic chain of P. aeruginosa is catalytically active in the absence of the
pseudo DHOase.
5.9 Discussion

The PRPP binding results show that PRPP binds to the ATCase holoenzyme
with a Ky of 34 uM. This result is quite novel as none of the other well studied ATCases,
bind, or are in any way affected by PRPP. The Scatchard plot confirms the presence of
six binding sites to the overall enzyme. The overall enzyme is a dodecamer consisting
of six polypeptide chains of the 34 kDa catalytic subunit and six polypeptides of the
45 kDa pseudo DHOse chain. The existence of six PRPP binding sites per molecule of
the ATCase holoenzyme may be interpreted as being located either exclusively on the
ATCase catalytic subunit or on the pseudo-DHOase subunit, or the sites may be shared
between the two subunits.

In the holoenzyme, a fixed concentration of ®PRPP and increasing protein
showed a linear increase in PRP- bound per mole of protein. However, binding to the
isolated pseudo-DHOase is not very significant as compared with the holoenzyme. This
may be due to the aggregated condition of the protein as determined by gel filtration
studies. The pseudo DHOase exists as an aggregated molecular mass of about
600 kDa, which corresponds to 12 polypeptide chains. Typically, in the ATCase
holoenzyme, the pseudo-DHOase exists as six chains presumably surrounding the two
catalytic trimers. Perhaps the pseudo-DHOase when expressed separately,
preferentially adopts a native conformation where it exists as a dimer of six chains
surrounding one another. In such an aggregated situation, it may be that the PRPP sites
are inaccessible. On the other hand, the PRPP site may not be exclusively located within
the 45 kDa subunit and may be a shared one. Binding studies to the catalytic chain was

not possible, as the yield of the catalytic recombinant was very low.
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The effect of PRPP on the activity of the ATCase holoenzyme was determined at
different concentrations of aspartate. However, it is unclear whether PRPP acts as an
effector. The fact that the overall holoenzyme binds PRPP and that PRPP maybe a
substrate rather than an allosteric effector, suggests that there may be yet another
function to this holoenzyme or that the 45 kDa pseudo DHOase may play an unknown
role within the cell. Thus, whether the pseudo DHOase exists for the catalytic chain to
be active or if it has another unknown function is still a mystery. An important clue is that
the other unknown function possibly involves PRPP.

During the analysis of the different reactions in which PRPP is invoived, the
reaction catalyzed by pyrimidine phosphoribosyitransferase in the pyrimidine salvage
pathway may be relevent. Pyrimidine phosphoribosyitransferases salvage pyrimidines
to the nucleotide level in the presence of PRPP, using orotate, uracil and thymine as
substrates. The reaction with orotate and PRPP can be ruled out as when the
holoenzyme replaced the OPRTase-ODCase mixed enzyme in the OPRTase-ODCase
coupled assay, no labeled CO, was generated according to the reaction Orotic Acid +
PRPP — OMP + PPi / OMP — “CO, + UMP. The reactions with uracil and thymine are
to be investigated. A BLAST search using the GCG program showed that the pseudo
DHOase has slight homology to Dihydopyrimidinase, an enzyme that catalyzes
degradation of uracil or thymine to p-alanine and B-aminoisobutyrate, respectively.
Perhaps the homology between the pseudo DHOase and dihyropyrimidinase may be
due to uracilthymine being a common substrate. In addition to the pyrimidine salvage
reactions, several other PRPP utilizing reactions will be tested. The purine and
pyrimidine bases and their nucleoside and nucleotide derivatives can be separated by a
variety of techniques, one of which involves the use of high-performance liquid

chromatography (HPLC).



CHAPTER 6 SUMMARY

Pyrimidine nucleotides play a central role in cellular regulation. Most cells have
two pathways to fulffill their pyrimidine nucleotide pools, the de novo and the salvage
pathway. The de novo pathway begins with ATP, bicarbonate and glutamine, and
through six enzymatic steps yields uridine monophosphate (UMP). In mammals, the first
three enzyme activities i.e. the glutamine-dependent carbamoyl phosphate synthetase
(CPSase), aspartate transcarbamoylase (ATCase), and the dihydroorotase (DHOase),
are carried on a single 240 kDa polypeptide chain called CAD. Sequencing studies and
controlled proteolysis of the CAD cDNA, revealed the multidomain nature of CAD. In
recent studies, all of the functional domains of CAD have been individually expressed in
E_coli.

Carbamoyl phosphate synthetase (CPSase) is the first enzyme in the de novo
pyrimidine pathway. it catalyzes the synthesis of carbamoyl phosphate from bicarbonate,
two moles of ATP, and ammonia derived from the hydrolysis of glutamine. The CPSase
domain consists of two 60 kDa homologous halves, CPS.A and CPS.B, each of which
has recently been shown to be functionally equivalent, and each, as a homodimer, can
catalyze the overall CPSase reaction (70). Sequence homology, proteolysis studies and
the recently solved crystal structure of the £. coli CPSase have shown that the two
halves are further subdivided into subdomains A1, A2, A3 and B1, B2 and B3. The
catalytic sites are located entirely in the 27-kDa central A2 and B2 subdomains (97).
The 11-kDa A1 and B1 subdomains act as attenuation subdomains by suppressing the
intrinsically high catalytic activity of the A2 and B2 subdomains. The 20-kDa A3 and B3
subdomains are not required for catalytic activity. A3 has been termed the
‘oligomerization domain’ although its function is quite undefined at this time. B3 is

known to bind allosteric effectors, and modulates the activity of the catalytic
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subdomains (56).

