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CHAPTER 1
INTRODUCTION
Arthrobacter globiformis is one of the most common and ubiquitous soil bacteria
species known. A. globiformis is in the Order Actinomycetales and Family
Arthrobacteriaceae. The original nomenclature given to the genus Arthrobacter was
Bacterium gloviforme (Conn, 1928). Arthrobacter along with other similar ubiquitous soil
bacteria was nearly placed in Cornebacteria by Jensen who noticed the morphological
resemblance to Corynebacteria of animal origin but later refuted by Conn (1947) and
created the genus Arthrobacter with the specific species globiformis. This Gram
positive, high GC species has shown to be extremely nutritionally versatile in nutrient
poor environments and highly resistant to desiccation which contributes to their stature
of being the most common genus in a majority of soils (Hagerdorn and Holt, 1975).
Arthrobacter consists of organisms classified by their unique dimorphic growth cycle
which includes a coccus and a rod stage. Arthrobacter and other coryneform bacteria
isolates have been known to utilize and degrade a large of range of organic chemical
herbicides such as chlorinated phenols and carbamates (Hayatsu et al., 1999).
Pesticide degradation genes are commonly known to reside on plasmids, which is no
different in the Arthrobacters. Genes on plasmids have contributed to a vast majority of
the degradative functions of the Arthrobacter genus including such insecticides as
carbaryl (1-naphthyl-N-Dipropylthiocarbamate) (Tam et al., 1987). However, a specific
strain of Arthrobacter (A. globiformis D47) has been illustrated to partially degrade
substituted phenylurea herbicides in which there was no current record of an organism
having such capabilities at the current time (Turnbull et al., 2001). Phenylurea
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herbicides included diuron, isoproturon, chloroturon, linuron, monolinuron, and monuron
are just a few examples of the herbicides that have been illustrated to be degraded by
A. globiformis D47 (Turnbull et al., 2001). This shows the commercial significance of
the Arthrobacters considering these herbicides are often found in trace amount in water.
Other strains has been demonstrated to degrade diuron, which is an herbicide known to
interrupt photosynthesis in plants by blocking the plastiquinone binding site of
photosystem II inhibiting electron flow and typically used commercially to inhibit the
growth of weeds (Turnbull et al., 2001). The overall versatility of genus Arthrobacter
can be seen with isolates known to dissolve aluminum silicates and perform dinitrogen
fixation, which is also common in the genus (Cacciari et al., 1971). The metabolism of
A. globiformis was investigated by J.G. Morris (Morris, 1960) and was showed that
glucose was efficiently consumed with very little wasted when supplemented in the
growing medium.
Two of the originally distinguishing features of A. globiformis were its nutritional
versatility and its unusual rod to coccus growth cycle. Nutritional nonbais was ruled out
as a major distinguishing characteristic when Conn’s strand of Arthrobacter evidently
needed biotin for subsequent growth (Chan and Stevenson, 1962; Morris, 1960)
resulting in the major distinguishing characteristic of Arthrobacter as its irregular rods in
young cultures being replaced by coccoid forms in older cultures and producing
irregular rods once again when transferred to a fresh new medium. However, the rod
coccus lifestyle is not exclusive to the genus Arthrobacter since Brevibacterium and a
few representatives from genus Rhodococcus exhibit a similar growth pattern.
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Figure 1: Electron micrograph of Arthrobacter globiformis (Meixner, 2003).
Motility has been observed in the genus Arthrobacter, specifically in species
Arthrobacter simplex, Arthrobacter citreus and Arthrobacter atrocyaneus (Clark & Carr,
1951; Sacks, 1954). However, the motile properties associated with the bacteria has a
strong correlation with the morphogenic cycle rather than the specific growth cycle in
which motile flagellation typically occurred during immediate induction onto the rod
stage (Stanlake and Clark, 1976). In the coccoid morphology, flagellation also could be
observed but motility was suppressed in soil isolates of Arthrobacter (Antheunisse,
1974).
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As mentioned earlier, Arthrobacter is often highly characterized by their rod to
coccus to rod growth cycle in which the V-shaped rods are represented in the log phase
while the coccus and short rods tend to dominate the lag phase. The characteristic Vshaped rods in the log phase of Arthrobacter are created by a process known as snap
division. As its name implies, the inner membrane of the two layered cell wall
organisms begins to grow inward with only the inner wall dividing, forming a septum.
The eventual thickening of the septum puts tension on the outer wall until it ruptures at
its weakest point, forming a hinge consisting of the remaining portion of the outer wall.
The cells lie at an angle connected by the remaining portion of the outer wall forming a
V-shaped rod structure is characteristic of some A. globiformis cells in log phase of
growth. The rod to coccus morphological transitions seen in a number of bacteria such
as Acinetobacter and Rhodococcus has been attributed to the idea that bacteria can
adapt to a more advantageous coccoid formation from a genetic control standpoint and
that when placed into high nutritional medium, the rod stage is more prevalent but when
transferred nutrient poor medium, the coccoid stage becomes the dominant stage
(James et al., 1995). When grown in the lab, A. globiformis appears white when grown
in minimal medium during lag and log phase but turns the medium a light tan, peach
color in stationary phase of growth as a result of a chromophore produced by the
organism (Meixner, 2003 ).
A. globiformis forms really large branched rods when starved for biotin is an
example of the adaptation to limited nutritional availability and nutritional stress (Wills
and Chan, 1978). Contributing to its versatility, A. globiformis is considered a
psychrotrophic organism due to its ability to withstand and thrive in extremely cold
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temperatures as low as -5°C. This is accomplished by an increase in cold shock
proteins for the initial temperature decrease followed by cold accumulation proteins after
a lag period that has correlation with the decrease in temperature from the initial
growing temperature (Berger et al., 1996). Other types of bacteria and organisms,
specifically the mesophillic organisms, exhibit some type of upregulation of proteins in
response to cold shocks. The difference is that in mesophillic bacteria such as
Escherichia coli and Lactoccoccus Lactis there is a response to cold shock with an
increase in cold shock protein (CSPS) levels but at a significantly lower degree than
cold loving bacteria such as some Rhizobium strains (Berger et al., 1996). In cases of
cold shock of mesophillic E. coli, cells are characterized by increased modifications of
most of the proteins but in Arthrobacter globiformis SI55, very few proteins were
modified. The normal housekeeping proteins were expressed but there was an
increase in proteins and an increase in newly synthesized proteins at the cold
temperature (Herendeen et al., 1979; Potier et al., 1990). The functions of these cold
shock and cold accumulation proteins have been described to have proteolytic
properties in which they act as enzymes that aid in the removal of denatured proteins at
cold-specific temperatures, preventing the accumulation of these denatured proteins
which would be detrimental to the cell (Potier et al., 1987 and Potier et al., 1987).
These proteins have also been inferred to be anti-freeze enzymes or precursors to antifreeze enzymes (Berger et al., 1996).
Arthrobacter species strain MIS38 exhibits a biosurfactant that has been proven
to be more effective than the more common biosurfactant, surfactin (Morikawa et al.,
1993). This is environmentally significant because biosurfactants can act as oil removal
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agents from the environment or general major oil spills. Many synthetic surfactants
have been used for such cases such as sodium dodecyl sulfate and Triton X-100, but
Arthrofactin produced by Arthrobacter strain MIS83 was shown to be a better oil
removal than the synthetic products as a result of oil displacement assays done by
Morikawa (Morikawa, et al., 1993).