The CPSase domain is the locus of allosteric control in the mammalian de novo
pyrimidine pathway. It undergoes feedback inhibition by UTP, and activation by PRPP,
a purine precursor that coordinates purine and pyrimidine biosynthesis. It is also
activated by cAMP-dependent protein kinase A phosphorylation.

Several lines of evidence have shown that the carboxyl end, B3, of the CPSase
molecule is involved in allosteric regulation. The domain swapping experiments by Liu
et al involved the construction of an E.cof-mammalian chimera, in which the B3 region of
the E. coli CPSase protein was replaced by the putative regulatory region of CAD. The
resulting chimera failed to respond to E. coli effectors, but instead, responded to
mammalian effectors PRPP and UTP.

My dissertation project was outiined based on the above findings and involved
the characterization of the B3 region, focussing on the following three questions:

e Can B3 act as an exchangeable ligand-binding module by replacing A3 in the CPS.A
half, thereby placing the CPS.A under allosteric control?

e Can B3 function independently as an autonomously folded, stable subdomain that
binds the allosteric ligands?

* Can the regulatory domain form a stoichiometric complex with the isolated CPS.A
domain and transmit the allosteric signals to the catalytic subdomain A2?

A chimera consisting of the £. coli subdomains A1 and A2 fused to mammalian B3
was constructed. The catalytic parameters of this 58 kDa chimeric protein were similar
to those of the E. coli enzyme, but the activity was regulated by the mammalian effectors
PRPP and UTP, and by protein kinase A phosphorylation.  Binding kinetics
demonstrated the presence of one PRPP binding site, which binds the activator with a
dissociation constant of 46 uM. UTP binding to the chimeric protein was inferred from its

effect on PRPP binding. The presence of the B3 subdomain thus placed the CPS.A
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domain under alllosteric control, demonstrating that B3 behaves as an exchangeable
ligand-binding module.

Analysis of the carboxyl end of the regulatory domain of several CPSases supported
the existence of a nucleotide-binding foid located entirely within the carboxy terminal
domain. Photoaffinity labeling studies by Cervera et al identified a Lys 992 residue
involved in UTP binding in E. coli. In order to study the function of the carboxyl end of
B3 in CAD, a deletion mutant was constructed which lacked 59 residues, from the
carboxyl end of the chimera CPS-A12°B3™, out of the total 163 residues of the B3
subdomain. This site was specifically chosen as it disrupted the UTP sequence
proposed by Cervera et al. The CPSase activity of the deletion mutant was almost
insensitive to PRPP and UTP. However, binding studies indicated that both effectors
still bound to the deletion mutant, though with a significantly higher dissociation constant.
The resuits thus showed that the deletion of the 59 residues significantly affected the
transmission of the allosteric signal to the active site, even though the effectors still
bound weakly. In the case of PRPP, the deletion mutant has a two fold higher Ky as
compared with the wild type chimera. Although the affinity for PRPP is lower, the
activator must bind to the amino half of B3. This is consistent with the theory that PRPP
binds upstream of UTP. The UMP site in E. coli has been proposed to consist of two
contiguous regions: the first surrounding lys 992 (residue tryptophan 1364 in CAD, by
alignment) and extending to an invariant asparagine 1014 (asparagine 1394 in CAD),
while the second extends from 1014 (asparagine 1394 in CAD) to an invariant arg 1029
(Arg 1416 in CAD). Thg deletion mutant was truncated at glycine 1402 (in CAD), and
thus, by sequence alignment of the proposed UMP binding fold in E. cofi, lacked only 14
residues of the nucleotide fold. The binding of UTP to the deletion mutant truncated
downstream from glycine 1402 (in CAD), suggests that most of the ligand interaction

residues must be located upstream of this glycine 1402. The 59 residues deleted from
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the carboxyl end of B3 disrupted the signal transmission, suggesting that the carboxyl
end, which seems to interface between the catalytic and regulatory subdomain, is
essential for mediating interdomain interactions.

Although several lines of evidence demonstrate that the B3 subdomain can bind
the alloseric ligands, and has the phosphorylation site, it was yet to be shown that B3
can exist as an independent functional domain. The regulatory domain was
subsequently cloned into an expression vector, and expressed as a 26.7 kDa histidine-
tagged recombinant. Binding studies performed with enzymatically synthesized
radiolabeled PRPP demonstrated that PRPP binds to the regulatory recombinant with a
Kd of 83.5 uM, although the affinity of the activator is about 8-fold lower as compared
with CAD, and less than two-fold as compared with the CPS-A12°B3™ chimera. UTP
binding was studied by its effect on PRPP binding. UTP changed the Ky by almost two-
fold. A Scatchard plot showed the presence of one binding site for PRPP, which was in
agreement with the results obtained for native CAD. Thus, binding studies with both
allosteric effectors suggests that the regulatory domain is an autonomously functional
subdomain. The decreased affinity of the effectors may be attributed to the
conformation of the regulatory subdomain when it exists independently of the rest of the
CPSase molecule.