Pyrimidines
Nearly all cells have the capability to synthesize pyrimidine nucleotides via the de
novo biosynthetic process. The synthesized pyrimidine nucleotides serves as the
precursors of DNA and RNA as well as being essential intermediates in metabolism and
other biochemical reactions. For example, uridine nucleotide is used as an intermediate
in carbohydrate synthesis, more specifically, glycogen biosynthesis (Garrett and
Grisham, 2005). Cytodine nucleotide derivatives are encountered in the biosynthesis of
phospholipids in which cytodine triphosphate (CTP) is acted on by
phosphoethanolamine cytidylyltransferase yielding the intermediate for
glycerophospholipid synthesis, CDP-ethanolamine (Garrett and Grisham, 2005).
Salvaged pathways are also prevalent in many organisms to obtain exogenous
pyrimidines and pyrimidines introduced as a result of nucleic acid turnover and
degradation. However, the addition of exogenous pyrimidines can inhibit the innate
synthesis pathway (Meixner, 2003). The synthesis of pyrimidines occurs as nucleotide
derivatives and the pyrimidine ring is assembled before the addition of phosphoribosyl
pyrophosphate (PRPP) in contrast to purine synthesis in which PRPP is the precursor in
which the ring is eventually added to (Garrett and Grisham, 2005). The formation of the
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six-membered pyrimidine ring system is accomplished by donation of atoms from the
intermediates, carbamylphosphate and aspartate. De novo pyrimidine synthesis begins
with the formation of carbamoylphosphate using the substrates bicarbonate, glutamine,
2ATP and water carried out by the enzyme Carbamoylphosphate synthestase. One of
the two molecules of ATP is consumed in the formation of carboxy-phosphate or
carbonylphosphate. The carboxy-phosphate intermediate reacts specifically with the
amide group on the glutamine molecule to yield carbamate and glutamate, in which the
carbamate gets phosphorylated by the other molecule of ATP yielding
carbamoylphosphate (Garrett and Grisham, 2005). Carbamoylphosphate is not only a
significant part of pyrimidine synthesis; it is also a precursor for arginine biosynthesis.
However, the fate of the carbamoylphosphate produced for biosynthesis of pyrimidines
is to be condensed with aspartate via the enzyme aspartate transcarbamoylase
(ATCase) to form carbamoyl aspartate (CAA). This particular condensation reaction
mediated by ATCase is the committed step in pyrimidine synthesis in bacteria whereas
the committed step in mammals is the carbamoyl phosphate synthetase reaction
(Garrett and Grisham, 2005). The newly formed carbamyl aspartate is structured into
ring form by a linkage of the carbamylphosphate’s NH2 group with the β COO- group of
aspartate, formally closing the ring. dihydroorotase mediates the ring closure reaction,
resulting in the pyrimidine- like six-membered ring precursor, dihyrdoorotate (DHO)
which is not quite a true pyrimidine. The oxidation of DHO by DHO dehydrogenase
yields the first true pyrimidine structure in the cycle, orotate. The enzyme orotate
phosphoribosyltransferase mediates the joining of the ribose-5-phosphate moiety at the
N1 position of the six-membered ring. PRPP serves as the ribose-5-phosphate donor
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for this reaction resulting in orotidine 5’-monophosphate (OMP), which undergoes a
decarboxylation via OMP decarboxylase, and yields uridine-5’-monophosphate (UMP)
which is the main precursor to all other pyrimidine nucleotides.
UMP is the first step in the formation of the two most prominent ribonucleotides, uridine
5’-triphosphate (UTP) and CTP via a set of reactions and ATP as the phosphate donors
(Figure 2). An ATP-dependent nucleoside monophosphate kinase phosphorylates
UMP to yield uridine-5’-diphosphate (UDP). Phosphorylation continues with the
formation of uridine-5’-triphosphate (UTP) mediated by a non-specific nucleoside
diphosphate kinase. CTP is formed from the addition of an amine group to UTP at the
6-position by the enzyme CTP synthetase, which acts by transferring an amino group
from glutamine in the same convention of the first step of the pyrimidine synthesis
pathway (Garrett and Grisham, 2005).
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Figure 2: Pyrimidine synthesis (de novo) pathway (Meixner, 2003).
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Genetic Control of Pyrimidine Synthesis
When comparing across different types of organisms and their respective
methods of pyrimidine synthesis, the enzymes involved and sequence of reactions are
highly conserved. However, the arrangement of genes can vary based on the particular
organisms. Bacteria species such as Pseudomonas aeruginosa and Escherichia coli
have their pyrimidine synthesis genes at various unlinked locations throughout the
chromosome instead of being linked on a traditional operon (Isaac, 1968). Specifically
in P. aeruginosa, the gene encoding the dihydroorotase enzyme (pyrC) and the gene
encoding the dihydrooorotic acid dehydrogenase (pyrD) seems to be the only genes
that are linked in this pathway for this organism (Isaac, 1968) while the others are
unlinked throughout the chromosome. E.coli and P. aeruginosa have a different
pyrimidine gene arrangement to representatives in genus Bacillis, which has the genetic
organization of having the pyr genes all located on a single operon (Quinn et al., 1991).
Most of E. coli’s pyr genes are scattered throughout the chromosome with the exception
of the pyrBI operon encoding the catalytic subunit and regulatory subunit of its ATCase
enzyme respectively (Navre et al., 1983). B.subtillis and B. caldolyticus are low GC
gram positive obligate aerobes that have all of the pyrimidine de novo synthesis genes
on the same operon (Turner et al., 1994 and Ghim et al., 1994). Enterococcus faecalis
(Li et al., 1995) and Lactobacillus plantarum (Elagoz et al., 1996) all have similar single
pyr operon patterns similar to those in Bacillus.

Pyrimidine gene cluster organization

in Thermus strain ZO5 is similar to the proximal portion of B.subtillis and B.
caldolyticus’s operons (M Van de Casteele et al., 1997). Lactococcus lactis, a gram
positive low GC bacteria typically used commercially in the production of cheese and
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buttermilk, has its pyrimidine synthesis genes scattered throughout the chromosome in
small, unlinked operons (Andersen et al., 1996). One of L. lactis pyrimidine synthesis
operons consists of four genes in which one of the genes (carA) codes for the small
catalytic subunit of its heterodimeric Carbamoylphosphate synthetase enzyme
(CPSase) and gene carB codes for the larger regulatory subunit (Martinussen et al.,
2001). The small subunit is necessary for binding the glutamine used in the reaction
and transferring the amide group to the ammonia binding site on the large subunit
(Martinussen and Hammer, 2001) , which main purpose is to carry out the other
activities involved in the formation of carbamoylphosphate (Cunin et al., 1986). The
carA and carB genes have been studied for many bacteria and it typically almost always
occur in an operon in the direct vicinity of each other as a sequence of carA-carB
(Martinussen et al., 2001). The carB gene in L. lactis is primarily transcribed as a
monocistronic message and is not in the vicinity of the carA gene contributes to the fact
that L. lactis pyrimidine synthesis machinery consists of small operons scattered
throughout the chromosome (Martinussen and Hammer, 1998). The
Hyperthermoacidophilic Crenarchaeotes, Sulfolobus acidocaldarius, Sulfolobus
solfataricus, and Sulfolobus tokodaii have all exhibited a novel form of pyr genetic
organization. These organism’s pyr genes are transcribed in a “bipolar” operon system
from 2 main promoters (Thia-lin et al., 2002). The transcription of the bipolar operon is
accomplished by two polycistronic messengers from the two aberrant promoters pyrE
and pyrB. The two polycistronic messengers of this bipolar operon are pyrBI-orf1pyrCD-orf2-orf3-orf4 and pyrEF, in which all of the cistrons are tightly clustered with the
exception of the ATCase catalytic subunit coding gene pyrB and the ATCase regulatory
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subunit gene pyrI, which are separated by a mere one nucleotide (Thia-lin et al., 2002).
The carbamoylphosphate snythetase genes ( carA,carB) are not located on the bipolar
operons but instead may be clustered with the arginine pathway genes, highlighting the
fact that there is only one CPSase enzyme for both pathways (Grogan and Gunsalus,
1993).

Genetic Arrangement in Eukaryotes
Eukaryotes share similar variations in gene arrangements in the pyrimidine
pathway. Saccharomyces cerevisiae shows that the CPSase and ATCase enzymes are
encoded by the ura-2 gene region but the other enzymes in the pathway are
independent of one another and are all unlinked (Lacroute, 1968). The CPSase and
ATCase enzymes in S. cerevisia pyrimidine pathway has been shown to exhibit
repression and feedback inhibition based on the end product of the pathway, suggesting
that they are located and encoded on the same genetic loci (ura2) however, the other
enzymes are regulated through sequential induction by the intermediates of the
pathway (Lacroute, 1968). This same system of sequential intermediary regulation has
also been shown in Neurospora crassa (Gross, 1965) and Humans have a similar
induction of the latter enzymes of the pyrimidine synthesis pathway via the
intermediates (Pinksy and Krooth, 1967) suggesting a typical regulation system for
higher organisms.
Mammalian pyrimidine biosynthesis enzymes occurs in the well documented
multifunctional CAD protein complex in which the first three steps of the de novo
pathway is catalyzed with the multifunctional protein. The CAD complex contains the
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CPSase domain, ATCase domain, and the dihydroorotase domain. The last two steps
of the pathway in mammals are catalyzed by another protein complex called UMP
synthase, which consists of the orotate phosphoribosyltransferase (OPRTase) and
orotidine-5’-phosphate decarboxylase (ODCase). This multifunctional protein complex
or some version of it may exist in all animals that are higher and more complex than
Diptera (Jones, 1980). The multifunctional protein complex confers can be
advantageous to organisms since the substrates can be transported to the next active
site without having to diffuse into the surrounding medium in search of the next enzyme,
limiting the possible dilution of the substrate in the medium and limiting the chances that
another enzyme may metabolize the substrate (Garrett and Grisham, 2005).
Other Eukaryotes such as potato tubers (Solanum tuberosom) and other plant species
differ from the mammalian pyrimidine synthesis in the fact that the first three steps are
catalyzed by three separate enzymes, but the similarity to mammals emerges with the
last two steps which are catalyzed by the UMP snthetase complex similar to the
complex observed in mammals and other higher eukaryotes (Geigenberger et al.,
2005). Some parasitic protozoans exhibit bacteria type of de novo pyrimidine pathway
in which there are no complexes and there are 6 separate enzymes catalyzing each
step respectively (krungkrai et al., 1990).

Aspartate Transcarbamoylase
Aspartate transcarbamoylase (ATCase) represents the catalyzation of the
second step in the pyrimidine synthesis de novo pathway. Considered the committed
step in bacteria specific pyrimidine biosynthesis, ATCase catalyzes the condensation of
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carbamoyl phosphate and aspartate to form carbamoyl-aspartate without any ATP input
instead, the activated carbamoyl group on the carbamoyl phosphate drives the reaction
(Garrett and Grisham, 2005).
The ATCase enzyme consist of 3 major classes that differs in molecular size,
enzyme kinetics, and quaternary structure but there is a conserved theme that allows
the catalytic activity to be associated with 34-kDa in the form of trimers (Bergh and
Evans, 1993). However, the structural organization of the ATCase enzyme from
different organisms varies and can be associated with its specific class of the enzyme.
Class A is the largest in molecular size with a typical molecular mass of 450-500 kDa,
averaging 85 A° in Stokes radius and having a catalytic and regulatory subunits that are
not readily separated (Bergh and Evans, 1993). Pseudomonas fluorscens is one of the
main representatives for organisms exhibiting the class A enzyme. The first
classification of P. fluorscens ATCase was accomplished by Adair and Jones,
classifying P. fluorscens’ ATCase as a class A enzyme composed of a dimer with each
subunit 180 kDa (Adair and Jones 1972, Bergh and Evans, 1993). A different strain of
P. fluorscens showed the molecular mass of 464 kDa and a 1:1 ratio of the 34 kDa
subunit to 45 kDa subunit, allowing a conclusion that the class A molecule in P.
fluorscens consists of two polypeptides, justifying the evidence seen in P. aeruginosa
and P. putida in which the ATCase genes have two distinct open reading frames
(Schurr, 1992; Vickrey, 1993; Schurr et al., 1995). The ATCases in Pseudomonas are
active as dodecamers, being composed of six 34 kDA and six of the 45 kDa species
(Bergh and Evans, 1993). Although the 34 kDa subunit is considered to be the
universal catalytic domain for most ATCases, the function of the 45 kDa domain
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remains ambiguous in P. fluorscens but the larger domain (45 kDa) has been shown to
be a DHOase-like domain without DHOase activity but still imperative has a scaffold like
role essential for the catalytic activity of the ATCase enzyme (Schurr et al., 1995). This
can be verified by the fact that the pyrB and pyrC genes of P.aeruginosa overlap by a
couple base pairs (Linscott, 1996). Active DHOase domains for class A enzymes have
been observed for Thermus but unlike Pseudomonas, the catalytic activity of the
ATCase enzyme at 37° C is not an essential role of the DHOase of Thermus (Van de
Casteele et al., 1997). Pseudomonas on the other hand requires the DHOase-like
proteins to stay active. However, the active DHOase domain in Thermus is required for
the stabilization of the ATCase at extreme temperatures (Van de Casteele et al., 1997).
Many other species including Acinetobacter calcoaceticus, Azomonas agilis, Leucotbrix
mucor, Paracoccus denitrificans, etc. have been identified as having specific strains that
are class A ATCase enzymes therefore acknowledging that this particular class of
enzyme is more extremely more widespread than originally thought (Wild et al., 1980,
Schurr et al., 1995) , even the idea that class A enzymes are the most widespread of
the three major classes in contrast to class B which has been shown to be very
restricted in distribution.
The class B enzymes universally have a molecular weight of ≈ 300 kDa and are
typified by E. coli as the main representative for this class (Kenny and Shepherdson,
1996). There are the typical catalytic subunit presented as 3 trimers and the regulatory
portion in which it consist of two 17 kDa zinc dependent dimers which assists in highly
regulated allosteric nucleotide binding of CTP and ATP (Kantrowitz & Lipscomb, 1990).
Unlike the class A enzymes, actively dissociating the catalytic and regulatory subunits