Deletion studies with the chimera suggests that the 59 residues at the carboxyl
end of B3 may be involved in the transmission of allosteric signal to the CPSase active
site A2 and B2. In such a case, there may be an interaction between the regulatory
subdomain B3 and the CPS.A domain. The CPS.A domain was cloned and expressed
as a 72.8 kDa recombinant. Measurements of the steady state kinetic parameters of
CPS.A showed that it catalyzed the overall reaction nearly as well as the native enzyme.
ATP saturation curves in the presence of UTP and PRPP were indistinguishable from

the curve in the absence of effectors, which was as expected, as CPS.B and not CPS.A,
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is the locus of allosteric control. Titration of CPS.A with increasing concentrations of the
regulatory domain, B3, resulted in the formation of a 1:1 stoichiometric complex CPS.A-
REG. The steady state kinetic parameters of CPS.A-REG showed that the allosteric
effectors PRPP and UTP affect the Vi, rather than the K, unlike in the native CAD.
Effector response curves show that the catalytic activity is altered approximately the
same extent as the parent mammalian protein. The apparent dissociation constant of
PRPP is aimost 7-fold lower but that of UTP is comparable to CAD. The results suggest
that the PRPP and UTP sites are contained entirely within the B3 region, and that the
signal is almost as efficiently transferred to the CPS.A active site in the CPS.A-REG
hybrid, as it is in the parent CAD molecule.

In addition to the regulatory domain of CAD, another project involved studying
the binding of PRPP to the aspartate transcarbamoylase holoenzyme of P. aeruginosa.
The overall enzyme is a dodecamer consisting of six polypeptide chains of the 34 kDa
catalytic subunit and six polypeptides of the 45 kDa pseudo-DHOase chain. The
pseudo-DHQOase chain, although homologous to the DHOase, does not show DHOase
activity. Currently, it is proposed that the 45 kDa chain is required for the 34 kDa
catalytic chain to be active. PRPP binding results show that PRPP binds to the ATCase
holoenzyme with a Ky of 34 puM and that there exists six sites per molecule of the
enzyme. This resuit is quite novel as the none of other well studied ATCases bind, or
are in any way affected by PRPP. The effect of PRPP on the catalytic activity of the
ATCase enzyme was unclear. Tﬁe fact that PRPP binds tightly to the holoenzyme and
may even be a substrate suggests that there may be yet another function to this enzyme

or that the pseudo-DHOase may play an unknown role within the cell.
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Pyrimidine nucleotides play a central role in cellular regulation. Most cells have
two pathways to fuffill their pyrimidine nucleotide pools: the de novo and the salvage
pathway. The de novo pyrimidine pathway begins with glutamine, ATP and bicarbonate,
and through six-enzymatic steps yields uridine monophosphate (UMP). In mammals,
the first three activities i.e. the glutamine-dependent carbamoyl phosphate synthetase
(CPSase), aspartate transcarbamoylase (ATCase), and dihydroorotase (DHOase) are
carried on a single 240-kDa polypeptide chain called CAD.

Carbamoy! phosphate synthetase (CPSase), the first enzyme in the pathway
catalyzes the synthesis of carbamoyl phosphate from two moles of ATP, bicarbonate,
and ammonia derived from the hydrolysis of glutamine. The CPSase domain consists of
two homologous halves, CPS.A and CPS.B, each of which is functionally equivalent, and
as a homodimer can catalyze the overall CPSase reaction. Each of the two halves is
further subdivided into subdomains A1, A2, A3, and B1, B2 and B3.

CPSase is the locus of allosteric control in the mammalian de novo pathway. it
undergoes feedback inhibition by UTP and activation by PRPP, a purine precursor that

coordinates purine and pyrimidine biosynthesis, and by cAMP-dependent protein kinase
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phosphorylation. Several lines of evidence have demonstrated that the carboxyl end
(B3) of the CPSase molecule is involved in allosteric regulation.

My dissertation project involved the characterization of the B3 region. A chimera
consisting of E. coli subdomains A1 and A2 fused to the mammalian B3 was
constructed. Presence of the regulatory domain, B3, placed the CPS.A domain under
allosteric control, demonstrating that the B3 domain behaves as an exchangeable
ligand-binding module. The B3 domain was subsequently subcloned and expressed as
a 26.7 kDa histidine-tagged recombinant.  Binding studies with enzymatically
synthesized, radiolabeled PRPP, demonstrated that the regulatory domain functioned as
an autonomously folded, stable subdomain that bound PRPP. UTP binding was
measured indirectly as an effect on PRPP binding. The regulatory domain formed a
stoichiometric complex with the independently expressed CPS.A. recombinant. The
resulting hybrid was catalytically active and responded to allosteric effectors
demonstrating that signals generated by the binding of effectors to B3 were transmitted

to the CPS.A active site.
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