17

using chemical mechanisms such as p-hydroxymercuribenzoate (Gerhart and
Holoubek, 1967), p-chloromercuribenzoate (PCMB) (Gerhart and Schachman, 1965), or
neohydrin (Yang et al., 1978) is fairly easy. The two domains not only can be
separated, but can also re-associate into the 300 kDa holoenzyme in vitro by the
addition of dithiothreitol and zinc acetate (Gerhart and Holoubek, 1967). The catalytic
polypeptides have been shown to assemble into active trimers in the absence of the
regulatory subunits in vivo and vice versa (Foltermann et al., 1984). Class B enzymes
are seen in Enterobacteriaceae and enteric bacteria, suggesting the conserved nature
of this class of enzyme in these type of gram negative species (Wild et al., 1980) in
contrast to class C enzymes which are dominated by the gram positive variety.
The class C enzymes have a molecular weight of about 100 kDa and are
typically common amongst gram positive bacteria and differ from class B enzymes by
lack of regulatory subunit encoded by pyr I (Switzer & Quinn, 1993). The enzyme
consists of only a catalytic trimer with three identical polypeptide chains each with a
molecular weight of 34 kDa. This class of enzyme is typified by Bacillus subtilis with an
unorthodox form of regulation in which the enzyme is inactivated at the end of log phase
instead of being regulated by nucleotides (Deutscher and Kornberg, 1968). E. coli’s
ATCase catalytic subunit is strikingly chemically similar to B. subtilis’ ATCase with
similar molecular weights and amino acid compositions (Jacobson and Stark, 1973).
Streptococcus faecalis has a well characterized ATCase enzyme that is similar to B.
subtilis in general aspects as well as its regulation properties in which nucleotides has
no effect on inhibition (Chang and Jones, 1974).
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Figure 3: Classes of bacterial ATCase enzyme (Meixner, 2003).
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Dihydroorotase
The substrate for the reaction of dihydroorotase is carbamoyl aspartate (CAA) in
which and dehydration mechanism occurs and the ring is closed via a linkage of –NH2
to the former β-COO- group of the aspartate yielding dihydroorotate. There are two
major classes of the DHO enzyme, the larger class 1 enzymes which are typically found
in higher organisms and can be seen also in gram positive bacteria. The class II DHO
are monofunctional proteins often seen in gram-negative bacteria with a subunit
molecular mass of about 38 kDa in contrast to the larger 45 kDa subunits of the class I
variety. This enzyme was originally isolated from Clostridium oroticum (Liebermann
and Kornberg, 1954) of 110 kDa and shown to be a zinc containing metalloenzyme via
atomic absorption spectroscopy. The reversible nature of the enzyme in C. oroticum
from carbamoyl-aspartate to dihydroorotate has pH optima of 6.0 and 8.2 respectively
(Taylor et al., 1976). In mammals, the enzyme is part of the large multifunctional CAD
enzyme where there is an inactivation of DHOase activity by cysteine (Kelly et al., 1986)
and diethyl thiopyocarbonate which suggested that a zinc ion was conducive to its
catalytic activity (Christopherson and Jones, 1980). In contrast to the mammalian
enzyme, prokaryotic DHOases are individual monofunctional proteins. In E.coli, the
DHOase enzyme is unique in that it can synthesize an amide bond without a direct
source of energy such as ATP hydrolysis (Brown, 1991). In the direct presence of
oxygen, metal ions in a working solution, and low concentrations, E. coli’s enzyme
would be rendered inactive (Brown, 1991). With no effective inhibitors, the enzyme
requires a highly specific substrate in which it has been shown that the active site of the
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enzyme has an extremely snug fit therefore limiting the slightest modification without
decreasing binding affinity (Coleman et. al., 1977; Kelly et al., 1986).
In P. putida, which has an active DHO that is distinct from ATCase activity, there is a
DHO-like domain with similar homology to active DHOases in other organisms. This
DHO-like domain has been shown to be required for complete assembly of the ATCase
enzyme into the dodecameric holoenzyme even though it is an inactive DHO (Schurr et
al., 1994).
The objective of this research was to aid in the classification of the ATCase
enzyme in A. globiformis 8010 by investigating the production of the product CAA using
different assays methods with various substrate concentrations. A. globiformis is
grouped in class A ATCase, which generally contain organisms that have
monofunctional ATCases and DHOases respectively. However, there have been other
bacteria species classified as class A ATCase enzymes but exhibit bifunctional ATCase
and DHOase activities. Other phylogenetically related bacteria species share extensive
genetic homology to A. globiformis is known to have the bifunctional protein
characteristics in question. Based on the data, A. globiformis should exhibit
characteristics of an active, bifunctional ATCase and DHOase complex seen in similar
species. The size of the enzyme is also often conserved within a reasonable range with
closely related species. Known sizes of other bacteria have been determined. Bacillus
megaterium has a class C enzyme which contains 312 amino acids for each
polypeptide that will result in a molecular size enzyme ≈ 103 kDa. Escherichia coli K12
has a known class B enzyme and the number of amino acids specifically for strain K-12
is 311 for each catalytic polypeptide and 153 for each regulatory peptide resulting in a
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holoenzyme with ≈ 306 kDa in molecular size. Streptomyces griseus and
Pseudomonas putida are both classified as class A having enzymes. S. griseus has a
catalytic polypeptide and a larger polypeptide with DHOase activity with molecular sizes
of 38 kDa and 47 kDa respectively for a total molecular size of the holoenzyme of ≈ 510
kDa. P. putida’s enzyme has a similar polypeptide arrangement but lacks have active
DHOase activity on the larger polypeptide. The catalytic polypeptide of P. putida’s
enzyme has a molecular size of 36.4 kDa and a larger DHOase-like polypeptide size of
44.2 kDa for a total molecular size of ≈ 484 kDa. Evolutionary, A. globiformis is more
closely related to S. griseus than the other three species described above. With the
known molecular sizes of these organisms, a gel to determine size range should
conclude with B. megaterium traveling the furthest (smallest), followed by E. coli, P.
putida, and finally S. griseus as the largest of the standards. A. globiformis is predicted
to have a similar size as S. griseus and should exhibit equal or very close size band
patterns. The similarity in size of the ATCase enzyme in A. globiformis 8010 to S.
griseus and P.putida should be just one of the determining factors to classify A.
globiformis as a class A ATCase with DHOase activity.
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Figure 4: Orientation of pyrimidine synthesis genes of different species. These genes
are not drawn to scale. “X” represents a hypothetical protein gene, an open reading
frame, or non-pyrimidine synthesis gene. Arrows provides the direction of transcription.
Overlapping genes are represented by staggered blocks.
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CHAPTER 2
MATERIALS AND METHODS
Bacterial Strain, Media, and Growth Conditions
Wild type strain Arthrobacter globiformis 8010 was obtained from American Type
Culture Collection (ATCC). Bacteria were grown on a nutrient agar plate for 2 days or
until noticeable growth in a 30°C incubator. Once growth has been established, a
colony was aseptically isolated and streaked to a slant for storage and future use. The
same colony was also suspended into a test tube containing 5mL of nutrient liquid
broth. The broth was incubated on a shaker for 2 days at 30°C with the goal of
transferring cells to minimal medium in log phase. 50-ul of the liquid broth was
aseptically removed from the test tube and suspended into a 1000 mL flask containing
500 mL Streptomyces minimal medium. Minimal medium was made in three parts; the
media base, the buffer, and the carbon source for a total of a 500 mL of solution. The
media based consisted of 1g NH2SO4, 2.5g of Difco Casaminoacids (pancreatic digest
of Casein), 0.3g MgSO4 7H2O, 25g of PEG 8000, 0.5 ml of minor elements solution
(0.1g ZnSO4 7H2O,0.1g of FeSO4 5H2O, 0.1g MnCl2 4H2O, 0.1g CaCl2 anhydrous,
& ddH2O to 100 ml), and 400 ml of distilled water. The buffer was made to a total of 75
mL with ingredients consisting of 6.96g of K2HPO4 and 5.52g of NaH2PO4. The
carbon source consisted of 5 mL of a 1M succinate solution. The buffer and carbon
source were stored at room temperature and added to the media base just prior to time
of use. The medium containing the cell suspension was placed in a 30°C incubator
shaker for 7 days. After 7 days, the flask was removed from the incubator and the
contents were poured into two GSA centrifuge tubes and weighed to obtain equal
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weight. The tubes were centrifuged for 20 minutes at 8000 rpms. Most of the excess
supernatant was discarded leaving just a minute amount. The cells stuck to the side of
the GSA centrifuge tubes were shaken and vortexed while submerged in the minute
amount of medium until they were completely detached from the side of the GSA
centrifuge tube. Two 50-mL conical tubes were weighed before containing any cellular
suspension. The mixture was then poured into 2 separate 50-mL conical tubes (each
corresponding to a GSA Tube) and weighed, manipulating the weight by adding water
until both tubes were of equal weight in preparation for centrifugation. The two 50-mL
conical tubes were centrifuged for 15 minutes at 3000rpms at room temperature. The
excess liquid was slowly completely discarded and the tubes were weighed again in
order to get an accurate measurement of the mass of the cells. The cells were stored in
the freezer (-4° C) until use or prior to sonication.

Preparation of Other Bacterial Strains
Escherichia coli K12, Pseudomonas putida, Bacillus megaterium, and
Streptomyces griseus were the other bacterial strains used and obtained from American
Type Culture Collection (ATCC). These species were grown in a 500-mL flask
containing 250-mL of liquid nutrient broth at 30°C on an incubator shaker for 72 hours.
The cells were pelleted by centrifugation and stored in the same process as described
above for A. globiformis 8010.

Preparation of Cell Extracts
The frozen cells were removed from the freezer and thawed at room temperature
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for 10 minutes. ACTase breaking buffer (2 mM β-mercaptoethanol, 50 mM Tris-HCl, pH
8.0 and 20 uM ZnSO4) was added to the conical tube in a 1g of cells 1mL of buffer ratio.
The mixture was made homogenous by vortexing. An ice water, ethanol mixture was
made in a beaker in order to keep the sample cool during sonication. The cells were
broken via sonication in the 50-mL conical tubes submerged in the ice water ethanol
mixture. The sonication process was 4 trials using 1 minute increments for each trial
while still submerged in the ice, water, ethanol mixture. The contents were then poured
into a SA600 tube and balanced. The tubes were centrifuged for 30 minutes at
15000rpms on rotor code 04, which corresponds to the SA600 angle at 4°C. The
extract was collected and the cellular debris was discarded. Assays on the crude extract
from sonication were performed no later than 48hrs.

Aspartate Transcarbamoylase Assay
Preparation of cellular extract was described earlier using the ATCase breaking
buffer. The overall purpose of the assay is to measure the amount carbamoyl-aspartate
produced in a 20 minute incubation period in a 30°C water bath. The pH that yielded
the highest activity was initially determined to be about 9.5 for A. globiformis much like
the related Streptomyces (Hughes et al., 1999). As a result, all of the assays performed
were performed using a 9.5 pH tribuffer (1 part 5X MES, 1 part Diethanolamine, 1 part
N-ethylmorholine, and 2 parts water) as one of the reagents.
Before the standard ATCase activity assay were performed, it was imperative to
determine the best storage conditions for the A. globiformis crude extract. Storage
conditions included fresh, storage at 4°C after 24 hours from initial extraction, storage at
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room temperature 24 hours after initial extraction, storage at 4°C 48 hours after initial
extraction, and storage at room temperature 48 hours after initial extraction.
After determining the crude extract storage conditions, assays were performed to
determine the specific activity of the enzyme as the reaction approached the Vmax at the
concentration of aspartic acid that yielded the most activity. All assays were done in
duplicate and used a 1/10 dilution extract sample. The parameters of the ATCase
assays were as followed: 20 test tubes were set up in a test tube rack with 2 of the 20
being the control and background tubes respectively. The initiation of the reaction
occurred with total volume aliquots of 0.5 mL. The contents of the tubes contained 395
ul of ddh20, 20 ul of 9.5 pH tribuffer, 25 ul of Aspartic acid at the appropriate
concentration for the subsequent tube (ASP final concentrations were 1mM, 2.5mM,
5mM, 7.5mM, 10mM, 15mM, 20mM, 25mM, 30mM), and 10 ul of enzyme from crude
extract. The control tube received everything except for 10 ul of extract, which was
replaced by 10 ul of ddH20. The test tube rack was incubated in a 30°C water bath for 3
minutes before addition of 50 ul of 50 mM of carbamoyl phosphate in 15 second
increments to start the reaction. CP was added and vortexed in each tube respectively
in the 15 second intervals and placed back into the 30°C water bath for incubation of 20
minutes from the time the first tube was added back. The control tube received CPP
but the background tube received 50 ul of ddH20 instead of CP. After the 20 minute
incubation period, the reaction was stopped by the addition of the 0.5 mL ATCase stop
reagent in 15 second intervals and removed from the water bath. The stop reagent
consisted of 2 parts of 5 mg/mL antipyrine in a 50% sulfuric acid (H2SO4) solution and 1
part 8 mg/mL 2,3-butanedione-monoxime in a 5% acetic acid solution (Gerhart and
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Pardee, 1962; Prescott and Jones, 1969). The tubes were then placed into a 65°C
water bath in the presence of light and covered with marbles to avoid evaporation of the
liquid. Incubation at 65°C was set at 2 hours and the tubes were read using a
Shimadzu Biotech Biospec-mini spectrometer at 466 nm.

Effectors ATCase Assay
ATCase assay was performed to determine if any of the effector nucleotides had
an effect on the activity of the enzyme. In this procedure, 0.04mM of ATP, UTP, and
CTP was used respectively. The overall parameters of the assay slightly varied with the
addition of the effectors. Tubes were set up in groups of four, corresponding to a tube
containing all elements of a typical ATCase assay, a tube containing 20 ul of ATP with a
subtraction of 20 ul of ddH20, a tube containing 20 ul of UTP minus 20 ul of ddH20, and
a tube containing 20 uL of CTP minus 20 uL of ddH20. Each set of four tubes
corresponded to various final concentrations of ASP (1mM, 2.5mM, 5mM, 10mM,
15mM, 20mM, 25mM and 30mM). Four separate blanks that included ATP, CTP, UTP,
and no effectors respectively were set up to include all ingredients except sample
extract.

ATCase/Effectors with Various Concentrations of CP
ATCase assays using the same effectors and concentrations as described earlier
were performed using only one concentration of ASP (20mM). Instead of using one
concentration to start the reaction however, serial dilutions of CP were used in which
the highest concentration corresponded to the last set of four tubes. Serial dilutions
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were made by halving the concentration of the original CP solution (50 mM) by the
addition of half the amount of ddH20 for a total of 7 tubes of CP for 7 sets of 4 tubes.
Four blanks were set up as described above.

Dihydroorotase Assay
The Dihydroorotase Assay is reversible and can be assessed in either direction,
but this particular assay was to measure the specific activity via production of CAA from
DHO. The DHOase assay tubes were set up in a test tube rack in duplicate with a
control and background tubes with similar procedures to the ATCase setup. Each tube
contained aliquots of 0.5 ml total volume: 1mM of EDTA, 100mM of Tris pH 8.6, ddH20,
50 ul of fraction sample, 50 ul of 20mM dihydroorotate (DHO) in 0.1 M phosphate buffer
(0.676g K2HPO4 and 0.834g KH2PO4 in 100 ml of ddH2O) at pH 7.5 was used to start
the reaction. Four blank were set up as described above. The extract was produced in
a 1/10 dilution. All tests were performed in the same manner as the ATCase Assay
including a 20 minute incubation period in a 30° C water bath with 2 hr incubation with
the addition of the ATCase stop reagent.

Determining Protein Concentration
Protein concentration was determined by the Modified Lowry Protein Assay
method in which the kit was obtained from Thermo Scientific. Ten tubes were set up to
contain 200 ul various concentrations of Bovine serum albumin (BSA) and ddH20 to set
a standard curve. The first tube contained 0 ug of BSA with 200 ul with the the
following tubes decreased water volume by increments of 10 ul and the addition of BSA
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by increments of 10 ul until the final tube in which there is 90 ug of BSA and 110 ul of
water. Three additional tubes were set up to contain the sample extract. The tubes
contained 195 ul, 190 ul, and 180 ul of ddH20 corresponding to 5 ul, 10 ul, and 20 ul of
1/10 dilution sample respectively. 1 ml of Modified Protein Lowry Reagent was
introduced to each tube at 15 second intervals and left undisturbed at room temperature
for 10 minutes. A 1:1 ratio of 2N Folin-Ciocalteu Reagent to ddH20 was created and
was introduced into the tubes after the 10 minute incubation period. Each tube received
100 ul of 1X Folin-Ciocalteu reagent in 15 second intervals and allowed to incubate at
room temperature for 30 minutes. The absorbance of the tubes was read.

Size Exclusion Column Chromatography
One of the purification techniques used was setting up a small column and
running extract through Sephadex G-100 for size exclusion. A 1 liter buffer containing
final concentrations of 10 mM Tris-HCl, 1.0 mM EDTA, 20 uM Zn Acetate, 0.5 mM Bmercaptoethanol was made to mobilize the extract through the column. The Sephadex
G-100/buffer mixture was slowly loaded into the column and allowed to settle before
draining out excess liquid. The settling process was repeated until about 1ml of liquid
was left. The column was allowed to sit 24 hours in order to achieve maximum packing
of the Sephadex G-100. The liquid was run until a very meniscus before the addition of
the blue dextran solution, which was used as the control to determine when the sample
extract had completely passed through the column. A blue dextran solution was made
by combining 0.001g of Sigma Blue Dextran with 100 ul of size exclusion buffer. The
blue dextran was carefully added to the column and slowly ran down to the gel.
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Approximately 100 ul of size exclusion buffer was added and run down to the gel. The
sample extract was carefully loaded at a volume of 0.5 mL and run down to the gel.
Finally, 0.5 mL of size exclusion buffer was loaded into the column followed by the
connection of the 1 liter buffer reservoir and the fraction was collected 20 drops per
tube. Tubes were placed in a Bio-Rad 2110 automatic fraction collector. Samples were
stored at room temperature, at 4°C, or used the same day for assays. The tubes
containing the suspected the highest activity were selected and subjected to ATCase
and DHOase assays in which each fraction corresponded to a sample extract described
earlier. The fractions were always used for assays no later than 24 hours after
collection from the Sephadex G-100 column.

Polyacrylamide Gel Electrophoresis
A precast gel 4-20% Tris-HCl 10 well, 30 ul from Bio Rad was used to
electrophorese different cells in an attempt to determine polypeptide molecular size.
The running buffer used contained final concentrations of 25mM Tris and 192 mM of
glycine in ddH20 at 8.8 pH. The 5X lading dye was made by combining 312.5 mM Tris
at pH 6.8, 50% v/v glycerol, and 0.05% weight/volume Bromophenol blue all in ddH20.
The precast gel was put into a Bio-Rad Mini-Protean II cell and filled with the running
buffer. 6ul of the respective samples were premixed with a coinciding 24ul of loading
dye and carefully loaded into the wells in 25 ul increments. The gel was run for 4 hours
at 144V at room temperature. After four hours, the gel was carefully removed and
allowed to equilibrate for five minutes in a pyrex dish containing 250 ml of ice-cold 50
mM histidine at pH 7.0. 5 ml if 1M aspartate and 10 ml of 0.1 M of carbamoyl
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phosphate was added and slowly stirred for 10 minutes. The gel was rinsed 3X with
ice-cold water. After three rinses with ice cold water, ice-cold 3 mM lead nitrate in icecold 50 mM histidine at pH 7.0 was added and stored overnight at 4°C
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CHAPTER 3
RESULTS
Test of Storage Age for ATCase Activity (ATCase Assay)
A curve was created using the data gathered from at least three trials of ATCase
enzyme assays analyzing the amount of carbamoyl aspartate made during the trials.
The assays were done using fresh sample extract broken that particular day at room
temperature, the same extract that was aged for 24 hours, and finally the same extract
that was aged for 48 hours at room temperature to determine if there was appreciable
loss of enzyme activity over that period of time (Figure 5).

Figure 5: Concentration of CAA produced with increasing concentrations of Asp using
fresh sample extract, 24 hour extract, and 48 hour extract stored at room temperature.
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The graph demonstrates that at 25mM ASP concentration, each sample is at its highest
reading. The CAA produced ranged between 120 and 127 nm per minute for the fresh
vs 24 hour vs 48 hour aged extract. Each specific point on the graph is consistent with
the average of three readings.

CAA Production from DHOase (DHOase Assay)
A standard curve was of the concentration of CAA produced from the
degradative mechanism of DHOase in the reverse direction from the substrate DHO for
A. globiformis 8010 (Figure 6).

Figure 6: CAA produced with increasing concentrations of DHO.
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The procedure was similar to the ATCase assay but DHO in 0.1M of phosphate buffer
was used to start the reaction instead of CP from the ATCase assay. The incubation
times were exactly of those from the ATCase assay but the amount of CAA produced
was expected to be less than that typically produced from ATCase. The highest reading
from the graph is 109.3 nm per minute of CAA produced, corresponding to the highest
concentration of DHO at 2 mM.

CAA Production Percentage for Fresh, 24, and 48 Hour
Aged Extract at Room Temperature and 4°C
ATCase assays were done using cells that was broken on the same day of the
assay, a day later, and two days later stored at room temperature and 4°C respectively
(Figure 7). The purpose was to determine if there would be a significant decrease in
enzyme activity over a 48 hour period in different storage conditions. Cells were broken
using the sonication technique described earlier and the extract was used on the same
day to represent the ATCase fresh extract. The extract was left in a 4°C freezer and out
at room temperature for 24 hours and an assay was run using each respectively. The
process was repeated 48 hours later. The data can be shown in Figure 7 in which each
point is an average of three trials.

Effects of Nucleotides on ATCase
Nucleotides ATP, UTP, and CTP as well as control tubes containing no
nucleotides were introduced during the ATCase assays to determine whether or not
there would be a significant increase or inhibition of CAA production. This assay was
done using two different methods.

35

Figure 7: Percentage of ATCase activity of fresh vs 24 hour room temperature, 24 hour
4°C, 48 hour room temperature, and 48 hour 4°C aged extract using 15 mM of ASP.
The first included using the effectors in different concentrations of aspartate much like
the typical ATCase assay mentioned above (Figure 8) , and the other method consisted
of having a consistent concentration of aspartate (400 mM) but varying the
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concentrations of the CP via serial dilutions (Figure 13) similar to the DHOase assay
curve.

Figure 8: CAA produced with increasing concentrations of Aspartate with no effectors
and the addition effectors ATP, UTP, and CTP respectively.
The effector graph with various concentrations of ASP reflects predicted Vmaxs of 119
nm/min for no effectors, 120 nm/min for the addition of ATP, 112 nm/min for the addition
of UTP, and 116 nm/min for addition of CTP. The actual calculated Vmaxs from the
Lineweaver Burke plots (Figures 9-12) for each set of data was 125 nm/min for no
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effectors, 141nm/min for ATP, 164 nm/min for UTP, and 137 nm/min for CTP (Table 1).
Each point on the graphs represents the average of three trials.

Figure 9: Lineweaver-Burk plot of no effectors with increasing concentrations of
aspartate.
Table 1: Calculated and predicted Vmax of tested effectors with increasing
concentrations of ASP.
Effector

Predicted Vmax

Calculated Vmax

NO EFFECTORS

≈ 119-122

125

ATP

≈ 120-123

141

UTP

≈ 112-116

164

CTP

≈116-119

137
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Figure 10: Lineweaver-Burk plot of increasing concentrations of aspartate with the
addition of ATP.

Figure 11: Lineweaver-Burk plot of increasing concentrations of aspartate with the
addition of UTP.
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Figure 12: Lineweaver-Burk plot of increasing concentrations of aspartate with the
addition of CTP.

Effects of Nucleotides on ATCase with Increasing Concentrations of CP
Nucleotides were added as described above, but with increasing concentrations
of CP (Figure 13). The predicted Vmaxs for no effectors was 280 nm/min, for the
addition of ATP was 218 nm/min, the addition of UTP was 270 nm/min, and the addition
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of CTP was 245 nm/min. The actual calculated Vmaxs from the Lineweaver Burke plots
(Figures 14-17) was 200 nm/min for no effectors, 164 nm/min for ATP, 172 nm/min for
UTP, and 164 nm/min for CTP (Table 2).

Figure 13: CAA concentration produced using no effectors, the additions of ATP, UTP,
and CTP respectively with increasing concentrations of CP.
Table 2: Calculated and predicted Vmax of tested effectors with increasing
concentrations of CP
Effector

Predicted Vmax

Calculated Vmax

NO EFFECTORS

≈ 280-285

200

ATP

≈ 218-223

164

UTP

≈ 270-275

172

CTP

≈245-249

164
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Figure 14: Lineweaver-Burk plot of no effectors with increasing concentrations of
carbamylphosphate.

Figure 15: Lineweaver Burk plot of increasing concentrations of CP with the addition of
ATP.
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Figure 16: Lineweaver Burk Plot of increasing concentrations of CP with the addition of
UTP.

Figure 17: Lineweaver Burk Plot of increasing concentrations of CP with the addition of
CTP.
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ATCase and DHOase Assays after Protein Purification
Figure 18 shows the results of the ATCase and DHOase assays done on the
fraction samples collected from the sample extract journey through the sephadex-100
size exclusion chromatography column. ATCase and DHOase enzymes showed
overlapping peaks in their highest specific activities based on the fraction collections.
The graph represents the average of three separate runs with different sample extract.

Figure 18: Sephadex G-100 size-exclusion column DHOase and ATCase activities in
respective fraction tubes.
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Polyacrylamide Gel
A gel was run using bacteria of known ATCase sizes to compare to A.
globiformis. The bacteria was loaded using every other well, with B. megaterium loaded
in well 1, E. coli k-12 in well 3, S. griseus in well 5, A. globiformis in well 7, and P. putida
in well 9. Well 1 and well 9 contained very faint remnants of the B. megaterium and P.
putida enzymes respectively. Well 1 consisting of the lowest molecular size B.
megaterium traveled the furthest, followed by E. coli and P. putida. S. griseus and A.
globiformis traveled the same distance which was expected (Figure 19).

Figure 19: Gel containing the ATCase of B. megatarium, E. coli, S. griseus, A.
globiformis, and P. putida corresponding to the appropriate molecular size.
Figure 20 displays the exact same gel with different lighting in order to better magnify
the white precipitate formed from the lead nitrate and phosphate complex created to
determine location of the ATCase enzymes in each species. It also specifies the exact
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locations of the holoenzymes of the ATCase on the gel. Some bands were very faint.
Each band had a distinct location on the gel. B. megatarium traveled the furthest
followed by E. coli, and P.putida. A. globiformis and S. griseus traveled the same
distance based on the physical examination of the gel.
B.M

E.C

S.G

A.G

P.P

Figure 20: Gel containing the ATCase of B. megatarium, E. coli, S. griseus, A.
globiformis, and P. putida and the location of the holoenzyme in the gel.
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CHAPTER 4
DISCUSSION
Hyperbolic curves were obtained for the substrate saturation curves of A.
globiformis under normal conditions, aged 24 hours, and aged 48 hours (Figure 5) with
increasing concentrations of aspartate at room temperature. Hyperbolic curves can also
be observed for the substrate saturation curves with increasing concentrations of DHO
for the DHOase assays which is consistent with class A ATCase enzymes. Performing
DHOase assays with increasing concentrations of DHO verified that CAA was indeed
being produced in the reverse mechanism but not to the level of CAA produced from the
ATCase assays. The significance of this data for DHOase assay is mainly to verify that
the DHOase enzyme follows typical enzyme kinetics and that the product of CAA can
be tested via a DHOase assay. Figure 7 demonstrates that after 24 and 48 hours at
room and 4°C respectively, the ACTase enzyme remains stable since there was no
observable decrease in enzyme activity. The fresh extract’s highest activity is
represented by 100% and compared to the 24 and 48 hour extract as a percentage.
Oddly enough, the aged extract presented a slightly higher percentage than the fresh
extract. Even though the difference in aged vs fresh extract is not significant, one can
assume that the slight difference can be attributed to the degradation of other more
unstable enzymes resulting in a slightly higher concentration of ATCase in the
surrounding liquid. Standard error is not out of the question also.
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Effect of Nucleotides on ATCase
Class A ATCase enzymes are known to be noncompetitively inhibited by
nucleotides ATP, CTP, and UTP (Neumann & Jones, 1964; Bethell & Jones, 1969;
Linscott, 1996) and considering A. globiformis 8010 is grouped in the class A category,
there should appear to be a significant decrease in specific activity when exposed to
those particular nucleotides. Unexpectedly, the nucleotide effector response does not
have a significant effect on the activity of the ATCase enzyme as demonstrated by
Figures 8-17. The graphs signify that there is no relative difference in CAA production
via ATCase activity when nucleotides ATP, UTP, and CTP are compared to the tubes
that contained either of the nucleotides. The predicted Vmax could be visually
determined from the results of Figures 8 and 13 respectively but the calculated Vmax
was slightly different for each specific nucleotide graph as summed up by Tables 1 and
2. However, the relative range of the perspective Vmaxs for each nucleotide and the no
effector graphs are not significant enough to determine a correlation between enzyme
activity and nucleotide introduction. Hughes demonstrates that Streptomyces’ class A
ATCase is significantly reduced by half when the addition of nucleotide UTP is
supplemented in a 1 mM final concentration. This lack of regulation by nucleotides in
A. globiformis could suggest that there is some other mechanism in which the pathway
is regulated outside of the expected feedback inhibition. It is also not out of the
question that the concentration of nucleotides was too low when compared to the
nucleotide concentration of 1 mM demonstrated by Hughes in order to achieve
significant inhibition in S. griseus (Hughes, 1999).
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Protein Purification
Partial purification of the ATCase through the Sephadex G-100 size exclusion
column and running ATCase and DHOase assays on the fraction samples collected
yielded the graph presented in Figure 18. Both assays respectively resulted in the
production of CAA, but considering the fact that DHOase is less efficient to the
production of CAA when compared to the more sensitive ATCase, the raw
concentration CAA was extremely higher than that of DHOase. However, CAA was
indeed produced by the DHOase assay fraction and the highest DHOase/ATCase
activity was given a percentage of 100. Figure 18 demonstrates that the peak
absorption or activity occurred at the same fraction sample for both ATCase and
DHOase enzymes. The data is consistent with the idea that even though A. globiformis
is categorized as having a class A1 ATCase enzyme which is similar to S.griseus in
which there is an active DHOase-like protein (Hughes, 1999). There has been other
class A enzymes shown to exhibit such versatility by having genes pyrB and pyrC
encoding an active bifunctional ATCase/DHOase complex such as Thermus (Casteele,
1997).
As noted earlier, the arrangement of ATCase and DHOase (pyrB, pyrC) genes in
S. griseus in comparison to the arrangement of the Arthrobacters are similar as
illustrated in Figure 4 but the location of the true active pyrC encoded DHOase for P.
putida shows the stark contrast in arrangement. P.putida’s genome does exhibit and
overlapping pyrB-pyrC’ gene that looks similar to that of the Arthrobacter’s however, the
pyrC’ gene coincides with the inactive DHOase-like protein which has significant amino
acid homology with the active DHOases of other organisms but lacks very specific
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histidyl residues thought to confer the catalytic activity of active DHOase enzymes (
Schurr, 1994). The visual location comparison of the genes to determine if A.
globiformis has an active DHOase enzyme complexed with ATCase can be somewhat
ambiguous when compared to another organism with similar arrangement without a
bifunctional ATCase/DHOase complex enzyme such as Bacillus subtilis. B. subtilis is
the standard for class C enzymes and is known to have monofunctional pyrB and pyrC
genes corresponding to a monofunctionally active ATCase and DHOase respectively,
however, it would be expected for a graph of a fraction of B. subtilis to yield two different
peaks for ATCase and DHOase. As observed on the Figure 18 there are minute peaks
of absorbance for the dihydrorotase levels and the possibility of a breakdown of the
holoenzyme contributing to those other peaks is not out of the question. The other
possible explanation is that there is another distinct DHOase gene in the pyrimidine
synthesis pathway that is active. However, after analysis of the sequenced genomes of
a variety of Arthrobacter species (Figure 3), there were no other active DHOase genes
found.
To further distinguish A. globiformis ATCase as a bifunctional enzyme, a BLAST
of Arthrobacter aurescens determined that there was significant DHOase homology
between A.aurescens and A. globiformis with 98% query coverage with an E value of 0.
S. griseus was compared to A. Aurescens and determined via BLAST to have a max
identify of 72% with 96% query coverage and an E value of 0. S. griseus has been
determined by Hughes (Hughes, 1998) to be a class A1 bifunctional protein having
ATCase and DHOase catalytic activities respectively.
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ATCase/DHOase Complex Size
In the pyrimidine synthesis pathway, specifically the reaction of the ATCase
enzyme, there is a condensation of carbamoyl phosphate and aspartate to form
carbamoyl-aspartate without any ATP input instead, the activated carbamoyl group on
the carbamoyl phosphate drives the reaction (Garrett and Grisham, 2005). The biproduct of this reaction is a phosphate moiety. The lead nitrate described in the
methods section was used to react with the phosphate to form a detectable precipitate,
pinpointing the location of the ATCase enzyme in the gel matrix for each well. The
results of the gel supported the original idea that B. megaterium’s sample would travel
the furthest with the least molecular size ATCase enzyme while S. griseus and A.
globiformis would be the most retarded. With comparing the known sizes of the other 4
species to the species in question, it could be calculated that the A. globiformis’ ATCase
enzyme is ≈ 509 kDa. Figures 19 and 20 exhibit the gel and the band patterns. E. coli
has different sized bands in compared to the other organisms can be explained by the
unique nature of E. coli’s ATCase enzyme. The ATCase holoenzyme in E. coli is active
and when broken down into its individual subunits it retains its catalytic and regulatory
activities (Gerhart and Holoubek, 1967).
This research was an attempt to further classify the ATCase enzyme in A.
globiformis to determine whether it contained an active DHOase complex as seen in
similar organisms. As based on the results obtained by the research, A. globiformis
should be categorized with S. griseus and other bacteria species in class A1, which
consists of an active ATCase and DHOase complex. The molecular size similarity of A.
globiformis to a known A1 enzyme such as S. griseus is one of the supporting details
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that suggest an active complex in A.globiformis. The overall results of this research can
be used as a start for more specific pyrimidine synthesis regulation in this particular
species.
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